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Foreword

During a vidit to an exhibition on the history of Chinese technology, | learned of the
existence of the very firs tester. Two centuries after the birth of Christ, Chinese farmers
had developed a hand-operated mill to separate chaff from grain. Amazingly enough, this
equipment was not introduced into Europe for more than 16 centuries! There could be
severd reasons for this. Perhaps the agricultural industry in Europe was not sufficiently
developed to require the equipment, or perhaps the ubiquitous "not invented here"
syndrome was dready hampering the progress of technological change. More likely,
however, is that there was no communication on the development and transfer of
technology between workers within the same industry — in this case, between Chinese
and Europeans.

In today's world, testers are needed to separate the bad from the good. However, the
complexity of our electronic circuit designs and the continuing miniaturization of the
finished product have made the difference between good and bad more subtle and more
difficult to detect. Now, testing can be an expensive process, but fortunately we have the
freedom to design the product to improve its testability. The Chinese farmers didn't.

Recently, we have come to redize the value of discussng approaches to
design-for-testability between companies and countries and, as a result, the standard
described in this book has been created. The development of the IEEE Standard Test
Access Port and Boundary—Scan Architecture began in 1985 when representatives from a
snal group of European electronics companies met in The Netherlands to discuss
problems caused by the increased use of surface-mount technology and very large-scale
integration (VLSI). At that first meeting, a consensus was reached about the problems and
a willingness emerged to cooperate in solving them. More meetings were organized and, to
identify the activity, a name was chosen: the Joint European Test Action Group. Later,
as companies from North America joined the group, the name was changed to the Joint
Test Action Group (JTAG).

JTAG started to define a test methodology that would address the foreseen problems
and to describe the methodology in a technical proposal. This proposal, which became the
JTAG Test Access Port and Boundary-Scan Architecture, was promoted at technical
conferences and workshops to raise the interest and awareness of other companies,
especialy the integrated circuit manufacturers and the automatic test equipment vendors.
The reaction from the electronics industry was very enthusiastic, with support coming
from the test community and the management of many companies. Letters of endorsement
were provided by the senior management of major electronics companies, demonstrating
the benefit that adoption of the JTAG proposal would have for their businesses. This, in
turn, increased the motivation of the JTAG members involved in the technical
development.

By the summer of 1988, the JTAG proposal had matured into a specification that met
many requirements of the eectronics industry, and the support of the IEEE was sought to
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convert the ad-hoc JTAG proposal into a forma standard. Also at that time, the
designers of the companies involved in JTAG began to develop the first integrated circuit
designs for production and inclusion in their products. Commercially-available integrated
circuits (ICs) and application-specific integrated circuit (ASIC) cells followed shortly
afterwards.

Looking back, it is surprisng that so much interest in boundary-scan techniques
developed so rapidly. This achievement was only possible through the cooperation and
support of al the companies involved, and through the significant contributions made by
those involved in the technical development activities.

| hope that the examples contained in this book will give you some idea of the range of
applications of the standard that JTAG created, as well as the potential value of the
standard for your business. If you have a need for the solutions described in this book,
don't wait 17 centuries before you use them!

Harry Bleeker

JTAG Chairman

Philips Telecommunications and Data Systems
Hilversum, The Netherlands
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Preface

...denn da is keine Selle,
die dich nicht sient. Du musst dein Leben aendem.
[...for there is no place at al
that isn't looking at you. You must change your life]
R. M. Rilke, "Archaischer Torso Apollos'

Pasteur's was the most enviable life | had yet encountered. It
was his privilege to do things until they were done.
A. Dillard, An American Childhood

We are able to witness achievements in the arts and everything
else, not because of those who adhere to the established order, but
because of the innovators, who dare to change or move things that
need change or correction.

Isocrates, Evagore

It has been our pleasure, as wel as that of our colleagues, to witness changes in the art
of electronic testing. We know that it is not given to everyone to witness and participate
in such things. We know we have been party to arare experience — something bound to
be matched by few other experiences in our professional lives. We witnessed and served
during the birth and development of an international standard for testing — IEEE Std
1149.1. We had the opportunity to work with a set of international, expert volunteers on a
critical task, and, like Pasteur, to work on our job until it had been completed — until a
standard was successfully described and promulgated.

There is no question that the situation in electronic testing is in need of change; indeed,
significant change is inevitable whether or not it is promulgated with an accompanying,
technically sound, supportive test technology. We believe that such change is being forced
on us today caused (at least in large part) by the following factors:

 the constant pressures for greater integration;

» the widespread adoption of surface mount technology (SMT) employed on both
one-sided and two-sided printed wiring boards (PWBS);

« the shrinking feature sizes of these PWBs;
« the decreasing distances between pins of SMT devices,

» the consequent difficulties of continuing to test PWBs via physica contact by
spring-loaded nails;

XiX



* the growing gap in speed between product and automatic test equipment (ATE);

* the increasing cost of acquiring capital equipment such as ATE and the increasing
cost of developing associated test fixtures;

« the dgnificant difficulty of rapidly developing accurate, automated diagnoses for
loaded boards and systems;

» the desire to have a test methodology compatible with assembly processes that are
rapidly  reconfigurable through software and amed a lot~size-of-one
manufacturing;

» the continuing, if not increasing, consumer demand for high reliability and
maintainability; and

e the need for generic solutions that can be repeatedly reused in a variety of digita
products.

The engineers who formed the ad-hoc group known as the Joint Test Action Group
(JTAG) were al aware of the impact on product quality that would arise if solutions to
these needs were not found.

The continuous process of increasingly greater integration never gives a process engineer
time to congratulate himself/herself on nearing perfection before process and product
change again. We cannot expect perfect processes — process engineers have to expect to
be working on process improvement and alteration throughout their careers. What is the
best source of guidance to them? It is the carefully analyzed results of testing. The widely
accepted concept of quality through continuous improvement is not possible if one cannot
asess causes of failure and their frequency. The results of testing and subsequent failure
mode analysis form a treasure trove for the engineer concerned with quality. When testing
is threatened, quality is threatened. And this is a threat to an electronics firm's ability to
manufacture — a threat to its existence.

IEEE Std 1149,1 was not only developed to contain testing costs. Basicaly, it was
developed because the ability to perform tests and to learn from test results was perceived
to be under dire threat.

Once |IEEE Std 1149.1 was well dong the way in its development, it became clear that
application notes and other supportive information that could not be properly considered
part of the standard document were going to be needed. More than a dozen application
notes were sketched to some degree of completion by members of JTAG, but there was a
need for much more than that. There was a need to provide a teaching vehicle that would
provide motivation, history, and theory as well as application suggestions and records of
successful use. The result of evaluation of these needs is this book.

XX



The book is composed of five parts:

I. "Background." Chapter 1 describes the situation giving rise to the development of
the IEEE Sandard Test Access Port and Boundary-Scan Architecture. Chapter 2
introduces the boundary-scan technique and shows how it can provide a solution
to the problems identified in Chapter 1. The technology that was available in the
literature when JTAG firg set to work and the steps in the development of the
standard are reviewed in Chapter 3.

[l. "Tutorial." Chapters 4 to 6 contain a tutorial introduction to the circuitry defined
by the standard.

I1l. "Applications to Loaded Board Testing." In Parts HE and IV, we have gathered
material for this tutorial book especialy written or rewritten by authors from
companies that contributed to the creation of the standard. The chapters in Part
HI discuss the application of IEEE Std 1149.1 to the testing of loaded boards —
that is, applications in the problem area origindly targeted by JTAG. The topics
discussed in this part of the book include:
 the structure of atypica board test program;

» testing and diagnosis of the standardized test logic; and

« the testing of boards containing components that are incompatible with 1EEE
Std 1149.1.

IV. "Implementation Examples and Further Applications.” In Part IV, we discuss the
implementation of IEEE Std 1149.1 and give aview of the range of applications of
the standard beyond board testing. A sampling of topics includes:
 dilicon implementations and related costs;

* interfacing to scan design and built-in self-test;

e analog and mixed-signal applications;

» applications to systems debugging and emulation; and

» testing throughout the assembly hierarchy: integrated circuit (IC) to system.

V. "Bibliography and Reprints." The fina part of the book contains an extensive
annotated bibliography and reprints of selected papers. The papers selected describe
key steps in the development of boundary-scan prior to IEEE Std 1149.1 and

continue the discussion of applications for the standard.

IEEE Std 1149.1 was developed for your use. As more engineers and more firms use it,
it will become more valuable. The more expertise in ATES, circuit design, catalog ICs,



application-specific ICs (ASICs), etc. that is developed collectively, the more we al can
benefit from reuse of generic solutions to common technological problems. As Harry
Bleeker did in his foreword to this book, we urge you to use the standard, we urge you to
participate in its further evolution, and we urge you to do so in the superbly constructive
and cooperative spirit that has infused JTAG.

Guard the mysteries.
Constantly reveal them.
L. Welch, "Course College Courses: Religion"

Colin M. Maunder

British Telecom Research Labs
Design Technology Division
Martlesham Heath, Ipswich, UK

Rodham E. Tulloss

AT&T Bel Labs

Engineering Research Center
Princeton, New Jersey, U.S.A.
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Part I: Background

In Part |, the trends in product and test technology that
motivated the development of |EEE Std 1149.1 are discussed and
the concept of standardized test-support features at the
integrated circuit and loaded printed wiring board leves is
introduced.

Chapter 1 outlines "traditional" test techniques for loaded
boards and examines the effects of trends in design-for-test and
circuit miniaturization. Readers familiar with this material may
want to move to Chapter 2 where the boundary-scan technique is
introduced. Chapter 3 concludes Part | with an overview of the
work of the Joint Test Action Group and, subsequently, of the
|EEE P1149.1 Working Group.






Chapter 1. Test Technology Prior to IEEE Std 1149.1

1.1: Test Technology for Loaded Boards

Over the years, the automatic test equipment (ATE) used to test electronic products has
evolved to cope with continued increases both in the number of integrated circuit packages
used on, say, a printed wiring board (PWB) and in the complexity of the integrated
circuits (ICs) themselves. Typicdly, manufacturers of loaded boards will use high pin
count in-circuit and functionalf board test systems, either separately or in sequence, to
detect defects and to enable high quality levels to be achieved in shipped products.

Using the in-circuit test technique, tests are applied directly to individual components
by backdriving their connections from other devices in the product. The objective is to
apply an appropriate test sequence for the component type regardless of the environment
in which it is used. Direct access is made to the component's outputs to monitor the test
results, enabling the function of each component in the circuit and the interconnections
between the various components to be checked. This method reduces the expense of test
development for each circuit design since, as long as an | Cs functionality is not modified
by externally wired connections (e.g., by direct connection to power or ground), the same
test can be applied irrespective of where the IC is used. Clearly, the process requires
extensive access to the circuit, because every connection must be driven and monitored
directly to apply the tests to the individual components. This access is provided through a
bed-of-nails interface in which spring-loaded probes are used to make contact with the
interconnections on the PWB (Figure 1-1).

In the functiona test technique, the principal interface for applying test stimuli and for
observing circuit responses is that provided by the board's normal terminations — for
example, the edge connector (Figure 1-2). Access may aso be made to connections
internal to the loaded board, but this is on a more limited scale than that required by an
in-circuit test system; frequently such access is limited to monitoring, rather than to
driving, the connection. In contrast with in-circuit testing, the functional test technique is
able to confirm that the various components used to construct the product interact
correctly and that the overal required function is achieved. In the process, the correctness
of both the components in the circuit and their interconnections is verified. However, the
achievement of a thorough test is a difficult task since tests must be generated separately
for each board design. This task can be both time-consuming and extremely expensive,
sometimes prohibitively so [1].

f The term "functional” is used to describe test systems that do not require the use of
backdriving. This includes edge-to-edge functional testing, structural testing, or a
modular test approach.

EH0321-0/90/0000/0003$01.00 © 1990 IEEE 3
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Figure 1-2: Functional test using the board connector.

Due to the differences in operation and failure detection capability between the
in-circuit and functional test techniques, a common approach is to use the two techniques
in sequence to achieve a high-quality test (Figure 1-3). Initial product screening is
performed by using an in-circuit test system since this is able to rapidly detect and
diagnose the most common failures in newly assembled boards — for example, those due
to soldering errors or to incorrect or wrongly-inserted components [2]. Once a loaded
board has passed the screening test, it is passed forward to a functiona test system where
checks are made for more complex (and less frequent) failures caused by faulty interaction
between components. To alow the mix between the two test techniques to be more easly
optimized for a given product, test equipment that supports both techniques within a
single system has more recently become available.

In-Circuit Y Functional | Pass\)
Tester Tester ?

Repair

Repeir 4——

Figure 1-3: Sequential use of in-circuit and functional test.
1.2: Trends in Design-for-Testability

We have aready remarked on the expense of generating tests, especialy for use on
functional test systems. Because of this, the past decade has seen the development of
many circuit structures and design techniques that can be used to improve the testability
of digital circuits, thus reducing the cost of the various test tasks [3]. Perhaps the most
prominent among these have been scan-design [4], data generation and compaction circuits
based on linear-feedback shift-registers (e.g., [5,6]), and the development of built-in



self-test (BIST) techniques based around the built-in logic block observer (BILBO) [7]
and other building blocks. For use at the board level, families of components offering
proprietary test-support features have become available (e.g., [8, 9]). Today, these and
other techniques are being used to restrain the costs of test development and application
as the complexity of loaded boards continues to increase.

Unfortunately, however, many of the techniques are applicable only in situations where
an organization has the capability to adopt a consistent design-for-testability approach at
al dedgn levels, from IC to system. For example, the scan-design technique can be used
at the board level if a complete set of scan-design components is available from which the
board can be constructed. Typically, however, board designs are constructed from catalog
ICs obtained from a variety of sources on the open market. Almost without exception,
these ICs fal to offer the board designer facilities that will assst him to develop tests for
his circuit.

For this reason design-for-testability at the board level has been a less structured
activity than for many complex IC designs. Also, there has been less need for structured
approaches because of the extensive use of in-circuit test techniques in industry. At the
board level, the ease of making access through a bed-of-nails fixture has obviated or, at
least, has significantly delayed the need for more structured techniques to gain access to
circuit nodes such as those essentia in IC testing.

1.3; The Effect of Miniaturization

The test techniques for loaded boards discussed in Section 1.1 evolved steadily during a
period when, athough circuit complexity increased rapidly, interconnection technology
remained relatively static. Thus, automatic test systems began to rely heavily on the
established dual-in-line package (DIP) and the associated plated-through-hole (FIH)
PWB. DIP/PTH technology provided the extensive access to component interconnections
needed by bed-of-nails fixtures or for guided probing during fault diagnosis.

Recently, however, there has been an increasing trend toward the use of surface-mount
package designs and PWBs that no longer rely on through-hole connections between their
layers of printed interconnections [9 and it is now clear that such technology will become
the norm for the production of complex digitad boards in the 1990s This trend is the
result of a number of factors, among them the need to produce packages that can
accommodate high pin-count components and the pressures for continued product
miniaturization.

The new interconnection technology has had a considerable impact on current
|loaded-board test techniques primarily due to reduced pin spacings on packages, the fact
that package pins may no longer be directly accessible during test, and the increased
density with which packages may be mounted onto the host PWB. As a result, the cost of
bed-of-nails fixtures for surface-mount boards is high and probing of component
interconnections can be impossible where components are densely packed. Further, the
test heads of current board test systems are optimized toward an assumed even distribution
of test contacts over a large area on one side of a board as required for DIP/PTH



technology, whereas surface-mount products may require contact to both sides through
"toaster" and "clam-shell" style fixtures (e.g., as described in [11]).

So far, the established test techniques have succeeded in meeting the challenges of
surface-mount technology (SMT). For example, test fixtures can be constructed to permit
the use of in-circuit test techniques for surface-mount boards if care is taken in the
design of the PWB artwork and if components are spaced sufficiently apart from one
another [12]. However, such fixtures are extremely expensive and the technical problems in
producing them are increasing as SMT continues to develop. Further, the need to design
the loaded boards so that they can be probed acts against the area-conserving thrust of
SMT.

Looking to the future, the lack of a test methodology that can be applied
cost-effectively to products formed by surface-mount interconnection of complex
functions will be a magor obstacle to the adoption of the very high-density packaging
techniques currently under development. Examples of high-density packaging techniques
include silicon-on-silicon and direct-chip-attach (e.g., [13-16]).

1.4: The Need for a New Approach

To summarize, two key factors are having an increasingly adverse effect on the cost of
testing loaded boards.

First, the ICs used in such products are becoming increasingly complex and this
complexity contributes significantly to the difficulty in testing the loaded board. Generally,
ICs available on the open market do not offer the test support facilities that the board
producer needs, athough some do contain design features (such as self-test capability)
that could be of considerable interest to the purchaser (e.g., [17,18]). For in-circuit
testing, it is difficult to perform a comprehensive test of the function of a complex IC due
to the need to keep the test length sufficiently short that surrounding ICs will not be
damaged by the backdriving techniques employed during test application [19]. Also, board
wiring may tie together component inputs — severdly restricting the set of usable test
patterns.

Second, increasing use is being made of surface-mount interconnection technology,
where access to connections is considerably more limited than for the established
dual-in-line technology. It is clear that existing test techniques — particularly in-circuit
test — will be faced with increasing difficulties as this technology continues to develop.
In effect, use of SMT is increasing the similarity between ICs and loaded boards from the
test viewpoint; access to connections is becoming increasingly difficult to achieve.
Therefore, loaded-board testing must be done increasingly through the normal input and
output connections in a "functional” manner as is aready the case for ICs.

While the functional test technique is better able to cope with the results of advanced
surface-mount technology, the technique carries the penalty of requiring generation of
comprehensive test programs for each separate design. This process is extremely expensive
for complex boards due to the complexity of controlling and observing individua



components through the others on the board. For ICs, where functional testing is the only
technique that can be used, structured design-for-test techniques (e.g., scan design,
BIST) are often used to make al parts of a design sufficiently testable by improving either
controllability or observability or both at critical circuit connections.

Arguably, therefore, the way forward is to use a structured technique similar to scan
design or self-test at the board level, rather than through continued evolution of existing
board test techniques. As we will see in Chapter 2, a version of scan design caled
boundary-scan provides the functionality that would be required. In fact, the
boundary-scan technique has been used for some time by severd companies to solve
precisely the problems highlighted in this chapter. The advantage that these companies had
was that they designed their boards entirely (or predominantly) from application-specific
ICs (ASICs) developed to their own requirements. They were able to design features into
these ASICs to help solve their board test problems.

The opportunity of being able to design every board entirely out of ASICs is, however,
comparatively rare. In most companies, boards are designed primarily using the
off-the-shelf 1Cs advertised in vendor catalogs. Therefore, most companies will be able to
move to use of structured board-level design-for-test techniques only when both ASICs
and off-the-shelf ICs include the facilities that this requires. Further, it is essentia that
ICs offered by different manufacturers can interact with each other appropriately and
predictably during the testing of the loaded board.

A widely-supported standard is therefore essential if the electronics industry at large is
to make progress in solving the increasing test problems that it faces. The prime objective
of IEEE Std 1149.1 is to meet this reguirement.
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Chapter 2. An Introduction to Boundary-Scan

This chapter provides an introduction to boundary-scan. It shows how the technique
can provide an answer to the problems identified in Chapter 1.

2.1: Scan Testing at the Board Level

At the chip level, the scan-design technique can be used to guarantee testability and to
permit use of automatic test pattern generation (ATPG) tools [1]. Many companies have
used the technique, some to the extent that every chip on a board is scan testable. In such
cases, the board can be made scan testable by daisy-chain interconnection of the scan
paths in the individual integrated circuits (ICs) (Figure 2-1).

Scan Out
—® Control
“%—Scan In

—

Figure 2-1: Scan design at the board level.

In these cases, the board design has the same structure as each individua chip — it is
formed from a combinational logic block and one or more shift-register paths. Test
generation for the loaded board can, in principle, be approached in exactly the same way
as for a chip.

Several problems arise, however. First, the combinational logic block will be many times
larger than for any individua chip. This will result in increased test generation costs and,
as the complexity of the product increases, may cause the capacity of the ATPG software
to be exceeded. Second, test generation costs for the loaded board would be considerably
reduced if the tests created for stand-alone chip testing could be reused in the board
environment. Unfortunately, however, this is far from straightforward. Whereas for the
chip a test may require that a logic 1 is applied at a package pin, a the board leve this

EHO0321-0/90/0000/0011$01.00 © 1990 IEEE u



logic value must be applied by scanning appropriate patterns into the chips that drive the
signal. Consider, for example, the process of applying a logic 1 to the input of chip D in
Figure 2-2. This requires that the board-level bus is set to 1, which can be achieved by
setting the output of one of the driving chips (A, B, or C) to 1 while the others are set to
high-impedance. These conditions can be achieved by shifting appropriate Is and Os into
the scan paths of chips A, B, and C. The precise patterns to be shifted in can be
determined by andysis of the combinational logic network that controls the output of
each IC.

Similar problems arise when trying to observe an output from one IC on the board.
When the IC is tested using automatic test equipment (ATE), the output can be observed
directly; however, to apply the same test when the chip is on the board the output signal
must be observed using the scan paths in the ICs that receive the signal. This requires that
a path is st up through the combinational logic between the inputs of the receiving 1Cs
and their internal scan paths, such that the signa can be examined by loading the scan
path and then scanning the contents out of the board to the ATE.

[
> |
‘Logic: Logic| & Logic:
Y
= = =
wl wJ Ll
A > B > C >
Bus
D
Shift-Register |7 o2 0
tage S \ LOglC

« =

Figure 2-2: Testing a board-level bus by using embedded scan paths.

Consider, for example, the case where a test of component A in Figure 2-2 produces a
0 at its output. The following actions are necessary to dlow the board-level ATE to
check this result:



1. All other ICs that can drive the bus must have their outputs st to
high-impedance. In this case, this is achieved by controlling the scan paths in
components B and C.

2. The signal received at the input to component D must be observed using the
component's scan path. The combinational logic between the input and the scan
path must therefore be controlled such that a change at the input from the bus
produces a corresponding change in the value loaded into one or more scan path
stages (i.e., so that a sendgtive path is set up between the input pin and the scan
path). This may require conditions to be established at the outputs of other
components on the board or in the scan path within component D.

The consequence of the problems just discussed is that a chip test cannot be used
directly once the IC has been assembled onto a board. A significant amount of
computation is required to compute the values that must be scanned into and out of the
other ICs on the board to apply the test. As shown in Figure 2-2, there may be a
sgnificant amount of logic in the combinational logic networks that drive or are driven by
any chip pin, particularly where board-level bus structures are involved, such as on a
microprocessor board.

The fina problem is a practical one — diagnosing the cause of any failures detected so
that repair is possible. That is, what is the cause of a particular error in the data scanned
out of the board? Referring to Figure 2-2 again, if an incorrect value is scanned out of
one of the shift-register stages in chip D, this could be caused by a fault in one of the
following locations:

* the shift-register stage in chip D;
 the combinational logic in chip D;

 the chip-to-board connections of one of the chips connected to the bus (e.g., an
open-circuit joint);

e the board levd bus (e.g., a short-circuit to another sgnad or a broken
printed-circuit track);

* the combinational logic in a chip that drives the bus (A, B, or C); or
» one of the shift-register stages in a chip that drives the bus.
A more accurate diagnosis can be achieved only by careful andysis of the data scanned

out of chip D in response to a number of tests. In some cases, further tests may need to
be generated to achieve an acceptable level of diagnostic accuracy.



2.2: The Value of Boundary-Scan

The problems reviewed above can be overcome by placing a scan shift-register stage
adjacent to every input or output pin of each chip — that is, a the component
boundaries. To achieve this, specialized test circuitry may need to be added to an IC
design between the pin and the logic to which it is connected, as shown in Figure 2-3.
These test circuits, called boundary-scan cells, are connected into a shift-register path
around the periphery of the IC. This is called the boundary-scan path.

......
.......
.........

................

Input Pins

Output Pins

---------

Boundar y- Scon
Cells

Figure 2-3: Inclusion of boundary-scan cells in an IC.

An example design for a boundary-scan cel is shown in Figure 2-4. Note that the
boundary-scan cdlls defined by |[EEE Std 1149.1 are more complex than the cell shown
here. The simplified cell designs used in this chapter only illustrate the processes involved
in  boundary-scan testing. (Chapter 6 describes the constraints within  which
boundary-scan cells compatible with the standard must be designed.) Note aso that
throughout this book (as in IEEE Std 1149.1), signal names that end in an asterisk (e.g.,
Load*) are active-low, while others (e.g., Shift) are active-high.

Data can flow directly through the boundary-scan cdl (from Data In to Data Out)
when normal operation of the component is required. During testing, the cells at output
pins can be used to drive signal values onto the external network, while those at the input
pins can capture the signas received.
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Figure 2-4: A basic boundary-scan cell.

2.3: Testing a Board with Boundary-Scan

With boundary-scan cdls of the form shown in Figure 2-4, testing could proceed in
two stages:

1. Testing interconnections between chips. Test patterns are shifted into the
boundary-scan cells at component output pins and driven onto the board-level
interconnections by setting their Test/Normal* inputs to 1. The responses that
arrive at chip input pins are loaded into their boundary-scan cels (while
Shift/Load* is 0) and shifted out for examination (while Shift/Load* is 1). By
careful selection of the test patterns, the interconnections can be tested for
stuck-at, short-circuit, open-circuit, and other fault types. Figure 2-5 shows a
circuit that contains a short-to-ground (stuck-at-0) fault and a wire-OR
short-circuit fault in the board interconnect (e.g., a solder bridge). Table 2-1
shows some test vectors for these faults.

2. Testing the chip: Figure 2-6 shows a simple IC that contains a NAND gate. To
apply tests to this gate, the Test/Normal* control signals for the cells at input pins
(i.e., pins that drive into the on-chip logic) would be held at 1, while those at
output pins are held at 0. Test vectors are shifted into the boundary-scan path and
applied to the gate. The result is then loaded into the cell at the output pin
(Shift/Load* = 0) and shifted out for examination (Shift/Load* - 1). For the
NAND gate, test vectors would be as shown in Table 2-2.

If the target chip is scan testable, then operation of its internal scan path can be
synchronized to that of the surrounding boundary-scan path during application of the chip
test. Note that, in contrast to the situation without boundary-scan, the process for
converting the stand-alone chip tests into a test that can be used on the loaded board is
simple. It requires only that the correct sequences of Is and Os are scanned through the
boundary-scan path.

Because the board-level interconnections can be tested independently of the circuitry
within any chip, the problem of fault diagnosis is eased considerably .
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Figure 2-5: Testing for interconnect faults.

Table 2-1: Example tests for interconnect faults.

XOKOX] XXXXXX

| nput Qut put
Expect ed Act ual
XXXXXXXX01X1 XXXXXXXX] | XO

XXXXXXXX| Ox0

XXXXXXXX11x0

NOTE: The rightmost bit of the above data values is shifted into the
saria input, or out of the seria output, first. Bold type is used to
highlight the output data bits that are changed by the faults.
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Figure 2-6: Testing on-chip logic.

Table 2-2: Example tests for the NAND gate.

I nput

Expect ed Qut put

XI OKX XXX
XA XXXXX
XI I XXXXX

XXXXXIXX
XXXXX] XX
XXXXXOXX

NOTE: The rightmost bit of the above data
values is shifted into the seria input, or out of
the serid output, first.
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2.4: Boundary-Scan for ICs That Are Not Themselves Scannable

There will be an increasing number of ICs that are themselves too complex to test
efficiently via scan testing. Boundary-scan can sill handle interconnect testing in such
situations, but a different chip test strategy is required — hopefully one that produces
tests that are able to be used at chip, board, and system levels of assembly, both in the
factory and in the field.

Testing of board-level interconnections can proceed in exactly the same manner as
previoudy described — the boundary-scan cdls at output pins apply the test stimulus,
while those at input pins capture the results. To dlow the boundary-scan cels at the
component's output pins to determine the signads driven from the IC, the Test/Normal*
controls for those cellsare set to I. T

For the test of the chip, the boundary-scan path assumes the role of the pin electronics
on a chip tester. Each test pattern that would have been applied to the IC's inputs is
shifted into the boundary-scan path. When the pattern is in place, the chip is clocked
once. The test response is then captured into the boundary-scan cells at the IC's output
pins and shifted out for examination.

There is a problem that may be significant. The test is applied at a greatly reduced rate
compared to the stand-alone chip test because of the need to shift patterns and responses
through the boundary-scan paths. At best, the speed will be reduced by a factor close to
the number of non-test signa pins on the chip under test; typicaly, the speed will be tens
or hundreds of times slower than the maximum possible during chip testing.

This dignificant reduction in test application rate can make it impossible to test certain
types of logic. Even when a test is possible using this approach, the test length may be
undesirable. Consider the following cases:

1. An IC that does not contain dynamic logic:  In this case, a slow-speed static test
can be applied. Static faults (e.g., stuck-at faults or short-circuits) will be
detected, while other faults that require "at-speed” testing will not be found. As
already mentioned, the run time for a high coverage test may be significant for a
complex, high pin-count chip and, as a result, the amount of testing that can be
achieved economically may be limited. In practice, it may only be possible to apply
an "are-you-alive?' test of limited fault coverage.

T Note that it may be advisable to ensure that the signals arriving at the IC's input pins
during the test do not place the on-chip system logic In a state where damage to the IC
might occur. For example, if inputs to the on-chip logic are set to conditions that would
not arise normally, severa drivers within the IC may be enabled simultaneously onto a
shnglei btlis. Such problems can be avoided in a number of ways, for example by disabling
the clock.

T Dynamic logic circuits contain stored-state logic elements (e.g., latches, flip-flops,
etc.) that do not hold their state indefinitely. Typicaly, a clock must be applied at a
specified minimum frequency to prevent the stored-state elements from "forgetting" their
state.



2. A sdf—testing IC: Here, the surrounding boundary-scan paths can be used to
trigger execution of the self-test, apply any required starting patterns at the chip's
input pins, and examine the test results. The chip is tested to the same extent as
when the self-test is executed; there need be no reduction in test quality. The
relatively low test throughput of the boundary-scan path is not a problem because
data are shifted only at the beginning and end of the test.

As we will see from the application examples in Parts HI and 1V of this book,
boundary-scan and self-test together provide an excellent solution to chip and
loaded-board testing. The boundary-scan path isolates the on-chip logic from
neighboring ICs while the self-test runs in addition to alowing chip-to-chip
interconnections to be tested. Self-test can provide a high-quality test of the
on-chip sysem logic. A standard boundary-scan architecture and protocol
provides a gateway to reusable self-test and, by providing added leverage for
system-house purchasers, encourages development and use of self-test technology
by IC suppliers.

3. An IC that contains dynamic logic: Due to the low test application rate, it is not
practical to use the boundary-scan path to test a chip that contains dynamic
circuitry unless self-test features are available. The operation of dynamic circuitry
depends on the ability to store a charge on internal chip connections. After a
relatively limited period of time, this charge will decay, resulting in incorrect
operation of the component. Therefore, a minimum clock rate is generaly specified
for dynamic logic circuits, and it might be impossible to achieve this clock rate
where test patterns are being shifted in and out by using the boundary-scan path.
An exception would be where the chip could be placed in a "hold" mode while
each test was shifted such that the clock could continue to be applied to the
on-chip logic without changing its state.

In summary, boundary-scan can be used to test board interconnections whether or not
the chips themselves are designed to be scan testable. Self-test and scan testable ICs can
be tested on the board by using their boundary-scan paths just as effectively as they can
be stand-alone tested. Without scan or self-test, some limited tests can be performed on
static logic designs, but, in such cases, on-board testing of dynamic logic might be
impractical.

2.5: Boundary-Scan Compared to In-Circuit and Functional Test

As was discussed in Chapter 1, the motivation for producing a standard form of
boundary-scan was to address the problems of increasing IC complexity and of reducing
product size. We have seen that boundary-scan techniques can be used to apply tests to
digital circuit boards without the necessity of extensive physica access (e.g., using a
bed-of-nails), but how effective are these tests? What is the fault coverage and diagnostic
resolution of these tests?

Figure 2-7 illustrates the region tested by using an in-circuit test system. Typicaly, the
loaded board is tested for shorts between interconnections (i.e., between bed-of-nails



probes of which there is often only one per net) before power is applied. For complex
interconnections, the number of potential faults that is tested during each test will be
quite large, and may include faults in segments of interconnect that are provided soldly for
test purposes (e.g.,, branches leading only to test pads). When power has been applied,
tests are applied by using backdriving techniques on a chip-by-chip basis to the various
ICs on the board. These tests detect many faults in the board interconnections
(open-circuits, stuck-ats, etc.) and some defects in the chips. The precise coverage will
depend on the quality of the test applied, and the speed of application.

Regi on Tested for
Opens, Faulty or Wong ICs, etc.

Regi on Tested for Shorts, Stuck-ots

Figure 2-7: Test coverage using an in-circuit tester.

Virtual Probe Points

Regi on Tested
for Faulty ICs, etc.

Regi on Tested for Opens,
Shorts, Driver/Receiver Faults

Figure 2-8: Test coverage using boundary-scan.

Figure 2-8 shows the regions tested by the interconnect and component boundary-scan
tests. As for the in-circuit test, the quality of the test performed on each component will
vary — in this case, depending on the type of chip concerned. For example, ICs that
offer a self-test facility will probably be tested more thoroughly than those tested by
shifting patterns in and out through the boundary-scan path. Note that the chip-to-chip
interconnect test will detect faults both in the interconnection itself and in the drivers and
receivers of the chips at each end, covering those parts of the chips and the board that are



most likely to be incorrectly manufactured or damaged during either chip or board
assembly, or later in the product's life.

Regardless of whether in-circuit test or boundary-scan is used, errors in "a speed’
interactions between chips will not be thoroughly tested — each IC on the loaded board
is tested in isolation from al others. Therefore, it might be necessary to follow both
in-circuit and boundary-scan tests with a further test that exercises the complete loaded
board in its normal operating mode. This test could be applied by using a functional test
system, or it could be a board-level self-test (e.g., applied by a microprocessor on the
board running some specially-designed test firmware). Note, however, that this functional
test can normally be accomplished without the necessity for extensive bed-of-nails contact
with the board; contact through the board connector, etc. is usually sufficient. In cases in
which it is possible, another option is to design ICs so that they form groups that can be
treated as self-testing "meta-components” or clusters during board test.

2.6: Reference
[1] E.B. Eichelberger and T.W. Williams, "A Logic Design Structure for LS

Testability,” Journal of Design Automation and Fault—Tolerant Computing, Vol. 2,
No. 2, May 1978, pp. 165-178.






Chapter 3. The Development of IEEE Std 1149.1f

The effort of establishing IEEE Std 1149.1 began with the creation of an ad-hoc group
of systems electronics companies. This group became the Joint Test Action Group
(JTAG) and, subsequently, the core of the IEEE Working Group that developed |EEE
Std 1149.1.

In this chapter, we will review the steps in the technical development of |IEEE Std
1149.1, from the formation of the JTAG through publication of the IEEE Standard. As
shown in Figure 3-1, the technical activity developed in four key steps and each will be
reviewed in turn in the following sections. Note that the development of the standard has
continued since its approval, with the aim of extending the functionality of the circuitry
described and of improving the clarity of the document.

3.1: The Joint Test Action Group

JTAG was set up following a paper by Frans Beenker of Philips Research Labs in 1985
[1,2]. He discussed the need for a structured approach to loaded-board testing and
considered the value of boundary-scan as a solution to the problems he identified.

The initial JTAG meeting was attended by representatives from several mgor European
electronics companies. By the end of 1986, however, JTAG had become an international
group involving both European and North American companies, al of whom were seeking
solutions for the test problems in hybrid and loaded-board products created by the
combination of complex integrated circuits (ICs) and surface-mount technology. During
1986, JTAG members decided the problems they were facing could be solved if a
standardized form of boundary-scan was available that allowed correct test interaction
between various vendor's ICs.

3.2: JTAG Version 0
The initial JTAG proposal [3] was created by Frans Beenker (Philips Research Labs, The

Netherlands), Chantal Vivier (Bull Systemes, France), and Colin Maunder (British
Telecom Research Labs, UK) in June 1986, based on their understanding of work done
with boundary-scan in their respective companies and of other material published
internationally. Among the developments reviewed were the following:

e IBM: Chip partitioning aid (CPA) [4].

e IBM: Electronic chip in place test (ECIPT) [5]

» Control Data Corporation: On-chip maintenance system (OCMS) [6]

f The text of this chapter is derived from a segment of the IEEE Satellite Seminar
Chip-to-System Testability transmitted March 1, 1989.
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Figure 3-1: The development of IEEE Std 1149.1.

» STC Computer Research Corporation: Shift test control logic (STCL) [7].

Bull Systemes [8].

Control Data Corporation: Built-in evaluation and self-test (BEST) [9].

Hewlett-Packard [10].

The proposal was for an architecture based on a single seria shift-register path and was
targeted solely at boundary-scan testing, as shown in Figure 3-2.
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Figure 3-2: JTAG version 0.1 architecture.

The serial path was constructed from two control register cells and a number of
boundary-scan register cells — one for each system input or output of the chip. The
control cells alowed the boundary-scan cells to be set into three operating modes:

 the exterior test mode that alowed the interconnections between chips on a loaded
board to be tested:;

« the interior test mode that allowed slow-speed static testing of the logic within the
chip; and

» the normal operation mode where the boundary-scan cells were configured to alow
the system function of the chip to occur unimpeded.

Five pins were required for this architecture:

* A test mode control, boundary-scan enable (BSE), that enables the boundary-scan
circuitry.

A test clock, boundary-scan clock (BSC).

« A sgna to select between loading and shifting of the boundary-scan path —
boundary apply/scan (BAS).

e A seria data input, boundary-scan input (BSI).

» A szial data output, boundary-scan output (BSO).
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This architecture was very simple, but its functionality was limited. It was soon clear
that a more complex design would be needed.

3.3: JTAG Version 1.0

Over the following year, JTAG members worked on this straw-man proposa —
eventualy forming the Technical Sub-Committee to focus on the technical development
activities. During this period, Lee Whetsd from Texas Instruments (Tl) joined the
Technical Sub-Committee, bringing with him the initia designs for TlI's SCOPE
architecture [11] — aboundary-scan design developed in TI's Military Products Division.

The JTAG proposal was improved and extended to include a nhumber of inputs from the
SCOPE design and other sources, resulting in the JTAG version 1.0 proposal [12] — the
first document to be widely mailed in Europe and North America.

Control Boundary-Scan
Cells ells
AN A\
7 : ANV AR N
@ s & i & o a— — —oo
, |
chlDo Select °1°%!
BSI l—.BSU
BSE®—»
BAS@—» To All Cells
BSCa—»

Figure 3-3: JTAG version 1.0 architecture.

The verson 1.0 architecture (Figure 3-3) included two key features in addition to those
of the initial design:

The design alowed the serid path through the chip to be short-circuited under
control of one or more select bits placed at the head of the path. This feature
allows a chip to be bypassed when it is not involved in a particular test, with the
result that the volume of test data can be significantly reduced. The control and
boundary-scan segments of the path are accessed only when necessary.



2. The design alowed the seria path to be extended by adding shift-register stages at
its tail end, between the boundary-scan cedlls and the multiplexer shown in Figure
3-3. This feature alows design-for-test features other than the boundary-scan
register to be accessed, increasing the scope and value of the proposal considerably.
For example, access to embedded self-test features in a design is now possible by
using the same pins as those provided for boundary-scan.

3.4: JTAG Version 2.0

The version 1.0 proposal was discussed widely both in Europe and North America and
was the subject of a paper at the 1987 |EEE International Test Conference (ITC) [13].
Also, a ITC in 1987 an evening meeting was arranged to alow discussion of the JTAG
proposal. This was attended by more than 100 engineers from many electronics companies.

At that evening meeting, and at working meetings hastily arranged later during the
conference week, a number of key suggestions for improvements and extensions to the
proposed design were made. These included input from Digital Equipment Corporation
(DEC) and from a number of people involved in the development of the United States
Department of Defense's VHSICt Element Test and Maintenance Bus — the ETM-Bus
[14].

The principal suggestion was that the design should be altered to alow efficient access
to any seria design-for-test circuitry embedded in a chip. Simply, given that a number of
package pins need to be dedicated to test to provide access to the boundary-scan cells,
the objective is to exploit these pins to the fullest extent possible.

The JTAG version 2.0 architecture [15,16,17] (Figure 3-4) is structurally identical to the
design embodied in IEEE Std 1149.1. Since the detail of the standard is presented in Part
I, the discussion here is intended only to highlight the changes between JTAG version 1.0
and JTAG version 2.0.

In contrast to the earlier architectures, the JTAG verson 2.0 design was based on
paralel instruction and test data registers located between common serial input and output
pins.

The instruction register provides the functions of the select and control registers of the
earlier designs and is also extensible to meet the particular needs of any chip. The
aternative path consists of a paralel bank of test data registers, each of which can be
accessed when an appropriate instruction is loaded into the instruction register. The bank
of test data registers can support a whole range of test, maintenance, and other functions
embedded in the chip design — in addition to the boundary-scan test capability that was
the prime focus of JTAG activity from the outset.

f VHSIC - Very high-speed integrated circuit
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Figure 3-4: JTAG version 2.0 architecture.

Also, the minimum requirement for dedicated test pins has been reduced from five to
four compared to the earlier designs. This change reflects the widely-held view that the
number of pins dedicated to test must be kept to the absolute minimum.

3.5: [EEE Std 1149.1

Late in 1987, JTAG decided to approach the IEEE to discuss the possibility of
formalizing their technical proposal as an |EEE Standard. As a result of this approach,
the JTAG proposal became one of a range of testability approaches being developed by
the |IEEE Testability Bus Standards Committee. At the same time, the JTAG Technica
Sub-Committee became the core of the working group responsible for the further
development of the JTAG proposal as |EEE Draft Standard P1149.1.

Technical changes made by the Working Group prior to approval of the standard
concentrated on the detailed design of the boundary-scan register, the instruction set, the
device identification register, and on the integration of built-in self-test features within
the overall design.
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Part II: Tutorial

Part 11 provides a tutorial introduction to the circuitry defined
by IEEE Std 1149.1. The material is a considerably reduced
description compared to that given in the standard itsdf. It is
therefore strongly recommended that readers intending to build
an integrated circuit that conforms to the standard consult a copy
of IEEE Std 1149.1 before doing so.

Copies of the standard may be obtained from: |EEE Standards
Department, P.O. Box 1331, 445 Hoes Lane, Piscataway, New
Jersey 08855-1331, U.S.A.
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for permission to use severa figures from |EEE Std 1149.1 in this
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Chapter 4. IEEE Std 1149.1: The Top-Level View

This chapter provides an introduction to the test circuitry defined by IEEE Std 1149.1
and shows how it can be used to perform a number of basic test operations. The chapter
also indicates how further test circuitry can be added to that specified by the standard to
allow access to test functions beyond the minimum required.

4.1: The |IEEE Std 1149.1 Architecture

The top-level schematic of the test logic defined by IEEE Std 1149.1 includes three key
blocks (Figure 4-1):

( T00@
Test Date Reglsters [—
a A A A A A A A G
o rrrrTr e ET J
c TO1 Instruction Decode 1 gg;ggl’m
-Z I AN NN N NN N
K Instruction Register|—
: FrET t
3 — — Clocks and/or Controls _ _
Q
an A A
: $4414
@ TAP
2 Controller
TMS.% 3 |
TCKa—
TRS T xgg

(Optionall

Figure 4-1: IEEE Std 1149.1 test logic.

The TAP controller: This responds to the control sequences supplied through the
test access port (TAP — see below) and generates the clocks and control signas
required for correct operation of the other circuit blocks.

The instruction regigter: This shift-register-based circuit is seridly loaded with the
instruction that selects a test to be performed.

» The test data registers. This is a bank of shift-register based circuits (Figure 4-2).
The stimuli or conditioning values required by a test are serially loaded into the test
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data register selected by the current instruction. Following execution of the test, the
results can be shifted out for examination.

Boundary-Scan Register

o Device Identification

- Register

c ] Optioneal G

o E\ ;I

Deslgn Specific

s Test Dgto Register‘ 1 _| MUX a

Optionsl =
2

L 17 "Oeslgn Sgecisfe ~ 1!
| Test Data Register _ |

— — — — — — — s — — —

Optional

Design S%eciFic
Test Dota Register N

Optional

Bypess
Heg?ster

A A A A
4
G ock and Control Signals

from Instruction Register,
TAP Controller, etc.

Figure 4-2: Test data registers.

These circuit blocks are connected to a TAP which includes the four or, optionaly, five
sgnals used to control the operation of tests and to alow seria loading and unloading of
instructions and test data. The role of the TAP on an integrated circuit (IC) is directly
analogous to the "diagnostic' socket provided on many automobiles — it dlows an
external test processor to control and to communicate with the various test features built
into the product.

In addition, the test data registers can be connected to the system circuitry within the
chip (i.e., the circuitry that performs the particular function, other than test, for which
the chip was designed) or to the pins that are connected to the system circuitry. These
connections alow tests of the system circuitry to be performed. The operation of the test
data register is described in Section 4,5.

The following sections discuss the TAP and the main circuit blocks in more detail.



4.2: The TAP

The TAP contains four or, optionally, five pins. These are:

The test clock input (TCK): This is independent of the system clock(s) for the chip
so that test operations can be synchronized between the various chips on a printed
wiring board. Both the rising and fdling edges of the clock are significant: the rising
edge is used to load signals applied at the TAP input pins (test mode select(TMS)
and test data input (TDI)), while the fadling edge is used to clock signas out
through the TAP test data output (TDO) pin. As will be discussed in Chapter 6,
the boundary-scan register defined by the standard is controlled such that data is
loaded from system input pins on the rising edge of TCK while data are driven
through system output pins on the fdling edge.

The test mode select input (TMS): The operation of the test logic is controlled by
the sequence of Is and Os applied at this input, with the signa value typicdly
changing on the fdling edge of TCK. As will be discussed in Section' 4.3, this
sequence is fed to the TAP controller which samples the value at TMS on each
rising edge of TCK and which uses this information to generate the clock and
control signals required by the other test logic blocks. TMS is either equipped with
a pull-up resistor or otherwise designed such that, when it is not driven from an
external source, the test logic perceives alogic 1.

The test data input (TDI): Data applied at this serid input are fed either into the
instruction register or into a test data register, depending on the sequence previously
applied at TMS. Typicaly, the sgna applied at TDI will be controlled to change
state following the faling edge of TCK, while the registers shift in the value
received on the rising edge. Like TMS, TDI is either equipped with a pull-up
resistor or otherwise designed such that, when it is not driven from an external
source, the test logic perceives alogic 1.

The test data output (TDO): This serid output from the test logic is fed either from
the instruction register or from a test data register depending on the sequence
previousy applied at TMS. During shifting, data applied at TDI will appear at TDO
after a number of cycles of TCK determined by the length of the register included
in the serid path. The sgna driven through TDO changes state following the fdling
edge of TCK. When data are not being shifted through the chip, TDO is s&t to an
inactive drive state (e.g., high-impedance).

The optional test reset input (TRST*): The need to be able to initialize a circuit to a
known starting state (the "reset” state) is crucia in testing. As will be discussed in
Section 4.3, the TAP controller is designed so that this state can be quickly entered
under control of TCK and TMS. The standard also requires that the test logic can
be initialized at power-up independently of TCK and TMS. This can be achieved
either by building features into the test logic itself (e.g., a power-up reset circuit)
or by adding the optional TRST* signad to the TAP. Application of a 0 at TRST*
asynchronoudly forces the test logic into its reset state. Note that, in this state, the



test logic cannot interfere with the operation of the on-chip system logic, so TRST*
can aso be viewed as a "test mode enable" input.

By loading the signads applied to the test logic through chip input pins (e.g., through
TMS and TDI) on the rising edge of TCK, while using the fdling edge to clock signals out
through chip output pins (such as TDO), operation of the IEEE Std 1149.1 test logic can
be made race-free. For example, when chips compatible with the standard are seridly
connected (e.g., asin Figure 4-3) data are applied to TDO by the first chip one haf cycle
of TCK prior to the time when they are loaded from the TDI input of the second. This

allows time to account for delays in the serid path, skew between the clocks fed to the
neighboring ICs, and other factors.

T0I p—"TOI T00 TDI T0O TDI TDO 101 TDOL—) TOO

TMS TCK TMS TCK TMS TCK TMS TCK

THS ). l L l

TCK ) — — FY

Figure 4-3: Simple serial connection of IEEE Std 1149.1-compatible ICs.

Since TDO is set to an inactive drive state when no data are being shifted, the TAPs of
individual chips can, if required, be connected to give parallel serid paths at the board
levdl (e.g., as shown in Figure 4-4). In such cases, a different TMS signd is required for

each seria path. These signas should be controlled such that no two paths attempt to
shift data simultaneoudly.

01 ) 01 T00 01 TDO
TMS  TCK TMS  TCK
THS1), lggﬁ
TCK ) i °
TMS2), T T $—> 00
TCK THS TCK TMS
T0I D0 01 T00

Figure 4-4: Hybrid serial/parallel connection of IEEE Std 1149.1-compatible ICs.



At the board level, the test signas can be controlled either by external automatic test
equipment (ATE) or by an on-board bus-master chip. In the latter case, the bus-master
chip might provide an interface between the interface defined by the IEEE Std 1149.1
TAP and some higher level test and maintenance messaging system (Figure 4-5) [e.g., [1]).

P
P

Bus master

Figure 4-5: Use of a bus-master chip to control ICs compatible with |[EEE Std
1149.1.

4.3: The TAP Controller

A key god during the development of IEEE Std 1149.1 was to keep the number of pins
in the TAP to a minimum, based on the knowledge that many ICs are pin- (rather than

silicon-) limited. As test engineers are only too aware, designers are aways reluctant to
allocate pins for test purposes.

The TAP controller alows us to meet this goal. It is a 16-state finite state machine that
operates according to the state diagram shown in Figure 4-6. Note that in the states
whose names end "—DR" the test data registers operate, while in those whose names end
"-IR" the instruction register operates. A move along a state transition arc occurs on every
rising edge of TCK. The Os and Is shown adjacent to the state transition arcs show the

value that must be present on TMS at the time of the next rising edge of TCK for the
particular transition to occur.
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Figure 4-6: State diagram for the TAP controller.

Eight of the 16 controller states determine operation of the test logic, alowing the
following test functions to be performed:

» Test—Logic—Reset: In this controller state, &l test logic is reset. As mentioned
earlier, when the test logic is reset, it is effectively disconnected from the on-chip
system logic, alowing normal operation of the chip to occur without interference.
Regardless of the starting state of the TAP controller, the Test—Logic—Reset
controller state is reached by holding the TMS input a 1 and applying five rising
edges at TCK. Further, this controller state must be entered automatically when
power is applied to a chip that does not have the optional TRST* input.
Alternatively, where TRST* is provided, it can be used to force the controller
asynchronously into the Test—Logic—Reset controller state both at power-up and at
any desired point during circuit operation.

* Run—Test/Idle: The operation of the test logic in this controller state depends on
the instruction held in the instruction register. When the instruction is, for example,



one that activates a self-test, then the self-test will be run when the controller isin
this state.t In another case, if the instruction in the instruction register is one that
selects a data register for scanning, then the test logic is idle in the Run — Test/'ldle
controller state.

» Capture—DR: Each instruction must identify one or more test data registers that are
enabled to operate in test mode when the instruction is selected. In this controller
state, data are loaded from the paralel input of these selected test data registers
into their shift-register paths on the rising edge of TCK.

* Shift-DR: Each instruction must identify a single test data register that is to be
used to shift data between TDI and TDO in the Shift-DR controller state. Shifting
alows the previoudy captured data to be examined and new test input data to be
entered. Shifting occurs on the risng edge of TCK in this controller state. In the
Shift-DR controller state, the TDO output is active (it is inactive in dl other
controller states except the Shift—R state).

e Update-DR: This controller state marks the completion of the shifting process.
Some test data registers may be provided with a latched parallel output to prevent
signas applied to the system logic, or through the chip's system pins, from rippling
while new data are shifted into the register. Where such test data registers are
selected by the current instruction, the new data is transferred to their parallel
outputs on the faling edge of TCK in this controller state.

* Capture—R, Shift—R, and Update—R: These controller states are analogous to
Capture—DR, Shift—DR, and Update—DR respectively but cause operation of the
instruction register. By entering these states, a new instruction can be entered and
applied to the test data registers and/or other specialized circuitry. This instruction
becomes "current" on the faling edge of TCK in the Update—R controller state.

The actions of the instruction and test data registers in each of these controller states
will be described in more detail in the following sections of this chapter. Figure 4-7 shows
where the actions described occur in each controller state.

In the remaining eight controller states, no operation of the test logic occurs - that is,
the test logic is "idle" The "pause’ states {Pause-DR and Pause-IR) are provided to dlow
the shifting process to be temporarily halted, for example while an ATE or other
equipment controlling the test logic fetches more test data from backup memory (e.g.,
disc).

f Note: An important goa in the development of IEEE Std 1149.1 was to dlow
built-in self-test (BIST) functions to be integrated within the test logic. As was discussed
in Chapter 2, the combination of BIST and boundary-scan is especiadly powerful —
allowing effective testing of ICs once they have been mounted on a board.
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Figure 4-7: The timing of events within a controller state.

The final dx controller states (Select-DR-Scan, Select-IR—Scan, Exitl-DR, Exitl-IR,
Exit2-DR, and Exit2-IR) are decision points that allow choices to be made as to the
route to be followed around the controller's state diagram. For example, in the Exitl—DR
controller state a choice is made, depending on the signa applied at the TMS input,
between entry into the Pause—DR state or entry into the Update—DR state.

Without the TAP controller, the nine functions fulfilled by the states previoudsy
described (Test-Logic-Reset, Run-Test, and ldle plus Capture, Shift, and Update for the
two register types) would need to be selected by using at least four control inputs. With
the TAP controller, only one control input (TMS) is required. The penalties are that a
certain amount of logic must be built into every component to decode the signals received
at TMS and that the ability to move between the functions is dightly constrained. Neither
of these penalties is severe, however. As shown by the example controller implementation
in Figures 4-8 and 4-9, construction of the controller requires only approximately 80
2-input NAND gates, T This is a smdl cost in the context of a complex very-large scale
integration (VLS) IC that can contain upwards of 250,000 gates.

The restriction in the freedom to move arbitrarily between test operations is smilarly
not a significant one since freedom would, in many cases, be removed as a result of
simplification of the software written to control the test logic.

The encoding of the controller states for the example controller implementation is
shown in Table 4-1.

t For the remainder of this part of the book, implementation examples will be given
that are compatible with the TAP controller implementation included here.
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Figure 4-8: An example implementation of the TAP controller: Part 1.
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Figure 4-9: An example implementation of the TAP controller: Part 2.
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Table 4-1: State assignments for the example TAP controller.

Controller state DCBA (hex)

Exi t 2- DR
Exitl-DR
Shift-DR
Pause- DR

Sel ect -1 R Scan
Updat e- DR

Capt ur e- DR

Sel ect - DR- Scan
Exit2~I R
Exitl-IR
Shift-1R
Pause-I R
Run-Test/ I dl e
Update- I R
Capture-IR
Test - Logi ¢c- Reset

TMUOOW>oOo~NOOUDNWNE O

4.4: The Ingruction Register

The instruction register provides one of the alternate seria paths between TDI and
TDO. It operates when the instruction scanning portion of the controller state diagram is
entered (i.e., the portion where state names end "—R").

The instruction register alows test instructions to be entered into each component along
the board-level path. The instruction registers are daisy-chained together at the board
level in the Shift— R controller state (Figure 4-10), so a different instruction can be
loaded into each chip on the path if required. Although it is unnecessary for each IC to
be executing the same instruction at any given time, because instructions are shifted into
dl ICs on a dngle seriad path at the same time, loading and execution of the instructions
for each IC must be synchronized. For example, al I1Cs controlled by a single TMS signa
must be simultaneoudly in the Shift-IR controller state.



Figure 4-10: Daisy-chain connection of instruction registers.

4.4.1: Instruction Register Design

At the core of the instruction register's design is a shift register that must contain at
least two stages (shown cross-hatched in Figure 4-11). No maximum length is defined,
since this will be determined by the number of test instructions provided by the particular
chip.

Opti onal Stages Mandat ory Stages

1
v

—Status Dat a—

N\
g

e NF---15% Al /b%—»%o
2/
v v v v

Current |Instruction

Figure 4-11: The instruction register.

The standard requires that stages 1, and 1, T must be set to O and 1 respectively on the
risng edge of TCK in the Capture-IR controller state. These fixed values assigt in
detecting and locating faults in the serid path through chips on a board, as will be
discussed in Chapter 9. Instruction register stages numbered |, or greater are optional and
can have a parald input from which data (typicaly, status information) are loaded.

Each shift-register stage in the instruction register might be designed as shown in Figure
4-12.

T Note that, within IEEE Std 1149.1, the convention is used that the least significant
bit is that written or read from the shift-register stage closest to TDO. In addition, the
least significant bit is numbered 0. For example, if the instruction register is named | the

least significant stage is named lp and a minimum instruction register design must have
stages |; and I,.
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Figure 4-12: An example instruction register cell.

Each stage has a latched paralel output to which instructions are transferred when they
are vaid (i.e., on the fdling edge of TCK in the Update—R controller state — at this
time, the example TAP controller changes the UpdatelR signd from 0 to 1). The provision
of a latched output means that the remaining test logic receives only vaid instructions —
it does not see the changing contents of the shift-register while the new instruction is
shifted in. The reset input shown to the paralel output register in Figure 4-12 forces a 0
onto the instruction register's output when the TAP controller enters the
Test—Logic—Reset controller state (when the example TAP controller applies a 0 to
Reset*). If this state is entered as aresult of signas received at the TCK and TMS inputs,
then the reset occurs on the fdling edge of TCK. If, on the other hand, the state is
entered through use of the optional TRST* input (or on power-up), then the reset will
occur immediately on entry into the state. Note that some instruction register cells might
need to be designed to have preset, rather than reset, capability for the latched parallel
output. This is necessary because the standard requires that the instruction present at the
register's parallel output in the Test-Logic-Reset controller state must be the IDCODE

or, if the optional device identification register is not provided, the BYPASS instruction
(see Chapter 5).

4.4.2: Instruction Register Operation

Figure 4-13 gives a view of the sequence of events involved in loading a new instruction
into the test logic, starting from the Test-Logic-Reset controller state. This figure shows
the signals applied to and generated by the example TAP controller design included in
Section 4.3. The hexadecimal characters shown for dgnd "State" show the movement
between certain of the 16 TAP controller states as represented by the states of the four
state flip-flops in Figure 4-8 and summarized in hexadecimal encoding in Table 4-1.
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Figure 4-13: Loading a new instruction.

In the example of Figure 4-13, the circuit begins in the Test—Logic—Reset controller
state. Instruction register scan is selected by manipulation of the signal applied to TMS.
The scanning is interrupted by a pause and then continued. (Note the two periods of
activity of ClocklR separated by a quiescent period.) Finally, instruction register scanning
is completed and the TAP controller is taken to the Run — Test/Idle controller state.

Note that the new instruction becomes current on the rising edge of the UpdatelR
sgna from the TAP controller (i.e., on the fdling edge of TCK in the Update—R
controller state).

4.5: The Test Data Registers

The test logic design provides for a bank of test data registers as shown in Figure 4-2.
IEEE Std 1149.1 specifies the design of three test data registers, two of which must be
included in the design. The mandatory test data registers are the bypass and
boundary-scan registers. The provison of a device identification register is optional and
further design-specific test data registers can be added as appropriate to a given design.
The design-specific registers can be a part of the on-chip system logic and can have both
system and test functions.



The design of the three test data registers specified by the standard is discussed in
Chapters 5 and 6. In this section, the genera design characteristics that apply to al test
data registers (including design-specific registers) are described.

4.5.1: The Control of Test Data Registers

The operation of the various test data registers is controlled according to the instruction
present at the output of the instruction register. An instruction can place several test data
registers into their test mode of operation, but it might select only one register for
connection as the serid path between TDI and TDO in the Shift-DR controller state.

I[EEE Std 1149.1 requires that each named test data register must have a defined length
(number of shift-register stages) and a defined set of operating modes. Thus, it will
appear the same whenever it is accessed.

In practice, several test data registers can be constructed out of the same circuitry, for
example, as shown in Figure 4-14. This circuit contains three test data registers:

1. asdx stage register formed by enabling shifting through al sx stages;
2. athree stage register formed from stages 2, 1, and 0; and
3. athree stage register formed from stages 5, 4, and 3.
This is acceptable provided the three test data registers are given unique names and each
individually meets dal the requirements of the standard. Therefore, some test data registers

within an IC might appear as identifiable, dedicated circuit blocks while others might be
"virtual" — that is, they only exist when they are required by the current instruction.

Decoded Si Ignal s.from
I nstruction Register

—N
)

-

Figure 4-14: Sharing of circuitry between test data registers.
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4.5.2: Test Data Register Operation
All test data registers operate according to the same principles:

* Registers that are not enabled for test operation by the current instruction are
configured so that they do not interfere with operation of the on-chip system logic.
Where a register can operate in either a system or test mode, the system mode will
be selected whenever the register is not required by the current test instruction.
Because test data registers might not actually exist as distinct circuit blocks when
they are not enabled (they can share circuitry with each other or with the system
logic), they should be considered to have been left in an undefined, but safe (with
respect to the system logic), state.

. The registers enabled for test operation by the current instruction will load data
from their parallel inputs (if any) on the risng edge of TCK in the Capture-DR
controller state, and will make any new data available at their latched paralel
outputs (if any) on the faling edge of TCK in the Update—DR controller state. In
other words, the results of a test are sampled in the Capture—DR controller state
and the new test stimulus is available, at the latest, in the Update—DR controller
state. Where test execution is required between the Update—DR and Capture—DR

controller states (e.g., execution of a self-test), this occurs in the Run—Test/Idle
state.

e The register selected by the instruction selects to be the serid path between TDI
and TDO will shift data from TDI towards TDO in the Shift-DR controller state.

Other test data registers enabled for test operation will hold their state while
shifting occurs.

Figure 4-15 gives aview of the sequence of events involved in loading new test data into
a selected test data register. We might imagine that Figure 4-15 is simply a continuation of
Figure 4-13 which left the TAP controller in the Run-Test/Idle controller state after an
instruction had been entered to sdlect a data register. As in the earlier example, the
shifting is done in two parts separated by a pause. (Note the activity on ClockDR.) At
the completion of the shifting process, the UpdateDR signa goes active. This example
ends with the controller being returned to the Test—Logic—Reset controller state.
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Figure 4-15: Loading new test data.

4.6: Reference
[ IBM, Honeywell, and TRW, VHSC Phase 2 Interoperability Sandards: TM-Bus

Soecification — Version 3.0, November 9, 1987 (available from J.P. Letellier,
Nava Research Laboratory, Code 5305, Washington DC 20375, U.S.A).
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Chapter 5. The Bypass and Device ldentification Registers

This chapter describes two of the test data registers defined by IEEE Std 1149.1: the
mandatory bypass register and the optional device identification register. The standard aso
defines three instructions for these registers: BYPASS, IDCODE, and USERCODE. These
instructions are discussed below.

5.1: The Bypass Register

The bypass register must be present in al chips that conform to the standard. It
provides a minimum length path between the test data input (TDI) and test data output
(TOO) pins and can be accessed when there is no requirement to use another test data
register in the chip. This dlows data to be shifted through the chip without interfering
with its system operation.

The bypass register consists of a single shift-register stage that loads a constant logic 0 in
the Capture-DR controller state when the BYPASS instruction is selected. |IEEE Std
1149.1 defines the binary code for the BYPASS instruction to be "all-1s" (i.e., alogic 1
entered into each stage of the instruction register).

Thebypassregister might beimplemented asshownin Figure5-1.

Fom TD »——- & 1D

ShiftbR »P—— » To TDO

ClockDR P >

Figure 5-1: An example design for the bypass register.

The bypass register does not have a parallel data output so there is no significance to the
data present in the register when shifting is completed. Its operation cannot interfere with
that of the on-chip system logic.

5.1.1: Use of the Bypass Register

As an example of an occasion when the bypass register might be used, consider a board
containing 100 integrated circuits (ICs), al with boundary-scan and connected into a
sngle serid chain, a small part of which is shown in Figure 5-2. Assume that a need arises
to access a test data register located in 1C57, but that it is desired not to interfere with
the operation of the remaining 99 ICs. (An example of such a situation might be when the
target chip includes a "shadow" test data register that permits the state of its key internal
registers to be read.)

EH0321-0/90/0000/0051 $01.00 © 1990 I[EEE 51



|C56 |C57 1C58

Figure 5-2: Use of the bypass register.

In this case, the required instruction would be loaded into IC57, with the BYPASS
instruction being loaded into the other ICs. The serid bit stream shifted into TDI during
the instruction scanning cycle would be:

11 . 1111CCC...CcCC1111 ... .. .. [
where CCC...CCC is the instruction to be loaded into 1C57. As a result of use of the
"all-1s" value for the BYPASS instruction, the complexity of the bit stream input to the
serid path is considerably reduced. This is an important consideration, since it reduces the
data storage requirement for the automatic test equipment (ATE) or bus master chip that
control the operation of the board during test.

Once the instructions are loaded, a minimum length serid path to and from the target
chip is set up. This alows access to the chip of interest in the minimum possible time,
increasing test throughput.

5.2: The Device Identification Register

The device identification register is an optional feature of the standard. Where included
in the test logic, it allows a binary data pattern to be read from the chip that identifies
the manufacturer, the part number, and the variant.

During testing, this information might be used to:

» adjust test program execution, depending on the source and/or variant of each chip
present on the board,;

* veify that the correct IC has been mounted in each board location; or

 esgtablish which member of a plug-compatible family of boards is being tested.
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5.2.1: Construction

The register contains 32 parallel-in, serial-out shift-register stages, each of which might
be constructed as shown in Figure 5-3.

ShiftDR G1
10N p—T
1D +—» 11
From Last CellpPb—1 S C1 To Next Ce
ClockDR P»— J

Figure 5-3: An example implementation of a device identification register cell.

Where a chip is programmed off-line (e.g., by blowing fuses or through some other
nonreversible process), it is useful if the programmed state can also be observed via the
device identification register. Therefore, where the function of the chip can be
programmed by the user, each cdl must have a pair of alternative data inputs so that two
different 32-bit codes can be loaded — one to identify the device and one to identify its
programming. The former is loaded when the IDCODE instruction is selected, while the
latter is loaded when the USERCODE instruction is selected.

When the register is addressed from the instruction register, the data pattern at its
parallel input is loaded on the risng edge of the test clock (TCK) in the Capture—DR
controller state. (At this time, the example TAP controller generates a rising edge on
ClockDR while holding ShiftbR = 0.) These data are shifted toward TDO on the rising
edge of TCK in the Shift—DR controller state, while data are shifted in from the TDI pin.
(The example TAP controller changes ShiftDR to 1 and continues to generate clock edges
on ClockDR.)

The bypass register has no parallel output and cannot interfere with the operation of the
system logic in the chip. Therefore, when shifting is completed, the data present in the
register have no significance.

5.2.2: The IDCODE Instruction
The structure of the data loaded into the device identification register in response to the

IDCODE instruction is shown in Figure 5-4. As discussed previously, the data presented
are loaded into the register from inputs D3, -IDq in the Capture—DR controller state.

There are four separate fields:

1. The header: TDq loads a constant logic 1. Recal that the bypass register loads a

constant 0 in the Capture-DR controller state. Later in this chapter, the advantage
of this in determining the IC sequence for a given board will be explained.
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Figure 5-4: Structure of the device identity code.

The manufacturer code: ED1-1D4 load an 11-bit manufacturer code. This code is

derived from a scheme managed by the Joint Electron Device Engineering Council
(JEDEC) [1].

In the JEDEC scheme, each manufacturer is allocated a code consisting of one
or more 8-bit bytes. The most significant bit in each byte ensures odd parity, so a
maximum of 128 available manufacturers can be distinguished by a 1-byte JEDEC
code. Clearly, however, there are more than 128 manufacturers of integrated
circuits. To cater to those who cannot be allocated 1-byte codes, the code Hex 7F
is reserved as a continuation character. One hundred and twenty-seven
manufacturers are thus given codes consisting of just one byte, 127 are given 2-byte
codes (the first byte being Hex 7F), a further 127 get 3-byte codes (the first two
bytes being Hex 7F), and so on.

The scheme used in IEEE Std 1149.1 is a compressed form of this code
containing a fixed number of bits (11) and is better suited to a serid environment.
The 11 bits are derived from the JEDEC code as follows:

e Bits ID,-1D; are the same as the seven data bits of the finad byte of the
JEDEC code.

e Bits IDy; -1Dg contain a count of the number of continuation bytes in the
JEDEC code (i.e., the total number of bytes in the JEDEC code minus one).

This scheme can uniquely identify up to 2032 manufacturers, since the pattern
Hex 7F cannot occur in bits ID7-1D; . Section 5.3 will show how the 16 "invaid"

manufacturer codes can be used to advantage during board testing. If more than
2032 manufacturer codes are issued by JEDEC, then the scheme will result in reuse
of some code vaues within the manufacturer code field. However, the chance that
a component from an incorrect manufacturer will have the same code and the same
test functionality is acceptably low.



3. The part number code: ID,7-1D1, provide a 16 bit part number, chosen by the
manufacturer to distinguish a chip from the others that the company sells. In cases
where more than 2*® chip types are offered by a manufacturer, part number codes
might have to be reused. The objective is to minimize the chance that an incorrect
chip in a given position on a board will have the same part number as the correct
chip type. Given that 2'° codes are available, and that chip types will be further
distinguished by the number of pins and the position of the test access port (TAP)
pins, the chance of fasdy receiving the expected part number code is extremely
small.

4, The version number code: For chips that are manufactured in several different
versions through their lives, bits 1D3.-ID,g can be used to distinguish up to 16

variants. As a minimum, the version code should distinguish variants of a chip that
exhibit differences in the operation of the test logic — e.g., different behavior in
response to instructions or in the data to be sent or received through the TAP.

5.2.3: The USERCODE Instruction

In response to the USERCODE instruction, data are loaded from the alternative data
input to the register — USER3;, -USER, . Unlike the data presented to 1Dy -1Dy, these

data can be programmed by the user at the same time (and in the same way) that the
function of the chip is programmed.

USER, must load a constant logic 1, while the structure of the data presented at
USER3;;-USER; could be identical to that of the device identification code (i.e.,
variant, part number, and company).

Note that this second data input is required only for chips whose function is "one-time"
programmed off-line (e.g., by blowing fuses or through some other irreversible process)
and cannot be modified through use of the test logic (e.g., by sending programming
instructions through the TAP). For "soft" programmable chips whose programmed
function is determined by instruction and data sequences entered through the TAP, the
USERCODE instruction is not required. In such cases, the chip can be set arbitrarily to
perform any desired function at the start of a test. Therefore, knowledge of the
previously-programmed function is not required.

5.3: Learning the Structure of an Unknown Board

There are occasons when it would be useful to be able to access the device
identification registers of chips to learn more about the precise mix of chips mounted on a
particular board. For example, a board can be configured to perform one of a range of
functions by including a different chip in some partipular location.

There are two problems that have to be solved to permit this kind of "blind"
interrogation:



« the device identification register is optional, so not every chip will include one; and

* because the value of the IDCODE instruction will vary from chip to chip — indeed,
the length of the instruction register can vary from component to component —
there is no way to know in advance what sequence of instructions to enter to select
the device identification registers.

Two features are included in IEEE Std 1149.1 to alow these problems to be solved.

First, it is required that the instruction register's latched parallel output is initialized in
the Test-Logic-Reset controller state to:

 the value of the IDCODE instruction if a device identification register is included in
the chip; or

» the vaue of the BYPASS instruction if the device identification register is not
provided.

Therefore, by moving from the Test—Logic—Reset controller state directly into the test
data register scan sequence (starting with the Capture—DR controller state) al available
identification codes on the board will be shifted out for examination. Referring to the
TAP controller state diagram in  Figure 4-6, the application of the sequence
"111110100...0" to the TMS of al chips on a serid board-level path (one bit per cycle of
TCK) will cause al available identification codes to be output, regardiess of the starting
states of the TAP controllers.

Second, because the standard requires that dl identification codes have alogic 1 in the
least dsignificant bit (the header bit) while the bypass register is required to load a logic O,
it is possible to locate identification codes in the output bit stream. Consider, for
example, the output sequence shown in Figure 5-5. A flow chart for decoding such an
output sequence received is shown in Figure 5-6.
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"Ino lid' Code

from RTE, Etc.

Manuf acturer, Port,
and Version Codes

Figure 5-5: Output sequence following 'blind' access.
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Figure 5-6: Flow chart for decoding output identity code sequence.

For the example sequence, this gives the result shown in Table 5-1. Note that by
injecting at the board's serid input an identification code containing an invalid

manufacturer code, it is possible to determine when the end of the sequence has been

reached.

Table 5-1: Result of decoding the received sequence.

Bit(s) Conponent Comrent
0 1 No I D code
1-32 2 I D code avail abl e
33-64 3 I D code avail abl e
65 4 No | D code
66- 98 5 I D code avail abl e
99 6 No | D code
100-111 + I nval i d manuf act ur er
- end of sequence

5.4: Reference

[ Joint Electron Device Engineering Council, "Standard Manufacturer's Identification

Code," JEDEC Publication 106-A,, July 1986. (Obtainable from JEDEC, 2001 Eye

Street. N.W., Washington, D.C. 20006, U.S.A)
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Chapter 6. The Boundary-Scan Register

Every integrated circuit (IC) that complies with IEEE Std 1149.1 must include a
boundary-scan register, which can be used to alow interconnections between ICs to be
tested (the interconnect test described in Chapter 2). Optionaly, it can aso be used to
support testing of the logic within the component — either in conjunction with self-test
or by shifting patterns and results on a test-by-test basis (again, as described in Chapter
2).

While many different implementations of boundary-scan are possible that would provide
this level of functionality, the standard imposes a number of particular requirements.
These ensure that boundary-scan paths included in chips obtained from two or more
different vendors can be used reliably in concert to perform board interconnect testing.

Later in this chapter, we will describe the operation of the boundary-scan register and
will illustrate how it might be designed through a series of example circuits. As we did in
the introduction to Part Il, we again stress that there are severa features of the standard
that we will not be able to discuss in this tutorial. Readers are therefore strongly
recommended to consult the standard itself before implementing an IC design.

6.1: The Provision of Boundary-Scan Cells

Before discussing the provision of boundary-scan céls in an IC, two terms must be
defined:

1. The on—chip system logic: This is the circuitry contained in the IC to dlow it to
perform the required "norma"” function. For example, if the chip is intended to
operate as a counter, then the on-chip system logic would comprise al the
necessary circuitry to construct a counter.

2. The test logic: This is the circuitry built into the IC to assig either in testing of the
on-chip system logic (e.g., confirming that the counter is indeed able to count) or
in testing off-chip circuitry (e.g., board leve interconnections).

Where design-for-test features are built into the on-chip system logic, these are
regarded as a part of the test logic in their test mode of operation; otherwise, they are a
part of the on-chip system logic.

To comply with [EEE Std 1149.1, an IC must contain boundary-scan cells at dll

off-chip system inputs and outputst, as shown in Figure 6-1. That is, cells should be
located:

T Cells are not required at connections between the test logic and the on-chip system
logic or as the test access port (TAP) pins.
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» between each system input pin (clock or data) and the corresponding input to the
on-chip system logic;

* between each output from the on-chip system logic and the corresponding system
output pin; and

* between each 3-state enable or direction control output from the on-chip system
logic and the corresponding system pin output driver.

Note that, for chips that contain some analog circuitry between the on-chip logic and
the system pins, the connections to and from the analog circuit block are treated exactly
as if they were off-chip digita connections. This topic will be discussed further in
Chapter 19.

Systenm

2-state
Systenm Output
Logic I_
Input
)
System Logics Systen
S

_I 3-gtete
Qutput

Systen
Bidirectional
Pin

YA

Figure 6-1: Provision of boundary-scan cells.

Of particular note are the cedls located at the output enable and direction control
outputs from the on-chip sysem logic to 3-state output and bidirectional pins,
respectively. Operating in conjunction with the cells at the data connections of the
on-chip system logic, these cdls dlow the state of the output driver (active or inactive),
as well as the data value driven when the driver is active, to be controlled. The reason for
the inclusion of these cdls is illustrated in Figure 6-2.
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Figure 6-2: A board-level bus connection.



Figure 6-2 shows a board-level 3-state bus connection that can be driven by one of
three chips: A, B, or C. To provide a test of the interconnection between these chips, it
is necessary to check that:

» the bus can be driven to both 0 and 1; and
» each chip can drive signals onto the bus independently of the others.

For the circuit in Figure 6-2, this will require a total of dx tests as shown in Table 6-1.
Note that, in these tests, the data value fed to the output buffers of the components
whose drivers are inactive is the complement of that fed to the active driver. This increases
the chance of detecting a fault that would cause a driver to be active when it should be
inactive, regardless of whether a wire-OR or wire-AND combination of the contending
outputs results.

Table 6-1: Tests for the board-level bus.

Stimulus applied to bus from Result seen at
Conponent A | Conponent B | Conponent C | conponent D

0/ on 1/ of f 1/ of f 0

1/ of 0/ on 1/ of f 0

1/ of f 1/ of f 0/ on 0

1/ on 0/ of f 0/ of f 1

0/ of f 1/ on 0/ of f 1

0/ of f O/ of f 1/ on 1

While it might seem that the cells provided to control the activity of the driver at a
3-state or bidirectional pin might form a significant fraction of those in the complete
boundary-scan register — particularly where a chip has many such pins — this will not
normally be the case. The reason is that chips often have groups of 3-state outputs or
bidirectional pins that are controlled from a single source. In such cases, al the outputs
that form an address bus would be active or inactive simultaneously. It would be a design
error if two or more such pin groupings were connected at the board level; therefore, it is
only necessary to provide one output enable or direction control cell for each group of
pins. Figure 6-3 provides an example to illustrate this point.
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Figure 6-3: Control of multiple 3-state outputs from a single source.

6.2: The Minimum Requirement

Figures 6-4 and 6-5 show boundary-scan cell designs that meet the minimum
requirements of the standard for input and output pins, respectively. In these cdl designs,
the dgnds ShiftDR, ClockDR, and UpdateDR are those generated by the example TAP
controller (see Figures 4-8 and 4-9).
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Figure 6-4: Basic boundary-scan cell for an input pin.
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Figure 6-5: Basic boundary-scan cell for an output pin.

These boundary-scan cells dlow an IC to support the two mandatory instructions
defined by the standard: EXTEST and SAMPLE/PRELOAD. The Mode signa in Figure
6-5 is generated by decoding the current instruction and should be 1 when the EXTEST
instruction is present; otherwise it should be 0.



6.2.1: EXTEST

The EXTEST (external test) instruction alows the boundary-scan register to be used for
board-level interconnect testing in a similar manner to that presented in Chapter 2:

. Test stimuli shifted into the boundary-scan cdls located at system output pins are
driven through the connected pins onto the board interconnections. This process is
started by first entering the EXTEST instruction and then moving to the Shift—DR
controller state. One bit of data is shifted into the boundary-scan register on each
rising edge of the test clock (TCK). The example TAP controller shown in Figures
4-8 and 4-9 enables shifting by setting ShiftDR to 1 and alowing TCK to propagate
through to ClockDR.

When entry of stimuli is concluded, the shifting process is completed by moving to
the Update-DR controller state. On the faling edge of TCK in this state, the
stimuli are transferred from the shift-register stages onto the latched paralel
outputs of each cell. Because the Mode input to the cells at system output pinsis
st to 1 by the EXTEST instruction, the test is applied to the board
interconnections at this time. The example TAP controller generates arising edge on
UpdateDR to cause the latched parallel outputs of the example boundary-scan cells
to be updated from the associated shift-register stages.

The test results are captured in the cells at the system input pins. This occurs on the
rising edge of TCK in the next Capture—DR controller state. The example TAP
controller causes data to be captured by holding ShiftDR at O and alowing TCK to
propagate through to ClockDR.

. The test results are examined by moving back to the Shift-DR controller state. The
data held in the boundary-scan register move one stage towards the test data output
(TDO) on each rising edge of TCK. The data in cdl number O (the cell nearest to
TDO) appear at TDO on the falling edge of TCK after it reaches the cell.

Note that the output pin cel contains an additional register between the shift-register
stage and the output to the connected system pin.f In Figure 6-5, this additional register
is clocked by the sgna UpdateDR, generated by the example TAP controller in the
Update—DR controller state. This alows the data present in the shift-register stage to be
latched onto the parallel output of the cell when shifting has been completed. It is held
there until the next test stimulus has been completely shifted into the boundary-scan
path, ensuring that the data driven from the cell when Mode is 1 changes cleanly from one
serially-supplied stimulus to the next.

Provision of this latched output to the connected system pin allows the boundary-scan
cells at system output pins to be used to apply test stimuli to circuitry external to the chip

t The standard permits use of either an edge-triggered register or a level-operated latch
to fulfill this requirement. We have chosen to use an edge-triggered flip-flop in the
examples contained in this book.



in a carefully-controlled manner. For example, clocks or inputs to asynchronous circuits
can be included among the signals that feed into the externa logic, as illustrated in Figure
6-6. These sgnds (as well as others — for example, see the discussion in Chapter 19
regarding signas that feed into analog circuits) must not change state between one test
pattern and the next. Any intervening changes will cause misoperation of the circuit under
test. Therefore, it is necessary to prevent the data from being applied to the externa
circuitry as they pass aong the boundary-scan path during shifting-in. The latched parallel
output is included to meet this requirement.

10 —=

\'

A TDI

Figure 6-6: Using the boundary-scan path to test external logic.



6.2.2. SAMPLE/PRELOAD

While the SAMPLE/PRELOAD instruction is selected, the Mode input to the cels at
system logic outputs is held at 0 — alowing the chip to continue its normal operation
without interference.

The instruction supports two distinct test operations.

In the firg instance (SAMPLE), the boundary-scan cels at both inputs and outputs
load the state of the signd flowing through them between the system pin and the on-chip
logic:

* A snap-shot of the data flowing through the chip's system input and output pins is
taken by first sdecting the SAMPLE/PRELOAD instruction and then moving to the
Capture—DR controller state. Data are sampled on the rising edge of TCK in this
state. (At this time, the example TAP controller holds ShiftDR at 0 and applies a
risng edge to CiockDR.)

* The captured data can be shifted out for examination in the Shift—DR controller
state. On each rising edge of TCK, the data held in the boundary-scan register
move one stage towards TDO. A data bit that arrives in cell number O (the cell
nearest TDO) is driven through TDO on the following faling edge of TCK. (The
example TAP controller holds ShiftDR at 1 and generates arising edge on CiockDR
for each rising edge of TCK.)

Applications of the SAMPLE test include debugging of prototype boards and a
contactless form of the guided-probing process common on functional board testers.

In the second instance (PRELOAD), data can be shifted into the boundary-scan cdls
without interfering with the normal flow of signads between the system pins and the
on-chip logic. This dlows the laiched parallel outputs in boundary-scan cells to be
primed with data before another boundary-scan instruction is selected:

* The desired data are shifted into the boundary-scan register by first selecting the
SAMPLE/PRELOAD instruction and then moving to the Shift—DR controller state.
On each rising edge of TCK, one data bit is shifted into the register. (The example
TAP controller generates clock transitions on CiockDR. ShiftDR is held at O for
one clack cycle and then changed to 1)

. When al data have been entered, shifting is halted by moving to the Update—DR
controller state. On the faling edge of TCK, the data in each shift-register stage is
shifted onto the cell's latched parald output. (At this time, the example TAP
controller generates a rising edge on UpdateDR.)

By loading suitable data when PRELOAD is selected, the user can ensure that al signals
driven out of the chip are defined as soon as the EXTEST instruction is selected. The
Mode input would change to 1 in response to the instruction change, alowing the data



held in the boundary-scan cdl (rather than the data generated by the on-chip logic) to be
driven from the chip.

6.2.3: Cells for 3-state and Bi-directional Pins

Figures 6-7 and 6-8 show boundary-scan cells that could be used at 3-state output and
bidirectional system pins, respectively, of an IC. These figures include the additional cell
required to control the activity of the output driver. Both figures contain two
shift-register stages — one for data and one for output driver control. The signa
CHIP_TEST* is 0 when the INTEST or RUNBIST instruction is selected (see Sections 6.3
and 6.4).
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Figure 6-7: Basic boundary-scan cells for a 3-state output pin.
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Figure 6-8: Basic boundary-scan cells for a 3-state bidirectional pin.

The design in Figure 6-8 is, in effect, a merging of those in Figures 6-4 and 6-7. It
functions in the same way as the cel in Figure 6-7 when "output" operation is required
and as the cdl in Figure 6-4 when "input" operation is required. In Figure 6-8, the
assumption is made that the bidirectional pin is either input or output at a given instant
— but never both simultaneously. This alows one shift-register stage to be used to
convey the data value for the pin; two stages would be necessary were the pin to dways be
used as an input, alowing data to be driven out of the pin to be determined and data
received at the pin to be monitored.

Figure 6-9 shows how a boundary-scan cell might be constructed for a 2-state
open-collector bidirectional pin.
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Figure 6-9: Basic boundary-scan cells for a 2-state open-collector bidirectional

pin.

Boundary-scan cdls for other types of pins can be constructed in a similar manner by
correct combination of the cells for input and output pins.

6.3: The INTEST Instruction

The standard defines two optional instructions that can be used to perform tests of the
on-chip system logic. The first of these is the INTEST instruction. The operation of the
boundary-scan register when the INTEST instruction is selected is similar to that
described for internal logic testing in Chapter 2:

1. Test stimuli for the on-chip logic are shifted into the cells at system input pins.
Following the fdling edge of TCK in the Update-DR controller state, the test
stimulus is in place and is applied to the inputs of the on-chip system logic.
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2. Between the Update-DR and Capture-DR controller states, the test is applied. For
stored-state system logic designs, this will require entry into the Run—Test/Idle
controller state where appropriate clock transitions will be applied to the on-chip
system logic. This might require control of the clock signa(s) supplied to the clock
input pin(s) (see Section 6.3.2).

3. On the risng edge of TCK in the Capture—DR controller state, the results are
loaded into the cdls at system output pins prior to being shifted out for
examination.

Because of the dow test application rate, the chip must be able to support single-step
operation where the INTEST instruction is offered. This requirement can be met in severa
ways, for example, where:

* no dynamic logic is included in the on-chip system logic; or
 the on-chip system logic can be placed in a "hold" state between tests.
6.3.7; Boundary-Scan Cell Designs That Support INTEST

Input Pins: To support this instruction, the design of the boundary-scan cels at

non-clock system input pins must be extended beyond that of the cdl shown in Figure

6-4. This is necessary to alow the data shifted into the cdl to be driven to the connected
system logic input. Figures 6-10 and 6-11 show two options for doing this.
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Figure 6-10: Enhanced boundary-scan cell for an input pin: Example 1.
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Figure 6-11: Enhanced boundary-scan cell for an input pin: Example 2.

In the design in Figure 6-10, the data in the shift-register stage are applied directly to
the on-chip logic. This is acceptable provided the on-chip logic does not respond to the
data that is shifted through the cell as each test is loaded and each set of results is
examined. For example, the cell might feed the data input to a flip-flop whose clock was
constrained not to change state during the shifting process. Therefore, the data applied
from the boundary-scan cells become significant only when the flip-flop is clocked.

The design in Figure 6-11 is better than that in Figure 6-10 in cases where the circuitry
fed by the cdl will respond to the shifting data. This cell design is identical to that shown
earlier for a system output pin (Figure 6-5) because it is targeted at the same problem. As
when the cedl is used at a system output pin, the added register (or latch) holds the
stimulus data while new data are being shifted in, preventing the shifting data values from
reaching the logic under test.

Output pins: Among the functions performed by the boundary-scan register when the
INTEST instruction is selected is that of preventing output signas of the on-chip logic
from flowing through chip pins to external circuitry on the board. This is necessary
because the signas output during IC testing will probably not be representative of those
generated as a result of normal operation. They might contain illega signd combinations
or sequences that cause damage to the off-chip circuitry. For example, the memory
controller shown in Figure 6-12 would normaly operate such that only one of the
connected memories would be enabled to drive the output bus. During testing, however,
signds might be generated that enabled two or more of the memories onto the bus
simultaneously. The resulting contention between output drivers might cause damage to
either memory chip.
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Figure 6-12: A circuit where bus contention might occur.

This problem is overcome by enhancing the design of bbundary-scan cels for output
pins when the INTEST instruction is to be supported. As shown in Figure 6-13, the
design is changed so that data can be fed off-chip independently of that received from the
on-chip system logic. This is not possible with the cell design in Figure 6-5, because of
the feedback loop through the cell. If the data received from the on-chip system logic is
to be captured into the cell, it will aso be driven off-chip. The cdl in Figure 6-13 is a
feed-forward design that alows the user to define the chip's output, independently of the
operation of the on-chip system logic, while the on-chip system logic test is in progress.
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Figure 6-13: Enhanced boundary-scan cell for an output pin.
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The cdls presented earlier for 3-state output and bidirectional pins (Figures 6-7 and
6-8) support the INTEST instruction. For these cells, the output is set to an inactive state
while the INTEST instruction is selected (CHIP_TEST* is set to 0). This prevents data
leaving the chip. Note that it might be necessary to control external circuitry such that it
does not sample the bus driven from the 3-state or bidirectional pin while the chip is
undergoing test, because it might respond incorrectly when the bus is not driven by any
chip (i.e., when it is "floating").

6.3.2; Control of Clocks During Use of INTEST

The extended cedll designs just described are required only at non-clock input pins. The
cel design of Figure 6-4 can ill be used at clock input pins. Further design changes
might be required, however, depending on the way that clocking of the on-chip system
logic is to be controlled during testing. The following are three possibilities:

1. The system clock signal supplied to the chip can be externaly controlled such that
action-causing transitions will occur only in the Run-Test/Idle controller state, for
example, as shown in Figure 6-14.
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Figure 6-14: Control of the signal supplied to a clock input during INTEST.

A signal generated from TCK can be used in place of the externally-supplied signal
while the INTEST instruction is selected. This signd must be controlled so that
TCK pulses will be applied to the on-chip system logic only in the Run-Test/Idle
controller state. The example shown in Figure 6-15 provides a positive edge clock
to the on-chip system logic.
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Figure 6-15: Generation of a system logic clock from TCK during INTEST.
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A free-running clock could be supplied to the component and fed through to the
on-chip system logic. In this case, the system logic must be placed in a "hold" state
so that clock transitions received other than in the Run-Test/'Idle controller state
will not change the state of any of the stored-state devices contained in the
on-chip system logic. Where a component has a HOLD* input (e.g., as is common
on microprocessors to allow single-step operation), the signa fed to the on-chip
system logic while the INTEST instruction is selected can be modified to be pulsed
following entry into the Run—Test/Idle controller state. An example of how this
could be achieved is shown in Figure 6-16. In this figure, the RT/I signa is 1 when
the test logic is in the Run —Test/Idle state. The INTEST signd is true when the
INTEST instruction is selected.
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Figure 6-16: Generation of a "HOLD*' pulse.
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6.4: The RUNBIST Instruction

The purpose of the optional RUNBIST instruction is to provide a consistent,
straight-forward means of verifying the health of an IC through using embedded self-test
facilities. The objective is to dlow a health check to be run simultaneously in every chip
on aboard that supports the instruction without the need for complex control and/or data
sequences. In effect, the RUNBIST instruction alows the user to ask the chip "Are you
healthy?' and to receive the component's reply. As we will see in Section 6.4.2, when the
RUNBIST instruction is selected it is necessary for output pins to be set to defined states
independent of the operation of the on-chip system logic,

I6)



6.4.1: Execution of the Health Check

There are many different ways of building self-test features into an IC design. For
example, self-test can be based on the inclusion of linear-feedback shift-registers
(LFSRs), signature analyzers, or built-in logic block observers (BILBOs). The approach
taken for any particular chip will depend on the nature of the circuit, on the preference of
the circuit designer, and on many other factors.

The objective of the RUNBIST instruction is to provide users of 1Cs with a consistent
means of accessing self-test features that is independent of the type of self-test offered by
a chip and that requires only a very limited amount of data to be stored on the ATE
system, on-board bus-master chip, or other unit in control of the board-level test bus.

To meet the requirements of the RUNBIST instruction, the self-test must execute only
while the TAP controller remains in the Run —Test/Idle state. Typicaly, the logic involved
in the test will need to be set to an initial starting state before test execution can begin
and this must occur automatically within the chip. As shown in Figure 6-17, initialization
could occur in the first clock cycle following entry into the Run-Test/Idle controller state
and the test could execute in subsequent clock cyclesf In the figure, the RT/I signd is 1
while the test logic is in the Run-Test/Idle controller state; the RUNBIST signd is 1
when the RUNBIST instruction is selected.
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Figure 6-17: Control of on-chip system logic during RUNBIST.

The self-test will run to completion provided the TAP controller remains in the
Run—Test/Idle state for a specified minimum period, for example, as measured by the
number of clock cycles applied to the on-chip sysem logic. By moving to the
Capture—DR controller state following this period, the result of the self-test can be
loaded into the test data register selected by the RUNBIST instruction and then shifted
out for examination.

To alow self-tests of different lengths to be run simultaneously in two or more chips

on a board, the standard requires that, as long as the TAP controller remains in the

f Note that, as in the case of the INTEST instruction, the clock(s) for the on-chip
system logic can be fed either from TCK or by an externally-generated clock source while
the RUNBIST instruction is selected.
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Run-Test/Idle state for more than the manufacturer-specified minimum period, the result
loaded into the selected test data register must be invariant no matter how long the
controller remains in this state. To illustrate, consider a board containing two ICs, one of
which must receive 100 TCK cycles to complete its self-test and the other 1000 cycles.
Once 100 cycles have been applied, the test on the first IC will have been completed and
its result will be ready for inspection. After 1000 cycles have been applied, the results from
both ICs will be ready for inspection. Therefore, by entering the RUNBIST instruction,
moving to the Run-Test/Idle controller state for 1000+ clock cycles, and then moving
through the Capture-DR controller state into the Shift-DR state, a test on the health of
both I1Cs can be performed.

An additional benefit of this feature of the RUNBIST instruction is that it removes the
need to maintain one version of the board test program for each variant of a chip used on
the board. Should the length of the self-test change between variants, a board test
program, which alows at least the maximum specified number of clocks to be applied to
the on-chip system logic, will meet the requirements of both chip variants.

6.4.2: Control of the Boundary-Scan Register

While self-test execution is in progress, the boundary-scan register is used to hold the
component's outputs at fixed values. This prevents the signas generated by the on-chip
system logic during the test from propagating to neighboring components where they might
cause unwanted or hazardous operation. For 2-state outputs, the value to be driven can
be defined by the user. For 3-state outputs, some components might aso alow the value
to be user-defined; alternatively, the output might be set to the high-impedance state
while the RUNBIST instruction is selected. Note that, in contrast to the other instructions
described in this chapter, the boundary-scan register does not have to be selected by the
RUNBIST instruction to form the serid path between TDI and TDO (although this is an
option).

Typicaly, the vaues to be placed on the component's output pins will be shifted into
place by use of the SAMPLE/PRELOAD instruction before the RUNBIST instruction is
entered. Once the RUNBIST instruction has been entered, the Mode inputs of the cedls
connected to the chip's system output pins will change to 1, alowing the data held at the
latched parallel outputs of the cells to be driven onto the board interconnections.f The
latched parallel outputs of boundary-scan cells at system output pins are not updated in
the Update—DR controller state while the RUNBIST instruction is selected; their state is
held throughout the period for which the instruction is selected.

In some designs, the boundary-scan register can participate in the application of the
self-test and can, if required, be the test data register enabled to shift data between TDI
and TDO. For example, while the test is executing in the Run-Test/Idle controller state,
the shift-register stages within the boundary-scan register cells could be configured to
behave as LFSRs, multiple-input signature registers (MISRs), and other functions.

f In cases where the pin state cannot be programmed by the user, the output will be set
to high-impedance.






Part Ill: Applications to Loaded-Board Testing

Part 111 contains application examples to illustrate the use of
the IEEE Sandard Test Access Port and Boundary—Scan
Architecture in testing loaded boards. These examples show how
boards composed purely of chips compatible with the standard
can be tested and how the provision of boundary-scan facilities
in some chips can help in the application of tests to others.

Further material on the application of boundary-scan
techniques to loaded-board testing is contained in the reprinted
papers in Part V.
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Chapter 7. Taking Advantage of Boundary—Scan
in Loaded-Board Testing

Peter Hansen
Teradyne Inc
321 Harrison Avenue
Boston, MA 02118, U.S.A.

Until recently, design-for-test (DFT) circuitry built onto chips was the province of
large, vertically-integrated systems manufacturers. But that monopoly is fast disappearing
now that the IEEE Sandard Test Access Port and Boundary-Scan Architecture has been
defined, as commercial parts incorporating that standard are being developed, and as
application-specific integrated circuit (ASIC) technology gives more and more designers
control over their own silicon.

Much of the drive towards DFT will focus on boundary-scan, which is implemented at
the chip level and which can ease and smplify board-level testing. Boundary-scan offers
test engineers a way around increasingly thorny testability problems that stem from
advances in very large-scale integration (VLSI) integrated circuit (IC) processing and
packaging technologies.

7.1: Loaded-Board Testability Problems and Traditional Test Techniques

VLS| processing advances have escalated IC gate counts; therefore, the number and
complexity of test patterns needed for IC and board-level testing have also escalated.
Meanwhile, device packaging advances such as surface-mount technology (SMT), tape
automated bonding (TAB), and high pin-count IC packages have increasingly restricted
the physical accessibility of device leads to fixtures and hand-held probes traditionally used
to test and diagnose faults on printed wiring boards (PWBS).

7.1.1: The Fault Spectrum

The faults present on a board can be categorized as either structural or performance
defects. A structural fault is created by a physica defect in a device or in an interconnect
on the board, and can be detected at low test speeds. Test coverage is often simulated or
thought about in terms of "stuck-at" faults measured at either the gate or device-pin
level. The detection of performance faults is much more demanding, as test speed and
operating modes might need to be close (if not identical) to actual system behavior.

Most faults that exist in manufacturing are structural faults. Performance defects are a
much smaller, although a very troublesome, class. Manufacturers usualy report that
performance problems account for as much as 5 percent, to as little as a fraction of 1
percent, of al board failures. Unfortunately, however, performance faults require a
disproportionately large amount of time and effort to diagnose and repair. [1]
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The distribution of faults between andog and digital circuitry depends primarily on the
make-up of the board. Good IC testing typicaly results in few bad chips being on boards,
with the exception of devices that are grosdy damaged during assembly. The latter class of
faults is nearly aways detected by a test that provides good coverage of pin-level stuck-at
faults.

Figure 7-1 shows a rough representation of the frequency with which various fault
classes occur on a predominantly digital VLS| board. Actual relative proportions depend
on the types of components used on the board, as well as the design and quality practices
used. Of utmost importance is the fact that structural faults dominate, and that structural
faults occur mainly at device pins. Even in fied returns, structural faults far outweigh
performance failures, although a higher frequency of internal device faults would be
expected.

_ Dgital Performnce

<—— Anal og Performance

i Anal og Structural

— Digital Internal Device Structural
/Digital Pin Level Structural

Figure 7-1: The fault spectrum.

To ship quality products, board manufacturers need to screen out both structural and
performance faults. Since performance tests and their associated diagnostic techniques are
far more expensive than structural testing, it is most important to eliminate virtualy al
structural defects prior to performance test.

7.7.2; In-Circuit Testing

In-circuit board testing for structural faults traditionally has offered three major
benefits:

» fast, automated test generation;
» straightforward fault diagnosis; and
* relatively low capital equipment costs.

Escalating VLSl and ASIC complexity, however, is eroding these advantages.
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Test generation, for example, is becoming more difficult as increasing gate counts
demand more patterns. At the same time, the custom nature of ASICs means that
engineers cannot pull in-circuit test sets ready-made from a pattern library.

Some patterns might be pulled directly from device test, although the ease and success
of this practice usualy depend on whether these patterns were developed specificaly
taking the target tester into account. Otherwise, test engineers might find that the
chip-test patterns are too numerous to be handled efficiently by the in-circuit system's
available pattern memory, and that some of the patterns conflict with the ASIC's wiring
constraints in the board environment [2].

As a result, manufacturing test engineers often bear most of the burden of test
development. Automatic test pattern generation (ATPG) tools, which can't handle circuits
of large sequential depth, are only of limited assistance.

Backdrive and access restrictions also hamper in-circuit testing. Large ASICs, along with
many advanced logic families, can be difficult or even impossible to backdrive,
complicating the task of isolating neighboring components for in-circuit tests. Large
pin-count 1Cs aso can make board testing a highly channel-intensive proposition, thus
driving up the cost of in-circuit test equipment.

Meanwhile, dense SMT and TAB packaging restricts the accessibility of component leads
to conventional bed-of-nails fixtures. In some cases, the use of fine-pitch probes can
overcome this problem, but only at the expense of more costly and less reliable fixtures.

Probe point density on boards can make it impossible to use vacuum-based fixturing
techniques without causing excessve board flexing. And two-sided boards, packages with
completely inaccessible leads, or fixtures that deny manual access dl prevent the use of
hand-held probes and make it impossible to diagnose even simple problems like open
etches or bad solder joints.

7.7.3; Functional Testing

Entailing far more difficult program generation and diagnostics than in-circuit testing,
functional testing typicaly is used to find simple structural faults only as a last resort.
Functional techniques are best reserved for performance testing in critical applications.

Defense-related programs, for example, frequently use functional testing in instances
where contractual agreements prohibit overdriving or conformal coatings preclude
in-circuit access to boards under test. Commercial manufacturers might also adopt a
functional strategy when device packaging so restricts access that in-circuit testing
becomes impractical.

The pattern-generation and accessibility issues that affect in-circuit testing, however,
impact functional test even more. Very large numbers of very complex patterns are needed
to test full-board functionality; and these patterns must be generated anew, using logic
and fault simulation, for each board design. Since structural faults are abundant and



concentrated at device pins, very high stuck-at pin-fault coverage is caled for; attaining
this level of coverage with functional test patterns is extremely expensive.

Moreover, increasingly complex VLS and ASIC components have sent board-level
modeling, pattern generation, simulation, and diagnostic costs soaring. Finaly, the same
packaging technologies that restrict in-circuit access to a board also might block the
hand-held guided probes traditionally used for functional fault diagnosis.

As these problems grow more acute, many boards will become impractical to test using
either in-circuit or functional techniques. The way out of this dilemma is boundary-scan.

7.2: 100 Percent Boundary-Scan Testing

When boards incorporate boundary-scan components, the shift paths of these
components are connected to form a larger shift path on the board. Through this path, a
tester can access individual device leads, which serve as "virtual channels' providing control
and vigihility that otherwise would have to come from physica ATE channels. Backdriving
is eliminated, test channel requirements are reduced, and access requirements for fixturing
are simplified. Boundary-scan aso decreases or eliminates the need for hand probing of a
board to isolate faults, easng the diagnostic chore.

Boundary-scan, moreover, simplifies test development. By increasing the board's
controllability and observability, boundary-scan makes it possible to partition the board
test program to smplify test generation. The board test applications discussed in this
chapter use one of the boundary-scan instructions defined by the standard: INTEST,
RUNBIST, or EXTEST.

7.2.1: Checking Internal Logic with INTEST

Board test applications that require the highest possible fault coverage — such as system
test or field return testing — include a comprehensive check for defects in the internal
logic of the board's components. The INTEST instruction serves this function, alowing a
tester to use the boundary-scan path to check the structural integrity of internal device
logic. The tester can control the internal logic at device inputs and observe the results at
device outputs.

The INTEST instruction usually cannot provide a complete gate-level test, however,
because the quantity of data that would have to be clocked through the shift path to test
a complex sequentiadl 1C would bog down test times. INTEST therefore must be
augmented by other test-oriented circuitry in large, complex devices.

Sometimes the obvious choice is partial or full internal scan, which works very well for
the static logic structures embedded in gate arrays. An IC having both internal scan and
boundary-scan can be tested in the INTEST mode from the edge of the board, using
patterns from incoming inspection or device test to provide nearly perfect gate-level fault
coverage.



Boundary and internal scan techniques are not good for dynamic logic used in
microprocessors and their peripherals because patterns can't be applied fast enough to keep
dynamic devices alive. Moreover, adding scan capability in a highly repetitive logic
structure such as a memory chip would double or triple the sze of the device. An
emerging alternative for these types of devices is built-in self-test (BIST), which designs
test circuitry into the chip itself.

7.2.2: Implementing Chip Self-Test Using RUNBIST

In a boundary-scan IC containing BIST, provision of the RUNBIST instruction allows
the test access port (TAP) to become the tester's means of accessing the BIST circuitry.
The tester instructs the BIST circuitry on how to initialize the self-test, which typicaly
uses pseudo-random pattern generation to create stimuli, and signature anayss for
checking device response. The results of the signature analysis then are read from the shift
path by the tester.

The internal fault coverage provided by BIST varies greatly. If coverage is very high, no
supplemental testing by the automatic test equipment (ATE) is required. If coverage is
reasonably good, a tester might supplement BIST with external patterns. Another
possibility is that the BIST circuitry is only intended to test pieces of logic buried deep in
the chip (logic that would otherwise be difficult for a tester to get at from the I/O pins),
leaving the rest of the chip to be tested by more conventional means.

7.2.3: Verifying Board Interconnects Using EXTEST

Production board testing usualy assumes that incoming inspection aready has screened
out nearly al components with internal defects and, therefore, concentrates on detecting
the most common process faults: shorts and opens in device interconnections and stuck-at
pin faults. If boards were composed entirely of boundary-scan parts, the EXTEST
instruction could be used to do al this.

Faults detectable when wusing EXTEST interconnect testing occur between
boundary-scan devices, and between these devices and primary inputs or outputs —
which must be connected to ATE channels. For digita portions of a board, EXTEST
interconnect testing can provide fault coverage and diagnostic resolution far superior to
that achieved through using manufacturing defect analyzers (MDAS) and in-circuit test
systems.

In contrast with the in-circuit approach, moreover, EXTEST doesn't require the tester
to have direct physical contact with individua device leads. Instead, a test sysem can
control and observe boundary-scan device leads by clocking data to and from their
associated shift-register cells (Figure 7-2). Thus, device pins aong the boundary-scan
path become the tester's "virtua channels' on the board. The test system can apply test
patterns and capture response data through these virtual channels, much as it does through
conventional ATE channels.
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Figure 7-2: Interconnect testing using EXTEST.

Pattern generation aso is smplified when boundary-scan testing is used to verify board
interconnects, because failures don't have to be propagated through complex chips. Pattern
generation algorithms have been developed that provide 100 percent fault coverage with
minimal data size for both opens and shorts by using what are known as "counting"
patterns [3]. These patterns can be generated automatically by using information extracted
from netlist and boundary-scan configuration databases.

Since dl boundary-scan device pins must be tested in both the logic-O and logic-1
states to test the interconnect, 100 percent device-pin fault coverage is achieved during
these tests. Thus, much more than the board interconnect is being tested. Each IC is
shown to be basically functioning and the various interconnections — from silicon to lead
bonds, from solder bonds to the circuit board itself — are shown to be intact.

While the counting patterns are fast and efficient, they do not provide the basis for
good diagnosis. The reason is that many faults can cause tests to fal in an identical
manner, a phenomenon known as fault aiasng and confounding [4].

The best means of dealing with this limitation is to use the counting patterns to identify
faling networks and then to apply additional "walking" patterns (so called because they
"walk" through the circuit, testing it by setting dl networks except the faling one to
logic-l or logic-0) to provide information from which a precise diagnosis can be drawn.
These patterns are aso caled "adaptive" patterns [4,5 because they are generated and
applied by the ATE to the board immediately after a failure occurs, based on the specific
nets that have failed.
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A boundary-scan interconnect-fault diagnosis algorithm correlates the mass of seria
response data shifted out of the boundary-scan path with topological data to identify
physica defects and their locations on the board. Properly done, this method achieves
diagnostic resolution comparable to a bed-of-nails tester for identifying shorts. It aso
gives superior resolution in pinpointing opens, because of the improved board visbility
achieved by having boundary-scan cells at each chip pin.

EXTEST will be the most extensvely used of boundary-scan's various modes for
loaded-board testing — not only because it deals with the interconnect faults described
above, but aso because it can be used to test mixed-technology boards containing both
boundary-scan and conventional components. This application will be detailed in the
remainder of this chapter.

7.3. Test-Access Strategies for Mixed-Technology Boards

Structural testing for an ideal board — one implemented exclusvely by using
boundary-scan components — is a fairly smple matter. Such boards are and will likely
continue to be rare, however. Although boundary-scan is proliferating rapidly in gate
array and standard-cell ASICs, it will advance only gradualy and over a period of years in
commercial components. In fact, the extra silicon or device leads required to implement
boundary-scan may preclude its ever being used in chips such as smal logic devices and
some memory chips.

In consequence, mixed-technology boards populated by both boundary-scan and
conventional components will predominate for the foreseeable future. Testing of these
boards will combine boundary-scan testing with traditional in-circuit or functional testing
of the conventional circuitry.

Analog components are not generdly applicable to boundary-scan, so their board
networks would require physical access if analog in-circuit testing is desired. Often, the
extra power of having the full capability of ATE channels available at specific points on
the board can make significant improvements in programming time, in test and diagnostic
throughput, and in quality.

For most mixed-technology boards, having physica access to some of the board's
networks will be the most critical factor in determining the economics of structural
testing. The decision on which networks have fixture access must be made with a
particular test strategy in mind during physical layout of the board.

Circuit designers must therefore convey to layout people both a knowledge of the virtual
access provided by the leads of boundary-scan chips on the board, and the access
requirements imposed by the specific test strategy to be implemented. This
"design-for-access’ methodology guarantees full access to a board through a combination
of physica and virtual test channels.

The range of access strategies available for testing mixed-technology boards are listed
below, in order from simplest to most difficult. It should be noted that the more complex



strategies can contain one or more elements of simpler ones.

1. A standard in-circuit strategy is used when al the board's networks are fully
accessible via bed-of-nails fixturing, providing contact to boundary-scan
components and conventional logic on the board.

2. A virtual interconnect strategy combines nail-less testing of pure boundary-scan
networks with standard in-circuit testing of conventional components.

3. A virtua in-circuit strategy tests individual non-scan components one by one; the
leads of the device under test (DUT) are connected either to physica ATE
channels via a fixture or to the virtual channels provided by the 1/O pins of
neighboring boundary-scan parts.

4. A standard cluster-test strategy groups non-scan devices together and tests them
functionally through test nails at the cluster's periphery.

5. A virtua cluster-test strategy is applied when nails cannot be placed around a
cluster; instead, the virtual channels associated with boundary-scan devices are
used to test the cluster.

7.3.1: Standard In-Circuit Testing

If al board networks are accessible to traditional fixturing, a full bed-of-nails in-circuit
test approach can be employed, as illustrated in Figure 7-3 (as in al the diagrams that
follow, the Xs in Figure 7-3 represent physical tester-access points). While this might
appear to be an overly conservative strategy (since a primary advantage of boundary-scan is
to permit nail-less networks), a full bed-of-nails environment provides significant
advantages. For one thing, al shorts testing can be done prior to powering up the board.
Further, device patterns that achieve 100 percent pin-fault coverage for complex
boundary-scan devices are made essy when ATE channels are used in conjunction with
the boundary-scan DUT through the EXTEST instruction.

Stimulus applied by ATE channels is captured by the boundary-scan input cells.
Stimulus shifted into boundary-scan device output cells is captured by ATE channels.

This procedure can be performed without requiring ATE channels to be simultaneously
presented to the DUT. Taking advantage of multiplexing, DUT leads can be split into
subsets that are tested independently, dramatically decreasing the channel count that
would otherwise be required; the benefits of this approach are most significant when
boundary-scan is present on the largest components on the board.
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Figure 7-3: Standard in-circuit testing.

Diagnosis of open-circuit faults using boundary-scan devices is much better than with
conventional ones in a bed-of-nails environment. With boundary-scan, opens can be
isolated down to a single network without the aid of manual probing. Without
boundary-scan, an open that causes a device falure can be properly identified only
through manual probing. On double-sided SMT boards, this can be prohibited by device
packaging and by fixture designs that do not alow access for hand-held probes.

7.3.2: Virtual Interconnect Testing

Leaving probes off networks that consist only of boundary-scan device interconnects can
smplify in-circuit fixturing. In this virtual interconnect strategy, the only new element is
that the EXTEST mode is used to test boundary-scan networks via the virtual channels
provided by boundary-scan IC leads. Because al conventional chips are surrounded by
physical test channels, they are tested by using existing in-circuit techniques and tools
(Figure 7-4).
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Figure 7-4: Virtual interconnect testing.

7.3.3: Virtual In-Circuit Testing

Virtual in-circuit testing, which accesses some or al of a DUT's leads via virtua
channels provided by boundary-scan device 1/O pins (Figure 7-5), retains the
programming and diagnostic advantages of conventional in-circuit testing. Because it
further reduces nail counts, however, this approach eases in-circuit testability problems
stemming from physical access and overdrive restrictions.

A typica non-scan device tested by virtual in-circuit testing would be a small-,
medium-, or large-scale integration (SSI, MSI, or LSl) I1C whose test can be pulled from
an in-circuit pattern library associated with the tester being used. These patterns are in
parallel format because that's the way in which they have traditionally been applied.
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Figure 7-5: Virtual in-circuit testing.

While DUT pins connected to normal ATE channels are controlled conventionally using
these parallel-format channels, the DUT pins actually serviced by virtual channels must be
tested by using serial data. Many combinational testers can handle this requirement; thus,
specia scan-test hardware might not be needed.

Specia data seridizing software, though, is needed both for pattern serialization and
fault diagnosis. Seridlized patterns become a normal part of the automatic in-circuit
programming, test, and diagnostic process.

Virtual in-circuit testing consumes loca memory rapidly. While a conventional,
parallel-format test pattern takes up only one location in a tester's channel memory, a
serialized pattern requires many memory locations because of the repetitive shifting
operations involved in testing through the boundary-scan path. Judicious use of hardware
looping capahilities is required to compress consecutive "don't-care” states into one
memory location to conserve space.

7.3.4: Standard Cluster Testing

In conventional cluster testing, chips that are inaccessible by using in-circuit techniques
can be handled by grouping them together with other chips and placing nails or special test
points around the cluster's periphery (Figure 7-6). A combinational test system can handle
these clusters by using current functional test techniques and existing functional diagnostic
tools such as guided probing, fault dictionary, or a combination of the two. Other parts
of the board can be tested using elements of access strategies aready described.
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Figure 7-6: Standard cluster testing.

Standard cluster testing is valid for mixed-technology boards as long as the clusters can
be accessed through nails or specia test points. But a growing number of test applications
effectively block al physical access to a board. In such cases, test engineers can once again
resort to the board's boundary-scan path to get virtual access.

7.3.5: Virtual Cluster Testing

As is the case in the virtual in-circuit approach, virtual cluster testing uses a mixture of
real test channels and virtual access through the boundary-scan path. Employing virtual
access to test non-scan chips and device clusters as well as device interconnects (Figure
7-7), this strategy will be called upon often when edge-connector-based functional testing
is the only available option.

As in standard cluster testing, the program for avirtual cluster test is generated by using
logic and fault simulation. The test engineer creates a simulation model of the cluster, by
usng netlist-editing tools to extract the requisite device and interconnect data from a
full-board netlist.

The engineer then writes test stimuli, which are applied to the cluster model in logic and
fault simulation. The virtual channels, supplied by boundary-scan device 1/O pins, are
modeled as static ATE channels, which eliminates the need to simulate repetitive shifting
operations.



Figure 7-7: Virtual cluster testing.

Fault simulation grades the fault coverage provided by the test patterns written by the
programmer. Near-perfect coverage of stuck-at pin faults should be the goa here,
because faults that dip through this test will be more expensive to pinpoint in later test
stages. With tomorrow's VLSl clusters likely to rival today's VLS| boards in complexity,
achievement of this level of fault coverage will be an increasingly time-consuming task.

Board designers can help counter this trend by minimizing the size and sequential depth
of non-scan clusters on the board. One way of breaking up a large block of sequential
logic is to intersperse it with more boundary-scan components or physical access points to
improve cluster controllability and observability. Designers also must take into account the
basic static rate of virtual channels and must add physica access points or board-level
BIST for dynamic logic.

When fault simulation indicates that the desired level of fault coverage has been reached,
the stimulus and response data from the simulator is postprocessed for use by the target
board test system. Converting the simulator's parallel-format test patterns into the serial
data required for testing through the boundary-scan path, however, will require more than
the software serializer described earlier.



Virtual cluster testing is the most pattern-intensive test strategy yet discussed, requiring
a tester to clock many millions of bits through the boundary-scan path to functionally test
a large cluster. One reason for this is that the boundary-scan device I/O pins used as
virtual channels in this application are far less intelligent than real ATE channels. They
have neither the data formatting (i.e., return-to-zero, return-to-one) nor the complex
timing capabilities that an ATE channel routinely employs to convey large amounts of data
with each pattern.

Software seridizers, adequate for the more limited needs of virtual in-circuit testing,
cannot produce efficiently the sheer volume of data required for avirtual cluster test due
to the limitations of ordinary ATE channels, which are optimized for applying relatively
shdlow pattern depth across hundreds of channels. Instead, test engineers will need to
apply special scan-test hardware to the task.

Such hardware would be able to handle extremely long seria data streams and could
apply data-compression techniques to minimize testing times and storage requirements [6].
Scan hardware adso can seridize a variety of test data for use in virtual cluster tests:
parallel-format patterns or truth tables output by simulators or manual programs for
testing most digital logic and possibly agorithmic patterns created by hardware number
generators for testing memory devices (including signature anadyzers for response
compaction).

In addition to the problems associated with serializing patterns for go/no-go testing,
automated diagnosis of cluster failures is important. Guided probing in a scan environment
has been used for some time on boards with devices built by usng internal-scan
techniques such as level-sensitive scan design (LSSD) [7] and is applicable to virtual cluster
testing through the boundary-scan path.

Guided probing can be integrated with fault dictionary diagnosis, which identifies likely
fault locations without requiring physica access to the board [8,9] and can therefore be
used even in situations where direct access to internal nodes of the loaded board is
limited. To supply virtual cluster test diagnostics, the guided probe and fault dictionary
tools must be adapted to accept serid response data clocked out of the boundary-scan
path, just as they now accept parallel response data from conventional ATE channels.

7.4 Conclusion

On boards implemented exclusvely with components designed according to |EEE Std
1149.1, boundary-scan testing alows automated generation of patterns with 100 percent
coverage of digital structural pin-level faults, which account for the overwhelming
majority of board failures. But because most boards in the foreseeable future will mix
boundary-scan devices with conventional 1Cs, boundary-scan testing typically will be used
in conjunction with current in-circuit and functional cluster test techniques.

This chapter has described five strategies for accessing, testing, and diagnosing
mixed-technology boards. Where restricted physical access hampers traditional test
methodologies, virtual access provided by boundary-scan device leads might offer the only



means of assuring a comprehensive test of a complex board.

When a test application demands both physical and virtual access, these requirements
must be taken into account during board design and layout. The designer must concentrate
on breaking up the board's conventional circuitry as much as possible into isolated
individual 1Cs or into relatively small clusters, which might be interspersed with
boundary-scan chips for further improved visbility and controllability. Information about
both design (i.e., data about which chips are boundary-scan ones and which are
conventional) and test (i.e., the physical/virtual access requirements of the test strategy)
must be factored into board layout to guarantee successful implementation of the test.
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8. A Test Program Pseudocodet

Rodham E. Tulloss and Chi W. Yau
AT&T Bell Laboratories
Engineering Research Center
Princeton, NJ 08540, U.S.A.

A product utilizing the IEEE Std. 1149.1 boundary-scan method, architecture, and
protocol [1] is hypothesized. The product is assumed to contain a significant number of
large- and very large-scale integration (LSl and VLSl) integrated circuits (ICs) equipped
with the standard architecture and test access port (TAP). The parts equipped with
boundary-scan are assumed to provide a single command activating al built-in self-test
(BIST) capability which is avallable to the purchaser of the part in question. The
pseudocode of a circuit board test program is laid out demonstrating:

* the initialization of the board for testing;

* the necessary steps to validate the test circuitry in those 1Cs equipped with
boundary- scan;

* the verification of board-level interconnect circuitry;

 the activation of self-test features in parts equipped with the TAP and included on
the boundary-scan path; and, very briefly,

* the testing of non-boundary-scan parts on the board.
The data available for diagnosis and its use in diagnosing the board are discussed briefly.
8.1: Introduction

This chapter describes pseudocode for a test program of a circuit board containing a
sgnificant number of chips designed with BIST and boundary-scan. This format has been
chosen in order to present an operational view of the meaning of IEEE Std 1149.1.

Imagine that the "lines' of pseudocode become comments in the completed test
program. In order to highlight the portions of pseudocode, they are presented indented in
the COURIER font.

The boundary-scan standard provides for a 4-wire interface: test data input (TDI), test
data output (TDO), test mode sdlect (TMS), and test clock (TCK). An additional test
logic reset (TRST*) line is optional and is predominantly used to provide protection
against bus conflict during power up. There is no restriction in the standard regarding
whether a single serid path is made up by connecting TDO and TDI lines of the chips

t An earlier version of this paper was presented at the First European Test Conference,
Paris, April 1989.
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that have boundary-scan on a given board. A multiple ring configuration or a star
configuration can also be designed by using chips with the features of the standard.

The pseudocode below is written:
» asif there were a single 5-wire port on the board under test; and

» as if there were a single seria path through al the chips on which boundary-scan is
implemented.

For diagnostic purposes, we have assumed a duplication of the TMS line as shown in
Figure 8-1. (This structure is aso used in Chapter 9).

One of the TMS lines (TMSL) should be used to apply the TAP protocol to the
even-numbered chips;, and the other (TMS2), to apply the protocol to the TAPs of the
odd-numbered chips. The presence of the optional TRST* line in an actua
implementation is probable.

At the board level, one might assume that the first TDI on the ring, the last TDO on
the ring, TCK, and test mode select lines are dl avalable at board connectors. In
multi-board systems, it is more likely that concerns over clock distribution and test mode
sdlect line coordination would lead to a master bus-controller. This device might be a
stand-alone entity or it might be a peripheral to a programmable device that had other
system (non-test) functions. It would source and sink the boundary-scan signals and
provide protocol conversion between:

» commands arriving over a back-plane from a test and diagnostic processor; and
* the ICs constituting the boundary-scan ring.

In this paper it is not assumed that there is a master bus controller. If a master bus
controller is present, the program should be read as providing instructions to the master
bus-controller that then would generate the protocol necessary to do the various tasks. In
case there is more than one serid path (ring) or even more than one test port, the
program will become more complicated, especidly in the case of interconnect testing
where coordination of events between rings with separate TCK and TMS lines will be of
great concern.

We assume that before this test begins, transistors, capacitors and other anaog
components have been checked by a process tester or have such high in-coming and
process/assembly quality levels that such testing can be rationally eliminated. Alternative
methods of testing these components are not excluded: They could be included as part of
a lower level package and tested at that levd rather than at the board level; or an
in-circuit tester could be fixtured in such a way as to do in-circuit testing on
non-boundary-scan parts and aso to provide the necessary resources to carry out the
portion of the test that is dependent on boundary-scan.
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In the electronic industry as a whole, the time period in which there will be mixing of
boundary-scan and non-boundary-scan product on a single assembled unit is of
unpredictable length. On the other hand the introduction of products:

* implemented in chip-on-board, double-sided surface mount boards, and
silicon-on-silicon technologies;

* requiring encapsulation in controlled environment chambers; or
* requiring extensive, post-installation, diagnostic support features

are likely to require boundary-scan on al ICs involved — even today. Of course, it is one
god of the engineers and firms who participated in the effort to establish IEEE Std 1149.1
that lower cost test facilities will be made possible as a result of successful standard
promulgation. In other words, part of the desired effect of standardization is to provide a
sufficiently simplified test interface so that the cost of board-level ATE could be reduced
by an order of magnitude without a loss of test effectiveness.

The following sections contain the pseudocode and its explanation. A number of
definitions of symbols and terms will be needed and these are defined in Table 8-1. By
"odd(even)-numbered chips’ we mean those chips in the odd (even) numbered positions
on the boundary-scan path starting with the one nearest the TDI board-level input as the
first.

You should become familiar with IEEE Std 1149.1, especialy the TAP controller state
diagram and the genera operation of the standardized test logic, before reading further.

8.2: Initialization

First, the board is placed in the test fixture and powered up [2]. The parts, which
include the boundary-scan standard architecture and TAP, will offer protection against
damage caused by bus conflicts that might occur momentarily during the power-up [1].
This is done by a required reset capability that can be achieved by the use of an optional
reset line (TRST*) or by internal chip design features. Whichever method is used, the
finite state machine (FSM) of the TAP control circuitry is forced to the Test-Logic-Reset
controller state.

1. PONER UP ON BOARD. BCQUNDARY SCAN TEST-Cl RCUI TRY GOES | NTO
RESET STATE. WHERE POANER-UP RESET REQU RES THE USE OF THE
BOUNDARY- SCAN CPTIONAL RESET LINE, TH'S LINE IS ACTIVATED BY
TOGGEI NG FROM THE | NACTIVE (HHGH) TO THE ACTI VE (LOW STATE. IN
ADDI TI ON, BEFORE RUNNING THE FOLLOWN NG TESTS, AN Lgsgk BI T LONG
SAFE VECTCR SHOULD BE LQOADED |INTO THE BOUNDARY-SCAN DATA
REA STERS USING THE SAMPLE/ PRELCAD [INSTRUCTION. THI'S WLL
ALLEVI ATE POTENTI AL BUS CONTENTI ON PROBLEMS.



Table 8-1: Terms used in this chapter.

Lgsr Total length of all boundary-scan data registers
on the board

Legs Total length of all boundary-scan data registers
in even-numbered chips

Loss Total length of all boundary-scan data registers
in odd-numbered chips

LIR Total length of all instruction registers on
the board

Ler Total length of instruction registers in
even-numbered chips

Loir Total length of instruction registers in
odd-numbered chips

Mbpr Madinmum number of data registers per chip on
the board

N Number of chips with boundary-scan on the board

P Period (in TK clock cycles) of single entry into
the Pause-DR or Pause-lR controller state

Ty Numba of interconnect tests required by the board

8.3: Test Circuitry Check

A known bit pattern, available in the I1Cs equipped with boundary-scan, assists in
verifying that the serial path through the devices is intact. This technique was in use prior
to the development of IEEE Std 1149.1 [3,4]. In the case of IEEE Std 1149.1, the pattern
consists of a '01' in the two lowest order bits of the instruction register. This pattern is
required to be loaded automatically by the test circuitry when in the Capture—R
controller state. When configured through the instruction registers of al the chips in this
controller state, the serial path will pass through a long composite register having '01' at
intervals known to the test programmer or to a test development tool used by the test
programmer. This is the case because it is a further requirement of the standard that
documentation of boundary-scan parts provide the lengths of all instruction and data
registers in the boundary-scan test logic.

2. USING THE BOUNDARY-SCAN CLOCK (TCK) AND THE 2 TEST MODE
SELECT LINES (TMBL and TMS2), ALL BOUNDARY- SCANNABLE PARTS ARE
PLACED IN THE INSTRUCTION REG STER SELECT CONTROLLER STATE
( SELECT- | R- SCAN) .



Beginning with the test circuitry of dl ICsin the Test—_ogic—Reset controller state, this
is accomplished in three cycles of TCK. Both TMS lines must provide the sequence "Oil'
— one bit is shifted in during each clock cycle.

3. NOT CONSUM NG ANY TCK CLOCK PULSES, CONFI GURE RECEI VER ON TDO
TO RECEIVE (Lg+*2) BITS. EXPECTED VALUES WLL BE THE
CONCATENATED CONTENTS OF THE | NSTRUCTI ON REG STERS (EACH IR W LL
CONTAIN A VECTOR OF THE FORM [X...X01}) FOLLOAED BY {01}.
CONFI GURE DRIVER ON TDI TO SEND (L,r+2) BITS CONSI STING OF THE
SERI AL VECTOR {01} OONCATENATED WTH Lig IS

There are a number of steps that we have expressed in the form used for step 3. Our
intent is to indicate that preparation for serial input/output of vectors can be done as an
ATE background activity. It is smply the case that the vectors must be ready when the
next shifting activity is set to begin.

Note that the trailing '01' pattern detected by the TDO receiver will check the TDI edge
connector pin for common defects such as opens, shorts, and stuck-ats.

4. USING 2 TCK CLOCK CYCLES PROCEED TO THE SH FT-1 R CONTROLLER
STATE: BOTH TM5 LINES TAKE ON THE VALUE O DUR NG BOTH CYCLES.
[NOTE 1 SH FT CYCLE |I'S ACCOWPLI SHED BY THI S OPERATI ON. ]

5. APPLY O ON BOTH TMS LINES FOR (LIR+1) TCK CYCLES THUS
SHFTING THE DRIVER SUPPLIED SERIAL INPUT VECTOR INTO THE
BOUNDARY- SCAN PATH AND DUMPI NG THE PREVI OUS CONTENTS OF THE PATH
FOLLOAED BY {01}.

[* TH'S ALLONS A CHECK FCR A BREAK IN THE SCAN PATH AND ALSO
TESTS MANY STUCK- AT FAULTS IN THE SCAN PATH. THE CONNECTI ONS IN
THE CLOCK AND TEST MODE SELECT DI STRI BUTION NETS WLL ALSO BE
CHECKED. IN CASE O FAILURE O THS TEST, THE PO NT IN THE
SERI AL SCAN AT WH CH WRONG VALUES ARE FI RST DETECTED IS CRI Tl CAL
TO DI AGNCSI S, */

The loading of '1...1" into al instruction registers preload the instruction that will force
selection of the bypass data registers in preparation for the next step of the test.

6. WTHOUT CONSUM NG TCK CYCLES, CONFI GURE RECEIVER ON TDO TO
RECEIVE A SERIAL VECTOR COMPOSED AS FOLLOWS:  CONCATENATE
(I NTERLEAVED |N SEQUENCE OF CH P PCSI TION ON THE BOUNDARY- SCAN
PATH) THE EXPECTED CONTENTS OF THE | NSTRUCTI ON REG STERS (AS IN
STEP 3) OF THE ODD NUMBERED CHI PS AND A 0 FCR EACH EVEN- NUVBERED
CH P, FOLLON TH'S SEQUENCE WTH {01}. SIMLTANEOUSLY CONFI GURE
THE DRIVER ON TDI TO SUPPLY THE SERIAL VECTOR COMPOSED BY
CONCATENATI NG {01} WTH (Loir + | N2 ) 1S.



Starting with Step 6, the trailing '01' pattern is included mainly for program simplicity.
By this time, the integrity of the TDI edge connector pin has been checked. Therefore, a
trailing pattern is needed only when the last IC on the boundary-scan path is in the
bypass configuration. In this case, the minimum trailing pattern is a single-bit "1," which is
needed to detect the stuck-at-0 fault associated with the bypass data register of the last
IC.

7. SELECT THE INSTRUCTION REG STER IN CH PS OCCUPYI NG THE
CDD- NUMBERED PCSI TIONS IN THE SER AL PATH. S| MULTANEQUSLY SELECT
THE BYPASS DATA REAQ STER I N THE EVEN- NUMBERED PGCSI TI ON CHI PS.
/* STEP 7 REQUI RES 2 COCRDI NATED TEST MODE SELECT LINES. */
This action requires a minimum of 4 TCK cycles. The values required on TMSn (n = 1
or 2) are given in Table 8-2.

Table 8-2: Coordination of TMS lines.

TCK Cycle | TMBL | TMB2 Next TAP States
In Even | Cs In Odd | GCs
1 1 1 Exitl-DR Exitl-DR
2 1 1 Updat e- DR Updat e- DR
13 0 0 RunTest/1dl e RunTest/ I dl e
4 0 1 RunTest/Idl e Sel ect - DR- Scan
5 1 1 Sel ect-DR-Scan | Sel ect-1R Scan

When the FSMs of the test logic of the even-numbered chips enter the
Select—DR—Scan controller state, the selected data register will be the bypass data register
because al instruction registers contain vectors of the form 'I...I."

8. USING 2 TOK CYCLES, TAKE ALL DD (EVEN CHPS TO THE
SH FT-1 R(DR) CONTROLLER STATE BY APPLYING 0 ON BOTH TMB LI NES
DUR NG BOTH CYCLES. [NOTE: 1 SH FT CYCLE |'S ACCOMPLI SHED BY THI S
OPERATI ON. ]

t This cycle is optional. However, if time is needed to prepare an input/output vector
for shifting, the third clock cycle in the above table can be stretched into many cycles
because after the third clock cycle, the boundary-scan FSMs of dl the chips will be in the
Run—Test/Idle controller state. Maintaining ‘0' on both TMS lines will keep al FSMs in
that controller state until the ATE is ready to proceed. This technique can be used in
many similar steps below.



9. SHFT SERIALLY THE PREPARED |INPUT VECTOR |[INTO THE
BOUNDARY- SCAN PATH BY SUPPLYING (Loig + | V2| +1) TCK PULSES WHI LE
HOLDI NG BOTH TMS LI NES AT O.

[* THE CONTINUTY THROUGH THE BYPASS REGQSTERS IN THE
EVEN- NUMBERED CHI PS HAS NOW BEEN CHECKED. | N CASE OF FAILURE OF
TH'S TEST, THE PO NT IN THE SERI AL SCAN AT WH CH WRONG VALUES
WERE FI RST DETECTED 1S CRITICAL TO DI AGNCSI S, */

Note that the instruction registers in odd-numbered chips have again been pre-loaded
with the instruction that will cause the bypass data register to be selected in those chips
when the FSMs of their test logic enter the Select—DR—Scan state.

10. WTHOUT CONSUM NG TCK CYCLES, OCONFI GURE RECEIVER ON TDO TO
RECEIVE A SERIAL VECTCR COWPCSED AS FOLLOWNE: CONCATENATE
(I NTERLEAVED IN SEQUENCE OF CH P POSITION ON THE BOUNDARY- SCAN
PATH) THE EXPECTED CONTENTS (AS IN STEP 3) OF THE | NSTRUCTI ON
REG STERS O THE EVEN-NUMBERED CHPS AND A 0 FOR EACH
ODD- NUMBERED CHI P, FOLLON TH' S SEQUENCE W TH {01}.
SI MULTANEQUSLY CONFI GURE THE DRIVER ON TDI TO SUPPLY THE SERI AL

VECTCOR COMPOSED BY OONCATENATI NG [01] WTH (Lgr + [V2] ) 0S.

Loading the instruction registers in even-numbered chips with '0...0" preloads them with
the instruction that will cause selection of the boundary-scan data register for continuity
checking once the bypass data register continuity is confirmed in al chips. Note that we
must be careful about the values to be shifted into the boundary-scan data register so that
potential problems such as bus contention are avoided (see Step 14).

11. SELECT THE INSTRUCTION REG STER IN CH PS OCCUPYI NG THE
EVEN-NUMBERED POSITIONS |IN THE SERIAL PATH  SI MULTANEQUSLY
SELECT THE BYPASS DATA REG STER IN THE ODD- NUMBERED POSI Tl ON
CH PS.

/* STEP 11 REQUI RES 2 COORDI NATED TMS LI NES. */

This action requires 4 TCK cycles. The sequences of values in Table 8-2, Step 7 (above)
on TMS1 and TMS2 are swapped — the sequence previoudy applied to TMSL is applied,
this time, to TMS2 and vice-versa.

12. USING 2 TCOK CYCLES, TAKE ALL EVEN (0DD) CHPS TO THE
SH FT-1 R(DR) CONTROLLER STATE BY APPLYING THE 0 ON BOTH TM5
LINES DURING BOTH CYCLES. [NOTE 1 SH FT CYCLE |'S ACCOWPLI SHED
BY TH S OPERATI ON. ]



13. SHFT THE PREPARED SERIAL INPUT VECTCR |INTO THE
BOUNDARY- SCAN PATH BY SUWPPLYING (Lggr+[Y2] +1) TCK PULSES WH LE
HOLDI NG BOTH TMS LI NES AT 0.

/* NOW CONTINUI TY OF THE TEST PATH THROUGH ALL BYPASS REQ STERS
HAS BEEN CHECKED. */

14. WTHOUT CONSUM NG TOK CYCLES: CONFI GURE RECEI VER ON TDO TO
RECEIVE A SERAL VECTOR COVPCSED AS FOLLOWS: CONCATENATE
(I NTERLEAVED |N SEQUENCE OF CH P POSI TION ON THE BOUNDARY- SCAN
PATH THE EXPECTED CONTENTS (AS IN STEP 3) OF THE | NSTRUCTI ON
REG STERS OF THE ODD- NUMBERED CHI PS AND SEQUENCES OF {X . .X OF
THE LENGTH OF THE BOUNDARY-SCAN DATA REG STERS I[N THE
EVEN-NUMBERED CHIPS; FOLLON TH'S SEQENCE WTH {01}.
SI MLLTANEQUSLY CONFI GURE THE DRI VER ON TDI TO SUPPLY THE SERI AL
VECTCR COMPOSED BY CONCATENATING [01] WTH A (Loir + Lesg)BIT
VECTCR WHI CH, WHEN SH FTED INTO THE BOUNDARY- SCAN PATH, WLL
LOAD CS INTO THE SELECTED |NSTRUCTI ON REG STERS, AND THE SAFE
VECTORS | NTO THE SELECTED BOUNDARY- SCAN DATA REG STERS (SEE STEP
1).

15. SELECT THE |INSTRUCTION REGQ STER IN CH PS OCCUPYI NG THE
GDD-NUMBERED POSITIONS I N THE SERIAL PATH  SI MULTANEQUSLY
SELECT THE DATA REG STER I N THE EVEN- NUMBERED PCSI TI ON CHI PS.

/* STEP 15 REQUI RES 2 COORDI NATED TMS LI NES. */
This action requires 4 TCK cycles with TMS line signals as in Step 7, above.

16. USING 2 TOK CYCLES, TAKE ALL CDD (EVEN) CHPS TO THE
SH FT-1R(DR) CONTROLLER STATE BY APPLYING 0 ON BOTH TMB LI NES
DUR NG BOTH CYCLES. [NOTE: 1 SH FT CYCLE | S ACCOWPLI SHED BY TH S
OPERATI ON. ]

The placing of Y0...0' in al instruction registers of odd-numbered chips prepares them
to cause selection of the boundary-scan data register the next time the FSMs of the
odd-numbered chips go into the Sdlect—DR—Scan controller state. Note that we must be
careful about the values that are shifted into the boundary-scan data register to avoid
potential problems such as bus contention (see Step 18).

17. SHFT THE PREPARED SERIAL INPUT VECTOR [INTO THE
BOUNDARY- SCAN PATH BY SUPPLYING (Lo grtLggstl) TCK PULSES WH LE
HOLDI NG BOTH TMS LI NES AT O.

[* CONTINUTY IN THE BOUNDARY-SCAN DATA REGQ STERS OF THE
EVEN- NUMBERED CHI PS HAS NOW BEEN CHECKED. THE FIRST BIT IN THE



SERIAL STREAM AT WH CH A WRONG VALUE OCCURS IS CRITICAL TO
DI AGNCSI S, */

18. W THOUT CONSUM NG TCK CYCLES: CONFI GURE RECEI VER ON TDO TO
RECEIVE A SERIAL VECTOR COWPCSED AS FOLLOMB: CONCATENATE
(I NTERLEAVED IN SEQUENCE OF CH P PCSI TION ON THE BOUNDARY- SCAN
PATH) THE EXPECTED CONTENTS (AS IN STEP 3) OF THE | NSTRUCTI ON
REG STERS OF THE EVEN- NUMBERED CHI PS AND SEQUENCES OF {X . .X COF
THE LENGTH OF THE BOUNDARY-SCAN DATA REGSTERS IN THE
CDD- NUMBERED CHI PS; FOLLON TH'S SEQUENCE WTH  {01}.
SI MILTANEQUSLY CONFI GURE THE DRIVER ON TDI TO SUPPLY THE SERI AL
VECTOR COMPCSED BY CONCATENATING {01} WTH A (I£iRH<)BS) B8'T
VECTCR WHI CH, WHEN SH FTED INTO THE BOUNDARY- SCAN PATH, WLL
LOAD CS INTO THE SELECTED |NSTRUCTI ON REG STERS, AND THE SAFE
VECTORS | NTO THE SELECTED BOUNDARY- SCAN DATA REG STERS (SEE STEP
1).

The input vector used here is somewhat arbitrary because we do not plan to give an
example of further checking of continuity through optional, user-defined data registers. If
user-defined data registers are present, then the input vector of Step 18 would be dightly
more complex. The positions in the vector representing values that would be in instruction
registers at the end of the shifting sequence would be manufacturer-defined instructions
selecting some set of user-defined data registers. The values that would end up in
boundary-scan data register cells should still be "safe’ (i.e., contention-free).

19. SELECT THE INSTRUCTION REA STER IN CH PS OCCUPYI NG THE
EVEN-NUMBERED POSITIONS IN THE SERIAL PATH S| MULTANEQUSLY
SELECT THE DATA REGQ STER I N THE CGDD- NUMBERED PCSI TI ON CHI PS.

/* TH'S REQU RES 2 COCRDI NATED TM5 LINES AND FOLLOANS THE METHOD
OF STEP 11. */

20. USING 2 TCK CYCLES, TAKE ALL EVEN (CDD) CHPS TO THE
SH FT-1R(DR) CONTROLLER STATE BY APPLYING 0 TO BOTH TMS LI NES
DUR NG BOTH CYCLES. [NOTE 1 SH FT CYCLE |'S ACCOVPLI SHED BY THI S
OPERATI ON. ]

21. SHFT THE PREPARED SERIAL INPUT VECTOR [INTO THE
BOUNDARY- SCAN PATH BY SUPPLYING (L gtLogstl) TCK PULSES WHI LE
HOLDI NG BOTH TM5 LI NES AT 0.

/* BY TH S OPERATI ON YOU WLL HAVE CONFI RVED CONTI NU TY THROUCH
THE BOUNDARY- SCAN REA STERS OF ALL PARTS IN THE SERIAL PATH. THE
FIRST BIT IN THE SER AL STREAM AT WH CH A WRONG VALUE OCCURS | S
CRITICAL TO DI AGNCSI S, */



To save space in this discussion, no additional data registers that might be in chips on
the board will be checked for continuity in this pseudocode. It would be wise to check
those paths in a real board should any exist. Such paths might contain registers read in
determining the results of self-testing of ICs. They might aso be used in deterministic
scan testing of the on-chip logic of an IC or of groups of ICs. The method of checking
them is analogous to that used to confirm continuity through the boundary-scan data
register and the bypass data register.

The number of TCK cycles that have been employed in our test to this point can be
obtained from the following formula:

L|R +N+I—BSR + 35

In al probability, the dominating value will be Lgsg. It is worth noting that Lgsg iS
not computed merely by counting the number of boundary-scan input and output cells on
al the chips with boundary-scan. On chips with 3-state and bidirectional leads, there will
be cdls added to the boundary-scan data register to provide control of those leads.

8.4: Interconnect Check

A set of deterministic patterns of verification of the interconnections between chips on
the board is assumed to have been prepared in advance. Note that if no optional data
registers exist, Steps 22-25 can be skipped.

22. SELECT THE INSTRUCTION REQ STERS |IN ALL PARTS, CONSUM NG 4
TCK CYCLES.

23. WTHOUT CONSUM NG TCK CLOCK CYCLES, PREPARE A SERIAL | NPUT
STREAM OF L, g OS TO BE LQOADED AT TDI. SET QUTPUT BUFFER ON TDO
TO DONT CARE.

24, O TO THE SH FT-1R CONTROLLER STATE CONSUM NG 2 TCK CYCLES.
[NOTE 1 SH FT CYCLE IS ACCOVPLI SHED BY TH S OPERATI ON. ]

25. LOAD THE I NSTRUCTION THAT WLL SELECT THE BOUNDARY SCAN DATA
REG STER IN ALL PARTS BY LOADING THE | NPUT PREPARED |IN STEP 23.
TH'S REQU RES (LIR-1) TCK CYCLES.

26. WTHOUT CONSUM NG TCK CYCLES, PREPARE TO LCAD THE FIRST
BOUNDARY- SCAN | NTERCONNECT TEST VECTOR VIA TDI. THE LENGIH OF
TH S VECTOR AND ALL SUBSEQUENT | NTERCONNECT TEST VECTCORS | S Lgsr
BITS. AT THE SAME TI Mg, SET THE QUTPUT EXPECT BUFFER ON TDO TO
DONT CARE. IT IS THE SAME LENGTH AS THE | NPUT VECTCR

27. PRCCEED TO THE SH FT-DR STATE. THI'S CONSUMES 5 TCK CLOCK
CYCLES. [NOTE 1 SH FT CYCLE | S ACCOWPLI SHED BY TH S OPERATI ON. ]



28. LOAD THE PREPARED | NTERCONNECT TEST VECTOR THI'S CONSUMES
(Lgsr- 1) TCK CYCLES.

29. PROCEED TO THE UPDATE-DR STATE TO PLACE THE LOADED VALUES ON
THE | NTERCONNECT LI NES. S| MULTANEQUSLY, PLACE ANY VALUES
REQUIRED ON PRI MARY CIRCU T PACK EDGE CONNECTOR LEADS ON THOSE
LEADS. THI S REQUI RES 2 TCK CYCLES.

30. PROCEED TO THE CAPTURE-DR STATE TO COLLECT THE TEST RESULTS.
TH S REQUI RES 2 TCK CYCLES.

31. WTHOUT CONSUM NG TCK CYCLES, PREPARE THE NEXT | NTERCONNECT
TEST VECTOR FOR LOADING ON TDI. SIMULTANEOQUSLY PREPARE THE
EXPECTED QUTPUT BUFFER ON TDO WTH THE EXPECTED QUTPUT COF THE
| NTERCONNECT TEST JUST CARRI ED QUT.

32. PROCEED TO THE SH FT-DR STATE TO UNLOAD THE TEST RESULTS AND
SI MULTANEQUSLY LOAD THE NEXT TEST. TH S REQURES 1 TCK CYCLE
[NOTE 1 SH FT CYCLE IS ACCOVPLI SHED BY THI S COPERATI ON. ]

/[* UNLOAD RESULTS COF TEST:... AND LOAD |INPUT OF TESTt
S| MULTANEQUSLY */

33. APPLY THE | NTERCONNECT TEST PREPARED IN STEP 31 AND READ AND
COWPARE QUTPUT OF PREVIQUS TEST TO EXPECTED QOUTPUT PREPARED I N
STEP 31. THI'S REQUI RES (Lgsgr-1) TCK CYCLES.

34. PROCEED TO THE UPDATE-DR CONTROLLER STATE TO PLACE THE
LOADED VALUES ON THE | NTERCONNECT LINES AND CONDI TION PRI MARY
CQRAUT BOARD INPUTS — AS IN STEP 29. THS REQURES 2 T
CYCLES.

35. PROCEED TO THE CAPTURE- DR CONTROLLER STATE AS IN STEP 30 (2
TCK CYCLES).

36. WHI LE THERE | S ANOTHER | NTERCONNECT TEST TO DO, GO TO STEP
31.

37. WHEN LAST |NTERCONNECT TEST HAS BEEN | NPUT, W THOUT
CONSUM NG TCK CYCLES, PREPARE A SAFE/ CONTENTI ON-FREE | NPUT
VECTCR FCR TDI; AND, SIMULTANEQUSLY, PREPARE AN EXPECTED QUTPUT
VECTOR FOR THE LAST | NTERCONNECT TEST FOR THE TDO QUTPUT BUFFER

38. PROCEED TO THE SH FT-DR CONTRCLLER STATE. (1 TCK CYCLE.)
[NOTE 1 SH FT CYCLE IS ACCOVPLI SHED BY THI S CPERATI ON. ]



39. UNLOAD THE LAST |NTEROCONNECT TEST RESULTS. (Lgsr-! TCK
CYCLES.)

All output data must be saved for use by the diagnostic program that will evaluate the
interconnect test results. This evaluation can be done during the testing or following the
interconnect testing section of the test program. Condensation of test results in this part
of the test by a signature analysis approach is not acceptable in diagnostic situations. It is
possible that a GO/NOGO situation might use a compacted signature; however, for
efficiency of the test process, it might be better not to have to run atest twice to get the
full data needed for diagnosis. The actual error bit position is used in the diagnosis.

If there are small- and medium-scale integration (SSI and MSI) ICs between chips on
which boundary-scan is implemented, deterministic vectors can be applied to SSI/MSI
clusters in a manner identical to that done in applying the interconnect test. In fact, if the
diagnostic package is properly developed, the two tasks can be carried out with some
(possibly considerable) overlap.

The number of TCK cycles required to carry out the interconnect test is:
I—IR + (TX+1)(I—BSR+4) + 5

If SSI and MSI parts are to be tested using the boundary-scan path, then replace T, in
the above equation with Ty+Tss +Tws, in Which Tsg is the number of tests beyond Ty
needed to get adequate fault coverage of SSl parts and Tyg is defined analogoudly for the
number of tests needed for MSI parts.

The expected vaues of T, have been computed. The worst case situation requires 2
tests for open and stuck-at faults (where k is the maximum number of boundary-scan
data register output cells on a given net) and 2log (n+2) tests for bridging faults including
diagnosis (where n is the number of nets on the circuit board).

It is very clear that test length is dominated by the value of Lgsg. For this reason, it is
very probable that future interconnect testing could be complicated by requiring
synchronization of test application on more than one boundary-scan seria path per circuit
board.

It might be the case that ATE input and output buffers on TDI and TDO can be set up
for many vectors in advance. |EEE Std 1149.1 provides for a pause state even in the
middle of shifting should ATE test vector buffers require reloading. If ATE buffers need
to be reloaded r times during shifting, then the time of test application will be extended
by a period of r(P+4) TCK cycles.
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8.5: BIST Part Check

At this point, the integrity of the boundary-scan path, the integrity of the interconnect,
and the possibility of faults in the MS| and SSI logic that is surrounded by boundary-scan
paths will have been checked. There remains the task of testing the non-surrounded MSI
and SSI chips and the LSI and VLS| parts on the board. First, we do dl we can with the
boundary-scan interface by checking the parts that have it and have BIST. Sometimes a
group of parts might be considered as a single part for these purposes. This means that the
capability of seeing parts individually and as part of a single "cluster” is important in the
ATE system software.

In the following, we assume that a "safé' vector has been loaded into the boundary-scan
data register through the last scan operation of the interconnect check (Section 8.4, Step
37). This aleviates many potential problems, such as bus contention, during execution of
the BIST program.

40. SELECT THE INSTRUCTION REG STER IN ALL ICS AND LCAD THE
RUNBI ST COMVAND | N ALL I CS THAT HAVE BI ST.

/* EVERY | C WTH PUBLI CLY- ACCESSI BLE BI ST IS REQU RED TO HAVE A
COWAND THAT RUNS (SERIALLY OR IN PARALLEL) ALL BIST FEATURES
AVAI LABLE TO THE PURCHASER OF THE PART. */

41. SELECT THE RUN-TEST/ | DLE STATE IN ALL ICS.

42. SUPPLY THE NUMBER OF SYSTEM CLOCK PULSES EQUAL TO THE
LARGEST NUMBER REQUIRED FOR SELF-TESTING O ANY IC IN THE
BOUNDARY- SCAN CHAI N.

/[* THE TEST LOAC IS REQURED TO BE CF STATIC DESIGN SO THAT
PARTS THAT COWLETE THEIR SELF-TESTS WLL HOLD THE RESULTS OF
THOSE TESTS UNTI L THEY ARE POLLED. */

43. SCAN THE RESULTS OF SELF-TEST OQUT OF THE DATA REG STERS
(WH CH ARE SIGNATURE REGQ STERS AUTOVATI CALLY SELECTED BY THE
RUNBI ST | NSTRUCTI ON) .

/* THE TEST SCFTWARE MUST PARSE TH S TEST SEQUENCE SO THAT THE
SI GNATURES FOR EACH CH P CAN BE READ AND CHECKED SEPARATELY BY
THE TEST/ DI AGNCSTI C SYSTEM  */

It is important to note that the expected values of the self-test signatures that are
scanned out in the last step are required to be supplied to IC purchasers in the data sheet
of the IC.

It is possible that for some reason (e.g., power dissipation) not al the chips can be
self-tested at once or that the self-test is carried out on a group of chips excluding



others. If this is the case, Steps 40 through 43 would be modified to test groups of chips
while others have their bypass data registers selected to reduce the length of the scan path
when unloading the self-test results.

8.6: The Remaining Chips

At this point, the parts on the board that have not been tested are the parts without
boundary-scan and those SSI and MSI parts not surrounded by boundary-scan. In early
implementations, it might be s simplification to test these parts on an in-circuit tester
while checking the passve components. However, if these parts have very good quality
histories, it might be acceptable to test them only as part of a functional test following
the test represented above in pseudocode. In the future, octal parts containing the
boundary-scan TAP, boundary-scan path, and eight bits of signature analysis register or
pseudorandom pattern generating register will be available from companies such as Texas
Instruments [9]. These parts would alow the surrounding of dl SSI and MSI parts with
boundary-scan, thus reducing the problem of lack of coverage if in-circuit test were to be
used only to check passive components on a partially assembled board.

8.7. Comments on Diagnosis

Full implementation of BIST and boundary-scan at board levedl can greatly improve the
accuracy in diagnosing complex, high-density boards. The potential improvement comes
from two board-level testahility features realized through BIST and boundary-scan:

e The self-test capability of al or most of the components on a board alows for easy
isolation of complex components with internal faults.

e The TAP sarves as the common medium through which the results of chip-level
self-tests are polled or scanned out for diagnosis.

Compact, effective interconnect test patterns can be easly applied to the board under
test without suffering from many constraints commonly encountered by conventiona
in-circuit testers. Specificdly, boundary-scan helps eliminate most problems associated
with backdriving and test access limitation.

To fully exploit these advantages, however, the complete test response must be captured
for examination. Specifically, one has to determine the locations of the erroneous bits
contained in the test results to isolate those components that have failed the self-tests. As
for board-level faults such as short-circuits and opens, the positions of the faled bits are
aso vital in pin-pointing the physical locations of these faults. For instance, a simple
agorithm for identifying interconnect failures requires that al responses from the
board-under-test to the [2log, (n+2)] test patterns (n = number of nets on the board) be
examined [6]. The entire test set consists of the well-known [log,(n+2)] test patterns (the
counting sequence), that detect al interconnect failures, and of their complements. It is
interesting to point out that for GO/NO-GO testing, only the responses, or (for added
throughput) the compressed signature, corresponding to the first [logx(n+2)] patterns



need to be perused. The signature analysis approach can be particularly attractive when
the first-pass yield of a board is relatively high, and when sufficient empirical repair data
are available to support diagnostic techniques based on statistical pattern recognition [10].
Otherwise, the uncompressed responses to both the [log,(n+2)] patterns and their
complements need to be examined to achieve more precise fault isolation.

Other sophisticated diagnostic agorithms have been published that can achieve higher
diagnostic resolution than the algorithm mentioned above. Please refer to the literature for
an in-depth discussion of the various boundary-scan diagnostic techniques [7,9].

8.8: Conclusion

We have presented the outline of a complete program for testing boards equipped with
BIST and boundary-scan. The test program is designed to deal with the initialization of
the board under test, the verification of the boundary-scan test circuitry, the application
of interconnect test patterns through the TAP, and the verification of components with
BIST. Issues related to testing components without boundary-scan have been briefly
addressed. Finally, with reference to some of the published diagnostic techniques, we have
offered some comments on issues concerning the diagnosis of a board equipped with BIST
and boundary-scan.
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9. Diagnosing Faults in the Serial Test Data Path

Rod Tulloss and Chi Yau Lee Whetsel
AT&T Bell Labs Texas Instruments
Engineering Research Center 6500 Chase Oaks Boulevard
Princeton, NJ 08540, U.S.A. Piano, TX 75086, U.S.A.
9.1: Objective

Before the serid test data path can be used to test the chips on a board and, through
the boundary-scan registers, their normal functional interconnections, it must itself be
tested for common production defects — for example, solder shorts and opens. The
design of the instruction register within the IEEE Std 1149.1 architecture includes facilities
to assg in this task.

9.2: A Basic Path Test

The first step is to initialize the test access port (TAP) and instruction register. This can
be achieved by holding the test mode sdlect (TMS) s€gnd (which is broadcast to dl
devices) high and applying five rising edges to the test clock (TCK). Where provided, the
optional test logic reset (TRST*) inputs can aso be used for this task. At the end of this
process the TAP controller in each chip will be in the Test—Logic—Reset controller state
which will cause other circuitry in the IEEE Std 1149.1 architecture to be initialized. For
example, the instruction register's latched parallel output will be set to either the IDCODE
or the BYPASS instruction, depending on the availability of a device identification register
within the chip.

The second step is to move through the Run—Test/Idle, Select—DR—Scan, and
Select— R—Scan controller states and enter the instruction register scanning sequence. The
initial Capture—R controller state will cause the instruction register to be loaded with the
{X...X01} pattern as specified by the standard.f Note that, so far, the only connections
that have been involved are TMS and TCK. No shifting is needed during initialization.

By entering and remaining in the Shift— R controller state for a number of TCK pulses
equal to 2 plus the number of bits in all instruction registers of all chips, the constant
patterns loaded into the least significant bits of the instruction registers in each chip will
be observed at the seria output of a board with an error-free seria path. An additional
2-bit sequence {01} is shifted into the seriad input of the first chip to check that
connection and the part of the serid data path in the first chip that is between the fixed
bits loaded into its instruction register and its test data input (TDI) pin. For example, the
pattern at the seria output of a fault-free board containing three chips each having a
4-bit instruction register would be;

t Asin IEEE Std 1149.1, we will use the convention that the least significant bit of a
register is that nearest TDO. The convention that bit streams are shown with the least
significant bit on the right is aso adopted, so the 1 in the pattern shown will be shifted
out first, the 0 second, etc.
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01X X01XX01XX01
where the bit at the right is shifted out first.

In the event of faults, the patterns from severa chips will be observed followed by
erroneous data — alowing the nearest fault to the board's serial output to be localized.
This alows faults to be diagnosed and removed from the board one at atime. Consider,
for example, the circuit shown in Figure 9-1, which contains an open-circuit fault
between chips IC2 and IC3.

Open-Circuit Fault

Figure 9-1: Testing for an open-circuit fault in the serial path.

Again, assume that the instruction register in each chip contains four shift-register
stages and that a 2-bit {01} shift-terminating sequence is shifted into the board's serial
input from the automatic test equipment (ATE) or bus master chip. In this case, the
output observed at the board's seria output would be:

111111XX01XX01

where, again, the bit at the right is shifted out first. The open-circuit fault can be
detected because the pull-up on the TDI input of IC2 causes a constant 1 to be shifted
into that chip instead of the expected pattern, which starts {01} (read from left to right).

9.3: Use of the Device Identification Register

If a device identification register is present in the design, it is possible to combine a
check of the assembly process with a test of the integrity of the board-level serid test
data path by shifting al device identification codes out of the board in one pass. This
approach is adopted in some proprietary boundary-scan implementations — for example,
as discussed in [1].

As described in Chapter 5, all available identification codes from chips on a board-level
serial path will be shifted out for examination if the sequence {1111101000...} is applied at
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TMS, one bit for each cycle of TCK. This sequence causes the TAP controllers in the
driven chips to move first to the Test—Logic—Reset state and then through Run—Test/Idle,
Sect-DR-Scan, and CaptureeDR to Shift-DR.  In the Test-Logic-Reset controller
state, the output of the instruction register is set to the IDCODE instruction in al chips
that have the device identification register and to BYPASS in al other chips. As a result,
the available identification codes will be shifted out, interspersed with strings of Os output
from chips that do not contain a device identification register.

A complete description of this process, and of a method for decoding the output data
stream, is contained in Chapter 5.

9.4: More Complex Methods

The above diagnostic method adequately deals with many of the faults in the serid test
data path (e.g., internal faults in the instruction registers and external faults resulting from
solder opens and shorts). However, it does not guarantee the diagnosability of internal
faults in the scannable test data registers. Next, we will describe two diagnostic methods
that can alleviate this problem.

9.4.1: Method 1

This method requires the test data registers to be designed so that, in each of the
registers except the single-bit bypass register, the two bits nearest to the serid test data
output (TDO) can be initialized to a binary {01} pattern upon Test—Logic—Reset. With
this added hardware provision, the method of testing the integrity of a seria test data path
consisting of cascaded test data registers can be essly derived from the preceding
paragraphs. Because the bypass register consists of only a single bit, we cannot locate a
fault in the bypass bit of an arbitrary chip with only one scan pass. (Method 2 can be
adapted here for locating a fault in the bypass register within two scan passes.)

9.4.2: Method 2

This method saves the hardware overhead required by Method 1 at the expense of
decreased diagnostic throughput. This method applies after the instruction registers have
checked out as good by using the method described in Section 9.2. In this method, a
board is set up so that aternating integrated circuits (ICs) on the serid test data path
between bus master TDO and bus master TDI receive TMS signals from two different, but
coordinated, sources. This dlows one set of chips (for example, those in the
even-numbered spots along the serial path) to be set up for instruction register scanning
while the other set (those in the odd-numbered spots) are set up for test data register
scanning. The fixed bits of the instruction registers in the even-numbered ICs can then be
used to diagnose the integrity of the selected test data registers in the odd-numbered ICs.

As an example, we will apply this method to the diagnosis of a fault in the bypass
register of an IC. Any fault equivalent to a stuck-at fault on the input or output of an
ICs bypass register can be located in no more than two scan passes. Because the bypass
registers and the instruction registers are scanned in two different controller states —
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Sift-DR and Shift—R respectively — this approach requires that two separate TMS
wires (designated TM S| and TMS2) be distributed. TMSI controls the odd-numbered ICs,
while TMS2 controls the even-numbered |Cs as shown in Figure 9-2.

TDI
TCK
TMS IC1

TDO

TOI
TCK
TMS 1C2

T0O

o1
TCK

IC3
00 THS

TCK 100

THMS1

101
TMS2 TCK
01 | MS IC4

YYYY

Bus Master

D0

01
TCK

™S | Ceven

TDO

Figure 9-2: Board level connection of TAP pins for Method 2.



In Figure 9-2, it is assumed arbitrarily that there is an even number of ICs on the
board-level serid path, and this assumption is carried forward through the example in this
section. Note that TMS1 and TMS2 can come directly from the TAP bus master or they
can come from a board-level controller.

To illustrate this approach, let us assume that al chips on a board's test data path have
been initialized to the Test—Logic-Reset controller state. Then we can apply the following
control sequences on TMS1 and TMS2 so that, on each of two separate scan passes, haf
of the chips at a time will be bypassed and the other haf will have their instruction
registers scanned.

At the start of the test, dl instruction registers are set to the BYPASS instruction by
holding the board's serial input a 1 and completing an instruction scan sequence. This
must contain sufficient clocks in the Shift— R controller state for all instruction register
stages in all chips to be set to 1. This requires that the same control sequences are applied
to the two TMS lines — TMS| and TMS2. At the end of the instruction scan sequence,
the TMS lines are controlled such that all chips enter the Run—Test/Idle controller state.
At this point, the bypass registers in al chips have been selected for a following data
register scan sequence. From this starting state, testing proceeds as shown in Table 9—1.

Table 9-1: Coordinated TMS values for method 2.

d ock TVS Qdd Chi p Con- TM52 | Even Chip Con-
Cycl e troller State troller State
1 0] Run-Test/ I dl e 0 Run- Test/1dl e
2 0] Run-Test/ I dl e 1 Sel ect - DR- Scan
3 1 Sel ect - DR- Scan 0] Sel ect -1 R- Scan
4 0 Capt ur e- DR 0 Capture-1R
5 0 Shi ft-DR 0 Shift-1R
6 0 Shi ft-DR 0 Shift-1R
M 3 0 Shi ft-DR 0 Shift-1R
M 2 1 Exitl-DR 1 Exitl-1IR
M | 1 Updat e- DR 1 Updat e- I R
M 0] Run-Test/ I dl e 0] Run- Test/1dl e
N 0] Run-Test/ I dl e 0 Run- Test/1dl e
NI 1 Sel ect - DR- Scan 0] Run- Test/1dl e
N+2 1 Sel ect -1 R- Scan 1 Sel ect - DR- Scan
N+3 0 Capture-IR 0 Capt ur e- DR
N+4 0 Shift-1R 0 Shift-DR
N+5 0 Shift-IR 0 Shi ft-DR




Note that, in the first scan pass, TMSL holds the odd-numbered components in the
Run—Test/Idle state for one more cycle than the even-numbered components, so that
shifting of the data/instruction registers of al components is synchronized. In the second
scan pass (starting at clock cycle N), TMS2 holds the even-numbered components in the
Run-Test/Idle state for one more cycle than that of the odd-numbered components.
Also, note that a fault in the bypass register of an odd-numbered component will be
located in the first scan pass, and a similar fault in an even-numbered component will be
located in the second scan pass.

In Table 9-2, control sequences similar to those in Table 9-1 are applied to diagnose a

stuck-at-1 fault in the bypass register of 1C4. As in the earlier example, al chips are
depicted as having instruction registers that are four bits long.f

Table 9-2: Detection of a stuck-at fault.

Test 1 Test 2
Chip Expected | Cbserved | Expected | (bserved
Bus master TDO n/ a n/ a 1 1
| Cl ast xXxa xXxa [Q] [1]
| G5 xxa xXxa [Q] [1]
| C5 [0] [0] xxa 1111
| G4 xXxa xXxa [0] [1] -
| C3 [Q] [0] xXXa X)L(E]
|2 XXd Xxd [0] [(L)]A
| C1 [Q] [Q] xXxa xXxXa

The firgt incorrect value of observed output 2 is the 1 from IC4. However, this error
only implies that a bad bit occurred between points A and B (marked on Table 9-2). The

f Brackets are used to delimit the single-bit serial outputs from those chips that are
bypassed.



bad bit must occur first a B because the instruction register of 1C4 has previousy been
tested and found fault-free when using the method described in Section 9.2. Similarly, the
bit in 1C4 stuck-at-O can be detected by finding a 0 at position C in the andog of
observed output 2. Note that a stuck-at-0 fault in a bypass register can be detected, but
not located, by scan operations using only one TMS line. This is because, in the
single-TMS-line case, there is no way to place Is in registers between the fault and the
board-level seria output.

Note: Because a test must be performed for the stuck-at-O fault in the bypass register
of ICqy it is necessary to shift an additional 1 into the TDI input of that component
in the second test. Stuck-at faults on TDI itsdf will have been tested by the test
described in Section 9.2.

9.5: Reference

[ R. Lake, "A Fast 20K Gate Array with On-Chip Test System,” VLS Systems
Design, Vol. 7, No. 6, June 86, pp. 46-65.






10. In-Circuit Testing

Bob Russell
Bull HN Information Systems
38 Life Street
Brighton, MA 02135, U.S.A.

In the immediate future, occasions will frequently arise in which not al the integrated
circuits used to construct a loaded printed wiring board contain the features defined by
IEEE Std 1149.1. For such boards, there may be a continued need to use in-circuit test
techniques as a part of the overdl test process. This chapter discusses how integrated
circuits (ICs) compatible with IEEE Std 1149.1 may be designed so that such testing of
non-conformant chips can be reliably performed.

10.1: Mixed In-Circuit and Boundary-Scan Testing

During in-circuit testing of chips on aboard, it is necessary for the tester to be able to
determine the signas fed into the chip under test. On occasions, tester signds will be
applied to the outputs of chips that conform to IEEE Std 1149.1. Where these outputs
can be placed in an inactive drive state (e.g., high-impedance) or can be set to a logic
level that can be safdy and effectively backdriven, this is readily achieved without risk of
damage. In other cases, backdriving must be carefully controlled to ensure that no damage
is caused to the chips that normally determine the signas to be supplied to the chip under
test. Such controls place limits on the length of test that can be applied and may therefore
adversely impact test quality.

It is advisable, therefore, to provide a means for setting the outputs of al chips —
including those compatible with IEEE Std 11491 — to a state that can be safdy
backdriven during in-circuit test.

Figure 10-1 consists of sx examples of system output (FI through F6) and shows how
each can be placed in a state that can be safdly backdriven under control of a signd ICT*
(ICT* = 0 for in-circuit test):

* FIl and F2 are set to high-impedance during the in-circuit test mode by using a
sngle added AND gate (or, if the high-impedance control was previoudy driven
from an AND gate, by adding an additional gate input).

* F3 represents one or more 3-state drivers requiring an extra AND gate for
independent enabling in the system mode.

* F4 and F5 represent, respectively, outputs capable of being backdriven from zero
(but not from one) and from one (but not from zero).

* F6 represents an output that can be backdriven when at either logic levd and,
therefore, requires no modification.
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Figure 10-1: Control of outputs into an overdrivable state.
NOTE: The open squares in this figure indicate boundary-scan cells;

the dotted line is the sarid "TDI-to-TDO" connection between
them.

The following sections discuss methods for allowing chips compatible with the standard
to be configured such that they can be safely backdriven.
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10.2: Method 1

The first method described is based on an extension to the test logic functionality
defined by IEEE Std 1149.1. It allows signas supplied to the loaded board by the
in-circuit test system to place the chip in an "in-circuit-safe” state. This is achieved
through use of the test pins defined by the standard and, as will be discussed, has a
minimum impact on the test and system logic in an IC.

The method is based on two properties defined by the standard:

1. The driver for the test data output (TDO) pin is a 3-state device that is active only
when data or instructions are being shifted through the chip. As a result, the
connection from the TDO output of one chip to the test data input (TDI) of the
next on the board-level seria path will be floating (i.e., not driven) while the
chips are set for normal (i.e., non test) operation of the on-chip system logic.

2. The TDI input to a chip must be designed such that, when not externdly driven, it
behaves as though a logic 1 was being applied. Typicdly, but not universally, the
latter requirement will be met through inclusion of an internal pull-up resistor.
The method described here assumes that a pull-up resistor is present at the TDI
input of the next chip on the seria board-level path. Where this is not the case, a
pull-up resistor must be added externally to the connected chips to ensure correct
operation of the method described.

Typicaly, then, the TDO-TDI connection between a pair of chips will be pulled to
logic 1 when the components are in their normal (i.e., non-test) mode of operation —
that is, when their test access port (TAP) controllers are in the Test—L ogic—Reset state.
Thus, if a bed-of-nails probe were to be connected to this signal, its state could be
changed to O without the need for backdriving provided that the chips had previously been

configured for normal operation (e.g., through application of a O at the test logic reset
(TRST*) input).

As shown in Figure 10-2, the addition of a smal amount of logic at the TDO output
dlows the condition where the TDO driver is inactive, but the driven connection is at
logic 0, to be detected and used to control entry into an "in-circuit-safe" test mode (i.e.,
to generate the ICT* signal required in Figure 10-1).

Where no TRST* input is available, the "in-circuit-safe" test mode can be entered by
holding TMS high and applying five or more rising edges at the test clock input (TCK) so
that the Test-Logic-Reset controller state is reached. The TDO-TDI connections can
then be pulled low as required.
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Figure 10-2: In-circuit test application.

10.3: Method 2

As an aternative to method 1, the "in-circuit-safe” test mode may be provided through
inclusion of a dedicated instruction for the purpose. Such an instruction could be seridly
entered into the chip prior to the application of in-circuit tests to other chips on the
board. In this case, the ICT* signa would be generated by the instruction decoder.

10.4: Method 3

In IEEE Std 1149.1 it is recommended that the "in-circuit safe” test mode be attainable
by means of data loaded into the boundary-scan path while the EXTEST instruction is
selected. This requires that the user knows which state at each pin can be safey
backdriven and adso that the automatic test equipment (ATE) is able to control the chip's
TAP interface.

10.5: Conclusions

Several means of placing a chip compatible with |EEE Std 1149.1 in a state where its
outputs can be safely backdriven during in-circuit testing have been discussed. These
methods vary in the complexity of their use. Method 1 alows the chip to be st into the
"in-circuit-safe" state smply by applying a voltage level to the board through a
bed-of-nails probe. In contrast, method 2 requires that the ATE first causes an
instruction to be entered into the TAP controller of each chip that is to be backdriven.
Method 3 additionally requires that the ATE enters data into the boundary-scan path that
will set each chip output such that it can be safely backdriven and that it will then select
the EXTEST instruction.

The advantage of simplicity in attaining pre-test set-up in practical in-circuit testing
should not be ignored.



Part IV: Implementation Examples and
Further Applications

The chapters in Part IV discuss the implementation of |EEE
Std 1149.1 and show how it can be applied to tasks other than
loaded-board testing. Our am in bringing together this material
is to illustrate as wide a range of potential applications as possible
and to provide a balanced view of the costs and benefits of using
the standard.
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Chapter 11. Applications of IEEE Std 1149.1: An Overviewt

Peter Fleming
Texas Instruments
6500 Chase Oaks Boulevard
Piano, TX 75086, U.S.A.

The origind motivation for the development of IEEE Std 1149.1 was the increasing
difficulty of testing newly-assembled or field-returned printed wiring boards (PWBS).
Among the causes of this difficulty are increases in the complexity of integrated circuits
(ICs) and use of highly-miniaturized interconnection and assembly technologies such as
surface-mount.

However, loaded-board tests are by no means the only test tasks during a product's life
that can be more effectivdly or more economicaly performed if IEEE Std 1149.1 is
adopted at the integrated circuit level. In fact, the range of applications is very broad —
ranging from wafer to system test and from prototype debugging to maintenance and
repair.

This chapter provides an overview of these applications and gives an introduction to the
more detailed discussions contained both in subsequent chapters and in the reprinted
papers contained in Part V.

11.1: Test Cost Reductions: Chip-to-System, Womb-to-Tomb

IEEE Std 1149.1 provides the foundation of a hierarchical approach to testing in which
tests developed for use at one levd in a product assembly hierarchy (for example, for an
IC) can be reused at the various higher levels of assembly (for example, for testing the
loaded PWB). The idea is to aobtain the maximum return for each investment in
design-for-test features or test data and thus reduce the overal cost of testing.

Not only does the standard provide the basis for an hierarchical approach from chip to
system that allows efficient and economic testing at one stage during the product's life (for
example, at production testing), it aso supports testing throughout the total life cycle of a
product — from womb to tomb. This gives the opportunity for further test cost savings.

Like any other design-for-test technique, of course, these savings cannot be achieved
without incurring costs. The objective is that, overall, the savings should significantly
outweigh the costs.

Unfortunately, both costs and savings are highly dependent on such features as the type
of product and the type of company; therefore, it is difficult to provide a detailed anaysis
in this book. However, Chapter 12 discusses the various issues in more detail and provides
a basis for an in-depth economic andysis that might be performed. This chapter outlines

t This chapter is an updated extract from an article first published in the Texas
Instruments Technical Journal, Vol. 5, No. 4, July-Aug. 1988.
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the costs that will be incurred in implementing IEEE Std 1149.1 and shows how these
might be reduced by careful design.

In the remainder of this introductory chapter it is assumed that IEEE Std 1149.1 is fully
exploited in a product — not only through implementation of the mandatory features
(e.g., the boundary-scan path), but also through provision of test access to key internal
registers in 1Cs. The aim is to describe what could ultimately be achieved when the
standard is widely adopted across the electronics industry.

11.2: Applications During Designh and Development
11.2.1: Integrated Circuit Debug

Traditionally, the greatest resistance to design-for-testability has come from IC
designers, who fed they pay the most significant penalty for its inclusion while reaping the
least benefit. However, today these designers are paying far greater attention to testability
than ever before. They are dso doing this voluntarily, with little pressure from the test
community.

The reason is that, while IC designs are approaching the complexity of boards, they do
not provide the probeability necessary to debug the design. Industry reports indicate that
half of the application-specific 1C (ASIC) designs produced do not work on the first pass
because of inadequate testing and simulation. To successfully debug a complex design,
designers have begun to explore scan paths as a technique for improving observation and
control.

Unfortunately this has often been accomplished by multiplexing the scan path input and
output connections onto functional pins, precluding the use of the paths during later
testing (e.g., when the chip is mounted on a board). In some complex chips, however,
four to gx pins are fully dedicated for testability to alow access to the serial scan paths
for test and debugging, for both stand-alone IC testing and chip-on-board testing.

The emergence of an industry-standard seria test data interface (the test access port
(TAP)) will allow for the development of robust debugging environments based on
personal computers or engineering workstations (Figure 11-1). Software tools provided on
these machines will alow designers to conduct register level transactions interactively and
to view the results on a personal computer or workstation in a graphic waveform format.
States of internal registers need no longer be hidden, since inclusion of optional test data
registers within the IEEE Std 1149.1 architecture will provide for test access and alow
faster debugging and confirmation of designs.
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Figure 11-1: Low-cost debug/test station.

11.2.2: Loaded PWB Debug

Even with the greater accessibility afforded by loaded PWBs, design verification can
often be a long and tedious process. Speciad software may need to be written and use of
test equipment such as logic analyzers, oscilloscopes, and multimeters may be required.

For example, a mgor limitation of board debugging today is the difficulty of setting the
design into the state the designer needs. Many instruments are available to observe those
nodes that can be physicaly probed, but driving nodes to desired states is usualy far more
difficult. The outputs of chips that normally drive the nodes must be inhibited so that the
nodes can be driven by the tester without risk of damage. An added complication is that
the critical points to be controlled and observed frequently do not exist as probeable chip
pins — consider the key internal registers of a microprocessor, for example.

The provison of a standard test interface eliminates the necessity for physicaly probing
the loaded board to control it. The designer can set up specific conditions (for example, in
internal registers that can be accessed through a chip's TAP) and can observe how the
design responds under software control via the serid test interface. Moving the points of
observation is achieved smply by typing in commands, as opposed to reconnecting the
logic analyzer to change the nodes being monitored. The designer can visualize the board
from a register level and can use diagnostic tools to query the state of the hardware. All
of the vishbility provided during IC debugging remains available through the dedicated test
interface.



For the future, where designs may be based on advanced surface mount technologies,
physica access may be very limited, precluding the use of logic anadyzers altogether.
However, access using the serid test interface will continue to be possible.

11.2.3: System Debug

At the system level, debugging is rarely performed by using a sophisticated test
environment. Techniques such as hot mock-ups, where systems are assembled and tested
by using functional tests that emulate the end-user environment, are employed. Specia
test code is sometimes developed, but, typically, this code tests individual functions whose
logic may reside on multiple boards. Thus, when failures are detected, it is often a long
and tedious process to localize the fault. The problem is that no simple means exigts to
access the core of the system to help identify the falling board — diagnosis must be done
based on externally-observable symptoms.

Use of a standard test interface provides a flexible debugging tool, again based on
personal computers or workstations. The designer is able to take advantage of the same
debug routines used for the chips and boards, and can observe states on multiple cards
simultaneously on the display. The hardware can be set into known states and its responses
to these tests can be observed. Boards do not have to be placed on card extenders for
probing, nor do specia instruments have to be connected directly, avoiding the risk of
affecting the parameter being measured.

11.2.4: Hardware/Software Integration

For many complex systems, the hardware design effort is dwarfed by the magnitude of
the software development task. The most complex aspect of this task is the successful
integration of the hardware and software. In cases where the system does not perform as
anticipated, it is extremely difficult to resolve the failure between the hardware and
software because of the poor visbility and controllability of the integrated system.

A consistent platform for debugging 1Cs, loaded boards, and systems, that also supports
software testing tools, can dgnificantly reduce the effort required to debug
hardware/software systems. Robust software running on cost-effective hardware provides a
single platform for downloading, uploading, and executing application software on target
designs.

Significant debugging capabilities exig that can be windowed-in to provide improved
knowledge of how the system performs, with the ability to access internal nodes that
cannot possibly be viewed by using current instrumentation. Registers, program counters,
arithmetic logic units, address and data busses, and other key areas become both
controllable and viewable at the terminal. Instruction op-codes can be traced and
converted by the debugging tool into mnemonics the programmer can more essly follow
and understand. In some cases, code patches can be interactively generated and checked
without the need to recompile.



For complex problems, hardware states can be captured and dumped to disc for off-line
analysis.

11.2.5: Environmental Testing

Often the fina step in qualifying a design is to verify that it operates correctly under a
wide range of thermal, vibrational, and other environmental stresses.

During these tests, the instrumentation relied upon for design validation (e.g.,
oscilloscopes, logic analyzers) cannot be used because the system is enclosed by its case
and is housed in a "hostile" environment. Therefore, the instruments cannot easly be
connected to the desired points.

By making the standard test interface accessible on a connector of the fully assembled
product, internal nodes continue to be both controllable and observable under software
control. As at other test stages, the dependency on physical access is broken. Use of the
interface can alow downloading and execution of special test software, and for monitoring
of the sysem under external control. If failures occur, engineers may troubleshoot the
problem while the subsystem remains in the environmental chamber under the conditions
that caused the fault to occur. The added visibility may also provide useful data to system
engineers in learning how the hardware responds to environmental stresses. An example
would be in setting false aarm filter values for built-in test.

11.3: Applications During the Production Cycle
11.3.1:IC Testing

For relatively smple IC designs, testability features are sometimes included for design
validation that are accessed through specid wafer-probe pads. These features are usually
not available for later test stages because the necessary connections are not bonded to pins
on the packaged chip. A new test must therefore be developed for the packaged chip that
accomplishes high detection without use of the test features.

This has grown to be unacceptable in complex designs. Often, the test features are
preserved only by creating access through multiplexed use of functional pins.
Unfortunately, the result is that the test developed for production testing of the IC is of
no further use for assembled board and system test. It cannot be used once the chip is
installed in a loaded board.

With the IEEE Std 1149.1 TAP, four (or five) pins are dedicated to ensure permanent
access to the test features. The design of the test for the packaged chip becomes more
straightforward because no multiplexing need be involved. If the IC has boundary-scan,
the static vectors used for packaged-chip tests can be reused when the chip has been
assembled onto the board.

The availability of the boundary-scan path aso offers a smplified technique for
achieving a reasonable confidence level during wafer test with greatly simplified fixturing.



By using the four (or five) pin test interface instead of providing connections to every 1/0
pin of the part, a significant portion of the logic can be exercised prior to packaging. This
assumes that the dropout rate caused by faults in the I/O region is acceptably small
enough to defer detection until the part is tested on a packaged part tester.

11.3.2; Parametric Testing of ICs

The boundary-scan register can be used to smplify the creation and application of
parametric tests for I1Cs.

To perform a parametric test by using the boundary-scan register, a test program loop is
entered. First, the boundary-scan register is set to test board interconnections by shifting
the EXTEST instruction into the instruction register. A data register scan cycle is then
entered, which causes the data applied at the system input pins to be captured in the
boundary-scan register. The logic signd vaue perceived at each input pin can be examined
by shifting the latched values through the test data output (TDO) pin. This load-shift
cycle is repeated for different input voltages until al required voltage levels have been
applied, The test program loop then ends.

Similarly, the boundary-scan register can be used to facilitate measurements on output
drive capability, dew rates, etc. Further, the inclusion of cels in the boundary-scan
register that allow each 3-state output pin or bidirectional pin to be forced to
high-impedance alows this aspect of chip performance to be tested easily.

A parametric test constructed by using the boundary-scan register may be significantly
shorter than that of a conventional equivalent. For example, atest of the input switching
thresholds of an IC would normally require paths to be set up through the circuit so that
each input can be observed by monitoring chip outputs. The resulting test sequence could
be extremely long — perhaps up to 50,000 vectors. When the boundary-scan register is
used, each test cycle contains roughly as many patterns as there are pins on the chip —
typically, many fewer test patterns than would be required to propagate signds through
the chip from input to output.

11.3.3:Incoming Goods Testing

Companies continue to test integrated circuits prior to introducing them into stock. This
usualy requires a multi-million dollar capita investment in automatic test equipment
(ATE) and leads to demands for design data to be supplied by the chip vendor. Not
surprisingly, these vendors are not keen to support the multiple types of ATE used by
their customers or to part with their design data.

In some cases, the user has enough confidence in the foundry's quality levels to alow
"ship-to-stock™ without incoming inspection. It can be very expensive, however, to isolate
even the limited number of faults that dip through when each echelon of test adds a
tenfold increase in cost.



Depending on the fault spectrum of chips after once successfully passing the
packaged-chip test, potential exists for a cost-effective static tester that could be used for
many chip types. If such a test were based on features accessible when using |EEE Std
1149.1, the personal-computer- or workstation-based test environment would be capable
of simultaneously directing the test of multiple ICs, reusng a subset of the vectors
developed for the packaged part test.

Assuming that the most severe faults would be detected in this relatively low-cost
environment, companies could feel more comfortable about "ship-to-stock.” This highly
portable test environment would also support retest of chips thought to have subsequently
failled during the manufacturing process or field use.

11.3.4: In-Circuit Loaded-Board Test

The continued need for low-cost manufacturing defect test environments gave birth to
the Joint Test Action Group and the sudden momentum in the electronics industry
toward provision of standard test busses and boundary-scan.

Today, in-circuit test is used to detect the large majority of faults introduced during the
manufacturing process — damaged parts, wrong parts, misoriented parts, opens, and
solder shorts. However, many magor companies shared concerns over the ability to
continue performing bed-of-nails testing when confronted with dual-sided surface mount
boards populated with complex ASICs packaged with 25 mil lead spacing. While this
suggested a need to give up this type of testing it was felt that the alternative of using
functional (edge-connector) testers was unattractive, because the equipment is generaly
more expensive and can be far dower and more expensive for isolating typical production
faults.

Current technology for in-circuit testing has many undesirable shortcomings that make
it unattractive as a long-term solution. ATE vendors have attempted to overcome 50 mil
spacing with clamshell fixtures whose reliability over thousands of actuations in a high
volume environment remains unproven. Progresson to 25 mil spacing will, in al
likelihood, exceed the mechanical capabilities of these fixtures.

The alternative is to provide specid staggered probe pads that cause the board to
become larger, defeating the purpose of using surface mount technology. The effects are
far more drastic with pin grid arrays and where the connections that link the layers of the
PWB (the vias) are buried. Further, the parts themselves may be damaged from the lengthy
tests that are applied by backdriving.

Boundary-scan alows a "virtual probe" to access the node between the I/O buffer and
the core logic (Figure 11-2). Testing proceeds in two stages:

* Pins—in testing: A subset of the vectors developed for packaged-chip test are
applied via the boundary-scan path to exercise the core logic in each component.
These vectors are usualy developed to validate the design but, hitherto, they have
not been able to be used in PWB/system test.



Pins-out testing: Simple vectors are propagated from scannable device output to
input to detect and isolate manufacturing and other connectivity-related problems.
This provides a capability superior to that of an in-circuit test, and without the
need for probing.
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Printed Wring Board

Figure 11-2: Boundary-scan approach.

No physical contact is required and backdriving is not necessary. Ones and zeroes are
eadly generated and applied out of the devices (pins-out testing) to confirm the integrity
of the input or output (I/0O) buffer, package lead, solder, and etch for the printed wiring
network. Subsets of the static packaged part test are applied from the inputs across the
core logic (pins-in testing) to confirm the functionality and integrity of the part.

Manufacturing faults typically detected by in-circuit testers can be localized when using
personal computers and a desktop fixture, in sharp contrast to the $250K+ test systems of
today. When the board design changes, the test is modified in software by linking in new
device test files and by describing the new configuration of the board. This flexibility is a
large improvement compared with generating a new fixture.

An important advantage of the test structures on the loaded boards is their ability to
partition the desgn into segments smal enough for computer automated test pattern
generation. With proper levels of testability, the future may hold virtual turnkey test
generation for patterns that detect stuck-at-one and stuck-at-zero conditions.

This new, low-cost manufacturing defect test capability can be applied cost-effectively
to development efforts at far lower volumes than those required for in-circuit test
investments. The low capital investment and high portability allow manufacturing screening
to be introduced during design validation and leveraged across al phases of the product
life cycle. The manufacturing defect test, once developed, can be used for subsequent
board leve tests in the factory, field, and depot.

11.3.5: Functional Loaded-Board Test
Functional testing today still relies on physicad probing by the operator to isolate

detected faults. Sequencing of the probing may be fixed, left to the operator, or
determined on the fly by guided probe algorithms. Probing of very fine pitched pads



without glitching will be a chalenge for even the most skilled of operators, potentially
necessitating robotic probing. Testing itself will be more complex if the additional
observation is limited because only chip I/O pins can be probed.

The boundary-scan path can provide a capability referred to as "virtual probing,” where
the condition of nodes is retrieved by software without requiring instrumentation. A
straightforward software layer can intercept the normal directions to the user to probe a
node and can determine whether it is accessible via the scan path. If it is, the path can be
accessed and the value can be returned to the test program without the operator having to
participate. More importantly, the number of accessible nodes expands to include internal
points located aong the scan paths.

The improved visibility and control, combined with at-speed test capabilities
incorporated into the design, can greatly improve the fault detection and isolation of
functional testing. Integrated circuit built-in self-test (BIST) and board/system level
built-in test (BIT) capabilities can enhance the performance of functional board testers.

11.3.6: Subsystem and System Test

The benefits provided to subsystem and system debugging may be leveraged against the
production test problems with great impact. More importantly, manufacturing tests
developed for the loaded boards may be reapplied and augmented to form the subsystem
test at reduced cost. Eliminating the need for physica contact alows these tests to be
reused in the testing of the fully assembled product, even when its enclosure prevents
physical contact with internal connections.

11.4: Completing the Leverage into Field Test
11.4.1: Built-in Test

Built-in test (BIT) features have become increasingly more complex as systems have
absorbed more and more functionality within a given constant volume. Software has
become more complex and hardware speeds have escalated. The ability to monitor and
detect system faults and to successfully isolate them has become a tremendous challenge.

The ability for firmware-based BIT to adequately exercise the full functionality of a
system through instruction execution is rapidly being reducing. It may soon become
unfeasible. Techniques that provide a more thorough test to smaller functional segments
are therefore required. A transition into pattern-oriented BIT offers opportunities to
improve BIT performance but it must be carefully measured against the impacts in terms
of timelines and test data storage.

BIT techniques using pseudo-random pattern generation (PRPG) and parallel signature
anayss (PSA) offer the ability to exercise hardware at full operating speed with minimal
throughput and storage impact. Connectivity tests of similar or better performance to
those generated for the in-circuit testers today can be agorithmically generated and
rapidly executed. Pattern-oriented testing is better suited for fault simulation, offering an



aternative for test grading to the physica fault insertion often conducted today. The
emergence of an industry standard seria test interface provides an opportunity to provide
additional control and to obtain better data within this environment.

11.4.2: Run Time Diagnostics

The boundary-scan path has the ability to capture data and make them available for
examination without having any effect on the functional logic during its normal operation.
This provides an avenue to the establishment of test processes in a background mode, that
executes during operational time windows. One can take "snapshots' of the system and
scan them out for externa review. In this manner, useful information can be obtained to
support run time diagnostic requirements.

11.4.3: Reconfiguration and Graceful Degradation

The operation of many systems is critical; consequently they cannot be allowed to fall
catastrophically. Typicdly these systems feature redundancy, alowing tasks to be
redistributed to fault-free resources when a failure occurs.

As with other cases discussed previously, the structured test access based on IEEE Std
1149.1 can provide grestly improved localization and monitoring of failing hardware. Upon
detection of a failure, a system manager function can reallocate the task or function of the
faled hardware to a backup node or it can reconfigure the hardware to dlow the least
critical function to be dropped temporarily. Thus graceful degradation occurs while the
system manager executes diagnostics on the failed function in an attempt to confirm and
isolate the fault.

The sysem manager is able to maintain a near real-time assessment of the system's
capabilities and to rededicate resources as required. Additionally, the failed function can
be continuously retested in the background to detennine if the failure was intermittent or
transient. Having determined a function to be "restored,” the system manager can
gracefully recover and bring the system back up to full performance.

11.4.4: Off-line Diagnostics

The structured test and debugging capabilities provided alow sophisticated highly
portable tools to re-execute BIT and factory tests in the operational environment of the
system. Manufacturing tests for digital boards can be rerun on boards ill in the chassis
through a system-level maintenance bus (e.g., the VHSIC TM-bus [I]T). Compact
computers equipped with relatively simple interfaces can isolate failures to single boards
with minimal activity on the part of the maintainer.

In cases where off-line test procedures are required, possibly augmented by portable
maintenance aids, the structured test architecture acts like a built-in instrument and

t The VHSIC TM-bus has been accepted as the basis of a companion project to |EEE
Std 1149.1 — the P1149.5 Module Test and Maintenance Bus.



provides a path to the failure data collected during on-line operation. A smart controller
within the product can interface to a host computer via phone or radio link to remotely
execute diagnostics maintained at a base repair facility.

11.4.5: Test and Repair of Field Returns

Testing to detect and repair failures of boards returned after field repair of systems is an
expensive and often capital-intensive area for many companies. In the military arena, and
in some areas of the commercial sector, in-circuit test techniques cannot be used because
the conformal coating used to protect loaded boards from damage cannot be essly
removed or penetrated by probes. Depots and repair facilities have to rely on
multi-million-dollar functional testers, that are good for detection, but often poor on
diagnosis. The functional tests differ gignificantly from the on-line and off-line
diagnostics used in the operational environment, causing fault repeatability problems.

Because standardized test interfaces reduce the need for physica contact, depots can use
the same low-cost manufacturing tests run in the production facility. The inherent
modularity of the tests provides good isolation, and when replicating field test sequences
reduces the chance of "cannot-duplicate” problems. Warranty repair facilities for
commercial products are small operations that cannot justify large capital investments for
troubleshooting or repair. Again, the possibility of being able to use test environments
smilar to those used in the factory can offer greater repair efficiency at costs lower than
those achievable today.

11.5: Conclusion

Implementation of a structured chip-through-system test architecture requires an
investment at the IC level toward the solution of system level problems that are becoming
major barriers to profitability and performance. This investment can pay for itself many
times over in reduced costs throughout the product life cycle. The process of test
generation and verification for digital logic can be constrained into the region capable of
being handled by current-day computer-aided tools. The tests can be reutilized
throughout &l test phases of the product's life.

By removing the dependence on complex fixturing, the potential exists for simpler
personal-computer-based systems for testing and debugging. These systems are
cost-effective enough to be introduced during product debug and test of initial prototypes
when volumes are dtill too low to justify current approaches. Basic hardware/software
building blocks, combined with application software, provide highly functional yet
portable debugging and testing environments. Production tests and production ATE can be
utilized cost-effectively in the field to reduce the costs of field and warranty support.

Having reduced the test interface to a four-wire port, the mgjority of the test capability
lies within the linking and execution of previously developed tests for ICs combined with
automatically-generated connectivity tests. This environment is far more flexible and
robust, allowing test program sets to quickly adapt to design changes. Set-up and
take-down time for tests is minimal.



Additionally, tests can be extended into numerous environments previously unavailable
because of constraints on connecting instrumentation. Tests can be applied in closed boxes
within environmental chambers, equipment bays, or difficult-to-access places using
portable, reusable test programs.

The robustness, flexibility, and performance of such a test architecture will allow many
companies to meet their obligations to their customers while containing test costs and
achieving greater profitability. While an investment is needed during IC design, this will be
leveraged against a broad range of problems spanning the entire product cycle.

11.6: Reference
[ I1BM, Honeywell, and TRW, VHSC Phase 2 Interoperability Standards: TM-Bus

Soecification — Version 3.0, Nov. 9 1987. (Copies can be obtained from J.P.
Letellier, Naval Research Lab, Code 5305, Washington, D.C. 20375, U.S.A.)
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Chapter 12. Benefits and Penalties of Boundary-Scan

Richard Sedmak Colin Maunder
Self-Test Services British Telecom Research Labs
6 Lindenwold Terrace Martlesham Heath
Ambler, PA 19002, U.S.A. Ipswich IPS 7RE, U.K.

An analysis of the economics of boundary-scan begins with consideration of the benefits
and penalties associated with the technique. In some cases, the penalties may appear to
outweigh the benefits if considered only at the integrated circuit (IC) level. However, the
benefits usualy far outweigh the penalties when we consider a more comprehensive
anayss spanning al levels of assembly from chip to system and consider al test phases
during the life cycle of a system.

12.1: Benefits
12.1.1: Lower Test Generation Costs

Costs of test generation can be lowered. At the board level, boundary-scan testing
provides the equivalent of in-circuit testing without the cost and need for a bed-of-nails
fixture. This is true even when assembly techniques that impede in-circuit testing are used
— for example, conforma coating, surface-mount technology, and double-sided boards.
By being able to use boundary-scan based testing as the primary means of testing loaded
boards, perhaps supplemented by a reduced functional test, a company can avoid the
enormous costs of test generation associated with pure functional or edge-connector test.
In addition, the presence of boundary-scan permits some reuse of test patterns up through
the hierarchy of packaging levels. For example, a the board level, a portion or full set of
chip leve test vectors can be reused as a nucleus for the board leve test.

When boundary-scan is the a basis for built-in self-test (BIST) at the chip, loaded
board, or system level, the cost of test generation can be substantially reduced because the
test stimuli (such as pseudo-random patterns) are generated automaticaly and
algorithmically within the product.

12.1.2: Reduced Test Time

Another benefit of boundary-scan is the possibility of reducing test time, particularly in
the diagnostic area. In regard to GO/NO-GO testing, the use of boundary-scan may, at
first glance, seem to lead to increased test time because of the serialization of test stimuli
and circuit responses. This may be particularly true when comparing boundary-scan testing
with in-circuit testing. However, as described earlier, the limitations imposed during the
latter type of testing, as well as the complications caused by board packaging methods,
may make it difficult (if not impossible) to use the in-circuit test approach. A true
comparison of boundary-scan test times with functional test times requires more careful
scrutiny of the assumptions. If we assume a very complex board and a required level of
sngle stuck-at fault coverage — for example, in the high 90 percentages — some
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segments of the electronics industry fed that boundary-scan test times may actually be less
than the equivalent times for functional testing because of the divide-and-conquer
approach used. Achievement of high-fault coverage without adequate design-for-test
provision can be alengthy and expensive task.

Few people take exception to the clam that, for a given level of fault coverage, lower
test times result when boundary-scan based BIST is used in conjunction with, or in lieu
of, externally-applied functional or in-circuit tests.

72.7.3: Reduced Time to Market

Use of scan design techniques at the chip level can have a significant positive impact on
time to market, because less time needs to be spent on test generation [1].

Similar benefits result at the board level through use of boundary-scan. For example,
where a considerable amount of engineering effort would previously have been required to
develop an in-circuit test module for a new state-of-the-art 1C, this task can now be
completed in a matter of hours because it is no longer necessary for the board test
engineer to understand the detailed operation of the new chip.

In highly competitive markets, the saving in test development time for a new product,
even where only a smal percentage of the chips on a board include boundary-scan, can
help ensure its commercial success.

12.1.4: Additional Benefits
Three additional benefits result:
o smpler and less codtly testers;
o commonality of interface with the tester; and
* the ability to accommodate high-density and poor-access packaging approaches.
Boundary-scan based testing can be performed regardless of any constraints imposed by
new packaging methodologies — therefore alowing a reduction and, in some cases, the
elimination of the need for expensive bed-of-nails test fixturing. Furthermore, since
I[EEE Std 1149.1 establishes a common four- (or five-) pin interface and protocol with

the tester, such commonality across dl board types will save even more in fixturing or

interface adapter costs, particularly if one considers the cost impact of engineering
changes.
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12.2: Penalties: Additional Circuitry
The first and most obvious penalty is the cost of the additional circuitry.

The effect on circuit size of adding boundary-scan capability is, as for other
design-for-test changes, difficult to predict because much depends on the detail of the
implementation — for example: Are "holding" registers or latches provided in all
boundary-scan cells? What is the geometry and positioning of the cells? Etc.

The following examples provide estimates for the overal size of the circuitry required to
give conformance to |IEEE Std 1149.1, but without extensions to the facilities defined in
the standard. An important consideration when it comes to an anadysis of the penalties of
boundary-scan, including the amount of added circuitry, is that their impact can be
reduced by early planning in the development cycle, by good design practices, by the use
of automated tools, and by exploiting boundary-scan in al life-cycle phases of testing as
discussed in Chapter 11.

It should also be emphasized that a good many ICs are pin limited — that is, the size
of the chip is determined by the space required along the chip sides to provide sufficient
bonding pads for dl inputs and outputs, and not by the number of gates or transistors
required to implement the function of the chip. Therefore, there may be "spare’ gates or
dlicon area within the chip that can be used to construct the boundary-scan test logic.
Under these circumstances, the real cost of implementing boundary-scan is at least
considerably reduced and may, in some cases, be zero.

12.2.1: Example 1

The first cost example is for a full-custom 6 mm. x 6 mm. IC built in a 2.0 micron
single-layer metal complimentary metal-oxide semiconductor (CMOS) process.

» Test access port (TAP) controller: Implementation of the TAP controller requires on
the order of 80 NAND gates. A more efficient implementation could, however, be
achieved using a transistor level state machine design. An initial implementation in
the stated technology requires a silicon area of approximately 0.3 sg. mm.

* Instruction and bypass registers. An instruction register containing two bits (the
minimum configuration) would occupy on the order of 0.02 sg. mm. The bypass
register is approximately one haf of the size of the minimum instruction register, or
0.01 sg. mm.

* Boundary—scan register: An estimate of the total size of the boundary-scan register
can be obtained by looking at the size of the boundary-scan cell for an output pin
illustrated in Figure 12-1. A circuit that implements this design requires around
0.015 sg. mm. It can be expected that boundary-scan cells for input and other pin
types would be of similar size. Therefore, for an IC with 40 system pins (input or
output), implementation of the boundary-scan register would require some 0.6 sg.
mm. silicon area.
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Figure 12-1: A boundary-scan cell for an output pin.

The combined silicon area for a minima implementation comprising a TAP controller, a
two-bit instruction register, a bypass register, and a 40-bit boundary-scan register would
be approximately 1 sg. mm. from the above figures (including a small alowance for the
multiplexers, etc., required to complete the minimum implementation of IEEE Std
1149.1). This represents an increase in size of 3 percent for the 36 sg. mm. chip. Clearly,
this figure is significantly affected by changes in circuit size, component geometries, and
other changes (such as the use of two metal layers). It also does not take any account of
any increase in the size of the on-chip system logic, for example because of increased
separation of cells caused by increased pitch between input/output pads.

72.2.2; Example 2

This second example details the cost of the additional circuitry in a library-based
application-specific IC (ASIC) design environment. The assumption is made that the
ASIC cdl library does not include custom-designed ("hard") boundary-scan cells or other
cells to support |IEEE Std 1149.1. Therefore, al the required features are provided by
using "soft" macros (i.e., cels constructed as interconnections of "hard" cells) in the
vendor-supplied library or are constructed by the user from "hard" cells.

The gate counts given are based on those shown in [2] for basic logic gates and flip-flops

and relate to a 10,000 gate design with 40 system pins. They relate to implementations of
the example circuits shown in |[EEE Std 1149.1.
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Table 12-1: Gate requirement for a semi-custom implementation.

[tem Gat e Equi val ent
TAP controller 131

I nstruction register (2 bits) 28

Bypass regi ster 9
Boundary-scan regi ster (40 cells) 680 appr ox.

M scel | aneous | ogic 20 appr ox.
TOTAL 868 appr ox.

In total, construction of the various building blocks required by |EEE Std 1149.1 from
the available macrocells requires an equivalent of 868 gates, broken down as shown in
Table 12-1. The reduction in usable capacity from 10000 to 9200 gates gives an estimated
overhead of 8 percent.

Two comments must be made on this cost estimate:

1. It has been assumed that the chip has only input and 2-state output pins. Because
I[EEE Std 1149.1 requires additional circuitry in the boundary-scan cells placed at
3-state and bidirectional pins, the cost could rise if the design included any such
pins.

2. The cost is based on the use of macrocells from a version of the cdl library [2]
created prior to publication of IEEE Std 1149.1. It is therefore assumed that al
the required circuitry is constructed in the area available for the user's circuit
design. If specific cell designs were available to support |EEE Std 1149.1 or if the
vendor were to place the boundary-scan circuitry in areas of the chip not available
for the user's design, then the cost could be considerably reduced. (Some methods
of reducing the cost are discussed in Section 12.2.4 and Chapter 13.)

Further examples of costs using the same ASIC product are contained in [3]
72.2.3: Example 3

Reference [4] discusses the costs of implementing a built-in self-test architecture based
on the principles of cellular automata in a circuit that includes a boundary-scan path. The
architecture is based on the Joint Test Action Group (JTAG) version 2.0 definition, a
precursor to |EEE Std 1149.1 (see Chapter 3).

The paper estimates that a boundary-scan cell with BIST facilities would occupy
approximately 0.065 sg.mm. in a 3 micron CMOS process. Estimates are given for the
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overal cost (measured as a reduction in usable silicon area) for a range of chip sizes. These
estimates vary from 17 percent down to 6.7 percent as the size of the chip increases from
11.8 sg. mm. to 64.3 sg. mm. (with pin counts varying from 28 to 84 pins, respectively).

12.2.4: Reducing the Cost of Added Circuitry

The amount of circuitry required to implement IEEE Std 1149.1 can be reduced in
several ways, dependent on the circuit design. The following list gives some examples:

1. Boundary-scan register cells can be integrated with the input or output buffer
stages in the circuit design [5].

2. The TAP and the boundary-scan register cells can be implemented in "dead" area
around the periphery of the circuit. In the implementation discussed in [6], for
example, the cdls are located beneath power distribution busses. Others have
discussed the possibility of locating the cells between the input and output bonding
pads on the IC.

3. Circuitry can be shared between the various shift-register-based features of the
test logic (e.g., the instruction, bypass, and boundary-scan registers). One way of
achieving this is described in Chapter 13.

12.3: Other Penalties
12.3.1: Added Pins

The second most apparent penalty is the need to add dedicated test pins to the chip.
IEEE Std 1149.1 calls for a minimum of four pins. While the provision of the fifth test
logic reset (TRST*) pin is optional, feedback from some IC manufacturers indicates that
they may also provide this pin.

As illustrated in the following chapters, the TAP can allow access to many testability
features within a design that might otherwise require package pins for additional data or
control access. The four or five pins required by the TAP may therefore frequently provide
for al test purposes. Viewed in this way, the requirement for a number pins dedicated to
test is not unusual — many ICs today use severd dedicated test pins to alow them to be
tested economically.

12.3.2: Design Effort
Since there is additional circuitry associated with boundary-scan, it can be safey
assumed that some form of additional design effort will be required. The exact impact will

depend on the degree of automation of the design process and on other factors:

» Some companies are aready working on computer-aids that will automatically add
the boundary-scan path and associated test logic to a design, for example.
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* In others, application-specific ICs (ASICs) are being developed that have the
boundary-scan path built into the periphery of the base logic array. It will be there
whether the designer chooses to use it or not.

In .either case, the amount of additional effort required to produce an IC design that
conforms with the standard will be low.

12.3.3: Performance

Performance is another consideration. The multiplexer that feeds the system pin in
Figure 12-1, for example, could add two gate delays that, together with the additional
delay due to the input loading of the boundary-scan register, would increase the
propagation delay of signals leaving the chip. Similarly, the delays experienced by signas
entering the chip would be increased if boundary-scan cells were used that included
multiplexers in the pin-to-logic data path (such multiplexers are required only where the
INTEST instruction is supported).

The importance of these additional delays clearly depends on the application for which
the chip is intended. However, the impact of the additional circuitry can be minimized by
careful design or by combining input buffers with the boundary-scan register cells [5], etc.

In many cases, the skew between dgna changes a two or more output pins of a
component resulting from a common cause is more important than the absolute delay, for
example, between a clock edge and a signal change at one output. Since identical cells can
be introduced at each output, the pin-to-pin skew can be kept under tight control.

It must be pointed out, however, that the use of multiplexers at output pins to permit
observation of test data from the core of the design is already commonplace. Many ASIC
vendors require that complex macrocells are connected in this way to ensure that library
test waveforms can be applied. Given this situation, there is no additional delay
introduced by the inclusion of a boundary-scan path — the multiplexer at the output
needs only to be widened to alow for the input from the boundary-scan shift-register

stage.
12.3.4: Power Consumption

Because circuitry is added to the basic design to provide the boundary-scan path, an
increase in the power consumption of the component must be expected. For CMOS IC
designs in which operation is controlled by gated clock s€ignals, the increase in
consumption during normal operation will be small because the boundary-scan path and
much of the other test logic will be inactive. Only the TAP controller will remain active
since, in the absence of a TRST* input, it must continue to be clocked with the test
mode select (TMS) input driven to logic 1 to ensure that the controller can return to the
Test—L ogic—Reset state following any upset.

147



12.3.5: Reliability and Yield

Also resulting from the additional circuitry are the potential penalties of reduced
reliability and reduced yield. While sufficient data have not yet been collected in this
regard, one can say at least that any reduced "raw yield" of the integrated circuit resulting
from a dightly larger die size, for example, will be off-set by improved yield measured
after test at subsequent packaging levels. This yield improvement will result from the high
test performance achievable by using boundary-scan.

Note aso that the periphery of an IC contains the circuitry and connections that are
most likely to fail during operation of the component [7]. These are the areas that are
most directly addressed by the boundary-scan test technique. An improvement to system
mean-time-to-repair can therefore be expected through simplified testing and diagnosis of
faults in input and output buffers, bond wires, etc.

12.4: Conclusion

The principal benefits and penalties of boundary-scan have been presented and
discussed. By careful design and by provision of appropriate design-support tools, the cost
of implementing |EEE Std 1149.1 can be minimized. As discussed in Chapter 11, the
benefits of using boundary-scan accrue at many test stages and can be significant where
field support and maintenance of systems are key requirements [8]. When viewed against
the escalating cost of using traditional functional or in-circuit test techniques for loaded
boards, boundary-scan quickly becomes an attractive proposition.
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Chapter 13. Single Transport Chain

Wim Sauerwald, Frans de Jong, and Math Muris
Philips Centre for Manufacturing Technology
Eindhoven, The Netherlands

The example implementations included in IEEE Std 1149.1 show instruction and test
data registers implemented as a bank of parallel shift-register paths connected between the
test data input (TDI) and test data output (TDO) pins. This chapter describes a more
efficient, implementation called the single transport chain (STC) architecture.

13.1: Introduction

The test logic defined by IEEE Std 1149.1 can be implemented as a bank of parallel
shift-register paths, for example as illustrated by Figure 13-1. The registers will, in
general, contain different numbers of shift-register stages. Each stage can be visudized as
being constructed from three basic elements:

1. acapture element that allows data to be loaded into the register stage;

2. a shift-register (or transport) element that alows data to be moved serially through
the register stage; and

3. an update element that holds a data value at the register's output while a new value
is shifted in.

Instruction

Bypass

MUX

Device Identiflication

MUX
I

Design-Specific

Boundary-Scan —

Figure 13-1: IEEE Std 1149.1 architecture.

These elements work together to perform the following functions:

1. data can be captured and transported through TDO for examination (Figure 13-2)
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Figure 13-2: Capture then transport.

2. data can be shifted in through TDI and, when shifting is completed, made available
through update elements (Figure 13-3).
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Figure 13-3: Transport then update.

Not al the registers defined by IEEE Std 1149.1 are constructed from al three kinds of
element (for example, the bypass register has only capture and transport elements).
However, where a register has an element of a given kind then its operation will be the
same as that of any other register with that element type.

13.2: The STC Architecture

The STC architecture exploits the following features to allow a more efficient (in terms
of gate count) realization that is more efficient in terms of gate count:

1. the commonality of structure and operation just described;

2. the fact that only one register can be connected between TDI and TDO at any
time;

3. the permission that registers are required only when they are selected; and

4. the fact that every scan operation (instruction or test data) starts with a "capture”
that overrides old data in the shift-register (transport) elements.



Together, these features permit one set of transport elements to service al the basic
registers defined in IEEE Std 1149.1. As illustrated in Figure 13-4, capture elements
(based on multiplexers) are used to select data from a set of data sources and update
elements (based on demultiplexers) are used to load data from the transport element onto
the appropriate update element output.
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Figure 13-4: The single transport chain architecture.
13.3: The Transport Chain

The length of the core transport chain is determined by the longest of the registers to be
implemented. For example, Figure 13-5 shows how segments of the transport chain that
are not required for the selected register can be bypassed.

TPaQiFort Reglster Stages Boundary-Scan Outlet
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Figure 13-5: Single transport chain with various outputs.



Figure 13-5 shows a design with:
» abypass register (transport register stage 1);

e a minimum instruction register implementation (transport register stages 1 and 2);
and

» aboundary-scan register (transport register stages 1 to N).

In this case, the overal length of the transport chain is determined by the
boundary-scan register — the longest register in the design.

Where a device identification register, which must contain 32 shift-register stages, is dso
implemented, the potential savings through sharing of transport elements between registers
as described can be significant. For example, where the boundary-scan register contains 60
shift-register-based cells, some 180 gates are saved through the reduction from 95 to 60
transport elements in the design with an identification register.

13.4: Capture Element Design

The identification code of a chip is accessed by capturing a stored, read-only, vaue into
the transport elements. The stored value can either be held in read-only memory cells or
it can be built into the design by use of two types of cdl design in the register:

» one that loads a 0 in the Capture—DR controller state; and
» onethat loads a 1 in the Capture—DR controller state.

In the STC architecture, the identification code can be built into the design of the
capture elements for each relevant shift-register stage. As shown by Figure 13-6, the
capture elements then become multiplexers that are able to sdlect between a variety of
external data sources (X1, X2, or X3) and the hard-wired identity-code bit (IDENT) --
Oor 1L

—G1
G2
~ O
X1 —T2
X2—12 muxl
X3 —T12 OUT
IDENT—12

Figure 13-6: Multiplexor with built-in IDENT value.



13.5: Update Element Design

Together, the update elements operate as a bank of addressable latches — one for the
instruction register, another for the boundary-scan register, and so on. Data are loaded
into one of these latches at the end of shifting, dependent on the type of scan operation
being executed (instruction or test data) and the register selected by the current
instruction.

» 10 —»
“161 —iC1 Register
From 0 Ou tputs
Tr*anspor*t’ﬂl 1 1D ¥
Element —C1

Figure 13-7: Update element design.

Note that, as shown in Figure 13-7 the latches in the update elements need only be
level-operated devices (they do not have to be master-slave flip-flops). Note also that for
registers that do not require a latched paralel output, the update element behaves, in
effect, as a data demultiplexer.

13.6: Transport Element Design

The transport element completes the design for each register stage. Figure 13-8 shows a
design with a short feedback path to alow the state of the register to be held and
therefore does not require clock gating. The selection between the three modes of
operation:

1. holds the present data value;
2. loads the data presented from the capture element; and
3. shifts in data from the previous transport element (or TDI)

is controlled by signals fed to the multiplexer from the test access port (TAP) controller.
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Figure 13-8: Transport element design.

13.7: A Complete STC Register Cell Design
Figure 13-9 shows a complete cell design that implements the functions of:

1. the instruction register with data input (Status) and instruction output
(Instruction);

2. the device identification register with data input IDENT; and

3. the boundary-scan register with data input Data In and data output Data Out.
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Figure 13-9: A complete cell design.



Table 13-1 shows the functions that must be implemented by each cell according to its
position in the transport chain in a design example used earlier (which included a
minimum-length instruction register, a device-identification register, and a 60-cell
boundary-scan register). In the table, it is assumed that the cell nearest to TDI is
numbered 1 and that the boundary-scan register is the longest. The complexity required
for cell implementation varies from location to location:

» cdl requires an additional input to the capture element to alow a constant O to be
loaded when the bypass register is selected,;

» the Data In input and the instruction output latch are not required in cells 3 to 60;
and

» the IDENT input is not required in cells 33 to 60.

Table 13-1: Cell function versus position.

Register Cell Locations Used

1 2 3 4 5 ...32 ... 60
Bypass X
Instruction X X X
Boundary—Scan X X X X X X X
Identification | x X x X X p:4

13.8: Conclusions

In this chapter, we have described a different implementation of IEEE Std 1149.1 to
that given as an example in the standard. This implementation, which we cal the STC
architecture, exploits the potential for sharing circuitry between the registers defined by
the standard and, therefore, alows a lower cost implementation.






Chapter 14. Boundary-Scan Cell Provision:
Some Dos and Don'ts

Colin Maunder Kenneth P. Parker
British Telecom Research Labs Hewlett Packard Company
Martlesham Heath P.O.Box 301 A, M/S AU100
Ipswich IP57 RE, U.K. Loveland, CO 80537, U.S.A.

This chapter provides examples to illustrate the correct provision of boundary-scan cells
within an integrated circuit that seeks to conform to IEEE Std 1149.1. It must be
emphasized that the opinions expressed here are those of the authors, and not necessarily
those of the |IEEE.

14.1: Clock Pins

For system clock input pins, performance issues are often important, for example, the
time taken for clock signals to reach stored-state devices within the integrated circuit. The
inclusion of a boundary-scan cedl at the clock pin could, therefore, have an adverse effect
on the capability of the complete design to meet its performance targets.

For this reason, |IEEE Std 1149.1 permits the use of cells that can monitor, but not
control, the signals that arrive at clock pins. Figure 14-1 shows an example of such a cell.
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From System) >TO Systenm
Pln Loglc

e ]

|
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>C1

Cell

’_tl-. '
ClockDR F—q

ShiftDR )
rom Last

Figure 14-1: A boundary-scan cell for a clock input pin.

Further, the standard permits the data input to the boundary-scan cell to be taken from
any point in the clock distribution tree, provided that there is no logic (other than buffers
or inverters) between the clock pin and the monitored point. Figure 14-2 shows severd
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points in a clock distribution tree that could be used to supply the data input of a
boundary-scan cell. These points are labeled A and B. Figure 14-2 aso shows a point that
cannot be used as the input to the boundary-scan cell, because two signas are combined
onto the monitored point.

q ?&gno%iFrom
nother n or
the On-Chip Logic®
° FnTeniR meete PP~ _Cell Input CANNOT
Be Taken from Here
— & B
& o>
l— & —AR N\
— A
Input & /
Buffer
1 & B !
& o

Figure 14-2: Boundary-scan cells for clock inputs.

Note that the standard requires that the value seen by loading and then scanning the
boundary-scan register must be that applied a the input pin. Given that the
boundary-scan cell shown in Figure 14-1 loads the value present at the data input into the
shift-register stage without inversion, the monitored point must be an even number of
inversions removed from the input pin (i.e., it must be driven from a point marked A). It
would not be permissible to monitor the output of one of the first rank of inverters
(marked B) using this cell. However, a different cell design could be used (see Section
14.4).

14.2: Logic Outside the Boundary-Scan Path

IEEE Std 1149.1 does not permit any logic (other than buffers or inverters) outside the
boundary-scan path.

The motivation for this is that the test generation process would be significantly more
complex if "externa" logic functions needed to be accommodated. While there may be a
savings in circuitry in the component by combining two signals outside the boundary-scan
path (for example, by usng a NAND gate) it would no longer be possible to use
algorithmically generated test patterns to test the board interconnect. To be able to take
into account the effect of the external logic on the interconnect test, a test generator
would need to be expanded every time a chip became available that included a new circuit
type external to the boundary-scan register.
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Figure 14-3 shows a number of situations where logic is placed between the
boundary-scan path and the input/output pins. All circuitry between the boundary-scan
path and the package pins in this figure violates the rules of IEEE Std 1149.1, because it
allows interaction between data received at two or more input pins or between data from
two or more outputs of the on-chip system logic.

Boundary-Scan
& “Cells

L

; 8
—

—

1D

Figure 14-3: "lllegal" logic outside the boundary-scan path.

Note that, in IEEE Std 1149.1, cdl designs are shown for 3-state and bidirectional pins
that include a logic gate between the boundary-scan cel and the control input of the
output buffer. An example is shown in Figure 14-4, where the added gate is controlled by
sgnal CHIP_TEST*. While the provision of this gate may seem to be "illega" according to
the earlier discussion, note that the CHIP_TEST* input is generated by decoding the
instruction that has been entered (CHIP_TEST* is O when either INTEST or RUNBIST is
selected). The signal does not come from the on-chip system logic or a system pin.
Therefore, when an instruction is selected that requires the system pin to be controlled
from the boundary-scan cedls (e.g., EXTEST), the added gate is transparent
(CHIP_TEST* = 1) and can be ignored by software that determines how to control the
system pin to the desired state (0, 1, or Z). In contrast, for the earlier examples, the test
generation software would require a knowledge of the logic function provided outside the
boundary-scan path.
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Figure 14-4: Boundary-scan cells for a 3-state pin.

14.3: Special Cases

There are a number of special cases where there is no circuitry, other than inverters and
buffers, located between two system pins of a component. A common example is when a
component has an output-enable input pin that serves only to control the activity of a set
of output drivers, for example, as shown in Figure 14-5. In cases such as this, it is
possible to use a single boundary-scan cell to meet the requirements for the input pin and
output pin or driver.

Note, however, that it is only permissible to use a single boundary-scan cell in cases
where the input signal is not used to feed the on-chip system logic as well as the output
driver(s). Figures 14-6 and 14-7 show two "illega" circuits where the input data are aso
fed to the on-chip system logic. A correct implementation, using two separate
boundary-scan cells, is shown in Figure 14-8.
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Figure 14-7: "lllegal" design: Example 2.



1 EN V

Figure 14-8: A correct design.

Similar shared use of a boundary-scan cell is possible in cases where a data input feeds
directly to a data output. Figure 14-9 shows a bidirectional buffer component, for
example. In Figure 14-9, boundary-scan cell A receives its input from pin Data A and
feeds pin Data_B. Boundary-scan cell B receives its input from pin DatalB and feeds pin
Data A. As in Figure 14-5, a single boundary-scan cell is used to receive data from the
control input pin and to supply control signals to the output buffers.
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Figure 14-9: A bidirectional buffer: Example 1.

Note that, while Figure 14-9 shows a single cdl being used to control both output
buffers, there are advantages to board test if a separate cell is used for each buffer. For
example, data can be driven onto Data A and DatalB simultaneously, alowing circuitry
on both sides of the component to be stimulated. Also, the data received at both inputs
would be captured simultaneously. Together, these features would permit independent
testing of the connections and/or logic on each side of the component. It is therefore
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recommended that the design of Figure 14-10 is used where possible. However, designers
should use the desgn shown in Figure 14-9 where simultaneous activation of busses
Data A and Data B would cause the power supply to the chip to be overloaded.
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Figure 14-10: A bidirectional buffer: Example 2.

14.4: Components with Inverting Input and Output Buffers

It was briefly mentioned in the last section that IEEE Std 1149.1 requires that the data
shifted into or from a boundary-scan cell must be identical to that driven from or applied
at the corresponding package pin, respectively. For example, when the EXTEST
instruction is selected, a logic 1 applied to an input pin of a component should result in a
logic 1 being captured into the corresponding shift-register stage. Equally, alogic 1 shifted
into a shift-register stage should result in a logic 1 being driven through a connected
output pin. The am of these requirements is to ensure that the data that are shifted into
or out of the component's boundary-scan path is exactly that which would be seen by
connecting probes at the system pins.

The example boundary-scan cell designs included earlier in this book and in the standard
assume that non-inverting input and output buffers are used at the component's system
pins. All paths in these cell designs are non-inverting, so the requirements are met.
However, if inverting input and/or output buffers are used, then a number of inversions
must take place in the boundary-scan cells to compensate. Figures 14-11 and 14-12 give
examples for input and output pins, respectively. Note, for example, the inversions at the
inputs of the multiplexers controlled by ShiftDR and at the outputs of the flip-flips
controlled by UpdateDR.
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Figure 14-11: A boundary-scan cell for an input pin with an inverting input buffer.
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Figure 14-12: A boundary-scan cell for an output pin with an inverting output
buffer
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In Figure 14-12, for example, a logic 1 output from the on-chip system logic would
result in a logic O being driven from the component pin during normal chip operation.
When the SAMPLE/PRELOAD instruction is used (Mode = 0), the logic 1 output from
the on-chip system logic will (due to the inverting 1 input to the input multiplexer) result
in alogic O being loaded into the shift-register stage. That is, the value loaded into the
shift-register stage will be the same as that driven through the component pin.

When the EXTEST instruction is selected (Mode = 1), a logic 1 shifted into the
shift-register stage will result in alogic 1 being driven through the component pin, this
time due to the inversion at the output of the paralel output flip-flop.

A further example is given in Figure 14-13. This figure shows a design for an inverter
chip which, in effect, is a component with a non-inverting input buffer, an inverting
output buffer and no on-chip system logic.
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Figure 14-13: An inverter chip with boundary-scan.

As discussed in Section 14.3, one boundary-scan cell can meet the requirements for
both the input and output pin in this case. In this case, the requirements for the datain
the shift-register stage to match that at the pins has the following impact: there can be
no inverson between the input pin and the shift-register stage, therefore the inversion
between the shift-register stage and the inverting output buffer is required.



14.5: Complex Boundary-Scan Cells
IEEE Std 1149.1 addresses the four most common types of pin on an integrated circuit:
* input pins;
» 2-state (including open-collector) output pins;
» 3-state output pins; and
* bidirectional pins with 3-state output capability.

Other types of pin are occasionally found on integrated circuits. In these cases, an
appropriate combination of the "basic" input and output pin cells must be constructed to
meet the specia requirements of the pin. For example, Figure 14-14 shows a
boundary-scan cell for a bidirectional pin that includes a 2-state open-collector output

buffer. This combines a 2-state output boundary-scan cedll (at the top) with an input cell
(at the bottom).
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Figure 14-14: Boundary-scan cells for 2-state open-collector bidirectional pins.



Figure 14-15 shows two components that use a more complex type of pin for
chip-to-chip communication. In effect, a 3-state bus flows into each component. Two
3-state drivers and one input are included in each chip, connected to the bus.

In a case such as this, each component would need to have five boundary-scan cells
connected to the pin:

* oneinput cell;
» two data output cells; and

» two output enable cells.

This combination of cells will permit the ability of each output buffer in the component
to drive the pin to be tested, as well as the ability of the component to receive data from

the pin.
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Figure 14-15: A complex chip-to-chip connection.

An alternative arrangement would be to redesign the circuitry as shown in Figure 14-16.
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Figure 14-16: An alternative approach.

14.6: Conclusion

Inevitably, situations will arise from time-to-time that are not covered explicitly by the
rules in IEEE Std 1149.1. In this chapter, a number of such situations has been discussed
and the authors personal interpretations of the standard have been presented,
accompanied with comments that show why decisions have been made.

More designers will find structures that are not covered explicitly by the standard as its
use increases. In these situations, as in those described in this chapter, the underlying
objectives of the standard — clear separation of chip and loaded-board test, smplicity of
test pattern generation for externa circuitry, etc. — should be borne in mind when
determining appropriate solutions.
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Chapter 15. Providing Boundary-Scan on Chips
with Power or Output-Switching Limitations

Lee Whetsel
Texas Instruments
6500 Chase Oaks Boulevard
Piano, TX 75086, U.S.A.

This chapter will identify problems that may arise during boundary-scan testing of
inter-component connections in cases where a chip is not designed to support

simultaneous enabling or switching at al its output pins. Some solutions are given to these
problems.

15.1: Problem Statement

A principal motivation for including boundary-scan in a chip is to be able to efficiently
verify the wiring interconnects between multiple chips on a loaded board. Initialy these
test patterns will be developed manually by a test engineer familiar with the circuit board
design. In the future, this effort will become automated as test pattern generation tools
are developed. In either case the test patterns will be designed to verify that al possible
wiring paths between chips in the circuit can be set to both logic zero and logic one and
that no short- or open-circuit faults exist.

Ideally, only an understanding of the board interconnects and of the boundary-scan
configuration or each chip should be required to alow the development of test patterns
for board-level interconnect. However, if chips are not designed to fully support the
operation of the boundary-scan circuitry, other factors may need to be included to insure
proper operation of such a test. The result is that test generation, and the tools that
support it, will be more complex.

In Figure 15-1, an example circuit is shown to illustrate problems that could occur
during boundary-scan testing of board-level interconnections, but that can be avoided by
correct design of the test logic (as will be described later).

IC1 has three output busses. In normal operation, these busses would be controlled
either so that they change state at different times (Figure 15-2) or so that only one of the
three output busses is active at any given time (Figure 15-3). Controls such as these may
be required to minimize the power consumption requirements for the chip, alowing the
number of power and ground pins needed by the chip to be reduced. For example, more
power is consumed when outputs change state so sequencing of output changes as shown
in Figure 15-2 will result in lower power consumption.
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Figure 15-1: Example component with three output busses.
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Figure 15-2: Normal component operation: Case 1.
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Figure 15-3: Normal component operation: Case 2.

The problems arise when the pins of a chip that does not normally support simultaneous
switching or enabling of al outputs are controlled from the boundary-scan path, rather
than from the on-chip system logic. For example, this situation arises when the EXTEST
instruction is selected. As shown in Figure 15-4, it is probable that the tests supplied
through the boundary-scan path will cause al outputs to change state and/or be active
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simultaneously. In the former case (Figure 15-2), the sum of the switching currents of al
pins may produce VCC and VSS glitches that might very well exceed the tolerance level of
IC1, and the core logic as well as the boundary cells and TAP would then be subject to
interference. In the latter case (Figure 15-3), the power consumption could be increased
beyond the capacity of the power pins for a prolonged period, with the probable result
that incorrect operation of the chip will occur.

Busl O RctiveN
N

Bus?2 JRActiveN
A4

Bus3 O ActlveN
N

Figure 15-4: Possible component operation during a boundary-scan interconnect
test.

Both problems can be solved if the boundary-scan test patterns are constrained to
conform to the normal requirements of each IC on the board design, for example, by
ensuring that only one output bus changes state between adjacent test patterns.
Unfortunately, however, this complicates the test generation task and requires that
additional information on chip operation is made avallable to, and used by, the test
engineer or test pattern generation tool. Alternative solutions, where features built into
the chip ensure that it cannot overload its power pins, are preferred because they do not
reguire provision, storage, and use of this additional information. Some example solutions
are presented in the following sections.

15.2: Provide More Power Pins

The first (and least practical) solution is for the chip manufacturer to provide the
additional power and ground pins required to ensure tolerance of simultaneous switching
or enabling of al output pins. This solution may, however, not be practical because it may
force an increase in the size of package required for the chip, which in turn may affect the
cost to the customer.

15.3: Preventing Simultaneous Switching of Output Pins

Figure 15-5 shows how dedays can be added to prevent simultaneous switching of
outputs when pins are driven from the boundary-scan register [1,2]. The added delays
should be small in comparison with the minimum period of TCK, but should be sufficient
to ensure that the power-current demand arising from the change of state at one pin does
not overlap with that from another.
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Note that the added delays impact only changes at the pin due to:
» a change of instruction (the delays in the Mode distribution network); or
» achange in test pattern (the delays in the UpdateDR distribution network).

Signas recelved from the on-chip logic propagate through the boundary-scan cells
without added delay.
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Figure 15-5: Adding delays to prevent simultaneous switching of outputs.
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15.4: Do Not Allow Pins to be Enabled Simultaneously

Where output pins or busses cannot be enabled simultaneously, this limitation should be
met as a result of features built into the chip, rather than through constraints imposed on
the test pattern generation process. For example, because two boundary-scan cells
(numbered 1 and 3) are provided in Figure 15-6, pins A and B can be enabled
independently. The test engineer or, more redigtically, the test generation software can
enable both pins, disable both, or enable just one pin as required. In this case, the chip
should be provided with sufficient power and ground pins to support simultaneous
enabling of the two pins — avoiding the need to constrain the test generation process.

Boundary-Scan
/s Lells

L EN

v——-Eih

—

LrER Pin
— B

1‘
|

2
|

3
I

c
|

Figure 15-6: Circuit that allows simultaneous enabling of outputs.

In contrast, only three boundary-scan cells are provided in Figure 15-7, athough the
circuit performs the same norma function. In this circuit, both output buffers are
controlled from a single boundary-scan cell (numbered 1) — alogic 1 in this cell enables
pin A and disables pin B. Since there is only one boundary-scan cell, it is not possible for
both pins to be enabled simultaneously during testing — the restriction is inherent in the
chip's design and is not only one that needs to be imposed on the test generation process.
The test engineer, or test generation software, cannot inadvertently cause the power supply
to be overloaded.
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Figure 15-7: Circuit that does not allow simultaneous enabling of outputs.
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Chapter 16. Tapping into ECL Chips

Lee Whetsel
Texas Instruments
6500 Chase Oaks Boulevard
Piano, TX 75086, U.S.A.

This chapter will illustrate some problems and suggested solutions for the addition of the
test access port (TAP) interface to emitter-coupled logic (ECL) chips.

16.1: The Problem

Severa semiconductor technologies — for example, transistor-transistor logic (TTL)
and complimentary metal-oxide semiconductor (CMOS) — use compatible input and
output voltage levels for the two logic states (0 and 1). Chips constructed using these
technologies can therefore be easily connected together, for example to form the seria test
data path at the board level. However, to construct a scan path through chips that use
different voltage levels for each logic state — for example, through chips built using TTL
and ECL technologies — it is necessary to convert the various test signals from one set of
logic voltage levels to another at appropriate points aong the seria path. This leve
translation can be performed by either an external level shifting circuit residing between

the device boundaries or in the input and output buffer regions of chips incorporating the
TAP.

The focus of this chapter is the problem created by the way that ECL technology reacts
to open-circuit conditions at the TAP inputs, which is significantly different from the
reaction of a TTL chip. The problem stems from the fact that to conform to |IEEE Std
1149.1 the output state of a non-driven TAP input buffer must be set to alogic 1 level.

In TTL technology a non-driven input buffer is usualy pulled up to logic 1 by an
internal resistance incorporated in the buffer, because this condition draws minimal
current. In CMOS technology, a non-driven input buffer can be pulled up or down, with
neither logic state having an apparent advantage over the other. Both of these technologies
adapt easly to the rules of IEEE Std 1149.1 regarding non-terminated TAP input buffers.

For performance and biasing reasons, a non-driven ECL input buffer is usualy pulled
down to logic O by an internal resistance incorporated in the buffer. At first, it would
appear that substituting a pull-up resistor for the pull-down resistor on the input buffers
for the TAP sgnds would solve the problem. However, the circuit shown in Figure 16-1
(in which the test data input (TDO) output of one ECL chip is connected to the test data

input (TDI) input of another) identifies three problems that prevent this from being the
desired simple solution:

1. An open circuit at wiring point 1 causes the receiving chip's input to be pulled
down to -V (typicaly -2 or -5 volts). Since Rl << R2, the condition results in a
logic O output from the chip's input buffer.
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An open circuit at wiring point 2 causes the receiving chip's input to be pulled up
to GND (typicaly -0.7 volts), resulting in a logic 1 output from the chip's input
buffer.

An open circuit at wiring point 3 results in improper termination and loss of
operation between the ECL chips since the output buffer in the driving chip has
no resistive path to -V that would enable it to source the required output biasing

current.
?GND
R2
§5@Kohms
TDO TDI |
Output kD Rs @jlnput
Buffer R1 Buffer
50 Ohms
O

-V

Figure 16-1: A TDO-to-TDI connection between ECL components.

It is clear, therefore, that placing a pull-up resistor on ECL inputs is not a suitable
solution. The result of an open-circuit in the serial path between ECL chips would be
dependent on the location of the fault in the wiring path and could disable data
transmission.

The following are suggested solutions that can be implemented in ECL chip designs to
allow compliance with |EEE Std 1149.1 regarding open-circuit, non-driven TAP inputs.

16.2: Incorporating TTL/ICMOS TAP Connections on ECL Chips
The first option is to incorporate TTL/CMOS compatible TAP inputs and outputs into
ECL designs. Using this approach requires the use of an additional 5 volt power supply

pin on the package for the TAP input and output leve shifting buffers. If the additional 5
volt supply pin is not a problem, this is probably the preferred approach.
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16.3: Using a Special ECL Input Buffer for TDI, TMS, and TRST*

The second option is to design a special ECL input buffer that can differentiate between
an open-circuit input and a normally-biased logic O input. These specid ECL input
buffers would be provided at the TAP input pins. TDI, the test mode select (TMS) input,
and the optional test reset (TRST*) input.

In Figure 16-2, a typica interconnection between an ECL device output and ECL
device input is shown. During normal operation, the ECL output buffer provides the
output biasing current (lout) required to develop the correct ECL logic voltage leves
across load resistor RI. Typica ECL output voltages are -0.9V for a logic 1 and -1.75V
for alogic 0.

TRES OB F S

/

TDO 701 [
OQutput Tout %>Hl Re
Buffer 50 Ohms 50 Kohms

vy
O

-2 Volts -5 Voltis

Figure 16-2: Current flow for an ECL TDO-to-TDI connection.

As long as the interconnection between the ECL output buffer and load resistor RI
remains intact, the input voltage to the ECL input buffer will remain in the normal ECL
logic level switching range of either a logic 1 or logic O.

In Figure 16-3, a detailed view of the specia ECL input buffer is illustrated. The input
buffer contains two single-ended differential amplifiers, Dampl and Damp2. Dampl is the
normal differential amplifier seen in ECL input buffers and is used to determine the input

logic state by comparing the input voltage (Vin) againgt a reference switching threshold
voltage VRL1.
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Figure 16-3: A special ECL input buffer design.

Damp?2 is an additional differential amplifier used to detect Vin levels that are more
negative than the normal logic O voltage levels produced by ECL output buffers. The
voltage reference input (VR2) to Damp?2 is set to detect Vin levels falling below the typical
ECL logic 0 level. VR2 should be set to dlow Damp2 to detect the following two types of
open-circuit fault (see Figure 16-2):

» A fault between the ECL output buffer and the load resistor RI. If this fault occurs,
the ECL input buffer will be driven to a static voltage level determined by the
voltage divider effect of Rl and R2. Since Rl << R2, the open-circuit input
voltage to the ECL input buffer and Damp2 is dightly less than -2V.

» A fault between load resistor RI and the ECL input buffer. If this fault occurs, the
voltage applied to the ECL input buffer will be the -5V leve attached to
pull-down resistor R2. Since VR2 is set to detect voltages below -2V (to detect the
first stated open-circuit condition) this type of open-circuit is detected by Damp2.

When either of the above faults occurs, the non-inverting output of Damp2 is set to a
logic 1. This logic 1 output is routed to the exclusive-OR gate in Figure 16-3 and causes
the logic level output to the test logic to be inverted. By using this type of ECL input
buffer, it is possible to differentiate between an ECL logic O input level and an
open-circuit input level. Therefore, conformance to the IEEE Std 1149.1 specification for
undriven TAP inputs is achieved.



16.4: Summary

These solutions offer ways to incorporate the TAP into ECL components. Option 2
needs to be implemented carefully to insure that noise spikes that may occur during input
transition between a logic 1 and O do not cause Damp2 to temporarily switch on.
However, this is probably not a problem for the TAP because the TDI and TMS inputs
are basically data inputs and will be in a stable state by the time the rising edge of the test
clock (TCK) arrives. If a5 volt power supply pin is aready implemented in a device of
mixed technologies, option 1 is probably the most logical choice to implement.






Chapter 17. Cell Designs that Help Test
Interconnect Shorts

Dilip K. Bhavsar
Digital Equipment Corporation
Semiconductor Design and Engineering
Hudson, MA, U.S.A.

This chapter describes a problem that may, under some circumstances, arise when using
a boundary-scan register to test interconnection shorts on loaded boards. A remedy to
overcome the problem is proposed.

17.1: Introduction

One of the major test problems addressed by IEEE Std 1149.1 is that of testing
interconnection faults on densely populated printed wiring boards. With the advent of
surface-mount components and the use of buried and blind vias for mounting chips on
these boards, the access available to in-circuit-testers is rapidly disappearing

Interconnection defects are introduced during the printed wiring board manufacture and
assembly processes. In general, these defects fall into two categories:

1. Opens. These include defective solder joints and open-circuits in the
interconnection tracks of the board.

2. Shorts: These include shorts between adjacent pins on the same chip and shorts
between adjacent interconnecting tracks on a board. In either case, the defect
manifests itself as a short between two signas or nets.

A simple and straight-forward test for both fault categories can be achieved by using
the boundary-scan register.

This chapter will focus on the testing of shorts and will point out a problem that may
occur in certain semiconductor technologies, such as complimentary metal-oxide
semiconductor (CMOS) and transistor-transistor logic (TTL). The case to be examined is
that in which output buffers are not designed to withstand a short to another output
driving the opposite logic state. We must point out that the severity of the problem
highlighted in this chapter depends significantly on the implementation details of a chip's
output buffers and, in many cases, will be minimal.

17.2: The Problem

Consider that we are testing the interconnection between two chips (chip A and chip B)
on a board. Assume that the chips are implemented in CMOS technology, that both
implement the |IEEE Std 1149.1 boundary-scan architecture, and that both are connected
in the same boundary-scan ring on the board. Now consider the simple interconnection as
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shown in Figure 17-1 where a short occurs between the two adjacent output pins Pl and
P2 fed from ordinary drivers DI and D2. The tests that detect this fault consist of driving
a differential pattern. One of the patterns, "10" or "01", must be applied to the shorted
pins. Applying one of these tests requires severa steps.

01 Pl
S | H D>l W s |H
Short
Dréger
s [n > s
P1

n
Pe

S = Shifter Latches
H = Hold Latches

Figure 17-1: Testing a pin short with IEEE Std 1149.1.

Assuming that the appropriate instruction has been loaded in the instruction register and
that the test access port (TAP) controller has been appropriately initialized, then a portion

of the steps involved and the corresponding TAP controller state transitions are shown in
Table 17-1.

During Step 3, if the pins have no short, the receiving boundary scan cells in chip B
observe the response pattern "01." However, if the pins are shorted, then the receiving
boundary scan cells will sense a"00" pattern and the fault will be detected. Notice that to
successfully detect and diagnose the presence of shorts via the boundary scan it is essential
that the receivers in chip B must have their switch-over voltages away from the voltage
expected to be reached by the shorted drivers. In our anaysis, we arbitrarily chose that the
receivers should sense "0." All arguments hold true if "1" were to win and the observed
pattern were to be "11."



Table 17-1: Steps for testing for shorts.

Step | Action Remar ks

1 Shift in the
[...01...] pattern

2 Apply the [01] Say O is applied to PI
pattern to the and 1 to P2.

shorted pins.

3 Capture the Boundary scan cells at
response i nput pins of chip B
capture the response.

4 Shift the response The duration of this

out oper ati on depends on the
total length of the
boundary scan regi sters on
t he board.

The problem is that, whereas the above test procedure succeeds in detecting the short, it
may cause permanent damage to the drivers DI and D2. This is because the differentia
pattern "01" enables a power-to-ground path via the turned-on P and N transistors and
the shorted P1 and P2 pins. Thisis shown in Figure 17-2.

Notice that this short will persist for the duration of the entire shift operation and until
a safe pattern (00" or "11") can be shifted in and applied to the pins. This period can be
arbitrarily long because it depends on the total length of the boundary-scan registers in
the board-level path containing chips A and B, the frequency of the test clock (TCK) and
on any interruptions (e.g., pause cycles) to the shift operation. Whereas a short on pinsis
generally considered a repairable fault, in some cases the above test procedure may destroy
the high-price chip, making the repair meaningless.
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Figure 17-2: Power-to-ground path enabled during shorts test.

17.3: A Proposed Solution

The above problem can be overcome by using a special boundary-scan cell design at the
output pins and by dightly modifying the test steps used. A proposed cdl structure that is
compliant with [EEE Std 1149.1 is shown in Figure 17-3. Notice that the cdl has a
second observation tap taken from the output of the driver via a dedicated receiver.
During application of a board interconnect test using the EXTEST instruction, the
instruction register will set the multiplexer controls on the shift latch such that the data

are captured from this specia observation tap. The rest of the controls and operations
remain as usual.
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Figure 17-3: Proposed boundary-scan cell for output pins.

With this cell structure in place at the drivers DI and D2, the test operation will use
dightly different test steps as shown in Table 17-2.

By virtue of the boundary-scan cell design, during Step 3a the response pattern at the
output of the driversis captured and loaded into the shifter latches of the cell. If the pins
Pl and P2 are not shorted, then the pattern captured will be the same as the pattern
applied, namely, "01." If the pins are shorted, the captured pattern will be "00" (per the
previous assumptions).

The additional Steps 3b, 3c, and 3d re-apply the captured pattern to pins Pl and P2.
Thus, if the pins P1 and P2 were indeed shorted, the differential pattern "01" is removed
and the safe pattern "00" will be applied. The power-to-ground path will be disabled.
With this test sequence, the power-to-ground short is enabled only for a fixed duration
of 4 clock cycles of TCK, independent of factors such as the duration of the shift
operation and the total length of all the boundary scan registers on the board-level path.
The test operation for detecting shorts is thus made very safe for the drivers, assuming
that the clock applied at TCK is sufficiently fast.



Table 17-2: Testing for shorts when using the proposed cell design.

Step | Action Remar ks
1 Shift ina [...01..]

pattern
2 Apply the [01] pattern As before

to the shorted pins

3a Capture the response Passage t hrough the
Updat e-DR control |l er
state is required. In
consequence, Pl and P2
will be fed [00].

3b Move through the Exit i medi ately, w thout
Capture-DR control |l er shi fting.
state to Exitl-DR
3c Exit the scan cycle P1-P2 fed [00] if shorted
or [01] if healthy.
3d Re-capture the Response pattern is re-
response. captured wi t hout any

nodi fi cati ons.

4 Shift the response out As before.

17.4: Conclusion

In this chapter, we have indicated a potential danger in using boundary-scan for testing
interconnection shorts among components in certain technologies, such as CMOS and
TTL. We have proposed a solution that uses a specia design for boundary-scan cells used
at output pins and a dightly modified test operation. We used simple output pins to
illustrate the application. However, the same solution is applicable to 3-state output and
bi-directional pins and can handle shorts to power or ground.

Besides overcoming the potential danger to the drivers, the proposed boundary-scan cell
also offers the following advantages:



1. Because the cell uses a dedicated receiver, this receiver can be especialy designed to
guarantee the success of the interconnection short test without any adverse impact
on system operation.

2. Shorts on output pins (or nets) can be tested on chips whose outputs do not feed
any chip or whose outputs feed chips that do not have boundary scan implemented
in them. This also means that the ability of the proposed scheme to test pin shorts
on a board is unaffected by the presence of chips that implement boundary-scan
cells differently, although the test procedure becomes more complex.

3. During testing of an integrated circuit (e.g., in various stages of chip
manufacturing), the cel structure provides convenient observability of output
drivers for detecting defects in the drivers.

4. This cell, when used on 3-state output and bi-directional pins, provides additional
visibility into busses to facilitate isolation of bus problems.

In the end, it must be emphasized that the severity of the problem caused by shorted
output drivers is not clear. At best, it is highly dependent on processing technology and
may vary considerably from one chip manufacturer to another.

If the threat is serious, akey question is dtill left unanswered by the solution presented.
Could the powering up of aboard leave drivers of shorted pins (especially, 2-state output
pins) at opposite logic states? If so, how likely are the drivers to survive the short before
testing begins? If damage is possible, it can only be avoided by careful design of the
power-up initialization routines for a board — the solution presented in this chapter is
limited to test-operation-induced contention between shorted output drivers.t

Finally, note that if the method described in this chapter is used in a catalog I1C, the
specification must clearly indicate the cell design and the test strategy required to make
best use of it. Further, if the cell can be damaged by inappropriate test sequencing, chip
specifications should include a clear and conspicuous warning of this fact.

t Note that such problems can occur on any board, with or without boundary-scan.,
They will be encountered equaly frequently in cases where functional or power-up
in-circuit tests are applied without prior screening of a board for short-circuit faults
(e.g., by using a manufacturing defects analyzer).






Chapter 18. Integrating Internal Scan Paths

Colin Maunder
British Telecom Research Labs
Martlesham Heath, Ipswich IP5 7RE, U.K.

At firgt sight, integration of the scan path for the internal (system) logic of a
component with the IEEE Std 1149.1 test logic appears straight-forward. The internal
scan path could, for example, be connected into the test logic as a user-defined test data
register so that it could be accessed through the test data input (TDI) and test data output
(TDO) pins when an appropriate instruction was present. Further examination, however,
shows a number of technical, commercial, and logistic problems. The objective of this
chapter is to discuss these problems and to show how they can be resolved.

18.1: Problems at the Chip Level
There are two key technical problems at the chip level.
18.1.1: Dead States

The state diagram for the test access port (TAP) controller includes at least three dead
states (states in which no activity occurs) between completion of the inward shifting of a
test pattern and the time when the results of the test are captured into the shift-register
path from its parallel inputs. In the optimum case, the controller must sequence through
Exit—DR, Update—DR, and Select—DR—Scan as shown by the highlighted path in Figure
18-1.

The need to cycle through these dead states has severa effects:

1. There is a margina impact on test length, because three additional clocks need to
be applied for every scan cycle.

2. The scannable registers used to build the internal scan path must have the ability to
enter a "hold" state, in addition to "shift" and "load." This will increase the size of
the registers in cases where the "hold" operation is not needed for normal system
operation, as shown in Figure 18-2.

3. Faults that cause increased propagation delays through the combinational logic
between the scannable registers cannot be detected. While the larger delays may
cause failure when the capture clock occurs immediately following the last shift
clock (as would be the case for conventional scan testing), it is extremely unlikely
that the increased delay will span three clock cycles.
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Figure 18-1: TAP controller state diagram.
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Figure 18-2: Provision of a hold mode on a scannable register.
78.1.2: Multiple Scan Paths

At the integrated circuit level, it is common to connect scannable registers within a
component into several independent scan paths, each of which has its own seria input and
output connections. Such use of multiple scan paths in a chip alows test times to be
reduced, since the number of clocks-per-scan-cycle is reduced. It aso alows a scan



implementation to be achieved at lower cost in cases where severa different clocks are
used within the chip design. For example, al registers controlled by clock CKI may be
connected into the first scan path, those controlled by clock CK2 into the second, and so
on (Figure 18-3). This avoids the need for clock signals to be switched between the chip's
normal and test modes of operation.
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Figure 18-3: Use of multiple scan paths.

In contrast, |[EEE Std 1149.1 dictates a single serial path between TDI and TDO. If the
internal scan paths were to be accessed through the test access port, they would need to
be connected in series and controlled by a common clock during testing.

18.2: Problems at the Board Level

Logistic and commercia problems come to light at the board level, as discussed below.
18.2.1: Volume of Test Data

An internal scan path may contain many hundreds of shift-register stages. To permit use
of the scan test once the chip has been assembled onto a board, this would need to be

extended by the chip's boundary-scan path and (at a minimum) the bypass registers for all
other chips on the board-level seria path.

The volume of test data to be stored on an automated test equipment (ATE) system for
a board populated entirely with scannable chips would therefore be very large.



18.2.2: Version Dependence

The scan test data for a component will change from one version of the design to the
next due to the impact of desgn modifications. Because of this, severe logistic problems
could result through the use of internal scan test data at the board level.

As an example, consider a board populated with 100 scan testable components. If an
average of three versions of a component is used during the production and operational
life of the board design, then there could be a need for as many as 3'°° versions of the
board test program. This need would arise even if no functional change could be detected
for the assembled board.

The problem is further complicated by the need for the tester to determine the version
of each chip used before testing can start. While this could be achieved by using the device
identification register defined by IEEE Std 1149.1, it is not guaranteed that every chip will
have such a register.

18.2.3: Protecting Proprietary Information

A key goa of IEEE Std 1149.1 is to allow a systems company to acquire components
for its products from many sources. In many cases, therefore, the supplier of an integrated
circuit may very likely be a different company (not another divison of the same company).

Under these circumstances, there may be commercia issues that limit the availability of
scan test data to the component purchaser and, in consequence, limit the board
assembler's ability to test the loaded board. For example, it may be possible (with effort)
to create a copy of the origina design by examining the scan test data (assuming that fault
coverage is high).

18.3: A Solution

A solution to these problems is to combine scan testing (for use by the chip
manufacturer) and self-test (for use by the purchaser).

78.3.7: The Chip Level

The objective of IEEE Std 1149.1 is to ensure that integrated circuits from multiple
vendors can cooperate during the process of testing a loaded board. As long as the
standard can be met with regard to the operation of the defined test features (e.g., the
boundary-scan path, the instruction register, and the bypass register) and with regard to
any other test feature that is to be offered for "public" use, there is no reason why
additional "private" test features should be designed while fully complying with the
standard.

Bearing this in mind, a solution to the use of scan test techniques for stand-alone
integrated circuit testing can be obtained. First, the instruction register can be used as a



means of selecting scan test operation of the integrated circuit. Second, the manufacturer
can provide a private SCANTEST instruction for this purposet. Entry of this instruction
would be done in accordance with the operation of IEEE Std 1149.1.

When the SCANTEST instruction is present, certain states of the TAP controller can be
redefined as shown in Figures 18-4 and 18-5:

1. Exitt—DR and Exit2-DR cause data to be captured into the scan paths in the same
way as would normally occur in the Capture-DR controller state.

2. Pause-DR causes data to be shifted in the same way as Shift—DR.
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Figure 18-4: Basic scan state Figure 18-5: Scan state diagram
diagram. when SCANTEST is selected.

Note that the effect of this redefinition is to make test mode select (TMS) (which
controls movement between controller states) almost equivaent to the test mode control

t The SCANTEST instruction described could not be offered for use by the component
purchaser, because it requires dynamic alteration of the TAP controller state machine and,
thus, does not conform to IEEE Std 1149.1.



for a conventional scan circuit (which causes movement between "shift" and "load") while
the SCANTEST instruction is selected. When TMS = 1 (which lasts for only one clock
cycle), data are loaded into the scan path and while TMS = 0 data are shifted. The bold
paths in Figure 18-5 show the cycle that would be followed during scan testing. In
contrast to the conventional operation of IEEE Std 1149.1, the transition from "shift" to
"load" (i.e., capture) can be effected without leaving the data register scan states of the
TAP controller. Therefore, there are no dead states and the need to provide "hold"
operation on the scannable registers is avoided.

In components that have a single internal scan-path, the TDI and TDO pins could be
used for "scan-in" and "scan-out." Note that this would require the control of the TDO
driver to be modified to dlow it to be active in the Pause—DR controller state (redefined
to behave as Shift—DR) whenever the SCANTEST instruction is present — normally, it
would be inactive in this state.

Multiple internal scan paths can be provided by multiplexing the serid inputs and
outputs onto normal package pins when TMS = 0 and SCANTEST is selected. At outputs,
this requires that the design of the boundary-scan cell is extended as shown in Figure
18-6.
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Figure 18-6: Multiplexing of an internal scan path onto a system output pin.

Using this approach, internal scan testing can be achieved in amost the same way as it
would without |EEE Std 1149.1. Again, it must be emphasized that the SCANTEST
instruction is intended only for the private use of the integrated circuit manufacturer
because it does not comply with IEEE Std 1149.1.

18.3.2: The Board Level
It is clear from the problems highlighted earlier that internal scan testing is not the ideal

basis for an hierarchical chip-through-system test approach. Further, if the solution just
proposed is adopted to dlow stand-alone scan testing of the integrated circuit, then there



may be problems in reusing the scan test data at the board level. For example, the
multiple scan paths would need to be connected into a single path to allow access through
the TDI and TOO pins.

These problems can, however, be overcome by combining the internal scan design with
self-test facilities. IBM's LSSDT on-chip self-test (LOCST) approach [2], for example,
shows how linear feedback shift-registers and signature analyzers can be used to convert a
scan/boundary-scan design into a self-testing circuit at moderate cost (Figure 18-7). The
paper aso shows how, a self-testing circuit can be created when multiple internal scan
paths are used.
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Figure 18-7: The LOCST scan and self-test approach.

The combination of scan and self-test alows the requirements of both the integrated
circuit manufacturer and the component purchaser to be met. The manufacturer can use
the scan test facilities through the private SCANTEST instruction as defined in the
previous section; the purchaser can use the self-test operation through a public RUNBIST
instruction.

From the purchaser's viewpoint, this has the following advantages:

1. The test is compact and can be run easly when the component is mounted on the
board. For example, there is no need to store and shift large amounts of test data.

T Level-sensitive scan design (LSSD).



2. The manufacturer can arrange that al versions of a component will yield the same
results from self-test execution. Where linear feedback shift-registers (LFSRs) are
used to produce the self-test signature, this can be achieved by choosing the initial
state of the linear-feedback shift-register (LFSR) such that the final state will be
the required constant value.

The use of self-test to provide a manufacturer-supported test of the component will
also alow the manufacturer to limit access to detailed design information.

18.4: Further Reading

The papers by Komonytsky [1] and LeBlanc [2] discuss how level-sensitive scan design
circuits can be converted into self-testing designs as outlined in this application note. In
both cases, pseudo-random test patterns are generated by LFSRs provided as an extension
to the functionality of boundary-scan register cells located at input pins. The signature is
generated using single- or multiple-input signature analyzers formed by extending the
functionality of boundary-scan register cells at component outputs.

The paper by Gloster and Brglez [3] discusses a similar approach based on cellular
automata instead of linear-feedback shift-registers.

18.5: References
[ D. Komonytsky, "LSl Self-Test Using Level-Sensitive Scan Design and Signature
Anaysis" |IEEE International Test Conference Proceedings, |EEE Computer
Society Press, Los Alamitos, Calif., 1982, pp. 414-424.

[2] J.J. LeBlanc, "LOCST: A Built-in Self-Test Technique," |[EEE Design and Test
of Computers, Vol. 1, No. 4, Nov. 1984, pp. 45-52.

[3 C.S. Gloster and F. Brglez, "Boundary-Scan with Built-in Self-Test," |IEEE
Design and Test of Computers, Vol. 6, No. 1, Feb. 1989, pp. 36-44.



Chapter 19. Testing Mixed Analog/Digital ICsT

J. Hirzer
Siemens AG
Munich, West Germany

This chapter discusses the design and use of boundary-scan in mixed analog/digital
integrated circuits.

While the prime thrust of the boundary-scan path defined by IEEE Std 1149.1 is to
reduce the complexity (and hence the cost) of testing miniaturized digital circuits, there
are aso benefits to be gained through provision of such a path in mixed analog/digital
circuits. Test costs can be high for such designs unless design-for-test features are
included and, as will be described in this chapter, boundary-scan can be a valuable tool
for amplifying the creation and application of parametric and functional tests.

19.1: The Location of the Boundary-Scan Path

In mixed analog/digital integrated circuits the boundary-scan path must be designed to
visgt each purely digita pin — other than the test access port (TAP) pins — and each
digital dgnd received from, or supplied to, the analog block within the design. Figure

19-1 illustrates this in a component that contains a large digital block and an A-to-D
converter.

S

TDI

TDO

Figure 19-1: The location of a boundary-scan path at the analog/digital interface.

t The work described in this chapter was performed within the AIDA collaborative

project of the ESPRIT research programme, supported by the Commission of the
European Community.
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The provision of access to the analog/digital interface separates the analog and digita
blocks and alows them to be tested individually using the test techniques and strategies
best suited to the block designs.

 tests for the digita block can be performed without having to propagate signas
through the analog block

» the analog block can be tested functionaly without having to propagate signas
through the potentially complex digital block.

Some of the complexity in testing a complete mixed-signal integrated circuit arises due
to the tolerances inherent in the A-to-D converter. Due to these tolerances any given
voltage applied at the analog input can give rise to one of a range of digital codes at the
converter's outputs. During testing, such uncertainty in the pattern applied to the digita
circuit block is difficult to accommodate (digita testing requires precise knowledge of the
pattern being applied at any test step).

19.2: Boundary-Scan Cell Design

Two types of boundary-scan cell are required at the analog/digital interface: an A-to-D
type and a D-to-A type. The A-to-D cdl is placed at the analog/digital boundary on
any unidirectional digital sgna that feeds from an analog block into a digital block, while
the D-to-A cdl is placed on any signd from a digital block that feeds into an analog
block. The design of each cdl type, and the reasons for differences between them, are
discussed below.

19.2.1: The A-to-D Cell

Figure 19-2 gives a schematic for an A-to-D cdl that is compatible with the clocking
and control scheme generated by the example TAP controller shown in Figures 4-8 and
4-9.

Note that this cell design meets dl the rules specified by the standard for cels to be
placed at system input pins. Selection of the instructions defined in the standard gives the

following results:

1. the EXTEST instruction causes signas from the analog block to be captured into
the boundary-scan cell so that they can be examined by shifting;

2. the INTEST instruction causes signals supplied through the boundary-scan path to
be applied to the digital block on-chip; and

3. the SAMPLE/PRELOAD instruction alows signas flowing across the analog/digital
boundary to be examined without interfering with normal circuit operation.
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Figure 19-2: An A-to-D cell.

Note that no provision is made in the example cell design to prevent the signals (applied
to the digital block when the INTEST instruction is selected) from rippling as data are
shifted into or out of the boundary-scan path. If such rippling signal values were likely to
cause unwanted operation of the digital block (e.g., because they were fed to
asynchronous or clock inputs), then additional holding latches or registers would need to
be provided at the parallel output from the shift-register stage.

79.2.2; The D-to-A Cell

In general, it is impossible to preserve the state of an anadog circuit if the signas at its
inputs are alowed to change. This situation aso occurs for some digital circuits (for
example, asynchronous state machines), but not for others (for example, synchronous
sequential circuits change state only when clocked; changes at data inputs between clocks
have no effect).

Consequently, it is necessary to ensure that no interruption occurs to a test segquence
and that input sgnas applied to an analog block change only from one vdid value to
another. Therefore, during shifting of the boundary-scan register, it is vita that the
sgnals driven to the analog/digital block from D-to-A cells do not ripple. The value at
the cell's data output must be held until the shift operation is complete.
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The requirements for the D-to-A cel design are identical to those of boundary-scan
cells to be placed at 2-state digita pins of the component. A suitable design is shown in
Figure 19-3.
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Figure 19-3: A D-to-A cell.

Selection of the instructions defined in the standard gives the following results:

1. the INTEST instruction causes signas from the digital block to be captured into
the boundary-scan cell so that they can be examined by shifting;

2. the EXTEST instruction causes signals supplied through the boundary-scan path to
be applied to the analog block; and

3. the SAMPLE/PRELOAD instruction alows signas flowing across the analog/digital
boundary to be examined without interfering with normal circuit operation.

19.3: Testing Analog Blocks Using Boundary-Scan

This section gives an example of how a test on an analog block in a mixed analog/digital
mtegrated circuit design can be achieved by using a mixture of direct connections through
the chip pins and indirect connections through a boundary-scan path placed at the
analog/digital interface.

The example is based on the use of digital signd processing (DSP) test techniques [1] in

which analog signals applied to the circuit are generated by digital programmable function
generators, and those received from the circuit are analyzed by using DSP techniques.
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Figure 19-4: Test system configuration for analog test.

Figure 19-4 shows the design of a test system that couples DSP test techniques with
support for the boundary-scan path. With this test system, dynamic analog measurements
are performed in the time domain by application of continuous waveforms or digita
pattern sequences. In some cases (e.g., filters), it is useful to describe the analog function
in the frequency domain, in which case the inverse fast Fourier Transform (IFFT)
technique can be used to create the test signals. The function generators can be loaded
with the array of real numbers representing the amplitude values of the required waveform
at discrete points in time.

The serid buffer memory is used to scan digital vectors onto the digital/analog interface.
Each of these vectors is related to a single point of time and to one distinct input signal.
Clearly, the boundary scan path at the analog/digital interface may be split up logically
into one or more input and output vectors. Also, layout optimization and other
requirements may lead to scrambling of the boundary-scan register cells, so test vector
conversion may be required to map the test vectors onto the actual structure of the
boundary scan path. For example, the order bits at a digital-to-analog converter's input
lines may be reversed such that it is not consistent with the binary number representation
of the fast Fourier transform (FFT) and inverse FFT (IFFT) operations of the aray
processor.

Analog measurements are performed in a similar manner. Analog output sgnas are
digitized and recorded in the digitizer's random-access memory (RAM) and the scan-out
sgnal (which is again a serid digital data stream) is selectively analyzed. Only one analog
output sgnd is evaluated at a time, with the binary vector representing this signal being
strobed bitwise to the data buffer memory. The bit strobe signd originates from the serial
buffer memory that generates the scan-in signa to achieve synchronization.



As for the serial input patterns, vector conversion may be required. To alow evaluation
of the recorded output signals, they may be transformed from the time domain to the
frequency domain by using FFT. After computing the characteristic parameters (e.g., gain,
attenuation, and signal-to-noise ratio) the test procedure will be completed.

19.4: Further Reading

Further discussion of the use of boundary-scan techniques to ease the testing of mixed
analog/digital circuits is contained in [2].

19.5: References
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Chapter 20. Adding Parity and Interrupts to IEEE Std 1149.1

Patrick F. McHugh Lee Whetsel
Electronics Technology and Defense Systems and
Devices Lab. Electronics Group
US Army LABCOM Texas Instruments Inc.
Fort Monmouth, NJ 07703, U.S.A. Piano, TX 75086, U.S.A.

Trends within the U.S. Department of Defense (DoD) are forcing system integrators to
use industry standard interfaces to fulfill DoD system requirements. The test access port
and boundary scan architecture defined by IEEE Std 11491 meets many of the
requirements set forth by the DoD for the testability of very high-speed integrated circuit
(VHSIC) components, with the exception that it does not support parity checking of
instructions and test data or the flagging of interrupts to the device controlling test
operations (the bus master). These capabilities are considered important in both military
and commercia systems where high operational rdiability is required.

In this chapter, a method is proposed whereby parity checking and interrupt capability
can be provided within the framework of IEEE Std 1149.1 that could be implemented to
meet the DoD's requirements.

20.1: Introduction

The principal application of the proposed parity checking method is verification of
instruction data input to a component's test logic. The parity checking scheme can be
extended to cover test data input and output data from the test logic. Both these
applications will be discussed in this chapter.

There must be a means of flagging parity errors to the data source (i.e., the bus master
or automated test equipment (ATE)). To achieve this, an additional signa must be added
to the test access port defined by the standard. The relationship between parity coding of
instruction data and the additional interrupt signa, the test interrupt (TINT*), is aso
described. A method for using the TINT* signal to flag other types of error to the master
device is dso proposed.

The cost of implementing the proposed extensions to the standard is modest. A small
amount of logic must be added to the instruction register and instruction codes must be
extended to include a parity check bit. Finally, one signal, TINT*, must be added to the
test access port.

20.2: Why Use Parity?
Where highly reliable operation is required, the coding of instructions and data (for

example, by adding a parity bit) is a valuable means of detecting any data corruption
involving an odd number of bits that might arise during transmission.
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For example, in Figure 20-1 a circuit is shown that consists of two dave devices (each
compatible with 1EEE Std 1149.1) interfaced to a test bus master controller. When the
master transmits information (e.g., an instruction) to the dave devices, it assumes thisis
correctly received. However, in actual practice there could be corruptions to the
serially-transmitted information caused by external electrical or mechanical interference.
When the corrupted information is acted on by the recelving dave, an incorrect test
operation may be performed, possibly causing malfunction of the complete system. For
example, a transmitted BYPASS instruction could be corrupted into an instruction that
would cause the dave to enter a self-test mode of operation.

M aster Slave Slave

TD0OLJTDI 1700 TD1 TDO

x " x n

& = o =

— — — —
TCK l .
TMS > —
TD1 <

Figure 20-1: A basic master-slave system.

By adding a parity check bit to each item of information transmitted, the dave devices
can check the recelved data for corruptions that effect odd numbers of bits (e.g., single
bit errors). Figure 20-2 shows how the master-slave system of Figure 20-1 could be
enhanced to alow parity encoding and checking.
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Figure 20-2: A master-slave system with parity coding and interrupts.
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In Figure 20-2, each dave device has been enhanced to include parity checking of
received instructions. Detected errors are flagged back to the bus master by using an
additional interrupt signal, TINT*. In the example, the TINT* sgnas from the two dave
devices are capable of wire-AND operation, so the master receives an interrupt when an
error is detected by either dave. Other methods of combining the interrupts generated by
the various dave devices controlled by a single master could aso be used (e.g., a priority
encoder).

By the means illustrated, the master receives confirmation that vaid information has
been received by the dave(s). When an error is detected, the information transmission can
be repeated until the information is transmitted and received correctly.

20.3: Adding Parity to Instructions

The most critical information items transmitted to a component compatible with |EEE
Std 11491 are the instructions which control the operation of the test logic and, in
particular, the way that the test logic can ater or impede the operation of the on-chip
system logic. Transmission errors can convert a public instruction into a public one or a
BYPASS instruction into RUNBIST. In some cases, such a change can have a significant
impact the functiona integrity of the complete board.

This section proposes changes to the test logic defined by the standard which will permit
parity coding of instructions. Enhancements to this basic scheme will be introduced in
later sections.

20.3.7: The Test Interrupt Signal, TINT*

As mentioned earlier, a sgnd must be added to the test access port to dlow a dave
component to bring parity errors to the attention of the master.

TINT* should be an active-low output from the test logic capable of wire-AND
connection to the TINT* outputs of other components that offer parity checking. TINT*
would normally be held at 1, and should be set to O when a parity error is detected. When
the TINT* outputs of several components are wired together, the resultant signal should
be 0 whenever any of the connected components sets its TINT* output to 0. To alow
different technologies to be used, the output characteristics of TINT* must be defined to
dlow an output buffer to be connected to buffers constructed in different logic
technologies (e.g., open collector or emitter-coupled outputs).

20.3.2: The Instruction Register and Instruction Coding
|[EEE Std 1149.1 requires that:
e the BYPASS instruction must have the all-1s value; and

* the EXTEST instruction must have the al-Os value.
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Because the parity bit must be decoded as part of the instruction, it must be a0 in the
encoded EXTEST instruction. This implies that even parity is required. Again, because it
will be decoded as part of the instruction, the parity bit must be a 1 in the encoded
BYPASS instruction. If we add to this requirement the necessity of even parity, we find
that an instruction register with parity must have a total length that is an even number of
bits. The unencoded instruction (without the parity bit) must be an odd number of bits in

length (Figure 20-3).
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Figure 20-3: Instruction register with parity bit.

Note that it is proposed that the parity bit is the most significant bit of the complete
instruction (i.e., that it is the last bit shifted into the chip). Note also that, where parity
coding is used, the minimum length of the instruction register is four stages. This is
because a component must support at least three instructions if it is to conform to the
standard: BYPASS EXTEST, and SAMPLE/PRELOAD.

Figure 20-4 gives an example implementation for an instruction register that includes
even parity detection logic and associated interconnections. This figure does not show the
connection of the clock and control signds to the shift-register stages.
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Figure 20-4: An enhanced instruction register design.



An instruction register that complies with the standard consists of a shift-register
section which is connected between the test data input (TDI) and test data output (TDO)
pins, logic to decode the received instruction, and an output holding latch that retains the
previous instruction until a new instruction has been latched in the Update— R controller
state.

To achieve even parity checking, a parity checker must be connected between the
shift-register stages and the instruction decoding logic. This checker might consist of an
array of exclusive-OR gates, for example. The output of the parity checker is fed to a
flip-flop that is clocked only on the rising edge of the test clock (TCK) in the ExitHR
controller state. This latch is included so that the resulting output does not change while a
new instruction is shifted into the instruction register. It is reset when in the Shift—R
controller state. The design should also cause TINT* to be released to its inactive state on
entry into the Test—Logic—Reset controller state.

The parity latch output must feed both to the TINT* output and to the instruction
decoding logic. This latter connection is necessary to prevent the received instruction from
being applied to the test data registers in the event that a parity error is detected. It is
recommended that, when a parity error is detected, the instruction decoder's output
should be forced to the state that would normally result when the BYPASS instruction is
received. In this way, a non-damaging instruction is presented to the test data registers if
the user should cause the test logic to pass through the Update— R controller state.

Additionally, the output of the parity checker may be latched and fed back to a data
input of the instruction register, thus alowing the bus master to interrogate dave
components to determine which had received the corrupted instruction. Note that, to
dlow the parity flag to be examined, it is necessary to move through the Update—R
controller state to the Capture—R state where the data will be loaded into the instruction
register.

If desired, the scheme shown in Figure 20-4 can be extended to alow masking of
interrupts. In this case, instructions for enabling and disabling interrupts must be
provided. The addition of these two instructions will not increase the length of the
instruction register beyond the size required by the three mandatory instructions. Since the
minimum length for the instruction register with parity is four stages, there are unused
opcodes when the minimum instruction set is implemented. Note that, if the capability to
mask interrupts is provided, it must be possible to read the state of the interrupt mask
register within the component. This could be achieved in a number of ways, for example,
by making it a user-defined register in the standard architecture.

20.3.3: A Typical Operating Sequence

The sequence of operations for a IEEE Std 1149.1 interface with parity coded
instructions and a non-maskable interrupt for a parity errors is described below.

The bus master would first control the test mode select (TMS) and TCK signals to
initiate scanning of the instruction register. When the Capture— R controller state is



entered, the required "10" pattern is loaded into the least significant bits of the instruction
register. When a design alows the state of the parity checker output latch and the status
of the interrupt mask to be loaded, then this will also occur in the Capture—R controller
state.

The captured data are shifted out through TDO during the Shift—R state while an
instruction with even parity is shifted in through TDI. Note that the data being shifted
out through TDO (captured during Capture—R) need not be parity coded — in fact, they
may have odd parity if they happen to be data from a faled attempt at loading an
instruction. When shifting of the captured data and new instruction is completed, parity
of the received instruction will be checked. If the received data does not have even parity,
TINT* will be asserted (i.e., set to 0).

The bus master would typicaly cause the dave components to enter the Pause—IR
controller state to allow time to sample its TINT* input and determine its next action. If
a parity error is detected, the master can return the daves to the Shift—R controller state,
whereupon the TINT* dgna will be released. The instruction sequence can be transmitted
to the daves again.

If a parity error has been detected and the daves are moved into the Update—R
controller state, then the instruction decoder will be forced to operate as if the BYPASS
instruction had been received. The BYPASS instruction is a safe default instruction in the
event that a parity error cannot be corrected by repeated transmission. The recovery action
by the master, in this case, would require initiating the instruction scanning seguence
again. During this second instruction scan operation, the test bus master would be able to
identify which daves were flagging the parity error.

20.4: Extending Parity to Received Test Data

The parity scheme can, dependent on the application, be extended to include test data
received by a component as wel as instructions. As for the instruction register, the most
dgnificant bit of the test data register would be required to be the parity bit. In contrast
to the instruction register, no matter what the implementation details there is no
requirement for the length of the test data registers to be even for the restriction to even
parity coding. It is, however, suggested that even parity coding is used since this maintains
consistency with the instruction register.

The operation of the component when shifting in parity coded test data would be
analogous to that described above for encoded instruction loading. If a parity error were
detected, TINT* would be asserted in the Exitl—DR controller state and released in the
Shift—DR or Test-Logic-Reset controller states. Note that, in contrast to the instruction
register case, the updating of any latched parallel output should be inhibited on entry into
the Update-DR controller state when incorrectly encoded data are present in the selected
test data register. Note that, in general, there will be no guaranteed safe state for the
output latches of a data register.
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20.5: Parity Coding of Output Data

The previous sections have addressed only the application of parity coding to instructions
and test data received by a component. The data output by a component could adso be
parity coded such that the receiving device could determine its validity. However, there are
more limitations to the usefulness of this application than in the previous cases (see
below). This would require the most significant bit of the data shifted out to be the parity
bit.

An encoder would need to be provided to generate the parity code from the data
presented to the other inputs to the instruction register or selected test data register. The
encoder's output would then be loaded into the register in the Capture—R or Capture—DR
controller state, respectively.

A limitation of this scheme is that, unless specific provision is made within a component
or in the operation of the master device, it will not be possible to request retransmission
of the information should it be found to be corrupt on receipt. This is because it is
necessary to terminate the register scanning operation (i.e., enter the Update— R controller
state) to revisit the Capture—DR or Capture—R controller state.

In the case of the boundary-scan register where the EXTEST instruction is used solely
to test interconnections to adjacent components compatible with the standard, it is
possible to make a repeat attempt to read the test results by feeding the origina test
pattern in again before exiting from the scan operation through the Update—DR controller
state. Note, however, that this cannot be done where stored-state circuitry outside the
component is being tested, since it is not possible to "undo” previous tests.

20.6: Other Uses of TINT*

In addition to its use to flag errors in recelved instructions or test data, the TINT*
output could be used to indicate other error conditions within the component to a master
device. Examples of such "error" conditions might include

» completion of a test task; or

 an abnorma event in the system operation of the component (e.g., memory
overflow).

If the TINT* is to be used to flag such interrupts in addition to its use to flag parity
errors, then it is important that the master device is able to distinguish between the
different types of interrupt being transmitted.

To dlow parity errors in received information to be distinguished, it is suggested that
specific test access port (TAP) controller states be reserved for this application. While
scanning of instructions or test data is in progress (i.e., between Capture—R and
Update—R, or between Capture-DR and Update—DR), TINT* should indicate parity
errors in the received data as discussed in the previous sections. In the other controller



states {Test-Logic-Reset, Run-Test/ldle, Select-DR-Scan, and Select- IR- Scan) TINT*
may be used to indicate other error conditions. Figure 20-5 shows how this could be
achieved by inclusion of a multiplexer.

Scanning in
Progress?
ShiftIR 5
5 Earitg 1
o rror b " & o> TINTx
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Figure 20-5: Multiplexing of interrupts onto TINT*

It is aso necessary to allow the master to determine which component has generated an
error condition interrupt and, where a component is able to flag severa error conditions,
which specific condition exists. It is recommended that this is achieved by inclusion of an
interrupt conditions register whose outputs feed the data inputs of the instruction register.
Appropriate data bits in this register would be set when the interrupt was generated and
be reset either following the rising edge of TCK in the Capture-IR state or when the test
logic reset (TRST*) pin is asserted. (If TRST* is not provided, then the interrupt
conditions register must reset on power-up).

20.7: Conclusion

The addition of parity checking capability to IEEE Std 1149.1 in the manner described
allows a component to quickly check received instructions and, where appropriate, to test
data for transmission errors. The TINT* output is added to the TAP to alow the
component to notify the bus master that data corruption has occurred. Both these features
are added in a manner that ensures that the component design remains fully compatible
with the standard.

The TINT* dgna can also be used to indicate that other error conditions have occurred,
provided that diagnostic information is available to explain why TINT* has been asserted.
Interrupts can also be masked if instructions to enable and/or disable interrupts are
provided and if it is possible to externaly determine the interrupt enable status.
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Together, these capabilities will alow DoD systems integrators to use a commercial
interface to fulfill DoD requirements for a chip leve test interface.
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Part V. Further reading

Part V provides an annotated bibliography and contains reprints
of papers that either discuss the general topic of boundary-scan
or provide specific examples of applications and developments
based on |EEE Std 1149.1.

Readers should be aware that severa of the reprinted papers
discuss boundary-scan testing in general, or applications of the
various versions of the Joint Test Action Group (JTAG)
proposals that preceded the development of IEEE Std 1149.1.
Some papers may therefore provide implementation examples that
are not compliant with the standard.






Chapter 21. Bibliography

The following is an annotated bibliography of papers covering the development and
application of boundary-scan test techniques and, in particular, |IEEE Std 1149.1.
Reprints of papers marked REPRINT are included following this bibliography.
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pattern generation tools and scan-based fault dictionaries on loaded boards that
use |EEE Std 1149.1.

M. Lefebvre, "Functional Test and Diagnosis. A Proposed JTAG Sample Mode
Scan Tester," IEEE International Test Conference Proceedings, |EEE Computer
Society Press, Los Alamitos, Calif., 1990, Paper 16.1.

REPRINT

The SAMPLE instruction is used to alow logic analysis and diagnostic probing of a
loaded board while it is performing its system function or executing a functional
test.

M. Fichtenbaum and G. Robinson, "Scan Test Architectures for Digital Board

Testers," |IEEE International Test Conference Proceedings, IEEE Computer Society
Press, Los Alamitos, Calif., 1990, Paper 16.2.
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[57]

This paper looks at how features can be added to a digital board tester to alow
effective use of boundary-scan facilities in the unit under test.

C. Yau and N. Jarwala, "The Boundary-Scan Master: Target Applications and
Functional Requirements,” |IEEE International Test Conference Proceedings, |EEE
Computer Society Press, Los Alamitos, Calif., 1990, Paper 16.3.

A bus-master chip is described that can control the standardized test features a
board populated with chips compatible with IEEE Std 1149.1. The paper describes
both the chip architecture and some possible applications.

G. Robinson and J. Deshayes, "Interconnect Testing of Boards with Partial
Boundary-Scan," |EEE International Test Conference Proceedings, |EEE
Computer Society Press, Los Alamitos, Calif., 1990, Paper 27.3.

Test generation for and diagnosis of short- and open-circuit faults on loaded
boards that have partial boundary-scan can be achieved by combining
boundary-scan and conventional in-circuit interconnect testing.
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ABSTRACT

This paper presents a structured partitioning
techni que which can be integrated into the design
of a chip. It breaks the pattern of exponential
growth in test pattern generation cost as a
function of the nunber of chips in a package.
one of its forms, it also holds the prom se of
parallel chip testing, as well as migration of
chip-level tests for testing at higher package
| evel s.

I'n

| NTRODUCTI ON

Level Sensitive Scan Design (LSSD) [1, 2] is one
method to solve controllability and observeability
problens in sequential networks and hence, ease the
probl em of test pattern generation. This is
achieved by incorporating all nenmory elements in a
sequential network in shift register |atches (SRLs)
and then connecting all SRLs into one or nore shift
registers so that the internal state of the network
can be controlled or observed at any tine through
the shift register path. LSSD also pernits

sof tware-based partitioning techniques [3] to
divide a large network into manageabl e, independent
networks, each of which is separately addressed by
test pattern generators. This LSSD based approach
to partitioning will be discussed in the next
section prior to the main topic of this paper.
Wiile this partitioning approach was adequate for
large scale integration (LSI), it is inadequate for
networks in very large scale integration. (VLSI) [4]
due to the rapid increase in test generation

conpl exity. Several solutions have been suggested
to solve this partitioning problem Hsu, et al [5]
, and Tsui [6] have recommended ad hoc techniques
for controlling and observing the outputs of chips,
and, hence, inputs of other chips fed by the forner
on a common package. Goel and McMahon [7] have
proposed another nethod where extra circuitry in
system latches and nultiplexors on chip outputs are
required to control and observe chip boundaries.

Thi s paper presents a structured, |ogical
partitioning technique called Chip Partitioning Aid
(CPA) that can be designed into a VLSl chip
technology. In its sinplest form called Half-CPA
(HCPA), it is a structured technique that

partitions a network into nearly disjoint, physical

EH0321- 0/ 90/ 0000/ 0228$01. 00 © 1984 | EEE
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segments that are approximately a chip's worth of
logic in size. Thus, test generation cost, at

hi gher package |evels, drops fromthe nornal
exponential cost function to a straight nultiple of
the nunber of chips in the package. In the

conpl ete version of CPA, called Full-CPA (FCPA),
the logic network is partitioned into subnetworks
virtually along chip boundaries with built-in latch
isolation around chip inputs and outputs (1/0s)
that allows the potential reapplication of chip
level test data and, nore inportantly, the
potential for simultaneous testing of the internal
logic of all chips. This latter version is, of
course, the ultimate in the "divide and conquer”
approach to test generation. The only addition at
each package level is the increnental set of tests
for interconnection faults at that package |evel
whi ch can be derived from a considerably sinpler
nodel of the network.

Next, we will define the rules associated with the
two versions of CPA and, finally, there will be a
discussion on the effect of CPA on sytem design and
how it can be mtigated by proper inplenentation of
CPA.

HALF- CPA ( HCPA)

Figure 1 shows a conceptual diagramof HCPA. It
shows that in this version of CPA all logic
outputs of a chip are buffered by shift register

| atches (SRLs), called CPA-SRLs here, bhefore being
driven off-chip. CPA-SRLs are simlar to standard
SRLs, an exanple of which is shown in Figure 2.
However, control outputs, such as clocks, are
treated differently. They feed off-chip drivers
uni npeded as required by system function. However,
to ensure that this control function can be tested
properly, it is required to also feed a CPA-SRL
which is left to the side, out of the system path.

The HCPA structure at the chip boundary described
above does not play any significant role in test
pattern generation at the chip level. The only
difference froma chip wthout CPA-SRLs is that
measurenents at chip outputs can be nmade only after
the data has been clocked into the CPA-SRLs. The
HCPA structure, however, has a considerble
influence in test pattern generation at higher
package |evels, forcing creation of partitions of
approximately a chip's worth of logic.

Reprinted firom |EEE Proceedings 21st Design Automation Conference,
1984, pages 203-208. Copyright © 1984 by The Institute of Electrical and
Electronics Engineers, Inc. All rights reserved.
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Figure 2. Exanple of CPA-SRL

An understanding of some partitioning concepts [3]
is necessary here to appreciate the effect of HCPA
In an LSSD environnent, SRLs, l|ike package outputs,
are considered observabl e nodes since the values in
SRLs can be shifted out and observed. Therefore,
to divide a network into smaller, independent
subnet works, a back-trace is performed from each
observabl e node, stopping only at package inputs or
SRLs, since the latter can be considered as a
controllable input. Al logic encountered in this
back-trace constitutes an independent partition
since it contains all the logic that can ever
affect this SRL or primary output (PO). An exanple
of this partitioning approach is shown in Figure 3.
The unfortunate problemwth this approach is that
once the design is done, there is no way to bound
or change the sizes of these partitions without a
redesign; in fact, experience has shown that in
many cases a significant segment of the entire
network may be accounted for in a single partition.
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Figure 3. Exanples of Partitioning Backtraces
A particularly good exanple of this is a
bus-architected design where backing up fromthe
bus, one can pack up just about the entire network
in a single partition. A second problemis
partition overlap in which a gate appears in nore
than one partition back-trace. This gate is
considered at least for signal propagation during
test generation and fault simulation, thus,
effectively increasing the total number of gates
that are evaluated by test generation/fault

sinmul ation prograns.

The HCPA structure of Figure 1 changes the above
situation. Figure 4 shows a nodule with several
chips with HCPA structure. Since the CPA-SRLs also
satisfy the property that they are

control | abl e/ observeabl e points, they serve both as
"start points" and "stop points" of partitioning

back-traces. Thus, starting fromany HCPA-SRL, a
cHip.,1  OPASRL' o)\ ene CHIP.2
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Figure 4. Partitioning with HCPA



back-trace propagates backwards through the logic
on that chip and, in the worst case, stops at
CPA-SRLs on the outputs of chips feeding the chip
fromwhere the back-trace started. Thus, each
partition contains a network about the size of a
chips's worth of logic, hence, putting an upper
bound on the size of the partition. The question
now i s: how does this concept break the trend of
an exponential rise in test generation cost as a
function of chip count? To answer that, consider a
package of n chips with mcircuits on each chip.
Assune that wi thout HCPA, the worst case partition
is approximtely the size of the entire package.
Al so, assume that test generation cost is
proportional to the square of the circuit count.
Then, for a package without HCPA, test generation
cost for a chip is:

T. = knt
i.e. I'T?: Tclk

Test generation cost at package level, T, is given
by,

T, = k(nm?
=kn?nt

o, T kn? T. /k
=Ten?

For a fixed chip size, T. can be considered to be
fixed. Hence, T, varies as the square of n, i.e.,
the square of the number of chips.

Wth HCPA, partitions are linited to approxinately
a chip's worth of logic. Hence,

T, = (knf) n

= (KTJ/K)n

Ten

Once again, the assunption that T, is fixed for a
fixed chip size makes T, directly proportional to
the number of chips. Thus, HCPA creates, for a
given chip size, a linear relationship between the
cost of test generation and the nunber of chips and
hence, network size on a high level package.

Once these HCPA partitions are determned, test
generation is done as in ordinary LSSD networks
[8,9] with package wiring being tested along with
on-chip circuitry.

The only exception to what has been said about

partitioning in HCPA relates to control outputs of
chips. It is possible to back-trace through

mul tiple chips, starting froma control output, but
experience has shown us that these paths, while
they may traverse multiple chips, are sparse in
logic content. These outputs, therefore, are not
expected to have large partitions, even in dense
VLSl networks. The CPA-SRLs, that are fed by
control outputs and sit on the side, aid in testing
the logic since these SRLs act like internediate
observation points for the |ogic.

FULL- CPA (FCPA)

This is the conplete version of CPA and is built on
the benefits of HCPA. Unlike in HCPA where only
system logic outputs are buffered by CPA-SRLs, in
FCPA, both systemlogic inputs and outputs are

buf fered by CPA-SRLs, as shown in Figure 5. The
only exceptions are control inputs and outputs. In
the case of control inputs, they are required to
feed CPA-SRLs on the side along with the system
logic they are designed for, while control outputs
are treated the sane way they are treated in HCPA.
The FCPA structure has two benefits over HCPA

1. Though a FCPA chip needs at |east two test
cl ocks, they can be shared with all chips at
hi gher package |evels.

2. Latches on all system logic inputs/outputs
effectively isolate the internal logic of chips
allowing all chips with the potential to be
tested sinultaneously (hence, saving time on
the tester) along with the potential to apply
tests that were generated for the individual
chi p.

RECEIVERS
/ /——CPA-SRLs
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T
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Figure 5. Full-CPA (FCPA) Structure



Test generation in the FCPA environnment is now done
in two stages:

1. Test generation of the internal logic of chips
which is done either at the chip level and
mgrated up through the packaging levels or are
generated again at the package |evel

2. Test generation for stuck-at-faults in the
package wiring and drivers/receivers on chips
for which a sinple nodel is created (see Figure
6) since they are bounded by SRLs. If any
logic is performed at this package level, with
wire-ORs or wre-ANDs, the nunber of test
required is (r+l) where r is the maxi mum nunber
of wires that is tied together to performthe
largest AND or OR  If no such functions are
performed, the package wiring can be tested
with two tests.

MODULE
’//BOUNDARY
FCPA-SRL's
WIRED
/ -osic
o =)
- Ld N
V)
— >
WIRED
LOGIC
v —~
)
-1

/ \\
TEST PATTERNS TEST RESULTS
APPLIED HERE CAPTURED HERE

Figure 6. Sinplified Mbdel for Wring Test on
FCPA Modul e

Note that in FCPA as in HCPA test generation cost
can be shown to be a linear function of the nunber
of chips.

The real advantage offered by FCPA over HCPA is in
parallel testing of the internal logic of all chips
in a package. Wile in an idealized environment

all chips can be tested sinultaneously, in a nore
realistic environment, parallel chip testing is
affected by the way clocks are shared between chips
and the order in which they need to be sequenced
during a test. For exanple, if a particular test
for one chip requires a Cl-C2 sequence, while
another chip requires the opposite order, these
patterns cannot be nerged into one conmon pattern
for the package, even if everything else in the two
patterns match. This limtation, however, is not
expected to be a serious problem

CPA RULES

The rules for HCPA are as follows:

1. Each chip "data output" signal feeding a chip
output driver nust be fed directly froma
single CPA-SRL

2. Each chip control output (for example, RAM
control, shift clocks, tri-state inhibits) nust
feed a CPA-SRL, as well as it's off-chip
driver.

In addition to the above rules, FCPA has the
following additional rules:

1. Each chip "data input" nmust directly feed a
CPA- SRL.

2. Each chip control input nust feed directly to a
CPA-SRL, as well as the systemlogic that it
normal |y drives.

SYSTEM CONSI DERATI ONS

From a system vi ewpoi nt, the choice of HCPA and
FCPA is dependent upon density, system architecture
and performance. At sufficient densities, |atches
naturally mgrate to chip boundaries. In an LSSD
environment, these |atches woul d be enbodied in
SRLs, thus, satisfying the CPA requirenents
However, there will be situations where an SRL will
be required for CPAonly, that is, a test-only SRL
with no systemapplication. In this situation, the
clock(s) to that SRL will be used to control or
observe a chip boundary during test.

Wien test-only SRLs are required for CPA, several
steps can be taken to mtigate the real-estate and
del ay penalty of CPA-SRLs. In the case of HCPA
the CPA-SRL can be nerged with its output driver to
mnimze both real-estate and delay. Also, the
output fromthe CPA-SRL is taken fromits L1 latch
to the driver, thus saving the delay of the L2
latch. Figure 7 shows an exanple of an integrated
CPA-SRL and driver where the performance detractor
is the loading of the wired-AND function in the
CPA-SRL. Estimates have shown that the above
techniques can be used to limt real-estate
overhead to less than 10%of the chip area and the
delay penalty to a fraction of the delay of a logic
circuit. And, finally, the test clock that sets
data into the L1 latch of the CPA-SRL can be held
"on" during system operation so that data can be
flushed through it. Note that this test clock
woul d constitute an overhead and at higher leve
packages, in a worst case situation, each chip

m ght require a separate test clock for race-free
testing. However, in a typical nulti-chip package
it is possible to have many chips share the sane
test clock and still have race-free testing

In the case of FCPA, the above ideas can be applied
for the CPA-SRLs on both chip inputs and outputs
Additional ly, the latches at the inputs and outputs
can be merged into a single SRL with the L2* latch
[10] , as shows in Figure 8, so that the LI latch
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could serve as the CPA boundary for an output and
the L2* latch could serve as the CPA boundary for
an input (see Figure 9). This provides a further
reduction in the real-estate overhead for FCPA
The two test clocks that set data into these CPA

| atches are now part of the CPA overhead. However,
at higher package levels, these two clocks can be
shared between other chips. Figure 10 shows an
exarmpl e of a CPA-SRL inplenentation from[11] to
show the delay inpact on a systemdata path.

One final note on CPAl Whether the latches at chip
boundaries are system usable or not, CPA-SRLs can
be used to trap machine states when desired and in
the event of an error/fault, can, in nost cases, be
used to pinpoint the failing chip [12]

el
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CONCLUSI ONS

In this paper, we have described a partitioning
techni que that renoves the uncertainty of
partitioning sizes, since each partition is forced
around chip boundaries and contains approxinmately a
chip's worth of logic. Test generation, at higher
package |levels, now increases as a linear function
of the nunber of chips and, in one of the versions
allows parallel chip testing which saves tine on
the tester during nmanufacturing. W have al so
defined the design rules and discussed system
design aspects of CPA
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LOCST:

A Bulilt-in Self-Test

Technique

With its low hardware cost, smple implementation and excellent
coverage, this technique promises to meet the needs of a variety

of VLS environments.

Johnny J. LeBlanc, IBM Federal Systems Divison

he advent of veay large scde

integration technologies has in-
creasad interest in built-in sef-test asa
technique for achieving effective and
economicd testing of VLS compo-
nents. Asused in this article, theterm
"built-in self-tex" refers to the capa
hility of a device to generete its own
test pattern set and to compressthe test
results into a compact pass-fail indica
tion. Many buit-in sdf-test techniques
have been proposed over the past 10
years, ranging from sdf-oscillation to
functional pattern testing of
microprogrammed devicesto random-
pattern testing (for examples, see
papers by Mucha et al.,' Sedmak,?

Summary

A built-in self-test technique utilizing on-chip pseudorandom-pattern
generation, on-chip signature analysis, a "boundary scan" feature, and
an on-chip monitor test controller has been implemented on three VLSI
chips by the IBM Federal Systems Division. This method (designated
LSSD on-chip self-test, or LOCST) uses existing level-sensitive scan
design strings to serially scan random test patterns to the chip's com-
binational logic and to collect test results. On-chip pseudorandom-
pattern generation and signature analysis compression are provided via
existing latches, which are configured into linear-feedback shift registers
during the self-test operation. The LOCST technique is controlled through
the on-chip monitor, IBM FSD's standard VLSI test interface/controller.
Boundary scan latches are provided on all primary inputs and primary out-
puts to maximize self-test effectiveness and to facilitate chip IO testing.

Stuck-fault simulation using statistical fault analysis was used to
evaluate test coverage effectiveness. Total test coverage values of 81.5,
85.3, and 88.6 percent were achieved for the three chips with less than
5000 random-pattern sequences. Outstanding test coverage (>97%) was
achieved for the interior logic of the chips. The advantages of this tech-
nique, namely very low hardware overhead cost (<2%), design-
independent implementation, and effective static testing, make LOCST
an attractive and powerful technique.

EH0321-0/90/0000/0234$01.00 © 1984 IEEE 234

and McCluskey et al .%). Thesevarious
techniques provide different capabili-
ties for defect detection and sdf-test
execution time. They dso impose dif-
ferent requirements for implemen-
tation and control.

Benfits to be gained from sdf-test,
however, are common to dl imple-
mentation techniques and include

* reduced test pattern storage re-

quirements,

* reduced test time, and

* defect isolation to the chip levd.
Sncetest patterns are generated auto-
maticaly, only sdf-test initidization,
control, and passfal comparison pat-
terns need be stored, dgnificantly re-
ducing pattern storage requirements.
Tes time is reduced because one can
use simple hardware devices (e.g.,
counters or linear-feedback shift
registers) to control test execution,
rather than retrieving test patterns
from storage devices (e.g., disks) and
applying them to the component under
test. When components with built-in
«f-tes are mounted on higher-leve
packages, the sef-test passfal indica
tion provides defect isolation to the
chip levd (e.g., during card repair
testing).

At the IBM Federd Systems Divi-
son we have implemented a VLS
built-in sdf-test technique, which can
be incorporated a very low hardware
cogt into any chip conforming to leve-
sengtive scan design (LSSD) rules, on
three VLS signd-processing chips.
Our method (designated LSSD on-
chip sdf-test, or LOCST) uses on-chip
pseudorandom-pattern generation



and on-chip signature analysis result
compression. Thisisnot anew self-test
method; LOCST utilizes the serial-
scan, random-pattern test technique
pioneered by Eichelberger et al.** and
Bardell et al.® of IBM. This article (1)
details the adaptation of thistechnique
to our existing chip testability architec-
ture, (2) details the implementation of
LOCST on three VLSI chips designed
and fabricated by IBM FSD, and (3)
disclosesthe results of thetest coverage
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OoCcM
On-Chip Monitor

Figure 1. Standard VLS festures.

evaluations performed on these three
chips. (For athorough understanding
of the principles of seria-scan, ran-
dom-pattern testing, | strongly rec-
commend a review of references 4, 5,
and 6 and also a very comprehensive
paper by Komonytsky.")

standard FSD VLSI
testability features

For a better understanding of the
self-test architecture chosen for
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LOCST, a discussion of design fea
turestypical to IBM FSD's productsis
warranted. Figure 1 illustrates the
three standard testability features in-
corporated in our VLS| products.
They include

* level-sengitive scan design,

* "boundary scan" latches, and

+ astandard maintenance interface,

the on-chip monitor, or OCM.

All chips are designed following
IBM's LSSD rules (see Eichelberger
and Williams®) to ensure high test
coverage and high diagnostic resolu-
tion during chip manufacture testing.
"Boundary scan" is a requirement
that al primary inputs (Pis) feed
directly into shift register latches
(SRLs, or LSSD latches) and al pri-
mary outputs (POs) are fed directly
from SRLs. Boundary scan greatly
simplifies chip-to chip interconnect
testing and also provides an ideal buf-
fer between LSSD VLS products and
non-L SSD vendor components, there-
by reducing the complexity of testing
"mixed-technology" cards.

The OCM is a standard main-
tenance interface for our VLSI chips
(Figure 2). It consists of seven lines:
two for datatransfer, four for control,
and one for error reporting. The OCM
maintenance bus can be configured as
either aring, astar, or amultidrop net-
work, depending on system mainte-
nance requirements. The four major
functions of the OCM are

* scan string control,

* error monitoring and reporting,

* chip configuration control, and

» clock event control: run/stop,

single cycle, and stop on error.

During LSSD testing (chip manu-
facture testing), scan strings are ac-
cessed via either dedicated or shared
Pis and POs. (Note: The OCM is nhot
used asatest aid during LSSD testing;
it is smply logic to be tested by LSSD
test patterns.) During card and system
test, however, chip scan strings are ac-
cessed via the OCM interface.

The error detection hardware de-
picted in Figure 1 consists of on-chip
error checkers used for on-line system
error detection and/or fault isolation
(described by Bossen and Hsiao®).
When these checkers are triggered by
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an on-chip error, an attention signa is
sent to the system maintenance pro-
cessor through the OCM interface.
The system maintenance processor
reads internal chip error registers (or
writes internal chip mode control
registers) via OCM "instructions."

LOCST architecture

The basic self-test methodology
used in LOCST isto (1) place pseudo-
random data into al chip LSSD
latches via serid scan, (2) activate
system clocks for a single cycle to cap-
ture the results of the random-pattern
stimuli through the chip's combina-
tional logic, and (3) compress the cap-
tured test results into a pass-fail signa-
ture. With the existing testability fea
tures (LSSD, boundary scan, OCM)
on each chip, it was asimple matter to
incorporate a self-test capability.

To perform the pseudorandom-pat-
tern-generation and signature-com-
pression operations while in LOCST
self-tes mode, functional SRLs are
reconfigured into linear-feedback shift
registers, or LFSRs. The pseudoran-
dom-pattern generator, or PRPG, is
20 hitsinlength, and the signature ana-
lyzer (SA) is 16 hits in length (see
Figure 3). It should be noted that the
devices shown in Figure 3 operate as
normal serial-scan latches and as
linear-feedback shift registers. The
transformation from normal serial-

scan modeto LFSR modeis controlled
by multiplexing the scan inputs with a
sdif-test enable signal (controlled via
the OCM interface). The parallel data
ports of these latches are not modified
in any way. During sdf-test the data
port clocks (system clocks) are dis-
abled to prevent outside data from
disrupting the deterministic sequences
of the LFSRs.

The feedback polynomia for the
PRPG was chosen because it is the
least expensive "maximal-length"
20-bit LFSR implementation in terms
of XOR gates required. For the
LOCST implementation, the charac-
terigtic polynomial of the PRPG and
the SA is fixed. Differing test pattern
sequences can be obtained by altering
the initial value (or "seed") of the
PRPG. The feedback polynomial for
the SA was chosen because of its
proven performance (see Frohwerk®®
and Smith," for example). The result
of using a 20-bit PRPG and a 16-hbit
SA is a self-test capability with 22° - 1
possible random-pattern sequences
and avery low probability of signature
analysis fault masking (approximately
1/2"° or 0.0015 percent).

A high-level block diagram of the
LOCST implementation structure is
shown in Figure 4. In sef-test mode
the initial 20 SRLs of the chip's scan
strings are configured into a PRPG
LFSR, and the last 16 SRLs are con-

Figure 3. Linear-feedback shift register implementations.
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figured into an SA LFSR. For normal
LSSD chip manufacturetesting, achip
usually contains several scan strings
—each accessible from chip input and
output pins. During LOCST testing,
however, al scan strings except the one
containing the OCM latches are con-
figured into asingle scan string. (Note:
Random test patterns are scanned into
the single scan string under OCM con-
trol. SRLs that are part of the OCM
and any chip clock generation circuitry
cannot be included inthe LOCST scan
string since sdlf-test control and clock
control cannot be disrupted by ran-
dom data.)

The following is a description of the
LOCST sequence:

(1) Initialize al internal latches:
scan known datainto all SRLs; thisin-
cludes scanning "seeds" into PRPG
and SA registers.

(2) Activate sdf-test mode: enable
PRPG and SA registers; disables sys-
tem clocks on input boundary SRLs
and LFSRs.

(3) Perform self-test operation:

(& Apply scan clocks until entire
scan string (up to the SA LFSR) if
filled with pseudorandom patterns.
This step also scanstest datainto the
SA LFSR for test result compres-
sion.

(b) Activate system clocks for
single-cycle operation.




(©) Repest (@ and (b) until fin-
ished.

(4) Read out test result signature
and compare with known "good"
value.

The "good" vaue from step 4 can
be obtained in two ways, (1) smula
tion of the entire sdlf-test sequence, or
(2) the "golden chip" approach (that
is, determinewhat the "good"” vadueis

i

Clock
Circuitry

Internal
Logic

Houre 5. LOCST dfedtiveness

by peforming the LOCST sdf-tedt
operation on chips which have passed
dl other forms of manufacture and
functiond testing). Due to the high
cos of the fird method, the second is
currently being used. If the correct
"good" signature vaue were known
(viasmulation) during the chip design
phase, a hardware comparator could
be placed onthechip to provideanim-
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mediate passfail indication. Our im-
plementations of LOCST require that
the 16-bit Sgnature be read by an ex-
ternal processor for comparison
against the stored 16-bit "good”
value.

The entire LOCST Hf-test opera
tion is controlled by an externa pro-
cesor viathe OCM interface. The ex-
ternal processor may be achip or card
tester or a sysem maintenance proces-
sor, depending on the testing environ-
ment. The OCM provides the follow-
ing SHf-test control functions:

* PRPG and SA endble contral,

* can access to interna SRLs for
random-pattern insertion and test
result compression,

« chip dock control for Snglecyde
operation (if on-chip clock gener-
ation is used), and

* aocess to Hf-test results viadirect
register read or via scan.

If achip does not have an OCM, con-
trol of these functions must be pro-
vided by some other means.

The data port clocks of input SRLs
(i.e., boundary scan LSSD latches fed
directly by primary inputs) are in-
hibited during sdf-tex mode to pre-
vent unknown data from corrupting
the sdif-test sequence. If theinput latch
clocks are not disabled, known vaues
must be ensured on chip PIs during
sdf-test execution.

LOCST limitations

Likedl on-chip sdf-test techniques,
LOCST is incgpable of testing the en-
tire chip. In conddering on-chip sdf-
test effectiveness, we can divide chip
logic into two basic categories: interior
logic and exterior logic. Figure 5 il-
lustrates the effectiveness of LOCST
for the various chip regions. Since f-
test patterns are gpplied viaserid scan
into chip latches, only the logic fed by
latches will have random test patterns
gpopliedtoit and test resultswill be cap-
tured only for logic which feeds
latches. Chip logic whose inputs are
fed by latches and whose outputs feed
latches is designated "interior logic,”
and combinationa logic whose inputs
are fed by chip Pls and whose outputs
fead chip POs is designated "exterior
logic."
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Obvioudy, externd logic is com-
pletely untestable by the LOCST
technique. The importance of bound-
ay scan to on-chip sdf-tet adso
should be obvious. Thelarger the per-
centage of exterior logic on achip, the
less effective on-chip sdf-tet be-
comes. Intheided case with 100 per-
cent boundary scan, the only exterior
logic would be I/O drivers and recav-
ers (end with 100 percent boundary
scan, 1/0O drivers and recaivers would
be very essy to test!)

Typesof chip logic that do not clear-
ly fdl into the categories of interior or
exterior are the OCM logic and em-
bedded RAMs. Since the OCM con-
trols the sdf-tet operation, interna
OCM logic is not tested by random
patterns during sdf-test. Rather, the
OCM is tested to the extent that dl
OCM functions needed to perform the
df-test operation will have been exer-
dsed (i.e., scan control, clock control,
loading sdf-test regigers, etc.). Re
maining OCM functions are tested by
exerdse of the OCM's remaining in-
druction set. RAMs embedded in a
chip will not be completely tested by
the LOCST sdf-test technique. Specid
RAM sdf-test circuitry would be
needed to provide effective testing
with random patterns. Thistopicisnot
addressad here.

The locations of the PPG and SA
LFSRs are not illustrated because this
would require a detailed scan string
diagram. As mentioned previoudy,
the PRPG and SA LFSRs utilize ex-
iging functiond latches. The two
other chips, B and C, when configured
with a vendor multiply chip, perform
digitd filtering functions. Like Chip
A, ChipsB and C are primarily arith-
metic data pipdines. All three chips
are now incorporated in signd-pro-
cessng systems.

To determine the testing effective-
ness of the LOCST technique on these
three chips, we performed fault smu-
lation of the sdf-test procedure. Fault
smulation provides a tet coverage
vaue upon which Hdf-tes effective-
nessisbased. Thefault smulation was
based on the classicad stuck-fault
modd. Full fault smulaion of the
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too costly, so we followed this meth-
odology:

» Weused agatistica random sam-
ple of the full stuck-fault list. Test
coverage results therefore have a
95 percent confidence levd.

» Snceno sgnificant (<< 1 %) error
masking occurs due to the LFSR
compression of the test results,*>*2
smulation of the serid compres-
son activity of the SA LFSR was
not performed. If the detection of
afaullt isobsarved at an SRL, it is
assumed that this fault will be
detected after LFSR compression.

We generated pseudorandom pat-

terns placed in the latches during fault
smulation viaa PL/I program, usng
the same characterigtic polynomid as
the PRPG LFSR implemented on the
chips (see Figure 3). A plot of test

Clock
Distributi

LOCST operation would have been  Fgure 6. Sgnd-processing Chip A.
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coverage vs. the number of sdif-test se-

guences for Chip A is presented in

Figure 7. A total chip test coverage of

83.6 percent was achieved (with 95 per-
cent confidence) with 3000 if-test se-

guences. Figure 8a displays the cover-

age evauation results for Chip A ina
different manner. Here Chip A'slogic
isdivided into three categories (interior
logic, exterior logic, and OCM logic)

to highlight the LOCST testing effec-

tiveness for each. LOCST test effec-

tivenessfor dl three chipsissummariz-
edin Figure 8.

implementions and
coverage evaluation

The LOCST technique hasbeenim-
plemented on three VLS chips used
for sgnd-processing applications. The
three chips—heredfter cdled Chip A,

BMH:

8300 Gates
SRL's 273
Scan Strings 1 Operational

6 LSSD Test




Chip B, and Chip C—were designed
and fabricated in 1982. The addition
of the LOCST capability (i.e., LFSRs
for PRPG and SA functions and
OCM sdf-test control logic) represents
a hardware overhead of less than two
percent. (Note: Thisfiguredoesnot in-
clude LSSD overhead or OCM over-
head, as these features are included
whether or not LOCST is imple-
mented. Total testability overhead isin
the 10-15 percent range.)

One of thethree chips, Chip A, per-
forms front-end signal-processing
functions requiring high-rate, multi-
ply-intensive algorithms such as finite-
impulse response filtering, linear

Figure 7. Test coverage results for Chip A.

beam-forming, and complex band-
shifting operations. Chip A performs
these functions by utilizing a simple
add-multiply-add pipelined data struc-
ture. A high-leve diagram of Chip A is
shown in Figure 6.

Overall test coverage values of 88.6,
81.5, and 85.3 percent (mean values of
a 95 percent confidence interval) were
obtained for the three chips respective-
ly. Very good coverage (>97%) was
obtained for the interior logic of al
three chips with relatively few random-
pattern loads (<5000). Test coverage
obtained by deterministic LSSD test
pattern generation was greater than 99
percent for al three chips. Whether or

Table 1.
LOCST teg time
NO. OF NO. OF TEST
RPs RLs TIME
ChipA X 213 043s
ChipB 500 230 012s
ChipC K 223 067s

Test time = (No. of RPg/scan rate) x No. of SRLs

Scanrate = 1 MHz

RP = random-pattern sequence

not test coverage comparableto that of
LSSD testing could be obtained if
more random-pattern loads were
simulated (e.g., 10K, 100K, or 1M)
was not evaluated because of the
limited budget of this evaluation task.

LOCST execution time

In addition to providing high test
coverage, a self-test technique should
execute in a relatively short period of
time. Table 1 presentsthe equation for
caculating LOCST execution times
and the predicted test times for the
three FSD chips. For the assumed scan
rate (based on existing FSD scan con-
trollers) and the number of self-test se-
quences (based on the presented test
coverage evaluation), subsecond ex-
ecution times are achieved for dl three
chips.

If a large number of random-pat-
tern loads is required to achieve ade-
guate test coverage results, if the scan
rateisdow (e.g., 1LMHzor less), orif a
chip contains a large number of SRLs,
LOCST «df-test times may become
quite large (minutes). An aternativeto
the basic LOCST implementation isto
use many parallel scan strings feeding
a multiple-input signature register, or
MISR. This modification, illustrated
in Figure 9, reduces the number of
serial shifts required to fill all chip
SRLs with random test data, thereby
reducing the overall LOCST test time.

Self-test environments

One of the greatest potentials of
sdlf-test isthe possibility of eliminating
the need to produce a unique test pat-
tern set for each test environment. The
major test environments are

« chip manufacture test,

» card test,

 operational system test, and

o fidd return test (repair test).
The lack of defect diagnostic informa-
tion is the key reason that sdf-test is
not considered a viable technique for
chip manufacture testing. But on-
going research is investigating the use
of sdlf-test techniques for LS| devices
in the chip manufacture environment.
A very promising technique using ran-
dom-pattern testing for diagnosing
failures has been developed by F. Mo-
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tikaetal.*® of IBM Kingston. Present-
ly, LOCST does not replace LSSD
testing in the FSD chip manufacture
test environment but is used as a sup-
plemental chip-testing technique. Asa
minimum, since it provides a rapid
pass-fail indication, self-testing would
be useful in a production test environ-
ment to provide efficient preliminary
screening of product.

The inclusion of severa 10,000-gate
VLSI components onto cards that
have historically contained 5000 to
8000 gates of logic posed a serious
problem to traditional card test meth-
odologies. On-chip self-test offers a
very effective solution. LOCST isused
to verify that the FSD VLSl compo-
nents on a card are defect-free. All
FSD VLSl components are accessed
via their OCM interface, requiring
only seven card connector pins. Chip
boundary scan latches (accessed via
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S

Figure 9. LOCST modification for faster execution.
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the OCM) are used to apply and cap-
ture data for chip-to-chip interconnect
testing. Boundary scan also effectively
isolates FSD VLSl components from
vendor components, enabling the use
of traditional methods for testing the
vendor logic on the card.

On-chip sdf-test supports the fol-
lowing types of operational system
testing:

 system initialization test,

 gystem on-line periodic test, and

» system off-line fault localization

test.
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A Fagt 20K Gate Array with
On-Chip Ted System

Son Lake, Honeywdl Inc., Colorado Springs, CO

igh performance VLS system design is demanding
advances in ASIC technology from IC vendors. Pro-
cess deveopment must provide dense circuits capa
ble of eficient high-speed performance. Test techniques must
veify chip functiondity a dl levels of integration, from
wafer sort to in-system diagnostics, without requiring expen-
sve high-pin-count testers or exhaudtive test development.
In response to these demands, ETA Sysems|inc. (St. Paul,
MN) has designed a high-performance CMOS gate array with
an on-chip sdf-te sysem known as BEST, for Built-in
Evaduation and .S8f Test. Derived from Control Data Corp. 's
On-Chip Maintenance Sysem (Resnick, 1983), the BEST
syslem provides the desgner with an effective method of
verifying chip functiondity and ac performance using output
sgnature analyss. The BEST sysem provides this test func-
tion with little input from the desgner—effectively removing
the time-consuming effort of test vector generation for fault
coverage from the design cycle. The gate aray product is
licensed to Honeywd| for commercid sde and is referred to
as the HC20000 (HC20K).

The HC20K isaCMOS gate array with adengty of 20,000
NAND geates (Figure 1). The chip isfabricated in CMOSHII,
a 125micron, dud n-wdl epitaxid process with oxide
isolation and double-level metd interconnect. The array con-
tans 12,065 internd logic cdls of sx tranagtors each,
aranged in amatrix gructure. This equatesto 18,097 internd
2-input NAND gates,; 80% utilization is recommended. Typi-
cd 2-input NAND gate delay is 450 ps a 25 °C (fan-out of
one). Word-case parformance is 600 ps over the commercid
temperature range and 900 ps for military temperatures. A
two-tier structure of 284 1/O pads rings the periphery of the
interna matrix. The BEST sdf-test network is incorporated
into this 1/O structure, and requires 2,000 gates of internd

logic.
HC20K /O Structure

The 284 1/O pins on the HC20K are divided into severd
functions. 40 pins for power and ground, four pins for the
BEST system, one sysem clock pin, one hold-off function
pin, and 238 data 1/0 pins. The data 1/O pins are further
subdivided into 140 bidirectiond pinsand 98 input-only pins.
Each of the 238 posshble input buffers may be selected for
dther TTL or CMOS trigger levels, dl contain an input
protection network. All output buffers contain dedicated
force-active (FAC) and force-off (FOF) pins, which permit
the BEST network to force dl outputs active or tristate for
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AGURE 1. HCZX die photograph.

parametric testing. The hold-off pin (HOF) is used to syn-
chronize chip-to-chip data trandfer within a system.

The 40 power and ground pins help minimize the effects of
current spikes. Separate power and ground buses for internd
aray logic and 1/O buffers maintain internd logic integrity
even with large trangent currents. Output buffers are further
subdivided into three groups of 20, four groups of 18, and one
group of eight, each with a separate power and ground bus.
This subdivison maintains output buffer performance even
when large numbers of these outputs switch smultaneoudy.

The sysgem-clock pin brings the clock sgnd through an
input buffer and distributes it to four separate sats of program-
mable dock drivers, which are digtributed one to each sde of
the die. The dock drivers dl drive a clock bus network,
which surrounds the internal matrix and digtributes the clock
sgnd with minimum skew to each cdl of the array. Each
progranmable driver contains trangstors of three different
Sizes. the tranastor selected for a given application depends
upon the total capacitive load that must be driven by the clock
bus.

Providing for data synchronization in a sysem environ-
ment, the hold-off pin tristates outputs from asingle chip for a
user-specified duration before dlowing active deata to pass.



Control register Input register and
cLk (24 bits) operand generator
(242 bits)

Qutput register and
checksum logic (148 bits)

AGURE 2. Built-in Evaluation and Sdf Test: input block (a) and output block (b).
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utput regi er in the checksum

mode.

This feature is particularly usgful in high-performance sys-
tems running & or near maximum operating frequency. Smdll
skews in interchip communication caused by fest data paths
can be corrected by hold-off without affecting system
performance.

The BEST maintenance sysem requires four pins. test
cdock enable, test strobe, test data in, and test daa out.
Because the BEST network is crucid to HC20K applications,
severd later sections are devoted to explaning its capabilities
and the interaction of these four sysem pins.

HC2X Macrocdl Functions

A macro function library supports gpplication design onthe
HC20K. All mecros are optimized firg for performance and
then for logic dengity. Macros are congtructed using double-
levd intrasmacro metd interconnect, which increases array
mutability by fresing externd channds for inter-macro con-
nections. Speed-criticd macro primitives (NAND, NOR,
NOT) are condructed with different speed-power-9ze op-
tions to dlow designers to optimize criticd logic paths while
minimizing sysem power.

Regigter and multiplexer macrosare extensbleto dlow for
vaiable-length logic functions without wasting logic gates.
Stackable functions are provided by defining separate control
block and eement macros indteed of a fixed-length combina
tion. This separation of control provides usars with the
flexibility of an n-bit register, for example, without wadting
extra sorage bits or duplicating the contral function.

CMGQS tranamission gates have been used to develop both
dynamic and datic flip-flop macros. Because dynamic flip-
flops require no feedback, they take fewer devices to imple-
ment. Fewer devices leads to less capacitance on criticd
nodes, thereby giving dynamic flip-flops better performance.
Dynamic flip-flops have tranamisson gates wired in master-
dave fashion with insulaior gates a eaech output. Insulator
gates draw no dc current. Gate cepacitance therefore ects as a
temporary storage mechaniam, holding a vaid logic leve
until leskage currents eventudly dedtroy it. As long as the
cock runs a a minimum frequency of 10 kHz, however,
leskage currentswill not havetimeto upset operation, and the
flipflops will perform properly.

If the minimum clock rate congtraint cannot be met, gatic
flip-flops with feedback are available. With a datic flip-flop,
the dock may be stopped high or low and data integrity will
be maintained as long as power is supplied to the chip.

Built-in Evaluation and Sell Test
The BEST system provides the logic designer with specia
features to ad in testing a design during wafer probe, pack-
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aged IC tedt, system test, and in-system fidd maintenance.
The sysem permits probing and testing with only 30 1/O pins
connected, PC board interconnect testing, standardizetion of
test programs for different array designs, and on-line integrity
checking during norma system operation. With BEST, de-
veopment of long test programs is not required: the designer
mug merdy initidize the chip logic and then accessthe BEST
sysem through the control and data pins. The BEST logic
generdes a find output Sgnature by summing al logic
outputs during the pseudo-random test sequence. The design-
e ned only check this find rexult to veify chip
functiondity.

The BEST sysem comprises a 24-bit control register, a
242-hit input register with operand generation capability, and
a 148-hit output register with checksum capability (Figure 2).
These three components are aranged Into a serid shift
register configuration. To access the BEST logic, four 1/0
pins are required. These are the contral pins, test dock endble
(TCE) ad test grobe (TS); and the data trandfer pins, test
datain (TDI) and test data out (TDO). TCE gates the sysem
cock to the maintenance registers, while TS engages the
maintenance function. If TSislow, the maintenance registers
are sparated from the array logic, so that datamay be seridly
shifted through the maintenance registers with no efect on
system operation. When TS goes high, a function code is
frozen in the control register, and the contents are gated to the
aray control nodes. TDI is used to shift data seridly to the
firg bit of the contral or input registersin order to provide the
input register with an initid seed vaue and to define the
function in the contral register. TDO sexidly shifts data from
thelast bit of the output regigter to the outsde world, dlowing
the dedgner to examine the output register results.

The use of these four control pins dong with sysem clock,
hold-off, 12 of the Vpp pins, and 12 of the V ¢ pins provides
full functiond testing of thisarray at low pin count. Function-
a tests may be paformed a system speed up to a maximum
frequency of 100 MHz (a room temperature).

BEST Registers

Theinput register contains one hit for every input buffer on
the array, plus four extra bits to multiplex data for vector
generdion. It serves as ether a data source or destination for
nodes between the input buffers and the internd gates of the
logic array. The register may be loaded either in pardld from
the input buffers or seridly through the TDI pin. When in test
mode, the logic-array gate inputs may be isolated from the
input buffers, and receive ingtead the contents of the input
register. When this input register is subsequently clocked,
pseudo-random operands are generated and applied to the
aray inputs a the sysem dock rate.

Similar in operaion to acyclic redundancy code generator,
the pseudo-random generator is formed by feeding back the
input register's output a selected intermediate points, and
haf adding this result to the previous state vaue a this bit.
Given a user-defined seed value, the number generator will
define a unique set of patterns that begins to repeat ater
goproximately 10™ patterns. Thus, adesigner may develop a
unique test sequence merdy by spedifying an initia seed
vaue and a number of clock iterations. The BEST circuitry
will then generate the vectors required to provide aparticular
levd of fault coverage.



Operand

generator

register

HGURE 5. BEST in the inter connect test mode.

The output register contains one hit for every output buffer
on the array plus an extrabit for data multiplexing, and may
source or 9nk data. When sourcing, the logic-array geate
outputs are separated from the output buffers, and the output
register data is subgtituted. This dlows known data to be
forced through the outputs in order to verify buffer functiona:
lity. When snking data (in checksum mode), data is loaded
into the output register from either the logic-array gate out-
puts or the output buffers, a the user's choice. Again, this
givesthe user theflexihility to test separately the functiondity
of the logic array and the output buffers. In this mode, each
bit loaded into the output register is haf-added to the contents
of the previous hit of the register. The result is reloaded into
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register

the output register with the data shifted by one bit. The shiftis
circular in that the data from the last bit isloaded into the first
bit, ensuring that an error & any pin is kept in the checksum
(Figure 3).

The 24-bit control regidter is patitioned into a 10-bit
system portion and a 14-bit user portion. Theindividud bits
in the sysem portion each control a distinct function in the
BEST system. Thefirg eight bits connect and disconnect data
paths between the registers and interna logic gates, they dso
endble the input operand generation and output checksun-
ming. Bits 9 and 10 are used to tristate or force active dl
output buffers. Outputs of the 14 user bits are avalable for
definition by the designer. Severa usesfor these bits could be

June 1986



HGURE 6. » in the system checksum mode.

to initialize the internal logic, set all flip-flops high or low,
control a set-scan network, or multiplex internal logic nodes
out the TDO pin.

BEST System Operation

The BEST maintenance system is configured to not affect
system performance. Maintenance registers lie in parallel
with the 1/O pins instead of in series; thus, data will not pass
through an input register bit when it passes from an input
buffer to the logic array. The BEST system supports self test,
interconnect test, ac test, and provides alogic-analyzer mode
and a system checksum mode.

For self test (Figure 4), the control register must set the
following conditions:

* Input register set to random generator mode;

« Output register set to checksum mode;

» Output register sinks data from either the logic-array
outputs or the output buffers.

The designer must then provide:

« A chip initialization sequence, perhaps using a bit in
thecontrol register;

A seed value for the pseudo-random number generator,
which is shifted in serialy;

» The number of clock cycles to iterate;

» The expected checksum result.

If errors occur in the fina checksum, the self test could be
repeated with intermediate checksum values observed in
order to isolate the test cycle that first demonstrates the error.

For the interconnect test (Figure 5), the control register
must set the following conditions:

» A known operand in the output register;
» Output register sourcing data to the output buffers;
* Input register sinking data from the input buffers.

By checking input register bits in the various receiving chips

VLS SYSTEMS DESGN June 1986

246

Checksum

in a system, a quick check can be performed to find faults
such as opens, shorts, or grounded lines, which exist in the
PC board configuration for the system.

For ac test, the control register must be set to select thering
oscillator in the ring periphery to be gated on, and to connect
the oscillator output to the TDO pin.

In logic-analyzer mode, the control register must set the
input register to sink data from the input buffers, and the
output register to sink data from the output buffers. The
designer must then bring TS low at predefined times during
system operation. This captures 1/O data in the input and
output registers whenever TS toggles low. The resulting
timing "diagram" for the chip may be serially shifted off chip
for comparison to expected values.

For system checksum (Figure 6), the control register must
set the output register to checksum mode, and connect it to
either the logic-array outputs or me output buffers. After a
system diagnostic program is run, the final checksum can be
checked for validity. This diagnostic can be scheduled during
normal operation to perform on-line checking. Due to the
parallel configuration of the maintenance registers, this
checksum operation has no effect on either system operation
or performance. If no diagnostic program is available, normal
system operation can be performed with several arrays and
the resulting data compared for corroboration. The user must
ensure that the test sequence in normal system operation is
fully deterministic. There can be no undefined data in storage
elements at the beginning of the test, and no interrupts can
occur during the test. These constraints will generate a unique
checksum that will remain consistent for all gate arrays of a
given design. If an error is apparent from the final checksum
in a gate array, diagnostic or system programs can be rerun
and intermediate checksums compared to isolate the first
point of error.

Control Nodes
The HC20K provides 42 internal control nodes for use at



the designer's discretion. These control nodes may be con-
nected within the design netlist to increase a design's testabi-
lity beyond that automatically achieved by the BEST mainte-
nance circuitry. The control nodes may be divided into two
separate cases. hodes that are outputs of the BEST logic, and
nodes that are inputs to the BEST logic. Output nodes (N30-
N43, N50-N52, and N54) provide the designer with access to
the 14 user-defined bits in the control register, the BEST
control signals (TCE and TS), TDI, and the hold-off bus.
These nodes are intended to give the designer access to
critical internal control signals, but may be ignored if the
function provided is not required to increase testability.

Input nodes (N2-N23, N60, and N61) must be defined, and
fal into three groups. Nodes N2-N23 are used to overwrite
the contents of the control register whenever the TS toggles
low. These nodes are intended to give the designer the ability
to encode a chip type and revision level into the netlist. The
nodes are connected to either the power or ground bus by user
assignment, and their values may be observed by shifting the
control register data through the maintenance registers and
out the TDO. Node N60 provides hold-off control of the
TDO. If hold-off is not used, this signal should be tied high.
Node N61 provides a path for alternate on-chip data to be
observed through the TDO pin. This node must be tied high if
the alternate data function is not used.

Summary

The HC20K offers the density, efficiency, and perfor-
mance demanded by VLS| system design. High pin-count 1/0
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reduces the need for data multiplexing while incorporating
discharge protection and parametric testing into the buffers.
Macro functions are optimized for high performance and
logic density. Power, ground, and clock bus distributions
support high-performance applications while maintaining
data integrity. The hold-off capability allows for fine-tuning a
system after prototype delivery.

The BEST maintenance network reduces the burden of test
development by providing an on-chip feacility capable of
verifying the performance of the array at clock rates up to 100
MHz. The system permits probing and testing with only 30
I/0O pins connected.

Reference
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INTERCONNECT TESTING WITH BOUNDARY SCAN

Paul T. Wagner

Honeywdll, Inc.
Solid State Electronics Division
12001 State Highway 55
Plymouth, Minnesota 55441

ABSTRACT

Boundary scan is a structured design technique which can be
used to smplify the testing of digital circuits, boards, and
systems. With boundary scan, test patterns can be generated
which provide 100% stuck-at and bridgi ngéault coverage of
board interconnections. The paper describes the advantages
and disadvantages of boundary scan dong with the gpplication
and implementation of boundary scen circuitry. Algorithms for
?enerating interconnect test patterns for stuck-at and bridging
ault coverage are S0 presented.

INTRODUCTION

Advancesin VLS technolog¥ have increased the density and
gpead of integrated circuits. Thus, the complexity and cost of
testing digital integrated circuits, boards, and systems have also
incr el dBytgrqwd[?g b%u ?]dmple means toest a:c&sl ) t'hf§
i igitd circuits, lary scan can greatly smpli
?r?reFt)ag(y of t_eﬂ?n and mantaining systems W%Ich use tﬁl&e
circuits. This advantage alows boundary scan to reduce the
cogts of wafer-level |C testing, board and system testing, and
system field maintenance.

Wafa-Levd Teding

At the wafer level, boundary scan can be used to reduce the
need for complex probing fixtures and high-pin-count teters .
By using boundary scen to access the primary chip /O, a
simple probe card consigégg of power, ground, and serid test
interface Signals can be to test chips with hundreds of 1/0
pads . The decrease in fixturing complexity smplifies test
Setup, reduces test fixturir‘g costs, and reduces the possibility
of damaging the device-under-test during probing.

INEXPENSIVE
TESTIN
STING Serial Test
COMPUTER Interface

Figure 1. Wdfer-Leve Tegting With Boundary Scan
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Besides simplifying testing fixturing, boundary scan also
reduces test equipment requirements. Since the boundary scan
path provides access to the primary 1/0, the testing processis
reduced to serialy shifting the test pattern into place, executing
one or more clock operations, and seridly shifting out the
results as the next pattern is shifted in. Thus a small,
inexpensive testing computer can be used to perform chip
testing. This smple setup is shown in Figure 1.

Board-Levd Tegting

At the board level, boundary scan can be used to resolve testing
difficulties introduced by new packaging technologies
associated with surface mount devices and multi-chi

packages. Traditional methods for digital board testing include
through-the-hole probing to gain access to the primary
component I/O with a "bed-of-nails’ testing fixture.

Difficulties with the "bed-of-nails’ gpproach include degraded
reliability due to over-driving connections from other board
components, physical limitation of through-the-hole
accessibility, difficulty of reproducing tests, and expenses
involved with developln%the "bed-of-nails' testing fixture™ .
These problems, combined with the incressing use of
surface-mount technology® and the need for hlgh Speed and
high pin count testers, have resulted in extremely expensive
boara-level testing costs.

Boundary scan can reduce the problems associated with
board-level testing. As shown in Figure 2, boundary scan
provides seria access to the primary component 1/0 and their
Interconnections. This alows ay component to be partitioned
from the rest of the board during testing and eliminates the need
for a "bed-of-nails’ testing fixture. Also, boundary scan
reduces the time and cost associated with test pattern generation
because test patterns used on the component at wafer level can
be modified and applied through the boundary scan path. This
can be useful when components are purchased from outside
vendors and knowledge of the internal circuitry is limited.
Since board interconnections are easily ed, simple
a &(;)ri thms can be used to generate test patterns which provide
100% stuck-at and bridging fault coverage.

As was the case a wafer-level testing, boundary scan grestly
smplifies the setup required for board testing as shown in
Figure 2. This setup reduces testing costs because the test
patterns can be applied serialy with an inexpensive test
computer through a simple test interface consisting of the
boundary scan-in signal, boundary scan-out signal, and
necessary control lines.

Reprinted from |EEE Proceedings 1987 International Test Conference,
pages 52-57. Copyright © 1987 by The Ingitute of Electrical and
Electronics Engineers, Inc. All rights reserved.
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Figure2: Board-Leve Tegting With Boundary Scan

Field Testing

*Boundary scan can also reduce the cost of system field
maintenance. Since boundary scen tests the input buffers, the
output buffers, and al component interconnect, it provides
excellent coverage of the most common field failures.
Furthermore, the procedure for testing with boundary scan in
the field is nearly identical to that described for board-level
testing. Thus field testing can be performed usm%a smple
testing computer accessing a serial test interface. Since very
few interconnect test patterns are required, the testing
computer can be as simple as a lap-top persona computer,
which is idedlly-suited for fidd maintenance.

Bou scan can be used to test the system interconnections
and to partition the system into separately-tested modules. In
this case, testing will isolate the faLlt to asingle module or to a
faulty interconnection(s) if the individual modules can
themselves can be adequately tested. If boundary scan is
extended to the component level, the fault can beisolated to the
individual component. Thus, cost-effective repair of the
module is_possible since the _fault¥ component or
interconnection can be easily identified for replacement or

repair.

Boundary scan can aso be used as part of a system self-test
drategy. By dlowing a system test processor to access the
boundary scan peths in the system, boundary scen cen be used
to test the system interconnections and to partition the system

and improved fault isolation provided by boundary scan reduce
the mean-time-to-repair; thereby increasing system avail ability.

IMPLEMENTING BOUNDARY SCAN

In g}enerd, boundary scan provides a method for accessing all
gpplication inEuts and outputs from an externa test controller.
As shown in Figure 3, this can be accomplished by including
boundary scan registers, which are selected during the test
mode, to shift in test patterns and shift out results. The
boundary scan registers consist of individual flip-flops
associated with each application |nﬁut and output. These
registers are designed to support both a paréllel and a seridl
mode. The registers interface to both the goplication and its 1/0
during the parallel mode and can be read from and written to by
means of aserid interface during the serial mode. Sdlecting the
boundary registers can be accomplished using either MOS
transmission gates” or the multiplexers shown in Figure 3.

Before actually implementing boundary scan, a number of
options must be considered which affect both the design and
capabilities of the boundary scan circuitry. These options
include: the use of application registers as boundar¥ scan
registers, the control of output buffers, the selection of atest
interface, and the implementation of the boundary registers.
These options and others are addressed in the following
sections on implementing the components of a boundary scan

into smaller sdif-testable units. The easy execution of sdlf-test technique.
Aplplica}tion II> o 2 ApEIicgtion Aooiicai
nputs Y > ogic > 211 l> pplication
P 'ﬁ MUX Array > MUX Outputs
BS Regist »{Cutput BS Regist
Standard Test Input egister utput egister
Test ¥ interface | I
Bus Circuitry [«
Contro! Signals

Figure 3: A Conceptud Diagram For Boundary Scan
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Dedicated Boundary Scan Registers

Boundary registers can either be dedicated for boundary scan
testing or they can be used in both functional and test modes.
When implementing boundary scan on high-speed bipolar
integrated circuits, we found that there were a number of
advantages to using some functional registers for boundary
scan testing. First, the high-speed of the system mandates that
most of the chip inputs and outputs be registered directly at the
1/0O buffer. Since we already incorporate serial scan" in our
chip designs, these registers were easily added to the boundary
scan path. Dedicated boundary "shadow" registers are then
added to any 1/O which are not directly registered. A 2:1
multiplexer is used to make the shadow registers visible during
the test mode and invisible during the functional mode. This
approach of exploiting existing registers substantially reduces
both the circuit and power overhead associated with boundary
scan and eliminates a 2:1 multiplexer delay from the path of
critical signals.

If boundary scan is to be implemented on a gate array product,
associating dedicated shadow scan registers with the 1/0
buffers at the periphery of the array has a number of
advantages. First, the user of the gate array can utilize
boundary scan with little or no design effort. Furthermore,
array cells are not consumed when implementing boundary
scan and numerous signal routings are eliminated. Finally,
implementing dedicated boundary scan registers on a CMOS
gate array product® will not significantly increase the chip
power (contrary to bipolar designs).

The Boundary Scan Bit-slice

The boundary scan registers consist of bit-slices that are
attached to each application input and output. Our
implementation of this bit-slice is shown in Figure 4. This
consists of a 3:1 multiplexer which allows datato be loaded in
the functional mode, serial data to be shifted in the test mode,
and a reset operation to be performed. The output of the
multiplexer is then fed to the scan flip-flop which in turn drives
the scan out signal and the chip output.

Scan In
From
Previgus Bit
}
Data Qut 31 CHIP
From Chip —1 Mux b @
. FLIP
Logic't — Fue OUTPUT
T o]
MUX ScanOut  Qutput
Seloct To Next Disable
Lines Bit Control

Figure4: The Boundary Scan Bit-dice

As data is shifted through the boundary scan path, the chip
outputs must be latched or disabled to prevent unwanted and
possibly damaging output conditions. For example, the scan
operation could damage output buffers by forcing two separate
output drivers on the same net to different logic levels. Also,
the shifting operation may cause a large number of output

250

buffers to change state at the same time; resulting in excessive
noise on power and ground busses. For these reasons, a
global output buffer disable signal is included in our
implementation of boundary scan and can be controlled by the
test interface circuitry.

If the testing of asynchronous sequential logic is necessary, a
latch must be added to between the flip-flop and output buffer
to hold the output state during shifting operations. A similar
latch would also be required at the input boundary register if
the application logic array contained asynchronous sequential
logic to be tested with the boundary scan circuitry. Typically,
we do not include this latch because we infrequently use
asynchronous sequential logic in our digital system designs.

Another implementation concern involves connecting the
boundary scan bit-dlices as inverting serial shift registers or as
non-inverting serial shift registers. The advantages of an
inverting serial shift path include the easy identification of
faults in the shift path. To test the shift path, the entire path is
reset to either alogic O or alogic 1 and the contents are shifted
out. The serial output pin is men examined for an alternating
pattern of ones and zeros. If the dataremains at alogic 1 or 0
after k clocks, then we know that a fault exists k bits back
from the output pin. With mis information, we can quickly
isolate the cause of the fault Without the inverting boundary
scan path, finding the fault could be tedious and difficult task.
For this reason, we frequently make use of inverting serial shift
paths when implementing boundary scan.

The Test Interface

Selecting an appropriate test interface is a very important part of
the boundary scan implementation. A common interface will
alow the boundary scan paths of multiple chips on a complex
circuit board to be easily accessed. Without this common
interface, many of the advantages of using boundary scan at the
board level are diminished due to the difficulty in using the
technique.

To resolve this problem, we are using the VHSIC standard
Element Test and Maintenance Bus' (ETM-Bus) as our serial
test interface for boundary scan and other on-chip
design-for-test techniques®. " If the serial test bus is to be
connected solely to on-chip boundary scan, a simplified
version of this interface logic can be used.

INTERCONNECT TEST PATTERN GENERATION

When testing interconnection nets on a digital module, both
stuck-at and bridging faults must be considered. Since the
boundary scan path provides direct access to these nets, test
patterns can be generated which provide 100% coverage of
these faults. The following sections discuss algorithms we use
for the generation and application of boundary scan test
patterns which detect all possible stuck-at and bridging faults.

Stuck-at Fault Test Pattern Generation

Because stuck-at faults occur on a variety of bus
configurations, different test pattern generation algorithms are
required for wired-AND, wired-OR, and three-state
interconnect nets.



Tedting wired-AND interconnection nets. Asthenameimplies,
the vaues forced on a wired-AND interconnection net are
logically ANDed to obtain the resulting value. Thus, the
wired-AND net can be treated in the same way asan AND ?(ae
where 100% of al the stuck-at faults can be detected with k +
1 test patterns where k is the number of inputs. The test
patterns can be divided into k patterns which test for stuck-at
1' faults and a smgle patern which tests for al stuck-at '0'
faults. Figure 5 shows the steps we use for testing
wired-AND Interconnection nets.

1) Thedriver to betested is set to alogic '0'

2) All other drivers on the net are set to alogic '1'

3) Thedataisclocked into thereceivers

4) All receivers on the net are examined for alogic '0'
5) Repesat steps 14 until each driver is tested

6) Every driver issetto alogic '1'

7) Thedataisclocked into thereceivers

8) Every receiver is examined for alogic '1'

Figure 5: SA Faults Testing Steps for Wired-AND Nets

Testing wired-OR interconnection nets. Generating test
patterns for a wired-OR interconnection net is nearly identica
to the wired-AND case. For awired-OR net with k drivers,
100% of al stuck-at faults can be detected with k + 1 test
patterns. In this case, the test patterns can be divided into k
patterns which test for stuck-at ‘0" faults and a single pattern
which tests for al stuck-at '1' faults. Figure 6 shows the
steps we use for testing wired-OR interconnection nets.

1) Thedriver to be tested is set to alogic 1'
2) All other drivers onthe net are set to alogic '0'
3) Thedaaisdocked into therecavers
4) All receivers on the net are examined for alogic '1'
5) Repesat steps 14 until each driver is tested
6) Every driverissetto alogic '0'
7) Thedaaisdocked into therecavers
8) Every recaver is examined for alogic '0'
Figure 6: SA Faults Testing Steps for Wired-OR Nets
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Figure7: A Three-state Interconnection Net

Testing three-state interconnection nets. When a three-state
interconnection net is used, multiple drivers control one or
more receivers as shown in Figure 7. Since only a single
driver can be enabled a any one time, a pecial redtriction is
imposed on the generation of the three-state interconnect test
patterns. In order to achieve 100% stuck-at fault coverage,
each driver on the net must be individually for stuck-at '1' and
stuck-at ‘0" faults while the remaining drivers are disabled.
Since this requires 2 test vectors per driver, 100% stuck-at
fault coverage can be achieved using 2 « k test vectors where
k is the number drivers on the net. The steps we use for
testing three-state interconnect nets are shown in Figure 8.

1) Thedriver to betested isenabled and st to alogic '1'

2) All other drivers are set to alogic '0" and disabled

3) Thedaaisdocked into therecaivers

4) Thereceiversare examined for alogic'1'

6) Repeat steps 1-5 until dl drivers have been tested

7) Thedriver to betested is enabled and set to alogic '0'

8) All other driversare setto alogic' 1' and disabled

9) Thedaaisclocked into therecaivers

10) All receivers are examined for alogic '0'

11) Repeat steps 7-11 until dl drivers have been tested
Figure 8 SA Fault Testing Steps for Three-state Nets

Bridging Fault Test Pattern Generation

In addition to testing for stuck-at faults, we aso test the
interconnects for brpgglng faults. A bndglng fault occurs when
two nets are eectrically connected as shown in Figure 9. A
procedure which detects this fault is described in Figure 10.

NET A
DRIVE RECEIVE
FLIP-FLOP [ FLIP-FLOP
SHORT
DRIVE RECEIVE
FLIP-FLOP FLIP-FLOP
NET B

Figure 9: A Bridging Fault Between Two Nets

1) Enablethedriverson each net

2) Apply alogic 1' to dl drivers on the first net

3) Apply alogic '0' to al drivers on the second net
4) Clock the datainto thereceivers

Examine a least onerecaiver on each net

6) If the dataat the receiver of either net does not
correspond with the data applied at the respective
driver, then abridging fault exists between the nets

Figure 10: The Procedure for Detecting a Bridging Fault



The procedure described in Figure 10 operates on two nets.
Since adigital module may contain hundreds of interconnection
nets, this procedure must be applied to every possible pair of
nets to achieve. 100% bridging fault coverage. Since separate
pairs of nets can be tested at the same time, 100% bridging
fault coverage can be achieved with log,(n + 2) test vectors

wheren is the number of nets on the board".

Bridging fault test generation example. The agorithm we use
to generate the log,(n + 2) test patterns for bridging fault

detection is best illustrated through a Smple example. The
example given below uses a board with 8 interconnect nets.

Step 1 - Determine the total number of nets on the board. In
this example, n = 8 which requires logy(8 + 2) or 4 test

Vectors.

Step2 - Assign each interconnect net a unique number.
Assignments should begin with the number 1 and continue in
increments of 1. In this example, the first net is given the
number 1, the second net is given the number 2, and the last
net is given the number 8.

Step3 - Asdign binary values to each net. Since 4 test
vectors are required, assign each net the 4-bit binary
equivalent of the net number assigned in the previous step as
shown in Figure 11.

interconnect net 1 - 0001
interconnect net 2 - 0010
interconnect net 3 - 0011
interconnect net4 - 0100
interconnect net 5 - 0101
interconnect net 6 - 0110
interconnect net 7 - 0111
interconnect net 8 - 1000

Figure 11: The Binary Numbers Assgned to the 8 Nets

Step4 - Determine the test vectors.  Thefirst test vector is
comprised of al the bitsin the least significant postion of the
binary numbers. The second test vector is comprised of the
bits in the second least Significant position. Thisis continued
until all bit positions of the binary numbers have been used.
The resulting test vectors are shown in Figure 12.

test vector 1 - 10101010
test vector 2 - 01100110
test vector 3 - 00011110
test vector 4 - 00000001

Figure 12: TheBridging Fault Test Vectors for the 8 Nets

Isolating the faulty interconnects- The bridging fault test
pattern generation scheme described in the previous section
provides a quick and essy method of bridging fault detection.
Although this scheme determinesif any bridging faults exit, it
does not isolate every interconnection net with a bridging fault
If repairing interconnection nets with bridging faults is
possible, al of the faulty interconnects need to be identified.
This can be accomplished using the test patterns generated by
the agorithm described in the previous example dong with an
additiond log,(n + 2) test patterns. Thus, 2 ¢ log,(n + 2)

test patterns can be used to provide complete bridging fault
isolation of the interconnection nets.

test vector 5 - 01010101
test vector 6 - 10011001
test vector 7 - 11100001
test vector 8 - 11111110

Figure 13: Additiond Test Vectors for Isolating Faulty Nets

The additiond logy(n + 2) test patterns are generated by
smply inverting the binary values of the first logx(n + 2) test
vectors. For the previous example, the these test vectors are
shown in Figure 13. To identify those interconnects with
bridging faults, a list of the faulty nets can be maintained
during testing. When a bridging fault is detected, the
corresponding interconnect net can be identified and added to
thislist. After al the test patterns have been applied, the list
will contain al of the faulty interconnection nets.

CONCLUSIONS

Boundary scan smplifies the testing of digital circuits, boards,
and systems. Since boul scan provides easy access to the
perip e?/ of digita circuits through a serid shift path, the setup
needed for testing is Smplified to an inexpensive computer and
asimpletest interface. This reduces the complexity and costs
of wafer-level testing, board-level testing, and field
maintenance.

Boundary scan alows essy partitioning of board components
and interconnects, thus wafer-level test patterns can be
modified and used to test the components on the board. Also,
the simple algorithms presented generate test patterns which
provide 100% stuck-at and bridging fault coverage of board
Interconnects. These advantages alow boundary scan to
significantly reduce test and maintenance ccsts while
maintaining a high percentage of fault coverage at the circuit,
board, and system level.
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Abstract

This paper proposes a new approach to built-in self-test
of interconnects based on Boundary Scan Architecture. De-
tection and diagnosis schemes are proposed which provide
minimal-size test vector set, |/O scan chain order indepen-
dent test vector set and walking sequences. Properties like
ease of test vector generation, structure independent detec-
tion and diagnosis, local response compaction have made the
developed schemes suitable for BIST implementation. An ex-
ample board interconnect test session is described using one
of the proposed schemes.

Key Words : Interconnect, Boundary Scan Architecture, De-
tection, Diagnosis. Walking Sequence.

1. Introduction

In recent years, structured design-for-testability at the
printed circuit board (PCB) level has become an activity of
major interest. This is a natural evolution following a wide
acceptance of the structured DFT (i.e. scan) at the IC level
and the realization that the costs associated with implement-
ing scan cannot be justified unless it can be used to simplify
the testing efforts at the PCB and higher levels as well. This
combined with the emergence of the very high density pack-
aging technology at the PCB level, in particular that of sur-
face mount interconnections, made it essential to develop the
concept of boundary scan, as detailed in Boundary Scan Ar-
chitecture Standard Proposal, Version 2.0. produced by JTAG
[1J.

The boundary scan concept allows one to access and con-
trol all the primary input and output pins on the PCB from
outside. This is done by connecting all the primary inputs and
outputs of an IC into a shift register which has a boundary
scan input and a boundary scan output. A simple boundary
scan cell is shown in Figure 1. The shift registers on all the
IC's of a PCB can be connected together to form a larger
shift register with a single scan in edge and a single scan out

This work was supported in part by the Commonwealth Scholarship
Plan of Canada and in part by the Natural Science and Engineering
Research Council of Canada.
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edge, as shown in Figure 2. Thus in effect, the boundary scan
concept provides a sort of electronic in-circuit testing facility.

Using this concept at the PCB level, it should be possible
to confirm that each IC performs its required function, that
the IC's are interconnected in the correct manner, and that
the IC's interact correctly and that the complete PCB per-
forms its intended function. The problem of interest in this
paper is that of using this concept to verify that the IC's are
interconnected in the correct manner.

Interconnection of IC's and other discrete components on
a PCB is a complex maze of multi-layer electrical conductors
which are likely to be failed by the presence of shorts, stuck-
ats and stuck-open faults. In order to test such a structure in
a cost-effective way structured techniques are required which
can be easily automated, possibly BISTed. At the outset, it
does not appear to be a simple problem when one realizes
that on a single PCB there may be thousands of 1/O pins

Reprinted from |EEE Proceedings International Test Conference, 1988,
pages 126-137. Copyright © 1988 by The Ingitute of Electrical and
ElectronicsEngineers, Inc. All rightsreserved.



from all different IC's which are connected to each other
in many different ways (unidirectional, bidirectional, one-to-
many, many-to-one, forming chains and clusters, etc.). In
addition, since repair at the PCB level is a necessary activity,
it is not sufficient to know if the interconnect is faulty; one
also has to determine where the fault might be if indeed the
board is faulty.

This paper attempts to develop a formal set of structured
test generation and test diagnosis techniques for interconnect
faults on PCB's with boundary scan. These techniques are
easily implemented in a BIST manner. This latter require-
ment implies that the BIST implementations should not re-
quire any information about the actual topology of which pin
is connected to which. Such techniques are the most impor-
tant contribution of this paper.

The remainder of the paper is organized as follows. In
section two, various basic notions related to boundary scan,
different types of interconnects, and failures of interest are
described. Many test generation and test diagnosis schemes
are developed in section three. An example test session to test
the interconnects on a boundary scan PCB using one of the
proposed test schemes is described in section four. Research
directions and concluding remarks are made in section five.

2. Basic Model

The test access port (TAP) concept of the boundary scan
architecture facilitates standard test communication protocol
between IC's on the same PCB manufactured by different
vendors. In the JTAG proposal [1], the TAP consists of a
test data in (TDI) pin, a test data out (TDO) pin. a test
clock (TCK) pin, and a test mode select (TMS) pin. These
pins are used to access (i) an instruction register in TAP; (ii)
the boundary scan register; or (iii) some user defined data
registers. More details can be found in [1],

As seen in Figure 1, the basic cell of the boundary scan
architecture for an input pin allows one to either load data
into the scan register from the input port, or drive data from
the register through the output port of the cell into the core of
the IC design. Boundary scan cells associated with output or
bidirectional connections can be designed in a similar manner.

In a typical interconnection testing scenario, all the
boundary scan cells associated with output connections of
all the IC's would be first loaded with test data using the
boundary scan register. In the second step, this test data
would be applied and collected at the corresponding bound-
ary scan cells associated with the input connections. In other
words, interconnect tests are applied by output cells and re-
ceived by input cells. In the final step, the response collected
at the input cells is shifted out and verified. The example in
Figure 3 illustrates all these three steps. The actual control
sequence required to carry out these steps is executed with
the help of the test access port and is detailed in [1].

2.1 Structure of the Interconnects

To conveniently describe various testing and diagnosis
schemes, we will use the term Inet to refer to any group of

Shift In (Test Doto Loading)

I = Dutput Scan Cell
(Input Port of Inets)

O = Input Scan Cell
(Output port of Inets)

Applying
Test Data
to Inets

Shift Out (Test Response)

Figure 3 Inets Testing using Boundary Scan

two or more I/O boundary scan cells and the electrical con-
ductors connecting these cells. Different Inet structures are
shown in Figure 4. The simplest type of Inet is a pair of I/O
cells connected by a single wire, as shown by AB in Figure 4a.
When an output cell, such as G in Figure 4b, is connected to
two or more input cells, fanout results. A more complex Inet
is formed when multiple drivers are connected to the same
bus, as shown in Figure 4c. In such a case, of course only
one output cell is connected to the bus input cell at any given
time. However, due to the common driving point, detection
and diagnosis schemes for such Inets are slightly different for
certain fault types as will be discussed later in the follow-
ing. A combination of these three types of Inets can result in
cluster type Inet shown in Figure 4d.
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Figure 4 Different Inet Structures.

A few observations about the way the term Inet will be
used in the remainder of this paper are in order here. When
we refer to an Inet as a unit under test, the Inet must be such
that under fault-free conditions all the 1/O cells of the Inet
form a single connected graph. Thus for instance. Figure 4a
contains three different Inets, AB, CD, and EF; Figure 4b has
one Inet, GHI; also each of Figures 4c and 4d shows a single
Inet, respectively, KLMN and PQRST. The second observa-
tion is about bidirectional cells. Each of the bidirectional cells
on a PCB has to be tested both as an input cell and as an
output cell. This choice is of course controlled by the test
access port [1]. In the following, we will assume that during



testing each cell of each Inet has been controlled to be an
input or an output cell, but not both simultaneously. In other
words, the testing of Inets is not done with bidirectional cells
floating with high impedance. Finally we will refer to a path in
an Inet as any connection between two I/O cells. However, an
independent path associated with an output cell in an Inet is
the group of 1/0 scan cells and interconnection wires formed
by connecting this output scan cell to all the input scan cells
in that Inet. For instance, in Figure 4c, the interconnection
wires 'kx' and 'xn' connect one output scan cell K to the in-
put scan cell N. Thus, kx-xn is one independent path in the
Inet KLMN. Similarly, Ix-xn and mx-xn are the independent
paths associated with output scan cells L and M respectively.
In Inet PQRST (Figure 4d). there are two output scan cells.
The two independent paths associated with these scan cells
Q and R are qv-vu-up-vw-ws-wt and ru-up-uv-vw-ws-wt re-
spectively. Thus, by definition, the number of independent
paths associated with any Inet equals the number of output
scan cells in that Inet.

2.2 Fault Model

The fault model of interest in Inets has to be based on
the likely failures observed in interconnects on PCB's. It is
well known [7,9] that the most common failure mode is shorts
between any two or more Inets. These shorts can be classified
as being

¢« AND short(where logic 0 dominates)
« OR short (where logic 1 dominates)
« weak short (where the resulting value is between logic 0

and logic 1)

« short between strong and weak drivers (where the outputs
follow the strong drivers)

Of the first two types of shorts, depending upon the tech-
nology used in the individual IC component, either AND type
or OR type but not both will occur. However, IC components
with different technologies can be used on the same PCB.
Thus, to make the testing schemes technology independent,
we will, in this paper, consider the simultaneous presence of
both AND and OR type of shorts on a single PCB. These
two short types are treated extensively in this paper. Weak
shorts and shorts between strong and weak drivers are not
considered here.

Beside shorts, the following additional fault types are con-
sidered significant :

« stuck-at-one fault
« stuck-at-zero fault
¢ stuck-open fault
« delay fault

The schemes to be described consider single as well as
multiple faults in the system. Moreover, the schemes for
shorts testing allow the shorts to occur between a pair of
Inets as well as among multiple Inets.

Different Inet structures and the concept of independent
path have been introduced in the previous sub-section. It is
interesting to note that the number of test vectors to be ap-
plied for shorts and stuck-ats testing does not depend upon

the complexity of any individual Inet or the number of inde-
pendent paths in any Inet. For example, if any interconnec-
tion wire 'kx'. 'Ix', 'mx' or 'xn' in Inet KLMN (Figure 4c) is
shorted to any other Inet, then enabling only one driver, say
the driver at K, will test for that short. Drivers at L and M
will be kept disabled throughout the test. So. it is assumed
that controls are provided for independent enable/disable of
the output drivers in multiple driver Inets. The same is true
for stuck-at testing.

However, this is not true for stuck-open testing. For ex-
ample, in Figure 4c, if a test vector is applied, by enabling
the driver at K (and disabling drivers at N and 0) then any
stuck-open fault in the branches 'Ix' and 'mx" will remain un-
detected. So. by enabling the drivers at N and O. only one at
a time, (and hence, enabling every independent path) all the
stuck-open faults in KLMN can be detected. Thus, the test-
ing of stuck-open faults is structure dependent. The number
of vectors to be applied depends upon the number of inde-
pendent paths in any Inet in the system.

3. Fault Detection and Diaghosis

This section describes some existing schemes and pro-
poses some new schemes for testing of different types of
faults in inets. It will be seen that the existing schemes are
not very efficient from implementation point of view. None
of these schemes is structure independent. Thus, fault-free
simulation of the Inets is required to obtain the expected re-
sponse. Moreover, huge overhead is required to store this
expected response for comparison with the test output. We
will introduce a number of detection and diagnosis schemes
to overcome the shortcomings of the existing schemes. Em-
phasis is given on efficient BIST implementation of these pro-
posed schemes. Different types of deterministic vectors are
used as test patterns in these schemes. Finally, some re-
sults are also presented on the detection capability of random
vectors.

3.1 Detection of Shorts and Stuck-ats

3.1.1 Minimal-Size Test Set for Shorts Detection

It has been shown in [10] that a set of [log, n] vectors
is necessary and sufficient to detect all possible shorts in
a network of 'n' unconnected terminals. The terminals are
checked by physical contact using multiple probe continuity
test. This set of [log, n] vectors can be shown to be sufficient
for testing all shorts in 'n' Inets [2,8].

The scheme is described with an example. Three vectors
are required for 8 Inets as shown in Table 1. Each bit 'i' in
each vector is applied to the output cell (input port) of Inet
'i', and the resulting output is collected at the corresponding
input cell(s) of Inet 'i". In the case when Inet 'i' has more than
one output cell, any one output cell is arbitrarily enabled and
the others are dasabled. Bit 'i' is then applied to the enabled
cell.

It can be seen from the table that by applying [log. n]
vectors to 'n' Inets. each Inet is assigned a unique binary
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Table 1 Minimal-Size Vector Set for Shorts Detection

number. Due to this assignment each Inet input bits differ
from those of all the other Inets at least by one-bit position.
For example, the input assignments to Inets 1 and 2 (see Table
1) differ in V1. So. the corresponding output bits are also
bound to be different in the fault free case. But in case of a
short between this pair of Inets, the output bits corresponding
to V1 are not different any more. Thus the short is detected
at the output. This is true for every pair of Inets in the set.
The same argument holds for multiple Inets shorted together.

3.1.2 Minimal-Size Test Set for Stuck-ats Detection

An Inet stuck-at-one (s-a-1) can be detected by applying
a '0' as one of the input bits. Similarly a s-a-0 can be detected
by applying a '1'. For example, if a bit-set ‘001" is applied
to an Inet which is s-a-1, the faulty output is '111'. So,
the s-a-1 in that Inet is detected. For this reason, stuck-
at faults in most of the Inets can be detected by the set of
[logzon] vectors used for shorts detection in sub-section 3.1.1.
However, notice that '000' and '111' are assigned to Inet 1
and 8 respectively in that example. Clearly. '000' will not
detect a s-a-0 and '111' will not detect a s-a-1. So, instead
of [logzn] vectors, if [logz(n + 2)] vectors are applied (thus
avoiding all-zero and all-one) to 'n' Inets, all possible stuck-ats
(SAs) and shorts are detected. Thus, [log>{n + 2)] vectors
are necessary and sufficient to detect all possible (single and
multiple) shorts and SAs in a system of 'n' Inets.
3.1.3 Order Independent Test Set Scheme for Shorts
and SAs Detection

To implement the minimal size test set scheme for shorts
and SAs detection, each test vector is loaded through the
scan chain, applied to the Inets and the obtained response
is shifted out (Figure 3). Recall here that the 1/O scan cells
of different components are connected in a single scan chain.
Let us assume that the total number of output scan cells in
this scan chain is 'n'. the total number of input scan cells
is 'm' and the total number of I/O cells is (n+m) = N. In
the minimal size test set scheme, [log.(n + 2)] vectors are
generated based on the number V. Each of these vectors
has (n+2) bits. These (n+2) bits of each vector are shifted
in and applied through a scan chain which is N cells long. So.
after the generation of each input vector of (n+2) bits, the
vector is padded with N-(n+2) 'O's, to make it compatible
with the length of the scan chain. The 'O's are padded in the
proper order depending upon the order of the input and out-
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put scan cells in the scan chain. Thus, the generated vector
is restructured or reformated before loading. This requires
structural information about the scan chain as well as extra
hardware and control for reformating of the input vectors.

These problems can be solved by generating [log2(N + 2)]
vectors for a scan chain N cells long. N bits from the (N+2)
bits of each vector are loaded through the scan chain. The
detection process works as before. But no reformating or
structural information is required for test vector generation
and loading. Since no information is required related to the
order of the 1/O cells in the scan chain, this can be termed
as the order independent test set. This test set is not min-
imal size any more. [log>(N + 2)] vectors are required in-
stead of [log,n] vectors. So. the time complexity becomes
O(Nlog,N) compared to O(Nlog,n) of the minimal-size test
set. But order independent test vector set is more suitable
for BIST implementation due to its order-free test generation
and loading property.

Test Generation Hardware :

In a BIST environment test vectors are generated on site.
Thus, the test generation hardware is required to be sim-
ple and small in size to keep the BIST overhead reasonable.
The test generation hardware to generate [log,(N + 2)] vec-
tors is shown in Figure 5. In this scheme. [log,(N + 2)]
bit counter generates the [log,(N + 2)] test vectors. No-
tice that each test vector consists of (N+2) bits and is being
generated serially from one of the stages of this counter. A
[log2(N +2)] : 1 MUX is then used to select which test vec-
tor should be applied during one scan cycle. The MUX is
controlled by a [logz(log>(N + 2))] bit counter. The state
of this counter is changed after counting through (N+2) in
the [log,(N + 2)] bit counter. So the control bits are ap-
pended with the data bits in the counter. Thus, the hardware
is a [log2(N + 2)] + [logz(log2(N + 2))] bit counter with the
[log2(log2(N + 2))] MSBs become the control bits and the
[log2(N + 2)] LSBs become the data bits. N bits of output
(excepting the first and the last bits) coming from the first
LSB are chosen as the first vector by the [log,(N + 2)]:1
MUX. It can be shown that these bits form the first vector in
the set of [log,(N + 2)] vectors. In the same way the output
of the second LSB register forms the second vector and so

on.

Data

A 4 h 4

Control

I Counter

MUX

____ﬁe____l
Control bits |

To Scan Path

Figure 5 Generation of Order Independent Vector Set.
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Response Analysis :

After loading and application of each test vector, the re-
sponse is shifted out for detection of faults. The obtained
response is compared with the expected response. The ex-
pected response can be determined by fault-free simulation
of the system of Inets under test. This requires structural
information about these Inets. Thus, fault detection is struc-
ture dependent both for minimal-size test set and order in-
dependent test set schemes. Moreover, minimal-size test set
scheme requires Nllog,n] bits of storage for expected re-
sponses and N[log;N] bits of expected response are stored
for the latter scheme. Thus, although, the order independent
vector set scheme makes the test generation and loading order
independent, response analysis is structure dependent. Also,
the storage requirement is high.

3.1.4  Walking Sequence

In order to overcome the disadvantages of minimal-size
test set and order independent test set schemes, a different
type of deterministic vector set is considered here. Consider
a bit stream of a single '1' followed by all 'O's which is shown
below :

10000000...

This bit stream can be loaded through the scan chain as
the first test vector. Then by gradually shifting this vector
through the scan chain the rest of the vectors can be obtained.
Since the vector set is obtained by gradually shifting the single
'1" along the stream, this sequence is termed as a walking one
sequence.

If the original bit stream (i.e., 1000...) of the walking
one sequence is shifted (N-1) times, the single '1' gradually
passes along all the scan cells, one at a time. Thus, in the
fault-free case, the expected output on each input scan cell of
each Inet is a single '1'. But in case the of a fault, number of
'1's is changed (increased or decreased) at the output. Thus,
by counting the total number of 'l's, a faulty Inet can be
detected.

A walking zero sequence (single '0' followed by all 'I's,
i.e.. 0111... . shifted N-I times) can also be used in the same
way for detection of shorts and SAs.

Test Generation Hardware :

A walking one (or, a walking zero) sequence is very easy
to generate. The outputs from the flip-flops of N-bit counter
are fed to an NOR (OR) gate (see Figure 6). The resulting
vector becomes 1000... (0111... ).

3.1.5 Walking Sequence Scheme for Shorts and SAs
Detection

In this scheme every input vector is shifted-in individually
through the scan chain, applied and the response is shifted
out. Walking one sequence described above is used as the
input sequence. The response is taken out and fed to a com-
pactor which is a 'l's counter in this scheme. The scheme
is shown in Figure 7. It can be shown that for the complete
set of input vectors, expected number of ones is exactly N in
the fault-free case where N is the total number of input and
output scan-cells connected along the scan chain. However,

N-bit counter

LIf---T1]

To Scan Path

Figure 6 Generation of Walking Sequence.

in the case of a faulty Inet in the system, the total number
of ones is increased or decreased depending upon the type of
fault. SA-1 and OR-short increase the count whereas SA-0
and AND-short decrease the count.

Shift In

Shift Out

Response
Analyzer

'1's counter

¥

Figure 7 Walking Sequence Scheme for Shorts & SAs
Detection

This scheme detects all single faults in the system. How-
ever, multiple faults can mask each other. As for example,
if the count increased by an OR-short is exactly equal to
the count decreased by an AND-short, then these two shorts
mask each other. Similarly, a SA-1 fault can be masked by a
SA-0 fault. In general, the faults can be grouped into two
types. OR-short and SA-1 are the increasing count type
whereas AND-short and SA-0 belong to the decreasing count
type. As long as multiple faults belong to the same type,
there is no masking. But multiple faults from different types
can mask each other.

The scheme requires N-bits to be shifted-in and shifted-
out for each vector. So, for N vectors, the time required for
the complete procedure is O(N?). The response analyzer is
a [logoN] bit '1's counter.

This walking sequence detection scheme is independent
of the order of the I/O scan cells in the scan chain for test
vector generation. Moreover, structural information about the
Inets and expected response storage are not required for fault
detection. However, for multiple faults there are chances of
masking.
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3.2 Diagnosis of Shorts and Stuck-Ats

3.2.1 Existing Schemes

Goel and McMahon [8] have described a diagnosis scheme
which is divided into two steps. In the first step. [logz(n + 2)]
vectors used for detection in sub-section 3.1.1 are applied to
identify a subset W of the faulty Inets. The shorts must in-
volve these Inets as well as some other Inets. In the second
step, a unique test is applied to each member w' of W. In
this test "w" is assigned a '0' (or '1") and the remaining (n-1)
Inets a '1"' (or '0"). This indicates which Inets are shorted to
'w'. Thus all the shorted Inets can be identified.

Wagner [2] has proposed a diagnosis scheme which re-
quires 2[logx(n + 2)] vectors. [log,n] vectors used for shorts
and SAs detection together with its complementary set forms
the complete set of vectors for diagnosis, [logz(n)] vectors
identify at least one of the Inets involved in each short. The
complementary vectors then isolate the other Inets which were
not identified by the first set.

None of these two schemes has addressed the implemen-
tation issues like input vector formating and loading. Inet
structure dependence of response analysis, overhead required
for storing the expected responses. Thus, these schemes are
analytical treatment of diagnosis problem and are rather in-
complete from a practical point of view.

3.2.2 Order Independent Test Set Scheme for Shorts
and SAs Diagnosis

2[logz(n + 2)] vectors used in [2] are sufficient to diag-
nose all possible shorts and SAs in 'n' Inets. However, for
a scan chain N cells long, 2[logy(n + 2)] vectors are refor-
mated as was described in sub-section 3.1.3. The diagnosis
scheme can be made I/O scan chain order independent and
the need of reformating can be avoided by using 2\logiN]
vectors. The [log,N] vectors are similar to [log(N + 2)]
vectors described in sub-section 3.1.3. Here, all ‘0" and all '1’
bit-sets can also be included as valid assignments. That is
why [logzN] vectors are used instead of [log,(N + 2)] vec-
tors. These [log,N] vectors and their complements form the
complete vector set for the proposed diagnosis scheme.

For N=6. the 6 vectors in Table 2 form the complete set.

V5 | V3 | VI Scan Cdl V6 | V4 | V2
0 0 0 Cdl | 1 1 1
0 0 1 Cdl 2 1 1 0
0 1 0 Cdl 3 1 0 1
0 1 1 Cdl 4 1 0 0
1 0 0 Cdl 5 0 1 1
1 0 1 Cdl 6 0 1 0

Table 2 2[log,N] vectors for Shorts & SAs Diagnosis.

The vectors are applied in the following sequence. One vec-
tor (say V1) is applied from the set of [log,N] vectors fol-
lowed by its complement (say V2) from the complementary
set. This is repeated until all the vectors are applied. The
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output bits are treated in pairs. In each pair there is a '0'
and a 'l' (because the components of the pair are coming
from two complementary vectors). So in a non-faulty bit-
pair, there is always a '0' followed by a '1' or a '1"' followed by
a '0'. For a s-a-1 (or, a s-a-0), the bit-pair are changed to two
'l's (or, two '0's). Now let us see what happens in the case
of a short. The input bit-pairs applied to two Inets can have
the four different possible combinations shown in Table 3.

Cl C2 C3 (0] Inets
01 10 01 10 Inet 1
01 10 10 01 Ingt 2

Table 3 Possible combinations of input bit-pairs.

In the first two cases, Cl and C2, the inputs to the two
Inets are the same. So no change can be observed due to a
short. For set C3, if the two Inets are shorted, the output is
changed to either '00' or '11'. The same is true for set C4.
Thus if any two Inets differ in input bit-pair combination (and
they do differ for [2log;N] vectors at least in one bit-pair),
the short can be diagnosed as a pair of '‘0's (or '1l's) at the
output.

Implementation |ssues :

In this scheme, diagnosis can be done in-place or exter-
nally. In-place diagnosis is done by comparing, for each pair
of input vectors, the pair of output bits obtained from each
Inet within the associated input scan cell. For external di-
agnosis, the output bits are shifted out of the scan chain,
stored in an external register and compared outside the scan
chain. Notice, however, that both of these are implemented
in a board level BIST environment.

For in-place diagnosis, boundary scan input cells of JTAG
[1] at the output end of the Inets will have to be modified (see
Figure 8). Two one-bit registers are needed to store the bit-
pair at each input scan-cell. One single-bit register is already
provided with the boundary scan cell. Thus, one extra one-bit
register is needed per input scan cell. A two-input comparator
is also added to the register pair to compare the bit-pairs.
Thus 'q’ input scan-cells requires 'q' extra one-bit registers
and 'q' two-input comparators.

Inet output

> R1

[ rR2

v

Shift-out
(Diagnosis>

Comporator

Figure 8 In-place Diagnosis using Order Independent
Vector Set.

The first input vector is loaded individually through the
scan chain and applied to the Inets. The output response of
each Inet is stored in the one-bit register of the associated in-
put scan cell. Then the second input vector is applied and the
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responses are stored in the second one-bit registers. These
two bits are then compared in the comparator and the out-
puts of all the comparators are shifted out for diagnosis. This
procedure is repeated for all the [log,N] pairs of vectors in
the set.

So, for each vector N bits are shifted in through the scan
chain and for each pair of vectors N bits of comparator results
are shifted out.

Thus, for in-place diagnosis.
Loading Time. T, N.2[log,N] O(N.logzN)
Shift-Out Time, Ty N.[logzN] - O(N.logzN)

The arrangement for external diagnosis is shown in Fig-
ure 9. The output response of the first vector is shifted out
of the scan chain and loaded in an N-bit shift register. The
complementary vector is then applied and while this response
is shifted out it is compared with the response stored in the
external register, bit by bit. through a two-input comparator.
This procedure is repeated for every pair of input vectors. Ex-
ternal diagnosis requires N-bit shift register and a two-input
comparator external to the scan chain. No modification of
the 1/0 scan cells is necessary.

Shift In

Shift Out

> Comporator
Diognosis
N bits

Figure 9 External Diagnosis using Order Independent
Vector Set.

For each input vector, N bits are loaded and N bits of
response are shifted out through the scan chain.
Thus, for external diagnosis.

Loading Time. 2} N.2\log,N]  =0{N.logzN).
Shift-out Time. Ty N.2\logzN]  =0(N.logzN).

So. the order of complexity remains the same for in-place
and external diagnosis. For in-place diagnosis, when the com-
parator output bits are coming out of the scan chain, one has
to distinguish between the bits coming from input scan cells
and those coming from output scan cells. Thus, the order of
I1/0 scan cells should be known. However, external diagnosis
does not require any such information. The fault-free com-
parator output is a '0' independent of whether the bits are
coming from input cells or from output cells.

Order independent vector set diagnosis scheme can diag-
nose all possible shorts and SAs. The scheme is independent
of Inet structure and complexity and test generation is inde-
pendent of the order of 1/O scan cells. Diagnosis is local for
each Inet which means that the diagnosis bits obtained from
each Inet are sufficient to identify that Inet as fault-free or
faulty. Diagnosis can be done in-place or externally. In-place
diagnosis requires less time (although the order of complexity
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is the same) whereas external diagnosis requires no modifi-
cation of the given architecture.

3.2.3 Walking Sequence Scheme for Shorts and SAs

Diagnosis

As mentioned in sub-section 3.1.4. the advantage of using
a walking sequence is that only a single test vector is gener-
ated and loaded through the scan chain. By gradually shifting
this vector within the scan chain, the rest of the vectors can
be obtained. Thus, a walking sequence is very time-efficient
in terms of loading the test vectors. In the following a diagno-
sis scheme is described using such walking sequences. This
scheme is time efficient not only in terms of loading but also
from the response analysis point of view.

V4 V3 V2 VI Inets
0 0 0 1 Inet 1
0 0 1 0 Inet 2
0 1 0 0 Inet 3
1 0 0 0 Inet 4

Table 4 Walking One Sequence for Diagnosis.

Table 4 shows the complete sequence for 4 Inets. The
input scan cells have the following modifications. A single
bit register and a two-input EX-OR gate is included in each
input scan cell at the output or receiving end of each Inet
(Figure 10). The single-bit register provided by boundary scan
architecture is used only for loading and shifting of the output
vectors. The second single-bit register (a shadow register)
together with the EX-OR gate compacts the output response
for diagnosis. No modification of the output scan cells is
necessary.

.

Shift In I
Rl [+

| |

l R2 : Isnputc "
l can Le
| I l

L |

Fron Ine-t

Sl:\lf“t Out

Figure 10 Diagnosis using Walking Sequence.

The first output bit coming from an Inet is stored in the
shadow register R2 (Figure 10). The next bit coming from the
Inet is EX-ORed with the stored bit to get a new output bit.
This new bit is stored in the register and EX-ORed with the
next bit coming. The procedure is repeated N times for the N
vectors and finally a one-bit compacted response is obtained
in the register R2. This bit is shifted out for diagnosis. For
even N, following are the compacted responses :

'1': Fault-free, OR short (odd no. of Inets).



'0': SAs. OR short (even no. of Inets), AND short (odd and
even).
Similar compacted responses can be obtained for odd N.

It can be observed from the above list that OR short
among odd number of Inets has the same compacted response
as the fault-free compacted response. Thus, this type of short
cannot be diagnosed using only a walking one sequence. In
order to diagnose this type of short as well as other OR and
AND shorts and SAs a walking zero sequence is applied fol-
lowing a walking one sequence. In this scheme. N vectors of
the walking one sequence are applied as before and the com-
pacted bits are shifted out. Then the N vectors of the walking
zero sequence are applied and a second set of compacted re-
sponse is obtained. For even N. compacted responses for the
walking zero sequence are :

'1': Fault-free. AND short (odd no. of Inets).

'0': SAs, AND short (even no. of Inets). OR short (odd and
even).

By combining the two sets of compacted responses, the com-

plete diagnosis becomes :

"11': Fault-free.

'10': OR short (odd no. of Inets).

'01': AND short (odd no. of Inets).

'00': SAs, OR short (even no. of Inets). AND short (even
no. of Inets).

Time Requirement :

Complete diagnosis requires 2N vectors. For N vectors of
the walking one sequence, only the first vector is loaded and
shifted (N-1) times. This requires N-bits of loading and (N-I)
shifts. Walking zero sequence requires the same operation's.
So. altogether, there are 2N bits to be loaded and (2N-2)
shifts. At the output end, N bits are shifted out twice (once
after every N vectors are applied). So, 2N shift-outs are done.
Thus, the test time required is O(N).

Let us compare the time requirements of order indepen-
dent vector set scheme and walking one/zero sequence scheme

For order independent vector set scheme (External Diag-
nosis):

Loading time T, = 2Nlog;N

Test application time T, = 2log;N

Shifting-out time T, = 2Nlog;N

For walking one/zero sequence scheme :

Ti = 2N+ 2N

Ta= 2N

To = 2N

So. 2NlogoN + 2log,N + 2Nlog,N >AN + 2N + 2N

~ for, N > 4

Thus, although the number of vectors applied is small in
the order independent vector set diagnosis scheme, walking
one/zero sequence diagnosis scheme (for N > 4) requires
less time.

Walking sequence diagnosis scheme does in-place diag-
nosis with time complexity of O(N). Order of I/O scan cells
should be known to identify the diagnosis bits. An external

diagnosis implementation is possible with the time complexity
of O(Nz).

3.2.4 Modifier Sequence Scheme for Shorts and SAs
Diagnosis

In the walking sequence diagnosis scheme, each input
scan cell has one extra single-bit register. This shadow reg-
ister is used to store the compacted response so that it is
not lost due to shifting of the input vectors along the scan
chain. A different arrangement is possible where no shadow
register is required for compaction and at the same time the
compacted response obtained in each input scan cell is not
affected due to the shifting operation.

In this scheme, after application of each vector and com-
paction of the corresponding response, the contents of all the
scan cells are shifted out and modified by using a modifier
vector. The objective of this modification is to generate a
new vector and at the same time to not lose the compacted
responses.

The arrangement is shown in Figure 11. The modifier
sequence is shown in Table 5. The first input vector (VI
in Table 5) is shifted in through the scan chain and applied.
Compaction is done locally in each input scan cell as was
described in sub-section 3.2.3. The bit stream is then shifted
out and passed through the EX-OR gate together with the
next modifier vector (V2) to generate a new input vector.
This procedure is repeated for all the N vectors in the modifier
sequence. To explain how this works, consider the modifier
sequence in Table 5. Vector VI has a single '1'. When VI is
shifted in. this '1' goes to one of the scan cells in the scan
chain. If this cell is an output scan cell then the '1' is applied
to the associated Inet as the input. However, if the cell is an
input scan cell, the '1"' is passed through the corresponding
EX-OR gate A (Figure 11) and stored back. After this, the
contents of the scan chain is shifted out and passed through
the EX-OR gate B together with V2. The first '1' in V2
cancels the first *1' in VI due to the EX-OR operation. The
second '1'in V2 is shifted in along the scan chain and acts in
the same way as the '1"' in VI did before. This is repeated for
all the modifier vectors. Thus, every output scan cell in the
chain gets a single '1'. one output scan cell at a time. This T
is canceled by another '1' from the following modifier vector
outside the scan chain. Similarly, the two Ts corresponding
to each input scan cell cancel each other due to two EX-OR
operations. Therefore, the net effect of the procedure is to
apply a single '1' to each output scan cell one at time and to
keep the contents of input scan cells unchanged due to shift
in operations.

V7 | V6 | V5 | V4 | V3 | V2 | VI

RPOOOOO
PR, OOOO
ORrRPrO0OO0O0O
OO RrRrEFLrOO
OO0OORLRrOo
OO OORE
OO OO0

Table 5 Modifier Seguence for Diagnosis of Shorts &
SAs.
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Figure 11 Diagnosis using Modifier Sequence.

Test Generation Hardware :

The modifier sequence is similar to the walking one se-
quence. V1 is the same as the first vector of the walking
one sequence. However, starting from V2. each vector has
two consecutive Ts instead of a single '1'. Thus this can be
treated as a walking sequence with two consecutive Ts. So
similar type of hardware can be used to generate these vec-
tors. However, the vector V2 is to be stored somewhere and
gradually shifted to get the complete sequence. Thus, the
same N-bit counter (Figure 6) can be used for the generation
of VI and V2 as well as for shifting of V2 to get the rest of
the sequence.

Implementation

A two-input EX-OR gate is connected along the shift path
of the scan-chain to generate the 'effective’ input sequence.
Moreover, each output scan-cell has a two-input EX-OR gate
for local compaction and diagnosis.

Time Requirement :

In this scheme shift-in and shift-out-modification opera-
tion take place simultaneously. Thus, for N vectors of N bits
each, the scheme has the time complexity of O(N ).

As mentioned in Section 3.2.3, N vectors of the modifier
sequence diagnose all the shorts and SAs except odd number
of Inets OR-shorted together. To take care of this type of
faults, the complementary set of the modifier sequence should
be applied.

This scheme can diagnose all possible shorts and SAs.
Diagnosis is local and structure independent and does not
require any shadow register. However, the test time is longer
(O(N®» compared to O(N) or O(N[log;N])) due to shift in
and shift-out-modification operation.

Let us give an example of the time requirement of this
scheme. For a board with 100 IC's each having 100 1/O
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pins, the number of 1/O scan cells connected in the boundary
scan chain, N = 10.000. So for a 10 MHz test clock, the
time required (N* = 100,000.000) is 10 sec. This is quite
reasonable for board-level testing.

3.3 Detection and Diagnosis of Stuck-Open Faults

Stuck-Open faults can be tested by checking for a con-
ducting path from each output scan cell to all the input scan
cells in an Inet. To do this, the input cells are initialized to
a known logic value. The opposite logic value is applied from
the output scan cell. In the fault-free case, the values in input
cells should be changed through the conducting paths.

For detection of stuck-open faults, a single vector is shifted
in through the scan chain. All the input scan cells are initial-
ized to '0' and all the output scan cells are loaded with '1°
using this vector. The vector is then applied and the response
is shifted out. Since, all the output scan cells are loaded with
Ts. the number of Ts in the fault-free case is exactly N
where N is the number of scan cells in the scan chain. Thus,
a [log2N] bit Ts counter can do detection of all single and
multiple stuck-open faults.

It was mentioned in section 2 that testing of stuck-open
faults is structure dependent. Thus, a single vector is suffi-
cient for detecting stuck-open faults in simple Inets without
multiple drivers. For multiple driver Inets and cluster Inets,
each independent path is to be tested separately. Thus, only
one output driver in each Inet is enabled at one time and one
test vector is applied. This vector tests one independent path
in every Inet simultaneously. Thus, the number of vectors ap-
plied equals the maximum number 'p' of independent paths
in any Inet in the system. The expected number of Ts is 'N'
for each input vector. Thus, in the fault-free case, total ex-
pected number of Ts is 'pN' for all the 'p' vectors. However,
for diagnosis each response bit coming out of the scan chain
is to be checked for a fault-free value of T.

3.4 Summary of the Test Schemes

Table 6 is a brief summary of the proposed and existing
detection and diagnosis schemes discussed in this section.

3.5 Testing with Random Vectors

Some experiments were done using the random vectors to
test the Inets. In a random vector, the probability of getting
a '0' or a T on each input bit is exactly 0.5. Thus, the prob-
ability of detecting any short is 0.5. Using this information
and analyzing the complete set (2") of random vectors for 'n'
Inets it can be shown that on the average 50% of all possible
shorts are detected by a single random vector. Experiments
were carried out using these average random vectors (each of
which covers 50% of all possible shorts). Experimental re-
sults have shown that a very small number of random vectors
(comparable to [log,(n)] ) can give close to 100% cover-
age of all possible shorts. However, detection and diagnosis
schemes to use these random vectors are yet to be developed.
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Time
Number Detection/ | Requirement
Scheme of Diagnosis
Vectors Capability BIST
Hardware
(i) Minimal Multiple O(Nlogzn)
Size [logz(n + 2)] Shorts
(Detection) and SAs Extremely
Detection Large
(i) Order Multiple O(NlogzN)
Independent | [logo(N + 2)] Shorts
(Detection) and SAs Extremely
Detection Large
(Hi) Walking Multiple
*  Sequence N Shorts O(N?)
(Detection) and SAs
Detection
(Chance Simple
of masking)
(iv) Goel and [logzn] Multiple XX
McMahon + W Shorts
Diagnosis Extremely
Large
(v) Wagner 2[loga(n + 2)] Multiple XX
Shorts
Diagnosis Extremely
Large
(vi) Order Multiple
Independent 2[logzN] Shorts O(NlogzN)
(Diagnosis, & SAs
In-Place) Diagnosis Simple
(vii) Order Multiple
Independent 2[log,n] Shorts O(NlogzN)
(Diagnosis. and SAs
External) Diagnosis Simple
(viii) Walking Multiple
Sequence 2N Shorts 0(N)
(Diagnosis) and SAs
Diagnosis Simple
(ix) Modifier Multiple
Sequence 2N Shorts O(N?)
(Diagnosis) and SAs
Diagnosis Simple
(x) Stuck-open Multiple pN
(Detection) p Stuck-open
Detection Simple
(xi) Stuck-open Multiple pN
(Diagnosis) p Stuck-open
Diagnosis Simple

Table 6 Summary of Inet Test Schemes.

4, Example of Inets Testing using Order
Independent Vector Set Diagnosis Scheme

In this section, an Inets testing session is described using
the external diagnosis scheme proposed in sub-section 3.2.2.
This scheme is chosen because it requires no modification of
the 1/O scan cells as well as the time complexity, O(Nlog;N).
is reasonable.

The board-under-test is chosen as an arbitrary example.
There are 3 components. A, B, C, on the board each having
24 1/0 pins. Seven of these 24 pins are used as VDD, GND,
CLOCK and TAP (see section 1). Scan cells of the remaining
17 1/O pins form the boundary scan chain of each component.
The scan cells are named as Al. BI, ClI etc.. where Al is the
first cell of component A and so on. Scan chains of the three
components are connected in series to form the scan path on
the board. Out of the 51 1/O pins. 22 are output pins and the
remaining 29 are input pins. 16 Inets are formed arbitrarily
using these 1/0O pins. Actual connections and types of Inets
are shown in Table 7. Table 8 gives the injected fault list.

Inet Output Input Type
No. Scan Cell Scan Cell of
(Input Port) (Output Port) Inet
1 A2 BIO Simple
2 Al4 C15 (one output
3 A5 Bl cell connected
4 B9 C4 to one input
5 B12 Cll cell, i.e,
6 B17 C5 one-to-one)
7 C1 A3
8 c9 B2
9 Clo A6, B3 Fan-out
10 B15 Al2. C7 (one-to-two)
11 A4 B3. B16. C16 Fan-out
12 Bl C6. A8, A9 (one-to-three)
13 A7. B6 C13 Multi-driver
(two-to-one)
14 | C2, C12. B4. Al6 A15 Multi-driver
(four-to-one)
15 All, C3 A10, B5. B14, C8 Cluster
(two-to-four)
16 C17, C14 Al, A13. A17, B7, B8 Cluster
(two-to-five)
Table 7 Inets on the Board-Under-Test.
2[logoN] vectors are required to test the 16 Inets. Since.

N equals 51 in this example. 2|[log;51] = 12 vectors shown
in Table 9 are applied to the Inets. Finally Table 10 shows
the compacted response and diagnosis. Columns ClI, C2,...
are the compacted responses obtained from the comparator.
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Fault No. of | Faulty 1/0 Scan Scan Cell
Type Faults Inet Cells used for
No. Involved Input
S-A-l 2 3 A5, B11 A5
13 A7. B6. C13 A7
S-A-0 1 7 C1, A3 C1
AND Short 1 5 (B12. C11) B12
(between 14 (C2. C12. B4, C2
Inet pair) A15, A16)
OR Short 1 1 (A2. BIO) A2
(between 8 (C9. B2) C9
Inet Pair)
OR short 1 9 (C10, A6, B13) C10
(among 11 | (A4. B3. B16. C16) A4
3 Inets) 15 | (All, C3, A10, B5, All
B14, C8)

Table 8 Injected Fault List.

1/10
Scan | V1|V2|V3|V4|V5|V6|V7|V8 Vil | V12
Cdl
Al 0] 1
A2 |O|1]0]|1]|0O0 0] 1 1 0
A3 | O0|1]0|1]|0O0 0
Al7 | 0| 1|1]0|0O0 0|1 1 0
BI o|l1(1|0]0 110 1 0
BlI7| 1|0, 0| 1|0 0
Cl 110, 0]1]0 0
Clr,1,0|1|0,0| 1|01 0 1

Table 9 Input Vectors applied to the Inets.

The number of IC components or the number of Inets on
the board is not important in this example. The objective is
to show what are the various steps involved in applying the
tests and diagnosing the faulty Inets. Diagnosis is done based
on the comparator results without requiring any structural
description of the Inets.

5. Conclusion

The various problems and complexities of interconnect
testing are addressed in this paper. Schemes have been pro-
posed for detection and diagnosis of different types of faults
in the interconnects. |7092"1 vectors are minimal for detec-
tion of shorts in n' Inets. But for N I/O scan cells in the
scan chain. \I0g2N] vectors are easier to apply. External di-
agnosis scheme using 2\log2N] vectors does not require any
modification of the scan cells. Walking sequence scheme is
shown to be very time efficient for diagnosis of shorts and

110

Scan | VI | V2| Cl |V3|V4|C2 VIl | V12 | C6 | Diagnosis
Cdl

Al [1]/0|0|o0[1 0. 1 0 | Fault-free
A2 | 0|1|0|0101 0. 1 0 | Fault-free
A3 |0 0l o0 1.0 1 Faulty
A6 | 11 [1 ol ol. 1 1 1 Faulty
Al0 | 11 [ ol ol.1 1 1 Faulty
A5 00 1 00 1.0 0 1 Faulty
B2 |11 [1 ol oL...1 1 Faulty
B3 | 11 [1 ol oL...1 1 [ Faulty
B5 |11 [1 ol ol.1 1 1 Faulty
Bio| 11 11 ol ol.1 1 1 Faulty
BI [ 11 [ 11 1.1 1 1 Faulty
B3| 11 [1 ol ol. 1 1 1 Faulty
Bi4| 11 1 ol o..1 1 1 Faulty
Bl6| 11 [1 ol o..1 1 1 Faulty
cs| 11l 1 o[l o..1 1 I Faulty
citjo|ofl 0 1. 1 Faulty
cle| 1| 11 0 0 |. 1 Faulty

Table 10 Diagnosis of Faulty Inets.

SAs. Modified sequence diagnosis scheme requires simple
modification of the input scan cells.

One interesting feature about the schemes is that these
are Inet structure independent. Based only on the number of
1/0 scan cells, test vector sets can be developed. Detection
and diagnosis procedures are also not based on or restricted
to any particular topology or structure of the Inets.

All these schemes are based on a Boundary Scan archi-
tecture on the board. The schemes are developed to be used
in a BISTed environment. But these can be used in a non-
BISTed DFT environment as well. Moreover, all the ideas and
schemes presented here are equally applicable for testing the
interconnects in a large area chip, WSI system etc. However,
the modules in those systems should be isolated from each
other, in the test mode, to make the design testable. Fur-
ther research is being done on various unsolved problems like
testing of the glue logic, testing of special 1/0 pins, structural
testing of the Inets etc.
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BOUNDARY SCAN
WITH

BUILT-IN
SELF-TEST

oday's IC manufacturers typically use in-circuit and

functional board-test systems to detect defects in their

products. As designs grow more complex, however, and

as we rely more on surface-mount technology, tradi-
tional testing techniques become less cost-effective. One solution
to this complexity is to turn to more advanced methods, such as
boundary scan. Boundary scan allows the circuit to be tested via
the board-edge connector plus it introduces a shift register that
islogicaly, and often physically, adjacent to the I/O pins of every
chip on the board. Because the shift register allows test data to
be shifted, applied, or captured, it can be used to test not only
individual chips but also board interconnections.

There has been an industry-wide effort to standardize bound-
ary scan techniques. The Joint Test Action Group has presented
a proposal for a standard " in which boundary-scan modes are
defined and guidelines are offered for implementation. The pro-
posed standard does not explicitly address built-in self-test, but
it provides for establishing aframework that would merge bound-
ary scan and BIST. It is this type of framework that we discuss
here.

BOUNDARY SCAN WITH BIST

The idea of incorporating built-in self-test with boundary scan
is not new. LeBlanc, Bardell and McAnney, and Komonytsky
have introduced approaches that merge the two concepts. We also
proposed a boundary-scan template at the 1988 International
Test Conference,” which we are updating in this article to reflect
the latest JTAG recommendations (Version 2.0).3

Figure 1 shows a block diagram of a boundary-scan template
with BIST and its primary interfaces to the chip's interior. The
template consists of an input register, an output register, and a
controller with its own internal registers. Two additional control
pins, TMS (test mode select) and TCK (test clock), are required
along with two scan pins, TDI (test data in) and TDO (test data
out). Theregistersin thistemplate accommodate all the basic test
modes proposed by JTAG along with a built-in self-test mode.

|[EEE DESIGN & TEST OF COMPUTERS



The boundary-scan template has three principal tasks. It allows
the circuit to function normally, it allows data to be shifted in or
results to be shifted out, and it conducts several circuit tests. The
template supports the following modes:

1. External test. This mode tests the interconnections of the
printed circuit board. Data is applied to the board from the
output register. The input register latches the data flowing
from another chip viathe board. Data can then be shifted out
and verified.

2. Internal test. This mode tests the internal logic of the design.
Datais applied from the input register to the circuit. The corre-
sponding responses are latched in the output register. Once
again, the results can be shifted out and verified.

3. Sample test. In this mode, the test engineer can take a snap-
shot of the circuit in time. Data is latched in both the input
and output registers. The boundary-scan input and output
registers are configured in this manner during the circuit's
normal operation as well. The TCK pin must be asserted to
capture the snapshot.

4. Bypass. This mode uses an output multiplexer to bypass the
chip'slengthy boundary-scan path. Without this feature, test-
ing a board with 100 chips, each with 100 I/O pins, would
take too long. The data on the chip travels from the TDI pin,
through one latch, and directly to the TDO pin.

5. Built-in self-test. In this mode, the input register is reconfigured
to a pseudorandom pattern generator, while the output regis-
ter functions as a signature analyzer. Random patterns are
shifted serially into the internal scan register and are applied
synchronously with patterns from the input register. The re-
sponses from these random patterns are compressed in the
output register. The resulting signature can be checked to en-
sure proper circuit operation.

HARDWARE COMPONENTS

The modes just described require several hardware compo-
nents: an input register, an output register, and a controller sec-
tion. Input and output registers share similar characteristics. In
fact, they operate in the same way except that the input register
generates patterns while the output register analyzes the signa-
tures of multiple inputs. The controller section has its own inter-
nal registers. We have captured a complete description of the con-
troller specified by JTAG 2.0 using a Pascal-like programming
language, called Logic-1ll, which we compile automatically into a
netlist of standard cells. We discuss all the proposed hardware
in more detail in an earlier report.®

Figure 2 shows how the input register is reconfigured during
various test modes. The register must meet the following require-
ments:
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Several of the
register'sfunctions
aresimilar tothose

of theregister in
Koenemann'sbuilt-in
logic-block observer,
although our
implementationis
different.

e It must appear transparent in the normal mode of operation.
It must latch the data during external and sample mode.

e It must form a scan chain during scan mode.

* It must be able to apply datain the internal mode.

It must generate pseudorandom patterns in the BIST mode.
The register implements boundary-scan input cells as recom-
mended by JTAG while incorporating cellular automata prin-
ciplesfor built-in self-test.  Several functions are similar to those
of the register in Koenemann's built-in logic block observer,'* al-
though our approach differs in implementation.

Approaches that generate pseudorandom patterns using cellu-
lar automata principles are relatively new. A cellular automaton,
or single-cell, finite-state machine, evolves in discrete steps. The
next value of each cell depends on the previous value of the cell
to itsleft and the cell to itsright. Cellular automata either are cy-
clically connected or have null boundary conditions. We used the
null boundary condition in our research because it allowed us to
remove the long feedback loop between the first and last cells.
Hortensius has shown that by combining cellular automata rules
90 and 150, we can generate binary sequences of maximum
length from each site. Rule 90 is

aft+1) = ar1(d @ a1t
and Rule 150 is
at+1) = ai-1(0 @ adt) ® au1(d

where i isthe index of cell a. Combining these two rules gives us
a sequence of maximum length, 2°- 1, where sis the number of
cells or the length of the cellular automata. Table 1 lists the con-
struction rules that produce this sequence. We can compare
the results from this table with registers that have maximum-
length configurations that are based on linear-feedback shift reg-
isters.t2- 4

Pl

Pl P Pl ‘
i ] I l | I I I
CA12><CAI1 CAI2><CAI1 CAI2><

CAl  CAlz
CAO CAO CAO CAO CAO CAO CAO
l_" PO PO PO PO
Scan ,m ‘ ‘ I ‘Scan out
I Circuit logic ‘

Figure 3. Input register design (four-bit example); Pl = pin input, CAl =
cellular automata input, CAO = cellular automata output, PO = pin output.
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Table 1. Construction rulesfor two configurations of a cellular automata
register. In configuration 1, O represents a Rule-90 cell, 1 represents a
Rule-150 cell In configuration 2,0 represents a Rule-150 cell, 1 represents
a Rule-90 cell The period of the sequence for either configuration is 2°-1.

Length Construction

(s) Rul e

4 0101

5 11001

6 010101

7 1101010

8 11010101

9 110010101

10 0101010101

11 11010101010

12 010101010101

13 1100101010100

14 01111101111110

15 100100010100001

16 1101010101010101

17 01111101111110011

18 010101010101010101

19 0110100110110001001
20 11110011101101111111

21 011110011000001111011

22 0101010101010101010101

23 11010111001110100011010

24 111111010010110101010110

25 1011110101010100111100100

26 01011010110100010111011000

27 000011111000001100100001101
28 0101010101010101010101010101
29 00011000100011000111111100101
30 000001100010000110000100111110
31 0000110100100000110000001100101
32 00011111100100011001110110110000

Figure 3 shows an input register design. In this example, the
input register is between the input pins and the circuit logic. We
get a maximum-length sequence for four inputs by alternating
Rule 90 (odd) and Rule 150 (even) cells. Figure 4 shows the
boundary-scan cell recommended by JTAG in more detail. The
original cell consists of two multiplexers and two flip-flops. To in-
corporate built-in self-test, we added an additional control sig-
nal, BIST, to the multiplexer and the Exclusive-OR tree for pat-
tern generation. The cell implements cellular automata Rule 150,
but we can convert it to a Rule 90 cell simply by removing the Ex-
clusive-OR gate that feeds back the previous value of the cell.
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A pattern generator
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generator in terms of
pattern coverage as
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Whilethe
Implementation
overhead of a
cellular automata
register isgenerally
higher than that of
an LFSR, a CAR has
the advantage of
modularity.

DDDDDDD

Available chip area

DQ@QQQD

E]

\IO pins

Boundary-scan cell area

. Boundary-scan additional area

Figure 5. An effective location for bound-

ary scan with BIST.

COSTS

In determining the overhead involved in adding boundary scan
with BIST to an existing design, we used the largest unidirectional
cell. To verify the functions of this cell, we used three Exclusive-
OR gates, two multiplexers, one demultiplexer, and a scannable
flip-flop. Theimplementation required 13 logic gates or standard
cells. The design used 91 transistors and, with loose wiring, oc-
cupied 255 x 255 sg. (umin a 3-pm CMOS technology. After we
optimized the largest cell, we decreased the number of transis-
tors to 68. Custom design of these cells will decrease the area
also, but we believe that the resulting need for feedthroughs will
offset any decrease. For this reason, we used the conservative
area estimate of 255 x 255 sg. um in analyzing the chip areare-
quired.

Since there will be a boundary-scan cell for each primary 1/0,
we suggest placing the cells adjacent to the pins of the design.
The cells are then on the periphery of the design.

Figure 5 shows the projected location of all required hardware
to enable boundary scan and BIST. The template consists of the
boundary-scan cells as well as some additional control logic. In
some instances, part of the areain the shaded region, nominally
reserved for boundary-scan cells, will accommodate additional
control logic. If we include the boundary scan cellsin the gray re-
gion of Figure 5, we must ensure that the width of the cellsisless
than the distance between adjacent pins. This requirement is not
difficult to satisfy. Even our largest cell fits beside a pin with area
left for routing.

We analyzed several pad frames to estimate the cost of testabil -
ity in terms of chip area. Table 2 givesthe results. The maximum
usable area before boundary scan is the frame area minus the
area of the pads. We calculated our maximum usable area after
boundary scan by placing our largest cell beside each I/0 pin.
For large frames, the decrease in usable area is relatively small.

Table 2. Projected overhead including built-in self-test for pad frames of
different sizes.

Pins Frame Usable Area Usable Area Calculated
Size Before After Overhead
Boundary Scan Boundary Scan (%)
(mm?) (mm?)
28 S 11.8 10.1 16. 96
40 S 11.8 10.1 16. 96
40 M 25.7 23.2 11.15
40 L 40.2 37.0 8.55
64 M 25.7 23.2 11.15
64 L 40.2 37.1 8.55
64 XL 64.3 60. 2 6.70
84 L 40.2 37.1 8.55
84 XL 64.3 60. 2 6.70
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By merging an input and output cell, we can get a bidirectional Table3. Trial pattern generation for pa-
cell. Because of the constraint in pin spacing, however, these cells rametersn=3, m=2, s=4.

would have to be rectangular and would thus increase overhead. Source Trial Patterns
As we mentioned earlier, all our projections are based on a 3- Patterns Trav. 1 Trav. 2

pm CMOS technology. With a I-um CMOS technology, we can

place even the most complex cell on the chip boundary. 0 1111
1 1100 11010
EVALUATING OPTIONS WITH BIST 2 oo
3 0001 00000
We experimented with using a register based on cellular auto- 4 0011 00110
mata principles, called CAR, and a traditional linear-feedback 5 0110 01111
shift register as sources to generate random patterns. We used 6 1011 10101
the two CAR configurations in Table 1 and several LFSR polyno- - 0010 00110
mials tabulated in work by Bardell et al. 8 0101 01001
9 1101 11010
THE BIST MODEL 10 1001 10011
In the BIST mode, the boundary-scan input register is recon- 11 0111 01111
figured into a CAR or a LFSR of length s. Either register can serve 12 1000 10011
as a source of s-bit wide 2° - 1 random patterns. These patterns 13 0100 01001
are distributed in parallel to n primary inputs and serially to m 14 1110 11100
interior scannable latches, as Figure 6 shows. In fact, n of the s
latches from the source register are primary inputs. We add s - 15 1111 11100
nregister latches to the input register only when the random pat-
tern testability of the circuit under test requires such an addi-
tion. Given that the number of uniformly distributed random
patterns required to test the circuit in the scan mode is Ntgst.
then we need to maintain s > log(Ntesr+l)/1og(2) with some mar-
gin.
TEST-PATTERN  GENERATION
We formed a pattern n+tmwide by clocking the source register
for m cycles to serially load the interior register. We then applied
the pattern in asingle clock cycle to the circuit under test (Figure
7). Table 3 shows an exhaustive set of trial patternsthat the CAR
source register (configuration 1 in Table 1) can generate for pa-
rameters (s=4, n=3, m=2).
In generating trial patterns, we traversed 2°- 1 source patterns
m times. In this example, the period of the trial patternsis the
| =4
Source register , Interior register 1 1 1|1
tlefsf. [ [.[.[.][s HEEEEEEN m
1 1 0]0
11213 . . . |n 1213 . . . . . . |m n m
1 0 10 [1 0o 1]o 1

Circuit under test

0 0o 11 |0 0 11 o

Figure6. Characteristic parameter set &n,m,s); Nresr = the number of ran-
dom patternsto cover 100% of stuck-at faults. Figure 7. Test-pattern generation.
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Table 4. Trial pattern coverage for a set
of cellular automata registers and linear-

feedback shift registers.

Maximum
Period Coverage
nms CAR LFSR
A
4 2 6* 63 100 50.8
4 36 21 33.3 28.6
4 4 6 63 100 50.8
4 5 6 63 100 100
4 6 6 21 33.3 333
4 7 6 9 143 14.3
4 8 6 63 100 100
B
4 37 127 50.4 25.2
4 4 7 127 50.4 25.2
4 57 127 50.4 25.2
4 6 7 127 100 100
4 7 7 127 400 100
4 8 7 127 100 100
C
4 3 8 255 27.3 27.3
4 3 9 511 25.04 125
4 3 10* 1,023 125 123
4 3 11* 2,047 6.25 6.25
D
16 1 17+ 131,071 100 50
16 2 17+ 131,071 100 50
16 3 17+ 131,071 100 100
16 4 17+ 131,071 100 100
E
16 6 18 87,381 33.3 20.7
16 6 19 524,287 100 100

*CAR configuration 1 from Table 1 (dl others
are CAR configuration 2).

same as that of the source, but thisis not always the case. If the
number of interior latches, m, and the source period 2° - 1 have
acommon prime factor, say r, then the period of trial patternsbe-
comes (2°- 1)/r. Trial patterns begin repeating after the first tra-
versal of the source patterns. The source period in Table 3 is 15,
so by choosing m=3, for example, we reduce the period of trial
patternsto 5.

Note also that only eight of the 15 patterns in the table are
unique. If we change the source to a cellular automata register
with configuration 2 (see Table 1) or to an LFSR, we would
generate 15 unique trial patterns. For this reason, we compare
trial pattern generation on the basis of trial pattern coverage,
which is

trial pattern coverage = no. of unique trial patterns

We exhaustively analyzed trial patterns for coverage with several
values of s, n, and m, using both CARs and LFSRs as the source
register. Table4 summarizesthe results. We divided the datainto
five groups to represent the aspects of pattern generation. Group
A represents a case in which the period of the source is 63. The
period has several prime factors in common with several choices
of m, so the period of trial patterns varies. In Group B, pattern
coverage starts at less than 100% when m<s. When the source is
based on a CAR instead of an LFSR, pattern coverage risestoward
100% much faster. Group C shows the requirements for an ex-
haustive test, given these values of m and n. To achieve 128
unique patterns, we need a CAR source with value of s=9 and an
LFSR source with a value of s=11. Group D conveys the same
message as Group B except that register lengths are in a some-
what more practical range. Group E uses the source register that
relates to an actual design.

WHY DISTINCTIVE PATTERN COVERAGE?

As Table 4 shows, trial patterns repeat at different rates for a
CAR or an LFSR source. A plot of pattern coverage as a function
of trial patternsis shown in Figure 8 for a set of parameters. Trial
patterns repeat for anumber of reasons. First, apattern from the
n-bit segment, illustrated in Figure 7 repeatsitself 25 "times. The
exception is the (000...00) pattern, which repeats 2°" - 1 times.
This repetition does not depend on the order of patterns, and we
can verify it by sorting the patterns in ascending binary order.

Second, for the m-bit segment, we have two cases. When m< s,
we can have 2™ unique patterns from a total of 2° - 1 patterns.
We cannot predict the distribution of these patterns as readily as
we can for the patterns of the n-segment. For m> s, all 2° - 1 pat-
terns in the m-bit segment are unique, so all trial patterns are
unique. Thus, we can generate fewer than 2°- 1 uniquetrial pat-
terns only whenm < s.

The pattern distribution of the m-bit segment for the CAR is
similar to that for the LFSR. Therefore, we concludethat the single
most important influence on pattern coverage is the order in
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which the n-bit and m-bit segments combine into 2°- 1 trial pat-
terns. Trial patterns generated with a CAR as a source register
more readily produce trial patterns with higher coverage. We
believe this higher coverage occurs because the adjacent bit cor-
relation with a CAR is lower than that with an LFSR.

ON PATTERN AND FAULT COVERAGE

For some circuits, we must generate many random patterns
before 100% of the stuck-at faults are covered. The effectiveness
of BIST depends on how well we can match the source of random
patterns to the testability requirements of the circuit under test.
We must ensure that BIST hardware will deliver patterns that
have sufficient coverage.

We applied boundary scan and BIST techniques to an existing
scan-based chip design that has a small number of interior
scannable latches (m=6) relative to the number of inputs (n=16).
Let Ntest be the number of random tests we must apply to fully
test the circuit. Infault simulation with computer-generated ran-
dom patterns, we found that wTEST = 131,040 covers 100% of
the single stuck-at faults in this design.

We chose a source register of s=18 to match the random testa-
bility requirements of this design. However, we did not realize at
that time that m=6 and 2°- 1 = 262,143 have a common prime
factor, 3. This factor reduced the period of the trial patterns to
87,381. Despite this shorter period, the pattern coverage of the
CAR was higher than that of LFSR, 33.3% vs. 20.7%, as shown
in Table 4.

This pattern coverage correlates well with the fault coverages
we attained when we simulated CAR-based and L FSR-based pat-
terns. Figure 9a shows the results of this simulation. With 41,888
CAR-based trial patterns, we reached 100% coverage, but the
LFSR-based test flattened at 98.28% after about 40,000 trials.

Thelast entry in Table 4 shows that for (s=19, n=16, m=6), both
CAR and LFSR achieve 100% pattern coverage. We also easily
covered 100% of the single stuck-at faults in both cases. How-
ever, if we consider a two-pattern test and measure transition
fault coverage, thetest patterns are not equivalent between the
CAR and the LFSR. As Figure 9b shows, when we use a CAR as
a pattern source, we cover 99.7% of the transition faults in
500,000 patterns. With an LFSR as a pattern source, we cover
only 93.4% of the faults in the same number of patterns.

e can realize boundary scan with a variety of test
modes for high-performance boards, including a
mode for built-in self-test, while keeping overhead to
an acceptable level. A pattern generator based on the
principles of cellular automatais aviable alternative to the more
conventional LFSR-based generator in terms of pattern coverage
as well as for transition fault testing. While the implementation
overhead of a CAR is generally higher than that of an LFSR, a
CAR has the advantage of modularity. Since only adjacent neigh-
bor communication is required, we can readily change the length
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of the generator by simply adding or removing adjacent cells.
Thus, we do not have the major redesign effort involved with
LFSR-based generators.

We have begun work on atool to automate boundary-scan lay-
out. The tool characterizes a universal mask-programmable reg-
ister that we can reconfigure into either a CAR or an LFSR. We
are also investigating properties of CARs and LFSRs in weighted
random test-pattern generation and test-pattern compaction.
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Abstract

This paper first introduces the concept and motivations
for developing Boundary Scan (BS), then explains the input
BS cell, the output BS cell, and the bidirectional BS cell.
Then the paper explains the application of Boundary Scan
to the testing of analog-digital ASICs in a board/system
environment. An example is given to illustrate the concept
and the application.

1. Introduction

Design For Testability (DFT) at the chip level for the
purpose of making sure that the chip can be tested in a
stand-alone manner is not new. Companies have been
using this approach for some time. However, DFT used at
the chip level by itself does not mean that such chips when
used on a board will make it easier for the board or for
that matter the system to be tested. The reason is that new
packaging technologies for ICs, while allowing more ICs to
be mounted on a given size of board, have made it difficult
or impossible to use current in-circuit board testing
techniques. Examples of new packaging technology of this
type are surface mounted package and pin-grid array. The
former requires no plated through holes on the printed
circuit board (PCB), and the latter has its pins inaccessible
from the device side of a PCB. One additional problem is
that the spacing between adjacent pins has decreased to
the point that physical probing of package pins is
impossible or requiring too expensive probes. To solve this
problem, the Joint Test Action Group (JTAG) developed a
specification that became a proposed IEEE standard
(P1149.1) test interface and Boundary Scan architecture for
increasing the testability of PCBs, and hence systems, by
adding a scan path around the periphery of ICs.

2. The Boundary Scan Concept

Boundary scan is the application of a scan path to the
internal periphery of the signal pins of an IC to provide
controllability and observability to the pins when the IC is
mounted on a PCB and the pins are not physically
accessible for probing. Figure 1 shows an IC with BS cells
placed next to the signal pins. During normal application
or mission function, a signal travels from the Mission Input
through the BS cell into the Application Circuit. The
response from the Application Circuit travels out to the
Mission Output pin through a second BS cell. When the IC
is mounted on a PCB and if the pins are not physically
accessible, test data can be applied to the Application
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Circuit in a serial manner via the Test Data Input (TDI) pin.
Likewise the response from the Application Circuit can be
captured info the BS ceil on the output port and serially
shifted out via the Test Data Output (TDO) pin. Figure 1
shows only one Mission Input pin and one Mission Output
pin. However, the concept can be extended whereby the IC
may have n Mission Input pins and m Mission Output pins,
where n and m are some arbitrary numbers. In that case,
the IC would have n BS cells on the input port and m BS
cells on the output port. The IC needs to have, however,
only one TDI and only one TDO. The TDO of the first BS cell
on the input port would be connected to the TDI of the
second BS cell on the input port, etc. Likewise the TDO of
the first BS cell on the output port would be connected to
the TDI of the second BS cell on the output port, etc. The
general concept of Boundary Scan as seen from the board
level is depicted in Figure 2. Note that the TDI of the first
IC in the BS path is connected to the signal called Scan In
on the edge of the PCB, and the TDO of the last IC in the
BS path is connected to the signal called Scan Out on the
edge of the PCB. From the above information, one sees
that functionally there is a need to distinguish those BS
cells on the input port from those on the output port.
Hence the BS cells on the input port are called input BS
cells, and those on the output port are called output BS
cells. For bidirectional signals, bidirectional BS cells are

needed. Likewise, for Tri-state output signals, Tri-state
output BS cells are needed.

MSSION - MISSION
INPUT » outeur

TDI———: i———"’ ToO

FIGURE 1. BOUNDARY SCAN IN AN INTEGRATED CIRCUIT

3. Input BS Cell, Output BS Cell, & Bidirectional BS Cell

Figures 3, 4, and 5 show the block diagrams of one
implementation of the input BS cell, the output BS cell, and
the bidirectional BS cell, respectively. JTAG also specifies
a Test Access Port (TAP) controller which generates the
various control signals used in the boundary scan
architecture (1). The BS cells for each of the signal pins of
an IC are interconnected to form a scan path around the

Reprinted from IEEE 1989 Custom Integrated Circuits Conference, pages
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Electronics Engineers, Inc. All rights reserved.



border of the design, and this path Is provided with serial
input and output connections and appropriate clock and
control signals. For further information on the BS concept,
specification, and applications, see references (1 - 6).

FIGURE 2. A BOUNDARY-SCAN BOARD
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4. Analog-Digital ASICs

Some semiconductor companies offer analog as well as
digital circuits in their ASIC libraries (7). This type of mixed
signal ASICs are difficult to test even when they are
stand-alone devices (8). When placed on a PCB, the testing
problem becomes more difficult. The reason is due to the
fact that analog signals do not lend themselves to shifting
via scan paths as digital signals do, and mixed-signal
simulators are not yet capable of providing a complete set
of analog and digital input and output data for testing as in
the case of purely digital circuit simulator.

5. Application Of BS To Analog-Digital ASIC Testing

To manage the testing problem of analog-digital ASICs,
the following procedure is suggested:

A. Partition the analog circuit from the digital circuit

B. Add demultiplexers (DMUX) to observe the digitized
analog input signal(s) via output BS cells during testing

C. Add multimplexers (MUX) to control the digital circuit
with digital test patterns applied during testing via the
input BS cells



D. Perform logic simulation of the digital circuit without
using the analog input signal(s) but use the digital test
patterns applied during simulation (and testing) via the
input BS cells

E. Test the analog and digital circuits separately by
applying analog test signals at the analog input pins and
observing the digitized analog outputs at the output BS
cells; and by applying digital test patterns to the digital
circuit via the input BS cells and observing the digital
circuit outputs via the output BS cells associated with the
digital circuit output pins.

F. With one or two analog input values, check the overall
behavior of the ASIC chip to make sure that the link
between the analog circuit and the digital circuit is not
faulty. This particular step is not meant to be an
exhaustive test but only to ensure that the analog-digital
link is not broken.

* Note that the above procedure is useful even when the
IC is not mounted on a PCB because each BS cell has the
property that it aids in performing an external
interconnection test or as a scan element to allow internal
testing of the application circuit or simply a transparent
(buffer) element. So when an IC is in a stand-alone mode,
meaning not mounted on a PCB, its BS cells can be
controlled so that they are in the transparent mode and

allow the testing procedure described above to be
performed.
6. An Example

Figure 6 shows an example of an analog-digital ASIC
with DMUXs, MUXs, input BS cells, and output BS cells
added for the purpose of making the IC testable both at
the chip level as well as at the board or system level. In
this example, the analog circuit consists of an amplifier
and an analog-to-digital (A/D) converter. The analog input
is a primary input pin to the ASIC chip. When mounted on
a PCB, this analog primary input pin needs to be
connected to a dedicated analog signal pin (finger) on the
edge of the PCB containing this ASIC chip. The output BS
cells associated with the DMUXs allow the digitized analog
signal to be observed when the ASIC chip is in a
stand-alone mode as well as when the ASIC chip is
mounted on a PCB. In the stand-alone mode, these output
BS cells can be placed in the transparent mode, and the
digitized outputs from the DMUXs can be observed in
parallel at their corresponding output pins. When the ASIC
chip is mounted on a PCB, these output BS cells can be
controlled such that they are linked together to form a
scan path around the border of the ASIC chip, and the
digitized analog-signal bits can be captured into these BS
cells and then shifted along the boundary scan path on this
ASIC chip, and via other boundary scan paths in other ICs
if the PCB is so designed, and finally to the Scan-Out pin
(finger) on the edge of the PCB on which this ASIC chip is
mounted. In the stand-alone mode, the digital circuit can be
tested by applying, in parallel, the digital patterns used in
the logic simulation of the digital circuit at the pins
associated with the input BS cells which feed into the
MUXs. The responses from the digital circuits can be
observed in parallel at the pins associated with the output
BS cells on the output port of the digital circuit. When
mounted on a PCB, the digital circuit can be tested by
having the input test pattern bits shifted in serially from
the Scan-In pin (finger) on the edge of the PCB, and via
other boundary scan paths in other ICs if the PCB is so
designed, and then loaded from the input BS cells into the
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MUXs and then into the digital circuit. The responses from
the digital circuit are captured into the output BS cells on
the output port of the digital circuit and then serially
shifted along the boundary scan path in this ASIC chip, and
via other boundary scan paths in other ICs if the PCB is so
designed, and then to the Scan-Out pin (finger) on the edge
of the PCB. Note that under normal mission mode, the
DMUXs and the MUXs would be controlled in such a way
that the BS cells associated with these DMUXs and MUXs
would not be selected. To make Figure 6 simple to follow,
various control signals such as system clock, test clock,
and boundary scan shift and update signals are not shown.

7. Conclusions

New IC packaging technologies which allow more ICs to
be mounted on a given size of PCB also make it
increasingly difficult to gain physical access to the pins of
the ICs for testing purposes. JTAG whose membership
includes some 30 to 40 systems companies as well as
semiconductor companies developed a concept and
specification to address this particular issue of testing
boards/systems containing state-of-the-art ICs. The JTAG
solution is known as boundary scan. The boundary scan
concept entails embedding a BS cell next to each signal pin
on an IC to, in effect, emulate electrical in-circuit testing
without requiring physical access to each signal pin of an
IC when mounted on a PCB. For ASIC chips with both
analog and digital circuits, partitioning the whole circuit so
that the analog circuit is separate from the digital circuit
and adding DMUXs, MUXs, and BS cells make the chip
testable both in the stand-alone chip environment as well
as in a board/system environment.

8. References

(1) Boundary-Scan Architecture Standard Proposal, Version
2.0, JTAG Technical Committee, March 30, 1988

(2) Expanding Beyond Boundary Scan Techniques And JTAG,
Pete Fleming, WESCON'88 Professional Program Session
Record 13, November 15-17, 1988, Anaheim, California

(3) A Proposed Standard Test BUS And Boundary Scan
Architecture, Lee Whetsel, WESCON'88 Session Record
13

(4) Boundary Scan -- A User's Point Of View, Ulrlch
Ludemann and Heinz Vogt, WESCON'88 Session Record 13

(5) Merging BIST And Boundary Scan At The IC Level, Scott
Davidson, WESCON'88 Session Record 13

(6) A Method For Using JTAG Boundary Scan For Diagnosing
Module Level Functional Failures, John Sweeney,
WESCON'88 Session Record 13

(7) National Semiconductor ASIC Analog Cells, 1987,
National Semiconductor Corporation, Santa Clara, CA
95052-8090

(8) Design For Testability For Mixed Analog/Digital
ASICs, Patrick P. Fasang, et. al., Proceedings of
the 1988 IEEE Custom Integrated Circuit Conference,
May 1988, Rochester, N.Y.



ouT IN
BSC || BSC
TEST TEST
v v
DMUX ~ MUX |»
j’ )
wlAmp. L A/D |
INPUT .
P
l+nmux MUX
V w—
TJST TEST
ourt IN
BSC BSC

P. FASANG
17141989

cicessn

DIGITA
CKT.

FIGURE 6. ANALOG-DIGITAL ASIC WITH BOUNDARY SCAN CELLS

278



Reprinted from | EEE Transactionson Industrial Electronics, Volume 36,
Number 2, May 1989, pages 231-240. Copyright © 1989 by The Indtitute of
Electrica and Electronics Enginears, Inc. All rightsreserved.

A Universal Test and Mantenance Controller for
Modules and Boards

JUNG-CHEUN LIEN, STUDENT MEMBER, IEEE AND MELVIN A. BREUER, FELLOW, IEEE

Abstract—The design of a Module test and Maintenance Controller
(MMC) is presented. Driven by structured test programs, an MMC is able
to test every chip in a module or PCB via a test bus, such as the JTAG
boundary scan bus. More than one test bus can be controlled by an
MMZC. The proposed MMC is quite versatile. It can support several bus
architectures and many modes of testing. The differences between
MMC's on different modules are the test programs which they execute,
the number of test buses they control, and the expansion units they
employ. A simple yet novel circuit, called a test channel, is used in an
MMC. The MMC processor can control atest channel by reading/writing
its internal registers. Once initialized by the MMC processor, a test
channel can carry out most of the testing of a chip. Thus the processor
need not deal with detailed test-bus control sequences since they are
generated by the test channel. This drategy greatly simplifies the
development of test programs. The proposed MMC can be implemented
as a single-chip ASIC or by off-the-shelf components. Some self-test
features of the MMC are also presented.

I. INTRODUCTION

DESIGNING testable chips which can be connected to
standard test buses has recently drawn much attention
[11-[3], [12], [16]-[18]. This is due primarly to two major
initiatives dealing with testable designs, which have emerged
over the last few years. One is the ETM-BUS protocol
proposed by the VHSIC committee [13]; another is the
boundary scan protocol proposed by the JTAG committee
[21], which has attracted considerable industrial support.
Recently, the IEEE Testability Bus Standard Committee
(TBSC) developed several test-bus protocols for board-level
testing, known as P1149.X (x = 1, 2, 3, 4) [22]. The seria
test bus, namely Pl 149.1, was adopted from the JTAG
proposal. As aresult of these IEEE proposals, the ETM-BUS
protocol will probably be abandoned.

The main objective of these efforts is to support the design
for testability (DFT) of a module (or a board). An acceptable
degree of testability is not always achievable by simply using a
st of testable chips unless they are properly integrated at the
module level. Similar problems exist at both the subsystem
level and system level. For a system to have a high degree of
testability and maintainability, the system must be testable at
every level of integration. Examples of such systems are
described in [7] and [11].
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A hierarchical system design methodology to support test
and maintenance, known as an HTM, has recently been
reported [7]. In this methodology, a hierarchy of test control-
lers is embedded into atarget system's physical hierarchy. In
an HTM system, each testable chip contains an on-Chip test
and Maintenance Controller (CMC); each testable module
contains a Module test and Maintenance Controller (MMC);
each testable subsystem contains a Subsystem test and Mainte-
nance Processor (SUMP); and each system has a System test
and Maintenance Processor (SMP). These controllers partici-
pate in al system test and maintenance activities and commu-
nicate via test buses. Fig. 1 shows part of the test hierarchy
with these four levels of controllers. Different buses may be
used for communcation at different levels. The SMP commu-
nicates with SUMP's through a Level-2 bus (L2-bus); a SUMP
communicates with MMC's through a Level-1 bus (LI-bus);
and an MMC communicates with CMC's through a Level-0
bus (LO-bus).

Bus interfaces are required for both the controlling party
(master) and controlled parties (aves) on abus. For example,
each CMC contains an LO-dave to interface to an LO-bus.
Each MMC contains an LO-master to control an LO-bus and an
LI-slave to communicate with an LI-bus. If MMC's, SUMP's,
and SMP's are al designed to be testable chips, they each
should contain a CMC. It is possible for an MMC to have
more than one LO-master and thus control more than one LO-
bus.

Suitable LO-bus designs are the JTAG boundary scan bus,
the VHSIC ETM-BUS, and the IEEEP1149.x (x = 1,2,3,4)
bus. The TM-BUS [14] is suitable for an LI-bus design. The
TM-BUS or a system functional bus, such asthe pi-bus, can be
used for the L2-bus. In this paper, we employ the JTAG bus
and the LO-bus; hence, every LO-dave contains a test access
port (TAP) controller. This bus consists of a data line input
(TDI) to the chip, a data line output (TDO), a control input
(TMS), a clock (TCK), and an optional interrupt output line
(INT).

This paper deals primarily with the design of an MMC. An
MMC is able to control the self-test process of a module (or
board) by accessing each chip's BIT structures through an LO-
bus. The proposed MMC is universal in that the same basic
design is used for all modules. MMC's differ by the test
programs they execute, the number of these buses they
control, and the expansion units they employ. Test programs
direct-the processor in an MMC in the execution of the built-in
odf test (BIST) process for the entire module. The test results
are then reported to a SUMP via an LI-bus. A SUMP can
initiate the self-test process of a module by sending a "begin
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test" commmeand to the MMC on thet module. The MMC then
reports the "hedlth status” of that module to a SUMP.

An MMC contains bus interface units, such as an LI-dave
and an LO-mader, a processing unit such as a processor, a
memory unit condging of RAM's and ROM's, one or more
test channds, a bus driver/receiver, one or more expansion
units such as testability registers and analog test interface, and
a CMC. Only bus interface units are shown in Fig. 1.

A smpleyet nove design, cdled atest channel, isused in
an MMC. Snce every tegtable chip has an LOdave in its
CMC, a test channd, which contains an LO-meder, can
communicate over an LObus with a CMC. The MMC's
processor can control atest channd by reading or writing its
interna registers. Once initiated by the processor, a test
channd can completely control an LO-bus and the testing of a
chip. The separation of processor and test buses provided by
test channdls prevents the processor from desling with detailed
bus timing activities. A test channd trandates processor
ingructions into proper timing sequences for an LO-bus A test
process can now be represented as high-levd  processor
instructions.

Budde reported on the design of the Testprocessor [9],
which is dmilar to our MMC. The Testprocessor is intended
to carry out some of the functions of the CMC and the MMC.
Since it may be part of an gpplication chip, it must be smple.
The Testprocessor is programmed at the microinstruction
level. All peripherid devices are controlled directly by the
control signals provided by the microinstructions. The number
of expangon units is limited by the totad number of control
dgnds the control unit can provide. Data can be moved
directly between the test-pattern RAM and the test interfaces
without going through the processor register. Obvioudy, this

is an efficient approach for data movement. However, due to
the limitation of the bus, only one serial interface can run at a
time. Comparisons are done by a fault-secure comparator.
There is no other data processing unit in the Testprocessor.
Due to the limited processing capability, diagnostic programs
cannot run on the Testprocessor.

In Section 11 a control model for atestable chip is presented.
The design requirements of an MMC are presented in Section
[11, followed by its architecture in Section 1V. Major building
blocks such as a test channel, processor, and memory are
described in turn. Some self-test aspects of the MMC are
presented in Section V.

II. A CONTROL MODEL FOR TESTABLE CHIPS

A test controller for the DFT and/or BIST hardware on a
chip must be able to: 1) provide data to the circuit under test
(CUT), such as test vectors or seed values; 2) switch between
test and functional clocks; 3) provide required control signals;
4) count the number of tests executed; and 5) execute and
process test results. More details on DFT and BIST test
controllers can be found in [5] and [6]. Both control signals
and data required to test a chip are supplied, to some extent, by
the MM C. Thusthe hardware for carrying out thistest process
can be distributed between the MMC and the CMC.

An MMC can transmit two types of information to a chip,
namely instructions and data. Instructions are sent to the
instruction register in the LO-dave to control and/or configure
the test function of a chip, while data are set to a selected scan
chain in the chip. Two types of information are sent from a
chip to an MMC, namely status and results. The status consist
of the values of important signals monitored by the chip, while
results come from a selected scan chain in the chip.

Fig. 2(a) shows atypical testable chip employing the JTAG
boundary scan architecture. Components within dashed boxes
are optional. The original portion of the chip, denoted as the
application circuit, has been modified to have n scannable data
registers. Everything outside of application circuit, which is
added for the purpose of testing the chip, is called the CMC.
The CMC consists of an LO-dave and a BIT controller (see
Fig. 2(b)). Assuming the LO-bus is a JTAG boundary scan
bus, then the LO-dave consists of a TAP controller, an output
buffer, an instruction register, two multiplexers, a bypass
register and, optionally, an interrupt circuit.

In the control of the CMC by the MMC, two control
schemata exist, namely centralized and distributed. In the
centralized control schema, the MMC and CMC are tightly
coupled during the entire test process of a chip, and the test
busisthustied up during thistime. The CMC cannot execute a
test process without the help of the MMC. In the distributed
control schema, the test bus is used only to initialize the test
process. The CMC then executes the test process without any
help from the MM C. During this time, the test bus can be used
to communicate with other CMC's. At the termination of the
test, the bus is used for the transmission of test results from the
CMC to the MMC.

I11. MMC DESIGN

An MMC must be able to respond to reguest from a SUMP,
to carry out tests for every chip on the module, and to report
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test results to a SUMP. The requirements for an MMC are
outlined next, followed by a description of its architecture in
Section V.

A. Requirements for an MMC

Based on the test control model presented, one can design an
MMC to stisfy al requirements for testing a module
containing testable chips. An MMC should be able to support
the following functions:

1) access the on-chip BIT structures via an LO-bus;

2) provide proper control sequence for the execution of a
chip's BIT structures;

3) provide test data and collect test results if necessary;

4) analyze test results to decide on the hedlth status of
chips;

5) test the interconnection among different chips on the
module via the boundary scan registers;

6) provide controllability and observability for nontestable
chips and analog circuits; and

7) interface with a SUMP or the control console.

An MMC must have memory to store test data and/or test
results if deterministic test data are used. For random or
exhaustive test methodologies, much less memory is required
since only seed data and signatures need to be stored.

IV. MMC ARCHITECTURE

Fig. 3 shows the architecture of an MMC. It consists of a
16-bit general- or specia-purpose processor, a ROM, aRAM,
a test channel, a CMC with an LO-dave, an LI-slave, and a
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Fig. 3. Architecture of an MMC.

bus-driver/receiver (BDR), which support an expansion bus.
Extra units can be added to the MMC via the BDR. For
example, a functiona bus interface, two testability registers,
an analog test interface, severa test channels, an expansion
ROM, a control console interface, and a disk interface are
shown in the figure. The components shown within the dashed
line box are required for every MMC. This unit can be
implemented as a single ASIC chip. All other units on the
expansion bus can be designed for one or more ASIC chips.
CMC's for these chips are not shown.

All units on the local and expansion bus are accessed by the
processor in a memory-map schema. That is, every accessible
register of each unit occupies one location in the globa
address space. The processor can read from or write into these
registers by first addressing the appropriate registers. Each
unit must be able to decode the address lines. Once aregister is
selected, an enable signal is generated to initiate a READ or
WRITE operation.

A. Test-Channel Design

A CMC may have a pseudorandom test-pattern generator
(TPG) and a signature analyzer (SA), which can be imple-
mented using linear feedback shift registers (LFSR's) [19]. In
this case, only control signals need be supplied by a test bus
during self-test. An example of such a design is presented in
[1]. However, if the chip does not have these registers and isto
be tested using pseudorandom test data, then a TPG and an SA
must be made a part of the MMC. For chips tested by
deterministic test vectors, an MMC must be able to provide
test vectors and obtain test results via a test channel.

Once initialized by the processor, the primary function of a
test channel is to control an LO-bus autonomously. The
processor can then be used for other tasks. Thus, high test
paralelism can be achieved through running severa test
channels at the same time.

The major functions of a test channel are listed below:

1) serve as an LO-master;

2) transmit instructions to and receive status from chips;

3) generate and transmit pseudorandom test data and
receive and compact test results;

4) transmit deterministic test vectors to and receive test
results from chips;
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5) generate interrupts and also direct interrupts from chips
to the processor; and

6) keep count of the number of tests applied and the number
of bits of each test or instruction transmitted.

Organization of a Test Channel: Fig. 4 shows a block
diagram of a test channel. Solid lines represent data flow
paths, and dashed lines represent control flow paths. A test
channel consists of a transmitter register (TxR) for transmit-
ting data over the TDI line; a receiver register (RxR) for
receiving data on the TDO line; two polynominal control and
buffer registers PA and PB; a control register (CR), which
specifies operation mode, selection, and function enabling
information; a status register (SR), which contains the current
chip status; three counters, namely atest counter (TC), which
stores the total number of test vectors to be sent, a scan counter
(SC), which keeps track of the number of bits in a test vector
which have been transmitted, and a delay counter (DC), which
keeps track of the elapse idle time between two vectors; a
register count number register (CNR), which contains the
initial values for SC and DC; a register select circuit for
processor READMWRITE control; an interrupt circuit to request
service from the processor; and a control unit FSM1, which
implements the LO-master protocol and is used to send and
receive information via an LO-bus under the control of the CR
and the three counters. If a test channel is implemented as a
stand-alone unit, then it should also have a CMC.

Output signals, such as TDI and TMS are al driven
through a tri-state buffer thus alowing two or more test
channels to be connected to an LO-bus. This enhances the
reliability of the test process and makes external testing of a
module by another MMC feasible [7]. A more detailed
description of the major blocks follows.

1. TxR (Transmitter Register): The TxR is a 16-bit
register with parallel LOAD, SHIFT, and TPG capabilities. It
is used to transmit data over the TD/line. During pseudoran-
dom data transmission, the TxR acts as a TPG. The feedback

polynominal of the TPG is controlled by PA. Any feedback
polynominal can be realized since PA is directly writable by
the processor. The seed value for the TPG also can be loaded
by the processor. During instruction or deterministic data
transmission, TxR acts as a shift register. It must be loaded
with a new word of data before transmission is initiated. The
PA serves as a buffer for transmission. Once TxR is empty,
the next word of data, which is already PA, is copied into
TXR. Processor service is then requested in order to load a
new word of datainto PA. Transmission over the LO-busis not
interrupted during the 16-clock-cycle window in which PA
may receive a new data word. If the data transfer rate is not
fast enough, or when TxR is empty and PA does not contain a
new word of data, the LO-bus enters a pause state until PA is
loaded.

2. RXR (Receiver Register): The RxR is a 16-hit register
with parallel ReaD, SHIFT and SA capabilities. It is used to
receive data from the TDO line. Received data are either read
by the processor or compressed into a signature. During'
pseudorandom data transmission, RxR acts as an SA. The
feedback polynominal is controlled by PB. The final signature
in RxR can be read out via a processor READ operation. During
transmission of status or deterministic results, data on the
TDO line are shifted into RXR. PB serves as a buffer. Once
the RxR is full, its content is copied into PB. A service request
is generated to signal the processor to read PB and store the
data in the RAM. If the previous results in PB have not yet
been read, the LO-bus enters a pause state. Transmission
cannot start again until PB is read and RxR transfers its datato
PB.

3. PA, PB (Polynominal Control Registers): Both regis-
tersare 16 bit and have parallel LOAD capability. They can be
accessed by the processor via the data bus. Their functions
have already been described.

4. CR (Control Register): CR is a 7-bit register. Symbolic
names used for the CR hits are FSMen, INTen, MSO, MY,
B30, BY, and Scan. FSMen and INTen are used to enable
FSM1 and the interrupt circuit, respectively, MSO and M SI
are used to specify operation modes; BSO and BS address one
of the TMS (i = 0, 1, 2, 3) signals, and Scan is for the
selection operation type.

5. R (Satus Register): SR is a 4-bit register consisting of
bits Finish, IRQ, Ready, and Wait. The Ready bit is cleared
whenever the content of PA is copied into TxR and is set
whenever the processor loads new datainto PA. The Finish bit
is set only when the required information has been transferred
or TC reaches 0. The IRQ bit is set when the INT line from
the test bus is active. The Wait bit is set when both the TxR
and PA are empty and is cleared when the TxR is loaded. A
processor SR READ operation also reads the contents of CR,
i.e., 11 bits are read. This operation can be performed
independent of the state of the FSM 1. Bits Finish and IRQ are
cleared whenever the SR is read.

6. TC (Test Counter): TC is used to keep count of the
number of test vectors transmitted during the execution of one
test session. The TC is a 22-bit down counter and requires two
processor WRITE operations to load. One of the WRITE opera-
tions loads part of this counter and part of the CR. This
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counter is able to count down to O from any number between 1
and 4 194 303.

7. C (Scan Counter): SC is used to keep count of the
number of bits of a test vector or instruction which have been
transmitted. SC is a 10-bit down counter and can count down
to 0 from any number from 1 to 1023. Itsinitial valueisloaded
from the CNR. A terminal count signal will be activated
whenever the value in SC reaches 0, and the value sin CNR
will be copied into SC. In transmitting t test vectors to a chip
during one test session, SC must be re-initialized (to the value
) t times.

8. DC (Delay Counter): DC is a 5-bit down counter and is
used to count the number of clock cycles between the
transmission of two consecutive test vectors.. Its initial value
can be loaded from the CNR. The DC can count down to O
from any number from 1 to 31. A terminal count signal will be
activated whenever DC reaches 0, and the value din CNR will
be copied into DC.

9. CNR (Count Number Register): This buffer is used to
store the initial value of the constants for both SC and DC,
i.e.,, sand d referred to above. These counters destroy their
original contents after a test vector is transmitted. Thus, this
register is used to restore the value of both SC and DC so that
the next vector can be transmitted. The CNR is 15 bitslong. It
can be loaded by a single processor WRITE operation.

10. Register Select Circuit: This circuit is driven by the
processor and is used so that the processor can write into and/
or read from various registers in the test channel. Registers
CNR, TC, CR, SR, TxR, RxR, PA, and PB are accessible to
the processor. When the Direct signal here is inactive, the
registers are selected by address. When the Direct signa is
active, this circuit interprets a processor READ operation as a
WRITE to PA operation, thus ignoring the address lines. In
addition, the address and READ signals are used to read aword
from the memory unit. Thus, a word of data is transferred
from the memory unit to the PA of the selected test channel.
Similarly, when Direct is active, a processor WRITE operation
is interpreted as a READ from PB operation. The address and
WRITE signals are used to write the contents of PB into the
memory unit.

11. FSM1: This circuit controls the operation of a test
channel and acts as an LO-magter. It receives control signals
from CR and conditional signals from counters. TC, SC, and
DC. When the FSMen bit is set, a processor-generated WRITE
operation is used to generate a Start signal, which in turn
initiates the FSM 1.

Operation of the Test Channel: The operation of a test
channel is controlled by its FSM1. The FSM1 controls the
state of a test bus via signa line TMS (see Fig. 4). For the
possible JTAG bus states, the reader is referred to [21].

A test channel provides for two types of operation, namely
RunTest and Scan. During RunTest, die test bus enters die
ldle/RunTest state for a predetermined number of clock
cycles. The TC counter keeps tracking of this number. No data
is transmitted on either the TDI or TDO lines. This type of
operation is used when a CUT has BIST capability, and the
BIST hardware has been properly initialized through the test
bus. The chip's BIST controller runs the self-test as long as the
bus stays in the ldle/RunTest state.

TABLE I.
COUNTER USAGE
PTD DTD DRC INS RunTest

TC | no. of tests no. of tests | no. of tests | set to 1 no. of clock cycles
SC no. of bits no. of bits | no. of bits | no. of bits | _

DC | elapsed clock cycles | set to 15 set to IS set to 15

TXE | TPG SHIFT SHIFT SHIFT _

RxR | SA SHIFT SA SHIFT _

During Scan operation, the test channel tranfers either
pseudorandom test data (PTD), deterministic test data without
results compression (DTD), deterministic test data with results
compression (DRC), or instruction (INS). The operation of the
test channel is controlled by the CR and three counters. These
counters are used for al types of information transfer. During
different operations, a counter may be used for different
purposes. For example, in PTD transmission, TC keeps track
of the number of test vectors applied, SC keeps track of the
number of bits transmitted, and DC keeps track of the number
of elapsed clock cycles between two consecutive test vectors.
Table | indicates how these counters are used. The operation
modes of the TxR and RxR are also shown in the table.

Fig. 5 shows the state transitions carried out by a test
channel. Dashed rectangles represent a wait for processor
service. The operations indicated in the solid rectangles
execute in one clock cycle. The protocol corresponding to this
state-transition diagram is consistent with the JTAG boundary
scan protocol.

The FSMen hit is cleared during the power-up process, and
the test channel enters the idle state at thistime. The processor
can read from and write into internal registers of atest channel
while in tfiis state. After initiaizing the appropriate set of
registers, setting the Sart signa and FSMen bit will initiate
the operation of the FSM1. Depending on the setting of bits
Scan, MSO, and M SI, the FSM1 follows one of the five major
branches as shown in Fig. 5(a).

The branch labeled PTD is followed when pseudorandom
testing is used. Registers PA, PB, TxR, RxR, CNR, and TC
are assumed to have been initidized to appropriate values,
such aspa, pb, seedl, seed?, (s, d) and t. The TxR acts as a
TPG with pa selecting die feedback polynomina and seedl as
its initial value; RxR acts as an SA with pb selecting die
feedback polynominal and seed? as its initial value. The test
channel then autonomously transmits t random test vectors
generated by TxR to TDI and compresses t test results in the
RxR. Each test result is sbits long, and d clock cycles of delay
exist between two consecutive test vectors. No service from
the processor is required during pseudorandom testing. The
Finish bit is set to signa the processor that the process has
completed. The processor then reads the signature stored in
RxR to determine the test result.

The branch labeled DTD (see Fig. 5(b)) is used when
deterministic test data are employed. Registers CNR and TC
contain the values (s, d) and t. Note that d is always equa to
15 for the DTD process. Its purpose is to clear the Ready bit
after every 16 bits transmitted. For atest vector longer than 16
bits, TxR is loaded with the first 16 bits of deterministic test
data before the Sart signal is activated. After 15 shift
operations, TxR containsthe last bit of the test data. One clock
cycle later, RxR is full. Two possible situations exist. After
these shift operations have occurred, it is possible diat PA is
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full {Ready = 1). Then the content of PA is copied into TXR
and one clock cycle later the content of RxR is copied into PB.
The Ready bit is cleared, and transmission over TDI and TDO
is not interrupted. The processor then has another 16 clock
cycles to load PA, read PB, and set the Ready bit.

Another possibility is that PA is empty (Ready = 0).
Transmission is then interrupted, and the Wait bit is set to
request service from the processor. Waiting for the processor
to read the RxR and load TxR is indicated by a dashed
rectanglein Fig. 5(b). Thetest busisin the pause state during

the wait period. Once the processor finishes the READWRITE
process, it clears the Wait bit to allow the FSM1 to transfer
another 16 bits of information. The Finish bit is set upon the
completion of the DTD test, i.e., when TC reaches zero.

The branch labeled DRC is followed when deterministic test
data are used and test results are compressed in RxR. The
volume of information flow between the memory unit and test
channd is reduced by half over the DTD operation.

The branch labeled INS is followed when transmitting
instructions. The content of TC is set to 1. The operation of the
test channel is similar to that for DTD operations. The only
difference is that the sequence of values on the TMS line is
different.

The branch labeled RunTest is followed when the RunTest
operation is used. The test channel transmits a specific
sequence as specified by the JTAG protocol over the TMSline
such that all LO-daves connected to the selected signal TMS
will enter the Idle/RunTest state for t clock cycles. The
Finish bit is set before returning to the idle state again.

The loop conditions depend on condition signals (TC = 0,
SC = 0,DC - 0, and DC > 1) generated by counters TC,
SC, and DC, respectively. The processor can stop or disable
the operation of the FSM1 by loading a new word into CR
through a processor write operation. Resetting the FSMen bit
will halt the operation of the FSM1. In order to maintain
consistent operation, modification of all other registers, except
PA, PB, TXR and RxR, is prohibited until the Finish bit is
set or an interrupt has occurred.

B. Bus Driver/Receiver

The BDR is a bidirectiona interface to the local bus of the
MMC. It provides driving capability for the signals to/from
the expansion bus. Fig. 6 shows the basic architecture of the
BDR. Signals IN and OUT control the flow of information
between the local bus and the expansion bus. These two
signals are decoded from the address and control buses, which
are subbuses of the local bus. When the addressed unit is not
directly tied to the local bus, the BDR is used to alow
searching for the appropriate unit on the expansion bus. To
alow interrupts from units tied to the expansion bus to reach
the local bus, the expansion bus interrupt signals can aso
assert the IN signal.

C. Functional Bus Interface

The funtional bus interface (FBI) alows communications
between the module's functional bus and the MMC's expan-
sion bus. Through the FBI, the MMC can execute functional
tests for the module. Details of this interface will not be
presented here. Further information on related interfacing
techniques can be found in [4].

D. Testahility Register

This is a 16-bit register used to increase the testability of
modules containing chips which are either not designed to be
testable or do not have atest bus interface. The boundary scan
registers on testable chips can be used to increase the
testability of nontestable chips. However, in many cases, no
boundary scan registers can be found to access signals between
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decoder

nontestable chips. The testability register can be used to
increase the testability of these chips and their signas in the
following way. Signa points which need to be controlled (C)
and/or observed (O) are cut and fed into the testability
register. The O signals are connected to the C signals during
normal operation (see Fig. 7). In test mode, the processor
writes a word to the testability register which in turn applies
this data to the C signals. O signals are loaded into the
testability register and then read by the processor. Thus, both
the controllability and observability of these cut points are
enhanced. A technique for selecting these signal points is
presented in [10].

E. Analog Test Interface

This circuit is used when there are analog circuits on the
module under test (see Fig. 8). To generate an analog signal,
the processor writes aword to the analog test interface, and the
D/A converter then converts this data into an analog signal.
For observability, an analog signal is converted into a digital
word, which can then be read by the processor.

F. Ll-slave

The MMC communicates with its higher level SuMP
controller viaan LI-bus; thus, it must have an LI-slave. The
design of a TM-dlave is given in [8].

G. Processor

Processor functions can be classified into five categories: 1)
transfer data between memory and test channels; 2) transfer
data between memory and an LI-slave; 3) compare test results
with good results; 4) transfer data between memory and
expansion units; and 5) execute test and/or diagnostic pro-
grams.

A general- or special-purpose 16-hit processor can be used
in the MMC. It controls all other units in the MMC. Through
READMWRITE operations, the processor can access internal
registers of a peripheral device, such as the LI-slave and test
channels. Operations of a peripheral device can thus be
controlled by a processor WRITE to the CR of the peripheral
device. Data exchange between memory and a periphera
device are controlled by processor READWRITE operations. Any
processor having the following instructions is powerful
enough for the application of an MMC.

instruction meaning

LDA R Load Ace with R.

LDA M Load Ace from memory location M.
STA R Store Ace to R

STA M Store Ace to memory location M.
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ADD R Add Ri to Ace.
AND Ri Bitwise AND Ri, with Ace.
CMP Ri Compare Ace with R.
NEG Complement Ace.
CLA Clear Ace.
BRZ Ri Branch to location R;, if Ace not zero
JMP Ri Jump to location R;.
PUSH Push Ace onto stack.
POP Pop Ace from stack.
NOOP No operation.
HALT Halt the processor.

The minimal architecture for a processor which is able to
execute the above instruction set consists of an accumulator,
four general-purpose registers, an ALU, a program counter, a
program status word, a stack with at least four words, an
interrupt circuit, and a microprogrammed control unit.



If an MMC is implemented as a single-chip ASIC, two
additional instructions are useful to increase the data transfer
efficiency between the memory unit and a test channel. The
added instructions are MULTIPLE READ (MR) and MULTIPLE READ
and MULTIPLE WRITE (MRMW). The signal lines Direct, Finish,
and Ready are used exclusively to support these two instruc-
tions (see Fig. 9). Signal Direct is active when the microcon-
troller is executing any one of these two instructions. Signals
Finish and Ready are used as conditional signals for the
microcontroller of the processor. All Ready (Finish) signals
from test channels are wired-ORed together.

When executing an MR instruction, the processor waits
until the Ready signal is cleared and then issues a READ
operation to the memory location addressed by general-
purpose register RO. Meanwhile, the test channel with FSMen
bit set and operation mode being either DTD, DRC, or INS
can generate a load PA signal using signals Direct and Read.
Thus, a data word is moved directly from memory to a test
channel. The value of RO is increased by one after each READ.
The processor waits for the Ready signa to be activated and
then issues another READ operation. This process is repeated
until the Finish signa is set. Thus, a block of information can
be moved from the memory unit to the selected test channel
and transmitted to a chip without any interruption.

When executing an MRMW instruction, the processor waits
until the Ready signal is deactivated and then issues a READ
operation to the memory location addressed by RO; mean-
while, the enabled test channel generates aload PA signal, and
the data word from memory is loaded into the PA. The value
of RO isincremented by one. The processor then issues a WRITE
operation to the memory location addressed by RI; mean-
while, the enabled test channel generates a READ PB signal, and
adataword is read out of the PB and sent to the memory. The
value of R1 is incremented. The processor waits for the Ready
signal to be deactivated again and then issues another READ/
WRITE operation. This process is repeated until the Finish
signd is set. Thus, a block of deterministic test data is moved
from the memory unit to the selected test channel, and a block
of test results is moved from the selected test channel to the
memory unit.

H. Memory

The memory unit in an MMC is composed of a RAM unit
and a ROM unit. The ROM unit contains test programs to test
the entire module. These programs are compiled separately
before testing. Some crucia information about the chips on the
module is stored here such as the number of chips to be tested,
ordering of chips aong the test bus ring, number and length of
scan chains for each chip, number of random test vectors to
apply to each chain, test instructions for each chip's CMC,
TPG seeds, and good signature for each test session. MMC
functional self-test programs can also be stored in this unit. If
the MMC is implemented using commercia I1C's, then these
programs are essential for MMC self-test. The expansion
ROM can be added where a module requires a large test
program.

The RAM unit provides scraich pad memory for test
program execution. Response signatures are stored here for
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latter evaluation. The RAM also provides storage for the Go/
NoGo status for al chips, as well as for the entire module.

/. Sand-alone MMC

The MMC can be used as a stand-alone mini ATE, provided
extra storage and console capabilities are added. For this
application, a console control interface and disk interface can
be added to the MMC.

V. MMC SELF-TEST

If the MMC is implemented with an off-the-shelf "nontest-
able" processor, ROM, and RAM, then some form of
functional self-test is required. After finishing self-test, the
MMC then reports its status to the control console or to a
SuMP.

An MMC can also be tested by either an ATE or by another
MMC. Inthe first case, an ATE can access the expansion bus
of the MMC under test. The ATE invokes the self-test
program of the MM C under test and waits until its completion.
Thetest results, which are stored in the RAM, are then read by
the ATE. In the second case, an MMC uses its FBI to access
the expansion bus of the MMC under test. Again, sdf-test
programs can be invoked. Test results can be read and
interpreted by the monitoring MMC.

If the MMC under test is implemented as a custom testable
ASIC, then we assume it has a CMC. The MMC can thus be
tested by another MMC. All units in the MMC, such as the
processor, RAM, ROM, test channel, and LI-slave must be
designed to be testable, and their BIT structure must be
accessible via the LO-dave.

The testable design features of a test channel are shown in
Fig. 10. Maor combinational logic blocks are indicated by
rectangles having dotted lines. Registers are indicated by
rectangles having solid lines. Some logic is associated with
these registers, since some are counters and LFSR's. Normal
functional connections are not shown. Instead two scan chains
formed during sdf-test are shown. Scan chain 1 is the
boundary scan chain. All 1/0O signals can be controlled and
observed by shifting test data or results along this chain. All
other registers make up scan chain 2. The state of the test
channel is controlled by shifting data aong this scan chain. If a
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functiona clock is then activated, the next state of the test
channel also can be observed by shifting out the content of this
chain.

During testing, scan chain 1 is first loaded with test data
which is held in place while the logic associated with scan
chain 2 istested. The module I/O is tested using the boundary
scan chains of this chip and those to which it is connected.

V1. CONCLUSIONS AND DISCUSSIONS

We have described an MMC design suitable for controlling
the self-test process of a module. The design uses the concept
of test channels, which can run a test autonomously (in PTD
case) once it isinitialized by the processor. Because of the test
channel, the processor need not deal with detailed control
sequences over the JTAG boundary scan bus. Test execution
sequences for chips can be generated in terms of processor
READMWRITE operations, which greatly simplifies the develop-
ment of test programs.

The MMC architecture is expandable. More test channels
can be added so that more chips can be tested in paralel. In
addition, the MMC supports the functiona testing of a
module, the testing of clusters of chips which are not designed
to be testable, and the testing of analog devices.

Clock Synchronization: Four or more clocks may be
applied to an MMC, viz. TCK for the CMC, FCKI for the
LI-slave, FCKI for each test channel connected to an LO-bus,
and FCK3 for the operation among processor and other
peripheral devices. Synchronization problems will occur in a
test channel where both FCKI and FCK3 may access the same
component, such as TxR and RxR. Techniques to solve this
problem can be found in [4] and [15]. In the design presented
here, a common clock is used to drive al the clocks mentioned
above, thus avoiding the clock synchronization problem.

Portable tester. The proposed MMC is designed to be part
of an HTM system. It is assumed that each module contains an
MMC, which under request from a SUMP can test al chips on
the module and report back test results. However, it is possible

to build an MMC as a portable stand-alone unit. In this case,
the LI-slave can be replaced by a control panel. A stand-alone
MMC can test any module having an LO-bus. The module's
built-in MMC is tested first through its LO-dave. Application
chips on the module can be tested either by the built-in MMC
or by the stand-alone MMC. For the latter case, the built-in
MMC must be disabled to allow the stand-alone MMC to take
control the modul€e's LO-bus. An operator can start the test
process via the control panel. Test programs stored in the
ROM then take over control. After al chips have been tested,
test results are shown on the control panel to indicate the Go/
NoGo status of the module under test.

Overhead: There are severa ways of implementing an
MMC. One or more test channels can be built on an ASIC
chip. The processor, RAM, and ROM can be implemented
using standard chips. The other functions, which are optional,
can be implemented using standard parts or an ASIC chip,
excluding the expansion ROM. The application chip reguires
overhead to support testability, such as scan registers, as well
as a LO-dave. For double-latch designs, scan area overhead
usually varies from 2.8 to 6.3 percent, depending on the ratio
of gates to latches [20]. The overhead for the LO-dave
depends on the length of the instruction register and the
number of 1/0 pins. Assuming each shift register latch (SRL)
is equivalent to ten gates, an LO-dave with a 16-bit instruction
register and a 60-bit boundary scan register requires about
1600 gates. For a 50 000-gate ASIC chip, the total overhead
for testability will typically be between 5 and 10 percent.

The JTAG bus consists of four wires. Assuming 60 pins/
chip prior to adding the bus, the routing overhead to support
testability will be at least 4/60*100 = 6.7 percent. Thisis a
lower bound since most pins on a chip are tied to only two to
three point nets, while the JTAG bus goes to dl IC's. We
estimate the wiring overhead to be closer to 10 percent.

Fault Isolation: One of the important attributes of bound-
ary scan is the ability to test the interconnect between chips.
Assuming chips are also designed to be testable via DFT or
BIST techniques, the MMC should be able to accurately
isolate hardware faults to a chip or interconnect.

Analog Performance: Since the A/D and D/A conversion
time is much smaller than the data transfer rate over the bus,
the speed of observing or controlling an analog signa is
determined by the data-bus bandwidth. For example, an Intel
80186 processor running at 8-MHz clock rate can transfer 4-
MByte of data from memory to the analog interface in 1 s.

CAD Tool Support: Clearly, a great dea of binary data
flows between an MMC and test application chips. It is not
feasible to develop these data manually. Thus, CAD tools are
required so that test programs for chips can be written in a
high-level language and these programs compiled into code
which is executed by an MMC. We are currently working on
developing such tools and associated test languages.
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Boundary scan, which began as a
proposal from Joint Test Action
Group, is now |EEE proposed
standard Pl 149.1. This technology for
incorporating design for testability
into I1Cs can actually benefit several
levels of manufacturing from IC
fabrication through boards and into
system test. Boundary scan's impact
seems particularly noticeable in
production-board testing. Pure
boundary-scan implementations, in
which all ICs are scannable, are not
likely to appear in the near future, but
the benefits of partial implementations
are still significant. While definitely
not a replacement for ATE, boundary
scan can till reduce test complexity
and cost, and increase accuracy.
Those not willing to incorporate
boundary scan at the IC level must be
prepared to balance costs at that level
with the costs of board test, which are
escalating in the face of growing
complexity.

This article is based on the keynote presenta-
tion given at the BIST Workshop, Kiowah
Island, South Carolina, March 1989.
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THE IMPACT OF

BOUNDARY SCAN
ONBOARD TEST

esting technology has been examined formally and in

depth for many years. Thisyear marks the 20th Inter-

national Test Conference, the 12th Design for Testability

Workshop, and the Eighth Built-in Self-Test Workshop.
However, despite the fact that design-for-testability technology
has been widely disseminated, the industry overall—except for
large, vertically integrated companies—has taken remarkably
little advantage of it. ' There are only a few examples of industrial
DFT and built-in self-test applications, such as the level-sensitive
scan design approach developed by IBM.

One source of this resistance is designers, who tend to be
offended by the overhead of extra circuitry and possible perfor-
mance degradation from adding testability. When taken in the
narrow view, that of designing a small part of a product, the
overhead does appear onerous. If, however, we look at the larger
view, that of the entire design/manufacturing process, the costs
are made up in reduced testing costs at all levels, and decreased
development time. Thus, as Dave Ballew of AT&T put it, we must
avoid being "silicon wise and system foolish."

Manufacturers of ICs have also been reluctant to provide tes-
tability features for users even though for VLSI it is absolutely
mandatory to incorporate testability to economically produce
such parts. Some reasons for their hesitancy are

Testability features must be documented and maintained just

like any other IC feature.

» Security of designs may be compromised.

Fault coverage may be embarrassingly low (if known at all).

* Animplied warranty could be attached to these features making
the IC vendor liable if the device contains an uncovered fault.

» Test requirements conflict from customer to customer.

An article in a 1986 issue of D&T, examined these and other
sources of resistance to testability. At that time, another reason
was the lack of standards. Since then we've seen a push for
boundary scan, once referred to as the JTAG proposal now called
IEEE proposed standard Pl 149.1. This effort began as an
attempt to develop a standard that can be embraced at many
levels of digital-circuit test, from IC fabrication through system

JEEEDESIGN &. TEST OF COMPUTERS



test. It has been so well-received that the proposed standard, as
of publication date, has been issued for balloting.

A standard such as Pl 149.1 relieves many of the problems that
have caused resistance to design for testability. The IC vendor is
free to use this boundary-scan standard as a gateway to public
BIST featureswhile leaving proprietary tests undisclosed. Bound-
ary scan allows board and system designers to more easily test
their respective products independently of the content of the ICs.
It lets IC vendors off the hook legally, since al they haveto do is
adhere to an official standard and then blame it if the users
complain.

There is a great deal of interest now in integrating the design
and test phases of a product-development cycle.” The implemen-
tation of boundary scan within ICs will have a two-fold effect: It
will make digital designs more testable and producible, and it will
take pressure off designers who might otherwise have to pursue
ad hoc testability modifications to their designs. This will make
cooperation between design and test departments easier to
achieve.

BOARD-TEST PHILOSOPHIES

It's fair to ask why we go to the trouble of testing boards at all.
The main reason is economics. It isrelatively easy to test boards
and much more difficult to test systems. If boards used to build
systems are nearly perfect, then system turn-on success rates
will be acceptable. If boards are somewhat less than perfect,
system turn-on success decreases very rapidly.

What are some of the approachesto board test in manufacturing
today? Broadly categorized, they are

 board test as a sorting process
 board test as arepair driver
 board test as a process monitor

In the following discussion, bear in mind that any approach to
board test is heavily influenced by such factors as product mix,
volume, complexity, reliability requirements, quality require-
ments, capital budgets, and available skills as well as inertial
factors such as "it's always been done thisway" and "we have to
use existing processes and equipment.”

A SORTING PROCESS

Sorting in this context means to separate good boards from
faulty boards. It is ago/no-go approach. Essentially, only one bit
of information is generated about a board during test. Finding
and repairing faults in such an environment can be quite difficult,
but we can justify this approach if we simply discard faulty
boards. For example, if a board-manufacturing process enjoys
very high yields, then why invest in diagnostic test and repair
processes when it costs less to discard the few bad boards? In
another case, seen in military applications, extremely high tech-
nology boards are built in very low quantities and are technically
challenging to repair without introducing new failures (some
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An all-too-familiar
practice is to sort
good boards for
immediate shipment,
leaving piles of dog
boards to be dealt
with later.

latent). Consequently, manufacturers simply discard bad boards,
while taxpayers cringe, and keep making new ones until they
accumulate enough good boards.

In yet another scenario, schedule pressures dictate simply
sorting good boards for immediate shipment, leaving piles of dog
boards behind to be dealt with later. This result is unfortunately
al too familiar across the electronics industry. It is yet another
indication of how forces other than testing issues can Influence
efficiency.

A REPAIR DRIVER

Using board test as arepair driver is perhaps the most common
board-test approach today. Here, testing is more thorough and
delivers more bits of information about failures, which forms the
basis for a failure diagnosis. More sophisticated techniques are
used during test, such as in-circuit isolation, guided probes,
current tracing, and fault dictionaries. Information about faults,
in the form of symptoms such as failed outputs and test numbers,
is collected into a fault syndrome that can be interpreted to help
repair. This information is important because we need enough
correct data on the fault to enable a complete repair. It is
unproductive to send a bad board back without complete infor-
mation, since partially repaired boards inevitably return for
rework.

A PROCESS MONITOR

The newest view of board test is as a process monitor. A
well-conceived and thorough board test that emphasizes diagno-
sis can provide a wealth of information about the various pro-
cesses that go into aboard’'s manufacture. For example, soldering
is awell-known point for faults. Solder problems show up at board
test as shorts in the form of blobs, opens in the form of SMT
tombstones (small low-mass SMT components like resistors and
capacitors that have moved during soldering because of the
surface tension of the liquid solder) or incomplete flow, or therm-
ally damaged devices. When such problems are exposed, we
know, in the long run it will be more fruitful to fix the soldering
process than to fix the solder defects after the fact.

We can use this type of board test to change the structure of
the manufacturing process. For example, we may discover fabri-
cation errors, like a wayward solder process, or errors in the
design of the board. We can also improve the tests themselves to
get abetter diagnosis. With time, we gain expertise in the board's
manufacture and can begin to improve diagnosis by correlating
data from independent tests and previous repairs.

Another use of this type of board test is to observe and control
al the system-level process changes. Machines wear out and
require calibration. Different people are involved, depending on
the shift and who's on vacation. Vendors of components may
change what they send, perhaps because their own process
changes. Manufacturers may add new people and machines,
update production technology, or change the locale of production.
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The design group may implement changes to the board's design.
All these changes have an impact on the manufacturing process,
and using board test as a process monitor provides a way of
controlling them efficiently.

This philosophy of board test is not easy to implement quickly,
however. It requires skill, experience, and teamwork to a degree
that some organizational structures will not readily alow. Man-
agement involvement is a key ingredient. Managers need to
recognize that process control isbecoming more and more impor-
tant with each new round of technical evolution in board manu-
facture, and is becoming the dominant reason for using board
test. Without process control, a manufacturer cannot hope to
attain world-class quality.

WHATARE THE COSTS?

Everyone knows that testing is costly and that it is grabbing a
larger percentage of manufacturing costs every year. It is phe-
nomenally expensive to let a failure escape to later stages of
product manufacture or support. The rule is fix it now or suffer
far costlier problems downstream.

Each board-test philosophy has an associated cost. In general,
more testing for better coverage and diagnosis implies more
test-development costs in time and talent and more time actually
spent testing on test heads. Testers themselves become more
expensive. The driving forces here are increased tester versatility,
complex test-preparation software, increased operating frequen-
cies and higher active tester channel counts. It is not unusual
today to see board testerswith five times more channel s operating
10 times faster than they did just afew years ago. Ironically, while
boards are often the same size, many board testers have increased
in volume, mass, and power consumption. Especially in the IC
test world, mass ratios between the tester and the IC are nearly
unbelievable. Channel counts and operating frequencies are two
main contributers to this trend.

As mentioned earlier, controlling a process requires teamwork.
The people involved have many disciplines. Purchasing agents
enforce quality controls on vendors. Inspectors inspect incoming
parts that must meet precisely identified parameters. Stock/in-
ventory personnel need to take care that parts are not damaged
before they are used—even if it's in today's Just-In-Time manu-
facturing process. Those controlling phases of fabrication must
be alert to their own controls. The test department hasto correlate
and communicate failuresto points upstream in the process. The
design team has to have design for manufacturability as a
measured goal. And finally, management has to see how these
disciplines interrelate. Teamwork is a challenge.

INTERNAL THREATS TO UCCESS

A number of elements in the overall testing and manufacturing
process can sabotage the success of aboard-test operation, which
depends on sophisticated monitoring and control techniques.
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Figurel. Theresistor networkin (aj with
an extreme ratio of component valuesis
tested using the six-wire guarding
scheme in (b), where error impedances,
labeled Z,, are sensed at points A, B, and
Lfor mathematical correction. Accuracy
to 2% iseasily achieved.

(a)

Figure2.In ﬁa% three stuck-at-Ofaultsat
A, B, or Cwill haveidentical behavior to
the output D stuck-at-1 durinP test. We
need to consider only one fault (usually
D) when devel oping thetest, but we must
consider all four faults when attempting
todiagnoseafailingcircuit. In(b), asim-
ulator analyzes single stuck-at faults at
nodesU through Z, but nonewill produce
the syndrome caused by an open at point
F. Thoughitislikely |ébut not guar anteed)
that we will detect F during testing, its
ndrome will be missing from the fault
Ictionary producedfromthesimulation,
sodiagnosiswill bepoor.
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When these factors intrude on the control procedures, the object
of board testing—the exchange of diagnostic information to pre-
vent future failures—is greatly impaired. Elements that can
sabotage a successful board-test operation include test inaccu-
racy, misdiagnosis, loops in the test-repair process, and failures
from extra handling.

Another threat, which is very real but not always taken into
account, is the psychological factor of confidence in the control
procedures. If we lose confidence in our control of a process,
regardless of reality, matters will rapidly degenerate from tight
control to abare-minimum position of simply sorting good boards
from bad. Like biological homeostasis, a well-controlled process
requires the coordinated balance of myriad variables and feed-
back relations. Without this balance, a system enters shock.

Accuracy. If atest is not accurate, it will not give results that
we can trust in monitoring and controlling the process. For
example, look at the analog test in Figure 1. A three-resistor
network has a delta configuration of two 10-ohm resistors and a
10,000-ohm resistor. In-circuit testers find this circuit challeng-
ing because of the ratio of resistances and the need to remove
error terms. A simple three-wire guarding scheme can measure
the 10,000-ohm resistor in this configuration, but without proper
consideration of error sources, the measurement can yield 900
ohms. Thiserror is large enough to invalidate testing the 10,000-
ohm resistor altogether. A six-wire guarding scheme can account
for errors due to voltage drops in the measurement setup (Zg, Zu
and Zg and mathematically reduce their effects to achieve a 2%
accuracy on the measurement.

This analog example illustrates that real-world board-test is not
simply for digital testing problems. Harder problems may actually
be more prevalent, and notjust in the analog domain. The digital
bus-fault problem has a number of complexities, for example. We
don't know which driver sources a bus at any time, so we have
to isolate the source(s) of current on the bus. Test measurement
must then move from voltage measurement to current measure-
ment, or we are forced to make complex deductions about the
states of the drivers on the bus. Such interactions can profoundly
affect digital testing accuracy.

Misdiagnosis. This problem occurs when we detect a failure
but do not properly resolve it. For example, we may make an
invalid assumption in fault modeling (Figure 2), or several failure
modes with identical syndromes may be represented by only one
mode. Misdiagnosis leads to erroneous and unnecessary repairs
that pollute the information stream we are using to observe the
process. The box on the righthand page elaborates on fault
isolation. Misdiagnosis also makes the other structural threats
even more damaging.

Test-repair looping. Looping occurswhen testing is not able to
completely or accurately resolve all the faults on a board in one
pass across the test head. This inability could be due to tester
inadequacies but more often is due to poorly designed or imma-
ture test programs. Looping can also be due to handling-induced
failures. A loop occurs when the board is sent to repair with an
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incomplete or inaccurate list of defects. Subsequent testing will
fail, and another repair cycle will start. This cycling consumes
time and talent. Even though paperless test-repair networks have
reduced some of the bookkeeping overhead associated with mul-
tiple repairs, repair looping still wastes tester time and uses
skilled technicians to poor advantage.

Handling-induced failures. Failures can result from the extra
handling and rework in a repair cycle. Clearly, each additional
repair cycle compounds therisk of new failures. But another kind
of risk is of even greater concern. Handling may weaken the
circuitry enough to accelerate the time to failure. Thus, handling
increases the risk of infant mortality, the failure of the board in
early stages beyond manufacturing.

EXTERNAL THREATS TO SUCCESS

Industry trends can threaten a manufacturer's ability to control
the board-manufacturing process. Some of these are ASICs,

ISOLATING INTERCONNECTION  FAULTS

Repair looping
wastes tester time
and uses skilled
technicians to poor
advantage.

One of the prime advantages of boundary scan at
board testisthe ability to test board interconnections
for integrity. (Algorithms and analysis for thiswill be
presented in detail at the 1989 International Test
Conference, held in Washington D.C. August 27-31.)
In a pure boundary-scan implementation, in which
every IC is scannable, each source and destination
of a node is connected to a scannable point. The
figure below shows a simplified circuit of six bound-
ary-scan devices with a node driven by point U and
received at points Vthrough Z. This figure is simply
a scannable version of the circuit in Figure 2b on the
facing page. We no longer show the NAND gates since
these are not relevant. We also do not need a simu-
lator to help us develop an interconnection test for
this circuit.

We can test any single stuck-at fault on the six
labeled points, U through Z by driving U to 1 (through
the scan path) and latching bits V through Z for scan
out, followed similarly with U set to 0. If a single bit
inV through Z isincorrect, it indicates a single stuck
value at the corresponding receiver. If al five bits, V
through Z are incorrect, there may be a stuck prob-
lem with driver U. Suppose a circuit is open at point
F, and the test of Vand Wpass and X, Y, and Zfail
(say to 1). We then know that the problem with the
interconnection affects only part of the net, and we
can deduce the significant topological clues neces-
sary to isolate the physical defect.

The simulator-based test for the circuit in Figure
2b may misdiagnose the fault at point F because its
effects were not modeled. Because of this, the test
fails but the observed syndrome does not match any
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syndromes predicted by the simulation. When this
occurs, we must supply meaningful diagnostic infor-
mation with additional measurements. For example,
with a handheld probe guided by the actual syn-
drome data and deductions on the cause of the fault
derived from circuit topology, we can backtrace to the
region of the physical defect. However, we've invested
agreat deal in the simulation for nothing. Moreover,
physical access constraints may apply to the guided
probe as well, which may limit its effectiveness.

This circuit is the same as the circuit shown in Figure 2b,
except NAND gates are replaced with scannable NAND
gates. The output U and inputs V through Z are scannable
cells. We do not have to know that the devices are NANDs.
The tclc%mpl exity is arbitrary. The open-circuit defect is at
point F.
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surface-mount technology/tape automated bonding, miniatur-
ized components, and node counts.

ASICs. Each application-specific IC—unique as a fingerprint—
is an adventure in test. There is nothing inherently untestable
about ASICs, although a conjunction of forces makes them seem
that way. They are often developed in parallel with the board they
will be placed on, which constricts test-development time. Along
with this, the ASIC design database is commonly either nonexis-
tent or incompatible with the board test. ASICs are often used to
garbage collect random gating or glue logic into one package,
which makes their function appear random and undecipherable
to atest engineer. Last-minute design changes often destroy any
test written for the ASICs—and you can bet that the ASICs will
be affected.

SMT/TAB. Surface-mount technology and tape automated
bonding are two newer packaging technologies that present new
board-test problems. They introduce severe test-access problems
and are difficult to rework in repair situations. Repairing such
boards is a time-consuming task that requires a lot of skill and
may elevate the risk of collateral damage that could result in
scrapping the board entirely. Also, these technologies are more
sensitive to physical damage. Their fragile nature makes them
particularly vulnerable to misdiagnosis and test-repair looping.
Each pass through the loop increases the probability of irrepara-
ble damage.

Access problems. Boards are becoming much more densely
laden with higher complexity devices. But even generic resistors
and capacitors are presenting test problems, all because of
miniaturized packaging and surface-mount configurations. In-
circuit testing, probably the most popular board-test methodol-
ogy, is the most threatened, since it relies heavily on direct
electrical access to all nodes through bed-of-nails probing. In
talking about access, an important distinction is that access is
required to all nodes (also known as nets or circuits), not to each
device pin on each node.

We are now seeing boards with components on both sides
without the through-holes that enabled test nails to see every
node from one side of aboard. This packaging technology is also
producing components with large numbers of pins on much
closer centers. Some boards that are SMT redesigns of existing
through-hole boards are 30% to 50% of the original size. New
designs are often done on familiarly sized boards to reduce board
count in products or to add functionality without increasing
physical size.

Two problems arise with this increased number of components
and absence of through-holes. First, we may need to place nails
much closer together, which means they will be much smaller,
more fragile, and more expensive. Second, the targets the nails
must hit are much smaller. Since boards are not vastly smaller
(on average) today, we need tight control of mechanical tolerances
for these nails across thousands of square centimeters. Other
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access problems are presented by hybrids on ceramic substrates,
conformal coatings, and similar applications.

Node counts. Because of these packaging technologies, the
node counts of boards are rising, although node counts per board
can actually fal if the level of integration within packagesis high
enough to reduce interpackage data flow on parallel buses. An
example is the recently introduced microprocessors that contain
on-chip memory management and floating-point units.

Generally, though, node counts are rising. Entire systems now
fit on single boards. For in-circuit testing, this trend means
adding more nails to ensure access to all nodes. For functional
testing (based on edge connectors), theratio of functions per |/0O
pin increases. The already difficult problem of test preparation
for functional test will become legendary in the future.

THE IMPACT OF BOUNDARY SCAN

Boundary scan promises to relieve at least some of the difficul-
ties in board test, regardless of the philosophy adopted—in-cir-
cuit, functional, or combined (called combinational) testing.
These benefits Include enhanced diagnosis, reduced test-repair
looping, standardized testing, and reuse of tests.

Enhanced diagnosis. The scan port provides access to hun-
dreds of additional control and observation points. We can access
the publicly available BIST features of the ICs in the scan chain,
for example. The BIST functions run independently from the
board and do not require tedious programming. Thereis also less
sensitivity to the initial state of the board. Of course, this access
is not without cost. Because it is serialized, we have to consider
the impact on test length and time, which could be considerably
greater.

The scan chain allows us to perform many tests without great
concern about synchronizing or homing sequences, since we can
effectively ignore the logic within scanned ICs. In doing so,
however, we are assuming a certain amount of luck as to the
integrity of the scan chain itself.

Another benefit to diagnosis is the increased stability of fault
syndromes, which is due to the insensitivity of tests to initial
states. A syndrome becomes unstable when it depends on an
initial state that cannot be reliably achieved. It is difficult to
isolate faults with unstable syndromes when we must run a test
several times to collect isolation information, as in backtracing.

Reduced test-repair looping. Because the scan path offers
additional control and observation points, we can isolate more
faults per pass across atest head. Thus, we need to make fewer
passes across the test head, and we decrease the time and
handling involved. The improved immunity to initial-state prob-
lems and more stable fault syndromes makes each pass yield
higher quality diagnoses, again resulting in fewer passes.

Standardized tests. Tests in aboundary-scan environment are
prewritten, or they are easily derived from the topological struc-
ture of the circuit. The content of ICs within the boundary-scan
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perimeter may not be exhaustively tested as is true today at

Anajog Components board-level test. Of course, if the scanned ICs possess BIST
are a rea|ity, and the functions, they can be accessed with a standard RUNBIST pro-
"~ tocol without much programming effort. The problem of last-min-

large number of ute changes to ASICs is no longer of great concern because the

internal workings of the ASIC have been removed from consider-
ation in developing the board test.

analog or hybrid

boards being tested
. . Reuse of tests. Tests that work in concert with the scan
IS not going to get protocol, such as BIST functions, will be accessible at several
stages of manufacture. This is not true in a non-scan environ-
any smaller. ment. For example, we may not be able to use an | C test devel oped
along with the IC during in-circuit board test if there are simple
constraints such as tying some pins to ground.

Reduced access problems. Fixturing, that is, connecting the
tester to the board for testing, is traditionally troublesome. This
problem is particularly true for in-circuit testing, in which we use
hundreds or thousands of nails to access a board's internal
nodes. This access gives exceptional test control, observability,
and fault isolation. Further, it allows comprehensive analog
testing along with digital testing. For thisreason alone, in-circuit
testing will remain popular. Analog components are a reality even
on so-called digital boards, and the large humber of analog or
hybrid boards being tested is not going to go away. The access
problems described earlier are indeed a threat to board test, and
particularly aggravating to in-circuit access. Boundary scan of-
fers some relief, even though not all the ICs will be scannable
initially.

IN-CIRCUIT TEST

Boundary scan implementations—even partial ones—will have
a number of benefits to in-circuit testing. They will reduce the
need for a 1:1 nail-to-node ratio, for example. We can test any
digital node composed completely of scannable sources and
destinations from the scan port without a nail. Another benefit is
less need for close-centered probing, which is done with thin,
fragile, expensive nails necessitating small target pads and fine
mechanical tolerances. By reducing the number of nails on a
device, even if we don't eliminate them entirely, we reduce the
crowding, which is the reason we do close-centered probing in
the first place.

Boundary scan will also reduce the need for two-sided probing.
If devices mounted on the nonprobed side of a board are testable
through scanning, we can avoid nails on this side, but we must
consider this strategy in the design-for-testability specifications.
Reducing the nail count will, in turn, reduce the flexing of boards
caused by the uneven concentrations of closely spaced nails.
Each nail presses against the board with roughly two newtons of
spring force. When the nails are spaced too closely—that is,
concentrated in groups—the force is no longer uniform acrossthe
board, which causes it to flex. Flexing can cause the board to
misalign with the nails, which may make vacuum-activated
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fixtures unreliable without some mechanical augmentation.
Worse, flexing may cause open connections to close during test,
masking their existence and making the test inaccurate.

FUNCTIONAL TEST

Boundary scan will also benefit functional (edge-connector)
testing. The ability to observe and control the circuit is greater,
which helps mitigate the unfavorable impact of high gate-to-pin
ratios. Boundary scan also allows us to conduct topologically
derived tests for interconnection faults. These faults are currently
modeled as single stuck-at faults at the IC pin level, when
preparing functional tests.

The ability to conduct topologically derived tests is perhaps
boundary scan's greatest potential contribution because it re-
duces the pressure to do board-level simulation to develop tests
for common manufacturing faults. Of course, the success of this
strategy will depend on how pure (what percentage of the ICs are
scannable) the boundary-scan implementation is in the board
design.

There is some hope that scannabl e devices can incorporate aids
for performance testing, also known as at-speed testing. This
testing attempts to run a board at its native clock speed during
test to excite timing problems or other marginal conditions. We
can use the INTEST and SAMPLE modes of Pl 149.1 to set up test
experiments and examine the results. As is true today, the
technical challenges of such testing are likely to be high.

FUTURE TRENDS

Partial boundary-scan implementations are beginning to crop
up in board designs. Partial implementations are likely to be the
most we can expect for some time because the number of ICs
available using the disciplineislimited. Actually, pureimplemen-
tations may never be the rule because the increase in fault
diagnosis isn't significant enough tojustify the expense of incor-
porating testability in every chip.

The big question is will boundary scan die out before reaching
its potential because of a lack of critical mass? | am confident
that the discipline will achieve acceptance in short order. But
today's board-level ATE will not be disappearing. Indeed, some
people equate boundary scan with the total absence of ATE, but
this is a fallacy. We should avoid overselling the impact of this
new technology, which will only create credibility problems.

In fact, ATE and boundary scan are mutually beneficial. In the
real world of manufacturing, we have to test economically, so we
still need the enhanced diagnosis that our current ATE systems
can give. Boundary scan, inturn, allowsATE toreducethetesting
cost, since the nail count goes down. The nice thing about
boundary scan is that we don't need it in every chip to make it
effective. We can use this technology with ATE to get a more
in-depth fault diagnosis without an impossible rise in cost and
complexity. We still get the additional test capability, but bound-
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Board-level ATE in
its present form will
not vanish. It will
Span the gap
between current test
problems and the
new boundary-scan
test environment.
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ary scan allows us some flexihility in determining how far we want
to take the implementation.

In digital testing, the upward spiral of board-level ATE costs will
slow and even decline with the advent of boundary scan, and the
cost of test preparation will be less. The capital (purchase) cost
of an ATE system is heavily driven by the cost of its electronics
and the cost of the software. With unconstrained board designs,
both these costs will escalate as board circuitry becomes denser.

Boundary scan will also improve hybrid analog/digital testing
because the digital portion will have greater testability. Analog
testing problems will remain largely unaffected, however, so
in-circuit approaches must solve new analog test problems
without it. Thus, board-level ATE in its present form will not
vanish because we still need it to span the gap between current
test problems and the new boundary-scan test environment.

IN-CIRCUIT TEST

With boundary scan, in-circuit test will see the nail-to-node
ratio drop below one, (see box at right on in-circuit testing)
because some tests can be accomplished without nails on the
scannable nodes. As aresult, many of the aforementioned fixtur-
ing difficulties will be relieved. Also, the number of simulta-
neously active nails (connected to independent drive/receive
channels) will stabilize or decline. An advantage to test serializa-
tion (there is one) is that we can examine connectivity between
high pin-count devices with just four active channels. This de-
cline allows higher nail-to-channel multiplex ratios which means
more nails can be serviced with fewer active (expensive) electron-
ics channels. Test preparation is eased since scanned nodes can
be tested with software-derived tests based on board topology,
and there is no need to write IC interconnect tests that sensitize
pathways through the internal regions of the ICs.

FUNCTIONAL TEST

For functional test, we see control and observability rise for
internal areas of aboard. This makestest preparation easier, and
may reduce or even eliminate the requirement for fault simula-
tion. (Simulation for design verification may still be required, but
that is a very different problem.”) Each scannable IC is a candi-
date for elimination from simulation which is attractive if simu-
lation models are unavailable or inadequate, or if the IC is
complex and expensive to simulate. As a result, the cost of test
preparation is reduced. Hardware costs for functional testers has
been increasing due to the depth of pattern storage required
behind all pins. With higher levels of boundary scan adherence,
only those tester channels dedicated to scanning may actually
generate long bit streams with the general I/O channels only
active a small fraction of time.

In whichever case, in-circuit or functional or the combined
approach, the Increased usage of boundary scan will have a cost
savings impact that can be readily demonstrated. This savings
will make it easier to measure the value of alevel of adherence to
the boundary scan discipline.
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SETTING UP ANIN-CIRCUIT TEST

How does one set up an in-circuit test for a digital
circuit that has some boundary scan components?
Consider the simple circuit in the figure below. This
circuit has two scanned components [71 and [72 and
three glue gates, which are not scannable. For sim-
plicity, the figure shows NAND gates, but the devices
could be much more complex. The nodes are labeled
in alphabetical order from A to T. The triangular
pointers show the location of in-circuit test nails.

We need nails A through | at the circuit's main
inputs to test for connectivity to [71 and to drive tests
for gates [73 and [75. We need nails Pthrough T at
the circuit's main outputs to test for connectivity to
[72 and to monitor gate [75. We need nail JV to test the
second input to gate [74. The channel driving this nail
requires overdrive capability. We need nail O to test
the first input to gate [75 and to monitor gate [74. The
channel driving this nail also requires overdrive ca-
pability. Nails A, E, F are the boundary-scan inputs
TDI, TCK and TMS. Nail Pis the scan-chain output
TDO. These nails alow usto control the entire chain.

Nodes B, C, D, K, L, and M on [71 are scannable
through the boundary scan chain, as are nodes K, L,
M, Q, R, and Son [72. Therefore, al interconnections
to [71 and [72 are completely testable without any
knowledge (or concern) for the internal logic of these
devices. Interconnection here includes printed trace
integrity, solder integrity, the existence of 1C bond
wires, and bare-bones silicon integrity—that is, the
devices can at least perform boundary-scan proto-
cols. U2's input node J, however, is not scannable
because gate 03 is not a boundary-scan device.
Instead, we use nail Nto overdrive gate [73 as if node
TV wereaprimary input.

Gate [74 has nails on nodes JV and O, but we can
control node M only by scanning through [71. Think
of node M as avirtual nail that we can control from
[71to provideinputswhiledirectly driving node JV and
receiving on node O. It is this idea of a virtual nail
that alows the nail-to-node ratio to drop below one.

Nail Jis an interesting case. It sits on the scan data
(TDI-TDO) path between [71 and [72 and must have
overdrive capability. This path is supposedly tested
by the procedure to test boundary-scan integrity run
first to ensure that the path works. But what if a fault
has damaged the path? Say, for example, that device
U2is completely dead. We can still test [73, [74, and
[75, plus al board-input interconnections because
nail Jlets us see the results scanned by [71.

Stopping the test because the scan path is faulty
can cause test-repair looping, especialy if a large
board with many scannable devices fails the test for
scan-pathintegrity. Inthis case, there may be several
faults on the scan path, which ruins our ability to
isolate the culprits. The result is misdiagnosis, which
may cause several iterations through the test-repair
loop before real testing can begin. To reduce distress

due to afaulty scan path, we can add aTDI-TDO nail
on every package.

When the board is 100% scannable, we need the
nails on all of the following: al board inputs, I; all
board outputs, O, al TDI-TDO signals (one per device
pair), D; and all analog nodes, A. The nail count is
then 1+ O+ D + A, which has essentially saved us
placing nails on al the internal digital-only nodes.
When not al the ICs on a board are scannable, we
need to add nails for al nonscanned glue-gate inputs
and outputs such as nodes O and N in the figure.

Thus, we begin to see the benefits of putting bound-
ary scan into a device. If we balk at the cost of
incorporating boundary scan in ICs, we must be
prepared to balance the savings at the IC level against
the costs of fixturing at board test. There are also the
benefits to test preparation. Either [71 or [72 can be
horribly complex internally, but we don't care.
Boundary scan has isolated us from this complexity.
Likewise, if either device is difficult to initialize inter-
nally, we are not affected. If either device has apublic
BIST function for self-test, we use the RUNBIST
instruction and read out the result using canned
routines. This simplicity is understandably exciting
for test programmers.

1 KP

™1 Too—<Q
2 —KR
TCK TMS i<
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An example of a circuit with mixed standard and
boundary-scan components showing the location of
nailsfor in-circuit test. Note that not all nodes need a
nail.



"BOUNDARY SCAN

ome prognostications for boundary scan have been nothing

less than euphoric. Some say boundary scan will eliminate

the need for today's testers in manufacturing. A new gener-

tion would appear consisting of a four-wire interface 1/0

r apersonal computer and a few floppy discs of software. The

real ITyAes somewhere between the past and this happy outcome.
a carpenter, upon receiving a new power saw, does not

discard his collection of older tools, ATE systems that control a
board-production process will not discard the capabilities they have
today. The future can bring many pleasant developments if bound-
ary scan (as well as other BIST/DFT technologies) is accepted, and
we could all enjoy the reduced cost and complexity. This hesitancy
should go away as we quantify the benefits of this new technology,
and its use should become more widespread. Perhaps the largest
obstacle will then be deciding how to use what we have developed,

and that will be up to management.

REFERENCES

1. TW. Williams and K.P. Parker, "De-
sign for Testability: A Survey," Proc.
IEEE, Val. 71, Jan. 1983, pp. 98-112.

2. C.C. Timoc, Selected Reprints on
Logic Design for Testability, |IEEE
Computer Society Press, Los Al-
amitos, Cdif., 1984.

3. E.B. Eichelberger and T.W. Williams,
"A Logic Design Structure for LY
Testability," Proc. Design Automation
Con/., 1977,77CH1216-IC,pp.462-
468.

4. K.P. Parker, 'Testability: Barriers to
Acceptance," |EEE Design & Test of
Computers, Vol. 3, Oct. 1986, pp.
11-15.

5. C. Maunder and F. Beenker, "Bound-
ary Scan: A Framework for
Structured Design-for-Test," Proc.
Int'l Test Conf., 1987, pp. 714-723

6. IEEE Standard 1149.1-1989/DA4,
"|EEE Standard Test Access Port
and Boundary-Scan Architecture,”
|IEEE Standards Board, 345 East
47th Street, New York, NY 10017,
Draft D4, May 5, 1989.

7. K.P. Parker, Integrating Design and
Test: Using CAE Toolsfor ATE Pro-
gramming, |EEE Computer Society
Press, Los Alamitos, Calif., 1987.

8. D.T. Crook, "Anaog In-Circuit Com-
ponent Measurements: Problems
and Solutions," Hewlett Packard J.,
Mar. 1979, pp. 19-22.

9. M. Bullock, "Designing SMT Boards
for In-Circuit Testability," Proc. Int'l
Test Conf, 1987, pp. 606-613.

10. "Built-in Self-Test: Are Expectations
Too High?' IEEE Design & Test of
Computers, Vol. 6, No. 3, June 1989,
66-74.

Ken Parker is a member of the technical
staff in Hewlett-Packard's Manufacturing
Test Division, where he is involved in the
design and development of systems to test
circuits. Previously, he worked for HP in
Cdlifornia and for NASA/Ames Research
Center, where he was involved in the Illiac
IV project.

Parker is cofounder of the IEEE Sub-
committee on Design for Testability. He
holds a BS in computer engineering from
the University of lllinois, and an MS and a
PhD in electrical engineering from Stan-
ford University. His address is Hewlett-
Packard, PO 301, Loveland, CO 80537.

301



An Optimal Test Sequence for the JTAG/IEEE PI 149.1
Test Access Port Controller

Anton T. Dahbura

AT&T Bell Laboratories
Murray Hill, NJ 07974

M. Umit Uyar

AT&T Bell Laboratories
Holmdel, NJ 07733

Chi W. Yau

AT&T Bell Laboratories
Engineering Research Center
Princeton, NJ 08540

ABSTRACT

A test sequence is given for the Test Access Port (TAP)
controller portion of the boundary-scan architecture proposed
by the Joint Test Action Group (JTAG) and IEEE Working
Group Pl 149.1 as an industry-standard design-for-testability
technique. The resulting test sequence, generated by using a
technique based on Rural Chinese Postman tours and Unique
Input/Output sequences [1], is of minimum cost (time) and
rigorously tests the specified functional behavior of the con-
troller. The test sequence can be used for detecting design
faults for conformance testing or for detecting manufacture-
time/run-time defects/faullts.

I. Introduction

The Joint Test Action Group (JTAG), an ad hoc com-
mittee comprised of mgor semiconductor users in Europe
and North America, together with IEEE Working Group
Pl 149.1, has proposed a framework for standardized design-
for-testability of integrated circuits for module-level (e.g.,
board-level) testing. The so-called boundary-scan architec-
ture consists of circuitry which allows the inputs and outputs
of the digital logic of the integrated circuit to be accessed
from outside the module [10]. The advantage of the
boundary-scan approach is that the controllability and obser-
vability of a module containing many components is vastly
improved while the input/output overhead of the module con-
sists of only three extra inputs and one extra output.

In most cases, boundary-scan components which have
been designed and produced by different manufacturers reside
within the same module. Thus, it is paramount that the
implementation of the boundary-scan portion of each com-
ponent conforms to the set JTAG/IEEE Pl 149.1 standard to
ensure that the component can be successfully integrated into

EH0321-0/90/0000/0302$01.00 © 1989 IEEE

a module-level design-for-testability scheme. While design
verification is necessary at virtualy every step of the design
process, it is ultimately desired to check that, in the physical
implementation of the component, the functionality of the
boundary-scan portion is as expected, based on its
specification.

Of course, any test sequence which checks the confor-
mance of many different designs must, by its nature, be
implementation-independent. This means that test sequence
generation techniques which are based on logic-level infor-
mation such as stuck-at-faults are of little value. Further-
more, since it is applied to a physical implementation, the
test sequence must be able to overcome the severe observa-
bility and controllability constraints which arise. As aresult,
a high-level approach is required for generating a test
sequence which is 1) implementation and fault-model
independent, 2) of compact length, and 3) able to detect an
extremely high percentage of faults which occur as a result
of design faults.

In this paper, a minimum-cost (time) conformance test
sequence, based upon such a high-level approach, is
presented for checking the joint functional behavior of the
TAP controller and associated registers in a boundary-scan
implementation. The test sequence has been derived using
optimization techniques for managing the observability and
controllability limitations which arise in testing in a "black
box" environment such as this. While the test sequence has
been designed for conformance testing (design verification),
it is also an effective manufacture-time and/or run-time test
for the boundary-scan portion of an implementation.

In Section Il, the JTAG/IEEE Pl 149.1 architecture is
described. The model used to derive the test sequence is
given in Section JH. In Section |V, the test sequence genera-

Reprinted from |EEE Proceedings 1989 International Test Conference,
pages 55-62. Copyright © 1989 by The Ingitute of Electrical and
ElectronicsEngineers, Inc. All lightsreserved.



tion technique is discussed. Findly, the resulting test
sequence is described and the fault coverage results for an
implementation of the boundary-scan architecture are
presented in Section V.

I1. JTAG/IEEE P1149.1 Architecture

The boundary-scan technique conssts of placing a
boundary-scan cdl adjacent to each component input/output
pin in order to obsarve and control the component's signas
a its boundaries [10]. Each boundary-scan cdl is dble to
ather capture data from an input pin or from the component
logic, and can load data either into the component logic or
onto a component output pin. The boundary-scan cdls are
interconnected as a shift-register chain and, if desired, severa
components can be connected as a sngle chain. The
boundary-scan cells can be used to test the interconnections
among various components (external test) or to isolae a
component while an internal test is performed. Also, the
boundary-scan cells can be used to sample vdues a a
component's input and output pins.

The overdl JTAG/IEEE Pl 1491 boundary-scan archi-
tecture is shown in Figure 1. The primary dements are as
follows

Test Access Port (TAP) controller: a sixteen-dtate cir-
cuit (Figure 2) which receives the test clock signd
(TCK) and test mode sdect (TMS) control input and
generates dock and control signals for the remainder of
the architecture. The actions initiated by the TAP con-
troller occur on the rising edge of TCK, when the con-

soime  DEVICE IDENTIFICATION  ..cooonne,
: : REGISTER (OPTIONAL)

BOUNDARY-SCAN

REGISTER
™ BYPASS

REGISTER
Data Register
Controls
e INSTRUCTION REGISTER
TMS l

——3  TAP Data Register
Controls

IR Controls

MUX

CONTROLLER|

‘ Select OUTPUT
BUFFER

Enable

b o

Figure 1. The JTAG/IEEE Pl 149.1 boundary-scan architec-
ture [10].

Figure 2. State diagram of the TAP controller [10].

troller leaves the corresponding state, except for the
resst operation (state 0000), which occurs asynchro-
noudy. A block diagram of the TAP contraller is
shown in Figure 3.

Instruction Regigter (IR): stores an instruction, shifted
into it through the TDI input, which sdects the test to
be performed (externd, interna, sample) and/or the data
register (boundary-scan, bypass, or device identification)
to be accessed.

Boundary-Scan Register (BSR): a multiple-bit shift-
register conssting of the boundary-scan cells intercon-
nected in serid fashion with access to the component's
input/output pins and interna logic.

Bypass Register (BPR): a single-bit connection from
TDI to TDO to dlow test data to flow through to other
components with a single TCK period delay.

TRST
LB SELECT

AP ENABLE

CAP DR
CONTROLLER CAP_R
SH.DR

SH IR

TCK UP_DR
UP_IR

Figure 3. Block diagram of the TAP controller.



Device ldentification Register (IDR): an optiona
multiple-bit  shift-register which contains a device-
dependent binary identification code.

In this paper, two configurations of the boundary-scan
architecture, with and without the optiond device
identification register, are considered. Optiond features, such
as additiona registers, are not included, dthough the test
generation technique is aso gpplicable. For more details on
the JTAGITEEE PI 149.1 architecture, the reeder is referred to
[20]..

The detailed operation of the IR, BSR, BPR, ad
optiond IDR in the design under consderation is as follows.

Instruction Register

The IR condgts of three IR cdls, IRO, IR1, and IR2,
each condging of a shift-register sage and a latch stage
(Figure 4). The latch stage of an IR cdl is loaded with the
corresponding  shift-register  value upon recelving  an
UpdateJR (UP_IR) signd from the TAP controller (Figure
3). Upon receiving a CapturelR (CAP_IR) sgnd from the
TAP contraller, IRO retains its previous vaue, the shift-
register sage of IR1 is loaded with a "0", and the shift-
register stage of IR2 is loaded with a"1". Upon receiving a
ShiftlIR (SHIR) sgnd from the TAP controller, the vaue
on the TDI input is stored in the shift-register portion of IRO,
the old value of the shift-register portion of IRO is shifted to
IR1, and IRI's old vaue is shifted to IR2, which is then
observable on the TDO output. Upon receiving a Test-Logic
Rext (TRST) signd from the TAP contraller, 1) in the
configuration without the IDR, the latch stages of IRO, IR1,
and IR2 are each loaded with a" 1", which corresponds to the
"bypass-sdect” ingtruction, and the shift-register portions of
the cells retain ther previous values, 2) in the configuration
with the IDR, the latch stages of IRO, IR1, and IR2 are each
loaded with a design-specific bit corresponding to the "IDR-
sdect” ingruction and the shift-register portions of the cells
retain their previous vaues. In this study, the two ingtruc-
tions of rdevance are that in which the latch stages of the
three IR cdls are loaded with "0" (000), which sdects the
boundary-scan register and places it in the externd test
mode, and that in which the latch stages of the three IR célls
are loaded with "1" (111), which sdects the bypass regigter;

RO IR1 R2
LATCHO LATCHL LATCH2
™I —— SRO SR1 SR2 [ TDO
0 (CAPTURE) 1 (CAPTURE)

Figure 4. Functiond diagram of the ingtruction register.

POO (UPDATE)

ENABLE
LATCHO LATCH1 LATCH2
1Dl —» SRO SR1 SR2 b——= TDO
BSO T BS1 BS2
PI0 (CAPTURE)

Figure 5. Functiond diagram of the boundary-scan regigter.

in addition, the implementation-specific "IDR-sdect”" instruc-
tion is relevant in a design which includes the IDR.

Boundary-Scan Register

The consdered design consgs of three cels in the
BSR: an input cdl (BS0), an output cdl (BS2), and an output
endble control cell (BS1) which enables the ROO pin of the
output cel (Figure 5). Each cdl consgts of a shift-register
sage and a laich stage. Upon receiving a Capture DR
(CAP DR) dgnd from the TAP controller and when the
BSR is sdected in the IR (ingruction 000), the shift-register
stage of B0 is loaded with the vdue of input pin RO; BSL
and B2 retain their previous values. Upon recelving a
ShiftbR (SHDR) signad from the TAP controller when the
IR is in externd test mode (instruction 000), the vaues of
the shift-register portions of the BSR cdls shift one cdl to
the right (from BSO to BS1 to BS2), the vaue on the TDI
input is stored in the shift-register portion of BSO, and the
new vaue of the shift-register portion of BS2 is then observ-
able on the TDO output. Upon receiving a Test-Logic-Reset
(TRST) sgnd from the TAP controller, the laich stage of
BSL is loaded with a "0" to disable the FOO signd and BSO
and BS2 retain ther previous values. In the externa test
mode and upon recelving an Updae DR (UP_DR) signd
from the TAP contrdller, the latich stages of BSO, BS1, and
BS2 are loaded with the vadues of their corresponding shift-
register stages.

Bypass Register

The bypass register consss of a singlesage shift-
regiser cel (Figure 6). Upon receiving a Capture DR
(CAPDR) signd from the TAP controller and when the IR

BYPASS

REGISTER

0 (CAPTURE)

Figure 6. Functiona diagram of the bypass register.



is in bypass mode (instruction 111), a "0" is stored in the
BPR cell. Upon receiving a ShiftDR (SHDR) signa from
the TAP controller when the IR is in bypass mode, the value
on the TDI input is stored in the BPR cell and is conse-
quently observable on the TDO output. An UpdateDR
(UPDR) signa from the TAP controller when the IR is in
bypass mode produces no effect on the bypass register or any
other register. Finaly, a Test-Logic-Reset (TRST) signa
from the TAP controller produces no effect on the BPR.

Device ldentification Register (optional)

The IDR consists of N (normally N=32) single-stage
shift-register cells (Figure 7). Upon receiving a Capture DR
(CAPDR) signa from the TAP controller and when the IR
is in "IDR-select" mode (an implementation-specific instruc-
tion), each bit of the device identification code is stored in
the corresponding IDR cell. Upon receiving a Shift DR
(SHDR) signa from the TAP controller when the IR is in
"IDR-select” mode, the the values of the IDR cells shift one
cell to the right (from IDR1 to IDR2, and so on, to IDRN),
the value on the TDI input is stored in IDR1, and the new
value of IDRN is then observable on the TOO output. An
Update DR (UPDR) signa from the TAP controller when
the IR is in "IDR-select” mode produces no effect on the
IDR or any other register. Finaly, a Test-Logic-Reset
(TRST) signa from the TAP controller produces no effect on
the IDR.

The instruction stored in the IR ("000", "111", or the
optional implementation-dependent "IDR-select” instruction)
controls the multiplexer determining which of the shift-
register outputs of the data register cells (BS2, BYPASS, or
IDRN, respectively) is to be observable at the TDO output.
The appropriate data register value is observable at the TDO
output only when the TAP controller enables the output
buffer (Figure 1) in states DRCAPTURE, DRSHIFT,
DREXITI, DRPAUSE, and DREXIT2 (Figure 2). The value
of the shift-register portion of the IR2 cell is observable only
when the TAP controller enables the output buffer in states
IRCAPTURE, IRSHIFT, IREXITI, IRPAUSE, and IREXIT2
(Figure 2).

1. Finite-State Machine Model
P1149.1 Architecture

As described in the previous section, the TAP controller
is a sixteen-state finite-state machine (FSM); since its output
depends solely on its present state, it is a Moore circuit [6].
If the values on the TAP controller outputs could be directly
measurable then several of its states would be essentially
directly observable. For instance, if the SH_DR line is active
(Figure 3) and al other lines are inactive, then, by definition,
the TAP controller is in the DRSHIFT state (state 0010 in
Figure 2).

of the JTAG/IEEE

D —=; I[DR1-

Bl (CAPTURE) B2 (CAPTURE) BN (CAPTURE)

Figure 7. Functional diagram of the device identification
register (optional).

In fact, however, the implementation of the complete
JTAG/IEEE Pl 149.1 boundary-scan architecture is such that
the TAP controller outputs are not directly measurable, but
control the instruction register, decoding logic, boundary-
scan, bypass, and (optional) device identification registers,
multiplexers, and buffers (Figure 1). The contents of the
instruction register control the behavior of the data (BS, BP,
and optional ID) registers. Thus, determining the levels of
the TAP controller outputs consists of observing the effects
of these outputs on the TDO and primary outputs as a func-
tion of the contents of the instruction, boundary-scan, bypass,
and optional device identification registers and the values
applied to the TMS, TDI, and primary inputs. The FSM
representation of the control portion of the JTAG/IEEE
Pl 149.1 boundary-scan architecture, therefore, describes the
joint behavior, or composition of the TAP controller with the
contents of the instruction register. This composition is
shown in Figure 8 for a design which does not include a dev-
ice identification register, and in Figure 9 for an implementa-

RESET/111

IRSCAN/111

TO WAIT/111

TO DRSCAN/000

Figure 8. Finite-state machine showing the joint behavior of
the TAP controller and instruction register.
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Figure 9. High-level view of the FSM showing the joint
behavior of the TAP controller and IR (IDR included).

tion which does. For instance, in Figure 8, the
DRSHIFT/000 state corresponds to the TAP controller
SH_DR line active and "000" in the instruction register
(external test mode); in this state, the value on the TDI input
is shifted through the boundary-scan register. On the other
hand, in the DRSHIFT/111 state, the value on the TDI input
is shifted through the bypass register.

In this model, the operation consisting of capturing, fol-
lowed by shifting severa bits through any of the registers, is
represented by a single directed edge, and is said to be a
capture-shift sequence (CS-sequence). For example, in Fig-
ure 8, the operation consisting of capturing a "0" in the
bypass register, followed by shifting through a certain
sequence of hits and then completing the operation by apply-
ing a"1" to the TMS input, thereby putting the TAP con-
troller in die DREXIT1/111 state, is represented by a directed
edge from the DRCAPTURE/111 state to the DREXIT1/111
state with the label C-S.

Similarly, the operation consisting of entering the
DRSHIFT or IRSHIFT state from DREXTT2 or IREXITZ2,
respectively, and shifting several bits through the correspond-
ing register and then completing the operation by applying a
"1" to the TMS input, thereby putting the TAP controller in
the DREXTTI or IREXTTI state, respectively, is represented
by a directed edge with the label S (for Shift) and is said to
be a shift sequence (S-sequence). The issue of determining
an appropriate sequence of values to shift through the various
registers in CS-sequences and S-sequences is addressed in
Section V.

Note that, as intended to be used in this paper, the
IRCAPTURE state (CAP in Figure 9) is entered with the
intention of placing either "000" or "111" (or the "IDR-
select” instruction) in the instruction register latch, which
occurs when either the IRUPDATE/000 or IRUPDATE/111

states (or TRUPDATE/TDR), respectively, are exited. Thus,
there are three states, IREXTTI/?, IRPAUSE/?, and
IREXIT2/?, which may be entered from the IRCAPTURE
state but which may not lead directly to the IRUPDATE/000
or IRUPDATE/111 (or IRUPDATE/IDR) states without plac-
ing a "000" or "111" (or the "IDR-select" instruction) in the
instruction register cells.

IV. Test Generation Technique

Verifying that the boundary-scan portion of a given
implementation of a component conforms to the JTAG/TEEE
Pl 149.1 boundary-scan standard is equivalent to verifying the
functional behavior of the underlying sequential logic circuit.
Several techniques for automatically generating test
sequences for sequential logic circuits have been published in
the literature and, for the most part, can be categorized into
structural testing for logic-level fault coverage and functional
testing for design verification.

Sructural testing approaches, including the D-algorithm
[7] and its variants [3],[4], aim at detecting gate-level faults
such as single stuck-at-1 and stuck-at-0 faults in an electronic
device. While these techniques can be adapted to generating
test sequences for sequentiad  circuits, they are
implementation-specific; furthermore, they are designed to
detect only a very limited subset of the possible faults that
can occur in the design, manufacture, and operational stages
of a device.

The classical functional testing approach consists of the
design of so-called checking experiments [5], which produces
a set of input and output test sequences which are used to
verify that the behavior of the "black box" under test is
exactly as specified by the given state transition table. A
checking experiment tests the implementation of an m-state
finite-state machine (FSM) for the correctness of every
specified transition; that is, it verifies that each specified
input for state s, i=l,...,m, in the implementation produces
the expected output and takes the implementation to the
expected state.

In the past, checking experiments were based on the
existence of an input sequence caled a distinguishing
sequence, which produces a distinct output sequence for each
initial state of the FSM [5]. Unfortunately, only a very lim-
ited number of FSMs have a distinguishing sequence [2,5].
A new approach was proposed in [1], based on the concept
of Unique Input/Output (UIO) sequences [8]: a UIO sequence
of agiven state S in an FSM is an input/output sequence of
minimum length starting from state s, which could not be
produced by starting at any other state. Thus, a UIO
sequence can be used to verify that the initia state of an
input/output sequence is that which is expected. The differ-
ence between a UIO sequence and a distinguishing sequence



is that if the FSM is not in the expected initial state, the
actual initial state can be deduced from the output sequence
of a distinguishing sequence but not from that of a UIO
sequence; however, this information is unnecessary for the
purposes of testing.

The advantage of UIO sequences over distinguishing
sequences is twofold. First, while few FSMs have a distin-
guishing sequence, almost all FSMs have a UIO sequence, or
a variant described below, for each state. Second, the length
of a UlO sequence is a most that of a distinguishing
sequence and usually much less, so that UIO sequences are
the method of choice for checking that an implementation is
not in an expected state.

In the technique described in [1], after computing the
UIO sequences for each state of the FSM specification, a test
is formed for each transition of the FSM. The test of a tran-
sition consists of placing the FSM in the initial state of the
transition, applying the appropriate input for the transition
and observing that the output is that which is expected, and
then applying the UIO sequence for the find state of the
transition to ensure that the find state of the given transition
under test is that which is expected.

The set of tests is then assembled in an optimal manner,
using a network flow algorithm based on the Chinese Post-
man problem of graph theory [9], such that the resulting test
sequence is a continuous tour of the FSM which 1) contains
a test for each transition of the FSM, 2) begins and ter-
minates at a designated start state of the FSM, and 3) is of
minimum total cost. In the case of the TAP controller, each
transition requires the same time to realize, so that the test
sequence generated, described in the following section, con-
sists of the minimum number of transitions necessary to
rigorously test the FSM in the manner described above. (For
more information on the UIO sequence/Chinese Postman test
sequence generation approach, the reader is referred to

(11.[2].[8].[9D).

V. Test Sequence Description
UIO Sequences

For the implementation with no device identification
register, a UIO sequence was computed for 28 of the 33
states shown in Figure 8. For example, the UIO sequence
for the DRSCAN/0QO0 state consists of the following: 1) start-
ing in the DRSCAN/000 state, apply a "0" to the TMS input
and observe the previous value of the shift-register portion of
BS2 on the TDO output; 2) apply a "0" to the TMS input,
hence capturing the value of PO in BSO; 3) shift a CS
signature (for capture-shift signature) to be described below,
during the capture-shift sequence, from the TDI input,
through the boundary-scan register, to the TDO output so that
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it may be deduced that the values from the TDI input are
actually shifted through the boundary-scan register. It can be
observed that this output behavior could have been produced
only if DRSCAN/000 had been the initial state. Similar UIO
sequences exist for al of the other states except for
IREXIT1/?, DREXIT1/000, DREXTTI/IIl, IREXTTL1/000,
and IREXITI/III. These five states are considered in the
following.

It is easily observable that state IRPAUSE/? is weakly
equivalent [2] to state IREXIT1/? in that there is no effect on
the functionality of the boundary-scan architecture if the TAP
controller and instruction register composition is in the
IRPAUSE/? state when it is expected to be in the IREXTTI/?
state. This is because applying a "0" to the TMS line when
the TAP controller is in the IREXIT1/? state has the same
effect as applying a "0" to the TMS line when the TAP con-
troller is in the IRPAUSE/? state. Note that a "1" input to
the TMS when the TAP controller is in the IREXTTI/? state
is undefined since that would ultimately place an undefined
instruction in the instruction register.

For the last four of the states, a set of input/output
sequences, henceforth called a set of partial UIO sequences,
is used instead of UIO sequences, since the four states do not
initiate any unique input/output behavior themselves and yet
are not weakly equivalent to any other states. For example,
note that the result of applying a "0" to the TMS input when
the TAP controller is in state DREXIT1/000 is identical to
that produced when the TAP controller is initialy in state
DRPAUSE/000; from that point on, all actions are identical
since the two transitions lead to the same state. Also, the
result of applying a "1" to the TMS input when the TAP
controller is in state DREXIT1/000 is identical to that pro-
duced when the TAP controller is in state DREX3T2/000 and
the two transitions also lead to the same state, so that further
actions are identical. The first partial UIO sequence for
DREXIT1/000 distinguishes DREXITI/000 from all other
states except DRPAUSE/000. The second partial UIO distin-
guishes DREXITI/O00 from al other states except
DREXTT2/000. Each transition leading to DREXITI/000 is
tested twice as in the manner described in the previous sec-
tion, once using each partial UIO sequence. Together, the
partial UIO sequences yield the same diagnostic power as a
UIO sequence. Anaogously, sets of partial UIO sequences
can be easily derived for the other three states.

For the implementation with an IDR, 34 of the 41 states
have UIO sequences and six have partial UIO sequences as
described above. Also, state IRPAUSE/? is weakly
equivalent to state IREXIT/?.

CSSgnatures and S-Sgnatures

The process of capturing and shifting a sequence of
values through the boundary-scan, bypass, instruction, or dev-



ice identification register during a capture-shift sequence or
shift sequence mugt serve two functions: 1) to ensure that the
shift operation is occurring by means of the intended register,
and 2) to exercise as fully as possble the targeted regider.
Such a sequence is sad to be a CS-signature (if the dhift
operations are preceded by a capture operdion) or S
signature (if there is no capture operation before shifting) of
the appropriate regigter.

In addition, specific logic vaues must be placed on Al
of the input lines to ensure that the proper operation is taking
place. For example, when the BSO cdl captures a vaue
from the FAO primary input, the complement of that vaue is
placed a the TDI input to distinguish the capture operaion
from an ordinary shift. Also, the complement of each CS
sgnature and Sdgnaure is used a least once in the test
sequence to exercise the register adequately.

The CSsignatures and Sdgnaure chosen are as fal-

lows, where each hit corresponds to a TMS input on con-
secutive TCK pulses. Note that capture operations goply
only for CS-signatures, and are omitted for S-Signatures:
boundary-scan register: (capture 0 in B3O register),
1,00,1,1, followed by 0,1,1;
bypass register: (capture 0 in BP register), 1,00,1,1;
device identification register (optiond): (capture ID),
1,0,0,1,1, followed by complement of ID;
instruction register (externa test mode): (capture 0 in IR1
register, capture 1 in IR2 regigter), 1,00,1,1, followed by
0,00;
instruction register (bypass mode): (capture O in IR1 regis
ter, capture 1 in IR2 register), 0,1,1,0,0, followed by 1,1,1;
instruction register ("IDR-sdect" mode): (capture 0 in IR1
register, capture 1 in IR2 regigter), 1,00,1,1, followed by
"IDR-sdlect" ingtruction.
The left-mogt five bits of the signatures, which are the firg to
be applied to the respective register, exercise the register
logic. Note that each value (0 and 1) is stored at least once
in each register cdl and that each trangition (0—0, 0—»l,
=Q and 1) occurs & least once in each register cell.
Findly, the right-mogt bits, which remain in the correspond-
ing register dfter the signature is applied, are such that when
they are ultimady shifted out, it is evident which of the
registers is being exercised. The CSdgnatures and S
signatures can easly be generdized for use with boundary-
scan  architecture  implementations condgting of arbitrary-
length boundary-scan, device identification, and ingtruction
registers; in genera, only the right-most bits which remain in
the register must be changed.

Length of Test Sequence
The generated test sequence for the implementation

under consideration without the device identification register
congists of 694 input/output operations, corresponding to 694
pulses of TCK, including CS-sequences. The boundary-scan
CS and S-sequences are used 12 times, the bypass register
CS- and S-sequence is used 20 times, the indruction register
CS and S-sequence (externd test mode) is used 12 times,
and the ingtruction register CS- and Ssequence (bypass
mode) is used 11 times. In generd, given tha the number of
cdls in the boundary-scan register is Nps and that the number
of cdls in the ingtruction register is N, the overdl length of
the test sequence for the implementation without the device
identification register is
589 + i2Nps + 23Ni;;

for an implementation which incdudes the device
identification register, where the number of cdls in the dev-
ice identification register is Nig, the overdl length of the test
sequence is

986 + 12Nps + 44N;; + 21Niq.

As an example, for a device with 200 1/O pins, a four-cdl
indruction register, and a 32-cell device identification regis-
ter, the test sequence is of length 4234.

Coverage

The test sequence for the implementation without the
device identification register was evaluated by means of a
falt dmulator, usng a gateleve description of the
boundary-scan architecture. Recdl that the god of the test
sequence is to be a conformance test for the TAP controller
portion of the boundary-scan architecture.  Any faults
detected beyond the boundaries of the TAP contraller is a
desirable, yet optiond, festure. The test sequence detected
100% of the non-redundant single stuck-at-faults associated
with the TAP controller (151 out of 151); with the judicious
sdection of the CS- and S-signatures, it dso detected a very
high percentage (85%-95%) of the 546 single stuck-at-faults
associated with the registers, multiplexers, and buffers. It is
not possible to give an exact figure for the fault detection in
the circuitry externa to the TAP controller because: 1) many
of the faults can only be detected by entering the sample or
internal test modes, which do not have standard, reserved
ingructions, and 2) the number of undetectable faults outside
the TAP controller are desgn-dependent and therefore,
unpredictable.

Discussion

The figures for the single stuck-at-fault coverage do not
adequatdy quantify the capabilities of the test sequence
because the UIO sequence/Chinese Postman test generation
technique, unlike other approaches for testing sequentia cir-
cuits, is designed to detect functional faults, of which stuck-
a-faults are but a amdl subset. Therefore, it seems reason-



able to believe that the robustness of the test sequence using
UIO sequences should exceed that of other known techniques
based on the stuck-at-fault model. At present, however, there
is no way to verify this using simulation techniques.

The test sequence generated by the UIO
sequence/Chinese  Postman technique avoids needlessly
detecting so-called operationally redundant faults, that is,
faults which do not affect the specified operation of the
implementation. This further reduces the overall length of
the test sequence. An example of an operationally redundant
fault is a fault in the TAP controller which can only be
detected by updating the instruction register with an
undefined instruction.

Finally, another advantage of the UIO Sequence/Chinese
Postman-generated test sequence is that it is not circuit-
dependent. Unlike other techniques, the test sequence gen-
erated here is based solely upon a functiona description of
the circuit. Therefore, the same test sequence can be used as
a manufacture-time and/or run-time test as well as a confor-
mance (design-time) test for the many different boundary-
scan gate-level implementations expected to be designed by
the various manufacturers that plan to incorporate the
JTAG/IEEE Pl 149.1 boundary-scan architecture into their
chip designs.

VI. Conclusions

In this paper, a novel technique for generating test
sequences has been applied to the TAP controller portion of
the JTAG/IEEE Pl 149.1 boundary-scan architecture. The
resulting test sequence is based on a functional-level, finite-
state machine description of the circuit and has in its initia
analysis indicated impressive capabilities in detecting design
inconsistencies and run-time faults in boundary-scan imple-
mentations.

Acknowledgements

The authors would like to thank J.D. Sutton and A.B.
Sharma for their valuable contributions which made this
paper possible. The work reported in this paper was first
suggested by R.E. Tulloss.

References

[1] A.V. Aho, A.T. Dahbura, D. Lee, and M.U. Uyar, "An
optimization technique for protocol conformance test
generation based on UIO sequences and Chinese post-
man tours,” in Proc. 8th. Int. Symp. on Protocol
Soecification, Testing, and Verification, North Holland,
ed. S. Aggarwal and K. Sabnani, 1988.

[2] A.T. Dahbura and K.K. Sabnani, "An experience in
estimating the fault coverage of a protocol test,” in

(3]

(4]

(9]

(6l

(8l

(9l

(10]

Proc. |IEEE INFOCOM '88, pp. 71-79.

H. Fujiwara & T. Shimono, "On the acceleration of test
generation algorithms", IEEE Trans, on Computers, vol.
C-32, no. 12, pp. 1137-1144, Dec. 1983.

P. Goel, "An implicit enumeration algorithm to generate
tests for combinational logic circuit", IEEE Trans, on
Computers, vol. C-30, no. 3, pp. 215-222, March 1981.

Z. Kohavi, Switching and Finite Automata Theory.
New York: McGraw-Hill, 1978.

E.F. Moore, "Gedanken-experiments on sequentia
machines," Automata Studies, Annals of Mathematical
Sudies, no. 34, Princeton Univ. Press, Princeton, NJ,
pp. 129-153, 1956.

J. P. Roth, Computer Logic, Testing, and Verification.
Rockville, MD: Computer Science Press, 1980.

K.K. Sabnani and A.T. Dahbura, "A protocol test gen-
eration procedure,” Computer Networks, vol. 15, no. 4,
pp. 285-297, 1988.

M.U. Uyar and A.T. Dahbura, "Optimal test sequence
generation for protocols; the Chinese postman algorithm
applied to Q.931," in Proc. |IEEE Global Telecommuni-
cations Conference, pp. 68-72, 1986.

Boundary-Scan Architecture Standard Proposal, Version
2.0, JTAG, 31 March, 1988.



A New Framework for Analyzing Test Generation and Diagnosis
Algorithms for Wiring Interconnects

Najmi Jarwala and Chi W. You

AT&T Bell Laboratories
Princeton, NJ

Abstract

Increasing complexity of circuit boards and surface mount
technology has made it difficult to test them using traditiona
in-circuit test techniques. A design-for-testability framework
has been proposed as the IEEE Standard 1149.1* Test Access
Port and Boundary-Scan Architecture.  This architecture
smplifies board test by providing an eectronic bed of nails. It
aso provides access to other test features that may be present
onachip.

Because of the sarid nature of the tests that use Boundary-
Scan, it is important to minimize the tet sze while
maintaining diagnosability. This has renewed interest in
exploring dficent test dgorithms and implementation
techniques. This paper presents a new framework for andyzing
the dgorithms proposed for testing and diagnosing wiring
interconnects. Using this framework, the agorithms proposed
in the literature are andyzed, clearly identifying ther
capabilities and limitations. A new optima adaptive agorithm
that can reduce tet and diagnoss complexity is aso
presented.

Keywords: Boundary-Scan, Boad Test, Test Generation,
Diagnosis, Interconnect Test.

1. Introduction

Higher levels of sysem integration have resulted in circuit
boards shrinking onto devices, while systems are packed onto
circuit boards. The increase in both the number of integrated
circuits and their complexity has made testing circuit boards
difficult and expensive. Traditionally, manufacturers use two
techniques to test boards. in-circuit test and functiond test. In
the in-circuit test technique, the devices on a board are
accessed by a "bed-of-nails' — probes on the ATE tha
directly make contact with the device 1/0 pins from pads on
the surface of the circuit board. This makes it possible to test
each device and the interconnects between devices. Note that
this technique requires extensive access to the circuit under
test.

Functiond tests ae applied through a board's norma
terminations—for example, edge connectors. The objective is
to test the board as a single entity. However test generation,
fault smulation, and test gpplication costs are excessve to
achieve acceptable fault coverage. For some products it may
be impossble to either verify or achieve the desred fault
coverage.
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Design-for-testability (DFT) and Built-in Sdf-Test (BIST)
meke the test problem more tractable. ATE's have dso
evolved to cope with the growing complexity of circuit boards.
However surface mount technology, slicon-on-silicon, etc.
further reduce the access that the in-circuit test methodology
needs.

11 Review of the Boundary-Scan Architecture

To solve the problems discussed above, |EEEStd. 1149.1 has
proposed the Boundary-Scan Architecture. This architecture
basicaly conssts of a Test Access Port (TAP) which consists
of a four or five sgnd interface, a contraller, an ingtruction
regigter, and two or more test data registers (Figure 1). One of
these test data registers is the Boundary-Scan (B-S) Register.
This regigter is formed by seridly linking latches (eech of
which is part of a B-S cdl) that are placed a each device 1/0
S0 that the signdls at the I/O can be controlled and observed.
The B-S data registers in the parts of a board are linked into
one or more serid paths through the assembled product. Such a
path alows one to test the interconnects, apply tests to each
device on this path, apply tests to clusters of logic that are not
on the B-S path, access BIST and other testability features
within devices, and take "snapshots" of the sysem date in
red time. More details about this architecture can be obtained
from [3].

Boundary Scan Cells
on Devicg /O Pins

DL

Output | TDO
Buffer

Instruction Reg.

T
ICK| A
P

TRS
Figure 1. IEEE Std. 1149.1 Boundary-Scan Architecture.
12 Tedting Circuits with Boundary-Scan
If dl the devices on aboard implement B-S, then the board test

Reprinted from |EEE Proceedings 1989 International Test Conference,
pages 63-70. Copyright © 1989 by The Institute of Electrica and
Electronics Engineers, be. All rightsreserved.



procedure can be divided into the following test sequence:
e Test B-S chain integrity
* Test board interconnects
« Activate BIST and scan out the resultant signatures

Tegting the integrity of the B-S chain is supported by the B-S
architecture standard and is described in detal in [3],
Activeting BIST is done by scanmning in the RUNBIST
ingruction, waiting for it to complete, and scanning the
sgnaure out of the B-S Regiger. Tegting the board
interconnect is the subject of the remainder of the paper. While
the emphasis of this work is testing in the IEEE Std. 1149.1
scan environment, the algorithms and results discussed here are
adso applicable to the generd problem of testing wiring
interconnects.

Section 2 presents the notations and definitions that will be
used in the remainder of this paper. Section 3 defines the fault
modd which is followed by a review of fault detection
dgorithms in Section 4. Section 5 discusses fault diagnoss.
In this section the faulty response is andyzed and classified,
and the new framework is presented. The diagnogtic
capabilities and limitations of existing agorithms are andyzed
under this new framework. Section 6 proposes a new, optimal
adaptive test and diagnosis algorithm. Sections 7 and 8 discuss
stuck-at faults and opens on wire/3-state nets respectively.
Section 9 reviews some implementation issues, and Section 10
offers conclusions.

2. Notations and Definitions

In this section we present the notations and definitions that will
be used in the remainder of the paper.

Net: A net on a circuit board is defined as an equipotential
surface, formed by a physical wire connecting a st of input
buffers and a st of output buffers.

The most generd form of anet is shown in Figure 2.

Input Buffers

Output Buffers

Figure2. A Wire or 3-date Net.

A net can be driven by one or more buffers. Each net can be
fanned out to one or more buffers. If anet is driven by asingle
buffer, we refer to it as asimple net. A net which is driven by
more than one buffer is either awireAND/OR or 3-date and is
referred to asawire net or a 3-state net respectively.

Net Degree: The degree of awire net, denoted by k, is defined
to be the number of buffers that drive that net. The degree of a
3-date net, denoted by z, is dso defined to be the number of
buffers that drive that net.

Let:
« L: Length of the B-S chain
* N: Number of nets
* n;: A net identified by aunique number (ID), i
N : A wire net identified by a unique number, i
« k. Degreeof awirenetn;’
o K: max(ki)
* n% A 3-date net identified by aunique number i
* 7 Degree of a 3-state net n'
e Z: max(z)

We dso review the following definitions:

Union of Vectors, denoted by  U(vy,v,, ¢ ), is the vector
that results from a hit-wise OR of the component vectors.
Example v; =000 I;v,=1 100. U(vy,v2)= 1101

Intersection of Vectors, denoted by n (vy,vy, * ¢ ), is the
vector that results from a bit-wise AND of the component
vectors.

Example: v; =1001;v,=12100. ny(vy,vz)= 1000.

Paralld Test Vector (PTV), is the vector applied to al nets
of an interconnect network in parallel.

Sequential Test Vector (STV), is the vector goplied to a net,
over aperiod of time, by anumber of PTVs.

Note that the STV aso represents a net ID. In Table 1, the
PTVs are represented by the columns while the STVs are
represented by the rows.

Sequential Response Vector (SRV), is the response of anet to
an STV. If the net is fault freg its STV and SRV will be
identica. A faulty net will differ in its STV and SRV.

Fault Syndrome, denoted by d, is the seria response of fauilty
or potentidly faulty net(s). It is a SRV that is ether different
from its corresponding STV or a SRV that is common to two
or more nets.

Vector Set, denoted by Sis the set of dl STVs. Note that
[9 =N.

3. Fault Modd

We consider the following classes of faults.

Multi-Net Faults. These are bridging faults that create a short
between two or more nets. The behavior of the nets is a
function of the driver characterigtics of the individud nets



involved in the short. This behavior can be ether deterministic
or non-deterministic. Deterministic  behavior can  be
characterized as follows;

* OR-type Short. If thedriversare such that a' 1' dominates,
then the resultant logic vaue is an OR of the logic values
on the individud nets.

e AND-type Short. If the drivers are such that a '0'
dominates, then the resultant logic vaue is an AND of the
logic vaues on the individua nets.

e Srong-Driver Short. If a gpecific driver in the short
dominates, then the vaue of the net follows that of the
driver regardless of the output of the other drivers.

The logic vadue on the net can aso be non-determinigtic or
undefined. Thisbehavior isnot included in thisfault model and
isnot consideredintheremainder of thispaper.

Single-Net Faults. These are stuck-at-one, stuck-at-zero, and
open faults on sngle nets. Note that in the case of wire or 3
dae nets, stuck-at faults affect the net as a whole while open
faults may afect only part of the net.

The fault model dlows for single or multiple occurrences of
ather multi-net faults andlor singlenet faults with
determinigtic behaviour.

4. Fault Detection

In this section we discuss detection of stuck-at faults, shorts
between nets and opens on simple nets. Note that opens on
smple nets are equivadent to astuck-at '0' or suck-at '1' at the
receiving buffer(s), depending on the technology. Opens on
wire and 3-date nets are more complex and are dedt with in
Section 8.

Counting Sequence Algorithm

Some of the earliest work in this area was reported by Kautz
[5]. In this paper he showed that [ log(N)] PTVs are optimd
for detecting dl shorts in a nework of N unconnected
terminals. The test requirement for detecting shorts is very
smple; aunique STV must be gpplied to each net. If the board
is fault-free, each response must be unique. In case of a short,
the nets involved will have the same response and hence the
short will be detected. The requirement of gpplying a unique
STV to each net can be easily met by following a smple
counting sequence.

Modified Counting Sequence Algorithm

The vector set proposed by Kautz contained the al '0' and all
'1' STVs. This was extended to [ log(N+2)] PTVs by God
and McMahon. This vector st eiminated the dl '0" and dll
1" STVsso that every STV hasat least one '0' andone '1".
This modification permits stuck-a fault testing. This vector sat
is dso a counting sequence with the dl '0" and all '1' vectors
excluded.

Nets Parallel Test Vectors Sequential
T iT o «r Test Vectors
i | 0] 001 vi
Ny 0 0 1 0 V2
"3 0 0 1 1 Va
«4 0 1 0 0 V4
«5 0 1 0 1 V5
g 0 1 1 0 Ve
n; 0 1 1 1 V7
«8 1 0 0 0 V8
n, 1 0 0 1 Va
1 0 1 0 VIO

"10
TABLE 1 Tes St ddfined by Madified Counting Sequence Algarithm.

Condder a circuit with ten nets. The four test vectors thet
would be applied are shown in Table 1. As defined previoudy,
the Parallel Test Vectors are represented by the columns of
Table 1 and the Sequential Test Vector are represented by the
rows of Table 1. Each STV appliesat leasta'0'and ' 1" to each
net o that stuck-at faults can be detected. Also every STV is
unique so that a short between any pair of nets can be detected.

Structure Independent Algorithm

The test proposed by Hassan et d. [2] further generdizes the
test proposed by Goel and McMahon. Their god isto generate
atest tha is independent of the structure of the scan path o
that test generation is smplified. To do this they propose using
f log(L+2)l test vectors (JL is the length of the B-S path)
ingtead of f \og(N+2)~\. The logic is that while this is non-
optimal, it does not need formatting and is more suitable for
BIST implementation. This test, however has a serious
limitation: It only works if there are no 3-dtate nets. This
condraint is not redistic for complex, bus-oriented circuit
boards. In generd, for scan paths based on the |EEE Standard
1149.1, order independent test sets are not possible. This is
because the 3-state control signds and the outputs they control
lie on the same scan path; and, to prevent conflicts, the
relationship between the control signa and the outputs must be
determinigtic.

Walking One's Algorithm

Nets Walking One's Sequence

Ny 1, 0|0|O0|0|O0O 0|O)|O0]|O
n, 0 1, 0|0|0|]O0|O0O| 0|0/ O
N3 0|0 1, 0/0/]0]O0O]O]O0]oO
Ny 0 0|0 i1/{0/0]0|O0O|]O0]O
Ns 0O/ 0|]O0]|O 1/]0|0|]0]O0]O
Ng 0O/ 0|0]|]O0]|O 1/0]0]O0]|O
ny 0/ 0|O0O|]0|0]|O 1, 0,0 |0
Ng o/, o0|0O0|J]0O0|J]O0O]J]O0]O 1,00
Ny o/o0|]O0O|]O0O|O]O|]O]|O 1|0
N1o o|,o0|0j0|/0O0|O0|O0O]O0]|O 1

TABLE 2 Walking Ones Test Seopance

This is a vay common test sequence used for testing
memories, etc (Table 2). This has adso been discussed by



Hassan e d. [2]. We condder the properties of the origina
sequence without response compression. The sequence has N
PTVs. Each PTV is gpplied and the response sored for
andysis. If gpplied in pardld this sequenceis O (N). In ascan
environment this test is O(N9). Note that this sequence
sdidfies the minimum requirement for suck-a and short
detection as discussed above. This sequence dso has a unique
property that guarantees diagnosis, as discussed in the next
section.

5. Diagnosis of Short Faults

In this section we discuss diagnosis of short faults. Diagnoss
of stuck-ats and detection/diagnosis of other sngle-net faults
will bediscussed in sections 7 and 8.

Diagnogtic resolution is of two types: The firg identifies,
swithout ambiguity, a list of nets that have a fault. The second
type further identifies the sets of nets dafected by the same
short, the nets that are suck-at zero or one, or the net that is
open. When we use the term diagnose, we refer to the second
type of diagnosis. This is important for rapid repair during
manufacture.

Further, there are two test and diagnogtic techniques. The first
we cal the One Step Test and Diagnosis where a st of test
paterns are goplied and the response is andyzed for fault
detection and diagnosis. The other technique we cal
Adaptive Test and Diagnosis where the test is agpplied,
response andyzed and then one or more additiond tests may
be applied to ad diagnogtics. The implication of these
techniques and their suitability for different test and repair
environments is discussed in the Section 4.

Traditiond testing applies PTVs to a circuit-under-test,
receives a response and then andyzes one or more falling
PTVs for diagnosis. We use a different approach. We assign a
unique ID (STV) to each net and then condder the test
procedure as 'requesting' each net to respond with its ID. Fault
free nets respond with their correct IDs; faulty nets with IDs
that differ from their assigned IDs. These incorrect IDs (or
SRVs) have been defined earlier asfault syndromes and their
andysis|eadsto diagnosis.

5.1 Syndrome Behavior

We andyze the rdaionship of the syndrome to the STVs of
the nets involved in a short.

Let v; represent the STV gpplied to net n. The SRV for afault
free net is same as the STV applied — vi. Let the fallty
response be represented by v;'. This notation implies that net ny
has responded with an ID f ingtead of i. All netsinvolved in a
short will have the same faulty SRV. This SRV is cdled the
fault syndrome S If nets n;, N, N,-*e are shorted together,
then each will havethe response s = vi' v, v ', ...
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Let (v'vf, i, ...) be the STV that were assigned to the nets
involved in a short. Based on the type of short the syndrome
can be characterized asfollows:

« If § = Uy, Wi, ...), then the short is of OR-type and
the syndromeiscaled aDisjunctive Syndrome.

« 1f § = nvy, vi',...), then the short is of AND-type
and the syndromeis cdlled aConjunctive Syndrome.

« If the syndrome is neither conjunctive nor digunctive and
J€ vy, v/, ...) then the short is strong-driver short and
the syndromeiscalled an | dentity Syndrome.

5.2 Syndrome Classification

Basad upon the above characterization, we dassify a syndrome
into two types.

« Aliasing Syndrome.

Let S be the st of nets which respond with the syndrome
S If ¢S (Sisthe =t of STVy and S=U(S-S) or
sf=n(S-sf), then the syndrome < is caled an aliasing
syndrome. If this happens then the faulty response of a set
of faled nets is the same as the fault-free response of
another net. It cannot be determined whether or not this net
is adsoinvolved in the short.

Consider the test in Table 1. Assume dl shorts are of type
OR. If nets ng, and n, are shorted then both will have a
syndrome 0 111. However the fault-free response of net
n; is ds the same Therefore it is not posshle to
diginguish whether n;, ng, n; are shorted or only nets
ns, Ny are shorted. The syndrome 0111 is an diasing
syndrome. Clearly, if nets ny,n, and n; were shorted then
the syndrome would be 0 111. However this syndrome
would not be diasing because § = u(n,n,) (Note that it
is possible for a syndrome to be conjunctive or digunctive
and the corresponding short be a strong-driver short. For
example, if net ns, ng, n; are shorted and the driver
associated with ny is a srong driver, then the syndrome
will dill be digunctive and diasing. However for
diagnosis, this dtuation is not relevant and will not be
consdered further.)

Confounding Syndrome.

A syndrome is cdled a Confounding Syndrome if the
syndromes that results from multiple independent falts are
identicd, that is s =8 =..=s" Theefore it canot be
determined if these faults are independent.

Consider (Table 1) two independent faults: nets ng,nyo are
shorted and nets ng,ng are dso shorted. Both shorts have
the same syndrome 1110. Consequently it cannot be
determined if the faults are independent or one fault, a
short between ng,nyo,nsNg has occurred. The syndrome
11 1 0isaconfounding syndrome.



Degree of Confounding, denoted by c, of a syndrome is
defined as the maximum number of potentidly independent
faults which dl have the same syndrome. In the above
examplethe syndrome 1 11 Ohasc=2.

Note that a syndrome can be both confounding and diasing.
Full diagnosis (as defined earlier) is possible if and only if no
diasing or confounding syndromes can exist.

S3 Diagnostic Capabilities of One-Step Algorithms

Using the syndrome andysis framework introduced in the
previous section, we now analyze the diagnostic capabilities
and limitations of the dgorithms proposed in the literature.

Madified Counting Sequence Algorithm

This dgorithm can diagnose dl short faults, provided the
syndromes ae nether diasng nor confounding. It is
impossble to predict the nature of the syndrome and
consequendy  Algorithm 2 has very limited diagnostic
capability.

True/Complement Test and Diagnoss Algorithm

To rexdlve the ambiguity caused by diasing syndromes,
Wagner [6] proposed a technique that we refer to as the

True/Complement Test sequence.
Nets TrueVectors Complement Vectors
Ny 0/ 0] O 11 1 1 0
N, 0|0 1,010 1 0 1
Na 0] 0 1 11 1 0 0
N4 0 1/ 0|00 0 1 1
Ns 0 1]0 1 0 1 0
Ne 0 1 1,010 0 0 1
n, 0 1 1 11 0 0 0
Ng 1{]0,0]0]O 1 1 1
Ny 1,00 1]0 1 1 0
N1o 1,0 110]0 1 0 1

TABLE 3. True/Complement Test Sequence.

The technique applies 2[ log(N+2)] patterns. The additiona
[ log(N+2)] petterns are obtained by complementing the first
st of patterns. This test can diagnose dl shorts with unique
syndromes which are not confounding. Condder Table 3,
which shows the 2\ log(iV+2)] patterns applied to the same
ten nets. If now nets nz,n, are shorted, the complement test set
givesasyndrome of 1 1 1 1 while the fault free response of n;
is 1000. Therefore the combined syndrome is no longer
aliasing and the short can be diagnosed. However confounding
syndromes cannot be diagnosed. This can be seen by andyzing
the pars of shorts, ngng and nph,. The diagnostic
capabilities of this technique is summarized by the following
lemma:

Lemma 1. The True/Complement Test and Diagnosis
algorithm will not generate aliasing syndromes. It cannot
diagnose syndromesthat confound.
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Proof: Obvious.

Walking One's Algorithm.

This agorithm is unique in that it is the only known dgorithm
that guarantees complete one step diagnosis of shorts for
unrestricted faults. It has a property that we cal Diagona
Independence. (Note that the definition that follows gpplies for
OR-type shorts, that is the definition is actudly for Disjunctive
Diagonal Independence. Its dual, Conjunctive Diagonal
Independence would apply to AND-type shorts. For clarity,
OR-type shorts are assumed in the discussion that follows)

Diagonal Independence of a Vector Test Set.

Let Syxm. M>=N denote the matrix of the vector test S Let
by, 0<=i<=N-1, O<5§<=M be an dement of S If S or the
matrix obtained from S by successve row and/or column
interchanges, has the form;

1 fordl i=j
bj = O fordl i>j
x for dl i<j

wherex €{0,1), then Sissaid to be Diagonally | ndependent.

The genera form of a matrix of test vectors that is Diagonaly
Independant is:

X x X x
X X X x

X
X
X
1

S oo+~
O O | x
O|_\><><

The following are two other examples of Diagondly
Independant test vector matrices:

r

(o R ™
O e RO
ol SR T |
OO O O -
OO O R
(== ]
® o~ 0O 0o C
-0 O O O

x
1

-0
1

C o -
S o= 0o

0]
0
0
0
0
1

000

Theorem 1: Unrestricted shorts of the nets whose STVse S
arediagnosableif SisDiagonally Independent.

Proof: Let Q be the matrix that is obtained from S dfter
successive row and/or column interchanges, so that Q isin the
form defined by the Diagonad Independence property. Let
V1,Vo, ...V represent the N rows of the matrix Q or the N
STVs of the corresponding test set. Let each STV be
represented by v;,=bio,big, by Condder any two
STVs v, vi € Q. Let by and by, be the lowest bit positions
thet are '1', of the two vectors v;, v; respectively. From the
definition of Diagond Independence, it is clear that
i!=j =>1!=n. In other words, no two row vectors of a matrix
that is Diagonally Independent can have identica lowest bit

X X



positions that are '1".

Further, diagnosis is possible if and only if the syndromes do
not dias or confound.

Let us assume that the syndromes gen dias. Therefore there
exists a set of vectors R= {v,,v;, v}, Rc Q such that
Uviv;, Vi) =V, v !€R v € Q. Thisimplies that there is
at least one vector in R which has a'1" in the same lowest bit
position as v;. This implies that the matrix Q has two unique
vectors that have the same lowest bit position as '1', and
consequently cannot  be Diagondly Independent.  This
contradicts the given fact that Q is Diagondly Independent and
hence it isimpossible for the syndromes to dias.

Similar it can be shown that the syndromes cannot confound.
For two syndromes to confound, there must exist two
independent vector sets, such that their respective unions result
in the same vector. This implies that each vector s&t must have
at least one vector which has' 1' in the same lowest bit position
as the syndrome. This further implies that the matrix has a
least two unique vectors with a '1' in the same lowest hit
position which leads to the same contradiction as above. Hence
syndromes cannot confound.

Since syndromes can neither dias nor confound, full diagnosis
is possible. «

Note that this condition is sufficient, but not necessary, for a
test vector st to avoid diasing and confounding. However this
leads to a systematic method of generating vector sets that
guarantee diagnosability.

Corollary 1: The Walking One's algorithm can diagnose
unrestricted shortswith N test vectors.

Proof: The Walking One's test st is Diagondly Independent
and consequently the proof follows directly from Theorem 1.
[ ]

54 Diagnostic Capabilities of Adaptive Algorithms

As defined previoudy, adaptive test refers to the process of
applying test vectors to a CUT, andyzing the response and
then applying one or more tests to perform diagnosis. Note that
each of the previous one-step dgorithms has its adaptive dual.
We present a new dgorithm, cdled the OneTest Adaptive
Algorithm, that is the dud of the True/Complement Algorithm.
We then andyze the W-Tet Adaptive agorithm, proposed by
God and McMahon [1], which is the dud of the Waking
One's Algorithm.

One-Test Adaptive Algorithm

This dgorithm is the equivdent of the True/Complement
Algorithm. That is, they have the same diagnogtic capability.
The dgorithm is as follows:

1. Applythe[ log(iV+2)] testsfor fault detection.

2. Andyze the syndromes. If the syndromes are neither
aliasing nor confounding, then diagnosis is immediate.

3. If the syndromes are diasing (but not confounding) then
we need to resolve whether or not the vector, which is
diased to, has aso faled. This can be accomplished by
one additiond test. A PTV is gpplied to the interconnects
in which the bits applied to the nets whose STVs are
diasedto, aesatto'1'. Theremaining bitsare st to '0".
Clearly if anet is part of a short, then the response hits
of the nets in the same short will be driven to '1'.
Otherwise they will remain '0'. This test can be
performed for dl unique diasing syndromes in paralel
and hence only one additiond test is required.

Note that like the Trug/Complement Algorithm, One-Test
Adaptive Algorithm aso cannot diagnose confounding
syndromes.

Lemma 2. The One-Test Adaptive Algorithm can diagnose
shortswith syndromes that are aliasing but not confounding
withnomorethan I+[ log(N+2)] tests.

Proof: Follows from the discussion above. *

W-Tegt Adaptive Algorithm

God and McMahon [1] have proposed a two-step test and
diagnosis procedure. This agorithm is equivaent to the
Walking One's Algorithm and, in the limit, reduces to the
Walking One's Algorithm. In the firs step they gpply the
[ log(N+2)] vectors discussed in the Madified Counting
Sequence Algorithm. From andyzing the response, it is
posshle to identify a st of vectors R c= S which have
produced faulty response vectors. Let W= |R|. In the second
step the procedure gpplies a Waking One Test to the st R to
diagnose the falures This dgorithm has requires
W+ log(N+2)] PTVs.

In casethere are alarge number of faults, W—> N. However in
practice W << N and so this will require fewer vectors than the
Walking One's Sequence.

Lemma3. The W-Test Adaptive Algorithm can diagnose all
unrestricted shortswith W +[log(n+2)] vectors, where Wis
the number of faulty nets.

Proof: Follows directly from discussion above.

6, Optimal C-Test Adaptive Algorithm

This section describes anew, optima diagnostic dgorithm. It
has the same capability as the Waking One's Algorithm,
however the andysis stage uses the andyticd framework
developed earlier to avoid the potentid inefficency the W-
Test Adaptive Algorithm. Instead of looking a the set of all
faulty nets, this dgorithm andyzes the syndromes to determine
their nature and then decides if additiond tests are required.

The Algorithm is as follows.



1. Apply the [ log(N+2)] tests for fault detection.

2. Andyze the syndromes. If they are neither diasing nor
confounding, then, diagnosisis immediate.

3. If syndromes are only diasing, then full diagnoss
requires one additional test, as described in the One-Test
Adaptive Algorithm.

4. The remaining syndromes are ether confounding, or
both diasing and confounding. The confounding is
resolved as follows. Let C=max(c)) be the largest
degree of confounding of these syndromes. No more
than C-I tests are required to resolve the confounding of
the fault whose syndrome has a degree of C. Since the
diagnosis of faults with unique syndromes can be done
in pardlel, C-1 tests auffice to completely resolve al
confounding syndromes.

5. Findly diasing (if exists) needs to be resolved. This
requires one more vector. Therefore if the syndromes are
confounding and diasing, then C-l tests auffice to
resolve confounding and one more test resolves aiasing.
Therefore, in generd, & mos C tests sauffice to
completely diagnose al shorts.

Lemma 4. The C-Test Adaptive Algorithm can diagnose
unrestricted shorts with no more than C+[log(N+2)] tests,
where Cisthehighest degree of confounding.

Proof: Follows directly from the discusson above.

7. Diagnosis of Stuck-at Faults

Diagnosis of a stuck-at fault is relatively smple, since the
affected receiving buffer reads a congtant value. However to
achieve complete diagnosis, care must be taken to ensure that
the resultant dl-one or al-zero syndrome is not digunctive or
conjunctive respectively. If that is the case then the st of nets
reporting a congtant ‘0" or '1' syndrome could al be stuck-at
or shorted together. This can be a potentid problem for one-
step diagnosis. For example, consider a short of nets ny,ng in
Table 1. The SRV of both these nets will be 1 1 1 1, which is
same if both the nets had been stuck at ' 1'. This ambiguity can
be resolved by adding a dl-zero (for OR-type shorts) and al-
one (for AND-type shorts) PTV to the test vector st If
Table 1 had another dl PTV, v™, which is dl '0', the the last
bit of the SRVs of n; and ng will distinguish between a stuck-
a-1 fault and a short. A stuck-at-1 fault will drive this bit to a
'1' while a short will result in this bit having avaue '0'. This
will clearly distinguish between a stuck-at and short.

8. Testing and Diagnosing Opens on Wire and 3-State Nets

Wagner [6] presents detailed agorithms for testing wire nets.
There are three types of wire-nets. wire-AND, wire-OR and 3-
dae nets. Testing wirelAND and wire-OR nets is smple and
is equivaent to testing an AND or OR gate. Note that stuck-at

and bridging faults afect the net as a whole and are detected
by the previous test procedures. The principle interest in these
tests is to test for and diagnose opens which afect only a
subsat of the pinsin anet.

Wire-AND/OR Nets Test and Diagnosis Algorithm

Consider a wirelAND net of degree k. Testing it is analogous
to testing ak input AND gate and the test set consists of k tests
formed by 'walking' a '0' across the k output buffers (the
remaining k-1 output buffers are hdd a '1") and one
additional test which consists of dl ones. The dua applies to
wire-OR nets. Therefore a net of degree k can be tested with
k+ 1 tests. Since multiple wire-nets can be tested in paralld,
K+1 tests auffice to test al AND/OR wire nets.

3-State Nets Test and Diagnosis Algorithm

To test a 3-date net, we have to ensure tha eech buffer can
independently drivethenetto both a'0' anda'1' and that this
vaue is correctly received by the receiving buffers. This
implies that both a'0' and a'1' has to walked across the input
of the output buffers, (with the other output buffers being held
a the complementary state and disabled). Therefore a 3-dtate
net of degree z can be tested with 2z test vectors. Further snce
multiple 3-gtate nets can be tested in parallel, 27 tests auffice to
test dl 3-date nets.

Lemma6. All stuck-atsand open faultsin 3-Sate, Wire-AND
and Wire-OR nets can be detected and diagnosed by the
Wire-AND/OR and 3-Sate Test and Diagnosis Algorithms
using at most max(K + 1, 2Z) test vectors.

Proof: Follows directly from the observation that dl wire-
AND, wire-OR and 3-date nets can be tested in paralel. Note
that by ohserving the output responsg, it is trivia to diagnose
which driver or receiver is isolated from the net by an open.

9. Implementation Issues

There are several implementation issues that are important
when generating tests for a circuit board. The objective is to
minimize the test/repair time (and consequendy the cost) while
achieving high fault coverage and diagnogtic resolution. Some
of the parameters to be considered are:

» ATE Capabilities
 Test/Repair Environment
 Boad Yidd

9.1 ATE Capabilities

One of the motivations for usng B-S is that low cost ATE's
(e.g. one that is PC-based) can be used for board test. These
ATE's may have some limitations. Of principal concern is the
maximum length of the test sequence that the ATE can apply
between successive disk accesses. This may condrain the
agorithm that can be used. An ATE with limited test length
capability may make it impractica to use the Waking One's



Algorithm. Another limitation concerns the ‘openness of the
architecture. In some cases it is not possible for a test engineer
to gan direct access to the response for the purpose of
diagnosis, in other cases, the ATE provides a compressed
falure report. Other factors are the ATE's handling of the
failed response and the number of failures permitted before test
termination. If few such failures are permitted, then insufficient
failure information might be obtained and this may impact
diagnostic resolution.

Ancther important consderation is the computationa
capability of the ATE and the ease of generating and applying
test vectorsin real time. These factors determine the feasibility
of adaptive testing. Some ATE's may have very limited
computational capabilities making diagnosis difficult. Others
may require extensve processng before test vectors can be
generated making it impossible to gpply testsin rea time.

9.2 Test/Repair Environment

A good undergtanding of this factor is crucid in designing
dficdent tests. Frequently this may be pre-determined by
existing equipment and practices. If a shop sst-up initialy
performs a go/no-go test and failing boards are sent to a repair
gation, then to maximize throughput, the Modified Counting
Sequence dgorithm can be used for the initid test, and the C-
Test Adaptive Algorithm for diagnosis and repair. If however
test and repair are done at the same dtation, and the ATE does
nat have the capability to do adaptive testing, then the Waking
One's Algorithm may be required. This problem is addressed
in another paper by the authors [4], where design and process
information is used to congtrain the size of the test produced by
one-step dgorithm without sacrificing diagnostic resolution.

9.3 Board Yidd

If the process is mature and high yields are being obtained,
even the Modified Counting Sequence or the
True/Complement Algorithms may provide enough diagnostic
resolution. On the other hand for a new product/process the
number of failures are likely to be large and and consequently
the Walking One or C-Test Adaptive may be required. Note
that in such an environment the W-Test Adaptive Algorithm
may suffer reduced effectiveness

10. Conclusions

This paper makes saverd contributions. A new framework for
andyzing test generaion and diagnosis dgorithms for wiring
interconnect have been presented. A property of test vector
sets, cdled Diagond Independence, has been identified which
guarantees the diagnogtic resolution of the vector test s&t. The
faling responses or syndromes have been dassfied into
diasing and confounding syndromes, and this classfication
permits precise andyss of the diagnostic capabilities of
different test dgorithms. Using this framework, dl the
agorithms that have been proposed for board interconnect test

are andyzed. Their capabilities and limitations are clearly
defined. A new, optimal adaptive test and diagnosis adgorithm
isproposed.

An important aspect of test design is to take into account the
test/repair environment and its relationship with the product
being tested. Thisrelationship is not static and it changes as the
process matures. Idealy we need a design procedure that takes
into account the ATE capabilities, test/repar Strategies,
product yield and the fault data from Failure Mode Anadyss so
that an efficient, cogt-effective test can be developed. To do
this we not only need a good understanding of the entire
test/repair process but we dso need good test dgorithms that
permit a tradeoff between diagnogtic resolution and test
complexity. Presently, if adgptive tests are not possible, then
we bascdly have two choicess The Modified Counting
Sequence Algorithm with O(logN) test size or the Walking
One's Algorithm with O (N) test size. If Boundary-Scan is used
to goply the test vectors then the test time, because of the
seridization of the PTVs, is O(@NogN) and ON)
respectively. In this environment, the difference between
O (N lagAO and O (N?) test gpplication times may be too high
to make the agorithm with O(N?) complexity practical.

Using the framework established in this paper, the authors
propose [4] afamily of One-Step diagnosis agorithms that use
design and process information to generate tests of O (logN)
without sacrificing diagnogtic resolution. The dgorithms
(Modified Counting Sequence, Wdking Sequence) that are
discussed in this paper are shown to be specia cases of the
generd theory that is used to generate these new agorithms.
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Abstract

To test wiring interconnects in a printed circuit board,
epecidly one equipped with boundary-scan devices, it is
important to minimize the test sze while mantaining
diagnosgtic capability. This has provided the motivaion for
rescsarch work that explores efficent tet generation and
diagnosis agorithms. In this paper, we propose a unified theory
for designing various types of interconnect test dgorithms. We
demongtrate that the agorithms proposed in the literature are
specid cases of the genera dgorithms presented in this paper.
The new adgorithms are shown to be optima or near-optimal
for agiven st of design and process parameters. They increase
the designer's flexibility by offering a full range of solutions
(i.e. test vector sets) based on various trade-off criteria such as
test compactness and diagnogtic accuracy. Parameters for
quantifying the quality of the tests are described. The
significance and limitations of the proposed agorithms are aso
discussed.

Key Words: Board testing, boundary-scan, interconnect test,
design-for-testability.

1. Introduction

The problem of test generation for wiring interconnects has
been extensvely sudied. Severd dgorithms have been
proposed which assure detection of al opens, shorts, and
stuck-a faults [1-4]. Some of them [1, 2] are optimd in the
sense that they produce tests that are most compact. That is, the
test size is O(logN), and, in the boundary-scan environment,
the test time is O(NlogN). However, as described in the
accompanying paper [5], these tests are inadequate in terms of
their diagnostic capability. An agorithm based on the walking
patterns [4] has been proposad for fault diagnosis. Although it
guarantees complete diagnosis, the test size and the test time
are O(N), and O (N?) respectively. This may be intolerable for
high-density boards.

Clearly, it is advantageous to develop a generd gpproach for
designing test generation and diagnosis dgorithms which
endble the designer to gradually give up compactness while
still maintaining maxima diagnostic resolution. In this paper,
we present a unified theory which will dlow us to accomplish
this god. In particular, the designer will have the freedom to
choose from a wide variety of tests, ranging from those
primarily designed for fault detection to those primarily
designed for fault diagnosis.

EH0321-0/90/0000/0318%$01.00 © 1989 IEEE

We assume that the reader is familiar with the boundary-scan
test architecture [6], as well as some basic interconnect test
agorithms. (Detalled review and andysis of these dgorithms
can be found in the accompanying paper.) In addition, this
work is based on the framework and some basic concepts
described in the accompanying paper from which we aso
adopt dl the necessary notations and definitions. For clarity,
we assume throughout this paper that dl shorts exhibit wire-
OR behavior. By dudlity, al results presented can be easily
extended to handle shorts with wireAND  behavior.
Additiondly, strong-driver shorts [5] exhibiting deterministic
behavior can also be handled easily.

In the following section, we present the unified theory for
designing test generation and diagnosis agorithms. Two new
dgorithms are proposed. It is shown that both dgorithms
produce the fault-detection test (the Modified Counting
Sequence) and the fault-diagnoss test (the Walking-1
Sequence) as pecid cases. Section 3 discusses some important
characterigtics of the proposed algorithms. Some directions for
future work are given in Section 4. The last section provides
some concluding remarks.

2. A Unified Theory

In this section, we generdize the results from the previous
works [1-4] by proposing a unified theory for designing
optima test generation and diagnosis dgorithms. This theory is
based on a genera concept: Suppose, for an iV-net board, that
the number of pardld test vectors (PTVS) which we can
"afford" to goply is p, where p > [log(iN-2)]. Then, the
problem of generating a test vector set with optima diagnostic
capability is equivaent to that of "intelligently" assigning a
unique (p-bit) sequentia test vector (STV) to each of the N
nets such that the overal diagnogtic ambiguity of the test is
minimized. Since, excluding the al-0 and all-I STVs, there are
2P-2 possible STVs, the solution space is defined by

(%)

N

To circumvent combinatorid explosion, we will describe the
optimality of a solution in heuristic terms only. Among
possible solutions, we will propose two heurigtic agorithms.
These dgorithms can generate test vectors with complete fault
detection capability, and dso "good" falt isolaion
capability. Since both dgorithms produce test vectors with full
fault detection capability, we will describe their "goodness"

Reprinted from |EEE Proceedings 1989 International Test Conference,
pages 71-77. Copyright © 1989 by The Institute of Electrica and
Electronics Engineers, Inc. All rightsreserved.



only in terms of their fault isolation cgpability. In generd, we
attempt to increase the diagnostic capability of atest vector set
by reducing its potentid for producing diasing and/or
confounding syndromes [5].

All dgorithms proposed in the literature provide the designer
with individua, ad hoc solutions which fdl within two
extremes—the test generated by the Modified Counting
Sequence Algorithm [2], which is most compact, but least
helpful to diagnosis (p =[log(N+2)] ); and the test generated
by the Waking-One Algorithm [4], which is most hdpful to
diagnosis, but least compact (p=N). In contragt, both of our
dgorithms share an important property: They enable the
designer to sdect from a full range of solutions
([log(N+2)I <p <N) based on such trade-off criteria as test
compactness and diagnostic capability.

Now, we will describe the two heurigtic dgorithms in detall.
The firgt one assumes that no physica design information is
available; while the second one assumes that certain design and
process information can be used.

2.1 The Min-Weight Algorithm

This adgorithm can be used when no design and process
information is available. Typicdly, the designer specifies the
total number p of parallel test vectors (PTVS) to be produced in
advance. During test generation, the Min-Weight Algorithm
sequentidly assigns a unique (p-hit) STV of minimum weight
to each of the N nets (hence the name Min-Weight Algorithm).
Since, the number of unique STVs which can have aweight of

p

")
the maximum weight w,a« of the N assigned STVs s given by
the minimum value of k for which the following is true

OB ®

A necessary consequence of the Min-Weight Algorithm is that
W 1S dWays greater than or equa to the weight of any of
(2°-2)-N unassigned STVs (excluding the al-1 STV). Also
obsarve that if N=2P-2, then wpa=p-l and dl (2P-2)
possble STVs will be assgned. A sample test produced by
thisagorithmisshown in Table 1, wherep =4 and N = 12

Intuitively, one can see that if dl shorts exhibit wireOR
behavior, the test generated by the Min-Weight Algorithm is
less likely to produce diasing syndromes than that by the
counting methods [1,2]. This follows from the observetion that
shorting of two or more nets often produces a syndrome whose
weight is gregter than those of dl the STVs assgned to the
shorted nets. Since dl assigned STVs have minimum possible
weights, the (heavy) syndromeislesslikdly to dias with one of

Nets p-Bit STVs Weights
ni 1 0 0 o1

n2 0O 1 0 01

n3 0O 0 1 o1

na 0O 0 0 11

ns 1 1 0 O 2
n6 1 0 1 O 2
n7 1 0 0 1 2
n8 0 1 1 0 2
no 0O 1 0 1 2
n10 0O 0 1 1 2
ni1 1 1 1 0 3
n12 1 1 0 1 3

TABLE 1. Test Vectors Produced by the
Min-Weight Algorithm

them.

It is interesting to observe the lower and upper boundary
conditions of this dgorithm: If p = [log(N+2)] , the test is
spatidly most compact, but diagnogticaly least hdpful; its
diagnogtic capability is margindly better than, or even
identicd to, that generated by the counting methods. On the
other hand, if p = N, the test is diagnosticaly most hepful, but
spatidly least compact; it is the same as that generated by the
Walking-One Algorithm.

2.2 The Max-Independence Algorithm

The Max-Independence Algorithm minimizes the size of a test
without sacrificing its diagnogtic accuracy. This is achieved by
using net adjacency (i.e. wire routing) information as well as
cetan processreated  information—in  particular, the
maximum size of expected shorts or solder defects. (Thesizea
of a short or solder defect is the number of nets afected by the
defect) The following definitions ae needed before
describing the Max-Independence Algorithm.

Definition 2.1. Given a binary vector v = (bo,b\,...,.b,), let i
and j be the lowest and highest bit positions respectively such
that bi=bj=I. The potential weight w of v is equd to j-i+I for
dl nonzero v; otherwise, w=0. For example, vectors
(0,1,1,1,0) and (0,1,0,1,0) both have a potentid weight of 3.
Further, the number N$ of unique (p-bit) STVsthat can have a
potential weight of wis given by

1 forw=0
N;={p forw=1 2
(p-w+1)2%2 forw>1
Definition 22. A st of N nes {n,m,...,.ny) is an
adjacency-ordered s#t if ny is more adjacent to, or more likely
to be shorted with, n;; than n, forl<=i<=N-2,and if n; is

more adjacent to n.; than ni, for 3<=i<=N. Notethat anetona
circuit board can be physicdly adjacent to its neighboring nets



in more than one dimension. Therefore, only a partial, or
approximate, adjacency-ordering is achievable in practice.
Fortunately, bare board testing diminates many faults (e.g.
inter-layer  shorts) which wesken the "net-adjacency
assumption.” We will show that even a partid ordering is
more useful than a random one. A "good" partid adjacency
ordering can be easly obtaned by approximating net
adjacency with device pin adjacency. (Here, we assume that
most common shorts are caused by solder bridges affecting
physicdly adjacent device pins.)

Definition 2.3. Given an adjacency-ordered st of nets, let n;
be the lowest ordered net, and n; the highest ordered net
afected by a given short. The extent e of the short is then
defined as j-i+l. In aphysica sense, e is rdated to <sig> the
number of nets afected by a short (eg. the number of nets
shorted together by a single "solder blob"), and to the
ordering of the nets: for a complete adjacency-ordering, e = g;
for apartid adjacency-ordering, e>= <sig>. Clearly, eisbounded
by 2<=e<=N.

Finally, we assume that the reader is familiar with the diagonal
independence property of atest vector set which is detailed in
the accompanying paper. Having provided sufficient
background materid, we are ready to describe the Max-
Independence Algorithm in detail.

The Max-Independence Algorithm consists of the following
steps.

1. Find the minimum number p of PTVs that are required
for unambiguous diagnosis of all expected shorts, given
that the extents of these shorts will never exceed some
predetermined limit E. (As seen in Theorem 2.1 below, p
is given by

\E + log(W+l) - logB - Il if E > 2 or log(A/+l) < f log(W+)I

P=\
riog(A/+2)l iff£=2and log(N+l)= Clog(AM-I)I

where 2<E<N).

2. Generate an adjacency-ordered list of dl N nets. (Patid
adjacency-ordering is acceptable if complete adjacency-
ordering isimpractica.)

3. Form unique subsets of p-bit STVs (excluding the al-0
and dl-1 STVs) such tha esch subset is made of dl
possihle STVs which have the same potentia weights
and the same Hamming weights. (Obsarve that each
STV subsst contains a maximum number of unique
STVs that are diagonaly independent—thus the name
Max-Independence Algorithm.)

4. Usethe STV subset with the smallest potentid weights
(i.e. 1) toforman initiad ordered st of STVs.

5. Concaenate, repeatedly, anew STV subsat with the next
smalest potential weights to the ordered STV et until it

contains e least N STVs. (If two or more STV subsats
have equa potentid weights, pick the subset with the
smallest Hamming weight.)

6. Assign, sequentidly, an STV from the ordered STV st
to the next unassigned net in the adjacency-ordered net
list until al N nets have been assigned a unique STV.

A sample test generated by this dgorithm is shown in Table 2,
wherep =4 andN =12,

Adjacency- STVs Potential
Ordered Nets {pbits) Weights

ni 1 0 0 0 O 1

n2 0 1 0 0 O 1

n3 0 01 0 O 1

na 0O 0 0 1 0O 1

ns 0 0 0 0 1 1

n6 1 1 0 0 O 2

n7 0 1 1 0 O 2

n8 0 0 1 1 O 2

n9 0O 0 0 1 1 2

n10 1 0 1 0 O 3

n11 0 1 0 1 O 3

n12 0 0 1 0 1 3

TABLE 2. Test Vectors Produced by the
Max-Independence Algorithm

It is important to point out a unique property of the STV set
produced by the Max-Independence Algorithm. First, noticein
Table 2 that the vector set exhibits a very regular pattern.
Specificaly, it is made of (successively smdler) STV subsats
({ry,n2,n3,n4,ns5}, {ng,n7,ng,ng}, etc) which are
diagondly independent. Also, the unique ordering of the STV's
guarantees thet as long as the extent of any given short (see
Definition 2.3) never exceedsa certain upper bound (4inthis
case), thefault can always be unambiguously diagnosed. This
is because any 4 consecutive STVs in the vector st possess the
diagona independence property. One can be easily convinced
of this assertion by observing a number of examples. The most
obvious example involves the STVs assigned to nets ny, ny,
n: and n;. A less obvious example condsts of the STVs
associated with nets ng, ns, ng and n;, whose diagona
independence property becomes evident upon redlizing that the
STVs of n, and ns and the STVs of ng and n; can be
interchanged [5].

Table 3 summarizes some important characteristics associated
with the Max-Independence Algorithm. As seen in this table,
STVs of successively larger potentid weights are assigned to
eech of the N nets, and the maximum potentid weight of dl
assigned STVs is denoted by k (column 1). In addition, as the
potential weight w-; of an STV subset increases, the maximum
defect extent g for which full diagnosability is till maintained,



w; € No. of STVs (Eq. 2)t
1 p p
2 p (@-1y2°
3 p-l (p-2)2
4 p=2 (p—-3)2?
k-1 p—(k-3) [p—(k-2)]-2*3
k_ p-(k=2) [p—(k—1)]2*7

t Thedl-Oand dl-I STVsare exduded to detect &l stuck-ét faults

TABLE 3. The STV Assignment Sequence of the
Max-Independence Algorithm

decreases (column 2). Specifically, upon completion of test
generation, the maximum allowable defect extent E of the test
vector set becomes min{e,} or p-(k-2). Finaly, since the total
number of STVs to be assigned is N, we should be able to
equate N to the sum of the terms in column 3.

At this point, it has become apparent that the larger the
maximum defect extent E, the larger the number p of PTVs
that are required to guarantee unambiguous diagnosis of all
expected shorts. Obviously, given E, it is desirable to compute
the minimum p which still assures complete diagnosis. The
following theorem enables us to do precisely that.

Theorem 2.1. Let E be the maximum extent of all expected
shorts on a board with N adjacency-ordered nets, and let the
test generation algorithm be the Max-Independence Algorithm.
Then, the minimum number p of paralldl test vectors required
to unambiguously diagnose all expected shorts is given by

[E +log(N+1) — 10gE ~ 1] if E > 2 or log(N+1) < [log(N+1)]
p = (3)

rlég(N+2)1 if E=2and log(W+1)= [logN+1)]

where2<=,E<=N.

Proof: Obvioudy, the totd number of STVs assigned by the
Max-Independence Algorithm (i.e. the sum of the terms in
column 3 of Table 3) must equal N. Therefore,
i=k~2 | i=k=2 .
N=p(i+ ¥ 2)- Y (+1)2

i=0 i=0

(4)

Smplifying the two series on the right hand side of (4), we get
N =p 2 1—[(k~2)2"141]

N+1=[p—(k-2)]-2¢71 (5)

We know that unambiguous diagnosis of dl expected shorts is
guaranteed if the minimum of e-, the maximum dlowable
defect extents associated with the STV subsets (column 2 of

Table 3), isequd to E. Since min{e} =p-(k-2),

E =p-(k-2) ©
must hold. Solving (5) and (6) forp, we obtain
p = [E + log(N+1) - logE - 1] ™

Note that the term log(N+l) in (7) dealy dgnifies the
excluson of the all-0 STV from the test vector set. The Max-
Independence Algorithm automaticaly avoids assigning the
dl-1 STV to the lat net ny as long as E>2 or
log(iV+l) < [log(N+l)] . Otherwise, when the boundary
condition that E = 2 and log(iV+l) = [log(N+I)I is true, we
must subtract 1 from the right hand side of (4) to account for
the excluson of the dl-1 STV. This, after solving for p again,

p = [E + log(N+2) - logE - 1] (8)

Note that the term log(N +2) in (8) reflects the omission of both
the al-0 and all-l STVs from the test vector set. Finaly,
putting E = 2in (8), we get

p = [log(N+2)] ©)

a

Note in (3) that p is a function of N and E. While N is always
known, E can only be estimated or empirically obtained for a
given board and manufacturing process. Also, it can be verified
that p satisfies the two well-known boundary conditions. That
is, for 2<= E<=N,

[log(N+2)] <=p<=N

Further, as seen in Figure \,p is essentially a linear function of
E for agiven N.

1000 —
p
(umber 500
o PTVy
0od < [log(W +2)]
1 T ]
0 500 1000
E (maximum defect extent)
(N = 1000)
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Figure 1. The Effect of Maximum Defect Extent
on the Number of PTVs

Note that although in the worst case (i.e. when all possible
shorts are considered, including that which affects al N nets)
E = N, in practice, E << N holds for most of the faults that will



actually occur. For example, E = 20 maybe an upper bound on
the extents df, say, 99% of the actua shorts encountered by a
particular board.

We now illustrate the significance of Theorem 2.1 with a
smple example. Given that a board has 1000 nets (N = 1000),
which are (completely) adjacency-ordered, and that the number
of nets afected by any given short never exceeds 20 (E = 20),
the minimum number of PTVs required to fully diagnose al
expected shorts, according to Eq. (3), isp = 25. Notethat p is
sgnificantly smaler than the upper bound N = 1000, and that
full diagnostic capability of the test is ill maintained. Of
course, thisis possible only because we have prior information
regarding net adjacency and the maximum size of expected
short/solder defects.

3. Discusson

In this section, we will discuss some important aspects of die
agorithms proposed in the last section.

3.1 The Min-Weight Algorithm

The characterigtics of this agorithm will be described in terms
of its trade-off criteria, measure of goodness, and diagnostic
capability.

Tradeoff Condderations. Virtudly no design and process
spedific information is needed by the Min-Weight Algorithm.
Moreover, the fault model includes al theoreticaly possible
shorts. The primary trade-off criterion offered by the agorithm
is p, the number of PTVs that the test engineer is willing to
goply to the board under test, given certan spaid and
tempora condraints (i.e. vector storage Sace and test
throughput). Once p is determined, the dgorithm generates an
STV st whose maximum Hamming weight is minimd
(assuming only OR-type shorts are possible).

Measure of Goodness The quditative justification for the
Min-Weight Algorithm is that the probability of the test to
produce diasing syndromes (whose weights are generdly
greater than the condtituent STVS) is likely to diminish if the
weights of the assgned STVs are minimized. In generd, the
larger the p (where[ log(N+2)] <=p<=N), the smdler the
chance of diasing, and thus the "better" the test vector s&t.

Diagnogtic Capability: The Min-Weight Algorithm does not
totdly prevent the test vector st from producing diasing and
confounding syndromes dthough the probability of ther
occurrence is reduced. Therefore, when unambiguous
diagnosis is desired, the optima adaptive diagnostic dgorithm
presented in the accompanying paper [5] can be used to resolve
any ambiguity.

3.2 The Max-Independence Algorithm

Our discusson on the Max-Independence Algorithm  will
cover four aspects. trade-off criteria, messure of goodness,
diagnostic capability, and test complexity.
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Tradeoff Consderations. This dgorithm typicaly requires
the knowledge of net adjacency and maximum defect extent.
Using this knowledge, the size of a test can be minimized
without compromising its diagnostic capability. Similar to the
Min-Weight Algorithm, this dgorithm dlows the test engineer
to use the maximum adlowable p as the trade-off criterion.
Given a predetermined vdue of p, a set of p-bit STVs is
generated. This test st is less likely to cause diagnogtic
ambiguities because it condsts of maximum STV subsats
which are diagonaly independent.

The Max-Independence Algorithm gives the designer another
trade-off option. Assuming that unambiguous one-step
diagnosis [5] is required for dl shorts whose extents do not
exceed a predetermined upper bound E, this dgorithm alows
one to compute the corresponding minimum value of p which
guarantees the full diagnosis of those shorts. Typicaly, the
trade-off parameter E can be estimated using accummulated
datistical data pertaining to the sizes of solder defects.

Measure of Goodness: In most applications, the designer uses
die Max-Independence Algorithm to derive p from E, die
maximum extent of al (or mogt of) the expected shorts.
Therefore, the larger the E (and hence the p), the "better" the
test vector set. Thisis because the probability that the extent of
a short exceeds E (or equivadendy the probability of diagnostic
ambiguity) decreases as E increases. (Recal that diasing
and/or confounding syndromes can be encountered only when
the extent of a short is greeter than E.)

Diagnogtic Capability: As mentioned previoudy, as long as
the extent of a short does not exceed E, the Max-Independence
Algorithm guarantees complete diagnosis. Strictly spesking,
however, the only value of E that assures full diagnosis of all
possible shorts is N, the total humber of nets on the board.
Fortunately, in redity, the "equi-probable assumption” about
al shorts never holds. Thet is, realistic shorts do not occur
with the same frequency. For example, a5-net short is far more
likely to occur than a 50-net short. This implies that it is
possible to select a proper E (e.g. 50) which is greater than the
extents of a great mgjority of redistic shorts. Of course, in the
unlikely event where the extent of a short exceeded E, and
diasing and/or confounding syndromes were encountered, we
can dways resort to the optima adaptive dgorithm described
in [5] to achieve full diagnosis.

Test Complexity: Previoudy, we have shown tha p, die
number of PTVs generated by the Max-Independence
dgorithm varies dmost linearly with E, the maximum defect
extent (Figure 1). Fortunately, E in redity is much smaller than
N the total number of nets, and can be trested as a condtant
parameter indicative of a paticular character of the
manufacturing process (eg. maximum solder blob size).
Therefore, we can assume tha p is essentidly O(logN),
epecidly when E is amdl reative to logN (see the upper
diagram in Figure 2). However, as E gets much larger than
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Figure 2. The Effect of Total Net Count
on the Number of PTVs

logN, p becomes dmogt insendtive to variaionsin N. That is,
p remains nearly congtant in spite of changes in N (see the
lower diagram in Figure 2). Note that in Figure 2 each solid
line plots p as afunction of TV for atypica vdue of E (eg. 12).
The dotted lines represent p=N. The vdues of p are plotted
only to the right of the dotted line, where N>=E. (Clearly, the
maximum defect extent should never exceed the total number
of nets)

To summarize, in tems of tet compactness, the Max-
Independence  Algorithm is comparable to the Modified
Counting Sequence Algorithm; however, in terms of diagnostic
capahility, it is equivalent to the Waking-One Algorithm.

4. Future Work

The unified theory proposed in this work has transformed test
generation for wiring interconnects into a more generd
problem. This problem involves assigning unique p-bit vectors
(STV9) to a st of N nets such that the diagnogtic capability of
the resultant test is maximized. As mentioned previoudy, the
solution space of this problem is extremdy large, and various.

heuristic techniques must be employed to make the problem
computationaly tractable. Potentidly, families of heurigtic
agorithms can be developed. We have proposed two such
agorithms which are based on different assumptions about the
availability of certain informaion (eg. desgn and process
information). In the future, we intend to explore other heuristic
agorithms including those based on the techniques of binary-
tree search.

We are convinced that the Max-Independence Algorithm is a
vay poweful test generdtion technique for wiring
interconnects. However, its effectiveness directly depends on
our ability to obtain a "good" adjacency-ordered net set. For
such a net s, the extent of a short tracks very closdy to the
size of the short (e.g. the size of the solder blob). On the other
hand, for a poorly adjacency-ordered net s, the maximum
defect extent E could become proportiona to the total number
of nets TV. As a result, p, the number of required PTVs may
become O (N) ingtead of O (logN). Therefore, we intend to
devdlop effective schemes for obtaining good, patialy
adjacency-ordered net sets. Redizing that most solder bridges
dfect the adjacent pins of the same device, an obvious and
good gpproximation of net-adjacency-ordering is pin-
adjacency-ordering. Note that the latter can be eadly derived
from existing device libraries.

5. Conclusion

In this paper, we addressed the need of minimizing the test size
while maintaining its diagnostic capability. This need is
particularly pressing if the board under test is equipped with
boundary-scan devices, and the interconnect test vectors have
to be goplied through the serid scan chain. We proposed a
unified theory which reduces interconnect test generation to a
more generd problem. This problem involves assgning unique
sequentid test vectors (STVs) to al the nets on the board so
that the overdl diagnostic accuracy of the test is maximized.
With this new approach, it is possible to develop families of
interconnect test agorithms. We demondgraed that the
agorithms reported in the literature are specid cases of the two
new agorithms proposed in this paper: the Min-Weight
Algorithm and the Max-Independence Algorithm. These
agorithms were shown to be optima or near-optima for a
given set of desgn parameters. In particular, the Max-
Independence Algorithm can achieve virtudly full diagnoss of
shorts with O(logN) pardld test vectors (PTVS). The new
agorithms increase design flexibility by providing a full range
of solutions (i.e. test vector sets) based on various trade-off
criteria such as test compactness and diagnostic accuracy. We
aso described some of the trade-off parameters as means for
quantifying the qudity of the tests. Finaly, we discussed the
significance and the limitations of the proposed adgorithms, and
provided some directions for future work.



(1]

(2

(3

(4

(3]

References

W. K. Kautz, "Testing of Faults in Wiring
Interconnects,” | EEE Transactionson Computers, Vol
C-23, No. 4, April 1974, pp. 358-363.

P. God and M. T. McMahon, "Electronic Chip in
Place Test," Proceedings International Test
Conference 1982, pp. 83-90.

P. T. Wagner, "Interconnect Testing with Boundary
Scan," Proceedings International Test Conference
1987, pp. 52-57.

A. Hassan, & 4d., "Testing and Diagnoss of
Interconnects using Boundary Scan Architecture,”
Proceedings | nter national Test Conference 1988, pp.
126-137.

C. W. Yau and N. Jarwaa, "A New Framework for
Andyzing Test Generation and Diagnosis Algorithms
for Wiring Interconnects," Proceedings I nternational
Test Conference 1989.

[6] JTAG Boundary Scan Architecture Sandard Proposal,

Version 2.0, published March 1988.

324



A Self-Test System Architecture for Reconfigurable WSI

David L. Landis
University of South Florida
Center for Microelectronics Research
Department of Electrical Engineering
Tampa, FL 33620

ABSTRACT

Progress in Wafer Scale Integration (WS) has
brought the problem of electronic system testing into the
semiconductor manufacturing arena.  The problem is
complicated by thereduced controllability and observability
implicit at the full wafer integration level. Structured
methods must be employed to gener ate and gpply testsina
hierarchical fashion at thefunction, chip, and systemlevels.
This paﬁer describes a methodology under devel opment
within the WSl program at the University of South Florida
which addressesthese problemsfor both the manufacturing
and field test environments. A uniform testing interface is
defined for each functional C'hIF (cell), with bult-in self-test
incor porated whenever possible on all new designs. Use of
astandardinterfacewill reducetest complexity and costsb
allowing entire wafer probing by a common standardiz
probecard, irrespective of thenumber of different species of
functional cells. Detailsare provided for the function (cell),
chip, and wafer level testing standards as well as for the
procedures to be followed at wafer level restructuring and
test. The proposed methods will allow current generation
wafer restructuring methods to be applied to the next
generation of WS designs requiring numerous cell types
and increasing on-wafer complexity.

. Background

As Very Large Scale Integration (VLSl) technology
grows a a rapid rate, the problem of testing state-of-the-
art devices is growing even faster. Difficulties associated
with chip testing (cod, time, test data volume, tester
complexity) have grown because advancesin IC technology
must dightly precede advances in test technology.
Furthermore the trend toward larger levels of on-chip
integration have not been matched by increasing package
pin count, worsening the accessibility of on-chip CII’CUI'[I?/.
The size of monolithic integrated circuits has genera K
been limited by the acceptable yield loss associated wit
defects within the manufacturing process.  Thus while
advancing technology has reduced feature size and defect
densities to dlow higher levels of on-chip integration, the
defect, yield, and cost relationships aways place a physical
limit on the maximum economica chip size. Traditional
large scale system designs continue to be implemented
using multiple packaged chip assemblies.

This research is being supported by the
Defense Advanced Research Projects Agency
under DARPA Grant No. MDA 972-88-J1006.
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An dternative to traditional assembly methods is to
develop an IC design and fabrication technology which is
capable of tolerating defects. Thisis accomplished through
the careful use of redundant components, along with a
means to restructure each fabricated device to circumvent
its unique defect pattern. One successfiul method for
providing defect avoidance at the wafer level has been
demonstrated at the MIT Lincoln Laboratories. This
Restructurable VLS (RVLSl) technique uses a laser to
configure wafer level interconnections, following wafer
probe tests which identify defective components [1]. Both
additive and deletive interconnections can be made using
this technology through the use of fuse and anti-fuse
connections on the wafer. Under DARPA support, this
technology is being transferred to the University of South
Florida in support of wafer scale research which includes
technology, architecture, and test activities.

Recent progress in WS a Lincoln Labs and
elsewhere has brought the problems of system level testing
into the semiconductor manufacturing arena.  The problem
is complicated by the reduced controllability and
observahility implicit at the full wafer integration level.
Structured methods must be employed to generate and
apply tests in a hierarchical fashion at the function, chip,
and system levels. Extensive CAD tool support is
mandato(;y because each manufactured wafer is potentially
unique due to its persona defect map. Cels must be
tested prior to restructuring to determine the cel level
defect maﬁ: For WSl designs containing multiple species
of cdls, this requires multiple probe cards and extensive
wafer handling during test. During the restructuring
process, the interconnections must aso be tested to assure
B{rg:er connectivity. Only after the restructuring task has

n completed can traditional system leve functional
testing be performed. Failures found at the final system
test level are traditionally the most expensive to find and
repair, and this becomes even more expensive for RVLS
and WS because of the inherent difficulties associated
with repair at the wafer level.

1. Reconfigurable WSI System

Test Requirements

Many of the inherent test problems associated with
Wafer Scade Integration could be reduced through
limitations upon dlowable system designs. It is well
accepted that there are substantial benefits associated with
restricting the system building blocks to one or a few
smple cdls [2], For example, atotally homogenous design
(only a single building block) could be wafer probe tested
using only a single probe card.  Furthermore, the

Reprinted firorn IEEE Proceedings 1989 International Test Conference,
pages 275-282. Copyright © 1989 by The Institute of Electrica and
Electronics Engineers, Inc. All rights reserved.



assignment of logical functions to physical cells is
simplified because all cell instances are functionally
interchangeabl e. Unfortunately such homogeneity in
system design is virtually unattainable. For even the
simplest homogenous processor system design, several
different cell types will be required to account for input
and output requirements. Restructurable WSI designs
currently under development have as many as five cell
types [3], and it is easy to envision system requirements
for even larger numbers of cell species. Obviously the
system level design must balance the requirements of
efficient overall design using many function specific cell
designs, against efficient wafer level layout and redundant
resource utilization which dictates only a few unique cells.
This problem will become more acute as the development
and acceptance of WSI ushers in an era of application
specific wafer scale designs, which will likely require
numerous cell species to alow for a wide range of
customization.

Given the previously identified problems and
requirements for restructurable WSI, the following
subsections outline the procedures which must be followed

during the three testing phases: i.) silicon
processing/manufacturing  test; ii.) reconfiguration and
restructuring  test; iii.) system test (field test and

verification / fault tolerance).

i.) Processing/manufacturing test: Silicon processing
for WSI is generally performed in much the same manner
as that for conventional VLSI chip fabrication. The ability
to create WSI by placing multiple chip types on a single
wafer follows the Mead and Conway pioneered multi-chip
project wafer methodology [4]. This technology is readily
available to universities and defense contractors through
the DARPA funded MOSIS silicon foundry. Upon
completion of processing, each unique chip or cell must be
independently verified on a VLS| tester. This requires a
separate probe card and test vector set for each cell type.
A typical procedure would involve setting up a probe card
and test program for a particular chip, and then probing all
instances of that chip on al untested wafers. Once this
test is complete, a new probe card and test vector set is
loaded for the next cell type, and the defective devices of
this type are identified. This process must be repeated
until a complete wafer defect map is obtained. The
extreme amount of wafer handling (and corresponding yield
loss) associated with designs containing multiple cell
species should be obvious. Following the cell tests, awafer
scale interconnect verification test must be performed to
identify the defective wafer level tracks which cannot be
used for globa interconnections.

ii.) Restructuring test: Following test step i.)
described above, those wafers with sufficient cell and track
yield are packaged to enable electrical circuit connections
to be monitored during the laser restructuring process.
Given the defect map of a specific wafer and the logical
description of the target system design, a logical to
physical mapping must be performed to route the wafer
scale interconnections. This process is typicaly assisted
by a CAD tool [5] which makes the assignment of logical
cells to good cells on the wafer, and then performs the
routing of required cell-to-cell interconnections. Once this
assignment has been made, the laser restructuring process
is used to physicaly attach al the required system
interconnections. Because there is less than 100% vyield
associated with this restructuring process, it is desirable to

perform incremental tests during the restructuring process.
Such testing allows defective interconnection links to be
quickly identified and re-routed while the capability and
wiring resources still exist to perform such an operation.
This is currently done in the RVLSI system by using the
laser to illuminate a junction within a cell, and then
measuring the generated photo-current at an external pad
which must pass through the link or cut under test [2].
For interconnection signals which are completely internal
to the wafer, extra links and wires must be connected to
temporarily route these signals to a wafer pad for test
purposes. Following a successful test, these extra
connections are deleted using the laser to blow link fuses.

iii.)  System test: In a conventional WSI system,
complete wafer functional tests are performed totally under
external 1/0O control. Where provisions are made to use
extra internal redundancy for field level fault tolerance,
the testing and identification of bad cells (and the
swapping in of good cells), must be done under the control
of off-wafer resources.

1. WSl Self-Test System Architecture

In an attempt to reduce the number and magnitude
of wafer scale test problems (as described in sections | and
Il of this paper), a WSl self-test system architecture is
under development at the University of South Florida.
This architecture utilizes standardized system test
interfaces for Wafer Level test coordination within the
framework of a system level Built-in Self-Test (BIST)
strategy. Several maintenance network standards have
been developed which potentially address the wafer scale
test coordination problem. These include the Test &
Maintenance (TM) and Element Test & Maintenance
(ETM) networks [6], developed primarily for military
applications, and the Test Access Port (TAP) defined in the
Joint Test Action Group (JTAG) boundary-scan
architecture standard proposal [7], endorsed by commercial
manufacturers. Under the auspices of the Test Technology
Committee of the IEEE Computer Society, atestability bus
standardization committee has been formed to develop an
IEEE standard for a testability bus. The minimum serial
signal subset of this proposed standard (P1149.1)
corresponds to the current JTAG test access port (version
2), and provides a standardized serial interface for ATE
(automatic test equipment) as well as BITE (built-in test
equipment) access. Work is aready underway at
Honeywell [9], Texas Instruments [10] and elsewhere, to
develop chips which can provide a standardized test-bus
interface based upon the VHSIC, JTAG, and/or |IEEE
Pl 149.1 test bus standards.

Utilizing the P1149.1 (JTAG TAP) standard, an
evolutionary path has been defined within our WSI <df-
test architecture to alow existing components to be added
to a WSI design by adding only a simple set of boundary
scan |/O pads in addition to the standardized self-test
interface. However, supplemental BIST circuitry is
recommended for all new cell designs. The basic elements
and requirements of this architecture are summarized in
section Ill.a. below. Several WSI cell designs are currently
in development which incorporate this architectural
standard, and their functional architecture and test
features are briefly summarized in the results (section 1V).



A. Elements of the WS Self-Test Architecture

All WS cedl designs include a standardized test
interface gb&d upon the proposed |IEEE P1149.1
(JTAG v.2) standard [8]}

A common probe pattern is defined for al cells,
utilizing a standardized placement of probe pads and
test interface signas. This dlows a single probe
card to be used to test an entire wafer irrespective
of the number of different cell species.

All cdls incorporate boundary scan [7] to facilitate
internal and Inter-chip testing. Where possible,
Built-in Self-Test (BIST) will be incorporated on new
designs to reduce testing time, cost, and data
volume; and to simplify the test generation problem.

A "standardized" maintenance processor is proposed
for future wafer level system designs to facilitete
laser restructuring testing and system verification
testing. This maintenance processor could aso
rovide the basic support necessary for fidd level
ault tolerance given an appropriate underlying
system architecture.

System Design

L

Wafer Scale,“"f

Figure 1. Wafer Level Self-Test Concept
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B. Application of the WS Self-Test Architecture

This section describes how the features defined in
section HI A.) will be used to facilitate wafer level testm?
and system verification. Figure 1 illustrates the overd
WS self-test system concept. As indicated, a common
seven pin interface is included on each wafer level cell g
chip). By placing the test interface in the corner of the
chip layout, a common probe card can be used to probe
this interface, irrespective of the actual cell dimensions.
Thus a complete wafer test can be performed without
physically removing the wafer from the tester or having to
interchange multiple probe cards. Naturdly, the test
process must be organized as a sequence of tests of
individual cell types, with delays between these tests to
load the unique test program associated with each cell
type. Note that the incorporation of BIST within cells can

rastically reduce the test time, test program length, test
cost, and test data storage requirements.

Asindicated, the standard interface includes both power
and ground pins for the unit under test. This is because
the physicdl power and ground connections are made
during the restructuring process, so that devices with
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catastrophic Vdd - Gnd shorts do not disable an entire
wafer. For the simple WSl cells currently being developed
(<10K devices), a single pair of Vdd and Gnd pins will be
adequate to provide power during wafer probe testing.
However, for more complex devices which require hig
Bower / high speed testing, multiple Vdd and Gnd pins will
e required at wafer probe. This can be accommodated
within the standard by placing additional power pin pairs
adjacent to the existing power pins a the edge of the
standard test a’PrObe card. The signa designations on the
self-test interface fdlow the proposed |EEE P1149.1
standard, with signd definitions as given in Table 1 below.

TABLE 1. Sdf-Test Interface Pin/Signal Definitions

Signal Functional Description:(including P1149.1 -
JTAGv.2 standard signal definitions)

GND* | GND provides a ground connection for the entire
chip under test. Note that after restructuring, this
(and other pins around the periphery of logicaly
assigned good chips) will be permanently connected
to ground.

TCK1| TCK1 is the test clock input to the chip under
test. This signal not only provides the clock
control for the test circuitry itself, but under
control of the test interface circuitry also provides
those chip level system clock signals necessary for
test / self-test.

TMS1| TMSL is the test mode select input for the chip
under test. This signal is used to control the
modes of operation of the testability circuitry
incorporated in the self-test interface. In
particular, it is used to enable boundary scan for
interconnect testing, on-chip test pattern input and
result output, as well as for initiation of built-in
self-tests for those devices which include such
modes of operation.

TDO1| TDOI is the test data output from the chip under
test. Thisline is activated in conjunction with the
TCK1 and TMS1 lines to provide a serial test data
output.  This test data may come from the
boundary scan registers within the chip, or from
the test interface circuitry itself (eg. the signature
resulting from a BIST operation).

TDI1 | TDI1 is the test data input to the chip under test.
This input is used in conjunction with TCK1 to
load either functional test patterns into the
boundary scan path; or to load test instructions into
the self-test interface circuitry (eg. a BIST
initiation command). Note that for each cycle of
TCK1, one input bit is accepted by TDI1 and one
output bit is produced on TDOI.

Vdd* | Vdd is a power supply input voltage to the chip
under test. Note that after restructuring, this (and
other pins around the periphery of logicaly
assigned good chips) will be permanently connected
to Vdd.

note: multiple GND and Vdd pins are permitted to
accommodate high speed / high power cells

) In addition to a standardization of the self-test
interface itsdlf, there are severa other advantages
asociated with the use of this interface. It is not
uncommon for a VLS design to have its overdl chip
dimensions dictated by thecsjad size and pitch, especialy
where large numbers of |/O are required on designs of
moderate complexity. Reductions in pad size and pitch are
limited by the accuracy and repeatability limitations of
wafer probing. However, in the WS self-test strategy just
defined, only those seven sdlf-test interface pads need to
be full size probe pads, with the remaining 1/0 connections
only directly connected to globa wafer interconnections
and the boundary scan path. Thus in some cases there
would be a substantial wafer area savings associated with
the use of the standardized self-test interface.

An additional advantage is found in the potential for
performing closer to at-gpeed testing using this
architecture. Output drivers for WSl designs are typically
Szed to drive the worst case onwaler citance.
However the capecitive loading associated with driving a
probe card and test head can be orders of magnitude larger
than that encountered onwafer. In the WS sdf-test
architecture, only the five common sdf-test interface
signas must logicaly communicate with the probe card.
Furthermore, only one of these g&gnal is an output, and its
driver can be ap;l:)ropnately sized to drive the test head
load. Consequently, the on-chip test / built-in self-test can
proceed at operational speeds, or as limited by the test
dock generation and distribution circuitry. Furthermore,
additional area and power can be saved through the
reduced size of off chip drivers, which no longer need to
drive off-wafer capacitances during test.

Figure 2 provides a block diagram leve illustration
of the complete standard test interface, which is comprised
of registers, decoding logic and a sequential state machine
controller. The five registers are: instruction, boundary-
scan, bé/_pasa pattern generator, and signature analyzer.
The individual register functions are defined as follows

Instruction register - a shift-register stage and a parallel
output register. The instruction register alows an
instruction to be shifted in through the TDI pin. The
instruction is used to select the test to be performed
and/or the test data register to be accessed.

Boundary-Scan register - a single shift-register-based
path containing cells connected to all module inputs
and outputs.

Bypass register - a single shift-register stage between
TDI and TDO. It provides a short circuit route for the
test-data during a scanning cycle.

Pattern Generator - the Pattern Generator is constructed
using a 17-bit Linear Feedback Shift Register §LF8R)
which is configured to generate test patterns for the
built-in self-test mode. It may aso be configured into
a shift-register so that an initial seed value may be
shifted in through TDI.

Signature Analyzer - forms a signature for the test
results during the built-in self-test mode using an LFSR
circuit. A seed can be shifted in through TDI and the
final signature may be shifted out through TDO after
the salf-test is completed.

) The scan path connections provide access to the
internal registers of the circuit, dlowing al internal
parallel registers to be operated as shift-registers. The
number of scan paths may vary according to the structure
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Figure 2. Standard Sdf-Test Interface

of the design and the total number of on-chip registers.
Decoding logic identifies a selected test data register
according to the instruction in the instruction register.
The unselected registers maintain their previous values.
The controller is a synchronous finite state machine which
sequences through its various operations under the control
of the TMS and TCK signals. This design follows the
JTAG Test Access Port Controller specification [7].

The contents of the mstruction register and the state
of the test interface controller determine the mode of
operation of the cel and test circuitry. The various
operating modes are genericaly defined as folows

Functional - On power-up reset, the mstruction register
isinitialized to the functional command mode. This
mode continues until a_different instruction is
clocked in. Pulling the TRST low for one dock
cyde, or holding TMS high for more than 5 clock
cycdes will dso force the controller into the
functional mode of operation.

External test - In this mode the interconnects of the
wafer scale system design are tested by means of the
boundary-scan registers.  This is accomplished by
scanning data into the output boundary cels of a
module, and then observing the inputs of all attached
modules using their boundary scan input features.

Sample test - This may occur during the functional mode
of operation. The boundary-scan registers sample the
input and/or output of the module without
interfering with functional operation.

Internal test - In this mode the module is isolated from
the other modules on the wafer by means of the
boundary-scan registers, and the internal circuitry is
tested. " This test may be conducted by means of
BIST or by shifting in external data scan path data.

Serial Scan - Instructions or test-data are shifted through
the 'daisy chain' connection of TDOs to TDIs.
However, the destination of the data may be
different in each module.

) Using the self-test system architecture and interface
just described, the WS manufacturing, restructuring, and
system level test procedures, as previoudy denned in
section |1, are modified and enhanced as follows

i.) Processing/Manufacturing test: The 7-pin
standardized wafer probe card will be loaded onto the
probe station, and the test vector set for the first chip tyTpe
will be loaded into the ATE memory. For the case of a
chip containing BIST, the test program could be as smple
gsacﬁrowdmg a test initiation command, and then reading

the good - bad test result. Optionaly, the tester
could be required to check the resultant BIST signature
against a known good value. In the worst case of a device
containing only boundary scan circuitry on each |/O pad,
conventional ATPG test data would be loaded in serid
fashion into the boundary registers to exercise the device.
In this case, the worst case test time would be N times
longer that of a conventional broadside (parallel) 1/0 test;
where N is the maximum of the number of bits in the
input / output boundary registers. At the completion of
atest, the chip position is marked as either good or bad,
and thewafer table is stepped to the next instance of the
cell whose test ?rogram is currentlly loaded in the tester.
Following completion of a particular cdl type, the test
pr%gram for the next cell type is loaded into the tester,
and the procedure is repeated for the wefer sites
corresponding to that particular cell type. This entire
process is repeated until al cdl types have been tested
and a complete wafer map has been obtained. The defect
map for wafer scale interconnections would be created at
this time using conventional capacitance measurements, as
is currently done [2].

ii.) Restructuring test: Testgljg during the laser
restructuring phase could be performed in a similar fashion
to that descri in section Il. However, an evolutionary
d of the WSl sdlf-test architecture is to dlow logic
riven interconnect testing concurrent with the
restructuring process. This would be performed through



coordination of the restructuring laser with an off-chip
ATE controller or an on-chip maintenance processor. The
process sequence would be as follows  First, awafer wide
test bus would be configured which, interconnects the sdf-
test interfaces of each chip to either an external ATE or
an on-chip maintenance processor. The Maintenance
Processor would be included on the wafer as a specia chip
instance. This chip would be assigned responsibility for
control of the testability bus connections to &l other chips,
and have direct off-wafer connections for diagnostic and
maintenance purposes.  An example of a maintenance
processor test interface is given in the single chip test-bus
interface unit under design reported by Honeywell [9].
Using the boundary scan capabilities of each chip on the
wafer, the maintenance processor can be utilized to test
each chip-to-chip interconnection as it is restructured. A
more realistic and efficient method might be to perform
this interconnect testing in a staged fashion, first
restructuring logica groups of signals, and then testing the
individual groups. = These sgnal groups would be
artitioned in such away as to maximize the probability of
ng able to reroute a faulty signa interconnection.

iii.) System test: The incorporation of the
Maintenance Processor chip as defined in ii.) above can
aso be used to facilitate system level testing. For an
advanced system containing al self-testing chips, the
maintenance processor would be used to initiate a self-test
of all chips, collect the sdf-test responses, and signa
complete wafer self-hedlth assessment to the externa
world.  Furthermore, if given sufficient intelligence, it
could be used to generate test patterns and compress
results for those chips which do not have on-chip BIST.
In addition, it could be used as a repository for
supplemental patterns which would be applied to BIST
devices as a means to improve the fault coverage provided
by the sdf-tests.

A complete wafer scale system containing the above
described features would be an ideal candidete for the
incorporation of field level fault tolerance. Given that
redundancy of components is implicit in the wafer scae
concept, intelligent partitioning of hard restructured and
soft  restructured (electrically  switchable) redundant
resources could be made. If al redundant resources are
not consumed during the initial restructuring process, then
appropriate architectures could permit the extra resources
to be available for fied level fault tolerance. If an error
is observed (for example, via parity), the entire wafer
system could be configured into the seif-test mode by the
maintenance processor. Following a self-health assessment,
the maintenance processor could determine if al assigned
resources are functioning correctly (the error was
transient), or whether an assigned resource was actually
faulty (permanent error). In the later case, if a redundant
resource is available via soft switching to replace the failed
resource, then this reconfiguration would be performed
under the auspices of the maintenance processor.  Such an
operation could happen a power-on sdf-test time in a
manner which is totally transparent to the system user.

IV. Summary and Status

Under the design, architecture, and applications task
of our WSl research project, we are developing cells to
support Fast Fourier Transform (FFT) and related signal
processing operations. Figure 3 provides a system block
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diagram of our reciprocal cdll which provides one of the
fundamental operations required in a high speed array
architecture for LU decomposition ga common signal
processing task). This is the first of our chip designs
targeted specificaly for WS system implementation, and
it includes both on-chip Built-in Sdf-Test and standardized
sdf-test interface circuits. As indicated in the figure, the
15-hit input register includes a pseudo-random 15-bit linear
feedback shift register pattern generator mode of
operation.  This provides exhaustive sdlf-testing by
generating all (32K - 1) possible input sequences (the
reciprocal of zero is conddered separately as a specia
case). At the output boundary register, a 20-bit multiple
input signature register (MISR) mode of operation is
included for test result compression (again using LFSR
techniques). The figure dso Indicates the inclusion of the
standard test interface circuitry which provides for test

control and observation via the test bus.  Design
complexity for this cell is approximately 7000 transistors,
and is predicted to be 120ns for a 3 micron CMOS

fabrication process. Additiona details of this chip design
are provided in [11].

~ Application of the WS sdf-tedt, interface to a
radically different cell tgpe is illustrated in the block
diagram of Figure 4. This MSA (Multiply-Subtract-Add)
component provides the primitive computation necessary
for the implementation of a pipelined FFT agorithm. Due
to the large number of inputs and pipelined nature of this
_deaPn, exhaustive self-test cannot be practicaly
implemented. Thus a serial self-test is provided which is
initialized and controlled from the standard test interface.
Additional details of the MSA cdll design and on-chip sdf-
test circuitry can be found in [12] and [13] respectively.

Summarizing the costs and benefits of the proposed sHf-
test system architecture for WS:

* As with al structured test and self-test
methodologies, additional circuitry is required on
each chip. For the levels of integration
characteristic of WS cdlls (on the order of 10K
devices), the sdf-test interface represents a
minimum percentage overhead (generaly < 4%),
and the boundary scan register requirements should
only add approximately 3% additional penalty [14].

* The addition of boundary registersin al inter-chip
signad paths could reduce system throughpuit,
especidly in asynchronous data driven system
designs.” However, al candidete WS systems
currently under evaluation involve synchronous
sequential design techniques. In such designs, the
use of boundary register is commonplace to provide
synchronization and re-timing for globa wafer level
signas, and no time penalty is incurred.

* Use of a_common 7—Pin probe card for all WS
designs will significantly reduce the probe card cost
( $0 for new designs arter the initial investment ).
While the use of a seria test interface can produce
a test dow-down by a factor of N over conventiona
wafer probe parallel testing, this can easily be offset
in future designs by the incorporation of a
significant fraction of self-testing devices on the
wafer. Equally important is the reduction in wafer
handling (complete wafer probe testh) without
replacement of probe card) which could have a
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substantial im on find wafer yield. Additional
benefits include area savings (due to I/O pad and
driver areareductions), an tggcfotenual for higher
speed testing because test head capacitances need
not be driven by the off-chip drivers.

e The onwafer standardized testability bus and
maintenance processor provide for efficient logica
interconnect testing during restructuring.  They
_adqunalle/ ‘prowde an _easy migratory path for
including fault tolerance in fielded systems. Thisis
very appealing because of the built-in redundancy
implicit in WS for defect tolerance.

In addition, future work will be directed toward more
efficient use of wafer resources in support of fidd level
fault tolerance. For example, previous work has identified
optimal amounts and types of system level BIST using
computational ormance measures [15,16]. Extensions
of this work have considered the optimal number of
mai ntenance processors for a self-testing architecture using
similar performance measures [17]. Related work has aso
considered the use of redundant maintenance network
connections (redundant standardized test interfaces) to
improve overal system reliability and = performance
[1516,17]. Results from each of these previous research
activities could be included in a second generation WS
self-test system architecture targeted for highly reliable,
fault-tolerant digital system applications.
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DESIGNING AND IMPLEMENTING
AN ARCHITECTURE
WITH BOUNDARY SCAN

Reprinted from |EEE Design & Test of Computers, February 1990, pages 9-
19. Copyright © 1990 by The Ingtitute of Electrical and Electronics
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RP. VAN RIESEN he problems of testing increasingly complex digital integrated
H.G. KERKHOFF systems continue to challenge the design and test commu-
A. KLOPPENBURG nity. At the printed-circuit-board, or PCB, level, these prob-

lems led to the formation of JTAG, short for Joint Test Action

Group, a collaborative organization of major semiconductor usersin

Europe and North Am?rica, JTAG subsequently developed the

: , boundary-scan standard™ with the goal of improving the controlla-

The authors describe a standardized, bility and observability of an IC's primary inputs and outputs.

structured test methodology based On - gecqge of this standard, which is now IEEE proposed standard

the boundary-scan proposdl fromthe  pj 1491, we can now easily implement testability hardware using
Joint Test Action Group, whichisnow  computer tools, which reduces overall design time.

|EEE proposed standard Pl 149.1. The s
architecture ensures tetability of the However, boundary scan does not address testability at the IC

: oo level—primarily because there is no standard for designing BIST

hardware from the printed-circuit- board 1 jits At thi's level are many approaches to adding testability, but

level down to integrated-circuitlevel. In - he gne that seems most promising for future VLS and ULS! circuits
addition, the architecture has built-in

is built-in self-test, or BIST.? In BIST, test data is generated and
self-test &t the IC level. Theauthorshave  evaluated on the chip.

implemented thisdesgnusinga |, s article, we present an architecture called hierarchical test-
self-test compiler.  gpje, or H-testable, architecture for integrating boundary scan at the
PCB level and BIST at the IC level. We believe that thisintegration is
important because the boundary-scan standard defines accessto the
IC during the IC test. The extra test pins let us control on-chip
testability hardware.

A digital system has several levels of hierarchy. First, we have the
PCB level, which contains such items as aWinchester control board.
The second leve is the IC level, where we have units such as a
microprocessor chip. The third level, called the macro level, allows
us to make finer distinctions between functional modules like PLAs
and ALUs, for example—the so-called macros. We use these three
levels to define the H-testable architecture. With this hierarchical
structure, we can use BIST for a macro at the higher levels and so
more completely integrate the testability features at the IC and PCB
levels.

Aswe show in more detail later, the H-testable architecture can be
implemented using a self-test compiler.* This compiler automatically
generates the layout of a macro, including hardware to generate data
for and evaluate the results of self-test.

University of Twente, The Netherlands
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Test interface elements
are located at the
primary inputs and
outputs of both macros
and ICs. Each TIE
containsboundary-scan
cellsand serial control
registers.

CHIP-LEVEL SELF-TEST

ARCHITECTURAL REQUIREMENTS

To be H-testable, an architecture must have certain characteristics.
First, it must be hierarchical because, as we just mentioned, the
hierarchical approach allows usto use test results from alower level
in higher levels. The results of a macro test can be used for the IC
test, for example. Second, the architecture has to be standard
because PCB manufacturers use ICs from different vendors on a
single board. If we have well-defined test-interface rules and control
definitions for every level of hierarchy, we can use standard test
approaches. Third, the architecture has to be structured also to
reduce extradesign time. With a structured approach, test hardware
is developed only once and is reusable. A structured approach also
facilitates the design by alowing us to use computer tools. Finally,
to be H-testable, the architecture must incorporate the BIST facilities
of different macros.

INTEGRATION WITH BOUNDARY SCAN

Figure 1 shows the JTAG boundary-scan architecture for PCB
testing. The behavior and architecture of all blocks in this figure are
defined in the standard. We use this architecture to define our
H-testable architecture.

Figure 2 isaschematic block diagram of the H-testable architecture
at the IC level. In this diagram, we can distinguish two levels of
hierarchy: the macro level and the IC level. At the IC leved are
(self-)testable macros, connections between these macros, and addi-
tional testability hardware. The macro level consists of a (self-)test-
able macro with additional testability hardware. Both levels of the
testability hardware incorporate test interface elements, or TIEs;, a
test processor; and a scan path.

The TIEs separate a macro (IC) from the connections with other
macros (ICs). Therefore, TIES are located at the primary inputs and
primary outputs of both macros and ICs. Each TIE contains bound-
ary-scan cells and serial control registers. Test processors provide
parallel control of the TIEs.

Boundary-scan path
I

_ ey

User-defined registers| 5 Multiplexer
Bypass
ol J| N
D —— DR select
, INST i Jbo
Multiplexer
D:nglggﬁrols Instruction register P

TMS—  1ap IR clocks and controlsj Select| Enable
TCK— controller

Status

Figure 1. Architecture of the Joint Test Action Group boundary-scan standard.
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ThelCtest processor providesthe TIEsat the | C level and the macro Wecan mergetheJTAG
test processors with parallel control. The macro test processor

provides the TIEs at the macro level with parallel control. The macro boundary-scan and
test processor can also control a macro self-test. H-testablearchitectures
ARCHITECTURE AT THE IC LEVEL ivithout any changes to

At the IC level, the H-testable architecture is compatible with the either. Thus, the
boundary-scan architecture and its behavior. Therefore, we have in ;
effect merged the H-testable architecture with the JTAG boundary- _H'teStablear_ChlteCture
scan architecture as evidenced by the following structural character- Is already defined at the

istics: IC level.

* The JTAG boundary-scan pathin Figure 1 is part of the boundary-
scan cells of the TIEs at the IC's input and output in Figure 2.

» The JTAG instruction-register path is implemented in the IC-level
test processor. The registersin this path provide the serial control
data for the IC-level TIE.

» The JTAG test-access port (TAP) controller is implemented in the
IC-level test processor of the H-testable architecture. The TAP
controller generatesthe parallel control signalsfor the IC-level TIES
and the macro-level test processors.

» TheJTAG user-defined register path is used to implement the local
scan path in Figure 2.

We can merge the architecture of the JTAG boundary-scan standard
and the H-testable architecture without any changes to either.
Consequently, atthe IC level, the H-testable architecture has already
been defined.

ARCHITECTURE AT THE MACRO LEVEL

The test hardware for the H-testable architecture at the macro level
consists of TIEs and a macro test processor, as Figure 2 shows.

A TIE in the local scan path forms the link between a macro and
the macro interconnection. We add this element only to enhance
testability. The TIEsarelocated at both inputsand outputs of amacro
and do not affect the functional behavior of the IC during normal
operation.

w Macro — w Macro -
- m — m
. Test processor | Local scan path L Test processor '
- Parallel control E
i I :
- TMS
1C-level test processor
P — TCK
TDO —~— iC-level TIE ~ TDI
*""]’6’66{" f"'"l'é".'ri """ f

Figure 2. Block diagram of the hierarchical testable (H-testable) architecture at the IC level
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Data—register cellsform During an IC test however, the TIEs are able to separate macros
. from their interconnections, which allows an independent test of
the interface of the both. Test patterns are shifted serially into the TIE via the local scan
path, and the TIE applies the patternsin parallel to the macro or to
) macro anc_l macro the interconnection of macros. Results from a macro self-test are
Interconnections. DRC loaded in parallel into the TIEs at the output of the macro. Results
: from the macro interconnection test are loaded in parallel into the
modesvary accordi ng TIEs at the input of a macro. Next, data m the TIE's will be shifted
tothecontrol signals out serially via the local scan path. Control signals for the TIE are
lied h applied serially viathe local scan path and in parallel via the control

appli to the signals from the macro-level test processor.
multlplexers. Figure 3 shows the implementation of the TIE. A TIE consists of

data-register cells D, two control-register cells (M and S), abypass
path, and a multiplexer.

Data-register cells form the interface of the macro and the inter-
connections to other macros. Figure 4ais ablock diagram of one of
these cells. This cell consists of two multiplexers and a master-slave
register. The macro-level test processor provides the signals Mode,
DRC1, and DRC2. The data-register cell is used in different modes,
which vary according to the control signals applied to the multiplex-
ers. Figure 4b shows the truth table of multiplexer 2. The first mode

............................... Data in.............................
B h 5
% } ypass pat i 0 £ | Instruction path
ot Boundary-scan path g T0DO
}D'D VSN p et S M| S |
%"* """""""" M is
.............................. Data out FPUSPUTOR, SO
To Macro-level
test processor

Figure 3. Implementation of a test interface element, or TIE; D is the data-reg-
ister cell and M and S are control-register cells.

Mode TDO
{ DRC1 DRG2 S?{'f:&fd
Data in 0 ‘; Data
E] 1 out 0 0 Hoid
2 ~ J 1 0 Test
3 5, Hold 0 1 | Shift
MSFF =] & Normal 1 1 Normal
£ Testr—— Test
<‘I S shit
[
(a) TCK DRG1 DRC2  TDI (b)

Figure 4. Block diagram off a data-register cell (a) and the truth table ffor
data-register multiplexer 2 (b).

336 IEEE DESIGN & TEST OF COMPUTERS



of thedata-register cell isthehold mode (DRC1 =0, DRC2=0), inwhich
datain the register remains unchanged. The second mode (DRC 1=1,
DRC2=0) is the test mode, in which the input Test is used for BIST.
The third mode (DRC 1=0, DRC2=1) is the scan mode, in which the
cell is placed in the local scan path at the IC level. Figure 2 shows
this path. We can now shift datainto input TDI and towards output
TDO. The fourth mode (DRC 1=1, DRC2=1) is the normal functional
operation. Data entersthe cel viathe input Data-in and propagates
through the cell with minimal delay to Data-Out.

The control-register cellsin the instruction path of aTIE (M and S
in Figure 3) provideitsserial control. These registers consist of a shift
register (L2) and an output latch (LI). Figure 5ais a block diagram
of an instruction-register cell. The TAP controller of the IC-level test
processor supplies the control signals Update-IR, IRC1, and IRC2.
At the rising edge of Update-IR, the contents of shift register L2 are
loaded into the output latch L1. The signals IRC 1 and IRC2 control
whichinputis selected by the multiplexer. Figure 5b showsthetruth
table of thismultiplexer. Theinput Hold (IRC 1=0, IRC2=0) is selected
to retain the data in the output latch L1. The input Status (IRC 1=1,
IRC2=0) is required to load asignal into the shift register. The input
Shift (IRC 1=0/1, IRC2=1) is the serial scan input. This input is
connected to the output TDO of the previous shift-register cell.

Because TIEs are at both the input and output of a macro, there
are two mode registers—M I at the input, M2 at the output—and two
select registers—SI at the input and S2 at the output. These four
instruction registers can define 16 modes for the data-register cells.

The select register Sin Figure 3 controls the bypass of the data-
register cells. The data-register cellsin aTIE are placed in the local
scan path if S=I. If S=0 the scan path of a TIE contains only the
instruction-register cells.

Thevalue in the mode register Mis decoded in the macro-level test
processor and, together with parallel control signalsfrom the IC-level
test processor, controls the two functions of the data-register cells.
In Figure 4a the data-register cells transmit data if mode=I and
receive dataviainput Data-in if mode=0.

Figure 3 shows, in contrast with the JTAG architecture, that the
boundary-scan path and the instruction path are connected serially.
With this architecture at the macro level, we can use a simple
multiplexer to select either the bypass mode or the boundary-scan
mode. Because both modesinclude the instruction path, a data scan
will always contain databits and instruction bits. We need only one
scan operation to initialize the TIEsfor amacro test. At the PCB levdl,
the JTAG boundary-scan architecture requires two scan operations
to initiate the TIEs. In the first stage, the instruction bits are shifted
in. In the second stage, the data bits are shifted in.

Another difference between the macro-level TIE and the IC-level TIE
is the number of modes that a data-register cell has. The boundary-
scan data-register cell at the IC level has three modes of operation.
At the macro level, it has four modes. As we mentioned earlier, this
additional mode is the test mode, which allows the data-register cell
to be used for BIST. This mode doesnot require an extracontrol signal
as compared with the boundary-scan register cell.
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At the PCB level, the
JTAG boundary-scan
architecturerequires
two scan operationsto
initiate the test interface
elements:. shiftin
instruction bits and
shift in data bits.
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Figure5. Block diagramof aninstruction-
register cell (a) andthetruth tablefor the
instruction-register multiplexer (b).



Central tothe
H-testablearchitecture
Istheself- testable
macro, which hasonly
combinational logic.

CHIP-LEVEL SELF-TEST

THE MACRO-LEVEL TEST PROCESSOR

The test processor forms the control part of the H-testable archi-
tecture. At the macro level, the processor has to perform a macro
self-test and apply the parallel control signals to the data-register
cells of the TIEs at both the input and output of the macro.

To carry out BIST, we must generate test patterns and compact
them using some hardware implementation of a test-pattern gener-
ation/compaction algorithm. Test patterns are applied in parallel to
the macro inputs by loading the test patterns in the data-register
cellsviathe extraTest input, as Figure 4aillustrates. The test result
is loaded in parallel into the TIE at the output of the macro.

During the self-test, the macro test processor generates the par-
allel control signals for the data-register cells of the TIE. Figure 6 is

§1 —— _ | Self-test  Ready |

g/|21 Decoder Controller Pattern generator Data out
M2 |

f DRC11
BSH-dr Parallel control DRC12
BAH-dr ——= DRO2A
~ DRC22
Serial control Mode1
Mode2

Figure 6. Block diagram of a macro-level test processor.

TCK, IRC1, IRC2 _ Datain
I
ol 4-bit LFSR | M1|$1—
DRCH
M1, 51 DRG12 c
Paralel Mode1 8
TMS— Tap aralie o
TCK—= controlter | gontrol Macro processor Macro 8
DRC21 E
M2, S1 DRC22
Mode2
: -bit LFSR =
100 82| M2{4-bit LFS
BERR
TCK, IRC1, IRC2 Out [1...4]

Figure 7. Example of the hierarchical testable, or H-testable architecture.
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ablock diagram of the macro-level test processor. We briefly describe
the main parts of the test-processor architecture. A more detailed
description is available elsewhere.

Parallel and serial control logic supply the data-register cells with
control signals. The signals DRC11, DRC12, and Model form the
signals DRC1, DRC2, and Mode for the TIE at the input of a macro.
The signals DRC21, DRC22, and Mode2 form the signals DRC1,
DRC2, and Mode for the TIE at the output of amacro. These signals
depend on the state of the controller and on the state of the IC-level
TAP controller (BSH-dr, BAH-dr).*

A decoder signals the controller to start a macro self-test. The
self-test is activated by the contents of the registersin theinstruction
path at the input (SI and MI) and the output (S2 and M2) of the
macro. A controller, which is, in fact, a synchronous state machine
controls the macro self-test. We can, however, implement a macro
self-test in many ways, depending on the type of macro. Therefore,
we have a dedicated controller for each macro. Every controller must
be able to start the self-test, indicate the end of a self-test, and control
the registers involved.

A pattern generator, which is governed by the controller, generates
the test patterns for the macro. The pattern generator uses the TIE's
data-register cells at the input of the macro. The generated patterns
(Data-Out) are applied to the Test inputs of the data registers. The
pattern generator generates a signal (Ready) for the controller to
indicate the completion of a self-test.

AN H-TESTABLE ARCHITECTURE

The best way to illustrate the features of the H-testable architecture
isto describe an actual implementation. Figure 7 shows the example
we have used. Our intent is primarily to show the integration of
boundary-scan hardware with BIST at the IC level. Our example
incorporates two TIEs, a macro test processor, one TAP controller,
and a simple macro.

The central partinthe architecture isthe self-testable macro, which
has four inputs and four outputs. This macro contains only combi-
national logic and is tested with pseudorandom patterns. A signature
analyzer compacts the test results. We have added some hardware
to the data-register cells of the TIEs so that we can use the data
register as a building block for pseudorandom pattern generation
and signature analysis. Figure 8 illustrates the additional hardware.

We form the pattern generator/compactor by connecting anumber
of modified data-register cells as a linear-feedback shift register. To
do this, we feed Data-Out of the last register cell back to the Feedback
terminal of specific data-register cells. The connections are deter-
mined by the feedback polynomial. We can use the structure as a
pseudorandom pattern generator when (DRC1, DRC2)=(1,0) and
mode=I. The circuit operates as a signature analyzer when (DRC1,
DRC2)=(1,0) and mode=0.

In our example, the TIEs form an LFSR during the test mode that
has a feedback polynomial of 1+X+X* Figure 9 shows the data
register of aTIE realizing this LFSR.

The macro-level test processor also incorporates the logic to start
and complete the self-test. The Ready signal, which indicates the
completion of the self-test, is true when a specific test pattern is
generated.
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We have added some M%de FDBCK_In  TDO
hardware so that we Data in—1Io
. Data out
can use the data register Mutiplexer a%
as a building block for 1 ,‘
pseudorandom pattern ! | 00
. , MSFF .
generation and — | Mumglexer ik
signatureanalysis. q ‘O'G
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Figure 8. Block diagram of a modified data register.
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Figure 9. Block diagram of the data register part, of the test interface element, or TIE, that forms a four-bit linear feedback shift
register (LFSR) with feedback polynomial I+X+X*.
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The TAP controller isidentical to the TAP controller as described in
version 2.0 of the boundary-scan standard.

SMULATION OF THE SAMPLE CIRCUIT

Table 1 shows the scan actions applied to the example circuit
during simulation. Scan action 1 initializes the instruction-register
cells. Four clock cycles shift the values for the initialization path into
the instruction-register cells: (M1,S1,M2,S2) = (1,1,0,1). Because
Sl=l and S2=I, we can initialize the data-register cells at both the
input and output.

Scan action 2 initializes the data-register cells for amacro self-test.
Both data-register cells are initialized with the value (1,1,0,0). Scan
action 3 indicates that during a macro self-test, we can still shift data
through the TIEs. While the two TIEs perform a macro self-test, a
pattern is shifted viathe input TDI to the output TDO.

We need scan action 4 to place the data-register cells in the scan
path after the macro self-test has been completed, Finally, with scan
action 5, the signature in the output TIE appears at the serial output
TDO.

We simulated the test process for this sample circuit using a
switch-level description. The results of the simulation show the
correct operation of the H-testable architecture. A layout for the
individual blocks of the H-testable architecture has since been
designed and will be used in our self-test compiler.

A SELF-TEST COMPILER

Aswe mentioned earlier, the purpose of the H-testable architecture
is to develop a standard, hierarchical test approach to ease the
burden of test development. Towards that end, we implemented our
architecture in a self-test compiler. The compiler automatically
generates the layout of the most appropriate on-chip test hardware
for self-testing alongwith the functional macro. Designers define only
the type and size of the macro to be realized, along with the fault
coverage they desire for the self-test. Using the described architec-
ture, the compiler generates self-testable macros that we can control
in a standardized format. The H-testable architecture defines the
signals to initialize, control, and verify a macro self-test from the
macro level to the PCB level.

Table 1. Tests applied to the sample circuit in Figure 9.

No. Scan Action Ml Inssltruc}\i/lozn -
1 Select initialization path 1 1 0 1
2 Initialize data and instruction register 1 0 0 0
3 Scan operation during self-test 1 0 0 0
4  Select result path 0 1 0 1
5 Veify test result and scanin

pattern for external test 0 1 1 1
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smal Figure 10 shows part of the layout of a self-testing carry-save array
For | macrosof Sy, multiplier, which was generated by the self-test compiler. The sdf-
10to 201/O ports, the test, performed in this particular structure, is an exhaustive test. We
; used a signature analyzer to evaluate the test responses. The bottom
COﬂtI’O”eI’SWI” prObany row of cells in the figure shows the layout of some data-register cells
determinethe overhead used for data compaction.
The overhead needed for the extra test hardware varies with the
of the extra test size of the array multiplier. For a 16xI6-input carry-save array
hardware. multiplier, for example, the overhead is about 20%. For a 32x32-bit

array multiplier, the overhead is about 12%.

e H-testable architecture we have described will ease the
problems of testing 1Cs on printed-circuit boards. It is hier-
archical, structured, and compatible with the JTAG bound-
ary-scan standard for PCB testing. Using this architecture,

we caninitialize, control, and verify amacro self-test fromthe IC level
up to the PCB level. During a macro self-test, the IC-level scan path
can still be used, which implies that we can test different macros in

1| M [ . .1
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Figure 10. Part of the layout of a self-testing carry-save array multiplier, which
was generated by the self-test compiler. The bottom row of cells shows the
layout of some data-register cells used for data compaction.
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parallel with the H-testable architecture. We have implemented this
architecture in a self-test compiler. An example circuit, generated by
this compiler, shows the possibilities of this architecture.

The overhead of the extra test hardware remains a problem that
needs more research. For small macros of say, 10 to 20 1/O ports,
we expect the controller parts of the H-testable architecture to
determine the overhead. Therefore, we advise the use of only one
macro test processor for a set of small self-testable macros.
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A Language for Describing Boundary-Scan Devices
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ABSTRACT

Boundary-Scan (IEEE Standard 1149.1-1990) technology
is beginning to be embraced in chip and board designs.
One key need is a way to smply and efectivdly describe
the feature st of a Boundary-Scan compliant device in a
manner both user friendly and suitable for software to util-
ize. A language subset of VHDL is proposed here for this
purpose. Aswith any new standard, the industry is learning
how to gpply its rules and mistakeswill occur. A derivetive
dfect of the language proposed here is that if a device is
not describable by the language, then that device does not
comply with the 11491 standard. While the converse is not
true, the language ill dlows a syntactic check for compli-
ance as wdl as anumber of semantic checks.

INTRODUCTION

|EEE Standard 1149.1-1990™ was approved in February
1990, and is now available from the IEEE. The Boundary-
Scan concept was formaly investigated by the Joint Test
Action Group, a consortium of European and North Amer-
ican companies starting in 1985, and is often refered to as
the JTAG Standard. The standard is rich in options and is
open-ended in that user defined features are provided for.
This richness can be a source of complication that must be
accounted for while utilizing the standard. The testability
enhancing attributes of the standard are quite powerful.
Many of the barriers that have dowed the adoption of tes-
tability technology!® are directly overcome by Boundary-
. For these reasons, expect to see widespread appli-
caion of the standard. In this gaﬁ)er it is assumed the
reader has apassing knowledge /234 ¥ of Boundary-Scan.

As new products become available to support Boundary-
Scan designs, each will have the problem of how to describe
a designer's unique application of the standard. Some sort
of description will be necessary for each device containing
Boundary-Scan. This paper describes a language that cap-
tures the essential features® of an implementation. This
language is caled the Boundary-Scan Description Language
(BSDL) and is written within a subset of the VHSIC
Hardware Description Language (IEEE Std 1076-1987
VHDL™). It has two criteria to meet: first that it be 'user
friendly', since people will have to create the files and
second, it should be smply and unambiguoudy parsable by
computer. This proposa is intended to be a 'strawv man' or
"Version 0.0, illugtrating a structure and illuminating needs.

It is important to note that the language described here is
necessily evolving. However, it represents a consensus
developed from discussons® with many individuas within
various sectors of the electronics industry as noted in the
acknowledgements. Severa groups had aready begun their
own development efforts on proprietary languages suited to
their individua needs, of note, AT&T, Hewlett-Packard,
Philips, and Texas Instruments. In particular, the Philips
work is part of an effort supported by the multinational
European Commission ESPRIT Project 2478. It is now the

EH0321-0/90/000Q/0344$01.00 © 1990 IEEE
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intention that this European activity will merge with this
proposal. This process is now underway and in this respect,
this proposal reflects both North American and European
thinking. While this language definition is expected to
change as applications develop, it is our hope that the
resulting evolution will differ in minor ways, with a god of
upward compatibility. Thus, software tool developers can
make use of this proposal now rather than continue to wait.
In so doing they will benefit from compatibility with other
segments of the industry. Ultimately, this language should
be taken over and maintained by a body devoted to stan-
dards, such as the |IEEE.

THE SCOPE OF THE LANGUAGE

The BSDL language dlows description of the testability
features in IEEE Std 1149.1-1990 compliant devices. This
language can be used by tools that make use of those testa
bility features. Such tools include testability andyds, test
generation and failure diagnosis. Note that BSDL itdf is
not a genera purpose hardware description language. With
a BSDL description of a device and knowledge of the stan-
dard, it is possible for tools to completely understand the
data transport characteristics of the device. With additional
capabilities provided by VHDL, it is possble to perform
smulation, verification, compliance andyss, and synthesis
functions. Support for these functions is beyond the scope
of BSDL done.

A key characteristic of a BSDL description of the param-
eters of an implementation is orthogonality to the rules of
the standard. As a result, elements of a design absolutely
mandated by the standard are not included in BSDL
decriptions.  For example, the BYPASS Register is not
described in BSDL because it is completely described by
the standard itsdf, without option. This diminates both
redundancy and the opportunity for error.

BOUNDARY- SCAN CHARACTER! STI CS

What are the characterigtics of any Boundary-Scan device
that need description? All such devices must have two
major features, a Test Access Port (TAP) and a Boundary
Register. The parameters of these features are described
by BSDL.

The paralel/serial Boundary Register is made up of
Boundary Cells which are associated with device inputs,
device outputs, device bidirectiona signds, and specific
embedded device control signds. A great deal of the flexi-
bility of the standard is reflected in the Boundary Register
rules.

The TAP possesses either four or five dedicated sgnds,
familiarly labeled TCK, TMS, TDI, TDO and, optiondly,
TRST*. It must contain an instruction register and a
BYPASS register. The TAP implements a minimum set of
mandatory instructions which control operation of the
Boundary-Scan fadility. These instructions operate in con-
junction with the dedicated TAP dgnds in a precisdy



prescribed way. The TAP may aso contain optiond data
registers and optional instructions as specified by the 1149.1
standard. Additionaly, the TAP may dso be endowed by a
device designer with additional user-specified data registers
and instructions beyond those specified by the standard, but
governed by rules of implementation within the standard.

Notice by conspicuous absence that the TAP date
diagram is not described here. This information is inherent
in the 1149.1 standard itself and does not need to be speci-
fied as part of a device adhering to the standard. In
essence, stating "1149.1-1990" implies a great deal of infor-
mation common to any such device The proposed
language is intended to specdify those parameters necessarily
unique to a given Boundary-Scan device implementation.

As further context, a device should be thought of as a
black-box with termina connections. Inside is the TAP and
the system logic' surrounded on its perimeter by the Boun-
dary Register logic. We want to describe the properties of
the Boundary Register and terminal connections without
need for describing the system logic. This independence
recognizes a mgor contribution of Boundary-Scan; we can
decouple problems such as board test from the system logic
of the ICs.

LANGUAGE ELEMENTS

The language consists of a case-insenstive free-form mul-
tiline terminated syntax which is a subset of VHDL™ Com-
ments are any text between a "--" symbal and the end of a
ling, syntacticdly terminating that line. Some of the infor-
mation is conveyed in VHDL strings; sequences of charac-
ters between quote marks. This information is associated
with a VHDL attribute and has a BSDL syntax require-
ment. Obvioudy, this is not checked by VHDL itsdf, but
by applications that consume this information. (This is one
reason the BSDL name is retained.) In practice, this infor-
mation will be used in two environments. The firg is a full
VHDL-based sysem. It passes a BSDL description
through its VHDL andyser into a compiled design library.
From there, VHDL design library based tools can extract
Boundary-Scan data by referencing the appropriate attri-
butes. The second environment is a non-VHDL sysem
capable of parsing a limited set of VHDL syntax (Smply
skipping items it doesn't recognize) to find and parse the
BSDL information. In support of these systems, we con-
grain the full power of VHDL into a standard practice.
Standard practices will be indicated as they are used in this
text. Thus, BSDL is a "subst and standard practice" of
VHDL.

BSDL is composed of three sections. These are;  Entity,
Package, and Package Body. An entity is the basis for
describing a device within VHDL and an example for a real
device is shown in Appendix A. Within the entity, the
Boundary-Scan parameters of a device are described. The
1149.1 related definitions come from a pre-written, standard
VHDL package (and related package body). The defini-
tions for a 1149.1-1990 package and package body are given

1. The 'system logic' is the same refered to by the 1149.1 document. How-
ever, important 'null’ logic cases must aso be treated as will be discussed.

in Appendix B. The package information is directly related
to the 1149.1 standard and is only expected to change when
the standard itsdf is changed. Typicdly, this information
would be write-protected. The development of new stan-
dards in the future would require new packages to be
created.

A user may add an additional package (and package
body), to contain user-specific design information. An
example of thiswould be to contain a library of cdl defini-
tions unique to the users application, perhaps dependent
upon the silicon technology in use. The reason for bresking
out package bodies as seperate units is to dlow the updat-
ing of the data within these without causing the need for
recompilation of al entities that reference the correspond-
ing package.

A smple Backus-Naur Form (BNF)® is used to describe
the syntax of BSDL data within VHDL gtrings (see dso
Appendix C). Where the meaning is obvious without the
use of BNF, the description is given by example. Since
many of these gtrings are potentialy long, the concatenation
operator '&" is used to break them into managable pieces.
The syntax descriptionswill not show this, and, the concate-
nation operation may be thought of as a lexicographica
pre-processing step before parsing.

THE ENTITY DESCRIPTION

An entity describes a device's 1/0 port and important
attributes of the device. For BSDL, an entity has the fal-
lowing structure:

entity My ICis -

[generic parameter]

[logicd port description]

[use statement(s)]

[package pin mapping]

[scan port identification]

[TAP description]

[Boundary Register description]

end My _IC; - End description

The order of the elements within the entity as shown above
is a required standard practice to smplify non-VHDL
applications. The next few sections will examine each ele-
ment of the entity.

an entity for my IC

Generic Parameter

The generic parameter is a VHDL construct used to pass
data into a VHDL modd. In BSDL it is intended as a
method for sdecting among severa packaging options that
a device may have. Each option may have a different
mapping between the pins of the package and the bonding
pads of the device. Even devices manufactured in a single
package will be tested before packaging, with a different
mapping possible. We cal this the logical-to-physical rela
tionship of the signds of the device. The description of the
Boundary-Scan architecture of the device is done with the
logicd dgnas. Applications such as board testing will need
to know how the logica structure of the device maps onto a
st of physca pins. A VHDL generic parameter is used
for this. It must have the name shown in order for
software to seperate it from other parameters that might be
passed to the entity. It has this form:



generic(PHYSICAL_PIN_MAP:string: = "undefined");

Note the string is initialized to an arbitrary value ("unde-
fined") that will not allow a package selection if the param-
eter is not bound to avalue, i.e, not passed. The use of
this parameter will become clear shortly.

Logical Port Description

The port description uses the VHDL port list in a stan-
dard practice. Here, we are assigning meaningful symbolic
names to the device's system terminals. These symbolic
names are used in subsequent descriptions. This alows the
majority of the statements to be 'terminal independent’;
that is for example, independent of a renumbering or other
reorganization of the terminals of the device. It also alows
description of devices which may be packaged in severa
different forms. It is optiona to include non-digital pins
such as power, ground, no-connects, or analog signals, but
these should be included for completeness. Non-digital pins
will not be referenced later in the description, but al pins
referenced in the description must have been defined here.
The form is:

port( <PinID>; <PinID>;... <PinlD>);

<PinID> ::= <ldentifierList>: <Mode> <PinType>
<ldentifierList> ::= <Identifier> \

<ldentifierList> , <Identifier>
<PinType> ::= <PinScaler> | <PinVector>
<PinScaler> :: = <l|dentifier>
<PinVector> ::= <ldentifier>(<Range>)
<Mode> ::= in | out | inout | buffer | linkage
<Range> :: = <nutnber> to <number> |

<number> downto <number>

The <Mode> identifies the system usage of a device pin,
with in for a simple input pin, out for an output pin that
may participate in buses, buffer for an output pin that may
not participate in buses, inout for a bidirectional signa pin,
linkage for other pins such as power, ground, analog, or
no-connect. A <PinVector> is a shorthand for grouping
related signals. For example, Data(l to 8) indicates there
are 8 signals named Data indexed from 1 to 8, like Data(3).
A <PinScaler> is a single signal. Note, every pin must
have a unique name, so if there are several ground pins for
example, they must have different names such as GND1,
GND2, etc, or be expressed as a vector. An example of a
port statement for a 22 pin device is;

port(CLK:in bit; CLEAR:in bit; Qtout bit_vector(l to 8);
DATA:In bit_vector(l to 8); VCC, GND:linkage hit);

Bit and bit_vector are type names known to VHDL.
Use Statement(s)

The use statement identifies a VHDL package needed
for defining attributes, types, constants, and other items that
will be referenced. The following statement is mandatory
in BSDL. Others may aso be added to support user
defined Boundary Register cells. The content of this pack-
age and its associated package body is shown in Appendix
B.

use STD_1149 | 1990.all; - Get 1149.1 information
Package Pin Mapping

VHDL attribute and constant statements are used to
show the package pin mapping. These are shown by exam-
ple:

attribute PIN_MAP ofMy_IC:entity
is PHYSICAL_PIN_MAP;

constant dw_package:PIN_MAP_STRING: =
<MapString>;

Attribute PIN_MAP is a string that is set to the value of
the parameter PHYSICAL_PIN_MAP, aready described.
VHDL constants are then written, one for each packaging
variation, that describe the mapping between the logica
and physical pins of the device. (The BSDL syntax for
<MapString> is given in Appendix C.) In a VHDL design
library, the value of PIN_MAP can be used to identify the
constant (by name) that contains the mapping of interest.
In a non-VHDL implementation, the parse phase would
look for the constant with a name matching the value of
PIN_MAP. Note, the type of the constant must be
PIN_MAP_STRING. This alows such parsers to ignore
constants of other types. An example of a mapping is:

"CLK:1, DATA:(6,7,8,9,15,14,1312), CLEAR 10, "&
"Q:(2,3,4,5,21,20,19,18), VCC:22, GND.11"

Notice it is the concatenation of two smaller strings. This
is arbitrary; a string is the result after all concatenations are
performed. A BSDL parser will read the content of the
string. It matches signal names like CLK with the names in
the port definition. The symbol on the right of the colon is
the physical pin associated with that port signal. It may be
a number, or an aphanumeric identifier because some
packages such as Pin-Grid Arrays (PGAs) use coordinate
identifiers like A07, or H13. If signas like DATA are
<PinVector>'s in the port definition, then a matching list
of pins enclosed in parenthesis are required. The physical
pin mapped onto DATA(5) is pin 15 in the above example.

Scan Port Identification

Next we give the 5 attributes that define the scan port of
the device. These are shown by example:

attribute TAP_SCAN_IN of TDI:signal is true;
attribute TAP_SCAN_OUT of TDO: signal is true;
attribute TAP_SCAN_MODE of TMS signal is true;
attribute TAP_SCAN_RESET of TRST: signal is true;
attribute TAP_SCAN_CLOCK of TCK:signal

is (17.5e6, BOTH);

Here, signal namesTDI, TDO, TMS, TRST and TCK must
have appeared in the port description. The names chosen
here match the 1149.1 standard, but may be arbitrary. The
TAP_SCAN_RESET attribute is optional but the others
must be specified for a correct implementation. The
boolean assigned is arhitrary, the statement is used to bind
the attribute to the signa. The TAP_SCAN_CLOCK attri-
bute is a record with a real number fidd (the first) that
gives the maximum operating frequency for TCK. The
second field is an enumerated type with values LOW and
BOTH which specify which state(s) the TCK signa may be



stopped in without data loss in Boundary-Scan mode.
TAP Description

The next major piece of Boundary-Scan functionality that
must be described is the device dependent characteristics of
the TAP. It may have four or five control signals, already
identified. It may have a user specified instruction set
(within the rules) and a number of data registers and
options. The following sections show how this is described.

The TAP Instruction Register may have any length 2 bits
or longer and is required to support certain opcodes and
some (but not al) of these have mandatory bit patterns. A
designer may add 1149.1-identified optional instructions
and/or new instructions with completely dedicated func-
tions. An instruction may have several bit patterns. Unused
bit patterns will default to the BYPASS instruction. Upon
resetting the TAP or passing through the Test-Logic-Reset
state, the instruction register is jam-loaded with a specific
instruction. The standard provides for 'private' instructions
which need not be documented except if their access could
create an unsafe condition such as a board level bus con-
flict. Our language must easily denote these characteristics
and take advantage of opportunities for semantic checks.

The characteristics of the instruction register that we cap-
ture with the language are length, opcodes, capture, disable,
private and usage. Since these are basically simple, they are
introduced by example.

attribute INSTRUCTION _LENGTH of My_|C:entity
is <integer>;

attribute INSTRUCTION_OPCODE of My_IC:entity
is <OpcodeTable>;

attribute INSTRUCTION_CAPTURE of My _IC: entity
is <Pattem>;

attribute INSTRUCTION_DISABLE of My IC: entity
is <OpcodeName>;

attribute INSTRUCTION_PRIVATE of My IC: entity
is <OpcodelLisf>;

attribute INSTRUCTION_USAGE ofMy_IC: entity
is <UsageString>;

Example:
attribute INSTRUCTION_LENGTH of My _|C:entity is 4;

attribute INSTRUCTION_OPCODE of My_|C:entity is
"Extest (0000), " &
"Bypass (1111), * &
"Sample (1100, 1010), " &
'Preload (1010)," &
"Hi_z (0101), " &
"Secret (0001) *;

attribute INSTRUCTION_CAPTURE of My_[C:entity is
"0101";

attribute INSTRUCTION_DISABLE of My_IC: entity is
”Hi_z";

attribute INSTRUCTION_PRIVATE of My _IC: entity is
"Secret";

The instruction_length attribute defines the length that all
opcode bhit patterns must have. The instruction_opcode
attribute is a BSDL string (syntax defined in Appendix C)
containing the opcode identifiers and their associated bit
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patterns. The rightmost bit in the pattern is closest to
TDO. The standard mandates the existence of EXTEST,
BYPASS, and SAMPLE instructions, with mandatory bit
patterns for the first two. Note that other bit patterns may
also decode to these same instructions.

The instruction_capture attribute string states what bit
pattern is jammed into the shift register portion of the
instruction register when the TAP passes through the
Capture-IR state. This bit pattern is shifted out whenever a
new instruction is shifted in, and the standard mandates the
least 2 significant bits must be a "01". Note, this bit pattern
may be design-specific data. Since it is possible, by travers-
ing from Capture-IR to Exitl-IR to Update-IR, to cause this
pattern to become the effective instruction, it will act as
some instruction (if not smply BYPASS) when it becomes
effective. This bit pattern is not the instruction loaded into
the instruction register when passing through the Test-
Logic-Reset state. The standard states that on passing
through the reset state, the effective instruction is jammed
either to BYPASS, or IDCODE if it exists.

The optional instruction_disable attribute identifies an
opcode that makes a Boundary-Scan device "disappear”. In
this mode, the 3-state outputs are disabled and the
BYPASS register is placed between TDI and TDO. Thisis
not (yet) a specified behavior in the 1149.1 standard, but
many devices have this capability today because it is very
useful for testing purposes. This attribute alows the
opcode to be identified for software use.

The optional instruction_private attribute identifies
opcodes that are private and potentially unsafe for access.
By definition, the results of these instructions are undefined
to the general public and should be avoided. Software can
monitor the instruction register to issue warnings or errors
if aprivate instruction is loaded during run time.

The optional instruction_usage attribute is a BSDL
string with the syntax given in Appendix C. The usage con-
cept will be covered in its own section later.

ID Register Values

Next, we need to identify standard prescribed optional
registers. These are the IDCODE and USERCODE regis-
ters. Note, if an IDCODE instruction exists, an IDCODE
register must also exist. Further, the existence of USER-
CODE implies the existence of IDCODE. To describe
these instructions we need two attributes.

attribute IDCODE_REGISTER ofMy_IC:entity is
"0011" & -4 hit version
"1111000011110000" & -16 bit part number

"00000000111" & - 11 bit manufacturer

"1 - mandatory LSB

attribute USERCODE_REGISTER ofMy_IC: entity is
"10xx" & "0011110011110000" &
"00000000111" & "1

The bit patterns must be 32 bits long. The rightmost bit is
closest to TDO. In the examples above, concatenation is
used to delimit fields within the codes. The "X" values
specify a don't-care for that bit position. This is used to
nullify subfields within a code that are not important for
testing purposes.



Register Access

All TAP instructions must place a shiftable register
between TDI and TDO. User-defined instructions may
access data registers mandated by the standard; the Boun-
dary Register, the IDCODE register, and the BYPASS
register. The standard allows a designer to place additional
data registers in the design. These are referenced by user-
defined TAP instructions. It is important for software to
know the existence and length of these registers and then-
associated instruction(s). Therefore we need to express
these associations in the language. The attribute for thisiis:

attribute REGISTER_ACCESS ofMy_IC: entity
is <RegisterSring>;

The syntax for <RegisterString> is in Appendix C. Exam-
ple:

attribute  REGISTER_ACCESS ofMyJCentity is
"Boundary (Secret, Userl), " &
"Bypass (Hi_Z, User2), " &
"MyReg[7] (LoadSeed, ReadTest)";

In this example, Secret, Hi_Z, Userl, Userl, LoadSeed and
ReadTest must be previously defined user instructions.
Note that a seven bit user-register MyReg has been added
to the TAP, with two instructions that access it. The 1149.1
standard itself defines the following relationships implicitly,
so these need not be given.

attribute  REGISTER_ACCESS of My_IC:entity is
"Boundary (Extest, Sample, Intest),” &
"Bypass (Bypass), " &
"Idcode (ldcode, Usercode)”;

This ability to identify register access alows software to
know the length of a scan sequence, which is dependent on
the currently effective instruction. The mandatory Boun-
dary Register, Bypass Register and Instruction Register are
known from other statements, as well as their relationship
to TAP instructions. Note that a semantic check can be
made here ensuring that each instruction has an associated
data register as required by the standard. Exceptions to
this are the instructions marked 'private' since they are not
to be accessed, nor do their target registers need to be
identified.

The standard aso allows user-instructions to reference
several registers at once in a concatenated mode, but also
requires them to have a new name in this mode. Here, we
would treat this concatenation as if it were a new register
with a distinct name and length. The reason is that in any
case, the data flowing out of any register after passing
through the Capture-DR state is not known to BSDL
because it is not a simulation language. We are not
attempting here to completely characterize the entire design
so that its behavior is simulatable. This is more properly
the domain of VHDL itsdf. We are smply trying to cap-
ture the relevant characteristics of Boundary-Scan devices
so that we can intelligently manipulate chains of such dev-
ices. Other software can predict what must be coming out
of various registers. This allows us to divide testing prob-
lems into two parts: calculating tests at an abstract level
and manipulating the chain to deliver them. The language
described here deals mainly with this second task. This
division is important since there are several configurations

(even proposed within the standard itself) for setting up
Boundary-Scan chains. The abstracted test can be indepen-
dent of these configurations.

Boundary Register Description

The Boundary Register is an ordered list of Boundary
Cells, numbered 0 to AT where N+I is the number of cells
in theregister. Cell Ois closest to TDO. There are cells of
varying design and purpose. The standard, in chapter 1dP-\
shows fifteen such designs as examples. Others are possible
as well. In discussing cell structures we will make heavy
use of reference to the standard and its figures depicting
cell designs to save space in this paper. To avoid confusion
with figure references, a symbol such as f10-16!" will refer
to figure 10-16 in the standard. Symbols such asfl0-19%
and f10-19d™” refer to the control and data cells that make
up the structure shown in figure 10-19 of the standard.

Cells must be identified before they are referenced in the
Boundary Register description that follows. However, since
the standard does give a number of examples that will likely
be adopted in a design, we have constructed the language
to have intrinsic or predefined cells that may be referenced
via a simple nomenclature. Cell names are listed in Table
1 and their definitions are shown in the VHDL package
body given in Appendix B. However, there will still be a
need to define other cells not covered by the intrinsics.
The details of these definitions are defered until later. |If
the intrinsic definitions contain the cells one needs for a
description, then no cell definitions are required at all.

BC_1 f10-1211], £10-16"Y, f10-18c"], f10-184!"], f10-21clY
BC_2 f10-81 f10-1711, §10-19¢!1, £10-19d(Y, f10-22c11
BC_3 f10-9/4

BC. 4 f10-10Y, fl0-111

BC_5 f10-20c!

BC_6 f10-22d'1

Table 1. Lig of intrinscally defined cells and the figures
covered in the standard.

Numerous rules must be observed when using the cdls to
create a Boundary Register as covered in chapter 10? of
the standard. Some of these may be checked during compi-
lation of a device's description. For example, some cdl
designs may only be used on a device input. Some will not
support the INTEST ingtruction, which is dlowable if the
device TAP description does not list that instruction. Some
cdls require the ad of another cdl to control 3-state
enables. Checks can be peformed and problems
discovered as soon as a device's Boundary-Scan behavior
has been specified and described, which may be wdl in
advance of device fabrication.

A very general cdl design from the standard (f10-16'Y) is
shown in Figure 1. In Figure 2a we show a symbol that
captures the essence of this cell needed for discusson. The
designinFigure 1 iscomprised of a. parallel input, aparallel
output, a multiplexer controlled by a Mode signal, and two
flip-flops. The Mode signd is a function of the currently
effective instruction.  Yes, there are other elements such as
the sgnds shifted in from the last cell and to the next cell.
Yes, there is a second multiplexer controlled by signd
ShiftDR. Yes, there are two cdock signds ClockDR and
UpdateDR. But, dl these additional elements are adways
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Figure 1. Cell design from fl0-16™.

precisely prescribed by 1149.1 and as such, may be omitted
from our consideration in this language. This leads us to
, the symbol in Figure 2a which is simple.

SO

so
Pl ([i g PO Pl 2 PO
P|D P
@ | (b) l o

Figure 2. Two symbols for a typical Boundary Cell, one (a)
with an UPD flip-flop and one without (b).

The parallel input and output are shown, and these are con-
nected to various places depending on the application. The
two flip-flops are labeled CAP and UPD to symbolize then-
use; the CAP flip-flop captures data in the Capture-DR
state. The UPD flip-flop captures data in the Update-DR
state. The shift path is shown because many such cells will
be linked together in a shift chain that makes up the Boun-
dary Register. The shift path links only the CAP flip-flops.
Now, one cell design shown in f10-11"! has a symbol (Fig-
ure 2b) with no UPD flip-flop.

so so
o
PI (;‘ g PO PI i g PO
P D P|D
@ st ® st

Figure 3. Symbols for a Boundary Cells with preset (a)
and clear (b) on the UPD flip-flop.

The symbols in Figure 3 show bubbles on the top or bottom
of the UPD flip-flop to indicate that flip-flop may be preset
(1) or cleared (0) when passing through the Test-Logic-
Reset state, as the standard alows in f10-21%). No signal
connection is made to these bubbles.

Now we show the three attributes needed to define the
Boundary Register:

attribute BOUNDARY_CELLS of My_IC: entity is

<CdllList>;

attribute BOUNDARY_LENGTH of My_IC: entity is
<integer>;

attribute BOUNDARY_REGISTER of My_IC: entity is
<CellTable>;

The <CelUist> and <CellTable> are strings with syntax
given in Appendix C. An example of a 3 cell Boundary
Register is:

attribute BOUNDARY_CELLS of My_IC: entity is

"BCJ, MyCdl";
attribute BOUNDARY_LENGTH of My_IC: entity is 3;
attribute BOUNDARY_REGISTER of My_IC: entity is
--num cell port function safe [ccell disval rdt]

"0 (BCJ IN, input, X), " &

"1 (BCJ, *, control, 0)," &

"2 (MyCdl, OUT, output3, X, 1, 0, 2%
The first attribute shows the cells used in the register; BCJ
from the standard package, and MyCell, which must have
been described in a user defined package. A semantic
check can occur here; do these cells support the standard
instructions that are listed for the TAP opcodes? For exam-
ple, the TAP may support INTEST, but does MyCdI?

The second attribute defines the number of cells in the
Boundary Register. This number must match the number
actually found in the third attribute, the register itself. This
attribute is a string containing a list of elements, each with
two fields. The first field is merely the cell number, which
must be between 0 and LENGTH-1. (They may be listed
in any order.) The second is a set of subfields within
parentheses. There are either four or seven subfields.
They are labeled, as in the comment above, cell, port, func-
tion, safe, ccell, disval, and rslt. All cells have the first
four subfields. Only cells providing data for device outputs
that can be disabled have the remaining three subfields.
These three specify how to disable the output.

The cell subfield identifies the cell design used. It must
match a cell given in the boundary_cells attribute.

The port subfield identifies the port signal actively driven
or received by this cell. A cell serving as an output control
or internal cell will have an asterisk in this position.

The function subfield shows the primary function of the
cell. Table 2 shows the values this subfield may have:

input  a simple input pin receiver (fl0-8™)

clock acdl at aclock input (flO-11"Y

output?2 supplies data for a 2-state output (fl0-16fY)
output3 supplies data for a 3-state output (flO-18dM)
control  controls 3-state drive or cell direction (fl0-18c!M)
controlr a control, disables at Test-Logic-Reset (fl0-21c™™)
internal captures internal constants (see page 10-7'Y)
bidir  reversible cell for a bidirectional pin (flo-22d"])

Table 2. Function subfield values, meanings, and a figure
reference of a representative cell in the standard™.

Shortly, we discuss cells with more than one function. Note
that the function is with respect to the boundary cell and
not the device pin. This reflects the fact that two cells may
service a single pin, for example, one serving as an input
receiver and the other serving as an output driver, on a



bidirectional pin (f10-21*%). Internal cells are used to cap-
ture 'constants' (O's and I's) within a design. They are
specifically not allowed to be 'surrounded by system logic
(f10-7"Y. One proposed use of this is to capture an
encoded value (perhaps in the first few bits of the Boundary
Register) as an informal identification code. Another was
proposed in® where sense amplifiers monitor redundant
power connections and place the measured results in inter-
nal Boundary Register cells. If the power connections are
good, the data loaded will be constant. Finally, there may
be "extra" cells unused in a programmable device (see page
10-7 of the standard'™).

The safe subfield gives the value that a designer prefers
to be loaded into the UPD flip-flop of the cell when
software would otherwise choose a value randomly. Two
examples are; the value that an output should have that is
safe to overdrive during In-Circuit testing; or, the value to
present to on-chip logic at a device input during EXTEST.
An 'X' signifies that it doesn't matter.

The ccell subfield identifies the cell number of the cell
that serves as an output enable. The disval subfield gives
the value the ccell must have to disable the output driver.
The rslt subfield gives the state the disabled driver goes to;
a high impedance state (Z), aweak '0' (WeakO), or aweak
'1' (Weakl). The last two values correspond to asymetrical
drivers such as TTL open-collector drivers or ECL open-
emitters. The functions in effect when these three subfields
exis must be output!, output3 or bidir. If it is bidir, then
disabling the driver implies the cell is a receiver.

An Example Boundary Register Description

We now use the device shown in Figure 4 to illustrate a
Boundary Register description and how special cases are
handled. These special cases arise because the standard
allows cells to be merged when the system logic between
them is null. (See for example, fl0-4Y, fl0-5") Cells may
be merged if the logic between them is smply a non-
inverting data path, like a wire or buffer. When merging is
done, the resulting cell must obey a combination of the
rules of the merged cells. Here is the definition of the
Boundary Register for Figure 4.

attribute BOUNDARY_CELLS of Figured:entity is
"BC_1, BCJ, BC 6"

attribute BOUNDARY_LENGTH of Figured:entity is 10;

attribute BOUNDARY_REGISTER of Figured:entity is

— num cell port function safe [ccell disval rdlt]
"0 (BCJ, * control, 0)," &

"1 (BCJ, OUT2, output!, 1, 1, 1, Weakl),"&
"2 (BC_6, BIDIRL, bidir, X, 3, 0, 2)," &
"3 (BCJ, * control, 0)," &

"4 (BCY, * control, 0)," &

"5 (BCJ, BIDIR3, input, X)" &

"5 (BCJ, BIDIR2, output3, X, 7, 1, 2)" &
"6 (BCJ, BIDIR2, input, X)" &

"6 (BCJ, BIDIR3, output3, X, 4, 0, 2" &
"7 (BCJ, * control, 1) &

"8 (BCJ, IN2, input,  X)," &

"9 (BCJ, INI, input,  X)," &

"9 (BCJ, OUTL, output3, X, 0, 0, 2)";

Cell 0 is simply a control cell between the system logic
and the enable for signal OUT1. Cells 4 and 7 are similar.

BIDIR2 BIDIR3
IN2 —] —= BIDIR1
i
OouUT2
INt ouT1
TOI TDO

™S | 1Tk

Figure 4. A device illustrating several merged cell situa-
tions.

Notice the safe bits are assigned to cause the associated
drivers to disable. Cell 3 is the control for the reversible
cell (f10-22d!Y) used on the bidirectional signal BIDIR1.

Cell 1 is a 2-state output data cell. Note that it has the
three extra fields indicating that it controls its own open-
collector asymetrical driver. Placing a'l' in cell 1 will dis-
able OUT2 by putting it into the 'Weakl' state.

Cell 2 is the reversible cel of figureflo-22d". This cell
serves as an input if the control cell has turned off the out-
put driver, meaning cell 3 produces a '0'. This cell serves
as the data for the driver if the output is enabled. It cannot
serve both functions. This is a drawback during test, since
the value of BIDIR2 cannot be observed while the driver is
turned on. A board level fault could not be seen by this
device. Note that the structures for BIDIR2 and BIDIR3
(or f10-21"l) would allow observation of the driver, thus
allowing a simple consistancy check.

Cell 5 (and similarly for cells 6 and 9) has merged
behavior; it serves as the input receiver for BIDIR3 and as
the data source for BIDIR2. It has two lines of description
in the Boundary Register definition as a result. The first
gives its behavior as an input cell while' the second
describes its characteristics as an output cell. Note that cell
BC_1 used in this capacity must support both input and out-
puts functions. This is reflected in the definition of BC_1
(see appendix B) where both functions are seen to exist for
all instructions.



This example is extreme in dwelling on odd cases. Most
device implementations will be quite simple and routine, as
the example in Appendix A, the Texas Instruments
74BCT8374"%, illustrates.

PACKAGE DESCRIPTION

The package that describes the Std 1149.1-1990 informa-
tion needed for BSDL is given in appendix B. This package
cannot be modified without changing BSDL itself.

There may be occasion for users to define their own
packages for use in conjunction with the 1149.1 package.
This is the way to add user-specific Boundary Cell defini-
tions. By placing these in a package, they may be refer-
enced by many entities. While it is possible to place an
entire cell description in a package, it is standard practice
to place the actual cell description in a package body
. (described next) associated with the package. All that then
remains in the user-defined package is the names of the

cells. For example, say a user wants to define two new
cells for reference in a boundary-scan description. Here is
what the package would look like:
package My New Cells is
constant MNC_1 : CELLINFO; - My new cell 1
constant MNC_2 : CELLINFO; - My new cell 2

end My_New_Cdlls;

Of course, to reference these cells, a use statement must
appear in an entity description that references
MyJVewjCells.all, and the cell names must appear in the
BOUNDARY_CELLS attribute string. The definition of
these deferred constants goes into the related package body.

PACKAGE BODIES FOR DEFINING BOUNDARY CELLS

Now it is time to discuss the description of Boundary
Register cells. We have aready skimmed this subject in
examining the description of the Boundary Register itsdlf,
and, we have benefitted from intrinsic cell definitions pro-
vided by the 1149.1 package body.

What are the important aspects of a cell we need to
describe for BSDL to meet its statement of scope? In
looking at the variety of possible cell designs given in the
standard and the long list of rules governing these designs,
this might seem to be a daunting task. It turns out that all
of the cells shown in the standard (excepting fl0-220t™)
could be modeled as shown in Figure 5, for the purposes of
BSDL scope.

For the case of cell fl0-22d™, its reversible nature can be
represented as if it were two cells; one that is left-to-right
and the other that is right-to-left, each modeled by Figure
5. The one to choose is defined by the value of the control-
ling cell. When enabled to drive, the cell works left-to-right
and vice versa.

In BSDL, any cell consists of a Parallel Input (PI), a
Parallel Output (PO), CAP and UPD flip-flops and connec-
tions to/from CAP flip-flops of other cells. Note, the UPD
flip-flop may not exist in certain input cell configuration as
adlowed by the standard. The CAP flip-flop has eight
choices of data source as shown. In looking at any particu-
lar cell design, usually only two or three of these choices
are actually implemented. The '0' and 1' constants may be
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TO NEXT
CELL
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-
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TAP DR DR

Figure 5. A general BSDL model of a Boundary Register
Cell.

loaded into the CAP in certain situations. For example, an
output cell design during EXTEST may load a constant into
the CAP. The 'X' value denotes a don't-know or don't-care
about what is loaded. An example of this is an output cell
design during RUNBIST that loads a Linear Feedback Sig-
nature bit into the CAP. BSDL alone is not capable of
simulating what this value could be. Also, proprietary
information about a cell design may be hidden by "X-ing"
out the activities of an instruction.

Context is another important factor in analysing Boun-
dary Cells. What is the cell function? When a cell is an
input cell, then PI must be connected to a device pin and
PO must be connected to the system logic (ignore cell
merging here). Now, add the context of the effective
instruction. If EXTEST is in effect, then CAP must
receive Pl data What we are defining here is a triple of
data:

<function> <instruction> <CAP data source>

A cell description is a collection of these triples in the form
of aVHDL array of records. Each triple tells us a piece of
a cell behavior; for a given cell function, while a certain
instruction is in effect, what data is loaded into the CAP
when passing through the Capture-DR state. Since the CAP
flip-flop data is what is eventually seen when scanning out
data, it is important to know what the CAPs will contain.
This data is simple to derive. One simply fixes the cell
function, and then for each instruction supported, traces
the data flowing to the CAP flip-flop.

What about other details? For example, input cell f 10-
10! in the standard produces a '1' on PO while EXTEST
is in effect. BSDL does not model this because, during
EXTEST on an input, we are looking outward from the
device, not inward. Essentialy, we do not care what is
being fed to PO during EXTEST on input pins. The device
designer did which is why the '1' is being injected; probably
to satisfy some requirement internal to the device. During
and after an EXTEST operation, the 1149.1 standard does
not specify the what the state of the system logic will be so
there is no point in trying to describe inputs to the system
logic during EXTEST. There are similar arguments about
what it is necessary to model during INTEST, SAMPLE
and RUNBIST.



Many details are prescribed by the standard itself. The
UPD flip-flops dways get the CAP data transfered during
the Update DR state, so we need not describe this. If an
UPD flip-flop is missing from a design, it can only be used
as an input cell. If it still supports INTEST, then the CAP
flip-flop will supply data to the system logic (and data rip-
ple due to shifting is guaranteed by design not to matter),
or, the input has been specificaly designated as a clock
function as the rules allow.

Defining a Boundary Cell

A cdl is defined as a VHDL constant. It is an array of
records with the range of the array unspecified, but implicit
from the number of records given in the constant definition.
Each field of each record must be filled. A standard prac-
tice is that these are filled using positional association
rather than named association, as shown, to smplify
development of non-VHDL based applications.

We give an example of a Boundary Cell C_Ex_| that
supports EXTEST, SAMPLE and INTEST. Itloadsa 'l
into the CAP during EXTEST if the cell is used as an out-
put or control function. The cell may be used as a simple
input function. During INTEST as an input, it reloads the
CAP with the data value that was shifted into the cell. Its
description is:

constant C Ex 1: CELL_INFO : =
C (Output!, Extest, One), (Output3, Extest, One),
(Output!, Sample, PI), (Output3, Sample, PI),
(Output!, Intest, PI), (Output3, Intest, PI),
(Control, Extest, One), (Input, Extest, PI),
(Control, Sample, PI), (Input, Sample, PI),
(Contral, Intest, PI), (Input, Intest, CAP) );

The values alowed for function are the same as shown in
Table 2 with the exception that bidir is replaced by two
functions; bidir_in and bidir_out. A reversible cell such as
fl0-22d™ is described only with these functions, with both
required for every supported instruction as in cell BC_6 of
Appendix B. The control cell, when enabling or disabling
the cell as a driver, chooses between the bidir_out or
bidirjn functions respectively. This is the only function
with this complication.

The values alowed for an instruction are EXTEST,
INTEST, SAMPLE and RUNBIST. Others such as
BY PASS have no effect on the Boundary Cells. The values
dlowed for CAP data are PI, PO, UPD, CAP, ZERO,
ONE, and X

OTHER BSDL FUNCTIONS

There are some other features in BSDL, some of which
we defered in previous discussion.

Instruction Usage

Generally, BSDL is a means for describing static design
parameters of an 1149.1 implementation. However, the
standard contains two instructions with details of operation
that are not statically defined. These are RUNBIST and
INTEST. The instruction_usage attribute gives additional
information about the operation of an instruction. While
targetted at the two standard instructions, it could be used
to document details about a user-defined instruction as
well. The types of information needed are; register
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identification, result identification and clocking information.
This information is placed in string <UsageString> with
syntax given in Appendix C. Here are examples for
describing RUNBIST and INTEST and a user-defined
instruction MY BIST:

attribute INSTRUCTION_USAGE ofMy_IC: entity is
"Runbist (registers Boundary, Sgnature;" &
" shift Sgnature,” &
" result 0011010110000100;" &
" clock TCK in RunJTestJdle)" &
" length 4000 cycles)," &
(clock SYSCLK shifted),” &
(registers Seed, Boundary, Bypass;" &
"initialize Seed 001110101;" &
" shift Bypass;" &
"result ;" &
" clock SYSCLK in RunJTestddle" &
" length 125.0e-3 seconds)”;

"Intest
"MyBist

The RUNBIST usage shows two registers used. Note,
the standard states that only the Boundary Register may be
initialized for test operation. A second register Sgnature is
also used, and will be placed between TDI and TDO for
shifting. When the test is completed, the result shifted out
from Sgnature should match the given pattern (Ilength must
match length of Sgnature register), where the rightmost bit
is closest to TDO. The test is run by clocking TCK 4000
times while in state RunJTestJdle.

The INTESTusage tells us that clocking is accomplished
by shifting the clock states to signal SYSCLK. This implies
a cel structure for input signa SYSCLK that supports
INTEST. If this cell had been a clock function rather than
input, then the description would read (clock SYSCLK) and
we would have to supply the clocking externally.

The MYBIST usage tells us that registers Seed, Boun-
dary, and Bypass are involved in the test and that Seed
requires initialization to a pattern. This will have to be
done using another instruction since MYBIST places the
Bypass register between TDIl and TDO. Software could
look in the register_access attribute for such an instruction.
When the test is done, the Bypass register should contain
the result '1l'. Clocking is done with the TAP in
RunJTestddle, with SYSCLK freerunning for 125 mil-
liseconds.

Design Warnings

A device designer may know of situations where the sys-
tem usage of a device can be subverted via the Boundary-
Scan feature to cause circuit problems. As a simple exam-
ple, a device may have dynamic system logic which requires
clocking to maintain its state. Thus, clocking must be
maintained when bringing the device out of system mode
and into test mode for INTEST. The design_warning attri-
bute can be assigned a string message to alert future consu-
mers to the potential for problems. For example:

attribute DESSGN_WARNING of My_IC: entity is
"Dynamic device, " &
"maintain clocking for INTEST."
This warning is for application specific display purposes

only. It is atextual message with no specified syntax and is
not intended for software analysis.



CONCLUSION

BSDL is an extensible language for defining the basic tes-
tability features of a device implemented under the IEEE
1149.1-1990 standard. It is specificaly designed for describ-
ing the numerous options that may be exercised in such
implementations, in a way useful for humans and comput-
ers. It is aso a subset and standard practice of IEEE Std
1076-1987 VHDL and as such may be contained within a
larger VHDL description of a device used for modeling or
simulation. An added benefit is that a number of compli-
ance violations in a design may be discovered either in
attempting to code the device features, or, in semantic
checks possible during analysis.

Integrated circit vendors have been reluctant'® to embed
user accessible testability features within their devices, and
are now responding to market pressures for it. The 1149.1
standard makes it much easier to add testability in a
prescribed way. However, without a simple, complete, and
automated way of describing implementations, these ven-
dors rightfully fear that new support difficulties will result.
The concept of a standardized description offers them a
way of transfering the support burden to the proper seg-
ments of the industry, most notably, the ATE vendors.
These same ATE vendors will benefit from the assurance
that the descriptions they receive are complete, accurate,
and uniform across the IC vendors.

Very recently, a new interest has been expressed for
BSDL. ASIC vendors could use a BSDL description of a
device in conjunction with the description of its system logic
to automatically add the Boundary-Scan logic during layout.
This offers 1149.1 testability to their customers who may be
unfamiliar with the details of the standard and, of course,
the BSDL description is available immediately.

The advantages of the 1149.1 standard can be more
widely enjoyed if there is some commonality in the descrip-
tion of Boundary-Scan devices across tasks and disciplines.
We believe BSDL fillsthis need.
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Appendi x A, An Exanpl e: This exanple is the Texas I nstruments 74BCT8374 Octal D- Type Flip-Flop'® (see Figure 6). This
devi ce has an unusual |y rich set of user defined instructions.

entityttl 74bct8374is
generic ( PHYSI CAL_PI N_MAP: striimp: = " UNDEFI NED") ;

port (CLK: inbit; Qout bit_vector(l to8); Dinbit_vector(l to8); GND, VGClliimkage bit;
OC_NEG:iimbbitt; TDO; outtbhit; TMS, TODI, TTICRindbitt) ;

use STD 1149 | 1990. al | ; - Get Sd 1149.1-1990 attributes and definitions

attribute PI N_MAPof ttl74bct8374 : entityis PHYSI CAL_PI N_MAP;

canstana VDWW REGKANEE : FRINN MARP_SSTRRINGS = CCKK:I1, Q(2,34,57,89,10), D(23,22,21,20,19,17,16,15)," &
"GND: 6, VCC:18, OC_NEG: 24, TDQ:lll, TMS: 12, TCKC13, TD :14";

canssan i i KP REBKNGE : FRINN MARP SERR] NG :=' COKK:®, Q(10,11,12,13,16,17,18,19), (654,32 27,26, 25)," &
"GND: 14, VCC28, OC_NEG: 7, TDO: 20, TMs:21, TCR23, TD:24",

attribute TAP_SCAN_I N of TDI : signal istrue;

attribute TAP_SCAN_MODE of TMS: signal istrue;

attribute TAP_SOYNN OJUTof TDO: signal istrue;

attribute TAP_SCAN_CL OCKoff TCK: signal i s (20.0e6, BOTH) ;

attribute | NSTRUCTI ON_LENGTHof ttl74bct8374: entityis8;

attribute | NSTRUCTCON_OPCODEOf ttl 74bct 8374 : entityis 74BCT8374 DW PACKAGE
"BYPASS (11111111, 10001000, 00000101, 10000100, 00000001)," & I I
"EXTEST (00000000, 10000000), " & 15 10
" SAMPLE (00000010, 10000010)," & D8 8 - 0 '\l ( Q8
"I NTEST (00000011, 10000011)," &
"TRI BYP (00000110, 10000110)," & - BoundaryHi-Z D7 16 9 Q 1 ? 9—>Q7
" SETBYP (00000111, 10000111)," & -Boundaryl/O i
" RUNT (00001001, 10001001) , " & - Boundar yr unt est
"READBN (00001010, 10001010)," & ~Boundar yr eadnor mal D6 7 0 Q 2 LQG
" READBT (00001011, 10001011)," & - Boundaryreadtest L I
"CELLTST (00001100, 10001100)," & - Boundary selftest nornal 19 T 3 7
"TOPHI P (00001101, 10001101)," &  ~Boundarytoggl eoutt est D5 L ! ?'—’05
" SCANCN (00001110, 10001110)," & - BCR Scan nor nal [
SCANCT (00001111, 10001111)," & ~BCRScant est D4 20 12 4 = ; 5—>Q4
attribute | NSTRUCTI ON_CAPTUREoOf ttl 74bct8374: entityis"01010101"; 1
attribute | NSTRUCTI ON_DI SABLEoOf ttl74bct8374: entityis' TRI BYP"; 21 13 5 4
D3 ! >4 Q3
attribute REGI STER_ACCESSof ttl74bct8374 : entityis
" BOUNDARY ( READBN, READBT, CELLTST)," & 22 ” 3
"BYPASS( TOPHI P, SETBYP, RUNT, TRIBYP)," & D2 , 6 { ? — Q2
"BCR[ 2] ( SCANCN, SCANCT) "; - 2bit Boundary Gontrol Register T )
attribute BOUNDARY_CELL Sof ttl74bct8374: entityis"BC_1"; D1 23 15 Q| 7 LQ1
attribute BOUNDARY_LENGTHof ttl74bct8374 : entityis 18; L __J
attribute BOUNDARY_REGI STERof ttl74bct8374 : entityis G- 24 6 )
-- num cell port  function safe [ccell disval rslt]
"17 (BC_1, CLK, input, X)," & 1 L)
"16 (BC_1, OC_NEG, input, X)," & - Merged | nput/Control LK 7L
"16 (BC_1, *, control, 0)," & - Merged I nput/Control
"15 (BC_1, D(1), input, X)," &
"14 (BC_1, D(2), input, X)," & P_J 1
"13 (BC_1, D(3), input, X)," & roi 4 1 ™0
"12 (BC_1, D(4), input, X)," &
"11 (BC_1, D(5), input, X)," &
"10 (BC 1, D(6), input, X)," & Tk |1 TMS| 12
"9 (BC_1, D(7), input, X)," & Figure 6
"8 (BC_1, D(8), input, X)," &
"7 (BC.1, Q1), output3, X, 16, 0, 2)," &
"6 (BC.1, Q2), output3, X, 16, 0, Z)," &
"5 (BC_1, Q3), output3, X, 16, 0, 2)," &
"4 (BC_1, Q4), output3, X, 16, 0, 2)," &
"3 (BC_1, Q5), output3, X, 16, 0, 2Z)," &
"2 (BC_1, Q6), output3, X, 16, 0, 2)," &
"1 (BC1, Q7), output3, X, 16, 0, Z)," & -- outputscontrolledfromcell 16set toOareHi - Z.
"0 (BC_ 1, Q8), output3, X, 16, 0, 2)"; -- cell 16 has a mer ged function, bothinput and control .

end ttl 74bct 8374;
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Appendix B, IEEE Std 1149.1-1990 VHDL Package/Package Body definition.
This is the definition of the VHDL package and supporting package body for IEEE Std 1149.1-1990 attributes, types, subtypes,

and constants of BSDL.

package STD_1149 1 1990 is

— Give pin mapping declarations
attribute PIN_MAP : string;
subtype PIN_MAP_STRING is string;

— Give TAP control declarations
type CLOCK_LEVEL is (LOW, BOTH);
type CLOCK_INFO isrecord
FREQ : real;
LEVEL: CLOCK_LEVEL;
end record;

attribute TAP_SCAN_IN : boolean;

attribute TAP_SCAN_OUT : boolean;

attribute TAP_SCAN_CLOCK : CLOCKJNFO;
attribute TAP_SCAN_MODE : boolean;
attribute TAP_SCAN_RESET : boolean;

— Giveingtruction register declarations
atribute INSTRUCTION_LENGTH: integer;
attribute INSTRUCTION_OPCODE : string;
attribute INSTRUCTION_CAPTURE: gtring;
attribute INSTRUCTION_DISABLE: sring;
atribute INSTRUCTION_PRIVATE: dtring;
attribute INSTRUCTION_USAGE: dtring;

— Give ID and USER code declarations

type ID_BITSis (0, '1', V, 'X');

type ID_STRING is array (31 downto 0) of ID_BTTS;
attribute IDCODE_REGISTER : ID_STRING;
attribute USERCODE_REGISTER : ID_STRING;

-- Give register declarations
attribute REGISTER_ACCESS : string;

-- Give boundary cell declarations
type BSCANJNST is (EXTEST, SAMPLE, INTEST,
RUNBIST);
type CELLJTYPE is (INPUT, INTERNAL, CLOCK,
CONTROL, CONTROLR, OUTPUT2,
OUTPUTS, BIDIRJN, BIDIR.OUT);
type CAP_DATA is (PI, PO, UPD, CAP, X, ZERO, ONE);
type CELL_DATA is record
CT : CELL_TYPE;
| :BSCAN_INST;
CD : CAP_DATA;
end record;
type CELL_INFO isarray of CELL_DATA;

-- Boundary Cell defered constants (see package body)

congant BC_1 : CELLJNFO;
congant BC 2 : CELLJNFO;
congant BC_3 : CELLJNFO;
congant BC 4 : CELLJNFO;
congant BC 5 : CELLJNFO;
congant BC 6 : CELLJINFO;

— Boundary Register declarations

attribute BOUNDARY _CELLS : string;
attribute BOUNDARY _L.ENGTH : integer,
attribute BOUNDARY _REGISTER : string;

— Miscellaneous
attribute DESIGN_WARNING: string;

end STDJ149JJ990; - End of 1149.1-1990 Package

package body STD_1149 1 1990 is - Standard Boundary Cells
- Description for fl0-12, fl0-16, fl0-18c, fl0-18d, fl0-21c

constant BC_1: CELLJNFO :=

((INPUT, EXTEST, PI), (OUTPUT2, EXTEST, PI),
(INPUT, SAMPLE, PI), (OUTPUT2, SAMPLE, PI),
(INPUT, INTEST, PI), (OUTPUT2, INTEST, PI),
(INPUT, RUNBIST, PI), (OUTPUT2, RUNBIST, PI),
(OUTPUTS, EXTEST, Pl), (INTERNAL, EXTEST, PI),
(OUTPUTS3, SAMPLE, PI), (INTERNAL, SAMPLE, PI),
(OUTPUTS, INTEST, PI), (INTERNAL, INTEST, PI),
(OUTPUTS3, RUNBIST, PI), (INTERNAL, RUNBIST, PI),
(CONTROL, EXTEST, PI), (CONTROLR, EXTEST, PI),
(CONTROL, SAMPLE, PI), (CONTROLR, SAMPLE, PI),
(CONTROL, INTEST, PI), (CONTROLR, INTEST, PI),
(CONTROL, RUNBIST, PI), (CONTROLR, RUNBIST, PI));

-- Description for fl0-8, f10-17, fl0-19¢, fl0-19d, fl0-22¢

constant BC_2 : CELLJINFO : =

((INPUT, EXTEST, PI), (OUTPUT2, EXTEST, UPD),
(INPUT, SAMPLE, PI), (OUTPUT2, SAMPLE, PI),
(INPUT, INTEST, UPD), -- Intest on output2 not supported
(INPUT, RUNBIST, UPD), (OUTPUT2, RUNBIST, UPD),
(OUTPUT3, EXTEST, UPD), (INTERNAL, EXTEST, PI),
(OUTPUT3, SAMPLE, PI), (INTERNAL, SAMPLE, PI),
(OUTPUTS3, INTEST, PI), (INTERNAL,INTEST, UPD),
(OUTPUT3, RUNBIST, PI), (INTERNAL, RUNBIST, UPD),
(CONTROL, EXTEST, UPD), (CONTROLR, EXTEST, UPD),
(CONTROL, SAMPLE, PI), (CONTROLR, SAMPLE, PI),
(CONTROL, INTEST, Pl), (CONTROLR, INTEST, PI),
(CONTROL, RUNBIST, PI), (CONTROLR, RUNBIST, PI) );

-- Description for fl0-9

constant BC_3 : CELLJINFO : =

((INPUT, EXTEST, PI), (INTERNAL, EXTEST, PI),
(INPUT, SAMPLE, PI), (INTERNAL, SAMPLE, PI),
(INPUT, INTEST, PI), (INTERNAL, INTEST, PI),
(INPUT, RUNBIST, PI), (INTERNAL, RUNBIST, PI) );

- Description for fl0-10, flO-I1

constant BC_4 : CELLJINFO : =

(INPUT, EXTEST, PI), - Intest on input not supported
(INPUT, SAMPLE, PI), - Runbist on input not supported
(CLOCK, EXTEST, PI), (INTERNAL, EXTEST, PI),
(CLOCK, SAMPLE, PI), (INTERNAL, SAMPLE, PI),
(CLOCK, INTEST, PI), (INTERNAL, INTEST, PI),
(CLOCK, RUNBIST, PI), (INTERNAL, RUNBIST, PI) );

-- Description for fl0-20c, a combined Input/Control

constant BC 5 : CELLJINFO : =

((INPUT, EXTEST, PI), (CONTROL, EXTEST, PI),
(INPUT, SAMPLE, PI), (CONTROL, SAMPLE, PI),
(INPUT, INTEST, UPD), (CONTROL, INTEST, UPD),
(INPUT, RUNBIST, PI), (CONTROL, RUNBIST, PI));

-- Description for fl0-22d, a reversible cell

constant BC_6 : CELLJINFO : =

((BIDIRJN, EXTEST, PI), (BIDIR_OUT, EXTEST, UPD),
(BIDIRJIN, SAMPLE, PI), (BIDIR_OUT, SAMPLE, PI),
(BIDIRJN, INTEST, UPD), (BIDIR_OUT, INTEST, PI),
(BIDIRJN, RUNBIST, UPD), (BIDIR_OUT, RUNBIST, PI));

end STD_1149 1 1990; - End of 1149.1-1990 Package Body



Appendix C, BSDL Syntax Specification

The BNF syntax descriptions are shown in this appendix. The items described are those contained within VHDL strings and
as such, are not part of VHDL syntax. Syntactic items are shown in italics, surrounded by '<' and '>"' .characters.  Keywords
such as 'Extest' or 'Outputs' are in normal font. Boldface items are BSDL terminals such as INTEGER, VHDL IDENTIFIER,
or other description. The symbol NULL is the empty expansion. All BSDL elements contained within VHDL strings are
treated as single, contiguous strings even though they may be expressed as the concatenation of smaller strings. All concatena-
tions should be removed during lexicographical analysis. An asterisk in the leftmost column marks the start of an BNF expres-
sion promised in the text of this paper.

* <MapSring> ::= <PinMapping> | <MapSring> , <PinMapping>
<PinMapping> ::= <PortName> : <PhysicalPinDesc>
<PortName> ::= VHDL IDENTIFIER
<PhysicalPinDesc> ::= <PhysicalPin> | ( <PhysicalPinList> )
<PhysicalPinList> :.= <PhysicalPin> \ <PhysicalPinList> , <PhysicalPin>
<PhysicalPin> .:= INTEGER | VHDL IDENTIFIER

* <OpcodeTable> ::= <OpcodeDesc> | <OpcodeTable> , <OpcodeDesc>
<OpcodeDesc> ::= <OpcodeName> ( <PattemList> )
<PattemList> ::= <Pattern> \ <PattemList> , <Patten>

* <Pattem> :.= BINARY STRING

* <UsageString> ;.= <UsageDesc> | <UsageString> , <UsageDesc>
<UsageDesc> ::= <OpcodeName> ( <UsagelList> )

* <OpcodeName> .:= Extest | Sample | Intest | Runbist | VHDL IDENTIFIER
< Usagelist> :: = <Usage> | <UsagelisO ; <Usage>
<Usage> :.= <RegisterDecl> | <InitializeDecl> \ <SiftDecl> \ <ResultDecl> \<ClockDecl> \ <LengthDecl>
<RegisterDecl> ::= Registers <RegisterList>

<RegisterList> ::= <Register> \ <RegisterList> , <Register>
<Register> ::= VHDL IDENTIFIER

<InitializeDecl> ::= Initialize <Register> <Pattem>
<ShiftDecl> ::= Shift <Register>
<ResultDecl> ::= Result <Pattem>
<LenghDecl> :: = Length <LengthSpec>
<LengthSpec> :: = INTEGER cycles | REAL seconds
<ClockDecl> .:= Clock VHDL IDENTIFIER <ClockSpec>
<ClockSpec> .:= in <TapSate> \ shifted | NULL
<TapSate> ::= Run_Test ldle
* <Register3ring> ::= <RegisterAssoc> \ <RegfsterSring> , <RegisterAssoc>
<RegisterAssoc> ::= <Register> ( <OpcodelList> )
* <OpcodeList> ::= <OpcodeName> | <OpcodelList> , <OpcodeName>
* <CelList> .:= <CellName> | <CdlList> , <CelIName>

<CellName> ::= VHDL IDENTIFIER
* <CélTable> :.= <CellEntty> \ <CdlTable> , <CelEntry>

<CdlEntty> ::= <CelNumber> ( <Cdlinfo> )

<Cdlinfo> .:= <CellSpec> \ <CdlSpec> , <DisableSpec>

<CelSpec> ;:= <Cdl!lID> , <PortID> , <Function> , <SafeValue>

<CellNumber> ::= INTEGER

<CdlID> ..= VHDL IDENTIFIER

<PortID> :: = <PortName> \ *

<Function> ::= Input | Output2 | Ourput3 | Control | Controlr | Internal | Clock | Bidir
<SafeValue> .= 0 | 1 | X

<DisableSpec> :: = <DisableCell> , <DisableVal> , <DisableResult>

<DisableCell> ::= <CellNumber>

<Disableval> ::= 0 | 1
<DisableResult> ::= Z | Weak0 | Weakl



Functional Tes and Diagnosis. A Proposed
JTAG Sample Mode Scan Teder

Mark F. Lefebvre

Digita Equipment Corporation
100 Minuteman Road
Andover, Massachusetts 01810

ABSTRACT

Emerging trends in physica interconnect tech-
nologies have made many of the conventiona func-
tional test and diagnosis tools difficult, if not imposs-
ble, to utilize in today's manufacture and test
processes. The IEEE Standard 1149.1 boundary scan
implementation provides the interna access required
for andyzing nodd test data. This paper describes a
JTAG Sample Mode Scan Tester being developed for
diagnosis of a-gpeed falures in modules .

INTRODUCTION

Advances in physical interconnect technology,
made necessary to meet increasing gpeed and packag-
ing dengity requirements, are making physica access
to the internd networks of a module (populated
printed circuit board) increasingly difficult and in
many cases, impossible. The traditional method of
testing a module for functiona defects has been with
afunctiond tester and an edge-connector type fixture,
Diagnosis has been typicdly performed through a
combingtion of limited bed-of-nails access and a
band-held probe, which may or may not have been
guided under program control.

This method has worked well for many years on
through-hole modules utilizing 100 mil pitch compo-
nent leads, or with modules of limited complexity.
However, with the advent of surface mount technol-
ogy and high pin count components with alead pitch
of 25 mils or less, the bed-of-nails and guided probe
gpproaches to test have become impractica without
the addition of test pads.

Recognizing the limitations of physical access to
the internd networks and device leads, product de-
signers are beginning to use boundary scan latches as
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a tedtability feeture in product designs. Boundary
scan latches dlow for the capture of dectricd gimu-
lus and response data without the loading caused by
physicaly probing the MUT (Module Under Test).
Specifications defining a standard implementation for
boundary scan have been developed by an industry
sponsored committee cdled the Joint Test Action
Group (JTAG) in the IEEE Standard 1149.1, herein
referred to as JTAG. It is assumed that the reader is
familiar with the IEEE standard. The details of the
JTAG boundary scan implementation are provided in
|EEE Standard 1149.1 [1].

This paper describes a Sample Mode Scan Tester
that is currently being developed for the purpose of
diagnosing at-speed functiona faults on modules that
incorporate the JTAG testability standard. The term
"at-speed functiond tet" refers to the process of
sampling response data a MUT speed.  However,
the JTAG Sample Mode process dlow for the datato
be shifted to the tester at a much dower speed. This
is dgnificant, as it provides a means of performing
functiond test without the need for the tester to keep
pace with product clock speeds.

The tester, with the appropriate software tools,
can adso be used as a data acquisition sysem. This
capability dso facilitates the debug of engineering
prototypes, similar to that of alogic andyzer.

PROBLEM STATEMENT

Functional Test Trends

The traditiond functiona test process can be
categorized under one of two scenarios. The firg
concerns the use of traditional functiond automatic
test equipment (ATE) and involves stimulus being
applied from the tester to the MUT through the edge

Reprinted from IEEE Proceedings 1990 International Test Conference,
pages 294-303. Copyright © 1990 by The Institute of Electrical and
ElecteesEngineers, Inc. All rightsreserved.



connector. The MUT response (ACQUISITION data)
to the dimulus is captured by the tester, again
through the edge connector. The results are then
compared againgt aknown good data base (EXPECT
data), and a determinaion is made on whether the
MUT passed or faled the test Diagnosisis achieved
by comparing the EXPECT data with the ACQUISI-
TION dataviaaguided probe agorithm. In some ap-
plications, a fault dictionary is used in place of, or in
addition to, the guided probe.

The second scenaio is the use of product to test
product In mis goplication, the MUT is plugged into
a known good system box, and stimulus is applied
via dik- or ROM-basad diagnogtics. Diagnosis is
achieved through a combination of custom diagnos
tic routines, program direaed probing, and the use of
eectronic insrumentation such as alogic andyzer or
an oscilloscope. Fault diagnosis a such atest gation
is avery complicated process and requires an experi-
enced technician or engineer. In both scenarios, diag-
noss would be further complicated without any
means of probing the MUT.

Because of the aforementioned physical access
redtrictions due to emerging module technologies,
these traditiona functiond test methods have begun
to bresk down. Without physical access, guided
probe methodologies are no longer feasible. Simi-
larly, the use of test pads for interfacing test ingtru-
mentation such aslogic analyzersto the MUT is dso
limited. Dueto these restrictions, it is clear that dter-
native methods of accessing MUT nodd test data are
required.  Sampling data via boundary scan latches
is one such method.

Application Requirements

There are severd application requirements that
must be addressed to peform Sample Mode tegting.
Theoverdl objectiveisto sample deter ministic noda
test datain arepeatable fashion.

* Determinigtic - the ability to sample predictable
data(i.e. sample cyden).

* Repeatable - given a program that samples cycle
n, the ability to sample the same data each time
the test program is executed.

In order to meet these objectives a number of
provisions must be made, both from the tester and the
MUT perspectives. The firgt involves synchronizing
the execution of the test sequence to the operation of
the tester. To achieve synchronization, the Sample
Mode process must be triggered by some event onthe
MUT that is synchronous with the MUT clock.

The second reguirement involves me execution
of arepeatable test sequence onthe MUT. This will
dlow test data to be cgptured in multiple executions
of the test sequence and requires a provision for the
test sequence to be initiated asynchronoudy by the
tester.

The third requirement is mat the tester must have
physical access to the JTAG Test Access Port (TAP)
interface in order to contral the operation of the TAP,
and to transfer data between the tester and the bound-
ary scan devices. For the purposes of this applica
tion, the JTAG signd pins, in addition to any sgnals
required for synchronization, are brought out to the
MUT edge connector.

Findly, in order to effectivdy diagnose MUT
falures to the faling component the mgority of
MUT networks must be accessible via a boundary
can laich.  As more MUT networks become con-
nected to boundary scan latches, the level of diagnos-
tic resolution increases accordingly [2].

Synchronization Requirements

A means of synchronizing the execution of the
MUT test sequence must be developed that will dlow
determinigtic sampling of test data while the MUT is
operating at system speed. This usualy requires the
tester to initiate the test sequence and the tester to
trigger off some event that is synchronous with the
execution of thistest sequence[3].

Once synchronization is achieved, any cyde of
test datamay be sampled by delaying the JTAG cap-
ture sequence such that it digns with the desired cy-
cle of me test sequence. This process may be re-
peated under tester control in order that multiple
"sngpshots’ of test data are sampled and ultimately
andyzed for diagnostic purposes.

JTAG SAMPLE MODE OPERATION

JTAG Overview

Boundary scan latches dlow for the sampling of
eectronic gimulus and response data without imped-
ing MUT functiond performance. The st of bound-
ary scan register latches can be conddered as avery
wide pardld load, serid shift regigter. The pardld
inputs to the register are physicaly connected to the
device 1/0, thereby providing access to the internd
networks of the MUT. At the module level, each
boundary scan device is daisy-chained to form ascan
chain comprised of the individua devices..



The 4 TAP signds (TDI, TDO, TCK, and TMS)
are accessble to the Sample Mode Scan Tedter via
the module edge connector. Figure 1 illustrates how
individual JTAG-companble components can be con-
nected a the module level and brought to the edge
connector. Note that the scan output TDO from one
device is connected to scan input TDI of the next de-
vice in tiile scan chain. TMS and TCK are connected
in pardlel to each device in thisimplementation. A
brief description of the TAP dgnds is dso given be-
low.

Ic1- IC4

IC2 IC3

Figure 1 Module-level JTAG Scenario

Test Data Input (TDI): TDI isthe serid input
to the JTAG device by which test or instruction
data are |oaded.

Test Data Output (TDO): TDO isthe seria out-
put of the JTAG device by which test or instruc-
tion data are shifted from a given device.

Test Mode Sdect (TMS): The logic gate of
TMS controls and digtinguishes the functiondity
of the TAP controller. The vaue of TMS is

clocked into the TAP contraller on the rising
edge of TCK.

* Test Clock (TCK): TCK is a dedicated test
clock input that is normdly freerunning. The
frequency of TCK will determine the speed a
which we hift test data from the MUT to the
tester.

The JTAG date diagram is shown below in Fig-
ure 2. Note that the functiondlity of tihe state machine
is controlled by manipulating TMS and TCK. The
vaues of TMS are shown.

Test Logic
Reset ‘ i E—

Figure 2 : JTAG TAP State Diagram



JTAG Sample Mode Operational Description

The JTAG Sample Mode sequence is a 3-gtep
process involving the execution of a test, the capture
of test data, and the transfer of that test data to the
Sample Mode Scan Tedter.

TEST - Execute test sequence at MUT speed.
The test sequence could be either diagnodtics or
sf-test.

CAPTURE - Sample test data without affecting
MUT performance.

SHIFT - Shift nodd data to tester at tester speed.

In JTAG terms, this could be agorithmicaly de-
scribed as follows:

1. Load the Sample Mode ingruction into the JTAG
device Ingruction Registers. A Sample instruc-
tion must be loaded for each of the devicesin the
scan chain, so for a module with sx JTAG de-
vices, the ingtruction would be 48 hits long since
the Indruction Register has eight bitsper device.

2. Manipulate TMS and TCK such that the TAP
controller is looping in the RUN-TEST/IDLE
dtate (see Figure 2).

3. Initiate the execution of the MUT test sequence
which is operating et the speed of the MUT clock.

4. Capture die nodal response of the desired cycle of
the test sequence. Thisis accomplished by further
manipulating TMS and TCK such tha the TAP
controller of each JTAG device trangtions from
the CAPTURE date during the test sequence cy-
ceto be sampled. Once in the CAPTURE date,
the next rising edge of TCK will cause the MUT
nodd test data to be captured at each of the device
boundary scan latches.

5. Shift the test data to the tester for analysis. This
shift step does not have to take place immediately
after the capture, nor doesit have to be performed

at MUT speed.

6. Repeat steps4 and S asrequired. Since the MUT
clock is free-running, the test sequence continues
to execute during the SHIFT process. We mugt
therefare take into account the eapsed MUT cy-
cles occurring during the SHIFT process before
we perform additiona samples.

In order to control the JTAG boundary scan
latches for Sample Mode operation, die appropriate
JTAG protocol must be programmed by the Sample
Mode Scan Tedter. This process is presented later in
greater detall relative to an actud module that is util-
ized asatest case.

TESTER DESCRIPTION

In response to the JTAG goproach to the
testability problems presented in the Introduction, a
test system has been devdoped for the purpose of
overcoming these difficulties. What folows is a de-
scription of the Sample Mode Scan Tester and associ-
ated software tools, and a discussion of an application
that has been developed for a cusom test module.

Hardware Overview

The Sample Maode Scan Tester is comprised of
two mgior subsystems, the Scan Subsystem and the
Host Processor.

The Scan Subsysem contains die necessary
control hardware for manipulating die MUT inter-
face, and for controlling the operation of the JTAG
components on the MUT. It dso contains the actua
scan memory hardware for die storage of scan data.
The MUT interfaces to the Scan Subsystem through a
custom designed test head that includes the necessary
logic for synchronizing the test sysem to die opera-
tion of the MUT logic and the test sequence.

The Host Processor acts as a controller for the
scan subsystem by hogting and executing the various
software modules utilized for the Sample Mode Scan
Tester. Likewise, the application program is loaded
and executed from me Host Processor, a VAXStation
3500. All software operatesin the VMS environment.

Software Overview

The Sample Mode Scan Tester software package
provides acomprehensive suite of tools that supports
die entire spectrum of the test process, from test pro-
gram generation to the graphic display of diagnostic
data. These tools are integrated into a menu-driven
platform that serves as afront end to the test engineer
or manufacturing technician. The list of die software
modules developed for the Sample Mode Scan Tester
includes me fallowing:

e Patern Converter
» Pattern Editor
e Lean Module




* Teder Control Module

e Bounday Scan Interconnect Test Generdion
Module

e Waveform Display Module
» Diagnostic Module

Pattern Converter

Thetest stimuli have been smulated using a pro-
prietary smulator. The resulting response data must
be converted into the format required by the Sample
Mode Scan Tedter.

The function of the Partem Converter is to trans-
late these smulation-generated response patterns
(called EXPECT patterns) into the correct binary for-
mat used by the Scan Subsystem. The pattern con-
verter reads in multiple types of smulator-generated
patterns, trandates the patterns into an intermediate
binary format, and then renders the patterns into the
specified tester format.  Specific output software
modules can be written to tailor the output format to
other tegters.

Pattern Editor

The Pattern Editor is atool used for editing and
manipulating the EXPECT pattern database. The
Editor dso has programmable software triggering ca
pability which dlows the user to search and trigger
on the data based on a sequence of events, as Speci-
fied by the user. The data can then be displayed or
manipul ated under program control.

For example, the test engineer may wish to mask
indeterminate ACQUISITION data during a scan op-
eration. The Pettern Editor would dlow the engineer
to specify a sequence of data for the Pattern Editor to
"watch for" during the scan operation. When the Edi-
tor sees this sequence, the specified bits in the EX-
PECT database would then be masked by the Editor.
Other functions indude the ability to edit the data-
base by commands specified through the Waveform
Display module.

Uam Module

Two methods of data generation and testing are
being developed for the Sample Mode Scan Tester.
Thefirg involves generating EXPECT dataviasmu-
lation and converting this data to the tester format as
mentioned above. The second involves 'learning” the
EXPECT data from a known-good MUT. The latter
scenario requires the tester to sample the nodd test
dataviathe JTAG interface much like the norma op-
eration of the tester. However, ingtead of performing
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atest on the ACQUISITION data, a nodd database
will be congructed that will serve as the EXPECT
database.

The Learn Module is an extenson of the func-
tions in the Pettern Editor. Its purposeis to compare
multiple databases generated from sampling and op-
erate on that data (change states or mask data) based
on certain conditions.

The function of this "programmable’ Pattern
Editor is to compare multiple databases generated
from sampling, and then to operate on that data based
on conditions defined by the user. The resulting da
tabase will serve as the EXPECT data for future tests
of that MUT.

Tester Control Program

The function of the Tester Control Program is to
interface to the tester hardware, control the testing
functions, and dlow links to other tools that comprise
the tester tools suite. The Tester Control Program is
respongble for controlling al system functions such
as synchronization, JTAG protocol and data acquisi-
tion. It adso sarves as a front end for test program
generetion, fault diagnosis and any other applicaions
for the tester.

Interconnect Test Generation Module

In addition to Sample Mode tegting, the tester
also has the capability to perform boundary scan in-
terconnect testing. A test generation process has
been developed to provide test patterns for the pur-
pose of detecting MUT interconnect failures such as
shorts and opens. An output module adds the JTAG
scan protocol in addition to trandating the test pat-
terns from simulator output into tester format

Waveform Display Module

For the purposes of debug and fault diagnosis, a
waveform display tool is being developed for the
Sample Mode Scan Tester. The display will have
smilar functions to those of a logic anayzer. The
tool will draw awaveform from the test data that has
been sampled from the MUT. MUT failures will be
highlighted on the display.

Diagnostic Module

The tester hardware currently performs a real-
time hardware compare of the EXPECT data and the
ACQUISITION data sampled from the MUT during
the execution of the test program. The system passes
to the Host Processor the test cycle number and bit(s)
which do not match. The Diagnostic Module utilizes
this information together with the MUT CAD infor-



mation to determine the earliest failing cycle. The
Diagnogtic Module then isolates the fault to a single
component and gives a levd of confidence of the di-
agnosis.

MUT DESCRIPTION

The MUT is an internally developed test module
designed and fabricated to demongtrate the prototype
capabilities of the Sample Mode Scan Tegter. The
module has been smulated and the resultant EX-
PECT data has been converted into tester formet. A
block diagram of the MUT is shown in Figure 3.

ClLK Edge Connector

:

A A 4

== 74BCT373 [™=| 74BCT373 ™= 74BCT373 [™
TDI 8 . - I
™s| ¢ 4 from counter
TCK L 6
6 Bit Adder \
L 6 I Fauits
74BCT374 T4BCT373  judm
]
Various +
Interconnect
Edge Connector
A

74BCT374 M TDO

NOTE: The 74BCT373 and 74BCT374 are TI SCOPE' M
Octalsthat incorporate the JTAG sandard.
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Figure 3 : MUT Block Diagram

The counter's parallel output serves asthe stimu-
lus to the module. Therefore, a new "test pattern” is
applied to the module for every counter cycle. Since
the counter is synchronous with the clock, atest pat-
tern exigts for every dock cycle. The test sequence is
initiated by the signal MR (Magter Reset), which trig-
gersthe counter. When the counters count to terminal
count, the signal REF is asserted, indicating the com-
pletion of the test sequence. When the test sequence
is looping, this provison dlows for synchronization
of the Sample Mode Scan Tester to the test sequence.

The boundary scan ring is comprised of 6 TI
SCOPE™! Octals, each having 18 bits of scan data.
With this configuration, the boundary scan ring is
108 hitslong.

The interface between the tester and the module
isaso showninFigure 3. The following is adescrip-
tion of the Signal names.

REF: This sgnd will serve to synchronize the
tester to the execution of the test sequence. REF isa
trigger signd mat is asserted at the completion of the
test sequence, synchronoudy with the system clock.

CLK: Thisis the sytem clock and is asserted
on the rising edge. The frequency of CLK is 50 MHz

MR: This signd is aMagter Reset which origi-
nates from the tester. MR dlows the tester to
asynchronoudy restart the test sequence.

TDO: Test Data Outisthe JTAG serid output of
the module under test

TDI: Test Data In is the JTAG szid input to
the module under test

TCK: Test Clock isthe clock used to synchro-
nize the JTAG operations. The speed of TCK is 25
MHz andis provided by the tester.

TMS: Test Mode Sdect is used by the tester to
control the JTAG state machine,

The logic necessary to ensure accurate and pro-
grammable synchronization of the Sample Mode
process is implemented on an interface between the
tester hardware and the MUT.

TEST METHODOLOGY

Overview

Programmable sampling is achieved by program-
ming the Sample Mode Scan Tester to manipulate the
JTAG date mechine of each of the JTAG devices.
Contralling the Sample Mode process involves loop-
ing the tester while the TAP Controller is in die



RUN-TEST/IDLE date, then manipulating TMS and
TCK to arive a the CAPTURE date within the ap-
propriate MUT test cycle to be sampled. Refer to the
JTAG date diagram in Figure 2.

The specific provisons of this application are as
follows

e Initial Capture Determines when the initid
CAPTURE occurs, based on the ddays associ-
ated with the MUT interface, the tester, and the
amount of MUT dock cycles dapsing between
the trigger dgnd and the MUT cyde beng
tested. This delay will determine the time be-
tween REF and the firs CAPTURE.

e Capture Interval: Determines the interva be-
tween successive CAPTURES by accounting for
SHIFT overhead. At a minimum, this provision
must take into account the number of MUT test
cydes that have dapsed during the shift process.
In other words, since the MUT dock is ill oper-
ating, and since the test sequence is still execut-
ing unimpeded by the Sample Mode process, the
tester must take the dlapsed MUT time into ac-
count when detennining the next cycde to be
sampled. Thisprovision dlows multiple samples
of boundary scan data to be captured during a
given pass through the test sequence.

e Multiple Pass Sampling:  Allows multiple
passes of the test sequence to be executed. Thisis
accomplished by programming the tester to restart
the test sequence dter a given sample, or by hav-
ing the test sequence continuoudy loop in a free-
running mode. The latter smply requires the
tester to track the test cycles, which occurs by de-
fault via the synchronization process. This proc-
essisillustrated bdow in Figure 4.

This process provides the cgpability to sample
any cycle of test data during any pass of the test se-
quence. Subsequently, this sampling procedure is re-
peated until al desired cydles are sampled, or until the
scan tester pattern memory s filled.

For cases where the MUT dock is operdting at
the same fregquency as the JTAG test clock, there will
be a one-to-one correspondence between MUT cycles
and the tester cycles. If, however, these dlocks do not
operate at the same frequency, one must account for
the difference when performing Sample Mode testing.
It is recommended that TCK be programmed to be an
integer divisor of the MUT clock. For ingtance, if the
MUT dock is operating a 50 MHz, the test clock
should be programmed at 25,10, or 5 MHz.

Figure 4 : Multiple Pass Sampling
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Tester Setup

Prior to loading and executing the JTAG proto-
cal to perform Sample Mode testing, the gppropriate
tester parameters mugt be assigned.  These parame-
tersinclude power supply levels, logic levelsand tim-
ing values, and the assgnment of tester scan re-
sources to the appropriate MUT signals.

JTAG Setup

Once the gopropricte tester parameters have been
assigned, the boundary scan devices must be loaded
with the Sample ingtruction. Assuming the TAP
Contraller is initidly in the Run-Test/Idle dtate, the
sequence for setting up the state machine to perform
Sample Modetesting is asfallows [4]:

1. Sdedt-ER-Scan - This will sdect the Ingtruction
Regider of each boundary scan device in order
that the Sample ingtruction can be loaded. When
TMSishdd low inthis state, a scan sequence for
the Ingtruction Regigtersisinitiated.

2. Shift-IR - While in this state, the tester will shift
the Sample ingtruction into the Instruction Regis-
ter viaTDI. Since there are 6 boundary scan de-
vices on the MUT, the ingtruction is 48-hits long
(6x8 hits).

3. Updae-IR - During this sate, the Instruction Reg-
ister contents become avalid instruction.

4. Return to the Run-Test/Idle state for the appropri-
aterime specified by the ddlay sequence.

In this sequence, the Sample ingtruction would
assume the hinary vaue of 10000010 for each of the
6 devices inthe boundary scan chain.

MR

REF d.

Sample Procedure

Now that the JTAG devices have been sat up to
capture nodal test data, the tester initiates the MUT
test sequence by assating MR (Master Rest).
Again, the test patterns are smply the output of the
counter circuit When the tester seesthe trigger sig-
nal (KEF) asserted, it interprets the next clock cycle
as cyde 1 of the test sequence.

All samples will be rdlative to REF. For exam-
ple, if we wish to capture data from the 4th cycle of
the test sequence, we must program the tester such
tha the INITIAL CAPTURE occurs ater 4 MUT
clock cycles, relativeto REF.

For successive captures, we have to account for
the 5 (EXIT1-DR, UPDATE-DR, RUN-TEST/IDLE,
SELECT-DR-SCAN, and CAPTURE-DR) TAP date
trangitions when calculating the amount of tester de-
lay to parform the next sample.  This TAP overhead
is added to the time dgpsed while shifting datato the
tester, and must dso be accounted for when specify-
ing the next cycle of the test sequence to be sampled.
Thisvaueisthe CAPTURE INTERVAL.

Using the previous example and keeping in mind
that the scan chain is 108 hits long for our MUT,
since we have captured data from cycle 4, the next
potentiad cycle to be sampled would be cycle 117
(cycle 4 + 108 cycdles of shifting + 5 JTAG date tran-
sitions). Thissequenceisillugratedin Figure 5. In
Situations where the test clock, TCK, and the system
cdock are not operating a the same frequency, this
CAPTURE INTERVAL would account for the dif-
ference.

For each ensuing pass of the test sequence, the
tester delays each sample by one cycle in order to
Ccreate a contiguous database. Such a database would
fadilitate fault diagnosis by providing a means of de-
termining the earliest faling test cycle.

Figure 5 : Sample Mode Example
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Using the previous example, the resulting test
database would resemble the structure shown in Fig-
ure 6. Other oftware tools, such as the Waveform
Display or the Diagnostic Module, could then access
this database for diagnodtic or display purposes. It
should be noted that the Sample Mode Scan Tedter is
not restricted to this pattern sequencing format

RESULTS

The Sample Mode Scan Tester prototype system
is fully capable of sampling nodd test data via the
JTAG boundary scan protocal. Using an internaly
devedoped test module as a test case, applications
have been developed that successfully sample the re-
sponse data from the MUT, and diagnose MUT fail-
uresto the failing scan bit(s) in the scan chain.

A Diagnostic Module, which is currently being
developed, will andyze this ACQUISITION data in
addition to the corresponding MUT CAD data to fur-
ther isolate the falure to the failing device. Other
toals, such as the Waveform Module, display the AC-
QUISITION data for further anaysis.

CONCLUSIONS

Initid results indicate that Sample Mode testing
is a viable means of diagnosing module faults in
cases where lack of physica access prevents tradi-
tional functiond test methods from being used. Us-
ing boundary scan latches at device boundaries, and
connecting these devices to bring the resulting scan
chain to the module edge-connector, provides the in-
ternal observation points necessary to diagnose func-
tiona test failures.

There axe, however, certain limitations with this
gpplication. For instance, the MUT must contain the
signds and logic necessary to ensure synchronization
of the MUT test sequence and the operation of the
tester. Also, the relationship of the MUT clock and
the test clock will determine how effective the Sam-
ple Mode process is for a given application. Assume,
for ingtance, that the test clock is operating at hdf the
speed of the system clock. Since mere would be two
system cydles for each tester cycle, this relationship
would then require that the test clock be varidble in
order to sample data from both system cycles.

vy Equivalent Database
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Figure 6 : Example of a Sample Mode Test Database



Finaly, unless the MUT has alarge percentage
of devices incorporating the JTAG standard, diagnos-
tic resolution will be lacking, thereby limiting die
usefulness of the Sample Mode gpplication.

The Sample Mode Scan Tester has demongtrated
that alow cogt test sysem can be utilized to sample
data from modules operating a& much higher speeds.
This is a dgnificant achievement, as it reduces the
need for test equipment to keep pace with product
speeds.
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