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Are you looking to reduce the cost of testing your board design?

Reading this book you will realize that design-for-test has many benefits and need not
be difficult. By following a few essential steps you will significantly reduce the cost of
testing your finished board design.

Matching the way a board is designed, this comprehensive book considers
design-for-test requirements in a step-by-step fashion with explanations of why a
feature is needed and what the consequences of ignoring it might be.

The hook:

3 presents design-for-test principles In a manner that matches the way a
board is designed

3 provides checklists to assess the testability of each completed design

3 includes a chapter on the important |IEEE standard on boundary-scan
(IEEE Std 1149.1)

3 discusses how a development project should be managed so that a testable
design is achieved

This book will be very valuable for engineers and managers involved wish electronic
board design. It will also be suitable for students in electrical and electronic
engineering and related disciplines to support courses in test development and
design-for-test.

Colin Maunder is a consultant in computer-aided testing at BT Laboratories, UK. He is
well known internationally for his courses on design-for-test and his work on IEEE
Sid 1149.1. He received a major IEEE Computer Society award for leading the
development of this important new standard for design-for-test and is currently
Emeritus Chair of the international working group that is enhancing and maintaining
the standard.
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Preface

When | firgt got involved in test engineering in the 1970s, boards were, by
today's standards, simple. They contained, on average, afew thousand logic
gates in the form of smdl- and medium-scale integration components.
Testing was done by applying sgnds at the board's functiona connector and
by examining the board's response.

Of course, board complexities increased. Soon, it was recognized that
functiona (from the edge) testing was too costly — it was expensive to
develop test programs and these were rdatively inefficient at locating
common manufacturing faults, such as open and short circuits. The in-circuit
tester was introduced as a solution to these problems. It dlowed test
generation codts to be significantly reduced and, by virtue of its connection
to every chip-to-chip interconnection on the board, alowed rapid diagnosis
of the most common manufacturing-induced faults.

During the 1980s, the in-circuit tester became the principal type of
test system used for testing loaded boards. Initially, some were concerned
that the backdriving technique used by these testers might cause damage or
reliability degradation to components on the boards. In response, techniques
were developed to control the way that in-circuit tests were applied —
enauring that the chance of damage was minimized. In essence, these
techniques required careful sequencing of the tests applied to the board,
alowing a recovery period following backdriving of a particular 1C, and
impogtion of a maximum time. limit for each test, calculated according to
the characterigtics of the components adjacent to that under test.
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Unfortunately, technology doesn't stand ill. Board complexities
continued to increase during the 1980s, fueled by advancing integrated
circuit technology and by the move towards the use of smdler surface-
mount packages. This caused three problems for the in-circuit tester:

@) First, test times for individual components increased and began to
exceed the time limit imposed to avoid the possibility of damage
during backdriving. Tests had to be shortened, with the result that
they were less comprehensive than before.

G Second, the pin-to-pin spacing for surface-mount packages is less
than the 0.1" of dua-in-line ICs. The spacing between in-circuit test
probes had to be reduced to alow connections into and out of these
ICs to be accessed. Unfortunately, however, probes become less
robust and lessreliable as their Sze reduces.

Towards the end of the 1980s, these problems were becoming acute in
certain sectors of the eectronics industry. An industry pressure group (the
Joint Test Action Group — JTAG) was formed to develop and promulgate a
change of approach — from in-circuit testing to a technique more suited to
highly-complex, miniaturized loaded board designs, JTAG and,
subsequently, the IEEE drafted a standard for the design of integrated
circuits that would ensure that chips would be able to assist in the task of
testing the loaded board. This standard — ANSI/IEEE Sd 1149.1, Sandard
Test Access Port and Boundary-Scan Architecture — is now supported by
severd leading IC vendors and test equipment companies and is set to
provide the basis of board testing through the 1990s.

While these changes have helped to control the cost of testing (which
would otherwise have risen much more rapidly as board complexity
increased), it is clear that testing has become an expensive part of the total
cost of developing, manufacturing, and (in particular) supporting eectronic
systems. As aresult, design-for-test has become an essential aspect of the
designer's task — those who ignore it do so at their peril.

The objective of this book is to present design-for-test in a manner
that matches the way that a board is designed — darting with top-level
block design and progressing through component selection and circuit design
to board layout. The design-for-test requirements that should be considered
a each dage are, wherever possible, grouped into a single chapter. An
explanation is provided for each requirement so that the designer can
understand why the feature is needed and what the consequences of ignoring
the requirement might be. Findly, a set of checklists is provided to help
assess the testability of each completed design — again, stage by stage.

As you will see, designfor-test is not difficult. The various
requirements are easy to understand and to implement. If implemented, the
various design-for-test features will significantly reduce the cost of testing
thefinished board design. So why not giveit atry?
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Part 1

This part provides an introduction to testing
and design-for-testability. It provides an
overview of the principa desgn-for-test
techniques, for both chips and loaded boards,
and discusses the formulation of plans to
ensure that products are designed to be
testable.






CHAPTER 1.
Introduction to

Testing and
"estability

11  Introduction 14  Test gpplication

12 Badcs 15  Fault diagnosis

13  Tedt generation 16  Dedgn-for-test
References

1.1. Introduction

A combination of two factors — greater competition and the wider use of
information technology' — is bringing about arapid growth in the variety of
eectronic products available to the consumer. Also evident is the increasing
complexity of these products, made possible through the combination of
low-cog state of the art integrated circuit technology and advanced
manufacturing techniques.

To compete successfully in such an environment, companies need to
bring new products from the drawing board to the marketplace as quickly
(and as cheaply) as possible, and to encourage their suppliers to do the same.
The codly and time-consuming ‘production engineering' phases that have
traditionaly followed initid design must now be avoided, with the
consequence that the responsibility for production engineering tasks is
increasingly placed on the designer. The areas of design covered by these

3



4 INTRODUCTION TO TESTING AND TESTABILITY

tasks do, however, contribute significantly to the product's commercid
viability and it is therefore important that they continue to be considered
carefully.

One such design areais 'design-for-testability’ which stems from the
need to make the process of testing the product, both following production
and during repair, as cost-effective as possible. The purpose of this chapter
is to explan why design-for-testability (and hence this book) is needed
through a discussion of test technology and the problems of test generetion,
test gpplication and fault diagnosis.

1.2. Basics

1.2.1. Types of testing

Testing is performed at a number of Stages in the development of a product
and for a variety of purposes. Perhaps the most important of these types of
testing are:

(1) Design Verification Testing. Carried out to ensure that the design
adequatdly performs the function which is expected of it. This dage
of tegting is mogt often performed using bench-top instrumentation
(oscilloscopes, logic andysers, etc.), athough in the case of more
complex designs programmable test systems may be used.

(2)  Production Testing. Performed to locate any defects which might
exist in each copy of a design once it has been manufactured.
Typicaly, this stage of testing will be done using a programmable
automated test equipment (ATE), which for assembled printed
circuit boards may cost $1,000,000 or more. The principa types of
ATE are described in Section 1.4.1.

(3)  Repair Testing. Performed when a product fails during use. The am
is to isolate the cause of falure sufficiently to adlow it to be repaired.
Once again, this may be accomplished using ATE.

(4  Sdf-testing. An example of sdf-test is the routining of tdephone
exchanges, computers, or military equipment during idle periods,
performed to locate faults before they cause failure in use. Sdlf-test
procedures are also provided for other reasons, for example to reduce
the costs of performing on-site repair. They are particularly suitable
for use in equipment that is to be ingtalled in a customer's premises
(for example, office equipment or telephone switches) since they
dlow the customer to check which piece of equipment is at fault
before asking for repair.
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This book is directed at al stages of testing a product during its life and at
ways in which products can be designed to make test tasks easier.

1.2.2. Test activities
There are three stages of activity involved in the testing of a product.

() Test Development. Firstly, atest for the product must be developed,
and demongtrated to be sufficiently good at detecting and locating
faults. We will look a one typica method for achieving this in
Section 1.3.

(2  Test Application. Secondly, once the test has been developed, it will
be applied to units as they leave the production line, or as they arrive
for repair, using the available ATE. After this stage units will have
been marked faulty or fault-free. Types of ATE, and other aspects of
test application, are considered in Section 14.

(3 Diagnosis. Findly, if aunit is found faulty, the ATE will be used to
produce a diagnosis of the cause of falure, for example a failed
component. In this way, a repair can be effected, the success of
which will be determined by re-testing the unit. Ways in which
automated diagnosis is accomplished are discussed in Section 1.5.

1.2.3. What is testability?

Since cod is an important factor in any commercia environment, it should
not be surprising that the overal cost of performing testing activities
discussed in Section 122 is one measure of the product's testability. The
higher the cost of each activity, the lower the product's testability.

Cod is, however, not the only factor which determines testability,
and for the purpose of this discussion two other factors will be considered.

Firgtly, the time taken to perform the various test tasks is important,
and cannot dways be measured through the cogts of labour, etc. In some
cases, for example when deadlines have to be met, time may actualy be
more important than cost. In these cases, the most significant impact of
reduced testability may be lengthened test development timescales. Figure
11 (Reinergtein, 1983) shows the importance of time-to-market in high-
growth markets where product life cycles are relatively short. It can be seen
that aloss of up to 33% of profits may occur if a product is Sx months late
ontothemarket.

Secondly, there is the adverse effect that reduced testability can have
on the quality of the product. Ideally, atest program should be able to detect
IOOfo of the faults that might occur in the product; if this were the case, then
the quality of the product could be guaranteed. Inevitably, the test will be
less than perfect (as will be discussed later) and so some faults will escape
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detection, the number depending on the difficulty of testing the product —
its 'untestability’.

Figure 1.2 (Williams and Brown, 1981) shows how three factors —
process yield (that is, the fraction of products manufactured fault-free), fault
coverage (test performance), and shipped defect level (qudity) — are
related. It is clear that high-performance tests are required if the quality of
shipped products is to be acceptable, particularly when the yield of the
production processis low.

The possihility that units passed as fault-free by the test might
actualy contain faults will, of course, appear as a reduction in quality when
the product reaches the consumer. Frequently, therefore, a business's
reputation can bedamaged if product testability isinadequate.

1.2.4. Why is testability important?

Figure 13 gives some idea of the way in which test codsts in the
semiconductor industry have risen with each advance in integrated circuit
technology.

For a very-large-scale-integration (VLSl) integrated circuit, the
development of an adequate test program can account for amgor part of the
overall cogt of bringing the chip into production. Chip manufacturers are
increasingly resorting to rigid 'design-for-testability' procedures as a means
of reducing this expenditure. Indeed, the indications are that it will be
impossible for chips as complex as those now garting to come onto the
market to be produced economically unless such design procedures are used.
To give arough idea of costs, a VLS chip may require 24 man-months or
more of effort solely in test development — say, a acost of $200,000.

N
Test

cost

SS| MS| LSl vLsl >

Figure 1.3 Test codt trends.
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Obvioudy, chips of this complexity are a mgor cause of testability
problems in the systems into which they are assembled. Not surprisingly,
therefore, the costs of testing for circuit cards and systems are dso
increasing rapidly.

This raises another point: the need for the designer not only to design
his product to be testable in its own right but aso to ensure that it does not
contribute to poor testability when it is assembled into other products.
Testable chips can easily be assembled into untestable systems! As one test
engineer put it in 1979:

‘LS technology has brought the design of truly untestable circuits
withinthereach of everyone!'

A further motivetion for high testability comes from the 'Rule of
10s. This empircal rule, which is widely accepted by the test engineering
community, relates the cost of testing for afault at various stages in product
assembly. For example, assume that there is a single fault present in a newly
manufactured integrated circuit and that the cost of testing the chip is $C. If
thefault is detected by the chip test, the costis %C.

If the fault is not detected by the chip test, then the faulty integrated
circuit (IC) will be assembled into a loaded board. The Rule of 10s predicts
that the cogt of finding the fault while testing the board and then effecting a
repair is$10 x C.

Of coursg, if the quality of the test program is insufficient (due to
poor testability), the fault may not be detected by the loaded board test. In
this case, the faulty board will be inserted in a sysem. The Rule of 10s
predicts that the cogt of finding the fault during the system test and then
effecting arepair will be $100 x C.

Findly, if the fault escapes detection during system test, a faulty
system will be shipped to a customer. Customers always find faults that have
not been detected by the manufacturer! The Rule of 10s predictsthat the cost
of correcting the fault once the system has been installed in the field will be
$1000 x C.

1.3. Test generation

1.3.1. Fault models

Before starting to develop atest for alogic circuit we need to know precisaly
what the objectives of the test are in terms of the faults it should be able to
detect.

Ideally, we would like the test to be able to detect all failures which
might occur. However, if each of the failure modes of each transistor,
resistor, €tc. in the circuit is consdered, together with the possibility of
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unwanted connections between each pair of signals, it becomes apparent that
the number of different failures that could potentialy occur (many of them
are extremely unlikely!) is very large, even for a farly smal circuit. For
larger circuits the number of possible failures would very rapidly become
prohibitive.

To produce a manageable objective for the test it is common to work
in terms of a small range of fault models, each of which covers arange of
falure modes. These fault modds represent the effects (rather than the
causes) of the mafunction and are significantly easier to comprehend. The
more common of these fault models are illustrated in Figure 14 and
described below.

T

Stuck-at 0 Bridging
A Al
—D— D=
— 5 C Ccl x
—

Open circuit Timing

Figure 14 Simplefault models.
The "suck-at* fault model

The 'stuck-at' fault model was originaly proposed in 1959 when the
dominant logic technologies were resistor transistor logic (RTL) and diode
transistor logic (DTL) (Eldred, 1959).

In these technologies, dmost dl failures of circuit components result
in one or more circuit connections becoming stuck at one or other of the two
logic values (0 or 1) and these fallures could therefore be said to result in
nodes becoming 'stuck-at 0' (s-a0) or 'stuck-at 1' (s-a-1).

Despite the fact that integrated circuit technology has advanced
considerably 'stuck-at' models are still used widely today. This is because of
two factors. Firsgtly, the modds are extremely easy to introduce into circuit
simulations — they merdly result in nodes being permanently assigned the
appropriate logic value. This means that it is relatively easy to ensure that
the test is good at detecting stuck-at faults. Secondly, experience has shown
that tests which are effective at detecting stuck-at faults are effective a
detecting the types of failure more representative of modern technology —
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for example falures in metal oxide semiconductor (MOS) integrated
circuits and random-access memories (RAMS).

The 'open circuit* fault model

Open circuit failures in transistor transistor logic (TTL) are equivaent to
the stuck-at fault models, snce most undriven TTL device inputs will ‘float’
toalogic 1 state. For this reason, open circuit failures may not be considered
separately for TTL-compatible circuits.

In MOS technologies, however, the same assumption cannot be made
since 'floating' inputs behave in consderably different ways. The use of
gpecific models for open circuit failures during integrated circuit test
development is therefore increasing.

The bridging fault model

An extremely common production defect, both for integrated circuits and for
circuit boards, is for two nodes to become shorted together. Such a defect is
termed a bridging fault, since in circuit board production it is the result of
accidental bridging connections being inserted by solder splashes. In
integrated circuits the same defect is caused by the falure of insulation
between areas of slicon, conductors, and so on. Obvioudy, many potential
bridging faults are unlikely to occur since the relevant connections are too
widely spaced. For this reason only specific sats of bridging faults are
smulated. Common examples are those between adjacent pins on a device
or between adjacent PWB tracks since these are mogt likely to be shorted by
extraneous solder.

Note that it is important to model the result of the short-circuit fault
correctly. For some faults, the outcome will be the wire-OR combination of
the signals that drive the shorted tracks, while for others the outcome may be
the wire-AND or an indeterminate voltage level.

The timing fault model

Fortunately by avoiding the use of asynchronous circuits (which is good
design practice anyway) the likelihood of drifts in the timing behaviour of
devices causing the failure of a circuit can be made extremely small.
However, in circuits where accurate timings are required for successful
operation, the possibility of such timing drifts must be considered and this is
done using the timing fault modd. In this model, the possibility of increased
or decreased propagation delays through adevice can be represented.

1.3.2. Developing a test

The most common method of developing a test for alogic circuit combines
the intelligence of the human-bgng (the designer or a specidist test
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programmer) with the computational ability of the computer. The test
programmer defines a sequence of inputs to be applied to the circuit and the
corresponding outputs. The computer runs aprogram called a fault smulator
which takes descriptions of the circuit and test waveform, together with alist
of the faults to be considered and returns an accurate assessment of the test's
performance (amongst other information — see Section 1.3.3).

Ways of quantifying test performance and the use of fault smulators
are consdered in more detail in the following section; here the task of the
test programmer in defining the test waveform is considered. First, however,
it must be mentioned briefly that computer programs do exist which can
automate this task for certain, relatively smple, types of circuit or for
circuits designed using highly structured design methods which will
guarantee successful automatic test pattern generation. An example of a
design methodology that guarantees fully automatic test generation is scan
design, which is discussed in detail by Bennetts (1984). Until recently, these
structured design methods have only been able to be used for integrated
circuit design. The publication of ANSI/IEEE Std 1149.1 has, however,
allowed smilar techniques to be used a the board level for products
constructed from compliant components (see Chapter 3).

How then does the test programmer set about producing a test for a
given circuit? Probably there are about as many answers to that question as
there are test programmers, so the gpproach described here — the so-caled
‘functional* approach — should only be thought of as an example.

The aim of the functiona approach is to attempt to get each of the
identifiable functional blocks in the circuit — for example, the more
complex integrated circuit packages on aprinted circuit board — to perform
its intended function, and to dlow this to be observed at the circuit's normal
operating outputs. For example, counters in the circuit will be made to
count, shift registers to shift, and so on.

This task is not, unfortunately, as easy as it might appear. If we
consider the device-under-test (DUT) shown in Figure 1.5, which we will
assume to be embedded in the circuit, there are two tasks that must be
accomplished.

Firstly, some sequence of values must be applied to the DUT inputs
to simulate it into performing its function. If we consider the DUT to be a
counter, then it must be supplied with clock signas and appropriate enables,
etc. All these signd vaues will need to be derived by changing the circuit's
‘primary' inputs — the points to which the tester will have access — and
propagating the changes through other devices in the region 'A'. Propagation
of the changes may be extremedly difficult, since the connections between the
devices in region 'A' may be such as to cause the required values to be
destroyed before they arrive at the DUT.

Secondly, to complete the test of the DUT, its response must be
made observable to the tester; that is changes at its outputs must be
propagated through devices in region 'B' to the circuit's 'primary’ outputs.
Again, this will not. necessarily be as easy as it might appear, since conflicts
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Figure 1.5 The functiond test development approach.

may occur on the way. Thereis the additional problem that the values which
haveto be set onthedevicesinregion 'B' to dlow the DUT'sresponseto be
made visible have to be set by applying changes a the circuit's primary
inputs, giving rise to the possibility that conflicts may occur between the
inputs needed to cause the DUT to operate and those needed to make its
operation apparent at the circuit's primary outputs.

To summarize, the two tasks involved are, firstly, control of the DUT
inputs and, secondly, observation of the DUT outputs, both of which must
be accomplished through the normal circuit connections. The ease of
accomplishing these tasks is referred to as the controllability and
observability of the connections and devices in the circuit. These
parameters will be mentioned again in the chapters which discuss methods of
designing circuits to be more easily testable.

1.3.3. Evaluating test performance

To determine if the performance of the test is sufficient, we need to be able
to determine if it detects the target faults for the circuit. This is normaly
done using afault smulator which introduces each fault into a smulation of
the circuit's behaviour. If the fault causes a change that could be observed by
the ATE, then it is deemed detected.

Fault coverage

The measure of test performance is its fault coverage. Fault coverage is
expressed as the percentage of modelled faults which the test has been
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shown to detect. Commonly, organizations will set a target of 95% of al
stuck-at faults (plus selected open-circuit and bridging faults) below which a
test program is unacceptable, dthough a figure much closer to 100% is
desirable. The reasons for accepting alower figure include:

G Certain faults, such as sal on a connection which is normally tied
to logic 1, cannot be detected since they do not change the logica
behaviour of the circuit. Such faults may, however, degrade the
performance of the circuit — for example, through changes in noise
immunity, power dissipation, and so on.

d Poor testability may make it very difficult for tests to be produced
for some faults within the budget (time and cost) st for the work.

For afigure for the fault coverage of a test to be useful, the set of faults to
which the figure relates must be defined. To yield an effective test, the target
fault set should include all single stuck-at faults, open-circuit faults, and
bridging faults between adjacent pins or tracks.

High fault coverage (as close to 100% as possible) is essentid, since
faults that the test does not detect may lead to rdiability problems when the
circuits are installed in working systems, with a consequent loss of the
company's reputation for quality (see also Section 1.2.3). Many companies
st a minimum acceptable fault coverage of 95%, with the target fault set
being al single stuck-at-0 and stuck-at- faults.

Fault smulation

As was mentioned briefly before, a fault smulator is a complex computer
program used to predict the fault coverage of a test program. It requires
three principal computer readable inputs (Figure 1.6):

. a description of the circuit diagram (often called a netlist)
. a specification of the test waveform
d alist of target faults

Once these inputs have been prepared, the smulator can be run and a
st of results obtained. Typicaly, the results will include a list of the faults
detected by the test, those not detected, and data to help in locating the
source of any fault (for example, a diagnostic dictionary and data for guided
probing — see Section 1.5). This process can be extremely expensive and
must be carefully planned. For example, fault smulation run times for large,
complex circuits are usualy measured in central-processor-unit- (cpu-) days,
even when using highly-tuned smulation agorithms running on high-
performance computers.



14 INTRODUCTION TO TESTING AND TESTABILITY

Target
faults

If the smulation shows that there are faults remaining to be detected,
then the test programmer will enhance his test program to attempt to test for
them. This cycle — test definition, fault smulation, test definition, etc. —
may have to be repeated severa times until the performance of the test
becomes adequate (Figure 1.7).

Signal
states

i—‘ault
detection
data

F ault

Sirmulator

Figure 1.6 The fault smulator.

1.4. Test application

1.4.1. Automatic test equipment

The automated test systems used for production and maintenance testing
comein severd varieties.

Integrated circuit testers

Integrated circuit testers can be found both on a semiconductor production
line, checking the quality of components as they are manufactured and
packaged, or in the incoming goods department of a systems company,
where they screen components before they are assembled into hybrids,
boards, and so on.

As integrated circuit complexities and operating Speeds have
increased, genera purpose IC testers have become extremely expensive —
with costs in excess of $1IM being commonplace. Less sophisticated or less
generaly applicable types of IC tester are available, for example to test
prototype 1C designs or to test particular types of device (for example,
RAMSs). These systems can be dgnificantly cheaper, but the performance
and range of possible measurements may be limited.
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Figure 17 The test development process.
Bare-board testers
Bare-board and backplane testers serve an important function in the

production of electronic systems. Perhaps the smplest type of tester, they
are used to check the integrity of wiring contained on printed circuit boards,
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or in backplanes or wiring harnesses. The objectives are to confirm that dll
wanted connections are present, and that no unwanted connections exist.

The tester design is very smple since it has only to alow for
resisiance measurements to be performed between pairs of contact pins.
However, the number of connections can be vast — for example, testers are
available that dlow simultaneous contact to up to 15,000 points.

In-circuit board testers

The advantages of the bed-of-nails — an array of pins on to which the
product is placed during testing that gives access to many internal
connections simultanecudy — are exploited to the full by the in-circuit
board tester. The idea is to provide direct access from the tester to each
connection of each component in the circuit and to use these connections to
test for the correct operation of each component in isolation, and of the links
between them. The assumption is that the mgority of the faults that are
likely to be introduced during production can be detected in this way. The
bendfit is that test development costs are low, since tests for a device type
can be reused on other products containing the device.

While this type of tester has become increasingly popular in recent
years, primarily because the development of test programs for it is relatively
inexpensive, it is important to note two points. Firstly, the tests which in-
circuit testers gpply cannot detect certain faults that can arise through
incorrect interaction between components. Secondly, the question of whether
the technique may actualy damage the components being tested remains
unresolved. The problem is that, in order to apply atest to the inputs of one
component, the outputs of others will have to be overdriven if they are not in
the required logic state. The overdriving process causes a significant amount
of current to flow into the output stages of the devices driving the network,
which may cause damage if not carefully controlled.

The small example circuit, in Figure 18 will be used to illustrate the
overdriving process. During the test of component G3, components Gl and
G2 are powered up and, as aresult of signas at their inputs, would normally
be driving wires NI and N2 to 1 and O respectively. To test G3 wires NI and
N2 must be st to both 0 and 1 as shown and the ATE does this through the
bed-of-nails by supplying sufficient current to force the wires to the required
test values, irrespective of the values being driven by Gl and G2. During
overdriving the current supplied by the ATE flows mainly through the
output stages of Gl and G2 and, if testing continues for sufficient time, this
may cause damage. The facility to place a component's outputs in a high
impedance state while the components it drives are tested eliminates the
possibility of damage to the IC from overdriving.

Anocther problem area for in-circuit testing arises from the need to
make contact to every connection on the board. This may require 1000 or
more contacts to be made to the board through a bed-of-nails. For dual-in-
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Figure 18 In-circuit testing.

line/plated-through-hole (DIL/PTH) technology this degree of access is
achievable; however, for miniaturized surface-mount technology (SMT)
the need for such extensve access can become a sgnificant problem.
Clugter/functiona testers provide one way of avoiding the worst of these
difficulties.

Functional board testers

The functiona board ATE works by applying a sequence of logic vaue
changes, the test program, to the product and comparing its observed
response with that which would be expected if it were fault-free. The test
program is carefully designed for each product with the aim of exercising
every part of the circuit. Both the test program and the expected response are
held in the memory of the test system.

Normally, both the application of the test program and the
observation of the product's response would be done using the product's
norma operating connections. However, in some cases the test program may
be made more effective by alowing the tester direct access to interna parts
of the circuit, either through the use of hand-positioned probes and clips or
via a bed-of-nails. Such techniques are used extensively when diagnosing
faults in circuit cards, as will be discussed in Section 1.5.

Clugter ffunctional board testers

Cluster testers provide an effective combination of the in-circuit and
functiond test approaches. In cluster testing (also known as function testing)
groups of components performing an identifiable function within the
complete design are tested independently of surrounding circuitry. For
example, a microprocessor board will contain functions such as RAM, read-
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only memory (ROM), communication interfaces, the processor, and so on.
Some of these functions are implemented in a single component (for
example, the processor), while others require groups of components (for
example, the RAM).

The ahility to test components in small groups with a clear function
alows test development costs to be reduced and, where a function is used in
several products, for the test to be reused (as for in-circuit testing). Unlike
in-circuit testing, however, defects due to improper interaction between
components will be detected. The fact that groups of components are tested,
rather than a single component, means that diagnostic tools must be provided
(see Section 1.5).

1.4.2. Problems encountered in test application

As with test development, the process of applying atest to acircuit using an
ATE can be made more difficult and time-consuming if certain problems are
encountered, due both to the electrical and physical design of the circuit.

Considering firgt the circuit's electrica design, the problems are in
the main due to difficulty in controlling the circuit from the ATE. One
example is with circuits containing on-board clocks. In such cases it is
necessary for the ATE to be able to synchronize to the on-board clock if the
circuit is to be tested at al, and (preferably) for the ATE to be able to
subgtitute for the on-board clock during testing. This latter approach alows
testing to proceed a the ATE's own speed. Other smilar examples of
difficulty exist, primarily due to problems in matching the timing of the
circuit to that of the ATE. In many cases, the operating speed of the ATE
will be considerably lower than that of the circuit being tested, and this,
should be considered when the circuit is designed. It is dmost certain that
circuits which depend on critical timings for their successful operation will
not be able to be properly tested.

The other area in which problems can arise is in the physica design
of the circuit or product — the way that printed circuit boards are designed,
and so on. Of particular interest is the ease with which the circuit can be
connected to the tester — obvioudy the more difficult the connection is to
make, the dower the process will be.

1.5. Fault diagnosis

After the first application of the test, the ATE will be able to say either that
the circuit is fault-free (in which case no further action needs to be taken) or
that it contains one or more faults. The next step depends on the type of
product and the type of tester being used.

For IC testing, diagnosis is frequently not required, since repair is not
practical for many component designs. However, some devices (e.g., RAMS)
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alow repair by including 'spare’ logic blocks within the design that can be
switched into the circuit in place of faulty blocks. Diagnosis may aso be
needed to isolate the cause of the fault to alow modification of the design
such that the problem is avoided or to tune the production process.

For board testing, diagnoss is implicit when using an in-circuit test
system since the test is applied to one replaceable unit (chip) at atime. For
functiond and cluster/functional test systems, however, further work must
be done to locate the fault once it has been detected. Two methods of
automated diagnosis are possible — the use of a fault dictionary, or guided
probing — and, while they can be used separately, a combination of them is
likedy to be more efficient. These two techniques are discussed briefly
below.

1.5.1. Fault dictionaries

The fault dictionary is prepared as a by-product of the fault smulation
process described in Section 1.3.3. It is areference table which, for example,
gives alist of the faults that will be detected at each step in the test program,
organized according to the particular output of the circuit at which the fault
becomes apparent. In many cases, the ATE will stop running the test on the
first step at which a fault is detected, in which case the fault dictionary will
list those faults which are first found at each step.

It is not uncommon for each line of the dictionary to include just one
or two faults, so the dictionary can be used to significantly restrict the area
of the circpit that needs to be examined for exact diagnosis using the guided
prabe.

1.5.2. Guided probing

The guided probe is an additional source of information, and can be used to
examine each connection in the circuit as if it were a direct connection to the
ATE. The fault-free behaviour of al interna connections will have been
evaluated during fault smulation and filed in the ATE's memory, for later
comparison with the performance of a circuit under test.

During guided probing, the ATE will direct the operator to place the
probe at specific points in the circuit in an ordered manner, as illustrated in
Figure 1.9. In the absence of a fault dictionary, probing will start from the
circuit output at which the fault was first detected. The probe is then placed
in turn on the input connections to the device feeding that output and the test
program re-run. The output from each connection is compared with that
stored on the ATE and, as a result, 'bad’ or ‘good flags can be associated
with each of the inputs to the device. The process is repeated, tracing the
'bad’ connections back through the circuit, until either:
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Figure 19 Guided probing.

(1) A device is found which has a 'bad' output but ‘good' inputs. This
may be caused by afaulty device, by afault on the output connection
(for example, a short circuit or a stuck-at fault — but not by an open-
circuit fault), or by afault at the input of a device driven from a 'bad’
sgnal.

(2 A connection is found with a'good' signd at the driving end, but a
'bad’ signd at the receiving end. This could be caused by an open-
circuit fault, for example.

The basic procedure described above will dmost certainly be enhanced to
improve the accuracy of the diagnosis. For example, both the driving and
recelving ends of a suspect connection may be probed so that open-circuit
connections can be diagnosed. Also, if a fault dictionary is available, then
probing may dart at some point within the circuit rather than at the circuit
outputs, thus cutting out much unnecessary activity.

A further refinement is the use of a current-sensitive probe to resolve
the locations of certain types of fault on bus-structured circuits. The probe
dlows the location of the fault to be determined, even though its effect is
evident on dl parts of the bus.

1.5.3. Problems encountered during fault diagnosis and repair

Problems encountered during diagnosis are primarily due to the physicd
design of the product being tested — for example, problems in placing
probes on connections in the circuit because devices are too closely spaced.
Other problems can be caused by the layout of the circuit which can impede
diagnosis by making it difficult for the operator to locate or access the points
heis asked to prabe.
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1.6. Design-for-test

The goa of design-for-test is to ensure that a completed product design can
be economicaly tested, both following manufacture and during its
operationa life. The following sections provide a brief introduction to the
ams and scope of design-for-test.

1.6.1. Do you want to create a 'quality’ design?

Would you like to fed that you have created an excellent product and not
have the manufacturing and repair organizations complain about poor
testability?

If your answer is yes, read on. This book has the information you
need to create a testable product that is matched to test capability in a wide
range of manufacturing and repair operations.

1.6.2. Design-for-test starts when design work starts

Designs which work as bench-top prototypes may not necessarily be capable
of volume manufacture or be economicaly supportable, since
manufacturability or maintainability may not have been properly considered.
Manufacturability issues include the suitability of the product for auto-
insertion of its components, the suitability for wave soldering, the provision
of adequate timing margins, and the ease of testing the assembled product.
Maintainability issues include rdiahility, the ease of testing in the field and
during repair, and the ease of diagnosing faults. Indeed the genera
experience throughout the eectronics industry is that the designer must
specificaly target manufacturability, maintainability and other issues from
the outset if a product is to be a success, both technically and commercialy.

Testability — the ease of testing a product and, when required,
locating faults — is a key contributor to both manufacturability and
maintainability. Many electronics companies now date that test cods
account for of the order of 50% of the tota life cycle cost, so testability can
have a significant impact on a product's commercia viability.

The best way to achieve adequate testability isto include testability
as a design objective from the outset. Designing testability into a product
after the initial design is complete is difficult, a waste of valuable resources,
and will, in genera, produce aless than satisfactory result.

1.6.3. What aspects of a design impact its testability?

From the preceding sections, it can be seen that testability impacts two facets
of product design:
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@] Circuit design. Here design-for-testability will permit easier test
development and may give shorter test gpplication times.

O Physical design. For example, design-for-testability will ensure that
aufficient access is available to alow internal connections of the
product to be examined during fault diagnosis.

1.6.4. Testability isn't free

To make aproduct testable, circuitry or other features must usualy be added
to those needed to realize the intended function. Therefore the benefits of
having a testable design must clearly be viewed against the costs of
achieving testability. Cogts (like benefits) fal in two aress:

0] Non-recurring costs. Non-recurring costs arise through increased
design time, both to include testability features in the design and in
the testability assurance process. Generaly these costs will be a small
fraction of the complete design codt, particularly if the designer is
properly trained in design-for-testability. Non-recurring costs are
offst by reductions in the dtart-up costs of testing (e.g., in test
development) and savings in recurring test costs (e.g., the time to test
and diagnose the product).

O Recurring (per item) costs. These arise during manufacture and/or
maintenance. Recurring costs result from increased board or chip
size, added logic or components needed to achieve testability, and so
on. These costs will be offset by benefits such as reduced test and
diagnosis time on the ATE (giving increased throughput).

The objective is to give areduced overall life cycle cost for the product, not
to minimize the localized costs of one aspect of the product's life. Testability
may not be free, but any investment must produce areturn.

The benefits of having a testable design must clearly be viewed
againg the costs of achieving testability. Costs (like benefits) fdl in two
areas. non-recurring costs during product development and recurring (per
item) costs during manufacture and/or maintenance. Non-recurring costs
arise through increased design time, both to include testability festures in the
design and in the testability assurance process. Generally these costs will be
a smadl fraction of the complete design cost, particularly if the designer is
properly trained in design-for-testability. Recurring costs result from
increased board or chip size, added logic needed to achieve testability, and
s0 on. Clearly an objective during design-for-testability is to keep the
recurring costs to a minimum — but it must be recognized that testability
may not be free.
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2.1. Introduction

Chepter 1 highlighted several problems that can arise when testing an
integrated circuit or loaded board. Key causes of these problems are:

(1) Complexity. The difficulty in generating a test is related both to the
size (for example, number of gate-equivadents) and complexity (for
example, amount of feedback around or cross-connection between
logic blocks). For combinationa circuits, test generation costs vary
on the order of N?, where N is the number of gate-equivalents in the
design (Goedl, 1980). For sequentia circuits, test costs are further
increased by the presence of stored-state devices and feedback.

(20 Speed. For date-of-the-art ICs or boards, the maximum operating
gpeed is likely to exceed that of the automatic test equipment (ATE)



©)

@

INTRODUCTION 25

Pins/gate A
0.2
0.02
0.002
-
MSI LS VLS
Circuit size

Figure 2.1 Variation of pin count with IC complexity.

used to apply tests. The ATE is built using yesterday's technology,
but is expected to test today's products.

Access. During functional testing, most (if not all) connections
between the ATE and the IC or board are made through the normal
inputs and outputs (the package pins or board connectors). While the
complexity of ICs and boards is rising rapidly, the number of
externa connections isrelatively ddtic (e.g., as shown in Figure 2.1).
Therefore, more and more test data must be transferred through a
limited number of connections from the ATE to the unit under test
(UUT). This causes a bottle-neck, increasing test time and, in
consequence, reducing ATE throughpuit.

Miniaturization. Through use of surface-mount assembly techniques,
the geometries of loaded boards can be reduced considerably. The
result, however, is tha access to internd chip-to-chip
interconnections on the board using bed-of-nails or guided probes
becomes difficult. Unfortunately, probing is an inherent feature of in-
circuit and functiona testing.

The use of design-for-test techniques during the development of a new
circuit design can reduce these problems and, as a result, reduce the cost of
testing the circuit in production or during field service.

In this chapter, an overview will be given of the principa design-for-

test techniques for digital circuits — both for ICs and for loaded boards. The
intention here is to give readers an understanding of what each technique
involves. The techniques that are of most vaue in the design of loaded
boards — design-for-test guidelines and boundary-scan — will be discussed
in more detail later in the book. The remainder are most widely used in the
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design of ICs. In these cases, the am of this chapter is to give readers
aufficient information to alow them to converse with the designers and
vendors of ICs— not to enable them to design the I1Cs themselves.

For convenience, the design-for-test techniques are introduced in an
historica sequence.

2.2. Do nothing

Of course, the designer could decide to ignore testability completely — to
concentrate solely on mesting the functional requirement for the design.

'‘Nobody worried about design-for-test when designing boards
with smal and medium scde ICs, so why bother now? The
test engineering department could generate tests for everything
we sent them. Can't they ill do that for designs that use VLS
ICs?

The problem is that test codts rise exponentially as the complexity of a
circuit rises. Double the circuit complexity and, without design-for-test, test
costs may quadruple — that is, if atest can be generated at all.

True, in the 1970s, when ICs and loaded boards contained only
smple circuits, test engineers were able to create thorough test programmes
for every design they received. They did not have to become involved in the
design process themselves because, dthough it would be more difficult to
create tests for some designs than for others, the cost of the work was small
compared to the design cost — even for those designs that were quite
difficult to test.

Organizations and the people in them adapted to this scenario:

Highly-separated design and test teams were created.

G The 'over the wall' mentdity evolved. Designers created the product
and refined it up to a point where it could be passed on to production
engineering. Production engineering dealt with the task of turning the
prototype design into something that could be manufactured and
tested. Test engineering could be daffed with relatively low-grade
labour. Highly-trained engineers were needed for design; failed
designers went into test engineering! (Needless to say, the author
does not share this view!)

Some companies are ill suffering from these attitudes and organizational
structures today.

For very-large-scale integration (VLSI) I1Cs, and boards that contain
them, test engineering is a function that requires highly-skilled saff who
must be closdy involved in the design process from the outset. Today, a
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company that omits consideration of testability from the design process is
taking an enormous commercid risk:

@] The usua result of poor testahility is that the test engineering team
will not be able to create a sufficiently thorough test programme
within the time and budget alowed. Thisis illustrated in Figure 2.2.

As testability reduces, the fault coverage achievable on a
fixed budget reduces. This is important, because time-to-market
pressures normaly prevent more time and budget being alocated to
overcome test problems (Reinerstein, 1983).

G With an inadequate test programme, a greater number of defective
parts will be shipped to customers — the tests needed to highlight the
presence of their faultsjust aren't in the test programme. Figure 12
in Chapter 1 showed the rdationship between shipped product
quality, manufacturing yield, and test programme effectiveness.

(@) Cusgtomers find the defects missed by the test — Murphy's Law
applies (if anything can go wrong, it will — usudly at the most
inconvenient time).

@) Companies with areputation for poor quality lose business!

A Increasing .
testability
'——'—_"‘___'-—__——_

[

T

Fault coverage

Budget
limit

Test development time

Figure 2.2 The effect of testability on test development time.

2.3. Design-for-test guidelines

Desgn-for-test guidelines are lists of dos and donts generated by test
engineering departments. They record ways of designing circuits shown by
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experience to result in reduced test costs (the dos) and ways of designing
circuits that result in increased test costs (the don'ts). In effect they provide a
feedback path from test engineers to designers that, over a period of time,
will result in better (that is, more testable) designs emerging from the design
department.

Part 2 of this book contains an extensive list of design-for-test
guidelines for use during board design. Many of these guidelines are also
useful in the design of ICs. To illustrate how design-for-test guiddines
might be applied, consider Figure 2.3.

Perhaps the single most important guiddine is 'Ensure that the circuit
can be initialized — quickly and easily.’ The reason for this guideline is that
no testing can be done until the circuit has been placed in a known starting
state. After this time, inputs can be applied to the circuit and its response can
be observed. Prior to initialization, observation of the outputs of the circuit
is of little value, because the circuit is dmply moving from one
indeterminate state to another.

The example circuit of Figure 2.3 is difficult to initialize. Inspection
of the design shows that the clear input to IC13 is supplied from an output of
IC6. 1C6 has its preset input tied high (inactive), while its clear is supplied
from IC13, via an inverter. Therefore, to reset 1IC13 (an 8-hit shift register) it
isfirst necessary to clock it until alogic 1 is propagated from its input (INa)
to output Q8. As soon as Q8 is st to 1, IC6 is cleared and IC13 itsdlf is
reset. Note that the clear input to 1C25 is adso supplied from 1C6. Therefore,
clocking of 1C13 is synchronized to the arrival of alogic 1 at output Q8 of
IC13.

The circuit is, in fact, an asynchronous data receiver, smilar to the
receive portion of a universal asynchronous receiver/transmitter. Data
packets are received at the serid command input and are clocked into the
shift register. The clock for the shift register is synchronized as closdy as
possible to the arrival of the start bit (a one).

Initidization can be achieved by entering a known 8-bit data stream
and watching to see when it appears as a st of parale bits at the circuit's
paralel outputs. While a test syssem can be programmed to do this, the
problem is that none of the most widely used smulators can simulate the
behaviour of this circuit during initialization. The mgority of smulators use
asingle vaue (X) to indicate that the state of asignd is unknown. Therefore
the simulated circuit will Smply move from one unknown state to another as
data is clocked in — initiadlization will never be achieved. The point here is
that initialization is difficult because:

(1) agreat ded of thought is required to analyse the circuit and work out
how it can be sat to aknown initial state; and

(2 in the mgority of cases, the initidization sequence cannot be
smulated — preventing accurate fault smulation during this vital
stage of testing, for example.
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Initialization can be achieved easly by adding an externa reset input
to the stored-state devices, gated in with the clear signals required for normal
operation.

Of the design-for-test techniques that will be introduced in this
chapter, the use of guidelines alows the widest range of test problems to be
dedlt with. While scan design and sef-test concentrate on the logical design
of the circuit, design-for-test guidelines can be used to tackle problems that
arise from the physica design of the board — for example, difficulty in
probing because probe targets are too closdy spaced.

2.4. Scan design

The stan design technique is widely used in the design of application-
gpecific ICs (ASICs) and very-large-sca e-integration ICs (VLS 1Cs).

2.4.1. Test generation problems

In a combinational logic circuit, the states of the outputs are determined
solely by the signals applied at circuit inputs. As aresult, test generation is
(relatively) sraight-forward — certainly, it is sufficiently easy to dlow
computer programs to be written to perform the test generation task.

In contrast, test generation for stored-state logic circuits of the
complexity typically found in industry is an extremely complex task that
cannot be automated unless a sgnificant investment is made in design-for-
testability. (The use of design-for-test guiddines aone is unlikely to be
sufficient to permit automated test development.) Why is this s0? There are
two principal reasons. stored-state devices and feedback.

Stored-state devices

For a tored-state circuit, the output is determined not only by the signals
being applied at the input at that time but also by previous input signals, a
processed form of which is held in the various stored-state devices. To et
any sgnd to a value required during testing, it is therefore necessary to
compute a sequence of input stimuli. A further sequence of stimuli will be
needed to make the state of any given part of the circuit visible a the circuit
outputs.

Feedback

Feedback comes in two types. There are local feedback paths built into each
flipflop or latch. Global feedback paths are those that are externa to the
flip-flops or latches themsalves (see Figure 2.4).
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Global
feedback

Figure24 Loca and global feedback.

In the absence of globa feedback, test generation for a stored-state
circuit is only dightly more complicated than that for combinationa circuits.
In effect, the flip-flops or latches result in pipelining of input signals,
delaying the time at which they arrive at any given point by an appropriate
number of clocks. (In the purely combinational circuit, the delay would be
limited to that caused by the signa propagation characteristics of the various
gates) The signa a any node is determined by the values at other nodes at
previous times — but not by the value previoudy held at the node itsdlf.

The presence of globa feedback severdy complicates test
generation. Now, the signa present a any node may be dependent on a
previous state of the same node. The test generator (human or computer)
must not only compute the state to which a node must be set, but also the
time that the node must be in this state. The node may be st to different
dates at different times, but not to different states at the same time, o a
record must be kept of date assignments againgt time. The result is a
significant increase in the amount of effort required to generate tests.

2.4.2. The principle of scan design

For loaded boards, a frequently-used method of solving test problems caused
by complex VLS ICs is to unplug these components from the board during
functiona testing. This dlows the test system to control and/or observe the
signds that would otherwise flow into or out of the complex chip. (Note that
physical remova of the chip is not necessary in Stuations where al the
chip's output pins can be placed in a high-impedance gtate)) These signals
become primary inputs and outputs for the circuit for the duration of the test
and are referred to as pseudo primary inputs and pseudo primary outputs.
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(b)

Figure 25 Removal of flip-flops from a stored-state circuit.
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Imagine applying this process to a Smpler circuit consisting of
combinationa logic and flip-flops, with the flip-flops being the ‘complex’
devices. Remova of the flip-flops would leave a purely combinationa logic
network, as shown in Figure 2.5. Tests for this network could be generated
fully automaticdly at low cost. The flip-flops could be tested independently
of the combinational logic before being returned to the circuit.

Scan design techniques provide alogical (rather than physical) means
of removing the flip-flops and latches from a stored-state circuit design, with
the benefit that test generation can be fully automated (Eicherberger and
Williams, 1977).

2.4.3. Shift register scan

There ae seved forms of scan desgn  (McCluskey, 1984).
The most common form requires that al the flip-flops and latches in a
circuit design are connected to form one or more shift register paths when a
specia test mode is selected. In Figure 2.6b, this is achieved by provision of
a multiplexor a the data input to each flip-flop. One data input to each
multiplexor receives the sgna previoudy fed to the flip-flop's data input
(Figure 2.6a), while the other is fed by the output of the preceding stage in
the ghift register chain (or, in the case of the firg flip-flop, from a serid
input, Scan-In). The control inputs to the multiplexors are fed from a
dedicated test control input, Test-Mode, and the data output from the last
flip-flop in the chain is fed to a seria output, Scan-Out.

Testing of the modified circuit proceeds in two stages. Shift register
test and combinational logic test.

Shift register test

Test-Mode is st to sdlect shift register operation of the modified flip-flops.
Data is clocked in through Scan-In and appear a Scan-Out after an
appropriate number of clock pulses has been applied. A data sequence of the
form:

01001100011100001111-

tests that:

()  each flipflop can be set to both 0 and 1
(20 eachtrandtionin gateispossible (O0to 1 and 1 to 0); and

(3) there are no 'pattern-sengtive’ faults — for example, faults that
would prevent a change of date following a prolonged sequence of
IsorOs.
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Figure 2.6 Shift-register-based scan design — (&) Huffman model.

Following this test, the only faults in the storage devices that have not been
tested are those on the connections to and from the combinational logic.

Combinational logic test

This stage tests for the remaining faults in the flip-flops and for faults in the
combinational logic.

Tests for the combinationa logic network are generated using an
automatic test pattern generation (ATPG) package. For each of the test
vectors generated, the following procedure is used:

(1) Data is agpplied to those inputs of the circuit that are directly
accessible.

(20  Theremainder of the input test pattern is shifted into the various flip-
flops by sdecting test mode (Test-Mode = 1) and applying clock
pulses.
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Figure 2.6 (cont.) Shift-register-based scan design — (b) Scan design.

(3)  When shifting is complete, the circuit is placed in its norma mode
(Test-Mode = 0). Those outputs from the combinationa logic that
are directly observable are checked againgt the expected values.

(4  Oneclock pulseis applied. This causes the remaining outputs of the
combinational logic to be loaded into the flip-flops to which they are
fed.

(5)  Thecircuit is st to test mode (Test-Mode = 1) and clock pulses are
applied to shift the captured data out of the circuit through Scan-Out.
Following each clock, the sgna a Scan-Out is compared to that
expected at the appropriate combinational logic output.

Steps (2) and (5) may be merged, with the results of one test being shifted
out as the gimuli for the next are shifted in.

There are severad dternative forms of scan design based on the use of
shift registers. Of these, the level-sensitive scan design (LSSD) techniqueis
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the most widely used. LSSD is based on the use of latch-based shift register
stages comprising a pair of laiches (a master and a dave) controlled by
independent non-overlapping clocks (Figure 2.7). A significant advantage of
LSSD isthat it diminates a number of timing problems that can arise in use
of the multiplexor/flip-flop design presented earlier.

Further details of LSSD and a set of design rules for a scan testable
circuit can be found in Bennetts (1981).
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Figure2.7 AnLSSD shift register latch.

2.4.4. Random-access scan

In random-access scan, individua latches or flip-flops are built into a RAM-
like structure that alows their state to be individualy written (controlled)
and read (observed) (Ando, 1980). The resulting design is shown in Figure
2.8.

In Figure 2.8, the circuit is again divided into two parts — the
combinational logic and the stored-state devices. The stored-state devices are
level-operated latches implemented as shown in Figure 2.9. The scan data
input for the chip is broadcast to dl latches (to SDI). The scan data output of
each latch (SDO) feeds onto a wiree:AND bus and thence to the chip's scan
data output.

For normd circuit operation, the scan clock (SCLK) is held low.
Data at the system data input (D) is loaded into the latch when the system
clock (CLKn) is high. At least two system clock signals are required (CLK1
and CLK2) and al system clocks must be non-overlapping (that is, only one
of them is high at any given time). Latches controlled by one system clock
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(CLKnN) can only feed latches that are controlled by different clocks (CLKwz,
m!=«).

In test operation, the system clock signals are held low. A target latch
is selected by feeding an address into the circuit. The address is decoded to
<t the sdect input (SEL) of the target latch high, while the SEL inputs for
al other latches are set low. This enables the target latch to drive onto the
scan data out bus. New test data is written to the target latch from the chip's
scan datainput by setting SCLK high while SEL is high.

If al latches need to be observed and controlled during application of
a test, then each must be addressed in turn. SCLK must be controlled to
ensure that data is read from the addressed latch before new data is written.

)

[0)
o
pe o
: g,
(7]
2 ol
g Q9
: 2
o
Pls 8 SDI -_8 SDO
POs Clock— g
Address
decoder
Scan clock Shift
Scan address register
Figure 2.8 Random access scan.
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Figure 2.9 Random-access scan latch.



Once data is written into every latch, SCLK is held low while the system
clock signds are pulsed in the appropriate sequence. The data in the latches
can then be read by holding the system clocks low and sequencing through
the addresses.

The advantage of random-access scan compared to a shift-register-
based implementation is that it is possble to read and/or write data into
individual latches without atering the State of the rest. This can be useful
during functiond testing or debug.

2.4.5. Partial scan

The scan design techniques discussed o0 far involve the provision of test
access to every latch and flip-flop in a chip design. As aresult, a circuit is
produced for which automated test generation is guaranteed — regardless of
the detail of the design.

The partia scan technique involves the sdlection of a number of flip-
flops or latches to be included in a shift register path through the design.
Alternatively, shift-register-based testability improvement cells of the form
shown in Figure 2.10 can be introduced into the combinationa circuitry to
provide access during testing.

Test/Normals o r‘;l

Data _In
- > |, Data_Out

Shift/Load* ,___{lG—'] 1
Serial | —0 1D ’ ) Serial_Out
erial_In , 1

Clock »- C1

Figure2.10 Testability improvement cdll.

The idea is to provide shift register access to locations in the circuit
that are particularly difficult to access, and thereby bring the resulting design
within the reach of an ATPG tool. For example, tools are available that
identify the nodes, flip-flops, or latches to be included in the shift register
path during the ATPG run. Other tools have been proposed that andyse a
design before test generation is attempted, producing a recommended set of
storage devices for inclusion on the ghift register path.

Compared to full scan design, partial scan can be implemented at
lower circuit cost. However, more computationa effort is required during
the design process because the dtes for shift register access must be
identified. A further limitation is that, while a full scan circuit can readily be
'upgraded into a self-testing circuit (see Section 2.5), this is not the case for
apartia scan design. Problems may aso result when a completed design is
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used as a building block in alater, larger circuit because the locations that
need to be scannable to render the original design testable may not be those
to which access is required to permit testing of the new circuit.

2.4.6. Boundary-scan

Boundary-scan is a technique that can be used both in the design df. large,
complex 1Cs, multi-chip modules, and loaded boards. In 1990, the IEEE
approved a standard specification for boundary-scan facilities to be built into
ICs (IEEE, 1990) and, as aresult, the technique looks set to become one of
the mgjor ways of testing loaded boards (including multi-chip modules).

Chapter 3 provides a detailed description of the features specified by
the IEEE standard and how they can be used. Therefore, this section is
intended only to give avery brief overview of the boundary-scan technique.

To implement boundary-scan, a scan shift register stage is placed
adjacent to every input and output of an I1C building block (macro) or chip
—that is, a the boundaries of the circuit. (Henceforth, the case of an 1C will
be described. Remember, however, that the technique is equaly useful
within a chip design.) To achieve this, specidized test circuitry may need to
be added to the chip between each pin and the logic to which it is connected,
as shown in Figure 2.11. These test circuits, caled boundary-scan cells, are
connected into a shift register path around the periphery of the IC. This is
called the boundary-scan path.

An example design for a boundary-scan cell is shown in Figure 2.12.
(As will be discussed in Chapter 3, this is typicd of the cdl designs
permitted by the IEEE dandard.) Data can flow directly through the
boundary-scan cell (from Datarin to Data-Out) when norma operation of the

Inpur pins
Oufput pins

Boundary-scan cdls

Figure 2.11 Inclusion of boundary-scan in an IC.
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Figure2.12 A boundary-scan cell.

component is required. During testing, the cells a output pins can be used to
drive signa values onto the external network (e.g., the board interconnect),
while those at input pins can capture the signals received.

With cells of the design shown in Figure 2.12, testing is performed
with the Test/Normal* dgnal st to 1. Two principa types of test are
possible: interconnecton test and chip test.

Inter connection test

Test patterns are shifted into the boundary-scan cells at chip output pins and
driven onto the external connection. The results of the test arrive at the input
pins of an adjacent chip and are loaded into their boundary-scan cells
(Shift/lLoad* = 0). They are then shifted out for examination (Shift/Load* =
1). By caeful sdection of test patterns, the interconnections between
boundary-scan-testable ICs can be tested for stuck-at, short circuit, open
circuit, and other fault types. Figure 2.13 shows a circuit that contains a
short-to-ground (stuck-at-0) fault and a wire-OR short circuit fault in the
board interconnect (for example, a solder bridge). Table 2.1 shows some test
vectors for these faullts.
Note that the rightmost bit of the datain Table 2.1 is shifted into the

seria input, or out of the seria output, fird.

Table2.1 Example tests for interconnect faults.

Input Output
Expected Actual
x1x1x0xxxxxX xxxxxxxx01x1 xxxxxxxx11x0

x0x0x Ixxxxxx xxxxxxxx10x0 xxxxxxxx11x0
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Figure 2.13 Testing for interconnect faults.

Chip tet

Figure 2.14 shows a smple IC that contains a NAND gate. To test to this
gate, stimuli are shifted into the boundary-scan cells located at the input
pins. The result of the test is loaded into the cdls at the chip's output pins
(Shift/Load* = 0) and then shifted out for examination (Shift/Load* = 1). A
st of test vectors for the NAND gate is shown in Table 2.2. As for Table
2.1, the rightmost bit of each data pattern shown in Table 2.2 is shifted into
the serial input, or out of the seria output, first.

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.

A dgnificant advantage of the boundary-scan technique is that it
separates the tasks of chip testing and loaded-board testing. In particular,
only a limited knowledge of the chip's function and design is required to
dlow a high-quality test to be generated for board-level interconnections —
indeed, this is possible from a knowledge of the design of the boundary-scan
path alone. This is a notable contrast to the case without boundary-scan,
where the test engineer needs to know a greet deal about the chip's operation
to generate either an in-circuit test or afunctiona board test.
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Figure 2.14 Testing on-chip logic.

Table2.2 Example tests for the NAND gate.

[nput Expected output
X1 OXXXXX XXXXX] XX

XA XXXXX XXXXX| XX
X1IXXXXX XXXXXOXX

2.5. Self-test

For VLSI ICs, the problems of complexity, speed, and access outlined at the
sart of this chapter become particularly severe. Built-in sdf-test (BIST)
techniques offer a good solution to these problems. As will be discussed in
Chapter 3, BIST features in 1Cs can aso be accessed at board and system
levels provided that a suitable control and access mechanism exists, reducing
the cost of testing these higher level assemblies as well as the cost of testing
the chip itsdlf.

In BIST, some or dl of the function of the ATE is built into the chip
itsdlf (Figure 2.15). Additiond logic is provided to generate test stimuli and
observe test responses — functions that the tester would otherwise perform.
To limit the. cost of this added circuitry. BIST desierns are most often based



SELF-TEST 43

on the use of pseudo-random testing, in which large numbers of near-
random test stimuli are applied to the circuit. The responses of the circuit to
these tests are compressed into a signature, consisting of a relatively small
number of data bits, that can be fed out of the circuit a the end of the test
and checked against the expected fault-free vaue.

Compare Error?

Figure2.15 Built-in self-tedt.

2.5.1. Generating the test

Figure 2.16 shows a smdl linear-feedback shift regiser (LFSR) design
that can be used to generate a sequence of pseudo-random test stimuli.
Outputs from a number of ghift register stages are fed to an exclusve-OR
gate network (parity tree) the output of which is fed back to the input to the
first stage.

If circuit is initialized to a garting dtete other than that where every
stage is st to O, then the example LFSR will generate a sequence of patterns
that repeats after 15 (2* - 1) clocks have been applied. (If the circuit starts in
the state where every stage is st to O, then it will remain in this state no
matter how many clocks are applied.) The sequence generated from a
garting state where every stage holds a 1 is shown in Table 2.3. Note that
the sequence of Is and Os generated a any particular output appears to be
random. Because the sequence is actualy determinate, it is termed pseudo-
random. The randomness of the outputs increases as the number of shift
register stages in the LFSR increases.

In the genera case, an LFSR built from a shift register containing N
stages can generate a sequence of length 2" - 1 if the points from which
feedback is derived are chosen carefully. (Tables are available to assigt in
choosing the correct feedback taps for a shift register of a given length —
for example, see Barddl (1987)). Use of a different sat of feedback 'taps
may result in a sequence being generated that repeats more frequently than
every 27-1 clocks.
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Figure 216 Linear-feedback shift register.

Table2.3 Sequence generated by the example LFSR.

RllrrroOoprORprRrooRrooORQ
I—\I—‘I—‘OHOI—‘I—‘OOI—‘OOOI—‘HS
HHOHOHHOOHOOOHI—‘I—‘g
|—\OOO|—\|—\OO|—\OOO|—\|—\|—\HQ

2.5.2. Signature analysis

A signature analyser — that is, a circuit that can compress the sequence of
results from a test into a short signature — can be produced by adding an
external input to an LFSR as shown in Figure 2.17. The signature generated
can be read a the end of the test and compared to that expected from a fault-
free circuit. Table 2.4 shows how an example fault-free output from a circuit
is compressed into a signature (1110).

Signature analysis was originaly developed as a tool to help in the
location of faults in digital equipment — for example, as a tool for use
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during on-site repair (Fronwerk, 1977). Signature anaysers can often be
found built into ATE systems because they reduce the amount of test-result
data that has to be stored. Often, these signature analysers are based on 16-
bit shift registers. For BIST applications, the size of the signature analyser
would vary according to the length of the test that is applied.

For test sequence of reasonable length (say, more than a few tens of
tests), the chance that a faulty input sequence from the circuit under test will
produce the expected fault-free dgnature (that is, the chance that the
presence of the fault will be masked) is approximately

2N 1

where N is the number of shift register stages in the signature analyser. That
is, for a 16-bit design, a maximum of only 0.002% of faults will be masked
by the signature analyser. From a practical point of view, it can be
considered that masking will rarely occur for signature andysers of length
16 and over.

. — |

-
Data in

Figure2.17 A sgnature anayser.

Table 24 Signature generation.
QG4 /111110100000010110|12
@B 1111010000001 01101/1
@2 1110100000010 10111
Qi- 1101000000101 01110
Data\10101110010110001
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2.5.3. The multiple-input signature register

The signature analyser so far described can be used to monitor a single
output stream from the circuit under test. However, circuits typicaly have
more than one output. Either sufficient signature analysers must be provided
such that each circuit output stream can be compressed into a signature, or
the test must be repeated many times with a signature being taken from one
output on each occasion.

The multiple-input signature regiger (MISR) overcomes this
problem. As shown in Figure 2.18, an input data stream can be fed in at each
stage along the shift register. Therefore, aMISR can monitor as many circuit
inputs as the number of shift register stages it contains.

Unless care is taken in the way that circuit outputs are connected to
MISR inputs, there is a dightly higher chance of fault masking where a
MISR is used. Figure 2.19 illustrates the problem.

21 pA] z4

2 .

=1 L:} | =1 | =1 r,
[T R
Ql

(873 3 Q4

Figure 2.18 The multiple-input signature register.

(@) Waveforms at MISR inputs (shading shows errors)

73 l I
(b) States of MISR latches (X indicates eror)

a S S SKL LS
@ /LS SKRS S
©« /S SSS LTSS

Figure2.19 Fault maskingin aMISR.
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For example if a faulty data bit is injected into a shift register
structure built into the circuit under test, then this bit could be presented at
two inputs to the MISR — but at different times. When the faulty data bit
arrives a the first MISR input, it corrupts the data held in hift register stage
1. Either a1 ischangedto a0, or aOischangedto a 1.

On the next clock cycle, the corrupted data in the MISR will move
into stage 2. On the third clock, the corrupted data in stage 2 will be
combined with a faulty data bit received at the second MISR input, with the
result that a correct valueis written into stage 3 (a case of two wrongs make
aright). The fault has been masked.

The problem could be avoided by shifting the input connections one
stage towards the right (that is, the input to ZI is now fed to Z2, and so on,
with the input to Z4 becoming applied to ZI). Now, the fault first results in
the corruption of the data held in stage 2. The corrupted data is moved into
stage 3 on the next clock. On the next clock the corrupted data is combined
with the faulty data at the second MISR input and, as before, results in
correct data being written into the next stage — dage 4. However, the
corrupted data in stage 3 is dso fed back to stage 1 on this clock.

Primary Primary
inputs outputs Test
| | result
LFSR | |
pattern - T | MISR
enerator posie 4= — V— signature
?3—state .. analyser
outputs) Combinational
logic ]
| |
| |
| Slanp
| < I
[ |
| --i [_ !
<H
| == _ L l
[ ol _i
- = =7 — __'__
Lt
Controller 4—
Test
enable

Clock

Figure2.20 A sdf-testing IC design.
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Therefore, while the datain stage 4 does not show the presence of the faullt,
the datain stage 1 does.

In general, if masking is to be minimized, related outputs from a
circuit under test should be fed to MISR inputs that are separated by one or
more feedback taps.

2.5.4. A simple BIST IC design

Figure 2.20 shows how a complete sdlf-testing circuit can be constructed
using an LFSR and aMISR. This s based on the use of scan-design.

One output of the LFSR feeds into the scan path, while the others are
able to drive the circuit inputs during testing. (During normal operation of
the chip, the outputs of the LFSR would be st to high impedance)
Similarly, one MISR inpuit is fed from the output of the scan path, while the
others are fed from the circuit outputs.

During test, operation of this circuit is as follows:

()  Signd the gtart of the test to the control circuit which will then reset
the LFSR and MISR to their starting states.

2 Sdlect the scan-test mode. Clock the complete circuit (including the
LFSR) a sufficient number of times to fill the scan path with pseudo-
random data Together with the data applied from the LFSR to the
circuit inputs, this forms the first test pattern for the combinational
logic.

(3) Enable the MISR. Turn the scan-test mode off and clock the circuit
once. This causes the results of the test to be loaded into the scan
path or, in the case of those at the circuit outputs, to be captured by
the MISR.

(4  Repeat step (2) keeping the MISR enabled. As the results of the first
test are shifted out into the MISR, the second test stimulus is shifted
in from the LFSR.

Continue to repeat stages (2) and (3) until a sufficient number of tests
has been applied.

(5)  Atthe end of the test, ingpect the contents of the MISR and compare
to the expected fault-free value.

2.5.5. The BILBO

The built-in logic block observer (BILBO) (see Figure 2.21) combines the
functions of an LFSR and a MISR into a single building block that can be
used in a sdf-testing circuit design (Konemann et al., 1979).
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Figure2.21 TheBILBO.

Table25 Operating modes of the BILBO.

Bl B2 | Operation

SELF-TEST 49

1 1 The circuit behaves as a paradld-input, paralle-

output register. Data presented at the inputs Z is
loaded into the flip-flops on each clock cycle.
This is the normal operating mode of the BILBO.

0 0 The circuit becomes a <hift register. Data

testing is possible.

presented a the serid input (SI) appears at the
serid output (S2) after an appropriate number of
clocks has been gpplied. By using this mode
together with the pardld register mode, scan

1 0 The circuit becomes a MISR. Data presented at

the inputs Z is compressed into a signature that
can be shifted out for examination by sdecting
the shift register mode. If the data inputs can be
held congant, then a pseudo-random test
sequence is generated at the parallel outputs O.

0 1 The flip-flops are reset when the clock transition

occurs.

The BILBO has four operating modes that are sdlected using inputs

Bl and B2 as shown in Table 2.5.

A BILBO could be positioned between two combinational circuit
blocks, for example as shown in Figure 2.22. During testing of block 1, the
BILBO would be used as a MISR to generate a Sgnature from the results of
the test applied a the inputs to the block. During testing of block 2, the
inputs to block 1 would be held constant, alowing the BILBO to generate a

pseudo-random test for block 2.
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Figure2.22 Use of the BILBO.

2.5.6. Macro test

While the use of LFSRs, signature anaysers, MISRs, and BILBOs is an
effective way of converting an arbitrary circuit into a sdf-testing design, the
use of other techniques may result in a better solution for certain types of
building block (macro) — for example, better quaity test for lower added
silicon. Thisis particularly true where the detail of the dlicon layout and of
the manufacturing process are known. Examples would be highly-regular
macro designs, such as RAMs, read-only memories (ROMs), and arithmetic
logic units (ALUs).

ASIC vendors are increasingly designing such macros with their own
BIST capability — for example, to give a sdf-testing RAM. Generic
versions of such macros are included in the ASIC vendor's library, allowing
chip designers to request, say, a RAM of the size required for their particular
circuit.

A number of sdf-testing macros might be included in a complete
chip design and would need to be connected to a smdl built-in controller
that would control their behaviour during test execution. Testing of the logic
not contained in the sdf-testing macros is organized by the chip designer,
and could be based on scan paths or LFSR-based sdlf-test.

2.5.7. Board-level self-test

LFSRs and MISRs can also be usad to alow the development of salf-testing
loaded boards. For example, a MISR could be connected so as to compress a
data stream on a microprocessor bus into a signature.

More often, though, sdf-test is achieved by the provison of
additiona firmware on the board. This firmware is executed by the on-board
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processor when test is selected and alows the processor to act as the on-
board ATE. The processor writes data into the various peripheral chips and
reads their responses. A firmware equivaent of a MISR may be used to
compress the result data into a compact signature.

Some guidelines for the design of self-testing boards are contained in
Part 2.
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3.1. Introduction

Two continuing trends are having a significant adverse impact on the cost of
testing loaded printed wiring boards (PWBS):

() Increasing complexity: As integrated circuits (ICs) become more
complex, the difficulty of generating a test for loaded boards
increases. For in-circuit testing, the generation of a test module for a
new |C design could take severd man-months. For functiona testing,
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test generation times are dgnificantly longer, due to the need to
propagate test data through the complex 1Cs while applying tests to
other chips on the board. Test lengths aso increase as complexity
rises, pushing up the cost of applying the finished test. In in-circuit
testing, the maximum test length is congrained by a time limit
imposed to ensure that components are not damaged by backdriving.
Often, therefore, the result of increasing complexity is that less
thorough testing is possible.

(2) Greater miniaturization: Test techniques that became widdy used
during the 1980s — in-circuit, functional, cluster, and emulation
testing — depend dgnificantly on the ability to make contact with
connections internal to the loaded board. Bed-of-nails or hand-held
probes must be connected to such connections during test application
and/or fault diagnosis. The use of surfacemount assembly
techniques, particularly when coupled with double-sided component
mounting and the use of buried vias to connect layers of interconnect
on the PWB, reduces board geometries — making the finished
product smaller and, unfortunately, more difficult to probe.

The am of ANSVIEEE Std 1149.1 (IEEE, 1990) — the Sandard
Test Access Port and Boundary-Scan Architecture — isto provide the basis
of solutions to these problems. The key is the eimination of the need for
physica probing of the loaded board, which is achieved by building an
eectronic test-access mechanism (the boundary-scan path) into the
integrated circuits themselves.

This chapter provides a guide to the principal festures defined by the
standard and to their operation. It is intended as a prelude to the standard
itsdlf, not as a subgtitute for it. In particular, it is recommended that readers
who intend to implement integrated circuits, design tools, or test systems
that support the standard should read the standard document before doing so.
Also, while this chapter shows how basic test operations can be performed, it
is not a complete guide to the potential applications of the standard. For a
view of the wide range of applications of the standard, the reader is directed
to Maunder and Tulloss, 1990.

3.2. A chip-leve view

Figure 31 gives an overdl view of an IC desgn that conforms to
ANSI/IEEE Std 1149.1. The circuitry can be broken down into two parts:

(1) The system logic. This is the circuitry that performs the 'normal’
function for which the chip was designed. For example, it could be
the logic necessary to build a microprocessor, a communications
interface, or a counter.
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(20 The test logic. This is the circuitry defined by the standard and
includes all the blocks in Figure 3.1 other than the system logic. The
test logic is used during testing of the IC and of the board onto which
the IC is assembled. It does not contribute to the normal operation of
the system logic.

|/O buffers

Test pins

Test logic

Figure3.1 Chip-leve view.

Some circuitry may be shared between the system and test logic. For
example, aregister in the system logic may have test modes of operation —
perhaps it might be a BILBO or similar device (Konemann et ah, 1979).
Under these circumstances, the circuitry is regarded as system logic while it
contributes to the normal chip function and as test logic while it participates
in test operations.

3.3. The test logic architecture

The top-level schematic of the test logic defined by ANSVIEEE Std 1149.1
includes three key circuit blocks (Figure 3.2):

(0] The TAP controller. This responds to control sequences supplied
through the test access port (TAP — see Section 3.4) and generates
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Figure3.2 ANSI/IEEE Std 1149.1 test logic.

the clocks and control signals required for correct operation of the
other circuit blocks.

The instruction register. This shift register based circuit is serialy
loaded with the ingtruction that selects atest to be performed.

The test data register. This is a bank of shift register based circuits
(see Section 3.7). The gtimuli or conditioning values required by a
tes are seridly loaded into the test data register sdected by the
current ingtruction.  Following execution of the test, results in test
data registers can be shifted out for examination.

These circuit blocks are connected to a TAP which includes the four

or, optionally, five sgnals used to control the operation of tests and to alow
seria loading and unloading of instructions and test data. The TAPon an IC
is directly analogous to the 'diagnostic’ socket provided on many
automobiles — it alows an externa test processor to control and to
communicate with the various test features built into the product. When a
number of I1Cs that implement the standard are combined on a PWB, they
can be arranged in a single daisy chain with:

O

B

the test data input (TDI) input of the firgt IC in the chain connected
to the board edge or to the output of an on-board master device;

subsequent ICs each having their TDI connected to their
predecessor's test data output (TOO); and

the last 1Cs TOO being fed to the board edge or to the input of the
on-board master device.
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Serial input
Control inputs(
Serial output

Figure 3.3 Board-level connection of standard ICs.

This arrangement, shown in Figure 3.3, supports the serid transfer of test
data and instructions. Other arrangements are possible.

3.4. The TAP

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

O

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 aPWB.

The test mode select input (TMS). The operation of the test logic is
controlled by the sequence of Is and Os applied a this input. The
sequence on TMS directs the TAP controller in its generation of the
clock and control signals required by the other test logic blocks.

The test data input (TDI), Data applied at this serial input is fed
gither into the indruction register or into a test data register,
depending on the sequence previoudy applied at TMS.

The test data output (TDO). This serid output from the test logic is
fed either from the ingtruction register or from a test data register
depending on the sequence previoudy applied a TMS. During
shifting, data applied a TDI will appear & TDO &fter a number of
cycles of TCK determined by the length of the register included in
the serid path. When dataiis not being shifted through the chip, TDO
is set to an inactive drive gtate (for example, high impedance).

The optional test reset input (TRST*). The test logic is designed so
that it can be reset synchronoudy under control of TCK and TMS.

TRST* provides a supplementary reset mechanism. The test logic is
reset when aOis applied at TRST*.
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The TDI, TMS, and TRST* inputs are either equipped with a pull-up
resistor or otherwise designed such that, when they are not driven from an
external source, the test logic perceives alogic 1.

3.5. The TAP controller

A key god during the development of ANSI/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 dlicon-) limited. As test engineers are only
too aware, chip designers are dways reluctant to dlocate pins for test
purposes.

The TAP controller allows this god to be met. It is a 16-gate finite
state machine that operates according to the state diagram shown in Figure
3.4. Note that in the states whose names end 'DR' the test data registers
operate, while in those whose names end “-IR' the ingtruction register
operates. A move along a dtate trangition arc occurs on every rising edge of
TCK. The Os and 1s shown adjacent to the Sate trandgition arcs show the
vaue that must be present on TMS at the time of the next rising edge of
TCK for the particular trangition to occur.

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

Run—

est
idle /

0

C /
NOTE: The value shown adjacent to each state transition in this
figure represents the signal present at TMS at the time of a
rising edge at TCK.

Figure3.4 State diagram for the TAP controller.
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Test-Logic-Reset. All test logic is reset, alowing normal operation of
the chip to occur without interference. Regardless of the gtarting Seate
of the TAP controller, the Test-Logic-Reset controller sateis reached
by holding the TMS input a 1 and applying five rising edges at
TCK. Alternatively, where TRST* is provided, it can be used to
force the controller asynchronoudy into the Test-Logic-Reset
controller state at any desired point during circuit operation.

Run-Testlldle. The operation of the test logic in this controller state
depends on the ingtruction held in the instruction register. When the
ingruction is, for example, one that activates a self-test, then the df-
test will be run in this state. If, in another case, the instruction in the
ingruction register is one that sdects a data register for scanning,
then the test logic will beidle.

Capture-DR. Each ingruction must identify one or more test data
registers that are enabled to operate in test mode when the ingtruction
is sdlected. In this controller state, data is loaded from the paraléel
inputs of the sdected test data registers into its shift register paths.

Shift-DR. Each ingruction 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 allows the previoudy captured data to be
examined and new test input data to be entered.

Update-DR. This controller state marks the completion of the
shifting process. Some test data registers may be provided with a
latched parald output to prevent signals applied to the system logic,
or through the chip's system pins, from rippling while new data is
shifted into the register. Where such test data registers are selected by
the current ingtruction, the new data is transferred to its parale
outputs in this controller state.

Capture-IR, Shift-IR, and Update-IR. These controller dtates are
analogous to Capture-DR, Shift-DR, and Update-DR respectively but
cause operation of the ingtruction register. By entering these states, a
new ingtruction can be entered and applied to the test data registers
and/or other gpecidized circuitry. The new ingdruction becomes
‘current’ in the Update-IR controller state.

Note that in the Update-DR and Update-IR controller states, the described
action takes place on the fdling edge of TCK. In dl other sates, the
described action takes place on the rising edge of TCK just before the
controller leaves the state (see Figure 3.5). Also note that TDO is active only
in the Shift-DR and Shift-1R controller states.

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 alow the shifting process to be temporarily
halted. This might occur while an ATE or other equipment controlling the
test logic fetches more test data from backup memory (for example, disc).
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Figure3.5 Thetiming of events within a controller state.

The fina six controller states (Select-DR-Scan, Select-IR-Scan,
Exitl-DR, Exitl-IR, Exit2-DR, and Exit2-IR) are decison points that alow
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
between entry into the Pause-DR state or entry into the Update-DR state.

3.6. The instruction register

The ingtruction register provides one of the dternate seriad paths between
TDI and TDO. It operates when the instruction scanning portion of the
controller date diagram is entered (that is, the portion where state names end
IR).

The ingruction register dlows test ingtructions to be entered into
eech IC aong the board-level path. At the board level, the ingtruction
registers are daisy-chained together in the Shift-IR controller state (Figure
3.6), s0 a different instruction can be loaded into each chip on the path if
required.

The ingruction register is a pardld-in, pardle-out shift register. The
paralel output is latched so that a new ingtruction can be shifted in without
dtering the instruction applied to the remainder of the test logic. The latched
output is updated from the shift register path in the Update-IR controller
date; at this time, the new ingtruction becomes ‘current'. In the Test-Logic-
Reset controller state, the latched output is reset — to either the IDCODE or
the BYPASS ingtruction depending on the set of test data registers built into
the particular IC (see Sections 3.8 and 3.9).

The instruction register must contain at least two stages (shown cross-
hatched in Figure 3.7). No maximum length is defined, since this will be
determined by the number of test instructions provided by the particular IC.
Stages 11 and 10 (that is, the stages located nearest to the seriad output)
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Figure 3.6 Daisy-chain connection of instruction registers.
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From | | ‘ ] To
mr— N[ —"1 '2 1 0 » 100

v Y
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Figure 3.7 Theinstruction register.

must be set to 0 and 1 respectively in the Capture-IR controller state. These
fixed values assist in detecting and locating faults in the serial path through
chips on aboard (Maunder and Tulloss, 1990).

Instruction register stages numbered 12 or grester are optional and
can have a paralld input from which data (typicaly, status information) is
loaded.

3.7. The test data registers

The test logic design provides for a bank of test data registers as shown in
Figure 3.8.

ANSI/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 provision of a
device identification register is optional and further design-specific test data
registers can be added as appropriate to a given design.

All test dataregisters are shift register based and operate according to
the same principles:

0] Operation of the various test data registers is controlled according to
the current instruction. An instruction can place severa test data



1 HE Ithi UA1A /CfiWAIfiKa OX

registers into their test mode of operation, but it can select only one
register for connection as the serid path between TDI and TDO in
the Shift-DR controller state. On the other hand, it is important to
note that one or more physica registers can be configured as one
(virtual) test dataregister by a given instruction.

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 (in the case of aregister that can operate
in either system or test mode, the system mode will be selected).

Registers enabled for test operation by the current instruction will
load data from their pardld inputs (if any) in the Capture-DR
controller state and will make any new data available at their latched
paralld outputs (if any) in the Update-DR controller state. In other
words, the results of a test are sampled in the Capture-DR controller
gate 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 (for example, execution of a self-test),
this occurs in the Run-Testlldle state.

— Boundary — Scan Register

Device ldentification
Register

Optional | G I
Design Specific

Test Data Register _L MUX

Optional

To TDO

FronI TDI

| =™ 7 7 TDesignSpecific” _L
Test Data Register N

Optional

Design Specific
Test Data Register 1

Optional

Bypass
Register

A A A A
R
" Clock and Control Signals

from Instruction Register,
TAP Controller, etc.

Figure 3.8 Tes dataregisters.
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0] The register sdected by the ingtruction to be the serid path between
TDI and TDO will ghift datafrom TDI towards TDO in the Shift-DR
controller state. All other test data registers enabled for test operation
will hold their state while shifting occurs.

3.8. The BYPASS instruction

Every IC that conforms to the standard must support the BYPASS
instruction. A vaue (but not necessarily the only vaue) for the BYPASS
instruction must be 'all-1s' (that is, alogic 1 entered into each stage of the
ingruction register). In ICs that do not include the optional device
identification register, the BYPASS ingruction is forced onto the instruction
register's output in the Test-Logic-Reset state and thus becomes the "current’
instruction whenever the test logic is reset.

The BYPASS ingruction sdlects the bypass register as the serid path
between TDI and TDO during the Shift-DR controller date- This register
consigs of a dngle pardld-in, serid-out shift register stage that loads a
congant logic 0 in the Capture-DR controller state when the BYPASS
ingtruction is sdected. The bypass register does not have a paradld data
output so there is no significance to the data present in the register when
shifting is completed. The operation of the register cannot interfere with that
of the on-chip system logic.

As an example of an occasion when the bypass register might be
used, consider a board containing 100 ICs, dl with boundary-scan and
connected into a single seria chain, a smdl part of which is shown in Figure
3.9. Assume that a need arises to access atest 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 dtuation might be when the target chip includes
a'shadow' test data register that permits the state of its key interna registers
to beread.)

IC56 IC57 ICS8

Figure 3.9 Use of the bypass register.
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In this case, the required instruction would be loaded into 1C57, with
the BYPASS ingtruction being loaded into the other ICs. The seria bit
stream shifted into TDI during the instruction scanning cycle would be:

111 1111CCC..CCC1111 ........ [l

where CCC...CCC is the ingtruction to be loaded into IC57. As aresult of
use of the 'alt-1s value for the BYPASS instruction, the complexity of the
bit gream 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 controls the
operation of the board during test.

Once the ingructions are loaded, a minimum length seria path to
and from the target chip is s&t up that alows access to the chip of interest in
the minimum possible time, increasing test throughput.

3.9. The IDCODE and USERCODE instructions

The IDCODE and USERCODE ingtructions select use of the optiona device
identification register. In every IC that includes the device identification
register, the IDCODE ingtruction is forced onto the instruction register's
output in the Test-Logic-Reset state and thus becomes the ‘current'
instruction whenever the test logic is reset.

The device identification register dlows a binary data pattern to be
read from the chip that identifies the manufacturer, the part number, the
variant, and (where appropriate) the programmed state. 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 (or correctly-programmed IC) has been
mounted in each board location; or

D establish which member of a plug-compatible family of boards is
being tested.

The register contains 32 paralld-in, serid-out shift register stages. Like the
bypass register, the device identification register does not have a paralée
output and, in consequence, there is no significance to the data contained in
the register when shifting terminates. Also like the bypass register, operation
of the device identification register can occur without interfering with
normal chip operation.

Where an IC is programmed off-line (for example, by blowing fuses
or through some other non-reversible process), each stage must have a pair
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Figure 3.10 Structure of the device identity code.

of aternative 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 ingtruction is selected, while the latter is loaded
when the USERCODE ingtruction is sdected. In al other types of IC, only
one datainput is required and the USERCODE instruction is not provided.

The structure of the data loaded into the device identification register

in response to the IDCODE ingtruction is shown in Figure 3.10. There are
four separate fields:

@
)

©)

4

Theheader. IDO loads aconstant logic 1.

The manufacturer code. ID11-1D1 load an 11-bit manufacturer code.
This code is derived from a scheme managed by the Joint Electron
Device Engineering Council (JEDEC) — see IEEE (1990) and
JEDEC (1986). The code can uniquely identify up to 2032
manufacturers (since 16 codes are not used). If more than 2032
manufacturer codes are issued by JEDEC, then the scheme will result
in the 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 functiondity
is acceptably low.

The part number code. 1D27-1D12 provide a 16-bit part number,
chosen by the manufacturer to ditinguish a chip from the others that
the company sdls. In cases where more than 2*6 .nip 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 — not to provide absolute identification of the IC.

The version humber code. For chips that are manufactured in severd
different versions through therr lives, bits ID31-1D28 can be used to
distinguish up to 16 variants.

The data loaded by the USERCODE instruction may be organized as the
part's programmer sees fit. It must be programmable a the sametime (and in
the same way) as the function of the chip is programmed.



3.10. Boundary-scan register instructions

The boundary-scan register is a shift register based structure comprising a
vaiety of different cell designs matched onto the requirements of the
particular component. Different cdll designs are used according to the type
of system pin concerned (input, output, 3-state, bidirectiona) and according
to the set of boundary-scan instructions supported.

A dmplified view of a boundary-scan register is shown in Figure
3.11.

Input
pin

Frorln TDI
To TDO

B>
Bidirectional 3-state 2-state
pin pin pin

Figure3.11 A amplified view of the boundary-scan register.

An example implementation for a cell that could be used in each of
the locations shown in Figure 3.11 is given in Figure 3.12.

The connections labdlled PI, PO, SI, and SO in Figure 3.12 are
connected to adjacent cdlls, the on-chip system logic, and the system pins as
shown in Figure 3.11. In Figure 3.12, the sgnds ClockDR, ShiftDR, and
UpdateDR are generated by the TAP controller in response to changes at the
TCK and TMS input pins. The Mode input is controlled according to the
type of pin connected to the cdl (input, output, etc.) and the specific
instruction selected.

Use of this sample cell design, with appropriate signas supplied to
the Mode input of each cell, will result in a component that supports the
SAMPLE/PRELOAD, EXTEST, and INTEST instructions described below.
Other cell designs are possible that meet the requirements of this standard
for different sets of instructions. For example, if the INTEST instruction
were not supported in a given design, R2 and M2 would be omitted from
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Figure 3.12 An example boundary-scan cell design.

cells that feed data from a system pin to the on-chip system logic. The input,
PI, would then be connected directly through the cell to the output, PO.

As the boundary-scan register instructions are discussed, we note for
each:

(1)  whether the instruction is mandatory or optional;

(2)  which test data registers can be connected in the serid path between
TOlandTDO;

(3)  redrictions (if any) on the choice of binary codes for the instruction;
and

(4  flow of data between the component's system pins, the boundary-
scan register cells, and the on-chip system logic.

3.10.1. SAMPLE/PRELOAD

This mandatory instruction dlows a snapshot of the normal operation of the
component to be taken and examined. The taking of this snapshot is
arranged so as to have no efect on the system operation that it monitors.
The ingtruction aso allows data values to be loaded onto the latched parale
outputs of the boundary-scan ghift register prior to sdlection of other
boundary-scan test ingtructions. This instruction must sdect only the
boundary-scan register to be connected between TDI and TDO in the Shift-
DR controller state. There is no required binary value that must be decoded
as the SAMPLE/PRELOAD instruction. When SAMPLE/PRELOAD is the
current instruction, test logic operation is not permitted to have any effect on
operation of system logic or on the flow of signals between the IC's system
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pins and on-chip system logic (thet is, the Mode signds for al cells should
be st to 0).

The sampling mechanism of the SAMPLE/PRELOAD instruction
has the effect of loading the states of all sgnads flowing through system pins
into their corresponding boundary-scan register cells on the rising edge of
TCK during the Capture-DR controller state (Figure 3.13). (As in later
figures, the paths followed by signals when the appropriate ingtruction is
sdected are shown as bold lines) This capability dlows the date of the
interconnect network of a machine to be captured at a desired moment (for
example, upon a faled parity check) by having the requisite edge of the
signal feeding TCK triggered by a specified system event.

INPUT CELL OUTPUT CELL

4+— Component boundaries >

Figure 3.13 Signd flow when the SAMPLE/PRELOAD ingruction is
selected.

The preloading mechanism alows an initid data pattern to be placed
at the latched paralel outputs of boundary-scan register cells (for example,
in cells connected to pins driving off-chip) prior to selection of some other
boundary-scan test operation. For example, the EXTEST ingtruction (to be
discussed in Section 3.10.2) is used for testing the interconnection of chips.
It is very desirable that predetermined and non-damaging signals be driven
out of chips on a board while the first test pattern to be applied to the
interconnect is being scanned into the boundary-scan register. This a@m can
be achieved by preloading the same boundary-scan register. As soon as the
EXTEST ingruction has been trandferred to the pardld output of the
ingtruction register, preloaded data will be driven through the system output
pins of each IC; this gtuation will remain in efect while scanning of
external test patterns is going on.
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Shifting of data for sampling and preloading can occur concurrently
when required — while sampled data is shifted out, preloading of new data
can occur.

3.10.2. EXTEST

One of the principal motivations for the development of the standard was the
need for a non-contact method of testing board (and system) interconnect —
see Beenker (1985), Jarwda and Yau (1989), and Yau and Jarwda (1989).
The EXTEST ingruction is the key to the standard's response to that need.
The EXTEST ingtruction is, therefore, mandatory. There may be more than
one binary code that is interpreted as EXTEST; however, one of these codes
must be the 'all-OY instruction code.

When EXTEST is the current ingtruction, the boundary-scan register
is the one and only register that is to be connected between TDI and TDO
for data scanning purposes. While the EXTEST indruction is sdected in a
chip:

(1) system logic of the chip must be controlled such that it cannot be
damaged as aresult of signals received at the system input or system
clock input pins;

(2 the sate of al dgnds driven from system output pins is completely
defined by the data shifted into the boundary-scan register and
changes only on the fdling edge of TCK in the Update-DR controller
dtate; and

(3) the date of al sgnals received at system input pins is loaded into the
boundary-scan register on the rising edge of TCK in the Capture-DR
controller state.

The EXTEST ingruction alows circuitry externa to the component
package to be tested. Typically such circuitry would be the board
interconnect. Clusters of components that lack boundary-scan registers can
be staticaly tested using the same functionality athough complex clusters
would require more sophidicated diagnostic systems than  would
interconnect alone. During use of the EXTEST instruction, boundary-scan
register cells at output pins are used to apply test stimuli, while those at input
pins capture test results (Figure 3.14). Captured results are scanned out of
the seridly linked boundary-scan registers of a board while the next set of
test input values is scanned in.

As was suggested in Section 3.10.1, the first test stimulus to be
applied using the EXTEST ingtruction should be shifted into the boundary-
scan register using the SAMPLE/PRELOAD ingtruction. This is the most
judicious approach because, when the change to the EXTEST instruction
takes place in the next occurring Update-IR controller state, known data will
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4 Component boundaries »
Figure3.14 Signd flow when the EXTEST instruction is selected.

be driven immediately from the component onto its external connections.
Where a total of N tests are to be applied using the EXTEST instruction,
gimuli for tests 2 to N will be shifted in while the results from tests 1 toN -
1 are shifted out. Note that, while the results from the find test (test N) are
shifted out, a determinate set of data should be shifted in that will leave the
board in a consigtent dtate a the end of the shifting process. This can be
achieved by shifting the stimuli for test N (or indeed any other test) into the
boundary-scan register for a second time.

Note that the boundary-scan register cdlls located at input pins may
optiondly be designed to dlow signds to be driven into the on-chip system
logic when the EXTEST ingtruction is selected. This alows user-defined
values to be established at the system logic inputs, preventing misoperation
in response to noise signals arriving from the board-level interconnect. The
values driven may ether be congtant for the duration that EXTEST is
selected (for example, by including a blocking gate at the input to the system
logic) or they may be loaded seridly through the boundary-scan register.

The EXTEST ingruction can be entered by holding TDI a a
congtant low value and completing an ingtruction-scan cycle of sufficient
duration to fill each ingtruction register on the board-level seria data path.
Asin the case of the BY PASS ingtruction, this may smplify demands on the
ATE or bus master device which controls atest.

The data loaded into boundary-scan register cells located at system
output pins (2-state, 3-state, or bidirectiond) in the Capture-DR controller
state when the EXTEST ingtruction is sdected should be independent of the
operation of the on-chip system logic. Where followed, this recommendation
ensures that data shifted out of the component in response to the EXTEST
instruction is not altered by the presence of faults in a chip's system logic.
This smplifies diagnosis since any errors in the output bit stream can only
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be caused by faults in off-chip circuitry, in board-level interconnections, or
in boundary-scan registers used to apply the test.

3.10.3. INTEST

INTEST is one of two optiona instructions defined by the standard that
alow testing of on-chip system logic after a component is assembled on a
board. The binary value(s) that are decoded as the INTEST instruction may
be sdected by the component designer's specification. Using the INTEST
instruction, test stimuli are shifted in one at atime and gpplied to the on-chip
system logic. To achieve this, on-chip sysem logic must be capable of
single-step operation while INTEST is the current instruction. Internal test
results are captured in the the 1C's boundary-scan register and are examined
by subsequent shifting. Initid data set-up for such a test can be achieved
using the SAMPLE/PRELOAD ingtruction.

The INTEST ingtruction must select the boundary-scan register to be
the one and only register connected between TDI aid TDO for shifting
access. When INTEST is the current instruction:

(1) the dstate of dl signds driven from sysem output pins must be
completely defined by data previoudy shifted into the boundary-scan
register and is dlowed to change only on the fdling edge of TCK in
the Update-DR controller state;

(2) the date of al non-clock signds driven into the system logic from
the boundary-scan register must be completely defined by data
previoudy shifted into the register;

(3)  the dtate of dl signds output from the system logic to the boundary-
scan register must be loaded into the register on the rising edge of
TCK in the Capture-DR controller state.

The INTEST ingtruction allows dow speed (static) testing of on-chip
system logic (Figure 3.15). Each test pattern and response must be shifted
through the boundary-scan register. While an INTEST-based test is
proceeding, the logic values at the component output pins are defined from
the boundary-scan register. This requirement ensures that surrounding
components on an assembled board are supplied known signa levels while
on-chip system logic testing is in progress. A consistent, 'safe’ set of data
vaues would be shifted into the appropriate stages of the boundary-scan
register using the SAMPLE/PRELOAD instruction prior to sdection of the
INTEST ingtruction. This 'saf€ data pattern is then reloaded into boundary-
scan control cells and the cells associated with chip outputs each time a new
INTEST test pattern is shifted into the boundary-scan register.

As noted above, the gpproach taken with the INTEST instruction
requires that on-chip system logic can be operated in a single step mode —
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Figure 3.15 Signd flow when the INTEST instruction is selected.

where the circuitry moves one sep forward in its operation each time
shifting of the boundary-scan register is completed. Note that, for each such
test step, the latched parallel output of the boundary-scan cell a the system
output pin is updated from data shifted in before the contents of the shift
register is overwritten with a new test response.

While the INTEST indruction is sdected, an IC's boundary-scan
register assumes the role of the fixture and pin eectronics of an ATE used
for stand-done component testing. Cells at non-clock system input pins are
used to agpply test stimuli, while those a system output pins capture
responses. Stimuli and responses are moved into and out of the circuit by
shifting the boundary-scan register.

To achieve single step operation, on-chip system logic can be
expected to receive a sequence of clock events between application of the
simulus and capture of the response. A designer's specification of boundary-
scan cells for system clock input pins would alow clocks for on-chip system
logic to be provided in severd ways while INTEST is the current
instruction. Here are some examples:

(1) The sgnals received at system clock pins can be fed directly to the
on-chip system logic as they would be during non-test operation.
When this approach is taken, off-chip clock sources should be
handled in such away that, during internal testing via INTEST, clock
signals received by the component change state only in the Run-
Testlldle controller state. In this way, on-chip system logic operation
can be inhibited while test data is shifted through the boundary-scan
register. Figure 3.16 illustrates how a sysem clock applied to a
component should be controlled during INTEST-based testing of on-
chip system logic.
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Figure 3.16 Control of gpplied system clock during INTEST.
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Figure 3.17 Use of TCK as clock for on-chip system logic during INTEST.

(2)  On-chip system logic can be supplied with clock signals derived
from the input signd to TCK in the Run-Testlldle controller state. In
all other controller states, such clocks should not change state (Figure
3.17).

(3)  Circuitry may be built into the component which alows on-chip
system logic to complete one step of operation upon entry into the
Run-Testlldle controller state. For example, if the component were a
microprocessor, it would be pemitted to complete a single
processing cycle; this might be achieved by internal generation of a
pulse on the processor's hold signa. In such a case, the clock(s)
applied at system clock pin(s) during the test could be free-running.

(4  Clock signas can be loaded seridly via the boundary-scan path in the
same manner in which non-clock signals for the on-chip system logic
are supplied. This would require the boundary-scan register to be
loaded for each distinct clock signa state — twice for a sSngle-phase
clock. This may be a hazard-prone operation for certain circuit
designs.

The dandard recommends that for boundary-scan register cels
located at system input pins (clock or non-clock) or a bidirectional pins
configured as inputs, the data loaded in the Capture-DR controller state
when the INTEST or RUNBIST (see Section 3.10.4) instruction is selected
should be independent of the operation of off-chip circuitry or board-level
interconnections. Where followed, this approach ensures that data shifted out
of a component in response to the INTEST instruction is not atered by the
presence of faults in off-chip system logic, board-level interconnections, and
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so on. Thiswill smplify diagnosis; any errors in the output bit-stream can be
caused only by faults in on-chip system logic or the boundary-scan register.

3.10.4. RUNBIST

In many cases, it may be desirable to put more of the burden of test into the
product itsdlf, rather than on an externd tester. Contemporary built-in sdf-
test (BIST) technology is beginning to make this possible with relatively
little circuit overhead or peformance pendty (Scholtz et al, 1988). The
optional RUNBIST instruction causes execution of a self-contained self-test
of the component. Its binary encoding is left to the discretion of the
designer. Use of the RUNBIST ingruction alows a component user to
determine the health of a component without the need to load complex data
patterns and without the need for single step operation (as required for the
INTEST instruction). With this capability in place, it becomes possible for
al components on a board that offer the RUNBIST ingtruction to execute
their sdf-tests concurrently or in groups limited by power consumption or
heat dissipation requirements, thus, a rapid hedlth check for assembled
boards can be provided. This has particular relevance to fidd service and
mai ntenance.

RUNBIST is an important instance of the flexibility that the
standard offers in providing a gateway (the TAP) through which powerful
instructions can be passed to an IC when it has become a component of an
assambled system.

The dandard dlows the development of public and private
instructions which could cause execution of BIST in various subsections of
an IC. (Such capabilities could contribute to support of failure mode
analysis) The RUNBIST ingruction is intended to serve as a modd for
other BIST ingtructions and, when it is feasble to do so, to be a vehicle by
means of which designers could link dl sdf-testing circuitry within an I1C
into a single BIST process for the entire entity. The standard recommends
that RUNBIST be implemented wherever possible.

Self-test operation accessed via the RUNBIST ingtruction must
execute only in the Run-TestlIdle controller state; and when RUNBIST is the
current instruction, the test data register into which the results of the sdf-
test(s) will be loaded must be connected for seria access between TDI and
TDO in the $hift-DR controller state. (This register can be the boundary-scan
register.) The result of the self-test(s) executed in response to the RUNBIST
instruction must be loaded into the designated test data register no later than
therising edge of signal input to TCK in the Capture-DR controller state.

The developers of the standard intended the RUNBIST ingtruction to
be an encouragement for designers to create as smple an interface as
possible for sdf-testing 1Cs embedded in systems. Therefore, they required
that where a test data register (other than the boundary-scan register) must
be initialized prior to execution of the saf-test, this must occur at the dtart of
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the sdf-test without any requirement to shift data into the component —
there cannot be any requirement to enter seed values into any test data
register other than the boundary-scan register. Moreover, where a
component includes multiple sdf-test functions, these may be executed in
response to the RUNBIST ingruction either concurrently or in a sequence
determined by the component manufacturer. In the latter case, al sequencing
must be taken care of within the component without requiring ateration of
instruction register contents or other external direction.

A number of the requirements in the standard are there for purposes
of isolation — to assure arepeatable sdlf-test result for fault-free circuits and
to protect off-chip circuitry during self-test. The design of the component
must ensure that results of self-tests executed in response to the RUNBIST
instruction are not affected by signds received at non-clock system input
pins; and data shifted out of a component, following the completion of an
execution of a sdf-test accessed using the RUNBIST ingtruction, must be
independent of the operation of off-chip circuitry or board-leve
interconnections.

When RUNBIST is the current ingtruction, the state of dl signas
driven from sysem output pins must be completdy defined by data
previoudy shifted into the boundary-scan register (for example, by use of
the SAMPLE/PRELOAD ingtruction as described in Section 3.10.3); and
states of parallel output registers or latches in boundary-scan register cells
located at system output pins (2-state, 3-state, or bidirectional) are not
permitted to change while the RUNBIST ingtruction is selected. In contrast
to the INTEST ingtruction, the data values driven through the system output
pins are held while the RUNBIST ingtruction is selected. For a boundary-
san register cel located at a system output pin (see Figure 3.12), the
UpdateDR signal should be held at O while the RUNBIST ingtruction is
sdlected and the Mode input should be held at 1.

While the RUNBIST ingtruction is selected, boundary-scan register
cells associated with non-clock system inputs of a chip may smply be
loaded with constant, 'safe’ values. Alternatively, the boundary-scan register
may act as a pattern generator and/or signature compactor in the Run-
Test/Idle controller state — provided the states of parallel output registers or
latches are unchanging as required above.

The specification of boundary-scan cells for system clock input pins
alows the clocks for the on-chip system logic to be obtained in one of two
ways while the RUNBIST instruction is selected:

(1) The sgnds received a system clock pins can be fed directly to the
on-chip system logic as they would be during non-test operation of
the component. Where this is done, the design of the component
must ensure that sdf-test executes only in the Run-Testlidle
controller state. However, the clock may be active in other controller
states.
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(2  The on-chip system logic can be supplied with clock signals derived
from the signa input at TCK in the Run-TestlIdle controller state. In
this instance, in dl other controller states, the clocks should not
change state.

There are certain, additional, commonsense requirements placed on
an IC that implements RUNBIST and on such an |Cs documentation. All
stages of the test data register selected by the RUNBIST instruction must be
st to determinate logic gates (0 or 1) in the Capture-DR controller state
(that is, while the test result is loaded). A duration for the test executed in
response to the RUNBIST ingtruction must be specified (for example, by
citing a number of rising edges of the signal a TCK or of a system clock).
Because it is likely that sdf-test in one component may complete before the
sdf-test in another, the test results produced by the execution of the
RUNBIST instruction and deposited in the specified test data register ready
for shifting out of the IC must be stable through the period of delay before
the Capture-DR controller state is entered, which period is likely to be
unpredictable at the time of the component's design. Use of the RUNBIST
instruction must give the same result in al versions of a component. These
requirements were included in the standard to ensure that the test for an
assembled board is independent of the versions of components mounted on
it. Such independence is an important consideration when working in a
maintenance or repair environment, where the versions of components used
on a board may very well be unknown. The standard's requirement can be
met by forming the exclusve-OR of the result from execution of the
RUNBIST ingtruction with a fixed (version-dependent) pattern. The output
from this function would become the result loaded into the boundary-scan
register or other test data register connected between TDI and TDO during
the time the RUNBI ST ingtruction is current.

3.11. Machine-readable descriptions of ANSI/IEEE Std
1149.1-compatible ICs

While ANSI/IEEE Std 1149.1 defines the behaviour of the boundary-scan
register and the other functiona blocks shown in Figure 3.2, a number of
parameters will vary from design to design. These include;

0] the lengths of the instruction register and boundary-scan register (that
is, the number of shift register based stages in each);

. the binary values used to encode eech indruction defined by the
gstandard (for example, EXTEST);

D the mapping of input/output pins onto boundary-scan cells; and
the package pins assigned to the signals of the TAP.
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A machine-readable language has been proposed that will facilitate
communication of such parameters from the IC designer to the board
designer, to electronic design automation (EDA) tools, or to atest system
(Parker and Orego, 1991). In effect, the language — known as the
boundary-scan description language (BSDL) — will act as an eectronic
data sheet for the test circuitry defined by the standard.

The language is a subset of the VHSIC hardware description
language (VHDL) (IEEE, 1987) and is in the process of being made a
forma part of ANSI/IEEE Std 1149.1. As will be discussed later, the
availahility of such a language will ease the development of EDA tools to
support the use of ICs that are compatible with the standard.

3.12. Using boundary-scan

The boundary-scan paths included in ICs that conform to the standard will
be used in many different ways by different companies. Key influences in
determining precisely how the boundary-scan paths are used will include:

O the dengity of the board design;

D the type of loaded-board test system to be used;

0] and, most significantly, the extent to which the board is populated
with boundary-scan-compatible ICs (rather that ICs that do not
conform to the standard).

Inevitably, many ICs that do not contain the test features defined by the
standard will continue to be used. While some board designs may only use
ICs that conform to the standard, others may use one or just a few.

In the following discussion, arange of Stuations illustrative of those
that will occur in practice will be discussed. For each, a method of using the
available boundary-scan circuitry to reduce test costs will be described and
the impact on the board design and on EDA tools considered. The focus is
on the move from in-circuit testing — the dominant test technique for
loaded-boards in the 1980s — towards 100% boundary-scan testing.

Boundary-scan can dso be used to esse functiond (from the
connector) testing where this technique is used. Here, the benefit of
boundary-scan is that connections internal to the loaded board become
controllable and/or observable without the need for probes or other forms of
access. The greater the number of ICs with boundary-scan, the greater the
controllability, observability, and testability of the loaded board. The
particular advantage of boundary-scan in this context is that it will most
likely be implemented in new date-of-the-art, high complexity 1Cs. These
are precisdly the components that cause the largest problems during test
development for loaded boards.
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3.12.1. Case 1: One or more isolated boundary-scan ICs

It will, of course, be some time before the inclusion of the features defined
by the standard is the norm, rather than the exception, in off-the-shelf
catalogue ICs. Therefore, it is probable that many boards will be designed
that contain either a single IC with boundary-scan or a small number of such
ICs that are isolated from one another by |Cs without boundary-scan (that is,
there are no direct interconnections between the ICs with boundary-scan).
This situation isillustrated in Figure 3.18.

Figure 3.18 Isolated boundary-scan ICs.

In such situations, it is likely that an in-circuit test approach will be
used to test dl ICs — those with and those without boundary-scan.
Therefore, bed-of-nails probes must be connected to al chip-to-chip
connections and to the TAP pins of the ICs with boundary-scan. The
requirement for probe access must be considered during layout of the PWB,
because there are limitations on the sze of targets that can be probed and on
the proximity of one probe target to another. Further, it is a common
requirement that al probe targets must be located on one side of the PWB.
Unfortunately, few EDA vendors offer tools to help in this task.

In-circuit testing

In the case of in-circuit testing, each board interconnection is accessible to
the test system, typically through a bed-of-nails probe. To test that each IC
has been correctly soldered onto the board, the test system applies a test
through the probes connected to the 1Cs input and output points. This test
will check that:

@ Is and Os driven onto board-level connections that feed input pins
flow through the solder joint and into the IC; and

(2 theoutputs of the IC are able to drive connections to both 1 and 0.



For an 1C without boundary-scan, these tasks are achieved by developing a
test that detects (as aminimum) faults on the input and output pins. Task (1)
is achieved by setting each input to both 1 and 0 and controlling the IC such
that a change in the input signd (to 0 or 1, respectively) will cause an
observable change at one or more output pins. Task (2) requires that each
output is set to each logic value at some point during the test — atask that
may be completed as a result of task (1).

Development of the test requires an understanding of the IC's normal
behaviour, and therefore becomes more difficult as the complexity of the IC
increases. For example, it has been estimated that some 6 man-months of
effort would be required to develop a tet module for the Motorola
MC68040 microprocessor.

Two other factors should be noted:

(1)  Typicaly, the test module placed in an in-circuit tester's library will
be developed on the assumption that no input pin is connected
directly to power or ground and that al pins can be accessed by a
bed-of-nails probe. Where thisis not the case, a new test module will
need to be devel oped. For complex I Cs, this task may be costly.

(20  Thetest will fail if thereis afault in the connection between any bed-
of-nails probe and the IC. However, it may not dlow the fault to be
diagnosed, for example, to an open-circuit joint at a specific pin.

Developing in-circuit tests for boundary-scan ICs

If in-circuit testing is to be used, the principa benefit that may be gained
from the existence of boundary-scan in an IC is a reduction in test
development time, and thence in time-to-market. This benefit may be
significant, since time-to-market is recognized as a key factor in determining
the profitability of a new product.

For an IC with boundary-scan, an in-circuit test module can be
created without any knowledge of the IC's 'normal’ behaviour — al that is
required is a specification of the boundary-scan path. The reason is that the
test need only check that signds can flow between each bed-of-nails probe
and the corresponding boundary-scan cell. Signals applied to the inputs of
the IC can be observed using the 'load-and-shift' operation of the boundary-
scan path and no longer need to be made observable at the outputs. Outputs
can easily be set to both 1 and 0 using the boundary-scan path.

Given a knowledge of the boundary-scan path's behaviour (which is
defined by the standard) and of the parameters of the test circuitry of the
gpecific IC (which are defined by its BSDL file), an EDA tool could develop
an in-circuit test module in a matter of minutes. Further, the tool could
readily be rerun were any 1C pins to be tied directly to power or ground on a
particular board.

Because faults at input pins would cause an error to be detected by a
specific boundary-scan cell, rather than a an output pin, the resulting test



would alow location of faults to a particular probe-to-chip connection. (This
is an improvement compared to aconventional in-circuit test.)

Design requirements

In addition to the continuing need for tools to assist in the layout of PWBs
such that they can be reliably probed, a need will arise for tools to link the
TAPs of the individua boundary-scan ICs into one or more board-level
paths. The number and structure of such paths may need to be determined
according to the ICs used in the particular design, as was discussed earlier.

The use of these tools will be similar to that of tools that assemble
individual scannable flip-flops or latches into serid paths within an IC.
Where scan design is used at the IC leve, it is common for the designer to
focus solely on the task of interconnecting flip-flops, latches, and other logic
such that the functional specification is met. During this stage of design, the
need for the flip-flops and latches to be assembled into scan paths is ignored.
Scan path assembly occurs once the functionad design is complete and may
be performed automatically by EDA tools. Note that, provided that the
design rules for scan design are met, the ordering of the individua flip-flops
and laches on the scan paths is largely arbitrary. The ordering can be
selected to ease implementation, test development, and test application.

The ordering of boundary-scan ICs on the board-level scan path(s)
can be similarly chosen to minimize cogts.

3.12.2. Case 2: Clusters of boundary-scan ICs

As the number of boundary-scan ICs available to the designer increases,
boards will begin to contain connections that go directly between such 1Cs
(Figure 3.19). These connections can be tested using the boundary-scan
paths and hence there is no need for them to be accessible to bed-of-nails
probes.

With care, some probes can aso be diminated on connections that
flow from a boundary-scan 1C to one without boundary-scan, or vice versa.
Cases where this can be doneinclude:

@] Networks where the connection feeds from a boundary-scan ICs
output pin to one or more input pins on 1Cs without boundary-scan.

0] Networks where the connection feeds from an 1C without boundary-
scan to an input pin on a boundary-scan 1C.

For more complex networks, a probe will probably still be required.
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Figure 3.19 Clugters of boundary-scan ICs.

Test development and application requirements

Clearly, if probes are to be eiminated on boundary-scan-only connections,
tools must be available that can generate tests for such connections. Also, the
test system must be capable of gpplying these serid tests.

In cases where aprobe is eiminated on a connection that includes an
IC without boundary-scan, additiona support tools will be required to ease
the process of converting an in-circuit test module so that parts of it can be
applied using boundary-scan paths (de Jong, 1990):

D parts of the test that would have been applied using the diminated
probe(s) must now be shifted into the appropriate boundary-scan
cal(s);

D similarly, parts of the test result that would have been sensed using
the diminated probe(s) must now be observed by loading and
shifting of appropriate boundary-scan cell(s).

Application of tests using the boundary-scan path must, of course, be
synchronized to the conventional application of tests using bed-of-nails
probes connected to signals that are not accessible via boundary-scan.

Desgn requirements

As more boundary-scan |Cs become available on each board, the need for
automated support for scan path assembly will increase, as outlined under
Ca= 1

Also, as the opportunity increases to eliminate bed-of-nails probes for some
board interconnections, so the need for effective support tools for use during
board layout rises. A tool is now needed that can identify where
probes may be omitted and ensure that acceptable probe targets exist on dl
other interconnections. This tool will require a knowledge of:
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Figure3.20 100% boundary-scan ICs.

n the circuit schematic;
. the PWB layout; and

(@] the boundary-scan characteristics of each boundary-scan IC (for
example, as defined in its BSDL file).

3.12.3 Case 3: All ICs have boundary-scan

Once dl the ICs on a board have boundary-scan, full advantage may be
taken of the features defined by the standard — assuming that appropriate
design and test development tools are available. These tools should include:

D a scan path assembler;

D boundary-scan test generation tools for chip-to-chip interconnect;
and

. tools to assigt in functiond test of the loaded board, using boundary-
scan to replace logic analysis and manual guided probing (Lefebvre,
1990).

Because boundary-scan can be used to test dl chip-to-chip
connections, there is no longer any need to ensure that the PWB layout can
be probed. All restrictions placed on PWB layout to ensure suitability for in-
circuit testing can be eliminated.

3.13. Conclusion

This chapter has provided an introduction to ANSI/IEEE Sid 1149.1 and
identified ways in which syslems companies can reduce their test costs as
boundary-scan ICs become more widdy used. To be able to gain the full
benefit from the boundary-scan circuitry that is available on a particular
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board design, tools are necessary to help in tasks such as PWB layout and
test development. It is hoped that the EDA and automatic test industries will
soon make such tools available.
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4.1. Introduction

Chapters 1 to 3 have discussed the need to design for testability and have
described some of the most widely used design-for-test techniques.

This chapter considers how a development project can be managed
s0 that the result is a testable design. As a preface to Part 2, the question of
how to choose between the dternative design-for-test techniques is
discussed.

4.2. Planning for a testable design

For the purposes of discussion, it is assumed that the development task for a
new module or board design is composed of four sequential stages:
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(1)  Product definition.

(2)  Architectural design.

(3  Detailed design.

(4  Transfer to manufacture.

The following sections indicate, from a test viewpoint, the tasks that should
be performed in each stage.

4.2.1. Product definition

In this stage, the specification for the module or board is produced. This will
detail the functions to be performed, the operating speed or throughput, and
some aspects of its physical appearance — for example, the fact that a
double-height EuroCard is to be used or the types of connector to be
provided.

To dlow initid planning for design-for-test, the following
information should be included in the product specification:

@) A dédfinition of the function or functions to be performed, including
the characterigtics of and relationship between signas e its externd
interfaces.

(0] An estimate of the total number of units to be manufactured over the
product life, with the quantity to be manufactured on a year-by-year
bass if possible.

. Definitions of any features that must be included in the product to
assig in the maintenance and diagnosis of the system of which it is a
part. For example, to support field fault diagnosis to a replacable
unit, it might be a requirement that a communications interface card
(for example, Ethernet) be provided with various loop-back facilities.

0] Definitions of any features to be included to alow the hedth of the
module or board to be verified in the field (for example, power-up
sf-test).

0] A datement of the assembly method to be used — surface-mount,
dual-in-line/plated-through-hole.

. The expected performance of the production test program — the
target fault types, the fault coverage, the run time (fault-free and
including diagnosis), and the ATE types available.

O The 'budget’ for design-for-testability. The aim here is to dlocate a
fraction of the totd resources to design-for-test. For example, an
amount of board area or a share of the totad component cost should
be allocated to design-for-test at the outset and relinquished for other
use only if not required for that purpose. Too often, the designer uses
al the available board space for circuitry required to meet the
functiond specification, with the result that none is left for design-
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for-test. Under these circumstances, little can be done to render the
design testable. (The question of how much budget to alocate for
design-for-testability is discussed further in Section 4.6.)

In addition, the target manufacturer and repair organization (if different)
should be identified wherever possible. For high-volume products (say,
10,000+ units per annum) this is essential, because the grestest economy in
design-for-test can be achieved only by tailoring the circuit design to the
target ATE systems (see Section 4.5.3).

A checkligt is included in the Appendix to help in recording the
above information.

4.2.2. Architectural design

Alternative block-level designs for the circuit are explored and key design
decisons are made. For example, a decison may be made on the
microprocessor family to be used and/or whether custom 1Cs will be used.
Increasingly, smulations are performed at a behaviourd level as a part of
this activity — for example, usng VHDL (IEEE, 1987).

As a part of the design-for-test process, the following should be
created and reviewed during this phase:

D An outline bill of materials (BOM) showing the key types of
component that might be used (for example, the microprocessor
family selected). This should be reviewed againgt any known
testability requirements or known test problems, for example as
advised by the target manufacturer based on prior experience. The
Component Sdlection checkligt in the Appendix can be used to assist
inthis review.

D Specifications for custom ICs, including a description of design
features to be included to help test the loaded board — for example,
ANSI/IEEE Std 1149.1 (IEEE, 1990).

G A test plan for the overall functional test or salf-test of the complete
product. This should detail the test to be performed, the way that the
tests are to be applied, and the way that results will be observed.
While it should not specify precise test stimuli or responses, it should
show the routes to be followed to get this data through the circuit to
or from each component or functional block. Consider, for example,
the RAM block of a microprocessor-based board design. The part of
the test plan that dedls with this block might specify that the ATE
will drive and sense data via the microprocessor bus and that the
microprocessor and other components should be disabled during this
stage of the test so that this can be achieved.
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4.2.3. Detailed design

Detailed circuit schematics and board layouts are created, logic-level
smulations are performed, and prototypes are constructed and debugged.

The testability of the design will be considered in detail during this
stage and the following items should be created and reviewed:

O A fina BOM showing the components used to construct the loaded
board. As for the outline BOM, this should be reviewed against any

known testability requirements or test problems.

O A complete documentation pack for the design, including a
description of any design-for-test feetures added to help in testing.
Why spend time and money on design-for-test if you're not going to
tell the test engineer what you've done?

@] Test waveforms for any custom ICs or programmable devices (for
example, PLAS) included in the design.

. A functiona test for the complete board design. This,is the detailed
implementation of the test plan created during the previous stage.
The precise patterns of Is and Os that will be applied and sensed have
now been computed.

4.2.4. Transfer to manufacture

The finished design is trandferred to the sdlected manufacturer. The
following test-related activities will occur during this stage:

@] Identification of the target manufacturer and (where appropriate)
repair organization, if not identified previoudy. Note that this
decision can only be left until this late Sage in cases where the
design does not 'push’ any limits. For example, it should not include
any timing-critica dgnd paths, use novel components, or have
smdler than average board geometries. It should, in fact, be a
perfectly average design.

. Converson of tests for custom ICs and programmable components
and of the functiona test for the complete board into the formats
required by the target ATE.

@) Extraction of data from the printed circuit layout to permit
construction of atest fixture.

4.3. Testability checklists and design reviews

To help manage the process of designing a testable board, Part 2 of this book
contains a detailed set of rules and guidelines. This materid is supported by
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a st of checkligts, included in the Appendix. These checklists should be
completed by the designer during the appropriate stage (mostly, during
detailed development) and used as an input to design reviews. The checklists
dlow the project manager or customer to verify that design-for-test issues
have been properly considered and, where appropriate, that any violations
have been signed off by competent gaff.

4.3.1. 'Dear Designer...'

It is appreciated that designers have many issues to consider while
developing a new product and that they must often work within tight
timescales and budget limits. For this reason, this book defines a design-for-
test methodology that is as straightforward as possible. The aim is to ensure
that designers can get on with the task in hand — the cresation of a testable
board design. For this reason, the various rules and guidelines have, as far as
possible, been grouped on a task-by-task bass — for example, component
seection, circuit design, and board layout.

Thisbookisnot an attempt to limit the designer'sfreedomto innovate.

Rather, its purpose is to help the designer develop a circuit that both meets
the functiona requirement and can be effectivdly manufactured, tested, and
supported. Designs that meet the rules sat out in Part 2 will usually be easier
to debug, thus reducing the designer's task as well as that of the test
engineer.

4.3.2. Rules and guidelines

Part 2 contains rules and guidelines that show how to design testable |oaded
boards. Each chapter focusses on one design activity — for example,
component selection.

The rules given in each chapter must be followed wherever possible
if aparticular festure or component type is present in the design. They relate
to issues that are critical to the ability to test the loaded board and should be
violated only with the agreement of experienced test personnel.

In contragt, the guidelines provide freedom for the designer to make
trade-offs between testability and other design criteria They indicate
problems that can occur when testing a loaded board and show how these
problems can be avoided. Here, the aim is to give designers the information
they need to make these trade-offs intelligently.

The reason for including each rule or guideline is given so that the
designer can understand the potential impact of non-conformance.
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4.3.3. Testability checklists

The rules and guidelines in each chapter are summarized in a checklist
which will be found in the Appendix. The format of each of the checklists
(with the exception of the management checklist) is smilar to the example
given in this section.

In each checklist the rules are listed first. Rules must be followed if it
is to be practical to test the board. For each rule, the checklist alows the
designer (or alternative completer) three options:

0] Yes. The rule is complied with completely.

D No. The rule is violated in some cases. If this option is sdlected, an
explanation of the non-compliance should be given on an attached
sheet. The explanation can then be considered by the test engineer for
the design. The violation is acceptable only when agreed by the test
engineer.

G N/A. Thisruleis not applicable to the design — for example, because
acircuit structure or component is not used.

Note that the rules are not rigid — the designer aways has the option of
convincing the test engineer that non-conformance is acceptable. The
important point is that the guidelines and, more importantly, the rules should
only be neglected wherejudtifiable. An am of the checklists is to ensure that
design decisions that impact testability are properly considered and recorded.
Following the list of rules, guideines are summarized. Because the
designer can decide to make trade-offs between meeting the guidelines and
achievement of other design objectives, the designer is alowed two options:

. %. The percentage of occasions on, or extent to, which the guideline
has been followed. It is suggested that a return of less than 75%
should bejustified by an attached explanation as if this represented a
rule violation.

D N/A. The guiddineis not applicable.

Clearly, thegreater the number of guidelinesthat isfollowed, the higher the
testability of the finished design will be. It is therefore suggested that an
average rating of 75% for all applicable guidelines should be requested
beforea designisconsidered suitablefor manufacture.

4.3.4. Desgn reviews

A design review meeting should be held a least at the end of each
development stage. This should be atended by the designer, the test
engineer, and others to represent different interests in the design:
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Component selection

(1) Product identity

Product Version

(2) Rules. The product must meet these requirements.

Item | Ruledescription Ref. Yes | No | NIA
1 All device-specific testability 723

requirements have been

implemented

Note: a negative response must bejustified on an attached sheet

(3) Guidelines. Meet these requirements where possible.

Item | Guidelinedescription Ref. % NIA

1 Components arein the approved 721
components list for the target
manufacturer

2 Simulation modds are available 721
for component used

3 ICT test datais available for 721
components used

4 Components used contribute to the | 7.2.2
'buy testable' policy

Note: aresponse of <75% should bejustified on an attached sheet

(4) Sign-off

Role Sgnature Name Date

1 | Designer
2 | Test engineer

3 | Project manager
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O Can it be manufactured?
0] Does it meet safety requirements?

and should be chaired by the project manager or a neutral appointee.

The attendees should be given aperiod (one or two weeks) before the
review mesting in which they can examine the design documentation —
including the completed checklists. They may choose to meet with the
designer during this period to discuss any points of concern.

At the review meseting, the designer should briefly review the
sructure of the design and the mgor design decisons made, with the
objective of putting the subsequent discussion in context. The presentation
should highlight any interesting or contentious issues — for example, the
incluson of a testability feature to assst in fied fault diagnosis or the
violation of atestahility rule.

The reviewers should then be dlowed to raise any matters of concern
— paticularly those whose solution may impact on other interests
represented at the meeting.

The meeting should end with a record of the actions the designer
should undertake to stify the reviewers requirements. The expectation is
that the designer will have met with the reviewers during the development
process and discussed difficult issues with them. Therefore, actions agreed a
the end of the review meeting should normally be minor.

The minutes of the review meeting should be added to the
documentation for the design.

4.4. The test strategy

4.4.1. Test stages

In generdl, it will be necessary for a newly-manufactured board to undergo
two stages of testing:

() Atest for assembly-induced faults to ensure that dl components are
in the correct locations and are correctly soldered to the board.
Checks will aso be made for other defects that may be introduced by
the assembly process — for example, solder shorts between printed
circuit tracks. This stage of testing can be peformed using an in-
circuit or cluster tester or via boundary-scan paths built into the ICs.
Note that the ability of the complete board is not checked a this
stage.

(2 A performance test to verify that components interact correctly over
the required range of clock speeds or frequencies. This stage of
testing can be performed by plugging the board into a 'mock-up'
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working system, by using a functiond tester, or through sdf-test
capability built into the board design.

A design should dlow both 'assembly-oriented' and ‘performance’ testing to
be performed a acceptable cost. The rules and guiddines in Part 2 are
selected to ensure that this will be the case.

4.4.2. Structured or unstructured design-for-test

There is a widespread trend across the éectronics industry towards use of
gtructured built-in test techniques, such as boundary-scan and sdif-test, in
place of tester-based techniques, such as in-circuit and functiond test. The
reasons for this were cited at the beginning of Chapter 2 — miniaturization
is reducing test access and the operating speeds of loaded boards are
escaating beyond the capability of the typica ATE systems. The rate of
change to use of the dtructured techniques can be seen from Figure 4.1,
which predicts the take-up of ANSI/IEEE Std 1149.1 (IEEE, 1990).

The design-for-test strategy presented in Part 2 follows this trend by
advocating:

(1)  that ICs compatible with ANSI/IEEE Std 1149.1 are used wherever
possible because this will reduce test development costs for al board
designs and, where required, alow some interna connections to be
accessed without using a bed-of-nails; and

(2) tha as much sdf-test capability is provided as possible, since this
reduces the cost of 'performance testing and provides a vauable
hedth-check facility for use in the field (for example, during system-
levd fault diagnosis).

4.5. Choosing a design-for-test strategy

To give the most testable design at the lowest cogt, the choice of which
design-for-test technique or techniques to use for a particular board design
must be determined by a number of factors. The most important factors, and
the decisons made in developing the rules and guidelines in Part 2, are
discussed in the following subsections.

4.5.1. The type of product

Designs will vary from low cost consumer products (such as telephones and
calculators) to high cogt 'capitd’ products (such as telephone exchanges and
mainframe computers). They will include analogue and/or digital circuitry
and operate at amost any frequency from D.C. to light.
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Figure 4.1 Take-up of ANSI/IEEE Std 1149. 1.

Clearly, test techniques vary condderably across this spectrum of
product types. Testability requirements will dso vary considerably, in
particular to 'match’ the board design onto the available test equipment.

It is impossible to consider every possibility in this book. Therefore,
the book concentrates on ‘core’ product types such as:

(@] 100% digital board designs

(0] largely-digitd designs where the analogue circuitry is located at the
periphery (and is therefore readily separated from the digital
circuitry).

If you have an 'unusud' product you will need to adapt the
information given in this book to meet the particular requirements of the
design and the test equipment. Ideally, you should involve a competent test
engineer a an early stage.

4.5.2. The assembly technology

In Chapter 11, it is assumed that boards that do not use |Cs compatible with
ANSI/IEEE Std 1149.1 will be built using:

O through-hole components (for example, dual-in-line ICs) mounted on
plated-through-hole boards; or

O surface-mount components spaced to give a low overall densty of
ICs on the board.
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Where a high component packing density is required, 1Cs compatible with
ANSI/IEEE Std 1149.1 will be used.

4.5.3. The production volume
In Chapter 1, it was mentioned that test costs fall into two types:

@] Recurring costs that are incurred for each copy of the design
manufactured — for example, the cost of components added to
improve testability and the cost of applying the test.

D Non-recurring codts that are incurred once, usudly during product
development — for example, the cost of test generation.

For products manufactured in low and medium volumes (say, up to
10,000 units over the product's life), non-recurring costs dominate. In some
cases, the sde price of the board will be determined exclusively by the
development cost — the cost of the parts contributes a very smdl share of
the total. In these cases, the development process (including the design-for-
test approach) needs to be uniform and routine. One smply cannot afford to
produce a custom test strategy for each design. Therefore, the am is to have
an agpproach that is flexible, alowing it to accommodate a wide range of
design types, and be manufacturer independent.

The design-for-test rules and guiddines presented in Part 2 are
designed with this am in mind. Their god is to keep test development costs
and other non-recurring costs low, even if this results in dightly inefficient
use of components or board red estate. In effect, the trade-off is between
development time and unit cost — and this has been made in favour of
reduced development time.

In contrast, for high-volume products (say, in excess of 100,000 units
over the product's life), recurring costs dominate. The drive is therefore to
minimize the parts count and the cost of components, even if this increases
development costs. Significant savings can be gained by achieving an
optimum match between the design, the manufacturing process, and the test
equipment. To achieve these savings, the test engineer must be a member of
the design team from the outset of the project. He or she must be intimately
involved in the creation of the design and may wish to create a design-for-
test drategy that is highly specific to the design. This will require that the
manufacturer be identified a a very early stage, because the capabilities of
the test equipment available will have a significant impact on the amount
and nature of the design-for-test features that need to be added.

For high-volume products, the rules and guiddines in Part 2 are
offered as a sarting point for the design and test engineers. The explanations
that accompany each rule or guideline will, it is hoped, alow the purpose of
each to be understood and the problems that may arise from violation to be
carefully assessed.
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4.6. Setting a design-for-test budget

The amount that can be spent on design-for-test will, then, be determined
primarily by the expected production volume.

4.6.1. Added circuitry

The mgority of designs (perhaps 80% or more) are manufactured in low or
medium volumes. As has dready been mentioned, for such designs the
principa objective is to reduce the non-recurring costs of development and
test generation.

For integrated circuits, Toshiba have stated (Nozuyama et al., 1938)
that design-for-test festures (such as scan paths and sdf-test) can account for
up to 20% of the circuitry in a low volume ASIC. In contrast, for a high
volume IC, such as a microprocessor, design-for-test circuitry would have to
account for less than 5% of the total circuitry.

This principle applies equaly to board designs — the share of the
board's cost that is attributable to design-for-test can be higher for a low-
volume product.

For a board design, much can be accomplished by careful sdection
of the components to be used to realize the intended function (see Chapter
7), s0 the number of components that will need to be added just to support
testing can be kept low. This is especidly true where components conform
to ANSI/IEEE Std 1149.1, because these offer extensive test access to their
input and output pins.

It is therefore suggested that a budget is set on the order of:

G Additional 1Cs. A number of ICs should be reserved for design-for-
test purposes, as shownin Table 4.1. These added ICswill, in
general, be relatively low cost devices. Aswill be discussed in
Chapter 11, it is useful if a standard board layout ‘template' can be
used that provides fixed locations for the added 1Cs across the range
of board designs that use the same board syle (for example,
EuroCard).

@] Additional resistors, etc. Typically, a number of resistors and other
discrete components will need to be added, for example to provide a
pull-up to logic 1 that may be overridden by a tester. The added
resisors may be grouped into a resistor pack when appropriate.
Typicaly, on the order of 1 discrete components per IC is required
for test purposes.

The addition of a connector to alow connection between the tester and test
access points may aso be justified.
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Table4.1 Number of ICs to be reserved for test purposes.

Number of ICs Added ICs for test

| to25 Oorl

26t0 50 lor2

51to 100 20r3

over 100 3% to 5% of number

4.6.2. Added design time

Once the basc principles of design-for-test have been mastered and
designers have become familiar with the various rules and guidelines, the
additional design time needed to ensure atestable design will be low.

Indeed, the inclusion of design-for-test features may well reduce the
overal design time for complex designs, because designers will find that the
test access they have provided helps during debugging of prototypes.
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5.1. Introduction

The subsequent chapters show how an adequately testable circuit design can
be created. Some of the design practices described in these chapters specify
that signals, normaly internal to the circuit design, should be controllable
and/or observable directly by the ATE system if adequate testability is to be
achieved. This chapter provides a catalogue of commonly-used techniques
for improving test access to printed circuit boards. The catalogue is by no
means complete — many other techniques can be used, the objective being
to provide test access at the lowest practicable cost.

Access to test connections to the product should be provided via one

of the following (in order of preference):

@)
@
©)

The product's edge connector or other interface, if any ‘spare
connections are available once the functiona reguirement is met.

Test access points accessible through a bed-of-nails test fixture (see
Chapter 11 regarding physical placement of test access points).
Dedicated test connectors or sockets.
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0_

Figure5.1 Tes point symbal.

The requirement for physical test connections through one of the
above can be reduced by adding components to the basic design, for
example in stuations where physical access is expensive (see Sections 5.4
and 5.6).

In this book, the symbol shown in Figure 5.1 is used to show a test
connection to the circuit

5.2. Connector 'U' links

Where two or more spare pins are available on a connector, these can be
used to separate the driving and receiving ends of a signa connection as
shown in Figure 5.2. This will dlow the connection to be controlled and
observed during testing and, if necessary, for a different signa state to be
applied to the input end compared to that generated within the circuit design.

During normal operation, a'U' link on the backplane between the two
connector pins completes the signd path. When the board is removed from
the backplane (for example, during testing) the two haves of the signa are
separated, allowing direct observation of the driven values and direct control
of the receiving devices.

Backplane link
reconnects signals ===
to give system ===

function

Figure5.2 Use of connector links.
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Figure 5.3 Use of 3-dtate outputs and buffers.
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5.3.3-state devices

If the circuit contains devices with 3-gtateable outputs then this facility can
be used to alow test access to the driven connections, in addition to any
system requirement for the device outputs to be set to high-impedance
(Figure 5.338). The cost of achieving accessin this way is typicdly very low,
since many devices include 3-gtate outputs. If the 3-state capability is used to
meet the system requirement, then often inclusion of an additiona gate in
the control line will make the facility usable during testing (Figure 5.3b).

Note that in busbased designs (for example, microprocessor
applications) the ahility to control al devices connected to the bus so that the
choice of bus driver is determined by the test syssem will alow the bus to be
used for test access to dl the blocks of logic to which it connects.

Where no suitable devices with 3-state outputs exist in the design,
additional 3-dtate buffers (for example, 74LS240) can dlow partitioning or
test access (Figure 5.3¢).

5.4. Multiplexors and shift-registers

For highly-miniaturized designs, where access using a bed-of-nails fixture is
difficult, multiplexors and shift registers can be used to provide test access
from the design's edge connector, etc.

= o= Of— O[— O

Figure 54 Use of multiplexors.
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Multiplexors alow sections of logic to be by-passed during the
appropriate phase of testing and for the sharing of connector pins for system
and test access (Figure 5.4). They are particularly useful where large
amounts of test data must be supplied or observed, or where the timing of
test patterns is critical. Where a design contains a block of logic for which
exigting test datais available, the use of multiplexors to render its inputs and
outputs accessible to the test system will permit the existing test data to be
re-used without modification.

Shift-registers can provide a means of controlling or examining large
numbers of points in a circuit through a smal number of test connections.
They are particularly ussful for supplying test control signals, such as for
enabling/disabling 3-date devices (see Section 5.3). Figure 55 shows two
octal shift registers serialy connected to provide access to:

D 8 dgnds in the circuit that control test operation, etc.
. 8 sgnals in the circuit that need to be observed during testing.

Note that the outputs of the serial-in, parallel-out shift register are fed
to a paralld latch within the 74LS596. By clocking the output latch only
when shifting is complete, the test control signals do not ater while a new
pattern is being shifted in.

Test enable 74LS596
Shift/load ¢, (&b £,
NR SRG8
Test clock ¢ c1/>

Seriql thG in* 1D 2D 3V —
[ | To signals to
be controlled
— [ during test
2D 3V:
7415166
R
-] M1 (SHIFT)
M2 (LOAD)
171 bl
T30

2,3D
2,3D

From signals

% bserved
d%rl%% ?egf' ©

L1t ]1]

Serial data out ¢- <

Figure 55 Use of shift registers
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5.5. Use of simple logic gates

Simple logic gates can be used to inhibit signa flow as shown in Figure 5.6,
for example to disable signa propagation around feedback loops. The gates
can either be provided solely for test purposes, or advantage can be taken of
gates dready present in the sgnd paths (for example, by adding another
input).

If, for example, atotem-pole TTL NAND gate is used (Figure 5.6a),
then the output can be forced high by pulling the test access point low. This
will permit the tester to inject Sgnas at the gate's output using overdriving
techniques (subject to time limits, etc.). Note that this is not recommended,
and that the use of an open-collector gate (Figure 5.6b) is preferred since the
output signa can be controlled without overdriving.

& & &
Disable Overdrive Disable Control
with O or observe with O or observe
(@) (b)
& & O—I—
Disable Control Observe
with O

(c)
Figure5.6 Useof smple logic gates.

Alternatively, potentiad overdriving problems can be avoided by
usng a pair of NAND gates in a multiplexor-like configuration (Figure
5.6C).

5.6. Test support chips

There are severd commercidly-available integrated circuits that are
designed specificaly to provide means of improving the testability of
assembled printed circuit boards. For example, test support chips are
avalableto:
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O provide a means of controlling signas within the circuit design;
provide a means of observing signls within the circuit design; and

D replace common building blocks (for example, octd flip-flops, octal
bus buffers, and so on) with equivalent blocks that additionally
provide test access.

Some examples of such components are:

B AMD 29818. This is an 8-bit register with supplementary test access
facilities. The contents of the register can be swapped with the
contents of an 8-hit shift register built into the component.

B LSTI Testability Chip Set. Members of this family of chips can be
used to dlow control or observation of internal board connections.

B ANS/IEEE Sd 1149.1 Test-Support Chips. Texas Instruments,
National Semiconductor, and other companies offer 8-bit and 18-bit
buffers, transceivers, latches, and flip-flops that conform to
ANSI/IEEE Std 1149.1. Signals connected to these devices can be
accessed through their boundary-scan paths using the instructions
defined by the standard (see Chapter 3).

5.7. Bed-of-nails

The bed-of-nails fixture, which is used in in-circuit testing to apply tests
directly to components in the design, can be used in functiona testing as a
low-cost means of observing connections internd to the board design.
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6.1. Introduction

Many electronic products are intended for use in a domegtic or office
environment. They are of reatively low vdue (compared to, say, a
mainframe computer or public telephone exchange). Many are produced in
low to medium volumes — say, up to 10,000 units through the product's life.

Given this Situation, there are clear advantages to the provision of
sdf-test (or health-check) festures within the products. For example:

@] The equipment can perform a health-check when it is first turned on,
and indicate any errors to the user.

O The user can run the hedth-check to help localize a fault.

Information provided by the test can be passed to the repair
organization, helping them to send the right technician with the right
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spares to fix the problem. In cases where a product is connected to
others — for example, in a network — use of health-check tests can
help in deciding which repair organization to call. A cdl to the
wrong repair-man can prove expensivel

3 The sarvice technician can use the sdf-test aong with portable
instruments to help in locating the fault within the product.

3 The sdf-test can be used as a key part of the post-production test.
Here, the sdf-test can complement the in-circuit test approach used
by many manufacturers. The self-tes can be used as a product
acceptance criterion.

That many companies are convinced of the vaue of these advantages is
demonstrated by the number of smal office systems which include sdf-test
festures. for example, computer terminals, persona computers,
workstations, and printers.

Unfortunately, the means of designing a sdf-test capability into a
product is somewhat of a black art, with the design being highly product
specific. Therefore this chapter does not provide detailed rules for the design
of sdf-teging products. Ingtead it provides a sgt of guidelines which will
help in the design of sdlf-test facilities.

6.2. Start small

Preferably, the sdf-test should be designed such that, in the event of a
failure being detected, information can be provided on the possible location
of the fault. For a multi-board product, this will provide the technician with
a good darting point for repair — for example by replacing the board
indicated as being faulty. For a single board design, the value is primarily in
the repair facility rather than to the field technician.

The need to provide a degree of diagnosis dictates that a 'sart smdl’
srategy should be used for the sdf-test. That is, the test should initidly
check that a smdl kernel of components within the design is operationa. In
the next step this kernel can be used to gpply a test to a limited amount of
additiond circuitry. If this circuitry also passes the test, it can then be used
aong with the kernel to test another block of circuitry, and so on until the
complete design has been tested. This 'start small' approach is illustrated in
Figure 6.1.

6.2.1. Microprocessor-based designs

For a microprocessor-based design, the kerne will typicaly contain the
processor itsdf, the on-board clock generator, a smdl ROM containing
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Circuitry covered by each test phase

Figure 6.1 The 'start small' strategy.

the sdlf-test program, and associated components. Preferably, a dedicated
ROM should be used to store the self-test program so that a clear distinction
can be drawn between the kernel circuitry (which will perform the role of a
tester) and the components to be tested (which will include the program
memory).

Note that in microprocessor-based designs it is typical for many
components to be connected onto the processor's bus, and this may give a
problem in isolating the kernel for the first step in the test — checking the
hedlth of the kerndl itsdlf. In order to avoid this problem, it is recommended
that the circuit is designed to dlow the kernel circuitry to be eectricaly
isolated from signals generated elsewhere in the product while the kernel test
is executed. For example, in the bus environment, a bidirectiona bus buffer
can be included to isolate the segment in the kernd from the remainder of
the bus.

The tex of the kerned should include a hedth-check of the
microprocessor itsalf which (as a minimum) verifies operation of each mgor
interna register. For example, this could be achieved by writing
checkerboard (1010...) and similar patterns into each register.

Following the kernel test, it is recommended that tests are performed
on any on-board ROM or RAM (for example, as discussed in Section 6.6).
By testing the memory early in the test procedure, it can then be made
available for use as working space during subsequent tests.
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6.3. Triggering self-test

The sdf-test should execute in response to events such as the following:

o
D

3

power-up;

a trangtion on a pin provided on the principa interface into the
product (for example, its backplane connector) — for digital designs
where 5 valt logic is used, the sdlf-test should run following a change
to 0 at the pin and an internal pull-up resistor should be provided to
ensure that the pin is inactive when unterminated;

a command received via a sysem inteface (for example, via a
network protocol or from the keyboard); or

a push-button switch on the product.

A continuous or 'stop-on-fail' sdf-tet mode can also be provided for use
during burn-in of the product or when troubleshooting for intermittent faults.

6.4. Pass/fail indications

The results of the test should be indicated through one or more of the
following:

3

An indicator light. To ensure that the light is not itsdlf faulty, the
circuit should be designed (say) such that the light is on for a brief
period at the start of the sdf-test (for example, during the kernel test)
and will otherwise stay off unless a fault is detected. The 'brakes
faulty' indicators on many cars are an example of this type of
operation.

One or more connections at the product's principal interface (for
example, the backplane connector). If possible, this interface should
both distinguish between pass and fail and provide some diagnostic
information in the event of failure. The desgn must ensure that a
fault on the 'status' connector cannot give the fault-free signdl.

AVDU screen or other alphanumeric display built into the product.
In this case, the design should be such that a sequence of messages of
the form:

Starting KERNEL test
KERNEL test passed
Starting RAM test

etc.

is displayed as the test proceeds, together with any diagnostic
information which can be given on failure.
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In al cases, where afault is detected during the sdf-tet, the failure
indication given at the end of the test should be held until the test is re-run or
some other command is given to restart the product's operation.

6.5. Control of external interfaces during self-test

While a sdlf-test is executing within a unit (for example, a board, a set of
boards, or a complete product) it is necessary to ensure that no erroneous
data is supplied through its externd interfaces. That is, the interfaces must
be controlled such that it appears that the product is inactive.

It is particularly important that the circuit is designed such that no
hazardous signa can be supplied to a connected product which is not
involved in the sdf-tes. (The term ‘hazardous is used here to cover
situations which could risk the safety of equipment users and situations
where connected products may be physically damaged.)

6.6. Component-specific self-test requirements

This section defines the types of tests which should be performed on certain
specific circuit blocks.

6.6.1. ROM

The contents of the ROM built into a product may change at intervals as the
firmware used is upgraded. In order to minimize the effects of such changes,
the ROM should be designed such that a constant test result can be obtained
regardless of the precise content. Figure 6.2 gives an example of how this
can be achieved.

Assume that there are 2V words of memory within the design, in
which case the first 2V - 1 words will be available for program storage, and
s0 on. while the last word is reserved. The test involves the generation of a
checksum (for example, using cyclic redundancy coding techniques) for the
data held in the first 2 - 1 words of memory. The resulting checksum is
then compared with the data stored in the find word — which should be
programmed to hold the expected fault-free checksum resuilt.

6.6.2. RAM

A test of the RAM built into aproduct should be capable of detecting at least
the following faults:
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Word
0 Data )
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> Microcode etc
I
[
I
2¢kN — 3 Data
2%xN — 2 Data
2%xN — 1 Balance — Reserved for test

Figure 6.2 ROM data contents.

any single memory hit being unable to hold either O or 1
incorrect operation of the address decoder
shorts between adjacent data input or output pins

An example of a suitable test procedure follows:

Write data words into memory such that:

(@) the word stored at address N is different from that stored in
locations which have addresses one bit different from N (for
example, the data in word 4 mugt be different from that in
words 0, 6, and 5);

(i)  the word dtored at address N is different from those in
addressessN- \ and N+ 1; and

(iii) no word contains 111... 1 or 000...0.

A suitable pattern could easily be generated using a linear-feedback
shift register (or firmware analogue) and writing successive paralle
outputs of the register into the memory as test data words.

Form a checksum by reading the data stored in each memory word.

Write the inverse of the previous data pattern into each memory
word.

Continue the checksumming process while the new data stored in
each memory word is read.
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(5)  Compare the find checksum with the expected result, which can be
stored in the self-test program ROM.

The Joint Electron Device Engineering Council (JEDEC) are
developing an industry standard for sdf-test features built into memory
components. Components that offer this facility should be used in preference
to others.

6.7. Some useful techniques

6.7.1.0n-board test generation and signature analysis

Linear feedback chift registers (LFSRs) and multiple-input signature
registers (MISRS) (see Chapter 2) can be built into a circuit, for example to
provide a hardware mechanism for generating the data needed for a RAM
test and creating the checksum from the results. Circuitry such as this is
especialy ussful if placed on the principa buses in the design, since it can
then be used to test many of the mgor component blocks.

Some of the ICs listed in Section 5.6 contain LFSRs and MISRs.

6.7.2.Loop-back

For products which have interfaces onto communications networks (for
example, Ethernet, FDDI, and ISDN) a loop-back mode should be provided
for use during saf-test execution in which the 'send’ data is fed immediately
back into the 'receive' port.

The loop-back facility can be either internal or external to the
product. In the latter case, the loop would be completed by an externa cable
connection between the two ports while in the former case additional
hardware is built into the product to make the connection internaly in
response to agiven control signd. Internal loop-back is preferred.

While the loop-back mode is selected, care must be taken to ensure
that no invalid signds are applied to the network connected to the data-out
port (see Section 6.5).
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7.1. Introduction

This chapter addresses factors which should be taken into account while
sdecting types of component to be used in a circuit desgn and while
gpecifying and designing components.

It should be noted that the chapter focusses exclusively on the test
aspects of component sdection and that there are other factors which
designers should aso take into consideration when selecting components —
for example, their suitability for automated assembly, and so on.

It should dso be noted that the materia in Section 7.4 is intended to
be aufficient to help in specifying a testable application-specific IC (ASIC)
design, not to be adequate for use during the ASIC design task.
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7.2. Component selection

7.2.1. Range of device types

The range of component types used in a design, or across arange of designs,
should be limited for many reasons, for example:

D to limit the number of component types stocked by a factory of repair
depot; and

O to avoid the need to train support gaff in the use of an excessive
range of devices.

To the above must be added the need to limit test devel opment costs (low for
components used in previous products, high for new component types) and
to ensure that smulation models are available to support test development
work.

Where possible, components that are already'on the Approved
Components List (ACL) for the target manufacturer should be sdlected in
preference to new component types. These components will probably have
pre-existing test data and smulation models, so these will not have to be
developed as a part of the current design project.

For components not on the target manufacturer's ACL, it is advisable
to check with test engineering personnel before selecting them for inclusion
in the design.

7.2.2.The 'buy testable' policy

Some components contain features which either make the testing of the
components themsalves easier or enhance the testability of the products in
which they are used.

Examples of features which make components themsdves highly-
testable include:

O scan design; and
D sdf-tet modes of operation (for example, a JEDEC-standard
memory sdlf-test facility).

These design-for-test techniques were discussed in Chapter 2.
Examples of features that enhance the testability of higher leve
products include:

D the ability to place al outputs in a high impedance gtate under the
control of one input pin;
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D serid  shadow-register paths (for example, AMD/MMI 'Serial
Shadow Register' product ranges); and

@) dandard test access port and boundary-scan register features
designed to ANSI/IEEE Std 1149.1.

Where possible, devices which offer test-support should be used in
preference to others.

Note: The SSI/MSl logic families contain variants of many
functions. Care in sdlecting between these variants will help improve
testability. For example, use a device with 3-state outputs in preference to
one without, since the 3-state capability can be used to improve test access.
(Figure 7.1).

%74@273 EN |7uLsS37u

nnn

Figure 7.1 Choice of devices to improve testability.

7.2.3. Known test problems

Certain components may have specific test problems which are aready
known to the target manufacturer. Designers should check for the existence
of known test problems for each component before including it in a product
design and, whererestrictionsin the use of a component are specified, these
must befollowed.

7.3. Programmable device design

The following rules and guiddines should be followed when developing a
programmable device.

7.3.1. Initialization

It must be possible to set the device into a known state by application of a
simplewaveformat oneor moreinputs.
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Idedlly, the device should be provided with a single asynchronous or
synchronous reset input which, when the correct signd is applied, causes
every register or latch, and so on, to be set to aknown date.

If this is not achievable, then initidization must be achieved by an
alternative means within the constraints specified in Section 8.2.

7.3.2. Ability to 3-state output pins

The device should be provided with an input which, when activated, causes
all output pins to be set to a high impedance (inactive drive) state. Where
this capability is not needed to meet functiond requirements, then a
dedicated test pin and associated circuitry should be provided. (See Figure
7.2)

This facility eliminates the possibility of damage to the device from
overdriving during in-circuit testing (see Chapter 1). A number of
commercia 1Cs include this facility, controlled from dedicated test pins, for
this reason (for example, the Texas Instruments TMS380 chip set).

Output =
enabe
.—S,hD—D Q] 2o—m Output(1)
Input(1) w—pe—-o — QB
PAL1GR8L_—eq ] |
B D U Eom Otpuit(2)
Input(2) - B — OB
rogra— ] |
mmable | g
o AND 3 )HD Q3w Output(3)
Input(3) @—pe—o array —> QB
(64x32) :‘1:]———-]
o
'HS‘—D--—D Qho_.’Output(S)
Input(8) e — QB]
=27
Clock =

Figure 7.2 Achieving high-impedance outputs on programmable logic.
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Note aso that some programmable logic devices can impede in-
circuit testing unless their outputs can be set into a high impedance state.
The key problem is that the output drivers can become unstable when over-
driving techniques are used to inject sgnas from the ATE. The resulting
oscillations at the over-driven connection prevent the test being applied.

7.3.3. Avoid asynchronous designs

Asynchronous stored-state circuits (for example, asynchronous finite state
machines, etc.) cause significant test and reliability problems and are best
avoided completdly. Use a synchronous design instead. If this is not
possible, restrict asynchronous circuitry to a smal part of the design which
can be isolated from the remainder during test (for example, usng
techniques such as those catalogued in Chapter 5).

A key test problem is caused by the rapid propagation of signals
around asynchronous feedback loops. For faulty circuits, this capability
alows the effects of a fault to appear instantaneoudy a al points in the
loop, making diagnosis of the cause of the fault extremely difficult.

Reliability problems can arise due to critica dependence on the
timing properties of the components in the feedback loop. For example, if
combinational logic is used to control an asynchronous reset of a stored-state
device, then it can cause spikes, and so on, which cause unwanted clearing
unless it is carefully designed. Rdiability problems of this sort not only
impact the performance of the circuit in use, they cause mis-operation during
testing with consequent ‘fault not found' during diagnosis.

Note: An exception to the rule is the use of asynchronous
preset/clear/etc. inputs for circuit initiaization (see Section 7.3.1).

7.4. ASIC design

The purpose of this section is to help the board designer to specify custom
ICs in an informed manner, S0 that they include features which will secure
board testability. Failure to follow the requirements set out in this chapter
could significantly reduce the testability of the finished board design.

7.4.1. Initialization

It must be possibleto set the I C into a known state by application of a simple
waveformat oneor moreinputs.

Idedlly, the IC should be provided with a single asynchronous or
synchronous reset input which, when the correct signd is applied, causes
every part of the design to be set to aknown state.
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If this is not achievable, then initidlization must be achieved by an
aternative means within the constraints specified in Section 8.2.

7.4.2. ASC featuresneeded to hdp in board test

Ability to force an inactive drive state at output pins

The IC must be designed such that all output pins can be set to a high-
impedance or inactive drive state when an appropriate condition (input
signal, instruction, and so on) is applied. Where this capability is not needed
to meet functiond requirements, then it must be provided solely for test
purposes. It is essentia that output pins can be placed in the high-impedance
(inactive drive) state while in-circuit testing of adjacent components is in
progress (see Chapter 1). Control of the facility can be achieved either
through a dedicated test pin or through a specific instruction applied to the
chip viaan ANSI/IEEE Std 1149.1 Test Access Port (see Chapter 3).

ANSI/IEEE Std 1149.1

All AS C designs should include design-for -test featuresin accordancewith
ANSI/IEEE Sd 1149.1, Test Access Port and Boundary-Scan Ar chitecture.

7.4.3. Test quality targets

A high quality test programme must be available for each custom I C.
Why isa high quality test needed?

Like printed circuit boards, custom integrated circuits must be tested to a
aufficiently high standard following production to ensure an acceptable
shipped quality level. The result of an inadequate test is that faults may
remain undetected in components shipped for assembly onto a printed circuit
board. Such 'dormant’ faults may be detected either when the assembled
board is tested or, in the worse case, may cause intermittent failure of a
system in the field. Many companies have estimated that it costs 1000 times
as much to locate and replace afaulty IC in the fidd as it would have cost to
find the defect immediately following chip production.

What faults should the test detect?
The following fault types must be included in the target fault set:
(1) Stuck-at faults on device outputs. These faults represent device

outputs becoming fixed a O or 1. Note also that the possibility of
device outputs becoming stuck-at-Z (high impedance) should be
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considered for devices with 3-state or bidirectiona pins, but may
lead to 'potentia’ detection (see below) unless the design ensures that
the busis pulled to 0 or 1 when it is not driven from another source.
These faults al apply to a complete connection between devices —
the fault is seen by dl devices fed from the connection.

(2)  Stuck-at faults on device inputs. These faults represent individua
device inputs becoming stuck a O or 1. The faults only affect the
specific input and not other devices driven from the connection. They
model defects in the fan-out branches of an interconnection — for
example, an open-circuit in the segment of track feeding one gate
input. In some simulators these faults are smulated as stuck-at faults,
while in others they are smulated as open-circuit faults where the
disconnected side of the connection is coerced to O or 1.

Note that a 'device may be a logic gate or more complex cdl in a semi-
cusom IC, or a trandstor in a full-cusom IC, depending on the leve a
which the circuit is modelled for smulation.

Optionaly, the following class of faults may also be considered if
time and budget permit:

(3)  Bridging faults between adjacent device pins. These faults can be
used to smulate solder shorts, etc. between adjacent terminas of a
device or between adjacent tracks.

How many of the target faults should the test detect?

The target is for the test programme to alow all faults in the target fault list
to be assigned into one of three categories, as discussed below. Under no
circumstances should the number of faults which cannot be categorized
exceed 5% of thoseinthetarget fault list.

A fault is deemed to have been detected by a test programme as a
result of one of the following:

@ 'Hard' detection. A hard detection occurs when a fault causes a
change from O to 1 (or vice-versa) a one or more points monitored
by the external test equipment.

(2  'Potential’ detection. Potentia detection occurs when afault causes a
predefined number of changes from either 0 to X (unknown) or from
1 to X a one or more points monitored by the externa test
equipment. The number of observed changes before detection can be
adjusted to change the confidence in the detection of the fault, since
the observed unknown signa state could be the fault-free value or its
complement. A figure of 5 observed changesto X is typical.

(3)  Acceptable non-detection. There will typicaly be some faults for
which detection is not possible due to the nature of the circuit design.
For example, where a circuit contains redundancy, not all faults will
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be detectable since correct operation of one part of the circuit will
prevent the incorrect operation of another from causing failure a a
point observable to the ATE. A further example would be a stuck-at-
1 fault on a device input which is tied to the logic 1 since it is not
required in the particular design. 'Acceptable non-detection' includes
all cases wherethereis a clear reason why hard or potential detection
is not possible.

A pitfall you should avoid

Normally, test quality will be verified using a fault smulator. However
another technique — 'node toggling' — is sometimes advocated by silicon
vendors or design houses. In the node toggling technique, a check is made
on a smulation of a test programme to ensure that each connection (node) is
at some point set to both 0 and 1. Clearly, if anode does not get set (say) to
0 then the test programme cannot detect stuck-at-1 faults. However, smply
setting the node to both 0 and 1 is not sufficient to ensure, that faults on it are
detected — the effect of the fault must dso be made visible to the ATE a
the component's outputs. Detection of the fault can only be guaranteed using
fault smulation.

7.4.4. Internal testability

As for printed circuit boards, test costs for custom integrated circuits can be
a sgnificant part — sometimes as much as 50% even for relatively testable
designs — of the tota development cost, particularly for complex full-
custom ICs. Clearly, costs of this magnitude can have a significant impact on
the viability of using custom silicon in a product.

For thisreason, it isrecommended that highly-structured design-for-
test techniques such as scan design and self-test are used wherever possible
(see Chapter 2). These techniques can, in some cases, dlow the test
development task to be fully automated, thereby producing significant
manpower savings. However, costs are incurred due to the need to dedicate a
smal number of package pins to test functions and due to increases in the
physical size of the IC caused by test circuitry added to the design.

7.4.5. A typical testability budget for IC design

The amount which can be spent on design-for-test in an integrated circuit
will depend on the quantity of devices which will be made over the
production life. For high volume parts (such as microprocessors), test
development costs per device are lower than for low volume parts (such as
many semi-custom ASICs), so the amount which it is economical to spend
on design-for-test is also lower.
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For alow volume part (say, up to 2000 for total production quantity),
atypica budget would be:

O Additional circuitry — up to 15% increase in the number of gates.

@] Additiona pins — 5, to dlow provison of ANSI/IEEE Std 1149.1.
(Note: Mog test functions can be controlled through the interface
defined by this standard.)

O Reduced performance — up to 5% of maximum operating speed.

For a high-volume part, the budgets for additiond circuitry might be
reduced to 5%. (Toshiba quote a variation between 20% for low-volume
parts and 5% for high-volume parts within their company.)

Beware: if you do not allow an appropriate budget for testability (for
example, the entire gate capacity is needed to achieve the system function)

then you may eventually get an adequately tested component, but the cost
will be high.
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8.1. Introduction

This chapter provides design requirements which will help achieve
testability in digital circuit designs, or in the digitd portions of mixed
analogue/digita circuit designs.

The gods of the requirementsin this chapter are to ensure that:

@) design practices known to lead to testability problems are avoided;
and

O the controllability and observability of internal signals are adequate
by providing test access at key internal connections.
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Adherence to the standards defined in this chapter will:

0 reduce test development costs;

D reduce operator interaction during production or maintenance ted,
thus reducing test run times and increasing tester capacity; and

(3 ensure synchronization between the circuit and the test system.

8.2. Initialization

It is essential that the circuit can be set to a Jully defined start state before
tests are applied — that is it must be able to be initialized. If this cannot be
done then the results of the test may not be repeatable, leading to low
confidence in the test results or fault diagnosis.

This section discusses the need for initidization and the problems
which arise if it cannot be achieved effectively. It aso defines recommended
techniques achieving initialization.

8.2.1. Why initialize?

The date of the circuit is defined by the logic vaues held in each stored-
date device — flip-flop, counter, memory, and so on. Complete
initialization is achieved when a known pattern of Os or |s has been written
into each such device. This must be achieved as quickly and as smply as
possible for two key reasons.

Firstly, some of the faults which can occur in a design will prevent it
from initidizing. For example, if there is an open circuit fault in the
connection to a reset input on a flip-flop then applying the reset condition
will have no effect. If the circuit can be initidized by applying a small
number of input patterns, then the number of such faults will be relatively
smal. However, if the initidization process is complex, then the number of
faults which prevent completion will be much greater. While this does not
impact the test's capability to detect faults, faults which inhibit initialization
are extremely difficult to diagnose, thereby impeding repair.

Secondly, initialization is vitd during both design verification and
the test development process. Here it is the cost of smulaion which is
adversaly affected if initialization cannot be achieved, or is more complex
than necessary.

Both fault-free smulation (design verification) and (to a greater
extent) fault simulation run times will be increased if initidization is
inefficient.
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8.2.2. Length of initialization waveform

To limit the number of faults which can prevent successful initialization (and
which are in consequence difficult to diagnose), the length of the
initialization waveform (as measured by the number of clocks or input
patterns applied) must be kept to a minimum. As a guide, complete
initialization should be achieved within 20 clocks or input patterns.

8.2.3. Preferred initialization techniques

The following sub-sections discuss preferred techniques for achieving
circuit initialization. They are organized to indicate relative priority between
the techniques, with the first being the ideal option.

Asynchronous initialization

The idedl way of initidizing a circuit is to apply a single pattern at the
design's inputs which asynchronoudy initializes al stored-date devices. See,
for example, Figure 8.1 where areset signa is applied to the asynchronous
clear inputs of al flip-flops in the design.

> C 1 > C1
~~R R
Clock »—
Reset »

Figure8.1 Circuit with asynchronous reset.

Synchronous initialization

A circuit can be synchronoudy initidlized by applying a pattern of control
inputs followed by one or more clock pulses. See, for example, Figure 8.2.

Initialization through shifting or loading of data

For highly regular designs such as paralld latches, long ghift registers, and
random access memory, asynchronous or synchronous initialization may be
impractical. The provision of a clear or other input on each stored-dtate
device is not practical due to the significant increase in circuit size (at the
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Figure8.2 Circuit with synchronous reset.

chip level) which would be required. In these cases initidization must be
achieved by shifting or loading data into the design.

8.2.4. Prohibited initialization techniques

The following sub-sections define initialization techniques which are not
acceptable, for example due to the increased complexity of test development

or use.

Homing sequences (Repeat-until)

Figure 8.3 shows a circuit which can be set to a known darting state by
continuing to apply a clock until the required pattern appears at the circuit
outputs. When this pattern is detected the test branches out of the initiaizing

loop.
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Figure8.3 A circuit which requires a homing sequence for initialization.
This style of initidization is not acceptable because:

3 most logic smulators do not have test-and-branch capability;

@) the ATE cannot be guaranteed to have test-and-branch capability;
and

D faults can eadily prevent initidization and can cause indefinite
looping unless a limit is s&t on the number of clocks, etc. to be

applied.

8.2.5. Controlling initialization

Connection to initialization controls

The design must dlow initialization to be controlled by application of
defined signals to one or more inputs on a norma functiona interface — for
example, the edge connector.

Dedicated test connections to the design (for example, bed-of-nails
access through test lands) may be used to enhance the initialization
capability provided through the norma functiond interfaces, but cannot be
used as the sole means of initidizing the circuit.

Power-on resets

Where power-on resets are included to meet adesign requirement, the circuit
must provide an dternative input through which the ATE may cause
initialization without having to disconnect power. Figure 84 shows the
provision of a dedicated test input to complement initialization at power-up.
If & power-on reset is used then time must be alowed for the output
of the power supply to decay before it can be regpplied in order for the reset
to be reliable. The requirement for an aternative means of triggering the
reset alows test and diagnosis time to be reduced where it is necessary to
initialize the circuit at severd points during the tet — not just a the
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Figure 85 Methods of tying unused initialization control inputs.

beginning — for example, to alow the test to be structured. Also, during
guided probing for fault diagnosis the test will need to be repeated
frequently — a process which would be considerably dower without the
capability to cause a'logical' reset.

Unused initialization controls

Unused initialization-control inputs (for example, load, preset, clear, and so
on) must not be tied directly to power or ground. In addition, where there are
severd initidization controls for one component then these must not be
connected together (see also Section 8.5.4).



Figure 85 shows methods of tying such inputs in TTL-compatible
circuits which satidfy the first requirement. Connections to be tied high for
normal operation should be made through a suiteble pull-up resistor.
Connections to be tied low should be driven from the output of a gate (for
example, an inverter) whose input is pulled high. In either case, a dedicated
test connection to the test access point will allow the component to be
initidized.

The requirement that unused initialization controls must not be tied
together is included to ensure determinate behaviour when the initiaization
condition is removed. For example, if the preset and clear inputs to a flip-
flop are connected together then the state after the combined signd changes
from O to 1 will vary depending on propagation delays, and so on, in the
circuit (Figure 8.5a).

8.3. Architectural issues

8.3.1. Mixed analogue/digital circuits

Different test techniques are required for analogue and digital circuitry.
While testing of each type of circuitry in isolation is relatively
sraightforward, significant test problems can arise when atempting to test
mixed analogue/digital designs.

An an example, consder the case of an anaogue-to-digita (A-to-D)
converter feeding into a complex digital circuit. Because of the performance
tolerances inherent in the design of the A-to-D converter, a defined voltage
applied a the analogue input may produce one of arange of digital patterns
at the converter's output. If the converter's outputs are not directly accessible
to the test system, then they will need to be propagated through the digital
circuitry to signas which are connected to the ATE. This task is not
necessarily draightforward, particularly if the individua output bits are
processed separately.

- —»
Input Cf% ! G % [— Output
from »—— 2 “é : 22— to
O : g

Figure 86 Tegtingamixed analogue/digita circuit.
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The variability of the A-to-D conversion process also impacts the
task of testing the digital circuit. Digita circuit testing reguires that defined
inputs are applied, and that corresponding predefined outputs are observed.
If the characterigtics of the A-to-D converter cannot be accurately defined,
then these requirements can only be achieved if the test system can control
the inputs to the digital circuit directly, bypassing the converter.

Test access mugt therefore be provided as close to the
analogue/digital interface as possible — for example as shown in Figure 8.7.
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Figure 87 Partition andogue and digital circuits.

8.3.2. Dynamic circuits

Dynamic circuits must be operated a a minimum speed to avoid
unintentional loss of data. There are, however, cases where this is difficult to
achieve during testing — for example, when application of the test must
pause to dlow the ATE to fetch more data from backing memory.

Such problems may be overcome through use of keep-dive clocks
supplied either from the ATE or by circuitry within the product design.
However, since the length of time between bursts of test activity cannot be
accurately defined, the circuit must be capable of entering a hold state where
no data changes occur for keegp-alive clocks to be useful.

Where possible, use a static design and avoid these problems.

8.3.3. Asynchronous circuits

Asynchronous stored-state circuits (for example, RS-latches, asynchronous
finite state machines, and so on) cause sgnificant test and reliability
problems and are best avoided completely. Use a synchronous design
instead. If thisis not possible, restrict asynchronous circuitry to a small part
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of the design which can be isolated from the remainder during test (for
example, using techniques such as those catalogued in Chapter 5).

A key test problem is caused by the rapid propagation of signals
around asynchronous feedback loops. For faulty circuits, this capability
allows the effects of a fault to appear instantaneoudly at al points in the
loop, making diagnosis of the cause of the fault extremely difficult.

Reliability problems can arise due to critica dependence on the
timing properties of the components in the feedback loop. For example if
combinationa logic is used to control an asynchronous reset of a stored-date
device, then it can generate spikes that could cause unwanted clearing unless
it is carefully designed. (The combinational network in Figure 8.9a includes
alogically-redundant gate whose purpose is to prevent glitches being applied
to the flip-flop input.)

Reliability problems of this sort not only impact the performance of
the circuit in use, they cause mis-operation during testing with consequent
fault not found' during diagnosis.

Note: An exception to the rule is the use of asynchronous preset,
clear, and other inputs for circuit initialization (see Section 8.2).

8.3.4. Redundant circuits

Logically redundant circuitry may be included in a design for severd
purposes. Key examples are reliability improvement and remova of hazards
in combinationd logic networks. In other cases, redundant circuitry may be
included accidentally — for example, by use of a four-bit counter stage
which can only count up to 7 because of constraints imposed by the
surrounding circuitry.

Do not build redundant circuitry into a design unless it really is
necessary. Where it is needed, then the design must allow each redundant
block to be thoroughly tested in isolation (see, for example, Figures 8.8 and
8.9). Failure to do this will, in genera, act againgt the origina purpose of
including the redundancy — that is, it will make the overal result less
reliable, or more susceptible to hazards, and so on.

InFigure 8.8, the voter in circuit (a) is intended to masks faults at the
output of any one of the logic blocks at its inputs. It also does this during
test, preventing detection of logic block faults at the circuit output. In circuit
(b), test access points and 3-date buffers have been inserted between the
logic blocks and the voter to dlow:

D each logic block to be fully tested in isolation from the others; and
O the voter to be fully tested in isolation from the logic blocks.

In Figure 8.9, the top circuit contains a redundant term (highlighted
gate output) to ensure that no glitches are fed to the asynchronous set input
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Figure 89 Redundancy for glitch suppression.
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to the flip-flop. Without the redundant term, a glitch might be generated by
the combinational network when moving between ABC=111 and ABC=110,
for example.

8.4. Function-oriented requirements

8.4.1. Random-access memary

Accessrequirements

For thorough testing, test data must be written and read severa times from
each RAM word. Because RAM sSzes are large, and increasing, the amount
of test data required is also large. Any limitations in the ability to feed data
in or read data out can therefore lead to significant test problems.

For example, a limited test for stuck-at faults in a IK word RAM
would require 3072 test patterns:

& 1024 patterns to write the first set of words (for example, a unique
bit pattern in each word) and thus initialize the memory

D 1024 patterns to read back the firgt set of words while writing the
second (inverse) set
@] 1024 patterns to read the second set of words.

This assumes direct access to the RAM's terminals. If the surrounding circuit
is such that 10 clocks are needed to deliver each input test and read each
result then the number of test vectors required becomes 30,720. Clearly, for
modern memories with >1 Mbit capacity, the inability to apply atest directly
to the RAM data and address lines can present enormous problems. It is
therefore a requirement that all RAM terminals (including the data and
address lines, chip selects, and read/write controls) must be directly
accessible to the tester, through test access facilities built into the design if

appropriate.

Dynamic devices

The use of static RAMSs is preferred. Where dynamic RAMs are used,
interna refresh signals must be controllable from test points during testing.

8.4.2. Read-only memory
Testingthe ROM

ROM is tested by exhaustive examination of the stored data, either by
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Figure8.10 Provide a seed word to ensure a constant checksum.

examining each word separately as it is read or by forming a checksum. In
either case, it is necessry to be able to sequence through all memory
addresses — for example, by applying a count to the address lines. If the
basic circuit design does not dlow this (perhaps because the ROM has been
used as combinational logic — for example, to build a state machine), then
test access must be provided to alow such acount to be applied.

The memory outputs must be accessible at test points either to alow
examination of each word or to alow the checksum to be created.

Where ROM contents can change once the memory is assembled
into the product (for example, where selection of a ROM is used to program
the circuit function) provision must be made to ensure that dl variants of the
design can be tested with substantialy the same test program. For example:
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(1) If the ROM is dectricaly reprogrammable, alow the contents to be
eased and rewritten in situ without damaging surrounding
components.

(20 Provide a 'seed” word that ensures that .the checksum result is
constant regardless of the memory contents. Figure 8.10 shows how
the use of a seed word can convert the checksum for the rest of the
memory contents into a required result. (Information on checksum
generators is contained in severa of the texts referenced at the end of
Chapter 1)

Testing the rest of the design

A common technique for testing microprocessor-based board designs is to
bypass the on-board ROM during appropriate parts of the test program and
instead provide a ROM emulation in the ATE. This alows the rest of the
product to execute a program supplied by the ATE, different from the one it
will execute normally.

There are two main techniques for achieving this:

O Include a small section of code in the ROM which will be executed
following reset of the microprocessor. This code should cause an
conditional jump to an unused address. The code can inspect a logic
level applied at a control input to determine whether the product is
under test.

(@] Modify the address decoding logic of the product so that the ROM
components are permanently disabled when the test control is active.

8.4.3. Monostables

Monostables must not be used except in exceptional circumstances because
they cause considerable test problems — for example due to variable output
pulse widths and their sengitivity to transients on input signals.

Where monostables have to be used to meet a design requirement the
following requirements must be satisfied (Figure 8.11):

2 Monostables must not be cascaded.

2 Inputs and outputs of monostables must be connected to test points to
allow accurate measurement of output pulse widths, and so on.

(3)  Test access must be provided to alow the component's outputs to be
replaced by inputs from test points.

(4  In cases where the output pulse is short (less than 300 nanoseconds)
provision must be made to alow easy detection of the output pulse,
either by lengthening the pulse during test or by including a 'glitch-
capture' circuit.
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Figure8.11 Testability requirements for monostables.

8.4.4. Clock generators

The following requirements ensure that the circuit can be properly
synchronized to the ATE during testing and, in cases where the normal
operating speed of the circuit is in excess of the ATE's, that testing can be
performed at a speed acceptable to the test sysem (Figure 8.12). For in-
circuit testing, the requirements also ensure that the tester does not need to
over-drive a changing signa (which could cause unwanted spikes during the
testing of devices supplied by the clock).

Clock

generator BAD
Clock %7 ‘
generator & P GOOD

Figure8.12 Clock generators.
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(1)  Provison must be made for externally supplied signds to replace the
outputs of built-in clock generators during test.

(2)  The outputs of built-in clock generators must be directly observable
at atest point.

(3)  Theuse of multiple free-running built-in clocks is prohibited unless
they can be independently disabled and replaced during testing.

84.5. Counters

Where long counters are included in designs they can result in an excessive
number of test patterns being required for testing. This will have a direct
impact on test costs, since the design will require more time on the test
system and reduce throughpui.

The example in Figure 8.13 shows a common use of a long counter
— to reduce the frequency of a supplied clock before it is applied to other
logic. In this case, the counter stages form a part of adigital watch chip.

In the top example, 86,400 clocks must be applied at the clock input
to change the state of the programmable 'days-in-a-month’ divider. This
would lead to an excessive test time, even if the input clock frequency was
increased from 1 Hz to 10 MHz during test (see Section 8.4.4).

To avoid such excessive test lengths, the design should alow long
counters to be modified during test such that no more than ten stages precede
any output from the counter chain, for example as shown in the modified
circuit in Figure 8.13. In this way, the mgority of the testing can be done

Divide | |Divide | |Divide | |Pivide | | pivide
tHz »— by 60 [ by 60 [—by 24 [ % AL — etc.-

1

i Divide |T{en Divide | etc..,
Divide | [Divide |[JEN vle| Bi"'5% 1 by VIT| by 12
tHzP— by 60 [by 60 28-31

Figure8.13 Long counters.
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while bypassing the counter chain, with a smal number of tests being
applied with the complete counter chain connected to verify overal circuit
operation.

For very long counters (say more than 16 stages) it is advisable to
alow the chain to be divided into severd shorter segments during testing so
that a thorough test can be performed on the counter within an acceptable
test time.

8.4.6. Parity trees

Parity trees should be congtructed to alow segments of up to eight stages to
be tested separately, and for outputs to other circuitry to be controlled
directly from test points.

This will considerably simplify the task of changing the dtate a the
output of the tree, which will be necessary when testing the logic this drives.

8.4.7. Adjust-on-test and select-on-test components

Adjust-on-test (AOT) and select-on-test (SOT) components (for example,
as used to set the pulse width of a monostable) should be avoided where
possible. Their use increases the amount of operator interaction required
during testing and significantly lengthens test times.

Where AOT or SOT components must be used, then the following
requirements must be satisfied:

D No initial setting or selection should totaly inhibit circuit operation.

(2 The adjusment or selection required must be dictated by a rationa
electrical measurement made at a test point.

(3)  Interdependent AOT/SOT components are only permitted in
exceptional circumstances where no other dternative is available.
The number of interdependent AOT/SOT components must be kept
to the absolute minimum.

(4 A detailed adjusment or selection procedure must be supplied as a
part of the design documentation.

(5  For AOT components, the adjustment must be achievable without the
use of unusua or specialy designed toals.

Additiond regquirements on the positioning and mounting of AOT and SOT
components on printed circuit boards are given in Chapter 11.

8.4.8. Switches

Where switches are used the time required for testing is increased since
operator intervention is required to change settings.
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Alternatives such as 'handbag' links (that is, as shown in Figure 8.14)
that can be completely removed during testing are preferred since, with the
link removed, the connections can be easily controlled and/or observed.

To dlow testing to proceed at high peed where switches are used,
access should be provided to alow the tester to control their outputs during
test. This will alow the mgority of testing to proceed without operator
intervention, with a smal number of checks involving the operator to verify
the performance of the switches themselves.

See Chapter 11 for requirements on the orientation and mounting of
switches.

Figure8.14 'Handbag' link.

8.4.9. Indicators and displays

Test points should be provided to dlow signas feeding indicators (LEDs,
and so on) and displays to be examined directly by the test system. This will
allow testing to proceed at high speed without operator intervention, with a
small number of checks involving the operator to verify the performance of
the displays and indicators.

See Chapter 11 for requirements on the orientation and mounting of
indicators and displays.

8.5. Connection-oriented requirements

8.5.1. Limit fan-out

The load placed on any component output by other components in the design
must alow sufficient margin for additional loading presented by guided or
bed-of-nails probes (typicaly > 10 Kohm). As aguide, subtract one standard
load for the logic family from each driver's capability. This is necessary to
ensure that contacts made during testing do not significantly ater the
behaviour of the circuit under test.
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8.5.2. Edge-sensitive inputs

Clock and other edge-sensitive inputs to the complete design should be
buffered before use, for example using Schmitt trigger devices. This
provides protection against unwanted operation of the components driven by
the signals during testing, for example due to double-clocking caused by
dowly rising edges from the ATE.

8.5.3. Test connections

Where components used in the design have dedicated test inputs or outputs
these must be controllable from, or observable at, test points.

8.5.4. Unused inputs

Unused control or function-select inputs, test data inputs and controls must
be tied to fixed logic levels via pull-up (for TTL), or pull-up/pull-down (for
CMOQS), or pull-down (for ECL) resistors, rather than through direct
connections to power or ground. Where an input must be tied to zero (TTL)
or one (ECL) this can be achieved through an arrangement such as that
shown in Figure 8.15a where the input to an inverter is pulled to the
opposite logic level.

Groups of unused inputs can be connected to the same pull-up/pull-
down network subject to the following requirements:

()  Inputs controlling different functions (for example, load, clear,
enable) in a component must not be tied together (Figure 8.15a).

(20  Functiona datainputs for a component may be tied together.

(3)  Groups of inputs controlling a single function may be tied together
provided that the function can be enabled/disabled by changing the
date of the tied network. (For example, where multiple chip sdlect
inputs are provided — Figure 8.15b).

(4  For 3-state enable inputs and other inputs that can force outputs to
their high impedance date (for example, busrequest signas for
microprocessors) it is preferred that inputs of different devices are
not tied to common pull-up/pull-down networks. However, where
this cannot be achieved, it is essential that 3-state enable inputs for
devices that are otherwise connected together are not themselves tied
together (Figure 8.15¢).

These requirements dlow the inputs to be used during testing if
required. A particular benefit is to in-circuit testing, where the ability to
apply standard library tests for component types can be compromised if the
tester is unable to change the dtate of one or more inputs. Requirement (4)



140 CiRCVJTDESIGN

has a particular impact in in-circuit testing, since it alows component
outputs to be placed in a high impedance state while the adjacent
components are tested. This avoids the need for over-driving.
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Figure 8.15 Requirements for 'unused' pins.

8.5.5. Wire-OR and wirecAND connections

The presence of wire-OR or wire-AND connections in a design complicates
fault diagnosis since the ATE must determine which driver is injecting the
faulty information onto the connection. WireOR and wireeAND
connections should therefore be avoided if possible. Where they are used,
care in assgnment of driving gates into integrated circuit packages can
considerably ease diagnosis problems (see Chapter 11).



CONNECTION-ORIENTED REQUIREMENTS 141

8.5.6.3-state connections and buses

Access

Those 3-state connections and buses that are not accessible at the design's

functiond interface (package pins, edge connector, and so on) must be
connected to test points.

Termination

When none of the drivers is active, 3-state nodes enter a high-impedance
state. This condition may occur either as part of the normal operation or due
to faults in the various drivers.

When probed, fault-free nodes in the high-impedance state will cause
indeterminate signals to be captured by the ATE hardware and may therefore
appear to be faulty. This would sgnificantly confuse the diagnostic process
and must be avoided. All 3-state connections within a desgn must therefore
satify one of the following requirements:

(1)  The connection must be driven at al times (except during transitions
between drivers). Where this is not required for the basic design,
additiona drivers can be introduced to cover the 'dead’ states (Figure
8.16 — option 1).
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Option 1: added driver Option 2: Pull—up

Figure 8.16 Avoid floating nodes.
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(2) The connection must be equipped with a pull-up or pull-down
resistor of appropriate vaue that will force a known condition onto
the bus in the absence of an active driver (Figure 8.16 — option 2).

Control of busdrivers

It must be possible to disable smultaneoudy all devices capable of driving a
bus from a test point. It must also be possible for signals from test points to
be used to determine which device is enabled onto the bus, in place of the
built-in control circuitry.

These requirements dlow the bus to be tested for shorts between
wires without interference from bus drivers. They aso dlow the bus to be
used as a means of testing the blocks of circuitry connected to it,
independently of one another.

8.5.7. Feedback

The presence of global feedback paths (that is, feedback paths outside of
stored-state devices) significantly increases the cost of test development and
can complicate fault diagnosis.

In the former case, interference from feedback signals can make it
difficult to propagate data needed for testing through the circuit. Data
patterns may be corrupted by feedback signas, and paths may become
blocked by unwanted feedback of control signals.

BAD

GOOD

¢ﬁf:&_rwfq

Figure 8.17 Bresk feedback paths.
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In the latter case, diagnosis is impeded since faults on components in
the feedback loop will appear a every node in the loop, and can only be
distinguished by the time at which the faulty condition arises. Some test
techniques (for example, signature analysis) consider the results of the test as
a whole and are therefore unable to diagnose faults in feedback loops.
Asynchronous feedback 1oops cause problems for al test techniques because
faulty signds propagate amost ingtantaneoudy around the loop (see aso
Section 8.3.3).

To avoid these problems, facilities must be included in global
feedback paths to alow feedback to be inhibited and/or for feedback signds
to be replaced by data from test inputs at the appropriate stage of testing
(Figure 8.17).

8.6. Controllability and observability improvement

In addition to the test access defined in the previous sections, the design
should dlow test access for control and/or observation at the following:

(1) Dataand address buses.

(2 Read/write control lines.

(3) Interrupt, hold, and hat lines.
(4  Asynchronous controls.

(55  Connections with fan-in or fan-out > 8 — for example, an output
from an 8-input NAND gate or asin Figure 8.18.
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Figure 8.18 Placement of test points on connections with large fan-in or
fan-out.
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the Product
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92  Safety during testing 95  Converson and validation
9.3  Powerinputs 96  Power-on resets

9.1. Introduction

This chapter defines testability requirements for power supplies to the
product and power distribution, including circuitry used to convert power
voltage levels or to provide power line decoupling.

9.2. Safety during testing

The designer must ensure the safety of personne involved in testing

assembled printed circuit boards. In particular, the designer must ensure

that test personnel are protected from (or made awar e of) any safety hazards
which might exist only during testing of the product, for example due to

removal of casings, and so on.
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9.3. Power inputs

9.3.1. Number of power supplies

The number of different power supplies fed to the product should be less
than or equa to three. This limit is necessary to remain within the
capabilities of programmable automatic test equipment.

9.3.2. AC power supplies

The use of AC power supplies to printed circuit boards should be avoided
wherepossible.

9.3.3. Location of power pins

Power is supplied to the product through hard-wired connector pins or
appropriate bed-of-nails access points. Therefore, to alow a text fixture to
be used to connect more than one product to the ATE, it is advisable for
standardized locations to be used for power pins. More information on this
topic is contained in Chapter 10.

9.3.4. Power-on sequencing

The power supplies for a product must be able to be turned on in any order
without affecting performance or initialization and without causing damage
to the product.

9.3.5. Stabilization

The total test time for a product could be excessive if power supplies take
too long to settle to their steady-state levels, resulting in higher than
necessary test costs. The stabilization time for any input power supply must
therefore be kept to aminimum, idedlly less than one second (see Table 9.1).

Table 9.1 Stahilization time for power supplies.

Grade Time to stabilize
Best < 1 second

1 to 5 seconds
Worst 5 secondsto 1 minute

Prohibited > 1 minute
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Under no circumstances may a product power supply require in excess of
one minute to achieve astable level.

9.4. Decoupling

Power inputs to the following devices should be decoupled by the location
of a capacitor as close to the component power pin(s) as possible:

D clocked devices (especialy counters)
Cl devices forming asynchronous stored-state circuits
& devices feeding asynchronous inputs to stored-state circuits.

9.5. Conversion and validation

9.5.1. Regulators and converters

The product design must alow &l voltage regulators and converters to be
tested at full rated load current before power is applied to the rest of the
product (thereby avoiding any possibility of damage due to faults in power
circuitry). Where faults in built-in regulators or converters could cause
damage to other components in a product, then the derived power supplies
must be disconnected from the remainder of the product during testing.

9.5.2. Fuses and circuit breakers

All fuses and circuit breakers must be accessible during testing and capable
of being replaced or reset without having to dismantle the product. (See aso
Chapter 11.)

9.6. Power-on resets

Where power-on reset circuitry is incorporated in a product, the design must
also permit initialization by a logic input from the ATE. This ensures that
the product can be reset to aknown starting state at intervals during the test
process, but without having to disconnect and re-apply power (see aso
Section 8.2).
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and Layout

101 Introduction 103  Signa-to-pin mapping
10.2  Connector selection

10.1. Introduction

There are two main ways of achieving satisfactory interconnection between
the ATE and the unit under test (UUT) — through the product's normal
functional connectors or through bed-of-nails probes. In either case, a test
fixture must be constructed to convert between the format of the ATE's zero
insertion force (ZIF) connector and the connector(s) used by the UUT (see
Figure 10.1).

This chapter discusses how the product's connectors can be chosen
and configured to reduce test costs. A key am is to ensure that, where
products use the same connector types, the layout of signals to connector
pinsis sufficiently standardized that a single ATE fixture can be used for dl
the products. If this cannot be achieved then a different test fixture will be
needed for each product, resulting in increased test costs.

Design requirements aimed at reducing the cost of use of bed-of-nails
test fixtures for printed circuit boards are contained in Chapter 11.
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Figure 10.1 A view of the ATE pin eectronics and test fixture.

10.2. Connector selection

10.2.1. Connector durability

The ATE fixture will be constructed using one of more connectors
compatible with the interface(s) to the UUT. Since these connectors will
experience alarger number of insertions/removals than the connectors on the
individual UUTSs, they must be chosen to give reliable operation in the test
environment.

To ensure that ATE fixture reliability is not unnecessarily low, all
UUT connectors must be chosen such that a high reliability companion
connector is available that is specified to permit a minimum of 1000
insertions without significant degradation of its performance (for example,
increased contact resistance).

10.2.2. Keyed connectors

Where a UUT connector is equipped with a locating key (for example, to
prevent an incorrect board type being inserted in a system backplane dlot),
the key must be defeatable during testing to alow a common test fixture to
be used.

10.3. Signal-to-pin mapping

10.3.1. Industry standards

Where an industry standard connector layout such as the VME-busis used, it
is recommended that the standard be followed without modification. This
will permit the test engineer to reuse expertise previoudy gained in the
operation of the interface.
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10.3.2. Power and ground

Power and ground connections to the UUT will be hard-wired to appropriate
connector pins. Changes in the location of the power connections will
therefore usually require the congtruction of a new test fixture, and should be
avoided.

A dandard set of pins should be assgned to supply power and
ground for al designs using the same connector type. Where a particular
power supply connection is not used on a given design using the connector,
then the pins assigned to that supply must not be reused for other purposes
— dither for alternative supply voltages or for Signd connections.

10.3.3. Signal placement and grouping

For some test systems, certain facilities in the pin electronics (the eectronics
which drives signals into the UUT, or examines the UUTs response) cannot
be st up on apin-by-pin basis. The facilities must be uniformly used across
groups of pins, typicaly across al sets of pin eectronics contained on a
sngle card in the ATE backplane (commonly 16 or 24 pins are driven or
sensed per card — see Figure 10.1).

Other restrictions occur due to the differences in performance (and
hence cost) of the pin electronics, which may mean that only a small number
of the pins on a given test sysem may be capable of connection to an
‘unusud’ (for example, non-TTL compatible) signal on the UUT.

This section provides guiddines for the mapping of signas onto
connector pins that will increase fixture commondity between board designs
given that the ideal god of total flexibility in the ATE will not be achieved.

Logic signals

The mgority of ATE is equipped to handle TTL-competible technology as
the 'standard' option. Therefore, TTL-compatible logic signads can normally
be fredy alocated to connector pins.

For some lower-cost test systems, limitations may occur which limit
the edge placement capahilities of the pin eectronics. For example:

O only pins on the same card can change state at the same time;

@) al pins on a card mugt have the same waveform characterigtic (for
example, return to 0/1/Z or surround by complement).

Designers should therefore keep Signals that have particular timing
requirements in fixed positions on connectors.
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'Unusual’ signals
'‘Unusud’ signals such as:

3 analogue sgnas
(@] high performance signals

d logic signas using unusud logic levels (for example, not TTL-
compatible)

will need to be connected to ATE pin electronics with the appropriate
capabilities. Such capabilities are likely to be confined to a small number of
cards in the ATE system in order to reduce the cost of the equipment. The
design of connectors for a range of cards using the same connector type
should therefore ensure that such 'unusuad' signals are wired to fixed
connector pins.

External terminations

Typicaly the ATE pin eectronics will provide for pull-up, pull-down, or a
more complex programmable termination. These terminations will be
needed at open-collector or balanced line driver outputs from the board, for
example.

A common limitation here is that &l terminations on a single ATE
pin eectronics card must (if used) be st to the same value, imposing a
limitation on the design of the connector pin-out.

Problems arising from such ATE limitations can be avoided by
ensuring that al signals that require termination use the same terminating
network.
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11.1. Introduction

This chapter addresses the design and layout of printed circuit boards,
including the grouping of logic dements (for example, NAND gates, and so

on) into integrated circuit packages.

The principa objective is to ensure that the physical contact required
between the ATE and the assembled board can be easly and reliably
achieved. Two forms of access are typicaly required, in addition to access

through the product's connectors as discussed in Chapter 10:
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O through a bed-of-nails interface to connections within the circuit,
either for in-circuit testing or to supplement access through the
connectors during functiona testing; and

d so that the ATE operator can manually probe inter-chip connections,
and so on, as required during fault diagnosis.

An additional objective is to ease the task of diagnosing detected faullts,
primarily by ensuring correct packaging of logic eements into integrated
circuit packages and easy identification of components.

Therulesand guidelinesin this chapter address only thetest aspects
of printed circuit board layout. Designers should ensure that the
requirements placed on board layout to ensure compatibility with auto-
insertion equipment, and so on, areal so met.

11.2. Using this chapter

11.2.1. Board design requirements versus design-for-test

In Chapter 3 the impact of changes in integrated circuit and manufacturing
technology on design-for-test was discussed. Of particular note is the move
away from test techniques that depend on physical access into the core of the
board (for example, in-circuit testing) towards techniques that require access
primarily to the board's connectors (for example, ANSI/IEEE Std 1149.1).
These changes have a sgnificant impact on the design-for-test requirements
for board layout.

11.2.2. In-circuit test requirements

For in-circuit testing, access is required to every component-to-component
connection on a printed circuit board. This is achieved using a bed-of-nails
interface fixture, as shown in Figure 11.1.

To dlow efficient and reliable use of a bed-of-nals fixture, it is
necessary to impose a number of ‘accessibility’ requirements on the layout of
aprinted circuit board. These cover aspects such as:

O the ease of achieving a vacuum sed (typically, a vacuum is required
to pull the board down onto the spring-loaded probes);

D the ease of contacting the probe target; and [

3 ensuring that components on the probed side(s) of the board do not
interfere with probing.
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11.2.3. Functional test requirements

For functiona testing, a limited amount of access to internal connections
using a bed-of-nails fixture may be required, for example to alow easier
observation of internal circuit nodes or to gain access to test points added to
improve the testahility of the circuit design. In addition, physical access to
the board will be required during fault diagnosis. This will typicaly involve
the use of a hand-held 'guided' probe.

To ensure reliable manuad probing of the board during diagnosis,
aspects of board layout such as:

O the availability of probeable connections on the side(s) of the board
accessible to the ATE operator during test; and

D the postioning and numbering of components

are of interest. After al, the am is to test the assembled printed circuit
board, not the competence of the ATE operator!

In addition, the manner in which logic devices (for example, NAND
gates, flip-flops, and so on) are dlocated into integrated circuit packages at
the start of the board layout process can have a dsgnificant impact on the
qudlity of the eventua diagnosis.

11.2.4. The impact of boundary-scan components

As was discussed in Chapter 7, by sdecting components for use on a board
that are designed to meet ANSI/IEEE Std 1149.1, the requirements for
physical access to the board during testing are considerably reduced. Where
a board is constructed entirely from such components, physical access will
be required only to the product's connector(s) and to those connections
within the board that form the test access path. The result is that components
can be placed closer together, and that fewer artwork features need to be
added to a board layout to ensure its testahility.

| —
73 B T AR, Movement of
=== = board when
\Bottom lvacuum is
applied

Spring loaded probes

Figure 11.2 Board on ATE fixture.
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11.2.5. Which rules should | follow?

Many of the rules and guiddines in this chapter gpply to all boards,
regardless of the tet technique to be used. There are, however, some
exceptions — notably the requirements for test access and component
spacing. In these cases, the rules and guidelines apply only where in-circuit
and/or functional testing are to be used.

11.3. Terminology

The terms 'top' and 'bottom' used in this chapter relate to the board as viewed
by the operator when it is mounted on an ATE test fixture (Figure 11.2).

For dud-in-line, plated-through-hole board congruction the
component side is the top, while the solder sde is the bottom. For other
styles of board congtruction, for example where components are mounted on
both sides of the board, the top Sde remains accessible to the ATE operator
during test while the bottom side is contacted by the ATE, for example
through a bed-of-nails interface. Note that, while fixtures are available that
permit smultaneous access to both ddes of a board, these are expensive.
Also, in many cases the accuracy of probing for the top side of the board is
less than for the bottom side, therefore some artwork features (for example,
test access pad sizes) mugt be larger. The objective of this chapter is
therefore to ensure that dl printed circuit boards can be tested using a bed-
of-nails fixture that contacts only one sde of the board (the bottom), with
the other side (the top) being available for manual guided probing.

11.4. Overall layout

11.4.1. Board shape

The preferred shape for a printed circuit board is rectangular with no cut-
outs. Where cut-outs are used they must be surrounded by an area clear of all
obstructions as discussed in Section 11.4.2.

11.4.2. Clearance around board edge, cut-outs, etc.

Bed-of-nails test fixtures are normally operated by a vacuum that draws the
board down onto the spring-loaded nails. An amount of board area sufficient
to accommodate an appropriate sed is therefore needed around the board
edge, cut-outs, and any other festures that could prevent a vacuum being
established.
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Figure 11.3 Tooling holesand clear area.

The clear area must be free of components, other obstructions, and
via holes and should extend for at least 5.08 mm (0.200 inches) from the
edge of the board, or cut-out. In the case of tooling holes, the clear area
should extend for 9.52 mm (0.375 inches). This requirement is illustrated in
Figure 11.3.

11.4.3. Locating holes

The accurate positioning of the board on the test fixture is critica if reliable
connection is to be made to test lands and the edge connectors.

To dlow accurate positioning, tooling holes with a diameter of
3.175, +0.100/-0.025 mm (0.125, +0.004/-0.001 inch) must be provided at
two diagonaly opposite corners of the board artwork as shown in Figure
11.3. If possible, a third tooling hole should be provided as marked. All
tooling holes must be un-plated, because the accuracy with which the board
can be positioned on the test fixture will be unacceptably reduced by the
need to accommodate variations in plating thickness.

The positiond tolerance of the tooling holes should be:

D +/-0.075 mm (+/-0.003 inches) between tooling hole centres
0] +/-0.050 mm (+/-0.002 inches) between the tooling hole centres and
other artwork features, such as test lands.

Note: The geometries defined in this chapter for other features (for example,
test access point size) make the assumption that these requirements are met.

There must be aclear areaof at least 9.52 mm (0.375 inches) annular
radius around each tooling hole (see Section 11.4.2).
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11.5. Interconnect, vias, etc.

11.5.1. Via holes should fill with solder during assembly

To ensure a reliable vacuum sedl between the assembled printed circuit
board and the test fixture, al via holes must be filled by the soldering
process.

Via holes must therefore be of an appropriate diameter to ensure that
they are normally filled during flow-soldering. Alternatively, provision must
be made to ensure that the holes are filled following assembly.

There must also be sufficient clearance in any solder resist coating to
alow viaholes to be filled during soldering.

11.5.2. Use of mounting holes

To limit damage during repair of faulty boards, component mounting holes
should not aso be used to convey signas between layers of the board
artwork.

11.6. Packaging of logic elements

When packaging logic eements into multi-element devices (for example,
SN7400 NAND gates, or SN74374 |atches) the following requirements must
be satisfied where possible. These requirements should be satisfied in order
from (1) — highest priority, to (3) — lowest priority.

@] Devices of the same type feeding onto a single wired junction or bus
connection must be contained in the same package (Figure 11.4).

(20 Gates, latches, and so on of the same type which are connected
together must be located in the same package. Note: This
requirement is obligatory where an asynchronous feedback path
flows through two or more elements of the same type. (See Figure
115)

(3) Gates, latches, and so on of the same type which are in the same part
of the design hierarchy must be located in the same package.

All these requirements, if followed, will ease the task of diagnosing a fault
to asingle replaceable part.
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Figure 11.6 Regular board layout.

11.7. Component placement

11.7.1. Board layout

To maximize performance of the ATE operator or repair technician during
diagnostic probing, the preferred overall layout of the board is for the main
components (for example, integrated circuits) to be placed on a rectangular
grid (see Figure 11.6). As discussed in Section 11.7.3, dl components
should be oriented in the same direction with pin-1 of each device being
placed on a grid intersection. Components that are too large to fit within a
single position on the grid can spread into neighbouring positions.

Note that Figure 11.6 shows a number of locations on the standard
grid reserved for test support components. Since an amount of additional
circuitry may be required to render the design testable according to the
gtandards defined in this book, it is good practice to reserve space for the
extra components from the outset — and to release it later if not required.
Resarving a consigtent set of locations for boards in a product range has
benefits in terms of reduced cost of providing ATE interface fixtures.
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11.7.2. Component mounting

The preferred style of assembly is single-sided component mounting on
plated-through-hole printed circuit boards, using either through-hole or
surface-mount components. Other styles of assembly, notably double-sided
component mounting, significantly increase the cost of building ATE
interface fixtures and complicate the ATE operator's task during diagnogtic
probing.

Where components must be mounted on both sides of an assembled
board it is essentid that the following factors are considered during
component placement:

O Where practical, all integrated circuits mounted on the bottom side
should meet IEEE Std 1149.1, since this removes the need for
physical probing of their pins.

@] Components on the bottom side may be in a vacuum during testing,
which will inhibit cooling. These components must therefore be able
to tolerate being in the vacuum for in excess of 15'minutes (to alow
for fault diagnosis time).

O Components on the bottom side must not obstruct the operation of
the bed-of-nails fixture. In particular, they must be clear of test lands
(see Section 11.9) and their height must be less than 4.00 mm (0.160
inches) preferred, 9.00 mm (0.360 inches) absolute maximum.

11.7.3. Component orientation

The ease and accuracy with which an ATE or repair operator can locate a
specified component pin for probing or examination can be sgnificantly
decreased if al components do not have the same orientation on the board.
(Generaly, a good operator can achieve around five probes per minute on a
well laid out board.)

To dlow maximum diagnostic throughput to be achieved, dll
components must have the same orientation, with their axes parallel to either
the X or the Y axis of the board. Note also that for reliable flow soldering, al
dual-in-line packages should have the same orientation.

Where it is necessary to adopt different component orientations, the
following rules must be obeyed:

@] al packages of the same style (for example, al dua-in-line packaged
devices) should have the same orientation;

@] package orientations should be at 90° intervals — that is, component
axes must be paralél to the X or Y axis of the board; and

d the position of pin 1 and the flow of pin numbers (that is, clockwise

or anti-clockwise) should be prominently marked beside each
component.
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11.7.4. Space between components

Therulescontained in this sub-section must befollowed unless neighbouring
components conformto ANS/IEEE Sd 1149 J.

To dlow for accurate and reliable contact between a guided probe, chip clip,
and so on, and a component pin or printed circuit track, there must be at
least 3.810 mm (0.150 inches) separation between component pins and
adjacent components, measured perpendicular to the side of the component
on which the pin is located. The space between adjacent sides of components
which do not have connections must exceed 1.27 mm (0.050 inches).

These reguirements are illustirated in Figure 11.7. Note that where
sockets are used, the spacings are relative to the outer socket walls.

ot GI 0.050 inch
absolute minimum
VO
Ca —O
Ca —C)
Ca —o

“—>
0.150 inch preferred minimum

0.100 inch absolute minimum

+“—
o w2
Ca — G —o
C —O G —O _
1o 6150 Io.oso inch
absolute minimum

n,

O —O

e —o

G —O

Figure 11.7 Space between components.
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11.7.5. Rules for specific component types

Adjustable components

Adjustable components must be placed on the top side of the board. All
adjustable components must be mounted so that they can be adjusted with a
screwdriver or other instrument held perpendicular to the printed circuit
board. The direction of adjustment should be the same for al components
(for example, clockwise/anticlockwise, left-to-right, top-to-bottom, and so

on).

Select-on-test components

Select-on-test components must be placed on the top side of the board. The
mounting arrangement must be compatible with the number of insertions
and removals anticipated during the product's life.

Indicators

Light-emitting diodes and other indicators must be placed so that they are
visible when the board is mounted on the ATE.

Fuses and circuit breakers

All fuses and circuit breskers must be visible during testing, and capable of
being reset or replaced without any dismantling.

Links and switches

Links, switches, and so on, mugt be placed on the top side of the board and
be capable of being changed or operated without any dismantling.

11.8. Test access provision

11.8.1. Test access requirements

The following connections must be capable of being accessed through a bed-
of-nails fixture:

)
@)

©)

all input and output connections of the board;

test access points included in the circuit design to improve its
testability (for example, as defined in Chapter 8);

signals that connect to the TCK, TDI, TDO, TMS, and TRST* pins
of components that conform to ANSI/IEEE Std 1149.1;
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(4  dgnds where one or more connected input and output pins is not a
digital pin provided with boundary-scan capability to ANSI/IEEE
Sd 1149.1; and

(5)  each power connection (+5 V, ground, and so on) to a component
whose signa pins are to be probed as aresult of (4) above.

For a board populated exclusively with components that conform to
ANSI/IEEE Sid 1149.1, only the limited number of test access points
defined by (1), (2), and (3) above is required. This limited set of test access
points would dso be sufficient if it could be guaranteed that in-circuit
testing will not be used during the life of the product.

Note:

O Test access points must be provided for dl otherwise un-used
component pins to permit testing for solder shorts, and so on.

O Where jumpers, and so on, are used to complete a connection
between two or more printed circuit tracks, each track is considered
to be a separate interconnection and must be provided with its own
test access point. Each signd connected to a jumper must be
considered as an input or output connection of the board — category
(1) above.

All test access points must satisfy the requirements on spacing, and so on,
containedin Section 11.9 and be placed on the bottomside of the boar d.

11.8.2. Probe target provision

Prior to the addition of dedicated test lands to the printed circuit design, the
following design features may be consdered as locations for test access
points:

(1)  viahole pads of diameter > 1575 mm (0.062 inches) that are filled
by solder during the assembly process and are not coated with solder
resist, dry film, and so on;

(2 leads of through-hole mounted dual-in-line package (DIP)

components,

(3) leads of through-hole mounted single-in-line package (SIP)
components,

4 leads 8f through-hole mounted resistors, capacitors, diodes, and so
on; an

(5)  plated connector tabs.

Where test access is not possible to one of the above design features,
dedicated test lands designed according to the requirements of Section 11.9.2



164 PRINTED CIRCUIT LAYOUT

must added to the printed circuit design. Optionally, dedicated test lands
may be provided under other circumstances.

Where there are severd acceptable probe targets for a single signd,

the priority of sdection followed during the fixture manufacturing process is
(in descending order):

@
)
3
4
©)

©)

dedicated test lands;

viahole pads;

leads of through-hole mounted DIP components;
leads of through-hole mounted SIP components,

leads of through-hole mounted resistors, capacitors, diodes, and so
on; and

plated connector tabs.

Note that access to the pins of surface-mounted components is not permitted
due to the possibility of pressure from the bed-of-nails prgbes masking open
circuit joints. Dedicated test lands are therefore required for all
interconnections made exclusively between surface-mount devices unless
electronic accessispossibleto all component pinsconnected to the network.

9 L9 L9
| 9
| g

4 L9 L4
| 9

4 L9 LS4
I <i
| 9

9 |
q
4
9 |
.
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|
|
|
|
|
l
I
|

Figure 11.8 Regular array of test lands.
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11.8.3. Standardized test point placement

Where only alimited number of test access points is required (that is, where
al components conform to ANSI/IEEE Std 1149.1 or it can be guaranteed
that in-circuit testing will not be used), it is possible to reduce the number of
test fixtures required across a range of board designs. Examples would
include cases where a board is one of a set forming a complete product, or
where a widely used equipment practice is to be used (for example,
Eurocard). In such cases, ATE interface fixtures can be reused if test access
is achieved through dedicated test lands placed in standard locations. The
benefit is substantially reduced cost of testing the product in production or
repair.

Examples of standardized test land placements which could be
adopted are shown in Figures 11.8 and 11.9. In the example in Figure 11.8,
one test land is placed adjacent to each chip on the board.

Figure 11.9 shows clustered arrays of test lands surrounding board
locations reserved for test support chips (for example, as described in
Chapter 5). The locations shown are chosen to minimize the distance from
the connection to be probed to atest land in the array. The locations reserved
for test support chips may be released for other applications if not required
for test purposes.

[ 4 9 9 [

Figure 11.9 Clustered test land arrays.
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11.9. Test access point design

This section details design requirements for test access points.

11.9.1. Placement

All test access points must be on the bottom side of the board. Where
interconnections would not otherwise be accessible on the bottom side of the
board, through-connections to dedicated test lands must be provided. A
study of typica board designs (Bullock, 1987) showed that, in practice, a
board will only contain a smal number of such connections.

11.9.2. Dedicated test lands

Shape and size

Dedicated test lands may be square or circular. The square shape is preferred
snce this clearly identifies features of the printed circuit artwork which
cannot be moved (for example, during engineering changes) without
requiring modification of the test fixture.

The length of each dde or the diameter (as appropriate) should be
greater than 15 mm (0.060 inches) wherever possible, and must be greater
than 10 mm (0.040 inches) in all cases.

GOOD BAD

T

Constriction prevents
solder flow to test land

Figure 11.10 Separation of test lands from mounting holes, and so on.
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Placement

Dedicated test lands must be separate from component mounting holes or
pads. This avoids damage to bed-of-nails test fixtures due to atempts to
contact uneven surfaces (for example, the solder meniscus) — for example,
where the probe may dide off the solder surface and bend.

The provision of a congtriction between the mounting hole/pad and
the test land inhibits an excessive build up of solder on the test land during
soldering (see Figure 11.10). Note that, while Figure 11.10 shows a through-
hole mounted component, it is equally important that this rule is followed
for surface-mounted devices.

11.9.3. Surface

The most reliable contact between a spring-loaded probe and an assembled
board is achieved when the feature to be probed is coated with solder. Thisis
because the softness of the solder dlows the oxides that build up on its
surface to be pierced by the probe.

The assembly process should therefore ensure that dl artwork
features that will be used as test access points are coated in solder (for
example, via wave soldering, or by printing solder paste prior to component
mounting and reflow).

11.9.4. Spacing

The spacing between test access points (for example, as listed in Section
11.8.2) must exceed 2.54 mm (0.100 inches) where possible, but may reduce
to 127 mm (0.050 inches) where absolutely necessary. The objective is to
minimize the number of probes on a 0.050 inch pitch since these probes can
be unreliable in operation.

Note that it is not permitted to contact the leads of surface-mount
components directly. Dedicated test lands must therefore be provided for all
interconnections made exclusively between surface-mount package pins.
Where package pins are spaced closer together than 2.54 mm (0.100 inches),
track configurations such as illustrated in Figure 11.11 can be used to dlow
the minimum test access point spacing to be maintained.

11.9.5. Clearance around test access points

The space between the centre of a test access point and edges of any
adjacent components mounted on the bottom side of the board must exceed
150 mm (0.060 inches) for al components, and 5.00 mm (0.200 inches)
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#> 0.100"

Y.

0.050"

-----

Figure 11.11 Test land placement for devices with pin spacings less than
0.100".

where the height of the component exceeds 4.00 mm (0.160 inches). These
requirements are illustrated in Figure 11.12. Note also the maximum height
for components on the bottom side of the board defined in Section 11.7.2.

The requirement for a component-free area around the test access
points ensures that there is no interference between the spring-loaded probes
on the fixture and the assembled board.

The requirement concerning tall components is caused by the limited
space between the bed-of-nails fixture base plate and the bottom surface of
the printed circuit board. To accommodate large components on the bottom
side of the board the probe base plate needs to be shaped, perhaps by
inclusion of a cut-out:

11.10. Labelling

11.10.1. Text size

All text on the printed circuit board should exceed 15 mm (0.060 inches) in
height.
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>0.160 inch

>0.080 inch <0.360 inch‘

}
>0.200 inch

Cut—out to
accommodate
tall package when

fixture is activated

Probe base plate

Figure 11.12 Clearance between test access points and components.

11.10.2. Text orientation

All text, including text on integrated circuit packages, must be at O degree
(horizontal) or 90 degrees when viewed by the ATE operator. (See Figure
11.13)

11.10.3. Board identification

The type, revison level, and serid number must be clearly marked on the
top side of the printed circuit board.

Bar-code labels, where used, must dso be on the top side of the
board. (Note that the bar-code label may be the largest single item on a
surface-mount board. The Texas Ingruments SCOPE Diary component
(Texas Instruments, 1990) alows board identification data such as revision
and repair data to be held in an IC, rather than through a label. This
component uses the ANSI/IEEE Std 1149.1 Test Access Port.)

11.10.4. Component identification

Unless al components are placed on a rectangular grid, al component
identities must be marked on the printed circuit board adjacent to the
component locations and must remain visible once the components are in
place.
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Figure 11.13 Text orientation.

[

Labels

Figure 11.14 Labelling when grid layout used.

Connector

Connector
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If components are placed on a rectangular grid, then component
identities can be indicated by labelling the rows and columns as shown on
Figure 11.14. Alternatively components may be numbered sequentialy left-
to-right, top-to-bottom, sarting at the top-left corner of the board (see
Figure 11.15).

11.11. Construction

11.11.1. Multi-board construction

Multi-board construction (for example, mother/daughter board) should not
be used if at al possible, with the exception of the use of hybrids.

Where daughter boards (hybrids) are to be mounted on a mother
board, access must be provided to all components and interconnections of
the combined assembly without dismantling, through provision of test lands
on the daughter boards where necessary. Particular attention must be paid to
the ability to access test data and control signas through contacts to the
mother board (see Section 11.9).

Connector

Figure 11.15 Sequentia labelling of components.



11.11.2. Coatings

Where coatings are applied it is vital that points to which test access may be
required are kept clear. Such points include:

. test lands on the printed circuit board

D via holes (to meet the requirement for vias to be filled by solder —
Section 11.5.1).

& component leads

Coatings other than solder resist masks (for example, conformal coatings)
should be avoided if at al possible.

11.11.3. Covers, and so on

Where dl or part of a design is to be contained in a cover (for example for
EMI screening) then the design must alow either:

3 easy removal of the cover during testing, without affecting the
operation or electrical performance of the circuit (EMC performance
may, however, change); or

@) test, diagnosis, and adjustment (where required) with the cover in
place — that is, all faults in the circuit contained within the cover
must be diagnosable with the cover on, and adjustments must also be
possible with the cover in place.
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CHAPTER 12.
Documentation

121 Introduction 122 Documentation required for
test

12.1. Introduction

This chapter defines the documentation required before detailled test
development can commence. This documentation must be produced during
the product development process.

12.2. Documentation required for test

The documentation generated by the product development team must
include the following:

 Bill of materials, showing the types and (where appropriate) vendors
of al components needed to build the product.

3 Detailed schematics. Idedly, these should be provided as part of a
copy of the complete workdation database for the design. If

173
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hierarchic schematics are not available, then the detailed schematics
should be accompanied by appropriate block schematics.

Board layout data, preferably in worksation format to permit
extraction of the positional data needed to construct test fixtures.

Description of test-support features built into the product (e.g.,
location of test lands, sdlf-test, loopback, etc.).

Programming data for ROMs, PLDs, etc. supplied as machine-
readable files (for example, in JEDEC format).

Data for custom ICs, including schematics, data sheets, test
waveforms, and so on.

Set-up procedures for adjust-on-test, select-on-test, switches, and
similar components.

Performance specifications showing maximum and minimum
operating speeds, power consumption, and so on indicating
especidly those parameters that are critical to.the successful
operation of the product.

Timing relationships between input/output signals, for example as
would be found in a component data book, to show which signas
precede others, set-up and hold times, and so on.

Functional test waveforms for the completed design, to form the
basis of any functiond tests required for production or maintenance
(for example, the waveforms created on the engineering workstation
during smulation of the design). Note, waveforms should include
both the inputs applied and the expected outputs (for example, asin a
simulation log file). Note also that any test waveforms which must be
applied in order to guarantee that the product meets relevant
standards (IEEE, CCITT, Ethernet, and so on) must also be supplied.



APPENDIX

oot |

Testablllty Checklists

Al I ntroduction

A.l. Introduction

This Appendix contains a set of testability checklists for use at appropriate
stages in the development of aloaded board design.

Genera information on the use of these checklists is contained in
Chapter 4. The checklists provide a reference to the section of this book
where further information can be found on each specific topic.
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Self-testing products

(1) Product identity

Product Version

(2) Rules. The product must meet these requirements.

Item | Ruledescription Ref. Yes | No | NIA
Sdf-test is triggered by: 63
(a) power-up

(b) user-interface command
(c) dectronic interface
command

2 Test results are indicated at: 6.4
(@ user-interface .
(b) electronic interface

3 No hazardous datais applied to the | 6.5
product interfaces during salf-test

Note: a negative response must bejustified on an attached sheet

(3) Guidelines. Meet these requirements where possible.

Item | Guidelinedescription Ref. % NIA

1 Kernd is separated from other 62
circuitry during kernel test

2 Component-specific tests are 6.6
applied

3 A dedicated sdif-tet ROM is 6.2.1
provided

Note: aresponse of <75% should bejustified on an attached sheet

(4) Sign-off
Role Sgnature Name Date
Designer
Test engineer

Project manager
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Component selection

(1) Product identity

\ Product Version \

(2) Rules. The product must meet these requirements.

Item | Ruledescription Ref. Yes | No | NIA
1 All device-specific testability 723

requirements have been

implemented

Note: a negative response must bejustified on an attached sheet

(3) Guidelines. Meet these requirements where possible.

Item | Guidelinedescription Ref. % NIA
1 Components are in the approved 721
components ligt for the target
manufacturer

2 Simulation models are available 721
for component used

3 ICT test datais available for 721
components used

4 Components used contribute to the | 7.2.2
'buy testable' policy

Note: aresponse of <75% should bejustified on an attached sheet

(4) Sign-off
Role Sgnature Name Date
Designer
Test engineer

Project manager
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Programmable device design

(1) Product identity

] Product Version

(2) Rules. The product must meet these requirements

Item | Ruledescription Ref Yes | No | N/A

1 | Device can beinitidized 731

9 All device outputs can be st to 732
high impedance from adevice
input

Note: anegative response must bejustified on an attached sheet

(3) Guidelines. Meet these requirements where possible.

Item | Guidelinedescription Ref % N/A

1 Deviceis synchronous 733

Note: aresponse of <75% should bejustified on an attached sheet

(4) Sign-off

Role Sgnature Name Date

1 | Designer
2 | Test engineer

3 | Project manager
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ASIC design

roduct identity

\ Product

Version |

(2) Rules. The product must meet these requirements.

Item | Ruledescription Ref. Yes | No | NIA
1 Device can beinitiaized 741
2 All device outputs can be st to 742
high impedance from a device
input
3 Test programme exists that detects | 7.4.3
more than 95% of target faults

Note: a negative response must be justified on an attached sheet

(3) Guidelines. Meet these requirements where possible.

Item | Guidelinedescription Ref. % NIA
1 Chip complies with ANSI/IEEE TA.2
Sd 1149.1-1990
2 Scan or sdf-test techniques have | 7.4.4
been used where appropriate
Note: aresponse of <75% should bejustified on an attached sheet
(4) Sign-off
Role Sgnature Name Date
1 | Designer
2 | Test engineer
3 | Project manager
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Circuit design

(1) Product identity

\ Product Version \

(2) Rules. The product must meet these requirements.

Item | Ruledescription Ref. Yes |No | NIA
1 All stored-state devices can be 82

initialized
2 Prohibited initiglization techniques | 8.2.4

have not been used

3 Power-on resets are provided with | 825
an aternative logic control

4 Unused initiaization control pins | 825

are not tied together

5 Andogue and digital circuitscan | 8.3.1
be separated during test

6 All redundant circuits can be 834
tested separately

7 RAM and ROM terminas are 84.1
directly accessible 84.2

8 ROM can be disabled and replaced | 8.4.2
by tester

9 No monogtables used in the design | 8.4.3

10 | All built-in clocks can be observed | 8.4.4
and replaced by ATE signals
during test

1 No AOT or SOT componentsin 847
design

12 Fan-out margin provided to drive | 85.1
probes

13 | Tedt pinson devices are accessible | 85.3

14 | Unused device pins are tied to 854
fixed logic levelsto DFT
reguirements

15 | Test points provided on busesand | 8.5.6
3-gate connections

More rules follow...

Note: a negative response must bejustified on an atached sheet
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Item | Ruledescription Ref. Yes |No | N/A

16 3-state connections cannot be high | 8.5.6
impedance in fault-free product

17 ATE can determine bus driver 856
during test

18 | Feedback paths can bedistbled | 85.7

Note: a negative response must bejustified on an attached sheet

(3) Guidelines. Meet these requirements where possible.

Item | Guidelinedescription Ref % N/A

1 Initialization can be achieved 822
within 20 clockg/patterns

2 Static designs used in preference | 832
to dynamic

3 Synchronous designs used in 833
preference to asynchronous

4 ROM contents can be made to 84.2
give a consigtent checksum

5 Monostables meet dl DFT 84.3
regquirements

6 Long counters can be ssgmented | 845
for test

7 Large parity trees, etc. can be 84.6
segmented for test

8 AOT and SOT components meet | 84.7
DFT requirements

9 Handbag links, etc. used rather 848

than switches

10 | Tedt points provided for LEDS 849
and indicators

1 Clock, etc. inputs enter via buffers | 85.2

12 No wire-OR, wirecAND 855
connections

13 | Test access provided to key 86
connections

Note: aresponse of <75% should bejustified on an attached sheet
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(4) Sign-off
Role Sgnature Name Date
1 | Designer

2 | Test engineer

3 | Project manager
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Power supply and distribution

(1) Product identity

\ Product Version | I

(2) Rules. The product must meet these requirements.

Item | Ruledescription Ref. Yes | No | NIA
1 Design offers no safety hazards for | 9.2
test personnel
2 No more than 3 different power 931
inputs
3 Power supplied can beturnedon | 9.34
in any order
4 Stabilization time lessthan 1 935
minute

5 Power inputs to specified devices | 9.4
are decoupled close to device
power pins

6 Regulators, converters, etc. canbe | 9.5.1
tested without risk of damage to
other components

Note: a negative response must bejustified on an attached sheet

(3) Guidelines. Meet these requirements where possible.

Item | Guidelinedescription Ref. % NIA
1 AC power supplies are not used 9.3.2
2 Power pins are located in standard | 9.3.3
positions
3 Stabilization time for power 9.35
supplies (<1 sec = 100%,

1-5 sec - 75%, 5 sec-1 min =
50%)

Note: aresponse of <75% should be justified on an attached sheet
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(4) Sign-off
Role Sgnature Name Date
1 | Designer

2 | Test engineer

3 | Project manager
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Connectors

(1) Product identity

Product

(2) Rules. The product must meet these requirements.

Version

Item | Ruledescription Ref. Yes | No | NIA
1 A high-reigbility companion 1021

connector is available for each

connector used
2 Connector keys are defeatable 10.2.2

Note: a hegative response must bejustified on an attached sheet

(3) Guidelines. Meet these requirements where possible.

Item | Guidelinedescription Ref. % NIA
1 Relevant industry standard layout | 10.3.1
has been adhered to
2 Non-gtandard signals are on 1032
consistent pins across product
family
3 Signa grouping requirements of 1033
target ATE have been met
Note: aresponse of <75% should bejustified on an attached sheet
(4) Sign-off
Role Sgnature Name Date
Designer
Test engineer

Project manager
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Printed circuit layout

(1) Product identity

\ Product \Version |

(2) Rules. The product must meet these requirements.

Item | [Avfedescription Ref. Yes |No |N/A

1 5.08 mm clear areaaround board | 11.4.2
edge

2 2 unplated tooling holes, in 1143
diagonally opposite corners

3 9.5 mm clear areaaround tooling | 11.4.3
holes

4 Viaholes plated and clear of 1151
coatings

5 Components on bottom side are 11.7.2
<9mmtal

6 All components oriented same 11.7.3
way

7 3.81 mm clear areafrom 1174
component pins

8 127 mm clear area from 1174

component sides

9 AQTSs, SOTs, and indicators on 11.75
top

10 Fuses, circuit breakers, links, and 11.75
switches accessible

11 | Tedt access point on bottom side 1191
for each node

12 | Test access points > 127 mm 1194
apart

Test access points > 150 mm from | 11.9.5
components on bottom side

14 | Text at 0 or 90 degrees 11.10.2

More rules follow...

Note: a negative response must be justified on an attached sheet
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Item | Ruledescription Ref. Yes |No | N/A
15 Board identity, version, and seria | 11.10.3
on top
16 | Test access points clear of coatings | 11.11.2
17 | Test and adjusment possible 11113
without removing covers

Note: a negative response must be justified on an attached sheet

(3) Guidelines. Meet these requirements where possible.

Item | Guidelinedescription Ref. % N/A
1 Board is square with no cut-outs 1141
2 Mounting holes not used as vias 1152

3 Devices of same type driving same | 11.6
node are in same package

4 Devices of same type that are 116
connected together arein same
package

5 Devices of same typein samepart | 11.6
of design are in same package

6 Board layout on aregular grid 11.71

7 Components mounted on one side | 11.7.2
of board

8 Dedicated test |ands on bottom, 11.9.2
square

9 Text height > 1.5 mm 11101

10 | Component identities or 11104
numbering regular

1 No daughter boards 11111

12 No coating other than solder resist | 11.11.2

Note: aresponse of <75% should bejustified on an attached sheet

(4) Sign-off

Role Sgnature Name Date
1 | Designer

2 | Test engineer

3 | Project manager
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Documentation

(1) Product identity

\ Product

Version |

(2) Documentation. The falowing documentation has been provided

Item | Itemdescription

Yes

No

NIA

1

Bill of materials

Detailed and block schematics

Board layout data

Documentation for test-support features

Programming datafor ROMs, PLDs, €tc.

Design data for ASICs

NoobhwiN

Set-up procedures for AOTSs, SOTS,
switches, etc.

Performance specifications

O |0

Details of timing relationships between
signds

10

Functional test waveforms

Note: a negative response must be justified on an attached sheet

(3) Sign-off

Role Sgnature Name
Designer

Test engineer

Project manager

Date
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impact on board layout 154
INTEST instruction 70
RUNBIST ingtruction 73
SAMPLE/PRELOAD
ingtruction 66
test access port 56
USERCODE ingtruction 63

application-specific IC, see ASIC
ASIC 117
ANSI/IEEE Std 1149.1 118
initidization 117
test quality targets 118
testability budget 120
asynchronous circuits 129
automatic test equipment (ATE)
4,14
bare-board 15
cluser 17
functiond 17
in-circuit 16
integrated circuit 14
autometic test pattern generation
A

bare-board tester 15
bed-of-nails 16,154
use for test access 105
BILBO, see built-in logic block
observer
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bill of materials (BOM) 85,173
BIST, see sdlf-test
boundary-scan 39, 52
chip test 41,70,73
impact on board layout 154
interconnect test 40, 68
use of 76
boundary-scan description
language 75
bridging faults 10
built-in logic block observer
(BILBO) 48
built-in self-test (BIST), see Hf-
test
buses 141

circuit breakers 146, 162
clock generators 135
complexity

impact on testability 24
component design 113
component orientation 160
component placement 159
component selection 113
component spacing 161
connectors

design 147

durability 148

keyed 148

sdlection 148
connector *UF links 100
controllability 12,143
counters 136
covers 172

defect level 7
design-for-test 21,24
budget 94,120

costs and benefits 22
guiddlines 27, 87
introduction 21

planning 83

rules 87

techniques 24
design reviews 86
design verification 4

diagnosis 5,19
displays 138, 162
documentation 173
dynamic circuits 129
memory 132

enclosures 172

fan-out 138
fault coverage 13,27
fault dictionary 19
fault masking
inMISRs 46
fault models 8
bridging 10
open-circuit 10
stuck-at 9
timing 10
fault Smulation 13
fault smulator 12, 13
feedback 30,142
globa 31
locd 31
packaging of gates in feedback
paths 157
functional board testers 17
fuses 146, 162

guided probing 19

in-circuit board testers 16
indicators 138,162
initidization 28, 123

ASICs 117

control of 126

power-on 126

preferred techniques 124

programmable devices 115

prohibited techniques 125
integrated circuit testers 14

labdling 168

level-senditive scan design
(LSSD) 35

linear-feedback shift register
(LFSR) 43,112



loop back 112

macro test 50
miniaturization

impact on testability 25
monostables 134
multi-board construction 171
multiple-input signature register

(MISR) 46,112

multiplexors

use for test access 102

observability 12, 143
open circuit faults 10
overdriving 16

packaging of logic gates 157
parity trees 137
partial scan 38
power supply 144
AC 145
connections 149
converson 146
decoupling 146
regulation 146
dabilization 145
turn-on sequencing 145
power-on resets 126, 146
printed circuit coatings 172
printed circuit layout 151
clearance at edge 155
impact of boundary- scan 154
locating holes 156
requirements for functiona
test 152
requirements for in-circuit test
152
shape 155
processyield 7
production testing 4
programmable devices 115
initialization 115

qudity 7
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random-access memory (RAM)
110,132

random-access scan 36

read-only memory (ROM) 110,
132

redundancy 130

repair testing 4

ruleof 10s 8

safety 144
scan design 30
boundary 39,52
level-sengitive 35
partiad 38
principle 31
random-access 36
shift register 33
sdlect-on-test components 137,
162
Hf-test 4,42,106
ANSI/IEEE Sd 1149.1 73
microprocessor based 107
RAM 110
ROM 110
shift registers
use for test access 102
sgnature anaysis 44
speed
impact on testability 24
suck-at faults 9
switches 137, 162

test access 99,162
test access point design 166
test application 5, 14
test costs
for VLS 7
test development  5,8,11
test generation, seetest
development
test lands 166
test point 100,165
test support chips 104
test dtrategy 90
testability 5,7
testability checklists 88, 89, 175
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testers, see automatic test
equipment
text
orientation 169
sze 168
time to market 5, 27

timing faults 10
unused inputs 139

wire-AND connections 140
wire-OR connections 140



