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ABSTRACT: A conception of pradica works for teading design and test of didital sircuits is given. The works cover
esential topics in testing and diagnostics field. They are ment for improving the skill s of students to be educated for
hardware and SoC design in test related topics. Four designed pradicd works are described. All the training manuals
can be accesxd over Internet and therefore can be used by students at any time and any place The works itself are
based on the diagnostic software Turbo Tester that was developed at Tallinn Technicd University. A brief description
of the Turbo Tester is given along with several examples of possble problemsit can ill ustrate and solve.

INTRODUCTION

The rapid advances in the aeas of deg-submicron
eledron technology and design automation tools are
enabling enginee's to design larger, more mplex,
integrated circuits. Until recently, most eledronic
systems consisted of one or multiple printed circuit
boards, containing multi ple integrated circuits (IC) ead.
Recent advances in IC design methods and technologies
alow to integrate these complex systems onto one singe
IC. These developments are driving engineas toward
new System on a Chip (SOC) design methoddogies.
SOC is ®e as a mgjor new technology and the future
diredion for the semiconductor industry. Within the
next four yeas, SOC designers will cut new product
development cycle time from an average of 12 months
today, to just four months by 2004 The key to this
forecat becoming aredity isin pladng the power in the
hands of the SOC designer.

On the other hand, the more @mplex are getting
eledronics g/stems the more important are getting the
problems of test and design for testahility, as the @sts of
verificaion and testing are becoming the major
components of the design and manufaduring costs of a
new product. Today, design and test are no longer
Separate isales. The amphasis on the quality of the
shipped products, coupled with the growing complexity
of systems design, require testing isaues to be mnsidered
ealy inthe design process

At present, most VLS| and system designers know littl e
about testing, so that companies frequently hire test
experts to advise their designers on test problems, and
they even pay a higher salary to the test experts than to
their VLSl designers [1]. This refleds the today’s
university education: everyone leans about design, but
only truly dedicaed students lean test. Entering into the
SOC era means that test must now become an integral
part of the VLS| and system design courses. The next
generation of enginees involved with VLS| technology

should be made aware of the importance of test, and
trained in test technology to enable them to produce
high quality, defed-freeproducts.

Design for testability (DFT) is rapidly becoming one of
the key considerations in today’s SOC designs. Moving
towards multi-million gate SOCs makes embedded
testing strategies via Buil-In  Sef-Test  (BIST)
architedures mandatory. It is criticd to ensure that
students will be equipped with the skills in DFT and
BIST, and also get hands on experience in using CAD
for test todls that make them successul designers when
they leave university [2].

The National Science Foundation in USA held a
workshop in 1998 where it was gated that the present
level of “test coverage” in the mmputer engineaing
education in USA was inadequate. As a aonseguence to
this gatement, a speda panel was organized at the
International Test Conference in 1999 how to enhance
the mverage of test related topics in computer
engineaing education [3].

In the following a @nception is presented how to
improve the skills of students to be educaed for
hardware and SOC designin test related topics.

We present a description of laboratory course where the
student can obtain hands on experience on design for
test and designing embedded self-test architedures.

THE CONCEPT

The laboratory training is meant to help students to
obtain pradicd skills in the field of testing and
diagnostics as an esentia addition to the theoreticd
knowledge they can get from ledures. All the training
manuals can be accesxd over Internet [7] and therefore
can be used by students at any time and any place

Each manua was composed in HTML language and
contains links to related topics in the theory [6], which is
a omplementary part of the lab training. This helps



students to go to the exad placein the theory instantly
and refresh/acquire the theoreticd knowledge needed for
a particular pradicd work. The manuals also contain
figures and tables to visualize the @ntent of the works.
Comprehensive examples and detailed descriptions are
aso very helpful for students and allow them to work
fully independently of the teader.

A well-structured layout of the training manuals is clea
and informative. It consists of foll owing main parts:

< Objectives — this part explains which skill s and pr-
adicd knowledge astudent can acquire during this
work. It also describes main topics of the work.

< Introduction — gives the basic information about
the subjed of the work, depicts industrial arias
where it is used, and gives other badkground
information.

< Work description — introduces subjeds of the
work, e.g. circuits to be tested and todls to be used
for that, and gives general idea dout what should
be done in the work.

<~ Steps — this pat contains clealy defined
enumerated list of tasks gudents have to carry out
during the work.

< Example — comprehensive and detail ed description
of what should be done & ead step of the work.
The tods which are used during the work
described extensively in this part. We give dso
examples of how it is recommended to represent
the experimental data.

THE WORKS

Here we give the basic and brief information about the
works. For more detail s visit the dedicaed Internet page
[7]. At the moment the whole laboratory training
consists of four following works:

< Test Generation

< Design Error Diagnosis

< Built-in Self-Test

< Designfor Testability
Test generation work [8] introduces the basics of testing
to students. The work provides with skill s of composing
simple tests manually as well as gives an experience in
using of severa basic automatic test pattern generators
(ATPG). Hence students can compare different test
generation approadhes and redize their suitability for
different classes of devices or circuits.
Three sorts of circuits are used in the work: a small
random circuit, a full 8-bit adder, and comparatively
complex ISCAS '85 kenchmarks [9]. Such choice has
been made to have a possbly full spedrum of
combinational circuits that require different approaches
in testing. For example, a test for a small circuit can be
composed manually about as easily as using automatic
tods. A manually compaosed test for an adder can be of a
much small er length than a test acquired using an ATPG
and therefore it can be much more dfedive. This is
valid due to the human ability to recognize the
functionality of some drcuits and choose the best
strategy of test composition in ead case. On the

contrary, in the cae of complex circuits it is reasonable
to use only automatic toals (i.e. not to doit manually).

The god of the design error diagnosis work [10] is to
introduce the basics of diagnosis using the design error
diagnosis problem as an example. During the work
students also lean how to compase diagnostic tests and
see the important difference between diagnostic and
verificaion tests.

A set of simple drcuits has been designed for this work.
These drcuits have several good properties in the sense
of teating diagnosis. At first, they are 100% testable
for stuck-at faults. This eliminates ome troubles related
to incompletely testable drcuits and helps concentrating
purely on the problem of diagnosis, not on the drcuit’s
testabilit y (this topic has the dedicaed work [12]). Sem-
ndly, they have multiple outputs, which is very impor-
tant feaure because there ae some diagnostic rules,
which can be used only with multi ple output circuits.

The idea of the diagnosis is, when having the
spedficaion and the implementation, which are not
functionally equal, compaose diagnostic tests in order to
find the exad location of the eror. The designed circuits
play role of the implementation. The spedficaion is
generated on-line by ead student and for every circuit.
It will be random and dfferent from the spedfications
other students aaquire. So, this ensures the individual
work of ead involved student. We dso implemented the
posshility for teader to chedk if a student finds the
corred fault type and location.

Built-in self-test (BIST) work [11] is dedicaed to
embedded into a device testing fadliti es aich as BILBO
(Built-In Logic Block Observer), CSTP (Circular Self-
Test Path), and a Hybrid BIST approach where most test
vedors are generated online and some ae stored in
memory. Using them, students are le to explore and to
compare different built-in self-test techniques. Playing
with certain parameters of the BIST devices, they lean
finding best BILBO and CSTP architedures and initial
states (seeds) and best combinations of stored and
generated patterns in Hybrid-BIST approach.

Design for testability work [12] is meant to show
students the importance of having a good-testable drcuit
as the result of the design process Some solutions for
improvement of the testability of bad-testable drcuits
are shown. Students can try al the variants for a cetain
circuit and seewhat suits better for the situation.

The idea that two circuits conneded in series can
produce a omplex device which is hardly controllable
and observable lies in the base of the work. A set of
modified devices with different degrees of testability is
provided to show how simple means can significantly
lighten the task of atester. The modified devices are just
the same two circuits conneded in series but with some
additional pins inserted helping to olserve or control
some hardly testable (or even rnot testable & all) lines
between the drcuits.

At the aurrent moment, the laboratory training on design
and test is covering the basic topicsin testing and diagn-
osticsfield. It is based mostly on the methods working at
the lower level (gate level). The future development of



the laboratory training can be direded to the use of high-
level verificaion and simulation approacdhes.

PC-BASED TOOLSFOR TRAINING
TEST

Traditional VLS| test generation and fault simulation
software on workstations are both costly and unable to
handle large numbers of students smultaneously in
educaional courses. During the recent yeas, many
different low-cost tools running on PCs have been
developed to fill this gap. They include usualy the
major basic tods needed for IC design: schematic
capture, layout editors, simulators and place ad route
tods. Low-cost systems for solving alarge dassof tasks
from the dependability area- test synthesis and analysis,
fault diagnosis, testability analysis, built-in self-test,
espedaly for teading purposes, are missng. For this
reasons, at the Tallinn Tedchnicad University a diagnostic
software Turbo Tester [4] was developed.

The Turbo Tester consists of several different tods for
test pattern generation, simulation, test set optimization,
BIST emulation, design eror diagnosis, and
experimental statistics representation. ATPGs and fault
simulators are aailable for both, sequentia and
combinational circuits. Combinational circuits can be
tested by deterministic, random and genetic dgorithm
based methods, while for sequential designs a random
ATPG is available. In addition to fault simulators, the
simulation todls include multi-valued simulation for
hazad analysis in combinational circuits. For BIST
emulation, BILBO and CSTP approaches can be chosen.
For more detail s refer to the TT manual avail able & [5].

After theoreticd investigation of the test topics given to
students at the ledures, a laboratory work follows with
more @mplex designs, where the abitrary available
design software (schematic editor as minimum), and the
Turbo Tester diagnostic software is used. The students
develop dgital circuits as diagnostic objedives,
investigate by Turbo Tester tods the testability of
circuits, redesign them if necessary for testability, insert
self-test structures, analyze the dficiencies and trade-
offs of different test solutions and lean to make proper
enginegingdedsionsin the field of testable design.

SOME EXAMPLES OF WORK WITH
THE TURBO TESTER

Having the wide spedrum of different todlsit is goodto
start pradicing with test generation. One of the tasks
formulated in the pradicd works is applicaion of
severa test generation approaches to an 8-bit full ripple-

cary adder and then the comparison of acquired results.
In Table 1 we give the results of test pattern generation
by al the three ATPGs and by hand.

The table shows the most important parameters of a test
pattern generation method such as the number of
generated test patterns and test generation time for two
modes of test generation. The first mode is cdled
default mode when all the ATPG parameters are set with
default values. Usually it implies the minimizaion of
test pattern generation time. And we can seethat among
al the ATPGs the fastest is the deterministic one but in
terms of the number of patterns the best is the genetic
ATPG. However, neither of them could achieve & best
results as we got manualy. So, how we ae trying to
change some of the parameters of the ATPGs (not the
deterministic one becaise it cannot be tuned to get shor-
ter tests) in hope to get better results. These results are
given in the “tuned” columns of the table. You can see
that the test sequences are dready very short but till not
as best as that, which we compaosed by hand. It is agood
example, which ill ustrates that sometimes if we know
the functionality of the unit under test, we can compose
more dficient tests than those generated by ATPGs.

Another example is taken from the field of design error
diagnosis. The Turbo Tester can generate both the
spedficaion and the implementation inserting a red
single design error in an arbitrary locaion so that the
circuit and the spec ae not functionally equal any more.
Y our task now is to find the eroneous areain the drcuit
and redify it so that the new version of the design will
be functionally equal to the spedfication.
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Fig. 1 Combinational circuit

It is posdble to apply the prediagnostic tod first. It is
meant for using with bigger designs and it derives a
certain area in the drcuit cdled suspected area The
remaining cptes are asaumed to be arred. Then the
adual task of a student is to locate the exad erroneous
gate in this area At first, the diagnosis sould be
formulated in terms of stuck-at faults and then it can be
mapped into the domain of design errors[13].

TABLE 1 Comparison of several test pattern generation methods

Test Generation fDefauIt fTuned
Meth #0 . #0 .
ethod Patterns Time, s Patterns Time, s
Deterministic ATPG 20 0.01 NA NA
Genetic ATPG 13 4.33 9 70.18
Random ATPG 24 0.26 9 6.74
Manually 8 NA NA NA




Suppose we have the implementation shown in Fig. 1
and suspeded gates are g, and g;. Suspeded stuck-at
zeros are shown by "0", stuck-at ones are shown by "1",
and if bath fault types are suspeded it is denoted as"D".

Sincewe have two suspeded gates we have to prove that
one of them is corred and we have to redify another
one. One of the posdble gproaces to the solution is
the following. We see that the gate g, affeds bath
outputs y; and y, but gate g, affeds only y,. Therefore,
04 Can be diminated as on as we deted an error a y;.
In the table below, a test is given, which adivates bath
stuck-at faults at both inputs of g, and propagates them
to y; output.

| X1 X2 X3 X4 X5
Pattern 1 0 1 1 0 0
Pattern 2 0 1 0 1 0
Pattern 3 0 1 1 1 0

To apply a manually composed test we use vedor
manager tool and then we find the eroneous output
responses using the verification tool. The obtained
information is given below.

| Y1 Y2
Pattern 1 Error Error
Pattern 2 Error Error
Pattern 3 Error Error

So, we can see that the aror is refleded at the both
outputs, that is, our hypothesis was right and we
conclude that g, is the aroneous gate in the
implementation.

Another useful fedure of the Turbo Tester is its ability
to ill ustrate statistics in a graphicd way. The following
example uses test sequences generated by the three
ATPGs and the BILBO emulator to visualize the speed
of growth of progressve (cumulative) coverage of the
mentioined sequences for c4321SCAS 85 benchmark.
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Fig.2 Progressive Coverage of Test Patterns
CONCLUSIONS

A conception is presented for improving the skills of
students to be educaed for hardware and SOC designin
test related topics. It is a wmbination of leaning the
topic by using internet based simple “living pictures’ on
one hand, and hands-on training by using a set of
commercial design tods and low-cost university todls
dedicated for simulating and estimating different test

and testability solutions on the other hand. The tasks
chosen for hands-on training represent simultaneously
red research problems. This allows to foster in students
criticd thinking, problem solving skill s and credivity in
ared reseach environment and atmosphere.

The principal misson of the @nception is to inspire
students to lean, to inspire them on a journey to
knowledge, and to prepare them to develop problem-
solving strategies.
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