Bringing Research Issues into Lab Scenarios en th

Example of

SoC Testing

Raimund Ubdr, Artur Jutmarf, Sergei Devadze Heinz-Dietrich Wuttké

Abstract - A conception and a teaching/learning
environment is presented to improve the teaching ality
in the field of system on chip design and test. Blot gate
level and register transfer level test and designof
testability problems are covered. In this environmat,
different embedded built-in self-test architecturesand
their quality can be evaluated by fault simulation.Since
plain low-level methods in this field have lost thie
importance, hierarchical approaches are supported ¥
this environment. The system supports distance leaing

as well as a web-based computer-aided teaching. The

interactive modules are focused on easy action and
reaction, learning by doing, a game-like use, andno
encouraging students for critical thinking, problem
solving, and creativity.

Logic world (computers, digital circuits and system
systems-on-chip) because of its inherent logicahmlexity
could be the best objective for learning the cotxepf
testing and diagnostic analysis for any type oftaysin
general. The real targets of education are: crigatieritical
thinking, and problem solving skills. Thereforeareing test
at a university should be research oriented.

Moving towards multi-million gate System-on-Chips
(SoC) makes embedded test strategies via Builtelir st
(BIST) architectures mandatory. It is critical tosere that
students will be equipped with skills in DFT andSB| and
will get hands-on experience in solving test praidein
digital systems like SoC.

A conception and a teaching/learning environment is
presented to increase the teaching quality in thkl fof
electronics DFT. Both, gate level and register sfanlevel

Index Terms- computer-aided teaching, distance learning(RTL) test problems are covered. In this environtnen

research-oriented learning, digital systems, sysiamhip,
design and test, built-in self-test, gate and tegitransfer
levels, hierarchical approaches.

INTRODUCTION

Recent reviews have discovered that most VLSI astem

designers know little about testing and designtéstability

(DFT) of today’s digital systems because of the dap
education. The importance of test and fault diagnas a
teaching objective is underestimated in
engineering education [1]. Test is usually taughtaanot
very important subtopic in a design course. In ngases it is
taught as an independent discipline only when & taobby

horse” of a professor. There are two reasons fat. thhe

first one is because the test is interpreted amgonoductive
(read: not important) issue vs. design. The seamedcan be
explained by so called Tenhunen’s Law which claimat

the number of courses that should be taught ateusities
doubles in a decade [2]. To select courses foriqular is a
difficult issue. And often a test course as a conembd of

engineering education is left outside the curricadaause of
tough competition between courses.

different embedded BIST architectures can be emdland
their quality can be evaluated by fault simulatibraditional
low-level test synthesis and analysis methods figitad
systems have lost their importance because ofdimplexity
reasons. As a well proven solution, the hierardrdparoach

to testing complex embedded digital systems can be
investigated in hands-on manner. The system support
distance learning as well as web-based computedaid
teaching. The interactive modules are focused sy aetion

and reaction, learning by doing, a game-like used a

traditionalencourage students for critical thinking, probleoivimg,

and creativity.

The paper is organized as follows. Section 2 games
overview of the new teaching concept supported hwgy t
paper. In Section 3 the subsystem for RTL Design is
described. Section 4 and 5 present the conceptsaching
test topics, and in Section 6 and 7 the resultprattical
experiences and conclusions are made.

SYSTEM OVERVIEW

The core of the teaching concept and the envirohmith
remote access presented here is implemented as-applet

On the other hand, the topics like Testing and tFaulof a special type, which we call “Living Picturegt]. Those

Diagnosis are not only Electronics Systems relassdes,
they have an important didactic role for the engiirey
education in general [3]. First, testing is a metho learn
how to ask right questions, second, it developsathility of
analysing cause-effect relationships, and thirdgdosis is
looking for answers to the questions like “whathie reason
of that what happened?”
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applets simulate tricky, quite complicated situasicof the
learning subject in a graphical form on the compstzeen.
The graphics is self-explanatory and provides auton
possibilities. By using these possibilities thedstots can
generate examples that are interesting enough doueage
their own experiments but not too complicated &arhing.
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The proposed environment supports four phaseseof the
learning process: listening to the teacher in tlsstoom,
repetition at home of the scenarios discussed i@ the
classroom, practice in form of hands-on solvingeagsh
problems, and examination phase. The system sppuoat
action based training since for each phase therstsea .
special application service adapted to the learmiracess .
which allows different views and actions using teme
interactive module.

The proposed environment allows investigating and
solving a lot of different problems related to REM¢| digital
design and test. More precisely, the teachingnlegrand
research is supported in the following topic fieldp
« design of a digital system consisting of data amwtrol

paths on RT level;

» synthesis of algorithms and micro programs for the,
given computing tasks;

Design: default  Sxamples  Import Export  Language  Optiohs

performing the RT-level system simulation to valaa
the functionality of design;

optimization of the architectures of the data playt
finding tradeoffs between the performance of theteay
and the hardware cost;

performing fault simulation at both gate and RTelsy
generating functional test programs;

generating gate-level and RT-level deterministist te
programs using hierarchical approaches;

calculation of the quality of test programs;

design of different BIST architectures like logi¢SH,
circular BIST, functional BIST, etc.;

analysing the quality of BIST architectures;

design and optimization of hybrid BIST or hybrid
functional BIST solutions;

design for testability to improve the quality ofste
programs.
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OVERVIEW OF THE WORKING FIELDS OF THE TRAINING SY&EM

To enable learning and research of the listed sopie
have developed a convenient user interface (Figtigh
consists of the following major parts.

 Schematic View panel provides the schematic
representation of the target system and the graphic
simulation data. The internal structure of the qetth
is also reflected there.

* Microprogram Table is used to define the behavafur
the control path of the system. During simulatibis t
panel shows which line of the microprogram (clock
cycle) is currently executed.

e Simulation and Test tab-panels allow choosing and
running RT-level fault and fault-free simulationh&
simulation can be performed for a single set ofutnp
data (step-by-step or at once) as well as forhadl t
sequence of input operands at once.

e Simulation Results tab-panel reflects the resufts o
fault-free simulation.

e Fault simulation module provides fault simulatiar f
the data path and its units.
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e Global Test Panel is used to provide fault coverage
information as for the whole data path as for each
single unit under test.

» Local Test Panel provides means for manual lodl te
pattern generation for a selected component or
subcircuit of the data path. It also displays tlateg
level schematic of the unit and the fault coverfaye
each unit as well as for the data path as a whole.

e Test Micro program is used to organize separate tes
access to each selected functional unit of the plztta

The applet has a built-in extendable collection of
examples or demos — solutions for implementingedéfit
algorithms in a form of data path architectures and
microprograms. The given examples help users to
understand principles of the system operation. For
connecting the system to other applications as agHfor
providing users with a possibility to save the tesof
their work for further use applet has a data impaport
capability.
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SUBSYSTEM FOR RT-L EVEL DESIGN

To each functional unit (FU) of the given data path
structure (for example, units F1...F4 in Fig.1l) a eét
controlled micro-operations (unary or binary funos) is
corresponding, where each of them can be activated
selected control signals. The user can define onaae
micro-operations for each unit of data path when
implementing his own algorithm (like multiplicatipn
division etc.). Each micro-operation has a gatellev
implementation, and the number of gates determitses
cost and in the end the final hardware cost ofwhele
system. The user can select, thus, a particulactstie of
the data path and the implementation of his alborit
meeting either the cost or timing requirements. The
working speed of the algorithm defined by the numtife
needed clock cycles is measured by simulation. The
simulation is supported by an RT-level model of the
system as a whole and by gate-level models of racto-
operation in each FU.

The control path is a micro-programmed controller
[6], which implements Mealy Finite State Machin& ).
The controller consists of a microprogram table amd
interpreter. The microprogram is developed by tker uo
realize a given algorithm based on the selecteduress
of the data path. The user fills in the rows of nogrogram
table, which contain information about the addresshe
current and the next microinstruction, MUX and DMUX
configurations, Data IN values, selection of fuoos in
FUs (F1 to F4 in Fig.1) at each microinstructiomg atatus
signal configuration.

In Fig. 1 an example of an algorithm of multiplicait
of two operandsA andB is presented. The result of the
operation is stored IREGL and fed out to the data output.

The RT-Level simulation is carried out at the highe
level by using corresponding to functional unitsvala
subroutines which are activated according to cdaoit
values by the control signals in the order giventtie
microprogram table. The simulation data are stanette
Simulation Results sub-panel. These data reflecsthtes
of all the registers, outputs of all the functiormdbcks,
data input and output of the device, current statesach
clock cycle and condition signals. The simulati@tadcan
be used by the student as a debugging info asasefor
improving the efficiency of the operation — eithire
speed or the cost of the system.

For more details on design-oriented part of our
system, please visit the dedicated web page [7}@mdto
our previous article [8] in which we made emph&siRT-
level design. In the present article, we will camtcate
mostly on test-related topics.

TEACHING RT-LEVEL TEST

The toolkit of the modern design and test engineer
contains quite a few methods of testing of a So€igte

Most of them have come from the earlier times aadeh
been adopted for the new paradigm. In general,ethes
commercial tools are first, costly for introducimg the
classroom, second, are very complex to handle for
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newcomers, and not well suited for teaching purpose
With our very simple and low-cost teaching envir@mn
we are aimed at showing a variety of different nrade
testing techniques including functional and deteistic
testing, a number of BIST solutions including thestn
advanced combinations of tools like different hghBIST
solutions.

Prior to entering the test mode, the system unefgr t
must be designed and verified. The user can design
system himself or he can use one of the prepared
examples. When the test mode is selected, the
microprogram and the structure of the data path are
“frozen” and cannot be modified anymore. At the sam
time the user selects target micro-operations ef dhta
path for test generation and fault simulation. Thalt
simulation information is reflected (depending on a
selected mode) on the Global Test Panel for thelevho
system and on the Local Test Panel for a singlected
unit. In the following we describe the test modest tcan
be investigated in details.

Functional Test

In this mode the simplest and cheapest test teahnis|
investigated, which does not require designing ispéest
programs and embedding of special DFT structurés in
the system. The same unmodified microprogram ama da
path structure are used instead. The required Eviult
coverage must be achieved then by only a smarttgaie
of input data. The only checkpoint allowed for atvesy
the erroneous behaviour of the system is the dath p
primary output. Moreover, it only can be observédhe
time when the microprogram outputs the final result
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FIGURE 2
GLOBAL FAULT COVERAGE TABLE

The fault simulation information for a multiplies i
presented at the Global Test Panel (Fig. 2). Thpitin
operands A,B,C,D are specified first. The same
microprogram is used then repeatedly for fault sathon
of all the input data. The fault coverage is calted for
each selected FU and for the whole system (as) tatal
well. As an example, the cumulative fault coverdge
five input data pairs for the multiplier is provilén the
Global Fault Coverage table (Fig. 3).

The primary task of the student during investigatd
functional testing is the selection of “good” opwda in
order to achieve the targeted total fault covermgéast as
possible. Usually this technique does not allovat¢hieve
sufficient fault coverage because of the low obabitity.
A lot of faults activated during the procedure téadnask
them before the erroneous signals can be observéki
end of the procedure.
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Deterministic Test

Because of the complexity of plain gate-level medéble
test generation for complex digital circuits likeres in
SoCs should be performed in a hierarchical wayalltest
generation for smaller units of the circuits isfpamed at
the gate level whereas the global test prograngiatang
the low level local test patterns is created aRfidevel.

The gate-level test generation and fault simulafan
each selected FU is carried out separately. The &s
considered by the user in series and test vectoes a
generated for each of them. The simulation resdts be
viewed in the fault table at the Local Test PaRek each
vector its fault coverage is calculated and therimftion
about tested nodes is given. The cumulative faaleage
of the tested FU is also shown for each simulattap.
Hierarchical RT-level fault simulation is applied order
to evaluate the global fault coverage of the testars for
the data path as a whole. For this purposes ptegtam
is composed for each selected FU. The simulatida $a
reflected in the Global Test Panel in the same asjt is
done in the Functional Test mode.

In order to help the user to generate gate-leval te
vectors, the gate-level schematic of currently cteld FU
is displayed. The user selects a target fault amtigtes a
test vector. This procedure can be done manually fo
selected faults or automatically for all faults atce by
using Automated Test Pattern Generator (ATPG) [9].
After pressing the “Simulate” button the test veésofault
simulated at the gate level and the result (localltf
coverage) is added into the fault table. At the esdime,
the same vector is sent to RT-level hierarchicalltfa
simulator in order to fill in the Global Test Pan€he test
microprogram, used for RT-level fault simulation shu
provide a good access to the selected FU. A singrigon
of such a program is generated automatically. ft ba
used as a template by a student in order to de\welopre
sophisticated test program if needed.

The primary task of the student working in
Deterministic Test mode is the creation of as slawt
possible short local tests covering maximum amafnt
faults for each of selected FUs. Another, more aded,
task is the reduction of the overall test lengthtfe whole
investigated system by modification of standardt tes
programs and finding optimal set of local test guaus.

DFT and BIST Modes

The Deterministic Test mode is one of the mostciffit
ways of testing. However, it does not provide asciEs
internal signals of the system under test to a&hiev
sufficient controllability and observability [5]. his
problem is addressed by various DFT and BIST smisti
Usually it is a scan-path with a pseudorandom Pastern
Generator (TPG) and one or more Signature Analyzers
(SA). Both of them can be implemented as Linear
Feedback Shift Registers (LFSR) [5]. By scan-path
technology (Fig. 3) the inputs and the outputs loé t
combinational blocks in the data path are directly
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accessible by TPGs, SAs or TPG/SA (combined TPG and
SA) [5].

F4

FIGURE 3
SCAN-PATH DESIGN WITH BIST COMPONENTS

Our teaching system allows reconfiguration of ingdr
registers in the BIST mode. Depending on the chosen
BIST method some of them can perform functions BGT
SA or TPG/SA. If the Logic BIST (L-BIST) method is
be evaluated, the TPG and SA functions must beratgoh
and located in different registers. In the caseCotular
BIST (C-BIST) approach, both TPG and SA are combine
in the same register. In both modes it is possible
configure the TPG on-line from the interactive dragl
panel. When the configuration is completed, the-gatel
and the hierarchical fault simulation are perforraed the
results are displayed in the way similar to the ased in
Functional and Deterministic test modes.

The described above modes help to illustrate the wa
of operation of different BIST structures and towhhow
their efficiency depends on the TPG configuratidihe
selection of a good configuration of the BIST comgiats
for each selected FU is the main problem to solyehle
student. Another task is the selection of sucmglsiTPG
configuration that allows testing all of the FUs tine
shortest possible time.

Functional BIST with DFT

There is another BIST mode, called Functional BIST
(FBIST) [10], implemented in the applet.
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Control Path
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Signals | ¢ Signals
< MUX
Data
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12 |REG F2
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Data f v
IN «—— F3 |
» pmux [¢ F3
Data Path
FIGURE 4

FUNCTIONAL BIST WITH INSERTED SA

This mode has very much in common to Functional
Testing. The only difference between the two maddksat
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now a possibility is provided to insert SAs at ampitrary
point within the data path (Fig.4). In this way merease
the observability of the system, since each suchiSA
capable of collecting data at each clock cycle aasging
the data into an observable signature. The stusléask is
to improve the efficiency of Functional Testing @digm
by introducing the minimal number of additional ttes
points for inserting SA-s.

RESEARCH ORIENTED LEARNING SCENARIOS

There are several disadvantages of using the teskri
basic BIST approaches. First, the test sequencesaed
randomly are usually very long; second, they do not
guarantee always sufficient fault coverage becadighe
existence of so called “hard-to-test” faults. Tocemome
these drawbacks, combinations of several approdunes
been proposed.

One of them called hybrid BIST [11] is based on
combining on-line generated pseudorandom test rpatte
with stored pre-generated test patterns. In thisagzeh, at
first pseudorandom test sequence with a lenigths
generated on-line, after that a switch to a storest
approach will take place. For the stored test agghp
previously generated and then in the memory sttest
patterns are read one by one from the memory apliedp
to the unit under test (UUT) to reach the 100% tfaul
coverage. For generation of stored test patternP@sr
may be used based on deterministic, random or igenet
algorithms [9].

Several problems requiring creative thinking and
experimental research have to be solved to findnmabt
solutions for combining test patterns from diffdren
sources. Such problems can be formulated as tloaviab
questions:

* What is the best characteristic polynomial andiahit
state of the LSFR to be used for on-line test gaiter
to achieve the highest fault coverage at the mimimu
length of the pseudorandom test sequence for angive
digital circuits?

« What is the best characteristic polynomial andiahit
state for LSFR to be used for on-line testing irapel
a given set of circuits, cores or subsystems?

« How to find for a given hybrid BIST (or for a given
hybrid functional BIST) the best level of mixing
pseudorandom (or, respectively, functional test] an
stored deterministic test parts as the trade-dffiéen
the memory cost or power consumption and the length
of the whole test sequence.

The listed tasks serve as a good basis for lahgrato
research scenarios which need intensive criticialkiig
and demand a lot of creativity. The students ateasked
to carry out boring measurements, to press simply o
buttons for starting a program and getting reswtich are
nothing but a simple confirmation of what they abtg
know from lectures. Instead, they are asked toesa@v
series of engineering problems. They have at tlisposal
a set of tools, and they themselves have to plancarry
out experiments to find answers for the given daast
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There are not available straightforward algorithons
software tools to find directly solutions for theentioned
problems. The only method is to set up hypotheses a
check them by a clever set of experiments.
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FIGURE 5

FINDING THE BEST MIXED SOLUTION FOR HYBRID BIST

Consider the total test cdStora. Of the hybrid FBIST
as the sum of total cos8g 1o aNdCp 1o Of producing
functional and deterministic test patterns, redpelst,
where

Crs_Total = Crs_constt @Crp 1+ LCrs M
Cb_otat = Cp_const+ aCp 1+ Cp m -

Here Crg const (Co_cons)s Cra v (Cp 1), and Ceg
(Co_m) denote, correspondingly, additional logic cobg t
cost related to test time, and the cost of memegded for
functional and deterministic test parts, whereaand S
reflect the weights of time and memory costs. Aaregle
of the cost curves is shown in Fig.5.

The goal is to find the optimal length of the fuootl
BIST sequence corresponding to the minimunCeda,.
The point in this research is that it would be vérge
consuming to find experimentally all the curveswhdn
Fig.5 except foCrp_tota- The static componelizg const iS
related to the cost of signature analyzer, anddgh@amic
component is determined by the number of test oplsra
needed for the functional test [10]. It is easyfitml also
the cosiCp constOf the additional needed hardware.

The main difficulty is related to finding the curfer
the dynamic part of the deterministic test cdsgsr and
Cp m . To find these costs we need to generate for each
point on the horizontal axis the number of needed
deterministic test patterns which will take a Ibtime.

The creative part of the solution is in finding the
answers to the question how to find the minimum of
CroraL Without having the total curve afCp 1+ fCp m -

In other words, the solution should be found wiHew as
possible test generation experiments, i.e. witifeas as
possible values ofiCp t + SCp um , approaching step by
step to the real optimum.

The hybrid BIST can be further improved by using
deterministic test patterns as multiple seeds fost t
generator. Fig. 6 illustrates the usual situatidrese “hard
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to test” faults have spread over the whole rangéest
patterns in such a way that a single long pseudoman
test sequence is not able to cover all the unicateems
needed for detecting the “hard” faults.

Pseudorandom

Long PR test:
ong es test:

n_
0 i
Hard vy v v v
totest —» o o ° ° °
faults
. Pseudorandom
Using many seeds: test:
\ .
o . / e D
vV v \4 vy
° ° [ ] e o
FIGURE 6

DETECTING HARD TO TEST FAULTS

Fig. 6 shows also a strategy how all the uniqué tes
patterns can be covered by multiple shorter segsenc
where each of them starts with a seed (test patteamd
by deterministic ATPG. The task of the studenbifind a
clever trade-off between the total test length ememory
space, needed for storing seeds, to minimize taé ¢ost
according to the curves in Fig. 5. Another taskidde to
minimize the test length at the given restrictidosthe
memory cost or power consumption.

PRACTICAL EXPERIENCES

We have used the described laboratory environmignt [
[9] at our institute for teaching design and testing
recent years, and the feedback from students has be
excellent. Three types of study have been domigatin
traditional laboratory hands-on training with ingttor for
bachelors, autonomous research oriented course averk
the whole semester for masters, and PhD research.

The master students have evaluated very high the
research oriented course work which consists usudll
the following tasks: design of a circuit to implembhén
hardware the given functionality, experimental dbgity
analysis of the design, redesign for testabilitynéeded,
inserting into the design one of the preferred BIST
solutions, and evaluating the quality of the choBESIT.

In the first step, the students acquire proper &and
experience in using commercial CAD tools for design
the given circuit. Thereafter, to perform all thestability
analysis, test generation, fault simulation andegixpental
research with BIST solutions, they use the posg#sl of
the described design and test environment [7], Y8ny
of the devoted students have expressed that thisseo
work has been one of the most interesting tasktheir
whole course track because they have had a chance t
learn a lot of CAD and test tools, and to conduct
interesting research. This environment has beetiafhar
used also in other universities in Sweden and Geyma
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CONCLUSIONS

A conception is presented to improve the skillstoidents
to be educated for hardware and SoC design inatsed
topics. It is a combination of learning the topig bsing
internet based simple “Living Pictures” on one haand
hands-on training by using a set of low-cost ursitgr
tools dedicated for fault simulation and test gatien.
The free-access basis and self-contained natureesmiak
easy for students also from other universities e this
system independently of time and place, and learn
individually according to their own needs. The sk
chosen for hands-on training represent simultarigoaal
research problems, which allow fostering in stugent
critical thinking, problem solving skills and cridtly in a
real research environment and atmosphere. Theipainc
mission of the conception is to inspire studentkeson, to
inspire them on a journey to knowledge, and to arep
them to develop problem-solving strategies.
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