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Abstract

With the advent of System-on-Chip (SoC), intenseaech efforts are being carried out in
order to find efficient practical solutions for teg deeply embedded, mixed-signal cores.
Due to restricted access, a built-in self-test {BISf mixed-signal cores is in many cases a
preferred alternative to a conventional test usrgernal automatic test equipment (ATE).
BIST solutions to the problem of an analog-to-dibitonverter (ADC) test have been
developed and practiced over the past years; #pglication in a SoC test infrastructure,
however, remains an open issue.

In the ADC test, a histogram-based test and anllatsmn-based test are the two
approaches most suitable for BIST implementations.

The histogram-based test involves the applicaticananalog signal to the ADC input and
a record of the number of times each code appeaarthe® ADC outputs. These recorded
samples are then used with theoretical samplesdongplex computation to determine the
ADC parameters, i.e., offset, gain, differentiadlamtegral non-linearity.

In an oscillation-based test (OBT), the circuit-antest is converted into an oscillator and
possible faults are assumed to manifest in thelaison frequency. The OBT method has
been practiced mostly in the area of differentsgasof filters. It has been only rarely applied
in practice for testing ADCs.

Implementations of the histogram-based test and#udlation-based test of ADCs in a
test wrapper in a SoC are related to the problentiseominimization of the BIST overhead,
test time and the achieved measurement accurackarSmost of these problems have been
addressed only theoretically. The lack of reportagerimental evidence encouraged our
work on the design of a histogram-based test tgcienin a IEEE Std 1500 wrapper together
with a thorough evaluation of the implemented tedtastructure on experimental case
studies. We implemented three extreme versionseohistogram-based BIST with regards to
the test-time/hardware-overhead trade-off and bddla The IEEE Std 1500 test wrapper
with the above BIST structures was implemented ispartan3 XC3S200 FPGA. The
MAX165 (an 8-bit microprocessor compatible ADC) wagially chosen as the unit-under-
test. The measured parameters of the employed ARG vin conformance with the
specifications provided by the manufacturer, whadmonstrates the feasibility of the
histogram-based test technique with the implemetasidstructures.

So far, most of the OBT-related work has been the@ither towards the problem of
modification of a given circuit-under-test into ascillator, or towards the analysis of
detected faults (exploring ways to increase faaltecage or even trying to perform a fault
diagnosis). Little attention has been paid to tleasurement accuracy of the developed OBT
solutions. Our feasibility studies of OBT-based Blgrformed on a simulation environment
using Matlab Simulink revealed an inherent measergnuncertainty of the approach. The
measurement of the oscillation period is precisg,due to the arbitrary input signal phase
shift and with respect to the ADC conversion twoiltetion periods are possible. This in turn
manifests itself as a measurement uncertainty. Wktbadr elaborated this issue and derived a
theoretical background for computing the measureémecertainty of the approach.
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IX

Povzetek

V sodobni elektroniki se vedno intenzivneje uvdj@e integrirana vezja, ki vsebujejo
mnozico razknih (digitalnih, analognih in meSanih) komponenistem ohiSju. Z razvojem
takSnih sistemov ¥ipu se je pojavila potreba po razvoju primernihkgikaih reSitev za
testiranje vgrajenih analogno-digitalnih jeder. athirkompleksne strukture sistem&ipu so
mocno omejene moznosti dostopanja in komuniciranjavgmjenih jeder. Zaradi tega se
velikokrat namesto kla&ne metode testiranja, z avtomatskimi testnimi nagra, uporabi
vgrajene samodejne teste. Ze vrsto let obstajdjoveeza vgrajene samodejne teste analogno-
digitalnih (AD) pretvornikov. Za vgrajene AD pretvoke v sodobnih v&jedrnih sistemih pa

ni zaslediti praktinih reSitev, sploh pa ne takih, ki bi bile v skladmahtevami standardov.

Za preizkuSanje vgrajenih AD pretvornikov se najmigje uporabljata histogramska in
oscilacijska metoda.

Histogramska metoda vkijuje uporabo analognih signalov za vzbujanje in &hae
Stevila pojavitev posameznih kod na izhodu AD pretika. Stevilo pojavitev posameznih
kod AD pretvornika se primerja s teotgd izra&unanimi refereénimi vrednosti glede na
obliko vhodnega signala. Na podlagi primerjave steem dol@i staticne karakteristike AD
pretvornika in sicer zamik, ajanje, diferencialna in integralna nelinearnost.

Oscilacijska metoda temelji na konfiguriranju temtiega vezja v oscilatorsko vezje.
Morebitne napake se odrazajo na spremembi frekveac#iranja. Oscilacijska metoda se
pogosto uporablja za testiranje filtrov rénih razredov. Uporaba oscilacijske metode za
testiranje AD pretvornikov se redko uporablja viksia

Pri na&rtovanju vgrajenih samodejnih testov v sistemiipu, na podlagi histogramske in
oscilacijske metode za AD pretvornike, Zelimo @ogen manjSo porabo povrsin&m krajsi
¢as in ¢im vetjo natartnost. Obstojée predlagane reSitve so le teared in ve&inoma
preverjene samo Vv simulacijskih okoljih. Pomanjkageksperimentalnih dokazov je bil dovolj
velik motiv za razvoj novih testnih postopkov nalfagi histograma.

Testni postopki, ki smo jih razvili so v skladutarsdardom IEEE Std 1500. Vgradili smo
jih v Spartan3 XC3S200FPGA. Za testni subjekt siporabili 8 bitni, mikroprocesorski AD
pretvornik, MAX165. Z zgrajeno testno strukturo simeedli Stevilne laboratorijske meritve
na podlagi katerih smo preizkusili in potrdili wstnost ter uporabnost metod. Dobljene
meritve so v skladu s podatki podanimi s straniajalca, kar dokazuje izvedljivost in
uporabnost vgrajenih testnih struktur.

Vecina obstojéih oscilacijskih testov se ukvarja s tematiko k&kafigurirati ciljno testno
vezje v oscilatorsko vezje in kako analizirati tdiagnosticirati napake. Precej manj
pozornosti je bilo usmerjeno v dékmje merilne natamosti oscilacijske metode. Izvedli smo
Studijo o izvedljivosti oscilacijskih vgrajenih tes z zgrajenimi simulacijskimi orodji v
programskem okolju Matlab Simulink. Obsezna Stuggpokazala na inherentno napako
oscilacijske metode testiranja AD pretvornikov. (Rexjska metoda testiranja je nataa,
toda zaradi poljubnega faznega zamika vhodnegaalsigm delovanja AD pretvornika
rezultirata dve razini oscilacijski frekvenci. Zaradi nedalgivosti izmerjene oscilacijske
frekvence metoda vsebuje napako, ki se je ne se@qir pri ndrtovanju testnih postopkov
za AD pretvornike. Izvedli smo temeljito Studijo enjenega pojava in ddlii teoreticne
ozadje za izré&un napake oscilacijskega testa.
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ABM
ADC
ATE
AWG
BIST
CFl
CFO
CMOS
CPU
CTI
CTO
CuUT
DAC
DC
DFT
DLE
DM
DNL
DPS
DSP
DUT
EM
FFT
FPGA
FSR
IC

ID
ILE
INL
I/O0
LSB
MOS
OBT
OBIST
PCB
PMU
RAM
SoC
SNR
SONR
TAP
TBIC
TDI
TDO

analog boundary module
analog-to-digital converter
automated (or automatic) test equipment
arbitrary waveform generator
built-in self-test

core functional input

core functional output
complementary metal-oxide semiconductor
central processing unit

core test input

core test output

circuit under test
digital-to-analog converter
direct current

design for testability
differential linearity error
detector module

differential non-linearity

digital power supply

digital signal processor
device under test

exploitation module

fast Fourier transform
field-programmable gate array
full-scale range

integrated circuit

identification data

integral linearity error

integral non-linearity
input/output

least significant bit

metal oxide semiconductor
oscillation-based test
oscillation built-in self-test
printed circuit board
parametric measurement units
random-access memory
system-on-chip
signal-to-noise ratio
signal-to-quantization-noise ratio
test access port

test bus interface circuit

test data input

test data output
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THD
TPG
TUE
UTP
uuT
VM
WD
WBR
WBY
WIR
WSI
WSO
WSP

total harmonic distortion
test pattern generator
total unadjusted error

unit test period

unit under test

volt meter

waveform digitizer
wrapper boundary register
wrapper bypass register
wrapper instruction register
wrapper serial input
wrapper serial output
wrapper serial port
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1 Introduction

Testing is used in engineering, science, manufegfubusiness, etc. in order to evaluate
the perfection of work, products, knowledge, etcteat is a definitive procedure that
produces a test result. The test result obtaindd the precision measuring instrument or
simply with personal observation is meant for alitptave, categorical, or quantitative

estimation.

The test in engineering is commonly used to impraelucts. To keep improving the
products the two steps should be continually reqmkatest — redesign. Two points are
relevant. First, the test should be designed ith suway that it finds the errors. Second,
the redesign must correct them otherwise this phaee can be repeated indefinitely.
Here we also have the question of perfection: wikeihe product good enough to stop
testing? This question is usually linked with tlustcand the time available. The go/no go
test is common in production testing. The resulg@io-go testing tells us whether the
device under test is good and can be used foruhetibn meant or it is bad and not
appropriate for use.

The test in electronics is an important part ofidevmanufacturing. By constantly
increasing the scale of integrated circuits thebabality of faults arises. Testing of pure
digital circuits is usually defect-oriented, whehe test design is primarily focused on a
digital waveform. Logic ones and zeros, high and \mltages, rise and fall times are the
major attributes of interest in testing digitalctiits. On the other hand, testing an analog
circuit considers parameters like: amplitude, badthy slew rate, overshoot, settling
time, phase noise, etc. The portion of analog tscaompared to digital ones in
electronic devices is relatively small, howeverréhexist a variety of different test
approaches for each type of analog circuits.

Testing digital or analog integrated circuits iscamplex task. Testing of an integrated
circuit (IC) consisting of both digital and analelgments is consequently an even more
demanding task. These kinds of circuits are caiteded-signal circuits. The mixed-
signal circuits are not just a combination of dilbgic and the analog circuitry [1], they
actually operate with both digital and analog sign@he simplest mixed-signal circuits
are analog-to-digital converters (ADC), digitaldnalog converters (DAC),
programmable gain amplifiers, phased locked loats, Distinguishing between the
digital, analog and mixed signals circuits is exgnt in the context of a mixed-signal
test, because most of today’s devices include loigital and analog circuits. Some
authors, like [2], add a third type of electronicait, i.e., memory, also requiring its own
special type of test.

ADCs are used in a wide variety of applications;luding consumer electronics,
communications systems, process control and nmea-ttontrol systems. The analog
portion of them usually interfaces to the environimehis is why ADCs are one of the
most frequently used mixed-signal circuits. Thetitgs of an ADC is typically
specification oriented, where the ADC parameteesemaluated. Parameters that can be
measured can be broadly divided into dynamic paten®ie@nd static parameters [3]. The
static parameters (i.e., offset, gain, differentiabnlinearity (DNL) and integral
nonlinearity (INL)) are related to the transfer étion of the ADC. The dynamic
parameters (i.e., total harmonic distortion (THBIgnal-to-noise ratio (SNR), effective
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number of bits) describe the deformation inducedhenconverted signal.

In order to reduce the production cost the ADCs ateng with other circuits,
integrated in system-on-chip (SoC) designs. Wheigdeng the test structures for ICs in
SoC the test standards should be considered taesivsigroperability. The IEEE Std
1149.1 [4] is a collection of design rules applpthcipally at the integrated circuit level
to alleviate the growing cost of designing, prodgcand testing digital systems. The
IEEE Std 1149.1 [4] and its extension IEEE Std 144%] are meant for providing
similar facilities for mixed signal circuits. Theeathanism for the test of digital core
designs within a SoC is defined with IEEE Std 158)0 While the mentioned standards
guides you when designing a test implementation lamd to access the UUT, the
problem of a communication bottleneck between thelih the SoC with external test
equipment, remains. This is due to the high-saaiegration of deeply embedded cores.
A built-in self-test (BIST), which substantially deces the data exchange between the
external automated test equipment (ATE) and the Wd3 been identified as a possible
solution. The BIST is additional circuitry, spetyabdesigned into the IC in order to
facilitate the self-testing feature [7].

The testing of the static performance parameteranoADC in a conventional way
requires an external ATE and a device interfacedokhe ATE supplies a suitable input
stimulus via a device interface board to the AD(& tesponses are captured and returned
back to the ATE for processing [8]. A BIST of AD@seply embedded in a SoC removes
the need for high-quality test equipment. The Bl&Fforms the major part of the test
activity within the UUT and only the final resulise communicated out.

In the proposed work we try to develop BIST struesufor embedded mixed-signal
cores in a SoC. The BIST structures are based tirkme@wvn test techniques (such as the
histogram-based test and the oscillation-basedl bestrequire modifications due to the
limitations imposed by embedding mixed-signal canes SoC.

The aim of the proposed thesis is to develop BigIctires for ADC cores in a SoC.
In this regard, the work will be focused on thetdgsam-based test and oscillation-based
test techniques. Their implementation within th&€Sest wrapper will be explored. The
objective is to obtain efficient solutions in teriwisthe test-overhead/test-time trade-off.
Attention will be paid to the issues of measurensaturacy. In addition, conformance to
the design-for-test standards, such as IEEE St8.418] and IEEE Std 1500 [6] will be
pursued.

There are different test methods for testing AD&tistperformance parameters: the
edge and center code test, the step and binarghseaathod, the feedback-loop test (also
referred as the servo loop method), the histogesh method and the oscillation-based
test. In reference to [8] there are mainly two AB¥St methodologies adapted and used
for BIST: the oscillation-based test and the histogtest method.

The histogram-based test involves the applicatieananalog signal to the ADC input
and the record of the number of times each codeapmmt the ADC outputs. The count
of occurrences is then compared with theoreticilesin order to compute the ADC
static parameters.

In the feedback-loop test an input voltage of ti@CAunder test oscillates around the
desired code transition. This is achieved by emptpthe analogue integrator at the ADC
input, which continuously integrates with a postior negative slope, depending on a
comparison result between the ADC output code hadlesired code [9]. By measuring
the average voltage at the ADC input we can getti@age value of the particular code
transition level. A very similar approach [10] Isetoscillation-based test (OBT) where
the parameters of the ADC are calculated from su@llation frequency.

The doctoral dissertation is divided up as followsst, the essentials of electronic



Introduction 3

testing are presented, where the tradeoff amongetisiency, test time and test cost is
pursued. The conventional types of IC test andelegironments are introduced. Then we
address the mixed-signal circuits and mixed-sigieat. The mixed-signal basic test
approaches and limitations are shown. In chapter, fdDC and ADC testing is
described. The ADC static characteristics and nustHor testing them are considered in
detail. Furthermore, the histogram-based ADC testembedded ADC cores is revised,
with a special emphasis on the tradeoff betweedvae overhead and test time. The
modifications and improvements of the histogram BEe described in chapter five,
which were required to get acceptable solutionsafpractical implementation. The test
structure implementation in conformance with IEEH $500 [6] is made and at the end
of the chapter the measurement results collected feal experiments are presented and
commented on. In chapter six, OBT of ADC is presdnh a similar way, with the test
structure and the environment set up in Matlab.uBtions are carried out in order to
determine the ADC test accuracy and test efficieoicythe OBT technique. In chapter
seven, the generation of optimal diagnostic tesjuseces for a SoC with complex
embedded cores is addressed.

The following materials are included in the Appendihe BIST solutions of the
histogram-based test and the experimental resuttgferent implementation approaches
are described in [11]. The measurement conditidrieedOBT-based BIST are analyzed
and a theoretical framework for the computationtltd measurement uncertainty is
presented in the paper [12] published in the ETdiIdal. Some selected case studies that
were performed in order to assess the applicatolityg diagnostic tool developed at the
Jozef Stefan Institute in SoC fault localizatioe described in the paper [13], published
in the International Review on Computers and Safwa






2 Essentials of electronic testing

2.1 Test economics and product quality

The electronics industry is involved in almost gvgmpe of product you can think of. More
and more products include electronic parts — jhstkt of your car, telephone, television,
radio, children’s toys, etc. Furthermore, not ohlgs the amount of electronics in these
products increased, so has the complexity of imptged electronics. With the integration of
electronic circuits we gain more functionality inet final product. At the same time, this
reduces the reliability of high-technology elecimproducts. An electronic circuit lifetime of
three years is typical. Electronic designers anaufectures must develop more complex,
more reliable and in time to market products. Oray w0 improve efficiency, productivity
and quality is to test.

From the economic point of view, testing preseilditeonal cost. If we could ensure that
every manufactured electronic board is designedectly, meets all its specification, and is
assembled and soldered properly, we could elimitesteng. In a real world with no testing
we would rapidly go out of business because oud-Bervice costs would be astronomical
(they are probably high enough even with all thetingg we do) and because of a terrible
reputation for poor quality and reliability. Testinherefore must be considered as a cost-
avoidance strategy.

The economic optimization of the production cyctesl not necessarily mean performing
any operation in the cheapest way [14]. For exampleyou purchase the cheapest
components and consequently most unreliable, waiiehthen installed in your product, the
fault occurrence in the forthcoming production stagnay be catastrophic. It is generally
accepted that the earlier in a production stageuli is found the lower are the costs. The 10-
to-1 rule [14] describes how the cost to locate r@pair a fault is increased about ten times at
each subsequent testing stage in production.

500+

450+

400

350

300

250

200

Cost per fault

150+

100+

50

Component test Board test System test Warranty repair

Figure 1: The 10-to-1 rule of the increasing cdst tault at the various stages of test.



6 Essentials of electronic testing

On the other hand, performing all the testing timatld possibly be done is as costly as not
doing enough testing. The tradeoff between testcastl must be optimized. Deciding which
test, test equipment, test method is most suitsbée difficult task, since the complexity of
electronic circuits is increasing. The famous Mo®idaw [15] predicts that the number of
transistors placed on IC doubles approximatelyyetwo years. While even its author admits
that it cannot continue forever because we areaggping the fundamental barrier of the size
of atoms with respect to the size of transistol,[@8perts expect the law to hold at least for
two or three decades. However, the original Moarentilation is not just about number of
transistors on IC; it predicts the trend of semdwtor manufacturing, what we can do with
computers in modern life and also the cost vamatid chips. Regardless of the future
ambiguity of transistor count it is sure that tlesting difficulty and test costs will prolong
with the development.

Transistors

per chip
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Figure 2: Moore’s law a) describing the long-terant in the history of computing power, b) original
formulation from Gordon Moore, co-founder of theelnCorporation.

It is not only the increasing density of transisttrat impacts on testing problems. Rent’s
rule (1) describing the relationship between theduhes within a chip, the number of logic
blocks in modules and the signal connections [h8]jcates the problems emerging from the
growing number of internal interconnections. Rentile provides basic assumptions of
interconnection density and its impact on the alatbility and observability of an IC module
under test. An IC module contains one or more [domkd their connections. A block is a
primitive logical circuit (e.g. logical gates, aosige element, register, etc.). The signal
connections are specified in terms of the numbirts.

P=AK' @
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where P is the average number of pins per modilethe average number of blocks per
module, A average number of pins per block andhe Rent exponent. Rent exponent is
typically between 0.5 and 0.8. Rent’s rule presémsbasis for considering defect impact on
power, area, delay and other relevant parametd(s stfuctures.

Unfortunately, even if all the possible testingperformed at the end of the production
line, the reliability of the device still cannot lassured. Reliable devices must meet their
specification over its life time. Measuring theiabllity of a device is performed by testing
during its operating time, as depicted in Figure 3.

reliable device

(tolerance)
/

unre/,-a ble

Acceptable specification

|
|
|
|
|
|
|
|

T1 Tz Time
Figure 3: a device’s reliability.

The time in which an unreliable device fails to @te within its tolerance may vary from
several seconds to several months or even seweass.yA manufacturer cannot afford to test
every device in a production line during longer dingpans to verify its reliability.
Furthermore, some faults only arise when a dewceawered up several times or under
certain operating conditions. The failure mechasistan be accelerated by stressing the
device. Stressing is a process where a devicetigrmuler some kinds of mechanical, thermal,
electrical or chemical shocks. The procedure, whiohsists of testing, stressing and re-
testing, is commonly called a screening program.

The failures during screening in general fall itw@ major areas:

» fault caused by handling of the device during test,
e early-life failures.

The second of these two areas is also often esfexs infant mortality. Early-life failures
are usually caused by some defects that did not sipoduring initial device testing, but get
worse during the device operation. The failureg &t the operating stage are lowered and
again increased at the end of the lifetime. Thideiscribed with the well-know bathtub curve
[14]. The bathtub curve is de facto in the operatime of products.

-

Failure rate

Infant mortality \ /

period Life time End of life

Operating time

Figure 4: The bathtub curve.
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The optimization of resources used for testingricial to minimize the overall costs. The
two extreme cases can be considered:
1. no testing (no cost of test),

2. 100% test (no cost of failures).

As mentioned before, neither of the two scenarens lsze employed. The emphasis is on
test efficiency. The optimization should considanimizing the test costs and maximizing
the productivity, ensuring the same or greateritjuahd reliability. To achieve these three
objectives the following steps need to be accorhptls

» selection of the optimum testing strategy or sy
» selection of the most cost-effective equipment,
» effective management and control of the testingadepent.

Proper test optimization should also consider #st time. A long test time will also
prolong the time-to-market. Time-to-market is thee needed to get a product from the idea
to the market place. In a fast expanding industrghsas electronics it is a key point to
minimize the time-to-market. This time-to-market shibe considered through a thorough
planning and resource management. Consequentllgeiprocess of developing products the
test costs and the test time cannot be overlooked.

2.2 Types of test

Selection of the optimum testing strategy depengliseat deal on the device under test and its
function. In general, digital, analog and mixedsilgtests are subjected into two types of test:

+ functional test,
e structural test.

As the name describes, a functional test is tryingerify the function of a device under
test (DUT) or circuit under test (CUT). On the othmand, a structural test is technology
dependent. While the functional test characterthesoperation of the DUT as a complete
part, the structural test emphasizes the functidheoindividual parts of the DUT.

A more fundamental classification can be made wethard to the type of circuits tested
for:

» digital (logic) test,
* memory test,
* analog and mixed-signal test.

In analog and mixed-signal tests the functional approach is prevalent. Structural testing
in general requires suitable fault models and the af fault simulations. In contrast to the
digital circuits there are no common fault modetsl &onsequently widely accepted fault
simulators. Fault modeling in analog and mixed-gigare usually based on resistive
open/short fault or minimum/maximum values at sjieqins of the circuit components.
Fault modeling rarely considers the representatamege of values (i.e. voltage levels,
frequency span,...). Due to an inability to testdpecific analog parameters, the structural test
in the analog and mixed-signal domain is limitedhe Tooundary between functional and
structural is not strictly defined. The same testhnd or technique can be applied as a
functional or structural test at different levefglre circuit (component test, board test, system
test,...).
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2.3 Test environments

Choosing the appropriate test environment depepds the company’s experience in test
engineering. In general there are two options:

* building your own external test environment,
* buying automated test equipment (ATE).

The first option requires a lot of expertise inttesgineering and measuring techniques.
Usually, the companies use this option when thezespecial test requirement which are not
met by the available test equipment on the maieilding an ATE on its own would take
considerable time and cost for companies that ateespecially involved in the test and
measurement industry.

Purchasing an ATE requires a thorough consideratibrthe testing needs, quality,
reliability, and cost. Modern ATE prices are caftall in millions of dollars and that is why a
bad choice would be a very expensive burden. Aaegrtb the Semiconductor Industry
Association roadmap [19] these costs are growinmvat continue to do so.

The cost of the ATE is also one of the main reasehg the new design for testability
(DFT) techniques were fostered. At increasing dessiof ICs we are facing a problem of
accessing the test points in a printed circuit 8q®CB) or a SoC. DFT design places some
additional test control circuitry in order to enaba more effective test during device
production.

The conventional ATE is a system used to genersgstastimulus, acquire a test response,
and analyze the test result. The ATE applies patistimulus to the DUT and then analyzes
the responses. The test result can simply ideBttyr as good or bad, or gives a parametric
value of the DUT.

ATE systems are external devices and use the gddakt heads, through which the ATE
is connected to the DUT. ATEs are used to test dewange of electronic devices and
systems, from simple components (resistors, capaciand inductors) to ICs, printed circuit
boards (PCBs), and a complex SoC.

A complex ATE that is capable of testing a SoCastmlled by a workstation or personal
computer (PC) and usually has several central peieg unit (CPU) or even one CPU per pin
in order to provide fast data processing and a-dataction capability.
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Stimulus generation Response capturing and processing

ADC |—

analog response

— DUT

X

digital response
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(DSP)
Logic
analyzer
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Figure 5: Concept of automated test equipment (ATE)

A complex ATE consists of several instruments; udahg an arbitrary waveform
generator (AWG), parametric measurement units (PM&gest patterns generator (TPG), a
digital power supply (DPS), etc. All of these instrents are high precision, therefore ATEs
are extremely expensive. With the development efdigital signal processor (DSP) modern
ATEs are usually DSP-based testers.

The DSP systems measure, filter and compress canignanalog signals. The analysis is
performed in digital form once a signal and its poments have been converted to numbers.
A signal in digital form is easier to analyze, raage and processing than the analog form.

Signal analysis is usually preformed by the DSPdilyital signal processing the signal
characteristics in the time and frequency domaiassaaluated. The DSP is a special-purpose
type of CPU which has implemented algorithms falgzring signal data. The algorithms that
a DSP carries out are ultra-fast instruction segegnsuch as shift and add, which are used in
math-intensive signal-analyzing applications. Ti&PDn a test system can be used in order to
perform measurements. The characteristic valueshvhre obtained with DSP can be
compared to the expected values to evaluate tleepsed data.

The DSP-based testing gives several advantagdsasuc

* reduced test time; it can create and measure sigvitl multiple frequencies at the
same time,

» signal components separation; isolation of noisg @istortion components from
one another and from the test signal enables mooerrate and repeatable
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measurements,
» coherent sampling; ensures good repeatability anod elimination.

The DSP testing is advantageous when multiple nmeasnts must be made. On the other
hand, there are a large number of computationsrextjto perform, which leads to a complex
and costly DSP. The accuracy of the DSP-basedntasily depends on the accuracy and
precision of the stimulus generators and the AD@wHigitalizes the test signal. An ADC or
DAC inserts inevitable quantization noise. To avtheé impact of quantization noise, the
number of converter bits must increase, which cgueetly leads to an increase of hardware
and the test time.

The DSP-based test involves three steps:

1. Stimulus generation; the DSP controls the stimgleserator, which generates a
digital or analog signal. Analog signals are pratudy an arbitrary waveform
generator (AWG). Digital signals are stored in meyrand sent to the DUT.

2. Response capturing; if the DUT responds with thala signal, the waveform
digitizer (WD) converts and stores the responsehdf DUT returns a stream of
digital data, that response is stored in a caphemory.

3. Response analyzing; Stimulus generation and respaapturing last for a
predefined period of time. When data capturingflirashed the DSP processes the
received data.

AWG WD
> -
DUT
send memory m % capture memory
> —
RAM RAM

- DSP

A

Figure 6: The DSP-based test system.

2.4 Design for testability

While the conventional ATE test environment is veffective, its costs have become a
problem. With the introduction of surface-mountewides, in-circuit test techniques utilizing
a bed-of-nails to make contact with each individDBIT on a printed circuit board is almost
impossible. There is also a problem with the comication bottleneck because these devices
usually operate at very high frequencies. Due ®ititreasing logic-to-pin ratio there is a
problem of accessibility with deeply embedded canea SoC. These problems fostered the
development of design-for-testability (DFT) methaalBich provide a cost-effective, high-
quality, at-speed test. At the beginning the puepo$ DFT was to develop and apply
manufacturing tests for designed hardware. Themgctgtal test solutions were mostly
designed for digital circuits and the result wasally “go/no go” to ease the communication
between the CUT and external tester.
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Over the years the industry developed a varietydefailed and standardized DFT
approaches. Initially the DFT techniques primafihjgus on good design practices learned
from experience also called ad-hoc DFT. Ad-hoc DF€Bign tries to eliminate situations
which cause poor controllability and observabilfty, example:

e asynchronous logic feedbacks,
* non-initializable flip-flops,

e redundant gates,

» gated clocks,

« difficult-to-control signals, etc.

Ad-hoc DFT requires experts and tools that areahotys available. Furthermore, newer
circuits have become too large for manual inspactiod once the testability problems are
found redesign is necessary. Due to these problémesuse of ad-hoc design is usually
discouraged for large circuits. With the increasethie complexity and size of circuits an
alternative form of DFT was developed, known asucitred DFT. The most popular
structured DFT methods are scan design, boundary-aad built-in self-test (BIST).

2.4.1 Scan design

The digital logic systems can be divided into camalibnal and sequential circuits. There are
several methods of designing combinational circingg are easy to test. The generation of a
test sequence for sequential circuits is confromtét two additional difficulties: first, the
initial state of the circuit is unknown and secotitg propagation of the fault to the primary
output depends on the state of the circuit. Thesblgms arise due to the memory elements
(flip-flops) in the sequential (digital) circuits.

The scan design’s main objective is to obtain thetrol and observability of flip-flops.
This is achieved by organizing all flip-flops imbme or more shift registers. The flip-flops can
now be initialized via serial data shift-in lineekt, the circuit is put in its normal operation
for a few clock cycles and the resulting interntdtess of flip-flops (i.e., test results) are
shifted out via the serial data shift-out line. Whihere are various implementations of the
concept, the main idea is to partition the logiinoombinational and sequential parts and to
add the scan path to the flip-flops. With the sdasign the test of complex digital circuits
becomes feasible for mass production.

Primary ——p» p Primary
inputs ——— %]  Combinational [ P outputs
> logic -

—
FF |
I
FF |-
I
FF |-
| v
Scan path

Figure 7: A scan design schematic.
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2.4.2 Test standards and boundary scan

The aim of standards is to insure consensus ofresitefrom different designers and
developers. Standards include definitions and teoiogy, methods of measurement and test,
structure guidelines, temperature limits, applmadi guidelines, recommended practices,
safety consideration, etc. They include good eraging practice. Consensus requires that all
views and objectives are considered, but are nutdd to. Standards result from technical
considerations by different competent organizati®@tandards are some kind of substantial
agreement reached by directly and materially afficinterest categories. A substantial
agreement presents much more than just a majdrityterest categories, but not necessarily
unanimity.

The IEEE standards provide a common ground for comcation in some specific areas
of electronic technology. The IEEE standards aisuee criteria for measuring the acceptable
performance of circuits, equipment or materialatesd to the specific field of electronics. The
IEEE organization is a leading authority on araashsas aerospace systems, computers and
telecommunication, biomedical engineering, elegiower, and consumer electronics.

The test designs presented in the following sestmymbine the standard design rules in
order to provide testable devices. In the case latimg different cores from different
providers on a single chip, individual cores cantdsted without compromising intellectual
property. The testing standards make it possibset@ss the internal pins of IC cores without
the need for a physical connection, as presentédjure 8.

Figure 8: Design for a testability chip with difést IC cores.

The IEEE Std 1149.1 [4] standard test access podt Boundary-scan architecture
informally known as boundary-scan consist of aemibn of design rules applied principally
for an IC. Initially it was used for testing pridtecircuit boards using boundary scan. A
fundamental benefit of the boundary scan is in dempesigns were testing problems are the
most difficult. It transforms the extremely diffitdesting problems of IC into well-structured
problems. Test software can be easily programmeshwircuits are designed in conformance
with the boundary scan. In this way different teéata can be applied to the CUT. Over the
years the boundary scan also becomes a tool fessitg sub-blocks of IC and a mechanism
for debugging embedded systems that may not havetaer debug-capable communications
channel.

The IEEE Std 1149.1 informally known as boundargnscs a special scan path with a
register cell added at every I/O pin on the dewgeuitry. The added register cells are
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organized as a serial scan path providing acce®ettdO pins of individual IC. In this way,
the technique improves the controllability and atability of the unit under test. The basic
architecture (Figure 9) consists of an instructiegister, a bypass register, device ID register,
a boundary register (boundary register cells) atestinterface, referred to as the test access
port (TAP).

Boundary Register Cell

Boundary-scan Register

g— — -1

= > L
(2] (2]
£ £
o o
o o
& Integrated Circuit g
7] (under test) 7]
> >
() ()

= > L

g > -]

+——»{ Device ID Register
7
t——> Bypass Register
| Instruction Register >
TCK >
TMS > TAP Controler
TRST >

Figure 9: The general architecture of the IEEE13t49.1 compliant IC.

As depicted in Figure 9, five new pins are dedidao the circuitry. The test data input
(TDI) and the test data output (TDO) are used é&vra$ shifting data into and out of the IC.
The other three pins from the TAP controller areduwith a simple protocol to communicate
with the boundary scan on-chip circuitry. Thesespoannot be shared with any other
function.

The main advantage of the boundary scan testimglatds is that they can be used by PCB
designers, IC designers and systems designers wi@ementing different technologies,
without the need to fully understand the testingbpgms of the particular technology. The
usage of the boundary scan test port greatly feslia built-in self-test (BIST), especially
when implementing BIST at different levels of pagie (chips, boards, systems).



Essentials of electronic testing 15

2.4.3 Built-in self-test

Advances in semiconductor technology have enallediesign of complex SoCs consisting
of deeply embedded digital and mixed-signal condgch makes their testing a difficult task.
The communication bottleneck and the increasing lggtpveen the operating frequencies of
an external ATE and the SoC under test led to rdmester of the SoC testing task from the
external ATE to an internal built-in self-test (BIS BIST solutions reduce the test access
requirements and the costs of test equipment.

A BIST is a mechanism that permits a system toitsslf. The definition of BIST is (as
defined in the Sematech Official Dictionary, onelin version at
http://www.sematech.org/publications/dictionary/):

“Any of the methods of testing an integrated cit¢i€) that uses special circuits designed
into the IC. This circuitry then performs test ftinas on the IC and signals whether the parts
of the IC covered by the BIST circuits are workprgperly.”

The BIST technique is used in wide variety of prctdu In ICs, BIST is used to make
faster and less expensive tests. From the beginhimgs mainly used to enable the circuit to
test itself and determine whether it is good or badhe end of production line. With the
recent development of embedded systems BIST becam&ble test technique at all levels
of design (it can be used for wafer and devicelléasting, for all manufacturing testing and
for system-level testing) providing also the meament of different parameters.

In order to achieve a self-test capability the wisc require additional hardware and
functionality, which is incorporated into the desig he additional hardware and functionality
must ensure an appropriate test-pattern generatidra mechanism for processing the output
responses to detect faults.

The BIST introduces many advantages such as aeddeed for external testing, at speed
testing, more economical testing, reduced time-toket, etc. The main disadvantages of
BIST are hardware overhead, additional design and efforts, and performance penalties
(for instance, increased power consumption).



16



17

3 Mixed-signal test

The signals in real life, science and engineertingg distance, temperature, lightness, etc.)
are analog. Analog-to-digital and digital-to-analognversion allow computers to interact

with these signals. The parts of devices whichraaiewith both kinds of signals are called

mixed-signal circuits.

A mixed-signal circuit operates across digital amélog domains. It can process either
analog or digital information in either analog agithl form. For the simplest mixed-signal
circuits, we can consider a complementary metal@semiconductor (CMOS) switch. In this
circuit the digital signal controls the analog stghce of a CMOS transistor. Because of the
trivial interconnection between the analog and tdigdomains, this circuit is not always
considered to be mixed-signal circuit at all. Thesincommon mixed-signal circuits are
analog-to-digital converters (ADC) and digital-toadog converters (DAC). As the names
indicate these circuits convert the continuous @nadignal into a digital representation
(number) and vice versa, as shown in Figure 10.

01000110
10101001
11001101
= { ADC = 14100100
01100011
10001100
01000110
10101001 '\
11001101
11100100 = | PAC )=
01100011
10001100

While an analog signal has numerous parametersnémnation, after the conversion the
signal contains only sampled and quantized partaraflog information. The sampling
frequency, the number of bits and the type ofriftg define the amount of information after
the conversion. The testing of mixed-signal cirgygbses a number of unique problems from
the digital and especially from the analog partstifig the digital part is usually defect-
oriented, while analog tests are specification amametric oriented, expressed in terms of a
range of signal values resulting from environmertiations (temperature, humidity and
ageing) and noise. Assuming that the digital partodd mixed-signal circuits can be tested
using the existing digital test techniques, the edisignal test problem focuses mainly on
analog test problems [20].

The basic differences between analog and digitinig are summarized in Table 1, from
which we can see why the analog (consequently rmxgrahl) testing is a more demanding
job than digital testing.

Figure 10: Data converters.
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Table 1: Basic differences between analog andadiggsting

Digital Analog
Test signal: Discrete (binary) Continuous
Response analysis: Direct interpretation Mathematical post-processing
Measurement equipment: Low precision High precision
Fault model: Mainly catastrophic Catastrophic and parametric

Tolerance interval in

Fault-free response: Binary vector s .
multidimensional space

3.1 Sampling, reconstruction and quantization

The processes which convert the signal from anognéle. continuous) signal to the
discrete and back are sampling and reconstrucBoth sampling and reconstruction are
extensively used in mixed-signal testing. The testeonstructs the signal to stimulate the
DUT and then measures the response. The mixeditdna samples and reconstructs (or
vice versa) the signal as a part of normal opematio

If the conditions of the sampling theorem [21] anet, a continuous waveform can be
sampled and then reconstructed without the lossgofal information, as shown in Figure 11.
The continuous signal is described as a continfiwugtion of timev(t), which is converted
into a sequence of discrete sampiga-Tg. The reconstruction operation performs an
interpolation between sampled values to form tlesemstructed continuous signg{t).

W) Vn-Ty] Vr(D)

Sampler | —» Reconstruction —m
Clock ! Clock
0 Ty 27; 31; 4T; 57; 671; 713 T, 27T; 31; 4T; 57; 675 715
(1T o (1T 0
. ' . Sampled signal Reconstructed
Continuous-time signal N . . X
(impulse form) continuous-time signal

Figure 11: Sampling and reconstructing the sigraaleform.

The sampling theorem was proven by Shannon [21jjevthe interest and knowledge of
sampling in engineering applications may be trabadk to Nyquist [22]. The various
extensions and applications of the sampling theocam be found in [23]. The sampling
theorem for band-limited signals can be simplyestaas in [1]: “A continuous-time signal
with frequencies no higher thdp.x may be completely recovered from knowledge of its
samples taken at the rate off2.xper second.”

A mathematical sampling can be achieved with ns tafssignal quality. The sampling is
considered as a quantization in time. Due to thiéefiprecision of digital signal we must also
consider amplitude quantization. The output ofdbantizer (ADC) is divided into a number
of equal quantization intervals. The amplitude duzation is a process where a sampled
signal amplitude value is represented by a valu¢ghefquantization interval it resides in.
Usually, the value representing the quantizatideriral is the mid-point, in some cases the
guantization interval can represent the lower ertdpper bound. The quantization error is the
difference between the quantized (digitized) arel ‘thue” analog value. The quantization
error is defined by the number of quantizationnveds and can only be avoided if the number
of intervals goes to infinity, which is infeasiblepractice.
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3.2 Coherent sampling

Performing the mixed-signal measurements using b&fed ATE it is typically assumed that
the original signal can be restored by periodicadlyeating the collected samples during the
unit test period (UTP). The UTP is often called ghrenitive period. From that follows the
primitive or fundamental frequendyas:

1
f =—— . 2
P UTP (2)

The UTP selection significantly affects the sigredonstruction, as depicted in Figure 12.
If the UTP is a multiple of the signal period, d®wn in Figure 12a, the restored signal
smoothly transits over the UTP ends. The measuresofiemes whose UTP is a multiple of
the signal period is referred to as coherent sargplirhe coherence property makes the
sample locations controllable and repeatable [@4.the other hand, if the UTP is not a
multiple of the signal period, as presented in Fegilb, signal discontinuities appear at the
UTP ends.

uTpP UTP uTpP uTpP

a) b)
Figure 12: Signal reconstruction with a) smootimsraons, b) signal discontinuity.

In coherent sampling the UTP extends olkrsignal cycles and consist dfF sampling
intervals, whereM and N are integers. The primitive frequency is relatedtlie signal
frequencyf; and the sampling frequentyas:

fi=MLF,, 3)
fo=NOf. (4)

The equations (2), (3) and (4) lead to the funddaaleaquirement

f. _M

L=, 5

PN (5)
where theM andN are integers to ensure coherent sampling. IfMhandN are relatively
prime each sample contributes unique and indepérnsignal information, which is the
preferred measurement approach.
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Coherent sampling represents the basis when setfinigourier transforms. A waveform
analysis with Fast Fourier transforms (FFT) wikuk in an error in the frequency spectrum
results, if the coherence condition is not met.

In practice it is often not feasible to ensure erent sampling. Different testers, test
equipment, test signal generator and the DUT doshate a common clock. Consequently,
test system components are not synchronized to@heln and not coherent by nature [8]. In
the case of non-coherent sampling we use windotwangduce the unwanted discontinuity to
a minimum. Windowing is a mathematical process tiginges the signal over the UTP in
such a way that it forces the signal to decay to aéboth ends of the UTP.

3.3 Accuracy, precision, error and uncertainty

When discussing measurements, results of measoringeasuring instruments there are
several terms (accuracy, precision, error and ta@iogy) which are often confused. In

conversational English the terms accuracy and gietiare usually used for identical

meaning. For example [25] gives almost identicirdtions of them and uses one term to
explain the other. In engineering textbooks thesms$ are often defined with very different
meanings. The following definitions are derivednfrdifferent sources [1, 26, 27, 28, 29, 30,
31] and give us a technical understanding thasis meant in the following chapters:

* Accuracy — The difference between the measurenmesultr (or average of the
measurement results) and the true or correct vé&loeuracy cannot be discussed
unless the true value is known. Accuracy does @lbus about the quality of the
measurement instrument. The instrument may be gif fQuality or can measure
highly precisely, but may exhibit a high systematicor. The accuracy of the test
instruments tells us the degree of conformance lisolate values, usually
expressed as a percentage of the instrumentsdalé range.

» Precision — The precision refers to the repeatgimh measurements. The variation
of measurement results obtained by repeating measmnts under the same
conditions is defined as the measurement precisitgie actual value of the
measurements is not important because precisen&stiments give repeatable
results.

* Error — The difference between the measurementltresual the true value is
defined as the error. Error is a single value d@kinown can be applied as a
correction to the result. In general, errors argdéid into two types: systematic
error and random error. Systematic errors are thiwseappear consistently from
measurement to measurement. Systematic errors ccamgethe measurement
instruments can often be reduced with calibratiimee random errors, as the word
random indicates, are inherently unpredictablespective of using an inexpensive
digital voltmeter or two million dollars worth of PE, measurements have random
errors.

* Uncertainty — The uncertainty of a measured vasuani interval around that value
such that any repetition of the measurement wddpce a result which lies within
this interval.
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3.4 Measurement-error reduction

3.4.1 Filtering

Measurements are corrupted by random variatiomesy, éine affected with a noise. A filter is a
device that removes certain components from a kigoa-pass analog filters are often used
to improve measurement repeatability. A low-palierfexcludes some electrical noise, since
it removes signals with frequencies higher than tieoff frequency. However, when
implementing a low-pass filter in the tester haroia takes longer to measure DC voltages.
Thus there is an inherent tradeoff between thetiest and better repeatability. A low-pass
filter plays the same role in signal processingaraging does in some other fields.

3.4.2 Averaging

Averaging is a form of discrete time filtering. Whaveraging the series of measurements the
repeatability of the measurement results can bdigiesl. In other words, the measurement
results will become more repeatable and reliablinef length of the measurement series is
increased. For example, to reduce the effect ofntiise by a factor of two, approximately
four times more readings should be collected ardtaaed. From the test time point of view
excessively increasing the collection of samplesobees prohibitively time consuming.
There are different types of averaging used toyaeal set of data points (simple moving
average, cumulative moving average, weighted movawgrage, exponential moving
average).

3.4.3 Guard band

Setting test limits different than the datasheetcgation limits introduces the risk of
accepting defective units and rejecting conformileyices. Guard banding is an important
technique dealing with measurement uncertainty. M@asurement uncertainty affects the
risk of incorrectly declaring DUT as in-toleranceaut-tolerance. In order to prevent a faulty
declaration of the DUT the test limits should beroaed for the measurement uncertainty.
This is achieved by lowering the upper specifiqatinit for the measurement uncertainty
and increasing the lower specification limit, regpesly. A guard band is the offset from the
specification limit to acceptance test limit, apidéed in Figure 13.

Upper specification limit Guard
Upper acceptance limit - - - - ———-——-—-————————— — band

Nominal value

Lower acceptance limit ———---------————————— Guard
Lower specification limit band

Figure 13: Guard band limitation.

In many applications the guard band and the meamne uncertainty have the same
value, but fundamentally they are different issuldse measurement uncertainty as stated in
the previous subsection is a statistical limit ba probable error. The guard band is a part of
the calibration process designed to alter the tesal a statistical basis. Setting the guard
band limits influences the false-accept risk arel flse-reject risk. The false-accept risk is
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the probability that an out-tolerance DUT will becapted as an in-tolerance DUT, due to the
measurement error and vice-versa, the false-rejgctis the probability indicating that an
out-tolerance DUT will pass the test as the infeotee DUT.

To set the correct criteria for the band guardied#int standards and guides are available
[32, 33, 34] to help test designers.
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4 ADC test methods

4.1 The ideal ADC

The ADC can be considered as a true mixed-signategebecause it converts between the
analog and digital domain and has both analog agttad functions. A very simple
illustration of what the ADC is: a device that pides an output that digitally represents the
input voltage or current level. The majority of ABQonvert an input voltage, but the
definition of an ADC also includes the possibildlan input current [35]. The ADC typically
uses an analog reference against which the inprdrigpared. The result of this comparison
tells us what fraction of the reference represtgrgsnput voltage. This is also the reason why
the ADC is sometimes called a divider.

The ADC performs three basic functions: samplingargization and data coding (Figure
14). As described in section 3.1, the samplingsfi@ms a continuous-time signal into its
sampled data equivalent. Quantization changesrthl®@ continuous-level to a discrete level.
Finally the coding scheme outputs binary valueshenADC output pins.

Samplin Amplitude
Analog , Ping quantization Coding Digital
Lot | —
Input N JJ;{ scheme Outputs

Figure 14: ADC basic functions.

The number of ADC bits denoted by defines the number of possible quantization
outcomesN. The number of ADC quantization intervals (ADC es}lis given as:

N=2" (6)

The resolution of the ADC is defined with the tmscurve. The ADC transfer curve has
a many-to-one mapping function and it is defined as

output= 2" [G E—I\\//L (7)

ref

where G stands for gainV, for analog input voltage and.: for the reference voltage.
Generally, the gain of an ADC is unit§£1), but there are also some manufacturers tha hav
introduced ADCs with other gain factors.

Most of the ADCs have a linear transfer functioheTnterval of the input values mapping
to each output value have a linear relationship thedintervals are uniform for the whole
input range. A non-linear transfer function intugcds more information (better resolution) for
certain regions of the input values.

Two definitions of the transfer curve exist witlgaed to the code transition points between
code levels: mid-tread and mid-rise. The transtewve is called mid-tread, where the first
transition is half of the quantization interval @dhe minimum input voltage. When the first
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transition occurs at the minimum input voltage trensfer curve is named mid-rise. The
dissertation considers the static characterisstgeocedure for mid-tread ADCs with a linear
transfer curve, as shown in Figure 15.
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110 code
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center
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001
“«——threshold voltage V7 (1)
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0 1/8 2/8 3/8 48 58 6/8 7/8 FSR

Analog Input
Figure 15: Ideal transfer curve of a 3-bit ADC.

An ADC generates a single output code for a rarigeput voltages. The full-scale range
(FSR) of the ADC is determined with a referencetage, usuallW,.=FSR.. The voltage
level where the ADC output changes code (codeitransis defined as the threshold voltage
Vry(i). The difference between the two sequential tlolestioltages is called the code-width
Q(i). The code widths of an-bit ideal ADC are equal and called nominal codétiviQy.
Nominal code width@y) is determined by dividing the full-scale rarg®Rby the number of
ADC codes:

FSR
2"

Qu = (8)

Nominal code-widthQy is the analog voltage equivalent to one bit. Tésolution of the
ADC is denoted with voltage equivalent to be onte ®ne bit is defined as the size of the
least significant bit (LSB). The LSB has weightResolution is the fundamental limit that
defines the quantization error (or quantizatiorsapi The ADC quantization error, in the case
of the uniformly distributed signal at input, varibetween the -1{5Band +1/2SBand it is
equal to zero in the code center, as depictedgarEile6.

YA AAN A
s VWV

Figure 16: Quantization error.
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The signal-to-quantization-noise ratio (SQNR) imaasure of the effect of quantization
errors introduced by analog-to-digital conversidbhe SQNRis measured in decibels [dB] and
depends on the number of ADC bits and the shapiheofinput signal. In the case of a
uniformly distributed input signal, such as a tgatar wave, the SQNR is calculated as:

SQNR=20(log,, (2") = 602  [dB] ©)

In practice this means each ADC bit improves th&\BQ@y approximately 6.02 dB.

The properties described above present the bastheofanalog-to-digital conversions,
which we have to take into consideration befordyapg the ADC under test.

4.2 ADC architectures

The ADC type is normally defined with its conversialgorithm [36]. The most common
types of ADC with regard to the conversion algarthnd structure are:

» flash ADC,

* successive approximation ADC,
* integrating ADC,

* sigma-delta ADC.

The flash ADCs performs a direct conversion (tkatvhy they are sometimes also called
direct conversion ADCs). A direct conversion mednat they compare the input signal
against all possible decision levels simultaneaubhe flash ADC architecture consists of a
large number of resistors in series (resistiveddi), 2-1 numbers of comparators forbit
ADC and a decode logic circuit (Figure 17). The atke logic circuit generates a code for
each voltage range, depending on which of the coapa producing logic ones has the
highest threshold voltage.



26 ADC test methods

Input
+
voltage
Reference )
voltage
IRk
- —»
] ]
+
p Decode r; conversion
¢ logic result (n bit)
Resistive D
divider . >
. —>

¢

2"-1
L Comparators

Figure 17: Flash ADC.

The direct conversion enables the flash ADC to ajgeat very high frequencies (capable
of a gigahertz sampling rate). Because the declsweis are compared all at once, the sample
and hold circuit is not required. Since the numiilecomparators grows exponentially with
the number of ADC bits, the flash ADC becomes \expensive as the resolution increases.

The successive approximation converter is the roostmon type of ADC is, because it
represents an acceptable compromise between spéedteuracy. This type of ADC includes
a DAC, whose output is adjusted with a binary deatgorithm. The comparison between the
DAC output and the input voltage is performed wath analog comparator. A successive
approximation register controls the DAC output, imgvthe output value up and down,
depending on the result of the comparison. When kimary search is completed the
successive approximation register’s value (i.e. DAQuUt code) represents the output code.
The successive approximation design also inclugesample and the hold circuit to maintain
the input voltage at same value, while the suceesapproximation is in progress. The
successive approximation ADC architecture is degiah Figure 18.
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Figure 18: Successive approximation ADC.

The successive approximation ADC performance istéidnby the performance of the
implemented DAC, the sample and hold circuit arelahalog comparator. While any type of
DAC can be implemented, the problems that affeetithplemented DAC also affect the
ADC. In addition, the sample and hold circuit ah@ tanalog comparator may have poor
linearity and hysteresis errors, which affect thbaracteristics of the successive
approximation ADC.

The integrating ADC uses the step search algoritlike, the successive approximation
ADC implies a binary search. The integration ADG lraplemented an integrator, to which
the input voltage is applied. The integrator themps up for a fixed time period (the run-up
time). After the run-up time the known referencétage in the opposite polarity is applied to
the integrator, which ramps down with a fixed slap#il it reaches the threshold voltage
again (the run-down time). The run-down time isgamtional to the integrator’'s peak voltage,
which in turn is proportional to the input voltagéhe run-down time is measured by a
counter, whose output represents the ADC outpus fipe of converter is also called a dual-
slope converter because it ramps up and down. diensatic of integrating ADC is shown in
Figure 19.

Input ||
voltage ! Clock
A :l
Reference Control || Counter :Dconversion
voltage (-) logic || (nbit) result (» bit)

Figure 19: Integrating (dual-slope) ADC.

The integrating ADC has excellent DNL charactersstsince each code is dependent on a
smooth ramping of the analog integrator. The iratts linearity errors in the upward ramp
cancel the linearity errors in the downward ramp.t@e other hand, the conversion times of
the integrating ADC are long due to the time neddedamping up and down.

A sigma-delta ADC oversamples the desired signa fiequency much higher than the
Nyquist frequency (two times the input bandwidtfihis is why the sigma-delta is also
sometimes referred as over-sampling. Also, the weigma and delta in the name are often
used in a different order. The sigma-delta useodutator which consists of an integrator, a
comparator and a feedback loop (1-bit DAC) to poed@an oversampled, pulse density
modulated data stream. This is then filtered wittigital filter to produce high-resolution
ADC samples. A first-order sigma-delta ADC bloclkgtiam is presented in Figure 20.
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Figure 20: Block diagram of the first-order sigmeltd ADC.

To fully understand the principle of the sigma-dektonversion one must become
acquainted with noise shaping, digital filters adetimation. How an oversampled sigma-
delta converter works is described in detail in][3he simple analog side of the sigma-delta
ADC and complex digital side are what makes thenaiglelta ADC inexpensive to produce.
The low-cost conversion method, providing bothhigh dynamic range and the flexibility in
converting the low bandwidth input signals, is niested in increased production of the
sigma-delta ADC.

4.3 ADC test types

Tests for ADC are, in general, functional, becaofthe different architectures of ADCs
with large discrepancies in the structures. Witliard to the ADC operation, the test can be
divided into the following two categories:

* static test,
e dynamic test.

The main aim of the ADC static test is to identifig code edges (threshold voltages). For
this reason the static ADC test is, in generab@decedge measurement. The threshold voltage
is, in practice, the input voltage (also hamed ¢hde edge voltage or the code transition
voltage level) with the same probability of havitwgo contiguous codes at the output of
ADC. The static ADC characteristics (or parametees) be obtained, after some processing,
from the code edge’s identification. The static jDfBaracteristics of the ADC refer to the
input-output relationship, defined by the transtemve. The static ADC characteristics
include offset, gain, differential and integral Alomearity, monotonicity, and missing codes.

The dynamic ADC tests consider the dynamic openadiothe ADC (the effects of signal
changes and frequency-related effects). The aidywamic performance testing is to identify
the signal's components, such as the conversios, tthe signal-to-noise ratio (SNR), the
total harmonic distortion (THD), the effective nuenlof bits (EONB), etc.

A general test structure for the ADC test is degaldh Figure 21. The basic setup for static
and dynamic testing is the same; obviously the ¢dédhe source generator and the digital
processing capabilities must be adequate for tp#tia target ADC. For example the dynamic
test environment employs a FFT to determine thetsjpa of the ADC output response.
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Figure 21: Basic setup for testing of ADCs.

The basic setup uses a source generator, whiclea@pi input stimulus to the ADC under
test. The output codes are observed and procested somputer or test logic. The computer
can control the source generator, the timing, #ntkeded, the reference supply. The source

generator must provide the input stimulus with ecuaacy of at least 1 LSB better than the
ADC under test.

4.4 ADC static characteristic

The ADC static characteristics are related to themeters which describe the deviations
from the ideal transfer function (curve). Figurea22presents a transfer curve with a variation
of quantization intervals, where the interpolatimgve is still a straight line. In the second

case (Figure 22b) the transfer curve is such tmatvariation of the quantization intervals

leads to a distorted response.
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Figure 22: Input-output transfer functions of al ®eBC.
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The static transfer characteristics in which theiaens of the transfer curve of a real ADC
from the ideal are manifested are as follows:

» offset,

e gain,

» differential non-linearity (DNL),

» integral non-linearity (INL),

» total unadjusted error (TUE),

« full-scale error,

* monotonicity,

* hysteresis

* missing code.

The first four listed parameters are the most comrsatic ADC parameters used for
describing the behavior of the ADC. They are comipg@novided parameters in datasheets.
In the following subsections they will be descrilzewl explained in more detail.

The total unadjusted error (TUE) is the worst-ca¥iation from the ideal ADC
performance. It is an all-inclusive specificatidrat comprehends the offset error, the gain
error and the linearity errors.

The full-scale error is the deviation of the actfidl-scale transition point (last code
transition) from the ideal value. It is usually mmeeed in LSB. The full-scale error presents an
offset error and a gain error added together.

Monotonicity is a feature that produces output sodensistently increasing with the
increasing input signal and consistently decreasihgn the input signal is decreasing. In
other words, the output code remains constant whennput is not changing, or changes
consequently with the same direction as the input.

Hysteresis is the difference between the code itrans depending on the direction of the
input signal. In the ideal case the particular ctdasition occurs at the same voltage input
level, regardless of the direction of input. Ifsl$ not the case the hysteresis is the maximum
of such differences.

The missing code is a digital code, which nevereapp at the ADC output. The missing
code cannot be reached by any input value. If hgpens, the code width of such a code is
zero.
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4 .4.1 Offset—offset error

The offset describes a shift of the transfer charetic. The offset moves the transfer
characteristic in such a way that all the threshaltages are shifted by the ADC offset.
While the offset in general affects all the codess defined with the first code transition. The
first output code transition should occur at anlegaoltage that is half of the quantization
interval (0.5) LSB above zero. The offset errorthe deviation of the first actual code
transition from the ideal, which occurs at 0.5 L@B,depicted in Figure 23.

A

1M1+ r—-
Ideal l,
Transfer -
107 Charactersitic

J/
101 + \ L

H I
3 -/
4 -7
— 100 r—7
S L7 /
a5 A \
sl
011+ Vi / Transfer
pd Charactersitic
S with Offset

010 | v
/I/
|
001+ (—=Z1 /

000 [ : | ; ; } } }
0 1 2 3 4 5 6 7 FSR
Offset Analog Input
error

\J

Figure 23: Transfer characteristic with offset afidet error.

The offset error may have a positive or negativeiejawhen the first transition code
transition occurs higher or lower than ideal, resipely. The offset error can be expressed in
LSB, volts or as a percentage of the full-scalgean

4.4.2 Gain—gain error

As already mentioned, the gain of the ideal lin&BXC is in general considered to be unity,
equation (7). Consequently, the slope of the custdger line is equal to 1. The gain error
defines the deviation of the slope of the actualCA€@bde center line from the ideal (Figure
24).
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Figure 24: Transfer characteristic with gain error.

The gain error can be measured as the differeneesba the ideal last code transition and the
actual (real) last code transition. When performangieasurement in such a manner, it must
be considered that the offset error also influertbesresult. When using this definition, the
gain error is called the full-scale error.

4.4.3 Differential non-linearity

In the case of the ideal linear ADC, the quantaatintervals (step size) are equal. This is
called the nominal code widtlQf), defined with equation (8). The nominal code Wwidt a
voltage equivalent to 1 LSB. The code wid) is defined as the difference between two
consecutive threshold voltag¥s.:

Qi) =Vy, (i +1) =V, (i) . (10)

In other words, the code width is the range ofitipait values that produce the same digital
output code.

The DNL measures the deviation of each code w@(thfrom nominal code width, which
is 1 LSB. The DNL error for the codes defined as the relative difference of the dotode
width and the nominal code width:

Q) —Qy
o

N

DNL() = (11)

The DNL describes a step error and can differ fomtle to code, as shown in Figure 25. The
DNL is sometimes referred to as the differentiaéérity error (DLE).
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Figure 25: Transfer characteristic with differehtian-linearity (DNL).

The DNL value is given in LSB. In the case of aipes DNL, the input voltage range that
produces the same code is wider than nominal, andwer in the case of the negative DNL,
respectively.

The maximum DNL is the maximum value &NL(i)|, considering all the non-extreme
codes. Non-extreme code stands for the codes with Ibwer and upper transition points. In
the case of an extreme code it is not possibleetimel the code widths and consequently it is
also not possible to determine the DNL.

The maximum DNL is often referred to as simply L, especially in the datasheets
provided by ADC manufacturers. Additionally, thetonean square RMS of the DNL can be
given as:

B 1 22-2 2
DNLgys = \/Zn — le(DNL(|)) - (12)

4.4.4 Integral non-linearity

The integral non-linearity (INL) determines the dgion of each output code center from the
ideal straight center line, as shown in Figure Bige INL is also referred to as the integral
linearity error (ILE), or simply as the linearityrer (LE).
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Figure 26: Transfer characteristic with integrah#imearity (INL).

The INL measures the straightness of the transfection and it can be greater than the
DNL. The INL depends on the size and the distributsd the DNL. The INL for code is
computed from the cumulative sum of the DNLs of phevious codes as:

INL(i) :Zi:DNL(j). (13)

There are two ways to measure the INL. The firsalled an end-point measurement, and
the second a best-fit measurement. The end-poinsur&aent puts a straight line between
the end points, as presented in Figure 27a. Thefibeséthod places a best-fit straight line
with minimum deviations (Figure 27b). The end-fitcisosen as the standard since it is more
informative and indicates the worst-case INL.
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Figure 27: End-point INL measure a) and best-fit INeasure.
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Like in the case of the DNL, the maximum value led INL is usually provided with the
ADC specification sheet, indicating the maximum|IdiiL(i)] when considering all the non-
extreme codes.

4.5 Testing ADC static characteristics

One way to verify the ADC static characteristicstasdetermine the transfer function, by
applying numbers of DC voltage steps to the ADQuing-or each step the data pairs of the
associated input voltage and the output code haveetrecorded. By trimming the input
voltages, the threshold voltagér{) is found when half of the output results falldne code
and the other half in the next one. This is theated step-search method. Code-edge testing
with a step search can be time consuming, espgaidien a number of steps have to be
applied to obtain the desired resolution.

In a static characteristic test the use of contususignals is more favorable. In general, the
methods with a continuous input stimulus can bédéi into the feedback-loop methods and
the histogram methods. According to the IEEE Stanttarterminology and test methods for
analog-to-digital converters [42], three methods wardely in use today: the feedback-loop
method, the histogram method with ramp input wawel the sine-wave histogram method.

The above-mentioned methods can be classified as-@ige test methods, because they
measure the code-edge transitions from which ellsthtic characteristics can be obtained. A
very similar method to the feedback-loop methodthe oscillation-based test (OBT),
proposed in [38]. The oscillation-based ADC testthe same way as the feedback-loop
method, forces the input stimulus to oscillate acba desired code transition, but instead of
measuring the average oscillation voltage, it messthe oscillation frequency. The only
weakness of such a test approach for the ADC isftban the measured oscillation only the
conversion time, the DNL and the INL can be calada

4.5.1 Feedback-loop testing

As the name indicates, the feedback-loop method asieedback loop to control the input
stimulus. The method was first introduced in 197538]. There are several adaptations of
this technique [40, 41], also referred to as theser servo-loop method. The feedback loop
method is also included and described in IEEE S#d 122].

A digital comparator monitors the output code frimea ADC. On the test source side an
analog integrator is employed as the analog volgggerator. The digital comparator controls
the slope of the input signal ramp, depending @ dbmparison, as shown in Figure 28a.
When the ADC output code changes from a referende the integrator changes the input
slope, causing the input voltage to oscillate, l@ws in Figure 29. Because of the ADC
conversion time and the loop delay time the inpgha experiences voltage overshooting.
Measuring the average voltage generated at the mp@ yields the value of the particular
code threshold voltagéry(i). Instead of the analog integrator input stimwdith the DAC at
the ADC the input can be applied, as depicted guile 28b. As in the case of the analog
integrator, once the code transition has been eshdhe feedback loop causes the signal to
oscillate around the chosen transition. The ADC iriputhe corresponding threshold voltage
is then calculated from the known transfer functminthe DAC or is measured with a
voltmeter (optional).
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Figure 28: Feedback-loop method with a) analoggnat®r and with b) DAC as input generator.
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Figure 29: Feedback loop input voltage oscillation.

The feedback-loop test can be easily automated lasuneg the threshold voltages of all
the ADC codes. The test time can present a magtriceon when applying the feedback-loop
method. In order to shorten the test times, thiecas be performed only for a set of the most
significant bits. For feedback loop ADC testing thput stimulus accuracy is also important;
in particular, the positive and negative slope gateust be equal when having the analog
integrator at the ADC input. Any mismatch of slodeads to a different ratio of code
occurrences at either side of the voltage threshibis is similar to the case of the DAC,
where the step size and the DAC resolution afféet feedback-loop dynamics and,
respectively, the accuracy.

4.5.2 Histogram-based test

A histogram is a bar graph that shows how freqyesdita occur within certain intervals or
ranges. The height of each bar in the graph givesdtia occurrences (frequency) in the
respective interval.

An ADC histogram presents the number of occurrefcede counts) of each output code.
For a known periodic input stimulus the histogranamideal n-bit ADC can be calculated. In
histogram testing the code-transition levels aredieectly measured, but derived from the
frequency distributions of the ADC codes. With tbemparison of the number of code
occurrences of an ideal ADC and the actual meastakeks the static characteristics can be
easily identified. However, if needed, the codexiion levels can also be determined.

There are two most common types of histograms ngjgished in terms of the shape of the
applied signal at the ADC input:

* ramp histogram,
* sine-wave histogram.
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The ramp histogram computed for a linear signal &itlniform distribution (typically, a
triangular waveform signal is used) is depictedrigure 30. The input signal ramps linearly
between the extremes of the full-scale range oAIDE.
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Figure 30: The histogram of ADC code occurrencesoip input stimulus.

For ramp histograms the ideal values of the codmiroences are equal for extreme and
non-extreme codes. After a sufficiently large numifesamples the collected ramp histogram
provides an accurate measure of the static chaistais. A missing code is easily identified
if the corresponding number of occurrences for riquadar code is equal to zero. The offset
reflects as an increase or decrease of the codetscofl the extreme codes. The threshold
voltage of a particular codecan be calculated from the accumulated code coprib that
code [42]:

vTH(i):v0+AD§H(j). (14)

j=0

whereV, stands for the offset factor and the A for thendgactor.

The ramp histogram test method accuracy is resttiby the quality of the input signal
and the number of collected samples in the indalidiode bin. Increasing the number of
samples and consequently increasing the numbeiistdgnam occurrences, decreases the
uncertainty. The quality of the signal refers te thonlinearity and the noise on the ramp
signal [42]. The nonlinearity and noise of the inpamp would produce the errors in the
code-transition levels. The uncertainty therefoepahds on the standard deviation of the
noisec of the stimulus and the average number of codaroc@aces ... The error of the
ramp histogram method is approximated with:
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ex . (15)

avg

The ramp histogram test method is normally usednwstatic characteristics need to be
measured. The basic difference between the classm@asurements of the static
characteristics and the histogram approach isth®atatter records only the number of times
each count appears, while the classical measursmentess and calculate the read-out code.
This means that there is less data handling, eslpet the case of the ramp input stimulus
where the histogram in ideal circumstances is ataraed only by two values (the count of
the extreme codes and the count of other codes).

The sine-wave distribution is no longer uniformiasthe case of the ramp signal. The
histogram values change dynamically as a sine whigjs also the reason why a sine-wave
histogram is often referred to as a dynamic histogf8]. The frequency of the sine wave
should be chosen according to the ADC samplinguieaqy. If the test frequency is low
enough the dynamic errors will not arise, but thatis errors could be obtained. If the
frequency of the testing is large enough, some mymarrors will appear in the results, while
others will be averaged out [42].

For sine-wave histograms, as depicted in Figure AX1C code occurrences cannot be
presented with only two values, as in the cas@®famp signal.
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Figure 31: The histogram of ADC code occurrencesired-wave input stimulus.

The main attention, for either type of histogramysinbe paid to the input stimulus
accuracy, because it has a direct impact on thedasslts. The ramp histogram test advantage
lies in the lower number of samples required dught constant ideal code counts. Data
processing in this case operates only with two lidadues of code count and the actual
measured values. On the other hand, a sine-wawalsigneration of high frequency and
accuracy can be more easily achieved.
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4.5.3 Oscillation based test

In the oscillation-based test (OBT) method proposefB8], a CUT is transformed into an
oscillator. The techniqgue modifies the CUT in siackvay that oscillation is induced. Arabi
and Kaminska proposed different mechanisms for edimg CUT to an oscillator. The most
effective one is a closed-loop system [43] whichplays the feedback loop, including a
transfer functior o, and an adder, as shown in Figure 32.

F loop

Foscillatar

Figure 32: Converting a CUT in an oscillator.

The proposed approach can be applied to any amalagixed-signal circuit. The OBT
approach can also be easily extended to BIST. mmeskiterature [10, 44] a built-in self-test
based on OBT is simply called the oscillation binltself-test (OBIST). The BIST concept
based on OBT first divides complex systems sucls@&S to simpler individual functional
circuits [10, 38, 44-49]. During the test eachladge CUTs is converted to an oscillator. The
CUT produces a test output signal whose oscillafrequency is inherently related to the
fault-free structure of a particular CUT. The dstibn frequency within a tolerance margin is
considered as a test parameter in such a way thiat dompared to a reference value,
analytically determined for ideal circumstancesbitained on a known-good circuit operating
under the same measurement conditions. The diswggdeetween the oscillation frequency
of a CUT and the reference value indicates poséitlkts. The OBT structure consists of the
logic control structure for accessing to the indual CUT and the block for a comparison of
the reference and the measured oscillation frequdndhe case of an on-chip determination
of the test result the control logic usually emgl@yfrequency-to-number converter for easy
processing. In the case of the off-chip comparigmnsignal is conveyed to the external test
equipment. The basic OBIST structure is depicteléigure 33.

SoC UNDER TEST

Inputs Outputs

»  CUT, — CUTQJ—/o— CUT; T -—-—- CUT,

Control Control Analog Frequency ) Test result
- > . > » to number —= Comparison >
signals logic MUX

converter

External
test
equipment

Figure 33: Oscillation built-in self-test structure



40 ADC test methods

The main advantages of OBT are that no analog rigadjestimulus is needed because the
CUT is converted into an oscillator and the meaguf the frequency can be a simple
measurement with a digital frequency counter. Inegal there are no other methods to beat
the simplicity of the OBT technique. On the othemd, the OBT is hard to adapt for
diagnostic purposes, especially in the case wherfathlt prevents the oscillation. The OBT
relies on the fault model accuracy to assess thie ¢average and cannot test for all of the
parameters related to the specification (for exammbise).

The OBT technique has been applied, not only toAIRE, but also to the different kinds
of mixed-signal circuits [44, 46, 50-54]. In OBTrfihe ADC the setup of the test is similar to
the feedback-loop method employing the feedbacl land analog integrator. The main
difference is that in the case of OBT oscillatfoequency is measured instead of the average
voltage at the input of the ADC. In the OBT of (AR@ feedback loop is provided, which
forces the ADC to oscillate around a selected ¢¢dl@]. The feedback loop is fed to a circuit
that generates a triangle wave signal of symmetiope. Figure 34 shows the basic OBT of
ADC measurement set up with two different integraiccuits.

Vdd

l4 /
ADC
i \. under test [ |
Vss l

DIGITAL
COMPARATOR
a)
[l
Il
Vref +
Vref = ADC |
under test
DIGITAL
COMPARATOR
b)

Figure 34: OBT structures of ADC, a) integratorcait with current generator, b) integrator circuit
with operational amplifier.

With the described OBT technique we can only meathe non-linearity of the ADC. The
DNL and INL are calculated from the code width, @hiis obtained by measuring the
oscillation frequency oscillating around the desioedei (or codei transition voltages), as
presented in Figure 35.
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Figure 35: Oscillation around specified code.

Evaluation of code width from the measured osailafrequency represents the basis of the
OBT test method of ADC [10].
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5 Histogram test for embedded ADC cores

The classical measurement of the static charatitsrisf an ADC involves the generation of
stimuli (sine-wave or triangle-wave) and the real-of the generated code processed by
automated-test equipment (ATE). In the case ofAB€ core implemented in a system-on-
chip (SoC), as shown in Figure 36, the BIST apprdamften a preferred solution due to a
potential communication bottleneck between the A&RH the tested ADC core.

Figure 36: Implemented ADC and other digital anaedisignal cores in a SoC.

However, since it may be hard to generate refershgrili in a SoC, the ADC core BIST
is often reduced only to processing and evaluatiegADC outputs, while the ADC input is
connected to an external stimulus generator.

The histogram method is an established approaclldgtarmining the static parameters.
The generation of the stimuli is similar to thessi@ measurement; however, the method only
records the number of times each code appearedi{whn be viewed as a histogram).

While the theoretical background for the histograased ADC test is well-known [7, 8,
55] and the area overhead for different alternaitmplementations has been estimated [56,
57], reports of implementations in practice andoasged measurements are rare and not
publicly available.

The histogram-based test of the ADCs has been enfarsmore than two decades and
different aspects of its application have been udised by numerous authors. Earlier
references [58-61] primarily concentrate on how tuele density can be interpreted to
compute the differential and integral nonlineastigain error and offset error, and estimate
the achieved accuracy under different measurenoemtittons. More recently, the accuracy of
ADC testing with sine-wave stimulus has been aralymnder the assumption of quasi-
coherent sampling and a bound on the variance eotrémsition level estimators have been
derived in [62]. The error in the estimation of ttransition voltages in the presence of
additive noise was analyzed in [63]. As a contifmmabf this work, the error in the code bin
widths has been studied, the error of the diffea¢nbnlinearity estimation has been analyzed
and expressions for the amount of overdrive to mire the error have been proposed in [64].
Another paper by the same authors [65] analyzeptbesion of the estimates of the ADC
gain and offset error that are obtained with tretdgram method. An improved histogram-
based approach, which also reveals dynamic perfwejasuch as the effective number of
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bits, is proposed in [66]. A novel approach basedsmall-amplitude waves is proposed in
[67] and further revised in [68].

Papers [56, 70, 71] focus on the implementatiothefhistogram-based test of ADCs in a
BIST arrangement. In general, a complete BIST sehexquires the definition of a reference
analog input generator and a digital output resparslyzer. As on-chip generation of the
reference stimulus can be regarded as a classioblepn with known solutions [72], the
authors focus on defining the digital output resggoanalyzer. They employ a triangular input
waveform and derive the procedures for the comjmntaif the offset, gain, DNL and INL.
The proposed BIST logic that implements the abaweeqrures is verified with simulations
for different lengths of ADCs. In [73] some impronents to the above BIST logic are
proposed by performing DNL, INL, offset and gainogrcalculation procedures in parallel.

So far, most of the proposed solutions have beemuated by simulations. Their
application in SoC testing in practice is still @oen issue. Paper [74] can be regarded as an
attempt at an implementation in a test wrapper @omihg to IEEE Std 1500 [6]. However,
the paper describes a general mixed-signal tespperadesign and does not provide any
details of possible implementations of test techegyin practice. The lack of reported
experimental evidence encouraged our work on tegdef a histogram-based test technique
in a IEEE Std 1500 wrapper together with a thoroeghluation of the implemented test
infrastructure on experimental case studies. Welemented three extreme versions
(sequential, RAM-based and processor-based methaidd)e histogram-based BIST in a
IEEE Std 1500 wrapper regarding test time/hardwaserhead trade-off, all evaluated by
laboratory measurements. In order to provide reéaliseasurement conditions we introduced
external stimuli via the analog boundary module aflEEE Std 1149.4 compliant
experimental test chip [75].

In our implementation (Figure 37), an off-the-sha@C (MAX165) was chosen as the
unit-under-test. This is an 8-bit microprocessompatible ADC. The ADC under-test was
connected to a triangle-wave signal source via M@@ches. For this purpose the analog
boundary module (ABM) of a 1149.4 test chip implemeel in collaboration with LIRMM in
the frame of Proteus project [75] was employedthis way, the BIST configuration at the
core input is emulated. The ADC digital responses @ocessed by a Spartan3 XC3S200
FPGA. The measurements were carried out to evathatperformance of the proposed test
solution.

Figure 37: Laboratory prototype for performing measnents.
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The main improvements of our implementation arerioviding the coherent sampling of
the input stimulus and in accomplishing more réalimeasurement conditions, taking into
account the impact of MOS switches in the impleradntest wrapper. The implemented
histogram methods have been validated by emplogirtigital counter that simulated the
ideal ADC output.

The histogram test technique is based on a knowplitaehe distribution. The histogram
represents the counts of each ADC code (i.e., amdjelj for the applied input signal. The
ideal histogram for the specific stimulus waveforsn characterized by an analytically
determined ideal count(yea) for each code. A triangle input signal is the tnasnvenient
for the static characteristics BIST, because tlealidDC static performance characteristics
are then characterized only by two values (the totiextreme codes and the count of other
codes).

5.1 Offset error calculation

The first output code transition should occur ataalog voltage that is 0.5 LSB above zero.
The offset error is the deviation of the first adtaode transition from 0.5 LSB. The offset
error Eomisey determined with histogram-based test is calcdlatsing the following
expression:

goffset = A (2n _1) - (O) (16)
2H

ideal

where Higea is the ideal number of code counts{(2"-1) is the number of measured
occurrences of the MSB code aH(D) of the LSB code, respectively. The influencetlud
offset error is shown in Figure 38.
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Figure 38: Histogram of an ideal ADC a), histograinan ADC with offset error b).
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5.2 Gain error calculation

The gain error is the deviation of the actual leatethe last transition from the ideal level. The
ratio between the counHJ of any non-extreme code and the ideal coti.{) determines
the ADC gain at that code. While the measured vaduges from code to code the ADC gain-
error ggain) €stimation in the histogram test is determinedwsraging the gain oven central
codes of the ADC range. The gain error is showignire 39 and calculated from:

i=N,

> H(i)
i=N;
=N 17
ggam mEHideaI ( )

Vi — — — — N - — — — — — Vis(2"-1)

Voltage

Number of counts

Number of counts

20 R 20
(LSB) (MSB) (LSB)

a) b)

m (MSB)
Figure 39: Histogram of an ideal ADC a), histograinan ADC with gain error b).

5.3 Non-linearity error calculation

DNL measures the code width of each step and igtlen from the ideal value (1 LSB).
Given the histogram data, DNL is defined as thatnet difference between the measured and

the ideal counts

H (') - Hideal . (18)

ideal

DNL(i) =
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Figure 40: Histogram of an ideal ADC a), histograinan ADC with DNL error b).

The INL determines the deviation of each outputecoenter from the ideal straight center
line. The INL for code is computed from the cumulative sumiifiLs of the previous codes.

INL() :Zi:DNL(j). (19)

The above equations include the operations of magisubtraction, and division. While
addition and subtraction are fairly simple openagiathe hardware implementation of division
is more demanding. However, if the denominatorhis power of 2, the division can be
performed by shifting the decimal point. In our&dlse denominators akigea, 2-Higea, and
M-Higear. IN Order to simplify the division, thdigeq;andm should be the power of 2.

5.4 Histogram BIST

For ADC BIST implementation based on a histograjragsdescribed in [56, 70, 71], most
convenient a triangle wave input stimulus. In tlasec of the triangle-wave input signal the
histogram is characterized only by two values bent of extreme codes and the count of
other codes). The count of extreme codes is ndyngaeater than the count of the non-
extreme codes due to the overflow of the input aigifihe principle of histogram testing is
sketched in Figure 41.

Reference input Calculation of static

) Device under test Code count L
stimulus characteristics

TEST MODULE

= ADC =

Figure 41: The principle of the histogram test veittriangle-wave input signal.

Coherent sampling must be provided: the ratio betwe number of samplésand the
number of input signal periodd must be equal to the ratio between the samplieguiency
and the frequency of the input signal. In addititime slope of the input signal must be
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determined in such a way that there is an equalbeuraf occurrences of all non-extreme
codes.

The concept of the implemented histogram-based BiSa IEEE Std 1500 wrapper is
shown in Figure 42a. We use a triangle-wave inmriad, which in an ideal case results in a
constant code count for non-extreme codes and @l eqde count for extreme codes.

offset,

gain,
DNL, input
INL  Signal

input
signal

OO0O0000OoOooooooooooOod

OO0 0OUooOOoooOoOooog

a) b)

Figure 42: The concept of a) implemented BIST i&BHEStd 1500 test wrapper, b) processor-based
BIST.

We first implemented two different BIST structurdargeted either at a low hardware
overhead or at a minimum test time. The first sofutperforms the measurements and
computations of the static parameters in a sequehicelividual steps. The ADC output data
is processed on the fly in each step and the megud., offset, gain, maximum value of
DNL(i), maximum value ofNL(i)) are transmitted out via the test access mecharisie
second solution first collects the complete ADC tesponses and stores them in a RAM.
Next, the computation of the static parametersrégpmed and the results are transmitted via
TAM, as in the previous case. We denote the fioditeon as thesequential BISTand the
second as thRAM-based BIST

In addition, another solution (shown in Figure 42@s conceived in which a processor
core performs the ADC core test and computes tipgined test parameters.

5.4.1 Sequential BIST

The sequential BIST structure depicted in Figureog8rates in accordance with the concept
proposed in [56]. It was, however, slightly modifien order to completely automate the
evaluation of the DNL and INL parameters. The BiSiucture is composed of three basic
blocks:

* The detector module, which monitors the codes gedeerby the ADC and the signals
when the code is equal to the pre-set value,

* The exploitation module, which receives the sigrfaten the detector module and
performs the required operations (counting, compl@mng, etc.),

* The control module, which coordinates the procegssinboth modules and connects
the BIST structure to the IEEE Std 1500 test irtftecgure. The control module is a
state machine which generates the correspondingrotosignals of the detector
module and the exploitation module. It also cocatks the operation of the BIST and
the IEEE Std 1500 test wrapper logic.
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The detector module contains a counter and a catgraiThe counter is used for setting
the required preset value that is stored in ther®dister. The contents of the DM register are
compared with the ADC code. If the ADC code eqults contents of the DM register, the
exploitation module is triggered. The exploitatmodule is an up/down counter with a clear.
In addition, it is capable of calculating the coemknt of the current value. The temporary
result is stored in the EM register.

TEST STRUCTURE
ADC control
- CONTROL MODULE
A A
Y Y
ADC codes DETECTOR EXPLOITATION
MODULE .|  MODULE Data
—

Figure 43: Sequential BIST structure.

The calculations of the offset, gain, DNL and INke aseparate processes that are
performed in a strictly sequential manner:

Offset calculationln reference to expression (16), the offset i®eined as a difference
in the number of occurrences of the two extremesativided by Higea. This is achieved by
first initializing the EM register to 0 and thercreasing its contents when the ADC code is
“11...1" and decreasing it when the code is “00.A&suming thaHiqea = 2~ the division by
2 Higeal is implemented as &+€1) shift operationP is an arbitrary integer number; the choice
depends on the desired accuracy of the measurenasnghiown later. The procedure for the
computation of the offset is:

Algorithm 1: The computation procedure for the effsrror.

initialization: EM=0
for samples i=1 to N {
if (ADC_LSB=1) {
DM =11...1;
if ADC = DM) EM++
}
else {
DM =00...0
if (ADC = DM) EM--
1
if (EM_MSB=1) complement EM
offset = EM >> (P+1) //division performed as shift

Gain calculation.The inverse of the gain is determined as the tagitween the average
count ofm central codes andigea. Again, mis selected as a power of @ € 29) so that the
division is performed as a shift operation. Letdasote the first of then central codes biX;
and the last b\, (N.=N;+m-1). The procedure for the computation of the iseesf the gain
is:

Algorithm 2: The computation procedure for estimgtihe gain error.

initialization: DM=N1, EM=0
while (DM < N2){
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for samples i=1 to N{
if (ADC = DM) EM++
}

DM++

}

gain = EM >> (P+2Z) // division performed as shift

DNL calculation.This calculation is slightly different from theqmedure proposed in [56]
in order to reduce the number of arithmetic opereti TheDNL is calculated for each ADC
code (except for the two extreme codes). For thecws code, the contents of the EM
register are first initialized to “2and then increased by the number of occurrenceheof
code. In this way, the subtraction in expressid@) (4 eliminated. The highest absolute value
of the EM register is taken and divided Hyea. (If the contents of EM register are negative,
its complement is computed.) The procedure forctmaputation oDNL is:

Algorithm 3: The computation procedure of the DNL.

initialization: DM=1, DNL=0
while (DM < 2n-1){

EM =-2P

for samples i=1 to N {

if (ADC = DM) EM++

}

if (EM_MSB=1) complement EM

if (DNL < EM) DNL=EM

DM++

}
DNL = DNL >> P // division performed as shift

INL calculation.For a better understanding we rewrite the expoasdi9) in the following
way

INL(0) =0. (20)

INL(i) = INL(i —1) + DNL(i). (22)

At the beginning the counter is initialized to Oitek accumulating the number of hits for
the current codeligea is subtracted from the contents of the EM registbe highest absolute

value of the EM register is taken and divided Hye,. The procedure for the INL
computation is:

Algorithm 4: The computation procedure for the INL.

initialization: DM=1, EM=0, INL=0
while (DM < 2™-1){
for samples i=1 to N {
if (ADC = DM) EM++
}
EM-=2
if (EM_MSB=1){
complement EM
if (INL < EM) INL=EM
complement EM

else if (INL < EM) INL=EM
DM
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++

}
INL = INL >>P // division performed as shift

While the sequential BIST structure described ab@epiires a low hardware overhead,
the test time may become excessive. This is dtleetdact that the sequential approach takes
N samples for the calculation of the offs@N samples for the calculation of the gain’-(2
2)-N samples for the calculation of DNL and-@N samples for the calculation of INL. As
an alternative, a RAM-based BIST has been developed

5.4.2 RAM-based BIST

The RAM-based BIST test structure shown in Figuteednsists of three components, which
play a similar role to their counterparts in a sagial BIST. The three components are:
The RAM module, in which the ADC code count of angete histogram is stored,
* The computation module, which computes the ADCicsiEtaracteristics from the
values stored in the RAM,
* The control module, which (similar to the sequdntST) coordinates the
processing of both blocks and connects the BISIcsaire to the IEEE Std 1500 test
infrastructure.

TEST STRUCTURE

ADC control
- CONTROL MODULE
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ADC codes
RAM _ | comPUTATION Data
- MODULE >
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Figure 44: RAM-based BIST structure.

In contrast to the sequential BIST approach, onlyalples are taken for the computation
of the static parameters of the ADC. The samplediest stored in the RAM, after which the
static parameters are computed in accordance Wwéhekpressions (16)-(19). In order to
eliminate the subtraction in expression (18) thants are first initialized to *2and then
increased by the number of occurrences of the cdudeRAM is organized in such a way that
the ADC code actually presents the RAM addresstofcode count. In this way, data
manipulation is simplified. The computation followsnilar principles as before; hence the
description in a pseudo-code is omitted.

5.4.3 Processor-based BIST

Processor-based BIST exploits the available micogssor and other cores on the SoC for
the execution of the ADC test. The idea is to rethgealready present resources in the SoC
and their interconnections to perform a functiomst of the ADC core. The microprocessor
with the timer interactions controls the ADC cogethers the responses and stores them in
the SoC RAM. After the stimulation period the gadte responses are evaluated by the
processor. In a sense, the processor with a tineeiorms the role of the control and
computation module.

While this approach does not introduce any sigaifichardware overhead into the digital
part of the SoC, additional ROM storage is requfiedhe BIST program storage. In order to
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perform the ADC BIST at full speed, which is getigréaster than the normal SoC operation,
the processor in collaboration with the other carasst be able to respond in time to the
incoming ADC codes.

5.4.4 Integrity check of the test structure

The integrity of the test infrastructure must beuasd before we can trust the results of the
implemented histogram test. For this purpose, tibegrity check is performed by replacing
the tested ADC with a counter, as shown in Figuke %he counter generates codes
corresponding to the ideal ADC with an ideal trialag input waveform and the resulting
static parameters are checkeffget= 0,gain = 1,DNL = 0,INL = 0). The two empty boxes
in Figure 45 represent either the detector and oitgpion module or the RAM and the
computation module since the same integrity cheaksed for the sequential or RAM-based
BIST.

TEST STRUCTURE

Control
CONTROL MODULE

A
A A

COUNTER >

Figure 45: Integrity check of the histogram BlSilusture.
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In processor-based BIST, the integrity check oftdst infrastructure includes the testing
of the processor, timer and RAM cores, the teshefinterconnects and the test of the ROM
with the stored BIST program. Since most of thevabactivities are included in the general
SoC test, only the test of the ROM (i.e., the clseck of its contents) is required in addition.

5.5 Wrapper design

The above test structures were implemented inEREIStd 1500 test wrapper. The IEEE Std
1500 defines a mechanisms for testing the corggdesvithin the SoC. It foregoes addressing
the analog circuits and focuses on facilitatinge#itient digital test. It has serial and parallel
access mechanisms and a rich set of test instnsctefacilitate the interoperability between
the core designers and the core integrators witbooipromising the intellectual properties.
The IEEE Std 1500 reduces the test cost throughoweo automation, promotes a good
design-for-test technique and improves the testitgudarough improved access. The test
wrapper was designed in complete conformance taules described in standard [6]. The
principal block scheme is shown in Figure 46.
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Figure 46: Histogram-based BIST structure in IEE& 500 wrapper.

The shaded area represents the test wrapper Tdwgchistogram test structure (sequential
or RAM-based) is included and denoted by the BI3dckh The IEEE 1500 wrapper is
composed of the wrapper serial ports (WSP), theppar instruction register (WIR), the
wrapper bypass register (WBY) and the wrapper bapndegister (WBR). These are the
mandatory objects; there can also be some optminjacts, like the wrapper parallel ports.
The WIR instructions are serially entered into W@pper circuitry via the WSP, which is
presented in Figure 47.

Clock —»
Wrapper Reset —»
Serial Update —» CORE

Controls Shift —»
Capture —»

Select —» Wrapper with WIR,

Dat WSI —» - WBY, WBR, etc.
ata WSO <+—

Figure 47: Wrapper serial port (WSP).

The WIR contains a shift stage, an instruction decand an update stage, as depicted in
Figure 48. The WIR has to be unconditionally actd¥sdy the WSP. The WIR is controlled
and clocked by the standard WSP terminals.
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Figure 48: Wrapper instruction register (WIR).

The circuitry in the WIR must generate the necgssantrols to enable and control the
operational modes of the WBR. The WIR must alsovigko signals for selecting the WBR
and the WBY between the WSI and the WSO. The WIR d@signed according to the
standard, so that the data shifted into the WIRt sbgisters does not affect the currently
active wrapper and core modes, until a WIR updptaiion occurs.

The IEEE 1500 wrapper has to contain a WBY, as shiawigure 49. The WBY connects
the WSI and WSO whenever the WIR contains the kypastruction. The WBY must
include at least one bit of serial shift data. Eherust be no inversion of the logic values
when shifting the data between the WSI and the WSO.

WS| ——»| Shift_n-1 - —» Shift_0 » WSO

Shift WBY J

Figure 49: Wrapper bypass register (WBY).

WRCK —»

In the case of a multi-core chip the wrappers efitidividual cores are in a serial chain.
The bypass function is used when a particular does not need to be tested, but others do.
The input data is then simply bypassed to the canéer test.

One of the differences between IEEE Std 1500 aidEIGtd 1149.1 is that IEEE Std 1500
supports not only serial interfaces, but also alperinterface for accessing a wrapped core.
The serial interface is characterized by a singlairc composed of all the WBR cells. The
parallel interface is characterized by an arbitrauynber of WBR cells surrounding the core.
The WBR is constructed of WBR cells that have fdata terminals: the cell functional input
(CFI), the cell functional output (CFO), the cossttinput (CTI) and the core test output
(CTO). The Figure 50 presents the WBR registerasungding the core, the single WBR cell
terminals and the single WBR cell structure.
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Figure 50: Wrapper boundary register (WBR).

The WBR serial shift path is formed by connectihng WBR cells CTO-to-CTl. A WBR
operation is triggered by with events. An evenamsuninterrupted, predefined sequence of
one or more steps. The predefined events are sphidgte, transfer, capture and apply.

Shift is an event whereby the data stored in theR/¢Bift path are advanced one storage
position closer to the WSO.

Capture indicates an event where the value presenhe CFI, is stored in a sequential
element within the WBR cell.

Update is an optional event whereby data storedWBR cell’s shift path are loaded in an
off-shift-path storage element.

Transfer is an optional event that moves data wittrin the shift-path of a WBR cell. The
purposes of the transfer event are to properlytiposthe captured data in the shift path for
observation and to provide stimulus data if needed.

Apply is a derivative event which causes test datiae applied from input cells onto core
inputs or to be applied from the output cell orfte WBR functional outputs, with regard to
the wrapper facing mode (inward or outward facirgde), respectively.

The ADC input is not included in the wrapper sitice IEEE Std 1500 is only defined for
digital SoC. By analogy with IEEE Std 1149.1/IEEEI 3149.4 we introduced an analog
boundary module at the ADC input. For this purposa; proprietary test chip [75] was
employed. The analog boundary module (ABM) anddtt bus interface circuit (TBIC) are
added to the wrapper, as shown in the Figure 5iceSthey are controlled by the 1500
wrapper control signals they could actually be rdgd as an analog extension of the IEEE
Std 1500 infrastructure.



56 Histogram test for embedded ADC cores

Analog _ |= =— Digital
Input 2 ADC %E Outputs
Analog Test — QO T
Access Port — E T
s BIST
LT T T T 1
> WBY }—¢
Yyy
S\ _MUX
t > WIR — v

WYY A_k—>:|v|ux 7

Figure 51: Extension of the IEEE Std 1500 with ABkd TBIC modules.

In test mode the input stimulus is conveyed to ARXC through the test bus interface
circuit (TBIC) and the analog boundary module (ABbf)the IEEE Std 1149.4 logic. The
ABM presented in Figure 52 is the heart of the ddad framework for a mixed signal test.
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SB; SB,

AB, Internal
AB, ' analog

under test

test bus

Analog AT; #——ro
test pins: AT, =——]

TBIC

Figure 52: Analog boundary module (ABM) circuitry.

The ABM is designed to be used as “virtual probss'that the analog test pins Aglcan
be connected to the analog function pin withoutrtbed for physical probing. But in our case
we needed to connect the AD the core (to apply the input stimulus to the@Bore). This
was achieved using a modified ABM connection (itee ABM’s analog function pin and
core pin are interchanged), as depicted in Fig8re 5
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Figure 53: Inverted use of ABM.

The ABM’s switch SD enabled us to disconnect th@a@g function pin from the ADC and
so allow us to apply the stimulus only to the inplithe ADC under test. To evaluate the
influence of the ABM MOS switches on the measuremneaturacy, two situations were
measured: input stimuli applied via ABM and TBICapper circuitry; input stimuli applied
directly to ADC as shown in Figure 51 and 54, resipely.

In order to reduce the congestion of the test cbiniterface in the SoC and to consolidate
the operation of the IEEE Std 1500 wrapper with #BEE Std 1149.1 based standards we
also implemented a straightforward interface betwdne IEEE Std 1500 and the IEEE Std
1149.4. In this case the use of a test access(pAR) controller is required. The detailed
implementation of the ADC as a unit under test @nedtest wrappers are presented in Figure
54.
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Figure 54: Implemented test wrappers with ADC a& cmder test.
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5.6 Performance and experimental results

The IEEE Std 1500 test wrapper with the above-desdrBIST structures was implemented
in a Spartan3 XC3S200 FPGA. An off-the-shelf AD@ @bit ADC CMOS microprocessor
compatible) was chosen as the unit-under-test. mibasured parameters of the employed
ADC conformed with the specifications provided Ime tmanufacturer, which demonstrates
the feasibility of the histogram-based test techaigsing the implemented test structures. Let
us now compare the presented solutions from diffepeints of view that may serve as the
basis for the selection of a suitable strategytiier histogram BIST implementation of the
embedded core.

The input stimulus (triangle wave) was generatga Ihigh-resolution (16-bit) DAC. By
applying the hig-resolution DAC a lower quantizatierror and a higher signal-to-noise ratio
(SNR) were achieved. For the given measurementiwons (triangle input signal, given
sampling frequency) and ideal ADC characteristios determined the ideal count of the non-
extreme code$ligear The measurement uncertaimy(expressed in terms of LSB) of the
histogram base test is defined by:

p=—t 22
=0 (22)

ideal

The quantization error of an 8-bit ADC is 50dB, thieasured SNR of the generated
triangle input signal was more than 96dB, hencefitsct on the measurement uncertainty is
negligible.

To prevent sample leakage into the adjacent caakg tihile constructing the histogram, a
coherent sampling condition is required. In orderathieve coherent sampling, the DAC
sample clock was fed into the test structure.

In the sequential BIST approach, if the test sigaajenerated such that the number of
occurrences of the two extreme codes was equdletomtimber of occurrences of the non-
extreme codes, the number of samples requiredrémepsing a single ADC code is

N=H, [2". (23)

ideal

From this it follows that the number of samplesuieed for the processing offset error, gain
error, DNL and INL:

Noffset = ideal mn = N ’ (24)
N gain = MH ey 2" =m[N, (25)
Npy =(2"-2)H,, 2"=(2" -2) [N, (26)
Ny =" =2)[Hpey 2" =(2"-2)[N . (27)

wheren is the number of ADC bits, and is thenumber of central codes on which the gain
calculation is performed, respectively.

The number of all the samples needed for a completasurement with a sequential
histogram approach is

N, = (L+m+2"" - 4)[N. (28)
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In the RAM-based BIST and the processor-based Bdfproaches all the codes are
processed simultaneously. The number of samplesreelffor a complete measurement is

Ny =N =H, 2. (29)

Table 2 presents the measurement uncertairagd the overall test time of the approaches
for different values oHigeq at 5 us sample time.

Table 2: Measurement uncertainty and overall tewt bf the sequential, RAM-based and processor-
based BIST

measurement Test time [s] for 8-bit ADC
Higea: UNcertaintyA [LSB]: Sequential BIST: RAM-based BIST: processor-based BIST:
4 0.250 3.37 0.725 0.729
8 0.125 6.08 0.732 0.838
16 0.063 11.49 0.745 0.867
32 0.031 22.33 0.772 0.990
64 0.016 43.99 0.825 1.362

Notice that the test time in the case of the setjgleBIST is much higher than that of the
RAM-based BIST. While the test time of the 8-bit @t the measurement uncertainty of
0.250 [LSB] (Least Significant Bit) may still be captable, the situation gets worse when
testing ADC cores with resolution higher than 8-@iable 3 shows the test time of the
sequential, RAM-based and processor-based BISarf@, 10, 12 and 16-bit ADC. While the
test time of the sequential BIST for a 10-bit ADG@uynrstill be acceptable in some particular
cases, test times of higher-bit ADCs are obviousliyacceptable in practice.

Table 3: Test time of sequential and RAM-based B3 Tdifferent ADCs

number of Test time [s] Kigea=4)
ADC hits:  Sequential BIST: RAM-based BIST: processor-based BIST:
8 3.37 0.725 0.729
10 44.18 0.907 0.922
12 697.69 1.161 1.278
16 178543.32 3.116 3.222

RAM-based and processor-based BISTs are much fhstera sequential BIST, but there
are other issues that should be considered. Asdegiae hardware overhead, the RAM-based
BIST employs much more resources than the seqludi&d. We synthesized approaches
with the Cadence RTL Compiler and the resultingglesare shown below. In order to get a
realistic view of the hardware overhead of indiatigsolutions, sequential and RAM-based

BIST logic implementations without the IEEE Std @05@rapper logic are summarized in
Table 4.

Table 4: Sequential and RAM-based BIST implemeaatiwithout IEEE Std 1500 wrapper logic).

number of Sequential BIST RAM-based BIST
ADC bits:  logic gates: flip-flops: RAM cells: logic gates: flip-flops: RAM cells:
8 881 233 - 461 156 2560
10 911 249 - 541 172 12288
12 961 265 - 583 188 57344

16 1067 297 - 684 220 1179648
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Next, the resources of the complete BIST implentents, including the wrapper control
logic of the presented solutions are summarizekhile 5.

Table 5: BIST implementations including the IEEH $500 wrapper control logic.

Sequential BIST RAM-based BIST Processor-based BIST
number of logic  flip- RAM logic flip- RAM logic flip- RAM
ADC bits: gates: flops: cells: gates: flops: cells: gates: flops cells:

8 1012 293 - 594 216 2560 63 59 -
10 1063 319 - 612 242 12288 71 72 -
12 1131 345 - 680 268 57344 97 95 -
16 1208 371 - 889 320 1179648 205 127 -

The processor-based BIST has a minimal hardwaresad since the majority of its tasks
are performed by the cores already included in@. $towever, such a solution is specific for
the given processor core and is not easily portableother SoCs. On the other hand,
Sequential BIST and RAM-based BIST are autonomauscan be ported together with an
ADC core to other designs.

A scalability test can address different aspedte dnalysis of the BIST solutions fiobit
ADC cores shows that by increasimgthe hardware overhead of the sequential BIST
increases linearly, while it exhibits exponentiabygth in the case of the RAM-based BIST
and practically does not change in the processsed8IST. The test time of the sequential
BIST grows exponentially.

Providing high-quality stimulus signals is crucialorder to accomplish an efficient and
consistent BIST of a mixed-signal core. The sigreah be internally generated in the test
wrapper, or supplied via TAM, either from an extdrsignal generator or generated by
another core (if available) in the SoC-under-tést.our case, including a triangle-wave
generator [76, 77] in the test wrapper would comgillly increase the complexity, and hence
an externally supplied stimulus is a preferred apph.

Laboratory measurements were performed with thest#dations presented. The impact of
MOS switches connecting the external source toAIRE core was simulated by introducing
an ABM module of an IEEE Std 1149.4 compliant t&sp. In Table 6 the results for the
sequential BIST approach are presented, Table nsuizes the results using the RAM-
based BIST technique and Table 8 presents resuhdgrocessor-based BIST.

Table 6: Measured characteristics for the sequeBItgT approach.

Number Offset error [LSB]: Gain error [LSB]: DNL [LSB]: INL [LSB]:
Hiea  of samples: via ABM: direct: via ABM: direct: via ABM: direct: via ABM: direct:
4 537600 0.50 -0.32 0.70 0.00 0.50 0.50 0.94 0.25
8 1075200 025 -0.34 0.34 0.05 0.38 0.38 0.75 0.25
16 2150400 0.50 -0.29 0.52 0.12 0.31 031 0.53 0.19
32 4300800 0.78 -0.30 0.30 0.06 0.28 0.25 0.36 0.06
64 8601600 045 -0.28 0.22 0.12 0.25 0.23 0.67 0.14
128 17203200 0.71  -0.30 0.24 0.13 0.23 0.22 0.40 0.18
256 34406400 043 -0.27 0.22 0.15 039 0.21 0.48 0.23
512 68812800 0.22 -0.28 0.05 0.11 0.24 0.11 0.48 0.20
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Table 7: Measured characteristics for the RAM-baggaroach.

Number Offset error [LSB]:: Gain error [LSB]: | DNL [LSB]: INL [LSB]:

el of samples: via ABM: direct: via ABM: direct; via ABM: direct: via ABM: direct:

4 1024 0.75 -0.38 0.50 0.05 0.50 0.50 0.58 0.25

8 2048 0.43 -0.44 0.28 0.03 0.38 0.38 0.29 0.23
16 4096 0.40 -0.41 0.34 0.10 0.27 0.19 0.36 0.15
32 8192 0.39 -0.36 0.26 0.13 0.22 0.20 0.57 0.21
64 16384 0.35 -0.38 0.32 0.08 0.23 0.21 0.34 0.15
128 32768 0.40 -0.39 0.29 0.14 0.24 0.15 0.44 0.17
256 65536 0.35 -0.36 0.29 0.11 0.22 0.20 0.52 0.20
512 131072 0.36 -0.35 0.24 0.10 0.23 0.18 0.33 0.19

Table 8: Measured characteristics for the procesased approach.

Number Offset error [LSB]: Gain error [LSB]: DNL [LSB]: INL [LSB]:
Hiea  of samples: via ABM:  direct: via ABM: direct: via ABM: direct: via ABM: direct:
4 1024 0.50 -0.34 0.50 0.00 0.50 0.50 0.25 0.50
8 2048 035 -0.36 0.50 0.00 0.32 0.38 0.56 0.45
16 4096 032 -041 0.52 0.06 029 0.31 0.34 0.48
32 8192 0.44 -0.29 0.39 0.05 0.26 0.25 0.42 0.46
64 16384 0.37 -0.36 0.32 0.06 0.24 0.23 0.62 0.34
128 32768 0.26 -0.37 0.41 0.06 0.40 0.22 0.41 0.36
256 65536 0.28 -0.29 0.36 0.05 025 0.21 0.47 0.43
512 131072 031 -0.37 0.34 0.04 0.28 0.11 045 0.39

The measured parameters were in good agreement tivéthvalues obtained by the
conventional technique using laboratory measuremspipment. The measured and
calculated static performance characteristics ef émployed ADC also conform with the
specifications provided by the manufacturer, whgiles confidence to the described
approaches.
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6 Oscillation-based ADC BIST

The oscillation-based test (OBT) [38, 45, 46] idow-cost analog and mixed-signal test
technique primarily used for fault detection. le tiest mode, the circuit is transformed into an
oscillator and the frequency of the oscillationmisasured and compared to a reference value
obtained on a known-good circuit operating in tlaene conditions. Assuming that most
possible faults manifest themselves in the diserepafrom the reference oscillation
frequency, the technique offers an effective meaingult detection. It requires minimal
reconfiguration of the circuit-under-test and isighsuitable for a built-in self-test. The
oscillation-based test has been applied to diftekamds of circuits including filters, ADC and
DAC, PLLs, etc. [10, 44, 49-51, 54, 78-80]. An exdiwe summary of the proposed solutions
can be found in [8, 43].

In the development phase of the test proceduréhéotarget unit-under-test, the impact of
possible faults on the measured frequency musib/zed. If some faulty components do
not affect the frequency of oscillation, additiomakasurements of other parameters are
required in order to achieve the required faulterage. The acceptance/reject margins are
determined on the basis of the required user spatidns. For example, in an industrial
application of a go/no-go test of a low-pass fikeage as a part of a communication unit was
produced by Hipot Hyb [81], the test system wast fadjusted in reference to a golden filter
stage. Reference filter stages with values cormdipg to the acceptance ranges within
+0.1% and +0.3% were measured in the test systerarder to set up the test-system
acceptance margins. A pre-production series ofdgtive adjusted filter stages were tested,
and 95% passed the go/no-go test. The stagesabseghthe go/no-go test were assembled in
the final product. A functional test confirmed tladitthe circuits operated within the required
tolerances.

Simulations can be performed to assess the imgatteodiscrepancy from the nominal
values of individual components of the unit-undestton the oscillation frequency. Some
work has been done to improve the sensitivity & @BT to parametric faults [54]. A so-
called predictive oscillation based test proposed82, 83] can be used to define the
acceptance region for an OBT implementation.

So far, most of the OBT related work has been thcke@ither towards the problem of
modification of the given circuit-under-test inta ascillator, or towards an analysis of the
detected faults (exploring ways to increase thé fanverage or even trying to perform a fault
diagnosis). Little attention has been paid to tlEasurement accuracy of the developed OBT
solutions. As stated in [84], for a simple arrangaiconsisting of a zero-crossing detector
and a counter, the measurement accuracy is detdmby the oversampling ratio
(Toscillatiord Tsampling @nd depends of the phase shift, which is equindateone sampling period
(Tsampiing @s @ maximum. While this is in general true fay @BT implementation, there
exist other sources of inaccuracy associated ighQBT implementations adapted for the
ADC under-test [12].
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6.1 ADC OBT environment

The basic OBT arrangement for testing an analadjdiial converter (ADC) is shown in
Figure 55. It consists of a feedback loop, whicttés the ADC to oscillate around a selected
code [10]. The input stimulus of the ADC is a tgéswave signal of symmetrical slope
controlled by the OBT control logic. The measurestjiency of the triangle-wave signal can
be used for a simple go/no-go test or for detemmgirstatic ADC parameters such as the
differential nonlinearity (DNL) and the integral mionearity (INL).

W ADC
under test

CONTROL LOGIC

Figure 55: Basic oscillation-base test set up cumétion.

An ADC generates a single output code for a rarfgeput voltages. The voltage level
where the ADC output changes from caek to codei is denoted as the threshold voltage
(voltage transition)/ry(i), and where the ADC output changes from cottecodei+1 as the
threshold voltag&/r(i+1), respectively. The difference between the thwlsvoltages/ru(i)
andVry(i+1) is denoted as the code widflti). The code widths of an ideatbit ADC are
equal. Their width is obtained by dividing the fatlale range valud-GR by the number of
ADC codes, as defined in equation (8).

Qu() =Qy (30)

In the case of an ideal ADC, an instantaneous A@@version and instantaneous
operation of the OBT structure the oscillation sigwould oscillate only in the range of the
selected code with the oscillation peribg, as presented in Figure 56.

Viu(i+1)

code i

Vin(i)

T()SC

Figure 56: Oscillating in ideal circumstances.
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In case of the described circumstances the codthv@@) could be calculated from the
oscillation period (frequency) as:

Q) = SE T,z (31)

whereSis the slope of the input signal.

In real life, the conversion of an ADC is not ingineous; the acquired code is delayed for
the conversion time. This is also presumed in #ee of an ideal ADC. The conversion time
of the ADC presents the lower boundary for samplihge. In order to ensure the
synchronized operation the output of ADC is usualhglated at the next sampling time (the
ADC output is delayed for one sample time). In @#&T the output of the ADC is compared
to the selected code at the sampling instances. The first sample aeduwoutside the
threshold voltages of the selected codesults in an ADC output change at the next sample
and thus the oscillation signal slope inversiomjeicted in 56.

ADC output delayed for one
sample

N
N threshold voltage

~—  — N\
’ additional time
/ . .
+  needed to invert signal

Figure 57: Signal inversion in OBT.

In other words, the slope of the triangle-wave aiga inverted one sample time after the
sampled input signal attains or crosses the thtéskaitage. The ADC delay results in the
additional time, which must be considered when wdattng the code width from the
measured oscillation frequency with the OBT.

The DNL measures the relative deviation of eactedooim the ideal value (1 LSB). The
deviation is due to the fact that the actual tho&bkoltages differ from their nominal values.
For a given codeDNL is defined with equation (11). The slope of ihput signal is defined
with the signal generator (integrator) and can Hmtrary. If the slopeS of the oscillating
triangle-wave signal is such that the signal tragerthe code widt®Q in a k number of
samples timds, we can define:

Q(i) = Sk . (32)

The actual code widtlQ(i) is obtained by determining the tinkels of the input signal
passing betweeVry(i) and Vru(i+1). The evaluation ok from the measured oscillation
frequency represents the basis of the OBT techrfmu&DC.

The oscillation period is a multiple of the samgliperiod, because the slope alterations
are performed only at the sampling instances. Gpresdly, the oscillation period can be
exactly determined. This comes with a price, ngtam interval of slopes produce the same
oscillation frequency, which leads to the measurdrnacertainty.

In the case where the slope is such that the isfgmal traverses the code width in a
multiple of sampling periods, the phase shift @& thput signal is the same at each threshold
voltage. Consequently, the oscillation period isstant, irrespective of the phase shift. In the
case where the input signal traverses the codénwicd non-whole number of sample periods

(kgN), the phase shift'i.; crossing the voltage threshol(i+1) differs from the phase
shift 6; crossing the voltage thresholey(i) (depicted by the dashed line in Figure 58).
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Figure 58: Phase shift of the oscillating ADC inpignal.

By investigating the phenomenon more closely, wicad that by varying the phase shift
0; two distinct oscillation periods occur. To detemmithe DNL value from the oscillation
frequency let us examine the ADC sampling of thallasing signal in detail.

The oscillated triangle-wave signal is sampledquically, as shown in Figure 59. Let us
denote the first sample time, where the input dighaqual to or greater than the threshold
voltageVry(i+1)asT(-1). Since the output code of the ADC is delayattlie sample tim&sg,
the slope of the input signal is inverted at thegia timeT(0).
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Figure 59: Detailed timing diagram of the ADC samglin OBT.

In general, the transition of the input signal otte threshold voltage occurs Ht1) or
somewhere within the intervd(-2) andT(-1). For a further analysis let us denote the time
between the transition of the threshold volt¥gg(i+1) and the sample tiniK-1) as the time
shift 0-Ts, where the values éfare:

0<0<1. (33)

The time from the transition of the threshold vg&&(i+1) to the inversion of the slope
at T(0) is (1+6)Ts Since the rising and the falling slopes are et transition of the
threshold voltag&/ty(i) occurs at (20+k)-Ts after T(0). Depending on the values lofind6,
we distinguish two different cases:

k+60<[k] (34)

and
k+02[k], (35)
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where| Tis the ceiling operator which rounds a number sonieéarest integer value in an
upwards direction. This results in two differengrsls, depicted Figure 59, with the
continuous-blue and the dashed-red line. The ¢aise refers to the situation where the signal
transition of the threshold voltad&n(i) occurs beford( ki+1), while the second case refers
to the situation where the signal transition of theeshold voltageVry (i) occurs after
T(kH+1). Consequently, the inversion of the slope @f thvo signals differs for one sample
time, which leads to two different oscillation puets:

T, = @O0k]+4 0, (36)
T, =0k |+6)LT.. (37)

The actual measured oscillation peribds eitherT; or T,. Because we cannot distinguish
between the two cases, the computatiokfodm the expressions (36) and (37) gives

k=1 —3+1, (38)
20T,

The two possible outcomes reflect in the code widtlculation as:

Q(i):S[E;E-r —3][@18[@. (39)

S

In the case of an ideal ADC we can assume, wittfmutoss of generality, that the sldpe
of the triangle-wave signal is generated such ttinatsignal traverses the nominal code width
Qnin a whole numbeky of sample period$s.

Q. =Sk, Oy (40)
ky ON (41)
From that it follows only one nominal oscillatioenod, denoted byn:

T, = 2k, +6)T,. (42)

Since we cannot distinguish between the two casesribed in (36) and (37) the
ambiguity of oscillation frequency is manifestedte DNL estimation as:

DNL(i) = =Ty, 1 (43)
20k, k

The derived equations show an inherent measuremnacgrtainty A which has to be
considered when determining the ADC nonlinearigyrrthe oscillating frequency.

1

A=t (44)

The measurement uncertainty of the classical OBMhrtigues is related to the uncertainty
of the measurement of the oscillation period andiétermined by the oversampling ratio
Toscillatingd Tsampling IN the case of ADC OBT, however, the measurenoérthe oscillation
period is precise, but due to the arbitrary inpghal phase shift and the non-coherent input
signal two oscillation periods are possible. Tmsurn manifests itself in the measurement
uncertainty, as demonstrated.
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6.2 Performance and experimental results

In order to analyze the influence of different meament parameters on the DNL
estimation using the OBT method a simulation emrment using Matlab Simulink was
developed. The environment (shown in Figure 6@vedl us to perform calculations of DNL
over the whole set of ADC codes with an arbitragmber of oscillation periods at an
arbitrary code. Since the ADC block in the Matlain&@ink environment models an ideal
ADC, an additional block with a nonlinear transfignction was added in front of the ADC to
mimic the realistic non-linear behavior. Furthersyoa noise generator was included, which
allows us to introduce noise into the input signal.

slope control noise generator

W ADC
under test

signal generator non-linearity

CONTROL
LOGIC

Figure 60: The environment for analyzing the OBTABIC.

The slope of the input signal is the most significeneasurement parameter. A higher
slope increases the oscillation frequency and sherthe measurement time; however, it
affects the measurement accuracy. To analyze thavim® of the testing method with
different input signal slopes, slope control wadettito the input signal generator.

In the ideal case where the slope of the inputadigntime invariant and without any noise,
the oscillation period at a given code is constaetause the durations of the input signal’s
rise and fall are constant). Hence, the measurewfehalf of the period is sufficient for a
determination of the oscillation frequency. Howevarthe presence of noise the oscillation
periods may vary. The influence of noise on theillasion frequency can be reduced by
measuring and averaging over several periods. Tmshe other hand, prolongs the DNL
measurement time. The feedback-loop control logas vadopted to perform an arbitrary
number of oscillations at a given code, which eeslbis to study all the possible scenarios.

In order to measure the DNL of the ADC, the DNLeatch code, with the exception of the
extreme codes, must be determined. To achievewhite keeping the measurement time as
short as possible, the feedback control logic isigieed in such a way that the DNLs of
successive codes are determined in their ordetjingavith the code 1. The subsequence of
the generated input signal with two oscillations gade is shown in Figure 61.
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Figure 61: The signal in the OBT procedure.

Using the developed Matlab Simulink environment pegformed numerous experiments
measuring the DNL of an ideal 8-bit ADC with diféert input signal slopes. The DNL is
measured for all non-extreme codes. In Figure & DINL measurement in the case of
coherent sampling (witk=2) is depicted. The upper bound of the measureonas#rtainty is
depicted by a dashed line. As expected, the detednDNL of each code is exact and is
equal to 0.

k=2
0.8 T T T T 1

0.6 T

04 .

0.2 T

DNL [LSB]
(=]

1 50 100 150 200 254
code

Figure 62: The DNL measurement of an ideal ADC gisin input slope such thiat2.

Figures 63, 64, and 65 present DNL measuremengusput slopes witkk equal to 2.1,
2.5, and 2.9, respectively. While the slope of itygut signal remains the same during the
experiment and the code widths are equal in the cdsn ideal ADC, the phase shifts for
each code differ. This manifests itself in two €eiffnt oscillation periods in the whole ADC
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ange d seque tIy n two differ t DNL valuashile the DNL for the ideal ADC is 0,
th e me d DNL d t from the exact value.detshed line represents the upper bound
of the measurement uncertainty.
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Figure 63: The DNL measurement of an ideal ADC gisin input slope such thiet2.1.
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Figure 65: The DNL measurement of an ideal ADC gisin input slope such thigt2.9.

The dependency between the input signal slope ssedebyk (the number of samples
required for traversing the code width) and the snead DNL of an ideal ADC is depicted in
Figure 66. The DNL of the ADC is composed of thexmmum values of the DNLs of the
individual codes. The upper bound of the DNL meeswent uncertainty is depicted by the
solid line. The measured DNLs for the consideregest are indicated by marks.
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Figure 66: Measured DNL of an ideal ADC using OBithvdifferent input slopes.
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For an illustration, an 8-bit ADC witBNL = 0.3 LSB was simulated. The OBT technique
was modeled as describe above in the Matlab Sik@invironment. The oscillation-based
test for different values ok and 6 was performed. The obtained valuesOiNIL and the
corresponding measurement uncertainty are givdialne 8.

Table 9: Measured DNL values with the OBT technique

0 0.062 0.188 0.312 0.438 0.562 0.688 0.812 0.938measurement

k measure DNL [LSB] uncertainty:
2 0.00 0.00 0.00 050 050 050 0.50 0.50 0.500
3 0.00 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.333
4 0.25 0.25 025 0.25 025 0.25 050 0.50 0.250
6 0.17 0.17 033 0.33 0.33 0.33 0.33 0.33 0.167
8 0.25 0.25 025 0.25 025 0.38 0.38 0.38 0.125
16 025 025 031 031 031 031 031 031 0.062
32 0.28 028 028 031 031 031 031 031 0.031

The oscillation-based test of the ADC manifestsliitsn two different oscillation periods
depending on the time of the transition of the shmdd voltage relative to the sampling.
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7 Test-sequence optimization in the SoC test and diagsis

SoC design integrates large, reusable blocksdaees) that have been designed and verified
in earlier applications in practice. Embedded cqes/ide a wide range of functions, like
CPUs, DSPs, ADCs, DACs, interfaces, controllersmmiges, and others. The cores put
together in a SoC normally originate from differeatre providers. In order to protect their
intellectual property, core providers do not corglle reveal design and implementation
details, which makes the problem of SoC testingerathallenging to the core user (i.e., SoC
designer). Adherence to IEEE Std 1500 may help Hwhcore user and the core provider to
establish common means for developing efficient $etutions. However, in production test
or system maintenance, fault detection may notufgcent. Faults must be isolated to
determine the actual cause and the origin of thectle in order to modify the production
process and/or repair the product. In systemnt@aance, detected failures must be
diagnosed and repaired as rapidly as possiblettonréhe system to the correct operation.
Fault isolation usually requires more thorough aostly procedures than fault detection. It is
therefore imperative to find low-cost solutionghie diagnosis problem.

System operation in the presence of faults canrbsepted by different system-failure
states. The goal of the diagnostic procedure iddntify the actual failure state by executing
a sequence of tests which provide some informatiorsystem behavior. In principle, any
measurement, signal, or other observable evenbeatewed as a test.

Consider a test with a binary outcome (pass oy ifaisuch a diagnostic procedure. Assume
that before the test is executed, the system assystem statgeS, whereS denotes the set of
current candidate system states. The test spétsdts into subseté\ andB. Let A denote the
resulting set of candidate system states wheresiddils and is the set of candidate system
states when the test passes. For a symmetrical A&&#8=0. In other words, the test fails if
and only if the system is in the faulty sta@A. Hence, if a symmetrical test passes, system
statesA are omitted from the set of the candidate faujisteam states. The symmetrical test
thus has a 100% fault coverage for the Aebf candidate faulty system states. For an
asymmetrical testANB#0. An example of an asymmetrical test is the alardicator on a
control panel. If the light is on, the actual systis one of the candidate faulty system states
of A. On the other hand, if the light is not on, onargat distinguish between the two cases:
either there is no alarm or the indicator bulbasl.b

Determining the sequence of tests requitedreach a diagnostic conclusion at
minimum cost is known as the test-sequencingolpro [85]. A tool that generates solutions
to the generalized test sequencing problem hasibg#damented at Jozef Stefan Institute and
a collection of examples covering different testiaat situations is provided. The examples
offer a quick way to get acquainted with the toowever, its application in practice is
somewhat more complicated.

The initial problem is to provide an appropriaté setests that would enable the desired
diagnostic resolution. In SoC testing, a set afstés testing individual cores are specified by
the designer. For the cores conforming to IEEE1S@D, the tests can be initiated and the test
stimuli/results transmitted via TAM. We can alsew@ase that the tests of interconnections
among the cores conforming to IEEE Std 1500 ardladbla. For the remaining embedded
cores and glue logic we refer to the work of Murf&@] and the notion of test propagation
through system modules. During a hierarchical systesign, a collection of tests is
generated for fault detection in individual systearts. The transparency analysis of these
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pre-computed tests is performed in the next steprder to organize them in an efficient
overall system test. While Murray [86] actually agkes the problem of fault detection in a
complex system, we extend the notion of transpagrémcthe purpose of a system diagnosis.
While the original pre-computed tests may be sigffit for fault detection, serial chains of
functional blocks make the problem of fault locatinn rather difficult. Modifications (i.e.,
extensions) of the original sets of pre-computatstare normally needed to achieve adequate
controllability and observability for system diagm In practice, different approaches can be
taken, introducing, for example, additional lines &ccessing internal points from primary
inputs or outputs, or even adding scan chain lagtbe original design.

In order to assess the applicability of the diagioowol in SoC fault localization we
performed selected case studies on electronic wsthras that might imitate, from the
complexity point of view, some glue logic in a SA@e found that even for relatively small
examples, such as the computational element ok-ragipeline Cooley-Tukey FFT module
[13], the description of individual tests and thetetmination of their associated costs and
probabilities of detecting faults requires a sulbsséh effort. Thea priori probability data of
system states and the probability data of asymmeést outcomes are needed for the
generation of test sequences. They can be assessednputed from MIL failure-rate data
tables. Another way to obtain this data is by atifey the diagnoses through the system life
cycle. In this way, initially estimated probabiit are improving on the reliability during
system operation.

( n m
= (0o . (45)

The m-estimation approach can be used to combine amalingstimation and the
accumulated knowledge about system failures. Thanpeterm in the above equation is a
weight, by which one can regulate the impact ofitfitgally estimated probabilitiep, on the
updated probabilitiep,, and the impact of the relative frequerny, with n trials andr
successes.

Lessons learned from the performed case studiésatedthat in our case the generation of
optimal diagnostic test sequences for a SoC witinptex embedded cores would require
substantial effort in the preparation of the regdimput test data for the diagnosis tool. So we
are rather focusing on the trade-off between harewaerhead and test time in a BIST of a
mixed-signal core implemented in a IEEE Std 150@pper. Test strategies based on the
experimental results of different implementatiorpyaches of the histogram technique are
described in [11], recently revised for publicatiaith minor corrections required to the
journal Computing and Informatics.
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8 Conclusions

In this thesis we address the problem of develoBil8J structures for embedded ADC cores
in a SoC. In a conventional test approach, the-wmiter-test is connected to external
automatic test equipment (ATE), which generates vestors and collects test responses.
However, for a SoC with complex embedded cores geamount of test data needs to be
transferred between the ATE and the core-undeyugsth drastically increases the test time.
A viable alternative is to implement a built-in fsest (BIST) in the target SoC. The

embedded BIST logic takes the role of the ATE byegating test vectors and analyzing test
responses. In this way, the communication bottleneetween the ATE and the SoC is
avoided, only the remaining low-speed operationgired for the execution of the complete
test of the core-under-test (such as initiatiotest mode, start of BIST and evaluation of test
results) are left to the ATE which can be managgea lbow-cost tester. IEEE Standard 1500
provides an efficient test infrastructure for tegtidigital cores; however, its applications in
mixed-signal core test remain an open issue. Son@arthorough analyses supported by
empirical results from wrapper implementations fiked-signal cores in practice have been
reported.

In this thesis, we developed three extreme BISTtewis for testing an embedded ADC
core using the popular histogram-based technighe.ifiplemented test logic complies with
the IEEE Std 1500. The first BIST configuration days test wrapper logic with the
minimum hardware overhead. The second solution aitves test wrapper optimized for the
minimum test time. In the third solution, the preser core performs the ADC core test and
computes the required test parameters. The thig®aghes can be generalized to other types
of mixed-signal cores, as follows:

« the test wrapper performs the core test and eweduhe results on the fly,
» the results (i.e., measurements) are stored in RAMprocessed in batch,
« the other cores of the SoC (if available) takertiie of testing.

In a purely digital SoC, the first two approachee preferred since in most cases the
stimuli are generated by a LFSR (linear-feedback stgister) logic and the test results are
collected by a MISR (multiple input signature regi¥ based on the same principles. This
logic is compact and scalable and provides poitglaf design.

The BIST of a SoC with mixed-signal cores faceded#nt problems. Test methods
possibly implemented in a test wrapper require ifipdogic, which differs considerably from
one case to another. There are no common partsjtewvey must be conceived from scratch.
In fact, since a mixed-signal core is put in a Sai@ a well-defined target application, it is
prudent to consider the possible reuse of the egipdn software (i.e., device drivers) in a
processor-based BIST.

A processor-based BIST is traditionally employedtasting embedded memories. Its
application in a mixed-signal core test has notnbesdely investigated in the literature,
although proprietary solutions in practice no doeist. In this regard, the comparison of the
empirical data presented in the thesis allows aesssnent of the pros and cons of the
alternative approaches and may serve as a guidelsimilar applications.

We also studied the OBT approach for a possibldicgion in a BIST solution of the
embedded ADC core in a SoC. In order to analyzeirifieence of different measurement
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parameters on the DNL estimation using the OBT ogkth simulation environment using
Matlab Simulink was developed. We investigatedrtteasurement conditions and noticed an
inherent measurement uncertainty, which has toonsidered when deriving the parameters
from the oscillation frequency. We further elabetatthis issue and derived a theoretical
background for computing the measurement unceytainthe approach.

Finally, we performed some selected case studiesdar to assess the applicability of a
diagnostic tool developed at the JoZef Stefantlrtstin SoC fault localization. The lessons
learned from the performed case studies indicatetkli® generation of the optimal diagnostic
test sequences for a SoC with complex embeddeds ceqires substantial effort in the
preparation of the required input test data for diregnosis tool. The problem, however, is
interesting and remains the subject of ongoinganese

The main contributions of the thesis can be sunwadras follows:

We developed three histogram-based BIST solutiongekting an embedded ADC
core in a SoC, pursuing the goals of a minimizedlware overhead (sequential
BIST), minimized test time (RAM based BIST) and labdity (processor-based
BIST).

So far, no thorough analysis supported by empineaults from IEEE Std 1500

wrapper implementations of a mixed-signal test riacpce has been reported. In
this regard, the above BIST solutions conforminghi® IEEE Std 1500 represent a
notable contribution and a guideline for the impégnation of other mixed-signal

test techniques in a IEEE Std 1500 test wrapper.

We have shown that the oscillation-based test @ ADC manifests itself in two
different oscillation periods depending on the tiofighe transition of the threshold
voltage relative to the sampling. Since it is nosgible to distinguish between the
two cases, the ambiguity of the frequency of oatidh should be considered in the
OBT implementations. We demonstrated that the mreasent uncertainty of the
DNL due to the above ambiguity is 1/k.
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Abstract. Testing of a deeply embedded mixed-signal core in a System-on-Chip
(SoC) is a challenging issue due to the communication bottleneck in accessing the
core from external automatic test equipment. Consequently, in many cases the
preferred approach is built-in self-test (BIST), where the major part of test activity
is performed within the unit-under-test and only final results are communicated
to the external tester. IEEE Standard 1500 provides efficient test infrastructure
for testing digital cores however, its applications in mixed-signal core test remain
an open issue. In this paper we address the problem of implementing BIST of a
mixed-signal core in a IEEE Std 1500 test wrapper and discuss advantages and
drawbacks of different test strategies. While the case study is focused on histogram
based test of ADC, test strategies of other types of mixed-signal cores related to
trade-off between performance (i.e., test time) and required resources are likely to
follow similar conclusions.

Keywords: System-on-chip, built-in self-test, test strategies, mixed-signal testing,
histogram test

1 INTRODUCTION

System-on-chip (SoC) design integrates large reusable blocks (i.e. cores) that have
been verified in earlier applications in practice. Embedded cores provide a wide
range of functions, like CPUs, DSPs, interfaces, controllers, memories, and others.
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The advantage of embedding reusable cores in the design of a new product is a
shortened design cycle resulting in reduced time-to-market and reduced cost.

The cores put together in a SoC normally originate from different core providers.
In order to protect their intellectual property core providers do not completely re-
veal design and implementation details which makes the problem of SoC testing
rather challenging to the core user (i.e., SoC designer). On the other hand, cor-
rect operation of a core in the target SoC is of interest of both core user and core
provider. In order to provide an independent openly defined design-for-testability
method to facilitate testing of integrated circuits containing embedded cores, IEEE
1500 Standard for Embedded Core Test [15] has been proposed and is now widely
accepted in practice.

The main entity of the test architecture defined by IEEE Std 1500 is a test
wrapper placed around each core of a SoC. Test wrapper provides an interface
between the embedded core and its environment. For testing a core, a test source
generating test vectors and a test sink collecting the test responses must be provided.
Test access mechanism (TAM) transports test vectors from the source to the core and
test responses from the core to the test sink. It also allows testing of interconnects
between SoC cores. Test access architecture is sketched in Figure 1.

OO0O0O000000000000000000000

SoC
CPU usB
TIMER

- core-
under-test
MPEG

OOO0O00000000000000000000

Fig. 1. Test access architecture

In a conventional test approach, TAM is connected to external automatic test
equipment (ATE) which generates test vectors and collects test responses. However,
for a SoC with complex embedded cores a huge amount of test data needs to be
transferred between ATE and the core-under-test, which drastically increases test
time. A viable alternative is to implement built-in self-test (BIST) in the target SoC.
Embedded BIST logic takes the role of ATE by generating test vectors and analyzing
test responses. In this way, the communication bottleneck between ATE and SoC
is avoided, only the remaining low-speed operations required for the execution of
the complete test of the core-under-test (such as initiation of test mode, start of
BIST and evaluation of test results) are left to the ATE which can be managed by
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a low-cost tester. In a typical BIST implementation, test source and test sink are
implemented within the test wrapper of the tested core. In an alternative solution,
some other core in the SoC may take the role of test source and/or test sink.

While the problem of optimizing test infrastructure of digital cores has been
investigated by many authors [18, 22, 23, 24], its counterpart in the area of mixed-
signal cores remains an open issue. So far, no thorough analysis supported by
empirical results from wrapper implementations in practice has been reported. Min-
imization of communication with external test instrumentation, hardware overhead
and test time are common yet in many cases exclusive objectives. Since a general
optimization problem is almost certainly intractable it is more reasonable to expect
partial solutions suitable for specific test techniques. A design-for-test architecture
that allows automated test development in compliance with IEEE Std 1500 sup-
ported by in-house development tools has recently been reported by Zivkovic et al.,
[28]. According to the authors, the proposed approach has been successfully used
for test development and characterization of mixed-signal cores in several industrial
products. The described environment presents an efficient platform for comparison
and evaluation of different test strategies, yet their optimization issues have not
been publicly elaborated.

In this paper, an attempt is made to share experiences regarding the trade-off
between hardware overhead and test time in a BIST of a mixed-signal core imple-
mented in a IEEE Std 1500 wrapper. A case study of three extreme BIST solutions
for testing an embedded analog-to-digital (ADC) core using the popular histogram-
based technique [11, 14, 16] is presented. The first BIST configuration employs test
wrapper logic with minimum hardware overhead. The second solution aims at test
wrapper optimized for minimum test time. In the third solution, processor core
performs ADC core test and computes the required test parameters. Comparison
of the employed resources and the corresponding test times may serve as an aid for
selection of appropriate BIST strategy.

For the preliminaries, we briefly summarize the main points of histogram based
test technique with reference to previous work.

2 HISTOGRAM BASED TEST TECHNIQUE — IN BRIEF

An ADC is a device that converts an input analog voltage to a digital number
proportional to the magnitude of the input signal. The resolution of the converter
is equal to the number of discrete values that the converter can produce over the
range of analog values. ADC performance can be verified in terms of static perfor-
mance parameters such as offset, gain, differential nonlinearity (DNL) and integral
nonlinearity (INL). In histogram test, a known periodic input stimulus is applied
and the histogram of code occurrences (i.e., counts of individual codes) is computed
over an integer number of input wave periods. From the collected results static
ADC parameters can be determined. The principle is sketched in Figure 2. His-
togram test has attracted research attention for more than two decades. Papers
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[6, 7, 8,9, 4,5 12, 13, 10, 25, 26] primarily concentrate on how the code density
can be interpreted to compute the differential and integral nonlinearities, gain error
and offset error, and estimate the achieved accuracy under different measurement
conditions. Papers [1, 2, 20, 27] focus on implementation of histogram based test of
ADCGs in a BIST arrangement. A triangle-wave input signal is the most convenient
for BIST of static parameter or linearity, because it can be characterized only by
two values (count of extreme codes and count of other codes). The count of extreme
codes is normally greater than the count of non-extreme codes due to the overflow
of the input signal.

Reference input Device under Code Calculation of
stimulus test count static parameters

/\ \ A ={ ADC | = ~ | TEST MODULE
e

Fig. 2. The principle of histogram test with triangle-wave input signal

Coherent sampling must be provided: the ratio between the number of samples
N and the number of input signal periods M must be equal to the ratio between
the sampling frequency and the frequency of the input signal. In addition, the slope
of the input signal is determined by the reference voltage V.o, the number of ADC
bits n and the number of input signal periods M.

The calculation of static parameters in the case of triangle-wave input stim-
ulus is described in more details below in order to get a better understanding of
measurements and computations performed by the BIST solutions presented in the

paper.

2.1 Offset Error

The first output code transition should occur at an analog voltage that is 0.5 LSB
(least significant bit) above zero. The offset error is the deviation of the first actual
code transition from 0.5 LSB. In histogram based test, the offset error is calculated
by the following expression

H(2" — 1) — H(0)

ffset =
O > 2Hideal 7

(1)

where for a n-bit ADC: H(2"—1) is the number of occurrences of the MSB code and
H(0) of the LSB code, respectively. In all expressions, Hiqea represents the count
of each code theoretically determined for the ideal ADC and the given stimulus
waveform. (Thus, Higea is an analytically obtained value.)
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2.2 Gain Error

The gain error is the error in the slope of the transfer curve. For an ideal ADC, the
gain is equal to 1 and the code count for any non-extreme code is equal to Hiqeal-
The ratio between the count of any non-extreme code and the ideal count Higeal
determines the actual ADC gain at that code. If the code count for a given code
is smaller than Higea, the actual ADC gain at that code is greater than the ideal
gain, and vice versa. While the measured value varies from code to code, ADC gain
estimation is determined by averaging over m central codes of the range of the ADC

Yy, Hi)

Gain~! =
M Higeal

(2)

2.3 Non-Linearity

Non-linearity can be presented by two different measures: differential non-linearity
(DNL) and integral non-linearity (INL).

DNL measures the relative deviation of each code width from the ideal value (1
LSB). Given the histogram data, DNL is defined as the relative difference between
the measured and the ideal code counts

H(Z) - Hideal

DNL(i) = T (3)

The INL determines the deviation of each output code center from the ideal
straight center line. The INL for code i is computed from the cumulative sum of
DNLs of the previous codes

INL(i) = z_j DNL(j). (4)

The above equations include the operations of addition, subtraction, and divi-
sion. While addition and subtraction are fairly simple operations, hardware imple-
mentation of division is more demanding. However, if the denominator is the power
of 2, the division can be performed as shifting of the decimal point. In our case
denominators are Hiqeal, 2Hideal, and mHigea. In order to simplify the division, the
Hiqea1 and m should be the power of 2. For subsequent explanation assume that
Higew = 27, where P is some suitable integer value.

3 BIST STRUCTURES

The concept of the implemented histogram based BIST in a IEEE Std 1500 wrapper
is shown in Figure 3(a). We use triangle-wave input signal, which in an ideal case
results in a constant code count for non-extreme codes and equal code count for
extreme codes.
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Fig. 3. The concept of (a) implemented BIST in IEEE Std 1500 test wrapper, (b)
processor-based BIST

We first implemented two different BIST structures in a IEEE Std 1500 wrapper
targeted either at low hardware overhead or at minimum test time. The first solution
performs measurements and computations of static parameters in a sequence of
individual steps. The ADC output data is processed on the fly in each step and the
results (i.e., Offset, Gain, maximum value of DNL(7), maximum value of INL(7)) are
transmitted out via test access mechanism. The second solution first collects the
complete ADC test responses and stores them in a RAM. Next, the computation of
static parameters is performed and the results are transmitted via TAM as in the
previous case. We denote the first solution by sequential BIST and the second by
RAM-based BIST.

In addition, another solution (shown in Figure 3(b)) was conceived in which a
processor core performs ADC core test and computes the required test parameters.

3.1 Sequential BIST Approach

The sequential BIST structure depicted in Figure 4 operates in accordance with
the concept proposed in [2]. Tt was, however, a bit modified in order to completely
automate the evaluation of the DNL and INL parameters. The BIST structure is
composed of three basic blocks:

e detector module, which monitors the codes generated by the ADC and signals
when the code is equal to the preset value,

e exploitation module, which receives the signals from the detector module and
performs the required operations (counting, complementing, etc.),

e control module, which coordinates the processing of both modules and connects
the BIST structure to the IEEE Std 1500 test infrastructure. The control mod-
ule is a state machine which generates the corresponding control signals of the
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detector module and exploitation module. It also coordinates the operation of
BIST and the IEEE Std 1500 test wrapper logic.

TEST STRUCTURE
ADC control
<t CONTROL MODULE
ADC codes DETECTOR EXPLOITATION Data
MODULE MODULE -
[ DM register ] [ EMregister |

Fig. 4. Sequential BIST structure

The detector module contains a counter and a comparator. The counter is used
for setting the required preset value which is stored in the DM register. The contents
of the DM register is compared with the ADC code. If the ADC code equals the
contents of the DM register, exploitation module is triggered. The exploitation
module is an up/down counter with clear. In addition it is capable to calculate the
complement of the current value. The temporary result is stored in the EM register.

The calculations of offset, gain, DNL and INL are separate processes performed
in strictly sequential manner. While the sequential BIST structure described above
requires low hardware overhead, the test time may become excessive. This is due to
the fact that sequential approach takes N samples for the calculation of Offset, mN
samples for the calculation of Gain, (2" — 2)N samples for the calculation of DNL
and (2" — 2)N samples for the calculation of INL. As an alternative, RAM-based
BIST has been developed.

3.2 RAM-Based BIST Approach

The RAM-based BIST test structure shown in Figure 5 consists of three compo-
nents, which play a similar role as their counterparts in sequential BIST. The three
components are:

e RAM module, in which the ADC code count of a complete histogram is stored,

e computation module, which computes the ADC static characteristics from the
values stored in RAM,

e control module, which (similar to the sequential BIST) coordinates the process-
ing of both blocks and connects the BIST structure to the IEEE Std 1500 test
infrastructure.

In contrast to sequential BIST approach, only N samples are taken for the
computation of static parameters of ADC. The samples are first stored in RAM, then
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TEST STRUCTURE
ADC control
< CONTROL MODULE
ADC codes Data
COMPUTATION A
_:> RAM > MODULE >

Fig. 5. RAM-based BIST structure

the static parameters are computed in accordance with the expressions 1-4. Some
programming tricks are used in order to simplify the computation. For example,
subtraction in expression 3 can be eliminated if the counts are first initialized to
— Higew and then increased by the number of occurrences of the code. RAM is
organized in such way that the ADC code actually presents the RAM address of its
code count. In this way, data manipulation is simplified.

3.3 Processor-Based BIST

Processor-based BIST exploits available microprocessor and other cores on the SoC
for the execution of the ADC test. The idea is to reuse already present resources
in the SoC and their interconnections to perform functional test of the ADC core.
The microprocessor with timer interactions controls the ADC core, gathers the re-
sponses and stores them in the SoC RAM. After the stimulation period the gathered
responses are evaluated by the processor. In a sense the processor with timer per-
forms the role of the control and computation module. While this approach does
not introduce any notable hardware overhead in the digital part of the SoC, addi-
tional ROM storage is required for the BIST program storage. In order to perform
ADC BIST at full speed, which is generally faster then normal SoC operation, the
processor in collaboration with other cores must be able to respond in time to the
incoming ADC codes.

4 INTEGRITY CHECK OF THE TEST STRUCTURE

Integrity of the test infrastructure must be assured before we can trust the results of
the implemented histogram test. For this purpose, integrity check is performed by
replacing the tested ADC by a counter as shown in Figure 6. The counter generates
codes corresponding to the ideal ADC with ideal triangular input waveform and the
resulting static parameters are checked (Offset = 0, Gain = 1, DNL = 0, INL =
0). The two empty boxes in Figure 6 represent either detector and exploitation
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module, or RAM and computation module since the same integrity check is used
for sequential or RAM-based BIST.

TEST STRUCTURE

Control
CONTROL MODULE

! v 1 vt

Data
COUNTER — L

Fig. 6. Integrity check of a test structure

In processor-based BIST, integrity check of the test infrastructure includes test-
ing of processor, timer and RAM cores, test of interconnects and test of ROM with
stored BIST program. Since most of the above activities are included in general SoC
test, only the test of ROM (i.e., checksum of its contents) is required in addition.

5 IMPLEMENTATION ISSUES

IEEE Std 1500 test wrapper with the above BIST structures was implemented in
a Spartan3 XC35200 FPGA. ADC0808 (an 8-bit ADC) was initially chosen as the
unit-under-test. Measured parameters of the employed ADC were in conformance
with the specifications provided by the manufacturer which demonstrates the feasi-
bility of the histogram based test technique by the implemented test structures. Let
us now compare the three solutions from some different points that may serve as the
basis for selection of suitable strategy for BIST implementation of the embedded
core.
The measurement uncertainty A (expressed in terms of LSB) is defined by

1
H; ideal .

A= (5)

In sequential BIST approach, the number of samples required for processing a
single ADC code is
N =~ 2n[-_-’iclcalv (6)

where n is the number of ADC bits. In our case, test signal was generated such
that the number of occurrences of the two extreme codes was equal to the number
of occurrences of the non-extreme codes, which gives

N = 2" Higeal- (7)
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The number of samples needed for the complete measurement is
Nall = (1—|—m—|—2"+1 —4>N, (8)

where m is the number of codes on which the gain calculation is performed.
In RAM-based BIST and processor-based BIST approach all codes are processed
simultaneously. The number of samples required for the complete measurement is

Nan = N = 2" Higear. 9)

Table 1 presents measurement uncertainty A and overall test time of the three
approaches for different values of Higqea at 5 ps sample time.

measurement Test time [s] for 8-bit ADC
uncertainty sequential RAM-based processor-based
Higeal A [LSB] BIST BIST BIST
4 0.250 3.37 0.725 0.729
8 0.125 6.08 0.732 0.838
16 0.063 11.49 0.745 0.867
32 0.031 22.33 0.772 0.990
64 0.016 43.99 0.825 1.362

Table 1. Measurement uncertainty and overall test time of sequential, RAM-based and
processor-based BIST

Notice that the test time in the case of sequential BIST is much higher than
that of RAM-based BIST and processor-based BIST. While the test time of the
8-bit ADC at measurement uncertainty of 0.250 [LSB] may still be acceptable, the
situation gets worse when testing ADC cores higher than 8-bit. Table 2 shows the
test time of sequential, RAM-based and processor-based BIST for 8, 10, 12 and
16-bit ADC. The test times of sequential BIST of 12 and 16-bit ADCs are obviously
not acceptable in practice.

Test time [s] (Hideal = 4)

number of sequential RAM-based processor-based
ADC bits BIST BIST BIST
8 3.37 0.725 0.729

10 44.18 0.907 0.922

12 697.69 1.161 1.278

16 178,543.32 3.116 3.222

Table 2. Test time of sequential, RAM-based and processor-based BIST for different ADCs

RAM-based BIST and processor-based BIST are much faster but there are
other issues that should be considered. As regards hardware overhead, RAM-based
BIST employs much more resources than sequential BIST. We synthesized both ap-
proaches with Cadence RTL Compiler and the resulting designs are shown below. In
order to get a realistic view of hardware overhead of individual solutions, sequential
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number sequential BIST RAM-based BIST
of ADC RAM RAM
bits gates flip-flops cells gates flip-flops cells
8 881 233 461 156 2,560
10 911 249 - 541 172 12,288
12 961 265 583 188 57,344
16 1067 297 - 684 220 1,179,648

Table 3. Sequential and RAM-based BIST logic implementation (without IEEE Std 1500
wrapper logic)

and RAM-based BIST logic implementation without IEEE Std 1500 wrapper logic
are summarized in Table 3.

Next, the resources of complete BIST implementations including wrapper control
logic of the three solutions are summarized in Table 4.

sequential RAM-based processor-based
number BIST BIST BIST
of ADC flip- RAM flip- RAM flip- RAM
bits  gates  flops cells gates  flops cells gates  flops cells
8 1012 293 — 594 216 2,560 63 59 —
10 1063 319 612 242 12,288 71 72
12 1131 345 680 268 57,344 97 95
16 1208 371 - 889 320 1,179,648 205 127 -

Table 4. BIST implementations including IEEE Std 1500 wrapper control logic

Processor-based BIST has minimal hardware overhead since the majority of its
tasks are performed by the cores already included in a SoC. However, such a solution
is specific for the given processor core and is not easily portable to other SoCs. On
the other hand, sequential BIST and RAM-based BIST are autonomous and can be
ported together with ADC core to other designs.

Scalability of the above solutions manifest itself in different issues. Analysis
of BIST solutions for n-bit ADC cores shows that by increasing n the hardware
overhead of sequential BIST increases linearly, exhibits exponential growth in the
case of RAM-based BIST and practically does not change in processor-based BIST.
Test time of sequential BIST grows exponentially while practically does not change
in the case of RAM-based or processor-based BIST.

Providing high-quality stimulus signals is crucial to accomplish efficient and
consistent BIST of a mixed-signal core. The signal can be internally generated in
the test wrapper, or supplied via TAM either from an external signal generator or
generated by another core (if available) in the SoC-under-test. In our case, including
a triangle-wave generator [3] in the test wrapper would considerably increase the
complexity hence externally supplied stimulus is a preferred approach. The impact
of MOS switches connecting the external source to the ADC core was simulated by
introducing an ABM module of a IEEE Std 1149.4 compliant test chip. For this
purpose, our proprietary test chip [17] was employed. In order to assess the impact of
MOS switches of analog boundary module on static parameter measurements, direct



F. Novak, P. Mrak, A. Biasizzo

connection to the ADC input was optionally provided. The measured parameters
were in good agreement with the values obtained by the conventional technique
using laboratory measurement equipment which gives confidence to the described
approach.

6 CONCLUSIONS

The case study demonstrated that the three BIST solutions considerably differ in
required resources, achieved test time, portability and scalability. Selection of the
best test approach in practice depends on strategic decision taken in the early user
requirement specification phase and is, of course, specific for each mixed-signal core
of a SoC. Although the described implementation focused on a specific test technique
(histogram based test) for a specific mixed-signal core (ADC) the three approaches
can be generalized to other types of mixed-signal cores as follows:

e test wrapper performs core test and evaluates the results on the fly,
e test results (i.e., measurements) are stored in RAM and processed in batch,

e other cores of the SoC (if available) take the role of testing.

In purely digital SoC, the first two approaches are preferred since in most cases
stimuli are generated by a LFSR (linear-feedback shift register) logic and test re-
sults are collected by a MISR (multiple input signature register) based on the same
principles. This logic is compact and scalable and provides portability of design.

BIST of a SoC with mixed-signal cores faces different problems. Test methods
possibly implemented in a test wrapper require specific logic which differs consid-
erably from one case to another. There are no common parts, everything must be
conceived from scratch. In fact, since a mixed-signal core is put in a SoC with well
defined target application it is prudent to consider possible reuse of the application
software (i.e., device drivers) in a processor-based BIST.

Processor-based BIST is traditionally employed in testing embedded memories.
Its application in mixed-signal core test has not been widely investigated in litera-
ture although proprietary solutions in practice no doubt exist. In this regard, the
comparison of empirical data presented in the paper allows an assessment of pros
and cons of the two alternative approaches and may serve as a guideline in similar
applications.

Generation of test stimuli is another issue in which BIST of mixed-signal cores
differs from BIST of digital cores. While test pattern generation with LSFR is a
common and widely practiced technique in digital word, analog stimulus generation
[20] is a problem with no unique solution. Test signal generator included in the test
wrapper results in increased complexity and hardware overhead. Besides, integrity
check of a signal generator embedded in a test wrapper poses additional problems
and increases test time. A simple alternative solution employing external signal
generator is more likely to be applied in practice. In some cases, another core of
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a SoC might take the role of stimulus generator, like for example oscillation-based
test structures reported in [19].

At this time, IEEE Std 1500 test wrapper is defined only for digital cores. Its

possible future extension to mixed-signal cores will probably follow the way of IEEE
Std 1149.1 extended to IEEE Std 1149.4. The impact of MOS switches connecting
the input signals (either from external source or from another core in a SoC) to the
mixed-signal core will remain an important issue in practice.
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Measurement Accuracy of Oscillation-Based Test of
Analog-to-Digital Converters

Oscillation-based testing of analog-to-digital converters
represents a viable option for low-cost built-in self-testing in
mixed-signal design. While numerous papers have addressed
implementation issues, little attention has been paid to the
measurement accuracy. In this letter, we highlight an inherent
measurement uncertainty which has to be considered when
deriving the parameters from the oscillation frequency.

Keywords: mixed-signal test, analog-to-digital converter,
(ADC) oscillation-based test (OBT), measurement accuracy.

I. Introduction

In the oscillation-based test (OBT) proposed in [1], a circuit-
under-test is transformed into an oscillator, and the frequency of
oscillation is compared to a reference value obtained from a
known-good circuit operating in the same measurement
conditions. Discrepancy between the oscillation frequency of a
circuit-under-test and the reference value indicates possible faults.

The OBT technique has been applied to various kinds of
mixed-signal circuits [2]-[8].

In OBT of an analog-to-digital converter (ADC), a feedback
loop is provided which forces the ADC to oscillate around a
selected code i [7]. The feedback loop is fed to a circuit which
generates a triangle wave signal of symmetrical slope as shown
in Fig 1. The slope of the triangle wave signal is inverted one
sample time after the sampled input signal attains or crosses the
threshold voltage as shown in Fig. 2.

The measured frequency of the triangle wave signal can
serve as the basis of a go/no-go ADC test. Furthermore, it can
be used to determine static ADC parameters such as differential
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Control logic

Fig. 1. Oscillation-based test structure of ADC.
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Fig. 2. Sampling of triangle wave input signal.

nonlinearity (DNL) and integral nonlinearity (INL). While
other authors have studied implementation issues of OBT, such
as input signal generation, digital comparators, and feedback
circuitry, none of them have addressed the measurement
accuracy of the test method.

In this letter, we focus on the mechanism of generating the
triangle waveform signal and demonstrate an inherent
measurement uncertainty which has to be considered when
deriving the parameters from the oscillation frequency.

ETRI Journal, Volume 32, Number 1, February 2010



I1. Preliminaries

An ADC generates a single output code for a range of input
voltages. The voltage level where the ADC output changes to
code i is defined as the threshold voltage /(7). The difference
between the threshold voltages V(i+/) and (i) is called the
code width O(i). The code widths of an 7-bit ideal ADC are
equal and are determined by dividing the full scale range (FSR)
by the number of ADC codes:

FSR

QN ()= QN = o

M

DNL is a figure of merit that describes the uniformity of
steps between ADC codes. The deviation of the threshold
voltages from their nominal values causes different sizes of
code widths. DNL for a selected code i is given by

DNL(i) = Q(’)Q—_QN ) 2

N
Without loss of generality, we assume that the slope S of the
triangle wave signal is generated such that the signal traverses
the nominal code width Oy in a whole number Ay of sample

periods T:
Oy =8 ky Ts. 3

The actual code width Q(i) is obtained by determining the time

kT of the input signal passing between V(i) and V(i+1):
o)=S-k-Ts. &)

Evaluation of k from the measured oscillation frequency
represents the basis of our further discussion.

III. Evaluation of Measurement Accuracy

and the slope of the triangle signal is inverted depending on the
result. The triangle wave signal is sampled periodically at 7{y)
as shown in Fig. 3.

Let us denote the first sample time as 7{-1), where the input
signal is equal to or greater than the threshold voltage V(i+1).
Since the output code of the ADC is delayed for the sample
time 7, the slope of the input signal is inverted at the sample
time 7(0). In general, the transition of the input signal over the
threshold voltage occurs at 7(-1) or somewhere within the
interval between 7(-2) and 7(-1). For further analysis, let us
denote the time between the transition of the threshold voltage
(i+1) and the sample time 7(-1) as o-Ts, where the values of ¢
are

0<o<1. 5)

The time from the transition of the threshold voltage V(i+1)
to the inversion of the slope at 7(0) is (1+ 0)-Ts. Since the rising
and the falling slopes are equal, the transition of the threshold
voltage (i) occurs at (1+0+k) Ty after 7(0). Depending on the
values of k and J, we distinguish two different cases:

k+8<[k], (©6)

™

where [ |is the ceiling operator which rounds a number to its
nearest integer value in an upwards direction. This results in
two different signals, which are represented in Fig. 3 by the
continuous and the dashed lines. The first case refers to the
situation in which the signal transition of the threshold voltage
(i) occurs before T(r kl +1), while the second case refers to the
situation in which the signal transition of the threshold voltage
(i) occurs after T(r kl +1). Consequently, the inversion of the
slope of the two signals differs for one sample time, which
leads to two different oscillation periods:

k+8=[k],

The conversion of an ADC is not instantaneous; the acquired L= (k —| +4)-Ts, ®
code is delayed for the conversion time. The output of the ADC
. y . fput of T, = Q[K]+6)-T,. ©)
is compared to the selected code i at the sampling instances,
T(2) T(-1) T(0) T(1) T(k]+1 Time
< TSV -t Vi
- T — >
N N g
P rd ~ > ~N N - < S ~ - il
Vie T g g P2 ~
< ~ -
Voltage (i) \j}\ - / _ Pid i Code
. R, ALz
! —— ~ 3 ~| _ .
5! : ! k \>\/ - i-1
| ' ' i i ~
2 -1 0 1 (k] +1 Samples
Fig. 3. Detailed timing diagram.
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Table 1. Simulated results for DNL(2) = 0.3.

P Measured DNL(2) Meas.
N\ [0.0620.188]0.312|0.438[0.562 | 0.688 | 0.812 | 0.938 [uncert,
2 0.00( 0.00| 0.00| 0.50( 0.50| 0.50| 0.50| 0.50 0.500
3 0.00| 0.33| 0.33| 0.33| 0.33] 0.33| 0.33| 0.33(0.333
4 0.25[ 0.25]| 0.25| 0.25( 0.25]| 0.25| 0.50| 0.50| 0.250
6 0.17] 0.17] 0.33] 0.33]| 0.33]| 0.33] 0.33| 0.33] 0.167,
8 0.25[ 0.25| 0.25| 0.25( 0.25| 0.38| 0.38| 0.38| 0.125
16 | 0.25| 0.25| 0.31| 0.31| 0.31| 0.31| 0.31| 0.31 0.062,
32 | 0.28( 0.28| 0.28| 0.31| 0.31| 0.31| 0.31| 0.31 0.031

For an ideal ADC, the input signal traverses the code width
in a whole number ky of sample periods 7 as assumed in (3).
Since ky is a whole number, the first of the two considered
cases described by (6) and (7) is not feasible. The only
oscillation period, denoted by 7y, is thus

T, =2 -ky+6)-T, . (10)

The actual measured oscillation period 7 is either 7; or 7.
Because we cannot distinguish between the two cases, the
computation of & from expressions (8) and (9) gives

T
2.7,

k ~3+1. (11)

The two possible outcomes are reflected in the code width

()

=S -3|.T.+S-T,. 12
0(i) [”S J (ES-Ty (12)
From the definition of DNL we obtain
T-T,
DNL(i) = —Nii (13)
2'kN'Ts kN

for the selected code i.

For illustration, an 8-bit ADC with DNL(2) = 0.3 was
considered. The OBT technique was modeled in the Matlab
Simulink environment. We simulated the OBT for different
values of ky and o. Obtained values of DNL(2) and the
corresponding measurement uncertainty are given in Table 1.

IV. Conclusion

An oscillation-based test of ADC manifests in two different
oscillation periods depending on the time of the transition of
the threshold voltage relative to the sampling. Since we cannot
distinguish between the two cases, the ambiguity of the

ETRI Journal, Volume 32, Number 1, February 2010

frequency of oscillation should be considered in OBT
implementations. We demonstrated that the measurement
uncertainty of the DNL due to this ambiguity is 1/Ax.
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Generation of sequential diagnostic procedures inatling symmetrical,
asymmetrical and multi-valued tests

P. Mrak, F. Novak, A. Biasizzd

Abstract — The paper deals with the problem of minimizing ¢ost of the sequence of tests
required to localize a fault. The interactive segque diagnosis tool supporting symmetrical,

asymmetrical and multi-valued tests is presentdte Tain part of the paper is devoted to
practical guidelines in the form of illustrative amples that may help the user to acquire and
formalize the input data and to use the tool far generation of optimal decision trees.

Keywords: diagnostic tools, fault location, system level diastics

l. Introduction

Increasing complexity of electronic systemakes
the problem of testing more and more difficult
Design-for-testability techniques [1] try to keepet
problem complexity at the level that can be mandag
with the established testing techniques in jract
However, in production test or system mainteranc
fault detection may not be sufficient. Faults muse
isolated to determine the actual cause and oigin
defects in order to modify the productionqass

For anasymmetricakest: ANB#0. An example of an
asymmetrical test is the alarm indicator on a antr
panel. If the light is on, the actual system is ofi¢he
candidate faulty system states of A. On the othedhif
the light is not on, one cannot distinguish betwéen
two cases: either there is no alarm or the indichtdb
is bad.

The notion of symmetrical and asymmetrical test ca
be associated with the definition of complete and
incomplete test [2].

Determining the sequence of tests requii@d
reach a diagnostic conclusion at minimum caést

and/or repair the product. In system maintenance Known as the test sequencing problem [3]. Differen
detected failures must be diagnosed and repaired as?algorithms have been proposed for its solution-[A#].

rapidly as possible to return the system to cheect
operation. Fault isolation usually requires more
thorough and costly procedures than faultalite.

It is therefore imperative to find low-cost solut® of
the diagnosis problem.

System operation in the presence of faultstman
presented by different system failure states. Tdad gf
the diagnostic procedure is to identify the acttalure
state by executing a sequence of tests which peovid
some information on system behavior. In princigley
measurement, signal, or other observable eventbean
viewed as a test.

Consider a test with a binary outcome (pass drifai
such a diagnostic procedure. Assume that beforéetite
is executed, the system is in a system saf where S
denotes the set of current candidate system sfabes.
test splits the set S into subsets A and B. LeteAote
the resulting set of candidate system states whetest
fails and B the set of candidate system states \lnen
test passes.

For asymmetricaltest: AB=0. In other words, the
test fails if and only if the system is in the fgustate
seA. Hence, if a symmetrical test passes, systenestat
A are omitted from the set of the candidate fasjtstem
states. A symmetrical test thus has 100% fault cme
for the set A of candidate faulty system states.

Manuscript received January 2007, revised Janu&972

Traditional test sequencing problem has beeimelgf
for symmetrical and binary tests. In this paper
present an interactive software tool for the getiemaof
sequential diagnosis procedures supporting also
asymmetrical and multi-valued tests.

Il.  Generalized test sequencing problem

We generalize the traditional definition ofstte
sequencing problem [8] by including asymmetricadl an
multi-valued tests. The generalized test sequencing
problem is formally defined in the following way.

For a system described by:

« the set of system states Ss, {5, ..., & Where
S denotes the fault-free state of the system snd
(1 <i <m) denotes one of m potential faulty
states of the system;

e the a-priori probabilities of system statpéS) =
[P(s0), P(SD) -, HSW)];

e the set of available tests= {t;, t, ..., t};

e testcostx =[cy, &, ..., ] associated with the set

of tests T;
e the test outcomes: R = {RR,, ..., R}; LetRj=
{rs, ..., i} present the possible outcomes of a test

With a pair §, ) we associate the corresponding

Cogt © 2007 Praise Worthy Prize S.r.l. - All rights
reserved
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test outcome if testt; is symmetrical for system
state 5 In the case where test exhibits
asymmetrical property for a given system stgte
the corresponding test outcomes are given together
with their conditional probabilities {€«1, P(rki)).(

rees  P(re2)--}. (Notice that the sum of the
probabilities of the test outcomes is 1.)

the problem is to generate the diagnostic procesiuch
that the criterion function given by

J :Ziaij p(s )c; @)

m
i=0 j=1

(i.e., the average cost of the decision treis)
minimized. In the above expressiof,= 1 if testt; is
used in the path leading to the identification yétem
state si and is O otherwise.

The test sequencing problem can be
formulated as a best-first-search on an AND/OR
graph. The problem is known to be NP-complete [3]
therefore a cost-to-go heuristic estimation is ustd
guide the AND/OR graph search. Our implementation
of the optimal AND/OR graph search techniques
corresponds to the algorithm AO*. The algorith®*A
is ordered best-first search algorithm; it expaodly
the node of the search graph that offers the most
promising way of reaching the goal nodes on tlasish
of two heuristics: (i) the first derived by agbing to
the
Huffman coding problem (HEF1) and (i) epgy-
based heuristics (HEF2). Yet another one, (HEF3) is
equal to HEF2 + 1. Using heuristics HEF1 or HEF
AO* is guaranteed to find an optimal solutidrhe
definition of heuristics and the proof of optimglibf
AO* is given in [8]. Decision between using HE&!d
HEF2 depends on the size of the problem. HEF1 is
recommended for small and medium-sized problems
(m < 100), while for larger problems HEF2 prefelire
HEF3 does not always give an optimal solution big i
useful for complex examples which are not tractable
with HEF1 and HEF2.

Sub-optimal algorithms provide trade-off between
optimality and computational complexity. They
perform  local  step-by-step optimization. The
sequential diagnosis tool described in this pap#ers
two such algorithms: information heuristic and
separation heuristic algorithm (also denoted as PQ
algorithm).

The traditional definition of the test sequencing
problem assumed only binary symmetrical tests.
However, available diagnostic tests in practice imaye
an arbitrary number of possible outcomes (multisedl
test) and may be unreliable to a certain degree
(asymmetrical test).

The question arose if the above algorithmslccou
generate the solutions for the generalized cadedimg
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analogy between the test sequencing and the

multi-valued and asymmetrical tests. It has beeoved
that the same heuristics can be employed in the
generalized case [8]. Consequently, the definitibthe

test sequencing problem given in this paper indude
multi-valued and asymmetrical tests.

A tool that generates solutions to the generaliest
sequencing problem has been implemented and is
available for free download at
http://csd.ijs.si/applications/SDT/sdt.html. Insthpaper
we describe how the tool can be used for system
diagnosing and indicate possible applications in
practice. Implemented web interface enables the tase
run the tool remotely on JSI server. The purpdshe
web interface is to give the potential user thaidéthe
features provided by the diagnostic tool.

A collection of examples covering different test
variant situations is provided as a quick way td ge
acquainted with the tool. For each example, the
diagnostic procedure can be generated by AO*
algorithm (with HEF1, HEF2 and HEF3 heuristics) and
PQ algorithm. Since the generation of diagnostic
procedures is computationally intensive, the exern
users are urged to run the diagnostic tool on é8les
for reasonably small examples.

Diagnostic tool

I1I.1. How to use the diagnostic tool

An illustrative example of a system with 9 faulty
states is shown in Table 1. Tedis and t, are
symmetrical binary tests (with outcomes pass,.fadst
t, is symmetrical multi-valued test (with outcomes
falling into measurement intervalg ry, r, andrs). Test
tz is multi-valued test (with test outcomes a, land d).
This test is asymmetrical for faulty states 3, @ 8nFor
example, in the presence of faulty system statthe3,
probability of test outcome a is 0.6 and the prdigb
of test outcome d is 0.4. The test costs vary féomto
1.7.
gystem

state
fault free
faulty 1
faulty 2
faulty 3
faulty 4
faulty 3
faulty 6
faulty 7
faulty 8 | fail
faulty 9 | fail
test costs 1

tests probability
p(s)
0.6
0.3
0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.01

test 4
pass

test 2 test 3
measured 10 a
measured 12 b pass
measured 1 b pass
a(0.6);d(04) | fal

0
3 a fail
0

test 1
pass
fail
pass
fail
pass

measured 1

meagured 1

measured 1

pasg
fail
pass

d pass
a(0.7); d(0.3)
¢ fail

measured 1

pasg

measured 1

measured 1

1
7
1
.,
1

¢ pass
measured 1

11 | 0(0.9)c(01) | fal
Ei L7 0.7

Table 1. Input data for generation of the decisier for the first
illustrative example
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_ . o system part consider the computational elemerdadiks
The diagnostic tree generated by the tool is shown 4 pipeline Cooley-Tukey FFT module shown in Figure

Figure 1. The average cost in this case is 2.139. 2. The diagnostic test data are presented in Table
(split into 3 parts).
Dfigrtate e o Eovartiple (eog = 2.139); The circuit consists of three multipliers (M1 - M3

and eight adders (Al - A8), four performing additio

and four performing subtraction. With a failure of
measurcd 13 individual functional block we associate a faulygtem
state (presented in the left-most column in thdedab
The probabilities of system states, including fdrde
system state s0, are given in the right-most column

measured r0 [ measured 12 | measured 1l

» A > A5
pass | Tail + +
4
‘ faulty 8 H faulty 3 || fautty 5 ‘ Faulty 7 ‘ faulty 6 H faulty 9 ‘ /
- — M1 4 A2 A6
2 X + - — |t
2
4 —P P g &
Fig. 1. Generated diagnostic tree for the firsisiltative example u \ 8
M2 A3 » A7
w
. . X - + —» | 0
In the following we briefly sketch our current N
research in system diagnosis in order to show hmw t r
presented diagnosis tool can be used in practice. ><M3 1 M A8
We refer to the work of Murray [9] and the notioh N > '
test propagation through system modules. Typical r
system design scenario consists of different attabra
I i I sin / cos
levels with physmal level at thg bottorr_1 and q@mre Sniae COMPUTATIONAL ELEMENT
level as the highest level. During a hierarchigaitem
design, a collection of tests is generated for tfaul
detection in individual system parts. The transpeye Fig. 2. Computational element as a part of radpipkline Cooley-
analysis of these pre-computed tests is performetd Tukey FFT module

next step in order to organize them in an efficmrerall
system test [9]. While Murray actually addresses th
problem of fault detection in a complex system, we
extend the notion of transparency for the purpoke o
system diagnosis. While the original pre-computesdst
may be sufficient for fault detection, serial clmiof
functional blocks make the problem of fault locatinn
rather difficult. Modifications (i.e., extensionspf
original sets of pre-computed tests are normalkdee

to achieve adequate controllability and observighibr
system diagnosis. In practice, different approadses
be taken, introducing for example additional lirfes
accessing internal points from primary inputs otpaoits,

or even adding a scan chain logic to the origirigh.
Detailed description of this issue is beyond thepscof
the paper. In the following we assume that thifmm
has been solved and we concentrate mainly on the
selection of tests for system diagnosis. We anathee
transparency of individual system parts and derive
solutions in accordance with available tests (itest
vectors generated at the outputs of preceding rayste
parts). We use the diagnosis tool for generatingrab
diagnostic trees of system parts. In order to géhwl
solution at the system level we include the cost of
transmitting the results to the primary system otsgpn

.. Fig. 3. The resulting minimum cost diagnostic wééhe
the cost of individual tests. computational element

As an example of generating the diagnostic treeafo
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state 11 (] ] [ 5 1 t7 15 poh
S0 Jp T T T T T T T 002
MI |7 3 3 3 MO0 p0F5) [ H005)pl055) [f005p0F5) [ MO0 p055) (014
M2 005 pl035) [HO0N p0F5) [ A005)pl025) [ 005055 |1 T r r 014
M3 a0 p05  T#0L el A0 05 [#0Lp05 800 p05y [A005)p@55) [H005) p3y) [A005)p055) T014
A1 TH0Z5pl0 75 [HOZ5p073 |1 P A0 [M0E 0 [r P 07
AZ [M0E)pDE)  [H0E e Jp P 025 p075) [A025pl075) o P ooi
4T |p P N p073 [MUZN 07N [p T M p0Z [ A0Ep0d 007
A4 Tp P f0Epld)  [A0E)p0d Jp P 025 p075) [ A025) pl075) [0V
L5 THOApE) T T T 5] pl05) T T T ooy
Lt [p ey Jr P P 03y e P ooi
LT Tp T HOS) pd5) T T T HOS)pl03) T oovy
&z g P P o) pll |p P P UL S oy
cost |2 ] ] ] ] 2 ] ]

e [ B 0 T 7 Nk ! i3 NS ph
O i i i i D i i 002
MI Ta00e5  Ti0De0H  TA0LDp0H  Ti0De0H  [{0Dp05H  TH0Dp@E  TH0Dp0H  [A00p05F  T014
MZ 1005 p035) [HODNp0E5 [A005) 055 [ 005055 [f0Dp05H  [f0Dp05F  [#0Dp0H  [#00p05F 014
M3 T T y y ne05H M0N0 H  [flDe05H ({00 p0H  [014
A1 THA0Z5)pl75) [H0Z25p075 | P A el [{0&p008  |p P 07
A7 [M0EIpDE)  [f0E 03 |r P A p0E |08 p08 | P 07
43 |p P N p075) [ M0Z5 075 | r A el [A0&pl08  [007
&4 1p P MEBe0d M50 [p T MAp0e [0S p0E  [007
L5 THOS]p0E) P P P r P P P ooy
&6 o oS pl03 T T T f T T ooy
AT Trp P 05 plo P P P r P ooy
A7 Tp P P a0y p T T f o7y
cost |2 ] ] ] 1 I 1 1

state [117 R RE] 20 21 (=] [ t2d roh
sl T T T T T T ell ooz
Ml |p MAOp0E  Jr IMFETE T P ed 014
Ma a2 08 Jp 2 plE  Jr P f P ed 014
M3 |p MAOp0E  |r M p0E | T r ed 014
Al 171 F F F F foEiplad)  Jr e oni
IYIE T P P 0 |r M p0dH e 07
43 |p P t P P flz)plls  |p el [
id 1p P P 3 el |r M el | ed 07
A [a04)p0a)  [i04pla  Jp P 0 e [0S pl00)  [A03p0T  Jel ooi
A [0 p0E  [f0Hpl0E  |r P M3p07  [M03p00  [f035p07N  Jel 07
AT Tp P A ple (A0S pl0e) (MO p@7  TH0IS 00 [H03p00 Tel 07
AT |p P A pl0e  [f04pl0e  [M03p070  [A03p00  [f03p07 el 07
cost |3 ] ] ] E:] L3 E:] 10

Table 2. The diagnostic test data of Computatielenent as a part of radix-4 pipeline Cooley- @ukFT module

In this particular case we have at disposal a&ctitn
of 24 tests with diagnostic capabilities describbethe
table. Tests; - t,3 are asymmetrical with binary outcome
pass or fail. Each of them exhibits symmetricaldyébr
for some system states and asymmetrical for thersth
For example,t;y exhibits symmetrical behavior for
system states,, M1, M3, Al, A2, A3, A4, A5, Aand
asymmetrical foM2, A7, A8 In the user interface of the
tool, asymmetrical behavior of a test is descrilbgd
explicitly stating the probabilities of test outcesnfor
the corresponding system states. For example,hier t
system stated7 the probability of test outcome fail of

testt;g is 0.4 and probability of test outcome pass is 0.6

Testt,, is symmetrical multi-valued test with outcomes
€0, el, e2, e4. The bottom row of the table dessribst
costs. The resulting minimum cost diagnostic tree i
shown in Figure 3.
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As it can be seen from the above thepriori
probability data of system states and the prolgtifta
of asymmetric test outcomes are needed for the
generation of test sequences. They can be assessed
computed from MIL failure rate data tables. Another
way to obtain this data is by collecting the diagg®
through the system life cycle. In this way, inityal
estimated probabilities are improving on reliabilit
during system operation.

n .r
—+

n+m n

m
n+m

P, =( )P, @)

The m-estimation approach can be used to combine
initial estimation and the accumulated knowledgeuab
system failures. The parametarin the above equation
is a weight, by which one can regulate the impé&¢he
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initially estimated probabilitiesp, on the updated
probabilitiesp,, and the impact of relative frequentgy,
with n trials andr successes.

l1l.2.  Applications

The described sequential diagnostic tool has been
used in connection with SATAN software (Systems
Automatic Testability Analysis) [10]. SATAN package
has been designed for testability analysis and for
functional specification of test programs and isdzhon
a model of information transfer of the unit-undestt
(UUT). An information transfer model consists of a
bipartite graph made up of places and transitions.
Whereas transitions specify the different modes of
information transfer between places, places coomsp
either to UUT inputs (sources), UUT outputs
(destinations) or to modules. The modules makehap t
functions of information transformation or the ftinos
of interconnection between components. After a
comparative case study of SATAN and sequential
diagnostic tool reported in [11], the complementary
features of the two approaches were merged in an
experimental diagnostic environment and used on
experimental case studies in the area of softvesting.

An earlier version of the sequential diagnosis tool
[12] has also been used in individual student metea
projects in different areas of application such as
medicine, system security, and others. The toobleas
later upgraded by including the user interface wéth
collection of examples covering different test aati
situations. The examples can be modified so that th
user can tailor them according to his/her needs in
practice.

Currently we are developing production test anttifie
maintenance procedures for a cooling appliancenin a
industrial project in collaboration with Gorenje.hiké
the UUT in this case is indeed a new product, the
definition of faulty states and associated prolitdsyl
are based on the empirical data gathered from aimil
product types. The sequential diagnosis tool isl dse
the generation of optimal diagnostic procedure®ims
of test execution time.

It can also be used in other applications, like
mechanical system troubleshooting, generation of
optimal emergency scenarios in safety critical
applications, in medicine, etc. General stratedms
system diagnosis are described in [13]. The tool
supports the above diagnostic strategies and previd
suitable platform for experimental evaluation of
alternative solutions in practice.

I11.3. Limitations

A case study of diagnosing faults in sequentialtimul
valued logic networks has been performed. Obtained

Copyright © 2007 Praise Worthy Prize S.r.l. - Ailts reserved

results summarized in Table 3 describe the perfocma
of the tool and point to its limitations in pracicThe
test problems were generated using a uniform
distribution. For simplicity all tests have cosjual to
one. All experiments have been carried out onstegy
with AMD Athlon™ 64 Dual Core Processor 6000+ and
1.97 GByte of main memory. (All runtimes arevegi

in CPU seconds, minutes and hours.)

States | Al9OM | Noges | Back- CPU
hm tracks time
0o | FEF | 124 220 0.04
PQ | 136 0 0.01
oeo | HEF: | 616 84 0.29
PQ | 358 0 0.05
cop | HER | 1025 |27 0.01
PQ | 697 0 0.10
e | HER | 2057 | 112 155
PQ |1351 |0 0.19
HEF, | 2400 | 1144 214
1000 1 po ™ |1351 |0 0.36
HEF, | 7090 | 225 10.81
2500 1 po " | 3585 |0 0.13
HEF, | 12791 | 512 28.79
5000 1o |6971 |0 256
~eop | HER | 32546 | 2938 1:39.01
PQ  |10119 |0 4.04
HEF, | 30877 | 512 2:05.72
10000 | b5 " | 13831 |0 11.49
HEF, | 41330 | 513 3.11.74
15000 | b " | 20384 |0 17.84
HEF, | 52784 | 577 6:18.03
20000 | by " | 26727 |0 296
HEF, | 55775 | 549 7:38.35
25000 | by " | 32476 |0 30.04

Table 3. Performance of sequential diagnosis tomhing AO*
(HEF1) and PQ algorithm

IV. Future work

Generation of minimum cost diagnostic procedures is
an important issue in complex systems in diffefeitls
such as the nuclear and chemical industry. In otder
develop efficient solutions, a systematic framewfank
constructing useful diagnostic procedures is needad
attempt in this direction is made in [14]. The désed
approach combines the decision-making strategies of
human and the test sequencing technique. Recently,
another approach based on integrating concepts from
one-step look-ahead heuristic algorithms and bdsas
of Huffman coding to construct an AND/OR decision
tree bottom-up has been proposed [15]. In our réutu
version of the sequential diagnosis tool seletsdes
from the above work will be considered. In additior
plan to expand the tool to cover multiple faultiaitons.
Theoretical background can be found in [16], [17].

Imztional Review on Computers and Software,
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V.

The aim of this contribution is to present the
interactive software tool that provides solutionstlie
generalized test sequencing problem including
asymmetrical and multi-valued tests. It is a gehnera
purpose diagnostic aid and can be used in different
applications in practice. It can be employed a®mméd
of a diagnostic reasoner in automatic test equipraen
system maintenance.

Conclusion
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