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Abstract

Testing of analog blocks in digital circuits is emerging as
a critical factor in the succes of mixed-signal ICs. The
present specification-orientedtesting of these bl ocksresults
in high test costs and doesn't ensure detection of all de-
fects, causing potential reliability problems. To solve these
problems, in this paper a defect-oriented test methodol ogy
for mixed analog-digital circuitsis proposed. The strength
of the method is demonstrated by an implementation for
a complex mixed-signal circuit, a Flash analog-to-digital
converter. It isshown that with simpletests 93% of the de-
fectsinthiscircuit can be detected. Moreover, application
of DfT guidelines derived from this test methodology may
improvethedefect coverage to 99%. Firstimpressions|ead
to theconclusion that the anal yzed test obtainsa higher de-
fect coverage with lower test costs than functional tests.

1 Introduction

With the increasing integration capabilities of modern
CMOS processes, the application of analog components
withinlarge digita ICsis becoming increasingly common
practice. Testing of analog blocks in digital circuits is
emerging as a critical factor in the success of these mixed-
signal ICs. The digital parts can be tested using structured
testing techniques that are based upon redlistic fault mod-
els. However, for anal og circuits, such fault modelsare not
availableand a structured divisioninto functiona blocksis
difficult toimplement because of the performance pendties
involved. Therefore, analog testing has been largely func-
tional, resulting in the following problems:

1. Full verification of al specifications makes functional
testing costly and time consuming.

2. Limited functional verification does not ensurethat all
defects are detected.

Therefore, researchers, taking ideas from the digital
defect-oriented test approach (Inductive fault analysis or

IFA [1]), applied a similar method in the analog domain.
Meixner [2] and Soma [3] suggested that process defects
should be the basis for the generation of anal og fault mod-
els. Soma verified this hypothesis with studies of various
simple analog building blocks [4, 5]. Silicon resultson an
anal og defect-oriented test methodol ogy were presented by
Sachdev [6]. He demonstrated that most of the process de-
fectsinaClass AB amplifier can be detected by ssmple DC,
Transient and AC measurements. However, some of the
parametric faults escaped detection.

A problemisthat IFA can only be done for small cdls.
The circuit-level ssmulations used to determine the faulty
behaviour are not feasible for circuits with a real-world
complexity. Harvey [7] tried to tackle this problem by us-
ing high-level modds for parts of the circuit. In this ap-
proach, however, the accuracy of the generated fault mod-
elsislimited by the high-level models used. In thispaper a
divide-and-conquer approach is proposed. In analogy with
the digital macro test concepts of Beenker [8], a complex
circuit is subdivided into smaller blocks, macro cells, for
analysis/test purposes. Circuit-level smulations are done
to generate macro-level fault models, the fault signatures.
Simulationswith higher-level moddl s of the other cellsare
used to determine detectability of these fault signatures at
the edge of thecircuit.

To evaluate the proposed defect-oriented test methodol -
ogy, it isimplemented for a realistic and complex mixed-
signal circuit, a Flash analog-to-digital converter. The de-
fect detection capability of simple test methods is deter-
mined and the effectiveness of some DfT measures is ex-
amined. Thiscircuit was chosen because the boundary be-
tween analog and digital liesinthe ADC. The compl exity of
the circuit makes the use of macro test concepts necessary.
The ADC, as abuilding block, isin use on several Philips
system chips[9]. The paper has been organized as follows.
Insection 2 an overview of the defect-oriented test method-
ology isgiven, whichisappliedtothe ADCinsection 3. In
the last section some conclusions are drawn.
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Figure 1: Defect-oriented test path

2 Defect-oriented test methodology

The proposed approach is shown graphipcally in Fig. 1.
After divisionof thecircuitintomacro cells, the path of this
figure has to be completed for each macro. As shown, the
input of this flow are the defect statitistics, a description
of the process and the layout of the macro cells. The de-
fect ssimulator usesthisinformationto generatecircuit level
faults specific to the layout and process. This is done by
sprinkling defects on the layout in a Monte Carlo manner,
determining whether the defects cause faultsand, if so, ex-
tracting the circuit-leve faulty behaviour. The catastrophic
defect smulator VLASIC ([10]) isused for this.

In the fault list produced by the defect smulator, alot
of faults are equivalent (for example shorts between the
same nodes). The fault collapser collapsesthesefaultsinto
classes of circuit-leve equivaent faults. The magnitude of
afault classdeterminesthelikelihood of thisparticular type
of fault. A circuit-level fault mode is made for each fault
class. VLASIC only givesinformation about catastrophic
faults, i.e. faults causing a DC change in the connectiv-
ity of thecircuit. For analog circuits also non-catastrophic
faults (e.g. incomplete shorts or size changes of resistors)
areimportant. Therefore non-catastrophic faultsare gener-
ated from the catastrophic faults.

Then afault simulation of thefault classes is performed:
the circuit-level fault model is inserted into the macro
cell, and circuit ssmulationsusing an analog simulator (e.g.
SPICE) are done to determine the impact of the fault at the
edge of the macro cdll. Thisimpact ismodelled inthefault

signature, which representsthefault at themacrolevel. The
fault signature should be detailed enough to determine the
detectability of faults. For simpletest methodsoftenaquite
simple model is sufficient (e.g. AC characteristics are not
necessary for DC tests) and equivaent signatures can be
taken together.

Finally theinput stimuli have to be propagated from the
input terminals of the circuit to the input terminals of the
macro cell, and the resulting fault signatures have to be
propagated from the macro cdll to the output terminal's of
the circuit. High-level modés of the macro cells can be
used in thisfault signature sensiti zation/propagation step.
A faultisconsidered detected for acertain set of input stim-
uli if its fault signature at the edge of the circuit is differ-
ent from the signature of the fault-free circuit (the good
signature). However, in the analog domain, the output of
a fault-free circuit can vary under the influence of envi-
ronmenta conditionslike process, supply voltage and tem-
perature. Thus the good signature is a multi-dimensional
space, which has to be compiled for each set of test stim-
uli, and thefaulty circuit hasto have aresponse outsidethis
space to be recognized as faulty.

3 Casestudy: aFlash ADC

A Flash ADC was sdlected as a vehicle to examine the
effectiveness of the proposed methodology for complex
mixed-signal circuits. Flash ADCs are crucia blocks in
the Philips multimediaaudio/video products. First welook
intothe Flash structure and implementation. Thenwehigh-
light the defect-oriented test path for one of its macro cells,
the comparator. After thisglobal results are given. Finaly
some DfT proposals are made.

3.1 Structure of the Flash ADC

In full-flash converters the analog input signa is con-
verted into a digital code word in one step (in one ‘flash’
of the input signal). For this, in an n-bit full-flash A/D
converter, 2" reference voltages and comparator stages are
used in paralel to convert the andog input signal into a
thermometer-like digital code (see Fig. 2). This code is
converted into a binary output code by using a digita de-
coder.

In the case study ADC, the same basic structure can
be distinguished. It's an 8-bit CMOS ADC for embedded
application intended for video signals. The 256 reference
voltages are generated by adual |adder resistor string [11].
The 256 comparators are each loaded with a flipflop. The
biasing and clocking of the converter arenot includedinthe
basic structure shown in Fig. 2. These functions are per-
formed by two other macros: a bias generator and a clock
generator.

Sinceacircuit-level simulation of theentirecircuit isnot
possible, itisdividedinto 5 types of macro cells: 256 com-
parators, aresistor ladder, a bias generator, a clock genera-
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Figure 2: Genera structure of aFlash ADC

tor and a digital decoder. Owing to the limited space, itis
not possibleto givethe anaysisresultsfor all macros. The
comparator macro cell isused to highlight the test method-
ology, since most of the ADC areaiscovered by thesecdlls
and the anaog-digital boundary lies within them. Inter-
ested readers arereferred to [11] for amore comprehensive
description of the analysis.
3.2 Defect-oriented test path for the comparator
A complete overview of the test path is given for the
comparator macro. First abrief description of thecompara-
tor isgiven. Then the subsequent steps of the test method-
ology are treated and the final results are given.

Description comparator The comparator macro con-
sists of two parts. a comparator and a flipflop. The com-
parator compares the input voltageto the reference voltage
in three phases. a sampling phase, an amplification phase
and a latching phase. It is loaded with a flipflop, which
transfersthe decision of thecomparator, amplifiedtoalogic
level, to the output of the flipflop at the beginning of the
new sampling phase. The comparator is a fully balanced
circuit. Its biasing is class A, with the bias voltages sup-
plied by the bias generator. It needs three clock signas,
which are supplied by the clock generator. The flipflop is
also completely balanced. Its quiescent current is zero in
the amplification and latching phase. However, due to a
|eakage current, the quiescent current is strongly dependent
on transistor parameters in the sampling phase.

Defect ssimulation and fault collapsing The defect sim-
ulator VLASIC was used to sprinkle 25,000 defects on the
layout of the comparator. Thisresulted in 805 catastrophic
faults, which could be collapsed into 334 fault classes. To
determine a statistically significant magnitude of the fault
classes (see [11]), later the defect sprinkling was repeated
with 10,000,000 defects' . The 334 faultclasses were found
to contain 226,596 faults. The relevant information about
the faults and fault classes is summarized in Table 1.

fault % faults | % fault

type classes
Short 95.43 81.1
Extra contact 0.18 2.7
Gate oxide pinhole 3.13 3.6
Junction pinhole 1.04 2.7
Thick oxide pinhole 0.18 21
Open 0.03 51
New device 0.01 24
Shorted device 0.002 0.3

Table 1: Catastrophic faults and fault classesfor comparator

Clearly, the dominant fault mechanism is the short:
more than 95% of the faults were shorts by nature. Thisis
not surprising, since the majority of the spot defectsin the
fabrication process consist of extra material defects in the
metallization steps. Other important fault mechanisms are
gate oxide and junction pinholes.

Another observation is the great difference in the per-
centage of faults and the percentage of fault classes for
the differenct fault types. For instance, opens constituted
0.03% of the faults, but 5.1% of the fault classes. The per-
centage of faultsgivesthe most realistic fault coveragefig-
ureand isused in therest of this paper.

Only 27.8% of the faults in the comparator were found
to influence nodes of only thismacro cell. The other faults
alsoinfluenced nodes of other macros (for instancethelines
distributingthe clock signal sto thecomparators). To obtain
realistic fault signatures, these faults have to be smulated
with all affected macro cells at circuit level.

Circuit-level fault models A catastrophic short in the
metal layers was modelled as aresistance inserted between
the appropriate nodes, with avalue determined by theextra
material causing the short: 0.2 Ohms for metal, 20 Ohms
for polysilicon and 60 Ohms for diffusion. Extra contacts
were modelled as a resistance of 2 Ohms. Thick oxide
pinholes and junction pinholes were modelled as a resis-
tance of 2 kOhms. Gate oxide pinholes were modelled in
threeways:. as aresistance of 2 kOhmsfrom the gateto the

I This has not initially been done, because the fault collapsing had to
be done manually at that time



source, drain and channel of the affected transistor. Of the
resulting fault signatures, the worst case (most difficult to
detect) signature was choosen. Opens were modelled by
splitting the affected nodein two parts. New devices were
modelled by inserting an extraminimum-sizetransistor. Fi-
nally, shorted devices were modelled as a resistance of 60
Ohms between drain and source of the affected transistor.

Non-catastrophic faults were evolved from the catas-
trophic shorts and extra contacts. These near-miss types of
faults were modelled as a parallel combination of aresis-
tance of 500 Ohms and a capacitance of 1 fF ([12]). The
other catastrophic faultswere aready high-ohmicin nature,
and therefore were not used to generate non-catastrophic
faults.

Input stimuli and detection mechanisms One of the
motives for the case study was to find the fault coverage
of simple DC test methods. The comparator, however, is
aclocked system, so the’DC’ test stimuluswas defined as
aseriesof input voltageswhich had to be sampled and com-
pared to the reference voltage by the comparator.

Two types of detection mechanisms were considered:
voltage detection and current detection of faults. A fault
was considered voltage detected, if it caused amissing code
at the output of the ADC. A missing code means that a cer-
tain (digital) output code never occurs, whatever the ana
log input. To detect al possible missing codes, the ana-
loginput voltage corresponding to each digital output num-
ber has to be sampled at least once. The missing code test,
therefore, consists of applying atriangular waveform at the
input of the ADC, taking 1,000 samples and checking if ev-
ery output number occurs. Since sampling can be done at
full speed, thistakes 40 ps test time.

For current detection, three types of DC currents were
considered: theanalog power supply current 1\Vdd, thedig-
ital quiescent power supply current IDDQ (drawn by the
clock generator, adigital cell) and the current drawn by or
supplied to one of the input terminals (analog input, clock
input, reference input, etc., collectively caled linput). A
fault was considered current detected if it caused one of
these currents to be outside the 3o-spread due to process
variations (e.g. 4.4 mA for 1Vdd). The currents have to be
measured during the sampling, amplification and latching
phases of the comparator and for an anal og input higher and
lower thanthereference voltage. Therefore, thecurrent test
consistsof applying aninput voltage higher than the highest
reference voltage and lower than the lowest reference volt-
age and doing three current measurements. Approximately
100 .+ isnecessary for thetransient currentsto disappear, so
these 6 measurements take 600 y s of test time.

fault % cat. | % non cat.
signatures faults faults
Output Stuck At 63.7 524
Offset (> 8mV) 25 23
Mixed 11.0 3.6
Clock value 45 18.3
No deviations 18.3 23.4

Table 2: Voltage fault signatures comparator

Fault smulationresults Thevoltagefault signaturesre-
sulting from fault simulation of the catastrophic and non-
catastrophic faults in the compator are given in Table 2.
Five categories of voltage signatures are distinguished. For
the Output Stuck At, Offset and Mixed categories, the out-
put of the comparator displays a corresponding behaviour.
For the Clock val ue signatures, the comparator behaves cor-
rectly, but due to a fault in the comparator affecting the
clock signd distribution lines, one of the clock generator
outputs has a deviating vaue. Thiskind of fault typically
affects the high-frequency behaviour and offset reduction
of the comparator, and is not easily detectable by voltage
tests. The last category of signatures, no deviations, isthe
same as the fault-free signature. The corresponding faults
cannot be detected by voltage tests (for the input stimuli
used).

From Table 2 it can be observed that many of the faults
cause a stuck-at behavior of the comparator. Thisisdueto
the balanced nature of the design and the small biasing cur-
rents. A fault (even a non-catastrophic one) can easily tip
thisbal ance and keep the comparator stuck at oneside. For
non-catastrophic faults, the clock value signature becomes
more important. This is because the clock signal lines are
driven by large buffersin the clock generator. High-ohmic
faults in the clock signal lines do not cause the output of
these buffers to be stuck-at, but only to change their high
and low value dlightly.

fault % cat. | & noncat.
signatures faults faults
1vdd 438 423
IDDQ 24.2 25.6
linput 205 21.7
No deviations 32.0 321

Table 3: Current fault signatures comparator

The current signatures for the comparator are given in
Table 3. Four categories of current signatures are distin-
guished. For faults with the first three signatures, the re-
spective currents deviate more than their 3o-spread from
their nomina value. Faults with the fourth current signa-
turecannot be detected by current measurements. Notethat
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Figure 3: Detectability of catastrophic faults for comparator

the percentages add up to more than 100%, because thereis
some overlap between the first three signatures. The large
amount of faults (24.2% / 25.6%) which can be detected
by measuring the quiescent current of the clock generator
IDDQ isstriking.

Fault signature sensitization/propagation The sensiti-
zation of the faults in the comparator is no problem: the
anal og input of these macro cdlsisan input termina of the
circuit, and the clocking and biasing signa sarethe same as
in normal functioning of the circuit.

The current signatures need not be propagated , because
they are adready defined as deviations in currents supplied
by an input terminal of the circuit. Thisis one of the big
advantages of using current testing.

The voltage signatures do have to be propagated.
However, there is a one-to-one relationship between the
categories of voltage signatures given in Table 2 and the
simple detection method of missing codes: the first two
fault signature categories cause missing codes, the others
do not.

With these considerations, thefault detection of simpletest
methods for the comparator can easily be determined. The
results are shown in Fig. 3 for catastrophic faults. In this
figure, for each fault is determined if it is detected by one
of thefour detection mechanism. A shaded areameans that
thefaultsinthis area are detected by the mechanisms men-
tioned below. For example, the bottom row depicts that
14.5% of thefaultsis detected by both amissing code mea-
surement and a power-supply current measurement. A sim-
ilar figure can be made for non-catastrophic faults.
Fromthefigure, some conclusionscan bemade. A miss-
ing code measurement has a high fault detection capabil-
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Figure 4: Global detectability of (a) catastrophic and (b) non-
catastrophic faults

ity (66.2%). However, current measurements are necessary
to obtain the maximum fault detection, since 26.6% of the
faults are only current detectable. Note that 10.0% of the
faults in the comparator could only be detected by IDDQ
measurements of the clock generator. This kind of fault
would be difficult to detect by specification-oriented volt-
age tests. The overlap between different detection mech-
anisms gives room for the optimization of the test method
and fault detection.

3.3 Global results

The other macro cellshave been analyzed intheway de-
scribed in section 3.3. A detailed description of thisanaly-
sisisgivenin[11]. The high current detectability of faults
in some of these cells was striking: in the clock generator
93.8% and in the reference ladder even 99.8% of the faults
were current detectable. The resultsfor the separate macro
cells can be compiled to obtain global resultsfor theentire
circuit. For this purpose, the fault signature probabilities
for macro cells have to be scaled into globd fault signa-
tureprobabilities. Thisscalingisdoneonthebasisthatina
real fabrication process, the defect density will be approxi-
mately equal for al macro cells.

After scaling and adding all the fault signature proba
bilities, the global results given in Fig. 4 were obtained.
The total fault coverage for catastrophic faults was calcu-
lated to be 93.3%. Of the faults 60.8% were detected by
voltage measurements. Current measurements were found
to be a better test method: 71.8% of the faults were cur-
rent detectabl e and 32.5% detectabl e by current only. How-
ever, a combination of both test methods was needed to
reach the maximum fault coverage of 93.3%. For the non-
catastrophic faults, comparabl e resultswere obtained. Cur-
rent measurements were even moreimportant for the detec-
tion of thesefaults.

3.4 DIfT proposals

With the proposed simpletest, 93.3% of thecatastrophic
and 93.1% of the non-catastrophic faults could be detected.
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catastrophic faults after DfT measures

Thismay be satisfacory for awafer-sort test, but iscertainly
not enough for an end-of -production test.

The methodology used makes it easy to investigate the
reasons for the undetectability of faults. Analysis of the
6.7% (6.9%) of undetectable faults showed that most of
them show an elevated IVdd during sampling. A leakage
current in the flipflops loading the comparators causes a
spread in the power-supply current of 15 mA during sam-
pling, making these current signatures undetectable. A
redesign of the flipflop, eiminating the leakage current,
would make them detectable.

Another important category of fault signaturesis caused
by shorts between two bias lines, which carry signds that
are only marginally different. A simple solution would be
to exchange some bias lines, thereby separating two lines
with similar signals by another more deviating signal line.

Application of these Design for Testability measuresre-
sultsin the fault coverages shownin Fig 5. The fault cov-
erage of simple tests is now increased to 99.1%. Another
effect is that the amount of faults only detectable by volt-
age measurements decreases to 5.8% (5.6%). This makes
it feasible to use only current testsin the wafer-sort tests.

4 Conclusions

In this paper a defect-oriented test methodology for
complex mixed-signa circuits has been proposed. The
methodology was used to determine the fault coverage of
simple test methods for a Flash ADC. The simple tests
were found to be able to detect a high percentage of the
occurring faults: 93.3% of the catastrophic and 93.1%
of the non-catastrophic faults could be detected. Current
measurements were necessary to obtain these high figures.
The methodol ogy also proved to give useful DfT feedback.
By taking some specific DfT measures, the fault coverage
could be increased to 99.1%. The test time needed to
obtain thisfault coverage is approximately 640 ps, which
compares favourably with specification-oriented tests.
Moreover, 11.0% of the faults only caused an increased
IDDQ in the clock generator. These faults are difficult to

detect by specification-oriented voltage tests.

Based on the research done some, genera conclusions
about mixed-signal DfT can be made. Many faults disturb
the boundary between analog and digital, causing an
increased quiescent current of the digita part of the IC.
To be able to exploit this mechanism to detect faults, the
interface between analog and digital should be designed in
such away that in afault-free circuit the quiescent current
is negligible small. Faults influencing lines with amost
identical signals are very difficult to detect. Therefore,
such lines should not be placed close to each other.
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