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ABSTRACT

Accurate test effectiveness estimation for analogue and mixed-signal Systems on a Chip (SoCs) is currently prohibitive
in the design environment. One of the factors that sky rockets fault simulation costs is the number of structural faults
which need to be simulated at circuit-level. The purpose of this paper is to propose a novel fault list compression tech-
nique by defining a stratified fault list, build with a set of “representative” faults, one per stratum. Criteria to partition
the fault list in strata, and to identify representative faults are presented and discussed. A fault representativeness metric
is proposed, based on an error probability. The proposed methodology allows different tradeoffs between fault list com-
pression and fault representation accuracy. These tradeoffs may be optimized for each test preparation phase. The fault
representativeness vs. fault list compression tradeoff is evaluated with an industrial case study—a DC-DC (switched
buck converter). Although the methodology is presented in this paper using a very simple fault model, it may be easily
extended to be used with more elaborate fault models. The proposed technique is a significant contribution to make

mixed-signal fault simulation cost-effective as part of the production test preparation.

Keywords: Test; Fault Model; Fault Clustering; Fault Simulation; Fault Representativeness; Analog;

Mixed-Signal Test

1. Introduction

Digital testing is a mature field, where many efficient
methodologies and tools exist for production test prepa-
ration. However, in the analog and mixed-signal (AMS)
testing domain, although reasonable approaches have
been developed, they typically can only be applied to
very simple case study circuits. Still, computational costs
are prohibitive for real SoCs that are produced nowadays.
Hence, there is a huge gap between what is published by
research groups and what industry really needs in terms
of AMS testing. The problem can be stated as follows:
how can we demonstrate to a customer that the proposed
test of his (her) AMS IP core verifies it and ensures a
zero defect level product? The trend of increasing com-
plexity, performance and speed of AMS devices poses
significant challenges for test from a test yield and cost
standpoint [1]. AMS circuits account for 70% of SoC test
cost and 45% of test-development time, even though
AMS functionality makes up a small fraction of the chip
complexity [2]. The reasons for this situation may be
summarized as follows: 1) there are no practical fault
models (structurally-oriented), consequently 2) there are
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no Automatic Test Pattern Generators for AMS circuits,
and 3) Design For Test (DFT) and Built-in Self-Test
(BIST) solutions for AMS devices are still purely custom
[2]. While trying to understand the root causes for this
we find that AMS fault simulation costs for structural
faults are still very high and a methodology for test stim-
uli generation (TPG) that uncovers structural faults is not
defined yet. Thus, there is a need to lower AMS test costs.
Moreover, an additional challenge exists: AMS test is
mainly functional test, not structural test. Hence, it is
very difficult to accurately prove to a customer the test
effectiveness of the production test, based on the func-
tional test. Many approaches have been proposed to
overcome these challenges. Supply current monitoring
for a quiescent state is widely used for digital circuits
testing (IDDQ testing) [3]. The obvious advantage of
IDDQ testing is that it does not require access to inner
nodes of the structure. However, analog circuit IDDQ
testing is significantly more difficult [3]. Moreover, di-
agnostic resolution of IDDQ testing is poor. IDDQ is
found suitable only for catastrophic faults as the power
supply current may be distinguishable only when the
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fault causes a change of current larger than the expected
parametric scattering [4].

As stated, AMS test is mainly functional test. Analog
circuits have traditionally been tested for critical specifi-
cations like AC gain over a range of frequencies, com-
monmode rejection ratio or signal-to-noise ratio, due to
the lack of simple structural fault models [5]. However,
the costly (time and resources) nature of AMS test prepa-
ration has motivated research into structural testing for
analog circuits [6]. Nevertheless, no widely accepted
fault models exist in the analog domain. Moreover, there
is no automated way of minimizing the number of faults
required to uncover likely physical defects in the struc-
ture of the entire AMS circuit [2]. Thus, no proven alter-
native to functionaloriented analog testing exists and
more research in this area is needed [7]. An efficient
strategy to test complex circuits is needed and the most
promising approach is the Holy Grail of AMS: structural
test [2]. Still, some difficulties arise: 1) the AMS cell
definition, in a similar way to logic gate definition (in
digital test environment); 2) a validation methodology to
prove that a functional-oriented AMS test can also un-
cover structural faults. Therefore, there is a real need to
develop a methodology for AMS SoCs testing, providing
a methodology and tools for test preparation in the design
phase.

In [8] a Computer-Aided-Test platform was developed
to evaluate the test techniques for analogue and mixed-
signal circuits. However, its operation is based on a sta-
tistical circuit performance analysis that accounts for
process deviations. This is a good approach in a sense
that it is useful to compare and improve different test
techniques, by calculating analogue test metrics under
process deviations. However, the lengthy Monte Carlo
simulations process makes it less appealing. In [1] the
authors developed a Mixed-Mode Fault Simulation ap-
proach for the analog fault coverage analysis at transis-
tor-level, examining the faulty behavior in a structural
way, along with the use of Hardware Description Lan-
guage (HDL) models to perform the simulation in a
manageable time. This approach is capable of uncovering
structural faults, but the fact that it uses HDL models in
some parts of the circuit reduces test accuracy that may
not be tolerable, like in automotive applications.

In [9] a statistical approach is proposed for analog cir-
cuits under process variations. A hierarchical variability
analysis for analog testing is performed, where both pa-
rametric and catastrophic faults are studied. A detectabil-
ity metrics, based on the statistical distribution of each
specification, is used to determine the best measurement
sets that detect each fault. The circuit fault coverage (FC)
is computed by summing all the detectabilities weighted
by the occurrence probability of each fault. The test se-
lection algorithm used results in appreciable reductions
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in the test time. In [10] the authors present an adaptive
test strategy that adjusts the test sequence in order to
cope with the properties of each individual instance of a
circuit. It uses an initial test sequence ordering in order to
boost the performance of the adaptive test elimination
method. Test dropping is obtained by adapting the like-
lihoods of the unmeasured specifications passing the test,
using the ongoing measurement results and a correlation
matrix. This adaptive technique uses less resources with
well-performing circuits, by passing them quickly,
whereas more test time is used to test marginal devices
(which do not fall near the nominal of the distribution
space). An improvement in the test quality is obtained,
for the same test time, with respect to other techniques.

n [11] the authors used a current measurement tech-
nique in order to improve the circuits fault coverage.
This improvement is achieved by adding current meas-
urements to the original specification based test program
already present in the Defect Oriented Testing (DOT).
An adaptive test strategy for the same DOT technique is
presented in [12]. The test is prepared using a fast analog
simulation algorithm Fault Sensitivity Analysis (FSA)
that obtains the detection status of catastrophic faults in a
manageable time. The proposed framework guides an
optimized test selection, using a Greedy algorithm that
eliminates redundant functional tests. This technique
showed a defect simulation speed-up between 100 and
500 times for a specific design, when compared with the
estimated standard simulation time. Moreover, by using
more tightened specification limits, the defect coverage
was improved. In [13] the authors explored the concept
of fault equivalence in AMS circuits, by substantially
reducing the number of structural faults that needed to be
simulated. However, fault “equivalence” can be defined
only in the particular case when anaccurate fault repre-
sentation (one fault representing others) is possible and a
more general representation concept can be defined that
allows to truly explore the tradeoff between accuracy of
representation and fault list compression.

In this paper, a completely different methodology is
proposed, as a first step to overcome the limitations
pointed above. We suggest a novel fault list compression
technique for AMS cells, allowing cost-effective AMS
low-level fault simulation. The proposed approach uses
structural test along with stratified fault grouping, lead-
ing to the identification of a reduced set of “representa-
tive” faults. The estimated value for fault coverage may
then be used to evaluate the test quality and to appropri-
ately drive DFT efforts [14]. This technique was intro-
duced in [15] but it was limited to single output cells
(voltage signals). Now we extend its applicability to
multiple output cells (voltage and/or current signals). An
improvement in the selection of the test stimuli is also
proposed to improve the fault compression rate for the
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same accuracy. The compressed structural fault list will
be used to ascertain whether (or not) the production test
is able to detect the structural faults (described at tran-
sistor level); if not, the designer may complement the
production test set.

The paper is organized as follows: in Section 2, the
new fault list compression technique is presented; an
industrial DC-DC converter is studied in Section 3,
where the fault compression technique is applied to the
constituting blocks; Section 4 shows a fault representa-
tiveness evaluation for all the blocks in the DC-DC con-
verter, that contain cells identified by our tool, as well as
an improvement in the test quality of the DC-DC con-
verter that contains two instances of a differential pair
cell (DIFFpair); in Section 5 some conclusions are
drawn.

2. Fault List Compression Technique

For digital circuits, structural testing has provided cost-
efficient solutions that lead to high defects coverage,
without functional test [8]. However, AMS testing sig-
nificantly differs from digital testing. The major differ-
ence comes from the need to consider continuous signals
and parametric deviations, in addition to just catastrophic
faults (opens and shorts) [16]. In digital test, the impact
of all internal physical defects at ate level is modeled by
Boolean faults at input/output (I/O) nodes, e.g., using the
single Line Stuck-At (LSAO, LSA1) fault model. Fault
equivalence and collapsing are used to reduce the fault
list. As only two voltage levels are relevant (Vpp, Vss),
gate-level fault simulation can be performed. When a test
vector activates a fault, a complementary, erroneous
Boolean value occurs at the cell’s 1/0.

In analog test, analog cells can be identified, as they
are extensively used (e.g., a differential pair, a common
source amplifier, etc.). As a first step towards the search
of representative faults, the analog cells, with basic func-
tionality and appropriate granularity must be identified.

It is a well-known fact that non-catastrophic faults can
also impact the performance and reliability of digital
circuits. As a consequence, the traditional Line stuck-at
fault model, used for the generation of a structural and
static test, needs to be complemented with a performance
evaluation test, which aims the detection of dynamic
faults. Accordingly, in AMS circuits, a structural test that
aims the detection of catastrophic/hard faults can be
complemented by functional tests that evaluate the re-
quired performance. The proposed methodology aims the
detection of hard faults and comprises five main steps
that are explained bellow. Next, the methodology is ap-
plied to a DC-DC converter case study.

2.1. Analog Cell Definition

An initial question that arises when defining the analog
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cell boundaries refers to current mirror transistors. Shall
these MOSFETS be included in a current mirror cell, or
individually in each cell that uses a transistor as current
source? A first analysis of a two stage comparator, with
one current mirror transistor biasing the differential pair
and another transistor of the same current mirror biasing
the following common source stage, shows that a mask-
ing effect occurs for some faults that affect the current in
both current mirror transistors. This masking effect has a
parallel in the well-known difficulty found in the detec-
tion of faults in reconvergent fanout paths in digital cir-
cuits. Therefore, in the proposed technique, current mir-
ror transistors are embedded in the analog cells they
serve and no current mirror is defined as a primitive cell,
except if it has a unique output current (when no masking
effect is possible).

In digital circuits fault representativeness is obtained
through fault equivalence and collapsing, analyzed at
gate level. The granularity of a digital gate corresponds
to the minimum functional block that can be analyzed at
logic level with defined output values for all the possible
input combinations. Faults are equivalent if, for all the
possible input combinations, their impact on the output is
the same.

Similarly, fault representativeness in analog circuits
can be searched for the minimum size cells where func-
tionality can be identified. Faults are grouped taking into
account the similitude of their impact on the functionality
when considering exhaustive input stimuli.

2.2. Structural Fault Model Selection

Faults should be defined in such a way that their detec-
tion allows the identification of permanent physical
structure damage, due to a manufacturing defect (e.g., an
open via). The structural test process will, thus, check the
physical integrity of the manufactured IP core. In digital
test, the LSA fault model, used to ensure the controllabil-
ity and observability of the whole structure, is based on a
static analysis. Parametric faults, not being properly
modeled by the LSA model, need alternative test meth-
ods (like Ippg or dynamic tests). Similarly, the proposed
fault model aims at analyzing the structure integrity;
therefore it is also based on catastrophic/hard faults. As
in the digital test domain, the detection of some paramet-
ric faults is only possible using complementary test
methods (e.g., functional test). In CMOS technology, cell
branches are mainly composed of MOSFETs. Hence, the
selected structural fault model is transistor stuck-on
(TSON) (zero parallel resistance) and transistor stuck-off
(TSOFF) (modeled by a 10'> Q series resistance). For an
analogue cell with t MOSFETs, the fault list will contain
(f=2t) faults.
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2.3. Cell Fault Simulation (FS)

In order to evaluate the cell functionality in the presence
of each fault, a set of stimuli capable of fully exercise the
cell must be defined. Two approaches were evaluated for
the stimulus definition:

e Operation-aware test: for the Fault-Free (FF) circuit
and for all the faulty circuits (in each one, a single
fault, F, is injected), all combinations of MOSFET
regions of operation are identified (off, sub-threshold,
triode, saturation). For each such combination, a test
stimulus is generated. The test set will comprise S test
stimuli. Some of the stimuli impose values unrealistic
in the normal cell operation. For example, the DIFF-
pair cell, with a differential input voltage range [-2, 2]
V, requires S = 87 stimuli.

e Sweep test: equally spaced test vectors, in the input
range interval used in the cell normal functionality,
are used. For the same DIFF pair cell, s = 33 stimuli
are used for the input range [-340, 340] mV. This
second approach proved to lead to the identification
of better representative faults, by better exercising the
cell functionality, as will be shown in the next sec-
tions.

Once the test set for cell fault simulation is defined,
the values of the output variable (s) under observation
(e.g., vo (t)) for each test stimulus and each simulation
run (associated with the FF and single fault injection) are
stored. Those values are combined to obtain several
points, p;, in R®, each point corresponding to one circuit
response, obtained during a simulation run. Hence, the
total set of v; (t) values range from

pIE(Vll»"'avls)’ ()
to
pf E(Vfls'“9vf5)a (2)
where
st" EVO f = fault # @)
§=stimulus #

2.4. Fault Stratification

With the data collected in the cell FS step, we need crite-
ria to cluster the structural faults in strata, according to
their resemblance, in terms of similar responses. The
proposed criterion is based on the computation of the
faulty and FF circuit responses distances. An optimiza-
tion algorithm is used to obtain the minimum for the sum
of distances between every pair of representative and
represented fault responses. These distances have been
computed for different definitions (Euclidean distance,
Manhattan distance, etc.). Attending to the definition of
the Minkowski distance of order p,

Copyright © 2013 SciRes.

s I/p
d= (Zlv -V, "j , @)

the Manhattan and the Euclidean distances correspond to
the first and second orders, respectively. The Manhattan
distance has been selected as the one leading to more
accurate results. The number of strata, L, is used to de-
fine the trade-off between accuracy and FS effort. For L
= 2t, each stratum contains only one fault, i.e., there will
be no fault list compression. For L < 2t, one fault per
stratum is selected to represent the other faults. Each
stratum will thus contain one Representative Fault (RF),
and a number of represented faults (which can even be
zero). One of the strata will cluster faults whose re-
sponses are very close to the FF response. Hence, there
will be no need to fault simulate for this stratum. There-
fore, the number of faults in the reduced fault set will be
(L — 1). The compression rate (CR) is
CR=1 —S. &)
2t
Ultimately, the number of fault strata, L, will be user’s
defined, allowing to choose the desired accuracy for each
test preparation phase. Criteria for this choice are pro-
vided by the proposed methodology. Increasing L will
increase fault representativeness; however, it decreases
the compression rate. Figure 1 shows a stratification
example where faults that originate responses ps, ps and
pio are the RF; the other faults are the represented faults,
being this combination of fault results the one that mini-
mizes (for L = 3) the sum of the distances, d.

2.5. Error Evaluation

One degree of freedom is L, the number of representative
faults that are chosen, and it may vary between one and
the total number of faults (L = 1, 2, ..., ). This section
explains how the error probability achieved by using L
strata is computed. By selecting L < 2t, fault representa-
tion will occur with an error, which probability must be
evaluated. When comparing the FS results, if the detec-
tion (or not detection, ND) status of a represented fault
coincide with the one of its representative fault, no error
occurs. However, if they differ (e.g., the RF is detected,

//pf,_\ 7T

/ p4\ /p7 8\
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Figure 1. Fault stratification example: Three RF and seven
represented faults in a universe of ten faults. Each faulty
response, Dj, contains two values (s = 2).
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but the represented one is ND), the representation pro-
cess introduced an error, which is the price paid to con-
strain the FS cost. Since the use of RF may introduce
errors, more important than knowing the probability of
one error it is important to quantify the probability of
occurrence of n or more errors. In the proposed method-
ology, a metric for error evaluation is introduced, as fol-
lows:

Definition: E,is the probability of occurrence of n or
more errors. E, is computed as a function of L in order to
quantify the error probability for different compression
ratios.

To obtain the data to calculate the error probability,
again a set of test stimuli for error estimation must be
generated, and the corresponding simulations must be
performed. The number of test stimuli is similar to S, the
number of test stimuli used in the analog cell FS. To
compute this error probability, we consider that the cir-
cuit connected at the output of the analog cell under
analysis has an unknown threshold value that is used to
decide if each fault is detected or not. Therefore, for each
applied stimulus, there is an error if the output given the
presence of the representative fault is higher/lower than
the threshold value whereas the output given the pres-
ence of the represented fault is lower/higher than the
threshold value. To quantify the error probability, ob-
tained by representing the 2t faults by L - 1 RF, the fol-
lowing method is proposed: First, the output value range
is partitioned in k equal intervals that we refer as bins.
Hence, a total of k + 1 possible output value levels are
obtained (Figure 2). Then, for each stimulus, the corre-
sponding output values for one pair of (representative
and represented) faults are approximated to the nearest
levels.

Finally, there is an error if the threshold value lies be-
tween those two levels. In this situation one fault is re-
garded as detected and the other one as not detected, thus,
an error occurs. In the example shown on Figure 2, bins

Level k

Bin k=4 < = --eelee-

——— — Level
Representative } evel 3
—_—> ¢

Fault output

Represented  _.l...
e

Fauls "\
ault output —_ ¥ . levell

Bin1 < = -

—— Level 0
Viy

Figure 2. Example where the representative fault and the
represented fault output values are quantized to the nearest
levels (3 and 1), respectively.
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2 and 3 contain one error each, since the RF output is
approximated to level 3 and the represented fault output
is approximated to level 1. It means that there may be an
error if the unknown threshold value is found on bins 2
or 3; therefore, the number of errors is incremented on
those bins. This evaluation is performed for every stimu-
lus applied to the circuit in the presence of every pair of
representative and corresponding represented faults and
the errors obtained for the corresponding bins are
summed. That is, the number of times each stimulus
causes an error on each bin is counted and a table is cre-
ated with this information. Table 1 is an example of such
a table obtained using 4 bins and 5 input stimuli.

A second table is built by finding the number of errors
in the previous table that are higher than or equal to n, for
each stimulus and bin. Table 2 shows the entries where
the number of errors is larger than or equal to n = 2, that
are set to 1; the other entries are set to 0.

Taking the data of the second table, we sum the num-
ber of cases where the number of errors is higher than or
equal to n. Dividing that value by the number of stimuli,
s, multiplied by the number of bins, k, we get the error
probability

K

S
szsmism.
=

]

i=1
P(#Errors>n)= ik 6)
where
o = {1 if #Errors>n o
=7 0 if #Errors<n

that is obtained for a specific number of strata, L. A
value of L is user’s defined, taking into account the fault
list compression rate and the error probability, computed

Table 1. Number of errors example, obtained on each bin
by the corresponding stimuli (Stm), when k=4 and s = 5.

Number of errors caused by each stimulus

Bin number
Stm 1 Stm 2 Stm 3 Stm 4 Stm 5
1 0 2 1 1 4
2 0 2 1 1 0
3 0 1 0 0 0
4 0 0 0 0 1

Table 2. Bins where the number of errors caused by a
stimulus is higher than or equal to n = 2.

Stimulus that cause number of errors >2

Bin number
Stm 1 Stm 2 Stm 3 Stm 4 Stm 5
1 0 1 0 0 1
2 0 1 0 0 0
3 0 0 0 0 0
4 0 0 0 0 0
CS
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for each number of strata. In the analyzed case-study, a
value of k = 300 was used. This number of bins was
found to be appropriate for the analysis since smaller
values lead to substantially different error probabilities
and above this value the results don’t change signifi-
cantly. Performing this analysis, for each integer value of
L, the above mentioned probability is computed. Results
show that even with low L values it is possible to obtain
low probability values of 2 or more error occurrences,
which shows that a significant fault list compression is
possible without prohibitive sacrifice of FS accuracy.

3. DC-DC Converter Case Study

This research was driven by the need to reduce fault
simulation effort in a real DC-DC converter industrial
design. Therefore, priority was given to the identification
of analog cells present in this case study. The DC-DC
converter, implemented using a Chartered 65 nm CMOS
technology, is composed of many blocks that are studied
in this section. It contains two comparators that use one
instance of a differential pair cell, each. The differential
pair cell is one of the cells that is detailed in this section
in order to illustrate the proposed methodology, while
considering voltages as the input and output variables.
Another relevant block is a current generator that con-
tains several cells. It is studied to show how to apply the
methodology while using multiple outputs and currents
as output variables. A table that contains the statistics for
the main blocks of the DC-DC converter is shown in the
next section.

3.1. Differential Pair Cell Fault Stratification

The differential pair cell is composed of 7 transistors and
is shown in Figure 3. For this cell, the exhaustive test,
used for stratified fault grouping, can be obtained by ex-
citing the inputs (Vp, V|y) with stimuli that drive the dif-
ferential pair either into each possible combination of
transistor states (Operation-aware test) or by applying
equally spaced test vectors (Sweep test), as stated before.
The testbench used for the research of potentially repre-
sentative faults in the differential pair uses a common
mode voltage source (CM) of 1 V and two signal sources

V
(i% ), as shown in Figure 4.

The differential pair is supplied with Vpp = 2 V and
different stimuli (V\p = Vip — V|y) are applied at the in-
puts. For the Operation-aware test, Fault-Free and faulty
simulation results for the 14 faults (7 transistor stuck-on,
7 stuck-off) are shown in Table 3, where only 5 of the
total stimuli are shown.

Applying the method described in Subsection 2.4 to
the differential pair cell and using the data partially pre-
sented in Table 3, distinct number of strata, L, where
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Figure 4. Differential pair cell test bench.

used. For every value of L in the set {l, ..., f}, the prob-
ability of occurrence of n or more errors was computed
and it is presented in Figure 5, obtained for the set of 33
input stimuli that drive the MOSFET transistors to all
possible operating zones (Operation-aware test), but tak-
ing the results given by stimuli in the range from —335 to
335 mV. The applied input voltage range was found ap-
propriate to fully exercise the differential pair functional-
ity, since for each limit the drained current shifts almost
completely from one branch of the differential pair to the
other. Each curve corresponds to one value of n. The
curve that displays the highest probabilities corresponds
to n = 1 (the probability of occurrence of one or more
errors for each value of L). As expected, the error prob-
ability decreases when the number of strata and RF in-
creases, allowing to exploit the tradeoff between accu-
racy and FS effort. For example, by using L = 3 (and
simulating only L-1 = 2 RF) the probability of occur-
rence of more than n = 2 errors in this cell is reduced to
almost zero.
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Table 3. Differential pair output voltage, V, for several differential input voltages, Vyp, in the presence of faults and for the

fault free circuit.

Stimulus and Output Voltage (Vo) [V]

Faults
Vip=-031V Vip=—0.06 V Vp=0V Vip=0.06 V V=099V

Fault Free 2.00 1.96 1.23 0.31 0.01

<08 TSON 2.00 2.00 2.00 2.00 2.00

TSOFF 2.29 0.00 0.00 0.00 0.00

TSON 2.00 0.04 0.04 0.04 0.00

X0 TSOFF 2.8 2.28 2.28 2.27 2.27

TSON 0.84 0.34 0.32 0.29 0.01

X TSOFF 2.00 2.00 2.00 2.00 2.00

TSON 2.00 1.96 1.20 0.31 0.01

xt60

TSOFF 2.00 1.95 1.95 1.95 1.95

TSON 2.26 0.31 0.29 0.27 0.01

x68 TSOFF 2.00 1.95 1.95 1.95 0.25

70 TSON 2.00 1.99 1.99 1.98 1.97

TSOFF 1.41 0.31 0.29 0.27 0.00

TSON 2.00 1.97 1.20 0.31 0.01

X6 TSOFF 0.37 0.31 0.29 0.27 0.00
L0 Figure 6 shows the error probability obtained using
now the (Operation-aware test) but for the full input
0.8 range [-2, 2] V. The results show higher probabilities
. than the ones obtained with a smaller range. This may be
Aj 0.6t explained by the fact that the strata obtained in this case
s are not optimized for the operating zone of the differen-
%0.4- g @\ A tial pair (normally small differential input voltages). In
g the DC-DC converter under study, the differential pairs

e
%]

10 12 14

0.0k

Figure 5. Diff. pair cell: Probability of error obtained with
the exhaustive test set (33 input stimuli, driving the transis-
tors to all possible state combinations for an input voltage
in the interval [-335, 335] mV). The number of errors, n,
varies from 1 to 8.

A similar result was obtained using the same proce-
dure, but now with the (Sweep test), applying stimuli
obtained by dividing the differential pair input voltage
range in 100 equal steps and using only stimuli obtained
from —340 to 340 mV. A total of 17 stimuli were used in
this case. Table 4 shows the clusters of representative
and represented faults for 3 strata (L = 3), where the RF
are bold typed. Fault xt30-TSOFF is one that drives the
cell output node to a high impedance state. Thus, this
fault was removed from the fault representation analysis,
since the resulting unpredictable behavior cannot be rep-
resented by any other fault results, so it is not present in
the above mentioned table.

Copyright © 2013 SciRes.

are excited with differential input voltages not greater
than 300 mV. So, for this cell it is appropriate to use a
small range for the input voltage, in order to select fault
representatives that minimize the error probability.

Temperature, power supply voltage and process varia-
tions were applied to the DIFFpair cell, in the Fault
stratification and Error evaluation steps (Sections 2.4 and
2.5). The clusters obtained were the same as the ones
obtained without variations and little variations were
observed in the error probabilities, for this cell. A more
elaborate study is needed, in order to get an accurate
measurement of this dependencies, which is not within
the scope of this paper. Nevertheless, the results show
limited impact of temperature, power supply voltage and
process variations on the error probability.

3.2. Current Generator Cells Fault Stratification

The current generator is a block that contains one Bia-
sLink cell, two CascodeBias cells and one IbiasSet cell,
as shown in Figure 7. The analysis of the cells present in
this block is done by applying variations to the nominal
input current variable, Igjas, performing a Sweep test for
a range of +30% around the nominal value. The output
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Table 4. Representative and Represented Faults in the Dif-
ferential Pair Cell for L = 3.

Stratum 1 Stratum 2 Stratum 3
xt30-TSON
xt28-TSON xt54-TSON
xt70-TSON xt68-TSON
Fault Free xt54-TSOFF xt28-TSOFF
xt60-TSON xt60-TSOFF xt70-TSOFF
xt76-TSON xt68-TSOFF xt76-TSOFF

variables are the currents at the output nodes (Ioyrip and
IouTin), for a total of 19 outputs. In this case the stratifi-
cation step was performed using the k-means algorithm,
as the number of output variables was quite large.

The error probability values computed for each output,
obtained in the manner described in subsection 2.5, are
combined to obtain the final error probability as follows:

P=1-(1-R)(1-P)-(1-P)) ©

where P;j(i=1,---, j ), are the error probabilities obtained
for the individual outputs.

As an illustration, Figure 8 shows the error probabili-
ties obtained for the IbiasSet cell while considering only
5 output variables. The Sweep test was applied in a range
of £30% around the Igjas nominal value, for a total of 20
input stimuli (S = 20). The results obtained for the total
number of outputs on this block of the DC-DC con-
verter are presented in the following section, where it
was possible to get an optimal number of strata L = 39,
for a total number of 76 faults from 19 outputs. The re-
sults obtained for the BiasLink cell and for the Cascode-
Bias cells are also presented in the next section.

4. DC-DC Converter Fault
Representativeness

The evaluation of the proposed fault representation tech-
nique is mandatory in order to ascertain if the exercised
functionality and the accepted output difference leads to
clusters of faults that are not detected or simultaneously
detected when real circuits are submitted to production
test. The testability analysis of a low complexity DC-DC
converter industrial design, whose simplified block dia-
gram is shown in Figure 9, requires circuit-level simula-
tion of 1608 x 2 faults, taking 33 days!

The proposed technique aims at reducing the computa-
tional effort with limited impact on the accuracy of the
obtained testability measure. To ascertain this, the fault
simulation dictionary of the complete fault list was used,
followed by a scenario of fault representativeness eva-
luation: for each individual fault in a stratum, the coinci-
dence in the test strobe, that is, the coincidence in the
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Figure 6. Diff. pair cell: Probability of error obtained with
the exhaustive test set (87 input stimuli, driving the transis-
tors to all possible state combinations for an input voltage
in the interval [-2, 2] V). The number of errors, n, varies
from 1 to 8.

observation instant is evaluated. The analog simulator
used at Silicongate is hspice. Hence, the hspice netlist
was used for cell recognition and fault injection, adding
resistors where faults need to be injected. Analog fault
simulation is carried out also with the hspice simulator.
Fault injection is done by assigning an appropriate value
to each resistor using. alter sections. Measures in speci-
fied simulation instants are the test strobes that allow
fault dropping. Additionally, a timeout for the simulation
of each fault is also used in order to limit computational
effort. This fault simulation method was used to simulate
all the faults in the DC-DC that already included Test
Point Insertion (TPI) as design for testability solution.
The test stimuli and measures used in the fault simulation
process are the same as Silicongate provides in the prod-
uct’s Test Integration Guidelines as being appropriate for
production test. Different test modes are used, changing
the DC-DC normal control actions. Each test mode
drives the DC-DC into a state that allows the evaluation
of specific static and/or dynamic behavior of selected
nodes, made observable through an embedded analog
multiplexer used for the TPI. Figure 9 shows the output
signal used for test proposes (anatestbus), provided by
the Analog Multiplexer block.

The testbench used in the design of all production test
modes was used for the fault simulation of all the faults
in de DC-DC. The fault simulation of 1608 x 2 faults
during 33 days allowed the creation of a partial fault dic-
tionary (only the first detection was registered). With the
aim of being able to reduce the fault list size in the future,
taking advantage of the proposed representative faults, a
software tool was designed to recognize the basic cells.
This cell recognition tool allowed the identification of
the number of topologies present in the DC-DC listed in
Table S.

It can be concluded that a significant number of tran-
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Figure 7. Current source generator simplified schematic where four cells are identified: One BiaLink Cell, two cascodeBias

Cells and one IbiasSet Cell with multiple outputs.
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Figure 8. IbiasSet Cell: Error probability obtained with the
exhaustive test set (20 input stimuli for the Sweep test) in a
range of £30% around the IBIAS nominal value and for S
output variables.

sistors is identified, remaining around 1/8 as unidentified.
The tool has a graphical interface that details the statis-
tics presented in Table 5 for each module of the circuit
hierarchy. This interface helps identifying the modules
where more unidentified transistors remain.

4.1. Differential Pair Fault Representativeness
Evaluation

Fault simulation was carried out, by injecting only TSON
and TSOFF faults in the two differential pairs of the
DC-DC converter, either by injecting all the 28 listed
faults (full fault list simulation), or by injecting only the
4 representative faults. Table 6 contains the results of the

Copyright © 2013 SciRes.

analysis of the exact measure that detects each fault in
each stratum in each differential pair (D.P.1 and 2). The
groups of representative and represented faults are the
ones previously presented in Table 4, obtained for a
number of representative faults L = 3. The group of faults
present on Stratum 1 (undetectable faults) were not de-
tected (ND) on both differential pairs. On Stratum 2
every fault was detected by Measures 13 and 1 on dif-
ferential pairs 1 and 2, respectively. Stratum 3 contains
faults that were not detected on D.P. 1 and were all de-
tected by Measure 5 on D.P. 2. This evaluation confirms
that, for two instances of the differential pair cell, all the
faults are well represented by their representatives.
Choosing this specific number of strata (L = 3), faults in
each group were detected by a unique measure or were
not detected.

The fault stratification procedure was carried out for
every possible number of representatives (L), in the
DIFFpair cell, and an evaluation was performed for both
instances of this cell present in the DC-DC converter.
Results are shown in Figure 10, where the used input
stimuli correspond to the test associated with the referred
“Measure”. In this figure, R represents the ratio of well
represented faults in a stratum, that is, faults that lead to
the same simulation result as the corresponding RF, i.e.,
when both the RF and the represented fault are simulta-
neously ND, or detected by the same Measure. The ratios
of well represented faults, as a function of the number of
strata, L, are shown for D.P. 1 and 2. The data in Figure
10 result from similar stratification of the faults using the
same procedure, but two different sets of input stimuli
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Figure 9. DC-DC converter block diagram in a production test environment.

(Operation-aware test or Sweep test). For the same num-
ber of strata, L, the same partition of the total population
occurs when the 33 or the 17 input stimuli have been
used; only the representative faults are different for some
values of L, not affecting significantly the error probabil-
ity results. The input set corresponding to the Operation-
aware test set (33 stimuli) leads to the same fault repre-
sentativeness as the sweep set (17 stimuli): for L > 2, all
faults are well represented on both differential pairs
(Figure 10). The stimuli used to calculate the error prob-
abilities were obtained in the same interval used for fault
stratification, from —340 to 340 mV, shifted one unit, in
order not to coincide with the ones used for the Sweep
test set, as to avoid biasing the results.

4.2. DC-DC Converter Blocks Fault
Representativeness

Using the software tool referred above to identify all the
seven cell types already processed by the methodology in
the DC-DC converter and the complete fault dictionary,

Copyright © 2013 SciRes.

two tables were obtained. Table 7 presents the represen-
tativeness process evaluation. This is done for different
levels of accuracy (L) in the stratification process of all
the cells in the various blocks by calculating the corre-
sponding ratio of well represented faults (R;). The three
different levels of accuracy (L; = L, Ly = Lined and Lj
= Lnn) were analyzed taking into account the error
probabilities obtained for each cell, that obey to the con-
ditions shown in (9). Each of these levels of accuracy can
be useful in different test preparation stages.

L., P(#Errors>1)<0.1
L=1L, . P(#Errors>2)<0.05
L... P(#Errors>1)<0.5

Table 5 presented before, contains the fault compres-
sion rate, calculated for every cell already processed by
the methodology, using the referred different levels of
accuracy shown in (9). This illustrates the trade-off be-
tween simulation effort and compression rate, for every
cell, that is used for different phases of the test prepara-
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Figure 10. DC-DC Converter: Ratio between the faults that
are well represented and all the faults in the differential
pair instances, for RFs obtained with 32 stimuli that corre-
spond to the transistor state combinations, in the input
range [—340, 340] mV.

tion.

Table 8 contains the number of identified cells, num-
ber of faults per type of element and fault coverage (for
the entire block and only for the identified cells on the
block). It contains the estimated fault coverage and cells
fault representation level (ratio of well represented faults
in the cells) for three different levels of accuracy L;. Part
of the peakdetector block schematics is presented in ap-
pendix A, showing two identified cell instances.

Taking the data on Table 8, the ratio of well repre-
sented faults in the cells already identified in the entire
DC-DC converter was calculated for the 3 different lev-
els of accuracy. A simulation effort reduction is obtained,
as a consequence of the fault compression. Figure 11
represents the ratio of well represented faults as a func-
tion of the simulation effort, for the 3 different levels of
accuracy considered. For the lowest level of accuracy,
representing 86% of well represented faults in the entire
circuit, we have a considerable simulation effort reduc-
tion, that is, an effort lower than 40%. For 97% of well
represented faults we still have a quite low simulation
effort, which is 56%.

4.3. Structural Fault Coverage Improvement

Observing Table 6 it is possible to conclude that the
structural fault coverage obtained for the differential pair
2 (D.P. 2) is 100%, since all the detectable faults (on
stratum 2 and 3) are detected by the production test used.
This instance of the differential pair cell is part of the
(VFB Comparator) found on the DC-DC converter par-
tially represented in Figure 9. The other comparator (PG
Comparator) contains D.P. 1 instance, for which the fault
coverage is less than 100%, as 6 of the faults are not de-
tected. This result shows that the test quality of the test
set used may be improved. To increase the fault coverage

Copyright © 2013 SciRes.

Table 6. Representative Faults evaluation without xt30-
TSOFF Fault (L = 3).

Stratum 1 Stratum 2 Stratum 3

xt30-TSON

xt28-TSON xt54-TSON

Instance xt70-TSON xt68-TSON
Fault Free  xt54-TSOFF  xt28-TSOFF
xt60-TSON  xt60-TSOFF  xt70-TSOFF

xt76-TSON  xt68-TSOFF  xt76-TSOFF

D.P.1 ND Measure 13 ND
D.P2 ND Measure 13 Measure 5

an additional test stimulus and an additional Measure
were designed to detect the undetected set of faults on
D.P.1. Looking at Figure 9 we observe that the output
signal of PG Comparator is connected to the Digital
Control block input. This block has two output signals
(swp, swn) that are connected to the Level Convertes
block, whose outputs (swpvinz, swnvin) are in turn con-
nected to the Power Devices and Drivers block. This last
block delivers power to the load. The load voltage (vout
= vib) is sensed and is used to control the DC-DC opera-
tion, acting on both comparators in a feedback loop. An-
other signal present at the Level Converters block output
is pg, that corresponds to the PG Comparator output sig-
nal (cmppg) after passing through the Digital Control
block and the Level Converters block. This signal is
made observable as a circuit output for system integra-
tion proposes, signaling whether the DC-DC is delivering
the requested power or not, and may be used to test the
differential pair (D.P. 1). This is possible because the PG
Comparator output drives pg signal to logic level "1"
when one of the faults on the second stratum of the inner
differential pair is activated. Since this state (pg = “17)
corresponds to the transference of the requested power,
to test the (D.P. 1) it is sufficient to force the control to
drive the pg signal to logical level “0”, using an extra
load to sink more current, and observe that this signal is
kept permanently at logic level “1”, using an extra Meas-
ure. This improvement in the test set was implemented
and it was possible to achieve 100% fault coverage for
both differential pairs, simulating only 4 faults instead of
28.

5. Conclusion

In this paper, a method for reducing the fault simulation
effort by simulating only representative faults (RF) is
proposed for AMS circuits. The fault list compression
technique includes analog cell identification, criteria for
fault clustering in strata, according to a user’s defined
number of strata, L, and RF identification. A trade-off
between fault simulation effort and accuracy can be de-
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Table 7. Representativeness evaluation for sets of cells belonging to the same type, in the DC-DC converter, for different lev-

els of accuracy (L;).

Cell Name #Instances #Faults L, R, L, R, L; R;
SourcelnDiffPair 1 20 9 1.00 7 0.95 3 0.80
Ubias 1 8 2 0.88 2 0.88 1 0.00
CSource 13 4 3 0.92 2 0.92 2 0.92
CascodeBias 6 4 3 1.00 2 1.00 1 0.58
DiffPair 2 7 4 1.00 3 1.00 2 0.81
BiasLink 2 4 3 1.00 2 1.00 2 1.00
IbiasSet 1 76 39 1.00 39 1.00 39 1.00

Table 8. DC-DC converter main blocks and corresponding statistics: number of identified cells, number of faults per type of
element and Fault Coverage (for the entire block and only for the identified cells on the block) as well as Estimated Fault
Coverage and Cells Representation Level for different levels of accuracy (L;).

DC-Dc converter blocks  peakdetector pwr compvfb comppg syncrectdis refigen ctrl
#SourcelnDiffPair Cells 1 0 0 0 0 0 0
#Ubias Cells 1 0 0 0 0 0 0
#Csource Cells 2 0 2 2 3 0 4
#CascodeBias Cells 0 0 1 1 2 2 0
#DiffPair Cells 0 0 1 1 0 0 0
#BiasLink Cells 0 0 0 0 1 1 0
#1biasSet Cells 0 0 0 0 0 1 0
#Cells Faults 36 (7.9%) 0 26 (22.8%) 26 (22.8%) 24 (5%) 88 (71%) 16 (2.6%)
#Digital Blocks Faults 184 (40.5%) 288 (76.2%) 40 (35.1%) 40 (35.1%) 244 (50.8%) 8 (6.4%) 540 (89.4%)
#Power D.Trans Faults 46 (10.1%) 4 (1.1%) 18 (15.8%) 18 (15.8%) 42 (8.8%) 10 (8.1%) 12 (2%)
#Dummies Trans Faults 32 (7.1%) 6 (1.6%) 12 (10.5%) 12 (10.5%) 32 (6.7%) 12 (9.7%) 8 (1.3%)
#Others Trans Faults 156 (34.4%) 80 (21.1%) 18 (15.8%) 18 (15.8%) 138 (28.7%) 6 (4.8%) 28 (4.7%)
Accuracy Level L, L, L L L L L L Ly L L, Ly L L Ly L L, Ly L L, L;
#Simulated Cell Faults 17 13 8 0 o0 0 13 9 7 13 9 7 18 12 10 48 45 43 12 8 8
Cells Rep. Level 0.92 0.89 0.61 - - - 1 1 084 1 1 1 092092 075 1 1 095 1 1 1
Cells Estimated FC 0.89 0.86 0.56 - - - 0.67 0.67 0.67 0.29 0.29 0.29 0.67 0.67 0.5 0.34 0.34 0.32 1 1 1

Block Estimated FC
Cells Real FC
Block Real FC

0.83 -
0.49 0.4

0.49 049 046 04 04 04 0.32 0.32 0.32 0.13 0.13 0.13 0.39 0.39 0.38 0.34 0.34 0.32 0.69 0.69 0.69
0.67
0.32

0.29
0.13

0.58
0.39

0.34 1
0.34 0.69

fined for each test preparation phase: a fast, initial fault
simulation can be performed with lower accuracy, just
aiming to highlight testability problems. Then, later on,
higher accuracy fault simulation can be used for the
validation of the final test sequence. In order to support
the selection of the appropriate number of RFs for each
test preparation phase, a method is proposed for the
evaluation of the probability of occurrence of n or more
errors due to the RF-only simulation, and the assumption
that the represented faults behave accordingly. The
method was illustrated in a differential pair cell showing
that using L = 3 (and simulating only L-1 = 2 RF) was
enough to reduce to almost zero the probability of occur-
rence of more than n = 2 errors in 14 faults. The fault
compression technique is further used in a commercial
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DC-DC converter that has two instances of this differen-
tial pair. Fault simulation results show that RF-only
simulation does not lead to any error if L > 2, when the
RFs are selected using an exhaustive test, going through
all the combinations of the MOS regions of operation in
the fault free and each faulty circuit or by applying
equally spaced input stimuli in a narrow interval around
the origin. The technique was then used in the main
blocks of the DC-DC converter in order to show the
quality of the representativeness process when applied to
the seven types of cells identified. The impact of differ-
ent levels of accuracy on the estimated fault coverage
and representation level on each block was shown. Fi-
nally, a plot that shows the variation of the ratio of well
represented faults as a function of the simulation effort of

CS



420 N. GUERREIRO ET AL.

44% 56%
9 3
100 96% 97% )
S 8% o 100%
£ 80 86% 100%
3
&
8 60
c
2
[
S 40
[
o
°
2 20
0
0 20 40 60 80 100

—@—Simulation Effort [%]

Figure 11. DC-DC Converter: Ratio between the faults that
are well represented and all the faults in the instances of the
cells identified in the DC-DC converter.

the complete DC-DC converter was presented. The defi-
nition of the optimum stimuli for RF selection is now
under research. More analog cells are being defined.
Moreover, a preliminary analysis shows limited impact
of temperature, power supply voltage and process varia-
tions on the error probability, which confirms the meth-
odology reliability. The study of these dependencies is
being carried out and it will be reported in the future.
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Appendix

where two cell instances are shown, namely, Ubias and
Other DC-DC Converter Block Cells SourcelnDiffPair (see Figure 12).

This schematic contains part of the peakdetector block

Ubias SourcelnDiffPair
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Figure 12. DC-DC Converter: Source input comparator and polarization circuit. Two identified cells: Ubias and Sourceln-
DiffPair.

Copyright © 2013 SciRes. CS



