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EFFICIENCY EVALUATION OF VARIOUS TEST
STRATEGIES ON A MIXED–SIGNAL CIRCUIT
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In this paper, an analysis comparing the efficiency of different test strategies on a moderate complexity mixed- signal
circuit is presented. Selected test strategies from the groups of functional, structural and parametric approaches were applied
for the circuit test while considering bridging faults introduced into the circuit layout. The faults were extracted from the
layout of the circuit. Fault simulation results are shown, where fault coverage, efficiency and quality of the respective test
methods have been evaluated. Results show that the parametric and structural approaches are offering higher test quality
(fault coverage, multiple and unique detections, test time) than the functional approach. In addition, the functional approach
requires a rather complicated test setup. A short discussion on the possible benefits of a DfT deployment is also given.
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1 INTRODUCTION

Effective test procedures are the necessary part of any
high-quality manufacturing process. Errors in manufac-
turing can result in the production of defective units,
which need to be discarded. The primary goal of test-
ing is to determine whether the units produced by the
manufacturing process are defect-free and will function
as desired. The second important goal is to generate in-
formation that could possibly improve process yield and
help reduce overall production costs [1]. A perfect test
process should detect all defective units and pass all ac-
ceptable units.

In the case of digital integrated circuits (ICs), there
are many well known and industrially established efficient
test techniques. These are mostly based on the widely ac-
cepted stuck-at fault model [2–10]. Also the test gener-
ation and the test vector set preparation process have a
substantial Computer Aided Design and Computer Aided
Test (CAD/CAT) support.

Analog circuits are somehow more difficult to test.
This difficulty arises from the absence of a widely ac-
cepted fault model, broad variety of building blocks and
unique specifications. In mixed-signal ICs, where analog
circuits are integrated together with digital ones, test-
ing is even more difficult because of the limited access
to both analog and digital blocks. Analog test is mainly
based on checking the circuit’s functional specifications
what results to long, and thus, expensive test. Such a
test approach is not affording a way to define a general
test methodology applicable to all analog building blocks.

Encouraged by the success of the structural and fault-
driven test methods of digital ICs, the researchers have
tried to deploy these techniques to analog test as well.
Some Built-in Self-Test (BIST) schemes have been pro-
posed and successfully applied [11–17]. These were mostly

aiming on-chip test pattern generation and evaluation,

core isolation and accessibility enhancement. On the

other hand, such a solution requires chip area overhead,

can degrade performance, and increase noise in the cir-

cuit. As a consequence, these solutions are not widely

accepted among analog designers. Structural and para-

metric test methods gained more acceptance in the in-

dustry. From these test methods, thermal testing [18],

the oscillation-based test [19–24], and the IDDT [25–28]

gained more attention in the latest years.

The growth in interest has been motivated by advances

in integrated circuit (IC) manufacturing technology and

by economic factors (overall production costs). ICs with

digital, analog and mixed-signal circuits on the same sub-

strate have become rather common recently. The appli-

cations of such ICs include wireless communication, net-

working, multimedia, process-control and real-time con-

trol systems. In many cases, integrated systems consist

of digital cores surrounded by peripheral analog circuitry,

such as filters and data converters. The analog and mixed-

signal components serve as interfaces between digital pro-

cessing circuitry and the real-world analog signals. The

analog components usually occupy a much smaller silicon

area than their digital counterparts.

As discussed above, analog and mixed-signal circuits

will not necessarily occupy a large fraction of the silicon

area in ICs. However, without an effective CAD support,

the analog and mixed-signal components will consume

test resources and force test costs completely out of pro-

portion to their size. Conversely, without adequate test,

the analog and mixed-signal components may lead to un-

acceptable product failure and yield losses. Hence, there

is a strong economic motivation to advance analog and

mixed-signal IC test.
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Fig. 1. Block diagram of the CUT.

Fig. 2. Configuration used for the functional test application and
evaluation.

2 MOTIVATION AND GOALS

As can be seen, although the analog part of a com-
plex mixed-signal circuit might not necessarily constitute
a large part of the system, it can significantly influence
the overall test cost. Thus, it is inevitable to have a high
quality, effective test procedure for the production envi-
ronment. There is a wide variety of analog/mixed-signal
test approaches available, like oscillation test method,
current monitoring, BIST, and many others. Those meth-
ods can be characterized as functional, structural or para-
metric. However, none of them is, generally, applicable to
all analog/mixed-signal circuits, since all the test meth-
ods have some, more or less severe, limitations. In most of
the real-world test solutions, more than one type of test
are used, eg a structural test is supported by some para-
metric test(s). Usually, up to a certain point, the more
different tests are applied, the more information can be
obtained about the circuit under test (CUT). Then, the
amount of test to be used is determined by the quality
and reliability required by the customer. To build up an
effective test procedure, one should know which faults is
a specific test able to detect, and how (time) expensive
and robust this test is.

To obtain these data, it is necessary to conduct a
study based on fault simulations and supported by the

experience of test engineers and designers. Normally, such
an approach is not affordable, so the fault simulations,
since they are time-expensive, are excluded and the test
procedure is then based on the experience of the designers
and test engineers. With such an approach one can just
guess the fault coverage (FC) of the selected test.

All this led us to the idea of comparing the efficiency
of some test strategies obtained by fault simulations on a
mixed-signal circuit. Instead of a standard set of bench-
mark circuits with complexity of several tens of nodes [29]
we decided to use a moderate complexity mixed-signal
circuit with 1300 nodes as the experimental CUT. Our
intention was to evaluate the fault coverage, efficiency
and added value brought by some selected tests from the
groups of available functional, structural and parametric
test approaches.

3 EXPERIMENT DESCRIPTION

3.1 The test vehicle

The CUT selected for this experiment was a Switched
Mode Power Supply (SMPS) with a complexity of 1300
nodes. This circuit was designed for a high-voltage
0.35 µm CMOS process. The block diagram of this cir-
cuit is shown in Figure 1. The analog part, consisting of
the over-voltage and over-current protection circuits and
the power switch with the driver represents 85 % of the
overall design. The rest is taken by the control logic.

However, since the selected circuit under test repre-
sents only a fraction of a more complex mixed-signal sys-
tem (5 % of the overall chip area), it was not possible to
fully isolate it for the test purposes, and thus, make it
fully stand-alone and independent circuitry during test.
The accessibility of the circuit was ensured by five pins
(GND excluded). From these pins, one was exclusively
dedicated to test mode (MUX) where the output of the
over-voltage or over-current protection could be observed.

3.2 Fault list extraction

The starting point for the necessary fault simulations
was the fault list extraction from the circuit layout. Faults
considered and targeted in this experiment were bridging
faults on the metallization layers, since they are the most
common for the respective technology node. This is due
to the fact that the metallization, as for the majority of
CMOS processes, is aluminum-based. Bridging faults can
be divided into several classes based on the location of the
physical defect, eg between parallel metal lines, corners of
two metal lines, vias, etc. In our case, only the bridges oc-
curring between two parallel metal lines were considered,
since they constitute the biggest bridging fault class.

In order to extract the fault list, parasitic devices (rep-
resenting the bridging fault model) were introduced into
the layout with the desired length, and the overlapping
areas between the introduced parasitic devices and the
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Fig. 3. Test setup for the switch RON measurement.

Fig. 4. Test setup for the switching point measurement.

Fig. 5. Test setup for IDDQ measurement.

metallization were examined. Thus, the size of the over-
lapping area has also created a weight, based on which
the bridging faults were ordered in the fault list. Two
different dimensions (lengths) of the physical defect were
considered: 0.8 µm and 1.6 µm. The bottom limit for the
defect width was set to 0.7 µm, thus creating quite ex-
haustive fault list.

3.3 Test methods considered

The primary goal of the experiment was to evaluate
the fault coverage, efficiency and the benefits of various
test techniques. Since there are a broad variety of tests
available, we decided to pick only one representative from

each of the groups of functional, structural and paramet-

ric test approaches.

The functional test approach was based on recom-

mended operating and functional conditions according to

the circuit data sheet. The circuit functional test setup

is shown in Figure 2, and it represents the normal oper-

ational mode of the device under test.

The evaluated parameter was the average value of

VLOW voltage measured for two different loading condi-

tions. The structural test consisted of a set of measure-

ments that were targeting certain building blocks of the

CUT. The first measured parameter was the on-resistance

of the power PMOS device (see Figure 3). During this

test, a certain current was drawn through the switch,

and the resulting voltage drop across the device was mea-

sured.

The second structural test was targeting the switch-

ing point of the over-current protection circuit. Dur-

ing this test the voltage difference between the inputs

V LOW1 and V LOW2 at which the over-current pro-

tection switches off the circuit was measured (see Fig-

ure 4). Then, from the known value of the sensing resis-

tor RSENSE (see Figure 1) we can calculate the thresh-

old current using Ohm’s law. During the third structural

test, two parameters were measured. Firstly, the switch-

ing point of the over-voltage comparator was measured,

secondly, the delay from the input of the comparator to

the VOUT node was measured. From these two parame-

ters, the VLOW voltage for normal operational conditions

was calculated.

As the representative of the parametric test approach,

IDDQ testing was selected, applied and evaluated. This

test method represents a simple quiescent current con-

sumption measurement. Since the CUT uses three differ-

ent power supply voltages (VHIGH , VLOW1 and VLOW2 ),

the intention was to separately measure the consump-

tion from each (see Figure 5). However, one of the supply

paths, namely VLOW1 , could not be satisfactory isolated

from the rest of the chip because of a common supply pin

with the rest of the chip and no DfT present in the circuit.

Since the rest of the chip represented a huge ‘background

noise’, we excluded this supply path from our measure-

ments. This test was performed for three different opera-

tional conditions of the CUT:

i over-voltage protection is inactive, over-current pro-

tection is inactive;

ii over-voltage protection is active, over-current protec-

tion is inactive;

iii over-voltage protection is inactive, over-current pro-

tection is active;

Fault simulations for all of the test approaches men-

tioned above were performed for four different values of

the VHIGH supply voltage, varying from 12 V to 72 V.

The decision criteria, distinguishing between a fault-free

and a defective circuit, for the functional as well as for
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the structural test approaches were taken from the cir-
cuit specifications. For the parametric approach, the de-
cision criteria were determined by the corner analysis of
the fault-free circuit where the process fluctuations were
taken into account. Based on the results of these simula-
tions the decision criteria for the quiescent current evalu-
ation were set. Taken into account that none of the supply
currents showed variation from its nominal value greater
than ±26 % for any of the corners, we decided to set the
decision criteria to ±50 % of the nominal value for each
of the supply currents. The simulations were conducted
in CADENCE design environment using SpectreS simu-
lator.

3.4 Fault simulations

Our primary focus was on bridging faults, since this
fault group is the major yield killer for this particular
circuit under test. The fault model for the defect used in
the fault simulations was based on Failure Analysis (FA)
data. From these data we have seen that if an undesired
bridging fault occurred, it was typically a low-ohmic one
with a bridging resistance value in the range from 100 Ω
to 500 Ω. Based on this knowledge, we decided to model
the bridging faults as a simple resistor with the resis-
tance value of 1 kΩ. In the experiment, only one fault at-
a-time was considered and injected into the circuit, and
then fault simulations for all the test approaches were
performed. Results were gathered, processed, and the an-
alyzed parameter values were calculated. Consequently,
these values were compared to the decision criteria. To
each measurement a PASS/FAIL signature was assigned.

4 EVALUATION RESULTS

4.1 Fault Coverage

Fault coverage (FC) is one of the most important
parameters describing the quality of a particular test
(mostly its efficiency). It puts the group of faults detected
by the test and the group of all the considered (possible)
faults into a ratio. The mathematical representation is as
follows

FC =
FD

FD + FN
× 100 (1)

where FC is the fault coverage in percents, FD refers
to the group of detected faults, and FN represents the
group of non-detected faults.

Thus, the fault coverage was the first qualitative fea-
ture of the considered test methods to be evaluated in
this experiment.

The fault coverage values obtained for the respective
tests are shown in Table 1. As can be seen from this ta-
ble, the approach offering the best fault coverage is the
parametric test, while the structural approach is offering
nearly the same FC . The functional approach seems to
be the less efficient in detecting considered faults. More
detailed visualization of these results is observable in Fig-
ure 6, where the well known Venn diagram, obtained for

our experiment, can be found. As can be seen from this
diagram, 34.47 % of the considered faults were not de-
tected by any of the approaches taken into account. Fur-
thermore, the highest fault coverage (FC ) of 56.81 %
(40.78 + 9.71 + 5.83 + 0.49) was achieved by the para-
metric (IDDQ ) approach, while offering 5.83 % of unique
detections, ie detections of faults that were not detected
by any other of the considered approaches. On the other
hand, the lowest fault coverage of 45.63 % was achieved
by the traditional functional test.

4.2 Test efficiency

Another important parameter describing a particular
test is the time needed to execute such a test. The less
time it takes to run the test, the cheaper the test is (from
the tester usage time point of view). Now, let us compare
the considered tests taking into account the test time fac-
tor. Since the parametric test is the fastest one, we de-
cided to use the time of this test method as the reference
and call it 1 time unit (1 t.u.). Results of this compar-
ing evaluation are shown in Table 1 too. One can see that
from the test time point of view, again the functional test
seems to be the less efficient. To come up with a little bit
more exact evaluation of the time efficiency of different
tests, the fault coverage of the tests has been also taken
into account. In that way, we get a parameter that is de-
scribing detections per test time (DTT ), which can be
expressed by the following equation

DTT =
FC

TT
, (2)

where FC is the fault coverage, and TT is the time nec-
essary to execute the test. For the comparison between
different approaches, we used the above mentioned time
units instead of the time, and set the DTT of the para-
metric test as the reference value, ie we divided the equa-
tion by the FC of the parametric test, thus obtaining a
relative DTT. The resulting values are shown in Table 1.
Since the differences in the FC s are not substantial, the
calculated values of DTT are mainly determined by the
test time.

4.3 Quality of the test

For each of the approaches we have also evaluated
unique detections (UD) and multiple detections (MD).
These detections are creating a measure on the quality
and necessity of the given test. If a particular fault is
targeted by more than one test, the probability of its
detection is higher. This gives a higher quality mark to
the given test approach.

Obtained unique detections and multiple detections
for each of the test approaches assumed in this exper-
iment are also shown in Table 1. A fault was assumed
to be detected multiple times, if at least two different
measurements were detecting the given fault. As can be
seen from this table, the functional test for this circuit is
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Fig. 6. Fault coverage of particular test approaches.

Table 1. Summarized results for particular approaches

FC [%] MD [%] UD [%] Time [t.u.] DTT rel

Functional 45.63 0 3.4 400 0.002
Structural 55.83 28.15 4.37 40 0.025
Parametric 56.8 28.15 5.83 1 1

Table 2. Additional possible detections

FC [%]
Bridging resistance [Ω]

1k 500 200 100

Functional 0 0.49% 1.46% 2.43%
Structural 0 0.49% 1.46% 2.43%

IDDQ 0 0 0.97% 1.94%

IDDQ + DfT 11.65% 11.65% 11.65% 11.65%

not offering any multiple detections, since it contains one
measurement only.

Accuracy and repeatability are also determining the
quality of a test. However, these measures were not eval-
uated in this experiment, since they cannot be evalu-
ated by simulations only. These factors are closely related
to the robustness of the measurement method and some
setup related issues (like complexity and stability). From
the three approaches taken into account in this experi-
ment, the most complicated measurement setup needed
was for the functional approach, while the structural and
the parametric approaches were characterized by rather
simple setup and fast measurements.

4.4 Further investigations

After the detailed analysis of the obtained results, we
decided to perform further evaluations. Our intention was
to investigate two issues:

1. What would be the additional fault coverage offered
by IDDQ testing if we would be able to disconnect the
load (the rest of the chip)?

2. Could non-detected faults become detectable if a lower
value of bridging resistance is considered?

Answers to those questions can be given by results ob-
tained from the further simulations. Obtained results are

summarized in Table 2, where other possible FC values
can be observed.

As can be seen from Table 2, by the possibility of iso-
lation of all the supply paths (IDDQ + DfT), the fault
coverage of the parametric approach could be enhanced
by more than 11 %, thus yielding a fault coverage of more
than 68 % (56.8 % + 11.65 %). This represents an over-
head of more than 20 % in coverage over the functional
test. In addition, the parametric test is much faster than
the functional one (≈ 100 times), and also have a higher
quality ranking in means of multiple detections (see Ta-
ble 1).

Table 2 also shows the results for the second prob-
lem, whether the bridges would become detectable with a
lower values of bridging resistance used in the respective
fault model. The simulations were conducted for resis-
tance values of 500, 200 and 100 ohms. The results prove
our prediction that some faults could become detectable
under such conditions. Anyhow, those additional possi-
ble detections are representing only a fraction of all the
considered faults.

4.5 DfT improvement

As can be seen from the simulation results shown
above, fault coverage, and thus, efficiency of the eval-
uated methods could be improved by introducing some
DfT solutions into the tested circuitry. More precisely, by
the isolation of V LOW1 power supply path from the rest
of the chip, the fault coverage could be enhanced by more
than 11% up to 68 %. Such a fault coverage is achievable
when the parametric (IDDQ ) approach is deployed (see
Table 2). The block diagram of the respective DfT solu-
tion, providing such functionality, is depicted in Figure 7.

This DfT change provides separated supply paths
drawn from the V LOW1 input for the SMPS block and
for the rest of the chip. However, it is not a very efficient
solution from the chip area point of view, since it requires
at least 100 × 100 µm of silicon area for each PAD. On
the other hand, taking into account the dimensions of
the chip and the fact that some of the package pins are
not connected, it is a rather feasible and convenient solu-
tion. In normal operation mode, the PADs are externally
connected together, while for test purposes the external
connection is removed.

Another possible DfT modification would be the power
down mode, separated for the SMPS and the rest of the
chip (see Figure 8). This solution would enable testing
of the SMPS while the rest of the circuitry is not ac-
tive, thus, eliminating the ‘background noise’ created by
this circuitry. In such a way, the parametric test could be
precisely performed also for the V LOW1 supply path.
Moreover, the proposed solution is not demanding notice-
able silicon area overhead, while providing basically the
same testability improvement as the previous solution,
thus test becoming more efficient. On the other hand,
it requires an additional selection bit ‘SEL’, determining
what part of the chip is going to be controlled by the
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Fig. 7. Power supply distribution DfT.

MUX

PD SMPS

rest of the

chip

without DfT
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PD

SEL

SMPS

rest of the

chip

Fig. 8. DfT solution proposed for power down mode.

power down signal (PD). Anyhow, this solution is not as
efficient as the first one, since it just allows to put the
rest of the chip into the power down mode while the first
solution disconnects it, thus, eliminating also the leakage
current of the rest of the chip from the supply path.

5 CONCLUSION

The aim of the presented experiment was to analyze
and evaluate the efficiency of some basic test strate-
gies on a moderate complexity mixed-signal integrated
circuit. Test method representatives from the groups of
functional, structural and parametric approaches have
been included within the experimental analysis. The most
probable and frequent bridging faults, determined by the
fault list extracted from the circuit layout, were consid-
ered and modeled. Then, the fault coverage, efficiency
and the quality of these tests were evaluated and com-
pared. As shown above, the fault coverage of all the tests
is comparable, since no substantial differences have been
reported. As soon as the time necessary to execute the
test is taken into account, the differences between the
tests are much more remarkable, since the functional ap-
proach requires approximately 400 times longer test time
than the parametric strategy, while still offering even a
lower fault coverage.

In the next step, the quality of the selected test tech-
niques in terms of multiple detections was evaluated. As

the evaluation shows, only the structural and the para-
metric tests are offering some multiple detections. From
all these results, one could conclude that the most ben-
eficial test approach for the selected CUT is the para-
metric one. It offers the highest fault coverage and good
test quality, with a short test application time needed.
The only disadvantage, compared to the functional and
structural approaches, is the decision criteria that are not
taken directly from the circuit specifications, but deter-
mined indirectly by the corner analysis of the fault-free
circuit. This could be a serious limitation in some appli-
cations, where a very sensitive or hard to measure param-
eter has to meet the specifications. In such cases, dedi-
cated setups and measurements are introduced to target
this specific parameter.

Furthermore, in order to enhance the test methods ef-
ficiency, two DfT solutions have been proposed. Both are
targeting the V LOW1 supply path additional possible
detections by removing the ’background noise’ introduced
by the on-chip circuitry (SMPS excluded). One of the pro-
posed DfT solutions is providing an isolation mechanism,
while the second one is putting the non-tested part of the
chip into the power-down mode.
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OVAL, D. : Magnetic FET-based On-chip Current Sensor for
Current Testing of Low-voltage Cicuits, Journal of Electrical
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