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Abstract

Mized-signal design and test tools are failing to keep
ap ace with the inceasing necessity for design exploration
at the e arly stages. We outline a methodolo gy and telset
to enable test selection at the early design stages by pro-
viding a high level fault simulator and asso ciate dblo ck-
level modeling and traversal cap abilities. Experimental
results show that the outlined methodolo gy pr ovides sug-
rior fault simulation speed-ups while helping to minimize
the test time for a mized-signal receiver system.

1 Introduction

For an y electronic system, data needs to be collected,
transmitted and received in analog format, whereas digi-
tal processing of data yields muc h better quality as digital
circuits are more immune to noise and variations in the
manufacturing process. Today most electronic systems
include both analog and digital components. In addition,
recen ttechnological dev elopmerts enable integration of
many mixed-signal components on one chip, increasing
the popularity of mixed-signal Systems-on-a-chip (SOC).

While pro viding efficient and high qualit ysolutions,
SOC’s bring about many challenging test problems. T ra-
ditionally, mixed-signal circuits are tested on a block by
bloc k basis ly pro viding I/O access to eah basic block.
As the size and number of basic blocks in a t ypical sys-
tem increase, such a test approach results in unaccept-
ably high test overheadin terms of area, performance
and test time. New system level approaches may pro vide
great reduction in test time and performance overhead
by compacting the test set and eliminating unnecessary
test points.

In order to enable such a test compaction, an analysis
of the system is needed to select a minimal test set that
pro vides the required fault and yield corerages. A given
input may pro vide coerage in terms of various specified
parameters. Application of this single input may test
more than one parameter, thus reducing the number of
tests to be conducted. F ault similation approaches aim
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at evaluating a giv entest input in terms of the proba-
bilities of rejecting a functional and of accepting a non-
functional chip.

While in the digital domain fault models and fault sim-
ulation tools have matured, fault simulation and model-
ing in the analog domain is still in the definition phase.
Most mixed-signal fault simulation and analysis tools op-
erate at the transistor level. T ransistor leel approaches
pro vide detailed and accurate analysis of the system.
How ever, at the system leel, computational complexity
of low level analysis is unacceptable. Most of the pro-
posed hierarc hical faultsimulation approaches also rely
on detailed circuit simulators for fault effect propaga-
tion. In order to analyze the complete system in accept-
able time, the level of abstraction needs to be raised. A t
the transistor level, faults in the analog domain are cat-
egorized as catastrophic faults or parametric faults [1].
Catastrophic faults are open or short circuits betw een
tw ocircuit nodes and parametric faults are unaccept-
able deviations in circuit parameters. When the level of
abstraction is increased, both classes of faults map onto
deviations in circuit parameters, thus becoming paramet-
ric faults. Continuity of parameters iriroduces a funda-
mental challenge in the analog domain as one componert
or parameter contains infinitely many faults. Moreover,
while activ ating a fault or propagating the effect of a
fault, one needs to incorporate acceptable variations in
other circuit parameters.

This researc haims at a basic bloc klev el parametric
fault simulation methodology to help in selecting a min-
imal set of test inputs while pro vidingthe desired cov-
erage. The fault simulation methodology computes the
fault and yield coverage of a particular test that is defined
as an input signal and output measurement methodol-
ogy , suc h as amplitude measuremenor FFT. While high
level fault activ ationand fault effect propagation keeps
the computational complexity manageable, process vari-
ations are incorporated through a probabilistic coverage
criterion. F aultsin circuit parameters are probabilisti-
cally distributed over theen tire space which eliminates
the problem of infinite number of faults. In case input or
output signals are corrupted by noise or spurious com-
ponents, the impact on fault and yield coverages needs
to be computed. Therefore, these un w an ted signals are



tracked during propagation in order to compute cover-
ages correctly.

This paper starts with an overview of research activi-
ties in mixed-signal fault simulation. Section 3 explains
the proposed methodology. Section 4 discusses fault acti-
vation, propagation, and coverage computation in detail.
Experimental results are given in Section 5 on a receiver
system. Conclusions are presented in Section 6.

2 Previous Work

Fault simulators compute fault coverage by injecting a
fault from a pre-defined set of faults and conducting some
sort of simulation of the circuit under test. Most para-
metric fault simulators use the method of parameter per-
turbation for fault injection. In [2], output signal sensi-
tivity to circuit components is utilized to compute an
interval of acceptable deviation in output signals and to
determine whether a certain deviation in a given parame-
ter results in unacceptable output signal. This methodol-
ogy requires computation of circuit sensitivities and ne-
cessitates specification of the faulty value. In [3], it is
proposed that large reductions in simulation time can be
achieved if the results of good circuit simulations are used
as starting points for Newton-Raphson iterations, as the
difference of fault-free and faulty circuit is infinitesimal.
In [4], the authors extend this idea by combining it with
Householder’s matrix update formula [5] to reduce the
simulation time further both for DC and AC simulations.

Neural networks are utilized for fault simulation in [6].
After a neural network is trained through circuit simu-
lations, it can be used to observe the output signals and
determine whether the circuit contains a fault. In [7], the
authors partition the circuit into smaller modules and ex-
tract a behavioral description of the modules. Transistor
level faults are simulated and corresponding behavioral
level faults are extracted. Behavioral simulations are
then utilized for fault effect propagation. System level
requirements are propagated to the input/output points
of each module in [8] to determine whether faults in the
modules can be detected by observing the given system-
level specifications. For propagation, an I/O look-up ta-
ble obtained by circuit simulations is utilized. Similarly,
[9] aims at determination of the effect of transistor level
faults at module level through the use of circuit simula-
tions.

The approach proposed in this paper aims at utilizing
fault simulation to help in selecting a minimal set of tests
for a large mixed-signal system. The fault simulation ap-
proach differs from the aforementioned approaches by the
level of abstraction and in the use of library-based models
for basic blocks in the system so as to avoid time con-
suming circuit simulations. Parameter tolerances are in-
corporated through a probabilistic approach. Faults used
in this methodology are also of probabilistic and contin-
uous nature as discussed in [10]. Smaller deviations in
parameters are more likely to occur while they are also

harder to detect. While the proposed approach can be
used in conjunction with previously proposed lower level
approaches, it provides a methodology of propagating in-
put signal and fault effects at a higher level.

3 Methodology

For each basic block in the system, the parameters of the
block impose requirements on the output signals when
the input is specified. If the output signal does not sat-
isfy the requirements, at least one of the parameters is
out of the specified range. When the basic block is tested
by itself, near 100% fault and yield coverage can be ob-
tained. The loss in coverage results from noise and error
in measurements and limitations in sensitivity and accu-
racy of the measurement device as well as the specified
test. When the basic block is integrated into a system,
variations in parameters of other blocks may degrade cov-
erage substantially. Therefore, fault and yield coverages
of specified tests need to be computed in order to evalu-
ate tests and the testability of the system.

The proposed fault simulation methodology has three
basic steps. First, the specified test input is propagated
to the input of each basic block that needs to be tested.
For each specified parameter, the requirement on the out-
put signal of the corresponding basic block is extracted.
The requirement is then propagated to the primary out-
put through other functional blocks as illustrated for the
third order input intercept, I1Ps, of a mixer in Figure 1.
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Figure 1: Parameter Requirement and its Propagation

Given the input signal in terms of frequency and power,
the first order harmonic needs to exceed the third order
harmonic by a certain amount at the output of the mixer,
due to the ITP; requirement. When this requirement is
propagated through the amplifier, the gain of the am-
plifier is used to compute the signal powers at the pri-
mary output, thus impacting the requirement. In this
computation, the nominal value of the amplifier gain is
used. However, the gain of the amplifier may vary within
a certain tolerance. The variation in the amplifier gain
may result in masking of some faults in the ITP5 of the
mixer. Analogously, some chips with acceptable I1P;
may not satisfy the requirement at the primary output.
In order to evaluate a given test input, the corresponding
fault and yield coverages must be computed. This com-
putation constitutes the last step of the fault simulation
methodology.

4 Fault Simulation & Test Evaluation

In order to extract the requirement imposed by a param-
eter, the primary input signal needs to be propagated to
the input of each basic block. In the outlined scheme,



both the input signal propagation and the requirement
propagation is enabled by a library-based approach. In
this section, issues in modeling basic blocks and signals,
requirement extraction and propagation, and test selec-
tion are discussed in detail.

4.1 Basic Block Library

The basic block library contains basic analog functional
blocks, such as ADC’s, mixers, and filters. Even though
each class of modules may have various implementation
styles, at the module level, its functionality can be ex-
pressed by simple input-output relations. The param-
eters of basic blocks play an important role in signal
propagation as the output signal attributes depend on
the basic block parameters as well as the input signal at-
tributes. The values of these parameters are system spe-
cific and thus are supplied by the designer. In the analog
domain, circuits exhibit some non-ideal behavior, such as
spurious component generation or increased noise. Such
non-ideal behavior is also expressed by some parameters,
such as noise figure or third order input intercept point.
These parameters have also been included in the basic
block library in order to enable tracking of noise level
and harmonic components in the signals. As an exam-
ple, a simplified version of the mixer library model that
we have constructed is shown in Figure 2.

Ai fl Ao’fol’fOZ
Ao flo
Model: Ao = GumAi, for = fi — fro, fo2 = fi + fro
Params: Gy

Non-ideal: BW, NF, Isolation, ITP3, P14
Figure 2: Library Model of a Mixer

Basic block parameters that are used in signal prop-
agation are specified as a nominal value with a certain
tolerance. These parameters are distributed around the
nominal value with a gaussian-like shape. In our scheme,
this distribution is utilized in fault and yield coverage
computations. If the standard deviation information is
not available, the tolerance is assumed to be the 20 point
which corresponds to a 95% yield, a common yield value
for typical mixed-signal basic blocks. Utilization of gaus-
sian distributions provides an improved approximation
of fault and yield coverages, as fault-free parameters are
more likely to have small deviations. In addition, faults
with smaller deviations are more likely to occur than
faults with larger deviations, even though they are harder
to detect.

4.2 Signal Components

In any mixed-signal system, signals are accompanied by
unwanted components generated by environmental noise
or system component non-idealities. Therefore, there ex-
ist fundamentally two kinds of signals propagating in a

mixed-signal path: desired and unwanted signals. An
ideal signal can be accurately defined by its amplitude,
frequency, phase and DC level in the time or frequency
domain. These attributes can be computed from the
given block parameters at any point in the system. How-
ever, unwanted signals such as noise are not as pre-
dictable. Whereas power spectral density of noise can
be computed for a given system, phase and exact ampli-
tude of noise is unpredictable. Similarly, clock spurs of
a switched capacitor filter, or odd order intermodulation
products of a mixer can be located in the frequency spec-
trum. However, their power or phase is hard to predict.
Unwanted signals impose a second detectability criterion
on faults in parameters. Desired signals must be above
the noise level and must not coincide with harmonic com-
ponents in the spectrum. This criterion is also used in
fault and yield coverage computation.

P(I1P;=x)

3rd order undetected

faults

min acceptable
Figure 3: Undetected Faults due to Noise

As an example, consider the probability distribution of
the IIP; requirement for a mixer as shown in Figure 3.
If the input signal power is low, the third order compo-
nent at the output of the mixer may fall below the noise
level until the deviation in the ITP3; of the mixer from
the minimum acceptable value is sufficiently large. The
faults between these two I P; values are not detected. In
a mixed-signal test evaluation scheme, in order to com-
pute an accurate coverage, the noise level in the system
needs to be tracked as well as other harmonic compo-
nents. Prior to signal propagation, a noise analysis is
conducted which computes the noise power levels at each
point in the system using the input noise level and basic
block parameters. Spurious components in the signal are
computed during signal propagation.

4.3 Requirement Extraction

Each specified parameter imposes requirements on the
output signal of the corresponding basic block. Depend-
ing on the input signal, or the measurement methodology,
there may be several requirement types.

As an example, consider the cut-off frequency of the
filter. If the specified input contains frequency compo-
nents at the minimum and maximum acceptable cut-off
frequencies, the gain at the minimum acceptable cut-off
frequency must not be more than 3dB below the pass-
band gain and the gain at the maximum acceptable cut-
off frequency must not be less than 3dB below the pass-



band gain. However, if the input signal contains only
one component around the expected cut-off frequency,
the specified skirt slope needs to be used to compute the
cut-off frequency. There are six different requirement ex-
traction cases for the cut-off frequency parameter of any
filter. These cases are summarized in Table 1. If the in-
put signal does not satisfy any of the conditions in the
table, no requirement is imposed on the output signal by
the cut-off frequency parameter and the coverage of this
test on cut-off frequency is nil.

|Input contains |Requirement |
fr € {fm} G1—G> < 3dB

f2 :fcmin, f3:fcma:c GI_G2 23dB

fl E{fpb} Gl _G2 <10g(f6?;ln)*5nom+3
fcmin <f2 <fcmaz Gl _G2 >10g(%)*5nom+3
Fr€ {fw} G1 = Ga <log(72) * iy
fcmin < f2 < f3 < fcmaz Gl - G?) > 10g(f“}’;i") * %

f2 = fcmin; f?) = fcmaz

fcmin < f2 < fcmaz

Gy — G < 3dB, Gpy — G> > 3dB

Gy — G2 < log(Lemin) « S om + 3

fa
Gy — Ga > log( fc?;w) * Spom + 3
fcmin < f2 < f3 < fcmaiﬂ pr - G2 < lOg(_C;%) * %
emin G3-G
Gy — G > log(Lepin) 4 Gabas

Table 1: f. Requirements on the Output Signals

While extracting the requirement, if more than one
input condition is satisfied, the case that leads to the
least dependency on nominal parameters is selected. As
an example, inputs satisfying the third condition shown
in Table 1 are a subset of inputs satisfying the second
condition. However, as the third case has no dependency
on the specified skirt slope, it leads to improved coverage
since faults are not masked by variations in the slope.

4.4 Requirement Propagation

The extracted requirement is propagated in a similar
fashion to signal propagation. Given the input signals
at each basic block, the corresponding output compo-
nent is computed, and the requirement is modified ac-
cordingly. Since the variations in other parameters are
used to compute the coverage, value substitution for pa-
rameters is delayed until the primary output is reached.
At this point, the nominal values of parameters that are
used in requirement propagation are substituted to com-
pute the pass/fail criteria.

Propagation of the requirement imposed by the param-
eter under test is insufficient in determining final detec-
tion criteria and coverage. In order to detect the output
signals and ensure that they are not corrupted by un-
wanted signals in the system, additional detection crite-

ria must be imposed at the primary output of the system.
Unwanted signals basically consist of noise and harmonic
response of basic blocks in the propagation path. Out-
put noise level depends on the input noise level and noise
generated by the basic blocks. If the input noise level
is fixed for various test inputs, noise analysis needs to
be conducted only once. Harmonic components in the
output are due to the non-linear nature of analog com-
ponents or switching effects. These components directly
depend on the nature of the input signal and must be
computed for all the specified tests. As additional re-
quirements, the output signal levels need to be above the
noise level and must not coincide with harmonic compo-
nents in the frequency spectrum.

4.5 Fault & Yield Coverage Computation

If all the chips with acceptable parameters satisfy the
requirements at the primary outputs, a perfect yield cov-
erage of 100% is attained. Similarly, if all the chips that
fail in one parameter fail to satisfy the requirements at
the primary outputs, the fault coverage for tested param-
eters is deemed to be perfect. Frequently, the require-
ments involve other parameters as well as the ones under
test. Since the exact values of these parameters are not
known, their nominal values are used in the extraction
and propagation of the requirements. The deviation in
the parameters that are used in requirement computation
causes misclassification. While such misclassification is
unavoidable whenever tolerance and noise effects apply,
we proceed to show an estimation method for identifying
the extent of such misclassification in order to assist the
designer in selecting the appropriate tests.

For fault and yield coverage computation, our goal is to
compute the probability of misclassification of the given
tests. For a specific parameter, p, a fault-free chip is
rejected if the variations in other parameters result in
the output requirement, r, not being satisfied. Therefore
the probability of rejecting a chip with a fault-free p is:

P(pmzn < p < pmaz)
Yy
Similarly, the probability of accepting a faulty p is:

(P(r < Tmin) + P(r > rmaz))

P(pmin > p) + P(p > pmaac)
1-Y,
where Y}, is the yield of the parameter, p.
As an example, consider the mixer IIP; as in Figure
1. The requirement at the output of the mixer is:

“ P(rmin <1 < mae)

3H, — H3 > 2(I1IPs,, +Gu)
When this requirement is propagated to the primary out-
put, it becomes:

3H, — Hs > 2(IIPs, . + Gy + Ga)

min

As a result, fault and yield coverages are given by the
following relation, where G = Gy + G a:



— :L‘) P(G > Gnom + ZL’)d:E

min

[ P(IIPy = I1P3

FC=1-
1—-Yrrpg
[ P(IIPy = IIPs,,,, + ) P(G < Grom — @)dx
yc=1-22
Yrrp,

In the above equations, the third harmonic is assumed
to be above the noise level for simplicity. The distribution
of the composite parameter, GG, is computed out of the
given distributions of G and G 4:

B(GA+Grr) = HGa T PGy
O(Ga+Gr) =0G, T 0Gy

4.6 Test Evaluation

The proposed scheme computes fault and yield coverage
of a given set of tests for the targeted parameters in the
system. Some tests may provide better coverage for a
particular parameter but may result in poor coverage for
another parameter. In order to provide a better eval-
uation, the fault and yield coverage results need to be
composed for a given test. For two parameters that are
tested with the same test input, coverages can be com-
bined with the following relations:

p1 and p> requirements inversely correlated
YC=1-(1-YC,,)—(1-YCp,)
FC=1—-(1-FCp,)—(1—FC,p,)
p1 and p2 requirements not correlated
YO =1-— (l—YCpl)JZr(l—Ysz)

FC=1
p1 and p»> requirements directly correlated
YC =min(YCp,,YChp,)

FC = max(FCp,, FCp,)

_ (A-FCpy)+(1-FCpy)
2

The impact of a circuit parameter on the requirements
of two other parameters defines the type of mutual corre-
lation attribute of the impacted parameters. A worst case
analysis needs to be followed in case of variant mutual
correlation attributes for the same pair of parameters.

5 Experimental Results

The proposed fault simulation and test evaluation
methodology is applied to a receiver channel architec-
ture shown in Figure 4. The system is designed to have

» ADC

Figure 4: Experimental Set-Up
a signal to noise ratio of 15dB at the minimum sensitiv-
ity level of -70dB. The path gain starts from 48dB and
can be increased to 54dB with 1dB gain steps which re-
sults in a dynamic range of 45dB. System parameters are

Mixer

— BPF LPF

derived from a global transceiver specification set. The
10-bit ADC is allowed to have a 1LSB maximum differ-
ential non-linearity. Integral non-linearity must be less
than 5LSB. For the experiment, three basic block level
parameters are studied, I1P; of the mixer, f. of the LPF,
and DNL of the ADC. The specifications on these pa-
rameters are shown in Table 2.

Param Req o m tol
11P3 > -22.5dBm 1dB -20.5dBm | NA
fe 500kHz 25kHz 500kHz 5%
DNL < 1.0LSB 0.2LSB 0.5LSB NA

Table 2: Parameters Under Test

Fault simulations are conducted for four specified in-
puts; the output measurement methodology in each case
is FFT. Three of the specified inputs are multi-tone sine
waves whereas one is a pure sine wave. These inputs are
shown in Table 3.

[ Power(dBm) | Frequency(MHz) [ DC |
-31 470.1, 470.2 0
39 470.1,470.45, 47055 | 0
-31 470.1, 470.5 0
-28 470.1 0

Table 3: Specified Test Inputs

The first and the third tests are tuned for I1P; mea-
surements. However, as seen in Table 4, one of these
inputs has much better coverage for LPF f.. For I1P;s
parameter coverage, the third order harmonic is a de-
sired signal to be measured; it has basically no effect
on f. measurement, since the requirement for f. is in
terms of the gain difference between the two frequencies.
However, this signal corrupts the spurious-free dynamic
range, thus decreasing the coverage for DN L. Table 4
provides a complete summary of coverages.

| Input || Parameter |  FC | YC|
-31dB I1IPs 96.1% | 98.3%
470.1MHz, fe 1.6% | 100.0%
470.2MHz DNL 0.8% | 63.7%
-39dBm IIPs 20.2% | 96.3%
470.1MHz, fe 99.8% 99.5%
470.45MHz, 470.55MHz DNL 0.3% 34.2%
-31dB IIP;s 96.1% 98.3%
470.1MHz, fe 93.9% | 96.9%
470.5MHz DNL 0.3% 63.2%
-28dBm IIP;s 0.0% | 100.0%
470.1MHz fe 0.0% | 100.0%
DNL 25.0% 93.1%

Table 4: Fault Simulation Results

For multi-tone inputs, the requirement for I1P; is de-
pendent on the mixer gain at the mixer output and is
impacted by the gains of basic blocks in the propagation
path. Fault coverage for IIP; is impacted by positive
gain deviations, and yield coverage is impacted by neg-
ative gain deviations. For a single tone input, the ITP;



| | 11P3, f67DNL| 11Ps, fc |
| Input | FC [ YC ] FC | YC |
-31dBm, (470.1, 470.2)MHz| 32.8% | 87.3% | 48.8% 99.1%
Z39dBm, 470, 1M1z,
(470.45, 470.55)MHz 59.9% [76.7 %| 59.5% 97.9%
31dBm, 470.1MHz,
470.5MHz 64.43% |86.1 %[97.6 % | 95.0%
-28dBm, 470.1MHz 8.3 % 97.7% | 0.0% [100.0 %

Table 5: Combined Test Coverages

requirement cannot be extracted, so its fault coverage is
zero. Output requirement of the f. is dependent on the
input frequencies. If the input is completely within pass-
band, no requirement for f. can be extracted, resulting
in zero fault coverage. When two tones in the transi-
tion region are available, there is no need to include the
skirt slope of the LPF in the requirement, resulting in
higher fault and yield coverage. As the f. requirement
is not impacted by gains in the path, the requirements
for f. and I1P; are uncorrelated. The DN L parameter
imposes spurious-free dynamic range requirements at the
output. With multi-tone inputs, the mixer generates a
high third-order harmonic, masking the faults in DNL,
thus resulting in poor fault coverage for this parameter.
For a single-tone input, spurious-free dynamic range is
mainly determined by the ADC. High fault coverage for
DNL can be achieved for the covered codes. The given
sine wave of 100kHz at the input of the ADC covers 25%
of the codes which sets an upper limit of 25% to DNL
fault coverage.

Table 5 shows the composition of coverages for each of
the tests. These coverage numbers together with the indi-
vidual parametric coverage help in selecting the best tests
in this case. For selection criteria, a minimal fault and
yield coverage for each parameter needs to be satisfied.
The input with the highest coverages is then selected.
If a parameter coverage criterion is not satisfied, testa-
bility for that parameter is deemed unsatisfactory. It is
observed that coverage on the DN L parameter is not sat-
isfactory for any multi-tone signal. Moreover, the third
test has the best coverage over II1P; and f. parameters.
As a result of this analysis, the third test is selected to
cover both ITP; and f. parameters. The ability to test
both IIP; and f. results in a substantial reduction of
test time since testing of both parameters requires spec-
tral analysis. However, for DN L, none of the tests yields
acceptable coverage.

6 Conclusion

The inexorable push for higher levels of abstraction is all
the more acute in the mixed-signal domain, as higher
levels of integration result in increasing levels of ana-
log/digital cohabitation on the same IC. The need to es-
timate a variety of design specifications, including area,
performance and test time, necessitates novel approaches
of high fidelity that are computationally effective and can

operate in an environment wherein all design information
may not as of yet be available. As test costs consume
even higher proportions of the design budget, it is all the
more imperative that issues such as test time, fault and
yield coverage, possible DFT locations, and number of
test stimuli be estimated upfront. We introduce conse-
quently in this paper a modeling capability and an asso-
ciated high level fault simulation approach. We intend
specifically to utilize such toolsets in test time reduction
by rapidly identifying redundant tests that improve nei-
ther fault nor yield coverage. Such fault simulators are
well suited to the task as the frequently overlapping na-
ture of test coverage obviates the effects of possible inac-
curacies in higher levels of modeling, prevalent any time
abstraction levels are raised.

Specifically, we outline a test selection methodology
based on a novel high level fault simulation approach. In-
put signal propagation, requirement extraction and prop-
agation and computation of fault and yield coverages con-
stitute the basic steps of the fault simulation approach.
Desired signals are modeled by basic attributes of am-
plitude, frequency, DC level, and phase. Noise level and
spurious components in the signals are also computed to
achieve correct coverage computation. In order to enable
signal propagation through functional blocks, a behav-
ioral basic block library which captures both ideal and
non-ideal parameters is implemented.

We apply the outlined methodology to an industrial-
use mixed-signal receiver architecture. The outlined re-
sults indicate that substantial improvement in test time
can be achieved when system level analysis is conducted.
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