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Abstract

Dynamic-current based test techniques can potentially address the
drawbacks of traditional andIddq test methodologies. The qual-
ity of dynamic current based test is degraded by process variations
in IC manufacture. The energy consumption ratio (ECR) is a new
metric that improves the effectiveness of dynamic current test by
reducing the impact of process variations by an order of magni-
tude. We address several issues of significant practical importance
to an ECR-based test methodology. We use the ECR to test a
low-voltage submicron IC with a microprocessor core. The ECR
more than doubles the effectiveness of the dynamic current test al-
ready used to test the IC. The fault coverage of the ECR is greater
than that offered by any other test, includingIddq. We develop a
logic-level fault simulation tool for the ECR and techniques to set
the threshold for an ECR-based test process. Our results demon-
strate that the ECR offers the potential to be a high-quality low-cost
test methodology. To the best of our knowledge, this is the first
dynamic-current based test technique to be validated with manu-
factured ICs.

1 Introduction

Traditional logic-fault model based methodologies test a circuit by
observing the output logic values produced in response to specific
input vectors. As device density and complexity have increased,
logic test techniques alone have not been able to provide an ade-
quate defect coverage. To improve real defect coverage,Iddq test
methods, based on monitoring the static supply current in CMOS
circuits have been widely used. With deep submicron technology,
because of the increase in the number of devices per IC, the back-
ground leakage current is expected to rise sharply. The higher leak-
age current will degrade the quality ofIddq test, since the impact of
a defect will be harder to detect. It has been recognized that new
test methodologies are needed.

Test techniques based on monitoring dynamic supply currents
are an interesting alternative. For example, a wide range of faults
including redundant stuck-at faults, open defects and shorts can be
detected by monitoring the dynamic current consumed by a circuit.
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Average dynamic currents are far larger, and hence easier to mea-
sure than are static currents. The quality of dynamic current test
methods is markedly degraded by normal process variations which
cause the current consumed by a fault-free circuit to vary substan-
tially. The impact of process variations can be substantially negated
by using the ratio of energies consumed on two distinct input tran-
sitions as a test metric. The new metric, the energy consumption ra-
tio, markedly improves the fault coverage of dynamic-current based
test even in the presence of substantial process variations.

Contributions We verify the real quality of the energy consump-
tion ratio (ECR) by applying it to a low-voltage submicron biomed-
ical IC with a microprocessor core. A significant fact in our exper-
iments is that the test vectors constituting the ECR were chosen
independently by the manufacturer, and not with the goal of max-
imizing its fault coverage. We demonstrate that even for manufac-
tured ICs, the ECR is more tolerantby an order of magnitudeto the
impact of process variations than its component dynamic currents.
We develop techniques to set the test thresholds for an ECR-based
test process. We develop an accurate logic-level fault simulation
tool, Ecrsim, for the ECR. The tool reduces computational costs
while preserving the accuracy offered by circuit simulation. Other
dynamic current test techniques reported in the literature require
circuit simulation to estimate the fault coverage they provide. We
also verified the quality of the ECR test on a production IC. Our
results show that ECR-testmore than doublesthe effectiveness of
dynamic-current test. The ECR offersa higher defect coverage
than any other single test, includingIddq test. Yet, ECR-based test
offers several significant advantages overIddq test. To the best of
our knowledge, this is the first dynamic current test technique vali-
dated on a manufactured IC.

2 Previous Work

Rather than voltages,Idd test methods detect faults that affect func-
tionality by monitoring the current drawn by a circuit. One may ob-
serve the supply current either when the inputs are static, or when
the circuit is responding to input transitions.Iddq methods measure
the current drawn when circuit inputs are quiescent, and verify if
the measured current is below a (preset) threshold value. The test
threshold has to be set to account for the leakage current contri-
butions of all the devices in the circuit and the impact of process
variations on the leakage currents. The ability ofIddq methods to
detect a wide range of faults, such as bridging faults, has been in-
vestigated in detail [1]-[3]. However,Iddq methods are not effective
if open faults are present in the circuit [4].

It is expected that deep-submicron technology will degrade the
effectiveness ofIddq test methodologies. Because of the increased
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number of devices in a single IC, total sub-threshold leakage cur-
rents in deep sub-micron devices [5, 6] are expected to be quite
substantial. It will be increasingly difficult to detect the impact of
a localized defect on the total static current consumed by the IC.
Current signatures, based on a series ofIddq measurements, have
been suggested as one method to overcome high leakage currents.

Recently,Iddt test methods which measure transient or dynamic
supply currents to detect faults have been proposed [7]-[14]. Simi-
lar to Iddq methods, it is not required to propagate the fault effect to
the primary outputs of a circuit. EachIddt test method exploits dif-
ferent circuit characteristics. The method in [7] pulses the supply
rails to detect faults. This technique can be applied to both analog
and digital circuits. The methods in [8]-[10] monitor the current
consumption in individual gates, or a group of small gates. Other
techniques monitor the current drawn by the entire circuit. An or-
thogonal issue is the type of dynamic current to be monitored. The
techniques in [8]-[11] monitor the transients on individual transi-
tions. An alternative is to monitor the average current drawn by
the circuit under test [13, 14].Iddt methods have been shown to
have the potential to detect a large number of faults that either can-
not be detected or are hard to detect with other test methodologies.
For example, test techniques based on monitoring a circuit’s energy
consumption can detect redundant stuck-at faults and open faults.

We address issues of practical importance related to the appli-
cation of the new test metric, the energy consumption ratio (ECR),
that was developed in [14].

3 Energy Consumption Ratio Test

The dynamic energy consumption of a circuit can be monitored
to detect the presence of faults. This section is a summary of the
material in [13, 14]. It has been included to enable the reader to
better understand the remainder of the paper.

Consider a stuck-at fault in a circuit that affects steady-state in-
ternal signal values. The fault also alters the way internal signals
transition in response to input changes. That is, a fault alters the
number and location of signal transitions that occur in response to
input changes.Thus, a fault can alter the energy consumed by the
circuit. This energy consumption change can be detected by mon-
itoring the average dynamic supply current [13]. We will refer to a
vector which detects faults by monitoring the power dissipation as
an energy test. The power dissipated by the circuit, in general and
on specific transitions, may be different from the value expected
because of process variations. These variations will degrade the
fault coverage. In integrated circuits the relative variation of the
parameters across the IC is low. To negate the impact of process
variations, this fact can be exploited as follows.

Definition 1 Given two pairs of transitions P1 and P2, let IP1 (IP2)
be the average currents when the two vectors in P1 (P2) are alter-
nated at the inputs. TheEnergy Consumption Ratio(ECR)is the
ratio of the currents(or energies)IP1

IP2
consumed on each of the two

transitions.

Note that gate capacitances are the primary source of dynamic en-
ergy consumption. The average current is proportional to the num-
ber of signal transitions and transistor gate capacitances. Assume
that because of process deviations, the unit gate capacitance is al-
tered by a factor ofk1 from its nominal value across the IC. The
average current on a single transition is altered by this variation.
However, to a first order the ECR is immune because the varia-
tions in the numerator and denominator cancel each other. To de-
tect faults with an ECR,P1 is an energy test andP2 is a reference
benchmark transition. The energy test maximizes the impact of a
fault on the average current. The ECR of a faulty circuit is similarly
immune to process variations. It can be shown thatthe ECR reduces

the impact of process variations without reducing the impact of the
fault. Readers are referred to [14] for more details.

4 ECR Fault Simulation

In ECR-based test, the detectability of a fault is determined by its
impact on the energy consumption of a circuit. To estimate the ef-
fectiveness of a specific pair of potential test vectors, the average
transient currents in the good and faulty circuits need to be com-
puted. Circuit level simulation for every potential solution is too
expensive, or even may not be possible for large circuits. A logic-
levelECR fault simulatoris needed. We develop such a fault simu-
lator in this section. There are two significant issues we address in
addition to the normal goal of estimating power dissipation. We are
interested in simulating the impact of faults on the power consump-
tion. We are also interested in representing the impact of process
variations, in the good and faulty circuits, at the logic level.

4.1 Estimating Circuit Power Supply Current

The first order approximation of estimating the ECR to be equal to
the ratio of the number of transitions does not offer sufficient ac-
curacy. Therefore, for fault simulation, we use a library-based ap-
proach similar to that used in [15, 16]. We assume CMOS circuits
are designed using a predefined cell library. All elementary gates in
the library are characterized once, and their models are used during
the gate-level logic simulation to provide power information with
less computational effort. To model the impact of process varia-
tions, library elements can also be characterized using data from
multiple process runs. For our experiments, we have characterized
the library in 44 different processes provided by MOSIS [17].

In order to estimate the actual shape of the transient waveform,
many library-based estimation techniques store the actual transient
waveforms for library components. This increases the amount of
information to be stored. For example, transient waveforms for
each instance of a gate, with a differing number of inputs, differing
transistor sizes and for different process runs will have to be stored
separately. Since we are interested only in the average current, and
not the transient, model representation can be greatly simplified.
Each model’s average current is a function of the fanout and fanin
number of the gate characterized except the NOT gate which is
simply a function of its fanout number. For different process runs,
the current functions change correspondingly.

The currents consumed on input transitions can now be esti-
mated through logic-level simulation. On any transition, only gates
that are activated consume currents. The current consumed by an
activated gate is extracted from the library information. For gate
simulation, similar to circuit simulation, we assume that input tran-
sitions are spaced so as to permit the transient power supply cur-
rent of the circuit to settle down during that period. This require-
ment guarantees that each activated gate contributes all its modeled
power consumption. The average current is the sum of individual
currents for all activated gates. That is,

Icircuit =∑
i

Ii

whereIi is the set of activated gates. For Ecrsim, the estimate of the
percentage power consumption difference or the estimated percent-
age current difference (PCD) between the good and faulty circuit is
the most significant metric. The PCD is:

PCD=
(Icircuit)good� (Icircuit) f aulty

(Icircuit)good
=

(∑i Ii)good� (∑i Ii) f aulty

(∑i Ii)good



Fault Ecrsim Hspice Esti. Error (%)
Location Current ECR PCD% Current ECR PCD% Current ECR

G11!G370 34.473 0.357 31.9 34.147 0.343 32.6 2.2 4.6
G135!G435 127.374 1.320 6.0 133.681 1.342 6.0 4.5 1.7
G36!G414 12.188 0.126 56.5 11.513 0.116 58.2 7.7 10.8
G5!G173 113.145 1.173 19.5 109.782 1.102 21.3 3.0 6.4

G528!G333 88.030 0.912 12.0 87.199 0.875 13.2 1.3 4.2
G65 120.900 1.253 6.6 116.276 1.167 6.5 3.9 7.3

G77!G459 110.328 1.144 7.3 111.371 1.118 8.7 1.1 2.3
G78!G335 169.306 1.755 11.8 165.632 1.663 12.0 2.2 5.5
G78!G456 90.378 0.936 6.9 84.565 0.849 7.1 6.8 10.3

Table 1: Absolute accuracy of Ecrsim

4.2 Results

The evaluation of the quality of the ECR fault simulator fo-
cused on a single circuit s1238.bench and on 9 logically redundant
stuck-at faults in the circuit. Redundant faults cannot be detected
by monitoring the logic outputs. However, it is possible they im-
pact the supply current and can be detected by monitoring the ECR.
We use two terms to quantify the impact of process variations.

Definition 2 The termProcess Faulty Circuitsrefers to the same
faulty circuit but produced by different process runs.

Definition 3 For a specific stuck-at fault, the termProcess Faulty
Coverageis defined to be:

Number o f process runs f or which the f ault is detected
Number o f process runs simulated

The ideal process fault coverage is 100%. The faults were cho-
sen such that they had a limited impact on the energy consumption
of the circuit. Thus, potentially, the process fault coverage for these
faults may not be 100% with dynamic current test, or even with
ECR test.

Experimental Procedure The experiments were conducted as
follows. For each fault,

� a test pair of vectors were generated using a test pattern gen-
eration algorithm [14]. The algorithm was also used to gen-
erate a benchmark test pair that was common to all faults.

� the vector pair generated was simulated with Ecrsim, as was
the benchmark pair. The simulation is used toestimatethe
currents consumed by the good and faulty circuits, and the
corresponding ECRs.

� The vector pair generated was simulated with Hspice, as was
the benchmark pair. The simulation is used tocomputethe
currents consumed by the good and faulty circuits, and the
corresponding ECRs.

� To gauge the impact of process variations, the currents are
estimated and computed using Ecrsim and Hspice, over 44
process runs.

Absolute Accuracy The data in Table 1 evaluates the absolute
accuracy of the Ecrsim. The currents (estimated and computed)
represent average values over 44 process runs. The first column
identifies the location of the redundant fault. The data in columns
2, 3, and 4 represent the resultsestimatedusing Ecrsim. Columns
2, 3 and 4 represent the estimated average currents, good circuit

ECR and the percentage current difference caused by the fault. The
ECR data in Column 3 are the ratios of the currents in Column 2
to theestimatedbenchmark current (not shown in the table) in the
good circuit. The benchmark current is the current consumed by
the benchmark transition, which was chosen such that it was not
affected by any fault. The data in columns 5, 6, and 7 contain the
corresponding resultscomputedusing Hspice. The average error
in estimating current consumption is 3.7%. The average error in
estimating the ECR of the good circuit is 5.9%.

Fault Simulation Accuracy In almost every case, the impact of
the fault is larger than the errors in estimation plus three times the
standard deviation of the ECR. Therefore, even in the presence of
estimation errors, the detectability of a fault can be estimated ac-
curately. Table 2 compares the estimated (using Ecrsim) and com-
puted (using Hspice) fault coverages for both transient current test,
and for ECR test. In every case but one, Ecrsim accurately esti-
mates the process fault coverage.

For every fault but one, there is a substantial overlap between
the faulty and good circuit current distributions. (This data is not
shown in Table 2.) Thus, in most cases the process fault cover-
age is very poor. In contrast, for every fault, there is no overlap
between the faulty and good circuit ECR distributions. Thus, the
ECR always provides 100% process fault coverage. Recall that the
percentage impacts of a fault on the transient current and on the
ECR are identical. However, the impact of process variations on
the ECR is only a tenth of their impact on the transient currents.
For a specific fault, the ECR offers a higher process fault coverage
because it reduces the impact of process variations without reduc-
ing the impact of a fault. Since a fault has to produce a smaller
impact to be detectable, the ECR improves overall fault coverage.

Computational effort for fault simulation can be further reduced
by observing that, though the currents consumed by the good and
faulty circuits vary markedly, the actual percentage current differ-
ence caused by a fault is relatively constant across all process runs.
The average standard deviation in the PCD is 0.08%. (Since it too
is a ratio, the standard deviation in the PCD will be of the same or-
der of magnitude as the variations in the ECR.) Therefore, the per-
centage impact of a fault on the ECR can be reasonably estimated
by simulating the circuit with one process, instead of all available
processes. The information generated with such an approach can
reasonably be used to estimate the detectability of a fault.

The exact transients, either for the circuit as a whole or for a
small group of gates, on a single transition are harder to estimate
accurately at the logic level, than is the average current. The impact
of process variations on the transients is also harder to estimate as
well. Therefore, fault detection techniques based on monitoring
single transients, or the current consumption at individual gates, or
small groups of gates [8]-[12] require much greater simulation and
estimation accuracy than does ECR test. Logic-level estimation



Fault Current Test ECR test
Location Ecrsim Hspice Ecrsim Hspice

G11!G370 97.7 95.5 100 100
G135!G435 9.1 9.1 100 100
G36!G414 100 100 100 100
G5!G173 25.0 40.9 100 100

G528!G333 9.1 9.1 100 100
G65 9.1 9.1 100 100

G77!G459 9.1 9.1 100 100
G78!G335 9.1 9.1 100 100
G78!G456 9.1 9.1 100 100

Table 2: Fault simulation accuracy of Ecrsim

techniques are presently not able to offer the accuracy required. In
contrast, the Ecrsim fault simulator is able to provide accurate fault
detection information using logic level simulation.

5 Application to IC Test

An alternative to targeting specific faults with the ECR is to use
it much asIddq test is used. Many commercialIddq test method-
ologies are not based on targeting specific faults, but on character-
izing the behavior of a fault-free circuit. The test process simply
bins products. Similarly, ECR-test can be used to bin products by
defining an acceptable range of current ratios, and declaring all ICs
whose ECRs fall outside the range to be faulty. To investigate its
effectiveness in such a test methodology, we applied the ECR to
an IC produced by a local manufacturer of high reliability ICs for
biomedical applications. For each device, 14 tests (listed in Table 5)
were applied after manufacture, but before packaging. Dynamic
current tests examine the switching behavior of the device. There
are two dynamic current tests called drxl60 and burnin. The burnin
is a self-test type vector sequence that is executed on start-up. The
burnin test is designed to cause switching activity in every com-
ponent of the system, except the memory. The drxl60 is a specifi-
cation mandated test sequence that exercises various components.
The vector sequences in the dynamic test do not significantly excite
the RAMs and ROM. More specifically, readers may note that the
dynamic current components were not chosen so as to maximize
the benefits of our test technique.

5.1 Experimental Procedure

The goals of our experiment were to verify the effectiveness of the
ECR, and to compare its effectiveness with that of other tests. The
experiments were conducted as follows. For our experiment, all the
tests in the test suite were applied to each IC. For each device, the
set of tests it fails is enumerated. Conversely, for each test, the set
of devices which fail it is enumerated. The ECR was applied to the
test process as follows:

1. The ECR was defined to be the ratio of the current on the
drxl60 sequence to the current on the burnin sequence. Since
these tests were already conducted as a part of the regular
process,using the ECR simply involved reinterpreting exist-
ing test data. In other words, we did not specifically generate
tests to maximize the effectiveness of the ECR.

2. The goodness of a device was defined by the regular test pro-
cess. A device was declared to be good if it passed all the
regular tests. It was declared to be defective if it failed one
or more regular tests. The data was collected on 887 devices

over 6 wafers produced together. Out of the 887 ICs, 326
were identified as being defective, and 561 as being good.

3. A threshold was set for the ECR. A device passed the ECR
test if its ECR fell within a threshold of the expected value,
else it failed the ECR test.

5.2 ECR Test Threshold

Table 3 lists the actual range of variations, the means and the stan-
dard deviations, in the dynamic currents and the ECR for all good
devices.

Test Minimum Maximum Mean Standard deviation
drxl60 5.4820 5.7380 5.6298 0.0447
burnin 6.8420 7.1370 7.0142 0.0532
ECR 0.8009 0.8046 0.8026 0.00069

Table 3: Original statistical results

To compare the deviations from different ranges of absolute val-
ues, it is necessary to normalize the results in Table 3. The normal-
ization of each set of test data is based on the corresponding mean
value. The normalized results are shown in Table 4.

Test Minimum Maximum Mean Standard deviation
drxl60 -0.0263 0.0192 0 0.0079
burnin -0.0246 0.0175 0 0.0076
ECR -0.0021 0.0025 0 0.00086

Table 4: Normalized statistical results

As seen in Table 4, the good circuit ECR values are closely
clustered. The standard deviation for the drxl60 current is 0.0079
and the standard variation for the burnin current is 0.0076. How-
ever, for theECR( drxl60

burnin), the standard deviation is 0.00086, almost
a tenthof the value for the individual currents.

To apply the ECR test to the sample data, pass and fail ranges
for the ECR values have to be defined. The lower and upper bound-
aries (0.8009 and 0.8046 respectively) of ratios of the good devices
obtained above are good candidates to serve this purpose. Thus, for
these thresholds all the good devices that pass all the original tests
also pass the ECR test. Any device whose ratio falls outside this
range fails the ECR test.

5.3 ECR Test Performance

Table 5 lists the performance of the individual tests in the test
suite, as well as the relative performance of the ECR test. The data
in the table may be interpreted as follows.

1. One column is devoted to each testTk in the test suite. The
first row lists the name of the test.

2. The second and third rows list the number and percentage
of defective devices detected by testTk. The percentage is
defined with respect to the total number of faulty devices,
326.

3. The third row lists the conditional fault coverage for the ECR
test. That is, it identifies the percentage of those devices
which fail testTk that also fail the ECR test.



Test cont atpg osci µp math clk rom ram4 ram1 scur dcur iddq dc ac ECR
Fail 19 177 32 104 101 149 132 174 126 184 104 235 80 127 249

Cov% 5.8 54.3 9.8 31.9 31.0 45.7 40.5 53.4 38.7 56.4 31.9 72.1 24.5 39.0 76.4
ECR% 100 90.4 100 96.2 96.0 96.6 91.7 78.2 91.3 98.4 99.0 93.6 97.5 97.6 –
iddq% 100 89.8 100 95.2 94.1 89.9 80.3 75.9 88.9 99.5 75.0 – 100 96.9 88.4
Max% 100 90.4 100 96.2 97.0 96.6 91.7 78.2 91.3 99.5 99.0 93.6 100 97.6 88.4
Test ECR ECR ECR ECR atpg ECR ECR ECR ECR iddq ECR ECR iddq ECR iddq

Table 5: Statistical results of failed tests

4. The fourth row lists the conditional fault coverage forIddq
tests. That is, it identifies the percentage of those devices
which fail testTk that also fail theIddq test.

5. The fifth row identifies the test that provides the maximum
conditional fault coverage for testTk, as well as the corre-
sponding percentage coverage.

The fault coverage of the ECR test is greater than that offered
by any other single test. Readers may note that the components of
the ECR were developed independently by the corporation. They
were not chosen so as to maximize the coverage of the ECR test.

Comparison to Dynamic Current Test One may observe that
the ECR significantly improves the effectiveness of its individual
dynamic current components. It can be seen that only 104 devices
failed the dynamic current test, which gives it a fault coverage of
31.9%. However, 249 devices failed the ECR test, and the fault
coverage is 76.4%. The ECRmore than doublesthe effectiveness
of the transient current tests. Notice that the number of devices
which failed both the dynamic test and ECR test is 103. This in-
dicates that more than 99% of the devices that failed the dynamic
current test also failed the ECR test. Whereas, fewer than 50% of
the devices that failed the ECR test failed the dynamic current test.

Comparison to Other Tests The ECR test also offers excellent
performance relative to other tests. For virtually every test, the
ECR test offers the highest conditional fault coverage. For any test
Tk, on the average the ECR detects 94.8% of the faults detected
by testTk. The lowest conditional fault coverages are associated
with the memory tests. The ECR detects only 78.4% of the devices
that fail the ram4k test. In fact more than 80% of the 77 defective
devices that escaped detection with the ECR test failed one of the
memory tests. One possible explanation for the lower coverage is
that the vector sequences in the ECR do not exercise the memory
significantly. The large relative fault coverage offered by the ECR
indicates that it can potentially serve as a good screening test. If the
ECR test is applied first, the number of faulty devices to be detected
by each of the remaining tests is greatly reduced. One advantage
offered by the ECR is that average currents can be measured with
simple test fixtures. This reduces overall test costs.

Comparison to Iddq Test In the original test suite, the fault
coverage ofIddq test is greater than that of any other test. Though
it offers a high fault coverage, the excessive test application time is
a significant disadvantage relative to other tests. The fault coverage
of the ECR is more than 4% higher than that of theIddq test. The
conditional fault coverage of theIddq tests is higher than that of
the ECR for only two tests, the DC parametric and static current
tests. For other tests, such as the rom test, the conditional fault
coverage ofIddq test is significantly lower. ECR test offers several
advantages relative toIddq test.

� The currents for the dynamic tests are in theµA range. The
currents for theIddq tests are in the tens ofnA range. In

general, the larger average currents are far easier to measure
than the small static currents.

� The application time forIddq tests is significantly higher than
for the dynamic current tests. For eachIddq vector, substan-
tial time is required for the signals in the circuit to resume a
quiescent state.

� Iddq tests have been criticized for failing a large number of
devices which have passed all other tests. The ECRs for
fault-free circuits have been shown to be very tightly clus-
tered, both in simulation and in practice as well. The proba-
bility of fault-free circuits failing the ECR is negligible.

� The impact of a defect on the static current cannot be magni-
fied. This is especially critical in circuits with a large number
of transistors. Thus, high quality measurement tools on ex-
pensive testers are needed to detect faults. The ECR markedly
reduces the impact of process variations while preserving the
impact of a fault. Further, the impact of a fault can also be
increased by increasing input frequency and/or the supply
voltage.

� The effectiveness ofIddq techniques can be increased by us-
ing on-chip partitioning techniques, and on-chip sensors. Based
on the available evidence, it is reasonable to believe that a
similar approach would also be effective for ECR-based test.
Further the sizes of the partitions could be significantly larger
than forIddq test.

Relative to dynamic current test techniques which monitor the
transients for a single transition, ECR-based test offers the advan-
tage of requiring less accuracy in synchronization. When monitor-
ing individual transients, phase errors in measurement can poten-
tially invalidate the test.

5.4 Cross-Wafer Threshold Performance

The results discussed above were obtained by computing the ECRs
for wafers which were defined as being good. Clearly, during a
regular test process such information is not available in advance,
as it was for this experiment. Several alternatives can be explored
to set the threshold. For example, the ECR can be computed for
all the devices, and the mean of the resulting distribution can be
used to set the threshold. The thresholds will be skewed if several
defective devices have near identical ECRs. A second approach is
to randomly subject a few of the devices to other tests, and use the
fact that the ECRs of good devices are tightly clustered to identify
suitable thresholds. The limitation of both these approaches is that
the ECRs for all the devices have to be measured before pass/fail
decisions can be reached.

We investigate a third approach: using the information from
one wafer to set the thresholds for the remainder of the test pro-
cess. Table 6 shows the results obtained when such an approach is
applied to the sample data. The first row represents the results ob-
tained when data from all wafers is used to set the thresholds. The



remaining six rows show the results obtained when data from a sin-
gle wafer, identified in the first column, is used to set the thresholds.
For example, when Wafer No. 2 is used to set the threshold, 99.6%
of the good devices would pass the ECR test, and 76.4% of the
faulty devices fail the ECR test. As can be seen, the performance
of the different thresholds is not significantly different. It would
appear that data from a small subset of the manufactured ICs can
be used to reliably set test thresholds to test all devices.

Wafer ECR Threshold Good pass% Fault Coverage%
All 0.8005–0.8047 100 76.4

No.1 0.8007–0.8047 100 76.7
No.2 0.8002–0.8044 99.6 76.4
No.3 0.8005–0.8049 100 76.4
No.4 0.8008–0.8046 100 76.7
No.5 0.8008–0.8048 100 76.7
No.6 0.8006–0.8044 99.6 76.4

Table 6: Cross-wafer ECR threshold performance

6 Conclusion

Normal process variations can significantly degrade the quality of
transient test techniques. A new metric, the energy consumption
ratio (the ECR) can, to a first order, negate the impact of process
variations while preserving the impact of a fault on the power dissi-
pation of a circuit. The ECR demonstrated through simulation the
potential to offer significant improvements in fault coverage over
transient current test. We addressed several practical issues which
have to be resolved to apply the ECR to IC test. Though it is an
accurate methodology, circuit simulation is too expensive to use as
a tool to assess the detectability of a fault using the ECR. We de-
veloped a logic-level fault simulator for the ECR which accurately
estimates the detectability of a fault in the presence of process vari-
ations.Other dynamic current test techniques reported in the litera-
ture require circuit simulation to estimate fault detectability.

We demonstrated the ability of the ECR to detect real defects
through the application of the ECR to a low voltage sub-micron IC
product. The potential effectiveness of the ECR was confirmed by
the results achieved with the target IC. Readers may note that the
currents in the ECR were already components of the test suite for
the product, and were not chosen specifically to maximize the fault
coverage of the ECR. The ECR was computed by simply reinter-
preting the existing test data. The test process was conducted by
setting a threshold for the ECR, and failing all units whose ECRs
fall outside the threshold. Since the ECR is nearly constant across
wafers, simple sampling techniques can be used to set the threshold
in a real test process.

The ECR more than doubled the fault coverage of the transient
tests. For every other test, on average the ECR detected nearly 95%
of the defective units detected by that test. The coverage achieved
by the ECR was higher than that offered by any other test, including
Iddq test. Yet the ECR is significantly less expensive thanIddq test
in terms of test duration, the difficulty of application, a low prob-
ability of failing good units and overall test costs. An ECR-based
test methodology can be a high-quality screening technique that
can be applied using simple testers. To the best of our knowledge,
this is the first dynamic current-based test technique to be validated
through extensive application to a manufactured IC.
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