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Abstract

For Design-For-Test (DFT) purposes, analogue and
mixed-signal testing has to cope with the difficulty of test
evaluation before production. This paper aims at evaluating
test measures for RF components in order to optimize
production test sets and thus reduce test cost. For this, we
have first developed a statistical model of the performances
and possible test measures of the Circuit Under Test (a Low
Noise Amplifier). The statistical multi-normal model is
derived from data obtained using Monte-Carlo circuit
simulation (five hundred iterations). This statistical model is
then used to generate a larger circuit population (one million
instances) from which test metrics can be estimated with
ppm precision at the design stage, considering just process
deviations. With the use of this model, a trade-off between
defect level and yield loss resulting from process deviations
is used to set test limits. After fixing test limits, we have
carried out a fault simulation campaign to verify the
suitability of the different test measurements, targeting both
catastrophic and single parametric faults. Catastrophic faults
are modelled by shorts and opens. A parametric fault is
defined as the minimum value of a physical parameter that
causes a specification to be violated. Test metrics are then
evaluated for the LNA case-study. As a result, test metrics
for functional measurements such as S-parameters and
Noise Figure are compared with low cost test measurements
such as RMS and peak-to-peak current consumption and
output voltage, input/output impedance, and the correlation
between current consumption and output voltage.

1. Introduction

Production testing of RF components generally targets the
validation of the functional specifications. Often, market
pressures and reduced testing time limit the number of
functional specifications that are actually verified during
production. Therefore, following a similar test paradigm as
for analogue and mixed-signal components working at low
and moderate frequencies, researchers have started to study
the optimization of test sets for RF components.

Defect-oriented test techniques have been considered in
[31[4]1[5116]1[9]. In [3], industrial results of a quiescent
current testing technique are presented. The method is based
on varying power supply and observing the corresponding
quiescent current signatures. In [4][5], defect testing
techniques are presented for non-linear RF front end
circuits. In [4] the technique is based on measuring input
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impedance matching. In [5] they use current consumption as
test criteria. In both cases non-intrusive, low cost and low
overhead Built-In-Self-Test (BIST) solutions are presented.
In [6] a technique using the correlation between current
consumption and output voltage of the circuit is used to
detect faults, and a low overhead BIST solution
implementing this method is proposed. In [9] test
measurements include current consumption and only a few
more functional tests. But the problem of fixing test limits is
not considered. Signature testing based on deriving device
specifications from generated signatures is studied in [7]. It
is based on reducing test cost by using a low frequency
Automated Test Equipment (ATE). Furthermore, in this
method, an RF signal modulated by a low frequency signal
is injected into the circuit, and then the faults are determined
into the demodulated output signal that forms the signature.

Analogue and mixed-signal testing has to cope with the
difficulty of test evaluation before production. To evaluate
test quality, defect level and yield loss are the major test
metrics. In this work, to evaluate and compare test
measurements, test limits are fixed following a statistical
model of the Circuit Under Test (CUT) and ensuring optimal
values of test metrics such as defect level and yield loss in
the presence of process deviations at the design stage. The
suitability of the test limits is further analyzed by measuring
the fault coverage for single catastrophic faults and the test
metrics for single parametric faults.

The paper is organized as follows. Section 2 describes the
LNA under test. The statistical method used is presented in
Section 3. Section 4 will discuss the setting of test limits. In
Section 5 fault simulation results are presented. Finally, the
paper will conclude with the summary of the obtained
results and some directions for future work.

2. LNA description and possible test measures

The CUT is a 0.25 um BiCMOS cascode 2.2 GHz Low
Noise  Amplifier (LNA) designed with a ST
Microelectronics technology. A similar CUT has been
studied in the past in [9]. A schematic description of the
LNA is shown in Figure 1. The cascode stage for
amplification is surrounded by: biasing stage (resistances
R;-Ry; and transistors T, T,), decoupling capacitors (C;, C;)
to dissociate the DC signal (bias signal) of RF signals,
coupling capacitors (C4, C,), feedback capacitors (Cs, Cs) to
protect the cascode stage (transistors T3, T,) from a possible
over-range voltage and a resistor Ry added to improve the
input adaptation.
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Figure 1. Schematic description of the LNA under test.

On a LNA, the performances typically measured are the
gain (S;;), Noise Figure (NF), rejection coefficients (S;; and
S»,), compression point (IP;) and input third order intercept
point (IIP3). In this study we only considered S-parameters
and Noise Factor. In addition, we will consider low cost test
measurements such as RMS and peak-to-peak current
consumption and output voltage, input/output impedance,
and the RMS correlation between current consumption and
output voltage (Ip). The instantaneous correlation in this
case-study is defined as a mathematical function that links
total current and output voltage as follows [6]:

jo= a-it+b-i2 ()
a-b-ir-iz
where 1, is the instantaneous current consumption and i, is a
instantaneous current proportional to the output voltage.
Parameters a and b are fixed as a function of an actual
circuit implementation of this correlation function.

In order to find the statistical parameters for the
performances and specifications of the CUT, we have
performed a Monte Carlo simulation (500 iterations). All
physical parameters of all circuit components are varied
following their distribution. The statistical parameters of
both performances and test measurements are shown in
Tables I and II, respectively. Figure 2 shows the distribution
of the gain (S,,), as an example.

Performances 1) c
@2.2GHz
NF (dB) 1.6 0.08
Si1(dB) -12.4 0.46
Si2(dB) -21.9 0.19
Sy1 (dB) 16.3 0.17
S», (dB) -15.5 1.28

Table I: The performances of the LNA with their statistical
parameters: mean value (u) and standard deviation (o).

——

Test measurements n c

Lims (MA) 5.2 0.02

I, (mA) 3.6 0.14

Vims (mV) 44.8 0.89

Vpp (mV) 129.3 2.29

I) (mA) 15.5 0.05

Z, () @2.2GHz 64.0 1.71
Z, () @2.2GHz 69.1 2.72

Table II: Statistical parameters of possible low cost test
measurements.
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Figure 2. Distribution of the LNA gain.

3. Statistical model: multinormal hypothesis

For measuring analogue test quality, the set of test
metrics considered is composed by [1]: Yield Y, Test Yield
Y, Yield Loss Yy, Yield Coverage Y, and Defect Level D.
We will use these metrics in order to set the test limits at the
design stage, considering process deviations. Thus we will
use the super index D to indicate that the metrics are
estimated at the design stage using process deviations. These
metrics are:

YP =Proportion of functional (good) circuits 2)
Y °=Proportion of circuits that pass the test 3)
Y °_Proportion of functional circuits that fail the test (4)
DP=Proportion of bad circuits that pass the test 5)

where a functional (or good) circuit is the one for which all
its performances are inside their specifications and a bad
circuit is the one for which at least one of its specifications
is violated.

If A= (AL A,,..., A)) is the set of the n specifications of
the performances (A={NF, S;;, Si5, Sy1, S} in our case)
and B = (B4, B,, ..., By,) the intervals of the accepted values
of the m test criteria, these metrics are calculated
theoretically as follows [2]:

YP = fo(s)ds 6)
1r° = [p fr(t)dt (7
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where fg(s) is the joint probability density of the
performances; fr (t) is the joint probability density of the test
criteria; and fst (s,t) is the joint probability density of the
performances and the test criteria. Eq (6)-(10) show that test
metrics are computed through probability density functions.
Under the assumption of a Gaussian distribution function of
circuit performances, the density probability functions can
be calculated after mathematical operations over the data
obtained by a Monte Carlo simulation.

For a p-dimension vector X= (Xj, X5, ... ,Xp)T composed
of random variables, with mean value p = (u;,Ma, ..., pp)T and
variance-covariance matrix X, if X has a Gaussian
distribution, then X has a probability density function (PDF)
f(x) defined by:

S(x)= (11)

_(x—mTz‘l(x—m}

1
Jdet(272) ex{ 2

This PDF function can then be used to estimate test
metrics at the design stage for process deviations using
Equations (6)-(10). However, a direct integration of these
Equations is normally not feasible when several
performances and test measurements are considered. To
overcome this problem, we directly use this PDF function to
generate by software (MatLab) a population of N=1 million
instances that has the same statistical behaviour. From this
generated population, the test metrics are estimated as
follows:

Number of functional circuits

Y=
N (12)
Y= Number of circuits that passes the test
N (13)

o Number of fail functional circuits

Number of functional circuits (14)

Number of pass faulty circuits

D=
Number of circuits that pass the test (15)
The assumption of a multinormal hypothesis is verified
by plotting the marginal distributions of each performance
and test measurement.

4. Setting of test limits

For the case-study LNA, Table III gives the performance
limits, which are fixed at 3.90 of the corresponding mean
values. The application of the statistical modeling procedure
above defined has resulted in an estimation of 379 circuits
being out of specifications due to process deviations.

Performances Min Max
@2.2GHz
NF (dB) 1.3 1.9
Si; (dB) -14.1 -10.6
Si» (dB) -22.6 -21.1
S,; (dB) 15.7 17.0
S,, (dB) -20.5 -10.5

Table III. Specifications limits.

Using the statistical model, we can set test limits as a
function of defect level and yield loss under the presence of
process deviations. As an example, we will set next the test
limits at the point for which defect level and yield loss are
equal, thus minimizing both test metrics at the same time.
As shown in Figure 3, this point is characterized by 257 ppm
defect level and test limits of 3.60 for the RMS current
consumption. This means that among the circuit population
(1million), 257 of them will be defective due to process
deviations. The process deviation fault coverage for RMS
current consumption is 32.2% (among the 379 defective
circuits, 122 of them are detected). To make a comparison
between the possible test measurements, we can use this
figure, knowing that each simulation of a normally robust
design generates a small number of circuits out of
specifications. Table IV gives the test criteria limits fixed at
3.6 0 . Figure 4 resumes the different process deviation fault
coverage for the potential test criteria.
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Figure 3. Process deviation Defect level and Yield loss for
Irms.

Test measurements | Min Max
Lims (MA) 5.1 5.3
I, (mA) 3.1 4.1
Vims (MV) 41.6 48.0
Vi (mV) 121.0 137.6
Iy (mA) 15.3 15.7
Z, (QQ) @2.2GHz 57.9 70.1
7, (QQ) @2.2GHz 59.4 78.8

Table IV. Test measurements limits.
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Figure 4. Coverage of faulty behavior due to process
deviations at the design stage.

5. Fault simulation results

Once limits for test criteria have been set using the
statistical model, and optimizing test metrics for covering
process deviations, a fault simulation campaign has been
carried out to evaluate these different test metrics in the
presence of circuit faults. We have injected both single
catastrophic and parametric faults. Multiple faults have not
been considered.

5.1 Catastrophic faults

They result from circuit shorts and opens as it has been
done in the past in similar works [9]. Opens have been
modeled with a resistance value of 100 MQ and shorts with
a resistor of 1Q. The faults have been injected in transistors
junctions, and also in passive components. Figure 5 shows
the fault coverage of each type of test studied for 46 faults.

Results on Figure 5 show that the set of specifications can
be reduced (with the same fault coverage) to three vectors:
NF, S;; and gain. These vectors present a fault coverage of
82.6%. Simple test measurements, especially Vi, and Iy,
when added have a higher fault coverage (89.1%) than the
set of specifications. The test vector I, has a fault coverage
of 82.6%, as for the set of all specifications. Faults that are
not detected (five in total) are: shorts on the direct junction
of transistors in the biasing stage (T,, T,), open on
decoupling capacitor C;, and short and open on resistor R,.
For resistor R, or R, they have been put in parallel to secure
the biasing stage, so that a short or an open affecting on one
of the two is compensated by the other. An open in this case
must be injected on the net before the component. For
transistor faults undetected, shorts added on the direct
junction do not degrade as much the quality of the junction.
These undetected faults result from the setting of the
specifications limits.
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Figure 5: Catastrophic fault coverage of different test
vectors



5.2 Single parametric faults

5.2.1 Metrics computation

To evaluate the quality of an analogue test with regard to
parametric faults, we focus on fault coverage and the test
metrics that have been defined in Section 3. These metrics
will be calculated following the approach described in [1].
This is illustrated in Figure 6. Given a certain parameter i, a
fault is defined as the minimum deviation v;**° of this
parameter that results in the violation of a specification. This
probability is noted p;** in Figure 6. Similarly, p;® is
defined as the probability that a fault in this parameter is
detected by the test, which depends on the minimum
deviation v{*" of the parameter that is required for a test
criteria to detect the fault.
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Figure 6. Probability of a parametric fault (ps.) and
probability of fault detection (p.) for parameter i.

All the different test metrics can be calculated from these
probabilities as shown in [1]. For example, fault coverage is
calculated as:

S In(l — min(p', )
F=2

> In(l - i) (16)
i=1

where 7 is the number of potential faults and m the number
of potential faults that can be detected by the test.

5.2.2 Results

The input parameters for simulation consist of 72 local
deviations in transistor diffusion length (le) and base width
(we), resistance, capacitor and inductances values (C, R, Ls)
and passive component width (w). For each of these
parameters, we require their standard deviation. It is not
possible to obtain these values directly from the Design Kit
of the technology. Thus, we have taken example values. For
transistor length and width, and passive component width,
we have taken a standard deviation of 10 nm. For the values

of capacitors, inductances and resistors we have taken a
standard deviation of 10% of the nominal value.

A CAT platform developed in the research Group [2] is
used to inject the faults described in this parametric fault
list. Table V summarizes the collapsed parametric fault list
generated for the LNA. The collapsing is done by dropping
faults that have very low probabilities (less than 1e-4 in this
case) because those faults have a negligible impact on the
computation of test metrics.

The test measurements are compared by considering the
value of the corresponding test metrics. The test limits of the
criteria are the same as those used for the evaluation of
catastrophic faults, and they were set using the statistical
model from process deviations. The measurement of the
input impedance (Z1) shows the best fault coverage (63.5%)
and defect level (3.8%). The combination of RMS output
voltage and input impedance has the same fault coverage
(64.2%) than by considering all the test measurements. As
illustrated in Table VI, faults 4 and 5 are never detected by
any of the test criteria considered. The high probability of
fault n°4 explains why the fault coverage is limited to
64.2%. Table VI resumes the metrics obtained for our test
criteria.

We have seen that for catastrophic faults the test set
{Vpp, Irms} has the highest fault coverage. This set presents
a 60.6% parametric fault coverage. The combination of
RMS current consumption and peak to peak output voltage
also ensure the best coverage in the case of process
deviations. An extended test set {Vpp, Irms, Z;} will have
the same characteristics for catastrophic faults and process
deviations, when increasing single parametric faults
detection to 64.2%.

We notice also that the yield for process deviations (257
ppm of defective devices for 1 million circuits) is above
99.9 %, while the yield considering parametric faults is just
89.9% (see Table VI). This probably implies that the
probabilities of failure obtained in Table V are too high, as a
result of standard deviations for the parametric faults being
overestimated.

Conclusions

Analogue and mixed-signal testing has to cope with the
difficulty of test evaluation before production, and this is
especially important for Design-For-Test (DFT) purposes. In
this paper, we have illustrated a way to carry out this task
and applied it to the case of a LNA case-study. Since the
evaluation is done at the design stage, without having
production data, test limits are set using a statistical model
that considers process deviations. Possible test
measurements are then evaluated by considering calculated
test metrics. These test metrics can be calculated for the case
of process deviations and for the case of single catastrophic
and parametric faults. The fault-based approach is used for
the selection of the most interesting test criteria. In
particular, a test set including peak-to-peak output voltage
and RMS current consumption presents good fault coverage
for catastrophic and parametric faults.



A test measurement resulting from the correlation between
output voltage and current consumption should then be a
good test. This is not yet reflected in the results obtained,
and we are investigating a better way to compute this
correlation. In addition, we are currently extending our
parametric fault simulation to cover global parameter
variations.
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Defect N° | Process Parameter | Deviation Specification failed | Probabilty of
(defect) failure

1 Als (L1) 20.63% Gain 0.0195

2 Als (L1) -18.75% Gain 0.0303

3 Als (L2) 8.44% S22 0.0007

4 Als (L2) -5.00% S22 0.0303

5 Ac (C2) -16.88% S11 0.0003

6 Ac (C5) -24.31% S12 0.0056

7 Ac (C6) -25.31% S12 0.0056

8 Ar (RO) 65.63% NF 0.0005

9 Ar (RO) -45.30% NF 0.0117

Table V: LNA parametric fault list.
Test N° | Test criteria | Defects F Y YT Yc D
1 Lims 1,3,6 9.2% 89.9% 199.0% |100% |9.2%
2 Ip None 0% 89.9% |100% | 100% | 10.0%
3 Vims 1,3,6,8,9 58.7% | 89.9% |92.1% |98.0% |4.3%
4 Voo 1,3,6,8,9 60.6% | 89.9% |88.9% |94.7% |4.1%
5 Iy 3,6 12.8% | 89.9% |98.6% |100% |8.8%
6 Z, 1,3,6,7,8,9 | 63.5% |89.9% |80.4% |86.0% |3.8%
7 Z, 1,3,6,7,8,9 | 16.9% |89.9% |94.4% |96.1% |8.4%
8 All test 1,3,6,7,8,9 | 64.2% |89.9% |77.3% |82.7% |3.7%
criteria

Table VI: Test criteria and metrics obtained.
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