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Abstract. Specification reduction can reduce test time, consequently, test cost. In this paper, a methodology to
reduce specifications during specification testing for analog circuit is proposed and demonstrated. It starts with
first deriving relationships between specifications and parameter variations of the circuit-under-test (CUT) and then
reduces specifications by considering bounds of parameter variations. A statistical approach by taking into account
of circuit fabrication process fluctuation is also employed and the result shows that the specification reduction
depends on the testing confidence. A continuous-time state-variable benchmark filter circuit is applied with this
methodology to demonstrate the effectiveness of the approach.
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1. Introduction

Analog circuit testing has been a difficult problem, pri-
marily due to the non-deterministic nature of compo-
nent parameters and limited accessibility of internal
nodes for the CUT. Analog testing techniques are tra-
ditionally classified into two categories, i.e., structural
(fault)-oriented testing and functional (specification)-
based testing. For the structure-oriented testing, a fault
model, usually at the circuit level, is adopted and pat-
terns (signals) are applied to the CUT to exploit the
specific structural difference between the defective and
non-defective circuits. However, there are no univer-
sally accepted fault models for analog circuits because
the nature of analog faults is not constant and cannot
be definitely and precisely modeled. For the functional-

based testing, it is to measure some specified perfor-
mance specifications of the CUT, such as DC gain,
cut-off frequency, and slew rate, etc., and to determine
“pass” or “fail” of the CUT based on whether the mea-
sured results are within specified ranges. This test ap-
proach is straightforward and is easy to be applied.
However, it lacks precise metrics to indicate the struc-
tural fault coverage and is inherently expensive since it
involves expensive dedicated test equipment and long
testing time.

Several researches [1, 10, 17] that alleviate the diffi-
culty of test generation, fault classification, test quality
improvement for analog and mixed-signal testing have
been presented by linking the information of structural
fault and circuit specifications. One important goal on
testing research is to reduce the test time. In the digital
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domain, this corresponds to deriving the efficient test
set which maximizes fault detection. In the analog do-
main, due to the difficulty in defining faults as men-
tioned above, there were only a few works on this topic.
Huss et al. [4] studied the problem by ordering specifi-
cation tests so that faulty circuits are detected early in
the test sequence to reduce the average test time. This
approach is efficient to reduce test time if a CUT is
defective but does not gain advantage when the circuit
is normal. Milor and Sangiovanni-Vincentelli [9] also
proposed an algorithm for finding an ordering of speci-
fication tests to increase the efficiency of the functional
testing. This algorithm eliminates the non-critical spec-
ifications based on the yield prediction but it is hard
to derive the accurate yield and it is time-consuming
when correlations between specifications are consid-
ered. Souders and Stenbakken [15] presented an ap-
proach to select a minimal set of basis vector to calcu-
late the entire behavior for analog-to-digital converter.
This method reduces the test time but needs extra inter-
nal test points for the CUT. Lindermeir et al. [7] pro-
posed a characteristic observation inference test design
approach for analog circuit. For the approach, for each
given specification, it simulates training samples and
computes a test inference criterion based on a logis-
tic discrimination analysis. With obtained test criteria,
satisfaction or violation of the original circuit specifi-
cations are inferred from characteristic observations of
the circuit under test.

In this paper, we approach this problem by study-
ing the relationship between the performance specifi-
cations with component parameters of the analog CUT
and reaching the conclusion that some of specifications
of the circuit can be removed for the testing purpose.
By removing the specification, the testing time can be
reduced. Also, a statistical approach is employed by
taking into account of circuit fabrication process fluc-
tuation to show that the specification reduction depends
on the testing confidence.

The paper is organized as follows: The fault model
and the procedure to derive the relationships between
analog faults and specifications are first presented with
a simple low pass filter as an illustration example.
Then, Monte Carlo simulation is used to find the ef-
fect of the manufacturing process fluctuation on the
above relationships, and a specification reduction pro-
cedure is described. An illustrative case study on the
continuous-time state-variable filter benchmark circuit
[6] is included to demonstrate the effectiveness of the
approach.

2. Mapping Between Faults and Specifications

As mentioned previously, there is no universal and
well-defined fault model for testing analog circuits.
A common practice is to resort to the circuit level to
define a fault to be an “open” or “short” of a circuit
component such as a resistor, capacitor or a transistor
etc. (catastrophic faults), or a deviation on the value
of the above circuit components (parametric faults).
These faults are used because they generally can be
clearly attributed from physical manufacturing defects
and deduced from the computer-aided analysis such as
Inductive Fault Analysis (IFA) [8, 11, 14, 18]. They are
relatively well defined and easier to be handled. They
can be served as a metric for evaluating the testing
coverage and the effectiveness of tests for testing ana-
log circuits. It has been shown [9, 16] that parametric
faults are significantly more important to be considered
since they dominate catastrophic faults and are harder
to be detected. In this work, specifications are stud-
ied to be reduced while considering parametric faults
as the metric. Circuit parameters such as resistances,
capacitances, inductances passive components and V7
(threshold voltage), W (channel width) and L (chan-
nel length) of the MOS transistors are within their al-
lowable range, i.e. within specified fluctuations of the
manufacturing process. When a parametric fault oc-
curs, possibly caused by a local defect or manufactur-
ing equipment error, the value of the circuit parameter
is outside of the range of the specified range.

2.1. Mapping Specifications to Circuit Parameters

Consider a circuit of m parameters, P =[py, p2, ...,
pml, where p; could be resistances of resistor, ca-
pacitance of capacitor, W/L ratio of transistor, and
Vr of transistor, etc. The performance of the circuit
is bounded by n specifications, S = [sy, 52, ..., Sy].
S =[s¥,s%, ...,s" and 8" = [s, s}, ..., s'] are de-
noted to the upper and lower bounds for these spec-
ifications. For the design with the nominal P value:
P = [p?, pg, e, p,%], we can find a corresponding
point, $* = [s%, 59, ..., s°], in the specification space.
Fig. 1 shows the abstract graph of mapping between
the parameter space and the specification space. Also,
itis an aim to conversely find the accepted tolerances of
parameters from the allowed ranges of specifications.

Under the single fault assumption, the accepted tol-
erance of each parameter can be obtained through de-
duction if the relationship between specifications and
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Fig. 1. Mapping between the parameter and the spec-
ification space [10, 17].

parameters are explicit and simple or through simula-
tion combined with back-inference. A simple example
will be used to explain this later.

For a specification, say, the jth specification s; €
S, it is a function of all parameters p’s. If, un-
der the single fault condition, we consider parameter
pi» §; can be represented as s;(p;)= f(pi1, p2, ...,
Di—1, Pi» Pi+1s - - -» Pm) Where all p;’s are fixed ex-
cept p; which is allowed to vary. We assume that s;
is bounded by s;? and si., the accepted process toler-
ance range of p; for s; can be deduced by solving the
inequalities:

si(p) = f(p). P2, ...

0 0
P P Dyt PD) < 8
si(p) = £(p), P2, ... i

0 0
S P Pis Pt o5 Po) =

We denote the obtained upper and lower bounds of
accepted range of p; fors; tobe p}; and p respectively.
A simple low pass filter of F1g 21is used as the ex-
ample to explain as follows:
The transfer function of the low pass filter is:

Vou(s)  —Ry/R,
Vin(s) 1+ sCR,

Assume that the parameters we consider are R;, R»,
and C and the specifications are DC gain Ay, cut-off
frequency f,, input resistance R;,, respectively. For
R =2MQ), R, = 2(MQ) and C = 100 (pF), Ap =

R2| 1, f. = m = =795.8 (Hz) and R;, = R, =

C Design parameters:
=2 (MQ) pl
R Ry=2 (MQ) .pd
C =100 (pF) ops

R, Specifications:

Vin 0.8<A4p<1.2 S
Vour 600 (Hz) <fi<1(KHz) ...s
Rin2 1 (MQ) 3

Fig. 2. A low pass filter example to explain the deduction of rela-
tionship between parameters and specifications.
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2 (MS2). The ranges for each specification are as shown
in the figure. By solving 0.8 < s1(p;) = |72(MQ)| <
1.2, we obtain that the accepted range of p; for sp 1s
1.667 (M) < R; < 2.5 (MQ), i.e., p{; = 2.5 (MQ)
and pl11 = 1.667 (M€2). The upper and lower bounds of
accepted range of Ry for s, is p}, = oo and p!, = —oc0
since sp(p1) = 27”13 c is mdependent of Ry. Similarly,
we can obtain p; = 00, and pl; = 1 (M) by solving
s3(p1) = Ry = 1 (MQ).

The above deductive approach is efficient if the re-
lationships between parameters and specifications are
explicit and simple. However, these relationships are
usually implicit and hard to be derived when circuits
are large and active components are involved. For these
cases, simulation-based approach needs to be used.
That is: the deviations of specifications w.r.t. param-
eters are directly simulated. The relationships between
specifications and parameters can be obtained in ta-
ble or curve forms and bounds of the parameters can
be found by applying the constraints of specifications
on these relationships. Fig. 3 shows such a curve of
specification A, of the low pass filter circuit of Fig. 2
w.r.t. parameter R, . The upper and lower bounds for R
for this specification A, can be extracted to be 2.5 and
1.67 (M2) respectively. In a similar way, the bounds of
all other parameters w.r.t. the respective specifications
can be derived and are shown in Table 1.

2.2.  Procedure of Specification Reduction

A circuit is defined as “fault-free” if it satisfies all the
constraints of specifications. Thus, the final upper (p})

Spec.1: DC Gain (AQ)
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Fig. 3. Relationship curve of specification A, w.r.t. parameter R1
of the example circuit of Fig. 2.



574 Chang, Lee and Chen

Table 1. Upper and lower bounds of Ry, Ry and C w.r.t. specifi-
cations Ao, f. and R;,.

Ag fc Rin
LB UB LB UB LB UB
R1 () 167M 25M —00 00 1M 00
R2(2) 16M 24M  158M  265M —oc0o o0
C (F) —00 00 79.3p 133 p —00

UB: upper bound. LB: lower bound.

and lower bounds ( pl{ ) of accepted range for ith param-
eter should be:

i u u u
p; = mmlmum(p“, Pios - pin)

— : [l !
D = max1mum(pil, Dizs -+ pin)

For the low pass filter example shown above, the
final upper and lower bounds of R; should be given
to be minimum(2.5 M, co, c0) = 2.5 (MQ) and
maximum(1.67 M, —oo, 1 MQ) = 1.67 ML) re-
spectively. Hence, if the resistance deviation, caused
by a defect, of R; is within the range of 2.5 (M)
and 1.67 (MS2), the circuit will pass all specifica-
tions s1, s2 and s3 and will be considered to be
good.

In the above, s1 is the most significant specification
in determining the lower bound for the R; decrease-
ment fault since it is the specification which determines
the lower bound for R;. This specification is the “Es-
sential Lower Bound Specification for parameter i”,
denoted to be ELBS;, which is given by the general
form:

ELBS, = Sj'p,{j:]’,’», vj

Similarity, the “Essential Upper Bound Specification
for parameter i, the most significant specification for
ith parameter increasement fault, denoted by EUBS;,
is given by:

EUBS; = sj|p;4/_=p7, i

As a result, the “Essential Test Specifications”, the
indispensable specifications for all parameter faults,
denote by ETS, will be the union of all ELBSs and
EUBSs:

ETS = | J {ELBS; U EUBS;}

i=1

Table 2. Tolerance range and the most significant
specifications for decreasement and increasement
faults of each parameter.

FLB ELBS; FUB EUBS;

RI(2) 1.67M sl 25M sl
R2(2) 1.6M s1 24M sl
C(F) 793p 52 133p 52

FLB: final lower bound; FUB: final upper bound.

Table 2 summarizes the tolerance range of all pa-
rameters and the most significant specifications for
the decreasement and the increasement faults of each
parameter. From the table, apparently, s1 and s2 are
the essential test specifications which need to be con-
sidered in testing as all the parameters: R1, R2, and
C are considered, but s3 can be ignored. That is:
specifications are reduced from s1, s2, and s3 to s1
and s2.

3. The Impact of Manufacturing
Process Fluctuations

As feature size of MOSVLSI moves into the deep sub-
micron range, the device characteristics and yield be-
come more sensitive to manufacturing process fluctua-
tions. When there are variations in the parameter space
due to the process fluctuation, correspondingly, there
will be variations on the specification space of the cir-
cuit. The specification and the parameter relationship
such as that of Fig. 3 will become a band instead of a
single curve due to value variations, which are caused
by the process fluctuation, of all parameters as shown
in Fig. 4. If the variations of all parameters are as-
sumed to be random, the distribution of the band will
be Gaussian [2]. There may be a probability, which is
small, that the circuit, originally considered to be good,
will not pass the specification due to the process fluc-
tuation. If there is a fault on R, i.e., it deviates to a
value, for example, 1.67 (M£2), the probability that the
circuit will not pass Ay becomes even larger. However,
there may be also a small probability that the circuit
still pass Ay due to value variations of other parame-
ters caused by the process fluctuation even though R is
faulty.

The above is explained in Fig. 5 for a general case:
Generally, specification s; has a distribution, due to the
process fluctuation, with respect to parameter p;, in the
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Fig. 4. The relationship between specification A
and parameter R; becomes a band due to the process

fluctuation.
pK pp;
H=p(K) u=p(pf)

Sju (S j)

Fig.5. Thedistributions of a specification due to parame-
ter variations for the normal circuit (p; = p?) and the faulty
circuit (p; = K). There is probability that the normal cir-
cuit does not pass the specification due to the parameter
variations, and for the faulty circuit, there still also exists
a small probability that the circuit pass the specification.

following form:

] *(X*/;j([7j))2
sjx, pi) = ——=——e 1" (M
V2mo;i(pi)
where x is the value of specification s; located, u; is
the mean value and crjz is the variance of specification
s;. If there is a fault on p;, i.e., p; deviates to a new
value, K, s; will have a new distribution but with a
form similar to that of Eq. (1). That the circuit passes
specification s; is sé < sj(x, pi) < s;‘. Hence, the
probability that the circuit passes s; when p; = K,

represented as Prob(p; = K 53 5)), is:

s~ K)?

1 : 202(K)
= e “j dx
v/ Znaj(K) [§
(2

Prob(p; = K = 5;)
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And, the probability of failing to pass s; is

il
Pl’Ob(pi =K ﬂ)Sj)
1 sh 70‘7#,’(1())2
= — e ¥ dx
2moi(K) /700
1 00 7(«**/;_,'(10)2
+ 7'/ e i dx 3)
V2o i(K) Js
Naturally,
Prob(pi =K ﬂxé}sj) ~|—Pr0b(p,~ =K ﬂ)sj) =1

“

The above probabilities can be obtained either di-
rectly from the relationship between the specification
and the parameter of the circuit or computed through
Monte Carlo simulation. In the previous low pass filter
circuit, if 4 and +30 of R; distribution are 2 (M£2) and
+10% respectively, the probability curves, computed
both from equation derivation (solid line) and computer
simulation (dotted line), of the circuit to pass specifica-
tion (0.8 < Agp < 1.2) are shown in Fig. 6 with respect
to the value of R;.

In the above curves it can be seen that, when R;
equals to its nominal value (=2 M) and all other

Prob(R,“5>A,)

- Resistance

of R1

|
1.4 1.6 :1.8 20 22 24 26 28
|

EE T - T e

1.597 1.738 2.395 2.607
(BF1) (BP1) (BP2) (BF2)

Fig. 6. Probability of the low pass circuit to pass specification
Ao with respect to the value of R, where the nominal value is
2.0 (MR2). Bounds for parameter R to pass or fail Ay during
testing for a 90% confidence level are shown. The central region
is the pass region, the two outside regions are fail regions, and the
two gray regions are uncertain regions.
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parameters vary randomly within their respective +30
around their nominal values, the filter always pass spec-
ification Ay, but will only “partially” pass Ay if R, is
smaller than 1.8 (M£2) or larger than 2.3 (MS2). For
example, if R} =2.4 (M), the circuit has an approxi-
mate 90% probability to pass A, and if R; = 1.6 (M€2),
it only has an approximate 10% probability to pass
this specification. If R is greater than 2.7 (M2) or
smaller than 1.5 (M£2) the circuit will definitely fail
to pass Ayp.

The bounds of accepted and rejected range for pa-
rameters can be obtained by solving Eqgs. (2) and (3)
under a given testing confidence (that is, after the test-
ing, even if the circuit passes all specification tests,
the circuit still has a certain probability of not work-
ing). For example, if the testing confidence is 90%, four
bounds solved for R; for Ay are shown in Fig. 6. They
are BF1 =1.597 M), BP1=1.738 (MQ2), BP2=
2.395 (M) and BF2=2.607 (MS2) respectively,
where BF1 and BF2 are the lower and upper bound-
ary values respectively of the fail band, and BP1 and
BP2 are lower and upper boundary values respectively
of the pass region. The circuit will pass Ag (the DC gain
specification) with over a 90% probability when R; is
between BP1 = 1.738 (M2) and BP2 = 2.395 (M),
and will fail, with over a 90% probability, if R, is be-
low BF1 = 1.597 (M) or over BF2 = 2.607 (MQ2).
Within the two gray regions, i.e., BF1 = 1.597 (M)
and BP1 = 1.738 (M), and BP2 = 2.395 (M2) and
BF2 = 2.607 (MS2), the circuit cannot be determined
to be “pass or fail” due to random variations, which are
caused by the process fluctuation, of other parameters.
If we reduce the testing confidence, these two regions
will shrink. For example, if we only ask for a testing
confidence of 50%, these two regions will shrink to
zero and the problems of setting the fault boundaries,
consequently the specification reduction, will be sim-
plified to that as stated previously in Section 2.

For the general ith parameter (p;) for the jth speci-
fication, we denote the above four bounds to be BP1;;,
BP2;;, BF1;;, and BF2;; respectively. If a circuit is
fault-free, it should satisfy “all” specifications, and the
bounds of the accepted range for the ith parameter are
given by:

BP1; = maximum(BP1;,, BPl;,, ..., BP1;,)
BPQ,, minimum(BPZil s BP,'Q, ey szin)

On the other hand, a circuit is considered to be faulty
if it violates one of specifications. Hence, the bounds

5 Pass
SI. | Pass ] m
1 1 1 1
— : : i p,
BF1,, BP1, BP2, BF2,
BF1,, BP1,, pe BP2,, BF2,
(a)
5 [ Pess T HEIEE
G Fail | Pass [ el |
S I [ Fess | NG
} > p
P “
(b)
A Fail | Pass |__Fail ]
4 Fail [ Pass ]
1 1 1 1
! . , . L .
BFt, BP1, | BP2,} BF2, ‘
BF1, BP1, p’  BP2, p, BF2,

(c)

Fig. 7. Elimination of specifications based on the locations of pass,
fail, and uncertain regions between specifications for a parameter py.

of rejected range for the ith parameter are:

BF1; = maximum(BF1;;, BFl;,, ..
BF2; = minimum(BF2;;, BF2;,, ..

) BFlin)
* BFZM)

Hence, a specification S; can be neglected, for a pa-
rameter py, when its bounds of pass range are outside
bounds of another specification S; since a circuit which
passes S; will always pass S; as shown in Fig. 7(a). For
the case in Fig. 7(b), §; can be ignored because it is
“dominated” by S; for p; lower bound fault and, on the
otherhand, “dominated” by S for p; upper bound fault.
However, for the case of Fig. 7(c), neither S; nor Sx can
be neglected since there are overlap between their re-
spective gray regions. When the parameter value, for
example, pyy, falls into these gray regions, there is al-
ways a probability that the CUT will not pass either of
the specifications.

Hence, for the testing purpose, we can define
“redundancy” for specifications as following:

Definitions.

(a) A specification §; is “lower bound redundant” for
a parameter py, if a specification S; ;. exists such
that BF1;; > BPlk]

(b) A specification §; is “upper bound redundant” for
a parameter py, if a specification S; ;+; exists such
that BP2y; > BF2y;.
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Fig. 8. (a) The 2-dimensional probability bell for passing specifica-
tion §; test for the double-parameters (py,, p,) fault; (b) The circlet,
which is cut from the 2-dimensional cone of (a) for a test confidence
of 90%.

(c) Aspecificationis “redundant” for testing, i.e., itcan
be removed, if it is both lower bound redundant and
upper bound redundant for all parameters.

In above, we presented the approach of specification
reduction based on soft (parametric) faults. However,
the above approach also applies to hard faults since
when a hard fault occurs, the circuit often fails at least
one specification.

In the above, in order to obtain the probability curves,
Monte Carlo simulation needs to be done, which is
a time consuming process. Time complexity may be
a problem large size circuits are considered. One ap-
proach to alleviate this difficulty is to partition the CUT
into several small blocks and the simulation is done
hierarchically [3].

Also, in the above, we deal with only single parame-
ter fault [5, 13]. When more than two parameter faults
are considered, the case will be more complex. To ex-
plain, for simplicity, a double fault (p,,, p,) case is
used as an example. When a double parameters fault is
considered, the probability curve for one specification,
say S;, will become a three-dimensional cone as shown
in Fig. 8(a) rather than the two-dimensional curve of
Fig. 6. For a given confidence level, a circlet will be
cut on the cone as shown in Fig. 8(b). Similarly, when
another specification, saying S; is also considered for
reduction, another circlet can also be obtained. If the
circlet of §; covers the circlet of S;, then §; is domi-
nated by S; for this double (p,,, p,) fault. As aresult, S;
can be neglected when testing for the double-parameter
fault.

4. Example

To further illustrate the above specification reduction
approach, a benchmark continuous-time state-variable
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filter circuit [6], as shown in Fig. 9(a), is used to demon-
strate the procedure, as well as its efficiency.

For this circuit, the band-pass output (BPO) is taken
as the output and R1 = R2=R3=R4=R6=1M,
Cl = C2 = 200 p, R6 = 300 K, and R7 = 700 K.
The central frequency for the band-pass output (BPO),
f. = @r/R3C1R4C2)~" = 795 Hz with a gain
equal to 1.11. The frequency response of the circuit is
shown in Fig. 9(b). The operational amplifiers in this
circuit are the benchmark operational amplifier [6], as
shown in Fig. 10. It is adopted for the purpose to make
the study more practical. The technology file used for
all computer simulation in the study is TSMC CMOS
0.8 um SPDM technology file of under a 2.5 V supply
voltage. The specifications of the filter are shown in
Table 3.

With the fault model described previously, the num-
ber of parameters (R, C, and W/L and Vy of each tran-
sistor) is 66. To study the effects on specifications of
all the faults of parameters, a Monte Carlo simulation
by considering a 10% (=30¢) variation on parameter
values has been performed. Table 4 summarizes the
simulated results where the mean and variance of each
specification are listed. The results are in two groups:
one group is for parameters in operational amplifiers,
and the other group is for passive component param-
eters outside operational amplifiers. In the table, the
variance of each specification caused by the parame-
ters inside operational amplifiers is much smaller than
that caused by the passive components outside oper-
ational amplifiers. This is obvious since devices and
components in an operational amplifier are insensitive
to the characteristics of the operational amplifier due to
negative feedback. Hence, in the forgoing study, only
the passive components (R1-R7, C1, C2) outside op-
erational amplifiers are considered.

Table 5 shows the bounds (BF1, BP1, BP2, BF2) ob-
tained from simulations for all specifications w.r.t. C1
under 99%, 90% and 50% testing confidence. From the
table, it is seen that C1 is insensitive to specifications
1 and 7 because, even if a large deviation occurs in C1,
the circuit always passes testing for these specifica-
tions. Also, decreasing the testing confidence reduces
the uncertain ranges (BF1-BP1 and BP2-BF2) and a
50% testing confidence gives a zero uncertain range.
The essential lower bound specification (ELBS) and
essential upper bound specification (EUBS) for C1 are
also derived. For the 99% testing confidence case, the
maximum{BF1’s} is 154 (pF) from specification S2
(this means that if a defect causes C2 smaller than 154
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Fig. 9. (a) The circuit of the benchmark continuous-time state-variable filter. (b) Frequency

response of band-pass output.

(pF), there is a 99% probability that the circuit will
fail the test). However, for S1, S3, S6, S7, S9 and S10,
their BP1 values are all smaller than 154 (pF), i.e., these
specifications can be ignored when considering the C1

Vo

Mé

Compenent | M1 | M2 | M3 | M4 | M5 | M6 | M7 | M8 | Cc Rec Rb
Width (um) | 60 | 60 |27.5|27.5| 35 |300|200| 15 | 1.27 | 8.75 | 110
Length(um)| 4 | 4 | 4 | 4 | 4 | 4 | 4|4 | pF k k

Fig. 10. Schematic representation and element values of benchmark
CMOS operational amplifier.

decrease fault. Hence, the ELBS’s are S2, S4, S5 and
S8. On the other hand, the EUBS’s are S2, S4, S5, S6
and S9 because their BF2 values are smaller than the
minimum{BF2’s} = 260 (pF), which is derived from

Table 3. Specifications of the filter circuit and their
nominal values (NV), lower bounds (LB), and upper

bounds (UB).
Specifications NV UB LB
S1: Gain @ f, 1.11 1.3 1

S2: Central frequency ( f;) 794 900 700
S3: Low cutoff frequency 515 600 400
S4: High cutoff frequency 1231 1400 1000

S5: 3 dB bandwidth 716 1000 500
S6: Quality factor 1.11 1.3 0.9
S7: Gain @ 100 Hz 0.13 0.2 0
S8: Gain @ 700 Hz 1.07 00 0.9
S9: Gain @ 900 Hz 1.07 00 0.9
S10: Gain @ 10 KHz 0.08 0.2 0
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Table 4. Means and variances of specifications caused by variations of device parameters inside operational amplifiers and

by passive component parameters outside operational amplifiers.

Caused by the variations of device
parameters in opamps

Caused by the variations of passive
R and C outside opamps

Specifications Mean Variance Mean Variance
S1: Gain @ f, 1.11 2.19 x 107° 1.10 2.19 x 1073
S2: Central frequency (f.) 794 6.40 x 1072 793 1150
S3: Low cutoff frequency 515 7.82 x 1073 512 555
S4: High cutoff frequency 1231 517 x 1074 1228 3361
S5: 3 dB bandwidth 716 9.71 x 1074 716 2340
S6: Quality factor 1.11 2.33 x 107° 1.11 3.60 x 1073
S7: Gain @ 100 Hz 0.13 1.16 x 10713 0.13 5.64 x 1073
$8: Gain @ 700 Hz 1.07 1.74 x 107° 1.06 241 x 1073
S9: Gain @ 900 Hz 1.07 1.75 x 107° 1.05 246 x 1073
S10: Gain @ 10 KHz 0.08 2.67 x 10713 0.08 2.6 x 1073

Table 5. Bounds of pass and fail range for all specifications w.r.t. C1 under 99%, 90% and 50% testing

confidence (unit: pF) (oo : infinity).

99% confidence

90% confidence

50% confidence

Spec. BF1 BP1 BP2 BF2 BFlI BPlI BP2 BF2 BFlI BPlI BP2 BF2
S1 —00 =00 00 00 —00 —00 o) o) —00 -0 00 00
S2 154 158 256 260 156 156 256 260 156 156 258 258
S3 74 152 278 586 92 134 348 518 114 114 432 432
S4 150 184 228 312 158 176 246 294 168 168 270 270
S5 130 156 244 330 136 150 262 310 144 144 286 286
S6 116 148 244 294 122 142 256 282 132 132 270 270
S7 —00  —00 00 [e%9) —00  —00 00 00 —00  —00 00 00
S8 44 176 336 476 74 148 368 444 110 110 406 406
S9 18 90 228 314 28 68 248 296 42 42 272 272
S10 76 84 00 00 78 82 00 00 80 80 00 00

S2 also. Combining ELBS’s and EUBS’s, we obtain the
essential test specifications (ETS) for the C1 deviation
fault are S2, S4, S5, S6, S8 and S9.

In a similar way, the ETS’s for all component pa-
rameters can be obtained. The final reduced test spec-
ification set is a set of the union of the ETS’s of all
component parameters. Table 6 shows the ETS’s for
all component parameters, the final reduced test speci-
fications and the ignored test specifications under 99%,
90% and 50% testing confidence, respectively. It can
be seen that in general certain number of test speci-
fications can be reduced for a component parameter
and when all parameters are considered, there are still

some specifications can be ignored. Also, as the testing
confidence is decreased, the number of ignored speci-
fications increases.

To study the effect of hard faults, a total of 36 short
(bridging) faults between nine circuit nodes (4 internal
nodes, HPO, BPO, LPO, input and ground) are sim-
ulated. For a short fault, a short resistance of 10 (£2)
is assumed. Table 7 lists the number of short faults
detected when all the above specifications are consid-
ered. All of 36 short faults can be detected. Even for S1
testing, it can detect 33 faults and for S2 testing, it can
detect 32 faults. With S1 and S2 testing simultaneously,
all 36 short faults are detected. This demonstrates that
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Table 6. Essential test specifications for each component parameter under 99%, 90% and 50% testing

confidence.

Component 99% confidence 90% confidence 50% confidence
R1 1,4,6,8,9 1,8,9 1

R2 1,2,3,4,5,8,9 1,2,3,4,8,9 4,9

R3 2,3,4,5,6,8,9 2,4,6,9 2,4

R4 2,3,4,8,9 2,3,8 2,3

R5 1,2,3,4,8,9 1,2,3,4,8 2,8

R6 1,3,4,5,6,8,9 1,6,8,9 1

R7 1,3,4,5,6,8,9 1,6,8,9 1

Cl 2,4,5,6,8,9 2,4,6,9 2,4

C2 2,3,4,8,9 2,3,8 2,3

Final test specs. 1,2,3,4,5,6,8,9 1,2,3,4,6,8,9 1,2,3,4,8,9
Ignored test specs. 7,10 5,7,10 5,6,7,10

Table 7. Number of detected hard faults for each specification.

Specifications ~ All spec. S1 S2 S3

S5 S6 S7 S8 S9 SI10 S1+48S2

Detected 36 33 32 31

31 32 17 32 32 15 36

the specification test can easily detect hard faults. If a
hard fault can not be detected by all specification test,
this fault can be effectively considered as a redundant
fault since it does not affect the performance of the
circuit.

5. Conclusion

In this paper, we have presented an approach to reduce
the number of test specifications for analog circuits.
The approach starts with derivation of the relationship
between specifications and device and/or component
parameters then defines upper and lower bounds for
parameters to find essential test specifications. Then
the variations on component parameters due to fab-
rication process fluctuations are considered by using
a statistical model to reduce test specifications with a
testing confidence probability. A continuous time state-
variable filter example circuit has been used to demon-
strate the specification reduction procedure and it has
been shown that 2, 3 or 4 out of 10 specifications can
be ignored during specification testing under the 99%,
90% and 50% testing confidence level respectively. The
procedure is effective and can be used in manufacturing
specification test for analog circuits to reduce test time.

Acknowledgment

We acknowledge the many discussions we had on the
subject of this paper with Prof. C.C. Su of the National
Central University, Taiwan.

References

1. B. Atzema and T. Zwemstra, “Exploit Analog IFA to Improve
Specification Based Tests [of SC Circuits],” in Proceedings of
European Design and Test Conference, 1996, pp. 542-546.

2. R.R.Boyd, Tolerance Analysis of Electronic Circuit Using Math-
cad, CRC Press, 2000.

3. E. Felt, S. Zanella, C. Guardiani, and A.L. Sangiovanni-
Vincentelli, “Hierarchical Statistical Characterization of Mixed-
Signal Circuits Using Behavioral Modeling,” in Proc. IEEE In-
ternational Conference on Computer-Aided-Design, San Jose,
CA, November 1996.

4. S.D. Huss, R.S. Gyurcsik, and J.J. Paulos, “Optimal Ordering of
Analog Integrated Circuit Tests to Minimize Test Time,” in Pro-
ceedings of Design Automation Conference, 1991, pp. 494-499.

5. S.D. Huynh, K. Seongwon, M. Soma, and J. Zhang, “Automatic
Analog Test Signal Generation Using Multifrequency Analysis,”
IEEE Transactions on Circuits and Systems II: Analog and Dig-
ital Signal Processing, vol. 46, no. 5, pp. 565-576, May 1999.

6. B. Kaminska, K. Arabi, I. Bell, P. Goteti, J.L. Huertas, B. Kim,
A.Rueda, and M. Soma, “Analog and Mixed-Signal Benchmark
Circuits—First Release,” in Proceeding of International Test
Conference, 1997, pp. 183-190.



12.

15.

16.

. WM. Lindermeir, H.E. Graeb, and K.J. Antreich, “Analog

Testing by Characteristic Observation Inference,” IEEE Trans-
actions on Computer-Aided Design of Circuits and Systems,
vol. 18, no. 9, pp. 1353-1368, September 1999.

. A. Meixner and W. Maly, “Fault Modeling for the Testing

of Mixed Integrated Circuits,” in Proc. International Test
Conference, 1991, pp. 564-572.

. L. Milor and A.L. Sangiovanni-Vincentelli, “Minimizing

Production Test Time to Detect Faults in Analog Integrated
Circuits,” [EEE Transactions on Computer-Aided Design,
vol. 13, no. 6, pp. 796813, June 1994.

. C.Y. Pan and K.T. Cheng, “Pseudorandom Testing for Mixed-

Signal Circuits,” IEEE Transaction on Computer-Aided Design
of Integrated Circuits and Systems, vol. 16, pp. 1173-1185,
October 1997.

. M. Sachdev and B. Atzema, “Industrial Relevance of Analog

IFA: A Fact or a Fiction,” in Proceeding of International Test
Conference, 1995, pp. 61-70.

S. Sen, S.S. Nath, V.N. Malepati, and K.R. Pattipati,
“Simulation-Based Testability Analysis and Fault Diagnosis,” in
Conference Record of Test Technology and Commercialization,
1996, pp. 136-148.

. M. Slamani and B. Kaminska, “Multifrequency Analysis of

Faults in Analog Circuits,” IEEE Design & Test of Computers,
vol. 12, no. 2, pp. 70-80, Summer 1995.

. M. Soma, “An Experimental Approach to Analog Fault Mod-

els,” in Proceeding of Custom Integrated Circuits Conference,
1991, pp. 13.6/1-13.6/4.

T.M. Souders and G.N. Stenbakken, “Cutting the High Cost of
Testing,” IEEE Spectrum, March 1991, pp. 48-51.

S. Sunter and N. Nagi, “Test Metrics for Analog Parame-
tric Faults,” in Proceeding of VLSI Test Symposium, 1999,
pp. 226-234.

. R. Voorakaranam and A. Chatterjee, “Test Generation for

Accurate Prediction of Analog Specifications,” in Proceeding
of VLSI Test Symposium, 2000, pp. 137-142.

Structural Fault Based Specification Reduction 581

18. D.M.H. Walker, Yield Simulation for Integrated Circuits,
Boston, MA: Kluwer Academic Publishers, 1987.

Soon-Jyh Chang was born in Taiwan 1969. He received his M.S.
degree in Electronic Engineering from National Chiao-Tung Univer-
sity, Hsin-Chu, Taiwan, in 1996. He is currently working towards
his Ph.D. degree at NCTU. His research interests including test
generation and design for testability for analog and mixed-signal
circuits.

Chung-Len Lee received BS degree in electrical engineering from
National Taiwan University, Taiwan, R.O.C., in 1968. He obtained his
M.S. and Ph.D. Degree in Electrical Engineering, Carnegie-Mellon
University, U.S.A., in 1971 and 1975 respectively. From 1975, he
has been a professor of Electronic Engineering at National Chiao-
Tung University in Taiwan, and was the director of Semiconductor
Research Center of the university in the period of 1980-1983. From
1989 to present, he is the director of the Training Center for Sub-
micron Professionals of the university and supervised more than
100 M.S. and Ph.D. students to complete their thesis work that result
in more than 200 journal and conference papers published. His re-
search interests are in the area of semiconductor processes, material
and devices, integrated circuit design, VLSI testing, and integrated
optics. He has been involved in various technical activities in the
above areas in Taiwan as well as in Asia. He is a senior member of
IEEE and member of editorial board, Journal of Electronic Testing:
Theory, and Application.

Jwu E. Chen received BS, MS, and Ph.D. degrees in electronic en-
gineering from National Chiao-Tung University, Taiwan, in 1984,
1986 and 1990 respectively. Presently, he is an sssociate professor
of Electrical Engineering of Chung-Hua University, Taiwan. His re-
search interests are in reliability, fault tolerant and test quality of
circuits.



