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Abstract in different fault detection results, a methodology to select

. . the most effective input stimulus is also needed.
A new method for the testing and fault detection of ana- In thi h lts of ti d in simulati f
log integrated circuits is presented. Time-domain testing,, !N thiS paper, the results of time-domain simulations o

; =the power-supply current are used to construct the signature
followed by spectral analysis of the power-supply current ist .
used to detect both DC and AC faults. Spectral analysis i&f the f%ul}-freedcwcun. go bOtE bC anrlj AC fa]ylths can be
applied since the tolerances on the circuit parameters maké&l€tected. In order to reduce the complexity of the testing
a direct comparison of waveforms impossible. For the faultProcedure, the spectrum of the power-supply current is used

detection a probabilistic decision rule is proposed based onf°" fal;lthdetectiofn, avoidri]nghtheds%c_)ralgeband direcft chompari—
a multivariate statistical analysis. Since no extra testing pinSo" Of the waveforms which is difficult because of the man-

is needed and the on-line calculation effort is small, the Ufacturing tolerances. The method of fault detection by

method can be used for wafer-probe testing as well as fma[ESting the power-supply current is discussed in section 2.
production testing. In addition, a methodology for the selec-] N€ Procedure for constructing the signature of the fault-
tion of the input stimulus is presented that improves the testl€€ C”.?“'F IS pr%sentgd 'ntﬁecttﬁlon 3. Tfhe pIE.Obab','['St'C deci-
Sy o demcr 1 e hicency an iz st  based o ey of it st
etiectiveness ot the algorithms. algorithm for the selection of the most suitable input stimu-
] lus. Experimental simulated test results are presented in sec-
1. Introduction tion 5 and conclusions are given in section 6.

In recent years a great deal of interest has been shown in . .
the power-supply current mdoiing for the testing of 2. Analog fault detection by testing the
CMOS logic circuits [1]. The current passing through the power-supply current
VDD or GND terminal is monitored during the application o
of an input stimulus or in quiescent condition. The highly =~ The power-supply currenti,  of an analog circuit
successful results achieved with this technique in the digitadepends on the input signal, the state of the circuit (fault-
field have prompted investigation of applying this or a simi- free or faulty) and the value of the circuit parameters. In
lar technique to the process of analog testing as well. In [2] 4act, 1,5 is a function of the branch currents of the circuit.
DC test input was investigated in detail and the resultsFor every type of fault in the circuit, the current in some
showed that significant changes in the power-supply currenpranches must have some degree of change. Those changes
were seen between the fault-free and the faulty circuitsin branch currents will cause a more or less significant
Since only a DC stimulus was used, however, AC faultschange inl,g . To illustrate the faulty behaviour of the
could not be detected by this method. Another shortcominQDOWGf—SUppr}/_ current of an analog circuit, consider the
is that only the nominal case of the circuit was investigatedCMOS operational amplifier shown in Fig. 1. The simulated
and no tolerances on the circuit parameters were considere#gsults ofI,o using a periodical pulse input signal are given
In the testing of analog circuits, the tolerances on the circuiin Fig. 2 for the fault-free case (A) and for two faulty cases
parameters can result in a significant difference between thé8 and C). According to the waveforms in Fig. 2, it is easy
power-supply current of a manufactured circuit and its nom-to understand that by careful selection of the input signal,
inal value. So a fault-free circuit may be classified as athere can exist a significant difference between the
faulty one or a faulty circuit as a good one if the effect of waveform of the fault-free and the faulty circuits.
tolerances on the circuit parameters are not considered in the

method of fault detection. In [3], the spectrum of the power- Vc ' ' 10

supply current was used to construct a fault dictionary and [g

to identify a fault in an analog circuit. Goodsudts were M4M:,

presented and AC faults could be detected. However, since “M

the tolerances on the circuit parameters were still not con- 1 1 . =

sidered in this method, the same shortcoming as in [2] V°(E| A@Pﬁ” 7 6

remains. In addition, since different input stimuli may result 3 ML-*I P

_ | i, %
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ics of 1, are obtained by Monte-Carlo analysis. The results
(with 1600 samples per analg} for the fault-free case and
three faulty cases are given in Table 1.

It can clearly be seen that there exists a significant dif-
(A) ference between the mean values and standard deviations of
the RMS value and the harmonics of the, spectrum of
the fault-free and of the faulty circuits. Additional simula-
tion experiments show that with a careful selection of the
() input stimulus, this difference exists for most analog cir-
cuits. It can therefore be concluded that the power-supply
(B) current spectrum can be used to perform effective analog

fault detection, a method for which will be described in the
next section.

Fig. 2. Simulated power-supply current of the CMOS opera-Fault cases fault-free | Clshort | C2open | M4gds
tional amplifier: (A) fault-free, (B) M6 gate-drain short, RMS mean | -6.457e-4| -6.424e-4  -6.488e4  -5.693d-4

(C) M4 gate-source short. value :
) ) sigma | 1.210e-9 3.962e-9 1.160e-9 1.184e-9
In practice, the manufacturing tolerances on the parame tlﬁé

of an analog circuit also affect the value and waveform of |t Str{monic mean | 402le5 | 1.210e9] 6.258e-9  3.250efo
power-supply current. If thel,4  waveform in the time sigma | 1.996e-11) 1.634e-21  1.207e-14  1.985e14
domain is taken as the measurement for fault detection, i@ong | mean | 1.207e-6 | 2.756e-12 1.321e9  1.381elo
nominal value and the deviation of,  at every discrete tim@rmonic —
point must be simulated and retained during the design stage sigma | 1.014e-13|  5.640e-2
of the integrated circuit and be compared with the measyrg@ld | mean | 5.628e-7 | 1.544e-1
value during the testing stage. Thus the testing procedure| viidkmonic sigma | 2.6606-14|  2.4236-2

be complicated. It is therefore reasonable to avoid direct com-

8.958e-20  6.742e719
8.42%-11  1.562e19
2.335e-23  7.066e719

T O

T O

parison of the waveforms in the time domain. Instead trf]eh _ | mean | 3.576e-7 | 1.448e-12 1.509e-10  1.205e(9
i armonic
spectrum of1,¢  is used. sigma | 1.390e-14| 1.493e-26  1.599e-23  4.027e{19
From the waveform in the time domain, the average ) ;
RMS value of I.. can be calculated. The base frequency-P LE 1. RMS values and first 4 harmonics of the spectrum

the spectrum of the power-supply current equals the fre- ©f the power-supply current for the bandpass filter.
quency of the input signal, so the higher harmonics of the

spectrum can be obtained by the discrete frequency transfor-3 The probabilistic fault detection criterion
mation technique. Here again, the tolerances on the circuit

parameters make that the RMS value and the harmonics of theDenote the power-sgrpply current spectrumby the vector
I,s Spectrum have a statistical distribution, which make = (¢o, ¢, ...¢,,_)TOR" , where ¢, is the RMS value

m- 1 . .
direct comparisons impossible but necessitates a probabilisaod ¢,....¢. _,  are the firstm-1  harmonics. If we
decision criterion for the fault detection. assume a multivariate normal distribution for the values of
¢ for the fault-free circuit, then the mean vectpy, and
the covariance matrixz op for the fault—frée circuit

can be estimated by E)Oérforming a Monte-Carlo analysis
with a large number of samples during the design stage of
the circuit. During the testing stage of the circuit, a time-
domain measurement of the power-supply current is per-
formed for an applied stimulus. Discrete frequency transfor-
mation is carried out to obtain the RMS value and the
harmonics of the spectrum of the power-supply current.
This means that a sample @f is obtained during the testing
stage of the analog circuit. If it can be justified that the

5.18K

Fig. 3. Bandpass filter. mean vector of the sample daga  is equalitg and the
covariance matrix of the sample data is equal
Example to =, with a large probability, it is reasonable to believe

Consider the 2d-order active bandpass filter &ig. 3  that the circuit under testing is fault-free.

which has a center frequency of 25 kHz. The opamp used in PR
this filter is the one of Fig. Suppose that the W and L of theJ ;rer;? t%rgt;:flejlrlnh?/fpgﬂgggtfhc;?g}|s=tkllerefor«\3lvﬁhru;éyvrre]d as

MOS transistors in the opamo have a toleranc8of =5 ; ; i 9

and their model parameters a tolerance8of =~ = 10%. The t varl?r?é:evrg;télgc((g_u. A)ci(;(_)lrd(lgg ;0 t)he tgeoégmigfé% of
erances of the resistors (R1 to R5) and capacitors (C1, C2) E%drding to thex” -distribuffon witfin degrees of free-
30 = 5%. For a sinusoidal input signal with an amplitude 0fjy, [ et «2(c) be the number such that

50 mV and a frequency of 25 kHz, the mean values and the 2 2

standard deviations of the RMS value and the first 4 harmon- Prob{x"2x"(a)} =a )



Thus

free circuit is from thel,, spectrum distributions of all
types of faulty circuits. One technique to improve the fault

P - Tt (- > 2 = 2 ( . : .
robh{ (¢ IIHEO)) r50) @ h“(O)) z( ()} z ‘ "( ). coverage rate is to select a suitable input stimulus for the
To test the null hypothesis that{¢} = ., the followinggiyen circuit. A method for this is now presented below.
decision ruleis used. If . N
~ Ts1 (4 - 32 3) Suppose that there are types of faults in the circuit
(0 -Hg) Z(g (0-Hg) =X (a) that are likely to occur during the fabrication or field use of

then the null hypothesisE{¢} = K
cuit under testing is faulty with pr&babilim-a)
result in (3) is less tharg?(a) , the circuit under testing
fault-free with probability (1-a) . Therobability of falsely
rejecting a fault-free circuit is

is rejected and the cirthe

integrated circuit. Denote byu and ,

¢ ()

. When the = 1, ... K, the mean vector and covariance matrix Of the

IRMS value and the harmonics of theg spectrum for the
kth type of faulty circuit. In order to justify if a given input

. The choice of the value oétimulus is suitable for fault detection, a sequence of

o normally depends on the application and the cost of rejediypothesis testing must be carried out for this input stimu-

ing a good circuit.

To evaluate the result of (3), the inverse of_mat>(,o)
must be calculated. In some cases, the matj

of the 1,4

decomposition of the covariance matz%) is used.

lus :

HO: kg = My =2 (4)

2 (0)

may ; ; -
singular because of the linear dependence of tﬁe componetnethe hypothesis HO is aepted for any type of faulty cir

spectrum. For such a singular case, the eigenvalilg

, this input stimulus is not suitable. Since the hypothesis
ing procedure is repeated for every type of faulty circuit
and for all attempts of input signal selection, and a compu-

~ The complete fault detection procedure is now summarizegtionally expensive transient circuit simulation is needed
in Fig. 4. Fig. 4a describes the procedure for calculating tier every random sample of the circuit, the sampling size of

signature (“(O)

andz , ) of the fault-free circuit during thehypothesis testing is better kept at a reasonably small level,

design phase by means of Monte-Carlo simulations. Fig. 49 as to reduce the computational cost of the input stimulus
describes the procedure of fault detection executed during tbelection procedure.

testing phase.

Fig. 4. Overview of the procedure for analog fault detection
by monitoring the power-supply current.

4. The method to select the input signal

on how separable the,,  spectrum distribution of the fau

The effectiveness of the above technique strongly depenﬁ.@
I

Let ¢t 2 No

0oy
RMS val(i¢ ahd the far spectrum) for the
fault-free circuit, and ¢7,, 6% .. 0, be the samples of
vector ¢ for thek th tyéé ofkfaulty Glreuit. For the  th type
of faulty circuit, the likelihood ratio criterion for the
hypothesis test of HO is [4] :
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The critical region for this likelihood ratio test consists in
rejecting the null hypothesis i is less than a predeter-
mined constant. The resulting procedure for the input stimu-
lus selection for analog fault detection is then summarized
in Fig. 5.

5. Experimental results

Experimental results have been carried out to test the
effectiveness of the fault detection method discussed above.
A large number of circuits under testing, including both the
fault-free and the derived faulty circuits, were simulated by
Monte-Carlo analysis with tolerances on all parameters of
the devices in the circuit. Measurements are obtdired
simulated power-supply current followed by a discrete
requency transformation.



5.1. Example 1: CMOS operational amplifier 2. The error rate of a fault-free circuit being considered as a

The schematic of this opamp is shown in Fig. 1. The faulf@ulty one (ERR1) is 0.85% and the error rate of a faulty cir-
considered are the most frequent faults for MOS devices list&dit P€ing considered as a good one (ERR?2) is even zero.
in [5]: gate to drain short, gate to source short, drain contact These results show that the proposed discrimination
open and source contact open. This results in 30 possifieethod based on monitoring the spectrum of the power-
types of hard faults in this circuit. To construct the signatursupply current is efficient and very effective for the detec-
of the fault-free circuit, a 1000-sample Monte-Carlo analysition of hard faults in both small and large analog CMOS cir-
is performed with tolerances oo = 10% on the modetuits. Similar results have been obtained for bipolar circuits.
parameters and 5% on the geometric sizes of the MOS transis- e

tors. The selected input stimulus is a periodical pulse signat

with a period of 200 ns and a peak-to-peak value of 200 mV. bandpass
The CPU time for the Monte-Carlo simulations1is31" on| circuit opamp filter

an HP workstation. Since this procedure asried out in the

design stage and the cost of on-line calculation in the testing™" ©f CUT 16000 8000
stage is very small, this calculation cost is acceptable. In addi-nr of good circuits in CUT 1000 1000
tion, for every type of faulty circuit 500 statistical samples| ——

have been considered. The total of 16000 resulting circuitsnr of faulty circuits in CUT | 15000 7000
have been taken as the circuits under test (CUT). For a valy ; d

of a = 0.05 the results of fault detection are given in Table 2 i of possible types of faults 30 14
The error rate of a fault-free circuit being considered as afault detection ERR1 0.85% 0.85%
faulty one (ERR1) is 0.85% and the error rate of a faulty cir ;

cuit being considered aggaod one (ERR?2) is 0.04%. fault detection ERR2 0.04% 0.00%

TABLE 2. The simulated fault detection results.

6. Conclusions

By monitoring the spectrum of the power-supply current
and by applying a probabilistic decision rule that fully takes
into account the effect of the tolerances on the circuit
parameters, it has been shown that most hard faults (both
DC and AC) can be detected in analog circuits. The on-line
calculation is small and no extra testing pin is needed, so
that the algorithm can be used for final production testing as
well as for wafer-probe testing. Agsificant difference
between the spectrum of the fault-free and the faulty circuits
can be obtained by a careful selection of the input stimulus,
for which a systematic procedure has been proposed. By
using analog-to-digital conversion and digital signal
processing techniques, the method can be used for built-in
self-testing.
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