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Abstract—A method of testing for parametric faults of analog Ry R

circuits based on a polynomial representaion of fault-free functia

of the circuit is presented. The response of the circuit under in c c Vout
test (CUT) is estimated as a polynomial in the applied input T 1 T 2
voltage at relevant frequencies apart from DC. Classification .
of CUT is based on a comparison of the estimated polynomial
coefficients with those of the fault free circuit. The method needs Fig. 1. Second order low pass filter
very little augmentation of circuit to make it testable as only

output parameters are used for classification. This procedure is

shown to uncover several parametric faults causing smaller than . . . L
5% deviations the nominal values. Fault diagnosis based upon Guo [4] describe a method in which the circuit is modeled as

sensitivity of polynomial coefficients at relevant frequencies is & ”n?ar time'inVG}riar)t .(LTl) system. They Obtfiin th? tr@ns
also proposed. function of the circuit in the frequency domain, which is of

I ndex Terms—Multi-tone test, Parametric faults, Analog circuit  the following form:
test, Curve fitting, Polynomial

M .
|. INTRODUCTION Z:O a;s'

An analog circuit is called either linear or non-linear se H(s) = 5 _ (M <N) (4)
on the type of input-output behavior it displays [1], [2] niiar ;) b;s*

circuits preserve linearity and homogeneity of output viita

input, and can be described by a linear constant coefficiertte coefficients of the transfer function, i.e, andb;, are

differential equation [3]. Typically, in the time domairhe all functions of circuit parameters and these are tracked to

outputy(t) may be expressed as a function of inpyit), as monitor drift in circuit parameters. The CUT is subjected

follows: to frequency rich input signals and the output voltage alone
M dmy N g is observed. With these input-output pairs they estimage th
Z e + agy = Z bn—— + box (M > N) (1) transfer function coefficients of CUT. Next they comparesthe
m=1 ¢ n—1 dt transfer function coefficient estimates with the ideal witrc

wherea,,,b, € R Y m,n € Z. transfer function coefficients, which are known a priori.eTh
The general solution for (1) is of the form (2), whetlét) ¢~ CUT is classified faulty if any of the estimated coefficiersts i
R is a real function of. beyond the tolerable range. For example, the circuit shawn i
Figure 1 is a second order low pass filter and has a transfer
y(t) = H(t)z(t) (2 function given below:
Linear circuits are mainly composed of passive compo- 1
nents [;]. Typlcal examples includeC and LC' ladder filters (s) (R1R2C1Ca) 52 + (R1iCh + (R1 + R2)Ca) s + 1
and resistive attenuators among others. (5)

In case of non-linear circuits, coefficients,,b, Ym, n Clearly the coefficients of the transfer functiohy, =
in (1) are functions of: and a general solution in time domainy, », = (R,Cy + (Ry + R3)C3), by = RiR,C1C,, are
for such circuits can be expressed as in (3), whérevn are functions of circuit parameter®,, R,, Ci, C,. Assuming
real functions oft. single parametric faults, they find the minimum drift in arfy o
n=N the circuit component values that will cause the coeffisient
y(t) =Y H(t)z"(t) (3) b, or by (by here is a constant) to drift outside a tolerance
n=1 range. However, this method [#fcessarily needs the CUT to
Testing of linear circuits is well studied and several mdgho be linear, as a frequency domain transfer function is possible
can be found in the literature [4], [5], [6], [7]. Savir andonly for a LTI system.



Several methods have been proposed for parametric fault
testing of non-linear circuits [8], [9], [10], [11], [12],1B],

[14], [15]. A prominent method in the industry is tHepq R1 lhv.l R2 lle
testing where quiescent current from the supply rail is mon- Vv
itored and sizable deviations from its expected value are out
monitored. However, this requires augmentation of the CUT. M1 M2

For example, in the simplest case a regulator supplying powe

to any sizable circuit has to be augmented with a current v/

sensing resistor and an ADC (for digital output). Subsetiyen

analysis is performed on the sensed curréphq is found

suitable only for catastrophic faults as the current drawn - - -
from the supply may be distinguishable when there is some
“large enough” fault to change the quiescent current by a
distinguishable amount. For example, with resisiar being
open in Figure 2, the current drawn from supply can change Ryihe degree of expansion [18]:

50% of its nominal quiescent value. Such faults can typjcall

be found by monitoringppq using a current sensor. However, Vout = Go + A1y, + 203, + -+ + anvlh, (7)
parametric deviations, say, less than 10% from their nomr\ﬁhere ao,a1,as,. .., a, are all real functions of circuit pa-
value cannot be observed using this scheme. This is eslgeciiaémete@kv’ e

so for the very deep submicron circuits where the leakaggq special case of DC test, that detects a subset of faults,
currents can be comparable to the defect induced curreht []\Qas given in a recent paper [19]. Further, we assume that
It is therefore useful to develop a method to detect paraimetﬁorma| parameter variations (normal drift) in a good citcui
faults while testing with less circuit augmentation. are within a fractiornr of their nominal value, whera << 1.

To address the issue of parametric deviation, we woulthat is, every parametey; is allowed to vary within the range
typically need more observables to have an idea about %gmm(l — Q) < Pk < DPrmom(1 + @) Vk, Wherepy nom is
parametric drift in circuit parameters. This would mean afhe nominal value of paramet%_ Whenever one or more
increase in the complexity of the sensing circuit. Howevegt the coefficient values slip outside its individual hypese
we would also want minimal augmentation to tap any of thge get a different set of coefficients reflecting a detectable
internal circuit nodes or currents. To overcome these segini fault. Therefore, equation (8) describes the hypercubealior
contrasting requirements the method intended should hgygameters that correspond to either good machine values or

some way of “Seeing through” the circuit with Only th%ndetecta[ﬂe parametric faults [4], [9], [15]
outputs and inputs at its disposal. References [4], [7] give

such strategies for linear circuits as described earlier. Gimin < @ < Gimax Vi, 0<i<n (8)

To extend this idea to general non-linear circuits we adophis paper is organized as follows. Section 2 analyzes the
a strategy where we express the function of the circuit ascaefficients of the polynomial expansion of the functjf(w;,, )
polynomial using a Taylor series expansion [17] in terms @ind determines the detectable fault sizes of parameters. In
input voltagev;,,, about the point;,, = 0 as follows: Section 3, we describe the problem at hand and discuss the

proposed solution with an example. In Section 4, we gereerali
the solution to an arbitrarily large circuit. Section 5 Eets

Vout = f(vin) = £(0) + f’l(!O)Um + f’;(!O) w2+ f/’;!(O)U?rL+ the.simulation results for some stand_ard gircuits. Secfion

outlines the method of fault diagnosis using the proposed
©) method and we conclude in Section 7.

Fig. 2. Cascaded amplifier
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where f(x) is a real function ofr. [l. PRELIMINARIES

This method is very general as any analog circuit can beThe coefficients:; Vi 0 < i < n are, in general, non-linear
tested using this model. The technique applies equally Wwell fynctions of circuit parameterg, Vk. The rationale behind
linear circuits, which are a subclass of the general nogslin sing these coefficients as metrics in classifying CUT aliyfau

circuits considered in this paper. The accuracy, resolugiod o fault free is based on the dependence of the coefficients on
observability of faults uncovered depends on the degree Gfcuit parameters.

expansion of the coefficients in (7). Ignoring the highereord

terms in (6), we can expand,,; up to then' power ofuv;,, A. Analysis of Polynomial Coefficients

which gives us the approximation in (7). In order to increase We derive several significant results.

the available observables to better track down parametui¢sf Theorem 1:If coefficient a; is a monotonic function of
we can expand,,; at multiple frequencies. Thus, we willall parameters, them; takes its limiting (maximum and
havem x (n+1) observables where: is the number of tones minimum) values when at least one or more of the parameters
(frequencies) including DC at which,,; is expanded and are at the boundaries of their individual hypercube.



Lemma 1:If coefficient a; is a non-monotonic function Note that by Definitions 1 and 2; includes all possible values
of one or more circuit parametets, then a; can take its of coefficients that are not detectable. Any parametrictfaul
limiting values anywhere inside the hypercube enclosirgy tinducing coefficient value outside this setwill result in a
parameters. detectable fault.

From Theorem 1 and Lemma 1 it is clear that by exhaustively

searching the space in the hypercube of each parameter Wé. PROBLEM DESCRIPTION ANDSKETCH OF SOLUTION

can get the maximum and minimum values of the polynomial ) ) ] ) )
coefficient. Typically this can be formulated as a non-linea We shall first give an illustrative example of calculation of

optimization problem to find the maximum and minimun}Mits for polynomial coefficients for a simple circuit ugn
values of coefficient with constraints on parameters atgwi MOS transistors. We shall follow this up with MSDF values
only a normal drift. for the circuit parameters.

Theorem 2:In polynomial expansion of non-linear analog EXa@mple .Two stage amplifier o
circuit there exists at least one coefficient that is a mamioto Consider the cascaded amplifier shown in Figure 2. The output
function of all circuit parameters. voltageV,, in terms of input voltage results in a fourth degree

From Lemma 1 and Theorem 2 we find that circuit paramet@P'ynomial equation as follows:

deviations have a bearing on coefficients and monotonically
varying coefficients can be used to detect parametric fadlts

the circuit parameters. where the constantsy, a1, a2, a3 are defined symbolically in

Theorem 3:A continuous non-monotonic functioh: 3 — 12y for M1 and M2 operating in saturation region. Nominal
ft can be decomposed into piecewise monotonic functions @ es ofVpp=1.2V, Vo= 400mV. (m) _ 1 (W) — 90
- 1 1 L 1 2 1

follows:

2 3 4
Vout = Ao + A1Vin + a0}, + agvy, + agvy,  (11)

— 2\ L
andK = 100uA /V? are substituted to get coefficients in terms
f(x) = f(x)u(zo — ) + f(z) (u(x — z9) —u(x —x1))+  of parameterR; andR; as given by (13).

f@) (u(z —21) —u(z —22)) +- - 2
+f(z) (u(x — xp_1) — ulx — xy,)) (Vbp —Vr)" +
9  ao=Vop — RaK (%), { RIK2(W)Ivi-
wherexg, z1, - - - z,, are all stationary points of (z) and 2(Vop — V)R (W), V2
(1 Vz>0 .

wr) =10 va<o y s WA s
Using Theorem 3, we can express every polynomial coefficient, _ . i (W) ARTK? (), V7
as a monotonic function of circuit parameters and thus we can 22\ +2(Vop — Vi) RiK (%), Vr

use every coefficient to track the drifts in circuit paramgte

_ w
B. Definitions a :RZK(VLV)Q{ 2(Vop — Vr)RiK (), }

- . _ —6RIK (%)) V7
Definition 1: Minimum size detectable fault (MSDF)p)X
of a parameter is defined as the minimum fractional deviation
of a circuit parameter from its nominal value for it to be %3
detectable with all other parameters being held at theirinaim ) )
values. The fractional deviation can be positive or negativas = —K* (%)} (%), RiR,

. 2 2
=4Vp K? (%)) (%), RiR,

and is named upside-MSDF (UMSDF) or downside-MSDF (12)

(DMSDF), accordingly. o — 12— Ry ( 2.56 x 1073 + 1.024 x 10~ " R? )
Definition 2: Nearly-minimum size detectable fault ' —5.12 x 107* Ry

(NMSDF), (o*) of a parameter is defined as some fractional

deviation of the circuit parameter from its nominal valughwi a1 = 4.096 x 1079R?Ry +5.12 x 107 R, R,

all the other parameters being held at their nominal valbast t

is close to its MSDF with an error, (infinitesimally small). az =1.28 x 107°Ry Ry — 1.536 x 107* R Ry

That is to say,
az =2.56 x 1078R?R,
€= |p— px| e<<1 (20)

— —8 p2
NMSDF also has notions of upside and downside as in case %4 ~ 1.6 x 107°RiR, (13)

of MSDF. In equation (10)¢ can be perceived as a coefficient To find the limiting values of the coefficient, we assume

of uncertainty about the MSDF of a parameter. klebe the e parameter®, andR, deviate by fractions x and y from

set of all coefficient values spanned by the parameters wh{iﬂe. . . S
. o . . eir nominal values, respectively. Maximiziag we have the
varying within their normal drifts, i.e.,

objective function as given by (14), subject to constraints
¥ = {vo,v1, -, U [Ug € Ag,v1 € A1, U, € Ay} (15-19). Note that here we have set out to find MSDRef
Vi DPrmom(l —a) < pr < Dinom (1 + ) Similar approach can be used to find the MSDRRef



TABLE |

MSDF FOR CASCADED AMPLIFIER OFFIGURE 2 WITH « = 0.05. Start

Circuit %upside | %downside - -
parameter | MSDF MSDF Choose frequency for fault simulation
ResistorR 10.3 7.4 ¢
ResistorRa 12.3 8.5
Sweep the input voltage across its rande
2.56 x 10734

Polynomial Curve fit the obtained I/O data --

12— 1 1.024 x 10°7R?, (14 )2 5
Ranom (1 +y) Lom(l +2) i [find the coefficient values of fault free cirquit

512 X 1074Ry pom (1 + )

(14) T
—9p2 9 Simulate for all parametric faults at the
4.096 x 107°RY 0, (1 + 2)? Ro nom (1 +y) simplex of hypercube
+512 X 1076R1,n0m(1 + z)RQ,nom(l + y) (15)
=4.096 x 107°R%,,,,.(1+ p)*Ra nom '
—6
+5.12 X 107" Rinom (1 4 p) Ronom Find min-max values of each coefficient)C
128 % 107 Ry nom(1 + 2)Ranom (L + 4) fromi=1...N across all simulations
—-1.536 x 1078R3 ,,,,,(1 + 2)° Ry nom (1+) 16) b | SO
— -5
=1.28 x 10 751’2n0m(1 + ,0)322,nom Repeat process at all chogen
—1.536 x 107°RY 00, (1 + p)*R2,nom frequencies
2.56 x 1078R? (14 2)?Ra nom (1 +v) v
=256 % 105R2 o (1 4 ) Ropoms 1)
1.6 x 1()_ESR%nom(l + $)2R2,nom(1 + y) (18) Fig. 3.  Flow chart showing fault simulation process and bdnmdof
=1.6 x 1078R3 ,,,,(1 + p)*Ra nom coefficients.
—« S z,y S @ (19)

, . limit values on coefficients is repeated at “key” frequerai¢
The extreme vaIu_es for x and y on solving the s_et o_f equatiopSarest. For example, the cut-off frequency in case of & non
(15-19) are obtained as, x =a and y =—a, this gives US jinaar filter can be a good candidate for such characteoizati
the MSDF value forR,, asp in (20). Once the limit values on all coefficients have been deterchine
p=(1-a)" -1~ 15a—0.3750> (20) the CUT is subjected to full range of input at DC and each
of the “key” frequencies. Its response to input sweep is eurv
Table | gives the MSDF forR; and R, based on above fitted to a polynomial of order same as the fault free circuit.
calculation. If there are any coefficients that lay outside the limit value
of corresponding coefficients of the fault free circuit, wanc
conclude the CUT is faulty. The converse is also true with a
In general, the calculation as described above cannot figh probability that is inversely proportional to coeféint of
done for an arbitrarily large circuit. Such circuits are él@dl yncertaintye. Flow chart in Figure 3 summarizes the process
by obtaining a nominal numeric polynomial expansion of thgf numerically finding the polynomial and finding the bounds
fault free circuit. This is done by sweeping the input votagon coefficients. Flow chart in Figure 4 outlines the procedur

across all possible values and noting the correspondingubutig test CUT using the described method.
voltages using any of the standard circuit simulators like

SPICE. Now, the output voltage is plotted against the input V. EXPERIMENTAL RESULTS

voltage. A polynomial is fitted to this curve and the coefiitg®e ~ We subjected an elliptic filter shown in Figure 5 to Polyno-
of this polynomial are taken to be the nominal coefficients ahial Coefficient based test. The circuit parameter valuesar
the desired polynomial. The circuit is simulated for diffet in the benchmark circuit maintained by Stroud et al. [20]. We
drifts in the parameter values at equally spaced points fragimulated the circuit at four different frequencies. Twadlm
inside the hypercube enclosing each circuit parametecespawere chosen close to its 3-dB cut-off frequenty( which

at a suitably chosen resolutionr{= Polynomial coefficients is 1000Hz. The estimated polynomial expansion obtained by
are obtained for each of these simulations. The maximurarve fitting the 1/0 plots at DC and the frequencjesl00Hz,
and the minimum values of a coefficient in this search aB90Hz, 1000Hz, 1100Hz are given in (21-25) and the corre-
taken as the limiting values on that coefficient. This preaas sponding plots tracing 1/O response with polynomial is show
modeling the circuit as a polynomial expansion and obtainirin Figures 6 — 10. The combinations of parameter values

IV. GENERALIZATION



Choose a frequency

Sweep the input across its ran
and note corresponding
output voltage levels

!

Polynomial Curve fit the I/O data
points; Obtain the coefficientsi=0...IN

Yes
ICi| > |Cy(1+p)] or
ICil < 1Cin(1-P)I
y
CUT is faulty

Repeat proces:
for all chosen
frequencies

v v
Subject CUT
to further tests 4@

Fig. 4. Flow chart outlining test procedure for CUT.

T

leading to limits on the coefficients for the tone at 1000Hz Vout = 0.23 + 0.48v;, — 0.7407, (25)
are shown in Table II. Further, the pass/fail detectabitify + 0.34v}, — 0.063vf, + 0.0043v7,
several injected faults is tabulated in Table III.

In our ongoing work, we are testing this technique on other

common non-linear circuits like logarithmic amplifiers [21 Eault di o ity of o
iagnosis using sensitivi ircuit par
Vot = 45341 — 3.4980,, — 2.54870? ault diagnosis using sensitivity of output to circuit para

3 PR 5 (21) eters has been investigated in the literature [22]. We have
+ 2.1309v7, — 0.50514vy;, + 0.039463vy, extended that approach exploiting the sensitivity of polyn
Vout = 3 + 7.9v5, — 1107, mial coefficients to circuit parameters. The advantage ef th

VI. FAULT DIAGNOSIS

+ 4.4v3 —0.78v}, + 0.049v3, (22) new approach is an improved fault diagnosis without circuit
Vousr = 2.5 + 5.40;, — 8.602 augmentation. Sensitivity af” coefficientC; to k** parameter
out — 4 Flin OlUin . ol . . .
+ 403, — 0770t T 0.05407, (23)  py is represented bgS and is given by:
Vout = 1.1707 + 2.4132v;,, — 3.8777v2, ) (24) SGi — pi 9C; (26)
+ 1.80350v3 — 0.3465v} + 0.02396207 Ci Opx.

m (243 (243
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Fig. 5. Elliptic filter
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Simulated / Simulated a5=0.049
4t o P / a4 =-0.78
Sth degree polynomial 4L — — — b5th degree Polynomial |a3=4.4 1
al = a2=-11
=) a5 = 0.039463 = . al=79
S a4 = -0.50514 3 3 a0 =3
S 2f a3 = 2.1309 >
2 a2 = -2.5487 g
£ 41 al = -3.498 g Ll
> a0 = 4.5341 5
5 z
g or 3
=) = 1+
le) o 3
-2} (0] 3 R — —
-3 s s s s

_1 1 L L 1 1
0 0.5 1 15 2 25 3 35 4 4.5 5

Input Voltage, Vin(v)

Input DC voltage (Vin)

Fig. 6. DC response of Elliptic filter with curve fitting polgmial. Fig. 7. Curve-fit polynomial with coefficients at frequency 80Hz.

A. Computation of Sensitivities to circuit parameter) that have exceeded their limitingigal

Numerical computation of sensitivities given by (26) isthe parameter with highest sensitivity is said to be at fault
accomplished by introducing fractional drifts (= in each with a probability P(dp, |§C;) (which can be interpreted as
component . Vk); simulating the circuit and measuringthe confidence in diagnosing fault), given by (27), whépe

the fractional drift in each coefficient of the polynomiajs the suspected drift in parametgr andJC; is the measured
resulting from curve fitting operation. This way the numatic grift in coefficient.

sensitivities are computed and a dictionary is maintairad f

sensitivities. The complexity in computation of sensitas is P(6p.[0C,) = o S5 6 27)
linear in the numbelV of circuit parameters, i.eQ(N). Piclos 0C;
B. Diagnosing Parametric Faults Note that¢ in (27) is a probability measure[23], dependent

Restricting ourselves to single parametric faults, we fivel t on opx, 6C; and Sg:_ For example, if sensitivity of some
descending order of sensitivities of coefficients (withpext coefficient, sayC; to parametemp, is 5%, measured drift in



. a5 = 0.054 1.4f g
al Simulated a4 = -0.77 | Simulated ab = 0.0043:
— — — 5th degree Polynomial|a3 = 4 1.2 ~ _ _ 5th degree Polynomia| |24 ~0-063
_ a2=-86 — a3=0.34
> . >
1 al=54 |1 =4 a2=-0.74/ |
=3 . S 1r
) a0=25 o al=0.48
> > a0 = 0.23
) i o 0.8 1
{=2] (=)
g8 8
g | S osf E
=] 5
= 2 04r 1
p=} o 5 _
o = ——— e} v =
0.2 N i
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0 1 2 3 4 5 0 0.5 1 15 2 25 3 3.5 4 4.5 5
Input Voltage, Vin(v) Input Voltage, Vin(v)

Fig. 8. Curve-fitting polynomial with coefficients at frequsr= 900Hz. Fig. 10. Curve-fitting polynomial with coefficients at frequey = 1100Hz.

18 frequency. The resulting confidence level after fault déidac
16 "o Simulated a5 =0.024| - from the four frequencies at which it was diagnosed is about
o ~ — — 5thdegree Polynomia| | 2% =039 | 98.9%. The diagnosis results are tabulated in Table IV for
% Lol several injected single parametric faults. Another olmsga
8 worthy of mention here is that the cardinality of set of
g i fault sites detected at frequencies close to cut-off fraque
§ 0.8f is greater than that at frequencies closer to DC. This can
5 o6f be attributed to higher sensitivity of coefficients to citcu
3 o4l parameters at these frequencies. As a result, fault cozerag
0zl is better by observing coefficient drifts at frequenciesselo
to f.. However these frequencies tend to be unfavourable
or for diagnosis as more than one parameter is likely to have
0T 1 15 2 25 3 35 4 45 s displaced the coefficients out of their respective hypegsub

Input Voltage, Vin(v) We can overcome this by looking at the set of fault sites

obtained at much lower frequencies thgn (here DC and
Fig. 9. Curve-fitting polynomial with coefficients at frequgn= 1000Hz. 100Hz).

VII. CONCLUSION
coefficient value is 10% and we suspect that the parameter dri A new approach for testing non-linear circuits based on
is 10% then the probability of this being true, by assuming polynomial expansion of the circuit function has been pro-
to be an exponential probability measureeis T = .95  posed. By expanding polynomial coefficients at critical- fre
C. Fault Deduction quepgies thel fault coverage is signif_icantly improved,djired
) ~aminimum size of detectable faults in some parameters as low

At each frequency, the above process of diagnosis is ks 504, The method has been extended to sensitivity based faul
peated. This gives the set of fault sites above a certgjygnosis with probabilistic confidence levels in paramete
confidence level at each of these frequencies. The int@8eclyyifis. Further the expansion at multiple tones leads tayhéri

of sets of fault sites at all the frequencies (and at DC) givegnfidence level (up to 98.9%) in diagnosing single parametr
a fault site with much higher confidence level. That is, if thgy i sites.

confidence of diagnosis of a fault site at one frequency is say

P;, then the resulting confidence level after diagnosis ahall t REFERENCES
frequencies is as follows[23]: [1] L. O. Chua,Introduction to Nonlinear Network ThearnMcGraw-Hill,
1967.
i=N [2] T. Kailath, Linear SystemsPrentice Hall, 1980.
P=1- (1-P) (28)  [3] R. N. Bracewell,The Fourier Transform and Its Application¥cGraw-

Hill, 1986.

) . . ) . [4] Z. Guo and J. Savir, “Analog Circuit Test Using Transfeun€tion
where N is the number of frequencies (including DC) at which = Coefficient Estimates,” irProc. Int. Test Conf.pp. 1155-1163, Oct.
the circuit is diagnosed. 2003.

Th inal 9 tric faults for th lliotic filter in Figub [5] N. Nagi, A. Chatterjee, A. Balivada, and J. A. Abraham, tReased
€ Sln_g € parame ”_C au S_ or the elliptc niter in Figu automatic test generator for linear analog devicesPinc. Int. Conf.
were diagnosable with confidence levels up to 60% at each Computer Aided Desigrpp. 88-91, May 1993.
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TABLE I

PARAMETER COMBINATIONS LEADING TO MAX AND MIN VALUES OF COEFFICIENTS WITHx = 0.05AT 1000Hz.

Circuit Parameters (Resistance{lCapacitance in Farad)

Nominal Values[ a0, max [ a1,max [ a2 max [ a3, max [ A4, max [ as, max [ a0, min [ a1,min [ a2, min [ a3, min [ A4, min [ as,min

R1 = 19.6k 18.6k 18.6k 20.5k 20.5k 20.5k 18.6k 18.6k 18.6k 18.6k 18.6k 20.5k 20.5k
Re = 196k 205k 205k 205k 205k 186k 186k 205k 186k 186k 205k 205k 205k
Rs = 147k 139k 139k 154k 139k 139k 139k 139k 139k 154k 139k 139k 139k
R4 =1k 950 950 1.05k 1.05k 1.05k 1.05k 1.05k 950 1.05k 950 950 1.05k
Rs =T71.5 75 67 75 67 67 75 75 75 67 67 75 67
Re¢ = 37.4k 35k 39k 39k 35k 35k 39k 39k 39k 35k 35k 35k 35k
R7 = 154k 146k 146k 161k 161k 146k 146k 146k 146k 161k 161k 146k 146k
Rg = 260 247 273 273 247 247 273 273 247 273 247 273 247
Ro =740 703 777 703 703 77 703 703 703 77 703 703 703
R0 = 500 475 525 525 475 525 525 475 525 475 475 525 475
Ri1 =110k 115k 115k 115k 104k 104k 104k 115k 115k 104k 115k 104k 104k
Ri2 = 110k 104k 104k 115k 115k 115k 115k 115k 115k 104k 104k 115k 104k
Ris = 27.4k 28.7k 26k 26k 26k 28.7k 28.7k 26k 26k 28.7k 26k 28.7k 26k
R4 =40 42 38 42 38 38 42 42 38 42 42 38 42
Ri5 = 960 912 912 912 912 912 1k 1k 1k 912 1k 912 912
Cy =2.6Tn 2.5n 2.5n 2.5n 2.5n 2.5n 2.5n 2.8n 2.5n 2.8n 2.8n 2.8n 2.5n
Ce =2.6Tn 2.5n 2.8n 2.8n 2.5n 2.8n 2.8n 2.8n 2.8n 2.5n 2.8n 2.5n 2.8n
Cs =2.6Tn 2.8n 2.8n 2.8n 2.5n 2.8n 2.8n 2.8n 2.8n 2.8n 2.5n 2.8n 2.8n
Cs=2.6Tn 2.5n 2.8n 2.5n 2.5n 2.5n 2.5n 2.5n 2.5n 2.8n 2.5n 2.5n 2.8n
Cs = 2.6Tn 2.5n 2.5n 2.5n 2.5n 2.5n 2.8n 2.8n 2.8n 2.8n 2.8n 2.8n 2.8n
Ceg = 2.6Tn 2.5n 2.8n 2.5n 2.8n 2.5n 2.8n 2.5n 2.5n 2.8n 2.8n 2.8n 2.5n
C7 =2.6Tn 2.5n 2.8n 2.8n 2.8n 2.8n 2.5n 2.8n 2.5n 2.5n 2.5n 2.5n 2.8n
TABLE IlI
RESULTS OF SOMEINJECTEDFAULTS AT DIFFERENT FREQUENCIES
Injected fault Coefficients out of Bounds at Detected
DC [ £1=100Hz [ f5=900Hz | f3=1000Hz [ f4;=1100Hz
R1 down 15% apg — a4 a1l — a4 as, as a2, a4 ai,az Yes
R> down 5% az, as ai,as ai,as a1,az2,as ai,a Yes
Rs up 10% ai,as,as as,as ag,as,aq ai,as,aq a1,as Yes
R4 down 20% ap — as a] — a2 az,as ai,az,as az,as Yes
Rs up 15% ap, as ay ap, a2 ap,a2,as as Yes
Re up 5% - ai,az az,as,as ai,as al Yes
R7 down 10% az, a4 as,as ag, a1, a2 ai,aq,as az,as Yes
Rsg up 10% — a2 ag, a4 ag, az, as as, a4 Yes
Rg down 5% — as,az ai,a2,aq az,as,as ai,as Yes
Rio up 15% — a1, aq a1,as,aq ag, a1, a4 a1, as Yes
R11 down 10% ag, as as, a4 ao,al ai,az,aq ai,az Yes
Ri2 down 15% ag, a4 ai,as ai,az,as ai,az az,as Yes
Ris up 5% — as,as a1, a2 ai,as, a4 ag, as Yes
Ri4 up 20% — ai,as ag,as,aq ap, a1, a2 as, a4 Yes
Ris up 5% — a4 asz, as ap,a1,as ap, as Yes
Cy down 10% — a4, as a4, as ai,az,as al,aq Yes
Ca up 10% — az,as a1, a2 a2,as, a4 ag, a4 Yes
Cg down 15% — ai,as ap,at, a2 a4, as aop, al Yes
C4 down 10% — ap, ai ai,az az,as az,as Yes
C5 up 5% — ap, ai ai,as ai,az as, a4 Yes
CG up 15% — as, a4 ai,az, a4 as,a4,as ai,az Yes
Cr up 15% — ai,aq a1,as,aq ai,as,as as, a4 Yes
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TABLE IV
PARAMETRIC FAULT DIAGNOSIS WITH CONFIDENCELEVELS OF~ 98.9%

Injected fault Diagnosed fault sites at Deduced fault site
DC [ 100Hz | 900z | 1000z | 1100FZ

R, down 15% Ri,R4 Ry Ri,Ra Ri,R2,Cy R1,Cy Ry
Ro down 5% Ro Ra, Cy Ra,R3,Cy R2,R3 Ra, Cy Ra
R3 up 10% R1,Rs R3,C3 R3,R4,C3 R3 R3,C3 R3
R4 down 20% | Ri1,R4 Ri1,Rq Ra,R4,Cy Ri1,Rg,Rq Ri1,Rg,Rq R4
R5 up 15% Rs Rs5,C2 R4, Rs5 R4, R5,Co R5,Re,Cs Rs
Re up 5% — Re, C2 Re, Rr Rg, C2,Cy Rg, C2,C3 Re
R7 down 10% | Rs,R7 R7,C3 R3,Rr R3,Re, R7 R3,R7,C3 R7
Rg up 10% — Re, Rg Rsg, Rg Re, Rg Rsg, Rg Rsg
Ry down 5% — Rsg, Rog Rsg, Rg Rog, R1o Rsg, Rog Ro
Rio up 15% - Rio R10,Cs Rio Ri10,Cs Rio
Ri1 down 10% | Ri1,Ra2 Ri1 R11,Cs Ri1,Ri2 R11,R12,C5 Ri
Ri2 down 15% | Ri1,Ri2 | Rii,Rae R12,C5 R12,Cs Ri12,C5,Cr Ri2
Ri3 up 5% - R13,Cs Ri3,Cr R13,Cs, Cs R13,Cs Ris
Ri4 up 20% - Rig Ri4, Ris Ri4,R15 Ri4,R15 Ria
R1s5 up 5% - Ri3,R15 Ri4, Ris Ri4,R15,C5 Ri4,R15 Ris
Cq down 10% — RQ,Cl RQ,C1 RQ,Cl RQ,Cl Cy
Co up 10% — R5, Co CQ, Cy Co Cao Co
C3 down 15% — Cs R3,C3 Cs Cs Cs
C4 down 10% — Re,Ca Ca,Cy Ca, Cy Ca, Cy Cy
Cs up 5% — Cs R12,Cs Cs Cs Cs
Ce Up 15% — R10,Cs Cs, Cr Ce, Cr Ceg, Cr Ce
Cr up 15% — CG, Cr Cr CG, Cr CG, Cr Cr
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Fig. 11. A possible system model for a non-linear circuit.

whereg; Vi=1...n are the monotonic gains of individual f(x) 4 Decreasing,
stages in the cascaded blocks. As the product of two or ms
monotonic functions is also monotonic we have G to be
monotonic function.G' constitutes the coefficient of the'”

power ofz in this expansion, as it lies in the main signal flov
path from input to output. Thus it is proved that there is i
least one monotonically varying coefficient in a polynomiz
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expansion of a non-linear analog circuit. Further, in gahel ; : ! 1y
the coefficient o2n'" power of such a polynomial expansior : ; : P
is monotonic. : ; ; ; o
Theorem 3A continuous non-monotonic functiofi: & — ‘ ' ' ' X
R . . . . Xo Xy X, X Xy Xg
R can be decomposed into piecewise monotonic functions 3

the form: _ _ _ _ . ,
Fig. 12.  Non-linear, non-monotonic function decomposed ipicewise
monotonic functions.
f ) x) (x ) ( ( (x — Zo —u(x— 1‘1))4‘ ACKNOWLEDGMENT
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(31) article.

wherexg, z1, - - - x,, are all stationary points of (z) and

w(z) = 1 Vx>0
10 V<0

Proof: By Rolle’s theorem [17], iff : & — R is any
continuous and differentiable function in the open intérvi
(a,b) and f(a) = f(b), then there exists € (a,b) such that
f'(¢) = 0. To extend this result, suppogéz) is increasing
in the interval (a,c™), that is f'(z) > 0 Vz € (a,c¢”) and
decreasing in the intervalc™,b) that is f/(z) < 0 Vz €
(c*,b) then at pointe, f/(c) = 0. In general for a continuous
function f over arbitrary intervala, 3) there exists countable
number of pointsy; such thatf’(z;) = 0 as f(z) changes
its monotonicity. Now that we have showr are stationary
points, it follows thatf(z) is monotonic between any two
stationary points, i.e., in the interval; 1, z;). The windows
generated by the step functiar(x) ensures that each term
in the summation in (31) is monotonic. A typical example is
shown in Figure 12, wher§x) alternates its monotonicity at
6 points namelyx, throughxs; and at each of these points
slope is zero and’(x) = 0. f(x) can be expressed as sum
of monotonic functions separated by windows in the interval
(Xﬂaxl) ) (XlaXQ) ) (XQ;XS) ) (X37X4) ) (X47X5)-



