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Abstract parametric variations which cause the circuit performances to be
outside the preset specifications are considered to be faults. As
Fault-driven analog and mixed-signal testing calls for rapid fault sim- a result, the responses for both good and faulty circuitbansls

ulation techniques. A problem that has not been addressed effectively  calledgood (response) barahdfault (response) banespectively.
by existing research is that circuit parameters have tolerance ranges. This is illustrated in Figure 1.

In this paper, we propose representing parameters under variations as
intervals, and present an efficient algorithm — based on interval anal-
ysis and Householder's formula — to compute the worst-case response
bounds ofgood and faulty linear(ized) circuits under parameter varia-
tions. Our approach takes CPU time comparable to one nominal circuit
simulation, and always produces correct and conservative results. The
algorithm has been implemented into SPICE3F5. Experimental results
show an acceptable accuracy.
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1 Introduction

Faul t Band

= Frequenc
In the past few years, analog and mixed-signal integrated circuits -
have grown in importance, due to the rapid convergence of com-
puting, consumer electronics, and communication. Since the early Figure 1: lllustration of good and fault bands.
1990s, the average growth rate of the mixed-signal IC market has
been between 15% and 20% per year [3]. The ever increasing  Another related issue arises in mixed-signal simulation. Un-
level of integration complexity and shortening product life cycles known states in digital portion give rise to parameter tolerances in
of mixed-signal ICs and systems have created many design and teshnalog portion, which cannot be handled directly by circuit simu-
challenges. Among them, testing the correctness of analog circuits, |ators. In addition, most conventional circuit simulators encounter
i.e, analog testing, is one of the most important issues. It is rec- the numerical difficulty when simulating circuits that contain opens
ognized that the influence of analog testing on time-to-market and and shorts. The problem is further compounded by many numbers
final cost of the circuit is increasingly significant. of faults needed to be simulated.

Analog fault simulation is a central issue in analog testing, with Methods have been proposed to speed up fault simulation of
applications in test selection, fault coverage analysis [22], and de- |inear analog circuits some 20 years ago [21, 23] and recently [16,
sign for test [14, 27]. Some research effort has been directed to ex-25]. However, these methods did not address parameter tolerances.
ploit standard analog/mixed-signal simulators such as SPICE [7], To our knowledge, Pahwa and Rohrer were the first to consider
Eldo [19], and Saber [4] to perform fault simulation. This line of  efficient fault simulation of linear circuits under parameter toler-
research has been plagued by a number of problems. First, anaances [18]. Nominal sensitivity analysis is used to estimate the pa-
log circuit parameters are associated with tolerance ranges. Onlyrameter worst-case conditions. Fault bands are then approximated
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(DARPA) under grant number F33615-96-1-5601 from the U.S. Air Force, Wright HHOWeVer, the basic assumption that parameter worst-case condi-
Laboratory, Manufacturing Technology Directorate, and by the National Science tions remain unchanged even under fault (calledottued fault as-
Foundationunder grant CDA 96-01503. sumption is not hold in general. As a consequence, band fault may

deviate from fault bands significantly. Furthermore, no method ex-

ists to check whether a given circuit satisfies the band fault assump-
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ing inductive fault analysis and behavioral modeling [6]. However, may beexpandedoverestimateddue to the fact that correlations
no systematic methods exist for extracting behavioral (fault) mod- among the values represented by intervals (e¢.g.,z" = [—1,1]
els from transistor-level (fault) models. Recently, Spinks and Bell ands” « 7 = [0, 4]) are ignored by interval arithmetic.
proposed the use of the Monte Carlo method to estimate the pa-  An interval vectorx’ is a vector whose elements are interval
rameter worst-case conditions, and then approximate the faulty re-nymbers, and we write an interval vectonds = X%, x7]. An
sponses by performing circuit simulation on faulty circuits Using jnteryal matrixA” is a matrix whose elements are interval numbers
the same parameter worst-case conditions [22]. This method suf-5,4 we write an interval matrix &/ — AL, AT,
fers the same shortcoming as the band fault approach. '

In this paper, we present a rapid, correct and conservative ap-
proach for frequency-domain fault simulation of linear(ized) ana- 3 Generalized MNA Formulation of Circuit Equa-
log circuits and systems under parameter variations. A large class :
of circuits and systems widely used in video and image processing, tions and Fault Models
digital signal processing, control, communications, and many other ¢, gjger 4 linear time-invariant circuit, where some circuit param-
applications fall into this category. Further, recent studies have re- eters are under variations, and représented by interval numbers.

vealed that faults which shift the operating point of a transistor- The Modified Nodal Analysi§VINA) method developed by He.

level analog circuit can be easily detected by inexpensive DC test- 11 31 and popularized by SPICE [15], is adopted with slight mod-
ing or power supply current monitoring, whereas the most difficult ification to formulate the circuit equations. Basically, for all the

faults to detect are those that only cause performance deviations [5]'components which do not have interval parameters, the rules of

Itis this class of linearized analog circuits that our research is tar- \\\a are followed. For every component with interval parame-
ge‘eT‘:]?t- detail hand ¢ i | ters, an additional variable (branch current) and an additional equa-
IS paper detalls our approach and presents a prototype analogj,, (pranch equation) are introduced for every interval parameter.
fault simulator utilizing the pposed technique. An interval based This is calledgeneralized MNA formulatigror simplyGeneralized
framework for handling parameter variations is introduced in Sec- Nodal Analysis) (GNA)Note that the GNA formulation for a cir-

;grgwﬁllatlg dsv?;tggni’r:liszlzg ,t\;'ﬁ 'Jr%rprﬁmg{ilg é&%';g&fg?hn;:re cuit With_out parameter variations degenera_tes to the or_iginal MNA

- . . formulation. In general, the GNA formulation results in a set of
a set of Ilne_ar interval equations, and analog faults are modeled ascomplex linear interval equations, represented as:
changes of intervals. Computing the good bands amounts to solve a
set of linear interval equations. A recent algorithm for this purpose
is adopted in Section 4. Section 5 shows how fault bands can be
obtained with a very minor computational cost from the good band
using Householder's formula. Implementation and experimental

results are described in Section 6. Section 7 concludes the paper.

TixI = w! 1)

Consider a circuit shown in Figure 2, whefeis under param-
eter variation.

2 Notations from Interval Mathematics

Letp € R be a real number whose value may not be precisely
known. Instead, we are often given a range anid uncertain
within this range. This can be represented byraerval number ‘
p!, with lower (left) boung” andupper (right) boungh®, denoted

byp’ = [p%, p™]. Themidpointmid(p’) of an interval number =
p! is defined as:

. 1
mid(p’) = 7(p™ +p"),

and theradiusrad(p’) of p’ is defined as:

rad(pj) = %(pR —pL).

Given two interval numbers’ andb”, the following interval arith-
metic operations are defined as follows [1]:

o 451 = [af +bL,a® 457
o b = [af — bR af — L]
al xb = [min(aLbL,aLbR,aRbL,aRbR)7
max(aLbL,aLbR,aRbL,aRbR)]
a bt = [man(a” /b, a" /6% a0 o 6T,

maz(a” /6", a" /6™, a™ /6" o b))

For example, let:’ = [0,2], thenl — = = [-1,1], ” x 2T =
[0,4], andl—z" +x w2’ = [-1,1]+[0,4] = [-1, 5], where actu-
ally the value sefl —z + @ +x | ¢ € #7} = [3/4,3]. This demon-

strates a peculiar characteristic of interval operation: the value set

Figure 2: A simple two-resistor circuit.

The GNA formulation is as follow:

0 0 1 v(1) 1
0 1/rz -1 v(2) | =10
(1)) - ()

Note that GNA formulation may have more variables and equa-
tions than the original MNA formulation. Similar to the sparse
tableau formulation [11], it takes approximately the same computa-
tional effort as the MNA by using the sparse matrix technique [26].
However, the proposed GNA formulation has following “nice” prop-
erties:

¢ At most one interval matrix entry appears in any given row
or any given column of .

e Each interval matrix entry is contributed by a unique circuit
parameter under variation amite versa

¢ If all interval circuit parameters are independent with each
other, then all the matrix entries i’ are independent with
each other.

These properties help to find tight solution bounds.



The system of complex interval equations in Egs. (1) can be
transformed to a system of real interval equations as follows:

(v ) ()= (3)

where subscript® andZ denote, respectively, the real part and the
imaginary part of a complex matrix, vector, or number. Therefore,
under our formulation, frequency-domain circuit simulation under
parameter variations amounts to solve Egs. (2) — a set of linear
interval equations — for a given set of frequency points.

A fault associated with circuit componentcan be represented by
a change of component parameter from an original intervalpSay
to a new interval, say’. This model captures various analog faults
due to fluctuations in the IC manufacturing process. In particular,
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e Parametric faults. Parametric faults are excessive statistical
variations in manufacturing process conditions which cause
circuit performances to be outside of some preset specifica-
tion tolerance. There are two special cases: nominal value
shifting, i.e.,

T, = T}, + At

and variation expansion, i.e.,
T = [Th — At T + A
HereAt is a scalar quantity, not an interval.

Structural faults. Structural faults are random defects which
cause opens and/or shorts of circuit componéptschanges

of circuit topology. Examples of such faults ditbography
errors and oxide pinholes. We distinguish two types of struc-
ture faults. Type | refers to resistive shorts and conductive
opens, which forces the circuit matrix entry to zero, and can
be modeled as:

T,I] =0

Type |l refers to resistive opens and conductive shorts, which
forces the circuit matrix entry to infinity, and can be modeled
as

4 Solving Systems of Linear Interval Equations

In this section, we consider how to solve a system of real linear

interval equations in the following form
Alx! = b’ 3)

The tightest bounds’ can be obtained by solving the set of equa-

tions over all the possible combinations of parameter values within

the given interval ranges and taking the union of the solutions. This

is known asUnited Extensionbut it is not computationally feasi-
ble [1]. Gaussian EliminatiomndLU Decompositionvith interval

arithmetic can be applied [17]. However, these approaches have

INTERVAL_SYSTEM_SOLVE(A?, b)

1 Ciy+ (A+AR/2 45=12...,n
2 M'«CciAl rfecTib!
3 P« (MY
4 fori=1tondo
5 5; « |mid(r])| + rad(r])
6 fori:=1tondo
7 f, %ijl P,‘JSJ
8 gi & fi — 2Pi|mid(r])]
9 if g >0
10 if mid(r{) >0
11 zl « [—gi, fi]
12 else
13 zl « [~ fi, 9]
14 else
15 if mid(r{) >0
16 ol [—gi/(2Pi — 1), fi]
17 else
18 xlj — [—f,‘,gl‘/(ZP,‘,‘ — 1)]
19 returnx?’

Figure 3: An algorithm for solving linear interval systems.

The algorithm is based on an original idea of Hansen [10], and
exploited later in [24]. Lines 1 and 2 transform Egs.(3) into the
following system:

MIx! =r! (4
This is known apreconditioning Preconditioning may expand the
solution bounds, however, thpeconditionedystem has a special
property that matrix(/” is centered around the idéty matrix |,
ie:

1—Mi=MF—1 and —M5=M7 i#j

As shown in [20], the rest of the algorithm computes the exact solu-
tion bounds of the precoitibned system. Note that Hansen's orig-
inal method requires the interval matd¥ to bestrongly diagonal
dominant and is thus not applicable directly to our application.

5 An Efficient Fault Simulation Algorithm

In this section, we show how fault simulation can be performed
using a small amount of computation effort from the simulation re-
sults of the good circuit. The method is based on Householder's in-
verse matrix formula and interval operations. The key is to exploit
the fact that the circuit equation for a faulty circuit differs slightly
from that of the good circuit.

Let us assume that matrix entily; is shifted by an interval
Atfj. Then the system of faulty circuit equations

I

been known to produce too loose solution bounds, and were nevercgn pe written as

applied to practical problems.

We have developed an efficient and elegant algorithm, which
is described in pseudo-code in Fig. 3. The major computation
cost comes from computing the inverse of two matric@s'(and
(M£)~1). The complexity of the algorithm i©(n®) — the same
as nominal circuit simulation. We have proved that the computed

bounds always contain the exact solution bounds [20]. Further, the

expansion of solution bounds is relatively small, as we have ob-
served in our experiments.

Tix;=w (5)
(T" + At ee) )x; =w' (6)
According to Householder's inverse matrix formula [12], we have
TI)_le‘eT
TH-1 = (TH! — ( ) TH! 7
( f) ( ) (At,‘I])_l‘i'((TI)_l)]i( ) ( )
Note that
x;=(TH™'w' and x' = (TH~'w' ®)



then we have 6.1 State Variable Filter

oy = ok —miz,  k=1,2,...,n 9) We test our program on the state variable filter circuit [9]. Its
h schematic is shown in Figure 4. The nominal parameter values are
where given as
I (T ™k
mjy = (10) Ry = 10k, Ry = 20k, Rs = 10k, Ry = 10k
(A + (), = 10k, Ho = 20k, fi = 10K, Ry
The equation above can be simplified for each specific type of Rs = 100k, e = 10k, R7 = 30k, Rs = 45.5k

faults: Ry = 2.2k, Rio = 10k, Cy = 1.6nf, Cs = 1.6nf

e Parametric faults. La&tfj denotes the difference of matrix
entryT;; between the good circuit and faulty circuit, then

(@
" )T+ (T -

e Structural fault — type I. Suppose a fault forces the value of
matrix entryT;; to be zero, for example, short fault of a re-
sistive componentand open fault of a conductive component,
then we have

il = ()7
T3+ (T

Note that7}; here is the nominal value df/; instead to be
an interval number. Figure 4: State variable filter circuit.

(12)

e Structural fault — type Il. Suppose that a fault forces the
value of matrix entryl;; to be infinity, for example, open
fault of a resistive component and short fault of a conductive
component, then we have

We perform parametric fault simulation. Since the outputs of
the state variable filter are very sensitive to parameters, for the clar-
ity of comparison, we assume that all parameters Rave % sta-
tistical variations. Two parametric faults considered Biewith
(TH ™ 50% and—50% changes, respectively. The simulated fault bands
m (13) and good band are shc_>wn i_n Figs-(B), where thegood band is

computed by the algorithm in Figure 3, and fault bands are com-
Fault simulation consists of computing (9), (11), (12), and (13).  puted from Egs. (9) and (11).

We observe that thah column of(T?) ™" is the solution of the

following system of linear interval equations:

I
mp —

20

T'x = (14) ,
. . 18r ’/\ — No Fault )
whereg; is a vector withith component equal to 1, and the rest of 6l o - - 50% R1 Fault |
components being 0. Eqgs. (14) can be solved very efficiently, since R -~ -50%R1 Fault

Egs. (14) has the same coefficient matrix as Egs. (1) for the good
circuit, andC~! andP~! are available already from good circuit
simulation.

We note that all quantities in Eqs (9), (11), (12), and (13) are
interval complex qudities, and are computed using interval op-
erations. This method is rapid. However, because interval op-
erations ignore the correlation among interval dites =}, =1,

(TH ™Y and ((TH)71),: in Egs. (9), (11), (12) and (13), cer-
tain bound expansion may occur. Nevertheless, the resultsilare s
correct—computed bounds always contain the exact bounds. Fur-
ther, as validated by our experiments, the bound expansion is usu- ‘ =
ally small for not substantially large parameter variations. As an 02 04 08 08 eyswe g TS Y2
alternative, we can perform fault simulation by applying directly

the algorithm in Fig. 3 to solve Egs. (5).

Magnitude of V(1) (volts)

Figure 5: Parametric fault simulation: Magnitudelof1).
6 Experimental Results

The CPU time taken for good band computation over 100 fre-
The proposed algorithms have been implemented into a computerquency points is 16.78 seconds, and 0.93 seconds for one fault
program $vA -AC (SPICE3Incorporating’HDL-A). SivA-AC is simulation. An interesting observation is that the magnitude fault
based on SPICE3F5, and extends the sparse matrix package irbands exhibit significant difference from that of the good band and
SPICES3F5 to implement the proposed algorithms described in Sec-also between each other over a wide range of frequency, while the
tions 4-5. A number of experiments have been conducted mainly to phase fault bands do not. This implies that the magnitude can be
test the validity of analog fault simulation by our interval analysis used as fault detectability measure andydiasibility measures.
based algorithms. The CPU time, which is collected on a SPARC-
Ultra 1 workstation, is also given for comparison.
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Figure 6: Parametric fault simulation: Phaséft).

6.2 pA 741 Operational Amplifier

We further test our program on the the more compl@&x741 oper-

ational amplifier. Figure 7 shows its schematic. The nominal values
of circuit parameters are

Ry = 1k, Ry = 50k, Rs = 1k, Ry = 3k

R5 = 39]@, Re = 507 R7 = 257 Rg = 100
Rg = 50k7 RlO = 40k7 Rll = 50k7 COMP = 30pf

S
a
Vi
T
I o

‘ ® - VEE

@ +VCC

@o

Figure 7:uA741 operational amplifier circuit.

All the parameters are assigned?% statistical variations. We
consider a structural fault: the compensation capacitemp is
shorted. Figure 8 and Figure 9 show both the magnitude and phase
fault bands, as well as the good bands.

Both the magnitude and phase fault bands show a significant
difference from their corresponding good band over the entire in-
terested frequency range. It can be seen that h& 3requency
changing point increases about 10 times if the compensation ca-
pacitor is shorted. For 100 frequency points, the CPU time taken

is 90.44 seconds for good band computation, and 6.49 seconds for
each fault simulation.
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Figure 8: Structural fault simulation: Magnitude6fOUT)).

7 Conclusions

An interval-based framework was presented for frequency-domain
fault simulation of linear(ized) analog circuits and systems under
parameter variations. Our approach has several major features that
differentiate it from previous approaches.

1. Our method is extremely fast, and comparable to regular nom-

inal circuit simulation. Suppose that there aterial Monte

Carlo simulation fom faults, the proposed fault simulation

method (using Householder's formula) gains a theoretical

speed-up 0O (mn) over the Monte Carlo method.

Our method is accurate and conservative. The fault bands

computed by our method always contain accurate fault bands.

This property ensures the correctness and robustness of the

use of our fault simulation method in test selection, fault cov-

erage analysis and design for test. Further, if the ranges of
parameter tolerances are relatively narrow, our method pro-
duces very tight bounds. For those faults that cause a large
change of circuit performance, we note that they can be eas-
ily detected by inexpensive DC testing and power supply cur-
rent monitoring (no AC testing is needed).

. Since fault simulation is performed by Householder's for-
mula, the numerical singularity problem associated with the
direct use of conventional circuit simulators do not exist.

. Because fault simulation is performed at the circuit level,
no mapping of faults to the behavioral level, as required by
DRAFTS [16], nor behavioral fault modeling [6, 8], is needed.
This ensures fault coverage unchanged.
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