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Abstract— This paper describes a method to im-
prove the efficiency of nonlinear DC fault simula-
tion. The method uses the Newton-Raphson al-
gorithm to simulate each faulty circuit. The key
idea is to order the given list of faults in such a
way that the solution of previous faulty circuit can
serve as a good initial point for the simulation of
the next faulty circuit. To build a good ordering,
one step Newton-Raphson iteration is performed
for all the faulty circuits once, and the results are
used to quantify how faulty circuits and the good
circuit are close in their behaviors. With one-step
Newton-Raphson iteration implemented by House-
holder’s formula, the proposed method has virtu-
ally no overhead. Experimental results on a set
of 36 MCNC benchmark circuits show an average
speedup of 4.4 and as high as 15 over traditional
stand-alone fault simulation.

I. INTRODUCTION

Testing analog portion of mixed-signal circuits and
systems is becoming an important issue that af-
fects both the time-to-market and final product cost.
Among several methods of analog testing, DC testing
is generally cheaper, since it does not require expen-
sive test equipment and has a shorter testing time. In
the scenario where DC testing is performed before AC
testing and transient testing, DC tests that detect the
majority of faults can reduce the overall testing time
and cost. Recently, some research effort has been de-
voted to exploit low-cost DC test generation [6] and
DC built-in self-test [1].

DC fault simulation is to simulate the DC behavior
of an analog circuit for a given list of faults. It is an
important tool for fault-coverage analysis, test gener-
ation, and built-in self-test. A considerable amount of
effort has been devoted to efficient fault simulation for
linear analog circuits [7, 10, 14, 15]. However, DC fault
simulation of nonlinear analog circuits—a more diffi-

C.-J. Richard Shi

Dept. of Electrical and Computer Engineering
University of lowa, lowa City, IA 52242, USA
Tel: +1-319-384-0530, Fax: +1-319-335-6028

e-mail cjshi@eng.uiowa.edu

cult and more practically important problem—remains
largely unexplored. In general, DC simulation of non-
linear analog circuits amounts to solving a set of nonlin-
ear algebraic equations usually by Newton-Raphson it-
erative algorithm. This itself is computationally expen-
sive. Further, faults may deteriorate the convergence
property. We note some recent progresses in reducing
the number of faults to be simulated by inductive fault
analysis [12], minimizing the simulation complexity by
behavioral modeling [9], and shortening the equation
setup time by using the cache mechanism [17].

This paper presents an efficient method for DC fault
simulation of nonlinear analog circuits. We propose to
order the faults in such a way that the circuit response
of the previous fault can serve as a “good” initial point
for the simulation of next fault. Fault ordering is per-
formed by a greedy heuristic, and is based on predicting
the “closeness” of two faults using one step iteration of
the Newton-Raphson algorithm.

This paper is structured as follows: Section II
presents the basic ideas of the fault simulation con-
tinuation. Section III describes how the ideas are real-
ized via one-step relaxation and greedy fault ordering.
Section IV describes implementation details. Experi-
mental results are reported in Section V.

I1. SIMULATION CONTINUATION—WHY FAULT
ORDERING?

In general, DC simulation amounts to solving a sys-
tem of nonlinear equations written as:

f(x) =0, (1)

where x is the vector of circuit unknowns (node volt-
ages and branch currents), f represents the system of
nonlinear functions.

The widely used Newton-Raphson algorithm for solv-
ing Eq. (1) is an iterative process. It consists of the
following steps:



e Guess an initial point x(%),
e Solve J(xF))(xk+1) — x()y = —f(x(F)) for k =
0,1.2,..., until the convergence criteria is met.

Here J(x%)) is the Jacobian matrix of f(x(¥)).

How close the initial point x(?) to the final solution
is important for whether the algorithm converges. and
how fast it converges [2]. However, predicting a good
initial point in general is a difficult problem. In SPICE,
the default initial point is set to 0.

Homotopy stmulation continuation is an important
technique to improve the convergence property of
difficult-to-converge circuits [4, 11, 16]. The basic
idea is to construct a slightly different “pseudo” cir-
cuit whose response can serve as a good initial point
for the simulation of the original circuit, while the con-
vergence of the “pseudo” circuit simulation is easy to
achieve. Two simple schemes known as Gmin stepping
and source stepping were implemented in SPICE [4, 8],
while more complicated schemes involve the design of
circuit traces (a list of “pseudo” circuits), known as
homotopy [11, 16].

We propose to exploit this idea for DC fault simu-
lation. Given a list of faults, fault simulation is per-
formed in an order, and the simulation result of the
previous fault serves as the initial point of next fault
simulation. The faults are ordered in such a way that
the total number of iterations is minimized. In case of
the difficult-to-converge fault circuits, more “pseudo”
faults can be embedded into the simulation sequence
to help convergence.

This idea is especially attractive for parametric faults
and some structural faults that do not cause the catas-
trophic failure of the circuit. For catastrophic faults
with dramatically different responses, 0 or the good
circuit response Xgo0,4 can be used as the initial point
for fault simulation. This consideration leads to the
simulation trace as illustrated in Fig. 1, where solid cir-
cles correspond to fault responses, empty circles corre-
spond to some “pseudo” fault responses added to help
the convergence, and two shadowed triangle points de-
note the good circuit response and 0 respectively.

ITI. FAULT ORDERING VIA ONE-STEP RELAXATION

In this section, we consider how to construct appro-
priate trace of fault simulation, or simply fault order-
ing. A computationally efficient yet effective heuristic
is proposed. It consists of three components. First,
we propose to perform one-step Newton-Raphson re-
laxation for each fault using the good-circuit response
Xgood as the initial point, and to use the results as es-
timations of the fault-circuit responses. This can be
implemented very efficiently using Householder’s for-

Xgood

= X1

Fig. 1. Illustration of fault simulation continuation.

mula. Second, we give a simple and effective formula
to “quantify” the closeness of two responses. Finally,
we describe a greedy heuristic to order the faults for
simulation continuation.

A. One-Step Relaxation via Householder’s Formula

Let Xg504 denote the good-circuit response, and
Xfquir the fault-circuit response. One-step Newton-
Raphson relazation 1s to perform one step Newton-
Raphson iteration on the faulty circuit using the good-
circuit response as the initial point:

1 ¢
3 pautt (Xgood) (X guie = Xgood) = ~Fpautt (Xgood) ~ (2)

Here Jfquit (Xgood) and fquit (Xgood) are computed from

the initial point xg,04. and x{! represents the vector

fault
to be solved. We propose to use xg}a)ult as the estima-
tion of the fault-circuit responses for fault ordering.

In case that a fault is associated with a linear element
(e.g., linear resistor) in a circuit, one-step Newton-
Raphson relaxation has the following simple circuit in-
terpretation: take the linearized circuit at the oper-
ating point of the good circuit as the “good circuit”
model and consider fault simulation of the given fault.
This is a linear fault simulation problem. The solution
x;la)ult of one-step relaxation is the fault simulation re-
sult of the linearized circuit.

In fact, the solution < can be computed very ef-
ficiently without solving Eq. (2). This is to exploit
the fact that the matrix of a faulty circuit differs only
slightly from that of the good circuit. Hence House-
holder’s matrix updating formula can be used [3].

Consider a resistor r;; connected between node ¢ and
J with the conductance value g;;, and a fault is associ-
ated with the resistor. Let Y, be the MNA matrix of



the good circuit, and w; be the right-hand-side vector
of a faulty circuit. Let I be the identity matrix, and
vector e be a column vector defined by

er =0, except ¢; =lande; =—-1 k=1,2,....n. (3)

Then from Householder’s inverse matrix formula [10],
we have:

e Parametric faults. Let a parametric fault cause
the change of the resistor’s conductance by Ag;;,
then

(1) (I Yg_leeT )Y—l (4)
x, /' =(I- w
! (Agig) ' +eTY e 7

e Open Fault. We can model a resistor open fault
by setting Ag;; to —g;;, then

(1) _ g -1
X = (I Y w 5
f ( Z'_jl TYg_l ) g ! ( )

e Short fault. We can model a resistor short fault
by setting Ag;; to oc, then

1y _ Yg_leeT
X' = (I- r~—1.
e Yg e

)Y wy (6)
It is important to note that the simplified equations
Egs. (4)—(6) not only reduce the CPU cost of device
loading and LU decomposition, but also avoid possible
numerical difficulties caused by oc and 0 resistors.

B. Closeness Measurement

Given two non-zero circuit responses x; and x;, we
define the normalized absolute distance as

L (xi)e — (%))
tz] - n kz::ll (Xi)k |? (7)

where n is the dimensions of vectors x; and x;, and
(xi)x and (x;)g denote the k-th element of the vector
x; and x; respectively. We denote the distance between
Xgood—the response of the good circuit—and x;—the
response of j-th faulty circuit—by ¢;.

Having tested several other measurements, we have
found out that the normalized absolute distance is a
simple yet effective measurement of the “closeness” of
two faults. Intuitively, if two faults are close in this
distance, they requires less iterations if they are simu-
lated with continuation from one to another. Note that
the distance between any response and 0 is always 1.

DC_FAULT _SIMULATION_CONTINUATION

1 Xgooa ¢ result of good circuit simulation;
2 for the ith fault in the fault list (i = 1, ..., m)
3 Xjquiti ¢ result of one step relaxation;
4 t; ¢ distance between Xgo0q and Xyquisi:
5 if the kth fault has the minimum distance, then
6 exchange the positions of first & kth faults;
7 ift; > 1, then
8 Xinitial < 0;
9 else
10 Xinitial € Xgood:
11 for the ith fault in the fault list (: = 1, ..., m)
12 Xfquiti < simulation result of the ith fault
using X;nitiqr as initial point;
13 t;; « distance between Xfquit; and Xgquir;
j=1+1,.....m:
14 Let ;5 be the minimum distance;
15 if t;x > 1 and t; > t;41, then
16 exchange the positions of i+1th & kth faults;
17 Xinitial < Xfaulti;
18 elseif t;; > t;41 and ;41 < 1, then
19 Xinitial £ Xgood:
20 elseift;; > 1 and ¢;4; > 1, then
21 Xinitial < 0;

Fig. 2. DC fault simulation algorithm.

C. Adaptive Fault Ordering Heuristic

Figure 2 describes the complete fault-simulation con-
tinuation algorithm. It is based on an adaptive and
greedy fault ordering strategy. First, one-step Newton-
Raphson relaxation is performed for all the faults, the
results are denoted as xg’la)ulti? i = 1,2,...,m. The
normalized absolute distances between fault-circuit re-
sponses and the good-circuit response are computed
and denoted as t;, 1 = 1,2...., m. The fault that has
the minimum distance will be selected as the first fault
to simulate. If its distance is less than 1, then x4,,q is
used as the initial point; otherwise 0 is used. This pro-
cess 1s repeated for all the faults in the list. Each time,
the distances from the result of previous simulated fault
to that of all the un-simulated faults (approximated by
the one-step relaxation method) are calculated. The
fault to be simulated next and its initial point are de-
termined based on the computed distances.

IV. IMPLEMENTATION AND EXPERIMENTAL SETTING

The proposed method has been implemented into
SPICE3F5. A set of benchmark circuits from 1990
MCNC Circuit Simulation and Modeling Workshop [5]
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Fig. 3. Diagram of DC-fault-list generator.

User-Specified Faults

TABLE 1
SUMMARY OF FAULTS HANDLED BY THE FAULT-LIST GENERATOR.

Device Fixed Faults User-Specified Faults

Resistor short, open parameter deviation

Diode short, open model parameter deviation

BIT open at C, B, E model parameter deviation
Z}I‘\‘;“BF;W““ C-B; C-E pipe between E-C

MOsS open at D, G, € model parameter deviation
short between D-G, D-S pinhole between G-S, G-D
and G-S and G-channel

Interconnect — short, open

are used to test our method. We have also implemented
an automatic fault-list generator to insert faults into
the benchmark circuits.

Figure 3 describes the structure of our fault-list gen-
erator. It supports two methods of fault injection: fized
and user-specified. Fixed faults are device hard (u.e.,
open or short) faults. For examples, a resistor can have
1 short fault and 1 open fault: a transistor has a total of
6 short /open faults. For an MOS transistor, there are 3
shorts (between gate-drain, gate-source, drain-source),
and 3 opens (at gate, drain, source).

User-specified faults include parametric faults, and
global interconnect short/open faults. Table I sum-
maries the faults handled by the fault-list generator.

In our experiments, the following set of user-specified
faults are injected into all of the 36 test circuits:

e Resistors: +10% to +90% parameter deviations
with 10% incremental.

e BJT transistors: Emitter-collector pipe is modeled
by 5002 to 5K resistors with 500€2 incremental.

e MOS transistors: +10 to +£90% Width/Length ra-
tio deviations with 10% incremental. Pinholes be-
tween G-S, G-D are modeled by 5009 to 5K re-

sistors with 5002 incremental.

In the current implementation, the fault-list generator
does not inject faults into sub-circuits described in the
SPICE netlist. Therefore, the total number of faults
is not proportional to the number of devices for the
benchmark netlists containing sub-circuits.

We note that in order to simulate some faults, espe-

cially shorts, extra circuit nodes have to be added into
the original netlist. Therefore, the fault-list generator
creates not only the fault list, but also the expanded
circuit netlist in the SPICE format. In practice, it is
recommended that the inductive fault analysis (IFA)
be used to generate the realistic set of faults [12]. In
the absence of layout and process data, inductive fault
analysis is not used in our experiments.

V. EXPERIMENTAL RESULTS

The statistics of benchmark circuits are summa-
rized in the first 5 columns of Table II. There are
36 transistor-level circuits. The first group (astabl to
vreg) has 9 BJT circuits, the second group (ab_ac to
toronto) has 16 MOS circuits using the SPICE level-
2 MOS model, and the third group 11 MOS circuits
using the SPICE level-3 model.

In Table II, Column 6 lists the number of iterations
required to simulate each circuit without faults (good
circuit simulation). Columns 7 and 8 describe, respec-
tively, the total number of iterations and the CPU time
used for simulating all the faults using 0 as the ini-
tial point (stand-alone fault simulation). Columns 9
gives the total number of iterations used for simulat-
ing all the faults using xgo04 (the result of the good
circuit simulation) as the initial point. Column 10 de-
scribes the ratio of Column 9 with respect to Column 6,
which is the speed up of using x4,,4 as the initial point
over stand-alone fault simulation. Columns 11 and 12
describe the total number of iterations required by
the proposed simulation-continuation method and its
speedup over stand-alone fault simulation. The CPU
time 1s collected on an UltraSparc-1 workstation.

We note that the speedup depends heavily on each
individual circuit and its injected faults. The proposed
method achieved an average speedup of 4.4, and as high
as 15, over stand-alone fault simulation. If the good
circuit response i1s used as the initial point, an aver-
age speedup of 2.7 was achieved. We have observed
that the proposed method offers a significant improve-
ment

e when the number of iterations required per circuit
simulation is substantial,

e when a circuit has many parametric faults to sim-
ulate.

In our experiments, most faults are catastrophic.

The static latch circuit in Table IT is used to illus-
trate the results of one-step relaxation and its compar-
ison with accurate fault simulation. Figure 5 plots the
output voltage and supply current computed by one-
step relaxation and accurate fault simulation for a list
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Fig. 4. One-step relaxation results after ordering.

of 72 faults. It can be seen that the results of one-
step relaxation approximate well that of accurate fault
simulation.

Figure 4 plots the result of one-step relaxation where
the list of faults are ordered by the heuristic described
in the paper. It can be observed that the ordered re-
sults show a better continuity: the results of two suc-
cessive simulations are closer to each other.

For this circuit, the total numbers of iterations re-
quired by stand-alone fault simulation, fault simula-
tion using X 4,04 as the initial point, and the proposed
fault simulation continuation (with ordering) method
are 1083, 667 and 573, respectively. If the simulation
continuation technique is applied directly to the given
fault list without performing fault ordering, the num-
ber of iterations is 1415.

VI. CONCLUSIONS

A simulation-continuation method has been pre-
sented for DC fault simulation of nonlinear analog cir-
cuits. The method uses the result of one step Newton-
Raphson iteration (called one-step relaxation) to pred-
icate the faulty response for each fault, and then uses a
greedy heuristic to build the fault order for simulation
continuation. Experimental results have demonstrated
the effectiveness of the proposed method.
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Fig. 5. Output voltage and supply current of static latch circuit.
TABLE 11

RESULTS OF CIRCUITSIM90 BENCHMARK CIRCUIT FAULT SIMULATION.

|| Circuit [ No. of Devices [ No. of TterNo. of ] Init. Point 0 [[ Init. Point X 554 ] Fault Ordering Il

[BIT | MOE | REE | Faults Good Sim. |[ TterNo. | CPU sec. || IterNo. | SpeedUp || IterNo. | SpeedUp ||
astabl 2 0 4 112 9 1112 1.02 372 2.99 340 3.27
bias 13 0 5 308 14 10747 30.14 8838 1.22 8074 1.33
bitff 41 0 26 1176 25 34518 409.88 7882 4.38 6729 5.13
latch 14 0 10 72 12 1083 3.04 667 1.62 573 1.89
Toc 96 0 276 180 45 8010 326.38 612 13.09 535 14.97
nagle 23 0 11 588 28 15712 77.44 5519 2.85 4874 3.22
rca 11 0 12 416 6 3438 16.52 2509 1.37 2185 1.57
schmitecl 4 0 8 224 31 13944 12.02 1407 9.91 1359 10.26
vreg 20 0 10 520 251 87568 201.60 23823 3.68 9308 9.41
ab_ac 0 31 1 1384 142 67122 563.16 12808 5.24 10468 6.41
ab_integ 0 31 3 1424 16 35207 406.40 10611 3.32 10566 3.33
ab_opamp 0 31 24 1444 11 23925 349.10 8620 2.78 8575 2.79
1480 0 28 130 60 25 1626 12.74 324 5.02 253 6.43
gm6 0 5 0 220 7 1539 4.56 590 2.61 549 2.80
hussamp 0 16 1 724 21 59001 155.3 54862 1.08 20867 2.83
mosrect 0 4 2 216 12 2257 5.88 506 4.46 371 6.08
mux8 0 64 0 2818 11 34473 1531.56 11488 3.00 11117 3.10
nand 0 25 0 1100 6 6796 146.86 2210 3.08 1980 3.43
pump 0 1 0 44 3 132 0.40 44 3.00 44 3.00
reg0d 0 13 30 600 3 1800 12.74 951 1.89 907 1.98
ring 0 34 0 1496 6 43823 467.40 57849 0.76 11699 3.75
schmitfast 0 6 0 264 B 2221 7.66 750 2.81 665 3.34
schmitslow 0 B 0 352 9 3137 13.70 1099 2.85 839 3.74
slowlatch 0 14 1 636 11 10095 51.34 4368 2.31 3833 2.63
toronto 0 58 0 2552 30 43356 1227.32 14679 2.95 12059 3.60
arom 0 116 2 5144 11 57520 6130.72 9822 5.86 9439 6.09
b330 0 330 0 14520 14 342553 33340.57 196385 1.74 115113 2.98
counter 0 220 0 9680 19 212690 27392.62 77222 2.75 57688 3.69
gm1 0 46 7 276 16 4416 31.42 4278 1.03 828 5.33
gmi7 0 56 3 764 173 92810 526.56 25191 3.68 24727 3.75
gm19 0 162 1 460 23 20892 470.18 25163 0.83 13234 1.58
gm2 0 7 0 44 B 350 0.68 304 1.15 117 2.99
ige 0 348 0 15312 31 320292 27262.29 122552 2.61 73948 4.33
mike2 0 12 0 528 E 5033 30.46 5669 0.89 2297 2.19
rich3 0 106 2 4704 18 84392 5288.18 12014 7.02 9677 §.72
todds 0 13 1 592 20 17878 60.48 4030 4.44 3842 4.65

[[ Average [ 6 50 16 [ 1971 30 [ 46430 2193.0 [[ 19890 2.7 [ 12213 4.4 ]
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