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In this paper, a simple behavior-level fault model, which is able to represent the faulty
behavior of the closed-loop operational amplifier (OP), is presented. The fault model, derived
from the macro equivalent circuit of the OP but verified with transistor level simulation, con-
sists of the offset fault and the limited-current fault. It can represent the faulty behavior of the
closed loop OP of all the transistor parametric (soft) faults and many of the catastrophic (hard)
faults. Due to its simplicity, the proposed fault model (1) significantly reduces the complexity
of fault simulation, and (2) makes closed-form analysis of the faulty behavior of the closed loop
OP feasible when the closed loop OP is used as a basic building block of a complicated circuit.
Although derived for DC, it can also be applied to AC fault analysis.
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1. INTRODUCTION

Analog testing, basically, is classified into two approaches, namely, the specification-
driven approach [1] and the fault-model-driven approach [2-6]. For the specification-driven
approach, the device under test (DUT) is declared to be faulty if the output function is out
of specification under some testing stimuli. In the fault-model-driven approach, the DUT is
claimed to be faulty if faulty behavior of the associated fault model occurs. In the later
approach, a fault list is constructed carefully, and input stimuli are selected intelligently so
that the deviation caused by the defects can be easily observed and measured. The fault list
is constructed based on the fault model adopted. The fault model can not only describe the
fault effect more clearly and offer clues to derive the test stimuli, but also makes it more
feasible to modify the input stimuli and estimate its fault coverage by means of analog fault
simulation. Therefore, fault models with the advantages of high speed and less memory are
always desired. They have been built at different levels, such as the behavior-level, the
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macro-level, the circuit-level and the defect-level. For example, at the behavior-level, the
linear error model [7-8], the impulse response fault model [9], and the functional fault
model [10] have been proposed and analyzed.

Since the OP is the most important and primitive element in the analog circuit, many
fault models for OP have been presented. For example, at the macro-level, hierarchical
fault modeling [11], fault modeling from the defect simulation [12], and fault macro-mod-
eling [15] for analog/mixed-signal circuits have been proposed. Another model incorporat-
ing testing strategies for analog/mixed circuits [13-14] has been proposed too. They are all
for the open-loop OP.

In this paper, a behavior fault model for the closed-loop OP is proposed. For most
linear applications, the OP is used in the closed loop. An advantage of using the behavior
closed-loop fault model is that when a fault is injected, the OP is treated at the higher level
during simulation or test generation. This speeds up fault simulation and test generation.
The fault model proposed is very simple but covers the fault effects of parametric faults and
catastrophic transistor short/nearly-open faults at the transistor-level of the OP. The model
lumps all the fault effects into an offset voltage fault and a limited-current fault when the
OP is operating in the inverting and non-inverting closed loop configurations. The fault
model is developed through DC analysis but can be applied to fault simulation for AC analy-
sis if the fault effects caused by the transistor level faults do not significantly affect the
frequency response of the OP, i.e., if the OP can still be modeled as a single pole ampilifier.
Also, it can be used in statistical fault analysis [18] to reduce the number of the parameters
for Monte Carlo analysis.

2. DC FAULTY BEHAVIORS OF THE CLOSED-LOOP OP

In this section, DC faulty behavior is investigated by using an exhaustive transistor-
level fault simulation on the benchmark OP [16] operated under three different
configurations. The simulated circuits are shown in Fig. 1, where (a), (b) and (c) are the
three configurations, namely, the inverting, the non-inverting, and the unit gain buffer
configuration, respectively, and (d) is the transistor level circuit of the OP used in the three
configurations. The injected faults are single faults and include all the parametric faults
(W, L and V, £10% variation of each transistor) and all the catastrophic faults (short and
nearly open for each transistor).
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Fig. 1. Simulated circuits for DC fault analysis: (a) inverting configuration; (b) non-inverting configuration;
(c) unit gain buffer; (d) benchmark OP [16] at the transistor-level.
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The simulation results are shown in Figs 2 and 3 for both the good circuit and the
faulty circuits, respectively. In Fig. 2, the offset voltagg, fetween two input terminals
of the fault free OP is plotted with respect to the input voltagddr three configurations.
It can be seen that even for the fault free OP, there are small quantities of offset voltage for
each configuration. These offset voltages come from the intrinsic unbalance, although
small, between two input stages in the designed circuit, and they basically shows a linear
relationship with respect to the input voltage. Fig. 3 shows the same input offset voltage
plots with respect to the input voltage for the faulty circuits with 40 catastrophic injected
faults. According to the different faulty behaviors, they can be classified into four types.
For each type of behavior, there is a representative fault. The representative faults are M
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Fig. 2. The input offset voltages plots in terms of the input voltage for the (a) inverting configuration,
(b) non-inverting configuration, and (c) unit gain buffer configuration for the fault free OP.
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Fig. 3. DC input-offset relationship for four types of representative faults: (a) Type | faults: the input-
offset voltage is linear in the full input swing; (b) Type Il faults: the input-offset voltage is similar
to the fault free case but with a narrower input voltage range; (c) Type Il faults: piecewise
linear; (d) Type IV faults: the input-offset voltage is nonlinear in terms of the input voltage.
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drain-to-gate short (type I), Mirain-to-source short (type II),/Mrain open (type Ill) and

Ms drain-to-source short (type 1V), respectively. The former three faults are for the invert-
ing configuration, and the fourth fault is for the non-inverting configuration. As shown in
Fig. 3, Type | faults cause the full swing linear input-offset relationship (Fig. 3(a)). For this
type of fault, if the faulty offset voltage just cancels out the input voltage, then the output
sticks at a fixed voltage. Therefore, the output stuck-at fault is a Type | fault. As shown in
Fig. 3(b), a Type Il fault, similar to that of the fault free OP, has a linear region in the input-
offset relationship, but the linear input-offset region is not full swing. For this type of fault,
there are two reasons why the linear region does not cover the full input swing. The first is
that when the input voltage in one of the inputs of the OP is high (or low), some transistors
of the OP will go out of the saturation region, and the gain of the OP will be degraded. For
example, when the input rises tQaW s transistor M enters into the triode region. This
explains why the unit gain buffer is left out of the linear region at the higher voltage as
shown in Fig. 2. The other reason is output voltage saturation. Because the closed-loop
gain is 2 for the non-inverting configuration, when the input is closg{2 ®—V.2, one

of the output transistors will enter into the triode region. This will cause the linear region of
the input-offset relationship to be narrower than that of the inverting configuration. All the
parametric faults belong to this type (Type Il) of fault. Type Il faults (Fig. 3(c)) have a
piecewise linear region which is much narrower and the magnitude of the offset is much
larger than that of Type Il faults. For this type of fault, the output current of the OP is
limited. For example, the Mirain open fault shown in Fig. 1(d) causes the OP to be unable
to support the normal current. When the OP is used in the inverting configuration, the
output voltage can not be charged to high when the input voltage is lower than 0. As a result,
the faulty offset voltage increases rapidly and monotonically as the input reaches a voltage
for which the output stage of the OP can not supply or sink its normal current. This type of
faults called “limited-current fault.” This type of fault affects the slew rate of the OP. For
Type IV faults, there is no linear input-offset relationship as shown in Fig. 3(d).

For all the above four types of faults, the percentage of each type of faults in terms of
the total number of transistor catastrophic faults for each configuration are shown in Table
1. (Recall that the previous DC transistor-level fault simulations proved that all soft faults
belong to Type Il faults.)

Table 1. The percentages of transistor level hard (catastrophic) faults for the four
classified types in terms of their input-offset behaviors.

Circuit 40 Catastrophic Faults
Configuration Type | Type Il Type lll Type IV
Inverting 65% 15% 20% 0%
Non-inverting 57.5% 10% 25% 7.5%
Unit Gain Buffer 52.5% 10% 22.5% 15%

3. OFFSET FAULT MODEL

In order to describe the previously mentioned fault behaviors using a fault model, the
macro-level equivalent circuit of the OP as shown in Fig. 4 is used, where the OP is oper-
ated in the inverting configuration. For this equivalent circyjt, R, R, are the differen-
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tial mode input resistance, the common mode input resistance, and the output resistance,
respectively; Vs is the input offset voltage;;Rand Ry are the resistors representing the
shorting defects of the output to the power suppligahd \,, respectively; A is the open

loop gain; Rand R are external resistors. For an ideal fault free QPRR., Rss Rigand

A will be infinite, and R and \j,s will be zero. When an OP is not ideal or a transistor level
fault as mentioned in the previous section occurs, one or more of the above parameters will
have finite value and/or will be affected. It is necessary to derive the input-output relation-
ship from this circuit to see how the transistor level faults will affect the input-output rela-
tionship through these parameters.

Ry
VV\/
Vdd
Vm RI mm \éoul
A\
Vld IA\/l q

Fig. 4. The macro equivalent circuit of the OP in the inverting configuration.

After superposition, the result is:

__RQ . -R R[ID 3 S=
Vut___ i V Vs+_vdd __V$7
““"RE"DR E'+ R[R[2RalBR ™ Ro © R (1)
where
, = R[2Re[Ra,
¥ = RddllellRoH R+ Ry)| AT,
B= (a_g)(Rd”Ri”RZHZRCm) and
D = B(R,[[Ry[[Ru[|Rs)-
Eqg. (1) can be simplified into the following form:
Vout = ACL(Vin + mVin + k) (2)

where
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A = —% isthe closed - loop gain,

m= — k=av, +bv, +cV,,
D+R,

o R/[D
Ao (R[R[2Rcx||BR,)’

b= x andc = - x .
Ao Ry AaRs

Eq. (2) is the input-output transfer function of the OP in the inverting configuration taking
the non-ideal effects, such as the input offset voltage, the finite gain, and the finite input and
output resistances, into account. The above nonideal property of the circuit can be modeled
as an ideal OP with an input offset voltagg:= mV,, + k, as shown in Fig. 5(a), whemeis

a parameter related to the closed-loop gainkaed parameter related to the offset of the
circuit when the input is zero and a transistor level fault exists in the OP. The values of both
m andk are independent of the magnitude of the input.

Vin =
(@) (b)

Fig. 5. Behavior-level offset fault model for the OP in the inverting configuration: (a) the offset placed
at the circuit input; (b) the offset placed at the OP input.

The above equation means that any variation(s}inRy, Ry, Ri, Ry, Rss Rigy Vos OF
A, which, as stated previously, come from the transistor level faults of the OP, can be
lumped into the two parametems,andk. The more serious the transistor level faults, the
more faulty the behavior of the circuit, and the larger the valuesook. For example, a
“node short” transistor fault between two nodes of the OP, causing the output to always
stick at some voltage, makeg Bhd Ry in Fig. 4 very small. In this casm,is—1, andk is
just the output stuck-at voltage. But for an ideal OR-Aand \,c—0, which cause B, D,
Rg4s and Rsapproach to be infiniten—0 andk—0.

The offset fault model shown in Fig. 5(a) can be shown in another form as in Fig. 5
(b), where the offset is connected directly to the positive input of the OP with diffierent
andk. In both circuit forms shown in Figs. 5(a) and (b), the parameters m and k well de-
scribe the faulty behaviors of Type | faults for the full input swing and of Type Il and Type
11l faults for the middle segment of the input swing mentioned in the previous section.

For the OP operating in the non-inverting configuration, a similar analysis can be
done to obtain an equation similar to Eq. (2) using node analysis with only the following
parameters:



FAULT MODEL 757

Av:L:1+&andm: R, b, Rk :
R D+R, D+R, 2Ru[BR,

The unit gain buffer configuration is a special case of the non-inverting configuration
with Ri—e and R—0 in Eq.(1) with

A =L m= U a= i and
t U+R '~ U+R
& = Ry[RIRIR 2R
where U = R, 12, R, = Ry[[R[2Rcr R

The behavior-level offset fault models for the non-inverting configuration and for the
unit gain buffer configuration are shown in Figs. 6(a) and (b), respectively.

Faulty OP

—0 Vout

(a) (b)
Fig. 6. Behavior-level offset fault model for the closed-loop OP: (a) in the non-inverting configuration;
(b) in the unit gain buffer.

4. LIMITED-CURRENT FAULT MODEL

In the previous section, the voltage-control voltage source of the macro-equivalent
circuit shown in Fig. 4 is assumed to always be Mhen deriving the behavior level fault
model. However, in reality, there is a limit on the output current that an OP can supply. It
is limited by the driving capability of the output stage of the OP, especially the faulty OP.

Fig. 7 shows the conceptual relationship of the output current with respect to the
differential input \j; of the OP of the circuit of Fig. 1(a), where the fault-free OP has a finite
open-loop gain and a small offset since it not an ideal OP and the faulty OP has a smaller
gain with a much larger offset. Both OP’s have limits on their output currents. When the
input of the OP reaches a value for which the OP can not supply a current, the two inputs of
the OP cease to be virtual-short and begin to act as two open nodes. The differential input
Viq Will arbitrarily increase to satisfy the KCL and KVL laws of the circuit with the nearly
constant output current of the OP. That is, the OP does not work normally. For the OP with
Type lll faults, its output driving currenti,ay Imine (the maximum and minimum currents),
deviate from their normal values, so the whole closed-loop circuit no longer works, and the
faulty OP operates abnormally.
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output } Fault Free OP

Current
Ideal OP / Faulty OP
v >
4

Differential
Input Voltage Viy

Fig. 7. Conceptual relationship explaining the limited-current fault.

Therefore, to take into account the above effect, the fault model shown in Fig. 5(b) is
modified to get those shown in Fig. 8, where both the offset fault and the limited-current
fault are included. The model has 4 parametsyk; |.;,, andl,,. When the output current
Imin< lo < Imax the two differential inputs of the ideal OP are still virtual-shoks §/0)
together with the faulty offset voltaggs = mV,, + k as shown in Fig. 8(a). Whén> |, 0r
<l min» |0 €QUAld 1ax OF I i @nd Vg # O; i.e., the two inputs of the ideal OP will be treated as
open nodes as shown in Fig. 8(b). According to Table 1, the fault model shown in Fig. 8 can
cover all the transistor-level soft faults and 92.5% of the hard faults of the OP. The faults
which can not be modeled aredy(drain to gate short), M (drain to source short), i
(gate nearly open) for the non-inverting configuration ang, W,qg Msss M1g, Mas and
Ms, for the unit gain buffer.

Fig. 8. The proposed complete fault model, including (a) offset fault; (b) limited-current fault for the
inverting configuration.

5. VERIFICATION OF THE MODEL USING
TRANSISTOR LEVEL SIMULATION

Since the above model was derived from the macro equivalent circuit of the OP shown
in Fig. 1, it was appropriate to verify the model using transistor level simulation.

First, transistor level simulations of the three OP configurations were performed for
DC as well as sinusoidal AC with some transistor parametric faults injected into the OPs.
The outputs were then compared with those obtained using behavior level simulation with
the corresponding offset faults injected at the inputs of the OP circuits. During the
simulations, if the input of the OP was outside the allowable input range,j.€.V¥, or
Vin > Vinas the limited-current fault model Fig. 8(b) was applied. Table 2 shows the results
of this comparison of DC and AC under different frequencies, where the amplitude
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Table 2. DC and AC analysis of soft faults in thhe inverting configuration.

Faults DC Analysis 10Hz 10kHz 100kHz 1MHz 10MHz
m K | Van | Ve |AE®%)| AE®%) |PEQ |AE®%)| PED |AE®%)| P.ES | AE%) P.ED | AE%)| PED

Fault Freq -3.3e-p -1.4e-5-2.45 | 2.45 [7.5e-3| 6.0e-2 0 | 0.068 | 0.032 | 0.236] 0.09 346 75 720 143
Vit50% [-2.8¢- 0.9 | -25( 155 |82e-3| 7.9e-2(0.136 | 0.130| 0.123| 0219 025 795 6.8 598 14
Vpt50% (-2.1e-4 -09 | -155 25| 24efd 85e-0.330 | 0.102| 0.398| 0.165 0487 335 872 604 14
Vgt50% |-2.7e-§ -0.88| -1.6 25| 3.4eB 7.0e0.243| 0103 0299 | 0210 0508 22[7 7.05 672 17
Vit50% [-1.5e-9 0.88 | -25 | 155 |4.9e-3| 9.9e-2 [0.169 | 0.142| 0.209 | 0443 0467 86(4 312 966 12
Vist50% [-2.8e- -2.2e-4 -2.49 2.45 |6.4e-3| 5.9e-2 0 | 0.084 0 0.404| 0.212 150 18.4 902 158
Vst50% |-3.3e-§ -4.8e-4 -2.45 2.45 |7.5e-3| 6.3e-2 0 | 0.064 | 0.016 0.224| 0.14 34p 75 720 143
Vit50% | -5.5e-6 2.5e-4 -2.49 2.45 |11e-3| 3.8e-2(0.027 | 0.075| 0.052| 0169 0202 378 834 718 15
Vigt50% |-6.7e-4 -1.0e-5 -2.49 2.4 9.9e13 2.4ef2 0 0.047 0 0.246| 0154 247 254 58] 134
Vy-50% [-2.1e-§ -0.9 | -1.55 25 24eB 7.5e-0.271 | 0.110| 0.437 0.174 0576 3.4 7.8 6011 14
Vp50% [-2.8e-§ 0.9 | -25( 155 |9.4e-3| 89e-2|0.07 | 0152 0319 | 0.197 0520 547 806 597 14
Vi50% |-1.5e-4 0.88 | -25 | 155 [4.9e-3| 8.1e-2(0.098 | 0.141| 0.165| 0444 0457 86(2 313 964 12
Vir50% |-2.8e-4 -0.88] -1.6 25| 34ef 53ep0.188 | 0.094| 0471| 0226 059 225 68§ 672 17
Vi50% |-4.1e-4 2.8e-4 -2.49 2.45 |9.3e-3| 6.0e-2 0 | 0.059 0 0.190| 0.234 268 22§ 579 139
Vie50% [-3.3e-4 4.5e-4 -2.49 2.45 |7.6e-3| 6.0e-2 0 | 0.067 | 0.027 | 0.245 0 346 741 72 143
Vi-50% [-6.1e-4 -2.5e-4 -249 2.4 9.1ei3 1.6ef2 0 0.047 0 0.310| 0254 299 7.0§ 71H 143
Vig50% |-6.1e-f -3.3e-6 -2.49 2.45 |13e-3| 1.2e-2 0 | 0.082| 0.050 | 0.230] 0.144 920 11 88/6 161
L+50% |-3.2e-§ 0.207 | -2.5 | 2.25 [9.4e-3| 6.1e-2{0.031 | 0.082| 0.073| 02594 0.151 6.48 954 860 14
L#50% |-1.1e-§ -0.207 -2.2§ 25 1.9e{3 5.3e{0.081 | 0.094| 0.112| 0079 009 321 715 747 14
L3+50% |-2.0e-§ -0.197 -2.3 25| 3.4efd 4.4ep0.079 | 0.026| 0.063| 0097 0238 317 176 676 14
L,+50% |-1.6e-§ 0.192 | -2.5 2.25 |4.1e-3| 7.6e-2(0.073 | 0.081| 0.040 0.291 0128 386 744 47 14
Ls+50% |-3.1e-§ -9.4e-% -2.45 2.45 [7.1e-3| 6.0e-2 0 | 0.066 | 0014 | 0.275 0 418 937 789 148
Lg+50% |-3.1e-§ -1.2e-4 -2.45 2.4 53e13  4.0e2 0 0.064 | 0.016 | 0.329] 0.20 33p 8.7 720 15]%
L,+50% [-2.2e-4 8.0e-§ -2.49 2.45 |[4.6e-3| 5.0e-2 0 | 0.037 | 0.027 0.224| 0.35 384 6.8 2P 149
Lgt50% |-3.6e-§ -5.4e-§ -2.45 2.4 56e13 1.6e10.014 | 0.043 0 0.230[ 0.07 299 15 6514 134
W;+50% |-1.7e-§ -0.160 -2.3 25| 2.8e3 4.4ep0.060 | 0.064| 0078 | 0.08] 0068 497 572 7713 15
W;+50% | -3.1e-4 0.160 | -2.5 2.3 | 9.0e-3| 8.0e-2{0.053 | 0.083| 0.041| 0223 0.11p 397 38 709 14
W3+50% |-1.9e-5 0.177 | -2.5 | 2.25 [8.7e-3| 5.4e-2|0.064 | 0.098| 0.113| 0304 0.168 345 7.40 746 14
W,+50% |-1.9e-§ -0.179 -2.3 25| 33ef3 4.7ep0.068 | 0.061| 0.090| 0.099 0108 3.09 205 673 14
Ws+50% |-3.6e-§ 1.0e-4 -2.4§ 2.45 [8.3e-3| 6.2e-2 0 | 0.063 0 0.212| 0234 303 123 638 140
Wg+50% |-2.2e-5 7.8e-§ -2.4§ 2.45 [4.6e-3| 5.2e-2 0 | 0.067 | 0.049 | 0.249| 0.26 356 7.7 7214 144
W;+50% |-3.1e-§ -1.1e-4 -2.45 24 5.3e13 1.5e{0.012 | 0.058 0 0.273( 0.07 344 T.1p 7119 144
Wgt+50% | -2.0e-§ -8.6e-6 -2.4§ 2.45 [4.5e-3| 5.0e-2 0 | 0.063 | 0.050 [ 0.236 0.07 421 85 780 144
Average 5.6e-3] 55e-2|0.063 | 7.9e-2| 0.102 | 0.236| 0.237 104 834 72 146
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errorisAE.= \Z

(Vo_sim - Vo_mode| )2

\V/ 2

o-sim

x100%, the phase

erroris ,P.E.= e gig x 360°,
Ve

Xis under the inputs of different amplitudes, M is the magnitude of the simulation output,

V, moderiS the magnitude evaluated by the offset modes, the phase delay and T is the
period of the input signals. In the table, it can be seen that the results obtained from the
proposed behavior level fault simulation are very close to those obtained from the transistor
level simulation for the DC and AC simulations up to a frequency of 100KHz. When the
simulation frequency approached 1 MHz, which is close to the unit gain frequency of the
benchmark OP, the P.E. became larger (drBdverage), as did the A.E. (about 10.4% in
average). This means that, for all parametric faults, if the signal frequency is far away from
the OP’s cutoff frequency, at which point the fault free OP starts to operate abnormally, the
proposed behavior level offset fault model derived from the DC analysis can be applied to
simulate the AC response of the closed loop faulty OP circuit with fairly good accuracy.

In the above, all the parameter faults do not affect the open loop frequency response
of the OP very much; i.e., the faulty OP still exhibits dominant pole characteristics. As for
catastrophic faults, if the faulty OP’s dominant pole is less than the working frequency of
the circuit, the errors will become large except in the frequency range below the faulty
dominant pole. For some faults, such as;M; gs M1 _gs M2 4y M2 gs Ma g5 My g5 Ms 4g
Ms_4s Ms 4 and M 4 short faults which still maintain a dominant pole higher than the
working frequency of the circuit, the A.E. and P.E. errors will still be small, similar to those
of parametric faults.

Next, the fault model was applied to simulate a larger circuit, which was the bench-
mark biquad filter circuit [17] as shown in Fig. 9. A transistor level hard faylt, 8hort
was injected. The offset fault, derived from the DC transistor level simulation ,yva6.F
00512% (Viy + Vipo)+0.0277x Vgpo— 0.0439. Fig. 10 shows the simulated waveforms at
the output LPO of the circuit under two applied stimuli which were square pulses with the
amplitude from-2.5V to +2.5V, which did not excite the fault (Fig. 10(a)), and from +2.5V
to —2.5V, which did excite the fault (Fig. 10(b)) where a large voltage difference (about

R¢ R;=R,=R3=R;=Rs=1MQ, C,=C,=0.2nF, R¢=0.3MQ, R;=0.7MQ
f=795Hz and Q=1.11

Fig. 9. The simulated benchmark biquad filter circuit [17] with the behavior level fault model.
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Table 3. Analog fault simulation time for simulations at three different levels. The
waveform length is 20us/1 point.

100 points 200 points
Transistor Level 26.2s 323s
Macro Equivalent Circuit Level [15] 3.81s 5.57s
Behavior Level with our Proposed Offset Model 282s 3.71s
Voltage(v) Voltage(v)
i Doar, I I
21 |y ¥ 27 Input ..F
1 Fault Free ———-= | F
0 1| .-"-. 1 Faully .................... 0 .._.I'
} Modeled —— !
-2 Input b -2 3
Im 1.5m 2m Time(sec) Im 1.5m 2m Time(sec)
() (b)

Fig. 10. Analog fault simulation result using the proposed fault model for an injected transigior M
short hard fault. The dotted curves were obtained from the transistor level simulation, and the
solid curves were obtained from the module level simulation using the derived fault model. (a)
The pattern did not excite the fault; (b) the pattern excited the fault.

250mV) between the fault free circuit and the faulty circuit existed, respectively. It can be
seen that the output waveforms obtained from the transistor level simulations are the same
as those obtained from the behavior level simulations using the fault model for both cases.
Table 3 lists the computer time used in these two simulations as well as the macro equiva-
lent circuit level [15] simulation for two different numbers of simulation points. The be-
havior level simulation used the least computation time.

6. DISTRIBUTIONS OF m AND k OF OFFSET FAULTS

To know how the values ah andk of the offsets would be fault distributed when
random transistor level faults occurred. Hence, a Monte Carlo analysis was done by per-
forming 1000 transistor level simulations by randomly injecting multiple parametric faults
with 3(=10% on the variations of W, the width, L, the length apdhé threshold voltage
of each transistor of the benchmark OP for three OP configurations. The obtained offset
voltages with respect to the input voltage for three configurations are shown in Fig. 11
where each curve corresponds to a single (multiple) transistor level fault(s). The values of
parameters, m and k, can then be extracted from curves of Fig. 11, and they are shown in
Fig. 12 in terms of the number of the circuits simulated. These plots give the ranges on the
values of offset faults if a behavior level fault simulation is to be performed for a large
circuit for which the above three OP configurations are the basic building blocks without
going into the transistor level fault simulation.
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Fig. 11. The input-offset relationship of the Monte Carlo analysis.
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Fig. 12. The distributions ah andk under the Monte Carlo analysis.
7. CLOSED-FORM ANALYSIS WITH THE FAULT MODEL

Since the derived fault model is very simple, closed form analysis of the linear circuit
with the faulty OP is possible. The 3-stage benchmark biquad is again used as an example
to demonstrate the contribution of this model. The faulty OP is treated as an ideal OP but
with an offset injected at the input of ©PBy means of superposition of the feedback
structure, the offset voltage,j/can be found to be W, + M,V po+ MgV op + K, where m
m,, m; and k are constants obtained from the transistor level simulation as described below.

Since OPs are treated as ideal at the behavior level,
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VHPO = _\/in _VLPO + 0'9VBPO’
1 1

Vipo @0 Vipo = ‘mvspo-

Voo =——————
BPO (2x107)s HP

For the L injected at the positive input of QP
Vipo = (3my — 1)Viy + (3m, — 1)Vipo + (3mMs + 0.9Vgpo + K.

Solving with the latter two equations, we can obtain
: (4%x107®)s?
VHPO(S) - 8y 2 ) _
(4x107°)s” +(3m, +0.9)(2x107")s+(1-3m,)
= Hyp (8)Vin (9) + Ky (9), 3)

*x[(3m, =1V, (s) +3K]

where His(s) is the transfer function and,Ks) is the offset function. Equation (3) is the
closed form of the high pass output of the filter under the faulty iitich is caused by a
transistor fault existing in it. For example, for the case wherglshort at OB m, = m,
=0.00512, m=0.0277 and k =0.0439, Eq.(3) is plotted in Fig. 13(a) (solid curve), where
the transfer curve obtained from the transistor level simulation is also plotted (dotted curve).
It can be seen that the two curves agree exactly with each other.

Hupo(s)
| IP"‘-—-—------------nnf.‘. = = = = Simulated
.'|l Closed-Form
7
s
-_-"
k ———
(a) Frequency (hz)
Hgpo(s)
™,
=ik — — — — Simulated
.l'l tl‘
/.J' Y Closed-Form
! e
— —_'- : B |
(b) Frequency (hz)
Hrpo(s)
ey
¥ T 27 | = = = = Simulated
) l'-" Closed-Form
."H'-\.
(©) Frequency (hz)

Fig. 13. Transfer functions of the closed-form analysis (solid curves) and transistor level simulation
(dotted curves) for the Msshort fault occurring at QP(a) for the high pass output, (b) for
the band pass output, (c) for the low pass filter.
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In a similar way, we can obtain the transfer functions and the offset functions for the
other two BPO and LPO outputs of the filter:

(196928 x10™)s

H S) = )
ero(9) (4x107°)s? + (19662 x 10™*)s + 0.98464
B (2.634x107°)s
KBPO (S) - -8\ 2 4 ’
(4%107%)s? + (19662 x 10™)s +0.98464
_ -0.98464
H LPO (S) - —8\_ 2 —4 ’
(4%107%)s? + (19662 x 10™*)s + 0.98464
-01317
Kipo(S) =

(4x107®)s? + (19662 x10™*)s+0.98464

The curves obtained from the above equations are plotted in Figs. 13 (b) and (c) along with
the simulation curves, respectively. They also agree with each other very well.

In the above offset functions, it is seen that the offset fault gfi©Rore easily
observed at the LPO output instead of at its own output since grjsKis nonzero when
s = 0; i.e., only Kxo(s) can be measured by means of DC testing.

8. CONCLUSIONS

In this paper, a new behavior level fault model for the OP, operated under closed loop
configurations, has been proposed to describe the faulty behavior of the circuit. This model
consists of the offset fault and the limited-current fault. The offset fault lumps the fault
effects of the transistor faults of the OP into an offset voltage in the input of the circuit, thus
making the model extremely simple when used in fault simulation. It has been found that
the offset voltage, in most cases, has a linear relationship with the input and is composed of
two parts, i.e.F,s = mV,, + k wherem s the gain attenuation part akds the input offset
part. The values ah andk are independent of the input. The other fault, the limited-
current fault, explains the piecewise linear form of the input-offset relationship and de-
scribes the fault effect of the slew rate for the OP. They have been verified for three closed-
loop configurations, namely, the inverting configuration, the non-inverting configuration
and the unit gain buffer configuration at the transistor level for all transistor faults. This
model can well describe the DC behaviors of all the soft faults and 92.5% of the hard faults.
Moreover, the DC behaviors can be applied to AC fault simulation when the faulty OP,
caused by transistor faults, still exhibits a single dominant pole behavior and the frequency
of the AC input does not exceed the cutoff frequency of the OP.

When this fault model is used in fault simulation, the closed-loop OP is treated as
ideal and only the faulty offset voltage is added to the circuit. This significantly reduces the
analog fault simulation time with accuracy and makes closed-form frequency response analy-
sis of the faulty analog circuit feasible when the closed loop OP is used as a basic building
block in the circuit. The fault model, when used in specification-driven testing, can iden-
tify transistor faults which drive the circuit out of its specification; when used in fault
model-driven testing, it can tell what the output of the faulty circuit will be when a fault is
injected.



(=Y

10.

11.

12.

13.

14.

15.

16.

17.

18.

FAULT MODEL 765

REFERENCES

R. Voorakaranam and A. Chatterjee, “Hierarchical specification-driven analog fault
modeling for efficient fault simulation and diagnosi$£EE International Test
Conference1997, pp. 903-912.

. L. Milor and V. Visvanathan, “Detection of catastrophic faults in analog integrated circuits,”

IEEE Transactions on Computer-Aided Design(CA®). 8, No. 2, 1989, pp. 114-
130.

. T. M. Sounder and G. N. Stenbakken, “A comprehensive approach for modeling an

testing analog and mixed-signal devices,”Proceedings of International Test
Conference1990, pp. 169-176.

. N. Nagi, A. Chatterjee, A Balivada, and J. A. Abraham, “Fault-based automatic test

generator for linear analog circuits,” Rroceedings of International Conference on
CAD, 1993, pp. 88-91.

. T. Koskinen and P. Y. K. Cheung, “Hierarchical tolerance analysis using statistical

behavioral models,[EEE Transactions on CAD/l. 15, No. 5, 1996, pp. 506-516.

. S.J. Chang, C. L. Lee, and J. E. Chen, “Functional test pattern generation for CMOS

operational amplifier,VLSI Test Symposiyrh997, pp. 267-272.

. G. N. Stenbakken and T. M. Sounders, “Linear error modeling of analog and mixed-

signal devices,” ilProceedings of International Test Conferent@91, pp. 573-581.

. G. N. Stenbakken and T. M. Sounders, “Developing linear error models for analog devices,”

IEEE Transactions on Instrumentation and Measureméait 43, No. 2, 1994, pp.
157-163.

. Y. V. Malyshenko, “Functional fault models for analog circuit§ EE Design & Test

of Computers1998, pp. 80-85.

C.C. Su, S. S. Chiang, and S. J. Jou, “Impulse response fault model and fault extraction
for functional level analog circuit diagnosis,” Broceedings of IEEE International
Conference on CASession 10C-3, 1995, pp. 631-636.

N. Nagi and J. A. Abraham, “Hierarchical fault modeling for analog and mixed-signal
circuits,” VLSI Test Symposiyrh992, pp. 96-101.

Mexiner and W. Maly, “Fault modeling for the testing of mixed integrated circuits,” in
Proceedings of International Test Conferent@91, pp. 564-572.

Y. Pan, K. T. Cheng, and S. Gupta, “A Comprehensive fault macromodel for opamps,”
in Proceedings of IEEE International Conference on CA894, pp. 344-348.

Y. Pan, K. T. Cheng, and S. Gupta, “Fault macromodeling and a test strategy for opamps,”
Journal of Electronic Testing: Theory and Applicatiowsl. 9, No. 3, 1996, pp. 225-

235.

Y. Pan, K. T. Cheng, “Fault macromodeling for analog/mixed-signal circuitBfoin
ceedings of International Test Conferent@897, pp. 913-922.

Arabi, K. and B. Kaminska, “Parametric and catastrophic fault coverage of analog cir-
cuits using oscillation-test methodologiEEE VLSI Test Symposiud997, pp. 166-

171.

K. Arabi and B. Bozena, “Design for testability of integrated operational amplifier
using oscillation test strategyEEE International Conference on Computer Design
1996, pp. 791-796.

G. Devarayanadurg, P. Goteti, and M. Soma, “Hierarchy based statistical fault simula-
tion of mixed-signal ICs,International Test Conferenc#&996, pp. 521-527.



766

YEONG-JAR CHANG, CHUNG LEN LEE,JwuU E CHEN AND CHAUCHIN SU

Yeong-Jar Chang(sk7k &) is a Ph.D. student at National
Chiao Tung University, engaging in research on VLSI testing and
design for testability. He received the B.S. and M.S. degrees in
electronics engineering from the National Chiao Tung University.
His research interests include design and testing of the multiple-
valued logic and analog/mixed fault modeling and testing.

Chung Len Lee(ZF5$12) is a professor in the Department
of Electronics Engineering, National Chiao Tung University, where
his teaching and research interests focus on integrated circuits and
testing. He received his BS from the National Taiwan University
and M.S. and Ph.D. degrees from Carnegie Mellon University. He
has supervised over 120 Ph.D. and M.S. students finishing their
thesis research and has published more than 200 journal and con-
ference papers in the above area. Presently, he serves on the edito-
rial board of the Journal of Electronic Testing: Theory and
Applications, and is a member of the IEEE Asian Test Technology
Committee. He is a senior member of the IEEE Circuits and Sys-
tems Society and the IEEE Computer Society.

Jwu E Chen (B4f—) is an associate professor in the De-
partment of Electrical Engineering, Chung-Hua University, Taiwan.
His research interests include VLSI testing, yield analysis, test man-
agement and behavior and psychology of testing. He received B.
S., M.S. and PhD degrees in electronics engineering from the Na-
tional Chiao Tung University, Taiwan. He is a member of the IEEE
and the computer society.

Chauchin Su(#Ef28) received the B.S. and M.S. degree in
1979 and 1981 repectively from national Chiao Tung University,
Taiwan and Ph.D. degree in 1990 from University of Wisconsin at
Madison, Wisconsin, U.S.A. All of them are in electrical
engineering. Since then, he is an associate professor of Electrical
Engineering at the National Central University at Chungli, Taiwan,
where he works on design and test of communication systems. He
is currently working on the boundary scan based multiple chip mod-
ule testing, digital communication circuit design, and mixed signal
testing.



