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Abstract ance on frequency is not modeled and, therefore, the accuracy

In this paper, a comprehensive macromodel for transist@f testing results may be S|grj|f|cantly reduced. In this paper,
level faults in an operational amplifier is developed. With th&%€ Present a macromodel with accurate I/O parameters and
observation that faulty behavior at output may result frorR°/€s/zeros addition to obtain the desired DC and AC
interfacing error in addition to the faulty component, parame’eSponses. The fault macromodel can be imbedded in large
ters associated with input and output characteristics argircuits to overcome the fault simulation problem stated ear-
incorporated. Test generation and fault classification aré€"
addressed for stand-alone opamps. A high fault coverage isA fault can be either catastrophic or parametric. Cata-
achieved by a proposed testing strategy. Transistor lev&rophic faults will make the circuit completely out of func-
short/bridging faults are analyzed and classified into cataion. A circuit with parametric faults, on the other hand, will
strophic faults and parametric faults. Based on the macretill function but with degraded performance. Only parametric
models for parametric faults, fault simulation is performed fofaults need to be considered for macromodeling. We investi-
an active filter. We found many parametric faults in the activgate all transistor level short/bridging faults in an opamp.
filter cannot be detected by traditional functional testing. A& ven though the short/bridging fault list is huge, we will show
DFT scheme along with a current testing strategy to improat most of them are catastrophic and only a small number of
fault coverage is proposed. faults require macromodeling.

| Introduction For stand-alone opamps, we found that measuring
}{o_max*andVo_min* can detect a high percentage (>96%)

transistor level short/bridging faults. Based on this observa-
jon, we propose an efficient testing method for stand-alone
amps. The details will be discussed in Section llI.

Due to the trend of adopting complex analog circuits i
ASICs, analog testing has gained more attention fro
researchers, designers and test engineers[1, 2, 3, 4, 10]. A
log fault simulation at the transistor level, in general, is confP
putation-intensive. For complex circuits, the numerical non- For circuits with embedded opamps, the fault macromodels
convergence problem even makes the fault simulation totallye developed can be used for fault simulation and test genera-
fail. A viable approach is to partition a large analog circution. Our study has shown that many parametric faults are
into functional blocks and replace each functional block witbntestable when opamps in feedback configuration are
its macromodel. A macromodel is implemented with consieembedded in an analog circuit. We use an active filter to illus-
erably fewer components or mathematical functions (behavate. In [10], a DFT technique for active filters is proposed
ioral model) to facilitate fault simulation. While we areassuming only passive components external to opamps are
concerned with simulation efficiency, it is also important th&tulty. Here, we consider faults inside opamps. An active filter
the macromodel should match the DC, AC and transieisttypically tested by functional testing, which sweeps the fre-
parameters of its transistor level counterpart. However, betguency of the input signal and observes the AC response at
match usually means enhanced complexity of macromodeiee output. Even for such an expensive testing approach which
and degraded simulation efficiency. While an analog compdemands complex signal generators and long testing time, cer-
nent is imbedded in a large circuit, interfacing error due tain parametric faults cannot be tested. We therefore propose a
loading effect should be properly modeled in its macromodddFT scheme to improve its testability. Under such a DFT
If the parameters responsible for interfacing error are nstheme, measuring DC current will be sufficient to assure a
incorporated, the faulty behavior we observe might contegh fault coverage for active filters. It may thus eliminate the
from the modeling error instead of physical defects. need of expensive functional testing and the complex analog

The operational amplifiers are widely used in analog cifimuli generation.
cuits. Many macromodels for the opamps have been pro- The rest of the paper is organized as follows. Section I
posed. The macromodels proposed in [5, 6] for fault-fregescribes the macromodeling procedure. Test generation and
opamps are comprehensive and an excellent match betwésuit classification of the short/bridging faults in a stand-alone
macro level and transistor level has been achieved. Howevgpamp are given in Section Ill. In Section IV, we use an active
these models are too complex for fault simulation. Simpldter to demonstrate the effect of parametric faults on the
macromodels proposed in [1, 2] benefit fault simulation bidtinctionality of a circuit with imbedded opamps. A current
some important parameters for interfacing errors are nisting method and an associated DFT scheme are discussed.
incorporated. For example, the dependence of output imped-
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Il Macromodeling Procedure Il Fault Analysis and Testing for Stand-alone op741

The trade-off between circuit complexity and matching Physical defects at the layout level reflect themselves as
accuracy makes it impossible to incorporate all DC, AC andio kinds of faults at the transistor level: catastrophic and
transient parameters in a single opamp. Our results show tpatametric. A catastrophic fault makes the circuit completely
it is very difficult to model some parameters simultaneouslyut of function. For example, the output may be stuck at cer-
with certain accuracy. Considering the ease of testing vectain DC voltage level or the DC transfer characteristics may
generation and measurement, we take the DC and AC paramecome very ill-behaved. A parametric fault results in the
ters as our testing parameters : deviation of parameters, e.g., the magnitudédwd At the

DC -input offset voltage and curreMog, 103, input bias transistor level, the faults resulting from physical defects may

' current (g), common mode input re,sistalnﬂc(r) out- D€ short, bridging, open, component value deviation in the
put resistBn’cngo dg,maximal output voltagevp 'ma>) ac_tive_: or the passive devices, etc. Here we consider short/
minimal output voltageMo_mir) and power dissipation Pridging faults only.
(Pd) A short fault is referred to as the faulty connection between

AC -differential mode input resistance and capacitan@y tWwo nodes of a single device while a bridging fault
(Rid, Cig, differential gain  Avd), 3db bandwidth enotes the faulty connection between any two _nodes of dif-
(BWaqp), unit gain bandwidthfggy), output resistance ferent devices. For example, a three terminal device has 3 pos-

R d h hift at unit qa sible short faults and may involve in many possible bridging
(Ro_ag and excess phase shift at unit gaig)( faults. A simple check shows that there are 25 nodes in the

We use the general purpose op741 as an example. hhsistor level opamp in Fig. 1(a) and totally 300 short/bridg-

transistor level and macro level configurations are shown ifig faults (59 are short faults and 241 are bridging faults).
Fig. 1(a) and 1(b) respectively. The macromodeling procedure

is similar to the one proposed by Boyle et. al. [6] but our mag- ANy of the AC or DC parameters can be used for fault
romodel is simpler. This procedure can also be applied to figéction. It is intuitive to infer that when a short/bridging
opamps implemented by MOS technology[9]. The input sta ault occur inside an opamp, the DC voltage level at certain

of the macromodel is similar to that proposed in [8]. The mo@2des should be changed. The faulty DC voltages should
eling procedure is summarized as follows: affect some DC parameters in the macro level. After investi-

ation, we found parameteves Vo_minandVo_maxare use-
1.Choose the parameters to be modeled (the DC and AGy| for detecting most of the transistor level faults.

arameters above); .
P ) The DC parametergos Vo_minandVo_maxfor a stand-

2.Simulate the transistor level opamp and obtain the val-glone, open-loop op741 can be derived as follows. We connect
ues of the parameters; the node 'V-' to ground and apply DC voltages sweeping from
+15v' to '+15v’ at the node 'V+' to obtainvo_min and
'0_max Voscan be obtained by observing the output voltage
when the opamp is in source follower configuration (connect-
4.Simulate the macromodel and obtain the values of theing 'V-’ and 'output’ together) with 'V+' grounded. We need
parameters (a new set of DC and AC parameters); to know the nominal values as well as tlamgesof these
parameters for circuits considered to be fault-free. The nomi-
nal (fault-free) values for the three parameters\are = -
6.Perform 'element value tweaking' and start from 4. if 1.40my Vo_max= 14.60v and/o_min= -13.08v. For a manu-
error is too large. factured opamp\os consists of two partsvos_systenand

) ) o ) Vos_randomVos_systenis due to the unsymmetrical sche-
The advantage of this procedure is that it is fault-indepepsatic (in our example, Q5 in the differential stage) while

dent. That is, it can be applied for single/multiple faults, shoRs randonis due to the random mismatch between transis-
bridging/open/deviation faults, etc. Note that the structure @frs and resistors in the differential stage. The nominal value
the macromodel is highly modular for the convenience of1 40mv’ comes fromVos_systerbecause we are not consid-
poles/zeros addition. The capacitor Cc models the frequen.t‘g,)ﬁng device mismatch during simulation. Refer to [7] and
dependency of output impedance and the location of the figdlsme the standard deviation of resistor matching is 1%, that
pole. The excess phase siifiis modeled by the module Rx/ of |5 (transport saturation current) matching is 5%, and that of
Cx. Modules Rp/Cp and Rz/Cz are used to adjust the locatigncuyrrent gain for the PNP transistor) matching is 10%, we
of the first pole if it can’'t be well modeled by Cc alone. Rpd igptain the standard deviation\ds_randone 2.73mv (oui
responsible for modeling DC power dissipation. VC/D1 and 109 and the collector current Ic of Q3 and Q4 = 7.7UA).
VE/D2 take care olo_maxand Vo_minrespectively. After Thys under our assumptiovpsis a Gaussian random vari-
the macromodel is obtained, it is not difficult to build a behaygy|e withp (mean) = -1.40mv and (standard deviation) =
ioral model. Some elements in the macromodel are usedx@3my. Therefore, the probabilityds> 6.79mv (t + 30) or
perform certain functions and thus can be replaced directly Bys < -9 59mv (1 - 30) for a fault-free op741’ is less than
mathematical functions. For example, Ga, Ra, Cc and GbdBo,. Therefore, we assume thawfs of the opamp under
Fig. 1(b) correspond to the transfer function H(s) in its behaysst does not fall into this range, it is faulty. For simplicity, we

ioral model version. consider [-10mv, 10mv] as the fault-free range, instead of [-

3.Calculate the 'element value' in the macromodel throu
design equations;

5.0btain the error between 2. and 4. for each parameter



9.59mv, 6.79mv]. Fo¥o_minandVo_max we consider devi- is that, 45 out of the 67 parametric faults h&gs< -10mv or
ation from the nominal value larger than ‘0.1v’ as defective. Vos> 10mv and th&osfor all catastrophic faults are very dif-

Our testing procedure is summarized as follows. For tﬁgrent from the nominalos.
op741 in the same configuration as we did earlier for obtain- Steps 1 - 6 in Sec. Il are applied to these 67 parametric
ing Vo_minandVo_max apply two DC voltage '-10mv’ and faults for macromodel generation with configuration shown in
"10mv’ to the node 'V+'. The corresponding output is denote#lig. 1(b). Each parametric fault corresponds to a macromodel.
Vo_min* and Vo_max* If either one of the conditions hap- The simulation results for some sample parametric faults are
pens, the opamp is declared as faulty: shown in Table 2. Each column corresponds to either the good
or a faulty opamp and each row corresponds to a modeled
) ) ) ] parameter. Parameter values at transistor level are shown on

2Vo_min* <Vo_min -0.1v orVo_min*>Vo_min+ 0.1v;  the top of the values at the macro level. The valueddor

30s>10mv orVos< -10mv: (82.2nA), R_ic(3.§3Go_hm),Cid(l.29pF) a.nd?crrl(o.9OGohm) _

are essentially identical for all faults listed in Table 2. Fig.

Note that the first two conditions implicitly include the third2(a) shows that the output impedance is frequency-dependent
one and it will be sufficient just to compar®o(min* for the good and faulty opamps. This parameter is important
Vo_max}) with (Vo_min Vo_may. Because the gain of the when AC testing is performed for opamps-imbedded circuits.
op741 is very high, the widthV of the transition region in In Fig. 2(b), the macromodel for the good opamp is verified
DC transfer curve is about 30vAvd = 2mv and the transition by adding feedback and loading effect to provide similar con-
regign falls betwleec? b’-0-40£inv' and '-2d-40m\ij’- Th%fef%redition when the opamp is embedded in a large circuit.
condition 3 is implied by conditions 1 and 2 and is redundan, . :
Thus, the values ofo_minandVo_maxfor fault-free opamps q{/ A 1KHz Active Filter and the DFT Scheme
are identical for the input ’-10mv’, "10mv’ and sweeping from  The results in Sec. Il show that 56 of the 67 parametric
'-15v' to "15Vv". faults can be easily detected in the stand-alone op741. We use

We measureVo_min* and Vo_max* for short/bridging an active filter implemented with op741 macromodels (Fig. 3)
faults in a op741. Out of 300 faults, 289 can be detected (g demonstrate the effect of these faults when opamps are
fault coverage of 96.3%) by measuring these two parametdf@Pedded in a circuit. The active filter can perform high pass,
The 11 undetected faults aRd1 shortF1), Q22g shor(F2), OW pass and band pass function \_Nlth 1KHz bandwidth. For
R6 shorfF3), Q6./Q22 bridging(F4), Q7z/Q22; bridg- simplicity, assume t_he faults occur in opamp X2 and only one
ing(F5), Q6:/Q225 bridging(F6), Q16:/Q225 bridging(F7), fault occurs at one tlr_ne._AIso, assume no brldgmg faultsf occur
Q11:/Q16: bridging(F8), Q11/Q225 bridging(F9), Q6:/Q7g between the npdes in d_|fferent opamps. We first examine the
bridging(F10) andR4 shor(F11). The subscrigB,C andE  duality of functional testing (sweeping the frequency) regard-
stands for the base, collector and emitter respectively. Ndd itS capability of detecting these 67 parametric faults. We
that 5 out of the 11 faults involve the bridging of node B2270und less than 25% of parametric faults can be detected by
with other nodes. Note that the probability of occurrence &ihaustive functional testing. This is because the AC response
these 5 faults can be reduced if we place node;@22ant ©f @ feedback opamp depends mainly on the feedback compo-
from the 5 associated nodes in the layout. nents if the open-loop gain of the opamp is large enough. That

] is, the opamp is desensitized in a feedback configuration
We examine other macro level parameters for these Which results in the reduction of testability of opamps. Similar

undetected faults. Many of them can be detected by Otl”(ﬂfw) coverage is observed for faults in X1 and X3.
parameters. Referring to Table 1, the paramBidky, can

detect F3, F7, F8, F9 and F11. The testing vector is a sinusoi- PU€ 10 the low fault coverage of functional testing, we

dal signal with frequency equal to the 3db bandwidth of tH§OPOSe & non-functional testing approach that measures the

fault-free opamp. The paramefo_accan detect F1, F2, Fg current Icc flowing out of Vcc. Measuring the current Icc can

and F11 and the testing vector is an sinusoidal AC Curre;(gtect 27 out of the 67 parametric faults (a fault coverage of
n

1Vo_max < Vo_max- 0.1v orVo_max > Vo_maxt 0.1v;

applied at the output with both inputs grounded. After testirfg-3%)- This coverage, though low, is higher than that of
parameters8Way, and Ro ac, F4, F5, F6 and F10 remain haustive functional testing. Note that in both approaches, an
undetected. 3db - active filter is declared faulty if the measured error exceeds

. S 10% of the nominal value (the nominal value for Icc is
For opamps embedded in a circuit, direct measurement x§.02maA).

Vos, Vo_min* and Vo_maxis not possible. To investigate . .

how the short/bridging faults inside opamps affect the perfor- 1he fault coverages of both functional testing and current
mance of opamps-imbedded circuits, we first use the follo#eSting are far from satisfactory. We, therefore, propose a DFT
ing simple criterion to classify the 300 transistor level fault&cheme for such active filters to increase the testability of
if Vo_max> 1.0v andvo_min< -1.0v, the fault is classified as embedded opamps. In Fig. 3, the highlighted lines are added
parametric. Otherwise, it is considered as catastrophic. Bade®T circuit. We add 6 switches (S1 - S6), 3 resistors (Rx1 -
upon this simple criterion, we found 67 faults are parametriRx3), 3 output pins (P1 - P3) and 1 control pin (Vt) to the
and 233 are catastrophic. Note that 56 of these 67 paramegiitive filter. Each switch is implemented with a simple BJT as

faults can be detected by measufifig max*andVo_min*if  shown on the upper left corner of the figure. All switches are
the opamp is stand-alone. Another very important information



open (Vt = Ov, transistors are 'OFF’) in functional mode anby taking the interfacing errors and simulation efficiency into
are closed (Vt = 0.85v, transistors are 'ON’) in testing mod@ccount. The procedure for generation of the macromodel is
The 'ON’ resistance of the non-ideal switch is about 100 ohrflescribed. All possible 300 short/bridging faults in the stand-
After multiplied by the input biasing currely = 82.2nA, the alone op741 are mvestl_gated. A very simple DC testing strat-
finite voltage drop introduced is less tharpuOIn testing ©9Y that measurego_min* and Vo_max*for a s(t)and-alone
mode, each opamp is configured as a source follower. If all (/41 can achieve a fault coverage of 96.3%. We further

opamps are stand-alone, the voltage at the output of opag??fsify the 300 faults into 67 parametric faults and 233 cata-
) ' hic faults according t¢o_minandVo_maxin the macro
X1, X2 and X3 will be Yos_x1 -Vos_x2and Vos_x3.Note phic fau ing fo_M! _frax

) - level. The macromodels corresponding to parametric faults
that the output resistance of a source follower is very smalle ysed in an active filter for fault simulation. For those para-
due the negative feedback effect (in our example, the outghétric faults, we found that the fault coverage of exhaustive
resistance is about 0.050hrRa(_dc/AvYl for the fault-free functional testing is less than 25%. We have proposed a cur-
opamp). Even for faulty opamps, the output resistance is vegnt testing strategy. By employing a novel DFT scheme that
unlikely to become comparable to the external resistance s@@mnect all opamps in source follower configuration in the test
by the output node. The above argument indicates thafmode, the current testing method dramatically increases the
Vos_x1 -Vos_x2and Vos_x3will remain almost the same fault coverage.

regardless the opamps are stand-alone or imbedded. That iRédfierence

source follower configuration, the opamps are essentially isQ- . - " .

lated from each other without 'cutting’ the existing lines. | ]ﬁ]nen;eegﬁ]);x;e;&r;%\i/x?é(;;eactngglr%uigziu:grgoldg%Tg for
we place a 10 ohm resistor Rx between the output of opamp X pp.564-572 ’ '

and ground, the current Ix flowing through Rx is approxi- ) ) )

mately Vos XRx because 10 ohm is still much larger thah2lNaveena Nagi and Jacob A. Abraham. "Hierarchical fault
Ro_dc/Avd For the good opamp, Ix is about '0.14'mA. For modeling for analog and mixed-signal circuits”, VLSI Test

most of the faulty opamps, Ix will be either greater than "ImA Symposium 1_992’ PP'%_lOl .
or smaller than -1mA. It is natural to assign '1mA as our cri{3] Naveena Nagi, Abhijit Chatterjee and Jacob A. Abraham.

terion for fault detection. Also, the non-ideal switch has DRAFTS: Discretized analog circuit fault simulator”,
almost no effect on our DFT scheme becaugesi® much Proc. ACM/IEEE DAC 1993, pp.96-101
less than the nominffos| [4] Naveena Nagi, Abhijit Chatterjee, Ashok Balivada, Jacob
. . . A. Abraham. "Fault-based automatic test generator for lin
Simulation results show the current Icc flowing out of Vcc

. X . *~ ear analog circuits", ICCAD 1993, pp. 88-91

for the fault-free active filter, under testing mode, is _ _ _ _ _
'18.13mA and the total currentggt flowing through Rx1, [5] Edgar Sanchez-Sinencio and Marian L. Majewski. "A
Rx2 and Rx3 (with P1, P2 and P3 connected to ground) is nonlinear macromodel of operational amplifiers in the fre-
'0.42mA. For the 67 parametric faults, 56 (83.5%) can be quency domain”, Transactions on Circuits and Systems,
detected by measuring Icc ang:dy . All 233 catastrophic June 1979, pp.395-402, Vol.26, No.6
faults can also be detected in this manner. The overall cov " ; ; ;

, ; X Graeme R. Boyle et. al. "Macromodeling of integrated cir
age for faults in X2 is then increased to 96.3% (289/300). The ;¢ operational amplifiers” Journal of Solid State its,
fault coverage figures are about the same for faults in X1 or pac 1974, pp.353-367, Vol.9, No.6.

X3 because of the "isolation’ property of our DFT scheme. . .
Paul R. Gray, Robert G. Meyer, "Analysis and Design of

. _ . 7
The area overhead, counting the transistors only, is abou! é/Anang Integrated Circuits”, 1993

66 = 9.1%. The functionality remains almost unchanged as o ) _
indicated by our simulation results. The gain error at 1KHz [$] Alan B. Grebene. "Bipolar and MOS analog integrated cir
less than 0.01%. Here we assume the 3 extra pad capacitancguit design”, 1984

(the 3 capacitors boxed by highlighted lines) introduced @] Glaudio Turchetti and Guido Masetti. "A macromodel for

tors Rx1, Rx2 and Rx3 with three 'voltage controlled’ resis- ggid State Circuits, Aug 1983,pp.389-394, \Vol.18, No.4
tors implemented by BJT and merge the 3 output pins into

one. The disadvantage of this scheme is that each resistor i#&}M. Soma, “A Design-for-Test methodology for active
need 2 BJTs to achieve the desired linearity. The area over- analog filter”, ITC 1990, pp. 183-189

head will then increase but we may save 2 pins and no extra

pad capacitance is introduced. When many opamps are

involved in a circuit, 'voltage controlled’ resistors are pre-

ferred because of the constant extra pin count.

V Conclusions

A comprehensive fault macromodel for opamps is pro-
posed. The parameters incorporated in the model are selected



Table 1: The parameters that detect the 11 parametric fawits (

F1| F2| F3 | F4 | F5| F6| F7| F8| F9| F10| F11
Avd X X X
Ag
BWsdb pas X | X | X X
fodb X e
Ro_dc | X X X X
Rin, Cin X
Pd X X
Ro_ac |X | X X X

Table 2: Opamp parameters (transistor lenatro leve)

[ good T fault#1][ fault#2] fault#3] fault#4] fault#5] fault#6
DC parameters
Vos (mv) -1.400] -1.490] -1.400 | -1.130[ -1.560[-14.710/ 101.06
-1.400/ -1.490| -1.400]| -1.130| -1.560/ -14.710 101.06
10 [ 20 | 10 [ .20 | .10 | 115 622
| A
0s (nA) 10 | 10| 10| .20 | -10 | -115] 622
R, 4c(chm)| 807 | 938 | 808 688 | 1210 | 731 755
o_de 807 | 938 | 808 | 688 | 1200 | 730 | 754
14.60| 14.60| 14.60| 14.60| 14.60| 14.62 | 14.12
Vo_max (V) 1461] 14.61| 14.61| 1460| 1460 14.62 | 14.13
Vo_min (v) | -13.08 -13.13[ -13.02| -13.16(-12.70 | -13.08 | -13.08
- -13.08| -13.12| -13.02| -13.16[-12.69 | -13.08] -13.08
Pd (mw) | 180.0 | 228.3| 180.0 | 179.0| 500,0 | 180.0 | 180.0
180.0 | 2299 180.0 | 180.0| 501.0 | 180.0 | 180.0
AC parameters
1585] 1.448 ] 1.584 [ 1.828] 1.596 | 2.005] 0.641
Avd (€4 HZ) "o aas | 1583 | 1.818| 1606 | 2.010]| 0.637
Ap(deg) | 6.1 4.7 6.1 3.9 6.9 7.6 3.2
@Avd=1 | 6.0 4.6 6.0 3.9 6.8 7.6 3.2
53.0 | 55.0 | 50.1 | 43.7| 613 | 52.0 | 475
BWagp, (HZ
M2 20 | 550 | 501 | 416 631 | 522 | 475
foup (€5 Hz)| 8:100] 7.9501 7.950| 7.950| 7.943 | 10.715 3.091
7.943| 7.943| 7.943 | 7.943| 7.850 | 10.805| 3.080
Ro aclohm) [ 282 16.2 | 21.7 | 283 135 | 283 | 285
@I10KHZ | 289 | 172 | 290 | 222 | 148 | 26.0 | 265
fault#1: R11 short fault#3: R6 short fault#5: R3 short
fault#2: Q22 short  fault#4: R9 short fault#6: Qg short
TVcc (+15v)
¢ \{ 1 ¢ \
) Q9 Q%—(Qm
' RS Q20
S Ao
| 39K R7 CE:Q15 5@ R10
30K
Q3 Q 50K Vout
Q5 2
R1
Q Q7Q1 Q12
Q2 Q21
5K
1K RllO}T R2 1K R3 S R4
Vee (-15v)

Fig. 1(a) Transistor level circuit diagram for op741
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Fig. 1(b) Macro level circuit diagram for op741
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A state variable active filter
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