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Abstract of faults are analyzed under a known excitation. In [5] a min-
In this paper we present an approach to constructmax framework was presented for determining a static test
dynamic test signals for analog circuits. Using the integral Set. In this paper we extend the formulation for the dynamic
measure for characterizing time-domain signals, we extend*ase. _ _ _
the minmax formulation of the static test problem to the ~Since the number of probe points at which the signal can
dynamic case. A sub-optimal solution strategy, similar to be measured is I|m|ted, DC tests may not result in mgasgrable
dynamic programming methods is used to construct the tedghanges a_lt the _plnouts_ du_e to the structure of the circuit. For
waveforms. The approach presented here may be used ample, in a simple cireuit such asan ope_\mp_the opens and
construct input signals for an on-chip test scheme or forShorts of the compensatlon transistor(M2 in Fig.1) WI.|| not
. . . affect the DC solution due to the compensation capacitor(C3
the selection of an external stimulus applied through an. ) . -
. in Fig.1). Non-conducting switch structures create a similar
arbitrary waveform generator. L . . -
situation. Since such structures occur often in analog circuits
there is a need for some form of dynamic testing. Dynamic
) signal design has been dealt with extensively in optimal con-
1: Introduction trol literature. For the case where the measure of error is lin-
ear in terms of the control, the optimal waveform takes the
Analog testing has been traditionally approached as verifyform of a “bang-bang” waveform, with the input voltage
ing a subset of the specifications-the selection of the specifigwinging from the positive rail to the negative rail, the control
subset dictated by the application on hand. Although func-parameters being the switching points. The application of this
tional tests are effective in detecting faults, they are expensivgesult to analog testing, with a heuristic for the selection of the
in terms of test resources and typically involve collection of aswitching points has been presented in [1]. In this paper we
large number of samples. Alternate test excitations which arejescribe a sub-optimal procedure for dynamic test signal
dESigned to eXplOit the SpeCifiC structural differences betweerdesign for the dynamic case, based on So|ving a succession of
the defective and non-defective circuits bear promise instatic test problems in time.
reducing the cost of testing.
Fault based approaches to analog testing have focused op- \\/aveform Measure
the construction of fault-dictionaries before manufacture

through simulation. In [3] the authors presented an algorithm In the dynamic case due to noise and tolerance the exact
to construct the signatures and evaluate the detectability of %omparison of time-domain waveforms is an experimental

set of DC measurements. As far as automatic test generation, ,qqinjjity. Hence, any detection scheme must use some
for analog circuits is concerned, in [1] the author presented aeasure of the waveforms as a basis for comparison. Such

approgch for Imea_tr gnalog circuits where a q_uadr_anc MO heasures on the waveform are also referred to as signatures
objective was maximized. In [2], a search technique in the fre-Of the waveform

guency domain was presented similar to the digital ATPG Under a bounded excitation (f) 0 Xt

i - , the non-faulty
approach to select the best test frequency for linear circuits. Irt

nd faulty circuit equations maps the tolerancePseato two
ifferent sets of wavefomg,\(t .The test input selection
which will result in

. In general, making a
TPartial financial support for this work has been provided by NSF decision whether the intersection is empty or not, takes infi-

Grant MIP-9212504, SRC Contract 94-DJ-552 and the Washington Tech-njte comparisons at each time point of the waveform. Hence
nology Center Contract for Mixed-Signal Design and Test.

[6] a hypothesis testing framework for test based on spectra
analysis of the supply current was presented. Most of the pre- roblem is then to choose tha(t) 0 Xt
vailing methods are fault analysis methods, where the effecgetS \é Yt such thaty n Y'# @
1 1 g




we need to transform these waveforms into a lower dimen-value of the difference in measures at the end of the exper-
sional space where an easier comparison is possible. Increasment is greater than a threshadd , sufficient for a pass/
ing the dimension of the transformed space correspondsfail decision. Since solving foty,.....% simultaneously is

physically to a more detailed comparison. computationally expensive, we propose a sub-optimal
The measure for the good waveform is defined as, solution, wher(_aln t_he_optlmlzgtmn procedure sqlves for
eachx sequentially in time starting at timgand ending at
17/t tx. At eacht; we generate aw; which is optimal at that
My(T,p) = ‘[I Yy (t P) W (D) dt] (1) |k Ateachiweg an P
ClJo time point locally,i.ex; maximizes the error measuretat

Y, (t, p) represents the output waveform of the non-defec- as ift; was the final time of the experiment. The previous
tive circuit, under an excitatiox{t). values of values of; (j <i) necessary to solve fay are

w(t) is a weighting function determining the specific char- obtained from the solution of the optimization problem at
acteristic of the waveform represented by the measure. Athe previous time points. The steps then in the optimiza-
simple rectangular window over [0,T] will result in some tion procedure at each time potpare:

sense, the integral measure of the waveform. This defini-Step 1. If E(t,p) = Mg (t;, p) =M (t;, p) then solve
tion of measure differs from the common spectral mea- the following minmax problem,

sures in that, neither periodicity nor infinite length of data min{ max(| § £ p)|)} 4)

samples are necessary to evaluate the measures accurately. pOP xOX,

The measurdly(T,p) for the faulty circuit may be defined whereX=[-XmaxXmad represents the bounds on the wave-

asin (1). form value at each time point. To solve this problem fur-

Using the framework presented in [5], the min-max test ther as earlier the s&f is discretized. Since this is a one

problem for the dynamic case now becomes, dimensional set, the discretization does not create a large
min max | M (T, ) =M, (T, p| (2) sizg problem_. If b_e the ind_ex of this discretization. T_hen
POPx(f) OX (_5) is solved iteratively as in [5] with the problem at itera-

. . tion n represented below.
If we proceed along the same lines as in [5] to solve the .

minimax problem, then we need to discretize theXée\s min -y (5)

we observed earliei! is an infinite-dimensional set due to satisfying,

the time dependence. The $étmay be made finite dimen- |EJ- (t. Py + IOE; (t;, P [(P— Py) []]s v,j=1..N

sional by discretizing the time axis, at a selected number of L

: i o o . '<Sp < =1...
points. For example, if the time interval [0,T] is discretized at m < P < PpyM=1..1,

20 points, then the dimension of set X is 20. To solve for the O<y

values of the input numerically at each of these time points, The problem above is a linear optimization problem in
the 20-dimensional set needs to be discretized further, creatny+1 variables with 2N+g1 constraints. An upper bound
ing an extremely large size problem. Since an exact solutionon y is not placed since the time constant C may be
to the problem is out of reach, we seek a sub-optimal proce-adjusted later to satisfy the physical constraints. At the
dure for constructing the time domain waveform, while solution point, the value of (t)  and the optimal value

retaining the constructive nature of the synthesis. y indicating the worst case error difference between the
measures at timigis obtained. The value gf s obtained
3: Suboptimal construction as part of the solution to the problem whereas, the optimal

test valuex (t) is identified using the set of lagrange

Any specification of the input has to finite dimensional, multipliers produced by the LP solver at the solution point.
with varying degrees of freedom in the exact parameteriza-Since the iterative procedure requires gradients, we con-
tion. In this work we assume the input waveform is specified struct quadratic response surfaces at gadly using a
as a piecewise linear waveform, with the signal values pox-central sampling scheme[4]. Once the response sur-
Xy,.....% Which have to be synthesized occurring at time faces are constructed, gradient evaluation is trivial. This is
points ty,t... . The signal values in between the specified the most CPU-intensive part of the optimization, since it
points are evaluated through a piecewise linear interpolation.inyolves performing a series of transient simulations.

If u(t) is the unit step function, the input signal under this Step 2. If y<3, then construct the new waveform using
piecewise linear interpolation is then specified as, equation (3) an;j repeat from step 1

- iy 0% —Xi+10 Step 3. Once the input waveform is determined, it is nec-
x(0 = Z [u(t=6) —u(t=t.,)] Ot —t,,, U (3) essary to generate bounds on the measure of the good cir-
Problem Statement Let x, be the initial value at timg,. cuit so that, a pass/fail decision can be made by comparing

Given the time point,ty,....& =T, find a sequence of val- the observed measure waveforms with these bounds. If
ues ofxy,....% such that in the worst case the absolute M(t) is the measure observed from the circuit under test,



the circuit is non-faulty if and only if,
M, (T) =M (T) <M, (T) where M, (T) andM, (T)
given by,

are

(6)
(7)

M, (T) = max{ M, (T, p)}
M, (T) = min{ My(T, p)}

4: Results

In this section we present two examples to illustrate the

4.1 Switched capacitor integrator

As another example we studied the switch capacitor inte-
grator structure shown in Fig. 4. To induce dynamic behavior
at the input of the circuit, the clocking circuits are disabled so
that phil phase switches are on while the phi2 phase ones are
off. By using the dynamic test program we see that most of
the faults are detected by the same inputs generated for the
voltage follower. The worst case error voltages are plotted for
this in Fig. 5 for a sample of catastrophic faults. A new test

use of our dynamic test technique. The effect of the tolerancejnpyt which was not needed for the voltage follower was
has been modelled by the set of parameters shown in Table Ifond for the integrator and is shown in Figs.6a-b. Again we

To reduce the influence of the boundary conditions on the gpserver that sufficient discrimination is developed in short
results we have used a Hann window function as the weight-iast times.

ing function.
The first example is a two-stage compensated opamp cong- conclusions
figured in a voltage follower mode. The second example is a
switched capacitor integrator with correlated double sam-
pling.
Figure 1 shows the schematic for the voltage follower. The

In this paper we have extended the static test generation to
the dynamic case by adopting a sub-optimal solution strategy
similar to dynamic programming. Using the weighted integral

interesting faults for the dynamic case in this configuration

are associated with the compensation branch. They are: 11“
Any opens in the compensation branch. 2) Shorts associatedn

with the transistor M2. 3) Opens or parametric changes in the
capacitor C3.We have modelled the value of the short with
values of resistance ranging from 0.1-100 ohms. The effect of
opens is difficult to model at the circuit level, but to test the

easure for the waveforms, we find that simple ramp-type
puts are effective in detecting faults not excited by DC
inputs. Although the scheme presented here is CPU intensive,
we believe this is a step towards a general test generation tool

for analog and mixed-signal circuits.

Table 1: Tolerance Set P

dynamic test algorithm we have used a 100MEG resistor to
represent the effect of opens. The error measure depends @

the constant C, the time constant for the integral measure ir
equation (1). To compare different waveforms we have nor-

malized the measures by setting C to be the interval betweefXxwn

specification time points.
Using the dynamic test procedure with the input specifica-

n Parameter Nominal Max Value | Min Value
Value
AVTON 0 VOItS FO0.IV 0TV
AVTOp 0 \olts +0.1V -0.1V
[ 1p -lp
XWp ou i -l
XL om lp lp
TOX 3.95e-8m 3.80e-8m 4.10e-8m

tion being time points spacequl s apart we find that the tes
waveforms generated by our procedure takes the form shown

in Fig. 2a. The initial value at time t=0 was set at 2.5V. Wave- 6: References

form 1 and Waveform 2 was found to produce the same mag-

nitude of error(Fig. 2b) for all the device level open and short [1] Shen-Jen Tsai, “Test Vector Generation for Linear Analog
faults in the opamp except, for the drain to source short in thenge;/iclegsg;’bProc. IEEE International Test Conferenqep. 592-
comp(_ansatlon resistor M2 for_ which, th(_a _errc_)r |s_ an order of [2] Naveena Nagi and J.A. Abraham, “Fault-based Automatic
magmtude I_ower. Now if the input specn‘lcat!op is such that Test Generator for Linear Analog Circuit®roc. of ICCAD pp.

the time points are now based 0.1 s apart it is seen that theggg.g1, 1993.

M2 device short may also be detected using the integral mea{3] L. Milor and V. Visvanathan, “Detection of Catastrophic
sure with the resulting input waveform denoted by Waveform Faults in Analog Integrated Circuits|EEE Trans. Computer-

4, shown in Fig.2c. The resulting error profile is shown in Aided Designvol. CAD-8, no.2, pp. 114-130, Feb.1989.

Fig.2d. To make a pass/fail decision it is necessary to obtain[4] J-Sacks et.al, “Designs for Computer Experimenfsthno-

bounds on the measure waveforms for the good circuit. Usin?ﬂg1etrlcs Vol.31,No.1, pp.41-47, Feb. 1989,

. . . . 5] G.Devarayanadurg and M.Soma, “Analytical Fault Modeling
the analysis presented in section 3 the bounds of the integral,q static Test Generation for Analog Circulstic. ICCAD
measure are obtained and shown in Fig. 3. If the measure opp. 44-47, 1994

the waveform for the circuit under test does not lie within the [6] G.Gielen et.al, “Fault Detection and Input Stimulus Determi-
bounds shown in Fig.3 it is considered defective. In all the nation for the Testing of Analog Integrated Circuits Based on
cases the error voltage developed is sufficient for a pass/failPower-Supply Current Monitoring”, Proc. ICCAD, pp. 495-498,

decision to be made in a few microseconds. 1994.



vdd [

25 T T T T T T T T 16 T T T T T T T T
2 14
Waveform2 Drain of M2 open(Waveform 2)
Py 15
12
1 4 0
20 Wi 3
g 1
e vs |
Wi . :
el 30 508
W7 It 19 9
H_< 05 Waveform 1 g 20% change in C3(Waveform 2)
Iy 5%
" -1 3
(/"1 g0 0
] FI— g 10% change in C3(Waveform 2)
vn B & L f P ot 19
f -2 02 12 D-S short{waveform 1)
Vo W12
ol s W A
I 0 1 2 3 4 5 6 1 8 o 1 2 3 4 5 6 1 8
! it time in microseconds time in microseconds
e C L Fig.2a:Test Waveforms specified at Fig.2b:Error measures for various
] | ] 1us interval for circuit in Fig. 1 faults indicated
2. 3. T T T T T T T T T
d d 21l wavefom 4
3 Open in compensation branch(waveform 3)
15
\/ Waveform 3
X SS 1 25|
Fig. 1:Voltage follower
05 % )
z g
3 H E
| £
10 215
ot 05 @
R i -1 1]
B } {‘%}q e
1 7; PT‘R’ o 05 M2 D-S short(waveform 4)
6 - % or “‘2 ”‘3 “‘4 “‘5 0‘5 0‘7 “‘B 0‘9 0 0.1 0‘2 03 0‘4 0‘5 u‘s 0‘7 o‘a 0‘9
- | vin g time in microseconds time in microseconds
~ > Fig.2c:Test Waveforms specified at Fig.2d:Error measures for faults from
) 2 OPAMP_FOLD. CKS 0.1us interval for the voltage follower voltage follower with waveforms 3 and
" £ T ) E 4 as input
oyl cL
., o
phiz mzb
e v ol
3
ol
phi2 . %
I
{‘E} 5 ‘ )
{ _al
ohit e phith L
Lo e -
o
i i . i v . ) 0.5 1 1.5 2 2.5 3 3.5
Fig.4:Switched capacitor integrator -correlated double sampling ) fime in microseconds
Fig.3: Envelope of the measure for the defect free voltage follower
4 T T T T T T T T T T T T T T T T 35 T T T T T T T T
0
3.5 1 3
10% change in Cf(Waveform 1)
Al | ~05 Waveform 5 4
25
251 1
o o
5 -1 b 5 2
£ 2r 1 S E m4m3short (waveform 5)
g 4
i} s Ch short(waveform 1) 1 15 I s
1
ir p
2 1 os m7m8 short(waveform 5)
05 b ’
D-S short on M10or M9(Waveform 1) . ) ) ) ) ) ) )
0 1 2 3 4 5 6 7 8 9 % 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 ; 6 7 8
time in microseconds time in microseconds ime in microseconds
Fig.5: Error measures for integrator faults whose Fig.6a: New test input for integrator faults Fig.6b: Error measure for faults with wave-

test input is Waveform 1

form 5 as test input




	ICCAD95
	Front Matter
	Table of Contents
	Session Index
	Author Index


