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ABSTRACT

This paper presents a pulse response-based built-
in self test technique and implementation for the
testing of analog integrated circuits in mixed-signal
systems. This BIST technique employs two narrow
width pulses as input stimuli, and monitors two volt-
age samples on pulse response waveform for fault de-
tection through allowable tolerances. The BIST sys-
tem implementation realizes a programmable delay
line for generating pulse stimuli, and a sample-and-
hold circuit with comparators for fault detection pro-
cess. Demonstrations of the testing for a Sallen-Key
low-pass filter using 0.18-?m CMOS technology yields
relatively high fault coverage. The fault coverage of
catastrophic faults is 100%, and the fault coverage
of capacitor and resistor variations are 93.75% and
87.5%, respectively. The proposed BIST technique
uses low testing time within two short pulse response
waveforms, and offers low implementation cost since
on-chip sinusoidal stimuli, test algorithms, and exter-
nal digital processing unit are not necessary.

Keywords: Built-In Self Test, Analog Testing Tech-
nique, Narrow Width Pulse Stimulus, Pulse Response
Sampling

1. INTRODUCTION

The emergence of modern System-On-Chip (SOC)
technology has led to a continuous increase in quan-
tity and diversity of integrated components. As the
complexity of this SOC technology has grown, testing
in both product development and mass-production
phases have become more challenging, and now con-
stitutes a major portion of overall cost. Although the
testing process has been commercialized by means of
an Automatic Testing Equipment (ATE), this pro-
cess is expensive and time-consuming. In particu-
lar, testing cost of embedded analog circuits in SOC
technology is relatively high compared to total ana-
log circuit manufacturing costs. Therefore, there is
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a demand for cost-effective test techniques with low
testing time.

On-chip testing capability of integrated circuits
has received considerable attention as a means of re-
ducing testing time and eliminating the necessity for
external ATEs. Several on-chip testing techniques
have been applied successfully in digital circuits in
which each level of abstraction, ranging from a be-
havioral description to logic layout, is verified against
the immediate preceding levels. With the support
of rigorous mathematical expression such as Boolean
expressions or high-level programming language con-
structs, single stuck-fault models are commonly uti-
lized, and test-pattern algorithms have been devel-
oped comprehensively with acceptable fault cover-
age. As opposed to testing in digital circuits, test-
ing in analog circuits is complicated owing to not
only instantaneous continuous-time analog response
of signal values, but also non-linear characteristics
and broad variations in circuit parameters. This com-
plicated characteristics lead to difficulties in analog
circuit testing, including vulnerability to performance
degradation and indecipherable standard fault mod-
els.

Accordingly, the on-chip testing techniques for
analog circuits in mixed-signal systems have recently
been attractive for research efforts. Therefore, this
paper presents a Built-In Self Test (BIST) technique
as a new alternative for the pre-screening test of de-
fective analog integrated circuits in mixed-signal sys-
tems. This paper is organized into eight sections as
follows. Section 2 provides a review on existing on-
chip testing techniques and system implementations.
Section 3 describes fault models and shows prelimi-
nary evaluations of fault influences. Section 4 pro-
poses the pulse response-based BIST technique. Sec-
tion 5 presents the BIST system implementation and
circuit realizations. Post-layout simulation results are
provided in Section 6. Comparison and conclusion are
finally provided in Sections 7 and 8, respectively.

2. EXISTING ON-CHIP TESTING TECH-
NIQUES AND SYSTEM IMPLEMENTA-
TIONS

Fig.1 depicts a generalized testing scheme of ana-
log integrated circuits in mixed-signal systems. This
scheme consists of three major blocks, i.e. the test
stimulus generation circuit (A), the output response
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analysis circuit (B), including the fault sensing cir-
cuit (B.1) and the Digital Signal Processing (DSP)
or measurement circuits (B.2), and the test control
circuit (C). The development of testing system design
approaches based on this scheme can be considered in
two aspects, i.e. testing technique and testing system
implementation.

One design aspect is the testing technique, which
relates to fault signature sensing and fault extraction
methods for the design of fault-sensing circuit block
B.1. These testing techniques can be classified into
either current or voltage sensing techniques. The cur-
rent sensing

Fig.1: A generalized testing scheme of integrated
analog circuits in mixed signal systems.

techniques [1-3], commonly referred to as IDDQ
current sensors, are relatively simple as no test
stimulus block A is required, and suitable for de-
tecting bridging faults. However, a Circuit-Under-
Test (CUT) may suffer from power supply variations
caused by a shunt resistive component connected be-
tween the CUT and power supply (or ground), and
inappropriate setting of reference currents may also
affect the precision of fault detection owing to a broad
range of faulty currents [4]. On the other hand, the
voltage sensing techniques include the DC voltage
sensing such as the built-in voltage sensor [5] and the
VDDQ scheme [6], and the AC output response sens-
ing such as sub-sampling [7], absolute value difference
[8], on-chip spectrum analyzer [9], and Σ∆ modula-
tor [10]. These voltage sensing techniques support
non-intrusive implementation, and offer suitability
for most types of circuits as fault signatures are ob-
tained from observation nodes with no modification
of the existing CUT. Nevertheless, some faults are
imperceptible at output voltages, and the test stim-
ulus generation circuit block A is necessary excepted
in the oscillation-based test [11].

Another design aspect is the testing system imple-
mentation of the testing techniques mentioned earlier,
involving a Design-For-Testability (DFT) that pro-
vides an early on-chip fault sensing functionality for
the external fault detection, and the BIST that pro-
vides a complete on-chip testing functionality. The
techniques in [1-6] are based on the DFT in which
the fault signature sensing circuitry block B.1 is re-
alized on-chip, but the test stimulus block A and the

fault detection block B.2 are accomplished externally.
Despite the fact that this DFT provides a testing ca-
pability with low area overhead, external test stimuli
and response analyzers are necessary and therefore a
complete self-testing process cannot be achieved. On
the other hand, the testing techniques in [7-10] are
based on the BIST in which all the blocks A, B.1,
B.2 and C are accomplished entirely on-chip through
built-in hardware. Neither external test stimulus gen-
erator nor external DSP unit is required for the BIST.
In addition, self-testing capability of the BIST uses
lower testing time than the external measurements as
encountered in the DFT. However, large area over-
head presents a major difficulty as test stimuli and
fault-free bit streams are registered in extra memory
units.

As a consequence of the consideration of these
two design aspects, this work specifically focuses on
the voltage sensing testing technique and the BIST
implementation through the use of narrow width
pulse stimulation and pulse response characteriza-
tion. In general, the pulse stimulation testing en-
ables a compact and controllable on-chip pulse gen-
eration, compiling with the central control circuitry,
and provides fault signatures for fault detection in
both time and frequency domains. Regarding this
pulse stimulation-based testing, the pulse sequences
with random widths obtained from a Linear Feedback
Shift Register (LFSR) [12] and the pseudo-random
pulse sequences [13] have earlier been employed for
the implementation of low-cost BISTs. However, the
LFSR-based technique requires complicated LFSR
generation, synchronization and compaction circuits,
while the technique based on pseudo-random pulse
sequence requires a complex on-chip cross-correlation
analysis prior to the fault detection process using the
external DSP.

Recently, the simple pulse generation circuit based
on a differentiator has been proposed in [14] for al-
leviating the complexity in on-chip pattern genera-
tions and cross-correlation operations. However, fault
detection is performed statistically by means of lin-
ear regression analysis that necessitates specific algo-
rithms and external software. In addition, the mea-
surement of the voltage samples of analog responses
using a microcontroller has also been proposed in
[15] for low-cost BIST of embedded analog circuits in
mixed-signal systems. This technique offers efficient
fault diagnosis and localization with the necessity of
microcontroller. Therefore, this work aims to develop
a high-speed testing technique using a small number
of pulse input stimulus while maintaining high fault
coverage. In addition, this work also attempts to im-
plement a BIST system with low implementation cost
without the use of complex devices. The BIST imple-
mentation is expected to be compatible with mixed-
signal systems by exploiting clocks and control sig-
nals from digital portion, and providing test output
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in digital forms.

3. EVALUATIONS OF FAULT INFLUENCES
ON LTI CIRCUITS

3.1 Targeting Circuits and Fault Models

The proposed BIST technique deals with on-chip
fault detection of a Linear-Time-Invariant (LTI) sys-
tem. This LTI system, denoted as h(t), was desig-
nated as a class of analog circuits in which the trans-
fer function in frequency domain can be expressed as

H(s) =
a0 + a1s + · · ·+ ansn

b0 + b1s + · · ·+ bnsn
(1)

where n ≤ m and the coefficients ai and bj are
functions of circuit parameters, i = 1, 2, . . . , n and
j = 1, 2, . . . ,m. Examples of targeting analog cir-
cuits that possesses the transfer function described
in (1) are analog amplifiers and filters in baseband
receivers. Typically, LTI systems can be character-
ized entirely through a specific input function such
as pulse or ramp input signals. This work realizes a
narrow width pulse signal as an input stimulus due to
the simple implementation using digital logic gates.

Fig.2: Block diagrams of LTI systems; (a) fault-free
LTI system, (b) faulty LTI system with fault models.

In order to describe the fault influences on pulse re-
sponse waveforms, Fig.2 demonstrates the block di-
agrams of two LTI systems, including the fault-free
LTI system and the faulty LTI system with parallel
and serial fault models.

As shown in Fig.2 (a), the fault-free LTI system
is characterized by the very narrow width pulse in-
put signal x(t), providing the output response signal
y(t). This output signal y(t) can be described math-
ematically through the convolution operation in time
domain, i.e. y(t) = x(t) ∗ h(t), and expressed as

y(t) =
∫ ∞

−∞
x(τ)h(t− τ)dτ (2)

where τ is a dummy variable for integration. For a
specific h(t) with a stationary input x(t), this out-
put y(t) described in (2) generally possesses a certain
shape of pulse response waveforms over a limited time
period.

Nonetheless, circuit operation failures resulting
from catastrophic faults and performance degrada-
tion resulting from parametric faults may change the
transfer function of the existing h(t). As shown in
Fig.2 (b), the faulty LTI system can be modeled by
adding a parallel fault model p(t) and a serial fault
model s(t) to the existing h(t) [13]. These fault mod-
els p(t) and s(t) can be considered in various aspects
such as a constant value and a higher-order trans-
fer function, depending on types of realistic defects
in CUTs. Based on associate and distributive prop-
erties of the convolution operation, the faulty LTI
system in Fig.2 (b) provides two cases of output sig-
nals, i.e. yp(t) and ys(t), when a single fault model
is considered. The output yp(t) = x(t) ∗ (h(t) + p(t))
is provided by a system resulting from a parallel con-
nection of h(t) and p(t), and is given by

yp(t) =
∫ ∞

−∞
x(t)(h(t− τ) + p(t− τ)dτ (3)

The output ys(t) = x(t) ∗ h(t) ∗ s(t) is provided by a
system resulting from a serial connection of h(t) and
s(t), and is given by

ys(t)=
∫ ∞

−∞

(∫ ∞

−∞
xxh(τ)hhs(τhs−τxh)dτxh

)
s(t−τhs)dτhs

(4)
where xxh is a pulse input signal considered in the
convolution of x(t) and h(t), hhs is a system function
considered in the convolution of h(t) and s(t), τxh

is a dummy variable for integration associated with
the convolution of x(t) and h(t), and τhs a a dummy
variable for integration associated with the convolu-
tion of h(t) and s(t). These two outputs in (3) and
(4) are different from the fault-free output in (2) ow-
ing to the inclusion of fault models. Therefore, fault
detection can be made possible through the outputs
yp(t) and ys(t).

Fault detection procedures through the outputs
yp(t) and ys(t) can be made in either frequency or
time domains. Fault detection in frequency domain
generally employs de-convolution or cross-correlation
techniques for extracting the actual fault functions of
p(t) and s(t). The CUT is considered as defective
when the actual functions of p(t) and s(t) are found
from the extraction process. Nonetheless, DSP unit
with specific extraction algorithms is necessary, and
the on-chip implementation requires large chip area
for digital circuits and memories. This work therefore
oppositely realizes fault detection in time domain. No
extraction process for the actual fault models p(t) and
s(t) is necessary. The fault detection procedure is
based on the comparison of voltage samples obtained
from pulse response waveforms between the fault-free
output y(t) and faulty outputs yp(t) and ys(t). The
circuits is considered as defective when the voltage
samples exceed the allowable tolerance ranges. Fault
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monitoring in time domain enables the instantaneous
detection process, yielding low testing time, and of-
fers low-cost BIST with full on-chip implementation
with a small number of simple components.

3.2 Preliminary Evaluations of Fault Influ-
ences

In order to investigate the fault influences on
pulse response waveforms and to evaluate the effec-
tiveness of the use of a narrow width pulse as an
input test stimulus, defect-oriented simulations in
schematic level were preliminarily conducted. The
demonstrated CUT was a 2nd-order Sallen-Key low-
pass filter, which offers high linearity and low-noise
properties for the implementation of integrated ana-
log base-band filters in RF receivers such as in IEEE
802.11wireless LAN [16] or in CDMA receivers [17].
Fig.3 shows the circuit configuration of the Sallen-
Key low-pass filter, comprising two major blocks,
i.e. a linear RC network and a unity-gain buffer.
The linear RC network is formed by two resistors
(R1, R2) and two capacitors (C1, C2). The unity-
gain buffer was implemented based on a two-stage dif-
ferential amplifier, consisting of seven CMOS transis-
tors (M1 to M7). The corresponding 2-pole Butter-
worth transfer function in s-domain denoted as Hf (s)
can be expressed as

Hf (s) =
(2πfc)2

s2 + 2πfc
Q s + (2πfc)2

(5)

where the cutoff frequency (fc) and the quality factor
(Q) are given by

fc =
1

2π
√

R1R1C1C2

(6)

Fig.3: Circuit configuration of a second-order
Sallen-Key low-pass filter employed as a demonstrat-
ing CUT.

Q =
√

R1R2C1C2

C2(R1 + R2)
(7)

It is seen from (5) that the transfer function Hf (s)
exhibits a 2nd-order LTI system, which satisfies the

criteria of H(s) described in (1), and is therefore ca-
pable to provide the proper pulse response charac-
teristics. As for example, an analog baseband filter
with the cutoff frequency of 450 kHz to 500 kHz and
a unity quality factor was designed. The values of
the resistors R1 and R2 were equally selected at 84
kΩ, and the values of the capacitors C1 and C2 cal-
culated using (6) and (7) were consequently equal to
8 pF and 2 pF, respectively, yielding the resulting
cut-off frequency of 476 kHz. Through the use of a
0.18-µm CMOS transistor model, the aspect ratios
of transistors in the unity gain buffer were optimized
for robust unity-gain and appropriate settling time.
The width of the pulse input signal was set at 0.5µs.
Since different types of CUTs exhibit different and
specific transfer functions, this pulse width of 0.5µs
was optimized from a trial and error process so that
the output signal possesses a symmetric and narrow
pulse response shape.

The injection of catastrophic and parametric faults
was performed for fault coverage investigations. In
the case of catastrophic faults, shorts and opens were
realized by the insertion of a resistor into each com-
ponent [18]. Shorts were modeled by inserting a small
1-Ω resistor in parallel between each pair of compo-
nent terminals. Opens were modeled by inserting
a large 10-M? resistor in series between two discon-
necting terminals. In order to eliminate the voltage
discontinuity at MOS gate terminals, the transistor
gate opens were distinctively modeled by connecting
a large 10-MΩ resistor to gate and disconnecting ter-
minals with respect to the system ground. In the case
of parametric faults, the component variation was re-
alized where the practical component variations are
in an extensive range from 10% to 50% [19-20]. In
summary, the total number of 54 faults was investi-
gated, including 13 faults in the linear RC network
and 41 faults in the unity-gain buffer.

The discrimination of detected faults was done
by means of window criterion. Detected faults were
counted as when the voltage value exceeds the cri-
terion thresholds, which are determined by voltage
tolerances. The
propagation time of pulse response waveforms was
particularly divided into six partitions for the approx-
imate investigations of voltage samples at the peak
and on charging and discharging periods. Therefore,
five window criteria denoted as W1 to W5 were real-
ized. The values of window criterion thresholds were
carried out by considering ±5% tolerance. The min-
imum and maximum thresholds of each window cri-
terion were estimated by the worse case boundaries,
i.e. the intervals between the maximum and the max-
imum values [3].

For purpose of demonstrations, Fig. 4 shows the
transient waveforms of a normal pulse response and
four examples of faulty responses. Such four examples
of faults include +20% variation of R1, open at C1,
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Fig.4: Transient waveforms of a normal pulse re-
sponse and four examples of faulty pulse response
waveforms.

Fig.5: Venn diagram of the detected faults in five
sets of window criteria W1 to W5.

drain open at M2, and gate-drain short at M3. Five
voltage values V1 to V5 were captured from the normal
pulse response waveform, and employed as references
for W1 to W5, respectively. It is seen from Fig.4 that
the variation in R1 causes small changes in charging
and discharging periods, whereas shorts and opens
in C1,M2,M3 cause tremendous changes in pulse re-
sponse waveforms. As expected, Fig.4 indicates that
the parametric faults cause small variations whereas
the catastrophic faults cause hard changes in pulse
response waveforms.

In order to determine the overall fault coverage,
fault injection simulations of 54 cases were performed.
One fault was injected into each component of the
CUT per one simulation, while other components
were kept at fault-free condition. Fig. 5 shows the
Venn diagram of the number of detected faults in W1

to W5. It can be seen

from Fig.5 that all 54 faults can be detected, indi-
cating that the use of a narrow width pulse as an in-
put test stimulus is effective. In addition, all 54 faults
can potentially be detected in W3 and W5 while other
three windows could not detect some faults. There-
fore, this fault detection indicates that the use of W3

and W5 effectively yields complete fault detection, re-
sulting in a simple fault detection circuit designs.

Fig.6: Graphical representation of the proposed im-
pulse response-based fault detection technique.

Fig.7: Block diagram of the pulse-response based
BIST system architecture.

4. PROPOSED PULSE RESPONSE-BASED
BIST TECHNIQUE

As a result of the preliminary investigation of fault
impacts on pulse response characteristics described
in (2), (3) and (4) and demonstrated in Figs. 4
and 5, this work proposes a pulse response-based
BIST technique. The technique employs only two
samples of pulse response waveforms for fault detec-
tion by means of voltage comparison in allowable tol-
erances. Fig.6 illustrates the graphical representa-
tion of the technique proposed, including the pulse
response waveform of a fault-free CUT (RP1), and
two examples of pulse response waveforms of a faulty
CUT (RP2 and RP3). As illustrated in Fig.6, changes
in RP1 can be investigated through the deviations of
the maximum point at time t1 and the discharging
period at time t2. Correspondingly, two voltage sam-
ples V1 and V2 are obtained from RP1 at two sam-
pling points P1 and P2. The voltage V1 is measured
at the maximum point P1 with the height of h. The
voltage V2 is measured on the discharging period at
the point P2, which is set at h/4. It can be seen in
Fig.6 that small changes in response shapes of RP2
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and RP3 cause large vertical deviations in voltage V1

and V2 at the points P1 and P2, respectively. Moni-
toring at time t1 and t2 reveals significant deviations
in voltage values and the widow criteria are therefore
utilized for fault discriminations.

This proposed technique can detect both paramet-
ric and catastrophic faults. In the case of paramet-
ric faults, parameter variations of capacitors, resis-
tors, and transistors may affect both charging and
discharging behaviors of pulse response waveforms as
illustrated in Fig.6. Therefore, the parametric fault
detection procedure depends upon the allowable tol-
erance bands of the voltage V1 and V2. In the case
of catastrophic faults, circuit operation failures cause
tremendous changes in the peak value and the dis-
charging period, resulting in significant changes in
the voltage V1 and V2. Therefore, catastrophic fault
detection can be achieved easily.

5. PROPOSED PULSE RESPONSE-BASED
BIST SYSTEM AND CIRCUIT REAL-
IZATIONS

The BIST system has been designed correspond-
ing the proposed pulse response-based BIST tech-
nique described in Fig.6. Based on the general testing
scheme in Fig.1, this BIST system is implemented
entirely on-chip, including all the blocks A, B, and
C. It is assumed that the digital portion in mixed-
signal system can provide a sufficient number of sys-
tem memories. Unlike other techniques in which soft-
ware with specific algorithms or A/D converters are
exploited, the circuit realization of this BIST system
focuses on simple digital and analog techniques in or-
der to reduce circuit complexity and area overhead.
In addition, circuits with programmable features are
employed in order to provide the versatility in apply-
ing to various types of analog CUTs.

Fig.7 shows the block diagram of the pulse
response-based BIST system. As shown in Fig.7, this
BIST system comprises four major components, i.e.
a pulse generator, a sample-and-hold (S/H) circuit,
a window comparator, and control circuitry. First,
the impulse generator provides a pulse stimulus VPO

for stimulating the CUT, and uses the clock ckp as
an input. This pulse generator is controlled by the
signals enb and a1 − an. Second, the S/H circuit
samples the voltage values at two specific points of
the output response VIR and holds as VSH for the
subsequent fault detection circuit. The sampling op-
eration is controlled by the clock ckSH and the sig-
nal sp. Third, the window comparator compares the
two points through tolerance bands determined by
the threshold voltages Vmn and Vmx, and provides
the pass/fail output VPF . Last, control circuitry pro-
vides clock and control data for controlling BIST op-
erations.

Fig.8: Circuit diagram of the programmable pulse
signal generator.

Fig.9: Timing waveforms of pulse generation oper-
ations.

Fig.10: Circuit configuration of the S/H circuit.

5.1 Programmable Pulse Signal Generator

Generally, a practical pulse input test stimulus for
BIST is a narrow-width rectangular pulse in order
that the stimulated CUT can provide appropriate
pulse response characteristics. Fig.8 shows the cir-
cuit diagram of the programmable pulse signal gen-
erator. As shown in Fig.8, the design is based on
the propagation of a reference clock through a delay
line and the phase comparison at the rising edge of
low-to-high state transition between the input clock
and the associated delay stages. Two input signals
are the reference clock ckp with a duty cycle of 0.5
and the enable signal enb that controls pulse genera-
tion operation within two periods of ckp. A cascade
connection of n identical delay elements D1 to Dn

constitutes an n-stage delay line. Each of these delay
stages delays the ckp with constant delay time tpH .

Since a delay element based on a threshold level of
inverters or logic gates provides small delay time in
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the range of picosecond, the implementation of this
pulse generator therefore utilizes a variable resistor-
based delay element. As particularly demonstrated at
D1, this delay element comprises two inverters and a
variable complementary switch R1, which is biased in
linear

Fig.11: Timing waveforms of the sampling opera-
tions.

region and connected at the input of each delay
element. The resistor R1 forms an inherent low-pass
filter with the intrinsic gate capacitances CG1, offer-
ing sufficient delay time for generating pulse widths
in microsecond. The inclusion of R1 enables the fine
adjustment of pulse widths through the setting of
the bias voltages VBN and VBP . In addition, the
coarse adjustment of pulse widths can be achieved
by incrementing the number of delay stage through
switches a1 to an. The delay time of the pulse output
VPO selected at the ith stage is tpHi = itpH where
i = 1, 2, 3 . . . n. The phase comparison is made by
XOR gate, and the output VPO obtained from the
rising edge of the state transition is provided at the
NAND gate.

Fig.9 shows timing waveforms of pulse generation
operations. As shown in Fig.9, high time tcpH of the
clock ckp can be determined by the summation of
the delay time tpHn obtained from the nth stage and
the extra time tcpD that provides sufficient time for
pulse response propagation, i.e. tcpH = tpHn+tcpD =
ntpH +tcpD. Therefore, the frequency of the clock ckp

is equal to fckp = 1/(2tcpH) = 1/(2(ntpH + tcpD)).
This pulse generator is programmable through course
and fine adjustments using simple delay elements
with low area overhead, and a low frequency clock
for generating high-frequency pulses.

5.2 Sample-and-Hold Circuit

The S/H circuit was designed based a simple unity-
gain sampler with error reduction. Fig.10 shows the
circuit configuration of the S/H circuit, including
three components, i.e. the sampling switch, the hold-
ing capacitor and the buffer amplifier. First, the sam-
pling switch consists of the main switch (MSN and
MSP ) and the dummy switch (MSNd and MSPd).
The complementary switch was realized in order
to reduce on-resistance over the entire input range
for high-speed sampling process with low DC offset.
The dummy switch was employed for reducing clock

feedthrough errors. Second, the capacitor CH is an
available on-chip linear capacitor. The optimized size
of CH is in the range of 0.3pF to 0.7pF, providing a
reasonable tradeoff among sampling speed, sampling
accuracy and area overhead. Last, the buffer ampli-
fier determines the sampling speed and the settling
time stability of the sampled voltages. Therefore, the
high bandwidth two-stage operational amplifier, con-
sisting of transistors M1 to M9 with phase compen-
sation using CF and M10, was realized.

Fig.11 shows the timing waveforms of the sampling
operations. As shown in Fig.11, the input and out-
put waveforms are the pulse response VIR and the
sampled-and-held signal VSH , respectively. Sampling
operations

Fig.12: Circuit configuration of a comparator.

Fig.13: Timing waveforms of the comparison oper-
ations.

are controlled by the clock ckSH and the sampling
signal sp. The clock period tcksh of ckSH can be de-
termined by dividing time duration of one pulse re-
sponse into six partitions. The signal sp, which is
stored as a fault-free control bits in system mem-
ory, determines the sampling points P1 and P2 for
each specific CUT. The initial delay time tspi of sp
is the summation of the propagation offset and the
rising time to the peak of the first pulse response, i.e.
tspi = tshD + tshR. The sampling phase tsp and the
hold phase thd are equal to a half of time difference
between the points P1 and P2.

5.3 Programmable Window Comparator

The voltage comparator was designed based on
a window criterion in which maximum and mini-
mum threshold levels are set through tolerance bands.
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Fig.12 shows the circuit configuration of the pro-
grammable window comparator, consisting of a main
window comparator and a programmable voltage ref-
erence circuit. The window comparator comprises
two differential amplifiers, consisting of transistors
M1 to M10, and a NAND gate. Unlike a logic-based
comparator in which voltage thresholds are fixed and
dependent on technology, this comparator provides
an adjustable voltage threshold through the switch-
ing of reference voltages, and low vulnerability to pro-
cess variations. Nonetheless, reference voltages are
needed. As depicted in Fig.12, the reference volt-
ages can be obtained from the analog central bias-
ing system in mixed-signal systems. Two transistors
MB1 and MB2 mirror the DC currents from the cen-
tral biasing system, which is subsequently conveyed
through a cascade connection of Rrefand the respec-
tive chains of resistors. Upon setting suitable resistor
values, the required values of voltage references can
be obtained and controlled through two sets of con-
trolling switches.

Fig. 13 shows the timing waveforms of comparison
operations. Through the exploit of the same clock
ckSH as

Fig.14: Block diagram of the BIST design example.

Fig.15: Layout design of the BIST system.

in the S/H circuit, two sets of control signals (b1

to bn) and (c1 to cn) are applied for switching the
resistors, providing Vmx and Vmn for comparisons.
This comparison process is performed during sam-
pling mode of the S/H signals. During the hold mode,

all switches are turned off and therefore the high ref-
erence voltages are equal at the two inputs of NAND
gate, yielding low signal at the output. The test re-
sult VPF is two bit signals and reported as High when
faults are detected.

6. SIMULATION RESULTS

The proposed BIST system was laid out using 0.18-
µm standard CMOS technology in Cadence environ-
ments and post-layout simulations were performed
using Hspice. Fig.14 shows the block diagram of the
BIST design example. As shown in Fig.14, four ex-
ample of CUTs, including 2nd-order, 4th-order, 6th-
order and 8th-order Sallen Key low-pass filters, were
employed as a means of different filter orders. Fig.15
shows the corresponding layout designs where the ar-
eas of CUT and BIST are 355µm × 338µm and 63µm
× 58µm, respectively.

Firstly, performance degradation was investigated
in order to evaluate the impacts of the inclusion of
BIST system. Fig. 16 shows the frequency responses
of the original CUT, which is a 2nd-order filter, and
the CUT with BIST system. The DC gain and the
cutoff frequency were measured at 0dB and 504.98
kHz, respectively. It can be seen from Fig. 16 that the
inclusion of BIST system does not degrade the unity-
gain bandwidth of the original filter. As the BIST
system was removed from the CUT during normal
operations by associated switches, no

Table 1: Summary of the measured delay time at
different pairs of VBP and VBN .

Table 2: Measured nominal voltages with tolerance
bands at ±5% deviation, and timing parameters.

significant loading effects on the CUT was evident
on the cutoff frequency. At higher frequency region
of more than 1MHz, parasitic capacitances of these
switches cause some deviations at a very low gain re-
gion of less than -60 dB, which exceeds the filter spec-
ification. Therefore, the specification of the original
CUT was satisfied with no performance degradation
caused by the inclusion of the BIST system.
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Table 3: Summary of performances of the S/H cir-
cuit and the window comparator.

Table 4: The total number of injected faults and
resulting fault coverage.

Secondly, the optimum pulse width was investi-
gated through the mapping of VBP and VBN pairs.
With reference to Fig.9, Table 1 summarizes the mea-
sured values of the delay time tpH where VBP was set
as a dominant voltage in the range of 1.4V to 1.7V
and VBN were investigated in the range of 0.3V to
0.6V. It is seen from Table 1 that the setting of VBP at
1.4V and 1.5V provides relatively small delay time of
less than 0.25µs. The increase of VBP to 1.6V yields
a longer tpH in the range of 2.76µs to 3.82µs prior to
the maximum tpH of 10.05µs at VBP of 1.7V. Based
on Table 1, the delay time tpH of each delay stage was
chosen at 0.25µs by setting VBP and VBN to 1.5V and
0.3V, respectively. Two delay stages were activated,
i.e. n=2, by setting a2 to high, resulting in the pulse
width VPO = 0.5µs. The frequency of the clock ckp

was set to 40kHz. Fig.17 shows the pulse response
waveforms of the four CUTs when the 0.5-µs pulse
stimulus was applied. It is seen from Fig.17 that the
CUTs provide appropriate pulse response waveforms.
The 2nd-order filter provides high peak values with
narrow width while other orders have wider widths
with approximately the same peak values.

Thirdly, Table 2 summarizes the measured nomi-
nal values of voltages V1 and V2 with tolerance bands
of ±5% deviation, i.e. Vmn and Vmx, and timing pa-
rameters. As summarized in Table 2 (a), the values
of reference voltages can be set corresponding to filter
orders. The reference voltages were set and selectable
in the range of 0.3V to 1.5V. As also summarized in
Table2 (b), the frequency of the clock ckSH was de-
termined by parameters tshD, tP1 and tP2 where tP1

and tP2 are sampling time at points P1 and P2, re-
spectively. For instance, the clock period of 0.1µs
is sufficient for sampling the two points for the 2nd-
order filter, and therefore the clock ckSH of 2MHz
was used.
Fourthly, the accuracy of the S/H circuit and the win-

Fig.16: Frequency responses of the original CUT
and the CUT with the inclusion of BIST system.

Fig.17: Pulse response waveforms of the four CUTs
when the 0.5-µs pulse input signal was applied.

Fig.18: Demonstrating waveforms of the testing for
the potential open at the capacitor.

dow comparator was also investigated in Table 3. For
the S/H circuit, the offset error is a major parame-
ter that sets the testing accuracy. As summarized
in Table 3(a) that the offset error is very low of less
than 0.0065V and the settling time is relative fast at
0.012ns.

For the window comparator, the width of a win-
dow criterion, which sets the tolerance band, can be
adjusted through the reference voltages. As also sum-
marized in Table 3(b), the maximum allowable volt-
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Table 5: Comparisons of this work and other three related BIST techniques, ×= not reported.

age Vmx and Vmn were found in the range of 0.12V
and 1.46V. The narrowest range of effective window
criterion was found in the region of 0.8V to 0.89V, re-
spectively. The designed window comparator exhibits
a low offset error of less than 0.12% of the nominal
values.

Finally, realistic faults were injected randomly us-
ing a local layout realistic fault mapping (L2RFM)
technique [21]. Parametric faults were investigated
through ±20% variations of capacitors and resistors.
Catastrophic faults were injected by means of shorts
and opens at capacitors, resistors, and MOS transis-
tors. Note that catastrophic faults in MOS transis-
tors were considered from critical layout areas. Ta-
ble 4 summarizes the total number of injected faults
and fault coverage of the 8th-order Sallen-Key low-
pass filter. As summarized in Table 4 (a) to (d), all
shorts and opens were detected effectively, yielding
fault coverage of 100%. All of these shorts and opens
were detected because the two voltage samples were
captured from the tremendously distorted pulse re-
sponse waveforms, which are considerably out of the
tolerance bands.

As summarized in Table 4 (e) to (f), fault coverage
of capacitor and resistor variations are relatively high
at 93.75% and 87.5%, respectively. However, some
faults could not be detected because changes in these
component values were small deviations on the peak
values and the discharging periods. Therefore, the
two voltage samples are included in the acceptable
tolerance bands. The CUTs that have these types of
undetected faults can be considered as non-defective
when high yieldloss is preferred in the pre-screening
process. Fig.18 demonstrates the waveforms of fault
detection procedures when the potential open was in-
jected at the capacitor C2 of the first 2nd-order section
of the 8th-order filter. It is demonstrated in Fig.18
that the open of capacitor results in a shift of im-
pulse response and therefore the vertical detection at
two points provides the high state of output test VPF ,
indicating a faulty CUT.

7. COMPARISON TO OTHER TECHNIQUES

Table 5 compares the proposed BIST technique to
those of existing BIST techniques. In an attempt
to enable fair comparison, three particular references
that previously proposed BIST techniques based on
pulse stimulation and measurement are considered.
With reference to Table 5, comparisons are made
based on preferable requirements for BIST systems,
including implementation cost, testing time, and fault
coverage. First, this work offers low implementation
cost through the use of the programmable pulse gen-
erator. Neither digital LFSR, which is commonly
used in digital testing, nor microcontroller is required.
Furthermore, the proposed BIST technique enables
the use of a simple S/H with window comparators for
fault detection process while other techniques neces-
sitate complex devices such as A/D converter, micro-
controller, and DSP with specific algorithms for fault
signature compaction or cross-correlation analysis.

Second, this work uses low testing time within a
two-pulse duration, and the fault detection procedure
performs instantaneously during sample and hold op-
erations, generating the pass/fail output in digital
forms. Other techniques employ a random width
pulse sequence or a multiple pulse train as input stim-
uli. Therefore, the fault detection procedures require
time for processing long pulse sequence responses in
digital domain through the use of digital counters or
microcontroller. Last, the fault coverage of this work
is relatively high as demonstrated for the testing of
Sallen-Key low-pass filter. Noted that fault coverage
depends on test set-up environments such as CUT
specifications and tolerance conditions. References [3]
and [4] show examples of fault detection performances
while complete fault coverage were not reported.

8. CONCLUSIONS

The pulse response-based BIST technique and im-
plementation for the testing of analog integrated cir-
cuits in mixed-signal systems have been proposed.
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The proposed BIST technique employs two pulses as
input stimuli generated by the programmable pulse
generator, and monitors two voltage samples on a
pulse response waveform for fault detection using the
S/H circuit with window comparators. Advantages
over other exiting works include low testing time and
low implementation cost with relatively high fault
coverage. This BIST system is compatible to mixed-
signal systems since the test system employs digital
clocks and signals as input resources and the test out-
put is provided in digital forms. Limitations of this
BIST system are the limited applications for the test-
ing of LTI circuits and the test accuracy may sensitive
to analog window comparators. The future planed
work include the design for the testing of analog-
to-digital converters and the improvement of com-
parators for high-accuracy fault detection process.
In conclusions, the proposed pulse response based-
BIST technique has offered a potential alternative
to low-cost and high-speed BIST system for the pre-
screening test process for defective analog integrated
circuits in mixed-signal systems.
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