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SUMMARY An analog circuit testing scheme is presented. The test-
ing technique is a sinusoidal fault signature characterization, involving the
measurement of DC offset, amplitude, frequency and phase shift, and the
realization of two crossing level voltages. The testing system is an ex-
tension of the IEEE 1149.4 standard through the modification of an analog
boundary module, affording functionalities for both on-chip testing capabil-
ity, and accessibility to internal components for off-chip testing. A demon-
strating circuit-under-test, a 4th-order Gm-C low-pass filter, and the pro-
posed analog testing scheme are implemented in a physical level using
0.18-μm CMOS technology, and simulated using Hspice. Both catastrophic
and parametric faults are potentially detectable at the minimum parameter
variation of 0.5%. The fault coverage associated with CMOS transcon-
ductance operational amplifiers and capacitors are at 94.16% and 100%,
respectively. This work offers the enhancement of standardizing test ap-
proach, which reduces the complexity of testing circuit and provides non-
intrusive analog circuit testing.
key words: analog circuit testing, circuit-under-test, IEEE 1149.4 stan-
dard, fault signature characterization

1. Introduction

The emergence of modern system-on-chip (SOC) technol-
ogy has led to a continuous increase in quantity and di-
versity of integrated components. Consequently, testing in
both product development and mass-production phases of
SOC has become more challenging, and now constitutes
a major portion of overall cost. On-chip testability features
have received considerable attention as a means of reduc-
ing testing time and eliminating the necessity for automatic
testing equipments (ATE). Several early on-chip testing
techniques have been applied successfully in digital circuits
in which single stuck-fault models are commonly utilized,
and test-pattern algorithms have been developed compre-
hensively [1]. However, on-chip testing techniques in ana-
log mixed-signal circuits are relatively complicated owing to
performance degradation and indecipherable fault models.
Accordingly, the testing design approaches taken in analog
mixed-signal systems have recently been of much interest
to research efforts. The development of testing design ap-
proaches can be considered in two aspects, i.e. testing tech-
nique and testing system implementation.

One design aspect is the testing technique, which
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relates to fault signature detection methods, and can be
classified into either current or voltage sensing techniques.
The current sensing techniques, commonly referred to as
IDDQ current sensors [2]–[4], are relatively simple and suit-
able for detecting bridging faults. However, a circuit-under-
test (CUT) may suffer from power supply variations, and
inappropriate setting of reference currents may also affect
the precision of fault detection owing to a wide range of
faulty currents [5]. On the other hand, the voltage sens-
ing techniques include two main categories; the DC volt-
age sensing such as the built-in voltage sensor [6] and the
VDDQ scheme [7], and the AC output response characteriza-
tions such as sub-sampling [8], absolute value difference [9],
on-chip spectrum analyzer [10], and ΣΔ modulator [11].
These voltage-sensing techniques support non-intrusive im-
plementation, and offer suitability for most types of circuits
as only output signals are monitored with no modification
in CUTs. Nevertheless, an input stimulus is necessary and
hard-to-detect faults are imperceptible at output voltages.

Another design aspect is the testing system implemen-
tation of the testing techniques mentioned earlier, involv-
ing off-chip and on-chip realizations. The techniques in
[2]–[7] are based on design-for-testability (DFT) in which
fault signature sensing circuitries are realized on-chip, but
fault detection is accomplished off-chip using external mea-
surement devices or digital signal processing. In addition,
the IEEE 1149.4 standard provides the internal circuit ac-
cessibility for enhancing the off-chip testing through analog
access ports and internal test buses. On the other hand, the
testing techniques in [8]–[11] are based on built-in self test
(BIST), in which both stimulus generation and response ver-
ification are accomplished entirely on-chip through built-in
hardware. Despite the fact that no external measurement de-
vices are needed for BIST, large area overhead encountered
in BIST for the registration of test pattern generation and
fault-free bit streams presents a major difficulty.

Consideration of these two design aspects points to
a demand for testing techniques with acceptable fault cover-
age and low performance penalties, implemented in a sys-
tem that offers both on-chip and off-chip testing for pre-
screening of defective chips and for high-quality testing of
some critical analog circuits, respectively. Therefore, this
paper presents an analog circuit testing scheme. The pro-
posed testing technique is relatively simple based on a fault
signature characterization. The testing system implemen-
tation, providing both on-chip and off-chip testing, is stan-
dardized through an extension of the IEEE 1149.4 mixed-
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signal test bus standard by modifying an analog boundary
module, and utilizing all existing facilities.

This paper is organized into seven sections as follows.
Section 2 provides the background of existing and previous
extensions of the IEEE 1149.4 standard. Section 3 proposes
the test strategy and fault signature characterization tech-
nique. Section 4 subsequently shows the system implemen-
tation of the proposed testing technique through the exten-
sion of the IEEE 1149.4 standard. As for example, Sect. 5
describes fault models and demonstrates a CUT. Section 6
shows the simulation results and discussion. Conclusion is
finally provided in Sect. 7.

2. Existing and Previous Extensions of IEEE 1149.4
Standard

The IEEE 1149.4 mixed-signal test bus standard has been
developed for testability enhancements of analog mixed-
signal circuits by facilitating two analog access ports and
on-chip test buses. Standardizing tests using the IEEE
1149.4 standard resolve the limitation of physical access to
internal test points, and interconnecting tests are also appli-
cable. Figure 1 shows the block diagram of the simplified
architecture of the IEEE 1149.4 standard. This architec-
ture affords internal components for testing in both digital
and analog circuits, comprising a digital boundary module
(DBM), analog boundary module (ABM), test bus interface
circuit (TBIC), and control circuitries.

As illustrated in Fig. 1, the DBMs scan targeting dig-
ital circuits, and shift test data through a serial interface.
These DBMs are generally enclosed in digital core circuits
and located at input pin (IP), output pin (IP), input and out-
put interfaces to D/A and A/D converters (OI and II). The
ABMs provide internal bus connections to each particular
CUT. The TBIC conveys input and output analog test sig-
nals to ABMs via two analog internal buses (AB1 and AB2),
and offers functions for interconnect testing. The control
circuitries, consisting of shift registers and decoding log-
ics, control the operation of overall test systems through the
four major control signals: test-data-in (TDI), test-data-out
(TDO), test-clock (TCK), and test-mode-select (TMS).

Figure 2 shows the circuit configurations of two ma-
jor blocks, including (a) ABM and (b) TBIC, in the IEEE
1149.4 standard, particularly for testing in analog mixed-
signal systems. As shown in Fig. 2 (a), the ABM, compris-
ing a voltage comparator (1-bit digitizer) and six switches.
The switch SD is used for disconnecting the ABM from
CUT. The switches SB1 and SB2 control the connection to
the internal analog test buses AB1 and AB2, respectively.
The switches SH and SL are associated with connections to
the voltages VH and VL, which perform as standard DC volt-
age of logical values.

This ABM is capable of two modes of operations, i.e.
digital and analog modes. In digital mode, the input is ini-
tially digitized by the comparator, and then preloaded in
control registers (CRs). The output captured from the com-
parator is re-loaded into CRs and the decoding logic de-

Fig. 1 The block diagram of the simplified architecture of IEEE 1149.4
mixed-signal test bust standard.

Fig. 2 The circuit configurations of two major blocks in the IEEE 1149.4
standard for test accessibility to analog mixed-signal systems; (a) ABM,
(b) TBIC.

cides output logics for reporting the test results. In analog
mode, an input signal stimulus is sourced via port AT1 and
an output response is provided at port AT2. In addition, the
output response also forms a current return to the ground
voltage VG through the on-resistance of the switch SG.
Fault detection of analog response is accomplished exter-
nally through measurement devices such as interfacing test-
ing chips or ATEs. As shown in Fig. 2 (b), the TBIC pro-
vides interconnect testing between chips by means of the
switches S1 to S4, associating with voltages VH and VL. Se-
lection of internal bus connections of each analog CUT is
accomplished through the switches S5 to S8. Calibration
of internal bus voltages is also available through the clamp
voltage VCLAMP, connecting to the switches S9 and S10. Ad-
ditionally, two comparators are employed for controlling the
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switch network, and loading signals to the scan paths.
Despite the fact that these existing ABM and TBIC

potentially enable the accessibility to internal nodes for
EXTEST, several restrictions in analog mixed-signal test-
ing still remain, involving the requirement for duplicated
ABMs at all pins, the lack of multiple pin accessibility at
one time, and particularly the lack of INTEST capability.
Consequently, the extensions to IEEE 1149.4 standard have
recently been proposed as solutions for these restrictions.
The bridge-for-testability technique [12] was developed for
reducing the number of duplicated ABMs. The modified
ABM in [13] provides the multiple pin accessibility as well
as INTEST capability, specifically for bridging fault testing.
It has also been reported that the output of built-in VDDQ

and IDDQ monitoring can be scanned out in compliant with
the IEEE 1149.4 standard [7]. However, no complete para-
metric and dynamic INTEST capability with increased ob-
servability for both AC and DC fault signatures has been
investigated. Consequently, this work aims to resolve this
restriction through the extension of the IEEE 1149.4 archi-
tecture, and find a suitable testing circuit that can exploit
existing facilities including DC voltages, internal test buses
and access ports.

3. Proposed Test Strategy and Fault Signature Charac-
terization Technique

3.1 Test Strategy

Figure 3 shows the basic approach block diagram of the
proposed testing scheme through the extension of the IEEE
1149.4 standard architecture. Unlike other approaches in
which testing circuits are separated from the ABM, it is
seen in Fig. 3 that the testing circuit is included in the output
ABM, generalizing the design of testing circuits and offer-
ing full test functionality with versatility for all types CUTs.
In normal operation mode, the CUT obtains the primary
input signal vip(t), and provides the primary output signal
vop(t). In test mode, the test signal generator provides two
signals, i.e. a test stimulus signal denoted as vi(t) and a fault-
free signal denoted as ve(t), easing the need for extra area for
the registration of test pattern generation and fault-free bit
streams. In this work, the test stimulus is specifically a sinu-
soidal signal, which is an ordinary operating signal in most
analog circuits, and has been employed extensively for test-
ing purposes. The test output, denoted as vt(t), is reported in
digital form, complying with both internal scan path opera-
tions and external monitoring.

With reference to Fig. 3, the proposed test strategy is
the investigation on a response of a CUT to the presence of
faults so called a fault signature, denoted as v f (t). This fault
signature can be either single or combined changes in sinu-
soidal characteristics, involving changes in DC gain, ampli-
tude, frequency and phase shift. This test strategy is pur-
posely applied for the testing of analog portions in mixed-
signal systems such as amplifiers and filters. In addition,
this test strategy investigates and characterizes all possible

Fig. 3 The block diagram of the basic approach of the proposed testing
scheme for analog circuits.

fault signature types, including small and hard changes, at
an initial design stage. Therefore, this test strategy offers
high fault observability and eliminates the need for pre-
simulation of actual fault signature characteristics.

The fault detection technique is a comparison of
changes between the fault signature and the fault-free signal
in time domain. Primarily, the sinusoidal input test stimulus
can be expressed as

vi(t) = Vi + vi sin(ωit + Φi) (1)

where Vi is DC offset level in volts, vi is amplitude in volts,
ωi is frequency in radian per second, and Φi is phase shift
in degree per second. The details of the fault detection tech-
nique are described by two cases as follows.

In the case when applying the sinusoidal test stimulus
to a fault-free CUT, the expected output signal remains a si-
nusoid with some specific parameters, depending on operat-
ing conditions of the CUT such as amplitude amplification
or frequency filtering. When the operating condition of the
fault-free CUT is set for testing purposes, this expected out-
put is known. The test signal generator consequently gener-
ates the fault-free signal ve(t), which has the same value as
this expected output signal.

In the case when applying the sinusoidal test stimu-
lus to a faulty CUT, the presence of faults may cause some
changes. The fault signature may different from the fault-
free signal ve(t) and can be expressed as

v f (t) = Vf + v f sin(ω f t+Φ f ) + Σvn
f sin(ω f t+Φ f )

n (2)

It is seen in (2) that the fault signature is the summation
of three constituents, i.e. a DC offset voltage, a major tone
signal, and distortion components. Such differences in sinu-
soidal characteristics between v f (t) and ve(t) are observable
through some changes in parameters, ranging from output
parameter deviation that exceeds acceptable tolerances to
extremely deformed sinusoids. Therefore, this work real-
izes the comparison between the signals ve(t) and v f (t) for
fault detection. The comparison process is achieved by char-
acterizing sinusoidal characteristics through the use of two
threshold voltages VH and VL. This fault detection technique
has purposely been proposed for the suitability of the imple-
mentation of a testing circuit embedded in the ABM of the
IEEE 1149.4 architecture.
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Fig. 4 Examples of fault signature waveforms resulting from small
changes in the distinct case v f max > VH > VL > v f min.

3.2 Fault Signature Characterization Technique

Fault signature characterization is accomplished by means
of two threshold voltages VH and VL as the crossing lev-
els. Fault detection is performed by monitoring the values
of crossing time difference between signals ve(t) and v f (t).
The crossing time difference at VH is defined as Δth = |ta−tc|
where ta and tb are time when ve(t) and v f (t) cross over VH ,
respectively. The crossing time difference at VL is defined
as Δtl = |td − tb| where tb and td are time when ve(t) and v f (t)
cross over VL, respectively. This fault signature character-
ization process classifies fault signatures into two varieties
of changes, i.e. small and hard changes.

On the one hand, the small change is defined as oc-
curring in the distinct case v f max > VH > VL > v f min where
v f max and v f min are maximum and minimum peak ampli-
tudes of v f (t), respectively. The measured parameters in-
cludes DC level, amplitude, frequency, and phase shift. Fig-
ure 4 demonstrates four particular examples of fault signa-
ture waveforms resulting from small changes. The monitor-
ing is investigated in the region of T/4 to 3T/4 where T is
a signal period. Figure 4 (a) demonstrates the fault signature
with a decrease in amplitude, and shows that the values of
Δth and Δtl are equal. Increases in amplitude also exhibit
similar characteristics. Figure 4 (b) demonstrates the fault
signature with a decrease in DC offset level and reveals that
Δth is greater than Δtl. In cases where the DC offset in-
creases, Δth is smaller than Δtl. Figure 4 (c) demonstrates
the fault signature with a decrease in frequency, and shows
that Δth is less than Δtl. In cases where the frequency is
higher, Δth is greater than Δtl. Figure 4 (d) demonstrates the
fault signature with phase lagging behavior and shows that
Δth and Δtl are equal. Phase leading behavior also exhibits

Fig. 5 Examples of fault signature waveforms resulting from hard
changes; (a) v f (t) showing v f max > VH > v f min > VL, (b) v f (t) showing
VH > v f max > VL > v f min.

Fig. 6 The circuit diagram of the fault signature characterization-based
testing circuit.

similar characteristics.
On the other hand, the hard change is defined as oc-

curring in other cases except for the case of small changes.
This hard change exhibits an enormous amplitude reduc-
tion or even steady DC outputs. Therefore, the ampli-
tude of fault signatures dominates the measurement. Fig-
ure 5 demonstrates two particular examples of fault sig-
nature waveforms resulting from hard changes. The time
differences are investigated throughout the signal period.
Figure 5 (a) demonstrates the fault signature with the case
v f max > VH > v f min > VL. The value of Δth is detectable
in the similar manner to Fig. 4 (a). As there is no crossing
of the fault signature at VL, the value of Δtl is obtained at
time between two crossing points of the signal ve(t) at VL.
Figure 5 (b) demonstrates the fault signature with the case
VH > v f max > VL > v f min. The value of Δtl is also de-
tectable as demonstrated in Fig. 4 (a). Similarly, the value of
Δth is obtained at time between two crossing points of the
signal ve(t) at VH . In addition to these two cases demon-
strated in Fig. 5, the hard changes include hardly deformed
sinusoidal characteristics in other three possible cases, i.e.
v f max > v f min > VH , VH > v f max > v f min > VL, and
VL > v f max > v f min. In addition, fault signatures can
also exhibit DC outputs, including stuck-at-VDD or stuck-at
ground. These types of fault signatures provide the values of
Δth and Δtl throughout the signal period, and consequently
faults are easily detected through this characterization pro-
cess.
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3.3 The Design of Fault Signature Characterization-Based
Testing Circuit

Figure 6 shows the circuit diagram of the designed testing
circuit that performs fault signature characterization pro-
cess. As shown in Fig. 6, fault detection process is per-
formed consecutively in three steps, i.e. digitization, com-
parison and summation. Firstly, the digitization is per-
formed by four comparators D1 to D4, which operate as
1-bit A/D converters. The signal ve(t) is digitized against VH

and VL through D1 and D2, providing two sets of digital out-
put signals deh[n] and del[n], respectively. The signal v f (t) is
digitized against VH and VL through D3 and D4, providing
two sets of digital output signal df h[n] and d f l[n], respec-
tively. Secondly, the comparison is performed by means of
two XOR gates X1 and X2. This detection process simply
monitors the difference between logics 1 and 0, and reports
the outputs as 1 when the two inputs have different logi-
cal values. In this process, the comparison of deh[n] and
d f h[n] is performed for detecting the values of Δth reported
as sh[n]. Similarly, the comparison of del[n] and d f l[n] is
performed for detecting the values of Δtl reported as sl[n].
Finally, the summation of two signal sh[n] and sl[n] are car-
ried out through OR gate in order to report a single test
output s[n].

4. Testing System Implementation

Figure 7 shows the circuit configuration of the proposed
ABM with extended functionality for on-chip and off-chip
testing capability. The circuit comprises four major blocks,
i.e. (1) an analog CUT, (2) an input ABM, (3) an output
ABM, and (4) an internal switching network. First, the CUT
can be a class of analog functional blocks such as amplifiers
and filters. The primary inputs can be either an external in-
put vip1 or an internal vip2 obtained from a D/A converter,

Fig. 7 The circuit configuration of the ABM with on-chip testing circuit.

and a primary output is vop. Second, the input ABM lo-
cated at the input pin comprises mainly the voltage compara-
tor CD and the switches SD, SG, SL, SH, SB1, SB2, and SGI.
Third, the output ABM located at the output pin consists of
the same components utilized in the input ABM except for
the switch SGI, and the testing circuit previously described
in Fig. 6 with five control switches ST. Last, the internal
switching network located between the outputs of an inter-
nal D/A converter comprises the switches S

′
D, S

′
B1, S

′
B2, and

S
′
GI, offering of testing accessibility in the case where vip2 is

realized.
This ABM is capable of four testing modes as fol-

lows. Mode 1 is a traditional digital scan mode where the
switches SD, SG, SL, SH of both input and output ABMs
are operating, corresponding to TDI signals, while other
switches are opened. This Mode 1 allows the ABM to op-
erate as the DBM by detecting bridging faults at the output
terminal through the comparator CD and shifting to the se-
rial digital test bus. Mode 2 is a traditional external analog
test mode where the switches SB1 of the input ABM and
SB2 of the output ABM are closed, while other switches are
opened. The input signal stimulus sourced at the port AT1

is contributed to the CUT through the bus AB1. The output
response from the CUT is provided at the bus AB2 and sub-
sequently conveyed to the port AT2 for the external testing.

Mode 3 is an extended external analog test mode where
the switch SGI of the input ABM is closed and the alternative
input is sourced at VG terminal. This mode 3 provides the
multiple-pin accessibility at one time by means of the direct
access to the CUT, and the disconnection of input ABM and
internal test buses. The corresponding output can be mon-
itored separately at the output pin by closing the switch SD

of the output ABM. Mode 4 is an extended on-chip test-
ing mode through the signal characterization process where
the switches SD and SB1 of the input ABM are closed and
all switches ST of the output ABM are closed, and oth-
ers are opened. With reference to Fig. 3, the input signal
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Fig. 8 The block diagram of the control circuitry.

stimulus vi(t) sourced at the port AT1 is contributed to the
CUT through AB1. The fault signature v f (t) obtained from
the CUT at node NO2 and the expected signal ve(t) sourced
at the port VG are conveyed to the testing circuit. Subse-
quently, the test circuit processes signal characterizations
and provides the test output to the output node NO1.

As the test circuit reports the faultiness by logic 1, the
comparator CD subsequently captures the test output s[n] at
node NO1 is then loaded in to the serial interface in order to
complete a boundary scan throughout the system. This test
output also called vt(t) also visible at the port AT2 conveyed
by the bus AB2. Figure 8 shows the circuit diagram of the
control circuitry, suggesting for the use in a full system im-
plementation. The control and update shift registers, are uti-
lized for loading control instruction and test data. However,
the decoding logic is specially designed for accomplishing
the four modes of operations. The decoded signals are ex-
ploited for controlling all the switches. In addition, the ex-
isting TIBC shown in Fig. 2 (b) can be employed directly for
multiplexing the input and output test signals.

5. Fault Models and Analog Circuit Testing Demon-
strations

5.1 Fault Descriptions and Modeling

Failures in electronic components are generally the effects
of chemical and physical processes. Failures caused by
chemical effects lead to continuous production of defective
components over whole production lines. However, fail-
ures caused by physical effects result in defects in individ-
ual components, and can be classified as intrinsic and ex-
trinsic failures. Intrinsic failure is a defect that depends on
some specific technology and manufacturing process, while
extrinsic failure comprises all defects related to component
breaks, interconnections or packaging.

Consequently, faults in CMOS integrated circuits based
on physical failures are generally classified into two cat-
egories, i.e. catastrophic and parametric faults [14], [15].
Parametric faults involve changes in circuits that degrade
expected performances. Parametric faults are exclusively
caused by intrinsic failures, including gate-oxide shorts and
process parameter variations of nominal values. As para-
metric faults in CMOS technology typically depend on pa-
rameter tolerance band acceptability, modeling of paramet-

Fig. 9 The circuit diagram of the CUT example.

ric faults is relatively complicated at the physical design
level, and high-precision testing after fabrication is gen-
erally utilized. On the other hand, catastrophic faults in-
volve changes in circuits that cause circuit operations to fail
catastrophically. The causes of catastrophic faults include
intrinsic failure, including extensive variation in design pa-
rameters such as aspect ratio, and extrinsic failure, includ-
ing resistive shorts and potential opens. Catastrophic faults
cover a wide range of realistic failures.

As a number of standard digital fault models are in ex-
istence, fault simulations in digital CMOS integrated cir-
cuits can be realized at all levels of abstraction, ranging
from behavioral to layout levels. However, there are no stan-
dard fault models for analog integrated circuits and therefore
fault simulations are realized mostly at the transistor level
by inserting resistors into the CUT. Insertion of resistors
provides a sufficient simulation of the electrical behavior of
shorts and opens, and offers low complexity fault model-
ing suitable for most types of CUT. In this work, shorts
are modeled by connecting a small resistor between each
pair of terminals, including Gate-Drain short, Gate-Source
short, and Drain-Source short. Additionally, opens are mod-
eled by inserting a parallel combination of a large resistor
and a small capacitor in series into each terminal, includ-
ing Drain and Source opens. However, the Gate open is not
easily modeled and thus generally excluded from the fault
list in many works. As direct insertion of resistor and ca-
pacitor at the gate terminal is not effective for simulating
real behavior of gate open, this work therefore realizes gate
open by means of grounded resistor and capacitor at the two
disconnecting terminals [8] in order to eliminate the voltage
discontinuity in appropriate simulation in Hspice. Based on
the described fault models, fault injections in this work are
performed at a time. Shorts were modeled by 1-Ω resis-
tors while opens were modeled by 10-MΩ resistors and 1-pF
capacitors [16].

5.2 A Demonstrating Circuit-Under-Test

As a particular example, a baseband 4th-order Gm-C low-
pass filter [16] has been chosen as a CUT. The Gm-C low-
pass filter has been utilized extensively in base-band sec-
tions of RF receivers. These base-band sections are gen-
erally implemented by means of CMOS mixed-signal LSI
chips, owing to the capability to operate at higher frequency
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compared to passive RC filters. Figure 9 shows the block
diagram a 4th-order low-pass Gm-C filter, comprising a cas-
cade connection of two identical 2nd-order Gm-C biquads.
The values of Gm1, Gm2 and Gm4 are equal, while the value
of Gm3 is twice, i.e. 2Gm3 = Gm1 = Gm2 = Gm4. The values
of capacitors C1 and C2 are equal, and capacitors C3 and C4

are also equal.
These capacitors were implemented by linear on-chip

capacitors. The Gm blocks are balanced CMOS operational
transconductance amplifiers (OTA) [17]. With reference to
Fig. 9, the total number of 45 faults exists in the OTA, of
which 18 are shorts and 27 are opens. Consequently, the to-
tal number of 360 faults exists in the fault list. The catas-
trophic faults of the linear capacitors exhibited the total
number of 8 faults, of which 4 were shorts and other 4 were
opens. Capacitance variations of the four linear capacitors
were also considered at the deviation of 15% from the nom-
inal values.

6. Simulation Results and Discussion

The proposed ABM with testing circuit shown in Fig. 7 and
the CUT shown in Fig. 9 were implemented using 0.18-μm
standard CMOS technology, and simulated using Hspice.
Figure 10 shows the physical layout of the implemented sys-
tem, including the ABM, CUTs and PADs. The transistor
length (L) was kept minimum at 0.18 μm. The sizes of tran-
sistor width were optimized. The area overhead is 18.5%.
Note that the area overhead depends upon types of CUTs.
Particularly, the testing circuit in this work was shifted into
the ABM, which is shared for multiple internal analog build-
ing blocks. The area overhead may not present the difficulty
in the overall system. This layout was initially extracted in
order to obtain the circuit netlist prior to the simulation. The
evaluation of design and test preprocess were performed in
four aspects as follows.

First, the performance of the ABM with testing circuit
in Fig. 7 was investigated. The XOR and OR gates were im-
plemented using standard cells while the comparators were
particularly designed based on a rail-to-rail complementary
NMOS and PMOS configuration [18]. All switches were
implemented by a typical CMOS transmission gates. Ta-
ble 1 summarizes the resulting performances of the ABM
with testing circuit. As shown in Table 1, the comparators
are capable to operate in a wide voltage comparison range
of 0.2 V to 1.6 V with relatively low offset error of 0.042 V
throughout this range. Therefore, the voltages VH and VL

can be adjustable broadly, depending on actual amplitude of
a sinusoidal test stimulus. In addition, the maximum oper-
ating frequency is 260 MHz, offering a capability to obtain
a wide range of input test stimulus frequency prior to this
maximum frequency.

Second, the capability of fault signature characteriza-
tion were investigated and demonstrated. Figure 11 shows
the simulated waveforms of the demonstrating fault-free sig-
nal ve(t) of 0.9+0.5 sin(2π1000t) and the fault signature v f (t)
with 5% deviation of each sinusoidal parameters, including

Fig. 10 The physical layout design of the CUT and the IEEE1149.4 stan-
dard system showing ABM, CUT and PADs.

Table 1 Summary of the performances of the testing circuit shown in
Fig. 7.

changes in DC level, amplitude, frequency and phase shift.
In this test condition, the voltages VH and VL were optimally
set at 1.2 V and 0.6 V, respectively. Figure 11 (a) shows the
increase in DC level Vf at 0.945 V, and the test output s[n]
reports the digital pulse with a pulse width (PW) of 18.72 μs.
Figure 11 (b) shows the increase in amplitude v f at 0.525 V,
and s[n] reports a digital pulse with PW of 5.57 μs. Fig-
ure 11 (c) shows the decrease in frequencyω f at 950 Hz, and
two pulses sc1[n] and sc2[n] report two digital pulses with
PW of 31.69 μs and 47.28 μs, respectively. Figure 11 (d)
shows the change in Φ f at +18◦, and s[n] reports a digi-
tal pulse with PW of 49.94 μs. These four fault signatures
in Fig. 11 indicate that the ABM with testing circuit effec-
tively detects the faults that exhibit small variations. Con-
sequently, this technique is potentially applicable for the de-
tection of catastrophic faults, which generally exhibit hardly
deformed sinusoidal outputs as previously shown in Fig. 5.
Moreover, it can be seen from Table 1 that this ABM with
testing circuit could detect a minimum change in each single
sinusoidal parameter at 0.5%. Therefore, parametric faults,
which generally exhibit a variation in ±5% tolerance band,
are also detectable.

Third, the performances of two CUTs were simulated
and compared in order to validate testing operations and in-
vestigate performance degradation. Such two CUTs are the
primitive CUT, called CUTEXC, and the CUT with an in-
clusion of the IEEE1149.4 standard testing system, called
CUTINC. In this work, the CUT was designed with the cutoff
frequency and DC gain of 11 MHz and 4 dB, respectively.
Table 2 shows the comparison of the performances between
these two CUTs, measured at the pads of output pins. Al-
though the performances deviation are expectedly intro-
duced by additional stray capacitances and on-resistances of
the switches, the deviation percentage shown in Table 2 are
relatively low, including the deviation of the DC gain and
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Fig. 11 Simulated waveforms of ve(t) = 0.9 + 0.5 sin(2π1000t) and v f (t) with 5% deviation.

Table 2 Comparisons of performances between a primitive CUT and
a CUT with an exclusion of the IEEE1149.4 standard testing system.

the linearity of values 0.0025% and 0.895%, respectively,
while no deviation of the cutoff frequency was evident. It
can be concluded that the proposed testing system affects
low impacts on primitive CUTs.

Last, fault injections were performed, corresponding
the fault models and the fault list of the CUT. Table 3 sum-
marizes number of faults, detected and undetected faults,
and fault coverage in percentages. As seen from Table 3,
the fault coverage of faults associated in CMOS and capac-
itors are acceptable at 94.16% and 100%, respectively.

As a result of overall circuit designs and simulation re-
sults, significant advantages and some limitations are dis-
cussed as follows. The propagation delay of the CUT, re-
sulting from high-frequency operations or process varia-
tions, may cause some phase and gain changes. In order to

Table 3 Summary of number of faults, detected and undetected faults,
and fault coverage in percentages.

avoid this problem, the testing condition of the CUT should
be performed in a stable region, such as in the filter pass-
band at unity gain, prior the maximum operating frequency
of the testing circuit. In addition, the externally supplied
fault-free signal should be in synchronization with the input
stimulus using, for example, an external phase shifter or
an available synchronized signal generator. The extra re-
quirements, compared to the existing configuration, include
an additional pin for the expected output signal and some
additional transmission gate switches. The limitations of
this work include testing for high-frequency circuits such
as front-end RF receivers, and testing for analog circuits,
which do not operate or provide sinusoidal signals, such as
neural oscillators.
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In comparisons to other existing works, the advan-
tage of this work is a fully available functionality for both
INTEST for on-chip testing with acceptable fault coverage,
and the EXTEST for high-quality off-chip testing of some
hard-to-detect faults and functional tests. In particular for
INTEST, this work provides a non-intrusive and a complete
detection of all possible fault signatures in standard envi-
ronments rather than an individual testing circuits for each
specific CUT. The proposed test strategy and technique can
be further applied for analog-mixed signal circuits such as
phase-locked loops and data converter circuits. Moreover,
a complete BIST implementation using the proposed testing
technique is also possible for some particular applications
by only storing the fault-free signal in the system memory.
The future planned work involves the enhancement for high
frequency testing and the applications for complete mixed-
signal circuits and systems.

7. Conclusions

The analog circuit testing scheme through the extension of
the IEEE 1149.4 standard has been presented. The proposed
fault signature characterization technique provided the com-
plete detection of sinusoidal fault signatures. The system
implementation afforded functionalities for both INTEST
for on-chip pre-screening of defective chips, and EXTEST
for high-quality off-chip testing. The 4th-order Gm-C low-
pass filter with the inclusion of the proposed testing ap-
proach was fully implemented in the physical level. The
maximum operating frequency of the ABM with testing cir-
cuit was measured at 260 MHz, where both catastrophic and
parametric faults were potentially detectable at the parame-
ter variation greater than 0.5% with low performance degra-
dation. The fault coverage of faults associated in CMOS and
capacitors acceptable at 94.16% and 100%, respectively.
This work has offered the enhancement of standardizing test
approach, which reduces the complexity of testing circuit,
provides non-intrusive testing circuit, and is effectively ap-
plicable for pre-screening of defective devices.
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