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ABSTRACT

An on-chip analog mixed-signal testing, compli-
ant with IEEE 1149.4 standard is presented. The
testing technique is based on sinusoidal output re-
sponse characterizations, yielding a complete detec-
tion of AC and DC fault signatures without a need
for simulation-before-test process. The testing sys-
tem is an extension of IEEE 1149.4 standard, and
affords functionalities for both pre-screening on-chip
and high-quality off-chip testing. A 4*M-order low-
pass Gm-C filter was employed as a circuit-under-
test, and implemented with the proposed testing ap-
proach in a physical level using 0.18-pym CMOS tech-
nology, and simulated using Hspice. The maximum
operating frequency of the testing circuit is 260MHz.
Both catastrophic and parametric faults are poten-
tially detectable with low performance degradation.
The fault coverage of faults associated in CMOS and
capacitors are relatively high at 94% and 100%, re-
spectively.

Keywords: On-Chip Analog Mixed-Signal Testing,
IEEE 1149.4 Standard, Fault Signature Characteri-
zations

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. Con-
sequently, 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 re-
ceived considerable attention as a means of reducing
testing time and eliminating the necessity for external
Automatic Testing Equipment (ATE). Several early
on-chip testing techniques have been applied success-
fully in digital circuits in which standard stuck-at
fault models are utilized [1]. However, on-chip test-
ing in analog mixed-signal systems is relatively com-
plicated owing to performance degradation and in-
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decipherable fault models. Accordingly, testing de-
sign approaches taken in analog mixed-signal systems
have recently been of much interest to research ef-
forts. These design approaches can be considered in
two aspects, i.e. testing technique and system imple-
mentation.

One design aspect is the testing technique. Two
major testing techniques are current and voltage sens-
ing techniques. On the one hand, the current sensing
technique, commonly referred to as IDDQ and IDDT
current sensors [2-3], is relatively simple and suitable
for detecting bridging faults. However, a Circuit-
Under-Test (CUT) may suffer from power supply
variation, and inappropriate setting of reference cur-
rents may affect the precision of fault detection. On
the other hand, the voltage sensing techniques sup-
port non-intrusive implementation, and offer suitabil-
ity with acceptable fault coverage for most types of
circuits. This voltage sensing techniques can be clas-
sified into DC voltage sensing such as the built-in
voltage sensor [4] and the VDDQ scheme [5], and
AC output response characterizations such as sub-
sampling [6], absolute value difference [1], on-chip
spectrum analyser [7], and A modulator [8]. How-
ever, input stimulus is necessary and some hard-to-
detect faults may imperceptible at output voltages.

Another design aspect is the testing system im-
plementation, involving off-chip and on-chip realiza-
tions. The techniques in [4,5,6,7,8] realize on-chip
fault signature sensing circuitries, but fault analysis
and detection are accomplished off-chip using mea-
surement devices and digital signal processing. In
addition, the IEEE 1149.4 standard also provides the
internal circuit accessibility for enhancing the off-chip
testing through analog access ports and internal test
buses [10-11]. On the other hand, the testing tech-
niques in [1,9] 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 devices are needed, large area overhead
encountered in BIST for the registration of test pat-
tern 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 coverage and low performance penalties, imple-
mented in a system that offers both on-chip testing
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for pre-screening of defective chips and off-chip for
high-quality testing of some critical analog circuits.
Therefore, this paper presents a new on-chip analog
mixed-signal testing approach. The proposed testing
technique is based on a fault signature characteriza-
tion, offering a complete detection of AC and DC
fault signatures. The testing system implementation,
providing both on-chip and off-chip testing, is stan-
dardised through an extension of the IEEE 1149.4
mixed-signal test bus standard by modifying an ana-
log boundary module, and utilizing all existing facili-
ties. A complete testing system for a base-band Gm-
C filter is demonstrated through physical-level im-
plementations using 0.18-um CMOS technology and
simulations using Hspice.
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Fig.1: Illustrations of frequency responses and tran-
sient waveforms of fault-free (FF) and faulty (FT)
CUTs.

2. PROPOSED ON-CHIP FAULT SIGNA-
TURE CHARACTERIZATION TECH-
NIQUE

The proposed test technique has been designed for
the on-chip testing of analog integrated circuits in
mixed-signal systems, incorporating the IEEE 1149.4
analog boundary scan standard. This technique em-
ploys a sinusoidal signal, which is a common oper-
ating signal in most types of analog circuits, as an
input test stimulus. The output response that may
contain a fault signature, i.e. a circuit response to
the presence of faults, is subsequently characterized
in time domain for fault detection. The details of
test approach, including an input stimulus and out-
put response characterization, are presented in this
section.

2.1 Sinusoidal Test Stimulus and Output Re-
sponses

The sinusoidal input test stimulus, denoted as
vr(t), is typically expressed as

vr(t) = V; + v; sin (w;t + ©;) (1)

where V; is DC offset level in Volts, v; is amplitude
in Volts, w; is frequency in Radians, and ®; is phase
shift in Degrees. The setting of sinusoidal param-
eters of the input stimulus v;(t) in (1) depends on
the actual functions of CUTs. The DC level V; and

the amplitude v; are generally determined based on
circuit performances and operations. However, the
input frequency w; plays an important role in fault
detection capability, and the setting of input test fre-
quency is therefore particularly investigated.

Fig.1 illustrates the frequency responses and the
transient waveforms of faulty and fault-free CUTs,
which are particularly demonstrated as a low-pass
characteristic. As shown in Fig.1 a, faults that ex-
ist in the CUT may cause changes in frequency re-
sponses. The fault-free frequency response is divided
into three regions for the approximate investigation,
including the low frequency region (A), the transition
region (B), and the high frequency region (C). Set-
ting the frequency of an input test stimulus in regions
A and B are suitable since the output amplitude is
sufficient for fault monitoring. In particular, region B
is suitable for parametric fault detection since param-
eter variations may cause changes in corner frequency
and phase shift. Region C' may not appropriate for
testing process due to relatively low output ampli-
tude. This work therefore realists the test frequency
in two regions A and B. Noted that complex fre-
quency response can be divided into any number of
regions, depending on the actual transfer functions of
CUTs, and multiple frequency tests can also be made
for high fault coverage.

As shown in Fig.1 (b), when applying v;(t) to a
fault-free CUT, the expected output signal, denoted
as vg(t), generally remains a sinusoid, i.e.

vE(t) = Ve + vesin (wet + D) (2)

This vg(t) may differ from v(¢t) in terms of signal
parameters (Ve, v, we, and ®@.), depending on spe-
cific operating conditions such as amplitude ampli-
fication or frequency filtering. However, when ap-
plying vs(t) to a faulty CUT, the presence of faults
cause changes in vg(t). Parametric faults, includ-
ing gate-oxide shorts and process variations, cause
output parameter deviation that exceeds acceptable
tolerances. In addition, catastrophic faults, includ-
ing mainly resistive shorts and potential opens, cause
circuit operation failures by generating extremely de-
formed sinusoids or DC outputs. As a result of the
presence of faults, a general form of fault signatures
denoted as vp(t) can be expressed as

Vi (t) = vy +vysin(wt+ Py) +Z vy sin(nwst+@y,)

3)
Three major components are a DC offset voltage V7,
a major tone signal, i.e. vy sin(wgt+ @), and distor-
tion components, i.e. Y v} sin(nwgt+®y,). Charac-
teristics of this vp(t) differ from vg(t) by exhibiting
some changes in parameters, ranging from small vari-
ations to DC outputs. Therefore, this work realizes
the comparison between the signals vg(t) and vp(t)
for fault detection.
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2.2 Fault Signature Characterization Tech-
nique

This testing technique detects faults through the
changes of vp(¢) with reference to vg(t). Two thresh-
old voltages Vi and Vp, are proposed and utilized for
fault signature characterizations. All possible char-
acteristics of fault signatures are initially analyzed,
offering high fault observability and eliminating the
need for pre-simulation of actual fault signatures.
Fault detection is performed by monitoring the val-
ues of crossing time difference between signals vg(t)
and vp(t) at Vi , ie. Aty = |ty — te|, and Vg ,
ie. Aty = [ty — tq|, where t, and ¢, are time when
vg(t) crosses over VH and VL, respectively, and ¢,
and tq are time when vg(t) crosses over Vi and Vi,
respectively.

The setting of Vg and V, depends on the DC level
and amplitude of the input test stimulus so that the
time differences can be observable. Setting the value
Vi and V7, to approximately 60% to 70% of the posi-
tive and negative peaks of the input stimulus, respec-
tively, has found to be suitable for detecting the time
differences. The characterization procedure classifies
fault signatures into two cases, depending on the am-
plitude of vp(t). Case 1 is a small parameter vari-
ation, which is defined as occurring when the max-
imum and minimum amplitudes of vg(t) cross over
both Vi and V. Case 2 is any occurring of ampli-
tude reduction when there is no amplitude crossing
Vu, Vi, or both of these Vy and V.
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Fig.2: Characterization process for fault signatures
in Case 1: Sinusoidal parameter variations.

Fig.2 shows the characterization procedure of fault
signatures in Case 1. Four parameters are measured,
including DC level, amplitude, frequency, and phase
shift. For the sale of simplicity, the monitoring is
demonstrated in the region of 7'/4 to 3T/4 where T'
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Fig.3: Characterization process for fault signatures
in Case 2: Amplitude reduction.

is a signal period. Fig.2 (a) shows the signal vp(t)
with a decrease in amplitude and shows that the val-
ues of Aty and Aty are equal. Increases in amplitude
also exhibit similar characteristics. Fig.2 (b) shows
the signal vpa(t) with a decrease in DC offset level
and reveals that Aty is greater than Aty. In cases
where the DC offset increases, Aty is smaller than
Aty. Fig.2 (c) shows the signal vF3(t) with a de-
crease in frequency, and shows that Aty is less than
Aty. In cases where the frequency is higher, Aty is
greater than Aty. Fig.2 (d) shows the signal vpy(t)
with phase lagging behaviour and shows that Aty
and Aty are equal. Phase leading behaviour also ex-
hibits similar characteristics. Noted that distorted
signals can also be detected in the same manner to
these variations in the four parameters.

Fig.3 shows two examples of characterization pro-
cedures of fault signatures in Case 2. The time dif-
ferences are investigated throughout the signal pe-
riod. Fig.3 (a) shows the signal vps(t) with no am-
plitude crossing over Vi. The time difference Aty is
detectable as demonstrated in Fig.2 (a).
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Fig.4: Circuit diagram of the test circuit based on
the fault signature characterization technique.

Although the time . cannot be obtained, the ad-
ditional Até can be detected between time tb and
the subsequent té. Fig.3 (b) demonstrates the signal
vpg(t) with no amplitude crossing over V. The time
difference At; is also detectable as demonstrated in
Fig.2 (a). The additional At{q is also introduced be-
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Fig.5: Circuit configuration of the comparator with
hysteresis.

tween time ta and the preceding té. In addition to
this two demonstrating cases, some faults may exhibit
tremendous changes in sinusoidal characteristics such
as a noise-like shape, a DC offset, stuck-at-ground,
and stuck-at-Vpp. These faults can potentially be
detected throughout the signal period since there is
no crossing over both Vi and V.

Fig.4 shows the circuit diagram of the testing cir-
cuit implemented based on the fault signature charac-
terization technique. As shown in Fig.4, fault detec-
tion procedures are performed consecutively in three
processes, including the digitization, the time differ-
ence detection and the output summation. Initially,
the signals vg(t) and vp(t) are digitized through four
comparators COM1 to COM4, which are operating
as simple 1-bit digitizers. The signal vg(t) is dig-
itized against Vg through COM; and COMs>, pro-
viding two sets of digital output signals dgg[n] and
dg1[n], respectively. The signal vp(t) is also digitized
against V, through COM3 and CO My, providing two
sets of digital output signal dpyi[n] and dpy,[n], respec-
tively. Subsequently, comparison is performed for de-
tecting the values of Aty and Aty through two XOR
gates X1 and Xo, respectively. This detection simply
monitors the difference between logics 1 and 0, and
reports the outputs as 1 when the two inputs have dif-
ference logic values. In this process, the comparison
of dgu[n] and drp[n] yields Aty , reporting as sg[n],
while comparison of dgr[n] and dpp[n] yields Aty
, reporting as sp[n]. Finally, the summation of two
fault signatures, including sy [n] and sy [n] are carried
through OR gate out in order to report a single test
output s[n|. This test output signal s[n] is conveyed
to the DFF in order to report a digital output g[n]
that cooperates the clock system. Fig.5 shows the cir-
cuit configuration of the comparator with hysteresis
employed in Fig.4. This comparator is implemented
by a simple differential amplifier, consisting of
transistors M; to My, and a hysteresis, consisting of
Mg and M7, and a long-channel Mpp. The biasing
circuit is formed by transistor Mpg;, Mpo and Mps.
In addition, the digital logic gates in Fig.4 were im-
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Fig.6: Block diagram of an analog mized-signal sys-
tem with IEEE 1149.4 test bust standard.

plemented by standard cells.

3. IEEE 1149.4 STANDARD-BASED TEST-
ING SYSTEM IMPLEMENTATION

Fig. 6 shows the block diagram of the existing
IEEE 1149.4 standard architecture, affording four
components for testing a mixed-signal system as fol-
lows. First, a Digital Boundary Module (DBM) scans
targeting digital CUTs, and shifts test data serially.
Second, an Analog Boundary Module (ABM) pro-
vides internal bus connections to targeting analog
CUTs. Third, a Test Bus Interface Circuit (TBIC)
connected to two analog access ports (AT1 and AT2)
distributes analog test signals to ABMs via two inter-
nal buses (AB1 and AB2). Last, a control circuitry
controls the operation of the overall test system by
means of four control signals; Test-Data-In (TDI),
Test-Data-Out (TDO), Test-Clock (TCK), and Test-
Mode-Select (TMS). Despite the fact that these ex-
isting ABM and TBIC potentially enable the acces-
sibility to internal nodes for an external test opera-
tion (EXTEST), several restrictions in analog mixed-
signal testing still remain, involving the requirement
for duplicated ABMs at all pins, the lack of multi-
ple pin accessibility at one time, and particularly the
lack of an internal test operation (INTEST). Conse-
quently, the extensions to IEEE 1149.4 standard have
recently been proposed as for a solution of these re-
strictions. The bridge-for-testability technique [10]
was developed for reducing the number of duplicated
ABMs. The modified ABM in [11] provides the mul-
tiple pin accessibility as well as INTEST capability,
specifically for bridging fault testing. It has also been
reported that the output of built-in Vppg and Ippg
monitoring can be scanned out in compliant with the
IEEE 1149.4 standard [5]. However, no complete
parametric and dynamic INTEST capability with in-
creased observability for both AC and DC fault signa-
tures has been investigated. Consequently, this work
aims to resolve this restriction through the extension
of the IEEE 1149.4 architecture, and find a suitable
testing circuit that can exploit existing facilities in-
cluding DC voltages, internal test buses and access
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Fig.9: Clircuit configuration of the control circuitry.

Fig. 7 shows the circuit configuration the input
ABM cell. The analog CUT in Fig.7 is an analog
functional block synthesized from mixed-signal sys-
tems, such as amplifiers and filters, where primary
inputs can be either an external input v;p or an inter-
nal v;p; obtained from a D/A converter. The input
ABM is located at the input pin, comprising mainly
the voltage comparator CP and the switches Sp, Sqg,
St, Su, S1, Sg2, and Sgr. In addition, an internal
switching network located between the outputs of an
internal A /D converter is also included and composed
by switches Sp;, S1i, SBoi, and Sqarj, offering of test-
ing accessibility in the case where vip; is realized. As

will be seen later, this input ABM cooperates with
three modes, except Mode4.
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Fig.10: Block diagram of the jth-order Gm-C filter.

Fig. 8 shows the circuit configuration the output
ABM cell with extended functionality for on-chip and
off-chip testing capability. The output ABM is lo-
cated at the output pin and composed by the same
components utilized in the input ABM except for the
switch Sqri, and the testing circuit described in Fig.4
with seven control switches St. These ABMs is ca-
pable of four modes of operations as follows. Mode 1
is a traditional digital scan mode where the switches
Sp, Sa, S, Sy of both input and output ABMs are
operating, corresponding to TDI signals, while other
switches are opened. This Mode 1 allows the ABM
to operate as the DBM by detecting bridging faults
at the output terminal through the comparator CP
and shifting to the serial digital test bus.

Mode 2 is a traditional external analog test mode
where the switches Sg; of the input ABM and Sgs
of the output ABM are closed, while other switches
are opened. The input signal stimulus sourced at the
port AT, is contributed to the CUT through the bus
AB;. The output response from the CUT is pro-
vided at the bus AB; and subsequently conveyed to
the port AT for the external testing. Mode 3 is an
extended external analog test mode improved from
[10] 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 monitored
separately at the output pin by closing the switch SD
of the output ABM.

Mode 4 is an extended on-chip testing mode using
the proposed signal characterization technique where
the switches Sp and Sgy of the input ABM are closed
and all switches St of the output ABM are closed,
and others are opened. The input signal stimulus
vr(t) sourced at the port AT; is contributed to the
CUT through AB;. The fault signature vp(t) ob-
tained from the CUT at node Np; and the expected
signal vg(t) sourced at the port V¢ are conveyed to
the testing circuit. Subsequently, the test circuit pro-
cesses signal characterizations and provides the test
output to the output node Npo. As the test circuit
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reports the faultiness by logic 1, the comparator CP4
subsequently captures the voltage at node Ngs is then
loaded in to the serial interface in order to complete a
boundary scan throughout the system. This test out-
put also visible at the port ATs conveyed by the bus
AB,. Fig.9 shows the circuit diagram of the control
circuitry. As utilized in the exiting IEEE 1149.4 stan-
dard, control and update shift registers, are utilized
for loading control instruction and test data.
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Fig.11: Clircuit diagram of the OTA.
However, the decoding logic is specially designed for
accomplishing the four modes of operations. The
decoded signals are exploited for controlling all the
switches.

4. DEMONSTRATIONS AND SIMULATION
RESULTS

The proposed circuits and the extended IEEE1149.4
standard architecture were implemented in a physi-
cal level using 0.18-7m standard CMOS technology in
Cadence environments, and simulated using Hspice.
For purpose of demonstrations, the demonstrating
CUT is a low-pass G,-C filter. This G,,-C low-pass
filters have extensively been utilized in base-band sec-
tions of RF receivers, and generally implemented by
means of CMOS LSI chips owing to the capability
to operate at higher frequency compared to passive
RC filters. Fig. 10 shows the block diagram of the
4th-order low-pass Gy,-C filter, comprising a cascade
connection of two identical 2nd-order G.,-C biquads.
The values of Gu1, Gune and Gps are equal, while
the value of Gy,3 is twice, i.e. 2G5 = Gy = G =
Gma4. The values of capacitors C; and Cs are equal.
The values of capacitors C3 and Cy are also equal.
These capacitors were implemented by linear on-chip
capacitors.

Fig. 11 shows the circuit configuration of a CMOS
operational transconductance amplifier (OTA) [12],
which is utilized as the G, block in the CUT. The
OTA comprises three major components, i.e. (1) an
nMOS differential pair formed by transistors M; and
M, (2) two pMOS current mirrors formed by tran-
sistors M3 to Mg, and (3) an nMOS current mirror

formed by transistors M; to Mg. This OTA employs
a single power supply voltage Vpp. Input and output
signals are a voltage signal v;, and a current ipyr,
respectively.

Fig.12 shows the physical layout design of the
CUT. There are eight sets of CUTSs, including two
fault-free CUTs without ABM (FF-CUTgxc), one
fault-free CUT with ABM (FF-CUTinc), and five
faulty CUTs with ABM (FT-CUTinc). In these five
sets of FT-CUTn¢, realistic faults were randomly
injected into the layout.

Three examples are defects in MOS transistors of
OTAs considered from critical areas in the designed
layout,

| FF-CUTgxc

= FT-CUTne —Hj fELFT-CUT)

Fig.12: Physical layout design of the CUTs.

i

Fig.13: Physical layout design of ABM, demonstrat-
ing the contributions of ABM at the pads.

including an internal metal layer bridge (DF;) at
Gu1, a metal crack (DF3) G, and a floating gate
(DF3) at Gp,3. Other two examples are capacitance
variation (DF4) at Co and the potential open (DFs5)
at Cz. Fig.13 shows the physical layout design of
ABM where the contributions of three ABMs at the
output pads are particularly illustrated.

Table 1 summarizes the performances of the test-
ing circuit previously shown in Fig.4. As shown in
Table 1, the comparators are capable for a wide com-
parison region of 0.2 V to 1.6V with a relatively low
offset error of 0.042V throughout the entire region.
Consequently, the voltages Vy and Vi, can be widely
adjustable through this comparison region, depend-
ing on the actual amplitude of a sinusoidal test stimu-
lus. The maximum operating frequency of the testing
circuit is 260 MHz. By using the low-frequency test
stimulus vy (t) = 0.9+ 0.5sin(271000¢), the minimum
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value of sinusoidal parameter variations that were de-
tectable was found at 0.5%. Therefore, parametric
faults in the tolerance band of +£5% are potentially
detectable.

Table 2 shows the comparison of performances be-
tween two cases of fault-free CUTs, i.e. a primi-
tive CUT (FF-CUTgxc) and a CUT with the in-
clusion of the IEEE1149.4 standard testing system
(FF-CUTinc). This comparison was performed in
order to validate testing operations, and investigate
performance penalties. As shown in Table 2, the FF-
CUTgxc has the cut-off frequency and DC gain at
11MHz and 4 dB, respectively. Although the per-
formances deviation are expected to be introduced
by additional stray capacitances and on-resistances of
switches, the deviations in percentage are relatively
low, i.e. the deviations of the DC gain and the linear-
ity of input-output signal transfer curve were found
at 0.0025% and 0.895%, respectively. No deviation
of the cut-off frequency was evident. It can be con-
cluded that the proposed testing system affects low
impacts on primitive CUTs.

Table 1: Summary of performances of the testing
circuit shown in Fig.4.

Testing Circuit Performances Values | Units
. Maximum value of Iy 1.6 A%
Comparator —— - — — -
Performances Mmumnum value of 77, 0.2 V
" | Offset Error 0042 |V
Minimum Detectable Variation 05 | %
Maximum Operating Frequency 260 | MHz

Table 2: Comparisons between a primitive CUT and
a CUT with IEEE1149.4 standard.

Simulated Performances

CUT Dev.

Performances | FF-CUTgxe | FF-CUTpxc * | Units
(%)

Cutoff 1 11 - | Mz
Frequency
DC Gain 4 3.99 0.0025 dB
Linearity 0.0067 0.00664 | 0.895 %

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

Fault Simulation Results
Fault Types g :mg Atfi=1 k;:ZMt Atfi=11.2 rly;]‘]l{u:
Detected Detected
Coverage Coverage

(a) OTA

; 52 (039 870
(Catastrophic) 3 331 94.03% 334 | 94.87%
(b) Capacitors : -
(Catastrophic) 8 8 100% 8 100%
(c) Capacitors ) .
(*15% Var) 8 8 100% 8 100%

Fault injections were realized at the transistor level
by the insertion of resistor technique in order to sim-
ulate the electrical behaviour of shorts and opens.
Shorts were modelled by connecting a small resistor
of 1€ between each pair of terminals, including Gate-
Drain Short, Gate-Source Short, and Drain-Source
Short. Additionally, opens were modelled by insert-
ing a parallel combination of a large resistor of 10M?
and a small capacitor of 1 pF in series into each
terminal, including Drain Open and Source Open.
The Gate Open was specially modelled by means
of grounded 10-MS2 resistors and 1-pF capacitors at
the two disconnecting terminals in order to eliminate
the voltage discontinuity in appropriate simulation
in Hspice. The capacitor shorts and opens were also
modelled in the similar manner to transistors. In the
test procedure, the layout of fault-free CUT was ini-
tially extracted to obtain the transistor-level netlist.

Table 3 summarizes number of faults, detected and
undetected faults, and fault coverage in percentages.
The simulation of fault injections, only one fault was
injected in the CUT while other circuit elements and
parameters are kept at their designed values. As
the cut-off frequency of the filter is at 11 MHz, two
test frequencies, i.e. a low frequency of 1KHz and a
high frequency of 11.2 MHz, were realised. As seen
from Table 3, the fault coverage of faults associated
in OTA is relatively high at approximately 94% for
both frequencies. Some undetected faults in OTAs
were considered as hard-to-detect faults, such as tran-
sistor gate opens, which do not produce fault signa-
tures at the output waveforms.The CUTs that have
these hard-to-detect faults can be considered as non-
defective CUT in the pre-screening process of fault
detection. Catastrophic faults and parameter varia-
tion of 15% of capacitors were completely detected,
yielding fault coverage of 100%. In addition, those
five realistic faults described in Figs. 10 and 12 (DF,
to DF5) were also detected.

5. CONCLUSIONS

A new on-chip analog mixed-signal testing compli-
ant with IEEE 1149.4 standard has been presented.
The testing technique based on sinusoidal output re-
sponse characterizations yields a complete detection
of AC and DC fault signatures. The testing system
extended from IEEE 1149.4 standard affords func-
tionalities for both pre-screening on-chip and high-
quality off-chip testing. A demonstrating a 4*"-order
low-pass Gm-C filter, with the proposed testing ap-
proach is fully implemented in a physical level us-
ing 0.18-pym CMOS technology, and simulated us-
ing Hspice. The maximum operating frequency of
the testing circuit is 260MHz. Both catastrophic
and parametric faults are potentially detectable with
low performance degradation. The fault coverage of
faults associated in CMOS and capacitors are rela-
tively high at 94% and 100%, respectively.
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