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2. College of Electrical and Information Engineering, Hunan University, Changsha, China

ABSTRACT

A study of oscillation-based test for high-order OTA-C filters is presented. The method is
based on partition of a high-order filter into second-order filter functions. The opening Q-
loop and adding positive feedback techniques are developed to convert the second-order filter
section into a quadrature oscillator. These techniques are based on an open-loop
configuration and an additional positive feedback configuration. Implementation of the two
testability design methods for nth-order cascade, IFLF and LF filters is presented and the area
overhead of the modified circuits is also discussed. The performances of the presented
techniques are investigated. Fourth-order cascade, IFLF and LF OTA-C filters were designed
and simulated for analysis of fault coverage using the adding positive feedback method based
on an analogue multiplexer. Simulation results show that the OBT method using positive
feedback provides high fault coverage of around 97%, 96% and 95% for the cascade, IFLF
and LF OTA-C filters respectively.
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1. Introduction

The Oscillation-Based Test (OBT) is a low-cost method for analogue circuits. The idea of
this method is to convert the circuit under test (CUT) into an oscillator [1-3]. A feedback
circuit is added to create self-sustained oscillation under the test mode. The oscillation
frequency (fosc) is usually used as the fault feature. The OBT method is very promising since
no external test stimulus is required and the additional testing circuit can be easily embedded
into the CUT. The OBT technique has been applied to various kinds of analogue and mixed-
signal circuits [4-10]. As active analogue filters are widely used building blocks in RF,
analogue and mixed-signal integrated circuits, significant OBT research has been conducted
on low-cost testing of analogue filters [11-13]. Recent studies have been conducted on OBT
applied to different Gm-C filters [14-19]. In these works, an exhaustive set of simulations and
experiments was performed showing a good fault coverage rate, in agreement to the ones
reported in previous approaches.

The OBT methods proposed in this paper for high-order OTA-C filters are based on the
partition of a high-order filter into second-order filter functions and require a small number of
MOS switches for modification compared with the bypassing and multiplexing methods.
Therefore the OBT methods have negligible impact on the performance of the filters, low
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area overhead, less modification, low power consumption and short test time. The OBT
methods use vectorless output frequency comparison between fault-free and faulty circuits so
that the requirement of input test signal and special test equipment are also eliminated.

Commonly used design approaches for high-order OTA-C filters are based on cascade and
multiple loop feedback structures. Choice of the feedback network can result in the cascade,
inverse follow-the-leader feedback (IFLF) and leapfrog (LF) configurations [20]. These types
of multistage (high-order) OTA-C filter structures can be modified to implement oscillation-
based DFT techniques. The application of the OBT methods for nth-order cascade, IFLF and
LF OTA-C filters are presented and discussed in this paper. The fourth-order cascade, IFLF
and LF OTA-C filters are also designed and simulated for verification of the validity of the
proposed methods.

This paper is organised in the following way. The OBT structures for high-order OTA-C
filters are discussed in Section 2. The partitioning and conversion of biquadratic stages of
Cascade, IFLF and LF high order OTA-C filters into oscillators using simple MOS switches
only are discussed in Section 3. The positive feedback method using an extra OTA and MOS
switches for converting high-order filter into oscillator is presented in Section 4. Section 5 is
concerned with simulation results of fourth-order Cascade, IFLF and LF OTA-C filters.
Finally, some conclusions are given in Section 6.

2. OBT Structures for High-Order OTA-C Filters
Oscillation-based test structures for high-order OTA-C filters are based on the decomposition
of high-order filter into functional building blocks. The partitioning of the filter should be
made such that each individual block represents a biquadratic transfer function. Then these
blocks can be converted into oscillators by establishing the oscillation conditions in their
transfer functions. The oscillation conditions are obtained from the Barkhausen criterion [2].
It states that the signal must traverse the loop with no attenuation and no phase shift at the
frequency of oscillation wo. For positive feedback, the phase shift must be zero, but for
negative feedback, the phase shift must be 180 to cancel the feedback sign and produce a
total phase shift of zero. The quadrature oscillator model can ideally be described by a
second-order characteristic equation:

(s* —bs+ )V, (s)=0 (1)
Where V,(s) is the output of oscillator. Oscillation will happen at the oscillation frequency

o When the oscillation parameter b = 0.

During test mode operation, each block will oscillate at a frequency which is a function of
its component values and transconductance of the OTAs. Deviations in the oscillation
frequency from the resonance frequency of the block indicate faulty behaviour of the
components in the block. The sensitivity of the oscillation frequency with respect to the
variations of the component parameters will determine the detectable range of the fault.

Implementation of the oscillation-based DFT method requires the following modifications
to the original filter: decomposition of the filter into the biquadratic stages, isolation of
biquadratic stages from each other and reconfiguration of the feedback network of each
biquadratic stage to establish the oscillation conditions in its transfer function. All these
modifications can be carried out by insertion of MOS transistor switches into the original
filter circuits. Therefore the MOS transistors are the key components in OBT testing and



provide the testable structure of the high-order OTA-C filter. The accuracy of the transistors
directly affects the accuracy and functionality of the filter under test. The most important
characteristics of a transistor are “on” resistance, “off” resistance and the values of parasitic
capacitors. The performance of the modified filter directly depends upon the specification of
the inserted switch parameters and the place of switches in the circuits. Therefore the
selection of optimum size and a sensible point in signal paths for switch insertion will ensure
the accuracy and original functionality of the filter under test.

The test and fault detection procedure of OBT is as follows. The filter under test is first
tested in normal mode and the cut-off frequency measured. The test mode will be activated if
the cut-off frequency deviates beyond the given tolerance band. In test mode, the high-order
filter is decomposed into individual biquad oscillator blocks and individual oscillator
frequencies are measured to isolate the faulty block. Comparison between the fault free
frequency and the measured frequency of the corresponding oscillator block identifies the
faulty stage of the filter under test. The deviation from the fault-free frequency will identify
the fault, catastrophic or parametric, and the possible location of the fault in the stage.

The commonly used multistage OTA-C filter structures such as cascade, IFLF and LF are
modified to implement the proposed oscillation-based DFT techniques. The implantation of
opening Q-loop OBT method with MOS switches only and adding positive feedback OBT
method with MOS switches and extra OTA to the nth-order cascade, IFLF and LF OTA-C
filters are presented in the following sections.

3. Testing of High-order OTA-C Filters using MOS Switches only
The opening Q-loop OBT method using MOS switches only can be implemented for any type
of high-order OTA-C filter with negligible impact on the performance of the original filter.
The area overhead depends upon the type and order of the filter. In this section we will
present techniques for decomposing high-order OTA-C filter into the second-order functional
blocks and converting them into quadrature oscillators using MOS switches only. The
conversion methods for cascade, IFLF and LF structures of nth-order OTA-C filters are
proposed and discussed.
3. 1 nth-order Cascade OTA-C Filter
The cascade connection of second-order sections is the most popular and useful method for
realization of high-order filter function. The testing of the cascade system requires the
controllability and observability of internal nodes of the filter. The controllability and
observability can be increased by partitioning the system into accessible blocks. The cascade
filter structure can be divided into the blocks of second-order sections representing
biquadratic transfer functions. The OBT based DFT architecture of cascade filter using MOS
switches only is shown in Fig. 1, where Sn and Sp are the NMOS and PMOS transistor
switches respectively.

The modified filter circuit in Fig.1 has two mode of operations, normal and test mode. In
normal mode of operation all switches designated Sp are closed whereas the switches
designated Sn are open and the circuit will perform the original filter functions. The transfer
function of each second order filter can be derived as:
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Where n is the order of the filter and even. When n is odd, the last integrator can be
combined with the (n-1)th integrator to form an oscillator. The cut-off frequency of each

filter is given by:
o = [ Pmimi+1) 3)
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When the test mode is invoked Sp switches are opened and Sn switches closed. Switches Sp
split the filter into biquad stages and switches Sn convert these biquad stages into oscillators
by opening Q-loop. The characteristic equation of the resulting oscillator can be described as:

H(s) =

Sz+gmigm(i+1) -0 )
C.C.

i+l

- gmigmi+
$,,S, =% T(l) (5)
i+l

Equations (3) - (5) show that the oscillation condition is satisfied by opening the Q-loop and
the oscillation frequency is the cut-off frequency of the filter.

The area overhead depends upon the type and order of the filter. The implementation of the
switch only OBT method for nth-order cascade filter requires n NMOS transistors and (n-1)
PMOS transistors. The relative area overhead (AQO) for the cascade structure can be
calculated as:

With the poles given by:

AO_Cascade = w (6)
Where A is the original circuit area, An is the area of switch Sn, and Ay is the area of switch

Sp.

3. 2 nth-order IFLF OTA-C Filter

The IFLF structure is one of the most popular active analogue filter structures due to their
simplicity, low sensitivity and minimum number of components and IFLF OTA-C filter can
be derived by using the multiple loop feedback approach. For testing, a nth-order IFLF OTA-
C filter needs to be partitioned into second-order sections, which may not be as
straightforward as the cascade structure due to coupling. The OBT based DFT architecture of
a nth-order IFLF OTA-C filter using MOS switches only is shown in Fig. 2.

The modified IFLF OTA-C filter has also two modes of operations, normal and test mode.
All Sp switches are closed and Sn are open in the normal mode of operation, in which the
modified circuit acts as a high-order filter from the primary input to the filter output. In test
mode of operation, Sp switches are opened to act as splitters and decompose the high-order
filter into the individual blocks of second-order transfer function. By closing the Sn switches,
each block is converted into an oscillator and its oscillation frequency is given by (3).



The area overhead of the IFLF-type structure is larger than the cascade-type since the IFLF-
OTA-C filter requires changing in two feedback loops. The relative area overhead for the
modified IFLF OTA-C filter is:

(n+DA, +nA, (7)
A

Where n is the order of filter, A is the original circuit area, An is the area of switch Sn, and

Ay is the area of switch Sp.

3. 3 nth-order LF OTA-C Filter

The leap-frog structure is another most popular choice in multiple integrator loop feedback
OTA-C filter design. The LF configuration has advantages of minimum passband magnitude
sensitivity, maximum input voltage, and good magnitude frequency response. The testing of
nth-order LF filter can be performed using the OBT method based on MOS switches only.
Any even-order LF filter can be divided into a combination of second-order transfer functions
by insertion of switches in its feedback loops. For an odd-order filter the last integrator can be
combined with the second last integrator to form a second-order transfer function; the second
last integrator was tested in the previous second-order block. The testable nth-order LF OTA-
C filter is shown in Fig. 3.

When all Sp switches are closed and Sn switches are open, the circuit in Fig. 3 behaves as
an nth-order LF OTA-C filter with negligible performance degraded. The impact on the
performance and accuracy of the filter mainly comes from the parasitic capacitances and the
on-resistance of the Sp switches. These switches are in the signal path and must be realized
with minimum values of “on” resistance. The filter will be converted into the quadrature
oscillator stages as the test mode is activated by opening and closing Sp and Sn switches
respectively. The oscillation frequency of the filter stages depend upon the transconductance
and capacitance values of that stage and is given by (3). The relative area overhead for the
modified nth-order LF filter structure is given by:
nA +(n-1)A, (8)

A

The area overhead of the LF-type structure is the same as the cascade-type since only one

feedback loop requires changing for both cases.

4. Testing of High-order OTA-C Filters using an Additional OTA and

MOS Switches

The adding positive feedback OBT method can be implemented in the high-order OTA-C
filter of any type of configuration. The positive feedback loop can be realized by using an
extra OTA, an analogue multiplexer and MOS transistor switches for nth-order OTA-C filters.
The order of analogue multiplexer and number of MOS switches depends upon the type and
order of the OTA-C filter. The positive feedback loop and MOS switches converts the
biquadratic stage to a second-order oscillator system which has the potential of self-start
oscillation. The implementation techniques of the positive feedback method to cascade, IFLF
and LF high-order OTA-C filters are presented in the following subsections.

4. 1 Cascade High-order OTA-C Filter

The high-order cascade OTA-C filter can be decomposed into the second-order filter sections
by using minimum number of MOS transistors switches. The number of switches for dividing

AO_IFLF=

AO_LF=



the filter into the biquadratic stages depends on the order of the filter, for an even order filter,
n/2 switches and for an odd order filter n/2+1 switches are required.

The modified nth-order cascade OTA-C filter based on the positive feedback OBT method
is shown in Fig. 4. The modified cascade OTA-C filter has also two modes of operation,
normal and test mode. In the normal mode of operation all Sp and Sn switches are closed and
open respectively, the modified circuit acts as a high-order filter. In the test mode of
operation, Sp switches are opened and decompose the high-order filter into the individual
blocks of second-order transfer function. Each biquadratic stage will be converted into an
oscillator as the switches Sn are closed and the extra OTA is connected to the respective
output node through the analogue multiplexer. The second order characteristic equation of the
oscillator is given by:

v, (s)(s? + gm(i+é) — Ot st ggi;(iﬂ)) _0 )

i+1 i~i+l
Where V,(s) is the output of oscillator, and the oscillation frequency woand the oscillation
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b= (gm(i+l) —Oex )/Ci+l (11)

Equations (10) and (11) show that the transconductances appearing in the expression for b
are different from the transconductances for wo.. We can set the oscillation conditions by
tuning transconductance gext without affecting the oscillator frequency. Hence, using an extra
OTA provides better controllability of oscillation conditions. The implementation of the
positive feedback OBT method for the nth-order cascade filter requires n/2 NMOS and n/2
PMOS transistors. The relative area overhead can be calculated as:
nA, +(N=DA, +2A,,+2A, (12)

2A

Where n is the order of filter, A is the original circuit area, Aam is the area of analogue
multiplexer, Aex: is the area of the extra OTA, An is the area of switch Sn, and Ay is the area
of switch Sp. The testable cascade filter circuit in Fig.4 has the advantages of minimum
components for modifications with negligible effect on the filter performance, low area
overhead, low power consumption and test cost. However the modified filter has a variable
test time and the test time depends on the order of the filter due to the testability of individual
stages in multiplex domain. The fixed test time can be achieved by using a separate OTA and
frequency counter for each biquadratic stage but this will have to pay the penalty in terms of
area overhead, power consumption and test cost.
4.2 IFLF High-order OTA-C Filter
The nth-order IFLF filter can be divided into the biquadratic stages using MOS transistor
switches and an additional OTA. But it requires almost twice number of MOS switches as
compared with the cascade structure due to its feedback loop. The IFLF filter structure
requires both types of switches; switches in signal path for dividing the filter into biquadratic
stages and switches in feedback path to break the summing node and establish oscillation

parameter b are given by:

AO_Cascade =



conditions. The testable nth-order IFLF OTA-C filter based on the positive feedback OBT
method is shown in Fig. 5.

The circuit in Fig. 5 requires an extra OTA, an analogue multiplexer and MOS switches for
partitioning the high-order filter and establishing the oscillation conditions in the test mode.
The oscillation frequency wo and oscillation parameter b are given in (10) and (11)
respectively. The relative area overhead can be calculated as:

(n—l)A1+(n—2)Ap+Aam+AExt (13)

AO_IFLF=
- A

4. 3 LF High-order OTA-C Filter
The partitioning of an nth-order LF OTA-C filter into the biquadratic stages requires the same
number of MOS switches as by the nth-order IFLF filter. These switches are required to
break the signal path from the even to odd number of OTA and feedback loop from the odd to
even number of OTA. The biquadratic stages of the filter then can be converted into
oscillators by using an extra OTA through the analogue multiplexer. The modified nth-order
LF OTA-C filter based on the positive feedback loop OBT method is illustrated in Fig. 6.

The oscillation frequency wo and oscillation parameter b are given in (10) and (11)
respectively. The relative area overhead can be expressed as:

(n=DA, +(n=2)A, + A, + A, (14)
A

AO_LF=

5. Design and Simulation of Fourth-order OTA-C Filters

In Sections 3 and 4, the opening Q-loop and adding positive feedback OBT methods for high-
order OTA-C filters are presented. The opening Q-loop method is very simple and of low
cost and small chip area overhead as it uses switches only. However, it requires two types of
MOS switch: switches in signal path for dividing the filter into biquadratic stages and
switches in feedback path to establish oscillation conditions. The extra switches in the filter
configuration will produce considerable effects on the performance of the high-order filter.
The parasitic capacitance and on-resistance of these MOS switches would degrade the
performance of the filter. Furthermore, the faults which are not included in the oscillator
circuits cannot be detectable, resulting in low fault coverage. All these problems can easily be
overcome by adding an extra positive feedback loop in the original filter structures. The
positive feedback loop is realized by using an extra OTA and MOS switches at the integrator
output node, therefore introducing very negligible effects on the performance of the filter and
resulting in high fault coverage with all OTAs of the filter included in the test.

In our previous work [15, 16], case studies were designed for two-integrator loop filters.
Results demonstrate that the two-integrator loop filter with MOS switches has a cut-off
frequency slightly lower than the cut-off frequency of the original filter. This is because the
MOS switch in the feedback path has finite on-resistance and parasitic capacitances.
However, the filter modified with an extra positive feedback loop has performance very
similar to the original filter because the positive feedback loop is connected to the circuit only
when the test mode is activated. To quantify the fault coverage and the efficiency of the
proposed OBT methods, a number of different catastrophic and parametric faults were
inserted into the original filter circuits in [15, 16]. Fault detection results present that the
opening Q-loop method can detect all the catastrophic faults and most of the parametric faults.



From the oscillator equations of the opening Q-loop method, it is obvious that those faults
that do not affect the frequency of oscillation cannot be detected. The results also show that
all injected faults have manifested themselves by affecting the oscillation frequency in the
adding positive feedback method, and therefore can be detected. These results indicate that
the adding positive feedback method for two-integrator loop filters has an advantage of high
fault coverage and less degradation of the performance of the original filter.

In the switch only OBT method, the problem arises from the disadvantage of low
controllability over the oscillation conditions. The oscillator characteristic equation (4)
indicates that the oscillation frequency and oscillation conditions are not independent.
Therefore the parametric or parasitic deviations change the oscillation frequency as well as
the oscillation conditions, resulting in the amplitude of oscillation being not stable. On the
contrary, the OBT method using an extra OTA and MOS switches shows that the
transconductances appearing in the expression for the oscillation frequency are different from
those appearing in the corresponding expression for oscillation conditions. This means that
the faults which cause change in the oscillation frequency may not affect the oscillation
conditions. The oscillation conditions of the oscillator can be adjusted according to the faults
or the amount of deviation by tuning the transconductance of the extra OTA.

To verify the proposed adding positive feedback OBT method, we designed lowpass fourth-
order cascade, IFLF and LF OTA-C filters as case studies herein, using design equations
given in [21] with the chosen cut-off frequency of 50MHZ. A differential input CMOS OTA
shown in Fig.7 is employed to realize the OTA-C filters. The equal transconductance
methodology is used to design these fourth-order filters with nominal transconductance value
of gm = 850us. Frequency denormalisation at 50MHz gives the normalised circuit
capacitances of the filters in Table 1.

The proposed OBT method requires certain modifications in the original filter circuits. All
these modifications can be carried out by insertion of MOS transistor switches into the
original filter circuits. In the domain of analogue circuit design it is not a simple matter to
break loops by inserting MOS switches in metallised track connections. Therefore the MOS
switch transistors are the key components in OBT and provide the testable structure of the
OTA-C filter.

The characteristics of switches directly affect the accuracy and functionality of the filter
under test. The most important characteristics of a switch transistor are “on” resistance, “off”
resistance and the values of parasitic capacitors. The series resistance of a MOS transistor is
several orders of magnitude greater than the resistance of the metal track. Similarly
capacitance of the switch is also many times higher than that of the metal track. The effective
resistance of a MOS transistor operating in the linear region may be expressed as [22]:

L 1
RDS :m(ves _VT)7 (15)

A larger aspect ratio will reduce the series resistance. However, the parasitic capacitance is
approximately proportional to the product of width and length. Therefore choosing an
optimum aspect ratio and a sensible point in signal paths for switch insertion will ensure the
minimal impact on performance of the filter. The modified filter circuit requires two types of
switches; switches in signal path and switches in feedback path to establish oscillation
conditions. The switches in the signal paths are realized using MOS transistors with



minimum values of “on” resistance, whereas all other switches are designed for minimum
size.

All simulations were performed in analogue environment using PSPICE simulator of level 7
for verification of the proposed OBT method. Results confirmed that the self-starting and
sustained oscillations are achieved by the circuit modifications described in the above
sections. Simulation results also confirmed that the both quadrature stages were converted
into oscillators for each type of filter and produced the fault free oscillation frequency close
to the cut-off frequency of the corresponding filter stage. The magnitude versus frequency
responses of the modified fourth-order lowpass filters for both filter and test modes of
operation with the details of the cut-off frequency and oscillation frequency of each
biquadratic stage are given in Table 2.

The simulation results in Table 2 have shown that the fourth-order cascade OTA-C filter
with MOS switches for filter decomposition has a lower cut-off frequency than the original
filter whilst the IFLF and LF filters have a similar cut-off frequency with the original cut-off
frequency. The cascade filter has extra MOS switch in the signal path for partitioning the
filter into two biquadratic stages, therefore the switch on-resistance and parasitic capacitances
affect the impedance matching between the two cascade stages of the filter. The oscillation
frequencies of biquadratic stages of each type of filter are less than from their respective cut-
off frequencies, due to the on-resistance and parasitic capacitances of the analogue
multiplexer switches and the extra OTA of the positive feedback loop.

To quantify the fault coverage and the efficiency of the OBT method for high-order OTA-C
filter, a number of different catastrophic and parametric faults were injected into the original
filter circuits using the fault-modelling discussed in [15]. The oscillation frequency of each
filter stage under test was measured and the frequency deviation with respect to the fault free
frequency of the corresponding stage is calculated. The undetectable tolerance band for
parametric faults has been determined using Monte Carlo analysis for 5% tolerance in the
values of the components. The Monte Carlo analysis shows that the biquadratic stage has
lower and upper frequency deviation of around -2.5% and 4.5% respectively.

The comprehensive list of parametric fault due to the parameter deviations from +10% to
+50% are given in Tables 3, 4 and 5 for the fourth-order cascade, IFLF and LF OTA-C filters
respectively.

It can be seen from Table 3, 4 and 5 that most of the parametric faults are detectable except
a small number of faults which produced frequency deviation inside the tolerance band. Forty
parametric faults were injected into each testable filter, in which 97% were detectable in the
cascade filter, 96% in the IFLF and 95% in the LF. The results also show that the injected
faults produced oscillation with stabilized output signal amplitude without significant
deviation.

The simulation results of the catastrophic faults are given in Tables 6 for the cascade, IFLF
and IF OTA-C filters.

The results in Table 6 demonstrate that the injected stuck open faults in the passive
components have manifested themselves by affecting the oscillation frequency, and therefore
can be detected and diagnosed. All other catastrophic faults, short and open circuits, saturated
the filter under test and made the converted oscillator stages not oscillate. These types of
faults are detectable but cannot be diagnosable. Therefore all catastrophic faults are



detectable and the overall fault detection coverage for the fourth-order cascade, IFLF and LF
OTA-C filter using the positive feedback OBT method are 97, 96 and 95 percent respectively.

6. Conclusions
In this paper we have proposed and presented the implementation techniques of the OBT
methods for the high-order OTA-C filter. The opening Q-loop and adding positive feedback
OBT methods for the nth-order cascade, IFLF and LF filters have been discussed and the
formulations of area overhead of the modified circuits have also been presented.

The opening Q-loop method is realized using MOS switches only and requires minimum
number of components for the modification in the high-order OTA-C filter. Therefore the
MOS switch only method for high-order OTA-C filter requires low area-overhead and
relatively low power consumption. However the switch only method needs to insert control
switches in both signal and feedback paths of the filter. The switches in the signal path are
required for decomposition of the filter into quadratic stages and switches in the feedback
path for converting these biquadratic stages into oscillator. The modified biquadratic stage
has low controllability over oscillation conditions and certain parametric deviations are not
able to produce stabilized oscillation resulting in overall low fault coverage and long test time.
Furthermore the switches in both paths may have degraded the performance of the high-order
filter.

The adding positive feedback method can be implemented in any type of high-order OTA-C
filter using an extra OTA, an analogue multiplexer and MOS switches. The transconductance
value of the extra feedback OTA can be adjusted to establish and sustain oscillation, resulting
in better controllability of oscillation conditions.The number of MOS switches depends on
the order and type of the filter. The analogue multiplexer based positive feedback method
requires only one additional OTA for converting biquadratic stages into oscillator. The
positive feedback method can also be implemented using an extra OTA in place of the
analogue multiplexer for each biquadratic stage but these additional OTAs require relatively
high power consumption, large area overhead and high cost compared with using an analogue
multiplexer. The multiplexer based OBT method for high-order OTA-C filter has the
advantages of minimum components, minor modification in the original circuits, low area
overhead and low power consumption. However the order of filter will determine the test
time because the biquadratic stages of the filter will be tested one by one.

The fourth-order cascade, IFLF and LF OTA-C filters were used for case studies and
analysis of the fault coverage of the OBT method based on the analogue multiplexer. Fifty-
eight catastrophic and parametric faults were injected in each biquadratic stage of the OTA-C
filter, in which forty faults were parametric and the rest of eighteen faults were catastrophic.
All of the catastrophic faults were detectable by producing frequency deviation or saturating
the oscillator output. The most of the parametric faults produced frequency deviation outside
the tolerance band. The simulated results show that the OBT method using positive feedback
provides high fault coverage of around 97%, 96% and 95% for the cascade, IFLF and LF
OTA-C filters respectively. Although the proposed low cost design-for-testability OBT
method has good fault coverage, further research work can be performed. As stated in [23],
this design-for-test may result in accepting faulty chips or rejecting functional chips, hence
the test metrics for the proposed method should be studied in future research. Meanwhile,



some researchers have pointed that frequency-only measurement can lead to relatively poor
fault coverage and the alternative is the combined measurement of both the oscillator’s
frequency and amplitude [24-27], which can be a topic of our further research. Furthermore,
switches are the key components in the proposed test structure. In this study, switches used to
establish feedback loops, which are not inserted in the signal path, are realized simply using a
minimum-sized NMOS transistor with W = L to keep the switch size as small as possible.
Switches appearing in the signal path which divide the filter into the biquadratic stages are
realized using PMOS transistors with minimum values of “on” resistance. The “on”
resistance of a MOS switch and its thermal noise contribution can be reduced by increasing
the WI/L ratio; however, increasing W and L will also increase the parasitic capacitance
values. A trade-off must be made to satisfy all requirements. Hence, more specific criteria for
the sizing of the switches should be studied in further research. Finally, the detailed study of
sizing the analogue multiplexer and the extra OTA could be conducted to improve the
proposed OBT methods further in the future.
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Figure 1. Testable nth-order cascade OTA-C filter using MOS switches only.
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Figure 2. Testable nth-order IFLF OTA-C filter using MOS switches only.
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Figure 3. Testable nth-order LF OTA-C filter using MOS switches only.
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Figure 4. Testable nth-order cascade OTA-C filter based on positive feedback OBT method
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Figure 5. Testable nth-order IFLF OTA-C filter based on positive feedback OBT method.
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Figure 6. Testable nth-order LF OTA-C filter based on positive feedback OBT method.
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Figure 7. Schematic diagram of OTA cell used for simulation.



Table 1. Circuit capacitances for fourth-order Cascade, IFLF and LF filters.
Filter Type C1 Cc2 C3 C4
Cascade 2.07pF 3.54pF 5pF 1.47pF
IFLF 7.07pF 3.54pF 2.07pF 1.04pF
LF 4.14pF 4.27pF 2.93pF 1.04pF

Table 2. AC responses of the testable fourth-order filters under test.

Tvoe/Mode Cascade IFLF LF
yp fosc Vout fosc Vout fosc Vout
Filter 48MHz 0dB 50MHz 0dB 50.6MHz 0dB

Biquadratic Stagel 35MHz 1.12V 63MHz 1.4V  483MHz 131V
Biquadratic Stage2 35MHz 1.2V 21.3MHz 1.04V 24.7MHz 1.04V




Table 3. Parametric faults detections in fourth-order cascade OTA-C filter.

Cascade Filter
Oscillator Stage2

Oscillator Stagel

Component - Deviation fosc Vout Afof/fo fosc Vout Afo/fo
H) M %  H) M %
-50% 4.60E+07 0.93 31427 4.62E+07 1.31 32.00
-40% 4.30E+07 0.98 22.857 4.30E+07 1.28 22.857
-30% 4.04E+07 1.03 15429 4.05E+07 1.25 15.714
-20% 3.83E+07 1.06 9.4286 3.84E+07 1.23 9.7143
c1&C3 -10% 3.66E+07 1.09 45714 3.66E+07 1.21 45714
10% 3.38E+07 1.11 -3.429 3.37E+07 1.18 -3.714
20% 3.27E+07 1.12 -6.572 3.25E+07 1.16 -7.143
30% 3.17E+07 1.12 -9.428 3.14E+07 1.16 -10.27
40% 3.08E+07 1.12 -12.00 3.04E+07 1.14 -13.14
50% 2.99E+07 1.12 -1457 2.95E+07 1.13 -15.72
-50% 4.32E+07 1.30 23.429 453E+07 1.24 29.43
-40% 4.11E+07 1.27 17.429 4.25E+07 1.22 21.43
-30% 3.93E+07 1.23 12.286 4.01E+07 1.22 1457
-20% 3.77E+07 1.19 7.7143 3.82E+07 1.20 9.143
c2&Ca -10% 3.62E+07 1.15 3.4287 3.65E+07 1.20 4.286
10% 3.39E+07 1.07 -3.143 3.39E+07 1.19 -3.143
20% 3.29E+07 1.02 -6.00 3.28E+07 1.18 -6.285
30% 3.19E+07 0.98 -8.857 3.19E+07 1.17 -8.857
40% 3.11E+07 0.94 -11.14 3.11E+07 1.16 -11.14
50% 3.03E+07 0.90 -13.43 3.03E+07 1.16 -13.43
-50% 5.63E+07 1.26 60.86 5.77E+07 140 64.86
-40% 5.03E+07 1.23 43.71 5.10E+07 1.30 45.71
-30% 453E+07 1.20 29.43 4.58E+07 1.28 30.86
-20% 4.13E+07 1.17 18.00 4.15E+07 1.25 18.58
All Cap -10% 3.79E+07 1.14 8.286 3.80E+07 1.22 8572
10% 3.26E+07 1.08 -6.861 3.26E+07 1.18 -6.86
20% 3.05E+07 1.05 -12.85 3.05e+07 1.15 -12.86
30% 2.86E+07 1.01 -18.29 2.86E+07 1.13 -18.29
40% 2.60E+07 0.99 -23.14 2.69E+07 1.12 -23.14
50% 2.55E+07 0.96 -27.14 2.55E+07 1.10 -27.14
-50% 2.10E+07 0.50 -40.00 2.10E+07 0.74 -40.00
-40% 2.44E+07 0.78 -30.29 2.41E+07 1.02 -31.14
-30% 2.70E+07 0.99 -22.86 2.69e+07 1.17 -23.14
-20% 2.98E+07 1.09 -14.86 2.98E+07 1.21 -14.86
gm -10% 3.25e+07 1.11 -7.143 3.25E+07 1.21 -7.143
10% 3.76E+07 1.09 7.429 3.75E+07 1.18 7.143
20% 3.99E+07 1.08 14.00 3.97E+07 1.17 13.43
30% 4.20E+07 1.06 20.00 4.16E+07 1.16 18.86
40% 4.39E+07 1.04 2543 4.32E+07 1.16 23.43
50% 455E+07 1.02 30.00 4.44E+07 1.15 26.86




Table 4. Parametric faults detections in fourth-order IFLF OTA-C filter.

IFLF Filter
Component  Deviation Oscillator Stagel Oscillator Stage?
fosc Vout  Afo/fo fosc Vout  Afo/fo
(Hz) M (%) (Hz) M (%)
-50% 7.83E+07 1.50 24.2857 2.86E+07 1.11 34.2723
-40% 7.42E+07 147 17.7778 2.65E+07 1.09 24.4132
-30% 7.07E+07 1.43 12.2222 2.48E+07 1.07 16.4319
-20% 6.78E+07 1.44 7.61905 2.35E+07 1.06 10.3286
C1&C3 -10% 6.53E+07 1.41 3.65079 2.23E+07 1.05 4.6948
10% 6.11E+07 1.40 -3.0159 2.04E+07 1.03 -4.225
20% 5.92E+07 1.38 -6.0318 1.96E+07 1.02 -7.981
30% 576E+07 1.34 -85714 1.89E+07 1.01 -11.267
40% 5.61E+07 134 -10.952 1.83E+07 1.00 -14.085
50% 547E+07 133 -13.175 1.77E+07 1.00 -16.901
-50% 7.14E+07 142 13.3333 2.79E+07 1.12 30.9859
-40% 6.95E+07 141 10.3175 2.61E+07 1.1  22.5352
-30% 6.77E+07 1.41 7.4603 2.46E+07 1.09 15.4930
-20% 6.61E+07 1.39 49206 2.33E+07 1.07 9.3897
C2 & C4 -10% 6.45E+07 1.39 2.3809 2.20E+07 1.05 3.2864
10% 6.18E+07 1.39 -1.9047 2.04E+07 1.04 -4.2250
20% 6.05E+07 14  -3.9683 1.97E+07 1.02 -7.5117
30% 5.94E+07 138 -5.7143 1.90E+07 0.99 -10.798
40% 5.83E+07 137 -7.4603 1.85E+07 0.97 -13.146
50% 5.73E+07 136 -9.0476 1.79E+07 0.95 -15.962
-50% 8.80E+07 15 39.6825 3.73E+07 1.2  75.117
-40% 8.13E+07 1.5 29.0476 3.24E+07 1.17 52.113
-30% 7.57E+07 1.48 20.1587 2.87E+07 1.13 34.742
-20% 7.09E+07 1.44 125397 257E+07 1.1  20.657
All Cap -10% 6.67E+07 1.4 58730 2.33E+07 1.07 9.3897
10% 597E+07 137 -52381 1.96E+07 1.01 -7.9812
20% 5.67E+07 135 -10.000 1.81E+07 0.99 -15.023
30% 5.40E+07 133 -14.286 1.69E+07 0.97 -20.657
40% 5.16E+07 131 -18.100 1.58E+07 0.95 -25.823
50% 494E+07 1.3  -21.587 1.49E+07 0.94 -30.047
-50% 4.06E+07 1.44 -3551 1.21E+07 0.4  -43.05
-40% 458E+07 15 -2730 142E+07 0.61 -33.19
-30% 5.07E+07 157 -19.52 1.61E+07 0.81 -24.41
-20% 552E+07 147 -12.38 1.78E+07 0.95 -16.43
om -10% 5.94E+07 145 -5715 1.96E+07 1.02 -7.981
10% 6.65E+07 1.39 5.556 2.29E+07 1.04 7.512
20% 6.93E+07 1.38 10.00 2.45E+07 1.03 15.023
30% 7.16E+07 137 13.66 2.59E+07 1.03 21.596
40% 7.31E+07 1.34 16.03 2.72E+07 1.03 27.699
50% 7.40E+07 132 17.46 2.83E+07 1.02 32.863




Table 5. Parametric faults detections in fourth-order LF OTA-C filter.

LF Filter
Component  Deviation Oscillator Stagel Oscillator Stage?2
fosc Vout Afoffo fosc Vout  Afo/fo
(Hz) M (%) (Hz) M ")
-50% 6.13E+07 1.43 26.915 3.29e+07 1.00 33.198
-40% 5.77E+07 1.38 19.462 3.05E+07 1.03 23.482
-30% 5.48E+07 135 13.456 2.87E+07 1.04 16.194
-20% 5.24E+07 135 8.4886 2.71E+07 1.05 9.7166
C1&C3 -10% 5.02E+07 1.32 3.9337 2.58E+07 1.04 4.4534
10% 4.66E+07 129 -3.520 2.38E+07 1.03 -3.644
20% 451E+07 128 -6.625 2.29E+07 1.03 -7.287
30% 437E+07 126 -9.524 2.21E+07 1.02 -10.53
40% 425E+07 125 -12.01 2.14E+07 1.02 -13.36
50% 413E+07 123 -1450 2.08E+07 1.01 -15.79
-50% 5.75E+07 1.34 19.047 3.26E+07 1.11 31.984
-40% 5.53E+07 1.33 14.493 3.04E+07 1.15 23.077
-30% 5.32E+07 132 10.145 2.86E+07 1.13 15.790
-20% 5.14E+07 1.33 6.4185 2.71E+07 1.1  9.7166
C2 & Cd -10% 498E+07 132 3.1060 2.58E+07 1.07 4.4530
10% 470E+07 129 -2.691 238E+07 1.01 -3.644
20% 457E+07 129 -5.383 2.30E+07 0.98 -6.883
30% 4.46E+07 129 -7.661 2.22E+07 0.94 -10.12
40% 4.35E+07 1.28 -9.939 216E+07 09  -12.55
50% 425E+07 1.27 -12.00 2.10E+07 0.85 -14.80
-50% 7.25E+07 1.47 50.104 4.25E+07 1.25 72.065
-40% 6.58E+07 1.44 36.232 3.71E+07 1.21 50.203
-30% 6.03E+07 1.40 24.845 3.30E+07 1.16 33.603
-20% 557E+07 1.36 15.321 2.97E+07 1.12 20.243
All Cap -10% 5.17E+07 1.34 7.0394 2.70E+07 1.07 9.3117
10% 453E+07 129 -6.211 2.28E+07 1.00 -7.692
20% 426E+07 127 -11.80 2.12E+07 0.95 -14.17
30% 4.03E+07 124 -16.56 1.98E+07 0.85 -19.84
40% 3.81E+07 122 -21.12 1.86E+07 0.78 -24.69
50% 3.62E+07 121 -25.05 1.75E+07 0.67 -29.15
-50% 2.99E+07 1.13 -38.16 1.45E+07 0.30 -41.29
-40% 3.38E+07 1.32 -30.02 1.69E+07 0.60 -31.58
-30% 3.77TE+07 137 -21.94 1.90E+07 0.78 -23.20
-20% 4.15E+07 1.36 -14.08 2.09E+07 0.93 -1551
- -10% 450E+07 1.34 -6.830 2.28E+07 1.01 -7.691
10% 5.14E+07 129 6.4182 2.66E+07 1.04 7.8138
20% 5.40E+07 1.28 11.801 2.84E+07 1.04 14.9798
30% 5.63E+07 1.27 16.563 3.00E+07 1.03 21.4578
40% 5.80E+07 1.24 20.082 3.14E+07 1.03 27.1255
50% 5.92E+07 1.23 22567 3.26E+07 1.0  31.9838




Table 6. Open-circuit fault detections in fourth-order OTA-C filters.

Filter Type Cascade IFLF LF
Osc SOF in fosc  Vout Afoffo fosc  Vout Afo/fo fosc Vout Afo/fo
(Hz) (VPP) (%) (Hz) (VPP) (%) (Hz) (VPP) (%)

STAGE C1 99.8 035 185 946 198 345 99.6 0.35 303

1 C 84.3 1.49 140 844 1.25 296 675 1.35 173
Ci1&C, 187 158 435 187.3 161 779 187 158 657

STAGE Cs 127 0.82 263 135 031 115 148 1.27 206

» Cs 625 133 79 548 149 -15 76 141 58
Cs& Cs 296 191 746 296.3 193 370 296 191 512

SOF = Stuck Open Fault
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