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Abstract- This paper presents parametric fault diagnosis in
mixed-signal analog circuit using artificial neural networks.
Single parametric faults are considered in this study. A
benchmark R2R digital to analog converter circuit has been
used as an example circuit for experimental validations. The
input test pattern required for testing are reduced to optimum
value using sensitivity analysis of the circuit under test. The
effect of component tolerances has also been taken care of by
performing the Monte-Carlo analysis. In this study parametric
fault models are defined for the R2R network of the digital to
analog converter. The input test patterns are applied to the
circuit under test and the output responses are measured for
each fault model covering all the Monte-Carlo runs. The
classification of the parametric faults is done using artificial
neural networks. The fault diagnosis system is developed in
LabVIEW environment in the form of a virtual instrument. The
artificial neural network is designed using MATLAB and
finally embedded in the virtual instrument. The fault diagnosis
is validated with simulated data and with the actual data
acquired from the circuit hardware.

Index Terms- Mixed-Signal Circuit, Sensitivity Analysis,
Monte-Carlo Analysis, Artificial Neural Network, Virtual
Instrument.

. INTRODUCTION

Fault diagnosis includes fault detection and fault
isolation. Generally digital circuits are the parts of all the
electronic systems. The tendency of the fault occurrence
is in the analog part of the electronic system. Circuit
nonlinearities, component tolerances and due to
availability of the poor fault models, the fault diagnosis
process in the analog and the mixed-signal analog circuits
is a bottleneck in the circuit testing leading to slow
evolution in the fault diagnosis processes. Hence fault
diagnosis is the major component in the mixed-signal
circuit design. Faults in mixed-signal analog circuit are
categorized as catastrophic (Hard) faults and parametric
(soft) faults. Catastrophic faults occur due to the open
and short circuit conditions in the circuit under test. On
the other hand parametric faults are because of variation
in the values of the circuit components.

The methodologies in the fault diagnosis of analog and
the mixed-signal circuit design involve, one using the
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external testing systems and second Built-In-Self Test
(BIST). The results of the test methodologies based on
these have been reported for the different benchmark
circuits. In the study [1] fault diagnosis based on
behavior modeling and hardware description language in
digital to analog converter has been reported. This
method uses circuit level sensitivity analysis. A built in
self test technique with input stimulus using ramp
generator is given in [2]. This method is implemented
using Tspice and used the simulated data. With this fault
diagnosis efficiency achieved is 95.22%. Fault diagnosis
in digital to analog converter [3] covers the catastrophic
faults. Genetic algorithm is used to generate the optimum
test patterns needed for fault diagnosis. A built in self test
technique is used for the fault diagnosis in digital to
analog converter [4]. The circuit testing is done for the
different architectures of the circuit under test. Soft fault
diagnosis in digital to analog converter using wavelet
analysis is done in [5]. A hundred percent fault diagnosis
efficiency is reported with this method. This method
represents simulation results and lacks fault diagnosis
with real time data. Some of the fault diagnosis results
for the mixed signal analog circuit using fuzzy math are
also reported [6]. A review of the fault diagnosis in
electronic systems based on artificial intelligent
technique is presented in [7], [8]. This leads to the
intelligent fault diagnosis system design in mixed-signal
analog circuits. It has been observed from the above
discussion that although different fault diagnosis
methodologies are presented yet these lacks their
implementation in real time domain using actual data
obtained from the circuit hardware.

In this paper, parametric fault detection in mixed-
signal analog circuit using artificial neural networks has
been presented. The parametric variations in the
component values are analyzed using Monte-Carlo
analysis of the circuit under test. The optimum number of
the input test patterns is selected using sensitivity
analysis in fault diagnosis process. The experimental
fault diagnosis results have been presented both with
simulated as well as with real time data.
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Finally, development of a virtual instrument using
LabVIEW software is given which not only acts as an
independent fault diagnosis system but also displays the
results visually. The data acquisition in real time
implementations is done with NIELVIS Il board.
Parametric fault diagnosis is implemented and tested for
a benchmark R2R digital to analog converter circuit [9].

Il. PROPOSED METHOD

The method is categorized as circuit response
measurement, fault classification and development of
virtual instrument.

A. Circuit Response Measurement

In the circuit response measurements the circuit is
simulated with the Multisim software to get the simulated
data. In the real time the data is acquired with the data
acquisition system of NIELVIS Il board. The optimum
number of the input stimulus required for the fault
diagnosis process are acquired by analyzing the response
data using sensitivity analysis of the circuit under test.
Change occurred in the measured response with the
change of circuit parameters is known as circuit
sensitivity [10]. If the response of the circuit is y with
respect to the parameter of the component x, the
sensitivity is denoted by S, and is defined as

Ay
lim |y |_xd% 1)
AX—0 | AX| yox

X

sY =
X

The equation (1) is a general equation for sensitivity
and can be used to evaluate the variation of circuit output,
relative to a change in value of any circuit component. It

represents that the percentage that the dependent variable

changes, Ay—y with respect to the percentage that the

independent variable changes, Ax—x .Taking the limit as the

change in x approaches to zero evaluates this ratio for
small variations. Sensitivity can be positive or negative.

Response 1

Response n

Circuit Responses

Positive sensitivity means the response function increases
as the variation in the component parameter increases and
in negative sensitivity response function decreases as the
variation in component parameter increases or vice versa.

The analog output of R2R digital to analog converter is

represented as a fraction of the reference Vy, = 2—,3, ref

where A, is analog output, D; is digital input code, N is
number of digital bits and V., is the reference voltage.
The sensitivity analysis of the DAC determines the
effects of the various register values affecting the output
of the circuit. It is seen that each resistances in the R2R
network has different sensitivity values for each
combination of digital input data.

The fault models are selected with parametric variation
350% in the resistance values of the R2R network.
Parametric behavior of the components is checked by
performing the Monte-Carlo analysis. The sensitivity of
all the resistances is calculated for each run of all the
defined fault models. These sensitivity values are used to
derive the number of digital input combinations required
to correctly diagnose the faults. The optimum numbers of
input digital combinations required for the fault diagnosis
process are derived from these sensitivity values of
different components.

B. Fault Classification

The sensitivity analysis gives the optimum number of
the input digital combinations required for the fault
diagnosis. These input combinations are applied for each
Monte-Carlo run of each defined fault model to get the
output response of the circuit under test. The fault
classification includes the preparation of the fault
dictionary and then the desgin of the artificial neural
network. The fault dictionary includes the values of the
output responses for the different fault models. Total
number of fault models, output response values and
number of Monte-Carlo runs decide the size of the fault
dictionary. The proposed artificial neural network model
used for the fault diagnosis in mixed-signal analog circuit
is shown in the Fig.1.

ANN output

Fig. 1. Proposed ANN Model for the Fault Diagnosis in Mixed-Signal Analog Circuit
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It is a multilayer artificial neural network containing
input layer neurons, hidden layer neurons and the output
layer neurons [11],[12]. The number of input layer
neurons are equal to the number of output responses
obtained from optimum number of inputs and the number
of output layer neurons are equal number of fault models
including fault free state of mixed-signal analog circuit.

The neurons in the hidden layer are varied to get the
minimum error for the best fault classification. The
artificial neural network is trained by using error back
propagation training algorithm. It implements training in
forward and the back propagation phase. In the forward
phase the inputs are applied to the neural network and the
output response is collected, by keeping fixed network
weights. In the second phase of training the error
propagates back and the weights are changed according
to the error produced. The error produced is the
difference of the actual output value of ANN and the
required target output value of the artificial neural
network.This training process is repeated until the output
values with minimum error is obtained. Mean square
error has been taken as the performance metric for
artificial neural network and is given as

1 N
MSE== Y (
N

2
T —Yn) 2
n=1

n

Where T, and Y, are the target output and output of

artificial neural network is designed and debugged in
MATLAB software.

C. Virtual Instrument Design

The virtual instrument designed in LabVIEW software
contains two parts block diagram and the front panel [13].
The block diagram involves the graphical code of the
fault diagnosis system and the front panel contains
displays of the input response values, output of artificial
neural network and the fault indicators. It serves as an
independent fault diagnosis system and is tested both for
the simulation and real time data.

I1l. EXPERIMENTAL VALIDATION

The proposed method described in the previous section
is applied to a benchmark four bit R2R digital to analog
converter mixed signal analog circuit. As this mixed-
signal analog circuit has already been used as an example
circuit in other fault diagnosis studies and is found to be a
suitable choice. The fault diagnosis is validated both for
simulated and real time data obtained from the circuit
hardware

A. lllustration

The circuit shown in Fig. 2 is the benchmark four bit
R2R digital to analog converter mixed signal analog
circuit We have taken up this mixed-signal analog circuit
to illustrate the proposed method.

artificial neural network respectively. In this work
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Fig. 2. Benchmark R2R Digital to Analog Converter

The output voltage of the circuit under test is given by
the equation

R D. Db D, D

Vv =—fV 0,1,72,°3 (3)
0 R refl16 8 4 2

Where R=10KQ and hence 2R=20KQ. Therefore the

values of the resistances in the R2R network of digital to

analog converter are R1= R2=R3=R4=R8=20KQ and

R5=R6=R7=10KQ. Sixteen fault models namely R1(+),

Copyright © 2015 MECS

R1(-), R2(+), R2(-), R3(+), R3(-), R4(+), R4(-), R5(+),
R5(-), R6(+), R6(-), R7(+), R7(-), R8(+) and R8(-) two
for each of the resistances R1 to R8 are defined. The (+)
and (-) represents the parametric variation in the
component value +50% and -50% respectively. The
output response of the DAC is measured for all the
sixteen combinations of the input digital signal for all
fault and fault free models and the response of the circuit
is noted, keeping value of other components within their
tolerance limit. 50 Monte Carlo runs are carried out for
all the fault models and for the fault free condition. The
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output response of the circuit under test is measured for
each run to prepare the fault dictionary. The parametric
variation in resistance values remains within the #5% of
its nominal value under fault free conditions.

Now to keep the number of test inputs optimum for
fault diagnosis, the sensitivity analysis of the circuit
under test is performed using of MULTISIM software for

Fault Diagnosis of Mixed-Signal Analog Circuit using Artificial Neural Networks

each simulation run of the Monte-Carlo analysis for all
the fault models. The Table 1 shows the sensitivity of
various components under no fault conditions. Similarly
the sensitivities of the circuit components have been
found for all the parametric fault models and for each
Monte-Carlo run.

Table 1. Sensitivities of Various Components under No Fault Condition

R1 R2 R3 R4 R5 R6 R7 R8
0001 0 -7.8126 -9.76672 20.97333 31.24883 23.43545 21.47821 -10.2591
0010 0 -15.6256 42.94473 -4.88396 62.49611 46.86742 -19.5359 -4.88396
0011 0 -23.439 33.18879 16.09994 93.74203 70.29607 1.95306 -15.1482
0100 0 93.72108 -7.81318 -1.95329 124.9861 -31.2527 -7.81318 -1.95329
0101 0 85.91342 -17.5819 19.02451 156.2293 -7.81262 13.66939 -12.2144
0110 0 78.10505 35.14037 -6.83822 187.4705 15.62408 -27.3529 -6.83822
0111 0 70.2964 25.38233 14.14999 218.7106 39.05738 -5.85975 -17.1043
1000 249.9485 0 0 0 0 0 0 0
1001 249.9495 -7.81263 -9.76674 20.974 31.249 23.43561 21.47847 -10.2591
1010 249.9497 -15.6256 42.94553 -4.88396 62.4965 46.86784 -19.5358 -4.88396
1011 249.9503 -23.4391 33.18931 16.10035 93.74267 70.29682 1.95307 -15.148
1100 249.9501 93.72225 -7.8132 -1.9533 124.9871 -31.2528 -7.8132 -1.9533
1101 249.9509 85.91444 -17.5818 19.02507 156.2306 -7.81265 13.66952 -12.2143
1110 249.9509 78.10593 35.14094 -6.83819 187.4722 15.62417 -27.3528 -6.83819
1111 249.9514 70.29715 25.38266 14.15032 218.7127 39.05769 -5.85977 -17.104
Table 2. Fault Dictionary Containing the Sample Values of Circuit Responses for Proposed Parametric Faults.
Test Input [ o001 | o010 | o012 | o100 | o101 | o110 [ o111 [ 1000
Fault Models Response Output
No Fault Simuliilted -0.62192 -1.2469 -1.87154 | -2.49682 | -3.12128 | -3.74638 | -4.37114 | -4.99655
Real time | -0.62262 | -1.23888 | -1.8603 -2.4714 | -3.09217 | -3.70907 | -4.33145 | -4.9029
R1(+) Simuliilted -0.6219 -1.2469 -1.87154 | -2.49682 | -3.12128 | -3.74638 | -4.37114 | -3.33023
Real time -0.6223 | -1.23824 | -1.85933 | -2.47075 | -3.0912 | -3.70875 | -4.32984 | -3.29006
R1() Simuliilted -0.62192 -1.2469 -1.87154 | -2.49682 | -3.12128 | -3.74638 | -4.37114 | -9.99555
Real time | -0.61781 | -1.23208 | -1.85144 | -2.46097 | -3.07991 | -3.69594 | -4.31623 | -9.59228
R2(+) Simula}ted -0.67874 | -1.36054 -2.042 -1.81521 | -2.49645 | -3.17834 | -3.8599 | -4.99655
Real time -0.67446 | -1.34524 | -2.02147 | -1.79955 | -2.47473 | -3.14671 | -3.82367 | -4.89594
R2() Simula}ted -0.49692 | -0.99689 | -1.49651 | -3.99636 | -4.4959 | -4.99606 | -5.49589 | -4.99655
Real time -0.49771 | -0.99263 | -1.49161 | -3.91362 | -4.41369 | -4.91163 | -5.41818 -4.8993
R3(+) Simula}ted -0.6946 | -0.92731 | -1.62455 | -2.55497 | -3.25212 | -3.48487 | -4.18225 | -4.99655
Real time | -0.69012 | -0.92243 | -1.61369 | -1.61369 | -3.21572 | -3.44864 | -4.14106 | -4.8986
R3() Simuliilted -0.47309 -1.9013 -2.37727 | -2.37776 | -2.85336 | -4.28185 | -4.75792 | -4.99655
Real time | -0.47445 | -1.87322 | -2.35071 | -2.3521 | -2.82753 | -4.22907 | -4.70733 | -4.89957
RA(+) Simuliilted -0.46493 | -1.28346 | -1.75102 | -2.51144 | -2.97887 | -3.79757 | -4.26523 | -4.99655
Real time -0.46518 | -1.27103 | -1.73723 | -2.48129 | -2.94714 | -3.75472 | -4.22142 -4.8974
R4() Simuliilted -0.93776 | -1.17335 | -2.11398 | -2.46741 | -3.40776 -3.6434 -4.58423 | -4.99655
Real time | -0.92806 | -1.16314 | -2.09379 | -2.43918 | -3.36895 | -3.6047 | -4.53709 | -4.89994
R5(+) Simulgted -0.49693 | -0.99691 | -1.49657 | -1.99688 | -2.49636 | -2.9965 -3.4963 | -4.99655
Real time -0.49526 | -0.98718 | -1.48377 | -1.97703 | -2.47339 | -2.96663 -3.4642 -4.89925
RS() Simulgted -0.83025 | -1.66354 | -2.49648 | -3.33006 | -4.16281 | -4.99618 | -5.82922 | -4.99655
Real time -0.8242 -1.64408 -2.4688 -3.28814 | -4.11344 | -4.93327 | -5.76296 -4.9001
R6(+) Simulgted -0.52325 | -1.04956 | -1.57555 | -2.62841 | -3.15417 | -3.68059 | -4.20669 | -4.99655
Real time -0.52178 | -1.04031 -1.5636 -2.59814 | -3.12094 | -3.64067 | -4.16477 | -4.90047
R6() Simulated | -0.76614 | -1.53531 | -2.30413 | -2.3045 -3.0732 | -3.84253 | -4.6115 | -4.99655
Real time | -0.76163 | -1.51802 | -2.2816 | -2.27888 | -3.0421 | -3.80025 | -4.56503 | -4.90052
R7(+) Simulgted -0.53028 | -1.33025 | -1.8632 | -2.53016 | -3.06295 | -3.86308 | -4.39614 | -4.99655
Real time | -0.52782 | -1.31722 | -1.84615 | -2.49931 | -3.02794 | -3.82453 | -4.35489 | -4.90214
R7() Simulailted -0.7516 | -1.12895 | -1.88333 | -2.44965 | -3.20381 | -3.58123 | -4.33576 | -4.99655
Real time -0.74585 | -1.11837 | -1.86591 | -2.41967 | -3.16667 | -3.54016 | -4.28907 | -4.90222
R8(+) Simulgted -0.69871 | -1.28346 | -1.98493 | -2.51144 | -3.21271 | -3.79757 | -4.49918 | -4.99655
Real time | -0.69606 | -1.27222 | -1.96995 | -2.48202 | -3.17918 | -3.75719 | -4.45603 | -4.89852
R8() Simulgted -0.46743 | -1.17335 | -1.64342 | -2.46741 | -2.93734 -3.6434 -4.11357 | -4.99655
Real time | -0.46503 | -1.16137 | -1.62723 | -2.43721 | -2.9027 | -3.60063 | -4.06707 | -4.89739
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It has been concluded from these sensitivity values of
the circuit components that the test inputs with input
digital value 1 to 8 are optimum to diagnose the proposed
faults. Finally a fault dictionary has been prepared for the
responses of the circuit under test for the optimum
number of test patterns derived from the sensitivity
analysis of the mixed-signal analog circuit. The Table 2
shows the fault dictionary containing sample value of the
output response of simulated and real time data for all the
defined fault models.

B. Fault Classification

A backpropagation artificial neural network is
designed for the fault classification process. The
proposed architecture of the artificial neural network has
been designed using artificial neural network tool box of
MATLAB software. The input layer of the artificial
neural network contains 8 inputs as there are 8
distinguish features in the form of output responses of the
circuit under test. The output layer of ANN contains 17
outputs, 16 for the different fault models and one for the
non faulty state of the circuit. The number of hidden
layer neurons is varied to get the best performance of the
artificial neural network. Mean square error of ANN is
taken as the performance parameter. The artificial neural
network is trained with  Levenberg-Marquardt
backpropagation (trainlm) algorithm as this algorithm has
been proved to be the best in estimation and it gives
minimum error as compared to the other training
algorithms used in ANN [14],[15].

The 867 samples of the output responses are used for
training, validation and testing of the artificial neural
network. The 70% of the total input samples are used in
training the artificial neural network, 15% are used for
validation check and the 15% are used for testing.
Therefore 607 samples are used for training, 130 samples
for validation and 130 samples for testing of the artificial
neural network. The random input selection function is
used to distribute these inputs in the artificial neural
network. The training parameters involve maximum
number of epochs 1000, validation sample fail 6 and
minimum mean square error. The training, validation and
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Fig. 4. Design of Virtual Instrument for Fault Diagnosis of Digital to Analog Converter (a) Block diagram
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the testing graphs for fault classification in mixed-signal
analog circuit are shown in Fig.3
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Fig. 3. Artificial neural network training, validation and test graphs for
fault classification in mixed-signal analog circuit.

In the fault classification in mixed-signal analog circuit
the 19 hidden neurons are used in the artificial neural
network design. The best validation performance of the
artificial neural network is 2.4637e-05 at epoch 61.

C.Virtual Instrument Design for Fault Diagnosis

The fault diagnosis system has been designed in the
LabVIEW environment in the form of a virtual
instrument. The results of the fault diagnosis i.e the
output of the artificial neural network is made available
with visual view by a virtual instrument design. The front
panel of the virtual instrument contain eight test input
controls  namely responsel, response2,......... and
response8, ANN output, and the display variables R1(+),
R1(-), R2(+), R2(-), R3(+), R3(-), R4(+), R4(-), R5(+),
R5(-), R6(+), R6(-), R7(+), R7(-), R8(+) and R8(-) with
visual indicators. The block diagram of the virtual
instrument contains graphical code of the fault diagnosis
system. This includes input output blocks, artificial
neural network and some data processing blocks.
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The front panel and the block diagram of the virtual
instrument are shown in Fig.4. In the virtual instrument,
artificial neural network program is embedded with the
help of MATLAB Script node. Finally the output of the
artificial neural network is processed to classify the
different defined fault in the mixed-signal analog circuit.
Along with the other fault models a no fault (NF) is also
provided as one of the outputs. It can be seen from the
Fig. 4, that R5(+) is there in the circuit under test. In the
front panel of the virtual instrument red indicator shows
that fault occurred and the green indicator shows no fault
occurred.

IV. RESULTS AND DISCUSSION

In this section results of parametric fault diagnosis
using intelligent virtual instrument in four bit R2R digital
to analog converter circuit with simulated and with the
real time data are presented. The performance of the

artificial neural networks designed for the fault diagnosis
process is given in the Table 3. The artificial neural
network used in the fault classification in mixed-signal
analog circuit uses 19 hidden layer neurons. The artificial
neural network gets training in 61 epochs. Mean square
error is defined as average squared difference between
output and the target values of the ANN. The mean
square error obtained for training data is 1.91907e-11, for
validation data is 2.46370e-5 and for test data is
2.28248e-5. The regression value in ANN gives measure
of the correlation between the output and the target
values. The regression value 1 shows their close relation
and 0 shows a random relation. The regression value for
training data is 9.99999e-1, for validation data is
9.99777e-1and for test data is 9.99794e-1. These values
are approaching one show the close relation between
output and the target values. The regression plots of the
artificial neural network are shown in Fig.5.

Table 3. Performance of the Avrtificial Neural Network used for Fault Diagnosis Mixed-signal Analog Circuit

Mixed I-’:li?i.dzz No. of Mean Square Error Regression Value
:;garl]gé N|;3¥§; s Epochs Training Validation Test Training Validation Test
Cireuit 19 61 1.91907e-11 | 246370e-5 | 2.28248¢-5 | 9.99999e-1 | 9.99777e-1 | 9.99794e-1
Training: Rt el N of the circuit under test obtaine(_:i from_the Monte g:arlo
5 == Pt = A run for the fault model R5(+) is applied to the virtual
& el = §€3 J 3 instrument input. In the front panel fault indicator shows
T j:_ e that the component R5(+) fault is detected.
06 ® 0O
!%IH Er:l-
! | ! V. CONCLUSION
gu | 303
r‘ 5 1 | In this paper, fault diagnosis in a four bit R2R digital
LI NG A LACE “;w'ﬂtﬁ e 1 to analog converter using artificial neural network is
presented. The novelty of the proposed method lies in the
Test: R=0.96979 All: R=0 99954 fact that testing of the mixed-signal analog circuit has
~ A — . s . .
g | o o g . i ‘ : been_ presented with Igs_s_number c_)f input test patterns
& e . / o 88 | obtained with the sensitivity analysis of the circuit. This
% 0 % significantly reduces the complexity involved in the fault
S /./ 5 diagnosis process. In addition to this, the fault diagnosis
'-'-‘“ / ;l-” methodology has been generalized by validating with
02 Soal, simulated as well as real time data for a 4 bit DAC. It
§ ci/ S ofg will also be valid for the other higher architectures of
¢ a2 04 08 08 ¥ 63 o4 06 0§ | DACs with more number of bits. Moreover analyzing the
Target Target

Fig. 5. Regression Plots of ANN used in Fault Classification of Mixed-
Signal Analog Circuit

With simulated and real time data results are checked
for all the defined parametric fault models (R1(+), R1(-),
R2(+), R2(-), R3(+), R3(-), R4(+), R4(-), R5(+), R5(-),
R6(+), R6(-), R7(+), R7(-), R8(+) and R8(-)) in the R2R
network of DAC. It has been concluded that in both the
cases the fault diagnosis efficiency is 100%. Here one of

the sample results of fault diagnosis test is shown in Fig.4.

A set of output responses (-0.496926, -0.996914, -
1.49657, -1.99688, -2.49636, -2.9965, -3.4963, -4.99655)

Copyright © 2015 MECS

component tolerances using Monte-Carlo analysis makes
the testing of DAC in real time domain.

The use of the artificial neural network leads to the
automation in the fault diagnosis process even with the
unknown fault features. The development of fault
diagnosis system in the form of virtual instrument
represents a standalone fault diagnostic system which in
turn decreases the human effort needed in the fault
diagnosis of mixed signal circuits. Hence it has been
concluded that the proposed fault diagnosis system is an
intelligent virtual diagnosis system with good diagnosis
ability for the parametric fault diagnosis in mixed-signal
analog circuit.
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