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Abstract

The paper deals with fault diagnosis of nonlinear analogue integrated circuits. Soft spot short defects are analysed
taking into account variations of the circuit parameters due to physical imperfections as well as self-heating of the
chip. A method enabling to detect, locate and estimate the value of a spot defect has been developed. For this
purpose an appropriate objective function was minimized using an optimization procedure based on the Fibonacci
method. The proposed approach exploits DC measurements in the test phase, performed at a limited number of
accessible points. For illustration three numerical examples are given.
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1. Introduction

Fault diagnosis of analogue circuits is an important and still open problem for design
validation of electronic devices [1-21]. Generally, fault diagnosis includes detection of the
faulty circuits, location of the faulty elements, and evaluation of their parameters. If a faulty
parameter drifts from its tolerance range, but does not lead to some topological changes, the
fault is said to be the soft or parametric one. Most physical failures (80-90)% in integrated
circuits are opens and shorts [9-10, 21]. In both CMOS and BIJT circuits (70-80)% of failures
are shorts and (10-20)% opens. Open and short faults, called hard faults, are extreme cases of
large increase or decrease of values, which occur in actual circuits. A real open fault can be
simulated by a high resistor, usually 100 kQ — 10 MQ, connected in series with the element or
path, whereas a real short fault can be simulated by a small resistor, usually 10 Q—1 kQ,
connected to the pair of points. The above mentioned faults can be considered as near-opens or
near-shorts [8—11, 13, 15, 21], and occur as soft spot defects. They can take the form of missing
or extra materials [9]. The spot defects represent majority of IC defects that are met in their
production and operation. Each of these failures changes branch currents and voltages of the
circuit, that affect the power consumed by the circuit and its temperature. In consequence, the
circuit parameters vary. In the reference [21] a method of spot defect diagnosing analogue
circuits based on parametric characteristic tracing is proposed. The approach enables to test the
circuits with multiple operating points but fails to consider the thermal effects.

In this paper a different method for detection, location and evaluation of a single soft spot
short is developed. The method takes into account the technological deviations of parameters
within their tolerance ranges as well as the thermal behaviour of the chip, leading to variations
of the parameters in the circuit under test. They may be large and may considerably influence
both the diagnostic process and the obtained results.

The diagnostic method is based on a measurement test, leading to currents flowing through
some accessible branches. The values of these currents depend on the applied sources, the spot
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defect, and the parameters of fault-free elements. The temperature inside the chip, higher than
the ambient temperature, affects these parameters and the measured currents. Thus, to operate
with actual values of the parameters, the diagnostic method should take into account the thermal
behaviour of the chip. This is especially important in the bipolar transistor circuits, where
neglecting the temperature effects may lead to inaccurate or even wrong results. Thus,
considering the thermal constraints improves reliability of the method and leads to more
accurate results.

2. Diagnostic test

To diagnose a spot defect, taking into account the thermal behaviour of the chip, the test is
performed as follows. The circuit is driven by m power supply sources consisting of voltage
sources £, ---, E, and internal resistors R, ---, R,,, applied at the input nodes, and is terminated

m>

by aresistor R, connected to the output nodes, as shown in Fig. 1. The input currents i, ---, i

m

and the output current i, are measured. Their values are labelled 7, ---, i, and i_, respectively,
whereas the values of the corresponding input and output voltages are labelled v, ...,v,, 7,

The power consumed by the chip is given by:

m

m
= — 2 < 2
P= zv./l;/ —Riiy = Z(E_/l/ —Ri; ) Q)
j=1 Jj=0

where E, = 0. Under the assumption that the temperature of all elements inside the chip is the
same, the thermal behaviour of the chip can be analysed using the electrical analogue circuit
[22-23], shown in Fig. 2. In this model the voltage is analogous to the temperature, the current
is analogous to the flow of power, T, means the ambient temperature, and Ry is the thermal
resistance, including junction-to-case and case-to-ambient thermal resistances. Analysing the
circuit shown in Fig. 2 gives:

T=T, +R;P. 2)
R
VT
E1 Vi
- io

+

L] & VO

Rm I -
+
Ey Vi

Fig. 1. Arrangement of the diagnostic test.

Given the interior temperature T, the actual parameters of the devices inside the chip can
be evaluated.
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Fig. 2. The electrical analogue circuit of the chip thermal behaviour.

3. The diagnostic method

Let N,. be the number of the soft spot short defects that are diagnosed. To identify the

failure that actually occurs in the circuit under test and estimate its value, the diagnostic test is
arranged and some simulations are performed. Each soft short is represented by a resistor

having the resistance R from the range [10 Q1 kQ] The first part of the algorithm developed

in this paper consists in location of the actual defect. For this purpose all Nsc soft shorts are
considered in succession and in each case the function f(R) is created:

7(R)= z\ 7-i(R). 3)

and f(R) = 0 is solved using an optimization procedure based on the Fibonacci method. The
procedure finds the minimum of f(R) within the range [10 Q1 kQ] by narrowing this range in

a systematic way.

A f(R)

v

IS 0 © R
Rl:R‘+{L(°)—L] R=R +L- R
r r
Fig. 3. Illustration of the Fibonacci method.

The basic concept of the Fibonacci method is as follows [24]. Find R = R such that f(R) is
minimized over the range (R‘, R+), where f(R) is unimodal. The length of the range is labelled

[9). To find R the internal points R, and R, are chosen in such a way that
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(©) (0) (0)
R =R +[L(0) —LJ, R,=R + 0 —(L(O) —Lj =R +L— (see Fig. 3), where r is a
r r r

constant determined as described in the sequel. If f(R)> f(R,), as in Fig. 3, R must lie
between R, and R*, forming the range (Rl, R+) whose length is labelled LV Otherwise, i.e.
if f(R)< f(R,), R mustlic between R™ and R,.In that case the range (R‘, R2) is considered.
Next, the internal points R, and R, are selected in the range (Rl, R*) or (R‘,RQ) using the
same rules as for the range (R‘, R*). This procedure is continued leading to the intervals

29 W ... 1V, ... making the following assumptions. The internal points in each interval

L) should be symmetrically located, so that ) = £U*) 4+ 1U+2) j=0,1,.... Moreover, the

()

relative reduction in the size of interval, r, should be the same in each cycle, hence, Lf’”) =r,

j=0,1,.... Under these assumptions it can be written:

L(/') L(/+1)+L(/'+2) 1
I B () R )
or
1
r=l+—. &)
r

The solution of (5) is » =1.618. Thus, after k steps the obtained interval is £*) = 10+
and R e I*). The described search is terminated once Z*) is less than the required accuracy of
R. This method is simple, effective, and easy to implement. It exploits the values of f(R) at
some points and does not require gradients at these points. In consequence, the currents /, (R),
j=0,1,..., m, have to be determined at these values of R. For this purpose the circuit analyses

are performed.

If the function f(R) is not unimodal the Fibonacci method may give an inappropriate result.
Therefore, in order to increase the reliability of the optimization process, we divide the initial
region into 77 sub-regions and apply the method in each of them.

To make possible checking whether the circuit is fault-free, N analyses of the circuit
without any spot defect are performed, choosing N sets of the circuit element values
(resistances and transistor parameters) selected within their tolerance ranges using the LOT
selection method [25, 26]. During the analyses every time the currents i,i,---, i, are

computed, as long as the thermal constraints are satisfied. They enable to find the ranges

[1;, JJ ,j=0,1, ..., m, comprising the currents of fault—free circuits.

3.1. A sketch of the algorithm

1. Choose the load resistor R, perform the test described in Section 2, and store the measured
currents i, i, -+, i,
2. Decide the status of the circuit. If 7}6[17, 17], j=0,1,...,m, the circuit is fault-free;

otherwise it is faulty.
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3. Find the power consumed by the chip using (1) and apply (2) to determine the temperature
T inside the chip. The thermal resistance of the chip can be found in catalogues (e.g. [22])
provided by a local sales representative, or it can be measured.

4. For each of Ngc potential defects find the value of the resistor that simulates the failure,
corresponding to the minimum of f(R). For this purpose the optimization procedure based
on the Fibonacci method is used over the interval [10 Q1 kQ]. The parameter values of

fault—free elements are calculated taking into account the nominal values, updated at the
temperature T determined in Step 3. If f(R) (see (3)) is less than &, where & is a small
positive number, the obtained resistance is accepted. Otherwise, the analysed failure is
discarded. As a result, one or several possible defects are found and their approximate values
are determined.

5. For each defect, determined in Step 4, correct the obtained resistance that simulates the
failure, due to deviations of the fault-free parameters within the tolerance ranges, considering
the thermal constraints. For this purpose M optimization processes are performed. In each
case the parameter values are selected from their tolerance ranges using the LOT selection
method [25, 26] and updated at the temperature T . Thus, the final result is one or several
ranges of the spot short values. In the last case, in order to obtain a unique result, another
test should be arranged, the algorithm repeated and the common part chosen.

4. Numerical examples

The diagnostic procedure was implemented in the DELPHI. The computations were
executed on a PC computer with an Intel Core (TM) i7-2600 processor and 4GB RAM.

Example 1.

Let us consider the circuit, shown in Fig. 4, comprising five bipolar transistors. The
transistors are represented by the Gummel-Poon model with the parameters depending on
temperature according to the formulas given in the reference [27]. The nominal values of the
parameters at the temperature 27°C are as follows: BF = 400, BR = 4, CIC = 4.7-10712,
CIE=1.6-10"", IKF = 0.06, 1S =1.02-10"'4, ISE =4.42-10""2, NE =2.0, NF = 1.0, NR = 1.0,
RB=3.3,RC=0.33,RE=0.81, TF=4.7-10"', TR=6.2-10 8, VAF=121, VAR=24, XTB=1.5.

The currents /C and /B of the Gummel-Poon model are determined by the following
equations including the temperature-dependent quantities:

IC = IS(r) [eNF'cVT —eNR'CVT]—]S(T) [eNR'CVT —1]—ISC(T)(eNC'CVT —l],

~ 0B(T) BR(T) ©
1B = ;i((TT))[eN?fw _1]+éi((TT))[e~Zb}T -1]+ ISE(T)(eN’V;EVT —1]+]SC(T)[6N?‘C” —1].

The formulas for the parameters depending on the temperature T: IS(T), BR(T), BF(T),
ISE(T), ISC(T), OB(T) and V'T are presented in the references [25, 27]. The resistances of linear
resistors inside the chip are specified by:

R(T)= R (1+ T, (T-T, )): (7

where R is the resistance at To, T, is the first order temperature coefficient.
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390 Q

Fig. 4. The bipolar transistor circuit for Example 1.

The nominal values of resistors at the temperature 27°C are indicated in Fig. 4. The
temperature coefficient of the resistors is T, =2- 107 1/K . The thermal resistance of the chip
is Rt = 90°C/W. Let the ambient temperature be T, =27°C, £ =0.001, N =500, M =20. We
intend to diagnose eight soft spot shorts, labelled F,---, F;, included in Table 1, and the fault-
free case F,. For this purpose a test, called Test A, is arranged as described in Section 2 with
E, =12V and R =150 Q, at the accuracy of 10 pA .

Table 1. The results obtained with the proposed method using Test A.

Actual spot short Interior temperature of | Possible faults indicated
the chip in °C by the algorithm (R in Q)
F F
Rag =200 Q 30.92 Rag < [195.92 - 207.06]
F,
F, Rep €[73.65 - 83.32]
Rep =80Q 37.54 Fs
Rgp €[12.89-13.13]
Fs F;
Ry =50 Q 47.08 Ry €[49.79 - 50.15]
F, F,
Ry =500 Q 6241 Ry < [489.88 — 508.43]
Fs
Fs Ry €[337.75 - 358.55]
Ry =350Q 60.51 F
Ry €[659.34 - 671.67]
F;
Fe Ry €[244.08 - 261.54]
R =20Q 50.54 Fe
Ry €[16.41-23.75]
F; F;
Ryn =30Q 68.88 Ry €[28.03-31.88]
Fg Fg
Rop =200Q 42.80 Rop €[190.97 - 209.57]
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Table 2. The results obtain with the proposed method using Test B.

Actual spot short Interior temperature of | Possible faults indicated by
the chip in °C the algorithm (Rin Q)
F,
F, Rep €72.33-86.95]
Rep =80Q 3245 F3
Rgp €[30.92-31.35]
Fs
Fs Ry €[343.36 —359.37]
Ry =350Q 43.80 Fs
Ry €[426.92 — 437.55]
F;
Fe Rep €[325.91-350.08]
Ry =20Q 37.52 Fe
Ry €[15.68-26.32]

Table 3. The faults F,, Fs, and F¢ obtained on the basis of Tables 1 and 2.

Actual spot short Common parts of the sets provided by
Tables 1 and 2

F» F>

Rep =80Q Rep €[73.65 - 83.32]
F5 FS

Ry =350Q Ry €[343.36 - 358.55]
Fs Fs

Re =20Q Ry €[16.41-23.75]

Let the tolerances of the basic circuit parameters be £2% for the resistances and + 5% for
the forward beta BF and the transport saturation current IS. In each of the considered cases the
actual values of the circuit parameters, at the ambient temperature, are within the tolerance

ranges. For a fault-free circuit the current ranges [il‘ S J:[29.75,30.18]mA and

[i; L0y J =[26.82,27.13] mA have been determined using the approach described in Section 3.

In the cases of faults F, F3, Fa, F7, and Fs the results, summarized in Table 1, are unique and
correct, whereas in the cases of F2, Fs, and Fe the algorithm finds the actual fault and the virtual
one. Therefore, the diagnosis procedure is repeated for the latter faults using another test, called
Test B, with E£1=6V and R, = 200Q. The results are shown in Table 2. The common parts of
the sets provided in both tables, corresponding to the faults F>, Fs, and Fg, are presented in Table
3. Thus, in all the cases the algorithm gives correct results. The CPU time consumed to diagnose
a spot short on the basis of one test, listed in one row of Tables 1 and 2, is less than 1 second.
To thoroughly evaluate the method efficiency, 10 sets of values of the spot defects F, -, Fg,

comprising 80 cases, have been diagnosed. In 77 cases the final results provided by the
algorithm are unique and correct. In one of the cases the algorithm fails, whereas in two cases
it finds both the actual and virtual faults.

Example 2

Let us consider the circuit, shown in Fig. 5, comprising twelve bipolar transistors. The
transistor model as well as the parameters, constants, and tolerances are the same as in
Example 1. The nominal values of the resistors at the temperature 27°C are indicated in the
figure. We diagnose eight soft spot shorts included in Table 4. For this purpose Test A is
arranged, as described in Section 2, with £1=8V, E2=4V, R, =200Q, at the accuracy of 10 pA.
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For a fault-free circuit the current ranges [i{ S } =[43.69, 44.33] mA, [iz‘ A } =[15.12,15.74] mA,

[ig A J =[28.58,28.62]mA have been found. On the basis of Test A the proposed algorithm

gives the results summarized in Table 4. In all the cases the results are unique and correct.
Therefore, there is no need to arrange another test. The CPU time consumed to diagnose one

spot short is less than 2 seconds.

10kQ oy B
i24kQ 240 11kQ 11kQ !
E 1 — 9 H i
: A :
i T O12 E R,
i O O E ¢ F »—%Q;)Qm ] D ! 10 mQ
i I :
| 7kQ 2kQ :
s 510 :
7kQ 5
P500 50 Q '
i G :
: i |
| K o2 N S— 0 o |
| 5 s
i 0 01 6 7 f
| R o) M :

600 O 600 Q 14kQ 300 Q 400 Q S 400 0

B L s I3 N 5

Fig. 5. The bipolar transistor circuit for Example 2.

Table 4. The results obtained with the proposed method using Test A.

Actual spot short Interior temperature of | Possible faults indicated by
the chip in °C the algorithm (Rin Q)
F 59.80 F
Ryp =200 Q [196.27 - 202.37]
F 51.47 F
Rep =70Q [68.85 - 71.16]
Fs 73.03 Fs
Rgp =120 Q [106.13-128.61]
F. 60.27 F,
Ry = 400 Q [352.53 - 454.95]
Fs 5245 Fs
Ry =150Q [142.84 —158.95]
Fs 81.62 Fs
Ry =40Q [38.47 - 41.46]
F; 6151 F
Ry =120Q [116.68 —123.80]
Fs 58.03 Fs
Rop =50 Q [48.78 - 50.82]
Fo 39.08 Fo
Rgg = 5000 [490.11-510.81]

The algorithm developed in this paper is mainly oriented towards the circuits comprising
bipolar transistors. The circuits of this class contain resistors and BJTs, and consume rather
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large power. In that case the thermal behaviour of the chip considerably affects the parameter
values. Neglecting the thermal effects may lead to inaccurate or even wrong results. To confirm
this fact all the spot shorts F1 — Fg in Example 1 have been diagnosed neglecting the thermal
constraints, using the parameters at the temperature 27°C. For the defects Fi, F2, F3, Fs the
method provides accepted results. For the F4 and F7 ones the method does not find defects

within the range [1OQ,1kQ]. For the defect F¢ the determined range [24.5-30.6] Q is

inaccurate, whereas for Fg the found range [59.7-77.5] Q is wrong.

CMOS circuits, as a rule, do not contain resistors and the parameters of MOS transistors
slightly depend on the temperature. In consequence, influence of the self heating of the chip on
the parameter values in the DC state is marginal. The numerical experiments show that, in this
case, the algorithm is efficient for diagnosing the location of spot short defects of small complex
circuits, but occasionally the ranges of parameter values may be considerably overestimated.
This is illustrated by the following example.

Example 3

The CMOS circuit shown in Fig. 6 is made in 0.5 pum technology. MOS transistors are
characterized using the Level 3 model, implemented in IsSSPICE 4 [27]. The parameters of the
model depend on the temperature, as described in [28]. The tolerances of the main parameters
(KP, VTO, TOX) and the resistor R are +2%, the tolerance of the channel length is +0.02 Linin
and of the channel width — +0.02 Lin, Wwhere Lmin is equal to 1 um. Eight soft spot short defects
are considered (see Table 5). The algorithm developed in this paper correctly identifies all
faults, but some ranges of the provided parameter values are overestimated. The results are
shown in Table 5.

Note

In all the cases discussed in this section the proposed algorithm correctly identifies the fault-
free circuits.

Table 5. The results obtained with the proposed algorithm.

Actual spot short | Interior temperature | Possible faults indicated
of the chip in °C by the algorithm (R in Q)
F 27.14 F
Rys =220 Q Ry €[72.63-341.80]
F, 27.00 F
Rep =50 Q Rep € [47.23 - 51.68]
Fs 2815 F;
Rep=20Q Rep €[19.96 —20.04]
F, 29.73 F,
Rgy =80Q Rgy €[80.33-86.42]
Fs 3047 Fs
Ry =150 Q Ry €[141.99 - 156.18]
Fs 34.35 Fs
Ry =600 Q Ry €[580.21-686.11]
F; 2855 F;
Ryn =40 Q Ry € [10.00 —122.11]
Fs 33.15 Fs
Rop = 400 Q Rop € [400.37 - 402.97]
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Fig. 6. The CMOS circuit for Example 3.
5. Conclusion

The paper deals with local soft spot short defects that represent majority of failures met in
production and operation of integrated circuits. The proposed method of diagnosing a single
soft short defect, taking into account the thermal behaviour of the chip, is simple and easy to
implement. The thermal effect significantly influences the parameters of circuits considered as
fault — free ones, for the circuits comprising bipolar transistors. Thus, neglecting this influence,
the results provided by the diagnostic method may be inaccurate or even wrong. The provided
examples of BJTs and other circuits show that the proposed approach is an efficient tool for
location of the faulty parameters and estimation of their values. For CMOS circuits, the
parameters slightly depend on the thermal effects in the DC state. The proposed method has the
following limitations. The method is mainly dedicated to diagnosing spot shorts. Diagnosis of
spot open defects needs more restrictive requirements of the measurement accuracy and the
parameter tolerances, which are difficult to meet in real conditions. For CMOS circuits the
method can be applied only to small complex circuits and it occasionally gives overestimated
results. The main cost of implementation of the method for diagnosing CMOS circuits is the
necessity of joining two environments: DELPHI - where the diagnostic method is implemented,
and IsSPICE 4 — performing the circuit analyses.

Acknowledgement

This work was supported by the Statutory Activities of Lodz University of Technology
112/1/DzS/2015.

References

[1] Aminian, F., Aminian, M. (2001). Fault diagnosis of analog circuits using bayesian neural networks with
wavelet transform as preprocessor. Journal of Electronic Testing: Theory and Applications, 17, 29-36.



2]

[3]

[4]

[5]

[6]
(7]

(8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]
[24]
[25]

www.czasopisma.pan.pl P N www.journals.pan.pl
1

Metrol. Meas. Syst., Vol 23(2016) No. 2, pp. 239-250.
Aminian, M., Aminian, F. (2007). A modular fault-diagnosis system for analog electronic circuits using
neural networks with wavelet transform as a preprocessor. /EEE Trans. Instrum. Meas., 56, 1546—1554.

Catelani, M., Fort, A. (2002). Soft fault detection and isolation in analog circuits: some results and a
comparison between a fuzzy approach and radial basis function networks. /EEE Trans. Instrum. Measur.,
51, 196-202.

Czaja, Z. (2013) Self-testing of analog parts terminated by ADCs based on multiple sampling of time
response. /EEE Trans. Instrum. Measur., 62, 3160-3167.

El-Gamal, M., Mohamed, M.D.A. (2007). Ensembles of neural networks for fault diagnosis in analog
circuits. J. Electron. Test., 23, 323-339.

Gizopoulos, D. (2006). Advances in electronic testing. Challenges and methodologies. Dordrecht: Springer.

Grzechca, D., Rutkowski, J. (2009). Fault diagnosis in analog electronic circuits — the SVM approach.
Metrol. Meas. Syst., 16(4), 583-598.

Gyvez, J.P., Di, C. (1992). IC defect sensitivity for footprint—type spot defect. /[EEE Trans. Comput.-Aided
Design Integr. Cir. Syst., 11, 638—658.

Huang, K., Stratigopoulos, H.G., Mir, S., Hora, C., Xing, Y., Kruseman, B. (2012). Diagnosis of local spot
defect is analog circuits. /[EEE Trans. Instrum. Measur., 61,2701-2712.

Kabisatpathy, P., Barua, A., Sinha, S. (2005). Fault diagnosis of analog integrated circuits. Dordrecht:
Springer.

Kim, B., Swaminathan, M., Chatterjee, M., Schimmel, D. (1997). A novel test technique for MCM substrates.
IEEE Trans. Comp. Packag. Manufact. Technol., 20, 2—12.

Long, B., Li, M., Wang, H., Tian, S. (2013). Diagnostics of analog circuits based on LS-SVM using time
domain features. Cir. Syst. Signal Process., 32, 2683-2706.

Maly, W, Strojwas, A.J., Director, S.W. (1986). VLSI yield prediction and estimation: a unified framework.
IEEE Trans. Comput.-Aided Des. Integr. Cir. Syst., 5, 114-130.

Materka, A., Strzelecki, M. (1996). Parametric testing of mixed-signal circuits by ANN processing of
transient responses. Journal of Electronic Testing: Theory and Applications, 9, 187-202.

Rodrigez-Montanes, R., de Gyves, J.P., Volf, P. (2002). Resistance characterization for weak open defects.
IEEE Des. Test. Comput., 19, 18-26.

Robotycki, A., Zielonko, R. (2002). Fault diagnosis of analog piecewise linear circuits based on homotopy.
IEEE Trans. Instrum. Measur., 51, 876-881.

Tadeusiewicz, M., Halgas, S. (2015). A new approach to multiple soft fault diagnosis of analog BJT and
CMOS circuits. /[EEE Trans. Instr. Measur., 64, 2688-2695.

Tadeusiewicz, M., Halgas, S., Korzybski, M. (2002). An algorithm for soft-fault diagnosis of linear and
nonlinear circuits. /EEE Trans. Cir. Syst., 1. 49, 1648-1653.

Tadeusiewicz, M., Halgas S, Korzybski, M. (2012). Multiple catastrophic fault diagnosis of analog circuits
considering the component tolerances. /nt. J. Cir. Theor. Appl., 40, 1041-1052.

Tadeusiewicz, M., Kuczynski, A, Halgas, S. (2015). Catastrophic fault diagnosis of a certain class of
nonlinear analog circuits. Cir. Syst. Signal Process., 34, 335-375.

Tadeusiewicz, M., Kuczynski, A., Halgas, S. (2015). Spot defect diagnosis in analog nonlinear circuits with
possible multiple operating points. Journal of Electronic Testing: Theory and Applications, 31, 491-502.

Benson, J. (2002). Thermal characterization of packaged semiconductor devices. Technical Brief 379.3.
Intersil, Milpitas, CA.

Gray, P.R., Meyer, R.G. (1993). Analysis and design of analog integrated circuits. New York: Wiley.
Kuo, F.F., Magnuson W.G. (1969). Computer oriented circuit design. Prentice-Hall.
PSpice User’s Guide. Cadence Design Systems, Inc. 2000.

[26] www.spectrum-soft.com/faq/help/faq132.shtm, 29-08-2015.



www.czasopisma.pan.pl P N www.journals.pan.pl
™

M. Tadeusiewicz, S. Halgas: DIAGNOSIS OF SOFT SPOT SHORT DEFECTS IN ANALOG CIRCUITS ...

[27] ICAP/4-Working with model libraries. Intusoft, 2001.
[28] HSPICE MOSFET Models Manual, Version X-2005.09. Synopsys, 2005.



