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Abstract—A method is presented to address the automatic gen-

eration of test signals for analog and mixed-signal integrated

circuits. No restriction on the number of inputs or the nonlin-

earity of the circuit are made. The circuit under consideration

is first decomposed into a set of sub-circuits, called blocks,

in order to break down the complexity of the problem. The

effect of a targeted fault is then automatically analyzed at

the transistor level in a defect-oriented context. From this

analysis, the fault sensitization conditions are extracted and

then backtraced towards the primary inputs or outputs of the

circuit using an algorithm based on the interval analysis theory.

The underlying algorithms supporting the automation of the

whole procedure are illustrated for basic circuits. Finally, in

order to demonstrate the method, an industrial circuit is used

as case study. It is shown that test signals can be generated in

order to achieve a fault coverage of 98%.

1. Introduction

The quality requirements for integrated circuits manu-
factured by the silicon industry have been increasing during
the last decades. For instance, the automotive industry is
nowadays combining around 400 integrated circuits (ICs)
per vehicle and this number is expected to keep growing
the next coming years. As a result, the expected defect level
per IC has broken through the part-per-million barrier and
the actual automotive industry expectation is now of the
order of 100 parts-per-billion or lower. Furthermore, with an
ever-shortening time-to-market, pressure is put on the time
allocated to the test design. Therefore, an automation as well
as an improvement of the test development are desired.

In the case of digital circuits, both the test pattern gener-
ation guaranteeing a defined quality level and the automation
of this generation have been solved. Algorithms such as the
D-algorithm or FAN have paved the way to this desired
automation [1], [2]. The required quality can be achieved
thanks to the use of a test approach involving scan insertion
and a combination of stuck-at, bridging, Iddq and transition
ATPG patterns.

Nowadays, the majority of the field failures in mixed-
signal automotive ICs can be traced back to defects in the

analog part [3]. This comes due to the fact that the analog
circuitry is typically tested in an empirical way based on the
functional and performance specifications. And the question
of the automated test signal generation for analog circuits
remains alive. It has been addressed in literature but the
desired requirements still cannot be met in daily practice.
Several methods have been proposed during the last decades
but these suffer from drawbacks such as the poor scalability
with the number of inputs these can cope with or the limited
nonlinearity allowed for the circuit under consideration. In
general, these methods cannot cope with the complexity of
an industrial circuit presenting high nonlinearity and several
inputs for configurations such as pull-down transistors.

The limitation of the number of allowed inputs arises
from the common practice to consider a nonlinear circuit
as a blackbox. In studies such as [4] and [5], the input-
output relationship is used and the signal generation is
approached as an optimization of the input stimuli in order to
maximize the difference between the output of a good circuit
and a faulty one. This leads to searching for input stimuli
in the input space which increases exponentially with the
number of inputs. Therefore, these techniques suffer from
a limitation on the number of inputs allowed for the circuit
under consideration.

This limitation can be overcome by exploiting infor-
mation about the circuit during the signal generation. This
approach has been adopted in [6] where the Signal Flow
Graph method is introduced and the circuit is represented
by a graph of interconnected impedances. Later, the con-
cept of Testability Analysis has been introduced and has
pushed further the analysis by deriving new values from the
impedances [7] [8]. But as already stated, the nonlinearity
these techniques can handle is limited.

In this paper, a method is introduced to automatically
generate a test signal targeting a given fault for a given
analog or mixed-signal circuit. By breaking the circuit into
sub-circuits, the exponential complexity as a function of
the number of inputs has been solved. The sub-circuits
are modeled such that no limitation is imposed on their
nonlinearity. And, based on these model, a calculus method
based on interval analysis is introduced in order to generate
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Figure 1: Flow diagram of the proposed automatic test generation
method.

test signals. The work paradigm of the method is introduced
in Section 2. Then, the overall structure of the method
is outlined in Section 3 and put in perspective with the
testing of digital ICs. In Section 4 and Section 5, the two
main phases of the proposed method are explained in detail.
The underlying algorithms are presented and illustrated for
small example circuits. Afterwards, considerations about the
method and possible further developments are discussed in
Section 6. Simulations results for an industrial circuit are
presented in Section 7. Finally, conclusions are drawn in
Section 8.

2. Work paradigm

The method proposed in this paper follows the defect-
oriented approach. Therefore, a small overview is first given.
On that basis, the concept of fault-centered approach is
introduced as an extension.

2.1. Defect-Oriented Method

The literature on the testing of analog integrated circuits
makes numerous references to the defect-oriented approach
[9]–[11]. In contrast to the specification-based approach,
where the targeted performances of a circuit are tested, the
defect-oriented methodology aims at testing for the presence
of a defect. To that end, the possible defects which can occur
in that circuit are represented by faults according to fault
models and their effects on the circuit can be simulated at
the transistor level.

Defects occurring in analog integrated circuits are gen-
erally divided into two categories: parametric defects and
catastrophic defects. In the scope of this work, parametric
defects are not discussed and the focus is set on catastrophic
defects. These defects emerge from a problem during the
silicon manufacturing process such as a dust particle, an
under-etching, etc., causing a change in the topology of the
manufactured circuit. These defects can be modeled by open
and short circuits such as it is done in the 5-fault model
adopted in this work [12].
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Figure 2: A circuit is seen as a set of interconnected blocks.

2.2. Fault-Centered Approach

In this work, the concept of fault-centered approach is
introduced as an extension of the defect-oriented approach.
This terminology is used to emphasize the specificity of
the method proposed in this paper in comparison to a
general defect-oriented method. Indeed, many studies that
have adopted the defect-oriented method proceeded to the
maximization of the fault coverage for a given circuit. How-
ever, only a few techniques have focused on the generation
of test signals targeting a specific fault.

The distinction in the process of test generation appears
as being important in the context of the recent developments
in the field of analog testing. With the arrival of software
enabling the automated computation of fault coverages [11],
[13], it becomes possible to integrate a quality assessment
step in the design flow of analog integrated circuits. The
test designer knows to what extent an IC is actually tested
and the list of faults which are not yet detected by the
test program at hand is made available. Therefore, if test
generation methods can be developed in order to target
specifically given faults, the whole test design workflow
could be further advanced.

3. Proposed Test Generation Method

The method presented in this paper follows the fault-
centered approach introduced in the previous section. It aims
at generating a test stimulus for a given circuit and a given
fault in an automated way. The overall workflow can be
decomposed into the series of successive steps illustrated
in the flow diagram of Figure 1. In this section, the global
architecture of the method is addressed and a comparison is
made with the testing of digital circuits. The details of the
implementation will be given in the following sections.

Starting from the circuit netlist, the method involves two
main phases: a modeling phase and a computation phase.
The general idea can be put into perspective with the way
digital ATPG methods are developed today in industry.

During the modeling phase, the core idea is to model the
considered circuit in order to enable the second phase i.e.
the computation phase. This phase needs to be done only
once for the considered circuit. Based on the circuit netlist,
the procedure starts with the circuit partitioning. During that
step, the circuit is divided into sub-circuits as illustrated in
Figure 2. In the following, these sub-circuits are referred to
as blocks. Each of these blocks presents maximum three
terminals in order to break down the complexity of the
problem. Indeed, when a circuit is considered as a blackbox,
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its input space grows exponentially with the number of
inputs. By limiting the number of terminals for each block,
the input space of each block is limited and it can be easily
modeled. In other words, the problem is transformed into
a set of blocks interacting with each other according to
Kirchhoff’s laws.

In the case of digital circuits, this phase does not happen
explicitly since the decomposition is naturally present due
to the way digital circuits are built from digital gates. Also,
the models of the used digital gates are already known and
do not require extra modeling. It is worth noting that most
of the analog circuits are also built with a restricted number
of building blocks such as current mirrors or differential
pairs. Therefore, a part of the blocks modeling could be
avoided by building a library of blocks for which a model
has already been built. This point will be discussed later.

During the computation phase, the core idea is similar
to the digital workflow. Starting from a simple fault model
such as the stuck-at fault model, the impact of a fault
on a digital circuit is studied by means of the 5-valued
algebra [2]. This algebra introduces the values D and D
which represent the difference between the good and the
faulty circuit. Then, this value D is backtraced towards the
primary inputs and propagated towards the primary outputs.
Similarly, it is here proposed to inject a catastrophic fault
into the circuit according to a fault model such as the 5-fault
model [12]. The impact of the fault on the circuit is evalu-
ated at the local level and the circuit conditions for which
these effects can be observed are extracted. Then, these
internal conditions have to be backtraced and propagated
to the primary inputs/outputs. However, the backtracing

and propagation mechanisms are not as straightforward in
analog circuits as in the digital case where circuits exhibit
a clear directionality. In order to tackle this problem, the
algorithm presented in the following are based on interval
analysis. In the developments, no specific hypothesis is made
about the circuit under test. Therefore, the method can be
applied to any type of analog integrated circuit.

4. Phase I: Circuit Modeling

The first part of the proposed method consists in the
modeling of the considered circuit in order to enable the
computations in the second phase. The circuit is divided into
blocks and each block is modeled such that it can be handled
easily and efficiently during the computations. These two
operations are called the circuit partitioning and the blocks

profiling and are detailed in the following.

4.1. Circuit partitioning

The partitioning of the circuit is introduced in order to
break down the complexity of the problem. The circuit under
consideration is decomposed into a number of intercon-
nected blocks; each presenting maximum three terminals,
such as illustrated in Figure 2.

The goal is therefore to divide the initial circuit into
a minimum number of blocks. A minimum number of

B1
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T2

T3
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T2

Vin1 Vin2

VB

Vout

Figure 3: Circuit partitioning for a differential amplifier circuit.

blocks is desirable for both the modeling phase and the
computation phase. Indeed, a reduced number of blocks
means that less time needs to be spent on the simulations in
order to build the models, and a reduced number of blocks
means in general a smaller number of interconnection nodes
for the computations. Considering that the method relies
on the resolution of the Kirchhoff’s current law at these
interconnection nodes, a smaller number of nodes means a
smaller system of equations.

This combinatorial optimization is carried out by a ge-
netic algorithm [14]. The result for a differential amplifier
is illustrated in Figure 3. It is worth noting that the power
supply voltage and the ground are not considered as termi-
nals since they are not variables of the system. In the case
where the power supply voltage can be controlled inside
the integrated circuit [15] and is therefore variable, it can
be considered as a terminal and be part of the test signal
generation. However, this is not done in the scope of this
paper.

4.2. Blocks Profiling

The blocks resulting from the circuit partitioning have to
be modeled in order to be used during the second phase of
the method i.e. the computation phase where the test signals
are generated. As will be explained in the next section, the
test generation makes use of the interval analysis theory.
This point is relevant in the selection of the models to use.
The I-V relationships of the blocks need to be available
such that the current through the terminals of a block Bi

can be calculated as a function of the voltages at these
terminals. And inversely, the model should be able to give
the voltages at the terminals of the block for a given current
flowing through a terminal. Furthermore, these calculations
should be compatible with the interval arithmetic that will
be introduced later.

In the scope of this work, piecewise linear approxi-
mations have been used to model the I-V relationships
of a block. Other models, such as Differential Algebraic
Equations (DAE), are also compatible with the proposed
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Figure 4: Two visualizations of the binary refinement mechanism.

method. These could be used as a refinement to get a faster
implementation. The piecewise linear approximations were
chosen here for their relative simplicity.

As stated above, a model has to be built for each terminal
of each block so that the current can be calculated as a
function of the terminal voltages. The terminology I

Bi,Tj

designates the piecewise linear function approximating the
current flowing through the terminal Ti of the block Bj .
For instance, the block B3 from Figure 3 presents the two
terminal T1, T2, and therefore two models have to be built:
IB3,T1

(v1, v2) and IB3,T2
(v1, v2) with v1, v2 ∈ V0 where V0

is the interval [0,Vdd] representing the voltage range that
the circuit nodes can assume; Vdd being the power supply
voltage.

The construction of these models is based on transistor-
level simulation data. In order to achieve an accuracy pre-
defined by the user, a binary refinement scheme is imple-
mented [16] and the simulation data are produced online
during the refinement process. In this paragraph, the de-
velopments are explained for the example of a 2-terminal
block i.e. a piecewise linear approximation of two variables.
Starting from the approximation domain being the interval
V0 × V0, the initial decomposition consists of two triangles
which are simplices in 2 dimensions. Then, each simplex
is tested to verify if it approximates the block current
sufficiently accurately according to a chosen threshold. If
the simplex does not accurately approximate the targeted
function, it is refined through a bisection i.e. the simplex
is decomposed into two new simplices. The result of this

Figure 5: Piecewise linear model of the 2-terminal block B3.

modeling process is illustrated in Figure 4. In Figure 4a, the
initial 2-dimensional interval V0 × V0 is shown with such a
decomposition. The 2-dimensional interval is initially split
into two triangles by the diagonal π1 of the square. The
same happens to the upper simplex which is split into two
simplices by the diagonal π2. Figure 4b illustrates the binary
space partitioning tree which is built by this procedure
[17]. In the 3-dimensional case, the same can be done by
splitting the initial interval, a cube, into six tetrahedra. The
decomposition into triangles in the 2-dimensional case and
tetrahedra in the 3-dimensional case is called a simplicial
meshing of the space. This process of binary refinement
presents the advantage that it locally approximates the tar-
geted function up to the desired precision. Furthermore,
by carefully proceeding to the iterative bisection of the
simplices, the simplicial meshing can be done such that the
piecewise linear approximations are continuous functions
[16].

A model built for the block B3 of the differential am-
plifier example is illustrated in Figure 5. The block consists
of a single MOSFET transistor from which the source is
grounded. Therefore, the built model IB3,T2

has a familiar
shape since it exhibits the current flowing through the drain
of a nMOS transistor as a function of VGS (or V

T1
) and VDS

(or V
T2

). Bold lines in Figure 5 highlights the recognizable
curves.

5. Phase II: Automatic Test Signal Generation

Based on the piecewise linear approximations built for
each block during the modeling phase, the actual generation
of a test signal able to detect a given fault consists of three
steps: the fault sensitization, the backtracing step and the
propagation step. In the scope of this paper, most focus is
set on the backtracing mechanism of DC signals.

5.1. Fault sensitization

The fault sensitization step consists in finding the effects
of the given fault F when it is present in the circuit. As
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introduced above, the effects of this fault F are assessed
locally, meaning that the fault is injected into the block con-
taining the defective transistor. Without loss of generality,
the following developments are expressed for a 2-terminal
block Bi. The injection of the fault F into Bi delivers a new
2-terminal block B′

i. The terminal currents are remodeled
with the added fault and the two new piecewise linear
models IB′

i
,T1

and IB′

i
,T2

are created.

The comparison of the faulty models IB′,T1
and IB′,T2

to the fault-free ones, IB,T1
and IB,T2

, leads to defining
a region D where a difference between the behavior of
the blocks is detected. In mathematical words, the fault
sensitization region D is defined as:

D = {v ∈ V0 × V0|
∨

j=1,2

d(I
Bi,Tj

(v), I
B′

i
,Tj

(v)) > α}

where V0 is the voltage interval [0, Vdd], d is a difference
metric function and α is a chosen parameter determining the
minimum difference required to be selected. In this paper,
the simulations are carried out with d(a, b) := ‖a−b‖ being
the current difference and α = 150 µA. Furthermore, a
simplification is made for the construction of the sensitiza-
tion region D based on the piecewise linear approximations.
Instead of exactly constructing the region by comparing the
piecewise linear approximations, only the center of the linear
pieces are compared. As a result, a set of points {v1, ...,vn}
with vi ∈ V 2

0
is found which approximates the sensitization

region.

In a second step, the region defined by the set of points is
transformed into a set of intervals such that the information
can be exploited during the following steps, i.e. it complies
to the interval analysis. In the scope of this work, the
transformation of the fault sensitization region into intervals
happens in two sub-steps. First, the set of points is divided
into the separated clusters of points. Then, for each cluster,
the minimum axis-aligned bounding box is found [18].

Figure 6 gives an illustrative example of the fault sensiti-
zation for the faulty transmission gate pictured in Figure 6a.
In order to keep the problem in two dimensions for visual-
ization purposes, the transmission gate has been closed by
connecting the gates of the nMOS (resp. pMOS) transistors
to ground (resp. Vdd). The added resistor models a drain-
source short fault on the nMOS transistor and is attributed
a value of 10 kΩ. After the fault sensitization analysis, it
is found that a different behavior can be observed for this
transmission gate when one of the terminals has a voltage
close to Vdd and the other one a voltage close to ground.
This can be seen in Figure 6b where two clusters are present
and each of them is enclosed by a minimum axis-aligned
bounding box.

5.2. Backtracing step

The goal of the backtracing step is to find the signals
that have to be applied on the primary inputs/outputs of
the considered circuit in order to drive it in the region
D calculated during the fault sensitization. By doing so, a

VT1
V

T2

(a) Schematic circuit of the closed transmission gate
with a drain-source short fault.
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(b) The region D consists of 2 clusters, each defined by a
minimum axis-aligned bounding box.

Figure 6: Illustration of the fault sensitization step for the example
of a defective transmission gate.

different behavior in case of faulty circuit can be activated
locally.

In order to solve the backtracing problem, the proposed
method uses the interval analysis theory [19]. In the field of
electronics, this theory has already been successfully applied
in order to find all DC solutions of nonlinear analog circuits
[20]. In the following, it is explained how test signals can be
generated by developing the Kirchhoff’s current law at the
nodes connecting the blocks of the circuit and by solving
the system of equations with interval analysis. A small
introduction of the used mathematical tools is first given.
Then, the application of these concepts to the backtracing
problem are presented and illustrated by simple examples.

5.2.1. Interval Analysis. The interval analysis theory is
a framework that considers problems in terms of in-
tervals instead of real numbers. The notation [X] =
[a, b] designates the interval containing the set of reals
{x ∈ R| a < x < b with a, b ∈ R} where R denotes the set
of real numbers. A specific arithmetic is dedicated to these
intervals with the four basic operations i.e. addition, subtrac-
tion, multiplication and division. For instance, the addition
of two real intervals [X0] = [a0, b0] and [X1] = [a1, b1] is
defined as:

[X0] + [X1] = [a0, b0] + [a1, b1] = [a0 + a1, b0 + b1]

where a0, a1, b0, b1 ∈ R.
In addition to this interval arithmetic, the interval analy-

sis theory also offers more advanced tools handling intervals.
Two of them are used in the backtracing mechanism and are
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introduced in the following: contractors and the Branch-and-
Bound algorithm.

A contractor C is an operator projecting an interval [x]
onto another interval C([x]) such that C([x]) ⊂ [x]. Several
types of contractor exist and are documented in literature.
The reader is referred to the literature for details about
these contractors [19]. In the scope of this paper, only
two different contractors are introduced and used by the
method. The first kind of contractors used is based on the
concept of constraint satisfaction problem. The basic idea is
to transform an equation (or constraint) into a contractor. For
instance, the equation x1 +x2−x3 = 0 can be transformed
into three contractors by isolating each of the involved
variables. One of these contractors is:

CC : [x1]× [x2]→ [x3] ∩ (x1 + x2)

which can also be written as:

φ(in: x1, x2; out: x3){x3:=x1 + x2}

The second kind of contractor used is based on the
Newton-Raphson method for solving nonlinear equations
and the rewriting of its main formula into the interval
analysis framework. In the case of a nonlinear function f
of one variable, the Newton-like contractor for the equation
f(x) = 0 can be written as:

CN : [x]→ [x] ∩

(

x−
f([x])

f ′([x])

)

.

This type of contractor can also be extended to multivariate
functions.

In the following, the action of these contractors is illus-
trated for the example of a voltage divider. Developments
are limited to the constraint satisfaction contractors for
concision purposes. The voltage divider circuit:

V1 V2Vx

R R

is considered where V1,V2,Vx are the node voltages and
R is the value attributed to the two resistors. The equation
describing this circuit can be written as:

Vx = V1 +
R

R + R
(V2 − V1) =

V2 + V1

2
.

Based on this equation and the contractors introduced
previously, a partial analysis of the circuit can be done. For
instance, assuming that the voltage Vx is requested to be 2 V,
the set of values for V1 and V2 fulfilling this condition can
be searched. The solution to this question is not unique and
can be treated as follows. First, boundaries have to be set
for the considered problem. In this example, it is assumed
that the node voltages V1 and V2 should be in the range
from 0 V to 3 V. Hence, the initial search domain V0 =
[V1] × [V2] = [0, 3] × [0, 3] is fixed. Then, by isolating V2,
the contractor:

φ(in: V1; out: V2){V2:=4− V1}

[0,3]x[0,3]

[1,3]x[1,3]

[1,2]x[1,3] [2,3]x[1,3]

[1,2]x[2,3] [2,3]x[1,2]

[1,1.5]x[2,3] [1.5,2]x[2,3]

[1,1.5]x[2.5,3] [1.5,2]x[2,2.5]

C

B

CC

CC

B

(a) Successive contractions (C) and bisections (B).

0 0.5 1 1.5 2 2.5 3

V
1
 [V]

0

0.5

1

1.5

2

2.5

3

V
2
 [

V
]

(b) 2D representation of the leafs in the search tree.

Figure 7: Visualization of the Branch-and-Bound algorithm.

can be constructed and the initial interval can be contracted
into [1, 3]× [0, 3], reducing the range of possible values for
V2. By symmetry, a contractor can be found for V1 and the
same contraction can be realized.

However, once the interval becomes [1,3]×[1,3], it can-
not be contracted further. To cope with that limitation, the
proposed method makes use of another tool from the inter-
val analysis theory: the Branch-and-Bound (BB) algorithm.
When an interval cannot be further contracted, this one
is bisected i.e. divided into two intervals. By combining
interval contractors and bisections, the BB algorithm allows
to solve systems of nonlinear equations [21]. The main idea
of this BB algorithm consists in consecutively contracting
an interval and then bisecting it into two sub-intervals. By
repetitively alternating these contractions and bisections, a
tree searching the initial interval is created. Such a tree can
be seen in Figure 7a where the BB algorithm has been
terminated after a few iterations for the voltage divider
example. In general, the recursive process continues until
the size of the interval reaches a precision λ determined by
the user. This process is summarized by Algorithm 1 which
shows the pseudo-code of the recursive formulation of the
approach. Figure 8 illustrates the final solution obtained at
the end of the BB algorithm.

5.2.2. Backtracing in nonlinear circuits. Based on the
interval analysis tools that were presented in the previous
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Algorithm 1 Branch-and-Bound algorithm

1: procedure Xf =BB(X0)
2: X0 ← Contract(X0)
3: [X1, X2]← Bisect(X0)
4: if w(X1) > λ then
5: X1 = BB(X1)
6: end if
7: if w(X2) > λ then
8: X2 ← BB(X2)
9: end if

10: Xf ← X1 ∪X2

11: end procedure

0 0.5 1 1.5 2 2.5 3

V
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0
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1

1.5

2
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3

V
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Figure 8: Interval solution to the backtracing problem for the
voltage divider {(V1, V2) ∈ [0, 3]2 | Vx = 2 V }.

section and the built piecewise linear approximations, the
test signal generation problem can be addressed. In the fol-
lowing, details are given about the way these tools are used
in the proposed method. The developments are expressed
for the example of the differential amplifier but the same
can be done automatically for any circuit.

Kirchhoff’s current law is expressed for each node which
is nor an input nor an output. Then, a set of contractors
is generated based on these equations. For the differential
amplifier, Kirchhoff’s current law is applied to the common
mode node and the current mirror node and gives the two
equations:

I
B1,T2

+ I
B2,T2

+ I
B3,T2

= 0

I
B1,T3

+ I
B2,T1

= 0

These two equations deliver 5 contractors:

C1(in:I
B1,T2

, I
B2,T2

; out: I
B3,T2

){I
B3,T2

:= -I
B1,T2

-I
B2,T2

}

C2(in:I
B1,T2

, I
B3,T2

; out: I
B2,T2

){I
B2,T2

:= -I
B1,T2

-I
B3,T2

}

C3(in:I
B2,T2

, I
B3,T2

; out: I
B1,T2

){I
B1,T2

:= -I
B2,T2

-I
B3,T2

}

C4(in : I
B1,T3

; out: I
B2,T1

){I
B1,T3

:= -I
B2,T1

}

C5(in : I
B2,T1

; out: I
B1,T3

){I
B2,T1

:= -I
B1,T3

}

The initial interval is constructed by allocating an inter-
val [0,Vdd] to all circuit nodes, with Vdd being the power
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 [V]
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V
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2
 [

V
]

Figure 9: Interval solution to the problem for the differential
amplifier {(Vin1, Vin2) ∈ [0, Vdd]2 | Vout = 2 V }.

supply voltage of the circuit. Then, the information resulting
from the fault sensitization step is used to modify the initial
interval before starting the backtracing process. During the
fault sensitization, the region D ensuring the local sensitiza-
tion of the given fault F is extracted and transformed into an
interval (or several intervals) for the block terminals. This
interval determines the initial interval for the circuit nodes
corresponding to the terminals of the block. Furthermore,
the solution can be facilitated by constraining a node to a
value Vc. This is done by attributing an interval [Vc-ǫ,Vc+ǫ]
to this circuit node where ǫ is chosen arbitrarily small.

The actual backtracing process can then start. The
Branch-and-Bound algorithm is applied to the initial interval
modified by the information found during the fault sensiti-
zation step. The contractions are operated by calculating the
contractors expressions. These calculations are carried out
based on the piecewise linear approximations built during
the modeling phase. The previously explained succession of
contractions and bisections continues until the precision λ
is reached. The solution found gives which signals should
be imposed on the circuit inputs/outputs so that the given
fault F is locally activated. It is worth noting that the
interval analysis finds all existing solutions to a problem and
therefore offers a decisive answer to the question whether
the circuit can be tested with DC stimuli without additional
Design-for-Testability (DfT). If no solution can be found, it
can be affirmed that the testing of this defect requires extra
DfT or non-DC testing.

In order to demonstrate this backtracing process, a test
example has been carried out for the differential amplifier
shown in Figure 2. The backtracing has been carried out in
order to request the set of voltages (Vin1, Vin2) such that the
output voltage is equal to 2 V with a power supply voltage
of 3.3 V and a bias voltage of 1.2 V. The result of this
experiment is shown in Figure 9. The final result consists
of a set of intervals paving the expected curve.
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(b) Nonlinear circuit.

Figure 10: Schematic diagram of the benchmark circuits used to
evaluate the time complexity of the method.

5.3. Propagation step

The propagation step consists in finding a test stimulus
allowing to observe a difference between a faulty circuit
and the good circuit. While the backtracing mechanism
ensures to locally activate the fault, it does not ensure to
make it observable at the circuit inputs/outputs. But as
already introduced, the propagation in analog circuits is
not as straightforward as in digital circuits. In the scope
of this paper, it is proposed to monitor the results during
the backtracing process and terminate it as soon as a test
signal allowing to detect the fault is generated. As a future
development, the current consumption of the circuit could be
measured as a propagation mechanism and would facilitate
the propagation step.

6. Discussion

The method proposed in the previous section rises a few
points worth noting, as these discussed in the following.

6.1. Scalability

In order to evaluate the scalability of the method, exper-
iments have been carried out with the benchmark circuits
illustrated in Figure 10. These circuits are parametrizable
in the sense that they consist of n elements, where n is
a natural number bigger than 1 which can be chosen. By
increasing this number n from 5 to 40 by step of 5 and
measuring the runtime of the method, its time complexity
was experimentally estimated.

The first experiment was carried out for the linear bench-
mark circuit illustrated in Figure 10a. This parametrizable
circuit is a voltage divider presenting n resistors and hence
n+1 nodes. The backtracing algorithm was used to solve
the circuit where the second node was set to a voltage of
0.5V. The time taken to calculate the whole solution for that
problem was measured. The results of this experiment are
shown in Figure 11a where the trend of the time complexity
as a function of the number of nodes can be observed. It
can be seen that this evolution happens exponentially. This
comes from the fact that even for a linear circuit, the solution
space grows exponentially with the number of nodes i.e.
the number of intervals needed to pave the solution grows
exponentially.
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(a) Time for complete solution in linear circuits.
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(b) Time before first solution in linear circuits.
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(c) Time before first solution in nonlinear circuits.

Figure 11: Experimental measures of the time complexity of the
backtracing algorithm.

However, calculating the whole solution of such a prob-
lem is not the prime goal of this work. Indeed, only one
working solution must be found in order to detect the
fault. Therefore, in a second time, the time taken before
finding the first solution was studied. This experiment was
carried out for the linear and nonlinear benchmark circuits.
The nonlinear benchmark circuit, illustrated in Figure 10b,
consists of n transistors connected in series from which
the gates are connected to the power supply voltage Vdd.
From the results shown in Figure 11b-c, it can be seen that
the time complexity evolves linearly for linear circuits and
exponentially for nonlinear circuits.

The simulations show that this method is not meant to be
applied to circuits which cannot be partitioned into a small
amount of blocks. However, in contrast to this analysis, the
case study presented in Section 7 demonstrates that results
can be achieved for circuits presenting 50 transistors. Fur-
thermore, the presented method is highly suitable for parallel
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Figure 12: Schematic diagram of the analog multiplexer circuit used as case study.

implementations which would shorten the time needed to
generate test signals. Therefore, the proposed technique is
a good candidate for the automatic generation of test signal
but might need further investigation in order to know its
limitations and real potential.

6.2. Blocks Profiling

In order to proceed to the computation phase, a circuit
first needs to be partitioned into blocks which then have to
be modeled. Of course, the time taken for the transistor-level
simulations can be reduced by parallelizing the modeling
process. But this modeling time can be further reduced by
decomposing the considered circuit into blocks which al-
ready have been modeled. On the one hand, certain circuits,
such as the multiplexer used as case study in Section 7,
present a repeating structure. Therefore, the circuit can be
decomposed into a minimum number of different blocks.
On the other hand, analog circuits usually make used of
common circuitry such as current mirrors or differential
pairs. These blocks can be modeled and stored into a library
of reuseable models. Furthermore, the same can be done for
the faults inside these blocks. The fault sensitization step
can be carried out on beforehand, so that the test generation
procedure can directly proceed to the backtracing step.

6.3. Test Compression

In the scope of this work, it was proposed to stop
the algorithm as soon as a test signal able to detect a
given fault is calculated. Therefore, if multiple faults have
to be detected, and test generation steps are carried out
independently, as many test signals as the number of faults
will be generated. However, in this broader scope consisting
in generating a set of signals detecting a set of faults, it can
be interesting to let the algorithm calculate for each fault
the whole range of test signals detecting the given fault.

By calculating the whole set of solution for every fault, the
intersections between these solutions can be searched. If an
intersection between two solutions exists, a test signal able
to detect these two faults can be found and the total number
of needed tests can be reduced.

7. Industrial case study

In order to demonstrate the proposed method in practice,
the whole workflow presented in this paper has been applied
to a circuit taken from an industrial integrated circuit. The
schematic diagram of the circuit under consideration is
shown in Figure 12. This multiplexer circuit is the first
link in the front end of an analog signal processing chain.
It presents three analog inputs (in1,in2,in3), two analog
outputs which cannot be accessed (out1 and out2) and seven
configuration bits controlling the state of the transmission
gates (s11,...,s71). Additionally, test circuitry has been added
in the design to access the signals during test mode; leading
to two extra analog outputs (test1 and test2). In total, the
whole circuit presents 50 MOSFET transistors.

After applying the 5-fault model introduced in Section 2
and removing the redundant faults, a list of 204 faults was
generated. Transistor-level simulations show that a fault cov-
erage of 45.6% is achieved by the dedicated specification-
based tests, where the fault coverage is calculated as the
ratio between the number of detected faults and the total
number of faults. The steps of the automatic workflow
were applied to the circuit in order to generate test signals.
First, the circuit partitioning decomposed the circuit into 15
blocks interconnected by 18 nodes, and these were modeled
by piecewise linear approximations. Then, the computation
phase was carried out for the faults undetected by the
specification-based tests.

In one case, the undetected fault was an open drain in the
nMOS transistor of the transmission gate controlled by s11.
The fault sensitization step found that a difference can be
activated if the transmission gate is conducting and that two
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low voltages are imposed on both ends of the transmission
gate with a voltage difference. In such a configuration, the
pMOS transistor is in the cut-off region and the nMOS tran-
sistor conducts current in the good case. But an open drain
fault prevents the transistor to conduct and therefore the
fault is sensitized. The backtracing step generated a signal
applying sensitizing conditions by activating the transmis-
sion gates controlled by s11 and s21, and by applying 0.5 V
on in1 and 1.2 V on in2.

Finally, it was found that the proposed method can
improve the fault coverage of the considered circuit up to
98%. An analysis of the remaining faults confirmed that
these ones cannot be caught with DC signals without extra
DfT. An example of such a fault is an open source on the
nMOS transistor used to ground the node between the two
transmission gates of the test circuitry. That fault can only
be sensitized when the transistor is activated and a voltage
is imposed on its drain. However, the digital control of the
transistors does not allow to realize such a configuration
since this transistor is supposed to ensure the connection to
ground only when the two surrounding transmission gates
are closed. Therefore, the fault cannot be detected with DC
signals without extra DfT.

8. Conclusion

In this paper, a method has been presented for the
generation of DC test stimuli targeting a given fault for
a given circuit. The developed procedure allows to handle
analog circuits without restriction on the nonlinearities they
present. By dividing the considered circuit into sub-circuits,
the test generation problem has been transformed into the
resolution by interval analysis of Kirchhoff’s law for a set
of interconnected blocks. Hence, the method allows to cope
with industrial circuits presenting multiple inputs/outputs.
Finally, due to the properties of the interval analysis, the
method can state whether a fault can be detected with DC
signals without extra DfT circuitry.

The different steps involved in the proposed method have
been illustrated on basic circuits to build up an insight into
the core ideas. Then, the method has been applied to an
industrial mixed-signal circuit in order to demonstrate its
efficiency. It has been shown that a fault coverage of 98%
is achieved and that the remaining faults require extra DfT
in order to be detected.
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