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Abstract

Concurrent detection of failures in analog circuits is becom-
ing increasingly more important as safety-critical systems become
more widespread. A methodology for the automatic design of
concurrent failure detection circuitry for linear analog systems is
discussed in this paper. In contrast to previous approaches, the
methodology aims at providing coverage in terms of all the cir-
cuit components while minimizing the loading overhead by reduc-
ing the number of internal circuit nodes that need to be tapped.
Parameter tolerances are incorporated through either statistical
or mathematical analysis to determine the threshold for failure
alarm. Experimental results confirm that full coverage can be at-
tained while keeping the hardware overhead within a pre-specified
budget.

1. Introduction

With feature sizes rapidly approaching nanometer scales,
electronic circuits are ever more susceptible to external up-
sets, such as electron migration and radiation, which result
in permanent changes in circuit component values, eventu-
ally causing system failures. As safety critical systems find
more widespread use in today’s high technology era, con-
current detection of possible system failures is all the more
important as the susceptibility of electronic circuits to envi-
ronmental effects constantly increases.

Most electronic systems interact with the outside world
through analog front and back end subsystems. Concurrent
detection of failures in analog circuits is essential to ensur-
ing correct operation since the analog subsystems, such as
signal capturing devices, are most likely to be placed on
system boundaries, heightening their exposure to environ-
mental effects.

Whereas numerous methodologies have been developed
for designing on-line test circuits in the digital domain
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[4, 1], a limited set of approaches only exists in the analog
domain [2, 3, 5].

State-variable representations of linear analog circuits
are utilized in [2, 3]. The system invariant is defined by mul-
tiplying the state space matrix with a row vector that cor-
responds to the weights associated to each equation. This
invariant is then implemented by observing the state vari-
ables. A number of drawbacks conspire against the practi-
cal applicability of this approach. Perhaps the most prob-
lematic is the requirement for direct observation of all state
variables. The inability of the proposed method despite con-
siderable area overhead to deliver full coverage enables test
escapes; the problem of escapes is accentuated by the in-
ability to handle the important challenge in analog test of
parameter tolerances. High rates of false alarms resulting
from process variations may interfere with the fault-free op-
eration of the circuit, furthermore.

Another state-space representation based approach to de-
signing on-line detection hardware for analog circuits is
presented in [5]. This approach aims at elimination of the
invariant’s dependency on the state variables that cannot be
easily observed. Rather, the invariant is made to depend
on observable node voltages. The authors also aim at op-
timizing the detection circuit by minimizing its sensitiv-
ity to noise generating components, such as resistors and
maximizing the sensitivity to other components. Whereas
the hardware overhead depends on the elimination of state
variables from the system of equations, full coverage of all
the circuit components cannot be guaranteed as their effect
on the invariant can be nullified during elimination of state
variables from the system of equations.

Coverage is the most important issue for concurrent test.
The detection circuit needs to be sensitive to catastrophic
failures in all the circuit components in order to detect sys-
tem failures. On the other hand, small variations in circuit
component values should not cause an alarm since such
parametric variations are an inevitable aspect of the man-
ufacturing process and tolerated in the normal operation
mode in the analog domain.

In this paper, we present a methodology for designing
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on-line test hardware applicable to linear analog circuits. In
most previously proposed analog on-line test approaches,
the detection circuit cannot guarantee coverage in terms of
all the circuit components [3, 5]. In addition, the complex-
ity of the resulting hardware overhead is unpredictable. In
contrast to previously proposed approaches, the methodol-
ogy proposed herein delivers solutions that provide 100%
fault coverage while remaining within a specified hardware
budget and minimizing the number of circuit nodes to be
tapped.

2. Methodology

The goal of an on-line test methodology is to find an in-
variant in the system that can easily be checked by hard-
ware. In linear analog systems, the invariants are the cir-
cuit components, such as resistors, capacitors, and induc-
tors. However, it will be impractical to check the soundness
of each component individually due to extreme hardware
overhead. Thus, a methodology to combine these compo-
nents is needed so that the resulting invariant can be im-
plemented within acceptable hardware overhead. It is also
important that the size of the hardware circuitry does not
blow up rapidly with increasing circuit size.

Since the goal of concurrent testing is to detect failures
in any circuit component, a viable approach needs to in-
corporate the component coverages into the design flow of
the detection circuitry. The variation in circuit parameters
obviates the possibility of checking the output of the detec-
tion circuit against a single value, instead forcing reliance
on threshold violations for alarming a failure. In order to
prevent false alarms, this threshold needs to be determined
by utilizing statistical information about process variations.
Hardware overhead and loading of internal circuit nodes are
important issues in designing such concurrent test circuitry.

Nodal equations define relations between the node volt-
ages in a circuit based on the values of circuit components.
In linear circuits, the relations between the internal node
voltages do not depend on the input waveform and there-
fore constitute an invariant for the system.

As a result, the nodal equations can be utilized to define
and implement an invariant that can be checked on-line. In
order to limit the performance overhead of the detection cir-
cuitry, one has to limit the number of internal points that
need to be observed. Moreover, some circuit nodes, such as
the terminals of the internal resistance of a capacitor, may
not even be physically accessible. Therefore, the detection
circuitry needs to be designed with a subset of circuit nodes
and with as little hardware overhead as possible. It is also
necessary to predict the coverage of the detection circuit in
terms of circuit components during the design process.

The proposed methodology aims at the automatic design
of an on-line test circuitry by combining nodal equations

in order to reduce the number of nodes that need to be ob-
served while keeping the hardware overhead within accept-
able bounds.

We start with a given set of observable internal nodes in
the circuit. The nodal equations for this set of nodes can be
derived by expressing the voltages of unobservable nodes
in terms of the observable nodes. The resulting differential
equation system is in the form of:

(Aps™ + ... + A0)V + (Bps™ + ...Bo)V; = 0

where V is the vector of the observable nodes and V; is
the input vector. The larger of (n,m) defines the inherent
degree of the system with the given set of observable nodes.
The minimal hardware overhead of the detection circuitry
depends on this inherent degree of the system as the number
of integrators required to implement a combination of these
equations is equal to the degree of the equation system.

The initial set of observable nodes may still introduce too
much performance overhead as each tapping point loads and
injects noise into the system. In most cases, there is a set of
nodes that can be deleted from the observation set with no
increase in the degree of equations, and thus no increase in
detection hardware. These correspond to the nodes that in-
volve no differentiation in the nodal equations. Therefore,
identification of such nodes and their deletion from the sys-
tem of equations is the first step in minimizing the number
of observable nodes. A number of circuit nodes can still be
deleted from the system of equations at the cost of increas-
ing the degree of the system, thus increasing the detection
hardware overhead. If the hardware overhead is within the
given initial budget, the next step is to select a set of nodes
to delete from the observable set with minimal increase in
the degree of the system. This step can be repeated until
the hardware budget is reached or until there are only two
nodes left in the observable node set.

The next phase is to combine a set of equations in the
resulting system such that all the circuit components appear
in at least one equation. The left side of the equations can
simply be added as the right sides are all zeros. The result-
ing sum then involves differentiations of the circuit node
voltages. However, differentiating node voltages may cause
instability in the circuit, and therefore is undesirable. Fortu-
nately, since the right sides of the equations are all zero, the
sum of the left sides can be integrated k times, k being the
degree of the system of equations after the application of
the methodology. This final integrated sum yields the form
of the detection circuitry.

Once the invariant is determined in terms of a combina-
tion of equations, it needs to be checked against a thresh-
old to alarm a failure. This threshold mainly stems from
the variations in circuit parameters and it can be determined
through the utilization of either circuit simulations or math-
ematical analysis.
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3. Minimizing the Number of Tapped Nodes

In order to reduce the performance overhead of the detec-
tion circuit due to loading and noise, the number of tapped
nodes needs to be reduced. In some cases, a set of nodes
may not be involved in any differentiation, enabling their
voltage to be expressed as a linear combination of other
node voltages. Elimination of such nodes from the sys-
tem of equations affects neither the degree of the system
of equations nor the hardware overhead of the detection cir-
cuit, consequently. However, deletion of the nodes that are
involved in differentiation results in an increase in the de-
gree of the system, and a consequent increase in the hard-
ware overhead. The level of such an increase depends on
the nature of the system. By analyzing the system matri-
ces, the cost of eliminating each node can be computed and
this information can be utilized in selecting the nodes to be
dropped from the observation set.

3.1. No Cost Node Elimination

The first step in minimizing the number of observable
nodes is to identify the nodes that do not involve any dif-
ferentiation. By expressing the voltages of these nodes in
terms of the rest of the nodes in the system, the degree of
the system is kept intact. The number of tapped nodes is
consequently reduced at no increase in the hardware over-
head. The initial system of equations is in the form of:

(Aps™ 4+ ...+ Ag)V + (Bips™ + ...Bg)V; =0

The set of nodes that can be deleted with no hardware
overhead have corresponding zero columns in matrices A ,,
through A;. By identifying these columns, we have:

i o]l g D) [l i =0

In order to avoid any increase in the degree of the system,
the nodes to be deleted have to be expressed as a linear
combination of the rest of the nodes. The set of nodes
to be deleted and the associated linear combinations to be
used can be captured in the maximal nonsingular submatrix,
Ayt, of A%, The structure of this submatrix and its position
within the general matrix formulation can be shown through
a horizontal partitioning of the previous matrix formulation.

" s+ |00 '
Aiv 0 Ay Ay viv
+H{| " | s™+.+ | IVi=0

B By

The nodes corresponding to the columns of A can eas-
ily be deleted from the system by utilizing equations corre-
sponding to the rows of Aj:

Vi=— AST AR s AR VLAY B sy 4BV

Substituting V¥ into the remaining equations, we obtain:
(AT = AZTIADYS 4 (AP - AP AV

idi vi™L pivy .m idi vi— ! piv
{(By' —Ag" Bp)s™+ ...+ (B —Ag" By’)}Vi=0

3.2. Tradeoffs in Node Elimination

Further decreasing the number of tapped nodes neces-
sitates an increase in the degree of the system. In order
to determine which nodes can be deleted without exceed-
ing the specified hardware budget, the deletion cost of each
node needs to be identified. Deleting a node necessitates ex-
pressing its voltage in terms of the rest of the node voltages.
Whereas one can utilize any equation that the voltage of
the node to be deleted appears in, this may lead to poles in
the resulting expressions, undesirable since for each pole,
a different integrator needs to be implemented. Use of an
equation in which the targeted node is not involved in any
differentiation saves the additional cost. The deletion of a
node thus depends on the existence of at least one equation,
in which the corresponding entries in matrices A, through
Ay are zero. The next step in the method is to identify a
set of equations that satisfy this condition. The consequent
increase in the degree of the system for deleting a node uti-
lizing an equation is the sum of the degree of the equation
and the degree of the node. The cost of deleting that node is
therefore the minimum increase in the system degree. After
computing the cost of deleting each node, a candidate set
of nodes and equations is selected such that deletion of the
nodes utilizing the equations leads to the minimal increase
in system degree. By re-arranging the system of equations,
with respect to the cost information, we obtain:

[ A are ]

{[ [ oap A | [ v
PUICI

s”+...+[ A§+2 A§+3 J} L Pk

| b e 8 e

where columns of A§+3 correspond to the nodes that can
be deleted utilizing the equations corresponding to the rows
of Ag™®. The submatrix, AX*3, is not necessarily square
as there may be more than one equation to utilize for delet-
ing each node. The number of columns of A §+3 determines
the maximum number of nodes that can be deleted at once.

1
J
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However, as the voltages of the nodes are interrelated in the
system of equations, attempting to delete all the nodes in the
candidate set may increase the degree of the system beyond
the predicted minimum. The largest non-singular matrix
in A¥™® determines which of the identified nodes can be
deleted at once without increasing the hardware overhead
beyond the computed minimum. Therefore, it is essential
to find the largest nonsingular submatrix within A§+3 in or-
der to provide the largest reduction in the number of tapped
circuit nodes. The set of nodes that can be deleted simulta-
neously, V' k45 can be determined through:

VRHS = (AR ARFO s g AR

—(ARTYTU Bk T 4 BRI,

where A5T7 is the largest non-singular submatrix of A%+3,
VE+5 is the subset of V¥+1 corresponding to A7, and
VE+4 is the remaining set of node voltages.

This step can be repeated until the hardware budget is
reached or until the number of tapped nodes is reduced to
two, corresponding to the input and output nodes.

4. Selection and Implementation of Equations

While in the system of equations, a component may ap-
pear in more than one equation, in the final detection circuit,
it is sufficient to include a single occurence. Subsequent to
the minimization of the number of tapped nodes, a set of the
remaining equations that provide the desired level of cover-
age can be selected for the final detection circuitry. The
benefit associated with each equation is simply the number
of components it covers and the cost of each equation is its
degree. In order to select the equations to be implemented,
we start with components that are covered by the smallest
number of equations. The equations that cover most of these
components are selected first. If there exist more than one
equation that satisfies this condition, the equation that in-
cludes the lowest number of already covered components is
selected so as to even out the sensitivity of the invariant to
all components. The algorithm is iterated on the remaining
set of components until all the components are covered by
at least one equation. When the final set of equations to be
implemented is determined, they can be composed into an
invariant by multiplying both sides with a row vector:

[wi..w;]{(Aps® + ...+ Ao)V + (Bgs” + ... + Bo)Vi} =0

The column vector = [w;...w;] corresponds to the
weights assigned to each equation, and mazx(p, ¢) denotes
the degree of the invariant. The goal in introducing the
weights is to reduce the distance between the invariant’s
sensitivities to each circuit component. In this way, each
component will be evenly covered. In the proposed method,
a simplified notion of sensitivity (S ,"c) is utilized by comput-
ing the effect of each component on an equation as the ratio
of the number of times the component in question appears

Figure 1. Second Order Detection Circuit

to the number of times the remaining components appear in
that equation.

gi # of times Component k appears in Equation ¢
i

" # of times Component j appears in Equation itk
In a physical implementation of the detection circuit, the
resulting invariant needs to be low-pass filtered to eliminate
differentiations since they introduce instabilities. The de-
gree of the filter has to be at least as large as the degree
of the invariant (max(p, q)) in order to achieve a stable de-
sign. Since increasing the degree of the filter beyond this
value will only result in additional hardware cost, the low-
pass filter chosen has the same degree as the invariant. This
filtering is done by introducing poles s+ 7, through s+ 71:

N M

> Hi(s)Vi + ) Hi(s)Vi,
T = k=1 . k=1 (1)
IT(s+ )

k=1

where Hj, corresponds to the coefficient of node or input
voltage, N is the number of tapped nodes, M is the number
of inputs, and r is the degree of the final system of equations
(T = max(p, q))

As an example, a detection circuit of second degree with
three tapped nodes, (V71, Vs, Vi), is shown in Figure 1.

4.1. Determination of Threshold

Due to the fluctuations in the manufacturing process, cir-
cuit components are allowed to have values that vary within
a certain tolerance. The system of equations that charac-
terizes the circuit is derived by utilizing the nominal values
of the parameters. The designed invariant then has a nomi-
nal value of zero. However, the difference between the ac-
tual and nominal values of circuit components will cause
the invariant to be nonzero. Since some fluctuation in cir-
cuit components needs to be allowed, checking the invariant
against zero introduces a high percentage of false alarms.
Therefore, a threshold on the invariant has to be determined
to minimize false alarms.

Circuit parameters exhibit a gaussian-like probability
distribution around their nominal value. The invariant will
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Expression Mean ‘ Standard Deviation
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Table 1. Computing Composite Distributions

also have a similar probability distribution and the thresh-
old for raising a failure flag can be adjusted to trade off the
rate of false alarms with fault coverage. The problem then
reduces to computing this probability distribution of the in-
variant, utilizing the probability distributions of the circuit
components.

The most straightforward solution in determining the
probability distribution of the invariant is utilizing statis-
tical sampling methods. Monte-Carlo analysis is the most
widely used statistical sampling technique utilized in circuit
design. The simplicity of Monte-Carlo simulations makes
them advantageous to utilize. However, if better accuracy is
desired, deterministic statistical sampling methods, such as
Taguchi’s method [6], can be used.

For large circuits, use of statistical sampling methods
may introduce high computation times. An alternative solu-
tion to determine the threshold is to approximate the distri-
bution of the invariant by utilizing its analytical expression.
In order to enable this analysis, the invariant has to be ex-
pressed in terms of the independent input voltages. Thus,
the node voltages in (1) have to be eliminated from this
expression. This can be easily achieved using the transfer
function of the node voltages:

M
>

V=Hs)V; I=%F—" )
1

The goal is now to estimate the distribution of the invari-
ant in the frequency domain in terms of the distributions
of the circuit components using the analytical expressions
given in Table 1. The maximum 3o point of the invariant
throughout the frequency spectrum determines the thresh-
old.

Fault—free Invarian Faulty Invariant

W W, Voltage

Figure 2. Failure Alarm

p- 30 point of the faulty Invariant

L. Frequency Bandwidth
detectable deviation

undetecTab]e deviatio

. threshold

. Frequency
Figure 3. Detection Criterion

4.2. Fault Coverage

Since circuit components are continuous, it is not possi-
ble to come up with a single fault coverage number. In the
proposed method, the quality of the on-line test circuit is
assessed by computing the minimum deviation that can be
detected for each circuit component.

In order for a certain level of component deviation to be
classified as detected, it has to result in an invariant response
above the assigned threshold. The invariant response under
a component deviation once again exhibits a gaussian-like
distribution. If the distribution invariant for with and with-
out the deviation are disjoint, that deviation can be detected
with the on-line test circuit. In other words, the lower 3o
point of the invariant with the assigned deviation has to be
higher than the computed threshold as shown in Figure 2.
In order to compute the minimum detectable deviations, the
application operating range of the circuit needs to be con-
sidered; this detection criterion is illustrated in Figure 3.

5. Experimental Results

Utilizing the presented method, an on-line detection cir-
cuit has been constructed for a simple RC circuit given in
Figure 4.

Initially, all nodes are assumed to be observable. The
hardware budget of the on-line detection circuitry is as-
signed to be of second degree. The initial system of equa-
tions obtained through modified nodal analysis is of first
degree. It can be written as:

Cy 0 —Cp 0 O Gp —Gg—Gz 0 0 vy

—c;c; 0 0 0 —Gpy Gy 0 0 0 Vo

—Cy 0 Ca+C3 0 —C3| S+ |-Gz 0 Gz o o V3

00 0 Cq 0 0 0 0 Gyq -Gy Vy

0 0 —C3 0 C3 0 0 0 —Ga Ga Vs
_Gl_

0
+l o |Viz0 @3

0

where G; = 1/R; and Gp = Gy + G2 + Gs.
It can also be observed that no nodes can be deleted with-
out increasing the degree of the system as there are no zero
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Figure 4. Experimental Circuit

columns in the first order matrix, the coefficient matrix of
s in equation 3. Since the degree of the system can be in-
creased up to the second degree, some nodes can still be
deleted from the system of equations. Thus, the cost of
deleting each node and the equations that can be utilized
for this purpose are determined as shown in Table 2. It can
be also observed that Node 3 cannot be deleted from the
system of equations since all the equations Node 3 appears
in involve its differentiation.

After re-arranging the matrix entries, the candidate set
of nodes for deletion is {1,2,4,5}. The largest non-singular
submatrix within the candidate set indicates which nodes
can be deleted independently from each other. The selected
set of nodes to be deleted from the equation is {2,5}; the
other alternative, {1,4}, yields a symmetrical solution. Af-
ter expressing the voltages of nodes 2 and 5 in terms of the
voltages of nodes 1, 3 and 4, the final system of equations
reduces to:

cicC 16 c,aG
—ézz o o 1G,2T +Co 523 0
Cc3C 2
o o-=24 5"+ —Cy  CotCy —C3 | S+
C3C4
o o 324 0 —Cc3 C34C
Gy 3 C3+Cy4

e e N P
-Gz Gz © v |+ 0 S+ o Vi=0
Lo el e T

Since the hardware budget for the on-line test circuit is
reached at this point, no more nodes can be eliminated. The
next step is to select a set of the remaining three equations
to implement. As can be seen from Table 3, components
C1, Ry, and R, are covered by Row 1 only. Therefore,
the corresponding equation has to be implemented. The re-
maining components, C's, Ry, and Cy are covered by rows
2 and 3. Since the equation corresponding to row 2 also is
affected by variations in G'3 and Cs, the 3" row equation

Equation Components
1 Cl,CQ,Rl,RQ,R3
2 Cs,C3,Cy, R3, Ry
3 Cs3, Cy, Ry

Table 3. Component Coverages of Equations

is selected to provide an even coverage in terms of all the
components. Weights of 1.0 and 0.6 are assigned to equa-
tions 1 and 3 respectively in order to even out the sensitivity
of the invariant with respect to component variations. The
final detection circuit can be seen in Figure 1.

The threshold for alarming a failure and the minimum
detectable deviation for each component are determined us-
ing both Monte-Carlo and mathematical analyses. In the
mathematical tolerance analysis, OPAMPs are assumed to
be ideal since mathematical models are needed to conduct
this analysis, whereas in circuit simulations, OPAMPs are
replaced by their transistor level circuits in order to include
the effects of process variations on the OPAMP parameters.
The distributions of the components are assumed to have
a mean equal to their nominal value and a standard devia-
tion equal to 1/3 of their tolerance of 6%. Both analyses
yield very similar results for detectable component varia-
tions even though the mathematical analysis cannot include
the effects of process variations on OPAMP transistor-level
parameters. This result is to be expected, since OPAMPs,
when used in feedback-based configurations, are highly ro-
bust to process variations.

Figure 5 shows the upper 30 point of the frequency do-
main response of the fault-free invariant and the threshold
determined from this response. The threshold is set at the
40 point in order to reduce the probability of a false alarm
during the production testing phase. The lower 3¢ response
of the invariant with a 20% deviation in R is also shown
in Figure 5. The range of frequencies that this response ex-
ceeds the threshold constitutes the detection window for this

0.01

0.009 - Detection Window
0.008 - -
0.007 | 0 '

\
0.006 - ) Faulty Output (R1=1.2k) \\

0.005 -

Gain

0.004 -

0.003 - ’ \

Node 112 3 415
Deletion Cost | 1 | 1 9 1|1
Equations 2|1 | NA|5 |4

Table 2. The Cost of Deleting Each Node

Figure 5. Frequency Domain Response of the Invariant
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Figure 6. Invariant Response to a Multi-Tone Signal

fault. Whereas yield loss due to a false alarm is consider-
ably low (0.1%) due to a higher threshold, even a 20% devi-
ation in resistor R; is observable. If desired, yield loss can
further be reduced by allowing an increase in the minimum
detection value of the components without reducing the de-
tection capability since the goal is to alarm catastrophic sys-
tem failures.

Figure 6 shows the upper 30 point of the fault free re-
sponse and the lower 3¢ point of the response with a 15%
deviation in R; to a multi-tone waveform. The worst case
deviation that causes the invariant response to exceed the
threshold for each component is computed through the pro-
posed statistical analysis. Table 4 shows the results of both
Monte-Carlo and mathematical analyses.

Table 5 provides a comparison of the proposed method
with the previous approaches in concurrent test of analog
circuits [2, 3, 5] in terms of fault coverage (FC), hard-
ware overhead (HO) and performance overhead (PO). Since
scanty detailed data for fault coverage is providedin [3, 5], a
fault coverage comparison can be made only in terms of the
percentage of the components, the deviation in which result
in a failure alarm. The hardware overhead is compared in
terms of the degree of the detection circuit and the perfor-
mance overhead is compared in terms of the percentage of
the nodes that need to be observed.

No experimental data is provided in [2, 3] to compare
fault coverage. Hardware overhead and performance over-
head of both methods presented in [2, 3] and [5] cannot be
controlled; the method presented in [2, 3] requires observa-
tion of all state variables some of which may not be phys-
ically accessible. In contrast to the previous approaches,
the proposed method guarantees full coverage all all the cir-
cuit components while minimizing the performance over-
head and keeping the hardware overhead within designer-
imposed limits.

Comp Ri | Ry |Rs | Ry | Cy Cz | C3 | C4
MC ]0.12]0.12]0.16]0.16|0.18 | 0.20| 0.20 | 0.40
MA |0.11]0.12]0.15|0.15]0.180.22] 0.22| 0.38

Table 4. Minimum Detectable Component Deviations

[2, 3] [5] Proposed
FC | N/A 67% 100%

HO| 1-fixed |1-fixed| 2-adjustable
PO [ 100%(+) | 100% |60% - adjustable

Table 5. Comparison with Previous Approaches

6 Conclusion

Concurrent testing for analog circuits is an essential el-
ement for safety critical systems since any system employs
some sort of analog circuitry to interact with the environ-
ment. The difficulty of off-line analog test, due to parameter
tolerances and continuity of analog signal attributes, is ex-
acerbated by the inability of controlling the input signals in
concurrent test. Further, stringent coverage constraints need
to be ensured for a viable approach while hardware over-
head of the testing circuit and the performance overhead of
observing internal nodes need to be kept within acceptable
bounds. In addition, in order to keep the rate of costly false
alarms due to variations in the circuit components as low
as possible, parameter tolerances must be incorporated into
the design flow of the detection circuit.

In this paper, we present a methodology for automati-
cally designing a detection hardware for the concurrent test
of linear analog circuits. The goal is to keep the hardware
overhead within a specified bound while providing 100%
fault coverage and optimizing the detection circuit in terms
of loading overhead.

The proposed methodology is illustrated on an RC fil-
ter circuit. The suggested approach scales effectively as the
hardware overhead of the detection circuitry does not in-
crease with increasing circuit size, since it only depends on
the number of differentiations in the modified nodal anal-
ysis, bounded by a maximum of two for linear analog cir-
cuits. Experimental results confirm that an effective detec-
tion circuit for concurrent analog test can be designed even
while constraining the hardware overhead to a tight budget.
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