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Abstract

This paper presents a method of path delay fault test-
ing for application-specific interconnects in field-program-
mable gate arrays (FPGAs). The paper shows that if the
circuit structure of a configuration corresponding to an ap-
plication is inphase structure, all the paths in the circuit
can be robustly tested by using two configurations with test
application time d + 2 for each configuration where d is
the maximum sequential depth of the circuit. The scheme
for inphase structure is extended for acyclic structure. The
proposed method reduces over-testing by excluding paths of
outside the configured area in the FPGA.

1. Introduction

Recent years, field-programmable gate arrays (FPGAs)
which are reconfigurable device are widely used. Since
the most of the area in a FPGA is occupied by intercon-
nects, testing methodologies for interconnects are important
issue[1][2]. With increasing the operational speed and inte-
gration density of FPGAs, delay testing is getting impor-
tant to capture the newly elicited defects[3][4]. Moreover,
in these several years, in order to reduce the cost of ASIC
(Application Specific Integrated Circuit) development, the
business model as using FPGAs instead of ASICs have been
proposed [5]. In this case, the testing of a whole FPGA
can be simplified down to only the testing its application-
dependent functionality and it facilitate speed and quality
of testing[6]. Testing only a part, which is used for con-
figuration of some specific application, in a FPGA is called
application-specific testing. Elimination of testing the un-
used portion of the FPGA can reduce over-testing and then
manufacturing yield can be improved[7].

Testing for an FPGA is generally performed by loading
a test structure which is called a fest configuration, apply-
ing test vectors and observing responses. If it is neces-
sary for testing interconnects and configurable logic blocks
(CLBs) in the FPGA, this flow is repeated several times. For
application-specific testing of interconnects in an FPGA, in-
terconnects are configured as the same routing as its ap-
plication and CLBs are only changed to appropriate func-
tions for testing. Similarly, for application-specific testing

of CLBs in the FPGA, CLBs are configured as the same
functions as its application and interconnects are appropri-
ately configured for testing.

In this paper, we target delay fault testing of application-
specific interconnects of FPGAs and propose a method of
path delay fault testing for the interconnects. We first de-
fine inphase structure as a class of easily testable sequential
circuits. Then we show that if an application of a sequential
circuit to be loaded into an FPGA is inphase structure, all
the path delay faults can be robustly tested with d 42 cycles
where d is the sequential depth of the circuit by using two
test configurations that are its networks of AND function
and of OR function [6] and square waves, whose value is
turned over for each cycle, for every primary input as a test
sequence.

Furthermore, we show that, for any acyclic sequential
circuit, by making all the outputs of flip-flops (FFs) inverted
and each gate are replaced appropriately with AND or OR,
all the paths are tested under either robust condition or func-
tional sensitization condition with d 4-2 cycles. In this case,
the number of test configurations is also two. In the ex-
perimental results, we show how many paths can be ro-
bustly tested for acyclic-transformed ISCAS’89 benchmark
circuits.

This paper is organized as follows. Section 2 introduces
related works and discusses their problems. In Section 3,
we define inphase structure and then we propose methods
of path delay fault testing for application-specific intercon-
nects for sequential circuits with inphase structure and for
that with acyclic structure. Then we show experimental re-
sults in Section 4 and conclude this paper in Section 5.

2. Prior Work
2.1 Testing of FPGAs

In this paper, an FPGA is assumed to be composed of an
interconnect network and CLBs. The interconnect network
is composed of signal lines and switch matrices (SMs). A
CLB is composed of a look-up table (LUT) and an FF.
Wiring between CLBs is performed by programming con-
figuration memories of SMs. A CLB can realize any logic
function by programming its configuration memory.



For an application of an FPGA, its configuration uses
only a part of the FPGA to implement the application
and the other part of the FPGA 1is not used. Application-
independent testing must guarantee that any configuration
can work correctly. Application-specific testing must guar-
antee that only the configuration for the application can
work correctly. For application-specific testing of an FPGA
with respect to a configuration, faults are assumed to be pre-
sented only in a part used by the configuration. The part of
the configuration in which target faults are presented is not
changed during testing while the other part of the FPGA can
be programmed with any configuration for testing purpose.
For example, if faults in interconnects are targeted, configu-
rations used for testing, called fest configurations, preserve
the original configuration for the interconnects and do not
need to preserve the original configuration for the CLBs and
the unused part. In contrast, if faults in CLBs are targeted,
test configurations preserve the original configuration for
CLBs and do not need to preserve the original configura-
tion for interconnects and the unused part.

Application-specific testing targets faults in intercon-
nects and CLBs which are actually used for the application.
Therefore, unused parts and functions are eliminated from
targets of testing and then over-testing can be reduced. It
induces reduction of test application time and virtual im-
provement of production yield of FPGAs. Notice that, the
number of test configurations for an FPGA is very depen-
dent on its test application time because time required for
programming a configuration dominates the whole test ap-
plication time.

Furthermore, if defects which induce delay are strictly
tested, path delay fault (PDF) model must be considered.
Since paths can not be defined without considering some ap-
plication, it is intractable to test them under the application-
independent strategy. A method for testing of interconnect
PDFs have been proposed by Tahoori et al. [7]. In this
method, only two test configurations are used for an acyclic
sequential circuit and four test configurations are used for an
general sequential circuit. In the following subsection 2.2
and 2.3, we introduce application of the method for acyclic
sequential circuits and that for general sequential circuits,
respectively. Then we discuss problems of the method in
subsection 2 4.

2.2 A Network of AND (OR) Function

In the PDF model, each path can have two delay faults,
slow-to-rise and slow-to fall at its ending point. For an AND
gate, when rising transitions are arrived at all the inputs of
the AND gate, its output also has a rising transition. If ar-
rival of a rising transition is delayed among them, the delay
can be propagated through the output robustly. In contrast,
for an OR gate, when falling transitions are arrived at all
the inputs of the OR gate, its output has falling transition. If

arrival of a falling transition is delayed among them, the de-
lay can be propagated through the output robustly. Tahoori
et al. utilize these properties, a network of AND function
and that of OR function are used as test configurations. In
this paper, we define an AND (OR) transformation for a se-
quential circuit as follows.

Definition 1: (AND (OR) transformation) For a sequential
circuit S, a transformation that replace each gate in S with
AND (resp. OR) and the transformed circuit are called an
AND (resp. OR) transformation of S and the AND (resp.
OR) network of S, respectively. a
Notice that each inverter or buffer is assumed to be replaced
with one input AND (resp. OR) gate in the AND (OR) trans-
formation.

In Tahoori’s method, a given configuration which re-
alizes an acyclic sequential circuit for an FPGA is trans-
formed into its AND (resp. OR) network by replacing each
LUT function used in the configuration with AND (resp.
OR) function. The transformed configurations of the AND
network and the OR network are used as test configurations.
For each configuration, a test sequence to launch transition
at primary inputs is calculated so that all the inputs of each
LUT can have the same appropriate transition simultane-
ously. Figure 1 shows an example of a programmed part
that realizes an acyclic AND network on an FPGA. Con-
sider making rising transitions for all the inputs of the LUT
G1. Since the sequential depth (the number of FFs on the
interested path) between the primary input X2 and G1 is
smaller than that between the primary input X1 and G1 and
the difference is one, a rising transition is launched on X2
at one cycle after when a rising transition is launched on
X1 and then rising transition can be arrived at the inputs of
G1 simultaneously. And then the output can have the ris-
ing transition. In the same way as this calculation, rising
transitions must be launched on the primary inputs X3, X4
and X5 at the same time as X1 and then rising transitions
can be launched on all the inputs of each LUT simultane-
ously. If any path has a rising PDF, the controlling value of
AND gate as the error induced by the PDF appeared at the
ending point of the path. It is obvious that the error can be
propagated to some primary output. Similarly, all the falling
PDFs on the application-specific interconnects can be tested
using the OR network of the configuration. Thus, PDFs on
all the paths composed of application-specific interconnects
can be tested.

2.3 Partitioning of a Cyclic Sequential Circuit

For sequential circuits with cycles, the configuration is
partitioned into two configurations so that each configura-
tion has no sequential loop. An algorithm for partitioning
has been proposed in [7]. For example, a cyclic sequential
circuit shown in Fig. 2 is partitioned into to sub-circuits:
one has only forward signal lines and the other has back-



Figure 1. The AND network of an acyclic se-
quential circuit.
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Figure 2. A sequential circuit with cycles.

ward signal lines as shown in Fig. 3. By using this partition-
ing, the method described in subsection 2.2 can be applied
to each partitioned configurations. Therefore, the number
of test configurations for testing cyclic sequential circuit is
four.

24 Problems of the Prior Work

The prior work [7] has the following two problems.

First, a pair of segments that forms reconvergence struc-
ture may have problem. If the difference between sequential
depths of these segments is odd number, all the inputs of the
gate that is the ending point of the reconvergence structure
can not have the same direction of transition at the same
time. For the gate, it is possible to justify non-robust off-
input values however no transition can be launched on the
inputs of gates in the following sub-circuit. An example of
this situation is shown in Fig. 4. One way to solve this prob-

-
O\z 2?\:
(a)
| i

Rt

(

Lo

D
(b)
(@

Figure 3. Partitioned acyclic sequential cir-
cuits.
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Figure 4. An example of a reconvergence
structure.

lem is to partition the reconvergence structures into several
configurations. However, in this case, the number of test
configuration is increased and it induces overhead of test
application time.

Second, interconnects for accessing the partitioned con-
figurations may have problem. If the routing for the inputs
and the outputs of the partitioned configuration uses the
unused part of the original configuration, it induces over-
testing by testing the unused part. Furthermore, if the orig-
inal routing is concentrated around some input or output of
the partitioned configuration or the input and output ports
of the FPGA are occupied by the original configuration, it
may be very difficult to access some input or output of the
partitioned configuration.

In this paper, we solve the first problem in the next sec-
tion.

3. Proposed Method

In this section, we classify circuits which are realized by
the given configurations into inphase structure and acyclic
structure. For each structure, we propose methods for gen-
eration of test configurations, generation of test sequences,
and application of these test configurations and test se-
quences.

3.1 Inphase Structure

We first define a circuit model.

Definition 2: (Circuit graph) [8] A circuit graph for a se-
quential circuit S is a directed graph G = (V,A,w).

e V is the set of vertexes representing primary inputs,
primary outputs and gates in S.

e A CV xVis the set of arcs representing FFs and wires
in S.

o w:Aw— {0} U4 (natural numbers) defines the weights
of the arcs where a weight is the number of FFs be-
tween the corresponding gates. O

Then inphase structure is defined by using this circuit

model as follows.

Definition 3: (Inphase structure) Let G = (V,A,w) be the
circuit graph of an acyclic sequential circuit S. S is said to be
inphase structure if b(v) € {0, 1} that satisfies the following
condition can be assigned to each node v € V.

b(vj) = ((b(vi) +w(a)) mod2 Ya(vi,vj),

where b(v) is called direction of phase and w(a) denotes a
weight assigned to a € A. O



Figure 5. A sequential circuit with inphase
structure

For example, a sequential circuit with inphase structure
and its circuit graph is shown in Fig. 5. In the circuit graph,
the numbers over each arc a and in each vertex v denote
w(a) and b(v), respectively.

For an FPGA that has an inphase sequential circuit as
a configuration, its AND network and its OR network are
used as test configurations. For each configuration, square
waves of length SD(S) + 2 are applied to as a test sequence,
where SD(S) and square waves denote the sequential depth
of § (the maximum number of flip-flops on paths in §) and
a bit stream composed of reciprocally assigned Os and 1s,
respectively.

Theorem 1 (Testability of inphase AND network)  Let
G = (V,A,w) be the circuit graph of an inphase sequential
circuit S. Let SAND and v be the AND network of S and
the starting vertex of a path that has SD(S), respectively.
Let T be an input sequence, composed of square waves of
length SD(S) + 2, of S such that, the square wave for each
primary input corresponding to v; with b(v;) = b(v%) starts
from 0 and the other square waves start from 1 if direction
of phase b(v) € {0,1} is assigned for each vertex v € V.
Then T is an robust test for the rising PDF on any path in
SAND

Proof: Let Dyax(v) be the maximum sum of weights
on paths between sources and v in G. From Definition 3
and the property of an AND gate, when T is applied to
SAND , square waves whose initial value is O are applied to
all the inputs of the gate corresponding to each v € V during
SD(S) — Dpax (v) + 1 > 2 cycles after the (Dpax (v) +1)-th
cycle if b(v) = b(v?). Otherwise, square waves whose ini-
tial value is 1 are applied during SD(S) — Dpax(v)+1>3
cycles after the (Dpax (v) + 1)-th cycle. Therefore, at least

one rising transition can be propagated through each path in
SAND

Here, let v¢ be the ending vertex of a path that has SD(S).
Let O =(01,02,...,0,) be a primary output vector of SAND
such that o; is the value of the i-th primary output at time
SD(S)+ 2 if its corresponding vertex v,, has the same value
as b(v¢), where n is the number of primary outputs of S.
Otherwise, o; is the value at time SD(S) + 1. The pri-
mary output vector is called the output observation vector
of SAN D . For fault free SAN D , the observation vector must
be O=(1,1,...,1).

Let f, be arising PDF on any path p in § AND No rising
transition can occur at the ending FF or the primary output
of p. In other words, the controlling value O is propagated
during the application of T to the ending point and it is prop-
agated to primary outputs that are the transitive fanouts of
the point. Thus, corresponding coordinates in the output ob-
servation vector has Os and it is different from that for the
fault free network. Therefore f), is observed. Furthermore,
since all the off inputs of gates on p satisfy the robust off-
input condition [9], T is a robust test for any rising PDF in
SAND |
Theorem 2 (Testability of inphase OR network) Let
G = (V,A,w) be the circuit graph of an inphase sequential
circuit S. Let SOR and v! be the OR network of S and the
starting vertex of a path that has SD(S), respectively. Let T
be an input sequence, composed of square waves of length
SD(S) +2, of S such that, the square wave for each primary
input corresponding to v; with b(v;) = b(v!) starts from 1
and the other square waves start from 0 if direction of phase
b(v) € {0,1} is assigned for each vertex v € V. Then T is
an robust test for the falling PDF on any path in S OR
Proof: It is obvious from the duality of the logical algebra
and the proof of Theorem 1. a

For example, the maximum sequential depth of the in-
phase AND network shown Fig. 5 is 5 and the primary
input corresponding to the starting point of the sequential
path with depth 5 is X;. From Theorem 1, square waves of
length 7 with initial value O are applied to X| and X3, that
have the same direction of phase as b(X ), respectively, and
a square wave of length 7 with initial value 1 is applied to
X, that has the different direction of phase from b(X). For
the fault free network, at least one rising transition is prop-
agated through each path in the network. Suppose that the
path between FF2 and FF3 in Fig. 1 has a rising PDF. In
this case, value 1 cannot be propagated to FF3 and the out-
put value of FF3 is fix to 0. The value O is the controlling
value for LUT2 with AND function and then the error can
be propagated through subcircuit followed by LUT2. Con-
sequently, the errors induced by the PDF are observed at the
primary outputs Y| and ;.



3.2 Acyclic Structure

To extend the property of inphase sequential circuits into

acyclic sequential circuits, we introduce a transformation of
rising (falling) sensitization. Given an FPGA and a config-
uration that realizes an acyclic sequential circuit S, PDFs
corresponding to the given configuration on the FPGA are
tested by using square waves of length SD(S) + 2 and con-
figurations obtained by the transformations from the given
configuration.
Definition 4: (Transformation for path sensitization) For
an acyclic sequential circuit S, let /(i) be the parity of
the minimum sequential depth among sequential paths in
the output cone of i. The following procedure is called
the transformation of rising (resp. falling) sensitization for
S.

1. For each gate g, g is replaced with an AND (resp. OR)
if [(i) = 0 where i is a signal line driven by g. Other-
wise, g is replaced with an OR (resp. AND).

2. For each FF, an inverter is added to its output.

The circuit SR (resp. S¥) obtained from S by this procedure
is called the rising (resp. falling) sensitized circuit. 0O
Corollary 1 (Property of gate inputs in S¥) For a rising
sensitized circuit SR, when inphase square waves with the
parity of SD(S®) as their initial values of length SD(S¥) +2
are applied to all the primary inputs of SR, inphase square
waves with the parity of SD(S®) — SD(IC(g)) as its initial
value can be applied to all the inputs of each gate g in S®
after SD(IC(g)) + 1 cycles, where IC(g) denotes the input
cone of g.

Theorem 3 (Testability of PDFs in S¥) Let
T be an input sequence of SR composed of inphase square
waves with the parity of SD(S®) as an initial value of length
SD(S®)+2. Let p and k be a combinational path which
starts at a primary input or an FF and ends at an FF or
a primary output in S¥ and the signal line just before the
ending point of p, respectively. Let [(k) and Q be the parity
of the minimum sequential depth among sequential paths
in the output cone of k and a sequential path from k to a
primary output, respectively. Let g and PSD(Q, p,q) be a
combinational path which starts at a primary input or an
FF and ends at an FF or a primary output on Q and the
parity of the sequential depth of a sequential path between
p and q on Q, respectively.

Case (k) =0:

o [fall the gates on p are AND gates, T can be a robust
test of the rising PDF on p.

e For path p on which all the gates are OR gates, if there
exists Q such that all the gate on path q that satisfies
PSD(Q, p,q) =0 are OR gates and all the gate on path
q that satisfies PSD(Q, p,q) = 1 are AND gates, T is a
robust test of the falling PDF on p. If such Q does not
exist, T is a functional sensitizable test[9] of the rising
PDF on p.

o [fboth AND and OR gates are mixed on p, T is a func-

tional sensitizable test of the rising PDF on p.
Case (k) =

e [fall the gates on p are OR gates, T is a robust test of
the falling PDF on p.

o [f all the gates on p are all AND gates, if there ex-
ists Q such that all the gate on path q that satisfies
PSD(Q, p,q) =0 are AND gates and all the gate on
path q that satisfies PSD(Q,p,q) = 1 are OR gates,
T is a robust test of the rising PDF on p. If such Q
does not exist, T is a functional sensitizable test of the
falling PDF on p.

o [fboth AND and OR gates are mixed on p, T is a func-
tional sensitizable test of the falling PDF on p.

Proof: From Definition 4, there exists a sequential path
that has the minimum sequential depth from £ to a primary
output to propagate the error of the rising PDF on P such
that /(k) = 0. For the falling PDF on p such that /(k) =1,
there exists a sequential path that has the minimum sequen-
tial depth from k to a primary output to propagate its error.

We show that the error of the rising PDF on p appeared
at k can be propagated to a primary output if there exist the
sequential path Q that satisfies the condition described in
the theorem from k to a primary output. If p is fault free,
from Corollary 1, the ending point of Q can have a rising
or a falling transition. If there exists a rising PDF on p, no
rising transition cannot be appeared at k or the value of k
is fixed to 0. From the condition of Q and the property of
controlling value of a gate, 1 is fixed to inputs of OR gates
on g in Q such that PSD(Q, p,q) = 1 and 0 is fixed to inputs
of AND gates on g in Q such that PSD(Q, p,q) =0.

If all the gates on p are AND gates, therefore the rising
PDF on p can be robustly activated and the error can be
propagated to the primary output. On the other hand, if both
AND and OR gates are mixed on p, the rising PDF on p can
be functionally sensitized.

Similarly, if all the gates on p are OR gates, the falling
PDF on p can be robustly activated and the error can be
propagated to the primary output. On the other hand, if both
AND and OR gates are mixed on p, the falling PDF on p
can be functionally sensitized. a

Testability of ¥ can be shown by the similar way as The-
orem 3. The circuit S¥ can be obtained from S¥ by replacing
AND into OR and OR into AND. If we apply inverted T to
S _ the relation of controlling and non controlling values for
each gate is reversed. Therefore, it is obvious that the PDF
with a transition direction on a path p’ in S¥ can be tested
under the same condition of the corresponding PDF with its
opposite direction on p in S¥.

For example, since the maximum sequential depth of the
rising sensitized circuit shown in Fig. 6 is two, we apply
square waves of length 4 with initial value O to all the pri-
mary inputs. There exists a reconvergence structure con-
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Figure 6. An example of a rising sensitized
circuit.

Table 1. The ratio of robust testable paths for

acyclic-transformed ISCAS’89 benchmarks.
[ Circuit ]| #paths [ Robust ratio (%)

s27 28 60.71
s208.1 142 38.03
5298 231 2597
5344 355 10.14
s349 365 9.86
s382 400 49.25
5386 207 43.96
5400 448 48.21
5420.1 474 35.86
s444 535 5047
s510 369 37.67
8526 410 33.66
$526n 408 33.82
5641 1744 32.05
s713 21812 25.77
5820 492 36.38
s832 506 35.38
$838.1 1714 34.66
51423 44726 14.66
51488 962 53.85
s1494 976 53.59
$5378 13542 60.57
$9234 244854 36.04
$9234.1 244854 36.14
s38417 1391579 3.05
s38584 1080723 20.95
$38584.1 1080723 20.95

cerned with the OR gate in the figure. By inverting the out-
put of the FF just before the OR, the direction of the transi-
tion can be inverted and then all the inputs can have inphase
square waves.

For sequential circuits with cycles, by partitioning intro-
duced in Section 2, our proposed method can be applied to
each partitioned circuit.

In the next section, for acyclic-transformed ISCAS’89
benchmark circuits, we will show how many PDFs can be
tested robustly for its rising (falling) sensitized circuits.

4. Experimental Results

In this section, we evaluate the number of robustly
testable paths by the proposed method for acyclic structure.
In this experiments, we transformed ISCAS’89 benchmark
circuits into acyclic ones and the transformed circuits were
used. The total number of paths and the ratio of the number

of robustly testable paths to the total number of paths are re-
ported in Table 1. From the table, we can see that the ratios
were from 3% to 60% and their average was around 17%
unfortunately. Improvement of the ratio will be our future
work.

5. Conclusions

In this paper, we proposed a method of testing for path
delay faults for application-specific interconnects in FP-
GAs. Concretely, we define inphase structure as a class of
sequential circuits and a method for testing for an FPGA
with an inphase sequential circuit as a configuration. We
showed that two test configurations of its AND and OR net-
works are sufficient to test all the path delay faults in the cir-
cuit robustly and the test length for each test configuration
is linear to the sequential depth of the circuit. For testing an
FPGA with an acyclic sequential circuit as a configuration,
we define the transformation of rising (falling) sensitization
and the transformed circuits are used as test configurations.
We also showed that two test configurations are sufficient
to test all the path delay faults in the circuit under robust
or functional sensitization condition and the test length for
each test configuration is linear to the sequential depth of
the circuit. Through the experiments, we evaluated the ratio
of the number of robust testable paths to the total number
of paths. To increase the ratio is one of the our future work.
The proposed method can be applied to sequential circuits
with cycles using the method of configuration partitioning.
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