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Abstract

We introduce a novel spectral method of delay test
generation for microprocessors at the register-transfer level
(RTL). Vectors are first generated by an available ATPG
tool for transition faults on inputs and outputs of the RTL
modules of the circuit. These vectors are analyzed using
Hadamard matrices to obtain Walsh function components
and random noise levels for each primary input. A large
number of vector sequences is then generated such that all
sequences have the same Walsh spectrum but they differ
due to the random noise in them. At the gate-level, a fault
simulator and an integer linear program (ILP) compact
these vector sequences. The initial RTL vector generation
also reveals the hard-to-test parts of the circuit. An XOR
observability tree was used to improve the testability of
those parts. We give results for an accumulator-based
processor named Parwan. The RTL technique produced
higher gate-level transition fault coverage in shorter CPU
time as compared to a gate-level transition fault ATPG.

L. Introduction

With the current generation microprocessors becom-
ing faster and more complex, new challenges are faced
in their testing. The test generation problem has grown
intricate and new requirements are been placed on the
test generation methods like testing of delay faults. Hence
functional at-speed tests are sometimes used in addition to
the conventional scan tests. Several studies [21], [24] have
shown the effectiveness of functional tests over structural
scan tests in detecting chip defects.

Several research papers have been published on func-
tional test generation of microprocessors [3], [29], [30].
However, functional testing achieves low fault coverage
as it is not aimed at detecting faults modeled at the gate
level. Recent work [13], [20] performs mapping of pre-
computed module level test sets to processor instructions
using data structures like algebraic decision diagrams
and bounded model checking to solve for instructions
and circuit imposed constraints and hence requires more
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engineering effort. Papers have been published in the area
of test vector generation using built-in self-test (BIST)
for microprocessors and consists of pseudo-random tests,
deterministic patterns, weighted random patterns [4], [33],
and randomized instructions [2], [25] for BIST, but these
techniques generally require very large number of test
patterns. Some work has also been published on software
BIST [5], [18] which involves microprocessor testing using
instructions loaded in program memory and require a good
knowledge of the instructions affecting each component
and the analysis of controllability and observability of the
component terminals in with respect to each instruction.
Most work we mentioned does not address delay testing.

In this paper, we present an RTL spectral method for
delay testing of processors. Unlike some of the methods
discussed earlier, the ATPG effort required is low as our
method is simulation-based. Also since we target delay
faults at RTL, test generation complexity is low. Our
method is based on spectral testing.

Susskind [28] showed that Walsh spectrum can be
used for testing a digital circuit. General properties and
applications of digital spectra can be found in the published
literature [10], [15]. More recently, Giani et al. [11], [12]
have reported spectral techniques for sequential ATPG
and built-in self-test. Hsiao et al. [6], [7] have published
works on spectrum-based self test and core test. Zhang
et al. [36] refined the method of extracting the spectra
from a digital signal using a selfish gene algorithm. Yogi
and Agrawal introduced a spectral RTL test generation
method for stuck-at faults for sequential circuits [34] and
for microprocessors [35]. The contribution of this paper
is a method for deriving transition fault tests [19] used
in delay testing of processor circuits. The ATPG method
described in this paper is an extension of our previous
work [35], which dealt with stuck-at faults in processor
circuits.

The outline of the paper is as follows. Section II gives
an overview of how bit-streams are analyzed in the spectral
domain. In Section III, we present our RTL ATPG method
for transition faults using spectral analysis and discuss its
application to a processor circuit in Section IV. Section V
describes a design-for-testability (DFT) method. Results
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are discussed in Section VI and finally we conclude in
Section VIL

IL. Background

The spectral method of test generation is based on the
premise that the spectrum of vectors that detect high-level
faults of the circuit exhibit certain spatial and temporal
correlations among the bits of primary input vectors,
required to sensitize paths between primary inputs and
outputs of a sequential circuit.

However, any high level test sequence has, besides the
relevant spectra, some amount of noise, which corresponds
to the don’t care bits in the tests of target faults. So we
analyze the spectrum and the noise level, and then generate
new vectors using the spectrum, to which noise samples
are added.

We shall use Walsh functions [31] to analyze the spec-
trum because they have been used for testing with effective
results. Walsh functions are a set of orthogonal functions,
which consist of trains of square pulses having +1s and -1s
as the allowed states and can only change at fixed intervals
of a unit time step. For an order n, i.e., for a sequence of n
time steps, there are 2” Walsh functions given by the rows
of a 2" x 2" Hadamard matrix H(n) [31], when arranged
in the so-called “sequency” order [32].

Hadamard matrices can be generated using the follow-
ing recurrence relation:

H(n-1)
H(n—1)

H(n-1)

Hn) = ~H(n 1)

ey
where H(0) = 1 and 2" is the dimension of the nth order
Hadamard matrix, H(n). Any bit-stream of k bits can
be represented as a linear combination of the basis bit-
streams from the Hadamard matrix, H (log, k), where the
multiplicand used for a basis bit-stream is the projection of
the object bit-stream on that basis bit-stream and are called
as coefficients. By analyzing these coefficients we will be
able to determine the major contributing basis bit-streams
in an original signal.

IIL. Spectral RTL ATPG

Our approach to RTL test generation consists of two
principal steps [35]:

1) RTL spectral characterization
2) Gate-level test generation

A. RTL spectral characterization

The RTL faults considered are the transition delay
faults on primary inputs and outputs of the different
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modules/circuit and on inputs and outputs of all flip-flops.
Test vectors are generated to detect these faults.

The generated vectors are analyzed using Hadamard
matrix to find the major spectral components. The bit-
streams entering various inputs are analyzed separately.
To find the spectral components for a bit-stream, it is
multiplied with the Hadamard matrix. A high value of the
coefficient corresponds to a high correlation of the bit-
stream to the corresponding Walsh function and vice-versa.
Hence, Walsh functions exhibiting high coefficient values
are considered as important or essential components and
others are considered as noise. Figure 1 shows an example
of generation of coefficients by projecting a bit-stream
onto the Walsh functions and determining the essential
component(s).

B. Gate-level test generation

After spectral analysis of the RTL vectors, to gen-
erate test vectors for gate-level transition delay faults,
the essential spectral coefficients are retained and others,
being considered noise are perturbed. Test vectors are
then generated from the coefficients by multiplying the
coefficients with the Hadamard matrix again.

We generate M such test sets by perturbing the spectra.
We then compact the test by selecting the smallest number
of these sequences without reducing the coverage. Our
compaction is done by an integer linear program (ILP),
in a similar way as has been reported in the literature [8],
[34].

IV. Microprocessor Testing

We applied our RTL-spectral test method to a simple
accumulator-based processor named Parwan [23]. Figure 2
shows a schematic of the PARWAN processor. It has
an 8-bit data-bus and a 12-bit address bus (addressing
4K memory). The circuit has around 800 gate modules
and 53 flip-flops. Currently, our method cannot handle
bidirectional pins. Hence we had to split the bidirectional
buses into separate input and output buses. Also we added
a reset signal to initialize the circuit for testing.

We sampled a total of 737 RTL transition faults, which
were all the faults on the inputs-outputs of the different
components (ALU, SHU, etc.), inputs-outputs of the reg-
isters (IR, PC, etc.) and the faults on the tri-state drivers.
Vectors were generated to cover these RTL transition faults
using a commercial sequential ATPG and new vectors were
generated using the technique described in Section III.

V. Design-for-Testability

Test generation for only the RTL faults has an added
advantage of revealing the bottlenecks in the testability of
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Fig. 1. Spectral analysis of a stream of 8-bits. The essential Walsh component in this bit-stream has
magnitude 6 and is represented by the second row of Hadamard matrix, H(3).

the circuit. Analysis of hard to detect faults at the RTL
gives an idea of the hard to test parts of the circuit and by
increasing their testability, we could expect to increase the
testability of the overall circuit. The testability of signals
can be increased by increasing their controllability and/or
observability [14], [16]. Adding control points requires
adding extra hardware, which may affect the performance
of the circuit. Being less intrusive we shall consider only
observation points. One option is to add latches for all the
observation points and connect them through a scan-out
chain. This structure is often used for design debugging
and can help in improving the fault coverage of tests [17].
Another option is to use a XOR tree to condense the logic
values at the various observation points [9], [27]. Since
the XOR tree incurs less hardware, we used it as our DFT
methodology.

V1. Experimental Results

The gate-level netlist for Parwan processor was down-
loaded from an internet website [1] and modified as
described in the previous section. The test vectors for
RTL transition delay faults were obtained using the Mentor
Graphics tool FlexTest [22], which is a sequential ATPG
system with a built in fault simulator. Those RTL vectors
were analyzed for their spectrum, new vector sequences
were generated using the technique discussed above and
finally they were compacted. Results were obtained on Sun
Ultra 5 machines with 256MB RAM.

Table I shows the characteristics of RTL test vectors.
Transition delay faults in the clock and reset network were
not included and a 50% credit was given to potentially
testable faults [26]. Coverages are defined as ratios of the
number of detected faults to the total number of detectable
faults as reported by FlexTest. The last column gives the
fault coverage of the 160 RTL vectors for collapsed gate-
level transition faults in the entire circuit, excluding clock
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TABLE I. Spectral characterization of proces-
sor circuit by RTL transition faults.
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¥

Fig. 2. Parwan CPU [1].
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and reset faults.

As discussed in Section IV, the RTL test generation
reveals the bottlenecks in the testability of the circuit.
Analysis of the RTL undetected transition delay faults for
Parwan processor revealed around 24 unobservable faults.
The remaining undetected transition faults were untestable
or potentially testable. The circuit used tri-state drivers for
driving buses and to improve the testability of their faults
we modeled the high-impedance state. It was observed
that almost all of the undetected RTL faults were on



TABLE Il. Comparing RTL-spectral and other ATPG strategies.

ATPG Version of CPU s for Sun Number of | Stuck-at fault | Transition fault
used Parwan circuit | Ultra 5 (256MB) vectors coverage (%) coverage (%)

RTL-spectral for Original 2442 2327 98.23 79.47
stuck-at faults [35] DFT for s-a-f 2442 1966 98.77 82.86
RTL-spectral for Original 6428 6700 97.60 81.85
transition faults DFT for t-f 6428 5120 98.25 85.94
RTL-spectral Original 9027 98.47 81.85
combined stuck-at DFT for s-a-f 7086 98.91 85.87
and transition tests DFT for t-f 7086 98.77 86.27
Gate-level FlexTest Original 26430 1403 93.40 72.02
for stuck-at faults DFT for s-a-f 20408 1619 95.78 80.49
Gate-level FlexTest Original 43574 1318 92.44 73.79
for transition faults DFT for t-f 40119 1444 96.29 81.90
Random Original 51200 82.28 58.67
vectors DFT for s-a-f 51200 86.20 65.82

the terminals of tri-state drivers. This could be because
of the functional constraints of the processor and such
faults might be functionally redundant delay faults. We
selected the 24 unobservable fault sites as our observation
points and condensed them using a 23 XOR gates tree
and fed its output to an extra added output pin. All
RTL transition delay faults were then either detected or
potentially detected by the same 160 vectors and the RTL
transition fault coverage of the RTL vectors increased to
58.40%.

The final results are tabulated in Table II, which com-
pares the RTL-spectral ATPG with gate-level sequential
ATPG (FlexTest) and random vectors. Results are given
for three circuits; the original Parwan circuit, Parwan
with DFT for stuck-at faults (s-a-f) [35], and Parwan
with DFT for transition faults (t-f). CPU times for RTL-
spectral ATPG are one order of magnitude lower than the
gate-level FlexTest. Interestingly, the RTL-spectral ATPG
vectors for transition faults, which numbered about 9,000,
produced 2-3% higher coverage of transition faults and
only a marginally lower stuck-at coverage. Best coverages
are obtained when we combine RTL-spectral ATPG vectors
for stuck-at faults [35] and those for transition faults. Both
DFT strategies give similar result, i.e., about 99% stuck-
at and 86% transition coverage. However, the number of
vectors is larger. Coverages for a large set of random
vectors are significantly lower.

Note that the highest achievable test coverage cannot be
100% as there was a small fraction of undetectable faults
due to fault-induced uninitializability. These are possibly
(or potentially) testable faults and were given a detection
credit of 50%. We also observe an increase in the gate-
level FlexTest coverages due to the DFT that was based
on the RTL test points. Similarly, random vectors perform
better on the circuit with DFT. The test coverages for the
original circuit and the circuit with DFT by the combined
RTL-spectral vectors are shown in Figures 3 and 4.
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PARWAN without DFT
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Fig. 3. Test coverages of RTL-spectral vectors
for original Parwan circuit [23].

VII. Conclusion

Building on the previous work [35] we have demon-
strated a RTL-spectral ATPG for testing transition delay
faults in microprocessors. Our method obtained an im-
provement in the test coverage with lower test generation
times as compared to a gate-level sequential ATPG tool.
The RTL test generation brings with it the advantages of
lower memory usage, and reduced computation complex-
ity. It enables the testability appraisal at RTL, and hence
efforts can be made to improve testability when the design
is conceptualized at higher levels of abstraction. Further,
RTL ATPG enables the testing of cores for whom only the
functional information may be known. Insertion of a XOR
observability tree was found to improve both stuck-at and
transition fault coverages. Observation test points, selected
after appraising the RTL ATPG results, correctly revealed
the testability bottlenecks of the circuit.
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Fig. 4. Test coverages of RTL-spectral vectors
for Parwan with transition fault DFT.
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