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Abstract. In deep-submicron technologies, long interconnects play an ever-important role in determining the
performance and reliability of core-based system-on-chips (SoCs). Crosstalk effects degrade the integrity of signals
traveling on long interconnects and must be addressed during manufacturing testing. External testing for crosstalk
is expensive due to the need for high-speed testers. Built-in self-test, while eliminating the need for a high-speed
tester, may lead to excessive test overhead as well as overly aggressive testing. To address this problem, we propose
a new software-based self-test methodology for system-on-chips (SoC) based on embedded processors. It enables
an on-chip embedded processor core to test for crosstalk in system-level interconnects by executing a self-test
program in the normal operational mode of the SoC, thereby allowing at-speed testing of interconnect crosstalk
defects, while eliminating the need for test overhead and the possibility of over-testing. We have demonstrated the
feasibility of this method by applying it to test the interconnects of a processor-memory system. The defect coverage

was evaluated using a system-level crosstalk defect simulation method.
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1. Introduction

The shrinking of feature sizes enables the integration of
a large system comprising of multiple cores on a single
chip. In core-based designs, a larger amount of core-
to-core communications must be realized with long in-
terconnects. As gate delay continues to decrease, the
performance of interconnect is becoming increasingly
important in achieving a high overall performance [15].
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con Research Center (GSRC) and the Semiconductor Research Cor-
poration (SRC) through contract no. 98-TJ-648.

T A preliminary version of this paper appeared in Proceedings of the
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However, due to the increase of cross-coupling capac-
itance and mutual inductance, signals on neighboring
wires may interfere with each other, causing excessive
delay or loss of signal integrity. This effect, known
as crosstalk, is more pronounced in deep-submicron
technology [8, 13]. While many techniques have been
proposed to reduce crosstalk [7, 10, 18], due to the
limited design margin and unpredictable process vari-
ations, testing for crosstalk must be performed during
manufacturing. In recent years, several crosstalk test
generation techniques have been developed to gener-
ate tests for local interconnects in gate-level circuits
[5, 6,9, 11, 17]. Unlike these techniques, we focus on
the testing of system-level interconnects, as they are
most susceptible to crosstalk effects due to the large
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coupling capacitance between long wires running in
parallel.

Due to its timing nature, testing for crosstalk effect
need to be conducted at the operational speed of
the circuit-under-test. At-speed testing for GHz sys-
tems, however, is prohibitively expensive with external
testers, as it requires testers with GHz performance.
Moreover, with external testing, hardware access
mechanisms are required for applying tests to inter-
connects deeply embedded in the system, which may
lead to unacceptable area or performance overhead.

Compared with external testing, self-testing is a
more feasible solution for at-speed crosstalk testing,
as it does not impose any performance requirement on
the external tester. A built-in self-test (BIST) technique
has been proposed in [2], in which an SoC tests its own
interconnects for crosstalk defects using on-chip hard-
ware pattern generators and error detectors. Although
the amount of area overhead may be amortized for large
systems, for small systems, the amount of relative area
overhead may be unacceptable. Moreover, hardware-
based self-test approach like the one proposed in [2]
may cause over-testing, as not all test patterns gener-
ated in the test mode are valid in the normal operational
mode of the system.

In this paper, we address the problem of testing
system-level interconnects in embedded processor-
based SoCs, which are the most dominant type of SoCs.
In such SoCs, most of the system-level interconnects,
such as the on-chip busses, are accessible to the embed-
ded processor core(s). Based on this fact, we propose a
software-based methodology that enables an embedded
processor core in the SoC to test for crosstalk effects in
these interconnects by executing a software program.
Unlike previous embedded processor core-based self-
testing methodologies [3, 4, 14, 16], in which the em-
bedded processor cores themselves are the subjects of
testing, the focus of our methodology is on the testing
of interconnects connecting the processor cores and
other cores.

Compared with the hardware-based approaches for
crosstalk testing, software-based self-test can be ap-
plied in the normal operational mode of the processor.
Therefore, no extra hardware is needed. In addition,
only the test patterns valid in the normal operational
mode of the processor are applied. Thus, the sys-
tem will not be over-tested. This is because crosstalk
cases that cannot be excited in the normal opera-
tional mode do not affect the correct functionality of
the system. Thus, the rejection of a chip due to a
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failure response in these cases causes unnecessary yield
loss.

In the rest of the paper, we first briefly describe
the crosstalk fault model used during the develop-
ment of the proposed method. The software-based self-
test methodology for crosstalk defects is introduced
in Section 3. In Section 4 we illustrate the proposed
method in detail by constructing a self-test program
for testing interconnects in a particular CPU-memory
system. In Section 5, we validate the proposed method
by extensive defect simulation using an HDL-level sim-
ulation framework consisting of a high-level crosstalk
error model. Section 6 concludes the paper.

2. Fault Model

During the development of the proposed self-test
method, we used the Maximum Aggressor Fault (MAF)
model [8] for modeling crosstalk effects. MAF model
is a high-level abstraction of all physical defects and
process variations that lead to crosstalk errors. Defin-
ing crosstalk faults based on the actual physical de-
fects can lead to the explosion of the fault space, as
the number of possible process variations and defects
that need to be considered can be extensive even for
a bus with a small number of interconnects. Instead,
the MAF model defines faults based on the resulting
crosstalk error effects, including positive glitch (g,),
negative glitch (g,), rising delay (d, ), and falling delay
(dy). The interconnect on which the error effect takes
place is defined as the victim. All the other wires are
designated aggressors, acting collectively to generate
the glitch or delay error on the victim.

Fig. 1 shows the signal transitions needed on the vic-
tim/aggressors to produce the strongest error effects
on a victim wire. For example, to produce a positive
glitch fault on Victim Y;, a stable “0” is assigned to Y7,
whereas rising transitions are assigned to all aggres-
sors. Each of these signal transitions, consisting of two
consecutive test vectors, is defined as the Maximum
Aggressor (MA) test for the corresponding MAF. For
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Fig. 1. Maximum aggressor tests for victim Y;.



a set of N-interconnects, a total of 4N faults need to
be tested, requiring 4N unique MA tests. It has been
proven in [8] that in an RC network, the MA tests are
necessary and sufficient for covering all possible phys-
ical defects and process variations that can lead to any
cross-coupling induced crosstalk error effect on any of
the N interconnects. The limitation of the MAF model
is that the MA tests do not necessarily excite the worst-
case crosstalk scenarios in an RLC network.

In the next section, we describe the general strategy
for applying MA tests to system-level interconnects
by executing a self-test program using an embedded
processor.

3. Test Methodology

In a core-based SoC consisting of embedded proces-
sor, memory, and other cores, the address, data, and
control busses are the main types of global intercon-
nects, with which the embedded processors commu-
nicate with memory and other cores of the SoC via
memory-mapped I/O (Fig. 2). Besides the single ad-
dress/data busses shown in Fig. 2, there can be mul-
tiple busses or hierarchical bus structures. The most
common mechanism for a CPU to communicate with
a core is via memory-mapped I/O, in which certain
addresses in the memory address space of the CPU
are reserved for addressing the cores. Hence, the way
the CPU communicates with memory cores is similar
to the way it communicates with non-memory cores.
In this paper, we focus on the testing of interconnects
connecting the CPU and memory cores. Among such
interconnects, we focus on the testing of data and ad-
dress busses, as they are by far dominating and most
susceptible to crosstalk defects due to a large number
of long interconnects running in parallel. The testing of
interconnects between the CPU and non-memory cores
and the testing of control busses are subjects of future
study.

CPU RAM
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Fig. 2. An SoC containing embedded pro-
Cessor cores.
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To test the address bus and the data bus with an em-
bedded processor, our strategy is to let the processor
execute a self-test program, with which the test vec-
tor pairs (as described in Section 2) can be applied to
the appropriate bus in the normal functional mode of
the system. In the presence of crosstalk-induced glitch
or delay effects, the second vector in the vector pair
becomes distorted at the receiver end of the bus. The
processor can then store this error effect to the memory
as a test response, which can later be unloaded by an
external tester for off-chip analysis.

In this self-test approach, the loading of the self-test
program and the unloading of the test response can be
done with a low-speed tester. This prevents the cor-
ruption of the test program data or test response data
due to crosstalk errors on the data or address busses,
which can be activated at high speed. The self-test pro-
gram itself is executed at-speed in the normal func-
tional mode of the system without the monitoring of
any external testers. Thus, with this approach, at-speed
testing for crosstalk effects can be applied without a
high-performance tester.

We next describe the general method for testing the
data bus and the address bus.

3.1. Testing Data Bus

For a bi-directional bus such as a data bus, crosstalk ef-
fects vary as the bus is driven from different directions.
Thus, crosstalk tests need to be conducted in both di-
rections [2]. Note that, however, to apply a test vector
pair (v1, v2) in a particular bus direction, the direction
of vl is irrelevant. Only v2 needs to be applied in the
specified direction. This is because the signal transition
triggering the crosstalk effect takes place only when v2
is being applied to the bus.

To apply a test vector pair (v1, v2) to the data bus
from an SoC core to the CPU, the CPU first exchanges
data vl with the core. The direction of the data ex-
change is irrelevant. For example, if the core is the
memory, the CPU may either read v1 from the mem-
ory or write v1 to the memory. The CPU then requests
data v2 from the core (a memory-read if the core is
memory). Upon the arrival of v2, the CPU writes v2 to
memory for later analysis.

To apply a test vector pair (v1, v2) to the data bus
from the CPU to an SoC core, the CPU first exchanges
data vl with the core. The CPU then sends data v2
to the core (a memory-write if the core is memory).
If the core is memory, v2 can be directly stored to an
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appropriate address for later analysis. Otherwise, the
CPU must execute additional instructions to retrieve
v2 from the core and store it to memory.

3.2. Testing Address Bus

To apply a test vector pair (v1, v2) to the address bus,
which is a unidirectional bus from the CPU to an SoC
core, the CPU first requests data from two addresses
(vl and v2) in consecutive cycles. In the case of a non-
memory core, since the CPU addresses the cores via
memory-mapped I/0, v2 must be the address corre-
sponding to the core. If v2 is distorted by crosstalk, the
CPU would be receiving data from a wrong address,
v2’, which may be a physical memory address or an ad-
dress corresponding to a different core. By keeping dif-
ferent data at v2 and v2’ (i.e., mem[v2] # mem[v2']),
the CPU is able to observe the error and store it to mem-
ory for analysis. In rare cases, the value stored in v2’
cannot be easily controlled. For example, v2’ may cor-
respond to unused address space, read-only locations,
or address space mapped to special registers whose
values may change during operation. Furthermore, the
value of v2’ may be unpredictable due to an unpredicted
crosstalk error effect. For example, a signal transition
on an aggressor can be corrupted by a strong victim. To
address these problems, a relative unique value should
be stored in v2 to maximize the probability of detecting
the error.

Fig. 3 illustrates the process of testing the address
bus. For example, in the case where the CPU is com-
municating with a memory core, to apply test (0001,
1110) in the address bus from the CPU to the memory
core, the CPU first reads data from address 0001. The
CPU then reads data from address 1110. In the sys-
tem with the faulty address bus, this address becomes
1111. If different data are stored at address 1110 and
1111 (mem[1110] = 0100, mem[1111] = 1001), the
CPU would receive a faulty value from memory (1001

0001 1110
Fault-free addr addr | MEM
P
addrgjz cPU| T | MEM |:> CPU | 1100 G700
" data data |
Fault 0001 1111
address cru [ 2| mem )| cru 249 e
bus P 1001 |
™ data " data | 1001

Fig. 3. Testing the address bus.
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instead of 0100). This error response can later be stored
to memory for analysis.

Although the generation of test programs is
instruction-set-specific, a systematic approach can be
followed. To summarize, we first analyze instructions
with which the processor communicates with the mem-
ory core (e.g., load and store instructions). We then look
for instructions or instruction sequences that can cause
transitions on the data or address bus. Transitions with
maximum flexibility are selected for applying crosstalk
tests (e.g., MA test vector pairs). These are transitions
with minimum constraints on signal values. Finally, for
observing error responses, additional instructions may
be used if necessary. The end goal is such that if the
second vector in the test vector pair is corrupted, either
an incorrect value is stored to the response location in
memory (due to crosstalk error on data bus) or a correct
value is stored to an incorrect location in memory (due
to crosstalk error on address bus).

4. Application to a CPU-Memory System

In this section, we illustrate the proposed method in de-
tail by applying the guidelines introduced in Section 3
to a CPU-memory system. Since memory-mapped I/O
is acommon mechanism for CPU to communicate with
other cores, the same methodology can be extended
for testing interconnects between the CPU and non-
memory cores.

The particular CPU-memory system we used here
consists of an 8-bit accumulator-based multi-cycle pro-
cessor core with 23 instructions [12] and a 4K instruc-
tion/data memory. The CPU communicates with the
memory via a 12-bit unidirectional address bus and an
8-bit bi-directional data bus.

4.1. Testing Data Bus

We chose to use the load instruction (LDA) of the pro-
cessor to apply tests to the data bus. The load instruc-
tion takes a 12-bit address (A, ) as operand and loads
the content of this address (M[A,]) to the accumula-
tor. As shown in Fig. 4, the load instruction is stored as
two bytes in the memory. The addresses of these two
bytes are A; and A; + 1, respectively. In the first byte,
the first 4 bits contain the opcode of the instruction.
The last 4 bits contain the page number of A,, which
is the first 4 bits of A,. The second byte in the load
instruction contains the offset of A,, which is the last
8 bits of A,.
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Fig. 5. Load instruction: timing diagram.

Fig. 5 shows the timing diagram of the load in-
struction. In the system under consideration, access to
busses is controlled by tri-state buffers. When all tri-
state buffers are disabled, the signal on the bus becomes
high impedance (‘“z”). When “z” appears, we assume
the bus holds the last defined value before “z”.

To fetch the instruction from the memory, the CPU
first requests the first byte of the instruction by plac-
ing the address of the instruction, A;, on the address
bus. The memory responds by sending the content of
A;(M[A;]) to the CPU through the data bus. After
decoding the first byte of the instruction, the CPU
recognizes that the current instruction is a load in-
struction, which contains two bytes. Thus the CPU
fetches the second byte of the instruction from memory
(M[A; 4 1]). After receiving the complete instruction,
which contains the data address A,, the CPU fetches
the content of A,(M[A,]) from memory and places it
into the accumulator.

During the execution of the load instruction, there are
two signal transitions on the data bus, which can be used
to apply the vector pair for crosstalk testing. The first
transition is from M[A;]to M[A; + 1]. As M[A;] con-
tains the opcode of the instruction, we are constrained
when applying vector pairs using this transition. The
second transition is from M[A; + 1] to M[A,], where
M[A; + 1] contains the 8-bit address offset of the data
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to be loaded and M[A,] contains the actual data to be
loaded. We chose this transition over the first transition,
as it does not come with any constraints and thus can be
used to apply crosstalk tests with maximum flexibility.

To apply an arbitrary vector pair (v1, v2) to the data
bus, we need to have M[A; + 1]=v1 and M[A,] =v2.
Hence, we need to load from an address with a specific
offset (v1) containing a specific data (v2). For exam-
ple, to apply (00000000, 11110111), one of the tests
for positive glitch faults, we may load from address
1110: 00000000 (offset = 00000000), which contains
data 11110111). If the test passes, v2 (11110111) is
loaded to the accumulator. If the test fails due to a posi-
tive glitch, v2 becomes 11111111. Thus a wrong value
is loaded into the accumulator. The error response can
be collected by storing the accumulator content to a
specific memory address, which can be checked by an
external tester upon the completion of the tests. Thus,
a two-instruction sequence is needed for applying this
test: (1da 1110:00000000, sta resp), where the
content of memory address 1110 : 00000000 must be
set to 11110111, and resp is the memory address
where the test response will be stored.

Similarly, the same strategy can be used to apply
tests for other types of crosstalk faults (negative glitch,
falling delay, and rising delay) on the data bus.

4.2. Testing Address Bus

During the execution of the load instruction, there are
two transitions on the address bus. The first transition is
the increment from A; to A; + 1. The second transition
is from A; + 1 to A,. Since the first transition comes
with a much more strict constraint than the second one,
we choose to use the second transition to apply the
vector pair.

To apply an arbitrary vector pair (v1, v2) to the ad-
dress bus, A; + 1 must be v1 and A, must be v2. Thus,
the second byte of the instruction must be located at
memory address v1, which implies that the instruction
itself must be located at memory address vl — 1. In
addition, the data address accessed by the instruction
must be v2.

4.2.1. Testing for Rising/Falling Delay Faults.
For example, to apply (0000:00010000, 1111:
11101111), one of the tests for falling delay faults, we
place the load instruction at address 0000 : 00001111
(vl —1), and load from address 1111:11101111 (v2).
If the test fails due to a falling delay defect, v2 becomes
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Fig. 6. Testing for positive/negative glitches on the address bus using two instructions.

1111:11111111 and we would be loading from address
1111: 11111111 instead of address 1111:11101111.
To observe the error, we store different values at address
1111:11101111 and 1111: 11111111 (e.g., 00000001
at1111:11101111 and 00000000 at 1111:11111111).
If the test passes, 00000001 is loaded to the ac-
cumulator. If the test fails, 00000000 is loaded in-
stead. Again, the error response can be collected by
storing the accumulator content to memory. Thus,
a two-instruction sequence is needed for applying
this test: (1da 1111:11101111, sta resp), where
the lda instruction is placed at memory address
0000:00001111, and the contents of memory ad-
dress 1111:11101111 and 1111:11111111 are set to
00000001 and 11111111, respectively.

Tests for rising delay faults can be applied in a simi-
lar manner. However, tests for positive glitch/negative
glitch faults are considerably different. This is be-
cause all tests for positive glitch faults start with vector
0000 : 00000000 (Fig. 1). To apply such a test using
one instruction, the second byte of the instruction must
be placed at memory address 0000 : 00000000. More-
over, to apply two vector pairs starting with the same
vector (0000 : 00000000 in this case), two instructions
need to be placed at the same memory location, caus-
ing an address conflict. This problem can be solved by
utilizing the signal transition between fwo instructions.

4.2.2. Testing for Positive/Negative Glitch Faults.
As shown in Fig. 6, we use two load instructions, “lda
A,” and “lda A,”, where A, and A, are the addresses
to load from. The two instructions reside from mem-
ory address A; to A; + 3. To apply vector pair (v1, v2)
to the address bus, we use the transition between two
instructions, from A, to A; + 2. Therefore, A,, the ad-
dress to be loaded from in the first instruction, has to
be setto vl. A; + 2, the address of the second instruc-
tion, has to be set to v2, putting the first instruction
at address v2 — 2. As a result, we are able to avoid
the problem of address conflicts when applying two
vector pairs starting from the same vector. For ex-
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ample, to apply (0000 : 00000000, 1111:11111110),
the vector pair needed for testing the positive
glitch fault on bus line 1, we place the first
instruction at address 1111:11111100 and use
it to access address 0000:00000000. To apply
(0000:00000000, 1111:11110111), the vector pair
needed for testing the positive glitch fault on
bus line 4, we place the first instruction at ad-
dress 1111:11110101 and use it to access address
0000 : 00000000. There are no address conflicts bet-
ween the two tests.

Fig. 7 illustrates the collection of test re-
sponse for a positive glitch test, (0000 : 00000000,
1111:11101111). To apply this test, we place the first
instruction at address 1111: 11101101 and use it to ac-
cess address 0000 : 00000000 (Fig. 7(a)). In the pres-
ence of a positive glitch fault, the execution of the
second instruction is affected. Instead of executing
the instruction located at addresses 1111:11101111
and 1111:11110000, the CPU now executes the in-
struction located at addresses 1111:11111111 and
1111:11110000 (Fig. 7(b)). Note that the first byte
is changed while the second byte is not. To ob-
serve this error, we store different values at addresses
1111:11101111 and 1111:11111111 such that the
content at 1111:11101111 corresponds to loading

1111:11101101] Ida [ 0000 }IdaO:OOOOOOOO
1111:11101110[ 00000000

Ida | 0001 }
1111:11110000[__00001101 | 1da 1:00001101

()

QAT ida ] 0010
(b)
page1 page?2

Ida 2:00001101

1:00001101{00000001 | 2:00001101/00000000

L 7
(©)

I

Fig. 7. Response collection.



from page 1 and the content of 1111: 11111111 cor-
responds to loading from page 2. An arbitrary ad-
dress offset, for example, 00001101, is stored at
1111:11110000. If the test passes, the CPU loads
from address 1:00001101. If the test fails, the CPU
loads from address 2 : 00001101 (Fig. 7(b)). We store
different values at these two addresses such that the
CPU loads a wrong value into the accumulator in the
presence of the fault (Fig. 7(c)). The error response
can be collected by storing the accumulator content to
memory.

Thus, as shown in Fig. 7, to apply test vec-
tor pair (0000 :00000000, 1111:11101111), a three-
instruction sequence is needed: (1da 0000 : 00000000,
1da 0001:00001101, sta resp), where the first
1da is placed at address 1111:11101101, with the
content of address 1111: 11111111 setto “1da 0010”
(the first byte of a 1da instruction loading from
page 2) and the content of address 0001 : 00001101
and 0010:00001101 set to 00000001 and 00000000,
respectively.

4.3.  Test Response Compaction

After each test, the test response is stored in the memory
so that it can be unloaded and checked by an external
tester. To reduce the data exchanged between the mem-
ory and the tester, we compact the test responses into
as few bytes as possible without losing any diagnostic
information.

Our basic idea for test response compaction is to sum
up individual test responses into a collective test re-
sponse. If the individual tests are properly constructed,
the collective test response can show the pass/fail sta-
tus of each test. Fig. 8 illustrate the test response com-
paction process, when tests for rising delay faults on
the data bus (Section 4.1) are applied.

Since the ADD instruction has the same con-
struct and timing characteristics as the load instruc-
tion (Fig. 8(a)), we use the add instruction to apply the
tests. Fig. 8(b) shows the test program for the rising de-
lay faults on all data bus lines. First, the accumulator is
cleared. To apply the first test (01111111, 10000000),
the test vector pair for the rising delay fault on bus
line 8, we add to the accumulator the content of ad-
dress 3:01111111, which is 10000000 (Fig. 8(c)). The
page number, 3, is arbitrarily chosen. In the presence
of a rising delay fault, the second vector in the vector
pair, 10000000, becomes 00000000. Thus, 0 is added
to the accumulator instead. The rest of the tests are
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3:11111110| 00000001

—

(b) ()

Fig. 8. Test response compaction.

constructed in similar manner. After the application of
all tests, we store the accumulator content to a test re-
sponse vector. If all tests pass, since we add 10000000,
01000000, ..., 00000001 to the accumulator, the final
test response is 11111111. Otherwise, at least one bit
in the test response vector is 0. The position of the “0”
bit tells which test failed.

Similarly, the test responses for the address bus can
be compacted.

Depending on the actual instruction set of the proces-
sor core used in the SoC, the detailed constructs of the
test programs may be different. Nonetheless, the gen-
eral testing strategy we described here may be used to
test the address/data busses between any CPU-memory
pair. Moreover, since the cores in a SoC are often ad-
dressable by the CPU via memory-mapped /O, the
same test strategy can be extended to test address/data
busses between any CPU-core pair.

With the software-based self-test approach, the pro-
posed method has no area or delay overhead. Currently,
the generation of test programs involves manual effort
because it is instruction-set-specific. However, since
we only need to consider the behavior of memory-
accessing instructions when composing test programs,
the test generation effort does not increase as the size of
the instruction set increases. For each MA fault, a con-
stant number of instructions are needed for applying
the test. For a CPU-memory system with N intercon-
nects, the number of MA faults is 4N. Thus, the size
of the test program is proportional to N. This corre-
sponds to the size of the memory required for storing
the test program, the tester time needed for loading the
test program from the tester to the on-chip memory, as
well as the test application time needed for executing
the test program in the self-test mode.
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Fig. 9. HDL-level defect simulation environment.

5. Validation

To validate the proposed software-based self-test
methodology, we composed a complete test program
for the CPU-memory system described in Section 4
and evaluated its defect coverage under an HDL-level
defect simulation environment (Fig. 9). During simu-
lation, the CPU exercises the busses by executing the
crosstalk test program stored in the memory. To sim-
ulate the effect of crosstalk on HDL-level, we used
the high-level crosstalk error model proposed in [1].
Coded in HDL, the error model takes as input a param-
eter file containing the values of the coupling capac-
itance among interconnects. Given an input transition
on the driver end of the bus, the error model determines
whether a crosstalk error happens on the receiver end.
Note that with this high-level crosstalk error model, we
are able to take into account the effect of fault mask-
ing when evaluating defect coverage, since a crosstalk
defect on the bus is indeed activated many times as the
CPU executes the test program.

During the execution of the test program, the CPU
stores test response signatures to the memory. Upon the
completion of the simulation, we determine whether
the defect has been detected by the test program by
comparing the resulting response signature with its
expected value. To estimate the defect coverage, the
same defect simulation process is repeated on all de-
fects from a pre-constructed defect library.

Fig. 10 illustrates the generation of the defect li-
brary. To generate the defect library, we first randomly
perturb the nominal values of coupling capacitances
among interconnects according to a given defect dis-
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Fig. 10. The generation of defect library.

tribution. Given the resulting perturbation, we use the
criteria in [8] to determine whether the perturbation is
large enough to be detectable by any tests. In particular,
if a perturbation in capacitance causes the net coupling
capacitance (C) on any interconnect to be larger than
a threshold value (Cy,), it is recorded as a defect. The
value of Cy depends on the value of acceptable de-
lay length or glitch height. This is because in an RC
network, given fixed resistance values, the amount of
crosstalk-induced delays and the height of crosstalk-
induced glitches on one interconnect increase mono-
tonically as C increases. The process of defect gener-
ation is repeated until a satisfactory number of defects
are generated. In this paper, we only consider crosstalk
within the same bus when injecting defects. It is pos-
sible to inject defects causing crosstalk between two
busses by treating them as one bus.

In our experiments, we used a Gaussian distribution
to model the defect distribution in terms of the variation
of capacitance values (in %). A 3§ point of 150% was
chosen. A total number of 1000 defects were generated
for each bus.

For the CPU-memory system described in Section 4,
there are 64 MAFs on the 8-bit bi-directional data bus
(8 x 4 x 2) and 48 MAFs on the 12-bit address bus
(12 x 4). With the test program, we were able to apply
64 out of 64 MA tests for the databus and 41 out of
48 tests for the address bus. Some of the tests cannot
be applied due to address conflicts—i.e., multiple tests
compete for the same instruction address. This prob-
lem can be solved by separating conflicting tests into
multiple test programs, which can be executed in differ-
ent sessions. The total execution time of the programs
is 1720 processor cycles. The size of the test program
is proportional to the width of the busses, as a certain
number of instructions are needed for testing for each
MAF.

Fig. 11 shows the individual and cumulative defect
coverage obtained by applying each of the MA test for
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Fig. 11. Crosstalk defect coverage of MA test programs.

the address bus of the CPU-memory system. The hori-
zontal axis indicates the MA test for each interconnect
of the bus, with the ith test being the MA test for the
ith interconnect. The individual defect coverages are
shown in light gray, while the cumulative coverages are
shown in dark gray. It can be seen that different MA
tests have different levels of defect coverages, with the
MA tests for the center interconnects having more cov-
erage than the MA tests for the side interconnects. This
is because the probability of a side interconnect being
defective is small, as the net coupling capacitance on
a side interconnect is smaller than the one on a center
interconnect (i.e, a much larger perturbation is needed
to render the side interconnect defective). In fact, the
probability is so small such that in the particular de-
fect library we have generated, no perturbation is large
enough to cause Lines 1, 2, 11, and 12 to be defective.
This is shown in Fig. 11, where the MA test programs
for Lines 1, 2, 11, and 12 have no defect coverage.
The cumulative defect coverage shows that the MA
tests combined together provide a 100% coverage of
the crosstalk defects on the address bus interconnects.

Since the MA tests are necessary for detecting all
detectable defects [8], in theory, some of the defects
can only be detected by the missing tests. However,
using our defect library, the defect coverage of the test
program is 100% on both address and data busses. This
is because a large overlap exists among the defects
set detected by different MA tests. Of all the defects
detectable by one MA test, only a tiny fraction cannot
be detected by any other MA tests.

6. Conclusions

At-speed testing for crosstalk effects is expensive with
external testers. Built-in self-test for crosstalk may re-
sult in high test overhead or over aggressive testing.
To address these issues, we proposed a cost-effective
method for testing system-level interconnects using
embedded processor cores. By executing a self-test pro-
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gram, a processor is able to test the address and data
busses through which it communicates with memory
components. The same method can be extended for
testing the interconnects between the processor and
non-memory cores, as these cores are typically ad-
dressed by the processor via memory-mapped 1/0. We
have constructed an HDL level defect simulation envi-
ronment to validate the proposed method and evaluate
the defect coverage of any given test program. Exper-
imental results show that a self-test program written
following the proposed method is able to achieve its
projected defect coverage.
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