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ABSTRACT
This paper presents a scan-based BIST architecture for FPGAs used
as application-specific embedded devices for low-volume products.
The proposed architecture efficiently utilizes memory blocks, in-
stead of logic elements, to build up BIST components such as LFSR,
MISR and scan chains for test points. It also provides enhanced
scan functionality for test points and performs a hybrid test ap-
plication of LOC and enhanced scan to improve delay test qual-
ity. Experimental results show that the proposed BIST architecture
achieves high delay test quality with efficient resource utilization.

Categories and Subject Descriptors
B.8.1 [Performance and Reliability]: Reliability, Testing, and
Fault-Tolerance

Keywords
built-in self-test; delay test; test point

1. INTRODUCTION
Continuous advances in silicon manufacturing technologies al-

low us to design large, high-speed and low power products. Among
the many challenges imposed by the technologies, high in-field re-
liability is major concern and periodical online self-test is essen-
tial for overcoming reliability issues such as transistor aging. FP-
GAs are manufactured with most advanced technologies and are
also used as mission-critical and application-specific embedded de-
vices, instead of ASICs, for low-volume products due to their low
development cost and short time-to-market. However, advanced
technologies are more vulnerable to transistor aging and therefore
it is important to ensure in-field reliability of application-specific
circuits implemented on FPGA devices.

For ASIC products, several approaches have been proposed for
circuit failure prediction [8, 6, 7, 11] to overcome reliability issues.
Circuit failure prediction anticipates the occurrence of a circuit fail-
ure before the appearance of any error and the basic principle is to
capture the gradual delay shift caused by the transistor aging using
delay test schemes. For the purpose, they usually utilize scan-based
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BIST architecture, which is extensively studied and widely used in-
frastructure for manufacturing test of ASIC products.

There is no doubt that scan-based BIST is most promising and
well-established architecture for high quality delay test of ASIC
products. However, it is not efficient to adopt ASIC scan-based
BIST architecture as it is for FPGA devices in term of resource uti-
lization. FPGAs are not scan-ready devices (no scan cell and no
scan chain) and scan cells/chains must be implemented using gen-
eral resources such as Look-Up-Tables (LUTs), registers in Logic
Elements (LEs) and local/global interconnects. It was reported that
scan insertion for an application-dependent circuit introduces 50%
increase in LE usage [9]. Even though many approaches have been
proposed for testing of application-dependent circuits implemented
on FPGAs [12, 13, 1, 10], only a few approach adopt scan-based
architecture [9, 3] due to high area overhead.

In this paper, we assume that intended circuits for scan-based
BIST are logic-intensive circuits and require LE resources rather
than memory resources, which are another resources embedded on
FPGAs and can be configured to provide various memory func-
tions. This paper presents an efficient scan-based BIST architecture
for application-dependent circuits on FPGAs using shift register
configurations of memory blocks. To the best of authors’ knowl-
edge, this is the first paper that discusses efficient implementation
of scan-based BIST on FPGA devices. The contributions of the
paper are summarized as follows.

• It presents FPGA-specific and area-efficient architecture for
Linear Feedback Shift Register (LFSR)/Multiple Input Signa-
ture Register (MISR) [2] using shift register configurations of
memory blocks.

• It presents a scan chain architecture for test point FFs. The
proposed test point chain architecture is also implemented
using memory blocks for area efficiency and provides en-
hanced scan [5] functionality that can improve delay test
quality.

• Experimental results show the effectiveness of the proposed
architecture in terms of area and fault coverage of transition
delay faults compared to a conventional scan-based BIST ar-
chitecture used for ASIC designs.

The rest of the paper is organized as follows. Section 2 describes
the proposed BIST architecture and its test application scheme. Ex-
perimental results are shown in Section 3. Finally, Section 4 con-
cludes this paper.

2. PROPOSED BIST ARCHITECTURE

2.1 Overview
Figure 1 shows a conventional scan-based BIST architecture with

test point insertion which is widely used for ASIC products. An
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 Figure 1: Conventional BIST architecture.
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 Figure 2: Proposed BIST architecture.

LFSR and a MISR are used as a test pattern generator and a test re-
sponse compactor, respectively. FFs in Circuit-Under-Test (CUT)
are replaced with scan cells and several scan chains are constructed.
Moreover, control points (CPs) and observation points (OPs) are
added to improve random pattern testability. In the target BIST ar-
chitecture, we assume that each CP and OP share one FF as a test
point and these test points are stitched to form independent scan
chains. We call the scan chain for test points as test point chains
(TPCs) to distinguish from other scan chains in CUT. We also as-
sume Launch-On-Capture (LOC) [5] test application scheme which
is widely used in industry for delay fault testing.

In this paper, we assume that intended circuits for scan-based
BIST insertion are logic-intensive circuits. In other words, the
application-dependent circuits targeted in this paper require LE re-
sources rather than memory resources, which are another resources
embedded on FPGAs and can be configured to provide various
memory functions such as RAM, ROM, FIFO buffers and shift
registers without using LEs. The main idea is to efficiently utilize
unused memory blocks, instead of LEs, to implement BIST compo-
nents such as LFSR, MISR and TPCs. The overall of the proposed
BIST architecture is shown in Fig. 2. The detailed architectures
of LFSR, MISR and TPCs and its test application scheme will be
explained in the following subsections. The unique characteristics
are summarized as follows.

• Shift register mode of memory blocks is efficiently config-
ured to implement LFSR, MISR and TPCs.

• TPCs and normal scan chains are controlled by independent
scan enable signals, SETPC and SECUT , respectively. TPCs
remain unchanged during half of the test application cycles.

• TPCs naturally fit enhanced scan cell implementation that
can improve delay test quality in LOC test application scheme.

2.2 LFSR, MISR and TPCs
As we explained in Section 3.1, memory blocks can be config-

ured to provide shift register functions without using LEs. How-
ever, there are several design constraints to be satisfied to imple-
ment a shift register on memory block. For example, memory
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 Figure 3: Shift register mode configuration of Cyclone III de-
vice family.
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Figure 4: Proposed LFSR architecture and implementation.
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Figure 5: Proposed MISR architecture and implementation.

blocks embedded on Altera devices provide the shift register con-
figuration shown in Fig. 3. The shift register configuration is deter-
mined by the input data width w, the length of the taps m and the
number of taps n, and the size of a w ×m × n shift register must
be less than or equal to the maximum number of memory bits. In
addition, the length of the taps m must be more than or equal to 3.

In order to implement the shift register part of LFSR on a mem-
ory block, we select the configuration: (1) w = 1, (2) m = 3
(minimum length of the taps) and (3) n = Nsc where Nsc is the
total number of scan chains including TPCs, as shown in Fig. 4. All
the n bits output of the n-tap 3-bits shift register on memory block
are connected to scan-in ports to feed pseudo-random patterns to
CUT.

Similarly, a MISR is implemented using a shift register config-
uration of memory block as shown in Fig. 5. In MISR case, we
select the following configuration: (1) w = 1, (2) m = 3 (min-
imum length of the taps) and (3) n = 1, and prepare Nsc 1-tap
3-bits shift registers. The Nsc 1-tap 3-bits shift registers are con-
nected in serial by way of XOR gates, which are implemented by
LEs, to form MISR.

A TPC is also implemented using a shift register configuration
of memory block as shown in Fig. 6. We select the following
configuration for each test point (i.e., a pair of CP and OP): (1)
w = 1, (2) m = 4 and (3) n = 1. Each 1-tap 4-bits shift register is
connected to a single CP and OP. They are also connected in serial
by way of the multiplexers, which are implemented on LEs, to form
a TPC. If the length of a TPC is larger than normal scan chains, then
the TPC must be divided into several TPCs which does not exceed
the length of normal scan chains. The 1-tap 4-bits shift register can
store two 2-pattern delay tests (i.e., 4 bits) for each CP and works
as an enhanced scan cell during test application to improve delay
test quality.
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 Figure 6: Proposed TPC architecture and implementation.
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 Figure 7: Timing diagram of control signals for proposed BIST.

As you can observe from the figures, the size of LFSR/MISR/TPC
becomes m (3 and 4 for LFSR/MISR and TPC, respectively, in the
FPGA device used in this paper) times larger than those used in
the conventional BIST architecture to satisfy the design constraints.
However, most part of the LFSR is implemented on memory block
and there is not so much increase in LE usage.

2.3 Test Application Scheme
Figure 7 shows a timing diagram of the proposed BIST archi-

tecture during test application. Basically, it follows LOC-based
at-speed delay test application scheme controlled by scan enable
signal SECUT , and only TPCs have unique behavior controlled by
SETPC and ENTPC explained as follows.

Only when an even-numbered test pattern (i.e., pattern id is i×2)
is scanned in, TPCs are active and work as a single shift register in
between LFSR and MISR (i.e., ENTPC = 1 and SETPC = 1).
At the end of scan-in cycles for the even-numbered test pattern,
each 1-tap 4-bits shift register in TPCs contains two 2-pattern de-
lay tests (i.e., 4 bits) for a CP. Then, SETPC is de-activated before
the launch cycle and TPCs are switched to work as independent 1-
tap 4-bits shift registers to capture test responses from OPs. When
the next test pattern (odd-numbered pattern) is scanned in, ENTPC

is de-activated and TPCs become in-active to avoid consuming un-
necessary power. Finally, ENTPC is again activated and it per-
forms launch and capture operation. This process is repeated until
the BIST test application process is completed.

3. EXPERIMENTAL RESULTS
In this section, we present experimental results for two ITC’99

benchmark circuits b12 and b17 [4]. They were synthesized with
8 scan chains of length 8 and 20 scan chains of length 65, respec-
tively. We refer the designs as "Org. w/ scan" and use them as
baseline for our comparison shown in Table 1.

In our experiments, we randomly added 16 and 128 CP/OP test
point pairs to b12 and b17, respectively. After the test point inser-
tion, we implemented two BIST architectures, conventional BIST
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Figure 8: Impact of random test point insertion for b12.

"Conv. BIST" and the proposed BIST "Prop. BIST" on an FPGA
device. In the conventional BIST architecture, we prepare one FF
per each CP/OP test point pair and the size of LFSR/MISR is equal
to the total number of scan chains including TPCs. In contrast, we
used 3-bits and 4-bits shift register configurations for LFSR/MISR
and TPCs, respectively, to satisfy the design constraints for shift
register realization on memory blocks. Consequently, the number
of FFs and chains for TPCs in the proposed BIST is 4 times larger
and the size of LFSR and MISR is much larger than those in the
conventional BIST as shown in Table 1.

The designs were implemented on Altera Cyclone III using Quar-
tus II 13.0 Web Edition, and area overhead is evaluated in terms
of "Total logic elements", "Total Combinational Functions", "Total
registers" and "Total memory bits". Furthermore, fault simulations
were also performed to evaluate delay test quality for the two BIST
architectures. 500 and 20,000 pseudo-random patterns are used for
the fault simulations of b12 and b17, respectively. The results for
area and fault coverage are also included in Table 1. Note that the
fault coverages are not so high since the test points are randomly in-
serted without considering controllability/observability in CUT and
the BIST does not adopt complemental approaches such as phase
shifter and reseeding [2] which are widely used to improve fault
coverage.

First, we compared two results in columns "Memory" and "LE"
of "Prop. BIST". These two designs have exactly the same ar-
chitecture (as the proposed architecture). Only the difference is
that "Memory" implemented the architecture using memory blocks
while "LE" implemented the architecture with LEs only. There-
fore, the results for these two columns are identical except for area
related items. This comparison concludes that the proposed archi-
tecture and its implementation using memory blocks can drastically
reduce the LE utilization, and users do not need to worry about how
much LE resources can be used for application and how much LE
resources should be kept for BIST implementation.

Then, we compared two results in columns "Prop. BIST (Mem-
ory)" and "Conv. BIST". Despite the proposed BIST architecture
has larger LFSR/MISR and includes more TPCs, the difference in
LE usage is very small since the proposed BIST architecture effi-
ciently replaces LE resources with memory bits. On the other hand,
the difference in delay test quality is remarkable. The proposed
method can achieve 5% and 6.3% higher fault coverage than the
conventional method. The differences become more visible when
we compare the number of pseudo-random patterns to reach the
same fault coverage. For example in b17, the proposed BIST archi-
tecture only requires 6,120 patterns to reach 49.43% fault coverage
which is the final coverage of the conventional BIST architecture



Table 1: Results for b12 and b17.
b12 (#scan_chains=8, length=16) b17 (#scan_chains=20, length=65)

Design Org. Conv. BIST Prop. BIST Org. Conv. BIST Prop. BIST
w/ scan LE Memory LE w/ scan LE Memory LE

Test point - 16 CP/OP test point pairs - 128 CP/OP test point pairs
Number of flip-flops for TPCs - 16 64 - 128 512
LFSR/MISR size - 9 (8 + 1) 36 ((8 + 4)× 3) - 22 (20 + 2) 84 ((20 + 8) × 3)
Resource for shift register - LE Memory LE - LE Memory LE
Total logic elements 411 472 485 550 9334 9493 9550 9911
Total combinational functions 405 455 474 432 9126 9278 9350 9268
Total registers 121 155 133 257 1317 1489 1333 1997
Total memory bits 0 0 104 0 0 0 424 0
Delay test - LOC LOC + - LOC LOC +

enhanced scan enhanced scan
Fault coverage [%] - 63.01 69.38 - 49.43 54.47

after applying 20,000 pseudo-random patterns. This shows that the
proposed method can obtain around 70% reduction in pattern count
for the same fault coverage. These gains come from the two rea-
sons: (1) the proposed BIST architecture efficiently implemented
larger size LFSR and MISR and (2) TPCs have enhanced scan cell
capability for LOC-based delay test application scheme.

We further analyzed the impact of test point insertion on the pro-
posed BIST architecture for b12. Random test point insertion (16
CP/OP test point pairs) was performed for 5 times and the pro-
posed BIST architecture was implemented for each design. Figure
8 shows the results of area overhead (the number of LEs) and fault
coverage for the 5 designs. It is noticeable that the area overhead
depends on the location where the test points are inserted. This
trend is unique for FPGA devices and cannot be observed from
test point insertion for ASIC products. It is also interesting to note
that area overhead and fault coverage are not correlated so much
(the correlation coefficient is 0.49). For example, "Design2" pro-
vides high fault coverage (68%) with low area overhead (the num-
ber of LEs is 469). In this case, the proposed BIST architecture can
achieve 5% higher fault coverage with lower area overhead com-
pared to the conventional BIST architecture shown in Table 1. The
analysis tells us that a new test point insertion method is required
for scan-based BIST on FPGA devices even though it is extensively
studied for ASIC products.

4. CONCLUSIONS
We have presented a scan-based BIST architecture for application-

dependent FPGA testing. The main idea is to utilize shift register
configurations of memory blocks on FPGAs to efficiently imple-
ment BIST components such as LFSR, MISR and TPCs. Moreover,
the proposed TPC architecture provides an enhanced scan capabil-
ity and improves test quality of LOC-based delay test application
scheme. One of the future works is to investigate a method for test
point insertion based on the proposed BIST architecture to optimize
delay test quality as well as LE usage.
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