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ABSTRACT: We present a Built-In Self-Test (BIST)
approach for testing and diagnosing the programmable
logic and memory resources in Xilinx Virtex-4 series
Field Programmable Gate Arrays (FPGAs). The re-
sources under test include the programmable logic
blocks (PLBs) and block random access memories
(RAMSs) in all of their modes of operation. The BIST
architecture and configurations needed to completely
test these resources are presented. The BIST approach
exploits architectural and operational features of the
Virtex-4 FPGA to reduce the amount of storage required
for BIST configuration data as well as the total testing
time required for testing the FPGA.*

1. INTRODUCTION AND BACKGROUND

Built-In Self-Test (BIST) of programmable logic and
routing resources in Field Programmable Gate Arrays
(FPGASs) has been a topic of research and development
for the past decade [1]. The ability to reprogram an
FPGA to test itself for fault detection in conjunction
with fault diagnosis provides the fundamental step for
fault-tolerant operation since the FPGA can be recon-
figured to avoid faulty resources. The primary barrier to
practical application of this idea has been the large
number of BIST and diagnostic configurations required
to achieve detection and identification of faulty re-
sources. This barrier is compounded by the time re-
quired to download these configurations into the FPGA
since the download time represents the major portion of
the total testing time [1]. The problem is further con-
founded by the increase in size and complexity of
FPGAs with the addition of specialized cores, including
large random access memories (RAMSs) and digital sig-
nal processors (DSPs) [2].

In this paper, we present a case study of BIST for the
Xilinx Virtex-4 series FPGA which exploits architec-
tural and operational features of the FPGA for dynamic
partial reconfiguration and configuration memory read-
back for BIST and diagnosis of faulty resources based
on the BIST results. We begin with a brief overview of
the architectural features of the Virtex-4 series FPGAs
in Section 2. This is followed by a discussion of the
BIST architecture and prior work in BIST for FPGAs,
as it relates to this BIST architecture, in Section 3. The
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details of BIST configurations for specific logic and
memory resources including programmable logic blocks
(PLBs) and block RAMs are presented in Sections 4 and
5, respectively. Experimental results are presented in
Section 6 and the paper is summarized in Section 7.

2. OVERVIEW OF VIRTEX-4 ARCHITECTURE

The Virtex-4 FPGA is easily the most complex FPGA
offered by Xilinx to date. The general architecture is
illustrated in Figure 1 and consists of columns of PLBs,
block RAMs, and DSPs [3]. The PLBs consist of four
slices, each containing two 4-input look-up tables
(LUTSs) and two flip-flops along with other specialized
logic. The LUTS in two of the four slices can also func-
tion as small RAMs or shift registers. The block RAMs
are 18K-bit dual-port RAMSs programmable in a variety
of modes of operation including first-in first-out (FIFO)
and error correcting code (ECC) modes. The DSPs in-
clude an 18x18-bit signed multiplier and a 48-bit ad-
der/subtractor with registers for accumulator operations.
The number of rows and columns of PLBs, block
RAMs, and DSPs varies with the size and family (LX,
SX, or FX) of Virtex-4 FPGAs. The ranges for the total
number of PLBs, block RAMs, and DSPs for the vari-
ous sizes of Virtex-4 FPGAs are included in the legend
in Figure 1. The array size for Virtex-4 tend to be large
compared to previous FPGAs and these large arrays
pose a number of challenges to BIST as will be dis-
cussed in the next section. Unlike the example shown
in Figure 1, Virtex-4 arrays have more rows than col-
umns with an average ratio of about 2-to-1.
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Figure 1. Basic Virtex-4 Architecture

Virtex-4 supports frame addressable write and read ac-
cess of the configuration memory [4]. This facilitates
both dynamic partial reconfiguration of the FPGA via
frame addressable write operations and partial configu-
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ration memory readback via frame addressable read
operations. An important new feature in the Virtex-4 is
the ability to write multiple frame addresses with the
same configuration data once the single frame of con-
figuration data has been written to the Frame Data Reg-
ister. This multiple frame write feature helps to reduce
the total time required to reconfigure the FPGA, this is
particularly important in the case of large FPGAs and
useful in very regular-structured designs that repeat
across the array (as is the case with our BIST approach).
During configuration memory readback, the contents of
memory elements, including PLB flip-flops/latches and
RAMs as well as block RAMs, are also read with the
contents of the configuration memory. The frames of
the configuration memory are fixed in size and are ori-
ented along the columns of the FPGA with each frame
associated with the equivalent of a column of 16 PLBs
[4]. Furthermore, the 128 flip-flops for all 16 PLBs in
the column are located in the same frame such that their
contents can be observed by reading a single frame.

A final architectural feature is the ability to route all
primary outputs of the PLB through the flip-flops. All
of these architecture and operational features of the
Virtex-4 also play a major role in the architecture and
operation of the BIST approach as will be discussed in
the subsequent sections.

3. BIST ARCHITECTURE

The basic BIST architecture is illustrated in Figure 2
and is used for testing all programmable logic and
memory resources in the Virtex-4 series FPGA includ-
ing PLBs, block RAMs, and DSPs. Multiple identically
configured test pattern generators (TPGs) supply test
patterns to identically configured blocks under test
(BUTS) which can be PLBs, RAMSs, or DSPs. The out-
puts of the BUTs are monitored by two output response
analyzers (ORAs) and compared with the outputs of two
different BUTs. This results in the circular comparison
based BIST architecture shown in Figure 2.
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Figure 2. Basic BIST Architecture

This circular comparison architecture was originally
developed for testing the 4K-bit block RAMs in Virtex |
FPGAs as well as the 18K-bit block RAMs and 18x18-
bit multipliers in Virtex 1l FPGAs [2]. A relatively
straight forward diagnostic procedure was develop for
this architecture based on the MULTICELLO PLB diag-
nostic procedure originally developed for an earlier
BIST architecture. In that approach, the PLBs along the

edge of the array were monitored by only one ORA [1].
As a result, the diagnostic resolution was the lower
along the edges of the array, making unique diagnosis of
a set of faulty PLBs difficult and sometimes requiring
additional BIST configurations. The MULTICELLO pro-
cedure was later extended for use in on-line BIST and
PLBs where a sequence of separate test structures with
two BUTs and one ORA resulted in a small circular
array of four BUTs and four ORAs when superimposed
over time [5]. When the diagnostic procedure was ex-
tended for use when testing the block RAMs and multi-
pliers in Virtex I, the circular comparison was found to
provide an improvement in diagnostic resolution over
that of the BIST architecture for which MULTICELLO
was originally developed since there are no edges where
BUTSs are observed by only one ORA [2].

The contents of the ORA flip-flops are obtained via
partial configuration memory readback such that no
additional logic is required to retrieve the BIST results.
Retrieving BIST results via full configuration memory
readback was originally used in BIST for Xilinx 4000
series FPGAs [6] to avoid the need for additional logic
to form a shift register for scanning out ORA contents at
the end of each BIST configuration [1]. Partial configu-
ration memory readback was later used in [7] to reduce
the time required to retrieve the contents of the ORAs
and, in turn, the overall test time. As a result of the
Virtex-4 architecture and the use of partial configuration
memory readback, one comparison-based ORA can be
implemented using a single LUT and flip-flop such that
two independent ORAs can be implemented in each
slice. This is illustrated in Figure 3 where each ORA
monitors one output from the BUT to the left and to the
right of the ORA. Therefore, the total number of slices
needed to implement ORAS, Nora, is given by:

Nora = Ngyr X Noyr +2 1)

where Ngyr is the total number of BUTs and Ngyr is the
number of outputs per BUT. A single PLB can imple-
ment a total of eight independent ORAs. This fine-grain
ORA design also improves the diagnostic resolution by
providing the ability to identify the faulty output of the
BUT in addition to identifying the faulty BUT itself [2].
The ORAs are physically located in common columns
of PLBs in the FPGA in order to minimize the number
of frames that must be read when using partial configu-
ration memory readback to obtain the BIST results.
With the frame structure of the Virtex-4 and the fact that
all flip-flops for a column of 16 PLBs are located in a
single frame, the total number of frames, Nrrame, that
must be read to obtain the BIST results is given by:

Negave = (R+16)x(C +2) =RxC +32 2
where R and C are the number of rows and columns,

respectively, of PLBs in the array. Using dynamic par-
tial reconfiguration, where the FPGA can be reconfig-



ured without destroying the contents of the ORA flip-
flops, the BIST results can be read only once at the end
of a sequence of test configurations instead of at the end
of each BIST configuration. This can significantly re-
duce the total number of frames that must be read dur-
ing the application of BIST. This ORA readback at the
end of a set of BIST configurations will not result in
loss of fault detection capabilities since the ORA flip-
flops will retain failure indications from one BIST con-
figuration to the next. However, it does result in some
loss of diagnostic resolution; the faulty PLBs can still be
determine but the faulty mode of operation cannot.
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Figure 3. Two ORAs Implemented in One Slice

In the original BIST approaches for FPGAs that con-
sisted of an array of PLBs only, the TPGs were by ne-
cessity implemented in PLBs [1][5][6]. A later BIST
approach for FPGA cores in System-on-Chip (SoC)
devices used an embedded processor core to implement
the TPG function to test RAMs in the FPGA core [8].
With the additional cores (RAMs and DSPs) available
in the Virtex-4, the TPGs can be implemented using a
variety of resources, as summarized in Table 1, depend-
ing on the resources, BUTS, being tested. This is par-
ticularly important in the case of BIST for the PLBs
since the implementation of TPGs using the DSPs frees
PLBs for implementing ORAs and the circular compari-
son BIST architecture.

Table 1. Resources Used for BIST

BUTs TPGs ORAs [# Sessions
PLBs DSPs PLBs 2
DSPs &
LUT RAMs Block RAMS PLBs 1
Block RAMs PLBs PLBs 1
DSPs PLBs PLBs 1

As noted in Table 1, the ORAs are always implemented
in PLBs due to the large number of ORAS required (as
given by Equation 1). The number of TPGs, on the
other hand, is typically much smaller, one or two TPGs
in prior BIST approaches for FPGAs. In approaches
that used only one TPG, the assumption was made that
the resources used to implement the TPG had already
been tested and found to be fault-free [2][8]. Another
assumption for the use of a single TPG is that only
pathological cases existed that would cause a faulty
TPG to skip all of the test patterns that would detect
faulty BUTs [5]. Two TPGs have been more frequently
used since a faulty TPG would apply different test pat-

terns to its BUTs which, in turn, would result in failure
indications in all ORAs that observe those BUTs and
compare those BUT outputs to those of BUTs driven by
the other TPG [1][6]. In most previous cases, the array
size has been sufficiently small to facilitate acceptable
loading on each TPG. During BIST of PLBs, the num-
ber of loads on each TPG, T oap, IS given by:

Tioap = Ngyr =RxC xS +4 3)

where S is the number of slices per PLB. The previ-
ously proposed solution for large arrays has been to
divide the array into quadrants with the BIST circuitry,
including two TPGs, implemented in each quadrant
[1][6][7]. This reduces the loading on each TPG by a
factor of 4. The Virtex-4 FPGAs are very large with the
largest (the LX200) consisting of 192 rows and 116
columns of PLBs [3]. This would require each TPG to
drive 22,272 loads (from Equation 3) and even dividing
the array into quadrants, each TPG would have 5,568
loads given four slices per PLBs. Our solution to these
large array sizes is to implement BIST circuitry, includ-
ing two TPGs in each set of four rows of PLBs in the
array, as illustrated in Figure 4. The decision to form
groups of four rows is based in part on the fact that there
are a minimum two DSPs and three block RAMs per
group of four rows of PLBs in Virtex-4. As a result, the
TPG loading is now given by:

Tiomp =4xCxS+4=CxS (4)

This results in each TPG driving a maximum of 464
loads in the largest Virtex-4 device (LX200) — an order
of magnitude improvement. Loading on the TPGs when
testing block RAMs and DSPs is not a problem since
there are fewer of these cores. Each TPG would drive a
maximum of 192 loads when testing these cores.
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Figure 4. Four Row BIST Structure

The BUTSs are repeatedly reconfigured in all of their
modes of operation and this set of BIST configurations
is referred to as a test session [1]. The number of test
sessions required to test each type of BUT is included in
Table 1. During each BIST configuration in a test ses-
sion, only the BUTSs are reconfigured while the TPGs
and ORAs remain unchanged. This helps to minimize
the number of frames that must be written during partial
reconfiguration of the BIST configurations. A more
important factor in minimizing the number of frames
that must be written is to maintain the same TPG-to-



BUT and BUT-to-ORA routing from one BIST configu-
ration to the next. Changes in routing can result in a
significant increase in the number of frames that must
be written during partial reconfiguration since over 80%
of the frames are associated with configuring routing
resources. With configuration memories ranging from
4.7 million to 50.8 million bits for the smallest to largest
Virtex-4 devices, any increase in the number of frames
to be written will have serious implications on the total
testing time. Therefore, we attempt to maintain fixed
routing from one BIST configuration to the next.

Partial reconfiguration bit files are generated by the
BitGen software in the Xilinx ISE tool suite. This soft-
ware will compare the file to be downloaded with the
reference file for the implementation residing in the
FPGA. It then generates a file containing the configura-
tion frame data for those frames that change between
the two implementations along with the appropriate
commands to the configuration registers to perform dy-
namic partial configuration. In addition, the BitGen
software takes advantage of the multiple frame write
capability in Virtex-4 by grouping the addresses of all
frames that will be written with identical configuration
data [4]. During the reconfiguration process, the start-
ing frame address is written followed by the configura-
tion data for that frame. Once the configuration data is
loaded in the Frame Data Register, the frame address for
each frame to be written with the same configuration
data is given followed by the multiple frame data write
instruction, without the need to rewrite the frame data
register. This is particularly valuable in the case of
BIST since we are only changing the configuration of
the BUTs and, more importantly, all BUTs are config-
ured identically. The effects of partial reconfiguration
and the multiple frame data write feature will be shown
in the experiment results of Section 6. We now turn our
attention to the details of the BIST for each type of
BUT.

4. BISTFORPLBs

The Virtex-4 PLB consists of four slices of two differ-
ent types, referred to as SliceM and SliceL [3]. Each
slice contains two 4-input LUTSs, two flip-flops/latches
and additional control logic and carry chain circuitry as
illustrated in Figure 5. The difference between SliceM
and SliceL is that each LUT in SliceM can also function
as a 16-bit shift register or a 16-bit RAM. As a result,
there is additional logic in SliceM to perform the shift
register and RAM functions which will require addi-
tional BIST configurations.

4.1. Testing PLB Logic Resources

The PLBs in the FPGA array are partitioned into alter-
nate columns of BUTs and ORAs and, as a result, two
test sessions are required to test all of the PLBs in the
array. During the second test session, the positions of

the BUTs and ORAs are swapped. The Virtex-4 PLB
architecture allows all primary outputs of the PLB to be
routed through the flip-flops such that the logic re-
sources can be tested while maintaining fixed routing
for the BUT-to-ORA connections. While this could
result in a slight increase in the number of BIST con-
figurations for the PLBs, it reduces the overall testing
time due to more efficient partial reconfiguration when
the multiple frame data write capability is used.
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Figure 5. Virtex-4 Slice

Two DSPs per four rows of PLBs are configured in an
accumulator mode of operation to function as the TPGs
and drive alternate columns of BUTSs in those four rows.
These accumulators are initialized to all 0s and then a
constant value 0x691 is added during each clock [9].
Since there are only twelve inputs to each slice, only the
twelve LSBs of the 48-bit accumulator are connected to
the slices. While the DSP accumulator-based TPG does
not generate pseudo-random test patterns like a Linear
Feedback Shift Register (LFSR) with primitive polyno-
mial, the accumulator does produce an exhaustive set of
test patterns in with more transitions in each bit position
than a counter [9]. Furthermore, the exhaustive set of
4,096 test patterns is generated in 2*? clock cycles.

In each test session, a total of twelve BIST configura-
tions are needed to test the logic resources in the SliceM
(excluding the LUT RAM modes of operation). The
last two configurations in the set of twelve are used to
test the LUTSs in their shift register mode of operation.
A total of ten BIST configurations are needed to test the
logic resources in the SliceL. As a result, all four slices
in each BUT can be tested concurrently in twelve BIST
configurations. Therefore, a total of 24 BIST configura-
tions (2 test sessions of 12 configurations each) are re-
quired to test all PLBs in the Virtex-4, independent of
the array size. These BIST configurations also test the
dedicated routing resources between the slices, such as
the carry routing shown in Figure 5. The individual and
cumulative fault coverage for the entire PLB (four slices
including routing but excluding LUT RAM logic) ob-
tained with the set of twelve BIST configurations are
summarized in Figure 6.
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After the download of the first BIST configuration only
the BUTs are reconfigured to function in different
modes of operation using partial reconfiguration. Thus,
the first full configuration is followed by nine partial
reconfigurations to test the logic resources excluding the
shift register mode of operation. These nine configura-
tions can be performed in a particular order to minimize
the number of frames to be written. However, we ob-
served that the improvement achieved with optimizing
the reconfiguration order in Virtex-4 is negligible com-
pared to the improvement that was achieved in Virtex
[7]. This is primarily due to the multiple frame data
write feature in Virtex-4.

When testing the PLBs in shift register mode, the X and
Y BUT outputs are monitored by the ORAs instead of
the XQ and YQ outputs, as was the case in the first ten
configurations. This changes the BUT-to-ORA routing
which, in turn, forces a full configuration download for
one configuration. This full configuration is followed
by one partial reconfiguration. Therefore, for each test
session, there are two full configurations and ten partial
reconfigurations of the FPGA.

Timing analysis of the fastest and slowest BIST con-
figurations, in terms of maximum clock frequency, was
performed for various sizes of Virtex-4 FPGAs. The
results are summarized in Figure 7 where it can be seen
that the maximum BIST clock frequency is generally a
function of the number of columns in the device. This
is due to the grouping of four rows of PLBs into an in-
dependent BIST circuit which eliminates the effect of
the number of rows in the FPGA on the maximum BIST
clock frequency. However, this was only obtained after
breaking the carry chain shown in Figure 5 such that
alternating rows of PLBs select the CARRY-IN input while
the remaining rows select the BX input. This selection
is swapped in subsequent BIST configurations such that
the CARRY-IN input (logic and routing) is completely
tested without creating a critical timing path. As an
example, the maximum clock frequency for a Virtex-4
XC4AVLX25-10 went from 40 MHz to 140 MHz with
this modification to the carry chain testing.
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and Slowest BIST Configurations vs. Device Size

4.2. Testing LUT RAMSs

The BIST circuitry for testing the LUT RAMs is illus-
trated in Figure 8. The LUT RAMs can be tested in a
single test session since only half of the slices (SliceM)
of the PLB contain LUTs which can operate as RAMs.
As a result, the other half of the slices (SliceL) can be
used for ORAs. Each TPG is constructed from a block
RAM (used as a ROM to store test patterns) and a DSP
(used as a counter to address the block RAM). We per-
form a circular comparison with all LUT RAMs under
test being monitored by two ORAs and compared with
two different LUT RAMSs under test. An alternative
approach is to compare the LUT RAM outputs with
expected results stored in the TPG block RAM.
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Figure 8. LUT RAM BIST Structure

For every four rows of PLBs there are two DSPs which
are used to sequence through the addresses of two block
RAMs in the same set of four rows. The test patterns
read from each of the block RAMs are supplied to the
LUT RAMs in alternating columns of PLBs in that set
of four rows to limit the loading on the TPGs in the
large Virtex 4 FPGAs. The LUT RAM BIST configura-
tions and the RAM test algorithm used in each configu-
ration are summarized in Table 2. In addition, the num-
ber of test patterns needed for each test is given which
corresponds to the number of address locations needed



in the block RAM. The block RAM is configured in the
1Kx18-bit mode with the test vectors for each BIST
configuration loaded in the block RAM during partial
reconfiguration of the BUTs. The LUT RAMs can also
operate in a 16x4 single-port mode but this mode does
not need to be tested since the circuitry is tested by the
other three BIST configurations, as illustrated by the
individual and cumulative fault coverage for the three
BIST configurations given in Table 2. The March DPR
test is the same algorithm that was originally developed
for testing the dual-port RAM mode in the LUT RAMSs
of the Xilinx 4000 series FPGA [6].

Partial reconfiguration is used to decrease the amount
time needed to test the block RAMs. At the beginning
of each test session, the initial download configures the
TPGs, ORAs, routing resources, and the initial block
RAM configuration for the test session. Subsequent
reconfigurations only modify the configuration of the
block RAMs. During the ten BIST configurations, other
programmable modes of operation can be tested, includ-
ing active edges clocks, active levels of clock enables
and resets, registered inputs and outputs, and the various
write/read options.

Table 3. BIST Configurations for Block RAMSs

Table 2. BIST Configurations for LUT RAMs BIST T Address | Data| V-4 | V2P
Configuration 1 2 3 Con- Al oi?tthm Locations)\wWidth| Clock | Clock
B4xl | 32x1 16x2 fig | MY (A) | () |cycles| Cycles
RAM Mode . .
single-port|single-port| dual-port 1 March LR 512 36 | 58xA | 58xA
Test Algorithm [ March Y | March Y |March DPR w/ BDS
# Test Patterns 512 256 624 2 MATS+ 8K 2 | 2x5xA |2x14xA
Individual FC 94.5% 77.3% 76.4% 3 16K 1 [2x5xA |2x14xA
Cumulative FC| 94.5% 96.4% 100% 4 [Marchs2pf-| 512 36 | 14xA | 14xA
5 |Marchd2pf| 512 36 | 9xA | 9xA
5. BIST FOR BLOCK RAMS 6 4K 4 6xA | 14xA
All of the block RAMs can be tested concurrently even ! FIFO 2K 9 OxA | 14xA
with PLBs used to implement the TPG and ORA func- 8 1K 18 | 6xA | 14xA
tions. There are sufficient PLBs in all families and sizes 9 512 36 | 6xA -
of Virtex-4 FPGAs to facilitate testing the block RAMs 10 [FIFOECC] 512 64 | 3xA -
concurrently. A total of ten BIST configurations, sum- TPG slice count = 608 Total Total
marized in Table 3, are required to test the 18K-bit ORA slice count =72xN 334 848[829:952
block RAMs in Virtex-4. Table 3 includes the RAM where N = # block RAMs ' [2]

sizes for each configuration in terms of the number of
address locations (A) and data width (D) associated with
each RAM mode of operation as well as the test algo-
rithm used and the number of clock cycles required for
execution of the BIST sequence. The number of slices
in Virtex-4 needed to implement the TPG and ORA
functions is included at the bottom of the table. Note
that BDS indicates the application of background data
sequences for detecting pattern sensitivity and coupling
faults for word oriented memories [10]. Further details
of the RAM BIST configurations will be discussed in
Section 5.2.

While only eight BIST configurations were required to
test the block RAMs in Virtex Il FPGAs [2], Virtex-4
block RAMs provide additional modes of operation
including a number of FIFO and ECC modes which
incorporate Hamming circuitry for ECC applications
[3]. For Virtex-4, the total set of BIST configurations
are partitioned into two test sessions. The first session
(configurations 1 through 5) tests the block RAMs in
single and dual port modes while the second session
(configurations 6 through 10) focuses on testing the
block RAMS in the FIFO modes of operation using the
algorithm described in [11].

5.1 Block RAM BIST Architecture

The block RAM BIST architecture is dependent on the
overall architecture of the Virtex-4. The entire architec-
ture is outlined in Figure 9. The BIST architecture must
be compatible with all sizes and families of Virtex-4.
There are at least four columns of PLBs on either side
of the center column of the array. The smallest device
contains 64 rows which yields a total of 1024 slices
available per TPG which is more than enough to place
and route the 608 slices required for each TPG (from
Table 3). The two TPGs drive alternating rows of block
RAMs. After each column of block RAMs (as we move
out from the center) there is a minimum of four columns
of PLBs before encountering the next column of block
RAMs. Each block RAM spans four rows of PLBs,
thus enabling a 4x4 array of PLBs to implement ORAs.
At most, there are 72 ORASs needed to monitor the block
RAM outputs which equates to nine PLBs per block
RAM for implementing ORAs. Adjacent block RAMs
in the same column are monitored by neighboring sets
of ORAs. The remaining connections at the tops and
bottoms of the columns needed to complete the ORA
circular comparison are shown in Figure 9.
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5.2 Test Algorithms

Virtex-4 block RAMs share many similarities with the
block RAMs in Virtex I, but the Virtex-4 block RAMs
add more functionality with built-in FIFO and ECC
support in certain configurations. As such, many of the
testing algorithms previously used for Virtex-Il [2] are
applied to Virtex-4 block RAMs. For example, the
March LR algorithm with BDS is used to verify that the
RAM matrix (containing the memory cells) is fault-free.
March LR has been shown to be a superior test to
March C-, while only increasing the test complexity
marginally [12]. A procedure is given in [10] for con-
verting March LR to a word-oriented test by incorporat-
ing BDS. The two widest memory configurations
(512x36-bit and 1Kx18-bit) have the ability of writing
byte-wise to the memory locations. After March LR
with BDS testing, the RAM matrix is assumed to be
fault-free if the ORAs did not detect any mismatch dur-
ing the circular comparison. As a result, BDS is applied
only during the first BIST configuration since once
tested there is no need to repeat pattern sensitivity and
coupling fault tests in the RAM matrix. The next test
algorithm, MATS+ [13], is used to test for address de-
coder faults in the programmable address decoder.
MATS+ is the most efficient test known to detect all
address decoder faults. This helps to reduce the overall
test time associated with the block RAMs, as can be
seen at the bottom of Table 3 where the total test time,
in terms of BIST clock cycles, is compared with that for
similar block RAMs in Virtex Il using the BIST ap-
proach described in [2]. In that BIST approach, the
March LR algorithm was used to test all single-port
RAM modes of operation and, as a result, required
about 2.5 times more BIST execution clock cycles com-
pared to what we have currently developed for Virtex-4.
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Dual-port testing is achieved by using March s2pf- and
March d2pf [14]. This approach was also used in [2].
Virtex-4 block RAMs also support cascading two adja-
cent block RAMs (either above or below) together to
create a 32Kx1-bit RAM configuration. Functional
testing will serve to test the resources in this mode since
the cascading is achieved by configuring two block

RAMs as 16Kx1-bit RAMs and manipulating multi-
plexers to direct information as needed. This imple-
mentation does not need to be tested by a thorough
March test; only a functional test is needed to examine
the expected data flow in the cascading circuitry. It
should be noted, however, that the entire device must be
reconfigured for this single test so that the ORASs can be
configured to monitor every other block RAM.

The FIFO test algorithm described in [11] begins with
an initially empty FIFO which is written with 1s and
then read until empty. Testing with opposite logic val-
ues is also done in a similar fashion, and the program-
mable almost full and almost empty flags are tested as
well by repeatedly reconfiguring the almost full flag to a
higher value and then writing more data. Likewise, the
almost empty flag must be reconfigured during the emp-
tying of the FIFO.

The Virtex-4 block RAMs also can be configured to a
512x64-bit ECC RAM or FIFO by using two adjacent
block RAMs [3]. Hamming code is generated for the
incoming data and stored in the RAM using the four
parity bit locations in each RAM. When an address
location is read, the Hamming code is regenerated for
the outgoing data and compared with the stored Ham-
ming bits from the write operation. Single-bit errors are
corrected at the RAM output while non-correctable
double-bit errors are flagged. Testing the Hamming
code generation and bit error correction circuitry pre-
sents the interesting problem of testing for faults in a
fault-tolerant circuit. Fortunately, Virtex-4 block RAMs
can be initialized at configuration time and we can ex-
ploit this feature by initializing memory locations with
data so that the ECC circuit will correct single-bit cor-
rectable errors as well as detect and flag non-correctable
errors during an initial read cycle of all the memory
location in the RAM. This will test the Hamming code
generation as well as the error detection and correction
circuitry at the output of the RAM. The Hamming code
generation circuitry at the input of the RAM can be
tested by simply writing a sequence of 64 data words in
which we walk a 1 through a field of 0s and then read-
ing those address locations while monitoring the Ham-
ming error flags at the output; if the Hamming code was
generated correctly there will be no errors detected.

5.3 Test Pattern Generation

To maximize the test time speed-up with partial recon-
figuration between RAM BIST configurations, there
needs to be as few differences as possible between each
test configuration. One way to achieve this is to have a
static TPG that remains constant for multiple block
RAM BIST configurations. By making the TPG static,
the only changes between BIST configurations will be
the block RAMs. Likewise, the ORAs will monitor
outputs of the block RAMs even if they are not active



during a given configuration. For example, if the RAM
is configured as a 1Kx18-bit, then there would be 36
ORAs monitoring both ports. If the RAM is configured
as a 16Kx1-bit, then only 2 ORAs are needed. The re-
maining 34 ORAs in this example are still present and
their routing unchanged, however, their values are a
“don’t care” since they may not observe valid data.
Since all block RAMs are configured identically, the
inactive outputs should behave identically under fault-
free conditions.

The current TPG design incorporates a state machine
that is able to generate several RAM test algorithms
sequentially and by user request. Previously 1024 slices
was determined to be a limit for a column height TPG.
The slice count for our TPG is 608 slices. This TGP is
able to generate tests for March LR with BDS, MATS+,
March s2pf-, and March d2pf. Figure 10 shows the
slice utilization for this TPG and the corresponding
ORAs (from Equation 1). Clearly, from this figure one
can observe that RAM BIST does not utilize an appre-
ciable amount of PLBs from its implementation. Two
more TPGs will also be needed to generate tests for
FIFO and ECC functionality, and a simple TPG will be
developed to test cascaded block RAMSs.
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Figure 10. RAM BIST Device Utilization
5.4 BIST Implementation

The TPGs are implemented by synthesizing a VHDL
model and constraining the placement and routing of the
slices to the required area within the FPGA. The re-
maining connectivity is implemented using Xilinx De-
sign Language (XDL), a Xilinx netlist format for de-
scribing designs at the slice-level with complete control
over placement and routing. This allows us to integrate
the TPGs, implemented using a regular design flow,
with the ORAs and the block RAMs whose XDL has
been generated by a parameterized C program. With the
exception of the block RAM TPG implementation, the
process of developing parameterized C programs to
generate BIST configurations is also used for the PLB

and LUT RAM BIST. The parameterized C programs
facilitate generation of BIST configurations for any size
and family of Virtex-4 FPGAs.

6. EXPERIMENTAL RESULTS

The two primary costs associated with BIST for FPGAS
include the total test time and the total amount of mem-
ory required to store the BIST configurations. The test-
ing time is typically dominated by the time needed to
download the BIST configurations into the FPGA.
Therefore, use of dynamic partial reconfiguration and
partial reconfiguration memory readback provide im-
provements to both test time and memory storage re-
quirements. The following methods were used to de-
termine the speed-up in testing time and the reduction in
memory storage requirements when using the BIST in
conjunction with partial reconfiguration and readback.

Method 1: Full configuration of FPGA followed by full
configuration memory readback to retrieve BIST results
after every BIST configuration. This approach serves as
the baseline for the worst case test time.

Method 2: Partial reconfiguration of FPGA followed
by full configuration memory readback to retrieve BIST
results after every BIST configuration. This approach
serves to illustrate the affect of partial reconfiguration
alone.

Method 3: Partial reconfiguration of FPGA followed
by partial configuration memory readback to retrieve
BIST results after every BIST configuration.

Method 4: Dynamic partial reconfiguration of FPGA
followed by partial configuration memory readback to
retrieve BIST results at the end of the test session. The
ORA s retain the BIST results from one configuration to
the next and are read only at the end of the test session.
This further reduces the total test time at the expense of
a slight loss in diagnostic resolution.

The test time speed-up and reduction in memory storage
requirements are summarized in Table 4 for the PLB
BIST and in Table 5 for the LUT RAM BIST. In Table
4, the test time speed-up and memory storage reductions
are compared with those obtained for Virtex and re-
ported in [7]. As can be seen, the test time speed-up
obtained for Virtex-4 is about 2.5 times better than that
obtained in Virtex, with better memory reduction also.

Table 4. Test Time Speed-up and Memory Storage
Reduction for Logic BIST on Virtex-4 and Virtex

Method |Lest Time Speed-up | Memory Reduction
Virtex [7] | Virtex-4 | Virtex [7] | Virtex-4

1 1 1 1 1

2 - 1.4 - 53

3 4.6 8.9 3.2 53

4 5.1 12.9 3.2 53




Table 5. Test Time Speed-up and Memory Storage
Reduction for LUT RAM BIST

Method| Test Time Speed-up | Memory Reduction
1 1 1
2 1.3 2.8
3 4.8 2.8
4 6.2 2.8

We have downloaded and verified all of the BIST con-
figurations we have developed on LX25, LX60, and
SX35 devices. It is clear that the Virtex-4 architecture
aids in the improvement of test time and reduction in
memory storage requirements. Multiple frames with the
same contents can be written in succession without re-
loading the frame data during partial reconfiguration.
This was not possible in Virtex FPGAS, where the frame
data is loaded for every frame to be written. The con-
figuration memory of Virtex-4 is better organized for
partial reconfiguration as configuration bits for similar
components are grouped together in frames. The fact
that a single frame contains the contents of all the flip-
flops in a column of 16 PLBs speeds up the BIST re-
sults retrieval when using partial configuration memory
readback.

7. SUMMARY

The Virtex-4 FPGA poses a number of new testing chal-
lenges due to its large size and new specialized cores.
As a result of its large array, previous work in BIST for
FPGAs that used only two TPGs would incurr excessive
loading on the TPG outputs which, in turn, would result
in a slow operating clock speed for BIST. In Virtex-4,
we have allocated a pair of TPGs for every four rows of
PLBs when testing the logic and memory resources in
the PLBs. This greatly reduces the loading on the TPG
outputs as only the BUTSs in four rows of the FPGA are
driven by a pair of TPGs. The TPG loading for the
block RAM BIST is much lower than that of the PLB
BIST, even when only two TPGs are used. The incor-
poration of circular comparison in all BIST, including
that for PLBs, provides improved diagnostic resolution
over most previous BIST approaches.

BIST was developed and implemented to test the pro-
grammable logic and memory resources of all families
of Virtex-4 devices. A much more pronounced speed-
up in test time and reduction in memory storage re-
quirements was observed for Virtex-4 over previous
Virtex FPGAs. This is due to the architectural and op-
erational features provided by Virtex-4 in the way con-
figuration memory is organized and the way reconfigu-
ration can be performed. As a result, the regularity of
the BIST architecture can designed to exploit these fea-
tures in order to obtain maximum gains from dynamic
partial reconfiguration and partial configuration mem-
ory readback.
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