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Abstract
This paper presents the first implementation of Built-In Sdf-Test (BIST) of Field
Programmable Gate Arrays (FPGAs) using a soft core embedded processor for
reconfiguration of the FPGA resources under test, control of BIST execution, retrieval of
BIST results, and fault diagnosis. The approach was implemented in Xilinx Virtex-5 FPGAs
but is applicable to any FPGA that contains an internal configuration memory access port.

1. Introduction

Built-In Self-Test (BIST) for Field Programmable @aArrays (FPGAs) exploits the re-
programmability of FPGAs to create BIST circuitnythe FPGA fabric during manufacturing
and system-level off-line testing [1]. The only dvead is the external memory required to
store the BIST configurations along with the tineguired to download and execute the
BIST. No area overhead or performance penaltiesnargred in the user function because
the BIST logic is replaced by the intended systeimcfion after testing is complete. The
BIST configurations are applicable to all leveldedting because they are independent of the
intended system function and require no specialeddrnal test fixture or equipment. Most
research and development in BIST for FPGAs hassfedion reducing the number of test
configurations, reducing the size of test confitjorafiles, and decreasing BIST execution
time [2]-[8]. But the ever increasing complexitydalevel of integration in FPGAs has, with
few exceptions, resulted in longer test times, ndam@nloads, and more memory required for
storing BIST configurations for each new generatibirfPGA. However, the increasing size
and complexity of FPGAs have also created oppdrasaiior innovation in FPGA testing.

This paper presents the first implementation of Bi®r FPGAs using a soft core
embedded processor synthesized into the fabrichef RPGA under test. The approach
reduces the number of configuration files requif@dBIST by exploiting the regularity of
BIST structures to significantly compress and stpatial configuration data in the
embedded processor’'s program memory. The embeddedgsor controls and executes the
BIST sequence, including retrieval and analysisul(faliagnosis) of BIST results, and
reconfiguration of the FPGA for subsequent BIST figpmations. This embedded processor
based BIST approach is possible for two reasorst; the growing size and complexity of
FPGAs facilitates the inclusion of complex circyithat only occupies a small percentage of
the total configurable resources, leaving adeqaata@ for BIST logic; and, secondly, the
ability to access the configuration memory fromidesthe FPGA fabric has made possible
internal reconfiguration and read back. The appgrdss been successfully implemented in
Xilinx Virtex-5 but is applicable to any FPGA withternal configuration memory access.

2. Background

A number of BIST approaches have been developedthferconfigurable logic and
memory resources in FPGAs [1]. Due to the prograbtenaature of resources to be tested,
all BIST approaches for FPGAs require multiple égunfations in order to obtain high fault

! This work was sponsored by the National Securigericy under contract H98230-04-C-1177 and
supported in part by the National Science FoundaBoant CNS-0708962.



from Proc. IEEE International Symp. on Defect aadlETolerance in VLSI Systems, 2009

coverage. Generally, a BIST approach is organiatdtestsessions andphases [2]. Each test
session consists of a set of test phases (tesgoaations) for a particular resource under test
in order to test that resource in all modes of af@n. For example, BIST of configurable
logic blocks (CLBs) requires two test sessionghm first test session, half of the CLBs are
configured as blocks under test (BUTS), with thmaming half serving as comparison-based
output response analyzers (ORASs) and test patemergtors (TPGs). In recent CLB BIST
approaches, the TPGs are implemented in non-CL8uress freeing CLBs to function as
additional ORAs such that circular comparison carirbplemented, as illustrated in Fig. 1,
where the outputs of each BUT in a row or columa aronitored by two ORAs and
compared to the outputs of two other identicallynfgured BUTs [1]. This circular
comparison in conjunction with multiple identicallgonfigured TPGs provides high
diagnostic resolution with low probability of faudtscape. In the second test session, the
positions of the BUTs and ORAs are swapped, suahebery CLB is configured as a BUT
in one test session and as ORA in the other tesise
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Figure 1. Configurable logic block (CLB) BIST architecture

BIST control, including downloading the initial BISconfiguration, executing the BIST
sequence, retrieval of results, fault diagnosietam failing results, and reconfiguration of
subsequent BIST phases, has traditionally beereeethivia interface to an external BIST
controller. However, the increased complexity of3A3, large number of test configurations
associated with various programmable resourcesspeed limitations of external download
interfaces result in long manufacturing test tiraed limit practicality of system-level testing.
Various approaches have been investigated to rettheceverall test time while achieving
high quality tests. Beyond minimizing the numberte$t phases, partial reconfiguration
reduces test time by reconfiguring only the resesirander test for various modes of
operation once the overall test structure has hd®mnloaded into the device. BIST
configurations that have been recently developed&/idex-4 and Virtex-5 FPGAs include a
single-bit pass/fail output to eliminate retriewdl ORA contents for passing test phases or
when fault diagnosis is not desired [5]-[8]. Whaiilires are observed, partial configuration
memory read back can be used to obtain the OR£entsto diagnose the faulty resource(s)
for fault tolerant applications. Beyond these teghes, the only new development in FPGA
BIST has been introduction of embedded processmdapproaches.

Prior work in embedded processor based BIST inslisgstem-on-chip (SoC) testing with
hard core microprocessors [9] but did not addrestng of FPGAs or FPGA cores in SoCs.
The first embedded processor based BIST approachHGAs was developed to minimize
test time, number of downloads, and complexityhef éxternal BIST controller by relocating
BIST reconfiguration, control, and diagnosis to tieglicated hard core embedded processor
in the Atmel AT94K series configurable SoC [3][4Jhe device consists of an FPGA core,
various RAMs, and an 8-bit Advanced Virtual RISCV{R) microcontroller [10]. Sets of
BIST configurations were developed to test eackthefvarious programmable resources in
the FPGA core including CLBs, RAMs, |I0OBs, and pamgmable routing network [3][4].
The embedded processor was used to configure tB& Fér each test session, execute the
BIST sequence, retrieve BIST results from the OR¥sl perform diagnosis based on failing
BIST results. This embedded processor based Blpfoaph achieved a total test time speed-
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up of about 43.5 over the tradition approach of mloading each BIST configuration [4].

External memory requirements for storing BIST cguafations were reduced by a factor of
about 158 because only a single program needed ttoWwnloaded into the AVR program
memory, from which all BIST configurations were gestted and executed.

While this embedded processor based BIST approaah practical for system-level
testing, the approach was developed specificalyAfB94K devices such that application to
other FPGAs is limited due to reliance on the hawte processor with dedicated program
memory. Some hardcore processors (such as the POvieVirtex-4 and Virtex-5 FX series
FPGAS) do not have a dedicated program memory arsd use programmable resources in
the FPGA. Soft core processors, on the other hzamipe implemented in most FPGASs such
that a soft core processor based approach woulghjpiecable to a wider range and variety of
FPGAs and applications. The primary requirementh& the FPGA include an internal
configuration access port (ICAP) to provide prooesgcess to the configuration memory.

The configuration memories of Virtex-4 [11] and #ix-5 [12] FPGAs are partitioned into
frames, where each frame has a fixed length of2lits, or forty-one 32-hit words. A frame
is the smallest addressable segment of the coafigar memory; therefore all memory
read/write operations must be performed on whamés. This means that individual FPGA
resources cannot be reconfigured without also diogi explicit reconfiguration data for
other FPGA resources that occupy the same frameVidex-5, a frame contains the
configuration data for 20 rows of CLBs and (I/Qgsi or 5 rows of block RAMs and DSPs
tiles in the same column. In Virtex-4, a frame eoms configuration data for 16 rows of
CLBs and I/O tiles, or 4 rows of block RAMs and D@FEs.

Both Virtex-4 and Virtex-5 FPGAs include severahfiguration registers to access the
configuration memory, including Frame Address Riegi$FAR), Frame Data Register Input
(FDRI), and Frame Data Register Output (FDRO) whiahilitate writing/reading data
to/from a specific frame of configuration memoryere are other registers for functions such
as status (STAT), cyclic redundancy check (CRCmmand (CMD), etc. To access the
configuration memory, a combination of these regstmust be used. These registers are
normally accessible from both Boundary Scan an@d&AP configuration interfaces but
are also accessible via the ICAP located insideidalihe ICAP works like the external
SelectMAP configuration interface except that is lseparate 32-bit write and read buses, as
opposed to a bidirectional 32-bit bus. The maximGMP clock frequency is 100 MHz.

3. Embedded BI ST Architecture

The soft core embedded processor based BIST apprémc FPGAs incorporates
additional logic in the FPGA fabric along with tiB#ST logic to perform tasks typically
assigned to an external BIST controller or compufdéie embedded BIST approach offers
several advantages over the external BIST apprdaicst, the 32-bit ICAP configuration
interface is used for reconfiguration, eliminatitig test time penalties associated with the
lower speed serial Boundary Scan interface. Segptit# total number of external download
configurations is reduced to one per test sesdionaddition, all control of the BIST
configurations and sequences can be implementedeirembedded controller. Diagnostic
procedures can also be performed by the embedd&d Bdbntroller, further reducing the
complexity of the external BIST controller in fauiblerant applications and providing
considerable speed-up when compared to Boundaryl&sed read back and diagnosis.

The implementation of the embedded processor BIproach in Virtex-5 FPGAs
incorporates elements of both hardware and softdesén to achieve an architecture that is
general enough for any Virtex-5 device as wellasahy BIST approach for the resources in
Virtex-5 FPGAs. The design is applicable to any t&#r5 device with only minor
modifications to system software and no modifiaadito system hardware. Furthermore, the
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design can easily be extended to Virtex-4 devicessiimilar improvements in test time. To
minimize the number of external downloads per $estsion, the embedded processor based
BIST hardware must fit in one half of the smallegpported device. The embedded processor
core must also be capable of storing configuratiata for all of the subsequent test phases
for each test session in memory in the FPGA falsing Block RAMs or distributed RAMSs.
Finally, the core must support interfaces for cating with the ICAP and BIST circuitry.
There are a variety of designs which can be useth®oembedded processor ranging from
fast, full-custom register transfer level (RTL) @gs, to highly configurable general purpose
soft core microprocessors. While RTL level desiagresuseful for simple repetitive tasks, this
approach is not very efficient for supporting nplii device architectures of a variety of
BIST approaches. Such an approach requires a afitfdrardware configuration for each
device and for each BIST session, which requiresigmificant amount of hardware
development time when compared with other, moreegg#npurpose software based
approaches. Another option is to use a generalogerprocessor in the form of a “soft”
intellectual property (IP) core. One of the simplesid most efficient general purpose
architectures available for Xilinx FPGAs is the dBtaze 8-bit microcontroller [13]. The
PicoBlaze occupies one block RAM and approximab€lyslices in Virtex-5 FPGAs — much
less than half of an array in the smallest Virtedevice. The PicoBlaze is supported by a
simple assembler and software simulator. Howe¥er program memory in the PicoBlaze is
limited to 1024 stored instructions and scratch-peiory is limited to 64 Bytes. The 8-bit
architecture also creates timing penalties whegrfiating with the 32-bit ICAP port because
each ICAP write requires a minimum of four PicoRaastructions of two clock cycles each.
To improve timing for ICAP operations, a 32-bit litecture is best for embedded BIST
applications in Virtex-4 and Virtex-5 devices. Olifecore that meets the requirement for a
BIST controller is the MicroBlaze soft core proaasw/hich is a highly configurable 32-bit
general purpose RISC microprocessor for Xilinx FRG24]. The MicroBlaze also includes
an optional, pre-engineered, interrupt driven ICRdPdware interface. The MicroBlaze can
be configured with up to 64 kB of program and aligable data memory in Virtex-5 FPGAs
that is implemented in the FPGA fabric in Block R8MIhe processor can be modified by
the addition of custom peripherals on the proce&sml bus (PLB). These features led to
selection of MicroBlaze as the embedded processoui implementation.

The basic architecture for the embedded procesk®F Bpproach is illustrated in Fig. 2
for CLB BIST where half of the FPGA array is used processor and additional hardware
resources and the other half of the array contiesCLB BIST configuration. Custom
memory-mapped registers are included in the MiaaBIVHDL model for interfacing with
the BIST circuitry. The processor interfaces disewatith the ICAP for reconfiguration of the
BIST array and read back of BIST results. To tdstCiBs in the FPGA, a second
configuration is generated with locations of BI®0it and embedded processor swapped, as
shown in Fig. 2b. For some resources, such asl#®dr CRC modules, it is possible to test
all of the resources simultaneously by placingNtieroBlaze around the BIST circuitry.

One memory mapped write-only (WO) register, showiable 1, is included for control
of the BIST circuitry and sequence. The outputshef register are connected directly to
inputs to the BIST logic, but not all of the regisbits are utilized in any one BIST session.
One read-only (RO) register, also shown in Tablis Included at the same memory-mapped
address as the output register. The inputs torégjister are connected directly to outputs of
the BIST logic. Each register is general enougbdapplicable to all BIST configurations
that have been developed for Virtex-5.

Because many BIST configurations must be executed fifferent minimum number of
clock cycles to achieve the intended fault covertiggre is the need for a hardware timer for
BIST execution. Therefore, a 16-bit down countandduded in addition to the RO and WO
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BIST control registers. The counter is initializeg writing to the lower 16-bits of the BIST
control register. The counter automatically cowlds/n to zero, setting thent_eq bit when
zero. Thecnt_eq bit is used to enable the BIST logic and can bdedoin software to
determine when the BIST is complete. The counteckcland BIST clock can share the
MicroBlaze clock or can be clocked independentla higher clock frequency by connecting
the BIST clock input and 16-bit counter clock toiatiependent BIST clock source.

BIST Ares

MicroBlaze Soft core Processor

| BIST Area

MicroBlaze Soft core Processor

(a) session #1 (b) session #2

Figure 2. Embedded soft core processor based BIST architecture
Table 1. BIST control registers
Write-only register Read-only register
31:24| 2321 | 20 | 19 | 18 [17| 16 15:0 31:3 2 0
contro| reserved | done rese| star| tdi |clk_er|cnt_init|reserved (read as 0) |cnt_e( BIST don( tda

4. Softwar e Development

One important feature of this BIST approach steinsctly from the generality of the
embedded processor. Namely, that only the softwhamges from one BIST session to the
next; the hardware remains unchanged for any dnBIST sessions. The software can be
efficiently constructed in a manner that explotte tegularity of BIST configurations, and
only the code for a particular BIST session needcbmpiled and programmed in the
MicroBlaze program memory since a new downloadegfqumed at the start of each test
session. Each BIST for a specific resource is camgpamf a set of phases, with each phase
corresponding to a reconfiguration of the resourgsder test. Each phase comprises writes
of entire set of frames of data to configuratiotuomns that control the resources under test.
Therefore, only certain portions of the partialaefiguration files must be stored because the
array-half, row, and column locations of the resesr under test can be determined
algorithmically based on the particular device inigh BIST is implemented. The algorithm
for the embedded BIST reconfiguration process @awshin Fig. 3. The algorithm for frame
address generation using multi-frame write openatiogiven configuration row and
destination minor address for frame data previowsiiten to FDRI, is also shown in Fig. 3.

No modification to the MicroBlaze hardware is reqdi for support of other BIST
approaches such as DSP and Block RAM BIST [5][@wver, the control bits [31:24] of
the WO BIST register are used during these tediaes to control the TPG mode. The
outputs of these register bits are connected tiréatthe mode control inputs of the TPG
when the MicroBlaze hardware and BIST hardware raegged. Block RAM and DSP
embedded BIST architectures are otherwise arrandedtically to the CLB BIST
architecture shown in Fig. 2 with the BIST circyiticcupying one-half of the device.

Reconfiguration files are generated in a manndrahtaws full or partial reconfiguration
from an external memory without the need for antelligent” controller. While ideal for
systems containing only non-volatile memory and=RGA, the partial reconfiguration files
are too large to be directly stored in the progmmndata memory of an embedded processor.
For example, the total size of the 5 partial reigumhtion files for CLB BIST in half of an
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array of a small Virtex-5 device (LX30T) is 41,3Bftes — exceeding the maximum 32 kB of
data memory that can be allocated for MicroBlazarti®d reconfiguration files are also
device dependent since the size of the reconfigurdile is proportional to the device size.
Hence, compression of partial reconfiguration fikesequired for the embedded processor.

Overall BIST algorithm Addressing algorithm w/ multi-frame write
for all test phasedo for all configuration columndo
for all configurationrows in BIST half do if column is block under tethen
for all frames in reconfiguration structudo  for all minor addresses in compressed codo
construct configuration fran multi-frame write tcrow, column, & minor
muti-frame wrie to all RUTs irhalf & row  end for
end for end if
end for end for

execute BIST pha
get BIST resuli
end for
set done bit in WO control regis

Figure 3. Embedded processor BIST algorithms

Our compression scheme exploits four features deX45 partial reconfiguration files to
compress the data for storage in the embedded sgmc@rogram memory and eliminate
device dependencies. First, each configuratiorcfiletains certain instructions, such as those
for multi-frame writes to the configuration memowyhich are repeated many times during
download. Since, in the embedded processor BISToaph, the download is executed under
the control of the embedded processor, ICAP instrus can be stored once and regenerated
when needed. Second, multi-frame writes can ontyiom one configuration row in Virtex-5
devices. For BIST configurations, which create taeh configurations in BUTs and ORAs
in every configuration row, the overhead of muttishe write instructions can be eliminated
by storing frame data only once for one configamatirow; the structure of the partial
reconfiguration file can be regenerated by repetiyi writing the frame data and frame
addresses to the ICAP inside of a software loopflaronfiguration rows. Third, because one
frame of configuration data spans 20 rows of id@tresources under test, 2 to 4 words of
frame data are repeated 10 to 20 times (in a rieygesequence) in each 41-word frame for
BIST. Therefore, only 2 to 4 words of configuratidata need to be stored for each frame in
the partial reconfiguration file. The frame can tezonstructed in its entirety from the
smallest repeating set of 32-bit words. Finallye thartial reconfiguration file includes the
addresses of every frame to which frame data meiswiitten for each configuration row.
Again, due to the regularity of the BIST structusaly the minor addresses in the first BUT
column for each configuration frame need to beestoiThe remaining addresses can be
regenerated algorithmically (Fig. 3) given the limas of resources under test in the FPGA
fabric. We constructed a program to automaticattyaet only the essential data from every
partial reconfiguration files for any BIST sessiasing the compression methods described
above. The program generates a C header file witéita structure containing only essential
data from the compressed partial reconfiguratiten fihe data structure declaration is shown
in Fig. 4, where the constaRRECONFIGis the number of test phases for the BIST session.

When the compression program was used to compness partial reconfiguration files
for a CLB BIST session in a Virtex-5 LX30T, thedbsize of the files reduced from 41,360
Bytes to 820 Bytes. Table 2 shows the size of tiggnal compressed partial reconfiguration
files and the size of the essential data in conggeegorm for different BIST sessions for
Virtex-5. The original file size given in the talikefor an LX30T and the size of the file will
increase in proportion to the number of configumatiows in a given device. However, the
size of the essential data in compressed formadependent of the device size. Fig. 5
illustrates these device dependencies of recordigur file sizes for the smallest and largest
devices in each Virtex-5 family of devices (LXT, BX-XT, and TXT).
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struct framedata {

unsi gned int numaord; [1# of words
unsi gned int word MAXWORD]; //config data
unsi gned int num nor; /1# of addresses
unsi gned int mnor[ MAXM NOR] ; // mi nor addr

b

struct partialconfig {
unsi gned int nunfrang; [1# frames

struct franedata frame[ MAXFRAME] ;//franes
} config[ NRECONFIG = {
[l conpressed frane data placed here by progran

s
Figure 4. Compressed BIST partial reconfiguration structure in C
Table 2.  Compressed partial reconfiguration data size
BIST Number of Number of BIST  Original File Compressed
Session BIST Sessions Reconfigurations  Size (Bytes)  Size (Bytes)
CLB Eas 2 5 41,36( 82(
CLB Wes 2 5 41,36( 82(
LUT-RAM 2 4 10,94« 1,232
I/0 Logic 1 5 11,30¢ 1,23¢
I/0 SerDe 1 8 94,43: 2,68(
CRC 1 1 4,71¢ 184
DSF 1 9 28,83t 115z
Block RAM 2 5 285,04( 492(
ECC RAM 2 2 19,38 120
FIFO 2 3 29,07¢ 180c
FIFO ECC 2 1 9,692 60C
ECRC ©OCRCCompressed O1/OLogic mI/O Logic Compressed
140
120 —
100
=
Y 80
>
S 60
(o)
|_ — —
40 — —
20 —
O i T T T T T T
K & < & & & & &
Q 32 8 Q
5 '9 e 1 5 o & i
Figure 5. Original reconfiguration file sizes and compressed data structure sizes

for one CRC BIST and a set of 51/0 Logic BIST partial reconfigurations

Read back and diagnosis of BIST phases is perfobyesbftware in the embedded BIST
processor when fault diagnosis is desired for &miapplication. The basic idea is to read
back every frame of configuration memory containimgORA flip-flop. The ORA flip-flop
contents are then stored in an array in the procesga memory. An ORA contains a logic 0
when a failure is detected, otherwise a logic hc8ithe locations of ORAs are known for
every BIST session in any device, the frame addees$ ORA flip-flops can be generated
algorithmically during read back. The diagnostigosithm [1] for circular comparison is
easily implemented in the embedded processor wtifgddaulty resources. When combined
with the 32-bit parallel access to the configumatitoemory, read back and diagnosis via the
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embedded processor provides a substantial impravieimeest time when compared to serial
access via Boundary Scan.

5. Design Flow and I mplementation Results

The embedded BIST processor design flow, illustkate=ig. 6a, is more complex than the
traditional BIST design flow due to the inclusioh the MicroBlaze processor and BIST
session specific software. Generating the embegdedessor based BIST configurations
requires inputs from three sets of source filesstFthe C source file for the specific BIST
approach (e.g. CLB, DSP, block RAM, etc.) is comgpito an executable linkable file (ELF)
format. The MicroBlaze hardware is modeled in VH&xd synthesized using the Xilinx ISE
design flow. The placement of the MicroBlaze logiconstrained to one half of the device.
The placed, unrouted design is then converted lioXXDesign Language (XDL) format. The
BIST logic in generated concurrently by the BISThgeation program which produces an
unrouted XDL description of the BIST circuitry. Théacement BIST array is constrained to
the other half of the FPGA. The BIST XDL descriptiand the MicroBlaze XDL description
are merged by concatenating the two XDL files amghecting primary inputs and outputs of
the BIST logic to the WO and RO BIST control registincluded in the MicroBlaze logic to
form the complete unrouted embedded processor &M configuration in XDL format.
Finally, the complete hardware portion of the desig converted to an NCD format and
routed, from which the bitstream configuration fike generated using the Xilinx BitGen
program. At this point, the compiled software inFEformat is translated into Block RAM
initialization values in the bitstream downloacfilsing the Xilinx Data2Mem program.

VHDL files

XST Synthesis |

BIST Program
XDL file XDL file

| Merge XDL Files

HECE Ed'to.r. -

XDL file { oooooooo | :
| OOOOoOoooo | -
I | oooooooo | :
[ XDLexe |
1 'Hardware DRCH | Bt e g
NCD file P

[ BitGen.ex | nooooaoon |

OooooOoooao

BIT file Verification nooooood

on FPGA

Fault Injection

;'

_ SDK Development 5

[ C Compiler | E— ] :

il

e (T [P |
(a) design and verification process (b) |mplementamot1X3OT deV|ce

Figure 6. Embedded Process BIST design implementation
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The embedded processor based BIST approach hassheeessfully implemented for
BIST in Virtex-5 FPGAs. The unrouted embedded pssoe based BIST configuration for
the CLBs implemented in the top of a Virtex-5 LX30§ shown in Fig. 6b. Two such
configurations are implemented to fully test theBSLwith the locations of the BUTs and
ORAs swapped, and another two configurations ageired to test the bottom half CLBs.
For the purpose of embedded BIST, the MicroBlazeegssor is configured with a hardware
integer multiplier, five stage pipeline, and 64 kB on-chip program and data memory
(configured in Block RAMS). In Virtex-5 devices,etMicroBlaze with ICAP interface and
BIST control registers occupies three DSPs, 16kbR&Ms, and 400 CLBs. The percentage
of utilized resources is less than 50% in the sssalVirtex-5 device (LX20T). Timing
analysis indicates that the maximum operating feegy of the MicroBlaze processor when
constrained to one-half of a device is greater t2hMHz in all Virtex-5 devices. Therefore,
all ICAP operations can be performed at the maxinmaquency of 100 MHz.

6. Conclusions

We have presented the first embedded soft coreepsoc based FPGA BIST approach.
The approach reduces the number of external caafigms of the FPGA during any BIST
session to a maximum of two (one for each halhef darray); however, many resources can
be tested in a single BIST session. The embeddmmkgsor performs reconfiguration of the
resources under test at the maximum allowable diezjuency and data width. Read back of
ORA contents can be performed when fault diagndsisdesired for fault-tolerant
applications. The soft core processor approachimvalemented in Virtex-5 FPGAS using the
MicroBlaze processor. However, the overall approachapplicable to any FPGA with
internal write and read access to the configuratiemory.
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