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Abstract—This paper presents the results of a case study veh
investigates the use of an embedded soft-core prgser to
perform Built-In Self-Test (BIST) of the logic resaurces in Xilinx
Virtex-5 Field Programmable Gate Arrays (FPGAs). We show
that the approach reduces the complexity of an exteal BIST
controller, making it particularly appealing for in -system testing
of high-reliability and fault-tolerant systems with FPGAs.
However, the overall test time is not improved du¢o an increase
in the size of the required configuration files ag consequence of
the inclusion of the soft-core embedded processoodic, whose
relative irregularity results in less effective compression of
configuration data files.
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. INTRODUCTION

This paper presents the results of the first impletation
of Built-In Self-Test (BIST) for Field Programmabl@ate

comparisons with other BIST approaches for FPGB8sction
IV discussed ways in which the proposed approadghitie
improved, with Section V covering other potentippkcations
of the approach. The paper is summarized in Sedtio

II.  BACKGROUND

BIST for FPGAs exploits the re-programmability dtGAs
to create test circuitry in the FPGA fabric durioff-line
testing [3]. The only overhead is the external mgnmequired
to store the BIST configurations along with thedinequired to
download and execute the numerous BIST configuratidNo
area overhead or performance penalties are incloreeduse
the BIST logic is reconfigured with the intendedsteyn
function after testing is complete. The BIST cgofitions are
applicable to all levels of testing because theyiadependent
of the end-user system function and require no ialzsed
external test fixture or equipment. Over the fHstyears, a
number of BIST approaches have been developed hfer t

Arrays (FPGAs) using a soft-core embedded process&onfigurable logic and routing resources in FPGAsie to the

synthesized into the fabric of the FPGA under testhe
approach, as originally proposed in [1], reducesrthmber of
configuration files required for BIST by exploitinghe
regularity of BIST architectural structures to sfgantly
compress and store partial configuration data éeneimbedded
processor's program memory. The embedded process
controls and executes the BIST sequence, includkirigval
and analysis (fault diagnosis) of BIST results,
reconfiguration of the FPGA for subsequent BIST
configurations [1]. This embedded processor-baB&8T
approach is possible for two reasons: first, tteevjng size and
complexity of FPGAs facilitates the inclusion of ngolex
circuitry that only occupies a small percentagetrsd total
configurable resources, leaving adequate area ST Bogic
and routing; and, secondly, the ability to acce$e t
configuration memory from inside the FPGA fabricshmade
possible internal reconfiguration and read backPEGA logic
and routing resources.

The approach was successfully implemented in Xilinx

Virtex-5 [2] but is applicable to any FPGA with émhal
configuration memory access. The remainder ofpédyeer is
organized as follows: Section Il presents an deenof BIST
for FPGAs and the previously proposed soft-corecgssor-
based BIST technique. Section Il presents thaltesf our
implementation of soft-core embedded processoreb&8T
in Virtex-5 FPGAs, including

focused on

programmable nature of FPGAs, all BIST approachms f
FPGAs require multiple configurations of the resmsr under
test in all of their modes of operation in orderotmtain high
fault coverage.
summarized in Table I, where the number of BIST
gpnfigurations is given for each type of resourneluding
configurable logic blocks (CLBs), input/output (VQiles,

andandom access memories (RAMs), digital signal Bssces

(DSPs), and programmable routing resources.
TABLE I. TEST CONFIGURATIONSDEVELOPED FORV ARIOUS FPGAS
FPGA CLBs |Routing | 1/0 | RAMs | DSPs| Referencesg
ORCA 2C 9 27 - 0 0 [51[6]
ORCA2CA | 14 41 0 0 [5][6]
Delta 39K 20 | 419 11 0 [7]
4000/Spartan | 12 128 0 0 [8]
4000XL/XLA | 12 | 206 - 0 0 [8]
AT40K/ATO4K | 4 56 27 3 0 | [9]-[11]
Virtex/Spartan-7 12 283 7 5 0 [11][12]
Virtex-4 10+5[ 84 [14+68 15 5 [[13]-[17]
Virtex-5 6+5 ? |15+68 16 | 11 | [17][18]

Most research and development in BIST for FPGAs has
reducing the number of test configunatio
reducing the size of test configuration files, ahetreasing
BIST execution time [4]-[18]. But the ever incrizap

test time analysis andcomplexity and level of integration in FPGAs hasthwiew

Some of these BIST approaches are
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exceptions, resulted in longer test times, morerdoads, and
more memory required for storing BIST configuratiofor
each new generation of FPGA. However, the incneasize
and complexity of FPGAs has also created opporasifor
innovation in FPGA testing. In [1], we proposedesnbedded

processor-based approach which exploits some o$ethe

features of current FPGAs in an attempt to imprtast time
and reduce the complexity of BIST. The soft-cambedded
processor-based BIST approach for FPGAs
additional logic in the FPGA fabric along with tB¢ST logic
to perform tasks typically assigned to an exteouaitroller or
computer. The new approach offers several advestager
the traditional external BIST approach. First, tBe-bit
internal configuration access port (ICAP) is usedr f
reconfiguration of the resources under test, elatimyg the test
time penalties associated with the lower speedald#oundary
Scan interface. Secondly, the total number of igorditions
that are downloaded via the external configuratidarface is
reduced to one per test session. In additiom;aatrol of the
BIST configurations and test procedures can beeémphted in
the embedded processor. Finally, fault diagnosisgq@ures
can also be performed by the embedded processaheifu
reducing the complexity of the external BIST colémoin
fault-tolerant applications and providing considiéeaspeed-up

when compared to Boundary Scan based readback and

diagnosis.

The basic architecture of the embedded BIST appréac
CLBs is illustrated in Fig. 1 [1]. In this partiem BIST
approach, one-half of the FPGA array is configunéth the
BIST circuitry, including multiple Test Pattern Gaators
(TPGs), comparison-based Output
(ORAs), and the Blocks Under Test (BUTs). The TRGs
constructed from CLBs or other logic resources sagiDSPs,
RAMs, etc. The TPGs provide identical test pateto
alternating rows or columns of identically configdrBUTs
whose outputs are monitored by two ORAs and congpaith
the outputs of two other BUTs in a circular compani
arrangement, as shown in Fig. 1. The ORAs aretiearied
from CLBs such that only half of the CLBs can beTBUn a
given test session and the positions of the BUT$ @RAS
must be swapped during a subsequent test sessinaen to
test all of the CLBs in half of the array.

The second half of the FPGA array is reserved for %/1'

MicroBlaze soft-core processor and any additioreidivare
resources associated with the processor [19]. oBustemory-
mapped registers are included in the MicroBlaze Hiodel
for interfacing with the BIST circuitry. One menyomapped
write-only (WO) register is included for control tfie BIST
circuitry. The outputs of the register are coneddlirectly to
all inputs to the BIST logic. One read-only (R@pister is
included at the same memory-mapped address asutpeto
register. The inputs to this register are conrtkedieectly to the
outputs of the BIST logic. Each register is gehersugh to
be applicable to all BIST configurations that wevéda
developed for Virtex-5. Finally, the MicroBlazeténfaces
directly with the FPGAs ICAP for partial reconfigtion of the
BIST array and for read back of output responJestest all of
the resources in the FPGA, a second configuratiarenerated
with the location of the BIST logic and embeddedcgssor

incorporate

swapped. For BIST of some resources, such as/oytptit
(I/O) tiles and cyclic redundancy check (CRC) diguit is
possible to test all of the target resources senelbusly by
placing the MicroBlaze around the BIST circuitry.

BIST Aree

| e E L L L |
| OO OO, |

MicroBlaze Soft core Processor

(b) BIST session #2

Figure 1. Simplified embedded soft processor-based BIST actuire.

Response Analyzers

Ill.  RESULTS OFIMPLEMENTATION IN VIRTEX-5

The embedded processor-based BIST approach was
implemented for BIST of Virtex-5 FPGAs using the
MicroBlaze soft processor [19]. The unrouted endeed
processor-based BIST configuration for the top CLBs
implemented in the Virtex-5 LX30T is shown in FR. Note
that two such configurations are implemented ttyftdst the
top CLBs with the locations of the BUTs and ORAsapped,
and another two configurations are required to ttestbottom
half CLBs. For the purpose of embedded BIST, the
icroBlaze processor is configured with a hardwareger
ultiplier, five stage pipeline, and 64 kB of onithprogram
and data memory (configured in Block RAMS). In téi-5
devices, the MicroBlaze with ICAP interface and Bi&ntrol
registers occupies three DSPs, 16 block RAMs, &WdCLBs.
The percentage of utilized resources is less tt@#h & the
smallest Virtex-5 device such that the approachke/dor all
FPGAs in the Virtex-5 family. Timing analysis iedtes that
the maximum operating frequency of the MicroBlarecpssor
when constrained to one-half of a device is gretitan 100
MHz in all Virtex-5 devices. Therefore, all ICARerations
can be performed at the maximum clock frequencyl@®
MHz.

For accurate measurements of test time to obtain
experimental results with the MicroBlaze processan
additional 32-bit hardware timer/counter was ineldidn the
MicroBlaze VHDL model. By starting the timer/coentat the
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beginning of a test phase, and stopping it at titead the test
phase, the exact number of clock cycles for regomdition of
the resources under test, test execution, and @R ack can
be determined. To extract the value in the tincemiter at the
end of each test, the MicroBlaze performs a readthef
timer/counter value and reports this number via ARU
interface to a connected PC, where it is displayedilogged in
a terminal program.

Figure 2. Unrouted embedded processor-based BIST configar&dictop
configurable logic blocks (CLB) in Virtex-5 LX30Tiewed in FPGA Editor.

Fig. 3 shows the total test time for one sessiorCbB
testing in several Virtex-5 devices for externahfioguration
with full compressed configuration and partial coegsed
reconfiguration bitstreams downloaded and contloll& the
50 MHz Boundary Scan configuration interface and tfoe
MicroBlaze embedded processor approach. Thesdiness
take into account all of the configurations reqgdite achieve
100% fault coverage in the CLB in SliceL mode, gggorted in
[17], which used traditional external reconfiguoati
techniques. However, these times double to achi®&9o

twice as fast as the embedded processor approatcis, device
dependent, as can be seen in Fig. 3. Howeverrttidded
approach is significantly faster than external gpmition with
full or compressed bitstream download files.

3
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Figure 3. CLB BIST test time for external configuration (fatbmpressed
and partial compressed bitstreams) and embeddedssor test time.

By studying the configuration file sizes for theotBIST
approaches, the cause for the increase in test fimehe
embedded processor approach becomes clear. CoRgidd,
which shows the contributions to test time for @ession of
CLB BIST with the embedded processor approach.
contribution from the initial compressed full capfration
download (using the 50 MHz external Boundary Scan
configuration interface) is shown on bottom and the
contribution from the five subsequent partial rdgmrations
by the embedded processor (using the 100 MHz 3RCBP)
is shown on top. The overall test time is domidaby the
initial download time. This is due, in part, tetblower serial
Boundary Scan configuration interface; however, thain
contributor to the overall test time is an increaséhe size of
the initial configuration file (relative to the tiional BIST
approach). The cause of the size increase is duthd
inclusion of the MicroBlaze -configuration data irhet
configuration file. We observed that the inclusiof the
MicroBlaze logic increased the size of the firsingwessed
configuration file size by 2100 kB (which is appimately
constant for all devices). The additional 2100 ki
configuration data is larger than the next five tiphr
reconfiguration files combined, and, assuming a N8Bz
Boundary Scan configuration clock speed, incredglsestime
for initial configuration by 336 ms. While it isopsible to
improve the timing for internal reconfigurationtbi resources
under test, there is no way to improve timing fbe ffirst
compressed configuration download.

The

fault coverage in every CLB, because a second $et o The potential for savings in test time does exi&s

identically sized configurations are required wttle locations
of the BUTs and ORAs swapped. The optimized eztern
reconfiguration provides the fastest overall testet when
compared with the other two approaches since ttieearray
can be tested concurrently. This approach is appedely

systems which require fault diagnosis, and, theegfead back
of ORA contents at the end of each test phas¢hidrcase, the
embedded approach provides a speed-up of 5.4 timesg
read back of ORA results versus read back via Bagn8can,
as can be seen in Fig. 5.
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045 : —— approach, because Fig. 4 assumes initial configarfiom the
05 Partial Reconfigurations - . T .
04 i Boundary Scan interface. Another possibility isctock the
0 1 Compressed Config - . )
035 mi MicroBlaze at a frequency greater than 100 MHznhgisa
z ] divided clock equal to 100 MHz for the ICAP and tomrs of
§ 037 — the ICAP interface logic. This will, however, régu the
8 o025 — L development of a custom ICAP interface. Basediming
2 o2 analysis, clock frequencies around 150 MHz ardaratide in
EoT the MicroBlaze processor when constrained to otiedfiidahe
8 0151 1 1 1 1 [ FPGA. Therefore, a speed-up of approximately integ
01 could be achieved using a multiple clock approach.
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Figure 4. Contribution to embedded processor-based CLB B&STtime by % 84 —
initial external configuration and by five interrmrtial reconfigurations. £
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10 . V. OTHERAPPLICATIONS
| I I | An approach similar to the embedded processor-based
' BIST could be applied to an external processor or

S S S S LSS S SSASASSS LSS SESS . .
FaNo 43%43’1\\%4@2;‘704’% D _Qui e @“ﬁ%“‘-“m@@* 3 microcontroller connected to the SelectMAP 32-bit
MRV R TR LR LR configuration interface. Conceptually, the appho&csimilar

Figure 5. CLB BIST ORA read back times for embedded procebased Lorogéessgfgrr?gcgpg);\ Qr‘ténler:tez?aizd[i]t[]ig]é be(;({:l:r%lptlﬂ:tlheer

approach and external boundary scan interface. than at the chip level. The only overhead requakdve that

for the traditional BIST approach is processor diimva for the
IV. FUTUREIMPROVEMENTS test, additional circuit board interconnections,diidnal

Jerocessor I/O, and a portion of the processor armgmemory
(16,558 Bytes for one session of CLB BIST) for stgrthe
embedded BIST software and reconfiguration datse impact
to the system could be minimized by performingstesft the
FPGA as a low priority, background task, at theemge of
increased test time. The approach could providesth times
speed-up of the embedded processor during recoafign
and read back using the 32-bit, 100 MHz SelectMAP
configuration interface without the penalty incutigy testing
the FPGA in two sessions, one for each half. The sf the
t initial download is also reduced when compared le t
embedded processor-based approach due to the highly
optimized structure of the BIST circuitry. Furthmre, the
memory required to store the BIST configurations dze
reduced at the expense of some additional programary in
the hard processor.

The overall reconfiguration times for the embedde
processor-based BIST approach can be reduced bglimpa
custom processor for reconfiguration and test cbntwhen a
full custom embedded fault injection approach washgared
to the MicroBlaze based fault injection presentedhis work,
a speed-up factor of almost 12 was observed forRBM
hardware-only approach versus the general-purpasegsor-
based approach. However, a hardware only impleatient
requires a different hardware configuration for rgvdevice
and BIST session, as reported in [20]. Ultimatelith custom
hardware, the reconfiguration time could approadte
minimum achievable test time for the 100 MHz, 3R-bi
SelectMAP or ICAP configuration interface. Thissbease
timing occurs when one word is read or written anheactive
edge of the clock, as is the case for configurafimm a
dedicated memory. The best case timing for CLBTBé&st or
west configurations is shown in Fig. 6 (doubling time The embedded processor-based BIST approach fandvrt
shown in the figure yields the total test time &k CLBs in FPGAs is directly applicable to Virtex-4 FPGAs [2djth
SliceL mode). However, these times should not ibecly = some modification to the BIST specific softwareclimling
compared to those in Fig. 4 for the embedded psotdsased device specific subroutines such as algorithmiousse under
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test frame address generation) and stored confignrdata.
Differences between the Virtex-4 and Virtex-5
interfaces, such as byte-swapping on the VirtexcBR, are

accounted for during synthesis of the MicroBlazed an applications.

associated ICAP interface circuitry based on theyeted

device family. The frame address register is as@anged
differently in Virtex-4 and Virtex-5, but this case accounted
for in software [22][23]. The overall test timear fVirtex-4

relative to external reconfiguration closely matbbse results
obtained in Virtex-5.

VI. CONCLUSIONS

We have presented the results of a case study whiq@l

implements the first soft-core embedded procesased BIST
approach.
write/read access to the configuration memory freithin the
FPGA fabric and with sufficient configurable resoes to
implement both the soft-core processor and the Riglitry.
The number of external configurations of the FPGiirty any
BIST session is reduced to a maximum of two (orreefich
half of the array) and internal reconfigurationtioé resources
under test are performed at the maximum allowaldekc
frequency and data width. Read back of ORA costamid
diagnosis of faulty resources under test can béoqmeed by
the embedded soft-core processor when fault diagniss
desired, for fault-tolerant applications for exaemroviding a

speed-up of 5.4 versus readback via the Boundain Sc

interface. The approach can significantly decreheeoverall

test time in systems with a relatively slow extérna[10]

configuration interface, as was the case for thevipus
implementation of embedded processor-based BISmguai
dedicated hard-core processor [10].

The soft-core processor approach was implemented
Virtex-5 FPGAs using the MicroBlaze processor folSB
reconfiguration, control of execution, fault inject, and fault
diagnosis. Reconfiguration of the resources undst is
achieved via the ICAP port in the FPGA fabric. Whe
implemented in Virtex-5, the approach requires mesting
time when compared with optimized external recamntigjon
using compressed patrtial reconfiguration bitstreaniis is
primarily due to the fact that the overall BIST epgch has
been architected for optimum configuration file gassion.
This includes orienting the BIST architecture withe
configuration memory for maximizing the effectiveseof
compressed download files with multi-frame writeatfeges,
partial reconfiguration of the resources under tést
maintaining constant placement and routing betwésst
phases, and a single pass/fail indication to awvoétial
configuration memory read back for BIST resultshisTis a
testament to the advanced state of FPGA BIST tqaesi as
well as the features and capabilities offered byGAP
manufacturers to decrease configuration times.

However, the soft-core processor approach is sogmifly
faster than configuration with full or compressehfiguration
bitstreams alone. Only two downloads are requfcedeach
BIST session when the embedded processor-basedaappis
used, compared to six configurations for CLB easstwests
and nine for SerDes tests for example. BIST cdndsacution
and fault diagnosis implemented in the embeddedgssor

The approach is applicable to any FPGW#l w

eliminate the need for complex external test eqeiptirfor

ICAP manufacturing testing and intelligent external Bi&htrollers

for in-system testing and diagnosis in fault-tofgra

The architecture is applicable ty 8ST for
Virtex-4 and Virtex-5 FPGAs without modification dhe
embedded processor hardware; only the MicroBlangram
memory contents need to be changed.
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