from Proc. IEEE Southeast Symp. on System Theorg22-227, 2011

Built-In Self-Test of Embedded Memory Cores
in Virtex-5 Field Programmable Gate Arrays

Justin L. Dailey, Brooks R. Garrison,

Mary D. Pultkand Charles E. Stroud

Department of Electrical and Computer Engineering
Auburn University
Auburn, AL 36849-5201, USA
dailejl@auburn.edu bgarisn@gmail.com marypulu®ueyhoo.com strouce@auburn.edu

Abstract—This paper introduces and details a
Built-In Self-Test (BIST) approach designed for theem-
bedded Block Random Access Memories (BRAMs) found
within Xilinx Virtex-5 Field Programmable Gate Arra ys
(FPGAs). The BIST is designed to test the BRAMs iall
configurable modes of operation including single-pa,
dual-port, first-in first-out (FIFO), first-in firs t-out with
error correcting code (FIFOECC), and error correcting
code (ECC) modes. The BIST architecture and imple-
mentation in actual Virtex-5 FPGAs will be discusse
along with fault detection and timing analysis datataken
from those implementations.

l. INTRODUCTION AND BACKGROUND

As complexity of Very Large Scale Integration (VI.SI
devices including Field Programmable Gate ArrayBGRAs)
continues to increase, the need for an efficientegtonomi-
cal testing method for testing becomes criticalHigh relia-
bility systems [1]. The ability to reprogram anGR in-
system to test and diagnose faults becomes extyerakla-
ble to fault tolerance since the FPGA can be conéid to
avoid faults. However, the FPGA must be reconfigur
multiple times in order to achieve sufficient detec and
identification of faulty resources. The main hiagice to
FPGA Built-In Self-Test (BIST) has been the largamber
of configurations needed to achieve fault detectind diag-
nosis. Thus the download time for the testing iumitions
accounts for a large majority of the total testeifg]. Fur-
thermore, the increasing size and complexity of ARPG
along with the addition of multiple specialized esmwithin

results including analysis of the fault detectiord @iming
capabilities of the BIST implementation in actuakt®x-5
FPGAs are presented in Section V before the paper c
cludes in Section VI

Il OVERVIEW OF VIRTEX -5 ARCHITECTURE

The general architecture of Xilinx Virtex-5 FPGAsne
sists of configurable logic blocks (CLBs), prograafte
input/output blocks (IOBs), block RAMs, and DSP9.[4
These elements are arranged in columns and rovanvite
FPGA as illustrated in Figure 1. In contrast viltle figure,
Virtex-5 devices contain more rows than columnshe T
number of rows and columns dedicated to each otdime-
ponents varies from device to device in each fartlil¥,
LXT, SXT, or FXT).
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Figure 1. General Virtex-5 Architecture
Virtex-5 FPGAs support frame addressable read and

write operations [5]. This feature facilitates dymic partial
reconfiguration of the FPGA with frame addressabtée

the device such as random access memories (RAMS) aperations as well as partial configuration menrend back

digital signal processors (DSPs) continues incrélasdest-
ing challenge [3].

In this paper, we discuss the full implementatiord a
analysis of a BIST for the block RAMs in Xilinx \tex-5
series FPGAs. The BIST design takes advantageecditc-
hitectural and operational features available @& FPGA to
exploit dynamic partial reconfiguration for imprawents in
download times as well as partial configuration rogm
read back to facilitate diagnosis of faulty res@src Section
Il presents a brief overview of the architectureMaftex-5
FPGAs. This is followed in Section Il by detait$ our
general BIST architecture as well as related pR®GA
BIST work. Section IV describes the details of ®GIET
approach for Virtex-5 Block RAMs and the configiwat
needed to test the different operational modegeEmental

via frame addressable read operations. Anothepiitapt
feature in Virtex-5 devices is the ability to perfomultiple
frame write operation where the configuration datm-
tained in the Frame Data Register is written to tiplal
frames on the FPGA. The multiple frame write caovjule
a significant reduction in the total reconfiguratiime of the
device depending on the size of the device andeyelarity
of the design structure. In order to fully expltits reduc-
tion, our BIST architecture has been designed texieeme-
ly regular across the array and aligned with tlaent struc-
ture of the configuration memory. During configiwa
memory read back the contents of the memory elesnent
which include CLB flip-flops/latches and block RAMse
read along with the contents of the configuratioammory.
The frames of the configuration memory are fixedsine
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and are oriented along the columns of the FPGAe flip-

flops within the CLBs of a column are located i ttame
frame such that their contents can be observed $iyngly
reading a single frame. Our BIST approach takesraage
of these Virtex-5 architectural and operationaltdess in
order to provide efficient implementation and opiera

The basic architecture of our BIST implementati®ni-i
lustrated in Figure 2. This architecture has besed pre-
viously in order to test elements in Virtex-4 FPGAslud-
ing CLBs, IOBs, block RAMs, and DSPs. A pair oftte
pattern generators (TPGs) are used in order tollgen-
tical test patterns to alternating identically dgofed blocks
under test (BUTs) which may be CLBs, IOBs, DSPs,jror
our case, block RAMs. The outputs of each of thd8are

OVERVIEW OF BIST ARCHITECTURE

for diagnosis when a fault has been detected. eftvar, we
exploit the dedicated carry logic to create anaiige-OR
chain providing a single bit pass/fail indicatiantlae end of
the BIST sequence resulting in significant testetireduc-
tion. Thus, partial configuration memory read b&clonly
needed for diagnosis and not to determine passfails.
We assume CLBs used for ORAs have been previoesly v
fied as fault-free using BIST configurations for B4 [2].

Carry ou

Out BUT,
Out, BUT
Out BUT,
Out BUT

Figure 3. ORA Implementation

monitored by two separate output response analyzers

(ORAs). Each of these ORAs compares the outpute/af
BUTs. This results in a circular comparison amttiire
seen in Figure 2. All BUTs are tested concurrestigh that
the length of the BIST sequence is a function efrésource
being tested and not the number of resources lestgd.
BUTs are repeatedly reconfigured and retested dutfie
test session until they have been completely testedll

modes of operation. Since download time dominsbes
total testing time, it is important to minimize thember of
configurations needed to perform a complete tessige.
By maintaining consistent placement and routingl Bfs,
ORAs, and BUTs for the various test configurations,are
able to take advantage of partial reconfiguratioroider to
change the configuration of the BUTs without afiegtthe
other resources. Thus, reconfiguration time i/ @func-
tion of the number of BUTS.

N
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Figure 2. Basic BIST Architecture

V.

Virtex-5 block RAMs are capable of storing up tok36
bits of data. They can be configured with addi@ss data
widths given in Table 1. Only the data widths 4Kx8
2Kx16, 1Kx32, and 512x64 contain 1, 2, 4, and 8tyar
bits, respectively. The input parity bits can tsedias user-
supplied parity or can act as additional data, evtlie output
parity corresponds with each byte in the outpuad4}. It
should be noted that these parity bits contain Hangroode
in error correction code (ECC) modes of operation.

Table 1. Block RAM Address and Data Bus Widths

BIST FOR VIRTEX -5BLOCK RAM s

Address Bus| Address | Data Bus| Parity | Total Data
Width Space | Width | Width | Bus Width
15 32K 1 0 1
14 16K 2 0 2
13 8K 4 0 4
12 4K 8 1 9
11 2K 1€ 2 18
10 1K 32 4 36
9 512 64 8 72

The block RAMs have three different write mode®pf
eration: 1)WRITE FIRST. the input data is simultaneously

The circular comparison based BIST architecture wagritten to the memory and passed to the data output

originally developed for testing block RAMs in \&x-I and
Virtex-1l FPGAs [3]. The circular comparison imphenta-
tion provides significant diagnostic improvememsdiag-
nostic resolution over previous FPGA BIST architees
[3]. The diagnostic procedure is capable of idgimg the
faulty block RAM(s), the faulty output(s) of tho$RAMS,
and also the faulty mode(s) of operation.

READ FIRST. the data previously stored in the memory is
passed to the output while the input data is writtememo-
ry, and 3)NO CHANGE the output data is not changed during
a write operation [4]. Block RAMs provide optior@pelin-
ing through a programmable output data registerckvican
increase performance by reducing propagation defdgck
RAMs may be configured in one of five different negdof

The comparison-based ORA is illustrated in Figure 3peration: 1) normal mode where the block RAM metyas

Two outputs are compared in each ORA via the twauex
sive-NOR gates. This double comparison slightiguces
the diagnostic resolution but more importantly reskithe
resources required for implementing ORAs by halfhe
contents of the ORA flip-flops can be obtained partial
configuration memory read back for use in diagnosiew-
ever, we only become interested in obtaining ORAtents

a single- or dual-port RAM (denoted BRAM in thispea),

2) first-in first-out (FIFO) mode, 3) FIFO ECC mqdé)
ECC RAM mode, or 5) cascade mode where two adjacent
RAMs can be combined to operate as a single 64Kix1-b
RAM. When configured as a dual-port RAM, each pas

its own address bus, input data bus, output dasa dack,
clock enable, and write enable [4].
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When the block RAM is configured as a FIFO, it maynation as needed. This implementation does nat teebe

only be configured as 8Kx4-bit, 4Kx9-bit, 2Kx18-bitr
1Kx36-bit.

tested by a thorough March test; only a functiotest is
Additionally, the FIFO may be used as ineeded to completely test the additional cascadiirogitry.

512kx72-bit ECC mode (denoted FIFOECC in this paperTwo BIST configurations (18 and 19 in Table 2) aezded

One port of the RAM is used for read operationsilevthe
other is used for write operations. Two statugdlandicate

aFuLL or EMPTY condition as well as 13-bit hex programm-

able ALMOST FULL and ALMOST EMPTY flags. It is the re-
sponsibility of the user to recognize these flagstoid er-
rors. Additionally, the FIFO may be configured either

standard write mode or as First-Word-Fall-ThrougWET)

which allows the first data word written into théFP to

become immediately visible on the output data Blis [

Two adjacent block RAMs within a column may be cas

caded together to create a single 64Kx1-bit RAM. tHis
case one RAM is configured as thePERRAM and the oth-
er will be configured as theower RAM. The most signifi-
cant address bit in the address bus will then legl ts de-
code which RAM the data will be read from. In thi®de

only theupPERRAM will display data on its output. If data
is read from theower RAM it will be passed through the

dedicated cascade routing and displayed on thaibafghe
UPPERRAM.

The BIST configurations we developed for Virtex-5
block RAMs are summarized in Table 2 along with the

RAM test algorithms used. The March LR algorithrithw
background data sequences (BDS) is used to vériflythe
RAM core containing the memory cells is fault-frearch
LR has been shown to be a superior test to Marchwviite
only marginally increasing the test complexity [}. proce-
dure is given in [6] for converting March LR to aomd-
oriented test by incorporating BDS. March LR with&DS

to test each RAM iwPPERaNdLOWER modes.

Table 2. BIST Configurations for Block RAMs

BIST| RAM Test Address| Data | Clock
Config] Mode Algorithm Space | Width | Cycles
1(C) March s2pf- 1K 36 20,000
2 (P) March d2pf 1K 36 15,00p
3 (P 2K 18 25,00(

4 (P | BRAM 4K 9 45,00(

5 (P) MATS+ 8K 4 85,000
6 (P 16K 2 165,00(

7 (P) 32K 1 330,000
8 (C) March LR w/BDY 512 72 23,000
9(P)| ECC ECC Read 512 72 7,000
10 (P) ECC Write 512 72 7,000
11 (C) 1K 36 8,500
12 (P 2K 18 34,00(
13 (P) FIFO | FIFOMarch X | 4K 9 66,000
14 (P 8K 4 131,50(
15 (P 8K 4 131,50(
16 (C)|_ ECC Read 512 72 10,000
17 (P) IFOECC ECC Write 512 72 10,040
18 (C) 1K 64 36
19 (P) CASC March Y K o4 38

Total BIST clock cycles = 1,113,542

(C) = Compresse Configuration (P) = PartialReconfiguratio

Testing the Hamming code generation and bit eresr d

is of orderO(16N) whereN is the number of address loca-tection and correction circuitry poses an intergsproblem

tions. When applying March LR to a bit-orientedmuey,
BDS is not needed. However, the 32Kx1-bit memoogen
does not provide access to the full 36K RAM cofighere-
fore, the widest memory configuration (512x72-pityvides
full access to the RAM core as well as the shottsttime
when applying BDS. After March LR with BDS testjrige
RAM core can be assumed to be fault-free. As alt,edBDS
is applied only during BIST configuration #8 sinoace
tested there is no need to repeat pattern semgitand
coupling fault tests in the RAM core.

The MATS+ test algorithm [7] is used to test the-pr
grammable address decoder. MATS+O&N) and is the
most efficient test known to detect all addressodec faults.
This helps to reduce the overall test time assediatith the
block RAMs. Dual-port testing is achieved by usigrch
s2pf- and d2pf algorithms [7]. The single- and leamt
block RAM modes of operation are tested by thet fing
BIST configurations in Table 2.

Virtex-5 block RAMs also support cascading any twalirectly from the memory locations.

adjacent block RAMs (either above or below) to tzea
64Kx1-bit RAM configuration. Functional testinglixgerve
to test the resources in this mode since the casrad

of detecting faults in a fault-tolerant circuit. otdever, the
block RAMs can be initialized at configuration tiraad we
can exploit this feature to initialize memory ldoas with
test data so that the ECC circuit will correct $nbjit cor-
rectable errors as well as detect and flag norectable
double-bit errors during an initial read cycle df memory
locations in the RAM. Alternately, the ECC writeature
can be disabled to allow test patterns to be writieectly to
the RAM core (bypassing the Hamming code generation
circuitry at the RAM input) and then applied to ttébe
Hamming code regeneration as well as the errorctiete
and correction circuitry at the RAM output. Therhtaing
code generation circuitry at the input of the RABINcbe
tested by writing a sequence of test patterns aadlimg
those address locations; if the Hamming code wasrgéed
correctly there will be no errors detected by tgVRoutput
Hamming circuitry. However, the ECC read featuae be
disabled to allow the generated Hamming bits tordesml
The test patte
needed to detect all faults in the Hamming codesgion
circuitry at the RAM input and Hamming code regexien
circuitry at the RAM output include all combinat®mf a

achieved by configuring two block RAMs as 32Kx1-bitsingle 1 and two 1s in a field of Os [8]. The tpstterns

RAMs and manipulating multiplexers to direct/seledbr-

needed to detect all faults in the single-errorexiion and
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double-bit error detection circuits include all doimations
of Hamming values with all Os in the data field.[8Jwo
BIST configurations (#9 and #10 in Table 2) aredsekto
test error detection and correction circuitry ahd Ham-
ming code generation circuitry, respectively, usthg ap-
proaches described above.

RAMs, we are able to leave the outputs ofitbe/ER RAMs
in this situation un-routed [4]. This allows us goeatly
simplify our CASC TPG from the ones described ihdad
[12] since we do not have to account for any exgubchis-
matches. Using this method we maintain our circatan-
parison and overcome the problem of testing casoamties

The FIFO March X test algorithm described in [8] isof operation with a circular comparison-based BI&{-

O(8N). It begins with an empty FIFO which is writtentilin
full and then read until empty to test theLL and EMPTY
flags for the different FIFO address/data width es¢con-
figurations 11-15 in Table 2). Configurations 13t&st the
ALMOST FULL and ALMOST EMPTY flags in the 8Kx4-bit
mode of operation, where themosT flags use the full 13
bits of address space. Between these two BISTigumaf
tions we alternate values OXAAAA and 0x5555. Ateml
nate approach is to test the twovosT flags with a differ-
ent BIST configuration for each of the 12-bitslietLMOST
FULL and ALMOST EMPTY comparators. This will result in
slightly high fault coverage at the expense of Emgst time
due to the additional downloads. In this casejndesidual
bits of the programmableLmosT FuLL flag are tested by
repeatedly reconfiguring thaLmosT FuLL flag value to
higher values and then continuing to write moreada®imi-

larly, theALMOST EMPTY flag values are reconfigured while

emptying of the FIFO. A modified version of FIFOakth
X algorithm was developed to include the patterescdbed
previously to test the Hamming ECC circuitry andised to
test the FIFOECC mode in configurations 16 and 17.

proach as described in [10].
I_r

i

I _t

BRAMs I " i

I__.

Figure 4. Cascade ORA Routing

=
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The complete BIST architecture instantiation and-co
nectivity is created using Xilinx Design Languagé(), a
netlist format for describing designs at the CLBMRAevel

The TPG design for the BRAM BIST configurations in-with complete control over placement and routinghis

corporates a finite state machine that is ablesttegate sev-
eral RAM test algorithms including March LR with BD
MATS+, March s2pf-, and March d2pf. Similar TPGere/
designed to generate the test patterns for caqe&A8C),

ECC, FIFO, and FIFOECC modes.
mented by synthesizing VHDL models and constrairitregy
placement of the CLBs to the desired area withthRRGA.
The five TPG implementations are summarized in & &bin
terms of the number of CLBs required.

Table 3. TPG Implementations

TPG |#Slices|] TPG | # Slice:| TPG | # Slice:
BRAM 148 FIFO 34 CAS( 4
ECC 20t |FIFOECC| 43

The ORA routing is the same for all BIST configimas
except CASC. In the other configurations the ORAm-
pare adjacent RAMs in the column since all RAMsrafe
identically. In the CASC configurations every atfAM is
instead routed to the ORA for comparison as ilatst in
Figure 4. This is done because the RAMs are cordig)in
alternating order as eitherLewer or UPPERRAM. There-
fore, eachuPPERRAM will be compared to anothemPPER

allows us to integrate the synthesized TPGs with@RAS

and the block RAMs whose XDL has been generated by

parameterized C program, using the design flovstitated
in Figure 5. The process consists of generating BIST

The TPGs are impleenfiguration templates (one for each RAM mode ablé

2) in XDL format by our C program/5RAMBIST.execon-
verting the XDL to NCD format for routing with Xitx
place and route (PAR) software. The routed NCke M
then converted to XDL for modification by our C gram,

V5RAMMOD.exeto generate the 19 different BIST configu-

rations. These two C programs facilitate genenadioBIST
configurations for any family and size Virtex-5 FRGThe
final XDL files are converted to NCD format from ieh the
actual download configuration bit files are genedatia

Xilinx BitGen.exe These bit files can be generated in one of

three ways: full, compressed, and partial. Fulifiguration
bit files contain values for every configuration Within the
device. Compressed bit files utilize the multifseme write
feature in the FPGA to reduce the size of the gométion
file [5]. Partial reconfiguration files are credtby compar-
ing the NCD files of the reference and subsequé¢gTRon-
figurations such that only the differences betwésn two

RAM and each.ower RAM will be compared to another designs are downloaded during partial reconfiganafi 1].
LOWER RAM. However, the RAMs which do not have aThe difference in file sizes for each of the thiygees of con-

RAM located directly below them (located on thetbuot of
a column or above a PowerPC module, for exampkggmt
a special case. Since data being read will onlgden on
the output ports of CASC RAMs configured a®PER

figuration is device and design dependent. An etamf
this is shown in Table 4 for an LX30 FPGA where tbel
set of BIST configurations can be compared to glsirfull
configuration download file of 2,163 K-bytes.
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Figure 5. BIST Configuration Generation Process
Table 4. LX30 BIST Configuration File Sizes

BIST |File Size| BIST | File Size| BIST |File Size|
Config | K-bytes [ Config | K-bytes | Config | K-bytes
1(C) 583 7 (P) 49 13 (P 4
2 (P 55 8 (C) 597 14 (P 4
3(P) 49 9 (P) 3 15 (P) 4
4 (P 49 10 (P 5C 16 (C'| 564
5 (P 49 11 (C 532 17 (P 4
6 (P) 49 12 (P) 4 18 (C)| 387
Total File Size = 3,034 K-bytes | 19 (P) 3

Figure 6 shows that actual implementation of th&BI
BRAM configurations in a Virtex-5 LX30. The two G3
are located in the CLBs indicated in the figureneO'PG
and its associated routing is highlighted in red tre other
TPG in green. Each TPG drives alternating rowslotk
RAMs as can be seen in the figure. The RAM to GiRA-
nections are highlighted in blue where the ORAslacated
in the CLB columns adjacent to the block RAM coliemn
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V. EXPERIMENTAL RESULTS

All 19 BIST configurations were generated for every
Virtex-5 FPGA. The BIST configurations for LX30T,
LX50T, SX35T, SX50T, FX30T, and FX70T FPGAs were
downloaded and verified on the actual devices. ItFhaiec-
tion capabilities were verified with physical fauttjection
using the bits in the configuration memory. The/gbal
fault injection was applied to determine the fardiverage
for the configuration memory bit faults that comtttee block
RAMs. There are a total of 488 possible configorat
memory bit faults associated with each block RAMach
fault was emulated by overwriting the desired cgufation
bit with the stuck-at value of the desired faulfdve per-
forming the BIST sequence. This process is repefie
each of the 19 BIST configurations and each o#iB& con-
figuration memory bit faults.

The individual and cumulative detection and faulver-
age for the seven BRAM BIST configurations from [Ea
is shown in Figure 7. Each BIST configuration detebe-
tween 100 and 200 faults resulting in cumulativeltfaov-
erage of 84% from this set of seven BIST configoret
alone. Figure 8 shows the overall fault detecto fault
coverage for the entire set of 19 BIST configunaiin Ta-
ble 2 Where is can be seen that we achieve 100kociaw+
erage of detectable faults.
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Figure 7. BRAM BIST Fault Detection
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Figure 8. Overall BIST Fault Detection

Using the Xilinx timing analysis toolrce.exe we de-
termined the maximum BIST clock frequency for eatthe
BIST configurations for all Virtex-5 devices. Figu9
shows the results from this analysis obtained HerltX30T
device. For this device the FIFOECC and the CABSl t
configurations are able to run at the fastest spétechn also
be seen that for the five different configuratidhs clocking
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frequency for the phases remains nearly the samepéin
the cases of the ECC BIST configuration #3 and HEHST
configuration #1. This is due to these two phasstng the
clock inversion of the RAMs. When the RAM clockiis
verted it results in opposite edge clocking effesdti halving
the maximum BIST clock frequency. This problenover-
come by inverting the TPG and ORA clocks in theiiB&
during these two BIST configurations. These BI®hfigu-
rations with inverted TPG and ORA clocks are positd at
either the beginning or end of a set of BIST camfigions
so that the inversion of the TPG and ORA clockpés-
formed only once in the set of BIST configuratidosmi-
nimize download time and test time.

Figure 10 displays the results from the maximumTBIS

clock frequency timing analysis on various Virtexiévices.
For each of the five sets of BIST configurations tdonfigu-
ration with the lowest maximum BIST clock frequenisy
shown in the figure. As a can be seen by compattieg
LX30T clock frequency data in Figure 9 and Figufe the

maximum BIST clock frequency for the ECC and FIFO

BIST configurations increases from just over 40 Midz
Figure 9 to well over 80 MHz in Figure 10 by inved the
TPG and ORA clocks in the ECC and FIFO BIST confgu
tions. As a result, the maximum BIST clock frequeffor
ECC and FIFO BIST configurations are similar tottbiathe
BRAM BIST configurations.

120
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o
o
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N iy [o)] o
o o o o
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Figure 9. Maximum BIST Clock Frequency for LX30T
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Figure 10. Maximum BIST Clock Frequency

VI.

In this paper we have presented a BIST approacthéor
embedded block RAMs in Xilinx Virtex-5 FPGAs. The
BIST configurations test the RAMs in all of theirodes of
operation in order to achieve high fault coveragg.taking
advantage of the diagnostic algorithm presentefBjnwe
are able to able to identify any faulty RAM(s), ltgu
mode(s) of operation, and even specific faulty at(g.
These BIST configurations can be downloaded andwgzd
in-system during off-line operation and are appileafor
high reliability/availability systems as well asufatolerant
applications.

SUMMARY
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