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Abstract—We evaluate some of the previously proposed test Products. These partial products are then addgettier to

algorithms and approaches for various types of muipliers. We
present methods to effectively test multipliers indpendent of
their architecture and to achieve greater than 99%single stuck-
at gate-level fault coverage with a simple 8-bit 0®-bit binary
up-counter and some multiplexers. Finally, we distss testing
the multipliers present in most current Field Progmmmable
Gate Arrays (FGPAs).!

l. INTRODUCTION AND BACKGROUND

Multipliers are extensively used
processors (DSPs) [1].

in digital
Many current Field Prograiviem

Gate Arrays (FPGAS) incorporate embedded cores asch

memory and DSPs in addition to logic blocks. Fxaraple,
Xilinx Virtex-2 and Spartan-3 series FPGAs incoigier
18x18K-bit random access memories (RAMs) with 18kit8
multipliers associated with each RAM in addition ttoe
configurable logic blocks (CLBs). Xilinx Virtex-4and
Virtex-5 series FPGAs incorporate DSP cores [2hc& the
multipliers are often part of larger complex citsuike DSPs
they are less controllable and less observableha&mde an
effective Built-In Self-Test (BIST) approach is teepd [3].
While developing BIST approaches for the multidign
DSP modules in Virtex-4 FPGAs, we investigated aasi
previously proposed test approaches in an atteonfibd an
architecture independent test approach that effdgtitests
multipliers regardless of their architecture.

This paper presents the results of our investigatiod
evaluation. Section Il gives an overview of thehétectures
of various multipliers. Section Ill overviews tipeior BIST
approaches proposed for testing multipliers. 8activ
presents our fault simulation analysis of theseviptesly
proposed test algorithms for the multiplier arctiitees
presented in Section Il. Section V discusses ti@ication
of the results of our analysis to various FPGAsinaky,
Section VI summarizes and concludes the paper.

1. MULTIPLIER ARCHITECTURES

In general arNxM-bit multiplication is performed by
multiplying each of theM-bits of the multiplier with all N
bits of the multiplicand resulting itM N-bit wide partial
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generate the final product. Faster multiplicatioan be
achieved by reducing the number of partial prod[#ts

The multiplier inside the DSPs in Virtex-4 FPGAs as
18x18-bit 2’'s complement multiplier that produces t36-bit
partial products [5]. The DSPs in Virtex-5 deviceave
larger 25x18-bit 2's complement multipliers thabguce two
43-bit partial products [6]. These partial produere sign-
extended to 48 bits and added using a separatét 4£&y
look ahead (CLA) adder as illustrated in Figure 1.

signal

:N ::2(M+N) 4i8 ::
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Fig. 1. Multiplication in Virtex-4 and Virtex-5 DSPs [5][6]

Knowing the architecture of the multiplier is impamt
to design an effective test but the Xilinx dataethefor the
multipliers and DSPs present inside the FPGAs pmlittle
if any information about the architecture of thesaltipliers.
Since there is no mention of clock cycle latendieddata
sheets we can eliminate sequential logic architestu
Therefore, we performed fault simulations on vasiown-
sequential multipliers to find an effective tespegach that
tests multipliers regardless of their architectufidne various
choices for multipliers in our fault simulation &yss
include array multipliers, signed array or Baugh dléy
multipliers, modified Booth multipliers, modified ddth
Wallace tree multipliers and a custom multiplietaobed by
making a modification to the modified Booth muliggl
These multipliers are summarized in Table | anctidesd in
more detail below.

Table I. Multipliers

Type Notes
UnsignedArray unsignet
BaughWooley signed arra
Modified Booth| carry lool-ahead adder sums partial prod

carry lock-ahead adder sums final partial prod
carny-select adder sums final partial prodi
ripple-carry adder sums final partial prodt

Modified Boot
Wallace Tree

NERENENEES

Custon

carry lool-ahead adder sums final partial prod

Unsigned array multipliers (type #1 in Table 1) are the
simplest of all multipliers where the partial praoti
generated using an array of AND gates are addetd) wsi
array of full adders [4].
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Similarly, insigned array multipliers,also calledBaugh
Wooley multipliers (type #2 in Table I), the partial proxds
are generated using an array of AND and NAND gatas
are added using an array of full adders [7].

In Modified Booth multipliers (type #3 in Table 1)
partial products are calculated using the modifigadoth
algorithm [1] which uses a recoding technique ttcdate
partial products using a series of add, subtract shift
operations. The recoding technique reduces thebaurof
partial products by half by recognizing patterns thre
multiplier which results in faster addition and berfaster
multiplication [1]. In this algorithm, the partigioducts are
one bit larger than in the traditional array andigfa Wooley
multipliers. Therefore, each partial product vki# N+1 bits
wide. Any sign extension bits will begin at tNe2 position.
We used CLA adders to add the partial products.

In Modified Booth Wallace tree multipliers (type #4 - #6
in Table 1) addition of partial products that arengrated
using the modified Booth algorithm is done usin@/allace
tree to reduce the number of addition steps [IdchEcolumn
of partial products are added using a multi-stagepsof half
and full adders. Each multistage adder circuitegates a
sum and a carry which form the two final partiabgucts
[1][8]. We used three types of adders (CLA addmmry
select adder, and ripple carry adder) to add thal fpartial
products in three different multiplier implementeats
indicated by types #4, #5 and #6, respectively,dhle I.

The Custom multiplier (type #7 in Table 1) is a radix-4
Booth-encoded multiplier with Wallace-tree
throughout the partial products where the signresite has
been truncated using a unique reduction techniqUde
reduction technique is described in more detaihppendix
A at the end of this paper.

reductio

Figure 2 whereN indicates the number of bit-width of the
multiplier. In [11] four bits of the counter areplicated and
applied to one port of the multiplier and the remirag four
bits of the counter are replicated and appliech&odther port
of the multiplier. In [8] (and later in [12]), fer bits of the
counter are replicated and applied to the multigbiert that
has Booth encoding and the remaining three bitghef
counter are replicated and applied to the othet pbtthe
multiplier. The authors in [8] do not explicitly antion in
their paper that five bits of the counter are agplio the port
with the Booth encoding but do illustrate this infigure.
However, the authors in [12] explicitly state thiae five bits
of the counter are applied to the port with Bootitagling.
Both test algorithms can be used to test multiplief any
size and are reported to achieve gate-level sisglek-at
fault coverage around 99.8%. A final alternativewd be to
apply three bits to the Booth encoding port ane fiits to
the remaining port. However, as in the case of XHimx
FPGAs, one may not explicitly know which port, ifya
incorporates Booth encoding.

8-bit counte
MSB LSH

4/5/37

Fig. 2. Multiplier Test Algorithms

Since the 5x3 test algorithm was claimed to beebett
than the 4x4 test algorithm by the authors in @i, original
approach to test the multipliers in Virtex-4 dewoeas to
apply both the 5x3 and the 3x5 test algorithmsnsuee that
the port with the Booth encoding receives five hlifsthe
counter in either one of the two test sequencestarapply

One Spartan-3 application note mentions that thkRe 4x4 test algorithm if the fault coverage imme\v2].

multiplier is based on modified Booth architect{®& We This increases the test time but since the numbeesi
believe that the modified Booth Wallace tree miikip vectors applied during each test algorithm is @3¢ this is
(multiplier #4 in Table 1) is the most likely camidite based not a concern since download time is the dominaciof in
on area and performance analysis [10] and alsdaltiee fact FPGA testing.

that the modified Booth Wallace tree architectwr¢hie only
architecture that results in two final stage panieoducts \VA
similar to the two final stage partial products gexted by the

multipliers in Virtex-4 and Virtex-5 FPGAs. Howaysince In an attempt to find an architecture-independent
the architecture of the multiplier is not expligitnentioned Multiplier test algorithm we evaluated the 4x4, 5a8d 3x5

in the datasheets our goal is to find an architeetu (€St algorithms by building 8-bit gate-level modets
independent test approach that effectively testsnhltiplier Multipliers summarized in Table I using Auburn Slation

in these devices and any multiplier in general wehod@nguage (ASL) and running fault simulations ushurn
architecture is not known. University Simulator (AUSIM) to determine the fault

coverage for collapsed single stuck-at gate-leaelt$. In
m order to identify undetectable faults in each of seven 8-bit
' multiplier implementations an exhaustive'2set of test

Test algorithms for testing modified Booth andpatterns was applied. These undetectable faulte wesn
modified Booth Wallace tree architectures have beeamoved from the fault list used to evaluate theltfa
proposed in [11] and [8], respectively. The tdgbathms in coverage achieved by each of the three test afgasit The
[11] (referred to as the 4x4 algorithm in this papnd [8] fault simulation results are summarized in TableRbr each
(referred to as the 5x3 algorithm in this papethhsse an 8- multiplier type, the total number of collapsed #ngtuck-at
bit counter to generate 256 test vectors. Thillustrated in gate-level faults is given along with the total rhenof faults

ANALYSIS OF TESTALGORITHMS

PRIORTESTINGAPPROACHES
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detected by the exhaustive set of test patterrsinglthe list
of detectable faults for each multiplier implemeiata, each
of the three test algorithms was applied individuand

collectively to determine the fault coverage assma with

each test algorithm and possible combinationseach case
the number of faults detected is reported along vite

percent fault coverage in parentheses. The tgstigim(s)

providing the highest fault coverage are highlighte light

gray and those providing the second highest famerage
are highlighted in darker gray for each multiplgpe.

Table Il. Fault Simulation Results

Test Algorithm
Number faults detected (% faul coverage
Multi | Total |[Exhau| 4x4 5x3 3x5 5x3 & |5%3, x5
-plier | Faults | -stive | [11] [[8][12] 3x5 | & 4x4
#1 | 1648 16441 1644 | 1644 | 1621 | 1644 | 1644
(100 | (100 | (100 [(98.60| (100 | (100
#2 | 1648 1644 | 1644 | 1644 | 1644 | 1644 | 1644
(100 | (100 | (100 | (100 | (100 | (100
#3 | 2499 2196| 2180 | 2168 | 2179 | 2182 | 2193
(100’ | (99.27((98.72[(99.23[(99.36 | (99.86
#4 | 2184 2090 2061 | 2068 | 2070 | 2071 | 2074
(100’ | (98.61[(98.95((99.04 |(99.09 (99.23
#5 | 2app| 2243| 2215 | 2217 | 2218 | 2222 | 2228
(100’ | (98.75(98.84|(98.89 [(99.06 | (99.33
#6 | 2021 | 1962| 1937 | 1944 | 1944 | 1944 | 1947
(100’ |(98.73(99.08|(99.08 [(99.08 | (99.24
#7 | 190g| 1805| 1781 | 1787 | 1785 | 1791 | 1793
(100’ | (98.671(99.00|(98.89[(99.22] (99.34

From the fault simulation results in Table 1l wesebve
that the 3x5 test algorithm provides the best faolterage
for five of the seven multipliers. It is interaggito note that
this includes the target multiplier in referenc&$ §nd [12]

applying three test algorithms is approximately 2f&¥oour

8-bit multiplier example. It should be noted thhis is the

worst case area overhead since the area overhedadese
with larger multipliers and since the synthesisldomay

reduce the number and/or sizes of multiplexers. eikample,

the area overhead would be reduced in cases whereethan

one test algorithm is applied since some inputsthref

multiplier ports receive the same counter bitsnc8ithe area
overhead is small and the size of the test pagenerator is
the same regardless of the size of the multipties, is a very
area-efficient BIST approach.

V.

From the fault simulation results in Table Il fdret
multiplier #4 in Table | (which is the most likebandidate
for DSPs in Virtex-4 and Virtex-5 devices as disas in
Section Il), we observed that the two additionaltiathe 3x5
test algorithm detects are in the CLA adder portidrthe
multiplier.  Since the CLA adder is separated frone
multiplier is Virtex-4 and Virtex-5 devices and eparate test
algorithm is used to test the CLA adder [2][13} 8B%5 and
5x3 test algorithms provide the same fault coverfagehe
multiplier in these devices. Nonetheless, we afyuth the
3x5 and the 5x3 test algorithms to test for brigdiaults on
the cascade routing between adjacent DSPs in ti@AEP
The three additional faults that the 4x4 test athjor detects
in addition to the 3x5 and 5x3 test algorithms fbe
multiplier #4 in Table | as illustrated in the lastlumn of
Table Il are in the Wallace tree part of the muikip
Therefore, a better approach to test the multiplieVirtex-4
and Virtex-5 devices would be to apply the 3x5 #mal4x4

APPLICATION TOMULTIPLIERS INFPGAS

that propose the 5x3 test algorithm as the bedinges test algorithms.

approach. Applying both the 3x5 and the 5x3 tleggirdhms
provides better fault coverage as can be observeddond to
last column of Table Il. However, applying all dler test

algorithms (4x4, 5x3 and 3x5) provides the bestltfa

coverage regardless of the architectural implentientaf the
multiplier as can be observed in the last colummaiile .

Multiple test algorithms can be easily applied lzing
multiplexers to change the inputs since the sarbi¢ &unter
(approximately 80 gates) can be used to provideappty all
three test algorithms. In addition to the 8-biueter, the
maximum area overhead for applying one test algoriio an
N-bit multiplier is 2N 2:1 multiplexers (approximatelyNs
gates total) to choose between system and testsinplihe
maximum area overhead for applying two test alpord to

This same approach can also be applied to multipiie
Xilinx Spartan-3ADSP, Spartan-6 and Virtex-6 FPGAE=he
architecture of the multipliers in Spartan-3ADSP dan

partan-6 FPGAs is similar to the architecture aftipliers
in the DSPs of Virtex-4 FPGAs and the architectofe
multipliers in Virtex-6 FPGAs is similar to the &itecture of
multipliers in the DSPs of Virtex-5 FPGAs. Unlikee DSPs
in Virtex-4 and Virtex-5 FPGASs, the adder is nopaated
from the multipliers in Spartan-3, Spartan-3E, Sa3A,
Virtex-2 and Virtex-2 Pro FPGAs. For these mulgps
applying the 3x5 and the 5x3 test algorithms is mest
efficient test approach since these two test algms detect a
good number of faults in the CLA adder portion bkt
multiplier as well.  However applying all three ttes

an N-bit multiplier is 2N 3:1 multiplexers (approximately algorithms provides the best fault coverage witbréased

12N gates total) and an additional counter bit {apipately
90 gates for a 9-bit counter) to control the agian of the
two test algorithm sequences. The maximum areghead
for applying all three test algorithms to Brbit multiplier is
2N 4:1 multiplexers (approximately 18N gates totadyl &awo
additional counter bits (approximately 100 gatesdd.0-bit
counter) to control the application of the tesbainms.

Therefore, the area overhead for applying one tesffectively

algorithm is approximately 17% while the area oesdh for

test time and area overhead. These same approzametso
be applied to multipliers in Altera Cyclone-ll FPG/As well
as the multipliers in the DSPs in Altera Stratitra8x-Il,
Stratix-GX FPGAs [14].

VI. SUMMARY AND CONCLUSION

An area efficient BIST approach was presented for
testing multipliers irrespective of the
architecture. Using two previously proposed miiipBIST
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approaches, this paper analyzes the gate-levdkesatgck-at
fault coverage for seven different multiplier atelstures to
find architecture independent combinations of thésst
algorithms. For multipliers whose architecturen@ known
applying both 5x3 and the 3x5 test algorithms is mhost
effective method in terms of fault coverage and bemof
test patterns. However, applying all three tegiorihms
(5%3, 3x5 and 4x4) is the best way to test mubtigli Since
each of the three test algorithms apply 256 testtove
generated by a simple 8-bit binary up-counter éstihg any
size multiplier, the increase in area overheadtastltime for
applying more than one test algorithm is relativatyall.
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APPENDIXA: CUSTOMMULTIPLIER DESIGN

The basis of the reduction technique used in tistoou
multiplier (type #7 in Table 1) is centered on t#wdom that
any 2's complement negative number added to
complement is equal to zero. Therefore, addingumber

W. Wolf, Modern VLS Design, 39 Ed., Prentice Hall PTR,

Spartan-3 FPGASs”",

and its 2's complements along with the partial picid will
be equivalent to just adding the partial produdis.the set of
generated partial products that come from the nextiBooth
algorithm we logically add the negative numbet™*2 This
number will appear as all 1s at and above the ipashi+1
and all Os below. For any positive sign extendechiper, Os
will used to pad the upper bits. Adding a numkealbOs to
all 1s will result in all of the padding bits anklet sign bit
becoming all 1s. Though if this number of all ¢added to a
negative number which pads with all 1s, the reuiillt be
that all of the padding bits will still be all 1sut the lowest
sign bit will have inverted from 1 to 0. If we kméhe sign
bit and the first padded bit from each stage is thiocess,
then this algorithm can be simplified.

In this model the most significant bit (MSB), thigrs
bit, of each partial product is inverted and a hirkis added
to the MSB+1 position. All higher order bits tha¢re used
for sign extension are modified to 0. As adding v@§
always yield 0, we can remove this extra logic frome
circuit. This takes what would have been a longtiga
product with sign extension bits up d+M bits long and
reduces it to a fixedN+2 bit partial product for all partial
products. In an $83-bit modified Booth multiplier this can
reduce the partial products by 12 bits. Largertipligrs will
see an even larger reduction in sign extension ags
illustrated in Table Ill. For example, a 25-bit modified
Booth multiplier will be reduced byl44 bits. Thispresents
a 29% reduction in partial product bits from thegioal
modified 25«25-bit Booth model. For symmetric multipliers,
the number of reduced partial product bits is esped in the
equation below.

MultiplierSize/2 MUItI pl | er S ze
n=1 2

reduced Bits = 2n

Table Ill. Reduction in Partial Product Bits by Size of Multiplier
Size ofNin NxN Multiplier |8 | 9 [10({11|12|13|14|15]| 25
Reduced bi 12|1€]|2C|2E|30|36|42| 49| 144

This reduction size of the partial product termmes at
a price. To reduce these higher order sign exterisits, we

must add one more number to the partial product to

compensate for adding in this previous value. Tinsv
number is simply the 2’s complement of the previvakie.
This will always be a power-of-2 with the value2)f* in the
modified Booth model. There are two solutionsdsalving
this issue. The first is to add this partial prodin as a carry
in bit within the Wallace tree structure. This gimply
convert one half-adder into a full-adder. The seco
alternative is to modify the entity that producée Ppartial
products to account for this number during the geatiteg of
the partial products. For simplicity in both siaed speed,
the first method was selected and this single ks \added
into the Wallace tree structure in our model. Whembined
with the fact that the multiplier type is a moddieBooth
iWallace tree multiplier, the end result is an axtedy
compact model for a multiplier.



