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Abstract: Problem statement: As growing demands on portable computing and conication
systems, the power-efficient multipliers play an partant role. In these multipliers basic
multiplication follows the Baugh-Wooley algorithmend can easily be implemented using Field
Programmable Gate Array (FPGA) devices becausedéivelopment cost for Application Specific
Integrated Circuits (ASICs) are high. These al@pong should be verified and optimized before
implementation. Approach: This study presented the design and implementaifobasic building
blocks used in power-efficient Baugh-Wooley muigpt using FPGA Spartan-3AN device. The
implementation of power-efficient Baugh-Wooley nipiiers is done using Very High speed integrated
circuit Hardware Description Language (VHDIResults: The design and implementation of basic
building blocks of power-efficient Baugh-Wooley rtipliers showed reasonable FPGA resource
utilization, which is an indication that rest ofetfavailable resources could be utilized for other
embedded resourcgsonclusion: The Spartan-3AN FPGA device could be used atstfaige of basic
building blocks reasonably.
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INTRODUCTION Power-efficient design of such parallel multiplieiss
very important.
The power-efficient multiplier plays an important In many cases implementation of DSP algorithm

role of Very Large-Scale Integration (VLSI) systems demands using Application Specific Integrated Gtecu
demands on portable computing and communicatioASICs). In particular, if the processing has to be
systems are growing. These multipliers often folow performed under real time conditions, such algaorith
Baugh-Wooley algorithm (Baugh and Wooley, 1973).have to deal with high throughput rates. This is
Multiplication is an important and essential opemain  especially required for image processing applicetio
many algorithms used in Digital Signal ProcessingSince development costs for ASICs are high, algorit
(DSP). Over the years the computational complexitie should be  verified and optimized before
of algorithms used in Digital Signal Processors PB5 implementation.

have been gradually increased. Therefore, DSP ne=jui Nevertheless, VLSI technology has grown up to
fast and efficient parallel multipliers for general such stage that a hardware implementation has kecom
purpose as well as application specific architexstur a desirable alternative. Significant speedup in

In many situations, multipliers lie directly ingh computation time can be achieved by assigning
critical path and the processing speed is ultilpatel computation intensive tasks to hardware and by
limited by the multiplication speed. The increase i exploiting the parallelism in algorithms. Recentield
portable multimedia systems requires low powerProgrammable Gate Arrays (FPGAs) have emerged as a
operators in order to maintain reliability and #fere platform of choice for efficient hardware
provides longer duration of operations. Multiplierse  implementation of computation intensive algorithms.
among the main contributor to the total power, inTherefore, FPGA has become viable technology and an
particular, because performance requirements ofteattractive alternative to ASICs (Maxfield, 2004;
necessitate use of high speed parallel multipliersTodmanet al., 2005).
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discard some of the less significant partial présla@nd
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Pt Fog eeeeeeeeeeeeeeeeeeeees 31 0 to introduce a compensation circuit that partly
P e — S compensates for the dropped terms, thereby reducing

T Py approximation error (Joet al., 1999; Kuang and Wang,
2006; Strollo et al., 2005). Garofaloet al. (2008)
presented a truncated multiplier with minimum sguar
error for every inputs’ bit width. Rais (2009a; 200
Py 2010) presented design and implementation of fixed
P L width standard and truncated multipliers using FPGA

QR e e —— o | Fm devices.
. The objective of this study is to present the giesi
o ot — and implementation of basic building blocks used in
o DU o — power-efficient Baugh-Wooley multipliers (Kuang and
‘ Wang, 2007; Tu and Van, 2009) using FPGA Spartan-

Fig. 1: Partial product array diagram for an nxugia  SAN device.

Wooley multiplier
MATERIALSAND METHODS
Applications Such as DSP, image processing and ) ) o
multimedia require extensive use of multiplicationd =~ Mathematical basis of Baugh-Wooley multipliers:
squaring functions (Sheu and Lin, 2002; Waliral., Cor_1$_|der|ng the multiplication of two 2s-complement
2003). In many DSP processing algorithms such a8-bitinputs X and Y, can be represented by:
digital filters, Discrete Cosine Transform (DCT)dan .
Wave_zl_et trans_form,_ it is dgswable_z to pr(_)V|_d_e full = (%2 + > x,2)
precision multiplication and fixed width multiplittan =
(Lim, 1992; Schulte and Swartzlander, 1993; =2
Kidambi et al., 1996; Swartzlander, 1999; Vanal., Y - (Ym:2 +§yi2)
2000; Van and Yang, 2005) that produces n-bit dutpu
product with n-bit multiplier and n-bit multiplican
with low error. If the product is truncated to nspithe
least-significant columns of the product matrix
contribute little to the final result. To take adtage of
this, truncated multipliers and squarers do notnfal o
of the least-significant columns in the partial-gwot = (XY 22 DY Xy 2"
matrix (Stine and Duverne, 2003). By eliminatingreno i=0 j=0
columns the area and power consumption of the _ ., _. ., ©&¥—— .
arithmetic unit are significantly reduced in marases ¥2r(2 +j§xn_1yj 2+ 1) 2
the delay also decreases. The fixed width multiplie w2
derived from (Baugh and Wooley, 1973) multiplier +2"*(=2"*+> y, ,x;2'+ 1)
produce n-bit output product with n-bit multipliand =0
n-bit multiplicand. Area saving of a fixed width
multiplier can be achieved by directly truncatingeast
significant columns and preserving n most significa
columns. Though, truncating the multiplier matrix - :
introduces additional error into the computation. for Baugh-Wooley multiplier, where notation w means

Cryptography applications, also requires not anly © K€€p n + w most significant columns of the marti
significant number of multiplication and squaring Product for fixed width multiplications. If w = rthe
functions but also large integers (Stallings, 2010)fixed-width —multiplier becomes a full-precision
Achieving efficient realization of the multiplicati may ~ multiplier.
have a significant impact on the specific applaadi in
terms of speed, power dissipation and area. Manyargeted FPGA device: Due to the parallel nature,
research efforts have been presented in literatore high frequency high density of modern FPGAs, they
achieve hardware efficient implementation of acatad make an ideal platform for the implementation of
multiplier. The basic idea of these techniques ds t computationally intensive and massively parallel
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where, x y; [{0,1}. The 2n-bit full precision product
Per can be written as:

o= XxY

Equation 2 shows the Baugh-Wooley algorithm
(Tu and Van, 2009). Figure 1 shows the partial pobd
array diagram for n x n 2s-compliment multiplicatio
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architecture. A brief introduction about statedoétart  system flash memory for configuration and nonvidati
Spartan-3 FPGA from Xilinx is presented. data storage (Xilinx, 2008).

Spartan-3 FPGAS: The Spartan-3 FPGA belongs to
the fifth generation Xilinx family. The family coists

of eight member offering densities ranging from . . :
50,000-5 million system gates. The Spartan-3 FPGA{:_PGA _ deggn and_ |mplemer_1tat|0_n r_asults and
consists of five fundamental programmable functiona discussion: The design qf basic logic diagrams of th_e
elements: CLBs, IOBs, Block RAMs, dedicated Baugh-WooI_ey processing elem_e_nts are done using
multipliers (18x18) and Digital Clock Managers VHDL and implemented in a Xilinx Spartan-3 AN
(DCMs), Spartan-3 family includes Spartan-3L, XC3S700AN (package: fgg484, speed grade: -5),
Spartan-3E, Spartan-3A, Spartan-3A DSP, SpartarEPGA using the Xilinx ISE 9.2i design tool. Figuze
3AN and the extended Spartan-3A FPGAs. Theshows the basic logic diagrams of the Baugh-Wooley
Spartan-3AN is used as a target technology in thiprocessing elements and Table 1 summarizes the FPGA
Study. Spartan-3AN combines all the feature ofresource utilization for Basic logic diagrams ok th
Spartan-3A FPGA family plus leading technology in Baugh-Wooley processing elements.

RESULTS
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Fig. 2: Basic logic diagrams of the Baugh-Wooleggassing elements

Table 1: FPGA resource utilization for basic lodiagrams of the Baugh-Wooley processing elememtsgfartan-3AN XC3S700AN (package:
fgg484, speed grade:-5)

Four-input Occupied Bonded IOBs Total equivalent verage connection Maximum
Logic gates LUTs (11776) slices (5888) (372) gaent delay (ns) pin delay (ns)
AFA 2 1 6 12 0.438 0.588
AHA 2 1 4 12 0.444 0.564
ANSO 1 1 5 6 0.396 0.537
AOR 1 1 4 6 0.425 0.598
AO 1 1 4 6 0.425 0.598
AX 1 1 4 6 0.425 0.598
NFA 2 1 6 12 0.438 0.558
NHA 2 1 5 12 0.444 0.564
NX 1 1 4 6 0.425 0.598
SCC1 1 1 5 6 0.364 0.513
RP1 2 1 6 12 0.438 0.558
RP2 2 1 6 12 0.438 0.756
RP3 1 1 5 6 0.396 0.537
RP4 1 1 4 6 0.425 0.598
RP5 2 1 6 12 0.438 0.558
RP6 2 1 6 12 0.438 0.558
RP7 2 1 6 12 0.459 0.720
RP8 3 2 7 18 0.363 0.586
SCC2 1 1 3 6 0.435 0.543
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DISCUSSION Jou, J.M., S.R. Kuang and R.D. Chen, 1999. Desfgn o

) low-error  fixed-width  multipliers for DSP
The Spartan-3AN FPGA device shows a  gngjications. IEEE Trans. Circ. Syst. Il Analog
reasonable contribution; such as Four Input Look Up Digital Signal Process., 46: 836-842. DOI:
Tables (LUTs), number of occupied slices, Bonded  1+"1109/82 769795 v ' ' '
IOBs, and total equivalent gate count are rangem ft- Kidambi, S.S., F. El. Guibaly and A. Antonious, 599
2, 1-2, 3-7, and 6-18 respectively. So out of 11F@6r L L . i
Area-efficient multipliers for digital signal

Input LUTS, a total of 30 are used whereas only@0 . o .

of 5888 number of occupied slices have been used. processing gpphc_atlons. IEEE Trans. Circ. Syst. Il
The design and implementation of basic building ~ Analog Digital Signal Process., 43: 90-95. DOI:

blocks of power-efficient Baugh-Wooley multipliers 10.1109/82.486455

shows reasonable FPGA resources utilization, wlich Kuang, S.R. -and J.P. Wang, 2006. Low-error

an indication of better utilization of the FPGA configurable truncated multipliers for multiply-
resources. The rest of the FPGA device resourogsl co accumulate applications. Elect. Lett., 42: 904-905.
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efficiently. Kuang, S.R. and J.P. Wang, 2007. Design of power
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