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ABSTRACT

In this paper, we present algorithm-level techniques for energy-efficient design at the algorithm level using FPGAs. We then use these
techniques to create energy-efficient designs for two signal processing kernel applications: fast Fourier transform(FFT) and matrix
multiplication. We evaluate the performance, in terms of both latency and energy efficiency, of FPGAs in performing these tasks. Using a
Xilinx Virtex-II as the target FPGA, we compare the performance of our designs to those from the Xilinx library as well as to
conventional algorithms run on the PowerPC core embedded in the Virtex-II Pro and the Texas Instruments TMS320C6415. QOur
evaluations are done both through estimation based on energy and latency equations on high-level and through low-level simulation. For
FFT, our designs dissipated an average of 60% less energy than the design from the Xilinx library and 56% less than the DSP. Qur
designs showed an EAT factor of 10 times improvement over the embedded processor. These results provide a concrete evidence to
substantiate the idea that FPGAs can outperform DSPs and embedded processors in signal processing. Further, they show that PFGAs can
achieve this performance while still dissipating less energy than the other two types of devices.
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(b)
For t=1 to n do
For all j, 1<j<n, do in parallel
PE, shifts data in BU right to PE
If (BU=b,), copy it into BM
For t=n+l to n?+n do
For all j, 1%4=<n, do in parallel
PEj shifts data in A, BU right to PEjd
If (BU=by ). copy it into BL or BM (alternately}
If {(A=ay), cij t= cle" ay, x b
(b, is in either BM or BL, ¢
For t=nZ+l1 to 2n? do
For all j, 1<j<n, do in parallel
PE, store input C, to CObuf
for t=1 to n do
PE output data cﬁ to PE
for t=1 to n?-n do
PEj output data CObuf to PE

(©)
(28 4) (a) M3 HHE OIF|BIA, (b) X2l &4 (¢) & Y

Je1

U, is in Cbuf)

9-1

-1

Ean I

RAeedh. ¢4 ¥g e d4E8dA FFae 489 A
$E5 Ha=d 29t Radix-4 dualEe E3) 47174429
HY dgo] rhFsitt, B AFoAME radix-4 butterfly, H
olg] Wy, vlole AR ¢4, ¥E-AF/AE-4Y HEE
A4, twiddle8.?l 9i4E] ZE 59 oA g 7B BE
S nsy. 479 BEge wdssEa, He4e 714
vz 7EREY ¥z dA4d HAM sbesd(aH
3) F=x).

o%
sy
h
o
1,
=
AL
alN

& F Y pxn 98 #FE 4, BY
F C=AxBZE o|FoZ} o] 7d &84S 9% oyldAE
(8114 AAIE S gk [8lel A A¢d olFEAHE v 4
AAzE -3 =Hojgic) deolE] 2EF o PPFA

SN, RFEL ZQ3 Ay B 7)Fe] "o 2
o}7) g A= %“—‘%—7]'?}01] 71z3 WEAge o)z



308 YEMeISD=2X A M12-AE H45(20058)

(28 DA ol A LT EE wART MY o
9 opldA A gHef gtk

-4 dzelst o g o
Iy -3 wxel A3del 3
uelFe 4 duse 49 g

AA ARARSE oA WA 4
Fa. 9

EE PFEEo| Virtex-
=& 29$ 444
S %3 REfel 9Y
BHoz &
o e
"ot o7]A,

T 5

o

e _IE o Fol'

dz, (28 4 (dA »&#F 2L /¢ PEEC] EAT
A4 gnEE Yepdh

£ 479 gugFelA, A BU, BM3 BLE PESHY A
T AAEHET 4.5 BE A A F, pA P9
dFoltt. p = BE B piA &, A Ao e
PES AEHL pE, ol AZEL (ni+1)WA F7100A
AZE, n29 AL o E PENA g on—1 FEY
dibdot wAe g2 AN 58 @l s F7]
o FEEd A g8 F5 27 HE AS A3 4
&, W2 (Cobuf)= Z PES &A%t} PE,_,< CObut®|
cin $EZ T3 2¥gs AZIt 4F7 T, pe ol vl
A2 ¢'ij& PEj-10l4 9] ZEgteltt 01—‘7—94 n"2-n F7%
ek, CObUfo]’gl pEol ABE & pe, B 990
PE A Eg=0o] 2-3 W= 217‘]' #ES HT 4
Ageoltt. & 25 Frivitt & A} o] £¥FHEE £
PA L, 2ol

B A A8 wE MAE o3 PENY 9E& B
Fatn YREIZE D AR FATY. Vertex-M 9
TEE E Ad wAe HdAGN UEEZLE Ao AA

L ofF dZR o|FoFith g A¢} BY EE dHo]
He dolZzql WAooz dZox 28Foz Hd
th. Ztzt PEELS dAY FFsing 2FFo] Fridn

duzl £&2Q wd"dL F47], CBufel CObufdll A&
o dEde et 3R Addd, quA 5§ 349
dlA SRAMe] o8& Zojt} EF FAVIE 53 F 7|
9 AHo] Fgtol ofdd oA T &o| Eoh Fitz
ol8d M7 JIWE EE P FAORZ ,(uydd i
A BE o7ldAE A8 A4t

=]
= =2
ol 7le¢d 2FXE FaA7IE B WAHA JUAE

o dugn. sojzage 5ey AANze A

A& ol&wth. H7IA p= PEY Agold. |

4. Low-level BoJAE 3

420 M high-level A AR AITE 4
3, TFd HAYG low-level ZEAF L nigo g & A4
FEA BAAE T YUHE HZSAY Low-level B9
A9 1007 150MHzoAM FEHE Virtex-I FPGA,
500MHzo A 755 & TMS320C6415 DSP, 300MHzo A +
THE PowerPC 5 & ©]43 FFTY 93 AL 53

TP 2 d7E A AAE 22 FPGARIA v mst
7] 98 Xilinx A27e EWZ FFTY 32 AL 2%
A

Virtex-T ol tig 27 e 2 A 2AE A48
VHDL 29E ] &% low-level B2 7]%x3] g9
A} o]& Al AAE Xinx ISE 41i WA XST(Xilinx
synthesis Technology)E ©l€3] =KAot wjzlel wjA
#d 9Y(ned file)2 Virtex-1 XC2V1500(package bg575,
speed grade -5)$} XC2V3000(package bg728, speed grade
5)E T oAk RHFEE AT 94 AY dEEL
e FAS T Gt 290 FE5L 50%olth B AdAY =
9] A¥PFH A HE(ved filo)2 Menntor Graphics

ModelSim 558 53 dojzith o] ¥ HdEL oA FF
A48 £2E F317] 93 Xilinx XPowerdl *}%%E}. o1
A ARE B d¥d AANTE Fete Ao gy
2 AR dis] 2 A waye ]%61 Jﬂ7} 93} 20%

olgdt eAEE U
£ QAEHTL AAFol
o B WY <o Q7] WEolth
A AE T o= 0% 1A} &, 2w AFT, M2
AEY AeE vepdd, WA gz (VS B E
Aol U3 eEAE Frhet 4T FA U@ o
AR BA357] Hd, 50709 ©E 4y
Tt 99 2L Low-level 2943 3}
A AT 99 24 PREL dPog ALy
ot AR, p=159", 1509.72w/% BT AA 227}
+1.852. 2 HH Ul A 95%9] Al EE )

<E 2>¢ <E v 2 AL HAY Xilinx ¥4, DSP
WAZke] A% vaE vebdtHi6]. Xilinke CoreGen A&
A WA ks =7)9) FFTE AEth o714 Xilink

i)
N
(o
kg
mlru

)

[t o
Ol

(E 1) 38 SHojl chst olu1x] A=

Problem size (n) Logic E (n]) Interconnect E (n])
89 6.99
58.82 47.09
12 421,73 353.24
15 785.55 72417




FPGA AOIM OIUX =80 2 e MKl 7|8 309

(E 2 Xilinx XI=ZE 7[2t MA|, T DSP, 2 ot MAl2 FFT Hs

Problem Xilinx(100MHz) TI DSP(500MHz) Our Designs(100MHz)
size(n) | A T Em |EAT | T | Eest | Em |Eer | Vp | Hp |Binding] A T | Best | Em | E err | EAT
1 2 |sraMm| u7 | o16 | 654 | 770 | 15% | 0.014
16 136 | 016 | 1796 | 004 | 017 | 1832 | 1999 | 9%
4 2 |SRAM| 2390 | 004 | 635 | 752 | 15% | 0.007
1 3 |SRAM| 2266 | 064 | 5524 | 4933 | 12% | 0.72
1 3 |BRAM| 1613 | 064 | 4642 | 3904 | 19% | 040
64 | 1079 | 192 |[17856] 370 | 060 | 6368 | 7164 | 9%
4 3 |SRAM/| 5690 | 016 | 3939 | 4187 | 6% | 038
4 3 |BRAM| 4193 | 016 | 4032 | 4004 | 1% | 027
1 4 |BRAM| 2050 | 256 | 25822 (22231 | 16% | 1167
256 | 1303 | 768 |6927.3| 69.32 | 253 | 29583 | 30083 | 2%
: 4 4 |BRAM| 5624 | 064 | 22032 | 19713 | 12% | 7.10
1 5 |BRAM| 2744 | 1024 [149635/137394| 9% | 386.06
1024 | 1557 | 3072 |342835(1630.82| 12.07 {14284.7|14365.7| 1%
4 5 {BRAM| 6673 | 256 |114247| 92042 20% |157.23

Eest is the estimated energy (n]). Em is the measured energy (nJ) from the synthesized designs.
The unit of EAT is 1E-12. The unit of Area (A) is slico, The unit of time (T) is usec.

CE 3 Xilinx A= 7{4F MA|2t TI DSP Atole] FFT ds Hlm

Problem Our designs(100MHz) Our designs vs. Xilinx Our Designs vs. DSP
size(n) Vp Hp Binding E(decrease) Alincrease) T(decrease) | EAT(decrease) | Eldecrease) T(decrease)

6 1 2 SRAM 57% 0.86x 1.0x 2.71x 61% 1.06x

4 2 SRAM 58% 1.75x 4.0x 5.45x 62% 4.25%

1 3 SRAM 72% 2.10x 3.0x 517x 31% 0.94x

1 3 BRAM 8% 1.49x 3.0x 9.18x 46% 0.94x

o 4 3 SRAM 7% 5.27x 12.0x 9.70x 42% 3.75x

4 3 BRAM 78% 3.89x 12.0x 1377x 44% 3.75x

1 4 BRAM 68% 1.57x 3.0x 5.94x 68% 0.99x

=6 4 4 BRAM 72% 4.32% 12.0x 9.77x 2% 3.95x

104 1 5 BRAM 60% 1.76x 3.0x 4.25x 6096 1.18x

4 5 BRAM 73% 4.29x 12.0x 10.43x 73% 471x

(E 4 g8 MMl oA A=

Problem Xilinx(100MHz) TI DSP(500MHz) Our Designs(100MHz)

size(n) | A T Em EAT T Eest Em | Eer A T Best Em | Eer | EAT
3 29 018 | 2312 124 | 014 | 14994 | 1666 | 11% 434 0.06 1337 | 1598 | 16% 042
6 299 144 | 18498 | 7965 | 038 | 45458 | 4696 | 1% 861 024 98% | 10691 | 7% 21.89
12 299 1152 | 147984 | 509720 | 154 | 18546 | 182784 | 0% 1699 | 096 | 75595 | 77497 | 2% | 126400
15 299 2250 | 289032 |1944463 | 322 | 383418 | 383656 | 0% 2083 150 | 146347 | 150972 | 3% | 471712

Eest is the estimated energy (n]). Em is the measured energy (n,J) from the synthesized designs.
The unit of EAT is 1E-12. The unit of Area (A) is slico, The unit of time (T) is usec.

(E 5) PowerPC(300MHz)OlIM FFTot 8 ZdAlo] M A2
FFT(300MHz) Matrix Multiplication(300MHz)
Problem size(n)| TI(usec) Tm(usec) Ein]) Em(n])  |Problem size(n)| TI(usec) Tm(usec) Eln]) Em(n])
16 224 59.40 605 16038 3 0.09 34.98 24 9444
64 2368 353.10 6334 95337 6 0.72 310.29 194 83778
256 18347 /a 49536 n/a 12 5.76 2311.3% 1555 624065
’7 1024 1206.40 n/a 325728 n/a 15 1125 4436.64 3038 1197893

TI is a lower bound of time (T). Tm is the measured time (T). El is a lower bound of energy (E). Em is the measured energy (E).
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