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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-1I 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-I Pro and the Texas Instruments TMS320C6415. Our
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. Our
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.

Key Words : Energy Efficient Design Techniques, FPGA, FFT, Matrix Multiplication, Performance Estimation

305

.M 8 A F sdelth 4 FPGAE A&Ae) 2e AMe g
she $8IMS Hg WAt Woldx dth BEAoz
FPGAE 283 ZzA4 584 FEAS Assths  A9AG} #5Fe dv4 Z2A4g 13 dede
FHoR A3 AeAEes Fdol Hol HgHm o € AT A% FHrEe] =Y ok agxw, Fui7]7)9
FPGAd ot W 4719 22 7%5F7te olgd % FAre AlxEe dAlbA e FH gt ofug} “U}Ur o %]
&AL Sad 247 dFAth & 2 HZTE
-2 252 4.0
¢ B EEO JUEARY FelFos AU IT SoC A4AAAAWRAY 49 J2(SDRI6IE & 4 Utk SDRY #$A4x =2
o Sl AATEE 2do 24 FPGA 7wk Alx®e] 4% 7}
LRI BT e o g R S —
tE 38 9 Mgl AdEss 4ay S0l Erh
+ 3 9 - . o . . o o - L o
H 3 9 g?.l?}il?lgitlrécciltEngxneenng University of Southern Califor ?1_ ZH }\] 10} Oﬂt /}} _g_ FPGAZ 2 %ﬂ o} 7“ o] E 7} LH xc} 9 X—]
11t 8] 3] 9 Dep. of Electrical Engineering University of Southern Califor- A8 Aee 1A AFo] gt} IMEE B =5 o A =

nia, Professor

=R 0059 39 159, AALehE 20054 69 39 FPGAI M2 HAd A3 7e dild AzAgggoA



306 FEMEIERI=EXTA M12-AF M4z=(2005.8)

o JuyA 4£RE Hagste dneFE AGdIH o=
AdE, n& dAxdAe 5¥E Ad AW FPGAC A&
st B A7d 48" 712 FFTS MEeds 54
719 AzAY Ad §&% A% o EA Y dnds dA
of 449 & 9lth. FFT= SDRo|Y A4 HEY A o
g5 AH Z& B9 beamforming &84 com-

pute-intensive portion®]th. &E Fib G4 =utd# SDR
Nagel AF G4 A7 AxdgddA 25 2ol AE 4
Atolt}, B =FoHe 2 AEaAE Ad & FHlA
g DSP, dute Tz A A9 Xilinx IPcored} ol

e AAE Ae3 B oAeh w7k AAA ol
Wz 2R2 Blwdth un A¥e AAXRT o H

A4 EZ High-level# low-levelol A2 Zo]Ade F3)

_>i

2. ilX] 22X A 7

& o)
o7}

o}
s

X

7] ¢
o

=

N

% Ao X FPGA 7|4t AAAAM oJuA 58
s ]‘?3—‘2—011 sl GErk Ayt A A
8 7] gk A= Ha A9
Z A9 gt odyA] 2EE olss
o ol mE AAAL mAE Y7
sjofrt gt

N

o

N
JZ‘..EL[‘R_Q
>

|o
-3
fo rir

o S b

A3

HUrziri.%:\e

HJE_\Q
:&l%mﬂﬁ

o g

2.1 FPGAOIM S o {%x| &~

FPGA A /\‘joﬂ a3 A2 AFE(13, 18, 19, 20]0A
AFHrt o] ATEL FPGA 7171o- 9 AHAE iF
A Fa<l % 5—‘41 A &} Xilink Virtex- O[17]A1€
o AA A% AHF 50%~70% HFst= AU U
BAAoN Andgy 2ugch A AHARE clock-
ing, 23, 9458 BN dojdrh o £X FF Y
o §-

7 AR Bo AA%TE ASIC 71€3e Aol H
& BAEGI8] ol 9 F A iR dF 727 Aol
sz 2] & dAg AR 298 7HA7] "ot
FPGAS] WHdAd & 25+ vy Agd oo Zdold
AR AaHEs B9y 292 o]Fox vk #¢H
299 MHE 58 AY 42RE o] A3 u&, AH
g s Fu oad L JEY] g gEa, A
A 2R E 93 £52 ZoAY VI HE Adste
WE 7bssith o) F g8 71E i 29XE e TE
FPGA W5-dZ23 d5o] 7HastA et19]

FPGAIA = tiE 23 A8 45 802 29 &8
FeolvtH13]l ¥ukE FPGA AAelx, FA4o] o|Foix i
W E g RRY Age o] 4EHA Yo 1o wE ¥4 A
g ARe dojux et 5 Fd A AsHE Ae

gt ey
a9l Ui ol Z vl E low-level, €L
Fo o] oz a&A 4A 71 dE] e st)

¢

22 Low-level MA 7|H

FPGA 4 ﬁ]oﬂ SEA duA dokg % Low-level &
g #a 7IHE o8 =R AAEe] 18, 18] 7]
e %}mﬂi Fo AAE T 2o HAag low-level
7NeEo s thEh

olg{g 719 R FE Aojdo] gt}

ol 71l AiAEAl AEdA BE
HEA sl whHolt) Virtex- T AGAA &
Futy FEAAN AFIs F502 MEA7]E BUFGMUX
o g ZnEEE o|&3 FHEH17]. BUFGCEE =
Ho| Al-gE wolgt 5 EYE FHo2 FEAZL W A}
g3},

J [ —e—Register |
80 —=—SRAM |

: /
e/

20 7

Power dissipation (mW)

1 10 100 1000 10000
No. Entries (n)

0l THA| dER| e} M A9
(Virtex- 1t XC2V1500, 150MHz, 50% &t

| —e— Block Mult |
—a— Slice based Mung
80 4 _4— Constant Mult

Power dissipation (mW)

Input precision (bit)

(T8 2) Ciekst SM7I0M Fazet M3 227 A

L ot



e Wgog oy FHo] L ugs M
ME & otk vlege Ay} FPGA HEWEE A}
Aate Ag ouldit, 4HE nigdS Adgsorsts ol &
£ 28 dAxd U3 o8 FAo] EA3ty] w&elt} 1
o o2 Qg ES FPGAYA S oAl A= ks
7NAY G2 E9(28 DolME Virtex-II FPGAd| A 9
A7 g om dR~H, SRAM# BRAM 9 Al7kA %
A% Hlwdrh BRAME 4870 dEE oj4te dl&% dE
Y "o gE 7E uo) vd 4 A8 ARE Helh
t}E o && hard®} soft IP7HY) AHS Z & gt} o9
Ze AfRe FAV) AHA EF F47]9 A Xilinx

Virtex-TI ¢ Altera Stratix”} CLB-based #7417l u]&) €
°]‘3H A= 2)”5] (2¥ D, (28 29 =
1 =

ol %01*1 “7411}” “74 3 o

o Edos-omg ¥AY 4 gtk

/b =

FETHAE ol slol, & &#zl Cooly-
Tukey W& o] &gt} N-point FFT A4S Zb og (V)
BoE FEE F O(Nog,N) ¥

FFTF e ol dolHE Ast
7) %]6]] E}O]ZEPJ F2E 2t} N-point FFT AA=
radix-4 €31gES 7|22 3tk FFT op7lE Ao 2ol
MARFET oA AR s vAE 29dE9] HH
#AE B, dAUY B
pA AR EC] F
2 A% (H,), 3 7 ¥E 4=
]_

radix-4©H A1 o] F7

v

v

(a) (b) (c) (d) O
(T2l 3) (a) HiolE] B{E(Dbuf),(b) Twiddle 221 HiLH(Twiddle),
(c) HIOIH &2 =4 (d) HE-XE/AE-HE LIS

M.(e) Radix-4 ALt (R))

FPGA &O0IM ORI ZE0| 2 8 dz=Mel /1Y 307

e — — —
n-cl
Memory PE‘ PE&  — ... PED
«— -
(a)

From PE PE, To PE,
A ———— A —— > Ay
Bn L1l —

T

Cbuf
+ c’ ]

To PE,, From PE
Con <] Toufpul | '
= bufer [ ¢,

(CObuf

(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=ka). copy it into BM
For t=n+l to m?+n deo
For all j, 1<j<n, do in parallel
PB, shifts data in A, BU right to PE Jo1
It \'U-b ), copy it into BL or BM (alternately)
If (A:a) e fim e "+ a, x b

5 i
(b is in either BM or BL, €y

f41

* is in Cbuf)
For tsn?+l I:o 2n? do

For all j, 1=<j<n, do in parallel

PEJ store input C, to CObuf
for t=1 to n do

PE, output data c‘j’to PE, ;
for t=1 to n?n do

PZJ output data CObuf to PE 31

©
M8 B OFFIEA, (b) A2l &AL (¢) & #E

42 BY AnAFL F A wxn 9H 9% 4, B
# C= AxBZ O1FOIATh o] AY $8% A% oplEAE
(8164 AAFe] Tk (BlAA Aeke obrlgAE we
AN A3 Solieh Aoy 2EY o FFFAo
A, ATEES FAT A% 24 J1F0] Aok B A
WA ARE A Az BEAs ol
WAL HeY Aotk Y, Gt 9E ¥ 98 ¢ A

c ¥ ¥4 A
Al Fagh =28 Xgsta g dvel ¥ 33"l o
1!

>
(o w0 2

A3k BA FHHnE AEAe U7 2707 gl o
Yoz & F2Y doly A% 2% Fo] Aoy



308 2N D =EAIA K12-ATY M4=(2005.8)

(27 DAL orlEAS duelFe RolEth 4Y )
Q opl9A Hg¥of glek.

2-F vzt o] &=tk ol ZE dEEo] Virtex-
OAe -3 wEgd Mo J&s HofFrh H8d
dnEFES 98 PEES A7 WIE S T AEgel 9
AA ZAAAZE AR Woll A FA Arkg ZHHoR F
gotet B8 A T 4 ghol AF gy P gHH
T 5 48 BE 5 98 dEo] o dEdT 9714,
$d AS E3 gL E BolAo dHo] B ,F7] ¥
o Mgl ¥R Ferh

PEES 34 ColAq we F

B 7o odug S|4, A BU, BM# BLS PESHY] A
g ,E 328 A A 4, piA P9

PE S AEHS pp._ o ARET (w24 1HA F710A
A, 29 A o F PEAA g 2,-1 F71E
Arterth opA g gd FAGAY L EY glo] oE F7I
o FhEEF o A FE 2] HE AL s 4
&, Hx2(Cobub)= 7zt PESl EAgth pg, & CObutd
cn XEE B8 & ALt 4,77 <, pe ol b
At ¢'ije PEj-lelAM 9l &Egtelt}. o]%9] n"2-n F71%
e, CObuftel pe o AZE ,© pr,_ & Z4€rh

pE A FHEo] 2-3 vized Add gES

4% 2
HgkEolth Z+ 22 Fnit} & AR o] 2d¥ER §

WA 20T

2 oAk A E HAE ol s PEXY A4 B
o3 WrAde A% APz FATT Vertex-T0
FEE B A PAY AN fraBE AY A7
5o olF A4z o|To{Ath BY Ast B ZE do]

A Hom ABA eEFoz Uy
o QY FEFHoE 2Fo| FrHLh

59 vielge B4, CBufeh Cobufsl 8
Atk geuel A5t 3wt ARG, quA xg 59
ol SRAMe| ol§8 Rolth 2% FA7lE 53 % A
o ol gLgol obdd AU HEel ®nh F7

22 dolth pyl 2

2 g9 §4% olguth of/14 & PEY Aceld,
of 4 mFEES FaAE wad WaR AT
Aopge)

i
Y
-9,
4
]
ik
AN
o
—n
~J
fo
3
X
N
o
v

i A & (nfp)? Y F
g AT selzaauAe xeH AQARE 2
]

4, Low-level RS &

434 high-level YA A2 AL
3, T3 HAY low-level FoA3 A A
FEIH WARAE BT HUHE vwdd Low-level 29
A¥L 1003 150MHzAlA  FEHE Virtex-1I  FPGA,
500MHzol 4 7% 5 TMS320C6415 DSP, 300MHzell A +
+H¥ PowerPC T & o/ 8% FFTe 3dE FAL &3
FREr. & d7e Ak AAE #E FPGANlA wlwst
7] H8 Xilink 28RS EWE FFTS 944 a4& %
sk ot

Virtex-Toll gk 43 #EL 2 Ad H4AS g
VHDL Z9& o] &8 low-level R Ado] 7]xdte] o
Atk ol Ak AAE Xinx ISE 4.1i W XST(Xilinx
synthesis Technology)E& ©] &3] &= Atk wixo} uwjx
8 U (ned file)& Virtex-1T XC2V1500(package bg575,
speed grade -5)9 XC2V3000(package bg728, speed grade
-DE T doFirh Rgd¥E AT g AP HeELS
Ay AT HJF ~HF F5LS 0%t E A w2
o Az A3 FE(ved file)e Menntor Graphics
ModelSim 55¢& &3l @izt o] = FUEL thA] HHAF
A8 22E T3/ Y8 Xilink XPowero] AFg€th oy
A ARE B Ao AAAE Fete] Aozl oy

et
o
=3
oty
o
U
2{_1,

olgtz Jehdth e AHREE 7187 g A BAS
ol g3t FE Fihgk AuUA AR dig F 1AL
ol g-strt. M= 4 ghol Uizt NHEE ELh o
QAL AA T U Fhghol 4ES 5 FUH
o A MY <l 7l dEolth. b H¥E B dof
A AE T o= 0} Mol F, oz, AL ue
AEL| FE U, BAY Tz (VS B R
G gt SAWUAE Hridrh B FAldl i o
Ux 2RE BAXCE BA437] 98, 50719 B yxy
B8 4E SRR A 22 Low-level 24 1
Aeet nzA 2AEI dY 24 JHEL dH¥ez Ahg
ok Az, p=159M, 1509.72279 FT oA 227}

+1.858.2F Aol A 9B%e] MR EE ZEt)

E 2>9% < £HE B AL 2A% Xilink ¥4, DSP
WAbe] e vaE vrebdcH16]. XilinkE CoreGen AH3E
A A kst Ar1e) FFTE AlF3d. o714 Xilink

(E 1) 88 40l st ojq4x] &2

Problem size (n) Logic E (n]) Interconnect E (n])
89 6.99
53.82 47.09
12 421.73 353.24
15 785.55 72417




FPGA &0IM OILHX 801 =2 BHE dzMel 718 309
(E 2) Xilink XkZ2& 7|8 MA|, TI DSP, £ M|et MA|2| FFT Ms
Problem Xilinx(100MHz) TI DSP(500MHz) Our Designs(100MHz)
size(n) A T Em EAT T Eest Em | Eer Vp Hp |Binding] A T Eest Em | E err | EAT
1 2 |SRAM| 1171 | 016 | 654 | 770 | 15% | 0014
16 136 016 | 1796 | 004 | 017 | 1832 | 199 | 9%
4 2 SRAM | 2390 0.04 635 w2 15% | 0.007
1 3 SRAM | 2266 064 | D524 | 4933 | 12% 0.72
1 3 BRAM| 1613 064 | 4642 | 3904 | 19% 0.40
64 1079 | 192 | 178%6| 370 | 060 | 6068 | 7164 | 9%
4 3 |SRAM| 5690 | 016 | 3939 | 4187 | 6% 0.38
4 3 |BRAM| 4193 | 016 | 4032 | 4004 | 1% 027
1 4 |BRAM| 2050 | 256 | 2582222231 | 16% | 1167
256 1303 | 768 | 69273 | 6932 | 253 | 29583 | 30083 | 2%
4 4 BRAM | 5624 064 | 22032 | 1971.3 | 12% 7.10
1 5 BRAM| 2744 | 10.24 |14963.5|137394| 9% | 386.06
1024 | 1557 | 30.72 |342835|1639.821 12.07 |14284.7|14365.7| 1%
4 5 |BRAM| 6673 | 256 [11424.7| 92042 | 20% | 157.23
Eest is the estimated energy (n]). Em is the measured energy (n,]) 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 X2E 718 MA TI DSP Alo|e] FFT & H|W
Problem Our designs(100MHz) Our designs vs. Xilinx Our Designs vs. DSP
size(n) Vp Hp Binding E(decrease) Alincrease) T(decrease) | EAT(decrease) | E(decrease) 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% 4.25x
1 3 SRAM 72% 2.10x 3.0x 5.17x 31% 0.94x
e 1 3 BRAM 78% 1.49x 3.0x 9.18x 46% 0.94x
4 3 SRAM 7% 5.27x 12.0x 9.70x 42% 3.75x
4 3 BRAM 8% 3.89x 12.0x 13.77x 44% 3.75x
255 1 4 BRAM 68% 1.57x 3.0x 5.94x 68% 0.9x
4 4 BRAM 72% 4.32x 12.0x 9.77x 72% 3.95x
1004 1 5 BRAM 60% 1.76x 3.0x 4.25x 60% 1.18x
4 5 BRAM 73% 4.29x 12.0x 10.43x 73% 4.71x
(E 4 g8 SHoMe] oUx] &8
Problem Xilinx(100MHz) TI DSP(500MHz) Our Designs(100MHz)
size(n) | A T Em EAT T Eest Em E err A T Eest Em Eer | EAT
3 299 0.18 23.12 1.24 0.14 14994 166.6 11% 434 0.06 13.37 15.98 16% 042
6 299 144 184.98 79.60 0.38 45458 | 45696 1% 861 0.24 989 | 10591 7% 21.89
12 299 1152 | 1479.84 | 509729 1.54 1825.46 | 1827.84 0% 1699 0.96 755.95 774.97 2% 1264.00
15 299 2250 | 2890.32 119444.63 322 3834.18 | 3836.56 0% 2083 1.50 1463.47 | 1509.72 3% 4717.12
Eest is the estimated energy (n]). Em is the measured energy (n,]) 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)OlIA FFTS} B ZMAlSl FE{ A5
f FFT(300MHz) Matrix Multiplication(300MHz)
Problem size(n)| Tl(usec) Tm(usec) Eltn]) Em(n]) Problem size(n)| Tl(usec) Tm(usec) El(n]) Em(n])
16 2.24 59.40 605 16038 3 0.09 34.98 24 9444
64 23.68 353.10 6394 95337 6 072 310.29 194 83778
256 183.47 n/a 49536 n/a 12 5.76 2311.35 1555 624065
1024 1206.40 n/a 325728 /a 15 11.25 4436.64 3038 1197893

Tl 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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