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Abstract

In this paper, an area—efficient FFT processor is proposed for MIMO-OFDM based SDR systems. The proposed
scalable FET processor can support the variable length of 64, 128, 512, 1024 and 2048. By reducing the required number of
non-trivial multipliers with mixed-radix (MR) and multi-path delay commutator (MDC) architecture, the complexity of the
proposed FFT processor is dramatically decreased without sacrificing system throughput The proposed FFT processor was
designed in hardware description language (HDL) and synthesized to gate-level circuits using 0.18um CMOS standard cell
library. With the proposed architecture, the gate count for the processor is 46K and the size of memory is 64Kbits, which
are reduced by 59% and 39%, respectively, compared with those of the 4-channel radix-2 single-path delay feedback
(R2SDF) FFT processor. Also, compared with 4-channel radix-2 MDC (R2MDC) FFT processor, it is confirmed that the
gate count and memory size are reduced by 16.4% and 26.8, respectively.

Keywords : MIMO-OFDM, MRMDC, Scalable FFT, SDR

I.M E frequency division multiplexing (OFDM) 22 F

AdolA 14 dole Aol A3 WwALE N

AT F4 3L 1% 0% dole A I & F SIS AES] HER dgs) g oF
Tob 3 wREtA wAstn gtk 53], orthogonal 2 Holg Ad A A AR /A, ol

:oﬁﬁrﬁ:

T ERRE R R L
(Korea Aerospace University)

¥ o] =i 20009 AR (LS HErsH
SdFAFAGY Y&

o AlYer
ol 2388 5] 9] 31(2009~

0071983), CAD Tool2 IDECO.ZHE Xdugts,
Hrdzk 200999430, A 4R A 2009912929

(1084)

[EEE 802.11ln WLAN, [EEE 802.16e mobile WiMax,

4G =8 FoA 24 dlolE Age AP WU

I_OE.‘

o2 % g AHx Ut AR no o ¥ 3
2 dgolg Afd W3t a7 4 multiple-input

multiple-output (MIMO) 7]1&0] #dsiA dF-5H L 3l



88 MIMO~OFDM 74 SDR LB &

o MIMO 71&2 A4 F7HTIA &3 A
2" £3& FuAE & ARE 7L Qo]
T A9 A diF HEYor FE ¥ glo
o, o]& <8 MIMO% OFDM$ 233 MIMO-OFDM
Zlgo]l & vlojy AEE A% A JER 4% ¥
T o™ a9, MIMO-OFDME th7le] djo]E
H2Z 7}A)7) @l single-input single-output OFDM
(SISO-OFDM) o ®l#f st=sio] BERE7E Z7hskA
Hug, srhske 83E wAE dHste Ao M
Z o]grolt}. E3], MIMO-OFDM A 28lo) 9lojA] fast
M EE

REE e 25 F o2 FH o FFT/IFFT 224
A& AAdE Aol MIMO-OFDM #H4 o] 114 dlo]
8BNS 98 84 Aoz & 4 gt

T3 H software defined radio (SDR) Ajx#
AU A FA AlaEe dY veE Y
g~ SpR Aage FH5y, 23, 9
S 2ZEYo|Ho g WA &
Mul~g AFEE + A zfH FE
& HAR s gEve ¥
Al A sk Ao
A EA Hl—/_:} KR
IEEE 802.1in WLAN ’\V“%‘oi
802.16e mobile WiMax A|~E02 A& 7b53E Alx
go] & g0 #A W gt ol A2Eg 9
g FFT Z2 A A+ [FEE 802.11n WLAN A& of
64/128-point, IEEE 802.16e WiMax A|2"Y o 128/
512/1024/2048-point¢] FFT |4te 7piz oz 3
5 glojof gyl

MIMO-OFDM Al&glej A FFT T2 AA 9] 713
BAEAQ AA Uy voly #Hx FukE FFT Z=2
g FEse Aol o) B4 single-path delay
feedback (SDF) m}o]Xe}el FFT +27F ¢ 20
A 7V 53 g A4S JAR e Efos
del n#MHoz AgEWITE  wpm (gl xE
64/128-point®]  1-4719]  AdgE AY B
FFT/IFFT Z2AAE Abstdth 3w, MIMO-
OFDM-2 t=742] HlolE H2E 744]7] g&d 3=
ol BEFEr} dlole] s o wet APHgom
7¥ete EA7F @AEA €k ol& Ay sl
multi-path delay commutator (MDC)" #2& A4
gto] thF dlole] 2E sl FFT ZE2AXME §

R
P

0}

Lo

=
RS
AR

Fourier transformation (FFT) ZZAA+=

A

L

@ﬂoﬂﬁt IEEE

ey

©

(1085)

B B8O FFT Z2MAM HA 719 2

___4

Ao AefFozn ERRE Fole 0“%301 A=A

o o] wEojdE MIMO- OFDM Al2d¥g $1%
FFT 79 3t=d9 ER=EE ””ﬁ.o}?&ﬂﬂﬁ, ke
g dolg HAS 2= MIMO- OFDM Al2®9] 73
2 kA9 radix-2 SDF (R2SDF) +Z X2t} radix-4
MDC (RKMDC) F&7t o HA Z&2 o] AANHSA
o o)F, =% [21~2218 53 419 $52 dHuE
e (4x4) MIMO-OFDM Al2®E $18 radix-49}
radix-22 &% mixed-radix MDC (MRMDC) +z7}
A ks Y3, MRMDC F+%7F RkMDC FZ9l ]3] ¥
e Ak 8 9 €Y F dSol 9HAh 29

U [21~22]9) MRMDC T&& 9<% radix-4/2 94
o w¥oz s thpd dols FFTE AAsA F

s
g
3

L&

3] g 7L‘-a1:1r

Fo A= MIMO-OFDM 7]¥t SDR Al2=H
H2 FFT Z2A4A49 st=go 325 A¢sd
ok Aetel FFT Z2AM= Al 4304 64/128/512/
1024/2048-point 7P Zo] FFT d4He H3 /9
mixed-radix €322F% MDC F&o 7]9Hste] 7@

1:7

A
h--3
yuy

o
=

o

2ok =89 FAL g3 2ok OAM FFT €3
g% 2 studo 7xE Ay, MEdA Adshs

FFT Z2AA9 st=do] +2& A3ert. oloA
VA e A FFT Z2Ax9 44 2 78 2
#E AN, mAgoz VAN & =29 ZE2

==
uﬂ =
T

0. FFT Y125 % StE0 1=
A FA A2EE #A% FFT 7

14 OFDM 7]¥F
= radix-2, radix-4 €nEL vl i 9ok
radix-4% radix-2¢1 H]3 &
UA R =do] ZAAAM
2 7Y & radix-2 EaElE]
o B8 @ BEAg F2E /Mo EA
AL ¢ Qv dukHo® radix
o] oA o FRE
t}h oo & radix €xFEY EREE
Z0]7) 919 radix-2, radix-2’e] AAUTH ", Radix-
2 4182 radix-2 ¢neEH £& viESgto] P
ZE JHAAN BEREE 9593, radix-4 €2EH
& Badk 48 A af iR & radix-2® @

= 2208 WAH o] radix-

[o]

©?

=
i

=
A2
a7

O
=iy

P
Eols

B

At

iﬂﬂﬁi

o

L.
pahin

==
=] =

)\
2 F4t

rlo

[



2000 128 HXiZes| =FA M 46 F SDEHA 12 =

1.

o

o]

4

A

Zh=
T

0]
PR =

i

gfo]lxZglel F%& SDF, MDC, single-path delay
commutator (SDC) &2 3A 3714 A& +EAT
® o] % OFDM #elM: d4%d +27+ OFDM
Al2®l FEo] Aisivhe A AL stmdo) e
AL gsHE Ex o2 ols) SDF WAjo] Rz g Alg
o} g 25 MIMO-OFDM Al =" A& o
el 4= deojy HAE 7tx7] & SDF W4
o] FFT ZZAAE o] &3t sz 0|
Z2AME AHESHA BoEX st=sol
£ 7hA2th 2o wks] MDC WA 9] FFT Z2A4 A
st WEY)S Zlate] shte] FET Z2AAz 4

A 4 glo) shEslo] Bng A FAAIA §
2% g4l doll WAg A & 4 ek weA

MIMO-OFDM A€o A= MDC o] o] &%
O] q_[22~ 23]

LY
(o
.

=

o
iy
I

o
&
(&4
S
j

far ol g

e o
4 2 o
e
o

v
4

: 9 i o

[
i‘i
o it 2
oL
58
N
£

k)
ol

? X
X
o

My T

o MR
il
2

>,
i
of 32
lo
£

j_gc
°
J
Y
k1
il

I RIQHE FFT Z2AlMel YaelE
st=qlof &

p =

1. MetE FFT 125
N-point discrete Fourier transform (DFT) ¢ &

gojsty va 2,

Xk)= D em)WiF (0<n<NO<E<N)
n=70
(D

IEEE 80Z.16e mobile

IEEE 802.11n WLAN

hai}
=

(1086)

89
E 1. chlY N-point FFT Z2AAMQl oifrek vl
Table 1. Comparison fo the computational complexity for
k-MIMO channel FFT processor.
Z2AA P2 P
+(P) Ehv8s | BAglEs
R2SDF k logaN-1 2logaN
R4ASDF k logsN-1 BlogaN
R4SDC k logaN-1 3logaN
RZSDF k logsN-1 HlogiN
R2’SDF k logsN-1 | (6+2DlogsN
R2MDC [%/2] logaN-2 2logeN
RAMDC [k/4] 3(logaN-1) SlogaN
MRMDC [k/4] A(logsN-1) | (12+3T)logsN

WiMaxe] #% 7454 w9 MIMO-OFDME ¢
§ FFT =7]= IEEE 8021ln WLAN Al=€d )
64/128-point©] i, IEEE 802.16e mobile WiMax A%l
o w128/ 512/1024/2048-pointelth. wetA A|gteh=
MIMO-OFDM 718+ SDR Al2¥< $sjrE shi]
FET ZEAMZ 64/128/512/1024/2048-pointE 7H 4
o7 XY 4= glojok st E MR-2/2/4/2/4/2/4/2 &

_ro]

AA

e Aok o B wyg olgdozH o

[ 2= =1
F3k Zole] FFT d4ke AdE & & ¥t ohyzh
W AsHE twiddle factor (TF) vl $4H& & 2344
4 4 Sl

2048-point FET 2% ¥d3l7] 93 44 (19 n, k
22 ()9} o] At 4 (2)& 4 (Dl °
15tel Aeeld, 2048—point] FFT A& 4 )%

=)
=
<]
== T

2ol EET F oM, 4 B WE a4,

E3) 2048-point FFTE 2-point FFT$ 1024-point
FFT2, 1024-point FFTE 2-point FFT$ 512-point
FFTZ, 512-point FFT+ 4-point FFT$ 128-point
FFT#, 128-point FFT+& 2-point FFT¢ 64-point
FFTE diEs 8998 5 3l Aote 3l Wi

o
T

=

289 2-point FFT9} E4F
=i 47 1024-point FFTE +3& 4
% % WA 2-pont FFTS Bad 48 Wiy ' &
=™ 512-point FFTE, 3] 4-point FFTS 24
s 22k WS AURY 18-point FETE, 491519
9-point FFT9F B2 4 Worhe Av¥d 64-
point FFTS 471 78 4 itk o= a4 FFT

i whe A
Rlet. w7
A

il

3t
=

& 1=
L.

=



90 MIMO~OFDM Z[%t SDR A[2ABIE 9Bt E88Q FFT Z2MM 47 %71 9

N N N
n= e, + —gf—nz + T + + + —N—~n6 + 1y

NN
2 327 728 7 256
N
n,€10,1}, n,e{0,1}, n:<10,1,2,3}, n,e40,1}, n;€{0,1,2,3}, ne< 10,1}, n7E{0,..,,ﬁ—- 1}
k= ky + 2k, + 4k, + 16k, + 32k, + 128k, + 256k,

BE{0,1}, ke (0,1}, k,={0,1,2,3}, k€ (0,1}, ks=10,1,2,3}, ks£{0,1}, me{o,...,%—l}
@

2047

Zx(n)’%’:)is

n=0

7 1 3 ! 3 i 1
B Z z (Z ([ ([ Z [[ Z [[ Z Xoypag* ;/;/zmlq }I/V:zk' }}Vznzkz jW}?gﬁ Jmn;kg }stmh }VV;‘&‘ JWﬁfﬂl JVV:S& J%nﬁks VV;"k" W/zm,;j VVsn%
=01 | 5=0| | #s=0{ | my=0[ | ny=0{ \ m=0\ \ n=0

Q)

Ay = by + 2k, Ay = by + 4k, Ay = ky + 2k, + 4k, + 16k, + 32k, + 128k, )

{ Tyoss = x[1024n, + 5120, + 128n, + 64n, + 16n; + 8ng + ;]
Bl == 16“3 -+ 871/4 + 2”5 -+ Tgs 82 == 2”5 -+ n(;

Z2ZAME ol&ste] B¥d 2719 FFT 44 A9 W ky+2ky+dkst16kyt 32ks+128ks, 1024-point FFTY =)
& 5 9 duisi, TF wott, wi'e 7t FRT ko+2ks+8kyt16ks+  64ks, 512-point FFTY o

27)0) wah M) gho] webATh AM8point FFTY e dket8ksrdZks  128-pont FFTY o ko2kst8h,
64-point FFT 4 # ks+dkeolth, 2048-point FFTY

W TF Wei'o] B, A& 717k 16n, + 8ny, + 20, + s
Ay9 kL @ke] 0o1® Wogol 1024-point FFT<

nﬁ, k1+2k2°}u:1, 1024‘1)01111: FFI\?':}_ [LR kloI OO] g;]

n,A, r :
o A2 2,0 Bk BHAZMAE 512-point FFTY o Wiend' Sk Ao, 1 1024-point FFT TF gtel
2048-point FFT TF9 A& 1024789k Zoe ovjr}
mp b E W e k1, k2l Zkel 0olw

TF W9} By, A, & 212} 2n, +ng, ks + 4k, 0] 5

W, 128-point FFTY 1 kyol 0] 5o} A, ko]  ©OF

Aok Os FFT aitel 2= TR Qdazt 248 5l2-point FET TF W35 o WAL, kL, k2, k39

LN TAEE TF vide 4k 3 8A)71, Ztol 0ol® 128-point FFT TF Wi o 7o}, kl,
T3, 4 (99 st 1 TF Wire FFT |4t

o met ¢4 GHYE TAL Yok

K2, k3, k49) zkel 001" 64-point FFT Ws o} 2o}
Atk & e 2048-point FFT twiddle factor ROM

s W’"7<k1+2k2+4ks+15k4+32k5+123’%) (TFR) 22 5E& 64/128/512/1024/2048- point TFRE
Ty ey 2k 4 8k, + 16k 64k) F8% & glon, o2 i sedo] BPES 29
Wigas' = Wigas .
= 2ok 2k + Bk 16k, + 6dky) T 9tk
W”7A3: m,é’%3§‘73+4k4+8k5+32k6) 7"”?_]:% 1\43—2/2/4/2/4/2/4/2 ’E‘sﬂ%%% 27H~9] radix—
512 1
_ W;&7;k3+4k4+ 8k, + 32k,) 2& AHg3ke] 2048/1024-point FFTE g3 1, 371
WA Wn,(k4+2k5+8k6)_ 16n; (ky + 2k; + 8k,) 9] Bigg AMS AMeg o g TF Blde 48 F
128 = Wiz = Waos o
%72‘43= Wéf{(kf’ﬂkﬁ) = W e A E38 radix-49 radix-2& £&3ko] 512/

®) 128/64-point FFTE A 43| 1, 8742 H|ehe 54
Vo gegoss TF Nne 242 AF3 AR 2 A
T4 GelM & 4 d%e] 4,8 2048-point FFTY ke MR €ig]&e 12709 vge sk 3¢ 7}

(1087



20001 128 MAE3 =EXN A 46 H SDH A 12 2

FobH, 7]1&9] Wl R2SDFe) vl&) 2070, R2MDCe)
v 4709 Hjgke SaleE ZaAd 4 gk

2. Hetste FRT #&

¥ 18 MIMO-OFDM 718t SDR AlA®e 3
AMHE 64/128/512/1024/2048point scalable FFT Z =2
MMl stEgo] 28 EAFT AGHE FFT Z24)
A F2E data mapping module (DMM), radix-2
butterfly module 1 (R2BM1), RZBM2, RZBM3, R4BMI,
R4ABM2, data reordering module (DRM) &2 FA%
o Agells 1-471e] 4 elolErl DMME 53
FFT 271e] g A8g doj2 A5 o] tha dol
d=Edr) ek 2048-point FFTY 7%, AT 5o
1-478¢] dlele7t MUXel ¢lsll R2BMIol Q& w)m,
2048-point FFT ¢4te] o] Folx ) 1024-point FFTo)
W, DMM9] &% diolgl= R2BBMIS AuA 3 WA
o] R2BM29] fd#o 2 512-point FFTol¥ R4BMI9)
dH oz 128-point FFTOIH F WAlel RoOBM29] ¢
HOo 2 64-point FFTo|H R4BM2o 2 =gt} 7+
Al BEEL butterfly (BF), commutator, T 9 1)
g A FoR FAHY, Hlde $47]e TFRo)
F7Hth DRME datsoln dolHES AAE (re-
ordering) 3 #tt,

AtE F2e Ueker Zolo] FRT &4

e 2 2
A & < or AU BAYEe Ba 2as 54

(1) Data Mapping Module (DMM)
Aokd DMME 28 29} 7o)
o8 FAHY, tre ¢

Hﬂﬁ*ﬂﬂ4-~

X] OEB\_Z} MUX, SWitCh

e

3
()

3 ll' SE

]
NS L A G A R

Yoy

ey

Switching pattemn

Ty

T

HORNG

Yoy

/

iDATA A

iDATA B
iDATA C
iDATA D

a8l 2. HetE DMM FE
Fig. 2 Block diagram of the proposed DMM.

P

R2BM1 point ROBME

Data
= fapbing L e e
Module Iz 28] 12 = ek
(DMM) point g'\‘) § grx‘; %
Twiddls Factor ROM

{TFR)

R2BM3 R4BM?2

Data
Reordering g - g 2
Module & 41 £ if
(DRM) § g® % gt

512 128

point R4BM1 point

oD

win Aipenng
F~-XIDeH
HOLYLNWKOD

R2BM2

HOLYINHEWOD
nun Ajsenng
E-¥PeH

Twiddis Factor ROM
(TFR}

@ 1~4 Channel Data input @ Nontrivial multiplier

a® 1. MIMO-OFDM Z|dt SDR A AR S 98 ®otel FFT Z2AMAM 22 clolof 23,

Fig. 1. Block diagram of the proposed FFT processor for MIMO-OFDM Based SDR Systems.

Hun Ajenng
PXDRH

@ Trivial muitiplier



92 MIMO~OFDM 2/¢t SDR AI2HE ATt R8N FFT Z2AMM 44 ¥1d 9
I tigea t1gea 1636 e L1086 f1g40 Ll — toas teps | IR— ta2 E(& t‘g N

055~A10 g 008> - (Peag—Paps ) AserAsiz X Asti—Aags D Ao X Ao D

- < BaarBaza ) Bz Ba1z X BstrBage > BarBig X BBy D

LIDATAC > Cpar-Cosgp>  CisarC155<C1s51~Cr530C 1535~ Csze>  C1085C1040XC10aaCr028Cro25Cro08> < Csag~Ciiza X Crzr~CTs12 X Ciit1~Cagg ) < Ca1~Cig X Cy5-Co >

[oBATAC >

<Dzo4rDon>:: D1567-D1552XD 15510 153
8 3 DMME Hlole| EExh o1&k (2048-point)

Fig. 3. Data schedufing and the operation of DMM. (2048-point).

ATt thg @z YolFErh o|uf 2z} 64/128/512/
1024/2048-point FFT X4 Zo)& 16, 32, 128, 256, 512
S8 MUXe| o8] ZA=H, o]2 18 shtel DMM
o2 tgg Holg FFT ZEAAE A9 & ok
Switch® 1-4719 94 dlo]E|& MDC T2 %A A+
A5, switching pattern 1% 29 ofsAR-Ea 7
t}. switchd] o8} A4 ¥ 2048-point FFTY 48 2
£9 dloJHE 1% 3o =Astdem 7 1-4719] d
o] 2o w} 512 cycle, 1024 cycle, 1536 cycle, 2048
- cycle®er R2BM1o 2 & ®),

T3, oj7ld 2ol MUX 4l3& R2BM2¢] TFRY)
g AR 2oly AEeh YAgt ol FFT 274
o2 R2BM2¢] TFRY F24 AAS 4A 78 7Fsst
55 gt

iDATA A Vet 4.L 5]
iDATA B *"D 256
]
iDATA C ¥ E1 s E
IDATA D ) :®-T4 555
(a)

iDATA A D ) 5
IDATA B —HX) Wl PALE
iDATA C —te iy EiT
iDATA D - o

{c)

(2) Radix—2 Butterfly Module (R2BM) % Radix—4
Butterfly Module (R4BM) |

a8 4= AQY FET Z2AMe j8# RZBM
(R2BMi) 7 A R4BM (R4BMi) & AIF 728 =
Aghch ROBMi RABMES i9] 7ol wheh R2BMI, R2BMY,
R2BM3, R4BMI, R4BM2¢] ©th. RBMIS] A% T2
= 3% 4-()%} 2o, 2749 radix-2 BF, 1719 H]
& A7), commutator &2 ?ﬁi'ﬂt’%, commutator

delay factor (DF) Z7]= 2560] T}, R2BM2¢) A%
z¥E a¥ 4% 2] 2709 radix-2 BF, 4749 #|
& $417], TFR, commutator2 & &8 %H, DF 27]
= 2d (d=], 8 64) oItk & WAle RZBM2& d9) kel
64, T Wale] R2BM2E do) kol 8, 4] WiAle] R2BM2
£ g9l gl 10] |9, defl wek DF 27)% 128, 16, 2

el 4

r

:

iDATA A -R ﬁ
iDATA B D @ 2
iDATA c«] O
iDATA D «a&al ﬁ

- T
“Twiddle Factor RO
(TFR)

Youmg

)

iDATA A

DATA B
iDATA C
iDATA D i

Youms

(a)

I8 4. HeE (a) R2BMI, (b) ROBM2, (c) R4BMI1, (d) R4BM2 #=
Fig. 4. Biock diagram of the proposed (a) R2BMI1, (b} R2BM2, (C)R4BM1 and (d} R4BM2.



20098 128 X833

25 2

A}
Wass

74 "ok 3 WA R2ZBM2ol A TFRS

S wid RZBM2oIA AAbels TFRS W' A wisy

/\5]

RZBM201 A4 il TFRE Wi o R2BMDE
2 7 B1285121024/2048-point. FFT o e} 7pa
Aoz A4k R2BBM39 A% F2% 28 4-(a)ol
A g SATE ALY P22, 2709 radix-2 BF,
commutator2. 2 F# = DF Z7]& 1ot} RABMI
o AR Fx2% 1% 4-(0)% 2ol radix-4 BF, 3719 ¢
T A1, commitator 02 TFEEHW, DF 27)& j, 2,
(=4, 32) olth. A WA RABMI1Y] j - 328 DF 37
T 32 64, %] HM, F AX RABM12] j %2 4% DF
A7) 4, 8 120] 9k RABM2 & Al F2E 19 4
(9} 7o) radix-4 BF, 374¢] v
2 7839, DF =7]E 1ot

A7), commutator &

IV. ®QHEl FFT ZE2MAS] MA U & A3}

AtEl FFT ZRAME Verilog HDLS ©]&3}e
AAENT, ModelSimE ©]-83 715 A%5% Matlabe
ol-&3 &4 FFT A& Fsigith ¥ 2= U
dlole Zold w2 SONRE st HejFu Az
g 235 T W dlolEl s SQNR 425dB3)
12bitE e s, 0.18um®] CMOS 2#iti=
A golHeEl g olgstd =AY Hlow, A4
A3 Ard FFT ZEAME o 46K AE $£9 <
WK vzele 785 A& Il o, OMHz2
st A" FFT Z2AAM AlEdold 432
a9 5ol EAEtEth AltE FFT Z2AA7F =g
of BE= HolA F&Aolgte AL AFsr] Y4, 4

P3|
i=s

s

1y

I8 5
Fig. 5. Simulation
processor.

HotEl FFT ZZ2AjAe AlE3jo|N H}
result  of the proposed FFT

=24 A 46 A SD #

(1090)

H12 = 93
E 2 HetE FFT =AMLl BRs58 AlgalolM
Table 2. Fixed point simulation for proposed FFT
processo.
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