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ABSTRACT

This paper describes a design of variable-length FFT/IFFT processor (VL_FCore) for OFDM-based
multi-standard communication systems. The VL_FCore adopts in-place single-memory architecture, and uses a
hybrid structure of radix-4 and radix-2 DIF algorithms to accommodate various FFT lengths in the range of
N=64%x2" (0<k<T). To achieve both memory size reduction and the improved SQNR, a two-step
conditional scaling technique is devised, which conditionally scales the intermediate results of each computational
stage. The performance analysis results show that the average SQNR’s of 64~8,192-point FFT’s are over 60-dB.
The VL_FCore synthesized with a 0.35-um CMOS cell library has 23,000 gates and 32 Kbytes memory, and it
can operate with 75-MHz@3.3-V clock. The 64-point and 8,192-point FFT’s can be computed in 2.55-ys and

762.7-ps, respectively, thus it satisfies the specifications of various OFDM-based systems.
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Fig. 1. Architecture of VL_FCore processor
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Fig. 2. Butterfly arithmetic block of R2/R4 hybrid structure
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Table 1. Number of stages and cycles for FFT lengths

FFT  [# of R4 stages # of R2
Zo|(N) M) stages (R)
64 3 0
128
256
512
1,024
2,048
4,096
8,192

# of cycles

(M+R) XN

NN G| U1 | =W

2.3 In-place HZZ|FA MM3|Z

VL_FCorecll /&= = wlmz]E o]gsle] FFT
dike] FxHAEY g ARl dlEElE dual-
port RAMOZ FlE|w], Alpile} &4 717} 16
H|ES] dlelelE: AA3lr] 98 2x8,192 H=F
7HIe). Zb Akt oA v wa]el] AAtwle HolE
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2749 AL g8 23] 33} o wwe] i A

Modulo-N
Counter
l Cnt[12:0]
[12] [11] [10] e [1] [0]
——
l_a X b 4 1
FY 3T 1 It ix2 2R 0!
[ 017z o1 012 0T
MUX MUX MUX MUX Mux | &
12 11 10 1 0 [*T SELBA
[12] [11] [10] o [1] [0]
>
Mem_Addr[12:0]

2| 3. In-place WX2]FA AA 2
Fig. 3. In-place memory address generator

A3 25 FEsigict 130 EQ] w|RE] F4 Mem_
Addr[12:0]%= modulo-N 75719] %2 Cnt[12:0]2}
13712 MUXell ofs A=, MUxe Adils
SEL_BA+& FFT Zo| N} dabetAle we} 23 4
o gdwE]gel oa) AAEE 23 39 3Rl 2
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Aell w2t 23] 59 IAIE 7XH, diliAlel SA
o IAlE 1% 49 AHoJE wrErh

K = 6-M;
sA = STAGE + K; // Selection Address
08 _sA = SA*2; // offset sA

for(i=0;i<13;i++) begin
P=1i+ 0S_sSA;

if (P>12) SEL BA[i] = 3;
else if(P<10) SEL BA[i] = 2;
else
case (p)
12: SEL BA[i] = 2* (not(R))+1;
11: SEL_BA[i] = not(R);
10: SEL_BA[i] = 2*R;
default : SEL_BA[i] = 3;
endcase

end

T2l 4. SEL_BA Als A4 dare]ls
Fig. 4. Algorithm for generating SEL_BA signal

SA Mem_Addr[12:0]
0 12 1 (1] 11 | 10 9 8 7 6 5 4 3 2
1 12 J11 | 10 1 0 9 8 7 6 5 4 3 2
2 12 J11 | 10 9 8 1 0 7 6 5 4 3 2
3 12 J11 | 10 9 8 7 6 1 (] 5 4 3 2
4 12 J11 | 10 9 8 7 6 5 4 1 0 3 2
5 12 J11 | 10 9 8 7 [ 5 4 3 2 1 0
N=4096 | N=1024 | N=256 N=64
(@ R4 QA ALgE A
SA Mem_Addr[12:0]
0 1 (1] 12111 | 10 9 8 7 [ 5 4 3 2
1 12| 11 1 0 10 9 8 7 6 5 4 3 2
2 12| 11 § 10 9 1 0 8 7 6 5 4 3 2
3 12 |1 11 § 10 9 8 7 1 (1] 6 5 4 3 2
4 12 |1 11 § 10 9 8 7 [ 5 1 0 4 3 2
5 12 | 11 § 10 9 8 7 6 5 4 3 1 0 2
6 12| 11 § 10 9 8 7 6 5 4 3 2 1 0
N=8192 | N=20481 N=512 N=128

() Rash R2 <gte] ¥ AHgsle A
3% 5. FFT Zeo] N3} QdabdAlel| u}Z in-place ™:e]F4

Fig. 5. In-place memory addresses according to FFT
length N and stages
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‘ usu SSIGen
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Bank memory -
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INB I ) ) .
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Fig. 6. Process and implementation of TS_CS algorithm
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Fig. 7. Twiddle factor generator
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Fig. 8. Performance evaluation method
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(a) Constellations

Error [8192-point FFT] [IN:10b, TW:14b, INT:14b]
T T T T T T

302 46529 T

00 6000

(b) Error and SQNR

02 9. A7) A3k (N=8,192)
Fig. 9. Performance evaluation results (N=8,192)
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3l WK = glen, A1)ellA A= MatlabellA]

doix]&= o]Abdel FFT &3o]i, BE VL_FCore
2] Modelsim A|&#o]4d EHolc}. 8,192 FFTZ
Aikslis Aol digk dikexlel SQNR EA
I3 9-(b)e} #ew, et 57.76 dBL] SQNR A5
o] defxct.

E[RG(A>]2 + E[[m(A
YlRe(A) = Re(B))? + Ylim(4) —

SQNR=

map D

13 102 8,192% FFTE o4kshs 7o o3k
VL_FCore2] W% H|E <o w}Z SQNR A52
iﬂ ZA7o|c) j]8 6v|E, &4 16H|E, AXA
1401 ER A3 Aol WY ¥|E & 10~
18R] ER W3}A7|HA] SQNRS A8l em, 14
H|E o]alefl4] 60 dB ©]4+e] SQNRe| defxvk
Q1 10315 I H|E 4 4H|ER uAF AF
eollA] AxAGL] HIE $F 8~18H]|ER W3}A]F]
W] VL_FCore2] Alo]E 42} SQNRS #4138 2
= a9 113 Zow, AxpAlr) 148 EQ] 73S
o] 19,548712] Alo]E<} 61.35 dBS] SQNR 452

INT B¥ = 10-b, 12:b, 14-b, 16b, 18-

+  SGNR

9 10 1 12 13 14 15 16 17 18 19
Intermal bit width

T2 10. ¥ H]E o] w2 SQNR A5 (N=8,192)
Fig. 10. SQNR performance for various internal bit-width
(N=8,192)

e Input bit width (DI_BW) : 10-bit
count () | rnternal bit width (INT BW) : 14-bit SQNR (dB)
28 [ 7
SONR
26 + 65
24 i 5T 60
22 A/ 4 55
20 Gate count -4 50
18 45
o
16 '//‘ 40
14 + 35
12 "/ 30
[ 4
10 T 25
[ sate countao [12,708 [ 14,896 | 16,854 | 15,548 | 21,965 | 23,060
[ sowas 2712 | 39.72 | s1.15 | 6135 | 63.58 | ea.12
+
8 10 12 14 16 18 (TF_BW)

a2 11, AAPAS wlE Soll M2 =" SQNR A
(N=8,192)
Fig. 11. Area and SQNR performance for various

Twiddle factor bit-width (N=8,192)
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Zr=r}
% 2= oY 100]E, AxMlE 14v]E, 7 A2
gk 148]EE AAE VL_FCore2] FFT Zo| Noi|

il

w2 SQNR¥} AXHAIZE Ades Holx glom, &
4 X 2"lolA 7%= FFT AAH)71e- 3 el
yeitk  VL_FCore®] FFT <14k SQNR2 ZA
5739 dB (N=2,048)°|4%E] =] 64.68 dB
(N=64)= 7™, A4rA|Zke] ZF 3-8 A|2=Hlef|A]
LFEE TS BF UEShe 2o vehg
AA%l VL_FCore Zo1= 0.35um CMOS A
glolBeje| R §Asle] Alo|E o} XA TS F
Z3l9icth wlmelE AlJg Alo|E 4= 22,965¢] 1,
FHd xdA7F 10.0-nsZE UElste) #Hlololg- nl
Aol oJgt F71EQl 2 30% wEsldEle 75
MHzZ s 5253 4= 918 7o Hridoh
¥ 32 VL_FCore®} #&el] W% FFT Z2A)

# 2. FFT Ze]e] w2 VL_FCore?] 4%
Table 2. Performance of VL_FCore for FFT length N

FFT SQNR
Zo|(N) | FFT | IFFT |  [us]

T | & AR DO
(38 129

64 | 64.68 | 59.65 | 255 32 (WLAN)
128 | 61.74 | 5875 | 6.81 160 (ACIS)
256 | 6147 | 5911 | 1362 | 125 (DAB )
250 (DAB II)
512 | 5953 | 57.63 | 34.05 234 (ADSL)
500 (DAB IV)

1,024 | 59.97 | 58.28 68.10 102.4 (Wi-Max)

1000 (DAB 1)
2048 | 5739 | 5640 | 16343 | )" Sup ol

4,096 | 58.60 | 56.95 | 326.86 | 448(DVB-H:4k)
8,192 | 57.76 | 55.40 | 762.68 | 896 (DVB-T:8k)

E 3. FFT Z2AA9] A5 v|aL
Table 3. Comparison of FFT processors

Spiffee”! | 52410 | CEMR™ |This paper
Technology | 7 018 | 018 035
[am]
FFT Zo|(N)| 1,024 1,024 | 64~1,024 | 64~8,192
SQNR
(N=1,024) N/A 55 65 59.96
Gate count | 115,000 | 39,000 | 37,000 22,965
Frequency
[MHz] 173 100 100 75
Memory
[KBytel 45 4.0 8.0 32.0
Radix radix-2 | mixed mixed | radix-2/-4
In-place Yes Yes Yes Yes
Word .length 18 16 16 14
[bit]
Cycles
(N=1,024) 5,100 5,175 1,280 5,120
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