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Design of Low-complexity FFT Processor for Multi-mode Radar
Signal Processing
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| ohdg S0l A RIS EEA 0 R 8517 913 HA o HE R Ho|th A]2~Hlo] 3R] 01, o] = PD (pulse
Doppler) ®2 2} FMCW (frequency modulated continuous wave) W25 5-gsto] 83 4= QIvh= A4S 7RIch HE| B glo]
o} Al =Bl 9] Sl= 9 o] 322] - FFT (fast Fourier transform) 32 2 Al 4] 9} IFFT (inverse fast Fourier transform) 3 2 A A] 7} H 4=
OJA Y FFT Z2 A= Z BH{EE 2he 7% 5 U= FFT ZEAA O B4 =& a7 = Bakow o] 4% 77 8.8t
o} B3k vk gk A el R E Stk dlolth 3-8 S At Sl w, FFT 2 A A = 7hd ol o] A4k g F a7} 9l
th ofel] i =toll A= HE RE Hlojth Al e A 2] ZRAIAM 2] 4] FFT 2 A 9} [FFT Z2 A4S 16~1024 ERIES
7HA Aol Arks A8k @ FFT 22 A4 o] ah=glo] 2 A A sto] #|Qkgtet. A ?IEJ_ FFT Z &A= MATLAB 7|3k &12e]
FAAE Y% H, 7 A& EYIZE Verilog-HDL (hardware description language)< &-8-5}¢] RTL (register transfer level) 42 7|
7= o, =2 g4 AT F F 7,4527019] logic elements, 5,1167]12] registers 2 7-& 713 &13515Th

[Abstract]

Recently, a multi-mode radar system was designed for efficient operation of unmanned aerial vehicles (UAVs) in various
environments, which has the advantage of being able to integrate and utilize methods of the pulse Doppler (PD) radar and the
frequency modulated continuous wave (FMCW) radar. For the range detection part of the multi-mode radar signal processor
(RSP), the hardware structure using the FFT processor and the IFFT processor is required to be designed in a way that improves
efficiency on the area side. In addition, given the radar application environment that requires a variety of distance resolutions, FFT
processors need to support variable-length operations. In this paper, the FFT processor and IFFT processor in multi-mode RSP
range estimation are designed and proposed as hardware for a single FFT processor that supports variable length operation of
16-1024 points. The proposed FFT processor designed in hardware description language (HDL) and can be implemented with
7,452 logic elements and 5,116 registers.

Key word : FFT processor, Frequency modulated continuous wave radar, Pulse Doppler radar, Radar signal processor.

https://doi.org/10.12673/jant.2020.24.2.85 Received 27 March 2020; Revised 28 March 2020

@ @ This is an Open Access article distributed under pted (Publication) 20 April 2020 (30 April 2020)
@ the terms of the Creative Commons Attribution

e Non-CommercialLicense(http://creativecommons
.org/licenses/by-nc/3.0/) which permits unrestricted non-commercial i
use, distribution, and reproduction in any medium, provided the Tel: +82-2-300-0133
original work is properly cited. E-mail: yjung@kau.ac.kr

*Corresponding Author; Yunho Jung

Copyright (©) 2020 The Korea Navigation Institute 85 www.koni.or.kr pISSN: 1226-9026  elSSN: 2288-842X



J. Adv. Navig. Technol. 24(2): 85-91, Apr. 2020

%
, 1719 AR E AlEsl] 1EiA o] 7HA] A4 7F AL
w31 glom E3, glo]t (radar)= tHE AlA 9} v wlEke] S
7ol BEFS A0 W] 7] wioll vhekgh S oA Rz

A 2-g5]olof Sz Fel7), 4 5] 4] Rololl A 2yt

ot} Al=®le A7 PD (pulse Doppler) 43} FMCW
(frequency modulated continuous wave) -2 o 2 FFEF T} &
22945 o] §-8h= PD glolt} W4 2] 74-9- A (peak) 41 A1
o] ol FA e A HEel FElsAw HAag Falehe 2t
Falo] B71st Z, ©A ] 34 AEL ot SHAIE 7
A, 2| &3-E 0]-8-5)= FMCW o[t} W2 o] 7% a7}
ol BAE] AR FElsh, $41 dEo] AlgkE] o] A
o] EAlsh= BAES AEF e S 7HIvhs 540]
AT 3] whebA, EE8A %) 34 HAE 18 PD gl ojvh 1A 2t
FMCW #lo|thE 7 &-8abm thedgt Al = 24S o
A& 4= 9= HE| R e gloltr) A E Y [4].

71 Al HEJRE glolt} Al E] ZEAA] (RSP :
radar signal processor)= PD #|o]t}e] A& 2|9} FMCW |
ojtt AlsAE]E T st=gloj = B x| s, PD #lolohet
FMCW #lo]thg 242 -8 3k Aol v]&) W2 SHolA 55+
TE JA &3k 53], PD #ojthe] H o5 7S gk
FFT (fast Fourier transform) = 2414 9} EMCW d|o|t}e] Az
5748 Y13 FFT Z2ANE 3-falA ARSE7] wiliol], At
¥ RSPOlIA] 324 e] A2] ©A1E 913§ FFT Z2 A4 <} IFFT
(inverse fast Fourier transform) X 2|47} 31 7§14 AL-&-%] 1T},
e, ARk Ft=glo] x| A FFT ZEA| A ¢} IFFT 2
AR 7E 2 8RE A o] thE el vlsl 71 7] v,
FFT ZEA A9} IFFT Z2AA ] B3 5g Fa7)E 22
RSP9] SF=go] BEH{EE ThaAl7led & 7198 & 4 vk

[FFT Z2ZAM|AE FFT T2 MM E & o] 715817 wjitol,
FA 9 A F§AE Y3 FFT Z2AA 9} IFFT Z2AH A& 8
o] oA FFT Z2AM 2 2]2] 71538t} £3], Sansaloniol]

2, ohAld FFT Z2A4142] 7-$- MDC (multi-path dealy
commutator) T-3=2] FFT Z2AM7} 71 W4 G829 o
2 R [5]. gk vhkek A i EE 88k dlolth
58 (application)S 11 S v, HE| R.= ot} Al & x]g] =
2AAN= 71 Aol & A Y8k FFT 2241471 D asie). o
A, Ao M= 16~1024 EQ1E 2] 7P dolof| st Ak
< A Hsk= HE|RE golt) 2154 #E 9]¢ Radix-2*> MDC
TZO] FFT Z2AA ] 7/AE st=dle] 325 Atsta A
AR S AE AR 6]-[10].

E =] 732 v 2k Tl A A|Qke FFT 224
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Aol AHgE el sheslo] o] 54 v s
31, el A= AIRPE FFT 2244 st=go] F2e) o] 5 A
A% AE BT VAol Ak sheslo] ol oha
T8 L FPGA Thile| 2% H88 4% A0S AN, V3
AE ARE P,

T~ aT= L

Il. Mekst= FFT Z=2MA{e] §3!
2-1 He|2E Fylo|c} MEX 2| Z2MM2] SH=EY =

glojot A=’ FA AR 14 AE 54¢] PD o]t}
o} =, @A 9] 4 APES 918 FMCW glo|th= etk
PD #lojtte] s xg] 2] st=go] 2 AT 2
A (pre-processor), 2] AFEE FEA1717] flSk HA
2+ (pulse compression) ZF ]2 3 2 A4 (post-processor) -
2 FAE ) v|S=SkA, FMCW dlojtle] Al ] E] 2 A4 9]
st=go] e AA Y ZEAA, FFT 2AAM, 18] 1 33
7] ZRAME TR =, PD o]tk FEMCW #lo]the] Al
FAE ZRAAE A FAFA ZFelE 71T PD #lo]
the] HA ¢t AXe A3 BH (matched filter) 2 78 & =
o, A3 e AL 4 As e} Al 215.0] Alele] A
I A4k (correlation)?} AT}, ofwl, AL AJXF o)A
ZAHTZA (convolution) 7]Hke] ¢dxto g S=efw|m AYFA
ahel BREE AAT)7) Sl Fabke 4o wgkeitt
ZAURA Arke FA4 Arto = giAld = vk S, FFT =
AN E S8l T GGolA w4 Qi Tkl thA
IFFT Z2AME &84l A3 o o2 wglkste] ASE AR
she Al AE o2 AEHE 7T T vk

wpebA], [4]9] =70l 4] PD #Hlo|the] A4 g HE] kS 918k
FFT Z=2ZA4 ¢} FMCW #lolthe] Al 345 93 FFTE 1
d 17} o] TR S, Al A FAF-] st=slo] F&
= FFT L2 MM S}HFFT Z2AME s AH8-3l PD o]t}
o FMCW #lojtte] Al Ae] WAls i A4l 7hsaiH, &
FTOR QT EEFFT Z2AM SRR E 373 A5HEZ
ZAAIBEITE Ly FFT Z2AA7F AA|sh= sh=glo] |3
o] th xol| Hl3l| 7 7] wistoll FFT Z2AAE 243}
& dart ok 53], HERE o)t} AE Al ARE =
IFFT =24} FFT Z2A|A5= IFFT Z2AAE FFT 22
AMZ FAstoZA T thald FFT ZEAAMZ Fde 5
ATk THlE FFT Z2AM Q] 325 MDC 1325 A8
Aol 7P a&AR AR de] g A orma 2 =T
= FFT Z 2 A|A 9} IFFT X2 A4S MDC 739 @< FFT X~
AN FE3) 7150 "HERE glolth Al AT Al2F ]
7]2] FAFol| A ] FFT &AM S & 2 3l5)ck
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HE|ZE 2o|ct MSHE| S 9IS MSEHE FFT Z2AMAM MA|
Pre-processor FFT Processor Post-processor
U DC Hamming -MTI >
9,: Removal window FFT (SDE) 2D Memory CFAR
1= MTI Pk
Inverse FFT cak
Buffer Refl LUT (SDF) - Detection
(24x1024) Doppler
Memory FFT
Controller
33 1. 7|&9| HE|ZE fo|ct MASHME| ZEMAMe XL
Fig. 1. Block diagram of the conventional multi-mode radar signal processor.
2-2 FOKSH= FFT ZEMAM] LT2IE z2 FREL 9 HelZete] L2 AS, BHTIL e
oldlE %%Xlﬂ& & (throughput)©] & T3] 9lom, o]}
FFT Z2AA9] de]FO 2 E radix-29} radix4 322 2 e = A 7R TR & 480] 71 2 o] "o 9l
duelFol F2 AR olYd radix-R WS FEF  Aw Bwsl e v I b, HElRE ol
N-point FFT ¢ag]5e] A§ Ro] T7IErE Aitgol A zA TS HEFFT Z2AM 9 =)o) F-x22= B5tee)
MogeNO-2 haneti e G4t dfo] g7t Fd R 589 g 3 (trade-offy & 23] THHA 7] vjo] el
st=glo] ] BAETE AXE 2AlE 7RI, [12]. ©f S ALl

= H5h] 913 5402 radix-R" W
Fol 7 glom, o]= Q142 -3 (index decomposition)
& ©]83810] FFT Z2AAMA E34=7} 71 2 e 52k
(non-trivial multiplication)& ¥~ 5} (trivial multiplication)
o7 t\ﬂ;p&o}h H]—}\]i ] 1:61— I M . _Zi radix-R" H]—}\LQ_
881U FFT Z2AAM €] st=glo] WAS A 2 5 3L

1% 2+ radix-2* "Lir?]z"ﬂ gk HElS2o] T 2EE UrEP
e}, o] Larg]E radix-2 W3 22 T3 butterfly 3
& 7HWHEA S, radix49} 22 T 54F (trivial multiplication)
TE 7M7) Wiel FL e 21 E i8] FFT ks ads)
= HAolA A o2 Tt dAibo] ZhsaAl Hm o] wh
e}, st=dlof o] WA I} o] Hate w3 sk avE

7h) wEha, B =Roll A Al FFT Z2AIA 1 radix-2?

OL_T’_E]ZO 7] .%7(

4 g5k,

48 Bgahs Gy

o =1

2-3 MDC(Multi-path Delay Commutator) X

FFT Z2AM9 2= A @d HElZgo] (single
butterfly) 73, ¥ 9 (parallel) 17329} 3}o] Z2}21 (pipeline) T

33 2. Radix-2° HE{Z2}0| =
Fig. 2. Structure of Radix-2? Butterfly.

87

so]zelel pxi tlolE] sk wAle] wel =7 SDF
(single-path delay feedback)®} MDC (multi-path delay
commutator) -2 73T} SDF ¥ 9] FFT 2 A4 &=t
URBRE 53l tolEE e, =3 shte] Ha 54kl
2 87su R, BAwE gop} vl ek Yoz 9
& G8o] w2 w3lo] vk MDC W21 9] FFT ZR2AA = th
= Foll vlolE 7 e Ad wEh]E Sl v A
Aol BHA| HlolB & AH3t). A= 7 shbe] B4 S|t
ARGE R, StEglo] B ETE Sk dAdo] QI A
Aoz tE gl vlel o] 2 RS 7R ke
FFT ZE2A|A= FFTS} IFFT AAhs @ Z2AME 738t
71 18l 2709] AdS &-8-ato] FFT9H IFFT Z= A4 ] 919
AT 5 FAlel Ageliof sl T g 2] 7ol WA Sl
A 7P 829 Zlez dA 9= MDC WA e sfo|Zet
QA FRE AYste] & vlofE] A& R FFTSHIFFT $14hs
Tl ZRAM 2 A A7)

2-4 71t FEOIE ZI0| FFT ¢iAH X[

=l A E vt A s E X hsh] f18l 7 2
O1E Zo|Z X8t 5= 9= FFT Z2AIME Aekslitt 4=
A% Zolof uje} HE]ZE A (multiplexer) & ©]-8-3 918 A&
o] Aojol| mz} e E]ofof sli= 2Ho| A7} thE < Y =5 3}
Atk HEgh Hd 1024-E1EL] FFT A4ks A sh7] 9f8f ~

Blo] ] 252 107] 2<Blo] A2 Lhrglom, EQ1E Qolo] uf
e} el o sujolA 2 ALEShES THstk] 16, 64, 2563}
1024-3E Q1= 0] FFT Q14HS 2|98 2 9lek. 9] 7Fs @ e

ERIE] tiate] zHo]A] 1, 2, 3 FFHOZ AREHH,
Hlo]A] 3 48] & 16-F Q1 E FFT g4kl tiafjx= 2H|o]A] 10
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o] ?f‘iﬂﬂtﬁl 64-3Z31E FFT QA4tel] tialAl= 2Elo]A] 49} 5
7} 43w 5 2Ho]#] 100] =3 ¥t} 256-3F 2 E FFT A4k
AeA = 2El o] A 15-E 770A] e $ 2~H|o]A] 100] =3
=, 1024-3R1E AMES 9laiA= 2H oA 157 107H4] &
 ZH|o| A7} ARE-EITE whebA], AlRBE FFT Z2AX = o] 2
2o S B e TRAA R 16, 64, 2567 1024-FQNE

-3 =
o] 7h ol & BT A9 5 9)

Il. Metsk= FFT Z=2MAMe| =

ot} A& E] S Y3 FFT Z 24

H Ao M= HE| R
= gtk 1% 38 AIRbSk= FFT 2=

]

A9 st=dlo] F 25
Aol F2E mAIRE AQksl= FFT Z2AM =
gat= 10719 ZElo]A] E53 HE &9 dolH R AdS
$3t DRM (data reordering module) 5502 ¥ t) 2} =
Ho|x] E5-2& HE|ZE}e] It 4730 o] dlojE] FE S flgh
DMM (data mapping module)¥} HE|ZE}o] XS sl
R2BM (radix-2 butterfly module) 2 ©]F] %t}

RN
v

o 2
LI_E‘T
2% =7

3-1 Mieksk= FFT Z2MIAM{e] =

A|QFEH= FFT 24 2] sl=9]0] F-%+= MDC Jo] e}
o 25 T3l 270 A e FE5le] WE= doleE As)
™ FFT <I4HS Safgte}, A|Qksh= FFT 244 9] 3= th
&t FERIE Zo|o] FFT 4k X dah7] $lal A5 2=H|o]#]

O] FFT SAkS 33 < Qv A4t 78 o] % #lo|the] 5%}
Rod uet g AaE %Eﬁﬂo WHEWAY S-S IFFT 4t
< 7] Slal A} 55 v F THA] FFT 559
JHoz Eojd 2 AA )

7% 4% AQFSHE FFT Z2Ax 9] Ele]W g Helth 1
2 4914 Input 1, Output 1-> FFT 914k 91, &318 Ve,

Input 2, Output 2+= IFFT $14ke] 9}, &8 oJn| i) X3 FFT
ZRAAE FE Hol8 7 ==, ZEo]#] 17-H 2H|o]A]
10714] =24 2.2 glolEf 7} 7} ~H|o| ol A 2] 9&& S uk

Ealw FFT A4S G730 ghth. o] 5~ DRMe)lA] FFT 14ke] A}
£ A3 FFT A4k 3 &4 gho] vhe A Fth Aljtsl=
FFT Z2AX 7} A1 dah= ol o)l 1024-2R1E d]o]E €]
739 A o817 4 E $ 1277 cycle Foll &9 #ho] Lo
Al At} FFT $34ke] 3-8 FFT A3} glo] 3% 3o, IFFT
ko] Yo7 Soj7b, FFT it} U3k w2l o g A
oA 1H-H =akH o2 JEH S NHEEte] 2~ |0 #] 107}4] =
&3t Frt o] % w7 2 DRM< AR HlolE f#o=

H-E] 1277 cycle 320l IFFT ¢34te] A3y} €}
3-2 DMM(data mapping module)

3 5% Algksl= FFT Z2AA Q] 2 o)A 13} 22] Al
E59] 725 EAIGT) o|¢} o] 7 ~E|o]X] B5-SFFT
2ol BHA| Ho|ElE JE3l7] 918 DMM &5 3% radix-2 HE]
Zefo] AAES 9% R2BM E5 0.2 A 19 62 1024-
FOlEd] 3] 2H|o]X] 12] DMM E-Z0||A]<] dlo]g] A b

229 107) 22Elo]A & LPro] E91E Zojol ujet Aejxo.  HE yrhith 13 69 (a)s} 2ol WA A2E Tl 4%
2 2H oA 2 ARBHEE A} 16, 64, 2567 1024- 2N E A0~A1023, B0~B1023¢] oA = Hlo|H 7} 4= (b) o} 22
Il Real <+ Imag II
STAGE 1 STAGE 2 STAGE 3 STAGE 4 STAGE 5 l STAGE 6 STAGE 7 I STAGE 8 STAGE 9 STAGE 10
Input | 4] | L > B > —
Data
1B BIENLIEIEN EIBTLEIENEIENT EIE| ElZ HEIE
y sEILELEILLELE LLELE LLELE LLELE 5555[%5Z
H nd m T THY HH T HT I > B < <
38 3. MetE FFT Z2AMMe| =%
Fig. 3. Block diagram of the proposed FFT processor.
&% ¢ N I Y [ Y S Y O Y Yy Y O Y Y Oy Yy oy Iy Y
iRSTn |_|
BN [ 1
a8 4. JHIP_FEI FFT “EHIA‘Iol EPOID'E
Fig. 4. Timing diagram of the proposed FFT processor.
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|« STAGE 1 #| |¢———sracE 2]

R2BM1

DMM1

Radiz-2 Butterfly

N/2 » [ N/4

A4

I0JBJIUILIO.)
I0JRJUILIO))

A 4
b {
T

= N2

38 5. MekeEl FFT Z=2AM|AM el AB|O[X] 12} 2 FEE
Fig. 5. Block diagram of the stage 1 and 2 of the
proposed FFT processor.

a
@) A0 ASI1[A512 A1023] CO Cs11
BO B511|B512 B1023| DO D511
(b) A0 ASI1[A512 A1023] CO Cs11
BO | ees |B511(B512 B1023
© A0 AS11( BO B511| CO Cs11
AS512 A10231 B512 B1023
(d) A0 AS11| A0 AS511| BO B511
AS512 A10231 B512 B1023

38 6. AHO|X] 12| DMMoilA2| Hlol&f ME mfE
Fig. 6. Data organizing pattern of DMM in stage 1.

W02 HIE FAAHE o] F A F2E Eoi3t bl
o]E1 = N9l sd8hE 5129 A QA= FEs =aeh,
N& ¥QQE FZ ujitt. I¥ (oE dolH )
(commutator)ol| 4] Ho|HE FHsh= WS YeRd Ao,
W72 AR glolE 2EHLE thA] (d)9h 2ol A ALAE &
S8 AAA H 22| dlo]HE N2vkE A dAF) 24 dHolH
2 A7 s o] A¥= DMM E29] Z8o]H, o]$ R2BM

= 71
E=9] 8 o7 Soj7it)
3-3 R2BM(radix-2 butterfly module)

Aoksh= FFT ZEANE radix-2? Qg]=S 7uko s
FFT Q4ks Falsh, 19 72 2H|0]A]1, 3, 5,7 18] 3L 99
R2BM1< YERH, Z17 82 2~H|0]X] 2, 4, 6, 8, 12|31 102]
R2BM2 £-5-] Ul 25 EAJgH} R2BMI B59] 4

[e]
=-1-1707T,

89

HE|ZE= 2o|ct MEXE|E 2Tt MSEE FFT Z2AM|A M7

Radix-2 Butterfly | ]
Real D ol 7
P » L ]
= =0
1
Real 20
L [
1 S
1113 =
Nontrivial
| I Ml

J8 7. R2BM1 £89| =&
Fig. 7. Block diagram of R2BM1.

Radix-2 Butterfly e ]
Real : =m :Q_’ g
Imag : a E_>
Real o s [ 20
oS
e ‘%g.
»
1 w —
J8 8. R2BM2 £89| =&

Fig. 8. Block diagram of R2BM2.

radix-2 HE|Z2}o] &, Bt $417] 9} Round & Clip 25
2 FAETE RIBM2 E3-2 radix-2 HEZ8lo] g, T 5
2F719} Round & Clip 12|31 Normalizaion 252 A F T
DMM H%¢] %3 0 7 1} Ho]E|7} R2BMO.Z JHH ™ A
A Aol SR Urlo] HEEgte] Ee] YHoR &
o 7H| =H, WE Eete] ks 78 gttt o] % R2BMI £5
oAM= BTk SAMS, ROBM2 E-=ol| A= v ko] (At
< Tt HElETte] Atz G4k MRS FelEkE B4t Tl
olE ] H|E 7} SV s HlB =, sf=9o] o] Batwrt 7t
shz TAZE A AA | E S Algksljor & P e gl
wEhA, HFH o2 w2 Hge Sk A7) Round &
Clip 255 AXWHA ¥ E & Alghslw, R2BM ] &9 T}
+ ZHo|H &2 Yk

IV. MISHEl FFT Z2MA AA % 78

oAM= HEEE golth A& 918 FFT 224
Ae] stEdo] 25 AAlg H TS Ao gis)] A et
Aorel F=glo] F2E 1A= FFT Z2AHA & MATLABS
7o 2 dae]ES AL, i A wAE B9 A
A o] Hlo|H H|E 5 AASII T E 12> worst case$! 1024-
EQIEo] t5F4] SQNR (signal to quantization noise ratio) w23
A AA L Bl 24 AE EYE SQNRS #4:37dB
o]Fo = FAI517] 913k H A ] Hlo|H H|E & 12bit=E A7
ahole). Egh A9k sh=9loli= MATLAB 7]Whe] &gl
A% A%E Y OR Verilog-HDLS ©|-83te] RTL 47 -,
Altera Cyclone-V FPGA deviceoll X #5E itk A|Qke FFT
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Z2AMNE = A A3 F 7,452709] logic elements,
5,116719] registers 2 18 7158k E1513 )

E 1. HMekE #x=9| SQNR 24 Z1t
Table 1. SQNR analysis result of the proposed

architecture.

Bits
. 11 12 13
Point
16 41.35 43.41 44.12
64 40.89 42.92 43.85
256 3843 39.55 41.09
1024 36.21 38.87 40.02

E 2. Mokl FFT Z=2AM|AMet 7|& FFT Z2MM2te] =2 &
Zn
Table 2. The logic synthesis results of the proposed FFT
processor and conventional FFT processor.

Logic elements Register
FFT processor of
Multi-mode RSP [4] 9894 3236
Proposed FFT Processor 7,452 5,116
Reduction (%) 24.68 229
v.d E
ol FERE geojth Al Ale] TrAA Ag 5

4-0] FFT Z2AA 9} IFFT Z2AMAE @ FFT Z2A|A
9 Ft=dlo] 2 AT L A A AFE A A A|E FFT 2
2AA 9] 2] Aol = AH A QA S 919l radix-2” &
AYFE Agaslon, thAdel A9 @791 ol A 2] 7
FEHZAQIMDC T35 AEsith Bgh o]t Al 2~Floj A
gt A APEEE A st sl 7}?‘3 Hol& At e s
AAE ) Egh Aok FFT 2 MM & 7|0l Al|ekd HE]
glo]tke] FFT X 2 A Aol 13| logic element = 24.68%7}
B} 3L, registers 2.29% AE SlEgo] Ao g ¥
o] 7Fs gk ERIS 4= AT o] & <Qlal] B} 2R3 WA g
A dlojth Also] a1d AMS T T = o, vk Az
G EE a8k glolth-§-8ol A3 2 o= 7] ujec)

Acknowledgments
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