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On Software/Hardware Co-Design of FFT
Student: Huang-Cang Lin  Advisor: Dr. Jing-Yang Jou

Degree Program of Electrical Engineering Computer Science
National Chiao Tung University

ABSTRACT
In this thesis, we propose a new platform for software/hardware co-design of
FFT based on the SID hardware simulation software with ARM processor simulation
core. With this platform, we compare the different. hardware structures and analyze
their efficiency, cost and speed improvements. Experiments show that this platform
provides a very good simulation_environment for system designers. The area and

timing optimization for the hardware FFT can be easily achieved.



Acknowledgements

I would like to express my sincere gratitude to my advisor, Dr. Jing-Yang Jou,
for his insightful suggestion and patient guidance throughout the course of this work.
Besides, | have to thank all the members in the EDA group. | deeply appreciate
Cheng-Yeh Wang for his constructive suggestions on this project. | also would like to
thank Liang-Yu Lin for his advices. Finally, thanks to my wonderful family, without

their patience and love, this work would not be completed.



P 4

% & [
ABSTRACT i
= i
P&k v
% P & vi
Bl P & vii
I S (1110 [U1o110) A PO AN s T 1
% 2 F SPreliminaries. .. .o ii i, 5
2.1 FFT Algorithm OVerview..........ccooivivii i, 5
22ARMHISIOrY.......ooi 8
2.3 Real Time Operating System: eCo0S..........covvevennnen. 13
2.4 SID Platform..........coooiiiiiiiiii 15
% = 3 ~ Proposed Approach..........ccoooiiiiiiii 17
3.1 0uUr ApProach........oeii i 17
3.2 Hardware Modeling SID Platform..............ccc.ooeene. 21
3.3 SW/HW Interface Modeling.............ccoviiiinnin 27

Vi



3.4 FFT Software Pseudo Code...........cccocvvieeiieeiieeinnnn,
3.5 FFT Accelerator Circuit Design..........ccccovevvvivienn.

% w F ~ Experimental ReSUIS.........ooviiii i

5T F S CoNCIUSIONS. .. .u e e e e

vii



List of Tables

Table 1.1 Comparison of ASIC Implementations.........................

Table 3.1 FFT Accelerator Computation time (N=8192).................

Table 4.1 SW/HW FFT Computation Time

viii



List of Figures

Figure 1.1
Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5
Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6
Figure 3.7
Figure 3.8
Figure 3.9

Figure 3.10
Figure 3.11
Figure 3.12

Figure 4.1
Figure 4.2

Performance vs. Flexibility between Asics and ARM......
Butterfly Graph of Radix-2 DIF FFT...................eil,
SFG of 16-Point Radix-2 DIF FFT.........cocoiviiiiiie
Von Neumann Machine............oooioi i,
ARMTT ArChiteCtures........c.oovvie i
Embedded Software System of eCos Packages Layering.
System Framework... . .l

FFT Platforma. ool

CDK Design Flows. o vaiin.

SID System Mointor. . i e
Trace Program.......ccovieiie e et e e e,
Simulation Tool.........coovii i
FFET SW/HW Model.......cooiiiii e,
FFT Register/State Machine Model...........................
R2SDF COomMPOoNeNnt........ooieiii i v e e
The Simulation Waveform..............ccooiiiii i,
The FFT Accelerator 1/O Interface..............covevevennnnn,
R2SDF ArchiteCture........c.oovvie i e
Dataflow for 64-Point FFT.........cooii i,

Simulation Structure of FFT Implementation................

3



Figure 4.3a FFT 8192-point Computation Time vs. Accelerator Point 44
Figure 4.3b FFT 4096-point Computation Time vs. Accelerator Point 44
Figure 4.3c FFT 1024-point Computation Time vs. Accelerator Point 45
Figure 4.3d Computation cycle vs Trafficcycle .......................... 45



Chapter 1

Introduction
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Chapter 2

Preliminaries
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Chapter 3

Proposed Approach
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3.2 Hardware Modeling in SID Platform
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97 j% (hardware dominated) > H Al #84vid B A0t T 5 b e R E o A
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APz BB ELR m@?l Mo AR N2 A B

BB FFT ~ 23 & B i dliarfo- BER =i oo BH
D4R % (control/status) & 7 Ak R EARZ IR o TR LR R
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Figure 3.3 CDK Design Flow

24



Sk

S AT W TR AT - 4R34

I B3.6%TT 0 F A PFE 2 EREFE 0 T - H AR, AR A2
PR AT IR R AT RS R RN
B B B TG0 NARY o bk P 4t % SIDNRE v
ﬂ?éﬁﬁyﬂ"ﬁéﬁﬁiﬁﬁ%ﬁiél’i*'EJ'SJ‘W%%ﬁ?@@EGQ)‘ﬁ
TR T E > a2 TR AMPIE BbA 3 > iwB3.547
ok I s eiE AT ARM target £ 0 42 F & gedrkar 1 (R
(debug session)fe34 7 #-48 B (simulator) » BRI F ¢ T H L F7H 5 >

¥ B IICPU istatus > registefrpt % £2system memory p

KooTE W R R A B F SR :d,_@p??:é:;{.}'g‘_} i’f% s B P 154
R TR S 0 e R RO BRI A e 1 4 enRf 4t

N PHAr A BESRABAREFTER A AL BRERFYRF

Faehad o B IPHEREDS S RMANU S FBRIT1E

25



i 4
| W Autorefresh  State 0 save | restore | discand |
bus-probe hvr-glue-probe-bus
chu hw-cpu-arm7t
Chu-mapper hvr-mapper-hasic
fft it |
host-sched sid-sched-host-accurate
main sid-control-cfgroot
meml hw-memory-ram/rom-basic
sim_time sim_time
stop stop
target-sched sid-sched-sim
tksim sid-control-tksm
traffic traffic |
uartl hw-uart-ns16550 |

Iuart dump uart_dump I

Figure 3.4 SID System Mointor

¥ S 1 Moni - W mair Soul Wir
W Autorefresh  State 0 save | restore | discar | File Bun View Control Preferences Help
cache-flush-net I -glue-sequence-2 N
= - = FHTO DR BASo M1 Fina [ .
L
cpu-gdb ‘sw-debug-gdb Imaln.c 4| |maln SOURC
cpu-gdb-socket sid-io-socket-server 11
chu-mapper hwi-mapper-basic 42 int main (void)
deinit-sequence I -glue- sequence-5 43 {
i i i 44 int invkit, kit, z;
il fit 45 int i, j, k, v, block, region, level;
host-sched sid-sched-host-accurate 48 time t pre comp_time, pos_comp_time;
hwi-reset-net hwi-glue-sequence-1 47 deubie cotip time;
a8 deuble comp_p;
init—sequen:e hw-glue-sequence-ﬂ 49
intctrl hwinterrupt-armiref ]
main sid-control-cgroot ) 2; *(int *) TRAFFICZ=0;
mem1 hwi-memory-ramirom-hasic 53 pre_comp_time=time [MULL) ;
mem2 hw-memory-ram/rom-basic 54 comp_p=pre comp_time;
55
parport In-parpart-psfz 56 printf (" comppppppp= %f \n ", comp_p);
remapper hwr-remap/pause-armiref i
target-sched sid-sched-sim 58
- 59
tcl-event-consumer bridge-tcl L =
timert hwi-timer-armiref-sched
Addresses
P r— o
— T Address |0x01b8bd ﬁ Target is LITTLE endian
trafficl traffic o 4 8 ¢ ABCIT
— e —r—— 0%0001b8b4 | Oxdeadb00b | 0x0000a830 | 0x00004820 | 0x0000a820 . 8a74
— 0x0001b8cd | 0x0000a820 | 0x0000a820 | 0x000147fc | 0x0000a820 3
yartl-console il pt-
Vv Registers = || D%0001b8d4 | 0x0000a820 | 0x0000a8Z0 | 0x0000a820 | 0x0000a820
SEown all 0%0001b8ed | 0x00002820 | 0x0000a830 | 0x0000a820 | 0x0000a820
= Py = 5 0x0001b8£4 | 0x0000a820 | 0x0000a820 | 0x00000000 | 0x00000000
rl - 1;2 = - 0%00010904 | 0x00000000 | 0x00000000 | 0x00000000 | 0x0001fa7d
rz oxldej = s 0%00015914 | 0x00000000 | 0x00000000 | 0x00000000 | 0x00000000
= = 0%0001b924  0x00000000 | 0x00000000 | 0x00000000 | 0x00000000 | «vvererennmnnn.
3 0x1b494  £3 0
0x0001b934 | 0x00000000 | 0x00000000 | 0x00000000 | 0x00000000 |« vnvnvrvnnnnn.
i 0xibd90  £4 q
: — . 5 0%00015944 | 0x00000000 | 0x00000000 | 0x00000000 | 0x00000000 | -« @ovnnnnnnn. ..
ré —Tisoi 5 0%0001b954  0x0001fa8c | 0x00000000 | 0x00000000 | 0x00000000 | «vvvnrnmnnnnn.
r7 0X11110007 = 3 0x0001b954 | 0x00000000 | 0x00000000 | 0x00000000 | 0x00000000
rg 0"11110009 - 7 0%00010974 | 0x00000000 | 0x00000000 | 0x00000000 | 0x00000000
rg 0x11110009 e 0}(13 0x0001b984 | 0x0500000¢ | 0x000093ad | 0x00009518 | 0x0000ac5d
IN 0X1111000 CpeT * 0%00015994 | 0x0000acse | 0x00009648 | 0x00009650 | 0x000098£d
rll Xo 1f92sd 0%00010924 | 0x00009300 | 0x00009918 | 0x000099f4 | 0x00009a90
il ® 0%0001b954 | 0x00009590 | 0x0000achd | 0x0000achc | 0x00009d00
1z 0%1£93¢0
f | I
& £ =] | Dnautites ([ @ latexiineal @ 68 28(—)
‘ 6 @ EDSysu‘m won|[) tk 22 (5) 5 04:22

Figure 3.5 Trace Program
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File Edit Wiew Build Tools Help

DEE L 2B 58 eTP
= 0 ‘Prouerty |Va.'|.ue
[a6lobal build options TRL ref/ecos-ref, html
@
& elos HAL
W 1/0 sub-system ST . .
& Serial device drivers . i N F for all confizurabls Itens
 Infrastructure Tﬁﬁiifykﬁﬁ-wu o Use these pac.kages. : =
‘E":ECOS kernel . 811ied Telesyn TS1000 sthern— éﬁﬁirgggpatlble I
# Dynawic memory allocation bltera Excalibur ARM9 board Comon srrer code support
150 € and POSIN infrastructin fipplication profile support 24 75 | Dymamic gemory allocation
W I50 C library ftlas serial devics drivers I/0 sub-systen
¥ lMath Library tme] 4191 evaloation board T80 C and POSIR infrastouch
- A &tmel evaluation board (ER4( T80 C library date/time fur
. £} .
= B hallclock devics fydon’ s CMESES evaluation be 150 C Library general utilid
& Common error code support. BSE nanoEngine with 82559 e 180 C Library international
CORE HAL TEO T3 ke s Tarend ﬁ?
Yersion:
| z]
Keywords:
| [ Clear |
LD Omit hardware packages [Match exactly IZ‘J
< ]
[Ready Mo conflis

a =V 5 @ oo

Figure 3.6 Simulation Tool

3.3 Sw/Hw Interface Modeling

LR A (FSM)BCR] P o 2V i - e w gy argk i Ry ik

BEFS o AR EE- R G ST - Rl NP KT A Ak i

R ol E B ﬁisa] v B S AP R T A ek R A pE AT
# A b it d F3T7 {038 ¢ A iEd w7 b E Mk XA
REAT 5 B> Rody A0 I g0A B (SWIHW) AL = 5% o 5 LA 2R3t 0 -
BaAREE o > T kR 7R oA R A

SV oo At HOH REAE (RO P 0 B) 3.7 2 B % FFT s i) o B A
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BIEA R B o B A AS - B S KRS ERL (idle
state) > % - B 5 ki@ ﬁi%l A& Ak (transmit state) » % = B 5 & SuiE ok
it (receive state) ; & RIAEBE % 3% — B A 52 A E F A (dle

A

state) » % = B 5 % Sudi ik i (receive state) » & = B 5k BaE B R

fi (compute state) -~ % = i 5 K 4 i@ i bk & (transmit state) » &  d

ldle b & B 4038 747 4o 1 65 18 > 327 Sogoill hosbie » @R > &

TR RETHEE BEFTHLAMFFT 4ed B> 4 08 A i@ = T
fo 2 457 ~ receive R fs > M ¥ ALY FFT 4vid B difo = TR (S B 4

NIy s — 3l A2 ,,,;
APy 2P =L

WMk L PR e % o i

g
& gl AoRL H FFT- 4o i B - A2 fifi 3 Idle
o BER kAT p B8 (7R T BEEEY o

B 3.8 2 A1 %8 FFT 4cig | fo 3y i > 440,k 48 2 Idle e f5 >
pF control ¥7 status =~ ¥ 2% 5 00 FFT 4vig Biz g & Idle ki 5 %
Rl kS 4 B3 TP control i € AR STRE K € 5 LT A 88 FFT
Seig BT B O~ receive s IR iR 7 F R 4R 2 12~ Compute R
BT E o AREA P AR BN - BREBECERE 649
PRur Rl kLB R e T AT E o F A M B E R
2 A ARAeid B € #-status Ak TS 5 @ HodR k stif R status
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control =~ ¢ A% i Gi 2707 ;5 U PEA RR 4 BaEAS T Idle B A T

status =k 5 0 A FRBHART pREFIT- BEHIuEY

-t

W2 pEIAL > FLFTHRITRY 4Bl Bila 4ok 3 1024

SEAR TR 21024 Bt 4 WL TG R R 5
FHZ B > T Flm s A F (register) AR ¥
PR R A 0 s ARG S B S 2R R R

P4 gl 3 ~ 42 5 (handshaking)

@)

transmit E receive
: @ : |dle
idle ECom \
receive E transmit
Microprocessor FFT accelerator

Figure 3.7 FFT SW/HW Model
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1/0
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1M1 110
Control /Status
Compute
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Bit Bit
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Figure 3.8 FFT Acceleratar Register/State Machine Model

3.4 FFT Software Pseudo Code
APRPEALT G R 2 ERBEFT)OH P 2N R

AAPLE 7 LM FFT 4o B fod B 28 S8k S0 $#>

\
b

\..
RN

=~ 8
>t

APEEI FFT 22 5pF - § (e kg » £ 73055k
Zio T RFAGRPA DR AL ¥ - H AP R ATE & FFT
Blicr FFT ahi S ficdp 4 > £ 8 %2 & FFT % #(block) * -] * 2
BB BB A PR EE FFT <) » 8 FFT chF R RS 1 4 £

"

)iz B % d& F)+ (twiddle factor) » I 4v > 3H 5 > b i P A7 g F)
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FHAFFEIRTAEARY O NAEFFEREREF 5 APR

fE 3 (FFT)A %8 4 i B iE (7 1 #8741 (handshaking) » - #-
F A 48 4o i B (FFT accelerator) enBh#ic 2 T 4L B » Ty
(bus)¥® > BT E > F A AR B E = &> A M4 B K-status
AR IR o oA Bkl kAL P status_ready B R 1T PR o R X
TP BN IR EHFAESE S S R EAY SRR (FFT
accelerator) 3+ & = & {5 > IR P FNFTA ) % T H B R 2
FDBLEO REFENAPTLLES T RRES ’#%%‘*,Tﬁé ¥ 3

BlP L7 i 3 2 alblock.size (3t 14§ iRt H

AH B RF L ARG AR NRA TR SN REFY B

,T‘g‘?ﬂ 4k Bl YR R E e, 30 B TE Y S 5
log: N %4 € B b3 B 5 - HREmEHRIRed FHL L HF (s
ok B (bitreversal)iF & o F EEAENRTRE > APT U AR TH

L0 G- BT R T Glhe @ E P A X LR ) e
KMo TIP3 R - Tﬁ%»g\fqgg —%z B R4 iE BEES > RS

LA L AR - AL
The general pseudo-code is as following:

#define FFT_DATA 0x500000C//Hardware address definition

#define STATUS_WAIT 0
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#define STATUS_COMPUTING 1

#define STATUS_READY 2//Hardware status definition

void FFT ()
{
Define block_ size;
Define a real part and imaginary part;
Hardware data mapping;
For n=1to logN
{
while(block_size>1)
{
Put data to FFT hardware;
Twiddle_factor lookup table;
While(FFT_STAT!=Status-Ready)
Wait until FFT computing-complete;
Get data from FFT hardware;

block_size=block_size-1;

}

Bit-reversal computing;

3.5 FFT Accelerator Circuit Design
BT Benl/O R te o A AR S
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P) 04 R AT e BhoL R PP I S (S R) BT R TR
LR BRI EIO K o A%~ Pipelinesi= ;= 2 FFT e
WEH > 16826~ 5 - FEREE T EMR LLIBHRTE =

(cycle) - @ 168 FFTE S ¢ 4By ZAABPERFE = &% -
BREFFEDPN > FPRAMEZ ROMP cnFpL i 3c g 20875 B- N > &

K

¥oBETEDP B E- P OTHIERZEY

—\\

G

w4

GE-P R BEFEDP YT RS HFREREAD 2R

e

-—\\

W RFEZEEBEL § ARITTRDTRP N P E et

kA B TOR d e IR B N o Y A PR
» —f’ﬁs?] MR E LTIt T BRI E T 2l e REFE 2 E
#ori¢ % gradix-2 butterfly 32 ~ ¢ 7 7 log, N-2 & 3k i ®fr2log,N
BAeiz2 BAoN-1B# =83 Bz BFFTA M 4vd B¥ 2 57 B A&
ToH 0 EoB A~ 5 B (shiftregister) ~ k2 B ~ 42 B (adder)fr
% 1 T (multiplexer) ° 4-B]3.9%77F fiE I 5|3 4 Radix-2 SDFH_i# * {3\
PRFTH M 247 > H ¢ FFTen2h BN+ 12 j$88E T 81028L:8 (7 Hfk A
B VIR ¥ Verilog2 fe A M eNiT A 0 RS A A > APk
FREBRERALS GFSBB GERS 0 5 Verilog-HDL[27] %74 it 2- RTL-level

B 15 i R E (Logic simulator) i {7 7 it e 0 @ 4 RTL-level 1L
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BoibiE - testhenchk ZzE H # i F end rafd s § 23 H L BES &
TR AEFBIES & > BRTL- level Verilog-HDL & = Gate-level 17
Netlist o f iz F % ¢ > 24 @& * TSMC 0.25 um= i+ & (cell library){e
Synopsys & = #ix %8 (design compiler) 4 K 2+ 4 47 A P FFTAe i B > & {8

d Synopsys #F £ ¢ B IG frehfd s AT gD P R F
A2 LA BB A A ERBERFTHEL LTI
E R !
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Figure 3.9 R2SDF Component
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FET Accelerator 1/O Interface
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Figure 3.10,The SimulationWaveform

I I T T T =T I T T

TN T T EETT

NAME TYPE Width Description

IN_re<16:0> Input 17 Real component of the
complex number input data,
16 bit wide

IN_Im<16:0> Input 17 Imaginary component of the
complex number input data,
16 bit wide

ENABLE Input Active high enable

RST Input Asynchronous reset, active
high

Start Output 1 Indicates the first the valid
FFT data is on the output port

Finish Output 1 Indicates the last sample on
the FFT data

OUT _re<16:0> Output 17 Real component of FFT data

OUT _im<16:0> Output 17 Imaginary component of FFT
data

Figure 3.11 The FFT Accelerator I/O Interface
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Figure 3.12 R2SDF Architecture (N=64)
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FHANTER O F s PP g argdd TG P AEFE IR AR
B > N EEELRER = F 5 FFT A f4eid Boricp i@ i
PER o 2[R 0 AR A LA e FFT el 2 & gif 5 o

B> Aot g 8192 Bheniti s o H ¢ FRT A f4cik B g & o

FFT @88 Rl erdm £ 204 » H @385 P 20 diofl B8 e ad b

K A b T IR R RRp3RA S S A P T L H A ok

ERG Gt FFT vl BU7 U2 FHOTEER 0 67 B3
SN < TN
Table 3.1 FFT N-point AcceleratorComputation Time
Computation time Analysis
(Cycle) N=64 Bl [N=128 Bi#h|N=256 Rii [N=512 K |N=1024 B [N=4096 Rij [N=8192 Rif
FEEEEe (SR (EGEEE (BEEE (B EBRE B E B (B R
g s
Base Time 210 220 240 280 520 840 1480
Twiddle factor 250 260 280 320 560 880 1520
FFT Accelerator 6289 13018 33224 71387 142895 574179 1416507
Total 6749 13498 33744 71987 143975 575899 1419507
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Chapter 4

Experimental Results

N~

B BRE o APRERY S s B & SRR
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TR BATE & A M AERIE K TR & PR -

JeBl 4.1 ¢ ot 0 A PECB4BEEEE 2 F i (FFT) 5 A Pk
W(FFT) 4% 29 & 25 S04 18488 < 2 §l° - B s
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Control unit
i 32 bit FFT
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FFT Data flow graph

Figure'4.1 Dataflow for 64:Point FFT
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Figure 4.2 Simulation Structure of FFT Implementation
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i 7 4eid BEERO OSSR S ) - 23> G4y N
Bk 2t 128 BhpF o & MV IREE Bl R R g S > FI S H B enid
EPER o 5 - 2w 0 AT e O gk L oaay o AR F Sk
Pp? AT USRS A BRI A LR R
PRI D A% s d B A3(d)Y AR Y A A R BAIGL

P s 8192 BLFFT 8 Y » ARUUBEHA B T A B 8F = 5 p

“‘q

BLEETEE A PE R - B ARSI A Y T g D ks

B oo T T B B R B Bl BIE A S AP T

o

GHAMARE Rk FFT 8 Bl e [ 304 « 5L 6 5%
B% o AP BIR2 B FFTEY 5 6|5 » & Bl 48 4 i B enghfic s

L5 88L~168-64 8 T 0igz BI%A AP R R AR B D

41



PR Rpl- By o BAcA PERE T PR &2 AR B
B (N) frig B M7 & o ff G5 50 P enfiy ~ R8> B2 B2
PR &2 FHEEPEL N > AP - RO R o bl
o T FR#E o E > § N=82 N % 16 £ & £ N=64 4p
TP APTUPEOERZ 2R R @I ER LY
INAECER @SR E A Bo RSSO A PRI
~ BF ARG o AP F R N=8 FERTE R A B i I A A
R G o A PTUFIA FA GRS 4006 B FFTEE - H

FPER G RS RE R AT e SN T FREY Ry
AR 0 T R B R EE ARG e 2 AP S FFT Bk
M Ren™ N 7R SRR 0 1 A P AL

AR K E SRR ] B ) R AL

42



Table 4.1 SW/HW FFT computation Time

SW/HW FFT Computation time comparison

Cycle 64 BEEh= | 128 B (256 B 512 Bl [ 1024 BEE | 4096 BHEL | 8192 B

HEEr | SENE HERC | HERC | SEMR | SEMRC | SENEC

N=8 17,671 37,687 77,487 246,554 501,233 | 2,772,540 | 5,610,645
Area(258831um”2)

N=16 7,582 16,122 78,425 161,149 331,246 | 2,112,225 | 4,294,097
Area(402693um”2)

N=64 6,747 14,323 34,480 73,504 156,152 | 1,445,721 2,964,173
Area(733424um”2)

Pure Software(SW)| 915,814 |2,055,729| 4,750,319 | 10,386,357 (22,605,486 |104,702,900| 2,2405,334

1-( (N=64)/SW) 99.26% | 99.30% 99.27% 99.29% 99.31% 98.62% 86.77%
Reduction rate(%)
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Figure 4.3 (a) FFT 8192-poi ime vs. FFT Accelerator Point
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Figure 4.3 (b) FFT 4096-point Computation Time vs. FFT Accelerator Point
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Figure 4.3 (c) FFT 1024-poi ime vs. FFT Accelerator Point
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Figure 4.3 (d) Computation cycle vs Traffic cycle
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Chapter 5

Conclusions

[

£ ARM Hrige

R

5

BT P AP - BATE R X
T RE BT Rk ki a0 T FETASIC e ] 0 riE B R

# 8 A PFAROE S P o

Gopeit & 2 FRHA BT A 20 - S R A A

B enficpg e A * SID A HMBIRE > 7 ARM Bcid® 2 4o 3 41
R EEBFFT) 2 A 29 2 35 TF kb

# ﬁ'ggﬁ"iééé ‘2&@:%?2%’1’@;%_1 ﬁ%&ﬁ;;]ﬂ} » %‘t%i ~ ﬁﬁﬂzj"}i‘ﬁ E."_

PR BB R R B PIERURME  E UG

46



WS ED I - B Fhd S FLFEPFR R85 bl 2

PREFPF LR (IR ed ¥4 o

47



Reference

[1] J. W. Cooley and J. W. Turkey, “An Algorithm for Machine Computation of
Complex Fourier Series”,Math. Computation, Vol. 19, pp. 297-301, 1965.

[2] Oppenheim, Alan V, and Schafer, Ronald W, “Discrete Time Signal Processing”,
Prentice Hall, pp.530-623, 1999.

[3] Chao-Kai Chang, “Investigation and Design of FFT Core for OFDM
Communication Systems”, NCTU, Master Thesis,pp.31-35,2002.

[4] Shousheng He and Mats Torkelson, “A New Approach to Pipeline FFT
Processor”, Proceeding of the 10" International Parallel and Distributed
Processing Symposium (IPDPS), pp. 766-770, 1996.

[5] Shousheng He and Mats Torkelson,““Designing Pipeline FFT Processors for
OFDM (de)Modulation” , Proceeding.of.1998 URSI International Symposium
on Signals, Systems, and Electronics, pp. 256-262, 1998.

[6] P.Dunamel, H. Hollmann “Split RadixFFT Algorithm”, Electronics Letters 5"
\ol. 20, pp.3-10, January 1984.

[7] E.H.Wold and A.M. Despain, “Pipelined and Parallel-Pipeline FFT Processors
for VLSI Implementation”,IEEE Transactions on Computers, pp.414-426, 1984,

[8] L.R.Rabinerand B.Gold, “Theory and Application of Digital Signal
Processing”, Prentice-Hall, Inc, pp.73-130, 1975.

[91 ARM Architecture Reference Manual, ARM Limited,pp.1-811, 2000.
[10] ARM7TDMI Data Sheet, ARM Limited,pp.1-20,2000.

[11] GNU Pro Developers Kit,pp.1-10,1990.

[12] GNU Coding Standards,pp.1-50,1990.

[13] Embedded Configurable Operating Systems(eCos),pp.1-200,2003.

48



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Framework for Building Computer System Simulations (SI1D),pp.1-101,2003.

Simulator Component Developer’s Guide(SID),pp.1-30,2002.

Simulator User Guide(SID),pp.1-28,2002.

RedHat 7.3 Customization Guide,pp.1-201,1998.

RedHat 8.0 Customization Guide,pp.1-300,2003.

RedHat 7.3 Reference Guide,pp.30-71,1998.

RedHat 8.0 Reference Guide,pp.21-63,2003.

Linux Kernel Documents,pp.11-230,1992.

Synopsys DesignWare, pp.1<501, 2003.

Synopsys Design Analyzer, pp.1-103;2002.

Artisan TSMC 0.25um Process High-Density Dual-Port SRAM (HD-SRAM-DP)
Generator User Manual, release 1.0, June 2000.

Artisan TSMC 0.25um Process High-Speed Single-Port SRAM (HD-SRAM-SP)
Generator User Manual, release 3.0, June 2000.

W. C. Yeh, “Arithmetic Module Design and its Application to FFT”, PhD.
Dissertation, National Chiao Tung University, R.O.C., Jul, 1, 2001.

49



Vita

Huang-Cang Lin was born in Taipei, Taiwan on Mar 18, 1973. He received the
B.S. degree in Electrical Engineering from Chung Hua University in June 1996 and
entered the College of Electrical Engineering and Computer Science, National Chiao
Tung University in September 2000. His major studies were Electronic Design
Automation (EDA) and VLSI design. He received the M.S. degree from NCTU in
July 2005.

50



51



