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National Chiao Tung Wniversal

Abstract

Since Computer Tomography (CT) scanner was invented, many
advances have been made in scanner technology as well as in the
algorithm used for CT reconstruction. Today CT scanners are used in
diagnostic medicine and other applications. But the CT scanner is
expensive and too heavy to take it along, so CT is not popular except
diagnostic medicine. Now the hardware and IC design progress rapidly,
so we hope to design a cheap SoC for reconstructing image. The Filtered
Back Projection Algorithm is the base theory of our design and we

implement it on ML310 Development Board of Xilinx company.



Experimental results show that the efficiency of SoC model of the
Filtered Back Projection Algorithm reach our anticipation and the quality

of reconstructed image is feasible.
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FEEHERFMEFS B LR P (Projection) » #F AL FPF & JI 7 - i@

BeiE Rl B S xray B R ROR R iR o B0 TR LS R

BRA AR TR EE D R E 5 B o

HPWEFRE A KERB TR 281 a8 (1) 74 ¥ (parallel

projection) ~ (2) 5 2,4 #(fan beam projection) - 7+ & Bl4-™

Ple,8,)

(a) (b)

Bl 2-1 A 47 LB - (@F FHEE ()% HF
BTG APE AR RN T FRBLAAPEGEEFEE oA AP
ELNETNUMEBE DA AE  RERANEFTERY FE 2 gk F K

(filtered back projection » FBP):# & i
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PHESFEZPL RPN o I RPETERAFS LS B 2
I Bhenduft %t Phdic o BldosU i 0L X-ray $ 2 P B SGE FHR 0 RIAP T AR
Fo oy - FHPRI Xray hRFEE o AERAAPY g MoE BTG 2 F o
X-ray 8 GE(FFRAIR) 2 E BEPEEIORRFE fﬁu{ﬁ%m X-ray
b AUE b B PR R OSSR N en R R G e (B S TR R ) 0 A AL

X-ray &4 5 4 7R E B T cndU i 4F 4 (line integral) o 4o B #7om

B 22 T ERPERPTHAM 2 H
d b BF ey - :s’a&.gtf(x, y) itk > 4o b (g,t) Sl 2N AR

(t) k45 it (0,1) S e x-ray S04 5 88 (IR A 8 B F R Al o
P,(t)= j( ) f(x,y)ds (2.1)

P,

i# * delta function



0, n#0
oln)= 2.2
(n) {1, 0 (2.2)
23 (2.1)F U AT
J' J' (x, y)5(xcos @ + ysin @ —t)dxdy (2.3)

o 5% (2.3))7&5;&,& f(x,y):hd % ## (Radon Transform) - & £ %74 - B & &0
G1P() B H 5 & ROSHRETH ¢

(So B4 R plapit F JEFE 2 I A & 2 F£1234% (Fourier Theory) £ 3%
B koad Bl o BY B8 ehdt B fE(closed form solution) @ & e 418 5 [ o i B

> 3 #& 3% (Fourier Transform) | & pl4- fendt o B2 FF e A #IZ 6 ﬁ} AR
pA:LY

# (Fourier Slice Theorem) -

2.1.1 Fourier Slice Theorem

\\—

@.spif_ﬁﬂ;ﬁﬂ#yxﬁA‘f'ﬁ’l;/?l«f”’wé‘mﬂ RF e #1224
Bracewell[4] -~ Ramachandran{-lkakshminaraynanaf2],[3]# & > & ™ &k zg p Bl 4
d KakfrSlaney[1]# Ech % o = A =2 TR T & 40T

F(u,v):f J'jo f(x, y)e 27 Wdxdy (2.4)
# ¢ u>v & _cycles/unitlength -
BEFATPIRERZONRPTHZ A E 2 E 1K
Sy(@)=[ P, (te > dt (2.5)
H ¢ ©&_radians/unit length -

%1 ¥, Fourier Slice Theorem » 5% i § & 2 & ATenmih % se(t,s) » (t,s) B th L

Bt ARk (X, y) E P A RO A K o



t cosd sind || x
=l (2.6)
S —sing cosé ||y
S W 2-20 B TR P (1) Tp #0 (x, y) B RIEL0 B vt 3 pE A0 & 3

FARE FREA @I PTA o FA P BATHRAR L (S) - R P,(t) Lip#e

(ts) At 5012 0=0 & B WL FHRPE I PR o P (ts) B k5

I J (x, y)o(xcos @ + ysin @ —t)dxdy (2.3)
20=0 ¥ FHtz s kel o7 ug X
R,t)=[" f(tsks 2.7)
EA2.7) »(25)° AipE o EF D
S,(w)= EO U_Z i s)ds}e‘jz”“"dt (2.8)

BRETE 2 58 (2.8) 0 14 2 58 (2.6) % (L) BRI (X, y) B B RIS T

_ J‘_"O J'_w f(X, y)e—jZHw(xcosﬁersinH)dXdy (29)
28 (2.9)H% £ ggyj-ﬁaz aE T L F
S,(w)=F(u,v) (2.10)

/H\é ’\(2 :I_O)"J fr’ﬁ ’ L{_Gﬁz}ifj’ 3/?]*”’&#&‘] g],g;}.)\)? xg'i'lm:b\ﬁ ?\% q_ﬁ"
E o E AR T Rl B G Blas s = g 5 (frequency domain)

P TR iE MO Y S BEAPBTAR o T BT 1L 7 F & et o 234 (2.10)0E &
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NS
JERN

ul
G

FIR T

frequency domasin

W 2-4 FRIpFME G Bl al 2 s
BRKAPT TR IR AP &R RPN P I T ALE - i 2 E

BT IEBERG RIS BEFAP LR L TR & 2 F i (inverse Fourier



) BB AR s AR AR PO B SR TIOTOR B
LR FHRENEZ R SR FTHE T LAY g Ay A £ 4
FARBH ey > LA g2 2w ke g Bl ¢ 5 B ¥ 4 (image
degradation)sid-2) o Fpt F oG & Pl T RUTR R R AR L L ol > F

EEAPEY A s L krd .

2.1.2 ik F HBFE

T APERY kAP E R Y2 £k & & (Filtered Back
Projection » FBP®):% & ;% o izj% & ;2 Z_d Fourier Slice Theorem ##2 @ % » &_
j“*%‘_{ NN R B kE AR B G Foinif AL BRI F HBIFE 2

d ] AP e RO - T SR

B Blo el Fa S e RS S Bl e S
- B E amad B(filter) m 7 D4 T @) kA -

& ’

(@) (b)

B 2-5 G AR T WO FF ) @LLRRE > (D) LEEE

@ 5] s (0) E(0) WAL BRI T 4o 5 Tl R (O TR 2T 515 (a)
e E PG EER T A PE Y @R SE R T R A F T 12
b R(R) it SR 0 AP B B ST 1 £
R R e $N R R B BT 5 ‘\,]*ﬂJZ’- B TR - i

—S, (@) » F it B—W 2-5(a) ¢ ST n T R o B B 180 £ 4 FK=

3 bR R B A FoT o iR 22700 /K o S,(0) 58 27]0]/K

e (s 0 AT LB PR 2-5(C) W12 0 BT 2-5(a) kot e B} 4p it



R TS B BT > B & B 2-5C)iia 0 T L £ AT B 2-5(a)
sEEnBifee R F RBHER B L7 e 0 WE 2 LA AR
(filtering) 28 & 1 S, (o) tif & 3 3k 2 Jf b B i¥4c 4 - 2 & £ 85 (backprojection) %
w8 S, (o) BE v B oo AT AP R S SR F R BT B S il

o

AT

At madic f(xy) kit ERlRE > f(xy)dF &2 R

(inverse Fourier Transform) z_& 4c ™
f(x, y):f f F(u,v)e!*"%)dudy (2.11)

Bp Bt iR ARk S = 4% A4k Si(polar coordinate system) s 4 F

U=wcosd,V=wsing (2.12)
i & e
dudv = @ded 0 (2.13)
21T B e
f(xy)= [ [ Flo, 07" ) ade (2.14)

A A4 A (integral) A % 0'F] 180°% 180°F) 360 % 284 » A

f(X, y)= J'O” J‘O“O F(CO, e)ejzzza)(xcosa+ysin9)a)dwd0

(2.15)
+ [ [ Flo,0+z)eimbestmointDlodadg
flr &= FhrE
F(w,6+7)=F(-0,0) (2.16)
FOUf 2 39(2.15) 40
fy)=[ [ [ Flo, 6’)|a)|ejz”“"da)}d0 (2.17)

10



He t=xcosd+ysind (2.18)
Mo (A7) fpsehs s FEE Fo0) MR BTG 2l £l
Sg(a)) REF - APED

fxy)=] [ N Sg(a))|a)|ejz”“’tda)}d9 (2.19)
EEIW 2 58(2.19) ¢ eifg A NS

f(x,y)= J'O” Q,(xcosd + ysina)e (2.20)

Q,(t)= J: Sy(w)ale’” da (2.21)

oo 2582204 i - Bk e g Y @ ¢ (o F Rt B S, (o)

Sod o AT e 3N (2.21) 4 5 ek # R (filtered projection) o @ 2 3% (2.20) A1 HF B
Q,(t)i& 7 % £ #5(back projection) sirdafe o #ht 2= B2 ik 0k BEE(X,y) > A é

BOT ¥ U IR E L= XC0504+YSIinG o B 2-6>4d 6
L7 P EQ, (1) 0 Q) IERBE TS S BLE > T S FILME s
75 (% y)BE R e ingod Bl e Q,(t) 0 Q,(t;) E v 1 T3 # IILME #L
et (X, y) Bk o B & 180 P $HE R K o RISHE 2 B gk (X, y)

Z o & BT IR '5\:K—kfff@ng( JiE o B E R R Al B E

e 255 (220)% QLR AR E TR I B L % ¥ ot F A -

KTRAPRANCABA T R 4o T (T FE 2 o

Birl: e g &Y o Rk F HBURE 2B FBP R i k@ AL

11



t={xcosd;+ysing)

/
<
¥
M
] e 1
0 L

B 2-6 *HPiEAT L F

213 it F FRFHE 2R (F
FBP i &4 d # — [ &7 v amiff o[ R0 LRk B 2 &3 Ba 304 o {335

Filtered Projection f(x y)= [ Qyxc0s@ +ysin )0 (2.20)

Back Projection Q)= Ss(w)wle™dw (2.21)

B AE 0 Bk 0°F) 1802 B4 F Rl M2 (K 7 b & B endi o 91w 2
B H AR e
() -2

BRO TR P () i 0 FIK -1 #HFT 51 irs KX o

i RP()TE s EREIES R 23S, (0) -

i, S, ()% 2Rt Bo| BAT S e o

i, #c gl hS,(0) E 1T E & 2 4w 3 4 (space domain) 0 & 4
Qa(t) °

. #H¥E
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i EER(x,y)® £ B0 E it =xcosd +ysing i KO FK-1>% K= o

i B FREQ,()Y B G @HMQ, () E - # R K @I (x,y)
BE R kAL R T -
AR T 0 DA R E R E TR R - R AP

sinogram ° sinogramst 71 » £ 3P 03] 180 ik B #-HL T AL - 5] — Feh

FrlF - PG B FE FRP LT 256 &0 BIF FIReG 256 L0 iR B 5
1 B F AL o sinogram-t & Bl4- B 2-7(a) 7o -

Ray beam width

Projection Data | —F 0

90’

180°

(b) (©)

®] 2-7 ()4 sinogram % iffor & Bl - (D) £ 256x256 pixels * 1y hde | ®] > (c) & (b)£F sinogram
2o
B 2-7(b)E_ 256x256 % g > 2 ¢ 12k 45(100,80) = ¢ = B3 @ 3x3 pixels

13



G2 A e A ) 2T AR 27(b)ie 7 256 4B 0 & 4R i R3] 256

g7

TR R A 8 3] ehsinogram P i 0 F et sinogram s £ 256256 pixels= /] >

'F_k
(S
=
\
P
=
\f‘“ﬁ«
\\\
RN

W% A0 chpixel B % i 1 ficjh Lpixel s f i
A S WG chig Pl FBP R B 2 A & A 4 £ %% 2 C Language
M IE B2 o sk FBP R B 2 eni FEE o $9950% B 2 inde 0 FBP F ¥ i3 A2 5

KPR AR R AT o

Input ] _ Output
_ _ —> Filter | —® Backproject | —» _
sinogram image reconstructed image

Bl 2-8 FBP i & i #2354 /AR
APILARSN e F AR L F e BIRA > KT chpseudo code A%5¢ Kk £
EANAEN i Loy L A

4 2-1FBP i & ;# & pseudo code

#define angle=128;  /* *zig 128 B & B/

#define rays=128; [* rays beam £2 image = raw pixel % #ic— & */

const int x_max = rays;

const inty_max = rays;

const int x_cen = x_max/2; /*Xx_cen % 5t sinogram ¥ X $hen? o 2B X/
constinty cen=y max/2; /*y cen % 57 sinogram ¥ iy fheh? =¥ ¥/
double sonogram[angles][ rays]; /* &5 J 4> sinogram § if_iid 7 */
double filtered_rel[angles][rays]; /* %% = = filter & e singogra 8% feird 71 */
double reconstructed[rays][ rays]; /* & £iF =% = B L 5] ¥/

main()

begin

[ sinogram § i 3 B i B Rl Rk |

read sinogram image to sinogram[angles][rays];

[ g g filtered projectionsfpseudo code >
[* i* IDFFT 2 IFFT 2w & ¥ 2 = = 7 ZERO Padding */
int logn = int(ceil(log10(rays)/log10(2))+1);
int fftsize = int(pow(2,logn));

14



I* #EFFTZ IFFT® %% 3% > &% garray */
double *rel = new double [fftsize+1];
double *img = new double [fftsize+1];
[* ¥ & windowiE */
double *window = new double [fftsize+1];
for(i=1; i<fftsize/2; i++)

window[i+1] = window[fftsize-i+1] = i;
window[0] = window][1] = 1;
window(fftsize/2+1] = fftsize/2;

for(a=0 ; a<angle ; a++) loop
memset(rel,0,sizeof(double)*(fftsize+1));
memset(img,0,sizeof(double)*(fftsize+1));

memcpy(rel, sinogram[a],sizeof(double)*rays);

FFT(rel, img);

I* iz FFT {422 windows gk */

for(i=1;i<fftsize+1;i++) loop
rel[i]*=(window[i]/(double)fftsize*2);
img[i]*=(window[i]/double)fftsize*2);

end loop;

IFFT(rel, img);

memcpy(filtered_rel[a],rel,sizeof(double)*rays);

end loop;

[FFxxE% T 8 back projectionspseudo code **FxxxEFrx ARk ]
/* the mid-point£_3% 845k § ¢ =% */
int midpoint = rays/2;
for(y=0; y<y_max; y++) loop
for(x=0; x<x_max; x++) loop
double sum = 0;
for(int i=0; i<angles; i++) loop
theta = i*Pl/angles;
t =cos(theta)*((x-x_cen)/(double)(x_cen))
+sin(theta)*((y-y_cen)/(double)(y_cen));

15




[*mid_bin% 5= § & & 5 thetap¥ > & 22 82 {(X,y)pixel ¥ &>+ Qq(t) sz B */
mid_bin = (t* mid_point)+ mid_point;

[* mid-bin¥ &t %.Qq(t) & # = % low-bingZhigh-binz_ /& » #111 & F
mid-bin Z_low-binZ high-binz_ B chi= % v 5] » > if 1 {g iTp /2 */

Ib = (int)mid_bin;

hb = Ib + (mid_bin>Ib? 1:0);

frac = mid_bin - Ib;

/* mid_bin¥® 2 i% #low_bingZhigh_bin® fF » #7r2 iFgray level & £ p #&

;J'—Er */

sum += (1-frac)*filtered_rel[i][Ib] + frac*filtered_rel[i][hb];

end loop;
reconstructed [y][X] = sum;
end loop;
end loop;
[rRExRk g E sk 3 g g BIpixel FF BB v £ 1 2 fj 0 ereeiioonoklx]

write reconstructed[rays][ rays] to reconstructed imgae;

end;

-

+ & hpseudo codeh F F_4- 44 128x128 % «| ssinogram 15(0°F] 180" £ 128 1 4
PAER EFHBORT 128 LRI FH)T aEE D £ 5 B 5 128x128 pixels+
/| enend FE B2 T - pseudo code® o g i 35 B2 (filtered projection) i Az pF 5 1% > FE

i 2N e L ik 1 > F g % (Fast Fourier Transform » FFT) k2 =0 » 2 {7 -1 &

(RS

EEm o AR F R E A T Zero Paddingd ~ = 2 hF A o @ RAE S

EX]

o it Blo Sl RlAe Bl 22997 > REEF RS- a2 FE

—S,(@) FE- BEE Y CBEE B ARAFHRELARE o

1/2tau 1/2tau

-1/2tau 0 1/2tau

B 2-9 #E B0 chjhat a i
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£ £ I 3Kk 2+ (Software/Hardware Co-design)se, i& & — 1 12 % SupLgh J 8 0 2 46
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R Gy
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3.1.1 srA WX 3kt

—dd o LA W PR AR 0 W Y ] 3-2 8 A A MK

AERZE T o

System
FaM- Description Concurrent processes
Directed graphs {Functional) Programming languages
HWISW Unified representation
Particning {Data/control flow)
= ~
Software Interface Hardware
Synthesis Synthesis Synthesis
System Instruction set level
Intergration HW/SW evaluation
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Bl 3-2 & Al gcA 8K oA
FAMEFRFOP 0 L5 FHEAMOR R REE L AR
B LIRS > B 3-2 & A MR ART oo F A H AR AL

FRREF G b7 ATy Vit w a0 FRVTEAE~ &2 4L @

EA 2% o B W AR R AN Bz BINF TNk FA R L S A
N

A R = F oengk 7 (Verification) 7 jplz&(Testing) » £ 2K 3h = A& ~ & Ssiy & M
4% (Low power) % 4 2 w4 £ FF Rt £ A E 0 E Rl d0

EE

bin i A o FBP i 5 i 4R % ILHET A28 B A (FPGA) & 2 I » % 3 in

APe MR e BME FRF O AR RS A PG FBP g B E a0 5 kR

2

F o

» 2

TR

—

3

3.2 q‘,% 3V AL SoCH E L

AP v g ahE Xilinke 7 4 & mq”;i >3k kg BT 5 —ML310

Development Board » 4 Bl 3-3#77
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Bl 3-3 Xilinx 2 & 7 ML310 Development Board
T 4 oendns £ - 3 Virtex- 1T pro FPGA(Field Programmable Gate Array) » %] 55

£_XC2VP30 - i#3f FPGA £ 4 30,816 Logic CellsV4% 848 £ & chE B F R

'p-"-* IJ
X 53 23 p & PowerPC 405~&I‘37 £ ‘zifg mi* NI It ot LN I

E x‘ '-k w-, e

bFPGA R w 7 p 22 m18x18 blts ms,f\ ﬁf’l% %F‘Z& 136 s 18Kbits -7Block RAM
=;-'. b'f:""Lk o
Iy RN 3 G B - Id‘.'-
ﬁ |j,:\‘ﬁ-» ';\' el : ﬁ—)\; I :-1__.5:’ !1:-:‘:,;_1.\{— LI ﬁ_: __— .--P ::: _:I.l

ﬁ__; Y "il

P}

%7 FPGA - % & pﬁl~—'-%?ﬁm Wt g 2 g B %R
HRE - O i o A RO e BB e L A - fe e T S E
£ BB . &_DDR Memory > System ACE CF Controller - CompactFlash Slot »

IDE Drive Connectors » PCI Slots % o

T 5 b A& £ Process Local Bus(PLB) £ On-chip Peripheral

Bus(OPB):PLB bus ¥2 OPB bus €_1BM CoreConnect #j& & 5= gt 2 ¢ PLB bus
X F @ "oy @ OPBbus & ik %ynt > & R n? B4 B Bridge iTid 4% -
4

i#
R E RN

& §_F_ 12 PowerPC 405 &J2 B i 5 mq,é » Nk S R
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_________ — = RocketlD . _ _ | o o o e e e e e e e e e e e e - - —
\Dedicated Hard IP]

DSOCM
‘—}' PowerPC "l"
: 405 Core i
Instrudtion Data

ISOCM
ERAM

IBM CoreConnect™

DCR Bus on-chip bus standard
PLB, OPB, and DCR

PLB 3 OPB :
us N N
Processor Local Bus Bridge On-Chip Peripheral Bus

Hi-Speed B On-Chip
Peripheral 8l ~ - eroller Peripheral

Off-Chip Full syst tomization t t
ZBT SSRAM ull system customization to mee

Memory DDR SDRAM SDRAM performance, functionality, and

— cost goals

B 3-4 12 PowerPC 405 3 %< mﬁ% » 3k Lz f#.

Controller ~ UART(Uni-versal f'i :‘:':-
Purpose Input/Output) % - EDK %} . T e A

° g%ﬁ » Nk B B i i g 88 IP(Intellectual Property) -

® U kST F & ohSpde 4250 (Drivers) o 3 ;¢ (Libraries)

® 25 & A WA H B o Xilinx Platform Studio(XPS) -

# ¢ Xilinx Platform Studio # 7 & s & & chaf B 1 %> 2 P FBP i 5 i2 4 ~

FoangiEe BRI TR HEASELET S

® The Base System Builder(BSB) wizard : iz & - @ 4rh1 &7 o §Tesie * &
woauE 2 FE T LV U Fadh# g 0 N kR o AR 72 BSB wizard
i gA2 S BERDFEE > — B A MR K4 (Microprocessor Hardware

Specification » MHS) » ¥ — & &_# %8 R ¥ 4 (Microprocessor Software
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Specification » MSS) - MHS 4% % & & StenE 42 i@ * Planig i ~ i 2 o
FOLE o AT j? AP e AR F R gy o A2 a
kP e ¥ 8 Bl(address map) & & B iF i A 2 gk T o MSS #h % B E
TAREP A hZE AR o kSRR~ B K b s SRR N 2
P B P RE IR Lo

® The Platform Generator Tool(PlatGen) : ﬁi%l ~ MHS #% > & =k suannetlist
FhE o T A EET {0 FPGA BT F chap B AL 0 2 ATH A F] ks
¢oedp B 11T o A3y {7 PlatGen 1 E pF 5 ISE #-p #opket el 3 % S BB AT R
T LR L A > TEG R IIA 2 netlist ik

® The Library Generator Tool(LibGen) : ﬁi%l »MSSHhk 22 F AR
EERE AR~ IR~ kALY ST 52 AR ke

® The Bitstream Initializer tool = f FPGA P e® = #-75 Bty £ s il & 4
BEA AR T @ a‘ﬂ Sce B BB 3 2 Block RAM P o i3 1 B3
>~ MHS #4% > & ® v ¢ |SE g Data2MEM -1 E % 47451t FPGA ¥ @& * 3| eh
Block RAM -

® Create/Import Peripheral Wizard: §[ e+ i * HFEzpe Rt BRI SRS %

PN B
ISE 22 ICHKFIEFEHMEL ¢ 2 I BHMEL > 7 URAFREFIX
v AR o JE A M4y it 3E 2 (Hardware Description Language)#z;¢ /1% 8 (4= VHDL

% \erilog) » ;{glﬁv@?]% BENHR O BHEE S TR A 0 A4 netlist %

=

A2 7 1§~ FPGA fie ¥ T B¢ BitStream 4 % 1 ¥ - 7 EDK ##8® - 5 2

PIC - onAgena (R A ef e ISE k= izt 1 1% o

% 321 : Logic Cell = (1) 4-input LUT + (1)Flip-Flop + Carry Logic
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g FBPIFH 24054 kit

A e p R EURFBPI & 2 2ML310 Development Board:7¢ #£7 5 lrrx«;]'ﬁ
Uk ESoCe e EML3L0 T 5 > A @ * EDKFE L E RSP iFem

EDK & #8 + ek 3- i A8 4 @] 4-149777 » S M= R ha™ 58 o

Standard FPGA HW
Development Flow

— VHDL/Verilog |
|

‘ Synthesizer ‘

Sim:,llator
[ simulator |

‘ Place & Route ‘

ﬂtandard Embedded SW
Development Flow

| C Code ~—
|

Development Kit

‘ Compiler/Linker ‘
I

‘ (Simulator) ‘
|

| Object Code |

Data2MEM
CPU code in CPU code in Bitstream
off-chip on-chi '
memory memorz ‘Download to FPGA

‘ Download to Board & FPGA |-+ sEREERREEEERERRRE,

\_ [ Dsbugger J—

Bl 4-1 EDK 235 infe e

d b g en AR T M AriE o AR 2 ¢ g % Standard Embedded SW
Development Flow > 12 C Language % = = FBP /& % /% #73 # & > £ £ ML310
Development Board _} m&ﬁ»ﬁ'ﬁ ~ 3% % oL 2 e PowerPC 405 ~ PLB bus 2 DDR
SDRAM % 7 48 ~ 2 B & 45 > H & 12 PowerPC 405 @ B3 (7975 & & > :E«ﬁ%*»
A- BRFEDFBP FHZ4H 054 0 o 7 AT B EAPHT R
PowerPC 405 A2 B & 7 + 324 48 o float point :&8 5 » & F_ 0 ek s e 4 &

% = 0 4 b PowerPC 405 B2 B eiid B 45 5 ¥ 7 3

-

Bt HFBP B 2EY

\

:‘ﬂ

ThE LA T T

4y
~my

pER R E B P CFBP wEEY 3 F Y N
7

BopFRLEFITRAM KR EHEBFE FPEFY o
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TIoLApE R A FBP i E 2 0 A5 IR S R AR (0 s v
B R R sy o ML310 board H_ - sl B ahgr o~ 5 GEUE BT Lo
FIRAPT L iEpAP T RERTRREY it o THR-FBP FE2Y & UA

WA 04 b FPGA ¥ 1 (F A AT R 4o~ 1 50 kiR -

41 § & BB iF

4.1.1 FBP % B it M523 1%

Bk 05 180 2 B4t Fiplf M2 (F K= 7 b & B 1382 > Bd & 2-1 FBPi®

v

¥ % cpseudo code® s AP AL i dgst Aok A % Filtered Projection{rBack
Projection+ 3% 4 - Filtered Projectionsf:® # # &K= HFFT ~ S () % £ |o] 17 4c
# 2 IFFTi& & - & Back Projection 2. # 7 it = 1% = & for-loopen#ic & & - 12 4
2-1 FBP;# & /# sripseudo codep 7 5w % > A i & & 1 128x128 A FE 32 ik B

= K for-loops p B cPBic 38 B A i & 44 (7 128%128*K=k > iwE4n y * £ hlieH

o

Jary

E
d AP ARBATHE S RS FBP jFE 2 cngi il f 7 dr i A e L A
Por g = FBP W B2 o F1 5 A eng (7 5 ML310 Development Board
# 4 357 4 e float point 38 & > #7r242 58 SgE B AR Y A P2 fix point 7 5k
RILH G o] B AL i 4eid FBP AR5V B chig R o d Y RJZ 03 R E_sinogram
Bg? pixel st rgE o FAL R R A8 bits o Flpt A i au fix point e 3% g2 F AL
17 i TR 4 102421 8 0 - 2 6 EF Akt 1024 B4R E T U G| B
BEUT Z AT 2 DN AR E B AR
B ij

AT T kb

b

B2 R A B MAT RV AMY TFBP Ry 2 i FEY
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%?u%?aiﬁ@w%ﬁ%ﬁ%%%ﬁ@ﬁwﬁi@%@%m%%%gﬁﬁa
B R i je R 2 4L O FPGA TR TR -

P B 2-8:FBPAz ;428 » H ¢ B >t Input sonogram image * Output
reconstructed images3% 4 > 2 i 41 * ML310 Development Board:=~CompactFlash
Slot_t 7512MB CompactFlash SanDisk it = sinogram#: §.% = = & £ {3 § ik
EEL I

d 2t e FBP 4258 & 3 B~ SanDisk =7 sinogram # i 2 ¥ i3 £ & 0@
oo Tl AP E & W 23 B SanDisk had 28 o Xilink 2 7 ik B ehd R LA
% Xxilfatfs> 24 f* = & 4 EDK ¢ Software Platform Settings 3% 3% 38 ¢ § iF b S50
B ¥ 4 FBP 4258 ¢ # 3 xsysace.h 2 sysace_stdio.h & BZEE 4k > T ¥ EfIH B

SanDisk -

= = FBPA2;\ {8 58 B] 417 eStandard Embedded SW Development Flow:&
AZT IR T] - BrAR LS elfad TR e MR © R elfe R TR E R e D ek

Sup R8T L3k w fhsystem.bité Hg t oo

4.2.1 4~ 55k S R SRR

%o FBP #2350 18 > 240 & & = 4 r 3% ) SLehal 8 78 4 - ML310 Development
Board ALz et » 34 kB BT L0 Bt R G SRR AP OE R

L FBP g B2 i@ o FPt AP R R L Ahandh 50 R AL R o Ao T TR T

® Processor : PowerPC 405 Core
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® Bus System : Processor Local Bus 2 On-Chip Peripheral Bus
® Memory : DDR SDRAM % FPGA p =1 Block RAM
® |/O Device : RS232_Uart 2 SysAce_CompactFlash

H ¢ RS232 Uartv 1/ 3® 2 i 1% i terminal #2. ;% %5 d serial porty? [k Soigid o
SysAce_CompactFlash ] & #¢ i # 12 % 3 System ACE CF Controller #7741
CompactFlash card » 123 3|3f B chp cho & SieruE 2 NP 155328 ¢ & )
EDK# 48 # x4 it > BSB wizard - 5t wizardis g f8:E P 1 EAPZ & o
A B > J EDKBREET A ez = A Ak o H o izt %+ » RS232 Uart
% SysAce_CompactFlash & £ g 1t ficfh ik 18 23% & > ]t 2 OPB Busitt & » DDR

SDRAME_3 i# 33k i » F|yt &2 PLB Busif 4% -

i 2 dFen k Ko R 2 ’f#—[%]‘&r"f :

PLB OoPB
Bus Bus
PLB20OPB
405 Core  [e— SysACE
CompactFlash
DDR_
SDRAM

RS232
_Uart

B 4-2 Fa 5 S SLTE R
5B @ 4-17° Standard FPGA HW Development Flow:r 4215 € & 2 [k Sirl 4
T4k AEsystembite #4115 ¢ > = 2 GIFBPAR N 7 4K 22 system.bit & & ¥ 12

A2 & Sk Zapdownload.bit o gt Bitstreamiy T § 1 FPGAY ¥ e ¥ T EE K

f

FBFBP & 2 4x » 3¢ ks e e g PRI o 4R 2 d PowerPC 405 /2
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B> @ AR K AeiE o

b EE Ay APT oo FBP #2587 > RS Rt > BE 53
BB g
® Filtered Projection #5847 ¢ 1 FFT f ~ 47 5 18 ¢ s {5 2 IFFT 3% o
® Back Projection 427 73 & for-loop i& & -
FL AP U e e R G A B R oA PR - B L
5 FBP b it > gtk A% - B IP#-A FPGA ¥ & &t Tk o )t FBP =~

g TS B

Filtered Projectioni® 4% * j« FFT R 4a R IFET = & 2. fF 973 | FF 5o 53 £ 2-1
FBP;# & ;2 shpseudo code » A F %-iF 0

% 4-1

/% Po(t) 1F & = H 3 & S(w) */
FFT(rel, img);

I* So(@) & itk F|o| (4 T 5/

for(i=1;i<fftsize+1;i++) loop
rel[i]*=(window[i]/(double)fftsize*2);
img[i]*=(window[i]/(double)fftsize*2);

end loop;

1% 3 Sy(w) |of (FF & = F & Qqt) */
IFFT(rel, img):

Fogy = -

Back ProjectioniE 4z 3 & for-loopp s § & 5 - 44 & 2-1 FBPi# & 2 o»
pseudo code > f B 4T :
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4 42

[* Ed BT RN R R g & & O(theta) */

theta = i*Pl/angles;

t =cos(theta)*((x-x_cen)/(double)(x_cen))+sin(theta)*((y-y_cen)/(double)(y_cen));
*mid_bin# 7 4 & & 5 thetaps » &2 2 i(X,y)pixel$ &> Qo(t) iriz £ */

mid_bin = (t* mid_point)+ mid_point;

/* mid_bin¥ it #.Qg(t) & #ci= % low_bingThigh_binz_ & » #1127 & fmid_bin &low_bing:
high_binz B err % vt &) » 3 i 1218 (Ep B2 */

Ib = (int)mid_bin; /* 1b % 5= low_bin */

hb = Ib + (mid_bin>Ib? 1:0); /* hb# = high_bin */

frac = mid_bin - Ib;

42N A % Y FBP Sif B AT K AR PARSE > TP A v A2 FBPIP 22 3

i# 1PLB bus 1Filt 45 o F]pt A7k LA AR 2 Bl AeT

PLB OPB
Bus Bus
PLB20OPB
PPC Bridge
405 Core SysACE._
| CompactFlash
DDR_
| SDRAM
RS232
T _Uart
FBP

B 4-3FBP jif 5 i 4t » 34k 52 4 )
422 > FBP i = i

EDK i %8 # & Create/Import Peripheral Wizard 2 #a& = p & i ~ i >

Bip PR ) * gt wizard A Pz 2 FBP A& i 1 4o xSk 2 ¢ o5 L% Create
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Peripheral wizard = > FBP ~ i* « FBP =~ i ¢ #8451t » B % EDK #icf & & 4%
VHDL ficie » 5 itge + & T e VHDL Boie > B~ % 4 fopo 48T foat i 45 4
FBP ~ 24 + PLB Bus -~ 2 {53V P& &g FBP ~ it &2 PLB bus 2. fFf eijiid &
7 EDK # i IP Interface(IPIF)= 2% » © ¥ r13e i i¢ * 2 = 0 IP 22 £2 on-chip
buses z_ ¥ e i /i m PRA%-d i@ 30 Bus £_PLB bus: F]pt L i * eng_PLB

IPIF-PLBIPIF 5 » i & hfig » $f PLBbus e/ 6 2 $ IP rlechfi G o

4o Bl Ao
1P IPIE IPIF
Module | W Module PLB bus

Bl 4-4 IPIF £_IP #i=2.92 PLB bus 2 ¥ 5/ 5
IPIF & Bt i £ 6 Ra% > L8R 7 g a Mg Bus [ F4tamiad = 5% - IPIF

*}3 ™ 5|J}§ JB

® S/W Reset and Module Information register(RST/MIR)
® Burst and Cacheline Transaction Support

® DMA

® FIFO

® User Logic Interrupt Support

® User Logic S/W Register Support

® User Logic Master Support

® User Logic Address Range Support

H ¢ Aqeig * S/W Reset and Module Information register(RST/MIR) % User Logic

S/W Register Support =PR 7% - S/W Reset and Module Information register(RST/MIR)
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PRF% > g 27 FBP ~ 2 2. % - BrE @ chizqt » é How g KR o
nEPE-€ B fpendgt A E AT o Fo0b ¢ TE - Brad et Bk FBP &

% ergsow] 33 o User Logic S/W Register Support PR3 & IPIF #-% & fbp ice p 2

NEFWT LT R B L YT E AP TR R
FFBP AR F@ R o0 VAT FRR TR RS OTH BN PR

32 1 64bits e 3 B AR F o

IPIF ¥t # IP e/ g 5 IP Interconnect(IPIC) » o &_IPIF & i¢ * FI

IPHrles ey & - Apanfbpfice s 8 £ IPIC &k s IPIF &

#5382 PLB bus ¥/£3 © IPIC = & 5Lk p FEF AP E * IPIF 4 & PRA>
A A TR R > AR P IPIC LT A 4T

4+ 4-3PLB IPIF I/O Signals

Signal Name /0 Description
Bus2IP_Clk (@) IPIC clock provided to IP. This PLB_CLk
Bus2IP_Reset O Active high reset for use by the User IP.
Bus2IP_Data(0:C_IPIF_DWIDTH-1) 0 Write data bus to the User IP. Write data is

accepted by the IP during a write operation by
assertion of the IP2Bus_WrAck signal and the
rising edge of the Bus2IP_Clk.

Bus2IP_BE(0:(C_IPIF_DWIDTH/8)-1) O | Byte enable qualifiers for the requested read or
write operation with the User IP. Bit 0

corresponds to Byte lane 0, Bit 1 to Byte lane 1,

and so on.

Bus2IP_RACE(0: see note 1) o Active high chip enable bus. Chip enables are
assigned per the User’s entries in the
C_ARD_NUM_CE_ARRAY. These chip
enables are asserted only during active read
transaction requests with the target address
space and in conjunction with the corresponding

sub-address within the space.

Bus2IP_WrCE(0: see note 1) O | Active high chip enable bus. Chip enables are
assigned per the User’s entries in the
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C_ARD_NUM_CE_ARRAY. These chip
enables are asserted only during active write
transaction requests with the target address
space and in conjunction with the corresponding

sub-address within the space.

Bus2IP_RdReq

Active high signal indicating the initiation of a
read operation with the IP. It is asserted for 1
Bus2IP_CIk during single data beat transaction
and remains high to completion on burst write

operations.

Bus2IP_WrReq

Active high signal indicating the initiation of a
write operation with the IP. It is asserted for 1
Bus2IP_CIk during single data beat transaction
and remains high to completion on burst write

operations.

IP2Bus_Data(0:C_IPIF_DWIDTH-1)

Input Read Data bus from the User IP. Data is
qualified with the assertion of IP2Bus_RdAck
signal and the rising edge of the Bus2IP_CIk.

IP2Bus_Retry

Active 'high signal indicating the User IP is
reguesting a retry of an active operation. This

signal.is currently unused by the PLB IPIF.

IP2Bus_Error

Active high signal indicating the User IP has
encountered an error with the requested
operation. This signal is asserted in conjunction
with IP2Bus_RdAck or the IP2Bus_WrAck.

IP2Bus_ToutSup

Active high signal requesting suppression of the
data phase time-out function in the IPIF for the

active read or write operation.

IP2Bus_RdAck

Active high read data qualifier. Read data on the
IP2Bus_Data Bus is deemed valid at the rising
edge of Bus2IP_Clk and the assertion of the
IP2Bus_RdAck signal by the User IP.

IP2Bus_WrAck

Active high write data qualifier. Write data on
the IP2Bus_Data Bus is deemed accepted by the
User IP at the rising edge of the Bus2IP_Clk
and IP2Bus_WrAck asserted high by the User
IP.
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4. 4-4 PLB IPIF Design Parameters

IPIF Bus Feature/Description | Parameter Name Default Value
Specification IPIF Data Bus Width C IPIE DWIDTH 64
(bits) -
IPIF Address Bus C IPIF AWIDTH 32
Width (bits) -

notel : % IPIF 3% i &1 User Logic S/W Register Support fR7%# » 2z & 7 32 B
#7173 B o @ Bus2IP_RdCE 2 Bus2IP_WrCE * iip TR B G EEE > AT
iz i signal e A % §_32bits o
% Create Peripheral wizard & = 4% FBP ~ i# {5 » pt L 2 € § = BI04 o
® Bus /o ! T_&2 PLB Busz FFeaasiiE & .o ¢ 32 IPIF 4 PLB Bus #74 &
% |IPIC -
® |P Interface(IPIF) =~ i enié #. i A ie- 2 P RST/MIR ¥ User Logic S/W
Register Support » ¢ p¥ EDK $i#8 122 = ¥ U B85 Benfi g o
® XY EZAMMAEAN I FBP £ L FAH MG RAGT FR
& o
F 2 FBP ~ 28 > ¢ 243 BE & fpEk - - BA fopvhd 2
user_logic.vhd - fop.vhd #_FBP ~ i e + & VHDL $icke » F]pt FBP ~ i chfice

TR BT e
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PLB Bus

fbp.vhd
plb_ipif.vhd
addr slave MIR/
decode attach Reset
IPIC

user_logic.vhd

B 4-5FBP = 27 PLB bus B ¢fic e 7, Bl
i = 4% FBP =~ i {5 » 2 i34 7 Import Peripheral Wizard #- FBP 4c » & %

FBP =~ i# §_r2 PLB Slave -3 22 PLB Bus it 3 -4 {7 = Import Peripheral Wizard

{4 > EDK #icRf ¢ #-FBP ~ i st s

B Geor 38k e o JETT A T userclogic.vhd %k ¢ user_logic

VHDL #-2p = = fhp #7258 ¢ 2k 7 e sl AleiR 4 -

& FBP =~

user_logic.vhd

User Logic

plb_core.vhd

plb_ipif

A 4

fbp.vhd

plb_ipif

User Logic

4-6 i¢ * FiE 2 FF AL e r M AR
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e MHS AE % P oig it g &

system.mhs

ppc_405

plb_v34

opb_v20
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F# P PFBP 25 it - % # i - WHDLARNIES o &9 (Tenffe? - 2 die
* FXilink = 7 4% #e3 BIP - - B £ Single-Port Block Memory v6.1 IP » ¥ — i
& _Fast Fourier Transform v3.1 IP o ¥ ¢t 24 i 5 T FBP IP# s = ¥ ¢hsE = 7 - B 2
% fbp_locate snVHDL A4z ;% fic % » fouser_logic - e p ¥ K| K| 3% F| e 5 BIP 2
fbp_locatefi- i i = i# 7 £ (Component Declaration) s i# * - ¥yt FBP =~ i enfic e

Fi B e

fbp
user_logic
Single-Port Blcok Fast Fourier fbp_locate
Memory IP Transform IP

Bl 5-1FBP ~ 2 p erfiiie 1y A

J& T AR ik B A % Single-Port Blcok Memory IP ~ Fast Fourier Transform IP %
Aipp ez e fbp locate ficke » Rie A B E £ & chuser_logic ficlep 3R T m
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E:r! o

34



51 IP A4 % % fbp locate - % iF

Xilinx 2 5ﬁ,rhmq§{ >N R E R B T 7S R AP R * en ML310

Development Board » % & fic eragic #8840 EDK 2 ISE 2 ¢t o Xilinx » 4% IC 3k 3+ %

EFRYOPHAANSETE R IP ERY R B ER T T E Y
KPFRFOPFERE > 7R FRI{ Al o e i e TR BRI

BEMR R A ETRIKGEREOERY T R P IRG S

B oo

5.1.1 Single-Port Blcok Memory IP

ML310 Board*® FPGA 7} 136 %. 18Kbits:Block Memory - ¢ **Block
Memory £ on-chip memory » FJgt 775 Beg i b g vt off-chip memory & - o 34 i &
RPFBPA R 2 24215 R/ Fad B o HPFBPL 2 - F & - 3
igsinogram B ® X - Al popixel A P E e Fpt AV g & AN k3t Yo
- PRty ks ~ cnF 42 - Signal-Port Block Memory V6.1 IP#
L ET AR FPGA R eBlock Memory .3 d— BL® 1 AR F chie Bl T
Fé& o

¢ Single-Port Block Memory V6.1 IP e & 35 ¢ 4o
® i ¥ Read-Only Memory 2 Random-Access Memory 174 i¢
® YRER A MER RS gk LFFY 2 5] 2M words 2. 7
® ¥ ¥ memory eoRE T BF (EA AT o
® = B Wy » ¢ H ;4 7 Read-after-Write > Read-before-Write %

No-Read-on-Write = f& #5¢ o
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& T Z_Signal-Port Block Memory V6.1 IP et (2 5L i g » H ¢ 2 4 chdk e

R BN AR R D auEL > A d RIEULF E Y P auEL

— ADDR[m:0]
D IN[n:0]

—WE DOUT[N:0] —
— |EN —
—SINIT RDY ——

PCLK

] 5-2 Core Schematic Symbol
TOIATUEL R A A WA A PR PRI R

# 5-1 Single-Port Block Memory V6.1 IP Core Pinout

Port Name | Direction Description

DIN[n:0] Input Data Input: Data written.inte memory.

(Optional)

ADDR[m:0] Input Address:-Memory-location for data written to/read from.

WE Input Write Enable: Allows data transfer into memory.

(Optional)

EN Input Enable: Enables access to memory via read and write operations.

(Optional)

CLK Input Clock: All memory operations synchronous with rising or falling
edge of clock input, depending on user configuration of the clock
pin polarity. When memory is enabled, all control signals,
input/output data are registered on the rising or falling edge of
clock.

DOUT[n:0] Output | Data Output: Synchronous output of the memory.

Single-Port Block Memory V6.1 IP &1 it /i 240

% Block Memory ch3k iy U5 EN 21 % > 75 e B il cnds (TR 2 LRt

IS

CLK 1+ 2 % (Rising Edge) & §_T *% s (Falling Edge) % - P& - % & 33 EN 3

0pF Rl Rk 2 2 ﬁ%l d12 5L DOUT #-7 % o 3 1 e 18 it W50 EN 5
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1%’%mm%DomeHﬂw % 3% ADDR #dp Teize a i i p il o

B or2 8 WE 2 155 &%J » 5L DIN ehiE #-13 & = B 3050 ADDR #1dp Tsiie
BEE o @ BB IH » RN 3 = 44 Read-after-Write » Read-before-Write
% No-Read-on-Write o ie £ N3U e & ie iR 5 B » ok s > 5 = 427

e gy U HCSS o A ] Ait e

® Read-after-Write &dp & fF — @ "% - gy » 050 DIN ¥ iz 5 0 2l4p

Rege B Ak b B WS D3 DOUT ¥ 4§ 45

® Read-before-Write f| £ fF — i Fro% @ > = B 35 ADDR *rdp Timie fi = §
PchiE - 3 TUE 13050 DOUT @ 3 & 6 &)
® No-Read-on-Write £ 45 3= 48 &8 » ok G pro @?] d12n 85 DOUT a4 ik 2
Eeg g o
A% enk 3¢ > Single=Port Block' Memory V6.1 IP ek 2 F 2% i iE %
No-Read-on-Write =3¢ o et B ir20 2 2 % 4 % g CLK &t 2
Y oom Fl 4 FFT 2 IFFT e 42¢ 5. Zero Padding «hd iF » 1 is gt < -] » 34
P2k 2_% 256 words(128*2) » & & word &_32bits > * word 4~ dn %k 25 0o

7+ SINIT-ND-RFD 2 RDY 2% » A 57 T & Fpb 2k 2t E/F * o L fi

]
| | |
WE / | \\_|—
i 1 L
DIN T 111 W ez WO Xax
| | |
ADDR 4 .4 bbb Ko e Ko dd
] ! ] | !
DOUT ~ 0000 | X -MEW(aa) J Ty MEN(dd)
L L T
en _/ | | [
DISABLED : FEAD WRITE : WHITE : READ
|

MEM(bb)=1111 | MEM({cc)=2222

Bl 5-3 No-Read-on-Write Mode Waveform
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5.1.2 Fast Fourier Transform v3.1 IP

42157 P aFBP~ it 5t - » & ZFFT:EH 2 IFFT:E & - Xilinx 2> @ 4

4 B EFFT2 IFFTeIPT 2 A @ % > &P 2 2 K% - FFT2 IFFTh g

Xilinx 2 & 3% & eFast Fourier Transform v3.1 IP5 & & 33 ¢ 40T @
® NIPTMAERFRLEY XL FFT & IFFTEE -
® FFT 2 IFFT# M B8 dicp ~ ) £ N=2" »m=3 3| 16 -

[ ﬁ—éﬁﬁiﬁ%?%}i AR R by w018 812162024 = F R o

o

® FFT:#H 47 @ * 3| phase factor # 75 & by, 7 12 2.8-12+16~20 -~ 24

FAFER o
® BT E g7 \F;

-Unscaled (full-precision) fixed point
-Scaled fixed point
-Block floating point

® % butterfly :# 5 427 # 4 enfici@ ¥ 02 * Rounding £ €_Truncation =1

RS- e
® IPhm MG = AE

-Pipelined, Streaming 1/0
-Radix-4, Burst 1/0

-Radix2, Minimum Resource

J& 7 #_Fast Fourier Transform v3.1 IP chnft (2 5L i 7% » 2. & R & o7 AP

FoRFFIARUEL A d PR A AP aRtY X ER g

e
I

MEL G
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XN_RE
XN_IM

START
UNLOAD

— NFFT

NFFT_WE

FWD_INV
FWD_INV_WE
SCALE_SCH
SCALE_SCH_WE

SCLR
CE
CLK

XK_RE
XK_IM

XN_INDEX
XK_INDEX

RFD
BUSY |
DV

EDONE
DONE

BLK_EXP

OVFLO ——

] 5-4 Core Schematic Symbol

TR R A A A AR PIARUEL R

# 5-2 Fast Fourier Transform v3.1 IP Core Pinout

Port Name

Port Width

Direction

Description

XN_RE

Byn

Input

Input data bus: Real
(:bxn=8,12,16,20,24 )

component

XN_IM

bxn

Input

Input data bus:
(bxn=8,12,16,20,24 )

Imaginary component

START

Input

FFT start signal(Active High): START is
asserted to begin the data loading and
transform calculation (for the Burst 1/0
architecture).  For  continuous  data
processing, START will begin data loading,
which processing directly to transform

calculation and the data unloading.

UNLOAD

Input

Result unloading (Active High): For the
Burst 1/0 architecture, UNLOAD will start
the unloading of the results in normal order.
The UNLOAD port is not necessary for the

Pipelined, Streaming 1/O architecture.

NFFT

Input

Point size of the transform: NFFT can be
the size of the transform or any smaller

point size. For example, a 1024-point FFT
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can compute point size 1024, 512, 256, and
so on. The value of NFFT is log, (point
size). This port is optional for Pipelined,

Streaming 1/O architecture.

NFFT_WE 1 Input Write enable for NFFT (Active High):
Asserting NFFT_WE will automatically
cause the FFT core to stop all processes and
to initialize the state of the core. This port
is optional for Pipelined, Streaming 1/0
architecture.

FWD_INV 1 Input Control signal that indicates if a forward
FFT or an inverse FFT is performed. When
FWD_INV=1, a forward transform is
computed. If FWD_INV=0, an inverse
transform is performed.

FWD_INV_WE 1 Input Write enable for FWD_INV (Active High).

SCLR 1 Input Master reset (Active High): Optional port.

CLK 1 Input Clack

XK_RE[(B-1):0] bk Output. | Output data bus: Real component.

XK_IM[(B-1):0] bk Output = | Output data bus: Imaginary component.

XN_INDEX Log,(point size) Output Index of input data.

XK_INDEX Log,(point size) Output Index of output data.

RFD 1 Output | Ready for data (Active High): RFD is High
during the load operation.

BUSY 1 Output | Core activity indicator (Active High): This
signal will go High while the core is
computing the transform.

DV 1 Output Data valid (Active High): This signal is
High when valid data is presented at the
output.

EDONE 1 Output Early done strobe (Active High): EDONE
goes High one clock cycle immediately
prior to DONE going active.

DONE 1 Output FFT complete strobe (Active High): DONE

will transition High for one clock cycle at

the end of the transform calculation.

ne K5

Fast Fourier Transform v3.1 IP 3% 5t
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Xilinx > @ ieeig B IP> ¥ MR 2 5 47 FFT & 2 IFFT & 5 « ¢ FFT &-

,,,z_

3 E apscid = ik (Discrete Fourier Transform » DFT) % »c & ey & 2 o 2 £
& E_FFT # % enda ;8 ¥_DFT
N =

=> x(ne ™M k=0..N-1 (5.1)

=0

LN

>

@ Fast Fourier Transform v3.1 IP 34 {7 IFFT & & i #* ;% &
N-1 )
x(n)=> X(ke™*N n=0..N-1 (5.2)
k=0

M 7 v 338 (5.1) ¥ & IDFT(inverse Discrete Fourier Transform)

N

)= L
N i

,_\

X (k)™M n=0...N-1 (5.3)

He A Ao % (7 128 L P-4k @ o FFT sk 45 5 1% IFFT fd 18 > @ 3 enF Al

W R BfRiE < 128 B 0 sp A AP R U PR R e 2 o

PP e 3R G 2 4875 E AR P 4T

® Pipelined, Streaming 1/O 2t éﬁ#? PR M e T R ,?ué'\;g > FAL
R 2 TR e PRy 7 o JL R T R T FFT & £ IFFT 85 413
PR o R AP FET IP &R ESANTE & PR TR Ak

PR Y & 2 E i H # 5 Radix-2 butterfly

® Radix-4, Burst I/O @ p 247 34 {7 FFT & & IFFT 85 5 & Bris » - B A
PRy~ it ¥ - A AR B A S T TR R DR
€ v+ Pipelined, Streaming I/O 78 & > » 38 5 chpf [ ¢ H 4c o P 300 H
% = ¥ w82 5 Radix-4 butterfly -

® Radix2, Minimum Resource : }* 7 # §? Radix-4, Burst I/O 7 - &

-

R ERR T R LN RN S P UL

=
Ja
We
]\ <

Radix-2 butterfly « F]st § B8 & chpf P £ > e 90 g BRI RET Re b o

&rl

s H 7 FFT & Z_IFFT i & pF > & radix-4 & ¥_radix-2 butterfly i 3% 6427 >
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@:fﬁ_?é‘égi‘%""fﬁ“%},ﬁ e A A kR T o F Y ufAe Y Bl gt

F__;f@fx FAIN

® Unscaled (full-precision) fixed point : # i3+ & 47 » 7 44 i7ix ot
hNE] o PR RERE TR LT AR A E R e

® Scaled fixed point: & i FFT & #_IFFT ¢ 7 % i radix-4 £ &_radix-2 butterfly
i Ae > & BT Tl o Sl BT A 1254580 &
AR RRCE (Tl BT & BiEARE ) 0 BT & & SCALE_SCH

;qngfuc’ °

® Block floating point @ pt 3+ & a5 3¢ g+ FFT & L IFFTEE {8 > d IP p

I ‘fﬁ]f% CRE Y 1 Hic g (5 & BLK_EXP 2ugiv o
e ket ez 7}%@:11‘5;‘"% A5 5% 4 g TP & ézﬁﬂ?ﬁ”’*%’-@ﬁ"?iﬁ! °

B d > FBP fodiasg B R pied £ BMAFBP IP Y £ 9
Fast Fourier Transform v3.1 IP 34 {7 FET-3@-%-» %" Pipelined, Streaming I/O 7 1
BN P ARE R & Flpt 2 PaE 3% Radix-4, Burst 1/0 7 4 > i 18 3R e jﬂ!
MERFOREE 2 s RS PR o ¥ A AT TR pixel A Fp E
# 1 E_0~255 7 & 8hits ijﬁ'a mAiE e e H 2 mAFERIIE R Y fix point
74 k2 float point enFE A > FlptB-g f P 2 KA BEAFEFEL Y A4 o)
BT £t TR R EARY A 2 aE A T Al T
~ % & % phase factor A PPk 25 24 AT AR o FTHE AL IPpBE 5 33
EATR  FHEFTFE P RENA LA AT ARER > APER Unscaled
(full-precision) fixed point 3+ & ;% » % & %5 ] & Fcihle frd £ 3 04 3l o 130
ANPRHGF SO HEEOFFT 2 IFFT @ E 2 2 % g A3 5| R & 50128 pixels
et pE e A 7 FFT 38 8 % & £ 1% Zero Padding eds 1 - F] =t 24 (v 4P~ 4 B2k

% 256 4 o iz frsij.};;—t = Fast Fourier Transform v3.1 IP &% &k o
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nfft_we
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fwd_inv_wie
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scale_sch_we
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|
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done
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Y

xn_im /77 T Y fi 7

*n_index 00

unlcad ~

d

busy )

dv T ! : ! ! ! !

edone ~ i | | i i

done "7 4 | | | |

xk_re i ke _re(0)xk_re(1)0xk_re(2)

xk_im ib(xk_lm(o:]}(xk_lm(‘l:)(xk_lm(E]i
—% }( o1 }( .

sk_index 00 . |
T
j

blk_exp BTk exp i i ] i i H ]

He £33 04 start s & 1 g > €7 - B clock B 4-0% = B clock

¥/ é‘éﬁi%] » F L 3] Fast Fourier Transform v3.1 1P ¢ - % dv gLz 1 pF » E!‘JF#&;@?J
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5.1.3 fbp_locate VHDL #&;\#- =%

2 i = fop_locateti /e % % ¥ 4.2.1 5 # 3| ¢AFBP IP# i = eh¥ it » & FBP

7~ i 75— R teuser_logic.vhd4i % ¢ shuser_logictcie ® o FBP = i 74 i = e
e F L~ = pafor-loopshg sy X200 H 9 yA xR AR EE R F B
pixel % 31 (x,y) » @ iR % 57 sinogram#: th_t 7] % 31 & - T $k g
J€_0'F] 180" % K=k erfk 8 @ SHE o EdiET A4 B eh ke B O(theta) ©
fbp_locatefi-ejz F|pt = B % 3l B {8 ity > v 11 {F 5 S B#F > Ibinx frac -

@ fracP] £_mid-bin Z.lbin% hbineniz & v ] B (%% £ 4-2) o B B EL N H4oT o

—y_index

— x_index

— index Ibin ——

frac ——

—1Qo0 ok —

——rst

—rclk
] 5-7 Core Schematic Symbol

B %fu i%'ﬁ‘—"—r ESLl
# 5-3 fbp_locate module Core Pinout
Port Name Type Direction Description
y_index integer Input | =7 EEFRTYRLEE - (3% % 4-2)
X_index integer Input FT LR RABERE - (552 42)
index integer Input # 77 sinogram’ iz % 51 = (54 % 4-2)
1 > b:\% ko, 2, 3_;-; o

go std_logic Input b0 e 1 BAeE
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¥ orstiusls 1p% o TR B R
rst std_logic Input % rstau gl i 1 pF > fbp locate fi e s port L EL % R
MAEISE O
clk std_logic Input Clock 5. -
id-bi AN oo e B eh — > B
Ibin integer Output mid-bin 4n ¥+ Qo(t) R E - BEETE
(low-bin) = (%% % 4-2)
'_"a—},(\'_'; --7‘5_'/%"& L"]o;
frac integer Output mid-bin =3t high-bin 2 low-binz_ B iz % v &) o (%
¥ 4 4-2)
e = '_"‘; 5 \»,4.'3_:;:{‘:,\;’ ‘lé °
ok std_logic Output bokpH L 1p 27 E ERIS0

fop_locatety-ie ezt iy H_if— @ § FlicBEE > AR £ 420 F o

S MO I S0 S TR S BRSSO AR e N £

6‘

n-

TR B E B o iR BN E P 4 sin(9) 2 cos(f) iz & S BB E 0 A

Er - BAKEEF0R_0F) 90 91 Bsin(f) @ e BEN A A kA

She
—*‘\

R TS S

A g sk f s (Finite Stater Machine - FSM) 3k 3+ - & 7 A& B8 T B

(Sequential Logic) » % ix 1% ga= % Au(state) ® 3 72 #4733 ey 20 0 B4

,T.%’F" VPR R BB @R 5 T o Ak A 8] (State Diagram)cion £ ) -

Calculate2~
Calculate15

\/

B 5-8 fbp_locate ficie ¥ 3 "Lk L7 L B

Calculate16

H ¢ |nitiation ;# i %_fbp_locate - chge do sk AL 0 A7 e 1 BEE N B E A
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5. 4 fbp_locate e c3n gi(port signal)go = 1 FF Rk fA A se ¥ = & & Bk &

1 {5 )7 Upload 7+ f > #3185 ok 2 5 10 457 1 ¥ & » 25w Initiation

5.2 user_logic VHDL #23% #- %

5.2.1 user_logic #ice g it

d 3 FBP ~ 27 5 - & v FFT » 4 i@ 5 2 IFFT > @ FBP =~ i¢ & PLB bus
4 ku? §_Slave mode » #Fra 2 i @ % |PIF 4228 3% e pRAxE - - w AT BiF S
FoALE e 3N o @ ouser_logic e e ARk e T B B A A o FlL AP
7 FBP ~ it it — ¥ehez = - VHDL fice 13 ¢ FBP ~ 2 p fite 2 BV iF %

BT B T o

user_logicH- e cna i f BL R g 4e ™ 0 m MELHR ARG F L & 43

— BUs2|P_Data IP2Bus_Data j——
Bus2IP_RdReq IP2Bus_RdAck
Bus2IP_WrReq IP2Bus_WrAck

e B 52 |P_ RACE

— BUS2|P_WrCE

— BUS2|P_BE IP2Bus_Busy
Bus2IP_Reset IP2Bus_Retry

IP2Bus_Error
Bus2IP_CIlk IP2Bus_ToutSup

] 5-9 Core Schematic Symbol
FRIFBP~ 27 5o — 2 # 50 = > AP 7 & RF]- B3 "Lk k¥4 FBP~

#ena (TR AR B 5-108 7 "Lkl ehi &R i Bl o H ¢ IDLEA i > Huser_logic
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B a0 &IDLER 5 ¢ e T%:T‘,Jr;{z?” 4o v user_logictie p sk s

FRILHL -

Register0=4
when Register0=2 sz
/ . _ \Register0:4
R Eie= when Register0=6 \
/ T
fbp_locate job load job
Register0=9 Register0=7
Register0=4 Register0=4
when Register0=10 when Register0=8
L

unload job ‘

B 5-10 user_logic ficiecnj * Lk 57 B

BFAPRFBPA2# - 2 # it ms 5w <3R4 > Joad job - filter job -
unload job - fbp_locate job - & — 3% i gh e 7 - i B gyl fi(state) © # ek i
77 (F fIr A e A RS EMI (T B9 MNP E e

ZArkE5.13% - HA RS RENS NS FRIEBRE? HFor <IN 1 (FR

KRR GFEE A AT

® |oad job : A&7 F F ¢ 3 B~ sinogram B i E R T &% 5 3] Signal-Port Block

Memory IP & = 7 Block RAM # o
® filter job :
B ¢ _Block RAM ¢ #3538 ) % i J%ﬁ%l » Fast Fourier Transform v3.1 IP
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BIE L X hT RV (F FFT 4 -

B Fast Fourier Transform v3.1 IP :B4E & = 0 iy 4 = = FFT 3% e F

o k2 ik E |o| i % v Block RAM ¥ -

B ¥ _Block RAM ¢ #3538 ) 7 i ﬁﬁ%} » Fast Fourier Transform v3.1 IP

BAR L & eh e 07 IFFT 4k -

B Fast Fourier Transform v3.1 IP :B4& & = 07 B85

» ¥ 75 v Block RAM ¢ o

0z A IFFT 3 e

=3
k4%

unload job : #-Block RAM ¥ = = filter process enF 4L & v #775 % > d $ii4l

E R

24

fbp_locate job : j&J

fbp_locate VHDL #¢ ke ¢ i f7 3= 8578 5] lbin-2

d PR T A

&Y 2=k for-loop % 5

frac =

hbin
Ibin
frac

v |

Memory

Register0~31 Decoder

<

B 5-11 user_logic #i- i 5 it = BLB)

SIV_re(0~ el

slv_reg16~31
upload_reg1~16

fbp_locate

[

ok go

FSM

‘ read_write_bram_ok
write_num fft_load_ok
fft_unload_ok

Read_Write_BRAM

ADDR,DIN,DOUT
EN,WE

Single-Port Block
Memory V6.1 IP

XN_RE,XN_IM
<-><K7RE,><K7|M

nfft,nfft_we
fwd_inv,fwd_inv_we
start,unload

Fast Fourier
Transform v3.1 IP

Bl 5-11-% user_logictiie ph x4 ic = B B](function diagram) » i 4 & & 2w it
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user_logictirie p e & ZEHE 0 B PV RE R PP FRAFLA L SR BRI o
H¥ 2 HFSMe 7 - Bfsmprocess > st processep % B - B3 CUR G AR
PT % 4o B 5-10#751 o @ 2 B.Read Write. BRAM B ¢ 7 — i read_write_bram
process > ¢ process#s fie Single-Port Block Memory v6.1 IP£2 Fast Fourier Transform
v3.1IP* % % =% w # ¥|7load job - filter job# unload job= i 1 i® - fsm process
%‘g d write_numzt 55 % £ ZFread_write_bram process » gtk i T %S ANk
T o 4 1 1% = = {4 read_write_bram process f| = 4§ fsm process 1 iT = = o
read_write_bram process /i ** Single-Port Block Memory v6.1 IP 2 Fast Fourier

Transform v3.1 IP2 @ » o2 7 iyt 8 BIPOFRcE > & f F TR f 2Rl

E|o| (Foc g (o hipif & #FuiL R enE o read_write_bram process & i¢ * Fast
Fourier Transform v3.1 IP#& B34 (FFET & £ IFFTRF » gk Td fsm

o

T B
process® %3k % & - read_writesbram process ] #-7 i ﬁ%] TR

7 % w 1 i® fop_locatejob P& 347 fbp_locate VHDL #-e &k % = » e $ e
~ #_d fsm process % I} go 3t 5LgxH fop_locateVHDL fi-ie @ ek i 4% - B A $

71 1% o % = {5 fhp_locateVHDL 4% 11 ok 3 5Lid +v fsm process 1 1T % = o

B 511 ¢ i Decoder » #. ¢ 3 1 SLAVE REG_READ PROC
SLAVE_REG_WRITE_PROC i process » i & £ it £ i PR T
FBPA ¢ » & £ 47 42d FBPA 2 B w45 B9 « d § 5-104-F 511 3t

¥ 1 # i user_logicVHDL i e e f 21 1 17 AR o

522 e A WA I &

24228 ¢ » ¢ NipaE > IFBPw & 2 q,\ » 3Nk KenzE s AP e
EDKi#x % crLibGent £ o pt prLibGen ¢ §T 2 it 22 = FBPi i ~ 1 ehggpds 4250 > ot
S% B A2 N 12 354228 ¢ E 4 0P Interface PR 7 0 € i 2 A L fg b o
FBP_mWriteReg(BaseAddress, RegOffset, Data) ¥2 FBP_mReadReg(BaseAddress,

49
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