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cho tinh toan FFT dua trén thuat toan
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TOM TAT

Trong bai bdo nay, b nhin sé phirc chuyén
déi nhanh Fourier déu chdm dong do chinh xac
don dwoc dé xudt. Kién tric bé nhéan duoc thiét
ké dira trén thudt todn CORDIC géc xoay thich
nghi. Chip FPGA Stratix IV ciia Altera va tong
hop SOTB céng nghé 65 nm duwoc sir dung dé xdy
dung va kiém tra thiét ké. Trén chip FPGA, tan
$6 hoat dong cua b nhan la 103,9 MHz, téc db
thuwc thi hé thong la 16.966 triéu madu trén gidy

(Mega-Sample per second — MSps) va tai nguyén
duwoc s dung la 7,747 ALUTs va 625 thanh ghi.
Mat khdc, tong hop ASIC sir dung 16,858
standard cells trén 86,718um? dién tich chip, dat
dwge tan s6 la 166 MHz va téc dp hé thong la
27,107 MSps. Do chinh xdc cua két qua dat dwoc
V6i sai s6 binh phirong t6i thiéu (Mean-Square-
Error — MSE) 1a 1.133E-10 va khodng 26 phan
méi triéu (part-per-million — ppm) ti 1é 16i toi da.

Tir khéa: bé nhan s6 phite ddu cham dong, FFT, CORDIC xoay goc thich nghi

MO PAU

Bién d6i Fourier nhanh (Fast Fourier
Transform—FFT) 1a thuat toan bién déi nhanh cua
bién dbi Fourier roi rac (Discrete Fourier
Transform-DFT). Nam 1965, d6 thi tin hiéu
(Signal Flow Graph—SFG) dau tién caa FFT duoc
phd bién rong rai boi Cooley va Tukey [1]. Tu
d6, FFT dugc sir dung hau hét trong cac tng
dung khéc nhau cua xir ly tin hiéu s va truyén
thong. Thuat toan FFT va bién dbi nguoc cua n6
(Inverse Fast Fourier Transform — IFFT) Ia thanh
phan cét 16i quan trong trong cac hé thong truyén
thong hién dai, dac biét Ia trong mang khéng day
va ung dung da phuong tién nhu 1a WiMAX [2],
3GPP-LTE [3], MIMO [4] vi CDMA [5]. Hon
nita, FFT con 1a don vi xu ly trung tdm trong
thiét ké cua hé théng chia tin sé truc giao
(Orthogonal Frequency Division Multiplexing —
OFDM) [6].

Diém manh cua kién tric FFT dau chAm tinh
la tc do nhanh va tai nguyén téi wu. Tuy nhién,
viéc bo di cac bit thdp (Least Significant Bits —
LSBs) dan dén 15i toan hoc trong dau chim tinh
(Fixed-point Arithmetic Error — FAE) [7], do la
15i gitra hé thong diu chim tinh va hé thong dau
chim dong. Trong mot sé hé théng khong can
tinh toan c6 do chinh xac cao thi FAE c6 thé
khéng quan trong. Thi du, cé thé trién khai mach
FFT dau chim tinh trong cac hé théng &m thanh,
cac phuong phap nén lossy, cac hé thdng truyén
thong nhu DVB-T/DVB-H [8] va WLAN [9].
Tuy nhién, ngay cang nhiéu ing dung FFT khong
nhitng yéu cau do chinh x4c cao ma con can mién
dir liéu hoat dong 16n. Vi vay, thiét ké FFT dau
chim tinh gip kho khin trong viéc khic phuc
nhitng van dé do. Vi thé, ngay nay cac thiét ké
FFT diu chim dong c6 xu huéng phat trién phd
bién hon, thi du, trong hé théng ra-da nhu ra-da
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khau d6 mat dit (Synthetic Aperture Radar —
SAR) [10] va xir ly anh trong y khoa nhu hé
théng chup cit 16p quang Fourier (Fourier —
Domain Optical Coherence Tomography — FD-
OCT) [11]. Bén canh d6, ddu cham dong da tro
thanh mot yéu cau khong thé thiéu cho viéc tinh
toan FFT sb diém In [12].

Thiét ké FFT diu cham dong c6 thé dugc
chia thanh hai kién trdc chinh: FFT phan luong
lién tuc (Continuous Flow FFT — CF-FFT) [6],
[13] va bd vi xi ly dua trén b6 nhéd (Memory-
Based Processor — Mem-FFT) [14, 15]. Céc thiét
ké CF-FFT c6 uu thé vé téc do nén duoc trién
khai phé bién hon Mem-FFT. Tuy nhién, ching
¢6 nhuoc diém 1a tdn nhidu tai nguyén, dac biét
khi trién khai mach CF-FFT vai s6 diém Ion dan
dén kho thuc hién trong thiét ké VLSI. Nguoc lai,
cac mau thiét ké Mem-FFT chu yéu dya trén viéc
st dung b nhé nén can cac ngudn tai nguyén
logic. Do d6, cac thiét ké Mem-FFT rat c6 lgi thé
trong thiét ké VLSI va rat d& tuong thich véi cac
hé thdng c6 tich hop sin CPU. Tuy nhién, nhugc
diém cua Mem-FFT chinh 1a d6 tr& qua lon dan
dén téc do xir ly cua hé thdéng cham. Mot hé
thng Mem-FFT dién hinh gom 1 bo cong trir va
nhan chéo (Butterfly — BF) don vi, 1 don vi tao
dia chi, 1 b diéu khién don vi va 1 vai khéi bo
nho. Thiét ké CF-FFT dién hinh N diém c6
log>(N) tang pipeline véi mdi ting gom c6 1 BF
don vi va 1 sb thanh ghi dich. Mac du kién tric 1a
khac nhau nhung han ché vé toc d6 cua céc thiét
ké BF déu ¢ bd nhan (Twiddle Factor — TF). TF
ciing 12 nhan t§ chinh dan dén su chinh xac cua
céc hé thong FFT.

Kién trac TF c6 thé dugc chia thanh 2 thiét
ké chinh: thiét ké bang tra (Look Up Table —
LUT) va tinh toan tryc tiép. Trong thiét ké TF
dua trén bang tra LUT, cé4c hang s6 luong giac da
tinh toan trudc va dugc luu trlr trong bo nhé chi
doc (Read Only Memory — ROM), chung duoc
truy xuat ra dé sir dung khi thich hop. Mot vai thi
du vé bang tra LUT dugc thuc hién trong [16],

[17] va [18]. Uu thé 16n nhit cua kién trac LUT
la tbc d6 cao va do tré thap trong khi yéu cau vé
ngudn tai nguyén 1a twong ddi nho. Tuy nhién,
trong viéc trién khai FFT s diém Ién thi thiét ké
LUT can mot ROM c6 dung lwong qua Ion dan
dén viéc thiét k& mach tich hop 16n (Very-Large-
Scale Integration — VLSI) sé tro nén kho khan
hon. Bé khic phuc nhitng van dé trén, nhiéu cong
trinh nghién ciru da duoc dé xuat. Thi dy, H. Y.
Lee va L. C. Park [19] da d& xuat mot thuat toén
phan hay cdy nhi phan dé giam thiéu sb luong bo
nhan dugc luu trit trong ROM. R. Radhouane
cung céc cong su [13] dua ra mot phuong phap
dé t6i wu bd nhd cho CF-FFT. Mat ‘bd nhé truy
cap toi wu hoa’ dwoc mo ta bai X. Xiao cling cac
cong su [20] dé doc dit liéu va bo nhan sir dung
kién tric bo nhé 4 bank. S. Mou va X. Yang [17]
dd phan tich va t6i wu do tré doc sau khi viét
(Read-After-Write — RAW) trong hé thong vi xir
Iy FFT. Tuy nhién, cac ki thuét nay da khong dua
ra mot giai phap cudi cing ma chi danh d6i gita
dung luong ROM va d6 chinh xac hoic téc do
thuc thi. Vi nhimg kho khan d6, kién trdc LUT
chi phi hop véi céc tng dung FFET it diém. Con
trong c4c (ng dung can tinh FFT nhiéu diém thi
giai phép 1a tinh toan bo nhan tryc tiép.

Trong phuong phap tinh toan b nhén truc
tiép, thuat toan xoay toa do véc-to trong hé thong
tinh toan s (Coordinate Rotation Dlgital
Computer — CORDIC) da sém dugc dé xuat. Cho
dén nay, bo vi xir ly FFT dua trén CORDIC van
dugc nghién cu va phét trién [14, 15]. Thuat
toan CORDIC truyén théng cé tac dung Ién trong
viéc thuc thi bo nhan dau chim tinh vi né lam
giam d6 phuc tap cta phép nhan thanh phép dich
va phép cong. Tuy nhién, phuong phap nay
khéng thich hop cho thiét ké bo nhan dau chim
dong vi phép cong cua diu chim dong khong hé
don gian. Mach nhan duwa trén CORDIC truyén
thong trong FFT dau chim dong tén nhiéu tai
nguyén va téc do thap. Bé khic phuc tinh trang
trén, phuong phap CORDIC méi ¢6 d6 chinh xac
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tuong duong nhung ¢6 d6 hoi tu nhanh hon duoc
dé xuit. Han ché chinh cua phuong phap
CORDIC truyén théng l1a sé buéc lap. C6 nhiéu
phuong phap dugc dé xuat voi myc dich giam sé
vong lap ma van giir duge do chinh xac. Y. H.
Hu cling céc cong su [21] da dé xuat mot phuong
phép hiéu qua goi 13 ‘Angle Recoding CORDIC’
(ARC). Thuat toan ARC cat giam tdi thiéu 50 %
tong s6 vong lap. Y tuong caa ARC 1a chi chon
mot vai goc dé xoay thay vi xoay tét ca cac goc.
Vi thé hé théng c6 thé thuc hién nhanh hon va
tham chi c6 do chinh xac cao hon. Nhiéu tng
dung trién khai thuat toan ARC da duoc trinh bay
trong [22, 23]. Hon nira, bai viét cia Hong-Thu
Nguyen cling c&c cong su da dé xuat mot phuong
phép thich nghi cuia ARC (Adaptive method of
ARC — AARC) [24] dua trén dir liéu dau cham
dong c6 d6 chinh xac don. Thuat toan AARC da
dugc chiang minh thyc nghiém la it tén tai
nguyén, do tré thap va chinh xéc cao [24]. Dva
trén thuat todn AARC, thiét ké bo nhan ROM-
free da dugc dé xuat trong bai béo nay. Bo nhan
dua trén AARC dugc xay dung va chirng minh
trén chip FPGA Stratix 1V cua Altera va tong hop
SOTB cdng nghé 65 nm. Két qua thyc nghiém
cho thay kién triic dé& xuat cd tan sé chay trén
chip FPGA la 103,9 MHz va phan tich trén ASIC
la 166 MHz. Két qua vé dién tich chip la 7.747
ALUTs va 625 thanh ghi trén chip FPGA va
16,858 standard cells trén 86,718 pm? dién tich
chip SOTB. D6 chinh xac cia mach dugc kiém
tra bang cach trién khai thuat toan sai sb binh
phuong t6i thiéu va phan mdi triéu ti 18 13i téi da.
Két qua d6 chinh xac 1a 1.133E-10 MSE va
khoang 26 phan mdi triéu ti I¢ 15i toi da. Toc do
thuc thi tuong ung trén chip FPGA va tong hop
ASIC la 16,966 MSps va 27,107 MSps.

THUAT TOAN CORDIC XOAY GOC
THiCH NGHI (AARC)

Tinh toan CORDIC dua trén cac vong lap
ctia ba tham s6 X, Y, Z nhu trong cong thic lap 1.

Xip1 = x; — sign(z)y;27"

Yis1 = Yi +sign(z)x 2™ 1)
Ziy = 2 — sign(z)o
Trong d6, x;,1 Va y;4, la gid tri toa do mai
cua véc-to khi véc-to xoay quanh goc méi z;, .
Gid tri o; trong phuong trinh dugc goi 13 goc du
va c6 thé duoc tinh theo cong thic 2.

o; = tan” 1 (279 (2)

Sau mét vai budc lap, két qua cudi cing s& bi
tang 1én thém mot hang sb K goi 1a h¢ sé chiéu
dai. Vi vay, ngd ra X va Y can phai loai bo hé sé
K @& cho ra két qua dung. Trong thuat toan
CORDIC truyén théng, goc du 1a hing sb va géc
z; & giam gan mot nira gia tri sau mdi lan lap.
Mt khac, goc du trong AARC khong cb dinh va
chiing dugc chon dua trén trang thai trude do cua
z;. Nhu vay, thuat toan AARC c6 thé cit giam s6
lan Iap trong khi két qua ngd ra van c6 do chinh
xac tuong duong.

Hinh 1 cho thdy mi gia cua phuong phap
AARC. G6c 6; dugc chon trong mdi lan lap dua
vao goc du z; s& nhanh chong hoi tu vé 0. Trong
mdi budc lap, thuat toan s dung khai niém C, 1a
tich cua cac tham sb ci. Mdi gia tri ci thé hién
pham vi cta cac goc con lai xung quanh mot goc
khong d6i nhu ¢ thé dwoc nhin thdy trong céc

cbng thuc 3.
dthm 0<i<(N-2)
‘= e 3)
% Li<ovai> (N-2)
i=j=0zg=Ly=0K=1;

while |z;| > ¢y5 and i < N do
if ‘Z_];| e (Ci+1:(-’i] then
zj+1 = z;j — sign(z;)0i;
Tjy1 = — sign(z;)y; 275
Yj+1 = y; + sign(z;)r; 275
K=Kxkij=j4+1;
end if
i=it+1
end while
X=x; xK;Y =y, xK;

Hinh 1. M3 gia cia kién traic AARC
Do goc du z; luon thay ddi nén K ciing s&
thay ddi khong phai 1a hang s6 nhu trong phuong
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phép truyén thong. Hé sb nay la tich cua cac k;
nhu coéng thirc 4. Gid tri k; duoc tinh theo cong
thuc 5.
K = [lico k; 4
k; = cos(@i) (5)
Luu ¥y rang ma gia chi tinh cho gdc tir 0° dén
45°, Nhiing géc khac trong vong tron lugng giac
phai dugc chuan hoéa vé khoang gia tri trén nhu
Hinh 2.

J 0°(360°)

Segment Correction Correction

sin B,
o 4
cosB,

sinf,=-sinBy
cosB, =-cosB,

sin@, = cos0,
1 i 5
cosB,; =sinBy

sinB@;=cos B,
2 . 6
cosf, = -sin0y

sinfg=-cosf,

cosfg = -sinB,

sinQg= - cosOy
cosBg =sinB,

sinB; = sin@,
3 7
cos0;=-cosf

sinB; = - sinB,

cosf; = cosg

Hinh 2. Cac goc chuin héa trong vong tron lugng gic

HIEN THUC BQ NHAN
Tong quan kién tric by nhan

Twiddle Factor

{iX,iv}-—— Fadd

_XY :
’-’ & [H>{oX,oY}
tSell—L» FNI‘:i‘I | Norm |

Hinh 3. Téng quan bd nhén

Toéng quan bo nhan TF dwoc thé hién nhu
Hinh 3. Kién tric TF gom 4 mo-dun: Mo-dun
chon gdc xoay 6; (RotSel), Mé-dun tinh tong cua
X va 'Y (FAdd_XY), Mo-dun tinh tich ki (FMul_k;)
va Mo-dun tinh hé s6 K va chuan héa ngd ra
(FMulK_andNorm). M6-dun RotSel nhan gia tri
g6cC iZ tir bén ngoai dé tinh ra cac goc du 6 can
xoay. Tat ca cac goc dugc chuyén vao M6-dun
FAdd_XY va FMul_k; theo ting clock. Sau do,
nho qué trinh 1dp, M6-dun FAdd_XY va FMul_k;

tinh ra gid trji X, Y va K tuong ttng. Md-dun
FAdd_XY nhan gia tri khoi tao ban dau X, Y
tuong tng iX, iY tir bén ngoai. Sau do, gia tri cua
X va 'Y duogc tinh boi M6-dun Add_XY tai clock
c¢6 goc du 6 truyén vao. Cing lac d6, hé sb chiéu
dai K duoc nhan véi ki boi Mo-dun FMul_k; moi
khi c6 goc 6. Qué trinh lap két thic khi Md-dun
RotSel hoan thanh viéc tinh va chuyén toan bo
goc @ ra ngoai md-dun, lic nay hai Méb-dun
FAdd_XY va FMul_k; cling hoan thanh qua trinh
ldp ctia minh. D6 cing la lac Mo-dun
FMulK_andNorm hoat dong. Mb6-dun
FMulK_andNorm tién hanh nhan hai gia tri X va
Y va gia tri K dén tor FMul_k; dé cho ra két qua
cubi cung. Gia tri cudi cung cua X va Y phai duoc
chudn hoa theo dinh dang cua IEEE-754 truéc
khi truyén twong ung ra 0X va oY ¢ ngd ra cudi
cung. Nhu da dé cap ¢ trén, thuat toan AARC
phai quy doi tat ca géc ngd vao trong vong tron
lwong giac vé doan 0° dén 45° trugc qua trinh
tinh toan. Mo6-dun RotSel s& dam nhiém viéc
chuyén d6i nay. Tuy nhién, tin hiéu ngd vao va
ngd ra phai duoc hoan ddi clng vai viéc chuyén
ddi géc. Vé dic diém ki thuat, dir liéu ngd vao
hodc ngd ra phai dwoc hoan d6i voi nhau va doi
diu céc tin hiéu X va Y & ngd ra dé co két qua
chinh xéc cudi cung. Viéc chuyén déi céc gié tri
ngd vao va ngd ra duoc thuc hién dya trén Bang
1.

Bang 1. Bang tra phuc hoi dir liéu dwa vao thong

tin goc Z
R 2 Chuyén doi dir Do tin hi¢u
oran | Choén | gy | ngora
. Ngo Ngo X Y
vao ra
0 Z Khong | khong | Khéng | Khéng
1 n2-2Z Co Khong Céo Khong
2 Z—-7/2 | Khong Cé Céo Khong
3 n—7Z Céo Céo Céo Co
4 Z-=n | Khong | Khéng Céo Co
5 3n/2 - Co khéng | Khong Co
Z
6 Z- Khong Cé Khong Co
3n/2
7 2n—-Z Céo Co Khéng | Khong
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M@6-dun chon géc xoay 6i (RotSel)
Rotation Selection (RotSel)

) Z - oRec_info
iZ —» —. i
i |Normalizer

~» 0SignZ

ivalid —‘—l

: - > oStart
: init Ze0 :
" e l
N . m 5 oRot
oWait “controller LUT :

3 oEnd
—»-0Valid

Y
H

Mux

Hinh 4. So db khéi ctia Mé-dun RotSel

Hinh 4 mo ta so d6 khdi cua Md-dun RotSel.
Trong d6, Mé-dun Z_Normalizer chuyén d6i goc
ngd vao iZ vé dang géc chuan héa NormZ cé gia
tri trong doan tir 0° d&én 45°. Tin hiéu oRec_info
c6 3-bit s& chira théng tin mién gi tri ma iZ phu
thuoc vao. Tin hiéu oRec_info s& gidp phuc hoi
lai dir liéu sau nay dwa vao Bang 1. Luc bat dau
quéa trinh Iap, mach da hop (multiplexer — Mux)
s& dua gia tri NormZ cit vao thanh ghi. Con trong
quéa trinh lap, két qua cua bo cong trir (ALU) s&
dugc Mux chon dé cit vao thanh ghi. Trong
ALU, gié tri cua goc Z tiép theo duoc tinh bang
cach cong hoac trir gia tri Z hién tai véi goc du 6
hién tai dugc chon ra tir bang tra. Ma géc 9 hién
tai thi duoc tinh boi lan xoay trudc théng qua
LUT nhu c6 thé thay trong Hinh 4. Két qua ALU
duoc lap lai va luu trir trong thanh ghi trong moi
1an I3p va dau cua no s& dugc dua thang ra ngd ra
bang tin hiéu 0SignZ. M6-dun SetRot 1a Mé-dun
ra quyét dinh lya chon géc cho lan lap tiép theo.
Dua trén gia tri cua géc Z hién tai ma n6 nhan
dugc, Mo6-dun SetRot s& chon goc tiép theo dé
xoay. Khi bt diu qua trinh lap, Md-dun SetRot
nhan gia tri géc Z trong Md-dun Z_Normalizer
thong qua tin hiéu NormZ. Ngoai ra thi né nhan
gid tri tuyét d6i cua goc Z tir ALU khi dang trong
qua trinh lap. Toan bo qué trinh lap s& két thic
khi tin hiéu cho biét Z bang khong (Ze0) duoc bat
I&n. Va cudi cung, Md-dun Controller diéu khién
hoat dong lap cua RotSel va quan Iy céc tin hiéu

diéu khién khac nhu 1a oValid, oStart, oEnd va
oWait. Gia sir rang g6c Z can xoay nhiéu lan dé
tinh toan. Khi do, tin hiéu oWait s& duoc Mo-dun
RotSel bat 1én dé yéu cau bén ngoai chd, con hai
tin hiéu ngd vao la ivalid va iZ s& duoc gilr
nguyén trang thai. Tin hiéu oValid bat lén 1 dé
danh ddu mot phién 1am viéc cua bo nhan TF. Tin
hiéu oStart va oEnd bat Ién trong mot clock sé
lan lwot danh ddu sy bat dau va két thic cua
phién tinh toan. Tin hiéu oWait & mac 0 khi Mb-
dun két thic quéa trinh chuyén ddi goc xoay. Sau
do, trong chu ky ké tiép, tin hiéu ngd vao ivalid
va iZ duoc tat khi ching thay tin hiéu oWait tat
va phién tinh Z hoan tat. C6 mot truong hop dic
biét ngoai 18 1a khi goc ngd vao bang 0. Trong
truong hop ndy, gia tri 0X va oY & ngd ra bang
gid tri X va Y & ngd vao. Vi thé, phién tinh toan
khi Z bang 0 chi kéo dai trong mét clock.
Mo-dun tinh tong caa X va Y (FAdd_XY)
Mo-dun FAdd_ XY cong tich lity hai sé dau
cham dong X va Y . S6 dau chim dong 32-bit
theo chuan IEEE-754 bao gém 3 thanh phan:
thanh phan diu (signed) 1-bit, thanh phan s6 mii
(exponent) 8-bit va thanh phan gié tri (mantissa)
23-bit. C6 3 bude co ban dé thyuc thi bo cong hai
s6 ddu cham dong: can bang sé mii, cong hoic
trir hai phan mantissa, chuan héa két qua ngd ra.
Dau tién, sé mii cua ca hai sé hang phai duoc so
sanh voi nhau. S6 ¢6 s6 mii nhé hon dugc dich
phai dé c¢6 s6 mii giébng véi sé mii cua s6 con lai.
Tir @6 dan dén hai phan mantissa cua hai s6 hang
c6 thé dugc cong truc tiép voi nhau ¢ budc thi
hai. Trong budc cudi cuing, két qua cua bo cong
dugc chuin héa vé& dinh dang dau chim dong
IEEE-754. Trong kién trac nay, Mo-dun
FAdd_XY s& bo qua wdc chuan héa cudi cung.
Ly do la vi Mo-dun FAdd_ XY can tinh cong tich
lity dir liéu. Do d6, viéc chuan héa va giai chuan
hoa dir ligu lién tuc 12 khong hop ly. Vi thé, phan
chudn héa ngd ra duoc bo qua trong Mé-dun
FAdd XY dé don gian hoa cho viéc thiét ké.
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FAdd_XY ixX iy

............................................................

iRec_info -

istart = Mux Mux

L

iRot

EDif+iRot

HE) > J

iSignz—

Control

Sign [, 2's Comp.| [2's Comp.
; ; mX mY :
I = i

iValid =

iEnd =

oValid oX oY
Hinh 5. So db khéi cuia Mé-dun FAdd_XY

So dd khdi cua Mo-dun FAdd_XY duoc
thé hién trong Hinh 5. Thong tin iRec_info cho
biét goc hién tai dang ¢ g6c phan tdm nao trong
vong tron lugng gidc nhu Hinh 2. Gia tri vao iX
va iY c6 thé dugc hoan ddi dwa vao gia tri
iRec_info theo Bang 1. Sau do, Mux chon di li¢u
tir ngd vao hodc dir liéu twong ung tir thanh ghi.
Dit liéu dugc chon dugc chia thanh 3 phan doc
lap: phan dau (sX va sY), phan exponent (eX va
eY) va phan mantissa (mX va mY) nhu da mé ta
trong hinh. Phan exponent dugc so sanh véi nhau
dé chon ra so cé exponent l6n hon. EMax va
MMax lan luot |4 gié tri exponent va manissa cua
s6 ¢6 s6 mii 16n hon. Tuong ty, EMin va MMin
tuong wng 1a exponent va mantissa cua sé ¢ so
mil nho hon. Gia tri Edif la hiéu cua EMax va
EMin. Chic nang cua Md-dun Right_Shifter la
dich phai phan mantissa dé can bang gié trj s6 mii
cua hai s6. M6-dun Right_Shifter can thong tin
cua Edif, iRot va Edif +iRot cung véi hai
mantissa MMax va MMin dé tinh céc gia tri cua

Xi, Yi2™', Yi va Xi2™' nhu trong Hinh 5. Theo cong
thae 1 thi cap Xi, Yi2 ™' cling nhu cip Yi, X277 s&
dugc cong hoac trir v6i nhau. Viéc cong hay trir
s& phu thudc vao céc phan dau sX va sY , cuing
v6i dau cua Z dén tir ngd vao thong qua tin hiéu
iSignZ. Két qua cac phép tinh s& duoc di qua cac
Mo-dun 2’s complement dé 1y tri tuyét d6i. Cac
co tran Cout cua cac ALU cuing véi cac phan dau
dugc dua dén M6-dun Control Sign dé sinh ra
céc dau cua két qua. Phan exponent ciia két qua
chinh 1a gié tri EMax. Hai két qua cubi cing cua
X va Y duogc luu trit trong thanh ghi cho lan lap
tiép theo hoic dua ra bén ngoai thong qua hai tin
hiéu oX va oY. Ngoai ra, d6i véi truong hop dac
biét, khi géc vao bﬁng 0 duoc biét khi tin hiéu
iStart va iEnd bat 1én ddng thoi trong mot clock.
Khi d6, 0X va oY s& duoc lay truc tiép dit lisu tir
tin hiéu ngd vao thay vi lay tir hai thanh ghi két
qua.

MO-dun tinh tich ki (FMul_ki)

Hinh 6. So db khi cia Mé-dun FMul_ki

Két qua ngd ra cua MoO-dun RotSel, iRot
dugc truyén vao Mo-dun FMul_k; dé tinh gi4 tri
K. M&-dun FMul_k; thuc hién viéc nhan tich lay
gia tri K theo cdng thiac 4 va né duoc thuc thi
song song véi Mé-dun FAdd_XY. Hinh 6 mé ta
so d6 khdi cua Md-dun FMul_ki. Khi nhan 4-bit
iRot, gié tri ki mdi dugc chon tir bang tra LUT dé
dua vao bd nhan. Khi do, gia tri ki méi s€ dugc
nhan véi gia tri K hién tai dé tao ra hé sé K méi.
Hé sé K nay dwoc luu trit bing thanh ghi va duoc
truyén ra ngd ra bang tin hiéu oK nhu c6 thé thay
trong Hinh 6. Khi bat dau, thanh ghi Iuu hé s6 K
duoc khoi tao vai gid tri 1a 1. Bai vi cac gia tri ki
déu 1a s6 duong nén sé& sir dung thiét ké bo nhan
khong dau toc do cao ké thira tir cong trinh trudc
d6 [25]. Heé s6 K c6 gia tri tir 0,60725 dén 1. Hé
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s6 nay dat duoc gia tri nho nhét 13 0,60725 khi tat
ca 16 gia tri nhan véi nhau. Va né bang 1 khi
truong hop dic biét Z vao bang 0°. Boi vi gia tri
hé s6 K chi dao dong trong mot khoang cé dinh
biét trudc, nén Md-dun FMul_k; chi xir ly phan
gia tri cia K ma bo qua phan diu va phan mii cua
no.

Mo-dun tinh hé s6 K va chuin héa ngé ra
(FMulK_andNorm)

FMulK_andNorm 1K

man(iX) — xX) (X man(iY)
: LOD| LoD
exp(iX) exp(iY)
Left Left
Shifter| |Shifter
: A
iRec_info — Swa| Swa
sign(iX) = Sign
sign(iY) —»|Recove
basssadsasscssshsssssasahasssadssnacnsdasacachaed
sign(oX) man(oX) exp(oX)
sign(oY) man(oY) exp(oY)

Hinh 7. So db khéi caia Mé-dun FMulK_andNorm

Muc dich cia Mdé-dun FMulK_andNorm la
dé nhan hai gia tri cua X va Y dén tir Mé-dun
FAdd_XY véi hé s6 K dén tir Mé-dun FMul_ki,
sau d6 chudn héa két qua ngd ra dang 32-bit diu
chim dong IEEE-754. Hinh 7 cho thay so do
khdi cia M6-dun nay. Bai vi phép nhan khéng
can quy dong hé sé mii nén gia tri mantissa cua K
dugc nhan tryc tiép v6i phan mantissa cua hai gia
tri vao la X va Y . Viéc thuc thi b nhan duoc dya
vao bo nhan khong diu téc do cao ké thira tur
cong trinh trude d6 cua nhém [25]. Két qua cua
b nhan s& dugc chuyén dén M6-dun phat hién sb
1 dau (Lead-One-Detector — LOD) dé tim ra vj tri
ctia bit ‘1’ d4u tién dang nam & vi tri ndo trong
chudi sb. Dya trén théng tin tir M6-dun LOD,

Mo-dun Left_Shifter dich két qua d6 sang bén trai
nham bo tat ca cac bit ‘0’ vo nghia ¢ dang trudc
trong chudi bit. Bong thoi, phan sé6 mii cua két
qua duoc giam bang luong bit ma né dich tréi.
Cubi cung, phan exponent va phan mantissa cua
két qua dugc hoan doi cho nhau twong tmg nhu
trong Bang 1 dwa vao tin hiéu iRec_info, vdi
iRec_info cho biét vi tri cua goc Z thugc goc phan
tam nao trong vong tron luong gidc. Va cudi
cung, Mé-dun Sign Recovery ciling can ctt vao
dau cua hai tin hiéu ngd vao cing vai thong tin
dén tir iRec_info dé quyét dinh déu cho ngo ra.
KET QUA THUC NGHIEM

Thiét ké bo nhan duoc xay dung va kiém tra
trén chip FPGA Stratix IV cua Altera va phan
tich ASIC trén céng nghé¢ SOTB 65nm. Tai
nguyén sir dung trén FPGA la 7747 LUTs va 625
thanh ghi. Tan sb dat duoc trén FPGA 1a 103,9
MHz. Két qua thyc nghiém cua phan tich ASIC
duoc so0 sanh véi cac thiét ké khac dugc trinh bay
trong Bang 2. Dua trén Bang 2, thiét ké AARC-
TF sir dung 16.858 standard cells chiém dién tich
86,718 um2. R& rang, c thé thiy rang thiét ké
dugc dé xuit c6 thoi gian tré 1a 6,024 ns, tuc
trong dwong véi tan sé téi da dat duoc 13 166
MHz khi so sanh véi nhitng thiét ké khéac sir dung
cung mét dién tich twong dwong. Tuy nhién, luu
y rang thiét ké AARC-TF 1a mét kién tric dua
trén nén tang CORDIC, do d6 AARC-TF tinh
tryc tiép bo nhan trong khi cac thiét ké khac thi
st dung kién tric bang tra LUT lam co s6. Ma
kién trdc bang tra LUT thi tiéu ton thém tai
nguyén bo nhé dé luu trir céc gid tri cua phép tinh
lwong giac trude d6, dan dén cac véan dé bat loi
trong tinh toan FFT véi s6 diém 16n. Vi vay, kién
trac AARC-TF hoan toan c6 thé thay thé dugc
cho cac phuong phap truyén thong va giai quyét
dugc téi wu bo nhé cho tinh toan trong hé thong
FFT c6 s6 diém lon.
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Bing 2. So sanh két qua thyc thi trén ASIC véi nhitng thiét ké khac

Cong nghé Kién tric TF Po tré | Standard | Dién tich
(ns) cells (Um?2)
AARC - TF 65 nm CORDIC-based 6,024 16.858 86.718
SOTB
Fused Butterfly véi bd nhdn Wallace [18] 45 nm Bulk LUT-based 4,65 N/A 116.886
Fused Butterfly vdi MCM [18] 45 nm Bulk LUT- based 4,08 N/A 97.302
Fused Butterfly vai MMCM [18] 45 nm Bulk LUT- based 4,34 N/A 101.312

Bang 3 cho biét thoi gian va d6 chinh xéac
cua bo nhan sé phuac dugc thé hién qua ca hai
thiét ké trén FPGA va phan tich trén ASIC. Boi
vi @6 tré cua kién tric chi dya trén gié tri cua goc
ngd vao, nén @& kiém tra téc do cua thiét ké, 3600
g6c ngd vao trong khoang tir 0° dén 359,9°, Vi
0,1° buéc nhay dwoc st dung dé kiém nghiém.
Két qua thuc nghiém cho thay kién tric can
22.046 clock dé tinh cho tat ca 3.600 géc. Vi vay,
né mat trung binh 6.124 clock cho mdi goc. Nhu
vy, tng Vvéi tan sb toi da cua thiét ké trén chip

FPGA va téng hop trén ASIC lan luot la 103,9
MHz va 166 MHz, ta c6 téc do tuong Gng I
16,966 MSps va 27,107 MSps. V& do chinh xac,
gia tri MSE 1a mot thong s6 lubn ludn can thiét
cho céac hé thdng xur Iy tin hiéu sb. Tuy nhién,
trong thuc thi diu chim dong, ti 1& 15i 16n nhét la
can thiét bén canh nhiing gia tri MSE. Thiét ké dé
Xuat c6 do chinh xac 1a 1,133E-10 MSE va
25,894 ppm ti 1¢ 13i t6i da nhu c6 thé thay trong
Béang 3.

Bang 3. P chinh xéc va thoi gian tré

A x . Téc dé trung binh . . Ti 18 15i toi da
Do tré trung binh ; Do chinh xac y
- g (MSps) : (ppm)
Stratix IV 16,966
SOTB 65nm 6,124 27107 1,133E-10 25,894
KET LUAN

Bai bao dé xuat mot kién tric tinh truc tiép
bo nhan sb phic ddu chim dong sir dung thuat
toan AARC. Thiét ké thuc thi trén chip FPGA
Stratix IV cua Altera va tong hop ASIC trén cong
nghé SOTB 65 nm vdi dit liéu dau cham dong cé
d6 chinh xac don. Két qua thuc nghiém cho thiy,
b6 nhan c6 do chinh xac cao vé6i 1,133E-10 MSE
va 25,894 ppm ti 18 18i t6i da. Tan sé dat duoc la
103,9 MHz trén chip FPGA va 166 MHz trén
tong hop ASIC. Véi do tré trung binh 13 6.124
clock trén mdi goc xoay, tbc do thuc thi dat dugc
trén chip FPGA va tong hop ASIC tuan tu la
16,966 MSps va 27,107 MSps. Tai nguyén sur
dung trong thiét ké nay 1a twong d6i nho. Cu thé,
chip FPGA st dung 7.747 LUTs va 625 thanh
ghi trong khi téng hop ASIC sir dung 16.858

standard cells trén dién tich 86,718 pum2 Két
luan, thiét ké bo nhan tryc tiép st dung kién tric
AARC-TF c6 thé khic phuc van dé vé bd nhé
trong hé théng FFT c6 sb diém lon. Vi thé, dé
xuit TF c6 thé duoc sir dung cho thyc thi FFT s6
diém I6n ddu cham dong téc do cao.

Loi cdim on: Bai bdo la két qua hop tic nghién
ciru giita Phong Thi Nghiém DESLAB, Khoa
Pién tuw—Vién thong, Truong Pai hoc Khoa hoc
Tw nhien-DHOG-HCM va Phong Thi Nghiém
VLSI, Truong Pai Hoc Pién tw - Truyén thong
(University of Electro-Communications - UEC),
Tokyo, Nhat Bdn. Nghién cuu duwoc tai tro boi
bBai hoc Quoc gia Thanh pho Ho Chi Minh
(PHQG - HCM) trong khuoén kho Dé tai ma so
B2017-18-05.
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An efficient floating-point FFT twiddle
factor implementation based on adaptive
angle recoding CORDIC algorithm

e Vo Thi Phuong Thao
e Truong Thi Nhu Quynh
e Hoang Trong Thuc
e LeDucHung
University of Science, VNU-HCM
ABSTRACT

In this paper, a single-precision floating-
point FFT twiddle factor (TF) implementation is
proposed. The architecture is based on the
Adaptive Angle Recoding CORDIC (AARC)
algorithm. The TF design was built and verified
on Altera Stratix IV FPGA chip and 65nm SOTB
synthesis. The FPGA implementation had 103.9
MHz maximum frequency, throughput result of

16.966 Mega-Sample per second (MSps), and
resources utilization of 7.747 ALUTs and 625
registers. On the other hand, the SOTB synthesis
has 16.858 standard cells on an area of 298x291
um?, 166 MHz maximum frequency, and the
speed of 27.107 MSps. The accuracy results were
1.133E-10 Mean-Square-Error (MSE) and about
26 part-per-million (ppm) maximum error.

Keywords: floating-point FFT Twiddle Factor , FFT, AARC CORDIC
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