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Abstract: In order to solve the problem that coordinate rotation digital computer ( CORDIC)
algorithm is difficult to meet the requirement of low latency and high accuracy in hardware
implementation, a low latency floating-point sine and cosine function hardware implementation
algorithm is proposed. This algorithm divides the range of the input floating-point number’s
exponent into 3 regions of [ —126, —16], [ —15, 21] and [ 22, 126 ] based on the mathematical
properties of sine and cosine. In the three regions, Taylor 0-order approximation, Taylor 1st-
order approximation, and direct calculation methods are used, respectively. Taylor 1st-order
approximation method is optimized by converting to fixed-point, induction formula reduction, and
precomputing output exponent to reduce calculation complexity and improve parallelism. A 4-
stage pipeline hardware implementation of the optimized Taylor 1lst-order approximation is
provided. By the way of traversal test, the accuracy of the proposed algorithm is only 1 ulp (unit
in the last place) away from that of the C-language math library at most. In UMC55nm process,

the circuit can reach 250 MHz clock frequency and the total latency per operation is only 4 clock
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cycle, which means the property of low latency.

Keywords: sine and cosine function; Taylor first-order approximation; coordinate rotation digital

computer algorithm; hardware implementation

HA EZ AR BT AR ) (i s E )
ZIH T Ak, 8@ S i CPULGPU f1 DSP
H A T THEAT IE 5% 4% 5K R BGE B  BE R EOT ]
i TI /) TMX320 &40 DSP s |, H A — 4l
UL WL 00 CTMUD & 1 52 304 8 e 5004 P
LA

14 55 ) 1E 5% 4% 5% R B B 0 52 B, 32 2 R A
BRI 37 B L (CORDIC) & 1, CORDIC &
2 AR FAAE T H B T BRI L AU B8 AL AT A A R0 N ik
v /WO A AT LS B A BB S TE T B I
SECH BN 38— e kA RS I — A RO
X T BORS E VE 55 45 CORDIC 241 75 B 88 £ 1) It
oo JE S A i 1 45 AL 3k B BRORG B IR ST R MR B
T M, HiFZ gt CORDIC & i i Para-
CORDIC™* | Hybrid CORDIC!M |
CORDIC ™ &, 5 fif FIE 20 )& IF (1 s AE — 4~ i
RN AR, X R R E L
4796 T CORDIC Bk (4 ZE B, {0 24735 e AN T IK4E
B3 1 5 K

Fk CORDIC B3k 5h A7 2152 1% T 2 5 X 40l
FE R BRI B RUR T
TR SRR Lk B B A SR R AP R T
K 1 T 08 B A e A B SRS B VR S TR A .

SR Tl P OE 5% 4% 5% bR BT B AE B 3R R — ()
R AR SCHE T — i AR AE B () 97 A DE 5% 4% 5% oR A
PR . R 4 BEAY SRR SO B TR B
A F B BGE B 09 AS T8 R 43 Ry 3 S ) DX 380 A 3
3 AR ) B35 43 391 SR B AS T 1) 5 35 ok R IE 11 35 1
K BE o[RBT o PR IR R A B A A B A 4 A4 I PN 98 B
I

AR SCEE R B4y O B | I TR T R S G 4 R
3RSy . BIEERA R T 3 AL A2 ZE ) 0
BYam ol 2 8 1 B LR R B . TR
10 BT RN B B b R A AR SO A A BT 48
1) O 1 [ 7 SO DA I = 05" i 75 N s
JRAEZE WD 1 B i LAk f SE B b, 7E SC IS A5 R
G5 s A verilog B R AR TR F SE B0 T 4 05
TR A5 A, S8 R TR B DU A, O E B H UMC
55nm [y T. 2. #1 Altera Cyclone IV ¢ & F#tfT T
BRLEA . AR IRIF AUIE T A 5% R B 1 5

Scale-Free

http: // zkxb. xjtu. edu. cn

LB RN E SR e C 15 math B HORS B IE X &
S PRECR T SR A LE e 2 0HH 22 1 iR 28 B
Culp) . JF ELREREAE 4 4> i 4 J5 300 )9 5¢ mias 60, 2 AT
IR S I B 25 5

1 fRRHE B P2 5 1E 52 A% 5% pRVRURE 1 5505

AR SR T 3R 1Y) TE 5% 4% 5% pR AR o e R
sin(27x) Fl cos(2rx) , W FEE siny Flcosy, A]
M y=2xx ¥ H N sin(2xx) Mlcos(2rx) .
FEBETT A A sin(2ra) Bl cos (2na) BYTE R, 2y
FEXFE R, 1T LLEE 5 Mok iz 5 a5 Ak D 115
AR RE T
11 EEANRRBEER XX

IEEET754 F5 it #L & 19 — > B A% Ak i) B0KS 32
TR 2 A5 32 A, o RS Oy 2[31 ] 4R B A
A 8 i B 31 L2 BN5S 23 7. 3R #[30:23], &
WA 127 IR BT s A A 23 7. NEE 22 235 0
B, R H 2[22:0], EHME T — DRSS,
ARG REVE MU x B — A (— DY (L
2[20:0027%) 2029 Sy T SRk S s L FE R 3
AR EC X — TR R R o[30: 23 Joi 2 fw iy 1275
I RECE R (1'bL.2[22:0]) . o b AR ZJE 6,
SR H ey 23 7 kAL

X T T 5% 4% 5% bR AR AR L= R S o o A d%
ST 7 R = = N S TR = A S B W T N
TR By S TR N RO BRI RO FR EG
LAY DX ) R o — 5 T AR A0 = A ek B 1 S5, 2
i N BORS BE TR B SR BOR T55 T 22 RS
(=D A+a[22.0]27 %) 2, Hrh e I e=
22, ICIIZ S B AR 2 B R R T I (g
Bt e=22 H x[0]=1), X} cos(2nx) FREL, IR iZ L

RENBE S

sin(2mx)

4 2x2212x2%+0.5 X

%0 05 10 15 20
K1 ISR o Bos A

Fig. 1 Sine function segmentation diagram
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¢, S, fi Se (AR Sy c
0 0 0 0 sin 0 0
0 0 0 1 cos 0 1
0 0 1 0 —sin 1 0
0 0 1 1 —cos 1 1
0 1 0 0 —sin 1 0
0 1 0 1 —cos 1 1
0 1 1 0 sin 0 0
0 1 1 1 cos 0 1
1 0 0 0 cos 0 1
1 0 0 1 —sin 1 0
1 0 1 0 —cos 1 1
1 0 1 1 sin 0 0
1 1 0 0 cos 0 1
1 1 0 1 —sin 1 0
1 1 1 0 —cos 1 1
1 1 1 1 sin 0 0
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Fig. 6 Floating-point sine and cosine function calculation circuit structure
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Table 2 Sine function traversal test results

15 Sa-BUNIL/ % B2 1 up fK/%
[—126,—16] 83.24 16. 76
[—15,21] 95. 68 4.32
[22,126] 100. 00 0

(3 AmIFEBHMNKER

Table 3 Cosine function traversal test results

FenE| SEE—FE/% R up /%
[—126,—16] 100. 00 0
[—15.21] 94.70 5. 30
[22,126] 100. 00 0

i Iy 45 S R, T OE 5% eR R 7R B A I R B0
B[ —126, —16 I 45 RAFTE 1 ulp AR 225, X
EHTFEZXBNMBHAT sin(2re) =2rx AKX,
0L TN € R (1 e /W LK O O I
AR 2 RSN T B S 2% 45 R =
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Toulp, XF T AR TE8GEF v [ — 15, 21 ] Z [B] i,
TR — Bk f e kR, AR ERw
Sxpr R 22, ALY 1 ulp BR 2. AERA
BECHL22,126 JZ [ B F BFA FRIR A5 R O 0.1
HEAT AR PR A A AR IR 22

XT3 5% PR AR TE B AR FE £ B oA [ — 126,
—16]F[22.126 JZ BB, AAETE 1 ulp BYIR 2, X
2 R R E 3 8 DX ) Y 4 9% R ECERR O 1.0 Bl
— 1.0, A BT EAE R IR A AR iR 25 . X
AR EGEE [ — 15, 21 I8, 5 1F 5% R i m) 28,
T RAZE 1 s E R EARE, &4
BWTIR 22, SBUT ARV 1 ulp 225,
3.2 EEMsE

ARSCHE Sl B H UMC 55nm CMOS T2
FEL7E SS T2 #1.1.08 V150 °C .RVT &4 T, 4%
H 250 MHz (B} 7 29500, 5% FL B AT B 25 6
WA TE FPGA F & F, f#i [ Altera Cyclone IV )
EPACE115F29C7 its A, #£ Slow 1 200 mV 85 C
Model FifffTZ LG LM, WATG T IEZRZ
PRIER L B PR RE AN 4 BTUR

k4 EEAZERH BB
Table 4 Sine and cosine function circuit performance
Fa R/ MHz - RS R A AER /ns
UMC 55nm 250 247 329 ymz 16
Cyclone 1V 64

42 743 LUT 62.5

k£ (LUT) (2 # H (Slice) 32 # #.J0 (LE)
45 Ay e 6 14 B AR 21 L C

AT UMC 55nm #9 SS T2 A T 7] i 3
250 MHz I B 38, 58 i — YK IE 3% 4% 7% R 8508 B
(4 2E B ARy 16ms » FLATfIG 2 B (9 47 2 . AR ikl F
SR T R A R 3 vk 2% A BT, R IS T BRUAH X A
K.Hh 247 329 ym®, £ Cyclone IV ¥ & [, AT
fEd 25 T2 Rl ik 5 64. 02 MHz (BB 5, 58
JL— UK A 1E 5% 4% 3% PR B BB 62. 5 ns, [ H
T 427344 LUT, HFAREIFRHAEGZHE LN
R, B G T RE LUT %,

5 I T ARG A SR i IE 5L A 5% R
HOHL PR RE X G . 2 P A Y TE 5% 4% 5% oK BI0H I
M RIRZE A 1 ulp, £ ASIC B3, SCHik
[14 ]9k H TCORDIC 5836 52 3L T WOKS B 1E 5% 4% 5%
PR, 1E 40 nm CMOS ) TT T2/ F . 7% 64 4>
JAWI A BE 58 s B MIE T 38. 4 ns, SCHEK[ 8l
PG JETF CORDIC 539 52 8L T UUKE B 1E 5% 4% 5% bR




11

BRI 25 IR AE I ) P A % A% 0K R B 11 S BB 1k 113

0,7 TSMC65nm T. 20 F . 5 2 15 A~ J& ] 58 i iz
B REERY 75 ns, SCERL20]F R I T AR RS
RIS S T RS B E X AR uﬁ@Qwr
texIT E & R AIERT 2 85 ns, SCHE[ 18] 3%
%@&%m %%ﬁﬁ%AﬂTlMllﬁiﬁi

PREL, 7F StratixI] *F G F , 75 2 3 A4 i W] 58 iz
Ei,uﬁi_ﬁf 31. 3 ns,

A5 AR FER g &R
Table 5 Circuit delay and area comparison among different
schemes
ES S| JERY /ns  THIFR B BT AR 5
AL ARG 16 247X10°pm® UMCS5 SS
SCHRL14]  RURS B 38.4  194X10°um* 40nm TT
SCHR(8]  RURS 75 293X10°pum’ 65nm TT
k(20  HURS 89 2 081Slice  Virtex 11

CHKL18] 16 13 % M, 31.3 828LE Stratix II

4 %5 B

AR SCHR T — ol i R AT A B (1 P A IE AR AR X
DRSO (1 S R TE o e A H R R B 4 ok 3 4
A T) B X 3L A2 X 3 A X8 P 40 90 SR T A [ )
PR B T RS IR S H T EORMRS . A CE
HUL AR BCEL — 15, 21 2 [a] i H ) 28 ) 1
B AL 3 2 AR i o — R S A 2R R
B R0, 7/2) N A IE 3% PR BT B SRR B e —
A I 4 S B A A e ) A 4R G A8 B TR in a2 L AT
SEPE TR
E HL HEBE T 4 A BE T FH T DY 9% 9 Ak £k 4
F . SRS AR B IR IR S C il
Fomath FEM R E L L ME 1 up, FEHEH
UMCS55nm 1 SS T. 2 f1 T . 1% HL % BE 6 35 2| 250
MHz B BR550% , GE B AL 16 ns, £ - 26 55 ZLAK 4E
B 18 07 FH 3 55 v s AR SO HY I R RS B AR AE 15 OE 5% 4
5% oA B Bk A R R

SE LK.
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