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ZHRIH {27}, {27 — 1} Al {27 + 1} SrERME. STk [6,7) 0 alfeH T3R8 {27 — 1,27, 27 + 1,227 + 1}
AT {2n —3,2" — 1,27 41,27 4 3} IVUIEE REEE, Sk 8] 4 H T W {27 — 1,27, 2" + 1,27 F! + 1} il
{2m — 1,27, 2" 4+ 1,27 1) AR, i OCHR [9) FRH TR M {2 — 1,27 27 41,27 — 1,27 — 1}
() FLIEIE AR B, SOk [10] WA T BA {2m —1,22m 4 1,22'm 1, 22" 4 1} BRI S liE A
ey

T, e rh 48 K2 BT e ik % {27} A 2" + 1} fE AR B, XEBER BT H
BT VLST SCBLESAl >y — ik )12 4, 1X AT LL7s 7 R RS B 0 B RO, R, X e R i
) g 18 5 R AR INEIZ BT R/B (residue to binary) F#:ISEILE 2. BT REGEW RN E
P, G0 356 36 v R AR B SR S B B P R ) — A B B R O G B R R O MR B AT VAN . B
XFF VLS HLE& BRI THIAR B SEF0 D RE P BE 0 VP4l >R A B A7 [ TR AL Bl B4R A VILST Wit TR EAT
FEAI M. T B T TRRY 20 My O 2 BB II 9 T i I W ik —, BARFT R I fe 2
BREUETEA S B VLST SEBR, (H BT 547 TR AR 7E RTL G0 5 2% FBE R REEAT 0 M DEA,
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e, NRBIE IR Bt —Fh] 228 K4k E.

AN, BT BRI AR ERZ L {20 f1 {20 21} AAREFE S E, N T AR EZ N E
JREER, IR R 2 EE R ARG. I — W, A SCEE SNSRI & {20 - 28 — 1],
TR T — P HA M RSP SRS I AR S = ASVE BRI 2 R = AT B AR O @ Tk,
HIEARFEA N (27,20 —1,2n =28 —1,.. .2 —2F 1, 2" —2" 2 _ 1} 1<k <n-2), EALE
Gy N imiE DL E R RECR G FEOE O N IR B &, SR [12] A T HEEARIE E T —— B
DIERS B SEI TV, I A3 — S AR B (1) 1 F B4 7 Jk A,

2 EACHBETERE

5@ it RAEE A RE T, ke F Il m A&l XTI A B (A, B €
[0,m)) FATE IR E & XN
{A+R A+ B<m,
C=(A+B), = (1)
A+B—-m, A+B>=m.
Bl A F1 B A /ANF m W EFEIILAE BRI E A5 R, B m AE BNk IE E i & 45
R AERET bR S BV S IS S R
{A+R A+B+T < 2",
C=(A+B), = 2)
(A+B+T),.,, A+B+T>2"
Hp, T =27 —m, n ARINERRILISE, n = [logym]. EREW, ¥ A+ B+ T Wk N <17, T
BIERISE RN A+ B+ T BK n bit, RN A + B, 1X5& H AT 48K 22 BRIk 28 B vE B i 1) 2
ZNYIR
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b UL, JESRAETE T 2 5 T @ R InyE S ) AT TR g A 1215061 X R A S A+ BT
(PR SR 38— N 2R I AT 408 5 S50, vT U BT i T AR B SE PR e 5 A — 2Rt 7 v
Bt BAR IR ANETE AT AL BT, BnmE 58 i 22 AR 2n — 1 IIVEAR AR 2m + 1 Jnvkes.

DS M XC 1 7 S 14 VT w1 ity car VA T 0 1) = R w2/ = /S R N I L o |
T2 a8 AR 1.

BEXIARL 2m — 1 IVERS, B 7 i Rl 75 =X, FLSl & /) i A B &5 S i om Ee
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AIZRE5M) [16,17). Rk, B2 2n — 1 hnvkas BAA Sl b vk as e i S e .
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Table 1 The DUR performance of common used 3-channel moduli sets

Moduli sets n=4 n==8 n=16 n=24 n=32

R1 = {27 —1,2",2" + 1} 0.9226 0.9600 0.9796 0.9863 0.9897
Ro = {2n—1,2n,2n + 1} 0.8977 0.9226 0.9374 0.9308 0.9473
Ry ={2" —1,2" +1,2?" + 1} 0.8889 0.9412 0.9697 0.9796 0.9846
Ry = {271 —-1,27 —1,2"} 0.9740 0.9993 1.000 1.000 1.000
Rs = {27 —1,27,22"+1 1 1} 0.9394 0.9704 0.9848 0.9898 0.9923
Re = {27,227 — 1,227 41} 0.9479 0.9755 0.9877 0.9917 0.9938

XFAE 27 — 1 FE 27 4+ 1 FIBOIVE S R9RT 5E, 38 EBEE REGER LS IL. H130, Patel S7E3C
W [22] AR T — RO IE ML 27 — (2772 4 1) INiEER SSRGS, (E LA TSRO T
BA+ B+ T WAE R, ISR AR 2n + 1 Inikds .,

B, S BAESCHR [12] FRIBT AT, 5 2n MOV SR JoRE B SRR A, JLUORAR 2n — 1 400
A, B 2n 4 1 BEIINASHE = T AR R AR R ST AN 228 S % BE I X 3 RSNk
avi, B 2m — (2772 + 1) DINAASHIE AR NG T 2n — 28 — 1 IASs I B A E

3 mESTEEF AR

1T A MO 8 TR 2 PR OB, 15 SR R3A R AR G0 5 P B 55 5 3 2 v P A R TG,
P T B R L & RBER (ma, ma, .. m}, WHEIASIERN Drxs = [T, mi, 5
B BIREE A W = S [logymy]. 36, [¢] FRAT o MR/ NER

ARG A R 6 9 A MR S B T A 20 0 3 75 98 B 55 15 3 L R B
B b 52 T 0 EL (8, B

L L
DURyy — log, DrNs _ log, [[;21 mi _ > iy logom; 3)

w ZiLzl [logymi | Zf:l ﬂoggmﬂ.

IRHEIZE X, FER AR AL, 2 B R B 1 B 25 V0 R L B o5 FH 0 — 3t ) o7 %8 T e
AT B, kAT BRI 1. 96 T . DR A S 3 A 6 RO
REIRINER 1~3 Fron. A VEM B REEN 75 2 H B RS H0 RN, BURHIShATE Bl F 20 =0k
FHHEZHRARIEIRS. Fan, 3£ 1 P HRREBEE Ry, SERRFTRER IS IR BT 20y BT S AL 5
PR RS ATE HI—F.
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N AR T 5308 2 % B i O B R GERIIAN, AER i R I B U B 5 A Bl
EHRAMEKRARE. B0, SCER [10] BIRGH T —Fh 2B R A T ik, BRZITEFTH R
AREBER BN TR ZEARR, RIS MBI, RBOR G IE ()7 G A5 A5 T, I S F -1 4
ANHARE P e, W T REARGMEANIATISHIEIE, HEARIZF R Iu A BIEMERTE, MmN
AT IE SN SE I W 5 AL T RO R, ILALYE (BR 2% RE) mT DA IEIE A )1 i 4.
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Table 2 The DUR performance of common used 4-channel moduli sets

Moduli sets n=4 n=8 n=16 n=24 n=32

Ry ={2" — 1,27 2" 4 1,2n+1 _1} 0.9416 0.9705 0.9848 0.9898 0.9923
Rs = {27 — 1,27, 2" + 1,271 — 1} 0.9251 0.9684 0.9844 0.9896 0.9922
Rg = {2™ —1,2™,2™ 4 1, on—1 4 1} 0.8920 0.9397 0.9692 0.9794 0.9845
Rio = {2" —1,27,2™ + 1,227 + 1} 0.9091 0.9524 0.9756 0.9836 0.9877
Ry = {27 —1,27,2™ +1,227+1 1} 0.9542 0.9762 0.9878 0.9918 0.9938
Ryp = {27 — 1,227 2™ 4 1,227+1 1} 0.9612 0.9800 0.9898 0.9932 0.9948
Ry3 = {27 —1,2" 41,227 —2,22n+1 _ 31 0.9606 0.9800 0.9898 0.9932 0.9948

* 3 BAABERHENSCENMAR

Table 3 The DUR performance of common used 5-channel moduli sets

Moduli sets n=4 n=8 n=16 n=24 n=32
2" — 1,27 2" 4+ 1,
Riy = 0.9021 0.9522 0.9756 0.9836 0.9877
2n—1 _ 172n+1 +1
on on/2 1 9n/2 4 1,
Ris = 0.8938 0.9459 0.9726 0.9817 0.9862
o 41,2271 1
2" — 1,27, 2" 41,
Rig = ¢ 2™ —2(nt1)/2 4 1 0.9091 0.9524 0.9756 0.9836 0.9877

n 4 2(n+1)/2 +1

XEELRAHEBARGER TR TERE X, 4 LA W 55RR &2 B0EE AN RS, W RRA
B ARG ALTE, T 3

W _ % _ Zi:l [;Omel“ ) (4)
AN RECE S & 5P iR B T B

YD \(ﬂogyzﬂ -W) /7] .

W E ST B , 2 By HOEH I B LT K, B4R SRR T 22, Oy T ED

LA YT LN F (TR T SLIH K0T AT AF ), A M4 AR R SR H0F B 52
XAnF:

22y

o 1 B LW

B¢ +1 i I(Uogz;nﬂ—W)/Wl +1 2r [Nogymi] —W| + LW
DR, AR SCRT A tH AR B P A 1t e ST &Nl 5 P AL B P 2 e B AR B, %€ X7 U AE AR

REARNPEERKNMEN 1, H BQ RN AREU R S (7). I RECR G E

SCRT DA 8 AR B AT P 1 B 40 AT, bR DA o HOm T () (1)~ PE e, AN 4~6 T,

BQ (6)

5 HITE
HTIHATES KA LFREIABONEVIFIELR, B0 RS 7 EA BRI TA 5 FF 555 TR
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Table 4 The BQ performance of common used 3-channel moduli sets

Moduli sets n=4 n==8 n=16 n=24 n=32

Ry = {27 —1,2" 27 + 1} 0.9070 0.9494 0.9735 0.9821 0.9864
Ro = {2n—1,2n,2n + 1} 0.8824 0.9070 0.9231 1.000 0.9344
Ry ={2" —1,2" +1,2?" + 1} 0.7500 0.7500 0.7500 0.7500 0.7500
Ry = {271 —-1,27 —1,2"} 0.8919 0.9452 0.9724 0.9816 0.9862
Rs = {27 —1,27,22"+1 1 1} 0.6923 0.7183 0.7333 0.7387 0.7414
Re = {27,227 — 1,227 4 1} 0.7778 0.7834 0.7864 0.7874 0.7879

x5 BRNEERHEFENE

Table 5 The BQ performance of common used 4-channel moduli sets

Moduli sets n=4 n==§ n=16 n=24 n=32

Ry ={2" —1,27,27 + 1,271 — 1} 0.9000 0.9444 0.9706 0.9800 0.9848

Rg = {2" —1,2",2" + 1,271 — 1} 0.8889 0.9412 0.9697 0.9796 0.9846
Rg = {2" —1,27,27 + 1,21 + 1} 0.9189 0.9596 0.9774 0.9848 0.9885
Rip = {2" —1,27,2" + 1,22 + 1} 0.7586 0.7636 0.7664 0.7673 0.7678
Ry = {27 —1,27,2" 41,227+ _ 1} 0.7586 0.7636 0.7664 0.7673 0.7678
Riy = {27 — 1,227 2™ 4 1,227+ 1} 0.7647 0.7576 0.7538 0.7526 0.7519
Rz = {2" —1,2" + 1,227 — 2 22ntl _ 3} 0.7647 0.7576 0.7538 0.7526 0.7519

xe6 ENABERHEFEMN

Table 6 The BQ performance of common used 5-channel moduli sets

Moduli sets n=4 n==8 n=16 n=24 n=32
2™ —1,2™,2™ +1,

R4 = 0.8333 0.9052 0.9491 0.9652 0.9736
2n71 _ 1’2n+1 +1

on on/2 _q on/2 41,
Ris = 0.6835 0.6679 0.6600 0.6574 0.6561
on + 17 22n—1 -1

2" 1,272 + 1,
Rig =< 27 —2(nt1)/2 4 q 0.9016 0.9459 0.9716 0.9807 0.9854
on +2(n+1)/2 41

BRI EAS B BRI, B TE BT Z RGN, R M s . R, ASCAE S Bk R 485
I, T B AR BRI 20 G R AR 4T .

MBNAVEEINLTE W —E W, A5 W SiliEE L RN 2k s, WAREW - L=Ww
FAET, RHE W+ L AR/MEM W M L. BT W =W/L, % f(L)=W + L=W/L+ L, Bili>k
FRIMAAE f/(L) = -W/L+1=0, RZH, 4 L=W =W K, f(L) ARM.

Wk, AT UAR R BRGOIAT A W N E S RV ARGIATER AR G AR EIEEIE AN S M5 2
R 17 g PR 1 A 6 o 2 R LA

PD = 2 Mi
L+W

(7)
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Table 7 The PD performance of common used 3-channel moduli sets

Moduli sets n=4 n==8 n=16 n=24 n=32

Ry = {27 —1,2" 27 + 1} 0.9833 0.8824 0.7241 0.6252 0.5575
Ro = {2n—1,2n,2n + 1} 0.9986 0.9833 0.9600 0.9428 0.9340
Ry ={2" —1,2" +1,2?" + 1} 0.9428 0.8136 0.6499 0.5551 0.4922
Ry = {271 —-1,27 —1,2"} 0.9950 0.8992 0.7345 0.6320 0.5623
Rs = {27 —1,27,22"+1 1 1} 0.9428 0.8136 0.6499 0.5551 0.4922
Re = {27,227 — 1,227 4 1} 0.9165 0.7684 0.6000 0.5077 0.4478

* 8 ERNNBEREEHTE

Table 8 The PD performance of common used 4-channel moduli sets

Moduli sets n=4 n=8 n=16 n=24 n=32

Ry ={2" — 1,272 + 1,271 — 1} 0.9983 0.9330 0.7926 0.6947 0.6248

Rg = {27 —1,27,27 +1,2""1 —1} 1.0000 0.9428 0.8000 0.6999 0.6285
Rg = {27 —1,27,27 + 1,21 + 1} 0.9995 0.9379 0.7963 0.6973 0.6266
Rip = {2" —1,27,2" + 1,22 + 1} 0.9875 0.8939 0.7392 0.6403 0.5720
Ry = {27 —1,27,2" 41,227+ _ 1} 0.9875 0.8939 0.7392 0.6403 0.5720
Ryp = {27 — 1,227 2™ 41,227+ 1} 0.9712 0.8571 0.6947 0.5967 0.5306
Rz = {27 —1,2" 4+ 1,227 — 2 22n+l _ 3} 0.9712 0.8571 0.6947 0.5967 0.5306

*o ERABEREEHTE

Table 9 The PD performance of common used 5-channel moduli sets

Moduli sets n=4 n==8 n=16 n=24 n=32

om _1,2™ 2" 4 1,
Ri4 = 0.9980 0.9673 0.8463 0.7514 0.6806
2n71 _ 172n+1 + 1

2717 2n/2 _ 172n/2 + 17
Ry5 = 0.9907 0.9811 0.8718 0.7791 0.7083
n 41,2271 1

2" 1,272 4+ 1,
Rig = { 2n —2(nt1)/2 4 1 0.9980 0.9673 0.8463 0.7514 0.6806
o +2(n+1)/2 +1

FEAZSE ST, AT B 1, HIFATEEMOR, MR BCR G0 BAT U AT PR RE. IR E0R
GEHFAT FERI E SCAT LA o FLRBOEEHEAT 204, dtb vl PG TF 1 HORAT R RS, TR 48547 VLSI
SEHLAT AR BOE I S PR PERERT FFAT BE 1€ SCEAT BIE.

6 —MIZBERKBEMESE

B, %I R & RBE S BRI % FOsE AT R T B
SISCIE AL, 2 A 21 T RBEEE R BT B P12 T Z M. HIZRIB A e
S 2 JEIE AR R G AR AT AL PR AR, H AT 13X 3 S0 EARMER CTLIEIE BL_E (R B0, 3X
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Table 10 The DUR, PD and BQ performance of the proposed multi-channel moduli set

Channel number Ref. Moduli sets DUR PD BQ
5 Proposed {28,238 — 1,28 —21 —1} 0.9033  1.0000  1.0000
R {2x3-1,2x3,2x3+1} 0.8571  1.0000  1.0000
Ref. [10] {22 - 1,22 41,2 + 1} 0.7994  0.9986  0.7500
4 Proposed {224 —1,2¢ -2t — 1,24 —22 1} 0.9417  1.0000  1.0000
Ry {24 —1,24,24 + 1,25 — 1} 0.9416  0.9983  0.9000
Ref. [10] {22 1,22 41,24 + 1,28 + 1} 0.8421  0.9963  0.6786
5 Proposed {2%,25 —1,25 -2} —1,25 —22 — 1,25 23 — 1} 0.9636  1.0000  1.0000
Rig {25 —1,25,25 41,25 — 23 + 1,25 + 23 + 1} 0.9259  0.9993  0.9184
Ref. [10] {22 - 1,22 + 1,24 + 1,28 + 1,216 + 1} 0.8889  0.9836  0.6081
{26,26—1,26—21—1, }
6 Proposed 0.9757  1.0000  1.0000
26 92 _ 126 _923_1926_92t_
Ref. [10] {22 - 1,22 41,24 4+ 1,28 41,216 41,232 - 1} 0.9275  0.9493  0.5610
28 98 1,28 —2ot — 1,28 _92 _ 1,
8 Proposed _ 0.9871  1.0000  1.0000
{28231,23241,28251,282"1}

Ref. [10] {22 —1,22 + 1,24+ 1,28 41,216 + 1,232 + 1,212 + 1}  0.9624 0.8871  0.5299

FE R EN 2570 R 37 S 4 PR RNS (REF. STk [10] 45 {27 — 1,22°n 1,220 41, 22" 4 1)
T 3 2l RS R R TR 2n + 1 Ik rAe . SR, B n— AN R B A v 25 o HAth
BT TE 2 RN, AT A 12 AR 500 S48 (RIS P, (R, A 0 R 2R b A L e i 1k R 1) 22
REFE T

EEXTRBEMIFAT BE PP L B v R FH 28 46 1) R, 3 LA LA v R AR is S e P g
¥y 2 F1 2n —1 riAh, FEIAN—ANEGEAREERNE S & HECh 2" —2F -1 (1 <k <n—2),
Wi n Ak OARFRIH G SRR 2 EE KBS, TN REEREAESN {2720 — 1,20 - 21 —
1,...,2m—2k — 1 .. 2on —1— 272} FEF MATLAB IBIES REY n = 2,3,4,5,6,8 B &b k
8 N iZRBEELW 2 RNS FIEFRER, M4 n = 7,9 B LD BFEI AL ERZER. BT
TBIE ML TEIIA n bit, PR R 0@ PRt S RECGEEE MO L, BT 2R RS
{orom —1,2n — 2t — 1,20 —2F 1, 2n — 1 — 272} WTESR, AR L <n. HE 2, EHEK
R B B K T A ) 5383 A B AR TR AT B e SCRT AN, 2 L 530 SE AT B RNS B
BUFHIFATEE.

577, RN EREER L < n, WA R HEAEAFTE L DR KRR H N
KL, HhAb, AT LUK P AT TE A AR B I DS B A4 P 38 7 B A 11 22 S8 T AR BORS, 9 nmT A
AN U T A B M R T T RO {7,5,16,13,11). A2, XAERE R B RN RO,
HENRE 2n, 27 — 1 8 2 — 28 — 1 =PI &, o o FIE on — 1 Imkds 2 HATRA
B e PO RCR BRI 28, M RRATTHE AR 2 — ok — 1 Jmidds, hBA ARG — Sepl Sh M AN it
Jii% 12,

IRIEFR 1~9 HOREH LA [R]E A A0 R BRI B A5 V8 FEUR FH 28 L S8 1 1) P-4 55 R0 AT B 1) o M &5
B, ARUM Ry ~ Ry Tkt B A K DUR, PD Al BQ FRAKARREE, SR U5 [FIA SCHT R H i 2 i@
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RBOEREATE AT L, S5 R AR 10 o, 3R 10 TPISEE 7 SCHR [10] B i ) 2 8 i R 5okt
PEREMHT. FTOL, SORIAT 2 A 2m £ 1 3 S AR XA IS TUIEE DA B AR, SCHk [10] Pl i i 2 EiE R
B 7 3 AR BEAR 1 W] DAMY 22 G AR A, (AN IETE I o K S 98 CLRIA EI T 32 bit, 1M
HAFHEIN—ANEIE, B AR B 50K B, fEA i 2 IR R B I AN A SE . T A SO iR
) 20 338 AR B A 2 U7 VA e Rl A B 2 D B VB A 3 L IFAT BERT P i B 0 A A Ak 14
PERESE LY.

R EGEAR AR U s L VLST SCEL SCHRIAER, 10 H A B R SR A il A 25 e R 5 1
FIscBLrERE HArR B2 M BA — @ MBI, (RIS R Bopd N AN f B SE L EAT PR RE PR A4, ARt
— BRI RBGEAR B i R PR RE N AERZ . AR G 7 BARN I G SEELT BRI R AR,
RBGER A G A F RSSO L S SRR A R L P AR AT X LA S Btk — 25
XEARBOR G ML REEAT PPk 70, 4[] 368 5 f56 P R T 1 e R P B SEBIL K VP A D7 ¥ TR SE B R 5 2%
WA, FEAl i R BIER E IRAHR SRR L. 2T, ASCEN SIS R B BRI T
— AT 2 TE AR B T i, PR 0 2 8 TE AR B R I R A TERE.
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A systemic performance estimation and moduli set selection method
for residue number systems

Shang MA*, Chenhao WANG, Jianhao HU & Yi YAO

National Key Laboratory of Science and Technology on Communications, University of Electronic Science and
Technology of China, Chengdu 611731, China
*E-mail: mashang@Questc.edu.cn

Abstract The residue number system (RNS) has been receiving considerable attention for many decades owing
to its inherent carry-free and parallel properties in addition, subtraction, and multiplication operations. In RNS-
based systems, the method by which the moduli set is selected and evaluation of its performance are important
issues. A systemic performance evaluation method for RNS based on the properties of the moduli set is proposed
in this paper. By abstracting the inherent properties of moduli sets, such as the complexity of arithmetic units,
utilization ratio of dynamic range, parallelism, and balance between residue channels, information can be provided
on moduli set selection and performance estimation before circuit implementation. Furthermore, we also propose
a new multi-channel moduli set that utilizes a new radix component in this paper. Performance analysis and
comparison results show that the proposed multi-channel moduli set has good systemic performance.

Keywords residue number system, performance estimation, utilization ratio of dynamic range, balance, paral-
lelism
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