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Abstract; 1In this paper, we propose routing algorithms for permutation-reverse and permutation-rotation operations

based on Inverse Butterfly and Butterfly Networks respectively. The algorithms utilize self-routing and self-reconfigurable
characteristics of the networks,and are capable of completing all reverse and rotation operations of arbitrary permutation-P.
Their computational complexities are low and the hardware implementations are simple. Following this, we extend the func-
tions of the previous permutation operations based on the networks with our proposed algorithms. And then, permutation-re-
verse , permutation-rotation and permutation-reverse-rotation hardware units are developed and synthesized in SMIC 65-nm
process. The results show that when the reverse operations are extended in previous designs,the area of the original circuits is
only increased by 6% ,and the latency of original circuits is almost not affected. In addition, when the rotation and reverse-
rotation operations are extended in previous designs,the area of the original circuits is increased by 18% and 21% ,and the
latency of them is increased by 30% ,while the functions of original circuits are expanded 2 times.

Key words; Inverse Butterfly/Butterfly Network; self-routing; permutation-reverse algorithms; permutation-rotation
algorithm
1 3= T PRESENT | HIGHT | AES 5 Ak 2 4% #% 530 32 1 B2 31
(=]

SR LU EAR R IR B 2 BT 5 5 b 1
R BT ) B B e
PR B B A B o B He
B U S WO BT B Bk 0

Wk H 91 :2016-06-23 5 & (8] H 1] :2016-09-28 5 STAE S i - L1
FEBUH « R 3 RFE 3G (No. 61404175)

v TSR T TRT 1] 5 B G B4 3 P A B X T 3k 2 4
R JE R 48 A b T ORI , 7 B L A 2 4%
FEA LA S, B K 24 T R R SRR AL BEERE.
PRI, ey 2 /3 BL AR 0 B 400 IS 4 A A A 38 4 v B A T
RN T AR S, — A N =16 AR r A



2686 W

¥ W 2017 4

AV E G R NI 2520 J74LFh , #% F 4 Crossbar
TSRS, HRE O AR R O O(N?) |, VLSI S8
B RME. £ 9% 3 25 H % M 25 -Inverse Butterfly/ Butter-
fly , B2 3 o MR RS ST S RS, SEBR T A i
45w ] AN [ 3 2 DT 52 05 il 50 ) 540 1Y) =8 HE 3
ARG EA A b AT EAERES . H AN,
RER A2 2 BE AR O (N x 1gN) |, RES S B B2 | T AL
RGOV, 2 VLST B i 36 A 461 Je s
AR 1 R EUA, RS 1 T2 060
P 4EH , FTF Inverse Butterfly/Butterfly #4555 #j L,
P E R B RIS 2 AR v T RS 5 T — T, A
FEHR R E B R R A 2R b SE I, 2% 2T R
SHE eI, U EE T Inverse Butterfly 2% fi) PEX
1 GRP 4§ 4 #:4F . 3£ T Butterfly ® %1% PDEP £1 ROT
RO NI BB LU I i, 2 T RE Ry
BRI, PR B Sh A SE I O R s 55— T TR
AR A P, 900 M ) B B v SR A 1 2% T DMk
2, UnFELTF Inverse Butterfly %5k Butterfly 25 /) CROSS
P4 B AR e vk T 0 Inverse Butterfly 22 Vi
i A A s i A AT R SR A /N B R
FESEIL T AT R AR AR (H R PR A 00 S 4, Rt
—JBCR TR A F0 3 S5 B A U2, TS el A8 0 T 8 1 7
FORSEBUEL BB . X THFE T — € R i, BAEH

&
=<}
&
&

-bit Inverse Butterfly Network
1 Inverse Butterfly/Butterfly (25 4§ h2k #4)

IE T Ca) EHE T B IR FT LR Y 4820 — 9%
4 ADFHEM 2% (75) WA 2 A IR K Cluster] ~ Clus-
terd , N Wiy 2-bit, HLAFE Z A 23 R A B di 52 ..
W28 55 0 2 IR 2% (552) 22 ZA IR Clus-
terl I Cluster2 , 5PEA 58 4-bit, HEERIEUHEA K £
SEH. M2 G — BAUH — > F B W 45 (5% Clusterl
BL5E N 8-bit. L M4 fiefg — P 5, /T B &R 43 AT
VL A~ ST 9 DL N/2-bit K57 55 By Inverse Butter-
fly, ' 5 N-bit {3; 5& ) Inverse Butterfly Z5 4 AH1LL, B &M
BN PR 32 0 2 HL AT 32 AXUR AT 4% 43 55 M. Butterfly

P A IR TGk 2l 25 R T e ) R R A

AR 5 B S S L T Inverse Butterfly/ Butterfly
P B T AEATE P OB T S RS (AR Y S
TEPRIEVE. AL TR B4 T 09 % AR B A SO
TG ETTE ) BB SC B — ) P BN A RS 45
AH P E B (5 8 e 2 TG 9 A i B B, AR S
P& BB RE S LR Y B IR H AR, 30785 Hh 5 1 B e 25
RGP 0P AR AL SE R A , i — IR B (5 B RE S 5
LA B, IR B SR A T R A5 1 H Y.
2 BEXIERSEAXHXANSEKR
2.1 HXIE

Inverse Butterfly/Butterfly W 25 4F i £ K ah & H.i%
W 2 1) — AR FME 2 G RN T AL g 5 A B Ak
P S a2 18] A B3 15 b, OS5 A Rk N T i
k- EEE AR RO AR B R T AN
=8-bit 1Y) Inverse Butterfly P28 FMgsE o), IZ I8 A n =
log, N =3 (N =2") M\ B N A — 956 =90
B A N2 =4 D2 T ASESUT R B — AL
STFRTE 1-HoRr i g 5 A5 5 VR T T 58 J— %o g A
{9 3237 B FOl 7. IZ M ZE A log, (N) x N/2 =
12 DFE ST R BB TT RAT WA IC EIR S , BRI RE
52 2" = 4096 Fl R AE.

(b) 8-bit Butterfly Network

W 4 J2& Tnverse Butterfly [ 2% i35 544, 504 1) 73 2L [ R
o 2" AR R TR

BUSIZ P2 Y TF IR ZS , REAS 52 BA ] 45 A 2 [1]
0 4 , T 58 J0— 1> A BOHR Y 4 AR . R, Lee
SE NS R B el Al FAHRR R T AR 5L
He 5 ) Inverse Butterfly/Butterfly 5] A 338 FHALFEES N
FRBEE BT, W T T — PR RS - E s
USRI AL 15 (ROT) 5 & Z LRy B R
A0 R A 38 (GRP) I 47 il ORI JF 47 4 A (PEX,
PDEP) Hufililic 546 A (EXTRR ,DEP) 48— 31| | —M 4244



&1 M

. FT Inverse Butterfly/Butterfly R 4% (1) B -0 1y 55 B - F5 0 16 A8 1k 2687

. ISR S B — iR B AR SE T A E
FRRGSERT e L. Hodp GRP 4848 T8 24 thAr e 2k
74, P B A EOR R BT MR 22 70 Mot 68 ), A T
Br— B B PEX R PDEP 454 i 15
SEBRI Tz, BN A Intel 7E 2013 4F % A (1Y
HASWELL Kb FREEHE 44 h 7. ROT 45 42— F
RIS OHARIETE S, B 2R PR 18 4 56 BT S0 F ™. B
J& , Chang % \7E Lee HYBERY F-, 51 XGRS A BRAE L5 2%
B BTHA TR AT TORSE 3R T — RO TR
R RIS AL 1 A U R4 T T R oL
BRI PESEBERE ™ X TS BT R NV R4 i
VE , i T4 AZH 5%t B =22 TR A i 1Y) 4 L
HatHesa Bk Hit Lee 88 A X #E— 44 Inverse But-
terfly 55 Butterfly 45 i J5 Z05¢ , #4) i CROSS n] B HEJCRH
FEM 2. S A — UG 3 I 26 BT D58 I T 2 4
BB IAVE 0 S 2R AR R R R B 5 R
SR 5 A THC B 31 X 246 4% T O v A 58 B 448 . 1 2
THFE THUMOAE TR, I R ok T —E MBI
B, ANAN T30 P AL FR 1 AR A, PR AR AR ] & IS
A b LRI AT A A SRR AR R
2.2 AR
FELF Tnverse Butterfly/Butterfly 2% | &1 X4 8 B ik
P& R I BR0 v  B F S BLART 07 , S PR 4 4, {EL T g
o AR BN B A R TR AT B e
IR, AR TR K, (HAR T A2 4%, R A
FE R, AEASEa PR i, A g & TR a2
B 1, 300 3 081 R ) 2 % 2T O Y ) i A 0 A L
fH L RR AL X AT 4 45 2R 3 25 Ml 58 B ) RN S A6 4
fE. NHE B, A SCWEIE AT B B4 T 3h 2830 e fig
PEARAE LB BT 1, i — D) R T ) 4% 5 BT 8 46 1Y)
LR R B A —E IR 2 R Pk, () i ol 3 Ao i
ASTHC S PUT E E e n d HE BR EE AS— E B A
S, DT A 280 1 17 4 T B 5 12 D) R B — i E
FHIE B8 A S PR AN T 2 TR 9 25 S N AR SRR R R
AT R 30 AR AE R L T AR A O i
/DS 1 3 (K 7 (0B 5 o 0 1 Rl B (1 57
DL HRAE A BB R P, e 5 R — A P A1 3
PG PR RS AL B AR i B A T Bl 0 T 280715 5 A B
o PR A SO T S FSE LT Inverse Butterfly | But-
terfly [9£% F) 300 R0 B o7 3 i B0 12 52 B st 1R, A — 20
PR IZ SR () B AR RR .

3 BER-dritRRREREEIH

3.1 EF Inverse Butterfly/Butterfly [¥ 4% f) & -

HFRIE
'I‘iﬁl %N'bitﬁ*EM:%aw_lyasv_zy""ao}—ﬁ\

M Buterly 19 4 £ 2 5 9LIE 25 B R P, 0 P

Ay_y Ay, 7 G . ,

{é e }mZEﬁﬁ%mﬁﬁﬁ%ﬁ
0 N-1 N-2

B 28 VAT 24 5 R 5 530 FL 48 P B ~ P

Ay Ay, ao}

Ay_p 770 Gy Gy

iE~P={

WERA : 75 Butterfly P28 (925 @ (i =1,2, - Ig
(N)) B NSRS I 2 A, 25 55 R 58 R w
= N2 SRR a4 S BBUR, B — HRR R B
BRI RS AL a0/2-bit, B A7 J5 1) i 1 HR A0 5 D 1 K
PEAHEE , S0 1 R R 28 v 22 A AR 43 (L 98K w/2-
bit) £ 8 1Y H. 4. A1 2 Ca) B , 258 400 1 45 161 7 5]
(Initial control bits) 20y B2 Ji5 , B b A5 2358 49 iy HH 4%
PH B ARFE L w0/2-bit, 5 7 B850 B0 AL, SEH
PIANLTE A w/2-bit BCafa 8] (3307, Has R 2 (o) fir
/. H1 T Butterfly P48 1388 9 R AURRE , 92855 — 258
BT N-bit W1k R 2 data(L) A5 data(R) PA-ER
SIIE . AR g, B 5 — GG R I R 3 B
2 37 H A A A T 33K 1R S 3 B30 X 7 1 ) Bk 4
TR AT M EUSL, V2 20 1) 4 1) i LB R R DL N/4-bit Sy
AL FEIE LD 7 ) 52, LR () R A 2 300 ). AR U 26
HE, 28 2R 5 1g(N) Gt BT LA 2-bit 7 58 1)
N/2 AR, BB TR] 5 400 06 iy A B8 AR TG O B Y 3. X
R, 33K PSR R A A A 198 2-boie BCHI X 107 14 47) e 44
RIS, BP AT SE B TR R B P i e A, an sl
3 iR,

B2 1 Inverse Butterfly W45 H0%H @ 9, 2543
W 2o AP TR S W) 1 s A B8 300 ) (L 5819 a0/2-
bit) , 2 i 1o 5 8 ) 46 12 A B, L HORH LAY ) 46
B (0798 K w-bit) L REAS 58 BT

WERA : 7€ Inverse Butterfly 2% ()55 @ ¢, i A ¥4
Yo L N2 AR TR VAR 5 A w2 =277 S bk
WA TE WG BBUL , BERE SC B R I 25 v 42 A AR 4
Bl O B ) B A IR 4 Ca) FER  #HWI G HEE IS 27
F 3% B : Control bits = “01---0” —“10---1" , 7:-1E
THRILG PGS, Hok v 20 A0 PP O e 4 B AL
g 4(b) Fs. ARG HRERI GG 20 AT TSR3 1 i AL
P25 H Y [ B oK BB S 1 4 i 1) R I i A\ %
P —E W 290 b i HE B (12584 w-bit) 5L 58
BT W PR AN 4 () BoR. 8 4 () Hrarill ¥ 42
PIAER 53 (000 e i A BRCA 300 05[] B P BRSO T 4
T 50337 10017 B 1017 IR 2 i i3 1 5 dl 5
B i RS AR L, SE 8T — A 38 A R R o 2
BT



2688 GRS 2017 4
Input data | w-1 ‘ w—Z‘ w2 w/2—l‘ ‘ 1 ‘ 0 Input data | w-1 ‘ w—2‘ ‘W/Z w/2-1‘ ‘ 1 ‘ 0 ‘

|
. L Initial Control bits* 01..0”
Stage i ] >
L \\ L
4 y 4 A J

Output ‘ w-1 ‘ ‘ 1 ‘ w2 | wi2-1| w2 ‘ 0 ‘ Output wi2-1 | w-2 ‘ ‘
data data
\ \
Midline Midline
(a) {EEMIHRE (b) WA
B2 W20 T
! !
Initial Inputs‘ Nbit input data ‘ Initial Input# Nebit input data ‘
Clugter] Clyster
Stagel | data(L) | ] data(R) | Stagel | data(R) i data(L) \
Stage i Clubter! : Cludter2 Stage i Clusfter2 : Clugterl
...... | |
| |
StageleW-ldata L.y | | [dataL., | 1 [daaRe]| | [dataRy] StogelevifdataRi] | [daGRLT  [daal. | | [dataL., |
|

|
HE EE E

(a) ¥lifButterfly network R 2%

iti L.
Initial outputs

e

|
= E

(b)) #5945 1) 3% ¥ 5 Butterfly network R 25

€13 Butterfly (¥ £% 3553 21

Input data | w-1 ‘ w-2 ‘ wi2 | wi2-1 ‘ ‘ 1 ‘ 0 Input data | w-1 ‘ w-2 ‘ ‘ w/2 i w/2-1 ‘ ‘ 1 ‘ 0 ‘
Stage i L 3 Control bits “ 01...0” : R : Control bits “ 10...1”
|
\ r\\ Y V\A
O;;pta“t ‘ w-l ‘ V| we [ | w2 ‘ ‘ 0 ‘ O;;pm“t w1 | w2 ‘ 0 | w ‘ ‘ 1 ‘ w2 ‘

(a) initial permutation network status
__Reverse the high w/2-bit

(b) L and R parts swapped
L Reverse the low w/2-bit

Reversed input datal w-1

w/2

‘ w-2

L

1

w/2-1 ‘ |

R

ontrol bits reversed:“ 10...17—* 1..01”

w-2

w/2-1

0|

Reversed output data

w/2

IS

(¢) reversed inputs and reversed outputs network

%14 Inverse Butterfly [ 253 745 fE

MR3 A NbitFEM="{a,  ,ay,, ",
i# 7 Inverse Butterﬂy M 2% sC W& P,id P o=

V”l%”' }, SR 1 4 Y
a, Ay_y Ay _y
(2 2 P20 7 Bl W 52 B FCS S0 0 B 4 -~ P 3

it PR

N AR 2 01,2555 5 4 U — S0
S AR A9 0 T LU 1% 88— 090 B A
B 42 AT PRSI | R TR S0 6 15 5
B 411 S () AR AL I — S s A
L A7 R BRGS0 N/2-bin) 3075 I )
B A . 200 T S R — B 0

LR PG Hdles o ) 15

agt —W TR N-bit). XL 5 (a) (b)) HE1EEE — 9k s (ED
g — g A ) s T LU I, B 5 (b) H s s —
119 5 H 80 ( Reversed L Reversed R) J2 K 5(a) ¥ 4R
Do 255 TPz 2 s KR (L R) MY E. SR K 5 (a)
7 AR BT 2 AT, X R 4R
VERT LA Ao K 12 45 1 V\ﬁm/\ﬁ(?ﬁi‘ﬁﬁf? [Fi] o 8] 7
MBI EEFE IR S LI LTy =Xm) b e, %50 215k
LA S — R, Wk B 1 30, A R DA e
IZ«&?JJ%%J/\@?E@T? (i) i 8 2 4] Je 4 o 435 U2 52 B
S — BB PR AL TE Ry 1-bit, BT 5 A, H
%%ﬁ%%ﬂﬁﬁ%#?ﬁ%ﬂﬁﬁﬁ/\ﬁﬁf?ﬂ*Hlﬂ- PRI, DA
S () vl Aot &, B A R 28 3 AH 25 T 58 I T
LR E S P TR B ~ P.



%11 M . FT Inverse Butterfly/Butterfly R 4% (1) B -0 1y 55 B - F5 0 16 A8 1k 2689

" Stage 1

‘ Reversed‘ ‘ Reversed ‘ ‘ Reversed ‘

L. R | || R
! . Stage i
Reversed L ‘ ‘ Reversed R ‘
Stage 1g (N) Stage 1g (V)
‘ N-bit{input data Reversed N-bit input data ‘ =

(@) Initial Inverse Butterfly Network

(b) Reverse data on Inverse Butterfly Network

5  Inverse Butterfly ¥ %13 ¥ J5L B

3.2 E T Inverse Butterfly/Butterfly [ 2% ) & -
FFIEREE
MRPE BT 1 AR 3 MAEAL R P g4 N iy
BRVERT , & i 5 B AR (R B 3L T Butterfly )
25 K0 Inverse Butterfly 2% [ 33 7 5 AF 16 B B8 125 430l 5
R
(1) &-F Butterfly W& ¥ F &k

Hik1 ET Butterfly MM MHIBER P E| ~ P B F R (EIE B8
"k

Input ; Original Control Bits,Or _ cb;

//total of lg(N) x N/2 control bits

Output: Reverse Control Bits, Reverse _ ch;

// total of Ig( N) X N/2 control bits

For (i=1,i< =1g(N),i+ +) // i stand for each stage

{
If (i==1)
{

Reverse _ch, [ N/2 =1:0] =flip each bit of the Or_ch, [ N/2
-1:0];

J=2i1,
// ] stand for the amount of sub-networks( cluster) in stage i
For (I=1,l<=],l+ +)
{
Flip _ cluster, = flip each bit of the cluster,[ N/2" =1:0];
|
// cluster; stand for the Or _ cb; at each sub-butterfly network in stage 1,
and the cluster number ‘1’ is increased from left most to right most , the to-
tal bits of cluster;(/=1,---,]) are equal to Or_ cb,.
Reverse _ cbh, [ N/2 = 1:0] = {Flip_ cluslerj[N/Zi -1:0]:
Flip _ cluster, _; [ N/2" = 1:0], -, Flip _ cluster, [ N/2" - 1.
071

(2) & T Inverse Butterfly [ 45 i1 fr & %

&i%2 ET Inverse Butterfly MBI MR ERR P 2| ~ P WiFFig
1Rk B %

Input; Original Control Bits,Or _cb;
//total of Ig(N) X N/2 control bits
Output; Reverse Control Bits, Reverse _ cb;
// total of lg(N) x N/2 control bits
For (i=1,i< =1g(N),i+ +) // i stand for each stage
f
If (i==1)
{
Reverse _ch,; [ N/2 =1:0] = flip each bit of the Or_ch, [ N/2 -

1:0];
f
Else
{
J=N/2";

For (I=1,l<=],l+ +)
{
Flip _ cluster; = flip each bit of the cluster;[2°7" =1:0];
// cluster; stand for the Or_ cb; at each sub-interse butterfly network in
stage i, and the cluster number ‘1’ is increased from left most to right
most.
Reverse _ cluster; = reverse each bit in each of the flip _ cluster; ;

|
I

Reverse _ch;[ N/2 =1:0] = {Reverse _ cluster, [2 7' —=1:0];
Reverse _ cluster, [277! —=1.0] -+,
Reverse _ clustcrj[Zi_] -1.0]}

|

i

3.3 ER-FFREEXBEERIEZIT

Bk 1 A% #1E 2 Flip _ cluster, Fi1 Reverse _ cb,
XA BREL, BN T A E AR N, T V-
LW R | RIS S O(N). Horp 8 — 4>
PRSI 1) 2 5 BT A 56 1 ) R R B% {F S Or_ b,
[N/2 =1 AT OB, SR T P LA Ry dse /NS ( clus-



2690 ST S 2017 4F

ter, -+, cluster,, 1 < =1 < =2'"") FEATHE a3 B4,
SR Ay P 28 32 2% e 44 1) 3k B A i A 5L, W IET 6 (a)
R,

B2 5P BROERAEARRL, AR R A
H:O(N). EFIH A S « )61 HIE BB, 1M
J K WU IS A0 B 4 45 8T8 & PN A 7 3 e 45
Y TR ) JC 5 #EA AT R4, s 6 (0) Fios. 1 6.(b)

Cluster 1 ... Cluster 2!
Orﬁcb’ N/2-1]] ... JZ
Stage i
A<<lgV)
N2-1

lnversefcbl [N/2-1]
Cluster 2-1 .o Cluster 1

(@) 5L R B

0 A
Inverse_cb [1]Inversecb[0] ~ Tnverse_cb, [N/2-1]

SIS I T e SN TE R AT 1 300, DT At 0
K1 # {5 & Reverse _cb,[ N/2 = 1] = (reverse _ clus-
ter, -+, reverse _cluster,, 1 < =1< =2"""). & 1 fl2
B S 1) e A e A G, AL G 5 95 T AR AR AR EL
RHE AR FEIRAR /N, X SRRy VLS R S B8 1
R 47 iy 3 A

Cluster 1 . Cluster 2
Or CI;E/}I] Orcbi0]
Stage i Y
(<i<lgV))
N2-1 N2 0

0 L -1
Inverse_cl:;[l] Inverse,cta[O]

Cluster 1 ... Cluster 2-1

(b) FE2 R

El6 Bk RIS 2 SRR A i 2 512 B

4 BER-BAERFEEREELH

4.1 £ F Inverse Butterfly [%4& 1) & -7 {10 5 I8
R4 7 Butterfly IZ5 1955 @ 90, 20500 i s A
BARHEER /2R S-bit (LT8R w =N/2""") IR 438 i 4%
wIaEREEAE B, R L 140 de i e U Re 6% U AE A
PIASER 53 (AL 98 R w/2-bit) 7351 58 1L S-bit TE R
WER T (a) B w-bit 0HEFESE ©« BRI R
BRI S BT 5 N 407, 2k A %L
UL w AL TEEIR RS L AET, & 7 (b) i 222301 fe s
BEEE (w — 1) B85 A8 7 B A5 280 53 B AR, [RIB A 3

w-1 ‘ w-2 ‘ ‘ w2 w/2—1‘ ‘ 1 ‘ 0

Input data

y A4 A \ 4

Output

data ‘ w-1 ‘ w-2 ‘ ‘ w/2 W/2—1‘ ‘ 1 ‘ 0 ‘
Midline
(a) WIHRIRES
Inputdata | -2 ‘ wi ‘W/Z—l fj\w/z-z‘ ‘ of | wl
Group——— >
Stage i | oL |0 0 R
Control bits“ 0000”
Y y \ 4 \ /
Output
data w-2 . ‘ ‘W/Z—l w/2—2‘ ‘ 0 w-1 ‘
Midline

(¢) L. THIZMZERES

R e R LR (/2 — 1) i e 9 405 o 2 ) 2
IR, R BHRAL LR 1 I B S A U
JE R, A SR e A W 73 v e e 02 119 2-bit K8l (w
= D) A1 Cw/2 = 1) FRORFRXS , AT R — A 55 1%
i, W 7 (b) Hh LR IR I 7. 5 00 6 422 il £ 6 P 47 4
WA TER 288 AL, R 2 AU SR N 1R it 0 2 X 8 i
JERsy e B E R 1AL, HRT R R RS AN,
WnlEl 7 () B, i Butterfly 2% fO40 F MR TR A0 T
A A\ BES S8 BRI RSy w/2-bit BYRS AL 5 1.
AR PRSI T (b) ARSI XT BT IO 1442 il 15 S 3OS BRI

\jm,-fz‘ wz{"w/z-l‘)... ‘ 1 ‘ 0 ‘

Gr‘oup Py T

Input dat w-1

J

. L R
Stage i l L R
Control bits* 0000 Control bits* 0000
A
-2

y

v

Outpu‘ﬁ el w2 w/2-1‘ ‘ 1 ‘ 0 ﬁ
data ‘ ]

Midline
(b) I FHEZ MR R 1AL
) input data | 2 ‘ wo | w2 | e | 22 ‘ ‘ 0 ([ wl ‘\
— ~— Group74»/ /
0 O, |0 1 /;?:;x:i:R
Conifrol bits™ 0001”
Y 4 y pad A
Output w-2 . ‘ . w-1 | w22 . ‘ 0 w/2-1 ‘
data

Midline

(d) L. THEMZER LR

F7 R TR AL



&1 M

. FT Inverse Butterfly/Butterfly R 4% (1) B -0 1y 55 B - F5 0 16 A8 1k 2691

0001 AR AR K F B [0 21 IO P g A o o
K IX R B HH P B 2 A it 81 A A ] 23 8
FEARTPANTRIY 45 B BRI ZERS 1 ALREE 2R,
B 7(d) 7R, SHAFER ARG AR D 17 32 3, 5 il
O™ A DUAREL Ff HL s RiTaT.
AR TSI — R IE ZE R 1-bit B4, WItakm A
YR — X B A R IR X B (0 - 2) 5 (w/2 = 2). i
ANBHEIFIWERZER S-bit I FEFR U 15 )5 13k AHIE
Mot BRI TR F SR H AL S WA A M 4%
A 2 R 2 TR0l s 20 L e A A
oA AIEINAERS S RIRYAEAL £ LT MR 4 1T
MRS 5 N-bit Bl M= {ay_,ay,, 0,0 —IK
it Butterfly (¢ 2% SCBUAT BB 4 P M—F, Hoh F =

{ao’aw-ly""aw_zfi%M *%ﬁ?ﬂ@*ﬁff%ﬁﬁﬁﬂ,iﬁ
P:{ },%B/A\ﬁﬁﬁ]%ﬁm%%

IR e E S B C R L B P M —F, vk

M’ 2T 5] M EAFAL S-bit(0<S<N) 4

TER : MR 4 0, 20K 8 (@) H N-bit 75 B4 2%
5 ABIE (Initial Inputs ) JEIRZERS S 67, TG0 10 ] o) 245
S —HIRE AT B, HA aa e AR RS i DL e
PRI (RL5ER N/2-bit) 43 558 S-bit JEFAFEAL, &l
8(b) HEf— 24 A T 7. Butterfly (2% S8 —Ffiidi A
VAIZE 25 53 50 K A0 e 48 P 4% R 58— A LA IN/2-bit
AN B )T (5 ) W2 R s A5t (A XY T35 — 2
B ) DGR RS AL S, HAH I 1) 1 i HE 30 D) R A2 LA
e ARG (AL 58K N/4-bit) 53 3 5E R S-bit JEERFEAL,
W 8(b) HHEE iR LANK Ty 3l T i AL B, B 7E
S5 1g(N) AT N/2 A5 15 B 9 4 2-bit, S EE
FEA S-bit i}, W dk ARG LA 1-bit 07 SEIEARF AL, S
2RSS B I 5 55 Je — R L B s AR TR], n
] 8(b) Hitse e —Z S . TR A B e 41 MG R
L S JERREFH M, —UGHZ M RES E M M —
F R EY P S BT

| s ‘ N-bit rotation by S

‘ s ‘ N2-bit rotation by S

Initial Inputs | s | N-bit input data \ \ N-bit/input data
Stage 1 Stage 1
s] ¢ s I [s] [ R
Stage i Stagei ... Ll L

s L,_ s |L.g s R... s R..x

Stage 1g(N)

L... s | N2 b1trotatlonbyS

Stage lg(N)

Inmaloutputs. . . . . . . . . . . . . . . . 1-bit rotation by S

(a) Initial permutation butterfly network

(b) Inputs rotated by S-bit

8 BT SR B

Inverse Butterfly %% /& Butterfly %% [1415 285 4 , 45
Bds 5 L 8 () v i) Butterfly 9 25 B i — 2 [ 25—
R sl ARSI AT HER

*E"lo/k\.l %N‘bit ﬁ%EM: %aN—] sy _oy"" } 7)\
@t Inverse Butterfly 4% 52 3H B P;M—>F,/E\IEF‘ F =

{(lo,aw,l,"',aw,zé ,iC P:{

T2 38 2o R R A) e 32 B A28 M7 R I N 4% A R g S L

PG RSB IE P M—F  Hop P 28 7 1)

F EHHAL S-bit(0<S<N) iyZ5 1.

4.2 E-TF Inverse Butterfly MK EiR- B E %
HRAEHES 1 LA a5 B ) el s R o 2

T Inverse Butterfly X2 [ g 4655 5 ERRV AR I

Ay Ay, ao}
’

Ay Ay_y 70 Ay,

&i£3 E-T Inverse Butterfly MK NHIRER P 2| P’ Ef-F L
BRIEREBEE X

Input: S;
//rotation bit

Input ; Original Control Bits,Or _ cb;
//total of lg( N) x N/2 control bits
Output ; Rotational Control bits,Ro _cb;
// total of 1g( N) x N/2 control bits
(1) For (i=1,i< =lg(N),i+ +)
f
J=N/2%
For (I=1,l<=],l+ +)
Ro _cb; = RLTR (cluster;[ 27" =1:0],5);
{
//cluster; stand for the Or_ cb; at each sub-butterfly network in stage i,
and the cluster number increased from left most to right most.
(2) RLTR(cluster;[2°7' =1:07,5)
For (a=0,a< =S,a+ +)
i
cluster,[277! =1:0] < < <1
//M zero string left rotation one time
cluster,[217! -=1.0] ~
/7 “ ~L” Filp the least significant bit of the rotated string cluster,

|
I
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4.3 ER-BAEEXBERIZIT

Bk 3 SZF T Inverse Butterfly (X 45 2844 T AT & &
e P AR MBI E e P, Hoh s AL RUTR (cluster, [ 27
= 1:0]) JRIZ A AR, RSN IE D0 T B AT
N I A R 2 R O(N2) JB T2 &
A E. AR K F ORI R B RS A v S IR A T T A
pR%L RLTR (cluster,[ 277" =1:07) LA 2" Ky J&. 54, >4
i =3 0, ERIEF SR 01107, H S M 0-7 454k, RLTR
BREISAE RN 1 .

#1 i=3,RLTR HETHE

S 0 1 2 3 4 5 6 7

RLTR ( cluster;)
[20-1-1:0]

0110|1101 | 1010 | 0100 | 1001 {0010 | 0101 | 1011

M 1 RLTR Rkl S b ol Uk, B 5 8-
bit 510110 _ 10017 4% 28 A% {37 Je By 1047 iy i 1B 14 &5 SR AR
[l , M2 8-bit JF 81 H Ik 4 (ki A 4 AL IR i A B35 07
BUR P B LA SO 56 RUTR s 9) g )P 41 | d3, d2,
dl,do} i BUR G | ~d3, ~d2, ~dl, ~d0} 55 FH 45,
By A 8-bit XIHAE LA, WK 9 FiR. B f iR P %
PEALE I HIEL(S =5,5,50) , LA 2 (I REHE BT L. 155
PG R A S B30T b S 40T BB A 25 T S s il

i B R FLBE PSS RUTR 665005 % 8-bit
0 4TI 4 (2 TR T BUK IR — S (5 4 ik
7, AT s B .

d3 d2 dl do ~d3 ~d2

~dl ~do
v%%%

ERA A A

S AE A B

I — I 1 —1 1
e R e e R
4 o7 06 o5 o4 )( 03 02 ol o0

9 RLTR(cluster,[3:01,8) 8 Ui {523

5 IngeStERES T

(1) ThEES

AT h 0 B B R B 75
B4, 535 % B A H T Inverse Butterfly /Butterfly W 4%
B2 T AT E 2R 18 F 4 B i S T B 2R 48 4 HE AT
TIREY S, W 2 Fs.

*&2 ET Inverse Butterfly/Butterfly M E ¥ BEHRIES R E BE#HR

TRES Reverse P Sub-Reverse P 2° (1=0,1,2,--,lg(N)) Rotation P Reverse-rotation P K

BEHAE A R
GRP (ibfly) vV _ N/ v 3
PEX (ibfly) Vv - 2 vV 3
PDEP(ibfly) vV vV - - 2
ROT( bfly ibfly) Vv V/ (ibfly) VvV VvV 4
CROSS(bily & ibfly) Vi _ N/ v 3

2% 2 thE%¢ T ELTF Inverse Butterfly/Butterfly %2517

4 FIVRE o B 4R A R — Fh 4 B 4 5 4 (3R 32-bit {if
$8) , ASCEAT TR i e FEER RS AL 8-
RN S By i ek, b 5 — 51 B 4 ds & 5 45 5 b
I A AEIZAR A2 R SE ISR B J5 — 9 S8 K
JER -, R A8 2 BB S B e A ny R AR 2 W]
I, IR A 1] LA S LA SR 1 P A (R PR
TP RAER], GRP $54 (PEX 454l CROSS 42 &
BT ARE SR a4, X2 o EAT 2L T Inverse
Butterfly P25 523, HAR M ES M s 1 8 Y i A K8 2
RETEA R AT RS AL, AR (A1 B JC vk 3 1, PR i T 12
SEITF I TARNE. Y RAG AR BT, [ PDEP
TR TCETE Y JE , 1X & F o iZ 48 2 5E T Butterfly [42%
SEPL Mg N R P e — B 2 D 2-bit Sy —
AN RV BAE T A TR L. 3 IS A RS ARV E I AT
PR SR AL B E T Y R PR AR TR, (U PDEP 45
L ICETE LN REY . 7 ZE Ui B 1 &, CROSS 454 B

IRRENS S BUE R B A (ER AR BAy S, HLgt
{5 B BT T, T 5 R A9y 5Ok S8 U E
B NI Z5E i — YCE A R0 IR (08
FWT- RS AL S5 H B HARAE, 1 B 0 1R T
8 R R RO P B B 58 )5 , B A REIE
A RORFA AR R FAL T4, 7™ B MR L B R . A7
TEIZANG B4 A SCHR H Y 3 bk % SR R i B S
W REAS S B B — KRB B R, T ShAS S B 22 Fh L i
PERZCR. B2, WIIREA JEE i e, A SCHIF 9 1Y) B -0
FEAR- RO AN DUR A BUA 15 S 4RV 1 —Fh 2h
REY JE (K=2) , Rl X AR L T M 45 L B — D)4 €
B EA T E TR YRR

(2) HERES

ARSCECXFFR 2 Y S PP E 0 DLA SCHR H Y 3
MREBEAT T REPFAAIS SRS, SR )5 1 NC-Verilog X
DIREHEAT 1AL S PRI G, 16 D) BE IE 5 1 LAl B R AT
£ SMIC 65-nm T2 FibfT 1 BH#LA Sk, 48
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. FT Inverse Butterfly/Butterfly R 4% (1) B -0 1y 55 B - F5 0 16 A8 1k 2693

W3R 58 2 B B N e d8 T2 (ss) | e AR 2
( —40°C) R Akt & (1. 08v). >R A flatten FYFIE Ak 55 i

FFBRER P, KA R e 3 P

®3 BRIESIIREY BRATEEGER GERITLL

f4 Original Expended Area (um?) Original Expended Latency (ns)
AN\
[Elee
Area (um’®) Reverse P Rotation P Re-rotation P Latency (ns) Reverse P Rotation P Re-rotation P
1800. 34 2168. 13 2263.78 0.49 0. 68 0.69
ROT 1650. 72 0.48
(9.1%) (31.3%) (37.1%) (1.02x) (1.42x) (1.41x)
2932.39 0.57
PDEP 2745. 68 - 0.56 - -
(6.8% ) (1.02x)
3038. 71 3394.59 3484.26 0.58 0.76 0.77
PEX 2857. 83 0.57
(6.3%) (18.8%) (21.9%) (1.02x) (1.33x) (1.35x)
5709. 13 6341. 64 6611.78 0. 64 0.383 0.84
GRP 5429. 13 0.63
(5.2%) (16.8% ) (21.8%) (1.02x) (1.32x) (1.33x)
3379.28 3795. 15 3943.23 0.91 0.91 0.91
CROSS 3218.96 0.91
(5.9%) (17.9%) (22.5%) (1.00x) (1.00x) (1.00x)
43 ti§]2% T ROT.PEX .PDEP GRP fil CROSS % .
6 Z5 EEI'IZI

o E A A X A 4 55T 1 18 R ( Original Area ) il
#EIR (Original Latency ). JL At CROSS #54> %t I ) T 44
L% i Butterfly 2% J5 422 Inverse Butterfly 28 2H ji%,,
W2 B TT R DB AR P A I 4 DF 422 )5 T A 80
AR, HAEIR Ny 0. 91ns. i 45 44" e iy A% A1 452
VRIS, B T30 PP RIS A0 B8 1 A B A 47 P, % 1) SR A/
AERKT 0.91ns, N IIZIR S TEY FEDIREJG X I A 58
A HEE SR AN 7 A AT AR 52 ).
23 MRS R YR F T BARTH AR 2E F K,
(B 49" 2336 )7 31 BE ( Reverse Permutation Function) J5 , F
BTG RS I L B AR AR /N, 290 6% 4. T HL &
A BRI A BE W AR T, 4 J T BB 5 48 im 1 T AR o
TR LU 2 TR . ey R P S X
Ji AP BTG ) SEE 3R 5 e G AL I 2 2% . TR I 4
WP AR AR S LT 3 T EL LT AN 52 0 J 48 4
AL PR RE. B #:-F2 1 ( Rotation Permutation Function)
HEARG A E R R R O(N2). 2 UFh & #4542 OF
f34% PDEP $5%) 4" JE B8 (3 45 J5 T AR fin 9] 88, Hovp
X ROT $5 4 %5 07 18 B 4+ 5 50 11 T AR i e K, T ARLEG
2930% ,iX S22l ROT 454 A B i by 5006 L TRT 0
BEPERE I S A b, oAy 3 Bl At 47 B0 e T ARG fin
TR 18% . {H i T NTEI AT B B B AT LA
FERIAT , PR i A R AL TT A IR S AN K, 24 4y D
AYHYGEIR (1) 1. 3 A5 feJa 7ESC I R PP 119 A
b PR T T R 4 (AN 424G PDEP 45
) B 3 J-#2 v B J6 ( Re-rotation Permutation Func-
tion) , % HLIT Y TR AR I GE 38 3G 1 be ] 5 47 e i - Aor
PATTHHIR , 43 FI3E N 21% 1 30% Fi Ay ixX L EIE T 8
PP B AR SR T FLA TR S B 4598

AR T BT Inverse Butterfly /Butterfly ]
28 (1) -0 B A T T Inverse Butterfly [0 25 (19
- L. P SR B AT TR S B, AR R
Wl AR C A BR84S LY R4k, ATy
AR INAR /N2 6% , H LT AS 5% 1 J 5 0 1 8 5R 5 %5
TECA B84 (A4 PDEP $5%) & R 7% (i #2
1, A BT ARG & i 2958 18% , HLXE T 5t vl %
FEIR LM/ N S JE L B AE AR 1 1. 3 5. = Fh AL R
A B AR AR L R BRI v, LR AR E
BRI F 0k SR A 1, 2 X Inverse Butter-
fly/Butterfly P28 DI RE I — IR 58 35 , o AR IZ LM T
L SR ARt Y S
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