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Abstract .

proposed. The algorithm utilizes self-reconfigurable characteristics of the Inverse Butterfly/Butterfly network,and it is highly

In this paper,a high speed reconfigurable control bits generation algorithm for rotation shift operations is

parallelized and low-cost. Moreover , it also integrates more than 10 kinds of rotation shift operations together, including rota-
tion shift, bidirectional rotation shift,and sub-word rotation shift based on a bit width of 2' (i =1,2,---). Following this,a
new high-speed reconfigurable rotation-permutation unit( HRRU ) is developed and synthesized in SMIC 65-nm process. The
results show that the proposed unit only containing rotation shift operations,enhances the frequency by 6.4% ~12% and re-
duces the area by 22% ~30% ,compared with previously proposed solutions. When achieving a variety of rotation shift oper-
ations , the frequency of our unit decreases by 8.4% . But it can support twice operations as many as previous designs.
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terfly FURS N 4 PR T, B UOKHE BR#8  (ROTR, ROT-
L) AL (SHL, SHR) S8 L G2 8 AL B 5 JF 47 il L
FIIF4THH A (PEX,PDEP) " [ HeA5IH26 (GRP) ™ Bl
Bt 54 A (EXTRR,DEP) ' BFLY il IBFLY "™ 45 10 4%
P 2% tURR g B IR VRS — B T — DN R, 5 X
TEARSAERAESE 1 T & a6l (5 B A k. %8
PN GG T 4% e F% A s D) i o — i BRI, S5 DAAE
T B HRAE A TT A B R IR G — A — i, AT
AR o7 - B AR B B PR R T — A

SR, Hilewitz $2 H A9 3L T Inverse Butterfly/ Butter-
fly 48 AT RS A B8 1k 2 — P R AT A A, A1 52
I RAEAE B AR B HE IR FE A K A PR BEAS
o S ). ARSI Y Chang 7ESCHR[ 14 ] i@ dy 17—
FhIE T2 0 2% B 18 3048 (o7 25 45 Ak R e, AR TE
—ERREE AR TSR IR AT A (A S B R B IR
THFEE K. R, A SCIm 2k 69 99 45 40 D 45 48 IR A 43
B, B H T — B8 A g 850104 W] B KA A0 B RS 7 4 £ R
AR EANMUEA R B IR AT T LA R A %
P £ R 6% S I A B AR A R TR — 1.

2 Inverse Butterfly/Butterfly [4& %543 % 5z

SIS Y E W 45 P DL i U R ORISR
[F) 4 s Z IR A e 4, sl R HAA H A RE ), AT R 1%
Mo s O BT HES L B L IR T A e =8 -
bit v 5 1Y Inverse Butterfly fj 2% 25 4% B 3% P 4% , 1% N 4%
A log, (n) P B TAKUCH S — 5 A =4,
B—A n/2 42 g A XTFR B— 38 LIFRAE 1-
FERFEE 55 (Sel) IUAE IR 58 i — X i A5 5 19 52
XECE S Hl . M IEA log, (n) x n/2 DIEXTF
KA 38 OIF A W A G B RS, Bt e % 5L B
U E AR . IR 1 (a) B $00HE 3 18] v 38 T L

(@) Inverse Butterfly 47454

Ja— R FE, AT R 53w LA A S i P
n/2 JJpE A T B T N 2% 5 Butterfly [ 2% J& Inverse
butterfly [¥ 2% {395 25 ) , o dhs (9 4> 41 18] By 2,
5 Inverse Butterfly 28 KLEAR L, 76 A PR,

Lee F Hilewitz 55 A\ 38 o B 58 AS [m] E e 52 VE A 2 28
I 25 52 BN A GO O RS 4R I B AR R
BT — &5 3T Inverse Butterfly/Butterfly [ 2% () &
7% LU B 4464 i GRP \PEX/PEDP ROT 4. GRP 4§ 4
REWS S8 I L A T S B4, BORE AR 7 31 R3 AR g 17 1Y
P B TE 7 51 R2 e (9 5548 I 47 b A B s SR AR IR
HEE H A5 R S A M, [m] B 428 61 77 41 R3 2l
“O” BRI BEAE Y51 R2 e ) BRal T4 7 bty BB s ok
WRRHELE B AP 51 R1 AR A, i & 2 (a) s, T
VAR A RE % S I 3 T 2 0 2 v BN B9 T O, H
[ L2820 0 Y 0 2k N 22 4y Tk g ), R
R F 3 — RSS9 B PEX 1 PDEP 45
203 58 EEE AT IR S AT ASRIEAN I8 2 () F
7~ , Hiip PEX #8435 T Inverse Butterfly B 25 SC 3, & I8
GRP /R — ] 16 I8 2, oAl 1 i B% {6 & GRP
right IX#547. PDEP 354 3T Butterfly R 453231, /& PEX

B2 I RCBRAE. BT 3 W 4548 2 7E S BR i FH i Tz
P, K it Intel 75 2013 4 & A1 ) HASWELL &b 341 25 (1) 45
SRR ENER" .

ROT 454 J& — i HI 916 B8 r B Ve 48 4, At
A5 — H AR A R K. Hilewitz 7E3CHR[9 ] 1 EH IR
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B KL G R T A 5 S % LRy SR AR AR 1 B A T
HICHE A T — DT R & T Inverse But-
terfly [ 26 1) 2 36 V. SR, IS e — P R &
A HE DAL BB AT A2 B, PR SRR IR AT BEARAIR,
BEPRERAT A Ry A I LY I 4 800 fin i 530 1k 5 O
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(a) GRPH A EE/R I

Bit

position 6 3 4 3 2 ! 0
R3 1 1 0 1 1 0 1 0
R2 0 0 0 /a /b /c /d e

~ ~ /
a4 ray'd ¥
R1 a b 0 c d 0 e 0

Bit
position 6 s 4 3 2 ! 0
R3 1 1 0 1 1 0 1 0
R2 a b 0 c d 0 e 0
~ - ~ N ~ \
~ ~ ~N ~ \
~ ~ ~ N ~N
S a w0 Y
R1 0 0 0 a b c d e

@) JEATHIERE 4-PEX
(b) PDEP/PEXHE A4

€2 Inverse Butterfly/Butterfly 2% v ]

Dr. Chang K& TiZ P45 $2 T — M B A IFAT AL AFAE 9 6
IR AL S A U 2. SRR R AL % S
W0 2 25 G ) 6 5 RS B X PS5, IR T I 5 4%
G B G B A BRI T 6 IS AL 1 AL 2
AE, HIA L AL OB S0 A Bl — PR B AL A 481,
AP IR AR ROR.

RGBSR BETE Inverse Butterfly R 2% p 4% 2%
PR T A , 48t T — ol ] R 0 PR RS A6 1 L A R AR
JICEAL . B AN SR LI 4 B LB A | 38 RE A SR LA
2°(i=1,2,-,log, (n)) v FE ) 5 71 I B o7 1.
()i, 5 RAFE SCHRAH bE iz 38005 30 S BT 52 2% B s JF:
13 BE W7 T B

3 FIEMREARBALEEWRKBRIZIT
3.1 Inverse Butterfly/Butterfly %% pE 714 &

Stage 1

Sk
EHat TN

Stage 2

gkl
= HAmA

Stage 3

w1 ][]

(a) RIFTIFIAFEAL B

PR 2050 2 P 2% 45 G DR BT e 18 4 A UL LA
FE G AL R AE S A SCHO AT T . R T — 5K
Bl & B ARG B AL FRVEE Inverse Butterfly/ Butterfly
W 255 rp ) S IAILEE. An1ET 3 () i, 24 R0 465 4% SR ) di 44
il{5 B X207 I, 2% 9 i 0 K0H 5 00 46 A BCH e 1o
FATR], AT BEAT RS AL 4R AE. 200 Ih i A\ B 0 R 20 5 1
A7 L 22 18 8 2% ) b 4 1 A U2, 32 19 4% {88 A i
Jy L-bit JEIAF HL 3, I 3 (0) s s 5 5 IR 3 (0)
F18) A L i A S U B0, 32 T 48 06 8 R — 1 RE 16 S
1-bit JEIFFZEFL ) Inverse Butterfly Hi .

B 1 Butterfly W 2% £ 90 55 35 A # £ 5l & L
PR o111 A L S ST S & VA R SE &1 ¢
(1<i<log,(n)).

HRPERT 1 ] LA 5000 76 R0 25 & 0L B2 S iy
PREL C,

SB—GAAR BRI 107

(b) TEAF RS 1AL B

K3 TEEA RS L o Eaa i
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Ci(xlugz(n)—lxlugz(n)—Z'”xle) =

(1)
Xlogy(n) ~1%logy(n) =2 " Flog,(n) -i " "¥1% OF
Xlogs(n) ~1%ogy(n) =2 Flog,(n) -i """ X1 %0

Forp €, 7 B AR PR, % -0 RTAKL
B — R bk, SR 4 pR AR SRR [ 20 ] v 1) 7 A
e IR, i AR (9 B ) ik e 10 HL A
— 45 5 HIS I IR 2 G2 — R i 1 log, (n) 2
28 Ji o mT LA e B AT 07 8 AR E—.

MEBT2  fE Butterfly FIZ5 1955 @ 9%, 45 0 IR A
BRI AR s-bit (L5809 w =n/27") 24 38 3 1 4
Pt (5 S, ALY 0 e RE I RE RS LU A2 Ay
PRI (DL FE A w/2-bit) 735l 5E B s-bit FEFHEEAL.

R & 4(a) i, ARBE w-bit BE LRSS | BwIE6 Y
O LR  FEADAG 42 M (5 P SRS L A 4207 i A
Bl A w AOLTENER/EA% 1A, P 4.(b) Hr 2 a0 i)
Pt AR (L2 KT o) i (w - 1) 45
WRBA B A7 13 B AR AL, [ IR A =4 350 23 w14 o e o7 X Al
(/2 = 1) Rt 90 46 14y v 1) 42 380 7 0 ) B AERAE , HaR
YA R — AT A LA B i Jag B . AR SO
AT PRI H R R VLAY 2 = bit KX (w - 1) Fl (w0/2 ~ 1)
PR —DHEGRXS, WP 4.(b) B 2R AE BT /R, BT

Input data w-1 w-2 w/2 wi2-1

A A A 4

w-1

A A

w/2

w/2-1

1

Output data w-2

Midline

(a) Witk

/W\\J

I \\\ 4
L 1 R S~ ——-1-—-—-Groy
|
Stage 1 ! L
| Control bits “0000”

Input data

v
w-2 ‘ ‘ wi2|
\

v
w/2-1 |
!

Stagel | ¢ oL o 0 R

| Control bits “0000”

4

Output data w-2 w/2-1 w/2-2 0

A A v !
|

Midline

(o) o FMZRRFALLEH

Bl — P 542 ELAE PR AL (L€ AT 1A 25
LRI BT WA R BT . Rk s B
FIBEE PR /2% 1 2L 00---00" —“00---00" , AR 4Bk
FEFRAS LASI 1490 G iyt Ry 4k 252 45 B8 A DA 19 350
Hh TR SR B il 1 RS X R, A 4 (e) Bm.
P 4 (b) By ff a1 RS AR LU, AU RR PR B D4 1 )it
A BJE Bk oy AR i SR OURZER 1.
PEBT 1 RTAL AL T @ A A KScds RE % 52 i 18] B B B
w/2 =2 RS AL S AT 4 (b) AR
GRS JITRT IO (A4 A5 S TS B 0001 ™, 2 B X
[0 ) A ST 8 o K IS 22 P i 1 O B A XY ok
L= s 7D NS M (11 D 9 e SR LR i ) E R < E R A
TEIA RS 1 ALHIAERINE 4 (d) Frn. BRRXT IR IR
U AU 5 EE O BUARL , AN B g B 5%
W Z5-FE 58 K 1-bit JEPRZERB N, WA G AT — X4k
PR O RN B (0 - 2) 5 (w/2 = 2). AR P51
VEFRZERS s-bit I, AR5 FR X AU ) 5 ek ARV 3t 75 ZEKE
PR P SRS AS s A7, (R I PRIE SR 1 B A s A Ao
Pl (5 SR IR M S a1y 48 R 25 400 ik i L
Bl ML 22 AT RIS B3R ZERS s Rt 25
A PR 2 BT

Control bits “0000”

1 0

=

|
|
|
w/2 ' w/2-1
|

Midline

(d) b TPIRRERALR

B4 B TR B A A

3.2 HITREARBLAEEHAR

(1) FRATIG IR B30 i 2

— n-bit /57 & 1Y) Inverse Butterfly [} 2845 f Jg — 2%
P2 Fe P El B O B, BV AT AL S A8 A PR
log, (n) = 1 L L) ¥ BRI 25, 42 A P n/2-bit 1)
WU ABHETE log, (n) - 1 R LIHTAH B ST, AN AFTE
SEE (WA 1 (a) Fr7R) . A TELLTEA n-bit H M 2% h
SLIAEERFS S o, A2 AT LA n/2 RS BE R ) I

W 25 W A B e — 2 (log, (n) = 1) % H 58 BUH i A %K
P& S =S mod n/2 TG AL H T Inverse Butterfly
Do 25 )AL 25 4, PRI AT 5k A B AT AR ) 2 1)
B, WIFES | I /20 A I 4 RS T
W2 IR 5 R 2, R4 n-bit IR EARTE S @ SOk bl 4y
Fh n/2t AT RSy, AR SE L ST = S mod 2
G B2, W6 5 AN BHETE Inverse Butterfly [
e SE i S PAFI AL A IR PR
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B3 n-bit Inverse Butterfly 257580 S (Al HHBAEIEL o — g1 2 i AR IR 3R 2288 1 8%

IREALERAEIT 265 © 0% R I £ ol S B A A B8
fS* =S mod 2' NifFERFLA.

M 3 HhIEIE S U, 7607 58k 21 17 B 159 2%
ARG RSN S SEHMFAL S” =S mod 2° (45 I
—FER. B ADREPE S 3 B AR

R4 n-bit Inverse Butterfly /4575 5¢ 1% S (V1
IR ERVENT , 25 11 W 25 (1758 A 2°) HRKE 5 B
N FREAE 1) S AR PR S AL

%+ Inverse Butterfly [0 25 SE BRI M 2278 S A3, R
LIRS RAETNE DAL HIE DT Butterfly [ 25 BE G844
Fe R B R, SE B A R S AL S B, [
Butterfly [% 2% 25 2 A X T 91 46 45 284 (dnitial in-
put data) 4T T & HALBEW S ALEFRFE AL Y4 n-bit
Butterfly [ 2% Hr 2% 90 545 1 5 400 i i A B8 AR T ) (4%
FAERIE R AR R07)  FATHRIZ N L Ry A5 Butterfly
4% ( Original Butterfly Network ) , W11E 1 (a) Fr7s. H4E
PERT 4 AL, 45 58 IR T Butterfly (25 (09G4 88 S if
A, AR A U R0 25 rh & 0 i A KRR (ffr] 34 % T
initial input data) 4% 84 B AL TEIFATIE A AL H S A AP
AL [l I AR BT 2 R0, T A 2 3 R A R 2 rh %
LRI R A5 B I8 432 W 2% BIV a] 52 1 A K 1
WA S L HAE.

LA 8-bit {7 FE A Butterfly W28 5472 1 fi K
B, P ZS BT IR AR R 6 (a) (b)) ((¢) =4
T A 2 R A TR I 45 R 43 A A
DL R AR S BRI IR (4207 ), b iR 7 Bk
FORZBITAER FERN. M8 MIEA AR S =1 0, B
Pr o3 1L 3 G5 W45 00 s o A BB AT e B4 A
TR LK AL TE HEA TR B AE A, R PR RS AL A A
Kl 6 th =AFEI T &SR B 6 (a) H55—2% 8-bit
WG A BRI 27 1 )5 o (65432107 ), H 4 4
J5T 2 ¥ 90 4 45 T 51 < 00007 116 B4 22 4% )5 5 AR A R
“0001™ , I8 ) 3 5 HE )k (6547 ) (2103) ;%

Inital Input ata D D i D D i D D i D D

PEAAE R MU HE , W0 45 585 — 2 R8s W e 45 2
/S S UER PN & I 2 A AR NSl
Kl 6(a), (b), (c) TR mgs 2 U kI 15 A
AR 5E p3E T Butterfly W28 IR IF 4185 1 4845, UNTE] 6
(d) .

ARSOHs b i R SR M5O U 98 i — Fh L T Butterfly
W25 ENAT B2 B AF I AT P2 1 £ B 28 U3, ik 1
7.

&i£1 To generate the parallel control bits from S for right rotation

operations

//rotation bit

//the 1g(n) * n/2 control bits

()for(i=1;i< =lg(n),i+ +) //parallelism

f

J=n/2""";//the input with of sub-butterfly network at stage i

M=]/2;

K =21, //the number of sub-butterfly network at stage i

Control _bits(i) = RLTR(0" ,S)*//RLAR(0" |S) indicate a bit-string of
M zeros will be rotation left than reverse the last significant bit. RLTR
(0™ ,S) *means the bit-string RLAR(0™ | $) will be duplicated k times

!

(2)RLTR(0",S)

For(a=03a< =s,a++)

{

C=00---00 < < <1 //M zero string left rotation one time

c~tr o«

|
|

Input:S;
Output ; Control bits;

//the number of control bits at stage i for each sub-network

~L7 Reverse the least significant bit of the rotated string C

(2) IATIE IR N LAk

(a) BFE il

B — D PERE S, ) M KX =155
GRS R ARG RIS ARE AN M g i(1<i<
log, (n) ) BRI R, M — A8 2 4 0 45 T A5 B
HE %, B8 B B Control _ bits (i) = RLTR(0Y, )", Hhk3k

Stage |
|
Rotation § ‘ : RotationS | | | Rotation S : Rotation §
| | |
Stagei e |
|
|
’ Rotation S by 2-bit with ‘ | ’ Rofation S by 2-bit with ‘
|
Stage lg(n) |
Final Output data Rotation S by n-bit with ‘

Inverse Butterfly network

L

’ Rotation S by n-bit with

‘ Final Output data

} Stage |
’ Rotaton S by 2-bit with ‘ i ’ Roation § by 2-bit with ‘
...... } Stage i
\
Rotation S Rotation § } Rotation S Rotation S
i Stage Ig(n)
D D D D i D D D D Initial Input data
I (fixed)
Butterfly ‘network

K5 TEER SR AR
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Initial states of z I E I I 0
Stage |
Control bits rotation ! ] 4 X ’ \;‘
Input data string | 6 . . . . - .
Left rotation by 1 at 0
Stage 1
g Ak owwssi [ o | EHE
(@) Butterfly W28 58 — RG2S —1f
T s L[| < o
Ctimmlbns rotation /‘r’pa]r{allism Iﬂiﬂ:ﬂ::‘?”T T T igl T T ' [F a@—é&,‘]}QﬁE:‘g&ﬁﬁ)\ﬁ[ﬁAE[ﬂ
Al o] (4o ]e] B | [ | B
L
==l:=='lm@@alnaﬂuﬂzﬁﬂﬂp
ot s | D D
Ompmdalasmr{@ im m i@
(b) Butterfly FI2% 55 — LRI /o8 —{ir
Initial states of ‘ n } } ‘
Control bits rotation //parallism Stage 3 ! (d) Butterfly 28 B A7 55— iz
Lo Lg Ry Rp
4 {8 [E - e . 5 . B {0
L] ' £
. -. . Input data Sm»QIZL m ‘E
] ] ] ]
S s ke Leﬁm;;;o:}bylal>< I >< I ; | ; I
Outpmdalasmr{i@ i i HE|>7

(¢) Butterfly [ 25 55 = AR/ — 1

[#l6 Butterfly &G4 T4 1

/8 RLTR pR $50K: 2245 047 Ho $UF T A9 UKL U0 no = 8-bit
Butterfly P25 Y% i =3 %A M =1,K =4. B4, %%
RLTR (0", S) ¥4 H47T AT 4 YR LA A L I s 211 4-
bit 25 il {5 8, , 1 03 B AR {4 J2 11k 4 200 AT 4 B AH X Bz
P A B A B L B AR S B R AT S B L A H
JiT 4 A BARAE A 9T Butterfly 25 RS A7 (1T 0%
FHTRT B4, 824 [] 0 v A3 A Wl o 246 42 ol £ 8t 0 SR A
[vi). A1 L [ — 2% 1 Joir A M ) 4% ) DA e — A s ol
S LA . n-bit Butterfly 655 — 90 IR 25 A 1
A TEE n/2 FRRE TG R 5 | 0 27 AT,
T2 n/2" RIS 24 i = log, (n) B, A W 45 T
W AR R E RN T, 0 =n = 1. 45 n =64-bit i},
LA R s il B AT 63-bit, iX 5 5L 1 AR B
196-bit = {5 EAH L, 1823 68% .
(b) B — i

fr s et s SRS

FEREE AN RLTR(0Y,S) R . e
— TIPS AT IR L5 SR R AL U S IR
AAE e 445 R Pl £ B sl s WS e B, — 4> ML
PP I HEAT RUTR $0F R 2M =n/2' 7 X
IR A i1 R0 2 B L B T AHAE. R AR AR A A
5 S, W4 A B A #R AT S I RLTR #2415,
ENMRIEA R AT LT S™ =S mod J =S mod n/
27 KRR RIT. BA02Y i = log, (n) I, S” =S mod 2,
2 RLTR BUCEAL S B —HE L S,y )20 S, S, AR
fr S, BARE , IXHEE R MR 6 T RLTR 7644 2 4%
PERGUCK, AR T T AR O BE PR S5 B
3.3 RIABALAEEINGET R’

(1) BUR PGPS AL LS —

VAR AL A5 1 21 70 88 IR 35 A5 B 484, B 30A
X 2T Butterfly [ 465 ()07 $5 A7 5% S V5 42 5 5L A A2 1l
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R Al FAG RS- B T S it 1031

AT T WP 5T AT AT RIR A [RRE 9 23 87 7 3645
PR 2R AR AT 2 i £ R AE 45 S A 2L AL
RS AR s (RERT T Butterfly 25452
A £ BRI A S s (4% Ml 15 B bt 1y
ZEAPERS LK 3. 2 W Bk i Ak # 8A 1
I 2 R

2R

*& 1 Butterfly 5 Inverse Butterfly fEIRFE A= H{E B

Operations
Left Rotation S Right Rotation S

Network

Butterfly ~RLTR(0Y,S”) RLTR(0Y,S”)

Inverse Butterfly RLTR(0",S”) ~RLTR(0Y,S”)

&i£2 (&% 1 H%i#) : To generate the parallel control bits from

S for bi-rotation operations

Input:S; //rotation bit

Input: enable _right //to define the right rotations or left rotationsl
Output; Control bits; //the log, (n) #* n/2 control bits
(Dfor(i=1,i< =lg(n),i+ +) / /parallism

|

J=n/2"""; //the input with of sub-butterfly network at stage i

M =]/2; //the number of control bits at stage i for each sub-network
K=2'"'; //the number of sub-butterfly network at stage i

If(enable _right = =1)
Control _ bits(i) = RLTR(0Y ,S”);
Else

Control _bits(i) = ~ RLTR(0",5”);
of RLTR

f

(2)RLTR(0",S”)

$” =S mod n/27"

For(a=0,a< =S’ ,a+ +)

|

C=00---00 < < <1 //M zero string left rotation one times

// ~ means the inversion string

C~'//% ~1” reverse the least significant bit of the rotated string C

|
I

A3 b A R B 1 B ) A 2% BE AT T
Sk 1 EEMA S5 R RERT A9 ERF S RLTR (0", 8)", 3%
RBCTE SR 2R — TR 20 AT n = 1 OGRS 0k
FBINE T (BB S =n BF) , BEHAT n k. DR M %S
AL E 2B R T (n) = 0(n"2) ,J& T 2 i
()52 2% B RGH PSR 1 i TR TR R R XA
B, [EI X RALALEL S LIRS A i 1A ) SCARL 1 R I
SR AL R DR IR AN B B A B R FE R R R T2 (n)
=0 (nlog,n) ,J& TLNMXTEURZ I BE. PR, etk g 33 ik
PRV T 52 2% B2 R I, PRAT RO T .

744 Butterfly MZ8 R 5 3R 4% S 7 1Y 45 il {5 S B
He )i 3 Inverse Butterfly [0 45 rpr BRI AT 52 B 4y A B8 405 17
FEERRREAL S. ARPEIETT S 1, Butterfly [ 2% h {5 35 72
B S L2 s il 5 BORAG PR A A 00 T, 5 0 i
7 Ja Az 5 EAE T Tnverse Butterfly [0 2% Bl ] 552 i
TGRS S PiEEE. L, ¥ Inverse Butterfly £ Butterfly
W28 TG IR 20 A 6 AL B & s il A5 5L A R A A

(2) B FIEABAL LG —

T RIS AL S B b R A AL A 1 — Fh A
ZLBRAER. B A n LWRREE 73 R k= n/m A~
M (nom B2 WREREH n>m), a LIIFAT AT &
AN ELF N ER TR ER RS AL ERAE. X AR YRR IR W E G AR
Inverse Butterfly/Butterfly ® 2% 5 52 Fi, iX 5 1% W 2% 1%
P FRT 5 431 2 43 AN JF 0. A BCHE 20 T kA
H, BAHA m-bit B, 58 B m-bit B 19 16 31 5%
A s ZORERIT log, (m) 414 Tnverse Butterfly 6 2% vy )
TFOGOIR 7 # BROC i AU GE pk 1 3& T RP AT R R
log, (n) -log, (m) 2% [ FF 3¢ HF O35 @ B T A5 )
AT A5 B E AR EAL07 , DL IE 4% 1 3 W 45 v
RO AN 2 A 30 At 5 T % v, DT 58 S 2 - 10
I ERAE.

3.4 WEMBMAEERIT

ARG RIE 1, B0 T AT Inverse Butter-
fly [ £ 1) i 3 A 5244 70 P14 137 - 15 482 BT ( High-Speed
Reconfigurable Rotation Unit, HRRU) , 1% ¥ 7T 3¢ 43 X |A]
TEAREALFILL 2 (i =1,2,++,5) B30 FIE IR RS (i 454
I T AT S B AT v A A A R B 58 A 2 F
EERAE. © i G PR AL 4R A5 B A i H B
Inverse Butterfly 5. i% ¥ 2% H3, B 4H i, 40 181 7 fros. Horp
A AR R AR B R S T A O R,
HRAEFL 5757 K5 ( shamt ) FIPRAT AR Y A [] 52 B 3 A= 78
FIT Inverse Butterfly [ £ rp 2% 25 T 5C A2 15 6. Hooi
HIifigan: 2 s,

LR C4 C8 C.16 C.32 Shamt

PYvvovy

Reconfigurable control bits
generation circuit

R2

7/(w)Sou

N-bit inverse
Butterfly circuit

Result(R1)

K7 A EERES (L
PEFLBE 3520 RLTR(OY,8” ) bECHRME. 24 M =4
IS, B4R 51100007 , 45 S” M0 -7 24k, RLTR pR%K
LRI 3 P
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®2 FWEMBEARBMLSATHONER

MODE FUNC L_R
{C_4,C_8,C_16,C_32} 0 1
0000 64bit Rotation Right| 64bit Rotation Left
1xxx 4bit Rotation Right | 4bit Rotation Left

01xx 8bit Rotation Right | 8bit Rotation Left

001x 16bit Rotation Right| 16bit Rotation Left

0001 32bit Rotation Right| 32bit Rotation Left

®3 M=4,RLTR ZHHME

S’ 0 1 2 3 4 5 6 7

RLTR 0000 | 0001 | 0011 | O111 | 1111 | 1110 | 1100 | 1000

M3 o RLTR Fifi s” AL A5 R 0] UE B, B 5 8-
bit F51]“0000 _ 1111 53R F2 07 ) sy DU A7 i ) (LA 245
AR, P BATTH RLTR 4 SC AN B8 (s e ) 2
S SR IA FR AT A R A IR LA SRR FR RS i 254
ME 8 (a) i, BT " — Rl it F a8, — 1
N-bit [y AR REAS 7E 55— Z% IR 2 IR BT
L. TRESAEIE 1T P B TG TR, B8 L (o B Y — 3 i)
A EHAE N A BOT R P HIE S, B A LA
SCHUMRT . 1 RLTR 5 AE 00 46 f A e o 8 €, N it n]
DKL L A PR S 30 4% 7 A 2R AT A 2 AR
LRSI A I 58, FLAR AR S 45 A an &l 8 (b) B, S 1L 4E
SERATEG , 22 DI A i ey e s e B A ek 2 L 3 S AT
I fe gt

((

(a) RLTR AL iy FEL i

o/
So
s

1 1 1 |

o7 06 03 o4

(b) RLTR AL )5 Hii

8 8-bit RLTRULILHT (72) Jm (fa) HLBkZEH

4 DHRESHEREIS

T WL 5 LAAE SCHR #3647 %0 1, A 30 HRRU
TGN TELEAE Sy 64-bit, IF-43 | N T e FIVERE A )3 Hh Kk
X ) PRI HEAT A2 T 43 BT FPEA.

(1) HRRU T gEt: 4 Hr

4 hHE T AR RO RE S SRR S
PLERERRE.

SERFW] XS A A B T A5 BRI, H BE S Bt
—J7 R ALARAE. Hilewitz 55 Chang it AR % FIAS
BT HRRU A g i TAR AL T HoA B AL R R 1)
Inverse Butterfly/Butterfly [ 2%, [&] . A Y GE 1 55 FLAE P
For LG ERRES AR | 17 ELIAS T LAGE 3 34 & 4/ iy 45
ilf5 AR B % SE B4 45 GRP PEX/PDEP 45 7E N (1) %
T AR 25 LU AR B PR A, A i i) RTE . A, AR S0k
THY HRRU 38 G f% F A —AN3305 (G RAA: 1) S2
ZIP R FIRIRE AL ERAE. Rt NI BB A 2 H &, HR-

RU HICAHH H T HA B 3 S5 A TEAG B
F4 TRBABTIFHOEE

DECL(E Bi-Subword
B PEX/ |IBFLY/| Bi- | o
GRP Rotation
PDEP BFLY | Rotation
64-bit (32/16/8/4)
. 64-bit | 64-bit | 64-bit
YIge It -bit
Log Rotation
2 . v -
Shifter
Hilewitz’ s
e Vi | Vs Vo Vv
Shifter!®
Chang’
| Ve | Ve |V
Shifter| '
Our Basic HRRU| V/ = V o Vo V4
Our HRRU | V' | V= V % vV vV

~ I HTC R RS R B — 7 1) A RS (025 AU S 84 o i 4
il 2, B A8 L BERE SRS 3A1 5 Our Basic HRRU 2 HRRU fr) 5
AEFIBNRL, E 5 Hilewitz” s Al Chang B BR A7 HIT I fiEsE MR
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(2) HRRU P RESHT

AR SCE SERHR ) HRRU {i f NC-Verilog X} H 1)
BEIERAMEEAT T 05 BB IE. SR )5, 5 F SMIC 65-nm T
S IERAS T2 (ss) R ARIELE ( - 40°C) AR AR A
JE(1.08v) T, 47 T #HLE Sk, Z75 iR H] flat-
ten PHRAL RIS 1 B B P AE, A Rk 5 fis

25 TR UL B Y 52 Hilewitz” s shifter 3%
TSMC 90nm T ZEZ5A AL, AP 2 1 bb 55 46 X 1 X
AL X FE R B SOIFAK. e SCHR (9 ] Aol it iy B
IG5 38 25 0 04 X SRS S 2 R AT T M RE X EL, Ik 1
FURIAER W2 800 — b A0 31, 45 1 7 A 6 T AR A
X RERAF. IXLEAHNHE 28 0% T A& 58 T 2 BRI, BB 7E
AR T2 52 BB 1 A RO B DR AR SORE 2 1 1)
AT FE 7 - B B0 HRRU 5450805 Chang 1111
F& A0 BTG RT3 FH 285480 1) 0 B30R8 7 2 — S 2R 4T T AR5 2
5. RIGEMRIIREE L N 4T TS ZE &, 4R G
ZE SRR T I — AL AL B, 5256 25 R0 A SCBEH

Basic HRRU S $R ) fiE 5 Hilewitz” s Shifter 1 Chang’ s
Shifter AH[F] , {H& i 3R A1 7 AT A0 45 1 45 5L A L3R
2, IR PR R 2 D0 SR SR AT 1 A R Ak,
IEAHXS T (Relative Avea) Sy % BORS Av # 1 1. 08, AH
YT #EIR (Relative Latency ) g B B 1. 04x. 5 3CHA[9 ]
AR TR 1. 38 FIARXS ZEIR 1. 18x AH bb , A SCH M Y
Basic HRRU I ARARXS B/ 1 22% , SE IR AHXHE 46 /)N
T 12%. 53CER(14 1A L, FEETFRARRHE N T 30%
FESRFAXF(E W /N T 6. 4%. 38 323 3t — 2 4 Wik al A &
BH: 4% 2 Basic HRRU FIXE0FS {3 25 9 Buffer 187
S5 T2 8 8 TR AR L Xof 500G B % o7 i 1) T AR R
N 59. 44um’ | X DR AR SCHE G s oA R AR R 1Y
B 2 R RT3, U 5 R4 2. HRRU PG B SR AHDN T
FRAEMS N 1. 62« , {H AH X} 33 & 4 T Hilewitz” s shifter
FN Chang’ s Shifter 2Z [8] &y 1. 13x, 8 N T E ) & T T £
FERRS AL B R AT PR BT 2 A, B AR 9 A W] 8
F g

RS AEMBMBEATERILE

s Area Total Area Relative Buffer Latency Relative f
TIfig ot ) .
(NAND gates) (um®) Area Area (ns) Latency (GHz)
Log Rotation 1. 30k 1875.32 1 162. 64 0.53 1 1. 89
Hilewitz’ s - - 1.38 - - 1.18 -
Chang’ s 2.02k 2906. 75 1.55 608. 52 0.58 1. 11 1.72
Our Basic HRRU 1. 40k 2017. 88 1. 08 245.76 0.55 1. 04 1.82
Our HRRU 2. 11k 3038. 40 1.62 435.96 0. 60 1.13 1. 67

« Hilewitz’ s Shifter'®) 2T Inverse Butterfly (45531528, 84 iHdi ] TSMC 90nm T 25 )%
* Chang’ s Shifter! " #:F Inverse Butterfly P28 35230, % -5 A SCHI R BR 8 AT 22

5 #Rig

RXH Y T —F T Inverse Butterfly/Butter-
fly 2% 1 B A 5 IR 47 BE 0 20 8% A 45 45 8 AR BUGE:
2 R E B 1 — Rk AL a] E A B - 4 i OT HRRU,
MZ R TTA L E R PR RS A BRI, 55 DATE SCHRAH Fe H:
BERTET 6.4% ~12% , 1w BUE /N T 22% ~30%.
MIZHTCAL T 2 Fh R LR AR I, ORI A T R 2
8. 4% (AR AP I B S BRAE RIS 2 DITE D ST R 1
2 A 1A, 3 n] LA JE A A P, g% v 0T i 80 A
Jok 451 GPR, PEX, BFLY/IBFLY % 4 24 [0 4 5
PRAE, DRtz PR oG HAR 08 9 FE AL B8 ) TN R A A R A
], REAS 15 8 B0 — B R A 1) ¢ R SR 11 17— Fifn
SR FRATT A B SR BRI R T Y 5 R AR R AR O
BEHEAT A Hi i, T 5 Intel Haswell 40 ¥ 8% i) PEX
BATCFEST R , FEREAE PR A - 5 45 SR 14 UK.
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