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ABSTRACT

This thesis proposes a new design of adiabatic circuit, called the Quasi-Static Efficient
Charge Recovery Logic (QSECRL). To achieve the minimum energy consumption, this thesis
proposes the technique to reduce channel resistance and remove diode from the signal path. This
design method can be implemented in both combination logic and sequential logic. The counter
circuit and the 8-bit carry look-ahead (CLA) circuit, more complex circuit, were selected to
evaluate this proposed design. All simulations in this thesis used the 0.8pum MOSIS technology
MOS transistor model under 2 volts (peak-to-peak) sinusoidal power supply. The results show
significantly improved performance of 8-bit CLA circuit with 20-30 fJ and 70 fJ energy

consumption at 10-100 MHz and 500 MHz operating frequency, respectively.
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2.3(a) 29I NAWNTANIIVADIULADINVBIAYYIUBUNAVINADIUZADINVDIT YY1
Ld dy '
1DIANAT 150071 2993 reversible logic
) ' a o ” " . A ' a £ A
dunginavsasinia liflunuy ireversible logic #3111 35013410 9 TFmInilsie
9 = da 1 . o b e by o W =a
msldnsmudmaoinaenvy self-bias Mihnadwlaloalumssinunaniinmsinaves
¥
Uszy (wasam) dwaaslugyl 2.2() Fmsiiudaw ualifidsz@nsamiivane suiiann

2w A

[ Y3 d a o & ' ' ¥
nanugyideduiieanndnaunsa ledavemsmdmaeiaa lananneunthiiuaz gym

ar o

4 a a [ 4 o a o o [ [

Foasziudyauduiissnnmngathnszuaveansmusamo i Inseaudygy o bilyan
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0 Thanet19uN 959 1UNTZVIUNT restoration AINY 21995 Energy recovery logic Juduitms

d..d. = a 1] o ar A ¥

ponuDYINsNTUszansnmgegalundimsiszndandasnu Faad199un T-gate uay
° v o a4 g -g a 4 S a Y

AUAUMITNNUVBIRIA WAy IuNad9TuINBunesdlindunIaeInueeeesialy

k- ' '
at1a l5An A asiiennsin lildeTalunal fiia Tanlnd iiesninnsi hiawnsoaianes
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2.2 3997 Partial Reversible Logic

v Y o . £ ﬂ 4 o = P
nnateneuniiilunszuIums restoration Fuluduneunisiinlseyhazayin
IV | Vo 4 @ 3 o o
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dlullli14 dniudaimsissduailumanumaiinniseenuuuies e linszuiumsi
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ﬂﬂgﬂ‘lfl 2.4(a) HIUHAII99T AND/NAND 1111 Partial reversible logic Tab isolation gate (IS1
o { J f"’ = ey
1Az 1S2) 929NMILANAWT Y IUNNOINHAYDINIINTU (¥ (= X1X2) uaz ¥ (= X1X2)
) Tashmihinenieesiulesdall wuw@erduiuinaniugy (control gate) Tu

i d v
@2 recovery path (C1 LAz C2) UBNINT T-gate NAIVANAIWAYY U Pl (=

i+l

) uay
Pl(=¢.,) 143 synchronize dayanauiiorinassnatasesumhemsauiu U 2.40)
Llﬂﬂ%ﬁm’mu1ﬁﬂyﬂfllﬁ::‘Il‘lﬁﬂgi.\]ﬂﬂl‘llﬂQ’Nﬁli NAND w11 partial reversible logic gﬂ‘ﬁ 2.4(c)
naRasfy 1 Infimsunsniaessunesines (INV) aesansiieldsanazmsian

¥
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2.3 31993 ADL (Adiabatic Dynamic Logic) [5]

iauRamseentueesszang iieaanugannlunszuumaimdsany
AEUAY (Restoration) TAUKANHATNMIOONIYY adiabatic 1122993 latdinaoinuuuidui
29v59eilgaahaniiy 2 ¥efe precharge phase I10Z evaluation phase nl¥lunszuiums
restoration TagrugunsaiGuanszua (1aTen) Fuhmihil precharge 2993 Aagilit 2.5 &
tAsBuNefineuuy ADL st lsimmuihsssamiisziivinadnuazeenuuy 14
1w umdszaninmdumsdanmsnasnudiidnane wamsniwTeundsnuaasanal
Tunnmudyyw wazndsnudnsnnezgyiduiiosmndnaifianasenlalea  anoasu
ﬂmumt?aaszﬁuuwﬁuﬁ'tymgmmﬁuﬁqaqﬂuawﬁmﬂ durilesnndnmdiunilsiinnndou

TaToadrumunu

I~
1 %l
1~
L

d= a M5 ¥ Lﬂ:

EVIE S SN

w

317 2.5 2997 inverter chain 11UY ADL (Adiabatic Dynamic Logic)
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2.4 1995 EEL (Energy Efficient Logic)[6]

it 2.6 uaAIIBUNBTINRIIILY EEL 2nesdszaniidedunaes lawiindn
Uszimnils Faamsianuiuddieiie 1dle phase, Evaluation phase, Hold phase 110z
Recover phase TaomsiirlaTonoon hitenamdanmigaydonndnmanaseung1¥gnsniaand
(cross-couple transistor) MP, 11ay MP, 'lumsmuquﬂs::qﬁw'lnmnnnﬁ'qummaxnﬁuq{
undsnie teannguommimidmanswmgminszumiiodnauna-sein (v,) Hmdind
fnaumsalaas (V) whlimsowleudszydiull hiauyseluasdnauednn (7, uae
Vou) H823un3alifuuny rail to rail Tﬂuﬁ'nmfhunﬁqnzwnﬂiauﬁﬂ:mm%mm{i{
“axfmﬁa”lﬁmﬁd‘lﬂauﬂs:qﬁ‘lu'lﬂadnanymf Taiimsiuneamdmaosiiionmii
recovery (MNR, 1Az MNR,) dsdosmsdayanannitni (CLK) uuy square signal ums
AIUANNS IHaveING 1112993 ﬁalfu'i‘immﬁ'igtymﬁ“lﬁumsmmumsﬁmu‘ms
fwamnn  nduidluglassademsnefnsesuarnmsanaiedyana Fazdawadents

gaydondsnulunga

¢ Evaluati
v on Hold Recovery

MNR, MP!, MP, MNR, ﬂ Idle
. *’><*4 Rl T N N aa N
vy b TN N
n A N NS
V;_{ I‘J:N’l M:NZ |_Vin

U7 2.6 29938UN0BTIMDT VY EEL (Energy Efficient Logic)
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I, v,
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and
Evaluate Recovery
‘Fﬁ - Wait
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71 2.7 (a) 7995 AND DD ADCPL (b) dydnuain1aaedn (c) 2997 latch

naz (d) uvaane I 2 e
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2.5 1993 ADCPL (Adiabatic Differential Cascode voltage switch with Pass-

transistor Logic) [7]

[ Hd & A
310 2.7 1aA97995 AND 1uy ADCPL 29951 sunniidedunees laniindmlszinnmila
a o J o ' = L4 y ' W
NWAUINDIINNIT EEL Tﬂumﬂﬂ%@mmmmﬂm (MP, uag MP,) lumsisonaenu
L ' P A v = I o Y .
unaanio I (4) uAnnufvziFousenimFmnes MMy fanction network (MN,~MN,)
a o 4 i o o ' 1
YDIMVIAINTIIU 2993 ADCPL 'nz'n1msn%an¢1mi’fmummgmma G]“lu;mmmm pass-
. [3 3y Aa @ a9 9 " a .
transistor wﬂﬂmmsm)ammmwwummaauwumau"lﬂTﬂu"lumﬂ"ﬂiy_m charge-sharing
1 A = ' = d’ o @ 1
uozdamaliresiivnann ednlsimy Jedovensesiifennunadnnnlumsiarnm
o ' y ] ] a é o o t:i
VOIAYUIUAN ) iiinsnaeny Faiuiludo01fu2993 latch (zﬂ‘n 2.7(c)) HoNaINN

¥
il wiamgydveznalunpamudyapuduilusamininmsmauuny lauin

2.6 3995 CAL (Clocked CMOS Adiabatic Logic) [9]

{ a 4 dyt:l [
5UN 2.8 uanaresdunedmesuuy CAL Tavasesiifinnuadiondaiuaes EEL
' " A ' U a o y T ' 1 = '
819NN MnAINAIUNIUFaaes NMOS e lriled azlifigalalulsesizeglu
¥ "
an1ILavunl (floating) WONNINUEIFIVAATYYIUAIVAN (CLK) nsududealdluaees
o 0’: o a - o vooa ] - s 1
EEL Auiudgg e innnueenssalianyazuniunusiuny rail to rail uazdnalin
T a (] = 1 d [ 3'., 1 H
ANMUNUMUABdYYIUTUNIUBINA a1 lshmumsaelsssuuuiildnndensnlaou
4w v & 4 - 9 o s < v
anmzmaenads aniuluifunmsnnfivzaiugulddnaindyan/dounlasaeandes
@ o (L o ﬂ A Ay 9 ° . Y e
nufnAumaIne (¢ ) oudludon ludosduvesnsiauuuy adiabatic Aniuioiafna
' = o o ' = I 3 4 a - - A
anA3 oUW awes sni lgmagydondsnumniuilemeniuees adiabatic LUVBY 9
Hd ]
wenunil lummfdsuaomzdygis niwdmaes (MP-MP,) uaz (MN,-MN,) z'li
o d a v o "o ' o a o
ihnszuapuiuaziiamsdadyaraunumastiognsinl  suduwaldifandsnugyde

PINNTLUTAAIDT
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e S
MN, MN, - CLK
- Yy,
X_”:MN:s M, [_i

a a o o
31N 2.8 29939UNBIMBINVY CAL

1

2.7 1933 PAL-2N (Pass-transistor Adiabatic Logic with NMOS pull-down) [10]

' w ~ a ' “ o {
nndeddunnumumuredyapusuniui Idnnmsiugnsudmnss NMos #

¥ v ¥ b
Wil pull-down 1u299s CAL (517 2.8) dniu F3msiiveldgnilszgndldidhiuaces

ADCPL (3171 2.7) uazgniioninems PAL-2N Tau 2N nuuiaweansudanes MN, uay

1 o u’: a [ ar [
MN, ﬂtf'l\i"liﬂﬁ'lll ‘i’l’ﬂlﬁﬂﬂlﬂ\‘l’)ﬁﬂi ADCPL TNﬁ'I‘HﬂTiﬂﬂﬂTﬁ“]f'J\iL']ﬁTﬁiyﬁg1ﬂl HAZWAIINU

qadenamsiauy lawnindiney  isaadiulyeilgnisessinisvesdayau

=1 1 & N a::. o U o o
Wunuufud oty rail-torail  waz  WNAMUAUMUAYRIUTUNIMTURLITUAY

7395 CAL 317 2.9 1792995 multiplex VY 2:1 NOONUVUAIWIS PAL-2N

?
w4
5o oG
S LR s ¢
sy g o a0

317 2.9 2995 2:1 MUX 1111 PAL-2N

Precharge
and
Eoaloste Recovery
Wait
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2.8 2995 APDL (Adiabatic Pseudo-Domino Logic) [11]

¥

IMAIAMI0BNIUL 95U T2ANTIIWAILINIIINIIT CMOS Domino logic 1aY ¢
4 ¥
Wuumasswidsmnunszuaady uay v, duuvasnieidosnss nazudamsiaudiy
3 %2900 Precharge phase, Evaluation phase 11a¢ Hold phase (Zﬂﬁ 2.10) Tavlugrausn
'3 ' 9 { [ | = a d'
(Precharge phase) NNYA1UI9959TQNTINBE1F 9 Nnunasnild ¢ uiiaoiuzasing
= b4
1N (O uaz Q) Mty 1 unialalea DI uag D2 muAIRy 1IATuTadg Evaluation
4 ' o " . "o o o
phase 33 ¢ vzAoY < aamaway laToaogluanin reverse bias (Bivnszud) Ananoraya
7o o = g A

wgnszmnannilandumainuvessesuazduna ) Tuvaiziu vngl 2,10 Faily
29938UNnpiIAeY odyauduna (X) Janmzasdn 1 nsuFanos MN3 wihnszuan
Y o d =l | = @ e o - e ) a L4
Tdyanuedne 0 faamzilu o luvazRoiudyyiuerdya 0 linsudaaes
MN, 1hnszud dewalddganaueidna @ Hlanizasin 0 uazezgninu13lusie Hold

' ¥
phase teitluBuyaiestatl dnfudyguszgnawmenns lmiloudnyaizves domino

'
- o )

b ]
Jordvvearsessunniifendsnugydeduiioanndnannasonlalen dsiina1 1iuda

Viid
MP, MP.
L : :”D_‘ _0”: A Precharge Evaluate
h B @ Hold
MNI :]I— D :
AN ]:)2
X _”:l N_'N3 _“_——-I“{N2

l
¢

511 2.10 29958un0FIn0T (ivlvle3) nuy APDL

2.9 2999 T-APDL (Transmission gate-interfaced APDL) [12]

d. - 4 i L A

Ui 2.11 Wunesdunesimesuuy T-APDL Fuiluesiliuljanennases ApDL

; ; . { d 2 -
@G 2.10) WidedunnTnaadufulszyi launasfiedymisgesdnuiiosnin (MN-
A o o 4 .4 ' v o s qy
MN,) taz MN, iiehauinnudgeiunyhisunasvesvinalnaadaunuyszy i

1 ) o o A A‘.'l ar " 9
Funawesdygueana O uar Q mdsuuazamAmauiy dawalinsnIuguns

o - o & A o id & -

MamvevsAanaa aniuie 1iesannsoinuitga¥u 2995 T-APDL Tawindau

transmission gate NAIUANAIVTYY I (CLK wae CLK ) daHaunInasnugaydiodniniad
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' o @ a & o 3 ar
o013 IsAimuaesdesdodygrumuguinudnih londemsnidannes uazmsig

MUy INAN

Vad

Precharge Evaluate

q. MP::]P—X—]-%EMPI _Q ¢ M

I D p OX I
I il IS e B
]
CLK
$

317 2.11 29958uUNBIINEI I T-APDL

2.10 29995 ECRL (Efficient Charge Recovery Logic) [13]

YavsAeunhilinisamsnveamsiaude Precharge phase NMuTaaudan
Evaluation phase Fumneds nsmommdanusAatusudsusnYeImsT e W
lidlugaundvesglnsaian  q  siildiRemsgapdondsnuseniamsaiom linedi
nanidoa 114 luvaziiaes ECRL (gﬂ'ﬁ 2.12) 1% Precharge phase 1122 Evaluation phase
(AEINY ndnﬁammzqﬂimwsﬁﬁaﬂﬂé’ﬂqﬁnﬁeﬁa?unwﬁmuunza”uwmmmfu Jaifia
mstomwdaa Yinandsnusauiindeuthomelunsesmiisuiuiinewdhqaas Hold
phase 112 Recovery phase v‘iﬂv’hafszxmnf‘:ﬁwﬁ’wmquﬁuwﬁmhnin"1ﬂu1ﬁmmu§iuq
A l@narmudadedu

¢
|

i Prechgrge
h 5 E":‘t‘l‘a{"‘“ Hold
Recovery
X—EMN,  MN, X

=

71 2.12 29v38uneInesuuY ECRL
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3337 QSECRL

(Quasi-static efficient charge recovery logic)

AszUIUMIBBNUULNIHDDMAsuAT NlFnanmsmsmommasau hhnmeasou
o g 9 a =) A A ' a B . g
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Stage n Stage n+1

(b)
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Harduanin Switching activity P(0—>1)
'Nﬂ‘iﬁl.lﬁﬁﬂ 'Nil'i'lﬂu'lﬁﬂ
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2 input AND 3/16 1/4
2 input NAND 3/16 3/4
2 input OR 3/16 3/4
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3 input OR 7/64 7/8
3 input NOR 7/64 1/8




38

nnnasnugideTudaraudygiauvaeneonssll (4)  Tuaunisdredu e

) 2 ¥
WIITWUIDIAT switching activity WU

E

loss _ static

= 4Vd Vd . asraﬂc (3 7)
2 1
E loss _ dynamic Vl adynamir:

o 1 i A . s o ¥ ' ow (4 k3
AID0191%U 1192993 3 input NAND Wiaunwld V,midu 2 Taaduazld

a St A s ¢ 1w o ' W ' o a woa
NINUBAIRDINY Wﬂllﬂ']lﬂiﬂ(iaﬁﬂl'ﬂ']ﬂu 0.6 I')ﬂﬂ WU ﬂﬂ‘i'lﬂ'JuWﬁQQ‘luqm'lﬁUﬂukﬂﬁT]ﬂ

a S "o v Y o a
1@16?\1‘“1\3'ﬂillﬂnﬂllﬂﬂﬂﬂzn‘ﬂ‘“ﬂ1ﬂUWﬁQQ1uﬂ”mlﬁUﬂ1ﬂﬁﬂﬂuﬂiﬂiHﬂﬂ‘uﬂ'@'ﬂiTu“ﬂﬁlﬁ'ﬂ{

v
- ar s U l& o =

1u1§05llﬂu‘1ﬂu133ﬂ AIHUITNUII995 QSECRL ""h’\iﬁﬂ'liﬂ'lq'luuﬂﬂﬁllﬂﬂﬂ HuUIZNII

' ] " b4 '
ponuuUNIhaduFudomnninesififliiduiiug e q ignnszavdevesn

3.3 MIUAZHAHUIIIM

~TunseonuuuI993 adiabatic iipaaravesfnaImnnIonluglnsainieg Susydawa
TiRamsgydondsnu Seiudludesimsdmuanunaveamassioidoamunszuaady
[ Y ! " (] & a 4’
(¢) MaoandesiuTnaaduiulszaiigadn 9 nwluresedamuizay Fuiaiuldla
M3y 9 MUITIAUINaItd 9  uazanasen Tnaaduiulszyliuinfigauds
» ] " v
dniu Anananaieunolulsesieziisdmganasnnedmdsnugydoiigadis Tannd
J r H.’ @ A or : o <3 ar o
udmmasnie Iidsaunszuaady Faingnadniuvinmessutiadygiuuuy LRC #9
o ] o { o o -
uaaaluziin 3.7 Falddyaauuy sinusoidal wazimudygIud Mmsndvunlasves
o o - - o P " da d o
dygrunvziinnuaeandeslndifssnumsasunasuuy  exponential NifaduiyTnaa
o o o 3 ' ' o o 4 o & o
aunlszy  (C,)  Aniumvienamsn/asudygindesinenganinaevesszaums
[ v
navulasdgyga  Saliawhdusmindygiuvesmasnie Midoawnunszuaaduuaz
' ' o o ] 4 ] -
Ao lumalszyaaunulszy C, AUMAMWAIUNIUDINTOIN AN TZUAVD

NIUFANA0T (Rey)

delay=%+Rd, -iCy (3.8)



39

A

¢
CLK CLK fm————— Vaa
igigl 1 | +
: Va ¥V € L
Vaa Va : N '__
_ ,
= T Y'Y Y ??___Jl CL . RCH
T L T
: :li Peak detect :[ ICL
' & e =
Nl R L s

Power clock generator

' ¥
510 3.7 2evsdudiadygruunasniousaiu Iifoenszuaady uazuup§19049 Charge-

recovery

P ' 1 U a =]
MINAUNTN (3.8) NUIMINAININATUNIUTOINIUAUNT LA TVUIAANIZ AT
anilyr1M39191452WAU (synchronize problem) vInmsten loadgyauluszuy pipe-line
{ o d & o 1 ¥ a ¢
i Tnaadumnlszy (C,) vwnalvg Feamnsaildlasnmseenuuuvinansiuganes
[ a =] o Vv o '
PUNMINZAN  UAZAINIDMUANUITINTHINUIIS 1A Tasmsaamunaldyuumas

" l::' " Ad. " a Y 1 dr = c; cl” 8 v a
1 ides (¢) e lifeilygmdnan wazmenan@esilymil yuintsyesnuuy

' ' w o s 1 a ' '
A mbanmnnmsilszgdunulsey (R, .C,) Halifu 10% vesrmunaves

s U 1 y T
yauuane ides )



UNN 4

NN399NIUVINDT QSECRL

] b
MNMINATIZHMIIINUVDINDT adiabatic HUY QSECRL Nnanneluumneuniiil
A ] [ = 3 L] s o - W a' s ﬂ{
FanuimasugydolszneulUaie 3 daundn nazndsnugyduduiioanindnainan
' o o A [ W ] 4
aseugUnsaintuaunszua (laTen) defluilsduilefsusmdnugdodmou q

¥
o LY

aniumsandnamanasenlalon (V) waomulszansnmmvessesludmsdsenda

L ﬂy U e Al o ] 1]
wasneswun  lupniisgldnanaaitnmslumsaamdnaanaseulaleauuusma 9
1) o a a U dy [ a
AA0AIUMIBONUDLIDS lasdaeinmsidgunsalisuanszua(laTon) duvartivzsioi
Uszninmuesnns dedunaldnnmsnfSoumsunansnaaouians QSERCL uuusn 9

1 ] ¥
11AZ2995 adiabatic 81 9 Agminauenounilugrahoun

4.1 msSulsalszansammundsnudegnsainnundelalen

g 4.1() laTea Puay N, luaees QSECRL gminnldlunismiugums
4 = o (L d’ o 3 4 -
Minuazaaninszyninunasse denszuaaduduazoonnnies Fawsogounui
a P v [y = o { 4 o
AumsuFdnosnaveg luanvae self-bias Awaasluzii 4.10) nazelimsgadondanu
9y ] "
arasdniunuFamesminnldmseimdnaumsaleas (¥V,) dMnhmdnmanason
vazihnszuavedlalon (V,) uldweaniudmaoisanarzamnsounuii lalealdods
o [ =3 =t a o [ o 9 = o o
awysal e lsimumniouyszansnmdumsiinszuaudy veansugmaoindidey
. : v o ¥ & < % ] a y: L J . .
oguIN NainaInAINNI (conductivity) ¥DIFOINMAAUNTZUANIIATUNAY (inversion
" y ¥
layer) AuanveunaiamdIndimnuirlaloaiio forward bias Aaiu nindeamsdivlga
a a ° - o A -; ° ' -
UszAntmmmninszuaveseaniudamesiiuiy  Suiludesdonsudmaesiuy double
@ 1 o) o 3 o a ¥ .3' '
self-bias Aauanalugl 4.1c) msdonsmdmmesdnarvildinasosde PN Jusznin
& o a o 1 1 4
gwsemaryesa  admam Idinadnaanniousesde (V,) Yszmm 07 Tiad e
= = o J 1 1 1 Yy g o J
nswFmaesiiamaihnszuaiu  nszuadiuuneg Inarusesdeiisunsziadnainnas oy
E A
anasaulszy hiannsadhwrmsesdeilld JszyezdensoroToudelu)/ 18k umereamiadu
- o (L o v 4 a0 o ()
NIZUAVOIMNIIUTANDT IUNTIAWMTIAUANATO 1NA-303N (V) FUAMMINIIAIANAUNIA
o ' =) o' ° 1 U4 U =1 = d.y o '
Tead (7,,) nswdmaoisangambinszuaednauysal 0019 lsiaumaiiniioiduiovas P-N
' o o & ° = a - v e
sErIngmIoanureia  Feeei ldmwizma Tadnmswdauuuiiety 15U SOI (Silicon-on-

Insulator) [20]



| |
N %
. (b) (c)

311 4.1 (2) 2995 QSECRL Ngml5uilgednuginsaihanundrelalen
) gunsaliaundielaTeannueansudainesuuy single self-bias

© = o
(© gilnsaivhauadinlaleaninueansudmnesuuy double self-bias

41



evaluate.é hold éevaluateé hold

2.0V

2.0V

oV

2.0V4

oV

2.0V

Time
(a)
evaluate{ hold ievaluate hold
20V :
: : i
i Y
ov i :
20V ‘
i
:
i Oy
ov : :
i : :
i £
20V £
ov
20V
ov
Os 10ns 20uns
Tine
(b)

42

qu 42 wamsiraeamsihamnens QSECRL fignlSuiljadvgnsaiinundivlalen

(@ gilnsaiiaundiolalonnnueansudainesuuy single self-bias

(b) gUnsaivihaundlaloavinueansuFamo iU double self-bias



43

4.2 M3v0nILVI995 QSECRL nuv'hiligunsaiisuanszua (lalen)

o ' [ 2 a o
i ldnanTdedu udalfuleees QSECRL Aomsumuit laloadaonsugmnos

1 a d Qs = o I'd ' o a ' ' Y a LY =
atn lsdunazdensiidnaumsa leadannsougUnsaidnaneg  uazilumaliifendsnugado

= 3 & d’. = -:; @/ "
AV HuﬂW@ﬂuﬁﬂﬂﬂ'ﬁﬂﬂﬂu‘UU'NﬂiIﬂU‘lJTIﬁﬂ']ﬂ.lﬂTﬂﬂ IWDHANIDUIFANAINNATON

M319N 4.1 M31191uv9 1aToalura Evaluation phase 118z Hold phase

-
mslasuaniue
Operation phase D, lac D, D, ltaz D,
0,) > Q,(+1)
forward bias reward bias low —> high
Evaluate
reward bias forward bias high — low
reward bias reward bias low —> high
Hold
reward bias reward bias high — low

W38N HNNUV092993 QSECRL wud laleaszrinszua (Mioagluan v forward

4 1 ] L4 v o
bias) IAN121929950¢ 149 evaluation phase taznwldnnznissivedisduansluaig
1 4.1 yazlon13INiungli 4.1 wua lalea (D, D) uaz (D, D,) W NITTUA

e O, nlasuanIuzINasIn low — high 1A high — low ANAIAY



44

0. F‘: :| 0,
o | J_"n ) j ] j ‘T2“'J_“_‘E_

517 4.3 2995 QSECRL nwu' hifigunsaiifvanszua (lalon)

wedsnsdnumanthiiveslalealumsnivquasdwlewsey  msvenuuuans
QsEcRL  uuv'hildgunsailaTencmnsam 1@ Tasmsuonnihfissniumsniuqumsiaou
A0TUZI01ANAY89299500N11N MAAIUANNTIRIINYD92995 14T evaluation phase Fa
wansluglil 43 vingd MP. waz MN, szimhilunsauquashinuvesises
°luﬁ1msﬁ transmission gate (T1 LAy T2) HATNIUTANDT (MP, wagMN,) ﬁ]zv‘imﬁ'ﬁ
mugumslasudauziednavesisns edudeandostumsielaTeanuainai 4.1

MFe \qy MNc wYn

o a [Y ::’ a o
mMstnuYeINsasetuwlanstl nIuFmaes
mugunndygrandnuuudmasy  (CLK) wearngumsiinuvesisesiinlaouly

96199nABa1UI9 evaluation phase THYMEZH transmission gate (T1 waz T2) wimihinidlu

latch 114%29 evaluation phase Taudayanau@ YA 0@ (az € ) vwgndewiu i Inua

Fy MP; \iae MNa Gyinehit

e

=] = 4
feedback (g FB ) llazﬁggﬂlﬂﬂqqﬂlﬂﬂmﬂqvl5’]““1‘?”?105

i 7 i w 4
aunumsnlasuanuzieIana 1unsdiN evaluation phase 6ANT MINBIAKA 0, (t+1) 44

F a o = Yy _ o« o 4 y S
NMOS network (°7) Nﬂ151ﬂnﬂuﬂﬂ’]uz“ﬂaﬂﬂﬁﬂ@ﬂllﬂ']iﬂ'lﬂ'luﬁ]ﬂqlfnﬂvgﬂ transmission

MP, MN

o ' ¥ a ¢ 4 o ydA w
gate (Aanaaalua1snei 4.1) udmsmdamaes (7 duaz T 94) gaimihnadielalealu



45

¢« MP,

m3mugulfiianisues Inanszud ualugaa hold phase nsmdmans ' ¢ (uaz L

&
€) &9
rmp—— i
gnawauda CLK and CLK) dawaliaees higndeduunastieIdidosunszuaady

(Pand ?) dafuaouzaig moluaessbin/founlas U 44 uansmamsiiaoms

]

v v td
Mameesdunesmesuuy QSECRL fihildginsallaTen (31 4.3) muldunasswIwido

ffinwd 100 MHz Tavdrdsnugade (£4) nie ndssmgaidodeniuna Tdgnuanaly

L] Ll 4 1 o o/ L] o @ 1 o
dauan FanunMasnuuduzgmihngun Idmumann15¥e42395 adiabatic

evaluate hold evaluate hold

51l 4.4 wamsranamsniaiees QSECRL fignlsuilysunnlildgnsellalon



46

120 - —————————ry ————r
—&— Simple QSECRL(Diode)
—©~ Mod.QSECRL(Single self-bias)
100 + —— Mod. QSECRL{Doulbe self-bias) |
—4~ Mod. QSECRL(Diode-free)
Bﬂ e -
w
S 60} .
[+1]
£
¥
o 40t 4
o
20 4
ot —a
20 b ) IR RO A WA S T | L PO S W S WY L P T S A
10° 10' 10° 10°

Operting Frequency (MHz)

U7 4.5 smhanarfianwdl fiRcnude 9 meluTwaaduiulsey 10 F

gﬂ‘ﬁ 4.5 UAAIAIMLINIAIU97995 QSECRL HUUAI 9 HIWUT1 2995 QSECRL
nuusssuM (Reumsdilyy) siimmirnagegasuiuranamizmnnmdnalalen
fiflmganineslszandudeuiiiamshnszu uBNINII9S QSECRL nuil$ugs
fomsldueansuFmnesunulaToauuy single self-bias 1ag double self-bias 3IAMUI
nataaas SuiilurauInvInMIanfnavaEY (fnaunsalaan) uazmsilszansnmms

N3EUA (conductivity) YBIMIMFAMABTAWAAY uazgAMIe 2995 QSECRL nuy'lild
gUnsei laTeasziinminanaidiga



20 T - :
—& Simple QSECRL(Diode)
18 -~ Mod.QSECRL(Single self-bias)
—4— Mod.QSECRL(Doulbe self-bias)
! -4~ Mod. QSECRL(Diode-free)
14} -
S
‘é-@ 12} -
32
% 2 10} E
B2 a8} ]
@
=
w 6t 4
4t -
2 L & -
0 arasd N x ......‘ 2 s s aaasl a M ......J
10° 10 10° 10
operating frequency (MHz)

Energy consumption
per cycle (fJ)

3N 4.6 ndsnugadsianudl§iianuais q (= 1fF)

20 ;
-5~ Simple QSECRL(Diode)
18¢ -~ Mod.QSECRL{Single self-bias)
—— Mod.QSECRL(Doulbe self-bias)
16 -~ Mod.QSECRL(Diode-free)
14+ R
12+ .
10 .
8 L -
B L .
4t A
2f 2
0 PEPETL | P ;l' " PRy | 3
10° 10 10° 10

operating frequency (MHz)

3N 4.7 wasnugyidenanudd §iiiaee 9 (C, = 10 fF)

47



48

C: o { = 3 d' - oo \ : o
7N 4.6 uor 47 ugamdnugadenidavunolaanudlfidauan q 76 Tnaaduiy
J o [] o A ' { @
Uszy (C) WAy 1fF uaz 10F MudAy $99gN1312995 QSECRL Niuiljedomsld
= o U [ a [ y '
NIUFMABTUVY double self-bias VAMWAINUGYTUGIGATITBINNANUAUINIUY DA
= dl “ 3 Ll “ ny i i
NMUAUNTZUATUAATUNINFOIMAAUNTIUANIAD (IINTOUAD P-N STNINUATU-FIUTOI
¥ [
wazmulddunduvesweansudmnes) 2995 QSECRL NUSujadiomslimimdmaed
= = = a a 3y o S A P A 1a wa
WDY single self-bias HiszanTmmmumdnugyideaganaudlidaugs 9 Tuna
asstudmnnudlfiaoud @nhunai) 295 QSECRL Mlfuijahildginsellalen
1) :;d-:; ei sa' a wa n:g Y o o
wivnananga  AnnuddfuAnugarusniansia lnaveslszqlunszuiunmisiloundu
HANIIMIIAIAIVDY transmission gate (T1 uaz T2) Wuaunalifailam1 unsynchronized
¥
TENINAINNIAN 9 nagszrindyanatieoundy uay dygrauin AniunsuFanes
A o = - é L3
(MP, u8¥ MN,.) $39nAIuaNAodya IsuIfim uazNsMFMA0S (MP, 1tag MNy %3N
¥ o = < 4 ' ¥
wihfinugumsasudozieaya  hiansoniugums Inuvesnszuamolulaes 14
ptniidszdninm  Suduwmnninmsmannivvesdyapaunimiudygutleundy
uaziiandsugudvetiannlasmmizionssUfidaumeldniudga
Ed ¥ '
wenvntinnmsinssindsnugydsluumsounmihil nudmdsnugadoeziig
1 A' o J l: @ q. J 1 q'
stnamniledna1veus sy iduanuunszuaady (V) mugaau Taomwizot1aoaluiees
QSECRL nuv hildlaTen wamsiaesmsiinunanalugzli 4.8 uaz 4.9 as1ei 4.2 aql

JofAlazYo1duY092995 QSECRL HUVUAA

M99 4.2 MsfToumoulszaninmmsesnituu993 QSECRL HUUAN 9

Simple QSECRL Mod. QSECRL Mod. QSECRL Mod. QSECRL
tladenaaev
(Diode) (Single bias) (Double bias) (Diode free)
g ¥ g d
A5 i 1hunais 152 (5MgA
9
HOY (low-medium
WALy unan unag ¥
frequency)
o 4
wnuginsal 2n+2P+4D 2n+4P+2N 20+4P+2N 2n+7P+5N

WY N, P uaz D wu1wils NMOS, PMOS uaz diode AWEIAL 102 2n MUl $1uu

NIWFMA03 1u NMOS network (F, and F,)




—5~ Simple OSECRL(Diode)

45F =&~ Mod.QSECRL(Single self-bias)
—4— Mod. QSECRL{(Doulbe self-bias)
40+ -~ Mod. QSECRL(Diode-free)

Energy consumption
per cycle(fd)
s @& 8 % 8 &

(%))
T
1

L i i

1 15 7 25 3 36 4 45 5 &5
Power-clock supply voltage (V)

l-'.‘i o o oA o "o .5' - t
UM 4.8 waasnugydehvng waaunas Iwdsanszuaaduan (C, = 1fF)

?n ¥ L] T ¥ - b w v
—6— Simple QSECRL{Diode)
=©- Mod QSECRL{Single self-bias)
BO | —4#— Mod. QSECRL{Doulbe self-bias)
—A— Mod.QSECRU(Diode-free) |
50 4
S
£
EL 40} i
Z e
§ T
»8 0f -
i
20F B
10 .
B i L

i 1.5 2 25 3 35 4 45 5 65
Power-clock supply voltage (V)

L] ¥ E 4
51U 4.9 nasmgydsivinadyyiuunasniewiesnszudaduaie (CL = 10fF)

49



A
Unns

N19599NNUVINVT QSECRL UV Sequential

—>
——P F—————
——————— >
mput | o —® output
: Combinational [ >
S & L ; Memory | |
circuit i el
—
i > |

feedback

gﬂﬁ 5.1 1UUDIADIIIVT sequential logic

5 & N y oo 9 = ,
2993 sequential[21] 1/52NPVIUIINIILT  combinational ua:munmﬂmmﬂunmu
-] ¥ @ oo =;. dy - ! o @ o
mmfnﬂumuﬂﬂunaumuﬂﬂﬂugﬂ‘n 5.1 2497 sequential U ﬂﬂlﬂuﬂ'JUﬁTﬂiyﬁ'm'iU’Nﬂi

an av = = o o a
UszuanasmuuAINDa Q1N'Jilﬁ1u'lﬂﬂ'luwu‘ﬁﬁulﬁ‘llﬂ"lu‘llﬂﬂl‘lmuu?ﬂ31ﬂﬂﬂﬂ1‘J'Bﬂﬂll‘lJ'U

29931V adiabatic 9102993 combinational § 2995 sequential NHFVUVVLAZNS IFaNUTY

= = 9/ 1 = 1 Y ﬁy d" " 9/ ' = A

1Av27997 QSECRL #lanandsluundounihil Tasluuniisznanezlanannegees flip-
i g o 4 - ° Y : : 1 H

flop Nehfiny 3 2993 Fuilur99siug T INFUI95 sequential DU 9 uonnnd ludruihoun

@ ° . ay o sﬁﬁ o o § 5 [ Y

fauansmMi1ingges sequential Hulszgnaldiiuressniianududoniu wu 9estiuueg

ITUINUVY 8-bit CLA

5.1 2991 flip-flop UV QSECRL

i 4
Tudautiazna1fansesniuy99s Filp-flop WU 3 299570 2995 SR flip-flop,
197 T (toggle) flip-flop taz 21393 JK flip-flop

¥
ANSUMINUVDIIIT SR flip-flop ANWNTOUTAIAIBANMST AT

0,.. =S +RQ, .1)



51
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Abstract ;

In this paper, a new design of adiabatic circuit, called The Quasi-Static Efficient Charge
Recovery Logic (QSECRL) is proposed. To achieve the minimum energy consumption, this paper
proposes the technique to reduce channel resistance and remove diode from the signal path. This
design method can be implemented in both combination logic and sequential logic. The counter
circuit and the 8-bit Carry Look-Ahead (CLA) circuit, more complex circuit, are selected to evaluate
this proposed design. All simulations in this paper have been implemented by SPICE with the 0.8 ‘m
MOSIS technology MOS transistor model under 2-volt (peak-peak) sinusoidal power-clock supply.
The results show significantly improved performance of 8-bit CLA circuit with 20-30 fJ and 70 fJ
energy consumption at 10-100 MHz and 500 MHz operating frequency, respectively.

Keywords: Adiabatic circuit, Low-voltage Low-power circuit, Digital circuit.

1 Introduction

In recent years, the ultra low-power circuit design methodologies based on adiabatic
process of the thermodynamics theory have been interested by many researchers and circuit
designer. Several adiabatic logic architectures were presented to minimize the energy
dissipation and allow the stored energy in capacitive load to be recycled. This can be
achieved by using AC power supply, called power-clock supply (¢). There are several

important operational characteristics and circuit requirements to successfully utilize the
adiabatic circuit [1{4]. However, there is no adiabatic circuit design which can cover all
requirements. Most of current designs have dynamic structure [5] such as the Energy
Efficient Logic (EEL) [6], the Adiabatic Differential Cascade voltage switch with
Complementary Pass-transistor Logic (ADCPL) [7] and others [8-14]. The High Efficient
Energy Recovery Logic [15] has an additional block for effective recovery path. But it needs
4-phase power-clock supply to complete the pipe-line system. The modified- HEERL [16]
require only a single-phase power-clock supply for each stage as same as the Quasi-Static
Energy Recovery Logic (QSERL) [17, 18]. However, the charge and discharge of dynamic
operation in every clock cycle increase the node switching activities significantly when
compared with static operation.

In this paper, a novel logic family called the Quasi-Static Efficient Charge Recovery
Logic (QSECRL) is proposed. It requires only a two-phase power-clock supply at lower the
circuit node switching activities in term of static operation, which is described in Section 2.
The consideration of Energy consumption and delay of proposed circuit is detailed in Section
3. Section 4 shows the method of minimizing the energy dissipation by replacing diodes with
equivalent components. In section 5, the sequential QSECRL circuit and 8-bit Carry Look-
Ahead circuit (8-bit CLA) design is considered compared to other logic designs.
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List of symbols:

v,  voltage drop in diode,

peak-peak voltage of power-clock supply (4),
voltage drop in capacitive load,

MOS transistor threshold voltage voltage,

E

S

., MOS transistor channel resistance,

capacitive load,
period of power-clock supply.

N A

2 QSECRL (Quasi-static efficient charge recovery logic)

Dyy discharge YD, Y Y
¢ ¢
Stage n Stage n+1

Figure 1: Quasi-Static Efficient Charge Recovery Logic (QSECRL) and its consecutive stage

In Figure 1, a schematic of cascaded QSECRL is shown. It consists of an NMOS
network ( F,) and its complement (E), the cross-coupled PMOS transistors (MP1 and MP2)
and four diodes (D1~D4). Two diodes on the top control the charging path, while the other
two diodes at the bottom control the discharging path. Cascade of logic gates is provided by
alternate connection of their power-clock supply (¢) and its 180° phase shifted signal (4;—6).
The logic operation requires only two phases, evaluation and hold. The evaluation phase of
an odd stage coincides with the hold phase of an even stage and vice versa. The QSECRL
pipe-line system will complete its computation in each evaluate phase before the input (i,) is
changed by the next coming input.
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Figure 2: (a) Inverter QSECRL, (b) Circuit operation

In Figure 2(a), the QSECRL inverter is shown. In order to simplify the analysis of
circuit operation, assuming ¢ and a are the triangular signal. At first, given Q, = high(1)
and Q—,,= low(0), when input (i,) is high(1) and ¢ starts to decrease, MN1 will be cut off
until gate-source voltage (V) is equal or greater than a threshold voltage (V) at ¢, as
shown in Figure 2(b). The MNI1 then starts to conduct, forcing O, to decrease. At t,, the
voltage of (O, is minimum, equivalent to the diode forward voltage (V). Alternately,

consider at Q:, when ¢ decreases, ¢ will be increased until Vis of MP2 is equal to or
greater than ¥, . The MP2 then starts to conduct and forces Q,- , to increase until the end of
evaluation phase. When entering the hold phase, ¢ will increase and ¢ gradually decrease.

All diodes are in reverse bias condition. Therefore, O, and Q_,, are floated, and the logic status

is maintained from the previous phase. For the pipe-line system, the next stage performs in
the same manner but with different phase.

3 Energy consumption and delay consideration

There are three main portions of energy loss. The first is the energy loss in diodes
(E 4oz )- In Figure 1, the charge will be extracted from the power-clock supply (¢) through

the diode D, (or D;) to C, (or _CT) and stored charge in C, (or FL) from previous operation
will flow back to power-clock supply (4) by passing through the rectifier diode D, (or D,).
This energy loss can be defined as
E jode =29V, =2C, V,sVd (1
where, g is charge extracted from power-clock supply (¢ ) to capacitive load (C),).
The second energy loss causes from PMOS transistor. At the start of the output (Q,)
transition stage, MP1 and MP2 will not conduct until voltage drop in the gate-source (V) is
equal or greater than its threshold voltage (V,, ). Therefore, there is a voltage drop in the

drain-source of transistor (Vs ) which is equal to V,,, as see in Figure 2(b). At ¢,, the voltage
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drop in transistor will suddenly increase from the cutoff region to the linear region causing
energy dissipation ( £, ) which can be computed from

1
E, =-2-CL v} (2)
Finally, when transistor is turned on and operates in triode region, its channel
resistance ( R, ) also causes an energy loss ( £,,,,..,) [19] with

E jomet = i’ Rey T = (RCH CL JCL V: 3)

This energy loss can be diminished by lower the power-clock supply voltage or the
operating frequency.

Next, consider an adiabatic circuit delay time, the typical power-clock supply is able
to obtain from an efficient LC oscillator. When it connects to QSECRL, the circuit can be

modeled as the LRC network and its delay time (7, ) can be formulated as a summation of

the evaluation period (g—) and the charge up delay (R, .C, ) [20] as

T

Td’ E * ‘Rch : CL (4)

lelay =
In the pipe-line system, the transistor sizing optimization is needed to keep the charge

up delay (R, .C, ) less than 10% of the evaluation period (% ).

4 Energy consumption improvement

evaluateé hold Eevaluateg hold
20V : : -

N

20V !

T In
oV :
2.0V ‘
oV M-—vé
{ [ 2.0V — .
» '7 | T A%
/ oV : ;

th 0s 10‘“ 20ms

o Modified QSECRII,i?Sehgle self-bias MOS)
© Modified QSECRL (Double self-bias MOS)

(©)
Figure 3: The modified QSECRL logic with the diode-equivalent device, (a) Single self-bias
MOS transistor, (b) Double self-bias MOS transistor, (c) Simulation results of inverter
QSECRL

(a) )
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From previous section, the main portion of energy consumption in QSECRL is energy
loss in diodes. These diodes can be replaced by low-threshold voltage MOS transistor as

shown in Figure 3(a). Therefore, the equivalent diode voltage (¥,) is changed to low
threshold voltage (7, ) of MOS transistor.

In order to improve the conductivity, the MOS transistor can be wired as shown in
Figure 3(b) to form the two parallel equivalent-diodes. When connecting drain to substrate,
the current will flow through P-N junction of substrate-source until the voltage drop equals to

(V;). Then the current will flow into inversion layer of the MOS transistor until the gate-
source voltage decreases to (7, ), and the transistor will stop conducting. However, this

technique needs to connect gate and substrate together, which requires special fabrication
process such as Silicon-On-Insulator (SOI) [21]. The simulation results of two modified
QSECRL inverter circuit at 100 MHz operating frequency are shown in Figure 3(c).

Table 1 Diode functions in evaluation and hold phase

Transition
Operation phase D, and D4 D; and Ds
0, > Q,(t+1)
forward bias reward bias low — high
Evaluate
reward bias forward bias high — low
reward bias reward bias low — high
Hold
reward bias reward bias high — low

CLK —{ MN,

¢
(@) ®)

Figure 4: (a) QSECRL with auxiliary clock and (b) its simulation result

Further improvement of energy loss in QSECRL can be done by eliminating the
voltage drop in diode during evaluation phase. Consider the circuit operation, the diodes will
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conduct (or forward bias) only in the evaluate phase and specific transition of output logic as
shown in Table 1, which can be replaced by MP. and MN. as shown in Figure 4(a). While
transmission gate T1 and T2 perform as a latch in evaluation phase. The output signal Q, (1)

(and Q_,,(t)) will be fed back and stored at gate of MP,and MN,. For next evaluation phase, if
the output Q,(r+1) of NMOS network (F,) is changed correspondingly to the output
transition stage as shown in Table 1, then the diode- equivalent devices (MP, and MN,) will
conduct. In hold phase, the MP. (and MN,) is controlled by cLx (and CLK ). Consequently,
the circuit is disconnected from the power-clock supply (¢ and ¢) and maintains previous

phase logic status. In Figure 4(b), the simulation result of the diode-free QSECRL inverter
circuit at 100 MHz operating frequency is shown. The cyclic power dissipation (P, ) with

small loss is also shown at the bottom. The area under Pais a cyclic energy. The energy
consumption at various operating frequencies for load 1fF are depicted in Figure 5. The
modified QSECRL with double self-bias MOS has the highest energy loss due to channel
resistance from both two current paths (the PN junction of drain-substrate and the inversion
layer of MOS transistor). The modified QSECRL with single self-bias MOS shows the best
energy saving when operating at high frequency. On the other hand, the diode-free QSECRL
provides the best result in energy saving at low operating frequency, but will be worst at high
operating frequency due to the charge leakage from feedback mechanism. The delay at
transmission gate (T1 and T2) will cause the loss of synchronization between feedback (FB

and FB) and clock (CLK and CLK) signal. The advantages and disadvantages of each
QSECRL topology are concluded in Table 2. Because of the high number of transistors
required, especially for the diode-free QSECRL, this kind of circuit is encouraged to use in
special applications that power loss and speed are critical but package density is not an issue.

20
=9~ Simple QSECRL (Diode)
18} -& Modified QSECRL (Single self-bias MOS) |-
—+ Modified QSECRL (Double self-bias MOS)
16} =& Modified QSECRL (Diode free)
14} .
g
g@ 12} .
o
2, )
g5 0
& s} |
-
w st 4
4t 4
2t o
0 Ty | A P W W WY A B Aadl A PR
10° 10' 10 10°
operating frequency (MHz)

Figure 5: Energy consumption versus operating frequency (Cr= 1{F)
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Table 2. The comparison of QSECRL

—— Simple QSECRL | Mod. QSECRL | Mod. QSECRL Mod. QSECRL
opologies
(Diode) (Single bias) (Double bias) (Diode free)
Speed slow medium fast fastest
) small (low-medium
Energy Loss medium medium large
frequency)
Transistor
2n+2P+4D 2n+4P+2N 2n+4P+2N 2n+7P+5N
count -

Note: The N, P and D mean NMOS, PMOS and diode, respectively. The 2n mean the two NMOS -

functional network (F, and Fn)

5 QSECRL sequential circuit

gt >

L
A

(@)

0s 50ns 8ons 120ns 1s0ns

Tioe

)

Figure 6: (a) QSECRL SR flip-flop and (b) its simulated results at 100 MHz

In order to design a complete QSECRL system, this paper proposes the QSECRL
sequential circuit design. Three kinds of the °ip-°op circuits (SR, T(toggle) and JK) [22] are
presented here. Their logic equation are

O =8 +§Qn
Qn+l = JQ_n + EQn
0 =0,0T &)

where, O, represents the present stage output and (,,, represents the next stage output. In
Figure 6, the QSECRL SR flip-flop and its simulation results are shown. JK flip-flop is
shown in Figure 7(a). When J and K are connected together, it can perform as T (toggle) flip-
flop. The alternative design of T flip-flop based-on exclusive-or(XOR) is shown in Figure
7(b). Because of the signal-racing problem in toggle state, the T flip-flop requires an
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additional buffer transistor to store and delay the output (Q, and Q_”) in the feedback path,

which can be implemented by the QSECRL inverter. The simulation results are shown in
Figure 7(c). By cascading 4 stages of the QSECRL T flip-flop, the 4-bit binary counter circuit
can be constructed as shown in Figure 8(a). The comparison of the energy consumption per
cycle of 4-stage T flip-flop designed with various logic families are shown in Figure 8(b). All
circuits are supplied with 2Vp-p power-clock supply voltage, except the CMOS circuit is
supplied with 2V constant supply voltage. The 0.8 wm MOSIS MOS transistor model is used

in this simulation. The aspect ratio for all PMOS is 4 yum/1 gm and NMOS is 2 um/1 um .

Although the transistor count of QSECRL is the highest and requires largest area when
compared with the others, the power consumption is minimum, especially when compared
with the static CMOS version.

¢

Figure 7: (a) QSECRL JK flip-flop design, (b) QSECRL T flip-flop design, and
(c) Simulation results
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Figure 8: (a)QSECRL 4-bits counter and (b)Power consumption versus frequency

To evaluate the performance of the QSECRL, the adder circuit design is chosen as
main core of digital system. A Carry Look-Ahead (CLA) adder circuit [23-25] has a pipe-line
structure that suits the QSECRL circuit design. The 8-bit CLA consists of 5 stages with 4
elements (the GP- generator circuit, the grouping circuit, buffer and XOR circuit) as shown in
Figure 9(a). The GP generator circuit function can be expressed as

F, =4, ® B, 6)

G =4 -B )
which can be implemented from the XOR and the AND logic QSECRL circuit. And the final
summation results are

S,=P&C,_ (8
C,=G,+F-C, 9)
when, S is a sum, and C is a carry. Therefore,

Q=2Hﬁﬁw]ﬁw] n=1,223... (10

i=1 k=1
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To reduce logic phase, the grouping procedure must be applied as

C, :(Yn5Yn—!)’(Yn-2,yn—3)"'(y2’yl) (11)
and, Con =1u (Y1), Y, 5)- (1), 1) (12)
when, C, =0 and C, = G,. Finally, the grouping circuit function can be defined as

(¥,Y.)=G, + PG, (13)

which is represented by square-box in Figure 9(a). Figure 9(b), the energy loss by 8-bit CLA
implemented by QSECRL and others logic family, PAL [8], EEL [6] and conventional static
CMOS are shown, which QSECRL provides the best power saving at all operating frequency
range.

6 o ¢ g 0

e . J I | — Coe 400 v .
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o] ma = H> % , o PALB)
By | G 350

. —+ EEL[B)
gq- o [ - s, —&- Static CMOS
) | 5
i R+ .
wElll ] .8
B;| @ o £ 5 5 200
. §| [ I il . §
34 8 |'|..r—. >-r’ 4 150 i
o
el < .
it

2] L] f -.-i-) 5 )
A4 P . i
B, &F § <1 ) > 5 ol . .

FI! 3 i >3 10’ 10’ 10’ 10’

i Operting Frequency (MHz)
(a) ®)

Figure 9: (a) The 8-bits Carry Look-Ahead (CLA) circuit,
(b) Power consumption versus frequency

6 Conclusion

The QSECRL presented in this paper can achieve most requirements of adiabatic
circuit designs. With output and its complementary, this leads to constant load presented by
the gate of AC supply clock. The circuit requires only two phases power-clock supply, which
can reduce the signal-racing problem in complex pipe-line system and is applicable for power
system design. The diode-free QSECRL circuit is also able to drive the output to supply rail
(¥,), thus enhancing noise immunity and energy saving. Based on its static operating design,

the QSECRL circuit is preferred in the complex logic. This also reduces the required extra
transistors, especially for the diode-free QSECRL, which can help alleviate package density
problem. However, the optimum techniques have to be applied to achieve minimum energy
consumption, with constraint of the operating frequency (7), the power-clock supply voltage
(¥,) and the output load (C, ).



77
References

[1] W.C. Athas, L.J. Svensson, and J.G. Koller, “Low-power digital systems based on
adiabatic-switching principles,” IEEE trans. VLSI systems, 2(4):398-406, 1994.

[2] J.L. Denker, “A review of adiabatic computing,” IEEE Symp. Low-Power Electronics,

pages 94-97, 1994.

[3] Y. Ye and K. Roy, “Energy recovery circuits using reversible and partially reversible
logic,” IEEE. Trans. Circuit and System, 43(9):769-778, September 1996.

[4] K.J. Frank, “Comparison of high speed voltage-scaled conventional and adiabatic
circuits,” ISLPED, Monterey CA,USA, pages 337-380, 1996.

[5] A.G. Dickinson and J.S. Denker, “Adiabatic dynamic logic,” IEEE J. Solid-State Circuits,
30(3):311-315, March 1995.

[6] C.C. Ych, J.H. Lou, and J.B. Kuo, “1.5v cmos full-swing energy effcient logic (EEL)
circuit suitable for low-voltage and low-power VLSI applications,” Electro. Lett.,
33(16):1375-1376, 1997.

[71 CK. Lo and C.H. Chan, “Design of low-power differential logic using adiabatic
switching technique,” Proc. ISCAS98, pages 1133-1136, March 1998.

[8] V.G. Oklobdzija, D. Maksimovic, and F. Lin “Pass transistor adiabatic logic using single
power-clock supply,” IEEE tran. Circuitl and Systems II, 44(10):842-846, October 1997.

[9] V.G. Oklobdzija, D. Maksimovic, and K.W. Current, “Clocked CMOS adiabatic logic
with single ac power supply,” 2Ist FEuropean Solid State Circuit
Conference, ESSCIRC'9S, Lille, France, 1995. _

[10] F. Liu and K.T. Lau, “Pass-transistor adiabatic logic with nmos pull-down
configuration,” Electron. Lett., 34(8):739{741, April 1998.

[11] W.Y. Wang and K.T. Lau, “Adiabatic pseudo-domino logic,” Electron.
Lert.,31(23):1982-1983, 1995.

[12] W.Y. Wang and K.T. Lau, “Transmission gate - interfaced APDL design,” Electron.
Lett., 32(4):317-318, 1996.

[13] Y. Moon and K.K. Jeong, “An efficient charge recovery logic circuit,” IEEE J.Solid-
State Circuits, 31:514-522, April 1996.

[14] F. Liu and K.T. Lau, “Improved structure for efficient charge recovery logic,” Electron.
Lett., 34(18):1731-1732, September 1998.

[15] D. Hongyy, Z. Runde, and G. Yuanging, “High efficient charge recovery logic for
adiabatic computing,” ASIC2001, September 2001.

[16] H.S. Song and J.K. Kang, “A CMOS adiabatic logic for low power circuit design,” AP-
ASIC2004, pages 348{351, August 2004.

[17] Y. Ye and G.I. Stamoulis, “Quasi-static energy recovery logic and supply clock
generation circuits,” Proc. International conf. Low-Power Electronics and Design, pages
96-99, August 1997.

[18] Y. Ye and K. Roy, “Reversible and quasi-static adiabatic logic,” European Conf. Circuit
Theory and Design, pages 912-917, 1997.

[19] R.T. Hinman and M.F. Schlecht, “Power dissipation measurements on recovered energy
logic,” IEEE Symp. on VLSI Circuits Dig. of Tech. Papers, pages 19-20,

June 1994.

[20] T. Indermaur and M. Horowitz, “Evaluation of charge recovery circuits and adiabatic
switching for low-power CMOS design,” IEEE Symp. Low Power Electronics, pages
102-103, 1994.

[21] N. Lindert, T. Sugii, and S. Tang, “Dynamic threshold pass-transistor logic for improved
delay at low power supply voltage,” IEEE. J. Solid-State Circuits, 34(1):85-59, 1999.



78

[22] K.W. Ng and K.T. Lau, “Adiabatic sequential circuit design for low-power
applications,” ISIC1998,Singapore, pages 98{101, January 1998.

[23] H. Mahmoodi, A. Afzali, and M. Nourani, “Efficiency of adiabatic logic for low-power,
low-noise VLSI,” MWSCAS2000, August 2000.

[24] C.H. Ziesler S.Kim and M.C. Papaefthymiou, “A true single-phase 8-bit adiabatic
multiplier,” ASP-DAC2001, pages 758-763, June 2001.

[25] G. Hang, “Adiabatic CMOS gate and adiabatic circuit design for low-power
applications,” ASP-DAC20035, pages 803-808, January 2005.



[
=)

¥e-umana
ar - =TI
u neu Yina
d

oy

sz iamsfnm

wva YA
Usz Inevam

wwaules AAuMILTNe
26 LIy 2517 HNTINAUMILATA
2044/97 0.5UMI UYIIFOIUUNT WADIUUIIN AFINWA 10200
2539 Franssumanitiusia swindianmseting
(NusAtioNdUAL2)
aomiuma TuTatwszeoumndudigunmisaansziia
2541 Fmnssusnaasumiiugia @1v13%138n5 50 Insauuau
aoniuma TuTadnszeoundudrgunmisaranszaia
AMuFNOYIRWIZATY
1) mseenuuuesATARamanugayduh
2.) M3veNIUVNIUsZUIANAIDVBUIAON

3.) MsIvvlszulananIn

< o [
'lhb’ﬁ‘laniﬂlfn'5“1\311—8!!ﬂ5ﬂﬂ~ﬂ“3‘5)ﬂ

o o @ -t
2545 Ay ewrsdaaniumaTuTadnszvoundudigunnis
a1ANI21
aa = a o
- HAUMIDBNLULIIAIADA TuFuBdduARNUANT

- HAIUMS I TEUIARAN TN WA Y

79



