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Physica1 Design Guides for Substrate Noise

Reduct1on m CMこOS Digita1 Circu1ts
Mako to Nagat a , A y ‘“““を Me翔メた た 囮EE, Jm Naga i ･ Kat sumasa H ij i kat碗 Takash i Mori e , and

Atsushi Iwata, 胱を初めgた /EEE

A"srr““-Subst ra te noise injec t io n i l1 la rgescale CMOS 1ogic

integra ted ci rcui ts is q ua n t i tを1 t ive ly evalua ted by i o(} - ≠ “ V 1 oo- ps
n滋ol ut ion substrate noise measu rements of Control l ed s ubst ra te

noises by a transi t ion ‐control lab l e no ise sou rce and p ractical sub-

strate noises under CMOS logi c opera t i ons . Th e noise inj ect ion is

domina ted by 1eaks of Supp ly/retu rn bounce i nto th e S ubst rate , and
the n oi se i n tens i ty iS det C rn1 incd by logic t rans i t ion aぐt i y i ty、 aC-

cordi ng to expe rin1en tal observa tions . A t imlese r ies d i v ided pa r-
asi t iC CaPadtanc e model is derived as an efl1C ient est imat。 r of the

suppl y cu rren t Fo r sin1 ul :I l i ng the sL1 bst ra te noi se i nj ect i o n a nd can
reproduce the measu red subs trate noise Wave翁。rms ‐ The ef行Cacy of
physica l noise redu ct ion techniques a t t he la yout and ci rcu it leve ls
is quant i質ed and l imitat ions a re discussed i n ぐonjunction with the
noise inj ection mechanisms. The reduced supply bounce CMOS
Circu it is proPosed as a universa l noise reduct ion techn ique, a nd
more than 90% noise reduct ion to Conventio na l c貸僂。S is demon‐

St欖尊ted ･

!"de元 れer新都 さ4ixed ana log-d igita l i ntegrated ci rc u i t濃ゞ , Power

supply curren t model ing, reduced supply bounce CNIOS ci rcui t ,
地nal integri ty , substrate coupl i ng, substrate measu rements , sub ‐
shate noise reduction .

1 . INTRODUCTK )N

H主う と1 PP 1 i c 【1t i o n mじas o f a11 a l o浄dig i t 口 l n1 i xed‐ s i g naI

CMOS dcs i gn s have gre a t l y expanded . Read c hanneI

C ircuits fo r s torage dev i c e s 、 i n te rfac e e ledromCs fo r fa st n et‐

Worki ng n1 ed i a , s i ngle ‐c h i P w i re I es s tran scei vers w id1 ba seb滋1d
s ign を1 l p roc e s sors , and C LMOS func t i o n a l i I11age rs for pe rs o n a l
mob i l e ten1una l s mc typic al e x amp l e s . S ub‐ q L1 arte r4T1 i c ro n
teChno I Q8y i s C u rren t l y avai lable for mas s product i o n o f dev ic es
for these tlppl i c at i o n s , where d i e s i n tegrate m i l l i o n ‐ ga te d ig i ta l
mac ro ‐ c o res w ith w ide‐dynam i c ‐ ra nge and/o r h i gh ‐ frequency

hnctio nal analog c i rc u i ts .
Cros s ta l k from d i g i ta l c i rc u i ts i s mai n ly l e aks o f d i gi t a l

switc h i ng no i se i n to ana l og Componen ts 、 n1 o s dy V i a s ub N tratじ s
arld th u s n an1e d s ubs t rate no i se . S ud1 no i se degrade s ana l og
S1gI1a l i n teg r i ty i n m i xcd ‐ s i gna l IC des i gns . The no i se i n te l言e res
with anak)g c i rcu i t operat i o n s an d t h en Cau s じ s una l k)Wab l e
tones o r d i stort 1 o n s w i th i n a s i g na l b andw id t h o f t h e ana l og
S Ignal p rocc s smg u l - t4l , h1 add薦 on , e ven m h i gh‐ e nd di g i ta I
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mac r0一Co re S , the noi se can a鈷ect dyna1Tuじ behav i orS Q f k) g i c

c i rc u i ts . Change i n thresho l d vo l ta ge due to t he s ub s trate

Vol t age nucmat i 。n rC Su I t s i n van at i on s o f s ubth re sho ld i e と1k age

and o f s ubth resho l d S l o pes amon g MOSFETS . Wh i c h leads

t。 err () ne。us togg I e s and t iming fau I ts ･ Thi s a l s o g i ve s ri se to

s enou s s i g nal i n tegr i ty i s sue s . on t l1 C othcr h a ndJ n cmc rgm g

soc ket- based de s i g n S ty l e s , muc h e ffQrt h a s t () be made t o

ma 1 n t a l n c i rc ui t p ed、。 rmance Spe c i f1c at i。n S under Y a ri ous

comb i n at i on s of di g i t a l a nd ana 1 0g reus abl e 1P じo res k)c ate d on

th e Same n o i sy s ub s trate Wh i le al s o n1ee t i n g the requ i re d Short

tu rnaround . Thes e no i se i s su es have been w i d e l y recogn i zed

【IS Cn t i ca 1 prob l ems to S o l ve , s i n c e t h e im p l en1 e nmti。 n o f

m i xed - s ig n a l s y stem咎on - a -d1 ip (MS 一Soc ) VLS I ci rc u i ts h av e

become a practi c a l s o1 L1 t io n to those i ndu s t r i a l app i i c at i o n s .
There are some re 1 11ed i es at a matena l l ev e l . U se o f s i l ‐

i co丹on - i n s u l a[or ( SO I ) o r tri plewel l tじc hno l ogy can i s o late

a n a l 〔)g Part l t lo n s from the i r d i g i ta l c oun te IPart s by su rround i ng

oxi des ･ However, u n avo id ab l e frequency dCpcndence 。 f t he

c l e ct ri c al i s o l at i on d ue to ac coup l i n g at dev i ce ‐ to ‐ s u bs t ra te

borders t 5 l , l 6 i and [he i n crea R e i n n 1an ufac t un ng co st s d u e

to extra proce ss steps a re d i scou ragi ng . Loweri n g pa ras l t l c

impedance betweCn the sub s t rate and a sy s tun ground at the

as semb l y s tage i s ano ther app ro ach . Th i s i nc l udcs . fo r i n st an c e .

n1 u l t i p l e w ire bondi ng s to reduce paras i t i c i nducta n ce 、 and

eu tect i c al loy ing to ob t a i n l ow re s i s t i v i t y ohnuc con tac ts a t

th e i nterface of the s u bstrate b ackside and 【1 n1 e t :t l l i c p l at e i n

the pac kage C a v i t y ･ B CCau se o f th e d i fncu l t i e S i n q u と1 n t i ta t i Ve

e st i mat i o n o f e ffec t i v en e s s , thes e are con s i de red s upp 1e n1 e n t ary
tre atnnen ts .

S uc ce s sfu 1 M[ S 一Soc lc des ign s necess i t をもte S ubs t rate nQ is e

n1 anagen1ent at a l g o ri thI11 、 C i rc u i t 、 and layou t le ve l s ･ Fuu -ch i p

s ub s t rate no i se ver i行 c a t i on i s one o f d1 e key t CC hno l og i じs

for th i s task . I t h e l p s des i gne rs con tro l t h e no i se i n nucn c c

on s y std11 Pe rfo rmancc and ens e s d e s i g n oPm11 i za t i o n fo r

n1 l n l ln l z l n g no i s e i nterfe rcncc . Fo r p rac t i c a l ve r i n じ a t i o n . i t i s

nじC e ss ary K〕 have ef門 C i e n t sm1Pl i n C at 氣) 11 n1Ct hods fQr n1ode l ing

th e s ubs Lrat e c ro s s t :1 l k p roce s s Wh i c h n1 e thods i n c l u d e no i s c

C u rren t i nj ect i on i n l arge- s c a l じ l o g i c C i rc u i ts . pK) p agat im in

a s i l i じ on s u bstrat e ともnd i n te rac t i o n s W i t h s u ITound i ng pmag t ー c
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(C ) 兀C↑ - EC↓ ---EC rst

F ig l ･ ( a ) S i m P l i ned schem at i c of Conven t ionaI CMOS inverte rs ‐ (b ) Cross
sec t ion くず an n ‐ tyPe MOSFET i n the i nvじ箕er‐ ( C ) Charge t ran sfer i n ね]rge -sca l c
l og ic opじra t ion s .

[ 1 4 l- [ 1 6 l . I n addit i on , ac ti v e guardband 61tenng techn i que has
been rCPo亘ed [ 1 7 1 .

l t i s es sent ia l to unders tand the bas ic behav iors o f the no i se

itse 1 f and the pn nc i pl じs o f the n0i se reducti on t echniques l n
ordC r to i mprovc sub stra[e no is e managenncnt . Th i s paPer fo-
Cu se s on d1 e s ubsなa te no i se i nj ec t i o n processe s i n CMOS d ig

i ta l d rcu i ts and de s i g n techni que s for e節ec[ i ve no i se reduc -

t ion . s ec t i on II g ive s an overv i ew of th e majo r no1 se mJect l on
n1ed1an i smsよmd Sect i on nI di scu sses b as i c d1araCtC r ist i C s o f

the sub s t rate no i s e th rough detai l ed ana1y s e s o f me h i gh ‐ res○ -

h1 t ion qum1 t i t a t i v e sub stra t e no i se meas urements of Contro l l ed
subs t rate no i ses b y a tran s l t lon ‐con tro l l abl e no i se s ourcc . The
factors dec i s i ve l y gove rn i n g the no i se in tens i ty are denned ･ m

Sect i on ru the eXpemimen tal ana l y s e s arc exPanded to P rac t i c a 1
CMOS 10g ic Ci rc u i t S , and an advan c ed no i s e s○u rc e S imu l at io n
n1ode l i s de ri ved from thc ob ta i ned know l edge . Sub sequent l y , i n

S ec t i o n V. we propo se a un ive rs a l subs trate no i se reduc t i on pn n -

c i p le th at i s fL1 1 l y co1mpat i bl c w i th conventi onal CMOS k)g ic de ‐
sign s and demon s trate a rcduced supp ly bounce (RS B ) CMOS
c i rcu i t based on t h i s Pr i n c i P 1e . In add i t i on , the e按ect i vene s s of
the propo sed and conven t i o n al no i se reductio n techni ques ls
quan t i tat ivcl y eval u ated i n order to establ i s h P ractic a1 Phy s i c al
de s i gn gu i de s fo r s ub strate noi sc reduc t i on . Sec t i on V I prov i de s
ou r Conc l usi on s .

1 I ‐ S UB sTRATE NO IsE INJ ECTION m CA4〇S LOGIC CIRCU ITs

Mlos t CMOS 1og i c e l emen ts c an be reduced o r decomposed
i n to CMOS i nve rte rs ･ F i g ･ K a ) s hows a schen1at i c d i agram 。f

the CMOS inve rter i n a ty p ical p ‐ t y pe bu l k sub s trate w i th n ‐ type

s i n g l e ‐we l l techno l ogy . Wノ h e n the l og ic s tate of t he i nve rter tog‐
gles , d1 とぼg i ng cu甘Cn t noWs to the l o ad capaC i tance (Cbad ) a nd
no i s e C u甘Cnt i s i nj ected i n to the s ub s trate ‐ Th ree n岡or noi se

cu 打en ts s hou l d be con s i d ered : C aPac i t i vじl y coup led (CC ) cu千

ren t th rough くもa, l Jmpac t i o n i zat io n ( ID cu rren t at [he drai n
end of a MOSFET, and Cu rren t due tQ Vo l t age bounce 。n the

Supp l y/re t u rn rai 1 s ･

Pa ra s 1 t l c CaP ともc i t と1nc C s o f a MOSFET at the sou rc e/dra i n d if

ft1 s i o n s ( d“ ℃字ねnd at the gate el ec trode (C9 ) ' and that o f

cs

Vdd

Cjs ~
Ps u b C h a n ne l

( a ) 国 : p十 , n ◆C onta ct

‐We l l

the l owedeve l w i rc c aPac i t と1 nc e (G“ ) agai ns t t l1e s ub s tr 【も te are
den ncd m a cK) s s sec t i o n o f an n - t y Pe M〇SFET ComPosmg the

mve賃er, as d ePi C ted i n F1g ‐ t (b ) . The k) と1d C aPac i ta 【1Ce i s c om‐
Po sed of ( メメ at the ou t Pu t a nd a to t al s um of くら, and 〇G be-
longi n g to the mpu ts o f s ub sequcn t log i c c1 cment s . S i nce the ca-
p ac i ta n cc penln i t are n and peri phery fo r d"〆s a few times 乾せger
th zl n ℃▼‐〆 . ‘ i n advanced MOS dev i ces w ith an u l trat h in gate‐ox ide
n lm and the average fan‐out val ue over 1 ogi c gates in a di gital
mac ro‐co re i s general1y more than two , Chad is dom i nated by

q ‐ It c an be aPProx imatel y es t imated th at (′(′ / dJ d on メ′ m 一
i s 4 and the areal ra t i o o f the gate to drai n el e c trode s i s l / 2 m1
standard bg i c c eu s i 11 a t yp iC a1 0 ･ 3 5 アムn1 CMOS techno l ogy ･ Be-
cau se the use o f th e l owe s t lev e l i n terconnect w ircs i s l im ited to

i n terg at e s hort nets and the upper‐ l evel in terconnec t w i res u sed
for l ong nets are routed over the MOSFETS 、 th e w i re じapac-
i t au1c e agai n st th e sub strate i s neg l i gi b l e i n a den s e l o g i c cel l
array . There fore , th e g reater p z甘t o f cc cu rrentS nows d i redl y
i nto t he sou rce e l ec trode t h rough ( ′“ ‐ Wh i c h i s uさ法ら C aPac i ta nce

be[wcen the gate e1e ctrode to a s h ee t e lec tro n channel fonned
beneath th e gate e lectrode i n an on‐ s tate MOSFET、 and then
dra i ns o住 to a sy stem ground v i a the metal l i c w ires . The rest

of the cu甘en t i s inj ec ted i n to the sub strate aI1d n1o st l y 目ows to‐
ward the neare s t s ub st rate contaC ts , wh ich are ofte n a噂lcent to

the sourc e e l ectrode , as s how n in Fig . l (b ) . Fin al l y、 a s n1al 1 po千

tio n of the i n、i ec ted cu rren t s pread s w itni n thc s ub s trate .

ThC Q r i gm of me i mpact ioniZed Cu rrc n t i s a Cre at i o n of e l ec-

tro n街ole pa i r s by a strong electr ic he 1d along t h e channe l of a
M〇SFET･ The Pairs are sP l i t by the ne ld, a nd then ho le Current
fl ows i n the s ub strate toW,酊d the nemCs t s ubs trate Cont acts While

me nux of the e l e ctrons penetrates i nto th e gate ox ide . A1 though
TI c u rrent grows muc h l z1rge r fo r me sma l ler g :1 tc - lc ng th M0S.
FETS beyond the subqu犯te r‐ mi cron tcchno l ogy, i t i s s t i l l m inor
C ompared to cc c u rrent for the s i ng l e i nverter c i rc u i t o perat ing
at severa l te n s o f megahertz o r more [ 1 8 1 .

From th i s ー11 i C ro scoP i c v i ew of the no i sC qmen t i nj ec t i o n Pr◇

cess eN i n th e i nverter ope rat ion , we can conc l ude that t he d i rect
c on tr i bu t ion of CC and II c u rren ts to th e s ubs t rate no i se i s sm証1 ,

as l ong as th e v i c t im C ircu i ts are separated from t h e no is e s ource
at a Certa i n di s t a n ce . No te th at th i s does not app l y to those Cぽ-

Cu i ts w ith ve ry dense l y p acked agg rc s s or-vict im pai rs s uch as
l n OS c i n atQ rs , i mage Sen sor p i X e l s , and so forth ･ on t h e other
hand、 the l eakage of t he vol tage bounce on t h e supp l y/reu1Iぬ
ra i l s i n to th e s ub s trate dom inate s t l1e s ub s trate no i se i nj e ct i on m

l argc- sc a l e d i gi t a l b l ocks . A mac ro s copiC v iew of th i s P r。Cess
l s prov i ded as fo uows .
The coneC t i ves of Cmとu一l in a l薊ge ‐ s c ale l o g i c b l ock c a11 be

dy namica l l y das s i 【1 e d i n to t h ree group s . as s hown i n F i g . l (c ) :
th e groups of th e c apac i tan C e s be l o ng i ng to t he l og i c e lements
that sw i tc h i n n s e にノ i ) 辻hat sw i tch i n fan (CDand th a t rem却
in currcn t s t ates ( (なり , The i mpedance s o f Zd and 為 そもre p鮒
s l t i c [o the s upp l y and remm path , rtき specti ve l y . between the de
and an ex tern a I Power sou rce ( Vad ) ‐ ℃“ stand s fo r a stat i c CaPaC′
i tan C e i ndud i ng dccoup l i n g C apaci to rS an (l n ･ t ype Wdi j u ncdon
c apaC l ta nce s .

The fast sw i tc h i ng operat i ons i n CN[OS l og ic c ircui ts 多
rea l i zed by charge red i str i but i o n among t he R p at i a ー ly di smbuted
萩1ras 1 t l c c aPac l t an C c s W i th i n the bl ock , Where ℃‘ 狙1d Gst
se fVe as l oca1 Charge res eN0 i rs ･ B ecau s e Cu rren tS made by t応
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F ig . 2 . o ve 【Y iew 。 f s ubs t r a te no i s e じVa l u a tk , I I C h i p . L i n じar s ub s t r:I t e nQ i sじ
de t eじ to r (S F十 LC ) i s s l1own i n t he i n se t .

prQC じ s s a re aga i n i 【11med i ate ly ab so rbじd i n t。 th es e C apと1c i tzもnc e s .
姉e i r contr ibu t i on to s ubs tra t e no i s e i s n1 i n o r. Th i s ab s o Iption
is mos t ly through the me tan iC S upp l y/return W i re s , C h a nne l s o f

on - s ta記 MOSFETs 、 and th e ga t e一 宮) ‐dMm 『1 e 1 Capac i [ a nce s 0f
MOSF日Ts i nvo l ved i n c【 QML 0n the other h a nd . t hc cx te r n a I

POWe r sourc e s u pp l i e s Con smned d並ばge i n t he red i s tr i b ut i on

proce ss and Comp l e t eS th e Sw i tc hmg ope r↓1 t i 。 ns The re s u 1 ta n t

s upp l y Cunen t i ー1 te rac ts w i [h z“ /為 and Shows Change s W i t h

a t lme cons L zln t to the degree of ( Z“ -ト Zヮ ) ◆ でp , . , 、 wherc
cpar deno te s 【he Cn t irc p a ras托1 c C apaじ i t anc e m mじ dg i t a l
b lock . S i n ce th c subs trate is t igh t l y coup led to mc re t u rn pa t h
by di s tnbu ted su r face s ub stmte c。 n taはs . t he Vo l t a ge bou n c e
ar i s in g from thi s p roces s . e s peじ i al 1 y on t h e re tu rn pa t h . appears
as s ub strate no i se .

Prev i () us measuremen t res u l ts dose1 y n1a tc h th i s V i ew and are
di sc u s sed in ｢ 1 9 ] W i t h more dcta i l ed ana l y s es o f th e su b str :I t e
nolse wavcfo【Tn s .

I I L B AS IC CHARACTERI STICS OF S UBSTR八TE NO I SE

A . を.“ ℃′z !/〉 "とぶ ノ#!

Furt h e r inves t i g a t i 。n s o f th e s ub s trむ1 t e no i se i nj ec t i o n p l‐oces s
Were Pe rfo rmed i n o rde r to denne the f: 1c to rs de ten11 i n i n g th e
no1Se i n te n s i t y ｢ 20 I . The subs tr ;爬 no i se eVa1ua t i on d1 i p shown
ln Fi g ･ 2 , was deve l oped i n と 1 0 ･ 6-弟 n1 ℃ LM〇S P - t y PC bu l k s ub‐

事路線ゞi も泌臨ま饉濫掘酷磁器轢殺壜n嘉納a＼
a S upp l y Vo l t ag e oB . 3 V. A じh i p mi c rophQt Qg raph i s s how n
m Fig ･ 3 ･ The d1 i p i n c l udes two t rans l t 1 o n -Con trQ l l ab l e no i se
sou rce s でrCNS ‐A ･ TCNS -B ) 、 a l i n ear s u b s t ra te no i se d じ tCC t o r

(SF十 LC ) 、 a nd fou r pai rs o f p 十 g uardband s ( GB s ) l oc aEd tt t
equa l s pac i n g be tween t he no i Se souにe and t h e (聡 tじじ t o r.
F1 84 sh()W s a redes i g n ed VerS i o n 。 f mc TCNS u 9 l , n1じ c i 千

Cu1[ has [ 苺 n i neS t ag e de l ay ed- edge generat or ( Ckm8 l ) a nd an
array o f no i se sou rc e b l ocks se l ec t i vdy ac t i vated by は1os e edges
With S e le c t i o n b i ts (A to : = ] ) . The a甘ay ( /Vomy こ 9 × L 2 ) i s
doub l ed and thu s two no i se sou rc e b l o じ ks are k尤a ted a t e V e ry
lnterSec t i o n o f c k [0 : 8 ] a nd A趙 : = J . We he re i n a fte r じ a l l t he s e

F i彗 ス . M i C K1P ho tog r L- Ph o f 阻bsm抵 e no i se じva l u a t i on じ h i I) ･

V s ckQ Ck1 Ck8

V P - ｣ ≦團pout

F i g . 4 . Tr‘ l ns i t i o n - Co n 【 ro l l aM じ nt) i℃ so urCじ d fc u i t .

a甘ay s the l e賃 and ri gh t ↓1rr 【ーy s . The no i s e sou rce b l ock has め

no i s e i n j ec tors Con s i stmg of と1 CMOS mve 【ter W i t h k) ad じ モーPad ‐
to rS f。nned by th e gzlむ - [0 -d1annd Capac i t zl n ce s Q f n - and p - ty pe
MOSFETs m1d a P fogranm蛇Ib l e dr i v e r s t m1 L l l a tm g t h C no i se i 11 ー
J eじ to rs . The dri V e r can be programmed br αKh array to gen-
e ra te ou tpu t tfan S I t K)ns i lトphase Qr out- Qf一 Phas e to t he i nComi ng
edge and a l so to be s tab l e a t a I og瓦a t h i gh o r l ow s tate . T【ト

pered mu l t i p l e dr i v ers are prov i ded bC tWeen t h e edge genじrator
(l nd me P rogrammab l じ dr i ver and Qp t im ized m a no i s e i lu eC tQr
sw i td1 i ng t i me o f l c s s th a n 200 p s fo r bo t h r i se a nd 鮠 l l tran s i ‐

t i on s . The TCNS C俎1 ge ne rate s ub s t rate noi ses u ndじr s Pec i n ed
Cond i t i o n S m じ。n t ro l t h じ i n te rS t ag e de lay mne , the i n te rS t age
edge d i rec t i飢L and t h e numbe r o f act i ve no i sc sou rce b l oc ks

per edge ･

Thじ d i 舒e re n c e b e tween TCNS -A and TCNS‐B l i e s i n t he

powe r S upp l y ( もえl ,l ) ro u t i ngR a s dep i c ted m the s i l 11p I i f1ed di -
ag ram o fぶ Fi g . 5 ( a ) a nd ( b ) . いノh i l e e【1c h o f t he no i se sou rce bk)c k

array s h as an i ndePenden t 、な I S y s tem i n TCNS‐A bo th array s
S I1 are a S i n g l e t ad Sy s tem i n T℃NSB . Eve ry もキ ー , l pa th fo r d1 e
TCN S i s c onnec te d to 俎1 e x temn l powe r sou rc e beyond decou ‐
p l i n g c apac i t 。 rs prox i ma te to t h じ Ch i p on t h e dev i ce unde r te s t
(DUT ) l, r i n ted C i rc u i t b o a rd ( PCB ) ‐ on t h e o t h e r h and . the re -

turn ( GND ) pat h R are a l way s Common to t hじ S ubs t rat e nQdじ s i n

をt co n v e n t io na l s i n gl e n‐ t y pe we l I CNI OS d i g i t a l de s i g n . He re 、

Z st証1d s hr i mped証Kc pa ra s l t l c to th e 弱d or th e GND Pa ths .
i nc l udi n g bond i ng w i rc s . pac kagc l c ads , and PC B w in ng s .
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C h i p 方 z z ; ;

＼′

N o i se Sou rce Bloc ks

(9x1 2 B l ks . i n each l efVr ig ht a r rays)

GI ) ( b ) に )

F ig ･ 5 - S upp ly / rじ tu rn rQutmg d i agram ゞ . 範 ) TCNSA ( byrCNS -B ( C ) Ke lv i n
ground i n g vers io n o f TCNS ‐A .

1 0 .0 -+~~-- TCNSトB20 0膨 昶螂四作抑s-10. 0 .

‐ 1 0 . 0 0 1 o 2o 30 40 50 ( n s )
き鰡評)慈 淺ぬ鮴癬( 声ず0･ 02ぜ
　 　　　 　　　　 　テ ー880 1 0 20 30 40 50 (o s)

1 0 . 0 ,

5軽鯏㈱んJ㈱0T ns- 10 .0

-5 .0 0 20 40 6o 80 1 00 1 20 (ns)

Fi g . 6 . NIeaSurcd sub s i ra te nm se wavじ Eo n11 8 by T℃N S -A and TCNS - B for
JVわ ー k = 1 2 . Totak紬 ;1 Y tm1e rds a parmndc r.

Quannat i ve sub s trate no i se eval uat i on i n a l oo‐ ps l oo‐“V
rc sol t ー t i o n i s real ized by u s i ng th e l i n e【耳 subs t rate no i se detec tor

( S F十 LC) s hown i n Fi g . 2 . The s L1 bs t ratc vo l tag e p i c ked up by a
p十 con t ac t probe i s sen sed by a Pchanne l so u rc e fo l k)wer (S F )
and thcn the s h i fte d vo l tage ( 1≦ f ) i s s amP l ed and d i g i t i zed by
an on‐d1 i p l atc h con1 p arato r ( LC ) . The dec i s i o n t i mi ng of the
compa rat o r i s s h i ftcd re l at i v e l y to th e st i 1 11 u l us p u l s e Qr vec to rs

i n put to t h e no i s e gene rator. and repet i t i v e di g i t i z a t i on g i ves a
reCord o f t he Sub s trate no i SC wavefonn ･ Thc detector g ai n cal i -
b rated by ex tc rn頭 reference Sin e Wave s Was - 3 7 dB 、 thu s lnu l -

t i P 1 i ca t i o n of むな by l ‐ 5 rough l y g i ve s ab so 1 L1 t e va I L1e s i n t I1e fo l -

l owi ng measu remen [ re s u l t s ･ MI 。re de tai l ed deS C11 p t i on s o f t h e
measuremen [ p ri n c i p l e s , th e n1 easu remじn t sy s tems , a nd th e dc -
tec t or qrCul t s a re prov i ded i n n 9 l .

β‐ @"““ねrルビ Ey“““!‘ ' ′2 4′等".ゞ““を′ M〉 どぶ と ノリで( ･ r だの

Typ i c a l s ub s tra[e no i se WavC fonns obねi n ed f()r TCNS 一 A and

TCNS ‐ B are s hown i n Fi g . 6 、 whe re every de l ay ed edge i s m
a nse trans 】 t i On m1d ac t i v ateS twe l v c no i se Sourじe b 1 ocks i n the

r i gh乾せray/恥ねl de l ay t i me 雪希n the edge 忍Cne rato r、 wh i c h 1s

e vahl a tcd as t r1 e t i me d i鈷erence be tween me s t i n1 u l u s edg e i nPu t
【O A , . a nd t h e (ldayed edg e aPPCar i ng from Rut J R Pa ran1 e teト
i zed . A I 1 of thじ no i s e s ou rc e i nv e rte ｢s i n 【 h C 1 C ft a rTay are n X ed i n
t he 1 OW S t ate ･ &M1d GB S L『e noa te d ･ Honzon t g亀 1 a n d ve rt i c a l ax e s

Show thc e l ap s ed t ime aftc r [ he s t i n1 u hi s じdge i s i n p u t to An .
and t′ ≦ f dig i t i zed by t hC 1 z1 tc h comParafo r. re s Pe c t ive ly . 0げse t
Yd tz1gc of [h C S Qu rC じ fo 1 l owe r i s s ub t rac te d i n t he vじ rt i c a l aX i s .

　　　
>の 4□

( 20.O
>

　

Nb - k= 1 2
‘+ TCNS-A
M｣ TCNS-A

◇｣ TCNS-B

0 .0 1 0 .02 0 .03 0 .04

1 打d (ns‐ 1 )

F i g . 7 - Peak4せPじa k subsmt te Vo l t age 、 P P Vじ rs ub m Verse d‐ 7 を

1 2 .0

1 作d=0 . 01 nゞ1

5 t o 1 5 20 25

N b - k

F i g . 8 。 S u bPcak :ln1P h t L1de L P k ver su s n u n1ber o f acu ve n o i se so u rce b locks
　　 　 　

LOW一 frequency nngmg domi nate S the Wave fonn i n Fi8 6(a)'
Whe re 7な i s lnin i l11 izcd ( ~ 25 n s ) . A s 錺群ncreascs . th e nng ing is
s uppres sed and the subpqlks co官e spondmg to t h e no is e s ource

t ran s 1 t 1 o n s by th e nme deねyed edge s beは)n1 e de Composed . Fi-
n a l l y, th e s ubpじ ak s do ーT1ma te the Wavemm1 と 1s m F i g . 6 ( じ ) . Whe冠
7 ;# = 95 n s .

Fi g ･ 7 s u l 1 1 1 11arizes t h e de pendence o f the peak- to- peak

s ubs r rate vo l tage もち p on dに i n te rs tag じ 砲ねy t i me . The 瑳pp
i nc re ase s rough ly i ー1 propo rt ion to 1 / 7an a sma l l er7 : ‘ dom狙n

whe re the rmg i ng i s dom i nan t , The avじ rage Rupp l y cu甘enL
wh id1 i s al so pmport i on a l to 1 /れれ R tart s m1d Stop s 蕪)Wmg
qu i ckl y md mngs ab(川 t l a rg e 乙 . 霞“/ i n t e 1ac t i o n m mis

reg iα1On th e o [hc r h細dypp become s l es s d ependen t on l /鰯
i n a l a rg er椛‘ dt) n1 am W he re the Subpeak 【Mn p l i [ude de tem11nes

巧p ‐ obv i o u s ly . th c sub s tr観じ no i s e amp l i u l des are s n盟1 ler

　 　 　　　　　　　　　　　　　　　　　
讃辞三富捧読表a1態讃辞謡曲い熟寝無論講話 l
as TCNS-A′ , The neg l i gi b l e di ffe re n ce be tweじn TCNS-A and
TCNS -A / i n d i c a t じ s th at Z i s lmgじ じnoug h to e 1じ C tr ic a 1 l y i so1a te
th e pmas l t l c c aF5ac i t ance i n t h e l eft a rray fro n1 t h a t i n t h e right
for t he h i g h - frequency S Ll p p ー y c u rrじ n ts re ー atmg K) t hじ ob sCrVed
sub st rate no i s e s .

F i g . 8 s田川nari 乙e s me subPeak a I1中 1 mー d e ( I ＼ P k ) Versus
th e n umbe r 。 f ac t i ve n o i s e s ou rc e b k)Ck s Qも I k ) at
1 “ を = O P i n s 一 l . Each pQmt Shows a n1e a n vmue and
an erro r じ ak uね ted from the peak - m -peak amp ー i t ude s 。f me
n i ne s ubpにーk s m the mea s u red Wave fo rm〆n1e C rQ S s marks at
ノVb ー k = 1 2 a re ave ragC S a n1 ong f1 ve smnp l e d1 i p s . The noise
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Fig ･ り ･ mes 【 じ i r cu i l f。r s ubs t ra te no i se eY itl ua t mn i n prac t iqu cMOS IOgic
opdmkm s . S ub-b l t x k、 [A i and t B l i nd 泓1じ two 8 -b i t sh i ft r搜応 ters an d an 8 - I減
ni = adde r w i t h 出e outP u t regKter, re sPeじ t i Yじ l y ･

an1 p l i t u de i s lmger m TCNS‐A than m TCN S ‐B wheneve r
the same number o f no i s e sourc e b l ock s me operated , Mofじ -

over. th e s lope i s approximate l y 3 . 4 t i mes i a rger m TCNS‐A 、

al th ough Kpk fQr bot h TCN S s mc re ases l i n ear l y W i th M, 1 k ‐
The d i fferenじ e i n t h e S l o pe re S u 1 ts from that i n =1e act iv i ty ･

Av ertlge aC t l V 1 t i es くず Ac t ( ノリ i t1 TCNSA ai1d Aくむ ( D ) m
TCNS ‐B are as fol lows , whcfc ノNb ー k ‘ a nd !Vt鼓し むせe t he numbe r

Q f bmc ks s i n1Ll i tanet) u S l y aCt iYatcd i n the l eft and i n t he ri gh t

mray s ･ Here ･ !Vt も r r ÷ Ly i s t he to t a 1 n umber o f no i se Sou rce bk)cks
belongi n g to e aCh o f the a肝ay s ,

　 　　 　　 　 　 　
パb ー k ‘ + ノVMK (2 )

Ac t ( B ) = 蔑＼燕ナ パ鯖鮒

The TCNS -A C ‘m be じon si dered to haVe tWo mdependen t

d i g i ta l bmcks w i th a iMも verむge ad i v i [y of ‘VL, l k /Mm,.〆α- e t IC h

by Y i rtu e o f the e1ect ri c a l se p a ra t i o n o f th e h i gh -frequency

suPP1y Cu rrent o f bom b locks . on th e othe r h and 、 TCNS - B

can be t rea tじd a s on e large d i g i t a l block、 W he re a l u n1p of nu -

mero u相臘じ t l v c no i sじ i nj ectors fo rm a huge d i s t r ibu t ed‐Ch ともrge
reservo i r a b sorb ing t he supp l y c u 1Te n t var i at i o n and e什ec t i ve l y
SuPP res s me sub s tr "1 te no i sじ . 叺た have con fi rn1ed t h at mea su red

Wavehnns rare 1 y Change i f th e t/ : l , 一 l c onnedion 。n t h e 1 e ft s i de

ls C u t a t J us t ou t s i d e the ch ip i n TCNS ‐ B . The s e ob servat i on s
mdiC ate th at t h e act i v i t y i n thじ l og ic b l ock i s t he dec i s ive fac tQ r
of the no ise i n ten s i ty .
nhe res u l t s for th e fa l l edgC s are a l s 。 s hown i n Fig , 8 , Con si汗

tency be tween t h e r i s c and fan edge s re s u 1 t s from the ba l anced

n~ and p- ty pe MOSFET C han ne 1 C apaC i ta nc e s ( F ig 4 ) t h at don1 一

mate でp a r ･
Th e e什ect i vene ss of the no i se reduc t i on tじchn i q u e s i s ano the r

dec is i ve fac tor and mu st be ch arac te r i zed quan t i tat i ve l y . Th主 s
Wi1 l be d i sc u ss ed m a l ater s じC t i o n .

IV SU DSTRATE NO I SE IN PR ACTICAL CMOS LOGIC C IRCU IT S

A‐ 7avr (アガ/) ")で ゞ!“!

mo expand ( )u r expねnat i on 。f the Subs tm te 椒濯sじ i nj ec t i o n
proc es s ' Wh i c h Was deduced from t h e e xpe r iment‘ 1 l p roc e s s on

にきき i皺ま謎"終焉ゞ響き , tg総t滋翻詳報鰻\r滋で
l 総oき能筆IR機密報じ｣滋離島きい i& i f盤総≦特報ミ

さま鍋!総轄lp ｣轉 畿竿※瀞響き1緋響き

Fig . K) . M i じ K)ph○ t○graph of te s t d1 i p .

s u b -b1 ock [A 1 t t ses c eu s m a s tandard l i b rary, the su b - b l oc k [B l

u se s Compou nd gat c s w i th S t acked MOSFETS des i gn ed manu -

al l y.

A m i c rophotograph of the te Nt dnp i s s how n i n Fi g . 1 0 . Thc

d1 i P wには fab r i c a ted i n t he R an1じ ○ ･ 6 - “n1 CMOS P roduc t io n l o t s

W i t h th e s ub s trate noi sc e vzt虹at i on じh i l5 . The d1 i P i l1d ud e R nve

no i se sou rc e modu l e s 、 Whe re te n p i eceS of thdじski rc u i t とばじ ar-

ra nged i n a C。 1 Llmn s tructu re hr Sded i ve 乙もじ t i v とも t i 0 I 1 , a n d む1 SF +
LC dete c to r. one ()f the modu l e s u se s a c○nven t i o n むI l cM0s

topo l ogy and t he o t h e rs are 【1 l) p l i e d w i t h reduced no i s e de s i g n s ,
Whi c h W i 1 1 be de s cri bed i n the nex t Rec t i 。 n ･

　 　　　　 　　　　　　　 　　　 　　　

Quan t i tat i v e sLー b st rate no i se eval uat i o n s werじ qmied ou t [ 2 q .

A tc s t vcc tor to u1e te s t c i rc u i t i nd ude s fl s i r11 u l tancou s l oad i n g

o f a p とl i r o f SCr i t辻 芥b i t (l ても t a i n tQ t he re g i s te r p a i r ( op 1 ) 、 th e ad -

d i t i o n w i th the a l te rn ate i n pu t -mQdじ s w i t c h i n g (op2 ) . I‐e nd0u t

of th e adde r ou t put i n Reg3 W i th a じo n1p ar i s on t o t h e e xpec tはl

v【1 l uc fo r c n su r i ng p r0pe r operat ion s , and NOP ( ha l te d ) . The

ha 1 ted t ime i s l o n g e nough to avo i d over l a p Q f t h e RL1 b strat e

Vo l t age n uc t L1 a t io n s repeated by [ he vぱmrs . Mea s u rdnen t w i n -

dows o f 40 n s are p l aじじd w i th i n () p l and o p2 . A s et d back ‐

g round s ubs t rat e no i s e s ma i n l y by cMOS U0 dr i Y e rs f。r evC ry

pQ s s i b l e vec t o r i s measu red i n advancc unde r the Cond i t i o n th at
nonc 。 f th e t e s t C i rc ui t s i s ope rated Wh i l e t h c gene ratCd t じ s t

v cc to r i s i n p u t m th e ch i p .

Mea s u red s ub s t rate no i se s hy t h e C i rc u i t i n op 1 W i t h a s upp ly

Vdはge o f 3 3 V and c l OCk frequency o f 5 0 MHZ a re g i ve n i n
Fig ･ = ‐ The bac k g rou nd no i se i s s ubt raded frQ n1 t he n1e a s u re -

men t s and prじ sen ted as ･ キ ーm i n the Ve rt i c a l a K i s ‐ The doc k s i g n a l
i s a l s o s how n fo r t he t i I11 C rc fc rcnじC . TI℃ s i m i l ar i t y o f Curv e s

Whc rc t he number o f te R t C i rcu i tR operatmg ( バb uJ i s p 【1 rame

tenzed w i t h t h e se ta ken w i t l1 d i ffe re n t i n p u t b i t pat t ern s val i ‐
d ate s t he u se o f t/ tl , f ! ･ as t h e n eはubs t rme n o i s e by t h e te s t c i r ‐

C u l t . S 1 i gh t l y ねrg c r no i se s appea r fo r t h e k刈dじd dat a pat tenは

W i th th e n1 o re frequじn t b i t s h i fts ナリ l o l O K) L ･ ･ ･ 00 = {)○ = ゞ ' a nd
･000(moo。ゞ 、 i n o rde r . Th i s i n d i c a t e s ac t i v i t y dep e ndenじじ . bu t i t

Seems t h at n※ ) S t o f the ac t iv i t y a r i ses fron1 p a rt 。 f t h e c i rc u i t

。 pe rL1 t i Q n t h at are i ndependen t of t he data , s ud1 a s dock i n g ･
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≧ .2o .o - - 00節0000 =
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0 l 0 20 30 40 ( ns)

Fig ･ = - MeaSu rc d s ubs 【 ra te nQ i se wavefo rm s by tes t d rcu i t i n CQnven t i ona l
cMOS des ign , i n O P ねt dQCk freq ue ncy ()6〇 MHZ ‐ (a ) B i t Pa t [em depen dence ‐
( b ) N u n1 ber o f ac t i ve te s t C i rC u i L s i s pmamじ[じnzed .

(a野 望歯 (b菫歯茎
工C↑(nn 工Cd is ,↑(nn Eqh, ↑(nリ EC↓(nリ エC=&↓(nリ エCch ,↓( nり

Fig , l 2 , C a paC i tanc c s d i v i ded in 7t th i n te iva l . ( a ) Paras i t i c to log ic e l emdー t s
sw i tc h m r i se . ( b ) Pmasmc to log i c e l じme n t s s w i td 1 i n fa 1 1 . ( d Timc- sen eS
d iY i d e (l paraS 1 t l c C apad にlnce modじ 1 .

The l i n e ar i nc rease m the no i se ampl i [ u de w i t h パモ〉 ー k i s a s pre-
d i c ted をoln the obs erva t i on s m the tran s l t 1 o n ‐cont ro l l able no i s e

S ou rCC .

℃. A ′ ! ‘‘ /鍵どぶ 御 ““ だ“ ‘話そ‘ ノダダガ dた‘信 弘()(たノ 可ぷ‘〆"‘ゞ“““
　　　　　 　　　　　　

叺た have demons trated a s i I11 P l i n ed s imu l at i o n mode l of the

mos [ dom i nan t p roc es s i n [ l1 e s ub s trate noi se i nj ec t ion de s cnbed
i n Sect i o n I I ronー t ra [1 s ー tぬn -Control lab l e no i se sou rce [ l 9 ] , Fur-
ther d eve lopn1 ent o f the n1ode l to cxpand i t to pract i c a I CMOS
1ogi c operat i on s i s di s c u s sed in th i s s ec t l on .

The group R o f t h c c apac i ねnCe s paras l t l c t 。 ac t i ve l o g i c
e lemen ts [Fi g . 1 ( c ) ] are 唱獺1 shown m F i g . 1 2 ( a ) a nd (b ) and

are decomposed i nto th e Co l l ec t i veS of c apac i tan C es to be d i s 一
C h arged ( てもふ む1nd to be Charged ( (-ナdJ . He re, the c zIPaC i tan C e s
pL I I l e d up to ヤマM an 〔l p u ned down to GND co rre spond to th e
C apac 1 t a nces parとl s l t l c to p - a nd n -type MOSFETs 、 res pec t i ve ly ･
いノe i n t roduce a t i me d i v i s i o n to th e con tmuou s d ismbu t io n of

l og ic tra n s 1 t ー ons fo r t h e pu rpo se of mode l i ng . Tho se groups
accun1u l ate t he cap a c i [an c e s i nvo l ved i n the l og i c tran s 1 t 1 o n s
oC c u肝i ng du ri ng the i nterval of 7 4 7 ~ 7“ 1 十 T . Here , T

and “ s t a nd br the pe r iod and the number 。f t h e i n te rva l ,

res pe c t i v e l y . Charge mns先r o髭斎 ( ?# ) = 幻こう ( 〃? ) 尊毎 and
くれ れr ) = めで慮れ7 ) ‐ Fa d . wh i c h i s K) ta l re q ui red Chmge at
every ou t pu t node i n a tra n s は 1 o n , t a keS pねCe at eve“ in terval ･
Th e g re a t e r p arほぼ th i s proce s s i S immed i ate l y Comp l eted by th e
loca l charge red i st r i bu t i o n be tween t h e ac t i v e l og i c c l emen t s
and the su rrou nd i ng chmge resじ rvo i rs tn ade from て≦“#) and

くん . The entire dig i ta l b l ock 6 nal l y l o ses a charge o f (ね iま′# ) "
( 団GI 鱈寸 々# ) + 刃G ー i " ↓ ( れT ) ) . tんM w i t h m energy d i s s i P at i on

o f 残芯 ( 777 ) = 1 / 2 ‐ ぼくン賑論ぜ ) + 渇く超鼠 式#) ) ‐ 蠕!
by di scharg i ng cu官en ts [h a t now th rough shorted
path s in tho se ac t i v e l og i c ele n1e n ts w i th c han ne l re‐

s i S t ance 。f MOSFETS o n the oth e r hand , a dmrge 。f

ah 細字 ' ) = (双ごね l, . i ( 霧字▼ ) + "〕 くれ刻 々# ) ) . しね ー d i s drawn from
a power sou rc e and S tored among the se C apaC i tn nces renewCdly ･

I t is notewort hy that the ro l e 。f the e x tema i powe r S o u rce

i s a lway s [o fe ed aIベ ア !,T ) i n to t h e d ig i t a l b l ock ･ The power
sou rce con sumes me enti re energy of 残h ぐ れ T ) = Qh ( ゾ zr ) 尊ん妃
i n th i s proce s s and i s not i n vo l ved i n how the charg ing energy I
( ニ メキh / 2 ) stored i n th c b l ock i s di s s i pated i n ねte r p roc e s se sA
time- s eri e s di v i ded paras l [ l c c apaC i t an Ce mode l i s den Ved from

this 鮠c t , as shown i n Fi g . 1 2 ( c ) . mat c an be u scd a s a n e恆-

轢き総轄鍵盤鷲総務f聴きt濃艶脱渋気欝汪副
総出轢 き轢き群舞淹留?瀞藁c蝸ngきt語緘さ 九
supp l y/re tum rai l s for charg i ng and t hen d i sc onnec tcd i n the -

next i n terval o僕"‐ + 1 ) 7 by Short ing ‐ The Chargi ng p ro c e ss de-

te rm i n e s th e s upp l y ‐ cun･e n t waveforl11 , accompany i ng t hc i nter‐

ac t l o n w i t h the Paras i t i c i mPedance i n c l ud i ng 乙 “ a nd 魔“ , w h i le
the di sc harg i ng cu rren t c on t r i bu tes l i t t l e to t he ret u rn cument .

　　　　　　　　　 　　　　　　　　　　
cu置ents due to th e d1mge tran sfer of Qぬ 髓tal energy di s s ipa.
t i o n i n thi s mode l i s equ iva le n t to that i I1 the ori gmak)pcrat ion
of t h e d i g i ta l b l ock .

Compu tation o f { ご汕 J ( "71 qh↓ ( 〃T ) } h as to bc ca rr ied
ou t once fo r every po s s i b l c i npu t vec tor and can be done by i n-

tegrat i n g tempora l togg le coun t d i s t r i bu t i o n s i n eve ry pe ri od of
7 、 wh id1 d i str i bu t i on s me acqu ire d by fu u trans is t or一 l eve l C ir-
c u i t s imu l a t io n s or by gate ‐ leve 1 HDL s i mu l at i o nS No te t h at [he

i n terv al c a n be adapt i ve l y var i e d accord i ng to t h e a c t i v i t ie s m

th e l og ic b l ock ･ The charge re s ervoi r に, ‐^ ) h as to be e s t i mated

from the i nac t i ve e l ements and s tab le c apac i to rs ( きり and can

be con s i dered cQn st ant becau se the C apac i tan Ce t Q be Charged

dunng the i n terVaI i s Very Sman ･ The paras i t i c i mpedanceS on
the supp l y and re t u rn rai l s a rc as s umed to be ide n t i c a l and rep

re sen tCd as a s eri e s Comb i n at i o n of an i※l uc to r ( ら ) and a re.
S i s td･ ( RJ

The t ime一 Ser i es di v ided parむI S 1 t IC c apaC i tance n1 ode l s 。f the

th e n1ode l s [Fi g . B (b ) and ( c ) ] わr t he te s t ve cto rs w i th i n p u t b i t
p at terns 。r℃×)000000ゞ ‐ “0o n oo n . ･ ･ a nd し ‘ 0 l o l o l α (r i n me撓も瀞総監嘉賞蟻熟認総轄〆凝議翔

　
toP 、 m idd l c 、 むM1 d bo ttom f1gure , resPcc t ive l y. around t he same

ris e dock Cdge . 叺メe cho se R“ = 1 . 2 9 and ren1 oved らJ . E s tr
mated く ん eS i s 26O PF. i nc l ud i ng a l l onhe no i s e s o u rc C modu les

s h ari ng p rima ry Supp ly/re tu rn pat h S a nd pads W i t h i n t h e Chip ･

　　　　　　　　　　　
8損さ8,精霊響きy1出納熱総轄公療導ピ糒8泌滋 -

｣
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F ig . 1 3 ･ S i m u l a蛇d no i se Wave rQnn s . ( m Fu l l t r an s i s t o r - l e ve l desじ dp t io n . ( b )

M ode l ･ず 7 T = t o ps . ( C ) Mbdd くず 7 = 2 5 0 ps . mBi d にu i t s W ork i n op l w i th
b i t pa t t e rn s of “ ‘)00(moo()〆 “ {- )() 1 l oo n ご and 舛) l o l o l () r i n the to p 、 midd le 、

and bo t tom f1gu re s , fe sPeC t i vdy･ R “ = 1 - 2 Q . w i thou t 乙 F ‐

00 ‘ a ) ‐ " l . . ･ ▼ ' ‐ " ･ I ▼ ‐ 十一
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F i g . 1 5 ･ No i se rぐdud ion effec t vじr su s gu ardb and d i s tance from de tec tor‐
TCNS ‐A is used as no i se s飢｣rCCJYH k 二 1 2 庭r ズメ ニ U Q~ l ns l an d
r才 1 = ○ Q 1 ns - L 、 ハノ ト ! k = 巽 fo r 7 T l = ○ ○ 2 nゞ 】 ‐

･
I晝
【
L
L

Fi g . l 4 . S 1 mu l a [eu subs t ra te nQ i se Waver(mns W i th the mt)de 1 Q f T = 2 5 Q ps
m op l a i doc k frequ ency of 50 MHZ【 a ) B i t p at [em dじpじndじnce . ( b ) NumbCr
。f ad主Ve tes t じ i r c u i tM s parame teri zed ･

CPU . Another se t o f s i 1nu l z1 te d wave fonns w i t h the mode l of

7 - = 250 p s 、 RP = L 2 立 , and LP ニ ー Q o nH i s gi ven m F ig I 4 ,
Wh i ch i s c omparablc wim the mCa su rcd Coun terpant s i n Fi g . = .

The va 1 L1e 。 f キ Was adj u s ted t() have t h e bes t s i n濾ねrity .
S imu lat i o n s were effec t ive i n q ua l i t auYe l y re p roduc i n g t he

gen era l Featu re s o f the exper imen t a l re s u l tsにu1d hel pe d i n un -

derSta nd i ng th e s ubs t 醸 te nQ i sc 1bm1a t i Q n p roc e s s ･ Thc mQde 1 i s
efn c i en t and accu rate enough br es tm1:1 t i n g t he s ub s tr 11 le no応じ

m the d i gi ta l b1 ock under de s i g n ･ Howeve r , more soph i s t ic ated
mode l s o f pcri pheral pas s i v e c i rcui t s for the i n terac t ion w i th th e

supp l y/ re ttmn i mpedances a nd a l so we1 1 - es t z 1b l i sh Cd sub s tr とI te

mesh mode l s For the at te nuat i o n o r th e no i se i n te n s i ty i n the

s ubs trate p ropagat i o n [ 2 ] , [ 2 2 I- [ 24 ] mus t be i n co IPorat ed Fo r
qu an t i t a t ive improvemen t s .

Y. N O ISE REDUCTK)N TBぐHN IQU ES AND EFFECTS

ハ . ‘“ }\"#‐乙ぞ yd 刃ひ どぶぐ 在れ/放す どの!

Guardbandi n g i s tl1e mo s t pop u l そば no i se-reduじ t i o n t echn i q u e
知r layou t work . The e fたc t of guardband s i s quant i tat i ve l y e× ‐
anuned wi th the s ubs tra te no i se じV al u at i o n d1 i p desc ri bed i n

S ec t i o n In . The gua rdband s on th at c h i p are n l l ed w i th s ub s trat e
Contac ts a nd run ac ros s t he d1 i p w i t h d edi c a t ed bond i n忍 Pads on

both じdgじ S 、 wh ich Can be se l eじ t i v e l y S ho rted to a GND pl ane o f
the DUT board .

F i g ‐ l 5 S umman Zes the peak- t･peak no i s じ "unp l i tudC t 1 , p
and the s u bpeak an1 p l i tu d e 、 灘k Ve rs u s [ he po S 1 t l on o r t h e pa i r
of guardband s mea su red fron1 t h e p I p robじ o f S F, Whe re th e co r-
res Pond i ng pai r i s conne c ted to GND , Thdな , P i s d (m1 i煕ted by
nngi n g au /Z‘ = {一員 H ns - l tuKI 1 /九 = G . 0 2 ns - 1 、 and the

Fi g . I 6 . S epmate gumd w in n8 CMOS C i rcu i t dm ngumuon .

琉球, dominate s th e waveform at 1 / 端 = 0 . () L n s - 1 . h斡on ‐
tras t t () th e s trong redud i 。n i n レを , P i n th じ r i ng i ng d (ma i nキミホ
c hanges l i t t l e s i nce th e g u そばdband e鈷ect de teri orate s w i th 転ぼ8e r
no i se frCquende s due to an i n c re ase i n z paras l [ 1 c t Q t hc p a th

from the guardband t o a s y s te n1 grou nd ･

on th e o t he r h a nd 、 a l t hough the u se 。n he neares t p a i r marks

a 5 3% reduct i o n i n 怖い α1 iy a 3% i nじ rease i s 。b sじ rvじd i f the
neares t ha l f 。 f the pai r i s grounded ･ M[ o reover、 on l y "1 6% im -

p rovemcn t i s ob tai n ed i f al l o f the pai rs are g rounded i n S p i te o f

t he 300% area en l argemen t . P l :1 c i ng gumdbands as c l o se as Po s‐

s i b l e to the se n s l t lve c ircu i t i s m。s t e辞ec ti ve and a bet ter way
t han w iden ing .

A s t h e se 。b sc rvat i。 n s i n d i cate ･ t h e l owfrequency nngは噂

no i sc c an be we l l re duced by t he guardband duri ng t he p rop‐

agat i o n i n the S ub strate も however, the h i gh - frC qu c ncy no 1 s c

co宜elat i n g t o the l og ic act i v i t y has to be suppre s sed a t the no i se

sou rce du ri n g c i rcui t opcra t i o n s .

鼠 ℃"℃雄二乙どソ“ “ひさぎ Ra/‘ ‘ ぐ""“

one way to reduce t h e no i s e at the sou rce c i rc u i t i s t h e i s o ‐

l a t i Q n of the g uard w i ri ng s for th C s ub s tra te/Wen t i じ s fron1 t h e

no is y もう な t /GN D Wi ri ngs i n the CMOS 1 og i c den1en t s ‐ Th i s じo fト
f1 gu rat i o n i s g i ven i n Fi g . l 6 and te rmed Separate d gu ard W i r i n g

( S GW) CMOS ･ The Separat i o n of the S ub s t ra t e t i e s a nd ret u rn

ra i l s i s ofte n c al led Kel v i n ground i n g . Some o f t h e i ndu s tn a I

AS IC ceu l i brari es fo r h i g h‐ pe r ro rn1 a n c c m ixed‐s i g na l p rod ‐

uc t s adopt th e sGVY Conngu rat i o n ･ The S eparat i o n fo r t h e We l l

t i e s and s upp1y ra i l s i s s u pp l emen t ary i f obv i o u s l y p rob l e n1 a t i c

i n te rfe renじes are C au s ed by t he sub s t ra t e じou p l i n g i n t h e we u

and/o r t) y t he we l l‐ t o‐ s ub s tr z 1把 じou P l i n g . いノeu no i se s a l so h a ve

t o be con s i de red i n V‘1ri ab le t hre s ho l d vo l taさ dじs i gns I 25 1 . B e -

c a u se the re s i s t i ve con nect i o n s bc twcen t he bounc i ng supp l y/re ‐

w′ GB l w′o G B
30 .0 ･ ~ “ ｢ ･ ▼ ‐ … ‐ " ‐ “ ‐ “ ‐
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〒 ! ; ← , f
L 4 - 1 I l▲ 〕 上 -

1 汀d (nゞ )
~ ＼○.04

( 20.O
>

　

> 1 o, o

0 . o 200 400

○ .02
　 　

/ 0 .0 1

545



546 【E E E JOU I掛YA L OF SOLID . STXT E C IRCL! n縞 , VOL 36 ･ NO . ; , M A RCH 200 i

--‐ Conv . CMOS 十 GB

-- Kelvm Gnd. 十 GB

富 4 0 ･ 0。 1 0 20 30 40 50 (ns)

1作d=0 .04n慰1

1 作d=0 . 01 ns1

F i g . l 8 ･ Reduced su pp l y bQunじe CN【O S C i rcu i t C0n n gura t i on ･ ( a ) h1 log i c
e l emen ts 鷺b ) Among Subb loc ks f‘】 r bc a l Su pp l y 一Cu rren t S tab i l i zat i 。n ･
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F ig . 1 7 . A tte n ua ted s u bs trate no i sじ Waveforms by TCNS ‐A for ‘Vb ! k = 1 2 i n
a conve n ti ona I CMOS des i gn w i th guard bands , a nd i n Ke l vm groun d ing wi th
g u とぼdba r1ds .

mm ra l l s and the we l l/s ub s trate themsel ves are elmu nated , i t

can be reasonab ly el"たc t i ve . However、 s i n c e the capaci t an ces at
a s ourc e di 行L1 s i on (q ‘ ) 可 じveiy MOSFET and al s o at drain di f‐
fu s i on S (qd ) of o iL s tate MOSFETs fom p"『al l e l and spat i auy
d is tri buted capac l t l v e coupl i n g pat h s 、 th e guard is ol at i o n i s de‐

graded and the l e akage o f t he bounce becomes more si gn i行Can t
for the h i g h e r をequency comPonen ts .

Another te s t d1 ip w i th Kel vm groundi ng vers i o n of TCNS -A

PFi8 5 (C ) ] Was tes ted ･ I ts overa1 l dc s i gn Was thc Same as the sub -

Str:1 te no i se eval uatio n Ch i p ･ Fig ･ 1 7 Compare S thc Subs trate noi se
wavefonns . The Pair o f guardbands neare s t to the detector is

als o g rounded m order to make comparis on s u nder be tter no i s e
reduct i on . The no i se s are apparent l y at tenuated by u s ing th e
gu そばdbands compared to the re s u lts w i t h ou t u si ng the guard ‐

bands under the co rre s pondi ng condi t i o n s g i ven i n Fig . 6 a nd
even 員l rther by u s i ng Kel v i n groundi ng . The max im田n 巧p re ‐
duc t i o n o f 75% i s ob t ai ned for t he ri ng i n g domain ( 1 “1‘ = ○ Q4
n s - L ) ; howcver, the s u中eak s re旗li n l arge ( 1 /れ = o俎 ns ‐ 1 )
desp i te the s l i g h t at tc nuat i on by Ke lv i n ground i ng . Th i s i s d ue
to the de teno rated i s ol at i on by the c apac l t l ve coup l i n g . Fo r sup‐
pres s i ng t he h i gh-frequency Com ponents江t i S n ec es s a lγ to have
me thods th at wo rk more dosely to the sub strate no ise inj ec t i o n
P roces s .

C･ R“‘′“℃““ &"〃“ β(; ‘‘ ′! ℃“ ℃Mr。S C“℃“ rm

The unive rsal no i se reduc tion e節ect c an be expected by [he
suPP ressi on of t he レマ ーメGND bounces , a s deduced from t he

noi s e i nj ec t ion proccsses des c ri bed i n th e prev i ou s sect i on s .
Cu汁en t s teeri ng l ogic and Cu rren t mode l og i c are promー s ー ng
i n thi s S en se [ 26 ]I 27 ] , bu t i n c re as ed powe r Con S umpt1 on as
well as t h e dc s i gn d i 桁l cu l t ie s arc d i s advan tage s . There fo re ,
we have propo sed reduced suppl y bounce ( RS B ) CMOS log i c ,
s hown i n Fig ･ 1 8 [ 2 l ] ‐ Th i s Stmctu re qu1 be v i ewed as a

mod inCati o n o f th e SGW℃onngurat i o n . A ser i es re s i stor ( Rd )
fonned by a t i n cm region MOSFET (Md ) i s i nserted be tween

thじ separated k)C a l t4 l , l /GND r"刈 S and the p r i mary S u pp l y/re-
t u rr1 pa宙s t i ed to the wel l s/subs t ra te . Decoup l i r1g c apac l tors
(Cd ) are a l so PrePa red between the yなd ar1 d GND fai ls ･ Th i s

mod i f1 Cm i on i s app 1 i ed l。C an y i n every d i g i t a l b lock , as s hown
i n Fig ‐ 1 8 ( b ) . Ded iql te d g roun d w inng 館r Cd ' s i s de s i rab l e
bu t no t abso l u tel y n ec e s s ary、 a r1d w i thout Lh e w i n ng 、 t h e pai r
。 f th e Se r i e s Cd , S c a n be rCduced to a S i ngl e l arge Capac i tor･

SPICE 1 .o

き8△
0. 5 と

>

Fig . 1 9 . S ubs tmte no i se re duじ t i。n and swi tchmg t ime i ncrじase Versu s Cd .

The capac i tor Cd serves as a loca l c h a rge reservo i r covcnng
the ねst l og ic ope rat ions w ithi n a di g i ta l b l ock and i s recharged
Con t i nuou s l y by the eXtemal power Sou rc e W i t h a t i rn e Cons tant

of approX imately R d . Cd . Becau se me l arges t pそばt of the logic
operat i on s i s ac h i eved by th e d1 arge red i s t ri bu [ ion 、 the t i n1e

Con stan t C an be 1 arger than th e Sw itc h i ng t i me by s ever【1 1 t i mes

W i thout l oweri ng th e operauon Speed and t yp i C a I l y i S S et t。

seve ral nano second s , The re sul t m1 [ Cu賞en t fl ow i ng through Rd
is Wel l 臼atten ed 、 a nd the bounces on l oca= ÷女装 /GND ra i l s are

wen suPP re ss cd . Th i s e節ec t invo l ve s on l y sma l l s ens l t lv l ty to
the s i ze o f Rd a s l o ng as th e above cond i t io n i s 【ne t . Moreover,

the loc al c u rrent stab i l i z at ion m each l o g ic b l ock a l s o re d u ces

the Change i n th e powe r supp l y cu打en ts f1 owi ng i n me p r i mary
S uppl y/retum pathS and S upp resse s the vo lt z1ge vana t i o nS on

these path s due to i nt e ract i o n w i th Zd 、 Zy . Th i s re nMぱkable
e鈷ect contr i butes to the sub strate noi sc reduc tion and i s well

s u stained even i f t he numbe r of reduced noi se l ogic b loc ks
i n c re as es m the l mge- s c al e des i gn s . The s i ze o f cd ーnu s t be

large enough to cove r thc log i c act i v i ty W i t h i n the b l ock in

order to s upp res s th c v () l tage drop on t キー ‘l /GND ra i l s to a level
s u桁1 c i ent l y sma l l er th an t he l og i c an1 p l i tude . S P ICE s i n1 u l z1 [ ion

res u l ts fX〕r th e dependence of t he sub s tratc noi se i n [c n s i [y and
the sw i tch i ng t I me i n c re as e w i t h the s i ze o f Cd ( re l at iv e val ue

agai n s t く るm d ) fo r th ree ‐ fa nou t two - i nPu t NハNDs arC show n m
Fig . 1 9 ･ Th e peak no i se a 】mp I i tude s are redu c ed t。 1 e ss t h :m

40%o ComPared to the Conven tiona1 Cハイ0S des i g n and are less
dependent 。n t h e s i ze 。 f cd ･ on the o th er hand 、 th e i ncrc とIse m

sw i tc h i ng t i me ( 柔 、、. ) can be l e s s th an 5 外 i f a de s i g n bo rder 1 S
d raw n Where th e ra t i o o f cd to ℃i 0ad i s more than 5 ･

No te th at t h じ co l lect i ve C apaC i tanC es paras l [ l c to th e l oc霞
も/a d /GND ra i I S among i n ac t i ve l og i c e l emen t s work as the

cha rge res ervoir, equ i v a l e n t to Cd . Equa l n o i s e reduc t i o n w ith
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F ig . m . Mezも s LI re くl abso lu te no l 5e i 1 I n p l 1 t u t l じ Versus NM k .

uぬt Can n1 ode rz1 tdy reduce d℃ noi se by vmuじ 0f the Cqui Va‐

l en t lo g ic act i v i ty reduc t i o n ･ I t hzさ む1 1 S。 been pK) V ed t hat me ca-
p aq t l vじ Coup l ed cun ‐e n ts d i re c t l y i i1一i Cじむくl t0 =℃ sub s trate make
m 1 I 1o r c onmbut i O n s to the s u b sm1t じ nO i se ･ Thc dばfe re nにs i n e f-

fect ivcnc$ among RSB ‐CMOS ( 1 ) . RS B ‐S MOS ( 2 ) . an d R S B ‐
CM0S( 3 ) are neg l i g i b l y s mal l . Th i s i n d i c ate s th at the Par汁

s 1 t 1 C C apac i t anじ じ s i n t he mact i ve l og ic deInen ts fom1 a k)q1 1
C h arge rese rvo i r･ Not e t h at th e o rdc r o f mcrea S 1 11 g no 1 Sc am-

P l i tudC RS B 一CMOS 、 SGW一CMOS 、 and Convent i Q na i CMOS
C i rc u i t s--i s oppo s i te to that oh1e:lme ss to the de tector m th e
te s t C h i P 1 ayou tメu1d t h u s th e Phy s i c al sePa照L i o n doe s not 江鈷ec t
thes e re s u l t s . The max i m um no i se reduct i o n rcad1e s 90% to a

dMos ttuvb l k = LQ Furt he r no i se 肥d uc t i o n じ a n b e expec te d

fo r ね rge r sc a l e d i gi t a I c i rcu i t S i f t he b lock s tmcul r i n g and aC -
t i V i t Y di Str i bu t i Q n s are 。p t i 1 ni Zed

V I ･ ℃ONぐL US 1 ( )N

ThC n1Q s t dom i nan t procC s s d sub S trz1 te no i se i nj ec tmn i n
cy1 () S 1og iC C i rcu i ts i s th e 1 C akagじ o f the Vo l tage b0unじe on t h c

S Ll p p l y / rc t u rn rai l S i nto me Sub s t跟t e ･ Th i s bQunce ar i se s from
me i n te rac t i o n () f the s upp 1 y ( = retu rn ) C u iTe n t W i t h t hじ pa ras l t I C

i 【11 pe止M1 C e s on the Supp l yをc t u rn pat h s . Thじ C u rren t i s f。 rn1 e d

by Cha rge t ran sfer be twじじn t he t o t zl l p artI M t l じ C [1p ac i t a n じ e N o r
the k 〕g i c C iKu i t s a nd an ex t e rn al powe r Sou rc e ･ LQg i c tr む In s l uon
ac t i v i ty d ete rm i n es the mnount o f Cha rg e tra n s fe r and thus no i s e
I n ten s i ty ･ S ubs t r 【 t ie nQ i se meas u remen t s 、V i t h l oo 一 子 !. V I OO - p s
re so l ut i o n Q n t he t r と tn s l uon一Con t rt) = ab l e nQ i se S ou rce and a1 so

on t h e p raじ t i c a I CMOS bg i じ C i rc u i t s C 1 e a r l y prove t h e se ob ‐
serva L i o n s . 人 t i mじ ‐ se r iじs d i v i ded Paras l t l c c aP ともC i tance 【nodc l i s

propo sed as th e s upp l y じu匠en t e st i tmato f f()r s i n醸成t L i n g thc s ub-
s t rate n o i se i nj e c t i o n . The e fnc i e n c y aー1 d ac C m鱒y of th じ n1Qde l
waS We 1 l de mon s tr と1 te d by s imu l at i o n s on th e l og に じ i rc u i ts a nd

by じom par i s Qns to the measu re mじnt re s u l ts - The mode 1 C an bc
u sed to opt i ln i ze th e redu c ed s u b stra t e no i sじ de s i g n a t the C i rc u i t
l じYe l .

S ub s Lrat e no ise redu じ t i on techn i que s Were s un1 I 1 1 a r i 乙ed LI I1 d

t he i r CmcaCy q uan t i n ed . Trad i t i o l1n l guar(l b and s a nd Ke l v i n
ground i n g P roved to be e什ec t i ve m reduc i ng l ow ‐ freq uency

Cdnp。nen t s s uc h とき r i n g i ng . H oweve r, h i g h - frequen cy con1 -
p o n e nts s u ch a s pe a k s re fl e ct i n g the k) g i c ac t i v i t ie s werc
lき s atに num ed due to an i nc re ase i n p ara s i t i c i n 1 pedanじ e s

。n th e s upp l y/retu rn pat h s a nd a1so to a dじ te r i o ra t i ○ n i n th e
c apac i t i ve l y coumed guard i so lat i o n ･ AS i s Qbv i 。u s from the
nQ i se mJ ed ion proce s s 、 me sub s trate no i se cm1 bビ reduced

TABLE I

S IZEs ( )F Cd IN TEsT CH I P

Cd 国

5pF
1 OP F

1 5 p F

5P F

1 OP F

一一ConV

--SGW

-RSB(1 ){3)

C l k I R 1 +0 ｣ R 1 + R2 L ｢÷÷｢
0 1 0 20 30 40 (n s )

F i g ･ 2Q Meas ured S ubs t ra tc no i se Wave form s bY t es t C i r c u i t i I1 Co n ve n t i on ヱ1 l
CMOS . SGいれCMOS . an d R SB ‐CMOS Con n gu r a t i o n s ･ ( 効 h1 O P 1 a t C loc k

frequency o f 50 M I IZ . ( b ) ln op2 と"[ 1 0O MOPS .

a lmos t nQ i nc rease m sw i [d1mg time Can be expec ted fo f 1 0g i c

b locks w i th average ac t ivi ty o f l e s s th鎖1 20概ね Cven w it hou t

pro v i dmg the addi t io na l c apac i to r Cd .
1n aPP 1 y i n g th e RSB‐CM〇S 、 no desi g n n1odmじ LI L i o n s are re-

qu i re d at e i thじr the gatc - 1Cvel sc hemat ic o r thc l ayou [ if s tan -
dard C e 1 1 l i brar i es s uppo rt s GW-CMOS . I t i s on l y n eじじs s ary to
p l ac e se t s o f Md z1 nd Cd to powd bars i n t he d i g i t a l bk)Ck s
des i gn ed W i th e stab l i sh ed sy n d1e s i s a I1 d p l acきan d - rou tC CAD
to。 1 s ･ U s i ng a h i ghfCs i s t i v i ty pdy 一S i for Rd N m1d/○ f a doub l e
po1y - S i o r M0s capac i tors fo r cd s ねi (l be n e a th t he powe r ba rs
can m in i 『11 i ze ‘mea l o v erhead .

The emcacy of th c RS B ‐CMOS c i rcu i ts wa s demon s t rated .
The te s t C h i p s how n in Fig l o h as modu l e s W i th RS B ‐ CMOS
os we l l as tho se w i th SGW‐CMOS and conve n t i o n a l CMOS for

Compar i s o n ･ n1e RSB 一CMOS mod u 1 e s h a v e pai rs o f Md十Cd
pro v i ded for e鱒h of th e di gita 1 S u b - b loc k s ( L A L [ B l ) i n the

te st c i rc u i t , and th e si ze o f Ql i s Paran1 e t じn zed as i n Tab l e l .
Measured Waveforms under N i m iねr cond i t i o n s W i th F i g ･ 1 1 a re

g1Ven i n F18 . 20 . obv i ou s no i s e reduct i α1 i s ach i cv じd m the
RS B ‐CM0S C i rc u i ts 、 a r1d s i gnin c m1 t po rt i Q 11 s o f th e s ub stra te
no i se re i n am i n the sGW-CMOS C i rc u i t " Wh i c h む甘e found for

bot h Q f the 。pe rat i o i1S ( op L ()p2 ) ･ The peak no i s e i i 1 t じ n s i t y f。 r
op2 i s sma l 1 e r th an th a t fo r op l bじ C au s e 。 f th e s i n a l l e r aじ -

t iV i t i e s in op2 The sGW-CMOS c i rc u i tS s u s t a i n t he ir e ffe c 一
Wenes s i n op2 能じau s e on)C t t c r g跟ー r〔l i s o h t io脱ーdー i eved by
us l n g th e staじked MOSFETs i i1 t h e s ub - b l o沫 [B 1 The nbs0-

hi te pe ak-t o -pe ak Sub s tr "ー [e n o i s c 鎖1p l i はide s v じ i. s u s t h e i1 u mbe r
○f ac t i vc tes t じ i rc uj ts mC sununa r i Ze d i n Fi g . 2 L 1 n じon tr と1 s t t。

l i n e ar i n c re a s e s a gai ns t 刃ト ー k found i n th e convent i餌並1 I CMOS
and t l妃 SGW ‐CMOS C irc u i ts . th e no i s じ N i n t h e RS B ‐CMOS c iト

Cu l ts mt3 Wd l s uppre s s ed and i ndepe iKle i 1 t oE》b ー k . Th i s d i 浄
tl I1じt p rQpe汽y c。mcs from th じ l o c al s u pp l y は ー什.e n t s ta t5 i l iz a-
t l0 n i n eV ery 1 0g iじ s ubb l ock and に1u s e s a not ‘1b l e d i ffere n ce
from t h e sGW-CMOS ci rじ L1 i t s W i t h k,C al d e じou p t i i1 g c ap a C 1 t o r s
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m CMOS c i rc u i t sゞ ‐ ′EEE 7た!れゞ . ℃{霧中‘ ‘“ ′内 在を! 乙乾すノ拗れ vo l . l 9 、 Pp .
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[ 1 9 I M N【t鱒t iも . J ‐ Nag虱 T. MoI iこ a nd ハ . 【wa開き ･Me ‘1 su rCn1e n t s and
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ごo彬ん May 2000 , PP95-9 8 .
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t e l l i 、 . ･ S u bト t r a t e oP t i m i ねl t i (i n based o n sem i ‐an LI l y t i じ a i に c hn kl u e s き
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a CQn tro = ab lc th rじsh o ld vo l tage sd1e Inじゞ 、 /ゼEE か“月ぶ (ご"' !〆) ! ′ !ぐ r ‐ / 、 f‘をイ
リでぷ仁多L vo l ･ 1 9 , P p ･ 654一67 0J u ne 2000 -

。6 1 D , J , A l l smt s , K inじ ian( l R . 日 , Ze lcきAn a l く, 8 l og i c t ec h n i que ミ s t じer
aro u n d t hc no t se ゞ ‐ /君EE でメだ獲れゞ Z)で"ででy メしを翼. , PP . 1 8 ‐ ご l . Se朝 . l 993 .

せ7 1 R . T. S aCZ M . Kay : I I 、 and M . Dじdc寒くーきCMOS じ u賞じn t s t ee r i n g k ) 鼠 i c
toward a m a【u rcd teじ hn i q ue f。r m i x cd -mQde apm iqt t i (} n s き i n p川‘℃.
ノ君EE ではげ“似 る濯ぐ節盛名/ でrだ召ぼれゞ Co′ !仁 May i o9 7 , pp . 349一3 5 2 .

Makoto Na gata (M , 95 -バ リ 6 ) rece i ved thじ B ･S ･ a nd

きf . S . deg re じ S i n phy s i c s from Gaku N h u i n u n i vじr s i ty,
Toky o 、 J 【 ー Pa nJ I1 けり I a iMj i リリー res Pじじ t i ･ r e l y

Fron1 1 (Jo l t o l 996 hじ Was 【1 Re se と1 rd1 A s8Qd atc

a t tl1 e RCSC 【 l rC h Ce n td mr h演 じgEi t ed sy 睫dn s,
= i r() Sh una U n i Yer s l t y . H i ro s h i "n a 、 Ja p an . 日e i s
に u ITじm l y a Re searc h Aぷいda t e w i t l1 t he De p a賞 ーnen t
o f 目長じ i r虻川 En g i neer i nき I l i ro ･ l1 1 【 n a u n i ve rご i t v . H i s

rじ 5α 1 rd1 i n te res t s focu s o n nm xed ･ s i g n a l Ls l de s ign
t eじ h n i q ucハ . N u bh t raに do s s ta l k n 1 ( 一瀬d i ng an d rqluc -
は く , n n 1じ d1od o l og ic≦ d rC u i t n1OJe l i ng t ech n i ques m

An zl log H DL、 a n d dじve I QP n1e n t o f m c rgじd 俎旧k)g一d i g i t ‘1 I PW′M ‐ based t i ーne
dQ n1 a i n S ig na I P roces s i ng arじ h i t eじ t u res 酊e i nd u dは1 .
M r. N a態1 t a i s a 111 e n1 I) e r o f m C I E I C巳

by suppres s i 【1 8 日1 e retu rn bou nじじ . A n RS B CMOS C i rcu i t

Wa s propo sed as a u n i vdSa1 noi se- reduc t io n te chni qu e a[ th e
drcui t l じ Yel . a n d more th an 90%, n o i se reduct i o n ove r t h at o f

a Conven t i o naI CMOS Was dじmonstrated . The se re s u l ts Ca n

form t h e bas i s of rcl i z1b l e no i se ma nage ｢n en t methodobg i es i n
n1 i xed ‐ s i gnal IC des i g n .
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