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Thesis Inverter Circuit Analysis and Design

Student Mr. Paiboon Tooprakai

Student ID. 41060024

Degree Doctor of Engineering
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Thesis Advisor Assoc. Prof. Dr. Kobchai Dejhan
ABSTRACT

This thesis proposes the design and analysis of inverter circuit by using CMOS
circuit and BICMOS circuit example static and dynamic latch circuit and buffer.
Determining three constraints, power dissipation, speed and area are deceased error
because meta-stable phenomenon. The proposed technique will save the computational
time for the simulations. The inverter BICMOS driver circuit uses the bootstrapped
technique; the transistor base voltage is higher than the supply voltage. The input of
circuit is arranged to protect the electrostatic discharge problem, the output waveform is

able to have full swing with 1.2 Volt power supply.
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gmlng

V(t)~— V(O)+(C‘g’"'] V,(0) e’£ (2.6)
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Area o« W x L

r_'ll ° = ar © ar < 17 v & {
LATINBUIWUIANNARTEY Kang [19] lunisdanidegouide dqlduanaliifiugn

CYRE

MANugydaLlsduaniunssuaa USRI B L AR AN UALT 1B NI WT R IAa T



10

o ' i L= v <

Tesieagiuundedngiv uanilefinnsantimdanugndediaudoasnudn ndsuguyde

< o

E o ga & o o = ‘o
ﬂﬁ‘\}“u\ﬂunqﬂﬂﬂﬂuﬂnqu:nLﬂﬂ'}JHWQQQTWNﬂﬂIuﬁQu pull-up ABDEINLILIAIANE

U

)
R (ij fox (2.12)
W ) ueyeoe (Vs —|VT|)
g, = (KJ Heofor Vs ~|/7) (2.13)
L IOX
P (EJ (2.14)
3

o :’/ = 0 [T 0 e = =l © o
padianaalidr  lunisasindeguderesnasines  inldleenisyUiuaunn

I

nudaines lwnishisestfuunaane

Reululsznsgavirefie pamdalumsinem aingnimualasAmizanaives

w43 Tapiesddsznoundnde Aasfinarduiiesnainanuquedeneluwazipsiiogn

dl -1 = - v s G
1nANiuen Teanaiflupnnuquendy ienasauaeaiuqediresisasdall il

by o R(C +CLoad)

nt

R = (LJ 2lor (2.15)
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Power dissipation (Ll Watt)
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Delay time (ns)

Power dissipation ( |l Watt.)
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27 3.1 (n) uannasluduealaunfiuand Salsznaudensdamesinn (Pass
transistor) wazavasdUNesines [16] Twmsudamafinuasinmirfiiudiyninuasuen
Ay TnedilaseaiafiGeudne Jeinldnsdamesuuudumea laaasinnszuaiile

= k7 d. = T o é’ i a Lo ] ' =
agan “1" Wnenm adadeiaiidedudyyinaean “0 16 udnisderudtyounoieedan
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azuAnANiuasiawiinuand  swillasanlasiaieasiinistioundy  daenisineu
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A 1 1 el < o 4" e
salunseenuuunasiasdadeiudyginlifiannudnmitnugadu Taefiansunain
AAgiee) Aarmualidnmdoy WL semsndamnediulaigs uaned WL 1eq

dunefineilaunduiadmi
-] a/ d Z:' . . .
8.2 mma’m%gmtaﬁwdwwm (Total power dissipation)

v
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o e =l e [y ° o o =
ﬂqﬂ\’\’quﬂ@mLﬂﬂwQﬂNﬂlur}\'}Q?IlU'ﬁuﬂﬁ [19] ﬂ?:ﬂﬂumﬁﬂﬂ’]ﬂ\'}xﬂuﬂgﬁvﬂﬂﬂ
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]
o ar =l

NNAURGNG (static power dissipation: Pg) mmmqumvtﬁﬂmﬂmmﬁﬂ (dynamic power
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dissipation: Pg;) Faifunasenaaaindeuiigydaniomn (p

total
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o as < a ¢
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3.2.2 fRINUN geudanslauniia

[l ¥ '
Adsnuig@enielauniirasiiniulugeg rise time (t) wazdas fall time (1) e

ANLLIAT (t) HANANNATA rise time way fall time AatuAMGNIURgRENelATA

Aunsadaulagl

!

1
L
d {

»

B (r)Vode[ jfﬁ,(:)(VDD Vpur )t (3.2)
P 1%

= !__..,.\_j\

le,  PBnsTuARRmBE Yy e wmReann 17 1y 0"
V
dt
le, ABNTzuABNWEMA QY e ARawann “0" 1"

T (O +C )2

)"(VDD -h)
dr

c, AaluanA1Guny
G AaA1L N Fununielu (internal capacitance of device)
AVS A4 increment of signal swing

4 =
f, ABAINUD

o}

° o :ll = - =l & as c:
Mdsnungadenalauniiagunsadouldseannisi (3.3).

Py =(C,+C, (V) - f, (3.3)

o as A a -
3.2.3 mma’m%gmwLﬁﬁmmdﬁiﬂuﬂuﬂ (Dynamic  short-circuit  power

dissipation)
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dl 1 (] o [ dl :”/ =l ] J o
Tuwann1sh (3.2) and (3.3) umn'wmmmmmmuﬂqmﬂumwmummqqmmummn 71
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Andeungudslaoiady (P,) 1992393 [19] Taeld current-controlled current source

W78 voltage-controlled current source TunsdnAnaduaenszuailiinuuansluglyi 3.2

Vop
F
= e
input ——* . ) output
Sub circuit
NMOS pass gate
6!
L
BICMOS latch I
b

e © o

<l a i
1% 3.2 Winddanunguydy

NM39LATITHAINTILBINDANIIUTALAAT T2 T uuand luaunish (3.4)

eW
gnrﬁ.’iuear = 2[#1‘; J(VGS _th) (34)
FaTiU
W
P — (3.5)
L
& o
3.3 NUN
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3.4 AINHL5Y

[

< o 4‘? ' e ] g o
AMMEluNIINUINeY fudtycyrnulugunanife Aumiaeaa (1) uasluiuany

Aunu Ffiudsequeelusassiasendneginenl fauansluannish (3.7)

T
lg,Bicmos 3\/RCH 7e(Cp +Cin) (3.7)

P 2L
W#pCox ( DD "VTP)

G =Cg = (L'W)Cox

amiuc,, >>C,; £, oel (3.8)

L
uar G, <<C,; t, & /?I; (3.9)

1
=

AINANN9TN (3.8) Uz (3.9) A1 L ArgarilAdeeiigaifefacinliiinanuisaluns

b.
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]
o

} [
douuresdiieeframauiawesluinaniusmulsiinudidey Gadanisvos

nadNWUsiuNLaRne femsudmesflulnatuansluaunis® (3.10)

tdoz:L (3.10)
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lunsdlaesinaniifidiaanugiiings  mafuiuiidinmefinAraenismissiean

=S o ﬁ -3 1 = £ n‘ d" a;aa né’ sl oG al-zi =
annatszAuniiatianaslldn udauuiuidfinaefudninig daulunsaiiivanil
AN INAAN Nsiniiuiresdiismafasinldinismicenaireanfingy Auansly

AN9N (3.11)

t, o< Ag (3.11)



24

3.5 n19991d Induagasasluduas

1 } l
= v ar =y =

Tumsmidevlefiaia qanfauiu  Ae o mmmuwammﬂ WATARNLTINTD

AWMU qauseasAreddsmsiliinansenue layout area uaﬂw@m Taennsiaeen

w. L rswmsdamaiuuunes wariuntemimdameiuunlulnatd (4) desadeniu

=

wiasans nswndevleiiaia mmmml‘ﬂmmwﬂsaLmenLLﬂulmmuﬂLLmn'n

<l o

- NN C, HANEn 9 (C, < 1pF) annaunisii (3.5) uaz (3.8)
W
Poc— Uay 1,00 L
L
VN9 L 999 M1 auldaindsnuiiguidauazanudaiseniuls

- neAIN C, {Ag9 (C, = 1 pF) anaunsh (3.5), (3.9) uaz (3.10)

PocW t, o i{lLLﬂvroc—l
L' Nw T T g

E

o aa b , :

e A, Haufinduinliaamiog (¢) fianae (AnuSufingu) uiva iRy
= o=l 1 e g’z A‘ ] ] o !u:d d t 73 ° L
Hweflnuwalvgy Auiuniaiiud W uazanan L awinliiuisensassass uidnasinls
° o a g o X g o
NANUNGURBAN WA N

dmiunseenuuuasasluinasauninuandazunnsrsainaasluduaalaunia

s PP o o 8w o ° a d o

wand Wasniiasasuuutleundy Mnldanudalunisineuideullifiasainnisan
masiigydall duiulunisesddludasasauninuandsiodlaivinldamisana iy

|
=i

AIANNITN (3.12)

_V i
ou.' (I) = (exp : _1] (312)
m2°CH RCH Cl

2{\‘1LﬂE‘I’j’mqﬂﬁuﬂ’J’]EJﬂ”J’WJLLﬂtﬂ’J’]NUW’Nj’NV}i‘quﬁﬂm’ﬂi‘- ANNIEITDINATAT IR

iWesan ¢, = C, W.L) edlsfimunisandn R, Mnlfimrudarecaniivay luand



25

QI " = ] a o L ] A’
NIRANAY A, liENaABAMNIETII992997 daunsastiaandumdsazaanuuulien L en97u

Wenfauwisuiuniseanuuulnfviadn WL masiianasiign iialdasasaunsnninlk

2asduefinaiinelimnsaudyyio

3.6 HANITNARDIUDIINRS bUTNDRUANT
3.6.1 ananvRrasludnaauand

AuANTRTB4aTIaNNALRTAWARNALANTULAAIAIIUN 33 uar 3.4 PuANAY
HARBUALBITENAT iAW RALATAUARNSUANTUA AT 3.5 UAY 3.6 MNRIFU WANNS
naeannlas iy nyrnduns Hdinutu 1.0 1 0 SArAruean 40 ns A rise

time waz fall time {lu 2.5 ns fAuddyrnnnRnmindy 50 MHz Taelfinalulad

BICMOS 0.8 U

o U(CLK1)
5.0U
!
1
1
1

o U(Uout)

P =y
g 3.3 gUdrynynuaedlawnfiawand



26

B 0 s A e e T i
I 1
| ]
I 1
1 I
| 1
| . 1
I |
7 B IE
I . ]

4. 8U L s BiCMOS !
; C.=.1pF |
: *  C=2pF i
| < C=.3pF :
| = C=.4pF :
: = C|_=5pF :
! +  C.=.6pF :
1 = I

2.0V = G=7pF :
i >  C=.8pF )
i ~ C/=9pF '
| ~ C.=1.0pF :
: ' :
I I
| 1
I ]
: :

1 S S ———— SIS ———— S S S i ;
60.00ns 80.00ns 100.06ns 120.00ns  137.97ns
time
d 9 - Ls d‘
719 3.4 uanadmmaes laulauand e C = 0—>1 pF
S

U{CLK1)

SEL> !
U === mem==e= R — e m e e mmmmmm e R N LT Tommmmmmmmmmee
Os 20ns 40ns 60ns
o U(Vout)
Time

319 3.5 uanagddtyynseesaunsinduand



27

C=1pF
C,=2pF
C,=3pF
C=4pF
C,=.5pF
C, =.6pF
= C =7pF
~ C =.8pF
- CLtQPF
» C=1.0pF

+ 0V & ¢
N

0O ¢ ¥ A © + X A Y xU(Vout)

< [y a =
719 3.6 uamdtyaoudnnesaunandilla C = 0—>1 pF
3.6.2 lsz@namwaasnisaadilud

Urzdnsnmaasnasianiiauazauasnduandloslddoulafasfuuanalugy

3.1 war9IMsaeanITieuanslugli 3.7, 3.8, 3.9 uar 3.10 ANAnsu

- NTWAN C, AAae (C, < 1pF)
nantraaLAludlnanisdeuladn L luglil 3.7 wamasaslaundauand seen
1 ' o o i Y lh‘ 5 i 1 1 o ar i
whnauarAMdNINIgdele L fownainiy  AwmidaansiuasaAfindeansd

0 ¥
qryidaiAiaIusae



=1.0 pF
= 0.5 pF
£ 0.2 pF
>
£
@ 4
()
0 T I I ! I 1
0 1 2 3 4 5 6
L (um)
(n)
0:9
0.8

o
I
\O
-
1
o
i

o
o)
1

e
o
I

o

»
|
<
(@]

©
m

Power Dissipation (x100uW)

o o
[N w
I 1
=
N
©
A

e
—_

3 4
L (um)
()

al i ' a « ' '
gU% 3.7 uansmsulaauutasen L aaesaslaunfauandsa (n) Aviaeinan was

(1) ANinAsugyde



29

&
¥

7
—L 7@

3

4

3 o 0 o wn o
S i - : il = ~ b ol = L
o

1.5
1.4
3
2
i

=
e

W&m% m_do A:.muv Delay time (ns)

a3

n) WUae (n)Ag,

(

q fia

HALAN

Uaaltraeaaslaun

QEIULL

9 3.8 WAAIATUUINIAN

7U7

£

< (n)A

() L us



30

- nTAY C, AN 9 (C, 2= 1 pF)

uan1sealaludlaaniafindl A, usr W lnsann L e C, = 2 pF waz1Wen n 1y
MuUMANLINYINIEY A, uanelugln 3.8 uar 3.9 Taedigdi 3.10(n) uamsAmiasaanse

ANEnanREua  uazgl?l 3.10(2) uamsAnNANNuRgyRssiaANEIUNNT
wWatuulag

(MM 001X)d

<l ' o [ H ] i = a
gU7 3.9 uamsAinAuNgudusie A1 W uas A, 19909aslaundauand



a1

—— C_load = 1pF
—8— C_|oad = 0.5pF

—4— C_load = 0.2pF

delay time (ns)

z

‘t§ —— C_load = 1pF
2

3 —&— C_|oad = 0.5pF |
7 s
@

- —&— C_|oad = 0.2pF
2

(@]

a

0.8 1.6 24 52 4 4.8 56
L(pm)
(1)

= a '3
719 3.10 uanIRTAUARNLANT

(n). AR VNI AL asFa A NE NI A LAl

[ ]

(2). Arfduingydssianiuenaninldeunlas

agnreadRluetucaslauiawand lunsd® dr ¢, < 1pF angUi 3.7 uex

3.8 Azi@enen L = 3.8 Um T9angui 3.7 anunsaaanndssnuiigoydalétialszanns 10-15

1 I
o

[ = g dﬁ; Y !al °
Wlasdms Inefuiiifis 2w 15.2 Um® doulunsdidl ¢, > 1 pF leifuaunnaes A, avin
TiAmiasnananas Tanleuiunaniind W wazand L uwdbilnafuiifsaiigyde
o = = o o 4 vl o P S | ad a
sauanalugiin 3.9 Tanafinawnges A, imliRuisesasssintudion delunsdliinnsiiy

' i ' 1 ' i
A1 W azBndindniinauaes A, imsrzaziniuivesasliifinunn wasiuiifenud

geudeBndssinng 10 %



32

L .I/ - L8 1 A 1
nseaUAluaduseasasasaunsinuand Teangui 3.10 axdendn L = 32 um

° [ '

" o o - a9 a , Ay oa - ]
‘N’-]:Wﬂ'ﬁmmd’]uﬂqﬂu_ILﬂUCﬂ'W“Mﬁm LADIABINITATUUIINIANN @ﬂﬂ@ﬂﬂ’]ﬂﬁ@ﬂm L=0.8

'
=

pm ez ldnndsnuigy@auinigasas



o
Unn 4

wasyaauwnlludnasaduasinasingldlatanuels
4.1 29asyaaundlludnaaiaznisyineu

wasluineadunefineiildlalenuds Awgdd 4.1 Tasesnuuulddiuniadu
Bunmlddaaes source udanseanisfudtunin  fatiuseasaaiiaoanainisalunng
vasiuliihatinld G8nreenuuuludinsesnsiudyyinuanddadsgli 4.2 Taeluaons

=

hfipuseAndiAgadunsiamiasediiihatialudiuansdunnias lalaanialuay

LY

neulaearludauuy forward 85U source WAY substrate WAYAT by-pass AINGING

AneifiFngarinugnenas vidaunasang i taefiasashaifimnademne
mMaiugenasiufuestunefinefiuansluglil 4.1 Tnotvunanunies
NeTames M1, M2, M3 ua M5 = 6 Um  A1undaaaensudaines M4, M6 was M7 =
4 um TatfvunfeNeTemsnda eIy 0.35 tm  Taenisnnenuees
2993 TIBuATRIRs T umas gl Bsudameuuuses M5 Hiaens 3

azargnszudllludanmadawmasuuvluinad Q2 fiwa  Feasvinlinsudawmefuuy

Tulnans Q2 vineu

vdd
M1
Cbool t
M2

_[
Vdd r_—' e

It] INV1
|—| M3
Vout

¢ M4

Vin INV2

_|}—0 M5

|—<L—1M6 T—ll_—lw "1

=l = «
717 4.1 uanassysaunaludnesdunedineflaalilalannielu



34

Source Drain

holes electrons

n-substrate

|

Substrate
n-MOS

Gate _
Source Drain

holes electrons

n-substrate

Substrate
p-MOS

< o o = «
7U% 4.2 uamslasaainiliremsudsainasiiuy nMOS waz pMOS

Vin M1 Vout

< = a « 'S
717 4.3 299sFueaBueines



vdd

-l

Cbaot

3

Vin

T M4:ﬁ
M5 E: L
]
Vout
Vdd 0
M6 _——
INV1 INV2
M7
e

v

3171 4.4 2347 Bootstrapped full-swing BICMOS (BFBICMOS)

VIJI)

7R

Q1

<}

»  INV1

Q2

¥\

MN2 l——

gﬂﬁ 4.5 2337 \UTueq [28]



36

-

AatuilessAudy oy 0w naeedastiand Ind susd waranenszua lh

=y " oes (g

Buefinefiaf 1 INV1) uaz 2 (INV2) fim:ﬁﬂﬁnﬁuﬁmnpmmwgmnmmfmuquu nns
Fnemresdunefinefiaf 1 uar 2 luassiinailiinlinendamesiuunes M5 uas
neudamefuunluinan Q2 veanisinuieyssudandean

Turzimeiu noudawefiuunes M1 q:ﬁ’mmﬁmmnﬁs‘:ﬁuﬁmm’lm%uﬁi
gunnremsudanefuiuNes M1 Gwsinliin1smfanszuaria Cooot Aaty tnefaiy
Uszadilgnaiisduainmsiensn source war 11 drain Wndandu Feasiinldssiy
FryromematasiAvinfuaudidasanunefinesiad 1 uazid 2 dapannnuet

Aot dssAudtycyndunaiiAviniuewd  avinlinmadamefuuunes M4
Fandsfiasilimsuiamesuuunes M2 amdae srduAasnAnNETIINT AN
ndws:ﬁummﬁmﬁnﬁﬁ%nqm Fearinli Choot Remfarinumsdamesiunneg M2 uas
dlilauirusaremaudamefuuviuinatd Q1 s limendamefuuuiulngns
Q1 A Immzﬁumqmmﬁna‘hmmmmmmowa‘@nﬁuﬁmm:ﬁﬁi'ﬂ.ﬁﬂlﬂé’ﬁwm
unaeaneTn Arynunauaindausessintlounduresndiinafeemsudame fuuy
luiwanf Q1 fis Choot sxLANAMEANETITaTe s s luTnanF Q1 Tl
unndrAntesunasng i GauaaslddgUi 4.6 daul vendamefuunluinang Q1 a
NNUFETEENBN I NGIEA uazsTAURTY (I MATaIRTaE i AN LU aaane T
lunedeafudunefinesifl 1 uazffl 2 amine ?zﬁuﬁmmﬂmﬁwnmm
nIiamasuULINed M3, M4, M5 uaz M6 azwiiugud uasinlinsuiawmefuuunaes
M2, M4 uaz M6 ngan1snenu smtsiunsdameiuuunes M2 fazneainanusag

o b 3

dansidameiuuylulnan Q1 fasugaineusion wissiudunnnuewareasasazilam
winfuunasdngln WesainBunedinefiodl 1 wer sfi 2 deanitaiued Geazinli
nIdamefiLLNea M6 uaz M7 arfiasiatiiaetianuarasmsudamnasiuyluinans

Q1 waz Q2



37

Volts : Time(s)
Vout

Volts

T
46n 60n 66n 60n 66n 70n 75n
Time(s)

. .
319 4.6 wansgUdtuynnieednsasiiaue

4.2 BANI9INRRINITVNNU

MsdnaesnsieureInasalfinnredanfudogi 4.7 udedadmisanand
50% weunniai 3 lnafnmualidunnresnmusnilinaadi 50 MHz du square wave
Tneflen rise waz fall time Winfy 0.2 ns AumAang WAL 1.2 volt Tneftinny s
AtuanAGIResYiN A

naN1TANRBINsTRannld Hspice uarldmaluladludues 0.5 Lm wlfey
WENNANIIRABININNUTLUNAIBUneTinefiuaa Bootstrapped full-swing BICMOS
(BFBICMOS) uar a9asluduea (28] %auﬂmgﬂﬁmmmmgﬂﬁ' 48 49 uar 4.10

1 e

Auaau TaeiAsoudsaesgunsal uazArmisiinesluniseenuuuuaninnanwan

|
o ol

nswAmaaziIMsinlemanaunefimeisfl 3 Teausiuaziannnaes

dunefineiazsalasinana @maiAnmaaiu (C)



38

<l aa s ' 1
UM 4.7 uanadtn1sinAILaea [29]

Volts : Time(s)
L Vout at Inv3
125 e

I
|
1.0 ,]

i i

| i

w 075 ‘ 1

© . :

> L |

i :

05 i :

| j

| i

0.25 i L

!

i I

0.0 _— S

r T T T 1
40n 50n 60n 70n BOn

Time(s)

A ] _= & € o i i i
319 4.8 gUpdundurndiuszaneenleBunefinaffaianiiivan 1pF 18999999

wauanuvasansn 1.2 Volt.



39

Vaolts : Time(s)
1 Vaut atinva

Vin at Inv3

Volts

o/

= - v o a - = P
E’.J‘n 49 gﬂﬂﬂUﬂ’Nﬂ’]u‘ﬂ’lL‘mLLﬂt‘H']'E}‘ﬂﬂ‘ll'aQ‘E)uL’J’t]i‘Lﬁm E]Qﬂﬂ’m‘vl']:ﬁﬂﬂ 1pF NIANPNEE

BFBICMOS #unasanti 1.2 Volt.

Volts : Time (s)
e Vout at Inv3

Vin atInv3

1.25

1.0 4

0.75

Volts

0.5 1

0.25

40n 50n 60n 70n 80n
Time (s}

al = v = - o o i
gU 4.10 gladunisinurndiuazaneantesduneiiaefiafiaiuiivan 1pF 9esasiy

Tuaa [28] Aunasaaln 1.2 Vo,

Nt 411 uwassnisuoufisuAmissnansedasasiiauauazuandliating
daaudnemiiaueainisoniuldfindinasdunefinafiueauazaeas  BFBICMOS
aniiuiitvanadunuddeny aasdunefinefueaasil Propagation Delay taend

Al aue WaiasnnniuanAr@wmes 1pF Propagation Delay 98499asitiniaueas



40

=l

anadll 77%, 56% uayr 11% HefouWauiuieasduesadunefines 1asluduea [28]

WATI4Rs BFBICMOS MINASL AN delay to load sensitivity 18929asntiauaiiAnly 464
pS/pF luanisiiaasdunefinefined aasluduea [28] wazr BFBICMOS Hanilu 521

pS/pF, 1060 pS/pF WAZ 2046 pS/pF ANNATAL

2500
2000 E —®— Proposed Circuit A
- ®-  BFBiCMOS Circuit o -
[ | —h—~rmos i
- [28] x
1500 | i

1000

500

Propagation Delay (pS) at 50 MHz

O T3 RT3 S MO O VA VA G N O 0 [ N VA 0 I O o A . T N0 e 0 V) (O A [ [, O D GO O

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Load Capacitance (pF)

< ! | o a P P
5U% 4.1 uamansufFauiisuAmisanarivinanadinesiunaasns v 1.2 Vot

wazanngilil 412 wamenauleudisudrindenuiigdoiuinaaaidiness
wgsaneln 1.2 Volt easnudinsasineadunefinesiaziasidues (28] WHhndanud
grydadesndn 2 ewsusn  wswasluduea  [28] ﬁﬂrymlun'lm?'ml.ﬁﬂwns’iml%’
neudameflulnanfuuy e wer BuRdy FeluaueunisaianisaieiiEuiion

98N



g1l91 4.12

Propagation Delay (pS) at 50 MHz

Power Dissipation (LLW) at 50 MHz
o
o

140

130
= —®— proposed Circuit

120 E | -

g E - @~ BFBiCMOS Circuit | e
100 [ —A— CMOS
Becad

70

A 3 O N N S | P

!

i .

L 4

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Load Capacitance (pF)

=

waman1sulauifisuAindsnuigdaiulnananhdinesiunassns v

1.2 Volt.

0.9

1400 —®— proposed Circuit
1200 *"® - BFBINMOS

_ ~~&-- CMOS
1000 T

800

600

400

200

Power Supply Voltage (V)

< ! 1 o ]
7U% 4.13 uamanisiFuuisuAmissasfuunassnely

41



Propagation Delay (pS) at 50 MHz

200

150

100

50

Power Dissipation (LLW) at 50 MHz

= = |0 e i
5% 4.14 uapsnauFeumeuAINIFRIURg Y@

|
e
|

—®— Proposed Circuit
BFBINMOS
—4& - CMOS

—<— (28]

2.1 24

Power Supply Voltage (V)

as

Vinasansin

3500

3000 T

T8 T 1

2500

2000

T T T VP T T T17

1500
1000

500 4

T 20 1 1

i —®— Proposed Circuit
| ~"®- BFBINMOS
|
|

0.35 0.8

Technology (JLm)

< ! . @
7U# 4.15 uamnnFuuWeuAmisnafumalulsd

42



43

200

-

—®— Proposed Circuit

Power Dissipation (]_LW) at 50 MHz

0.18 035 0.8

Technology (LLm)

< a |0 i Y
5% 4.16 uansnnufreumsuAiIdIWigdeiumalulad

ANgUR 4.13 war 4.14 UaAINMALBEUINEUAIMUNIATUATAINIAINUNG L@E
fumasaeIn anansu Aunas sl 1.2 volt uarinanatdwmesi 0.5 pF Tagash
wuailAmissnantieandneeasou

dl al ] 1 19 e c; =l
wazgUi 4.15 uar 4.16 uwamnsuBuuiauAmiRaIAMANUNgRELAS
fumalulad aua1au Tnelduanatrdimein 1 pF J99asiaueiiAimiaanaitiasnda

Wadniswasumalulag



<
uUnvn 5

d91uanisiae

NdsnIseanuUUdNesuarludvaatiaue  draliinesnuuudilatenisineu

- o [ d' o v o £ % A

WAzAAdNiRTe9aT Tearnnsauilatfulaimansanivasnsieanisresdaanuuy G
qugqeiulszansninliiueasieanuuy Inaninasegastasy

NaN1720LR LT UNATT B AAUARNUANGN LFRINN1TA1 88999353 N LU F1nTH

PSpice #insulsAraamnundng, mnnens wazannaresniqivan Weansondn y

19

AEwudn Weseen1sAn Y ARANG 7 W,, uar L, Gesildrgedan dou C, masilAnies
d' w.i‘ =l = = a o v a a dd‘ :i v !nl/
Wehazuandaannifinannswmanids  uasiveWildss@ninwangeia 3 fu v
AHGY Mdsuigade uesiuiinld Tauarldnaiasfigaluniseanuuy Araes W,

=y o o ° 1y o v 1 =l
WAY Lo, ATHANSZNNM 6 pm uar 2 [m anasu wnlasaminauldasnaegl

UsAninmuinngasag

nseeddluedussasiauniinuand Tunsdiil i ¢, < 1pF anguit 3.7 uay 3.8

]
=l

AURBNAY L = 3.8 Um 3@1ngui 3.7 amnsnaamasanuiigodalitalseuno 10-15 Ty

] |
= -

% v
Tasinsl Tneinudiin 2w 15.2 Um’
daulunsili C, 2 1 pF WafinIwneed A, sl mianatanss Taniauiy
wanRNAT W uarandl L wilifinaiuiidesnuigydesiuanslugii 3.9 Tannsifiuawn
o & v o a & 4 = ad a a | a
289 A, M NUITeRRainauiog lunsiiinnniindn W azfindinduinauinaes A,
wszazinifuiraasldiiumin uanininduigudsanszunn 10 %
nseafluaturessarasauaRnuand G9a1ngifi 3.10 azidenAn L = 3.2 Um
£

A o v o ar d' =l o o 5 ' ] d' 1/ d' = i
m@:mlﬂmawqurymﬂm'ngm LmemmmsmvzmaL'meuawqmﬂfmaanm L=0.8

Lm sz Ikldindeanuiguidauiniigadae

'
o=l o

Tudawnsaslutueadunefinediuutlesnulwihadindminauelas livdnnisres
ymawnAsy (Bootstrapped) unzlalanuel (Parasitic diode) PasF TN L ANAIINAS
Yl s duussduni@esauna 1.2 Taad Tnefinenstiaanunsalfidny sunnmagn
greenundaldatiiadingnu saaiidminanan (Propagation delay) ftfeeindnnqasdues
BUNEFADS 1937 BFBICMOS warasasluiuen [28] F9u@AIHANNISI0EINITTNL0Y

waseqellsunsn HSpice  wanainiasastaiiniafudoynmdnusdifanunsatiaaiuy



45

IWANaDne (Electrostatic discharge: ESD) lilatandenannisinananiudqdnasie vl

wasiswadnuazmunsiaztin sy naldanusialy



46

LANAITAN9DY

(1] R. K. Brayton, G. D. Hachtel and A. L. Sangiovanni-Vincentelli, “A Survey of
Optimization Techniques for Integrated-Circuit Design,” Proc. IEEE, Vol.69,
No.10, pp.1334-1362, 1981.

(2] C. Longway and R. Sigfred, "A Doughnut Layout Style for Improved Switching
Speed with CMOS VLS| Gates," |IEEE J. Solid-State Circuits, Vol.24, No.1,
pp.194-198, 1989.

(3] K. Nagai and Y. Hayashi, “Performance Optimization of Thin-Gate Oxide
MOSFETs," Solid-State Electronics, Vol.33, No.2, pp.223-226, 1990.

(4] A. Kanuma, "CMOS Circuit Optimization,” Solid-State Electronics, Vol.26, No.1,
pp.47-58, 1983,

(5] M. D. Matson, “Macromodeling of Digital MOS VLSI Circuits,” Proc. 22nd
ACMI/IEEE Design Automation Conf., pp.144-151, 1985.

(6] M. D. Matson and L. Glasser, “Macromodeling and Optimization of Digital MOS
VLSI Circuits,” IEEE Trans. Computer-Aided Design, Vol.5, No.4, pp.659-
678, 1986.

(7] K. S. Hedlund, "Aesop: A Tool for Automated Transistor Sizing,” Proc. 24th
ACM/IEEE Design Automation Conf., pp.114-120, 1987.

(8] S. Trimberger, “Automated Performance Optimization of Custom Integrated
Circuits,” IEEE Int. Sym. Circuits and Systems, pp.194-197, 1983.

[9] M. Hofmann and J. K. Kim, “Delay Optimization of Combinational Static CMOS
Logic,” Proc. 24th ACM/IEEE Design Automation Conf., pp.125-132, 1987.

(10] M. A. Cirit, "Transistor sizing in CMOS circuits,” Proc. 24th ACM/IEEE Design
Automation Conf., pp.121-124, 1987.

(11]  J. Yuan and C. Svensson, “High-Speed CMOS Circuit Technique,” IEEE J. Solid-
State, Vol.24, No. 1, pp.62-70, 1989,

[12] C. G. Sodini, P.-K. Ko and J. J. Moll, “The Effect of High Fields on MOS Device
and Circuit Performance,” IEEE Trans. Electron Devices, Vol. 31, No.10,

pp.1386-1393, 1984.



[13]

(18]
(19]

(20]

[21]

(22]

(23]

[24]
[25]

M

A.

J.
K.

47

A. Glasser and L. P. J. Hoyte, “Delay and Power Optimization in VLSI
Circuits,” Proc. 21st ACM/IEEE Design Automation Conf., pp.529-535,
1984.

. T. Lewis, “Optimization of Device Area and Overall Delay for CMOS VLSI

Designs,” Proc. IEEE, Vol.72, No.6, pp.670-689, 1984.

. Kakumu, M. Kinugama and K. Hashimoto, “Choice of Power-Supply Voltage
for Half-Micrometer and Lower Submicrometer CMOS Devices," IEEE
Trans. Electron Devices, Vol.37, No.5, pp.1334-1342, 1990.

. H. E. Weste and K. Eshragian, “Principles of CMOS VLSI Design - A System
Perspective,” 2" Ed. p.140, Reading, Massachuset: Addison-Wesley, 1994.

Tooprakai, K. Dejhan, S. Mitatha, F. Cheevasuvit and C. Soonyeekan,
“Metastability Analysis of CMOS Latch,” Proc. of the 8th International
Symposium on IC Technology, Systems & Applications (ISIC-99), pp.229-
231, Sept. 1999.

. Shoji. CMOS Digital Circuit Technology: Prentice-Hall, 1988.

M. Kang, Y. Leblebici. CMOS Digital Integrated Circuits: Analysis and Design:
2" ed., McGraw-Hill, 1999.

Bellaouar and M. |. EImasry. Low - Power Digital VLS| Design Circuits and

Systems: 1™ ed., Boston, Kluwer Academic Publishers, 1995.

. M. Kang, “Accurate Simulation of Power Dissipation in VLSI Circuits,” IEEE J.

Solid-State Circuits, Vol.21, No.5, pp.8893-891, 1986.

. Wissel and E. L. Gould, "Optimal Usage of CMOS within a BiCMOS

Technology,” IEEE J. Solid - State Circuits, Vol.27, No.3, 1992.

Dejhan, F. Cheevasuvit, S. Junnapiya and B. Chalermphanich, “Micron and
Submicron design considerations of CMOS transistor optimization of VLSI
design,” ISIC - 93, pp.279 - 283, Sept. 1993.

M. Rabaey. Digital Integrated Circuits: Prentice-Hall, 1996.

Dejhan, P. Tooprakai, S. Mitatha, F. Cheevasuvit, C. Soonyeekan, "Meta-
Stable Operation Consideration Of CMOS And BiCMQS Static Latch

Circuit,” 2000 IEEE International Conference on Semiconductor Electronics



(26]

(27]

(28]

[29]

48

(ICSE 2000), 13-15 Nov. 2000, Guoman Port Dickson Resort, Malaysia,
pp. 152-156.

A. Beilaovar, M.. Elmasry, SH.K. Embabi, “Bootstrapped full-swing
BICMOS/BINMOS logic circuit for 1.2V-3.3V supply voltage vegime,” |IEEE
J. Solid-State Circuits, Vol.30, No.6, pp.629-636, June 1995.

A. Amerasekera, C. Duvvury, “The impact of technology scaling on ESD
robustness and protection circuit design,” Proc. EOS/ESD Symp., Vol.EOS-
16, pp.237-245, 1994,

Y. K. Seng, S. S. Rofail, “1.5V high-speed electrostatic discharge free BICMOS
digital circuit,” Electronics Letters, Vol.34, No.13, pp.1306-1307, June 1998.

K.-S. Yeo and H.-K. Lee, “Novel 1-V full-swing high-speed BiCMOS circuit using
positive feedback base-boost technique,” IEE Proc. Circuits Devices Syst.,

Vol. 146, No. 3, pp. 130-134, June 1999.



AMANUIN

49



A19149 N.1 AMwsTimeiildess 0.35 m BICMOS

NMARUIN N

ATWIFIRLARSUDS 0.35 m BICMOS

MOS transistor model parameter

PMOS NMOS
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Tay 9 9 nm
R.. 90 47.5 Q0O
o 245 200 pF/m
ol 679 580 [LF/m’
B 208 208 pF/m
C 208 208 pF/m
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Bipolar transistor model parameter

NPN PNP

A, 1X5 1X4 Hm
f. 90 90
T. Fi 21 ps
@, 16 28 fF
. 17 28 fF
e, 52 73 fF
R, 30 a7 Ohm
R, 28 31 Ohm
R, 265 260 Ohm

A1T199 N.2 WARIAN W/L 189949357 Manuluumd 4

MOS Transistor BFBICMOS Ref. [28] Proposed BiCMOS

M1 10 8 6
M2 10 4 6
M3 4 8 6
M4 10 4 4
M5 10 6
M6 10 4
M7 10 4
M8 4
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METASTABILITY ANALYSIS OF CMOS LATCH
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Abstract : This paper proposes an optimization and its effect of CMOS latch to carry out the optimum ratio of
W/L. without metastability problem. This proposed method is based on 0.8 mm CMOS technology, the speed
and power dissipation are determined with small effect of layout arcas.

1. INTRODUCTION 2. THEORY

especially  Fia. | shows the latch with mansfer characteristic, Fig
Sor VIESD The error of laich operation coies lton 2 shows nis electrical model of Fig. 1. From Fig. 2, the
metastability problem because the output condivon related equations can be obtained

cannot decide 1o be logical “0™ or “17. This analysis

concerns  the internal  effects [1-6],  variable de

parameters based on small signal model [7-9]. gV =C —= (D
mismatch characteristic [11-120 15-18] in order to

The tateh s widely used in digital coreunt

predics the metastability status of the final state, this dV,
‘ als with the Miller ef input Ve = € 7ok &
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112) and n The

5 propose any

paper concentiates with the ratio of WL in arder w0 [ S gm,/(,‘l :|[1fl {‘?)] r V. (0) ]
determine  the metastability phenomenon.  This ; ) [T { (3)
proposed technique avoids to change the layout area Em /Cz N Vz ) LVZ (O)J
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Fig. 3 Final state of latch
Fig. 3 shows the final state of lawch. The
optimization method can be carried out

as
determining the equation (10). The relations are
shown in equations (11) and (12).

CG o WLCQx (1 ‘)

B = por smcrf’f(,_.cm,) (12)

For low Cy, C_ << Cga, thus W=>W,

“F
For high C, Cgy

b

L, L

2
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3. RESULTS

The testing resulls have been done by simulaling
based on Pspice 1o measurc delay time, power
distipation and .
The optimizatan by incrieasing Wpy and 1,
car be Jdone. the delay time, power dissipation and v
acchown b 4,5, 6. ‘

can he obtan

1ed

(ovt oy A0i8Q

4

i 4 Delzy time as increasing W, and Lpy for

C: 1 pF

(AR uoREAIB8I0)

5 Power dissipation as increasing W, and Lp for
CL =1 pF



Fig. 6 y as increasing Wy, and Ly, for C =1 pF

It ubwiousiv that v s high as Wy, is high

siown n Fig 4 5 6 and 70 To
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Fig. 7 vas varying Wy, for Le; =0.8,1.0, 1.2, 1.4,
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Fig. 8 v versus Cy_ for various values of Wy,

Fig.8 shows that Cy should be small and Wy,
should be high.

4. CONCLUSION

The optimization method by varying Le, and Wy, as v
is high and Cy,_is small, it shows that for Wpy 1s high
and Ly, is low, the possibility to have the metastable
problem is also small.
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ABSTRACT

This paper propases @ method o design both
CMOS and BICMOS latch by deterninme  three
constramnts. the circait power dissipation, the Circut
arca and circuit speed. The meta-stable operation s
observed as cuonsidering all tree constramts. All
simulation result have been carmied out based on 0.8
um design rule by using PSPICE program simulator.

1. INTRODUCTION

The latch is widely used in digital circunts and
signal processing as storage and delay clement. The
larch takes more power dissipation and circuit area
when compared with the other memery devices: This
paper aims at the stane fatch winch s the cause ol
meta-stable  operztion. The error of stnc Juich
operation depends on meta-stable operation accordimg
to the output condition cannat decide o be logical "0
or "1, Thus paper concerns about the nternal
parameter [i-0], vanable parameters by using the
small signal model [7-9], mismatch characterisue [11-
16] o design the latch with performuance optimization
while the meta-stable operation v obscrved. This
paper deals also with the Miller effect for the input
capacitance [12]. Three constraints, meta-stable
are deternimed at the same time from the
cross coupled nverter model or back to back
connection. The feedback contribute 1o
maximize the gain-bandwidih product of fecdback
loop system. Therefore, the meta-stable operation can
occur according to the gain and positive feedback
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Fig. 1 CMOS static latch

Fig. I shows the CMOS static latch as cross
coupled inverter structure model with transfer
characteristic. The operation and the final state of
static latch during the meta-stable operation can be
determined and expressed in mathematical equation as
shown the previous paper [17). Fig. 2 shows the
BiCMOS  static latch circuit structure  which is
moditicd by adding two bipolar transistors.

Voo

chk

M pass

Vout

Fig. 2. BICMOS static latch

2. THEORY

The static latch with good performances can be
designed by using the optimization technique. Three
constraints are circuit power dissipation, circuit arca
and circuit speed, which can be optimized but each
constraint relates each other. Sometimes, the
compromise method must be used in the form of
multiplication product of two constraints.
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2.1 Optimization procedure of CMOS

To conclude can be done as following.

Area x ):Wf Lr’ (1)
%, ]
Speed | —— (2)
L !‘I
LI "
o e )= 3y
Pap " . J (3}
i 2

The opumizanion  conditons  depend  on the
transistor sizing. cspecially the connected transistor
with the supply source as shown in Fig. 4. As (W/L,)
1s increased, the speed is higher and reduce the power
dissipation. To reduce the power dissipation can be
done by reducing (W,/L,) but the most importance 1s
meta-stable state. The circuit should be correctly
operated and it should not have the meta-stable
operauon  problem.  The  conclusion  of the
optimization procedure of circuit design should be;

1. all transistors should have minimum size as the
design rule,

2 increasing Ly in order to protect the circuit
operation error and reducing the power dissipation.

3. increasing Wy 1o increase speed and reducing
the power dissipation

2.2 Optimization procedure of BICMOS
To obtain the mulu-objective optimization, the

area and power dissipation effect with the speed or
delay ume. The proposed technique has a small effect

with layout area by changing the width and length W,

L of MOS transistor and cmiticr area A, of bipolar
transistor which ‘is connected to the power supply.
The optimum optimization procedures are carried out
for static latch as shown in Fig. 2.

Small C, (C £ 1pF)
The relavons are as following,.

w
P x = and g o L,
L

L of Ml is increased in order to obtain the
acceptable values of power dissipation and speed of
the circuit (ty) ’

High C (Cy 2 1 pF)
The relations are as following

)

(6)

Ag 1s increased, Ly 15 decreased (= high speed) but
cmitter area is large.

Therefore, it is convenient to increase W and
decrease Loin order to obtain the smaller circuit area.
Although, the power dissipation is increased but not
s0 much.

The BICMOS static lacch design is different from
dynamic latch becavse of the feedback inverter. The
operatng speed depends on the power dissipation
reduction but it may cause the metastability. The
static latch opumization must not increase the delay
time. The relation of  output data and input data is
obviously shown in Eq.(7).

\":n r t
T exp T = |
MRy \

(7

VIIIH L "
RenCy

It is noted that the increases of transistor width
and transistor length. the speed of the circuit is slow
because of C; = C,,(W.L). However, the reduction of
Rew (channel resistance), the speed of the circuit is
high. It is obviously shown that A has no effect with
the speed of the circuit. The feedback inverter should
have longer L when compared with the normal
design, or W/L should be minimum in order to drive
feedback inverter at any signal level.

3. RESUITS

All simulation re«alts have been carried out by
using PSPICE program simulator based on 0.8 pm
BiCMOS technology.

3.1 CMOS static latch
100 MHz

All data have been simulated at

153

frequency using input signal as 1,0,1,0,..., rise time .

and fall time are | ns. The CMOS technology is used
for Ly, = 0.8 jum and W, = | pm at 85 °C .
Meta-stable operation problem testing

The meta-stable operation probiem is an effect
since the transistor sizing of PMOS transistor of
feedback inverter. To increase Wi will reduce the
power dissipation but the meta-stable operation
problem occurs, as shown in Fig.3.
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Fig.3 Meta-stable problem testing results with
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Variation of Lp, by fixing W, = 4 pm and W, =
2 pm.
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i
[ ——C_load = 1pF
| —8—C_load = 0.5pF
{ —&— C_load = 0.2pF |

3.2 BiCMOS static latch

All data have been simulated at 50 MHz
frequency by using input signal as 1,0,1,0 with 40 ns

period, 2.5 ns rise time and fall time. ’3;_ ¢ e
1.8 A
N— o 2
! 4
. -,‘I = —1 . . .q:é
I I &
! N I A
I
g SES sl B e (h)

Fig 9 Static latch
Fig.7 Signals of static latch inverting phase (a). Speed variation versus gate length variation.
{b). Power dissipation versus gate length variation.

j"""" ' N i 4. CONCLUSION
]
ThiE ! The optimization method of CMOS and BICMOS
i g H static latch have been concluded. The proposed
i | ) method will be useful to design with short design
! : :E'_,': period. This method can be obtained both good circuit
! o performance and can also avoid the meta-stable
| aperation problem .
] ==
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Abstract. This paper proposes a method to design CMOS and BiCMOS latch
by determumng three constrants, power dissipation, area and speed. Both of
dynamic and static latch cireunt designs are presented. This paper also proposes
the optimization procedure 10 obtain the optimum performances by simulating
based on PSpice with 0.8 um BiCMOS technology. The proposed technique
saves the computational time for the simulations, the meta-stable operation is
observed as considering three constraints.

I Introduction

The latch is widely used in digital cireunts and digital signal processing as storage
and delay element. The latch takes more power dissipation and circuit area when
compared with the other memory devices. The error of static latch operation depends
on meta-stable operation according to the output condition cannot decide to be logical
"0 or 1" This paper concerns about the internal parameter [1]-[6], variable
parameters by using the small signal model [7]-[9], mismatch characteristic [11]-[16]
to design the latch with performance optimization while the meta-stable operation is
observed. This paper also deals with the Miller effect for the input capacitance {12).
Three constraints, meta-stable operation are determined at the same time from the
cross coupled inverter model or back to back connection. The feedback gate can
contribute 1o maximize the gain-bandwidth product of feedback loop system.
Therefore, the meta-stable operation can occur according to the gain and positive
feedback

This paper proposes a method 10 optimize the performances of CMOS and
B1CMOS latch by simulating. All these design considerations are presented in Section
2. And in scetion 3, it presents both dynamic latch and static latch based on BiICMOS
technology. It describes more general model and sophisticated model to optimize the
multiobjective optimization from PSpice simulations. The latch is widely used not
only for the integrated circuit design but also for custom integrated circuit, usually for
signal processing applications as storage or delay element. The latch takes more

{©:GESTS-Nov.2005
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power and area. The computer simulation 1s used o evaluate the possibilities 1o
reduce area, power and increase the speed.

Inputs ——— - == —% (Jutputs
s Combinaton L
Logic —_—E
Present r Next (a)
stae ) T i state
)
Q n
Clockts)
Caonbination Loged ] Latch by
" z
A B
L 4
T taen [T Combimatom 1 og n 1 ateh Combination Logic Tatch
(L [r e (©
9%rs B 0 | 3
A S _ I r

Fig. T (i) FSM svstem with clock signal. (b), (¢) Pipeline system with clock signal

2 Theory

The structure of VLSI consists of the finite state machine (FSM) and pipeline
system [16] as shown in Fig.1 (a) and (b), respectively. All operations as shown in
Figs 1(a) and 1(b) must be synchronized by using clock signal. The input data has to
synchronize with the time i order w avoid the clock race and clock skew. The
sviichronization failure or metastability is an important problem that it should be
avorded Two tvpes of latch CMOS and BICMOS are shown in Figs. 2 and 3,
respectively. The static latch s more difficult to design than the dynamic latch
sccordig 1o the feedback mverter: it may have the meta-stable problem. In Fig. 3, the
CMOS circuit is replaced by BiICMOS circuit in order to accelerate the speed as the
pecformances and characteristics of the circuit maintain the same,
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f ¢

(b)

Fig. 3 (a) Dynanue latch  (b) Static latch
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2.1 Optimization procedure of CMOS

For the analysis of the latch with transfer characteristic and electrical model as
shown m Fig. 2. The related equations can be obtained [17]-[19].

dv, (1
“ZuVi(0= Cz_?i—[(} M
av(t)
G @)

Where g,,; and g, arc the transconductances of inverter 1 and 2. respectively.
(. and (- are the input capacitances of inverter 1 and 2, respectively.

Take Laplace wansform in Egs. (1) and (2)

S /G| _[ w0 (3)
/G S [m®)] [0

Solve the kq. (3) by using inverse Laplace transform and can be obtained;

r I [ I
‘ . [ oy 7Y !
l Ce . )2 I C 2
V(1) = —| 15 (0) 4 ‘ M] v(0)je * +— Vﬁf‘“" 8 0 fe ¢
27 L Kaln o} ; 2 I * C‘ngl
{ ] _
.. (4)
. I 1 i !
1 Csgt, 5 |2 - { Cilts |7 -
V(1) = = v, (0) {‘ 222 |y (0) e T 4= 1 (0)-| =222 | vy(0) e T
2 I \ (“.gm! ] i 2 I Clgml
(5
=

Where t= \ — 1 and 1 >>r, the equations can be rewritten in Eq. (6) and (7)
g .
Sl O m?

as [ollows:

. [ Ce ) o T
\ “) _— l\ll(“:‘ 'é ( 1 & \1(0” ¢ (6)
VCagon
] | L
(G LY o7
v 2 fwu»g?—ﬁJ V(0] € 5
LG gm
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The operation of latch during the meta-stability period, as clk=0, the Eqs. (6) and
(7) can be rewritten as

nz(:)=v2(0)cosh[ ] ( IZMI] "1(0)5i”h(£) (8)

v,(r)zv,(O)cosh i [ 1} !12(0)5111}1( J ©)
T
\

T

\

Emi \J(O)llm smh( J

hm v, (1) = vy ( O)llmcoch[

1'/

_w(0) :{ Ci&m \, = (10)

- v,(0) Co8r J

The optimization method can be carried out as determining the Eq. (10). The
relations are shown in Egs. (11) and (12).

Cq o WLCy (rn

ga 0 gn 7 ) (12)

For low () C; << Cgo, thus W;>> W,

For high 5 ;. .
£ L Gl tl L !

The conclusion can be done as followings;

Area o ZW;'L;' (13)
[w
Speed « |—L (14)
7
1
L
Power Dissipation o (—- )( ) (15)
WL
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The optmizaton  conditions depend on the transistor sizing. especially the
connected transistor with the supply. As (W/L,) is increased. the speed is higher and
reduces the power dissipation. To reduce the power dissipation can be donc by
reducing (W»/[.-) but the most importance is meta-stable state. The circuit should be
correctly operation and it should not have the meta-stable operation problem. The
conclusion of the optimization procedure of circuit design should be:

1 All transistors should have minimal size as the design rule.

2. Increase Ly order to protect the circuit operation error and to reduce the
power dissipation; #

3. Increase W in order to increase speed and to reduce the power dissipation.

3. Optimization Constraints of BICMOS

Fig 3 shows the static and dynamic BiCMOS latch, Considers the optimization
condiion as the same the CMOS latch condition, three constraints arc power
dissipation. chip area and speed of the circuit: they relate each other as shown in Fig 4.

Livp Area

Fig. 4 Relauon of three constraints
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. 3.1 Total pawer dissipation

The total power dissipation in the BICMOS circuit [19] consists of static power
dissipation (Pg), dynamic power dissipation (#;) and dynamic short circuit power
dissipation (Pg). The total power dissipation is the sum of all power dissipations

¢F :‘P.S'+f-:f+‘PSC)‘

tental

3.1.1 Static power dissipation )
This static power dissipation depends, on the leakage current which is due to the
process. Thus, the equation can be written as;

P.s:zlu'ynn (16)
el

/14 1s leakage current of device and Vi, s supply voltage.

n is number of devices.

3.1.2 Dynamic power dissipation

The dynamic power dissipation oceurs in the rise time (t,) and fall time (t) when
the period time (t;) is more bigger than rise time and fall time. The dynamic power
dissipation can be written as:

Pl L

] 7
J Ly (1) vt + = I i () (V= v, )l (7

0 Pty

] 1
P =—
Ip

Ir, = instanlancous emitler current as the output data changes from logical *1" to *0

: dv
=(C C out
( L + int ) dl'

1;: = Instantancous emitter current as the output data changes from logical “0” to *1”

i d¥pp = Vour)
- (( Lt Ci]‘ll ) e
dt

The simplification of the dynamic power dissipation can be done as shown in Eq. (18).

P =i, » €, JATY (18)
(; = load capacitance
(= Intemal capacitance of device
Al = increment of signal swing

[ = operating frequency
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3.1.3 Dynamic short-circuit power dissipation

This power occurs as BiCMOS logic gate is going to change the state. The NMOS
and PMOS transistors in the first stage of the circuit and bipolar transistors in the
sccond stage of circuit are semi “on” and “off" for a very short period before moving
to the steady state. This status seems to be short circuit from power supply to ground,
the short circuit is happened. The total power dissipation reduction depends on the
factor in Egs. (16) and (18). However, the total power dissipation calculation is quite
complicated because of the internal stray capacitance, internal resistance and
operating frequency of each subceircuit. Thus, the average power dissipation (Pay) of
the circunt [20] s carried out by using current-controlled current source or voltage-
controlled current source to measure the average current drawn from the power
supply as shown in Fig. 5. The power dissipation is proportional to the current gain
(3) of the transistor.

Moo

CLK B

mput = . : output
Y

Sub circuit
NMOS pass gate

BiCMOS latch

Fig. 5 Power dissipation measurement

The switching analysis shows the MOS transistors operate in linear region as
shown n Eq. (19).

- 2wy (19)
“’m_hnem' ) L ( GS fh)
) W
Thus, Po & (20)
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3.2 Area

The chip arca or cireuit area depends on the device size [13. 21], the Eq. (21)
shows the chip area (A) relation.

Area o ( JW.L + 3Ap) (21)

W. L = width and length of MOS transistor gate, respectively.
Ay = emitter area of bipolar transistor

Thus, W [ and A4; should be minimal; however the optimum constraint can be
obtamed by changmg the devices size [23] and depending on micron or submicron

design

3.3 Speed

The operating speed depends on the signal propagation gate delay time (tg) and it is
up to the resistance, stray capacitance at the junctions and contacts of the devices. Eq.
(22) shows the relation between parameters.

n

‘a.BicMosS T VRep €y + G) (22)

=

Where  Reyy : T
WupCox Wpp = Vop)

(:jzn: = (le = ( 1; ’ Id;’) (::;l\

For C;

o B Uy R L (23)

£

And C. << (7./ . {, o  |—
. d \w

int

Thus, L should be minimal to obtain the high speed [24-25] for both Egs. (23) and
(24).

The emitter arca of bipolar transistor is an important parameter; the delay time
relates with emitter area as shown in Eq. (25).
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[ (25)

In the case of high capacitive load, time at a level and cannot decrease although the
cmitter area is increased. The emitter area increment increases the stray capacitance.
At the small value of load capacitance, the delay time is proportional to emitter area
as shown i Eq. (26).

o« A

14 E (26)

4. Optimization

To meet the mulu-objective optimization, the area and power dissipation effect
with the speed or delay time. The proposed technique has a small effect with layout
arca by changing W. L of MOS transistor and Ap of bipolar transistor which is
connected to the power supply. The optimum procedures are carricd out for both
dynamc and static latch.

Small C,{ (Cf _<1'[)I(‘)
Egs. (20) and (23). the relations are written;

W

b : and L & L (27)

L of M1 1s increased in order to obtain the acceptable values of power dissipation
and speed of the circuit.

Eqgs. (20). (24), (25), the relations are concluded as follows;

H 1
Po o = and 1, = (28)
L W oA
A is mereased. ty is decreased but emitter area is large.

Therefore, it i1s convenient to increasc W and decrease L in order to obtain the
smaller circuit area. Although, the power dissipation increases but it is small.
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150 Optimization Technique of CMQS and BiCMOS

The BiCMOS static latch design is different from dynamic latch because of the
feedback inverter. The operating speed depends on the power dissipation reduction
but it may cause the metastability. The static latch optimization must not increasc the
delay time. The relation of output data and input data is obviously shown in Eq. (29).

~Vin -
L e s (29)
g.2RcH Rew €

It1s noted that the increasing of transistor width and transistor length, the speed of
the circuit 1s slow because of C; = Cs(W.L). However, the reduction of Ren, the
speed of the circuit 1s high. Tt is obviously shown that Ap has no effects with the
speed of the cireuit. The feedback inverter should have longer L when compared with
the normal design. or W/L should be minimal in order to drive feedback inverter at
any signal level

5. Results

5.1 CMOS static latch

All data have been simulated at 100 MHz frequency using input signal as 1,0,1,0,...,
rse ume and fall time are 1 ns. The BICMOS technology is used for Ly, = 0.8 pm
and B, - 1 umat 85 °C

Meta-stable operation problem testing

The meta-stable operation problem is an effect since the transistor sizing of PMOS
transistor of feedback inverter. To increase Wy, it reduces the power dissipation but
the meta-stable operation problem occurs, as shown in Fig. 6.

The results have been carried out by simulating based on PSpice to measure delay
time, power dissipation and y .

C:GESTS-Nov.2005
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Fig. 6 Meta-stable problem testing results with C; = 1 pF, 3 pF and 5 pF.

In Fig. 7. let Bpy =4 pm and Wy = 2 um and vary Lp,, it is obviously shown that
the mimimal point of delay time and power dissipation when Lp; about 2 pm. Let W),

=2 umand Lp;

= Lp>= 0.8 pm. by vary Wp; as shown in Fig. 8, it found the minimal

point of delay time and power dissipation when Wy about 6 um. While the variations
of Wp, and Lp: of delay time and power dissipation are shown in Figs. 9(a) and 9(b),
respectively, It shows that W, and Lp> about 6 and 2 pm, respectively.
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The optimization by increasing Hp; and Ly, can be done, ¥ can be obtained as
shown in Fig. 10.

0227 ¢
1
0.20 = i
i
n1s’ v 4!
= 0167 N i -
| 7! i
0147 7= BT e
\ A Lo S g
g 10
012’ A S
- &
010" me ¥
hL e (5 ¢
2% 2
087 Ly
Bl

Fig. 10 y as increasing W, and Ly, for C, =1 pF

It 15 obviously that ¥ 1s high as W, 15 high and Ly, is low, as shown in Figs. 10,
11 and 12. Consider the delay time, Hp; should be high. The power dissipation has
been observed by using the method as in ref. [14], for the low power dissipation, Wy,
should be high but Lp; should be low. Fig.12 shows that C; should be small and Wp,
should be high.

pe

020
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o u
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Fig. 11 yas varying Wy, for Lp; =0.8,1.0. 1.2, 1.4, 1.6 pm as {, = | pF
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Fig. 12 vy versus ¢, for various values of B,

5.2 Results 3iCMOS

5.2.1 Characteristics .

The characteristics of dynamic and static latch have been carried out as shown in
Figs.13 and 15, respectively. The output responses of dynamic and static latch have
been shown in Figs. 14 and 16, respectively. The simulations have been carried out
by using pulse tramn signal as input data (1 0 1 0), 40 ns period, 2.5 ns for risc time
and fall ume, 50 MHz clock frequency, 0.8 pm BiCMOS technology.

IO A N NS TSNS, (. L
o U(CLKX1)
BB e s e e i
R f
g /
i }
]
P S S |
e U(Uin)
&, WG L e e [
1 ; '
[‘ | { K
{! | G =1pF
sELa f e e ! i
[T . . T ceen
o 003 Béns 128ns 1é6ns
o U(Voul)
Time

Fig.13 Signals of dynamic latch inverting phase.
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Fig. 15 Signals of static latch inverting phase.
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Fig. 16 Output responsc of static latch for C = 0-31 pF

5.2.2 Performance Optimization
The performances of dynamic and static latch have been carried out by using the

same condition as shown in topic 5.2. The simulation results are shown in Figs.17, 18,
19 and 20. respecuvely.

Small C, (C; < 1pF)

The optimization procedure has been done by varying L. In Fig. 17 shown the
dynamic latch versus delay time and power dissipation when L are increased the
delay time and power dissipation are increased to00.
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High ¢, (C, 2 1 pF)

The opumization procedure has been done by increasing Ag, W and decreasing L at
¢y 2 pF and suppose that n is the positive integer of A¢ shown in Fig. 18 and 19. As
Fig. 20(a) shows speed variation versus gate length variation and Fig. 20(b) shows

power dissipation versus gate length variation.
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6. Conclusion

The proposed method in this paper can be used for the circuit designer to save the
time to simulate the circuit after determining the constraints. The designer can
improve and adjust the technique for suitable condition. The simulation results show
the ability of the designed circuit for obtaining the high performances and high
frequency. The proposed optimization procedure will increase the circuit efficiency,
speed. power dissipation and chip area with a small effect to layout design. Although,
the proposed technique is not able to obtain the high efficiency for all parameters, but
the optimum optimization can be obtained. This proposed technique is simple and can
be widely applied for CMOS and BiCMOS VLSL Therefore, the proposed technique
15 a choice of optimization.
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Electrostatic discharge (ESD) free bootstrapped BiCMOS inverter circuit is proposed. The proposed
driver circuit uses the bootstrapped technique; the transistor base voltage is higher than the supply
voltage. The input of circuit is arranged to protect the electrostatic discharge problem, the output
waveform is able to have full swing. The proposed circuit consumes low power with small delay
time. The transistors in the circuit operate with high performance and efficient.

Keywords: Electrostatic discharge (ESD); BICMOS; Bootstrapped.

1. Introduction

BiCMOS technology is widely used for SRAM, gate array, ASIC, RF circuit and mixed-
signal application. Many attempts have been done to decrease the supply voltage of the
digital circuits from 5 volts to be lower such as 1.2 volts. The speed of the BiCMOS
circuit is increased but the output of the signal cannot be full swing. The electrostatic
discharge phenomena is occurred and may be damage the circuit, see Refs. 1-5 for more
details. Thus, the protection is carried on; the input circuit is designed incorporating with
protection circuit which has more thickness gate-oxide, with tick junctions of source and
drain in order to reduce the effect of electrostatic discharge. The new proposed circuit
design is used a technique of parasitic diode® with bootstrapped technique. The previous
circuit design and a new proposed circuit design configurations have been compared
based on 0.35 pm BiCMOS technology.

2. Circuit description and operation

The new BiCMOS inverter, as shown in Fig. 1, is using parasitic diode. The output of the
proposed circuit is complementary style. The input circuit is designed by using the source
as receiver part. Thus, it is able to protect the ESD.

The design method for the receiver part can be described from Fig. 2. While the high
voltage level such as electrostatic discharge presents as input of the circuit, the parasitic
diode acts as forward biasing for source and substrate and then by-passing that high
voltage level to ground or to supply voltage, the circuit is not damaged.
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2 Siraphop (Paiboon) Tooprakai and Kobchai Dejhan

The operation principle of the proposed circuit as shown in Fig. 1. By set the width of
transistors M1, M2, M3 and M5 = 6 um, the width of transistors M4, M6 and M7 = 4
pm, set all length of transistors is 0.35 um. It can be described while the input voltage
level of the circuit is the same as the supply voltage, the transistor M5 operates. Then, the
base of transistor Q2 is going to have the biasing and the transistor Q2 operates.

vdd
M1
C
hont
M2
—i
_l:’ Qo
_ ., Vdd
INV1
|_1 MY Vout
———o
4 M4
iR INV2
4 M5

M6 M7

jTJT

Fig. 1. Proposed bootstrapped BiCMOS inverter circuit using parasitic diode

Gate )
Source Drain

holes electrons

n-substrate

Substrate
n-MOS

Gate )
Source Drain

E
t 1y
holes electrons
n-substrate

Substrate
p-MOS

Fig. 2. Equivalent circuit of nMOS, pMOS transistor

91



An electrostatic discharge free bootstrapped BiCMOS inverter circuit based on parasitic diode 3

As the output signal level of the circuit approaches to zero and feeds back to INV1
and INV2. Therefore, the output signal level of the circuit is zero. The operation of INV1
and INV2 effect with transistors M35 and Q2, the transistors M5 and Q2 stop operating,
respectively in order to save the energy.

At the same time, the transistor M1 operates because of the zero volt of gate terminal
of M1, The charging via Cpy, occurs; this capacitor is implemented from source-to-drain
connection. The output voltage level maintains at zero volts because of the operations of
INV1 and INV2,

The next, if the input voltage level is zero volts, the transistor M4 operates and then
the transistor M2 also operates. The voltage level at gate terminal is lower than the
critical voltage level, Cyoo discharges via the transistor M2 through the base of the
transistor Q1 operates the output voltage level of the circuit increases and approaches to
the supply voltage. The feedback signal from the emitter terminal of transistor QI to
Cooa» the voltage level at the base terminal of transistor Q1 is higher than the supply
voltage as shown in Fig. 3. Thus, the transistor Q1 operates with full performance and the
output voltage level of the circuit is the same as the supply voltage.

At the same time, INV1 and INV2 operates the voltage level of gate terminals of
transistors M3, M4 M5 and M6 are zero, the transistors M2, M4 and M6 stop operating.
As the transistor M2 stops operating, transistor Q1 also stops operating, but the output
voltage level of the circuit is the same as the supply voltage because of the operation of
INVI, INV2. The transistors M6 and M7 will discharge the residual charge at the bases
of transistors Q1 and Q2.

Volta : Tima{s)
Voul

Vin

15 ¢ i Vosel

Vols
s

Fig. 3. Waveforms of proposed circuit

3. Results

The simulations were carried out using a chain of gates, as shown in Fig. 4. The reported
50% propagation delay times are those of the third gate. The input to first gate is driven
by a 50 MHz square wave with rise and fall time of 0.2 ns at supply voltage 1.2 volt. All
gates were equally loaded with a load capacitor.
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All simulation results have been carried out based on HSpice’ by using 0.35 pm
BiCMOS technology process. The comparison of the result is done by comparing the
results from CMOS with the results from Bootstrapped full-swing BiCMOS
(BFBiCMOS)Jand Ref. 5 BiCMOS Circuit, as shown in Fig. 5, Fig. 6 and Fig. 7,
respectively. The key device and design parameters have been shown in Table 1 and 2,
respectively,

The propagation delay time will be carried out at the output of the third inverter; each
output of inverter is connected with the same load capacitance (Cp).

LYo U T

Fig.4. Delay simulation method
Table. 1. Key device parameters for BICMOS technologies”.

MOS transistor model parameter

0.18 pm 0.35 um 0.8 pm

PMOS | NMOS | PMOS | NMOS | PMOS | NMOS
Vi -0.303 | 0.2607 -0.4 0.4 -0.82 0.82 Vv
Tox 25 25 9 9 15 15 nm
R 300 180 90 47.5 121 75.5 Qn
Cja 200 200 245 200 1711.7 150 pF/m
Gpy 679 580 679 580 499 400 pF/m?
Cggomi 3493 349.3 208 208 208 208 pF/m
Cau 349.3 349.3 208 208 208 208 pF/m
C gbom 719 719 819 819 819 819 pF/m
Bipolar transistor model parameter

NPN PNP NPN PNP NPN PNP
Ae 1%5 1x4 15 1x4 0.8x4 | 0.8x4 pm?
Br 90 90 90 90 100 100
13 7 21 7 21 9 9 ps
€ 16 28 16 28 12.1 12.1 fF
Ci 17 28 17 28 9.6 14 fF
G 52 73 52 73 252 252 fF
R, 30 37 30 37 30 30 Ohm
R, 28 31 28 31 150 150 Ohm
Ry 265 260 265 260 500 500 Ohm
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Table. 2. Design parameters of W/L.

MOS Transistor BFBICMOS Ref. 5 Proposed BiCMOS
M1 10 8 6
M2 10 4 6
M3 4 8 6
M4 10 4 4
M5 10 6
Mo 10 4
M7 10 4
M8 4
vdd

Vin M1 Vout

@
wl v

Fig. 5. Conventional CMOS inverter circuit.
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I1ig. 6. Bootstrapped full-swing BiCMOS circuit (BFBICMOS).
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Fig. 8. Input and output waveforms of 3rd inverter connected with 1 pF load capacitance of proposed circuit at
supply voltage 1.2 Volt.
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Fig. 9. Input and output waveforms of 3rd inverter connected with 1 pF load capacitance of BFBICMOS circuit
at supply voltage 1.2 Volt.

Velts : Time (3)
Vout at Inv3

Fig. 10. Input and output waveforms of 3rd inverter connected with 1 pF load capacitance of Ref. 5 circuit at
supply voltage 1.2 Volt.

Figs. 8, 9 and 10 show the waveforms of input and output signal of the proposed
circuit when compared with BFBIiCMOS and Ref, 5 circuit.

Fig. 11 shows the comparison of the propagation delay time of the proposed circuit
and BFBiCMOS circuit. It is obviously shown that the proposed circuit has the better
operation and performance when compared with the conventional CMOS circuit and
BFBICMOS circuit. For the small capacitive load, the conventional CMOS circuit has the
less propagation delay time than the proposed circuit. As the capacitive load is 1 pF, the
propagation delay time of the proposed circuit decreases to be 77%, 56% and 11% when
compared with the conventional CMOS circuit, ESD BiCMOS circuit and BFBICMOS
circuit, respectively. The delay to load sensitivity of the proposed circuit is 464 ps/pF, for
the conventional CMOS circuit, ESD BiCMOS circuit and BFBiCMOS circuit are 521
ps/pF, 1060 ps/pF and 2046 ps/pF, respectively.



8 Siraphop (Paiboon) Tooprakai and Kobchai Dejhan

~—®— proposed Circuit
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Fig. 11. Calculated result of propagation delay vs. load capacitance at supply voltage 1.2 Volt.
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Fig. 12. Calculated result of power dissipation vs. load capacitance at supply voltage 1.2 Volt.
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Fig. 15, Caleulated result of propagation delay vs. technology.
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Fig. 16. Caleulated result of power dissipation vs. technology.

The power dissipation of each circuit is compared with each other. Fig. 12 shows that
the conventional CMOS circuit which has low power dissipation because of its simple
structure consisting of two transistors, while the BFBIiCMOS circuit has the highest
power dissipation. The proposed circuit has the least power dissipation than the
BFBICMOS, the circuit design needs the transistor operate in very short period.

Fig. 13 and Fig. 14 show the effect of scaling the supply voltage on propagation delay
and power dissipation, respectively, the four circuits at a load capacitance of 0.5 pF. The
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proposed circuit has lowest propagation delay for all range of supply voltage and its
power dissipation remain low compared to the BFBiCMOS circuit.

As show in Fig. 15, the proposed circuit has lowest propagation delay over the
CMOS, BFBICMOS and Ref. 5 circuits for even the small technologies (0.18 and 0.35

um) and Fig. 16 shows the dissipation power remains comparable to the BFBiICMOS
circuit at load of 1 pF.

4. Conclusion

The electrostatic discharge free bootstrapped BiCMOS inverter circuit proposed by using
the bootstrapped technique and parasitic diode of CMOS. Therefore, it is suitable for
using with 1.2 volt supply voltage level. The proposed circuit is able to have full swing; it
has the propagation delay time less than the conventional CMOS circuit, ESD BiCMOS
circuit and BFBICMOS circuit. The HSpice program simulator is used to carry out the
signal at various terminals.
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