Designing analog circuits in CMOS
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Thee\'o]ution in CMO8 echnology
dicearad by Moore's Law is cleardy
beneficial for designers of digital
cimuits, but it presanes difficule chal-
lenges, such as lowered nominal supply
voltages, for cheir peers in che analag
world who want vo keep pace with this
rapid progeession. This aricke discusses
anumber of significant it2ms for analog
designs in modern and feure CMOS
processesand possible way stomaineain
performanca.

Teday's ICs are mixed-signal sy se2ms
comsisting of a largs digieal core, includ-
inga CPU ordigital signal processorand
memory, surraundad by all kinds of ana-
log interface elecrronics like L', digical
to-analog and analog-to-digital comvere-
ers, BF frone ends and more. From an
inc2gration poine cfview, all thasa fone-
tions are ideally mergad intz a single die.
In that casa, che analog eleceronics ars
ralized on the same die as the digial
come and consaquenty must cope with
the digical-dictared M5 evaluion.

From a high-circuit or syseem level,
plain physics diceares that the power
comsumption of analog blocks is propor
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tional o the Jevel of signal ine2grity (for
example, the signalve-noise and distor-
tion racis) and eo the signal frequenciss.
In ccher words, increased parformance
for analog circuits comeas at che cose of
higher power consumpeion. & propar-
rionality conseant betwaan the aceual
and minimum power consamprion takes
into aocount chings like imple me ntation

This is probably the most dominant
affect that complicares analog designs
ae low supply voleagas.

Apare from issues at a highe Foirouic
arsystem lave], che bare-transistor prop-
arties alsochangs with CM2E eechinolo-
v evalution Ar conseantvoleags, head-
room de properties, such as transcon-
ductance perenrrene and harmanic con-
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Ways to irmclemert figheoodt
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overhead, margins in cperacing condi-
tons and deviee spead (see AL
Annema, “Analeg Circuic Performance
and Process Scaling,” IEEE tr. CAS II,
Jupe 1999, F11-7251.

The relative impace of the imple-
mencacion overhead, however, ends o
significantly increase with lowering
supply voltages. Henoe, foragiven pow-
arbudget, the parformance dropswhile
migrating to newer echnologies, just
bacause of the lower supphr voltags.

transistors in stardard TMOS: a) a compesite

e B) 4 caraaibe M T emalaying a
o b translstoe
encpercurent, are hardly changad over
techinalogies. If, howevar, the quisscent
Wyg and the signal swing are proportion-
ally decreasd with the nominal supply
voltage, the harmmonic-distortion com-
PONENE of tansiseors increass drast-
cally with newer process generations.
At the cirouit level, this can be compen-
sared for by using regulated cascades.
However, they am harder wo fitwithin
decreasing supply veltages. Such ac
PATAIMEtars 38 jUnCrion capacitancas and

gain-bandwidth produces improve wich
wchnology evolueion, allowing beer
HF and BF parformance.

Besides its impace on comventional
properties of circuies and devices, the
current CMOS evolution incroduces sev-
eral new problems in analog design. One
of the new phencmena is gae leakage
{=a R van Langaveldz et al,, “Gatz cur-
rene: Modelling, DL extracticn and im-
pact on BF performance,” [EDM 2001
Tachnical Digast, 289-202). Gare curent
mainly depands on gare soure bias and
gam size. Efiecs of gae leakage include
inpue bias ourens, gaes leakage mis-
match and shot noise (sze A. Scholen
e al, “Compact modeling of drain and
gar current noise for BF CMOS,” IEDM
2002, Tachnical Digast).

Input bias curens due o gae kak-
aga are very similar oo the well-known
basz curmzmes in bipolar eechnologies
andhenoe the solueions knossn for bipo-
lar cirouies can be applied v analog
CMOS circuits with leaky gaes The big
difference bemween bipolar and CMOE
dzsign is thae in CMOS the wideh and
langch can be s2leced—and in analog
dzsigns ae opeimizad—while in bipolar
designs only the emiceer area (equivalent
en MOSFET width) can be sae and the
base width fequivalene to MOSFET
langeh) is fixed. The impact baing that
in uleradesp-submicron processes, long
CMOS eransistors char am frequantdy
raquired in comventional analeg circuit
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mats (ck GDSIN need oo be creaved o
transfer information from one ool
another. Easa ofuse is a must. Farexam-
ple, library translations should not
b visible o a designer. Collaboration
tetwean eechnology and ETA w2l hous-
25 is neaded o provide seamless, rli-
able and esed de-
Sign  environme nes.
To make significant
seridas inembedding,
maore effore is still
neaded o dewvelop
praceical subscraps-
noise-medeling rools.

Cross-rechnology medaling like 2-D
package modeling combined wich BF 1C
simulaticns must be suppamed, which
isexeremealy imporeant for chipmadules
or stacking. Pemoving overhead from
digital-domain designs, for example,
require s batear support for optimizing
the hardwara/sofrwarme partiticning. In
some areas such asantznna design, the
tols am in good shape, bue new, more
pewerhal and flexible simulation algo-
rithms should be devalopad.

T achieve the bast parformancs in
handhel devices, any overhead in the
syseam must be aliminated. Themefone,

adaptive solutions are mquired. For
axample, in baseband platforms, dy-
namic voltage and frequancy scaling,
digial t2chnologies to tackle leak
aga current, digical archiectumes apph-
ing asynchronous scruceur s and usags
of meonfigurable circnies should be
applied. All possible means for prevant-

For top performance in hand-
held devices, any overhead in
the system must be eliminated.

ing unnecessary switching in digital
circuits and cverbead in larencies need
to be applisd

Flexibility will be key in che ability
to imple mane all thas2 numerons prad-
uce caesgorias in the fueme, since thay
cannot be based on one or twa plat-
forms. As a par of this scravegy, enor
mous ASICs may not be the mose
probable choice, because they can be
tocaxpensive and more difficultto st
In addition to flexibility, powear con-
sumption, cost and time-w-markee am
imporcant drivers Whaeverechniques
am appliad, the toral coseofthe produce
muz be mascnable.
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designs may have a lowerthan-unig
CUrTENE gain.

Toquickly @stimare the impaceof gae
l2akags inan application, an&valuacicn
of the type of input impedance of the
transistor is valuable, The inpue impad-
ance consises of the comentional input
capacitance and the parallzl “eannal
rasiscance™ due to gae leakage. Thess
two have opposies area dependencias,
e alking in an area-indz pendant frars:

1
fok

L3 r, mjnm|

Far signal frequencies higher than
fgaez, the input impadance is capacitive
and the MOSFET behaves as a comen-
tional MOSFET. Otherwise, it is resistive
and che gat2 leakage is dominanc. In 90-
nanomeer CMOS, typical values ofchis
fgate am around 1 MHz. Due to gae
leakags, M5 capacitanoas cannoe be
appliad forcereain low- raquancy appli-
cations like phase-locked-loop filers
and heold circuis. Taking inco account

Making analog circuits
perform in a CMOS world

the nonlinsar behavior of the gae leak-
aga, the droop ra of 4 “scomd valags
on a MOS capacicor, in [V/s], equals
about the value of fgare (in [Hz]); then
allowing, for example, a 1-millol drop
on a sampled-and-held value, the usable
hold time is in the low-nanosecond
rangs at asonable violeaga lavals in 90-
nm echnologias.

Another new aflect of gaee leakags is
a2 ke akags mismarch, an affect that
will excead comenticnal macching tal-
arances, thareby equiring aceive can-
cellaticn rechnigues. Marching usually
limics the achievable level of pe rform-
ance on analog circuits, like offsses in
amplifie rs and the aceuracy in A7Deon-
verers, and the usual way to g2e a suffi-
cigne level of matching betwesn MOS
transisears is w0 simply spand area.

Gare leakage spre ad now comes asan
entra spread soume and places an upper
bound on ama that can be spanc o
decease mismawch. We found thae,
excluding de fcrlike cucliars, spread on
gawe leakags is proporeional wo the gaes

CONTINUED ON PAGE 56
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curme ot Jevel with a proporionality con-
stant of roughly 0.03 divided by the
square root of the area where areaisdhe
ETANSISEOTS $a0s al8 A

Zooming in on conventional spread
(se2 J. Dubsis ec al,, “Impact of souma’
drain implanes on chreshold voliage
matching in deep-submicron CMOS
wchnologiss,” ESSDERC 2002) and on
gare spraad reveals chae wich spending
more area the comvencional spread con-
eribution decreases bue chat ar the sama
time the gaee spread contribution in-
crzases. As a mesule, the maximum
usable transiseor area is limied by gace
leakags spread. For 180 nmand 120-nm
MOS sechnologies chis maximum area
iz very large and hence the reachable
levels of marching ae very good. How-
avar, for the 90-nm and 65-nm (asti-
mated) ganeradon this vields a ma-
imum usable area of respacrively 104
micron? and 103 micron?; chen gam
leakage mismacch is a significant affct
that limits che machable marching fig-
umes. For thess and newer CMO5 gener-
ations, active mismatch cancellation
echnigues or macching insensitive
designs will be =quird.

COne stramgy analog designers can
adopt o dealwith the use of lower sup-
ply valtages isto operave critical pans of
the cirenitry ac higher supply voleages,
by exploiting combinations of thin and
thick-cxide transistors

Cperating analog cimuits cuesida
nominal supply rails can solve the lovw-
supply drawback ofnewer sachnologies.
Howevar, cara should be taken with
mspect o lifetime issues: hoccarrier
degradation due to high laceral electri-
cal fizlds and gaee awide degradacion
dua ta high catide voleages. Bath effeces
can be minimized by a suicable limica-
tion of tarminal-pair volages,

Fior circuics oparacing at “high” sup-
ply violeages, a number of robust high-
voleage-cole rane transiscors can be ued
(522 the figue for thee examples
derivad from high-valtage 190 cimuis )
and s2s A, J Annema at al, “5.5W ol
erant 1'% in a 25V 0.25-um CMOS
technology,” TEEEJSEC, 2001, 528-538,
These HV transiscors enable direct rauss
ofmast clderdesigns, ranning ac supply
voltages corme sponding oo che original
design.

Theeasie s way is 1 u= the (nowa-
days available) chick-aide transiscor,

which is comparable with the oo ganer-
arions-ago standard eransiseor However,
o benefit from t2chnology scaling, the
u ofsmallerdevices, asin Figs. 1a orlb,
canbe preerable to the use of thick-aide
eransiseors, as in Fig. 1e.

Transiseors for which macching, 17f
noige of ougput impadance is cricical
may be malizad wich the compound

aqual drain currene, Vgs-Ve, and the
same langth for the lower devices, Fig.
la is always praferred above Fig. 1b
Compared with Fig. 1c, 1a has higher
Pout, lower 1/ noise, berer maeching—
bue loveer fT—higher circuic complexicy
and higher gate curent.

The decreasain 1/Fnoisa isundarthe
assumpeion chae the orps of gaee ode
material is unchangad. 5o for applica-
tion in, for example, a curren: source,
the cirouic 0f Fig. 1a is prerred, whik

Unlike their digital counterparts, analog
circuits can benefit from technology scaling
if the supply voltages are not scaled down.

structures in Figs. 1a and 1b. The disad-
vaneass of thess srucoins isthata suic-
able cascoda veoliage mus be provided,
which already must be presane during
povering up. This can ba realized using
intarnal cascode-voliage ganarators, ac
the cose of cirouic complexicy. IFonly a
small pareofasyseem is critical, one may
chaosa to ganerate high voleags on-chip
using charge pumps, buc they ame opi-
cally inafficient.

The thmee wpologies wee designad
o handle the same maximum drain-
source volages. Under assumpeion of

far high-spead valtage amplification
applicacions Fig. Leis preferred. It muost
be noiedhatifthe required volags drop
over che outpue cerminals of Fig. 1a can
be reduced by the st ofthe ciruic, then
the uppar cascoda(s) can be emaoved,
and 1 has hardly any speed advantags.

In conchusicn, analog circuies can ban-
afit from tachnology scaling if che supphy
voltages are not scaled down, unlike in
their digital coune rpars. High-voleage
machnigues are thus neaded; Fig. 1 shows
some ways to creae high-voltage-toler-
ANt COMPas it2 tran sisors.




