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Designing 1-V Op Amps Using Standard
Digital CMOS Technology

Eenjammin 1. Bialack, Phillip B, Allen, Feflow, fEEE, and Gabgdel A. Rincon-Mora

Abstract— This puper addresses the diffically o designing
1% capable unaleg clreadis i standocd digilal complementaey
metaloxlde—enticrmduglor [(CAIOS] iechnology. Desizn lech-
nifgues for facilitating L-V operation ace dis¢ussed and 1-¥ anz-
Iog . Luildiop Hock cirewdls ame proseoled. dlost of ihese gir-
il wse fbe Bolk-driving technigue da drumvent the motal-
oxde—sermdconductor Oald-efTecl rnnsistor tum-on {Threshold)y
vollape requirement, Finally, techolgues arve carnbined withio &
1-%¥ COI0E operational awplifier wilh cail-terail iopot aod
cutpat ranges. White comenming 3IM W, the 12V r@il-lo-rail
CMOE np amp wchicves IL3-MEez anily-gain foeguenoy and 572
phase marpin for & 22.pF lond capacitance.

Index Torrms— CMOS analog Ewlegrated ticonits, curment mbe-
cors, differenfizl amplifieds, aperalicnal amplitees,

I, IrABRLODUCTION

ACTORS ussocisted with the 2ealing of complementany

motab-oxide—semicanduetor (CAMOE) eehnology swch s
reliahility ol densive are driving dowa supply viliages, Fur-
theomers, the rapid growrh of perfuble spplications peoniones
batrery apecalion which favors low woltage and low power
CirAuits. A5 & reswl, many suzgest that future implementation
of mixed amalog—digitzl ctrcoits wging staedan]l CHAOS il
huwwe poveer sopplies of 1.5 W oo less [1], |2]. Communieaion
large-scale integrations (LEI's) are predicied 1o toget -V
operation |[3].

Thrgslwold vollages of future standandl CMOS 1echnolagies
medy not decrease moch belea whot s awailsble wgday [4],
Thiz poses a geeal challenge o0 CMOE analagiiied-signal
ciccuit design. Consider the stadard push—puall ChIOSE am-
plificntnvemer &kl lransmission gates, these girstils requime
i Analog power sopply (o e al beast aqual b the sume of
the magnitudes of the m-chanocl and pcharnel heesholds (5.

" Tz implies dhat low-woltage awidep Cirduits are incompatible

with the CRIGS teclhmobogy teends of ihe futoes. To srcumeeent
this conllicd without requinng costly development of CHOS
technologies with lower thresholds or an high-efficiency on-
iip do—de conwedar to increase Uk inlemul supply voltage
{which scaling way mot tolerate), circod dechniges most B
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developed :hat arg connpidible with Ffudure stan
technalogy tends.

This paper focuzes on develeping anzloz circy
thiat fve comipatible with fufure CMIDE technplopr)
circit lechniques which penmit low woltage of
targe: wesholds offer the potential For mere tho
img the iechnobogy 3 oy voltuee range cven if |
waltge wechnolomes become standard. Analop b
circuils such as differencia omplifiers and cm
which achieve 1-% openion will be described n
of the blocks witl then be used two design and impl
CROR pail-ae-ril inputioutpue op aep tliod has be
in stamdard Z-prm CRIGS tecloobogyr having threst
in the range of 20.85 V.

IT. Bhumms BLoces For 1Y CROS Araco

A limitation to implementing anaiog circuitg an
ig (b threslold wollage. The metal—oxide-senico
elfect wun=istor (RMDSFET) must be fwmed om
perfonm any wpe of signal poocessing. Tiis
for CoAOS wechnology 1l power supplice mos
following mqiliremmt

Voo + | Fes| = Vos = Voo, £ |15

fl:lr SLOCNE Invession npnratlc-n wlhiere Yoo is the p{
suppky, Voo is the negitive powcr aupply, am
magnitucle of the latgest threshold of the nbio
fransiaiors. Furthenmors, when zate-doving the i
stipply voltaps regquicsment hegomes

Vi + | Tag| = Wiog =

The tum-on-or threshold woliagse reguirement oiti
strains sigaal swing wnd conscquentdy dyoamic |
BMOSFET isx bull-driven, then the vallape everhes
with ¥ is remwowesd from the signal pab.

Vogeae, + 15| € T

AL Tl Halle-Briven MOSFET

Frobably the most iimpedant selution 1o De
age limitation is the butk-driven MOSFET. Fip.
a nhMOSFET simiciure cross sootion where g oo
18 assurnel. For simplicity, a jusction fictd-cfic
(AFET} achersic svoobal labeled “'channe] JFET
Fig. 1 to represent the bulk-diiven MOSTET. The
pHcotial iz taken o o e wollage that iz soffici
an the MOSEET. The drain is comunbscted oo
signzl iz appliegd beryeen e bulk 2nd the soonce,
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Eip. 3. Mensuwred lincar frp versus §g Gor the balkidrven MICSEET amd
Viea foc the stacdard MOKEEET.

ftowing frem dbhe source (o drain ks madolated by the reverse
bize oo the bolk—channel jumction. The cesule is 4 janctcan
field-affect toatsisior with the bulk ag the signal Input (gatc).
Conscquently, a high-tnput 1m]:l&4L;|.|:|c& depletion-nisde devics
rezulis,

T unclerstansd the bulk-driven MOSFET belles, consider e
expetimental transcondugtance characterisdics shovwn in Fig. 2.
Thiz pld shows dmin eurmenl vemos: alk-souwece  volioge
{¥Weg = 125 W) and drain surmcng versus gatc-sooooc vHiams
(s = 0 V) Although the 1L = laege, smadler waloes of
W4 Losimply reduce the: value of foag (fo8bvp: = 0 %) for the
FFET. It is appropnisle 16 use a IFET pocamster such a5 foey
to dezcribe the bodk-driven MOSFET given its depletion-mode
behawior.

Fitst-order theory [G] Zives the depondence of dthe drain
cutrent, i, of & MOSTET s

io= K;“’ {vas — ¥ir — Zvps)vps, vos £ Vosme, {3)
ammd
ip = i’t‘f(ﬂgs = V%1 4 Avps),  Uos = Viswe {0
wherne
114 e (3

nL
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s — Vo
EE—

Yrsea. =

The pararogters in (5 are identical with 3

parumeters for MOSEFET s, However, o desg

aperatian, the 15 eren in {3} and (d) is ecxpa
K"W

[VG'-: — Frg — o 2ghe — 1

+ "]"-,-"5"'54':'? - Eﬂng}ﬂn& N ;

ip:

. Fiadt o
in= m[‘-"ﬁ;s — Vo — o B —
+ 726010 (L + Avps),

Theze eguations an: used for the iheocstical o
bulk-deiven MOSFET's deairt cucrend bal ies
that they noed to Be recxamined to permit b
between expenrmenial and (heoeetical reswlts,
that ihe Berkeley shord-channcl insulicd-mate
[7] =an model buelk-source aperatlen reasan:
cwver, the B5IN model tend=s 1o over aztimats
a5 the bulk-souoee junciion i ferward biased

The bulk-driven MMZSFET has ssveral ic
impes, The abvicws advaotaee 15 1k depleli
which allows zero, negative, and cwen small p
Lias woltame 1o achieve the desired ds current
1o larges ioput common-moeds runges that cou
Lz achieved af Jow power supply voliages. An
advamiare of the boik-dowveo MOSFET is
paly gte o adulate the bulk-driven pMAGSE
cats cao totally shutoff the chaooel, the oo
Lulk=-doven FHMOSFET modulated By jhe gat
Furthenmore, throurhool extensive expecimen
of bule-driving the i'-'IG"':‘rFET lméch-up has no
4 problem.

Matching Letween individoal hulk-doiwen
similar to that ofF standacd MOSTET s, As
MOSFET s operation is depletion-tspdes, it i
describe it with JFET pamameters foos and ¥
agel, Bxperimenial data showes that the bulk-de
Ites and T varies by 4.2 and 419, o

oy

. For the sanes leansisiors the A warics by 0

+20%. A potoobiul wlwvsntames of the bulk-c
i2 that the small gignal traneeomductance, g,
be larper than the KMOSFET': fransconskec
15 demcnstratad by examindog the expressio
br=Eoar:

B dvps  ZoZPr — Vs

The bulk-deven MOSFET tmonscondaclancs
gate-driven MOSFET wanzoondwciance if

Vng :'_-"'_ Elil'il-" - 'U.Eﬁ']'! =20 Y

QF courze, dthere may be appreciable curmen
bulk-souroe juncrion under hese corpditicns,
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e diszdvantage of the bulk-driven MOSFET is #1s input
capacitinee. Constder the RFequency rcsponsc of the bulk-
driven MOSFET conpired to that of 8 gade-drives MOSFET.
The gate-driven MOSFET s frequency cespomee capabilily 13
deseribed by is momsitions] frequency, fr,

Froasteateiven /2 %ﬁ—: 10
wherz Ol i3 Uee fafe-to-sosce capacilance 4], At frequen-
ez boyond f5e, the device no nger provides sigpnal gain.
Eikewtse, For she buik-dowen MOQSEET

Jr btz drivan = L] = e
2Trl:"-d-’:'l:'a-l -+ Gﬁmlla h{{}b; =+ G.Lm"!._:l

whete o J5 (s mlin of ges to o, @nd cepically hos a
walue in Wb range of 002 w O, O, @5 the holk-towgoeigce
capacitance, Ll Sy 15 dhe well-to-gubstrate cogacilunes. In
I8] corveniont normalization Caclors sre provided for oom-
pating A 0 O [or different devies Jayouls in e 3 am
ChCHE process. Aeconding oo [8], Tor an interdigitaied Tagroui,
O w2 (LB, for the =3MOS The proponionalivy o i,
ter Oy is approximated vging tle bulk sicea und periphery, the
well doping dengity. the subsirwe doping dengicy, aand applied
vallage bins across the hulk-sshsieate pr junction. Far digical
CMOE techuelepy, the well and svbstrate doping density is
approximately WO em=F and 0% a3, respestively [9,
[L0]. Similar o the O, eslimule. consider a pessimastic wero-
bias estiniile for Cp. (28 with any depletton capacitanoe,
Ozt Fedieecs witly reverse-bias of the wellseharrare junclionk
In the DBolk-driving scchniqoe the well-gubsirate pn-junction
is never Eorward-lipsed, Usinge the dopiog information, the

C12y

erg-Dins O, farca cstimated wahps j= Q08T fEO0F [9]. A,

CHmparison i O i bAde once o bulk area is selecred for e
given MOSTET. A reasonable estiigsde of bulk arcz is approxi-
mately thoes tirmes e sonrcefidain difiusion area of MOSHET.
Far & minimimm guie longlh device with 3 gate widib T, the
bulk arcu is approximdely S €001, Conservatively, the
resuliing capacitunces is moliplied v 2 10 accoont for the
bulk-to-subsrate gidewall degletion cupacitance. Fop sawraed
stromg inversion MOSFET opoeratian and wsing the previeusly
mentioncd approximalions it ¢ao be shown that [11]

l||I:'.|"'.,I:-1|||-1.'\-|rri'\-'\-;-r| = %f?,_gnttql:iw:ﬂ' {IE}
In scaling CRIOS technology to shrink the neinimwnn feaiune
size. the above ratio impraves as . incoéwses by the scaling
factor & = 1, ;nd the Che.uma parameter shoubtd oniy
increase by w factor of +°F if the well and substate doping
densitics each ancrease by a foctor of 5[], Beowss of
scaling. €13) bocomes

95

For Lulkcirives #5 EY3 fr paceaclemecn.

Ira CBAOE 1echnology cucrently hus 1.0 uma mininen Feaurs
sire, for example, und later ix scaled sech abiar o 0.5-pm
winimume Ezature size iz achievad, the camesponding 5 Facror
for dhiz scenanc is X While o poeceseen probably wdll oot
eguel Froeaetriven (03 Ftlire standacd CATOS techinology,

(143

utilizing e bulk-driven techoigue showld mot sa
deald of frequency responss,

Anmorher potential disedvantage of the bulk-do
ic nodse. Obviouzly (Be channel nodse corment
bath the gate-driven and bulk-diiven cases. ]
ruin factor refegring e chunncl noise cuerent
cliztinguislies the bulk-Griven chse [Fom the pat
Alew, the bulk fov welld sleset sesistance of 1h
ATOSFET an conecibwte additional thermud n
#ltenkion must alzo be ziven o gate resigtance, i
process is uged. Bormal MOSFET gecmetbes de
opimum balk-driven MOSEELT from the wiewp
The neise considerations for the bulk-driven i
explicitly descnbed o dwe bulk-retermed mwean
woltage expression for she MOSFET [11]

. SEIY] + )
]
Tuibulk = ( E +

LS

=]

AiF
Py L e T

=+

whare W s 1he domber of gile lingers within
itated MOSFET stoucture, fy: i3 rhe elfectis
registunce for the AR gate channel, and 2, is
mories gate-meral cesistones of dhe @b gale. Wil
ks aned ficker noize refecred to the Bk
describied Ty dle frst and mecond (enms, eesgs
last rwo wrms abowe descrobe the thermal neoi
13 bulk- and gate-metad resistznce. The ¥
CI5} iz an encouraging vesull since the noise er
Fate rezistance, determioed by polysiicon slest
dpproximaely 22 I¥equare {ooawilicide), iz »
3%, a factar mominelly between about 9 and |
iflwence caused By gate vegigtiokce i reduced by

“u highly intepdigitated MOSFET struchiee, ..,

wirh anany individoal gate strips or st fingers. T
the summiation o iedividual bolk resizlance wus
witly inlecdigitization, whereas the sum of all Wl
ol rezisfance reAing coverrant with inlerdigitiza
10 andnimise: bulk-referred noage for the bulk-driw
the physical Javoul of the device showld uze b
geoerously. ‘The contagés shounld be as ctose a;
cach gafe fnger. which minimizes the nodse co
bulk: resistanee detennised By well sheed resistivi
imately 2500 fequare:. The sforomendioned =l
vilues correspond o the MOSIS 2-pm n-well Shd

B [Nfferensial Anipiifiers

One of the key building bocks in unulopr ci
difterential amplifiss, The Balk-driven differential
is -shewn in Fig. 3. For the abdDS example sh
technalogyly, the gaes of both devices ape fied w
an inversian Loyer channel 33 fociesd within cac

'AMCSIE VEST fabGulmon wendoe,  minmimlen S0k
Wnlv, Seutheme Califunia, Fasagena, CA, [Dalins]. Awailal
1S5 rpsivina. huml.
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Fig. -l Moemured commanampde wolinge Infloenoe o

Because the source-coupled MOSFRT' 5 have isolarsed individ-
wal wells, a differsucial volrage sigoal is applicd Betwncen the
balk rerminals of Bl and M2 The differential inpwl sigool,
via e holk-to-channel whnsconditiance wotion of the pair,
Ciklges curmenl to be stecrod BEcbarcen AT] and M2 swch chio

{1)

wrhere (7, 15 the differemtial transconductance and w;, 15 (e
differential inpot woltage signazl, Uslag Grst-order theoor, the
diffzrential irantcondwiinnes of the paic is described by

i] - !-'2 - G-r.-n'lﬂin

s = Ve _ o TE T
m 22 = Vo + VS R — o + V2
LIy

where ¥, s the vollage commoan to bBoth bk cercacals
{common-meede]), Yo 32 the soaunce-couplad noxde voltupe, and
feait 15 the il cwreon biasing the diffcrennizl pain, 19, can
move ail-wo-tail, since the MOISFET 2 bulk-source junciian
iz amenable o Bolth reverse und forarard biasce. Wil & I
W supply, V.o camnot forwaod-bias the bolk-soacce junctions
cnoach 1o strabgly furn-om the pamsitic laicral and weriical
BJT"s {shown in Fig. 11 ihereby cornpeatmnising the puir's input
impedance. The vadolion in threshold voltage with comgoen-
mnde voltame makes thig possible, Thweshald volinge redeces
for forward-baasing ol the bulk-sourcs junction, and as f resald
T3 follows g eo a degres. For a iBAODS pair, as Vi, mores
bazromd tnid-supgdy waword Vo, the source-coupled nede alsa
mives toward Yoo

Mensored Jata oo 4 bulk-doven differential pair fabricaled
i 2-pm p-well CMWOS fechnology is shown in Fips, £ and
& The cieenwil schematic Far all 1he mcasurcrients §3 slioaas
in Fig. 3. In all gasges, the aspesl rabos of M1 and M2
are JHY panf2 g wdth the 1-% supply woltage realized by
Yop = 305 V oand Ve = —0.5 ¥ The a-substate is
fied e 4-(k5 %, For o mid-supply common-mode valtage, the
circyit’s measvred trapsccurduclancs: vanes from 7S S for
Tenst = 10 A o opproccimately 310 o= for fig = J0 g, For
two tail camentz, 4 and 3 pA, the bulk-dowen ditfeocntial
paic's lransconduciance s measured ag g fonsigon of coannon-
made voltage and plogted in Fig, 4. In Fig. 4 a sccond-order

lial pair ocinseondweiamas,

palynordal curve it 1w the datu is performed,
dished Jines. Using the T, = 0 Y voluwe of
of each fail corrent <ase 235 the nomioal value
ifferential pair's wansconductance at 1o,
beloaw the neandnal waloe For the 40 g case s
naminud For the S0-pA case. The BDDP's 1
is 8% ahove noitubod for che d0-peA case,
nominidd for 1he S0-uA case at Vo, = Foo. |
Cime 25 @ nction of comown-mods voltage
(174 Tuking the derdvative of ey wuh_ TeE[

8y
S = gowl2de = Vo + Tg)

The medsursment resulis denvenstrate thar 2
encTeazes the rate al which & chanpes i
Bile rnsconductance. e, i greater for e S
care, resulting in more okl variaion of Oy
i e d0-pA cuss.

As meniicned earlier for Lh& nMDE paliE
teclhinelogy), the threshold voltage Teduces
proaches Voo, allowing the soucoe-coupled m
o fits Meaturemnents of this behavier ane
for the same bdk-drven -differentiad paic o
Since the Jurpest tail cwrreor of S0 prA e
Vize, Its comesponding Vs is the neurest to
=05 ¥V in thess messurcments. Por a cops
ihc rcagured dath indicales (hart Ve iz approa
Tupcrion of ¥,,,. For S0-pA tail cument, Vs re:
reaches Vap = +05 %, indicating o S00-n
of each MOSFET = bulk-sourge junction, ihe
cntite comuton=iiexde saeep. Even ut this cx
mEsuTEments indicate ﬂlaE-_fi: ahe civenic's p
curpznf) only rmches 2 oAl In additioo, the
become cvenly spaced For tail civenls grea
This indicales lac-the obAOE BDDF move:
Stoanys inversion saturatign ﬂpe;l:aum Tor & tadl
I and 20 pA,

Por a4 1-% total 3u|:-p]:.r m:h:age wirth th
drivien differental pais*s gate-coopled node Hi




BLARLCHE #ral: DESIGHIZG 1Y QO SAMES SING STARDARD DIGITaL CMOs TECHROLGEY

o T Y . nﬁi{;-lh

; £ 2us

H —— Al

7 - N PSS S 2 “\\‘4'311-*
A -

Vs (V)

. .
-028 b
Vom (V2
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voltage headronm for the lail cuarrent zink reduces a3 75,
mvoves toward Ve, From Fig, § che 200 pA tadl coment bias
comresponids to Ve reachiog —0.4 W when 1, = —045 ¥,
lcawing IMHF oV zcross tlee ad] cemeni sioke When using 2
single MOSTET o provide the tail coment, proper design
of the buwk-driven diffevential acmplifier can provide adequate
Vi vollsige hesidooom for dthe tail cwrmend device #o malatain
saturated oporation cover the entire radl-la-iil inpat eommEwmn-
muexte range (ICWRD,

The BDOF circwit's input and cwtpyg capaciance detemmines
itz frequency responss. Tive dominant patagitic capacibors of
the BUDF circuit ane shown explicilly in Fig o). Adso
depicted are ihe eguivalent input cupacitance (£, 0,1 and
the equivalent owlput capacitance (O .0 which consist of
parasitiz ¢qpacitors, JE. represents an athitratyr [oad. Tor
comparison, Fig dgb)r provides a similar illwsticartion of dhe
gatc~driven differential paic, For (he bulk-dhven differential
pair .

{Cin.t'q Tealk-ariven &= Cbs + Thaun + |:1 - i_.ﬁ'mDRLj:led
1%

umned
{207

where —g,e e i3 be invening valtage gein across each <.
cawsing hitler Effect. For dhe gale-driven dilfensnrial puir

C g ) garantrives 78 Gy 3 (L = (— 0 R0y 21}

[GL.mjluull‘L—ulri'-nu. a2 Cpa o S + Ty

and

{C!IL,eq:'g,n!c-rdrivtn == ":",g,d + Ca + {2,"2}

The equivalent Joad capacitinee in both casos is cgual. IF
the rwo differontial paire aoc squivalently tooded, the pols
at their respecdive outpits is wentical, There is a =signifcant
diffzrence in input capacitance. In fact, o lesmis of impun
wapacitance, the (e circnits shars no commeon capacitive
elements, Furtbermore, given the factar of o diffecence in

il
Woa [T Ercund
()
Vo lAT graund)
. 1 1
Pl G CLape -
L 3 | ___n\'m
T Tl
'l'i#d_
.
+= o uf| T3
,J_.hl
W (AT ground]
(b

Tig. . " Doninnng gnpagivnrs of 1 LIK-dGYen dilf=oenli
whe: gawe—deivcn dilfcremaial pir (hl.

wallige fain befyreon the bero circnoies, thera s
diffcrence in Miller «ffect influencing cach inpu
Since the bulk-dhving tezchnigque. avaids the st
bias candition of the hlk-source junceion 7 -
les: Lhan ome, tmplyviog that the Biller Effa
the BEDIDE g Inpit chpacitancs is less tean tha
differenrial paic. This meuns theak the BDIZP's
i5 lzeg than that of gate-driven differemial podr
til ceorent und dosd. The differonoe in inpur
anly a concern if (e dnving sigoal source hus |
cesislante. :

Methodz For loading the BDDP become 1in
Consider resisdive loads for the BDDEF: The opti
menting rezistors 1 digital CWOE wochnology a
gate moetal, well diffusion, sourcefdrain diffisy
aperatedt MOSEFET s, Within o 1-% sopply, how
vperated MOSFET is not a0 option 73 ealy 11
be applied o Uk MOSTET, mauking its Yogeq
200311 mY if Vo iz in the mnp: of TOF m
sich a low TFomume, iU 35 practicslly impossible
thut the WNOSFET will he tdode-operated, B
the standp=aint of [licker noise, the paesive resist
miore siractive bocause their neize §s essentiall
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YVoL= 1%

Weg = 0%

Fig T Cascode bulkdetven MOPEFET cumerd mimar.

The ulowukls valtage deop across the lpad clament, hovevern,
iz less than 0.5 % o aveid soongly forwacd-binsing che drain-
bulk junclicn when M@ inget commign-made vallir: nclrs oos
af the supply rails. In addition 1o ehe prociieal limiatation of gme
of e than 1 6%, voltage gainz of cven 3 V% are not feasible
for a 1-% resistvely Ioaded BDDE with passive vesistar loads.
Active curvenl sonrces or cwrrenl nrirmers must be wsed W
load a 1-¥ bulk-driven differenrial amplifier, at the exponsc
aof addiional noise,

L. Cwrrert Mivmre

Cne of the problems with MOSFET or BFT curment mimreocs
iz that a significant woltage mast ke dropped across the inpat
device, IF the Bulk-ddgven MOSFET iz aperated with the balk-
goures junctioo slightly forwand biased, thiz waltage drop is
minimired. A MOS cascode curtont miror capable of 1-
W gqperation s shown in Tig. 7 [12]. Mote that instead of
the gEate-droja diode ¢onsection used in the siandard W05
rascods corrent mirmos, this mess Correnl siaaee” Az A balk-
drain conoection. The hualks of XM1-BZ, M3Dd3 ace led
tgether and all the gare ¢onnaciions fac this n-type worsion
dp-wall reclimology go (o the et pogitive woltape aviilable,
Yoo- This approach doumatically enproves the inpor and
vnlpar cveeasd naching compared 10 dhe simple bulk-dowen
current mirrar coparted in {13] siones boch of 1he hottarn devices
operale i the active region. Aleo, 0sing the casvods devices,
the puipat cenductance of the micror is decreased to reasonable
Bevels, much Jower thoa in [13]. TF & guicesent cutrent egual
o fpge of the batk-driven MOSCET is applied (o dhe input
and Guipar, Ok good raaiching beveccn the inpat amd culpnt
currents can b achicved down to valoes appeoaching #zee. Tha
primary advaniage of Fig, T iz ibe very Low voliage redquinsd
at the input of the corrent mirmar, Fig. § shows experimental
rcsults for Figo? with 100 @ Jem fransistors anct 000
pumd amn Eransisiors. The inpat wollaze $eop &rofs 4 sample
of four cumeent mderors 15 shown o the right of The oatpul
clhiaragteristics. Motz that the woltwrs drop geross the inpat can
Bs much less thasn 0.3 W for apprecishls sumonts. In Fig. &,
Toes i3 included in bosh I, and L. Pig 8000 indizates that
Tpes For ke 2000 pasetd o device masst be hetwesn 10 jef and
20 et sinoe @ood matching is achisyad ar 240 i and higher,
but ot al W e, Mg expected, the matehing of the ansistors
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A §.  Bezalis af For idendcal bulkAlriven SEO5FE)
L] L0 gepe2 pern aed i 3K pmdd ome bansasiomx. T
gives the vallage dosp WGr05s Gach CILEGT Fnirmar inpuw

is much botter wiinzg 4-pan chanoel lenpgth
2-pm channel lengchs.

The sreall-sipruyl freguency cesponse of
cuscoce ctrrant wisrew (EDCCK) eircuit is

Tain HArmbi
e [(Trarder + Cleuvibz + Chad

1
ks
&
+ ok T LarenL i+,

imdicating a doridant sibgle-pole Tesponse
stiall=gignal irmpedance at the bulk coupled
For compacison, oosider e familiac gal
current pnicror's feequency roeponse. He oo
the same device nanes as e BDMOOA ciro
i'«-ulll ﬂﬁsl

Lo
- & e = o
HT g Tinu ﬂ’“ thn

- LT 1
(Lt + Chez 'k Coaa) | 2+ ﬁ

where .y 17 neglected bocause of the nearl;
acrass it while the cicouil @5 <operating, Th
im Torme o the BIMICR] circweit given by |
dominant pole foagqueancy sesponse debermoin
sigral Impedance at the cowpled node of th
dervices. The gale~doven <hzcode corment
greater handwidib in 365 (roguency meepons:s
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Voo

Vin (V)

- Llmple Curecne Mirrar
with BIT Luvul-Shifled Inpad | ]

I 26 3D 40 o 83 T
Lin )
1.3

BE. % Schentans of [-Y cainple curmect s with §a) leveloshifled snpul
ad (k] coonparison of inpuc wallnge requireneencs 9F ampls oSt enirmrs.,

ussociated with its dominant pole is considerably less that U
EDCCK g’ s déardiss pole Capiacitines, The BDOCM

circuit, bowewer, i capable of 1-% operation whereas the

gade-driven cascoxle currestl mirror 15 oM.

Anciher 1-Y capable cument cnimar ié ihe simple ¢ureenl
rivieror with Jevel-shified mwpue (SCMES) shown in Pige 2. This
ciocuit 5 2 wurfwion of ehe gacc-driven simple cacment mirae,
The BIT emitter-follower provides 3 lewel-shill brdweso the
Liocuit™s input and the gote oode. This roduces the iapul woktage
reqauirement. The sapur woltage is describad by

(23

‘which is compurubls o Voeel, iF 5, = B mY and
Vo = TH} ntv. Ower & wide rooge: of Ingol surment ievels,
ruarantceing ¥og = 0 ¥ is difficult iF a phIOS level-chifier
{smerce-followsert is wsed since wypicelly Vel = e, The
minimum cutput voléase i= identical to that oF the Eale-driven
snple cumranl niioror.

Vie = Van, — Yunps

263

Muote that 1b= BIT in this citcuit, = P-0-p, i3 readily quailable
it digital y=well CROE techaolopys thecefore, no additional
fabdeution steps are necded. Thiz BIT js implemented as o
laderal [14], §13] er wertical device [18], {I7]. In cither casa,

Tane aBin, — Vit an: .

an gsnlited m-well serves 32 the base. For a 1z
sourecddrain diffpsions serve o8 the cander and co
Eate ] fumounding the cavitier to define the &
wideh. For the wertical p-n-p o pace mesal is
ihe subsimie serves us the collector worhich iz ax
comman-collesior configucations. The vetical p-s
less zilicon area, bul tends to have lower beila (ha
p-A-p. .

Tt small-siznal ioput sesisdance of the SOOI
readily approximated by replacing the ernittec—fa
Ao ideal woity-guin buffer, a reasonablc assumpio
mmansfer charactedistic and e buel resislance @
inla Lhe buse of 3 corent sooree biaged emnifier—§n
SCMLS circnin’s amall-signat inpul resigianecs iz ©

L 1
]
Mkl + Mas Tea b
where the 1)@ spgroximation is valid if M1
minimum mate lengeh deviee with Ml F Ml
iz identical o the gare-deiven simpk cumont o
anuther similamby is the small-gsignal outpat resig

in =

TP“L = Tyl

D mepsurenynts matde on the SCUWES arn
Fig. 06k and Fig. (). The devices are Fabric
MOETE 2-pem m-oeedl CRIOS echuolopy praesss., |
are 40 powtd pm nbICGEFET =, The BIT i3 imp!
a lateral p-m-p owith ten wdnitwnt geonrsire (2
caniters, biased at 10 pA. For campacisen, the
arc cepoaied om a gate-driven simple carrenl sodcroc
wrilb the sonme 211 and B2 devices. So that gate-di
catrent irreT can alsg remeain withan 5 12V soppl
citrpenl bevel Ls Kegn below 104 A For all measu
upprosimalcly 341 oA, fhe 400 a2 pun obI0OS
aperate i mederae inversion. To generate Fig. [
woltume obf sach mirmor circoig i swept feam 4Hie 1
impat currens fom S0 v I s in 10 ps ineo
buth mitrons, the outpus device appears o SO §
same cartpat wediage level, The srmall-sirel oorpol
imdivated by the slope of cach curve frivn ab-a
W, is al:o adentical. T che shnple current micos
outpuf cusTeot matching occurs ooly when VYo
SCMLS circuit anpafouiputl cuoment mudching o
the cuipet yoftape iz hebawean, 200 to 30H w5, de
ihe input cwgrenl level. Por the mate-driven cun
mal:chlng Ceocurs At an Gutpd xrplrag_e hepyaany °
m%_ The difference in oulput vollage bBebarcemn
mirmors 4t which curment martching occtes iz in
the diiference in iopul voliape mquoirements bebos
circuits. Fig b} showrs the input voltages Tor the
WA corresponcking 10 euch input cument lewe
cnotice range of Input cwreenls, the SCMLS cics
approximanely 350 mY less inpot valtage than the
current mirmrar, egven §3 dhe inpr devics M ops
teansitional cegion oF weak o moderate ineersian |
input cwrrent levels of 103 A The diffeceo
voliages is niore than S0% of the 2lloted 1 W hed,
circuits. AR a reztlt, only the SCMLS civcuin i3
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Fig. 0L Mozsunal pecfarmanes of sinzpl= currenl mirmors: Gk e it BIT el
shifilng nnd {&3 zale.ddven.

load for a diffecential peit 0 a 12V circuit, Since (e BIT
aweailodele in CAMOS dechmology can bave a beda of more than
200, s buse currenl does nat contibute sienilicant eoac Ln
ingutfeutput curent matching in the SCMLE citcwit.

The small-sigoal fregquensy regponse of the 3CMLE circuar
iz described L [11]

Fuel 1
Can + e 5'_'“‘"_1&
s £+ Chn
indicuving that the SCMLS haw a dominam pole frequency
respernee. This iz similar in ferem 1o te gate-driven corment sim-
ple current mimar's franster function which §s appoesisately
equal 1o the result miven io (247 Hence, iF Oz + Chag in
(”.2‘.-"} ic besy thiun I:"I:u[] =+ Cgﬁl =+ {:-rﬂg., ihen the SCWLS cieclie
will ave greater bandwidth capabilily than the gate-ddven
simpls cumenl oo, Given the simcoiare of the BT, O iz
gquivalent to Soy + Chenr o pIOF 0 n-wel]l tochoHomy,
In the implementation of the SCAES circait the BIT 15 quite
sall, thes praviding o &, evuivalent to Chg + S, of
small pbOS, Fonbermore, implementing O3 ox 3 subsiale

Fipal

-_—

Yin

e

a -
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pn-p provides 3 ©F, egquivalent fo just £
with garafn]l constdermica in the pEysical
the SUMLE ceenit shouwld casily surps |-
clriven simple cwrrent mitoc in Erequency re:
Himulations verfy that the SCHILS circail ¢
31 [aedor of two incsease io [edquency handw
the gate-doven simple cumene mimmo Wheo
EDCCHM circuit, the SCHMLS provides mor
I greater frequrency bandwidth capabikity,

I & 1-w CRIOS F Are WITH B
IMNPUTAROITPUT CARAGILITY

The analog butlding blocks descrbed al
building of CHICHS o atps i oporate at v
zislacd CAIOS techmoloay. One previons]y
W ChOE op amp [5] milizes the bulk-drivcn
piir and composite ronsiztors. A& naoee db
terized 1-% CMOE op jimp design ks mow
provides improned phase margin, unily-gain
rate, and oulput signal sering to achiswe mail-e
pecformance.

A, O Aunpr Schiaanaiie

The 1-% mail-to-rud]l ChAOS op amp i
Since devics coupr and sherefore, cirmuil oo
al a minimum, power dizsipation in che bund
s ey -obtained. The inpun Sfune ©ond
102, londed by e SCMLS citouit, b
EDDE st e inpoe providss roil-c-cail IO
siyle corremt mioror is preferted  booawsc
Trequency bandwidin and low input voliage
emitter—follovwer Q6 serves a3 A lewvel-shificr
zlnge and ourpol stage. Less thin 1T7% af |
curtenf demandd iz neaded For the two om
and OB, Teing 3 pMOS Jevel-shifer in )
induce systernaiic offgset and, for the sum
loweer frenqucncy parasitic pols thian the ami
Iewvel-chifier baffers the anput stape from
nunimizing the capscitance At the ouadpt
slage. Boh Q5 ad OH6 are CHMOS com
n-p BIT's where the bose widlh iz defin
apprapriiely biazed at Vpp 10 insure subs
(o BJT operation. The Class-A oaipad stage
Bi7 Loucteol bor active coprent source K12
PSLT: [18]). M. and £ ace the conipensars
bdilter pole-splitiing echnigquee [19]. With «
pele at the emitter of Q6 b5 oo detcimen:
phass murgio. The op amp i3 biased witl
souree {fns] which iz replivewed aod scal
W12 The op amp's gain—tendwidth po
leop gait sre desoribed by .

Hrmb)
L
GoW & Serh,
and
’ L bE N Ka T
Ao ale B
whale [Feteer b faras Y dracr +
respoctively.
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Fig. 1. 1% milap-mil ChoS op anp acbematic.

A, ol goaescenn poser dissipation of 300 W is achicwed
with the selected cawrenf BEas (M) of 30 pa, f,, = 50
JiA corresponds B A BHRpcA tail coerenr, HHSpes guissceot
current Far the nidS cwipuet driver BAT7 and 2508 emires
curtenrts for Q)5 and Q6. Dovice aspoct ratiog are alsh given
in Fig, El. Ar the expenye of adding significant parasitic
capacituke o the design, & B-pm fate leneth s chesen for
BIG aoed 312 co piniiize che cwlpal conductance of the 1ail -
curment source and oulput stage correnn sourcs, respectively,
without earcoding. To minimize nodze, e manscondiclane:
of the iopul differential pair is maximized for dhe 10300
tail curreon by wsing the Llarpesy possible azpect ratioe for M)
anel hZE while siill anaiotaining sulurstcd srong i0verzion
operation. Mindmgan gace leagiths for Bl and M2 ace wsed
bo awoid cxceszive parasitie capacifance At the caulput of the
input srage. Thiz linaits the outpod anpedanee of e Jnpuel
slage which ic detrimental to gain hog heneficial o bandwidch,
Lsing minimum pate lenpths far M3 and W44 results i no
sigmificanl furthes reductito in inpet stage cwdput impedance ™
snce Ap = Ap. To minimises systematic offscr, b7 iz 2 sealed
eplicy of M3 aod M4, Sslectung 4 minimem rofe loogh for
KT iz alzo desimablbe as i maximizes aspaot mtio while keoping
paragitic capacitance af a minimnam. Minimising . for 017
pushes the parasitic pole at the emittes of Ch cul in Itequenoy.
In addition, a Maximun g, pashes the load capachance pols
cut in frequency. Eoth contrfute o an increased plase marsin,

Class-AB pperstion of the culpet stage, rather than Clags-
A is desirwble from the stundpoion of power disgipagion, by
ihis wonld Fguicd uEing p-type currenl mirmers in the op amp
sach as the BROCKM (comprised of phIOSEFET=s in n-well
icchngloey), a phOS gate-driven sinple cumenl mwimmon, o
a cucrcat mimor uzing lateral pen-p BIT's, The [Oast twa of

ihcse have Timited Fecprency Dandaidib ae 1%
large devioe sires required. Since CRAOS-con
F-0-p BIT?z tend to exhibir low Eurly valtage,
clerenl andmar would have limited cuwlput iy
diminishes the op amp’s achievable woltage 3
reasons, o Class-A calput s1age is vkifired in t
rail-to-rail op amp.

B Oz dwmp Pﬂ_fanumrca

The measured and sirolated pedfoomanc:e af
sil-wo-mil op amp i given in Toakle [ Voo an
W and —0S W, respestively, weare chosen W
the anid-supply voltage at O V. MOSIS pravi
el fgr HEPICE aetilized duoeing 1l satwlaric
o-well CBAOS rechoolopry with 2-pne mioimuwo
2len available thropgh AMORIE, wos selecied,
dula given in ‘Tuble | vedfics that the op amp an
rail ICWE and cutpor swing. The op amp has |
saim of 438 JdB ot o mid-supply common-mod:
with Lone-= mid-supply. & phase margen of |
goin freguency of 1.3 MHz iz achicved For
capacilance Gee Figo 120, Furlsesmors, toity-§
siill muimaioed even for 8@ 102-pF 1oad capey
the four samiples, apgrosimacely 1-3 dB higher
Euwin s predicted in the simolation relatve (o
resilts, possibdy cauzed by the optianistic A valu
mdels. This resulis in lower d!:vi-::e b AN
higher gaim, This conld also jwsily the 117
margin from simuolation predictions compared
phase margin, in addilien o the 3-pF dilfe
capucitumeee.
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TAOLE ]
Spisary o L% CRIOS BalLTeRAIL GF AP Pirimesian e UNLESS INEACATER CTHERWSL,
EvCH PEASUREXTNT Banuir REMKEIESTE Ak SVERACGE FOR T Forcn Tl Ba0HE
| AR Zamualapsd witlie T e Rl
LiC open-Joop guin AT Mgl -suppliry 45,348 {Vpnymmiclsapply
I (apply eument) EL T ’ AGT L
Unity-pnin Freguency 1.3 Hz Wom=mid-dugppby) L3 Hz {¥ony=mid-dupply]
Phaoe margin &R If"i'.:_m_=|n.i|:|.-5-'ﬂ|}|}]ﬂ 5 i‘l’.—_.-n_=r:'|.i|l-ﬂupp1y}
ICHIR F0SEnY b AT —$7EW o 450
ADurpr S ngs ATy ber 5B Y =1 5m b 49 | e
SR+ [ ELATIT 0, 7% s
p iy 22WIs 1.0 LS
THTA, fownp= 1V | 2040 B SO -2 E (0 L0550
far (750 Vi 1kHz slrewowel | Foc (FEDmVp.p. TRHS Sincwarve)
1. LIE [DU32E5) -S6.2dB* (D155}
foq {750mVp g, BORHE sinewaved | for (RE0mWyp MHE:z dncwse)
THL A=+ EWY | 6]1,23dE (D8G5 -5b 4646 {1 LT%)
Bar (750m¥pup, LkHE sanewave)|  Tor {230mV o p, IRE sidewawch
-S4 SEH (0. 1944 W56 ST (0. 15050
for [THYe-p. 105H sincasvel | For (E0mV s g, LOKI e sinewaesy
- 15w Hz [white reiss erly) TPEnVANHE @ LERZ
ril 15 Lo L G LOkHE:
SVl e & Ik
FAEAIT |
LER, 56508 ar LOkHT T
Voo PSRFR. BB % 1XHx SotdH a1 1kHz
E2.2:B ar LIOkHz S R ar MIDEHE
590468 ar LIk 21 TTY at |BAEIe
woo PERE 43200 21 1kHZ 44,340 aL 10&Eix
40T 24 WdKIEx 2EA40B at 100k H
Z3.24E ag BOCH = 4. 3HE 2 X HT
Yoo B, chips 14 LImW, 4,5m¥,
Iy, -1 50
Node: VRD=HL Y, Ygg=-0 3% L =25pF (sirmlated cara) and S =22 (faurcd dnlak
* anc mmple andy
15t The pesitive-moing slew mate (SRt} of 07
e Ioaw guiceceot cumrend chosen Mo che Cla
o A pegalive-going slew rate (SETY of LG
Asymmegrical slew rates ane Lwpical of ©
w0 Qivainang higher slew rales would ceqoire
= = dissipatioun,
=2 E In Mhe wunity-gain seninverting  {butl
5 0 - (v = +1 ¥V, an average THID of -
© L four sumples is measured for a 1 kHz TSk
= sinewave inpul signal, For the same inpo
Ao = —1 WY, a0 average THID of —59
-100 actoss Ehe four zuoples of dhe -3 Taild
- i P, B = 517 amp. For thess measocéments, sxternal -
-1a ul ovind ssnel s dheud o wsed 03 seloat Awg = —1 V%, Ths sir
Lo [isg et 1 10k o’

Mraer L =2apP, S =0y

Tregquency {Fz)

Tiz. 1. Pdeasurd open-leep frenuency resporse af L% CROS WLHE o
ang pucochip sample. &'y, = XZ pFl. The deshed lines repaesenl the

siimElakicn el (07 = 250 pFk

perfommance is cwverly optimdztic by appeax)
s Liyverning eonfiguration b comparable f
configieation. This indicates that the sin
sigoafccanl commen-mode gain nenlinearic
srige, whicly coald cause a3 second-order ha



CLALOCK e als LESIGRIFNG 7 OF AMPE LSRG FLANDPARLD DILLTA L CMUE TECHMOL CGSET

Fare sipnificant THD [2)]. The acinal disiortion meagaremients,
hioweever, indkmte comparalle distonion pecformancs for bah
the inverting and nonipverting op amp oonfigurations, as
descabed alsove, The bulk-deiving wehoigue atilized in Lke
input slage did not 2oom to hindet distoction performoanee. The
sinulaed Iovw-lrequeacy Counmaon-taesde ropeciion ralio 15 just
aves 55 dB. This simolation cxcluded randnrm ofEct cifects.

The 1=% racl-toerail CRA3S ap arp's inpac-relfzrred noiss
charzclesie 5 dominated by flicker nodse. This iz prinacily
cased By e obOS5 load devices in the inpuat stage and Lee
mindmum gale langeh requized in ibe inpok difforential paie. Az
dizcussed previouzsly, using cezstive loads Tor the input suags is
desicable tor redocing ficker naise, hot orilized at the cxpenge
oF ingael stoge 2ain, Yath only 21 -V supply voltage, oiniomil
voltage drap iz zllowed acrass Tesistive |oads, severely linniting
fezic resisance vabue,

The Class-A outpoe stage with nddOE driver provides the
=Y pmibao-rail CRIOS op smp withe 2 meeasuced low-lregquencyr
o PSER of over 80 dB and over 20 dB at 1 MHzT.
Pith the exception of low-fraquency (149 kKFlE) Ve PERER,
the simulaicd FSRE valoes aprec within a2 few decibcls of
the mesasured valwes, This disceepancy is also aecbuled o
oplimistic A walues in Ehe device models.

Shge @ four-chap zaniple 13 inadegquate for sismclzed davia-
tion analysis, the 1-V rmail-to-rail CMOE op amp’s moasoced
input affzer voliage 114, ] oreach chip iz provided in Table I
In zach cuss the magnitade of 1, Temaing loss than 5 oy,
The op anp occupies 5 1536 i % 988 pn aced in 2 pan
LTMOSE nechnolugy.

IV, CoMcLzs1on

Bulk-driving and pradent level-shifung peomil che imple-
meoinion of anales circoit: af zopply voliages as low 3y the
MOSFET s threshold waliage plos approxingately 200 ms,
The bulk-driving rechaique remwves the MOZIFET' s thoeshold
wnlage or wm-on requitement froon Phe sigozl path o a
devece with deplenion characrenistics 1s obtuined. Consequendly
the bulk-drivean BOSFET prowvides a pragiical solution (o
eabmlcing iopul common-meode canpe. Realisticably, this be-
hevior can be achicved by adding one additional mask, level
wr Uk stodord CRIOS peocess. However, the premise of dhis
peper was that dhe echnology would ood be roodifieel in any
way e acconuiddate the analodr Cicuits.

Somc of the 1-¥V-capable analog ciccuit bauilding blocks
described in this paper were weed 1o design o 1-¥ CRADS op
amp Wwith rzil-to-rail IEME and quepor soring. The pr AP was
impleniened in a standacd CRAOS pxchnolopy huving a 2-pm
miniman channel length and theeshold woltages iy the range
of 0,3 Y, While ddving a 22-pP loead, the 1-% CRA0S cail-
te-rail aop amp achicves | 5-AHz wnity-gain Tequensy b
57 phise murgin. -
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