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ABSTRACT
TITLE : A LINEAR TUNABLE WIDE INPUT RANGE CMOS OTA
AND ITS APPLICATION
AUTHOR : DANUPAT DUNAGMALAI
DEGREE : DOCTOR OF PHILOSOPHY
MAJOR : ELECTRICAL ENGINEERING
ADVISOR : ASST. PROF. KHANITTHA KAEWDANG, Ph.D.

KEYWORDS : TRANSCONDUCTOR, WIDE INPUT VOLTAGE RANGE,
LINEAR TUNABLE, CURRENT SQUARING CIRCUIT

This thesis proposed a transconductor circuit design which offers wide linear
adjustable transconductance gain. This design using DC bias of current balanced
differential pairs in square root term andreduce degeneration source techniques. This
circuit composed of CMOS transconductor and current squarer circuits.The validity of
the proposed has been demonstrated through PSPICE simulations in whichthe output
of the purposed circuit indicatedgood agreementwith the theory on the wide input
range, tunable linear transconductance and low relative error. The applications of the
constructor circuit can be used in waveform generator, signal multiplier and voltage-

mode universal biquadratic filter.
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1.1 auduniuazanudrfyveslym

Tuedniiuuilunsesnuuuisesdidnnseind fnayldgunsainadwsanfuiugunsnl
weniin Tnsgunsalusaiinlulyunussiuildiuemudenlfunostusut aziiulditeauuend
fitespevaneuszns 19y wuudsuau samagimn fmdsnuge udu lunmssuiiiun
finnuweneiiavanusulndeduinsddmseind dewnmnudesnisiivhunléiu
gUnseifldwdanus wu gunsaifeansuuulime Wudu duduieimsldmaiansianu
Tulnuanszua (current-mode) Falldafivansusenis dun fivrsidenaifinns (dynamic
range) fikuuiisnianagiaidanud (1] Inefigunsallulvunnssuailésunuden Taun
WIMIUAAUAARMDS W3 1a7ite (OTA: the operational transconductance amplifier)
Fafunsiuadygaunssiududyyiunssua aunsalssgndlidmiunisesnuuuicas
Bldnnselinduuuuausasn Wy 29935U5USRIMITENE (@utomatic gain control circuit) [2],
2993RudyyINwuULBugden (analog multiplier circuits) [3) 29vsiniladgyayiugleed
(sinusoidal oscillator circuit) [4, 5] 19950509AUBUUULOATIN (active filter circuit) [6]
WAL9RINOATINAR BN (square-rooters circuit) [7] Wusu dwnnanunsaeenuuulimsud
rouRAwes TinuautinAsansteenTdeouiauaud amnsoufualdosadudadu
fesBilinnselind Taensaiuauiienseud viemuaumsussiulwi 2sasvsdasudn
wasiavannsnlussgndldeuldnferenndeiu ssemsudasusamesuuuibad
feonuuilatldlulwansvsndames (8] \ugunsaiugrumdniifiauddasndands ins
lUldUselovifueg1inieing nisesnuuuRsmuLeuzdon agnelsinulsasvsud
aausAwmasiilulasalulnarinsudamessitedon Ao tasuvulunansmalulad
wfvunitlgininneesuuudueamalulad (CMOS technology) 31n JefisiAunsdesadld
deflansishsmihunninasuuudueanallad fiflvnadn Widefansiarnitosnilu
msoenuuvIsTn warludagtuilmeluladly  msadssnulugramnssudailng
WJuwuvBueamalulad Jadided fe Fueamalulafanunsaadrnnsueurdenuwasiasau
astiaahdudioatild ildunavessyunasesddamseindidnasldunn sgrlsfnuduea
waluladfaidesnaiididy Wetmsudawesuuuiueantesnwuuluisesdaudu
dawnmavhauresmuianesuuudveasunsaysvanamsidduwuuitefuresaums
fdsaes Fuduaunislidudadu fuinwsmsudreutmmesfisanuuulaglinsusames
WUUTNBE AYBITNTINITVEIUNIIUARBUAALAUT VD95V U d Q1R (differential
amplifier) azeglumenvessiniiaes vanszuandlusa 7, wufe Auenetiannsauduanle
denszua 7, uilduiusuuulifududy venaniddiniseenuuniasmiudreusames
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wuuBeadilisdannsvenensudareudmuausiidududuiiansauumsnsnisvens
nIudRsudRLALTAIEN1TUTULTWIUAIUAY (voltage control) [9-10] usilifadnfinfie fitasns
vsuasesradududulingre uaglimnzautvrsasuuuilduseulmidss (low voltage)
wenniidadinisesnuuuiamunsudameiuuuiueailirsnsnisveensudreusa
uwoudfiiudaduuuuauguienssuadd lnserdonuauiAvesusaivinaulugig weak
inversion wiatasdafidades Afidasuiuaildliniradn Weswinusarisulugae weak
inversion [12]

Solivnaniifnauerassudnsudamesiuiusundldieddnseindiitesn
235 EOTA (electronically tunable operational transconductance amplifiers) [13-14] Hhunsasit
sonuuulnesiodseslefisuuuaann TavedenuaudAveweansudamasivinaluti
5w warldinafianisadsaunisenidaewildadnsveevsudaauda-uaudvenasd
Fudaduiatuleeieituiidudaduitutumnssualusameuen sghilsimunses EOTA
Findnundeiu eenuuulnglflefiouuuduea 3 faewastudundn Falerududeuuasd
pnlvgfuilefiasisininnn vennnidiiiauenmad-aoudanesivsumeels
f289dnnsefind i1 2995 BOTA (a balanced output operational transconductance
amplifier OTA) [15] Wnsasiiesnwuulimdnsivens niudasusauaudaiuisaUfumuens
Isdradadu oglsfiniiness BOTA Miuaueiiitisfurussiudunldliniradn way
dlelduruunidaiinnsesnwuuitesvsiudnoudn-neififidedn a CMOS OTA and
Implementation [16] AuSurnaeglddedidnnseiind Taeldussiulmbswh wavuilon
Mdsnus uideideses AeliaunsouiuAdasivens niunousAwLdldegrududy uasd
Fravuaussiudunlduay uenaniflelfiuniinininaueisas neudaoudauesis
#9971 a 0.35-V bulk-driven self-biased OTA with rail-to-rail input range in 65 nm CMOS [17] u
aeshauedsdifedes Aefisnsimsvenei wasitaauriusesudunalduay

fatfu sATedsldiiauenseenuunisvsudneudame suuuiitisdunanineg
awsaUiumisetadudu feenuuuliadnsueeniudaeuiaunudannsauiuavens
Ieaghadadumedsdidnvselind laweanuuulidnmeanssuaddludavesenanig (differential
pair) aglumonves 7,2 ﬁ"uﬁaé’aamﬁ’am‘sﬁwmmamwsanﬁwé’qaaamaaﬁ'agmﬂmnsxua
(current squarer) asUSUAMILIWILBUNNIINTS IngaanuuunIud-AauRAWBSLULAAVIBY
a3 (source degeneration) Fadumaiiansdaunduwuuau (necative feedback) Aitaele
mswasuuawssiudunssuaiimududaduinnty Weminussiuitanaseusdumm
wuukeRviv R, asvinlviusadiu v, finmswasuuwassiuiuaniosasdmaldnsulauseiy
Wunszuaianundudadunindy wazausuBunnlaning uonanisiiiaue
ansavhoufiussdulianfisasnisuslaamdein waraunsonevaussmuildnig
Famngauiastluwaulunisesnuuuiaessu
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nagldumsiRasilunsansimmsssduumneilugudeya Scopus 1w 1 unmnu il
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AN 2.1 Lan99sialiouendisasuetedyyunseiu lnenaludsznause
druusnfediuvesdune tun fdumuatioundune r ssfirngalueiudlugaund us
lumsluaastiAryssunn 10G6Q Feasvitiussiudunaiidwvitduissduintoulfuneas

navfe dygiuanunasitegnleudngnasvenevianun uasdgygiuusiiusiudung v,

<

wazdiunaashediuvanadng laun drunaiiounaeing g, sdiawinduaudly
gauAR ualunisl judasiidseuim 0.01Q welidygrufignueiesisunasiianseiu
wuulidasegndsiuludaluanlaifiud uazunasdiowuulidassluunadediousudial

VoW o < LY L a a1 [ v < fa o L3

Wiy 4y, TaeW 4, Ao dasveneusswiuwuudn idwiniu 4, = = Fwunsaididnvseling
v

nlinuantilunisvenedygyruuswuie sauuand (op-amp: operational amplifier) Feu3Em

National semiconductors ndnagluzuuuuradladiues LM741 wazdaliviarauieniniinisuge

savuaudineldau 1w uSE¥n Motorola Hanegluguuuuaatlediues MC741 USEN

Fairchild winegluguuuuvedlediues UA741 Wusiu 1esifieuidesvesestuondlugauni
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AW 2.3 Lan9asiatiouteasuensdyyiunizud lnsniglulsznaudae
druusnAodruvasduns laud ddunuaiiouniBune & slawvidugudlugaunid us
Tumaufidasiimuseann 0.01Q warduNapIRsd VL WNe laun Fsunuaiiou
muedne R, zfidgulusiudlugauad ualunisujiResfiauseana 1060 Afaas

v o Y ¢ =i [ o ta [
wsrzaanslinszuaniaiuemwalvaluiluanldasge wazunasirsuuulidassdu
wrastnenseualiawiniu 4 i laefl 4 AD8NTINTVUIUNTEUARUUEAINDS Uag 1 Aanszua

) ' & @ a o i 4 fa a cda @
mﬂaﬂqu& YIDHIINIVYIVATLLFUAIUNINY A,.I =2 qj\?q‘UﬂimaLgﬂwsaUﬂawuﬂmaﬂJUmu
i

nsvenedgIunszuans uasiulonUyslviieas ¥aUsEm National semiconductors W&
Q) E‘ﬂug‘u wuvuvaalodiuas LM359 Dual, High Speed, Programmable, Current Mode
(Norton) Amplifiers AIULAAIRININA 2.4

L, G IM359 Vo

NN 2.4 299sisuLAgsvaIuasauaNdUs W o0

2.1.3 2995Y8IWNTIUARDUAALAUS

+

AN 2.5 WUUINIRD9299 V818N TUAADUARLAUS



Al 2.5 wannsesialiourensasunensudasusiaunud Taoneluusenausig
duusnfediuvesdune ldun ddunuaiounsBune R sxliaaaduetdudlugaunf
uilunsUftRaziiaUssnm 1060 Faphlrussiudunadafuussiuiteuliunisms
NANIAe ?’l’zyquumnLma'afdwQnﬂamﬁﬁgﬁmsmmaﬁu’wm WaEF YL IIRUMUBUNS v,
uazadufiaefoduvanetwnm 1iun Mduvuaiioumaeidne & axfiigaduetudly

gaunR uilun1sujUAasiAuseanan 106 NliA1ganstzaeansiinszuanieniuedng
Ivaluiluanldgge wazuvasirsuvulddassiluundsdranszuainigu ¢ v, lnadidn
i

as

G, Ao dmverenIudrsufnuaudLUUanI9s dAwindu G, = = Fegunsaiidnnsedind

\4
fnuauAlunsveensudasudaunusae Tadite (OTA: operational transconductance
amplifier) U3¥% National semiconductors wanaglusuuuurasladiuas LM3080 laglu
Fneninudiduildvinisesnuuuisesweensudesudauauduuuiaduiiidunaniie Tu
mseenuunssiuldliauantRvenasuee

nindreudpuaudlunseaniuy SsgasBenvenvsastiiausluumsely

2.1.4 295VLIGNIIUAITALAUL

AN 2.6 LUUIIADINNTTULIBNTIUAITALAUD

AWl 2.6 Lanssesiadiourenesve e udivaunud lnsnglulsenause
duusnaedruvasduny 1éun fdumualiounaduws & asliddufurudlugaund us
TumauiReiisnuszana 0010 Welddyarmunseuaduduns i nunassegniouth
drevsueiavin uazdruiidesfodiurenoring Iiud Msumuaiiouniaewng R o

figndlunudlugausd wiluneujifasinseanm 0.01Q uazunawsuwuulidasuadu
WWAIIEUTAUNNINTINITVEWAU R i We R Fie §ns1vgensudduivauduuuile
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2.2 NIUIERDTIULUTNDE

Yagtunmsesnuuuledfisuimsn@awesuililunsesnuuy laun niudamesuuuini
uazvudamesuuuied dallagtunuivelulavemauianefuuuduedlfadyiulnty
219110 Faflsuimindaneaiuuudueaunldlun1seaniuuianssiy viiaunInussgIes
ﬁgnaamwuﬁﬁmmwmuﬂumnéa%u WU MUIBAIIUAT (Memory) K 18UTEUIaNE
(microprocessor) {Wusu lnens@eamesuuuduea &I 2 9fia ldun wuu PMOS uay wuu NMOS i
aildanu 3 91 Ao vuasu (O: drain) 11934 (S: source) WA (G: gate) wazwuai (8: body) lag
vswdamesuuuTuea wia N we P dunaldiivhussgnasiiviveda fhgnasiudhaning
waneinlu PMOS wazdnminignasiusanatnuinauansindu NMOS w%a@ﬁﬁﬂmwaa
ﬁ"sgnmiﬁ‘muaﬁ” (body) ¥38§1U584 (substrate) wipuefiBnasonin bulk lnsdwignasiu
Whmrnnauanadndu NMOS uwathiagnasiuesnaneunauansindu PMOS dydnwal
YawsudamesuuLTuea viin N vie P fuanwianmil 2.7

D ,_IT) EIE j
G Go—|le—oB God| Go—ji=—oB
Gk ek
(n) ()

AN 2.7 (n) nsuTanasuuuduad via N wag (V) nudawasiuudved via P

2.2.1 MIMNIUTDINIIUIAADSLUUTNDA

nsliussiuludauniniudamesuvudueaililasussiuiiving v, ssgnlusa
wemuauliinsminhussammeelinfortudiusesauasiasu tufenisauauliiia
LTULUASEMINTETALARIATY T1r8eesaLAYgIuTEIIEgNABaINT1I Wazduin Ul
Anpravinlfsensefi-du Adrunsuilulusadoundu (reverse bias) fetfu Tunsdives
Suwrunuadneiivinawazesuidiandunan Tuiusadisntunsduesfivsuuua dnand
gunauaziasuddinnduau nfildnanmnauisoutunninssuaremsudameiuuy
Fusald 3 61y Ae srulinszua (cut-off region) EuliiBue (triode region) wargudu
(saturation region) Imau,cﬂ'ami'mmav‘hmu%%uagjﬁ’um V. -V, WAYAIUDI ¥V, FaLAnIs

ﬂ’TW"?i 2.8
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ID
A i
Triode —>;5<—Saturati0n
; vV
GS
>V
0 V. .-V, bs

GS 7

AINN 2.8 ATINAITININUTDINT U amaTuuuTuea

2.2.1.1 gulutnszua
1A ¥ -, Wumud vieliandudiau Fuduriivsdamesuuy
Fusalivihnubiitewnaduresnssuassymmiionnnsile I limswiawesuuuiuea
Tianunsadinszuansuld Iadunalinnudawesuvudueaszaglurishivinszua (cut-off
region) MNANNT

1,=0 3

V(j S

-v,1<0 (2.1)

22.1.2 gulidush
B Pasl= |7, ]> 0 UAE 0 <] <Vus| -7 | Wd uguiussfuluSaiian
naLazYIvesaiA NN IMSITUTAEY ¥, > 7, uazussdusEninsasuiurmesa v, &
Afenndn ¥, -, udmsudamesuuudueaszaglugwlidus (triode region n3e
ohmic region) annsamanssuansulanuaNNS

Ve
ID ZK'—’;—[(VGS_VT)VI)S _%:I (2'2)

dle k' fe Awyndreudauaud (transconductance) fAnvinfu
#,Cox
u, 8 frundelea wiedidnmsau (surface mobility of carier)
C,, fD Fhmmqsiaﬁuﬁmaammaanlﬁé (capacitance per unit area
of the gate oxide)
2 AMUNIweILTULLS (channel width)
2 ANUYNVBYULUS (channel length)
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V. A8 WIRUIEWINGTLNG U Yasd
8 WIwulaisu (threshold voltage)

b

9 WIPUTENINWWATU U Tos5a

5SS
)

b

~

, B NITLAATY

dwsulunsdiuseduseninwasusasvivesa v, dedesunn wey
LR v /2 Tuaunsit (2.2) ansoasianld nszuAasY J, szfidnvunidudadu lng
‘uuaaﬂummusvmwmLmsuuau‘uwasa Vs N3l nsudanesuuudueatsidnvas
willaufudsun nedliausuniu g, leisannsii (2.3)

e (2.3)

K’ L( GS _V/')
2.2.1.3 gudum
¥ 1% [ ' ] o o
0 sl =7y > 0 WAz V] > Vsl =17, ] 487 1UUEUNLIIAUNVUNALEE
PR TATAIUINNIMIRUTARN Vo >V, WashIRUTENITNVNATULASVITBTE ¥, TN
i nNIMTaIiY ¥, -, Wi nudaweiuuudneaavyinnuegluydusa (saturation region)
aansemmnsziaasulasiaunsi (2.4)

w
I, :—Z(VGS ~V, Y (14 W) (2.4)

dloa fie Lmuuual,auéua@}a%"u (channel length modulation: V'!)
Falumseenuuuiaashineinudildesnuuulinsudamesuuuiuea
v‘hmuag’ludmﬁuéf's geldvdnnisveensviaulugniflunisesnuuy wardimsevidansld
namiuunaeld
2.2.2 wwusiasswemuianesuuudseadmiudyninvuiadninnude

s

WUV UTam e Suuuduead miudyyruvuiadnfiauden (ow
frequency small signal equivalent circuit models) wanaRan g 2.9 1unisununsudames
wuudueadiereasini weldlunisiinsgvnanisnevaussredyyiuvuiadn (small

signal analysis)
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Go—m o oD
+
o e 3
o ' :
l
S

WA 2.9 wuudaswemsudanesuuudueadmiudyyrusuadniiaauban

nswdawmaswuuiueailugunsalndnmuand@lunsilisusssiuing-vesa v,

o4 3

Whlunssuadinsu-vesa g,v, audwuinaiidigann dalugauadiioindidnluetud
AuEuRTIAsY £, SAeudas msdiweindmilsldlunsiieseidygnun

o

@nAe AMSIUdROUAALAUS g, @mnsamiAllasanns (2.5)

ol N4
aV; =K ‘Z(V(;s - V:)Z (1+’u/l).\') (25)

E&w =

ASNNIIUTAN DS LUUTURAYINIUTUEUDLRT ANYBINTIUARDUAALAUTILIIAN

w w
& =K'T(V<,~S—V)Z =2 s (2.6)

t

@/

wuuassdggauiadnilanauiudtnwuiuy Wunuudassidslileaiingg
#santianareegIuse body effect Bafntuilagrusasiulilisesgivuweda Weviuma
yagwIothilanuudastunadnaanini 2.10

+
—oB
v +
g gm vgs rO gmbvbs vV
bs

O I *— ’ 2 O
S

MWH 2.10 uuudnaasvemiudanesuuudneadmivdygruvuiadniigiusesild
Aeagivv1vesa
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31NN NH 2.10 wundggamunadniiiatussningusestunneesa v,, szl
NeAwanssLaRTUdAWIY g,,v, 1AeiA109 g, ABA1vBINIIUdRIUAALALTNEIUTY
body transconductance WS TUTAREIWULTNOE aansamilamuannish (2.7)

ol w ov,
=—2=—k'—(V.. -V )1+ AV, ) — 2.7
gm a VBS L ( GS I)( + DS ) a VHS ( )

dmsunsainvIuBawmeswuutueavnaulugudue annsavnldmuaunsi (2.8)

gmb = ﬂgm (2.8)

4

Lﬁ@ f] = —_—
2,216+ Vs

7 — zqeogs,' N.mb
C()X
N,
¢F - k_T ln[ sub J
q n,

2.2.3 wuudtassvawmsulamesuuuduead wiudyy uvuimdninuige
LLUUr\Twaawawsw%aLmas‘LLUU%uaaﬁm%'Uﬁzyfgwmmmmﬁﬂﬁmmﬁgq (high
frequency small signal equivalent circuit models) waaefianIwd 2.11 9sRe1suImnasIY
waewuiulszquels laud ¢, ¢, \dumdifiulssaulsuinussesosswinanaiugesad uay

SENINLNANULATURIUAINU

Y o—

il 2,11 wuuinaesvemudame suvuduesdwivdyyramnadniinnudgs



\ - o o\ o =h
gninAneudn1s AWIINEIAERUATIVINU 5

1w < P a s = o [ ] a o
AduAuysElnia ¢, Tuvasimiudawesuuudusarinueglug ity
gdlAwihduanunsanmlanuaunisn (2.9)

1
C,=C, = Ecw(WL (2.9)

g5

Tuvasfinsudamesuuudueavhnueglugudud demwnaduvesnszuaszin
uLAUAY Wssduiviasuasiinafisudntossetenauiunssuanasszafiving vildeves
fufiulsey Cy, fAwinfudrduiulsyqudsitoanled Suinandruveanaseuiufuiy
duvaansu (overlap capacitor) lnadn €, HFUszanaegluseau 1 81 10 wulawin

AveiAuysEsEwinmInakazwesa ¢, Tugwdud awnsanildn

aums‘if’i (2.10)

o0, 2
g '67; = EC()XWL (2.10)

Tumauftdeduiuisey ¢, dvipmmimavewinfulszqlnih Aiaand
iuuszqeenledus amniufivesdinmiidouiviududvesasuduienty ¢, Filld
NETIN LAY

AnauURnd Ay Bnusenavils dwivlumsvihanuiisuawigwemsudanes
wuufueanivhoudiunnsues Ae mudfidsnsnisvenedunis (unity sain frequency)
ImaﬁmudwL"fJummﬁﬁ'ej”m'Wums*uaw]'swu%amaﬂwu%uaaﬁ'm'aag‘lugmmwamﬁ]sﬂauuau
a3d (common source configuration) Tauzdlaneasiianduniedeninit 2.12 uanwuusiass
leusa-ln (hybrid- 7) vemsuiawesuuuiuealudnumeissnoueusesa nioumnsyua
BUNA § UASNTTUALDNING i, ’lumsmé’mwm’s*usnaﬂixummzﬁﬂmamaq agmeainstou
widsiulanseuaduwn i flvdh Ssasldnssuarivioen i aunsovldauauns

i, = 8,V ~5Cpv (2.11)

gd " gs

nfinanuualuinwiuaves C,, dAdeeuin vivlinadaavingluaunisd

(2.11) fidwtlndeug agldaunisveansvuanaioeniv dawvindy

i{) = gmvg.\' (2 12)


khanitha
Rectangle

khanitha
Rectangle
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MWH 2.12 MSMIBRSINISVEIENTEUAVUENTUA9DT

NN 2.12 uans v, Tuwativesnszuavudn i aunsavildanuannis

ok 2.13
Ve s(CgI+ng) ( )

NAUNSA (2.12) wazaunsh (2.13) @au1samens1esnseuavausUamers Towddu

b & 2.14
i s(Cg:+ng) ( )

NANNTT (2.14) @awsamaudnyinlvensvenenseuaiandunils oy

o8& 2.15)
i (Cg: +ng) (

AU (2.15) awnsamanaud £, iy

LA (2.16)

2.3 29vsazisunsuanuulInsudmaesiuuduesd

AR sluivensasasfiounseua (current mirror) [18] As ANuFUMLTgah
voedryryeudiAndn (low input impedance) wardinudunugneenuedy g uiiangs
(high output impedance) mnamauﬂ’ﬁﬁ?’mﬁﬂﬁawiaxﬁauns:LLaQnﬁwmﬂszqnm“l%‘lumu
99 Hueganin wu neveedygindiuniivennissdetaldifunissveneseens
Fygruruiadnluanssu wasldluiesdriunszua Wudu Tnevluudranunsaade
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2easazviounssuatusldantmsudamefuuululngts wesnsudameduuuduea uly
nenfinustarna nitaniziaesastounssuafiadieannsudaneduuudueaviity e
] wuinasazviounssuadulasifanuddyresuie luilegiurasasviounssudldgn
Wty wiluinerdnuiiiavnanfiesasasviounseuasarolud Ae 2995asvounseua
ﬁug’m (simple current mirror) 293 5dgiounsELaIadU (wilson current mirror) LaLI933
avounszuaunalan (cascode current mirror) Wosnidufidenldluniseoniuuiesda
uiazuUUasA AN TRTUANe Y
2.3.1 Nasazﬁaunszuaﬁugw

2995azounsEuaiug L (simple current mirror) vinaulagerdendnnisie

winuswuludaiine-geda vemsmuBanesuuudueaifiauautimiousuiasssudaniu

v v o P
ATTUALATUITININUATLLAAIAININN 2.13

: 1,4 1,
* M] M +
, + | % 2 |+
VDSI <_.| |_-|‘:_g| VDS2
) ) IfGS )
B VSS

Al 213 2esazvisunszaaLuUNuguIEnIudanesuuuneayiadunyuua

NN 2.13 LLamN%sazﬁauns:LLaLLUUﬁugﬁumﬁﬂLSuLL‘UuLLua (N-channel
current mirror) Tnefinszuansdl 7, Wunszuaiiniadi uaznszua 7, Wunszuaiiniseen
vﬁanszLLaﬁQnazﬁaulmamﬁu%aLma's‘u‘uu%uaa M, 7 Vg =V, dieanydlinsudanos
wuudued M, fiM V2V, -7, fuunsu@amesuuviuea M, wsvirnvlugadui

gAnszuansum
k 2
II)ZE(VG _VTH) (1+’u/1)s);0<(VGs_Vm)SVDs (2.17)
d" W < =l J U L 4' q'
. e K =,u"Cm—, A A9 AU IVDILYULLLS, H, 20 ﬂ’Im’m%mWﬂUﬂ’mﬂaauw

YOWSEANME cm® / (V.Sec), C,, Ap MANNMAWIAAIN Sio, sennanniudesmuiu

. ' ' § o w ' a -
NSERARDWUILNUN (F/m?) Wag = A9 AMNUNIILAEAMNNYIVBITRINLAUNTELE Taazla

7]

SnTEIVRINTEUADIAWR 1, sonsuanviatn 7, dall
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(IZ.Z) HLA_ Sf)A — zsaA

@grwmmpr@glleAs&ptmLygmbLng S04 ngbenNnIbY
(02°7) UOLUTEBIELUGIMITRIEL LU AELELUMBNL AN REALILAL Y LBUIRBALLUSIE "
SIS CILUDBITALURLENINTIFLLTMGIERIALIALURY Y
LRWIRANLEULRL] WMMAGUEBTRLUNULAISIMILEIABNAZLUB|RL LN T/ M= T/ M pjonaLy
uLie s&pmm%ueeuuwmﬁewngnwmwmmerimLyx&}éugLrtwbg BNRLUMYIDLANEAERLLR
RLLUAEMBLLURLEBLYNBRENLAL 7/ T NERLLWBLLMMA (0Z7) #ELURRULL

T'w I
(02'2) TRl

CURMIELUMELLY]AILIA LFBELEMLIELILE)
ALY ¥ LY MUASMITIELLUIE BREREULERBNNANLEWIBRALE KRN *g = 1 I

i lsa/ﬂ’+l I/MZY ) faJI
(61 Z) zsa/n,+[ Ty = OI

g.b,lg glﬁmlﬂﬂ@u&u‘ttg
(81°C) WELUMENANY BLUMULUILLLIE (1919welted jedisAyd) L\L'%gpgﬂulpg,mkg@mr_;l,gl,mw
mqmépg gLuzsanuun,gfwmmertLtugbgt,@wlewgertgmﬂg@wwgmgmgﬂgﬂbmmnlwl
n,gn@rém%@gmgmbgzgﬂwmgwgm[yL,@begbgle@rtgnmn;emBagm;muwwp‘l

(QIZ) lquluﬂ' [.S‘(I/‘Ly+[ IHJA _ SDA lAdz,] _ ﬁ]_
szzuﬁ zsaAz_y+[ . ZHJ.A_ SDA "]z,ﬂ 01
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I, 1
A Slope = —
r \
02
Iref
»V
0 DS?2
V(}S i VTH VGS
MW 2.14 paNtANeIAnAvaeasiunwi 2.13 Tunsdifinsu@awmes M, uaz M,
ANWIEAY
NNT TuN Al 2.14 315aMIAIANNFIUMIULDIINA R, 1999995 Logiail
Cy, V,, |
R = DS2 _ 0 A2 2.22
coon, L Al 222)
g 7, AD WIAUEASNUDY M, FAUIHUAINAIAINEIIVEITBIVILAUNTELA
LUUTIADIFYYIUTUIAENVBINITIUTARDSUUUTUDE M, WAAININING 2.15 (n) LaLI9RT
. auyagvauuasdyaawadnuemdanes M,
WARIFININA 2.15 ()
Ve L __ v,
. M '5
g o 1 : + 1
élgg"‘ gmlvg\* * §rdsl§ - Vy — M|
H ? gml
(v)

(n)
= 3 as I3 a ¢ ¢
AR 2.15 () WUUIARIFYUIUVUIAENVIMIUTEARDT M, (V) 299TANYAIVDY
WUUSIABIF QR IUTUINANVDINTIUTALNDS M,
dieRarsauuuudassdyauuiadnanizvemsudanes M, luni 2.15

(n) wudmawdawes M, gndeadiowdulalendmile 1, gunuAIL199Tn LB WWAITA
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1w
[

(A = L L < 1 v
Laud veamsudanes M, awnsamlilasdoudygruuswiunagey v, e v, 16

deyyunszua 7, dawvindu

& __ ¥
[y ——+gmlv

14
8s :_y+gmlvy (2.23)

rds 1 rd: ]

(3

uazlsinnesyndufinaudromsmdanes M, vy -/, usiesen

ml

1 o 5 J L3 = ] (=1 ‘s J o Ly a
T 0 — suuAeInneduiuauglgnusenulawingy L gdlunmd 2.15 @)

ml ml

v, L
M, _*__
: 1 i -
gm] vg“ g,,, zvgs <*> ra's2 Vx

‘ <
. (n)
: i |

-

+

()

= ° o o S
Muil 2.16 (n) wuUTTRBSFYYIAYUINENYBY NI TaTBUNTEuATIAUAAT (V) 2939
duyavasuuuItaadygynvuaEniiasdmasgy (n)

PNRTANNagvemIUTanes M, Tunwh 2.16 (n) e ¥, sieasns1IuAveyil
Tilifinszualvamuswnunu g, wae g,.v, whiugud 3slasasauyadveanuuinges

s [

dyanauindndinng 2.16 (1) Ao rwaduuausuesdygiuuiadniiawindy r,,



21

] C ]Ou
% . /, . glﬂ . , &

CgSI T g""; CSSZT 8, Eas2

AR 2.17 2esauyadvasiyyINvLINANYDNsEsiDuNSEUaTIANDG

NN 2.17 @sovIiantunIsas|y (transfer function) lalae
auudlviuvaanulinamiunmi 2.13 widu 1,

ATUNTUA ¥

Ly (5)=(5Cy + 8m +5C )V, (2.24)
ey izm(.szscgyz (2.25)

Frsendilun 7, :
L (5) = 8ni", (2.26)

WVLANNTTN (2.25) asluaumsh (2.26) aglafandudasitusail

L. (5) _ Em2 (2.27)
lref (S) gml +S(Cg:l + Cgsz)

Ioul (S) :_gﬁ 1 (228)
L) g | 5(CnCon)

gml
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NTEANLRMNIAINLRUIUNaNAE e ud s uRal]

Lo _ 8w (2.29)
lrej gml

Tuininusildeenuuuisasiitiaue Tneldasasasfeunszuaiiug ilesan
\Hursasiliidudeu uarlimudamesifissassivinliuszudaRuiilunmseenuuuisssm
uenanimufivysequidsiidnauosvinlisasiinansuduasaudifinninssagiounszua
wuuBy

2.3.2 29vTarviounszuaiady
2993asVaunseuaiadu (wilson current mirror) wansian i 2.16 uasasidl

[

WIANATURUAUGES 2995UsENBUMENIUTaWeId I 3 6 laensudawmes m,Ju
nswdanesnidunn waensudames m,, ¢, \DunuBameivnaedinm nssua 7, uay
nszud 7, Asnssuanlvaiiunsudames p, uwaznsvwanlvacunsudames M, M,

AUAIRAU

+
‘ II:VDS3
M3
* M V
+ i our

VDi 1 :—I |_—0_{ A';‘Vpsz

AN 2.18 29aTdounseLaIuduY

4 a o ] ' 1% o &
HeRTUIINANTA 218 WU v, =V, +V,,, dwald v >V, fetu

AsazvisunsEuavenIasveunseuaiaduiadulyesidlianysel Faansuinsalves

' ]
o =

Fynyeaeanm WUIUS U WANANITAATIAWINY V0 i = Visars + Visars * Vi 19

q

wanslunmd 2.19



23

L
I ref
.
= our
0 VOUT(min) VDSAT2 + VDSAT3 + VT(MZ)

AW 219 nmnTEuaREWABUR UL IRWGA

NNMA 2.19 1TUNTHAUENRUTITNIINTBUALD NG UATUIIAULBIGHA

o =

dunaleineesasviounseuaiaduiiulivihuliousiuedwaiiawindu v, ONVITOR

OUT (min)
Hudeunnsevensasasfiounseuaiadunanie nisalweusediulendnasiaiideudig
iin
2.3.3 9asavfipunszuauAalan

Ysazieunszuaunalan (cascode current mirror) WAAIRINWA 2.20 1Hunans
fifilodnmdufinaudgs 20asUsEnoUMenudawmessuiu 4 ffiiinsudames M, ee
waalanagiunsudawmes M, laensudanes », o Junsudawmeinidunn uay
nswdawmes M, um, Wunswdawmeimiaeding nstua 7 uasnszua 7, Aenszuaitlva

iunswdawmes M, M, uasnssuanivaiunsudanes M,, M, auawu
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M, A

M, | m

I

NN 2.20 2935aSVIBUNTSHALAGLAR

luniseenuuvienasagfiounseuauaalan svsenuuulinsudanes a,

war M, fawaunasiu vinli v, @v, wax v, @v,,, feunisasieunszuann

GS3

nindanes m, W v, Wuldldedauysal Fefinrsannisalavsadygranatdinm wuii

!
P=1

WSIPUDWMNAVIAWIFANE WY P, =V o+ Vo + T dauandluniwi 2.21

Ifo
Iref
>}
— our
O VOUT(min) VDSA 73 * VDSA T * I/'I'(M 1)

M 221 pswinszuaeIAnaiisuiuussiueing

9100 221 1 TunsMAMuFNRUSIENIINTELADIINN LATLIIAUDIANA

as & 1 b9 = 10 o . o < 1 1 Qs s 5 =
dunaldimusazvsunsvuauaalanEulivihanuieuswiuedwadifwiiu v, - aeduda
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Judeunnseswensasasiiounseuaunalannanfe nsadswasussiuoimmilafidoudi
3119
wiloufuaeesasviounszualadu eswn v, @v,,, Fatfuussuiiviasues
nsndawmes m, Jedlistanairdunswiuiivinsusemsmdawed m @sdidwinfur,,,)
dwmalAuseiuiivunavemsmdawmes u, fiwhiu v, =7, + 7,
9INNDTATVIDUNITLUALUUAS ] WUIT 1ITELVDUNTEUAIDEY LaI995aeiou
nszuaunalaniidounnssaniloutiufie n1sadwiaswsaussiuodwnilafideudiesin
Q‘?é‘]’ﬂﬁﬂﬁLﬁamwsazﬁaunszLLaﬁ'aaamuum'li'ﬂun'ﬁaammmwwaﬁwmﬁwuﬁ‘ﬁ
2.4 2995988 FYYIUNAANLUUTUDE
2935V818HaRN (differential amplifier) Wurasvenefidgrdyundnaseswils dnvuy
WLYBIDIVEIENARIAR 29358N1sUTTINaNady i dunaludnvuznania (differential
input signal) wnufin1sussananaludnuasiiiieudunsnd nisussananaludnvasnasiigl
AnauURruMaIsysEn1Tlaun Aruannsalun1sidadyyiusunuldint g dyyin
Lmﬁwmﬁﬂhaaﬁan%ﬁu u,azmmLﬁaummé’muzymmﬁwmﬁaﬂaa
2.4.1 'wamawammwﬁugm
Nﬁ]wmawadwaﬁugqu’lumiaaﬂmewswaamwu’lﬁm'\u%ama% M, udy
vsmdames M, fmuaumediu fafusndiiuin 1ervenonasedeillasadiefiaunns 9n
anantATnaIIamnefaziunlfdmiveenuuuluimaudasudiamesiinuauie
nseualls) dwmvinamsudaeudamesifinisusgnaldnunasiaumiainieaseie
NBFNIUUUMIETI (long tail pair differential amplifier) Wundn Sefes indrdyuosnisi
1mudnsusamaswuvdteaueanuuutliulesdudu Afensinueevasmsiud
AeudmmasuULTteaanIaUssnansifidusuuieiduvesaunisiidaaes Fuduaunts

Tadudaduneannisn (2.35) WATNIIUARDUAALIDSHUVTUDADEINIELENISINING 2.22

S

Im* I, = [I)l 'Olnz
+IDI 11)2*
Vlo__—”:Ml Mz:-_l
Vin = Vl - Vz
Vzc

14

8§

WA 2.22 29a5v818autngelaurtialinsulsnesuuuduesednine
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n99stun i 2.22 nswdawes M, waznsudawmesd M, Wuresvene
AULANALUUANIMET IsuBsadwiminddsunswulunszua duniudames M,
. warnswdawes M, [Wurwsasvieunssuaddwdnsdeiunssuawindunildeeiinssua 1,
Junszualuwealdiuies deteudygraussiu v, asviil¥nssua 7, was 7, Tuf
NIUTALMDS M, LATNIIUTALNDT M, ATUEIAU NTzua I, ﬁgﬂasﬁauﬂssuaim

NITAmes M, warniudawmes M, Wesurlvavesnainainszua I, Miiadud
N dawed M,aglanssuaieive £, dawvindunssua I, -1,

100

. -100 : — +—
-12 -1.0-08 -06 -04-02 0 02 04 06 08 1 12

Vl’n(]/)

=

Al 2.23 nsmanuduRusvasnsTuaeAWATuRsituYe wussAuNaA19Y8 B UNA

nnnsflunnd 2.23 wansanuduiusseninennseua 1, AUASIRuRgaIn

V. 48424350818ALUANAN SRAdsaunisi (2.30)

[ < £Ce EV_}VM A e (2.30)
2 | L u,C.(WiL)

Mnaunisi (2.36) ansalsunsmuaninuduiusseninnssuaewing
Faduileiduveussfunanisvasdunn (differential input voltage) 7, (I, ueiuealadfiy
K I, way ¥, uesuealadiu 21,/ 4,C, (W /1) famdl 217 Fsamnnswuandliiiiuinn

Autuaneing (effective differential transconductance) Yaamudaneswuuduaagueie

AUAEidnwaEAd e duguEtea I 1ve I udamesuuululwats (bipolar

differential pair) wagilAgeaniiuAiauidy quiescent transconductance (g,,)
NANMIT (2.30) anansavnmai g, Wiaunsi (2.31)
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gm = V/‘lncox(W/L)IB (231)

g, = 2KI, (2.32)

Tae?l K = 1.C, (W/2L)

nenluaunsit (2.32) alde g mamwsﬁLﬁﬂﬁuﬁv’ummsnﬁ%muquﬁh
Talaensusunseualuda 1,

NS MARNEIRUS TN LA E LA T US IRUNAs1IwD B uNATUA W
2.17 agwuin aasudasudamesuuudueaiufitaanisvhauidudadulugaua 9
Wudeiumsudeeusaweduuuluingt’ Tnefhwmaudaeudaneiuuudues osi

2L, 21,

2B < — 2l Fapvaausesiy
#,Coe (W /L) #.Co (W 1 L)

AMLIITUBUNAVDIRTTANMIAY -

dunmvansudrsudiaweiLuLduea uuuitidunaniaiianansayueldogads
i vandyaidiivuiagenitAmdenanudinnssudareudamesuuuduea sz
otflutedusn Wude nszuaednmasdiduvindunseualudaduwn (7,) dufiemsvasnseua
Lmﬁwm%uagjﬁ’wﬁy’ammmwmLméﬁ’uﬁuwm

AW 2.24 LansIsvsudnsufame suuudueaiugiu Afinseualudaain
aoven 1, wwdludiimusdiauthanduneivinesisudes Ssasilunaasyiouluds
NIELAD WA 9INANNRTTUNTELE 1, (DunszuaiidiBatulsasasfounszuauuy
AT IBNTELE (current source) AiUsEnaUMENT LT M, wasniudawmes M, e
il fiefanarae channel length modulation Wi wazauu@imIuBaimesuuudueann
fn danuaunegiumugeuaiagvilienseua 7, wiiunszua 1, Fanszud 1, Andnwe
WuReatunszwa 7, Asnssua J, %Qnﬁwﬁqﬁ’mwsazﬁaunszuauumma’qaﬁanssu,aﬁ
UsENaumie M, uag M, fadunseud 7, sswifunssua 7, #ae nszud J, Jzgnazviou
dwmsmBames M, uaznsudawmes M, lilaainssua I, =/, %aﬁmssummﬁwmﬁlﬁ

0|

IL=L-1=I-I (2.33)
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M vll
1

|

’ VDD
v,
V

in

+ o—

A 2.24 2eesanysalveslefieiifilaseairadunsudsnesuuudues

winszuaemwadnaiiurasuansealuRshinmes sudvaremsulanes
M, wag M, sty

I, =8V, (2.34)

e g, HAWvindu 2K7, luaunisi (2.32)
WeRITUIaNNIsN (2.32) 3WUIT ATEINILUAINEINY LUSHUAUAITINTAADY
- vaanseualuda 7, deilinsashiaunsouiuamdnsnmsvenevsudasusinumud it augudy

2.4.2 29ITVYIUHAAISUUUARNBUYTOH
NATVHENAFNUUUAANBULS 8d (source degeneration) WWumalianstaundu
i a0 v v & a & a v X
WUUav (negative feedback) Naelvn1suvausssulunszuatiarululaduuintu

NV YHAGNIUUUARYIDUTSDALARIAINING 2.25

IO

g
Vl.f__1
V -

v gs

A 2.25 asindudadusienisaanausiod
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it 2.25 mavilndudadushonmsasmoussed eswnuswuiinnasou
R, aeviliussiy v, fimswBsunuasssdutiuaaionas dewalinisudasuseiudunseuad
anufudaduinniy lusausderfunsteundudanaiasinlisnsainailoudeiie
amaudu

= gm — gm (235)
]+ngS ]+gnr/GS

1A8N1588NUUUNATVLBNARIMUUAANEUYSBE @150 BARUUNITT HEBILUY
Ao awsmmawam’NLmuamwaw%aaﬂmaﬁamﬁmm‘ﬁ’ﬁaﬁmmuamwawﬁaﬁa WAENIIVY Y
wasauUUaRveuTSea M agan s iildR U uanneuassii FanszuaieIiwnues
FINEIL I NWUTAUNINT

®, ,® L
o Fe

R,/2 R, /2 4 :1

27

(n) (v)

Ml 2.26 299V BHARILUUAAVBULSREUABda R UlIAIRUNTUAANDY
o o Y d @
(n) Tddafunuaaneudasia (v) Teddunmuaavauvilei

2.5 29esniudroufnngs

Tolie (OTA: operational transconductance amplifier) %387995M3UdABUAANDS
Hugunsaiviiauaaiieianis Fduagiuliinseenuuulieglugurensassuvioled
Tnodufiteuiuntszgndldlumusinag faedwinuaveauseiulniuazinuaves
nseualrinlfBuetheiuazunsvans lasnmsldnuvedeiiehidudeuten uasdsie

sansaanuuulasIassvaslefetiufanunsonanalananini 2.27
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MW 227 (n) 299sauyangauaivasleiite (v) dudnualvadlaite

Teaidunsasvensiuvasussiulwihlrundunszualuin Inefidnvuensianudu
LLsaﬁuIWﬁwmmumeia'«a'wn's.,ualw% (voltage control current source) %mwsauuama
gAY AR LLavamanwm LLammmww 2.15 \Jugunsaididnvseiinddil 4 47 "memauwm
(V ) 2 ‘U’J Taun V.oway v ?J?ﬂiuLLﬁ‘VI’Nﬂ'm‘U'l’e)E)ﬂ (1,: output current) 3NUIU 1 °U’J wee
Fanszuanauau (1,: bias current) $1u2u 1 42 guandiveslefieduariidufiunudnig
dunauaziodyaalaslunisgauafasiiandusiud 9nvsanyanisgauafivedledie
%Lﬁulmmns.,u,a"I,Wﬁmmmmwmuﬂaawﬂmmummu,mnmwmLLsamuNﬁwmmu
Bunn TA1dnsverensudrausruaudiniy g, warsnsIVEIENTINEADUSALAUTANNTD
mualddenseudlni 7, daluaunisit (2.36)

ot = & WVine = Vi) (2.36)

Tofeilassaduneluiiadranannsudaned duiialasadeifunsuiamesiuy
lulnan$ (BJT: bipolar junction transistor) warlassadrafiifunsudamesuvuines
(CMOS: complementary metal-oxide-semiconductor) IngAdnsenensudaeuf ALALG YD
Trssasamdunsdawesuuululnanssunandluaunisit (2.37)

I o
Emiry = ;(:/”) (2.37)

T

dlo v, Aranusnedndsuiliosunaingungd (thermal voltage) wazAdnsveny
nsudnausnunudvadassaieiiduininesisuldsawendusiweasuuy simple OTA lag
T¥nsudameiuuuTuoauanisaaunisn (2.38)

2Ky cnpos) (2.38)

Emcmos) =
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Pnaunsi (2.38) Adnsrwerensudrousauaudvadiassaieiidunsiudamesiuy
Tulwansanunsausudnsvenensudroudaunudidodadaduiomnnssualuda 1,
LildRnegluilaiduvassnfiass daluaunsi (2.35) Ardasvsensrudaeudaunudues
Tssadafidunsdawmesuvuduealianmnsaufuadnsivanensiudrousaunudlaogng
Faduilosnnseualuda Lyenos, SOuwuUaidunasaunisidaans Faduaunslidud

G

2.6 amsudrsudamesuuunaaiildlintsinauaudy
ndefirunléndnfinemsudasudamesuuudueaiaiuguiniinisueis
nswdraunnuaudlamenssuaddluda 1, wiAdnswerensudaeudauaud ldawnse
Usumldagradadu iosnmdnsivgensiudroudauaudiu usiufumsinfiaeses
nsvualuda 7, wahulumideiasnanianaialuntsiaunielinmsudaoudanes
AN50UTUAISN IV IUERDURALAUT LB 9L eLEY
2.6.1 1aTudnsuinnefuuLTNREAIUANABLIIAY
eI ndreudnimesuuudueairmuaufeussiu iunseonuuuiielinems
nudaoudinined aunsaliaveensudreusawaudiidudaduluguuvuiiontuiu
NeVTLdRufmmasuuutied fafinistnavendnniseanuuunasl Wuriwenats
$1994 [9-11] Tngnaesiivhiauesainam Idedanadn 2esiitiauedingasuduavens
NsudnauRALAUTRI8n15USUAILS IR (voltage control) &slunisuiuan
Lmé'umuqu Jaildesfnfiddfe fivrsnisusuarldegadadurenamiudaeuda
waslalinratn warlimunzanfursasuuuildussiuliid o (low voltage) Fv995w
mudneudinnosuuudusaiinuaumeusiy faegnseslunini 2.28

Vop

Ilv Lb

A
lm’ _‘{ 2 2 h’i‘ N"}
. VB

‘HHM;
|
B ¢ "

- d\ ) 255
v P

AT 2.28 299TTIUdROUAMABITIAIUAN g, AIBLTIAN
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AN 2.28 Wurnamsudasudawmesieenwuulaaldinade cross -
coupled B3IAMINUAABUARALAUTVDI99T A0 TATIElRITouAINSELAL IS HA AN
aun1sh (2.39)

1, =1,-1,=2KV,(V, -V,) (2.39)

o C' W v a P a4 )
e K:—/f"?'i[f)uammmuauwm V., =(,-¥,) e ¥, uay ¥, Aausedu

\NA-¥DTA YBMIIUBARDT M, Uar M, MNEIRU ARNaNNISNITLEVINEIRNARINENNTS]
(2.39) agla

I{) = 11 _12 = ngin =2KVin (240)

NNANNST (2.40) iuld AT menevsudreus UG gm = fo/Vin = 2KI,
Fawes g, aunsausuanlaegadudulamenssiuauay v, wiiiasaniidesiagu
ussfuiimuauazgnifreglutaslifuundsinglndosmess Suilfmsmsudaouda-
Wes lannsauium g, Tatutianig
2.6.2 MITNTIUHAUAABTUUUAIUANAIBNTEUE
2vIMUdRBuFAmDfLUUAIUANMENIELaTiinseanuuy Tagldinadiang
vauremudaneslutig weak inversion ieliANdasvenensudasudiauaudaInTn
Uiulregnuadumenisaruauimenssuandluda 7, lolinisunaws [20, 21] uandnaes

WA 2.29

t
\Y DD

B
Vs

MW 2.29 2amudraudamasiinauay g, AdensELd
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31N2995MUNMA 2.29 ArauiFveisasiiszendunuanifvemsudaweasiuy
Fuoaninauluniu weak inversion FIAUFURUSVOIANNTNTEUAATY 1, UATLTIAY
ne- gesd v, tugullssduanuduiusvesiadudnlUwuwisa feaunsi (2.41)

w V.
‘ I, =—1I,,exp| & (2.41)
p =7 o p(nV,. ]
We I, D nIzuagaundududl (reverse saturation current)
A sub-threshold slope factor

Y, A9 AMSBIaInNAIu3au (thermal voltage)

nANduRudseninanssuaasy 4, wavkseduina-vesa v, miy

. mudrusuuy nluuuuiiioa Faidnvusadretufuanuduiusvenssuadiinmes /,

wazusaua-diiawes v, vemsndameiuuulnars dufudresnuuulidyaraiiteu

. msiudunaiianfasuininn (small signal) ssvilWdygrunseuamasnue wiwsiliinain

2993ven8dygIuNanig (differential pair) faududaduiudygranssiunduns a9n

AT 2.20 aziulidndinnennsuseneufensiudames M, My, Ms uwaz Mg Tnedtyao
wsssuBunmvenssnsdnaudames ¥, andy logarithmic fimdsaumsit (2.42)

Vv, =nV, ln[i—zj (2.42)

1

I R & i Vel & a w o e d'
MNUU r\N"Vl'\s[,‘wﬂ']ﬂ‘§3LlﬂL'O"If?']'V‘El‘(‘?']"VI‘LWJ»Jﬂ'}'\3».1L"du|D°INLﬂul,l,a33»1?1'\ﬂﬂ?‘ﬂdﬂ'\'ﬁ‘l’l (2.43)

out
Cl eq

1, = Al Bl
I R
(2.43)

QnEunIsh (2.45) suiuldidnAdnsiveensudnouiaunutuadans amnsn
Vualalaonseudluda 7, wio 7., wiesrtlsAniuisasiamisofiazufudn g, fe
nszualusaiisiialusasuay o Aeviildlite 100 wih Fsdesind iosnandeanisludaly
N5UTAM391191UIUY1 weak inversion

2.6.3 29IINTIUEADUAALABIABUUUATELAR

295N udrudamesieonwuulaslfinafinn1sFouuUATEAA BENLUUNN
eliusumsnusensudrausaunudldogadadu Inadigiiiave [14] fiformwswenele
Wastuuuansudreudnuadavusvendlddaedzsidnmselind wie (EOTA: electronically
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tunable operational transcondance amplifior) sanuuulWIRINTUE-AOURAMBSLULTL DA
Aaursavsuanlaegnudadunlenseuansludaannnieusntaludiandadsuszunm 3 e
(1,000 w¥in) Aauaaslunng 2. 30

i

NN 230 2935 EOTA Wisenuuulagrasvudasuiamasuuvanadiuau 3 69

nestunnd 2.30 1aseenwuulneadunuauiive mudanesuuuduea
vinenlutasbum wadldinaliamsadaumssnidedns iesnmeniildidudadu ve
NITNTIUAADUAALNDITVDIITTUDE ?'éaLﬁuﬁ"’uaq“luﬁaﬁ%’umaasmﬁam Fafuiieansids
apsaunsTuLdaERldmsnswenens udneusauausvaansaansaU SuAldeg g
it TaeuSussasueensudreudnumdiensuuaidlusa 7, anneuents

dliensanlasiademunmd 2.21 1995Usznaulufe99msudnousnmnes
WUUANARTIUIU 3 67 Tneft OTA, ﬁwﬁwﬁLtﬂaaﬁmﬁgmusaoﬁ’uﬁuwm v =v,-v, Qu
Fyanunszua i, wardwluds OTA, Feadumdumuuvuieniin z, Taefl z, =1/g,,
o g, Aemdnswenensudnousaunudues OTA, fufudyamnseua 7, - g v, vl
ALsIuRNATaNfIFUIULULLEATI OTA, Sefsaunisii (2.44)

VL = iLZI. = ngVm —]_ (244)

m2

fvualy g . 901 OTA; AeAdnsvenensudnouinunudues OTA 3 AL

Feenansouvasdyaniuseiu v, Dudygnunsewa 1, ladauns
IHIII =gmll/1, (245)

wnuaum s (2.44) adluaunsil (2.45) wwlddganunsud 1, Ao



35

= EmEui (2.46)
ng

1

Wo g, =2Kl, , g, =2KI,, WA% g, =2KI,,

WO UALY 1, = I, = 1,, MUUNANNINTTUE [, uaNnsh(2.46) agla

ont

21, JK K
ot = —u Vin = ng Vi" (247)
21,,K,

v
LY @

Wo g, AD AGRINVEWNIUAADUAALAUTVDIINT EOTA fiAndied]
&ur = 215K, (2.48)

e K, = JK.K,/20,.K, ‘nermusliidurasiluaunisd (2.48) Seasiiulé

AN TIVYYNIUAADUAARAULVDIITTNIUERDUAAWMBS @ursauTualaneITnIg
Budnvsetind lnemsusunseualuda 7,

2.6.0 29ATNTIUFADUAAIADIRDIINAUNUNATUSUDRTIVE18YBINTZUE

2asMIudnsusamesieanuuulag [15] §3e71 2asvensleweaistunuansud

AoURPUIUS LU VIR AR AT SuA1ve e lffe3EBIEnnsetind (BOTA: a new CMOS -

based balanced output operational transconductance amplifier) Fadursasiieanuuu

wiielvannsausumsnsweenswdneutawaus idetadudunasiiguning fuanmiy

WA 231

Fixed differential
transconductance Variable current gain cell
Current control 2
e L, 1
: I : i +
: 2 H gut
Vie——+ 1 | ——
i | orai : I c :
Vo : 2 ——
O—i - 4 -
P

Current control 1

.....................

AMW# 2.31 2995 BOTA
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] 2/ [y 1 ' L%
INITAUNAN 2.31 293TUTENBUMEIRINIUABUARNDIHDTINAUINT
UFuardnsivengvedyyunseud WaRTUIANTERADMWAYDIIR U SUATRTIvENY
danunszuainime

iom+ = giomv = n(II - 12) = [ﬂJim (249)
. nl, .
toul =1 lm = "4( Vin (250)

Mo n AD 299359
A. A9 N1V Y YIUNTEUATDINITUSUADR IV VDINTEUE

v s

waslle |1,]+|r,| < 41, MUudaverevesdyaIunTERaveRTUTUdRTweIY

Yaensenalaniannisy (2.51)

nl
A =—*% (2.51)
27,

MNAUNTTA (2.50) windvuanssua 7, A agamnsavldnssuaendne 1,
vosasusumsnswenedygmaisalsualaegradiadumenssualudanieusn 7,
LAz 1easiitentn Ao ., <27 WeRarsunludiuvenasnswdraudanesiuuy Fully
Tunwit 2.22 Tnensudane suvudueavenshaulugiduds Ausswudunmvediss
V, =V, -V, WAZANITUAANA §” Uay i Ay

(2.52)

ANDRTIVNBNTIUAABURALAUS g VBINITNTUEABURANDS ANV

g, =2K1, (2.53)

NnANMST (2.51) wazaunsi (2.52) dle i’ =i, ANTELADIINAYEIINATHAAS

L= AT (2.54)

out S0
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wnuenaunsi (2,52), (2.53) aduaums?l (2.54) Ainspuaiedneesies BOTA fidn
AeauIn (2.55)

om - 2K1 1 Vm (2.55)
21

Y

MNAMUAIY g, ADABATIVEENIIUdABUAALAUTVEY BOTA AdRsI1v8ne
NIUAABUARLAUGULAANIAIANNITN (2.56)

2KI
n 21__'? I, =K1, (2.56)
Y

&mo =

PNAUMST (2.56) Asdiuliiadasueensudasudaunudanunsauiualdogradady

munszualusa 7,

2.6.5 vsudrsunniaudlineldinatianisaiedunisennidsdas

mMsoonuuLasieisl Wunsldmadadieatiteidusnidaediivanns

Tenvsfiagmenvassniians [22] wdagldreoniwdreudaunudusasasiiiudady

Aatu dlefnrsaniseslunnd 232 §rsesuszneufersveedyyiuiiuuuiues

2 gafitmuslidanseuaRlusannaeuen fiawdu 1, lneilusaiuduwnee v, =V, -V,

Vop

AW 232 29T udroudiawaiiuiua g, ldegradadu

PNMTRATIITIUNNG 2,32 ALFINTTUAWINY J, VOINITVUY

ol

Aygnunanieiam 1 Ag

’01 = glein (257)
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[l v v & o ¥ a o [ Ly & =
AP 7\]311’16“']149‘12]9‘1'11&“/]'114 R %QV]W‘LWLﬂﬂLLiQﬂumﬂﬂiﬂu R w359nuUIzUUY

ol

LLiqﬁ’uﬁuwman%‘maé’tymwwmﬁ"aﬁ 2 ﬁ’qﬂ"'unimatmﬁvgmzlﬁdﬂ
iy = Em2¥a = 82 (I R) (2.58)
wnaun1s9 (2.57) adluaunsi (2.58) ni::u,aLawﬁw*n‘uamwiawmsmt,amlﬁﬁﬁ
b = & 8ma RV, (2.59)

WosnnAdnsweevsudroudnueus g, = 2K7, way g, =2K7,,
e wuald 1, =1, =1, Udz K, =K, = K 3InauN13¥ (2.61) NTLUa@1ANAT8I9959¢ AN
FaENNTSN (2.60)
2
i =(V2KI,R) ¥, =(2KI,R)Y, (2.60)

01 g, ABAIEMIIVEIENIIUAABUAALANT AIUUAUNITNTLUALDINNAVDY
29951UANNTST (2.60) AUNITOINSIVENENTIUFADUAALAUTYDIINATLAYINAU

ng ZZIBKR (2.61)

91naunIsh (2.61) Sreenuuuly & way R Wuaind asdiuléinAvene
NINUFRDUAA-LAUTVDININTIUdABUFANES AunsauSuAlamieiimedifinnselindlay
meUsunseualuda 7, Favilignsnnududaduvesmaeensiudroudauaudnituay
Ligndnrn

2.7 2923INAAIFBIT YUY IUNTUA

29a58nAd e sdy 1unsELd (current squaring circuit) [23] aRIRINIWA 2.33 &1
weansuTANosYnTiAIUANNIETY (perfectly matched) wagiualidnsidiuves
w/L vemudanesuuuiteausariaiiaiiuielusalifinsinaludidudaesld
NILUAATUVBI M;, M, Winfiu

Iy = K(Vm -V )2 (2.62)

Ipy = K(VGS -V )2 (2.63)
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(L9
MULAILYTELERLDER,

"I eingenaguwaeLRreLlasubuLnseLEm  SEMENEREGNIENALUCY T URY]

e

(99°2) et e="1
I EN))
RULILLLE

wwu@wmsugl% (§9°C) ueLureEnipe (H9°C) AN (£9°27) (29°C) WELUIERUN

mo

(59°2) ="
NUUAILYIE "7 EEDLOERBIALERTALUREN
(¥92) WA+ 0 = Uy
NULWILBEE 4 ENIFNENURYY
ENZLURBLABMB b RIRELUURLENL €E°Z IMLY
L s

W 'Wtj
-

I = ZGIT W e

A
Mo 'EGI
| %o,
—_———
“

6¢
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I- 2
I, =21+ 8’; (2.68)

B

] < L (3 v ] o w
Mnaun1si (2.68) aziulsnszuaosnsvewsiaduidae e insyua
Sunesaudunszualuda



Ui 3
NSAILATIZNLAZDDNLUUIITNS UAADUAALADS

el warsesiisidesiinnliwautunsdeidinedivg Sinaniadluud 2
TuuniiBunsinemguiisngg Aiferdeunldnansitazesnuuuisssmindaousames
wuvilgreBunaning wazanusausuaidnsivetensudrsudaunudidogiudadu lned
UsEasAndnAe senuuuInsTsudnsusawesuuuiitadunanitdausauiuAdas
yerensudnaunawaudisegiududumensrualudasnnaisusn nasnlusenwuulil
Tassadvenasdedidiunsudawmestos lududou uazawiseasraiuiassule
lagdny

Tuuniiuszneude nénmsvessnsudneudawme fuuuiididumnn efiannsausy
mlsegradadu Aannsonuausenseudludaniouen msesnuuuiesingldinalulad
FuoanIUTANDS NMIUATIBNAUIIOUTVBINAT AFDAIUTNITVNAABUNTTINNIUTBNNIS LAY
T9lUsunsu PSPICE

3.1 nrsduaseiuazeanuuuresduealefiuuuiitrsduwanirsitanunsauFuanld
CLRNENTE AT

NnudnnsiugiuesasnsudasudamesTuuni 2 fanauantBvensameud
AeudAmeskuLTea Aifitedain AoliaunsauuAdnsveeniudesusauaudlifong
dadudienszuansludainnisuen waziitidunauay Fuduluidedazndniinns
99NLUUNITNIIUAABUAALADSUULTYIBUNANIY wazaunsausua1dns1venensiud
aaufPuauFlFtrududuienseuaddlusaainniouen wansfanmi 3.1 lasnsasas
Usznouniedstdiu laun 2395Msudnaunnines 139 OTA WAL99TUNANAIADITD
dynunszua Insieenuuulidiuvesnssuanaludavesnanie eglumenyes 1, Hufte
FR40IAINITVNIUTDINITUNMS @IV Y IUNTEUE

]B —p— IBZ current squarer

Al 3.1 udianlnezunuradleasiemsudreudama suuuiivaeBunaniieianunse
Yiuanlaegnaaiiu
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Inlastasiweesmilausdyyrunssuaddluda 7, ssgnanidass lagasen
Masaesdeunssuaazlainnszud 7,, NAeaun1s (3.1)

Iy =2 (3.1)

1 2
= 2KZ8. 3.2
&n 81, (3.2)
PNAUMSA (3.2) Wiedeuaunslmiagleti
K
=1, |— (3.3)
gm B 4[

naumsi (3.3) wuinszuadalusa 7, lildeglumeusnindans Wunalimsmsuene
nndrausnuaug annsausulastadugadu sonseiahdluda

saduluniseenuuuemsudneudawesiiftiausaiudunnniie waganunsauiuan
Sasverensudrsudauaudliosiadadudy duusniiviniseanuuufiediuressas
nirudasusamaslagldudnnisveanaianisteundunvuaulviiuanan19re99as
v\swuéﬂauﬁﬂmaﬂmuﬁugm dufigesvimseenuuufeinnsenidiaesvedygyiunszud
Taseenuuulidnvesnseuanenidnitos ianiieliliinansenusensasivihnisesnuuy
wazdugavinefunsesnuuuremaudasudane iifitaussfudunanae uazanse
Usumsnsuenensudnousaunudldodadudu Saessdsantseenuuuiineoluil

3.1.1 299IIURBURAABIATITRLIAUBUNANTIe

Tun1seenuuuITIUARBuRARe Tt s uBunAn Ty WeiAnen

Tnssadwvensasmaudreudamosiuuiugmluuni 2 nuhewduiusvenssuaeinnd
Duilsiduresusefunasinavesdunpannsalditrwswiududunaliuauuszunm 0.2 Taad
Folud wonuuuiasmsudrousanelaelasEd e IS LABUA MBS TITITIS I
Suwanhauansfaniwd 3.3 dslindnniseenuuunsiudreusininesuuuanmeuyesa (source
degeneration) Fafumaiian1stiounduuuuau (negative feedback) figaelwinisiUBeuutas
wssrudunsruafinrududadunniy desnussiuiinnaseumsumuiuuneniin &,

v
v =

M uaees M, uaz M) awibiussiu v, dniswasuntasseAvivastiesasdanal v
mswdaussiudunsauaiamuifudadunnniu uazgrussuduwnlanite
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AT 3.2 1A598519989299 N5 IUABUARLAB SN RY U TeAUBUNAN IS

PNAWT 32 nsdawes M, war M, solusaiivivesavemsuanes
M, uaz M,, (rudameiguasi Fulumsssludnuamstounduiuuau Treiinsudame’
M, uar M,, wwihalutestenuisuaiiousadumiunuusendiv defvisannssuad
Inariuseseuasamsudanes M, M, M, waz M, lneiinsudawes M, uaz u,, i
AVIANNIBAY Lazivuanswulawmes M, war M, dauanwssiulegldssnuuulvan
snsndures w/L fiewindunils lefsannssuailvariuisaseuasimsndanesoss]

ANRILAD
1
Iy =1y = ‘2'1”nCox (%)(Vcsn +V, )’ (3-4)

LAY

1
Iy =1y, = E#HCOX (%)(K}mz +V, )2 (3.5)

MNAUNTTN (3.4) Uag (3.5) AUNISUIRUNAYDTE V. ToWMTUTAIRDS

21D“W 210“W .
llInCuI (T) lll"CGX (—“)

L
2o,y fesaniluausesiudunn v

7% th12 in
C pd
(")

M, M, waz M, M, Jewifu

Gso =

+Vper V.

Gsin =

2l Ly wazy. -

_”‘—W— th10 GS12
C -
wco(%)

Toela kv

Vesio =

Vi =Visz *Vasio = Vasn —Vaso (3.6)

in



(3.9)

a4

WIUAT Vg, Visior Vasy W02 Vg, adluaunsy (3.6) anunsolisuaunis ¥, Tny

(2 ]DIZ -2 ]Dll)'*'lez'*'leo"an‘Vms:

#rsaniluaewine agld kL nszuaewnn I, dawviny
1y = Iy =1y
waghlum I, iAwyindu

Iy =1 +1,

D11

(3.7)

(3.8)

(3.9)

NNAUNTH 3.8) 01 I =1, waz I, =1, nseud I, =1,+1,, naumsi

Weaunsnssua I, =21, +1, mudunszua I, waz I, JGeulwiladu

Igg—1,
Iy, = 332

1, +1
Ipy, = BB2

wiusnssua 1, way I, adluaunisi (3.7)

S e

L

[y

NAUNITN (3.12) arunsaslauaunisivalasail

|14 I/ 1
Ve {/H o /1__aj
5 I . 1y Lop

w
C -
H, ux(LJ

HNANSIARUBIEUNTN (3.13) Vadaating

(3.10)

(3.11)

(3.12)

(3.13)



<%

a5

- 2 1, 1
LN [1+—1—][ JH— o (3.14)
4158 IBB IBB IBB IBB

oS 1—(’4] (3.15)

10 Vlnz
2o o 1= _______81BB (3.16)

W
/'IHCOI( A)
FINEUMIN (3.16) AUNTNTTUANIUBWINATBIIRS AR

10_ JACo () (A L) 0:1(61,,/5) (3.17)

| " .

FA1UTEUUVIUY AN uaNnIS
161,

91nduN1ST (3.17) A1U94

NTTHANIUD WAL THA NN

Iy =22 Ju,Coe (W Ve (3.18)

MNaunTsA (3.18) wuiussdudunavenmsudasudame fuuuduaauuud
Prsdunanirefiaunsaviualdedradadu deonwuulidsamueensudaroudauudi
tuauetuannsadouussiudunalinirninfuassviensmsudreudameiuuy
Fuoanilassadafuuuuiugm
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3.1.2 29958NMANERIAYIINTEUE

29938NANAIARIF Y fYIUNTEUA (current squaring circuit) Qnﬁ%auaﬂ%v'minima
K. Bult wag H. Wallinga [23] 23358nidsa@asd gy iunszialsesnausit diuYoddas
avviounszud LILANTUTawmes M, M, M, LASEIUVDINITUNAIAIMDIFTYYIUNITUE
Tounnsiawes M, M, M,, M, M,, M, Fufinsasenidaosdoygunssuansiiaives 27,
vInegiuflendusnitdeansdygmnszua dlernssenidaesdygrnnssuawuuiuanld
lun1seenuuuasiinavilfsemunousamesieenuuuiifiuysifiunntuilfsasiia
poWdnunniu faiudseenuuuludiuenasasfounssuaiuiy Inssuaiidnitu 27,
Tngpenuuulivuinvemsuiawes m, Wilia (/L) Juilanduaeayih 9e99asazviou
nsvud Wewnauu 27, Tassad1eveasasuansdanind 3.3

oo

|IM6 lT‘JM7 | My
I I

VA
; 1
1, M, M, l bs
'j[ Isq
M, | i
13@ |—J>—| llm
Vi = | M 2

A 3.3 TAT98571998929958nMANa D Yy InUNTuE

21MAINMA 3.3 §198NLUVIIITUDANITAM D TTAIAUNIEAUNNG
(perfectly matched) LAY AIVUA DRI IEIUTBIAIINN I NLAEAIILENIVBIF DI UAUNT LA
(W/L) v9miuTainosuuviued M, M, M, M, M, M, uaz M, TRady d1uaes
a a o vl & =& ' P @ v o - o
Fuoansudawes M, Wila1 (W/L) Wulldanluaowin Weludalvimsudawmesuuuiuosa
nuludsdudazlanszuansuramsudaimasuuudned M, M, uaz M, damasaunisi
(3.19) Deaunsy (3.21)

Iy = _;-luncox (%)(V(,n +V,) (3.19)

Iy = _;—Iuncvx (P%)(V(,s\ +V, )? (3.20)



a7

' w
' Ion =5 1,Co (W )W iis + V)’ (3.21)
- Tnefusssiludaiion ¥, fandsaunsi (3.22)
) Ve =Vosi +Voss (3.22)

WATNIERADMNALDNNAS 1, HAWIY

out
L, =1p+1,—1y (3.23)

wnuENN1sT (3.19), (3.20), (3.21) waz (3.22) asluaunisii (3.23) azldnseua
10w diAeiaaunisi (3.9)

2
: 1, =21, +————(1’”;11”5) =21, (3.20)
A

Toedl 1, Aenszualudavenis #suige dygyraadeclinszuadune 7,
. P9921995UANIAUNTTN (3.25)

. Iy =1, -1y (3.25)
. idlaunuen 1, naunisit (3.25) adhuaumsii (3.2¢) aansadeulmilsidu

2
=21, +—[”——
81/

4

/

out

2
21, 2—8;—,, (1, <41, (3.26)

Rnaunsi (3.26) wruldinssuaewimuenasiauduidassesnseua
suwaudunssualuda leenssualuda 1, avseadiiioanivSewindu 41,
3.1.3 aemudreudnne fuuudussuvuiitacdunanirefiamnsauiusiideting
Baduitaaysal
. 2eInudReusAmeLUUTLBaRUUTTB AN A sauFuAldeg1aBady
franuuulia1dnsiverensiudroudaueud aruisouiuavensldediudadudaeds
. Bidnvsaiind uansianmil 3.4 Tnsesnuudlidiuvenszuaisludavesgrani (differential pair)
agluimanaas 7, ﬁu’uﬁas’{aqmﬁ'amsv‘hmumaqmsanﬁwé’oaawaqé’l’mymn's::LLa (current
squarer) WagUTuARUIRUBURALANTI ngaanuuunudrsudrwasLUUAAVIBUTESE (source

degeneration) Faumalianmstaunduuuuau (negative feedback) NHa8limsiuAsuuUaswY
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Wunszwatimnududaduuntu e nuswuiinnAsaud s unuLuuLendin R, 9yl
wssy v, dnmsidfsustassedvivasiesasdwmalinisuuauswiudunseuaiinnnududs

WulnnTu wazyssiuduwalaning

Voo, Current squarer cell ,_ Thebalanced differential pair
M, M
|LM6 JI_EI M7 {[‘-J Ms I: 14 13

v
1, M, Msl;
T—IMa <!
|
I

LYo

Vs

mMuil 3.4 TaseairsvesinsduealaiiisuuuiivaBunaniunisninsauiuailasgtadaduy

3.2 Msieseiansaurvasvstusslefieuvuiivasdunanfreiisnunsnuuaildesig
CAEAN
Tuhdefriunniunsinsngiduusenaurensesudasudamesuvuiueanuuil
Fra8unanefiansauiualdesnadauduinesussnsumeludurenaseniiaas
yoadygunsEud wazrsvudasudaveiuuudueaiiitiusiiudunentie luhdeil
pihnslinsginuaniRvensesifiemaussouzyesesiiiiaue
3.2.1 mamdrjiRnudumavesisasivdsunsiudunssus

1}

INAUMINTEUANANBWINAVDI195IWaNMIN (3.26) o 1,, =1, = o uay
A
k=p,C, (%) Anuaunisnszuaniaeineuessesiiaeiaunsi (3.27)
Vi |k
e 3.27)
Q 2 81A (

PNAUNIIA (3.25) Aussudunnranasiawiniy -2 }I—Ii‘i <V, < 2"%!: 9

AvesusIuBunaveatasudnaufAmesuvUTLBaLUUITT B URAN TeTiawsaUSURn

Wodhadadu ewfidunnnilefendulasiaisuuiaduasuin wazanssuaanding

granverisnsudnsusinmesiuudueauuuiitisdunmnieiianunsoufuaidedadadu
galAinfuaunsil (3.27)



a9

3.2.2 NTWIAIDATIVIINTTUADUAALAUTUDI9RS
INAUNMTT (3.27) AISRTIVEIENIIUABUSNUALT VBTN IARBUR AR LUU
%uaauwﬁ‘dwﬁuwmn”;’m‘?‘imM'an%’Uﬁﬂﬁashw?mé’u g,=L/V, a135an1A19ns1ve1e
VIUADUSALIUSISRIEUNST (3.28)

k
&n = lar (3.28)

AUNTENTWLILNTIUADUAALIUTVDIIATIUANNTN (3.28) WUIINTTUERTLUD A
1, lldeglumanvessniiaes daumdnsiveieniunsudnLuguea9siamsaiua
darageniupsufausudidegdudadulasnsmuguienszuaddluda 7, 9anaeuen

#Co (M IV
161,,

yasnseaaludaianunnazsdunaldiaunisiAeenIvte S9A18RIINIST8ENIIUADLSALALT DY
1sannsaReulnladu

v t d‘ 4. U a - L 4 t
LAZOTIURINATUBY ot Tuaunis@ (3.25) BRI UBUNHUATUBLUINT WaTA

S N () a4 23 AL (3.29)

1
&=y =y

ANANRANAINVDIDATIVYIYNTIUABUAALAUTUD 2935 (Transconductance
error) HAAENN157 (3.30)

(3.30)

MUL  F98UNTOMIANS 08ALTDIAIANURANA1NVDIDATIVYIENTTUADUA ALALT

o I 2 v o
W0NNTs e 1, = Toseaunsi (3.31)

A

(3.31)

%Error =
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3.2.3 NITWIAMUIRUINLATINGER
’Lummauﬁ]“mnmLﬂmvmmmmeuiwum'mlmaqam TAs9ad1998939957vins
AT RUARIRINNG 3.5 uansmIIaUYBIEKasig wmsmwmmmmmwwamamnwuaa
M, uaz M,, fpoliuLsUBUN, (Vouw common-mode voltage) g v, =1, =V, loof
yswdamesuuuuea M, uar M, feuaunediy Tnefinszualudagnasnadinnsomils
voanseudluda 1, =1,,=1,/2 wasuswudivasa v, fdwvindu v, =7, V=V

+V,p
M13l1] IBB IﬁL‘]Mls
2 2 I | ]
Vors *Vpp =228, l l 1 Vo ®Vop %-gm,.
|
IR ]
/' M, M, \
Vew V.-V 4

AMndl 3.5 Tassasnaniamnaussiuluunsiuldgega

de ¥, AouswuNa-9osavetNaing uas v, ABusIduAnATaNdImunIu |
wuULeAin (M5udamesuuuduea M, war M, ) WeRnsananuduiusvaanseualudar
KA Lasusauina-gesa azldsaunisi (3.32)

;4" Ca(W/ )W+, . (332

y 2 P 1 14
e 7, =£% Jaguaunisii (3.32) Tniazld

A

]’6—1 =%mcw (W)W vY (3.33)

Slowenueiussu overdrive voltage Vo) IAWINU ¥, =V, +V, ke K, =4C,

ﬁ'ﬂgﬂaumsﬁ (3.32) Tnaiaglal
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: 16[ LAV (3.39)

PMNAUMIH (3.34) WSRU overdrive voltage 3AAD

1

v, =1, | ————
ov =13 81K, (W/L) (3.35)

INWITNINA 3.5 RIITUIUNAUNANATOUNITUTARDSUULTUDE M, Way M,
Falursrsasvisudyyinnssud wasusswwuiinnAsounsuTamesuULduea M, waz M,
WEMATITUNATUTBIIUTaImaTANasIe Aeaunsi (3.36)

12 12
- V

=V, =V, (3.36)
Dil D12 DD T 16[ grm.m 16[ ng

AnUABULUAMTIAUBUNR lAgIanvesNes ¥, .. HAdsauN1s (3.37)

]

IBZ [ 2
7 uem
16/ 167,

A

Virrmas =V Voo —

ng (3‘37)

wasAUAEULUAISIRUBUNRAWIARVBNRT 1, TAGENNTTN (3.38)

Vv VoV, +V,, +V,,

Mmin — bR

(3.38)
satiuAasuklatsmudunalagwaaiasinanyesesiianyiiy

RS (3.39)
16[A gmcm 16[A ng ‘

Ve Vo Vo ¥V Vo SV +Vp —
33 mMsienzinisemuiufiRnurenamnursuianed
Tuhdeiisazmadiengininanuiujiinurenamaursudanes Tasseduna
Mdudygruerel Ginusoidal) niadenindunisiinszilulawmuainud (frequency
domain) Wiensuitsnruiu fiinurenssmsnsudmmestursinmsteudniud
‘uaaé’zycym%uvgm‘luﬁwmmﬁwﬁa udnhuaneuausmensiug s mEtsmhnMsins e
Fadumsiiessidyginvuindn Tnsasddafedanuquddudmaudames wu
CpCaorCyy VDUt Tngnsasmsureudnmes e fiRnuuansienini 3.8
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out

AMAA 3.6 299TVTIURBUAAWBSTUNNTIATISINYIeATINAUHURI Y

312935 lun i 3.6 ﬁmsmﬁﬂmmmﬁﬂﬁﬁamu (frequency response) 1995081
nasfiilnanluliasasvioudyyiunseua mudames M, M, M, way M, ) 909
2asnRsuiames Fuiulszqsioagdnnu 4 f sreflundunavensasasvioudyg
nszua lae C, ﬁawasamaaﬁaLﬁuﬂszqmanwsasﬁauﬁ@mmnszuaﬁ’[umaunmamws
avvioudynIunseud C,, ADNATINTDIRAAVUITERVONITVLIONAANY UaE R, AR
fumuillusiending wasINesiIMBRUaNRTAYToudyyunszua  C, ansaieuld
Faaun1sd (3.60)

G, =G, +C, (3.40)

\Jlo Cor w82 Crz Wlgann
C,= Coas +Cons +Cuis +Ce (3.41)
C,= Ces +Cgﬂ‘1 +Cos +Cpia (3.42)

HATINYDIANAINUDNNTVEENARN C,y anNsadiauldfaaunsdt (3.43)

Cag =Cap + Cap (3.43)
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o Cagr waz Cagz ¥l9310

- Cdjﬁ'l = Cgslz +ng|o +nglz +ng10 (3-44)
CdlﬂZ :Cg.m +ng9 +ngn +ng9 (3.45)

MsmuIMIAY AN TR Nure eIt taueliaziaeAwes C,, tHaaniie

wihiugud dnudiefiansunisastuniwi 3.8 ludygraunssuansuvamsudanes M,

¥
<t

e g, (7, /2) adkuiniudawes M, Arsldanuuuulalen uasvinlvinszualva

W 1/g,s way C,, #sosuiuiulasaziaennusiuniy r,,and r,, ws1eliAisenii

m2

1/g,s 110 Jsgansomausiuilue v, ledail

gmlO
| Emz ~
Vgl _ (gml() +gm|2 +S(Cgsl() +Cg.\'l2)) ﬁ’ (346)
ngS + Sle 2
NITUAATUTDINITARDS M,, Wlesadl
Ipg = _gml6l/gl (3.47)

WUALSIAU P, 3INauNT5N (3.46) adluaunish (3.47) nseuansuvamsudanes

: Mis i, WAUNISNIZUATMIRIANNTSY (3.48)
g _ gmlO
mi2
i (gmlo +gm|2 +S(Cg:10 +Cgs12)) I/;"
i = — . (3.48)
1+ ml
ngS
wazAuswUnlue ¥, milanall
ng
- ) gmw ) (gm9 +gmll +S(Cg.r9 +Cgrll )) V
. V. = ,_in (349)

g2

Emis +SCm2 2
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PNWATALVOUNTEUATONTEUG iy, =iy, =hpg NISUALATUVDINTIUBANDS M, () VN
ladatl
Lpg = —gmlngz (3.50)

WIUATMSIAU 7, naunsi (3.49) asluaumsh (3.50) nszuaiasuremudanes

v
u o

M, (i) VGGG

g _ gm9
mll
. (gm9 +gml| +S(ng9 +Cgsll)) V
g = <C : ; (3.51)
1+—"=2
gml]
AL AUNTOVIAINIZUAVNLDNATDIIDTIADINNATINYBINTEUALATUVRN
NUTAWDT M, AUNTTUAATUTDINTIUTARDST M,
bw = e Tipg (3.52)
Wo R =r,//r,, AU EHAMLA
vo=p, (3.53)

10 81 =8mo =8t &> =8mis =8n, WAY 2,11 = Zuiz = &y, WNUAINTZUANINDIANA
)

9092995 (i, ) 9naunsi (3.52) adluaunsdi (3.53) 92lé

out

ng

g g"’K +gnl'i[
Mg 1+ SCJ([/
m, + m.
Yo _ fck Enar_| 1 ! (3.54)
n l+ m
&n R,

e

PNAUNTH (3.54) ArANgees C, NBunavessTasvioudyaunsswaviiifianud
wa 7, Ao



55

f,= Erow (3.55)

WATANAINQURY C,, VDNRIVEBHAIVIIIRRGAVRIEND £ HAsannsii (3.56)

f.= Em " Eryy (3.56)

SCuy

3.4 uvagl

Tuunifldndnisnuaniitugiurenamaudrsudamesuuuitasdunanie uay
aunsnusuA1ISn v IENIIudRoudALaug iR 10T udu 199199593 UsENa U899S
niudaoudnineififidaussiudunanii lnsnsesnuuulimaudrsudmnesuuuanvou
go3d (source degeneration) Fuduwmeaiian1stlounduiuuau (necative feedback) Aitaels
mavdsuulauswudunssuaiirnududadunntu desminussiuiinnaseudaiumy
wuuuendirl &, Seildusediu v, Snswdsuulasszdutuasiesas dewaldinisulas
wswhudunszuadiududaduinntu uastassiuduneldnha uazasasenidsanives
dyyrunszualevasnwuulvidiurenseuaddludavesguaniseglumenvesindees 1,2
Mndulumsiesest uazeanuuuivvsudrusmmesiiauedsldosuisnisvinnures
2993 uasMIlATeiausINETeNn ANt TRuBuwsrennsadsuuswudunszua
MImAEnITEIenUABLANLALIYB19RT MaALUABuLAS WLBuRAgIAMIINAN
ussiuBunmeenEnue1ises uasnsliensivtnanuiufiRnusenwImnuReuinnes
Fdluunit 5 agldinausanssuzrensaslagnissiasimsvhny
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nsussenaldeu

Pnunithusnldnandniseenwuuisesiiiauelyiveninug dofuiedunistusy
Sansihlulduselovivenaamudreudaunuduuudneauvuiitiadunanitafiaunse
Uiuenlaegadadu ldranuuuly Sawenaniawesinisiienasmiudreusaunug
wudueauvuiitasdunanhafianunsousuaildegadadu Wussgndldeuluuinsas W
wstdiadayeynenen 299sgudnyy LA¥N9INTOIRIUEMA TRt

4.1 29vsnuilindygueied

dwsunasiuiiadygyuguneduuumensiees Adygyranedwavziivasiiaiu 90°
Faannsauszgndldauiendu selective voltmeters luszuuiaiesiiodn n3seiin
Ay nuuuy simple sideband wazMsNANAYYIMLUUAIONT DS [ TuRY [26-28] Tanil
1A59a5199992995UIENBUME  WITBURNTVISDS 25VedYgIa LazRITUINAUaYQNN A9

LAASLUNINA 4.1

:_ Vo, :
: + 1 Vo 2 -1 |
< oy I
i Adder/subtractor sa sb |
eirewit | T Integrator|circuit !
—————————————— 1 i
k -

|
|
|
|
] < o a o
AR 4.1 vdenlaazunIuveeasAntagyy I

Mnudenlaozunsuresisasindadyyramunini 4.1 inn1sesnuuulegldiens
nsdreuiaLaudLuinoauuuitadunaniisitannsouiuaildeiadady 9203
Ustnausiae sasvsudreudinususuuuiueauuuitiduwanhefiannsauiusldesadadu
1 3 1 Mfuuszgiidoansmasiuu 2 § ffunuilseasnsmissiuau 1 & way
1ATVINAUAY Y Iﬂsaa%wanwsﬁwLﬁﬂé’mmmuamﬁamwﬁ 4.2
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nlll

A 4.2 Tassadievearsasilindeyyin

Qs

n1ATIET1VBINIIA LA YY)

a

Uszq ¢ moaensng iuaasduiinsnmes

, - Va +\

M le}

Voc /+

R I, \‘\1

IOG
~»

—e

¢
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UNWARIUANA 4.2 aanwuuly oT4a waz@lAv
a d1 or4s wazduiulsey C, foainsnig

oonuuuiliuieasBudinsnees b uay or4c uar R senwuuliifiunasvenedyniu lne

Fy e WWAYDINATOYNYAWNA ¥, VBN OT4a WaEdYYIDWHAVDINATBYTIYN

BVINA ¥, VDY OTAb BIUTITULWINA ¥, uasuswiwewing v, szfiiasiiaiu 90 aewm

. HAISUWILUAWNAVDY OTAa

FNTUWIUAWNATDY OT4b

PNANA 4.2 RINSUNEUNTLSIAUNIUA Va e

Va = Vul _Vuz + Voc

VO 2

8mVs =
/S,

14
V gma a

02
SFI

8umVor =VoiSe,

(4.1)

(4.2)

(4.3)

(4.9)

(4.5)

(4.6)
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Vo = - Etle @7)
SCZ
ﬁmsmﬁiummﬁwmm OTAc
== (@.8)
Ve = IR (4.9)
Vie = 8uViaR (4.10)

WNUAALNTST (4.0) adluaunisi (4.7) wazaunsh (4.10) azld

Vo) - _ gmagmea (4 1 1)
SCISC2
VD(_. - gmaimcRVa (4.12)

Cl

WVUAELNTST (4.4) aun1sT (4.11) wazaumsh (4.12) asluaunsi (4.1) agld

V V RV
= _gmagmb a __ gma a4 gmagmc a (413)
SCIS('2 SCI S(,'l
AANURYRIIRTALLR Ty ILARRIANNIST (4.13)

s°C,C, + sC,8,, (1 - gmcR) +g, 8, =0 (4.14)

91NAUNIT9 (4.14) Reulvvsanisindadyyiu waznsiudadymyiunaud uaasng
aun15¥ (4.15) wazaunisn (4.16)

Rg, >1 (4.15)

0, = ,/—-—g”“ Er, (4.16)
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= = Y 1 1
: INAUNTTH (4.15) wazvaunisv (4.16) a1 g, =— k. g, =— K ey
- 2 \81, » 2 |8,

s

1 k 41' o a w o a < a 'E%
— ’87 Feulwwasnsiuidadyyn wazmsiilledygyiuaud auwnsaduulndls
A

- m,

FaEunsh (4.17) wazaunisi (4.18)

RI

ko, (@.17)
2 \81, .
o = |[Jsalak (4.18)
= ~\321,C,C,

PNAUNIN (4.18) AMualA 1, =1, =1, @awsalsuaunsnudedygiuaudiv
Tegls aun1sn (4.19)

. { k
=1, |————— 4.19
Do = I0\321, CC, (4.19)

naun1 (4.19) devlevvssmsindedygrumiuiamnsoavesmatiiiadyane
mdldegnudaduienseuaidluda 1, waseulvvesmsiudindyynldvsradadudy
nsuangluda / Fawuindoulvvesmsiniedygrnluaunisi (4.17) wasitoulvrosms
fufladugraanuiiuaunis @.19) ansauiuleulrvesmsidindyyin waznstuda
Fyrumuilsdaszaniu lnefimduiusvaaussiuedinn ¥, uazussiuionding v,

LAASAIAUNISA (4.20)

Vo () _ 8, (4.20)

INAUMSH (4.20) M MFURUSTOIUSIAULDWINA ¥, WASKIIAUDIANR V,, Ydedeygyed
evpgluan1gawREunsn (4.21)

Voz(ja)) = _gm;, e—]90". (421)
. v, (jo) oC,

s Ly (3

IINAUNIA (4.21) WUIMEFYYIULTITUDINNA ¥, uasdyInusiueInne ¥, avil

LA Y]
[ ]

wamiafiu 90 891 uanandnudeulvrasmsiuliadyyialuannisy (4.17) uagnns
Aflndgauanudluaunisi (4.19) awnsausualdegiudadu Weswninssualuda
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Lildegluiaiduvessniiaes uazannsauiuateulvvesnsiuiadygyru uagnsiuiia
dygruaud lndaszaniudanisausuReulvvesnisinlindyyiuaioa1ves?
Fuvu wazuSuarveansewaluda 7, dudesulunsiuliadgygiuaudasnsauiuala

oe I, =1,, =1, lnenan1sdrassszladnausluunsely

N T

o

4.2 299IANUE

NasAudy N IELaLUULBNEden [29] hneesiiiusglomianunsomilussgndlda
Thogneniiawane wu luszuulvsauunau wissdleln warnsussunanadyyiuniseunden
Judiu lngavsaunssuadgygauuueundenainanniasmiudaoudames (OTA) S1uiu
3 fhlassaiavesnsasaudygnuuUBuIaeNLan I 4.3

OTA3

=] I o [
AN 4.3 Iﬂi\?ﬁiﬁ@ﬂﬂ@’)ﬂﬂiﬂm mvqumﬂiSLLﬁLLUULLE]USaQﬂ

9NN 4.3 uandlassaineesasandyynnselawuuieuzaen senuuulag
19sFuealefieuuuiitiduwaniiiaunsadiualdegagadu Insardnsinsveensiud

L% « ) ] L 1 k s N &/ ' = 14 ¥ aa
ADUAALAUTUDINNTIUAUNTIAY g,,,=?B ’-8-1—— aunsadsuavenelaneg1dadunae3d
A

as

didnmsetindmansena 1, lngiaseanuuulidyganseua 7, Joudnhdune v, veq
oral HahAedvenesiumMuisainsanmURNmIEnsEud Inaduusadiuduneliiu
oT42 WAy oT43 wardgqmnszua I, Ueuswudunszualuda 1,, 999 07429102993

WA 4.13 RASUINTEUAL WA 1, VB OT42

[02 = &iinl (422)
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< 1 k a ' « Y ¢
We g, =2 [ fa AMVIUAADUAPLAUTTUDY OTAI
"2 8,
(152 +i,

g.,= ) /% A8 AN IUAABUAPLAUTVDY OTA2
A

2

I k < ' (3 L «
g, =L |[— AB ANTUFADUNALAUIVDY OTA43
"2 \8l,

wnue g, waz g, adluaumsi (4.22) azle

(152 +iin2) ‘L
/ 2 81A . ___(1192+iin2)[
inl

02 ] & inl T IHI

LT
2 \87

A

(4.23)

WATNTZUADWNA [, Y89 OT43 leseaums

__gm] [

- (4.24)
glnl

03

wnuen g, war g, asluaumsi (4.24) azla

Ins [ K
2 \8/ 1

103 z——A_iinl :_ﬂi‘ (4‘25)
Lo | &

2 V81

A

NAUNTN (4.23) wazaun1sn 4.25) ivualinseualuda 1,, = 1,, = I, nszuaiing
28392935110N '

Ioul = 102 + 103 (426)
WIUANELNNST (4.23) uavaunsd (4.25) aslugunisi (4.26) wlaaunisienanaeall

I, +i 1 )
Iout = 102 + 103 = qu—-mz)-iml —_B}_iinl = '{M (427)
IBI IBI IBI
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1NAUNSH (4.27) NIEUADITNAYBINITAMNTLUATD VB IF Y IUNTEUA i, HeyyIod
nsud i, wazdygunssua 1, \Judyguduns
. 4.3 3993n599AMUAULVUNAENTIT
29930509 Rlu99sBdnnseiindreasuilafifemniluldausgraniiewang
. ety seuudeans ssuuaiesdien uarsvuuUstananadygia WWudu Taefhesnses
A wLUUMAeni[30] dpuandaiianinesnsesauinilfe 1sesannsovimiil
shenanfertulaglideavioulasairereiens lageasnsesniuissnuuusieises
nudrsufnuauduuuTNaLuuitiBunan e saufuanldegadadu S1eest
Auandife 2995a1u1s0UsuARandRuNnnasTasdaszaindrniuilnadieidnig
Sudnvsadnd uazrasanunsavihauld 5 feddundoududmivadunsnovausaiuuaud
sy (low-pass filter) qummﬁqqmu (high-pass filter) WUUKAUAIMENIY (band-pass
filter) LLUULmummﬁwqm (band-reject filter) LLazLLuunnmmﬁchu (all-pass filter) lny
lLiifouvdoulaseadnensans wansianaesnmg 4.4

) Cl
) V;nl 1% ” .
. 131 IBZ
Rl
I/;nZ + ;
OTAl - |
[ /l | OTA2 V, !
+
B CZ

AN 4.4 1AS9E51999929950599AUDLUUNAE NN

nlasaaineveneesnsssmudLuuviaIEmiilun i 4.4 leedinssua 7, \Junszua
lusa ora1 wasnseua I, \Dunssualuda otz Wehnsanauanifivednsasizlausaiu

s o &
EDIANAPAIU

*. v, = VinlszchZ +V28C,G + V38,182 (4.28)

SZC|C2 + SCZGl + 8 8m2

o I k ] : ad 3 M v
dle G, =1/R waz g, =7" /8—1— Tnefimudlna wazaaednunneasauisamailang
A

aunis
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- gmlng :2
1) {—— 4 9
0 Cl :'2 ( )

C
. Q{) — R] lgmlgmz (430)
CZ
) = = s Iy, k Iy, | k
IINANNTITN (4.29) Lazaun1sn (4.30) we g, =2 |— uae g, ,=-22 |— auns
2 \8I, 2 \8I,

YDIAUDING WALAADARNLNNLNDTANUITOMILA MUAAUNTS

L [ &

=z 4.31
Yo =7 81,C,C, (.31

- 1, [ kC
=Rz [T 4.32
Qo =k 2 \8/,C, (4.32)

Rnaunsi (4.28) annsaidenuseudunaludnwuznisemuauimeiinealdmunisn
7t 4.1 WelWldnansuauewensauddduasmunised 4.1 wuitanunsariald
5 Hefdundanty e wuuamEsHIY (LP: low-pass filter) qummﬁqqmu (HP: high-
pass filter) WUUROUANEEY (BP: band-pass filter) LLUULLﬂUﬂ?W&JﬁWQﬂ (BR: band-reject filter)
LLazLvalnm'mﬁ'chu (AP: all-pass filter)

A15197 4.1 Aussrudunaaildnanauaussvaudasntu

Filter Responses inputs
Vo Vim Vin2 Vin3
BP 0 1 0
HP 1 0 0
LP 0 0 1
BR 1 0 1
AP 1 -1 1

MNMsesnsasANiLuuMarewing fieenuuulaglirsamaudreusrunuduuuiea
wuufitadunaniviiannsouiuaildfesadaduiiviausluiverinusidmou 2 & o
Fauvu 1 6 sesmdufuinfvuszgsuon 2 # Fnsildfinnilauesuenansiidd
[30] Fareas0onuuulnglirsasmsudrousaunuduuuding Faman1ssiasinisiauwuii
N LA ufauaudLuuueauuuiividuyaninsiarusauiualdegrndady fu
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299595 udnausALAUSLULTIAT WuTeRInIRIRLBRUUras N TiTieenuuUTR199s
nsudnsudauausuuutiafiauisauuainiednunnaelédaszainaiuiinaus
himm'mu%’Uﬂ'wlé{asj'mL“uuﬁuL'ﬁaqmnnszlué’aasﬂuﬁaﬁ%’umaaﬁnﬁaaq d7U29399N504
amnuduuuanmihiifesnuuulagissisudasudauauduuudueauvuiivasdunaniied
awnsausuanldedradadu faunsaviuaaearunneslédaszainaiuilna uay
mmsaﬂ%’umlﬁaeim%qLﬁuLfiaqmnnsslué’ahilﬁag’luﬁaﬁ‘ﬁ’wmiwnﬁaaa lnsuan1s3nany
azleinausluunsald

4.4 uvajl

Tuunilldndmfinsuszgndlinuvenasmaudreudame Suuuduoauuuiitadus
nfefiannsauiuaidegaudadu fisenuuulvadasvenensudaoudaumusansaudu
AvegliednaduduiieizBiinnsednd ldun evsiulindyyrueied 1wsqadygin
ASEUA WATIRINTBIANUANAINT Fanuinesiiiindyyiaeied awisaufuen
Feulvvesnsinindyain uaznmsiuiladygrauauildesiadadu Weswindinszua
ludalildeglufiiturassniiass wagaansauiumleulvveamsidindnya o uazns
Audfindgyruniud Waaszaindu ﬁauawsgmé’zgmumnsxLLaﬁuaaﬂsﬁaanLmeminqm
Fyarunssualduuudatennud wagrwsnsesrnuivatemini wuieesamnsauu
Apeaaunaed wazmudlnaldesadadu \esannszlusaliiliegluilaiduvessind
a0 uavansavsuAmeanunnaesldsassanauiina diunanissiassnmsvihuves
293U WagkavenIvsTisanuuudmiuUsEgndlduaridinausluundely
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HNAN15IY LaZNISNAEIU

v v 1
U a o € N

NSIAVNININUSIUATIY TTRMQUSEaIR DAL UUIRTNIILAADUFARDS LULUTLaE

1
a v

wuuiitaBuwenireilansauiualdegiadaudu deenuuulirndnsueensudaousa-
waudanunsausumeeeldetradadusieiiadomseling welunstuduanssouses
29957ldeanuuulsluineninudivemun Seldvimsmnasaeasilavinisdaasienay 91n
N391ABINTVINNUYBINDT  UATHANITTIABINITVINIUYBY WITA TR YL I8 2999
Aoy Wa9asNIRIEvaNevthi laadiunssiassmaiheurenesdelusunsy
PSPICE dwiunsiudawmasuuuduea Aldlunissrasanisvinauresisasialémsiives
Y9I WTARMDS TSMC 0.35 pm level 3 115797 5.1 LAAIUUIAYINIUTAROSLULTLOA
20U EulEe 1.5V Tagldvihmsveaeunavesnuddoseswasidoaalus

A15199 5.1 YUINVBINTIUTAMBSUUUTUDE

NIUTANsuULTNRE YU W(am) / L(pm)
M1-M7, M11-Mag 1.75/0.35
Mg 3.5/0.35
Mg,M1o 0.35/0.35

5.1 wansnesauLaMIRITiauANTAYasRsTIiIaue
5.1.1 HAMINAFIULANTAATIENAMFNTRNMULTIAUBUNAYD IS
A1SNAAEUNITINLLB993TFBBNLUY F9asUsenaufeludineesnns
UNMNSIADIUDIA YYIUNTEUE LLamaaswﬁwuéﬂauﬁ’mmas’tmu%uaaﬁﬁﬂqaLLsaé’uﬁuv!mn%a
Toamstounssiudune v, udsurussiuagsening - fa ¥ Ysuanssualuda 7,
Ay 20044 USuanszualuda 7, 91U 3 A1 AD 50044 70044 UBEAT 800ud LAY
ﬂ'ﬁLmé’uauvgmﬁmmmrﬁwaehal,ﬂul.%al,ﬁumamaasﬁ’aaumsﬁ (5.1)

~1,JK[4I, <V, <1, JK]AI, (5.1)

MNAUNSA (5.1) e K = p,C, W/2L =4.635x10™ 4/ V> HANSVIAABOUNTIATIEA
AL RvsaussLAuNRUAB I ARTUNTT LAV VIR UBNIRSUARIRIN N (5.1)



66

180 :

100 \H\\\{\ % el
) ot

- &‘\ % -t 1,= 800 uA

;;‘3 0 F1,-700uA

= r/) \9\ ‘Q'IB= 500 uA

100 2/ \\\?a% kﬁ\

I i

-10 -08 06 04 -02 0 02 04 06 08 1.0
Vin (V)

A 5.1 AnENUARULIIRUBUNAYD 92933

AN (5.1) dlevsurnssualuda 7, iy s00u4 AussfuBunmves
2swdsuaafunszuanaediwnegsening —0.8v fs 0.87 Weuiurnszualuda 7, 7
AUV 70014 ALsITUBUNRTBINeSWABULanTunsEUE I ImRRgSEWING 097V
fe 0977 wazufurnszualuda 7, MAwvindy 800ud AusaiuBunmYelRIAsuLlag
Junssuaniaesinmagszning 1.0 i 1.0 awaduegradufadu nnuanisvaasd
AwRAIRLAABUSNENNTST (5.1) agfiseiudesar 2.5

5.1.2 MWMIASIAUlnIATINGIEn
nsiasgiAusaiulnunsngegaliiinsinseiliudaluuni 3 wuinen

WAEULUAIA LTI IMNATINGNERATBINTT (V) HAIAENNTN (5.2)

"M max

Vertmae =V 4V, T (5.2)
CMmax ~— " th [213] 161 nem 16 ]A Eur .
A

WazALUABULUASIRUTMUATINENTGATBINAT (V) HANRIENNTH (5.3)

Vemtmin = Vs + Vi + Vs + Vo (53)

HauY ﬂ"]LUEUuLuJaaLLiqoﬁ’uIMm‘imlé’qqﬁquaw‘hﬁqmamwsﬁmﬂiﬁu

A

s -8 (5.9)
161, Enem 161, Emn

_Vss +Vrh +sz +VOV < VCM < Vrh +VDD -



67

W0 K = 4,C, W/2L = 4635510 A/V?, W/L =5, I, =200uA, I, = 500uA
g, =4.08x107V / 4, g, = 4.08x10™V / 4, Vih =1.26x10"V, ¥, = 0.12x10V WuiAnUasuLUas
usauBUnAlFgeTiaeuensidwinty 1.57 wazduUdsuulamsidudunmsifigavesisasd
AV —1.49% Katiu AAsuLUausssuduynldgsanuasiiigauensasiauindu
~1.49V <V, <1.5V
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) L2 = d‘ 1 .2 1 LY A
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%Error = " x100% (5.5)

WD Vin=100mV, IB = 500u4, 14 = 200uAd, pC' /2=927x10°4/V?, W/L=5

Ez.7><10*5(5)(100x10-’)2
%Error = ( ” 104)2 x100%
2(500x
(200x10)

"
%Error:J%xlOO = J1.85x10”7 x100 =0.043x100 =4.3% WUIAIEAT
DX

wensudnsufruausaunsouuldeiadudusgludisious 1nd 8 Lima Aarweain
\Houveasminvenevsudreusaunudiimaunannedousgiisyiuiesas 4.3
5.1.5 myeszinysmwiujifnuuees
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Sunanaiiaunsouiuanldegradadu dmiunisiinssimaveatiseuduftian
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/s sC

m

WAZAIAINTYBY C,, VBNIATVENERAAIVIILAATId8IAND £, fifnAs

aunsh (5.7



70

ng + gmdi

A =*—@— (5.7)

Wo g, =38x10"V /4, g, =1.7x107V / 4, 8y =3.8x107'V / 4
C, =181x10"F,C,, =3.81x10°*F

wuiA1resding £, A1y 8356H: uavAdlavesnnud £ A
80.88GHz
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12 5 ;
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AWH 5.5 929A2 30U URIUYD9299S
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20044 wazvsumnszuandlusa 4, asﬂu‘daaé’am’ 50044 wud'l‘zmmm?iﬂﬁﬁﬁmwaa
295TAINAU 8.31GHz AAuAIIALARBUYB AR TRUTB s sTIAUS B
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0, = |Saluk (5.9)
321,CC,

] ° v a o a  a o
9InauNIN (5.9) Awuels 1, = 1, = 7, awnsalouaunsiudndygyiunud

Tondlgfara aums?i (5.10)
k
ey }——— .
wu.&c B 321AC1C2 (5 10)

A wdiusvauTIR e IHR 1, uasusIRuewnR 1, vausdeyyueeioyly

(3

anmzasnasaunsm (5.11) laedyananedne v, wasdyanuuswiuandne v, aeiivg

9

#1911 90 B9FN

FoU®) _~Ew, o

— = (5.11)
V,(jo) oC,

INNITOBNUUU UAEMTIATIER NI UTAF QYOI (NoUTEaYB N TMUB919957
genuuUIsinnsneaeuselusunsy PSPICE lagmsimuabisafuusygvisansiilgluisestian

wirtuke sopF Uiunssualuda or4a WaY Or4b fAwindu s00ud (1, =1, =1, =500u4)
g, =38x1074/v Ufunszualuda orde dawiniu 697uduasddmumumintiu 5.240

auleulvvesaunsi (5.8) miudesadaiawmeiiiawvindu 600k Inedoyanmievnaves
NITVULANILFUAULAAIRININA 5.7 UAANMILIFUAUBLHIUANIFININA 5.8

T T T T T T T T T ]

400

Vol, Vo2 (mV)
o

-400

-800 : -
775 8 .85.9 .95 11.051.11.15 1.21.251.31.351.4 1.45 15

Time (ms)

Awil 5.7 SgnasednavestesanzEuiy
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750
© Vol
0 Vo2
400 "

e

Vol, Vo2 (mV)
o

-400

777 :
1.262 1.264 1.266 1.268 1270 1.272 1274 1.276 1.278
Time (ms)

AN 5.8 SIMIBIANATEINITANIIZBERD

Iuﬁﬁuﬁdﬂ,uwquwﬁawsmmsnﬂsswqaﬁaLﬂmwsﬁnﬁﬂﬁ’mumunm Fanaves

mMsdaemsvhanurenestudndygia wanduniwi 5.7 uazamil 5.8 Gudygallu

' anndusiy warluanmgegdmmdiu aswiulaindgyyaeiiausiaa 90 s S

ﬁmﬁaummé’mmma&ﬁ%@aas 0.39 WazI9Rs WA (power consumption) SiANYINAU 37.7mwW
Aaneuesdyndianud 600kHz uansianwdt 5.9

¢ Vol
100 0oVo2
THD = 0.39%

Vol, Vo2 (mV)

10 /
o \m&gﬁ e

0.1 t
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Frequency (MHz)

A 5.9 anaduvesdyyraiiadul 600kHz

\euduanssauvasmsiuiadygrannudvenasamannsi (5.11) vinis
neaaulagldAdufiulsey snF sopF uay 500pF waguFunseualusa 7, dausen 30044 09
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9004 FNRsanIaUsuateulvvesnisnliadygrunnudlaegiadsdudennaseiui
AIANITAILIMUNURAININ 5.10
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5.2.2 NIIAUSYUIUNTEUE

299sUNsERAdY Y INLULLBuE danfioenuuulagldansduealefiionuuiitag
Suwanaftannsaususldegradauduiitaus 2esUszneusesasdusalefiouuuiiing
Suwaniafiansauiualdenandadu Sy 3 f1 Faeeslufidiuuszneuvesgunsaina
I lnwaziBavonasidndnliudtluund 4 reeseenuuulidymunseua 1, Jeudhdl
Sump ¥,* ¥e9 OT41 dsfiAediuvensesiunussansndnuguienszua Taodu
WsauBuNalWfU OT42 way OT43 wasdyunseua 7, Jeusudunssualuda 7, veq
OTA2 RANTUINTTUALDINS 7, V99 OT42 ULATNTLUALDIINA 7, 103 OTA3 nIsud

LD INAVBINITNLAFIAUNTS

Ioul =M'l (512)
IBI

INNITDBNUUY u,asn'lﬁl,ﬂswzﬁawiﬂmﬁ’cym'\mnssLLaLmuamﬁan AUUALA
nszualuda Iy, =1yy=1y=450ud i, =0.1sin(271000t)mA, i, = 0.1sin(273000t)m4 LAY

inl

Iy, = 4504 BRYIMLDIFNAUARININING 5.14

100u

Current (A)
o

-50u 4

-100u , ' -
0 02m 0.4m 0.6m 0.8m 1.0m 1.2m 1.4m 1.6m 1.8m 2.0m

Time (sec)

i o o <
ﬂ']Wﬁ 5.14 q;mnmmﬁwmamwsgm mmpmnszumwuuauzaaﬂ

AWl 5.15 wansnuanURvesdygnunIzualoWnnresesgudyg s ud

wuusauzden Taunsusumnssua i, Aaus —s00u4 83 S00u4 wazUiumnsEua i, 1A

20014 ~100p4 OpA 10044 Wag 200u4 MUAWIU nszualuda 1, HAwvindu 450u4
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300u
| — &n Simulated lin2= 200uA|
200u -‘L - B Theoretical i
.............. 7= 100uA
Sol——— = iin2 = 0A
<
_________________________ ijn2 = -100uA
fin2 = -200uAl
-300u
~500u 0 500u

linl (A)

A 5.15 AnanURveIdyIMNIEUaDIRNATRINITAMSIMNTERERUULBULREN

5.2.3 2993nsasAsduuunateniind

293n589ANLRBENLULIEINTTNpaleflonu LIl Bunmn eansaUSue
WWothadadu Fnsiinuandifie wesaunsouiurnaedaurinmeslasdasyaindimiud
Iwaseigniediannsedind uayaeasarursnyinauls 5 deddunsendudniuasienis
RBUANBMUUAINEAEY (low-pass filter) Lkuummﬁqmw (high-pass filter) Wuunau
AL (band-pass filter) WuULAUAMEANYA (band-reject filter) LAzUUUNNAIWAHIY
(all-pass filter) Ingluidipadeulassaiteueses azidunveimseeniuuaasidnaniiui
Tuunit 4 9nlassadeonesnsesmuiuuunaneniini lasfinszua 7, Wunseualuda
OTAl waznszua 1, Wunssualuda ore WeRnwanamauTivenwsezlfuswiueing

fiall
V. = VinISZCICZ + VinZSCZGl +Vin3gnr]gn12 (513)
? S2C1C2 +SC2G1 +gm]gn12
dlo 6, =R way g, =%" /5 Tagfianudlng wazaaedaunnimasausnm
A
AlAsENN1T

w0, = /-g_m*g—mz (5.14)
GG,



QO — R‘ C]gmlgm2 (515)
C2

NNENNTsA (5.14) wazaunsh (5.15) Wle g, =o |k e o -In [ K
2 |81, 2 \8I,

AUNISVBIMNUDING wazAaRdRLNNWasaNITavn I VLAALNIS
I
w, =18 |_* (5.16)
2 \81,C,C,

(5.17)

ansadenuswiudunsludnvasmsmuausheidnealdnunisied 5.2 weld
IfnanevauesvanssaImddiuass nuitausariiald 5 feddunsendu fe wuy
ATNARIHAY (LP: low-pass filter) Ltwmmﬁqqmu (HP: high-pass filter) WUUKkaUAI1YE
K1Y (BP: band-pass filter) LLUULmummﬁwqﬂ (BR: band-reject filter) Ltasuwnnm'\u?ﬁhu
(AP: all-pass filter)

=] ) o a o ¥ ' L
A1519% 5.2 Aussnudunaeilduanauausivausaziaiduy

Filter Responses Inputs
Vo Vin1 Vin2 Vins
BP 0 1 0
HP 1 0 0
LP 0 0 1
BR 1 0 1
AP 1 -1 1

21NNT8BALUY Wz TLATIEIRsARAT AN SELALUULDUEERN (RO
Uszandnmuenisasiisenuuudaldviinismeasusmelusunsy PSPICE simulation Tngnis
fvualinssualuda 1, =1, =1, = 5004 FUAVYIEY € =C, =100pF UATAIRIUNTIY
R = 10kQ HAN15$1a09MsYan 5 e THun wuuwouanuiiioy wansianwd 5.16 wuu
AL wansianIwi 517 wuusudsiiRy LARIRINING 5.18 LUULOUAILAVEA
uaARIRNIH 5.19 LATILUUNNAIMARY Lansian Wi 5.20
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annsaviualdesadadu lnseenuuunsndreudanesuuuaaveuresa Jadumaia
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+UB1 = -7.61E-18 UC1  =-5.6E-11 AT  =3.3E4

tWL =0 WIN =1 WW =0

FWWN =1 WWL =0 L =0

+LIN =1 W =0 LWN =1

+HWL =0 CAPMOD = 2 XPART =0.5
+CGDO = 2.05E-10 CGSO = 2.05E-10 CGBO = 1E-12

+CJ = 1.397158E-3 PB =099 MJ = 0.5773462
+CJSW = 3.176388E-10 PBSW = 0.99 MJSW = 0.3570517
+CJSWG = 4.42E-11 PBSWG = 0.99 MJSWG = 0.3570517
+CF =0 PVTHO = 0.0253723 PRDSW = -76.9871264
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In this paper, we present the design technique of the CMOS OTA with wide input voltage range and
its transconductance gain can be linear tunable. The realization method is design by the use of
current squarer circuit to achieved the linear transconductance with the bias current I and improved
the linear input voltage range by the source degeneration technique. The OTA transconductance gain
can be linearly tuned from 1nA to 1.1mA with the error of less than 4.3% and the linear input
voltage range of about 1.01Vp with less than 2.5% nonlineartty 1s obtained. The performance of the
circuit is discussed and confirmed through PSPICE smulation results in TSMC 0.35 ym CMOS3
technology with power supply of +1.5V. Moreover, the linear tunable quadrature oscillator is
presented and simulated to confirm the usability of the proposed CMOS OTA.

Keywords: CMOS OTA4; Transconductance; Linear tunable, Wide input voltage range; Oscillator.

1. Introduction

The operational transconductance amplifier (OTA) or voltage-to-current converter circuit
are fundamental building blocks of analog circuits. It is an important part in signal
processing system and very useful in many applications such as communication and
instrumentation systems, Furthermore, the transconductors or voltage-to-current
converter circuit is widely used in various analog electronic circuits, such as, automatic
gain control’, analog multiplier’, sinusoidal oscillator™, active filter” and square-rooters?®,
In many applications, a linearly tunable transconductance controllably by current or

" For the title, try not to use more than three lines. Typeset the title in 10 pt Times Roman, bold with the first
letter of important words capitalized.

"Typeset names in § pt Times Roman. Use the foolnote to indicate the present or permanent address of the
author.

IState completely without abbreviations, the affiliation and mailing address, including country. Typeset in & pt
Times Italic.
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voltage is preferred and most of these designs are constructed from bi-polar transistors in
which more complicate and expensive to fabricate than CMOS technology’. However,
there are some significant drawbacks in CMOS technology, the operation of CMOS can
be expressed as the approximation of squarer function rather than a linear function.
Moreover, the disadvantages of CMOS transconductors®® are their linear controllable
voltage ranges are quite limited and not suitable for low voltage circuitry due to their
weak inversion operating mode.

In the past, many linear CMOS transconductors have been presented'®™ ", Since their
transconductance gain were controlled by the DC voltage that provided the controllable
range were limit by the supply voltage, therefore the tunable range was narrow. In recent
approach, the current controlled transconductor have been proposed'*'t, where their g,
can be linearly tuned for a wide range, however, its structure is quite complicated.

Therefore, in this paper, we propose a new technique design for the wide input range
CMOS OTA that its transconductance gain can be linearly tuned by the DC bias current,
The circuit is designed based on the balanced differential pair with improving their input
range by using active resistances at the source of balanced differential pair in order to
reduce the source degeneration and the current squarer circuit for the linear tunable
characteristic. Thus, the more current linearity can be archived due to the fact that voltage
potential at Vi of the balanced differential pair is less subject to tluctuation and wider
input range. The squarer term of the DC bias current of the current squarer circuit yields
the dc bias is not function as square root function so we can linearly tune the
transconductance of the proposed circuit. Noting that, the first introduce of this technique
has been presented in our previous work'®. However, in this paper the extended of the
circuit analysis and the frequency response analysis are presented. Moreover, a new
linear tunable quadrature oscillator has been proposed in this paper. This proposed
CMOS OTA is verified through the PSPICE simulation based on parameters of the
TSMC 0.35 um and an application example of CMOS OTA as the tunable sinusoidal
quadrature oscillator is examined and discussed.

2. Circuit Descriptions

2.1 The design concept of a linear tunable wide input range CMOS OTA

Fig. 1 shows the block diagram of the proposed linear tunable wide input range
CMOS OTA. The block diagram comprises of the balanced differential amplifier and the
current squarer circuit.

Fig. 1. Biock diagram of a linear tunable wide input rang CMOS OTA
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From the structure of the proposed circuit, the input DC bias current (I5) will be squared
by the current squarer and the /pz is the output current that will be the bias current of the
OTA as

I35 =K132- )

where K is the constant value of the squarer circut.

Since the transconductance gain of the balanced OTA is equal to ,/ 2K gy * where k is the

transconductance parameter (k = uC, W /2L ), ui1s the mobility of the carrier, C,, is
the gate-oxide capacitance per unit area, W is the effective channel width, Lis the
effective channel length and 7, is the DC bias current. From Eq.(1) the transconductance
(gw7) of the proposed linear tunable wide input rang CMOS OTA can be expressed as

8ur = 2K(K1,%). @)
or

8,7 =1,V2kK. , 3)
From Eq(3), it can be found that the g,,7 can be linearly tuned by the DC bias current /5.

2.2 A current squarer circuit

Vorpe

—
= Mo 2

Fig.2. The current squarer circuit

Vi
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According from above mention, the squarer is used in the bias state, so in this section
we will discuss about squarer circuit. Fig.2 shows a squarer circuit, where the transistor
Ms, M5 and Mg act as current mirror that provide the bias current for Mj, My and M.
From routine circuit analysis, the output current of the squaring circuit(f_)can be

expressed as

I
I =21A+‘8‘B_"Ioa~ @

By Eq.(4),if we set the /L of transistor Mg as follows (W /L), =2(W /L) then

My M
the current of Ipsis will be 21,. Subsequently, the Eq. (4) can be rewritten to be

I 2
I =-§;—for|13|s4IA (5

g
A

where I is the bias current of the squarer circuit and/, is the input signal current of the
squarer circuit

2.3 A balanced wide input range CMOS OTA

. $ ' g ‘VDD
M, M, M, L‘[ M,
v v,
G—l l——o
Mll 12 | o I
M9 M.,
I
%l 1‘417 813 1{18
rl.
! |

Fig.3. Schematic diagram a balanced wide input range CMOS OTA

The proposed balanced wide input range CMOS OTA is shown in Fig.3 which is
consisted of the current mirrors, the differential pair (M;, and M;,) that perfectly matched
with source degeneration which construct by the active resistors (Mo and M;,) where as
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Iz is the DC biasing of the balanced differential pair. The input voltage of the circuit is
determined as

V,=(V.-V.). ©)

From the circuit analysis in Fig3, sincel,, =1,, = %ynco, (W L)(VGS11 +V, )" and
1 ,

Ipp=1Ip, = 'z‘ﬂncax (%) Va2 +Va )?, therefore Vass Vasio» Vosn and Vg, are as

, 21 ’ 21 ’ 21
followsV. = }—=20 _4p | = j——210 )y [ = |22 _.,p
G89 /JHCM W/L th9 GS11 #ncaz W/L thll as10 /,IHCDX W/L th10

2IDlZ +
4,C WL
voltage V. becomes

and Vg, = V- Byusing the KVL of the circuit in Fig.3, the input

Vi =Vasie ¥ Vasio —Vasu = Vass- @)

T

Substituting ¥, ., V. V..., and V.

0o Vesu s, 10 Eq.(7), therefore V can be rewritten as

_—j(z‘\jjmz -2 Iml)+V:h12+1/;h10"Vm11_Vm9- @

Using the KCL at output node (1, ), the output current /| can be defined as

I, =1ps—1pg ®
and atnode ],
Log = Iy +1p, (10)

From Eq.(9) if I,,=1,, and I,,=1,,, the drain current [,,=1 -+1,,, then
substitutes these to Eq.(10), it yields {,, =27,,,+1{, . So, the currents [,,, and I,, can
be expressed as

I, -1 .
I, = ”2 2 (1)
and
I+ 1
I, = 382 > 12

Substituting Eq.(11) and(12) into Eq.(8), it yields

97



6 D Duangmalai and K Kaewdang

_I ! lIBB+Io_ ﬁBB_Io
V‘"_Vynca,W/L Nz ANz ) 13

From Eq.(13), it can be expressed in the function of /_ as

1 4 r—————
Ia =—12'L /‘ncox (W/L)IBB (14)

The transconductance gain g, of the balanced wide input range CMOS OTA in Fig. 3
can be expressed as

Em Z%v#ncax (W/L)IBB (15)

From Eq.(15) it is found that the transconductance gain g,, of the CMOS OTA can be
varied by the bias current 7, , however it in the square root function that cannot linearly

tuned.

2.4 The proposed linear tunable wide input range CMOS OTA

A linear tunable wide input range CMOS OTA, which 1s consisted of a balanced
differential pair CMOS OTA cell and current squarer cell is shown in Fig.4. The output
current of the current squarer (/) is given to be the DC bias current (/35) of the proposed
CMOS OTA.

D Currenl squarer cell

 —

Fig.4. Complete circuit diagram of the proposed linear tunable wide input rang CMOS OTA

Vs

Therefore, from routine circuit analysis in Fig.4, the output current of the proposed
CMOS OTA can be expressed as
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AR R0 -

“T 2y 8l '

A

From Eq.(16) the transconductance gain g, , of the proposed circuit can be expressed as

IB I“n:ox( /L)
=2 2z oxh L2 17
Emt 5 \’ 8IA a7

If welet K= . C_W /2L , the transconductance gain g,,r becomes

I
&= ?B,/K/IA : (18)

From Eq.(18), if L, is fixed, the output current /, can be linearly controlled by the external
DC currents I3,

It should be noted that the transconductance gain (g, 7) of this proposed CMOS OTA
will provide low harmonic distortion if the input voltage is limited in the range of

~1,JKj41, <V, <1,\JK[4I, 19)

2.5 Frequency response of a linear tunable wide input range CMOS OTA4

Consider the frequency response of the current-mirror-load balanced differential pair
CMOS OTA. The balanced differential pair CMOS OTA is shown in Fig.5 with four
capacitances indicated, C, is the total capacitance of current-mirror at the input node of

the current mirrors (M;3-My4 and M,5-Mys), C af is the total capacitance of differential
pair and R, is the total resistor at the output node. The total capacitance of current-
mirror C, can be expressed as

c =C. +C, (20)
where C,,; and C,,, are defined as

Coy = Cos + Cpys (21

Chi2 = Crs+ C g (22)
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Fig.5. Frequency response analysis of the circuit in Fig.4

The capacitance C,, is the total capacitance of differential pair can be expressed as
Cug =Cag+ Cago - (23)
where Cymand Cyypo are defined as
Cug1 =Cgin + Cpao 29
Cogz =Coii + Coea (25)

As indicated in Fig.5, the transistor M;, will conduct a drain current signal of
&, W, /2), which flows through the diode connected transistor of M;s, and thus through
the paralle] combination of 1/g_.and C,,where we have neglected the resistances r,

and r,,, which are larger than 1/ g, ., the voltage V_, can be expressed as

- g . gmlO
ml2 ~
v (g»no T &2 T S(Cg.le *Caz )) v, 26)
¢ ngS + Sle 2
The drain current of the M;4can be defined as
e = “gmeVgl @n

substituting ¥, from Eq.(26) to Eq.(27), the drain current i,,, can be rewritten as

100
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Emn
Emio TEma S(Cgsw +Ci ))

Emz -(

o v,
d16 — e
1+———C"" 2
gmlS

and the voltage ¥, 1s written as

Ems
Ems T &mit +S(Cgs9 +Cgs]1)) v,
8o +5C, 2

- gle_(

V.=

g2

Since the drain currenti,,, = i,,, =1i,,,, where iz;is defined as

g = —8meV g2

Substituting V,, from Eq.(29) to Eq.(30) the drain current i,,; can be expressed as

Emy
ng +gmll + S(CgSQ +Cgsll))

Emni _(

a8

[\ I'sw

1+——SC"’2
Emis

Now, at the output node the total current is

Lo =lie T g

which flows though the parallel combination of R, =, //r,, and R, thus

1

o out |
R—+RL

o

(28)

(29)

(30)

€Dy

(32)

(33)

Substituting 7., from Eq.(32) to Eq.(33) where g,,0 = 8,10 = &z > &m3 = &ms = &, and

it = Emiz = 8m,, the voltage transfer gain is written as
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E g

By ~

aff
By +
sC

Em

em

(34)

1+

—+R,

L
From Eq.(34) indicates that the capacitance C,, at the input of the current mirror give rise

to a pole with frequency £, ,

= lem 35
f P Scm ( )
and a zero with frequency f,
f=—x. (36)
5C g
From (36) indicates that the capacitance C,, at the differential pair give rise to a zero

with frequency f, .

2.6 A linear tunable sinusoidal quadrature oscillator

The quadrature oscillator is a typical of sinusoidal oscillator which it provides two
sinusoids outputs with 90° phase shift. They are found useful in selective voltmeters in
measurement system, simple sideband generators and quadrature mixers, vector
generators and selective voltmeters®®#.

In order to demonstrate the usefulness of the proposed tunable CMOS OTA, the
quadrature oscillator based on the proposed CMOS OTA which its oscillation frequency
can be linearly controlled is presented. The circuit structure consists of 3 tunable CMOS
OTAs, 2 grounded capacitors, and only resistor.Figure6 shows the block diagram of the
quadrature oscillator compose of an integrator circuit, an amplifier circuit and
adder/subtractor circuit.
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| Vo, '
; + T N |
Adder/subtractor sa sb
icircuit Integratorfcircuit
k -
Amplifier circuit
Fig.6. Block diagram of the quadrature oscillator
yt

=

AR
-

—

i

i

Fig.7. Schematic diagram of the quadrature oscillator

The schematic diagram of the circuit is shown in Fig.7, where the OTA, and C,form
as the integrator a, the OTA, andC,form as the integrator b and the amplifier circuit
consist of OTA, and R. The characteristic equation of the circuit can be obtained as

SZCICZ + chlgmu (] - gm, R) + gm,, gm,, = 0' (37)
From Eq.(37), the condition of oscillation and the frequency of oscillation are written as

Rg, 21. (38)

l"(

4 ", g o,

39)
GG (

. =

ose
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—_ Bb
From Eq.(38) and Eq.(39), if &~ _'—‘, > 8m = \’81 and 8» = 81

yields

RI
A LISy (40)
2 \sl,

o, = | Lotk (41)
321,C,C,

If I,=Ig=Ip, therefore Eq.(41) can be reduced to

P jy LS “2)
321,CC,

From Eq. (39) the frequency of oscillation can be linearly tuned by I, while the
condition of oscillation can be adjusted by 7, . From Eq.(40) and Eq.(42), it is obviously

found that the condition of oscillation and frequency of oscillation can be adjusted
independently. The relationship of output voltage between V,and ¥, can be expressed

in the voltage transfer function as

Vo S) _ ~8m,

. (43)
V,(s) sC,
The voltage of sinusoidal steady state can be rewritten as
V. .(J - -
2 U®) _ 8m e 44)

V,(w) «C,

It is found from Eq.(44) that the quadrature output voltage between V, and V_ is phase
difference 90°.

3. Simulation Results

We perform the simulations by using PSPICE for verification and demonstrate the
performance of the proposed CMOS OTA and its application. All MOS transistor use the
TSMC 0.35 pm process parameters. The dimensions of transistors are illustrated in
Table 1. The power supplies were set to Vpp =-Vgs =15 V.

Table 1. The dimensions of the CMOS transistors

CMOS W(um) / L(um)
M;-Ms, My -Mjg 1.75/0.35
Mg 3.5/0.35

My,Myg 0.35/0.35
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The DC transfer characteristic of the proposed circuit in Fig.4 was shown in Fig.8. The
plots of the output current /., varying the input voltage(V,,) is clearly shown that, in the
case of the DC bias current(7) of 500pA, 700pA and 800pA, the circuit can be linearly
convert the input voltage into output signal current with nonlinearity of less than 2.5% for
the input voltage(V;,) in the range of -0.8 to 0.8V, -0.97 to 0.97V and -1.01 to 1.01V,
respectively.

These results were agreed with the Eq.(18). For example, in the case of the input
voltage V;,=100mv, the DC bias current 1,=200pA, the DC bias current /;=500pA and

the transconductance gain g, =3.8x10"4/V .

180

[ ———— :?;;———'—""
e

81, ~-800uA
-1, =700uA H

QIB - 500 uA

-180

-1.0 -0.8 -0.6 0.4 -0.2 0 0.2 0.4 0.6 0.8 1.0
Vin (V)

100

Tout (uA)

L4
/

N

00

Fig.8. DC transfer characteristics of the proposed CMOS OTA

The plot of the relation between the transconductance gain 8., and varying input voltage

in the ranges of -1.1 to 1.1V in Fig.9. It is shown that, in the case of Iz = 500pA,700pA
and 800pA the circuit can be linearly convert the input voltage into signal
transconductance g, for the input voltage (V,,) in the ranges of -0.7t0 0.7V, -0.8 to 0.8V

and -0.6 to 0.6V, respectively, for the transconductance’s nonlinearity of less than 3%.
From this result, we found that the higher bias current will provide wider linear range of
the transconductance.

0 F 1= 800 uA
g ’ M ¥ Y \ B ;=700 uA
3 / O L=500uA
§ 200 7 — 5 <
é o8 & S N B e =N\

~ o é A N
ﬁ / - v\
/ \

& 160 — ——

140

SWINE 08 06 04 02 0 02 04 0.6 0.8 1

Vin (V)

Fig.9. Transconductances of the conventional transconductor
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Fig.10. Linear transconductance wnable range

Fig.10 showns the plot of relation between the transconductance gain g, and the DC

bias current fp. It is measured by given V,=ImV, /,=200uA and varies I from InA to
1.2mA. This result shows that the g, can be linearly tuned by the bias current /5 over the

current range of 1nA to 1.1mA, where the simulated conversion error is less than 4.3%.
The frequency response of the proposed circuit is shown in Fig.12, in the case of the

AC input voltage V,=1mV, the DC bias current /,=500uA, the transconductance gain

g,,, =3.8x10-4V/A, g, =1.7x107V/A, g, =3.8x10"V/A,C,=181x10""F andC

diff
=3.8x10°""°F, the -3¢z bandwidth of about 8.35 GHz is achieved. From this result we
found that, the frequency response of the proposed circuit is according to the calculation
in Eq.(33) with the error of about 5%.

1]
35GH=:
g4
z
k=3
o
Q
-8 4 S FUS
12 . .
1.0 10 100 1.0K 1OK 100K 1.0M 10M 100M 1.0G 10G 160G i.07

Frequency (Hz)

Fig.}1.Frequency respond of the OTA

The performances of the proposed linear tunable quadrature oscillator in Fig. 7, are
also verified through the PSPICE simulation results. For the design example of the
frequency of oscillation (f,) is 600kHz, we set the bias current of the OTA, and the
OTA, are S00 uA (1, =1, =1, =500uA)and the bias current of the OTA,is697uA4

(ln, =697uAd) and C, =C, =50pF , then from the condition of Eq.(40) the resistor (R)

will be equal to 5.2kQ. Fig.12 and Fig.13 show the output waveform at the initial and
output waveform at the steady state for V,; and V.. Fig.14 shows the output spectrum
where the simulated oscillation frequency was obtained at 600 kHz and total harmonic
distortion (THD) is about 0.39 %. The power consumption is about 37.7 mW.
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Fig.15 depicts the plots of the simulated and theoretical oscillation frequencies versus the
bias currents [ at C; and C; with identical values, are 5nF, 500pF and 50pF. It is seen

that the simulation results are in accordance with the theoretical analysis shown in
Eq. (40).

R00

|8
=3
=1

, Vo2 (mV
)

0l

24004

Y

-801

0
070 075 080 085 0490 95 1Loo 105 L0 s 120 125 130 133 1400 1435 150

Time (ms)

Fig.12, Output waveform at the initial state

750
400
>
E
(=] 0
=
NSAV.V IR VARV
=777 .
1.262 1.264 1.266 1.268 1.270 1.272 1.274 1.276 1.278
Time (ms)

Fig.13. Output waveform at the steady state

100

O vo2

\\ THD =0.39%

M

I < Vol
r—]_(,oo kHz [

Vo1, Vo2 (mV)
=

e
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Fig.14. Output spectrum of the quadrature oscillator
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Fig.15. Output frequency versus Ip cutrents.

4. Conclusion

A realization technique of the linear tunable and wide input range CMOS OTA has been
presented in this work. The circuit structure 1s composed of the improved balanced differential
pairand the current squarer circuit. Its transconductance gain can be linearly controlled by
electronic method by the external DC bias current with the nonlinear transconductance of less
than 4.3%. The PSPICE simulation results can be demonstrated the performance of the
proposed circuit. The frequency respond of the proposed CMOSOTA is about 8.35 GHz, with
power consumptions about 3.05 mW. In addition, the tunable quadrature oscillator based on
the proposed CMOS OTA which its oscillation frequency can be linearly controlled is
presented.
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Abstract—A new technigue to realize the linear tunable and
wide input range CMOS OTA is proposed. The realization
method is achieved by squaring the fong tail current (Ig) of the
differential pair and improved the finear input range by source
degeneration technique. The OTA transconductance gain can be
linearfy tuned from 10nA to ImA and the linear input-voltage
range of about 1Vp with less than 3% iy is d
The performance of the circuit is discussed and confirmed
through PSPICE-simulation results in TSMC 0.35 pm CMOS
technology with power supply of £1.5 V.,

Keywords— linear CMOS OTA: current squarer; current
tunable; transconductance;

. INTRODUCTION

The operational transconductance amplifier (OTA) is the
favorable active building block of analog circuits and systems.
its duty is voltage to current converting circuit. Apart from
that, the output gain of OTA can be electronicalty controlled.
Furthermore, it has high input and output impedances. Thus. it
is widely employed in analog circuit designs such as
amplifiers [1], sinusoidal oscilfators {2]{3}, square-rooters {4].
muitipliers {S] andactive filters [6]. It is well accepted that the
transconductance at output port (g, ) of OTA based on BIT

technology can be linearly adjusted by current bias. However,
theg,depend on temperature more than OTA based on CMOS
technology. As a result of g,=/,/2V, where Vy is the thermal
voltage.Moreover, the CMOS technology is a good choice for
analog circuit design in the past two decades {7]. There are
many advantages, such as. low cost technology. smalf size and
low power consumption,

Fromliterature review, the Jinear CMOS transconductor
circuits have been presented for example in {8-10). Their
linear input voltage range has been improved and its
transconductrance gain can be controllable. However, the most
tunable transconductace are controlled by voltage and
nonlinear{9)[!}.Recenmtly, an  Electronically ~ Tunable
Operational Transconductance Amplifier (EOTA). where its
. can be linearly tuned for a 3-decade range, has been
proposed[1 1], However. its structure is quite complicated due
to the use of 3 CMOS OTAs. A balanced output operational
transconductanceamplifierOTA (BOTA), where its g,, can be
linearly tuned a fully differential transconductor and a variable

Khanittha Kaewdang
Faculty of Engineering
UbonRatchathani University
UbonRatchathani, 34190, Thailand
khanittha.k@ubu.ac.th

current gain cell that is modified from a current-mode
transfinear circuit, has been proposed {12].

Therefore, the main objective of this paper is to propose a
new circuit design technique for the synthesis of a linear
clectronicaliytunable CMOS OTA with the wider input range,
This OTA is achieved by squaring the bias current 1y of
CMOS OTA for the linear transconductance controllable by
the external DC bias current. Moreover the circuit
performancehas been improved for wide linear input dynamic
range.

I CIRCUIT DESCRIPTIONS

A. Basic Conceptof OTA
The operational transconductance amplifier or OTA is

voltage—to—current  converter circuit[12.13].  The output
current of an OTA is given by
= - Y= 7, 13
I8V Y =8 M

wherel,, is the output current, g, is the transconductance of
OTA. andV, =(V, -V }is the different input voltage. For a
CMOS OTA, the transconductance gain is equal \/2k/, where
the transconductance parameterk =y, W% oM is the

mobility of the carrier,C,, is the capacitance per unit area, ¥ is
the effective channel width, L is the effective channel length.
The symbol of the CMOS OTA is illustrated in Fig.1.

Fig. 1. Symbot ot the OTA.
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B. Current Squarer Circuit

Assuming as all MOS transistor are operated 1n saturation
region Based on the square law characteristic of CMOS
transistor, the output current of this squarer can be expressed as

2
lout,,,,, =21+ x‘zﬂj ~I,

@

From Fig.2, if we give (W/L)w = 2(W/L)mza, the drain
current Iy ‘will equal to 21,. Subsequently, the Eq. (2) can be
rewritten to be

_1

Tout .
8l,

scuarer 3
From the Eq. (3), it can be found that the squarer can be
electronically controlled by I, . In addition, in ideal case, it is

independent from temperature variation Therefore, it is
appropriate to employee in the OTA.

V[)()

Plaquarer
-

M,

Fig. 3. Abalanced wide input range CMOS OTA

C. Principle of the balancedwide input range CMOS OTA

Let us assume that M,; and Mare perfectly matched, M, s
and M¢ are active resistor bias balanced differential circuit
and the current murrors have unity current gains, where Vi,is

the differential input voltage (¥, =V, -V_)and Iy is the bias
current illustrated in Fig.3 [13-15) From Fig, 3, M, and M,; are
operated as resistance simulators. It can be seen that,
Vo=V, =V =Vosna +¥o512 =¥oms =Vgen» then from  routine
crrcuit apalysis the differential output current I, can be express as

v, { &v?
Io=1414"1.113=74k1” 1—_]61 X
< BB

If -2, Fi’— sV, s2, }% Jthe transconductance gain g, of the

differential transconductor and 7, can be defined as

)

1
gn_:vklﬁ‘ﬂ’ 5
and
A
a=7 Al gy (6)

From this result, we can found that the input voltage (V,,) of
this circuit can operate 2 times wider range than the simple
CMOS OTA. For example, in the case of Iz = 500pA and
k=4635x10" AV?, the usable range of a balanced wide input
range CMOS OTA is about +0.76V for I; = $OpA, where as
the simple CMOS OTA is about +0.31V is shown in Fig.6.

D. The proposed linear tunable wide input range CMOS OTA

The proposed linear tunable wide input range CMOS OTA
is realized by assume that all transistor are operated in
saturation region. This means that the transistor drain current
Ip 1s characterized by

2
- { k(Ve-,) for v >V, .
? 0 for ¥ <V,

Where k is the transconductance parameter, k= uC, W/L
where u 1s the mobility of the camier, C,, is the capacitance
per unit area, W is the effective channel width, L is the
effective channel length, Vgsis the gate-to-source and ¥, is the
threshold voltage, respectively.The circuit configuration
consists of a balanced wide mnput range CMOS OTA and
current squarer circuit Fig.4 shows the conceptual circuit, to
obtain the linear tunable transconductance by the external DC
bias current Iy,
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Fig. 3.
OTA.

From properties of the current squarer and the balanced wide

put range CMOS OTA as described in Section [.B and
11.C.the proposed OTA’s output current can be foundto be

Vo 5
Lo = 5 kd s (8)

/
Where lyp = 0wl arer ~8’;— Hence, /., can be expressed as
A

Y
Iam = .ILIﬁ. .L for -2 Iﬂ < Vm <2 _I_‘l (9)
2 \8l, Vi Vi

therefore, the transconductance gain (g,) is

1, [*
=l X 10
& =3 Vsr, (10

From Eq, (10) if ;l; f%‘ kept constant, we found that g, can
- 1

beelectronically andlincarly controlied by external DC bias
current; /.

112

{1, SIMULATION RESULTS

The performances of the proposed linear tunable wide
input range CMOS OTA of Fig.5 have been verified by
PSPICE simulation. The NMOS and PMOS transistor use
parameter of the TSMC 0.35 pm level 3 of MOSIS. The
dimensions of transistors are illustrated in Table 1. The power
supply were set to Vpy, = Vig = LS V.

TABLE L DIMENSIONS OF THE CMOS
CMOS W ey / 1 (umy

M1, M2, M4 - M8 1.73/0.35

M3 35038

MIT -MI2 0.35/0.335

MI3-MI8 1.75/0.35

The first simulated result displays the DC transfer
characteristic ofthe output currents of the simple OTA and the
proposed OTA where V,, is varied as shown in Fig. 6. It can
be concluded that the input voltage range of the proposed is
wider the simple OTA. lts linear input range is approximately
+1 V. Fig.7 Shows simulation results of the DC transfer
characteristic of the proposed CMOS OTA. The plots of the
output current /,, versus the input voltage V,, is ciearly shown
that the DC bias current (/) in the case of S00pA, 700pAand
800pA.can be linearly convert the input voltage into output
signal current, with tranconductor’s nonlinearity less than 3%
for the input voltage (¥;,) in the range about of 0.4V to 0.4V,
-0.75V100.75V and -0.61V to 0.61 Vrespectively. These results
were agreed with the prediction value from Eq. (9). For
example, in the case of the DC bias current /,=200pA,
1=500pA,  V=100mV, g S 2=92.7x10" 447, the
transconductance gain g,~1.35x10™ 47}

m

z

=

lout {uA)

re

=

L/

o >—0—9¢
41 0 AR b6 09 02 0 02 04
Osimple OTA  [J Proposed OTA (V)

s 08 1 12

Fig. 6. DC trsfer charactenistics of the simphe O TA and wide input nmge OTA.
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Fig. 7. EXC transfer charactenistics of the proposed CMOS OTA
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Fig. 9. Linear transconductance tunable range.
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Fig. 10. Frequeney respond of the OTA

Fig.8 ifustrates simulation rvesults of the transconductance
characteristic for the various bias currents. For example, in the
case offy = T00uA, 750pA and B00uA respectively. the linear
input range is about -0.75V to 0.75V. -0.67V to 0.67V and -
061V to 0.61Vrespectively, for the transconductance’s
nonlinearity are less than 3%. From this resuls, we found that
the higher bias current will provide wider linear range of
transconductance.The plot of the ration between the
transconductance gain g,, and the bias current Jzis shown in
Fig. 9. It is measured by fixing F;,=100mV, and [,=200pA, by
varying [y from 10nA to 1.5mA. This result shows that the
transconduetance gain g, can be linearly tuned by the bias
current Iy over the current range of 10nA to 1.1mA, where
thesimulated conversion error are less than 4.3%. Fig.10
shows the frequency response of a linear tunable wide input
range CMOS OTA simulate -3dB is abour 3.28 GHz.
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IV. CONCLUSIONS

A new linear tunable and wide input range CMOS OTA has
been presented in this work. It is combination of a novel
transconductance cell and squaring circuit. The transconductance
gain can be linearly adjusted by electronic method via the
external DC bias current, with the nonlinear transconductance of
less than 3%. The simulation result with PSPICE can be
demonstrated that thefrequency respond of the OTA is about 3.28
GHz, with power consumptions about 3.05 mW.
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