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AB bulk-driven tunable linear transconductor) “Lﬁﬂ’nllLﬁuL%dLﬁuqanﬂHIﬁLLwéﬂﬁi’lElLL‘iaﬁu
fndn 1V eenuuuiimelulai@ed 0.18 pm 299svenensILdasusnmasTiviaue ande
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Tassas A un eI anauuasistu (Passive resistive source degeneration) @iy
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1935V ENTIUARBURNIRD STaUS VLT LA lABMTUSULAIN STLARAR1 9100
wafilsianasasvoenudasudninesmdn (core transconductor) lapeidenies gain-
adjustable current - mirrors - fignadtsnelalassadiaisesagiounseua wan1ssiaess
YueNasteensudnausnnasiteaUsuusdanals fnnslddiuwiidy 104
uA  melfvasussiuiien 08V fauiiaiieuenslutingy - (total  harmonic
distortion: THD) THD < -40 dB YBNasNANLIMLIWUTUNANI £800 mV nRFRuT
Al 10 KHz HANTTTaBIFY Y IMTUNIULIIAUBUNA (input-referred noise voltage) HA1
Wiy 100 v Safidsanudlaiiu 10 KHz YU fURnunssiuduwaning (input signal
dynamic range) Wiy 75 dB @130 THD < -40 dB

Usggndldanunsesmsudreusiniaesimiiausdmiulasnsasnuivatowiifiuuy
Tumens1@n (Fully-differential biquadratic G-C filter) naaaufiAwdfnoew 10 KHz 9
frdsuieay 30.4 pw meliunasiisussiuion 0.8 v TisufiRnuusstudunmanii
67.4 dB du5u HD3 Useinin -40 dB



Thesis Title Low-Power CMOS Transconductor for Biomedical

Applications
Student Miss. Apiradee Yodtean
Student ID. 48060005
Degree Doctor of Engineering
Program Electrical Engineering
Year 2013
Thesis Advisor Assoc. Prof. Dr. Apinunt Thanachayanont
Thesis Co-Advisor Dr. Pasin Israsena

ABSTRACT

This thesis describes the design and realization of a sub 1V low power class-
AB bulk-driven tunable linear transconductor using a 0.18 pm CMOS technology. The
proposed transconductor employs a class-AB. bulk-driven differential input voltage
follower and a passive resistor to achieve highly linear voltage-to-current conversion.
Tranconductance tuning is achieved by tuning the differential output current of the
core transconductor with gain-adjustable current mirrors. With 10.4 pA current
consumption from a 0.8 V single power supply voltage, simulation results show that
the proposed transconductor achieves the total harmonic distortion (THD) of less
than -40 dB for a peak differential input voltage range of 800 mV at frequencies up to
10 KHz. The simulated input-referred noise voltage integrated over 10 KHz bandwidth
is 100 WV, resulting to an input sienal dynamic range of 75 dB for THD < -40 dB. A
biquadratic G-C filter is designed to demonstrated the performance of the proposed
transconductor. At the nominal 10 KHz cut-off frequency, the filter dissipates 34.4 uw
from a 0.8 V supply voltage and it achieves an input signal dynamic range of 67.4 dB
for the third-order intermodulation distortion of less than -40 dB.
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Hugudsznaundn Tnefinsiunyszgndléanuunseg vosszuu tieliaeandasiu
isﬁwﬁéf@amiaaﬂLLU'Uﬁww%’umwsﬂszqﬂﬂﬁewuﬁu‘]

Tunseenuuuisasveedyaraudmiviniddegunsalwnmmsnisunng el
angliundssrousafum fnnsligunsaitios thundenislisidenus wasdwmalifvundn
ﬁnﬂssauﬁﬁgwuﬁ%iaaé’tgzy’lmumuqq wardinnududadui dufunmsiaunsveie
Fynadliilysedvsnmgs agdmansenuiluegranndentsiamuszuulilinanngemumn

snfiognwesgunsainenisumdiiauideiivnniinnsandegunsaitaeiades 1
nsfinyuImsATemeiunsteiiades (5] - 9] wuinmaluladignuunldlusu
fruwdeaufinsmanisladuileg 2 Ussunlunjq Ao w3ostieils (Hearing Aid device) uaz
ssuuUssamydien (Cochlear Implant v39 Bionic Ear) fulasszuuiisasuausdondy
drulszneuiidndy Sranunsnannislindsunesasueusdenadld sxdwmalissuy
fananilengnsvinuliumuiy mnlduumeeiiuundsdendin

Tngauideil Gusuainnsinwiynidanisamnueslasaiiauyuduazainy
unwsewvesnsiddy Mhlugnmsimunquanifindesnsesnuuululasiudmiuaunsal
wnnennslagudesssuuussaanipiiey (Cochlear Implant %38 Bionic Ear)

1.3.1 Tassadrenigluvesyuywd [10]
¢ [ e | 4 & | a 2
vesNyudansalaudesnfitasnduanud daud 20-20,000 Bnd (Hz) \ioeny
& 2o 1 PP ) w [ 1
geumuasalumsliduazanas duenudnivsylevidmiuniswauazmslituey
FENIN 300 — 4,500 Hz whenldinnnuswaddasdivualmdundiua (dB) Wiowindes
a a o - @ 1 ) 17 & "o = o
Ainlusssuduazlunnznndsuininusmwannsdulouinuiefie . aeusidaefisininuds
o ' a ot ne ) s T 1 & - a | o4 o o
dsedu Wdewnszdu aulviudesidenigmiudoiei wioduuniesduleny Bedinnud
' v = Y ' 12 1 P ¢ val o ) ) v
AU Wi (10 usitdgeiuyedanmnsauenlatiiseUssana 1,000 duwiniu fady
seiunuRadsdunaiidadlagniy - nenalnnssudssenmwdlitauuazuenlivetus
membendualagaysenuanuiadua log ¥9PMEa39Y Ao Anufidiudy 10
windendn 1 wa (bel) uas 1/10 wads 1 dB
= 1 ﬂ‘v 2/ -] 2/ nl'v s { 2/, u
yueayudilasaiidudoy  vihwihfisuuasiulgmaudsstidanudunazany
P e o ) 4 o = @ o )
usimingay  umdslagunasiueiudEsalundunudssamlngdidumesegluney
anwauzlassaineey Tnseadvemuuseandu 3 dufe yuuen yiunans yiulu
v o & | ] | YY) w a a '
wihvesduuen eswnyduuenduviesn Aulupmuiuvendusivinnumeye
[ e =3 A "V w 1 v oo o & a & 4 |
alunlnegiannniivinvedieuen  WusufuIANTUISAATUlsANuEvaIREY
Wgagnanianugvesie 4 wh fe Wemnudrudomduuenudiasifiudssanal 12 dB
1 1 o oA v ¢ 1 1 ) ar & v o 2 o
desazshudhlunuiubouiog Faogssnhuyduneniuydunan wihfivendeutviedy
v o & & o [ & = 1 =l [y 1 1 ai
EUmeIsuUANNAY Apasiladbiremswasuuwdasmnuau uwiazlilsenisidsuwdas
wad 4 a0 < 1 o v a Vo,
A AuaudRtasuudasiuamunnuianeg ieiidesreenevilnSulady wnsemy
o 1Y) & = B -5 ) Y i o a i
WBeunmazindeuluiisndindosussunn 10”cm (Fmsuanuiinn) wasiiaaud 3,000 Hz 9
di -9
wwasuluUsyunn 10" cm



wihilveydunans  AowAsundimuissmnermaiiantifumuduasioures
voavan Seogluydilulneliindaruiios  nsvholusnvasdazendonalanisyian
y99svUUSuasodnd (hydraulic press action) wavusundeulnariusyuueu  (lever
system) veanszgnAou M Inau Saufundundeiidareruagifues nalnluyduiazdeusy
yedeiliauseing fu uasfetesiusunnelifuyduludefidestannduly Tne
lawsfie i idannqenaisunsededoundand (basilar membrane) vosnasindeld

wihilvesyiuly ludesyiuluasdotisiiSenireaeinds (cochlean Fulueieonsd
dfyenslaifudes dnvazvesrasindensiduviofivashuluguiuvesasisousds nmely
flanvieusnainiufie scala vestibule, scala media wag scala tympani lagfl scala
vastibuli iu scala media mt.aﬂ%’lﬂﬂﬂﬂﬂ vestibular membrane @ scala tympam e
scala media menﬂﬂu‘f,mﬂLeJamﬁa'ﬁuuwumwmLﬂamﬁmsu organ of corti Fafliwad
W (hair cel) FosagwadruiiosiiumTiuneinaudes \Wourdansesiiogussunm
20, OOO Tefigunndrunsegn Fseglonaneraeinie ledidnuarudanie wagsauuengnin
agfudoung w"l,uﬂmmml,uu muu’la’lumuummaaulmlﬂmlm mmmwaﬁauaqmnmu
AaBLAREUEEM 0.04 mm, LLavEJ’WTﬁJUL'iaEJ‘] aufiswaninedaauenidinduds 12 wn (0.5
mm) mmmwa«aﬂwmemanuumuswnﬁwuﬁuaamﬁmaulﬁmwmmmmqqnu fofigiu
‘UENﬂﬁE)LﬂﬁEFUuJJLﬁul&]ﬁuﬂ’m‘JUiUﬂaULaﬂx‘iV]ﬂ’ﬂuﬁﬁﬁ dndivmeidulvasenndilddmiuiu
dudssfiannuisn 'IﬂEJLau’lﬂummmuﬂiumunum’mf-muLmea‘uamwﬂumlmumn
vavailunasLAdunie

mmddyasdndliinlurasindede dawvureawaruitudluly endolymhp vea
989 scala media usiduaauvaruegly perilymph twavuiussanglumaiianuay
Usganas -70 mV dleLtouiiu perilymph Seindlifiiszunn 80 mv fintunasaian
5¥1714 endolymmph 1ag perilymph ﬁaﬁuﬁauiwdw endolymph wazarsnmeluad
fla 150 mv. Weuindnglaihiigannameureneniastaaiuamiblunisovaussues
wavuren1sadeulmasvy Lﬁmj"aa’lumiﬁaﬁ’ﬁgnﬁmtﬁm"LUgjLszfaéU‘isamﬁia"LU

auunfivsSumnidilumbeedadfaldedsswin 0 - 25 dB eaaifinduas
goydeauassnmmsliBuiiosinty fifssdunsandantsidduiiuannia 40 - 70 dB ms
wldindestaeile fhazdumsgydonsidBugint 70 dB msldSumsidinilsszuuyszam
wﬁamﬁas&‘mmﬂﬁ@mﬁm

3‘LJ‘V1 1.1 (n) aslassadnmeluvasuywd LLmaaﬂLUu 3 d9u wnuuaﬂ mjunmq Lay
wouly Imawuuaﬂmmmm'ﬂ.ﬁaaLmawunaw mﬂuuwnuﬂmawmmﬂaauafymmmm
Lﬂuﬁ‘fymmmana ImaummuﬂmasﬂﬂwaﬂmsammaamaﬂLﬂummvmaﬂiuw&ﬂu ¥
w3 auafufg']mﬂaLﬂuafgmmlwﬁwamaaauﬂLwa‘hJn's.,muwaaﬂsvmw‘lumssmaaama
dedyaludtanes Tnomluuyudannsoldtudsdutisanud 20 Hz 81 20 KHz wagdn
ﬁ'«mmwaammmmLﬁamﬂﬁl‘ﬂuivwaam'ia]uaq"lmmmmaml,m 300 Hz fauszuiwu
4.5 KHz U7 1.1 (%) uanslumamsnauauesmwiishauasesuiveastads [10] - [12]
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UM 1.1 () Tassedremeluesmuyud (4) doyfhualvosnasinde
(Lakshmi Narayan Mishra : 2000)

1.3.2 ssuudszamyiiey

diefasandissuuussamyiiion (Cochlear Implant %3e Bionic Ear) Mfleuldiusglu
C = b3 ! a L5 <
Uagtulugunsainuszneudie 2 daundng [13] faguit 1.2

o duusnidudfiegnisuensinisuyudussnaumelulasinusuindnuay
ssuudszinanadygiandes Tngrsasvimualasundsnunnuunned Wevh



8 ¥ o - ﬂl é
n1sUszanaudfeyaszgnuaudiiudyyiaingainudas (RF) Jadu
o a A a o Y] =l
dygraundanuduasvnand iedsludduiian

o duflmeadudiuiegnislusrsmeuysdussneufassiudyaauasies
fanisndsa Wowlaseyafildfumndsdeluddidninsn gunsaifindiias
wlasdygrandediidudyyrainilussduilifusunsnodenysdus
aunsanssfuadiudadianmnsoddygaguadausld

U 1.2 msldanuvesgUnsaissuudszamyiien (Bionic Ear wie Cochlear Implant) [13]
= w cu v Y 1 < @ 4 :
nnsgauwaniudediiaunsndsdyaivgduadauas (bryanchristiedesign.com : 2007)

ilerngunsalfsnafusuunanivilisasfesieniluumdesausduisngn
ﬁqﬁ’un'ﬁaanLauu’lﬁwasmmml%’ﬁwé’wmﬁaEJf] wdunisdaergunasdtandanunde
wunmedliannsarhenléun uazanaudosnsauneiindalunisldoy Uagtudad
NI IiSIUe158UU Speech processor, Continuous Interleaved Sampling (CIS) wag
Simulator Wrldthefunelusisneuywd (6] - (7], [11] - [13] Tneiinisdeihundsnuvded
msiviuuamediiihegaelusuneduniFeniissuudanisndsen leligunsal
mnanamnsavinuls dealiszuulagsy fvungunsaiidnasuazannislindsnuves
SEUU maamuaﬂmsqrytﬁawé’wqugL'tJa"r?immﬁmmnm'ieiaN"mwé’wmuazﬂ'iasgavﬁwmslﬁ
NN



wudﬁﬁmmmﬂmmﬁw%’uqﬂﬂ‘mim'iLwaéLLuuwnwwdaulwdﬁuagﬁu WAy
Wiy wargunsalifuwesithdyaa

euunel (Battery) flddmiugunsainisunnduuunnw  faudeansluides
sveznamsldauiienu Sawnsosenuuulisesfuidsnueig 18 ssunstiean
Aldievesduslanld

o'lulastu  (Microphone) Wuidumesussnnuils Adiavdesmilsdamonnulily

[ a

nMImauauel (sensitivity) Fuduwesitiuniseziiniinovauseedyg adunniininszvi

@

o =

fremuligauasai nauansivedlulesTriufiffondsundsnudssiunsenudu
useiulrihlaluarlidyananeinmmiloutunduidsmnussns

shedrannuaniivedlailastiu FG-3329A [16] ssvaudlefiussiuiitnasuagsening
09 - 1.6 V eazlinssuaidinmussann 15 pA- 81 30 pA Mnuvasieusuim
AUV (Rs) TAUsEan 20 KQ ?immmﬁ%’jmmmauﬂa%a (gate-to-source) uaz ﬁhmwmﬁ'
INAUALIATY (gate-to-drain) HAUsELM 160 pF Lag 120 pF mmmﬂmau’mmmwmma
wnald Cr ~ 1 nF 40A1 power-supply re;ecton lmLmﬂU 22 dB ffarassumuimuatioy
31 4 pvrms filvua i (Vout) Anfitiannud 100 - 10 KHz

| Continuous Interleaved Sampling (CIS)

Band| filt
Current Sensor andpasa fller Map
1-250 Hz Pulsa
Output

signal
! Silicon

mn Bandpass filter Map
Low-Noise Law-Power 2 251~ 500 Hz Pulse
[ ]
1]
. f
+ Microphone .
'
Ll

gnal

Preamplifier

Electrodes

Bandpass filter Map
501 -750 Hz Pulse
' 5
Input signal
[ o]
] Bandpass filter Ma
L wsony, | <3
Sensor Devices . 3
Bandpass filter Map
n™ channel Pulse

3UR 1.3 lassahinianunvesssuuyssiataUsyammyiioy

3Ufl 1.3 uamudenlaozunsuvesszuutszamyiienanneuide [6] taussuufingn
wFudunnmstidssslalasiudaSenianouduees (Siicon Sensor) Ussinvmild
vihsudygandes wddsuduussiulihifivumdninn faunsesveemadunie
Microphone  pre-amplifier w38 Audio Front End (AFE) gminunlduensdnyanailélnd
vunalvguileazannsonniluuszinanaluddnly syuuianaIinIsmIuANdRTIvEne
vosdyaiilitheasususasmeneuuusaluifaiGonih Automatic Gain Control (AGC)
Lwa’lﬁlmafym'lmLa'1m‘wsmmmmmmvauﬁlumuaummmamwﬂ Nndafmunfadfionis
aﬁgzgmmmmm 500 mV fouflvvdsdygaous aarﬂ,ﬂu,‘daaLﬁué’mmﬂmﬁ%ﬁaé’amwi A-
to-D mnuuacgfgqmvmumma%imﬂ Continuous Interleaved Sampling (CIS) tevinns
wonaiAeddusedusigg Tnesdenusaztrmnudluduiin channel Uagduilsuuen



Fmutiseudides 22 channel Ssaenadestusunuiumiiwedidninen Bufusuiuy
channel wnwhla TuminefBafiunuasdeavesduanadodilédunnnisdu Uagdud
nAeludndifelwldugs High Density Electrode [14] - [15]

Tuudag Channel Usznaudiensasnsasuaunnuiiiy Band pass Filter) Lilouen
AnuAfifesn1seanuddlifias Envelop Detector ievinisuSusssdayanaueusdenlind
auandauBty

reufivrdsdyyraueusdenluwaniudygraidiadsins LogAtoD ludues
2993 Scanner ¥M1snTIadaUANUgNABsTRLIANATEITEUUNDUdayalUf Electrodes
dedyanugnuenifuusasdrsmnuiuiizgniiiliogluguuuuiimnzauvionudndnads
#82995 Map Pulse noufidygaiadnaazideududyaialiihiidauinme eddly
nszfuadUszamiuides  szuuihiausluanudde (6] was [16] wuineesueneduyin
nadu AFE T dsnuiduaioitiwesyuuimiun 9109139 [1] - [9], [16] - [17] wun

2/

msirueTIeedyguiuguiiduesdusyneundn neulinzgnussynaldanuuees

9
= aa o

UTeianmigeg WU 2995U5Uanse7s 1asulasdyginiourdeniduidvia 29350584

Fyan 1udy azdenansenulagassdeszuuiieonuuulusiusieg wu nrsldmdau

AN BummesLieildeanuunlalasiy Husu
6;{1LLﬁiaﬁmﬂu5qi’Jmqﬂ’uﬁmuﬁ%’aﬁ’wmqmmmwwmaé’cgmmﬁugmﬂixani'm"‘]

- 2/ L o 3 o o
o lillaunwmsnzandmsunuaugUnsainimsung idausnnfignietsassenensiud

Aousnes (1], (171 - [22) Mulwinerdnwusadull sednauensiauilassade
19598 TdRsusnmeIdn AU TR lumIuTiasTIBwsIuAT Audder

I éll o CII A 1 vV a 1 3 =l W 0'
FARLUDIVDIAYUN 1% THD NTRUTNAUDUNANITNUIN UAYYIUTUNIUR

1.4 nougvisauwuaAanldlunisive

MseenuUIRIITIUAReudnmesAliundstouswus  ilelwldunBenaslindan
oy widmsinywsvansnmnisvheneesnasveedygaeriylild doswerdonsld
wadlanseenuuusieg sauiu Ingasiiiauegnesniuufemaiadioluil
1. oenuuunasmemaluladiued (CMOS technology) tiaannsldmaany
2. fmusliussfudunmdiveadad (Bulkdriven input) vemsuBdneifiuea
(PMOS) 15lousesiy Vs 1iinTumuosusasy Vi 9zdiAnfuaudfinty dewaliianunse
Tusauunasinetdosadla

3. 9RNLUVINRTMIELATIA51 Flipped-Voltage Follower (FVF) finananisldumnasing
WS

4. anududaduiidnfietulngldlasiadaudunurefamauelstu ( Passive
Resistor Source Degeneration) $2AUASYINNUIBISRTUUUAANADT

5. ann1TlURNTUNEIUNTEUALATUSITUDINAGUBN  UNITEFIUNEITINTEUE
Al Inmsdeldutea (NMOS) wuulnlemmeuidinin (Diode-connected) U
lAs59a$19 Flipped-Voltage Follower saudndeiu vilisasiinsviouuuy



panaed  Ieelassaindindngnaineguulasadiindanuanns  wwnves
wndsdrgnssuatigndriasievinavemsudanes

1.5 YBULUANITIY

1. Anwguaudivesgunsaliaiestioiiades 2 Ussian Ao edestaeil (Hearing Aid
device) wagszuuuszamyiieu (Cochlear Implant or Bionic Ear) wazidenfn
MseBNUUINTVRsSEULUSSAMIEN iefmusRuauTRvesasTiazoonuuy

2. Anmmsesnuuuasiousden waziSinnsivdey

3. AnneAfeihinauensiannuaiRvensmsudaeudninosiuuieg
dw¥uanuguanuion (llifiu 20 KHz)

a. Fnwvedianseenuuuasesiiliuvasioussui  uanadansinunauEh
mududaduresnueaesnuuuiasdmivguauien

5. Ainmmsussenildnuasmsudnauiniees 1wy 1995eedyg unadu (Pre-
amplifier for silicon microphone) asvenednIaoEwalies (Variable Gain
Amplifire) 2435UTUdRTIVENEIFYRYIMLUUDRLULR (Automatic Gain Control) 1935
nsedluuLenyin (Active Filter) {usiu

6. AnuISn1snTvaeuRuaL TR 9nmslfaueesiag Cadence Tools

7. Anwuneluladiithunliluaddod (nelulad UMC’s 0.18-um Az AMS’s 0.35
Km)

1.6 5188LL28AVDIMNYITNUS

Ineninusatuildudsilonioendu 6 un Ingluonil 1 nanferndunuas
Avmddnyesliamn eujmneuas inqUazasdussnainuni Wethuddusigiu N
viouuaAn veulwues el ievluundaluliseasBeadeselud

undl 2 nquiilAeates

Nl 3 WITSIUdRBUA RSt WD

unl 4 Han1sassmeinuUIsufievsemsudneusnmesiniaue
unfl 5 maUszgnissiiauedmitldnumenisume

uni 6 ayunanideuasdorauauuy



unfl 2
N uf N9

2.1 MATANIS0NWUUNDTALERE 96N
wmAlAnseenuuUIsT &t lflumadeivssneuluomeaiiase
fuil
2.1.1 wealulag@ueansudanes (CMOS technology)
2.1.2 Auuaniinsinuyesdatiad (Bulk-Driven characteristics)
2.1.3 NITAUKIWULUL Flipped-Voltage Follower (FVF)
2.1.4 235vensaaaiol (class AB amplifier)

2.1.1 wealulag@ueansuanes

Uagduniseenuuuiassandmiugunsaimmsumdiuunnmiannudeanisludes
NM5UsENIANEIY  (Low-Power Low-Voltage) waluladfusadadumadonudndmsu
nuesnuunesTiFenslindinulion fBunnSufiuaudas [iuites vhanldds Dudu
Buhlimalulagiidvunadnadussdvuiumalilad — Adwvhlienunsoasmsldusaian
uwiavreusiuliosadludn  wondsdwalivuinvensesiufleanuuuiivunadnauluie
[23] uanmnﬁuﬂq'a'“l,ﬂz'fmrfﬂuiaﬁ%uaaﬁqmmmﬂssqﬂm"l%’a%’wqﬂﬂﬂi R (M) L (i
wnaan) C () 16 dwaliesaiivarsdumgulunmsoonuuuisssallduainans
Betu tufunauvesnalulatiuen

p-channel transistor n-channel transistor

P-substrate

= 2 a o
JUN 2.1 Tnseasnveadunsansulamesuaz fueanswiawmoslumalulad n-well

INNTLVIUNTHENNITTWTUDE (Complementary  Metal-Oxide-Semiconductor
Process: CMOS) Usznauludensudanosudiaiduued (n-channel transistor: NMOS)
wagnsudeanoivilafied (p-channel transistor:  PMOS)  visd@eegnasiseguuguses
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Py Tnsasadamsudanesvinlasianistuteulugiusesiadiu (substrate) arnduils
afansudanesdnulaluvenad  (wel) 93U 2.1 wannwsnndueaiignadiauy
§1U84 p-substrateg iilaliiAanadnsmMalniiuandeiy nsudanefaiinduneasunsa
a$uliuugiusesd luvneiinsudawesyinfiveaaivlivutodunad (n-well)

Tngluguilt 22 wansdydnualvemaudamesissinmduneauasuoaUsznaude
ansu (Drain:D), 42nm (Gate:G), Fawaa (Source:s) , uazdatiad (BulkB) winmsvhau
vomsnBanesiaouniiouty TﬂUﬂna%’jaﬁ'aﬁ%Qﬂm'aL%’ﬂﬁuﬂ%%ai’aﬁLLséﬁuqaqmaa
PMOS uwavsiofiuussfiusingnuas NMOS wslutlagiiusimsussgndldaudatadidudadunn
vosnasunumslidunafumnniy

NMOS PMOS
Drain Source
+ + ) +
Vdg Tld Vsg ils
Gate o Bulk Gatdlo Bulk
i_l vds f——* l Vsd
Vgs T|s Vagd Id
" Source p Id=Is % Drain 5
n-channel, enhancement, p-channel, enhancement,
Ves X 0 Vgs# 0
(n) (V)

o W

SUi 2.2 ddnvalnsluiwes NMOS way PMOS

Ananlinsiuremeanswdawmes (23] - [26] dnwnznisdiolidedlinsuda
was NMOS wag PMOS uandnaduludasuesfisniawazadosvans - defiansannisity
UNSEUAYDIWREVTUTAN DT WuMdtannTouveanslanesideandudn 2 vin A
wuugunsalldusui (Enhancement Mode Device) wasuuugunsainadu (Depletion
Mode Device) Tuiliazvandniimsinuduoadannisidnsudamedoin  NMOS
saufiu PMOS lugunsalwuuiBusummiviiiu Tasgunsailssinnilesiinszuaiintudlon
AU UsE I AT se s TrunferusetuiaiEy (Threshold Voltage:
Vi) M38156n71 “UseiuTady” anaunisit (2.1) sdvusnssuaiiinludomiaiuiion
nszhamIY (Ip)

Vi =V, +}/\/2’¢f|+|VBS’ _7\/2‘@‘ (2.1)

Py 9 - Y o o o P
wialuladfueaildonlusainisusendandsiu wazvauldidudieswinvuinveeniny
1 o 1 o Y A L7 vV o o Q.IJ 1 24 :‘I
gnvpnhnsyuawau wazdenihnszuatieiignimuaintdniseilanlifivunadnaaiens
imaluladfueadunfeuldnulunusoniuuinessiuunndedy
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Auantinihwemudame idumslduswiuliihavauiuunssua 90
Issafrmsndamesuinduneafioguuguaiedl (P-Substrate) \leislsiussuludadits
1 Taell Ves > 0 Tummedl Vos > 0 asinaunsiliihidmnsludigmsililea viualndta
vosgilitnagnadnesn ndrulasanmztuliin wardliussiuiitanadiisduaennnd
Aussfuunstlea (V) aswuieriessnstivesatasnsufiesnianniy vl
Bilnmseuasaindounsutesine innsvudlvanninsunndwetatues dufiu Vis =
Ves - Vi Nszuaasuaznageanuazasasiinaenusianiia Vos uiniu anansoagUiluaunis
gasnsziawuuiig Widkaunisi (2.2)

1 W
Ip= 5 1,C. (ZJ(VGS A )2 (1 + AVDS) (2.2)

Awdun1svinTuresweanIdAmIgNIALUIEaNAIEUNITYINLAINY TBsnsEuER Ui
2.3 lngendiedrsvatueansuTanesyiaby

P 1 a 1 Y
TngRanamumguesrmislinesiieg Usenaudae
K fewiiu u,C,. (process parameter) fioA1mnuii (transconductance parameter)
2
(AV)
4, = mmmadesnivedleaniodianniau (surface mobility of the channel for the n-

channel or p-channel device (cm’/V-s))

G ~Fo ﬁ1ﬂ11uqﬁaﬁuﬁma¢Lﬂwﬁaﬂ1wﬁ (oxid capacitance) (F/ cm’)
o

W = anundnuensulua (effective channel width) (m)
L =anygnvasnguiua (effective channel length) (m)
Vis = manusnsdndsswiaunniugesa (gate-source voltage) (V)
Vps = ANuandngssuiaansuiugesa (drain-source voltage) V)
Ves = Auinsdndseninadadiugesa (bulk-source voltage) %)
Ve, = LsaiuTaisy (Threshold Voltage) 3aussduunsaleaidio V. = 0 V)
I, =nszuansu (drain current) (A)
g, = At auAs (drain conductance) (AV)
g, =mAnuveswsansuanes (transconductance) (AV)
A = mmmwmu‘uauua‘lu@m%’u (Channel Length modulation) v

¢, =l AfuRa3aneu

y = asiifiinindavad (Body-Effect voltage)



VDS=VGS'Vth
£ Vasn
/@ saturation region 4
Vess Ves>Vin
e Triode region Strong inversion g

Vgs5 VGS=VLh

Vass
Vgs

Vasa

Vas2

Vas1
4 My
0 DS

Ves<Vin
e Cutoff region
Weak inversion

Ios

oo W 8 GHLe o8 K 0Te. gy, ¢
© 0e® ¢, I‘Jl.ode;ate.mv.ers.lon %

. ® e ®%oe > Vos
(M
Ips @ saturation region
A 2
Vps >= Ves-Vin ; los = %[(VGS T VthJ
Vbs < Vas-Vin y/
Vps = Ves-Vin

2
V
LYl l:(VGS = Vin)Vps - GSJ
L 2

I, 1 _ 1
= ———;VGS = Vth Ron -
VDS R on ﬂncor E/-‘(I/g.i‘ - I/lh)
i
Y
»VDs
Ves Vo a0
()

CJ Qs @ a ke 1 o ! = = o b
3UM 2.3 muduiusvosussduiudasnisvinusing veseansudaimes snuduiug

FEMIN |p ke Vps lWaAEUAT Vs vosNaanTudanas [26]

12
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2.1.1.1 Cutoff region guilnsudanasliviney
o Ves = 0 U%Lqm%’wa%al,l,ammu%gnLmﬂaaﬂmnﬁ'u Tnesessafidu (on) fide
wuuiuvAstuiw M AdANAIUIugnn nsnBanodadiinssuaiuie Ve < Vi =0
2.1.1.2 Triode region
duiiueansudanesazeglutisvesnisinszudlidush (Non-Saturation region)
videtulaslon (Triode Region) Tneflifoulufe Ve > Vi, U8 Vos < (Ves - Vi) 98i5iule
LSIRUSEWINLATULATTRSH (Vo) umuaaq Flwrnssuawsufiarududaduiiodousy
LRfusEMIaINALAzYRTa (Voo Sutudumsnssuadmiunsinaluteimildainaunis
(2.3)

_K'w Ve

Vpem ¥ W — 25 (2.3)
= b |
4 e 4
Wa Vg << 2(VGS - Vm)Q I, =K R [(VGS A )VDS] (2.4)
ssdunaldnseualugwidtufuusetu Vs WABUSIAY Ve

AANNAUIUMILAATNEUMS R,y = _I/I_/l— (2.5)

Klf(VGS —Vzh)

A1IMINUYDINRENI T Ewe T g Tou Tl umduniuiiusuanld Tagld
NTEUENTOUTIAUATUAN

2.1.1.3. Saturation region
ATVIUYBINI U ELRD S L UD LA
W glasiviun Vs > (Ves - Vi)

@

nlfvenedyaaudunanivinadne Wil

e lunsdifiaziasen channel length modulation (4 ) aunisnszuanilaain

K'W
I,= 2L (VGS = Vrh)z (2.6)
e TunsiiiiAn channel length modulation (4 ) aunsnszuamildanaunis (2.2)
ED)
K'W 2
ID = T(V V:h) (1 + AVDS) (2.7)
Taofl K'= p1,C,. wildnmalulagfhiunlde
LSIAUTEWINLNe-vasd mlaann Vg = —~2ID—+ v, (2.8)
= * \NkWwi/L) " '
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1 k7S 2[
WUITIOU Vistsay = WD/L) (2.9)
K'W
e I D(sat) — 7 VDZS(saz) (2.10)

PMNITUAAIANUTNTUTTENTINTLUA | WAZUIIIY Vs d@m1saRa1TRnaudfal
nsudraudnines (Transconductor) wagA1AILLn (Transconductance)

d' = € o 4:1 ! - o 1 ql o 1

el vdyisvnadnluud 2.4 vausinsudamesviaulutiduduazly

Ui AmsudnaufnLaudkaraUivasaanIuamesRsanldnde LUl
o a W e aID a'iD aiD
ndwdusnmvualey g = o = —— WY £
G OVig DS
= aisn < aiBS A\
el g, = =0 uay_ g, = =
BD BS
D
-1. o Ca
2V
v s
(7 H l,'lnrD
V J gbd
1T t ANWN—o
ImVgs AR
ORSOEE A
C;s GmbsVps : [o[8 1 B8
S
G°—“—|\_ MA—¢
{Yiims
Fbs
Cqb
Ta R
\y N /g

JUT 2.4 vesauyadmiuneansdames (23]

£
@

agumudniusesnTilaTginasauyadmiuteansudamnes JuiuAussiu DC
wagnseualugIu Non-saturation veddmsudrausnuaudlidainaunis (2.1) fla (2.13)

5

=D = BV (2.11)
OV

Gty = Oip PV s (2.12)

ovis 2004, +Vy, )
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8as = )H(VG ~ W = VDS) (2.13)

i a a a w1 P @ o =
uaglilaRsanigudumamsudnausnuaudnilaainaunis  (2.14) &3 (2.17) 30
mmé’nﬁuémmﬂ'lﬁmswﬁ'msamﬂaéim%’Uuaamm%amaﬁuﬁ’uﬁ%mﬁuﬁ% LazATELE

Tugnudusn

5’1 aiD _ —afD
aKIﬂ 8UVGS

519elan

g, =JRK' W 1 L)1,[1+ 4V,) = JRK W 1 )1, (2.14)
O v 3
e =8 z =ng (2.16)
AL
&=&FT£§;E%A (2.17)

L 1 o A L e L 1
M AVps << 1 Armrmninslusiniisesteansiainsy nauduiusinan
ihlugnismarauiunugimalagin

G
- SR
+
Vgs

D

———o

D ImVygs

(n)

G D
L ¥ o
3
e @ N0,
3 S ImVgs ImbVps

ot
w
[

()

4:5 ° - 3 1 o
U7 2. 5 (n) wuudaensauyaveweamsuBanes (v) Hasauyansiltivesanariv
ssedasinansznuantigiusosduiieades

(2.18)
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PNEUNITHN (2.18) WUAIANUEMTRTULYE (L) dnanavunnvensasivenuwuy
wazAuSlunsianulnense
= | o a & Y I o A
1NN 2.4 wuhlassadnveweansniBameiussnauluimuenininug 5 fife C,
1 ' P 0w i = a '
Coar Capn Cop WAY Cyp Wailliflasrrm R nilunumdrdyiiandie C, Fasiinansznude
1 ] v o ' v oo a | o
NNTBNUUUNITEIUAINGS TassasnananndulassaiisifiavasBeniuniine
Wngvineile dnaggnivualidmiviinnzimerening dnfudarinsgideilefias
) =t Aa oy 1 o o
1flassatrslugy 2.5 Faduidenldfuograinirandaeill

2.1.1.4 Subthreshold region

Aeguidnislénuneansiudamediniusstuunselea Tumanguiudasswuia
wedlivhaumszlifnssualvaudluamunduasudmuinfioanseduuseiulusa Ve awn
niweudhlnd Vi, nszuadsuamndiusnilaes (Square-Law) indehudndlnuuaidea
(Exponential) 1513808 sY U eaNsWRAABII thuundueguseu (Weak-
inversion) ieguduunselea (Subthreshold region) Tuguit 2.7 (23] uansaaauifves I
Wauiu Ves Inemisnioansineesnssiaiuuionniaiy dannliinidels Ve, inii Vi, 89
Fev nszuaidudndlnuuaiBeussanasauvinfuaud aunsnssuawildan (2.19)

VIo Log 7,(n4

Weak Strong
Inversion Inversion

1000.0 region region
100.0
10.0
1.0

: i 0 | 1
0 vr von Ves VT Von Vas

= PN ¢ o 4 a2
JUN 2.6 auandinszuamsuvofauazusifunmwesd Wendonluainawuuaenniadiy

L nU

w V.
I, =—1Ip,exp| —& (2.19)
4

di u a v o 1 o/ ei = & o
Weludaueansudawmaslivinnuluguduunseloa  vasiveansiudawmedineuly

ANNTONIT USINUATU-1DTAE Vps 2 3U;p devwesauazgIusosdinei usefy Ve fid

(58, <Vas $6,) W0 Vg <V +n L
q



o - 4
Hoamyanai Imns sumans wizsoundaanizly .

& a P ) &= V
l,, Aonszuasilviailo Ve= Vas= 0 wldann Tow = e exp[T”’] (2.20)
n 1

ol I, = 2nuC, U %

C is =} o/ 1 ar OI 1 L Hy 1/
n=1+—L=%=15 AoANtUTRINTINluE LTI UAIN LTI UWNSYlEa Yuvynu

ox

) 1 i ] I v o
wsstumnaseuAg i idsuudadluiuiananussiuing Vg uag surface
potential
¢ Aolsnu Flat-band

FB

KT o o o
U; =— ALY
q
433 A <
1.381x10 ~ J/°K ABAIAIN Boltzmann
aguuilviod 300°K wsa 27°C

K=
.
q Aeusyylwit (1.602x10™)

-
fl
4
Al

TunAdetilvanuseansudaneSinuluduindusduunsdlsa iedeansly
¥ o e c‘p v o -:l 2 4 J t 4 ar o ]
'Nf\]i’[mﬂ"lawum ngldnszualusananiluuiinmuen  dwualiuswiuluss Ve of

Tuts ¢ Vs <9, vaanTLdamesinisBushoTniileaedEuen Ve = 3U; &
6Ur a'qwa’[mummméﬂauﬁﬂLLmu%ﬁﬁﬂﬁaaq linasnevauensasivedna (23], [27]
ID

B ale n_U, Sl

d a 1 <
LUBWITTUINNFNNG (222) WUINITADUAUDIAMHNOLAUR

I_D Cox
1 1 1o U@ 1,
Jr= —( g’” )~ w3 : (2.22)
2m \C a6y, T O 2) 322 6.5 o e CtC
e +st

2.1.1.5 fyayrusuniu
dyanasumuiidesdmiddumifodmivgunsaimamsunmdiinuluguand
M fifheiiuey 2 Ussnvudng  Aedy asuniuannumasinensadud s tumrasdng
WSFUINUURLAES ismsuATuummeslladedyaasunu weLsinazwudeyeyu
sumufidssuinszrinnisdeusessriwunnedinsiiesnuuy awnsotameldan
ﬂmauﬁ'ﬁmwmaﬁﬁgtgmmﬂé'msﬁehw%’mmﬁulmgm (Power-Supply Rejection Ratio:
PSRR) [23], [26] - [27]

55297
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dnUssavvilsAedyrasunmuidatuluveansudawmes [28] - [29] angud 2.7

s

2 a ' ° ' )
LEAIATYIEIUNIU 1/f ‘U\‘]llNﬂﬂiS‘V]‘UTﬂEJ@]5\3maﬂqimq\ﬂu’ﬂaqqqf\]'ﬂusﬂ?ﬁﬂ'l']llﬂﬁ]"l‘] Lhae

; 5 Y] o 1 o ] aw da ar
white noise Lﬂuazy,zywm‘iumuwﬁwanszmmamummaqafm NUIRBURTUE YN
i a4 \
SUNIUNAMUDRAINIT 10-KHZ

V,() A

( 74 J Root spectral density
JHz

-10 dB/decade

10 /

3.2 1/f noise corner

1.0 /

| | | | T
0.1 1.0 10 100 1,000
1/f noise white noise
dominates dominates

o

gﬂﬁ 2.7 dYsunIU 1/ uag white noise lunpansiu@anes [28] - [29]

2.1.2 quuandAn 3 uuesiaUad (Bulk-Driven characteristics)

nnsAuaitideianaiingnag ieannsldiduainniseenuuuiiesudued
(Low power CMOS circuit design technigues) [30] - [31] Wi nistdmatianistounsasiu
§uwmﬁ{?’;ﬁ’aﬁ (Bulk-driven -MOSFETs) naslwivaila Floating-gate MOSFETs, 50 Self-
cascode MOSFETs 1ufiu uraedasuaniutodtaluiowawssiuainivaing wazde
ﬂﬁﬁ’ﬁmu‘uaaﬁmmwm%uwmﬁmuaq Tu"“mmﬁwuéaﬂ’uﬁlﬁan‘L%’mﬂﬁﬂmsnizﬁué’ay:gm%ﬁﬁ

€

YUan
Vdd vdd

*— Vout

SO
N substrate

gﬂﬁ 2.8 MunYINveNeanIUTanaslu P-well CMOS technology
wardyanwaluas Bulk-driven MOS Transistor
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uithtuiinsuszgndlfnuirteddanudygntuyaumunisldouting . il
dodialunislonuamensvenedyauiiivundng. duvesdunnazgnasnseglutuves
Bunad  (Nweld viefined  (P-wel) whifu 9nguil 28 uansamsinannsves
ueanswTawmeslu P-well CMOS technology wavuansdtydnwaiaes Bulk-driven MOS
Transistor ﬂwﬂﬁmuuaawmu%eﬁLmaiwuﬁﬂsLLamﬂmauﬂ’ﬁLaﬁauLﬁ]Lw‘w (JFETs)

sUl 29 uanwamsteuusssudhiitanmisudiuiumstounssiud ivaded
Mnnsnseuusaduiitanedsesdinsdouussiunnndy Vi, ueansndainesinsihey
Fshannnistouussudnitadad wuirdwstliussulouliiidatad noudametdln
nszuaoanAMile fafunslusaussiuiitatadanunsatouldiausedudn van AUY uazAn
finau veansudamesiauisavihauld uiiidesinvesnstleunseiudatad (v Midud
vINTzAdlulifuLTIu  Vy, ﬁ’aﬁ’jumﬂ%’mumaam’m%amaﬂué’ﬂwmznssﬁuﬁ%@ﬁaﬁﬁa
wangdmivanuidesnsldudatnoussiudy - anaunsit (2.1) nsuiusstudatadiu
wofa (Ve anluladduausesiu Vi, dududmesnssuaiasuiivhalutiedugalugy
weak inversion W1l#R1nauns7 (2.23)

(/- %K’%[VGS = 1 A0, Ve + ;f\/z]¢f|j2(1 +AV,5) | (2.23)

8mA
6mA
E Bulk-Source
o Driven P
=
=]
O 4ma
= i
s ,!
5 Gate-Source
Driven \
2mA ! /
|
0mA

ov 1.8V 3V

UM 2.9 nsmimnuduiusseninnssuansu (1) deussiusswitetnauazdiveda (Vy) 900
v A48 a Y v W 1
msnssRutinavemIUdanes  Wisuieuiunsmanuduiusseninainssua
1 s ! 3 L ﬂ‘ll < L d ﬂ‘j L
15U (Ip) AouseusEnintaduaziI9esa (Vy) 91nn1snsehuiidadad [31]

5 ¢ o o o o o v v A& w ¢
NFAATIVFIMTUIAENGUR 2.10 Welin1snsedudyaranditadan awnsam
FIATUNSYINUTBINTEUE 80512818 AMTIUFABUARNLAUS LasAAutveIleansIuTa
WOSINANNNT (2.27) 84 (2.30) [30] - [33]
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Vdd
I Yo,ib
Vout
v o— . Vout
n gmbvbs :gmvgs
Vin S pVin ,-L = .0
il @V Iee0 Fow
c 1]

JU# 2.10 2esauyavesmTimneidgygnannadnd miuteansudanesinsesu

(A

Fyeyruntivan
o - y v b
Shswenedumiamilaain 4, == = (2.27)
Wi | // B Bon
3 di =K
1 € o « o et - D f—
AMNTIUARDUANWALTIBITIUAAT AN NN > ¢ - (2.28)
BS 2\/ 2¢F - VBS
%
AN T TR e (2.29)
2\;‘ 2¢F I VBS
A=| 1 o 1 1 u'J = 1 1 =f
lagf 7 LIuABRTEILYEY ¢, H0 8, Lneialuiidiagsemdng 0.2 §3 0.0
AN AN 20 By O8S 1 (2.30)

dlefinsanmansznudanud InefinrsanainaunisiSouiisusenidmudaey
rﬁfmmuﬁz?uwﬂszﬁuﬁzy,zquvim%mm (Gate-driven) (2.31) Lﬁauﬁunﬂiﬂixﬁué’mmwmﬁwu%
Uad (Bulk-driven) @un1s (2.32) wiulddrAmsudrousinuaudinundnnindsalyins
novauasmATlFINMInTsfudynaEutTaslfuauas

__&n
fT,gate*driven - 277:Cgs (231)
g n
f ulk—driven = = ~ ate—driven
T, bulk—d 27(C,, 0. ) 3.8];,g te—drive (2.32)

) = A

A o = | % O ca !
LN@WQ’!iﬂé']afuumu']miuﬂquﬂﬂﬂﬁﬂigﬂumaﬂqilsﬂ\j']u&uquaﬂu 2 ﬂﬁgLﬂerﬁmﬂa thermal

noise wag flicker (1/f) noise Wafinsanaunsi (2.33) [31] - [32] &yeyrausuniud
‘é:' 1 o {23 a 154 Aﬂ’j
HansEnugeuninmsviuuuunseRudygaadmdane
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Noise :
. _ gate—driven
NO 1'S'ebu1k—drfven - 772 (233)

o 5 -] L2 L L ¢=l u")’ 3 o L3 E 2 el
dRyey1nusunIU noise current dusunisnssudygaitinasastatadmlaenaunisi
(2.34)

—  8kT
dils = = &ndf (2.34)

2
24 v W L3

ey 1usuNIU noise voltage dmiunisnsedudygantrdadmliainaunis (2.35)

L
dvizeq,bui’k—driven = _é_“gTdf

mb
\:i/Z:

af
3 772gm (2.35)

== gy’

ieq,gate—driven
7

A s = QyJ 2
Ingfussdudyansuniudunsussdunanilian

| 8KT 1
dvr’eq,gate—driven wal 3 df (2.36)
Em
1 = 1 1 s =3 J»Lv o ‘d L a } :13
(183} — ummnﬂmammﬂmumuauwmw C’T‘i]']ﬂﬂ'ﬁVl'N"l‘l.JLlJE]ﬂ‘iSF}UﬂigiquL‘U'W]‘?.I'}}Lﬂﬁ]

n
wuhdyannsumudmansenuinntuiawnandnsene TAnINaY NS ASIUE
ABUSNUALTTTUAENAS

TurmAdoidldmalilaBidunad  (hawel)  gatunisToiviadia Bulk-driven  3aii1an
Usrgndldlanznsndanesudnfiuoanitu wendeswualiueansudamehanlug
funduegnsdau (weak inversion) WiansIu Vs ArnTusiiy Vi 810150W18NASNTELE
WAsU Ip lAanaunns (2.37)

2
1,=2K,~ nKT) exp ol V) (2.37)

qge nKT,

e Vi, Seweaunas (2.1), n Wuen subthreshold slope factor dAdu 1<n<3
aqUdefuasdofenannmsnsdudyanandidadad
- é’mi’l‘ﬂa’lﬂﬁ'muwﬂmﬁ’] (Low transconductance)
- dnTveneuULAIne (Low gain bandwidth)
- MINEUAUDINIIAINALAYAS (Poor frequency response)
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L7 1 z d L7 o U GI L7

- dyaausuniulinasessuuaniy  Wesndnsasnedygindldsndinddy i
SUMUNNTY

- ANUSIAUEISE NS UWMEIRNEL AU (Increased voltage swing) N1SEaUBILTIM
599U Jenhluusegndldivau digital gate library

- MIPRNLUUNATTIMNNIEAIFenTudssefumadianisiaendiiliay
AUNIE (matching) Md
a t=| kX r}l‘ ﬂl

- Funesnuwuuldiienuin

2.1.3 2993ANURIIAURUY Flipped-Voltage Follower

gﬂﬁ 211 (n) uAANNRSIUUSITULUUIATUSIMLUUTILY (Conventional Voltage
follower) [34] Sunszuannlvanliunuasienseudlaanta Iasdnenssualdouniiwie
WiAUNSEUALUSE () WSIAUBWINAMIATIN Voue = Vin + Vestaat) 108 Vegrayy 1ULTISY
YOTE- mm"uaam'msnamai My wudnssuadlvashumsiudames My, lnﬂqwﬁ]kuaaﬂu
NSEUALDIANA Fatfuus ey Vesivan falinefilnsantdoumunseudlven Tadosvos
Taseatnadl ﬂaLmmuLmmwm“waﬂnummmmumuiwammmwm m’Lw,Lsaﬂumewmu
aududadus dArudnunulvantes Shseiussdutiasnimils awasamen
ANMUAMUMIULEIANALATINENNTS (2,38)

1
W) /=gl \ (2.38)
oV

Tbias ABANAIIEUMIUVE VAT BN Tualuda (,,)

Vdd Vdd
Ibias

Vout

gtlﬁ' 2.11 TAS3a3 (N) 1IN TWULUUIATUTM (Conventional Voltage follower)
(%) 19ITMUUTINULUY Flipped-Voltage Follower (FVF) [34] (m) BD-FVF [35]
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- v . Y

JUn 2.11 (1) wanslAs9a3192995 Flipped-Voltage Follower (FVF) unsasmnuusasi
&ﬂ o a o a 4 v 1 1 L7 l! =3 ¥
Alsuldiunnludagiudmivauessnuuviessuildunasineussdiumn wailaiaeas
annsadenszualdmnuasunszualadnin Tnesunseualdwindunseualuda 3nnndnnis
° A = i o ol ° o 6§ w
vinnude Wedinsfsnssuasanainivuaiendnaniediuun x ussduilwun y avsnas vhlv
M, Tisiouuuuseiutounau (shunt feedback) Pnenszualudalvaniiuiy dwalvinszuad

| a o v 1a P Y o v

Inasiu M, Heaed flifanansenuann body effect  WAIUSITUR Viggap F8ASTE

L7 5 J & LY I o a J 19 Aq’j < a
muu‘mwummmwmzﬁmmuﬂaummw Lﬂﬁﬂuﬂ']ﬂ']"lllGI']‘IJVITI.J‘VI‘Ll'éﬁﬁa'iﬂ‘i]‘i)‘ﬁwi'm‘ﬁﬂm@{

o1 9 =] 1 o
M,; 4A191 (Low output impedance) WufAe r,, = ———— %39Us¥aNN 20-100 Q

!l
(gmlngrol)
FUA 2.11 (A) wandlAseasnaevsnuussduuuy FVF  Tneniinsnsedudygudunn

9 ] L]
1 o 6

ﬂilg o & J o/ o 445 ] ot 4 2/, o
Wiriadad wasimuaussdiuludansfintaung  Tagdmundnasimunliiiusdiuian
= o i/, A U 1 1 5 o) s o
W39g9dR 31NANENIIUNATIUlAATILS I uUra sIean [30] Tnpendendnnisvinau
wenfiufulassadneluguin 211 (1) sasweeduanumilan (2.39)

V 5 W
R ) VS, ias " ds_Mal
e P NN~ (2.39)
in rbias y rds_Mal

|
(gmlgmblngral)

v
(v

ANANUATIN AT ITESavemTIUTameT M, SlAnlu » =

2.2.4 2wsvengnandad (class AB amplifier) (23]

1aveneTueaduneiiogr-na (Push-pull inverting CMOS amplifier) LanslusuT
2.12 (n) 81AelaseainsesBuniaiinassrufunsdmuausadulusalvidaunaves
nsudanes M1 - wag M2 visndameivladuveauaveilaiiuealinsvhnuaduiuey

naeanavliiAinnssudlnainunsudamesiednaoniia
VDD

VDD

=
N}

Voias

i Vou
out, T Vin

VIN

fh

Vbias

R

CL
I

=

vss

VSS

(n) (v)
U7 2.12 () 'm'i‘uma?&uaaﬁunaéé‘ﬁw‘ﬁ-wa (Push-pull inverting CMOS ampilifier)

U

(¥) 1TV TNoaLUURaE@TLR ol NM509NLUVINRTUNULNEIT B SU U [23]
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U7 2.12 (1) 13598ngTueauuunmaadlnglin 9anuuuNITUIUUVAST 8L
Y P = 9, 1 ' 4 v a
ludansil Vi, telifinssudlvaiou M1 uay M2 egnasniiar Wiedouussiudyarudun
£ 73 a L 1 1 A
vl aeesesiinsnevauedyyaiufiededeiios

r af 4
2.2 2995V FYYIUNIIUTADUANIADS
€ s ¢ 1 I € = oo < |
rsnsudasudninesinladnlugunsalussianueniin Addnvusduundedne
NSPUANYNAIUANAIBLTIAY AmTudreuinuaud (transconductance: gm) @mnsanau
TignemuaulamieBnsmdidnnselindnnnisyudnszuansausiuniunu

2.2.1 RANNTSHINILVDINASNTIUAADUANIADS

ﬁm‘samaqﬁﬁsxnauﬁugmﬁ’lﬁmtnUﬁmumuwmm'luﬁﬂauﬁnumw&mU’Lﬁt’j’mwu%ama%
Weedafien (Single amplifier) 1Y common. source, common gate, common drain #i4
U 212 (), (), () Ay SUil 212 (1) uansdnSnualvenasnsudaousnined
suuuLasdydnualdygravundalunniuans aunsnsesanlaann (2.40) wandls
whrheududaduasiuegfuamamudrousnuaud

‘[aut 3 gm Vin (240)

Common source Common gate Common dain  :Transconductance Amplifier
Viop Voo Voo
s I8 + lou
|0u1 Iout Vo_l M | -
— in out
vin
Vo i, Voo, S o
lg
— Vin — Ioul
L = ;
-
_| Vin
) 0 — —0
Vin a Iout Vin Iout Vin D a
O 0 B O— O
—
I I Ioui
(n) (¥) (@) ()

U7 2.13 lassahnangsdygramsdasuinuauduuy single amplifier Usgiamsingg
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SUT 2.14 wana (n) dydnuahsamsudaoudnnes Tasaiwonemsudaoudn
weimegauadiandluguil 2.14 (1) fnuaunifiniegauniiugiufiodunaduiiunud (nput
impedance) uagioinndufiuaud (output impedance) g4 Ineiivdnnisvinaufe ey
Sunanduusafusnglisasmeausnfionsesvsaruunnig anudnyugnasiudng
wasAsudnandunssuaending aunsadounruduiusseninonssiudunnuasnzua

LAnRladaaung (2.41)
Ly =8,V =2,V =V:) (2.41)

wiluaaudusivamudrsudnnesidodnnlunsuiualdmfudadulutiausei
Bumnsing lithu 25 mv waziesninuasniudreudninesiinisldnsudaneinansi
fufurrusiuniunazaugliihursasdmansenusenimafianas audiudsening
wswudunaLaznszuae 1w lun Ui iR ladsaunns (2.42)

L= (lf—';"rj Vs (242)
lng s = jo
g, foAdnTreiunutvemsIudnaunnines

g,, Femansvgienhfisnuimvemiudaeudnines

1 afd od
7. =— ABANANVVNNLIAN

4

(7))

o

i
I
ri
I
[
—
=
=]
o
LN
i
{l
) sy
£
=
H
1
1
-
]
[y

g
)=
\
\
1
\‘ }
<
¢
=
| o ¥
o
)
Z
nN
.1| ——
(]

(n) () (m)
SUTl 2.14 (n) dydnwairamsudaouinines
(%) 2995FUYRVRINTIUFRDUANABSVINIRANAR
(M) WNITVEWANNANUIDWITVEgANINESISUTsalnelTupansuTawnes

UagUimsamsudreudnines gnihundssgndldaiusgravainvaty anudnnis
295UANUUANALUUANINDSisuda (Differential amplifier: DA) 9903V 2.14 () \ile
Jouuseiu Vi, seansudanes M1 uay M2 \Jurasvsreanuuanaamadunn nssua i
wlnadigrasasiiounssuafinsudames M3 uay Ma luvinausunssud i, anansam
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ANUANNUSTENINNTZUE i, AULSIAY V,, 91ndUNTT (2.43) Anses1venedyaamle
o 2 o I i v
Rnauns (2.40) Taefinssua Iy \Wuivasnanssualudananlniuies

ia = Gme = #ncox'lB[EJ Vin (243)
L),
v, G,
= (2.44)
V;n gol * g04

A5USEUUAT Zero-value time constant maximum 2849351 bAanaunis (2.45)

2C
t(}zer E T (2'45)
gm!’
o . ) By = Y L S
Ina# (Dominant pole) n3dllifilvaniiardwnmlanin P = zgp (2.46)
P
) = ) ' £y ) Y g e g
nsallusilvanvesiafiudsey € Aiwadivesiigavildan P = —026—04 (2.47)
L

AMUUAA g, Grp UAANUT MBS B ARBSTTAE ULAL N ATUAU Cy, Cp LU
UszgiijwﬁgﬁLﬂWLLawa%ammmwu%ﬁmai‘wﬁmﬁmmzﬁ AU €op Qor  bUUANN
seisdnsunastefavemudanesuiaduuasitnug i

nauns (2.43) WU G, YIRS ERDUSAWe SE LN TaAsuasA s Tud
maudnuaudliseiimmBidnvseiindannisuiuanssualuda l 3 nauaud@nngt
gnihuszendliausaniuieesdug unune dmsuldousu . asteuzieniiseaiun
oA [38] - [39] sy

Tuguil 2.15 (n) uamlassadiasamsiudaaudnmafuutausns (Balanced OTA) &
MAsAveunseua 3 A Wannluglaswainnamaudrausninesuuuianinaniadoyayin
maeanalugl 2.15 (2) nelifineas CMFF 19aslugu 2.15 (A) 7935 Common-Mode
Feedforward (CMFF) 39alusy 215 (1) wandlas9as9ue999vinudnauaniaasiuy
Pseudo Differential Taga$ 991N 99 UARBUFNABS 2 FI7l Gop AU Gp TASIEENS
1INIUdRaunImes AN udeudugneasnuuUL I eanuTITUs DR d1miuui
Auiige 90Ut 2.15 wuhlasseduiinaanldetednaduiiunudei



27

Voo Voo
Gl T
Iout
+»—0
o—
Vln+| j '_V:l' Vout 3::| t j I_V::'
Irai
| |
|:ll |l__1 IraiL
(n) ()
Voo
oyl
ch Vi l2 [ GalVient¥is2) — qu|+
L v—lcﬂo b _A + St o e
) o—| B [ Vo Va2
Vouts Vine Vin
Iran

(A)

(1)

JUN 2.15 IAS9851908999 TR NN T TUARDUANINDS [36]
(n) 2asnTudroudinnesiiuyaNns

(v) 1T udreufnnesuuuTeadyanamanimwawuua Yl Tnglaifiness CVFF
(A) 2asnudreuinme swUUv R IaRa B wwaku Ul Tneiaeas CMFF
(1) 2AINTIUdPBUANMDILUY Pseudo differential

o

LYo o o td 0 & of a ey
a@qmauuwaﬂﬂ‘uamaaimwuéﬂaummmawmmwmaauazmsmmm’l,umwgum
Usenaume

o dodrialurnnisuiRnuvesdyaaduns (input/output range)
®  JipTaluunIn (bandwidth)

£ o as % . . (3 a = < = £
UBI1INAYBY signal to noise ratio (S/N) wazlWABLALAUY uAlun1ANARKE?
emeBuiuaudituuiidss

A1dnsveedygadvuinian Wewnmnsudraufnuaugei

a g

® AmnumMuMUBUNRLAzI1ANA (Input/Output resistance)

[

e nsanvisesnwdygrasumuldlilinansenudedyyin

B>
]

®  anA1AUUTIBUNALALLDIAYH
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® anALSIINBUNRDENIYR

o o o | | a v a . ; i
® SNWILTINUNANATENTEUINNIWTANDTIAAIN (Voltage Mismatch Contribution)

NaimmaﬂauﬂﬂLmaiuau’l‘umLLUU?Jmeammmmmwmﬂm (Single end) wazuuu
'mwmaﬁzummwammmmwm (differential-end) muaanummmmmwaaawswﬂ‘suaﬂw
14U (Circuit Specification)

2.2.2 wailansiinanuludaduvesdyyi (Linearization Techniques)
i ¢ ) o [y a ¢
INAUNISA (2.41) Hasudreudnmeieanuuulasldueaniudamesiugunsal

A 1 = 173 . i = 173 = o 4 2/ n'
Afanuliidudadu  (nonlinear) ﬁuﬁmmmL‘T;meauiu@mmmmwﬂwamuaaadLi:Jmn

=

a 'lmauwm Iﬂﬂﬂ?ﬂ@‘lﬂ k LUUT"I'JLLiISWﬁﬂ muuaumsmlﬂwﬂmmﬂ 2 48)
I m(V,-Z QY )E kg, (Vf,f =V, ) (2.48)

fiwelafivnzaugnihunsusvenaldaulisana k INTUN 2.16 (n) wamamdnnis
INUNITNIUERDUANLADT 'sﬂ‘vz 216 (@) Lﬂumﬂuﬂwuaﬂﬂjmlﬂlumuamm‘wnssu ‘a"UVI
2.16 (A) 4 ‘iU‘V] 2.16 () ﬂvLﬂumﬂuﬂwuaumm’(mwu’l,uimqamamﬂumeuwamwauwm
Ideal scaling

Voo
R1
= Vi kV; My
T A Vi
Ve k |Vie=kvin|  Gm lout R2 Vio| Vi |_Vo““ V,
T lowt = gmVid Vm?s_{ i
o= kgnVin |
low = GpVid =

(n () () (1)

iﬂﬁ 2.16 msUszendliamegiedg [36}
(N) MENNITANAY; iy = 3y kV)+a2(kV) +a3(kV)
(V) m‘ws‘ua‘unimwmwmmaﬂeuﬂnmas; R = Rz/(R1+R2)
() wAllAN51Y Floating cate: k ~ (C/ciCs)
(1) waila Bulk-driven; k =y, 0.2<y<0.4
() Active attenuation k=1-1/ 1 dM3U Vqy = Vy

J1+ WL, IW,L)

wnila Floating gate Auanslugy 2.16 (A) 299stuiuAnIuquesiiludnaauiy

1 A = o = o e A
FWIN G UaE Cyp MfinaNMsTauusiuYBunn Vi wazuswiuluda Vi, 5UA 2.16 (1)

= o o L7 { o = -:1 . .
wiAlA Bulk-driven mngdmivnuanudmislaiunans juil 2.16 (1) Active attenuation
& acdn v & o ¥ dad < v X a vasd o w1 a
Dwilimuludaduiifngs wasmsudreudninesdiunienldiBddmivduduwn
I = ' a [ o a ¥ o ar i o @
A1k ARAGBNISRNDATIVEIEUBINDT ALMmENSiNNS IS uLasun - Sy
FUMULANTUN vk
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5Uf 2.17 (1) common source %38 Negative simple transconductor (Hunsiud
) a v ga o o oA W -1 P
AouURNIneINa nIINLeasUdTamesAvuluddudy  Tessadeiliulaseadauuu
o o v 1 <l ¢ a = ¢ = o v aw o o a
mil  ddeidvegmodnadufivaudsn  fn1sduriideiiousulsalss@nininuenas
niudasudnuauddunmidelidanuludadugu [36] - [37]

Common source

Voo Voo Vob Vbp
I lg Ig ks
Iout Ioul |out
i e e W
Vx VX Iout
= Vin0—| 1
Ig2
Vin B lout 2
(n) () (A) ()

UM 2.17 Tassafrnnasuenedyatoms udrousinuaudiuy single amplifier WUUR1*)
(N) Negative simple transconductor
(1) Cascode transconductor
(M) Enhanced transcontor
(4) Folded-cascode transconductor

msei 2.1 aqunuantRvedlasaiilugy 217 Wisuifieufufonsnd@anenisiha
g1UBUH"

’migﬂﬁ 217 Rout VI ¥om
g 1
(n) Simple e s Vo Vo is
Zan k(w /L) ’
(EU) Cascode _ﬁnz_ ﬁﬂ-_ + VTn + er 1B
88 a2 k(W’IL) ’
A
(M) Enhanced 8w /H—& Vo Ve i
a1 8 as2 k(W/L)
(3) Folded _8m

21
1 s T S,
81 8as2 ) k(W/L)+ 70 Y sat, 13
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‘gﬂﬁ 217 (v) Cascode transconductor uaw (M) Enhanced transconductor
nsdamesdunminnugulnglen vildaruiudaduvesdyg aity widmsudaou
fnmasanas Whsnsweneguilesnnliresestueniidudrsifiudauiumuiedya
gﬂﬁ 217 (1) Folded-cascode transconductor HAuaNURA§18iU9T  Cascode
transconductor 3197 2.1 agUpuandivedlasaiidlugy 217 Wisuisutuile
nsdameindnihougudui Wedhndurewuanmudanesineaalantududn
04195 (W/L), / (W), = m’ uaze k Aewisiwesinalulad 1aasnsudneusnines
ﬁﬂu‘l‘if'ﬁy’qLLUU?JawsJé‘i’fy,zg'lmLmeﬁwmﬁm (Single end) WATWUUNITUBBFYYIUNARATY
W0 iR (differential-end) Jusgiuauiesnisvensasiiiszand MW

AUEINTBINITOBNUUUNITNIWARBUANIMBIAIENITITNeanTudames  (MOS
transconductors) wanslugudl 2.18 (n)  meldundsdroussdum Aonssnwiaududs
duitiwdeudulitamsvhaumesdtygaunente adefitedlddefiueutudady
vosdnyaalifsemaudroudnmesiinnune | [36], [42]  fifemuinfenisidaiu
sumusauiulasain M uuvTesaRlauiueLTTU (Passive resistor source degeneration)
viiorasuuiiuUAa3 s nueansudawmes (MOS transistor) [43] uanstuguil 2.18
(@) eranfudaduiuiunnarnuium flimaadumugaiesddemundudadugs
lumsnavaussdyaadunaniie - (wide  linear input - range) luBnuivdudeld
weanIuTAneIIUIIM A UNLU - 218 () Tdedfelimudandulunisuium
nudreudnuaud uazanunsaussendldanulanannvaty uideideAernuilviiaduanas
wavgv AN TENUABNISYINIUNTE NS INERS

Iout+ Iout- lout-'- Iout-

o—|[ w1 mz, |f—o o—] [ m1 mz_|—o

Vin+ viﬂ‘ vin+ vi"'

2hraL lra lraw

(n) (@)

U 2.18 lnseainssvensdyyranaiuednansudreusnmes (n) wuily @)
Tassasrsuumsldanumunusiniulnsiainnasuuuresaaauestu (resistive

; 2 o o oS v a ¢

source degeneration) (A) Tasadnsuuuldraasunusisuniufiadieinueansuldines

WAlAATEYTI-ANGS (crossing-coupling) [44] - [45] Wunsimsudamesaunduana

] Yo L ' . . L = cala L7 I
wWioliiAinmaidng (device matching) funsudaneiidunaveasasvnedygyiunanis
winly Fedannsatdisiivarududaduresdygnald  Fedmualasiaisnsiinusuy
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aanalad (Class-AB configuration) [46] - [47] Wuweiiafifeuhuildfuruesnuuulsesi
#osnslifidsnuin (Low-Voltage Low-Power) udidodesludosrmududaduiiugag
Wil deuldutumaiansliruiumusuivlaseinesuusresafiouuoisdu

wallansludaezuandinl (Adaptive biasing) [42], [48] - [49] Wuwalafifeanhunld
funuesnuuuIrsiFesnsiufdnum Figninnlfludiuuvdsunszua (ail current
source) mamwwmEJLLsaﬁuwaﬁ'm?)uwmﬁammaﬂ'nuﬁmLﬁﬂummﬁ@rmmﬁtﬁmﬁumn
nuBawmesBunn uanslugy 2.19

gﬂff’i 2.20 uananafiansldusadiu Vs Aefl (Constant drain-source voltage) [42] 1in
sonuuuludwiifudunanensss  uandudniivieiitouniesnlimaudedawes
ammmwmmwi‘ummmmsfﬂ,um'sUiULLmaﬁyfy'lgu‘uamm TneFiiigaddnyfedosinu
WSIAY Vpg 'lwmwwmuauwmaqmi uwmEJm"ssummawaﬁwulmmnamﬁwm dmsu
NUDINUULNTAFDINIWAIBISITUR Wiensasiiviauluglaslondiudy Jagtudl
mMsfupiidemadafumndudadulmiqnnng . dmsunuesnuuuisesitdeanisld
ffhn  Tulegdulifionddounninaieassiiummuuiuald  Tnowuiaun
UssAnsnmanudmdadues (501 1 Jusu

Vin+
-

UM 2.19 Iﬂ'ﬁqaﬁmww'i'luaﬂaummmaimamﬂuﬂmﬂvaammem (adaptive biasing)

VDD

Ic;ut+ Iout—

Vc VC

o':l>—{ M3 M4

0—‘ M1 M2
Vin+ vin-

P o s ) ¢ v I~ % o o
?;ﬂV] 2.20 I?’]iqaiﬂlq’)\?ﬂiqﬂ‘5qUﬁﬁaUﬂﬂLWQEW?ULWﬂUﬂﬂTﬂ‘ULWQWU Vs AV
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2.3 2995N509AUA

1ITNTRIANARBIN T EeNdy Y TsAElRFesnihun ey war/mIedaia
Anuddiliifeints useanidu 2 Ussiavlnglq fio 2esnsetmuduuuwiadn  (Passive
Filters) Wwaga993NTBIATLARUULEATIY (Active Filters) [24] - [26] MATNTBIAILALUY
wiadnUsznaudieiaiuuseq Frdumunazvnanumileni eenuuuldiusudyga
IWWiaﬁau‘L%’mu'Luahummﬁqq 29TNTBIANURLULLEATINU SENR UL TEe Syl
yhauswRuFiung war/mie fufuusey sesnsestssianimnzdmivauild
uvasTnausfus fvhendlugasnanuio

2.3.1 Ussinnuaga9asnsaddyia

MnauantAlunismeuausmIiannauYsinusrenasnseoanliiy 5 wuy
293098 WANUARHIY (Low pass filter; LPF), 'm'sﬂ'saw'mﬂmuﬁqdchu (High pass
filter; HPF), 2495n589UAUANARNTY (Band pass filter; BPF), 29a3nsasnwaundud Ll
WU (Band Reject filter: BRF), Nﬁ]‘iﬂiamﬂm’mﬁﬁi’lu (All pass filter; APF) gﬂﬁ 2.21 Uang
mMsneUaLaInNETesAINTaIATND 4 SUsunvideldnu Afinsnovaussawing
gauAf Wisuiflguiunismevaueseradiiiinduaie NAMENTAUBINNITNTRIUTEAN
s Aindmaunifu viliAanisuszgndliennsesnsesanufeoghannunody Wunsnses
dygaisuniu wiensedendynnntnaseentenedun Wudu

IH(@)l IH()l [H()| {H(a)

A A A Band-Reject
Low-Pass High-Pass DA as® Pass

x 2 ™ 7

J Na v

- P | -
@, f @, f @y @y @, f o @, @, f
(n) () (@) (1)

VA 2.21 mevhaurenisInsssmIiLuuAg sewiensneuaueInuineeuni
= v dad o &£ o
WiBuiguAuNIRaUANBIAINIMIARTUATS

Ol —0
Vi(S) Filter Circuit Vo(S)
——0

= T(s)

i ' <
JUM 2.22 vdenlaevunsumsudimasiteiduisesnsosrud

< [y = A o o
JUn 2.22 wansudenlnezunsunmudimediiandursasnsesmud  Wervunusasuy

a (] o .:.1 %) o ¢ 3 a5 o
Bune (V) unasineleulieasnsasainud ﬁ]xlﬂu‘sammmmwm (V) wsauwa (@ ) naunu

i
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d‘ﬂa A 2 o 1 U g 1 v e 1
AMUABUNA (@) Wanlasmeaums sndnuswiuaidnasoussdudunmduamsud
¢ W . [ =J
wlasilandiu T(s) (voltage transfer function) fsaunsi 2.49

T(s) =2 (2.49)
Vi(s)
g s = jo awnsadsusglugvaunsinaludeuls (2.50)
m 2
T(s) = % +o.ta,s’ +as+a, aswm  d2s0

s"+..+b,s* +bs+b,

N Wudnunudusu (order) 1099990509 3 Waw b fudmauads nsfinwin1seenuuuies
nspauFesiiimuadududounnn  neniinusatuivendniomennaidosiu dwsy
nsuszgnAldnusuiutammudneusnuaneihiiauewiniy

dwiunasnsediid n > 2 vliaumsiteifudelaususvaoie Biquadratic
Function yl@anaunis (2.51)
a,s® +a,5+a,

atray s 5%+ (@, / Q)s + @

{Z51)

Tnefi 0=Lo =L %

W W, — @,

o [, o W & gy L3 A €
0 = MmUsznauannIw (quality factor) duiusAuiuuRInnuazAuBLs g
< av o

@, = ANUDETTUYIALIMU (Undammed natural frequency) W3aAuAS UL
()

0,0, = 0,1+ (/407 )+ Lo
20

K= 8m319818u536uns3 (Dc gain)

ay, 3. ANANY 3y =+/- 1 Inefviinre99snIoduiual

wasylwaan p,, p, =——a~)ﬂ~i—jwrn/1—il/4in

20

’Lumu’maﬁawuuauaaﬂmewsmaammmmuLi,aﬂww fomguaiingIInTos
Anudnuuseait Lifinnsgqdevesdyna esmninasuenedyayassuuouunld
maaﬂuamﬂmmsammwmaammmwamL%msaﬂwaumaaammmh WaEIIANYNNTI
uanmﬂuuﬂ”n'iLLsm'ivwnaaumea Lmmwmlnmwanﬂ's'iumuﬂusvm'mamfgmmﬁaq
LuaammmwmaﬂLLauU’meauwmamwmusﬁqaLLaumemauwmevm undoldufanis
ADUALDIAIINATBIIAINTBIUUULOATHLAUNTITINTDIUUNIATH IN518 TS Aveq
oovuoud  lurmeineasnsesanuiuumadniidedesniiludesnsadefienuazisian
w1 nudiresileituresiansnsesnnuiisusufl 1 (First order Filters) anaunTsh

(2.52)

T(s)=23"% (2.52)
s+ @,



dB
20 Jecade

@ (log)

Y

0 o, @ (log)

[T}, dB
3
ag
201log | 7| dB
: 20 Jecade
20log (|a| i
0 «:1;1n | as (tmog)
ar
ITl, dB
Iy
20 log |a||
(I
L O (log)
- (U

R

o—\W———0
+ +
Vi =C Vo
o—1 5

CR=1

@,

DC gain=1

High Frequency gain =1

(%)
Il
1]
c1
—S—A 0
vi rReS CEL
o= 0
(C1+C2)(R1IIR2) =1
C1R1 =3, o
E
DC gain=_R2 HFgain=_C1__
R1+R2 c1+C2
(A)

CR=41
@,
Flat gain (a{)=1

(0
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]
c
.————{I-_.I
R1
O—MWA—
+ opamp, —0
Vi N
_ L Vo
i e
= CR2=1 =
wﬂ
DC gain=-R2
R1
R2
R1 &
o—aA—|
+ —0
vi i
- — Vo
S ;
= CR1=1 =
w(l
High Frequence gain = - R2
R1
R2
R1 c2
Wy Il
]
c1
TR S
+ opamp
Vi +
W e Vo
ki i
= C2R2=1 =
w(}
CiR1=a4
ao
DC gain =-R2 HFgain =-C1
R1 c2
R1
VA“V
5
+ +
Vi R ‘ Vo
- c 5
= =
- = CR=1
mU

Flat gain (a{)=1

A Uy o i
JUN 2.23 AU@UUAn1IYINUYeINesNgsd MIeankuuNITNTaesuumadu (passive) Way

P
= 5

NITNTDIAIMUANDDNLUURNIYNTITUIINDTDD

°

Uwauduszendldan (Opamp-RC active

e < | &
filter) 104 () 3995NTDIAIWAAINIY (V) WITNTBIANUNGEU (A) 2WITNTDIAIUATIY
1 . a
WU (General pass filter) Uaz (3) WITNTBIVNAINDHIY [26]
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JUil 2.23 mMedhegauanInIIEUAUBIILEYNIINTEI LAY nmilagasanang
sUuandlasaiaeesnsesnuiiuuwadn  wasnmilegvsrangauansasnsesaaii
panuUUMeNTIMTeaLenduszandldiu (Opamp-RC active filter) [26]

UM 2.23 (n) 2993nseemEsiEY (Low pass filter) aumsnsudesftaifuvesins

AsaIAILRMI LA

ao

o= (2:58)

s+,

= o | " y & ¢
JUN 223 (v) 2993nsBIANNDgEU (High pass filter) aunsmsudinesianduveens

AsadANDULARIN

& (2.54)

T(s)=
s+,

< o o ' )
3UM 2.23 () 299909092 WATRLUAIY (General pass filter) aunisnsudmasilsidunses
N58eMLIMLARIN
as+a,

I(s)=—> (2:55)
s+ o,

U 2.23 (9) 2993nsRIynALdEnY (ALl pass filter) aumsnsudiesileidurensainses
.=I o

AEMILARN

s—,

T(s)=-q,
5+ @,

ya >0 (2.56)

Aealliluguaniinddyreimsesnuuvisasnsendady  esnidusvent
A 4 e <l wa e = o
wargunsainsilasulas AuduTRveRINIRInURiiMaisuwlasivunnteoy
digsln  dialidesuansinsssnsesdipuaniiubeunlanies - esiiadesnwas
aumsanubuuiily mldaan (2.57)

gy = X s

X

(2.57)
y Ox

< A -~
We y Ao @, %39 Q Tueas

x Aefhiigunsalmadn fauduniu R, wnain L uasfufivdsyy C ildousuiiduisas

2.3.2 msUszgnaliramsudasudninesiunisnsesdyagia
&6 .7 L4 d’ 1 d A i L3
n1sUsegndldrnasmsudasudninesiduiasnsesmnuduuudeiilesiildgunsal
= 1 » o s -3
Usslavoniivl 19U 29990584 Active RC, 1435n589AMUDUUY GmM-C uaEI9asNT0IfLAY
UszgaIng (Switched Capacitor) Twineniinusaduiivenaniaanziithiesmsudasusn
v < Y
wesnszgnaldemuluiaasnsssmuiivuy Gm-C iy
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TnofmuanuautAliRe dosnssamueiouseiugs fyarmsunium wufiant
fiduiusiunsldalnandonug aasviuldfundehoussiui wieuqfuauds
Tumsiaugs usagnuiazgnirdneganeldvsdygindunn (Dynamic range) fish
niUnd wazdirrusioidosvesdyyrain dufunsesnuuuisesludnuaznisldundsne
ussRushg uidsdnwendudaduvesdyaalds Tugeufuinuduwnning Sadutlade
fimedmiutinesnuuuases [51] - [52]

donsesmudneudninesuszgndldnuduisnsasmnuiiuuy Gm-C Faguil
2.24 (n) 2IINTOIANNLAANIY (Low Pass OTA) wazguil 2.24 (v) 2995n50IANURFY
(High Pass OTA) Taglugu 2.24 (n) fiflidunisdsiuussiuoiinasoussfuduyadaunis
(2.58)

v 1
= (2.58)
Ea ;
1+]C’)[CL )
g?ﬂ
Iﬂﬂﬁ i{)ul = gm(vin -_v[)u!)LLaS VUH’I = iom‘ ._:_L T lg-—m(vfn d. vau,)aﬂﬁquqﬂiaqnﬁ‘L%’Lﬂu
joC  joC,

AI! ] t Y 1 1 i ! |
ITNTDINWAMWNAGAT € UA¥AIANNFIUNIULUY  1/g,, JARUIEIWSARR V,, &
sunmduiiuaudlnnmeasnsudnousneesduduiith sawnsaiessinlnaveses
laanaunis (2.59)

Vin © vout
—0
e + vout
CL Om —O
T Vin 0—} -
€
A4

(n) ()
‘gﬂﬁ 2.24 1A5985749395 Gm-C filter (n) Low Pass OTA (¥) High Pass OTA

F R T (2.59)

2 CL[LJ
Em

o | 1 = & ] 1 Qs 3 ! v oa @
3N 2.24 () uannInIBsALigw Ifidumsdehunssiuednareussiudunads

gunng (2.60)
1
V [ ' gJ

= 2
= . i (2.60)
"1+ jolC - —

m
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A1seaniUUNITITIUdRB U NI sdmIuYssandldnTesdyyiadudl 2 f\;ﬂﬁ'mi
Ailadefedygy1ndunnnenUin Lﬁaamﬂé’zgzymauwmLLamJﬁgﬂﬁﬁmmmimyjasdmalﬁ
svenedyaaannududaduls uardeiidesdddidnegnmilsieAinanuqussd
Sumpuaziodnafiindy (papasitic input/out capacitances) Fafusranuglnanaasd
wwelmgindiaiquis venandumsldmsudreusninesesnuuuisasnsesdidana
TiAnwdgndin wagduauvnliueuudgauaziraednniniouly Feaummsinaziin
91nN15US UL v 9asAIenTeLalUSE (I,

sU# 2.25 uanarsesnsesenmiinuulumesiiia figninanldsudmiunsesaanud

wangwthiuuuidenld dimuaAmsudreudinuaudvaudiiidvini anudfiiugiures

) e

1eInseImlaInHaidunisinaueinaunis (2.61) S vuale gni=gna=gnm

2. <Ex(NG/C, (2.61)

I C s a 2s a & EEit
nedien 0= figﬂlmci . 9nT1venelugauai AnumuuBuwalazeie TR
Em 1

AUNNIAMUFUNUSAUD A RT9929950509AIMEAEIY (Low-Pass Filter: LPF), N304
ANUAGIL (Low-Pass Filter: HPF), 2999n389unuA I (Band-Pass Filter: BPF),
wvsnsesinwnuanudlaliiig (Band Reject  Filter:  BRF)  wildainaunissarelud
ANAINU

SUM 2.25 2sesnsesnmiuuuendinuyluamen (Biquad Filter)

AMSUNIINTDIANUARNIY (LPF) Amualad Vi, = V; uasimun V, uay Vs #oaingiin
V,  MilAAINAUNTS (2.62)

e}

2

¥, = En (2.62)
_pf 2 2 ;
s°CiC, +5Cig,, + g,

dWU HPF fAwualid Vi, = Vs waziivue V, uay V, #oansng V. wr ylAanaunis
(2.63)

o]

g C.C

V;_},pf: — (2.63)

SZCIC2 w7 Sclgm + gi
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dmiu BPF Muelit Vi, = V, wasimun v, wag Vs deaansmd 7, , - wildanaunis
(2.64)

Sclgm
s’C,C, +sC,g, + g

Vo_,bpfz (2.64)

@150 BRF Anualil Vi, = V, = V5 Lagivum V, #eainsnae v

Dﬁ

by YARINEUNTT (2.65)

SZCICZ + g,f‘,
SZCICZ +sCg, +g,

a_brf: (2.65)

2.4 3y

quwﬁ%gwmwssw%uaa FANUMATANITEDNLUUITTTINE M UL IFY
Wwidsres wdwansznulavassdenisanussansnmuesdanaiednels Tudeses
m'lmiaLﬁawmﬁ'zy,wumﬁﬁﬂmmwﬁﬂ PRMIUVRF Y B UNALAUAS uazifioaniney
9ONULUUIIITTINYSTLANE ﬁﬂgnﬁ'\m’l%'ﬁ’umwmaﬁmmwmﬁﬁwmLﬁnmﬂq dmsuau
BONLUUNITNIAIUNITUNNE  (biomedical) wazfisouliianes (eural network) ety

FYIUTUNIUALAINANTZIUFBNIT DNWUUST T LT uvaednousdusinunty
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N 3

1 o el o
ATNITUAADUANLADINUILEUD

3.1 unmih

mu‘*‘;%’aﬁ&uaﬁmﬁuamTU%’“Uﬂ'gﬂmqa%ﬁmasmquéﬂauﬁ’mma%ﬁ'ug'm (Basic building
blocks OTA circuit) a1ansaviaumeliuvasingusadiusm Tuvasidiinuarudeidomes
Synyniiiuszandnmgs daufiRenudunantie uasiufidenush

yasnsudreudinmesiuidsuiiiiaus  sanuuudiemaluladfueasin
1A59a319299 5L TFULUY  Flipped-Voltage Follower (FVF) saufiumafianisnszdu
dyqrausafudunairiiiadad Bulk-driven input stage) uazasasiinsvhauuuupaded

2msudneuinmesfueamasnusifitiate danuduidudugeainnsendy
wmpdian1stdounduresaudumiusesafiaiueisdu  (Passive  Resistive  Source
Degeneration) _saifumsiaiuwenasivuamated Hdnoguulasiadisvesisasmsud
noufnimeTuuUaLas deraliaasiiiausiianududadugudmiviis fiRausuwn
N4

¢ o ¢l o

3.2 2993V YNINUAADUANLADINUNLEUD

= o s w sal o & o a

UM 3.1 uanslpssaisve s udreuanmesiinaus 1ulasiadenasiilanm

dummsiy washudulyaesgh - 3.1 Gendnssudawsadudunmdunssuaionsnandn
(core transconductor) @549 2 13930 (Voltage Followers: VF) uagdduniu

1 1 [ % < 4 o ' = 1 1 £ 2
(Rs) unlamusauMuiNo AU IFUNARNBUNRA. (Vg = Vi, < Vi) HTUAIANETWNIY Ry U

i 3 o 1 L P ot = 7

Wasulunssuatedinn matnundrruETu Rs Adidindennududaduga (53] -
[56] faiunszuanlyaruan R, wildanaunis (3.1)

d 1 s L W
Inef A, WuAdasveneussiuredaTEdnmeas VF

124 7 o = = v =f
1A5985192993U5UsRswenenssua (Gain-adjustable Current Followers: CF) finthil
[ = £ 1% Y] | |
USUNTEULENEEYIBUIININAS core transconductor MEDRTIEIU k 1Win
HasUuusdnsenenssuaasedmelilasaiinsasiounseua ethunld
L ] 7 A & = o 4 AQ o dy = 3 44 L 1
Fudinssua iz Wilwuaerdine Tunawfieniunesasiounssuaiiauedffivihiusuuss
ANIUARDUANUALT Lagn1SUSUNTEUE ir PesnsIdIu k 1D
NITUADIANA |oye AMUALAIN -2Kig AU mTIUdRBUSNUALEMIlTINENNT (3.2)
ndg 1 =f =
Tilgnnanfialuanide [57]

] -2
Gmd = IO_H! = A\'k
Vi R

S
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Current Mirror

kir

lou=-2Kir

kir

Gain adjustable Current Gain adjustable Current

Follower (x k) Follower (x k)

P ) U ¢ o
EUV] 3.1 Iﬂ‘iﬁﬁi']@‘ﬂﬂd’ld’ﬁ%iﬂwﬁﬂaumﬂLF]E!'SVIU'ILﬁ‘L!E]

el o

sadumnduadurenamudraudnnoiimitausninguil 3.1 Tufu

1.

vsuvasussiuBunaunssualoinendn  (core  transconductor)  huga
sl Rs instlounduuuuay

psisiuglunsasvieunssua in B9NINWAT VF  WIUNITUSULASD MTIUENE
nszud CF WAy nquanifidiyvenas VF Aedssmsadunnduiiuaud

(3 =3

g9 AL ANABLTUAUDF KA¥NITUNUUNAITIBUSINY (voltage replication) 7if

'
o

AMULLLUEE

Y

qainedlasiadeiie  Brisusudmsudasuinuaudlidsansenuderuiube
wuvasdyafilian99s core tranconductor IaeEmsuSurmsudreudnuudiie
2995 CF anansavilgag1edass lifufuneas core transconductor

MiASeildinsmaasuBsuiisunsesenenidaaudnme s aue fulasa
a5190esrenenudreudninesnnneiuddedy. 2 Taswade fetosmunbsatut 3
Taseath dedl

1.

ik N

o 2
W L

ynlassai1nsiinnssdudyaadunmussiunasadiidaiad  ussiuiitang
veasudawmesdunndwualiiiaindugud
AmunkvEsTeLsIf R ATy
wseupFBunmdunsmioasussduumasing

AMUAYWIATBABRTIEIN W/L vemsulamesyndiviniu
fmuarAuFuY Rs AL ¢, Wit 3 Tassadng
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3.3 29950g18NIUFRDUANMBSUUUNILY (Simple resistive source-
degeneration Bulk-Driven differential transconductance: S-BD)

Vdd
—e :“""__"__"“m“‘;
3} : = m3 |—|§ M4
Mo | 2Rs |
MA
: Vin"' I N ! = Viél-
(*) :Iout- ﬁ‘l[ ; I\IE lout-l-
le | !
| ]
| |
| M7 M5 I M6 8
| |
, = i
-+ !

Iout-

{@ i7 = ngVQST

= 3 @ v . ¥ 4%
3U% 3.2 (n) Tassadnasvenensudreusnnesuuuialy Simple resistive source-
degeneration Bulk-Driven differential transconductance (S-BD) (v) wuud1ae93995a313a

——3

f,V\

=
]
«©
3
(4, ]
<

, @
&
Fo7
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Ul 3.2 (n) LLam'm‘wmamméaauﬁnma%ﬁ@w ijaLLi@ﬁ’umaﬁwaQﬂnizﬁuL%ﬁ%’q
Jadvomaudawmes M, uaz M, fiseidulaseadrauuy Bulk-driven Voltage Follower
dyroinssfudunanaiitlvaiiuddiuniu ks wdnudsudunszuaiandnanaig
nsFeines M;, M, war My Sruduvaainenseud | dwihdismuanssualudanilsiu
293 ﬂiﬁLLE‘ILEﬂﬁﬁﬁ]ﬁ‘ﬁg‘itﬂiuﬂmWi’]u%ﬂma‘g M; uae M, gnazvieuludavuniondnalaunis
Tsvsagiounszuasuuimilanmadoussvemsudamos Ms 9 M

Snsmensdygravenssmldnnaunsi (3.3) Tned g, duaemaudaeusn

qu}

LAUINTINN (small-signal gate transconductance) ha¥ gyp; Juamsudreuasinuaudi

L3

Fad (small-signal body transconductance) vasnsuianes M,

AV > gmb]

- Emr N Enae [ (l/RS) 2

:J 1 5 U M
#uN159 (3.4) anursavnAns1udrausnuaudiualaiy

v 5\ R— (3.4)

i g, >> g, wirvnudaeudnuaudindlasinaunis (3.5)

¢ g mbl
Gma’

k
& A1 i (3.5)
B Ty +(1/RS) R

v a v aa 9 3 w W %)
MiesmsauduBaduid Areusinmiue1dinnyeses VF mstegniidnuduniy
Wanu1n e UUABIA R, >51/(8m1+8mpy) ANHAMAAMSWARRUANLAUTaRAIFTIEUNTT (3.6)

e £ AL
md ™ (3.6)
Emi PN +1 R

= = v & ' & w 1 aa [ ! < @ <
N Smp = M8y (M= 0.1 D9 0.3) ATUUAT g, IUNUAT 1) N Anduivivesrmsudreusnuaus

8m
ﬁ'&Lﬂm1ﬁ'iwﬁwﬁaqmimmﬁ‘!uﬁué’uaq AIAIUAIUMIULDWINATEY ML Waz M2 AvS
=

HAMDYY WATANANATUNIUY R, >> 1/(gm1+gmb1) 8160915 TAA gy ummn*‘] Tufefe

'
o

WNIUINVDINIIUTALRDS ﬂ‘iuLLﬂlUﬁﬁﬂﬂ‘UUﬁﬂM Wﬂﬂ’lﬁﬁ]iﬁ@\ﬂ%ﬂ?ﬁ\‘]\ﬂuLWN‘U‘IJ E‘l?‘lﬂﬂ’l’m'l

BN Sﬂ'J’]NL‘UuNNLﬁUEJG maa‘l‘ﬁmawumnuul,aq
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3.4 295vEIENUdReUiNIRE SWUUARNAIR-nsE AUy B unR Tt TaduY
IATANULIINULUY Flipped-Voltage Follower (Class-A Bulk-Driven
Flibped-Voltage Follower: Class-A BDFVF)

gt vdd |
| |
| I—.—I | I—.—'
| |
w7 M3 2Rs | |m4 M8
| WA
Ilout+ | | | IOUt-
[ Vin+ | Vin-
@ | M1 L M2
|BI |
._1_ |
= i
|

Rs

ln -
*-?{ Is = gm5V955 = ]B

(@)

g‘dﬁ‘ 3.3 (n) 1n59a35192993 Class-A BD-FVF (v) uuudiaeeisasauya



a4

YaymanuduBadurensuemsudasudnmesfiugiu (5-8D) annsoudlelilag
n1sanenAiuuenalilidliony Taserdunstoundunuuauiifimaeiiannguil 3.3
(N uaneIsveIEnIUdRaudnmasuuy Class-A Bulk-driven Flipped-Voltage Follower:
Class-A BDFVF) dysynaumassdunanseduiiataduulasadaiifinisteunduiuvauseh
FNUMUAITBINDTNLLTIFULUY FVF

nidames M1 fia M6 gninlviedlusuiuuraasasauussiuluy FYF nsudamnes
Ms, Mg ﬁuﬁwﬁ'ﬁmumé’m'i'l‘us}'lﬂ'[uqﬂﬁﬁmsﬂauné’uu:uua‘u dmalviinsufiuaudidivesa
VOWMTIUTANDT My, M, fenlesas awnsamminnudmnedaldanauns (3.7)
TurniefinsuBames Ms, M uas Mo Saufuumassnenseud I gﬂﬁ’miﬁﬁwﬁwﬁﬂwnsmamﬁ
ity Tuvamdnfunsdames My uaz M, asvhwifiaziiounszuanaidunaly
Wunszuanasae el M, wag M

L 1 s & st
rout 11 (37)
gmlgmB

MNNTIRTsiLIUTaeRTAY N sam ST B ldInaNnTT (3.3) B
drmudumuednaiildoinlasiadne . ClassA BDFVF - fidifesndnaudhumivan
1IN (roue << Rs) AMARINNATNIIUAADUANIADIVDII995 Class-A BDFVF azszanaléiann
aun1s (3.6)

foivedaswanmnsifotefuanuiudaduvenasigdunnmslfiaseaid
fdnstdeunduuuvay dwaliniudmmuesinsanadagunannninfunsualuda vidlk
anududaduituleslifdanurensaswiiiy deResvenns ClassA BDFVF Aores
vhauuuuaaae frfukamenszuaandnagnsindaensoualusa (21,)

3.5 299U UMD STIILEUD (Class-AB Bulk-Driven Flipped-Voltage
Follower: Class-AB BDFVF)
Mnanuannsatunsfunszuaieina s irvenestuguil 5.3 gudluusudslia

‘v
oW o

Fusensthsesiimsieiuuteaaed fuiniideivotaueesmsiudneusnined
wuu Class-AB Bulk-Driven Flipped-Voltage Follower: Class-AB BDFVF wuulny
wanslugy 3.4 (n) Svdnmsvihaudedeluil

nudawmes M1 s M6 gnialiseshauuuuraaied (58] uvassenseuansiives
TAseaseiiiauet inannIsimunsnsdILvesuIn WL VBIANIUTAMDS [M1, M2],
(M3, Md] wag (M5, M6] Sygraussiunasadunn (v, =v,, —v,.) nsvfudriidadad
wagwlunszuaodinn diurarudiun R asfindnmsteundusuvay udaudy
nsvuAe N Imsudanes M5 uas M6 Smsdeiuulalennouiiniin (Diode-connected)
dewiedulassadevonsmsmuussiuuuy FVF vilisesiinaueiimsihauiuuaaaed
fnssudlwarhumsud@ames M1 waz M2 saeanan dyaraiendnainauseidesed
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] 2/ a o = = b7 1 a wa U A i v
ARBALIAN aqma’tma%wmLauaumﬁutﬂumuauzja 1‘14“11’3GU{]UWG'I'ULL‘NWLJE]U?!C‘]N@WNQ?WQ
A

| vdd !
L M3 ' 1 M4
N
2Rs
| AN' |
| |
| \ﬁn+ _-I | Vin.
j |p& i
| e
| M1 I M2
Ic)ut+ | p——p | 4_. Iout--
| |
M7 : M5 : M6 M8
5 = ama
| |
T ® 72
Td ~ B TS o Wi - gW:
(n)
A\ '3{ T fgs = Im3Vsg3
= o —
iRs
X
aslo
Vgi=0 E{ 11=0mbVes -+

31117'1' 3.4 (n) lasainmnudnoudnmesinaus Class-AB Bulk-Driven Flipped-Voltage
Follower (1) wuudnasyieasauya
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NMFIATzikuUTaensauyalugy 3.4 () ansaUssanuadnnaeiausaiy
Ihanaunisn (3.8)

AV ~ gmbl
(gmi + gmbl)(1+gm3 /gm5)+(1/RS)

(3.8)

WeRansanaun1si (3.4) Anseiiesauya waivsudasudnuauduedaseained
° 3w <
Wnaweilldainaunisi (3.9)

G, ~ E o (3.9)

k
(gm1 +gmbl)(1+gm3 /gm5)+(]'/RS) Ry

deemInnundududugy  amudumuednedesidesniinnuduniuluan

° v <
UNY AaTuiIvualaeInaunisi (3.10)

1

R.> (3.10)
. (gm} +gmbl)(l+gm3/gm5)
FotuainsaUssnA s udnougnuasle 9InAuMST (3.11)
G > 4 gmbl i
md "
(gm] s A )(1 TRONE /ng) Ry
(3.11)

17+1 (l+gm3/gn15) RS

Funaldindle gufems << 1 Amsudreuinuauduwildonaums (3.6) Fudy
AdsmnmAmudaeuinuaudiidenlasaiidluguil 3.2 (5-8D) uarguil 3.3 (ClassA
BDFVF)

Lﬁaﬁmimﬂgﬂﬁ 35 (1) nquandinnen mremudawesyiaduuoaves
niudaned M, A uuddnaseuiiietuivuiandu 23 wheessiuiulealy
mndaneifiveaver M, fufunuautifinarvilinssuaendnanaiaildiiiunnndy
nssualusa 21

ddresnsimummsudnsusniosiithiauailie  awamnsalunisiams
nsvuaimARasaintuldinninssualusa 2l FemsinurenmsmuLsuLuy
FVF Midunanaafiduies

MnANudITuS STt Bnar iy asunuiiatulunudane s e
fnsandryausunilugruanuisn dynusuniy Flicker noise wildanaunisialy
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)s 2 (3.12)

“c wL®"3kT

i

o I oo o i
lne?l £ 1 unnuddnvasdyyinsuniu (Comner of noise frequency)
yfl,ﬁuﬂ"l Flicker noise

K 1Juraad Boltzman’s constant
T Dugamgll (T=300°K)
WUNFYYIUTUNUBUNATUBLAUAT W, L UAY g
NMINAdUNTITUlngHaN15IIaeeNSWIsULUDNeRTYe 3 Taseadne uansluuni
1 q}n:’l} L A o & = L2
4 wuhpuanURNuguvenmudreuinmesmiaeleunwgs  TuSemwesdinali

a 2/

WduBunnndeun (Wide input linear range) ﬂ’muLfJuL%QLé’ummé’mﬁquq (High linearity)

@/

dygrausuniun vinunieliuvasieuseium Audadatas

3.6 29asUSULAE Y uTIaLe

nMsUuusermsudnousinunutdiinugiomts  dwsunsussandldnusasmaud
pousnmesiiiensasdoyam nmsUszandlduasasnsesenuiuvueniinluund 5
fnsanesmsuiuntsmnuiiayin Q MnmalansUSummILIIMMUe 9T resistive
source degeneration transconductor [36] Tﬁ’ﬁaﬂdﬂﬁ’ﬁﬂclﬂmﬁulﬂmuqamﬁﬁ’m’m
veamsuddamasiiinuluswlnslon (voltage controlled MOSFET resistor) 3aivinlsk
rnududsdunaz sz nnwenwmsudaouininesanas

Tumwmsedwnsuiudandinvonsuuaewing (59] - [60] Tnglidaslyuiurnszua
il393 core transconductor IxanmsnsnImIluBaduuazaninmuetnteslildfing

= =
= X :
1] ]
;gn §
V,
M1 2 M2
., 4 -—

(n)

= o ) ) 1 e 1% 5 .
UM 3.5 (n) laseasnqveansasasvieunszuausuussdayaald (gain-adjustable current
mirror) (V) WITHNULUUINGDINAT V,



a8

TuAfeiisldisususnsvenensua PNNITazvounsriaUSuladyula
(gain-adjustable current mirror) LLam'lu'sUﬁ 3.5 (n) laseadnasuiunnanseue Va
(adjustable ﬂoatmg voltage source) ﬂﬂLmummwﬂumuuummsﬂw 3.5 (1) Wurasiiiu
L’UW&J’]‘S“WQ'N‘U’JLﬂGl?J’eNE]U‘WMLLa”LE]'W]WGl‘UENWS‘m‘dE“iLG]EJ‘J My waz M, mmaa’tu'ﬁmmwm
Nsasavvieunseuauuutily ﬂ‘TSUS‘ULLSW]‘I.J‘VI"U’JLﬂﬁ\‘U?JW]i']U‘UﬂLG]E)‘iV]Lm(ﬂﬂﬁ%uﬂdwﬁﬂivﬂU
AoNTUTUAINTELALBANAAE

1997 V, 90NLUUMELASIEEI995A LS ITuLUY FVF Weliaunsavinauiiundssng
wsausle Uszneufensudanedfives M, Ms waznszualuda |, vhewswiu uas
nsnBamasiuea M, fisensasuuulalonreuiindin (Diode-connected) ATanmLaziATy
owmudanes M, Avusliflusiuannssualudad 1, Al waranmsldmudane s
weapanuuuluvenad inlWasnansznuaingausasls (eliminate the non-linear body
effects) 1A [59], [61]

WSAU V, gAAUUAINANUUANATNYDIRIWI Ve VBINTIUTAMADT My UAZ M, 910
aunng (3.13)

Vie=Vsas=Vsca (3.13)

fvuadaulumsusuuanssuannnseualusan |, was I, Sastaluil
° Li.l’e] ly =1, WU Vs = Vegq UAT Vi = 0 YA Vee, = Vesy waEORTIVE8Ns2aTY
il
o {lo I, > I, NI Viags > Vees U8E Vo > 0 ¥l Vest € Vesp WR¥BRTIVEN8NTEWA
1NN
® 19 Iy < I, WU Ve < Vs Wai% Vs < 0 WL Ve, > Viep WAESRTIMENENSHUATID
i

apUlidnsvuaninnvees core transconductor TinausansaUiushsveny
nszualdamnnsuiumnszualuda |, uas 1, dmsveiseiinmuels M, §e M, iandugu
Wunduet1edeu (weak inversion) ASEUARWNANILANN lyg= (/1) Fedusnseny
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Veaaminy <Vr aai +|VTHP MB‘ +Vpssesar) (3.14)
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AMUTEIN 0.4 V USAUNATDTE (Ves) warksanumsureda (Vds) vamsiudanas M5 o
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2 ﬂizﬁuﬁtyagmﬁwﬁ%'aﬂ’ﬂé MkTIaU Vi, anadlidn dawaliieasaiuisavieu
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wrasdnewsesum Nlanaudfnissunszuaiaad uddrenssualduinnin
4. 1995vNULUUAanELel



50

venanissfiiaueiinsiunedansiiuanundudaduunldnuitontsinw
anudeiflasvesdayaadia Tngldinada

1. wadansdounduvesanudumusesafiaiueistu (Passive Resistor Source
Degeneration) snldeudiiulasadresiifunistounduuuvay dwaldinay
Dudaduimumsulasdygnunnussudunssusendinn sl
Fuvuai

2. 2wshauwuuemaed nssuaeidnriinisvhauegwreilomaonailildun
Famnududaduia

3. Fnsanasinssuaednn YSuuaesnsivee densldnasuiuusinssuasin
Tassainasasasviounssua Tagliddedluvsudnssuailinnnisasuuasusiu
sunailunszuaeimandndmaliauiseshvinududadunasaunimues
2995lalAadngn

uanwionninallninaging1InT A2 UAeINTS TS B9U8IANNANLINSUAZANNIE D
Qs '3 i 4 =] wvade v a = o s o o &
mgunsal (Device matching) IWuAmuandRndAgydnUsgn1suilladmsunisidnmulaiiu
Jadurenamiudnauannes
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NAN13I1ADINITVINNUIUTUNIEUITNUNLEUD
luunilifunisuanmanisdassnsimuensamsudasuinneiindrnudily
unil 3 viv 3 TassedaFeuidlsuty Taefmunguit 4.1 (n) Wusesmsudneudnines

yhly (5-BD) 3Ui 4.1 (¥) Wnsesmmudnsusninesuuy Class-A BDFVF waggudl 4.1 (a)
Wursamsudneudnimosivnaus Class-AB BDFVF anuansu

Vdd

| | ma |—| M4
M9 2Rs mg
Vine | | Vin- lout-
1 r.J
GD Iout— M1 M2 'uut+
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m7 M5 8
— | M‘? |
[l | Thel
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D Vdd |\
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2Rs
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o I 4
M1
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M7 M5

(A)

U7 4.1 Tnssavensasnsudaeudnmes 3 Taswatn

(n) Tassas1nsasnsudraunninesiuu S-BD

(@) Tassas1nsasmsudraunninesiuu Class-A BD-FVF

(A) Tassad s udnousinnesiitiaus Class-AB BD-FVF

msdrassnanmsufiinuvesis 3 Tessadielugudl 4.1 egnelddermunidienty
mewalulad UMC’s 0.18-um CMOS technology Standard feuseruunseloaves
NMOS uag PMOS Ussinad +0.48 V uaz -0.55 V @uadyu ¥neasesniuuniy
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0.8 V niudawmefludaliinemgiu subthreshold region Tnefinnsfivunnszuansdl
widufl 640 nA ldrnaudunudivedaitadrsimudreusnuaudussing 3 LAV
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DC Response

Ui ) - Uil dam) - quilaace)
3.0

2.0 i

N ) ML IS

-3.0
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0
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= o | ¢ | v oa o < 2
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- d ;2 7 v 24 =
output current vs. Vid) 9993495LUgUn 4.1 (n) wansmedudile, (v) uanshedudung,
Uay (A) WamIn2elEuATIRUALAIRY
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1% THD Y83 g aiHad199uny
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nAmsudAsURNLALTANg dmTulaseEseneas
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Tugun d.am Gy, UM 4.1 (v) Eudund wazsufi 4.1 (r) WudlTn
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UM 4.8 uamansWAnuANRUS s T NaInBuNe Vg gegaiiiindnany
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Rawanail 1% THD fidmsiudaoudnuaudsineg vowiy 3 laswdivesiminauelusud
4.1 Tnglaseadneguil 4.1(n) uansieidud, Jui 4.1() uansiadudung uasgui 4.1
v ¥ o A o el v A o dl Ll -
(A) uansmeldudden mudau ajllsdnasiinauelugdil 4.1 () e wlawann
1% mpdygraudunanindilas@Einde - dviunnAmsiudreusnuaudssning 0.5
LAV §19 3 ANV

4.2 Han1sUsunA9I299 SN INEABUA NS TIULEUD

SUTl 4.9 uannssUSuusiAmsudRousnuauTmensuianaen I, Tnofvusl
NTYUA |, WaznIeud Iy IAnasfl mMsnegeunsyiuueresUuLsIA M udnous AL
femsuTuansud |, ed1emelileenin 150 nA 3 750 nA Tnemsusunseua |, Az
150 nA dmsughuanudi; 10 KHz Tupiseit 6.1 wanadoulowasdormunmsrinaves
2asluguil 4.9

a5 4.1 Reulwazderimusnsinuvenseslugui 4.9

NIUTALNOT WAV W/L (um/um) | Do munlun1svinaueeseas
MP1-4, MP9-10 10/1 Vdd = 0.8V Iy =750 nA
MP7-8, MP11-12 100/1 Rs = 13 KQ I, = 750 nA
MN5-6, MN13-16 10/1 Vic = 400 mV l; =100 nA
MN17-18 2/1
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= s . . | d o 1 o
AATAEYYINTUNIY (small-signal noise) AR 10 KHz Han1sTaedAusasy

= =

Fyausununduwadeiiu 357 pVAHz  aunsaannaiidenaiiniie (wide

dynamic range) 910 pRr—120 log[m@lﬂ} fiAUssanm 66.2-dB
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n

nsimaiengvanaduduninhnssianiessiloess 9nmsmedeunis
d1aena DFT (Discrete Fourier Transform) %38 FFT (Fast Fourier Transform) g‘dﬁ 4.13
LARINAN3$IABY DFT wednyanamanianszuaenmmiinnufl 10 KHz deguil 4.13 (n)
vageUTIdyANaiueNTATIBUNA 50 mV uazgUll 4.13 (v) nereuRdymamEse
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Uil 5

n1suszanAsasndnauadusuldanunisnisuwng

5.1 unii

luinerdwusatuilduszandldounsmmudrousninesiiaue  dmiunudy
mdilitiy 20 KHz  9Innsesnuuusastenedygnamsudaeusnaesiuuuds
dyaadld 2vsnsesdyaalumensifin (Biquadratic Gm-C filter) wWuuUSuUsAEy a0
%) uansHanIsSIasIshaunsUssgndlfnuasasiihiauaiiiouiunuideduie
faWswI$ Cadence Tools @usuinalulad UMC’s 0.18-um

5.2 UaMuuAlUNISE9NIUUNRS (Specification)

v ¢ ) ¢ o to < v o .
Uszgnaltrsamaudnsudnmaiimiiauaduinsnsesmnuiivatevidnf (Universal
Filter) wuunsudaauiniaudarU @iaes (Gm-C Filte) . dauu 2 laseadie il
S8azl gAY aNIMUAINISEBNLUUMNIAE LU

® WVAITIUUSIAUALY 0.8 V
| o 1 <
® frvinugruauanToUARN 10 Hz fi9 10 KHz
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532993509 aAnswdreuAnmasA I ned (Gm-C Filter) #auD
wuudt 1
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fmupAnieefroneasimsed 5.1 rwsmdnfludawsstudunssuaegadud
iU (core transconductor) UsznausiensuBanes Miey f9 Mbpy wazauduny
Rs fanndudmusznovrensasiidvihiufuudesnsiveny (gain-adjustable current
mirrors) MENTEUAUSENOUMENIUBANDS M5eyy 89 M1dpy Inthfidsudyyiouas
Uiuserunssuaiadivmrasaimonsudludd 1, uay |, nspuaeinedleiiuidngainsisn
pafinanalan  (Regulated Cascode) ifieifiuAmuiumuening  Ussnaudae
NSIUTANDT MN;s D19 MN 5 wasnssualuda I, HARIIN LA WNAGMINNTINAUNIEI9aS
agviounszuauvuaalanfiadaninnsudanes MC1 81 Mca

AuakssiuuvaNdts 08 v dwiuinsiiauslusuil 53 wan1saeims
navauBInRSsWensLsduLUUDngUilawiniy 76 dB uazadvegil 86° 1 423
KHz wesrud Unit GBP JUAl 5.4 uananisiaesnsnsmeudussainifivss CMRR
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(dB) Winfiu 143 dB A +PSRR +83/-81 dB 8M51@QLI0 +0.35/-0.6 V/us dyaynausuniud
a Y = o w Py
Funm 112 pV/vHz Iafianud 10 KHz TWidswuiadu 4.6 pw
P s [ [ ¢ o o [
JUN 5.2 uansnisussgndldauinmaudesudneesidnaveuuud 1 1Wues
< ) a 1
nIpeAUDMUUNTILdRBURnaTAUBa gy

_ | vad 71 e
| I
mc2
e I _|éMP3 MP4 [ _|
MC3 | Rs l Mmc4
=N | —A\— | L v,
| | - '—1—3"
I Ve | MP1 ez | T F'S’l
vad | oa" —e—| E_"L | vad = |
MP9) : : MP10 | i l
= MN16 I
| | | Regfiated Casfodd
MP7 ! | MPB wpiz L. - I |
s s —— i
: : p MN14
GD | | Gr GD
[ | | Iy Iz
l boas |

Vo ut

&
$
-
7|

= = 4 LY & a ¢ o <
E‘U‘ﬂ 5.2 1NATNTNANUONIIUAABUANLADIATUNELADINULEUBUUUN 1

MINA 5.1 dnndnvemudamesnniuasAgunsaiineg  Adwnesnuuuluias
L2 A o d
niudrouinmestauauuufl 1

N3UTaLNDS W/L (um/pm) gunsaiauY
MP 1- 6, MN 13 - 18 10/1 R=14KQ | C. =1 pF
MP 7 -8 MP11-12 100/1 li=1,=750 nA | C; = 50 pF
MC 1-4 10/1 1=500 nA | C; = 200 pF
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ACResponse
— phase(VF("/Vout")) — dB20(VF(*/Vout")
0 T : 100

-50.0

-100

-150

Vi{deq))
V(dB)I

-200- i

=250

-300:

nl il il | [T e %!

-350 e ! ‘ H ‘ | A 75.0
10! 102 103 104 10°% 108 107 108

freq (Hz)

- < a o w ¢ 9] 4 0 <
EUW 53 Naﬂ’l'iﬁla‘Uﬁ‘uadﬂ’J’]LIC]LLﬁSLﬂﬁmf\]um‘w‘m’lx‘]fﬂiﬂ‘iﬂuﬁﬂau@nma%‘nu%ﬁuaLLU‘U‘V]1

“CMRR dB20((wave, 180 / wive 191} ~ PSRR+ [CB20((wave, 1B() / wave 220))] —PSRR= [dB20(wave. 18() / wive, 2500
150.0

1

I s R e

100,04 LT A

75.0

0 146
]

.- | MM S - . .

freq (Hz)

P o o ) ) -
U7 5.4 wan1smevausInuiues CMRR, +PSRR dmsulasninudaausnnosi
WauakuUn1

P s v . o o o
dignsasvenedyaamsudaoudnineiuuu single-end output Miieusgniun
¢ & & [ = o e f <

Uszgnalnsasnseauwuulumeniiugudagud 5.2 Taeaunsamaunisauduiusaanud
s b4 n! [J o d
ANY8I99S LPF, HPF, BPF, BRF 1@91nens1eil 5.2 wansdiasensviiaiuvesisasd
diaueuansluguil 5.5 wsanansadendiunanmismevauemesnrudld 4 wuu Ae
6 < 1 o

ADUAUBINNAMNDANIL (LPF) navauemnendudgeiiu (HPF) mevdusanaauiiden

‘N 4 o v k2
uauPUAKY (BPF) wazmovausmemsdidendinuavauililiitiu BRF) Tngaaesld
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A o LYY 2 i © o
A5 5.3 agunanmsiaesnuanlivennIsudrouinnesimhauaUouiisuiu
Y

[63] [64] [65] [66] 29957 naus
vdd (V) 1 0.8 0.9 0.5 0.8
Cload (pF) - 20 25 20 1
Rl ERLERE] . 56 62 48 76
usanulngy
(dB)
Unit GBP (Hz) 209K 32M 540 K 24 M 423-kHz
Waunu = 45 52 45 86
(degree)
CMRR (dB) - 100 129 78 143
@5kHz @5kHz @10kHz
+PSRR (dB) ; +88 > L 83/81
CEERGATY - - - 2.92 +0.35/-0.6
(V/us)
Fouayod 345 408 - 220 357 (UV/vHz)
FUNMUABUNA | (WVAVHZ) | (nV/AvHZ) (nV/vHz) at 10 kHz
at 18 kHz | at 10-kHz at 10-kHz
THD (dB) -63.7 - - - -
A8 (W) 44.3 100 9.9 100 4.58
walulad(um) 0.35 0.18 0.35 0.18 0.18

5.4 2993n509ANANTIUdRRUGIINaSAUNTMed (Gm-C Filter) Tithiaue
wuudl 2

snsesdyIMANLENTdRsudnmeia U we s Eusuuud 2 Useneu
meresudaaudnmesuindlasiadradu Class-AB fully-differential transconductor
LLaqug‘Uﬁ 5.6 WaE1937 common-mode feedback (CMFB) LLam‘LugﬂJﬁ 5.7

U 56 uandlessadneamdniulaussiudunssudothafududu  (core
transconductor) Usgnausiignsmuanas Mipy i M6,y kavaufiumau Re daundy
drulszneuvensaTiiiivthiiusuunsnsuene (gain-adjustable current mirrors) fae
nssuaUsznaumEnIUlanes Msey 89 Midey vthildwudyaauasyiussiu
nsvuaWnpNarieienssualuda | wag |, lassairnesisngaiinaalan (Regulated
Cascode)  WeifiuAnpuiumuleinmuessnsagnenseuarildiuinanlasainnms
Gain-adjustable current mirrors Usgnaumensiudainas MN,s 9 MNs waznseualusa
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5 Awaselumsiunseuaedwmvemsudneudnnes  aunsaifiuduldnnldnu
lasea$1auuy Class-AB push-pull ﬁwﬁmﬂmﬁwm Tnemsdessootrede snonsld
ac-coupling fitanavemsTdanes MPy, ez MPy #ulluil MP, uas MP, doyanod
Lseufidnavemsudames MP, uay MN;;  SwlaiRenniu  wuigniuaves
NIUTANDS MP, WA MN, g

. ik "
MP19 c I | c MPZ'I.JJ
I o i ! 1™ | I T |
I l I T 1= MP3 MP4 [ T L] L 1
MP21 : - : MP22
= Ve d | Vee |
Vouts T ¢ Re | l Re Ce = Vout.
® 3 Pt | - —AW | ®
\J ! Vin+ Vin- ! }
I vad | o%[_‘._| : Vdd Is
I [
—]=I i ! ! MP10 e
MIN15 — | | Iy MN16
i | ] i
% MP11 MP7 | | mPg MPA12 e
MN17 = ; {5 mns ms | I, i |_T_{E MIN18
MN13 I I MN14
| |
® @ ® @
I o i Iy Iz
| [ |
I |
I |

Core Transconductor

= 2 o o o <
U7 5.6 lassasronvmmsudaeudnnesminaveiuud 2

Ins9a§1934935 common:mode feedback (CMFB) uanslugudl 5.7 Swthilaruey
usaRuluda (Va, uaw Vg,) idunsudamas MPys, MP;, uasuswivienivmaeuseulvun
(output = commen-mode  voltage) ~ InMsdshufFumMutuuLeafinAfivunalug)
WHoUNIUTANDS MPyy Uay MPy flmsynuuwuy quasi-floating cate (QFG) [67]
NTIUTARNDT MPy LAz MP,, GiaLLuumaIﬂﬂLﬁaﬂthBLﬁuﬁqmmﬁmmuLmMm

waamsyniwenisasiow (Miller compensation technique) IiaaInnsEaY
AU Re wazANy Ce m’l%’muﬁmmmﬁwwﬁw%’nmmamﬁmﬁUimwiﬁﬁ‘mwsm'mé

pauRnwasNelan1steaundusuuau
Vdd

{E mcs MC10E|——»—[EIMC11 mer2 =) VB1°_M}_C_2L1 | mMC19
Rs Rs T
—A\NN——2 —A\\N— v oy ——_',—,T' mcz20
B2 .]. -
VCMO ——
Voue |MC1 MC':i T _chs mMC4 Vour, GD
o—! |F— | |F— Vdd Iy
MCA13 ] | |
H mc17
MC14 MC15 E
MC6 Mmc7 Mcs S, | 5 Mc18
p—iiges A = | H—
A ) Mc16

® ®

Iy I2

E‘Uﬁ 5.7 2995 common-mode feedback (CMFB)



68

295 CMFB  senuvuuuiugulasaiinmsuseanuuanse  differential
difference amplifier [68] fifin1sludadefaies (replica biasing) ledyanausadu
dnmvenassudreuinnesiauslusuil 56 Imsadadurfandsvoausaiy
wasdny @o4lAseEienees differential difference amplifier FAnaINN1517995 core
transconductor 941UU 2 NITUIAD IS INAY ﬁaﬁ#umsaﬁwaqﬁ’muag'mmsﬁwmmmm
Usuwdsulfedneiemeuaslsigndrfadaeisas CMFB

WSIAUDWANANAAN (Voue UAZ Vour,) gNUNNIUTBUTBUAULTIIU Veyo Fafaniu
AT TR SITULTE T nstLaLmﬁwmﬁlﬁmnmwu%ama% MC, uay MC; gnunan
sfuiinsudamofeud MCy Waz MC; wmxﬁﬂ'ﬁxLLﬁLmﬁwmﬁ"tﬁmnm’m%mma% MC, uay

3/
=

MC, gninTiumEensuTames MCs uae MCy M3¥191u293s5 CMFB aSunalddail

® L{ausuiiNTENAMBUTITUNARIN Vou, WaE Vo, YibiNSTUA W NAT MC,
= 23 L2 l:l
way MC, dmsyaiunassuiudunseuansd

o \laussiuaialunounaulnun Vo Uag Vo, dlinssuaendnei MC, uag
MCs WnTukaznsruasuigniluisuussiunautaulnng

NILUATINDY MCs bay MCy gnasluionmauensas CMFB Tnosuisasasiion
nszuaUFuwsisdyaaild (gain-adjustable current mirror) nssiaanaTilFgnasoluss
HsAalankaEIvesEngalianidlan floonuuudensudames MCy, 19 MCyo WO
\AinArundnguesises CMFB wagasasnsudaoudninesluguil 5.6

N MCp, dnisdeuwuulalesmpuiiniiin (diode-connected) 1oy
AINUTIAUAIAY Vy; UBY Vi, 'lﬁﬁmwsm’luﬁﬂaurﬁfﬂLmaﬂugﬂﬁ 5.6 WIUAIUAIUNTY
LLUULLaﬂﬁw‘?iﬁ‘ummlmﬂﬁa%’wmnwmu%aLma%ﬁuaa MCp W8 MCp  Tnapaunulyl
nsndamesfiueaiudimAneey dinalddn MCis uay MGy gnanliaglugduuuiias
asviaunszuaiiouuy QFG cascode WitunsnuBainad MPg, B¢ MP,, 18929955 udaay
fnumesluzudl 5.6 waduases cuFe FagnIuAulinIEUAINAUeII99S N udrRausn
wasinausluguil 5.6 Asiiiuies

A o ] ] A 1 I d o
MmN 5.4 onsduvemTwdanednianarAgunsaling  Miuneenuuululas
niudmoudininesitiaus

nsn@aned | aunsalduq
W/L (um/pm) | | 750 nA
UM5.6 | My-Me, Mo-Mug, Mys-Myg, Myg-Magg | 10/1 I, 750 nA
Myz-Mg, My1-My; 100/1 l3 100 nA
My7-Myg 240 Rs 10 KQ
UM 57 | Mc-Mess, MasMerr, Ms-Mezo | 1071 Re 100 KQ
Mere-Mess 100/1 Ce 6 pF
Mcis 2/1 e 1 pF
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anmMIvTuw g udrsusnmeiiaue ﬁamiﬁﬂmmmﬁwm
anuﬁamﬁlﬁ%uaeﬂiﬁ’umiU%’UizﬁUﬂﬂiU%’ULLﬁiaﬁmucgwm YBINITAVOUNTLUAUSULAID AT
U818 (gain-adjustable current mirrors) aENTUTULAINTELADIANAVEIIAT CMFB fiaa
ausaUsusasdyaulanuilsiduientu
asei 5.4 wansvnvemudameiiaraUnsaiang  masnauitouluuay
%’aﬁmummmwmﬁﬁnmua’lwgﬂﬁ 5.6 Wasguil 5.7
amsdneuinnesinauslusuil 56 was 5.7 gniunUssgndidunsasnses
fyauanudnanenifuuulumensiiauuuil 2 Seunssudmedaddulnedady
AUNTVBINIINTOIANAAREI (LPF) waza99snsesriuaunud (BPF) 15Ul 5.8 wa
seRNLUULAEMSIAgBIITThumeldmmRdagen 10 KHz gydeidanuiiomun
34.4 pW ynaungldunasdiensiuies 0.8 V Awanddn input signal dynamic range
NINWU 67.4 dB F198A -40 dB %@ third-order intermodulation distortion @innsm
swdesileidurensasnsesnmuilupreniaihiiauefirmundy LPF (Vo) uay
AT BPF (Vopp) uandluaunsi (5.1) uag (5.2) suddiu MIsfunmmvadaaerle

< | o v
INANNA 5.3 uavesdlszneunninin (quality factor) vesssnsesiivuauemldan

ﬁum‘iﬁ 54
v, G \(F > AGE
HIP(S): b/ 1/ - ml~ m?2 152 (5.1)
{71 AR RAE AN G T T7C, CF
H,,(8)= o 5O (G (5.2)

v, s*+8-G/C, +G ,G,,/C,C,

L= 1/2”'N'szGm4 166 (5.3)

Q = \/szGm/G;a ’ Cl/cz (5.4)
/_
o Gm4
+ Vo.bp 1 \+ - Vo,lp !
b—|%—0 K
(oF +\ C;
o - o -
g Crz s o— o Vout
/ &

= 2 @ a 9 e J )
JUN 5.8 lassadnvenasnsosdygrnulumonsdnuuy Differential biguadratic Gm-C
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UM 59 uansns3euiiisudn THD (total harmonic distortion) lumiegues
(dB) mamwswﬁuﬁﬂauﬁmma%ﬁﬁwmua‘lugﬂﬁ 5.6 uay 5.7 shemmsudasudnuaudasd
7l 3 pS veAoURIANA 500 Hz, 1 KHz, 5 KHz, waz 10 KHz TaefinsuSudyanamasn
maauanﬂﬁ@mﬁuwméuwi 100 mV fia 800 mV #rsaniinsuesmud 10 KHz dayayn
NasUeNUAYABUNAT 800 MV, WuTlHAY THD Wiy -40 dB iievhmssassranis
Ansevdyaasunmuiinudhiin - 10 KHz mﬁumﬁ’usumuﬁﬁuwmﬁu (total
integrated input-referred noise voltage) évinfu 100 pv wamslumsnedi 5.5 thuaun
Anamtasiidenaindunaniie (input signal dynamic range) Uszanm 75 dB (Aafl
armdigeaniithanldauresmided)

-40 S
engun(),5 kHz _edilis1KHZ siponS kHz e 10 kHz

THD (dB)

65 - i (2% : |
100 200 300 400 500 600 700 800
Vid (mV)

=i o 3 a rﬂl -]
E‘U‘ﬂ 5.9 HAN1991893 output THD UDINITNIUAADUANLADINUNEUD

N13318892993617838 Monte Carlo (Wumsuaaeuiinisdudaunsalsinaqfivunld
lunseonuuuniassudroudnmesithiene Widufwanssnusegunimvassasia
ansavhaldiefidudiflefimsiuBoudasiinnnuuiunsnand luvuou (process
variations)

5UM 5.10 uanansBalaunsalagiBnissiaesuuy Monte Carlo vese THD (dB)
ﬁé’zym‘nmmﬁwm fvunsiuIunsduieganIsien 100 afwasandoauudngd
(sigma) Wiy 3 flesanfinsanmenufindiousndludns 1% THD NGOV
RREAT fafuSwhmsTiasieig transient analysis wmaauﬁﬁ'zy,:gmmé’uﬁuwm 300
mV fianud 10 KHz  Aaradedieusnlufingy 1% THD vesdnyaaewnaiALady
mu iy -51.5 dB (efimnsanaingudl 5.9 A 19% THD vesdyananendinadenyszane
-57 dB  fiRdeauuanuinsgiu 1.78 (standard deviation: sd) asUlinnnudnguas
nsuBamesdmiviasiviaue  vihaumunaninisauwlsasuresununisuand
Annaas YuRensdugmgunsainngg fenummadiuduetsd
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THD
~THD
25.0

20.0

Number of samples ()

_______

0.04 -
-54.0 ~53.0 -52.0 -51.0 -50.0 -49.0 -48.0 -47.0 -46.0 ~-45.(
THD (dB) ()

3Ui 5.10 nemiBalaunsulngiBnssaeiun Monte Carlo 401 THD (dB) Hdeyey s

&
gl
AC Response
—20log(Vod/Vid) - Phase(Mod/Vid)
75.0 | : T e 50.0
50.0 o

= 250 ~4-50.0

w

z =

5 3

: g

g o0 -100.0"5

z 8

& £

=]

N.25.0 150.0
-50,0 200.0
-75.0 : 50.0

101 100 10! 102 103 104 105 108 107

Frequency (Hz)

o o < a ¢ Y ¢ o
EUVI 5.11 ﬂqiﬂqa@QﬂqﬁﬂauaU'ﬂﬁﬂfnuﬂLLU'ULUﬂQﬂ’UBQ?Qﬁ]ﬁﬂiquaﬂQUWﬂLLmaﬁwquﬁuﬂ
P8AN 20 pF U89 C,
d o ﬂl L3 L2 !d °
Eﬂﬁ 5.11 Nﬂﬂ']‘iﬂ']ﬂa\ﬁﬂqiﬂaUﬁua\?ﬂ'ﬂﬂJﬂ‘Uaﬂ'Nﬁ]'iWT]UﬁﬂaUﬂﬂLLW@?V]U’IL?{‘U@SLU
< < A o N v W Y}
JUN 5.6 uaggun 5.7 Wedmualidanuglwanhiu 20 pF wudddnsvetsusiy
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wuuguilawindu 72.2 dB wasAamnIuwiiv 89.8° agunanisSransnuaudfnneg veq
L1 2 a o w a' { ] o dl |
HITTUdRsusnmetiumdwnivtaueSsufisunuddedun Tuased 5.5

= ° va o ) o
M3 5.5 agunanisiaesnuaulivenamsudrausnnesimiausliouiisuiu

NTedY
W11 [69] [70] [71] [72] [63] [64] | ~easf
was Ueue
Simulat | Simulat | Measur | Measur | Simulat | Simulat | Simulat
ed ed ed ed ed ed ed
U 2011 | 2007 | 2011 | 2008 | 2008 | 2010 | 2012
wialulad | 0.35 pm | 0.18 pm | 0.35um | 0.18um | 0.35um | 0.18pm | 0.18pum
WI9IAU 1.0 1.0 0.8 0.5 1.0 0.8 0.8
wias (V)
ANENTY 62 120 0.04 28 44.3 100 8.3
geude
(MW)
G (MS) 2673 1000 66 71 : 5 0.03-3
THD (dB) -40 -65 -40 -57.7 = = -40
@ peak 0.44 0.35 0.05 0.25 | - 0.8
Vid (V)
@frequen 10 1000 0.01 1.0 1800 1000 10
cy (KHz)
deyayna 297.4 32 5.1 432 345 408 1000
SUMU (LV/VHz)
Junn
(nV/vHz)
DR (dB) 90.4 77.7 52.9 82.2 « £ 75

awsnsesdnygyalumensiniiinauslusuil 5.8 senuuuiinrudidnee f, = 10
kHz uay Q = 1 Awualirmsudreudnuaudynsawiniu Weimug ¢, uay ¢, wiiud
20 pF LLamwamﬁ‘haaammauaummammﬁmaaé’zgzywmmﬁwmﬁﬂ%’uLwiqmmﬁmémw
aghwiaiie uasUSuuswmaumERue oo (BPF) Taenisuiudinseudalusa Iy
Faust 150 nA Ba 750 nA Tneusunssualusatias 150 nA Tuvaisfigadnuannsvuslusa I,
Wipeii@l 750 nA 915Ul 512 way 5.13 uannsevduBsmINATENSIUS UL

ArAnuadneenldan 2.5 KHz fe 12.5 KHz
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Expressions
~11=150nA —11=300nA ~11=450nA —11=600nA -I1=750nA
25.0

|
N
w
<

Py 1Y ———_—— I

20log(Volp/Vid) (dB)

7504

-100.0

-125.0 v -
102 103 104 105 109
Frequency (Hz)

= < a de
‘EUVI 5 12 ﬂ'\5@19'UE'IU'ENﬂ')'lﬂJﬂ‘Uﬂd’]x‘i‘\)'iﬂ‘i@\i‘lUﬂ'iaﬂ‘ﬂﬂﬂﬂ']’)llﬂﬁ}’w\l’]u

~11=150nA —11=300nA ~11=450nA —I11=6Q0nA - [1=750nA
10.0

-10.0

|
~
<
L=]

20log(Vobp/Vid) (dB)
o
<
(=]

-40.042

-50.0

-60.0 !
102 103 104 105 108
Frequency (Hz)

< o a a
Eﬂw 513 ﬂqiﬂ@UﬁuaﬂF’n']lm‘ﬂaﬂ'Nﬂiﬂs@@iUﬂ']aﬂ'ﬁqmﬂLLUUﬂi@QLLﬂUﬂ??ﬁJﬂNWU
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e coggmHD3  legueTHD  enfiiemiM3

Distortion {(dB)

100 200 300 400 500 600 700 800
Peak differential input voltage (mV)

:i‘ L I = -:I o (3 1 = d‘ 0' ]
31}1’1 5.14 AANIIIIANAIAUNANGINVILITINULDIANANEANVNITNTDIAIUD AN

i o 1 a d 1 (73 &
JUN 514 uanmWan 1sIIRDIAIASRANAIATIHAAIIEUIE WNATEIIaTNTeN
i é 1 2 o 1 A
AMUDAINUAIY f, = 10 KHz Way Q = 1 nsavuassanTsinassal THD way HD3
[ a a = o oo a F
dyaadumanud 1 KHz Tuvaigiidl M3 Safdyaiadunsyinu (two-tone input
signal) 4 KHz way 5 KHz vevsasnsesiduaus Mnasussiudunngegaues 570 mv
o U 1 |A o L7

waz 670 mV @3N THD wag IM3 8891 -40 dB s ey

e/ v a 1 sa = 1 ar u 5

AYQYIUTUNIUUTAUDUNAYIWUUATA 10 KHz AU 202 PV, Aetu0eas

da o 2 a o o a v 2 ~ 3

ﬂﬁmﬂ'mmwmLaua’l,wmwaslwa'mauwmﬂ’m (input signal dynamic range) 66 dB way

o L7 1 dl 1 E; - o
67.4 dB @13uA1 THD % -40 dB wazAl IM3 9 -40 dB sauainu

= o P = a wa 1 o =
aun1sh (5.5) Wuaunsvivenfamsuanideunnaudinneg  wiansuanideu
wa 1 L r ¢ wa 1 ¢ = o A1 1 2 .

AuantRedvilaielilindnmandfdnedimis  Ineflowilindr  figure-of-merit
(FoM) [73] Py Wurmsgaydorindsau Vo, Aussiuunasdne, N Aesuiudiduees
1IINTDY, f, ADANUAAR waz DR WuAtsanunMalaundninlumiieg dB 19919930584
dyanailuaiansifiauuy Differential biquadratic Gm-C 7t iauarwine FoM L
[ 12 & o v 2 1
Wiy 4.9 Selladesunnuandiidiuinieesiiadesams

FO M — })dis.s- ' VDD

m (5.5)
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1725

15.0

12.5

10.0

7.5

No. of samples ¢

5.0

2.5

0.0 - S
-30.0

-§5.0. ~ 500  -450 -400  -35.0
THD O

"'2516

‘J = s ° 1 d e
3UM 5.15 nsmiBalaunsulagitnisdraesuuy Monte Carlo 98361 THD Mtswiutonsing
do 1 do
ITNTDIANUAA TN

5Uf 5.15 uamansiBalaunsulagsnissiaaakuy Monte Carlo vo3#h THD (dB)
flussiuterdnnveasnsasnuisuiiinaus UUATILIUNTTAUFIBE1INITYIN
100 adawazAndoauuing (sigma) whiu 3 weseinesanmemaindigusnsludn
33 1% THD wesussiuoning fufuduinsiinseidg transient analysis naaeud
dryanauusRuBunwe 300 mv finud 1 KHz  AeanaRnuiousnslufingaa 1% THD weq
usesuesinaliAedy mu Wiy 435 dB (WoRmsanangud 5.14 A1 1% THD ves
dyaaneivmilayszann -47dB) Andsauuaimnnsgiu 3.1 (standard deviation:
sd)  aglihanudhguesgunsaldmiuisasnsasmuaniaueyhnumunalnisany
wsiaguvesumskaniimuinnaintios #1519 5.6 uansHan TNaeInnaNURve
asnsesiiausiUIouitsuiunmadedu
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d =l e o o . .
M5 5.6 maSsuiigunuaniRvenasnsedyyuluaiensiinuuy  Differential
biquadratic Gm-C AdEUaAUIATBDUY

n1dlmes [63] [74] [66] [75] 29asi
iaua
Simulated Measured Measured Simulated Simulated
Uflhuaue | 2008 2009 2005 2012 2012
watle Bulk-driven | Current- Bulk-driven | Bulk-driven | Bulk-driven
mode

Voo (V) 1.0 0.6 0.5 0.5 0.8
f, (KHz) 1.8-36.5 100 L% 200 2.5-12.5
U 2 5 5 3 2
Order U4
25NN

v, (WVimd | 345 . 74 88 215
Peak Vi (V) | 0.44 - 0.11 0.07 0.67
DR (dB) 59 4 94 o 7 5| 67.4
QULRERY 44.3 443 1,100 202.7 34.4
goyide (W)
Flod 0.35-um 0.18-um 0.18-um 0.18-um 0.18-um
wialulad
FoM le-11 57e-12 1.4e-11 3.1e-12 4.9e-12

5.4 g3y

2 o Q’A o o o 1 EJ OI 14
mﬂmsﬂ‘izqmﬂ‘umma%smmﬁﬂaumﬂmaswmLauaﬁ"lmm’lumummam e

2ITNTRIAMEANTLARRURIImes AN Twe SThiEuauUUT 1 uasuuTl 2 dhewmaTulat
Fod 0.18 um

ayUnamsUszgndldonssmsudaousnnosiitaus dwiuinsnsesauiuuy
fi 1 fnuandfaunsodenduinsnsesruiinld 4 wu Aermsnsesmuisieu
(LPF), 'Ja'«asﬂ'saammﬁgqmu (HPF), 21993ns0uaumudnizdslalinu (BRF) wazasas
nseuaUAMNRHY (BPF) ssasnsasiivdusyhaumeldundsseusstudiond 08 v 7
Pudigean 10 KHz Thdsnugegn 10.4 uw

agUnanisUszgndldmnnsmudaoudinmesiviaus dwiuimsnseseruinuy
i 2 wanmsdassmishauaunsoiuguanuilseshaeiles Tnefaruludadug
anelduviasineussiudiendt 0.8 v Iiaidewatinirs (dynamic range) 67.4 dB finwid
gean 10 KHz Tdmaanugegn 34.4 pw



Resuits :B&fsp%éy Window

Window Expressions Info Help cadence
Device Param Moise Contribution % 0f Total e
FT1 /N6 fr 2. 9986Te-09 5 1%

FIL/HNE fr 2.99867e-00 5.17
FI1/M21 id 2. 678462-09 4. 82
FT1/H20 1d 2. 67846e-09 4. (2
/10/M21 id 2.A5828e-00 4 60
FI2/H21 id 2. 66828e-09 4. 80

ST3M21 1d 2 66888e-09 4. 60
SI0/M20 id 2.66828e-09 4 60
SI2/M20 id 2. 66828e-009 4.60
JL3/M20 id 2 668282-09 4. 60
SI0/ MG frn 2. 6264e-09 4 53
FI0/MHS fn 2. h2hde-09 4. 53
JI2/MHe fn 2. 62638e-09 4.53
JI2 /M fn 2. 62638e-09 4.53
SI3/MHE fn 2.62637e-09 4,53
JT3/HNE fn 2. 6263T2-09 4.53
FIL/MN14 fn 1. 85067e-09 218
/I1/MH13 fru 1.25067e-00 .16
JI2/Mi14 fn 1.1016de-08 1.90
FT3/MN14 fn 1 1016de-08 1.80
FIZ/MN13 fr 1 1016de-0Q 1.80 =
JI3/MH13 fn 1.1016de-089 i.en
JI0/mmid fn 1 10164e-09 1.80
AI0/MNL 3 frn 1. 10164e-09 1.590
SIL MR id 1.89482e-10 0.33 A
JIL/MEL id 1. 894B2e-10 0.33 B
FTI1/MEE n 1 426352-10 0.25 L
/I1/HP1 et 1.42635e-10 0.25 i
/I2/MP2 fn 1.32647e-10 0.23 -
JIE/AEL fn 1.3264Te-10 .23 §
/I13/up2 n 1.3264%e-10 0.23 5
JI3/MP1 fn 1. 32647e-10 0.23 %
FI0/MEL fn 1 32646e-10 0,23 eg-
/10/MB2 £n 1. 32646e-1D 0.23 v
J12/MPE id 1.31182e-1D 0.23
FI2/Mel 1id 1.31182e-10 D23
FI3/MPl id 1.3118e-10 0.23
J13/Mel id 1.3118e-10 0.23
JI0MEL id 1.31176e-10 0.23
FI0/MPE id 1. 31176e-10 0.23
JI1/MNE id 1.23425e~10 UFZs
JI1/MNE id 1.23425e-10 0.21
FT1/R3 n 0 p60BTe-11 0.17
/1i/mel id 8. 0400Fe-11 0 15
JI1/Me2 id 8.94256e~-11 0.15
FI0/ M6 id 5.54502e-11 0.15
FI0/MNE id 8. 5450%2e-11 0.15
A12/ M6 id 8. 54497e-11 0.1%

FI2 MG id 8. 54407e-11 0.15
FI3MHE id 8.54481e-11 0.15
JI3/MNE 1d 8. 54481e-11 0.15
AI1Mel fn 7.64851e-11 0.1z
AT1M0l fn 7.64851e-11 0.13
FI2/M01 frn 7.15532e-11 0.12
JT3M01 fn 7.15532e-11 .12
Integrated Noise Susmary (in ¥°2) Sorted By Noise Contributors
Total Summarized Noise = 5 7970%1e-08
Total Input Referrsed Noise = 5 38117e-08

The zhove noise summary info is for noise dats

12 |

U

5.16 shesuNamsindyyiusuniuvesgunsniluiasgui 5.8
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Jsnudreudnwasussyndldeuluasnsesdyaalumeniingil 5.8 wu

U

' v = @ < ] o W
ildaneglusewasdygusuniy Medinanssvudenmsussendldaurudygiumnis

¢ < o w - - =
Wwwne U 5.16 wamisgnunansindgyausuniuveunsallunmsgui 5.8 finud
Ussund 10 KHz wudwsndamesiiuwaaduindyaasuniugeaaliuies 6 M
Wsn AiB MN5, MN6, MN13, kg MN14 uane91n399sluguil 5.6

wagnIuBamas M20 way M21 lugui 5.16 uansiunisuemsudamneininaeas
lugun 5.7 Ao MC21 wag MC22 (Ausumusuukeaiinifivuielvg) dedudsiminazeia
WuANanUsgmvilsnsunazinasmhaveilvlduszendldnunianisuwg  Aamnng

ANy IUTUNIULULDS
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unil 6

d5UNan1TIBuasUaLaUDLUL

6.1 undsy

aw%’af’lﬁumwwmaﬁmuagwmmwua‘ﬂauﬁ‘fnLma%ﬁuﬁwé’wmﬁfﬁ fmedmiu
UszgnAldiudygnamismsunnd SsdimnudosnisluFesgunsaifidaunadn uasfuid
nush Tnsnaautivenssitiaueuseneude

1. ArwEnsalun Ui ussiuwmasdgei

2. frdunmuuRning

3. fanandudadugs

4. Foyerausunausi

@

2 a (ci o s
lnssasvennmsiudrauinnesmiauaduivuiyea fin1Inseaudyyiu

1

! a A :j L - o .
HARNBUNRITIUaAYD M TIUT AN eI NI AUULATIATINNITAU LTI UIUY Flipped-
Voltage Follower sunumsyiiuvenaasiuuaaiaed aslssrvsznavvadlasadng

d‘ o "/ = k-] - 2 1 1 s s E:’
sl navell anmsuwaiiavedassdinnamalregnmeenLuusIniy fal

1)
2.

paNLUUINRTMEmAlulaETued aannsdidinurenias
p1AEmATiAN1saoNLULRSeINASIlASIAE14 Flipped-Voltage Follower @4
Wulpssadwiifenvnldnudmiumsifundssousafush
ialAussiudunmimedatad (Bulkdriven input) vemsddinosfiues
(PMQS)

aAN13 I TUNAID BN TLUALASLSIALAINATEUBN AN TAS I UNEIT BN TEUA
Asil naReidued (NMOS) wuulalemmouiiimidvuyiuumdsfunsyuanes
Tassadaasasmuusaiu FYF samdhdediu vinlisasyihauwuueanatet
Winanuidudsduanmsedemaiianistounduresnusunss fafiaue
i3 (Passive Resistive Source Degeneration) $1AUN19YI141UYD 19T WUU
aanaled vulassadiefideuaunns
nsUsuussdyradsavinlalaguenanesilaussudunadunsua
\0WiWAndn (core transconductor) inaue Tnglénnsusunsvuaveniasudu
ns1venensvua (Gain-adjustable Current Followers) gausuvedlaseadsiiie
anuansalun sUiuamaudreuinuaudlasusirannuansenuredy i
Idanasasudasusedudunmfunszuaondnandn vensnifuanududady
vosAmIudnraudinuaudiaznisuuudsdyyrafinuaiwi a1nn1sesnuuy
2asfifudaseaeiu ndlidmansenusetuuas iy

nansvageulszansamvenwlatusimBunadunssuaiodwandn  (core
e e = = o 2 Y
transconductor) Miaus Wewlssuiigununasaug melusinsy Specter Cadence
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Tools  Tmnuudadugdutidyaadunaniiann  melinsldussiuumdsinm
(Wide linear differential input voltage range) dlevaaeuransTaeInIsTunL
AuauTRIlUANYG  wudneasiinuandisneg  lunasiiesgiy dwdughuanuisn
N S AT (AT TR A R R R P TIRE

mam'iai'ﬁaaamﬁﬁmumamwsﬁﬂsxqﬂm"l"ﬁmu Wunsasnsesdygralumensiia
(Biquadratic Gm-C filter) finaus 2 Tassai Fewmalulad UMC 0.18 um wudrasgn
ﬁﬂmﬂixqnﬁiﬁ'fmulé’mu%’aﬁmmﬁgqﬁ NNMIUTuddund o sumies
wuushaesnaaiade 1ngUdl 1.1 (v) 16

agﬂ‘lﬁfi’lﬂmauﬂ’ﬁﬁugwu‘umawsmméﬂauﬁﬂma%ﬁﬁﬂLaua fiuszansnmiluies
vosiinaiffiduduynninauin (Wide input linear  range) AnuluBadugs (High
linearity) &yayrausunius vaumelduvasdiowsidud fufdslios fauanunsaly
MIUTulRsAmMIUdR D UANUAUD LA

v

6.2 VDLEUDMUE

o v aa A © - = o ¥ = o .
dmiviEnsmhausluinadnusatuiduieBnsimedaniseeniuuims
g i o ' a A g v o vy o v W
wuuitugweneg ualdousiuiy ielihashouniglédedmuanidens  wazsnw

a a v = o o w o v v
Uszdniamuenaslild  assimiavomunsdmiusnueaniuuiwsideinsiindanuy
é i a6 e

19 Tuthuanudsidsiuna

| B
=l o

winfiadenandiidesesluFawesdynusunudmivnmsidnuiianuddunng
LLas;ﬁaﬁqiﬂﬂ'sxEgﬂﬁ’l‘z’j’muﬁﬂmwsﬁugwuﬁﬁﬂﬁmq ANY  gemesendualiavians
09NUULNITONY - eiuvFeutlufefosiifntu  iiosnwussAnsnmaneuiAiiaves
2asiiean sl wdelilindetornuarosnisusrandldsmsdmnefigals

gﬂﬁ 6.1 udnsHaN1IR0dIMTUNIY (small-signal noise) firud 10 KHz o4

’N%'gﬂﬁl 3.4 (n)

Noise Response
— input noise; ¥ / sqri(Hz)
12.5

\ -
10.0 !

5.0

[0}
10! 102 103 104
freq (Hz)

Vfsqri(Hz) (uVfsqri(Hz))

EJ o o A
JUT 6.1 nanFia0dy 1T UNILTNRTIUN 3.4 (n)
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& Results Display Window

% Window Expressions Info Help cadence
‘[Device Param Noise Contribution % 0f Total
/M8 fn 4. 80446e-07 24.68
T fn 4.63983e-07 23.83
/M6 fn 3.89473e-07 20.00
/M5 £n 3.81276e-07 19.58
/10 fn 3.16177e-08 1.62
/M9 fn 3.05342e-08 1.57
/M0 id 2.24546e-08 1.15
/M9 id 2.16852e-08 1.11
M2 fn 2.035592-08 1.05
Filal fn 2.03545e-08 1.05
/Ma id 1.54913e-08 0.80
il id 1.54902e-08 0.80
i) id 1.25791e-08 0.65
i) id 1.2148e-08 0.62
/M6 id 1.01985¢-08 0.52
/M5 id 9.98384e-09 0.51
/R3 mn 7.88911e-09 0.41
/ud fn 3.15925e-10 0.02
/M3 fn 2.5874e-10 0.01
Md id 2.27169e-10 0.01
Ju3 id 1.86049¢-10 0.01
/M8 r's 2.56558e-13 0.00
M7 s 2.4776%e-13 0.00
/M6 s 2.07975e-13 0.00

|Integrated Noise Summary (in ¥~2) Sorted By Noise Contributors
|Total Sunmarized Noise = 1.94696e-06

|Total Input Referred Noise = 1.20925e-08

The above noise summary info is for noise data

Device Param Noise Contribution % 0f Total

| M8 fn 4.80446e-07 24.68
o fn 4.63983e-07 23,83
/M6 fn 3.89473e-07 20.00

"1/ms fn 3.81276e-07 19.58

|Integrated Woise Summary (in ¥2) Sorted By Noise Contributors
f|Total Sunumarized Noise = 1, 94696e-06

|Total Iriput Referred Noise = 1.20925e-08

The above noise summary info is for noise data

o v a P
UM 6.2 ngnumansindgaiasuniuvesgunsalluieasgun 3.4 (n)

U 6.2 uanITB RN SRR isunuTesgUnsallineassun 3.4 (n) e
Amuansu@eames M9 waz M0 derllnssasiounszuadmiuniaedwn  wui
1nswu%ama%ﬁﬁ?uLma'af‘hLﬁmﬁcyzgﬂmiumuqaqm’iﬁﬁmq% 4 AIusn Ao M5, M6, M7 uag
M8 wami{haaqﬂ"lLmG‘fuﬁ’fyzywmumuﬁ%uwmﬁﬁhmﬂﬁ’u 110 pV/vHz

6.3 WU IUNISHITIdE6D

1. Yssgndldrsamsudreusninesiminavailedoudeiugunsalifuiredsnag i
silicon sensor (gUnsalangudlulasdidnnsedind TMEC) dmsunuiidesms
uasdgusafum Srunudi

2. DONUUUNATTINUNIEAMAINMSIINTBIILRTIIaue tiedwhduuuy
syfiueal URmsuagdamanfifiuinisszquisnsdely

o a1

dl a L4 o (-4 o
3. MIYABNIMIMGAT YU TUNIUIINWIATNTIUERDUANLAD STIUILAUD
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A Micropower CMOS Preamplifier for Cochlear Implant System
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Abstract: This paper proposes a CMOS low-power
low-voltage microphone preamplifier for a cochlear implant
system. The proposed preamplifier using the Flipped
Voltage Follower. Current Sensing (FVFCS) technique to
achieve low voltage, low power consumption. The proposed
circuit was designed and simulated using a 035 gan CMOS
process. Simulation results showed that the preamplifier can
achieve 22-dB voltage gain while dissipating only 5.2 (W
from 1.4-V power supply voltage.

Keywords: Cochlear Implant System, Transinipedance
Amplifier, Microphone Preamplifier, Low-power CMOS,

1. Introduction

Cochlear Tmplant. (CI) can restore partial hearing to. deaf
people by stimulating the auditory netve in response fo
sound in a manner similar to that of the real human ear [1] -
[3]. Fig.1 shows an example of a cochlear implant system. A
microphone picks up sound and converts it to an electrical
signal, which s processed by a speech signal processor. The
processor normally consists of preamiplifier, automatic gain
control (AGC), bandpass’ filters, envelope detectors and
analog-to-digital converters (ADC), The-outpuls of ADCs
are scanned and sent to the electrodes for nerve stimulation.

Speech Slgnal processor for Cochlear Implant

e T =
g
] Detactor [ e,

e ] e s e

l Contincus Irtaleard Sampling (068}

T s e il et SETEIR i

Fig.1. Block diagram of a Cochlear Implant System.

A low-power, wide dynamic range microphote
preamplifier with good wide-band rejection of power supply
noise i required for CI systems. Traditionally, the buffered
voltage output of an electret capacitor with a built-in JFET
source follower is used as the input of the preamplifier.
Recently, a low-power high-PSRR  current-mode
preamplifier has been proposed [4], by sensing the JFET
microphone buffer current output rather than ity voltage

output. The circuit in [4] operated with 2.8-V power supply
voltage and dissipated 36 uW. This paper aims to propose a
simple low-voltage micropower preamplifier based on the
same current-sensing strategy as in [4]. The proposed circuit
has been designed and simulated by using Cadence Spectre
with process parameters a 0.35-pm CMOS technology.

The-organization of this paper is as follows. In section 2,
we discuss in transimpedance amplifier design base on the
EVECS technique, we shall present possible low voltage
transimpedance amplifiers that uses a current mode
amplifier. In seetion 3, we: present simulation results.
Finally, conclusions are made in section 4.

2. Ciréuit Description

Fig. 2 shows a simplified diagram of the current-sensing
topology proposed in (4]. The supply current ofa self-biased
JFET microphone, rather than its buffered output voltage, is
sensed and used as the input of the preamplifier; The sensed
current convetted fo an output voltage by a transimpedance
amplifier, with a gain determined by the feedback resistor
Ry The key advantage of this topology is the voltage
regulation of the drain node of JFET which leads to better
power supply noise rejection.

Self-biased Microphano Modol Vdd
(FG3320A) with bufier B
lﬂd-b‘----- -
' : ®
] ] AF}'A
3 i yVy
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1 h o (] =0
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1 ]
bensenesseched Vouf

@ ®)

Fig.2 (a) Self-biased Microphone Model with FET buffer,
(b):Block diagram of Microphone Preamplifier,

2.1 Transimpedance Amplifier

The transimpedance amplifier is implemented as shown in
Fig. 3 [5]. Transimpedance amplifier is realized with a
current amplifier with a feedback resistor Ry. The current
amplifier is simply realized by using a scaled cascode
current mirror, with a- mirtor ratio of e. The input current
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flows into M, and is copied to M; and the output, with a
current gain of ¢.

With the feedback resistor Ry, the DC transimpedance
gain is approximately given by (1), assuming that Ry >

Vg
1
e
R ="ﬁ=[3~3 fl- %

SN

M

Ve
o
2 =

|

lin ‘
g X - |

Fig3 Transimpedance Amplifier.

In the dashed box of Fig.3 is FVFCS technique, base on
FVF [6]. The FVF ¢an provide a current sensing cell, The
impedance at node X is very low, thus the voltage at the
input is nearly constant. Large current can be sourced at the
input node. The large sourcing capability:1s due to the low
impedance:at the output node.

2.2 Proposed Preamplifier

Ibiastss S5aa

Fig.4 Proposed Preamplifier.

The proposed preamplifier, rather than the conventional
two-stage operational amplifier as in [4], can be employed
to reduce power supply voltage and power dissipation
further. A simple transimpedance amplifier is realized with a
current amplifier with a feedback resistor Ry, as shown in
Fig. 4[5].

2.3 Noise Analysis

Considering thermal noise sources only, the input-referred
noise of the transimpedance amplifier cell can be calculated
as given by (2), where, i = 4kTg Af, s, TR
and A, is the voltage gain. Assuming that gmoRe >> | and
Zna3 = gma; the input referred noise is estimated by (3), Thus

the input-referred noise can be reduced by increasing g
and the voltage gain.

2
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3, Simulation Results

The proposed preamplifier has been designed and simulated
with Cadence Spectre with process parameters from a 0.35-
pm CMOS technology. The circuit was designed to operate
under a 14 V power supply voltage, The: total power

consumption is 17.1 gW, which includes 11.9 pW for the

microphone built-in buffer and 52 pW for proposed
preamplifier. Transistors sizes and bias currents are shown
in Fig. 4. Table [ summarizes the simulated performance of
the proposed circuit. Simulation results in Fig. 5 showed that
the circuit could achieve an overall gain of 22 dB, 77-kHz
gain-bandwidth product and 747 phase margin with 5-pF
load capacitor. Fig. 6 shows the simulated input-referred
noise spectral density over 10-kHz bandwidih. The total
integrated input-referred noise is

R Fespien
A el

w o
il

T T I e
iAo o Y1 T

Fig.5. Simulated frequency response of the amplifier,
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Fig. 7 shows the simulated total harmonic distortion
(THD) of the amplifier ot different input frequencies and
amplitudes. It can be seen that the output THD can be kept
below 0.5% throughout the expected operating range of
nput frequencies and amplitudes of the preamplifier,

Table I. Summary of the simulated performance of the

proposed amplifier

Parameters Ref. [4] Ref. [7) This work
LMos 15 035
Téchholigy 5 pm 1.2 ym 35 ym
Power Supply 28V H-13V 14V
Phase margin =60 deg - 74 deg
DC Gain (dB) 20dB 20dB 22dB
Unity-gain
frequency (Hz) ) ke
Power
T 36 pW 24 W 5.2 uW
Total input-
referred noise % 0 pv
(10-10Kk11z) Ay

4, Conclusion

This. paper describes the design and realisation of a new
CMOS microphone preamplifier a cochlear implant system.
The proposed eircuit ¢mployed shunt-feedback and current-
sensing topology. o achieve low-voltage and: low-power
operation. Simulation tesults showed that the preamplifier
could achieve competitive performance with previously
reparted work, while operating with lower power dissipation
and. supply voltage. The authors believe that the proposed
amplifier has a strong potential for biomedical applications.
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Abstract—This paper proposes a low-voltage linear operational
transconductance amplifier (OTA) in a 0.35-pm CMOS process.
The proposed OTA employs a bulk-driven differential input
stage with resistive source degeneration and the flipped-voltage
follower topology to achieve high linearity under low power
supply voltage. The proposed OTA dissipates 0.8 pW from a
single 0.8-V power supply voltage. Simulation results with
showed that a linear differential input voltage range of 470 mV
was achieved with less than 1% total harmonic distortion.

Keywords—operational transconductance amplifier, bulk-driven,
flipped voltage follower, source degeneration

L INTRODUCTION

Low-power linear operational transconductance amplifier
(OTA) with small transconductance values 1s demanded for
biomedical and neural network integrated circuits and systems
[1]. To allow low-cost and full integration with digital circuits,
OTA should be realized with modern CMOS technologies and
thus it should be capable of operating under low power supply
voltage as mandated by modem deep sub-micron CMOS
technologies. Like other analog integrated circuits, realizing a
low-power OTA with high linearity and wide signal swing
under low power supply voltage is a real challenge.

Low power, low voltage OTA with small transconductance
can be achieved by using subthreshold MOSFETs [2]. bulk-
driven [3], [4] and current-division techniques [3]. To improve
the mput linear range of OTA under low power supply voltage,
several circuit techniques, such as source degeneration [5]-[7],
adaptive biasing [6], triode MOSFETSs [8]. mput level shifting
[9]. can be used. Among the abovementioned techniques,
bulk-driven and subthreshold MOSFETs are probably the
simplest and most effective solution for realisation of low-
voltage and low-power OTA [9].

Bulk-driven differential pair has successfully been used as
the mnput stage of transconductance amplifier to allow a wide
input linear range under low power supply voltage operation.
In contrast to the conventional gate-driven counterpart, the
bulk-driven input stage allows the DC input common-mode

978-1-4244-7456-4/10/$26.00 €2010 IEEE 784

voltage to be in the middle of the supply voltage and a larger
input voltage range at the cost of lower transconductance
value and higher input-referred noise [9]. Linearity of bulk-
driven input OTA bas been improved by using resistive source
degeneration [7]. gate degeneration [2], bump linearization,
and paralle] connection of input differential pairs [10].

This paper proposes a new low-voltage low-power CMOS
OTA with wide input linear range. The proposed OTA
employs the bulk-driven flipped voltage follower [11] with
resistive source degeneration as the input differential stage to
achieve high linearity under low power supply voltage. This
paper is organized as follows. Section IT describes the circuit
implementation of the proposed OTA. Simulation results and
conclusion are given in sections Il and IV, respectively.

II. CIRCUTT IMPLEMENTAION OF THE PROPOSED OTA

Fig. 1(a) shows the basic source-degenerated OTA with
bulk-driven differential input transistors, The differential input
voltage is applied to the bulk terminals of M; and M,. This
allows the input DC common-mode voltage to be set to the
middle of the power supply voltage, The differemtial
transconductance of the circuit can be written as in (1), where
Emy and goy are the small-signal pate transconductance and
body transconductance of M, respectively. For good linearity,
(2) should be applied ‘and the effective transconductance is
reduced to (3), where gy = Mg, and 1 1s about 0.1 to 0.3.
Therefore the effective transconductance of the bulk-driven
source-degenerated amplifier is 1) times smaller than its gate-
driven counterpart.

gmbl
B e o BEE o)
. H(gm +gmbI)R$
e L N )
Lot T8l
» 1 ! 1
Gm_m&_._=_]._ (3)



Fig 1(b) shows the source-degenerated OTA with bulk-
drven flipped voltage follower input differential pair.
Transistors M; and M, realize the flipped voltage follower
structure which provides a negative feedback to lower the
impedance at the source terminals of M, and M,. Neglecting
the drain-to-source conductance (ga) of Ms and Ms, the
differential transconductance of the circuit in Fig. 1(b) is also
approximately given by (3). However, there is no restricted
condition for Ry as for the circuit in Fig. 1(a).

Wy

oY, Im,

P
©

Fig. 1 (a) Basic source-degenerated bulk-driven OTA, (b} Source-degenerated
OTA with bulk-driven flipped-voltage follower input stage, (c) the proposed
OTA
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Fig. 1(c) shows the simplified circuit diagram of the
proposed OTA. The circuit is similar to that of Fig. 1(b)
except that, instead of providing a DC current source, the
transistors Ms and M; are connected in the diode-connected
configuration to provide an active resistive load of Ug,ss
Therefore the DC quiescent cumrent of the circuit is
determined by the aspect ratios of M (My) and M; (M), In
this work, all transistors were biased in the subthreshold
region. The small-signal differential transconductance of the
cirenit in Fig. 1(c) can be derived as shown in (4). Assuming
that (5) 1s applied, the transconductance can be simplified as
given by (6).

&1

G,y ¥ ©)
: 1+(gm1+gmbl)RS(l+gm3/gm5)
R > . ©
Y/ et N
:gmw
G
» (gm1+gme)RS[l+gmijgm5] ®

) 1

0
n+1 Ry(1+8,:/8,5)

I1. SMULATION RESULTS

The circuits in Fig. 1(a)(c) have been designed and
stmulated uwsing Cadence Spectre with process parameters
from a standard 0.35:pm CMOS technology. The nominal
threshold: voltages of NMOS and PMOS “transistors are
approximately +0.6V and -0.7V, respectively. For a fair
comparison, all cireuits have been designed to have identical
sizes of transistors and operate with a 0.8-V power supply
voltage. All transistors were biased fo operate in fhe
subthreshold region with identical quiescent bias current of
200 nA, yielding the total power supply current of 1-pA. All
transistors have equal width and length of 940 jim and 1 jim.
respectfve!y. Unless stated  otherwise, the circuits were
simulated with Rs = 200 KQ. The DC common-mode input
voltage of the circuits was set to the middle of the power
supply voltage. The bulk-source junctions of the input
transistors were weakly forward-biased with abotit 60 mV to
seduce the threshold voltages slighly.

Fig. 2 shows the simulated differential output currents of
the amplifiers in Fig. 1(a)-(c) when the differential input
voltage was varied from -0.8 V to +0.8 V. Linearity errors of
the output currents are plotted in Fig. 3. It can be seen that the
proposed OTA in Fig. 1(c) exhibits the best linearity with the
smallest maximum error of +/- 22.5 nA, while the circuits in
Fig. 1(a) and Fig. 1(b) have the maximum current errors of +/-
118 nA and +/- 368 nA, respectively. (The linearity error of
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the proposed OTA in Fig. 1(c) is less than +/~ 0.24 nA (ie.
about +/-1%) for the differential input voltage of +-0.3 V.
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varied linearly from 50 KO to 500 K. Tt can be seen that the
transconductance could be tuned from 0.1 pA/V t0 0.9 pA/V
without noticeable changes in the input linear range.
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Fig. 2 Sinmlated differential Tout vs. Vid of the circuits in Fig, 1(a) (greea
dotted fine), Fig. 1{b) (red dashed fine), and Fig. I(c) (blue solid live).

Fig. 3 Simulated linearity error of the differential oufput cucrent of the circuifs.
in Fig. 1(n) (green dotted line), Fig. l(b) (red dashed line), and Fig: 1(c) (blue
solid line).

Fig. 4 shows the simulated transconductance values of the
three OTAs against the d:ﬁ"crmnal input  voltage. The
quiescent transconductance values of theurcmts w Fig. 1(a)-
(c) are 0.578 PA/V, 1 HA/V, and 0373 uAN respectively. It
can be seen that the proposed OTA in achieves the smallest
variation of transconductance value over a wide range of
differential input amplitude. However, this 1s achieved at the
cost of transconductance reduction. Fig. 3(a) and fig. 5(b),
respectively, show the differential output currents and the
transconductance values of the proposed OTA when Rs is

[}
"

Fig. 4 Siomlated transconductance of the circuits in Fig. 1(a) (green dotted
Jine), Fig. 1(b)(red dashed line), and Fig () (blve solid le).
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Fig. 6 plots the simulated output total harmonic distortion
(THD) versus the amplitude of the differential input voltage at

different input frequencies. For input frequencies up to 10 kHz,

the maximum differential input amplitude of 470 mV can be
applied while keeping the output THD below 1%. Fig. 7 show
a small-signal noise analysis with 10-kHz bandwidth showed
the total integrated input-referred noise voltage of 148 uV,
Therefore the calculated input signal dynamic range is about
70 dB.
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Fig. 6 Output total harmonic distortion vs. Differential input voltage at
different signal frequencies

2200 45 o wstons &/ gk

2

1008

- 19

180y

s
= amf.

1
tam l AEL. S lall LN
. AP 10K,
Fig. 7 Noise Response simulation.

Yok e

[ H
Frqibi)
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The circuit of Fig. 1{c) was applied for VGA circuit with
bandwidth less than 10-KHz frequency, when Rs was varied
linearly from 1 KQ to 5 MQ. Tt can be seen thht the circuit
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could be tuned from 1.5 dB to 27 dB in Fig. 8. Using
transistors were optimized sizes of M1 and M2 with 100/0.35
um, while M3 and M4 with 1000/0.35 jm ratios for constant
current source. M3, M6, M7 and M8 were design for current
miyrror with sizes 400/1jum. M9 and M10 were added for the
single output signal with 400/lum. The proposed VGA
dissipates 0.951 tW from a single 0.8-V power supply voltage.

IV.CONCLUSIONS

A low-power low-voltage CMOS linear OTA was proposed.
The proposed OTA employs bulk-driven input stage with
source-degeneration and flipped-voltage follower techniques
to achieve wide linear range under low power supply voltage.
The proposed 1s suitable for implementation of low-frequency
integrated filters and variable gain amplifiers for biomedical
and neural network applications.
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Abstract  This paper describes the design and realization
of a sub 1-V low power class-AB- bulk-driven tunable
lingar transconductor using a 0.18-pm CMOS technology.
The proposed transconductor cmploys' a class-AB bulk-
driven differential input voltage follower and a passive
resistor Lo achieve highly linear voltage-to-curtent con-
version. Transconductance tuning is achieved by tuning the
differential output current of the core transconductor with
gain-adjustable current mircors, With  104-uA current
consumption from a 0.8-V single power supply voltage,
simulation results show that the proposed transconductor
achieves the total harmonic distortion (THD) of <—40 dB
for a peak differential inpul veliage runge of 800 mV at
frequencies up to 10 kHz. The simulated input-referred
noise voltage integrated over 10-kHz bandwidth is 100 pV,
resulling to an input signal dynamic range of 75 dB for
THD <~40dB. A biquadratic G-C filter is designed to
demonstrated.the performance of the proposed - iranscon-
S PRSP S Sy R sl
achieves an input signal dynamic range of 674 dB for the
third-order intermodulation distortion of <-40 dB.
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I Introduction

Low-power funable linear transconductor with  small
ransconductance is required for the realization of low-
frequency integrated circuits for biomedical and neural
network applications [1], |2]. To allow low-cost and full
integration with digital circuits in deep sub-micron CMOS
technelogies, transconductor is required to operate under
power supply voltage <1-V while maintaining sufficiently
large signal dynamic range. Lincar transconductor with
small transconductance can be realized by using lineari-
zation and transconductance reduction techniques, Typical
linearization techniques [3] can be classified into three
approaches, including non-linear terms cancellation, input
e A T RRGRRRTES dcesagiuton, drsegnduc:
division, sourec degeneration, subthreshold, bulk-driven
and floating-gate MOSFET.

Under low power supply veltages, rail-to-rail voltage
swing is strongly desirable in order to maximize (he
signal dynamic range, This usually requires the input and
output DC cammon-made voltage Jevel in the middle of
the supply voltage. With a power supply voltage in the
order of 2Vpg(sat) # Vg, it is not possible for the
conventional gale-driven input transconductor o have
the input common-mode voltage in the middle of the
pawer supply voltage, This can be alleviated by using the
bulk-driven [5-7] and floating-gate techniques [8], which
probably emerge as the most effective solutions for
realization of linear transconductors under low supply
voltages.
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In contrast toits gate-driven counterpart, the bulk-driven
input stage allows rail-to-rail input voltage swing at the
cost of lower transconductance and higher input-referred
noise. The bulk wansconductance is typically 2-5 times
smaller than the gate transconductance. This limits the gain
and gain-bandwidth product, which is (roublesome for
high-frequency applications. For low-frequency applica-
tions, it is much less problematic, as small transcondue-
tance is desired. On the other hand, the bulk-driven
technique provides inherent input signal attenuation and it
can improve linearity of transconductor without extra
power dissipation. However, the issue of larger input-
referred noise may still limit the useful signal dynamic
range and thus careful design considerations should be
considered.

Recently, low-voltage bulk-driven linear transconduc-
tors have successfully been demonstrated, ¢.g. in [5-7]. A
1-V tunable linear bulk-driven CMOS transconductor was
proposed in [5]. The circuit employed a class-A bulk-dri-
ven input flipped voltage follower with passive resistor
source degeneration to achieve highly linear voltage-
t-current (V-I) conversion, while transconductance funing
was obtained by using programmable- current mirrors. The
circuit, implemented in o 0.35-um CMOS technology,
exhibits rail-to-rail input swing with about 60-dB dynamic
range, while dissipating 7.2 gW. In [6), a bulk~driven input
pseudo-differential pair operating in the irinde region was
employed to realize linear V-1 conversion and transcon-
ductance tuning was achieved by varying the drain-source
voltages of the triode input differential pair. The trans-
conductor, realized in a 0.18-pm technology, exhibits
=0.27V input lincar range, while dissipating 0,59 pW
under 1-V power supply voltage. Therefore, the bulk-dri-
ven (echnique can offer an attractive solution for realiza-
tion of low-voltage linear transconductor:

All bulk-driven linear transconductors, reported in the
literature, operates in class-A thus the maximum output
current is limited by the DC quiescent current. This obvi-
ously limits the slew rate when driving large capacitive
louds. Furthermore, at large wransconductance values, the
amplitude of the resulting output curtent signal is bounded
by the bias current and thus limiting the input lingar range.
Therefore, there are trade-offs belween npui lingar range,
slew rate and power consumption. Class-AB lincar rans-
conductors can be used (o mitigate the abovementioned
issues and allowing low-voltage and low-power operation
with high lincarity.

Recently, the authors have proposed a low-voltage bulk-
driven class-AB linear transconductor in [9], This paper
describes the design of a fully-differential realization of the
proposed class-AB  transconductor with common-mode
feedback control. A biquadratic Gy,-C filter is designed to
test the performance of the proposed transconductor, The

@ Springer

paper is organized as follows. Section 2 describes the
structure of the proposed transconductor and its circuit
implementation is described in Sect. 3. Simulation results
and conclusion are given in Sect. 4 and 3, respectively,

2 Structure of the proposed transconductor

CMOS linear transconductors can be realized by using one
or more linearization techniques [3], including non-linear
terms cancellation, input signal attenuation, and source
degeneration. The input attenuation can be achieved by
using the floating-gate, bulk-driven and active attenuator
techniques. Non-lincar terms cancellation techniques are
usually implemented by connecting several transconduc-
tors to cancel out non-linearity in their V-I conversion
characteristic. In practice, the non-linear cancellation
methods require accurate device matching and their per-
formances are sensitive to mismatches and process varia-
tions. The source degeneration technique employs a
resistor in a negative feedback loop to achieve highly linear
V-I conversion. However, in practice, a voltage-controlled
MOSFET resistor is-generally employed to achieve the
required transconductance tuning, and therefore linearity is
usually compromised.

Instead, using a fixed passive resistor source degenera-
tion and some methods of current scaling can achieve very
high linearity [10-13], with signal dynamic range in the
order of 80 dB. The circuit structure of this approach is
shown in Fig. 1, where the linear V= conversion is real-
ized by using two voltage followers (VF) and a passive
resistor (Rg). The YFs are used to provide an accurate copy
of the differential input voltage (viy = Vips — Vip—) 401088
the Rg, which performs the required V-1 conversion,
Therefore the resistor current is given by ip = Avig/Rs,
where Ay is the voltage gain of the VFs. Gain-adjustable
current followers (CF) and current mirror are used 1o
convey the current, i, to the output node and simulta-
neously achieve transconduetance tuning by scaling the
current ig by a factor of k. The output current, iy, is given
by <2ki, Therefore the transcondugtance of the circuit is
given by (1). This approach can also be viewed as using a
second-generation current conveyor (CCIIY and a passive
resistor |14 In this paper, this approach is chosen to
realize the class-AB transconductor because of its ability to
achieve high lineurity.

Gua = famf Vid = _2'1\"-'/ Rs (l)

In Fig. 1, the core linear V-I conversion is performed by
a fixed passive resistor therefore linearity of the transcon-
ductor depends on the compliance of the voltage and cur-
rent copy of the VFs and CFs. The advantage of this
structure is that tuning of transconductance does not affect
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Fig. 1 Structure of the proposed transconductor

the core lincar V-1 conversion, and thus transconductance
linearization and tuning can be optimized independently.
The key requirements of (he VFs are high inputimpedance,
low output impedance and aceurate voltage replication,
whereas the main requirements of the CFs are low input
impedance, high output impedance and aceurate and linear
current replication.

3 Transconductor circuit design and implementation

Based on the structure in Fig. 1, this section describes the
design of linear transconductors with bulk-driven differ-
ential input to achieve wide input linear range operation
under low supply voltage. Bulk-driven valtage followers
are used to replicate the differential input voltage across 4
passive resistor. Bulk-driven technique permits the input
DC common-mode voltage to be set to the middle of the
power supply voliage, thus allowing rail-to-rail input
voltage signal swing. A class-AB bulk-driven linear
transconductor is proposed and compared with two class-A
bulk-driven counterparts.

3.1 Using simple bulk-driven voltage follower

Using the basic source follower circuit with bulk-driven
mput, the transconductorin Fig. | canbe realized as shown
in Fig. 2. The differential input voltage is applied to the
bulk terminals of M, and M,. Transistors M, and M, form
a simple bulk-driven voltage follower to deliver a copy of
the differential input voltage across the passive resistor,
which performs the voltage-to-cuirent conversion. My, My
and My provide fixed DC bias currents for the voltage
followers. The differential output currents are sensed at the
drains of My and M; and are copied to the output nodes by
using two simple current mirrors (Ms=Mg). The voltage
gain of the VF is given by (2), where g,y and g, are the
small-signal gate transconductance and body transconduc-
tance of My, respectively, and gy, >> g4 is assumed.
According to (1), the differential transconductance of the
circuit can be written as in (3). For good linearity, the

output resistance of the VF should be much smaller than its
load resistance as described by (4). If the condition in (4) is
valid and the effective transconductance is reduced to (3),
where g, = Mg, and 1 is about 0.1-0.3, The effective
transconductance of the basic bulk-driven transconductor is
about 7 times smaller than its gate-driven counterpart.
Note that, for high lincarity, the VFs should have small
output resistance and (4) must be valid, which requires a
large gy and thus large transistor size and bias current.
Therefore, there is a trade-off between linearity and power
dissipation.

Smbl
Ap 7 ——20 2
‘ Eml + Snibl = (2/R$) ( )
Embl 2
Gpg ¥ ———————x —xk 3
M gt T Dabedt (99Rs) Rs ©)
l Rs
AR = )
ml T+ B 2
. s,
A T I N N

Sut + Guot Rs #+1 Ry
3.2 Using class-A bulk-driven flipped-voltage follower

Linearity of the circuit in Fig. 2 can be improved by using
VFs with lower output resistance, which can be achieved
by using a local negative feedback servo loop. The nega-
tive feedback is realized by the bulk-driven lipped-voltage
follower (FVF) [15), formed by M;=M, as shown in Fig. 3.
Transistors My and My provide gain to the negative feed-
hack loop to lower the impedance at the source terminals of
M, and My, while Ms and My provide constant DC bias
currents, Transistors Mz and My are simultancously the
input stage of the current mirrors which sense the differ-
ential output currents. The differential output current can
be tapped from My o My. Using the same analysis, it can
be shown casily that the small-signal voltage gain of the
cireuit in Fig. 2-is also approximately given by (2). The

2

o

lg G M,

Fig, 2 Simple resistive source-degeneration bulk-driven differential
transconductor
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negative feedback reduces the output resistance of the
bulk-driven FVF to r,,,.,mﬁ;—c approximately. If the
output resistance of the bulk-driven FVF is much smaller
than its load resistance (i.c. roy < 0.5K;), the effective
transconductance is also approximately given by (5). The
output resistance of the FVI is reduced without additional
supply current, therefore the transconductor in Fig. 3 can
achieve higher linearity without increasing power dissipa-
tion, One limitation of the transconductor in Fig. 3 is that
the FVF operates in Class-A and the maximum differential
output current is limited to about twice the bias current, i.e,
2. This can be a disadvantage for low power applications.

33 Proposed linear transconductor using a class-AB
FVF

The output current driving capacity of the circuit in Fig. 3
can be improved by using a class-AB FVF. The proposed
class-AB bulk-driven transconductor is shown in Fig. 4.
M, (M3), M3 (M) and Ms (Mg) form a class-AB FVE [15].
The DC quicscent current of the class-AB FVF is deter-
mined by the aspect ratios of My (My) and Ms (Mg). Tt can
be shown easily that the small-signal voltage gain of the
class-AB FVF in Fig, 4 is roughly given by (6). According
10 (L), the small-signal differential transconductance of the
proposed transconductor in Fig. 4is given by (7). For high
linearity, the output resistance of the class-AB FVE should
be much smaller than its load resistance, i.e. (8) should be
applied; and the transconductance is simplified as given by
(9). Note that, when gra/gns < |, the cffective transcon-
ductance is approximately equal to those of the eircuils in
Figs. 2 and 3, This condition is inherently favourable for
the circuit in Fig. 4 because the surface mobility of elec-
trons. in NMOS (M) is about 2-3 times greater than the
mobility of holes in PMOS (M), The key advantage of the
transconductor in Fig. 4 is the ability to provide the dif-
ferential output current greater than 2l because the FVF
operates in a class-AB manner.

Voo

M;

lowts

3

M
, |"lI 1™

Fig. 3 Improved transconductor using the class-A  bulk-driven
flipped-voltage follower
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Figure 3 shows the simulated DC characteristics of the
transeonductors in Figs. 2, 3, and 4.

Al MOSFETS are biased in the moderated inversion and
all circuits were designed (o have cqual transconductance
and power dissipation for a fair comparison. It can be seen
that the proposed transconductor in Fig. 4 exhibits better
linearity and wider input lincar range due to its class-AB
operation. Detailed simulation results of the proposed
transconductor will be deseribed and discussed in Sect. 4.

3.4 Transconductance tuning circuit

Tuning of transconductance is required in practical appli-
cations of transconductor, ¢.g. frequency and Q tuning of
filters. For resistive source degeneration transconductors,
tuning can be performed cither by varying the degeneration
tesistor (e.g. in [3]) or scaling the output current (e.g. in
[16], [17]). Tuning the degeneration resistor, which is
usually achieved by a voliage-controlled MOSFET resistor,
can degrade linearity and the performance of the trans-
conductor. On the other hand, scaling of the output current
does not alter the main voltage-lo-current conversion

VE)D

Ew

M,

loute Vin.b_—:l |——{ r_;OVm- oz
o O O

Fig. 4 The proposed transconductor using & class-AB bulk-driven
Nipped-voltage [ollower
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In contrast toits gate-driven counterpart, the bulk-driven
input stage allows rail-to-rail input voltage swing at the
cost of lower transconductance and higher input-referred
noise. The bulk transconductance is typically 2-5 times
smaller than the gate transconductance. This limits the gain
and gain-bandwidth product, which is (roublesome for
high-frequency applications. For low-frequency applica-
tions, it is much less problematic, as small transconduc-
lance is desired. On the other hand, the bulk-driven
technique provides inherent input signal attenuation and it
can improve linearity of transconductor without cxtra
power dissipation. However, the issue of larger input-
referred noise may still limit the useful signal dynamic
range and thus carcful design considerations should: be
considered,

Recently, low-voltage bulk-driven lincar transconduc-
tors have successfully been demonstrated, e.g. in {3-7]. A
[-V tunable linear bulk-driven CMOS transconductor was
proposed in [5]. The circuit employed a class-A bulk-dri-
ven input flipped voltage follower with passive resistor
source degeneration Lo achieve highly linear voltage-
to-current (V-I) conversion, while transconductunce tuning
was obtained by using programmable current mirrors. The
cireuit, implemented in a 0.35-pm CMOS technology,
exhibits rail-to-rail input swing with about 60-dB dynamic
range, while dissipating 7.2 pW. In [6], a bulk-driven input
pseudo-differential pair operating in the triode region was
employed to realize linear V=1 conversion and transeon-
ductance tuning was achieved by varying the drain-source
voltages of the triode input differential pair. The: irans-
conductor, realized in a 0.18-pm technology, exhibits
0.27 V input linear range, while dissipating 059 pW
under 1-Y-power supply voltage. Therefore, the bulk-dri-
ven technique can offer an attractive solution for realiza-
tion of low-voltage linear transconductor,

All bulk-driven linear transconductors, repored in the
literature, operates in class-A thus the maximum output
current is limited by the DC quiescent current. This obvi-
ously limits the slew rate when driving large capacitive
loads. Furthermore, af large transconductance values, the
amplitude of the resulting output current signal is bounded
by the bias current and thus limiting the input linear range.
Therefore, there are trade-offs between input linear range,
slew rate and power consumption. Class-AB linear trans-
conductors can be used (o mitigate the abovementioned
issues and allowing low-voltage and low-power operation
with high linearity.

Recently, the authors have proposed a low-voltage bulk-
driven class-AB linear transconduetor in [9]. This paper
describes the design of a fully-differential realization of the
proposed class-AB transconductor with common-mode
feedback control. A biquadratic G,,-C filter is designed to
test the performance of the proposed transconductor. The

@ Springer

paper is organized as follows. Section 2 describes the
structure of the proposed transconductor and its circuit
implementation is described in Sect. 3. Simulation results
and conclusion are given in Sect. 4 and 5, respectively.

2 Structure of the proposed transconductor

CMOS linear transconductors can be realized by using one
or more linearization techniques [3], including non-linear
terms cancellation, input signal attenuation, and source
degeneration. The input attenuation can be achieved by
using the floating-gate, bulk-driven and active attenuator
technigues. Non-linear terms cancellation techniques are
usually implemented. by connecting several transconduc-
tors to eancel out non-linearity in their V-1 conversion
characteristic. In- practice, the non-linear cancellation
methods require-accurate device matching and their per-
formances are-sensitive to mismatches and process varia-
tions. The source degeneration technique employs a
resistor ina negative feedback loop to achieve highly linear
VL conversion. However, in practice, a voltage-controlled
MOSEET resistor is gencrally employed to achieve the
required transconductance tuning, and therefore lincarity is
usually compromised.

Instead, using a fixed passive resistor source degenera-
tion and some methods of current scaling can achieve very
high linearity [10-13], with signal dynamic range in the
order of 80.dB. The circuit structure of this approach is
shown in Fig. 1, where the linear V-1 conversion is real-
ized by using two voltage followers (VF) and a passive
resistor (Ry). The VFs are used to provide an accurate copy
of the difterential input voltage (vig = vy — 1) #CTOsS
the Ry, which performs the required V-1 conversion.
Therefore the resistor eurrent is given by ix = AyvigRs,
where A, is the voltage gain of the VFs. Gain-adjustable
current followers (CF) and current mirror are used to
convey- the current, ig. to the output node and simulta-
neously achieve transconductance tuning by scaling the
current ig by afactor of ki The output current, oy is given
by ~2kig, Therelore the transconductance of the circuil is
given by (1). This approach can also be viewed as using a
second-generation current conveyor (CCII) and a passive
resistor [14]. T this paper, this approach is chosen to
realize the class-AB transconductor because of its ability to
achieve high linearity.

Grm.! s inul,de == —2{1,*}‘]{5‘ (l)

InFig. 1, the core linear V-1 conversion is performed by
a fixed passive resistor therefore linearity of the transcon-
ductor depends on the compliance of the voltage and cur-
rent copy of the VFs and CFs. The advantage of this
structure is that tuning of transconductance does not aftect
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inversion because of significant output distortion. In weak
and moderate inversions, the total harmonic distortion
(THD) of the output current is dominated by the second-
order harmonic. distortion (HD2), which can be signifi-
cantly reduced by using a balanced circuit configuration
[16]. Therefore the third-order harmoni¢ distortion (HD3)
will be the dominant component of the THD in a balanced
circuit structure. In this work, a fully-balanced fully-dif-
ferential circuit implementation of the gain-adjustable
current mirror is used.

3.5 Complete fully-differential transconductor
with common-mode feedback

Figure 7(a), (b) show the schematic diagram of the pro-
posed class-AB fully-differential transconductor and its

@ Springer

common-mode feedback (CMFB) circuit, In Fig. 7(a),
MOSFETs M-Mg, and the-resistor Ry form the transcon-
ductor core which performs the linear V=I conversion.
Transistors Ms=M 4 and current sources Iy and T realize
two gain-adjustable curent mirrors, which are used to
convey and scale the differential output currents. The
regulated cascode structure, realized with Mys-Myg and 1,
is used to increase the output resistance of the gain-
adjustable current mirrors. The output current driving
ability of the transconductor is enhanced by using a class-
AB push-pull output configuration, which is easily realized
by ac-coupling the gates of Myg and My to the gates of M,
und My, respectively. The voltage signals at the gates of
Mg and Myz are in-phase, and the same is true for Map and
My, The CMFB circuit in Fig. 7(b) controls the DC bias
voltages (i.e. Vgy and Via) of Myg and My and the output
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Table I Aspect ratios of MOSFETSs and component values of the
proposed transconductor

MOSFETs WL/ 1, 750mA
pm)
Flg T(ZI) M]-Ms, Mq—Mw, M.| ;—MM, 101"] 13 750 nA
Mig-Mz,
M~Mg M) -M;2 1001 I, 100 nA
MMy 0 Re 102
Fig. 7b) Mei-Meis, Mg Moy, 10/ Re 100 k0
Meio-Men
MeieMeis 1001 Co GpF
Mers 0 Cy 1pF

common-mode voltage, via large active resistors, There-
fore Mjg and May are effectively quasi-floating gate (QFG)
transistors [20]. Cascode transistors Ma, and My are used
to increase the output resistance. In Fig. 7(a), node A and
A" create high-frequency poles wound (g3 + Lmss)
(Cua + Cys) therefore the Miller compensation tech-
nique, realized with Re and Cg, is used to assure the sta-
bility of the transconductor when used under negative
feedback.

The structure of the CMFB circuit in Fig. 7(b) is based
on the use of a differential difference amplifier [21] and
replica biasing. Since the output voltage signals of the main
transconductor swing around the middle of the power
supply voltage, two of the proposed class-AB bulk-driven
transconductor core circuits are employed to realize the
differential difference amplifier. Therefore the output sig-
nal swings can be handled easily and not limited by the
CMEB circuit. The differential output voltages (V gy and
Vous) are compared with the desired output comman-
mode: voltage (Vengo), which is equal to half of the power
supply voltage. The output currents of My and Mgy are
summed into dummy transistors Mg and Mey, while the
output currents of Mgy and Mgy are summed into Mes and
M. The operation of the CMFB circuit can be explained
as follow. For differential-mode voltage swing of oy
and Vo, the output currents of Mep and Mgy are
cancelled out and the sum current is constant. For com-
mon-mode voltage swing of Vi and Vg, the output
currents of Mg, and Mgy add up and the sum current is
changed with the commen-mode varfation. The sum cur-
rent of Mes and Mcy are conveyed to the output of the
CMFB circuit via a gain-adjustable current mirror, Cascode
and regulated cascode structures (Mej-Meag) are used at
the output of the CMFB circuit to match the output struc-
ture of the main wransconductor. A diode-connected
p-channel MOSFET, Mgy, is used to generate the com-
mon-mode control voltages (Vg; and Vg,), which are
applied to the main transconductor via two large active
resistors. The active resistors are realized by using the large

non-linear resistance of reverse-biased p-n junctions of
p-channel MOSFETS (Mca; and Meay) operating in cut-off
region. Note that Mejg and Mgsg form QFG cascode cur-
rent mirrors with Myg=My, of the main transconductor,
thus the CMFB circuit controls the quiescent output current
of the transconductor.

In the main transconductor, the quiescent output current
is dependent on the tuning level of the gain-adjustable
current mirrors therefore the output current of the CMFB
circuit must also be adjusted as a function of the tning
level. This is achieved with a gain-adjustable current mir-
ror embedded in the CMFB circuit. Note that the CMFB
circuit essentially provides both common-mode control and
replica biasing (o the main transconductor to retain robust
performance under process variations, In this work, all
MOSFETs are biased to operate in the moderate inversion
region.. All DC current sources are realized by using
simple current mimors, Table 1 summarizes the aspect ratios
of MOSFETs and component values for the proposed
transconductor.

4 Simulation results

The transconductor circuits in Figs. 2, 3, and 7 were
designed and simulated by using process paramelers from a
standard n-well CMOS 0.18-pum technology. The threshold
voltages of NMOS and PMOS transistors are +0.48 and
—0.35 V, respectively. For a fair comparison, the core
transconductor of the three circuits were designed to have
identical MOSFET aspect ratios and DC quiescent current
of 640 nA. All circuits were designed Lo operate with a 0).§-
V single power supply voltage. All MOSFETS were biased
to operate in the moderate inversion region. Unless stated
otherwise, all three transconductors were designed to have
the same nominal transconductance of 3 pASV by using Rg
equal (o 22, 140 -and 14 kQ, respectively. The DC com-
mon-mode input voltage of the three circuits was sel to the
middle of the power supply voltage. The bulk-source
Junctions of the input MOSFETs were weakly forward-
biased with about 65 mV' to reduce the threshold voltage
slightly.

Figure 5 plots the simulated DC differential output
currents of the three transconductors when the differential
input voltage was varied from —0.8 to +0.8 V. It can be
seen that the circuits in Figs. 2 and 3 exhibit class-A
operation and the maximum differential output currents are
limited 1o twice the bias current (ie. about 1.2 pA).
Meanwhile, the proposed transconductor in Fig. 7 exhibit a
linear class-AB operation and it can provide the maximum

difterential output current of more than twice the DC bias
current,
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Fig. 8 Simulated percentage 150 T T T
linearity error of the differential - :
output current of the I'c“”"m Lo -cmsm:w[ Flei ~
transconductors in Fig. 2 (green 100 ;
line), Fig. 3 (red line), and
Fig. 7 (blue line) A g2
(Color figure online) 500 /
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Fig. 9 Simulated linear input £l Bt | .
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line), Fig. 3 (red line), and 3 L Y

Fig. 7 (blue line)
(Coler figure online)

Fig. 10 Simulated normalized
transconductance of the
transconductors in Fig. 2 (green
line), Fig. 3 (red line), and
Fig. 7 (blue line)

(Color figure online)

@ Springer

4

$& Error O

Normalized Gm O

11;0 400 800 800
! i
; - Bip

Fig3 Fig.2




113

Analog Integr Circ Sig Process

0= " 5
! ]
800 1~ r'|' i
O RTIE CE S
— L =
>
E W
L *
> 1 h i
: ! . < i
= ! ! B
s R
3 . ; ; - i
[ 13 1 LS 2 25 3

G (uA/V)

Fig, 11 Simulated inear input voltage range (for the maximum 1 %
current error) as a function of transconductance

Figure § plots the calculated percentage lincarity error
of the differential output currents of the three transcon-
ductors with the same transconductance of 3 pA/V. Over
the input voltage range of +0.8 V. the proposed trans-
conductor exhibits the least maximum error of £5 %,
while both circuits in Figs.2 and 3 have the maximum
errors of over £100 %. Figure 9 plots the maximum linear
input voltage range of the cireuits for a maximum tolerable
error of £1%. The proposed transconductor exhibits the
Targest linear input voltage range of £425mV, while the
circuits in Figs. 2 and 3 exhibit £150 and 4200 mV,
respectively. Figure 10 shows the simulated normalized
transconductance against the differential input voltage of
the three transconductor. Thus the proposed cliss-AB
transconductor in Fig, 7 shows the smallest transconduc-
tance variation over a wide range of differential input
voltage.

Figure 11 plots the simulated linear differential input
voltage range as a function of the transconductance-of the
three transconduetors. The transconductance was varied

from 0.5 10 3.0 pA/V. The linear differential input voliage
range is defined as by the maximum allowable input volt-
age for the maximum current error of 1 %. The trans-
conductance of the circuits in Figs. 2 and 3 was varied by
changing Rs, while the transconductance of the proposed
transconductor in Fig. 7 was changed by varying I; from
130 to 730 nA in steps of 150 nA. Figure 11 shows that the
input linear range of the proposed class-AB transconductor
is about 1.6-2.0 times larger than those of the circuits in
Figs. 2 and 3, At 0.5-uS transconductance, the input lincar
range of the proposed transconductor is almost rail-to-rail,
while those of the circuils in Figs. 2 and 3 are about half of
the supply voltage. Therefore, the proposcd class-AD
transconductor exhibits a larger input linear range and
superior linearity when compared with the class-A circuits
in Figs. 2 and 3.

The transconductance tuning of the proposed transcon-
ductor is demonstrated by fixing [ at 750 nA and
decreasing Iy from 750 to 150 nA in steps of 150 nA. This
reduces the current gain of the gain-adjustable current
mirrors from 1 to 0.2 in steps-of 0.2. The simulated dif-
ferential outpul currents and the transconductances are
plotted against the differential input voltages in Figs. 12
and 13, respectively. The fransconductance was tuned from
31 pAN 0 600 nA/V as Iy was decreased from 730
150 nA in steps of 150 nA. 1t can be seen that the input
linear range is virtually unaffected as the transconductance
is tuned.

Figure 14 plots the simulated output THD of the dif-
ferential output current of the proposed transconductor
with 3-pS transeonductance atinput frequencies of 0.5, 1,5
and 10 kHz. For input frequencies up o 10 kHz, the THD
is below ~40 dB for peak differential input voltages up to
800 w¥ and the simulated wtal integrated ioput-elenad
noise voltage with 10-kHz bandwidth is 100 uV. Therefore,

Fig, 12 Simulated differential
output current 3 the
transconductance is tuned by
varying T

lod (uA)
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Fig. 14 Simulated output THD of the proposed transconductor

the caleulated input signal dynamic range is 75 dB for the
maximum tolerable —40 dB THD.

Monte Carlo and corner simulations were performed to
investigate the effects of device mismatches and process
variations on the performance of the proposed transeon-
ductor. Figure |5 plots the simulated DC transfer charac-
teristic of (he cireuil under 5 cases of process variations
{typicul-typical (TT), fust=fast (FF), slow=slow (SS). fasl-
NMOS-slow-PMOS (ENSP), and Slow-NMOS-fast-PMOS
(SNFP)) and 3 cases of resistance variations (typical,
minimum, and maximum). The transconductance is fairly
retained in all cases except for the cases of FF and 8§
where it is increased and decreased, respectively, As
demonstrated in Fig. 12, 1) can be used 1o tune the trans-
conductance back to the nominal value. The input linear
range of the circuit is fuirly muintained over the process
variations. Figure 16 plots the simulated histogram of the
output THD when applying a 300-mV and 10-kHz sinu-
soidal input voltage to the circuit. With the number of
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Fig, 15 Effect of process variations on the DC tramsfer characteristic
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Fig. 17 Simulated open-loop
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Table 2 Performance summary of the proposed transconductor
Parameters This work [23] 24 23] 26}
Simulated Simulated Simulated Measured Measured
Year 2012 2011 2007 2011 2008
CMOS technology (ym) 0.18 0.35 0.18 035 0.18
Voo (V) 0.8 L0 1.0 08 0.5
Piiss (LW} 83 62 120 0.04 B
G (15) 0.03-3 2613 1,000 66 bl
THD (dB) ~40 =4 -63 —40 -51.7
At peak Vid (V) 0.3 0.44 0.35 0.05 0.25
Al frequency (kHz) 10 10 1,000 (.01 L0
ifp noise (nVf,/Hz) 1,000 2974 32 5 32
DR (dB) il 904 7.1 529 822
NSNR (dB) 135.8 1325 159.5 119.9 136.6

samples of 100 and sigma of 3, the output THD shows a
standard deviation of 1,78, ‘This demonstrates  good
robustness of the proposed transconductor against transis-
tor mismatch.

Pigue 17 pluta e sinmulawad AC livyuenvy wapunse uf
the transconductor with 20-pF load capacitor. The open-
loop DC voltage gain is 72.2 dB, the unity-gain frequency
is 15 kHz, and the phase margin is 89.8°. Table 2 sum-
marizes the performance of the proposed transconductor
comparing with other reported low voltage transconduc-
tors. The normalized signal-to-noise ratio (NSNR), pro-
posed in [22], is used as a figure of merit to compare the
performance of the proposed transconductor against others,
The calculated NSNRs are normalized with 1 % THD,
I-Hz bandwidth, and 1-mW power dissipation. The pro-
posed (ransconductor achieves a NSNR of 135.8, which
implies a competitive performance against others,

A fully-differential Gy-C biquadratic filter, shown in
Fig. 18, was designed and simulated to evaluate the per-
formance of the proposed transconductor. The filter

R

Gmd

K7s

sz_[

e

Fig. 18 Differential biquadratic G,-C filter

provides lowpass (V) and bandpass (V,5,) outputs. The
lowpass and bandpass transfer functions of the filler are
given by (12) and (13), respectively. The cut-off frequency
{or the center frequency) and the quality factor of the filler
are given by (14) and (15), respectively.
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Fig. 19 Simulated AC
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The biquadratic filter was designed to have the nominal ﬁ 4 -
f, =10 kHz and Q = 1. All transconductors have equal ~ © i
nominal transconductances and both C; and C5'are 20, pF. |
The total power dissipation of the filter at the nominal f, !
and Q is 33.4 pW. Figures 19 and 20 plot the simulated AC !
frequency responses of the lowpass and bandpass outputs i |
of the filter, respectively. In both figures, all transcondug- B0 % T

tances were tuned from 0.5 to 3.0 pA/Y by varying 1; from
150 to 750 nA in steps of 150 nA, while keeping I con-
stant at 750 nA. As a result, the cut-off or the centre {re-
quency was tuned from 2.5 to 12.5 kHz. Figure 21 plots
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Fig. 21 Simulated output distortions of the lowpass dilferential
output voltage
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175 T i Table 3 compares the simulated performance of the
156 | e oSS proposed filter with other sub-1-V continuous-time filters
e using the figure-of-merit (FoM) in (16} [27), where Py, is
o 125 the power dissipation, Vyp is the power supply voltage,
8 N is the filter order, £, is the cut-off frequency and DR is
g “ the dynamic tange in dB. The proposed filter achieves a
g 5 FoM of 4.9c—12, which is among the lowest and implies a
g compefilive performance against other sub -V filters.
50
i Pais X Voo
A Foll = ———— 16
" M=V fox DR (16)
0.4 i
S50 500 450 400 30 300 -5

THO O

Fig. 22 Histogram of the simulated THD of the low-pass differential
output of the G-C filter

the simulated output distortions of the lowpass differential
output voltage of the filter with f, = 10kHz and Q = 1.
The THD and HD3 were tested with 1-kHz input signal,
while the IM3 was evaluated with 2 two-lone input-signal
of 4 and 5 kHz. The filter achicves the maximum peak
differential input voltages of 570. and 670 mV for the
maximum tolerable THD and IM3 of —40 dB, respec-
tively. The total input-referred noise voltage integrated
over 10-kHz bandwidth is 202 uV s Therefore the filter
achieves input signal dynamic ranges of 66 and 67.4 dB for
the maximum tolerable ~40 dB THD and 40 dB M3,
respectively, Figure 22 plots the histogram of the simulated
THD of the low-pass differential output voltage when
applying a 300-mV and 1-kHz sinusoidal input voltage to
the filter. With the number of samples of 100 and sigma of
3, the THD exhibits a standard deviation of 1.78. This
demenstrates good robustness of the filter against transistor
mismatches and process varations,

Table 3 Performance summary of the proposed biguadratic Gm-C filter

5 Conclusion

A sub 1Y CMOS Class-AB bulk-driven tunable linear
fully-differential transconductor was designed and simu-
lated by using a 0.18-um CMOS technology. The proposed
cireuit employs a elass-AB differential bulk-driven flipped-
voltage follower and a passive resistor to achieve highly
lingar voltage-to-current conversion. Gain-adjustable cur-
rent mirrors were used o convey the resultant differential
current to the output node and simultancously achieved
transconductance tuning. Simulation results showed that
the proposed transconductor exhibited  rail-to-rail input
linear range, while dissipating a few microwalts under a
sub -V power supply voltage. The proposed transcon-
ductor achieves an input signal dynamic range of 75 dB. A
[ully-differential biquadratic G,-C filler was realized to
demanstrate the performance of the proposed transcon-
ductor. The filter achieves 67.4-dB dynamic range al
10-kHz bandwidth, while dissipating 34.4 yW under a 0.8-
V supply voliage. Therefore the proposed transconductor
exhibits good performance suitable for low-frequency
biomedical applications.

Parameters This work [51 [28] 129] 130
Simulated Simulated Measured Measured Simulated

Year 2012 2008 2009 2005 2012

Technique Bulk-driven Bulk-driven Current-mode Bulk-driven Bulk-driven

Vo (V) 08 1.0 0.6 05 05

CMOS technology (um) 0.18 035 0.18 0.18 0.18

f, (KHz) 25-125 1.8-36.5 100 135 200

Order of filter 2 2 5 5 3

Vot (1Veme) 215 345 - 74 88

Peak Vig (V) 0.67 044 - 0.11 0.07

DR (dB) 674 59.1 94 57 551

Pitss (W) 344 43 443 1,100 2027

FoM 49e-12 le—11 5.7e—12 1de~11 3.de-12
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