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ABSTRACT

This thesis concerns with the development of novel circuit concepts and
new design methodologies aiming at improving performance features of a full-wave
rectifier and square-rooting circuits in the form of integrated circuit for analog signal
processing. For the realization method of the full-wave rectifier circuit, the design
strategy is based on the use of MOS transistor operating at the edge of conduction.
The rectifying characteristic of the circuit exhibits a low distortion in the output signal
at low level input signal. The square-rooting circuit uses the characteristic of MOS
translinear principle. The output signal of the circuitis a square root function of the
input current or voltage signal. The circuit has a wide dynamic range, wide-band
capability -and high accuracy. Simulation results using PSPICE analog simulation

program demonstrating the performance of the proposed circuits_are also included.
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pandasuuseaultidlunszua (voltage-to-current converter)
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fyoyrauuuewnasn  ussiflusaasiimadszgnelldauiustnaindrsanaisludunis
fagnstnzauunanuazluAsasfiedasineg 1y Mlunasmmadurieensasdoqyiumed
(peak amplitude detector) [1]  WlunasulasArdnyayros RMS lunszuansa [2] usiu
« v » .
nasieanssuanuuiinaaulaitliazdlalaslunisFaanszua uidinsaanialaniiusasu
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. . . ] B X o o |A
amplifier supply-current sensing technique) [6] fmqﬁﬁﬁ%’amnmqmmmmﬁ’mmm
gaanszuaBunndannnnddvingeinssuaifludaliivestuend iNevdnidesaay
ﬁmwmmﬁﬂ\zmnr)mamﬁﬂfnu‘lﬁtﬂuﬁuﬁummaﬂﬂtmuﬂ [7] 4BNAINITNIIAINNEI
8/ a‘l’v =4 ] [~ A dl | ) -
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aunsatihueansdanesunuldlaasarasuiuaunndadeaiu [10] Teaziuldann
wasGmnssuauivdnaduiieenuuulneastuan]  uszusansGawmaingnludal
mutisaanall [11) winsasiiiiannsantnuldfanutgeldifiesandadniani
Anreteatuerluarnislasuaniog liviueesneansudamedssudnanianiinsrug
uaclivinszua dnidtauierdumalulatreenespenisludalivaansudamned

vnendlupanaied [121,113]  wilstnszuaresdyqnadumsiasnnndinszualudans
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(square law error)
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lunsesnuULNATEINTsuauLuIANAauRtiun luean aamasaaguuamne
=l fod 4‘ b 4 J 1 e 1 4 ] J dil =l
ﬂ’]i"ﬂ’ﬂﬂLI.‘LI'U"N’Q?L?ENH?ZLL@lLUULElNﬂﬂ'tﬂﬂl.ﬂﬁ 2 nqn'mrg aulaun NQANY 1 NITTNTEUA

wndnaauTldeoduen] uaznguil 2 wasduanszuanuuiinasunbildemiuan
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aeasiBaanseuanumanafulungad 1 Muanniseenuuunsasinglfeaiuend

dqutulaten  vielflulnanfsdawef  vieneanmudawmeilagludaliiaeuly
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ARNAL ﬂ"l?ﬂ'ﬂﬂLl.U'Ll"JﬁuN'ﬂﬂlaFJﬂ’ﬂ'ﬁ')\iﬂ')qunﬂgnmf\ugﬂqqnﬂluﬂqqqn‘ll’r]qqﬂﬂﬂqq

- a a - ¢ X o a
ﬁ')'\uﬂ‘llﬂﬁﬂﬂllllﬂuﬂ llﬂ'&mﬂﬂqfluNVIW"V\ﬂ'ﬂﬁn&lmqmlﬂqﬂﬂﬂﬂlUﬂU?mmﬂhﬂﬁfqum

AU fratinaeinsasidudnnstAessBreansrusuULiARuResnuuLng
Zhenhua Wang [11] meﬁqgﬂﬁ 2.1 Tazoeasazutiafly 2 doude douudasusemaiiu
nsLu@ (voltage-to-current converter, V-)  uazdouudasnszudifluusedn (current-to-
volfage, 1-V) ﬂ’]i‘YI°’N’)uﬂﬂQQQQ?ﬂﬂNﬁ?ﬂﬂ%Uﬁﬂ1ﬁﬁdﬁ

FetlouusssuBuwmihian v, > 0) ﬁ'ﬂﬁm\aﬁu?'itmvammm'a'aﬂuﬂuﬂ@q‘mgu
danaliuaansdawmeas M, nsuaifiasannanasineindiany-reataaneansda

« lh. 3 ] i — o °
wes M, NI doumdiusNANEIIUN-TeaIeaeansIanes M, ARAINT A



vaansdanef M, dhdanmrhiinszua Wanszua 1y, ustwsasunu R, fid

] o’ . V ¢ L .
wanu I, =1, =-—" diasaniinstlaunduuuuay (negative feedback) 10taailusuil
Rl

ﬁ’l'l.ﬁ’ua‘aﬁw?im%ummn (non-inverting) q:l.vhrTuuNaTuﬁ'm%unwau (inverting) i
ussauanAdan R, wiadu v, lunnnduiudteuusadudunnilusu (v, <0) Tusasy
wwnreseatienazanssdinaliveansn@awmes M, thnszus  ilesannmsusing
AndfTinn-reatewmeansuiames M, Wy daumosnedndiininm-reates

uagnsdaned M, aasvinlineansudames M, ddantaclitinssua dianssua

V - (]
I,=1,=-"  nszua Iy, gnasveulisniunszus 1),  Iastiudsasasfeunsoua
Rl

CMN  HATINTBINTZUS Iy, USY Iy, gndetimliineninninacsasasiaunszua CMP Tae

A LA o
UPIAUBIVINW (V,,) SINIZOUARIAIANNTT (2.1)

o sV
T

V—| current rectifier =V

+
(72}

gﬂﬁ 2.1 2933(FLaNTLUALLLGNARY Zhenhua Wang [11]

(2.1)




»
fAmual R, = R,=R Auiuusasiuanimmily

Vou =Vl (2.2)
1v 3v
OV - 2v
£ o<

> s

-1v 4 v

2v : ) \ Ov
0S 50US 100US 150US 200us

Time

= - L LG4
Elh’l 2.2 LLﬂﬂ\lNﬂﬁlﬂUﬂUﬂ\iWqQﬂ’J’]JJﬁ’ﬂ’J?]m:‘ﬂ'ﬂ\l'lx'l@?l?ﬂﬁﬂi‘:’,llﬂLL'UUllmJﬂau

Zhenhua Wang [11] dielfusesdumm 2v_ #iraud 10kHz

anguh 2.2 LA HARUAUBININAIN AT NI TBI9A TFLINTTUALLLANARY
Zhenhua Wang [11] Waldusefuduwn 2v_ iRad 10kHz aziulddniaputianans

d. « d'l/ a‘ o ] [ L8
Iy e imnIuniTudNdyyInHIuIRAue

asaseansziawuuhnadulungad 2 Mudnnseenuuuaasiaeldinalulad
nsiueslugalivnuluasdiatiuanisi 2.3 fratharamnsasiidwdnnsiinessas
G"mn?:ummmﬁuﬂ?\'uﬁ%ﬂmmu‘imﬂ Surakampontorn,W. and Riewruja,V. [13]

angUit 2.3 franunszuansd | avdranszuapaieludalitusces Anuusl
uaansFanes M, uaz M, SanauniAmiauiugnilsznsiuneansnidames M, uaz M,
R (WIL) JWIL), = (WIL)/(WIL), ua:u'aamﬁu?mme'v!nﬁoﬁw\ulwﬂqﬁuﬁq
ANANWUSIDINTIUG |, |, WAL Iy, dedmunld |[1,|>> 41, (MAnwIn 9.) uanIns

aunIg (2.3)
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Ips ¢ i Ios

M, J——IG ™, |
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| . [«
e, 3R _% R
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; , :]I——IHMB @ ¢

VSS

ol ~ & ]
517 2.3 2933FEINITUAULILLANATY Surakampontorn W.,Riewruja,V. [13]

~ ~ A
by =0 uax i, =1, Wah>0 (2.3 n)
I~ ~ A
lp = L, waz Iy, =0  wal <0 (2.3 1)
20pA 60pA
0A 40uA
-20pA 20uA
'40lJA Y T Y OA
Os 0.5ms 1.0ms 1.5ms 2.0ms
Time
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-]

=} i o o
Elh’l 2.4 LLﬂﬂQNﬂmﬂUﬂuﬂ\’W'\\]ﬂqquﬁmqmmxmﬂﬁ'}\’qsﬁﬂqn?:uﬂLLUUW]Nﬂﬂu

i ]

Surakampontorn,W.,Riewruja,V.[13] Lﬁﬂl-ﬁn?zua%uww 4OHA&jm’mﬁ1 OkHz
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dievinszua |, waz 1y, vasaniuaddfifiumiannts (2.4) T9iAEANN1I9899935FENNTZUA

WLLLAINARWITIAES
Ipy+ 15 = |Iin| (2.4)

o day o Y ° val - ° ' ° v o
wannsaesnasiiife@unsaihiaunsaienldndyyinsuman  wiasiauliie
Foyyradunmannndinszualudate 4 wih AUl 2.4 wasaliuiuieAntanatansaln

&ryoyraudunnilnnem indiRsanuAduinaenssualuda

s & v <4 (3 a o

2.3 UANNITHLIBIAULRINITITEINTTUALLULANARUN U AUD
=t < d‘ d’ o 13 [ Y [ - rd'

asiFanszuanuuiuatulaueldudnnisiudaneansiudainainreurenis
dnszuananasaqa v, lugili 2.5 Taedl v, iiussiulaGuresneansiuianes dels
wWhaurasnisludaiastianiluniseaaufiadiaunearsivindhass uazamisainau
IfiAanige Aaneaslugu® 2.6 [17] Taefsasnanszuansh 1, uas |, RTINUNTTURAIN
Winnaansudames M, eliiiadausindnd v, ludalifuneansuidamed m,
uwaz M, Mifuaansmdawmes M, uas M, gniudaiisauaasnisiinazug A1ANARANS
V, azfldnlszunne Vi, +Vy, Ieil v, uaz Vo, illuussiudnGursiesnsnianed M,

W M, AMNRIFL N1IRNNINTBINaTaINsnas e ldAl

Vi Vg Ves

al ° ] [ - i o
g7 25 waasiwmimsludaneansuismeiiseurainnineua
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) < : i Vo
qU% 2.6 2asBranszuauuudinaduuuidunasdreinunnay

danssuaduvmduuan (1, > 0) nszuaazinadunammsidames M, uaraess
asfaunssuafilszneufaanaansudamas M, uaz M, FannliiAoansneAndTirnm-ten
9UDANIIUTALRET M, Raduuazeansndames M, Wngantacliiinszua ( cuttoff )
iasannAusadndianm-teareseansuiawes M, aaasaungatiinszua Frariu

l, =1, w8z 1= 0 lumenduiudnssuadunniuay (1, < 0) nezuaazivadiu

in
weanTdaimad M, uazasasardiaunsruanlssneudesnaansuisained M, uar M,
t 1 1’4
wWarusAngiainn-rTearnmeansdaned M, nTuLazuaansuianed M,
Wnganlditnszua lasananusndngfisunn-resraeneansulanes M, anad

v
QUUEAUINTTUA  AQWU |y, =1, WaT 1, =0

0 el <O (2.5)

ID1 lin ' |02

LA

0 el >0 (2.6)

D2~ lin ’ |D1
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nANTRINRANsTAIReT M, , M, uatuaansndaines My, M, Hursasazfiounszuaded
Frmenenssuaniniiuile anaeespi 26 azdiuinueansdamed M, axasdieu
nssa |, AnNeANITAARF M, Wetinsaniunszug I, Fafunszua 1, Aenanees
nstua I, uar I, defAegtuuussniadenszuaunfinady  aesacfiaunszuad
Usznausaneansn@ainad M, uar M, azasiaunasuTeanssus b, uaz |, Lgan

BWINN Ay

I

ont

=Ip+lp, =

Iin

(2.7)

- © al < d' d' k73
HANNTREULLLNNSMNILNIRRTFINTsIaLULIANAREAINgUn 26 Tneld

[ v < -
Tsunsu PSPICE Amual¥ 1, = I, = 20pA, Vo, = -V = 6V, W, T8 W, =5um, L, T L,
= 2um Wi HmefresNeansdanes I NRuIULNITNNIUTIBNATIE MOSIS 2.0pm

nanaLduam N inazTeasiistiaunszuaBunnain -500pA 09 500pA  uamesagl

[l
=}

fio27  audiulddnszusenimnagluslresAduysaiaensiuaduym uazildnansiua
YR unBusmng HARBUABINNAIINDTITNUE (transient response) 992993
F:ﬂanszummmﬁuﬂ?i"umngu.l'?; 26 dleldnszuaBuwn  200pA, A md 10MHz,
50MHz uay 100MHz  uaneiagilii 2.8 qxtﬁudﬂgﬂﬂ%"ummﬁtyrmrutmﬁvm'lﬁgﬂﬂ?iu
FiludyriBuanszuanuudinaduiauysal ynulEfaontigs uazatnsaiiewly

fudyyrndumniitauadnlisuanddugli 2.9

]
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-588uA fun 580un
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g1 27 uanauamsuAuBIMIlriAzITENIASFINNTEUALLLLANARUANGLIT 2.6
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angUii 2.6 WaldnszuaBunn 20pA_ AN 100MHzZ

91n294731U7 26 HieiRunsanavassasldasasaranssuanamineluda
naansudained M, Wiiaanussdnd v, ivinduteaassiana | uaz 1, dmiuludalsy
naansudawmad M, uas M, sgluaniachravasanisidnszua  Gsaaiunssuansd |,
uaz 1, liviaduasinlinausnAndismsuuasinteasesnaansiuiames M, Tnns
wanuulssdendranndeaiaasinliusansaudawmas M, wie M, ngavinanly uazly

i =i' o ¥ e A ) w :" ° 1 3
walulafioesnea nasiavinlidadionszuansn |, uaz 1, widwiuinldenn use
unaana W ldiuasasdaliunasanaiviaduuanuasduay saunsnsansudames m,
uax M, faflupuazafiadainiifadanatialudeedtyanneiugaguduasanunngaan
4‘ * « o -&' Y ) P o - <}
Wasananliaunadiu  ileasanansznuainatadainllgnaswaniuneasGas

-4 :!' -l' 2/ o P - [d Aﬁl 3/ o ] o« =| o
nszuauuuinAsuuUL dnssualudanagnsuiamafina litianousadng v, ieesa
wendviuludalineanmuiawmaf M, uaz M, Wagluanaziinsuresmaiinszuauazld
unasane iiRegalRen Aenasiuanilugii 2.10 [18]
o dl a } B n‘l’ e~ d' 1

NISNNINIB99997970317 2.10 armnsoesunelifall fadnansuamil 1 azdne
nszuamsiilifuneansiudawmas M, elfifiaArannusinedng v, ludaliiy
ueansBawmed M, uar M, mifuaansudames M, uar M, gnludaivevaanis
Unszua ANANANANG V, axfiAiszuans vy, + Vo, Taedi v, uaz v, iluusasuin

Furaanaansudaines M, uaz M, MuaAL Neansudawmas M, UALFa1ansEuAA
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|, MutinaanansenuasnNaduTautalugadurewmaansudames M, uasitlunis
ludanasasfaunssuanlsenaussnaansiuiamas M, uas M, dausnananssudned |,

MuiARARNIZUA |, BENAINNTLUALRVNY

VDD

.8 . |

M':-_-“__”: M,

VB
oy s ¢ ' § Ro

.IDZ i :]ITW X L D 1,

2 M3

ov

d [~3 d A ' U
519 2.10 2asfFenszuauuusinaduLLLRdunasdnginuan

WanszuaBuynidluau (1, < 0) nezuaaglvatiunesnsudames M, uazaeas
shaunszuafiszneudoaneansndamed M, uas M, doinl¥anusedndfannn-tes
TnanaansnddaAes M, Matuuazaaansidamed M, gannazliionszua esann
ATNANANTR I UIN-TaaINRANTILEaIAES M, ARAIAUVEATINTILE Fathy oy = I
waz I,= 0 lunnnduiudnszugBuwmiuuen (1, > 0) nssuaarinaidingasasaciow
nrsuaflssnaudanuaansdamed M, uaz M,  deinl¥acusedndRaunm-seares
ueansIaInas M, Watuuazueansdained M, Wganmagliiinsoua ilasanana
snafndfienm - Teatesmeansuiawmes M, SARIAUNEAUINTEUS frariu oo = log = I
WAz 1,,=0 nIzua Iy, azgnasvisuinsuiunssug |y, Tntinsasazfeunszuaiissnaudag
NeANIIUIANDT M, kAT M, ﬁ%ummfamwm:ﬁ'ﬂunT:ua‘?‘;ﬂ?:nauﬁwuﬂammﬁaLm'a?'

M, uaz M, Wunszua |, uazasvieuligaamnimianiunssuaevinnaclii

L,=1p+1)=

O

Iin

(2.8)

HANITREULLUANTAIUIBINATTENssUALLLANARUANIUT 210 Taeld

Tsunsa PSPICE  Rawuall 1, = 30pA, |, = I, = 50pA, V,, = 2.4V, W, AW, =W, T



W,=2pm, L, M L, =L, N L, =

vaansIame T fBIuILUNMMIINTe9asd BSIM 0.7um  HARBUAUBININAT
1e09anilotlounszuaBunnann -100pA A 100pA uansdfagd 2.11 aziulddanszua
wninniianududadunaredlugliasAduysalraanssusdunm  HafaUANDINIg
AIRdaTEIaasBeanszuauIINARUAINgLT 210 elinsuaBumy 100pA,
A9 TMHz, 10MHz Wa% 100MHz uamﬁqgﬂﬁ 2.12 mﬁudﬁgﬂﬂﬁ'mmﬁmmm

A o d ! ° [ '
wwimigdaaunifudygrufeanssuanuusinaauiianysal  1eulifianuigs uss

0.7um w8t W, = 1pm, L, =
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mqﬁ'm?iuvmm?i"lﬂLﬂﬁ'ﬂuuﬂmmun?:ua%uww?;‘lmu"m [19] ﬁqgﬂﬂ 2.14 Fagnunsa
sFunmminurenasldiedl Awualheansndanes My WBZ Mg ANWMIuWN
Usznie  ueansudaned M, wAYRANENTTUd AT 1, i RiuasnAEnAnd T
WINIRINAaNIINTAReT M, neduBumaasnaariisunsruauuuauiAniy v, uay
Humslusansasasfeunssuaisznaufonuaansndanes My Uz M, wefinszua
Bunniuay (j,<0) AraAeAnERaTea-nnIeRanITanes M Wit udanald los
= g = i+, WIB9AIN Vg, = Vi, Fadnenszuanadt 1, sudhiifindanszualuda 1, senly

mhildnssuaninmvinfunseuadumm (i, =i, )

a < a a [T
2.4 ATLTAINTSUALUULLANARULUALLTIA UG

V. /2
el i, .

ov
< < < dl oy o ol
21."/1 2.15 PNAFTENTEURALULLANAAUTUALTIAUR

mnqmﬂugﬂ‘i‘i 215 (lussanFoanszuauuuiiuAfusiause A usn
NDANTIUTALADT M, UAL fatinszuansd I, FwifituadiA A dng V, luda
Witueansndames M, uaz M, Ml¥uaansdaines M, uaz M, gnludafizaureenis
Yinszua Tanfidnasusnedng V, arfidnlssinm vy, + Vo, ol Vi, uar Vv, lu

o~ '

usAuIaGNTIRINeaNIUTaReT M, WAz M, ATNAIAL NguInINeans uTamas M, 0y

q

M, uazsiaananszuanai | ilurasasfaunssuadeiidnsraaianszuaminfunilauazil

ANANANINTATUTaINaANTWTAReT M, ARG Vg, Hanssuaduwmiuuan
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(i, > 0) nszuaarinatiiunaansudaimnes M, FainlaussdndRaunn-reaues
ueansnAames M, fidudounaansndanes M, dhganadliinszua Wesanaan
FafniRrnn-reareeansuiames M, anRMRUUEMIINITULA  IWIUBINAUAY
L:‘jfans‘:tm‘éuvgmﬂuau (i, < 0) nszugalvatimeansiames M, FamlfAusig
Angiannm-Teatesueansiudanes M, FirTudounaansniaimes M, wgdanazli
dnszua  iesarnAnusaAndfiannn-seaseseansuiane M, anasauuLa

UINTEUR  AIFNNIT

by = i 2 lpp =0 WA <0 (2.9)
e

=i $ =20 O I P =D (2.10)

nguIaseansuiames M, uaz M, iuasasasteunssusdeaisnmaananszuaminfumii
azasfeunssug |, aanueansuiames M, Wetmsuiunszud |, faunsua lps AD
HATINTBINTEUG |y, , 1, WBE I, fiqmnhu‘lﬂﬁaLﬂ']ﬁww‘tmmmm:ﬁfaun7zuaﬁﬂ?znauﬁ’fm
naanswiawmad M, T4 M, Tnefisaanunszuand 1, avdeutndonssua 1, eanl Frarthu

NITUALBNINNAWNTOUAAIAIANNT (2.11)
o = los=la T oy gy = 1| (2.11)

2.5 ANITOUSURIINRT

dll v S = -4 dll - o o' ﬂi °

e LML ANT IO U TAINR TN CUALUUIANARUINALTI AUAINUILAUD
annsaililagdiasis  daanszuadfiFiann AdusiunuBuwnuaieninm AND

ket
Uiy Abanarateenisdetiunsiua wanssausieguu)il fansiaseiseluil

2,5.1 MmsAAssndlanssualjinau
- i ) L. L - d.
fa1sineasgiiil 2.15 neansndaines M, uaz M, aznnauaduii Taed
veansndames M, avieudianszuaduymiuay  dounaansudamed M, azinnu
o -
denszuaduwniduuan
-~ = o i - oy
fanrannsdinsrusdunmiduuon ussduiianasurameanswianes M, azlid

A‘ [ :" Yy O e 4' < - L= A’ [ % ' o a:
LAk muummnmmqq'mwaum‘:uaﬂuvgwLfluu'mf-\wunnmu.ﬁ‘qmuwmmeﬂm
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vaansdames M, sisaligaiuusesduluda v, Ndasinueanmuiames M, uazsaane

NFZUAAN |, ARANNT
VDSZ s VGS4 (212)

WNUAT Vg, =V, HBMRINTIATULASINNNIBINEaNTTGIRRT M, Aefoniy Taed

L g

i 2 o o/
Vosa = 2Ll +Vp, WaY Vg = L, +V;, adlugunig (2.12) aafutawanszug
KW, W,

9

o~

- asm nﬂ‘ = -l g A,;
Ujiuienszuatuymiiiuuaniianfell

I,
in W4 L2

(2.13)
o - ] o’ A )
fasannsdinszuauyniiiuay  WaInuNAuNIINNIaINaansdanas M,
[ v
gnlusadansadrunszuansd |, uaznaanswdames M, Willdndssunn 2V, Aaiuusedu

inmgagainlfifianssua i, Iwasengagarituseansdawmas M, AalAiniy
Veas1 < Vsq (2.14)

. 2L,
UNUAN Vi, = LB Ve WA Vg, =

r P4

2L,1,

+Vy, adluaunis (2.14)  sadugaq

nszualfiiFudianszuadunniluaufiAviaiy

<Id, (2.15)
w,L,

in

wmnzaniudagnunsoasiainszual fiiRuressasFeaainsuauuinaauiausi

Amiaus ot

- III/I/IL" Si < 1|W2L4

; (2.16)
W4L| W4L2
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an ¢ L - ¢
2.5.2 NMSAATIENANUATUNIUBUNRNUALIAIMAN
o 4 -~ [ ¥ 0.4 74
NFATUIUNIAINATUNIUBURNUATIOINY annsanldlaeldnng
Aaridyyrnsrunaidn (small signal analysis) (HBsINNBANITAIRET M, kAT M,
¥
mmasuiu  andunsAmwinmAtANimIuBuwnnstinszuaduwniluuanassin
nagansudawmes M, sanluillasnuaanswdawmed M, liiinouaiiauiuwasila a

2asanyanuanilugi 2.16

A
T 1 1
—_— -» v L L 4 - V
gds <) ng( C) g“ gd6 gmb( C)
D {
| B E
X
fn, p i€ ]
A Ema — 8is
HL A =
Em2 8a cE

=} a -
1% 2.16 2essangalunidansimanusumunstinszuadurmiuuan

-~ d' b . o :" ¥ - L] =
fasauniiqa A 16 gV, = i, AniuANsunuBumaaasiinszuadunmiu

UINAEH AN

v, 1

y, =—2 =

in . (21 7)
lin ng

AfrAUIIAIANE AU NIdinssuaduiivausas aNaanuia
. o o 4 o
w0f M, uaz M, 880 Aesarauyaiuanalunlii 217 Tamnsaiaranausmumi

Bunmrassasnsdinszuaunymiuay (nAuan A.) azilAwini

o (2.18)
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L
:g‘t; CD Zms(Ve) “ 'é}”_ gl: éD Ems(Ve)
D —
< E
1 '
U 5
Sl i

al a a
9% 2.17 nasanyalunsiansimanuiumunsiinssuaduymiiuay

o ] [d . i a ﬂ'
daulunisfiarsandianumuniueiniasimualinesus i, = 0 Nafasaniign E

azldArnusiumuanimesInasasiismaf
Fouw = (2.19)

o q =
253 msAssimAanaIl iR

nswmsimAANtUGIRNuasainlalaeldnsimeeidy g

o

TMNAAN  THAAMNURAIRATUTE M NIIANLAsINTeaTINaansudanes  Iudou
Ay muAAIANNTAELaNENTI8INaT  TasfiATAMNAuEAATUsT I TINILG A

981290 ANUTARETINT9BNAN HAUsTunns [10]

C

85

n

Wi

C.WL (2.20)

ox

Wiasanuaansidarad M, uas M, MUaduiu AN A MIATIAIND
UfiRunsdinszusduwniuuansiesinneansndamad M, sanlliliasinueansivia
wei M, liveumbeud C, fnwsanyaiuandlugi 218 Haandiiugaes

. o
WAL i, (MANWIN Q) ;MU

IOU!
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i

(g.,g,ﬂ L& +c4)s]

onr gngms Ema (2.21)
in [l + (c, "'Cﬁ)s]{l + [gml(cl +C4)+gm4(C| +C, +C3)]s}
ng gngm4

anfaifudrelauanms  (2.21) wudidasaianesuantgs  HesanAl
AUMLNT83T1S 1 50 uazARumeaaing 2 Fh Ae

N
- l 1 g,: —_C 1 ] agmG(VC)
=l o5 T s ~[ ®©
D 1 .
B 1 ;B E 'out
. - Y —’
_ C1_£ 47 <>"’.E - o—
S B0 St L
A =2t e e
.1_[] C,| Gl Cs| Co Y ] >
g T =L "T = e 2
R RRRRAY

<l - - S T ern a
5171 2.18 2vasanyalunsiassimanuiufiiunsdinszuadurmiiuuon

S Ay Y (2.22)
27(C, +C,)
ng
[, =—02m (2.23)
' an(e, +C,)
uaz S EmzEms (2.24)

2”[&"2 (Cl + C4)+ 8ma (CI +C, + CJ)]

b

! v =i y o ] a < - o o
INHAN LHAINNNTIRLUUILTANINNIUTBIRNATFTEINTTUAULLIANARUTUAUNAUAN ui‘ﬂ‘/l

215 adldmmnfinefieiiil g, =833x107°AV, g, =271x107ANV,

g =133x10*A/V, C,=C,=C,=9.86x10"°F, C,=329x10""F  uaz

C, +C, =7.89x10™F wudi f,= 327.99MHz, f = 268.28MHz uaz f, = 305.63MHz

p1
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1
o o a o

o ° i o z [
saiudrdnianisinsuresaniianssuaduymihiunasavetiuassasiaunssuauuy
AU TEMTNULATIAND 268.28MHz
daumsAauaanaarnilfiFnunsdinssuaBunmiluay  fesinneansuia

waf M, uar M, 8an whaus C

. o -
052 WAZ Coy Atasduyafuanlugniii 219 azld

ANMNANAURTDY i, UAY i, (A1ANWIN Q) st
]2
Lo"_l__: g:nf Ema (2.25)
i [1+(C5+C6)s 1+(c,+c,+c3+c‘,)s]
ng A gml
JT_ C
STCTR P ST
— V, . e ——
s [ <> Bns(Ve) i 246 CD s (V)
D 7~
>< ’B Iout
R [] ., C B/ A\ f] ESEENAE £,
a1 CDZT wa a7 cE M
5 1 C 1 1
e 120
«x [ 4 C4 i [] grL
|in \ A 1 ] C5__ CG__
C, C, Zi

d o - H - e -
U 2.19 2asanyslumsiasnimanuilfifnunsdlnszusduynihuay

niarfudnelauaunts  (2.25) WUMTBATANINAUANINDEY  (HBIRINAY

Aumiaraedls 1 5 uazAsuLstng 2 6 Ae

j;ll = ___g’”__4 (226)
21C,
f=—Lm (2.27)

' alc, +C,)
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uas fn= Em (2.28)
272(C, +C, +C, +C,)

anuaflanmsnuwunnininureesdeanssuasuiuaduaiaus i gﬂ"fi
2.15 q:‘lﬁmwwqﬁtmai‘mﬂﬁﬁ g, =533x10"A/V, g, =271x10"A/V,
g, =133x10"A/V, C, =C,=C,=9.86x10""F, C,=3.29x10""F uay
Cs+Cy=7.89x10™F wudn f,= 1.31GHz, f = 268.28MHz uar f, = 2.58GHz

o :‘; o o ° ] - 1 [
faludindianisinurasnasiienssusdunmiusuastuag iunasasiaunssuauuy

AU TANIFNULATIAIND 268.28MHZ

25.4 NMSAATIMARANRIANBINTAIHIUNTEUAYDIIRG
nsdinszuaduyniduay nesuadunwnlvatiunaansGamed M, uae
a:v’mu‘lﬂ‘f;'-}mLmvameﬂchuqqqm:ﬁaunizuaﬁﬂ?xnﬂuﬁoﬂumwmufnmuﬂﬂ‘? M, 4 M,
annsaunudannsasanyalifeg 220 azldfiarafianainraenisdariaunssuazes

= a o -}l’
oa%mmns‘:u%ummﬂuaumu (nANuINn R.)

=Agmp+ Ty 707 +_R_L

&us Eusti2lor Tos

&l (2.29)

Tanfi Ag,, durBanaiailissananlisuwdiurasieansutaned M, uazs M,

nedinszuadumifiuian  nszuaduwnlvadiuneansndained M, uarariieu
‘lﬂ*?';f-}mmv?v!wimachmqqm:ﬁ'ﬂum:uaﬁﬂnnﬂuﬁ’oﬂuﬂam’m“mLma‘? M, T8 M,
uaT M, 04 M, ﬁaﬁ'ummwﬁmwmmmma‘mmun?:ummoms‘nﬁ‘n‘in?zua%uvgwLﬂu
LIAAAAINHATINTEIAIAMNRANAIATEINTITAIIIUNTEUATBINATALTDUNTTUAULLLIN
Tlsznaydeandansnidanas M, T4 M, UAZAIANEANAIATEINITAINIUNTTUATE
aasasTEunssusuULaLTilssnaudnanaansndaimef M, B M, aaasaayansdinszus
Et:"rmLf]umnmma*nuam‘lﬁﬁqgﬂ?; 221 Tl r, Ao mdunuTian D lug1lit 2.20 R

v
ganursamn lasail

f1qm D

1 1 1 ]
—+— Vl) - T V(‘ = _ngVC - gm7VD _lin (230)



1 1 1
L——— + —]VC - (_]VD = gm7VD (231)
", tor Yor

WNUAN V, a1naunag (2.31) asluannag (2.30) 14

1
T2 [gms = _J(l + gm7r07)

Tz

1 1
[— +—+ g, JVD + (2.32)

Iy +hy

' o 1 5k
lunsszannidnaunis azivuali g >> — UazvmeNTes (M@-J <<g_,
Ta Ty + Ty

o :’/ t d' al (P
AUUAURIUNIUNTA D azuAIMmINL

=— (2.33)

Fos § Fos U @ 8ams (V)

l lout

d o 1= []
5% 2.20 2sanyalunisiiamsiAiananeanisdeinIzug

nrainszuadunniuay
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n B
— .
A T'out
_l__H fos = [] a
ng b%
_L .

<l o €1 a .
5N 2.21 29aranyalunIAMEIANIANAIATDINITRIHIUNTTUA

nsiinszuaguniuuan

i V,rsr, i . v, . 2
angun 2.21 16 v, =Em Aol I yazi, =22 fadu
To3s ¥ 7p Em Tp
iout ‘£ gm3r03

S Ry (2.34)
iin gm2 (r03 + rl’)

QNAUNTT  (2.34)  AINITOMIATHANAIAYBINNTAIHIUNTEUATDINATATTBUNTLUAUIL

uanlumanees x TaaunuAn r, a1naNni? (2.33) aaluannig (2.34) 1a

QL:Q_x) (2.35)
1.

m

-
LN

e (2.36)
Em  8wilos

X

Tandl Ag,, uARanaadiasananbisumasfiuaaceansndane M, uaz M,

FaiurnRanannIaInsdEunsaTatasnadinszuadunniuuanaziidwiniy

— Agmpgmz + Agmngms + rlz + r()7 + 1 +_1£1‘_ (237)
Em28ms msti2lor  8m's  Tos

€p

IANUWINIAIANNIT  (2.29) uazannis (2.37) Aaanay daunadiveemsuianes

' . - X
Tunarasfiaunssud  Rennsolfinlnlilaomafingnsdousas Wi Wunnauwez
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ﬁqlﬁﬂ'qmmﬁwmuﬂmmm%me‘gqﬁu dunenTianTeENnng (2.29)  uAZANMS
(2.37)  HRRINAMNAIUN B NINNTENATETiauNTTLA A NATIARINNAT AU
MTiNUTEINAs NN IALLLFNARIRAUN UG 215 adlBmnmTmeiane
fil Ag,, =1.64x10°4/V,  Ag,, =6T3x107AIV, g, =833x1074/V,
85 = 8o =133%x107 41V, g,, =1.15x10"4/V, 7, =838.6kQ2,
T =Ty = 666.6ThQ, 1, =227IMQ Wz R, =1kQ ANANRIATBINNTAIY
nrzudraanasnsainszusdunniiauiniy 2.54% uarAniianainreanisdeinunsug
apaasnsinszuaduwmiiuuanyindy 3.23% Tl Afianannteanisdetinunszua
aasasnsiinszuaduyniduuaniiArannndnsdiduymiduandndas ilasannidlu
HAINTBIAHIANAIATBINTAAHIUNTEUATBINATALTOUNTLUAULLLINUATNATAT B

neenalLuaL

2.5.5 MSIATIEANANTINUABAUN)H
nsuldsuulasgnumgiifinasanisulaaunlamgiinssurasiaansuia
weRliasnianassladaudn [20] AeAANAAESa (u: surface mobility) Tefinadn

z o’ o o
YUNLYUNDHAIGNNTT (2.38)

2
300
)=ty [—T—) (2.38)

Toam dudmuasasiafigumgiivies uardanasenisiiinaiaanuin

/‘7'=3oo'
1 L4 ) o ° d - tg [ i

(K, = uC,.) Fwsintirmmiinefmnunieasaiiagamgigan  doulladuiinechs

usasudmizu (v, : threshold voltage) Aeanng (2.39)

Vo=V, .. —all —300") (2.39)

70,300°
Tadr o fiAludas 0.5mV/°K - SmV/°K
AMNATFEINTTUAULLIANARUTIAUNAUAT  ANTHEANRIATEINITAINIUNTIUR

lz o ) - [ 3 o i) L o’
gansasasfaunszuaarliinuiugumpidueaniudamefaunadiu - winsiuluda v,

azfinaranisilasuulareiguugil deauntg
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21
av, =2 2 oar (2.40)
300"\ B,
ﬂl. t Ad‘ ] L. %4 K W4
oo AT dludrrsguuupinuansnRinguunnives usr B, = Z 789
4

uaanswiamed M, Snmuali I, =10pd, B, =3.667x10°4/V?, AT =10"C,
@ =2.05TmV /°K usr V, = 1133V aldusesuluda v, Rty 4.047mV vide 0.36%

1 ' 13
Weguuu)iliiiinag 10°C

2.6 Nﬂﬂ'ﬁlaﬁluLL‘]J'Uﬂ']‘i‘ﬂo'N']u’ﬂ’eNQsi’Qiﬁ'JEIT‘!J?LLH?N PSPICE

mnr-]rua"m:rru:ua:n'\?ﬁqﬂummfmsﬁmné:uau.uuu.ﬁuﬂﬁ'wnﬁmumﬁuv‘iﬁ pagy
215 aiflunmageuussiufiudianssaussaaiidiniseenuuduilinunng
AassiAsee dauassliluiadia 2.5 dniiaugniesuasdulimfiranisallfiesls
TneldTlsunsy PSPICE  #ms@oniunmsinanueeasasieanssuauufiunauiia
Ltsqﬁuﬁﬂﬁqgﬂﬁ 215 B9An W uaz L uamasamand 2.1 mininefrsaeaninianes
M AsuuuDnITiaaaasld BSIM 0.5um  uax Vo = 0509V, Vi, = -0.510V,
Tox = 9.4 X 10°m, = Coy = 0.0148286733F/m°, 1,= 10pA, L, =1, = 20uA  UAZ Vg, =
1.5V

umrmma‘ﬁm:mioansxuﬂﬂﬁﬁmummws@mn?:ummmﬁmﬁlwnﬁmmé’ut;iﬁ
TaunuAnluaunasi (2.16) wudanszualfiiFnuresnasiaeaniudadulugag
-120pA 09 120pA wazdlanRaudeutunms@euuuumaineulae 1 4lisunsy PSPICE
VinalndiAnau  suansluplii 222 dqugﬂ'?; 2.23  UAMINTTUALBINNLFOITN

] | 4
fynruriugagudgaiulidniianuiaieuiasuin

<l ' - -«
A9 2.1 UAAIAT W URT L luuﬂﬂyl?qu‘nﬂlﬂ'ﬂi‘

=

vaanstames W (um) L (um)
M, M,.M, 1 0.5
M, 1 6
Mg, M, 2 1
M, 8 1
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120pA

100pA

80pA -

40pA -

20pA -

OA L) ¥ L] T
-130pA  -100pA -50uA 0A 50pA 100pA  130pA

= o e @ d Py o o
g1 2.22 uananaTRINszIALIRVINTBIasFHINITIAUILANAR T TAL AN

1.2uA

0.8pA A

Iout

0.4pA S

OA H 1 L
-1.0pA -0.5pA 0A 0.5pA 1.0pA

g1l#1 2.23 uanaShudadtyyInugagud

TudourasnanisAnmentufimon  Taetleunszuaidudyorummind
] d' B - [# ] )
fna7 iqedumm (aa A) ufadanszuarasdtyaoueniyn (3n E) wuinasFeanssua
wnfueausiaussnansainanlitennnad 250 MHz TsandiptufiRenud

prunnslilusiaded 2.5.3 TafiArwiniu 268.28MHz enTiet fauanalugili 2.24
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O =t 0.5 © 340MHz'e
360MHZ ®
380MHz *
400MHZ *
500MHz
0 ] T T T T
1.0KHz 10KHz 100KHz 1MHz 10MHz 100MHz  500MHz

Frequency

<l al o e - o o a o« o
E’JVI 2.24 llﬂﬂ\?ﬂﬁ‘n'ﬂ\’ﬂqquﬂﬂﬂumﬂqu‘ﬂﬂQQQQ?Wﬂqni‘zll’aulllllﬁluﬂ‘au‘ﬁuﬂu?\lﬂuﬂ']

HARDLAUBINIIAMNDTITUTIBINATFEINTTUALLLANAAUTTAUSIAUAY A

=b.

] ) ] ¥
Buyn  10pA_, WiA0wd 50MHz uar 100MHz — Tauiulddniimuasieurninszua
wniyniies  aflunstiududinisludaneansn@aimeiravreimniinszusaaiunsa
- A‘l‘ s 3 Ve e a‘ VAi.
anANfiaauTesdy ananiymiasinmsudsAdsidsnszuansh 1 Widsauull

a0 10pA iy 5pA uAT 15pA  ARUARINATBINTEUALEYVINNLTII LTty cy i uqe

Autiluglyn 2.27

120pA

o ' A 37 34 .
71215 WaldnszuaBuym 100pA,, NANA 10MHZ, 50MHz UaT 100MHz uanssislugl

! v H ]
225 douglfi 2.26 uamA NN (distortion) TEdnsTuaenimdialdnsrua

80MA

lout

40pA

0A

80LA

0A

U[l

/ . YA L -80pA

Os 40ns 80ns

-160UA

120ns 160ns 200ns

Time

(n)
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120UA 80MA

80A -
N
i
sopa{ o/ -\ - o/ -\ / N N 2T Vi -80HIA
0A 7 + Y -1604A
Os 10ns 20ns 30ns 40ns
Time
(1)
120UA 80MA

40pA_‘........'/........._-aopA

0A . . . : -160A
Os 4ns 8ns 12ns 16ns 20ns

Time
(R)
4 4l Y 4
g1 2.25 UARINARBLAUBINNATTHATIT0IL189992FEINTEUALLLIANARY

giaussunniialdnssuatiunm 100pA

e .
(N) AT 10MHz (1) AND 50MHz (R) AT 100MHZ

Faulfmnufiniteuresnsuaaivnuanauienszua 1, Wewuldain 10pa
gaamnssunsnanaclinimaasuanssouzn1minnueeInes  lansiaeanminny
TRINATAILNRTAINTLUIUNTHAR  (process)  usasuisnaliiungas  (voltage) uae

aoumnR (temperature) TiFund1 PVT Tasarldnismasaulu 3 Gaulae msldanheglu
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J i : L o~ Ja i - o
anzNANgA (best case) Mimuaussdunaelianily 1.8v Agamaiinisinamees

- 1 o -~ J 1
neaniiu 0°C nsldeuluaniazlni (typical case) Tanvuausanunangliasanily 1.5v

3
-l

fgaumaiinisinneeianiiu 27°C uaznsldanluaniiziiaangs (worst case)

12HA 8UA
8HA -
3
' . iout
4|JA 4 : - / £ : Y - -8”A
0A > r _ -16JA
Os 10ns 20ns 30ns 40ns
Time
(n)
12UA 8HA

4pAd........./..,....,._._8uA

0A T T T T -16JA
Os 4ns 8ns 12ns 16ns 20ns

Time

(1)

=i

4 a
3171 2.26 UAAINARALAUBMINATHTTITULIBNRITERNTEUAUI LN ARY
aliausaiunnielinszuaduwn 10pA

(n) AINA 50MHz (1) A2 100MHz
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Avuaussiundnlianty 1.2v gamgiimeinaueaasanily 70°C wareanis
IREVUULNINAGAY  PVT  2892997FERNTTUALLILLANARULNAUANZLR 215 Wiatlau
NTUGBUNNIUIA 100pA MR 10MHz uanadequit 2.28 Faiulddnszugianinm

18909arasaneulgnsies

sssserm et e s e rr e .-

4pA
i
A :
JMA;‘ ----------- WIS -+ r & - (ol lpiig, i e’ ;
9.0ns 9.5ns 10.0ns 10.5ns 11.0ns 11.5ns 12.0ns
Time

. . d 2 4 &4
gl 2.27 uansiaedyerosinuasdudifieldnszuaBunn 100pA, , iRad 50MHz

Wanuualinszua | windy 5pA, 10uA uaT 15pA
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52 A
Best case j
S50UA - Typical case:
3
Worst case
48JA 1
46A T T T
65ns 70ns 75ns 80ns 85ns

Time
(1)
=} P =t o -
:i"llVI 2.28 (N) UWAANAMNDUAUBINNANINNTIUUSTDINITITENNTEUAULULNNARY
- [ o 4‘ = -l' ' a o
'nummmumLu'anmﬂﬂaﬂuuﬂmmtmmuua:'qmuqu

(1) uamdNIENBLFOMAgIRRTBIATY QYIMaMIY ANz (n)

2.7 unaql
v i i - o o a
TuuniifausliidiudeandannisesnuunaiasFesnszusuuuiinadusiiausasunn A4
winmaimuaqainewireludanaansudameiNreusaanisiinezus 295
- Ai' s oy ] . 2 anm
AHAANaNATA Ty Y e LTt RAyyrnsituanduddesnin - AnauEee
<l [~ A -~ [ OI ﬂl. 1 4 d" (4 1 4 [] I
arFaanszuauuuifuadusiiausadusn ldeanuuuil aruranuliatinedl
UsLANENTNAREATINNITHNIT NIRRT U UBUNNNTHTUIRTENTNR -120pA <i < 120pA

UAZARLAUBIANNDGITN 268.28MHz
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1925 0BASINTIHDITUALTIAURN

3.1 Ui
H J [ o4 1] J - - ]
w-:‘mﬂm"\nﬁamLﬂuqqqswﬁ’nuﬂﬂ'\qnfﬁ'\m'\qlummaﬁmm sioatradu 1lunns

L4 o - hd ] d'
q”mm?ﬁ’cycmmmnmomﬂms‘qn'xﬂmlﬁtﬂuvmﬁu waldAmnmnAafe (RMS) 189
&oyoyos [21] nsasaansniaadldtineiannfuetesadiaadu nmseanuuuinelfan

¥
waslsauiuewnaanaand denseanuunTaediidniusesenAadygyruuntnin
muauammna"'m'iua:ﬁ-ﬂNﬂﬁﬁqummwﬁ‘lﬂgq nsaanuuulatldasliuani
snurulunanmaudaimaidsenauiuseasagnaden - (logarithmic  amplifier)  UAs
¥ : s o .
wauRaan (antilogarithmic amplifier) [22],[23] ssuanflusiadldansinuniunannadiu
° A o : H N { o o o~
Sudauounan  aeialinldeadinfzesansiesimidfiminainiusassnuazdalido
3 4 dl A )
mManauaLeIiaANuALIlinaInAnusNRreeaduanTandae n1saanuuuinald
J . [ o
AATALNIUNTEUALANABY  (Second-generation  current  conveyor) AATINNL
- eal o - e 1 -add’o (% © v
vaansndameimnnmlutabitusa [24)  winiseenuuulaadsiinliasasinauls
i [] $ J J o~ -~ o IA‘ o
arwiligaiiesannanquesfismnntifeanueansndameiicaulutochitui uas
dadnanspautaateaiius] nmseanuuiaslfuaansudamasniauludeesn
1 ¥ >
ndusadudnGu (weak inversion) [25]  mseanuuuingAEiin I TR weda
Al' é ’ o rﬂ; ] Loy rd' °
anaLazANNLALNINeInAmudAauAALALT T i guIe AN TaIRe NN
ldaemnduseiudaGy  windeanidndanudesualdusdusn  Bndguilanldnines
0aATINNABIAE ManauiRrammudadeflunisesnuutnasoansinisedlaeld
Witnanimsndawmas [14] vidensansuiawmed [26] diasnanauibinarassameud
o al l‘d' ¢ ] :l' Y =l = o e‘ﬂl‘ v d'
adleflbildeniauldsuutagoumnil 1409 fiRnUNIUIALAZAINDNNIIUERRTN
snanilulnuarasnssuauasiinnuminzaniiasiibinducasan anaugnEng
gamannimaudadiefidiodiandwin dadumagalaliiinisfdaussinmnas
1 H ¥
aanmnnaadiaslfudnnirramandadiof Tuunnautlazidlunisinauamaiianig

d‘ P [v ° 13 =l < 4’ | T
AANUULNATNRATINNADITUAUTIAUA Tneldn ﬂtuiﬂﬂ'l\'l"\?i"luLLUU‘HJJQN‘]NI‘Hﬂﬂﬂﬂ']':‘

ansnaansudaiind TnuauaiRaeasiipnuiieanngaamnsainnlilugos
UfiRmwisdumnawasansesdyyiniinde wazaNsanlaiudyyin

a P a
'auy!'ﬂﬂu'ﬂu'] ALRN
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3.2 MANMIANTBINATNAATINNED
ANMENNTRENILLNATNEATINAABNTHIUNN IR AR aNT0ATUuMINN

nseanuuLNasneaniiaedlfidu 3 ngulngj suldun nguA 1 2mznensniiaesiile

pothent]  nguRl 2 aeasnemmnfisesiildvdnnissesnsamenddidefuuluinans

o e o o4 .o
NIFARDT UATNANR 3 WATNAATINNABIN 1IN BARE AB

A » d o~ 1 -
asnansinfdaslungun 1 wanniseenuuunasinaldfasuenyd  fanfu
susenamnduasiafiudsey  wedaniulutnanineudamelugluuuresnassaiaden
wAzuBUAAEN  WIaFaNAUfNRTANENIUNTELALANARuNEAN G amaIIina I utae i
A' [ A‘ﬂ”dv Pl AJ - anm ° [ 4' v o [ % d'
B niseanuuLdsifidedeAearntlfiiFrugnariadiasaindedrianiepnanee
aatuany]  shatierssnasildudnnisiinacsasnansinidasheanuuuiag S.-1.Liu [24]

KARNAIZLN 3.1

Vv, Vv
1
R
R A\'A%
v, —AW - L.
+ v
__|_—_

31l71 3.1 299snaArINTIaRs S.-1.Liu (24]
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mma%gﬂﬁ 31 naasnanmniiseslszneufaenasaaniunssuagAiiaes uea
nudawmed M, uar M, lusalimemidutadiiuia e lanmsedndssnineanues
Aurigaaluay (Ve << 0)  Fasumu R, uavavasteneetuenTifisnsee
Wiy -1 nsvudnsuTneEnsndsmesludatiinauludas b dufsaums

(3.1) fvusaliusansudawmas M, uar M, aunadiuynisems

KW V3
I, = 2 [(VG "VT)VD —‘%:' (3.1)

ANALANTRTBINATAIENIUNTEUS YV, = V, = 0 Axlunszud |, uaz |, ludeannns

(3.2) uaT aNNAT (3.3) ANAIAL

v, KW -y
I, =—2 4+ 2LV ~V NV, ) - —=2— 3.2
XRIA[(GT)(D)Z (32)
KW Vi,
1: = ~—2l—l|:(VG _VT)Vo i 5 :l (3.3)
Wesan 1, =\, Fatiuananns (3.2) uavann? (3.3) anansaunaNdiustes v, fu
v, ol

V, = ——Vi”—y e v, >0uaz ¥, >W,|+7; (3.4)
RK,
Ll

d * d o
wasoansfingadiungadl 2 eenuuunasiasendandnnisrasasamaud
aa - -~ « o < o actd o 2 = o ' -
adsfuyluafsndamed TsmeeenuuAgibinlinasiizunadnnitnasissnuuy
Tanfleatuonilionagdan ghiuasnsasuaadegin 3.2 Talsznaumemstamaiiio
NPN 4119 4 § fanfusersnssuanad |, Aualinsndased Q, G Q, anwaiu

ynsznag avnuannirresnaudadlHin I HARLS 18U Vye Fraunish (3.5)
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o <

cc uout

¥\
¥\
D

Q,

+— Lo,

] i i o
51N 3.2 20snensniaasnldndnnisrasnamaudaiies

wuuluinanfneudaines

VBEI P VBEZ o sza + VBE4 (3.5)

AusaRuTas v, Wluinarinemdamesaciian

Pe o £91n /:

1o (3.6)
ther Is

a < [ -y (¥ v oy P
Tae® I, Ranssuapeaaames V,,, ABUNAUAINTAY (thermal voltage) NAWNAL KT/g
vimlszunns 25.8 fadla figuugll 300 wAsdu uar | AeAINTEuadiaunduBNmY

. - ;
(reverse saturation current) WnLAT V. Anann1sil (3.6) aslugunis (3.5) 18

Vipen In % +Vjpepy In LC_Q_ =Vipers In Lc'é‘ +Vpers In ;C—‘ (3.7)

S1 82 S3 S4

AVUALINSINTARINNAANNIETUNNUTENTE  URE Voo, = Vier = Vines = Viners = Viner

ls, = lgp = Iy = Ig, = Ig ANaANNN (3.7) 14

Iode, =1c3dc, (3.8)
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lep = I WAE Iy = Ig,= 1, WANNSH (3.8) 16

Ly =11 (3.9)

<l -l 1Y
aesoanminfigadlungaf 3 wdnmseenuuuaasineldnaastenanaia AB

WnuAI I, =1,

Fnlmunriasinllviuiiusassn winasliamisovinaulsnarmauiigannld saatne

gae23asn Muannslifensasoensniigesieenuuulag  Riewruja,V., Anuntahirunrat,K.

and Surakampontorn,W. [26] uaaAagLin 3.3

M,[:“——jt Mu]j'[ I',Lj N ILJ | L,

lD
gl F} 1’}'._:: Jlul M., Mis :“_——![: Mg
M, M, .

<l i i Y
519 3.3 2vasoensInfiaailiudnnisredneassantaang AB

angil#i 3.3 Rasonuaansudames M, ta M, 1

Vis1 *Vsgs =Vosa Ve (3.10)

: I , Ip, In
wnuA Vi1 = 7<]— +Vr s Ve = 7{0— Vi Vs = EI_ +Vis wae
P2 £3

141
Veoa = %“—+VT4 atluannig (3.10) Tasdamuald Vi = Vi, V= Vo K =K, =
P4

Ko = Koy =K, WAT 1y, = I, 1
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2\/};=\/Z+\/1_m (3.11)

unnNaIdaaIdasdneluannig (3.11) 1o

. I
ST [N/ 612

ﬁ

a &
3.3 URNNITNUITIULDINAG

|

in M

.\:jla

3

N

M llm

4

<l o i
5171 3.4 daundnaad93asnansnTiaes

{ < ) o A 1
a7 3.4 uamliifiufanssianasdiundnaessasneacnians  Wilszneudag
weansdawmes M, fla M, uazsaananszuanti i, iWinssualudaliifuoess Awvuald
weansudainas M, He M, suwsdiunilsznisuasinanlutdndusn  Wetlaunsius

Buwn 1, Wiiuseas  Idponuduiuifannis (3.13)

Vas1 ¥ Vass =Vesa +Vosa (3.13)

. 2L1 2L,1 2L.1,,
WUAY Vg = [ 4V, Ve = | =524V, Vs = |-+, use
KW, KW, \f KW,

2L,1 o
Vige = |24 41, Totfwmuali 1, = 1o, Loy =l lps =g WAT Vi =V =Vy, =
KW,
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Vo, =V, luaumsh (3.13)  Anduaonduiussesnsiua 1, 1, w1, dhildany

in*

ANNIT (3.14)

I, +1, 1/1
Iy, =Ip, =—2—2 + 32 I, (3.14)
4 2
N@NN9N (3.14) Wiladn nszua 1y, dsenaudunszug 2 manRamanTas Iitly
4

I

I | o o I + : o~y
wanres Y2 [7, deidnmenres 22T tn genlillpsneansndamed M, uay
2 4

' ¢ i e' ©° « i o
unasdenszuanad |, lugilh 3.3 asinlinssuaieviyndusiniassresnszuaiunm laedl

Vs

2

ARFIVEILNTLUAYIANAY

= o a
3.4 3990 BATINNHADIVDILGY AUBUNAN

3.4.1 MIMNUBDINAT

VDD
PR st @
E
’ S lii" K
»—-—|[::M5 Iota | | Imsl'j?
A out

r—% Vi by | ly @ Muy = Mee

B s s el

d ¢ o a\
31# 35 ')\Wmﬂﬂi"lﬂﬁgﬂ\ﬂl’a\mi‘ﬂﬂuﬂu'I!YI

')wmﬂmqnﬁaawmé’zmmm%uvwﬁLflutmﬁutmmﬁqgﬂﬁ 35 [27] &4
Usenaudnengueesnastes 3 2997 AR WAtAIEWIMRTIUA  [28) filsznavusat
veansnFanes M, fla M, fsnanszuanedl 1 8 1, wazfadunu R wiihfinde
usasiuBunmiiunsoua avasaseunszuafisznaudaanaanauiames M, 3 M, i

wirigarunszuaiiléainasasaewiunssualigdounainme MATNBATINNADIN
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UsznaudaoneansuGames M, Be M,  uazfsitnszuansdl 1, meaneneeeas
aansoetuneldfell  AvualdueansuFamefnialurssaunaitunnisznisuay
vewlutosiusa weanswdawes M, f M, Uszneuiflusasasuussduunszua
Tnefifnanonszuandi |, Wunssualusaldfuneansndames M, uaz M,  Minldinszua
variueansndanes M, uaz M, Wity Wesnainisssasieunszuafidssneudon
vaansdalnes M, uaeM, M Veg,= Vo AINANTUEE8Y v, uaT i, 8Nns0uasls

AIANNNT (3.15)

Vir =Vosi = Vs TR (3.15)
TI89ATN Vg, = Vg, AN
V.
iin = (31 6)
R

diaflouwsss@unmiiluuan (v, > 0) Mlfianszua i, Inasanainqa A nszua i, Mldaz
Tsauunszua 1, i, + 1, deuliiussssasiounszuanlsznaudsnaansuiained
] - .« i 13 o A o i 1
M, e M, Tmgriiuneansmdamed M, NAefnHMrIedRImNNTEUATIinTIdein
nITud i, + 1, ANTTaRNIINATE  nssua i, + 1, axgnasvieuliiflunszusimsures
- - ¥ ar 4 dl [ 9 :’; 2 - ] .
veansudawmes M, navuslisasranszuansii I, = 1,  AuAVRBUsnsTUA i, ue
ngaasaziaunszuaiszneusaseansuiawmes M, T M,, lfnasnansniandd
TnasuTeINeanIdaines M,  dwshdnanssuamsih |, dlunszualudaliiiu

uaansndanes M,, ANNANRUETIISEIR i, Iy, WOE Iy, Wuldsaunis (3.17)
i 1, LA
Ipe =1piy =L+"'€'+—“——4 - (3.17)

-
WUB’IN

ID16 = iout + lD1:<1 + I5 (318)

WA I, A naNnns (3.17) asluannis (3.18) 16
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I. ‘- .
Lot =_\/'—_—il/i"—i‘+'l'@"+"li_1ms_15
2 4

4

(3.19)

° o 4 i . pr ° g
AmuAlRFISENTIUaAT |, = 1L/4 UBTNIEUa |, = i/4 Nawranldainnasldasas
azfiaunssuanlsenoudosneansdamed M, uaz M,, Ienmamnanssuaidy % wi

padunszuaianinnazladn

i, =X n . (3.20)

WA i, AInannng (3.16) adluaunag (3.20) 14

a =‘/i4-\/;=1( v vl 6 (3.21)
4R

)1/2

Taef K= (/4R)"™, Rifluaausinmuiiseanyn A aanaunis (3.21) wudinszuaienyiny

Wusnfiaassasusssuduyninaisnsaaneniu (,/4R) "

3.4.2 ANTTOUTURIIANT
pri L% -3 d. o o o~ af
WelinsLTNEaNISUETBI9RT08ATINTABITDIUN AUBUNNAILN 3.5
amsoililaeiasne  dosusesdulfiimany  AnsumnBuynuasienivn - Al

UfiiFem dansdiassisielyi

3.4.2.1 maRgTiusIaulHiineu
d’ o~ o e A’ © 3/ . 4" L o nll
Waunsuguwriinnauasininsoua i, geIuNaRauNAURTIATY
Y ’-’; -~ o
reeNpansuTamad M, aned AANInANANNTITIENNATAETILNABUNM I nee

X 1o = i o 4 A o 3 o af
WaalaTuegiusaansndanad M, idanunsavinamlugadusold Jsaansamldsa

Vo =Vsgs =1

m

. 2L A1, +i 2L (1, +i
WA Vo= [25332 " nl Ly uay V., = |82 n/ iy aaluaunis
GS5 K W 75 S5G6 K W 76
ps S pg 6

(3.22) uazimuall K, = K = K mrudnusdulfjiouressasidniy

R2V, Vs (3.22)
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, RBR0p V)4 1]-VRBR(Y 5y ~¥re) + 1 BB [B(7, ~, J - 1, ] (3.23)
» 2BR

diuuald K = 220.4134X10°ANV', W= 20um, We= 8um, Ly =L, = 1um, Voo =2V,
Vig = 0.51V, 1, = 30pA, R = 10kQ  #usefiujifianunedneasnensinNandsausam
Aunn anaunis (3.23) Wi 0.89 v

3.4.2.2 MFIATIEHATINAUNIUBUNNKAZIAYINN
mmq'-as‘gﬂ‘?; 3.5 nguIaNeaNIINTames M, T4 M, uazsasdns
nezuapadl 1, B9 1, Usznaudlussasaewiunsue v‘i'mﬁ'lﬁLﬂ'ﬁ"ﬂuumﬁuﬁuv!mﬂummm
usasiBunngnileudrfanunenseansdanes M, Mnliruiumiuduynaasnsasd]
Aganndszanas 10°Q Fafunaunannanushunufinaanaunisaeulneenles

(Si0,) WATAMNFIUNIUAAA A (N1ANUIN 2.) ANITaMIldann

Y4 _ (81 + Ema N8 + 8us) (3.24)

l,-" gmlgm2gms

r,

f‘!\—
7
2aa(Ve)

-
e
g |-
a
©
8m2(Va - V)

—C:—z Bt (Vg - Vo)
|-
£ |

al - «
51N 3.6 NATANYHIUNITIAMTIMIANNAIMULE NN



47

goulunisiansanAianusunuaninn  senualiusaiudunndlugug fy
aasanyslugUnl 3.6 duRBaniilY v, = 0 (Mmarwan 1.) azldArusimueniy

0999971111

- Emis T m17 (3.25)

ow  Eme8azt gml7(gd13 + gdl6)

R

~

. <
3.4.2.3 Mmsas ARl RN
; a . -
q1naasnansnfigesresdoyarnBunmniuuseiu  uanAagUi
. e -
35 isznaufangneenas 3 dou  Aedaultasneasniaaningunaansdaines
. a’ 1 i J ' o~ -«
M,, TN M,, uazsaananssuand |, doutadasssasiieunszuainguueansudamad M,
o ' 4 i 4 - «
M, WAZFISNENTEUAAT |, WIsAILWIUNSTUATHINgNTRINBaNIIGameF M, Tl M,
wazrananszuaadh 1, 89 I AuunsdiansimaetliRuIeasnansniiae
= -l o~ QX ¥ o 4 e a cem :'/ ¥y o
saedyryrnduniiduusasn  Aiasiemsimanutdfimewicaudouudainun
= &~ al ©0 o o v ‘J o e
wRaufsuiuirdauladuiisdnfagainisminnudiuanualfisiou

d YA
AIUNAT0RATINNANIANNITOUARAINATANYNAAGUN 3.7 (Mamuon 4.)  adld

ANNANAUSIBY i, WAT i, AIANNIN (3.26)
C C
; gmngml6gm]7(l t+s 2 e )(1 + S:g—”—)
?_w — mlS m17 (326)
lin gmMgmlS(gml6 eS gml7 )(1 -3 ST)
)
T= Ema&miz (CIS + C16)+ Emis&m7 (Cm + Cns)"' gml4gm15(cl6 + Cn)"’ gmlG(gmMCIS + gmlSCN)
gml4gmls(gm16 +gml7)
l iin
l .
e l/ Cot 1 >
14 T — C) og
iin Einia H T Bais 9 .
— _ J T lout

_..]_ _]__[ C15 - ] [ C17 p—
Emis Bmi7

Bis

) il
517 3.7 29R593RTBINATNBATINTALN
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1
-~

o ' J 1 «ial o W ) 4
anietdudtelausssnasnansinnassaumse (3.26) WUMUAAIMANWATUAIINOG

d' 1 1 afc g o (P4 ' > -4
WAIRINAIAIUMUITENTTS 2 Aa uazAmumdIaing 150 AB

Emis
f, =-=m15 (3.27)
' 2aC,
gml?
Jo =22 (3.28)
*2aC,
/, gmugms(gms + gml1) (3.29)
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A low-voltage wide-band CMOS precision full-wave rectifier

VANCHAI RIEWRUJA*} and ROJANAKORN GUNTAPONG{

A simple integrable circuit for implementing a precision full-wave rectifier circuit in
CMOS technology, which can be operated from a low-voltage power supply, is
descfibed. The realization method is based on the use of a MOS class AB
configuration to improve the high frequency performance. The circuit exhibits a
very sharp corner in the dc transfer characteristic. Simulation results showing the
performance of the proposed circuit are also presented.

1. Introduction

A precision rectifier of low-level signals is an important circuit building block
used in analogue signal processing systems. The traditional approaches to the reali-
zation of a precision rectifier are based on the use of operational amplifiers
(op-amps) and diodes (Gray and Meyer 1993) or bipolar transistors operating in
class B (Barker 1977, Barker and Hart 1989). These approaches exhibit the output
distdrtion evident during the zero crossing of the low-level input signal due to the
delay caused by the switching between the ‘on’ and ‘off state of diodes or bipolar
transistors. Alternatively, an approach based on the use of the operational-amplifier
supply-current sensing technique has been shown to realize a precision rectifier
(Toumazou and Lidgey 1987). This approach requires the signal current to be
much greater than the op-amp bias current to avoid nonlinearity error due to the
op-amp characteristic (Surakampontorn 1988). In addition, two approaches to
improving the nonideal precision rectifier performance based on the current mode
technique, which demonstrate the use of current conveyors and diodes as the active
elements, have been reported in the literature (Toumazou et al. 1994, Wilson and
Mannama 1995). These approaches used diodes biased to the edge of conduction to
reduce the delay and improve the high-frequency performance. In CMOS
technology, the diodes can be replaced by a drain-gate-connected MOS transistor
(Allen and Holberg 1987). However, the MOS diodes exhibit a nonideal V-7
characteristic. The realization of a CMOS full-wave rectifier can be implemented by
the use of op-amp and MOS transistors operating in class B (Wang 1992). The high-
frequency limitation of this scheme is due to the finite gain—bandwidth product of the

op-amp and the delay caused by switching of MOS transistors. Another approach is’

based on a CMOS class AB configuration (Ramirez-Angulo 1992, Surakampontorn
and Riewruja 1992). This approach requires the signal current to be greater than four
times the bias current to avoid the square-law error of MOS transistors.

Recently, there has been much effort to reduce the supply voltage of analogue
CMOS systems. This is due to the demand for portable and battery-powered
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468 V. Riewruja and R. Guntapong

equipment. Since a low-voltage-operating circuit becomes necessary, the current-
mode technique is ideally suited for this purpose. Many other advantages of the
current-mode circuit can be found in the literature (Toumazou et al. 1990, Hilas and
Laopoulos 1996). A current-mode low-voltage precision rectifier has been proposed
by Ramirez-Angulo et al. (1999). However, the use of NMOS and PMOS transistors
in the class AB configuration causes distortion of the output signal and high fre-
quency limitation. This is due to the nonidentical MOS transistors used in the class
AB configuration.

The pur[;fose of this paper is to propose a CMOS circuit technique for the reali-
zation of a low-voltage precision full-wave rectifier circuit. The proposed circuit
employs NMOS transistors in the class AB configuration. The resulting performance
of the proposed circuit features high accuracy and wide-band capability.

2. Circuit description

The proposed CMOS-based precision full-wave rectifier is shown in figure 1. The
operation of the proposed circuit is as follows. The transistor M4 and the current
source ], generate a constant voltage ¥p to provide a bias voltage for transistors M,
and M,. The constant voltage Vp should be fairly close to the sum of threshold
voltage of transistors M; and M; to obtain precision results, and causes them to
operate in cldss AB. The transistors Ms—M; and the current source I, form a low-
voltage unity-gain current mirror (Castello et al. 1995). During positive input current
i, the current i, flows through the transistor M,. This causes the gate-source
voltage of transistor M, to increase, the gate-source voltage of transistor M; to
decrease and then cut off. Similarly, the flow of a negative current iy through
transistor M, causes transistor M, to cut off. Therefore the currents Jp; and Ips
can be given by

Ipy =iy and Ip, =0 for i, <0 (12)

DD

| |
lL:llI'Is Mslrj
M7 I llos
| P |
IDll \:l
| |
I
iin M] H;‘/Id l}m RL
LN @ :
L 3
ol o

ov

Figure 1. The proposed precision full-wave rectifier.
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and
Ipy =4, and Ip; =0 for i, >0 (lb)

The unity gain current mirror M, and M; reflects a positive current i, in order to
add to the current Jp;. Then the current Ins, the sum of the currents I,, Ip; and I,
is reflected by the current mirror Ms—M; through Ipg to the output node. The
current Ipg can be expressed as

Ing =5+ Ip; + Ips (2)

The current source I3, which is equal to the value of the current source I, is used to
eliminate a dc current offset of the output current iy,. Then the output current iy,
can be stated as

fouwe = Ip1 +Ip3 = Ipy + Ipa = i (3)

It is clearly seen that the output current i, is a full-wave rectified version of the
- input signal current ;.

3. Circuit performance

The ideal circuit performance so far has been based on the assumptions that the
current mirrors have unity gain and transistors are perfectly matched. However, in a
practical realization,-several nonidealities that contribute to error from the ideal
performance are present. The major factors to be considered are the finite drain
resistance of the transistors, transistor mismatches and temperature effect.

From the circuit in figure 1, the sources of all transistors are connected to the
body. Therefore, the operation of the MOS transistors is insensitive to the variation
of the threshold voltage caused by the body effect. During the negative current inpnt
i;,, the current i, flows through transistor M; and mirrors into the output node by
the current mirror Ms—Mj. Then the output current i,,, can be approximated by

iout = iin(l - EN)' for Lip < 0 (4)
and

_Bem, rmatro LR (5)

gms ~ gmsriro; Tos
where: .Agm, is the transconductance :error due to the transistor mismatch
between transistors Ms and Mg, gm; and rg; are the transconductance and the
drain resistance, respectively, of the transistor M;, rj; is the output resistance of
the current source I, and R; is the given resistance connected to the output node.
During the positive current input i;,, the current #, is imposed to the output node by
the current mirrors M,~Mj and M;s—-M,. The output current i, is approximately
given by

EN

fowt = iin(l —€p) for fin >0 (6)

and

(7

ANgm gmy + Dgm gm 1 R
Ep=( §mpgm, + Dgmng 5)+{f|z+’o7+ +_L_}

gmygms gmsrizror  &Mifos  Tos
where Agm, is the transconductance error due to the transistor mismatch between
transistors M, and M;. The first terms on the right side of equations (5) and (7) are
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caused by the mismatch between the transistors in the current mirrors. The adverse
effect of the transistor mismatches can be improved by using large aspect ratios. The
second terms on the right side of equations (5) and (7) are due.to the finite output
resistance of the current mirrors.

The small signal parameters used in equations (5) and (7) obtained from the
simulation are

Agm, =164 x 1070 AV,
Agm, =6.73x 1077 AV,
gmy =833 x 102 AV,
gms = gmg =133 % 107 AV,
gmy = 1.15 x 107 AV~
ro3 = 838.6kR,
ros = ro7 = 666.67kQ,
rp = 22.71 MQ,

and
Ry =1k

Then the errors percentages ey and p are about 2.54% and 3.23%, respectively. It
should be noted that the output current error suffers more during the positive current
input than during the negative current input.

For the temperature effect, the surface mobility and the threshold voltage are the
temperature-dependent parameters. The current transfer error of the current mirrors
can be made independent of temperature if the transistors are perfectly matched.
However, the bias voltage Vg exhibits temperature dependence and the variation of
the bias voltage, AVj, can be approximated by

_aT
AV =4[5 — 08T ‘ (8)

where AT and f, are the temperature variation from room temperature and the
transconductance parameter (Kp W /L) of transistor My, respectively. The factor a
is dependent on the substrate doping and oxide thickness (Uyemura 1993).
If I, =10pA, Bs=3.667x107°AV™%, AT =10K, o= 2.057mVK™" and
Vg = 1.133 ¥, then the bias voltage variation AVp is about 4.047mV or 0.36%
above the bias voltage Vp.

For high-frequency response, the major high-frequency limitation of the
proposed circuit results from the bandwidth of the negative current mirror.
The single dominant pole P, of the negative current mirror is be approximately
given by

1

P=—
" 14 (Cs/gms)s

9)



CMOS full-wave rectifier 471

where Cs = Cgss + Cgsg and Cgs; is the gate-to-source capacitance of the transistor
M,. If C5 = 7.89 x 107'* F, then this pole will be located at 268.28 MHz.

4. Simulation results

The performance of the circuit was observed through the use of a SPICE
analog simulation program. The' BSIM model of the 0.5um double-poly CMOS
process was used for the circuit simulation. The ratios of channel widths and lengths
(W/L) of the Hevices used are as follows: W,/L; = Wy /L, = W;/L; = 1um/0.5pm,
Wi/Ly = 1pm/6épm, Ws/Ls = We/Lg= 2um/tpm, W7/Ly; =8um/lpm, Vpp =
1.5V, and the current sources I, and I are set to 20 pA. The bias current ], is set to
10 pA to give a value of V¥ = 1.133 V. Figure 2(a) shows the dc transfer character-
istic for the input signal current i, which is varied from —80 pA to 80 pA. The zero-
crossing region of the dc transfer characteristic is shown in figure 2(b). Figure 3
shows the transient response of the circuit for the input signal frequenies 10 MHz,
50 MHz and 100 MHz of peak amplitude 50 pA. The low-level signal distortion of
the proposed circuit can be illustrated by using the 50 MHz and 100 MHz input
signals of peak amplitude 5pA as shown in figure 4. It is apparent that the circuit
exhibits low distortion of the output signal for an input signal of peak amplitude as
low as 5 pA. Figure 5 shows the output signal during the zero crossing region of the
input signal frequency 50 MHz with peak amplitude of 50 pA, for three values of the
bias current I, i.e. SpA, 10pA and 15pA. From the simulation results, the dis-
tortion of the output signal seems to increase when the bias current I; deviates from

17 U

[P —
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5 40uAd E
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Figure 2. Simulated results for dc performance: (a) dc transfer characteristic; (b) zero crossing
region.
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Figure 3. Transient response of 50pA peak amplitude: (a) for input signal frequency
10MHz; (b) for input signal frequency 50MHz; (c) for input signal frequency
100 MHz.
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the design current of 10 uA. The output signal of the circuit under three process, voltage
and temperature (PVT) conditions, i.e. best case (FF, 1.8V, 0°C), typical case (TT,
1.5V, 27°C) and worst case (SS, 1.2V, 70°C), are shown in figure 6. It is clearly seen that
the circuit can operate with good results under the three given PVT conditions.
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5. Conglusion

A simple analogue circuit technique for realizing a precision full-wave rectifier
has been described in this paper. The dc transfer characteristic shows very low
distortion at the zero crossing and is linear over the total dynamic range. The circuit
performance was also discussed in detail. Demonstrated simulation results confirmed
the circuit performance.

Acknow]edgments

The authors would like to express their sincere gratitude to the National Science
Technology Development Agency (NASTDA), Thailand, for financial support. The
authors also wish to thank Professor Wanlop Surakampontorn, Associate Professor
Charray Surawatpunya and the reviewers for their valuable comments and sugges-
tions on the manuscript.

References

ALLEN, P. E., and HoLBERG, D. R., 1987, CMOS Analog Circuit Design (New York: Holt,
Rinechart and Winston).

BARKER, R. W. J., 1977, Versatile precision fullwave rectifier. Electronics Letters, 13, 143-144.

BARKER, R. W. J, and HarT, B. L., 1989, Precision absolute-value circuit technique.
International Journal of Electronics, 66, 445-448.

CASTELLO, R., MonTECcH], F., Rezz, F., and BASCHIROTTO, A., 1995, Low-voltage analog
filters. IEEE Transactions on Circuits'and Systems I, 42, 827-840.

Gray, P. R., and MEYER, R. G., 1993, Analysis and Design of Analog Integrated Circuits (New
York: Wiley). )

Hitas, C. S., and LaorouLos, Th., 1996, Circuit design: 2 study on voltage-mode to current-
mode conversion technique. Proceedings of 8th Mediterranean Electrotechnical
Conference MELECON’96, Baui, Italy, vol. 3, pp. 1309-1312.

RAMIREZ-ANGULO, J., 1992, High frequency low voltage CMOS diode. Electronics Letters, 28,
298-299.

RAMIREZ-ANGULO, J., CARVAJAL, R. G., TomBs, J., and TORRALBA, A., 1999, Very low-voltage
class AB CMOS and bipolar precision current rectifiers. Electronics Letters, 35, 1904-
1905. ’ .

SURAKAMPONTORN, W., 1988, Sinusoidal frequency doublers using operational amplifiers.
IEEE Transactions on Instrumentation and Measurement, 37, 259-262.

SURAKAMPONTORN, W., and RIEWRUJA, V., 1992, Integrable CMOS sinusoidal frequency
doubler and full-wave rectifier. International Journal of Electronics, 73, 627-632.

Toumazou, C., and LiDGEY, F. J., 1987, Wide-band precision rectification. Proceedings of the
Institute of Electrical and Electronics Engineers, Pt G, 134, 7-15.

“Toumazou, C., LIDGEY, F. J,, and CHATTONG, S., 1994, High frequency current conveyor
precision full-wave rectifier. Electronics Letters, 30, 745-746.

Toumazou, C., LIDGEY, F. 1., and HaiGl, D. G., 1990, Analogue IC Design: the Current-Mode
Approach (London: Peter Peregrinus). -

UYEMURA, J. P., 1992, Circuit Design for CMOS VLSI (Boston: Kluwer).

WANG, Z., 1992, Full-wave precision rectification that is performed in current domain and very
suitable for CMOS implementation. JEEE Transactions on Circuits and Systems I, 39,
456-462.

WiLson, B., and MANNAMA, V., 1995, Current-mode rectifier with improved precision.
Electronics Letters, 31, 247-248.



105

(ACC 20003 s e

B UA 20008 10 19%(S)~108 21¥(E)
832 : A0 EE(82)




106

A high frequency CMOS precision full-wave rectifier

V. Riewruja , C. Wangwiwattana, R. Guntapong,
A. Chaikla, A. Linthong

Faculty of Engineering, King Mongkut's Institute of Technology Ladkrabang,
Ladkrabang, Bangkok 10520, Thailand
(Tel: 66-2-739-1362; Fax: 66-2-326-9989; E-mail: vanchai@cs.eng.kmitl.ac.th)

Abstract

In this article, the realization ofi a precision_full-wave
rectifier circuit for analog signal processing, which
operates throughout in the current domain, is presented.
The circuit makes use of 2 MOS class B/AB configuration,
and provides a wide dynamic  range and wide-band
capability. The rectifier has a simple circuit configuration
and is suitable for implementing in CMOS integrated
circuit form as versatile building block. The characteristic
of the circuit exhibits a low distortion in the output signal
at low level input signal. PSPICE simulation results
demonstrating the characteristic of the proposed circuit are
included.

1. Introduction

An absolute value circuit or a precision rectifier is one of
important circuit building block used in analog signal
processing systems. Usually, precision rectifiers exhibit
significant  zero-crossing  distortion. The  classical
approaches to realize a precision rectifier are based on the
use of operational amplifiers (op-amp) and diodes {1} or
bipolar transistors operating in class B [2,3]. These
approaches exhibit the output distortion evident during the
zero-crossing of the low-level input signal due to the delay
caused by the switching between “on” and “off’ state of
diodes or bipolar transistors. Alternatively, an approach
based on the use of operational-amplifier supply-current
sensing technique has been shown to realize a precision
rectifier [4]. This approach requires the signal current
much greater than the op-amp bias current to avoid
nonlinearity error due to the op-amp characteristic [5]. In
addition, two approaches to improve the nonideal precision
rectifier performance based on current mode technique,
which is demonstrated the use of current conveyors and
diodes as the active elements, have been reported in
literature [6,7]. These approaches used the diodes biased to
the edge of conduction to reduce the delay and improve
high frequency performance. In CMOS technology, the
diodes can replace by a drain-gate-connected MOS
transistor [8). However, the MOS diodes exhibit the

nonideal V-I characteristic. The realization of 2 CMOS
full-wave rectifier can be implemented by the use of op-
amp and MOS transistors operating in class B [10]. The
high frequency limitation of this scheme is due to the finite
gain bandwidth product of the op-amp and the delay
caused by switching of MOS transistors. Another
approaches are based on a CMOS class AB configuration
[11,12). These approaches require the signal current
greater than four times of the bias current to avoid square
law error of MOS transistors. Recently, there has been
much effort to reduce the supply voltage of analog CMOS
systems. This is due to the demand of portable and battery-
powered equipment. The purpose of this paper is to
propose a CMOS circuit technique for the realization of a
low-voltage precision full-wave rectifier circuit. The
resulting performances of the proposed circuit have high
accuracy and wide-band capability.

2. Circuit description

The proposed high frequency CMOS precision full-wave
rectifier is shown in figure 1. The transistor My and the
current source I, generate a constant voltage Vg to provide
a prebias M; and M,. The constant voltage Vg is
approximately equal to the sum of the threshold voltage of
the transistors M, and M,, V1 + Vpz, and brings them to
the edge of conduction. The transistors M, - M; and
M; - M, form as a unity gain current mirror. The transistor
M; and the current source I, are used to alleviate the
channel-length modulation effect of the transistor M;.
During a positive input current ii, > 0, the current ij, flows
through the transistor M, that causes the gate-source
voltage of the transistor M, to increase and the gate-source
voltage of the transistor M, to decrease effecting M, to
cutoff. Similarly, the flow of a negative current i, < 0
through the transistor M, causes the transistor M; to cutoff.
Therefore the currents Ip; and Ip; can be given by

(1a)

I =i, and Ip, =0 fori, <0

and
(1b)

Ip, =i;, and Ip =0 foriy, 20



The current mirror M, and M; reflects a positive current iy
in order to add to the current Ip, that equal to a negative
current i;,. Consequently, the current Ips, the sum of Ipy, Ips
and the current I, is full-wave rectified. The current mirror
M; and Mg reflects the current Ips to the output node and
the current source Ij, which equal to the value of the
current source I, is uscd to eliminate a DC current offset
of the output current io,. Then the output current igy can be
stated as

VDD

M,

IDS

M,

ov

Figure 1. The proposed circuit
igw =To1 +Tp2 — 1 =|i'u-l @

It is clearly seen that g contains the full-wave

rectification of an input signal current.
3. Circuit performance

The ideal circuit performance so far has been based on the
assumptions that the current mirrors have unity gain and
transistors are perfectly matched. However, in a practical
realization, several nonidealities that contribute to error
from the ideal performance are presented. The major
factors that consider are the finite drain resistance of the
transistors, transistor mismatch and temperature effect.
From the circuit in figure 1, the sources of all transistors
are connected to the body. Therefore, the operation of a
MOS transistor is insensitive to the variation of the
threshold voltage caused by the body effect. During the
positive current input ii, > 0, the current i, is mirrored into
output node by the current mirror M; and M. Then the
output current i, can be approximated by

fout = lin(1—€N) for i, >0 3)
and
Agm,  Ro
gms  Tos

Ey =

“)

107

where Agm, is the transconductance error due to the
transistor mismatches on the transistors Ms and Mg, gm;
and r,; are the transconductance and the drain resistance,

"respectively, of the transistors M; and R is given

resistance that connected to the output node. During the
negative current input iy < 0, the current ij, is imposed to
the output node by the current mirrors M, - M; and M -
M. The output current io, can be approximately given by

out =iin(l—ep) for i, <0 (5)
and
gm,gmy gmggm;Ioy  Toe

(6)
where Agm, is the transconductance error duc to the
transistor mismatches on the transistors M, and M;. The
first terms of the right side of eqns. 4 and 6 are caused by
the mismatch of the. transistors formed positive and
negative current mirrors, respectively. The second terms of
the right side of eqns. 4 and 6 are due to the finite output
resistance of the current mirrors. From egns. 4 and 6, if
Agm, = 0.03x10°A/V, Agm, = 0.031x10°A/V, gm, =
1.15x10°A/V, gmg = 4.75x10°A/V, gm; = 4.87x107°A/V,
roy=1.195MQ, r,s = 632.9kQ and Ry = 1kQ. Then the
percentage of the error €y and €p are about 0.785% and
3.8%, respectively. It should be note that the output current
error during the positive current input suffers more than
during the negative current input.

For the temperature effect, the surface mobility and the
threshold
parameters. The current transfer error of the current

voltage are  the temperature-dependent
mirrors can be prevented if the transistors are perfectly
matched. However, the variation of the bias voltage Vg
exhibits temperature dependence. The bias voltage Vg
variation, AV, is approximated by

AT |21,

= - aAT 7
300° \ B,

B

where AT and P, are the temperature variation form the
room temperature and the transconductance parameter
(KpW/L) of the transistor My, respectively. The factor a is
depended on the substrate doping and oxide thickness [12].
If I, = 30uA, By = 220x10°A/V?, AT = 10°K and @ =
2.057mV/° K, then the bias voltage variation AVp is about
~3.18x107V. It should be noted that the percentage of the
bias voltage variation from the bias voltage, V1 +Vr, is
about - 0.26%



4. Simulation results

The performances of the proposed circuit were observed
through the use of a SPICE analog simulation program.
The BSIM MOS model of the 0.7um double-poly CMOS
process was used for the circuit simulation. The ratio of
channel widths and lengths (W/L) of the devices used are
as follows: W//L, = Wy/L, = Wy/Ly = W/Ls = Wy/Lg =
2um/0.7um and Wy/Ly = 1pm/1pm, the bias current I, and
I, = I; are set to 30pA and 50pA, respectively, and Vpp =
2.4V. Figure 2 shows the DC transfer characteristic for the
input signal current i,, which is varied from -100pA to
100pA. Figure 3 shows the transierjt response of the circuit
for the input signal frequencies 1MHz, 10MHz and
100MHz of peak amplitude 50pA. The low-level signal
distortion of the proposed circuit can be illustrated by the
use of IMHz sine wave input signal of the peak amplitude
10pA that shows in figure 4. It is apparent that the circuit
exhibits very low distortion for an input signal as low as
10pA peak amplitude.

Y
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Figure 2. DC transfer characteristic of the proposed circuit
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5. Conclusion

In this article, an alternative scheme suitable for fabrication
using CMOS technology for the realization of a precision
full-wave rectifier has been presented. The DC transfer
characteristic shows a very low distortion at the zero
crossing. The circuit performances were also discussed in
detail. The simulation results have shown that the circuit
high accuracy and wide-band

performances have

capability.
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