L
CESSING.

GLE

B
Y

‘_\'

i 6
0
L

R

Y

1AW

|

A
&
i

V1
/!
",

M

w'myu .
ROMMEE

L9 IR M
19

|
|
j

g
24

X

\

1

i

1
|

\

@ sie

,

/
|
i
TR
.‘l‘ﬁ y

£/
War
"
n
643

it

Wil
L

&

m
LR
1SN 074

- i
i

4

PPA

X

L

A

MOS ANALC

\

1

i
|

nali]

\

5

BN

i

1

9971
@

it
\TION OF

rw Q“F s % e A,.I.JVWV,.JIUMP :

431




v v -
SIS HITDUINA AN TIAN

[ L5 a 3
msa%”w’ma'sﬂszu'zaatymu']maw\aanﬁn PNBANIINDALRDS

REALIZATION OF MOS ANALOG SIGNAL PROCESSING CIRCUITS

a e 3 =1
NARK® NI

PIPAT PROMMEE

]
oYM - (‘ [_‘
*od
)
(YN I ... 4 »?..(.?....’.......
« o+ 4218025
AU, 150N, IJ ..................... -
- =Y "c.' [l = a _ =y a P
ANYIBNWD L umuvsmwaam‘sﬁnmmu‘nangmﬂ‘szy:ynmnswmamm&ﬁummm
#2131 @n553 I 1
UMNAINYINY

amﬁ'umnfu‘faﬁws:aamné’mﬁ"lqmnm‘sa‘mnszﬁo
N.¢. 2545
ISBN 974-648-791-4


CLP10
Textbox

CLP10
Textbox

CLP10
Textbox

CLP10
Textbox

CLP10
Textbox


REALIZATION OF MOS ANALOG SIGNAL PROCESSING CIRCUITS

PIPAT PROMMEE

A THESIS SUBMITTED IN PARTIAL FULFILLMENT
O# THE REQUIREMENTS FOR THE DEGREE OF
DOCTOR OF ENGINEERING IN ELECTRICAL ENGINEERING
SCHOOL OF GRADUATE STUDIES
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG
2002
ISBN 974-648-791-4



COPYRIGHT 2002
SCHOOL OF GRADUATE STUDIES
KING MONGKUT'S INSTITUTE OF TECHNOLOGY LADKRABANG



WitaInginus nmIsnTlstnadynmewisandisuaanudsinad

wnAnm Wiy ANat winadl
swalsz1an 38061002

UInan AINIINNTAI W) TUA®
d@12137 Fanssu Wi

.. 2545

919158HAIVANINLIRANKS IA.a5.NBUTY LaTWITY

UNAALa

Inonfinutiauananmsing  lunssanuuuissdsznanadyyimawaanlasls
TUeR WITUINAD  QUFRYQIMEWIREN 4 mamumuﬁuuuﬁuaaiﬂﬂlﬂmgmL?im 15
nudmaainmua 16 ¢ Mwannsliueammudsaaiinuluiudusm uae Lﬁauqﬂ
msrauasuaanuisaelirewitu “fmﬁﬂ:ﬁ'}'lﬁmuﬂin"fuﬁuvgﬂﬁtﬂu‘lwau‘lﬁuﬂ
ussewliassaziiAns + 5 Taaviriniu 2993figasite 2993nUfUmMMLLUABNT NSy
drldeousaan immnudanes 3 ¢ laslinannisonizauunaudunnuazilounduunds
yaanIudaiaa’t L-.‘N‘a‘lﬁuaaﬂﬂw‘ﬁmfﬂa%’ﬁwmu‘lushu'laj‘ém?’nasjwaaugsrﬁ H9sfiEufans
ssneanfies Iinnwdmaes 5 61 1dnghdisasnasweanudmaed laofiduwniiu
NIZUF LmﬁvgmﬂmmﬁmmuamvlaLsuL"&zJa Aavndamauusssuwlnassaanty 1WA
+ 5 Taarl 2993fidde 2eesifiadyanogylmiliuldnedidnnsefing lasldeesdues
lafia lowanmyvaslwdluilsaiiaeny Lﬁ'ia'lﬁ’uamaua'lﬁvgﬂﬁﬂ’nmu%qﬂ% w8y LBaas
Lﬁaomnqmauﬂ'ﬁwaaé’an‘saoé’uﬁuga%zﬁmwtﬁmma‘uaaé‘ftyryﬂmmﬂn’hé'uﬁus‘i’l Taidnas
Hunsesnuuulasnannisinidlas ’lu."“mmﬁwuﬁﬁhumwnmta’aﬁﬁ]:gmﬁmﬂumsmﬂm
guAa19 9 2a999sdanuzneuiuluinasetde g Souuamfianaminusiaduum
nWNEN Ao cv’faq'l’ﬁm’mfﬁmﬂaﬁm:qﬂmm"lﬁ'ﬁauﬁqa Usznia Haursousgd uaz @I
i ldaPadunemnle lasmmesssmansaiudulalosnsdaiduieesnd uaz m3
LWREUULLUMIVNUA2E PSpice



Thesis Title Realization of MOS Analog Signal Processing Circuits

Student Mr.Pipat Prommee

Student ID 38061002

Degree Doctor of Engineering

Programme Electrical Engineering

Year 2002

Thesis Advisor Assoc.Prof.Dr. Kobchai Dejhan
ABSTRACT

This thesis presents the new various approaches to realize the analog-signal
processing circuits based on CMOS technology. The first of the proposed circuit is a
“Single-supply CMOS 4-quadrant Analog Multiplier” with 16 transistors. This circuit exploits
the saturation region of MOS transistor with operation point-shifting of some transistors for
input applied although only with a single +5 volts power supply. The second circuit
proposes a “Voltage-controlled grounded resistance” with 3 transistors. The principal,
controlled voltage is applied in the first transistor and shift-up input feedback to each other
that has been acquired for perfect ohmic region operation. The main 2 transistors are used
for resistor implemented and other used for level-shifter. The third circuit presents a
“Square-rooting Circuit” with 5 transistors. The MOS square-law has been used in this
circuit. The single current is used for input and differential voltage as output, causing the
DC components eliminated. This circuit has used only +5 volts power supply. The fourth
circuit describes a “Electronical-controlled Sinusoidal Oscillator” with simple OTAs. The
high-order polynomial is assured for high quality-factor, and accuracy for any applications.
The third-order function can be used to implement the filters and oscillators as well. The
third-order polynomial has been acquired for this circuit since the purity waveform reason.
This thesis has taken most of the advantages from any sub-circuits for the implementations
with the realization of the following goals; reduce components, economy, high-performance

and further integrable that interesting in this thesis. The results of all circuits are confirmed

by both of PSpice simulation and experiment.
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afmvzlinudanaidatindueatuand sunmmiuly JFET usr Ueytudinulfues
nudaeaiidunan lasfisasanudumuiiaanuuuaus susouwdaiu 2 wanlwgg
fa ANUMUMBLLURABLH UAZ ANUMUMULLUAANTIIN WILIEAYVEINNIINNINGY
nu fa anuduFadu uaz Ysudrlande
“ = L a o= dld
241 WITAONUAWMBUVVADYAT  WITANUMIUNIUULUUFBE AN UIINY

Uszlomiannlumedidanniafing uar sunsnlsnuldagronTevine dslunmannisnisean
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LULRE N WRRIBRANMIILITWNNIIT I lafie wia mMslansudaiaasvinanuuuulidy
L™ ar ¥ a Jd‘ 1] ¥ as F‘I
a1 [13] enadvamanmisiiivhaulauaaslidozUi 2.6

P, & 1Ili’l

: 4

el T
L
2

&
O

M v,

e |

— |
M, rl l[l M,
Ve
V\'\'

U 2.6 2993ANUMUMBLUVRaMUTUA laeusIan [13]

mnzﬂﬁ 2.6 MIMUULNTY 2 FIRADEINVOINNVTHIONBUIIAU (M2-M3) uas

FIUVDINIIANUMUMU (M1) IndIuvesEItsusIaunudsaiaad M2-M3 azvinau
' Al ar A o I/lil = ar ) ] a o

Tuguduar Mz ldfivunn-ses ve9 M2 uaz M3 aziiuseau v, Unngagviinuaay

s

C..W 5
Iy = Ipgy =222 (V. 77 (2.26)

2L
faw9snnusumMuaziimstaulaseiunelddsaunseadalui

, w bl

ipa = UCpy 'f (VAB +Ve "IVr'l)VAB ‘—218“ (2.27)
) w [ y?

Uae ipp = UCoy T (V(' _IVTDVAB _%] (2.28)

Waumsf (2.27) 7000 (2.28) Tiunssud iy, a2 leiln

g W &
fag =Iprg +ipp = UCoy 7 Vip * (V( —IVTDVAB _%B"}' (Vt “’V'f ‘)V-IH T 5
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=2uCoy — ( IV |)V.»IB (2.29)

o R, = (2.30)
e W
2uC oy T (V(' - |Vr |)

2.4.2 2993AMNGIWNIRUVVABNTIIG LTu9sRmihiediusesa e
muuuuaauﬁﬁa'luudm'i"l’ii’mm"m"awiaasir"fun‘s’n@f‘m%ﬁol.aua mMslFudaudnaLaundn
WUURBBAD Lw\amo‘hnmumumiwmmnuamaﬂamawﬁummnunmmuaaummaLm
'uaonanmmwmau'l.a‘lmuam‘hm‘sﬂn 2.7 [24]

U 2.7 23930 NUMUMULULFaNTNaUTUA ldensusIan [24]

mngﬂﬁ 2.7 nudsass M7 vimwinduanueiumu lasrianuwlugwlisua
FUNINTEUFATUIANYINNY

W £ Va
L, =1Ip + 1y = uCoy A (Vm -V )Vm _7“" (Vcs -V )V ) (2.31)

7 m

' ' [ 4 [ = ' o P g »
ﬁqu"ﬂ80“u1Uﬂ')UleﬂTqﬂ'ﬂﬂfﬂqﬂ']\!ﬁflaU']ﬂU'JQ'ﬂTEﬂ'ﬂ 2.4 Iﬂﬂﬂ:ﬂ']ﬂnuﬁ']diliu'ﬂ:‘['ﬂ

w6 (/L) venTudsaal M1-M6 auwidiunnlszn e liunaunuinnyes
M7 eyvinny
Vo, =V.+V, (2.32)

m

laai Vo=V, é’aml’ufh'uaan‘s:uaﬁuﬁﬂﬂ:ﬁd’umﬁu
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W
I, =2uC,, T(Vf- -V, W, (2.33)

AIUWANNNUAIUNIRIZTANYIIAY

(2.34)

a

a o a ¢
2.5 vann13zas ﬂ'l?ﬂ'll%ﬂﬂﬂ]m'lmzﬂlﬁu

ar ar

nnuanmyzasansasdyIaiaunhanaiuvsiuiedyyugy olld
“: W a a ;

wudalousuzastull lagrsasnlmiunisilauwnauuuuuin AU 2.8 TITNENNDINT

o - ar [ 3 a e @ A i i
NILUaT m_,'lmgﬂ‘numm:au@n 2 Uaz au@l 3 tNun

@

J1% 2.8 szuvilaunauiuuuln

U

nnzuumsdeunduuuuingh - 2.8 susodsuwsumsmelanlassaunin
(2.35)

V,  Hls)
v, 1=kt (5) (2:59)

TunsRnsontanlumstifiesuanawasiiszuuilounauuuuuiniu  sxfRianson

lagszuvezlifdygruduwnuaddygroenrinn sansnafusldhsuvzfiemiuiae

sy mldazdasiiinunmyvensguila (Loop Gain : LG) iviiriy

LG =kH(s)=1 (2.36)
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2.5.1 vanmanuiadnanalaglzslniluidisasuavaas
nsifesygrauuulsindludvadudvassnwdunanmasuiiadygiugylaod
& 1 ' - a = [ P
wuuAugmiign uaz sanuuuldlasiofiga lasaumsvaslndluiivaduduseshldlums

sonuuusifladyumanadouluglvessumaiantaslddisunsi (2.37)

N(s)
m=0

2
a,s” +a,s +a,

- b
bys* +bs+b,

(2.37)

laufl Nis) uas Dis) fa Iwaluilpaias (Numerator Polynomial) uaz Iwdluifioa
&4 (Denominator Polynomial) @u&161L

i = a - o - o o i i
Wasnnaums (2.37) Jusamsindlufloadudusas minufsann Ns) auny
ey s = jo sumsh @.37)3aansadsulnalaiiu

N(s)=0=-a,w’ + jwa, +a (2.38n)
0 1 2
- wa, a
Wi Ot sl i 8 (2.387)
ag ay

L) I3 - s v-‘: g oA
IIMNFUNT (2.38) mmmuan‘lm'rmrm:mmmmLuﬂmyty'lm'lﬂum:maomaau

luerait
a, =0 (2.39)

uaz anuindudialadiduyinnu w’ =2 (2.40)

wanmiaansnaanuuyldiduinuiunly LLﬂ'Lﬁaa'msﬁ'uﬁﬂé'zyry'lmuuu
TwﬁTulﬁuaﬁuﬁuaaamfu_.ﬁaa'l'ﬁ’@‘hnsaaﬁ’rymgmé’uﬁuaaaﬁ'maq 2sasfisanuuyldfiazdinaiy
\Wioease uaz m’mu?qn‘tfmaqEfzyry'lmmmﬁtmﬁvgmfuﬂ:ﬁauaﬂﬂLWﬁ:é'w'fwaoﬁ:miao
RS

fadnvamanmiiimusowuiinldie wasfiashaniudainseliins wein-
Bridge Oscillator [42] sa3ufi 2.9 Fvvesezrimbfidumsifiedygnougulnflalasms

o i A - L e L3 L2
Amuadigdnsalnmeluiees Faauitnadunelaanvannistnege
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I

(n) (1)
U7 2.9 nasiudladyanagd iy Wein-Bridge [42)

NNl 29 (n) ewsadsuunulazun 2.9) walslumsiiaszd angUf 2.9
smuIadisuiusumivasdiniasdygmdudusey  eillaguiileundueen  sunIag
naMimaisunIn (2.41)

ks/RC

H(S)= st + s3/RC + 1/(}?(:')2

(2.41)

WohwRsenuullleduduneneiulesyomldezdedidglinn - (L6)
iy 1 wladowduaumslaasaunsf (2.42)

ks/RC _ 5" +s(3-k)/RC+1/(RC) _ N(s) (2.42)

1-1G =1- -
s> +s3/RC+1/(RC) s> +s3/RC+1/(RC)  Dls)

WaRnsmaunn (2.42) arpdenluaunsi (2.38) uas (2.39) inlanuniniges
srmwsndyamlaiimuald k=3 uss wxlianufivindy 1/22rC

2.5.2 nannsnuiaduanmlas 1z wdlusisasnavaiu
mifuiady sl findludisasudumunmdunannistuiiadygrugylod
aa a a a & ' a - o e o - v
wuuAidszaninwiRsunuuuinilulvasudugas Taninnuegudringanias
as o  as E = i - A ar “ a g A o
SN MOUAUFIUUIIANUNBIATIVINNUANINNIIGINTOIFY QI UOUN UG ToRTIQI
FRY P - » & & e o v P & - a
anudtafsIndsdutanlusssiweniuiivduoadenudouly  wis  fanw
vignirasdsyanmlodanssly  lassumsvesindludissdudumuilslunseanuuuises
Audlesygno munsadoululrassumadiadanaldaiaunsi (2.43)
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N(s)=0=a,s’ +as’ +a,s +a, (2.43)

Wasnngums (2.43) uaunisind Iulisaduauaa uas auls s = jo sumsh

(2.43) Jamansondioulnaileiiln
0=-jw'a, -aw’+ joa, +a, (2.44n)

nio 0=(a, - a0 )+ jola, - a,0*) (2.44%)

¥
bt v

(2.44) mansavenldainisezmunsaifiedyanmlaiuezdoditon

INANNT

loasit
a
2 -w’ (2.45)
aO
a

uae ==’ (2.46)
a

- - A
wIaRNIBuaNUUUNAIAS a,a, -a,a, =0 (2.47)

. ; | o - ar ¥ o e~ gt ' ﬂ. o _
“annNIIwINUIIn aanuuuL'.leoiﬁmLuﬂmyru_jm'lﬂt'ﬁummnu LALUBEIIIATNILUN

sy auvuinaluiivadusumuindaslsdnsesdygmsuduamudin 2sesfisanuuyle
Sesauteiianududon  walunassiuthufieslinnuifioinse  uas m'mu‘iqw’ﬁfmm
"rgry'lmmmﬁnmﬁvma:gaLWﬂ:a"uﬁwaaﬁ'mimﬁqoﬁfmaq
frat19vaInanmsiiwTiausanuinlaisguasnusialwaludioa
Sueuaes wathashududeniezld1993 Phase-Shift Oscillator [45] s'fegﬂ'?'i 2.10 F379

° v oa o« o - e o " L3 F
msimihidumyiuiledyanagllodldlasnsimuadgdnssimeluases fauin

aTurplaanuanniyinIau

o

e loneple
—0

?? 7

(m (2)

UM 2.10 waiulladyaagUloiuuy Phase-Shift [45]



CLP10
Textbox


18

1n3UA 2.10(n) snansadpuunuldzud 2.10(w) Waldlumsitaszi dsmuangun
210 srawsadowiusunisvassnissdygiusuduaa Wallagunilaunavean au
MININaLAGIRUNITN (2.48)

H(s)=

k(sRC) 2a8)

(SRC) +6(sRC)* + 5sRC +1

Warnanfnsanuuuguladudusesiziudedygimldedasiisglinuwyinny

1 wia@pwiuaumslaasaunsn (2.49)

3
L8 i : (sRc)2 _ N(s) 2,480
(sRC) +6(sRC)* +5sRC +1  D(s)
3 2 .
i N(s) _ (1=k)sRC)' +6(sRC)’ +5sRC +1 .

D(s) (sRC) +6(sRC) +5sRC +1

WaRMTMIENMIN (2.49) dpdauluaumsn (2.45) 9 (2.47) Anlanuiinaeesa:
mansodyanwlddimuali k=-29 uaz sxlianudiiiny 1/22J6RC

2.6 Uﬂﬂ‘g’ﬂ

WANNIVBIWITNUFY N Tﬂuﬁ"’avlﬂwa"nn‘limammﬁamgmé'mvmgm Henunu
WRIUWANMT LTw wanmivadfiailin (Gilbert Cell) M3lEMann1IVIWIINTIUFAILLT
(Translinear Circuit) WRz NaNNTUBI9TLaTIe (Operational Transconductance Amplifier :
OTA) Ltdﬁazﬁﬂ'mﬁuﬁa%:ﬁ'ao’L’B’Lwaé{u‘legmﬂ (Dual Supply) ¥l¥nsuszgnaldiung
375U 9 wrdaadnmnaula Aaud LN

WANMIVOINIINBATINGFEI N30aATINAFEY (Square-Rooting Circuit) lasnaly
inazlFesgudygunszgnd  laserseshanseiiuivestuond  (OPAMP)  w3a
a‘ﬂmrﬁmmuﬁmumu’lmguf] U 2997lafie (Operational Transconductance Amplifier : OTA)
I8 WITRUWIUNIZUR (Current Conveyor : CCII) Wuan

WANMITaINITANUFIIMRUTUA ldmadiEnnsaiing  wieesfiimsidoiuan
atinssaiiiaslasianiznislfuaaniudaaasluniseanuuy f‘ﬁm:ﬁag 2 Uszinnlngig da
MAIANUTIUINUUDURBLH UAE 2993ANUTIWMBLLLAENTIIS BamslEmuinezing

g Aﬁl ’ a J ° d; v [ e
IFufiuaneanin mw:mmmmmﬂs:qncﬂmaﬁauG] ldadnanieanae
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o v s A [y P 5 4 ) & W
wanmsraamIaiesiiliadyoins lwwannsfinuduna luuesdunsls

v A -

o a o oW & | o A o \ £
wanmivaslwalwdisasuduses uamlng  Samsdufiaanuifledelinnalivians

9

VI Uaz AN LINBIATITaIANUDREIINAUALYBIAINTAIF LI



unn 3

293N 1B I INLITBNIS

3.1 Unwn

2mauafshianslwinaniinuinomuaii ﬂ:ﬂi:nauﬁummoﬁ@m‘} lagazndn
faluamizsesfiaginnueanmudaess Sievaniuieestan  (subcircuit) ﬁﬁ'l.ﬁagﬁ'u
ALIUNINANY LT% WITFZYIOUNTZUF (Current Mirror) 2935UEN8ANULANGNY (Differential
Amplifier)  299AaUTTALUTIAN  (Voltage Level-Shifter)  29338uiI83lAasNNeR
nudsinaisia N (NMOS Inverter Circuit) W3THAANMAIFDI (Differential Squaring
Circuit) F9az1dnandasadalui

3.2 2VIALNDWNILUE (Current Mirror)

]
L% a ]

asazeunszumdunestesniimsldnunuesionieeng lidesiduluaesny
A9 wia wadaainien lasdguauitde NITURLDINNIZAEBUNTTURNIIINBUAN
Uaz ﬁﬁuﬁ‘uﬂwﬁﬁmﬁuqn@i'} uaz ﬁﬁuﬁ'meﬁﬁ'lmmﬁ'ﬂm:gwtﬁaamnmar.m'n‘w'm:ﬁqm
AU RLTWAE2TU29933 8N 32U&A9T (Current Source) 1iio4

nasa:ﬁ'aum:uaﬁﬁwm'l'ﬁ'mulu’mmﬁwufﬁ’ad’i’msazﬁauns:uauunﬁugm K]
uam'lu;.jﬂ?i 3.1 lammudaiaad M1 usz M2 azauwIsiunnUszns uas viamlugudy

a A A. v & v
@7 Tonvsnuaas I iiduresasy) SUNITUFULDUIY

[iri l [om‘
M

F e M,

o v &
E‘lJYI 3.1 1J9IF=N BUNITUFULLUNUIIU

‘lumrﬁmaqéi'@mdm’uaamsa:ﬁaum:uaﬁuvgn ua Lmvf'qnmammsgﬂﬁ 3.1 [42]
wulaa evgunii (3.1)

e = v (3.1)
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Tunstlasnnumumudunn uaz 1ewnaInes wuazlifaiaunsn (3.2) uas

(3.3) MUY

Taofl ryy f8 AFMNUIzRINIIATWAR TR vasNaanIUEmael M2 ludu
naMIRaUANaIANNivaIEziaunszualaglBusanudmaes  axluagiusndn
udszgszwinninnuazsesdundn namsasusuaImennuivassasiaunszualan
IFusenmudainaiamisom ldannslsuuudaessygiswwiaian (Small Signal Model)

P o P P e
*naNammaumaomammnmawnqﬂn 3.1 AN (MAKNKIN N)

Lu(s) _ &mo 1
out - m2 , N (34)
Im (S) gml (Cgsl * Cg.\'Z )
gml

l+s

lavh g, Aodianuid (Transconductance) 1aInTudaiaes M, C,, fa ey
EWININMMUAzTaRTBIMTIMITAaT M, g, Aa Ak (Conductance) szninav AT

LR TORVINTIUTILG EJ% M,

3.3 29931 OWITALNTIAK (Voltage Level-Shifter)

wanﬁauizﬁuLLioﬁuﬁ'l'ﬁ'luﬁnmﬁwufﬁtﬂmmsﬁ'lﬁqﬂnmﬁﬁLla 2 @2 [9] @8
nmdaand uar unsesunszuansfiateazdn uar Simansaaaiuisnaauszaume
FIUUAN Uaz AU iR uTiiavammudaees uar unsssonIzuaasf aouaaslie
3111 3.2
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(m)
JUf 3.2 299TROUITAVUTIAN (N) WUVUIN (V) LWWUAY [9)

nrwdsaeinigl 3.2(n) uax () wrimlugmdam neeszl 32(n) wu
ol s iuaunsuanInNUFNAUEITAIIBUNN uaz Leniwnldaiaunisi (3.5)

Vo=V, +Vp (3.5)
= I C a a '3
losh ¥, = 5—" +Vip. Bp= ‘u”T"X(%) uaz ¥, fa useawnislaanues
P

“a ) H 8 ar as (] o
nudaaas PMOS &gt 3.2(n) wuananiadowiusuniusasnnusuiuiszningbu
WN uaz Lnviwn laaaaunsi (3.6)

Vo =V =V (3.6)

Tavfi ¥, = \/—Z+ V, uaz By =“”—C%(-y—y—) uaz ¥, Ao usnaaunstlassvad

By 2 \L
nimdaiael NMOS @mkaminaumuasnanuiivesnenfonssdudyyn fuziueg
Auddatfvdszgswinnnuasremdunaniuin - HamIRaUANEINIANATIVaINNT
Weuszaudygalaslduaanudsaefmansam ldnnnsliuuuiisesdygimuwa
L@n (Small Signal Model) f'fjmamwauauaomomwﬁ'maomqﬂﬁ 3.2 azfiainu (me

NN N)

I/,,(S) _ gdl + go + gml +ch.ﬂ
I/m (S) gml * Sngl

(3.7)

e a w o &
FalapUnduan g,,.g, << g, AINH
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(3.8)

4 ' : - o W ) a -

Safmansanuiludnsaranfonszausyanmlaslivaanudsieas  sxiing
61auauaamam’mﬁﬁamnﬁmao lash gm,ﬁaﬁ’lm’luﬁ’l (Transconductance) 183
nywdsaas M, C,, fe duszgzwihniinmuazsesuamnudaiaes M, g, fe ey

11 (Conductance) T:WINNLATH Uaz ToromTudaaas M,

' - - - -
3.4 W3 aaNULLanNAd (Differential Ampliflier)
" :l. - = : & .dv . a ar
'mmJmumwumnmmlﬂmﬂmuwuﬁmﬂmmnmuwugm lIinsudaieas 4 o
i, P Y a o A a o 1 a a
WRE UWAEIIUNIZURAIN 1 @2 [41] mgﬂn 3.3 dannudamaeirinnuludududn las
- — L H. = ) d °“ '
nudaaes M1 uaz M2 Jwihfiidwseseneanuuanedadoe: ldanunanadisvasnszua
Y v A4 = a € a '
YNTNITFBUNTINE M3 uaz M4 Fallunmnudmesiria P lapaasveuanuuandns
d. : L4 & & Ane, =l e = as
1u3ﬂn 33 ui}:’lmmm'!mﬂun‘ima Tﬂﬂmnqmﬁmnﬂ'ﬂaa'zoﬁlﬂ:uaw‘lmﬂuusmu 871992

= - -l o - & =W e
Funa9asiiingaslafie (Operational Transconductance Amplifier : OTA) Ll.uuwujjﬂun‘lﬂ

M3 ijl—c

3U7 3.3 2993U018ANULANGN [41]

’mmlmum’mumn@homngﬂﬁ 3.3 uu a:ﬁqmauffﬁ'[ﬁtmﬁvgmﬂun‘s:ua Was Udu
[ a d =4 [ as as 1 =Y v
wniuusoen mmmmL'uumﬂuaummammmauwuﬁi:mnauvgmaumﬁvg'n JCGRE
nh (3.9)

= = Zm ™ \/(].x‘_\' X.u()CUX W/L) (3.9)
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IINFUNIN (3.9) AMIUINDUAALART (g,) WWFNTAUTUA lanaBlannTaiing
lasn13Usunszuaniy (Tail Current : Is) NMTUTTNIAIYDINTADURUBIN WA NUINUIL
sansarh lalagmsUszanmanldnndmaanuanuuand (Differential Mode Gain : A,,)

Heyinny (Mmeanwan n)

v T
A, = (3.10)
f ("’1 - "2) (g(i,\‘ + 8w )

IR

n7UszanmuAn Zero-Value Time Constant [41] fisnnfigauadi9asaziidnyinny

2C,
ly, = (3.11)
gm."

]
L3

Ao A e P - a . LT P '3 |
wisdnitmilsfalwafitasfiga (Dominant Pole) nydilaifilnaafiiarvinm iy

ng
2C,

p = (3.12)

- ' a & v & - « § a
nsmm"lﬂwawmmmuLtanmmzuhaﬂLﬂummuﬂszq C, Mowinn drwealwai

wauhiga (Dominant Pole) A

(ng + gdP)
, = 3.13
P C, ( )

Tandi gow+ L ABAINTINUN (Transconductance) VaINTIUTFADITHA N Uz P
ey C,,C, fia dzanivvunnuszsasamiudainaizia N uaz P e
819U, U g, . g,00 a7 (Conductance) IIWINUUATU WURT TaFUDI
nudmaasria N uaz P anudey

3.5 29958U171831AD 3 NNDANTINBALADIBTA N (NMOS Inverter Circuit)

a ;v g ar ar a = g
lwialidanamiivemvdyyin lasadonannmszaaesdunefineslaslfues

a £ o - v A
ﬂi’]“‘nﬁlﬂaiﬂﬂjd’]uluﬂquEUﬂq [49] MNFUNIIANIU

I, = ﬁ(Vo‘.\' -V; )2 ; (VGS = VT} =Vps (3.14)
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o - C W 1 [ =) a " &
Nnaumsh (3.14) lasd B =“%(—L—) Warknudaeaisia N indaiiuieeg

Aulnasiaaiiiluy NMOS ﬁogﬂﬁ 1 NI IURUNIVaINTIUT LA INIFa IaLTn

VDD

4

7, o—m,

._OV

os
Vy 0—”: M,

31]?'1 3.4 2995 NMOS Buiiasiaas [49]
2
IDI =ﬁi(VA _VOS _Vm) (3.15)

Iy, =B, (Vs =V ¥ (3.16)

NFUR 3.4 NITUF Iy NNUNTIUE Ip; U B, = ﬁzﬁatﬂuwa’lﬁunﬁmmﬁvgn
(V,s) azedlugivasmsasy daaumsh (3.17)

L),

Vo.\' =VA_VTN + (VT "VB) (W/L)
|

(3.17)

= (% s & & o 3 o LY a 5
TINNNTIUTRLADT M1 Uas M2 auwwannﬂ‘s:mma:m‘lﬁuimutm'ﬂaaﬂ ez

(W/Ly, \INNUeE &UN1Ih (3.17) Naznansiilu
Vos =V =V (3.18)

ehunammanauaamamwﬁmaadoﬂﬁﬂuﬁmmﬂm'[ﬂﬂl'ﬁuaamm-‘immas' 80130
wildanmislfuuuisesdyanmumaidn (Small Signal Model) TagnisRarsanasasiies
Gi'aaﬁimmﬂuﬁaafhuLﬁawmﬁﬁwgﬂ‘ﬁa'szag’ 2 dunn BIHAMIADUEUBINIIANNADDI
'-Jigﬂﬁ 3.4 nyth ¥, udunwnazlidvinny (mexuan n)
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V, (-5') _ 8+ 8a2 + &mr +5C

(3.19)
VA (S) gnr2 + SCg.TZ
] a w o &
SalapUnfuan g, << g, AU
V -
.(s) -~ 1 (3.20)
V,(s)
nydh ¥ iusunnazlsuwinny
14 _
0 (.S') - gml (321)

VB (S) gm2 + SCch

MM (3.20) Uaz (3.21) ARIFIINAMIABUAUBINIIANNAVEINITIUN 3.4
& e oA & @ P A ° a &
ruagnudunn ¥ \uwan lashl g, Aediannuh (Transconductance) va9nudaiaas

M, C, @8 mﬂs:qs:v\iﬂammnLLa:‘namJamﬂu%mﬂa'f M, g,f8 e

(Conductance) T2WINTUATY UAE TaguaIMUTaaes M,

3.6 29THAAWNIAIEDY (Differential Squaring Circuit)

wesidmesfinafislwiatai liwann1suaInginames (Square's Law) 18988F
nudsaainianuluguiuen anm*ms:LLaLﬂswaauaani'lu‘ﬁamas‘%:aQlugﬂmmﬁﬁé’o
ﬁaoaguﬁ?ﬁmumsﬁ (3.22) uar (3.23) Fadlaseairoing qﬁagﬂﬁ 3.5 WWunesiasend
FyniRedndanns lassunadowiuaumsldda

2

V.
15 =By (?!—Vm) (3.22)

2

ol
uaz I, =By (TI -Viy ) (3.23)
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o o=t

314 3.5 299389 (Sqaring Circuit)

o +I/l —I/] &) A a =l = 19
LLTJW“Q%V!YI —2-—- bz T Q:LﬂuauﬂnlluﬂﬂﬂlﬂalﬂM'ﬂUﬂ lﬂuNﬂl‘ﬁﬁuﬂﬁﬂL‘N

é’utmﬁﬂﬂ nanoin
VZ
Voso = Vs — BuR; [21/,‘; ¢ —él (3.24)

MFNMIN (3.24) Wadainsidainanwass (DC Terms) sanlaunsavnlalay
' d. - - = as J
madoﬁlsgﬂﬂ 35 LﬂuuuuawLwaLmrﬁuaLmﬁvgﬂmgﬂn 36

gﬂﬁ 3.6 239 INAE1INAIFDY (Differential Squaring circuit)

mngﬂﬁ 3.6 Lm@‘futmﬁwﬂﬁ'caawanoasﬁmtmﬁu

R, uC,, (W Vi
Vosor =V = %(I)(Wﬁv + -—2’1~] (3.25)
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R uC,, (W Ve
Vs = -kt 0K (7 WL B 3.26
0502 DD B ( I )( IN B ( )
WRE LmﬁutmﬁwﬂuuuaNManm%ﬂaﬁa
Rt {W N 2o R
VU.\‘(_J = V()_\‘(_n = Vr).\'(_): = —I‘%(T)(Vf - Vg') (3.27)

Lﬂaomngﬂuuwaa'msﬁﬁmaaﬁryrywmﬁqﬂ 3.5 Uszneumsvaaniudsiaes 4
G'f':fril:Lﬂugﬂunuaummﬁ'uﬁw'osﬁ'ﬂmm(atma: 2 o) 1ludagl 3.6 uaz winwaIanludu
1ﬂﬁmuﬁw’m3ﬂ 3.6 fdianusnnaInuegan(atieza) FINUNANITADUEUBINY
anafivasneTidrasdynalaslfuasmmudmasiamansom ldnnnslfuuinees
RYQIMIUIALEAN (Small Signal Model) TaomsRnsan9eTies R sonlasndnmsutenis
23997 (Half Circuit) [48] gﬂ'?i 35 f'fmnamwauauaamqmmﬁmaanﬂﬁ 3.5 axdlayinny

(MAKNUIN N)

(3.28)

J = ' ° a s Ail = o cll
finunsanuineTihasesFygIuinaeuswesmanudgaueiud lash

g,, AafAh (Transconductance) BadnMudainas M, C,, fa Anlszyszwinawinm

uazTaRvaINIUIRIA0s M, g, fs A1 (Conductance) TEWINNUNAT UAE TOFVDI
nudsiend M,

] 9 3 a
3.7 299FAIHIBAMNAIWNIWBLANNTBRNE (Transresistor)

' ' L P “ - A’ = Aaa =) L3
Ninaomummmumun‘lﬂmnmuwuﬁmﬂmwmuauvgmﬂum:ua I3} 1“
ar V- § a o a P
Lmﬁvgmﬂmmﬂu FBuNNMudsaas 2 a2 [20] aI3UN 3.7
- a 14 o - S | =
"J’lﬂE‘IJTI 3.7 NI NIl U LAY TIE IO IUWINNIINTZURLATH

aamTudsiae s loiiiu
1y =BW,, =V, =V, ) (3.29)

1,, =BV, -Ve -V, J (3.30)
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gﬂﬁ 3.7 WATHIHNIUAMUAIUNG [20]

a . W e A
laun V,,, = V. s (T WA LWanTaunIIh (3.29) was (3.30) lap
DD 5s 2 L

14 KCL Lﬁaﬁn's:uﬁﬁ'[uuﬂﬁuwﬂ mmmLﬁﬂuﬂumﬂugﬂmaam‘smmumwﬁ’mmﬂﬁtﬂu

1

R A — 3.31
45(VDD - VT ) ( )

eq

R Vo _
Iin
FIUNIABUAUDINNANUDVBINITRIHIUANM VUM UL LAY V(NARNUIN 1)

g
—_om 3.32
S -san 22C (3:32)

g5

0 " - dl o [ ﬂl 3 A “: J < I}
usatlsnaudanasdasfinauiuaInanuauidsznavdwiduiaasinalu
ANLIBAWUS FrsImInauauaImIaNuifzilasullauisasiundetiuey 1w e
Uszy C,, 3MBunNued N udaine et lazdananduun st sun asriuwea1993

=3 W A o = dl ¥ - [ .
usnile Seduiuiazdasinnziiniluunda g Ty

3.8 unayl
" - "’ - hd 1 H a = J = { L a
193888 uaz WITWINTUlNBadud 199 Alsluinefiinutit wsesndldnunu
atianieasluasesugaliau lasluunitildumsnantimahnusenesdes uas
X Y . ¥ - L @ i = '
wariiisuliidaduse g aldmusailugnisesnuuy uaz efunsluunda 9 T 9n
° ' & ° [ = da v 4 o ' [
N13MUT892993619 9 luunit sansodhanghaduwsesnuiimifimahoulng 9 16
= A = - J [ = J H ° 1 1 1 ; O
anannang T lwineniinusidudnuuimamitsiinie1n9estasendg waii andsznaunu

& v = oo a a P LA o a [y = w
YU UK U\Tllju']w)%?ﬂllﬂfzﬁnﬁﬂﬁl'wq# las NzﬂLLUU.l“U E]n'n\ﬂUﬁmuqiﬂﬁfqﬂlﬂujﬁﬂjjqu‘lﬂ



UNN 4

Qs

NITAMAYYIWBWIRAN 4 ﬂ’)ﬂ@ltlﬂi%ﬁtlﬁﬂ%&lﬂﬂ

U

Taalzlidaaden

4.1 UNW

’Mﬁ]‘sgmé‘mvmuwmﬁ?utﬂmwiﬁﬁﬂiﬂmﬁ uaz  Asulinuannlususudszanans
FUIMEWIRENEN 9 1w umiaaulasltluaensasdygine (Analog Filter) 2933173
Aufl (Frequency Doubler) 21ASHRNEYLNH (Modulator) %nn‘sgmé’tymmi‘]mniﬁﬁ
MI0ONULY Waz Wanmniuan aghedaiias saudmsldnaluladuululne 6 6 (18] 9
m:ﬁaluﬂaqﬂm:Lﬂum's'l'ELmTuTaﬁu.mmaﬂ [11]-[21] ‘?'iéwﬁ’tyﬁaﬁ”'eaamﬁnmiﬁmmﬂ'ﬁ
usoenlWidoe 2 0 Ao *5 lLan 'luUﬂﬁﬁ’uaumo%sté’rymmamaanima'l‘ﬁ'uaa
nwdaeas  lasldwanmsvesiondfiaindssesdIud  (Quarter-Square  Algebraic) [4]
UIENauaI8199 IR MLUDANIWaITULIEER  (Differential Summing), 9938uLI85IADT
PINMNIIUTEL00T NMOS Uaz 29931 8aUIZAUUTINN (Level Shifter) tiis lWnsudaiaasyinems
Tugwmdue uaz Sgmahanuiinds ua: Andgdoimusoldusdulwdonios +5
Tariiin  Famanniihansfoesszadygnmewaanlwinefiwuiies1fues
nudmasiifunanitabimahouienawiug Sanugymdsnuisd sz s
i ldshadusesmulaluawaa

4.2 miamlanlzfizadiaiiasanssdud (Quarter-Square Algebraic Identity

Multiplier)
- E na 4 da v A = a o w )
'I.um'sgmuuuﬁmamLmm‘n’umﬁﬁumuun‘lmanmwmnﬁa WA TATNAIRBIFIN

a 4 a & t'a A v [ & 4 < =
] ‘.IN'Hﬁﬂnquuﬁﬁlut@Uﬂjﬂﬂﬂzua%}ﬂjﬂﬂ“ 3 YUNOW TIVUADWULINATDUNITUIN WA AU

L4

PYUADUNFDIVLU D IHAAWTNIFAIFIRINENTAIFDY URT TUADUNFINVEYINITOINAAWET
§ o & & \ W e e o Y 5 a
HIUNITENTINAIRDINIRAIFIUNIALN W mwuﬂuua‘lwﬁnaawﬁg@m’mag'lugﬂmaamsgmm
guMIN (4.1) Wz TuAauvaINIAmezIiuaIzUN 4.1

Apasrbay ]

vV,
v hE 4

S
{

UM 4.1 ﬂ§ﬂﬂ’l'§ﬂfﬂﬂﬂl’ﬁ"ﬁ'ﬂﬂfﬁﬂﬁ'lﬂ”aﬁmﬁ’luﬁ
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1 2 2
V(JEZ[(VI+V2) "'(Vl_Vz) ]=VIV2 (4.1)

=y s & & o . .
4.3 299350WLIDILADININNINNBALADIBIRA N (NMOS Inverter Circuit)
a A’v i =2 a Ry g — ar o
luiidananiivwesrusyanm awildanonanliluund 3 lasandgnanms ve

ITBULY E]T‘Lﬂa{iﬂﬂﬂ‘ﬂ%“ﬁﬁlﬂa‘i{'ﬂﬁﬂ N fivanulududua nnauniaai

I, = B(Vc,x -V )2 ; (V(;.s' - Vr') <V (4.2)

—‘KQD_

v o, (7]

oS

31]‘?'1 4.2 7937 NMOS duinasiaas

o o C W\ 4 . - - e
INFUMIN 4.2) lash B =’—‘—§"—*(7) Warmmudaeaitia N andaiduiees

dunailaeiuuy NMOS @I3UN 4.2 VIO HRRUNITIINTIUTRIAaINIRDI latiu

pCyy (W 2

I, = 20( ("E)](V4 ~Vos - V‘.rw) (4.3)
uCp,y (W 2

I, = zm (T)Z(VB - VT.V) (4.4)

9INFUN 4.2 nazud £, nvinunazu L Jadussbilssdueninm (Vos) 2zedilugd

YBINTINY AIRUNITN (4.5)

: ] (4.5)

Vn.x' = VA' - V.w + l(VI.\f - VH)
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NNATIUN 4.2 waz aunsil (4.5) andluaildidalianudamainiginnulu
i a w4 ' 8 o o v a a . w 0 -
guduen daveszliansanuldondeaidunwn v, fidnfasniussdunislaad lag
'lu"‘mmﬁwuﬁﬁ"'lﬁﬂmauaLmeG‘lmj’lun'rsLﬁauqﬂﬁﬁmwaauaaﬂﬂw‘ﬁama'? TapuwIin

a - fsr a - a ar . =4 ar

Tuinefinusiaz 995180 UTzAULIIN  (Voltage-Level  Shifter) TIMWANNNTUDINIT
g' a ar J ar (Y as ¥ J o = =] & E
LRAUITAVUIIAUTLDY uma'lmammnm':'l‘u“lﬂmuammqmmm fa +5 Laninnu ua:z
tﬁaﬁ’lmﬂsznauﬁmws’lugﬂﬁ 4.2 dyaznanisdahl

4.4 299518aWITAVUIIAK (Voltage-Level Detector)
NITRoUTzAUUTIGUMNR asna L luuni 3 zldwanmsvasneaniudaaas

HIUDNAT UL WASITIUNTZUEAIN 1,1 9N G'fogilﬁ 4.3

VDD

U1 4.3 wesRauszay W396% (Voltage-Level Detector)

P a (3 1 - =t
i]'lﬂE]_IYI 4.3 NIZURLATUYBINTIUDTILADT M1 %:1“ﬂLﬂ']ﬂUﬂ7:LLﬂ Iy TIRWITOVE U

gumslotin

Iy =1y ==k,(V)-Vy-Vl) (4.6)

a I
nID _ Ve =V +|V|+ ‘ﬁ—B 4.7)
P

INFUMIA (4.7) wnaziinlain EauvBIRauiigniAnuuEmInInimua laeay

a 1 a - L 4 as o J

MIUTUAINTIUE [z URZ WSIGWNITLaRGUaINTIUTRIADT UaT A28299TLHaUTEAUUTINW
e v W ; dl IJ“: K- L L a J [ d L |

laomhﬁmmu'lﬂmuml'nuu'lumLﬂuﬂaa'l-mmmu'lﬂtauaqmn WeT AU TIRINNIDLTINLY

ar A’ = = 4; o d‘ a a JS' L as
I.L‘Nﬂu'lﬂl.amu’m 5 I’JEI'I’TLWLN'IEGII.@]U’] mau‘mmmam:mmmﬂugﬂﬂ 4.3 Usznaunnu
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2asdueiiaaiifl 42 wax dewvy 2 dwsunesladogUn 4.4 Wwsesnudygnud

ﬁmd‘iﬂi

V( AY) V( )52

U7 4.4 2WIIHAGITINFYQIM (Differential Summing Circuit)

N3N 4.4 sanInidauaunsvasusaeweinn ldiu

Jr.!Bl VB‘ IB2 -J( /L)2
. + BV + Vi = | V| + 2+ (4.8)
Vos1 = V| \)ﬁ,, . o (I ol 2\ B, ) (w/L),

V d W/L
Vosa = |VI'P _7'4"‘ B_ﬂl Viv + (I rrl ?B Jﬁ; JEW//L))Z (4.9)
P : !

Lms'futmﬁvgmmuawmatmr‘&uaﬁa

Vos

=V

ON1

-V

OS2 4

I

~!

|
o

(4.10)

4.5 299IHaA19N1RIEDI (Differential Squaring Circuit)
Heesidssasfindanielwiadail lewanmsvaangiiaaaes (Square's Law) 89

vaanmuda wwed awiildiaonanBiluuni 3 vewmdudussunisnssusasuasues

nﬂu%mma'?a:aglugﬂmaaﬁﬁaaaoag’uﬁdﬁqaumsﬁ 4.2) Faiilaseadeing qﬁagﬂﬁ' 45

i o & [ = -~ = I i
ez 9INUN 4.5 UFAINITIRIFIFYYIMABIATINGT Lapanaunsnfisuuaumslafe
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v b)
Im =ﬁN(_2L_V;'N) (4.11)
uaz 1, =By (_TV' - Vm] (4.12)
VDD
RL
VOSO

T
1
S
=
T

T )

31N 4.5 23937118989 (Squaring Circuit)

H a V V a a - a = v
mngﬂﬁ 4.5 LIIOU ?' Las Tl %:Lﬂuauﬂmmuﬂﬂmarmmuaawm dunal

UM ITUTIAUL E]']YTV!Y] naoiu

R uC,, (W i
Voso = Voo —%(I) (ZV,;, +-2L] (4.13)
3

IINFUMIN (4.13) Hadpimsidainannass (DC Terms) sanlumansavirlalae

dau%‘s;ﬂﬁ 4.5 Lﬂuuuuﬁmwmmrﬁummﬁv!nﬁagﬂﬁ 4.6

Eﬂﬁ 4.6 1VINAEANMRIFDY (Differential Squaring circuit)
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mngﬂﬁ 4.6 Lmﬁutmﬁﬂnﬁmawamamﬁdmmﬁ'u

R uC,,. (W Vi
Vosor =V "‘%‘_(7)3(2%; +74) (4.14)
R uC, (W . s
ch_)z =Vpp - - 5 = (I)}(zVﬁ' +?B) (4.15)
WAz u'saé'utmﬁv!ﬂLl.uu?]wtwanut%ﬂamaonaigﬂﬁ 4.6 Ad
R, uC W ) )
VOSQ = V().\'QI - V()ng = %(?) (VB' = VA_) (4.16)
3

a 13
4.6 WIIAMAW I 4 AVIDAUATUN
INMAINMITAINIIEN § Manzrumanuadauiuaansmihandsznaunwiu

WITRUAYYIN 4 Moauamwinauysal lddogf 4.7 uaz dahanfnsonanmosijue

109N 9 TRAULTIAWEIWNIzddYIiY

@ $ ® % # P Vo
1
Yool =z | Qn ] 4z | G,
— I -V,
L —_ | My, 1> Y
2 I =3
M, M,
+V.4 Hl: -_—‘ M "_{L—- j}_" ——V,,
f
> O_r__M, M| | M »—t M, M); M, 1 5
= = M
+V, 0—— M, 1 = o -V,

L

P o & (3
E'JJYI 4.7 "J\]'ﬂ"iﬂmﬁfyfy']m 4 ﬂ’]ﬂﬂllﬂiuﬂﬂﬁu]&im

W “W/LL
V., =uC, R, | — —=V.V .
o = UL oy l.( I )3 (W/L)I 4Vs (4.17)
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mngﬂﬁ 4.7 WARIENTIURAIT Ty WAz Iy, 1E2903Rs OuNIIUALLLY ﬁogﬂ'ﬁ 4.8
Wnuda I, ldnmudsiaasiiden Aspect Ratio (WIL) Safidnviniy (800um/10Um) a9z
ﬂ"lgaLﬁaamm‘ﬁau"lmmamsm“ﬁmmai‘ﬁuﬁd uaz Munszualdnunudaiaas M1 ’Lugﬂﬁ 4.7
aENIAIT @ I, 9zl (WiL) Bafienvindy oumiroum) daentasninlunsdiues 1,

wmneldnszuaiaanin uaz I, ddmiasanin Iy Sedszanm 10 i (MarwIn 1)

o . Vong * & Vhng

L%lj Ii/{il LM, M,
]

W 800um W 20uwm
L 10um Iy L 10um Is
(n) (1)

31Jﬁ 4.8 1IVTFRTNOUNTEUFN LTUNUWASITIONTEURAIN Ty, RS Ly,

J o 1 - o d. - L
WaFBuNN ¥, uaz ¥z nmadmimluaunsn (4.17) swdsannw azldnnn
maoune'futmﬁv!nﬁogﬂﬁ 4.9

V() (VO”S)

0.8

0.6

—4&— 5
+0
—¥*—0.5
_._]
! -

Vo iVa
(Volts)

-1.5 -1 -05 0 0.5 1 1.5
V4 ,Ve(Volts)

JUN 4.9 NIIUAMINUINTRVBINITAUFTYYIMUUY 4 AIDAUATUTIINMIAUIN
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4.7 HANIINAADY WAT HANITLRLWIUUNITNIHAIE PSpice
mmamﬂmé’tymﬂmgﬂﬁ 4.7 Balu NMOS 12 ¢ waz PMOS 4 ¢ landn (WIL)=
(20Lm/10[m) NNEIBNLI% M5, M6, M12 uaz M13 9:lFdn (W/L)=(100Um/10m) umay
NN Ty, uar I, Sty 90 UA usz 9 UA eawday 15lues ES2 Tuuuy
Worst Case 14 Level 2 1ag ¥y = 1.07 13avl, ¥ = -0.8 1aavi, u,C,, =29.56ud/V?,
u,C,y =8.26u4/V? armsnumulnaafilsfidnniiy 1 kQ wamudsuuuumsineu
tutuale PSpice mwluamﬂmauﬂﬁmanmmam‘ﬁﬁagﬂﬁ 4.10N. Uas 1. T@mgﬂﬁl 4.10n.
zvimIudsdn ¥, an -1.5 9 1.5 uaz Waud ¥, 970 -1.5 89 1.5 uaz luneaseiudhy
‘l@'u'uam"l')"ﬁagﬂﬁ 4.10%. ijauﬁﬂmﬁuuﬁumsﬁwmmgﬂﬁ 4.9 ulaidalndidoanu
a'nu3ﬂ'?'i 411 Jdumadszondldnwnssgudyaouiunssueagaeeiuoy AM  lag
syanmdwyiulmifianafvindy 5 kHz ua: fyauefuwnilianuiivintu 100 kHz

dl v = [} _ o Gy A o v
-’\]’lﬂzﬂ‘{l 4.10 uﬁm'l“mumuawmﬂgumm‘nommmmmnﬂﬂmn (MANKIN V)

%
V—g@-- =V, V)2V, -% (4.18)

a4 o , = T a ua a
Faudaunuen ¥,, =5 uaz ¥V, =1.07 Tugunsh (4.18) HIUBUNNUHUANUITTAN
¥ a i C3 @ = L3 a =
wny -1.43V < (VA,VB)< +1.43V  Savzmulainddseandoanunanisiiouuuums
izl 4.10

Vo

B oy = i s e i A B e S S e e s L G e wl  S 5
i VB 1

| |

: 1.5V

’ :

30BN 1.0V
: 0.5V!

] 1

ou - = L.

; -0 5V

i -1 OV!
—‘lﬁll'lu-i “*1 SV :l
; :

S DY — SR R — s SN R T i
-1.50 -1.00 -9.50 ou 8.5V 1.0 1.50
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Vo

B OB - - =« — - © @ .
: va !
i 1.5V}
408mY - 1.0Vi
: 0.5V
: ov
au - |
1 1
: 0.5V !
i -1 0V
1 1
“Nai s =l s
| i
| s
-BOOMY 4=~ === e = ———— e e i e e i P ———————— fm i i e 4
-1.50 -1.0V -0.50 (5111 0.5u 1.80 1.50

o U(8,9)

(2)
U7 4.10 NIINUEAINUENTAVBINIIGUS Y UULY 4 AIBALATUN (N) WIIAU V, N V4
(1) WU ¥, NU P

Volts
1 0, i :
I
1
0.5 II-BU-: E
] ¥
i VB |
1 ]
] ]
] ]
0- U - '
I ]
] I
I ]
1 ]
| l
Il N TR 5
I ]
>>! '
-1.08- Fomm———- e F-=—---= N e F-——--=- R |
Gs 58us 188us 158us 288us 258us
[A] o U(8,9) [2] = U(188)-5 + 5+U(181)
Time

U7 4.1 pUFdInnIueagEanuuy AM anudnawymiudygmgdlodaun 5
kHz WENAUFYYIMANINE 100 kHZIADUTITUBUNNNIFAITANYINAL 2 Vp-p
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(s
>>
_1_0_.
Bs 188us 208us 380us
[ﬂ o U(8,9) @ s U(108)-5 + U{181)+5
Time

3Uf 4.12 sy eInmsNaaganuuy AM anuifiduwniusygnaglaunioy

q W

i o e - o a & a '
AN 5 kHz neunuayanaleinuh 100 kHzlaousadudunnnizasdeanrin
N 2 Vp-p

0 i A‘ = (3 L ' '
mumm’mLwwmumomﬂuuﬂmmmmmm‘lﬂmn NIIRNRIVBDINININUA[DY

4 .
(Degradation Mobility : 9) FaAU Iz (MANKIN 1)

02 (107212 + 4V + V3 +v2)
THD 419
WiV, =

L R A i
FUAINNUAERTINNIENT IURAT8IIVTNNMIFOUULLLMN IR WA 9INMT
fuwrnsanaumsh 4.19) las 0 = 0.17 ¥/ 'lﬂ"ua@lﬂ’i'@'fagﬂﬁ 4.13 shumiIudsal ¥,31n 0.5
i i i A Ve ' " a \
019 3.5 Vpp NAWA 1kHZ lapf ¥ =1 Liavidadidneinnit -70 dB fita98uwn ¥, vy 3 7,

o v,y & P A4 o o L e
p BaziAR N NIIANURBUTIIN I Tluiad uaz a:ummnqﬂ'lwmaauvgn 19915
Vpp WAz UAN800AR0IAUNMTAIUI
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THD(dB) V=1V

0 ——— [
-10 “ —————————————— i,,,,,, - i o s 2« s 2 s & s
20 4 C---®-- Simulate |
1 [ D —— | TR
40 | - —— (Calculate o
_50 T ,,,,,,,,,,,,,, L _‘i ...........................
K SRR F- -, _ ey N S g —————
=70 . "-‘ """""""" .._._,. ''''''' '-'“‘."""_!-':".
-80 1. = T m--..m----8-C7 7
_90 } g s DT———

0.5 1 1.5 2 2.5 3 3.5
Va(Vp-p)

- & a
31J'n 4.13 ﬂ’JWNLWU%TJ&IYI'NE’]’]ﬂ&I%ﬂﬂ PRPREP)

Vo Error

4. 0mU

-4 .6mU

-8.0mMV 4+ -------- o e L T i e B Rt R R e -
-1.5U -1.68U -8.5U (5 11] 8.5u 1.6V 1.5V
o (-37185%UA)- (U(8)-U{(9))
[1]:]
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Vo Error

=
<
[ o S SR

‘5-9mU4' -------- P P R S i e -
-1.5U -1.8U -8.5u (511 8.5U 1.0V 1.5U0
o {(.378785=UB)-(U(8)-U(9))

(1)
3UT 4.14 dranuRawanavesioiwniladuwniilu (n) ¥, uaz (1) Vs

Gain(dB)

L e e R L o [T i |
180Hz 1.0KHz 10KHz 108KHz 1.0MHZz 18MHz  10BMHZz
o UDB(8,9)

Frequency

JUT 4.15 MIABUAUBINIANUDYDIIIITNUFTY YL

§IUAANUAAWAA (Error) 183t WBIE (Linearity Error) 283u39aUIYIWNN

wildlaswindu 2 sada 1. Jeuussdu ¥, Widwriny 15 Tadd lasdmuald
Aﬂ' = -~ i _- A A
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"\)"Inlaﬂu‘lm'ﬂ']ﬁﬂuﬂ'}‘lﬂmn’ﬁnuaﬂﬁﬁn)—:uﬁlﬂfu‘ﬁﬂﬂﬂaﬂf:LLﬂaquﬂ1@uuLa\1 ‘U\'ﬂu

A o o £ ' P A =a =
nstiitazRivsaamznnudseeinfinszualnaduanniigadonfa M4 naumsi (6.3)
LT ] i - as 3 J o 0 ﬂl n‘ as
w2 < v, 390ngd Vs, = Vo Afaussauaninn deezidaglutaulydue
N

a

o € oA as & 4 v oa i as P =
VAINTTUTRLIADT 'ﬂ:&lﬂ’]vllllﬂulliﬁﬂlﬂwmUﬂ‘ﬂdﬂ’lWiﬂ‘SnﬁT’)MﬂUﬂuﬂ'}‘Sﬂ (6.3) NIzFININD

- | W s :
afunauaunislaaai

Viass +Vpa Voo (6.9)

min) =

TauNUIIAUANATOUNTIUTFLADTEL OUNTUR M2 G‘iﬂqmﬁﬂ:ﬁ'ﬂﬁnﬁwﬁmﬂa{ M2
Budmuildszanm |V, |danuniamanniiueausinn Vo, gaqm‘lﬁﬂs:mm

V(;S:-!(mu} = VDD - lVTP| (6.10)
e ﬁ’lmmnsTmﬁawwi'ms:ua“amgﬂgaqﬂﬁmmmﬂaurﬁﬂwﬂﬁtﬂu
Im(m:lx) ~ ﬁN(VDD _IVTP| -V )2 (6.11)

¢ =1.45mA (6.12)

mn (IT'I-'!X )

6.5 HaNIINAADI LA Nﬁﬂ"l‘ilﬁﬁl%tlﬂﬁﬂ’]‘iﬁ'\ﬂ’l%ﬁ?ﬂ PSpice

anunldsanuuussTnaaTINiges 1ITIau UURUIOUFAINANITLROWLLLNNT

- a e

MUY PSpice LWauiugmMaNTd uaz Ustinsnw vansavhilquanddiduniinaa

I

Mnfizas uaz Hewiwnfigndeaieale Tﬂmmm'h"é’ogﬂﬁ 6.5 lagniudaiaas M1, M2,

Y
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M4 uaz M5 Tvwaidu (WiL)=(100um/10Uum) Sunmudsaas M3 Juvwaiu (wiL)=

(25Um/10um) azAwiEuduwnnl judauaziislndifsanuiduanlusuns 6.12)

1 6.5 AENTANII INATIVBIIITNAaTINNED

L]

2o

P L ] e - 3 ] a €
3N 6.5 usashitiuisguantizassvinaanniizes axiuldinuseaua

- Qs o o o =) ar € P =
niiguanuaiunnsanniiass usz JUN 6.6 usz 6.7 luussauiaminnidianszusdunn
A 1 kHz lasfddyarouduguzflod we: samdsuaudiay snduldinuseduwany

L D

nﬁmgnﬂaa ammmanauaamaﬂﬂuﬁ"[ﬁuﬁmvl‘fﬁogﬂﬁ 6.8 lasfantlszunns 24 MHz

2= Zb L=

600u -

[
o Cc

400u

208u

Bs 8.5ms 1.6ms 1.5ms 2.0ms 2.5ms 3.0ms
[A] o I(1IN) » U(3,4)

Time

P [3 - A a | as L3
U7 6.6 Lamiwnvassesnaannfizaaladunnidudmwamlod
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3 P I || P 4
1 600un v T |
i 1] ' !
n : |
1 |
1 ]
I I
N : :
| :
1 ]
1.08U4 i
: :
1 I
200uA : |
: :
1 1
I I
1 1
1
>> |
on - TR SO — S R—— O —

B8s 1.0ms 2.8ms 3.0ms
[1] o ICIIN) [Z2] = U(3,4)

Time

U7 6.7 taiwnuassesnaanniisesiiabuyniudygmaumisy

“254--------- e L e e et e e -
1080Hz 1.0KHz 18KHz 180KHz 1.08MHz 168MHz  106MHz
o UDB(3,4)
Frequency

Eﬂﬁ 6.8 NIAAUIRDINIIANNDVDINIIITNOATINNFDD

MIABLARBINIANUNVBINIINDATINNFBITINTOMUITALAINMIADUAUDIN
AU IFE N aUNTEUR DI TANYINAY (ManwaIn 3)

d 1 gm]gnm
[oaum ™ = 6.13
o 2‘Trbl ZTT(ngC_‘ * gmiC.f' ) ( )

foas ~202MHz (6.14)
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aniuldinnnaunsi 6.14) axdienlndidsaiums@ouiuunsinanudis PSpice
3 6.8

m‘smaaﬂ@ﬂmwiauwn‘%auamﬂi’ﬁagﬂﬁ 6.9 @unannaasslasandynn
duwniiludyanacled us: sy aud 1 kHz waaslidozUil 6.10 uaz 6.11 e
d191u ‘TQGmm‘m'ﬂuﬂ"u"lﬁ'hé’ryty’1mtmﬁwnﬁf}mamﬁmoﬁ’wamné‘ummumsﬁnmﬁdu
TUsunsy PSpice

......

.....

L =

31.]'?1 6.9 Qﬁ'ﬂ?ﬂaﬂ‘ﬂﬂﬁﬁﬂé Iﬂiﬂ.’ﬁ IC MC14007

U7 6.10 JURYgIMBUWN uaz i Waduwnidudyanalet 1kHz laolisesgui
6.9 lapfiunu x = 0.5 ms/div Uaz UNw y = 0.5 V/div
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ar

U7 6.11 JUFAIMBUAN waz e iwn WiaBuwniiludyamaumndoy 1kHz lasldaas

W W

=)

ne.9 Tasfinmu x = 0.5 ms/div uaz wnw y = 0.5 V/div

6.6. u'na?ﬂ

239300ATINNIDINEUD IWINLNAWUDH liwanmsvasngrinassasuasvas
'nﬁwnammmuaumiaﬂuam\gmﬂun‘s:ua iniiuusssuuuuaninalsuBsaiNewn
sanayWasanlidasnisesnly lEniudsiaasines 5 62 IINHANTITINARDI WA MILRLW
° v . o v o= i o a a 2 o
WUUNIHNUERE PSpice nHAA M NTw99sATUTE AN NG9 Uas tunzaunu
main laatiuaeess
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o a @ 6 1 % Aa ® a 6
wasnkaduamgd lakdsuarlanisdiannseitngd

7.1 unw
nsidledyanagylmindagioiumaeis su mitiledygnugyiniasass
- = v s a a  a o a e [ 1 o  as
Fadunslinannisvasdinssduaugss uas mamilesuanmloilassey Saezldnan
NM328IMIUURBIFULUUTII (Piecewise Linear) Mnaryanmgtauindsoy iudu it
| o = a L3 ar € o a L w o s oo
wumaiuiesygaloiyduuule dygralnifnuialdimududdainssygnid

'3 i e ' as A @ -] a 1 a
ANULTENDH Tanuuaiudt uax Ralilanudauaalunsldnuzdssiimsdiuanlene
a & a (] L LY A o a o € ' = a &t
alannIatindanein  somquamainesiuledyanaUlsiuuindluingfinusiig
J ol Qe i A A . ﬁ#. ﬂr v a a
anaenuuuInlilguanifenafidaimsdneu  lagnesfisanuuuiuezlindnnsvasm
ar as LY = A’ = d. .n - !‘: =
nsvduauaY uaz 15993lafiie (OTA) wuuiuz iy uaz Saduslmiidiasenuiuecd
a & o] o a o 4 as
AMNLINT uAz AnumeR® laspluuuserssiifiedyaswuulniiiendunan
P v - & v o4 a A o W

nmizasnniewns laslinmudawaimmue 16 a1 Jananmsnhanaineeslsus
as - = J’ A - =) A A‘ “ a L] o
dymawasniwinmiinusiazlfueannudmesfidunanialimsrinufianuusiu

fianugiasnudsd us: muohlshaduwemldluamaa

o (=% Qs { d
7.2 wasnnadyarmsdlskuuulusilasly oTA nuunwie

mnné’nmﬁ'ﬂanaﬂsﬁuﬁmsmai'uuuﬁmiagmul,ﬁu (Lossy Integrator) 2 617 WAz W97
aufiinstmasuuulaifinsgy s (Lossless Integrator) 1 61 wdeAALAG (Cascade) aI3UN
7.1 azfigouandaidudansasduauana

Lossy Lossy Lossless
Integrator Integrator Integrator
in a o ! vo
M H(s)=— H(s)=—=2 H(s)= L,

s+a, s+a, S,

' "

33J*ﬁ 7.1 @INIBIANNDGENIUIUAY 3

o

Inudanla a:tmmgﬂﬁ 7.1 SIRNNIINIIEIHINVBININTAIRTALYINAY

v, a,a, /a;
= — (7.1)
v, S +8§ (o:l +a3)+ sa,a,
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Yo aa, a,

2
v, s(s +sla, +a,)+ a,az}

(7.2)

Lﬁaﬁ”u.mﬁvgmamowgﬂﬁ 7.1 mdaanwuzalile uaz dounduliiudunndzu
7.2 uax msilaunauasugy (Loop Gain) 18929359z iid1YiNAL

/
LG = — 1% /% (7.3)
s*+s'(a, +a, )+ saa,
I A N
a a I Y,
H(s)=— H(s)=—2 H(s)=— -
s+a, s+a, say
]

al as o a as L3 a A4
JUN 7.2 nanmavasnvsiiiasygn mgﬂ‘l'nmmumm

- = = o vo oA I a A’
mmaau'l'un'rmaﬂ‘nman I'LLTIJYIY} 2 Nasmmmaaa‘naLaﬂ'l@muwau‘lmﬂumu

a, = -(;] (7.4)
a, +a,

-

sS4 vt oy e
153+ mwnnmmﬂ'lﬂummwnu

w? =aa, (7.5)

@ a o=l € - - v a P - L A -
IEInEIRIBRTin e LD gEnld AU 7.3 Lwa'l'nnmaasgﬂ'n
7.1 Uas AFUNINIRINIWYINITHA NI AURUNTH (7.7)

- Vo in g,/C Vo
vin i=0 gm - — ! .S‘+(g /C)\
—_ + ‘ m
o— b o ]
T

JUT 7.3 UusasesBuiiinaae SuuulinIgods
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%("m =Yy ) =V, (7.6)

(g./C)
His)=—2""—"_ 7.7
’ s+(g,/C) o)

ot e amaaaidw99InIasnnuta H BRI UG URDY 3= RRUNMINITFINIBLYNAY

_‘i{)_l - (gml /Cl) La 1_’(2_ -~ (gml /C.’.)

= - (7.8)
vm s+(gml/cl) v()l S+(g»12/c2)

Voo _ gmlgml/CICZ

Vi 574 (g%1 + g%z )S + (g,,,lg,,.z/clcz)

AINU

(7.9)

t = vV,
- v >
v, -g\w o1 +

= a0 o
E'IJYI 7.4 239INT2IANUNATNIUDUAVTD

i & a . o o -
INFUNIIN (7.9) 1HUIUNIIVBIAINTBIUUY Low-Pass Filter auausad H9luns
§3NAINIDILLUAUAVEY lasiinnasdufiiname fuuylifinagydn (Lossless
Integrator) Eﬂﬁ 7.5 vinly

] v

= ]

= ().—ln — g n

sC

Fog

UM 7.5 suaaasdufiinaimeiuuyliiinsgide
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n

(2)

-l a o o o & s i A
3U71 7.6 (N) WIINTDIFWLNAUAUTIN URZ (D) wmmmﬂmyry'lm;sﬂ‘lfnﬁuuuﬁum

ﬁnmmsauﬁmimaﬁﬂﬁ 7.5 sunsodouiunaunisiaiin

v_()=_gm

v, sC

(7.10)

‘ll L] d‘ ' ar .d' A L d' ar ar
LNE]IL"I’JG"I!TE]JH 7.4 ﬂaﬂ']ﬂLﬂﬂﬂU'N‘U?Eﬂﬂ 5 LWﬂlﬁﬂ@\’N%Tﬂiadﬂ’ﬂNﬂE)%G]Uﬁ"m

o a m v . b
@N'Ni]igl]ﬂ 7.6nN ‘UG?]:iﬂﬂ']ﬂ&lﬂ'ﬁﬂ'ﬁﬁﬂN?%Lﬂ%

Vo

—Emn&28ns /CIC2C3

v’" 53 + (g‘"] Cl + g’%} )Sz + (gmlng/CICE )S

(7.11)

\Wadeaa v, Jewdiy v, tavzvilisesnsasenuiidriududumuaagui
7.6n WwesinflesygruglladasUi 7.60 aunisvasdnsasdususy (7.11) fies
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nauiusumsvasgdile (7.12) Sildasimisueny (Loop Gain : LG) tinu 1 Wanasan

a a A’ as d ¥ o Il o ar a ar a ‘!W c:’
fudszEmdynardiagiuzuadlndluisaiasmuaziidrdunszamdaon a, =1,
g = a
a, —Em B a, _Embm 50 g, = EmBmEm y5e gngun1afi (7.11) dewlanseas
Cl CZ CICZ CIC2C3

Falanazlaiuaagunsf (7.13)

LG = % (7.12n)

3 2
ays” +a,5° +a,s

- gmignﬂgm?’ /CICZCS

h! LG = (7.12%)
S1 b (g’%l + gn%’ )SZ + (gm]ng/CIC2 )S
gm3 - gm] 4 ng (7.13)
o ¢

Was ANVUNBaFTalENIAILYINNY

wn . gnrlng (714)
CICZ

Mamusnauaalaud g =g =g, Wz C,=C,=C,=C auw g , =2g

n

Uz =g?’" ArveInNnudi lanmMIfwIMIInaNnIi (7.14) wamslidogd 7.7

fuvi 1 ()

—=15

0.00001
15 150 1500 15000 150000
C(pF)

= ' dd0 A vLsp P = : \1 a o A o
3‘].]‘(] 7.7 @ranunniie lall ol uuanIzua luag 7 V93399 TUUUNRIIINNITAIUIDE



68

7.3 2vsnitadaanasdleiuuylnilasls oTA wuudiaas
nnwanmaensesiiiadygnaglodlesls oTA wufl 1 duedendnnive

swvsBuiinsmefuuulinsgyds ua: wwulifinegyFoansdemaaaiu udlunanmsue

\!”.lo‘iliﬁ’lLﬁﬂgmvm_”lmgl_lvl,"]ﬂiLLUllﬁﬂﬂd%:lfﬁﬁﬂﬂ'ﬁ’ﬂadﬁﬁﬂiauﬁLﬂiLﬂE]ﬁL'lJ‘]Jﬁﬂ’l‘ig}'mvlﬁﬂ 3

damaaanuiluiseInasdygIuausy 3 aagUf 7.8 lasfiaunsmssaruirinny

L il i (7.15)
3 2 i
V., 8§ +8 (al +Q, +0A, )+ s(alal + 0G0, + 00, )+ oL, 0
Lossy Lossy Lossy

Integrator Integrator Integrator

1% 5 . %
m_ | H(s)=—1 o H(s)=—2 JH(s)-—2| 0
s+a, S+a, S+ 0

JUN 7.8 nannIueInINIBIFy MeuaL 3 lanld993 Lossy Integrator

<
e

U1 7.9 wanmsvessiuiladynuglnilasld993 Lossy Integrator

Lﬁaﬁmmﬁvgﬂ’nammsgﬂﬁ 7.8 ¥1603WNY Amplifier NHAWYIAY £ uaz Taunsu

IiuBuwnes U7 7.9 uaz nsilaunauasugy (Loop Gain) v8329953zdidvinny

ka,a,a,
e 2 (7.16)
s +s (a, + +a3)+ s(@:loz2 +0,0, + oty )+ a,0,0;

LG =

s

nndanlunsesadaian luunit 2 wesamunsoseadaanlafidawluesi

a a a a . [0

a a, a q o o

E
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tﬁ'ﬁ o = vl i ar
LR ﬂ')’]&JﬂYm']lu@’leﬂMﬂ’WLﬂﬂﬂU

W =aa, + oo, +aa, (7.18n)
- , o 1=k,
wia > _(I=kaara; (7.187)
a, +at, +

€

o

muald o, =a, =a, =a, suMIh (7.17)-(7.18) J9feuvinny

k=-8 Laz w; =3a; (7.19)
wio w, =~f3a, (7.20)

7.3.1 2935281 8u59anlay 17 OTA
mmwﬁgﬂﬁ 7.9 sududasltrsasesussaulasUaavsowinny £ LSENT0

gaadunsusnousienlalaslssns OTA 1 drdetuanus umunediannsafing 6\'\1311

17.10
_ VDD
V.
n
o—| I Hdm "
, in 0
O

e
O

Electronic
Resistor EI M2
. Vs

(n) (V)
U7 7.10 (n) 299vunsusseulasld OTA (1) 2asanudunmudidnnsaiing

912993307 7.10(n) 29932878U396% laginun1Ivensuassasazdenviniy
v
()
;_M = _gm-l Ruq (7'21)

NNV 7.10(1) WIaNUMUmMudidnnsafingazlanusunmuiviny



70

V
ch =2 = - (7.22)
A zluCOXW(VI)D -V r)

nnuanmsvasnsTiuiiedyanugylofusuiaeniu sxdaslieseousiauid

NUNMIVENBURINK & TIxnInaialdiiedsesgui 7.0 las k=g, R, Heawaesbud

inaasuuulinagyids 3 gaandamainanuerussusaulasls OTA lugd 7.10 azld
Wwasasnsasnnufiauauauasgii - 7.11 ﬁﬂﬁaumimiﬁammmugﬂLﬂﬂﬁmm')ﬁuau
NI (7.23)

% 2 | 7 Electronic =
in ICI e - Resistor -

31J1‘7'1 7.11 2993N399ANNDOUAURIY

—k gmlgangm3
Yo _ C,G,C,

v
mo +Sz(gm1 i En3 " g3 ] +S( EmEm3 N EmEm + En28m3 ) N EmEmrEm3

(7.23)

A ) g @ o @ O6 COE

. @H

Electronic R =
eq

Resistor

==

'=
O
|

U7 7.12 avsiudiedyragulodlesld oTA wwufises
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Wesean v, Temdhnu v, iaazvilisesnsasanuiidruauaumuaIgUf
711 dlwsesiudiadmyanogUlodazli 7.12 sunsvesdansesdusumu (7.23) Reznae

Wusunsvaeguile (7.24) B98aTMIVENy (Loop Gain - LG) i 1

- k gmlgrﬂlgm}
C1C2C3

IG = (7.24)
S3 + Sl g;:;[ + ng i gm3 + 5 gmlgm] + gmlgml + glilgm} + g:;nlgf;plg‘:jltrS
C’l CZ (’13 CIC3 CICZ ('ZC3 CICZCS
A A a a & o A \ a P o A a Lo g
LNﬂW%TTm’]Eullhzﬁﬂﬁ'{lﬂﬂ?‘ﬂwlﬂgluzﬂ'ﬂﬂﬂ‘[Wﬂ‘[ulNﬂﬂﬂ']ﬂﬂmN‘i]i&lﬂ’lET&lﬂ‘ﬁ':ﬁﬂﬁ JW
o
a(} — 1’ a] - gml + ng + gml , az o gmlb:nZ g grr:lg‘m} + gnlzg‘ﬂlal LR
Cl CZ C3 C[C’Z CIC’S Clc'3
(1+k)gmlgm2gm3 = QA = 1" o
a, = e mﬂw%immﬂﬁmjy’]muuunﬁaa TRANNIIUDIWIATNTDY

e,
sygssudumy  lasfisunmaimsileunduasuguisaunsdi - (7.24)  drimualy,
Em=8&m=8&m=8n C,=C,=C;=C NnaumMsIfi (7.24) aummaamiﬂaunﬁumugﬂ
nansiln

-kt fC
LG =—— g,,,/ 2 /2 3 [ 3 (7.25)
s +5°(3g,/C)+sBg; /C? )+ g} [C
mndeulansesadaanluuni 2 N(s) vzgidrinniy
N(s)=0=5’+s*(3g, /C)+ s(3gf,/C3)+ (1+k)g /c? (7.26)
‘:’ e =3 J W ﬂ'
Raulumssaadaanaziiaduldnisdaille
k=8 (7.27)
wazanuinassdaianleiviaiy
w’ = 3g;;, Wi = -&'— (7.28)
& C

AraInNudn laanmMImMuwIInNaNMIN (7.28) uaaaliaegun 7.13
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So(MH )

0.01 7

0.001

0.0001
|
|
0.00001 -
15 150 1500 15000 150000
C(pF)

gﬂﬁ 7.13 enanudndufialelafsuainszugludy 7 va92995u0ufgaannn1seuI o

= '3 ] oG
7.4 M331@En1A1AN 1 (Sensitivity) [51]
B e s LA & ; “ @ a a
WITHHAFRYIMIRAILLY  aansodersimndienyhaaduervands=ans
NAINTBINTLE TﬂmmﬂaamﬂumwhmmﬁaLquuuma“ﬁ'wLﬁyuﬁ‘ummﬁmﬁﬁwﬂ LR
o a P o o & &L Yo P S =a
mm‘h’uaamLuJimeLaﬂnwmﬂunumwmamw‘n NMIRA YTV UWIRTW 09729950 NRa
A ufiudsz (Capacitor) uaz Aaudsuuuuenfineasnsash Afa 19emMusnausaass lay
d. =1 = L A’
ausofandswanylvarsandusumslaait

Sy 2y (7.29)
X ox/x
Tosdi S = dranuls (Sensitivity)
y = sudslusunsfigasmfiansandrangh

x = qﬂﬂmi (Component) figasnisRatsanaianuladadn y

7.4.1 myianziniaianalhzansesinedyarsuuun 1
IINFUNIIN (7.11) Wl E&n=8mn=8&, C,=C,=C;=C uaz g,,=2g, 870
W@ougunsnnw huasdudswadnldiiu

dew [
SO T > oy 7.30
C IC |w, (7.30)
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waz AN hvasmLlsuannwaa

SO oo (1) (7.31)
l/g”' é'l/gm gmwn

IINFUMIN (7.30) waz (7.31) anuhresmniimeiiasinanndudannuivads

7 Uae Lﬁaﬁmsmwén":d'zumaﬂwa‘[mﬁﬂaé’ué’uam%aagﬂugﬂ
D(s)=s"+d,s* +d,s +d, (7.32)

nsmaadnnuvesdnimadn uas waafiWisunuAmMn (0) 28429951

NIVBINIINIBIFY Y IRAUT I el Tn

59 =lSd° B -Sj? (7.33)

¥ 27% X%

H ar - Q"H‘: = ] as
ANFUMIN (7.33) AFuLszEnINIgaazlidnyviiny
CIC2 Cl CZ

d, _EmEm d, =(&+~g—2) uaz d, =0 (7.34)

lasfsasifesyanuleuu lapazimueld ¢, =g, =g, waz C, =C, =C

lnanulvesaulswiadwda

§2_19(C) dd(C)_, (7.35)
C 24cl\d,] ac\d,
wazlurimesdoaru S€ - 1 od, (Ve,) _odi (Vg =0 (7.36)
1/g”’ 24 l/gm dO d l/gm dl

nnaunshi (7.36) usz (7.36) musnvenlahdulmnaazlifinasdedgumn
o o y “ ' | - &£
(©) 218923937 BIvansiiamsUiuaaulsdn (g, waz ©) na:"lufmammmmqnﬁmaa

SN UENTWN B 12993
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a '3 1 ] a o P
7.4.2 Mm3ansimaianalhrassesiuiaduaiauuun 2
naumsn (7.23) laodmuald g, =g, =g, =8,. C,=C,=C, =C &1

Weouauminny hassaudswadn ot

S _ 9 (E) --1 (7.37)

uaz anhvassudsuaafinga

ow, 1
Swn ( ) = _1 7.38
l/g”? (9 l/gm gm n ( )

ANFUNIIN  (7.37)-(7.38) ﬂ’mﬂwawaaqﬂnm‘fﬁm:ﬁwawnﬁu@iammﬁmano%‘i
' - ) P a - o 4,
Fmlunsdivasanulivesdndsmadn uas WaAAWIAUALAQUAN (Q) VBINIT TIe
ar = J | HI L
quszEntvasaumsn (7.23) e g, =g,,=8,.=8,. C =C,=C,=C alamin

3
dy =8 g 28 o g 38n
0 1 C

c’
SQ ad, aa’ C ad c -0 (7.39)
C d T ac d S aC a’,

a1y lrasalsmn H%N@']athmmwmanmsﬁa

uazluyinuaadsany

ad,
SQ _ —SQ gm ad gm % __g_gl s 0 (?40)
1/ g m g m &g - d 38 m dl C;g m dZ

ANFUNIN (7.39)-(7.40) mma‘nuan'lé'f'hﬁ'auﬂmnﬁw:‘lajﬁwa@iamﬂmmwmana

- & [ ) ¥ = = " a £ [ '
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vO gm.p + SCP = gmi’ + SCP - 1 (ﬂ28)

Vie 8Bpt8iptEmpt+sCp g, +5C;

AINFUMIN (N28) w%ﬂﬁam:é’uLm@'i'ua:ﬁm'manauaamemmﬁq\imﬂ

N5 29339W11031A3NNDANIINBALADIBIAA N (NMOS Inverter Circuit)

- = = Il J > o ar 2 =
193TBUIBIIRBTNNNEFNIIUTALS ﬂﬂH’J‘fI muwuﬁu wlFdmiunmsaing s

a A kg =) o a a i = 0‘-: '
sy Slznaudisuesnudsasioiia N 2 @1 dizUf 11 lasnnudsesinage:

Yawlug 1w
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V,O-—”——-Mz
O

K
®
Vg 0_1[—_-M/

U n11 RNITBUIBSIaasLLNaENI UG AT N

NMTIATIZHAIFINIADLRBAINIANUARINITONTEY M6 lasusatln 2 @uiiasa1na9

91308unn 2 Buwn laglduuuieesdygruuwnaidngla n12 uaz n13 usasuuuaeiiodu
wnillu ¥, uaz ¥ auane

mrﬁﬁﬁuwmﬂu v,

g a1
8,2(vV;v3)

UM n12 wopdResF A MYIIAIENTIUN N9 tiaBuwnilu u v,

1N3UA n12 mmﬁmﬁnuaumﬂugﬂm:ua KCL filvnua 1 laidu

(vl ~ V5 )SCz * ng(vl -v,)= V}(gdz + & ) (n29)
Wasan g, >>g, Faniu v, (gm2 +5C, )= v3(g,,,3 +SC2) (N30)
ls) ~1 (n31)
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NINBUNNLTY Vs,

@ ®
e 1
t ngVZ ngCZ gm.? ) gdz

3UH n13 LuudaasFY I MIWIAEN9933URA N9 WaBuwniilu 1w v,

'ﬂﬁﬂgﬂﬁ n13 mmmL'Tmuﬁun’rs'lugﬂn‘ml.a KCL filnua 2 ‘lﬁlﬂu

v3(gm?. +8n T 8n +SC2)+V13m| =0 (n32)
d' as o‘: V S -
WaIn g, >> g, I ! )a Em (n33)
vZ (S) ng + SCZ
f_]dg ~ gm2 (ﬂ34)

2nC,

Ai78INIABURRBINIANNDTEINITBUIBTIAR SISz AN ldauaunIThA (n34)

N6 2WIIHAANINIRIADY (Differential Squaring Circuit)

WIVTHAGIMRIFDIUINEAWUER Usznaudraniudaiaes 4 67 voulududuen

- [ ] as , A i 3 P a s
Ilassuluuuusuanasit IaEWNIouteess (Half Circuit) 1waldlunidinmzinisasu
auaamamwﬁiﬁﬁogﬂﬁ n14

+V,°_—]

31Jﬁ N14 NITHAANITRIRDINTINIDT
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Aﬂ. o HI ° 4 e ) a ﬁl. L (]
WaResanangdfl 014 udrninginsenduwunauanasniiauiuflduiaeasly

L& G'faﬁfumm‘ml,magﬂﬁ n14 Lﬁmﬂ‘%uﬁmﬁagﬂﬁ n15

VDD

2R

L

V,

050

2

i [

@
IO(—D—I M,

gﬂ‘ﬁ n15 wﬂmaﬁmﬁwé’aaaaﬂ%nwwaagﬂ'ﬁ 6.1

myenzimdiminsaussamanuiisansaimle leslfuuudeessugnwwa
\anzui n16

@

01 O
C
: gsn| | 2R,
Emt¥i
O

37 n16 wuudnsaIR AN MIMIAIENITIUN N16

1n3Uf n16 mmsmﬁﬂuaum'ﬂugﬂnsma KCL filnua 2 Taiilu

v, (gdz +2R, )+ V&, =0 (n35)

Vz(S) __ —&m
"’1(3) s t2R,

(N36)

a

AINFNNIN (N36) uan"l,ﬁ'iﬂwsﬁwé’aamﬁummauauaamammﬁgomn
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P L a & Aa € .
N7. WITHIHNIBANNATIBNIBBLANNIDWNH (Transresistor)

aa

" ' @ - a Y r.:'-" | - | W L3
'Nfu‘saamummmumuﬂlﬂmnmuwuﬁmﬂmomﬂ auvgmﬂun‘mm LR 1‘1&!.8']'(11»’!'(1

& a . a o =
UL ﬁi']\?’li%ﬂ?ﬂﬂf’l%‘]jﬁl;ﬂa% 2 @]']@\131!1’] n17

Eﬂ'ﬁ N17 MHATHIHIUAIUATUNU

mngﬂﬁ 117 TWmsRaI N NNIA D LERAINIIA NN FINITONTZN A la s NI Tz tadn
WariTuyady (Driving Point Function) 1%311’1190 Zero-Value Time Constant 9M1NULUINRBITUI

\@n 3n7Uf n15 MansadsuunuiIsuLI I BIFY Y UINAEN laazUT n18

JUH n18 LuudRasFaNMWaLENAINIUNA N17
9n3UN N18 @InilEuauMT Zero-Value Time Constant faadu ¥, uaz 1, 1onilu
TO] = gml t gml + S(Cg.vl + Cg.v2 ) (ﬂ37)

29933171 n18 vulaglnfuainsudamass M1 uaz M2 a:ﬁﬁﬁawwaﬁﬁunﬂﬂszmi 97

= *« A o v ﬁ.ﬁd 1
UTUNSIA g,/ =gnr UBT Cpy=Cpy Tz lid MBI TRBUERBINIANNAT AL Tz0N T

g
.fﬁSch = 27C (ﬂ38)

8
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MAaNBWIN Y

ANIILATIZRANIINUSVDIWITAA YU IMOWIABN 4

AlaaunaswHLULTNod laalsiniaastna

21 NMFIATIHNTIWTALAD32995 NMOS dwiaastaas

mngﬂ'ﬁ 21 NIRRT M1 uar M2 2892997 NMOS duinasiaas azaasinmulu
H1uBG (Saturation Region) ﬁv'aQ%H:ﬁﬂﬁaumwaumG'ful,a'lﬁvmLﬂuaumiﬁ (4.5) 4
aansnasunldmusumsi (v1) ﬁammmuanmuﬁuvjwﬂﬁﬁﬁmao v, Savzanedidnios
niusseulvidns (Power Supply) aufuLTIewNTTlaad (Threshold Voltage) Uaz &NANTH

Wouugumslana

VysVpp +Viy (1)

.

U 21 1AsBuIaseasLUUNasn IR EaLIeaTTHe N

MENMIN (V1.1) ¥y zgnimuadin V,, + 7, Samwnsavenlaiimisilau
[ a - & o o o a a o . i a & VA
dygudunn ¥, Nyaiazliiidymlumsibinnudseeidun uwddymiiieliuazedi
NIUTFADT M2 lanfiusenu ¥, 3:0090annninussauinsslaas (Threshold Voltage) uas

NI oW I uT A URNNIT LA G T
(VB - V’]‘N) = Vs (v2)

Veulvvaannudaaeiiinanuludwmdum ¥, >V, uaz Beuwlufiseuiuldsiga

vasuTIwaIINNde (V, -7,y ) =V, laswmzidioain v, = 7, nafliedouindunml
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AUMIIEIFDY AD UNAUBUNN V; 2zldnannniiusean Vo 1aue Faman oo wuay

mslaas

Vi >Viy (v3)

L = i

IMNFUNTA (V4) WHAUBUNN P ﬁmﬂaaumgamwaaemwaamaﬁumsﬂaaﬁ B9

o 2 :!I ar ar = A " o e i
SAENARTY YI']VL@‘II@I Ul“ﬁ'.]ﬁ]‘iLﬂéJ‘LL'S:G]lJLL‘!'G@]‘LLLﬂlI‘H\‘l Mﬂ’lﬂ’?ﬂ?’]LLix‘]ﬂ%Lﬂi‘ﬁIﬂﬂﬁ Iwiien i.;fx‘]ﬂ’)’]it‘i\‘l

o f;:!l ] = i
dunyulaaaasvznaiinida Ly

o 6 1 o o a wa 1 o
22 ﬂ'li'JLﬂ‘i’lz‘lﬁ‘l’i’lﬂ’lLtiﬁﬂ%a%ﬁﬂﬂgﬂﬁdﬁﬂ nas ﬂ'lﬂ‘izllﬂl‘l]ﬂﬂ

Tunsiensimaussaudunnu jidnuvesserguayguguaygimid @
ms ARl las e NaANNUTIGUaNINNTRINITINFYRIH  TIINNIITI

. . . 0 N N P

RQNMAFUNIIN (4.8) Uaz (4.9) THLAUTIAU V= ¥ LLimmmﬁvgm:umLﬂuﬂsmuo’naa
s J é 1 1] a

useanlWiaeede ¥, aziidwriiny

=V (14)

V V,-V
V'()Sl= g})*( A2 B)

s& L a; - ‘J a 6 = ; o &:
‘ﬂdﬁ"‘&l’ﬁﬂl’ﬁﬁ&lﬂ'\‘iﬂ (4.8) 78 (4.9) L3JBLL‘)‘J@]HLEJ']TWEYWﬂﬂqmuiﬁ@luﬂuﬂﬂ’ﬂdﬁaﬂ'ﬂ:

o

d“l - = 8/ dv
Fagusodowdugy ﬂ']?v'.(ﬂ J%

max

v,

min = VH

a V
%—VH =V, WD ;” V2V, (15)

lash v, uaz ¥, sniudunniiianuaunanunniszns snadiouldd

V V

DD DD

5 Vi Z(VmVﬂ)an T, (16)
TV Yy = 5 LA uar Vi = 1.07 lan xumsn @6) axdidnviany

~143=(V,.V,) = +143 1naumIf (4.8) Hausieu V= ¥, v liussduiaiwndenri

o VI)D P = 3 [ a s
ey Tu.a: LsJamuuaglugﬂmaam:ua‘luamwﬂnLmﬂu

V

bD o _ '\/a_ \/E ("J‘J?)
I
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NNFUN 4.4 Uaz FUMIN (U6) WSIA% V| =~ -1.5 UIAUANATONDUNN URT TOF

~ o A . , e - = a o v o
yoamudaiaed Ma snga Jeviniu V| =2V, wis d@oudnuuunitsldiinmy
V /
Viy ==+ |Vr'.“|+ = (18)
2 min ﬁ.’-'
k)
wig Loy =Bl Vin “—2" _|V."P| (29)
min

WAz MNFNNITN (V7) NTUF [y sHAUYIINY
2
VoAl B
I, = —””2 N (110)

ﬂl 0 ar ] ar A’ 5
Waunueneulieeg ol V| = -1.5, ¥y = 1.07 1ani, ¥y = -0.8 1aavi, ¥ =

5 Taan uaz g, =y-i’-§ﬁi‘-(£;) =826u4/V? salusumsii (29) usr @10) azldnszus 1,

UL Jp; Ussunm 117.4u4 usz 25.88ud @nusau

=

23 WaNITNUBWAUFaY (Second-Order Effect) uaz isz@nSnmaaamnnal

u
(Temperature Performance)

'Lum'sﬁ'm'mmanaa‘sgmé’ﬂgmﬂmﬁﬁuaualu’iﬂmﬁwuﬁﬁ musnfiarlifnsonwe
NITNVIUAUFDIVBILNAINTU HANTTNUVBIFINTDI (Body Effect) Tagnsudaaoiaafions
2 KiAa Body Effect fifla M3, M7, M10 uaz M14 Lilasannisaionasuazvinlas
n3zuInns cMos laslduuy p-wells lasfinvasamsumaaisia NMOS qﬂﬁaffu s
ATINNAL p-wells VBIAINDI UAT fiugasvamiudaaainia PMOS nnﬁufuazdai"mﬁ'ﬂ
Substrate wadgWwad IR laTinansznUBeIIUIEy (Body Effect) Uaz WANTZNUNY
ANULIIVDILTUULUS  (Channel Length Modulatation) twszlumsldusuunasns (Long
Channel) 38 L > 8 wn [2] azaansalifinsannanTznurazeditle drunlunsmansmins
m:nué’uﬁuaaaﬁﬁwﬁzya:ﬁag}i 2 dedeiu  Ae 1. mylisuwasniuvesgunsal

(Component Mismatch) Waz 2. NIAARIVBIAIAINUAADY (Degradation Mobility)
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23.1 mslaigansgnuuasarnint (Component Mismatch)
mslisuwsdnuaasaunsaifisansmbhuinsonlaiu Jagdonu 2 dde drwes
anusnumulnan (&) liasuwediu SeldFunanwol AR, usz fvwiauTuLus (W/L),

o i o A4 ' s e
Waz (W/L), (Aspect Ratio) 789 1ITTINFY QI LIFuWINAU Badidwyinnuy

uCo R, (W 2 W/L 3 2 (W / L)z
=) |, (*“(W/L). ]
+ V42V V, (I:;//i): + V;(((p:;//i)): )] (111)

W ’(W LL
Vo = uCpy RL(T) —(;V—//TL);VA Vi (V12)
3 |

NEUMIN (112) URAIIRIARIIFIAMUANIUTOIUTUUNR (W/L), Udz (W/L), VD
andymes liinadadsrdedianuianaiaueaenrinn  udezlinasdedanvos

iy duanu llanwsdnuvasdvesanuiumulran (R) devinnu

uC, R, (W\ [V} |W/L 7
Vo =Vor=Vo, =V _%“(T) TA‘ WVAVB g
3 1
7 W/L ¢ ]
-V + HCox Ry (WA 1V, + WLy V.V, + Vs (113)
2 L), 2 \(w/L) 3

Vo = uCoy Ri‘(f)3\‘WV4VB - 201\’ (T)}(VAZ +¥y )A‘RL (V14)

NFNNIH (114) HudarnmIRanaiaveanuiumuluan R, anpuan d9azi6n
L) ar o s d = k) 1_a ﬂ'
Uszinom 1% il:'lmmLm@uLmﬁw‘m:wmmwmﬂﬂs:mm 1% ‘ﬁdﬂﬁ?ﬂﬂlﬂ?’]ﬂ'ﬂlﬂwa'\ﬂﬂﬁ
Nﬂﬂ'a’)ﬁﬂiﬁaﬁﬂﬂadﬂ’ﬂh(ﬁ’]%ﬂ']%'[ﬁa@ﬂﬁﬂﬂﬂﬂﬁulﬂﬂ

23.2 NMTAARIVAIAIA1NAADY (Degradation Mobility)
NNIRARIVIAIANUARAIVBINAINIIUTRLAAT ﬁ'}agui'l.ugﬂmmmwiaﬁ’mmammu"lw
W (Transverse Electric Field) lagifinanusiauianinnanasaudi Depletion Layer &13130

dowdugunslaanddt [12]
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Ky

s 0lv —7,)

(115)

Tasi u, = sanuadasymzfiauIWiiiuaud (Zero Field Mobility)
6 = 1/(’@\/ 'Ecr)
t,y = FIAMUBWITEIDAN LTS (Oxide Thickness)
E, = swlWiinge (Critical Field)

' a ' J | = d [ [
ATAILUINIIRARIVDIANUAFDI (0) %zmuagnnm:mumwam %Gﬂ?%'ﬂ:ﬂgl%‘ﬁ’ld

1w 0.01 £9 0.25 ' Feaun1sfi (v15) sansadsuliegluziveseynsumdiaaildiiu

I, = “(}TC}H(%)(VQ\' ‘V‘r)z[l" B(V(;s —VT) + BZ(V(IS - Vr')2 _BJ(V(FS L V?')3+--] (116)

Wiesnn 6(V, -7, ) <1 lasaumsn @16) azRansoniisamaudy 3 innzd1as
T | ' A 7 v & a o 13 A a v a
suaufiganinaziidndnlndgud uaz 1naunsi (4.17) unsdwaninnaziismdananaguiia
- a0 e
IINMIAAFIVBIANNATDITINENANYINNY

y, o HoCorRy (T)}{(W/L)y\

. D) J[ZVAVB -6(3v3v, +v;)

w402V, + v Vi) -2 WV vy + 4V, + Vv, +v3)] @)

. o a a |a3| o a
aanuisuunmeaniluiialasyszanmeziidszanm THD = HD, = 2§94
ANYNny
02 (10V2V7 + 4V + V2 +V})
2 118
Wi+V, S

THD =

3.3 miuﬂsﬁuﬁnuqmﬂgﬁ (Temperature Dependence)
'lumumaamsLLﬂiﬁumuqru,wq]ﬁmawaamm«'ﬁamaﬂmwsﬁmamaanﬂfu e

nswdsiueugunniifisnag wez dasinrsaney 2 eadienuia mandsduaugmnnil

VIANANNATDY (W) Uez UNWNITlaas (V) [4] IﬂUmSLLﬂiﬁuﬂmqmﬂ{}ﬁmaammm
AFDILYINNU
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u(T) - u(?l)(l) | 19

Taofi T =qmwgﬁﬁwmzf§u (Absolute Temperature) Uz 7, = amnnilvias (Room
Temperature) &, Hudeafidanszning 1.5 f 2 uas Li’jaﬂqmmﬁiau g Waadswld 10
B3¢ VU k, HAWND 1.5 LLiaGTuLmﬁvgn'Luaumiﬁ (4.17) vxiienaouudasszndneg
5.64 19 6.32% ffawa"uaamﬂ'mma'aaﬁrﬂﬁﬂuvlﬂaﬂﬂmqmwgﬁﬁtﬂguu“[ﬂ FWTOIA
'mﬂ“lﬂ"l.v*ﬂ@ymnﬁmwsmaLmﬁvgwlﬁl.ﬂummml.un Single-End lagiuasaifounszus
ULIIan  Uas  WNITRZVAUNTZUE 51‘%0'41:ﬁw'lﬁmoé’mmﬁvgm:vlmﬂ’é‘wuﬂaalm%wadﬁh
ANUANDY

dau’[un‘srﬁmamammﬂ‘sﬁumuqmwgﬁmaumﬁumiﬂaaﬁ (V) Bwazldnniny

V1) =v,(1,) - k(T - T,) (120)

I a .

Toofl &, (Hudasfifienszning 0.5 mvk 9 4 mv/K uaz Lfiauqmﬂguiau 9 %89
Waswly 10 seen amedi £, Sy 1.7 mviK ussswnstlaadasfidnudouly 17 mv
wia Hewdfsuulsariiu 158% lunsdifouwudatvesusidwmsrlaade: liinasauss
aulaiwnasudaziinasdatuussaudunnl fidem MnFuMIA (16) sdaEswulas

1 8.5 mv wia TeURsuuUaarinny 1.203% 1iie ¥y =1.07 Taart uaz ¥y =5 1art

24 NIADUABDINIIAIIND

mmm‘sﬂmf?m”nvnm'l.u%mﬁwuﬁﬁ 1039831920999 59 I UUUURNINGT  WmS
= ol L o a =3 “: 4 as [ A L
NATALeEATMIITUL U IF I MIIAEN WHIZENIDIERANNNTULNATINRT LS [1],
18] lawan sl MU UENY Tl 4.7 Tﬂuﬁmsmmﬁ'mﬁuvgmﬁmﬁa Vs LR
= i d. e L2
AT W NN D LTIl AT 129 LT

A

13363 jELj 2

lﬁ. as c’l 9 o " é
UM 22 WAy mildainyiinszuaunsuliania (Half Circuit)
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ﬁmimmngﬂﬁ 932 a:n.ﬁudnwsjjﬂﬁ 92 Snsnugaunnlenwad was alianiIny
FOUGIUTIHURZDIN AR OUAUNITVWIBARYDINITEIUTIS Uaz 220 Jsawsnsian
a & L = as o
’JLﬂi’]:‘HLWUJ@ﬂHLG\U’J@GEﬂY} 23

7U7 23 wespadygraillumiiensilasuuuiaasdyanamaian
NN 93 awadsuluglvesuuinasdyanaumnaianldaaszli v4 lag

P P v . i & o 'S '
N1 C, = Coy URZ gy = gao WAz WWBlWIBAENMIIzINMARITNInYuaagUnsaiuedm
uaz UTuzun 14.3 Tmiidludazuil 14.4 doteuly g, << g, uaz gis << /2R, waz Cp = C;

2. %2& @ =

C, >
¢ Vo
‘, B
Eas GD Eas
T S [ &msY3

0

JUN 14 wWuudReIF I MIWIALANTEI9TIUN 23
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@ C
OVH_‘ (Vv | T

2| g Em %C 2R

U 15 wuuIRasF N MIWIaLENUB93Y 14 LuUAa3Y

Lﬁam'sﬁwmmmmmwauaummqmwﬁ'uaqLmuﬁﬁaaoé’rymjmﬂmmﬁngﬂﬁ 25
oM ielaulsis Zero-Value Time Constant Analysis [41] lapazWaisandl Time
Constant mn@‘imnmﬁﬁ'nﬁuﬂi:qeiaag La¥NA1 Time Constant 3M533NaMIAINNIADL

AUDINIANND AN Zero-Value Time Constant 3103z RAYINAL
b, = 2 T, (121)

1
Uas w_ e — w22
3dB 2 T, (V22)

1183 Time Constant uwanzenazlamnanmslidaiivdszaiidwiny o uass
ATUIUMIANANINGUMUNIATY (Driving-Point) 14k

@ #m.?(v V))‘ #
R,
m-f ..7

U7 26 LuvdassFyanMnaENIlFawiumdauTUuYaTUgUE
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gmj <:j R { gm_’

L ng — RPO
- 9 = o, <
Eﬂﬂ n7 ﬂ'l'u.l@l']uﬂ'luﬂ'i!ﬂ'ﬂlm']\]‘j 4 3 ?ﬂ

NAME M1 M2 M3 M4 M5

MODEL PMOS1 PMOS1 NMOS1 NMOS1 NMOS1

ID -9.00E-05 -8.00E-06 1.41E-05 1.41E-05 3.49E-04
VGS -4.06E+00 -1.67E+00 1.68E+00 1.67E+00 3.12E+00
VDS -4 .81E+00 -1.67E+00 1.88E+00 3.12E+00 4.61E+00
VBS 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
VTH -8.13E-01 -8.17E-01 1.10E+00 1.09E+00 1.09E+00
VDSAT -2.07E+00 -5.41E-01 4.43E-01 4.39E-01 1.43E+00
GM 5.12E-05 1.62E-05 4.24E-05 4.28E-05 3.21E-04
GDS 8.42E-07 1.60E-07 3.34E-07 2.53E-07 4.34E-06
GMB 2.36E-05 1.01E-05 1.52E-05 1.53E-05 8.90E-05
CBD 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
CBS 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
CGSOV 7.00E-15 7.00E-15 5.40E-15 5.40E-15 1.35E-14
CGDOV 7.00E-15 7.00E-15 5.40E-15 5.40E-15 1.35E-14
CGBQV 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.0CE+0CO
CGS 9.94E-14 9.94E-14 1.02E-13 1.02E-13 2.54E-13
CGD 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+0Q0
CGB 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

JUH 28 A1eulIana g 10999 IR I

U

3

i : v = ] = < ;
Nzl 18 INMINIIMIMAaNUEIUMUIATUNI g Tolinivue 3 90 lapd1naw

@ s % a i l 1
mumv.qﬂ'uuguﬂ' (Zero-Value Resistance) 3:38UWNINY R, = y Ryy =—— uae
gmz gm]
R,, = —— @9UUF1 Zero-Value Time Constant 3203z iidnvinny
m3 ‘
G € Cos
3 Ty =gty (123)
ng ng gm}

INFUMIN (123) INFWNINUSZNUAINNIABUFHBINIIANNAVBI NI UATY LY 4

rl a a r.a'l’*[ ’ v a & o = v =
WINUTUNUTU C"IUllﬂuﬂ’]'i]'lﬂﬂ?llﬂ?'ﬁlaﬁﬂ?‘lu‘ﬁﬂlﬁlE]T@I\’Eﬂﬂ 24.7 i]:-’vl.ﬂl,ﬂu



1

1 ng gm3
fiom = - (V24)
o 27b, 2-7[[8',,.3 (Cz +C, )+ Em (C3 +C; )]

. (1.62x10° f4.24x10°)
27|(4.24 %107 J2.014x10™ )+ (1.62 %107 )3.56 x 107 )|

~ 7.64MHz (125)

wnlaindrainiasuauasneanudflaannaumn  @25) S lndidsaiuna

MIEIWULUNITRIUAE PSpice luunti 4
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AAHWIN A

N192LAI1 315‘3[31 A NUSY aawa‘smwﬁ’mmmmud 2

¢ 3 1 [VE-¥ -
N15170U5Ua laa218LLIIA 1

A1 NIINATIZHHIATINITADUARDINIIANND

TUMIIATEAMIAINIABUERBINIIANUTVBINIIAMWAIUNMUILLADNTIGUTY
dladsussanluineniinustt eansamlalasmslfuuuiasssyanmuwmaianeImaig
939317 A1.1

DD

gﬂﬁ A1 29INUMIUMBLULADNTMNAUTUA laspuTIemn

@ b
Yo Yo 1y

TG) } ] GDg v, D 8ai D 842
gd3 Cgs" m
gnr3(v2_vl)T
& @ —‘I: =S

JUN A2 LuuSReIRMIWIALENYEI 1IN A1
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f_m 1 gm3 (gm! i gdl + gd3)

i (A9)
2 0,

NAME M1 M2 M3

MODEL NMOS1 NMOS1 EMOS1

1D -5.00E-12 5.00E-12 -4 .00E-05
VGS 6.00E+00 2.05E+00 -2.05E+00
VDS -3.43E-08 -3.43E-08 -7.05E+00
VBS -5.00E+00 -5.00E+00 0.00E+00
VTH 2.15E+00 2.15E+00 -8.04E-01
VDSAT 2.75E+00 3.02E-02 -7.85E-01
GM 2.29E-12 1.94E-13 5.75E-05
GDS 3.00E-04 1.96E-07 3.34E-07
GMB 3.21E-13 2.70E-14 3.33E-05
CBD 0.00E+00 0.00E+00 0.00E+00
CBS 0.00E+00 0.00E+00 0.00E+00
CGSOV 5.40E-15 5.40E-15 1.75E-14
CGDOV 5.40E-15 5.40E-15 1.75E-14
CGBOV 0.00E+00 0.00E+00 0.00E+00
CGS 7.61E-14 0.00E+00 2.49E~13
CGD 7.61E-14 0.00E+00 0.00E+00
CGB 0.00E+00 2.00E-14 0.00E+00

3UH 03 ddaulsengg 2BINITANUMUMBULLLABNTIRUTUA laeuTIanH

WaunudimulsawasnudaaeinngUi a3 unuluaunsn (a9) drweins
AOUAUDINIIANND AU TN

foaL 5.75x10°(2.29x10™2 +3x10™* +3.34x10”7 )
B o (3.25x107 f7.61x10™)

frap =132.97MHz (A10)
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)< ¥
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Bnuduenag nia orvndoudanlailldiin (v, +v, )< (., +V]) Tanft Ve, asfuusadiu

ludatvunmiiavinliAadunszua 7, d3aunsh (5.10)
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lav# C, =C,, mMIlszanmimInsusweInIanug ewsanszvinlalasldnan
N13189 Zero-Value Time Constant Analysis [41] 92 W313041¢1 Time Constant NNFUNUIT
aufiulszadang uamie Time Constant NTINREMAIMInaUAUEINIANNE Tanfien
ﬂ'nm'f'mmuﬁqmiumo‘] Foiivanua 2 99 @Tazﬂﬁ 33 %oﬁwmmﬁmmuqmiuguﬁ (Zero-
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ml ma
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< " @ A
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NAME M1 M2 M3 M4 M5

MODEL PMOS1 PMOS1 PMOS1 NMOS1 NMOS1

1D -2.00E-04 -2.00E-04 -5.09E-05 2.00E-04 5.09E-05
VGS -2.93E+00 -2.93E+00 -2.93E+00 2.14E+00 1.58BE+00
VDS -2.93E+00 -2.86E+00 -3.42E+400 2.14E+00 1.58E+00
VBS 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
VTH -8.21E-01 -8.21E-01 -8.13E-01 1.09E+00 1.09E+00
VDSAT -1.33E+00 -1.33E+00 -1.34E+00 7.66E-01 3.75E-01
GM 1.74E-04 1.73E-04 4.3BE-05 3.50E-04 1.82E-04
GDS 2.61E-06 2.66E-06 5.90E-07 4.11E-06 1.39E-06
GMB 8.98E-05 8.98E-05 2.29E-05 1.12E-04 6.50E-05
CBD 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
CBS 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
CGSoV 3.50E-14 3.50E-14 8.75E-15 2.70E-14 2.70E-14
CGDOV 3.508-14 3.50E-14 8.75E-15 2.70E-14 2.70E-14
CGBOV 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
CGS 4.97E-13 4.97E-13 1.24E-13 5.08E-13 5.0BE-13
CGD 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
CGB 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
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P (gdz + gm)

(323)
21C,
NAME M1 M2 M3 M4
MODEL NMOS1 NMOS1 PMOS1 PMOS1
ID 1.00E-04 1.00E-04 -1.00E-04 -1.00E-04
VGS 1.94E+00 1.94E+00 -2.60E+00 -2.60E+00
vDS 4.34E+00 4 ,.34E+00 -2.60E+00 -2.60E+00
VBS 0.00E+00 0.00E+00 0.00E+00 0.00E+00
VTH 1.06E+00 1.06E+00 -7.83E-01 -7.83E-01
VDSAT 6.20E-01 6.20E-01 -1.11E+00 -1.11E+00
GM 2.05E-04 2.05E-04 9.85%E-05 9.89E-05
GDS 2.95E-06 2.95E-06 2.97E-06 2.97E-06
GMB 6.31E-05 6.31E-05 5.05E-05 5.05E-05
CBD 0.00E+00 0.00E+00 0.00E+00 0.00E+00
CBS 0.00E+00 0.00E+00 0.00E+00 0.00E+00
CGSQoV 8.10E-15 8.10E-15 1.05E-14 1.05E-14
CGDOV 8.10E-15 8.10E-15 1.05E-14 1.05E-14
CGBOV 0.00E+00 0.00E+00 0.00E+00 0.00E+00
CGS 7.38E-14 7.38BE-14 7.06E-14 7.06E-14
CGD 0.00E+00 0.00E+00 0.00E+00 0.00E+00
CGB 0.00E+00 0.00E+00 0.00E+00 0.00E+00
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A single power supply CMOS four-quadrant analog
multiplier

Kobchai DEJHAN, Pipat PROMMEE and Fusak CHEEVASUVIT
Faculty of Engineering, King Mongkut's Institute of Technology Ladkrabang
Ladkrabang, Bangkok 10520, Thailand
Tel. : 66-2-3269967, 66-2-3269081, Fax. : 66-2-3269086
email : kobchai@crsc.kmitl.ac.th

Abstract
This paper proposes a single power supply analog multiplicr design based on the quarter-square
algebra in CMOS technology. The number of transistors is decreased, the performances are better
than the previous papers [1]-[7].
Introduction

The analog multipliers are useful in analog signal processing. They can be adapted for using in
analog filter, frequency doubler, modulator and etc. The developments of analog multiplier have been
made from bipolar transistors [8] and then using with MOS transistors [1]-[7]. This paper proposes a
design technique to use MOS transistors based on the quarter-square algebra of ref. [1]. Consider the
differtial summing circuit, the transistors operate in saturation region with narrow dynamic range. It
uses the differential pairs, then the transistors operate with narrow dynamic range as in ref. [2]. The
V-I converter operates in nonsaturation region, therefore the circuit operate with error in the case of V
is less than threshold voltage. Two sets of power supply, level shifter circuit are required for
improving this circuit for operating in saturation region with wide dynamic range. This paper
proposes a design technique with 5 volts power supply to obtain the better performances and
overcomes the disadvantages. The simulation with experimental results are also presented. The level 2

worst case model of European Silicon Structure (ES2) is used for the simulation.

Theory

The four-quadrants analog multiplier is widely used ahd based on the quarter-square algebraic
identity as shown in Fig.1.

VA+VE

Fig.1. The quarter-square algebraic identity multiplier technique.

E-73
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The structure as shown in Fig.1 consists of additional, subtractional and squaring circuits.
- Additional and subtractional circuits

The summing signal circuit uses the principle the transistors operation in saturation region as

shown in Fig.2. The drain current of MOS transistor is written as :

I, = k(VGS _Vr)z for (VGS “Vr) <Vps (1)
when k = _Pcz_ax(_pg)
O VDD
VA 0—-%[; M1
L vos
vB o—[l: M2

Fig.2. The NMOS inverter circuit.

The circuit as shown in Fig.2, it found that :

HCor (W 2
Ip = 20.( I (VA"VOS_VTN) (2)
!

W
Iss =%‘l(f] (v, Vi)’ ®

2

when Ipy) and Iy are the drain current of M1 and M2, respectively. This circuit acts as an inverter.
Suppose that Iy; = Ip; thus the output voltage (Vpg) will be in the function of subtraction as in

equation (4).
(w1, |
(wyr), |

The (_:oﬁdition of Fig.1 is satisfied because of M1 and M2 must operate in saturation region. This

Vos =V4—Vmy +1(Vm "VB) %)

condition can be done by using various techniques as in Ref.[1]. The transistors in the proposed
technique is less than in the previous paper and uses only +5 volts power supply. This paper proposes
to use voltage level shifter circuit to implement this proposed multiplier circuit and uses only single

power supply.
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- Voltage level shifter circuit

The transistors M1 and M2 of NMOS inverter as shown in Fig.2 must be operated in saturation
region, it will satisfy the equation (4). Therefore, the circuit must have the negative power supply, the

threshold voltage and it can be written as :

VAE(VDD+VIN) (&)

The values in the equation (5) is limited by (Vpp + V) for the transistor M1, but the transistor M2
will have the problem according to Vg > 2V Thus, the equation should be :

(V, - Vm) <V, ©)

The accepted condition should be (VB - Vm) =V, sor Vy >V, Supposethat Voo =Vpy,
therefore ¥ = 2V The input voltagé (V) of the squaring circuit must be greater than V. The
equations can written as follows :

(VB - Vm) >V mn
or Vi 52V (8)
The voltage level shifter uses the principle of saturated region of MOS transistors with a constant

current circuit as shown in Fig.3.
VDD

la
V‘l

Vo —|[* M1
Fig.3. The voltage level shifter circuit

The drain current of transistor in Fig.3 is equal to /g and can be wrilten as
¥ 4
Ip==I, =k, (Vi =Va =) ©

VE
or Vi =Vy +Vml|+ Jf* (10)
P

The new voltage level (V"g) depends on I and Vp. It is unnecessary to use dual-power supply.
Thus, the +5 volts power supply is needed. The circuits in Figs.2 and 3 are symmetrical combined
together, therefore the circuit in Fig.4 is obtained.

\ i YDD
) [B1 jmj LG B2 © 11
\ M5
asl Vos!
M4 M6
4 s wr s, | %
o 2 2
M — B

Fig.4. The differential summing circuit after combining Figs.2 and 3.

E-75

e —



From Fig 4, the output voltage equation can be written as :

r v, [T
Vs = IVW|+—+F Vm+LV |VT,,‘+—+ ;:J L)

Vo =~ —+‘F [V UV,,,[ \F P

(1

(12)
Finally, the differential output voltage can be obtained as :
Vos =V, =V, -V, ——(W/L)’ (13)
os = Yos1 ~Vos2 a" Ve (W / L)1

- The differential squaring circuit

130

The differential squaring circuit in this paper will use the principle of Square's law of MOS transistors

which operate in saturation region. The drain current is in the form of square value as shown in

equation (2), its structure is shown in Fig.5. The circuit in Fig.5 is only half circuit, therefore the

drain currents of M1 and M2 can be written as :

- kh‘(Vl _VJW)2 (14)
Ip, = kN(_VI- _Vm)z (15)
VDD
RL
Vosq
vio—{|_ Ml Vi

Fig.5. The squaring circuit.

The voltages Vy and -V are differential input, thus the output squaring voltage ( Vogg) is obatined

as:
Vaso = Voo —kn Re[2V +2V7] (16)
The DC component can be omitted by connecting the differential output as shown in Fig.6.

¥DD

& RL RL

Yospi Yoso?
V2] MIM2 =0, ogn WM MU e

Fig 6. The differential squaring circuit.
From Fig.6, both of the outputs are :

R puCo (W 5
Vosor = Vo = L—z_%[zl[m/zir +7‘) an
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R W Vv,
B ear (——) [ZV,;, +—”) (18)
3

Vosgz =Vop 2 L 2
Thus, the differential output is :
R, puCop (W
Vosp = Voson —Vospr = ﬁﬂ[f] (VA] _Vaz) (19)
3

Simulating results
The completed circuit of the proposed single power supply CMOS four-quadrant analog multiplier is
shown in Fig.7. and the output voltage of this circuit is
[
Vo = #Cox R (Z] ——-—(W/L)’
o~ Heax®'L
LJ\(w/L),

(20

A" B

YDD

81 | 182 182 3 181
M3 =M1l

M7= M4

L
iy
ul

+ Vo2 -Va'2

| L

v, Mid, Va2
' .ﬁt:u; M Malj-‘ P e
wis| ni

W2
°-—~C|M2 -
M9

Fig.7. The proposed circuit.

L IRY

1.0v 1.5V -1.5v =1.0v ov

-1.5Vv -1.0V U.V ¢
o v(8,9) \ a V(8,9
VB . VA

Fig.8. The measurements of the characteristic curves of the proposed analog multiplier circuit (a) Vg
is a parameter and (b) V4 is a parameter.

E-77


CLP10
Textbox


b e =

132

This circuit consists of 12 NMOS and 4 PMOS transistors with (W/L) = (20/10) except M5, M6, M12
and M13 use (W/L) = (100/10). Ig; and Igy are set equal to 150 pA and 20 pA, respectively. The
electrical simulations use the level 2, worst case model of European Silicon Structure for Vo = 1.07
volts, Vyp = 0.8 volts, 1, Coy = 5438 pANVZ, p1,Cpy = 2126 uA/V2 and Ry = 500 Ohms. The
PSpice program is used for all of simulations. The characteristic curves of proposed single power

supply CMOS four-quadrant analog multipliers are shown in Fig.8.

e 0 e e e e e e e
:
'
'
'
"
1
1
1
'
1
'
'
|
L s o i [ -
100Hz 10KHz
o VDB(8,9)

Frequency

Fig.9. Frequency response of proposed multiplier.
Fig.9 shows the frequency response of the proposed multiplier circuit, the bandwidth is quite wide
about 50 MHz.

Conclusions

An CMOS four-quadrant analog multiplier operating with single power supply is presented. Its
structure is esay to implement, the linearity error of output voltage is about 0.6%. It uses 16 transistors
and 4 constant current circuits and the frequency response is quite high. '
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A High Performance MOSFET Voltage-Controlled

Grounded Resistor

Kobchai DEJHAN, Chatcharin SOONYEEKAN,
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FFaculty of Engineering,
King Mongkut's Institute of Technology Ladkrabang, Ladkrabang, Bangkok 10520}, Thailand.
Tel : 66-2-3269967, 66-2-3269081, Fax : 66-2-3269086

email : kobchai@telelan.telecom.eng.kmitl.ac.th

Fkachai PROMMAS
Faculty of Engineering,

Kasem Bandit University, Patanakam Road, Bangkok 10250, Thailand.

Abstract

The previous paper proposed a voltage-controlled linear resistor by using two MOS transistors
[1]. The transistors operate in ohmic region, the disadvantage of this methed is the difference of gate-to-
source voltage and threshold voltage should less than the drain-to-source voltage. It is obviously that
both transistors cannot operate in oluvic region, therefore the resistance is nonlinear according to the

nonlinear terms in the equation.

Theorx

This paper proposes a technique to cancel the nonlinearity in the equation, the resistance will

have a wide dynamic range. Its characteristics will be better than the previous result when compared the
\

performances. This paper uses also a voltage level shifter that can improve the voltage-controlled

grounded resistance. The voltage-controlled grounded resistance are widely used in the field of signal

processing such as filter, generator, automatic gain control since the uses of bipolar and FET

technologies [2-4]. The development has been done by using MOSFET [4-9]. Each type is suitable in a

specific application.

602 L
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The principle of the proposed voltage-controlled resistance by using MOSFET is the ohmic

region operating range as shown in Fig.1

Ip

linear = -| = Saturation Region
region y
I

D ’
e . —— "I'-'l
m
o - e e Vea
o ll VoL, v,
A Ve v
S Vp< Vi <Viy <V <Vao <Vay <V
N Fig.] MOSFET and its V-1 characteristic.
The drain current is
I =KV -V, - 25y . (Vos -¥2) >V, |
p=KWVes - r_"z_) s - P WVas = ¥r)>Vns Mm

When K

1,Cox(W/1)

Jt, = Surface mobility ?f carrier

W = Channel width

I. = Channel length

Vg = gate-to-source voltage

Vr = Threshold voltage

= Gate oxide capacilane per unit-area

Vis = Drain-to-source voltage

Ip = Drain current

The circuit designs of voltage-controlled resistance are;
B

2 voltage-controlled floating resistance circuit

" - voltage-controlled grounded resistance circuit

Some research papers proposed to use the saturation region of MOSFET as voltage-controlled

floating resistance circuit and using ohmic region as voltage-controlled grounded resistance circuit.

Consider the ohmic region of

equivalent resistance is

MOS transistor as a voltage-controlled grounded resistance circuit, the
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!
V, Voo )l
Ry == KVas =¥ -7 )| @
D
It is obviously that (V,.’,_‘. /2) is nonlinear. Therefore, R,q in the equation (2) is nonlinear. The

term (Vns /2) should be canceled and this equation can be written as in equation (3)

R =kl )]

The technique to cancel the nonlinearity can be made as shown in Fig.2

.ar

D
PD
Vc-l-meZ- 19

Fig.2 The principle to cancel the nonlinearity based-on MOSFET
A previous paper [S] presented two MOSFET as a voltage-controlled grounded resistance
circuit, the controlling voltage is a disadvantage of this technique. Thus, this paper proposes to use the

summing signal circuit as shown in Fig.3 and simulating resistance circuit.

- ljl.__twum".

N e

2 vt . .
°—--|i M AR || - va“[-“ MM Ii—:‘

" Fig.3 Summing signal circuit

The summing signal circuit consists two differential-pair circuits and one current mirror. The

basic principle can be explained by using a negative current mirror circuit, as shown in Fig.4

1 n ] - I 2
M1 |;1-{I M2

L s

Fig.4 Negative current mirror circuit
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1 saturation region the drain current are:

Both M1 and M2 are NMOS, they operate i

114 2
"m:ﬁ: i (Vnm'Vn) 4)

L),

W 2
Iy = ﬂz(T) (Vnsz - Vn) (5)

02

1,C
Suppose that ﬂ, = ﬁz =f= iiz—m:- , then the equation can be written as

i,_ _ (I%)': _(Vasz - VTI): (6)
I (W/]‘)' (VGSI _VTI)Z

By setting Vq=Vasa and n = Vis:

y ),

The current mirror ratio should be 1:1 by setting (W/L)I :(W/f.)f In Figd, [, +1, = I,
and l3+"4 =150 I, = I

v,V = f‘—-JE ‘ ®
2 ] K K
I I

- Giving Iy = I3 . I2="I4.50

\ VoV =V,-V, (10)

V3 is biased voltage for M4 or so called self bias, in the same time V3 is output voltage (Vo

of the circuit.
V,:V{,:V,H"—V, (rn
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This output voltage is equal to Vo= Vns * V{. for supplying to the simulating resistance

circuit.

The proposed simulating resistance circuit is shown in Fig.5. It consists two N-channel MOSIFETs. The

gate terminals of M1 and M2 aré controlling voltages equal to e and (V5 +V ). respectively.

Vi

gi——l M1 M2 }——g)
_LV'IV

Fig.5 Simulation resistance circuit

The drain currents of M1 and M2 in Fig.5 are

V,
I, = K{Vc -V "_zuﬂ}/usl (12)

Vv
Ipy = K((Vr: * sz) =¥z = ;ﬂ}’rm (%)

Giving VTI=V77=VT- VDS,=V032=VDS oae (Wﬂ_.)l=(w,fl..)2=(Wﬂ.), Then

L=lytlp= K(ch _2VT)VJ'JS (14)

vDD

| M5 II—[—|V‘" |:M6

" e J—;‘:IL 2il|L{| VSS o Md M3_—1|/|

VSS

Fig.6 Proposed voltage-controlled grounded resistance circuit
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Results

The simulation results have been done by PSpice, using transistor maodel of European Silicon

Silicon (ES2), worst case model, level2. The W/L ratio for all transistors are 50jtm/10ptm, VDD=-VSS=

7 Volis, I, = 300 pA The simulating resistance can be calculated from the equation (15).

4 o
o DS _V
Ry=—7"= [2 (v )| (15)
The resistance is controlled by V. In Fig.7 shows the relation of I, versus Ve
Tin (mA)
R R — T
2
1 . Ve=2Volts

Ve=2.5Volts

3 Ve=3Volts

i Ve=3.5Volis

alte Hgﬂq!ss‘.].-.,l—aJ_-J I YOS S TR PO B P DR TRPU WO PP R
2 46 -2 Hx 04 0 04 06X 12 16 2

Vin (Volts)
_Fig.7 Relation of I, versus V.

s
L
2 Rk
J e 5
v R . . va
" "
Ve (\ ) ‘ VIR l

Fig.8 Operating frequency range circuit

Vo (dI})

\ o - - ——— -

-20 J /

25 Lo 1 & nupum a4 _J dapm_d i _Lriim Ly
10K 100K ™M 10M 100M

Freq. (11z)

Fig.9 Frequency response of proposed voltage-controlled grounded resistance circuit
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Fig.8 is used to evaluate the operating frequency range of the proposed voltage-controlled
g,ounded resistance circuit (VCGR). Fig.9 shows the frequency response of proposed circuit. The cut-off

frequency is about 30 Mllz

Conclusion
The voltage-controlled grounded resistance circuit is presented by using the technique to
cancel the nonlinear term in the drain current equation. The transistors operate in ohmic region. The

used technique in this paper is dumming signal circuit, the obtained performances are good.
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ROVPIA 96
A MOSFET SQUARE-ROOTING CIRCUIT
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Abstract
An MOSFET square-rooting circuit design is proposed by using the squnrc's law to use the
differential input current for subtracting the threshold voltage. This technique has a wide dynamic

range about 400 LIA.

Theory
The square-rooting circuit in this paper uses the principle of squarc's law of MOSFET
operating in saturation region.

The drain current of MOSFET is;
li=PVu =V V> V>0 m

when B = (1,Co/2I[WAL]

M, = surface mobility of channel
Cor = &ox/tox

= 39g,~ 19(BB54x10" Ffem)
foy = pgate oxi&ie. thickness

Vs = pgate-to-source voltage

Vr = Vlﬂ = 'Y(\j zfq’i i Vh.l - 2I¢f I)

V., = threshold voltage at V= 0
Y = bulk threshold
@. = strong inversion surface potential
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The subtracted input current is used in this paper by using the negative and positive current

mirror.

l,l l',

d |

.

Fig.1 Positive current mirror.

In Fig.1 M1 and M2 are NMOS operating in saturation region and the relation of the dmin

currents are;
L = Ko (W) Vasi=Val® 2
laz = Ko (W/)z [Vosa— Val’ @)
Suppose that K, = K, = K = 14,C,\/2K and the current ratio of current mirror should be
11 = Ind/I = (W) W/L)3) (Vas: = Vi) IVasi — Vi)' )

If Vasi = Viasa and Vi = Vi, thus

I/l = (W/L)Y/(W/1,), (5)

by by e
M, |—]—0 v M, “--]-—5".6——[—( M,
A R

Fig.2 Proposed principle of square-rooting circuit

In Fig.2, the drain current can be obtained;

\

L= pr [Vosi - Vr]z d (6)
Lo = B [Vos2=ViJ M

Suppose that /7, = /3, = fFand the differential input voltage is Yo = (Vas) - Vasa).
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Wit ~ Peser=A3/Tey ~ifTma } AT ®)

Giving. Iin = Iny = 4113, the equation will be

VoA2JT, - J1.)/(2VF) = J1.. [JF) %)

The combination of Fig.l and 2 can be obtained the complete circuit of square-rooting .

circuit as shown in Fig.3.

Fig.3 Complete square-rooting circuit.

The relation of input current and output voltage can be shown in the Fig.4. Tt is obviously

that the dynamic range of input current is 400 J1A, it can be used for wide range applications.

I
oA 100uA 200uA 300uA
s V5.6

T1

Fig.4 Relation of input current and output voltage.
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Results

The PSPICE is used to simulate the circuit operation by using transistor model of European
Silicon Structure (ES2). The ratio (/L) for all transistors are 100 /10 fim, except for M, is 25
1tm/10 ptm for obtaining the current mirror ratio equal to 1:0.25.

The input current is sinusoidal signal and the output voltage can be obtained as in Fig.5.

A
1 2.0V 2 600u :
|
1
1
1
ey
v \ Vo
T
'.' ‘,
I
co
X t
' Vi
>> ' W
ov oA |
0s

B

Fig.5 sinusoidal input current signal versus output voltage signal

Conclusion

The square-tooting circuit is proposed, by using only 7 MOSFET, all transistors operate in

~ saturation region. The input dynamic range is 400 HLA.
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A HIGH PERFORMANCE MOSFET VOLTAGE-CONTROLLED
FLOATING RESISTANCE CIRCUIT
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Abstract : This paper presents 2 design of voltage-controlled floating resistance circuit using MOSFET. It is based on
mnscommuﬂtwithhighﬁnamy transconductance. The frequency response is about 7.5 MHz. The results of
mkpmposeddruﬁthavebemcarﬂedmnby using PSpioecimﬁtsimulator program.

1. INTRODUCTION

The transconductor circuits or voltage-to-current
mnvmnsamuseﬁllandthcycanbcusodforwidc
range applications. The floating resistance circuit is an
application of transconductor circuit. There are two
types of floating resistance circuit, voltage-controlled or
current-controlled. Most of the design have a nammow
linearity [1-5]. It used the differential pair technique,
thus the output current is nonlinearity.

This paper uses the principle of
transconductor circuit to obtain the high linearity and
as voltage-controlled transconductance  for wide
dynamic range of input voltage.

 The proposed resistance circuit has some
advantages. It is floating resistance and uses only
MOSFET. The high linearity can be obtained for all
ranges of controlling voltage. It can be used as negative
resistance by improving some parts of the proposed
circ.u.i_t and the resistance is controlled by voltage.

2. THEORY

The proposed floating positive resistance circuit is
chown in Fig. 1. The block is 2 voltage-controlled
transconductance (VCT) with high linearity
transconductance. The current (I,-I;) is also high
linearity and can be controlled by controlling voltage
(V2. The resistance is controlled by the controlling
current (11-13).

.

R

Fig. 1 The proposed floating positive resistance
. circuit.

Fig. lis modified to be the floating negative
mismnoecim:itasshowninl’ig,zbymnsposing

resistance is high linearity if the differential current is
also high linearity. The transconductance is adjustable.
Suppose that all transistors in Fig. 3 are matching and
operate in saturation region. The relation of 1, and I;
can be obtained. .

1 = By CWIL) (Vi + Ve = Vo) - M
1 = B2 (WIL) (Vi + Ve - Vo) @

Give that B = By =Pz = (1Ca/2)
B = transistor gain
Jo = carrier mobility
Cox = Oxide capacitance
W = channel width
L  =channel length
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V, = input voltage
V; = threshold voltage
5 L
4 . & 0%
b i
v, 0— veT v,
LY T s b
=
Fig. 2 The floating negative resistance circuit.
vﬁ 1 lI llz VG
e I o ~.

Fig. 3 Principle of transconductor circuit with
high linearity.

Tbacfore,llw&iﬂ'crcnﬁalmmntmbcobminedasin
3) :

LI, = Al =4B(WL) (Ve VD)V 3)

aal
— = ga = 4B(WL) (V- V1) (©)

v,

The equation (3) is linear, then the equation
(4) is also linear. It should have input circuit for
transistors in Fig. 3. The addition/subtraction signal
circuit is used as in Fig. 4. This circuit consists of a
differential pair and current mirror. M1-M6 is
dﬁmﬂﬁﬂl pa.ir and I[=L=ls, Iz=13=la_ can be obtained
from the 1:1 current mirror circuit. C

Fig. 4 Addition/subtraction signal circuit.

M4 and M6 are self-biasing as ;=L=Is and
I,=1;=Is then, the gate voltage of M4 and M6 are
equal to

Vo=V, +V3 (5)

271
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Vor =-VitV3 ©)
) = o
P
T

Fig. 5 Complete circuit of high linearity
transconductor circuit.

The signal in equation (5) and (6) of Fig4 ~
are connected with Fig. 3 therefore, the complete
circuit of high linearity transconductor circuit is
obtained as shown in Fig. 5, by connecting +V,, and
-V,, with Vo, and Voa, respectively. The circuit in
Fig. 5 is connected with 2 controlling circuit to
control the floating resistance as shown in Fig. 6 and

Fig. 6 The floating positive resistance controlled by

controlling circuit.
Lo
lﬂh.
o] s l—‘t"-‘l_'lim’l:"‘E A.J'r“
I Ll o bl e o
3 5
I 5
3 —|pai )

Fig.7 The floating negative resistance controlled by ;‘ :

vey s

controlling circuit.

In Fig.6, the positive resistance is equal to

Reg = [Vi/(1,-1)] = 1/4B(WIL) (Ve-V))

R,, is controlled by Vc. For the neg: v
resistance can be carried out by transposing i
currents I, and I; and the negative resistance can
obtained as in equation (8). i

Req = [Vio/(i-12)] = -V/[4B(W/L) (V- V1)l
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3. RESULTS

The simulation results of the complete circuit of high
linearity transconductor circuit has been carried out and
the characteristics of this circuit is shown in Fig.8

i

33 .e2e

-}M‘.Mnluﬂ!l‘"u
Via (Velin)

Fig. 8 The transconductance characteristics of
the circuit in Fig.5.

The characteristics of input voltage (Vi) and
the differential current (I;-12) have been found out for
the positive resistance (Fig. 6) and negative resistance
(Fig. 7. A]lmﬂtsamshminFig.9anle,

To (md)
-
-
L]

Ve=1.7 Voits
19 Vais |

25 Voits
Vol

3138 .

21 Yo
L a3 a4 44 43 8 82 84 M1
Vin (Volia)
Flg. 9 V',. VS. a1-l1) OfFig. 6.
Lin (mA)

Vesl.? Voia
19 Voo

HE R T RN

L 48 as 44 43 ¢ 61 w4 s wu |}

Via (Volts)
Fig. 10 Viu vs. (1,-1) of Fig 7.

Vo (4B) »

L

300 o s e
Freq. (Ha)

Fig. 11 Frequency response.

3

e The results in Fig. 9 and Fig. 10 show the
high linearity when compared with the previous
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papers [2-6]. the frequency response of this circuit
has also been carried out as shown in Fig. 11.

All of simulations have been done by using
PSpice circuit simulator program based on worst case
model, level 2 of European silicon structure (ES2).
The supply voltage Vpp = 5 Volts, Vss = -5 Volts, L, =
150 pA. The size of transistors M1-M4, M5-M3,
MI11, M12, MI15 and MI18 are used (W/L) = (500
pm/10pm) for the high efficiency of current mirror
reflection.

4. CONCLUSIONS

The voltage-controlled floating resistance ~ circuits
have been carried out by simulating. The floating
resistance circuit can be positive and negative by
transposing the current in the circuit. These circuits
are suitable for VLSI circuit design.
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Abstract

The voltage-controlled grounded resistor circuit is a versatility building block in several
analog signal processing such as telecommunications, electronics. the voltage controlled grounded
resistor circuits have been developed by using FET, MOS CMOS transistor components. A previous
paper proposed to use two MOS transistors to cancel the nonlinearity technique of MOS transistor,
but it is unable to cancel all linearities according to the transistor operation. This paper proposes a
principle to use three MOS transistor and one current source. The voltage-controlled grounded
resistor circuit operates in ohmic region by using two MOS transistor but another one MOS
transistor will operate in saturation region and operating as current source for voltage level shifter.
This circuit has been simulated based on PSpice by using European Silicon Structure for worst case
level 2 model. The characteristics have been carried out. A tunable cut off frequency of high-pass
filter has been applied with the proposed circuit as analog building block, its results have been
presented. This proposed voltage-controlled grounded resistor circuit has high linearity, high
dynamic range operation and wide controlling voltage not depending on the supply voltage.

Keywords: voltage-controlled grounded resistor

Introduction

The  voltage-controlled  grounded
resistor (VCGR) is wide used for analog
integrated signal processing building blocks
concerning - about  electronics, telecommuni-
cation applications, especially for adaptive
filter, signal generator, automatic gain control
and etc.

. x L .0

Theory

VCGR has been presented in previous
papers [1-11], two MOS transistors are used
for VCGR [2] as shown in Fig.1. It used the

nonlinearity cancellation technique for MOS
transistor but it is unable to cancel all
nonlinearity range because of saturation
operating of transistor M1.

MI €

Fig.1 VCGR principle [2]

=167~
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Transistor M1 operates in saturation
region as (Vgs - V1) < Vps therefore, the drain
current of transistor M1 can be written as

k
]Dl =_2’L(VGS|_VIH)’ (‘)

Transistor M2 operates in ohmic region
as (Vs - Vr) > Vps thus, the drain current of
transistor M2 can be written as;

VDG 7
; ]Vm @

I,= kN(VG!‘.I Vo=

where k, =, Co (W/L).

€t Voo = Vg1 = Vps2 = Via and Ves2 = Ve.
The input current (Iis) can be obtained as

VI
I =1 %l :l’c,_.[(Vc -2, V. +-;—”] 3)

The input resistance or equivalent resistance of
the circuit is

Vl:.ﬂ P l
e 1, —E(Vc "ZVm""Vr;/ZVm) =

In equation (4), the nonlinearity
resistance saturation region operation of
transistor M1. It should to cancel the
nonlinearity of transistor M1 by using a
P-channel MOS transistor with a current
(source)-to-voltage level shifter to obtain
(VGSI“VTN)>VDSI

“The voltage level shifter circuit is
shown in Fig.2 by consisting a P-channel MOS
transistor and a current source as shown in
Fig.2. Then, the output voltage is obtained as
in equation(5).

¥V, =V, ¥y (5)
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where ¢ _ff’cﬁ('ﬂ] andy = [-Lyy
P 2 k

Fig.2 Voltage level shifter circuit

The proposed  voltage-controlled
resistor circuit is shown in Fig.3, the circuit
consists 2 N-channel MOS transistor, 1|
P-channel MOS transistor and a current
source. The gate of transistor M2 is connected
with the controlling voltage, the gate of
transistor M1 is connected with the output of
the voltage level shifter circuit. The output
voltage of the voltage level shifter circuit
obliges with the transistor M1 in order to
operate in ohmic region by controlling Vi.
Increase Vg; until trasnsistor M1 can operate
in ohmic region. Therefore, the drain current of
M1 and M2 are

I =ky [Kz—"‘V +V) (6)

Ip,=ky [V Vi —i] e Q)
2
The resistance is given by,

R =Kn - an

T Totly ke +V -sz)

in

The gate voltage of transistor M1 is Vai and
Ver= Via+ Vi as M1 operates in ohmic region
under the conditions. by

V4V ~Viy)> Vi ©)
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or Ve >V (10)

Therefore, the transistors M1 and M2 operate
completely in ohmic region.

Fig.3 Proposed voltage-controlled grounded
resistor circuit.

Input dynamic range analysis

Consider the input voltage swing, it can
be analyzed and considered the voltage level
shifter circuit as follows.
Maximum input voltage

Suppose that to replace the voltage
level shifter circuit in Fig.2 by a current source

as shown in Fig4. VI: ’kf_+
P

V, > Vmu in the case of practice, the condition
can be assumed V., = 2 Vqu Therefore,
transistor M4 performs as current source and
operates in saturation region under the
condition [Vgss - [Vl ] < Vpss. The maximum
output voltage swing is Vo, should not exceed
[Vess - [Vrel ] or can be rewritten as (Via + Vi)
< (Vs + |Vp| ) as Vo effects with the current
I

and

Vi

Fig.4 Voltage level shifter circuit.
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I=blVeo Wl an

where Vgse = (Vpp - Vi) and then

1 .
VG<=VDD_1’k_"IVTP| (12)
P

The maximum input swing can be obtained as

Vi <[Vm—2\[kz -IV,?I] (13)

V, <WVop - 2Vx +Vir) (14)

or

Minimum input voltage swing

The voltage level shifter circuit in
Fig.4, suppose that M3 operates in saturation
region by [Vgss - [Vre] ] < Vbs: and can be
rewritten;

Ve, Vor V) < Ve =¥s) ~ (19)
where Vg3 = Vi, and Vpy = Vss. Thus
Vo> Vs =Vl (16)
Therefore,
Vs Vi) <V <Won -2V, +W) (17

Results

results have been carried out by
simulating based on PSpice simulator program
for worst case of transistor models of the
European Silicon Structure (ES2), level 2, 85°
C. The supply voltage is = 5 volts, biasing
current (Iy) is 40 pA, W/L = 20 pm / 10 pm
for M1, M2 and 50 pm / 10 pm for M3. The
DC characteristics are shown in Fig.5. The
linearity is between -2 volts to 2 volts. Fig.6
shows an application as high-pass filter by

=160
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.ng controlling voltage (Vc) = 6 volts. The
simulation result of the frequency response IS
shown in Fig.7.

“r.-
 1B(MI)eTR(RT)

Fig.5 DC characteristic of proposed VCGR as

Ve is varied
c
00yF
v,
i v,
w e
Pr

Fig.6 High«pass_ﬁlter

—ua.

- A ALl 'lv- V.
- (L)
Frrpnay

Fig.7 Frequency response of Fig.6

Conclusion

The proposed VCGR has a simple
structure with linearity, its structure is based
on voltage level shifter circuit in order to force
the transistor to operate in ohmic region. The
structure uses 3 MOS transistors and a current
source, the dynamic range is about 42 volts
and suitable for high frequency operation with
wide controlling voltage not depending on
power supply voltage. il
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An integrable electronic-controlled quadrature sinusoidal oscillator using
CMOS operational transconductance amplifier

PIPAT PROMMEE*t and KOBCHAI DEJHAN{

This paper describes two approaches to implementing third-order oscillators. The
first approach proposes a third-order oscillator using transconductors and
capacitors. They are cascaded as two lossy and one lossless integrator circuit.
This approach is a feedback from transconductance with gain = 2 of a normal
transconductance gain. This first circuit is based on a basic transconductor with
a simple configuration including 16 transistors, four current sources and three
capacitors. The second approach proposes a third-order oscillator using
transconductors, capacitors and a transresistor circuit. These are cascaded as
lossy integrator circuits and are fedback with voltage gain = 8. This voltage gain
can be designed using a transconductor circuit and a transresistor circuit. This
second circuit consists of 18 transistors, four current sources and three
capacitors. Since both circuits use no resistors, they are suitable for further
fabrication. These circuits use a £3 V power supply.

1. Introduction

Linear transconductors or voltage-to-current converter circuits are fundamental
building blocks of analogue circuits and systems. They are used in analogue filters,
voltage controlled-resistance circuits, A/D or D/A converters etc. Recently, sinusoi-
dal oscillators have been created in various approaches (Senani 1985, 1993, Boutin
1986, Abuelma and Almaskati 1987, Vazquez et al. 1990, Chen et al. 1991, Bhaskar
and Senani 1993). For analogue signal processing, the operational transconductance
ampliflier (OTA) is interesting. The OTA can be used for sinusoidal oscillators and
analogue filters (Malvar 1982, Abuelma and Almaskati 1987). In this paper, we
propose a new approach to implementing the two different sinusoidal oscillators.
Both proposed circuits are based on a third-order network because a high-order
network has high accuracy and high quality factor (Q). It gives us good frequency
response with low distortion. The frequency output of the third-order oscillator is a
high-accuracy, high-purity sine wave and multiple phase of output. Both approaches
to oscillators are easily configured, frequency controllable and further integrable.

2. The operational transconductance ampliflier (OTA)

The OTA has input as voltage, output as current. The simple CMOS OTA uses
only four transistors and a current source, as shown in figure 1. From figure 1, the
transconductance is given by
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VDD

M3

O——{ — *0 + -1_",.
+v, vl'n gm
- e L

Figure 1. Simple operational transconductance amplifier (OTA).

gm =V ss)(oCox W /L) )

The current Isg can control transconductance, from (1).

3. Principle of the oscillator

Sinusoidal oscillators must normally have their loop gain (LG) set to 1. The
principle of operation is shown as a block diagram in figure 2. This diagram consists
of an amplifier (4), network (H(s)) and summing junction. Positive feedback has
been assumed so that the transfer function is equal to

v,  H(s) _ _H()
v 1-kH(s) 1-LG

The operating principle of the oscillator can be obtained from (2a). When there is
no input (v, = 0) for finite output, theoretically v, must be equal to infinity. This
case can occur if and only if the loop gain (LG) = 1. The oscillator can be realized by
loop gain (kH(s)) =1 or by the denominator (1 — LG) =0 accordingly.

Generally, for the third-order phase-shift oscillator, such as OPAMP, the feed-
back gain is very high (= |29]). For this reason, the size of transistors is very large. In
addition, this is not suitable for the integrated form although the output is quite
highly accurate. These are restrictions of the third-order sinusoidal oscillators.

The transfer function of the third-order oscillator can be written as

N(s) _

(2a)

1-LG=

0 (2b)

D(s)

Figure 2. Block diagram of feedback system
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Third-order oscillators using CMOS OTA
where the numerator N(s) is a third-order polynomial. With its coefficients defined
as a;, N(s) can be written as
N(s) = ags + ays* + a5 + a3 (3)
where 5 = jw. Thus
0 = N(jw) = —jw'ay — whay + jway +ay (4)
From (4), the coefficients are found to be
a; —aw’ =0 and a; — wlag =0 (5)
From (5), the conditions for oscillation are given by
agay —ajaz =0 (6)
and then the oscillation frequency is

a 4 2
_——— = 7
k- (M

4. The first OTA sinusoidal oscillator

The principle of lossy and lossless integrators is used to implement a third-order
filter as shown in figure 3. The transfer function of the system in figure 3 can be
written as

Pi'___ QIGZ/QJ (8)
v 8+ 5y +ay) + 5o

or
T-’o ala?./a! (9)

Uin s(s% + s(oy + az) + )

From figure 3, the lossy integrator can be implemented as in figure 4 and the
transfer function can be written as

_ U (gm/c)
H) = 5 = 5+ ] C) (10)

The lossless integrator can be connected in a cascade of a second-order low-pass
filter as shown in figure 5. Its transfer function can be written as

E_= gﬂ‘llgnﬂ/C|C2 (11)
U 52+ (8m/C1 + 82/ C2)s + (&mEm/ C1C2)

Lossy Lossy Lossless
Integrator Integrator Integrator
V. a . v
n H(x}: ] H(;): &y H(s =_l. |0
s+a, s+a, sQy

Figure 3. Third-order filter uses for first oscillator.
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y V., v
= o in | 8./C 9
Vip i=0 +gm B 5+(3,./C)
-C

|

Figure 4. Lossy integrator used as an OTA.

Vo2
> Vi3 —O
V. 8mi
P L
B C,
CJ'

Figure 5. Second-order low-pass filter.

1

Figure 6. Lossless integrator.

From (11), the second-order low-pass filter equation can be implemented as a
third-order filter by cascade of a lossless integrator, as shown in figure 6. From the
integrator circuit of figure 6, the transfer function can be written as

Uo Em

20 S0 12

Uin SC ( )
When we use figure 5 to cascade with figure 6, as shown in figure 7(a), the transfer
function can be written as .

Yo _ —gm&m28&m/ C1C2C3
Vin s + (gml/cl *+ ng/CZ)Sz + (gmlgmz/cl CZ)S

(13)

v, is feedback connected to vj,. The third-order low-pass filter shown in figure 7(a)
becomes the sinusoidal oscillator in figure 7(b). In this case, the loop gain (LG)
should be equal to 1. From (2)-(7), the coefficients of the polynomial are a5 =1,
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Third-order oscillators using CMOS OTA

&
\&/
|'|¥—‘E
1|
&/
o s

(b)

F{gnre 7. (a) Third-order filter. (b) Sinusoidal oscillator.

ay = gmi/C1 +8m2/Car @2 = gm&m2/C1C2 and a3 = giZm28m3/C1C2C3, and the
oscillating conditions can be written as

Em3 Eml Em2
omd _ | oml i oms 14
o) (CI ¥ Cz) ()

. ’gmlgnﬂ

Suppose the transconductances areé gmi = &m2 = &m and C,=C,=Cy=C.
From (14), gm; = 2gm, the oscillation frequency becomes w, = gn/C and its
electronic-controllable frequency is controlled by g.

and the oscillation frequency is

5. The second OTA sinusoidal oscillator
The previous method for the OTA sinusoidal oscillator uses the approach of
lossy and lossless integrators which are cascaded. This method uses only lossy inte-
grators, which are cascaded as a third-order filter as shown in figure 8. The transfer
function can be written as
Yo _ _, ileriss]
v S+ 2oy + oy + a3) + s(ajon + mas + o) + a0

(16)

Lossy Lossy Lossy
Integrator Integrator Integrator
U3 hfs)=—S H(s)= —% H(s)=—22 %
s+a, H(s)= s+a, s+a,

Figure 8. Third-order filter uses for second oscillator.
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k —

a, 0

o (04
H(s)=—" o H(s)=—2 -
(j) s+, () .S'+C!2 H(S) .H-O.’,

Figure 9. Principle of sinusoidal oscillator using lossy integrator.

From figure 8, we connect an amplifier with gain = k; then the feedback to input
is as shown in figure 9. The loop gain is

- ka;aza;,
£+ ey + oy + a3) +s(ac + oz + aya3) + @003

LG (17)

From (2)—(7), these oscillating conditions are given by
k=—(ﬂ+5’—‘+9‘l+9‘—2+91+9i+2) (18)
a; oy a3 o 0 @

and the oscillation frequency becomes

W2 = ooy + ey + oo (19)
or
2 _ (1 —k)oopas (20)
Tyt to
Suppose o = a; = Q3 = Qq; then equations (18)-(20) become
k=-8 (21)
Wk =3a? or  wy=V3a, (22)

6. The OTA voltage amplifier

This amplifier consists of an OTA and a resistor as shown in figure 10. The gain is

v
— = ‘"gm4R=q (23)
Vin

The circuit in figure 10(b) is an electronic resistor (Wang 1990). The transistors are
operated in the saturation region. In figure 10(b), matched transistors M1 and M2
are diode connected. The input /;, is applied to the central node of the circuit,
developing a voltage V, at the node. Using the square law characteristic, the drain
currents in M1 and M2 can be expressed as

C W
Ipy = - 2ox (’E)(VDD — Mg &= VT)Z (24)

C W 2
tor =25 () = Vs = ) 29)
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Third-order oscillators using CMOS OTA

. VDD
vin
1. —[. M v
m » O
o, Q
[ Electronic
— Req Resistor M2
VSS

(@) (b)

Figure 10. (a) OTA voltage amplifier. (5) Electronic resistor circuit.

where Vpp = —Vss, p is mobility of carriers, Cox is the gate capacitance per unit
area, Vg is the threshold voltage and W and L are the channel width and length,
respectively.

Considering (24) and (25) as two square terms in the left-hand side of (24) and
using KCL and the current constraint at the node, a simple algebraic manipulation
gives the transresistance result

Vo L
Rea Iy 2uCoxW(Vpp — V1) (26)

This second sinusoidal oscillator must be used with the gain k = —8. So we set the
resistance value in figure 10(b) to R.q = 8/gms. The third-order filter can be con-
structed as in figure 11. The various parameters have been set to be
0y =0y =3 =0, G =8Zm2 =8m =8ms =8m and C;=C;=Cy;=C, so that
the loop gain equals

o —8gm/C’
8+ 5(3gm/C) +5(38n/C?) + gm/ C
The oscillating condition in equations (2)~(7), N(s), will be given by

LG

(27)

Electronic R =
Resistor g .
- -

nt
= 1 I

s

5

Figure 11. Second OTA sinusoidal oscillator.
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N(s) =0 = 5* + 5*(3g,/C) +5(385/C?) + 98m/C’ (28)
The oscillation frequency is

2
W = 3%,_" or W= ——\/:_;C‘?"' (29)

The electronically controllable frequency is controlled by g,,.

7. Simulation and experimental results

The principles of the first and second designs can be realized by a simple OTA as
shown in figures 12 and 13 respectively.

VDD

Figure 12. Complete first sinusoidal oscillator.

VDD
MI5 16
MI7

M13 M4

q}—l

MI18

Figure 13. Complete second sinusoidal oscillator.



Third-order oscillators using CMOS OTA

Figure 12 shows the complete first sinusoidal oscillator using a simple OTA. The
aspect ratio of the transistors is W /L =30um/5pum for M1, M2, M3, M5, M6, M7,
MI12, M16, W/L = 25um/Sum for M4, M8, M11, M15, and W/L = 50pum/5pm
for M9, M 10, M13, M14. The current sources vary in the range [ = 10 pA-200 A
and capacitors vary from C = 15pF to C = 100nF. The oscillation frequency is
obtained in figure 14 and the different points of the sinusoidal signals are shown
. in figure 15. Their phases are about 90° different.

Figure 13 shows a complete second sinusoidal oscillator using a simple OTA. The
aspect ratio of the transistors is W/L = 30 pum/5 pm for M2, M3, M3, M6, M7, M9,
M10, M11, W/L = 25um/5pum for M4, M8, M12, W/L = 600 um/5 um for M13,
M14, and W/L =5pm/Spm for M17, MI8. The current sources vary from
I =10pA to [ =200pA, I, =600pA, and capacitors vary from C=15pF to

f(MHz)
10

1

01

0.01

0001

0.0001

TTT T T O T TI9 T 11T larlflll

C(PF)

Figure 14. First oscillation frequencies with current / varied.

S(MHz)

101 [=X0A

1; =150
01f [100A
001 [=0uA
0001 [ Ek
00001 £

R ') BN =¥ | R |-V VR |
C(PF)

Figure 15. Different points sinusoidal signal of first oscillator with € = 10nF, [ =200pA,
f = 3.9kHz
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C = 100 nF. The oscillation frequency is shown in figure 16 and the different points
of the sinusoidal signals are shown in figure 17; their phases are about 90° different.

The MOS model is shown in figure 18. The simulation frequency spectrum out-
put of both oscillators is shown in figures 19 and 20. The experimental frequency
spectrum output of both oscillators is shown in figures 21 and 22. The fundamental
frequencies of the first and second oscillator are 20 kHz and 30 kHz, respectively,
with a total harmonic distortion (THD) of —35dB lower than their fundamental
frequencies. The THDs is shown in Table 1, along with the noise levels of both
oscillators. The THDs are quite low depending on the current [ controlled. A com-
parison of this paper and previous work is given in Table 2. The output voltage
against varied current 7 of both oscillators is shown in figure 23. The bandwidth of
both circuits can also be confirmed when C = 15pF.

Implementation of the first and second oscillators can be obtained by CMOS
complementary pairs MC14007 on a bread-board discrete circuit, as shown in figure
24(a) and (b) respectively. Capacitors of 0.01 pF are used and the waveforms at
different points are shown in figure 25(a) and (b), using 20 ps/div and 10 ps/div

o U(3) » U(s) « U(7)
& Time

Figure 16. Second oscillation frequencies with current / varied.

0s 0.2ms 0.4ms 0.6ms 0.8ms 1.0ms
a U(H) - U(7) » U(11)

Time

Figure 17. Different points sinusoidal signal of second oscillator with C = 10nF,
I =200pA, f =4.7kHz.
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.MODEL NMOS1 NMOS LEVEL=2 NSUB=9.50E+15 VTO=+1.07 TOX=44.0N
+LD=0.15U XJ=1.0U DELTA=1.68 U0=0.693K UEXP=0.111 UCRIT=10.0K
+VMAX=41.0K NFS=0.1T PB=0.45 JS=100.0U RSH=45.0 NEFF=1.16
+CGS0=0.27N CGDO=0.27N CJSW=0.24N CJ=0.105M MJ=0.48 MJISW=0.27

.MODEL PMOS1 PMOS LEVEL=2 NSUB=3.24E+16 VTO=-0.79 TOX=44.0N
+LD=0.25U XJ=2.0U DELTA=0.89 U0=0.271K UEXP=0.181 UCRIT=10.0K
+VMAX=33.0K NFS=0.1T PB=1.04 JS=100.0U RSH=80.0 NEFF=0.77
+CGS0=0.35N CGDO=0.35N CJSW=0.43N CJ=0.330M MJ=0.48 MJISW=0.40

Figure 18. PSpice MOS model for the proposed oscillators.
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Figure 19. Simulation frequency spectrum of first oscillator with f = 1.89 MHz, C = 15pF,

R I =200 pA.
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Figure 20. Simulation frequency spectrum of second oscillator with f = 197 MHz,
C =20pF, I =200pA.
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B.85EHN: - l{‘.sgﬂ,_-

Figure 21. Experimental frequency spectrum of first oscillator.

Figure 22. Experimental frequency spectrum of second oscillator.

respectively. The frequency output of both first and second oscillators is quite high,
being a pure sine wave of about 20kHz and 50 kHz respectively.

8. Conclusions

This paper presents ncw approaches to the sinusoidal oscillator based on the
third-order principle. The authors do not see a need for any resistors suitable for
further fabrication on chip. These oscillators have been used at +3 V with simple
configurations. The output frequency can be adjusted by the current /. The experi-
mental results are conlirmed by PSpice with the level 2 European Silicon Structure
model. The highest oscillating frequency is about 2 MHz. The hardware circuit can
be confirmed by CMOS complementary pairs. MCI14007. [ts oscillating frequency
outputs are quite good.
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Active Easy to THD (dB) Freq. range Freq. range
Resistors Capacitors components construct range (simulation) (experimental)
Abuelma et al. 1 2 2 Yes - - 150 Hz-30 kHz
Bhaskar 3 2 2 No - - 4 kHz-16 kHz
Boutin 2 3 ! No - - -
Chen et al. 2 2 1 Yes - 100 Hz-100 kHz -
Senani (1985) 2 3 | No - - 500 Hz-1 MHz
Senani (1993) 3 3 2 No —24 to —-50 - 500 Hz-5 kHz
"Vazquez et al. - 2 6 Yes -39 to =50 - 50 Hz-600 kHz
Proposed #1 - 3 3 Yes —24.39 to
—36.59 100 Hz-3 MHz 500 Hz-50 kHz
Proposed #2 - 3 4 Yes —29.16 to
-37.26 100 H-4 MHz 500 Hz-60 kHz

Table 2. Comparison of proposed oscillator with those of previous papers.

Vo(Vp-p)

35

I(uA)

Figure 23. OQutput voltage of proposed oscillators against varying I when C = 15pF.

(@)

Figure 24. [mplementation of (a) first oscillator, (4) second oscillator.
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(a) (b)

Figure 25. Nodes 4 and 7 output waveform of (a) first oscillator, (b) second oscillator.
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