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Voo <Vgst Vsn
Vco = Vcs - Vns
V'm < Vcs - VDG

AU Vs = Vi > Ve

° U q’ " Y oo
aumsmaiamluguticnnsodsznaum 18suaunis (2.5)

I, = K}‘W [(Vm Vg Wos — V;’] (2.5)

Taof 0< V-V, Mz 0< V<V -V,
- 4 o s
81 Vy fiAmiosq nieluneal o < vy, < v, - v, Aawnsafierdamen - n Tu
aums (2.5) eon lauazszmmmauns Inaildihy

KW

I, = L (Vcs_Vm)Vm (2.6)

TAUN 0 < V- VuaE V-V, >V, >0

¥ »
3. 930 INTTUADUAT (Saturation Region) M3 lugafiss I luneas sy Vs
WMANIMTBNIAY V-V, 92 Tdaumsnszuamasuiiv
KW

ID __22_(VG _Vm) 2.7)

TAUR 0 < Vge- Vo uag Vi > V-V, >0
¥ ¥ ' ' :l’ a P -J [ o '
nNAuMITRANIENI NN zumasu I Tselimnei hivuiuusedu v, udes
J e ' o & o ﬂ' o d
YUAVAMIIAU (Vs - Vo) i I Idaunisiudu Tl aungMidaaes (Square Law Equation)
VIGE!

: ANITUMATY (Drain Current) (amp)

<

s :MANAIANATONYUNNM-¥OA (Gate-Source Voltage)  (volt)
Vs AIANMIANATONYUATU-¥BA (Drain-Source Voltage)  (volt)

Vi AWSIAUTAITY (Threshold Voltage) (volt)
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K’ : AMIMUTABUAAUAUTNISIADS

(Transconductance parameter) UAUNIAY Ho Coyx (amp/voltl)
Mo AANMMAMUAGDIAIVDA lBanSeBianAsou

(Surface Mobility of Carrier) (cmzlvo]t-sec)

» "
Cox :mnnuyIideiunveunnoenlas

(Capacitance per Unit Area of the Gate Oxide) (F/cmz)
w o anwndndsz@niravessua

(Effective Channel Width) (meter)
L s AU ssInnavear v

(Effective Channel Length) (meter)
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1. Cgs AOMAMMY INThsIWsTN NOINNURZ 0T Failduriiry
Cue =CL +C2, 2.8)
1o Cc’;s fio gate-oxide capacitance associated with the source region of the intrinsic

transistor structure

Cgs fio parasitic capacitance resulting from the overlap of the gate and source
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' -V, -V,
Coi|1 [ Las =V Vs ]
2(Vm ~Vin ),. Vos Triode region

Taofi  Cés = 2.9)

2
EC o WL Saturation region

L

ag Co =CpX, (2.10)
2. Cgp AiD AIRMY IFhs sz Nunmuaziasudasisiiy
Copn=Clp +C2, | (2.11)
u’i"ia 6 fio gate-oxide capacitance associated with the drain region of the intrinsic

transistor structure

e fio parasitic capacitance resulting from the overlap of the gate and drain

[ 2
Vs =V,
Co WL 1— & L . .
' ox l: [2(Vc —V,, )_ Vo ] } Triode region

Taun Cép =1 2.12)
=0 . ;
. Saturation region

uag Coo =CoubVX, (2.13)

' 4 o J . ar ar A J L
3. Cg Ao ANy iR ius s N aiuFuaaIm Faiisvhi

CoVu)=—2®_ (2.14)

1+V—”J
&

e C s (0) f1© zero-bias capacitance of the source-body pn junctions

@, f© barrier potential
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C3(0)

l+hJ
#

Coa(Vpp) = (2.15)

e C s (0) fi® zero-bias capacitance of the drain-body pn junctions
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(2.15) H0EMANMINIVEINITANNTOA UM TANINAUMIN (2.5) uazaunIsh (2.7) e

1]

M_pi Triode region
L
o = :; i _ (2.16)
Fles=o |y C W (V _y ) Saturation region
L GS TH

VINAUNITN (2.16) AMTUMINIMUTUFBUAT AR ve995 A DSy

Anuduius ey lugdvoanszuadiiu

21.C Wi
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dmivmanumumuienavessa s ofuIam ldmuanuduiussail
HoCorW (Vcs —Vm -V, os) Triode region

L

£y = (2.18)

r 5 ;
|, Saturation region

18 A A9 channel length modulation parameter (volt )

91m993Tuglii 2.8 Wnaaliiruhiisnoudaitulszyia 4 e ¢ ¢, c, o

&4 ° J L 2y ] ] ] o u‘: J " d’ a
Co FiABImsAinumaAunariisoudnszgannliozain safusunariisaine:

° - o ° ° o ¥ .’;
U 'Jﬂlﬂgﬂ'llﬂ'i'lz'ﬂ'[ﬂﬂﬂ'ﬁQ'IﬁfNﬂ‘ﬁ'n'N'lu#'JUIll‘Jllﬂﬁnﬂﬂn“']lﬂ B{ITITLIN

2.4 wavesgunglineNeaN I UTMADS

HaI M NTAAUMINTTIMATUYBNBAN I IUTaART Tugrniinszua lududa 1y

| ' > a < ' ; aa o .4
aumst 2.5 udeznuh K dussifamsnfdounasm ddogumgiidaniswavuasd
vedawalinszumasuiamsiaounasanéde Tasimsdinesfd vyt
- Vv ar = e d’d
nerveInuguugiiaaiine

L. MANMAMUNGBIAIYes laan3oBianAsou (Surface Mobility of Carrier) : 4 3

e

aumsuaanuFURUE sz 4 unzgungiidail

u(T,)= ﬂ(ﬂ{—?—}y (2.19)

2

e T, Aemigumgiives (°K)
T, AoAganglivaizinsan (°K)
M ADAININITZNIN 1.5-2.0

U U < ¥ - J
NNTUNMT (2.19) wwwunm w(T) ﬂzumaﬂmtﬁnqmﬂqquu

'
=

2. AUTIAUIAITY (Threshold Voltage : V,)) E1Ns0UTAInNUFURUTsEN I8

| a ad » b =
ussnudauazguugineglugdvesaums 1éfaunsi (2.20)

Vin =Vi (L) =M (T, - T,) (2.20)
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[ N]

4 U - 1 L] 4
1ii0 M, AomInINRNAIBYIEN I 0.5 - 4 mV/°K

! 4 P |
Tav vy, sxlifannalegungiifinuniuumnniu

1
2.5 pamay
uy L = ° o = o
hamitldnantmouimaihaunazaumsdifyg veawwsansudmass laves
Yy A o o w : - - o v A oa -
wisnuisusms Inuaidundn saialdnandanniinediddydainsiterTos

nugamgiiienidw weldiduuamalumsfinsansaveasssmuguanudumsia

ABAIAUNIN IFAsUHAYDIQuNL luundes T



uNn 3

= 4 a s d
swazmﬂmmsﬁmmmmwuﬁ

3.1 Unin

N MVgUARIAIUMUTiIadensdaudloma TuTasduen 1&limsinaue lumatia
ua3Emsfuanaai (319] Tuani3soi Iinauemaiinluiflgisamend lidhuis
lﬁuwfan'rfwamnnmqmnqﬁé"w N\1:muqumm#wmwﬁﬂviam‘ﬂ'uﬁmmuafﬁ
anuiuiFadugs fransznuninguugidr 2esarugquanudiumusiiadensaudis
maTuTodsueaminaueszneudronimdmassiau 16 #ainmhiiuaces lusa
unznImFaasisn 1 Auduatesanwdumiu 203 ludmlszneudisrsesdesisu 2993
AANDUITIAU WITHOANITIAU UDSNIINAVTYYIMIIIAY danssmmdnmuiud

- s o ' P | o ' =l ) [ J
niugmasimhausiTediindaesgnaiugulagies luda 2esdanalisionzidoadail

3.2 ToHRannusmnes

¥
Tun1sadrenmduniulugaessau(integrated circuit) A20ma TuTadFuemiu

@ 5 . -. J -
113091114 2 n1UuA207 U AB Sheet resistor 11AT MOS resistor ¥3 TuIAAZIVVITHANYMS

iy deAdeido narquanianuanariusen

3.2.1 Sheet resistor
Sheet resistor AWIIONUIAMANYUL 1A 2 HDUAIOAY A Diffusion resistor 1AL
Polysilicon (undoped) resistor 1a875113a374 Diffusion resistor 11U 14 Tasms Tatarsiteny
- .y b < < ' -]
Yuwn Polysilicon Illvuanmnin amomanmdesns salategavesunasd ezl

A i ' s ar & o \J

qaivendseg Tasaanlsdgniinoduaivesanudruniu As anududuvesmslay uae
vinavesnmniuarwenvesinun Iad lunialfidudanuduniunyy Diffusion

1 1 ¥ 1 J ar
resistor 9¥TAIAIIWAIUNIUBGITNIN 20-100 Q/ AWMU Rromgii lunmsadied

» »

J e ' A - ]
aAmumuiisanudumudang 10kQ 99 100kQ 39dealFHuNvesndnganeulnguin
- d
ICTP)

= - o ° l; as P A
Taon@n13a$14 Diffusion resistor aauuF Wnozyi ltasAoadegli 3.1 eidlu
o 3 1 ’ " - J o =4 ' \J
mstszudaiui naed1a130d vinavesaudumuriiaiifdelivuialngndt MOSFET

[ : - LY Y 4” Y
wn aau 99 TutionldFanudumuriiatilunisnaalessiu
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X @ A a { - ' - A 2 H
Sheet resistor G9HDNWLANIT BN Polysilicon resistor Fauluanudumuniannse
v A & aa P = . a0 Yoo T e ¥
aAns I uNvesnandaneuns1doi1aun wan Polysilicon 11@%1n15 Tamsiy ¥ lv
ANUAIUNIUAAAUHADYTZUIM 20 D9 40 Q7 a151amie uadun 1185 Tatlaisii
ENAANUATUNMUIINGT 10 MQ/ 1519010 aatusIsamuIsoad1anndiuniunls
A A w a ) Y ada 1Y e Y] a Ada '
WUNUOU LAz UM MIUAUMULINAWITH uadoiFovoanNudumusiiainge luaiuiso

¥ Y a oy e? Y [ 1 o 4 o YV a " ° by
AU NIMUMIURa Y Aot ek linannugaoinlunsi T4 uns

N17299557

Vo [ [m |

=

.
e | B
Resistor [ . | VDD

Undoped >
,—E’ Poly Resistor
! Output [ I Output

et { *IT Drier opu | T Drver
GND | [] | oND | u I

(a) (b)

g‘l]‘f-"l 3.1 (a) 29939 19 Diffusion resistor (b) 29939 19 Undoped poly resistor

3.2.2 MOS resistor

) o ' ] = E - 1 da ' a [ n’:
woansuFmaeinog lurrusudu(miorae101iia Ohmic) uaz lugr19oud7 Wy

P o = = o o ' da o
asonz)szgnaadiatuanudiumuld Tunsdveswemmaniinuludiuloriags

= 4 a P = 4 o ¥ @ gy
37U 3.2 dievswndl namgmaes vemusonuiulsanudumuliua 1ddae

o ] a a ¢ o AN YA a ¢ A o Vs da A
useaula Tuinoiwusaniuilldidenioweansiudames fvitaulurisloin nioyaa

a ¥ ¥ v
LHAUTU uﬂmﬂmwmmumumu

-1
 C w V..
ch == [/Jn(-‘m T[VH —Viy — ;\ H (351D
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- .1' o " ¥ PR -] A:l,
NOITUIAUNITN 3.1 9znu 1871 Avee R,, v:ilifvea ¥, /2 Uziluey Sunmeud]
[} ] - ° L] - 1] - J 1] - d'
TmovluidhuFudu wil¥dves R, TidhwFadu 9 hideandoatuanudiuniui
& b e & A4 . ¥ [Y - - a A )
auysol 'luﬁnmsuumannmmm:m'lummmumuuuuﬂnﬂauu'lﬂmuqmnqu fin M
& o LY 3 - J el - o g
Ve o linwimumunadeiunisnuiiuidadugs HOZDARANTENUIINGUNRT T4
Suiudoaiiiam Vg /2 uoz v, Mlzduegliniely sngi 3.2 auyiis Ifusadudion
MINY

v, (3.2)
- 7 o ' - " =5 4 - '
uazhinsmdmasiinamlugleiia viedradudu Faiinnuihuadugenh

» » » v
329002 Aromaiinfisziiu & usaduiaEy (Threshold voltage) uaz Vg /2 maw'l fuf

" =4 - J - ar {
mneAun NestinnuihuFudugeiy HANIENUINQUNGIINAARIRIL faaumsi (3.3)

~

%
R, =-2= 3.3)
“ ]D kNVC (

w . d, .
1au ky, = pocox(f) uazmnnuAum I luaunsi 3.3 ignaugulae v,

3.3 29952ANDUUTINY

nesaaneunsaduliminauolull 1987 (10) Aafiuaaslugii 3.3

_ VDD
—I M:
V. vV
o4 o
_I M2
V

U7 3.3 2930ameunsaduiadiann NMos

Nz 3.3 dauyAbinsmdmand o, i lugesud niudanes 1, o

' da o v ar ar ’
Tuyaaleniia ussduorayavenassaansunssdumusodon 188
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- |, WL v v 34
Vo—[l W](V‘ VJ’?H VSS)+V.S$‘ ( )

ag [ « -y ﬂ 4 P o oa ] d
ﬁHUﬂ1HIITQﬂulﬂ1ﬂ?!ﬁﬂﬁ0\1ﬂ15I. 'Uﬂ'i\'l'l"l'LlQﬁlﬂilli\iﬂuUuﬂﬂﬂﬂuuli1ﬂ?ﬂﬂ'ﬁﬂ

AMuABAsIAIU (W) ¥0a M unz M, 18Mdy (W), =3w/L), aunsh 3.4 aaunsoidion

TilAilu

V.=Vr, + V.
A ___['_?_;f__S?] (3.5)

3.4 20INAVAYNIUNTIAU (Voltage inverter)

NVINAVTYYIUITIAU (Voltage inverter) ﬁ'mqasﬁ‘l%'n’mﬁnﬁnﬁmmé’uf'r'tytgm
Bunn Aaguii 3.4 ;i'luz'duﬁmqmﬂuﬁﬁmﬂﬂﬂ‘msmmmwcmqusnﬁ’uﬁ'ﬂ;tyimunﬁu'lu
aund TAuil ¥, Aouseduiaiuyes1993Bueinod (Inverter threshold voltage) 1iJD115 38 M
dygnausunaiinegsznin ot v, sussdudygrouedyaseiswity v,, uazusidu
dynaueianaszilionsin v, i o Adeiie ussdudygrudunalinumifu v, uas
dmivussdudygrudunaifimegsznia v, d Vpp WiAUdgygaueayaseiiaumiiy
0 gt 3.4 v, = V o AMANTAM I NS ZITRs avR e snAUFyan s sdu i

- : ¥ ' ey o ar ar - A
WusTaiy ﬂauﬁ’mzuﬂnmamnqmﬁnumnnwsnanﬁmm‘lmusmu‘luqnuﬂn Failu

' . o 4 4 v e a2 a >
mumﬂtyﬂszmmmm:ﬂmmumﬂu'uuﬂau'uaqmsaaﬂuuu

§:'|

0 Voo /2

3 3.4 quanniimeihnszuaassvenssndudyanaussdulugauni
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Tuguii 3.5 wamaTassadhan lveseesndudyanusedu (Voltage inverter)
- ¢ o ) - [] [V 1
aannnsudmasisiia NMos Taseadrmialhsznendrednlsznoumndng 2 dau
ar [l [ = 4 >
A2 Ao dauveaTnaa uazdmvemsudmaed TaoTnaaiie vy Sheet resistor N30
: a 4 & a s - fo Sl a ' .
MOS resistor DNAIUNUI ADAIUVDINTIUTAIADS 1AUNIIUTNADIALTI LT3 0031 Driver
»
a a = ad a "
transistor UIIANTYYIUBUNAVE293 Tugiinde ussAussnnvunmuazvgea (v, )

- 4 a o o« d’dd o '
VOINIUFMADI NMOS U unis s 9 UIDIANAYDIUDI995T NAB LSIAUTENINVNATY
uazvnwen (V)

Voo

+
Load | V,

e
Mo

o Vou= Vos

]

Vin = Ves

3 3.5 Tnseadram Tvearsesndudyeoiisadu (Voltage inverter)

himaljiadedhifinszualnarimvunmveaeansugmans dnfusngid 3.5
LT
1579218

I,=1, (3.6)

U1 3.6 puaniime Ihnszuanssveaesndudy s adu
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ANNFURUENRAUmITANTEITATIYeY ¥, uaz v, wansdagiii 3.6 1ionsady
SunalAIRINING U3 IAUIIANALZTIAIGA (V,, output high voltage)  1uNIfiT Driver
transistor  9z0g 1w NANeeN hifinszuaIna ussduannsouInaaiisioouin usedu
1eIANATalAIY ua:xﬂmmﬁuﬁuumﬁm‘fu Driver transistor 3ufinszumasuna usady
1N YAAA lmﬁmmﬁvgnﬁnﬂm1fu"hi'lé’aams'Jm?'zmﬂauﬁmwﬂquﬂﬁ uA
anns Taoiimnnudunsiinmily sudhIndus sdueIdmamIA1 (7, : output low voltage) iiio
FTAVUTIAUDUNAIMIAY V,,,,

'msnﬁuﬁ’tymmusqﬁ'u'lu’muﬁwufi’rm"an'lﬂnnni’iﬂ%ﬁqmnuaﬁmm%ﬁmas’
UMY Sheet resistor FaTidoAne Tnaniiatannusainldiuiisanoutiooni Inanyiiaty
wazdaamnsooenuuuiliguauitaudens 188ndas 1esndudygrauseduiiTnoa
WhaneamswFmaeisilaBusmdin 2 2993 uanadagUi 3.7 20039 2 Aruased
TnaansmdmasinaulusraFadu n3es290ud2 ogfin1s lusavunn Feiidonuas
Joiduiuanareiudie Tnaansmgmaoiviadusnidunniinalugeduiagagi 3.7
(@ Tuldundesonsadudivaumasion uAns IRz 1A ¥,y - Ve,
AfunesilF Inaanudmasi e lusadadu faguf 3.7 v) FalAusaduordna

QIAMAY ¥, uArosldunassionssdu 2 unasdaoiu

Voo e
IE T |
Vasioas = Vs oss l N Vasioad L= l |
L
5 o
ll" Vour™ Vs diver l'n Vou™ Vos aiver
Via = Vas aiver Vo= Vos.aiver
4 1 4 1

(a) (b)
3N 3.7 (2) 2995 Voltage inverter 7 1918usmidianni Tnaasr9duia (b) 2095 Voltage

1 o o o ' a
inverter N 1¥1DUSUTLUN IMaag1auFudy

. a y1 a a ¢ o a8y a o d ¢
2993 Voltage inverter N 1% 1uInominusativilld Inaansudanosuuuibusiug
" v » '
s i lusadud Mawiia NMOS ez PMOS AT lugUn 3.8
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Voo
b )
S
Ve
e
Vi o—l M,
Vss

(a) (b)

317 3.8 2993 nFUdryRIUNTIAU (Voltage inverter) (a) H1in NMOS (b) ¥iin PMOS

W9303U% 3.8 (2) usadme vy v, mlden

I =1, (3.7
K(w
1= E(Tl Vosi =V ) (3.8)
K(W
I =?(7)2 (Vcsz ~Viw ! (3.9)

InuaNMsh 3.8 uaz 3.9 aaluaunish 3.7 02141

K

W K(w
?[T] (Vam _Vm)z =?(7) (Vcsz —Vy )2 (3.10)
1 2

UNUAY Vg =V =V WDE Vg, =V, — Vg adluaumsi 3.10

’iW/Li
Vo= W(Vl Vs _Vm)_VDD +Vy

W w/L), =W/L), waz v, = Vg w189

V,=-V, (3.11)

Tunsdives PMOS Tuzi 3.8 (b) annsasmnums v, 13aail

L=F (3.12)
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KW
1, :‘2_[71(’/05‘1 Vi )2 (3.13)
KW
I, = ‘i‘[?] (Vcsz =V )2 (3.14)
2

UNUANMIN 3.13 waz 3.14 aaluaunish 3.12 v2'1d 1

W/L),

Vosi =V = W( Gs2 ~ m) (3.15)
1

ez Nz 3.8 0) V1AM Vg, =V, -V, H02 Vg, = Vi -7, imusiasluaums

#3.15 1519214
“W/Lj
(W/L) (V VDD_VTH)—VSS‘+V?7{
2

W (w/L), =W/L), uaz v, =V 9218
V,=-V, (3.16)

3.5 2993HAFNINTINY

¥ .
avsHamaussininn ¥ inninusatuiiiesnuszduus sduniuguusaiaes

< 4 Sad d - - o =
nadiu 2eesiiinaiadenamsudmaessiia NMOS wag PMOS Adaaalugli 3.9)

Voo . Voo
I
Vao—[_ M, Vso—“: M,
———o V, b-—--o V,
.
wo L m T
Vs Tiz Vss

(a) (b)

3111 3.9 29IHAANTIIU (a) ¥iiA NMOS (b) ¥iin PMOS
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a o W e ' a o ° v o L4 v
YI'J'Tu”ﬂﬁlﬂﬂ?'ﬂﬂﬂ')ﬂ]\ﬂﬂ1ﬂ‘ﬁ')\lﬂﬂﬁ? ﬂ']'iﬂ']u']mﬂ’lﬂ']llﬁQﬂﬂlﬂ'lﬂ?!ﬂ‘\lﬂ\l']\!iﬁNﬁﬂ'N
o o ar ' Y o v e I
lliQﬂNﬂl‘HﬁﬂUﬂUﬂTi'H'Iﬂ'llliQHUlEl'l?leﬂ'UﬂQ'N‘iﬁﬂﬂUﬁiyﬂJ'lﬂlu'i@ﬂu (Voltagc inverter) 911

= ' ar o ] ar -
U7 3.9 (a) IMTOMAMIIANULIANA (¥, ) Y0329 5HAM IS 9uFTIA NMOS 18910

I, =i, (3.17)

W
Hay I =_(TJ Vosi —Voy )
1

E(2) G4y = L

WL),

(Vcs: - Vm): (W—/L)I_

(Vcsz -V ) (3.18)

gl 39 @ emuldn v, =Vy=Vo UAT Vg, =V, ~V UMUM Vg

Haz Vg, aaluaums (3.18) s'ld

W/L
VA_VO_VTH = W;L)z (VB_VSS_VTH)
1

¥
W (w/L), =w/L), ANTUITIAUIDIAYAYBINITHOA T IR UFTTA NMOS Favhify
Vo=V, ~Vy +V

NUH 3.9 (6) 1IAMNTOMIATIRUDIANA (V,) 1892993 HARA 195 18U ¥TIA
PMOS 14910

L=1, (3.19)
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KW
g 1= ?(Tl Vosi =V ¥
K(w
Iz = ‘2‘(7)2 (Vc;sz - Vm )2

unum 7, waz 7, aaluaumsh 3.19 vz 18y

S %) Corr =¥

WL
Vos =V )= W(Vcsz ~Vy) (3.20)
1
NN 3.9 6) veiul&N Vg =V, -V, war Vg, =, -V, unus Vs,
WAz Vg, aaluaums (3.20) we'ld

"W Lj
VB"VDD_VrH = W(VA_VO_VTH)
1

¥
W (/L) =(w/L), fniunsaduiodnaveiassHadansdusiin PMOS Saviiy

3.6 1VIMUYPNANUMUMUBIIARDAIAY ?iﬁmwﬂwvnaﬂmqmﬂqﬁ
lumsesnuuuaesanudumuuuuliua 188005 adu Afildfuegluaanssay
Wu dannezdanadiu 2 nquingq fio
3:6:1 ’N'ﬂ‘iﬂ']'l]f]llﬂ’lm\i’l"luﬂmilU’UﬁBUF’I"J (Voltage-Controlled Floating Resistance
Circuit)

3.6.2 NIINIVAUANUAUMULVUADAIAY (Voltage-Controlled Grounded

Resistance Circuit)
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wennntidaiiandounanunildueamaivian lug98ud7 (Saturation Region) 31
withisssanudumuuuulium 188 ousedu uaTasdumnanssuiieenuines12
g Teriiaumintureesanudumunuuyiua 18&ous 98y

A ldnandaudilniaded 3.2 Samsihweansmdmanifivnauluse loviam
Usuldidduddnmu wasilymanududaduanmenves v, /2 uaz wansgnuves

v A a a o a P
esduionnnnndsulasvesgungiilumenves v, dsilsingluaunisi 3.1
A o v b4 o J ] - oo
o lassanuiumunadeinianuduFadugs HAZAANANIINUNINGUNYT] T4
Tuiludeamdanm vye/2 uaz v, Musglimely Tavdimsinaruudaluided

- v o a P v ¥ YV 1w - -

3.2.2 fismed ludavunmmsudmnesnidudadunu i duauniss 3.2 e
Vp +Ve

Vo =—+V,
G 2 ™H

lunisfiszussfunvunniininssnuiidgesnts Saloonuuuasesniugquai
Aumuriianensdu TavdesiiauyselldnsmSmaossiia NMOS 12 &2 naznsmdanes
¥ia PMOS 80 4 & iluasssdmivadndygiu v, fdeanis o1 lusaldsy

- o o ¥ 4 o v [ J v ¥ o o
nIuFaaeiAIgane Faimhiduddmumm gheesila HaaInagln 3.10

K"i”“ My l:‘}LE—I[:M, A M\?!_V:VJ ’:"]”EJM ’ZII'E\ZI}JM'Z“—?
' v ot A4,
fqaf,—tﬂ:‘ﬁ hﬂ“ﬂ“iﬂ%"

3N 310 NesmIRUANIRMIMUTTadeaAudIoma TuTadFued AimMIvaruRaves

QNN

2295 Tu314 3.10 1§ Uszneudivasnsdesaneg AldnanTudr luadedhadu gl

g

AD 2993 AANDUUTIAU 1IVTHAAUITIAU HAZIVINFUT U IS IR TauiSuns N

U o
Ed

a o F a 7 o w_ e 4 '
nIuFnned Mg uaz M,, wiiuldi nswdmnesne 2 Saivime il sean

v & A a - o o P 1 e
HIIAY muﬁtyt’g‘mauvm flo VC iz VB] ﬂﬂ;m]mlﬂTﬂﬂﬂﬂQﬂ Vl WININD
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Vi=Ve—Vgy +Vg (3.21)

] "

o : oo [ -y 4 = ' e - o« 4
usadu ¥, wugndsde ldamswdmaes M, Nreousgiunsmudmans M,, ¥

¥
o e d

- o : o Y L o a
NIMTANABING 2 A2HABNINAVTYYIUUTIAU ANTUTYYIBIBIANAYDIIININAY

s ] ¥
doyanusaaunga ¥, ola

V, =V, (3.22)

unua ¥, 9naumsh 3.21 aaluaumsi 3.22 9214

Vy =~V ~V,y +V) (3.23)
as b - L4 4 . Y A
ayyIw v, Qm’]nunnmmmmmsmmﬁmas M, waz M,, Faimhniulaes

. » [ ¥
aanouusnu NmhiaassAuussduvesdyyiu aniu doyanu ¥, niwaesindes1d

MmNy

V,=-V, +V
K= [2—3;’_39J (3.24)

unua ¥, Tuaumsi 3.23 aaluaunsi 3.24 22180

v, ___[—VC+V82—VSS—VTH +Vss)
2

_ Ve Vg -V

A 5

(3.25)

W chlﬁt 1;] ¥ v o o a > & °
ﬂq;ig'lill V3 14 wwgn fJUI‘U'I'(I'NﬂiﬂaU'ﬂﬂJmelﬁQﬂuﬂﬂﬂfQ ‘H‘lﬂix'ﬂ'l'[ﬂﬂ

- 4 o s H 1 o
nsmFmans M,, uoz M, yuzilddyanadi v, oty

V,=-V, (3.26)

unua1 ¥, anaumsi 3.25 aaluaumsi 3.26 12189
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Textbox


31

Ve =V +Viy (3.27)
2

v, =
o - < o ar Vv ¥
NAWINNTUIMNINIUTMADST M, nar M, dygiu ¥, gnilowduls

a & . - v e o ‘. -
niwgmnes M, uaz M, Foimmhiduass ndudyyiausedu deriinestuds
doygm v, asinmny

VS = _I/m
H o 1 . = i \
NgUA 310 92U ¥, =¥, veinswdmany M, A

BiLTERITRPReY
»
AU aniudyaiu v, seliauiiny

o [ ar o 4 o i
dygnm v sxqndsie ldmswdmans M, uaz M, Foimhiiiuosesannou

ar o d' L) l: - J = Voo
W3RN deygnu ¥ Hruaesiiudane v, sy

V6=(—VD_I;TH +V&s‘)

dyanu v, gndeuliduvunmvemsdmany ar, uardyaim ¥, 91naunsi

o [ “a 4 - ° o
3.27 Agnilouliduvunmvemsmgames a7, Taonsmsanes M, uaz M, iy
WvsHamansn M indyaiw v, iy

Vy =V, -V, +V (3.28)

" ¥
wnum ¥, uaz v aalumumsi 3.28 aniue'ld v, ohify

V.-V, +V. V Voy —
V1=( C 822 m]+( pt 1;.9 VSS']_'_VSS
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< o ' o o 4 s o W e
NIUTAADT M, Az M, IWUNIIHAAIUTIAY imhndfuszRunsafudygu
A o a Y o - 4 o - 4 -~
wori I Tudaldtuvunmyemsmudmans M, ussduivunnvomuSanes M, M50

usadunga v, Wulamauns

Var =V =V, =V +Vp, (3.29)
unum ¥, aaluaunish 3.29 9214

_VC+VD+

V.
Gl 2

mty g

dimualiussduluda v, =3v uaz v, =25V nar v,, =sv axfu usedu

nvinmvemsmdaaes M, wldmiiy

VetV

VG 1 2

+Vpy +0.75 (3.30)

U b 4

AINVATUNIUYDINITANUAIUMUAWAUMNITN 3.1 Hounuasagy Ve u

- P ' 4
aumsi 3.1 220 ¥, 1naunmsi 3.30 15192 18 nnudumuaiion R,, Fuduniy
dmmuntinnuiudadu hitkansznuangungilumenyes Threshold Voltage 74

AuNIIN 3.31

V,
R - in 2

e 33
T 1, ky(WV.+15) W31

4 W
TﬂUﬂ kN =ﬂoC0x(TJ

3.7 nanayy

[ da & s *
vnmguvesuemnaludiuTeniin (Ohmic Region) asaiinadaiuesmuguanu
dumunuureasduld Tavldresioonuuuimududunlunsssamoni g ady

a a J - a 4:1’ - °
wazaanansznunnavuINMslasunlasgungll luuniildesumsrieauyesases
i a 1Y .’I 1 [ J [ o
Tavazidoa 293G NTUAT9 T aANOUT IR 905 HAAIIST 961 HAL9INAY

o

Ty INNTIAY
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NINAADINATHNANIINANDI

4.1 Unin

Tuumi 3 fdnan Tanantmdnmsiauuazmsiinszsiesang Tuds uun

»

=1 o o v 1 v :: q'
HITHAMIFANITVIADUVUMINNIUYDINITANG N 111Nﬁﬂi\‘lﬂ"lllﬂ‘lmlﬂfl:?ﬂﬁuﬂﬂﬂ 3
-~

#3011 TAUTAINANIINANDIVOILARLIIDT 1NNITNABIVUMINIUAWTYSunsY
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*LOT: T14Y MOSIS WAF: 03

* DIE: N_Area Fring DEV: N3740/10

* Temp= 27

-MODEL NMOS1 NMOS ( LEVEL =3

+TOX =5.7E-9 NSUB =1E17 GAMMA =0.4317311
+PHI =0.7 VTO =0.4238252 DELTA =0

tUO =425.6466519 ETA =0 THETA =0.1754054

+KP  =2.501048E-4 VMAX =8.287851E4 KAPPA =0.1686779

+RSH =4.062439E-3 NFS =1EI2 TPG =1

+XJ =3E LD =3.162278E-11 WD =1.232881E-8

+ CGDO =6.2E-10 CGSO =6.2E-10 CGBO = 1E-10

+CJl =181211E-3 PB =05 MJ  =0.3282553

+ CISW =5341337E-10 MISW =05 )



2. ¥Ha PMOS

.MODEL PMOS1 PMOS ( LEVEL =3

+TOX =5.7E-9 NSUB =1E17 GAMMA = 0.6348369
+PHI =0.7 VTO =-0.5536085 DELTA =0

+UO =250 ETA =0 THETA =0.1573195

+KP =5.194153E-5 VMAX =2.295325E5 KAPPA =0.7448494

+RSH  =30.0776952 NFS =1EI2 TPG ==l

+XJ =2E-7 LD =9968346E-13 WD =5475113E-9

+CGDO = 6.66E-10 CGSO =6.66E-10 CGBO =1E-10

+CJ  =1.893569E-3 PB =0.9906013 MJ =0.4664287

0.5 )

+ CISW = 3.625544E-10 MIJSW

***************************0 2sum************************t*****#*******
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A Compensated Temperature CMOS Voltage-
Controlled Grounded Resistance Circuit

Pipat Prommee', Lerssak Yuttasukprasert', Montree Somdulyakanok® and Kobchai Dejhan'

Abstraci—A CMOS Voltage-Controlled Grounded Resistor
(VCGR) using a new approach for non-linearity terms
cancellation is proposed. The proposed circuit uses 17 MOS
transistors that operate in ohmic region and saturation
region. It consists of the voltage attenuator, voltage
differential and voltage inverting circuits. These circuits are
performed as a voltage dependent source for biasing an
ohmic transistor; cancel the non-linearity terms and
threshold voltage in order to compensate the temperature
effect. The first order high-pass filter with tunable a cut-off
frequency is presented as an application. The proposed
circuit characteristics are high linearity and temperature
compensation. The results have been confirmed by PSPICE.

Index Term—CMOS, Analog Signal Processing, Voltage-
Controlled Resistance.

l. INTRODUCTION

The  Voltage-Controlled  Grounded  Resistance
(VCGR) is widely used in any analog signal processing
and usually included in several ICs. The applications are
provided for telecommunications and electronics as well
as filters, oscillators etc. This paper presents a VCGR
with a new approach to cancel non-linear terms with
temperature compensation. The results are confirmed
their performances by PSPICE.

I1. PRINCIPLES

The CMOS VCGRs are rapidly presented with
different techniques [1-7]. This paper presents a new
technique for cancel nonlinearity terms with temperature
compensation. The characteristic of proposed VCGR is
high-linearity and low-impact from temperature. This
proposed CMOS VCGR consists of 16 transistors for a
biased circuit and a transistor for a resistance circuit. The
biased circuit consists of the sub-circuits as voltage
attenuator. voltage differential, and voltage inverter
circuits. The rest transistors operate in ohmic region
conforming by the biased circuit. The principle of their
circuits can be explained below.

A. Ohmic Transistor
The operation of ohmic MOS is shown in Fig. 1 and
can be described by the drain current in Eq. (1).

Pipat Prommee'. Lerssak Yuttasukprasert'and Kobchai Dejhan' are with
the Research Center for Communication and Information Technology
(ReCCIT), Faculty of Engineering. King's Mongkut Institute of
Technology Ladkrabang, Bangkok 10520, Thailand.

Montree Somdulyakanok® is with the Faculty of Engineering, Siam
University, Bangkok 10160, Thailand.

Vo
‘In = k.\'(Vu.\' - V.".v __L)\_JVM (h
2
While (Vm- - V;-N)> Vs

W
Where k) = NNC”"(T]

Fig.1. Ohmic MOS Transistor

Regard to Fig.1, the source voltage is grounded. In
order to operate under ohmic region condition with the
linearity, assume the gate voltage is equal to

YtV

e +V,, - From this technique, the threshold

voltage is disappeared that means the temperature effect is
also decreased. The drain current can be rewritten in term
of resistance as

The resistance in Eq. (2) is linearly controlled by V,- .

B. Voltage-Attenuator Circuit
The voltage-attenuator was proposed in 1987[8] as
shown in Fig. 2.

Fig.2. NMOS Voltage-Attenuator Circuit

From Fig.2, M, and M, are operated in saturation and
ohmic region, respectively. The voltage output can be
written as



) ’ /L L . . - (3)
S [ (R (S o R | - - .
Yo [I (w/L), + (W/L): ]( i~ Vi

Suppose the required output voitage is half the input
voltage, therefore we set the aspect ratio of M, and M, as
(W/L),= 3(W/L),. The Eq. (3) will be rewritten as;

-V +V.
V(}:(%J (4)

C. Voltage-Inverter Circuit

The voltage-inverter circuit consists of 2 NMOS or
PMOS transistors that operated in saturation region. Both
types of inverter are suited for specific input and output.
Both output voltages can be described as;

(5)

(a) (b)
Fig.3. Voltage-Inverter circuit

D. Voltage-Differential Circuit

The Voltage-Differential circuit is used in this paper
for maintain the controlling voltage of proposed circuit.
There are 2 types of NMOS and PMOS transistors as
described in Fig. 4 (a) and (b), respectively. The output
voltage of N-type can be realized on as;

Vo=V, =V, +V (6a)
Likewise, the output voltage of P-type is also realized on

V{) = VA - yH * Vnn (6b)

V =
L0 o Vop
b 4

(a)
Fig.4. Voltage-Differential Circuit

Il. VOLTAGE-CONTROLLED GROUNDED RESISTANCE
The VCGR can be implemented using the principle of
their particular sub-circuits above. The completed circuit
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is used 12 NMOS, 4 PMOS transistors and a NMOS for
the resistance transistor. The proposed circuit is shown in
Fig. 5.

! Ll

Fig.5. Completed proposed VCGR

Regard to Fig. 5, the transistor M, is biased for ohmic
operation. The bias voltage is acquired from the different
sub-circuits that contains with attenuator, differential,
inverter. The input voltage (V) is applied to M, and M;
that performed as an inverter. The inverter output is
applied to the attenuator by M, and M;.

The controlling voltage (V) is applied to the
differential circuit for maintaining the properly voltage by
M, and M,,. The output voltage is applied to the inverter
M,, and M;; and passed its output voltage to the
attenuator M;; and M,;. The output voltage is inverted by
M,y and My,

Using the differential circuit M, and M- employed
output of M,, M; and output of M,,, M;,. The output is
adjusted the level by My and M, for bias to gate of M,.
The gate voltage of M, can be realized on

V.+V v 4
Gl _"“.,—“"'pf,v +%_%_Ln:

(7)

Suppose and set the biasing voltage V,=-2.5V and
V=3V and V=5V, the gate voltage in Eq. (7) becomes
as:

V.+V
Vi =ﬁ‘?—”+ Viw +0.75 (8)

Consider Eq. (8) and Eq. (1) that can be realized the
resistance with the linearity and controllable without
temperature effect in term of the threshold voltage as Eq.
(9).

R, ="m= 2 %)
ky(V,. +1.5)

IV. TEMPERATURE PERFORMANCE
Although the temperature effect in term of the
threshold voltage is cancelled. There is another

temperature effect in term of surface mobility (/,1) that is

dominant parameter of the proposed resistance [9]. The
temperature effect in this parameter cannot directly be
cancelled. The effect can be cancelled by interconnected



with the operational transconductance amplifier (V-I)
which it has the temperature effect in the same term of
surface mobility [9]. The parameter (p) can be described
in Eq. (10) as

P (10)

Where T is absolute temperature, T is room

temperature (Kelvin degree), and K, is constant between
1.5 to 2 e.g. the room temperature is varied around 10

degree while K, is 1.5, the drain current would be varied

about 4.79 10 6.34%

V. SIMULATION RESULTS

The results of proposed circuit have been confirmed
by PSPICE using level 2 ES2 model with the £ 5 volts
power supply. The assuming aspect ratio, biasing
conditions are the following: (W/L) for M, s
(10um/10um) the rest transistors are (50um/10um)
except the attenuators M,, M;s and M,,, M,; are using
(75pm/10pm) and (25um/10pm), respectively. The DC-
Characteristic of proposed circuit is shown in Fig. 6 and
the temperature effect result is shown in Fig.7.

saa VC=1V

vC=1v

V=4V
TOBURA - cmcm s et e s e i s it cigecceesacsccecmcep e e s tmmemnnd
1. 0.5u o 0.5u 1.wW

o 1D(M1)

50 S———

Resistance (kOhms)
b NN W W
i © »nn O W

—
wn o

0

20 25 30 35 40 45 50 55 60 65 70
Temperature (°C")

Fig.7. Plot of resistance with different temperatures

VI. APPLICATIONS
The analog signal processing circuits can be applied
by using the proposed VCGR. The voltage controlled the

59

first order high-pass filter (HPF) has been used to confirm
the application. The configuration of HPF is shown in
Fig.8, its frequency response is shown in Fig. 9.

0. 1nt

m -—QV”

r-r VCGR

Fig.8. Voltage controlled HPF using proposed VCGR
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Fig.9. Frequency response of Fig.8

VII. CONCLUSION

This proposed VCGR uses the new approach for
canceling the non-linearity terms and the temperature
effect reduction in term of threshold voltage. However.
the temperature effect is still contaminated in term of
surface mobility. The temperature effect of surface
mobility could be eliminated by interconnect with the
operational transconductance amplifier (V-I) which also
has the temperature effect in the same term of surface
mobility [9]. The simulation results by PSPICE have
confirmed the high linearity and low-effect of the
temperature. The application, voltage controlled HPF is
also provided to confirm for the realistic application.
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