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ABSTRACT

This thesis presents a design of electronically adjustable grounded inductance
simulator using operational transconductance amplifier (OTA) as active element
connected together a capacitor and a resistor to ground. The proposed inductance
simulator provides positive value and electronic adjustment capability. The
configuration of proposed circuit is simple and employs commercial available
devices. The circuit performance is analyzed and experimented on breadboard.
Moreover, applications of the proposed inductance simulator are in phase lead
compensator and notch filter circuits. As a result, the proposed simulator can

operate in analog circuit,
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duiinTwas (Integrator) A¥aUNSANILTIAUEIGNA (v, ) Ladadl
R
W= - Vin (21)

R (1+R,Cs)
d' P LT &)
wa v, Ao L3enusunavatealend 4,

= [ I3 &
v AB WsenulennAesealuauy 4,

R,/R, ~ fo dnvensussiuvesealiend 4,

AasaeeUuoul A, WA 4, vimhdudulasussiudunssua (Voltage to current -
converter) @nsamaNnIsnsELaLwwe (7,) léan

(R,R; /Ry R,)

L= (2.2)
Re+Z, [] _(R4R7/R5R6)]VI

= 4 a o 4 ) v
L8 ZL e EJNWLLWH?I“UENIﬁﬁﬂFI']LLUﬁ\?LL'ﬁ\‘]C“IULﬂuﬂiSLLﬁ

taumsi (2.1) unulu (2.2) agla aunisnssuaienawn (7,) st

__ (RRJRER) R 23)
’ R8+ZL[I_(R4R7/R5R6)] R, (I"‘RzCS) "




Awuali R, =R, =R, =R, =R, azld

R
I{) =—2vin (2'4)
R, R (1+R,Cs)

s S U d o & v oA
patuAAUwmiednle fe

_ Vin

RR
Z _—=R,Rgcs+m;e—S=Ls+R (2.5)

in
o 2

o Y] v oW -
e L=RR,C uaz R =% Aatuansauandugliesauyala aagun 2.2

>

R= RIRS
%
G
1 lﬁ?
Z L=RR,C

U 2.2 2asauyasminassmaunilsaiuuuiisunslagldoeuuand
inaualag D.F. Stout uas M. Kaufman [9]

\ipauni1sAvalsEnauauA I (Quality factor, Q) @wnsamileann

20 (2.6)

9="%

o i - ° ' ) R R <
insunudaumdenit £=RRC uagrmadm k== asluaunisi (2.6)
2

.
o a

Lﬁamw’wﬁaﬂssmauqmmvmamaﬁ Togratl

O=24R,C 2.7)

as @ &

2 [ o w o v P )
ﬁ]'}ﬂﬂllﬂ'l'i‘llW\?NULLﬂﬂﬂﬁLﬁU'}']F’l']FI'S'L]iBﬂEUQMﬂQWWNQUW?sﬂ‘UE}\n\?"ﬂi thn duwuanuy
I a e =l el o @ q' o ada =) &
ARWDAER £, warlilindrdafianudgelunsaindnsivensaalia (Close loop gain) a4



paduanl 4 Hrwvihiusnsvenenda (Open loop gain) veteavient 4, Fauandlvidiu
=i
Tuaunisn (2.8)

Sroax = 1K (2.8)

A i o
Wo  f AR AUAENEATDINITINGTY

= lﬁ' L E‘ﬁv 42'
£, Ao anudveteevuend 4, Nidnsraeredunis

= o d 1 ¥ o ot o 1 ! o =
PNNUITeANa 1IN UlAUNEUefIsIaRIRALTEI LU BUNS 1A LA
14 sevuondilugunsaiueniinndn wivziiuldilasainansesiinsldgunsainadv
UUNN dnvedlianunsavsuamuwmteilameIIviedidnnseting

2.3 f237a89A1a1uwmten e ldeaunandlaunaunssua CFOA
Uaualee H. Kuntman wagang [10]

n1sas1sIIasAAumietanudnnisvesealwendldinswautunnn
Na1829938AuTINTTEedy ueeUtendtdsundunszua (Current feedback
operational amplifier, CFOA) Wunilslunsimuazinisiundugunniueaiiniiinig
o oo "-?{ ﬁj 1 4 d“’ = o s =Y 2
vnltlusnuidted weanudilaluilemdaiemdnnisveaas CFOA wesursaula
fatl

asmeluiugureess CFOA Usznaudie e 3 91 fie X, Y waz Z dgaeen
1 7R W dydnunlved19as CFOA uansgui 2.3

Iy

.

sUfl 2.3 dydnwalvas CFOA

o

91NFUT 2.3 anunsalisuaunisrnuduiusuesasianeg

1, 0 0 0
Iy
L, |1t oo
y =0 1 O-Vy (2.9)
X v,
v, o o 1]t?



TuAfedldinauassiassimumienilaslfesunendtoundunssua
CFOA Timaeguuuy ’luﬁﬁﬁwﬂ%auaLawwgULLUUﬁamﬁmﬁwLmuqz\gLﬁaﬁné’qmu T8993
wansluguil 2.4 Uszneude CFOA Wugunsaiueaiimudnsesiususadumu 2 # fufu
Uiz 162

C
E;

v o

sUN 2.4 fmdtaesmanuwieltlagldestusudvaundunszua CFOA

u
o

Unduslang H. Kuntman wagage [10]

s [ L3 4 d' cﬂ o L4
PNAUNTITAMUAUAUTTDI CFOA  Auansliluaunisn (2.9) warvusl I; =0, I, =1,
Vv, =V, uag ¥, =V, anluarduiuaudussiasamnsamilaain

Z,=———==35L_+R (2.10)

v oot

ﬂl U J o 1 v dy
NFUNTTN (2.10) MA1MWend L, wazAmInnueunig R, aansanibaeil

C
L =——=RR,C 2.11
T (2.11)
ey
G, +G,
eq = 2.12
eTe) (2.12)

= <4 I o = L o w 2 a‘j <
e G, uay G, A MmNl dAwvindu 1/R, uag 1/R, mudwiu datuanunsoldeu
Teglugudmudumu R, ladsil



Req :RI +R2 (213)

lngduiuaudnlaazagluguvesimumusiosynsuiviunieni Fussauyaveidinsiaes
1 GJ o ﬁl o oo ‘sllv d‘
ArAuwmienihmihausluanideiduanddugun 2.5

_K+R,
Vin " R2
o WY "l .
Lin
A L=RR,C

in

JUN 2.5 1vsauyadidiaesmmumienilagldesUusuiteundunszua CFOA
unauslag H. Kuntman wazanz [10]

wiuliilassainwesnasiinisldaunsalwiadwiuaumn anunsauiumaumieniilau
A a v = s u‘$ = 1 ot 1 aa a o &
Wesnnddumuldugunsalnadv daiudiannsausualdsngisnmmedidnnseiind

2.4 @Ar3na09a1a1uwtenun e ld9asaneniunssuawuu CClll Yndualae
H. Kuntman wagay [11]

N15ASNAIT1809AIAIUMLEIUIINNENNITV9TA8NIUAS LA laTINS
WRUITUNIDN VA7 ‘Tjﬂ,uaﬂuiﬁ’aﬁlﬁﬁm‘aﬁnwsmawwuﬂ‘smaéuﬁam (Third
% W [ = s o
generation current conveyor, CCIII) u"fl,mtluuaamaamamwﬂwan’tumiaammu tWamI1L
whlalwllanuesuided ﬁqﬁ%mwé’ﬂﬂW‘i‘uaﬁmimawwunisl,ﬁ,aiuﬁaamaxmuma%ma

ANlAeal
| | = & < i I
’Luaauwamaﬁﬁawwmﬂszan'u;uwammmuuaamqﬁ]immmL N2
uaviigmeeon 1 A Z dydnwalresiens CCll uanagui 2.6

1A X fuY

Ree

Voo x—> | Iy
: ccI zZ Y=oV,
v

l,—

e

Ul 2.6 dudnwaiveises CCl
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Taeilaunisanuduiusue9asaatl

I,7 [0 o o]y,
Vel=|1 0 of1, (2.14)
I,| [0 +1 0|,

Nnaunsi (2.14) nsdifinazua 1, Wuvinldnmuduiusiinszua 1, fhamanisivaly
Armadeafuiunssua 1, Soninaasaeniunszuasiauin (CCIH)  wasdlonszud 1,
Wuavagldananuduiusinszua 1, Shansnisivaluiienisnsedufunssua 1,
FenIMNesAewIUnTzLastnay (CClI-) ﬁww%’quimawmﬂizLLajuﬁawulﬁﬁnﬁU%’uﬂqa
MmsewInsTUaiuiiaes lnsdydnvalvenasiimundendeiudagui 2.7

I, —» I
V. X X z
Po ccm - Z o0
e ——
I—>
Uil 2.7 dydnunivesasas CCl

NFUR 2.7 dydnwalveanas CCll 797 Z tdidufunudgunnuaydd X Seuiuauden g

= 14 v W f @ Vo a
dunin (2.15) 1(5]LLEWNF’]’J']l.lﬂllwuﬁ‘lli’]\‘]LLiGﬂuLLﬁzﬂSSLLH‘?.IEN’N%ﬂﬂﬂQU

5,7 [0 -1 ofw,
Vel=[1 0 of1, (2.15)
I,| [0 =1 o],

naunsi (2.15) agldnnuduiusseninnseua 1, ﬁqmiﬁ Y uaznszud I, ﬁqm% X
Wu 1, =—1, Auduiussswinausesiu 7, ‘ﬁﬁ]ﬂL‘il") Y uazuseiy v, fgadh x iy
V, =V, wazanwduiusssuinnszua I, figneen Z waznswud I, Ayt X Ju
I, =tI,

lusnidsiiiauassassiaumienilagléiesaenunssuawuy cal i
Unauelay H. Kuntman wazame [11] Taaldinauslinareguuuy Tuflifasiauaiany
JUuuidusdumusesynsufuiamienilaesasuanduzudl 2.8() e 2.8a) 39
Usenaumisudanians CCll sesamAudifiuuszy 1 f wagdadumiu 2 f sesauiu
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Vo v & CCIII v
’—’ Z
Ziy Ry
I AVAVAY,
C[ Rl
(n)
¥ 58] 11 ¥
74
R2§ R;
C,
i
It

Zin Ry § R,

)

UMl 2.8 frdrassrrmmumisnilagldhansaewunszuduuy CCll
Wnaualag H. Kuntman uazane [11]
(n) wuuii 1
(4) uuufi 2
(A) wUUil 3
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1 a

@ o ' o] o 2 | &
nnmdaesinanumiisnhlasldiesaewiunseuaiuy CCll Tugui 2.8(n) Aduiuaud
YBINTAWIOMIAAIN

Zy =sC\RR, +2R, =sL,, +R,, (2.16)
! ' = ° 1 v o
INAUNIIN (2.16) AU L,, wazAmAununy R, mlaain

L,=CRE, (2:17)

R, =2R, (2.18)

wana1sanmanaseatanumideitlagldeasaneniunszuawuy CCll lugun 2.8(v)
ANBUNLAUTVDIITANITOULFRIN

Zpy =SC\RRy + R + R, =sL, +R, (2.19)
MNauN1T (2.19) AArainilenii L, wazAimnuimumu R, mldan

L,=CRR, (2.20)

R, =R +R, (2.21)

Waiasudmdnassannuwvteiilaeldsasatewiunsziawuy CCl lugui 2.8(m) fin
DUNLAUTUDIIRTAILITANILARN

Zp =sC\RR, +2R, =sL,, +R,, (2.22)
MNEAUNITA (2.22) Ararmidea L,, uagAANmUNIY R, Mlaan
L, =CRR, (2.23)

R, =2R, (2.24)

aw o 1 v v A4 o o o i = o = v

mAdeAnaIluhtellninauesmassiianumisiihuuuifisunsninlngld

< € = [ Vo b7 ] a

2aTAEwIUnTELaLUY CClll Wugunsaiueniivudn uailesainlassadavesisasiinisld

gunsalmadwiununnuagliannsausualddeiBnmndidnansedind Tnedufiuaudd
o 3 as 8/ ! s as = o
livesisauuuvaglugurasdadumudesynsuiudimieni



15

2.5 @5

nnmshEuensdiaswkRIfTassmanumdeniuuuieunsdiing
dnaueluafnluuni aunsoagldded anadded 1 fsrassmanumienilegldooy
weudiiauslag D. F. Stout uay M. Kaufman [9] swiduithiauessiassnemiy
wieniuvuiisunsndlagldesunondidugunsaiueniinndn wiilornlasadreves
2935iin1sldgunsalniadnduivunuarldaiunsauiurarumieadilddeiznag
Bldnvseiind  91nawAded 2 lihaueiisassrmumisnilaeldeeuonideundy
nazud CFOA dnauelay H. Kuntman wazaai [10] fhjrudenieas CFOA ugunsaluen
finvan udrziuldilasiaivrensesinisldauasalmadnduuinn aansauiuaia
wilenhluiidamndiunudugunsainaiv diufsiaunsausuildseitnmi
idnvseiind 91na3dedl 3 fidraesiiarumilsnilaeldaasaewiunszuauuy call
dnauelay H. Kuntman wazanie [11] drufienives CCll desiuivgunsalnadv 3 o
lassainavesnasiinsldgunsalwadnduiunin uagliaunsauiualameisnimis
Binvsedndituiy Fwniinariunannsoaguldfemnsed 2.1

o = o aw oo =
M137191M 2.1 ﬂ"]iLU'i'EJULWEJ‘UQ']u’Jf\]Uwquaua’Lu@ﬂﬂ

9773e# 1 [9] 93e? 2 [10] U389 3 [11]
gunsaluaniin paduaul 3 ¢ CFOA 1 ¢ CClll 1 67
gunsaiwadu FRIUVIY 8 6 ARV 2 67 AIAUNI 2610
LY =3 s o ot 7] [ [y
AUNUUsEY 1 67 AWAUUTY 1 617 ALNuUIEy 1 67
YUAAIT1809A7 " . i ; " .
q . WEUNSIIN WigUNI1IN WgUNT1IA
AUALYUN
AUAUNIENUVDY . o 15 &
) Iy Taignlu Taigntu
aunsad
n13USuUAIA1835 " o i
- s ~ Taid] Taidl Tald]
n1ediannseating

PN dendnusis 3 1uised HandanisAnwuasiauidsiassdiniy
wilgrhuuuiisunsslfamnsoususmedidmseingdld Ingldlofioilugunsaluaniin
°Imwwuﬂmauum’l,uﬂﬁﬂsumlmmaaLaﬂmauﬂa nn1sUTunssualatanisuanaos
Tofile Tnoswaziduavadleeasureluuni 3



unil 3
NANNISVD 995 a¥La

3.1 nanvi

Tuineriinusaduildiinisineaslefieniersasvesaininu (Operational
transconductance amplifier, OTA) Fufugunsainoadin unduasiusznaundnlunsata
fhiraesmanumisthuuuiualdvnedidnvseiind lneaseslefievhmiiasuussiu
Junszua wievhawludnvuzuvdsdienszuafiniuaudioussdu (Voltage  controlled
current source, VCCS) BnviadaanunsauSuauuudidnnseiindlasnisuiusnsvenosi
ANLUNT992937 (Transconductance gain, g,) tanaenisusuAnssualuda ﬁaamaﬁaws
ladedsgnihluuszendldausgiinitewane Tnsawiglunisussananadyyiuneuzden
LU 299N T0dYYILUULEATIN (Analog  active  filter) [12,13]  2995iuiianaud
(Oscillator) [14] uayasvereduangiaiuv (Instrumentation amplifier) [15] Wudu 0
nsnwanAdedausefinaudstagiuiinninauedadiaasiaumilnh laeldgunsal
wamfiWlivaneawidy 819 nsldasanewiunseua (CCI) 1995U8M8AIANUANIYBINTELA
(Current differencing buffered amplifier, CDBA) 29a5v8nensewd (Current amplifier, CA)
waz9asvereaInIm (OTA) Wudu Teluinerdnusaduilldinslefienldluaes
$raesmumiisni WeanlefiedugunsaiueniiniifinuautfuusAmaswaus i
sunadudndiulenseiudymiunseudioding wazaansalfumdasveeauives
29358 meBiEnvseting Sniulunrsesiiilassadrslddudou agnuaziuvden
wsweainiamrsaduaszinasidlaglisniudeddmdunusaionouiugadu
smfsanunsaviualanididnnsedng

Tuuniiaznanis mavihaulungeuaivenasledie laswaduasvanns
yhauiuguvensaslefive MsiAszinanevausmnLivenesiefie wasdu
gavhedeasundnnsveniaslefie dalseasdondsil

3.2 msinuvesasienieluniaaund

Iaﬁmﬁwmulué’wmmm&iﬁhaﬂimmﬁmmuﬁwLLsaﬁuﬁﬂﬁ’aﬁeaﬂmmﬂ%’uﬁwLLUU
a @ a LYY [ o = [ o [ 4:1'
dldnnseiindlalaanisusudnsvenearanutinnessas (g,) melulefiiaiduransdisagu
filassaaduwvululnariniudames mshnurenaslefitelunisaeaund [16-18] uans
lugun 3.1



3U# 3.1 lavite
() NATAUYANANAR
(v) dyanuwalvesledie

lngluguil 3.1 Anssuaieding 7,,, fauustuludadlagnsaiunasisvaussiudunm
voilaiile aun1Inszlalrnnvedlofiozuantls aail

jou.f :gm(vm*' —-vjn—)ng (vjn) (31)

e v, Ao wadvewsduduNe (v, v )

g, f8 ans1veieAInINI1edladie

U as

o g, Srusgiunseualuda (7,) Seamrsamenlaeiail

glﬂ = IB
2v,

Wa I, fe Anszualudanmeusnvedledie
vy AD ussiudegungil IRz 26mvitgamaiiies (27°C wie 300K)

U
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73 Y [ & =)
G Iﬁ'iﬂﬁ'i’l\‘lLLﬁSﬂﬁﬂﬂ']‘iVl'N']UWUﬁ'l‘U‘U@ﬂ?Q‘ilﬂa‘lfllaa

Tuirdeiindndslassaisiiugiurassaslefofgud 3.2 Taeleioidiuaees
a‘hL%ﬁ]gﬂﬁﬁiﬂsqﬂ%‘naLLUUIUTwa1%mwu%ﬂma%ﬁswamﬁﬂmﬁaﬁ MvuAlinsugawmesynaad
AINNEANMIEIUNNYTENNS NSUFARES Q, WAz Q, aﬂuwwjmasi'm (Differential pair) %@
frufesagieunseua (Current mirror) CM, uag CM, 3edidhsvenawiiunds 7 7,
Wunssualudansusnvesleiie

V!Hﬂ

JUN 3.2 lAsainiugiuvenasilenie

nlassaiianugiueesnaslefiteainisaniAtauduiussendnanssua i, way i
[aanwan n1] leeadl

. IBe(_Varfzvl')
L SRV =) B Y-

(3.3)

(vin/2v7)
. Ize
e(—vim”lvT ) + e(VIJI/ZVJ')

=i
LB vy

Ao ussiudegmmgl dAwviriu kT/q
ko Ao Ameiivedluaduuu Boltzman’s Constant) SAWNAU 138x 102 1K
T fe Aguugilvinden (K)
g Ao awszgliihBidnaseu (Electron Charge) fiAwihiu 1.602x107°C



UNDERANAN NIZBNINAIAIANT 2T i

Mllarnszuaoine

1, et/2r) _ olvarn)|

T 35
Yot =12 TH =T G | i) (e
Al eI —e_x el aluly ) . s a
lH® tanh(x) S JIVIIU ﬂﬂ"lﬂ‘iuLLaL'e]'WW!G] FNEUNIT
e*+e
v
i, =1;tanh — (3.6)
2v,

- =f s 1 o 1 s A ) =Y
#nsanieensveneaiaini (g,) visAdnsmadasuusiiudunssuadnfunszua
yaslafiteluaunisi (3.6) auisamlaannaunis

di I v
g, =—2 =—E gech?| (3.7)
dv,, 2w 2v;
< o a i o 2 i v v o
Warunvadusnudune v, Jaudrlndaud dwalviveuves sechz[m*i’-J fiAUszane 1
vy

Aavy NEuNITn (3.7) azla

di

out

= IB
" dy, 2v,

i
" Wineo

(3.8)

WININSANSUINTLUAD NG 7, luaunIsh (3.6) Feanegluguintulawesludnumu

out

\aud (Hyperbolic tangent) winvinsuszunaudrmaludadu (Linear approximation)
meTsnsnIsngaynsuEes (Taylor’s Series) azuandlein

22X 177 o T
tanh(x)—x—?+—15—— 315 i (] I)C| <5— (39)

aunuA x=v, /2v, asluaunisi (3.9) agla

in

Vin Vm ] vt‘n ’ ‘2 Vin 3 1 7 Vm ! A
tanh — |= - — = —— +... W8
v, ) \2v. ) 3\2v, ) 15{2v,. ) 31502y,

NNaun1sA (3.10) Tunsdifl v, <<2v, awrsaussanaaanuiudadusssaunisileddu

in | .2 (3.10)
2

Vr

v
o

lawasluanunutaus leaed

e
C2a
-
oD

Co
|



18

tanh o | = i (3.11)
2vy ) 2v,

wiathafentulaasludnunulausnlevinnisussunandlainaunis  (3.11) ununauly
aunsn (3.6) azlafnseualIANmveNRshe

io=J Jin (3.12)

out — £R-
2v
T

ANUAINIRTIvEIgAIAIN (g,) Tuaun1sm  (3.8) LazAINTELALEIANATEINITUAITIN
insusznudnuludaduluannsi  (3.12) ud eldrnuduiusvesnssuaadive
WATLIIUBUNS Fiail

PRTIRL | P (3.13)
oult m g"’? n
2v,

v 1 l;', e 1 el = lad.
wiuldinszuaending (i,,,) fiiuegiunarireussrudunnuasnaresgumaiinueglu

out

= =

wseruitguMall Anduaisaiaunis (3.13) 1iesziniaiauliveseas (Sensitivity,
S) loinail

e

é;@m =:E?££LZ£EEL ::__] (3.14)
aT/T

s

o c & ¢ a « = vo &
WWﬂL‘UUuaE’f‘LUEULUaiL‘UUQﬂqquwﬂwaqﬂ‘ﬂﬂﬂﬂ'ﬁxLLﬁLaﬁlmwm a’]ll']'iﬂL“ﬂﬂ'lﬂﬂ JU

%:_1%“00% (3.15)

lour

o &, e nizuaenaidsuuadludlegumniivindendiuasunyas
4 a v a
AT f9 gaungiiviaasuiuasullas

a a 3 - =

AT WMHRYBIVIIUTARES O, WAz O, 1InlAseadieiugIuvedsasleiie JUN 3.2
auNsnAATIAIANIAUN e R, vadleiiteliiigs Inerrnuiumuledynues
nIFARa3 O (7,0, ABVUAVAIAMUAIUNIUEWHATOIMTINTARDS O (7, )

rldfmAnuiumue AN Al

Foutosoutcs
R, = (3.16)
rou!QG F ruulgi
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3.4 A15IATIZUNARBUAUDIVINNAINDVRI995 10Tl

TumafoilediediSaguluvissnaindidnnsedndinld ldanusnuftRauldnm
wdnmsvhauveslefielumsgausdls sannlefefiinirianisieuvesussdudunni
ansavhanluiiadaduliiu £ 26mvussnssusednavaslafietuiiiduiuaaud
yosusaiudunn uandlusud 3.3 dail

i i

]
m

gm (vm’f
JU# 3.3 1995auyavedloriolun1sujun

e R, wag C,, Ain MAnusumulsluazauglidwleiudune auddivau R

oul

war C,, Ao ArrnuiumuusaLazA1Augiiiuksiuetsine mudsu Teelifasw
ApamununasAtnuglwiiduwauuluens (Common mode) iilasvniiday
un i;l)\‘]ﬁ?uﬂ"lﬂ’J‘mﬁ’m‘ﬂ'I‘IJLLa3Fi’1ﬂ’1'lllﬁﬂﬂﬁ’]éf’lw,aWﬁwm%ﬂ‘lﬁ]u?‘l’l‘i’lﬂLﬂafﬁﬁ’]ﬂu’mﬂuﬂﬁ
AnzirnaneuausmIAuiYe1993 Tnsasauyaruiadniiuldlunsiinsey

Asawanalugun 3.4

gmvin <f ROM; Cout:: RL § CL:: vom

o —

3UN 3.4 19vauyavesdyuuiaand miuladie
AUl Ims1ENanauaUDINIAINE
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e R, Ae Ausuviuvedlvasitiiuinesiuiuledie
c, fe anuglniivednasimhusesiuduleiie

nesanyavesdygrauadndmiulefiedmiuliirssinaneuausimianud
JUT 3.4 aglaaumsadnivensusiiudmivdyanavuadn [nanuan n2) el

14.P(S) = Vour(s) — Em (Rou.' /" RI) (3 17)
Vin (S) (erl // R.’.)(Ccm! + Cl. )S +1
WIUAN 5= jo
R /R
z‘iv(JCt))= Enlty _ gm(Rmu/ L) Ava (318)

R.CLjo+1 (R IR )Cou+Cr)jm+1  j(@]o,)+1

oul

a P d [ o 2 o W P o w g W
#1sanann1In (3.18)  auiuldinesauyavesdyarauiaidndmiulefied miuld
- o " . g
WATIVKARUALBIMNAINE agluguvesdiansasnuaI i (Low-pass filter) laeil
AuAYinyY (Corner frequency, w,) @

0, = (3.19)
(an /" Rf, )(Cnm’ o+ CI)
vilildAwuusinyt (Bandwidth, 7)) vessiansesdiuadtuds fadu
fi=2 - ] (3.20)
272. ZH(RUW // RI,)(CJMJ t Cf)

= v o v o o6 o &

MNANN1TT (3.18) 92 1Adn19NBUTHY NIANUDA © <<, il
Ay = Zu R R) =52 (R /I R,) (3.21)

Vr

] o =i

FIFWTAANUASATIVEIBUTIRULATIBnIsUTUNSEualudantauen 7, dmsunsdinis

s

o o e = e . PV = u &
NWTEATUAY Y38 j(o/@,) >> 1 satuansafouaunisivale fail

. g ‘41’()
A,(jo)= o) fin) (3.22)

]
=

P o 1 = [ a o Ve 1o - . .
darvualirud o= o, WJuanudgeivilddnsiverawiaiunis (Unity gain frequency)
AITIU
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|Au(jwr)|—# ; AV; |=‘ < = Ll (3.23)
(mT CEJC) ‘ (wi“/wc) ‘
Feaglen
Or = Ama)c (324)
WIUAT @, = ! NANNITA (3.19) uas A,,sz—”(Rw,//R,) 10
(Raul // C.’, )(Cam + C.’) 2vT )
aunnsii (3.21) ashuaunisi (3.24) agls
gy e (3.25)
2v . (C,,+C;)
Fofuruuudion 7, vesnrud o, i
PR (3.26)
2 4w, (C,,+C.)

AuURIAYILUUINUA (Close loop Bandwidth, £.(C,)) lunsdldidnisteundunuuay
(Negative Feedback) fandu

A
(Cp)=—"2—F. (3.27)
Je(Cr) Am(cll)ft

Ty AUISALANIHANDUANDININANUAYDILaNLan18AUTURLSSEWI1AERS 19878 (Gain)
wazAMUUAInYlumeuves (Logarithm : log )

gain(dB)
A

A

vo

Avo (CL ) S R S R R R S S S e i :L -------- !

0dB

JANATA

3UN 3.5 nanevauemaudvedloiie
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szildnmnszudludavededie (7,) awnsenuaudnsvensvedleilauas
J s 3 L2 = o Va ] = L% at &
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NIOIFRY UL UULEATTN
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f1231889A1AUML U RBUNT1aLUUUSUA LN
a & a = ai o
aannsaindlagldlaitenuiaus

4.1 a1

NnnsAnmmMsesnuuuiiTaesmanumidsniwuuUiualdnididamseindi
anunsalilseansainas ﬁi'imgﬂLﬁaLﬁuﬂﬁsaw%mwwam'=a'i WaTaRAUNUNITNER 1N1T
fuprnuidelunsihlefieanldesnuuuidassimumioniumiy  waililedie
wsizdugunsaindsamliunsiilidanuauladusgiann faluiumesuuusao
wilsnhusualalagldlefieiiuaue fyaamneaiesanuuuliiesenisidnuinnilae
nsufuAnssualudaveleioifissiaiier imnzaunduednisdmiuninillduaz
Uszgnaldanilunisdesiuiuaesiug Tagluinendwusaduiinsesnuuuashassanin
wilsnhililafitelues CA3280 desamfudumuuazffiulszqetsaswieh

Tnoluuniagnanianisieuresnuusiassdanamieni uuulfuaaléd
Tlausuaz N1 AT IEiaNTIOuE NS0l

4.2 ANSYNNIUVBININRR9ANANUMLEIUUUUSUAN lan1edLannsatindlae
a oo
T lavieniaus

fdrassAranumieniuuuliualinedidnnseindlaslflefiefiinaue
Usznauludelefiefiiuuioniasuaniindndesaufufufiulszauassasumdaiu
gunsalmadvisieiaunsid sandlusud 4.1 Tnenisvieuvessesisiassdiani
wilsmhwuuuiuanldvhinaue Wetsuussiuduna (v,) Willun A Rrsamusadunn
pseudfiulsyy €, (v,) Tnglefiiadafl 1 (OTA,) deswwdudufiudsey ¢, viwehituds
W39 [19] Aganansamussiuanasen fvusey C, (v,) 1dan

Cs vy
vc - 1 1 Yy C‘ (41)
— Lf—4
gml CIS gm]

e g, fe dnsweieAnmiwes OTA, dawiiiu 1, /2y,
I, fo nszualudanieusnues OTA,
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o o

U 4.1 fdassmanumileniuuudivaldndidnnsetndlagldleiieiinaues

= s 1 L2 L 3 ﬁ' 1 L U L2 14 o L% A
WINTAUMIUTIAUANATBUAIAIUNIUL R, (v,) W8 OTA, safiufumaiuviu R, viiwin
WUALTIAU @11N0MILTIRUANATENAIAIUY R, Asaunisi (4.2)

v = Rl e gm?.R! v (42)

r 1 c = ¢
o ] 1+ g, R

g m2

Wle g,, Ao dnswergAimuives OTA, SAwvidu 1,, /2y,
I, fo n3zualudanieuenes OTA §f 2

U s = ul o as v oas ¥
WIUALSIIU v, 21ndun159 (4.1) asluaunsd (4.2) ansadnguannisuseu v, Tanail

v, = Em&m2 R v, (@.3)
(+g,.R )8, +C5)

WausvanuA g,,R >>1 aglaaunisuseiu v, Inide

y,=—8m (4.4)
(Cls+grnl)
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nvannIsiuguedeiie  [20] nTsuae1Anm i, 9N OTA, WAENTYUALDIANA iy 97N

OT A, wl#an
i2:gm2(vc gvr) (45)

ll';3 = &m3 (vr - vc) (46)

IINNQUeLeNY NszUE i, @wnsanilaain

p (4.7)
R,

I s o = v = L.~
WNUATLTIRY v, 9Naun1sh (4.4) adluaunisi (4.7) azlenszua i, Wiy

Em (4.8)

R . S
) R!(C1S+gml) &

:J L] ¥ s o v él = d'
NEUNITN (4.5) waz (4.6) Avuali nsewaluda 7,, =1, Vi 4 =—i, WeRa1sui
Tum A aglapnudunus

o=y (4.9)

AUTUNTTUE 7, DUEAAVNLASVWIAVINAUNITZUE 7, @WTOLTeuaNNTIARaL]

; ; Emi 1
1, =iy = ’" v, = v (4.10)
! ’ RlClS+gm] ! ﬁ5+l !

gml

WaNATaIUIWU v, waznseud i, Mlun A sglamdufiuaudidu

R
Z,}:v—A:I—C's+R|:Leqs+Req (4.11)

1y Eomi

= =1 Vi a o &y v @ o 1 P [} Qs I v
NNAUNITA (4.11)  asuladduiuaudnlaaindidiassaianuwmdeniuwuulsualef
dnaueduficnduuin eglugluesniseynsuiuvesidiumiy R, wazdunileni L,

Wgunsnd lngrnnumienh L, wazAmanusunu R, e
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I, - RC, _2vRC, (@.120)
Em Iy,
R =K (4.129)

agiinildinanannisi (4.12n) epnuwilenh L, aunsawdeuldiuegiunisusu

Anssualuganiouen 1, ves OTA,

4.3 NI5ATITHENTTOULNITNIIUYDI9RT

4.3.1 ANAMURANAININNITUTENIRUAD

WATHITaeAIA Ml sunssuLuUUuAldneBidnnseindlaaldled
wiitiaue nnsUsEnuAlunaauailneUszanall g, R >>1 ﬁaamqﬁzx?ﬂﬁmmsa
UszanaABuiiuaudldnaaunisi @.11) Felunsditlidugaund nanie g,,R fien

@
Vs =

1100117 1 1EnYes a1u15arIABuNuAuG tasall

Zl. =g‘= (1+ngRI)(gml +CIS) (413)
Iy gmlgml
VED
Z, I_‘T_A': U+ 8,8 ++8,,R)Cs (4.14)
1y EmEm2

VNFuNSA (4.18) fduazld Aenumilonh L, wasmanuduvg R, fEns

; _Ci+CRg, _4v7C 2w RC, @.15)
“ EmEm2 Ig1 g, I

1+ R .
N8 1 g2 p (a.16)

Em2 gm?, IBZ

R

eq

dlafuuafili C, =InF, R, =5000, I, =500uA, 1,, =500uA wazuseiudegamgiiien

o ' a a ¢ <y a & v w
26mV vihmsunuamduiivaud z, Tunsdliildduaauai 91naunisi @.14) 1wy
604Q levihasunuAmdnauwmienh L, lunsdiiidugauaianaunisi (4.12n) fi
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Wity 52uH naunsi (4.15) Willdda L, ilaluanmsdssnanilunmgauni Ao
» 4v,’

10.816uH v3nagluguves v G

[HIIH2

4.3.2 Aanurawainanaulivinnuvesnszus

s o 1 -:I -] = rd' ar 1 v ar 14 o 44

mirassAAuwmishwuuisunsnanuiuaAldasinaueliluguin 4.1 Tums
gauaRansafmusrtlinszualuda 7, windu 7,,1e wilumefjddduaunsofing

a o w v a P o a
AnuRanananaNliviiuresnszuald lnsawisaliseilunsdd 7, liviniu 1,
Tegradl

WaN5NTVINAUYBINTINE 1, WaE 1, INATMEUNUS i = —i, anunsadeu
aunsAANFuNusTum s jURlseT

iy =—(1—&))i, (4.18)
lag e, Ao ArmnubanaInannIslivinAuvesnssud 7,, uay I, laenaunis (4.19)

. (4.19)
‘[BZ

NusIUAnATaNRILAvUTEluaunsn (4.1) :nAnseua i, luaunisi (4.10) wagan

@ LY ' . . - a uva o o =l
ANUANNUSTEWINATUA iy =i, =—i, UVNUJURAENN1 (4.18) anunsaifisy
AnTzud i, ARl

i =(l—g)i, =(1—& )| ————4
i,=(-g)i=( E]),:Rl(]JrC]S/gm])] (4.20)

NFUN 4.1 @NTMIAILTITY v, 2INANUFNNUGTDINTEUA i, UWASATELALVAKIUR?
AMuvu R, leiann

v, =M (4.21)
(1 + RI ng)

WausIeY v, @mnsamlaanaunis

gmlvA vA
v, = = (4.22)
(C,S+g,,,1) (l_l_&)

gml
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UWNUALIIAY v, luaunish (4.22) asluaunisi (4.21) alaaunisivife

V. = ngrrﬂvfi (423)

’ c
(1 +: ngnﬂ{l +_ISJ

ml

U as a EJ
WLATSIAY v, 2IEUN1T (4.22) WazUTU v, 9na@un1s (4.23) asluaunisi 4.5 a1wuisa
MANTTUA 7, ARdil

V4 + gmlngvA o ngm.'!vA (424)
C
i+ ng,,,z)(l +i}

ml

i2:gm2 (vc - vr) =gm2

i= Em2*4 = (4.25)
1+ R g )[1 + —’S}

nl

Ve

Avuald Rg,, >>1 21naun13 (4.25) awsaussanuanssud i, vl 1adsil

A /. B— (4.26)
( ClSJ
Ri1+—
Em

AUTORBUAINTERE i, INAIUEUNUSIEMINNITUE i, =—iy =i, ANANNENTUSTENINN
iy WAz i, lWMUuRaInaunisi (4.18) uasAinssua i, Inaun1sh (4.26) lesail

iy =(1_5|)i2:(]_51)“—““"i/;— (4.27)

a’

- I a o« ¢ a =
AINAUNTN (4.27) ADUNLAUGISUAUNITAIL

Z, =V—A=(l—ei)R, +(]L1)&C_1{

1y Em

(4.28)

o 5 1 = s s o U A o i o E’dl L 1
AaUAIAUEANAINEUNYS £, 18929959 a0sA1anuwmidgtndwauslunsdianly
[ a o w v o
Julvmuaeued nsd 1, vy 7,, awnsadeulssad
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By = [1 —;ﬂ}xlﬂﬂ% (4.29)

B2

- ¥ o ' £ Y] =
NAUNTTN (4.29) DMMUARIA 1,, =500uA UaY I, =496.5pA Fatunsdliian
Liulunugeund Amauiiawainduivs £, fawiniu 0.7 wWesidud

4.3.3 929U{URIUYD933

NNGUA 4.1 easiaesraumilsniuuvassfiitiaus  thundinsieitag
UjtRnurenseniteliasansndiauldludinisiauuuududadu szinis
forsanuseiy v,  dauduusefudunalifuisesiituaue Fausey v, 4 dwnailkiees
vihenlugasmshauuuuidadu Aeussiuiianasendunavedaiiadiivil Tefiasilaes
WATWIIAUANATONFIAIUNIY R, FRaNA1T

v, =2v, +2v, +i, R, (4.30)

MNAUNTT (4.30) UWTIAU v, FIEALTUBYTUMABIUNIU R, LasNIBUE i, B9
dendidumu R, wwdesegludeuly g,,R >>1 uavnszua i, szdesdialaiiiunssua
ludauas OTA,

4.4 AIVNAFIULATNANISNAFDUAITIADIATAUWLILINUILEUD

4.4.1 MIVAFIUANANUALAYANITOULNITVINIUY92935TABN5AB 995034

nMsvedpuAuaNTRLarausIaULN1TYIIIUTes RIS assaumileaiiuuy
Usurlalneldlefaiminaussisguil 4.2 e 3Uit 4.15 Idvhnsveaeulnenisdensaseidas
donldanlefleduiaguiues CA3280 iefigarinsasannsnuiuaanumidsniildese
Taumsidena ¢, =0.1uF waziUBsumanudiuniy B, s1uau 3 wdaldvinnsdend
R, =1kQ waswasurmifulsey ¢, $wm 3 dmiumIvadeuRnaudRniITwU A
MeIBnedidnvseiindvensesiinaue dmuadinszudluda 7,,uas7,, Wiy
500uA virn1sUSuAnszualudd 7,, 910 100pA - 2mAlasUSudifiaz 100uA tielilaan
auwmileniiiuAsulumuauntsd (@.12n)
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Abstract—This paper presents a simple circuit technique to realize an inductance simulator using operational
transconductance amplifiers (OTAs) as active elements. The proposed inductor provides the simple configuration and low
cost. The resulting inductance can be electronically tuned by changing the external bias current of OTA. Experimental
results confirming the circuit performances are agreed with the expected value. Moreover, the application of the proposed
inductance simulator in phase-lead compensator is also included.

Keywords— Inductance simulator, OTA, phase-lead compensator, electronic tuning property

1 Introduction

Inductance simulator is one of the importance roles in R ZmaR,
analogue electronic circuit design such as active filters, v, = " Ve = T (2)
oscillators, analogue phase shifter and system response + R Bm2lh
compensation [1-5]. Several methods for implementation the Em2

inductance simulator with electronically adjusting capability
based on second-generation current-controlled  current Substituting the voltage v, from Eq. (1) into Eq. (2), the voltage
conveyors (CCClIs) [6], current differencing buffered amplifiers v, can be rewritten as

(CDBAs) [7]. and current amplifiers (CAs) [8] have been

presented. Nevertheless, these approaches require specific Em&ma B,

design building blocks that are uncommercial available devices.  Vr = Va &)
Th ; e ) N P (I+ gma R N g + 1y5)

e economical aftraction in the analogue circuit design is one
of the important factors to be considered. It is known that
operational transconductance amplifier (OTA) contains the
feature of linearly controlled transconductance gain over more
than four decades [9]. The circuit building block based on the
use of OTA can provide the electronically tuning capability. In
addition, OTA is a commercial available and low-cost device.
Therefore, the realization of OTA-based inductance simulator is
attractive. The aim of this paper is to present a technique to
realize inductance simulator based on the use of OTA. The

obtained inductance can be electronically adjusted by changing < Ly
the external bias current of OTA. The circuit performances of
the proposed inductance simulator are confirmed by
experimental results. In addition, the application of proposed =
simulator are also given
2 Circuit Description
The proposed electronically adjustable inductance simulator
using OTAs is.shown in Fig.‘ 1. OTA, formed &}s_active resistor Fig. 1. Proposed inductance simulator.
and the capacitor, ', function the voltage divider [10]. The
input voltage v, is applied into the scheme in Fig. 1. Therefore,
the voltage v, can be expressed as Assuming g,,R, >> 1, the voltage v, can be approximately as
1 Vv, =“*‘gLVA (4)
C-'-_ (Cis+gm)
15 V4
el (M
Y f =l Based on the operation principle of OTA [11], the output
gm Cs Emi currents, i, and i;, of OTA; and OTA;, respectively, can be
stated as
where g,,;= I3/2Vris transconductance gain of OTA,. Iy and Ve )
define the external bias current of OTA and the thermal voltage, i2 = gma(Ve =) (5)
respectively. Similarly, OTA, connected as active resistor and
the resistor, Ry, perform the voltage divider [10]. Thus the i =gV, —v,) (6)

voltage v, can be given by
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The relation between the current, i,, flowing through the
resistor, Ry, and the voltage, v,, can be stated as

(7

o, M
==
2=
Substituting the voltage, v,, from Eq. (4) into Eq. (7), the current

i can be rewritten as

. Eml ]
Lo B 5 ®)
* RCGs+em) | KRG p

Emi

From Eqs. (5) and (6), we assume the bias currents /g = [ to
force the current i; = —i,. Considering at node A, the currents /;
and i, can be expressed as

iy =i 9)

Therefore, the current iy can be obtained by

L 1
I 1
Em

Considering at node A, the obtained impedance, 7, of the
proposed scheme can be achicved as

ZL=‘:‘_A=-&.&5+RI=LWIS+R“] (11)
T4 Em
0 2K
where L, = S W and R, = R,.
Eml Bl

It should be noted that the obtained inductance, Leg from the
proposed circuit in Fig.1 can be varied by changing the external
bias current, [, of OTA,.

3 Experimental Results

To verify the performance of the proposed inductance
simulator, the circuit in Fig. 1 was experimentally realized using
commercially available OTA CA3280 devices. The resistor &,
and capacitor C; in Fig. 1 were chosen to equal 1kQ and 0.1uF,
respectively. The bias currents Iy, = Ip; were set to 500pA.

10" =l > T

| —— Theoretical
00O Experimental

L, (H)
=)
i

107t H i i il
10 107
"HE(A)

Fig. 2. Plots of the measured inductance, L.q, against the varied
the bias current /5.
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Fig. 2 demonstrates the plots of the measured inductance, Legs
versus the bias current Iy, where Iy, is varied from 100pA to
2mA. The proposed inductance simulator is used in simple
phase-lead compensator for its application as shown in Fig. 3.
Transfer function of the circuit in Fig. 3 can be stated as

V4 Z

_ 12
Vin Z £t Rx ( )

where Z; is the impedance obtained from the proposed inductor.
Then Eq. (12) can be expressed as

V_A= LﬂqS+Req =KTIS+] (13)
Vin LegS+ Ry +R, Tys+1
R, L, L,
where K=—— 71=—% and 7, =——4
g F R - R+ Ry
Vin R"' V4

Fig. 3. Proposed inductor in simple phase-lead compensator.

Assuming the resistor R, = 9R

eq 2

then Eq. (13) can be rewritten

as
Ya_ g Tetl (14)
v, 0.17s +1

It can be seen that the obtained transfer function from Eq. (14)
of the circuit in Fig. (3) is in the form of phase-lead
compensator [12]. To demonstrate the application of the
proposed inductor, the simple phase-lead compensator in Fig. 3
was implemented. The parameters of [z = Iz = 500pA, Rog =
1k, € = 0.1pF and R, = 9kQ were chosen. The bias current /5
was varied to achieve the obtained inductance L., in Eq. (11) for
time constant 7; in Eq. (14) as shown in Table 1.

Table 1. The values of the bias current /5 used in Fig. 3.

Im Leg T
100pA 52mH 52us
200pA 26mH 26ps
S00pA 10.4mH 10.4ps

Figs. 4(a) - 4(c) show time response of phase-lead compensator
in Fig. 3 with the difference values of the bias current I as
shown in Table I. Fig. 5 illustrates the plots of frequency
response of the simple phase-lead compensator and the
theoretical values where the parameters of /5, = 100pA, C) =
0.1pF, R., = 1kQ and R, = 9kQ were chosen to achieve two
corner frequencies at about 3kHz and 30kHz. It should be noted
that the obtained and theoretical values are closely match.
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(©)

Fig. 4. Time response of phase-lead compensator with the difference
values of the bias current /.

(a) Ip; = 100pA (b) Ip1 = 200pA () £z = 500pA

From the experimental results, it is evident that the proposed
clectronically adjustable inductor is adequate for analog circuit
building block design with electronic tuning capability.
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Fig. 5 Frequency response of the simple phase lead compensator based
proposed inductance simulator.

4 Conclusion

This paper presents a simple technique to implement an
electronically adjustable inductance simulator. The proposed
circuit is based on the use of commercial available OTAs as
active elements. The magnitude of the resulting inductance can
be electronically tuned by adjusting the external bias current of
OTA. Experimental results verifying that the performances of
the proposed inductance simulator are close agreement with the
expected values.
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