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ABSTRACT

This thesis presents the design of current-mode sinusoidal oscillators
using CDTAs as active elements. There are three sinusoidal oscillator circuits
presented in this thesis, i.e.,, (a) the single-phase sinusoidal oscillator
consisting of only two CDTAs and two grounded capacitors, which can
generate a single sine-wave output current signal, (b) the quadrature
oscillator, realized by employing three CDTAs and two grounded capacitors,
which can produce two equally current amplitude with 7/2 phase difference;
and (c) the multiphase oscillator providing 2n output currents equally spaced
in phase angle, which can realize by using lossy integrator circuit or first-order
allpass filter circuit. Attractive features offered by the proposed topologies
are the ability of electronic adjustment of the condition of oscillation and
the frequency of oscillation, with low sensitivity figures and low component
count. The behavior of the proposed oscillator circuits have been studied
and evaluated through the simulation results using PSPICE program and the
experimental test results using commercially available active components
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woanndasauuuAe N13viauluuaLsisiu (voltage-mode operation) wagn159191U
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2995 CDTA (Current Differencing Transconductance Amplifier) Qﬂﬁ%aua
Tud m.e. 2003 Taw DBiolek  [23] 1ugunsaiueainviarululuuanszuads
Usenoudiel995aesdiufe 29950an19nTzud (current differencing) vimdiidu
29958 una A Buiuauddunas desaufursasuesaAIni (transconductance
amplifier) ymthilduraesiondnaiidardufiuaudiondnags uazarunsaudsadns
nmsderiunseualamedsnismiedidnnseidnd Taensmivaunszualudasinatouen
fudadusynisideinliages coTA  IdFuarmaularluimuiesnuuules
peadalalnosunuy [14)-[20] ogralsfnmunaruiildgninausuideuntiid wuin
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UiurldegneBaseradu [17] Tdgunsaidadiuniuainaieusn(14),(16]-(20] w3eil
nslddaLAvyssauuuaseda (18] deldimunzdmiun19viniagassau (ntegrated

Circuit, 1C) tJudu



saiuIne1dnusiddadnauenisdunsieiinazeanuuuins COTA lujuaeas
salaeldnsrudamasuuululngns TaUsENaUAIEI9THNARNINTEWE HALIIDTVUNY
A1A17010 Trea1u1TauUsAISNT N IUNTERAVDI9RTLAA28T5 N5 1eBLannTeting
v i o 2Vl I3 - Lt v
grunisulsanszualusaainnieusn Iz warladuAsigniaaseadadaainasingly
2995 COTA Minauaidugunsalueafinndn na1ifie 299500adalamasuuuinalfien
aunsnadiaguadugisuniaierdinn 149500aTalalnasLuUAIBATILRDIAINNTD
Qs € o [ dll « ni'al 1 L% a L3
duasieidygraiendnnsuadueigtdassyaiiynnaneiu 72 uwarisaseoadaiaines
wuunarsaluuanssua feauisodunsisndygyimnssuaenananiiyauivasniiaiu
2n waldafeddupuase lnsaiuisonvanidsulenisiinesadaanuazAiniiuily
n1seeadatanlaegdaszludinansenuiumeaisnisniedidanseatndlasnisusu
nszualudawed149s CDTA UanaINTUsIAIINAISIERIAUN I UNIATWNAINABUaN
wazglddaiiuuszqiiisunsnid mugdmsunisthliaiianeessie wannisiidnausly
ngrtinusatuiilignvaasvuaziuduainugnaednie nan1sdnasanisinaulagly
1UsuNnsy PSPICE waznan1snaandsalsasasalaeldladiuas AD8AG vhwmiifiidud4as

nannansewda wazladiuas CA2080 yhwuidul9asvenaA1IAlI1LLn

1.2 AdudenineasingUszaedAveansine

Sneninusildiiauondnnislunisdansigioenuuurtasesadaiainosnug
nszualaeldaeas CDTA Tnsiveuunvesinerinudseiine

1) 199500d%alalAsUUUINELREY USeNaumi7935 COTA F1UU 2 7 WAy
Afiulseisuns19asIuIuaD i am*ﬁna%’wé’mumﬂmgﬂﬂﬁmmaﬁm‘fua'lﬁwm

a

warUsuauanUinisvineiueseesiadisidnismididnnseidnd lnsendenisuys
ANTELaludaued7995 CDTA [24]

2) 1495990aTalALABTLUUAIBNTILIBY F9UTENOUAIBI9TT COTA S1uruaT
fuazdAuUszTisunIdduIuaesdl aunsnadedyyiuiednaaayniil
wadyyravirfuuaiyuiavaiy 72 lagauisausvandeulelunisesadaian
wazArAudlunisoeadaianliogsdassaonu [25]-126]

3) 299500aTaLaImBS UUUNATIWE wiensthlaussenduaesesdail

29957nis Ao FuATIEVIN99TVLIUNTLUALUUNTEULARIUAY (current-
controlled current amplifier) waga39sduiitnsimesuvuiinisagide (lossy integrator
circuit) $1uTU 7 2935 AoAalaniy aunsaadedyy I NeleTIuY 20 Ya Ay

Wan19iy z/n (Lfia i3] [27]



29957@09 Ap FILATILHIINIIITVLIINTEUAUVUNTTUAAIUAL UATIINS
nsosrunnALASusunils (first-order all-pass filter) $1U2U 7 7995 AoAaIARTY
aunTnaiedygraieinaladiuiu 2n ga Jvuiadygroauvinu wadyuraaiaiy
w/n (e n>2) (28]

n1sdIATIEILAYEaNLUUNRTERATAEIM DS UUUANEINAT A 19951 @150
muauAdeulalunisesadalanldlagysimainnansenusesnnuiosadalan uazyy

A1anavesdyyIaeinaaInsadunsevlaviayuivag (even) wasinad (odd)

1.3 AMSUEUIVANNIT WLV IINYITWUS
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U9 NAITS BRI UL TUNUIINITEIATIEULALDDNLUUIIIS D ATALALADS
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lagld2995 CDTA  ddolduvareyseni1snaasaealiulge Astuine inusidela
NRIUINITHIIIUVDII99500aTALALADINILUULNALA LD WaLUUAIBASILRas el
2995 CDTA  vJuaunsalusarivudn wageanuuulidiuiugunsalwiaddes vinlv
Usgudanud (die area) wnrzdusunisihluasieassiuniauiadn wazanniad
nulnigayidead
UDNINNUINNAITANAIUNAIIUITUUALAIANUNNUIINNTAILATILNINRS
a ¢ v al 'Y f v aa
peddalanasuuuvatevalanelea9as COTA  figrunsausuantanaeisnisnia

< a

giannsaind wararunrsavsuaiisulalunisesadaanUsiAannuansENuAe

2
& ol f 11}

Arndfesadaan (i dendraulalusdrsnin drumndindiinerdnusidele
88NUUVIITTERaTalamesuuunatewa lnelda99s COTA  wazdaiuussaiviou
n57119 (grounded capacitor) @avinlsnansenuiiiosannArpdruglwiawely (parasitic

capacitance) lursasasla

1.4 519az9uAYRIMeIINUS

Fnerfinusiauilauvadavioandu 7 Un LAaLAIANUIN 5 A1A enedufs
unf 1 nanade unid Usgnauaie aAnuduniuazaudiAyvestynn
ANYMMIBLazIngUIzan nisdauendnnisivieussine inus wavsiuaviden

q

YDINUIUNUS
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LATNANTTINADINITNI9UVD9995 el lUsUASN PSPICE LaZHaN1IVINaDIneII93
39
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2.1 Na19u1

2495 COTA  ldfuarnuideuiluuszandldaunissiudszuranadyyin
waurdan o1 299snTednN (filtter) wazlsvsvenadyqiu (amplifier) 2933
peadaiames [11-012] (Judu deamuaudfisurensas COTA Avhaululuun
nsrud wazawisanavauntsdeiunszualddedsnisnadidnnsedndlaenisuiv
Anseualudaninaeuen waglddiludesldmdiuniuainniguen ilddnisimun
Tns9a$197995 COTA Munnegradailea [131-19] Fadiaruuandrafuiisunaluladi
Tdaonuuu warlassasianieluaesaas viliaees COTA luwrazuuuiideddenasd
snafu viludineanuuuasastifufdslnindesas fenduiiuauddunns (low- input
impedance) fiAn8ufiunudiandinngs (high- output impedance) a@msayinauldi
AudufReuge anduugunsal Fadunuimedseifiauddguazitaulady
DHNUINAIMTUNITHAILUIDDNULUUINDTTIN

Tuunilseldinausuuanisnisesnuuuuasdunsiziaees COTA  lagld
waluladrfinlulnarinsudamesneldndnnisreassau lasaees COTA fiaue
UszNauni899TaIAYa03dIuAD 199INaR19NTEULE (current  differencing circuit)
LaE2993YE18A1A1N dmTuananTAlunisiauresessitiausliviinisfn
wariiATEiienanIsdsuLuUn TTheuvesasiasldlusunsy PSPICE uanainil
gelanauandnnisdainsieraeas COTA lagldladiues AD84A4 voIuT®EWM Analog
Devices fvmiilifiutsasuenenszuatioundu wie CFOA (Current Feedback
Operational Amplifier) wazlodiuas CA3080 v01u3EW Intersil Corporation Avinutinii
Hunsasveneriauiil wse OTA (Operational Transconductance Amplifier) fosauiu

[~ A A s o 1Y J =
LUU24995 CDTA W8 UUUNANITNIUTDIINITAYNITABINATNAADUISY



2.2 2995 CDTA lugauai

s L3

2935 COTA (ugunsalueafivviniululvuanseua Jalidydnualuanslafagui

<

(5

2.1(n) TasAUEUNUS TEUINNTZUANTULS 9 UUD 2995 arunsawisuaiuielanail

v,=v,=0 , i,=i,—i, Wz ii=g,v, (2.1)
aums (2.1) wanaliiiudamanianssuadunn (i,-i,) gnasiiuluidunszuaionsive
97 z (i) wasuswunt z (v.) ssgndsuldidunszuaiondnaitn x (i) M
oAl (g, lnganuduiusainanaiunsailisukanslaniglsasauya

n1alnflrfaguil 2.1(0)

l =
B : T
. 14 1 1
EP Ly —PI-— | -
v, S+ p et [eR—S i, W]
’ ODTA | iy i
n e el
Yy o—— n -X ——<——0 vx O

sUl 2.1 2995 COTA Tugaund
(n) dydnwal (¥) 2935auyan1glnih
2.3 7995 CDTA Tun1aUfjuia

MINWI150412995 COTA Tumsufuinudnaasasiiaranuiianainlunisaasu
@ I & =l o | @ 5 2 vV = o
druyios uazArBuiuaudueaniglutaniegueeeas [20] daluielvdnlafianisvieu

Aliifugaunivedias COTA vimsiasieiannts (2.1) Ielusdidu (21]

v,=v,=0 , i =a, ~ai Wy ti=tfgv =tfg,71i (2.2)

<«<1) lawfl ¢, uaz &, AvArdawainlu

S a, =1—£p(’gp¢<< D wae a, =1-¢,(le,

AMSAHIUNTEUATENINDD p TUDT Z LarseuIedl n AUt z @ B AsAddanaialy

ee

mMsveeArunt z Wi x Ingnavesarduiiuauddunaudaagviliiinaininm
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AuManis 7, uag £, UsInAd p uartn n uazarduiiuaudiendnauds (,//C,) uas

o

(r.//C,.) NVUUBYAUTT 2z ward? x V99MATANNEIWY LAgviaAIA AU IULHILa Y

[43

I o g P dY a I3 a 1Y aal o s '3
ARaivUsEueanUsIngiTddunauaziondnainldainmalulagninunduaseiies

2
o o o = =

neilvnviinisiasiegnieassin [22] lunlfiRagdesimidsfenanuiiuniuuiiag

e

ARIAUYsEURaianandie Jeausadisunansdydnvainielninlddagui 2.2

|
| 5
Pl ideal CDTA :
Py | r
v, o—ap—w:.— p' + fg,.v. :iix
I — T X O
. ' . 1
N +Xx e T —& i
e
Vio— 1 n' ' e C.l
[ z I |
|
= |
| ¥ ¢ (O.’plp a,i) |
: i |
I
: I ]
z
V. G\ __ J
iz

U 2.2 2995a3aY892495 COTA Tumaufua

2.4 2995 CDTA fidnaualusfin

1589NUUV295 CDTA azdesrilsfanmantivensasiunigauniniuding
wudluiaded 2.2 Wundn Fanudmeesagrhauwdanisimauduaesdiudidyie
daudunadulasuasienszua wazdruerdnaidursasvereainaui lneaas
cOTA agvhelulnunnszua daduiideseanuuursasliiiddunnduiiunuds uas
AR Bufiunudgs uananidanuiinisennuuuisasadaslifufdslnddos
ﬁﬂminv‘f’}mulﬁﬁmmﬁﬂﬁﬁ'ﬁmuqa AsAIIUd Y YINNTELANT BUT IR UAIA2 Y
Aawaias Fa1nn1sAnniuaideniseonuuuises COTA  Tagldinalulad cMOS
wanadagud 2.3 fis 2.6 (141117 mszdumaluladiamnsaadrnsessniiouie
&n wagldmasliihgadediin dmiuasesguf 2.7 Wuniseenuuuiaes COTA Tagld
walulaglulnaisnsudanes [18-[19] F9n1saruANsNIINITAIHIUNTELAANTA
rvauldegradudaudu lngendoaininu (g,) Aldwusdunsatudinssualuda
nmeuen Tneauantinisviauveisas COTA Alddinsinauslusfinaiunsaagy

v o =~ 1 1 8/ & i ar o 1 L
‘lﬂﬂ\‘lﬁl’ﬁ']\‘l“ﬂ 2.1 [23] QSLﬁUIW’ﬂLLﬂﬂgUVIﬂ?WNﬁﬂﬁd DATDABYAINAY BITLTY 299519

o =l PRy

o : ! [} ] o av v U 124 =
Masulnigeyidens udldanunsaviiauianuilagendile [15] vioreasaiunse
a
v

o wa 1

auldviauauifiaugendt ualdmdanulniga

b

q
Agfiunnnii [16] Wumu
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31]17'i 2.3 29395 CDTA tiauslae A. Uygur Wag H. Kuntman U A.e. 2005 [14]

guﬁ 2.3 WaM93995 COTA ﬁqnﬁ%aualm A. Uygur waz H. Kuntman Tul
A.f. 2005 [14] Usenausig193938aeanidiude 1995 DCCCS (Differential Current
Controlled Current Source) M1-M16 vuiiliiursasnindunn [24) uaz29as FCS
(floating current source) M17-M22 vhwtidursasversaaiuvaaaing
[25] Tnemnantinazanssauseansns COTA Tugud 2.3 agulddanisnad 2.1

dm3uguR 2.4 wana1a9s COTA gnunauslul a.a. 2006 Tay A. Uygur uaz
H. Kuntman [15] Jadunisesnuuurasiagldvsudamesuuu cMos Aldusedula
e Tassadreeesiminaustiuusenaudie 2995 FVF (flipped voltage followers)
Mi-M10 intiiduniaBunavessas [26] Fadenalirranuirunuduwaiida p
uag 47 n deeann uazaeesdunesines (nverter) M11-M18 [27] Tnefisasiversen
Anuthwesvnsdimvualiainiesdunesinosiusn  MI1-MI2 GRIGERGIGE
aus3auLYee9s COTA Tuguil 2.4 aguldidennsndl 2.1

UM 25 uane99s COTA  Teeldinaluladnsiudanasuuy CMOS TSMC
0.35 um fiinauelud a.a. 2008 Tng D. Biolek, E. Hancioglu wag A. U. Keskin [16]
2995 CDTA fnausdaasnzsiiuain 1asuaniinszuadelsznoudensudanes Mi-
M17 7183911 U2935 DO-OTA (Dual-Output Operational Transconductance Amplifier)
M21-M28 vhmiiiidusasueeaiauiuuuasnetinn InefinuaudAuagaussous

Y8995 NI0aTULARR1 5197 2.1
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2.5 2935 CDTA wauslag D. Biolek, E. Hancioglu Waz A. U. Keskin
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MI1 MI12 M21

MI13 M14 M23

5UTl 2.6 2995 CDTA thiauelny F. Kacar uaz H. Kuntman U A 2009 [17]

Ul 2.6 uana1995 COTA fiwamundulud e 2009 g F. Kacar wag H. Kuntman
[17] nnelaldinaluladnsiudainesiuy CMOS TSMC  0.35 pm  1AS4d5192999
Usenaudeasasdesassdiufo druusnifiuiens Dcccs mi-m24 vimdiiduaees
wasnansrualunindunn wazdruiiaeafuians DO-OTA M2s-Ms0 virwiiflwgres
AU UADUD A AnauTRLALaNTIOuLI89299T COTA Tugudl 2.6 aguled
15797 2.1

U 2.7 wane993 COTA wuuldinaluladnsudanesuuululnans ALAGOO-
CBIC-R dagninauslay W. Tangsrirat uagans lul m.e. 2007 [18] nneluness
Usenauludeaasdrundnie 1easuananseud Q-Qy tlunindunnvasisasuasly
29959818A1A7141 Q15-Qus LTUNIALEANATDI99T  ANNANTRLAANTTOULYBINTS
CDTA luguit 2.7 anunsnasuiftowFouiisuiunuauAveqieas COTA wuusnagldd

P
M54 2.1
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gﬂﬁ 2.7 1995 CDTA nauslaeg W, Tangsrirat LazAaly Tud a.e1. 2007 (18]

A15199 2.1 ans1dIeuiiisuanandivesnes COTA Aladmsdausluedn

AMENURYD9199 CDTA sUii23 | guitea | quites JUl 2.6 Uil 27
CMOS CMOS CMOS CMOS Bipolar
walulag MIETEC AMIS TSMC TSMC ALAGOO-
0.5um | 035 um | 035um | 0.35um CBIC-R
usedulriFes +25v | 075V | *18v | H1s5v +5v
danlnihande 44mW | 037 mW | 631mW | 4.96mW | 9.93 mwW
Bandwidth (-3dB), iz/ip 392 MHz 87 MHz | 1365 MHz | 582 MHz 32 MHz
Bandwidth (-3dB), 7,/I, 236 MHz | 20 MHz | 1142 MHz | 448 MHz | 32 MHz

nszudoadlEagIdgn (30T . . 5
o B Lildsey | 04 pa | lildszy | lildssy 8 LA
p, n W z)

T e p(rs) 654 Q 25 Q 192 Q 812 Q2 4.5 Q
AUt £ (rn) 506 €2 25X 1.92 Q) 348 Q) 4.5 Q2
faadiit z () 1GQ ladldssy | 3.88kQQ | 580 MQ | 360 kQ

AL X (ry) lildsey | lildsey | 163G6Q | 11.76Q | 713kQ
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2.5 2995 CDTA #l4ludneninug

Tuineninugiesidenldaees cOTA Wurasueniiindndnsudunsizaens
saadaiameiluundaluegdisfuaatiuufo 2995 COTA wuuldlulnaisnsudawmes
Tugudi 2.7 dmfuuummamsiiesest wasfudunalaenissiasanisvhaudslusunsy
PSPICE waz2995 COTA uwuuldlodiues AD844 uaglediues CA3080 dmsuLuINIg

I3

U UAINDN196R9TNAAUIIY Inenanni15vNauee199s9aasdnunyaInisoasune

Taes

=he

2.5.1 23995 CDTA wuuldlulnarsnsudanes

gﬁﬁ 2.7 ua@na3935 COTA wuuldwmaluladlulnarsnsudawmes [18]-[191,[21),[23],[28])-
[29] ausznavludie 29askasenszua Q-Q, vinthiidulreasniadunasudyyin
nsEuaduwn i, uar Qs-Qy; YwihAudygunszuadunm i, 1992993 Favgldnszuad
$1 2 fdwviadu i, =i, —i, wazdmiuniaedyaliieesvereAinnuiinuunaty
LIANAYTENBUMIBNTIUTALNDT Q1p-Qaq Feanunsamuuaiienisnssuadian x ldaos
WuUAD wuuianensrualnasanlaglansasaeiiunssuad Qe-Qy WASLUUAANIINTLUA
Tadlaeld19958 IR IUNTENE Qu5-Qsy TRBLSITUTGR 2 (1) %Qnm?{aulmﬁuﬂsma i

al 1 1

-8 o, . = 4 o v al ' ) s £ v U
M99 x fAwiidvi, = g, R,i lae@l R, fio Mfuniufinessuineda z funsie fedu

uiulddniees CoTA wuuldimaluladlulnarimsudamosuanalanagui 2.7 awnsa
rruausnsrveenseualdogrniududu Sniinsasdaiiddunnduiiuaude uagen
LOIANASNAUANTEY ngdmsunIsieslUderataiandy laendnnisiauves
2995 CDTA Aana1iagldrsasuasienszuaiduisesdune wazrasvengarnnmindy
29951878 A MniasunesIsdivldinasnadestuaunts (2.1) Fsarmrsamunuen

v

aNT1U818NTLLEVD9S IAlasnswUTANNTERalud A NAEUDN (7E) TnaAudunus

s¥nineenTvereAInni g, nunseualuda 7, davinu
gm — (23)

‘é < L dl v 1 s
\ie I An nszualudaannnieueniitoulsiiuiss uag ¥, fe Arussdumaudou (thermal
voltage) aflAnUszunns 26 mV Nigamgil 27°C
o o 1 a v a § P o a (3
ANMTUINVTHNARNNTEUANUTELNBUAIYNTIUTALND S Q-Qq WaMNIFILATIEH

AlAAIAMUAIUNIUTTIBUNG p @) WAET 7 () VBIRTIARIABIUT [n1ANUIN N
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i
r, s (2.4)
s
wa k. Lot (2.5)
By

o r, waz B, AeA1AuAIUNIUAiv8dnines LarenIIve1enITLadlneITINYeY

NIUTawmes Q; (i=1,2,3,...,8) muadu Wauszuiadn B,>>1 asdulinaunis (2.4)

a

way (2.5) wansliiiuan r, waz r, 1992995398 Armun Tuvhuesadeifudinsiey
WATVYIWAIAIUYUN Q12-Qas MIATIAINUANUNIUBIANATIV 2z () WABTD x () IV

[A1AHUIN A WIT8 N2 kag N3]

r = (’”—f{-]//(zﬁr,,) (2.6)
way F, = Pre (2.7)
4

Taedt r, AoArAnudiumuseniwineaianmesiuadiamed war r. AoA1Ady
AUNIUTENINVNUENUB TR DS VO IUTALNDS AnaUns (2.6) uaz (2.7) Wuilan
AUFIUMIUAT z waz 91 x wUsiupue B Feagulddnsasesiidaudiuniy
LOIANAZININ

AnaNtAn19991u892995 COTA Tuguil 2.7 asgnasiaaausienanissians

Ansvinauslalusunsy PSPICE Taeldmaluladins udamasuuu AT&T ALAGO0-CBIC-R

[30] wagidonly TV = 5V, L= 100 gA, Ir = 50 pA Wae R, = R, = 1 kQ 31nuan1s

o 1 s 1 J o 1
'\]WﬁENNElWBUH‘U@GW@H@m’lﬂﬂﬂﬂ‘iﬁWU’J’l’Nﬁ]i CDTA VI‘I.J']LHUE]ﬁﬂ"Iﬂ?SLLE"{E)E]WL‘HWQQEjW

o a

1 e ﬂ.l = 1 s A o
wihiu 8 pA uasduiufesmdanulniiviadu 9.93 mw jUfl 2.8 wanwan1sdnaes

[ [
as Y

nsawitunseLalWngIaInda p wazdl n 1WA7 z Fawudimnudanaialunisaseiu

NTPUAEIgAYBINRTllaSuLsufuAIMI e Ay 8 pA
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100

50 ~

_ H o
< . : —— HON1391004
ta

- HANNOHI) ’

......................................................................................

-100 -50 0 '
Ipsin (1

U7 2.8 namsdnasspuandiinisdiiunszudlvnseands p

wagtn n W7 z

100
+ 7
o 7,
s
S
T =
=
25
0-F ' ' =
1k 10k 100k IM 10M
Frequency (Hz)
()
800
A, rx
& h
600
G
~
~= 400
—
L__K
) e S
0 L
1k 10k 100k IM 10M
Frequency (Hz)
(V)

o o . o i v a o o
3U°ﬂ 2.9 Nﬁﬂ'ﬁ‘\]Wﬂ@\‘iwaﬂauﬁum‘wwﬂ’l’mﬂ‘umﬂﬁﬂ?ﬂﬂﬂﬂﬂﬂﬂuauwmﬂ%’l p,nz Wag x

(n) rp UAE 1y () r: WAE ry

139548
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=

U7 2.9(n) LLammamif&waawawauauawwﬂ’nmf‘{faawﬁmmﬁwumué‘uwmﬁ
11 p war n FawutdaUssunw Fp =y = 4.5Q u,asgﬂ‘ﬁ' 2.9(%) WHAINANITINABY
wamauauaqmamm5maqﬁ1ﬂuwuﬁwuwwu§uwmﬁ°§a Z WAy x 3awudn 7, = 360 kQ
wag r, = 713 kQ s1uaiau

guﬁ' 210 LAAIHANITIIAOINANBUALDINIIAILDVDA i./i, WAY i/i, WU
aufufuRaudiassinn £ = 32 MHz Fadudadidanisiuaudlunsufdfa
FUAAYBI1TNAANNTTUE a'augﬂ‘i?f 2.11 Junani1ssiasananauausInIInINives
i/i, \lavhnisuusanszualuda Iy Wu 504A, 1004A, 200 LA Uag 400 uA ALERY
TUnSAaNUISATINTAHIUNTSUE i/, SAMUSEIM 0 dB, 6 dB, 12 dB way 18 dB
Auddy azsiulddndnsinisdssiunsend ivi. iadusiunisudsaivesnssualuda

Ip wanaliiiuinsasiiaueainisalsuainssuaioine i, 1o lagn1suusAnseua

luod I
10
() e = e U s S £ e
=)
=
£
(3]
)
§ -20
E
3 —
0 I;/lp
X ifi,
-40
10k 100k M 10M 100M  500M

Frequency (Hz)

" 4 al & v -
E‘U‘VI 2.10 HAaNT91a9dNARNDUAUDININAINNNIINYT pl‘lJ"U’J z {l;/lp)

LazaIne n Wi z (i./4,)
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20
& . = & &
A & A A A
5@ 0-1-% aa ¥ Fuasmsczzezsziogg)
B=
(4]
© Vo 1,=50uA
]
o & I,=100 uA
E 20 B -
O O 7,=200 uA
O I,=400 uA
-40 i
10k 100k 1M 10M 100M  500M

Frequency (Hz)

'
=

o = s s ol ' Y
JUT 2,11 Han331a0IHARDUANDINANLYEY i/, auusAnseualuda I

2.5.2 2935 CDTA wuuldladiiuas AD844 waz CA3080

lodiuad AD8A4 ¥aIU3EW Analog Devices viwiiiidu19as CFOA [31]-[36]

o a

Fadugunsalueafinuuudds dddydnvainiadiiivesseslugui 2.12(n) Taends x

i 2 2
e ot = ar L3

wag y ADTIDUNA wardl z  Uav o ABUIDIANA MANN1TYINIUYDI99T CFOA
UseNoauRIe299sidfaniadiu Ao 1995ATUNTLULALAZIIITANNLTIRY NEIAD NTEUA
flvaidrdadune y axdidwidugud (, = 0) uazussiuduwaiitoudrds y szgn
duinldusingdada x (v, = v,) lusneiinszuaiin z dufidvirdunszuaduwaitlva
i x (i = i) wasussfuiits z srgnasiuluadaednausadiu o Fafudiaise
\Wyussuieauantilunisvaueensas CFOA  Iddersasauyanialniifagud
2.12(2)

loFiues CA3080 waeui¥ Intersil Corporation 112495 OTA [37] vhwtidl

L3 L% 1

Waguussiudunmdunseuaodnn Afisnsivereatnmdl (g,) nawsaniuaule

lngnszualudaainnivuen I Sdydnwain1alninuesieas OTA uanslanagui 2.13(n)
= & a4 & oa & a & < wa o o

lagd7 v' way v Aeda8unm uasdd x AoTI0nn ANaNTAnITYNIIUYeII995985Y

[

wseduranafidadunn vivaz v (- v) udawdsuluidunszuaiendnn it x (i) lag

ofaauandRsnsiversanudl g, anuarliniuduiusuedieas OTA As

ix = gm (V+ mv') (28)



20

' z

Tne? g, =—2 (2.9)
27,

aun1s (2.9) uansliiudnsiveneA1a1Niiee1e9s OTA duaiunsanluaulafienis

Yiuanszualuda I; Jadulumuquantidieaduaunis (2.3) Awmuiaiunsadey

aSurAMANTRTUNITYIUYE2995 OTA lddagraasauyanislviidegui 2.13(v)

guﬁ 2.12 2935 CFOA

(n) dydnwaimaliv  (2) 2avauyamalnin

snndnnisiheuvedlediued AD8ad waz CA3080 lehusesiubuies
CDTA 9ldifaguil 2.14 mssiesasninduwaldlediuas AD844 Sruduassiiresiuiy
Favgaatruanasnsnduaglddrauduedunanszuanossas COTA Favinliararu
FunIuBUNAYD9299TTAFLN NARNITDINTELATITY p way 99 qua'alu«u“a z (i)
waziloneddunIuiies z nTsua i, ﬁ%gmﬂ?{amﬂmmﬁ’u v. 9101717995 OTA §1u
LB1ANRA Faldlodiues CA3080 avvwiTiUasunsasy v Wunsvuatending i, i
AuaulddiesaseaInud g, TasnisudsAinssualuda Iz 9anatsuen dail
anuduiusiduluauannts (2.9) U 2.15 uanan waen13ioa99s COTA Tneldled

WUBS AD8A4 way CA3080 mmimqa%‘mlugﬂﬁ 2.10 Aa9UUWEUINTTAUN (PCB)



e
vro @ 0 X
g,(v'-v)
v o—()
o 0

sUfi 2.13 2495 OTA
Snualmglnih - (v) 2asauganialii

(n)

228

CA3080
+

Uit 2.14 2995 COTA Tneldloiues ADB44 siasiuiy CA3080

¢4



22

SUT 2.15 nmidnen1srensas COTA Tusuil 2.14 vuwsivasasiusd

nanismaansn1sasulnnsELanse9nda p wasd # Wi 2 Wisudiuiu
Amaguiuandlddagudt 2.16 Fanuirardawainlunisdaiiunssuagegauensesi
AUszan 12 A dmsunaniamedeunmaunUilunsdeitunssualady i, way i,
U8 7, wandldeguil 2.17 Tnsdounsaduladuunduammasuauivibiy 10 kHz
PUAFIAIU 1 Vp-p (v,) dhuiadiuniu R, Wity 10 kQ whiits p Seaeld i, =
v/R, = 0.1mA uashmMsIaussuiit z Weufunsmd (v.) drufaduniu R, vun 1 kQ
fiteszuineda z Weunsmd Fananismaassdegul 2.17(n) agldAn v. = 102 mV (3e i
= v/R. = 0.1 mA) luhusadsrduhnimeassteuussdulnaduzunduaimasy

ANAWINAY 10 kHz 9uiadygiaiviidu 1 Vp-p #1UA81UNIUY R, iU 10 kQ

v ) ¢

W 7 998 iy = v/R, = 0.1 mA warinnsInuLSIAuUNTI z suiunsan (v.) J1u
YR a ' & al & o v v o =
ffunIu R, 9w 1 kQ fiReseningd z 1flsunsnig dwanisnaaesilanagui
2.17(%) wundygruida z wazds p azflyuiaminiy wieRansaniinnianisinares
nszudvziluiiemafendude i, = i, wardyyruit z wazda n vdyuidasiiany
180° %307ANI9NI5IMAVINTLUAVLATINUTIUAD i, = -i, HANITNARDIRINAIADAAR B

Wulumumdnnmsmangud
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100

50

— HANIINAADnY

iy (ud)
o

HAN1INOE]

-100

I (A

JU# 2.16 nansedaunantinisdwtunssualinsmIng p uavtd n W z

P P 5 v a8 W
JUTI 2.18 HanoUAUDINIIANNAYEY i/, lagldfduniu R, 19 p widu 1 kQ

3 z
1 @ W ei 5 =l (3 1 s 1 17 a [~ nl'

wagsamfunIu R, 117 z Wisunsnawindu 1 kQ amvensuuieeedseendudyn

(U%L’Jm'lﬁgﬂmwasuamﬁhﬁi’mlﬁ A9 N faus 0 84 3) laganunsnasulemntaaInn1snnasd

1GEE

e

90 0 #iawd 100 9zlddnsnvenenszuayindu -0.0126 dB wielufe
i/i, = 0.9986 (FAuaulaain dB = 20 log i/iy)

9n 1 fiAud 299.99 kHz = 300 kHz agldensivenonssuawiniu

b |

<

-0.0318 dB w99 i/i, = 0.9963

90 2 #iAud 599.99 kHz = 600 kHz azlddnsnvenenseuamioiy

I

0.14 dB %39 i./i, = 1.0162
90 3 fiaud IMHz {8ns1venenseuaniniu 0.4703 dB w3e ii, =
1.0556
UM 2.19 uanawanauauBIMIIANAYeS i/, TasldFSinileufunanavaues
MsaudYes i/, Tugudl 2,18 Fanudn afinnuiidsaiuszanunsamAdnsvene
nTEud /iy IndLABITUAY /i, AfuaInnIIvnaBINaRBUALDININAILAYEY i/, UaY
i/in agUldinnisdsiunszualunanguiasdadnavenenseud isi, = ifi, = 1 89
nwsmaaw%awudwﬁmwuﬁqqsﬁuﬁhé‘mwsmUﬂisLLa%ﬁm i/ip = i/in >> 1 30 i/ip
= i/iy << 1 vliiAnAAudanatnluntsdsiunszuanindy wuawd 100 kHz,

300 kHz, 600 kHz wagl MHz agiiaanuianaialunisaasiunszuayinnu 0.14 %,

0.37 %, 1.62 % way 5.6 % N1Ua1AU
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'
=

JUN 2.20 wanan swUsAINTELALIANA i, M1EN1SUTUAT g, vusTideudyiu

nsTuAAaUTY 2 1um'§m'a'Jwﬂ]sﬂauﬁ'fyigmlwaﬁ’ugﬂﬂ?{uamLw?{ammﬂ 500 mVp-p
(v.) 149 z wavdemiduniuiitn x (R Wisunsnadwiadu 100 Q mIeaunsn
ANUIUMIAT vy = iRy = gnuV-Ry) niuuyse Iy Wu 100 pA, 200 pA, 600 pA uay
600 tialile i Wasuulaadu 2 mA/V, 4 mA/V, 8 mA/V uaz 12 mA/V audisiu
FAINUTIVUIALTITY () maagﬂﬂﬁuﬁ’mmmﬁﬁmmﬁu 96 mVp-p, 200 mVp-p, 400 mVp-p
Wag 592 mVp-p ANAIAU UazwuINNAIAIUEANEIALYINAY 4 %, 0 %, 0 % wag 10 %
pdy vadendanatnanunsouiuainssua Zp ielildenlndidsstunguild 91n
naaosiiuanslifenuantalunisuiuainszua i, 1§ §1838nmsmadidnnsedndlaunns

wusAnsewaluda I

CH1=500mV:  CH2=50mV : : : T Sous/div
DG 11 i DpC Tl i : : :
; : : : P : NORM:2DMS /s

=Tracel= P-P  980.0mY @  Freq 10;00kHzZ:

=Trace2= P-p  102.0mv :  Freq 10;00kHz: @
(n)
CH1=500mV:  CH2=50mV : . : : . 50us/div

oC 11 i DG 1 L ? : :
: ; : : ”\ G SOM2IME /s

=Tracel= P-P  980.0mv @  Fréq 10;00kHzZ :
=Tracez= P-P  100.0mv @  Freq 10i00kHz: : &
()

sUR 2.17 wan1snaaauAauyf lunisasrunsewaliadu

u 1

(n) 910t p (i) Ut z (i) (@) 9109 n (i) WUt 2 (i)



CH1 521 log HMRARG 2 dB/ REF -6 dB -.B126 dB
RPN O T _— - o i/i...100.0081 Kz

IF BW 2608 Hz
START 18 Hz

L Mg

N

]
1
2
3

SWP PARAN VAL
100.0001 kH=z —.0126 dB
299.9999 kH=z .0318 dB
599.9996 kHz .14 dB

1.004999195 liHz .4703 dB

JUA 2.18 HANSNAROUNANBUANBINANURIINTI p WU z (i-/i))

CH1 S21 log MAG 2 dB/ REF -6 dB -.8497 dB
APRPIRRC N N e b b 108,.8898 . KHE
: IJ&

(B SRR ..........

SHP

2.979 sec
STOP 18 MHz

3

U

#

H SWP PARAM VAL

0 100.0099 kHz —.0497 dB
1 300.0097 kHz .0093 dB
2 600.0094 kHz .1298 dB
3 1.000009 HNH=z .4689 dB

2.19 HANISNAFDUNANDUAUDINIAINUNINGT 1 W z (i)

25
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CHI=200mv;  CHZ=50mV : ; - SOus/div CHIx200my: ~ Ghz=100mV: 1 : : . SOusfdiv
g R n : : : DC 11 oc 11 B : : ‘
: : : < MORM:20IMS /5 : : : T WAL NOBM2OMS /5

bt it bt ATt

=Tracel= P-Pp  488.0m¥ :@  Freq 10;00kHz ] : =Tracel= P-P  408.0mV |  Fridgq 10;00kHz:
=Trace2= P-P  06i00mY @  Freq 10i00kHz: = © =Tracezs P-p  200.0mv |  Freq 10i00kHz: © ...

(n) (V)

CHI=200mV: _ CH2=200mV: : : T S0us/div CH1=200mV.  CH2=200mV: S0us/div
pc I oewr i 'R : i : oc 11 . oC 1 : :
SO S TN W WL W, N . .. NG oo TIOREIOMETE o A AT B A NORZME S

q Y9.901kHz

=Tracel= 'P-p 2 g : : :
eq 1000kHz ' : :

=Trace2= P-p LOmy

488.0mY ©  Freq 10;00kHz!
Freq. 900K

=Tracel= P-p
=Trace2= P-P  400.0mV

(A) (9)
U 2.20 nanmaeunnautRnsasunssualiaduainds z () Wi x Gy doudsdn g,
(M) gm = 2 mA/V () g, = 4 mA/V

(M) gn = 8 mA/V (4) gn = 12 mA/V

JUM 2.21 UARINAABUANDINIAIUNYDY iy/i; ilovhnisudsAinud g, W
HAUVIAU VAU 2 mA/V, 4 mA/V, 8 mA/V lay 16 mA/V auaiau laeisend
2 Ad’j = « 1 s U s v a:t'u'j =l ¢
FIUNIY R, AU z Wiguns1IamIiu 1 kQ wagmeadiniuniu Ry 197 x LAYUNT1IA

1w v et I o =l = a U v voa <l
WAy 1 kQ IﬂEJ?i']ﬁJ’TiﬂUU‘V]ﬂFﬂVWI']ﬂ’]‘i'ﬂﬂﬁENL‘LJ'S?_I‘ULWBUﬂUﬂWﬂWQWﬂEQIﬂﬂQW’]iWQ

2.2 Fawudnileusuan g, LANTU SRs1vE18nsELE i/, asdiAiutunle uananilds

I A& o w al o o ' Aada
wudndidaniannudvesinasiassunn £ = 1 MHz iWiesannidutasainudnden
Aanainbigeannndn dauainuanismaasaiuitasiauandduniundnnisitenu

UD9937 CDTA



AN5197 2.2 HANAADBUNANDUANDINIIAIINAVDY /i WaudsaAranui g,

ot

NIV i/l ,
g 4 . , : ANAIL
AILLAUIAINURN AN AN AN -
HANITNAABY . o o L | Heawann
1NNITMN ufun Ugue N
(% error)
(dB) (i) | (i)

0 0 (200 kHz) | 52351 | 1.8271 g 8.65
2n3Uf 2.21(n) | 30 1 (400 kHz) | 56622 | 19192 2 4.04
\ilo gn=2mA/V |90 2(600 kHz) | 6.1786 | 2.0367 2 1.84
0 3(1 MHz) | 56756 | 19221 2 3.89
0 0 (200 kHz) | 113590 | 3.6978 4 7.55
9nguAl 2.21() |90 1 (400 kHz) | 11.7030 | 3.8472 4 3.81
o g, = 4 mA/V |90 2 (600 kHz) | 11.9480 | 3.9573 i 1.06
w3 (1 MHz) | 14.0320 | 5.0303 4 2575
0 (200 kHz) | 17.371 | 7.3883 8 7.64
NJUA 2.21() | 90 1 (400 kHz) | 17.529 | 7.5240 8 5.94
o g, = 8 mA/V |90 2 (600 kHz) | 17.976 | 7.9213 8 0.98
W3 (1 MHz) | 17.942 | 7.8904 8 1.36
0 0 (200 kHz) | 232880 | 14.6015 | 16 8.74
NJUA 2.21(0) |90 1 (400 kHz) | 23.3260 | 14.6656 | 16 8.33
\§10 gn = 16 MA/V | 90 2 (600 kHz) | 23.6460 | 152159 | 16 4.90
n 3 (1 MHz) | 24.1560 | 16.1361 16 0.85




CH1_S21

[1AG 6 dB/ REF @ dB 5.2351 dB

199,51 kHz

R R e L T T T T I R

CH1 S21

IF BH 308

START 1@

i 199.81 kH.

“1SHP  2.979 sec
STOP 18 MHz

N P b b h %1wmy1u
0 199.81 kHz 5.2351 dB
1 399,61 kHz 5.6622 dB
2 699.31 kH=z 6.1786 dB
3 1.0065025 MH=z 5.6756 dB
(n)
log MAG 6 dBS REF @ dB 11.359 dB

199,81 kHz

[l
=i

WM -0

e | ST0F 16 Mz

SHP PARAN VAL

199.81 kHz 11.359 dB
399,61 kHz 11.703 dB
699.31 kHz 11.948 dB

1.0065025 MHz 14.032 dB

()

JUN 2.21 NaVAEDUNARDUAUDINIAIUDVEY iy/i; LHTBUUSAN gu

(M) gm = 2 MmA/V ) gn = 4 mA/V
(A) gm = 8 MA/V (4) gu = 16 mA/V

28



CH1

CH1

17.371 dB

START 1@ kHz

N

0
1
2
3

6 dB/ REF @ dB

199.81 kHz

: 3
E &

IF BJ 308 iz ||

K@
zd- : TR, R,
o

i 199.B1 kH

w [WP 2,978 sec

STOP 18 MHz
SWP PARAM VAL
199.81 kHz 17.371 dB
399.61 kHz 17.529 dB
699.31 kHz 17.976 dB
1.0065025 MHz 17.943 dB
(M)
23.288 dB

199,81 kHz

i jev.bi ki :
3 .

IF BW 1 kHz
START 18 kHz

WM -0

Ty

SHP 882 msec
STOP 18 MHz

1.0065025

SWP PARAMN

199.81
399.61
699.31

kH=z
kHz
kHz
MHz

()

VAL

23.288
23.326
23.646
24.156

dB
dB
dB
dB

JUN 2.21 HAVAERUNARNDUAUDINNANNDYRY iy audsa g, (M0)

(A) gm

8 mA/V

(V) gm = 4 mA/V
) B — 16 mA/V

29
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2.6 dyU

unillfhiauendnnisvesias COTA Fudugunsaiueafiniléuaiuiismily
dunsizeenuuuiazlssgndldidudiuiuinn nnisianuauidelusianudinig
dunszoanuuuaeas COTA deuduaswinnvaluladegasuuufie wuu CMOS Wiy
Jumaluladfiamnsoairnesswifoundn uagldmdsliiguyidedsn uas wuy
Tulwdrfnsudames danrsmunusnsinisdeiunssuaainsanivauldedraduds
@y lngordunuandfidniveruaininunidl (g,) @u5omuanlaann1suUsHunsaiu
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21e58dnnseldndnguniiiinudidylussuudoans nialnsauurauife
199500dadatatnes nasurluldaiueriivu ldasedyyimusresdalindussuu
Uszananadyayineedlulasaaulnsaaes lussuuiniesdotnldlunissndynyin
(quadrature mixer) waginiadyqyin (generator) [11-[2] M58 N1sUBGLARLUULNG
INAAGDY wazn1samnddyy1aiedu [3] Wudu ﬁamﬁ?uaﬁmmuﬁqﬂﬂqﬁﬁﬁﬂWiﬁwmm
199500aTaLamesog1eraide i liiAandnnisaneg uinune (4] Wy 2993
poadalalmosuuu RC (RC sine oscillator) 293308@datainasuuy LC (LC sine
oscillator) 249509a@alaLNBTLULAIUANRIBHEN (crystal controlled oscillator) 1933
poadalalnesuusLandu (relaxation oscillator) 149599aFaLALADSLUUIUNIU (ring
oscillator) %39 199700dTaLaLABIUUVIIITIIY (integrated circuit oscillator) 31
nann1svhauildnaududisfilassadruazguantilinsduasgioanuuud
Ay windfngussasdifiendufine Waurissiivszdninings uazandedsliley
fign dmdunisdaaseveanuuuisasesadamnoiagnandsluuni Usenoude
® y9500dTalamesuuULNaLfien (single phase sinusoidal oscillator) R
aﬁmwiﬂﬂ?ﬁaﬁmqmaaaﬁﬁwmgﬂﬂgumwaﬁﬁﬁwuﬂmmaaﬁhﬁgﬂMﬂaﬁiﬁﬁﬁuau
wiladeyayol
® 139599adalalnesLUUAI0ATILART (quadrature sinusoidal oscillator) il
afadygraldassondyn Fadvurnvesdyyrnvindy udifyusiaia
Winnu /2
® J99seRadlamesuuuvatsida (multiphase sinusoidal oscillator) @130
afadgraerdwaldduiuvaisiondne Inedyunadiaiu 2a/n  vie
/'n
Fafuiifonaluunilseinaniesesadaiamasuuumaiiios wwuatensnees
wazuvunatgidaidundn et ludunsisesnuuulrsashildquandd wasd

Usgansainmiualnuneanisialy



36

3.2 YANNISELATIZINITDRETalamaS LU ALY

s 1o

199500adatatnosidutsasiatuisalindadugiulatudiies lneazln

<

s

e InedsUuuudygiuuuusieny (periodic  signal) Tneludidusasd
B UNAVD995 [4]-(8) %qﬁﬁmﬂﬁmsmm%asswmUQmLé’a 149990 ATALALADT
fudninduszuuaruauifoundu (feedback control system) #ifinastiaunduuuy
van aeldiJoulvwesuniaienau (Barkhausen criterion) [9)-[10]  vdaysy
nandvludsiudunaveaisastasdygrumisdiutendnaiiteundulugdun

‘uamaﬂ'i‘tfuﬁaaﬁ'm'lﬁﬁagmLwamdﬁ’uqmwa%qﬁ’m‘,mﬁmﬁuwm wifiewasudyyud
JgmIndygrudsedaegla Iﬂsaa%'wLLamm5ﬁ1a1uﬁugﬁwamwiaaa%aLama%
ﬁmwm%uuﬁmlﬁﬁaguﬁ 3.1 Usenaudie A(s) foasve1edynin Lag B(s) Ao
2995188 uLMd (phase shift circuit) Tneit X1 ﬁaﬁ'ﬁgzgwmﬁunmamw‘mmﬂﬁ'ﬁyzg’]m
x; AEdyINIEIANAYBINaTIABuMA uas x, AsdpraLeninAvelasEinaees

00aATALALNDS

A(s) g /\U

X2

B(s) <

{ [ o s

Rarsananuduiusseninsdygradunadudygineminnvedasiainees
AaguR 3.1 aglanadl

ey x, = B(s)x, (3.2)

unuAtaNnis (3.1) aslu (3.2) ala
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*2 _ 4(5)B(s) (3.3)
X1

naNN1T (3.3) leonsvenedyyiu9sau (loop-gain) AU xp/x; lagan
winnseeadalaniisedvegluaniieada (steady state oscillation) x; uag x| 9799

fvwrakazyunaindy nanfe dns1veedyyinnesauasiidvinnunilsaus [10]

'
as

JUAD
A(5)B(s) =1 (3.4)

) . < L i o a W
wnuR s = jo asluaunis (3.4) uagidsuglaunisiiegluguresdnuiuidedou

nstlilaglamoulalunisesadaan indu
A(jo)B(jw) =1 (3.5)
%38 [4Bcos(g, + ¢,)]|+ j[4Bsin(d, + 4,)]=1 (3.6)
e ¢y uaz gp Ao yuiavesvsveedygin (mieidusifeu) wazieasideuma
AIUFIAU AINAUNTT (3.6) arusausnfiarsualadesdiude  d1udiuIuasy (real
part) wLagd@IUIAAIN (imaginary part) #38UUAD
[4Bcos(p, +¢,)]=1 (3.7

way j[4Bsin(g, +,)]=0 (3.8)

WUIENNTS (3.7) uay (3.8) asiduaseld wnmmsumﬂﬁ%aﬁmwma TR TATe REoRY

AallALYNNY

|A(jo)B(jw)| =1 (3.9)

LAz ZA(jo,)B(jw,)= ¢, +d5 =050 2n7 (3.10)
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Tagd # fio w@ydwaudu (0, 1, 2, ....) aguldinnseseeadaiamasanunsaasadyyin

i

Ielogesinifinsvrdainmuaudnsversdyyinieseuldundn uienarilddn au1nves

dns1venedyaIasoudaarindunis uasyuanadAnvindy 0 vise 2m Wiy
randnnisiugiuluiiesduiioduidunsizvidulassainivesisas
poadalawnoiuuuaiies aglafagui 3.2 Sannsodunsiendyyinguadugedls

=] 3 o a o = - & 4
nilsordnmdvuiauasyuiiaan lagnisidouasiuveisasifeuaianiu 7 vie

27 wAusgivvinvensasveedyyiniladenltlaenilusiiogassviinfe vilausn

U

e

29svenedynrauuulinduina (non-inverting amplifier) dsidns1ve1edyyinves
293U K wasdiyusnamawindu 0 wie 27 fagud 3.2(n) Taendeainuduiusenn
aunns (3.10) vilildyumanadisaasideumarindu 0 wie 27 wazvlinfiaensesveny
Fyurawuunduina (inverting amplifier) §a8ns1ve1edyyInvevRsviiiv -X uazdl
yusaamindy 7 faguil 3.2(x) Twhusadisatulunsdiaglfyuiravrarensasideu
wawiiiu 7 aguldinnisdunsigiiessesadalawmesuuuinaiied amisaldvdnnis
Nugrildnantiidesiu faanduiiuguddydmiunisihludaunsgieanuuuiees

PATALAMBSWUVDUTIRENAI MY aRa LU

1ITVNUTY I VTV TY YN
nuy lunaumla nuuaduIra
‘KN

Y
Y
>

\

P 19esiaeuva _ _ PRGN b P
2r 7
(n)
(%)

JUN 3.2 lassainsrensesadaiainesuuuinalien
(n) nsaltsveedygrauuuldnduia

(@) nsdilaneasvendygInuuunauwE
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3.3 N1ALATIZNINDOETALALADTLUUAIDATINADS

sa o

Nm‘saaa%aLama%gﬂﬂ?{uﬁm&iﬂLLuumamwma% Ao 199500aTalalnINAILLR
”fy,muwmgﬂﬁﬁumaﬁaaqLms?wmﬁﬁmmﬁwhﬁumfﬁguLWﬁm'Nﬁ’u /2 lunsdunstei
199500adalawnatuidninuindonesnuuulaslireasdeuaaasviinfo 19950504
r;hunﬂmmﬁé’uﬁwifq wazaevsduiinmaiuuulifinsgeyide (lossless integrator)
Tnufog19n1508nUUUE ATV eRaTalaLRBsLUY AI1BAsLaes laeldaeasideu

wansaasstadiedu ds1vazidennasalyil

a ' AR <
3.3.1 299599dTalAMTLUUAT8AT RS IR Y9N Ta ST NALATUAUNTS

5UA 3.3 uanalasedsn9v09799500aTalalnashuunl1onIteesiaeldaasnsas

Y
| a v w & o < o v & 4 o v
drunnadrudsudunidsimiiiduisesdeua dadusleofvuald a uay o Ao
U cl' 5 € ar i o as o €
ANA9NLIaT (time constant) veedanduatelou 77 wag Th AUAIRU NTEIATISYNN

NUANIHATENIN Vi WAz v, 9991A59@5199995TugUR 3.3 Wiedmuald s = jo nsevle

as

atl

T,(jw) =242 _|1=jo (3.11)
2 v (Jw) 1+ joo,

yulavesaunis (3.11) agla

2T, (jo) = -2tan " (wa,) (3.12)
die @ = w, = 1/ 92189
LTz(jw):gb:—% (3.13)

luhusaferfuaiunsamayuaiauassnIdygiane1ing v uas v, ey
£T(jw) = m —2tan " (wer,) (3.14)

dunis (3.13) wag (3.14) uamlitiuindygronerann vi  simthdyyin

01ene vy Luaaindy 272
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T:(s) Ti(s)
vz 1—-a,s Y P Vi
1+ a,s | 1+a;s |

5U#1 3.3 TAT9a¥192199590adaLalnasLuUUAIBATILIBS

Togldm99sn59unnANUD SURUNTNED TS

3.3.2 199509dFalanasuuunlansnaasiagldisasduiitnsmasuuulaiinig
RRIGE
Yy v
A:J s ] v =Y 3 & 2
UM 3.4 uansmegnlassadnnaseeadaameiuuunioniilaeilagliieas

s

o uandans1eaIn9asnIasIunnA i dudunilsnenaian (cascade) A

299sduiiinswnesuuuliinisgyde yuanadaseninadyyiniendnn v, wag vy Lie

8
@ =l

s = jo murunlansi

T, = 242 {H - } .15
v (jw) Joc,
aglaruinalyindy
2T (jw) =~tan” (wa, /0)Wie LT;(jo) =—tan () BI8)

p1fuAnaNTRve I InsaulAvilnla

2T, (jw) = —% (3.17)

as

FINUBAININFYYIULDIGWA v, Tyainadimindygione1dne v Wi 272 duies
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JU# 3.4 lassasnnsasesadaawaiiuumeonsiaes lagly

299INTDWIUNNAMUADUN UM wazrsasduiitnamasuuuliinsgayde

A19197 3.1 Reulumsesadaanuarnnuiiosadalanyaassui 3.3 uag3.4

JUN Roulvesadalan | avwfveadalan (w,)
2 12
3.3 K=1 (1/cq )
1/2
3.4 a = (1/eq o)
Amplitude
A T
v, 2
b} ¥
l f
1 I
| 1
1 [
I |
| :
0 = 2% > time
Z
2
\ 4
JUT 3.5 dyygauedwaiuuaiansnaesiungaund

Faflyuenalaszning vy AU vy Wiy 7272
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sU# 3.6 lAsaas19199500aTalamasuuuralume

u

(n) nsdildhsasvenedyyruuuubinduing wazasiaauina 22/n

(@) nyelltreasveredyranuundula uagasidaua o/n

3.4.1 299509adaamasuuunaeindlagldieasduiingneiuuiinsgode
2asdufitnsmesuvuiinisgads Wuresuisansathnaiaduiasdeu
wiagoareesooadalainesuuunatsa Tnsuueeasiudesvinfe 29958unnsined

wuunisgeyidevinnduia (inverting lossy integrator) wara9asduiinsinasuuuil

& o

n1sgeyidusiinlinduina (non-inverting lossy integrator) FailflsAduntglouveaas

[
o =l

ANAIAUNIY
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T(s) __[ﬁ-fs} (3.18)
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FafldnuwagifeidussuuauaneUaninstounduvinduniae [21] Faaunsneduiy

[ a o dv
Lﬂ‘l.!ﬂi.lﬂ'l‘iﬂ’}aﬁ!‘iﬂﬁﬂlﬂﬂdu
s’ +2w,s+w, =0 (4.1)

a & W 1 = z a A {
Taen ¢ ARgRIINTITNUIBITEUY (damping ratio) kazlilaWasauNauns (4.1) WuImIn
° v | W 3 ° v a g a s
ANUA LA ¢ Wwinnueue (undamped responses) WATILNIMUINLTUNNITODATALANDI
= =l L2 ) o l'_'z = e 3
wisisunlaidunisimvuaisulvlunisesadaanlvnuisastiuies
faunsdaATeieeseealaiamesuuuaiiviazldaunts (4.1) Wuaunns
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&, =i, (4.3)
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vanashlilaaunisauanvuzvesisasiluded [nnauuan o Wate v1]

52 o Em - Ema 5+ EmEm2 =0 (46)
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119 g1 UWAY gu2 ADBNTIVEIBAIAINUIVDI99T COTA @991 1 Uag 2 m1ud1au vin
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Avuald s = jo adluauns (4.6) aglddeulvlunnsesadaian uazararudlunis

poadalanvea199sLdused

gmlCZ = ngCI (47)

uaz @y = }—g—””g—’” (4.8)
C"I CZ

wananidmindivuald C = C; = Co Wag gn = gm = gm2 Up = Iz = I AU N
auns (4.7) wag (4.8) axvihlirsasesadaiaines lugud 4.2 anunsnesadaianle o
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0, = —2 (@.9)

Fauanslfinuiniasesadaimmasuuuiaingalagldiees CDTA Mdnauslujun 4.2

annsnaedygiunssuaeinm i, WWlasilainudlunisesadaaniaiuisoudsanld
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2 %Cz
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UM 4.2 2wasenadaiawaiuuuimaiedlagldaees COTA fidnaue
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a L3 = esa as g o a =
mMylnssinansgnulumeufifivenses COTA azendendnnisiesuigliluuni 2
v v 4 v O ° a ¢ a ¢ a Ao = a &
Waledl 2.3 Anuaginisinseiisasesadaamesivaideamiausluguin 4.2 dnad
Tagadvaunis (2.2) Feaslaaun1sAuanyuzye995lunufiaviniy [niawuan

199 .2]

s2+[%gg"ﬂ “fﬁgg"*"H(za,,,% —anlap,ﬂ)%ggl‘g'ﬂ}o @10

1009 @i, o WAz fi AAIMIITNBIV0Y @) @, WAY B Y899935 COTA @I (i =
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INANNIT (4.11) uaz (4.12) uansliiiufawansznuved299s COTA 'Lumwﬁﬁ’ﬁﬁﬁwa
donisduasgiisrseeadaainefuvuaifisafithiaue Tngnudmanssnuiiinaina
arufanatnlunisderiunszuanislursasdundn Jamninaiaauianaialunig
UATR 299sfiannsausuiiuvieandrdnsivensainanh g, Wlaensuiuanszualuda
Iy vilemvauanioulunazauivesiasesadatamesimhauelildanldnuau

MDIN1T

4.5 NanN1531a99n1591914v992995 lae ¥ IUsASU PSPICE

anaulinIsinureasesadaamasuuumailngliaes cota lugui 4.2
TYNUAAILAZATIVABUAINYNABIAIEHANITTIn0INTTINUA8lUsUASY  PSPICE
Tngldmalulagnsiudaimeiuuy AT&T ALAGOO-CBIC-R [22] uasidonldussduliies
TV = £3V wag I, = 100 pA

demuuald C; = C, = 1 nF wag Iz = In = Ip = 100 pA asluaunis (4.7)
i1 (4.9) lildAauiesadaanlunimquiivintu f, = w/27 = 318 kHz vaugi
an1sTanInuaNTATessITadaiae U A Tiiiausluguil 4.2 wanald
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i, Ganudndlauseuna 3%

Ul 4.4 wansmansdassnisulsAmNRseadalanvaeasiniiaus o
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14ledues AD844 way CA3080 sasrutdu9as COTA axlasasdusulavaasslsenau
AUl SR uanslugul 4.5
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YTHD =12 (4.13)
I, (rms)
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RIGOL T'D @ prresrnmreassansd £ ) 1,680 IGOL T'D @ frrnc D annnnnnd £ B 1.680U

Upp()= 146m)  Fredi)=[6.4SkHz . . Uep(t)= 328n0  (Fred() =585 1kHz L
Time 10.86us ©:0.0000s

CH 1 o [T Time 26.88us ©+6.0000s LH Lo I

RIGOL T'D @ o~ ~~nEidannannd  F 01,6000 IG0L T'D @ e nEdannnnnnd £ 16800

REEREN (RN EEANN

; Upp)= 544wl [Fred(l) =35, 15kHz : Lo
MY 108mY Time 5.080us ©»0.0000s [H 1~ Etalsiy Time 5.808us ©-+0.0000s

Upr(l)= 404ny  IFred(l) =65, 79kHz
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JUT 4.6 HAN1INARDIIAGIYYIDNDIINA Vo (oRo)

oW

a & = '
Y999500aTaamDTIuFUN 4.5 laudsan g,

(n) g, = 1 mA/V (V) gn = 3 mA/V (M) gn = 4 mA/V (1) gn = 6 mA/V
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CH1 A Spectrum
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Abstract This paper describes a simple current-controlled current-mode multi-
phase sinusoidal oscillator based on current differencing transconductance ampli-
fiers (CDTAs) as active components. The proposed oscillator circuit, which employs
only one CDTA and one grounded capacitor for each phase, can generate arbitrary
n current-output signals (n being even or odd) equally spaced in phase, all at high
output impedance terminals. The oscillation condition and the oscillation frequency
can be controlled electronically and independently through the bias current of the
CDTA. The oscillator has low-component count, low-sensitivity performance, and is
highly suitable for monolithic implementation. PSPICE simulation results are given
to confirm the operation of the proposed oscillator.

Keywords CDTA - Multiphase sinusoidal oscillator (MSO) - Current-mode circuit

1 Introduction

Multiphase sinusoidal oscillators (MSOs) have a wide range of applications in
telecommunications, power electronics, and signal processing and measurement sys-
tems. Examples of commonly used MSO circuits are the vector control of single-
phase-to-three-phase pulsewidth-modulation (PWM) converters [19], and a control
scheme for a five-phase induction motor drive [20]. They can also be utilized for
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a decoupled dynamic control of a six-phase two-motor drive system [16]. There-
fore, several techniques for the design of the MSO have been reported in the litera-
ture [1-4, 13-15, 23, 24]. In [2, 4, 15, 23], several MSO circuits have been proposed
which use a second-generation current conveyor (CCII) as an active component. Most
of the reported circuits suffer from the use of more passive components and a lack
of electronic controllability. Also, they operate in voltage mode. The current feed-
back operational amplifier (CFOA)-based MSO circuit proposed in [24] exploits the
internal pole of the device to operate at relatively high frequencies, but this approach
requires access to the device compensation terminal. Recently, techniques to real-
ize a voltage-mode MSO using operational amplifiers (op-amps) have been devel-
oped [13, 14]. However, the drawback of these circuits is the well-known limitations
of the op-amps. Moreover, they utilize too many external passive components and a
number of them float. In recent years, the current-mode approach to signal process-
ing has offered elegant solutions for analog circuit problems [5, 22]. The main ad-
vantages of this operation mode are wide signaling bandwidth, high slew rate and
low power consumption. Thus considering this fact, a current follower-based MSO
structure operating in current mode has been proposed [1]. It employs two current
followers, one floating resistor and one floating capacitor for each stage, and does not
provide electronic tunability. More recently, a current-mode MSO circuit based on
current-controlled conveyors (CCCIIs) has been reported [3]. This method utilizes
the parasitic resistance (R,) of the conveyor, making electronic tunability possible
through the bias current. However, it still requires an excessive number of external
passive capacitors, i.e., two grounded capacitors for each stage. Moreover, its oscil-
lation condition is adjusted by tuning the ratio of external passive capacitors, which
is not well controlled. In integrated circuits (ICs), controlling the circuit parameters
electronically is much easier to realize than changing the values of passive compo-
nents.

In 2003, a new current-mode active element with two current inputs and two kinds
of current outputs, which is called a current differencing transconductance amplifier
(CDTA), was introduced [8]. Owing to the current conveying property, the CDTA
is one of the modifications of the CCIL This device is synthesized using the cur-
rent differencing nature of the modified differential current conveyor (MDCC) [11]
and a multiple-output transconductance amplifier to facilitate the implementation of
current-mode analog signal processing. As a result, many applications and advan-
tages in the design of various current-mode circuits using CDTAs as active elements
have received considerable attention. They include, i.e., universal biquad filters [9], an
Nth-order lowpass filter circuit [6], a current-mode universal 2nd-order filter with one
input and three outputs [10], and a current-mode KIHN filter [18]. These applications
have also proven that the CDTA is a versatile active building block for current-mode
signal processing. Until now, only a current-mode quadrature oscillator circuit based
on CDTAs has been recently reported [17]. However, it produces two sinusoidal out-
put currents with only 90° phase difference. There is no CDTA-based current-mode
sinusoidal oscillator that can provide multiphase sinusoidal output currents.

In view of the above limitations in previous works, we propose a current-
controlled current-mode MSQ circuit using CDTAs and only grounded capacitors.
The proposed oscillator circuit can produce n output current signals (n being even or
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odd) of identical frequency and equally spaced in phase, all at high output impedance
terminals. The circuit provides the attractive feature of independent electronic control
of the oscillation frequency (o) and the oscillation condition by varying the bias cur-
rent of the CDTA. The oscillator also exhibits low active and passive sensitivities and
is very suitable for integration. PSPICE simulation results are given demonstrating
close agreement with the predicted theory.

2 Current Differencing Transconductance Amplifier (CDTA)

The circuit representation and the equivalent circuit of the CDTA are shown in Fig. 1.
The terminal relation of the CDTA can be characterized by the following set of equa-
tions [8]:

Up =Up = 0, i =1ip—iy and iy = gmV; = gmZ:i; (1)

where p and n are input terminals, z and £x are output terminals, g, is the transcon-
ductance gain, and Z; is an external impedance connected at the terminal z. Accord-
ing to the above equation and the equivalent circuit of Fig. 1b, the current flowing

Fig.1 CDTA: a circuit
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out of the terminal z (i;) is a difference between the currents through the terminals p
and n (ip —i,). The voltage drop at the terminal z is transferred to a current at the ter-
minal x (i;) by a transconductance gain (g,,), which is electronically controllable by
an external bias current (/o). These currents, which are copied to a general number
of output current terminals x, are equal in magnitude but flow in opposite directions.

Although there are several techniques to realize the CDTA, one possible bipolar
realization is shown in Fig. 2 [21]. It mainly comprises a current differencing cir-
cuit formed by two current followers Q-Qo, a basic current mirror Qp~Qq1, and a
multiple-output transconductance amplifier Q12—Quz. In this case, the transconduc-
tance gain g, of the CDTA is directly proportional to the external bias current lo,
which can be written as

Io
= 2
Em 2V (2)

where Vp = 26 mV at 27°C is the thermal voltage.

3 Circuit Descriptions

In this section, two basic building blocks used for realizing the proposed current-
mode MSO scheme are discussed in detail. The current-mode lossy integrator and
current amplifier using CDTAs are described as follows.

3.1 CDTA-Based Current-Mode Lossy Integrator

Figure 3 shows the CDTA-based current-mode lossy integrator using a grounded ca-
pacitor. The basic current transfer function of this circuit can be given by

io 1
5 o o, 3)
Lin 1+S(g)%)

This building block will be used as a core circuit in a generalized current-mode MSO
structure.

3.2 CDTA-Based Current Amplifier

The second basic building block, shown in Fig. 4, functions as a current amplifier. It
is formed of only two CDTAs without the need for an external passive component. In
this case, the current gain (K') of this circuit can be expressed as

oo g =S (@)

From (4), it is worth mentioning here that the amplifier gain K can be tuned linearly
and electronically by adjusting the transconductance ratio (gma/gmb)-

BIRKHAUSER

141



142

85

Circuits Syst Signal Process (2008) 27: 81-93

V1D 2y jo uonezieai rejodiq sjqrssod 7 814

:O

c»o

_.mo

:0

~H

T &

-

el

el

BIRKHAUSER



86 Circuits Syst Signal Process (2008) 27: §1-93
Fig. 3 CDTA-based
current-mode lossy integrator I
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Fig. 5 Proposed CDTA-based MSO circuit using grounded capacitors

3.3 Proposed CDTA-Based Current-Mode MSO Circuit

The realization of the proposed current-mode MSO structure using CDTAs is shown
in Fig. 5. The circuit consists of n cascaded CDTA-based current-mode lossy inte-
grators of Fig. 3 with the output io, of the nth stage being fed back to the input of
the first stage through the current amplifier of Fig. 4. Note that the current ampli-
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fier performing a feedback path has a gain of —K . From the circuit configuration,
we see that it requires only CDTAs and grounded capacitors and is suitable from

an integration point of view [7]. Assuming that g, = gm2 =+ = &un = &m and
C =Cy=+-=C, = C, the open loop gain L(s) of the proposed structure in Fig. 5
can be given by
1 n I n
o = e
1 +S(—g,7) 8mb 1 +S(ST”)

To sustain sinusoidal oscillations at frequency w, = 27 f,, the Barkhausen criteria
must be satisfied such that

L(jowo) = Tﬁrs(gT)] =1 (6)
and
¢=%=tan*(“’?‘;—c—) )

where ¢ is the phase shift of each current integrator. It should be noted that (6) will
have a solution only if the value of n is odd (n = 3). From (7), there are n outputs
ioi (i =1,2,...,n), each shifted in phase by 180°/n, available from the scheme.
By rearranging (6) and equating the imaginary and real parts to zero, the condition
for oscillation and the frequency of oscillation (w,) for values of n =3,5,7, ... can

respectively be given as
w14
o= _[1e(2)]
8mb &m

(8 ™
w0~(c)lan(n). )

By substituting (2) and (9) into (8), the oscillation condition can now be rewritten as

and

n

foa _ [1 +tan2(5)r (10)
Top n

where Iog and fop are the external DC bias currents of CDTA, and CDTAy, respec-
tively. Also, substituting (2) into (9) gives

_(_Io ™
e (ZVTC)tan(n) (11)

From (10) and (11), it is clearly seen that w, can be tuned electronically and lin-
early by adjusting the bias current Ip without affecting the condition of oscillation,
which can also be tuned electronically by adjusting the bias current ratio Ioa/lop
without influencing w,. This means that the circuit provides the attractive feature of

144



88 Circuits Syst Signal Process (2008) 27: 81-93

independent linear current control of the frequency and the condition of oscillation.
In addition, by the use of an inverted version of the output current of the CDTA, the
even-phase (2n = 6, 10, 14, ...) output currents (i.;,i.5, ..., ly,) are also obtained
from the same structure. Therefore, at w,, the proposed configuration of Fig. 5 can
realize an nth-order (n = odd/even integer) MSO. Table 1 summarizes the oscillation
condition and w, for realizing an n-phase current-mode sinusoidal oscillator. From
Table 1, it is easy to see that the aclive and passive sensitivities of w, are expressed

as
Spr=—8¢°=1. (12)

Thus, the proposed MSO configuration has low active and passive sensitivities.
3.4 Effects of CDTA Non-idealities

In this section, the effects of CDTA non-idealities on the oscillator characteristics
will be investigated. Figure 6 shows the simplified equivalent circuit that will be
used to represent the behavior of the non-ideal CDTA. As is seen, there are par-
asitic resistances (R, and R,) at terminals p and n, and parasitic resistances and
capacitances (R;, C; and Ry, C,) from terminals z and x to the ground. In the same
figure, p = 1 — €, || K 1 is the current transfer error from the p to z terminals,
oy =1 — &y, |&s] < 1 is the current transfer error from the » to z terminals, and f

Table 1 Frequency and

condition of oscillation of the Number of phases Condition of Frequency of

proposed MSO of Fig. 5 (n) oscillation oscillation (ag)
3 foa =81ap we =33.308(/n/C)
4 Ioa =410y we = 19.230(1g/C)
5 Toa =2.88510p we = 13.972(1/C)
6 g =2.37010y, wo = 11.103(Ig/C)
7 g =2.07510y, wo = 9.261(Ip/C)
8 Toa = 188310y wo =7.965(Ig/C)
9 foq £ 1.7501gy we = 1(1n/C)

Fig. 6 Simplified equivalent .
circuit of the non-ideal CDTA i R ideal CDTA

+0g,v, i
s i
—

* s o +x
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' x
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is the transconductance inaccuracy factor from the z to x terminals. Therefore, tak-
ing into account the non-ideal CDTA characteristics and its parasitic elements, the
modified current transfer functions of Figs. 3 and 4 can respectively be rewritten as

- o
2 = o (13)
Fin (1 ey ay Bem Ry E lzllﬁgm
and
s na
i | o
— =k = 35C; : (14)
i (1 e ey femb )(I i SRI Cx)

Re-analysis of the proposed MSO circuit in Fig. 5 using (13) and (14) with C >
C,, Cy yields the oscillation condition and w, as described by the following relations:

n+1 2 L
gma\ (%) _ L JEATE
(gmb)(‘xn) B |:(1+Otmsngz) e (”):| )
n m + _l'—
Wy = (a—fig—c-i) [an(%). (16)

If o, Bg,n is sulficiently higher than 1/R,, then (15) and (16) can be approximated to

n+1 4
I R
8mb oy n
5 A Bgm i
wo_(————c )tan(n). (18)

From the above expressions, it should be mentioned here that the oscillation condition
is mainly affected by the current transfer errors (e, and @, ) of the CDTAs. However,
the effect of these errors can be easily accommodated by tuning the ratio of gy /gmb.
Also, one can see that w, is slightly deviated from the ideal case by the factor of o, .
Therefore, to compensate this effect, we can slightly adjust the g,,-value.

From (18), the active wy-sensitivity values in this case can be expressed as

and

and

Sa, =0 (19)

and
§% — S}j’" =1. (20)

Uy

4 Simulation Results
To confirm the given theoretical analysis, the proposed current-mode MSO circuit

in Fig. 5 has been simulated with the PSPICE program. The CDTAs were realized
by the schematic bipolar implementation given in Fig. 2 with the transistor model
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Fig. 7 Simulated output waveforms of the proposed current-mode MSO of Fig. 5: a o1, ig2: i3, b i;l,

d
Lo 103

parameters of PRIOON (PNP) and NP10ON (NPN) of the bipolar arrays ALA400
from AT&T [12]. The supply voltages are +V = —V =3 V and the values of the
bias currents are /g = 200 HA.

As an example for n = 3, the output waveforms and frequency spectra obtained
from the proposed MSO structure of Fig. 5 are respectively shown in Figs. 7 and 8
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Fig. 9 Variations of the oscillation frequency (fo) with the bias currents I

with Iop = lo; (i = 1,2,3) =100 pA and C = | nFE The simulated oscillation fre-
quency was found to be 500 kHz, while the calculated frequency using (11) is about
530 kHz. Also from the simulations, the phase difference of io2, io3, iy, iry and i,
comparing with iy; were measured as: 61°, 116°, 179°, 238° and 296°, respectively.
The total harmonic distortion (THD) in the output waveforms io1, iz and ig3 were
approximated to 5.6%, 2.3% and 1.3%, respectively. From both figures, it can be seen
that the amplitudes of the n output signals are not the same. For applications requiring
equal amplitude outputs, some current amplifier circuits are needed.

The tunability of w, through Io without influencing the oscillation condition for
the predicted theory is illustrated in Fig. 9. It is obvious that the simulated oscillation
frequency values are in good agreement with the theoretical values within a wide
frequency range. The simulation results of the oscillation frequency for three different
values of C (i.e. 1 nF, 10 nF and 100 nF) are summarized in Table 2, which shows the
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Table 2 Oscillation frequency ( fo) of the proposed MSO of Fig. 5 for various values of C

fo (kHz)
Io C=1nF C =10nF C =100 nF
(1A) Theory Simulation Error  Theory Simulation Error  Theory Simulation Error
(%) (%) (%)

10 53 50 5.66 5.3 5 5.66 0.53 0.50 5.66

50 265 250 5.66 26.5 25 5.66 2.65 2.50 5.66
100 530 500 5.66 53 50 5.66 5.3 5 5.66
150 795 750 5.66 79.5 70 5.66 7.95 7.50 5.66
200 1060 1000 5.66 106 95 10.37  10.60 10 5.66
250 1325 1200 9.43 1325 115 13:20° '13.25 11.50 13.20
300 1590 1500 5.66 159 140 11.94 15.90 14 11.94
350 1855 1740 6.19 185.5 170 8.35 18.55 16.50 11.05
400 2120 1980 6.60 212 190 10.37  21.20 19 10.37
450 2385 2200 7.75 238.5 205 14.04 23.85  20.50 14.04
500 2650 2400 9.43 265 230 13.20 26.50 23 13.20

linearity over a wide range of the bias current Io. From Table 2, it can be observed
that the frequency error is less than 15% up to about 2.65 MHz. However, reducing
this error can be easily done by simply controlling the bias current of the CDTAs.

5 Conclusion

A simple structure has been proposed to realize a current-mode MSO using CDTAs
as active elements. The proposed MSO circuit can produce an even number or an odd
number of equally spaced in-phase output currents. This circuit offers the following
advantages.

(1) Use of only grounded capacitors.

(2) Use of the minimum number of active and passive components.

(3) Independent linear current control of the frequency and the condition of oscilla-
tion through the transconductance gain of the CDTA.

(4) Low active and passive sensitivities.

(5) High output impedances.

PSPICE simulation results which agree with the theoretical analysis have been ob-
tained.
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Abstract

In this work, a current tunable current-mode multiphase sinusoidal oscillator (MSO) employing current differencing
transconductance amplifier (CDTA)-based first-order allpass sections is presented. The proposed MSO circuit, which uses
only two CDTAs and one virtually grounded capacitor for each phase, can generate arbitrary 2n-phase current-output signals
(n=2,3,4,...) equally spaced in phase, all at high output impedance terminals. The oscillation condition and the oscillation
frequency can be controlled electronically and independently by adjusting the bias current of the CDTA. The oscillator has

low-sensitivity performance. Simulation results are also given to verify the functionality of the proposed oscillator.

© 2008 Elsevier GmbH. All rights reserved.

Keywords: Current differencing transconductance amplifier (CDTA); Multiphase sinusoidal oscillator (MSO); Allpass filter;

Current-mode circuits

1. Introduction

Multiphase sinusoidal oscillators (MSOs) are widely used
in instrumentation control, power electronics and signal pro-
cessing and measurement systems. As a result, a number
of MSO circuits have been reported in the technical litera-
ture [1-9]. In [1-4], several MSO circuits, using a second-
generation current conveyor (CCII) as an active component,
have been proposed. Most of the reported circuits suffer
from the use of more passive components and the lack of
the electronic controllability. In addition, they operate in
voltage-mode. The current feedback operational amplifier
(CFOA)-based MSO circuit proposed in [5] exploits the in-
ternal pole of the device to operate at relatively high frequen-
cies, but this approach requires access to the device com-
pensation terminal. Recently, the techniques to realize the

* Corresponding author. Tel.: +6627390757; fax: +6623264225.
E-mail address: ktworapo@kmitl.ac.th (W. Tangsrirat).

1434-8411/$ - see front matter © 2008 Elsevier GmbH. All rights reserved.
doi:10.1016/j.aeue.2008.05.001

voltage-mode MSO using operational amplifiers (op-amps)
were developed [6,7]. However, the drawback of these cir-
cuits is the well-known limitations of the op-amps. More-
over, they utilize too many external passive components and
a number of them float. In recent years, the current-mode
approach of signal processing has offered elegant solutions
for analog circuit problems. The main advantages of this op-
eration mode are wide signaling bandwidth, high slew rate
and low-power consumption. Thus considering this fact, the
current follower-based MSO structure operating in current-
mode has then been proposed [8]. It employs two current
followers, one floating resistor and one floating capacitor for
each stage, and does not provide electronic tunability. More
recently, the current-mode MSOQ circuit based on current-
controlled conveyors (CCCIIs) has been reported [9]. This
method utilizes the parasitic resistance (R,) of the conveyor
that makes electronic tunability possible through the bias
current. However, it still requires an excessive number of
external passive capacitors, i.e., two grounded capacitors for
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each stage. Moreover, its oscillation condition is adjusted
by tuning the ratio of external passive capacitors, which is
not well controlled. In viewpoint of integrated circuits (ICs),
controlling circuit parameters electronically is much easier
to realize than by changing the values of passive compo-
nents.

Recently, a new current-mode active element with two
current inputs and two kinds of current output, which is
called a current differencing transconductance amplifier
(CDTA), has been introduced [10]. This device is a synthe-
sis of the well-known advantages of the current differenc-
ing buffered amplifier (CDBA) [11] and a multiple-output
transconductance amplifier to facilitate the implementa-
tion of current-mode analog signal processing. As a result,
many applications and advantages in the design of various
current-mode circuits using CDTAs as active elements have
received considerable attention [12—17]. These applications
have proven that the CDTA is a versatile active building
block for current-mode signal processing applications. Un-
til now, there is only current-mode quadrature oscillator
circuit based on CDTAs, which is recently reported in [16].
However, it produces two sinusoidal output currents with
only 90° phase difference.

In view of the above explanations, a novel current-
controlled current-mode MSO topology realized by using
CDTA-based first-order allpass sections is proposed. The
proposed oscillator circuit can produce 2n-phase output
current signals (n = 2,3, ...) of identical frequency and
equally spaced in phase. Benefits of the proposed circuit
are the absence of passive resistors, and the capacity for
orthogonal electronic tuning of the oscillation condition
and oscillation frequency (w,) through the bias current
of the CDTA. It also exhibits low active and passive sen-
sitivities, and possesses high output impedance that can
be easily cascaded for current-mode systems. Simulation
results verifying theoretical analyses are included.

2. Basic principle

2.1. Current differencing transconductance
amplifier (CDTA)

The circuit representation and the equivalent circuit of
the CDTA are shown in Fig. 1. The terminal relation of
the CDTA can be characterized by the following set of
equations [10]:

i;=ip—1Iy and
ix = gmV; = gmZ;i; (1)

where p and n are input terminals, z and =x are output
terminals, gn is the transconductance gain, and Z, is an
external impedance connected at the terminal z. According
to above equations and an equivalent circuit of Fig. 1(b),
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Fig. 1. CDTA. (a) Circuit representation; (b) equivalent circuit.

the current flowing out of the terminal z (i;) is a difference
between the input currents through the terminals p and n
(ip —in). The voltage drop at the terminal z is transferred to
a current at the terminal x (i) by a transconductance gain
(gm), which is electronically controllable by an external bias
current (/o). These currents, which are copied to a general
number of output current terminals x, are equal in magnitude
but flow in opposite directions.

Although there are several techniques to realize the
CDTA, one possible bipolar realization is shown in Fig. 2
[17]. It mainly comprises a current differencing circuit
formed by two current followers Q1—Qg, a basic current
mirror Q10—Q11, and a multiple-output transconductance
amplifier Q12—Q30. In this case, the transconductance gain
gm of the CDTA is directly proportional to the external bias
current [, which can be written by

lo
- 2
Em 2 (2)
where Vr=26mV at 27°C is the thermal voltage.

2.2. CDTA-based current-mode first-order allpass
section

Fig. 3 shows the resistorless current-mode first-order all-
pass section employing only two CDTAs and one virtually
grounded capacitor. Routine analysis using the defined equa-
tions in (1), the current transfer function of the circuit in

Fig. 3 can be characterized as
io_ut _ 1 —5(C/8gma) 3)
lin 14 5(C/gma)
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Fig. 3. CDTA-based current-mode first-order allpass section.

where g, is the transconductance gain of the CDTA,. As it
is demonstrated in Fig. 3, the CDTA-based circuit does not
require any external passive resistor, and does not require any
matching condition for realizing first-order allpass function.
The phase response (¢) of this section is expressed as

(,25:—2&1[1_j (cuC) 4)
8ma

which varies from 0° to —180° as w goes from zero (DC) to
infinity. An examination of Eq. (4) reveals that the shifted
phase value can be controlled electronically by adjusting the
transconductance gmq-

W K

o0—————— p n
(o0 7V W E— CDTA
® @ *
1 7 X" P z
rﬂlll’

Fig. 4. CDTA-based current-controlled current amplifier.

2.3. CDTA-based current-controlled current
amplifier

Fig. 4 illustrates a current tunable current amplifier, which
is composed of only two CDTAs without the use of external
passive elements. In this case, the current gain (K) of this
circuit can be expressed as

i.o—ul =K =5 (5)
lin Smy

where gm, and gmy represent the transconductance gains of
CDTA, and CDTA,, respectively. Note from Eq. (5) that
the amplifier gain K can be tuned linearly and electronically
by adjusting the ratio of the bias current I, /1.

3. Proposed current-mode MSO circuit

The proposed current-mode MSO topology is given in
Fig. 5. It consists of n cascaded CDTA-based allpass sec-
tions of Fig. 3. The output current i,, of the nth stage is fed
back to the input of the first stage through the current am-
plifier of Fig. 4. Note that the current amplifier performing
a feedback path has the gain of —K. An attractive benefit
offered by this configuration is the absence of the external
passive resistor, which is suitable for integration point of
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Fig. 5. Proposed current-mode MSO circuit.
view [18,19]. Assuming that gmia =gm2a =" = &mn =&m be rewritten as
and C; =Cy =-.-=C, = C, the loop gain L(s) of the I
proposed structure in Fig. 5 can be given by i 1 (1n
y
n
L(s)= — K[—l e S(C/‘g“‘)} and
14+ 5(C/gm) /
gme ) [1=5(C/gm)]" 0= 3705 )10 (3,) (12)
B e (ﬂ) {mﬁ_,i] (6) 2vrC 2n
Emy 1 +5(C/gm)

According to the Barkhausen criterion, the condition
for the proposed MOS circuit of Fig. 5 to produce and
sustain sinusoidal oscillations of frequency wqo(=2n/f5,) is

that
. Emx 1 —jwo(C/gm) i
sy e - M .ot 7
el (gmy)[lﬂm(,w/gm)] -
and
$=" ®)
n

where n 22, Eq. (8) shows that there are n outputs io; (i =
1,2,...,n) of each shifted in phase by 180°/n available
from the topology. Eq. (7) provides the oscillation condition
and the oscillation frequency (w,) for values of n (i.e,, n =
2,3,4,...) as

Bmr ) )
8my
and
Wo = (%“) tan (%) (10)

Further, by substituting Eq. (2) into Egs. (9) and (10), the
oscillation condition and the oscillation frequency can now

According to Egs. (11) and (12), it is concluded that the
g can be tuned electronically and linearly through the bias
current /o without affecting the condition of oscillation,
which can also be controlled electronically by the ratio of
I /Iy without influencing the «w,. Therefore, the circuit pro-
vides attractive feature of independent linear-current control
of the frequency and the condition of oscillations. Addition-
ally, by the use of an inverted version of the output current
of the CDTA, the 2n-phase output currents (i, |, igp, - - » igy)
are also obtained from the same topology.

4. Effects of CDTA non-idealities

In this section, the effect of CDTA non-idealities on the
performance of the proposed circuit is studied. Fig. 6 shows
the simplified equivalent circuit that will be used to repre-
sent the behavior of the non-ideal CDTA. These mainly re-
sult from its finite parasitic elements and non-ideal current
transfers. As can be seen, there are parasitic resistances (R,
and R,) at terminals p and n, and parasitic resistances and
capacitances (R;, C; and Ry, Cy) from terminals z and x to
the ground. In the same figure, «p=1—¢,, |¢p| €1 is the cur-
rent transfer error from p to z terminals, o, =1—g,, |6, €1
is the current transfer error from n to z terminals, and f
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Fig. 6. Simplified equivalent circuit of the non-ideal CDTA.

is the transconductance inaccuracy factor from z to x termi-
nals. Taking into account the non-ideal CDTA characteris-
tics, the modified current transfer functions of Figs. 3 and 4
can respectively be rewritten as

i?_‘it_ . |: (cxp/(x,,) :I
Lity o 1+ s(C; /o, fgmp)

[1 . S(C/apﬁgma + Ofrsz/f‘p - RJI)] (13)
I+ S(C/anﬁgma + Rp + Ryp)

and

Lout (ap/an)(gmx/gmy)

Lin (1 +25Cz/'fxnﬁgmy)(l +5R:Cy) =5

Therefore, re-analysis of the proposed MSO circuit
in Fig. 5 using Eqs. (13) and (14) with C» C,, C, and
1/8ma > Rp, Ry, the modified oscillation condition and @,
can be described, respectively, by the following relations:

n+l
(-2
Smy Op

and

Wy = (“""ég“‘) - (%) (16)

It should be mentioned here that the oscillation condition is
mainly affected by the current transfer errors (o, and ) of
the CDTAs. However, the effect of these errors can be easily
accommodated by tuning the ratio of gmy/gmy (or I¢/Iy).
Also, one can see that w, is slightly deviated from the ideal
case by the factor of &, f . Therefore, to compensate this
effect, it can be done by slightly adjusting the gy-value.

The w,-sensitivity analysis with respect to the parameters
of the active and passive element used can be given by:

S =0 (17
Sg = 8g° =g =1 (18)
and

S50 =—1 (19)

Egs. (17)-(19) show that the sensitivity values are within
the range of |S|< 1 and, therefore, are low.

5. Simulation results

In order to validate the operation of the proposed current-
mode MSO topology in Fig. 5, a six-phase MSO (n = 3)
has been designed. The circuit was simulated using PSPICE
program. The CDTA was performed by the schematic bipo-
lar implementation given in Fig. 2 with the transistor model
parameters of PR100N (PNP) and NP10ON (NPN) of the
bipolar arrays ALA400 from AT&T [20]. The power supply
voltages were chosen to be +V=—V =3V and the values of
the bias currents were equal to /4 =100 pA and /g =50 pA.

The output waveforms and frequency spectrums obtained
from the proposed MSO structure of Fig. 5 are, respectively,
shown in Figs. 7 and 8 with /o = 100 pA and C = I nF.
The simulated frequency of the oscillation was found to be
180kHz, while the theoretically calculated frequency us-
ing Eq. (12) was 183 kHz. From the simulation results, the
phase differences of iq2, ic3, i, i, and t‘c’,3 comparing with
io1 were respectively measured as 62°, 121°, 181°, 241° and
300°, which are very close to the corresponding predicted
values. The total harmonic distortion (THD) in the output
waveforms io1, ig2 and ig3 were approximated to 1.4%.
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Fig. 7. Simulated output waveforms of the proposed current-mode
MSO of Fig. 5. (a) il io2, io3; (b) igys 0y, ins-
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Fig. 9. Oscillation frequency (o) as a function of the bias currents
Io.

The variability of the oscillation frequency ( f,) as a func-
tion of the bias current (/g) is shown in Fig. 9. It can be seen
that the circuit exhibits a large tuning range. The difference
between the theoretical and the simulation results especially
in high bias current value region is mainly attributed to the
deviation of the gn-value that differs from the calculation
value.

6. Concluding remarks

In this paper, an electronically controllable current-mode
MSO topology is presented. The proposed MSO is imple-
mented through the proposed CDTA-based current-mode
first-order allpass filters and current-controlled current am-
plifier as the building blocks. The circuit can produce 2n-
phase of equally spaced in-phase output currents, and all
of them have high output impedance, which can be directly
cascaded in current-mode operations. Moreover, it provides
the attractive feature of independent electronic control of
the oscillation frequency (w,) and the oscillation condition
by varying the bias current of the CDTA. It is demonstrated
from PSPICE simulation that the results agree well with the
theoretical analysis.
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Current-mode sinusoidal quadrature oscillator with independent control of
oscillation frequency and condition using CDTAs
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A current-tunable current-mode sinusoidal quadrature oscillator, constructed from only three current differencing
transconductance amplifiers (CDTAs) and two grounded capacitors with the absence of the passive resistors, is presented
and analyzed. The proposed oscillator provides the important advantage of non-interactive electronic control of the
oscillation condition and the oscillation frequency (w,) and is capable of generating two quadrature current outputs. The
circuit exhibits low active and passive sensitivities and is suitable for integration. Theoretical results are verified with

PSPICE simulations.

Keywords: Oscillator, Current-mode sinusoidal quadrature oscillator, CDTAs, Oscillation frequency

1 Introduction

The  current differencing  transconductance
amplifier (CDTA) is a recently introduced current-
mode active building block having two current inputs
and two current outputs, and providing the electronic
tunability through its transconductance gain' (gm).
This circuit element seems to be a good alternative
choice for the design of current-mode signal
processing. In some generation circuits, the use of the
CDTA as an active element is possible to obtain very
compact circuit topologies requiring less passive
elements. The applications related to the design of
CDTA-based current-mode are available in the
literature''*,

Quadrature oscillators have wide applications in
communication systems, instrument and
measurement. For this reason, several realizations of
the current-mode quadrature sinusoidal oscillator
using CDTAs as active elements have been
developed''™ . However, most of the previous works
suffer from the use of some external passive
resistors'™® and the other does not provide an
independent control of the oscillation condition and
frequency'.

This work presents an electronically tunable
current-mode  quadrature  sinusoidal  oscillator
employing three CDTAs and two grounded

capacitors. The proposed oscillator has an attractive
advantage of independent oscillation control by
varying the transconductance gain (g,) of the CDTA

as well as independent frequency control through
another g,,-value. Moreover, the oscillator topology is
highly suitable for monolithic implementation due to
containing only grounded capacitors'®. The non-ideal
analysis and the sensitivity study of the proposed
circuit are investigated in detail. This work is
supported by PSPICE simulation results, which show
an adequate agreement with theoretical results.

2 Circuit Description

The schematic symbol and the ideal behavioural
model of the CDTA are shown in Fig.1. This element
has low-impedance current inputs p, n and high-
impedance current outputs z, x. The difference of the
ip and i, current flows from the z-terminal. The
voltage drop at this terminal (v;) is then transferred
into current at the x-terminal (i) by the
transconductance gain gn. The relations between the
individual terminals of the CDTA can be described by
the following hybrid matrix";

0 0 0

i

]

p Ol &
v, 0 0 0 0f4§
Cl= (D)
i, 1 -1 0 0fv,
i 0 0 g, O]lv,

Figure 2 shows the proposed oscillator topology
consisting of only three CDTAs and two grounded
capacitors. Routine circuit calculation shows that the
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Fig. 1 — CDTA (a) schematic symbol (b) behavioural model

characteristic equation realized by this topology can
be obtained as:

24| Bmi " 8m | | Em8m |_g ...(2)
G GG,

From Eq. (2), the oscillation condition and the

oscillation frequency (m,) can, respectively, be
obtained as:
Em1 = Em3 (3)

and

gmlng
W, =, |[—E=i= .4
o 1/ c.c, “

In Fig. 2, the current transfer function between i,
and i, can be found to exhibit the following
relationship:

io] gml
= ==n (5
Is 8C ©)

Note that two outputs i, and iy, are shifted in phase
by 90°, thus resulting in two quadrature outputs.

According to Egs (3) and (4), an important
advantage of this oscillator is that the
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K
|

Fig. 2 — Proposed current-mode quadrature oscillator using
CDTAs

transconductance g,; can be used to control the
oscillation condition without disturbing the oscillation
frequency @, On the other hand, the w,-value is
independently tuned by the gn»-value. Generally, the
gm-parameter is adjustable over several decades by a
supplied bias current/voltage, which lends electronic
controllability to design circuit parameters. Thus, the
proposed circuit can work as an electronically tunable
quadrature oscillator, which makes the circuit
attractive from the viewpoint of tuning.

3 Analysis of Non-Ideal Case and Sensitivity
Consideration

In case of the non-ideal characteristic condition, the
CDTA can be characterized by the following port
relations:

% 0 0 0 04
v, 0 0 0 0fi
"= (6)
i, a, —o, 0 O0jv,
i 0 0 BPg, 0fv

where o, = 1-€, lg;| << 1 is the current transfer error
from p to z terminals, a, = 1-g,, &,/ << 1 is the
current transfer error from n to z terminals and B is
the transconductance inaccuracy factor from z to x
terminals.
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Re-analysis the proposed oscillator circuit of Fig. 2
by taking the non-idealities of the CDTA given in
Eq. (6) yields the following modified characteristic
equation:

S2+ an3ﬁlgml_aplB3gm3 -
Cl

+ 0('plor’nZB:lB2gnnlng =0
CIC'Z

wsaGl)

where oy, o, and B; are, respectively, the parameters
0p, @, and P of i-th CDTA (i = 1, 2, 3). In this case,
the modified oscillation condition and oscillation
frequency are given by:

_ OpiPsdmy ®
ml — h
C"'nSBI
and
e = ap|an2BlB‘28mlgm2 ..(9)
. GG,

It is evident from Eq. (8) that, if the parasitic gains
(api, 0 and [3;) of each CDTA in Fig. (2) are assumed
to be equal to each other, the tracking errors of the
CDTA do not affect the oscillation condition of the
circuit. Furthermore, from Eq. (9), the small deviation
in the w,-value can be compensated by trimming the
value of g, properly.

The active and passive sensitivities of the
parameter @, derived from Eq. (9) are all low and
obtained as:

" 1

Sgr:lvgm'l :E ? Sapul-“nzvﬁl-ﬂz =E (10)
S e Byl By 0 .11
and
1
Scre, =75 (12
oG T, (12)

4 Circuit Simulations

To verify the theoretical analysis, the proposed
oscillator circuit given in Fig. (2) has been simulated
with PSPICE simulation program. The CDTAs have
been simulated using the bipolar technology
structure™ of Fig. 3. The PNP and NPN transistors in
CDTA implementation were simulated using the
typical parameters of bipolar transistor model"’
PRI0ON (PNP) and NP10ON (NPN). The dc supply
voltages and bias currents were, respectively, selected
as: +V =-V =3V and Iz = 100 pA. In this case, the
transconductance gain g of the CDTA is directly
proportional to the external bias current [, which is
approximately equal to:

g =2 s+(13)

2V,

— —_—
O o—¢
n p

Q f Q

Q, »K‘Q, Q,

Fig. 3 — Bipolar implementation of the CDTA used in simulations
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Fig.5 — Variation of the oscillation frequency f, with respect to
the bias current /o

and Vr is the thermal voltage, which is approximately
26 mV at 27°C.

Figure 4 shows the output waveforms and the
output frequency spectrums obtained from the
proposed oscillator circuit in Fig.(2) with lo; = Iy =
Ios = Io = 150 UA and C, = C; = 1 nF. The simulated
oscillation frequencies were found to be
approximately 470 kHz, while the calculated
oscillation frequency using Eq. (4) is equal to 478
kHz. It appears, therefore, that the simulated and
calculated results are in close agreement. In addition,

from the simulations, the value of the total harmonic
distortion (THD) at both the output responses i, and
i,z is approximated to 2.5%. The electronic tuning of
fo (= w,/2m) through bias currents Io (= Io1 = lo2)
without influencing the oscillation condition is also
shown in Fig. 5.

5 Conclusions

In this work, an electronically tunable current-mode
quadrature sinusoidal oscillator enabling independent
current control of oscillation frequency and oscillation
condition is realized employing three CDTAs and two
grounded capacitors. The proposed circuit is
canonical, and capable of simultaneously providing
two explicit quadrature current outputs. The non-ideal
and sensitivity analyses of the circuit have been
carried out, and the circuit exhibits a low sensitivity
performance.
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Abstract- A circuit technique for realizing a current-mode
quadrature sinusoidal oscillator using current differencing
transconductance amplifiers (CDTAs) as active components is
presented in this paper. The proposed circuit employing only
three CDTAs and two grounded capacitors can provide two
quadrature sinusoidal current outputs with 90° phase difference.
The oscillation condition and the oscillation frequency (@,) of the
proposed circuit can be electronically and orthogonally tuned.
Simulation results with PSPICE are used to confirm the
presented theory.

Keywords: Current differencing transconductance amplifier
(CDTA), Quadrature oscillator, Current-mode circuit

I, INTRODUCTION

The quadrature sinusoidal oscillator is widely used in analog
signal-processing and communication.  The quadrature
oscillator is employed because it can generate two sinusoidal
outputs of identical frequency but of 90° phase shift, as for
examples in telecommunications for quadrature mixers and
single-sideband generators or for measurement purposes in
vector generator or selective volmiters [1]. Several
synthesizes of quadrature oscillator circuits have received
considerable attention [2]-[4]. However, these earlier
quadrature oscillators operate in voltage-mode. Current-mode
quadrature sinusoidal oscillator circuits are receiving much
attention because of their potential advantages such as wider
bandwidth, wider dynamic range, simpler circuitry, and lower
power consumption. Considering this fact, a number of
current-mode quadrature sinusoidal oscillator realizations
using CDTAs were reported in the literature [5]-[8]. all of
these quadrature oscillators suffer from the following
disadvantages: (i) the oscillation condition and the oscillation
frequency are interdependent [7]; (ii) the use of some external
passive resistors [5]-[7]; (iii) the use of a large number of
CDTA:s in circuit realization, namely four CDTAs [8].

In this paper, the resistorless realization of an electronically
tunable current-mode quadrature sinusoidal oscillator using
only three CDTAs and two grounded capacitors is proposed.
Comparing to the recently realization available in [5]-[8], the
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proposed circuit offers the following advantages: (i) two
quadrature sinusoidal output waveforms of 90° phase shift are
obtained  simultaneously — without  changing  circuit
configuration; (ii) the oscillation condition and the oscillation
frequency are independently tunable; (iii) the use of only
grounded capacitor, which makes the circuit attractive for
integration; (iv) low sensitivity. Simulation results verifying
the theoretical analysis are also included.

I1.

The circuit representation of the CDTA is shown in Fig.1,
where p and n are input terminals, z and x are output
terminals. The terminal relation of the CDTA can be
expressed by the following matrix [9]-[10]:

CIRCUIT DESCRIPTION

i 1 =1 9 0|i

i 0 0 g, 0fi,
lo 0 o0 o a2

r vz

v, 0 0 0 O0fv,

where g, is the transconductance gain of the CDTA, and Z, is
an impedance connected at the terminal z. From equation (1),
the current through the terminal z (7,) follows the difference of
the currents through the terminals p and n (i,-i,), and flows
from the terminal z into an outside impedance Z,. The voltage
drop at the terminal z is transferred to a current at the terminal
X (iy) by a transconductance gain (g,), which is generally
controllable by electronic means.

x
vpo—ﬁ‘b_ X —»—oV
i CDTA 44
n ' v
V,o—»— n z X —»—0V,

Fig 1 Symbol of the CDTA.
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Fig.3 Proposed current-mode quadrature oscillator.

Fig.2 shows the possible bipolar implementation of the
CDTA circuit used in this work [11]. It mainly consists of a
current subtractor formed by current followers Q;,-Q4, and
Q1,-Q4n, and a multiple-output transconductance amplifier Qg-
Q2o that converts the voltage drop at the terminal z (v,) to its
corresponding differential output currents i,. In this case, the
transconductance gain g, is directly proportional to the
external bias current /5, which can be written by:

Iy
2,

B, = 2)

where V7= 26 mV at 27°C is the thermal voltage

III. PROPOSED CIRCUIT

The proposed current-mode quuadrature oscillator is shown
in Fig.3, which is based on the use of three CDTAs and two
grounded capacitors. From routine calculations for the
proposed quadrature oscillator, the characteristic equation of
the circuit can be written by:

S2 +s gm3_gml 3 gmigm?. :0 (3)
G c,c,

From equation (3), the oscillation condition and the
oscillation frequency (@,) can also be obtained as:

Em = Em (4)

gmlng
@, = /— 5
0 0, &

Further, if we setting C; = C, = C and by substituting
equation (2) into equation (4) and (5), the oscillation
condition and oscillation frequency can now be rewritten as

and

Iy =1y ©)

s )

and Wy =——
26
It is interesting to note that the oscillation condition can be
electronically controlled by adjusting [; without taking an
effect to a,, that is adjusted by I, and/or C. Therefore, both
the oscillation condition and w, of the proposed oscillation are
orthogonally controlled. From Fig.3, the current transfer
function between quadrature outputs i,; and i, can be
expressed as:
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e ®)
i, §C,

Equation (8) shows that the phase difference (¢) between iy;
and i,; is 90°. This recommends that the currents i,; and i,; are
in quadrature.

IV. NON-IDEAL EFFECTS

By taking into consideration of the non-ideal CDTAs, the
relationship of the terminal current and voltage given in
equation (1) can be rewritten as:

I «, —a, 0 0]i,

il O 0 'Bgﬁ‘l 0 ill
o 0 (9)

P 0 Ofv,

v 0 0 0 O0fvw

where a, = 1- g, and &, (|g,| << 1) is the current tracking
errors from p to z terminals, o, = 1- &, and &, (|g,| << 1) is the
current tracking errors from # to z terminals, and S =1 — ¢,
and &, (|&y] << 1) is the transconductance inaccuracy factor
from z to x terminals, respectively. Reanalysis the proposed
oscillator circuit of Fig.3 using equation (9) yields the
modified characteristic equation as follows:

52+S anJﬁng]_aplﬂlgml 4 plﬁlﬂzgmlgmi (10)
Cl Cicz

where @, a,; and / are the parameters a,, @, and £ of i-th
CDTA (i = 1, 2, 3), respectively. In this case, the modified
oscillation condition and oscillation frequency are:

aplﬁlgml :aniﬁngJ (ll)

a,.a
aiid w0=\/ al pzﬁlgzgn.lgmz 12)
142

The sensitivities with respect to the active and passive of the
oscillation can be written as:

@ - 1
ngrl a2 _SClo-Cz = E (13)
S - 14
“nl,@p2,Al V- 2 (14)
and 8.0 =0 (15)

@ pl&p3 En2.%n3 v
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It is important to note that the active and passive
sensitivities are within unity in magnitude. Thus, the proposed
circuit exhibits a low sensitivity performance.

V.  SIMULATION RESULTS

The proposed CDTA-based current-mode quadrature
oscillator configuration of Fig.3 has been simulated with
PSPICE simulation program. In simulations, the CDTA was
performed with the transistor model of PRIOON (PNP) and
NP10ON (NPN) of the bipolar arrays ALA400 from AT&T
[12]. The power supply voltages were set equal to £V = 3V,
and the bias current was [, = 200 zA.

To obtain the quadrature output waveforms with the
oscillation frequency of f, = @,/27 = 478 kHz, the active and
passive components were chosen as: Ig; = Ipy = Ip3 = I3 = 150
uA and C; = C; = 1 nF. Fig.4(a) shows the simulated
quadrature output responses i,; and i,, where the simulated
frequency of the oscillation is found to be 470 kHz. Fig.4(b)
represents the simulated frequency spectrums of the proposed
circuit. In addition, the total harmonic distortion (THD) of the
output responses i,; and i, is approximated to 2.5%.

200

V\ m“‘wr"“"* A

< 100 : : -
5 o0 : : =
2 p : : :
E‘ \ / \ / \\// ..... \/./ V/ \V
SOTWOWI W W
-200 .
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(a)
200
= ia.'
)
<
3
£ 100
E
o
O
0 +—t——t . + <+ + +
400 440 480 520 560 600
Frequency (kHz)
(b)
Fig.4 Simulated quadrature output responses ios and i,z of the proposed
oscillator.

(a) output waveforms  (b) output spectrums
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Fig.5 Theory and simulation results of the oscillation frequency (f) by
varying the bias current /5

The tunability of the oscillation frequency (f;) by varying
the bias current [y is shown in Fig.5. It is obvious that the
simulated responses are found to be in good agreement with
the theoretically predicted behaviour. The deviation between
the theoretical calculated with equation (7) and simulated
values are less than 2.5%, 5.6% and 8.8% for Iz within the
ranges of 100-200 wA, 200-400 wA and 400-500 wA,
respectively. However, this influence can easily be minimized
by simply adjusting I of the CDTAs.

L.

The resistorless realization of current-mode quadrature
oscillator using three CDTAs and two grounded capacitors
has been proposed in this paper. The proposed quadrature
oscillator circuit offers the following advantages:

(i) Realization of two quadrature sinusoidal output
waveforms of 90° phase shift is obtained simultancously,
without changing circuit configuration.

(i) Independent current-control
condition and the oscillation frequency.

(iii) Using only grounded capacitors for its realization,
which is suitable for integration.

(iv) Low passive and active sensitivities.

PSPICE simulations are given to verify the theoretical
analysis.

CONCLUSIONS

of the oscillation
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ABSTRACT

A current-controlled current-mode four-phase sinusoidal
quadrature  oscillator  using  current  differencing
transconductance amplifiers (CDTAs) is presented in this
paper. The proposed circuit, employing three CDTAs and
two grounded capacitors, can generate four current outputs
with four-phase difference. The oscillation condition and
the oscillation frequency (w,) can be orthogonally and
electronically adjusted by varying the bias currents of the
CDTAs. The oscillator has low active and passive
sensitivities. Simulation results verifying the theoretical
analysis are also included.

Index Terms— Current differencing transconductance
amplifier (CDTA), Sinusoidal quadrature oscillator,
Current-mode circuit

1. INTRODUCTION

In general, quadrature oscillators are widely used in many
engineering applications, such as instrumentation systems
and signal processing. This is due to the fact that it can
produce two sinusoidal outputs of identical frequency but in
the different phase shift. For examples, it is used in
telecommunications for quadrature mixers and single-
sideband generators [1] or for measurement design for
vector generator or selective voltmeter [2].

In the recent decade, a new active element with two
current inputs and two current outputs, the so-called current
differencing transconductance amplifier (CDTA), has been
acknowledged to be a versatile active building block in
designing current-mode signal processing circuits [3]. This
device provides an eclectronic tunaability through its
transconductance gain (g,) and also offers an easy
implementation of cascadable current-mode  signal
processing circuits [4]. As a result, many implementations
of CDTA-based analog signal processing/signal generation
circuits have been developed by various researchers [3]-
[11]. The CDTA is also useful for quadrature oscillator

design [7]-[11]. The works in [7]-[10] require any external
passive resisters, while the circuit reported in [9] cannot be
controlled its oscillation condition and oscillation frequency
independently. In addition, the circuit from [11] contains a
large number of CDTA in its realization, namely four
CDTAs.

Therefore, this paper presents the realization of an
electronically tunable current-mode four-phase sinusoidal
quadrature oscillator using only three CDTAs and two
grounded capacitors. Comparing to the recently realization
available in [7]-[11], the proposed circuit offers the
following advantages: (i) four quadrature output waveforms
of identical frequency and magnitude but phase difference;
(i1) independent electronic control of oscillation condition
and oscillation frequency; (iii) the use of only grounded
capacitor, which makes the circuit attractive for integration;
(iv) low active and passive sensitivities. PSPICE simulation
results demonstrating the performance of the proposed
oscillator are also given.

2. CIRCUIT DESCRIPTION

The electrical symbol of the CDTA is shown in figure 1(a),
where p and n are input terminals, z and +x are output
terminals. The terminal relations of the CDTA can be
expressed by the following set of equations

v,=v,=0,i,=i, —i,and i =g, v, (1)

P
where g, is the transconductance gain of the CDTA.
According to above equation and an equivalent circuit of
figure 1(b), the current through the terminal z (i;) follows
the difference of the currents through the terminals p and n
(ip-iy), and flows from the terminal z into an outside
impedance Z,. The voltage drop at the terminal z is then
transferred to a current at the terminal x (i) by a
transconductance gain (g,).
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Figure | CDTA
(a) Circuit representation (b) Equivalent circuit
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Lo wloy oy

LTSS

Figure 2 Possible bipolar realization of the CDTA.

The possible bipolar implementation of the CDTA
element used in this work is shown in figure 2 [3]-[6]. It
mainly comprises a current differencing circuit formed by
two current followers Q;-Qy, a basic current mirror Q,-Qyy,
and a multiple-output transconductance amplifier Q;5-Qua.
In this case, the transconductance gain g, of the CDTA is
directly proportional to the external bias current /o, which
can be written as the following.

IO
2V

(2

Em =

where Fr= 26 mV at 27°C is the thermal voltage.

3. PROPOSED FOUR-PHASE QUADRATURE
OSCILLATOR

The proposed current-mode four-phase  sinusoidal
quadrature oscillator is shown in figure 3, which is based on
the use of three CDTAs and two grounded capacitors. From
routine calculations for the proposed oscillator, the
characteristic equation can be given by

s2qg Em " 8m | | Em8m |_ 3)
G GG,

The oscillation condition and the oscillation frequency
(@w,) can also be obtained as

Emt = m3 (4)

and w{) e EmEm2 (5)
C'l C2

Substituting equation (2) into equations (4) and (5) and by
choosing C;, = C; = C, the oscillation condition and
oscillation frequency of the this oscillator can be modified
as

Lo =1p; (6)

1

—— 1o (7)
2W,C o1to2

and Wy =

From equations (6) and (7), can be seen that the oscillation
condition can be electronically controlled by adjusting lo;
without taking an effect to the @, that is adjusted by Ip,.
Therefore, the oscillation condition and oscillation
frequency are orthogonally controllable by electronic means
via adjusting the auxiliary bias currents of the CDTAs.
From figure 3, the current transfer function between
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quadrature outputs i,; and i, can be expressed as

i:l g Em2 (8)
i, sC,
In equation (8), it is shown that the phase difference (¢)
between i,; and i,; is 90°. This recommends that the currents
ip,» and i,; are in quadrature. In addition, by the use of an
inverted version of the output currents i,; and i,;. Hence, the
relations of four output currents can be given by

iﬂl = _I.O3 and i02 =_i04 (9)
Consequently, the proposed oscillator can provide the four
quadrature output currents.

Iozi .
l!02|
1+ N
= CDTA2 « o
n z +x ‘:94 I l
J_ 03
T T
= +x CDTA3
[ml 2 Pl
+x p -
I
L :: CDTALI
[ Snm— 4 z n
-« ol
1o3 -

Figure 3 Proposed current-mode four-phase sinusoidal
quadrature oscillator using CDTAs.

4. NON-IDEAL ANALYSIS

In this section, the non-ideal charateristics of CDTA, the
relationship of the terminal current and voltage given in
equation (1) can be rewritten as

v, =v, =01, =a,,-a,, adi =fg v, (10)
where a, = 1- ¢, and ¢, (|g,| << 1) is the current tracking
errors from p to z terminals, @, = 1- ¢, and ¢, (Jg,| << 1) is
the current tracking errors from » to z terminals, and f=1 —
&, and &, (Je,| << 1) is the transconductance inaccuracy factor
from z to x terminals, respectively. Reanalysis the proposed
oscillator circuit of figure 3 using equation (10), the
characteristic equation becomes
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S2 +5 anlﬂlgml ﬁapl)g}gnﬂ il aplanzﬂ]ﬁzgmlgnﬁ =0 (1 1)
G GG

where a,;, a,; and f; are the parameters a,, @, and f of i-th
CDTA (i = 1, 2, 3), respectively. In this case, the modified
oscillation condition and oscillation frequency are:

3 518 m =& p1 P38 3 (12)
and 0)0 :\/apla712ﬂ1ﬁ2gm1gm2 (13)
ClCZ

The active and passive sensitivities of the oscillation can
be written as:

1
ax — Q) _ q@ —
EmbEm2 SC1.C2 Stzpl,trnz,ﬂl,ﬂz 9 (14)
and S =0 (15)

@] ,&n3,8 p2,& p3, 53

All the oscillator sensitivities are within unity in magnitude.
Thus, the proposed circuit exhibits a low sensitivity
performance.

5. SIMULATION RESULTS

To verify the theoretical analysis, PSPICE simulation has
been used to confirm the characteristics of the proposed
oscillator of figure 3. In simulations, the CDTA was
performed with the transistor model of PR100N (PNP) and
NP100ON (NPN) of the bipolar arrays ALA400 from AT&T
[12]. The bais conditions are £V = %3V, and I = 200 yA.
The active and passive components were chosen as: lo;
=lpy = Ip; = Ip =100 pA and C; = C, =1 nF. The calculated
oscillation frequency using equation (7) is about f, = @,/27
= 318 kHz. The observed waveforms of the proposed
oscillator are shown in figure 4. It can be seen that all the
quadrature output currents, i,;, i,s, i,y and i,y are 90° phase
difference and are equal in magnitude, where the simulated
frequency of the oscillation is found to be 312 kHz. Figure
5 shows the simulated frequency spectrums of the proposed
circuit. The total harmonic distortion (THD) of the output
responses I,y and i, are 1.4% and 2.3% respectively. The
simulation results of the oscillation frequency by varying
the bias current I, with C; = C; = 1 nF are shown in figure
6. Obviously, the simulated responses are found to be in
good agreement with the theoretically predicted behaviour.
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6. CONCLUSION

The realization of an electronically tunable current-mode
four-phase sinusoidal quadrature oscillator using three
CDTAs and two grounded capacitors has been proposed in
this paper. The proposed oscillator circuit provides four
quadrature output waveforms of identical frequency and
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magnitude but phase difference, without changing circuit
configuration. Moreover, the oscillation condition and the
oscillation frequency can also be adjusted freely. Owing to
the use of only grounded capacitors, the proposed oscillator
is suitable for an IC implementation, and has low passive
and active sensitivities. The PSPICE simulations are given
to verify the theoretical analysis.
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Abstract—The circuit realization of electronically tunable
current-mode sinusoidal oscillator using current differencing
transconductance amplifiers (CDTAs) as active components is
presented in this paper. The proposed circuit contains only two
CDTAs and two grounded capacitors without any external
passive resistor requirement. The oscillation condition and the
oscillation frequency (@,) can be electronically adjusted by
varying the bias currents of the CDTAs. The proposed circuit
provides low active and passive sensitivities. Simulation results
with PSPICE are used to confirm the presented theory.

Keywords— Current differencing transconductance amplifier
(CDTA), Sinusoidal oscillator, Current-mode circuit.

L. INTRODUCTION

The sinusoidal oscillators have a wide range of applications,
as for examples in signal processing, control systems,
communication, instrumentation and measurement [1].
Several synthesizes of sinusoidal oscillator circuits have
received considerable attention [2]-[5]. However, these earlier
sinusoidal oscillators operate in voltage-mode. Current-mode
sinusoidal oscillator circuits are receiving much attention
because of their potential advantages such as wider
bandwidth, wider dynamic range, simpler circuitry, and lower
power consumption. In 2003, a new current-mode active
building block, which is called as a current differencing
transconductance amplifier (CDTA), has been proposed [6].
This device having two current inputs and two kinds of
current output provides an easy implementation of current-
mode analog signal processing. It also exhibits the ability of
electronic tuning by the help of its transconductance gain (g,,).
As a result, many applications of CDTA-based circuits have
also been developed by various researchers [7]-[10]. Recently,
the realisation the of single-resistance-controlled sinusoidal
oscillator using one CDTA, two virtually grounded resistors,
one floating capacitor and one grounded capacitor was
reported [11]. Moreover, it required a floating capacitor and
same external passive resistors, which is not suitable for
integration.

In this paper, the realization of an electronically tunable
current-mode sinusoidal oscillator using only two CDTAs and
two grounded capacitors is proposed. The circuit requires no
external passive resistors and provides the current tuning of
the oscillation frequency (@,) and the oscillation condition by

varying the bias currents of the CDTAs. The oscillator also
exhibits low active and passive sensitivities. The use of only
grounded capacitor in its realization is attractive for integrated
circuit (IC) implementation [12]-[13]. PSPICE simulation
results are given demonstrating close agreement with the
predicted theory.

II.  CIRCUIT DESCRIPTION
The circuit representation of the CDTA is shown in Fig. 1(a).

The terminal relations of the CDTA can be characterized by the
following set of equations [6]:

(M

V, =V, =0, i, =i, -i,andi, =Z g,v,
where g, is the transconductance gain of the CDTA, and Z, is
an impedance connected at the terminal z. According to above
equation and an equivalent circuit of Fig 1(b), the current
through the terminal z (i,) follows the difference of the currents
through the terminals p and n (i,-i,), and flows from the
terminal z into an outside impedance Z,. The voltage drop at the
terminal z is transferred to a current at the terminal x (i,) by a
transconductance gain (g,,).

'
Voo—le 1 p x f—»—o ¥
i CDTA ik

N
Voo—— n z x ——ov,
ijz
v!
(a)

Fig 1 CDTA. (a) Circuit representation (b) Equivalent circuit
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Fig.3 Proposed current-mode sinusoidal oscillator.

Although there are several techniques to realize the CDTA,
one possible bipolar realization can be shown in Fig. 2 [9]-
[10]. It mainly consists of a current subtractor formed by
current followers Q;,-Qy, and Q,,-Q4,, and a multiple-output
transconductance amplifier Qg-Qap that converts the voltage
drop at the terminal z (v,) to its corresponding differential
output currents i,.. In this case, the transconductance gain g,
is directly proportional to the external bias current Iy, which
can be written by:

IO
2V,

@

Em =

WHERE Vr=26 MV AT 27°C IS THE THERMAL VOLTAGE.

III.  PROPOSED OSCILLATOR CIRCUIT
The proposed current-mode sinusoidal oscillator is shown

in Fig. 3, which is based on the use of two CDTAs and two
grounded capacitors. Since all the grounded capacitors are
employed, the circuit is suitable for IC implementation. From
routine calculations the characteristic equation of the
proposed oscillator circuit can be given by:

S2+S @“@ e EmEm =0 (3)
G G GG

348

The oscillation condition and the oscillation frequency (,)
can also be obtained as:

grnlcl = gm?.CI (4)
gm] gmz

w, = /— 5

YN G ©

If we setting C; = C; = C and g,; = g2 = & and substituting
(2) into (5), the oscillation frequency becomes.

(6)

Therefore, both the oscillation condition and the oscillation
frequency can be electronically controlled by adjusting /o.

IV. NON-IDEAL ANALYSIS

In this section, the effects of the non-ideal CDTA on the
circuit performance have been discussed. Taking into account
the CDTA non-idealities, the relationship of the terminal
current and voltage given in (1) can be rewritten as:

i —anih and i_,; =ﬁgnrv2 (7)

v plp

p=v,=0,1, =
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where @, = 1- ¢, and &, (|g,| << 1) is the current tracking errors
from p to z terminals, a, = 1- ¢, and &, (Jg,| << 1) is the
current tracking errors from # to z terminals, and =1 —¢,
and ¢, (Je,] << 1) is the transconductance inaccuracy factor
from z to x terminals, respectively. Reanalysis the proposed
oscillator circuit of Fig. 3 using (7) yields the non-ideal
characteristic equation as follows:

& +{%l§g}m _anzggna}!_[(?aﬂa'ﬂ 0, 0,0) ﬁ@qgglgmj=0 (®)

where @, @,; and f; are the parameters a,, a, and £ of i-th
CDTA (i = 1, 2), respectively. The oscillation condition and
oscillation frequency for this case are found as

&, 58.mC, = apz)Bzgmzcl 9
and @y = \/(2014;”0?,,2 —aﬁiamz)% (10)
1&2

According to (10), the sensitivities with respect to the active
and passive of @, can be written as:

p o 1
S&':g]-gmz = _SCIOvCZ =5 (1 1)
S22y, == 12
ALl _E (12)
1 Cxnla p2
Bl === ; 13
apl @ p2 2 (Zap]anZ . a”lap?) ( )
[2 474
and S:O oy = i (14)
S (zaplanZ - a.u]aPZ)

All the active and passive sensitivities are less than unity.
Thus, the proposed circuit exhibits a low sensitivity
performance.

V. SIMULATION RESULTS

To verify the theoretical analysis, PSPICE simulation has
been used to confirm the characteristics of the proposed
current-mode sinusoidal oscillator of Fig. 3. In simulations,
the CDTA was performed with the transistor model of
PRI00N (PNP) and NP10ON (NPN) of the bipolar arrays
ALA400 from AT&T [14]. The power supply voltages were
set equal to +V=-V = 3V, and the bias currents were [z = 200
HA.

As an example, to achieve the sinusoidal current output
with the oscillation frequency of f, = w,/27 = 318 kHz, the
active and passive component valves were chosen as: [y, =
los = Ip = 100 pA and C; = C, = 1 nF. Fig. 4(a) shows the
simulated sinusoidal current response i,, where the simulated
oscillation frequency is found to be 312 kHz. Fig. 4(b)
represents the simulated frequency spectrum of the proposed
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circuit, where the total harmonic distortion (THD) of the
output response is approximated to 3%.

The simulation results of the oscillation frequency as a
function of I for three different values of C = C; = C; (i.e.
0.1 nF, 1 nF and 10 nF) are summarized in Fig. 5, which
shows that the linearity over a wide range of the bias current
Iy is obtained. From Fig. 5, it can be observed that the
frequency error is less than 15% up to about § MHz.
However, to compensate this error, it can be easily done by
simply adjusting the bias currents of the CDTAs.

100

mfékmm

Ay

i, (4A)
(]

Y Y

-100 : -
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3 50
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Fig4 Simulated sinusoidal current response i, of the proposed oscillator.
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Fig.5  Simulation results of the oscillation frequency (f;) obtained by
varying the bias current /.
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VI. CONCLUSIONS

The resistorless realization of an electronically tunable
current-mode sinusoidal oscillator using only two CDTAs
and two grounded capacitors has been proposed in this paper.
The proposed oscillator circuit offers the following
advantages; (i) the oscillation condition and the oscillation
frequency can be electronically adjusted through the bias
currents of the CDTAs; (ii) using only grounded capacitors
for its realization, which is suitable for integration; (iii) the
circuit requires no external resistors; (iv) low passive and
active sensitivities. PSPICE simulations are given to verify
the theoretical analysis.
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