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ABSTRACT

This thesis presents quadrature oscillator and multifunction filter based on
electronically tunable-output second-generation current conveyors. The proposed
circuit can realize as a quadrature oscillator or a universal filter without changing the
circuit topology. When it works as a quadrature oscillator, four quadrature current
outputs and two quadrature voltage outputs can be obtained. The condition and
frequency of oscillation of oscillator can be controlled orthogonally and electronically.
When it works as a universal filter, low-pass, band-pass, high-stop, band-stop, and all-
pass filtering functions can be obtained simultaneously. The natural frequency and
quality factor of filters can be controlled orthogonally and electronically. The
proposed topology is simulated using PSPICE simulators and experimental results are

also used to confirm workability of new circuit.
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1.1 AayudAgyvastymn
U990u 1935@18nunseLagANaed (second-generation current conveyor: CClI)
& Ay vo o & '
[1] Wuasildsuanuaulakasgniunldlunseeniuuidulsussuianasiieg uinune
93995 UsBIIaRad Y Ul nuaLS IR ULaEInUANTELE LYY 2995N589A1UD 1995 ER
doyyias 2995veedy I wag 1WITsEInsELd Wudy 19959esanemunsruaivefingy
299590 UkondRiuluinuausidufe SdisanuaufuiRnunine danuludadugs 4
AFunaTnning waz 293sa10750ai1eladng 193599sEENIUNTERaaINnTaaT1elaviald
Lulnaninsudatnes uaz veaa lagily CCl TugauaRazilidtnaua ULl X
[d 4 £% A a1 & v ¢ 1 U ! a s
Jugud way anudumuie Y was Z dandueiud 1995 Cal ldaunsusuamisiiivmes
lpdnedsmediannsetind dmsuinerdnusiazldaasaenunssuaguiaosuunsiud
aflesnusuAnszuaanalaniBiannseiing (electronically tunable-output second-
generation current conveyors) fig3193nlulwarsnsiudanes [21-4] Uszlovivesnis
% ca A ¢ A A N v A
4519995@ 8NN TEUALUUNSINAGLTES e 191 X 499 CCll A8TAIANNAUNIULNS Ry 71
aunsamuaulacenszualudd Ja9saeniunsskasintasisand 299saenIunITLa
muamé”mmma (current-controlled current conveyor: CCClI) [2] ﬂmauﬁamamﬂ% CCcll
anusaunandlame

V.=V, +1I,R,
T (1.1)

zZ X

I, =0

INAUNTITUIUTIFUTT X TAUWAITU Vy + IRy Wag NIeua |, = Iy aziiuinsnsinig
VENTERATENIN | waw Iy danfundarin Wiedinannuaiunsasasaieniunsewalid
§951N5VBTENIN 17 e Iy Fsldinsinaue 1sasaenunsruaiiaIuauldfeitnis
danwnsednd (electronically tunable current conveyor: ECCII) [5]-[7] 993510135388
NIPUAYDI99S ECCIl Hannsnmunuldfenszua dmes ECCI gnasisdendnnimsiud
afles 2993 ECCIl Hazannsaimsfineiaomisiinesluiaier Ao A1 Ry way sm3n1s
verenszia k lursesifen (8] Fsasdulszlenitisannsldduugunsaladls
'm'imam*lma%aaa%aL@@%Lﬁmq%ﬁ'ﬁwLﬁmé’muzgmgﬂﬂ?{ulsuﬁﬁLwiaxéi’igﬁgmﬁw\Ia
uANFASTUY 90 B3 sanansavszyndegnaunsnanglussuunsieans uay lussuuiaiesilo
To iy fmilladyaaluiasuegandyyinuuuaion siaes Aandndyyiauwuuwuy
e lusyuunisdeans [9] uaﬂmﬂﬁé’qmmiaﬂszqﬂm‘i%’mulﬂu’;ﬂ%ﬁﬂLﬁmé’iyfymmu
nes waz Lavifiwesuuuidonald lussuudesdioTadndae [10] dwsuisasesada

WRINNTEUY 29ITzaNsanwindyaalivziesiteulunisesadaian (condition of



oscillation) Mvunzay fejurasesadanesaziniineifiddaie Souluniseeada
av wag ANBnToeadalan (frequency of oscillation) Tun1599NKUUIITILIIVLADINTS
muay Heulyniseeadalan way auiniseeadaian Tdasy mmnmwaimwmams
AIUAY wonnilunidsenasinaue Jeulunisesadaan uay Auiiniseeadaian 7
annsamuauldfeitnedidnnsednd finuanisesmensiaeieeadamesivinauly
TnuaussnulaznszuadausunueluTansenee dogragu [111-20] unaulu [11]
1U1LdU072995A9AT1LA0500aTaLn 05 ne 142995 OTRA (operational transresistance
amplifiers) @093435 FAEUMMUART uaz faiudszgaesin unauly [12] daueisase
'aamﬂLﬁ]aiaaa%amaﬂmqu% CDBA (current d|fferencmg buffered amplifier) @89399%
Fadumudins uag fafulszqasiaas wisasTedesiiteidufensasliannsaudu
AranudldfiedTniedidnnsednd unaulu [13-019) diiaueisasatensiaesonada
wesnuiualdiedsmedidnnseindlagldgunsaludniinidnetu 29aslu [13] 14asas
OTA (operational transconductance amplifier) 73935ty [14] 162395 CDTA (current
differencing transconductance amplifier) 193514 [15] 192335 CFTA (current follower
transconductance amplifier) Ty [17] 192995 Log-Domian @iu19aslu [18]-
[19] 192935 CCll wag DVCC differential voltage current conveyor 8g19l3finny 29351y
[12]{19] anunselidggnalunssiudonedng v3s Wunszuddeuodng ag9lnog
nilwihiu 1saseeas e fesataiamasly [20] Wy uernanszuadiondwlasld
1993 CCCDTA (current-controlled CDTA) aginglsnnnu 29a5lu [20] @unsa e sdeyayo
ﬂizLLa?ﬁmMmﬂwﬁéu 1935w nAinuuulnife ZC-CG-CDBA (z-copy-controlled gain
current differencing buffered ampilifier) [21] #ag233935 CG-BCVA controlled gain-buffered
current and voltage amplifier L& ¥ CG-CFDOBA controlled gain-current follower
differential output buffered amplifier [22] lagninunldasnnasniensiieseeadaiaines
Fautheasty [211-22) asdursasenaiawmesifianunsnuiuan Heulunisoeadaian uas
Auiniseeadaian MWdaszaniu uwiinsatensiaesesadaaines [21] awsalils
Lawwmaé’mméwmaaaLmsﬁwwwhﬁ?u Turaueiinaseeadaiawmaslu [22] anunsaldayaio
odnaldfanunszuaLasIsiy winnsdnanldfuiulsranuusoainsddeilil
winzAumsihlvasiaduasassu

2993n504AUAVATBUENT (Universal fitter) 1u199sTianunsnadianIsnsesdusiud
anslimarsnisnsesluasasiien TéuA A1y (low-pass: LP) Aamfigesinu (high-
pass: BP) LAUANNARHTY (band-pass: HP) Lmummﬁmm (band-stop: BS) wag H1UNn
A8 (all-pass: AP) 239n389ANNASUFUADIAINT Y NUTEenAlFuluss Uy
didnvseiinduazinsauunmu 1w wadengy (phase-locked loop: PLL) 1Husfusluszuy
vlduanosle Wusaensialuiedesinsdmidldaudu waz Wulasswsuenidssga
nane i Tussuuiadeades 23] uenvniheasnsesuisusiuiidesdiaunsaldadady
2snTRsAmAgIsudugaldBnde [24] Tunseenuuulsesnsesend MsTeed Ared

553UA (natural frequency: o) wa AUszNaUANAIM (quality factor: Q) {Wun13Twnes

Aa o

aud1dy laenaluazdeinisnisdnes o, waz Q Naunsaaiuauladaseainiu



wandNil W1dnes O, waz Q rarusanluANlade dansaalunulanlIgIsnie
BiannIalindng12111993n509A0ATUAUZAINIZA51991N 99N TRIAUD U UARIN HiD

wuumaaalasian @, uay Q ey [25] frdunasnsesauifianansausua o, wag O
#dheiBmedidnnseindasvlsiedeniseanuuy Belundnty 2sasnsesanuiivaneniii
fususmnsines o, liMeimadidnmseindiinnumngdmivinussgndiiunses
nsesmuAfiusulRlFdiesveRinea [26] Fedu TikunnFeiasesnsesauiivaenthd
thiauesnninelagldgunsaludniiniuansiaiu dregratuwisaslu [27-321 vl
[27] Ynauesasnsosanuivae vt iilnuausfulnglinses COBA aeidas uay gunsal
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9ATNUFIURALNANAITIINITNUS

2.1 lulwarsnsudanas

lulwar$nsudaimos (Bipolar Junction Transistor: BJT) 18ugunsalasssessied
fhasBendug 11 “nsudaned” lulndrsmudaneiannsaudanalasadsldaesin
Ao vila NPN waz 4iia PNP lassassveslulnarsvsiudamaseiia NPN waz PNP @wse
wandlddeuil 2.1 ngUasdivinlulnasnnulanesivwimunaun Ao 91 Asaaames
(Collector: C) @1LU@ (Base: B) uag diimas (Emitter: E)

Emitter Base Collector

N P N
/] I of

emitter-base region B collector-base region

(n)

Emitter Base Collector

P N P
/] AN

emitter-base region B collector-base region

()
U7 2.1 Tassashsvedlulnainsudanes (n) vl NPN (1) wiln PNP

nsyirnuveslulnaisnsudamesaiuisantseemduarulvunie undnean (cutoff)
Tauaudniinl (active) war Tnumaduda (saturation) n13¥191unIentenImaoslulngns
Mﬂu%amaﬂﬂ%mLLSﬂﬁWmmimLamlﬁé’agﬂﬁ 2.2 INMSudansuTawmasyin NPN Tu
Ul 2.2(n) azldunassneniouen Ve uag Ve 1ileludauseiu Ve WWaunsudames
n1udamesazldsunesiisalusa TnevilunsudanosuindanouasiiAusedy Ve
Useaa 0.7 V Turaiziendudiludalivineaiannesidndgandivinvanionssiu Ve
soamaszIAvalanmastazivaslisulusawuUIAsalusa nzuatilwadivnreaanmes
3onn o nssualvafivnuaieni s way nszuadilnadivndimesisenin I
nsziamalanmas Ic axnsamvualduaunisisne [72]



forward bias reverse bias
\ul ||Z
E | injection electron diffusing electron collected electron IC C
IE &—1 recombined
< injected hold (Ig;) \\/\ electron (Ipy) —
IE IC
N L P N
B| L
| |
L -
VBE VCB

JUN 2.2 msludalulwaisnsudawesviln NPN

Ve

) e > (2.1)

a a v ]
aun1si (2.1) envazansadeulsdngvuuudy v, =7, ln[—CJ
N

o Is 1Wunseuaduda uwag Vo luussnugamgl (thermal voltage) fA1Uszana 26 mv 7
gl 27 esmaidea fn Vo Julswiunvuegiugamaidsivualafe

Vis— (2.2)

Tne k Wuepfives Boltzmann fidiniu 1.3806488x107% J/K T fegaumgll fwieidu
pIALaea way q AeUsEYlnih da1useann 1.6x107" C
NSERANVWUA |3 @RISR UALARB [72]

I
[, =-= (2.3)

[ag
Toed B fednsnisvenenseuavesiulndinsudanes deasdiduseanm 100 f3 200 3
Tulwansnsudamesunaziuasazdaluwinny %Q%uagﬁumwm%waw%nmmauazmi
Feasidudimesuasiud
N5euadfitned Ir LIUNTTLANATINYDY e 1AL s (I = e + 1) fetauilonszua I 9g
muualafe [72]

I, =1, +%C = (@j I, (2.4)



Y o v ﬁ+1 a = M v
fua s o =7 aun1si (2.4) anunsaeuluilafe

I, =al, (2.5)

1

WISIHLH DS

[

fA1Uszanal 0.99 dgdnwalveslulwarinitudamesvia NPN wag PNP
3

C E
B 4# B Al#
E C
(n) ()
SUN 2.3 dydnwalveslulnaivsudawmes (n) viin NPN (v) viin PNP

(04
wandlaeasui 2

Y

2.2 annN1sNsIuaaLies

] s

nanNN13veInsIudalles (translinear principle) lagniniaweasausniul 1975 lag
Gilbert [73] Ingidur9asnasieainlulnaisnsiudainas nann1sveansiudaiesazly
Usglovdnudunusndudaduseuinaaininuu (transconductance) Wag NIswa

s I a s i ¢ I e
ﬂ@aLaﬂLm@ﬁm@ﬂiUIWﬁqimiqU%aLmai PNFUNTN (2.1) NILUEADALAALADT lc GUQQVL‘UIW@']i

a = [ YR a V v v
i damesadunnuduiusiuudenisviy fe 1, =1, exp(%} wio Weulmiladu
T

Ve, 115 i (2.6)
‘[S
ANPNNLNATEINNT A
ol I
€ =g =-F 2.7)
OV gy Ve

a

Yasuddilusaziisnuaznsdeunesasielulnasusudawesiludasesreluaunazd
fwosuuuesiisnluda Tnsasidondalluguildeiionty niudamesiivszneutubugy
(loop) @wnsam1numluguaiuduuifing (clockwise: CW) wagguynauiuuiing
(antickockwise: ACW) ?TuagjﬁuﬁﬁmamﬂmamamizLLa Iwﬁqqﬂmmmﬂimauﬁwﬁg@
NI1UTanasviln NPN WAz PNP wiagiingogdn wienu Ve v0ansudamesviin NPN Tu
AAN19MNLTUUIRNT ARUINAULIIOU Ver VoS 1uBanasyiia NPN Tuianiamiumniuy
WUURN 4ay WSIAY Ve veansulameasyia PNP Tudianianiuiduuning agdeaniy
WS99 Vae vaansudamasaia PNP Tuiianismuniudauninuieniu



N CW
) e
ACW
H
ACW ¥ CwW

cw ITACwW N

JUN 2.4 nanmswsnsudaies

ndeulvll aunsoagUliiussdusensto Ve vesquazdosiswauduang
ﬁmiquwﬁﬂqﬂﬁﬁmm%ma% NPN 37974 j 73 (HUs99U Vee 918U j 371171) Ty

WABLTANIS WaL AN UTAHDS PNP 319U K 67 (HI590U Vee AU k 37U31) Aalanaly

sUf 2.4 fleldmqui] KL (Kirchhoff's Voltage Law) fugu azldiinasiuvesusaduly

PEN19 QW AN UNaTINLSIPUlUAANNe ACW Ad

Z e T ZVBEk Z 35 T Z Vasc (2.8)

cwj CWk ACW] ACWk

WAL NUAILTIAU Vee A8ANNTN (2.6) 3gla

ZVlni+ZV1nﬁ ZVlni+ZV1n fog (2.9)

cwj Sn CWk Sp ACWj Sn ACWk Sp

119 I WA o ABNTERARDALAALDTNAURUSA VLTI Vee Antluad nssud Is, wag |s, Ao
NITLABNAIVRINTIUTALMBIUTA NPN hag PNP aild1au waz d1uisauansaglumsuves

1 =1 A I 1 d'dy (v}
ATTUNUIRUUNTEUA AB Js, = JspA UAE Jsp = JspA 11D Js, e Jsp LTuANTuegiy
NSTUIUNISNAR PaNUILLA

ZVTln Iy +ZVln —Ck ZVln i +ZVln —; (2.10)

Cwj Sn*%j Sp k ACWj Sn j ACWE Sp k

nauanURvesdannisivazle

1.1 Iyl
[T oo = 5 o 211
2L g4k 4 JUAJE A,

ACW Sn“tj

Wy Js @unsarindeiula araunfdmsudawesinuautfmilouiunnusenis dalu
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ck (2.12)

21j + k = m awleulmilane
IC ]C
R

Fedunisanunsananadnnisveamannisusiudaiies iasrsanlulnainsudamesly
sukuunTudaiesay ma@msummmvimLLu'uﬂszLmﬁsawiaiuﬁﬂmamuLs‘ﬁmmﬁm%
whﬁ’uma@mmaamwwmLLLiuﬂizLLaﬁﬁaaﬁaiuﬁﬁmqmw‘fjmmﬁm NANNITVDINT U
Alofiderreiudaszanainuasuulasvesguvgil uas 1uBaszannszUIuMs Uk
niudanesluglazdedinimddgluFesnuaumediy

2.2.1 29snsudaiesaunan

19nTIUdaIeSaUNan (mixed translinear loop) Useneumenstuddeaines Q;
Qs Fadwsamsudadesivhaulusaia AB Nﬁ]immm,t,amiﬁﬁﬂgﬂﬁ 2.5 ’N‘i]i‘ﬁﬁﬂgﬂ
Wl n2995m 050y (voltage follower) dusuisasateniunsuawuunsudaiiios

) LE
Q H1 Q

Vin_' y X i Iin

Qs }_“\/ Qs
L) L

JUN 2.5 3snsudaiiesaUnay

a A

NFUN 2.5 RITUIMTUTawes Q; 89 Qq Wielinanmsnsudaidesay agla

Y

Veer Vaes =Vagy + Ve, (2.14)

01999N1IMAIANUFNRUSUSIRUTTUR v (V, %38 V) waz Nlum x (V,) asleubalafe

V.=V :VBEI _VBEZ (2.15)

x y
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fauyfAIn Q; wag Q; (Qs wax Q) dmantAmleuiunnusznis sslamuduiusussiun

Tum x wag lua y L.Uu V=V, SINLﬂuﬂmammwsmuLmﬂusuawwi cal
naNMSh (2.15) dlounuen@gaunisi (2.6) azla

Vv v, 1n[ij—1/” ln[f_zJ 2.16)
152 ISZ

ﬁﬁﬁu(ﬂﬁ V11 = V1o = V1 s = lgp = Is a1y Vy — Vy = ny leéj

Vo=V, In LI—ZJ (2.17)
Il

N3UN 2.5 il Q; uag Qs gﬂﬁiaiﬁﬁﬁmmﬂumﬁaulﬂiam AAUU |, hAY |15 J9@1UITD

ANUALMTUNTLLADNNDIRD |y = |5 = Ig f9tiU |, AsAvUa ey [74]

]31 + 413% = Iin

> R > (2.18)

dlounuaunis (2.18) asluauniss (2.17) agla

£ /1? Y Y
V,=—V:In TB (2.19)
B

wsedngUaunslvdlane

ek §
Vi =V, In| fl4—t i (2.20)
> A 20,
2
AUUALA |, << 2lg FaravUszanasly +4I}nz ~1 @unsh (2.20) Weulndlgae

L, (2.21)
21,

=-V, ln[l—
23

I X
wey In| 1+ ——= mmmﬂsvmmmmaauﬂimmmﬂa 1n(1+x) X——+——-+
21, 2 3

fetiuazausaUsEINNaNn1SN (2.21) lade



2 3
Vo= voin| 14| = 2o || =y | 1] = Lo || e ) e | L 202)
y 21, 21, 21, 21,

in

% v [ {
Mazagmsuegniasnsziiadeeuin As In| 1+] — = — A4un1s9 (2.22) Weuluy

1)) 21,
lafe
I
va = _VT - (223)
; 21,
FatudazmanudumuTiun x waslun y 9zl
V
RG> -Z & ﬁ (2.24)
in 213

AMUAIUUTLIEHUSEle I U195 Call F9azvinlysasateniunszua CCll nanetdulaas
t:ll ¥ d' =3 1 ¥
A1enIUNIELATIAUANMIENTELE CCCIl 21NaUNI51 (2.24) A8udn R, @1d1saniuaula

seunsenaludd g (g = 1y = 15)

2.2.2 29936MBUNTZUENUFIY
1asdgiouNTEua (current mirror) WWwagasndaud A dmSuniseeniuuNas
¥V [~ Y 1 a a al 6 6 14
571 9asagviouannsaliduluanlinulges wu 2asawieisuidsateuldlndions 14
Jw1993918n330@ (current source) 2393azviaunszualuMINgAUAR Izdasaziounszud

a

dunaludiendnalaenssnaiannaziaviouiusunalunsanion sinsvenelviniunis

faanudiuniudunsidlngaud waz Zarpauaruniuerdnadilndetud 613933
ATNOUNTZLATDATINITASNOUNTZUA 19ATALTDUNTEREIZA NSl T I T U9V 18N T LA

D

(current ampilifier)

VC C

Q Q,

Lin l Lout

Iin l Iout

Q H Q:

VEE

(n) (V)
= b &
UM 2.6 1ATALNDUNITTUALUUNUFIU (1) WUUUIN () LUUay

12



13

I:jf% Jllouﬂ Llowe [ Toun

NLQz e NLQN

VE E

JUN 2.7 195agviounselaluUiug Iulinvanele i

JasagiounszuaiiuguuandléfUl 2.6 30 2.6(n) ilusasaseunsuatiads
1NNIIUTaALADS NPN @0977  auudimsudaines Q uar Q, Ianaudfmilauiuyn
Uszns niudawes Q; gnsieldulalen viliussfussninsuineaianmeswazuuaien
Lﬁuqué WSIRUTENINV VAN UY1BLAALN DS VRINT1UTELABST Q) (Veey) ILLVINAU WFIAU
FENINVNUANUVIDAALADTVBINIIUTALNDS Qs (Varr) Wag vNlHnIEuanoalaAmasvad
nyuFanesiaenriniy uilumeaufoRnssuanssua o axdeiosniinszua I, intensy
dloanantesiianssuaiuanes O, uas O, mﬂgﬂﬁ 2.6(n) n3zaEnakanaldfe [72]

[out o [in (225)

44' A W a ¢ a v
i p AeSRIIVEIUNTERAVBINTIUTARADS N loue = lco WA Iy = lc; 9MN@NANTN (2.25) 6
PNTIVLNBNTIUE p VBINTIUTAMBTHANNN AMUFUNUSTEIINTLUE |, WAE NTYUE lou
aunsadaululondy

L, =1, (2.26)

SU 2.6() wanmeasasvisunspuauuuiuglaglivaudanosain PNP 903U Q; deidy
slouleloniiloairadunssuaduns 29asluguil 2.6() 919veiFenindumasariounszua
LUUay

rasarviounsziaaunsaaisliivatsieinnuanldfaguil 2.7 1sesanmnsaaing
I¥nisasagiiounszuauuuiiugulasnisiensudainesuuuninian (cascade) auuiin
nsudawmesnniilinuautivilouiuynusens nssuaednaansouanslane

I I

outl — Tout2 ~ c**

= [outN = Iin (227)

2.2.3 299582 NaUNSLHENUSUAIDNTIVENENTEE LA
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19sAEvRUNSERaNUSuABnIveenseualiuandlaatgui 2.8 [75] 9n3U 2993

s

USENOUMENIIUTAMDIAR  NISIASIZIENLTALTNINNNSNS LA TES
Ve

Iin T T Iout
l G) Ia Cp Ib
Q Q3 Ql j— —r\/ Q4
2
Q ‘\/'— —K Q4 G Q;

Ia Ib Iin J/ - 1 J/ Iaut

() @)
JUN 2.8 2995azviaunselaiuIumdns1venenseuals (N) wuuuin (v) kuvau

310129951U3UN 2.8(n) Wieldnanmsnsudaileslaefansauseny Ve v Q; fis
Qq AUV UANNISIAAD

Vagr + Va3 = Vagy + Vi (2.28)

= 1 a = a wa =] )
Wawnu v, = VTln(I—Cj aslu (2.28) Tagasain Q; 81 Qs HAauantmTauniumnusznis
S

azannsasulaiu

V. In LA +V,1In Ly =V, n 3 +V, In o (2.29)
[S IS IS IS

Jaguaunslvaiagla
Loy, (2.30)
waziBeuludlandy
out = j—zlm (2.31)

NAUNITA (2.31) anbaINNTEWE loye @107150U5UANLARNIE NS IAIUNTEWE L/, AaTUT
1SUN9TALNDUNTLLATTIATIN 1995dLNoUNTERANUSUSRITIveN8NSEhald 91NaUNI5IE
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Wulddnnesdudaszaingumgll 2vsasviounszuanuivdnsveienseualduuuay
aunsananalansguil 2.8(v)

2.3 9TA1UNIUNTSLLE

2.3.1 29ATEENIUNTLUFLATIFDS

Nﬁ]ia’]aW’]uﬂizLLaqmﬁam (Second Generation Current Conveyor: CCII) §n
auslag Sedra wag Smith [1] 1wl 1970 dyanwaluay199sialondsas CCll @wNsauana
leiwsgudl 2.9 AuaniRanunsauandldde

ks 0 0 O v,
Vo=l 0 0} 4 (2.32)
I, 0 1 0)\V,
IY
Vyoi y
CCIl =z
Vyor—1 x
L,

JUN 2.9 Fyanualiayvsiadonsss CC

~ =3 Yo = 5 a [ ¢ & @A I o a :.;
NEUNIN (2.32) Auladnnsese |, 197 y TAdugue ZanAeaInNUs MUY,
y HUILADINAIENN WSIAU V, FAWVIIAULTIAU V, (Vi = V) Aseud |, Taniinuusedy l (,
QU % Y

) Arnenasiiavenseuanuansisgun 2.9 aztdureasatewiunssuautiauin (CCll+) an
fiamanisivavenseud I, Tanemsaduiuisaslugui 2.9 sviuasasanenunsuayile
au (CCll-)

15
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Qi }—K Q:

yo—< ——o X —o 7 ¢——o 7

Qs }—I: Q4

LE® Q P“LﬁleL/l Qn

VEE

5U#1 2.10 2995 CClI wuvuandiasrsanlulnainsudames
Ve

L Q L/‘FM Qs EFQEH Qs

Ql:I——':Qz
y o— —o X —o 7, >< -ty Al
Qsj——r\/Q4

L Qs P"%L/j Ql()r\/h)‘L/1 Q1
1

VEE

UM 2.11 19935 CCll Luuuinkagiuvaunasisnlulnasnsudames

5UT 2.10 wanaas CCll wuuniiaisanlulnarinsuddaned naudames Q,
uAE Qs 1995UTENBUMBIRINIILAATosHay 2995 CCI Tuguil 2.10 9zaziagA1AIy
Frunmuudafits x R, & 0) 41 z 1842993 CAIl aansniivarsiodinaldlaslirasasiion
NITLANANELIANA 3935 CCll WUVUINLAzIUUAU (CCll+ wag CCIl-) anansaasielviaglu
29fsrtulduandlddagud 2.11 Tnedida z, 1Wuo1inm1e91993 CCll+ dauda z 1By
1219 MYD93935 CClI-
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2.3.2 2995EENIUNSEUFYATIFDSIAUANAIENTTUA

’Nﬁ]ia’]EJW’luﬂizLLaqﬂﬁaaQﬁmUﬂuﬁwmzLLﬂ (Second Generation Current
Controlled Current Conveyor: CCCID [2] anansauansdaydnuaildsaguil 2,12 anguaeast
AanTRmiieuisas CCll unusens sy 2993 CCCN asliAnAudumuuksiian x R)
AnudiusvasnszuaLazLIRuTivasne aunsonandldie

I, 0 0 0)/F,
Voi=|1 RO 1 (2.32)
1, 0 1 o)V
V, y L v, i E I 1 i&o v,
e ! i
- CCCll z—V, Lo L
X H : :
\V4 o o A Vo : AVAYAY i
X X V.=V, o Nniln\ U E

sUfl 2.12 dydnwaluazrsasasyanlyliueises CCCl
2ITEIENIUNTELAYATIaRaTiAIuANMensTRaas s nlulwa I Luames annsn
wansdlddaaslugud 213 nsdiidanudumiu R, asgnimnfinsands Tnefmualvid
PAnogludisiisnda aanudiuniunislufida x 2easas call R daziadiouwdui
FuIULUUADaININRa N saUTuAldTeAB NI aBlannse indsiumanisususn
nszualuwed |, MMManIsIIInsudaI e squrasluiite 2.2.1 (Fun157t (2.24)) AR
Frumuiida x 9e13as CCQll anmnsarimualéde

B e (2.33)

Taodl Vi Wuussiugumgd sld1Uszann 26 mv figamnil 27 ssmiwaldoa 9 naunsd
(2.47) aziiulddn @1 R, a1mnsavsuawaenszualuda |, Ifegradudadu Faaiy
Funiu R, anunsauSuailasnsnsyualusa I, fjﬁﬂixiasuﬂasmmaiumiuszqmﬂs{’fmu
wu THUfuAmuddeoniilousegndldanululsasnsesanud wae Tduduansiuie
arwiiilevszgndliolunsasoeadaiames widausuniu R, dagldfunanssnuiile
gaumgfiiinsAsuntas 2995 CCCIl wuuninuazay lusasifisrannsaaiislifogud 2.11
uag fdaen132993 CCCIl Aiidh 2 vanedhanusnvhlfisuderiuasaslugud 2.10
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yo—<

I, Qs }

Q_H

— Q.

Q10E|‘4|§Q11 Q12E|“|£Q13

Q.

——o X ——o 7

Qs (ﬁ—I\HQ7 Qs r\/l"l\/.‘(b

JUN 2.13 3395 CCCll adenlulnasnsudanes

2.3.3 192TEBNIUNTTUENAIUANAILNTZUEUUUTINTIVY 18N TLUE
RTAYNIUNTLUATIAIUANMIENTEWA L ULTENT1V818ATELA (Current-Controlled
Current Conveyor with Controlled Current Gain: ECCCII) [5] #58 %#38luunaunainuazly

%971 Electronically Tunable Second Generation Current Conveyor (ECCII) [6]-[7] 2433
angnunselavindazinsinnumiiouiuinsalgniunsyika CCll vse CCCl ynusens

WAAIIULANFINAD 19ATFUNIUNTELE ECCCIl hay ECCIl 98il8m51n159818N5EhANU? 2

Uselgvtvesonsinisvengnsenaiazyintianuisasnldlduselevinanadsens wiu Tousu
ANDATINSVE1ELUIVLIUNTEWE Y58 DRTIV88NTLHaETW995NDAUR [8], [76] TTUsu
Atoulunseoadaianluicasesataawmes [77] dyanuwaluesisas CCCl wuulionsiveny

NITARANITUN 2.14 Anuduiusueenselatasusinaansauanslare

£ (00
AN
L| o =l
) \o

18
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Iy
Voo y z. 1,
—

Z_
CCCII _

zky —o Ix

JUN 2.14 dydnwadi99s CCCll LUUHEnTIveNeNTEua

189 R, A1UUALAAINAUNIA (2.33) LAy k LTUdnI198718nI2haTendneta z hasdd x U9
2995 lpgasesung £ lugunish (2.34) wunend3995 CCCll hUULans19818nSLhEANNN50
= Aad & v & a

1299575197 z wag 97 zk evisuinuazaulnlulaasifen

Vec |
Qi3 574“3 Q14 L, Ly
Qo Q12
Q

Q: :'— Q: P f j

yo_‘ X —O Zk

LG Q; j— Q4 Q6L J

Q;
Q15
Q17.\/'_—.\/'_L/. Qe Qs Qs
L Ip

JUN 2.15 29358eMUNTELATIAIUANMIEN SERALUUEE T venenseuaaseanlulnas

NIUTALNDT

U 2.15 uana2s93 CCCll wuuiidnsvenenszuaainsnnlulnarinsudames ain
U 19959¢ld99TaETeunsTLATIUS USRI wENEnTELE WUUUIN (Qs B9 Qg) WA wuUaU (Qs
89 Qup) WIS IMUASRIINITTENENTELE Kk 91nndnn1sTeIsesnsudaiesiilanan
Wudaluide 2.2 uar 19asazvieunszuaiiviuasnsveenszualdluiide 2.2.2 sns1n1s
YeNITLE k 1992935 CCCll agausanunualafe
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L]

U

7

pola

Ib
o ;.EI = w
S ¢ 719 o
s X &
| 7 O O

Qu
Qs

Ve
z

D—OZ

Q:
—o X

T Q Qlf;l\/]le Q16 Q1;I\/‘[

S

° o

Ve

20

(2.35)

2.16 ’N’ﬂiﬁ’]EJ‘W’mﬂiSLLﬁﬁﬂ’JUf’]ﬂJé}’JﬁJﬂigLLﬂLLUUﬁéj@i’]“ZJEJ’]EJﬂiSLLﬁLL‘U‘U‘Via’]EJLE)’W?V\!G]
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NaNNITIULarAUNANTAY09935 CCCll wuuiidnsivenensehaasiianuue
Wuieafuass CCCll nana A Sennudunuiits y z wagdh zk fangs Qumnsgauaf
Andueiiud) wag SAAnuE Uit x wiidu R, ﬁaﬁmiamuqmlﬁﬁ’asmiml,alué’a Iy
2995 CCCIl fladaanlulnarimsusamesuuuivaroiendmaansnsauandldsguil 2.16 B9
Hunsas CCQll Afliondngt z, 2 zk, waw zk luasasifien

a 4
2.4 3997996 YALALND I
19950eadalawnesiiuiasiudadyanusuaduleilaglidesdinisdoudy i

] Q

o

dunmnnteuenuiegdln wesiuladygasuaauledasdesgnasisanaunisingly

{iwa (polynomial equation) Susuassduly 1sasiniadyyruguadulediduieasd
anusaUssgnaldanuldunnungluszuudiannsetinduazinsauuian wasindadyayiadeyd
Hviaeviiamenu 1wW 299sA TR dULUUNUUIAY (Wien-bridge oscillator) 29a3AL4n
é’z:yﬁgﬁmwm?iaumla (phase-shift oscillator) 2999ANAATYYIUUUUAIDATILIDS
(quadrature oscillator) 29a3nladygrauvulaaiag (Colpitts oscillator) Lag 2935
Alladgauuwuueninad (Hartley oscillator)

2.4.1 dauUsznauveslNaseaadaianes

11950083 atamn s Nindnn1stoundunuuulInazUsenoue daudAyaesdiu
iy fie 1995988 (@amplifier circuit) way Tassgneidenaanud (frequency selection
network) Inevilu wesvengasintfidesegislundons fu Ao uifiveedyaai
qmL?ﬂsfl,uawil,ﬁaiﬁawsmamuzmﬁﬁwLﬁmﬁigzgmﬁlé’ wag Muthiduiwssidaauin
e @nsasidenanudagimiiilusasmuaanud way e iduaeas
Jaundunae Imﬂé’mmﬂmmmmﬁwmﬁﬂauﬂé’ﬂﬂauwm3é’aaﬁmamqﬁ’ué’ﬁgﬁym§uwm (in
phase) ﬁaﬂﬁaﬁﬂﬁé@ﬁyﬂmLﬁ@mil,a%uﬁ’uLﬁ@iﬁé’zgzyﬁmmﬁwmﬁagﬂuamuzm@h

U 2.17 uansudenlaezunsulasiainasesesatalamesdsusenausie 29959818
waz lassnedennanud fdensedounduivutin mudussnasesadamnoiarlisos
doudyanadunn wiiiieliinedonsmemsndinesileiuas sdune Suwmﬁqgﬂidiﬁugﬂﬁ
217 dyaadignioundu () wildadnuaiiduuan

+ Xa
X Amplifier A Xo

Xr | Frequency-selective
network B

5UN 2.17 lassaswiiugiuiasesadiamaiianinisdaunduwuuuin [78]
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Tae7 USRI V81898929959818 T UINUIULTIWIU 11197995998 TaLALND5LAANNT
D0ATALANTULAL MATVLIHLINNUTUTINANVDILAUAIND Fatiu A(s) aztTusuIuase

ApsiiAInda (s = jo) Tsanunsaunudie As) = A, dmunsioundudyain x ae1du
nstloundunuuuan Tnefiulaves X 9% AonsauadeyyIndune inavasdayaio xr z
gnimuelagsendonanudl fauiensvenRuee AG) = A, uaz A, danduduin
uéh wavesdyaideuliiuduwnvenasueiazdesdiplayiniu 0 o sofuluns
Joundusuuuinmlavesdyraiitiiu Bls) Aaseedmlamindiu 0 e tide n360 Taedi n
Juavdiuiudu)

a

Tuuensdiendnnvesnsesvengeivazianduay @Fyaradunauaziondnaiiva

o

=

PINUTINAY) 01 A, HAaU LWasuaaé’zyzymﬁL?ﬂlawhmwwma%mymﬂ&ﬂu +180 991
Fefuideteundunvuuanaeaduaadidiy Bes) Aseiiwladu +180 e wie +n180
09 %30 nanliin dmsunisteundunuuuintaiuveswaiideuluguln (closed loop)
wdpafianu 0 8en v3e n180 83 Anudenlnozunsulusufl 2.17 mnuduiuduansls
Ao

x, = A(s)x, (2.36)
= B(s)x, (2.37)

IGH
Xy =Xt Xs (2.38)

INANMUFUNUSVDIALNST (2.36) T4 (2.38) 9R51N150818U9N 15U uUnduRUalaAe [78]

A, (s) N E7 (2.39)

1ay Als) LTJué’mwmsﬁuamwwmaLL‘UU@JL% (open-loop gain) wag B(s) tUusns1veny
vodlaseidanaud Wneil As)B(s) aginualu dns1venegu wse auinu (loop gain)
aflelit loop gain (LG) 1Tu

LG(s)= A(s)B(s) (2.40)

aunsnuanURvznaedy

1-LG(s)=0 (2.41)
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2.4.2 Joulviwsnzaudmiunisoaadian

iadnsn1svensgu AB Ndlawvindundls aglaninud £, Amile 1
yoanstoundu A azlianduetiud Asiu a 1A £, Widnnazddygranduedudde
a a o ) L4 [ gj d' o o v P Y
dunnddyayranduaud (=0 dwludeulvdmmsunisdeunduinelnlailuleas

peaTalamasNnLinAd £, Ao

-

UABBDAIINITVYNY

LG(jo,))=A(jo,)B(jo,)=1 (2.42)

tufte el ®, Wavesguinuazdesiaviiugud was surnvesguinumsaziiandy
nils JoulediJufinsrufuiidade Barkhausen criterion Fsanunsnasulddn nisduia
é’aumunmmamws%lﬁwﬁuiﬁadwﬁiaLﬁaq 5wé’mwsumaqilﬁm:viﬁwﬁa naunsi (2.42)
annsadounnuduiuslunuuidn@ada (polar form) ldde

A(jw,)B(jw,)=|4A(je,)B(je,)| £A(je,)B(jo,) =1 (2.43)
ﬂ?ﬂ’dllﬂﬁ“ﬁ (2.43) mmiaLLsmﬁmimlﬁLﬁuaaqmu ﬁ’e) YU ey Ld %QL%FJUIG#L‘TJU

=1 (2.44)

|A(jo,)B(j®,)
ZA(jo,)B(jw,) =*n360' (2.45)

don =0, 1, 2,.. 9Naun1s9 (2.45) wanslaindayanavieqeuldlugulamamuumawinty
0 B9¢1 W50 N360 DI WAz 1189910 AGM,) = A, 1Turmen Aeugnaves LAB(M.)

Jaduruamaves B(®,) 10 Barkhausen criterion agvinlitaunisn (2.44) gniluldiiie

oA a - o Y i A a | <
madeulynseeadian uar aun1si (2.45) gnihldldmdranudniseeadaianegialsh
13 Barkhausen criterion @7sauansbaiiiesA1Audvasdya e dnndyumaviiiu

2 (%
=

n360 a1ty ldanansamvunvuinvesdyaaterdnaiiiadula asluluniseivny

v o

YAV YRR IR BRI AR AUy 3R Tdndnnisdndn

AR}

[

wunvedyaumegUnsalnsluaseaieshvIvunvesdy gyl
2.5 2999N999ANUA
2.5.1 #aNN1INTBIAUD
19asnsesnudilurasfaduisasuiienaansananadulassinvaesswesauansle
fagud 2.18 [78] nsmudwlesileddu T(s) vaeasnsesanudamnsadeulsfe

(2.46)
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W s = jO T(s) ausanandlumsuvunuaziglane

o . .. 0o
Vis) Filter circuit Vi(s)
T(s)

gﬂ‘ff’i 2.18 55UU9INTOIANA [78]
T(jw)=|T(jo)e" (2.47)
ALIATRINIIUdMEITIATY dnazuansransivesluming dB fe
G(w)=20log|T(jo)| dB (2.48)

wazdnduilandunisanney asuanslaae
A(w)=-20log|T(jw)| dB (2.49)

a

dleanasumaudvesdyaiaduns |V(jo)| gnieulifunsiudiesiladduauin

v U q

T(jo)| azilildamunasuedinnueansldfe
V(o) HT(jo)|V.(jo)] (2.50)
wazAanURvIEaTaLandlafe
& )= Py T B0 (2.51)

1935n509AND AN TaUsTENAld M ue M NLend ey a1 NA 9N 159NN

]
[

foyuauiilifiesnts 91naun1sil (2.50) asiftuinuuin (magnitude) VBIHEY QYWD IANAPD
maqmmawumé@zgm%uwmLLazsuquaqﬂqﬁ%’umaqmsmauauaﬂm%qmmﬁ (frequency
response function) ¥843995n509A M Tlaftuwua TH@) gdinisnevaueutisanle
Juaesie fie ¥a9audniu (passband) wax ézj"Nm'm?iuqﬂ (stopband) #39 F29aANDUY
PnnsRevaLBsilsiturwInves TH@) 9evlilensnsesnnud 5 wuu fie

1) 2395n583ALARHY (Low-pass filter: LP)

2) ’Nf\]iﬂiaammﬁqﬂmu (High-pass filter: HP)

3) 299INTBIAUAILARY (Band-pass filter: BP)
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4) ’N%ﬂsammmmﬁmm (Band-stop filter: BS)
5) 1995N309NANUAKIY (All-pass filter: AP)

2.5.2 1 grunsudinasianisasiuaien
9INTDIANUDBUAUTIARS FeTaun1suInIgIuLandlare [79]

_ N(s) _b,s’+bs+b,

= (2.52)
D(s) s’ +as+a,

T(s)

Fazgnisendn feiduluaiensifin (biquadratic function) auuddilwanasdlsiludnuiud
§AYDITIUIULTIGOU (complex conjugate) Taafilwanazdlsneguuunuasaniianniuay
aun50a519l01n2933 RC aunsanunsauanslane

2 a, 2

N(s) (S+Z)(s+z*) 2 +(Q js+wz
(s) = = 3, : (2.53)

D(s) (s+p)(s+p*) 5 [wp} 5

e e KR

Q,
Lﬁl@
o’ =(Re z) +(Imz)’, 0. =%ez(z) (2.54)
2—(Re p) +(Imp) 2 Alfh 3 2,

o, =(Re p) +(Imp) , O, e (2.55)

Ko 8n5an1svensionaasdianduvinnisay M, 13031 Arlwaadiud (pole frequency)
waz Q, 13endlwa Q AlwaauIsanIvuale [79]

w w
Pro=——— ) ==, /4ny -1 (2.56)
20, 70,

nyudiesiladdunuulumsnauisaliiladduduisasnsesaudseiu 1993
ﬂiaammﬁqqmu 29AINTOIUAUANILANTY Nﬁ]iﬂﬁaumummﬁwqm WA 199INTDINIUNN
Al Tdanaunisi (2.52) Tnemsfvunduuseansies (b, by by) vemstudimedileiay
Feanusautadunsdisnag W

1. 1AINTVIAUAAHY
a0 1 I A 4 a =2 o
1995n589ANNRAIHIY LTUM9s N9z seulwiAudaNn 0 B AudANDON (cutoff

frequency: ) a13aH1UAT WL druaudnandt . wdsetudszgnaaneay N3
MOUALDINNTUINYBINIINTBIANNA LI ULULEANARLAAILARIIUN 2.19 AIAILAAN
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d! d' 1 1 1 d' 1 1 d' = 1 d' o = U
VTLUSEMIN YHAMUARIY Uag YIA1NENER 258N AudAeeN K, AdnIIn1g
YYNYVDINTIUATINTU

IT(o)l

3

K,

passband stopband

0 @ @

g'dﬁ 2.19 mwauauaamwmmamqﬂiaqmmﬁﬁmmq@ma

NIUANDSHINTUIIDINTBIANUDAINIU LAY AUNITHEANILARD
@,
T(S) = KO CO— (257)

s2+—”s+w]7;
P

N3 MNIRBUANBININIWInlUNIU URkanlARsIUR 2.20

[TLe(jo)|

K| —_J\% 1Kol Qp

Dmax=0p[1-(12Q})] "

0 AN

JUN 2.20 NMIABUALBINNUUIAVDINAINTBIANURAH LT UA VDS
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2. 1INTBIANUDGIHY
A ! < = A = o !
1995N589ANUNFWUTUINRTNITAANBUANAIN 0 T ANudAneen O diu
ANUATEINTT O hsetuRIzaTarININRTeRN AN lUle NsnevaueNIIUIA
Y943993nIBIANNRANILlukULaANARTLLaRdlARaTUT 2.20

IT(o)l

A

K,

stopband passband

\j

0 O ®

JUN 2.21 N13M0UALDINNYUIAYBINAINTBIANUDFBIUUUURAIAR

s ¢ ¢ o a = ' vy
V]ﬁ’]uaLW@iﬁ\jﬂﬂum@ﬂ?ﬂﬂiﬂi@ﬂﬂ?qﬂiﬂLL‘UEUWJ']ZJE]QQWTU LLae a@JﬂqiLLﬁﬂﬁiﬂﬂ@

2
S

e (2.58)
2 P 2
SRR 8 S5 a)p
P

N3 MNSRB VANl UNNURURkaRslARegUN 2.22

| Tup(jo)|

)
Kol ooy

Omax=0p[1-(1/2Q})]"*

0 A ®

JUN 2.22 NMIMRUALDINNNVUIATBINAINTDIANND B
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MNFUN 2.20 U 2.22 Opay HUAMNATIVUIAVDINISNBUANRITAEER Farvualife

—_ 2 | i J ¥
mmax—mp,ll-(l/ZQp) AIUTUIATDINITAOUAUBS Bl Tilwamdud @y wldan [Ko|Q, uaz

Ko Juruenisneuludissiuseu

3 WIINTBWAUAUANTY
2993n383kauANA M TWINIsNTesANdTITLauALDHIuTE 99Tl YIS

JEiaANRANeaNaRInNdAe M kag O, (O < ®,) TuvaEiLaUANNANYAYBIINTT
riloganauay Ao Turdiannud 0 fs anuddvesyl M uag ¥39999ANUAFINIIAUDAN

20N (), WHANUTBTUA NTNBUANBINNUUIAYRINATNTBLAUANUDH UL UGANAR
wanalanegun 2.21

IT(o)

4

Ko

stopband passband stopband

JUN 2.23 N30 UALDIIYIALTIANRYDNRIATO UL UANLARN LWL U UgALAR

3. NIUANDSHINTUVDIINDINTDILAUAIIUDNIUY A AUNITHARNILAAD

(2.59)

N311NIINBUAUDINIIVUINYRIATNTBLAUANUDH U IUNTU TRkanslaReg U
2.24 9103V @, Wulnapnudfiauiawindu K, a2ud 0 waz 0, Avualdainwuind
anad 0.707 19119849 Ky (0.707Ky) ¥395¢NI19AITND - 9LL8NT1 LUUAIAY

(bandwidth: BW) dazimualsain ®,/Qp
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| Tee(j@)|
A
1Ko
0.707K, e
W
®p
BW=(02—(01=6P
PN >
0 w; ®p ®; ®

E‘Uﬁ 2.24 MINBUAUBIVINVUIAUDINITATOIUULOUAI LK

479930 TUUUUAUANUINYA
2993n 3B UURaUANIAVEA TLIRINIBIR B TkauA L Ane R agluT I TE NS

1 A

Ao aa A A =
ANUDANDDNADIAIIUDAD @ ey My IusumzwLLimmwﬂN’IWUEN’N%%iJE]EJﬁENLL@Uﬂ

Y

Tugesendnemdan 0 8 anadAneey O uagluriwasnnudgandiaudanee @, Ha
NMINBUALOINNYUINTDINATNTBIMUULAUANNAVEARUURALARARIIARITUT 2.22

IT(w)l

passband stopband passband

\

0 o)) ®y ®

JUN 2.25 NMIMDUALDIMNIVLNATIAINDYDIINDINTBILUULAUAINANEA ULUUDALAR
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[Tes(jw)|
A
Kol
BW /
0.707K, <«
®p
BW=0)2—601=6p
0 P ®

1 ®p (0V))
E‘Uﬁ 2.26 ﬂ?i@]@Uﬁuax‘m’N‘UU’W‘l“U’eNNQiﬂi’eNLLﬂUﬂ’Nlla‘ViEm

N3 UAMEITINTUYEINRINTBIAUANUDNEN Uay aunisuanilime

2+(02

S
T(s)=K, w—P (2.60)
2 P 2
W ¥ a)p
P

ATIMNSNOUANDINNIUVUIATBINIINTBIUAUANLANER Uanslanagui 2.26 n3U
®, Hulwanud Svuiawiniu Ky anud 0, sas ©, fvualeainauinfianas 0.707 wh
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N15N30IAUANUAN UL UULLNAUTIF QIR 118 iy = |y Wa% 11 = Ty

N19NTBALAUAMLANILUUNAUTIEYRIU WO fny = 1 WA |3 = loy
nsnsosnumRULUUlindUT QA 118 ling = 1y W8T 1, = Loy
N19NI0IANUDATRIULUUNEUTIEY QI8 W8 Ly = Iy WOT Ig = Loy

N13nNTeaUAIIUIVEALUULINAUTITUN I WD liny = fino = lin 888 |5 = Loy

LY

N3NIANNAIN LU LINTUTIFY I 118 iy = lp = Tin 48 g + 15 = Loy

(%
LYY

N33 UNNANUARUULINSUTIFYYIN 11D lng = ling = i WO 15 + Lo = lowe

NINTBIMAUAIUDNYA @115OMILARNAUNITN (4.15) WEMUALA fiy1 = linp = |y bolE k =
2 NITHARIVINNVBINIINTBILAUANNANER (loye=l5) ANUTOLERLARD

2
I, =|— s"C,C,R R, +1 I (4.17)
s"C,C,R R, +sC,R , +1

NsNIRIAUdANRgeEN ansnsavlalaensldaunisit (4.14) uag aun1sil (4.15) laeg3s
UMNTLWA g WaZ |5 115U WASAMUAMA g = iy = i 48T k = 2 NIZUADIINNIVDIINDT
NFRIANUARUUAIIUDGIIY (lowe = lg + 15) @TONARIIARD
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_ S2C1C2Rlex2
s’CC,R R, +sC,R,+1 "

=1,+1 (4.18)

out

n1snseeAUAHUYNAND asnsamlalaenisldaunisi (4.13) wag aunisi (4.15) lag
UINTTUA |5 4T |5 UITINAY WAL ANUAMA iy = linp = |n 48T k = 2 NITUAIVINNVBIINDT
NFOIMNUAUUUHIUNNAIIND (o = 15 + |s) @NUTDUAAILARD

I, (4.19)

m

s’C,C,R_ R, —sC,R., +1]

]"‘”213”5:[ *C,C,R R, +5C,R,, +1
STCG R R, £S5 R, +

AIAUDTITUYIA (D,) Wae AIUsENBUANAIN (Q) YaINIsNTIIIILUaNSaMYuAle
Gh

9 T =S— (4.20)

O D\ "Bis] (4.21)

1NAUNIIN (8.20) WAz (4.21) ANIFITNDS (M, TBIN1INTRIAINDAINITAAIVANLAGIE
AMUAIUNIU Ry 18 Ry 1ABITNSUSUAINTERELUDE |5 WaY o, V892995 CCCll, way CCCll,
AINEIRU war AN IEwes Q ansamunulalagUsuAdnsinsvenenseia k ae38n1s
n13USudnsdiuveinseualuda I/, Famunsonanttadnieasidiaueaiunsaniuay
AINNTIENES @, Uag Q Wpaseainiu ielrirglunisaiuauAImsditnes Q gnsidiu
o Ya 1 a o [ Aa ] 14
WD Raa/Rep #82 Ci/C, AIFITMNUALALIAIAIMN . d1msursasiumeniilian Q G a1un3nila
Tnensanen k WillAndesunng uenanfian Q guludaszanuavatgamaiisnse

4.5 nmsAasziauliiugaunt

MnnieTgitounind asaundin ccl Tanauifidugeued s s
2995 CCCll azimnufiawann Wefinsanguentinuliiiugauaivesisas CCCll aunns
7l (a.1) annsoidoulniléde

LY (0 0 o0 0,
R I
Vol_|e &0 011 (4.22)
Ll ]o %8 o olr
Iy 0 £fk 0 0NV,
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Tl a=1-€, waz €, (|&,[«1) AoAussiufiianain (voltage tracking error) 5¥%ineda y
uay 47 x ehuﬂ"] B=1-€ and & (E«1) AAINTZUATIHANATA (current tracking error) 58134

2 2 ua 2 x uag Br=1-& baz & (Ex«1) AoFnseualiiawana (current tracking error)
i“‘Vi’JN‘U’] zk uay m X

Non-ideal CCCII

i R Czk% Rzk i

X ——AA— X' kz' — — kz
! Ideal |
| cccIl |

y NI z i~z
0 i N
E Ry T y zT z i
T~ 48728 AV ) e — |

SUTl 4.6 2935 CCCll wuulsiidugauni

i192995 CCCll hanudlugupuiigs fiianee 1992995 CCCll agUsINAMNTITADSUss
1495 CCClI LLUUVL:,JLfJuammaﬁﬁmwwmﬁLmai‘LLmmelﬁﬁﬁUﬁ 4.6 Tneitn x azfiFnaanu
AR R, ‘mmaauﬂsm fita y asdinmnusuniuus R, fifidngaevuiuegfugifu
Usequils G mmm Wzn Z AAIAINAUNIULRA R, mmmmmaﬁumuaaﬂumLanivf\;
ula C, Aifiesin way 749 2k efidinmdnunuis Ry iddgedesuruegfuiaufvuaey
wels Cp AlAna

ilasin1sinsnzimansuuldiBugeand Taeldaun1sfl (4.22) uag U7 4.6 1z
AATOLAAIENNITANENTR99IAINT LR TRRATAAIN RS AR

s’CICiR. R, +sCoR., (o, Bk =, B, )+ aqt, 3, =0 (4.23)

Imaﬁ

H zl+ zkf ||C227
) HCyz IICm
R),cl =R, R;Zz =R,
Lﬁa Ol 4az O, ADAISRIINTTENBLSITUTiRANAIR (voltage gain error) ¥t y uay

“U’J X Y8917 CCCly way 3935 CCl, mmmmu G]’e)ll'] B1 waz B ADAORIINITVINYNTLUE
VIN@WG']W (current gain error) iu‘WJ’]\‘i‘U’J X bbE1® ‘U’J Z 9893995 CCCll; hay 3995 CCCll, D37
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B ADAINTZUATNRANATA (current tracking error) SEWINNU3 x AU 97 zk 9892935 CCCll; AN
Waulunisesa@aian wag APNUINNSeRaTaLan Weulvdlase

p<B 4.20)
B,

®,, = _anby (4.25)
C/CR,R,

naun1si (4.24) Amdeulunsesadaan aziniswasuwlasdndesliainnsdigaund lae
UNALMDIVDITRTIAINYDY BNIINTTVLIUNTEUARANAIA (Current gain error) SERINNT X AU
17 z ¥992395 CCCll, fip AnTziaidnnana (current tracking error) 58131917 x iU 99 zk
1992995 CCCll; 30 Po/Br veN9lsARN L51@unsaviinsusuateulunisesadaian Aag
159189 lnein1susua1onsINIsvenenseud k mensusuamsnsdiutesnseualudd y/,
a ! = a a a < v = a
WAz NAUNTSN (4.25) ArAdudnseeadalan avinsiuisusdaudniosanlunsilgauni
WuLRetu lnsuiAmasues (0L 0LB,)"2 uag ATNISEADSWHSAB C; C Ry Wag Ry 9
nanewdu ¢ ¢ R, AT R, AE1sU egndlstmuaznuAmlasunlasantes iy
luladsnanssnunseinakaldunaAIAINDNIToRETaLaY IWSIZaTaUTUANMEIBNSIUDE
NIUAVD993 CCCll
lunsdlasnsssanudvateming Weldaun1si (4.22) uay 2993lu3UN 4.6 nszua
¢ d' = M v
@I 1y 1o 15 la Uae |s ¥990995UIUN 4.4 aansadeulnilame

C!RI
Il = _13 J. 21 Dl ! ralrs S Iinl (426)
sTCGRUR, +5CR, (alﬂkk —o,f, ) +ao,f
L=-T=— : 0,‘1“2/32 I (4.27)
s’CiC,R\\R., +sC,R., (o, Bk — e, 3, )+ a1, B,
IS == 2 1 DI ! ral¢SC2sz Iinl +Iin2 (428)
s"CIGRL R, +sCoR, (%ﬂkk -a,f, ) +ta,a,p,

A1ALAsTINTIRN AT ugALAR (0, wag AUszneugunnnsdlldidugaund (Q,)

wanslane
@,, = %l (4.29)
C/CR, R,
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_ 1 a,a,f,CR;,
afk—a,p, GR,

0, (4.30)

NaNNST (4.29) waz (4.30) aziiiuléan awliiidugaunfivesises CCCll agyienaa
535197 uag AUszneuAmnm Wasuwlasluidntios eg1dlsfinuaianuisssund
way AFUsEnauAmnn Girsaunulieg1sdassuazauaulanieitnidiannseding
R

= 6 1
4.6 N1531AT1ERAIAU1D
AR 1IU8IN TN DI VDIINTAIDATILTDI00ETALALADS LAY WITIHLADIANNY)

YBIIAINTDIANUDALUIINAITU INAUNITN (4.10) AU O, VBIIIAIBATADT
spadaawasronsfinesvesgunsalmnadnuasudniivuanslanmisei 4.1

A15199 4.1 anuly @, (ﬂla‘WﬁWﬁL@@%ﬂ@ﬂqﬂﬂiﬂjWWﬂ%WLLaBLLgﬂﬁW%@ﬂ’Nﬁ]iﬂ?@fﬂi’]Lﬁ]a%

0aTALALNDS
X Rxl sz Cl CZ
S;’:° -0.5 -0.5 -0.5 -0:5

NFUNIST (4.20) waz (4.21) Areulives 0, ey Q 9997995N5DIAINUDADNIS1TLN DS
YosgUnsalnadnuazudniivuanslanmisei 4.2

A1599 4.2 Al @, way Q sdenisfitnesaunsainadviuazudniinue1asnsaanud

X Ru1 Rz G G k
S 0.5 05 05 05 -
SS 0.5 0.5 0.5 0.5 -1

nstaesdunismimaulivesmfiveizesasnisnieseeadaaines way
a ¢ 1 = a e a a !
W15NaTHN9 YoaTNTRIATNAtUNsalUuEANAR AnaunTsN (4.25) Aaaulives
Oon VOINIIAIBATNIDSOBETALALADTHON I TmoTvesgUnTalmadnuazudniinuanslass
M131991 4.3

M15199 4.3 Aulves O, sensilwesaunsalnadniasuonfingeasniensiaes
spadaawmasnsdiliilugaunf
! ! ! !
X R R, C C, Q, Q, B,

x1

Sen -0.5 -0.5 -0.5 -0.5 0.5 0.5 0.5

X
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NENNIIN (4.29) uag (4.30) ArrulIves Mo B Qp YD9NIINTVIANUDADNI TN DS

YosgUnsainadnuazudniivnsallididugauniivanslafmisei 4.4

M15199 4.4 Al @, Uay Q, Aemsfivesaunsainadnuazkdniinueaasnses
audnsdlliidugaunf

! ! ! !
X Ry | Ry C C, a, Q, B, By k
S?" -0.5 -0.5 -0.5 -0.5 0.5 0.5 0.5 - -
SS“ 0.5 -0.5 0.5 -0.5 -0.5 0.5 -0.5 -1 -1
4.7 unagy

Worluuntazidu19195mensia0s00adalalnasazi199InNsadAIUaNae TN AN
daue 1meagi3131n19as CCCll siadonsinmsuenanseiadaduigasndrfudnsulaasng
A o o v v ] a a ¢ a ' A A
21995 NEUe 1935 CCCllaggniunldairuduiasduinswesiuvgadsuaslianydeq

a1usaiinulaluasesiiiens 19938uiinswesazgnihuildasiaiuisasaiansiaes

20ATALALNDTHATITTNTIANUIAIENTINNUNAUD 1T NaUDILgNIATIELUNTH]

gunsal CCCll lilugeund waz Insizieinnuls
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unii 5
N1531899HaZN1SNAADINISNI9U

5.1 unii
domluuniagnaniimssiainsrhanuuagianisiiasinsiaueessnsdie
lUsunsu PSPICE 3995 CCCIl 2ggn1aeen1svinaumignsudaines NR1IOON wag PR10ON
Fadumsfined BIT 990 ATRT AuantRvessasmensiiaeiooadaiames uay auaina
yor99Insasauivatsniiiazuanduund uenaninisvheuressasniensnaes
ooadalalnes war auautRventanIasmiversmi iaansadudulddonanisvaass
Tunsdiiieas CCall aggnastsfenaudameiiues 23908 dusunsiudanasaiia NPN
uag LUas 2N3906 dmsunsiudanaiyiln PNP 343301003 1190500aTaLalR05 Wag 3993
nsesmuRvaemtni azgnaadunseslutuuuengunsal (discrete)

5.2 N1331a09AENUR293T CCClI

iilenaaeuAuaNTET899993 CCCIl Apuivzinaiafuisesiinaus 195 CCCl
awgninassmsinnumelusingy PSPICE Taga993 CCall Tuguit 4.2 aggnasnuuulagld
N3 uFaLAe5 NRIOON waz PR100N Fadululnarsnsudamasuuuonssg ALAGOO 910
AT&T [82] favupunassrsussfusiamsiidy £1.5V a5199 5.1 uansguandivessas
cCall lunsdane a1ne15797 5.1 Amasaflimasurle R aziUdeuntasain 2.7 kQ &9 58
Q enszualuda 1, WasuAwIn 5 1A 53 250 A 80510159878 k d1U715aUSUAI9n
0.96 9 4.5 Windlonszud I, WasuAa1 50 BA 59250 HA Tael, = 50 BA A7l uaT 2995
fuuudinviussana 19 MHz sewieea 1 ey | Wlo k = 1 wag |, = 50 WA

'gﬂﬁ 5.1 LARISATINITVLIBNTELE k 2992995 CCCIl LilouSumnsyualuda 1, e
i 50 A 250 HA 500 pA 750 WA uag 1000 pA Taedingzud Iy = 50 A Al szl
1M9R5INNSVEBENITaUSUAN AN ELELUDE |,



M15199 5.1 NANNS9NABINTFIIN9I1U995 CCCll

w15 8nes A1
walulag Bipolar
WAEIBUTINU +15vV
R« (Io = 5-250 pA) 2.7k 8458 [Q]
9n3IN159878 k (I, = 50-250 LA) 0.96 99 4.5
PNIINTVLIELTINU (Vo/V,) 0.99
gnsIn1svenenszia (1,/1,) 0.99
WUUAINY (-3dB) @ I = 50 HA:
V.V 70 MHz
/1y 31 MHz
L/l (ki =1) 19 MHz
WISIALRDTURS

R//C, @ lo = 500A
R//C, @ |y = 500A
Ru//Cok @ lo = 5OPA 1, = Iy = 500A
R//Ly @ lo = 50LA

748 kQ) // 0.893 pF

788 kQ //°0.491 pF

814 k€ // 0.916 pF
275// 0.119 pH

Aasululiln

l, =1, = 50pA (k =1) @ I, = 50UA

ly = 2501A To = 50pA (k = 5) @ lo = 508A
l, = 250UA Ty = 501A (k = 5) @ lg = 250UA

2.2 mW
476 mW
17 mW
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|

20 g e g T

R
10 + AX
O ,=50pA %
< Ia=250uA b
-10 \ \

—
e e L R
o
o
C
C

- L,=500pA

- A 1,=750pA

i X 1,=1000pA y
0.001 0.01 0.1 1.0 10 100

Frequency, MHz

U 5.1 wanisinaeslsuagniinisuetensewd k senseualuda |,

o o 4 a 1
5.3 119918 LLATNANTITINADIINATAIDATLAD IDDAVALALAD T
1933AT0AT IO PRATALANDI LALIIATNTOIANUIaEN IRz neBnkUULaY
AnuaAEaiuUsEy C = G, = 1 nF waz nszualuda I, §A1aNWintU 50 A drunszud
ludd I, Idmsuusumsnsinsugienseia k
= A o ~ o [ 3 a 4
nsedusn st nauelugun 4.4 92v9uluiesmenIReTeeadalalnes a1n
1199789901591 UV 199 TUTINSH PSPICE Wuni199sfioentuuagdslianunsaniiie
d' Y v [ a1 %4 J [ 5 d' o d‘ o
Audle dnssualuda |, detesdn 60 pA Aulureasiminauelugui 4.4 anunsavinenu
Wureasnsesarudvateniing 61 1, = 60 pA %se (k = 1.2) §19m51n15ve1e k HAnties
N1 1.2 2asasdngenuliiaiosuazasnanailuasesesadamines delwiioliasaslugud
4.4 vuduirsniensiiofesdtaaines 39AmuUA |, = 54.5 PA (k = 1.08) U7 5.2
LARIH Y ILOINNA |1 1o 15 wag | 1lia1nn1s91aeanisyitanu nguasiiuiinssud
I 11 WA |, dasnei 90 83fn nszua | nduWlany I nszua |, snauwlany Iy
Lned 15 uag 1o illadnaiu 90 aaf Mmeuiy JUN 5.3 uansdyaiaue1dnailaainns
° o A a' A v Yy °
a0Insiuilue Vi uag Vo 31n3U7 5.2 wag 5.3 aunsaduduldiniasaiunsainany
lmumgufiinaue fe veuduisasaieasiaesosadaawmeosnaiunsaliiadnauwuy
wssiuuaznszualalulasiien MNNaNITINasINITYINL ALdvesd e unlaa1neesl
AU 562 kHz Turueatnudlunimgu)as 612 kHz GaAiianainiliinain @1
LY 1 Aa A [ a = Y d'
wsssuuazAnseLaniana1nilunamnauliilugauaiives CCCl Fawanalidaaunisd
(4.25)
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20
W/ SN 77 N4
-30+
W ¢ emil o ) Xy Z47/MNNY: X.C S & WiV, \ W ;
496.0 496.5 497.0 497.5 498.0 498.5 499.0 499.5 500.0
Time, ps

JUN 5.2 JUARUNTELAIINN 11 1 | Wag g

496.0 496.5 497.0 497.5  498.0 498.5 499.0 499.5 500.0
Time, ps

5UN 5.3 SUARULTIAULLIINN V; ke V,
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A7)

913UT 5.3 ziiudndy sty Vo way V, dvwinreudiadn @aUszune 7
=3 o w | ) & a ~e v ¢
MVpea)  BIQNINNALALANMTIFULDWINNGIAATAIUTEUIU 20 MV;pns V09393571 MR UNT0
Lulwanimsudawnes Tunisufjifenvssdedddrnasveedygiuainaieusnidiunyisig
YUINFYEYIM Y30 019 MFYIUINNTERE | Uag |, Tastdsuniuaseid1 e dne
nszua | hag | iiadsunsewatutdunsesy wsasunanasauIfIunIuaztduLsInu
IFNALUUAEAT IR NEINTd gl wenaintivwinvesdyausiu Vi uas v,
QI 4?’ vy Y] d' a 1 IQQIQQIJ o ¥
anunsasindulaanusueaulunisesadaan nenisanan k aaun (k < 1.08) wHIS ULV
doyeyrasednaAiauitey (THD) Wiadusae
a ' a a A o ) = o
JUN 5.4 uansenanudnisesadalaniiloUsuanseualuda |y, 1uA1siee 210 5 1
A 9200 pA 9ngUzwIniienszualuda |, WasuA19In 5 PA 69 200 pA agldaaud
nseeataian A19gluyiasening 0.178 MHz fia 1.1 MHz man1sdnaedlatnndseudieu
AuAIM M EANININaNN1IN (4.10) 91NNISUTBULTBUITENININAIINNTINABIALAINY
NURITNUI HalaannsItaesiianuaAaAeuUIEIN 9.84 LWesiTuaviAud
49an 1.1 MHz A1A31ULNg U533 (Total Harmonic Distortion: THD) ¥8sdayay1aufin1ud
#1197 kanaladsguit 5.5 NNaN1TIR0INTIUlLUN 5.4 aunsaduduladnAiad
nseeadalanauisalsuallaneIsn19Bldnnsating wag auisausuanludaszaninan
Noulunsoeadalan

1.2

1.0

0.8

0.6

2 < Simulation

0.4 .
7 === Theoretical

Frequency of oscillation, MHz

0.2

e

0 25 50 75 100 125 150 175 200 225
Bias current I,;, pA

JUN 5.4 nsusuAanudmensewaluda b,
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107 S
A LI 01
0 e I,
“ oI
_ 083 AL
= XV,
g XV,
3 0.6
Z
2
=
=]
E 04
<
=
=
(=]
[
0.2
(7 AT, S5 (PRI )./ A . \
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Frequency of oscillation, MHz
U 5.5 ¢ THD veadya 1A unn1300agalanaimigeg

5.4 Naﬂ']5"5'1?15]Q?Qﬁ]iﬂiaﬁﬂ?qﬁa‘lﬂaqﬂﬁﬁ'\ﬁ

2asithiauslugul 4.4 azgadrassmsvihnuluiseinsessnuivaievind lag
vualvinszualuda , = 50 pA Uy |, = 110 BA (k = 2.2) 3Ufl 5.6 uanIHANNIABUALDY
mnudvesilaituniinsesnudainiy. mnudigeinu wauenudi uay wouamEngs
ilonseud I, = 1oy = 50 HA WAL C; = Gy = 1 nF anieulviasyilild Aipudsssued
Tunsdlgauafiinfu 612 kHz wag Afusznauaunmlunsgauaiavinfunds gﬂﬁ
5.7 uanaNanIsReUALBIA N ILazlavesileitunIesuyNALD 2 NTUT 5.6 way 5.7
annsodudiuldinasiitaueannsolinanavaussnuildasuieinuuuluiasiien
TnoileausssuviAdnsiniu 587 kHz Tuvigiiainanuisssuualunigaunine 612
kHz FapuRananidanvnnuaresauliifugauafives ccal dalduandluaunisd
(4.29) wamsrassmsviienilugud 5.6 uaz 5.7 Idgnihwiisudfiourudmsgaund oz
U NANITI809MaNIIMNVNEANARYEINIINTOIRUNeY Tuuilidululufiamadeaiy us
wiineuRanaInlurInsanneuiiinnii -30 dB Fudusainanamsdinesuriiuans
Tugui 4.6
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0 f
104 \ ]
g 0} ;
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AN :
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- AN
40" y Simulated % e
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0Foi? ’ o LP \ ]
-3 e v BS Theoretical | ", 3
b’ A/HP | [—=oom \

60 SO 7 A - SN

0.001 0.01 0.1 1.0 10 100
Frequency, MHz
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JUN 5.6 N1INAUANBIAIINAYBINTINTBIAIUDAINTL AIIDFEIU UOUAIIMDHIY WAy

LAUANNANEA

Gain, dB Phase, degree

40

ESAWEE T
Simulated ]

[ O gain ]
-100+ 0 phase ]
C Theoretical ]

1 ]

L 1 ]
=200 o= R LA~ — =y
| il 4

b ]

o ]

\: i

[ N 1
=300 x ]
b ]

400 +————on— P
0.001 0.01 0.1 1.0 10 100

Frequency, MHz

UM 5.7 Minevausasnudvesiliidunsesiuynanud
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10

[ el W ad ‘ﬁk
E 3 %
10+ A- A - \
E “
m -20 E ’,6'1 f/:" \ S
Ti E /fﬁpz P 4( ™ \ﬁiq \\
= E s (A [ WL Na ~
.E E ,/ ’{ /, 4 “ ~ \Q\ \\
S -30% W S0\

//,,// ,/, \\\:\\\ \\\
10 o Simulated || Theoretical . s
- n F A y - - - — N N
D O I,=15pA RATRR
E /’ p o 1,=25pA RERE
Y| B A — v I,=50pA \\'
éz! A T,=100pA \\\':
0.001 0.01 0.1 1.0 10 100
Frequency, MHz

5UN 5.8 HansnavanesnudresilandunsaauAunmiy WeUTUe | (=loi=lp)

Tuguﬁ 5.8 wAnINANIINBUAUBIAILATe s TunTeauAMLANIY Wausy
ANNTELE o = lor = lop 84T 15 25 50 wag 100 UA AINAIRY Taedifvun I, = 110 WA Iy
- 50 pA 9gldANIUsENeY Q & 1 man1seraesiatisaduduldainaunisi (4.20) gﬂﬁ
5.9 LAPINANIAOUAUBIAINATBITRATUNTOWMAUAINANIY Lﬁam&hﬂszﬂammmwgﬂ
AIUALAIEENTINITVE Y k Tnelunsaitlif 1y = oy AMUR oy = 1o, = 50 WA UAE |, = 50 pA

ey AIUsENaUANAINAzgnmUAulalaen1sUSUAT |, nan1sdnaeslainnsagudulaann
aunsi (4.21)
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20 T T T T T T1T1T T T T T T 71717 T T T TAT T 1T T T T T T 11T T T T T T 1717
[\
10 A

Theoretical

0+ :

= -104
N f
«< F ]
S 201 # z
// Simulated

304 A Al N E

: oyff v I,=80puA ]

: /ﬂ; o L=100pA ]

_40 En_o-—v-A ,, D Ia=120uA :

1
(¥}
(=)
N
N\
N
N\
- A Y
~
: ~
A

0.001 0.01 0.1 1.0 10 100
Frequency, MHz

a a 6 o a A [ 1 I | 1
E‘U‘VI 5.9 HAN1IHBUAUDIANAVDININTUN IO VAN UL BUTUAN la L‘U‘L!WW]'N“]

5.5 NAN1INANADY

Wlodudunsinnuveissmensieesesadalawos oz 19930509ANANANY
wifl 2e9siiitauevvgniinesnuuuidulesess 2993 CCCll grasiamevnsudanes
Llwas 2N3904 dmunTiudaiaesyde NPN uaz ns1udainesiuas 2N3906 sy
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This paper presents quadrature oscillator and universal filter based on translinear current conveyors. The pro-
posed circuit can realize as a quadrature oscillator or a universal filter without changing the circuit topology.
When it works as a quadrature oscillator, four quadrature current outputs and two quadrature voltage outputs
can be obtained. The condition and frequency of oscillation of oscillator can be controlled orthogonally and
electrenically. When it works as a universal filter, low-pass, band-pass, high-stop, band-stop, and all-pass fil-

tering functions can be obtained simultaneously. The natural frequency and quality factor of filters can be
controlled orthogonally and electronically. The proposed topology is simulated using PSPICE simulators and
experimental results are also used to confirm workability of new circuit.

1. Introduction

A quadrature oscillator (QQ) is the circuit that typically provides
two sinusoid signals with 90° phase difference. The QO can be applied
in communication, measurement and control systems such as quad-
rature mixers and single sideband generators for communication sys-
tems [1], vector generators and selective voltmeters for measurements
systems [2]. The condition of escillation (CO) and frequency of oscil-
lation (FO) are important parameters for designing oscillator circuits.
Typically, CO and FO should be controlled independently. The FO will
be easily controlled, if it can be electronically adjusted which is suitable
for applications to programmable oscillators. Many voltage-mode and
current-mode QOs have been reported in technical literature; see, for
example [3-12], In [3], a QO using two operational transresistance
amplifiers (OTRAs), four resistors and two capacitors is proposed and in
[4], a QO using two current differencing buffered amplifiers (CDBAs),
two grounded capacitors and four resistors is reported. However, these
circuits are suffering from a lack of electronic tuning capability. In
[5-12], several electronically tunable QOs are proposed using different
active devices. A QO in [5] uses operational transconductance ampli-
fiers (OTAs), a QO in [6] uses current differencing transconductance
amplifiers (CDTAs), a QO in [7] uses current follower transconductance
amplifiers (CFTAs) while a QO in [9] uses log-demain circuit and a QO
in [12] uses second-generation current conveyor (CCII/differential
voltage current conveyor (DVCC). However, these topologies provide
only either a quadrature current output or a quadrature voltage output.
A four-phase QO using current-controlled CDTA (CCCDTA) has been
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proposed in [10], but only quadrature current output is provided. New
active building blocks such as z-copy-controlled gain current differen-
cing buffered amplifier (ZC-CG-CDBA) [8], controlled gain-buffered
current and voltage amplifier (CG-BCVA)/controlled gain-current fol-
lower differential output buffered amplifier (CG-CFDOBA) [11] have
been used to realize QOs. The voltage and current gains of these devices
are used to control CO and FO of QOs, but QO in [11] provides only a
quadrature voltage output while voltage-mode/current-mode QO in [8]
suffers from the use of floating passive components which is not ideal
for integrated circuit (IC) implementation.

A universal filter is the circuit that can realize various second-order
filter into single topology such as low-pass (LP), high-pass (BP), band-
pass (HP), band-stop (BS) and all-pass (AP) filters. The second-order
filter can be applied to electronic and communication systems such as
phase-locked loop (PLL) FM stereo demodulators, touch-tone telephone
used for tone decoder, cross-over network used in a three-way high-
fidelity loudspeaker [13]. Moreover, second-order filters can be used to
realize high-order filters [14]. The natural frequency (w,) and the
quality factor (Q) are important parameters for designing universal
filters. Typically, parameters @, and Q should be controlled orthogon-
ally. Also parameters w, and Q will be easily controlled, if it can be
electronically adjusted which is suitable for high-order filter applica-
tions. Generally, high-order filters can be realized by cascading of
second-order filters, which each second-order filter could be different
parameters w, and Q [15]. The universal filter with electronic control
of parameter w, is suitable for application to digital programmable
filters [16]. Several universal filters using variant active devices
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available in technical literature; see, for example [17-22]. In [17], a
voltage-mode universal using two CDBAs and six passive components is
proposed. In [18], a multiple-input single-output (MISO) current-mode
universal filter using two CDTAs and two grounded capacitors is pro-
posed while a MISO voltage-mode universal filter using four current
feedback operational amplifiers (CFOAs) and seven passive components
is proposed in [19]. A single-input multiple-output (SIMO) current-
mode universal filter using three z-copy CFTAs is reported in [20] and a
SIMO current-mode universal filter using five CClIs is proposed in [21].
In [22], a voltage-mode universal filter using three differential differ-
ence current conveyors (DDCCs) and seven passive components is
proposed. Compared with current-mode SIMO filters in [20,21], cur-
rent-mode MISO filter in [18] employs lesser active devices and com-
pared with voltage-mode filters in [17,19,22], current-mode filters in
[18,20,21] employ lesser both active and passive components. There-
fore, this paper is focused on multiple-input multiple-output (MIMO)
current-mode universal filter which employs a few active and passive
elements. It should be noted that the circuits in [3-12] provide a QOs
while the circuits in [17-22] provide a universal filter.

Recently, QO and universal filter can be obtained into single to-
pology which employs different active devices [23-28]. The circuit in
[23] realizes QO and universal filter employing four current-controlled
current conveyors (CCCLIs), one operational transconductance amplifier
(OTA) and two grounded capacitors. This topology can be realized ei-
ther a QO or a universal filter without changing the connection by using
the ratio of two bias currents, but only LP, HP and BP filters are ob-
tained. The circuit in [24] realizes QO, LP and BP filters using only one
differential voltage current-controlled conveyor transconductance am-
plifier (DVCCCTA) and two grounded capacitors and circuit in [25]
realizes QO and universal filter using CDTAs, but changing the con-
nection is needed. QO and universal filter in [26] uses three ZC-CFTAs,
one resistor and two grounded capacitors which provides four-phase
quadrature current outputs and five standard filtering functions. Vol-
tage-mode universal filter and QO using two current feedback ampli-
fiers (CFAs), two capacitors and three resistors is proposed in [27]. The
circuit in [28] realizes QO and universal filter using three voltage dif-
ferencing differential difference amplifiers (VDDDAs), two grounded
capacitors and one grounded resistor that offers five standard filtering
functions. However, the topologies in [27,28] need a changing the
connection for obtaining either a QO or a universal filter.

In recent years, the design and implementation of current-mode
analog signal processing circuits using second-generation current con-
veyors (CClIIs) [29] have received considerable attention because their
performances such as signal bandwidth, linearity, circuit realization
and dynamic range are better than these of their voltage-mode opera-
tional amplifiers (op-amp) counterpart [30,31]. Typically, CCII is as-
sumed as low parasitic resistance on x-terminal and high parasitic re-
sistance on y- and z-terminals. The domain of electronically adjustable
function cannot be obtained from conventional CCIL. To ebtain ad-
justable function domain, a second-generation current-controlled cur-
rent conveyor (CCCII) has been introduced [32], The CCCII exploits the
parasitic resistance at x-terminal (Ry). Namely, parasitic resistance R,
can be controlled by adjusting its bias current which is the advantage
for analog circuit applications. Usually, conventional CCCII has a unity
voltage gain between y- and x-terminals and has a unity current gain
between x- and z-terminals. The unity current gain between x- and z-
terminals will be limited some applications of CCCIIs. Therefore, CCIIs/
CCClls with adjustable current gain have been proposed [33-36]. This
property will increase the performance of CCII/CCCII in the case of
applications such as adjustable Q and current gain of transfer function
for universal filters [37,38] electronic control of CO for oscillators
[39,40] selecting either a negative or positive resistor into one topology
[41]. CCII with adjustable current gain can be implemented using
CMOS technology [34,35] and bipolar technology [36]. This work is
focused on the translinear current conveyor which implemented by
bipolar technology that parasitic resistance R, and current gain can be

70

91

Int. J. Electron. Commun. (AEU) 94 (2018) 69-78

obtained into single CCCII.

There are many CCCII-based QOs and universal filters available in
open literature; see, for instance [42-72]. The circuits in [42-53]
provide QOs and the circuits in [54-72] provide universal filters. A QO
in [42] employs four CCClIs and two grounded capacitors, a third-order
QO in [43] employs four CCClls and three grounded capacitors, a QO in
[46] employs two CCCIls, two grounded capacitors and one grounded
resistor, a QO in [45] employ three CCCIIs, two grounded capacitors
and one grounded resistor while a QO in [46] employs four CCCIIs and
two grounded capacitors and a QO in [47] employs three CCCIIs and
two grounded capacitors. However, these QOs provide only quadrature
current outputs. QOs that provide both quadrature voltage output and
quadrature current output into single topology, the so-called mixed-
mode QO, have been reported in [48-53]. To obtaining a quadrature
signal, these structures are realized using either as two/three in-
tegrators [42-46,48,50-53] or an all-pass section and an integrator
[47,49]. The advantage of integrator-based QOs over the QOs using all-
pass section and integrator based circuit is that single-element control
can be obtained.

In case of CCCII-based universal filters, the circuits in [53-65,21]
propose current-mode SIMO filters, the circuits in [66-68] propose
current-mode MISO filters and the cireuits in [69-72] propose current-
mode MIMO filters. These reported circuits meet the advantage of an
electronic tuning capability, but suffer from one or more of the fol-
lowing weaknesses: (i) use of an excessive number of active components
[54-67], (ii) cannot provide LP, HP, BP, BS and AP filters into one
circuit [60], (iii) use of floating capacitor or resistor [59,61]. It should
be noted that the reported CCCII-based circuits in [42-75] can only
realize either a QO or a universal filter.

The purpose of this paper is to propose one circuit with the same
configuration has two functions, the QO and universal filter, using
CCClIs with controlled current gain. The proposed circuit can realize
either as a QO or a universal filter without changing topology. Unlike
previous works, the proposed topology uses current gain of CCCII to
selecting either a QO or a universal filter. When it works as a QO, the
CO and FO of oscillator can be controlled independently and electro-
nically. The oscillator also offers both four quadrature current outputs
and two quadrature voltage outputs. When the circuit works as uni-
versal filter, LP, BP, HP, BS and AP filters can be obtained. The para-
meters w, and Q of all filters can be controlled electronically and se-
parately by adjusting the bias currents. PSPICE simulation results which
confirm the theoretical analysis are also obtained. The comparison
between the proposed topology and some previously works is sum-
marized in Table 1. By a careful survey of the existing publications, the
topologies in [23,26] can be realized QO and universal filter without
changing topology. Compared with [23,26], the proposed topology
employs less than active components and can be provided five standard
filtering functions.

2. Circuit description

The concept of the CCIIs with adjustable current gain was first in-
troduced by [33] using operational amplifier and OTA. Then, both
CMOS and bipolar technologies are used to design CCIIs with adjustable
current gain [34-36]. The concept of bipolar CCII with adjustable
current gain in [36] is adopted to realize CCCII that used in this work.
The schematic of bipolar translinear current conveyor is shown in Fig. 1
(a) [37] and its circuit symbol is shown in Fig. 1(b). This schematic is
modified from initial report in [36] and the current gain can be ob-
tained using two current mirrors with adjustable gain [31,36]. Com-
pared with the schematic of CMOS CClls with adjustable current gain in
[34,35], the schematic in Fig. 1(a) is less than circuit complexity and
easy to obtain multiple-output plus/minus CCII. Moreover, bipolar-
based CCCII is typically varied its bias current over three decades. Thus,
the current gain of bipolar CCII can be wide-range tuned whereas the
square-law characteristic of MOS transistor in saturation region will be
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Fig. 1. (a) bipolar implementation of translinear current conveyor [37], (b) circuit symbol.

limited tuning range of current gain of CMOS CCII [34,35]. However,
the advantages of CMOS technology are low cost, compact size and high
system-on-chip integration capability.

Transistors Q; to Qo of Fig. 1(a) are used to realize conventional
CCCII [32]. Terminals z+ and z— are respectively provided plus and
minus output currents of CCCII. Assume that Q; to Q4 and all current
mirrors are identical, the voltage gain between x- and y-terminals and
current gain between z- and x-terminals are unity. At x-terminal of
CCCII, the parasitic resistance R, can be given by [32]

=2
20,

@ b
This R, is the resistance of a translinear-mixed loop Q, to Q4 which can
be controlled by bias current I, where Vy is the thermal voltage (Vi =
26 mV at 27 "C).

Transistors Qaz to Quo are used to realize current gain of CCCII
which can be obtained using positive and negative current mirrors with
adjustable gain (Q: to Qu5 and Q6 to Qag) [31,36]. Assume that Q,» to
Qyo are identical, the current gain k of CCCII can be given by [31,36]
I

k=2
I ()

Therefore, CCCII can be provided current gain at zk-terminal and this
current gain can be adjusted by bias currents I, and I,,. It should be
noted that current gain k can be controlled linearity and temperature-
independent. However, the relation (2) is confirmed only bipolar im-
plementation for Fig. 1(a). If bipolar junction transistors in Fig. 1(a) are
replaced by MOS transistors, the relation in (2) will not be confirmed,
The ideal characteristic of CCCII with adjustable current gain in Fig. 1
can be expressed by

L 0o o oo0\%
Vil _|1 R 0 Of L
LT[0 x100]w
Iy 0 +k 0 0f{v, (@)

The integrator circuit using one CCCII with adjustable gain and one
grounded capacitor is shown in Fig. 2. It will be used as a basic building
block for the proposed QO and universal filter. The circuit can be
worked both as lossless and lossy integrators into single topology. Using
(3) and nodal analysis, the transfer function can be expressed by

QSQ
Qil
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L. —— |,
E
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Fig. 2. Integrator circuit using translinear current conveyor.

lox 1

e
T SCiR, + k—1 )

where k is the current gain of CCCII and R, is the parasitic resistance at
x-terminal. From (4), it is easily seen that lossless and lossy integrators
can be given by 1 =k = 2. This property is different from the con-
ventional CClII-based integrators reported in [29,73] which lossless and
lossy integrators cannot be obtained into one circuit.

Letting k = 1, which can be given by (2), lossless integrator can be
obtained and its transfer function is given by

e 7, 1
sCi R

T

(5)

The lossy integrator can be obtained by letting k = 2 which can be
given by (2) and its transfer function becomes

) 1

=
{in SCiRy + 1 6)

It should be noted that both inverting and non-inverting integrators can
also be obtained into single topology.

Fig. 3 shows the proposed QO and universal filter which consists of
one CCCIl with controlled current gain, one conventional CCCII and
two grounded capacitors. The circuit is based on integrator circuit in
Fig. 2 which can be worked as lossless and lossy integrators into one
circuit. Therefore, the proposed QO and universal filter possesses low
active and passive components. The employment of grounded capacitor
is suitable for integrated circuit implementation [74]. To easy ex-
planation in case of QO, nodes A and B are used. Nodes A and B will be
closed for both functions, the QO and the universal filter.
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Fig. 3. Proposed QO and universal filter using translinear current conveyors.

First case, the topology in Fig. 3 will be worked as a QO. In this case,
Tin1 = Iinz = 0 (not use), V, and V, are the output voltages and I, to I,
are the output currents. Considering nodes A and B, current transfer
function between Iy and I, using nodal analysis can be given by

—1

Ig
" $2C,CRa Ry + SC>Rez (k—1)

(7)

Iy

Letting Ip/I, =1 (nodes A and B are closed), the characteristic
equation of proposed QO in Fig. 3 can be expressed by

$°C1CoRy Ry + SCiRu(k-1) +1 =0 (8)

where R,; and Ry, are the parasitic resistances at x-terminal of CCCII,;
and CCCll,, respectively, and k is the current gain of CCCIl;. From (8),
the CO and FO can be respectively obtained as

k<1 )
and
1
Wy = ——
VR B GGy (10

According to (9) and (10), it is evident that CO can be controlled by
current gain k of CCCll; and FO can be independently controlled by
resistances Ry, and/or R,, without affecting CO. Using (2), CO can be
controlled electronically using I,/I;, and using (1) FO can also be con-
trolled electronically using 1., and 1.5, where I,; and I,> are the bias
currents of CCCIl; and CCCllI,, respectively.

From Fig. 3, CCCII, along with C; forms the lossless integrator, the
relation between I, and I, can be given by

I, = SR G L (11)
The various voltage outputs are related as
Vi = sRaC1 Vs a2

where the phase difference of lossless integrator is ¢ = m/2. It guar-
antees that the proposed QO provides quadrature output currents I; and
I, and quadrature output voltages V; and Va, Using the multiple-output
CCCII that provides an inverted version of the output current, quad-
rature currents Iz (I; = —1;) and 14 (I; = —1I3) can also be obtained.
Thus, the proposed QO can be generated four-phase quadrature out-
puts. Also, all current output terminals possess high impedance level
when it is at high impedance z-terminal of CCCII.

It should be noted from (11) and (12) that varying FO by Ry, will
effect to output amplitude of signals. To control the output amplitude of
signals to be constant, the amplitude-automatic gain control (AGC)
circuit is required. Fig. 4 shows AGC circuit reported in [75] as an
example circuit. Vi, (acc) should be applied by output signal of QO.
From (11) and (12), it is found that the amplitudes of V, and I, are
dependent on tuning of FO. However, the low level amplitude of V,
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vin(AGC) c

—

D,

Fig. 4. AGC circuit [75].

cannot be used in this case, thus a copied current I, is required which
can be obtained using additional current mirrors. This current I, should
be converted to voltage by a resistor (i.e. R = 200 kQ) and a voltage
across resistor can be applied to Vi, (e of AGC circuit. The current
Loutcace) of AGC circuit can be supplied additionally to bias current I, for
compensating the CO.

Second case, the topology in Fig. 3 will be worked as a universal
filter. In this case, I;,; and 2 are the inputs, I, I, I5, Iy and I5 are the
outputs and nodes A and B are closed. Using (3) and nodal analysis,
output currents Iy to I; can be expressed as

SC>R.»

L'==h=— Tim
5°CiCaRaRea + 8CoR (k—1) + 1 (13)
1
h="I= = T
S*CICiR Ry + SCaRep (k—1) + 1 (14)
ZsCs R,
k== o2 -l + Linz
$°C1C3R Ry, + SCR (k—1) + 1 (15)
From (13)-(15), the condition for obtaining universal filter is
k>1 (16)

Therefore, BP and LP transfer functions can be obtained as

® non-inverting BP response, if I;,; = [;, and I} = Iy,
® inverting BP response, if Ij;; = [, and I3 = Ty,
e non-inverting LP response, if iy = L, and I = Ly,
e inverting LP response, if Iiyy = Iy and I = Ly

The BS transfer function can be obtained using (15) by letting
Lin1 = Linz = Lin, k = 2. The output current of BS filter (I, = I5) can be
expressed as

$'CiGRy R + 1
Tow = 5 I
§*CiCyR Ry + 5CiR> + 1

a7)

The HP transfer function can be obtained using (14) and (15) by
summing between currents I, and I and letting Iy, = Ijpo = Ijp, k = 2.
The output current of HP filter (I, = L; + [5) can be expressed as

$’CiGRu Ry
5°CiCRa R + 5CiR + 1

L =1+ Is = Iin

(18)

The AP transfer function can be obtained using (13) and (15) by
summing between I3 and Is and letting I;;;; = Lo = I, k = 2. The
output current of AP filter (I, = Iz + Is) can be expressed by

5°CiC3 Ry Ra—sCoRx + 1
Lm=e+rsz( ey |l
§2C1CaRy Rz + SCoR + 1 (19)
The parameters w, and Q of all filters can be given as
= —
C T JRaRaGG (20)
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1 [RaG
8= k=1 \" R C;

(21)

From (20) and (21), it can see that w, for all filtering functions can be
electronically controlled by Ry; and R,; via bias currents 1,; and I,z
while Q can be controlled by k via the ratio I,/I, without affecting the
parameter w,. To easily control Q, the ratios Ry;/Ry2 and C,/C, should
be kept constant, For high-Q biquads, it can be obtained by decreasing
factor k. Also it should be noted that the Q-value is also temperature-
independent.

3. Non-ideal effect

Taking the non-idealities of the CCCII into account, the relationship

of the voltage and current in (3) can be rewritten as
I 00 00
v, a R 00
|0 £8 00
i 0D +£fk 00

&R S

(22)

where a = 1 — ¢, and &, (Je,[«1) denotes the voltage tracking error
from y- to x-terminals, p = 1 — ¢ and & (e«1) denotes the current
tracking error from z- to x-terminals, B, = 1 — g and g4 (g¢1) de-
notes the current tracking error from zk- to x-terminals.

For high-frequency operation, non-ideal CCCII symbol with various
parasitic elements can be shown in Fig. 5. The x-terminal exhibits low-
value serial resistance R, and y-terminal exhibits high-value parasitic
resistance R, with low-value parasitic capacitance C,. The z-terminal
exhibits high-value parasitic resistance R, in parallel with low-value
capacitance C,. The zk-terminal exhibits high-value parasitic resistance
R,y in parallel with low-value capacitance Cy.

Re-analysis using (22) and Fig. 5 yields the characteristic equation
of QO as

S°CICIRGR Y, + SCiRy (a fk=aufy) + e, = 0 (23)
where

Cl =G Cull CosellCgel Ca

G =G ICall Cax

Rl =Ru, Rl =Ra

when «a; and a, are respectively voltage gain errors from y- to x-
terminals of CCCIl; and GCCII,, 3, and B, are respectively current gain
errors from x- to z-terminals of the CCCII, and CCClIly, By is the current
tracking error from x- to zk-terminals of CCCII;. The modified CO and
FO can be expressed respectively as

By (24)

Non-ideal CCCII

Ideal
cccu

Fig. 5. CCCII with its parasitic components.
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| Mo,

Wy = | ———t
AN CR aR

(25)
From (9) and (24), CO is slightly changed from the ideal case by a factor
of Bo/Pr. However, the CO can be easily improved by adjusting the
current gain k through the current I,/I,,. From (25), the FO is slightly
deviated from the ideal case by the factor (c,azP2)'? and parasitic
components C,, Cy, R,; and R, to become C4, C';, Ry and Ry, re-
spectively. However, this deviation is no drawback to FO when it can be
adjusted by the bias currents of CCClIs.

In addition, re-analysis universal filter using (22) and Fig. 5, non-
ideal natural frequency (w,,) and non-ideal quality factor (Q,) can be
expressed as

asCHR
h=-h=—5F——— e = = —lim
S*CCR R o + 5CHR (B k—mB,) + B, (26)
A— acep, y
2= "4 = v ’ " ot finl
SPCNC R R o + SC2R o (cafk—a By) + aoef, = 27)
aSCHR'
$2C" CaR R 2 + sCH R (af k—m B,) + caa B,
(28)
The Wy, and Q,, can be expressed as
il S—
> Y I @\ oLp.
TN CICR R (29)
> 1 ‘I\IICEZGZCFIR’,\'[
" afk-a,\  CaR% 30)

From (29) and (30), non-idealities of CCClIs slightly change the para-
meters w, and Q. However, the parameters w, and Q still can be or-
thogonally controlled. The incremental sensitivities of the parameters
w, and Q are within 1 in magnitude.

4. Simulation results

To verify the theoretical prediction of the proposed topology, circuit
in Fig. 3 was simulated using PSPICE simulations. The CCCII with
controlled current gain in Fig. 1 was simulated using the transistor
models NR10ON and PR100N of the bipolar arrays ALA400 from AT&T
[76] and power supply of = 1.5 V. The proposed circuit was designed as
C; = C; = 1 nF, the bias current I, was fixed as 50 pA and the bias
current I, was varied to control current gain. The simulated parameter
of CCCII in Fig. 1 can be shown in Table 2. Fig. 6 shows the simulated

Table 2
Simulated parameters of CCCII in Fig. 1.
Parameters Value
Technology Bipolar
Supply voltage *+15V
R, (I, = 5-250 pA) 2.7k to 58 [Q]
Current gain k (I, = 50-250 pA) 0.96-4.5
Voltage gain (V/V,) 0.99
Current gain (I/1y) 0.99
—3 dB bandwidth @ I, = 50 pA
Ve/Vy 70 MHz
L/1, 31 MHz
L/ (k= 1) 19 MHz

Ry//Cy @ L, = 50 pA
R,//C, @ I, = 50 pA
Ro//Cac @ 1, = 50 pA, I, = I, = 50 pA
Ry//Ly @ 1, = 50 pA

Static power dissipation

748 kQ // 0.893 pF
788 kQ // 0.491 pF
814 kQ // 0.916 pF
275 // 0.119 yH

L=I1,=50pA (k=1) @I, = 50 pA 2.2 mW
I, =250 pA, I, = 50 pA (k =5) @ I, = 50 pA 4.76 mW
I, =250 pA, I = 50 pA (k = 5) @ I, = 250 pA 17 mW
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Fig. 6. Simulated current gain k when I, was varied.

frequency response of the CCCII with different gain k by varying bias
current I, as 50, 250, 500, 750 and 1000 pA whereas bias currents I,
was fixed as 50 pA.

From our investigation, the proposed circuit will not oscillate if the
bias current I, was adjusted higher than of 60 pA. Therefore, the circuit
in Fig. 3 will work as universal filter by avoiding from the oscillation if
I, = 60 pA (k = 1.2).

When the circuit in Fig. 3 was realized as QO, it was designed as
I, = 50 pA and I, = 54.5 pA (k = 1.08). Figs. 7 and 8 show respectively
the voltage and current output waveforms of proposed QO. It is clear
that the proposed QO can be generated four-phase guadrature current
outputs and two-phase quadrature voltage outputs inte single topology.
The simulated result shows a frequency of 562 kHz whereas theoretical
value was 612 kHz. According to (25), this drop-off would be caused by
voltage and current tracking errors of CCClls. The low level of output
amplitudes in Figs. 7 and 8 (=7 mV) were restricted from the maximum
input voltage (=20 mV,,;) of BJT-based circuits. In addition, the
output amplitudes are also dependent on CO, but adjusting the output
amplitude by CO may be increased total harmonic distortion (THD) of
output signals. The variable of FO as a function of bias current L,, was
shown in Fig. 9. From this figure, when the bias current I, was varied
from 5 to 200 pA, the obtaining frequencies were 0.178-1.1 MHz, re-
spectively. The simulated result was also compared with expected value
that obtained from (10). At the simulated frequency of 1.1 MHz, the
error between simulated result and expected value was 9.84%. Simu-
lated THD was also shown in Fig. 10. To obtain the simulated results in
Figs. 9 and 10, the CO was slightly adjusted by bias current I, to obtain

A0 prerrrrer T e e T i RARRASSLAS AARRAAALE
30
| K
TO0X Ty
.0
=
E L =
=
a
e
-3+ 4
496.0 4965 4970 497.5 4980 4985 4990 4995 S500.0
Time, ps

Fig. 7. Simulated four current output waveforms.
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Fig. 8. Simulated two voltage output waveforms.
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Fig. 10. Simulated THD versus f,

a low THD of output signals

The circuit in Fig. 3 was realized to obtain a universal filter by
setting I, = 50 pA and I, = 110 pA (k = 2.2). Fig. 11 shows the simu-
lated frequency responses of BP, LP, BS and HP filters with
Is1 = L,z = 50 pA and C; = C, = 1 nF. From these parameters, the ideal
value of a center frequency f, was 612 kHz and a quality factor Q was
about 1. Fig. 12 shows the simulated frequency responses of the gain
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and phase characteristics of the AP filter. It is clear from Figs. 11 and 12
that five standard filtering functions can be obtained. From Figs. 11 and
12, a center frequency of 587 kHz was expressed. The center frequency
was 587 kHz instead of 612 kHz. According to (29), this error would be
caused by non-ideal effect of CCCIIL Fig. 13 shows simulated frequency
response of BP filter when bias current I, (i.e. I, = I,; = 1,,) was varied
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Fig. 14. Simulated frequency responses of BP filter when [, was varied.

for 15, 25, 50 and 100 pA while keeping I, = 110 pA, I, = 50 pA to
obtain Q = 1. This result is confirmed by (20).

Fig. 14 shown simulated frequency response of BP filter when Q was
varied by tuning k. In this case, I} = Iy, lo1 = o2 = 50 pA and I, = 50
pA were given while I, was varied for adjusting Q. This result is con-
firmed by (21).

5. Experimental results

The proposed QO and universal filter in Fig. 3 was also experi-
mentally tested, as shown in Fig. 15. The CCCII in Fig. 1 was realized
using commercially available 2N3904 for NPN transistors and 2N3906
for PNP transistors. The supply voltage = 1.5V and C; = C, = 10 nF
were given. The oscilloscope Tektronix MSO 4034 was used for mea-
suring.

For operating as QO, the current I, was decreased to 48 pA while
keeping I;, = 50 pA and I, = 50 pA (I, = I,y = L;»). Fig. 16 shows the
output waveforms 1y, I, I3 and I, when these output terminals were
connected by a resistor-value of 200 kQ and voltage across these re-
sistors was measured. Fig. 17 shows the experimental output wave-
forms V; and V.. The oscillating frequency of 60 kHz was expressed.
The variation of FO as a function of bias current I, was shown in
Fig. 18. From this figure, when the bias current I, was varied from 10
to 200 pA, oscillating frequency was varied from 30 to 115kHz, re-
spectively. The theoretical value is also used to confirm the experi-
mental result.

Fig. 19 shows measured frequency responses of LP and BP filters
when I, = 50 pA, I, = 100 pA and I, =50 pA (I, = I, = l,3) were
given. In this case, the resistors were used for converting voltage-to-
current as input and current-to-voltage as output. The experimental
result was also compared with simulated result. From this figure, the
natural frequency was 61 kHz. Fig. 20 shows measured frequency re-
sponse of BP filter when I, (I, = I,; = I,») was varied for 15, 50 and
150 pA and keeping Q = 1.

Qe Qrramamry

Fig. 15. Measured prototype.
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6. Conclusions

In this paper, quadrature oscillator and universal filter based on
translinear current conveyors is presented. The proposed topology
employs two translinear current conveyors and two grounded capaci-
tors that can be realized either as a quadrature oscillator and a
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Fig. 20. Measured frequency responses of BP filter when [, was varied.

universal filter without changing topology. When it works as a quad-
rature oscillator, the conditional and frequency of oscillation can be
controlled independently and electronically by adjusting the bias cur-
rents. The proposed quadrature oscillator provides four quadrature
current outputs and two quadrature voltage outputs. When the circuit
works as a universal filter, it can realize BP, LP, BS, HP and AP filtering
functions. The natural frequency and quality factor of all filters can be
controlled orthogonally and electronically. The proposed topology has
been simulated using PSPICE simulations to confirm workability of new
topology. Real results from laboratory are also included.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in the
online version, at hitps: 10.1016, .2018.06.044.
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