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Tasamsideatuihiuauenisesnuuuieesnsesd yaadlumansifinelunyseasdviaulvin
ws9siu Tneld2995 DDCCTA (differential difference current conveyor transconductance amplifier)
ugunsalueaiivndndiasiugunsaimadnseiiounsnd  sasusniiuaue fe evsnsesdygal
lumeasriinuuuwisdunm aedine Aaunsaduaseieidunasgunsesdyaalueensiiin
wiautuasuynguuuy Ao wuunsewrhuAmLAA LUUNTEwTUAMEGY WuURTBLKAUATE
wuusiauauad wasuuunsesiuynamd - Snindeinsihiaueiadumudidnvsetndlagly
vindamesuvueaiounuiimiumumainililuiasinde ssesiiassihiaueilaseadng
wuuniladumns viersum aunsadunsziiaidunsesdygrasnasguldndeutuasuynguuuu Tae
Lisesndaioulumnuuhiuresgunsalluas  venaniSiusenddummuainaeuen fifes
ffuuseafisunsnadvindy ’m'iﬁﬁwLauaﬁqaaqﬁmﬁuﬁLtmusﬁﬁuwmgqmn nazAAR S
535UY0 (natural angular frequency, ,) wazdlsenaunmunw (quality factor, Q) 1892993
annsaudsAldmeIimsmedidnnsaindlnsnisusensualudaroensas DDCCTA vennilfad
rmulrensudsAvesgunsalueaiinuaswadnlinasiduasimensaniun1seoniuuIens s

Ad1Agy : DDCCTA (differential difference current conveyor transconductance amplifier) 2933030980
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Research Title: Universal Voltage-Mode Biquad Using DDCCTAs and
Grounded Capacitors Suitable for MOSFET-C Realization

Researcher: Asst. Prof. Dr. Tattaya Pukkalanun
Faculty: Engineering Department: Instrumentation and Control Engineering
ABSTRACT

In this research, a circuit design for realizing voltage-mode universal biquadratic filters
using DDCCTAs (differential difference current conveyor transconductance amplifier) as active
elements and grounded passive elelments is presented. The first proposed voltage-mode
universal biquad filter has one input and five output terminals, and simultaneously realizes
all the five standard biquadratic filter functions; i.e., lowpass (LP), bandpass (BP), highpass
(HP), bandstop (BS) and allpass (AP) without changing circuit topology. In this circuit, each
grounded electronic implementing with two MOS transistors is also suggested resistor. The
second proposed filter with one input and five outputs employs three DDCCTAs and two
grounded capacitors without needing any external passive resistor. All the five standard
biquadratic filter functions can be generated simultaneously without imposing component
choices. In addition, all the proposed circuit also features the high-input impedance terminal,
electronic control of the natural angular frequency (w,) and quality factor (Q) by adjusting
bias currents of the DDCCTAs, low active and passive sensitivities, and suitability to integrated

circuit implementation.

Keywords : DDCCTA (differential difference current conveyor transconductance amplifier) Filter

Voltage-mode circuit
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UNA 1

UNU

1.1 anuduanuazanudrAgyvasdym

2vasnsosdyraluaiensiiin (biquadratic  filte)  fetdunguneasdidnnselindiil
AwdndyBnasesuil uarldinniluszgndldnuiuegnaniierang danedussuudonns
seuuUsTIIaNadyyIn uwavszuuin3esiietn [1]-(4] ﬁ’qﬁgmﬁnaﬁmuﬁaﬁﬂﬁgﬂ’ummammuttas
Fupswisinsasdyaluameaniin Ingldgunsalueniinisiuseaniamgadanslafuai
fenegrereiionndunanimanenmssy Insgunsaiwea-finlssummudemiantdaon W
2937 CCll (second-generation current conveyor) [5]-[12] 2395 DVCC (differential voltage
current conveyor) [13]-[19] 1935 DDCC (differential difference current conveyor) [20]-[27]
wa¥2933 FDCCI (fully differential current conveyor ) [28]-[30] Wudu udegslsinauainnng
fanuunenaddeiiundninginjaiuluiinisesnuuunasduasisiasnsesdyyialun
WIIAULUUMRNEBUNA Wil (multiple-input single-output, MISO) uazLUUMEEBUNA
‘Viaﬂmmﬁwm (multiple-input multiple-output, MIMO) Jundn [51-6), [10)-[11], [17)-21],
27130 daustiinisldunsaiueniinuazmadnsiunulinindn widinsiesendedeulunis
Joudgygraudunalunisduaseiisidunsesdyyinlugduuusingg waziieantymiaiy

1 Yo @

gagntunisiilldon deundadingugidele

1w

Buvmn a1eLe1ene (single-input multiple-output, SIMO) u [719), [12)-{16), [231-126] o

o

MMSWAILLAZUEUDNITNTDITY QIR UN

wiinauednlngiided fe Srdufiuaudduwngs uazannsadaameiieitunsesdysyo
TiwSauumansguuuy ussgrlsinuisesnssadiygrauuy SIMO dnandiedu gnsldgunsal
wenfiazmadnsnaunn - Snviduuinesdsinisregunsaimadviuuuasei vililaseadne
yanansiinnududou wuihwsiivualug wardudeshdslwingydenn Sohlilimnea
gawuIn sl LAs1eiua99599 (intergrated circuit, 1C) [31] UBNININUT1993n509
Fygralumenniindldgunsaidruudes wasddldiflssgunsalmadiiiounsnd saufeds
annsoudsAnlddeisnmsmedidanseindiy Saimsiauuasinaustudaeuin
deliuanidlud s 2011 I8 auegUnsaiueafinuuumifidedn 1995 DDCCTA
(differential difference current conveyor transconductance amplifier) u (32] Faginswann
ANENTAN191N2995 DDCC  1nifniaunsaudsA8nI1ve18AIAImUn (transconductance
gain, g,) ldmeAsnsmedidnnsetind MnpuauTidinarilinsesnuuuiazdauaszingg
Ussananadygaueurdonluguuuusingg Taeld19as DDCCTA faaganduaudiiumunad
vionaeuenadluld vidliiinaundesinlumsussgnildnuanniu fufulasinisideiis

Jaufunasiiiauenisesnuuunazdauniiziiasnsesdyanluaensiineunyssasdlyun



wsasulaegldaens DDCCTA WWugunsninenfinndn  wazdiuUszqfisunsng Amunziunis

FUAT1EM995UUY MOSFET-C

1.2 JagUszeaAvadiasinisivg

‘Eﬂiqmﬁ%ﬂﬁmLﬁuLLu'JﬁﬂTumiaaﬂquLLaxﬁ'ﬁLﬂswﬁN%niaaﬁ’mﬁEu‘lumam'iwﬁﬂamﬂ
UsvasAlyuaussdulngldaens DDCCTA (Hugunsniueniivmdn uasdufivussqitounsng 1
gAUNIRUATIEVIIRTUUY MOSFET-C Beiiinqusvasdndn desoludl

1) Wendnunarideifiguaiwarunsadfuilunsarsuneaieglugiudeya 1S
Journal publication

2)  itewnsesu Ranking vesantua Iaenpdasiuanynsidemaimnssumans
fafungnauriaie

3)  ilevanndnenmrssindnussduuygeniiaunsoaiesdauilug Widui
pansuluszAuuuala

4) Wauesrmug wasfamunalulagadelng medunisesnuuuisesindmivssuy
Usgaanadygin Andursasiugiuman Timuvaufumalulagieessviiieg 1ja3dy was
funnsiing fuad wareenuuy Tasvadnnasdidnnseiind tensussananadyanilugy

LY j=3 .
yeywauraan (analog signal)

1.3 98UlUAY83lATINITIE

gouwnvadasinidetuil Uszneulumetmuneddyaulsenis fe

1) aamwuuazﬁ'&Lﬂswﬁ’m%_nsaqﬁ’cyfgqutauxﬁaanuﬂLmﬁ’uﬁﬂwﬁaﬁuwm VAL
Tnel42995 DDCCTA Wugunsalweaiinudn wasdauiuuszginindugunsaimadn Usmainns
lgmaunuwiadnainnieuanlunsdunsigiies |

2) juiunsdunssiasitlasademnsauiulasainaeesuuy MOSFET-C dudy
WM INaukareaniuuluzuasTu (integrated circuit, IC)

3) geulnveslasnSIuiiitmanendn Ae danaeiddedildande 1 was 2 Wihiaue

=l e L3 a o ad £/ <4
warAtiueunslunansiTmsseauungineglugmteya ISI vie SIR

1.4 s1wazidenveelasinisivg

mssiuiienmedasimsisbatuiudwondu 5 un uaznaruan 1 malasusiagunil
swavBuafaluil

unil 1 Wuuminitenanisruduinuazauddyuestign Iagussasuazveuiun

9palASINITINY  warSwaviduaLlavmumRasun



A 1 = a o ﬂ' s o s i
unit 2 nanisanuduniuazndnnisyinnueessas DDCCTA  Fuduwrladdgynlalu

as

TAsansIed

unil 3 dEauen1500nuUURNIINIDIdYYIUlUAIATIINBIUNUTEAIALMNALTIAY WUY

14 3

wiladumm ¥worwinm Tngldaeas DDCCTA S1wauaesi ffumuisunsnaddsuaudssia uay
mufulsegiisunsnasudesi wagldvinstuduimenanisitassnisiianuvesasiagly
TUsunsu Cadence Spectre nelsimalulad UMC 0.18 um

unil 4 thiauenisesnuuunesnsesdygaluaensifineunysrasAlmuausiy wuy
wiladunm iernn Tneld2995 DDCCTA Sruruaud wasdufivdszqiisunsmddavassdi
iy Tasusimaandadumiuannaisuen Snldvinnsdudusienanisiiassnmaiauves
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unit 5 Whunaguramiadeildthaueimun wioudeiausuuzuumaitathluinm
waz3desialy

v
as LY

druvneaedlasenisideatutazidunianun Felasrusiuunanuddedadudiunilves

v ¥y
a v o a o

nasuiiAnanlasan1sideduil Alasunisatuiluiisarsivinisniadenssuliiuas

Bilnnseiindsyiuuunuiieglugudeya IS Journal publication
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unii 2
1995 DDCCTA

2.1 na1dn

95 DVCCTA (difference voltage current conveyor transconductance amplifier) gn
Wanwazsauetudunfusnlag A Jantakun uazanirlutd a.a. 2009 (1) ntuldiingudide
venguliinness DVCCTA wesnuuutazUssgnaldanluguiuusaquintuntuddu (21-110)
siounlul AA. 2011 N. Pandey uag S. K. Paul lsiiiaue393s DDCCTA (differential difference
current conveyor transconductance amplifier) u [11) TaethuuaAauneainiaas DDCC As h
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nsudamosuuuNoanandldfgUal 2.3 [15] Fadulpseadrefiasniluldlusenuuunasnis
Fuasrwiiduiaesnsesdyaraduundeqly  Tassieazidualassainewediess DDCCTA Ay
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LeRsTEusdenadesfuanms (2.1) wavanunsowlian g, lnensuiurinseualuda ) &
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Em =4 IpuCoy(W1L) (2.2)
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i‘j & 1 1 du d = 5 L o
TWrdueanlearaniienudl W wag L A9 ANNARILATATINYIVDITDIUINTEUE (channel
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I

1. D v,y = vy, WAE vy = v,3 = 0 (RaLfiBunsan)

2. W9 v,

il

Vin Bb81Y Vy1 = Vy3 = 0
3. WD Vi3 = Vi WBY vy = Vo = 0 ALEWIY
TgiNIuUsASIUINRSIANGSA vy, v, Was s (v, Yo 48T vy3) TRTVUIRGUA -1 V uiia 1

L7 U s :i = Eg A
V wavinAussiuiiiaduniness x (v)

DC Response
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1
=l

UM 2.5 wanmanisdiaadlumsdiinuusaiulniing 1awesa y, v, wag vs (v, vy
uae v,5 ) Wamesa x (v) IANANITIRINUTIVUIANITARITULTIAUIINWTH vy, Y, LAY Ys
Tudmasn x  Jemaiildannssasslunisdeiuussiuannesn v, was ys Womedn x wui
idudadueglutiaissinn - 60 mv fla 60 mv uazlumsdsiuussdiuainwedn y, T
wain x fenfidudaduoglutieszann - 60 mv & 100 mv iy

UM 2.6 udmepnuanURnisdsrunszualiiase (DC current transfer) ¥891493 DDCCTA
dlofvualdfduniu B = 1 ko nan1ssiaeenseyinlasnsudsansyua i, Wivunadaus -
1000 pA 9ufls 1000 pA Fanuinisdeunszuannnesa x Womedn z faiidudadumie
'lnﬁlﬁmﬁquwﬁaq’luﬁwﬁﬂisua i, Svunady 200 pA < i, < 180 pA  Aduiuiliitosan

nsga i, gnIrAnlagumeasdnglwiaeswedians DDCCTA Muted
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< ° J A e
JUN 27 uamanan1sInaeslaanlusunsy Cadence  Spectre loyiinisnsideu
AuanTRvensverernunineglunesn o (g,) ¥99431995 DDCCTA  TasuwdsAanszualuda
= d o a = i o a
(lg) 989995970 0 pA qude 100 pA waziiovhniswisuifiguAamaAnnaulimnmamguiaiy
< ! [ a1 < a v =l ' v o LY !
aums (23)  Fwwudnssualuda i ddsenududaduniealndifesiunguiludsuaus
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DC Response
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UfvRnuogNUsEAINM 680 MHz, 705 MHz uaz 691 MHz aud1dy Tuguit 2.9 uananuanTR
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UAN) muddy Jesaitidannissiassdnsuenerinn (g,) auliavindu 43.5 pAN, 76.07
pA/N Wag 107 pAN MmuEIay
Ul 2.11 Ltamqmam}’ﬁﬂuaamﬁuﬁuﬂu%uwmﬁwa%m yi, Y2 WAT y; U943933 DDCCTA

=t A L3 a1 a a € 1w o e
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2.4 &3
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= v [

wuunileduns arne 1aglda995 DDCCTA do4da

q

3.1 g

dlelsiunundldfinsiiausgunsaiueniiviiiifodn 2993 DDCCTA (differential difference
current conveyor transconductance amplifier) % [1] 2395 DDCCTA Usznaud B9 3 Aydes
d1u laun 2995 DDCC (differential difference current conveyor) ludunAdune uav99s OTA
(operational transconductance amplifier) ludmuniae1dng  1ae2995 DDCCTA @nnsaudu
Amsilinesvensasussnanadyyiuueusdenlimieiinismadidnnseind Snadalds
AuAnRiaurenees DDCC Tiiavun ety faduiuauddunmags dnvsldgunsalueniinuas
wagrinnuiey warannsmhluldouduinsiaiwasiasuveuseiudunalalagde udy
uBNINI1995 DDCCTA Srannsauiuliiduisas DVCCTA (difference voltage current conveyor
transconductance amplifier) [2] l#lasnssionesndunn y; asnsmdviniu fafuainauauif
Mna1n3viliees DDCCTA wawaeas DVCCTA Idsuauaulaihluduassiuasussyndldau
dmiu9TUsTINadyIea1eg NNy Iﬂmawwsasi*we"fq'l,umiﬁ’amswsﬁawammé’mmm [1]-
(14]

ﬁ’qu?u'luuwifﬁaﬁwLaumwm‘saaﬁ’tyzym‘lumaﬂ's'iﬂﬂﬁﬁ'muiwmLtsqﬁ’uuuwﬁqﬁuwm e
Wwie FeUsenaudiennns DDCCTA Swnuaesd Mdunmuseifisunsdsuiuaesd was
iulssgraifisunsndduaesiaminy [14] 2vesnsesdyguiniaveiifedae 19gunsniuen
ﬁﬂuazwwa%‘ﬂﬁﬁmuﬁa&lumsé’amiwﬁﬁqﬁ?’]’uﬂsaaé’fgfywmT,ﬂahiéfmﬂ%’mﬂﬁaugﬂuuu'uamws
Tﬂ_aﬁamsnsaaﬁ’wﬂmmunﬂﬁzmﬂiﬂuthiqﬁuLLuuuﬁﬁuwm e smaitldsunsiRutluneumi
i (151-128] IinauenuauRiduresasieeluil

1. mmsﬂﬁ'am'i’wﬁﬁqﬁﬁ’umaaé’rg:ymﬁgmlﬁw%’auﬁ’uﬁ’ﬂgﬂuwﬁqﬁ WUUNTDINIY
AR (LP) wuunsessimuaumd (BP) wuunsesshuamiigs (HP) wuusaiauwauaaud (8S)
uazuuUnsasruynAIaf (AP) TnglifesusuAsuguuuurenas

2. Waunsaluenivderiisunsmidiviniy fsiimmumnzalunnilvataduissy
[29] BniadsrasannansynuiilesneBuiiuaududsiideumuiuldsndae

3. awnsaUsummufBapETInd (@) WaziUTENoUANAIH (Q) Y84I933MILITNT
n1edidnnseiind

4. fduiuauddunege Sedlanumenzaulunshludeninealunsiaulmnusiy
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5. hifipanisiteulvaruiviriuresgunsaidildlulces ievinisduasgsiiaddunses
dryyreuiuy AP

6. ldguniaidnuiuves wu [Wgunsaiueaivduiuassdd Memunudiuiuassa uay
ffudszadnuas Wusiu

7. feanubienisudsAngunsaluaafinuagwiadven

o d o
3.2 993N TDIAYYIUNUINEAUD

= ) ) & a v ¢ o o
U 3.1 wanasnsesdyaueiunyszasdinunusiiunuunidunn Wieamaiitaue

q

[
o/ i

Us¥nauaie1993 DDCCTA druiudesda wargunsalnadvdeiisunsiavinty ndife s

o a v o o a L3 = ar e
Jnnudew wasdiiuusggduauasain 9nnsinseinestugud 3.1 Tagerdunuaudives

2995 DDCCTA sieauns (3.1) aglafanduoelounsanuwedians fadl

L. 5 (3.1)
Vs, sleClC2 +5C, + g

Vin 32R1C1C2 +5C) + g

Vo3 = SZ‘RICICZ (33)

Kl SZRICICZ +5C; + g

2
V.4 s RC\Cy+ g (3.4
V., szR,C,C2 +5C, + gy '
2
Vie  \8mafR s*RiC/C, +5C, t&m,
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Pnaums (3.1) 8 (3.5) wuineesnsesdyanalusuin 3.1 awnsaduasiziilaidunses

Ay IUMILUY LP, BP, HP, BS wag AP loRnnusaeiunilnum Vo, Vop, Vi, Voa WaY Vos AsdsU
& =) v v o ) aa v

UaNIINUIINENNTT (3.5) Wenmualv ¢, = 1/R, mzlmﬁanmuﬂsadazymmeLuu AP MiUans1v81e

1 1 oas i [ d o - o L3 o [T
WOURWWINAY 1/gR,  etslsfimunsasidiauslugufl 3.1 Snsdesndodeulannuninduves

¢ ad o @ ') Y | e O i aa ¢ < o
gunsal lunsdivihnsduaneiilaidunsesdygromuu AP o anABNRLAUTAND TALEHYR
& a o C o ' e o & e o Y o a )
viuavesesiihauetiuimilishdnde  fuiufesuludeinmeifiineesauusey (voltage

% Y ¢ ¢ a o d o v ok v a a ¢
follower) nlugmesaorrnnvonsasnsasdygruiinauaiievimihilunistudufiuaudiivan

Tydanen

L
] s P

Y, Z Y, Z oV
v DDCCTA DDCCTA J
1 rr— YI @ 1 Yl @ 1
l/ol O— Y3 X 2 J_— YJ X 02 —‘\_
| ol oV, ¢——o/V, -
R R
E
(n)
Ve
o)
" DK““':s
7= N
. DElMRyi
R
' 'VCJ
()

o as ) 4 aa a fa
U7 3.1 (n) 29snsesdygnapiunyszasdlnnussduiminaus Jadiduiuauddunngs

(1) Msduaszvimmunudidnnsetindlaslinsudawmesiuuned

=4 { 1 d a a o
NMNEAUNTT (3.1) 09 (3.5) WUMAIANUDLTINTTINYIA (@) MUTENBUANMAM (Q) waz

WUURIN (BW) 19972995 TR LAY
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o, = |2 (3.6)
RC\C,
gmRiC,

= |—/—— 3.7

0 1’ C, §8, 7}

R BW =—— (3.8)

aunis (3.6) uaz (3.7) wanslitiudnAmsfiwes @, war Q vasiliidunsesdygramnduuuiy

annsoudsanlanagdBniamedidnnselnd Tnensudssnsweneamnui g, Fnaunuldan

Anseualudd fp :nnsuen lagbidwanssnuroALuUAIn BW MNBAIINIT AWISEWNDS )
d‘ o 1 o 1 ] = dl a 1 1

way Q 9 INUNAUD  AnsauUsAlalnensivune g, way R, aewiteuly fegragu

o = & o | P P

AUl g,R; AN nduvinswlsan ¢,/R, iidulumuleulandesnis Wusiu

manubiveaniined @, Q was BW damsiasuuvasgunsainia@wluiens awnse

Frunalldiail
St =S ==S2 =52 = 59
Sov =887 =0 (3.10)
Sg" =8g" = —'1 (3.11)
ua 58, =58 =58 =-58 =~ 3.12)

- 1 & U a1 &4 - | a - @
Fauwansliiuarruhviaruatuiianfian wiehifuniiaiues
a o a v . a =l < 1 a o o
WRYINISRAITGIIUNIU R, (= 1, 2) NeatfisunsMaudaziInIsluNaTnsadyg
° v o] P v o ¢ v v a o a ¢ [
yLauanIgun 3.1(n) arursaununlagldnisdaunsigvannminiuniudidnnseiinduuule
a o U L2 d A o
UDANTIUTALADITIUIUADIN (MRy; waz MR,) AIgUN 3.1(9) [30] 21n3UN 3.1(1) @avINg

USUAMATUNUTAENTWUSATIAU Vg Aepnuduiusaeluil

(3.13)
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Felunsdifananueansudanes MRy, uay MRy vviuegluan1eduda (saturation mode)

4 < at d’ = &
Tngf V; Ao usawulniuasu (threshold voltage) Uasnoansiudidnes uay Vil < (Vg - Vo)
& a i = = al a v
UBNINUAIANUHANAIAUDY R, UAGINAR (Epay ) WD |V > (Vi — Vo) asalliguedunle
fail
£
g =—— (3.14)
max 4(V(;,‘ _VT)
o
Tawd |V = Vg

3.3 dussauzaRsnsnlilulynugauai
A 1 ) s d a q‘J
33.1 anueatadeulunisdiuusidutasnssnaniintuluess
{ o a ¢ ) o P = v o o ot =
Wievihmslinseisasniesdyaniinauslugun 3.1 Snasalasdiafeansenuiiienin
Arulidugauaivedians DDCCTA dsaums (2.3) wuiilaiduaislouussiuvensaslunsdliifian

WinAu

o

I 5C3010; (3.15)
Vin 52R1C1C2 +5C,0 By + &1 B3

i

02 _ - gn B (3.16)

Vin S2R|C102 +5C0, 851 + gm@ P31

VoB - S?'R,CICZﬁ“ (3.17)
Vin szRICICZ+Sc2al)82l+gmlal)831 '
Vi _ 52R1C1C2ﬁ11ﬁ12 + &m P11 P (3.18)
Vin SZRICIC2 +5C,0 By + &m @1 P
2
LAY Vos _| _Pu J $"RiCICy0, 1y =~ 58 miRaCrt + 8mi1%: Py (3.19)
Vie  \ &m2Ra s*RiC{Cy +5Cy00, By, +gmla]ﬂ3l

o] - a s w ., o w
Tawit B, uaz o Ao wisiiwes B war @ 1892993 DDCCTA i 1 ( = 1, 2) muddu
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ﬁnw%’unsﬁmﬂsﬂuqﬂuﬂﬁﬁ lAANTReS @, Q way BW Wiy
a)a — gmlalﬁlﬂ (320)
RICICZ
1 ’ 76 :
Q=_ gml 1 lﬂ?’l (321)
B Gy

uay Bw =4l (3.22)
R1C|

dwiunsdnbidugaued Armulivemisdlines a, Q way BW samsildsuulasen

[
=1
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o » 1
S0 wm S =8 =83 ) (3.23)
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o BW _ @BW _ _cQ _
e S‘II = § T Sﬁm =] {3.25)

=t 1 I 1 o 1 L3 = G’S z
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2435 DDCCTA  fifidimrsasnsadyaadugun 3.1 erwduiusvesAidiivusegainaeusnais

Wulumudeulusielud

é << (RZ /" Rﬂ) (3.26)
é <<(R, /IR, (3.27)

3.4 HANTTI1ABINTITNITUVDINNDT

luiiilaléTusunsu Cadence Spectre Yimissasamasvinnuvenmsivensivdeunuauily
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Periodic Steady State Response
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Voltage-mode circuit

This paper presents a versatile voltage-mode universal active filter with one input and five output
terminals. The proposed circuit is based on using the recently reported active building block, namely
differential difference current conveyor transconductance amplifier (DDCCTA). It employs two
DDCCTAs as active elements together with two resistors and two capacitors as passive elements,
which are all grounded. The circuit simultaneously realizes all the five standard biquadratic filter
functions; i.e., lowpass (LP), bandpass (BP), highpass (HP), bandstop (BS) and allpass (AP), without
changing circuit topology. The proposed circuit also has the advantage of high-input impedance
terminal, and exhibits electronic tunability of its important parameters through the bias current of the
DDCCTA as well as low sensitivity performance. PSPICE simulations using 0.5 pm MIETEC CMOS process
are used to validate the theoretical predictions.

© 2012 Elsevier Ltd, All rights reserved.

1. Introduction

Recently, a relatively new active building block, the so-called
differential difference current conveyor transconductance amplifier
(DDCCTA), was introduced [1]. The DDCCTA has the differential
difference current conveyor (DDCC) [2] as an input stage and is
followed by a transconductance amplifier in monolithic chip. This
device provides the possibility of inbuilt electronic tuning of the
parameters of the analog function circuits to be implemented, and
also has all the good properties of the DDCC, such as high-input
impedance, employs fewer active and passive components, and
easy implementation of differential and floating input circuits.
Moreover, the differential voltage current conveyor transconduc-
tance amplifier (DVCCTA) can easily be implemented from DDCCTA
by connecting the Ys-terminal to ground. Hence, the applications
and advantages in realizing various signal processing circuits using
DDCCTAs/DVCCTAs have been introduced in the technical litera-
ture, particularly from the area of frequency active filters [1,3-6].

In this paper, a versatile voltage-mode biquadraric universal
filter with one input and five output terminals is presented. The
proposed circuit is constructed using two DDCCTAs, two
grounded resistors and two grounded capacitors, which are the
minimum components necessary for realizing biquadratic filter-
ing functions from the same topology. With respect to the
previously published single-input five-output voltage-mode

*Corresponding author. Tel.: +66 89 666 8436; fax: +66 2 326 4205,
E-mail addresses: drworapong@yahoo.com,
ktworapo@kmitl.ac.th (W, Tangsrirat).

0026-2692/3 - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.mejo.2012.05.002

universal filters in [7-20], the proposed circuit offers the follow-
ing advantageous features:

(i). simultaneous realization of all the five standard biquadratic
filtering functions, namely, lowpass (LP), bandpass (BP),
highpass (HP), bandstop (BS) and allpass (AP) responses
from the same topology,

(ii). the employment of all grounded passive elements, which is
suitable for integrated circuit implementation, and attrac-
tive for absorbing shunt parasitic impedances,

(iii). electronic and orthogonal control of the natural angular
frequency (w,) and the quality factor (Q),

(iv). high-input impedance, which is desirable for cascading in
voltage-mode operation,

(v). no need to impose component choice, except AP response
realization,

(vi). minimum component count circuit (i.e., two active element,
two resistors and two capacitors),

(vii). low active and passive sensitivity performance.

The comparison between the proposed circuit and the pre-
viously published works is summarized in Table 1. From the table,
it can be seen that the proposed filter possesses all the properties

(i)=(vii).

2. Description of the DDCCTA

As shown in Fig. 1, the DDCCTA is a versatile analog active
building block, which is defined by the following matrix
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expression:
iy,7 O 0 0 0 0 0 07 [uvy,]
iy, 0 0 00 0 0O Vy,
iy, 0 0 00 0 OO Vy,
vx|=|1 -1 1 0 0 0 O ix (1)
iz 0O 0 01 0 00O vz
I'g] 0 0 OO Em 00 Vo1

2] |0 0 0 0 g, 0 O] |ve|

where g,, is the transconductance parameter of the DDCCTA.
One possible realization of the DDCCTA in CMOS technology is
shown in Fig. 2. The scheme is based on the internal circuit of the
DDCC [2], which is followed by a transconductance amplifier [21].
In this case, the transconductance gain (g,,) of the DDCCTA can be

Table 1
Comparison of the proposed circuit with recently reported single-input five-
output universal filters.

0. Channumsin et al. / Micraelectronics Journal 43 (2012) 555-561

given by:

/ w
Em= #CofoB

where [ is an external DC bias current, u is the effective channel
mobility, Co is the gate-oxide capacitance per unit area, W and L
are channel width and length of the MOS transistor, respectively.
Eq. (2) reveals that the g,-value of the DDCCTA can be adjustable
electronically by Ip.

(2)

3. Proposed circuit

The proposed voltage-mode universal filter with one input
terminal and five output terminals employing two DDCCTAs and a
canonical number of grounded passive elements (two resistor and
two capacitors) is shown in Fig. 3(a). It should be noted that the
input voltage Vi, of the proposed filter is applied to the Y,
terminal of the first DDCCTA. Thus, the circuit has the feature of
high-input impedance, which is suitable for cascading in voltage-
mode operation. The use of all grounded passive components

e M i) i) @) L makes the circuit particularly attractive for integration point of
The proposed circuit ~ Yes  Yes  Yes  Yes Yes  Yes  Yes view [22]. Nodal analysis of the circuit in Fig. 3(a) yields the
Filter in [7] Yes No No Yes Yes No Yes following voltage transfer functions:
Filter in [8] Yes No No Yes Yes No Yes
Filter in [9] Yes No No Yes Yes No Yes Voi(s) — &nl 3)
Filter in [10] Yes  No No Yes Yes No Yes Vin(s) D(s)
Filterin [11] Yes No No No Yes No Yes
Filter in [12] Yes Yes No Yes Yes Yes Yes Vo2(s) sCa
Filter in [13] Yes No No Yes Yes No Yes Vi (s) = D_(Si ()]
Filter in [14] Yes No No No Yes No Yes i
Filter in [15] Yes Yes No Yes Yes No Yes
Filter in [16] Yes  Yes No Yes  Yes No Yes Vos(s) = 2 R1C1Co (5)
Filter in [17] Yes  No No No Yes  No Yes Vin(s) D(s)
Filter in [18] Yes No No No Yes No Yes
Filter in [19] Yes No No Yes Yes No Yes Voa(s) s2R1C1C3 +&m )
Filter in [20] Yes No No Yes Yes No Yes VinlS) = D(s)
Vos(s) _ ( 1 ) [52RIC!CZ""ng1R2C2 +gm1] @
ll“ Vials) ~ \ZmaR2 D(s)
iy igy where the denominator D(s) is found to be
Vo2 |'y o
b ! e D(s) =5°R1C1C2+5C2 +&m ®
) = ;
Yno— Y, DDCCTA O, From Eqs. (3)-(8), it can be seen that the LP, BP, HP and BS
) g 8 'z responses are available at the node voltages V,q, Voa, Vo3 and Vo,
B o——1 Y, X Z By respectively. Moreover, if g,;=1/R,, then the AP response with
the dc gain of 1/gm2R2 can also be obtained from the node V,s. In
T iy this case, to maintain a constant g,; value for the output stage of
; DDCCTA1, many circuit techniques usually known as constant-g,,
v technique can be applied [23-25]. It should further be mentioned
X o ; A
here that the circuit needs not component-matching conditions,
Fig. 1. Schematic symbol of the DDCCTA. except for the AP response realization. It is also to be noted that
+V
1 I
: '
oy I e My
7 S E.. M’
Y, [jM M, Y, | M M B ey
AL e s 1= ;
i -
...] M, M, T M, -
Y

Fig. 2. CMOS internal structure of the DDCCTA.
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a
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5 B
& lim l"m

T

— Z Y, Z o Vs
i DDCCTA DDCCTA
n0——n Y, Y, @ [
Var ¥ Y 0,
3 3 2
Vs Ve 1

Fig. 3. (a) Proposed high-input impedance voltage-mode universal biquadratic
filter. (b) Electronic resistor using two MOSs.

all the output terminals of the proposed filter are not in low-
output impedances. Thus, any additional buffers are required for
the proposed filter to drive low impedance loads or to be directly
connected to the next stages.

In all cases, the important filter parameters, i.e., natural
angular frequency (wq), quality factor (Q) and bandwidth (BW),
are, respectively, characterized by

_ Emi
o= R CiCa ©)
Q= gméflcl 10)
V' G

and

1 :
BW = R, 7 . (1n

Egs. (9)-(11) show that the parameters w, and Q for all filter
responses can electronically be tuned by varying g.; without
disturbing BW. Moreover, Eqgs. (9) and (10) also show that the
parameters wp and Q are interactive. However, the technique to
obtain the non-interactive filter parameter control can be sug-
gested as follows. For the fix-valued capacitors, the wq can be
adjusted arbitrarily without disturbing Q by simultaneously
changing g,; and R; and keeping the product g,;R; constant.
On the other hand, the parameter Q can be tuned without
disturbing w, by simultaneously increasing g, and R, and keep-
ing gm1/R, constant.

Furthermore, each grounded resistor R; (i=1, 2) in the pro-
posed filter of Fig. 3(a) may easily be realized as an electronic
resistor using two MOS transistors (MR;; and MRy;) as shown in
Fig. 3(b) [26]. In Fig. 3(b), the variable resistances can be adjusted
with their corresponding control voltages Vg and -V by based
on the following relation:

Vi L

R =ro—— —
LT 2uCaW(Ve—Vr)

(12)

where Vr is the threshold voltage of the MOS transistor. Eq. (12) is
valid when MRy; and MRy; stay in the saturation mode, which is
true if |V| <(Vei—Vq). For the range |Vi| > (Vq—V7), the corre-
sponding maximum error of R;, which is obeyed the square-law
current relation, can be considered approximately as

W
M= 4(Ve—Vr)
at IV,I =Vei.

(13)

4. Tracking error analysis and sensitivity performance

Taking the non-idealities of the DDCCTA into account, the port
relations in Eq. (1) can be rewritten as:

[y, ] r o 0 0 0 0 0 07 fvy,]
iv| |0 0 0 0 0 0 0| |uw,
iy, 0 0 0 0 0 0O Uy,
vk |=|B —B2 B3 0O 0 0 O ix (14)
iz 0 0 0 « 0 00| |uvg
o1 0 0 0 0g, 00]|uv,
lin] [0 0 0 0 g, 0 0] [ve)

where fiy=1—¢,, for k=1, 2,3 and a=1—¢;. Here, & (|e]«1) and
& (|&i|«1) represent the voltage and current tracking errors of the
DDCCTA, respectively. Thus, re-analysis of the proposed circuit in
Fig. 3(a) yields the denominator of non-ideal voltage transfer
functions as follows:

D(s) = $2R1 C1 Ca +5C281 Bay + Zm &1 B (15)

where f; and o; are the parameters ff; and o of the ith DDCCTA
(i=1, 2), respectively.
In this case, the modified filter parameters are obtained as:

_ [8miB31
P=\RGIG (16)
1 [gmiRiCiBs,
=, [em11P3] 17
Q .321” i a7

and

_ Bax
BW= R.Cy (18)

It is noted that the voltage and current tracking errors of the
DDCCTA do affect the values of wp, Q and BW. However, these
small deviations can be compensated by adjusting the transcon-
ductance g.,; and/or the resistor R;.

The active and passive sensitivities of the proposed circuit are
shown as:
St — g% =S‘°"=—S‘,;’1"=—S‘,_‘3f=—$‘c‘.’;=1/2 (19)

Em B o

5,1 @
nglz R = C[:-S%:Sgnz—alz'lfz @
and

IR O @

From the above calculations, it is clearly observed that all of
the filter parameter sensitivities are within unity in magnitude.
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5. Effect of the DDCCTA parasitics

In this section, the influence of various parasitic impedances at
DDCCTA ports is considered. The non-ideal DDCCTA model is
shown in Fig. 4. It is shown that the practical DDCCTA has a low-
value parasitic serial resistance at port X (R,), and high input
impedances at ports Yy, Y; and Y3 (Ry1//Cy1, Ry2/[Cy2 and Ry3//Cys3),
respectively. Also, the output ports Z and O exhibit high output
impedances R,//C, and R,//C,, respectively. Because each X-term-
inal of the DDCCTA in the proposed circuit of Fig. 3(a) is directly
connected to an external grounded resistor, most of the parasitic
resistance R, can easily be merged [27]. It is further noted that the
proposed circuit employs external capacitors C; and C, parallel
connecting at the terminals Y, and Y;, respectively. As a result, the
effects of the parasitic capacitances Cy3, Cy3, C; and C, can be
absorbed, due to the fact that C;»(Cyz+C;) and Con(Cyz+Cy3+C,).
Hence, if the following conditions are satisfied:

1
S_CI (<4 (Rz//Ryz). (23)

;}2 «(Rya/[Ry3//Ro). 24)

then the influence of DDCCTA parasitic elements to the proposed
filter of Fig. 3 can be ignored.

6. Simulation results

To verify the functionality of the proposed DDCCTA-based
voltage-mode universal filter in Fig. 3(a), PSPICE simulations have
been carried out using MIETEC 0.5 pm CMOS technology process
parameters. The DDCCTA was performed by the CMOS structure
given in Fig. 2 with supply voltages of +V=-V=2V, and
Vp=—1.22 V. The aspect ratios of CMOS transistors are given in
Table 2. In all simulations, the capacitance values were chosen as:
C;=G=10pF.

As an example, the filter is designed to obtain the frequency
responses with fy = we/2n=1.6 MHz and Q=1. For this purpose,

the active components are chosen as: gp=101.44 pA/V
. % I: |
Vi ‘,n > Yl i i o} - '

Y o : v
1 Ideal 4 ¢
2l ¥, R, C, i
nﬂ% Tej | DDCCTA T &

Fig. 4. Real DDCCTA with its parasitic elements,

Table 2

Transistor aspect ratios of the DDCCTA circuit shown in Fig. 2.
Transistors W (pm) L (pm)
M-M, 1.8 0.7
Ms-Msg 5.2 0.7
M7-Mo 20 0.7
M11-M2 58 0.7
Mq3-Maz 4 1.0
MRy ~MR2; 08 0.7

(Ig=16.5pA) and Ve =Vz=12V (R;=R; 210kQ). The simu-
lated LP, BP and HP responses comparing with the ideal values
are shown in Fig. 5. From the simulation results, it can be
observed that the behavior of the designed frequency filter agrees
with the theoretical presumptions very well. With the same
component value setting, the ideal and simulated gain and phase
responses of the BS and AP filters are also depicted in Figs.6 and 7,
respectively. The simulated power consumption of the filter is
equal to 3.74 mW.

In order to investigate a time-domain response of the pro-
posed BP filter in Fig. 3(a), a 1.6 MHz sinusoidal input voltage

20
—— Simulated
~ = = [deal
0
o ,/’:/ \::\\
=l L+T1iM h
-20
= jik A N S
o T / ™ Bl
g A= ol £ \ )
2 V4 N
g A \
/’ N
-60 iy 3
| X
7 o
N
o L~ \
10k 100k ™ 10M 100M

Frequency (Hz)

Fig. 5. Ideal and simulated frequency responses of LP, BP and HP for the proposed
filter in Fig. 3(a).
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Fig. 6. Ideal and simulated frequency responses for the proposed BS filter in
Fig. 3(a). (a) gain characteristic (b) phase characteristic,
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Fig. 7. Ideal and simulated frequency responses for the proposed AP filter in
Fig. 3(a).
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Fig. 8. Time-domain responses of the BP filter, for a 1.6-MHz sinusoidal input
voltage of 200 mV (peak).

with 200 mV peak is applied to the filter. The results obtained are
shown in Fig. 8, where the dotted and solid lines denote the ideal
and simulated responses, respectively. The results show that the
total harmonic distortion (THD) of about 0.4% is obtained. The
variation of the THD versus the applied sinusoidal input voltage
for the BP filter at f=1.6 MHz is also shown in Fig. 9. The THD
values of the circuit remain below 1.5% for sinusoidal input
signals up to 1V peak.

The possibility of electronic tuning the fy-value of the BP filter is
demonstrated in Fig. 10. The characteristic frequency f; was found to
vary as: 0.53 MHz, 0.796 MHz, 1.6 MHz and 3.18 MHz, for four
different values of g,/R, as: (33.33 pA/V)[(30kQ), (50 HAV)
(20 kQ), (100 pA/V)(10kQ), and (200 pA/V)/(5 kQ), respectively.
In all cases, the product g,,;R; was kept to be constant at unity for
constant quality factor of Q = 1. It is obvious from the curves that, as
explained previously, the fy-value can be electronically adjusted
without affecting the Q-value by the ratio g./R;. In Fig. 11, the
option of the Q-tuning without affecting the fy-value is shown. For
designed Q-values (ie, Q=0.5, 1, 2 and 3), the product g;R; was,
respectively, changed to: (50 pA/VY5KkQ), (100 pA/VY 10 kQ),
(200 pA/VY20 kQ) and (300 pA/VY30 k), while keeping its ratio
constant for a constant characteristic frequency of fy=1.6 MHz. This

THD (%)

L
0 02 04 06 08 10 12 14 16
Vi, (peak) (V)

Fig. 9. THD variation of the BP filter versus amplitudes of an applied sinusoidal
voltage signal at 1.6 MHz.

Voltage gain (dB)
o i
S

—o— [, =0.530 MHz
—— fy=079 MHz |
—— fo=1.600 MHz |7~
i —e— fy=3.180 MHz

10k 100k M 10M
Frequency (Hz)

Fig. 10. Simulated BP responses when gm/R, is varied while keeping the product
ZmiRy constant. 5
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Fig. 11. Simulated BP responses when g,,R, is varied while keeping the ratio g, /R,
constant.

shows that tuning of Q-value can be performed via different values of
EmRy.

To display the temperature performance of the proposed
circuit, the simulated frequency responses of the BP filter at
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Fig. 12. Frequency responses of the AP filter at different operating temperatures,
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Fig. 13. Monte Carlo analysis results of the BP frequency response. (a) Simulated
gain responses (b) Derived histogram of the .

different operating temperature are shown in Fig. 12. From the
plots, the magnitude of the filter changes from 1.143dB to
0.248 dB in the operating frequency range of 10 kHz to 10 MHz
and the operating temperature range of —20 °C to 80 °C, while
providing phase shift of 0° to —360°,

As it is well known, small random variations occur during the
manufacturing of circuit devices, resulting in behavioral differ-
ences between identically designed devices. To evaluate the
impact of the process and mismatch variations on the filter's
frequency response, Monte-Carlo analysis is performed. In this
study, the BP filter is simulated by applying the value of electronic
resistor Ry with 5% Gaussian deviation. After 200 simulation runs,

the obtained simulation results are shown in Fig. 13. In Fig. 13(a),
the fy-value of the BP filter is affected in the range of —0.66% to
+5.59%, which is acceptable. In Fig. 13(b), the derived histogram
of the center frequency is given, which shows that the fy-value
remains close to its theoretical value of 1.6 MHz. As seen from
Monte-Carlo analysis results, the proposed filter has reasonable
sensitivity performances.

7. Conclusion

In this paper, a single-input five-output voltage-mode univer-
sal filter for simultaneously realizing LP, BP, HP, BS and AP
responses without changing the configuration has been pre-
sented. The presented circuit uses only two DDCCTAs, two
grounded resistors and two grounded capacitors, which is a
canonical structure and suitable for integration. It has high-input
impedance, and exhibits electronic and orthogonal controllability
of wg and Q. Both its active and passive sensitivities are low.
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In this work, an electronically tunable universal voltage-mode biquadratic filter with single input and
five outputs is introduced. The proposed filter structure only employs three differential difference
current conveyor transconductance amplifiers (DDCCTAs) and two grounded capacitors without
needing any external passive resistor. All the five standard biquadratic filter functions; lowpass,
bandpass, highpass, bandstop and allpass, can be realized simultaneously without imposing component
choice and changing circuit configuration. In addition, the circuit also features the high-input
impedance terminal, and provides an orthogonal electronic control of its natural angular frequency
(wg) and quality factor (Q) by adjusting only bias currents of the DDCCTAs for the fixed values of

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In 2011, the recently new active element called the differential
difference current conveyor transconductance amplifier
(DDCCTA) was introduced to provide the possibility of inbuilt
electronic tuning of the parameters of the analog function circuits
to be implemented [1]. The DDCCTA device is conceptually a
combination of the differential difference current conveyor
(DDCC) and a transconductance amplifier in monolithic form. It
also has all the good properties of the DDCC, such as high-input
impedance, employs fewer active of passive components and easy
implementation of differential and floating input circuits. Accord-
ingly, many applications of DDCCTA-based circuits were devel-
oped [1-5] and especially biquadratic filters using DDCCTAs as
active elements were proposed [1,4,5]. However, they need some
external passive resistors for their realizations.

In recent years, a variety of voltage-mode single-input five-
output (SIFO) biquadratic filters has been developed in the
literature [5-19]. This is due to the well-known fact that an
ability of generating all of the LP, BP, HP, BS and AP biquadratic
filter functions simultaneously without changing the circuit con-
figuration. However, most of them contain some external passive
resistors [6, 8-19], and non-electronic controllability is the draw-
back of these circuits [6], [8-14], [16-19]. Moreover, the works in

* Corresponding author. Tel.: +66 89 666 8436; fax: +66 2 326 4205.
E-mail addresses: drworapong@yahoo.com,
ktworapo@kmitl.ac.th (W. Tangsrirat),

0026-2692/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/{10.1016/j.mejo.2013.01.003

[5-12], [14-19] also require component matching conditions for
realizing AP or all filter responses.

As recently introduced in [20], the unified biquad filter is a
kind of versatile active filter biquad structures that exhibits the
following five performance parameters simultaneously and with-
out trade-offs: (i) universal biquadratic filtering, namely lowpass
(LP), bandpass (BP), highpass (HP), bandstop (BS) and allpass (AP);
(ii) minimum components count, i.e., three active elements and
two grounded capacitors; (iii) independent w, and @,/Q tunabil-
ity; (iv) no need to impose component choice conditions to realize
specific filtering functions; and (v) no need to employ additional
active elements to provide filter current outputs explicitly.
Examination of the previously reported active biquad filter
structures in [5-19)] shows that no unified filter biquads have
yet been reported. In addition, the resistorless and electronically
controlled realization of the universal biquadraric filter is receiv-
ing increased attention during the past few years. This is mainly
attributed to their simplicity, integratability and programmabi-
lity. Also, a circuit employing only grounded capacitors and
requiring no critical component matching conditions andfor
cancellation constraints is important from fully integrated circuit
design point of view.

The main contribution of this paper is to present the resistor-
less realization of an electronically tunable SIFO-type voltage-
mode universal biquadraric filter. The proposed structure con-
tains three DDCCTAs and two grounded capacitors without
needing external passive resistors. The circuit also exhibits the
following five performance parameters simultaneously and with-
out trade-offs: (i) universal biquadraric filtering (LP, BP, HP, BS
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Table 1
Comparison of the proposed filter with available SIFO-type of voltage-mode
biquadratic filters [5-19].

Filters No. of active No. of passive Properties
components components —_—
(i) (i) (iii) (iv) (v)
15] DDCCTA=2 C=2 Yes Yes Yes Yes No
[6] CFA=5 R=5,C=2 Yes No No Yes No
[7] OTA=5 =2 Yes Yes Yes Yes No
8] CCli=3/4 R=6[7, C=2[2 Yes No No No No
[9] CCll=4/4[3[2 R=5,C=2 Yes No No No No
[10] DVCC=3 R=4,C=2 Yes No No Yes No
{11] DVCC=2 R=4,C=2 No No No No No
{12] DDCC=2 R=3,C=2 Yes No No No No
[13] FDCClI=2 R=2,C=2 Yes No No Yes Yes
[14] DDCC=2 R=3,C=2 Yes No No No No
[15] FTFN=2,0TA=2 R=4,(C=2 Yes No Yes Yes No
[16] FDCCll=1 R=3,C=2 Yes No No No No
[17] DVCC=3 R=3,C=2 Yes No No Yes No
[18] DVCC=2 R=3,C=2 Yes No No No No
[19] DDCC=2 R=3,(C=2 Yes No No No No
Proposed DDCCTA=3 C=2 Yes Yes Yes Yes Yes

and AP) without changing the circuit topology; (ii) resistorless
structure; (iii) independent electronic-tuning characteristic of
natural angular frequency (wg) and quality factor (Q); (iv) high-
input impedance; (v) no need to impose component matching
conditions andfor cancellation constraints to realize all five
generic filtering functions. A summary of the performance para-
meters of the proposed filter and previously reported ones [5-19]
is given in Table 1. As can be seen, the proposed filter satisfies all
of the above important five properties simultaneously. Therefore,
such filter described in this paper can be classified as a unified
active biquad filter.

2. Circuit description

The DDCCTA is a versatile analog active building block as
shown in Fig. 1, whose port relations can be characterized by the
following matrix expression [1]:

T [0 6 6 0 0 07 Tea

bel 10 0 0@ o o |

iys 0 0 0 0 0 Of |vys

wi ™1 =4 1 4 0 0l & (2
Bl fo o a1 6 4]

io 0 0 00 g, 0| |wvo

where g, is the transconductance parameter of the DDCCTA.

The proposed scheme for realizing an electronically tunable
voltage-mode SIFO-type universal filter is shown in Fig. 2. One
can observe that it employs only three DDCCTAs and two
grounded capacitors without requiring any external passive
resistor. The realized circuit having high-input impedance and
using only grounded capacitors is cascadable and convenient for
integration. By the inspection the configuration of Fig. 2 using Eq.
(1), the voltage transfer functions can be derived as:

_Vie(®) _ Emi8me

P=Vu® = Do) @
_ Vep(s) _ sCagma
= Vo)~ D) 3

_ Vup(s) _ 52CiGy

HP=V® = D

4

—
i1 O] Yy O [0
in
n o———— ¥ DDCCTA
iy iz
‘i o——n— v, X Z /Oy

Fig. 1. Circuit symbol of the DDCCTA.
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Fig. 2. Proposed filter realization with DDCCTAs and grounded capacitors.

Ves(s) _ S*CiCa+EmEme

BS= = D
Vinls) D(s) =
Vap(s)  [$2C1Ca—5Cofmr +Emi&m2

AP = = 6
Vi) D(s) &

where the denominator D(s) is found to be
D(s) = 5*C1C2 +5C28ma + &m1 Bma- @

From above expressions, all the five standard biquadratic
functions are synthesis simultaneously from the proposed circuit.
It should be noted that no additional active/passive elements
or matching conditions are required for all filter response
realizations.

In all cases, the important filter parameters, ie, natural
angular frequency (wp) and quality factor (Q), are, respectively
found as:

_ [8mi Emz -
oy =[Sl ®

and

- gmlcl
Qe ©)

Above expressions clearly indicate that the parameters wg and
Q are electronically adjustable by g,-value. In addition, for the
fixed-valued capacitors, the wg can be adjusted without affecting
Q by tuning g,,; and g,,; simultaneously, while keeping the ratio
of gmi1/gmz constant. On the other hand, the Q can be tuned
arbitrarily without disturbing g by increasing g, and decreas-
ing gm» (or decreasing g, and increasing g,,) simultaneously,
while keeping gn18n2 constant.

A circuit similar to the proposed filter can be derived from the
most recent work by Channumsin et al. [5], which employs only
two DDCCTAs and four passive grounded components. However,
it still suffers from the use of two external passive resistors.
Although the two resistors in the filter may be realized as MOS-
based electronic resistors, the additional control voltages (V¢ and
—Vq) are needed. Again the most recent work mentioned above
also requires matching constrain (gn1=1/R;) to realize AP filter
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response, In contrast, the new proposed filter in Fig. 2 enjoys the
added advantages of no matching constrain and resistor-free
structure at the cost of using three DDCCTAs.

3. Non-ideal analysis
3.1. Sensitivity performance

Principally, considering the non-ideal gains on the terminals of
the DDCCTA, the defining relation in Eq. (1) can be rewritten as:

fy| 0 0 0 0 0 0 Uy
iy2 0 0 0 0 0 O Uy2
iy; 0 0 0 0 0 0 Vya

= 2 10
o | TP =B B 0 0 0f | ix ao
t 0 0 0 a 0 0 vz
ig 0 0 0 0 g, O Vo

In above equation, fy=1-¢. fork=1, 2, 3 and a=1—¢;, where
£ (|ewk| « 1) and & (]&| « 1) represent the voltage and current
tracking errors of the DDCCTA, respectively. Taking into account
these non-ideal gains on the proposed circuit in Fig. 2, the
modified filter parameters for this case become:

wo= /ﬁzlaiglzg;mgmz an
1 B218m1C1

_Jt i i 12

2 B3 \ 2102802 Ca S

where f; and «; are the parameters ff, and o« of the ith DDCCTA
(i=1, 2, 3), respectively. It is important to note that the active and
passive sensitivities of wp and Q in Egs. (11) and (12) are
calculated as:

: o

s;,mhgmz =S§':c:.a1,a; = —‘Si(.g].c; = i (13)
1
Son =Shn =S¢, =3 (1)
1

S{xzmzz ﬂl-ﬂz=sg;=—i (15)
and
Sh ==1 (16)

All of which are found to be within unity in magnitude.

3.2. Effect of parasitic elements

In this sub-section, the effects of DDCCTA parasitic elements
on the filter performance are carried out. Fig. 3 shows the non-
ideal DDCCTA model including its parasitic elements [4,5]. It is
shown that the practical DDCCTA has a low-value parasitic serial
resistance at port X (Ry), and high input impedances at ports Y, Y
and Ys (Ry1//Cy1, Ry2//Cy2 and Ry3//C,3). Also, the output ports Z
and O exhibit high output impedances R,[[C, and R,//C,, respec-
iively. Considering the proposed circuit in Fig. 2, there are
axternal capacitors C; and C, parallel connecting with the term-
nals Y, and Y5 of the DDCCTA1, respectively. As a result, the
:ffects of the parasitic capacitances C,, Cps. C and G, are
1egligible because these capacitors are quite small as compared
with the external capacitors (C;» 3C3+C; and Go» Gy +G).
Jence, to minimize the effects of DDCCTA parasitic impedance,

the values of the external capacitor used should be restricted to

1 R
5_'C_l< <(Rz//%3). a7
and

1
i < < (Ra//Ro) 8)

4. Simulation results

In this section, PSPICE simulation were carried out to confirm
the performance of the proposed DDCCTA-based universal filter in
Fig. 2, In these simulations, the DDCCTA was realized by the
CMOS structure given in Fig. 4 using MIETEC 0.5 pm CMOS
technology process parameters, Its internal structure has the
DDCC [21] as an input stage and is followed by a transconduc-
tance amplifier {22]. In this case, the transconductance gain (g,,)
of the DDCCTA that is electronically adjustable by external bias
current [z can be given by:

&m=VKlg (19)

where K = uCox W/L, g is an external DC bias current, p is the
effective channel mobility, C,, is the gate-oxide capacitance per
unit area, W and L are channel width and length of the MOS
transistor, respectively. The supply voltages were chosen as:
+V=-V=2V, and Vp=-1.22V. The aspect ratios of CMOS
transistors are given in Table 2. The capacitance values in all
simulations were chosen as: C;=C,=10 pF.

i
!
|
i
{ . 1 ¥
[¢] o
n i ]
, — " ' Ideal 1
o =top gt vE e
. YaiR, G DDCCTA I : i
, : iy . oA
] -~ ‘.
i

| M
M
lI|L—1 12

-V

Fig. 4. Internal structure of the DDCCTA using MOS transistors,

Table 2

Transistor aspect ratios of the DDCCTA circuit given in Fig. 4.
Transistors W (pum) L (pm)
M -My 1.8 0.7
Ms-M;g 20 0.7
Mg-Mio 52 0.7
M -Mj2 58 1.0
My3-M3zg 4 0.7
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Fig. 5 shows the frequency-dependent input impedance of the
proposed circuit in Fig. 2. The plot appears that the circuit has
high-input impedance, which makes it suitable for cascading.

To design the biquadratic filter of Fig. 2 with fy = wy/
2r=1.6 MHz and Q=1, the following circuit parameters are
chosen as: gmi=gm2=8m3 =100 HA/V (Ig;=Ipz=Ip3 = 16 pA).
Fig. 6 shows the simulated and ideal responses of the LP, BP and
HP filters. As shown in Fig. 2, the HP filter response is realized by
the interconnection of the relevant output voltages as
Vyp=Vin— Vp+Upp, Where the voltages vgp and v;p are obtained
from the voltages across C; and C,, respectively. These capacitors
together with parasitic resistances at their relevant terminals will
produce a parasitic pole at low frequency. This can explain why
the HP filter response in Fig. 6 has non-ideal response at low
frequencies. However, this effect should not be seen a drawback
as we normally use this type of the filter at high frequencies.
Figs. 7 and 8 also show the simulated and ideal gain and phase
responses of the BS and AP filters, respectively. As shown, the
simulation results are in excellent agreement with the
theoretical ones.

To demonstrate the electronic tunability of the proposed
circuit, the simulated gain characteristics together with the ideal
gain characteristics for three BP cases are plotted in Fig. 9. In these
plots, the transconductance values g, (=gn1=gn2) are, respec-
tively varied from 50 pA/V, 100 pA/V, 200 pA/V to 333 pA/v,
for the required characteristic frequencies f3=0.79 MHz,
1.60 MHz, 3.18 MHz and 5.30 MHz at Q= 1. It is obvious from
the curves that, as explained previously, the fy-value can be

LR R E i T T E R BT

] i
30M

\ 2SM
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\ 20M

= 6 \ 15M
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] 10M
A
E M ]
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Fig. 5. Frequency response of input impedance for the proposed filter in Fig, 2.
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Fig. 6. Frequency charactersitics of LP, BP and HP responses for the proposed filter
in Fig. 2.
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Fig. 7. Simulated and ideal frequency responses of the proposed BS filter in Fig, 2.
(a) gain response (b) phase response.
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Fig. 8. Simulated and ideal frequency responses of the proposed AP filter in Fig. 2.

electronically adjusted without affecting the Q-value by changing
the product gmgn,: and keeping the ratio gn:/gmz constant
simultaneously.

Fig. 10 shows the tunability of the Q of the BP responses by
changing g1/gm2- As an example to realize a constant character-
istic frequency of fy=1.6 MHz, the transconductance ratio gm1/gm2
is approximately selected as: (50 pA/V){(200 pA/V), (100 pA/V)/
(100 pA/V), (200 pA[V)/(50 pA/V) and (300 pA/V)/(33 pA/V),
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which result in Q=0.5, 1, 2 and 3, respectively. The results
demonstrate that tuning of Q-value without affecting the f,-value
can be performed via different values of gm1/gm2-

10
—— f3=0.79 MHz
04— A= 160 MHe o
v f;=3.18 MHz /'/ \\:‘\
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Fig. 9. Simulated BP responses with different fy by tuning gm (=gm1 =8m2)-
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Fig. 10. Simulated BP responses with different Q by tuning gmi/gm2 and keeping
Em18m2 constant.
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Fig. 11. Time-domain responses of the LP, BP and HP filters for a 1.6-MHz
sinusoidal input voltage of 200 mV (peak).

Time domain simulation results for the LP, BP and HP
responses of the proposed filter in Fig. 2 are shown in Fig. 11, in
which a 1.6-MHz sinusoidal input voltage signal with 200 mV
peak value is applied to the filter. In addition, large signal
behavior of the proposed filter in Fig. 2 is also investigated by
observing the dependence of the total harmonic distortion (THD)
at BP output upon the input signal level. Fig. 12 illustrates the
THD variation result, which indicates that the THD value remains

10

THD (%)

T
0 100 200 300 400 500
Viu (mvm.

Fig. 12. THD variation of the BP filter versus input voltage at 1.6 MHz.
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Fig. 13. Monte Carlo analysis results with (a) + 5% deviation on the capacitor
values (b) + 5% deviation on the gy-values.
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reasonable levels (THD < 2%) if the peak input voltage level is
lower than 200 mV.

The impact of the process and mismatch variations on the filter’s
frequency response has been evaluated by utilizing the well-known
Monte-Carlo statistical analysis. The derived statistical plots of the
proposed BP filter for 200 simulation runs are given in Fig. 13.
Fig. 13(a) shows a histogram of wq variation with + 5% deviation in
the values of capacitors, and has a standard deviation of 33.35 kHz.
In Fig. 13(b), a histogram of w, variation with + 5% deviation in the
values of transconductance gains is shown, and a standard deviation
of approximately 530 Hz was obtained.

5. Conclusion

A circuit configuration for the realization of a single-input five-
output voltage-mode universal biquadratic filter is presented in this
paper. The proposed circuit uses only three DDCCTAs and two
grounded capacitors, which results in a resistorless structure and
simplifies integration. It also provides the following features:
realizing of all the standard type biquadratic filter functions simul-
taneously without changing its topology, no component matching
conditions, electronic controllability of its importance parameters,
high-input impedance terminal, and low sensitivity performance.
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