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ABSTRACT

This thesis presents the design and synthesis of analog filter circuits using
VDTAs (voltage differencing transconductance amplifiers) as active elements and
capacitors as passive elements without needing any external passive resistors. The
biquadratic filter configurations operated in current-mode (CM) and voltage-mode
(VM) are presented. The natural angular frequency (@,) and the quality factor (Q) of
all the proposed filter circuits are tunable electronically through the transconductance
gains of the VDTAs. For the first proposed CM configuration, the single-input three-
output (SITO)-type filter and the three-input single-output (TISO)-type filter are
realized with only single VDTA and two grounded capacitors. In case of SITO-type CM
filter, it can simultaneously generate the lowpass (LP), bandpass (BP) and highpass
(HP) filtering responses from the same topology. By appropriately selecting the
relevant input signals, the TISO-type CM filter can simultaneously realize all the five
standard biquadratic filter functions, i.e., LP, BP, HP, bandstop (BS) and allpass (AP).
Furthermore, by slightly modifying its configuration, the TISO-type CM filter with
orthogonal tuning of @, and Q can easily be obtained. For the second proposed VM
configuration, the filters with single input and five output (SIFO) terminals, and three
input and single output (TISO) terminals are presented. The SIFO-type VM filter uses
two VDTAs, two grounded capacitors, and two grounded electronic resistors, while
the TISO-type VM filter contains a single VDTA and two capacitors. Both the proposed
VM filter configurations are capable of realizing all the five basic biquadratic filtering
functions. All the proposed circuits exhibit low active and passive sensitivity
performance. To support the theoretical analysis, the workability of the designed

filters has been verified by PSPICE simulation results.
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[13]-[39] waz 2995 CC (current conveyor) [40]-[78] Lﬂuélju

Tudl £.1.1999 11n3¥ede Cevdet Acar uay Serdar Ozoguz lathiausgunsninoadin
#0771 2995 CDBA (current differencing buffered amplifier) "ﬁuLﬁwﬂ%ﬂLLiﬂ [79] i
‘Uiz&4ﬂéi%hﬂ’liéhLﬂﬁwﬁawaﬂsaﬁiymmlmmﬂizLLa (current-mode) wazlnuALsIFU
(voltage-mode) Tngeas COBA Usznaumieisastosiiddydesdin Ao 1995uanenssud
(current differencing circuit) ka39930NULIINU (voltage follower) Iﬂaﬁﬂmauﬁaﬁu
waeUsTNIT L 190518929 (high slew rate) flauuuaInnang (wide bandwidth) uawdl
sUuvuRsiladuseu Juhlndiinidesiuauainiines CoBA udnanenduiasnses
Fyanaueurdeniuegnsnnug [801-1101] sndlsfinumnfinnsanamauiilunisiiey
V993995 CDBA %wuzﬁﬂﬂiﬂauﬁmmwmmﬁmméwmﬂé’umé’qmzLLaéuwmammi
$ndunodludufinaue (impedance) 3nasusniuesaUsznauiidd uonAINIMIN
ﬁmimﬂuﬁawaamiﬂ%’uLmﬂmauﬁ’amamwmsaﬁmmwmLLéua FENUINITOBNLUUIINS
ﬂiaaﬁcgmymimﬂi%aaai CDBA 5u11immﬁaﬁ'1msﬂ%’uLL@IQQmauﬁ’mamwﬂg(;fw%%mima
Sidnvsefing (electronically tunable) wiloufunmsssnwuulnglyases OTA

mowlud a.e. 2003 1n3dede Dalibor Biolek lathiauagunsniuaaiiniiitennisas
CDTA (current differencing transconductance amplifier) %ULﬁuﬂ%’jﬂLLiﬂ [102] lny
UizﬂauﬁaErmmaﬁmﬂimmﬁumﬂ@uwm WaE993 OTA Lﬁummméwmamws lo
NAsUAUENUAYD99T CDTA %Lﬁu'ﬁﬂuéaumﬂ%uwmﬁuamwsﬁu fnauaudRnIsYinau
willouiueas COBA nUsen1s LwﬂuéaumﬂLméwmﬂ%ﬁwa OTA wvhmunfiunuaeas
AULTIAU éﬁ’aﬁmwimmé’mmmﬁa@ﬂLLUUI@EJI%’N% COTA  Feaunsariinisusuung
AuauTR1e9995lAn83EN 159818 nnTedng Tanedianunsnduasnznisasiagly
$ndumeslasmunuannieuendnme vlnlasuaudesminndaasenduiesnses
duanauweurdenidusiuauunn [102)-[122]



Tul 2008 Dalibor Biolek lamiumuazinausgunsaiueniniididneniwlunuy
nseenuUUIaTHeuzdonty [123] Fwildludufioisss VOTA (voltage differencing
transconductance amplifier) TnsAmautfinimheugeses VDTA awnsaiioudouln
fuaaes COTA fivnalulnuansena@aiiauetunoum nanfeniadunnvessas COTA
ﬁﬂmauﬁ’al,ﬂu’sqa]sma&mﬂivLLa AUMABUNAYEINIT VDTA aziigauauifiduiasnana
LLiamu m‘wmamwmna% VDTA manﬂaummq%wmmauumﬁmmaamaﬂsuLLamumJ
PIUNARITBILTITUABTINTUIIRS OTA LUUNEELNAYS Fafumedneninlunisusuen
medidnnseiinadwilmmngaslunisiingms VDTA iﬂmLﬂi’lwmﬁmwiwmmamiﬂw
Amnsfimesaieiinisndidnnseing SnilaAsiaswesas VDTA  fianunsinga
(compact  structure) aNLﬂusualmﬂsaummaﬂaLLavuﬂUﬂivaﬂmTﬂumsmLﬂiwvmws
mqqammwwma [124]-[135] mefnenmiiasna vlwiees VOTA Wumadeniislu
nanduasemduinsUssnanadyaiauousdonielnunnszuauay I aus s

mﬂm@;waﬁlﬁﬂa‘nm%w@uu%wmﬁwuéaﬁuﬁ%agaLﬂﬂ%']ﬁ@@ﬂLLUULLa:ﬁé’i’qmswﬁ
2asnsesdyaiivhaululnunnszwawasinaausiy ImaﬁgﬂLLUULﬂuﬂaf;%’uiumamwﬁﬂ
(biquadratic function) ﬁimaa;ﬂwamws‘ﬂ'Lﬁjuﬁy’muwﬁqﬁuwwmaLm(ﬁwm (single input
multiple output, SIMO) LLazmemaﬁuwwﬁuméwm (multiple input single output,
MISO) ﬁ;mLémanwsmmé@mmﬁﬁﬂLauaiuiwmﬁwuéaﬁ’uﬁ k) mﬂ%aqﬂmalmﬁﬂwé’n
Fesuiaiferfentas VOTA Sneviilmsasiianulugaenndugou wazanunsausudasvens
A1 (transconductance  gain) lame3Bn1smedidnnseting 1AEN13AIUANNTELA
lugaainaieuen ﬁ'ﬂﬁlﬁmmﬁméaaﬁaLLazﬁmmjuéamsU%’uéﬂWﬂﬁﬁLmaéﬁﬁwﬁ@maaaaﬂi
QERNGRTRIRRY uaﬂmﬂﬁé’wia%mﬁ’uqﬂﬂiﬂjwm?(iw%’wmuﬁaa %anwﬂ%qﬂﬂmjwm%mmu
upytiu yhlnfiufivensasiivuindnuarduudestddlaviim sadeilmauulunisude
2asiinddnme Sumngauiuuummamsihluasaduasessi (integrated dircuit, I0)

1.2 ANYNNEUAZINUIZAIAYRINITANYN

%%SﬁﬁwuéaﬁUﬁLﬁUﬂﬂiaaﬂLLU‘ULLa%éfﬂLﬂi?Sﬁ’lﬂﬁ]iﬂimﬁmmﬁmLL‘U‘UI‘Uﬂ’JaG]SWﬁﬂ‘ﬁI
valuluuansvuanayivuaussiulaelansms  VDTA Lﬂuaﬂﬂsmuaﬂww“aﬂ smu,mmi
mLauamiaaﬂLL‘UUI@awmmwmmiwmmimmuLLaummumammmauwmLLa mewm
UYDIT AL

1) N%ﬂiaaé’@iym‘iwmmzLLaLLUWﬁqSuwmmmméwm Tnelneas VDTA $1uu
nilih meTuufufvUszgisunsndiuuaes [131]

2) N%ﬂiaqé’zyzymiwmmzLLaLmemﬁuwwﬁuméwm Tnelen99s VDTA $1uu
wiles ﬁa%wﬁ’uéfmﬁuﬂs@Lﬁaumnﬁé’mwaaqﬁa [132] waz2993nTosdyqaluun
nszuALUUATIBUNA e taglraeas VDTA S1uiuaesih sermfufaufusygiiey
A5ASIWIUEDIS [133]

3) ’Nﬁ]iﬂi@ﬂﬂ&&’liﬂﬁﬂﬂLLN@HLLUUMHQ@HW@M’]La’lmwm Tnelyneas VDTA s1uu
40961 AEFINAUFINUNIUS LD LLaumm‘uﬂiua}mamin@mmuamm [134]



4) Nﬁ]sﬂsaaﬁiyzynmiﬁmLLsaé’uLmuamSuwwﬁqLméwm Tnelyneas VDTA $uau
Wilas éaéauﬁ’u&hLﬁuﬂiza}a‘i’m’;uaaaﬁa [135]

I@&Jmmaﬂsvmﬂiumimna Ao Lwaﬂﬂmmﬂmammmvwaﬂmmsmiumsaamwu
LLavmm'ﬁwvmwsmaaawmmmul‘umammﬂimsflszj'ms VDTA miﬂsqamﬂvmmm vu
qﬂmmLLaﬂmwaﬂ 34@Luum'ﬂﬁzjqﬂmml,l,aﬂmwLLazwmszJWmmuuaa 19957ieenuuull
Imqa%wﬁlaisjamn%’u%au LLazmmaaU%’Ummﬁﬁma%ﬁﬁﬁﬁmamwslc;ﬁw‘i’%mima
siénvsedina

1.3 wdnmsluaifidauetuluineniinug

wdnnslmilainausluinendnusiaansonenidulssiumanlasmeluilie

1) miaamwuLLasé’ﬁLﬂﬁzﬁawmsaqé’aumpmiwmmzLLawaﬁqﬁuwmmmméwm
Tnel12993 VOTA  $1uumilesi poTafufufivsegiisunsnndiuuassia  awise
é’qmeﬁﬂa5%uﬂiaqé’§ymm1éngauﬁuﬁgqamﬂqﬁs?fu Ao WandunseaniuaIudei
(lowpass, LP) Wﬂﬁsﬁuﬂiammmmﬁqa (highpass, HP) LazanTUNSBIHIULAUALD
(bandpass BP) Tmmamﬁ'ﬁwLauahiﬁ'n,ﬂw;aﬂL‘UﬁsJuLLﬂaﬂ'ﬁﬁJLLUUGUamwﬂuﬂ”ﬁé’amwﬁ
Wﬂﬂwmmammmwumm ifmmlumLﬁummmﬂammumuwwa%wammauafﬂumi
FuA51212993 A11150U5UAMNS1 TN eTTidAyve1Iees fe mmmmmumaﬁmm
(natural angular frequency, )ﬂ’lmﬂ'ﬁ‘“ﬂaUﬂmmW (quality factor, Q) LLa‘“LL‘U'umVl
(bandwitdh, BW) laniedin1smedidnnseding armmimmmmmawmamwuwmmmm
ﬂumiaaﬂmeaaiﬂiaaazgzymiwmmzLLaLLuwmauwm mmmmwm [112], [113], [117]
uay [1361141] wunuideihiaueiulnglrgnsniuenfivhiivsiaien sudunedlum
AUTUNEENIN 1B UNTELATIE LAY BENIUUIIAS

2) msaaﬂLLUULLazé’almwzﬁawaﬂsaqa’@mm‘mmmgu,aLmuamﬁuwwﬁuméwm
Tngl999s VDTA  S1unumilesh poTaufudLAvUszfisunsnd uauassia s
é’qmeﬁﬂq5%’un5@ﬁ@mgm1§nnﬁﬁ%’u Ao LP, HP, BP sauile Wandusmuaumui
(bandstop, BS) i@y Wﬂﬁsﬁuﬂsammnﬂmmﬁ (allpass, AP) é?fmwsﬁﬁ%auahﬁ%ﬂugm
LﬂﬁammmgﬂLLuumamaaﬂumiﬁqlm']3ﬁﬂqﬁﬁuﬂiaqé’@@mmuéwf] RedsUseane
mumMUNETHIINATewenluNsEIATIENRS ansauurTfiwesiiddyrenisasia
peAsNsIeBiannseting uenaniannsnusuusimssiianudaveulunislyau ne
A5LNA995 VDTA Bniiteanila Lﬁ'aﬁﬂﬁ'gqaiﬁ@mamﬁmumsﬂ%’uéﬁ o Way Q \udasy
o Lﬁ@mumumui%ﬁﬁwLauaﬁuiugﬂmewmmﬁuwwﬁuméwm Iﬂﬂi%@ﬂﬂiﬂj
woANWIRYIAILAYY [142]-[156] Wudwm"ié’amqsﬁuﬁwLf]us’{aﬂ%ﬂﬁﬂ%’mﬂ?iauaﬂﬂmj
WIaTNv092995 U198 9LATIY Mﬂﬂﬂ%uﬂiaaammmwumm 3’mm1ummﬁaﬂiu
Ansimesiddyrenasianieisnmedidnvsedng uaﬂmﬂumumuumﬁu%aua
mmasﬂuaﬂwmwmﬂanmmmaaﬂﬁumwwsmma%lﬁyhy';mﬁmﬁmqmaﬂmauﬂa A4S
Haagime e 1REFANLATITN IS NN AU UNTEENUUULAYE LATIEIEDS

3) msaaﬂLLUULLazﬁameﬁaq%im@aﬁngmﬁmLmé’uuuwﬁq@uwmﬁ%mﬁwm
Tnelaa993 VDTA $1uauaessi pesaufusmumusuiuaesi uasdafulseqidisunsnn



MU mmaaaqmswvwﬁhﬂmuﬂiaaawmmlmwsamuwﬂﬂ’m%u TneUsunian uaz Q
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impedance) §sa1nnsiamueuisendeaiuniiieavesiuniseenuuuiasnsosdya o
T,mmLLiqéﬁ’uLLuwﬁaﬁuwmﬁ%mﬁwm [71], [74], [76] way [157]-[172] Wuiwqwuiﬁaﬁﬁ%aua
Jusenuuuitasiaslygunniuenfiniazmnadnduaunn nudsdaengmasiaglyi
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2.1 na1dn

2nefnauistagtiuniseenuuuasasmisaiuntsUssananadyyinuous fon
(analog signal processing) Qﬂﬁ'@umeﬁumﬂmﬂ%ﬁaamjzym’lmﬁ (vacuum tube) awdu
waluladdsUszAivgansiada (semiconductor device) AunsEMaaglusULULI9995
924 (integrated circuit, 10) Fwilnnsdaesgvianduneusfonluzduuuisnsnu uie
gUnsniuendil (active circuit building block) wunfumundrdyuasduifeuesns
n1arslunisiiuneenuuukarduazmiiuisasussnanadyyiuweusdon (1]
Taglanzo819892993n 5098y MLOULEDN 2INATAAMILINATEMHILINNUIULIMNNIT
’JR]EJLL@‘“‘WGllu’la’e]ﬂLL‘U‘UN‘\]iﬂi”N?aNaanNWMLLE]u”aaﬂIG\81‘?16‘UﬂimLLE]ﬂVIWWJJﬂNSSﬂuJLu
nsvhaugegnitauntuaingunsnueniiniiugiuiiinsluenuesaunsnatseguad 1y
1935 OA, 21933 OTA Uag2935 CC ImﬂivammwLLavLﬂmmmammu‘l,umsuﬂﬂﬂivaﬂmiﬁu
TusumuanaguIndedy mumamaﬁmmmqﬂ‘l,umimmuﬁuamaw,wuLmJaa uaNaNiiss
nuMULUUMIUTULAIAINTITimesressaslameiinianiediinnseting (electronically
tunable)  1ugaNTATdEyBnUsEnsuilsidouniulndusuamsnstaugunsal
wenituialviludauaassiunndsduas

Fefuluunifaglananiadfaunsvesguninieniineiinneq Alafinsfauiuas
thiauefinnun T%u;ﬂLﬁuﬂmauﬁaLLawé’ﬂmsﬁwmuﬁugmﬁuaqquﬂiﬂjLLaﬂﬁWﬁé’ﬁ@ums
ﬁﬂiﬂﬂizqﬂﬁl%muﬁm%’umsaaﬂLLUULLazé{’qLﬂ5'1zﬁ’masﬂazmamaé’mjmmuauzﬁaﬂLLUU
m197 Begunsaimendiniagnanisluund loun

® 13335 OA (operational ampilifier)

® 13395 OTA (operational transconductance Amplifier)

® 73935 CC (current conveyor)

3495 CDBA (current differencing buffered amplifier)

2993 CDTA (current differencing transconductance amplifier)

® 1395 VDTA (voltage differencing transconductance amplifier)

2.2 7935 OA

2995 OA %8 eauwouy (operational amplifier) Lﬂuqﬂmaﬂumﬁﬂﬁj@mﬁﬁﬁmﬂ
fiansasniadesinidugunsnuenfingausniithulsesnuuuiasdunsgmiuieas
Uszananadynnuueurien uenanidsdinmsilulszgnalsauossunsvansluauay
Juqdnuinine wu svuunsTanazaIuaNnIEUIUNS Taudsruudeans iueu [21-(4]
TunsgruafauautivieauBunmuasoAnATes9as OA azUsznoumeusifuoomias
(offset  voltage)  uwagnszuaduwnnosdanmfugueviafin1dufinausduns (nput
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impedance)  uaiiun vnrfiussiulasnszuananworaaanaLlsalnossdasy
(arbitrary) wardnsweredygiaeasiinnduetiun (nfinite sienal gain) Tngnsas OA
mmamﬁLLuﬂmmgﬂqumw‘hmu%ﬁylﬂuaawﬁm A81933 VFOA  (voltage  feedback
operational amplifier) 1az3935 CFOA (current feedback operational amplifier) R
AuANTASlHI992993 VFOA Waa3as CFOA LLaml@Tﬁqgﬂﬁ 2.1 uag 2.2 MUaInY

g'ﬂﬁ 2.2 AnuanUAn1alinivessas CFOA

q

2937 OA QﬂﬁwmLLaz‘U%’UquLﬂuqﬂﬂszﬂuaﬂﬁmnG]Lﬂuai’maumﬂ ﬁgﬂugmwuﬁ
WAIWI91N995 VFOA Waz19as CFOA IﬂngrUﬂsaJLLaﬂﬁWﬁig%’umsﬁwms{aaammmmqai
VFOA &nf1e8194u 2995 DDA (differential difference amplifier) [5] %Qﬁﬂmauﬁamﬂmﬁ’l
éﬁ’mamiugﬂﬁ 2.3 (n) %ﬁ@mauﬁ’aéwmmqm VFOA ﬁugmmaﬁﬂisﬂauﬁaa%ﬂLLiaéﬁ’u
Suwmwamﬁqaawﬂﬁa (Vpp-Vpn)-(Vnp-Von) 3935 FTFN (four terminal floating nullor) [6]-[8]
1392995 OFA (operatlonaL ﬂoatmg ampllﬂer) mLLamﬂuiU% 2.3 (v) [9] ﬁﬁﬂmamﬁaé’m
91N2995 VFOA mwmummwmaawma ﬂiuLLamewwlwamummammmmmm
wnfuunifaniensau iy iumaﬂamumﬂﬂszLLamewmmaawmmqLﬂmﬂuu,m%
L%&ﬂgﬂﬂidLL@ﬂﬁWﬁ'ﬁN% OMA (operational mirrored amplifier) [10]-[11] #38293%
PFTFN (positive FTFN) é‘fmam‘l,uguﬁ 2.3 () [12] 2925 MO-FTFN (multi-output FTFN) f3
wandlusuil 23 (@) [12M13] Afaw191naeas FIEN Indidaenann 2 vianedn laed
i’mqﬂszméﬁé’ﬂLﬁ'aiﬁl,ﬁmmmazmﬂLLazLﬁmmwméaaﬁﬁumiaaﬂLLumwﬂﬁmmsﬁu AT
TFTFN (tunable FTFN) ﬁaLLamﬂugUﬁ 2.3 () [15] waz1393 ET-MTFN (electronically
tunable multi-terminal floating nullor) fsuanslusud 2.3 (@) [16] AefiAmANINI893
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FTFN . Tensufudssnananifvenasannsnumsnsnisasmiunseuassniega w
fudh z f;{ueﬁ%mww%Lﬁﬂwsaﬁﬂeﬁmamimmmé’m'}éaumuLLﬂlUé’ﬂf\]’mmauaﬂ dusu
19395 DDOFA (dlfferenhal dlﬁ‘erence OFA) muamﬂui‘dw 23 (1) [17] ‘mmmmﬂmi
ummmamummqmuauwmLLuumamquausmmamws DDA LLavﬂmamummqmumewm
4992995 OFA wwrhamefu Tuvaigfiages FBFTEN (fully balanced FTFN) muamﬂugﬂw 2.3
(%) [18] %Uizﬂauﬁw%LLﬁﬂéﬁ’u%‘uwmﬁmuﬁ%LLaz%’amsLLaLawéwmﬁwuauﬁ%a Tned
AU MU UN ST R U993 FTEN ﬁugm Lwiéi’agfgmﬁgwm
%aeﬂugﬂmaﬁmﬁ}zyﬂmwuma&hw%gsaj

V= (vpp- vpn) V= (vnp-vnn) -

(n) ()

) ()

JUN 2.3 Aavandinnslivivesgunsaueafiniimmunu1ainieas VFOA
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DDOFA FBFTEN

__________________

(%) (%)

UM 2.3 Aauandivndlivhvesgunsaueafiniimmunuainieas VFOA (me)

4713995 CFOA 1303995 TOA (transimpedance operational amphﬁer) [19] &
Taseasn1emelure 13T UsyNeUAIEINATEENILATTRARULUIN (CCIIH) AeTIniuIasny
w396 (voltage follower) 51210 A.A. 1990 USHN Analog Devices 1mmmimamaai CFOA
Iuiﬂla%wa% AD844 ponunsvelunesmain [20] ﬁﬂNﬁIﬂ/ﬂU%’N%NWU%UOQﬂ%R)UU’NQi
CFOA ”Lmummu&mmi‘dmLﬂi'wmwamumqV]Lﬂuamqmﬂ [21] uaﬂmﬂummmwm z
YenaTaeIUnszLanluies CFOA fifinsmesenulununeuen Sudesaelnnis
norvasUszgnalenuiinudanguiazainuatenndaiu 2223 udantulading
111917995 CFOA TUUsuUpaqauant@nisinauaunateiduiges DV-CFOA  (differential
voltage CFOA) [24] uag3935 DDC-CFOA (differential difference complementary CFOA)
[25] muddy Fanaandimalihuesisasnsasdinanuandafizui 2.4 (n) uag 2.4 (1)
AUAIU

i = DV-CFOA DDC-CFOA V.=V
Vv -

(n) (¥)

JUN 2.4 AauandinnslivivesgUnsaleAiniimuIL1aINI99s CFOA

1935 OA  Bnshmilaiignesniuuludmsuinguszasalunisussaianadyy i
nszualnenIzAAn1995 TCOA (true current operational amplifier) [26]-27] na1ilaan
AENUALUN1TYN9UYRI9995 TCOA 1 WisuABIlAiuI9as VFOA  WAFEUInanune
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Ui‘vmamaius‘dﬂ'ﬁ‘vLLﬂlﬂﬁzﬁLsaﬁumﬁauﬁmws VFOA 1n&7995 TCOA azUsznaulumedn
ﬂ’iuLLﬂ@uWGWlllall‘WLLG]WUG]’]@J”mﬁEN?J? ﬂa ip Waz iy %qmasﬁwaamzLLaﬁuwmﬁqaawvm
mmulmﬂuﬂsmat,mmwm o 199299588 MWEINTTUE A 950 iy = A(ip - in) \ilo A fian
Lﬁuauumiumaammm LAZUREIRUeT VFOA mniinisUsundudyanauuuauuad o

yhlnnssuaoonisndunnvesnes TCOA faussnaiaus Gy - in = 0) Tnonaausimali
Y943995 TCOA uanalafagui 2.5

______________________

3'1]‘17; 2.5 @mﬁuﬁ’@mﬂﬂﬁmmmm TCOA

9m¥annslunistinems OA fsapsguuuulumaziduisas VFOA vieasas CFOA
Tudsegnanasendugunsniuenfinaneg uinune anwsoagulunilassasaiiddylade
gunsnnenfiniiflassasBunaduuuuises VFOA asiifnumsiduisasuanausediu daf
vofifie anunsnUsznanadyaaussiuiieglusluuunariunisadamanslane sud
ansnitldusy aﬂémlasJamLﬂmq%ﬁﬁmﬁwﬁLaﬁamméqaiwm LARIUANAILLIINY
981919U 2993 OTA g ﬂmﬂummamaimﬂum oy E]‘UﬂimLLE]ﬂVlWVliJIﬂNﬂi’NLQ’]G]WG]L‘GU
NILUALUUNTT CFOA agiivafifie anunsauszananadnaalaserdonisamnuaidufiunug
lugsduonnmdudln fsassernubanguuasnannuaisanndsiulunsussenalsnudaiioy
namluhvenodld

2.3 99393 OTA

NATVEIYATAIILL (operational transconductance amplifier) %391395 OTA wWu
QUﬂsajLLaﬂﬁWﬁﬁwﬁagéﬂﬁuﬁwﬁqﬁléj%’um'm%msmLLwéumaé’m%’uﬁ'}maaﬂLLUUN%
Uszinanadayanaueuzdonialulnunussiunazivaanszua (28] falneialiags OTA axil
¥29n15UFTR (bandwidth ) qamdnwa OA ‘ﬁug’m LaranInIaulsANSRTIvE18A1IAINY
thvensaslaneianismedidnnsedng Inefin1susuadinanadaunsansesiilaly
¥29N29BNAY WONINEI993 OTA é’qLﬂuqﬂmajuaﬂﬁwmaia‘hLﬁuﬁaﬂ%ﬁag’mmﬂumﬁ
Fupzmees  ilnnzauegnanndmiuiuswmensiillesnwuuasaduasessau
[291-130] TneAmansAnslivwenias OTA uandladssuil 2.6
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OTA
=0T
V+°—i—@ gmvld Ni io
: " —p
vld{ i=0 E |
— == i
Vvo——0O -

gﬂﬁ 2.6 @mamﬁamﬂﬂ/\%mamwi OTA

23U 2.6 wandliiuamens OTA shwflaflouuvasenseianiuaumeusaiy
(voltage-controlled current source) ‘VI%@Lﬂﬂ’aﬂﬁ]i‘ﬁﬁﬁﬁgﬁ‘ﬁlLU%SULLiQﬁJuiﬁ;ijﬂaﬂaLﬂﬂﬂi%LLa
(voltage-to-current conveyor, V-I) UL mmﬁuﬁuéiwﬂ’mLLiﬂﬁuﬁuwmmaGﬁﬂ (Vig)
ﬁUﬂizLLaLméwm (i) mamwa%a&ﬂugﬂ%qé’mwmammmﬂﬂ (transconductance gain)
w30 gn  Sevhluanmnsaudsanlanenismuauussiuludanionseualudaanaieuen
FruFailvilgemniie1nses OTA duesemiuiandunousdenney Ailnuautfinud
waula e Nﬁ]iﬁé’fﬂm31zﬁgﬁuamWimJ%“‘Uﬂ"lQmauﬁﬁmamw315538"3%15%1@5Lﬁﬂmaﬁﬂé
satsladndunadlafmunumaivainaisuenlunisdauasiznisas uenaninin
90NUUL9T OTA Tuiviansiansnm fazidos uisnonmanorsastugiuuulsunduuaseg
Tnmsdaanenssnssilanetudnme 193 OTA  ludnwasiazFeniaes MO-OTA
(multi-output OTA) [311-[32) Senaantimslivimesnsasuandafsguil 2.7

Ul 2.8 dydnuamnslihvensas OTA

JUN 2.8 wansdyanuainielivivesisns OTA Wugiu Inefifiee1en1sdunseniens

[ o & ¥ Yo - = A a
wougdoniantuiugulaglyieas OTA  wandladinsnedl 2.1 Fadliefinnsanainms
sanamazansadudulainnisesnuuuiesiaglyiges OTA Wugunsaueafinwantiu azly
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2935 OTA fAudvuszamtu Usaainnislydnumumadnainnieuen Jaintndiuau
gunsaumadnilyluiarsanussauarisuuuuinasingludugeusinin Jdianuwmungay
funsihluesnuuuan ety Sudianvuaiuivewsadnmme

M191991 2.1 Meoenan1sdunTznasweuzdenitinduiiugiulaglyises OTA
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2.4 7933 CC

JATEENIUNTEUAVED199T CC WanTuuaziiaueiduaduanlae K C. Smith uaz
A S. Sedra lul .. 1968 [33] Taglugausnaziiden rsasanenunszuasuinia (first
generation current conveyor) 392993 CCl %ﬂﬂmamﬂavmbmﬂyﬂﬁum’wﬁ cd LLamﬁ'ﬂgﬂﬁ
29 FeawnsneBunevdnnsinieueessas Ca lade wnfussiulirinnaseunisay
Bunaiinesn y  wan qlvﬂsmgLmﬁﬂw%huvﬁﬁuﬁwaém X a8 LLaviumvaﬁmﬁuSWﬁ
nszudlalvi (i) Inarudunaiinese x ﬂﬁ]uﬂiﬁﬂgﬂiuLLﬁVLWWWﬂWLVHﬂulﬂaVIWEﬁG] y e
LLamﬁuLLammmﬂuumaﬂaqmulﬂl,ﬁumuLLa‘mwasm z vty uenaniausaduluving
Usngiuiinesn x %lmuﬂumﬂszLLﬁIWWﬂwlwamuwaim x wazanszualiiviiiluannu
Wasn y tufarlutuiumussiuliwiinnaseuiinese y WAty

3UN 2.9 Aauantivndlinivedisss CCl

ANANTRNITYINUNUFINYD9399T CCL anu5alg oS uIgANFuNUSTEMINUSIRY
UNTLUAVRIINAT AR
1
0
+1

(2.1)

<

Il
o — O
o O O

mnfinanuidesmuuamnszualivdilnamunesn y 9992995 Oty gty
nszudliiiilnamiunetn  x vilmduvesdelunisesnuuuisastssgnaleauuiaeas
ﬁaﬁuﬁﬂaaaﬂﬁmmﬂmwﬁ%’aﬁqmLﬁulgﬁmumazﬂwLaumwimawmﬂssLLaéuﬁam (second
generation current conveyor) #381433 CCll Fu [34] IeviN15USUUTmaNNI5u89393 CC
TnAnauanesiuasanuatslun1sUszgnalenunniy uAanisiauanduises
CCll 1ARINMTT I AAANTATDI2 I IR UAUINNLNT2LE (current follower) 17
et Tasn1susudsunnumunudunednesn y - andufifiansiunnlniiaigann
nanlannisieurensas Cal alufinszudlnainwesn y luvnsiiussdunodn y azgn
awludamesn x  JaudunuaniBveniasmuuseiu munssuailnanumess X agn
awuluanosn z ezmLﬁuﬂmawmamwammiuLLa ﬂﬁmwmmaﬂfﬁlwmaqmuuawwaw
z ffmmafeafuiunszuanosn X aziFen ’Nﬁ]imawmﬂsuLLaiuwamLLuumﬂ (positive
cl) vi3o199s CCll+ lummanduilunsdifinssuadinesn z Hianssiurutunszuanasn x
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WITINI WITAUNUNTTUATUTIADUUAY (negative CCII) %593935 CCll- nganaudi
k993993 CCIl wansRagui 2.10

sUT 2.10 Auastinslwnvenaas CCl

ANANTRANITYINUNUFIUYD993S CCI aUNTOEURTUIEANUFURUTTENI NS IAY
UNTLUAVRIINAT AR
0 O
0 Ofi (2.2)
1 0

ilesufiousemingmeas CCll AU29as VFOA asmunuunanwesisas CCll flvod
wilon111995 VFOA  mtansdsznisiay ﬁmmﬁwsjuuawmwmsﬂ,umiaaﬂufumwa
1NN Wesenmnzandiavihllesnuuuasesianunussuuayivuanseua Suaanns
Uﬁﬁamumamwaﬁm’mﬁ'qm'jwLﬁaqmmjizﬂaumyfgmwamﬂuﬁﬁé’mwmaLﬁ/ﬁﬁ’wﬁq an
%ﬂﬁ’]ﬂ?iﬂﬁﬂlﬂﬁi@ﬂis&gﬂGﬂ%ﬂ’MLLUU’NLﬂﬂ (open loop application) Imahigaaﬁi’ﬁmag;ﬁmi
norasUsufunuvaumiioufuIsas VFOA uaﬂmm’fﬂ’ﬂmmmamﬁ’mauqﬂmaﬂﬁlﬂuma
Fuaseisasadlasnae [35] ﬁaamema%waguﬁaﬁﬂﬁfmi cal lasuanudeuainin
aaﬂLLUUu,a.v‘wmunqmmumamaammmuauuaaﬂaEmLstmawmaumﬂmuu

mﬂLLmﬂmLamaﬂmwanmammuimumaaunafaﬁ cal luimuuasysuls
Iﬂ‘NEﬁ’Nﬂ’]Eﬁ,uL‘W’eﬂ‘lﬁll“diuZ‘WlﬁﬂWWﬂ’liw’N’luwgﬂJuf\]’m’m%ﬂﬂ [36]-[45] Taelus12d A6
1995 A Fabre warAnzlavinisimunlassasiweas CCl Inge1fuAuaNTRv999as
ysuadifles (translinear)  [46]  wagdadensasfiiamntun ’Nﬁ]iaﬁawmﬂimméuﬁaaq
muqmyfwmma (second generation current controlled conveyor) #382335 CCCll [47]
TAe993 CCall Tianiuazerfondnnisvenasvmiuaaiesiiievnisusuriermuns
pumULEsTinesa X (parasitic resistance, Ry lamenssudludaninaeuen Suiiln
anunsnlesnuuudansiznasasuousdenlalaglusidunedasnuniuniadnain
A8UDA 'Sm??aé’aawmmmmmmmuzmiv‘mmmamaﬁm%mquﬁuéjﬁaﬁ%‘mima
5i8nvsedng
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2993 CCCll %vuﬂmauummalwwmaawasmmqG]Lszjummﬂmws CCll undmiursas
ccall v‘Ui’lﬂgﬂﬂﬂ']’lll&l’]‘IJW]HLLBJW]’NW]HWE]W} X mmmaamummaﬂﬁuLLaiuaamuu
@mammmﬂwmmaaaa% ccai mmaulmmgﬂw 2.11

CCCll+

U 2.11 grautFmalvinivesaas CCCll

N3UN 2.11 azinulanaaaui@nuanansiueeadniauseningees CCal fuens
CCl wuuLANAD 2935 CCCll - Fndunasrmilafienianunumiuea Rende tnefinnaaiu

G]’]‘L!‘VI'TL!GNﬂﬁ’]’)ﬁ]ullﬂ"l?JU’e]EJﬂUﬂiuLLﬁl‘UE]ﬁ (lo) ¥9493939 mﬂﬂmammwlmanmmmu
ﬁ’m’ﬁﬂLSUEJUEJﬁU’]EJﬂ’]’]ﬂJﬁﬂJWUﬁi%WJ’NLLﬁﬂﬂuﬂ‘Uﬂi%LL?ISUEN’NTM ccal lmmu

0
Offti (2.3)
0

1%

\3amine + 1893985 CCCll asidnuwasiiortuiuies CCll inanunansmunaumun
fie fivauuuaeas CCCll Miduuuuuin 11592995 CCCIl+ wazaeas CCCll iduuuuauviensas
ccal- uenaniludifeatu A Fabre  dilathiaueisasarsnunszuaguia (thid
generation current conveyor) w387993 CClll Tudnane [48]-[49] G‘ﬁgmmauﬁamﬂmﬂjﬂﬁum
2995 CCIIl wansdsguil 2,12 Tawa9as CCll azvianumilouduisas CCI uauanastunsed
nszuafilvanumesn x uay y axlvalufinmanssiueuiy

. CCllI+ .
=1, o ____ e 1= +1
y~ 'x v —x
—> | L —
Yo : 1 d oZ
: . !
1 I 1
1 X H 1
o |
IX E = '
Xo T /lI E
V.=V P - |
x~Vy v |



32

NNAMANTANTINNUNUEINYE9995 CClIl - @unsalisuasuienuduiussening
WSIPUUNTERATD9995 bARH

Iy 0 -1 0}y,
v.|=|1 0 O0}]i, (2.4)
i 0 £1 Of|v

'
=2

1995 CC Snuianiefiisonana9as DVCC (Differential Voltage Current Conveyor) @4
#autalag H. O. Elwan wag A. M. Soliman [50] FsvhmaiAsuudasinduns y annidu
Tnnanewduaesia Ao G?’fu@uwm yl uaz y2 luvariuseiuiits x asflendunansssuing
usauBUNT9n y1 fU Y2 (v = vy — Vo) Yilndarudavegulunisesnuuuisasussgnaly
nutnuakssuLas Inuana 1nduliuiuns DVCC Agnuiulgsnnausisnadilaenis
éa%ﬁuwm y1 2129 (vyg = 0 V) witestiln vy = —v, ﬁ]zléquauﬁ”amiﬁmummwm CC
nsdlifiFena 2993 ICCI (inverting CCll) [51]-[52] %ﬂ@mauﬁawwaw%mama% DVCC uway
2495 ICCIl uansfaguil 2.13

sUft 2.14 arautimiliinivensas DDCC way DDCCC

Lsziummﬂumﬂﬂmauumanws DVCC mmwumauwm y3 wluuae dvuslnusedy
it x umLmﬂumai'gmamummmLLimuauwmma’m (Vx = Vy1 — Vy2 + Vy3) fazlanaas
ﬂ’]EJ‘WWuﬂiuLLﬁ@ﬂEULLUUﬂu&W%@’J’]’N%i DDCC (differential difference current conveyor)
(53]-[54] LLawmﬁ']miLﬁu%gaLmﬁwm z 9992993 DDCC Innanenduansiafe 7 21 waw 22
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Tneiinsviauanuasfuaiifianienssuadlwaniunseiusuiu szvinlvlanes DDCCC
(differential difference complementary current conveyor) [55] %ﬂﬂmauﬁamaﬁ/\lﬁ’maﬂ
2995 DDCC Wa$2995 DDCCC LLaméﬁ’agUﬁ 2.14

Tud A.A.1996 H. O. Elwan wag A. M. Soliman 13Ut MaNNNSVeINaRNTEud
(current dlfferencmg technique) m‘d'i‘”EJﬂmslﬁus[,um’liwmu’l’sﬂiﬁa'lEJWWﬂi‘“LLa Tneisuann
MIFNATIZALELULAUD2995 DCC (differential current conveyor) [56] Fanszvilaenis
LﬂaauLLanmauwm X Imﬁuaaasqm (X1 upe x2) uagtmualvnszuaiita z veanasidy
masﬁwwiwmzLLaﬁuwmﬁ%’jﬁuwm X1 U X2 (i, = ba - i) FagUT 2,15 (1) Tuumarm
Lﬁmﬁ’w:%’aé’ﬂéjﬂﬁLauaLLuaﬁmiuﬂﬁﬁé’amswﬁaa% MDCC (modified differential current
conveyor) mlﬂwwmmmws DCC ImamﬁmLLUammauumamwﬂwLLiaﬂummauwm y il
mmmumua mﬂmammmﬁwmmam% MDCC LLﬂmmiUVI 2.15 (v)

;J‘U‘T/'i 2.15 @mamﬁawﬂQIWﬁﬂmaaaq%i DCC wag MDCC

Slofansanauautinisiinuresnses MDCC lugufl 2.15 audiulan winluiith 22
LA7 NIEUAWNATIEY Z1 (1) V992993 MDCC agfinndunamssemnenszuadunadits x1
Ay X2 (in = ba- ) wienanlannsdiihems MDCC vnfladiounsnsnanienszua
(current differencing circuit) %393993 CDC kaza1nAnandiniinauveaslugunssua
[57] iamﬁwﬂﬂmﬂﬁ@mL%amaﬂiwwmhﬁm’maﬂv@ﬁwLLBJ& (stray capacitance) n1glu
24935 [58]-[59] %qﬁﬂﬂ;ﬂzjmﬁfﬂ%%’aﬁamﬁnwswaﬁmﬂizLLﬁlUI%VTW‘JﬂﬁLﬁumméawﬁﬂu
mspenuuugUnsaieniimiulvsndussemaLiosdsagnanluienodly

2.5 7935 CDBA

mndilananluuarlutvensununinsdliiases Mocc luflta 22 avsilmas
MDCC shmmniiaiionnsas cOC wazlud ad. 1999 C. Acar uaz S. Ozoguz lethiaue
LuARiEaf U995 CDBA (current differencing buffered amplifier) [60] #387933 DCVC
(differential current voltage conveyor) [61] T Lﬁaﬂizqﬂﬁﬂﬂﬁumié’qLﬂiwﬁawsﬂim
Fyaalnuanszuawarinuauseiu melandnnisesnuuuisasinglensmnislvadyai
(signal flow graph) [62] LLazﬁUﬁ]WﬂﬁmﬂuéjumﬁigﬁﬂaﬁaﬁawaﬂﬁuﬁﬂLm:m% coBA Tly
LﬁuuﬁoaqﬂmaﬂumﬁﬂiumwonLLUULLazé'fameﬁfmmﬂizmamaé’@mzuu,ouzﬁaﬂﬁﬂ
1NU1Y [63]-[78]
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2935 COBA dmvdugunsauneniinuuvdtndnmuaudfinialivuandladagui 2.16 Tay
8

(%
[

2995 CDBA Usgnauniedn p uazdn n Aetidunm uazdd z uazdd w dudiennnmnvedins
AUAAY

CDBA, DCVC
i, ' coc i [
! 1 R
po— o I

o ¥ L——ow
i ! AN | =
1y ity b WY
no——¢ A
== EE_ = |

sUT 2.16 AnuanAnslun1venias COBA

NFUN 2.16  iulan13995 COBA  Usenaulumieninsuasdfyaetisashe 1993

aa v

NARNNNITELALAZINITANULTIAU %wmLﬂuﬂamwwmaﬁmmmm MIIVYIUNIAUNT

Fefuriilynans CDBA Fawany mJmiﬂi“aﬂmiﬁzmumuﬂiwmamaﬁzyzyﬂmmmam [79] log
nzuaiilnanuia z T\J‘“Mﬂ’]LVI’]ﬂUNﬁGl’N‘U@Qﬂi“LLﬁ’e)‘L!WGWlIMaLGU’]SZT’J p Ut n (i, = ip - in)
Fefuludididn z mgﬂLsﬂmmmewmwumamaﬂima (current  differencing  output)
Tuvauzdida p wazda n FenndrBumslunduiia (non-inverting input) wagdBuNANS ULl
(inverting input) Mud1AU uenNiusuanaseuiita z (v,) SufnanArdufinaueain
meuaniineoy argnasmiluumngiduusafuermadits w v, = vo) laefiaudinius

IEININITTUALATLIINUYDII99T COBA ansnsallisusdunglassaunisneliil

I, 0 01 -1y,
V| _ 10 0 O |i, (2.5)
Vo| |0 0 0 0i,
v,| [0 0 0 O |i,

1% (% (%

nfinaInTIRuLaILTITUANATONTIYA Z 193993 CDBA asfinanAnBufiuaug
Mnaeueniinesguararamuliumnguussfuoawndita w - Fafunisdeudoao
usauDINENAUINE ST LB IT CDBA Tedudunadydufiuaugannnisuonidy
osnUsznaUdfTy uaﬂmﬂﬁmﬂﬁmﬁmﬂul,l,isummiﬂ%’uLLéqamamﬁﬁmaaaaaiLLga WU
nseenuuuaTTanduLouzdeninglyans COBA thiluannsonssvhmsusuunsnmauta
1991933l9nETENIBiEnnseting mileusunseenuuuinsiagluns OTA u30eas
CCcll mﬂﬂmmﬁaﬂénﬁﬂﬁﬁﬂéuﬂﬂﬁiﬁ’dﬁwmmm%’wqagﬂLmeiﬁNmmaaN% CDBA
fulmal 1wu vinsfuAsulassasanisluises CoBA Tnglyssmsuadidesuyimmni
Hunses o ilevhanauiRiniarunumuidsnisludibuneanlousslosd [57] 293
CDBA #ilwuuamsiiie 2995 CCCDBA (current-controlled CDBA) [80] Fsfianiautifinnain
pumuudan1gluiadung p uaz n (R, uag Ry) anunsaulsatlalasnisniuaunseudluda
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nneuen FenauautRnidlrivuanaiagui 2.17 spnalsinulunsdiivihlugBunn p way
N 9992995 NAUINIAMaNUTRTUTBUNARIINUY (Vp = iplp W8T Vo = inln) TWUALNEAIU)
1495 CCCDBA Fsiinsvinueglulvuaunsesiu

CCCDBA

Ul 2.17 pruandAmmslinivensas CCOBA

SﬂwﬁaLmeqﬁU%’UUqagﬂLmumsv‘mwumamws COBA  Tulvmifoa3as DC-COBA
(digitally controlled CDBA) [81] ﬂiﬁﬁﬂizLLﬂL@ﬂMm%ﬁﬂN% CDC %gﬂéamﬂﬁ;ﬁmwa
CDN (current division network) Lﬁaiﬁﬂimal,méwmﬁ%’ja Z YYNAT mmsammuléjhyw
dyanineaannieusn () é’faLLamﬂmamﬁ’amﬂw%ﬂﬁiugﬂﬁ 2.18

- i |
. e
o 1 CDN o7
S [}
! P
: H : w
. 1 1
i . i Y
n i 'p"nii Vzi wo Yz
[
' D
1
LN 1

gﬂﬁ 2.18 @mamﬂamﬂvdﬁwamws DC-CDBA

2.6 2933 CDTA

#&11n2993 COBA  logminiauetunarlnsuaufeuiludszgnalylunsoenuuy
wardaATIEMeaTUsTinanadyy nueurdenas19n119e aewlusnd A 2003
E)UﬂiajLLaﬂﬁWﬂ’]?J&LGTLV]ﬂﬁﬂmaﬁiﬂﬂﬂi”LLa’gﬂ@f’mﬁﬁﬁﬁ%@’ﬁ’Nﬁ]i CDTA (current differencing
transconductance amptlﬂer) ﬂaﬂuﬂl,auasuuima D. Biolek [82] LﬁuﬂiaLLiﬂ Imaummwamw
2995 CDBA HuU¥N0UmIE AR NN TUARAY NI 1L LTadisnTueoasiinifunil
FeluanansoulsansaskIunszLaLarussiule uazdsaUsznoumeisasvnaululug
wssu Virlnnsvszgnalralulnanssnaunassansudunedlamumuainnisuen
devmidsuussiulmdunssua dmalngunsamadnluisesisiuunn fafuasms
COTA Fsgnimunduanmadnulamdnnisvesnsas COBA Tnglyasas MO-OTA unuagas
ukseiu Fanaautinidliriinessns COTA wansladsgudl 219 nanalaanaees COTA
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U52NaunIg199s8asd1Anaedatu Ao 1935 CDC  luaiun1adunnnesiuiuieas MO-OTA
TuguniaeIane FeanunsanUsndnsvensnnutl gn lnaeisnsmedidnvseiing

_____________

___________________________

gﬂﬁ 2.19 @mauﬁamﬂlﬁ/\lﬂwama% CDTA
MNLUIRAFINa1Y ALY lines COTA Ui“ﬂ@Uan’JﬁJ%’J’SUW@ (ip wag in) uay 2
mewm (i, wag iy mmuiuiﬂﬂsvuawwm LANANEMNLTBBNKULIASTAL IMUALSITY
itz (v) Wummmﬂml,m M3vhauvesesiazdauauUAdulumunisiaululue
NITUANIIQAUAR fathuFenanlainieas COTA o gUnsaleAvlAfin s ulnuansua
AugULUY TREA AU SE99N S LALAT LTI UY83925 CDTA anansaideuesuielasil

I, 0O 001 -1}V

I, g, 0 0 0 O ||V

i, |=|-g, 0 0 0 O]V (2.6)
v, 0 000 Offi

v, | LO 000 Ofi |

MnwAaTnIsUsgnaleaes COTA Wieduagnidunasuouzdenlusudunody
famumumainainaisuen  avilransnansiuausmuniuwainainaisuanas
sufislasiarsvesnasfieanuuuasiinnungiininuindadu [83] Jaduusegalaluiinig
fimuneeniuunTUssnanadyauueusdoninuanssualagleises COTA  ugunsal
weATudnfuosaunansnntuiudidu (8a1-91)  waeileluuuaniioinisoonuuy
2993 CDTA - mgnsudamesuuuuedluguvensasmuiusnignassunielamalulad
EUROPRATICE [92] ‘uaﬂmﬂua’aﬁ]ﬁﬂﬂfﬂwEJ’]EJ’]@J’EJ@ﬂLLUULLauWWU’]USU‘UEQ’Nf\]i CDTA g
ordewadiamuiisaiuilsluies CCCDBA uasiFondorsasiioonuuuiuiniees CCCDTA
(current-controlled CDTA) [93] I@U%ﬁ%’ﬂiéjwma’mLﬁm@mauﬁaﬁ%ﬂﬁuwm p Uaz N Y89
299svaninsauUsnInLATUNILLA (R waw Ry) lanenssualusanunuainnisuen usl
naifiunuanTRfnaasiiuromensUsuunsalnfuaes CCCDTA  unfiviludaduns
vosaslunsdiiogluguirBunmussiunazamalmeas CCCOTA nfuignisvaululug
LUy
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CCCDTA

gﬂﬁ 2.20 Qmauﬁ@mﬂﬂﬁwamwa CCDTA

2.7 79997 VDTA

Tull A.¢1. 2008 Dalibor Biolek lamusiuuazthiaueguninioafindfidnanimlumy
GiummiaaﬂLLUUNﬁ]iLLauzﬁaﬂﬁﬁu [94] %@wﬁaiuﬁ?uﬁaaaﬁ]i VDTA (voltage differencing
transconductance amplifier) TngnaansAvslinivesaias VDTA uandladegud 2.21 90
stanfiulananauiFinsinurenias VOTA aunsawisuiieulatuises COTA fivha
Tulvuanszua nanAen1Adunnvenas COTA  HauaudAiduisasuananszua éfsumﬂ
au‘wmamwa VDTA ﬁlummam‘umLﬁjmdﬁ]imamflmmu (voltage differencing circuit) “(N
‘wmamwmnwa VDTA uﬂiuﬂ’e}Uﬂ’JﬁJ’Nﬂi‘VliJﬂmﬁNUG]L‘ij‘lJLmaﬂﬁ]’]EJﬂiuLLﬁﬂ’JUﬂiJWJEJ
mamwaaLLimumai'smma% OTA wuunaBLemNe fatunednenimlunisusuamg
Sidnseting Sevhlndienumngauluninines VOTA Tuduesgniduisnsueusdenaag
flonfansuumminiivesneisnsmedidnnsedng uenanilud e 2011 Abdullah
Yesil uazanizlatnaueanas VOTA  laglomeluladueansiudames (951 8991n2e9sii
thiauefananaziiulamiduiasiioonuuuiuiinruneindauaiinnudavegudmiuns
yhauialnunussiusasivuanszua Jaduvelausuiivadlaluninilussenalelua
aaquiuesnann (96111021 Taeswazideavemdnnsinuiasmsinsemsasnigly
1992993 VDTA $039015VAA0UANTI0UE1092993 VDTA astinausluumaely

VDTA
i e |
p ' VDC 1 "+
po= : S
! l: | IZ-
g — B
Vig : § RN
i IrmeVia! —> 5 X+
n | n ngVz+ 'Ix-
no———0O ' —> ; X-
’ ¥ i
—_ ] [N} ]
Vid Vp- Vn i 0 “OnsVz
1 [N = 1

3‘1Jﬁ 2.21 AauandAn1elnv1veddsas VDTA
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2.8 &3

Tuunildunisnanidafaunmsvesgunsaneafivadamagilainisiaunmiesis
powfosmunaneundugunsneafinuuilvalutagtu Faiunlslusenuuuuardnaszmdy
2asUsznanadnanueurdensiinnag lnsgunsnmeniiuurlafignimuniuazendy
nsUsuUuariauIgUnstueainiiugruiiinislsaiuesrsuninatgoguadlnd
Uszansamlunmsvheaumndeiy sufimereuanveunnsesuazuasiiame lunsiany
rrvasLUUIANaarnoeuuLlnAaaudavguuagauaaewiagelun nitly
Uszgnalaau lurnsisafuisedhdsnaanifnishnurenssindnsfifoumnms
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19TAneuUNTELE Awlaauduiuseiail [19]-[21]

2
M:(Wzl-ij(vesz _VTHZJ (l"'/lzvosz](ﬂcoxzj (3.12)
i WL, VGSl —Vhu 1+ﬂ’lVDSl ﬂCOXl
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lagfl 4 AeAuegianal1ue1Ivesyeddinssud (channel  length  modulation) ¥8q
NIUTARDITWUUNRARIT | WM MUAlUNTUTANDT M, ez M, 1ANUaNNIwiuNUTENIs
(match) zlndnsvenenseuaveIRsasneunselalugui 3.6 iy

Jou _[Woly (3.13)
L (WL, '

n

4113 (3.13) uanalmiAugnsnaiusznag log AU lin IuogiuaInILNIIuaY

AMUENNIVDITDIUINTEWE FILUNTHUNTIUTANDT M, VINNUINLELDULTAINENTEWEAIN
Tuy299u6n FanusatuiIanveIRsiasavinaulasemizaufe

V

Vi — Vo, (3.14)

DS2 —
TunsENNTELAATUYDT M, kag M, JAN1iudsyinly Vpse = Vs Na1@8 Vpsy den
WULNTU NTELE Loy AAZIALANLINTUATE
oIS NANBUALDINIANUDYBISATAE N UN SELalUNSHld U I UIALaNTY
lulaonsivenenseralnminu [DARWIN N3]

iout gm2 1
- = (3.15)
gml

NEAUNT (3.15) WINRNTUNUNSAANUDAT (S —> 0) TRTIVYIYNTLUAVDINNATALNDU
ASLLEILLNAU
lw _ Oz (3.16)

Iin gml

Fauilafinrsanlassasianisluves VDTA é‘fagﬂﬁ 35 9eNUINSELALUSH lge uaz
lgs AETAWIAY 1in V09299 58NOUNSEUATTATLIULUUUIN (MisMs) LLazmzLLaLméwm
mamwsazﬁauﬂszLLa%ﬁmﬁLﬂuLLuumﬂ%gﬂéqmulﬂl,ﬁuﬂizLLa lin UB91995ALNOUNTEU
siafiiusuvay (Mg-My,) wazidlounuaunis (3.11) asluauns (3.9) waz (3.10) Ing
fﬁ’mumlﬁmwu%ama%nﬂé’hﬁmmauwaﬁﬁ’unﬂﬂismmasmLguﬂWiﬁaﬁsmWﬂameLmﬂma
Yol uBanes axlnsnswe1eAANLIUedas VDTA Ao

W

Qe = K’(TJIBF (3.17)
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WAy Ops = K’(WTJIBS (3.18)

Imefl K’ = uCox &@uN5 (3.16) kag (3.17) uandlmiiui1onsIvensa1nuyl gme g gs
P943995 VDTA  @wnsamuaulanigisnismediannseiinalasnisusumnszualuda lge
way lgs AMUAIAY

3.4 HANIFAIADINTITVINNIUVDI9AT VDTA

deidumstudunaansilumsiaunmguiivensas VOTA Alanamndduuni Tu
shveiiteinnismadeunuantivesses VDTA fhinausluzuil 3.5 Tassiaaamevhauves
299smelusunsa PSPICE lamsudamesuuuueanelamalulad TSMC 0. 35-um YDIUTEN
Taiwan Semiconductor Manufacturlng Company iﬂaa”Laaﬂﬁuaaﬂ’nmaN (W) wagadu
e (L)‘ZJ@Q‘U@Q‘LJ’miuLLﬁ‘U’eNVIi’m‘(JﬁLG]E]i Savuadennsnadt 3.1 wavidonlounasangliided
AU 4V = V=2V

M13199 3.1 ANUNMNaUAEANEIvBBNINSEave T UBawe TN luiens VDTA Asgun 3.5

Transistors W (Hm) L (Um)
My = Mz, M5 - Mg 16.1 0.7
Mz — My, M7 — Mg 28 0.7

Mg — M1, 21 0.7
Mz, M1g 7 0.7
M14—M;7 8.5 0.7

SUT 3.7 (n) wamslassasneneluresases VOTA fllalunisdansnisviiau wanis
$18939n15919UNUIN N3G lgr = las = 40 PA (Gme = Gms =381 PANV ) 29357iiaueqy
dudasdalyn (power consumption) Useunad 1 mw LLangﬁ 3.7 (3) Lan9I99T
VDTA Lﬁaﬁﬂmiqm’su’mﬂ@ai%‘maaiumﬂuué‘amqaﬁ (create block) Wiearuazainly
msilusassnisinenlunsdlineslaes VDTA 1INNIATIR Uﬁamq%ﬁaamwu
Usznaumetiunasmgliideas VDD way Vss mauwm p uaz n mmmwm Z+, 7-, X+
uay X- audy sadetanssudludaanaeuensesiielslunsuusnswensaaaui

ﬂam Ige e lgs
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o I | wdl TR

B 1BS.

M133| |E M14 |E M15 M163| M17 Hl |E M18

<)
vSs

(n)

U1 VDD VY
9 fvob  vss |2
1 SS 76 Vi V2
P X+ [ . -

N X- = —
3 8 2vde — 2vdc
2 Z+ Z- 9

IBF IBS

VDTA_FINAL

o-||

()

5UN 3.7 2935 VDTA fildnassnisiaulaglusunsy PSPICE
() Tassasnnely  (v) Uaan19as VDTA Nasnaduiielslunisdnass

g‘dﬁ 3.8 LLammamsﬁi’waaamamaauamauﬁ’ﬁlﬂﬁwmzLLamn (DC transfer
characteristics) S¥WTNNTEUAIING Ly ke |, WisufuLIsiuRamadung (V,— Vi) s
ANSEIINE -400 MV uds 400 mV Taevinisudsanszualuda e Wiy 10 UA, 40 pA
WAy 80 HA MmINAIAY mﬂi‘dﬁ]“mu”lm'lamwmamﬂ'g'mu'l OmF ﬁ]ummm’lmﬂummuma
mmm‘umeumamaauwm‘mqumﬂmuﬂmaLmaﬂsuLLavLuaa lgr STy
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120
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i, (uA)

-120 : : i
-400 -200 0 200 400

900 T T T T T T T T T T T T T T T T T T T
I I I I I I I I I I I I I I I I I I I -
X NS T N O T O N O N N PS
I I I I I I I I I I I I I I = |
I I I I I I I I I I I I I | . = I I
700 4+--#--4--d-—d-—-F--F-—t-—to—dm—d———m ==k - =t >3- = — - -+ ——
| I I | | I | | I | L= i I | | I
< T S S N S IO T DU NN O i ey S S R S N S
> 600 t--t--1--q-m ) R T T Rt el H Sty ety R R
= O T = ot U S O
3. 500 t--t--4--9--4---F--p==xF -4t
— | | | | | | | | | | | | | | | | | |
A R S e
E I I | I I I I I I I I I I I I I I I I
S 300 L b AT bbb — i
0 0 HAN1IARRN |
200 +--fF-4--q4--a---rF--rFr--r-—ft--q4-—q------ “ -—r-—
g I I I I I I I I I I i B T VNN I
TR 4 S N N O O N S O SO B
I I I I I I I | I I I T T T T T T I
I I I I I I I I I I I I I I I I I I I
0 . . i . Yt

o
)
o
I
o

60 80 100 120 140 160 180 200

JUN 3.9 nan159a8I8NI1VE18AIAINEIYE9RT VDTA Wiaudsansualudd lge

SUT 3.9 UanaNan1391aessnsI9EN8AIAIINN g V999 VDTA Wisufunseua
Tudaanaeuen Taenisudsen lee Tudandon 10 pA auiis 200 pA Wevhmswieuiiou
ﬁ’uwaﬂ'1wi’wmamquwiéﬁaumiﬁammi (3.9)  ANUMSATIVYIIANANAI Gne T1A7
IﬂaLﬂmﬂwqwgiumamuuaiuaa lgr U3zanmu 10 pA m 60 pA LaENg1an 60 A Fuly
PENUIENTIVENEANAIN G SElATATLAANAI RN TUR SR DEn9lsRinIaAT
AnuRaNaaTARTuaIsTRslaniensUSuAnsEElUSH e
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JUT 3.10 UAAINANITINADINANBUANDINNANUDVRIABURUAUTBUNATTI p (Ip)
WAzt n (ry) ¥893993 VDTA 3NKaN1331889n15¥UNUNAAIud 10 kHz, 100 kHz, 1

MHz way 10 MHz Sufiuausgian p LA n SAUsEan 229.39 MQ, 22.94 MQ, 2.29
MQ, uag 0.23 MQ suaIauU

300M

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

200M

o fy (Q)

100M

Frequency (Hz)

5UM 3.10 HANTINADINANBUAUBINNANUAYDIANBUNUAUTBUNATITY P U N

2.0M —

1.5M —

1.0M

r..r. (Q)

0.5M

10K 100K 1M 10M 100M

Frequency (Hz)

5UM 3.11 HANNTNADINANDUANBINNANUNVBIMBUNUAUTLEMNATIVY Z+ Udg Z-
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SUTl 3.11 LLammamsa"waaqmamauauaqm«-muﬁmaa%uﬁLmusz?l,méwmﬁ%y’a Z+ uay
- (Fye wa® 1) dlosvuelunszualuda lae Saumiu 40 HA 21NNANITINADINITYINNY
WUNMTiAUA 10 kHz, 100 kHz, 1 MHz wag 10 MHz ?ﬁmﬁmw&méwmﬁ%@ z+ (rp)
AUszanm 1.47 MQ, 1.47 MQ, 1.19 MQ, uae 0.20 MQ auddu wusieafuiudufiuaus
©WNATIH z- (r,) finTwd 10 kHz, 100 kHz, 1 MHz Wwag 10 MHz azfinnUszanm 147
MQ, 1.47 MQ, 1.46 MQ, ay 0.93 MQ auasu
31J1'7i 3.12 LLammamsa‘haaqmamauauaqmmmﬁﬁuaﬂémﬁLLmu%Lméwmﬁ%a z+ (rz)
LmaLLUsmﬂiuLLaiuaa lgr \Ou 10 HA, 40 pA g 80 PA mmm@m mﬂwaml@mﬂmimam
MINURUNAT I SAnUFsunUasmunseualusa lee nsdifinnudfiavndu 1 MHz a1
M+ %umﬂizmm 1.87 MQ, 1.17 MQ, ilag 0.62 MQ f1uanU

8M

r.(Q)

Frequency (Hz)

Y

5U# 3.12 nan1591a0INanaUaLeIMN9ANNDYRIANBNTILAUTLE AR Z+ WauUsa ler

iﬂﬁ 3.13 LLammamsﬁi’ﬂaaqmamauauaﬂmﬂﬂ’amﬁﬁuaﬂﬁuﬂLLmu%Laﬂﬁiwmﬁ%a z- (r.)
LmaLLUsmﬂivLLaiuaa lgr \Ou 10 HA, 40 pA iag 80 YA mmm@m mﬂwaml@mﬂmimam
ANSYIUNUIAY I, flanasunlasmunseualuda Igr AsdifinAsiawRY 1 MHz A1
r. %umﬂizmm 6.28 MQ, 1.46 MQ, Uay 0.65 MQ AUE19U
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8M

r,.(Q)

Frequency (Hz)

'3

5UN 3.13 HANTNADINANBUANBINNAUNVBIABUNUAUTLEMNATIVY Z- WWauUsAN lgr

2.0M

1.5M -

1.0M

S N (9)

0.5M

10K 100K M 10M 100M

Frequency (Hz)

T Y

SUT 3.14 HanTABINARB UALDIMNIANLETIMBLTLAUTIDTHATIN X+ WA X-
U7l 3.14 LARIHANIIIRBIHARDUALDIA MY BufiuAuTLaHATIEY X+ LAy
X- (h Woe 1) dledvuslnszualuda les Sawndy 40 pA 9Inuanissassmshey
wufiArmid 10 kHz, 100 kHz, 1 MHz Wag 10 MHz §uﬂLmu%Lm§wmﬁ%a X+ Uag X- (rxs
was ) SenUssanauvdufe 1.48 MQ, 1.48 MQ, 1.47 MQ, wag 0.94 MQ auaiu uaz
Lﬁaﬂmsmmﬂ;jﬂﬁ 3.10 waz 3.12 Usmauﬁ’ugﬂﬁ 3.13 ATWUNA M LAY Ty axdian
Wazuuasunszualuda ls lwuideriuiiuen r,. Awsaaunseudlusa lge
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U7 3.15 LAAINANITINADINANDUALDINIANLATBISATIVII8AINNIYD 9905

VDTA dlosmusl Is = Igr = Igs (@m = GmF = Oms) wusandu 10 MA, 40 YA e 160 PA

vﬁﬂﬁl(;m gn  AlAInnsAuadiamu 190 PAV, 381 PAN war 763 AN

ANUAITU 39 g m"Lﬂmﬂmamimaaqmﬁmmuumﬂivmm 195 PA/V, 377 PA AV Uag

694 PAN ANUAIRU 91NNISTIAFBUNUISATIVEI8AIAINLNITEINAT VDTA a1u1saulsan
ImmumsmuamizLLaluaamﬂmsJuaﬂ

600
400
=
S
£
o
200
laeas = 10 gAY
S R S Easite
| Be =160 pA| L

1k 10k 100k 1M 10M 100M 1G 10G

Frequency (Hz)
gﬂﬁ 3.15 NAN1591ABINANDUAUDININAIND VDN TIVEIUAIAIINLNVBIIIAT VDTA

3.5 agU
¥ ! =2 [ o & [y s ~ ¥

UnlANaAMmMANMIYINUNUFINKEENTFLATIENINAT VDTA Noanwuulasdasig
melunelawmaluladuoaninudanes lneUiznaunieiashiiaianenIsLaansfiidaodIas
MOFIUAVNITATVNOUNTEUANILUUUINLAZLUUAU AI8lATIATI9992995 VDTA  7dlA1u

LY [ [ ' a o a < o ¥ P A

nginsauazAnenimlunisusuamisdidnnseting viluieas VDTA  umadendidlunng
YandaAsemineasnIesdy L uUL UL AN InLANSTLALAL IUALSIAUTIaENa
Tuunne9lu 31nNan1591a99n15%191U1092995 VDTA  Taglalisunsudiansnisviieu
PSPICE wunAaaudfAvesavsidlaueiinuaennaasiunann1snimeug
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29asnTasduIlualeaiinlnuanszualaglya9as VDTA

4.1 na1un
N1508NUUULATELASIZNI995NTed Y oz deniivhoululnunnse ua
(current-mode) iﬁy%’Uﬂ'ﬁﬁwuwmﬂé}%’aé?qLw{aamuﬁmjﬁﬁgﬁuaéwéaLﬁauﬁmmmsﬁu
[1)-[42] 1lesanasasivihandulnunnszuadauandafiaunnisinululuauseiy
(voltage-mode) ~ waneUszns anfikuu ﬁﬁaqmsﬂg‘jﬂ’amuﬁﬂ%q (wide bandwidth) v
mam‘uaummqmmﬁm (high  frequency response) I%LLiﬂWUIWLaHQMW (low-voltage
operation) LL@“I‘LJﬂ’]i‘LJi zananadu andindinenans 1w n15Iunsensaudyyin
ASTUARYEANNITDENWULIaS LAY Lﬂumawﬂ‘wmmsﬂaaﬂLLUUI@EJIGU@UﬂimLLaﬂMWf@mau
ueela mﬁ]vwﬂwmaﬂm\hammﬂmwmmuaammmvﬂumimiﬂammm'm
LmawmimﬂmqaﬁwamﬂiﬂimammzﬂumﬂiuLLamﬂwwmammaLuaqmﬂan
Wewmuaznun mmsamLLuﬂmummumauwmLLaszmmwmlmgULwUﬂa LL‘uwuaauwm
Mﬁquéwm (single-input single-output, SISO) LLUU%ﬁﬁuwm Mﬁ’]EJLEJ’W;‘WGI (single-input
multiple-output, ~ SIMO) wams@uwm wﬁfumﬁwm (multiple-input  single- output,
MISO) LazLUUnaIedUNm ummmmwm (multiple-input multiple -output, MIMO) uain
‘Wf\]’]iiuﬂuLLWEN?D’]@JUEJ@JSLHWWWGLJU’]N%LLau’g‘ULLUUIUﬂ’]iU’]i‘Iﬂ"UUi%IEJ?JWU@\T’N‘\]’iﬂim
ﬁmﬁywm%wudﬂﬁLﬁmaaagmwmmﬁu lasupnuaulandnidesiewaunsenuuuiees
nsesdnaneEmaLieie LuY SIMO Warkuy MISO
Fehluunizaiiaueasnsesdyaalumeasfinivhoululnunnssualnglaes
VDTA LﬁuqﬂﬂiajLLaﬂﬁWwé’ﬂ Nﬁlsﬂimé’mmmﬁﬁﬂLaua%LLﬁaﬁa%aaaﬂLﬁua@aﬁa%wé’m
Ao 2easnsesdyaalnuanszuadiduiuy SIMO  wazasasnsesdanaivunnsuadiiu
WUy MISO %aaaaiﬁaaaagﬂLLUU%aaﬂLLU‘ULLazéﬁmezﬁimﬁ%’;qm VDTA Lﬂuqﬂmaj
woafinndndnunisnenuiudufulssgeeifisunaasuauaesiamtu Usaan
nslgFanuniuwiadnainaisuen imm3@U%’U@mauﬂ’§mamwsl§§3Eﬁ%msma
Sidnnsedinannnisusuanszualusaveias VDTA  Fwinuefisnanivnanumanzes
9EUINAULUINNAITODNLUUINTTTIN (integrated  circuit, IC) YenNiTninauens
aunsasnsesdyanalmanszuauuy MISO TuilanuBangulumsdssgnalraulaenis
fitn993 VDTA  lsmilsfamniulunisesnuuusardaunsizmes Tnedudunanisyo
Iuwwqmmaﬁwmﬁﬂaaaﬂﬂi'v‘mmmanwsmmé’mmmﬁﬁwLauaciﬂu‘[ﬂmﬂiu PSPICE nelm
welulafueansudawmes 0.35 KM ¥99US¥N Taiwan  semiconductor manufacturing

company
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4.2 1995n5898 U luuansEaRuy SIMO Iagld VDTA fauhen

v v
o

HedavinauensesnuuukarduaTenRInse sl el nunn sELaRUUTS
BuNRALLE AN Tnglaagas VDTA  $1unumilesia norfufufulszaiisunsmndiuu
A03A7 mmmﬁamiwzﬁﬂqf;si'fuﬂsmﬁmigmléngamﬁu‘ﬁaamﬁaﬁﬁu Ao Wendunseanu
AR (lowpass, LP) Wﬁﬁ%’uﬂsammmmﬁqﬁ (highpass, HP) LassTInTUNTOINIULAY
A (bandpass BP) Iﬂmﬂﬁ‘ﬁlﬁ’lLﬂuabl,iulﬁ‘l”lLﬂu(;]lmL‘Ug‘EJULLUaﬁULLUU‘U@Q’J\‘iﬁlﬂuﬂﬁ
FuAszniandun eIy uuUUAIeY i’JiLlﬂﬂlllﬁ]’]L‘ij‘uﬁl’eNE)’]ﬁEJG]’JG]’]UVI’]TAWW?I‘UWﬁ]’]ﬂ
AeuenlunsduAsIZNeRs aunsaufuaiinesidfyveiag fie CALERRIGA Y
555Uv1% (natural angular frequency, ) mmﬂﬁxﬂaUﬂmmW (quality factor, Q) iag
LUUAI (bandwitdh, BW) Tameiinismnedidnnseinalagnisuusainssualusaain
AeuDn uaﬂmﬂﬁmﬂ%&htﬁwmLLUULﬁaumnéuasﬂﬁmmﬂmﬂ%éf'gﬁmmuwwa%v\lmﬂ
aeuanunzdmsunsilvassT swivsiitiaueddiaanulmnenisudsen
gUnsaeATiiasmainvesasTisnBnaie anmsfienunuideriedsiundiievesiy
nMsooNLUUNIINIsd AN T RAL UV BN mmméwm [2)-[10] wuneAded
ihiauetulaglrgunsnieniifiesiufior Sudunedsimumumadnannaiguoniuns
HUATITMUAZOONLUUIIT

4.2.1 2993n309&aysy1ad SIMO Tniaianszuaniiaua

SUN 4.1 uannsasnsesdygrailuplensiinluuanszuauuuniladunn a1uenne
A o = ¥ = v A ' ' v v o= ] ‘o
Minaue F9Useneunieees VDTA ilesiiifginesauiuminulseaiisunsnindiuiueaes
i aziiulannsesidnauslygunsaueafinuasniadnduiuuesuasusiaainnisled
AUNIUNIATNIINAUBNTUNTHUATIENINAT IINNITIATIENWATIUFUN 3.1 Tagende
ANANURYINAT VDTA  faauns (3.1) aglafenduaislounseua (current  transfer
function) ¥842935 fatl [mAKwIN V1]

[ng ng j
LP(s) =) _ C.C, 4.1)
|n( ) sz+(grm:JS+[ngngJ
Cl C1C2
o)
BP(s) = e (8) _ ! @.2)
|n() Sz_i_(ngJs_i_(nggmsj
C, C.C,
2
ey HP(s) = HP(S) > (4.3)

|n(s) 32+ ng S+ ngng
C, CC,
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o 2 p Z X-
1 VDTA |
ClIlIHP i \ e
L[ T

5UN 4.1 19snsesdyalvannsgialuu SIMO Ndeaue
aunisi (4.1) 89 (4.3) wansliiuinsesniosdgaamiiauoauisadunsiguiondunie

Tounseualansaudurisanuiandu lneludndunesuasuniasguuuuinns uenaininuin
A1 @,, Q tay BW w891995iuaus damiiu

600 — ng ng (44)
V C1C2
ngCI

Q= / (4.5)
ng CZ

GH BW = e (4.6)
G

RNANNT (4.9) 89 (4.6) Wun @, He% Q gansasitaue @nsaudsalanmedsnisma
Sidnmsedindlasnisuiuaveronmui ges  Bsmaunslasnainszudludd lss 91n
meven Ingluassansenunaan BW

dmumailivesniines m,, Q uaz BW nonsildsundasmgunsaiueniin
waznadwluaees aunsadeuladall [nanwan 22)

S =5 =-S5 =52 =% @)
59, =-52, =52 =-5% = @9

Sgr =-S2" =1 (4.9)
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LAY SBW — SBW =0 (4.10)

Ims

NauN1T (4.7) 83 (4.10) wandlmiiuimanulivesssnenisuusatgunsnweafinuas

[%

PAYNNIAUATUL AT LU AU

4.2.2 arulsifugauafvasnsasnsasdyin SIMO Tvuanszuaiiiaus

Lmammsamﬁvma%ﬂsaqawmmmmLauaiusﬂm 4.1 snadilnedilsdmanszny
LﬁaqmﬂmmiuLﬂuqmmmamqm VDTA #3anis (3.2) wuawanduaelounssuansdnns
Tunsaiidmuiu [naruan v3)

LﬂFﬂsgmpgms j
LP(s) = e ) _ C.C, (4.11)
m(s) SZ+(ﬂFngjs+(ﬂFﬂngFngJ
Cl ClCZ
(ﬂFng js
e (S) _ C,
BP(s) = (4.12)
|n( ) SZ+(ﬂFng js_i_(ﬂFﬂngFngj
C, C.C,
Lay HP(s) = In: (S) > (4.13)
|n(s) SZ +(ﬂF ng js+[ﬂFﬂngFngj
G, CC,

dwsunsdaiiludugauadil aglaamnsfiwss o,, Q uaz BW iy

@y = m (4.14)
\ cC,
ﬂsgmscl

Q= [LsOms (4.15)
ﬂpngcz

LAY BW = PeGne. (4.16)
Cl

dmumAulvemsdves @y, Q way BW nonisidsuuiaiaainuilesuy
Tunsaaudasvensmanuilunsanludugauafaunsalioulanad
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@, [oN 1
SﬁF :Sﬂs :E (417)
9 —_g°9 _1 (4.18)
Bs Be 2 ’
BW
S =1 (4.19)
LAy SBW =0 (4.20)

S

1NaUNI5 (4.17) 84 (4.20) wansluviunaiaulinenisidsuniasaianudssuulunis
ANUDNTIVENEANPNNEN UL LT ARSI B LA unTla

4.2.3 NAN13I1ABINITVINIUVDINDT
ﬁw%’ummmaaauqmamﬁ’ﬁmamwsmaaé’mzymﬁﬁwLauaiugﬂﬁ 4.1 1t orfemans
$raoamevhauanivsunay PSPICE Taglynes VOTA Aidlessasnenslunansdegud 3.5
melameluladuoansiudanes TSMC 0.35-pm Y89U3EN Taiwan Semiconductor
Manufacturing Company tulaseasenielunens Fssasdenvosmuning W) uay
A1E77 (L) 109009tnTeuavemsudames  wanadmnsnedl 3.1 uasdenlunaie
Idosdiaumiu +v=V =2V
mﬂgﬂﬁ 4.1 dlefuualn IsF = Igs 40 MA (gmr = Oms =381 HA/V) tag Cy = Cp = 20
oF Mnideulvrnamwhlnlanuandivensaslummeud fe f, = @y27 = 3.03 MHz
war Q = 1 LLazg‘Uﬁ 0.2 UAASHANBUANBIVINIAINLAYEINATUUU LP, BP wag HP &
A f, Alaannanissaesiamifu 3.02 MHz Aasduaanuaaimndouswiu 0.33 %
Tnglunsdifarauudosdslnivisyana 1 mw
iﬂﬁ 4.3 LLammamauauawNmfmﬁsuamwal,wu BP Lﬁaﬂ"mumiﬁ; Ig = Igr = lgs
wazuUSAIIEIATIY 10 PA (gm = 190 HANV), 40 PA (g = 381 MANV), ua% 160 PA (Om =
763 PA/Y) AUAIAY Tngil C1=Cy =20 pF nnnsdiiaeriilulaa Q = 1 azAud f,
Iuquwgummmu 151 kHz, 3.03 MHz uag 6.07 MHz aadu dea1nsanisdias
nsdidarlanud f, fimuniu 154 kHz, 3.02 MHz uaz 5.62 MHz snugeu Aadua
AVIUARIALARDUIAY -2.65%, 0.33% uay 7.41% auaisu Tnefiananuaainadeou
V04 f, AAnTuiiy ammmuqulﬁﬁmamﬂaﬂaﬂéjﬁastiiJ%’Uﬂ'mizLLﬁlUé’ﬁﬁU@LﬁusﬁuLaa



Current gain (dB)

Current gain (dB)
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Frequency (Hz)

JUN 4.2 NaRaUauemIANARU LP, HP uae BP ¥833933nT0edynauininiaus

20

a8 f,=155MHz |
oo f;=3.02MHz |
-~ f,=5.62 MHz 1

Frequency (Hz)

100M

5UN 4.3 naneauausnenuiLuy BP aulsan lg
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20

Current gain (dB)

Frequency (Hz)

SUN 4.4 nanauaueInIeAuaLUL BP Waulsal Q

gﬂﬁ 0.4 WARIHARBUANDIMNIATNEVEII9TUUY BP (lauusan Q Iuflandu 0.5, 1
uay 2 awEy imnud fo = 3.03 MHz Tnesuunideulvlndnsaiuseving les / lee
(Gms/Gme) AU 0.25 W1 (Igs =20 PA, lgr =80 PA), 11311 (Igs =40 PA, Igr =40 pA),
ay 4 wh (Igs =80 MA, lgr =20 PA), a1ud1AU mﬂgﬂf\]zl,ﬁuléjﬁm Q way BW 4993999
annsaudsalalagliamanssnuiu e nnstivuntoulusnsauseing les wae ler

gih?’i 4.5 LARHANDUALBIVIAIAILUY HP, BP, LP v8999snsesdayanniiviane
Lﬁaﬂaué’zgigwm@uwmgﬂﬂﬁuﬁwaﬁmuwm 20 PA (peak) fimd 3.03 MHz wagiiloviing
mmaauLU@%L%uG;hﬂmmﬂmLﬁaummé@mmmguaﬁﬂé (total harmonic distortion THD)
Tunsdid aewum THD asflauszanm 0.5 % uaﬂmﬂiﬁaﬁmmmmmzLLaauwmgﬂﬂﬁu
FIIUVUIARINA O 39 50 HA (peak) é’fﬂgﬂﬁ 4.6 9gwuNA THD %ﬁh%ﬁmsﬁuﬁf%q uilal
WU 6 % ﬁﬂizLLaéuwm 50 YA (peak)

Fohmsliesziranouausmemudludadiierhuswusluinaneuaus s
AuBveaTAIEItUeuRsla (monte-carlo analysis) Faudwisnisiiaslevinnenginssy
mamwﬂuﬂiﬁﬁﬁqﬂnsaju,amﬁwLLamwa%vxlmﬂimwaLﬁalﬁmmmLﬁwuu (deviation) 14U
NNAnTINUNG Tneguil 4.7 uas 4.8 LARINARDUALBIALATIIATINNSTadeUNSEI
§519818ANANAUIN (G WaE Gns), C1 wag Cp v919atintAudesuumiy Ao 5% &9
yhnsnadeudusau 100 At uagloniswanuasuuuinadey (gaussian distribution)



BP response ( ©A)  LPresponse (¢A)  Input current ( zA)

HP response ( ©A)

% THD
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0 05 15 2

1
Time ( u8)

0 5 10 15 20 25 30 35 40 45 50
Input current ( @A)

5U# 4.6 THD veawanauauadluy BP vasasiiaue
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20
% 0
=
S
=
L
5
O 20
40 : L
100K 1M 10M 100M
Frequency (Hz)
(n)
20
8 bYr—m—mmm——————————————————————
5 1
= R
S B I O I
5 10— 1 1
=S _ N
§ ______________________________ 1 L | N
& 5
0------------; ----- T T - | 1 —
2.95 3.00 3.05 3.10 3.15 3.20 3.25
Frequency (MHz)
n samples = 100 10th %ile = 3.05632e+006
n divisions= 20 median = 3.09755e+006
mean = 3.09481e+0066 90th %ile = 3.12605e+006
sigma = 29244.6 max imum = 3.15777e+006
minimum = 3.02561e+006
(@)

SUN 4.7 namsiasIemiBeananAud f, ¥89399InIeadya LUy BP mgTtuaudaisia

a
A

omsve1ea1nNYl dandesuuld 5% (n) NANDUAUDINIIAIIND (V) NFINLNG
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20
o 0
=
=
5+
(@)
=
QL
5
O 20
-40
100K 1M 10M 100M
Frequency (Hz)
(n)
00— ]
gt i
= ]
E ........................................................................
& R 1
S 10
IS il i
S A N m——
S e, SRR B N O I N O I
& 5
) B II— l | , l I
2.6 2.8 3.0 3.2 3.4 3.6
Frequency (MHz)
n samples = 100 10th %ile = 2.9719e+006
n divisions= 20 median = 3.08473e+006
mean = 3.09842e+006 90th %ile = 3.22658e+006
sigma = 103618 maximum = 3.36921e+006
minimum = 2.84874e+006
()

5UN 4.8 Han15iAsIzmdeainaanud f, 19199Ins0sdya1awuy BP medtuaudnisia

nsfl C, way C, andoauulu 5% (n) nanauauemaatd (U) n5wun
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4.3 1993n7098 I nUANTERARUU MISO Taeld VDTA
shretiaziiaueniseenuuukarduaTsnansnsesdyanueiunyUszasa (universal
filter) TnuanszuanuuanuBunsmiinernn laglyasas VOTA Sruunisih nesaufuiafiv
Uszaiflunsmasiuiuaesiy annsadaeserlndunsesdyanilanaiendu fe LP, HP,
BP s7ufe Wendusauauaua (bandstop, BS) way Wﬂh‘%’uﬂimmunﬂmmﬁ' (allpass, AP)
sﬁqaa%ﬁﬁwLauahiai"nﬂw;faaLﬂ?iauLLUamJLLUUﬁuamwﬁumié’qLﬂiwvﬁﬂaﬁ%’ummé’mmm
LUUA19Y TadssmandanunIunanInatsuenlun1sduATIENeas amsnuiu
AvnsdimeTiddyossasianeiimmedidnnsating uaﬂmﬂummsaﬂiuﬂid’lmqm
daudaveulunislyau lasn1sifiunsas VDTA Snuissmis ilevinlmsasiinauansily
SUSUAT @y uar Q udaszmaiiy WevumuaAdeiivaustuluguuuisasanuBune
sl nelvgunsniueafivifiessufien [111-126] nuneuddeunsiusidunaslenis
U%’UL‘dﬁEJuq‘dﬂiajwwa%wsuamwﬂumsﬁqmswsﬁﬁqﬁ%’umaqa’ﬁyﬁmmu,uwﬁ&6‘] saudsly
annsaviummaiiwesiiddyrensasiameiinimididnvsedng uenanifeuasd
msmLauamu’mEfl,uaﬂwmymﬂan‘mmmsaﬂsumwwimma%lc;@?amﬁmﬁmamaﬂmauﬂa
LTITLARDID AU ILINAT NN LD LN T08 N ULALELATIZ NS

4.3.1 299305098 0yey1ad MISO Tnuanszuaiiniaue

U 4.9 wannsasnsesdaygalumensinlnuanssuauuuamdun uilieama
fiiaue FaUsznaunienns VDTA dWesuieanesiuduiufvissgiisunsindiuiuaes
¢ azdiulansasiviauslygunsaueniiuaznadns uiutssuazsaannisldh
pumunIadrInaguenlumMsduaTeiees mnmslesgmsaslugud 31 Tnsende
AuANTAT9:995 VDTA  faaunis (3.1) aglawenduanelounszua (current  transfer
function) ¥992493 fstl (AN A1]

D(s)!, +(ng3]3|2 +[98Fgms ] ,
Lo = : gk (4.21)

o 52+ gi S+ ngng
Cl C1C2

d‘ a ' A > a >
WaNAsNaNNTT (4.21) AgnuiminidenUaunssuadung Iy, | was 1s lmunzay
gyibmsndiaueaunsadunsevilindunsesdyanalumensifinlaasunniandu 69
4 g
Reulupeluil
WinTunsosdyeyradbuy LP Wonwualn Iz = b, , It
FyaauNIU (passband gain) IMNAURT
2) WinTunsosdygIaduy BP Wadvualy I = 1y, I = I = 0 leedidnsivens
FYIULOUNIUIAY Yrms/ I
3) WINTuNTosdIauy HP Wonmualn Iy =- I = -I3 = iy WA Our = Oms LAY
HonI1 U8 Y IO UNIUNNAUNTY

I, = 0 lneddnsvene
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4) Wﬂﬁsﬁuﬂsaqé’@mmwu BS 1ilormualu Iy ==l = liy, I3 = 0 Wa% gk = Oms
Tneisnsvenedya auaununfuni

5) Wﬂﬁ%ﬂﬂi@ﬁﬂgﬁgwuw AP lefvualy Iy == 12/2 = lin, 13 = 0 U@% OmF =
Oms nefiensvenedyaaumounumfunis

Z_
p X-
VDTA lout
n X+ o
Z
I, F I I
—» — —»
o ® o o——o

T T

5UN 4.9 13snsesdyaldvauanszaluy MISO Ndaue

aun1s (4.21) wansliiuan A w,, Q waz BW 9839as9idiaus daumiu

e Is

= [/ (4.22)
“"\ g,
gmscl

Q= / (4.23)
IneCy

Lay BW = e (4.24)
Cl

PMNANNT (4.22) T4 (4.24) WU @, WeE Q venasTiinaue  dnunsaudselaaiedanis
madidnnsedindlaonisusuaiveneainauth Oms %m’gmﬂé’{mmﬁmzualué’a lgs 37N
meuen Tagluawansznunaa BW

dwsuenmlhveamsiines w,, Q ey BW ﬁiamsLﬂﬁawmaqmqﬂmaﬂuaﬂﬂw
wazadnlunees annsadoulaged

1
Sy, =Sq, =S¢ =S¢ =~ (4.25)
59, =-52, =52 =-5% =~ (426)

2
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Se =-Sg" =1 (4.27)
wag Sgn =Sg' =0 (4.28)

NAUANT (4.25) D9 (4.28) LLa(ﬂﬂﬁlﬁu’jwhwmmvbﬁuamwwiamiLqumquﬂiﬂjLLaﬂﬁWLLaz
adniauntuiianfisluiunds

uennihilefinnsanauns (4.22) s (4.28) wwuinq%ﬂsaﬂész,ﬁyqummzLLa
WUU MISO Tiiiauelnglyases VOTA dufleadssuil 4.9 asunisesnuuuaasiiiovhln
rasilvuudnneiinda Suilnilvesidnlunsuun o,uas Q vevsasiluaunsaudy
weniulnoensdasyneiiu asj1@13ﬁmua’mﬂ'ﬁaﬂ%’wgmqmmmé’mwmiwmmzLLaLw‘u
SIMO InfianuBangulunislasuanndedu Tnensifiiniss VOTA Snifleamdsdaiiievinlv
wastinuautilumsuiuam o, war Q udaszmedula Tnedsadaidoulalumadennszua
BunmrwAeatutuiessuil 4.9 Fnsstinanuandadigud 4.10

—T— J
Z- Z-
p X- p X+
_TL_ VDTA I, VDTA
X+ X-
|2 Il |3
—» —» —»

o o o——9
C1T CZT

5UN 4.10 293nsesdyayailnunanseuawuy MISO 1nglyiaas VDTA aoia

SUT 4.10 wanasesnsesdyanalumeaninlvunnszuaiuuauduns wisemm
Usenoumenns VDTA desinesuiufafulseadisunsmnaesi etnsemaaslusy
7l 0.10 Tnwenfonnuantivessas VDTA fauns (3.1) alasndunielounseua (current
transfer function) ¥09269364 [n1AKWN A2]

ngl nglngZ
D(s)l, + Sl, +| =M2=mee |
1+ S Jt o S|,

" 32+ ngl S+ nglngZ
Cl C1C2

(4.29)
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Slofiansanannis (4.29) azwuiwmﬂLﬁaﬂﬂaummaﬁuwm Iy, 1 uae Is Innga
%ﬁﬂﬁ’miﬁ'ﬁ’]Lauammiaé’am3'1zﬁﬂq5%uﬂiaaﬁmmwm1Uﬂaamsﬁﬁﬂigﬂiunﬂﬂqﬁsﬁ’u
WwAeITU9RIIUR 4.9 fadoulumoluil

1) W&ﬂmuﬂsaqawmmwu LP Slamuela 1s = 1y, 1y = 1 = 0 lnefidnsvene

FUn M URN WUl

2) Mandunsesdagamuy BP Wedmualst 1o = 1y, I = Is = 0 Tneiidnsvens

é’mcgwmuamhmﬁﬁu Oms1/OmF1

3) Wanunsosdeyanauy HP Slormuelsn Iy =- 1 = -Ig = I, uas OmF1L = Oms1

Tneddnvenedyaiamauniuniunils

4) Wﬂﬁsﬁuﬂiaqﬁmmwmwu BS lofmuelv I == I = Iy, Is = 0 waz OmF1 =

gmst Weddnsvenedyanauaunumuniy

5) Wandunsesdyanauuu AP Slomuelsn 1y = 172 = Iy, 1; = 0 W8 Gt

st Wefinswenedya o uRf Ui

9INANNT (4.29) LanglvLiu A @y, Q way BW 4931995911iLaue Aaniiu

a)o — nglngZ (430)
C1C2

Q- 1 | 9ms19ms2Cy @.31)
Imr1 C,
ua BW = Joet (a.32)
C,

MNAuNTT (4.29) s (4.32) wunAN Q Yessasihinaue aunsauUsalaegisdasslagl
AWANTENUABAT @, TBINTT TABNISUTUAIYENBANAINIIN Gorr BePUALLARINATNSELA
Ludd lger 91N018UON

dmumanilivesniines m,, Q waz BW nonsildsundasmgunsaiueniin
waznadluaessud 4.10 ansnsodeuladal

1

SngSI = S;:-:sz :—Sg)lD =_Sé)20 =§ (433)
Sger, =Sg-, =0 (4.34)
1
Soe =Sg, =50 =50 =~ (4.35)

2
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Sy, =-1 (4.36)

Sy, =0 (4.37)

Ser ==S¢" =1 (4.38)

uag Sgn =S =82 =82V =0 (4.39)

INAUNT (4.33) 9 (4.39) wanslniiunnaianulinessasnenisuusagunsateniinuag
Wagwmuatuia e luAumnia

4.3.2 auliidugaunivevisasnsasdayia MISO Tnuanseuaiiviaus

LmammiamevmwaﬂﬁmammmwmLauaiuiﬂw 4.9 3nefilneriladmansenu
LﬁaqmﬂmmiuLﬂuqmmmamqm VDTA feaunns (3.2) wuanlandunnslounssuavesieas
Tunsaliiiaumniu [nawuan A3]

D)L, +(ﬂsgms jslz +(ﬂpﬂsgmpgms } ]
C, cC

I, = L2 (4.40)
32+ ﬂFng S+ ﬂFﬂngFng
Cl C1C2

ﬁm%’um@ﬁﬁlmLﬂuqmmaﬁuamq%gﬂﬁ 4.9 aglammsiines ,, Q wag BW iy

w, = | BePs Qe Uns (@.41)
ClCZ
ﬂsgmscl

Q= /— (4.42)
ﬂFngCZ

Lay BW = % (4.43)
C,

dusuaaulremTilmes @,, Q waz BW menisiasuilasnininsdesiuy
Tunisasnudnsvenemenuiiunsdiludugeuafivenasgui 4.9 aunsadeuladsil

@ _ca 1
SﬁF :Sﬂs :E (444)
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Sy =-S; L (4.45)
S F 2
S, =1 (4.46)
ey S ﬂBSW =0 (4.47)

MNENNTT (4.44) B (4.47) wansifiunannulneniswasulasaanundeauulunis
asnusasveaA T aatuiinigse luiumis

wummaumamms'amemwsmaqazyapmmmLaualugﬂﬁ 410 Bnadslagy
ﬁ'}ﬁqﬁamamwmﬁaqmﬂmﬂﬂﬂLﬂuqmmamanwa VDTA fleauns (3.2) wurwenduans
Tounszuavenaslunsaiianmiiu [awan A4l

D(s)l, +£ﬂ51C9%51]S|2 +£1351ﬁszgm51gmsz J I,

I, = 1 GG, (4.48)
SZ + ﬂFlngl S+ ﬂSlﬂSngslngZ
Cl ClCZ

ﬁm%’um@ﬁﬁlmLﬁuqmmaﬁuamq%gﬂﬁ 4.10 9zlaasdliees @,, Q way BW iy

@, = \/ﬂ31ﬂszgm31gmsz (4.49)
C1C2
Q= 1 \/ﬂmﬂszgmmgmszcl (4.50)
ﬂFlngl C:2
LAy BW = ﬂFlngl (4.51)
C

dmsumanuhivemnsiwes o,, Q uay BW nemsiudesuniasaininsidesuu
Tunsasnugnsvengmanuitunsailudugauafivenassui 4.10 awnsadeuladall

@, @, 1
Sﬁ; _Sﬂsz :E (452)
5% =52 =0 (@53)
Q _qQ 1
Sr =S; == (4.54)

Bsi  “fss 2
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sy =-1 (4.55)
Sy =0 (4.56)
S, =1 (4.57)
Wy Spt =5 =5 =0 (4.58)

NAUNIS (4.52) D9 (4.58) LLamﬂwmmnmmmhmamﬁmaauwaammmmmLuuiumi
mmuamwmaﬁ1mmmmwmuuummmmdmmum

4.3.3 {AN1IIIABINITNINIUYDINAT

ﬁm%"umﬁmmaau@mamﬂ’ﬁmama%ﬂsmé’@@mﬁﬁwLaualugﬂﬁ 49 uay gﬂﬁ
4.10 Ty ederansiassnsvheuainlsunsy PSPICE Taelaees VDTA #illassasna
melunanafazuil 3.5 nglamelulaBuoavsudames TSMC 0.35-um vasu3sm Taiwan
Semiconductor Manufacturing  Company tulassasenelureseas dusvasidenves
AN (W) 1AEAMNENT (L) 109989ns AU ms uTamnes Lanwiansed 3.1 uay
Bonlvunasnglvidssiinumiu +V =V =2V

mﬂgﬂﬁ 4.9 dlefmualn Igr = Igs = 40 A (OmF = Oms =381 HA/V) thag Cp = Cy =
20 pF 'mﬂﬁ'aulm%wé?uﬁﬂﬁlﬁyﬂmamﬁ’amamwﬂumamwaﬁa fo= av/2w = 3.03 MHz

LLa‘” Q=1 IG]‘E—J?U‘VI 4.11 LLE‘WNNﬁG]EJ“UﬁLI@\‘WlNﬂ’J’]@JO“UEN’Nf\]iLLUU LP, BP,HP LLa‘” BS LLa‘”'ﬁ‘U
‘Vl 4.12 LLﬁ@\‘iNaG}@Uﬁ‘UENV]’Nﬂ’)’]iJﬂ“UE)\‘IE]G]i’]GUEJ’]EJLLauiJﬂJLWﬁGUEN’N‘ﬂiLLUU AP ""lNﬂ'J’liJﬂ f ﬂ

Tpanwanissiaesiianiu 2.95 MHz Andumanuaaiawdeusiu 2.64 % Taglunsdl
davauvdosdslnrinussna 1 mw

gﬂﬁ 4.13 LEAIHANDUAUDININIAILUY BP LﬁsJUf“fvﬁuwmamwsmaaﬁ’@apmgﬂﬁ
4.9 Lﬁaﬂjaué*zy,mm%uwmgﬂﬂﬁumaﬁmmm 20 pA (peak) #irud 3.03 MHz Taerimunln
lgr = Igs = 40 YA (Omr=Oms =381 PA/V) Wag C; = Cp = 20 pF Auasu Favlnle
AANURYD99AR fo = 3.03 MHz Uz Q = 1 wazilovhnsnedeulesidunani
ﬁmL‘ﬁﬁmaaﬁmmﬁmawguaﬁﬂéwwuiwm THD nsdlifagiinussanas 1.25%

iﬂﬁ 0,14 WARINARDUAUBINIIAIIUA WU BP mamwaiﬂﬁ 4.10 ol Ig =
Igr1 = Igr2 = Igsi = Igs2 wazUsan Iﬂmmmmu 10 YA (@m = 190 PHA/V), 40 PA (gm =
381 HA/V), uag 160 HA (gm =763 YA/V) ANUAIU Tned Cy=Cy=20pF MnnsEitazvin
Tvlaen Q = 1 wavmArud f, Tumanquifinniu 1.51 kHz, 3.03 MHz uag 6.07 MHz
AUEU Frnranssiaesnsiiiaylananud f, Ay 1.55 kHz, 2.95 MHz uag 5.50

MHz sUa1eU ALTUAIAIUARIAARABUNNNU -2.65 %, 2.64 % Way 9.39 % A1ualsu lag
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fmuniukuueaiinisusni st a1nmsieenisaslusui 31 Tasende
AuANTATONIST VDTA  faaunis (3.1) aglaiendunneTouusadu (voltage  transfer
function) 4993493 Fsil [A1ARWIN 91]
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5UN 5.1 13snsesdyyialvanusaduiuy SIMO fidaue

{ngl}( ng2gm52j
LP(S) — VLP (S) — ngl CICZ (51)

Vin(s) S2+(nglng2]S+(ng29m82j
Ims1Ci C,C,

(nglngZ }S
BP(S) — VBP (S) — nglcl (52)
Vin(s) SZ+[nglng2jS+(ng29m82j
nglcl C1C2
Hp(s) = e () _ _ D1 (5.3)
Vin (S) S2 +(gmplgm|:2JS+[ngzgm52]
OmsiCy CC,
( ngl J(SZ + ng2gm82 J
BS (S) — VBS (S) — ngl C1C2 (54)

Vin(s) 32_l_[nglngZ]S_i_(ngngSZ}
nglcl C1C2

ngZ ngZQmSZ
ng1R2 [52 - S+ j
C CccC
way AP(s) = V2o () _ : 2

Vin(S) SZ+(nglng2JS+(ng2gm52j
nglCI C1C2

(5.5)
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dunsii (5.1) fe (5.5 wandlmdiiuiniasnsesduanaiiiiaueaunsodansen
fanduaelouwssulansoufuiamiandy Ims;liu'ai"]Lﬂw;faaLﬂ?iaul,maqgﬂl,wmam eRHR
lusnduneserdedeulevemisfimeslursasiinenmiulunsdaaszntendunses
éi’agapml,t,wmmaﬂﬁuﬂqﬁ%'u AP lpaanduieaniuiine st uuelin gust = gns, 106
wnazientunsosdnyanansiindnsuetedyaiamaurunfu

H

— Ty Hge =1, Hyp :_M, Hegs = Ine v Hoe = 0eiRy (5.6)

LP !
mS1 ngl ngl

lagfifauniu R; (i = 1, 2) ineiiguninaunazinigluisasnsesdyaruninauedisgy

Y

7 5. FUATILNINFIUNIUBLENNTaINALUUITLRANI LT AMDTINUIUEDIHY (MR, LAY
4! o U ! L% e ! U U 7 - ¢! -&J
MRy) [20] F9811190911715USUAIRINNUMULAENISWUTAWIINU Vi Aapnudunusaaluil

R =V L (5.7)

Tl 2UC, W (Vg - Vy)

warNaUNSN (5.1) 89 (5.5) AglaAn @y, Q way BW we9sasiiueaus daumiiu

600 — ngZQmSZ (58)
V ClCZ

Q — ngl ngZCl (59)
ngl ngZCZ

LAY BW = RLI TS (5.10)
nglcl

oMUyt gz = Gmsz = g Waw Ci = Cp = C anunsandiou (5.8) 8 (5.10) talvaidy

gmz

=—= 5.11

@ =2 (5.11)

way Qzﬁ (5.12)
ngl

Pnaun1s (.11 83 (5.12) wunansanlinn o, 19999sdauslanleisnisnig

Sdnvsedinalasnisusuaveneaimuni gre Semuaulaainainssugludaainnieuen g

U51FNKANsENUAAT Q uanINLTIEINTaLUTA Q NaslanIenSUSUAT Omst/ Omer DNATE
Y
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dmsuaaulvemiines o, Q uay BW nen1sildsuniaiamaunsaueniin
wazn1a@liunes aunsadeuladad

Sge, = Sgr, =0 (5.13)
@, @y @, @, 1
Sg F2 :ngsz :_Scl :_SC2 :E (514)
Sgu, = Sgu, =1 (5.15)
1
Ssmsz =_S§m|=2 :Sgl =_S(?Z =§ (5.16)
Son, =Sgu, =~ Sg, =S¢ =1 (5.17)
e Sg: =S¢, =0 (5.18)

Oms2

NaUN15 (5.13) 9 (5.18) wanslniiunnaianulinessasnenisuusagunsauneniinuas
Wiagniavuauuiiaenluiuni

5.2.2 awliilugauniveisasnsasdaysyias SIMO Tnuawssrufitiaue

Lmammiami’]umamﬂiaqammmwmLauaiuiﬂw 5.1 8nadilaodndledenansenu
Lﬁaqmﬂmmhuﬁuq@mmanwa VDTA §aaunis (3.2) wunmiendunielounssiunesens
Tunsalifiaumfu [nnAnuan $2]

(ﬂFlngl](ﬂFZﬂSZQmFZQmSZ]
LP(S)— LP(S) ﬁSIgm31 C1C2 (519)
Vln(s) 52 +(IBF1ﬂF29mFlng2]S_’_(ﬂFZﬂSngFngSZJ
ﬂ51gm81C1 C1C2
(ﬂFlﬂFznglngZ }S
BP( )_ BP(S) ﬂ51gm81C1 (5.20)

Vln (S) SZ +[ﬂFlﬂFznglng2 JS +£ﬂF2ﬂ529szngZ J
ﬁSlnglcl C1C2
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(ﬂFlﬁFngFlngZlesz
HP(S):VHP(S) - _ ﬂSIQmSl (521)
Vin (S) SZ + ﬂFlﬁFngFlngZ S+ ﬂFZﬂSngFZQmSZ
ﬂSlgmMCl ClCZ
(IBFlnglj(sz + IBFZIBSZQszgm32]
BS(s) = ves®) PG S, (5.22)
Vin (S) SZ +[ﬂFlﬂF2nglng2 Js+£ﬂF2ﬂ52ng2gm82j
ﬁSng51C1 CICZ
(ﬂFlngle)[SZ _[ﬂFZﬂSngFZQmSZ ]S + ﬂFZﬂSngFZQmSZJ
AP(s) = Ve (S) _ Bs19ms1Cy CGC, (5.23)
Vin (S) SZ + ﬂFlﬂFngFlngZ S+ ﬂFZﬂSngFZQmSZ
ﬂSlg mSlCI CICZ
dnsunsditluidugaundil azlanmisfines w,, Q way BW ity
0)0 :\/ﬂFZﬂSégcr:nFZQmSZ (524)
1~2
Q — ﬂSlngl / ﬂSngSZCl (525)
ﬂFlngl ﬁFngFZCZ
LAY BW — ﬁFlﬂFngFlngZ (526)

ﬂSngSlCZL

dusumanulremsimes a,, Q waz BW menisiasundasaianinuidesuy

Tunsasnusasvensainuiitunsiinludugeuafasnsadeulansl

Sp =Sp = (5.27)
S, =S =2 (5.28)
Sy =-Sp =1 (5.29)
s9 —_go -1 (5.30)

B2~ SBra =2
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SEV =52V P (531)

LAy S ﬂBS"ZV =0 (5.32)

nauNs (5.27) 09 (5.32) LLamﬂwmmwmmmbmamﬁmaammaammmmmLuuslumi
mmuamwmsJﬂ’1mmmmwmuuummmmalmLﬂuum

5.2.3 NAN1391299N1TVINIUVDINDT

éfm%’umsmnaammamﬁ’aﬁuamq%ﬂimé’mmwﬁﬁwLauaiugﬂﬁ 5.1 1 91derans
$raesnisvhauaniusunsy PSPICE Taglynss VOTA fillassasnenislusansfagdl 3.5
melamaluladueansiudanes TSMC 0.35-Um VBIUTEN Taiwan Semiconductor
Manufacturing  Company tulaswasnenmeluvesises feeasdonvasmnunng (W) uaz
AHEN? (L) Y0900 nn s LavemIUBanes wanesamnsnei 3.1 uenanisvualv WIL ves
FBNINTLUAVBIDANTIUTANDT MR-MRy TutTusamumudidnnsedinadanmiu 1.45
um /0.7 um - uazidenlsuvasmeidsdianmiu +V = V= 2V uay +Vei = Vei= 2V

mﬂgﬂﬁ 5.1 dlasvuslv Igr1 = Igs1 = lgr2 = lgsz2 = 40 A (Omk = Oms =381 HA/Y)
uaw C; = Cp = 20 pF andeulvnnsmuriilnlaanauifivensslunmquife f, = @27
=303 MHzWaz Q = 1 u,asgﬂﬁ 5.2 WARINARDUAUBINIIAIIUATEIINATHUY LP, BP, HP
uag BS LLaz'gUﬁ 5.3 u,ammamauauaqmmamﬁﬁuaﬂé’mwmmngmﬂamamwnmu AP
Fapnud f, flasnnanissiaesdianifu 302 MHz Amduseunaimadeumiu

0.33 % Inglunsaidazduuassmaalnniussunad 3.52 mw

20

o] 5 LP(s) |i-+: 1
SRR R
BRI SRS A HP@S) |
------- Leeeideearalt e ] 6 e BG(s) [

o

Voltage gain (dB)

)
o

-40
100k

Frequency (Hz)

3UN 5.2 NanaUauamnuakuu LP, HP, BP uag BS velwsnsasdyauiiiiaue



Gain
(dB)
10+

20

Voltage gain (dB)

-40
100k

Pha

Se

(degree)
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NAN1591884

- === HANNVQU

-180

-270

M

10M 100M
Frequency (Hz)

UM 5.3 HARDUANDINNIANUDLALINUNALUU AP ¥8929955U7 5.1

5o f,=154MHz [
1 oo f,=3.02 MHz
-~ f,=5.49 MHz

1M

10M 100M

Frequency (Hz)

JUN 5.4 nanauausnIenuiLuy BP Waudsnn ls;
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20
[T P e Q= 2

m 0
=
=
'z
(@2}
[<5]
(@)
I
o°
> -20

100k 1M 10M 100M

Frequency (Hz)

suR fi 5.5 HARDUAUBIVNIANALUY BP 1iouwlsan lgs;

gﬂﬁ 5.4 LAAMARBUAUDINNATMATONINATUUY BP \ormunlyl Iy = lees = lass
(Om2 = OmF2 = Oms2) wagvhnsulsenludanmfu 10 HA (gm2 = 190 PA/V), 40 YA (Om2 =
381 PAV), Uay 160 PA (grp = 763 PAN) auid iy Tagmsaiv lae; = lasy = 40 pA (Ome1
= Oms1= 381 PANV) uag C; = C, = 20 pF nnsaidazilula Q = 1 wazAud f,
Iuquwﬁﬁmﬁhﬁu 1.51 kHz, 3.03 MHz wag 6.07 MHz Au&Ifu 9391nHan1331aes
nsdlflaglannud f, fiaumifu 1.54 kHz, 3.02 MHz waz 5.49 MHz auddu Aaduameo

ARNALARDUMAU -1.99%, 0.33% uay 9.56% fuaIAU InefiArnuAaInRaouas fy NARTY

du ansnsneusyiviimaniesadanensusunnszualuda l, Wovamertiuos
SUT 5.5 UaARSHANBUALBIIAM LAY NIITIUY BP ilouusan Q lnflandu 1, 2 uax 4

AUEIRU TATE fo = 3.03 MHz Tnerimium ler = lgse = 40 PA (Grr2 = msz= 381 HANV), lger
= 10 YA (QmF1= 381 PAN) wavyimsuUsaila lgst SAVNAU 10 HA (gmst = 190 MA/V), 40 PA
(Oms1 = 381 PANV), Wag 160 PA (gms1 = 763 PAV) AUE0U mﬂgﬂfmﬁulgﬁm Q V9Nas
annsoudsnlpguandudaslngluamanssmuiunn @, venms laemsulsan les

dlevhnsiassinanevausenuiludediierueswunluinaneuaueg
AuBvesaImeItueuinsla (monte-carlo analysis) Suduisnisiieslovinnenginssy
vonsaslunsdliigunsaiueaiivuazmadriniglursenilefinaudsnuy (deviation) 1
NnmgdnssuUnd  Taegud 5.6 LERINARDUALBINIIANAT IAIINA1SNAdEUN T
§9NUE10AAIINI (Gue UAT Gms) VIMATTMANITBAUUINAL Ao 5% uazgURl 5.7
LARIKAREUALBMNIAINLATANNIadeunsEln Cr ez Cp vamnsasimanuioauy
Wi Ao 5% Fwnaesnsalinismageudusiuan 100 S warlunisuanuasuuuing
\@eU (gaussian distribution)
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5.3 2999N 7098 I RUAKIAULUU MISO Tagld VDTA

FveilazihiaueniseenuuusarduaTzmasnsesdyaaowunysyas (Universal
filter) TnuanssunuuauBunavilauemn laglyasas VOTA S1uunisih nesaufuiaiv
U5¢3UIUaR N mmaaé’qmiﬂzﬁﬁqﬁﬁummé’mmmﬁnﬂﬂa56?1’14 Ao LP, HP, BP, BS way
AP é?fmwiﬁﬂwLaua"l,aiai’wLﬂugaqLU?{EJuLLangUqumamwﬂumié’ameﬁﬁqﬁ%’uﬂiaq
FUn M UUA1aY HidssmaniamunuInaR I aeuenluns AT SIS T
mmmﬂ%’uhwwqiwﬁma%ﬁéﬂﬁzgﬁuamwﬂﬁﬁuaai‘ﬁmimq&ﬁﬂmaﬁﬂé denuniuanAded
131Lauaéﬁuiugﬂmeqaiamﬁuwwﬁuméwm [20]-26] wudnqmﬁgwmﬁﬁwLauai%qﬂﬂszﬁ
woAfinuInnImiaiatuly s?fqmﬂ*ﬁmqﬂﬁzaqé;mmiaaﬂLLUUNR]iﬁL’%SU\‘i'}a n13uslae
wisufiduaznisusendaiuiivesisas Jududesddyiinesfiarsuilygunsniondiv
WioaifeuargUninimadnduuiimnzansouiula fausanfinuinasinisiiaue
N%ﬂsaqé’mmmaLuﬂﬂivaqﬁﬁﬁaﬂﬂiajuaﬂﬁwLﬂmﬁuﬁmsﬁu [271-(35] upfinunauided
Uiauslu [27]-28] lmmmiamLmﬂmﬁqﬂ%uﬂiaqammmﬂmmwﬂﬂmmuuaw’mmim
Fygrauidnausly [281035] Fuasienlagenfefinuniuniadnainatsuenlunis
DONLUUIIS

5.3.1 2995n5098 ey MISO Tnuausediuditinaua

Ul 5.8 wannaasnsesdygalumonsiinnuausaduuuuamdung uilieame
fhiiaue FaUsznaunienans VOTA Wesiiemesuiudiniulsegsuauaesh asdhla
masihiauelvgunsaenaiiviuasmadnsuutesuarunamnmslaimunumadan
aeuenlunsduAsIEneas :nnsiesgieeslugui 3.1 Tmﬂmﬂaﬂmauumaa’mﬁ
VDTA sfaamns (3.1) aglawendunnelouusesiu (vol tage transfer function) ¥9499% el

[AANUIN 1]
SZV3 ng SV + ng S 4+ ng ng Vl
V. = C2 Cz Clcz

“ SZ+ ng S+ ngng
CZ ClCZ

Slofansanannis (5.33) agwunmnidendouussduduna Vi, V o uaz V 5 n
REFVRETEY %ﬁﬂﬁﬁa%ﬁ'ﬁﬂLauammﬁaé’qLﬂiqzﬁﬂqﬁ%’ummé@wm"Lumamwﬁﬂlgmunﬂ
Wandu fadouloneldil

1) Wﬂﬁsﬁumaqé’@mmwu LP dlofmualyn Vi =V, = Vi, V3 = 0 uae OmF = Oms

Tneiensvenedya auaununfuni

2) andunsesdamuy BP Wosmualn Vs = Vi, Vi =Vs = 0 Tneiidnsvens

é’mmmmmﬁumﬁu -Oms/OmE

3) Wﬂﬂ%uﬂsaaammmmu HP lermusiln Vs = Vir, V1 =V, = 0 lnefignsivey

[y

ﬁﬂJEU’]ﬂJLLi‘lUN’WUW]’]ﬂUMu\‘i

(5.33)
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4) Wﬂﬁsﬁuﬂiaqﬁmmmmu BS \ilarviuslu Vi =Vz =V3 = Vi 8% OnF = Ums
Tneisnsvenedya auaununfuni

5) Wﬂﬁ%ﬂﬂi@ﬁﬂgﬁgwuw AP ilafmunls Vi = 2V, = Vg = Vi, uay OmE = Oms
Tnefidhsvenedyaamauniuniunils

10— n X+
1

5UM 5.8 193snsesdyialvanusaduiuy MISO e

NEUNT (5.33) kaAMAU A1 @y, Q uay BW vas19asniaus fnuniiu

@, = /M (5.34)
C1C2
ngCl

Q= (5.35)
\ 90eCo

ey BW = e (5.36)
Cl

N@UNIT (5.34) 9 (5.36) WU @, kaz Q 103TLEUD  @unsauUsalanieionis
nsBiannselinalaenisusuamasieaimud gns  derauaulaainainssualuda lgs 910

neuen aeluamanssunanl BW
dwsuaiaulvemiines ,, Q uay BW nen1sildsuniaiamaunsaueaniin

IS} = VQJ dy
wazrnadnlueas aunsaleulased

St =S =53 =-S5 =% (537)
50 =% =52 =-s2 =1 (538)

2
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Sgr =-Sc" =1 (5.39)
Wy Sg. =S¢ =0 (5.40)

naun1s (5.37) 89 (5.40) wansliiiunnaianulivessasnenisuusagunsauenfinuas
Wiagniavaauiia el

5.3.2 analiilugaunivasisasnsasdeyyia MISO Tnuaussfufidnaue

LmaﬂmmiaLm%mq%maaammmwmLauaiuiﬂm 5.8 8nadilaodniledenansenu
idesaneulindugeuafvedisas VDTA fsaunns (3.2) ) nuInFunelounsEuaveI99S
Tunsalisiaumndu [nawuan 22]

SZV3 _(:Bs ng jsvz +|:(ﬂF ng js_,’_(ﬂFﬂngF ng ]:|V1
C2 C2 C1C2

OUt 52+ ﬂFng S+ IBFﬁngFng
C2 ClCZ

(5.41)

ﬁm%’umtﬁfﬁimLﬂuqmmaﬁuamqmgﬂﬁ 5.8 9glamN15iees @,, Q wag BW iy

@, = M (5.42)
\  CC,

Q= /—ﬂ Oy (5.43)
ﬂFngCZ

LAY BW = Pe e (5.44)

1

dmumAulvemsdves @y, Q way BW nonisidsuuiaiaainuilesuy
Tunsaamudaswensmanuilunsainludugauafivenasgui 5.8 awnsadeulasail

@, [oX 1
S =St = (5.45)

1
Q _ Q _
S5 =-8% = (5.46)
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S, =1 (5.47)
LAy S[?SW =0 (5.48)

naun1s (5.45) 99 (5.48) LLamﬂmmmwmmmbmamnﬂaauuﬂmmmmwmLuuiuﬂWi
aqmuamwmsJﬂ1mmumwmuuummmmﬂumwm

5.3.3 HAN1TI1ABINTTNNNIUYDINAT

dmsumansaaeuauanTRvessasnosdyaaiiauslugui 5.8 fu o1dena
ns$1eoenisvhauaniusuny PSPICE Tagleasas VDTA fifllassasnemelunanadagudi
3.5 aelaweluladueansiudames TSMC  0.35- pm YDIUIEN Taiwan Serniconductor
Manufacturing Cormpany Julassasemelurenses mawavl,aamawmumw (W) uay
AT (L) vesosthnssuavomsudames  wanafanisedl 31 wasdenlouvasang
IhFesfiaumfy +v=-v =2V

mﬂgﬂﬁ 5.8 \ilafuuslv Igr = lgs = 40 PA (Qmr = Oms =381 PA/V) g C; = C; =
20 pF mﬂl,'ﬁ"aulsusﬂjw@Tuﬁﬂﬁiﬁﬂmauﬁ’ﬁsuamwﬂumamwﬁﬁa fo= W27 = 3.03 MHz
uaz Q = 1 Tag3ufl 5.9 LaRINANDUAUDIMNIAIINAYEIATUUY LP, BP,HP uaz BS wawgu
71 5.10 UARINANDUAUDIMNIANNAVDISATIVIBUALLLIWAYNINATUUY AP B9a273d) f, 7

VL@ﬁﬂﬂNaﬂ’]iﬁ]’laﬁNiJﬂ’]L‘Vl’mU 3.02 MHz anwdumiaumaiaaaoumniiu 0.33 % Taglunsd
u%aumaaﬁmaﬂwwmismm 1 mW
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Ul 513 uag 5.14 LansHANaNBUALEINIALAluTsaRR Ao wsLLTuL
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(ﬂF ng ]S
BP(s) = e (8) _ S (43.8)

ORI +[ﬂFng js+[ﬂpﬂéggpgmsj
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This paper presents a compact current-mode three-input single-output (TISO) type universal filter. Only one
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tuning has been obtained. Both the discussed universal filters have been shown to have low incremental
active and passive sensitivities. To demonstrate the performances of the filters and verify the theoretical
analysis, computer simulations are accomplished with the PSPICE program.
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1. Introduction

Ever since the introduction of the voltage differencing transcon-
ductance amplifier (VDTA) by Biolek et.al. [1], this active device has
been successfully used for realizing sinusoidal oscillator and filter
circuits [2-11]. Accordingly, a number of active filter circuits using
VDTASs as active elements and passive elements have been reported
in the literature [3-11]. However, most of the previously reported
circuits were based on voltage-mode operations. At present, the
current-mode approach is of great interest with the recent popularity
of current-mode circuits. Therefore, the design of current-mode
active filters is attractive in analog signal processing applications.
Moreover, from the point of view of the advantages of simplicity, cost
reduction, low power consumption and space saving, it is beneficial
to design the active filters using a single active component and
keeping the number of passive components to a minimum.

In this paper, a compact current-mode electronically tunable
universal biquadratic filter with three inputs and a single output
using one VDTA is presented. The circuit employs only two grounded
capacitors as passive components, without the employment of
external passive resistors. According to the proper selection of the
input signals, all the five basic biquadratic filtering functions, namely
lowpass (LP), bandpass (BP), highpass (HP), bandstop (BS) and allpass
(AP), can be realized from the presented circuit configuration. The
natural angular frequency (wo) and the quality factor (Q) of the

* Corresponding author.
E-mail address: drworapong@yahoo.com (W. Tangsrirat).

http://dx.doi.org/10.1016/j.mejo.2014.04.008
0026-2692/© 2014 Elsevier Ltd. All rights reserved.

proposed filter are electronically controllable. Nevertheless, the
proposed filter that is implemented from one VDTA and only two
passive components does not actually permit one to adjust/control
the parameter wo without disturbing Q. It will be suggested in this
work that by making a slight modification in the proposed circuit
configuration, independent control of wy and Q can be easily
achieved. Both of the realized circuits have low incremental active
and passive sensitivities. Simulation results using TSMC CMOS 0.35-
pum technology together with ideal ones are examined to demon-
strate the performance of the circuits.

2. Comparison with existing circuits

In this section, a comparison of a recently reported similar type
multi-input single-output (MISO) current-mode biquadratic filter
and the proposed circuit is described. Over the last decade, several
current-mode MISO-type universal biquadratic filters using a
single high-performance active element have been reported in
[10-26]. However, for certain filters in [10,11]], both BP and HP
output signals are obtained on the grounded capacitors, and thus
some extra buffers are needed for those filters to sense the output
signals. The circuits given in [12-14] also require a change in the
passive components to realize different filter functions. Moreover,
the filter structures reported in [15-22] do not include electronic
tunability and need some external passive resistors. Although
current-mode universal filter topologies with electronic tuning
property were proposed in [23-26], they still required some
external passive resistors for their filter realizations. It may be
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argued that the proposed circuit requires one VDTA and only two
grounded capacitors without needing an external resistor and
changing circuit configuration in each filter realization. It may also
be noted that the circuit enjoys the added advantage of electronic
controllability of wy and Q.

3. The VDTA

The VDTA is an alternative versatile active building block as
shown in Fig. 1. Basically, the VDTA device consists of an input
voltage subtractor that transfers a differential input voltage (v,-v,)
to the current through the z-terminal (i,) by the first transconduc-
tance gain (g.r), and a dual output transconductance amplifier that
converts the corresponding voltage drop at the z-terminal to currents
at the x-terminals by the second transconductance gain (gs). In
addition, a copy of the current i, is available at the zc-terminal (iy).
Considering the basic operation of an ideal VDTA, its terminal
relationship can be characterized by the following matrix:

ip 0 0 0 0]rv,

i 0 0 0 O vV,

M= B 0o 0 " 1)
1z EmF 8&mF Vze

ix 0 0 gns O v,

In general, both transconductances g,r and g,s of the VDTA are
controllable by electronic means.

Fig. 2 shows the CMOS realization of the VDTA [3]. In this reali-
zation, the internal structure of the circuit is mainly composed of two
Arbel-Goldminz transconductances [27]. In this case, the values of g,
and g;,,s for this element can be determined by the output transistor
transconductance, which can, respectively, be approximated as

818 838
g o= (#) N (ﬂ) @)
g1+8&2 83+84
ip i
Vyo—="p X+ —ov,,
i VDTA i
iy n X
no———— n X-———ov,
z zC
e |t
v v
z zc
Fig. 1. Electrical symbol of the VDTA.
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and

8586 £788
e (225)(25)
™= \gs+8s)  \&7+8s
where g; = \/uCoxWilp;/L; is the transconductance value, I; is the bias
current, u is the effective carrier mobility, C, is the gate-oxide

capacitance per unit area, and W and L are the effective channel
width and length of the i-th MOS transistor (i=1, 2, ..., 8), respectively.

3)

4. Proposed compact filters

The proposed compact current-mode universal filter circuit
with three inputs and one output consisting of only one VDTA
and two grounded capacitors is shown in Fig. 3. The employment
of only grounded capacitors as passive components is parti-
cularly attractive for integrated circuit implementation. The
circuit analysis using Eq. (1) yields the following output current
expression:

_ D)1 +(&ms1/C1ISla + (Emr18ms1/C1C2)13

loue ) @
where

_ 2, (8mF1 Emr18ms1
D(s)=s +<—Cl >s+<—C1C2 > (5)

Egs. (4) and (5) suggest that the filter in Fig. 3 realizes the
following five standard biquadratic filter functions with input and
component conditions:

1) If =I;, (input current signal), I;=I,=0, the LP current
response with unity passband gain can be obtained.

T
. zc
VDTA s
out
O R
z
12 F 11 1‘4
— —> —
O ¢ O (e

-V

Fig. 2. CMOS implementation of the VDTA.
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2) If L=I;,, I =13=0, the BP current response with passband gain
of gms1/gmr1 can be obtained.

3) If 1=—L=—I3=I;; and g,r =gmns1, the HP current response
with unity passband gain can be obtained.

4) If h=—-L=Iy 3=0 and gnr=&mns1, the BS current response
with unity passband gain can be obtained.

5) If 1 = —/2=I;, I5=0 and g,r1 =gms1, the AP current response
with unity passband gain can be obtained.

Examining Eq. (5) also shows that the natural angular frequency
(wp) and the quality factor (Q) of the filter are given by

_ |8mF18ms1
o = ’/7C1C2 (6)

and

8ms1C1

¢= \/ 8mr1C2 @

It is seen from Eqs. (6) and (7) that the proposed filter that
employs only one VDTA with few passive components is able to
control the parameters wo and Q electronically by tuning gmr
and/or gn.s;. However, the parameters wg and Q cannot be modi-
fied independently. This is due to the fact that in this work we
focus on the design of a compact current-mode filter structure
with the distinct advantage of using a single active element and
only two grounded capacitors without needing an external passive
resistor; therefore, orthogonal control of wg and Q cannot be
expected. To solve this drawback, a slight altering of the proposed
filter in Fig. 3 is suggested in the following.

Fig. 4 shows the suggested structure, which allows adjusting of
Q without changing its wg [6]. This circuit is modified by adding an
auxiliary VDTA-based current amplifier (VDTA#2) to the initial
filter configuration in Fig. 3. As a result, the resultant Q-value
depends on the gain of this amplifier. Accordingly, the modified
filter parameters wo and Q will be

_ /8ms18ms2
wo = ’/7& C, 8)

and

1 8ms18ms2C1
Q=_—,[Smsioms2+1 9
Emr | (@) ©

where g.r and g5 are the transconductances g,r and g,,,s of the
k-th VDTA (k=1, 2), respectively. It is worth noting that the
modified filter in Fig. 4 offers the benefit of electronic tuning of
its Q-value through the transconductance g,,,r; without influencing
its wo-value.

T
z7C B p 49 <+
1" vpra VDTA
0 L, @
n S X+ > J:— n S X- 1
]2 [I ]3
— Pa— —>e

Fig. 4. Modified compact filter with orthogonal wo-Q tuning.

5. Non-ideal analyses
5.1. Tracking error analysis

Taking into consideration the tracking errors of the VDTA, the
terminal relations in Eq. (1) can be rewritten as

ip 0 0 0 0 Vp
in 0 0 0 0 Vn
.| = (10)
Iz Pe&mr  —Pr&mr 0 0 Vzc
ix 0 0 ﬁsgms 0 vz

where gr and fs are, respectively, the tracking errors for the first
and second stages of the VDTA. Considering the VDTA non-
idealities in Eq. (10), the important filter parameters of the circuits
in Figs. 3 and 4 can be given, respectively, as follows:

_ |Pr1Ps18mF18ms1
wo = | [P (11a)
Ps18ms1C1
=y 11b
Br18mr1C2 (11b)
and
_ [Ps18s28ms18ms2
wo = GG (12a)
1 Ps1Ps28ms18ms2C1
0= N 12b
Pr18mF1 G (12b)

From equations (11a,b) and (12a,b), the sensitivities of wy and Q
to active and passive components are analyzed. It is evident that
all of the component sensitivities of wg and Q are less than or equal
to unity in magnitude. Thus, the two filter circuits in Figs. 3 and 4
enjoy attractive active and passive sensitivity performances.

5.2. Effect of VDTA Parasitics

The effects of various parasitics of the VDTA used in the
proposed filter in Fig. 3 are considered next. Considering these
parasitic impedances, the non-ideal equivalent circuit of the VDTA
is shown in Fig. 5. Ideally, the parasitic resistances R,, Ry, Rz, Ry,
Ry, and R,_ appearing in parallel at the corresponding terminals
p, n, z, zc, x+ and x— are approximately equal to infinity, and the
parasitic capacitances Cp, Gy, G, G, Gy and C,_ are approximately
equal to zero. Consider the proposed filter in Fig. 3 taking into
account the above parasitic effects. We see that both terminals n
and z of the VDTA are terminated by a grounded capacitor Ci;
hence, C; appears in parallel with the n and z-terminal parasitics

Fig. 5. Parasitic impedances of the VDTA.
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(C1/]Cu/[C,/[R,][R,). In the same manner, the capacitor C, is con-
nected to both terminals p and x—; thus we found that (G//Cp//
Cx—/IRp/[R«_). However, since the external capacitors C; and G,
chosen in the design are usually in excess of the expected parasitic
capacitances (or C;>>GC,//C; and C;>C,//Cx_), these parasitic capa-
citance effects can be absorbed at working frequencies. To mini-
mize the effects of the VDTA parasitic resistances, the values of C;
and C, must be chosen as the following conditions:

1
E<<(Rn//Rz) (13)
and

1
E«(Rp //Rx-) (14)

6. Practical consideration for inputs' selection

The proposed current-mode universal filter in Fig. 3 enjoys a
minimum component count and a very compact realization. There
are certain aspects which need to be practically considered. Firstly,
the input impedance must be low and even frequency dependent
in certain cases. Secondly, the three input terminals need to be
switched to realize different filtering functions as previously
detailed in Egs. (4) and (5) and the subsequent discussion. For
this purpose, the current switching network must be used at the
inputs' end and the circuit may even be made digitally controllable
with a three-bit control to select the desired input currents (I, I
and I3) [28]. This aspect may be further utilized to also make the
input impedance desirable for current-mode operations by appro-
priate design of the current switching network.

7. Simulation results and discussion

In this section, the proposed filter in Fig. 3 has been simulated
using the PSPICE program to verify the theoretical predictions.
The VDTA given in Fig. 2 was realized using TSMC 0.35-pm
CMOS process model parameters with DC supply voltages of
+V=—V=2 V. The aspect ratios of the MOS transistors were taken
as 16.1/0.7 for My, My, Ms, Mg; 28/0.7 for M5, My, M, Mg; 21/0.7
for Mg-M3; 7/0.7 for My3, Myg; and 8.5/0.7 for Mqy4—M;;. For all
filter response simulations, equal capacitors were chosen as
C1 = C2 =20 pF

As an example, the filter in Fig. 3 was designed to realize
biquadratic characteristics with fo=wo/27~3 MHz and Q=1.
In this case, the active component values were selected as
Zmr1=8ms1 = 380 pA/V (Ipr1=Ips1 =40 pA), which resulted in total
power consumption of about 1 mW. Fig. 6 shows the frequency
responses of the LP, BP, HP and BS filters. Also, the gain and phase
responses of the AP filter are represented in Fig. 7. In Fig. 8, the
simulated time-domain response for the BP response is shown, in
which a 3-MHz sinusoidal input current signal with amplitude of
20 pA (peak) is applied to the filter. As can be observed, there is
close agreement between the ideal and the simulation.

To illustrate orthogonal wo—Q tuning, the suggested filter in
Fig. 4 was also simulated. For controllability of the wg-value, all the
transconductance gains of the VDTAs were set to be equal (i.e.
8m=8mr1 =8&ms1=8mr2=8ms2 OT Ip=Ipr1=Ips1=Ipr2=Ips>) and var-
ied to the values of 190 pA/V (I =~ 10 pA), 380 pA/V (Ip =~ 40 pA) and
763 uA/V (Ig =160 pA), which resulted in fy-values of 1.5 MHz,
3.0 MHz and 6.0 MHz, respectively. The corresponding current
characteristics of the BP filter in Fig. 4 are shown in Fig. 9. By
keeping the values of gns1=8mnm=8mns2=380 pA/V for a constant
fo=~3 MHz and varying only g (i.e. gnr1 = 190 pA/V, 270 pA/V,
380 pA/V), we obtain the simulated BP filtering responses with

20

Current gain (dB)

Frequency (Hz)
Fig. 6. Simulated frequency characteristics for LP, BP, HP and BS of the proposed
filter in Fig. 3.
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Fig. 7. Ideal and simulated AP responses of the proposed filter in Fig. 3.
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Fig. 8. Time domain responses of the BP responses in Fig. 3 at fo =~ 3 MHz.

three different Qs as shown in Fig. 10. It is important to note that
the Q-value can be adjusted electronically without disturbing the
wo-value by changing gr.

The variations of the total harmonic distortion (THD) versus the
amplitude of the applied sinusoidal input current for the BP
response case at a frequency of 3 MHz are given in Fig. 11. It can
be observed that the THD values of the two filters remain below
6% for sinusoidal input signals up to 40 pA (peak).

A final point concerns the impact of active and passive
mismatch on the filter's frequency response. The proposed com-
pact filter in Fig. 3 has been evaluated through statistical analysis
results by performing the well-known Monte-Carlo statistical
analysis. For this purpose, the BP filter in Fig. 3 has been simulated
by setting the values of transconductances and capacitors with 5%
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Current gain (dB)

Frequency (Hz)

Fig. 9. Simulated BP responses for the filter in Fig. 4 by varying f, and keeping Q=1.
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Fig. 10. Simulated BP responses for the filter in Fig. 4 by varying Q and keeping
fo=~3 MHz.

THD (%)
w
|

'
1
1
1
1
1
1

S S
I
'
'
'
'
'
1
|

[

o
[l
=
o
=
3]
[N)
o
)
3]
w
S
w
a1

40
lin (1A (peak)

Fig. 11. THD variations of the BP responses against applied input current amplitude
at 3 MHz.

Gaussian deviation. After the same 100-simulation runs, the
derived statistical histograms are drawn in Fig. 12 and Fig. 13.
From these results, the simulated standard deviations of the wqg
of the filter were obtained as 29.30 kHz and 105.29 kHz. Thus,
it is implied that the filter topology has reasonable sensitivity
characteristics.

8. Conclusion
This paper has presented a compact configuration for realizing

an electronically tunable current-mode universal filter with three
inputs and one output based on VDTA as an active element. By

p 15

e

r

c

e

n 10 .

S S — 1 I I O B S
5
2.96M 3.00M 3.04M 3.08M 3.12Mm 3.16M 3.20M

CenterFreq(1(R1),1)

n samples = 100 10th %ile = 3.05364e+006
n divisions 20 median = 3.09533e+006
mean = 3.0925e+006 90th %ile = 3.12334e+006
sigma = 29301.8 maximum = 3.15551e+006
minimum = 3.02298e+006

Fig. 12. Monte-Carlo statistical results for the BP filter in Fig. 3 with 5% deviation in
gm-values.
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e
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n
t 10
5
0
2.6M 2.8M 3.0M 3.2M 3.4M 3.6M
CenterFreq(1(R1),1)
n samples = 100 10th %ile = 2.9704e+006
n divisions 20 median = 3.08023e+006
mean = 3.09636e+006 90th %ile = 3.22291e+006
sigma = 105285 maximum = 3.36183e+006
minimum = 2.84054e+006

Fig. 13. Monte-Carlo statistical results for the BP filter in Fig. 3 with 5% deviation in
capacitor values.

using only one VDTA and two grounded capacitors, the presented
circuit can realize all the five standard biquadratic filter func-
tions without changing the circuit configuration. After slightly
modifying the original configuration, another novel three-input
single-output current-mode universal filter with an additional
advantageous feature of non-interactive electronic control of its
parameters g and Q has been obtained. The effects of VDTA non-
idealities are discussed, and simulation results are also included.
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Abstract This paper presents a possible usage of the voltage differencing transcon-
ductance amplifier (VDTA) for the design of an electronically tunable single-input
five-output voltage-mode universal filter. The presented filter is constructed using
two VDTAS, two capacitors and two resistors that are all grounded. The circuit si-
multaneously realizes lowpass (LP), bandpass (BP), highpass (HP), bandstop (BS)
and allpass (AP) filtering responses, without changing the circuit topology. The cir-
cuit is capable of providing an independent electronic control of the natural angular
frequency (wp) and the quality factor (Q) through the transconductance gains of the
VDTAs. By simply adjusting the transconductance ratio, a high-Q filter can also be
obtained. Because of the high-input impedance of the circuit, it is advantageous for
cascade connection. To support the theoretical analysis, the properties of the designed
filter have been verified by PSPICE simulation results.

Keywords Voltage differencing transconductance amplifier (VDTA) - Universal
filter - Voltage-mode circuit

1 Introduction

In the last decade, progress in the microelectronic area presents new circuit principles
of active building blocks for fast analog signal processing and improving the proper-
ties of existing ones, such as operational transconductance amplifier (OTA) or current
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conveyor (CC) [4]. Some new analog active building blocks providing the potentiality
in analog circuit design were and are being introduced, such as current differencing
transconductance amplifier (CDTA) [3], current conveyor transconductance ampli-
fier (CCTA) [24], differential difference current conveyor transconductance amplifier
(DDCCTA) [23], and so on [4]. Among these, the voltage differencing transconduc-
tance amplifier (VDTA) is a recently introduced active element. This element can be
compared with the previously introduced CDTA element, in which the current differ-
encing unit at the front-end is replaced by the voltage differencer. This means that the
VDTA is composed of the current source controlled by the difference of two input
voltages and a multiple-output transconductance amplifier, providing electronic tun-
ing ability through its transconductance gains. Therefore, the VDTA device is very
suitable for electronically tunable active circuit synthesis. Another advantageous fea-
ture of the use of the VDTA as an active element is that compact structures in some
applications can be achieved easily [4, 26]. All these advantages make the VDTA an
alternative choice for the implementation of voltage-mode analog signal processing
circuits.

This paper deals with the design of the voltage-mode biquadratic universal filter
with one input and five output terminals based on the use of the VDTAS as active
elements. Our proposed filter employing two VDTAS, two grounded capacitors and
two grounded resistors can simultaneously realize all the five standard biquadratic
filtering functions, namely lowpass (LP), bandpass (BP), highpass (HP), bandstop
(BS) and allpass (AP), from the same circuit configuration. The circuit needs no
component-matching conditions, except for the AP filter realization, and provides the
attractive feature of independent electronic control of the natural angular frequency
(wo) and the quality factor (Q) by varying the external DC bias currents of the VD-
TAs. The input of the circuit is at high impedance, which can be directly connected in
cascade to realize higher-order filters. In addition, all passive elements are grounded,
which is important for an integration point of view. PSPICE simulation results are
given demonstrating close agreement with the predicted theory.

A detailed comparison of the available similar type of single-input five-output
voltage-mode universal filters from [1, 5-22] and the proposed circuit is given in
Table 1. It reveals that the topologies [1, 10-14, 17-20] employ an excessive number
of active and passive elements, and require some floating resistors in the design. With
respect to the filters in [15, 22], the proposed circuit has an advantage of independent
electronic control of wg and Q with fewer active and passive elements. With respect
to the existing filters in [5, 7-9, 16, 21], the proposed circuit exhibits the features
of using all-grounded passive elements, having high-input impedance, and having
an electronically tunable wgp and Q. With respect to the filter in [6], an orthogonal
electronic control of wp and Q can be obtained from the proposed circuit.

2 Voltage Differencing Transconductance Amplifier (VDTA)
As shown symbolically in Fig. 1, the VDTA element consists of an input voltage sub-
tractor that transfers a differential input voltage (v, — v,) to the current through the

z-terminal (i;) by the first transconductance gain (g, r), and a dual output transcon-
ductance amplifier that converts the corresponding voltage drop at the z-terminal to

Birkhauser
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Table1l Comparative study of the available similar type of single-input five-output voltage-mode univer-
sal filters

Ref. No. of No. of Grounded  Highinput  Electronic  Independent No
active passive passive impedance  tunability  control of matching
elements  elements  elements wp and Q condi-

tions

Proposed 2 4 yes yes yes yes yes

[1] 5 8 no yes no yes yes

[5] 2 5 no no no yes yes

[6] 2 4 yes yes no no yes

[7] 2 5 no no no yes yes

[8] 2 6 no no no yes yes

[9] 2 5 no no no no yes

[10] 3 5 no yes no no yes

[11] 3 4 no yes no no yes

[12] 3 5 no yes no yes yes

[13] 3 4 no yes no no yes

[14] 8 8 no yes no yes yes

[15] 5 2 yes yes yes yes yes

[16] 2 5 no no no yes yes

[17] 3 6 no yes no yes yes

[18] 4 7 no no no yes yes

[19] 3/4 8/9 no no no yes yes

[20] 4 6 no yes no no yes

[21] 1 5 no no no yes yes

[22] 3 5 yes yes no no no

Fig. 1 Circuit representation of ip i

the VDTA Vo> 1p X+ —ov,,

i VDTA i
v,o—*> | n x- 0,
z zc
b e
vZ VZC

currents at the x-terminals by the second transconductance gain (g,,s). In addition,
the copy of the current i, is available at the zc-terminal (i;.). Therefore, from the
basic operation, the terminal relationships of the VDTA can be characterized by the
following matrix:

ip 0 0 0 O vp
in 0 0 0 0 Up

= 1
Iz 8mF 8mF 0 0 Uze (1)
iy 0 0 gms O v,

Birkhauser
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-V

Fig. 2 Schematic CMOS implementation of the VDTA

In general, both transconductances g,,r and g,,s of the VDTA are controllable
electronically by the external DC bias currents.

Recently, the simple CMOS realization of the VDTA is introduced in [26]. Fig-
ure 2 shows the internal structure of the circuit, which is composed of two Arbel-
Goldminz transconductances [2]. In this case, the g,,7- and g,,s-values of this ele-
ment are determined by the output transistor transconductance, which can, respec-
tively, be approximated as

~ 8182 8384
= + 2
s <g1+82) <g3+g4) @

~ 8586 8788
oms = +< ) )
" <85 + gs) 87+ 8s

where g; = 1/IBiMC0xLK; is the transconductance value of the ith transistor (i =
1,2,...,8), Ip; is the bias current of the ith transistor, u is the effective carrier mo-
bility, C,, is the gate-oxide capacitance per unit area, and W and L are the effective
channel width and length of the ith MOS transistor, respectively.

and

3 Description of Proposed Universal Filter

Figure 3 shows the proposed voltage-mode universal filter with one input (Vi,) and
five outputs (VLp, Vep, VHp, VBs, and Vap). It contains only two VDTAS, two
resistors and two capacitors. It is obvious that the proposed circuit has a high-
input impedance, which permits easy cascadability, and all passive components are
grounded, which leads to the option of integrated-circuit implementation. Straight-
forward analysis of the circuit in Fig. 3 yields the following five transfer functions:
_ Vip(s) Comst ) (GG
Vin(s) D(s)

8mF1 )(ngngSZ

(4)

Birkhauser
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i S
| MR, !
fwe— P ypra X Yo ™ vDpTA X[ i i
@ @ Lo ta Ve
- +
n z zC x P z zc X Vi
1 T®
— OVBS VBPO_‘ 0_OVHP 1
J_ i MR, |
¢ R, 1 ,_|_ E
I I MR :
i -VC] Vc1 i
Fig. 3 Proposed VDTA-based voltage-mode biquad filter
Vi (nglngZ)S
BP(5) = ~2) _ __iniC (5)
Vin(s) ~ D(s)
m mF2R1
v (8 F18mF?2 )S
HP(S) _ HP(S) gms1 (6)
Vin(s) D(s)
Vi (ngl)( 2 + ngngSZ)
BS(S) — BS(S) 8mS1 (7)
Vin(s) D(s)
and
Ap(s) = Vap) _ SnriRes? — St + Bty ®
Vin(s) D(S)
where
EmF18mF?2 EmF28mS2
D(s) = 5% 4 ( 220mI2 ) 4 (SmE2omE2 ) 9
(5)=s ( gms1C1 )s C1C ®©)

and g, r; and gns; (j = 1,2) denote the first and second transconductance gains of
the jth VDTA, respectively. Obviously, from Eqgs. (4)—(9), it can be seen that the LP,
BP, HP, BS, and AP filter signals are simultaneously available from Vi p, Vgp, Vip,
Vas, and Vap, respectively. It is noted that there is no need to impose component
choice, except realizing the AP filter response which requires g,,51 = gms2- It should
be mentioned here that the output terminals of the proposed filter are not in low-output
impedances. Thus, additional buffers are required for the proposed filter to drive low
impedance loads or to be directly connected to the next stages. Equations (4)—(9) also
show that the LP gain (Hp), BP gain (Hgp), HP gain (Hup), BS gain (Hgs), and AP
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gain (Hap) are given by

R
HLngmFl, HLPngFl’ HHP=—M,
8mS1 8mS1 8mS1 (10)
8mF1
Hgs = 2", Hpp = gmr1R2
8mS1

All the filter responses possess the same wg and Q, and can be determined by

EmF28mS2
— [BmF2dms2 11
wo .G (11)

and

C
— 8mS1 8ms2C1 (12)
gmrF1\ gmr2C2

A possible design procedure can be developed with the selection of equal transcon-
ductance and capacitance values so that g, r2 = gms2 = gm2 and C1 = C2 = C, then
wp and Q from Egs. (11) and (12) become

_ 8m?2

= 13
wo = =7 (13)
and
— 8mS1 (14)
8mF1

The parameter wp can be changed electronically by g,,» without disturbing Q,
which can be independently varied by the ratio g,,s1/gm 1. Note that high value of
QO will be obtained from moderate values of this ratio. Furthermore, with matched
transconductances g1 = g2 = gNF, 83 = g4 = gPF, 85 = g6 = §Ns, and g7 = gg =
gps, the maximum Q-value for the proposed filter shown in Fig. 3 can therefore be
assumed to be

O & (gNs1+ gps1)max (15)
(gNF1+ gPF1)min
where gy r1 (gys1) and gpp1 (gps1) represent the transconductances of the NMOS
and PMOS transistors in the input (output) stage of the VDTAL, respectively. Equa-
tion (15) reveals that the highest achievable value of Q can be realized by setting
the values of gys1 and gpgs1 maximum, while keeping the gy 1 and gpp1 values
minimum.

As shown in Fig. 3, the circuit has the advantage of using grounded resistor
(R;,i =1, 2), which is realized by two MOS transistors (MRy1; and MRy;) [25]. In
this case, the variable resistances can be adjusted with their corresponding control
voltage V¢; by based on the following relation:

L
 2pCox W(Vei — Vr)

(16)

i
where V7 is the threshold voltage of the MOS transistor.
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4 Tracking Error Effect and Sensitivity Analysis

Considering the non-ideal characteristics of the VDTA, the port relations of currents
and voltages in Eq. (1) can be rewritten as

ip 0 0 0 0]l

i 0 0 0 0 v

= " 17
i Br&mr —BF&mF 0 0| vee (17)
iy 0 0 Bsgms 0 Uz

where Br and B are, respectively, the voltage tracking errors for the first and second
stages of the VDTA. Re-analysis the proposed circuit in Fig. 3 using Eq. (17) yields
the following non-ideal filter parameters:

wp = \/ Br2Bs28mr28ms2 (18)

C1C2

C
0= Bs1gms1 | Bs28&ms2C1 (19)
Brigmr1\ Br2gmr2C2

It is evident that the values of wp and Q may be slightly changed by the effect
of the VDTA voltage tracking errors. However, the small deviations in Egs. (18) and
(19) can be minimized by properly adjusting the VDTA’s transconductance values.
Hence, the desired parameter values can still be satisfied.

The active and passive relative sensitivities of wg and Q parameters of the filter in
Fig. 3 are derived to be

and

W 0]
SZ?Fl = Sg)pgsl = Sﬂgl = Sﬁ; =0 (20)
1
W 0]
Sggn = S;Ssz = Sﬂgz = Sﬁgz = 2 (21)
wn _ oo 1 22
SC]_ - SCZ - _E ( )
o _ Q0 _ qwo __ Wy __
ngFl - _ngSl - SﬂFl - _Sﬂsl =-1 (23)
1
o _ 0 _ ¢® _ o __
ngFZ - _ngSZ - S/gFZ - _Sﬂsz - _5 (24)
and
sg=—sg =2 (25)
C, — Cy — 2

From the results, the sensitivities are low and not larger than unity in absolute
value.
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Table2 Transistor dimensions

of the CMOS VDTA circuit Transistors W (m) L (pm)
shown in Fig. 2
M1-My, Ms—Mg 16.1 07
M3-My, M7-Mg 28 0.7
Mg-M12 21 0.7
Mi3s, Mg 7 0.7
M14-M17 8.5 0.7
MR11, MR21, MR12, MR2, 1.45 07
20 SE—
-4 = LP(s) |
&4 HP(s)
-~ BS(s) |
g o —
2
R
[
on
[}
g
S 20
-40
100k M 10M

Fig. 4 Ideal and simulated LP, BP, HP and BS frequency responses of the proposed filter in Fig. 3
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(dB)
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-104

-20-
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Ideal

-180

-270

Frequency (Hz)

Fig. 5 Frequency response of the proposed AP filter in Fig. 3
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20

-8 f,=1.51 MHz
| - f,=3.03 MHz

-~ f,=6.07 MHz

Voltage gain (dB)

-40
100k M 10M 100M

Frequency (Hz)

Fig. 6 Simulated frequency responses of the BP filter when f is varied

Voltage gain (dB)

" 00k M 10M 100M
Frequency (Hz)

Fig. 7 Simulated frequency responses of the BP filter when Q is varied

5 Simulation Results and Discussions

In this section, the proposed biquad filter in Fig. 3 was simulated using PSPICE
to confirm the given theoretical analysis. The VDTAs have been simulated using
the CMOS structure given in Fig. 2 with TSMC 0.35-um CMOS process model pa-
rameters. The aspect ratios of the MOS transistors are given in Table 2. The supply
voltages are selected as: +V = -V =2V, and +V¢; = —V¢; =2 V. For all filter
response simulations, equal capacitors are chosen as: C1 = C2 = 20 pF.

To realize the biquadratic characteristic with fo = wo/2r =3.03 MHzand Q =1,
the active component values for the filter in Fig. 3 are chosen as: g, r1 = gms1 =
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20

w

Percent of samples
=

w

2.9 3.1 32 33
Frequency (MHz)

n samples = 100 10th %ile = 3.03579e+006

n divisions= 20 median = 3.08705e+006

mean = 3.0854e+006 90th %$ile = 3.12722e+006

sigma = 33733.7 maximum = 3.15508e+006

minimum = 2.99268e+006

()

Percent of samples

0 1
2.6 32 3.6
Frequency (MHz)

n samples = 100 10th %$ile = 2.96608e+006
n divisions= 20 median = 3.07876e+006
mean = 3.09245e+006 90th %ile = 3.22037e+006
sigma = 103456 maximum = 3.36286e+006
minimum = 2.84324e+006

(b)

Fig. 8 Monte-Carlo statistical results for the proposed BP filter of Fig. 3 (a) with 5 % deviation in
gm-values, (b) with 5 % deviation in capacitor values

gmF2 = gms2 = 380 YAV (Igr1 = Igs1 = Igr2 = Igs2 = 40 pA), which results in
total power consumption of about 3.52 mW. Fig. 4 shows the frequency responses of
the LP, BP, HP and BS filters. Also, the gain and phase responses of the AP filter are
represented in Fig. 5.

To demonstrate the electronic controllability of fp, the tuning transconductances
gm2 (i.e. Ipo = Igr2 = Igs2) were, respectively, varied to 190 pA/V, 380 pA/V
and 763 PA/V (Ig2 = 10 YA, 40 pA and 160 pA), while keeping g, r1 = gms1 =
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20 T T
Input Referred IP3 = -3dBm
0
_,E.—'-'-"‘V,_ _o— 4—'-"'"_8'_'_7
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I p=ay
red

(dBm)
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Fig. 9 Third-order intercept plot for the proposed filter derived by a two-tone test

0 . . .
100k M 10M 100M
Frequency (Hz)

Fig. 10 Output noise density of the BP filter in Fig. 3

380 PA/V (IgF1 = Igsy =40 pA) for a constant Q = 1. In this setting, the fy-values
calculated from Eq. (11) are approximated to 1.51 MHz, 3.03 MHz and 6.07 MHz,
respectively. The resulting responses of the BP filter corresponding to different bias
currents I are given in Fig. 6. The corresponding fp obtained from the simulations
are found as 1.54 MHz, 3.02 MHz and 5.49 MHz, respectively. Figure 7 shows the
simulated BP responses with Q-tuning. In this case, the bias currents were chosen as:
Ipp2 = Igsp =40 PA, Igp1 = 10 pA, and Igs; = 10 pA, 40 pA, 160 pA, respectively.
Note that the filter with higher Q-value can be obtained from higher value of Igs;.
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To observe the effect of active and passive component mismatching on the filter’s
frequency response, Monte-Carlo analysis is performed with the distribution of 100
simulation runs. For this purpose, the BP filter has been simulated by setting the val-
ues of transconductances and capacitors with 5 % Gaussian deviation. The derived
statistical results are drawn in Fig. 8. From these plots, the simulated standard de-
viations were, respectively, 33.73 kHz and 103.45 kHz, which demonstrate that the
proposed circuit has reasonable sensitivity characteristic.

Concerning the linearity of the proposed filter in Fig. 3, two closely space tones
(f1 =2.9 MHz and f> = 3.1 MHz) with equal input signal amplitudes of 100 mV
(peak) are applied at the input of the filter. The simulated third-order intercept plot
for the proposed filter is shown in Fig. 9. From the plot, it is derived that 1 dB com-
pression point of the filter is observed at an input level equal to —13.4 dBm, while
the derived third-order intercept point (IP3) corresponds to an input signal level equal
to —3 dBm. Besides, the noise effect for the proposed filter is depicted in Fig. 10. It
is obvious that the noise density value is quite small, and its maximum value is equal
to 15.65 nV/Hz/2,

6 Concluding Remarks

This work reports a new single-input five-output voltage-mode universal filter cir-
cuit, which can realize five standard biquadratic filter functions simultaneously. The
proposed circuit employs two VDTASs and four grounded passive elements, which is
advantageous for integration point of view. No component-matching conditions are
required, except AP response realization. The filter permits orthogonal electronic of
the wp and Q parameters through the transconductance gain of the VDTA, and also
exhibits high-input impedance. The circuit active/passive sensitivities are shown to
be low.
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Electronically Tunable Current-Mode Universal
Filter Using VDTASs and Grounded Capacitors

Jetsdaporn Satansup, Tattaya Pukkalanun and Worapong Tangsrirat, Member, IAENG

Abstract—In this paper, an electronically tunable current-
mode universal filter with three inputs and one output
employing two voltage differencing transconductance amplifier
(VDTA) and two grounded capacitors is proposed. The
presented circuit can configure to realize all the five standard
biquadratic filter functions; lowpass, bandpass, highpass,
bandstop and allpass without changing the circuit configuration
and needing an external passive resistor. The proposed filter is
capable of providing an independent current-control of the
natural angular frequency (a») and quality factor (Q) through
the VDTA’s transconductance and low incremental active and
passive sensitivities. The performance of the proposed filter is
tested using PSPICE simulation program, and the results agree
well with the theoretical analysis.

Index Terms— Voltage differencing Transconductance
Amplifier (VDTA), universal filter, current-mode circuit

I. INTRODUCTION

N 2008, some new active building blocks providing the

potentiality in analog circuit design were and are being
introduced [1], such as current differencing transconductance
amplifier (CDTA) [2], current conveyor transconductance
amplifier (CCTA) [3], difference current conveyor
transconductance amplifier (DDCCTA) [4], and so on [1].
Among these, the voltage differencing transconductance
amplifier (VDTA) is a recently introduced active element.
The VDTA device is composed of the current source
controlled by the difference of two input voltages and a
multiple-output  transconductance amplifier, providing
electronic tuning ability through its transconductance gains.
Therefore, the VDTA device is very suitable for
electronically tunable active circuit synthesis. Another
advantageous feature of the use of the VDTA as an active
element is that compact structures in some application can be
achieved easily [1], [5-8]. However, all of them operate in
voltage-mode.

Recently, current-mode biquad filter with multiple inputs
and one output terminals have been reported in open
literature [9]-[22]. However, the filters in [9]-[14] do not
include electronically tunability and needed external passive
resistors. Moreover, filter structures in [11]-[14] employ
non-grounded passive resistors. Although the electronically
tunable biquad filters were reported in [15]-[18], they do not
exhibit independent tuning characteristic of the parameter o,
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and Q. In [19]-[22], with orthogonal the current-mode
biquadratic filters have an orthogonal a-Q tuning were
proposed, but they employs three or more active
components. Moreover, the works configuration in [20]-[22]
also needed external passive resistors.

In this paper, an electronically tunable current-mode
universal biquadratic filter having three inputs and single
output using is proposed. The developed filter is constructed
two VDTAs and two grounded capacitors, which is suitable
for integrated circuit (IC) implementation. By properly
selecting the input signals, the proposed circuit can realize all
the five standard biquadratic filtering functions, namely
lowpass (LP), bandpass (BP), highpass (HP), bandstop (BS)
and allpass (AP) simultaneously, from the same circuit
configuration. The filter has an orthogonal -electronic
adjustment of the characteristic parameters a and Q, and
low incremental active and passive sensitivities.

Il. DESCRIPTION OF THE VDTA

In 2008, the conceptual of the VDTA was firstly
suggested in [1]. The schematic symbol of the VDTA is
represented in Fig.1, where the port relations can be defined
by the following expression [5].

iz 0w —Ome 0 0 Vp
iz— _ “Ome T0ne 0 0 Vi (1)
i><+ O 0 +ng O Vz
ix— 0 0 “Ons 0 vV,

In equation (1), gnr and gps are the first and second
transconductance gains of the VDTA respectively. The
differential input voltage from the terminals p and n (v, - vy)
is transformed into output currents at the terminals z and z-
with first transconductance gnr. The voltage drop at the
terminal z (v,) is transformed into output currents at the
terminals x+ and x- with second transconductance gps.

Ip IX+
—

Fig. 1: Electrical symbol of the VDTA.

The CMOS-based internal structure of the VDTA is
shown in Fig.2. For this structure, the circuit employs two
Arbel-Goldminz transconductance [23]. The first and second
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transconductances are determined by the transconductance 4) Ifly = -l, = ljy, I3 = 0 and Qurr = Oms1, the BS
of output transistors, which can be expressed as, response with a non-inverting unity passband gain can be
respectively: obtained.

5) If Il = '|2/2 = Iin, |3 =0 and OmrF1 = Oms1, the AP

response with a non-inverting unity passband gain can be
ng = & +& = (gl,Z + g3,4) / 2 (2) Obtalned
9,t0, Us+0, '
Qg =204 I1%o_o(g g /2 (3) T
O:+0s Q,10g - 7"
1P vota © P vota **
. . L |
In above equations, g; is the transconductance value of the l, @ out ®
i-th transistor, which is given as: ° n 7 XI+ ° J___ nl 7 X- —_|__
W s cl — —
gi= IBilucoxT (4) I C, T
where lg; is the dc bias current, u is effective carrier
mobility, Coy is the gate oxide capacitance per unit area and Fig.3: Proposed current-mode biquad filter using VDTASs.
W and L are the effective width and length of the i-th MOS
transistor, respectively. Also from equation (5), the important parameters «, and

Q of the filter are found as

@y = Oms19ms2 (6)
CC,

Q — i nglgmszcl (7)
ngl CZ

Furthermore, for simplicity, substituting gms: = Gms2 = Om2
and C; = C, = C in equations (6) and (7) yields the following
expressions:

@, = nz ®
C
and
Fig.2: CMOS implementation of the VDTA. Q= Gz 9
ngl

I1l. PROPOSED CURRENT-MODE BIQUAD FILTER
The proposed three-input single-output current-mode Note that the parameters  in equation (8) can be tuned
electronically tunable universal filter consisting only two e€lectronically by gm,, while Q-value in equation (9) can be
VDTAs and two grounded capacitors is shown in Fig. 3.  tuned independently by gmr1 Without influencing ax,
Routine circuit analysis using equation (1) shows that the

proposed circuit in Fig. 3 has the following output current: IV. TRACKING ERRORS AND SENSITIVITY ANALYSIS
Considering the non-ideal characteristics of the VDTA,
n ms10m the port relations of current and voltage in equation (1) can
D(S)llJ{g SljSIZJ“(g 9 52]|3 be rewritten as:
| = 1 CC, (5) )
out
52+(ng1]5+(gm51gmszj I, B0 —PrOne 0 0f v,
C CcC .
! 12 1 _ _ﬂF ng +ﬂF ng 0 0 Vi (10)
The specialization of equation (5) results in the following !H 0 0 BsGns 0| V.
five standard biquadratic filter fuctions. Iy 0 0 —fsUns O]V,

1) If I3 = Ij, (input current signal), I; = 1, = 0, the LP
response with a non-inverting unity passband gain can be  where S and fs are respectively the tracking errors for the

obtained. first and second stages of the VDTA. Re-analysis the
2) Ifly =1, 13 =13 =0, the BP response with passband  proposed circuit in Fig.3 using equation (10) vyields the
gain of gms1/gmr1 Can be obtained. following non-ideal filter parameters.

3) Ifly=-1; =-13=1;; and Onr1 = Oms1, the HP response
with a non-inverting unity passhband gain can be obtained.
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@, = ’ﬂﬂﬂsznglngZ (11)
GG,
and
Q- 1 \/ﬂSIﬂsznglngZCI (12)
Pe19nrs C,

It is evident that the values of @, and Q may be slightly
changed by the effect of the VDTA’s tracking errors.
However, the small deviation in equations (11) and (12) can
be minimized by properly adjusting the VDTA’s
transconductance values. Hence, the desired parameter
values can still be satisfied.

The active and passive relative sensitivities of a, and Q
parameter of the filter in Fig.3 are derived as:

Sgspﬂpz = Sg:m,gmm = 0 (13)
P 1

52)501”552 = Sgur:sygmsz = E (14)

1

S&e, = - (15)

SﬂQFz = ngr:z = 0 (16)
1

S:gslvﬂsz = ngsmgmsz = E (17)

Q _gQ _
Sﬁm - ngm =-1 (18)
1
S¢=-5¢=3 (19)

Consequently, all of the component sensitivities of a, and
Q are very low and not more than unity in magnitude.

V. SIMULATION RESULTS

To prove the theoretical validity of the filter given in Fig.
3, this filter was simulated with PSPICE program. The
VDTA was simulated using the CMOS implementation
structure given in Fig. 2 based on the 0.35-um TSMC
process parameters. The aspect ratios of the MOS transistor
are given in Table 1.The supply voltages are +V =—V =2 V.
For all simulations, the capacitance values were chosen as:
Ci=C,=20 pF

In order to realize the filter responses with a natural
frequency of fo = an/2n = 3.03 MHz and a quality factor of Q
=1, the following setting for the presented filter in Fig.3 has
been selected as: gmr1 = Omst = Omrz = Gms2 = 381 AV (lgry
= lgsy = Igrr = Igso = 40 A), which results in the total power
consumption of about 2 mW. Fig. 4 shows the simulation
results for LP, BP,HP and BS filter characteristics. The gain
and phase responses of the AP filter configuration are also
shown in Fig. 5.

To demonstrate the electronic controllability of fy, the
tuning transconductances gm; (i.€. Igj = lgr1 = lgsy = lge =
lgs2) were respectively varied to 190 pA/V, 381 pA/V and
763 pA/V (lg; = 10 pA, 40 pA and 160 pA), at a constant

ISBN: 978-988-19252-6-8
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

Q = 1. In this setting, the fy-values calculated from equation
(6) are approximated to 1.51 MHz, 3.03 MHz and 6.07
MHz, respectively. The resulting responses of the BP filter
corresponding to different bias currents Ig; are given in Fig.6.
The corresponding f, obtained from the simulations are
found as 1.54 MHz, 2.95 MHz and 5.49 MHz, respectively.

TABLE |
TRANSISTOR DIMENSIONS OF THE CMOS VDTA CIRCUIT IN FIG.2.
Transistors W (um) L (um)
M1-M2, M5-M6 16.1 0.7
M3-M4, M7-M8 28 0.7
M9-M12 21 0.7
M13,M16 7 0.7
M14-M15, M17-M18 8.5 0.7
20 : T NN
............. e LPE) [l
=8 BP(s) | 11+
""""""""""" a2 HP(s) [ 1
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Fig.4: Simulated LP, BP and HP responses for the proposed filter in Fig.3.
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Fig.5. Ideal and simulated gain and phase responses of the AP filter
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Fig.6: Simulated frequency responses of the BP filter
when fg is varied and Q = 1.

IMECS 2013



20

Current gain (dB)

-40
100K M

10M 100M
Frequency (Hz)
Fig.7: Simulated frequency responses of the BP filter

when Q is varied and fo = 3.03 MHz.

Fig.7 shows the simulated BP responses with Q-tuning. In
this case, the bias currents were chosen as: lgs; = lgr = lgsy=
40 pA for a constant fy = 3.03 MHz and lgr; = 10 pA, 20
RA, 40 pA, respectively.

VI. CONCLUSION

In this work, an electronically tunable current-mode
universal filter with three inputs and single output using
VDTA has been described. The proposed circuit employs
two VDTAs and two grounded capacitors, which is
convenient for integration. The circuit can realize all the five
standard biquadratic filter functions with interconnection of
the relevant input current. It also provides the advantage of
non-interactive electronic control of the important
parameters a, and Q through the transconductance of the
VDTA, and low sensitivity performance. It was
demonstrated that the simulation results are in good
agreement with the expected values.
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Abstract

This paper presents an electronically tunable current-mode multifunction biquadratic filter which employs
a single new active device namely voltage differencing transconductance amplifier (VDTA). The
presented filter with single input and three outputs consists of only one VDTA and two grounded
capacitors. It can simultaneously realize lowpass (LP), bandpass (BP) and highpass (HP) current
responses with no need to impose component choice. The circuit also provides the advantage features of
the use of only one active component and minimum number of passive component, and electronic
controllability of its important parameter, as well as low sensitivity characteristic. The performance of
the proposed filter is tested using PSPICE simulation program, and the simulation results agree well with
the theoretical analysis.

Keywords:Voltage Differencing Transconductance Amplifier (VDTA); Multifunction filter; Current-mode circuit

1. Introduction

Recently, some new analog active building blocks providing the potentiality in analog circuit design
were and are being introduced [1], such as current differencing transconductance amplifier (CDTA) [2],
current conveyor transconductance amplifier (CCTA) [3], difference current conveyor transconductance
amplifier (DDCCTA) [4], and so on [1]. Among these, the voltage differencing transconductance
amplifier (VDTA) is a recently introduced active element. This element can be compared with the
previously introduced CDTA element, in which the current differencing unit at the front-end is replaced
by the voltage differencer. This means that the VDTA is composed of the current source controlled by the
difference of two input voltages and a multiple-output transconductance amplifier, providing electronic
tuning ability through its transconductance gains. Therefore, the VDTA device is very suitable for
electronically tunable active circuit synthesis. Another advantageous feature of the use of the VDTA as an
active element is that compact structures in some application can be achieved easily [1],[5].
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From the point view of the advantages of simplicity, cost reduction, low power consumption and space
saving, it is important to design these filters using only single active component and canonical number of
passive components. Recently, current-mode multifunction biquadratic filters with single input and
multiple output using a single active component have been reported in open literature [6]-[14]. However,
all the filters needed one or more external passive resistors.

This paper deals with the design of the current-mode electronically tunable multifunction filter with
single input and three outputs based on the use of the VDTA as a novel active element. The proposed
filter use single VDTA and two grounded capacitors, which provides the advantage of the use of only one
active component and minimum number of passive components. Moreover, the advantage of an electronic
tuning capability and is especially interested from the integrated circuit fabrication [15].The circuit
realizations LP, BP and HP current responses simultaneously with no need to impose component choice.
The natural angular frequency (a,) and bandwidth (BW) can be orthogonally and electronically tuned
through adjusting the transconductance gain of the VDTA. The circuit also has low sensitivity
characteristic.

2. Description of VDTA

The schematic symbol of the VDTA is represented in Fig.1, where the port relations can be defined by
the following expression [1], [5].

iz TOmr  —Onr 0 0 v,
iz— _ “Onr +0nr 0 0 Vi 1)
i [ | 0 0 +g. O|v,
i || 0o 0o -g. ofv,

In equation (1), gnr and gns are the first and second transconductance gains of the VDTA respectively.
The differential input voltage from the terminals p and n (v, - vy) is transformed into output currents at the
terminals z and z- with first transconductance gnr. The voltage drop at the terminal z (v,) is transformed
into output currents at the terminals x+ and x- with second transconductance gps.

p X+
Voo —>1p X+ —=oVys
i, VDTA i
Vho—>1n z 7. X —o%
l |V l |
vV

Fig.1. Electrical symbol of the VDTA

The CMOS-based internal structure of the VDTA is shown in Fig.2. For this structure, the circuit
employs two Arbel-Goldminz transconductance [16]. The first and second transconductances are
determined by the transconductance of output transistors, which can be expressed as, respectively:

0. = 9.9, + 939,

0,+9; 093+0,

E(91,2'*‘93,4)/2 (2)
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0:+0s U, + 0

In above equations, g; is the transconductance value of the i-th transistor, which is given as:

gi :\ IBi/'lcoxWT (4)

where lg; is the dc bias current, u is effective carrier mobility, C,, is the gate oxide capacitance per unit
area and W and L are the effective width and length of the i-th MOS transistor, respectively.

+Vip

Fig.2. CMOS implementation of the VDTA

3. Proposed Filter Configuration

The proposed current-mode multifunction biquadratic filter using single VDTA is shown in Fig. 3. The
circuit comprises only one VDTA and two grounded capacitors, thus it is canonical in the number of
active and passive components. The routine analysis of the circuit in Fig. 3 gives the current transfer
function as the follows.

( ng gms J
Lp(s) = e @) _\ CCs ()
i () D(s)
v
BP(s) = e (s) _ Cl (6)
ln(s)  D(s)
Hp(s) = e () _ % (7)

lin(s)  D(s)
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where D(s) is found to be

D(S)ZSZ+[ngJS+[ngngJ (8)
Cl ClCZ

It can easily be observed from equation (5)-(8), that the suggested filter simultaneously realizes LP, BP
and HP current responses at Ip, Igp and Ipp respectively, without requiring any passive component
matching constrains. However, since the BP and HP output signals are available on the grounded passive
capacitors C; and C, additional active elements are required to sense the current Igp and lp. Thus, scheme
can be classified as a current-mode single multifunction filter.

All the above three filters posses the same important parameters a, and BW which can be given by

a)(): ngng (g)
\ CC,

BW = e (10)
Cl

It should be noted from equations (9) and (10) that the parameter @, can be adjusted electronically
without affecting the parameter BW by tuning the gps-value.

Iin I J
— p & X-

Fig.3. Proposed current-mode universal biquad filter
4. Tracking Error and Sensitivity Analyses

Considering the non-ideal characteristics of the VDTA, the port relations of current and voltage in
equation (1) can be rewritten as:

iz +ﬂF (/S _ﬂF (IS 0 0 Vp
iz— _ PO +Pe e 0 0 v, (11)
e 0 0 +fGns O]V,
i 0 0 —fs0us 0|V,

where G- and fs are respectively the tracking errors for the first and second stages of the VDTA. Re-
analysis the proposed circuit in Fig.3 using equation (11) yields the following non-ideal filter parameters.



— ﬂFﬂsngng
“=\ cg, (12)

BW = B 9me (13)
Cl

It is evident that the values of o, and BW may be slightly changed by the effect of the VDTA’s
tracking errors. However, the small deviation in equations (12) and (13) can be minimized by properly
adjusting the VDTA’s transconductance values. Hence, the desired parameter values can still be satisfied.

The active and passive relative sensitivities of @, and BW parameter of the filter in Fig.3 are derived to
be

S = Soue % (14)
S8, == (15)
5 =S5 =0 =
s =-1 17
S = si =1 1o
se' =0 (19)

Consequently, all of the component sensitivities of @, and BW are very low and not more than unity in
magnitude.

5. Simulation Results

To prove the theoretical validity of the filter given in Fig. 3, this filter was simulated with PSPICE
program. The VDTA was simulated using the CMOS implementation structure given in Fig. 2 based on
the 0.35-um TSMC process parameters. The aspect ratios of the MOS transistor are given in Table 1.
The supply voltages are +V =—V = 2 V. For all simulations, the capacitance values were chosen as: C; =
C,=20pF.

Table 1. Transistor dimensions of the CMOS VDTA circuit in Fig.2.

Transistors W (um) L (um)
M1-M2, M5-M6 16.1 0.7
M3-M4, M7-M8 28 0.7

M9-M12 21 0.7

M13-M16 7 0.7

M14-M15, M17-M18 8.5 0.7




To realize the filter responses with a natural frequency of f; = ay/2n = 3.03 MHz and a quality factor of
Q = 1, the following setting for the presented filter in Fig.3 has been selected as: gnr = Oms = 381 LAV
(lgr = lps.= 40 uA), which results in the total power consumption of about 1 mW. Fig. 4 shows the
simulation results for HP, BP and LP filter characteristics.

20

Current gain (dB)

Frequency (Hz)

Fig.4. Simulated LP, BP and HP responses for the proposed filter in Fig.3

40

Input current ( A)

LP response ( #A)

BP response ( 1A)

HP response ( ©A)

1
Time ( xS)

Fig.5. Time responses for LP, BP and HP characteristic of the proposed filter in Fig.3



Fig.5 shows the time-domain simulation results for the LP, BP and HP response in which a 3.03-MHz
sinusoidal input current signal with amplitude of 20 xV (peak) is applied to the filter.
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Fig.6. THD variation of BP filter against amplitude of the applied sinusoidal current signal at 3.03 MHz

The total harmonic distortion (THD) variations of the BP response on the amplitude of the sinusoidal
current signal at 3.03 MHz are shown in Fig.6. It is observed that the percentage THD is low and remains
below 6 % for an input signal with 50 uA (peak).

6. Conclusion

The realization of an electronically tunable current-mode electronically multifunction filter with single
input and three outputs using VDTA has been described. The circuit structure employs single VDTA and
two grounded capacitors, which is convenient for integration. The proposed circuit can realize LP, BP
and HP current responses in the same time from the same circuit topology. It provides the advantage of
non-interactive electronic control of the parameter @, and BW, and exhibits low sensitivity. It has been
demonstrated that the ideal and simulated responses are in good agreement.
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Abstract— This paper presents a voltage-mode electronically
tunable universal biquad filter which employs a single active
device namely voltage differncing transconductance amplifier
(VDTA) and two capacitors. The presented circuit can configure
to realize all the five standard biquadratic filter functions;
lowpass, bandpass, highpass, bandstop and allpass without
changing the circuit configuration and needing an external
passive resistor. The filter also provides the advantage features
of independent electronic tuning of the natural angular
frequency (a,) and bandwidth (BW) and low incremental active
and passive sensitivities. Computer simulation results using
PSPICE program are given to confirm the validity of the
theoretical prediction.

. INTRODUCTION

Recently, some new analog active building blocks
providing the potentiality in analog circuit design were and
are being introduced [1], such as current differencing
transconductance amplifier (CDTA) [2], current conveyor
transconductance amplifier (CCTA) [3], difference current
conveyor transconductance amplifier (DDCCTA) [4], and so
on [1]. Among these, the voltage differencing
transconductance amplifier (VDTA) is a recently introduced
active element. This element can be compared with the
previously introduced CDTA element, in which the current
differencing unit at the front-end is replaced by the voltage
differencer. This means that the VDTA is composed of the
current source controlled by the difference of two input
voltages and a multiple-output transconductance amplifier,
providing  electronic  tuning  ability  through its
transconductance gains. Therefore, the VDTA device is very
suitable for electronically tunable active circuit synthesis.
Another advantageous feature of the use of the VDTA as an
active element is that compact structures in some application
can be achieved easily [1],[5]. All these advantages make the
VDTA an alternative choice for the implementation of
voltage-mode analog signal processing.

Recently, voltage-mode universal biquad filter with
multiple inputs and single output terminals have been reported
in open literature [6]-[12]. However, these reported topologies
have either two or more active components. From the point
view of the advantages of simplicity, cost reduction, low
power consumption and space saving, it is important to design
these filters using only single active component and canonical
number of passive components. The universal biquad filters

using a single active component were proposed in [5] and
[13]-[20]. However, the filters in [5] and [13] do not realized
all the five standard functions and in [13]-[20] needed one or
more external passive resistors.

This paper deals with the design of the voltage-mode
electronically tunable universal filter with three inputs and
single output based on the use of the VDTA as a novel active
element. The proposed filter use single VDTA and two
capacitors, which provides the advantage of an electronic
tuning capability and is especially interested from the
integrated circuit fabrication [21]. By properly selecting the
input signals, the proposed circuit can realize all the five
standard biquadratic filtering functions, namely lowpass (LP),
bandpass (BP), highpass (HP), bandstop (BS) and allpass
(AP) simultaneously, from the same circuit configuration.
The parameter @, and BW can be orthogonally and
electronically tuned through adjusting the transconductance
gain of the VDTA. The circuit also has low sensitivity
characteristic.

Voo "1 p X+ /> oV,
i VDTA i,
Vio—=1n 7 2. X ——oV,

Fig.1. Electrical symbol of the VDTA.

The schematic symbol of the VDTA is represented in Fig.1,
where the port relations can be defined by the following
expression [1], [5].

DESCRIPTION OF THE VDTA

iz +ng _ng 0 0 Vp
i, -0 +0. 0 0f v,
=l F 1)
I, 0 0 +9,s OV,
ix_ 0 0 “Os 0 vV,

first and second
The

In equation (1), gme and gms are the
transconductance gains of the VDTA respectively.



differential input voltage from the terminals p and n (v, - vy) is
transformed into output currents at the terminals z and z- with
first transconductance gne. The voltage drop at the terminal z
(v,) is transformed into output currents at the terminals x+ and
x- with second transconductance gps.

The CMOS-based internal structure of the VDTA is shown
in Fig.2. For this structure, the circuit employs two Arbel-
Goldminz transconductance [22]. The first and second
transconductances are determined by the transconductance of
output transistors, which can be expressed as, respectively :

ngZ gSg4
Onr = + =(0,,+034)/2 2
" g,+g9, g;+g, 2 @
gsge g7g8
Ops = + =(0ss+0975)/2 (3)
* 0+ 0s g+gy 0 °

In above equations, g; is the transconductance value of the
i-th transistor, which is given as:

gi = IBi/ucoxWT (4)
where lg; is the dc bias current, u is effective carrier mobility,
Cox s the gate oxide capacitance per unit area and W and L are
the effective width and length of the i-th MOS transistor,
respectively.

Fig.2. CMOS implementation of the VDTA.

I1l. PROPOSED FILTER CONFIGURATION

The proposed voltage-mode electronically tunable
universal filter with three inputs and one output is shown in
Fig. 3. The circuit comprises only one VDTA and two
capacitors, thus it is canonical in the number of active and
passive components. Routine circuit analysis using equation
(1) shows that the proposed circuit in Fig. 3 has the following
output voltage:

sV, —( %“5 jsv2 + K g(’:“F Js + 7921;3"“5 }Vl
Vom _ 2 2 1~2 (5)
SZ +(gm|: )S+(ngng j
C, CC,
The specialization of equation (5) results in the following
five standard biquadratic filter fuctions.

1) If V; =V, =V, (input voltage signal), V3 = 0
(grouned) and gnr = gms, the LP response with a non-inverting
unity passband gain can be obtained.

2) If V, =V, and V; =V; =0, the BP response with
passband gain of -gns /gme Can be obtained.

3) If V3=V, and V=V, =0, the HP response with a
non-inverting unity passband gain can be obtained.

4) If Vy=V,=V;3=V;, and gur = Ons, the BS response
with a non-inverting unity passband gain can be obtained.

5) IfVy=2V,=V3=V,and gmr = s, the AP response
with a non-inverting unity passband gain can be obtained.

Also from equation (5), the important parameters «, and
BW of the filter are found as:

[0 O
“=\"cg, (6)

and BW = One
3 ™)

It should be noted from equations (6) and (7) that the
parameter o, can be adjusted electronically without affecting
the parameter BW by tuning the g.s-value.

|
p & X- oV

VDTA c L
10— N X+ T_

1
1
VZ

Fig.3. Proposed voltage-mode universal biquad.
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IV. TRACKING ERROR AND SENSITIVITY ANALYSES

Considering the non-ideal characteristics of the VDTA, the
port relations of current and voltage in equation (1) can be
rewritten as:

iz +ﬂ|: 9ur _:BF One 0 0 Vp
iz— _ _ﬂF One +ﬂ|: (S 0 0 Va
i, - 0 0 +6s9ns O V, ®)
i 0 0 —fs0ns 0| V,_



where S and fs are respectively the tracking errors for the
first and second stages of the VDTA. Re-analysis the
proposed circuit in Fig.3 using equation (8) vyields the
following non-ideal filter parameters.

. = IBFIBS ng gms
° cC, )

and BW = % (10)
C,

It is evident that the values of @, and BW may be slightly
changed by the effect of the VDTA’s tracking errors.
However, the small deviation in equations (9) and (10) can be
minimized by properly adjusting the VDTA’S
transconductance values. Hence, the desired parameter values
can still be satisfied.

The active and passive relative sensitivities of @, and BW
parameter of the filter in Fig.3 are derived to be

S5 = Soue 0 =% (11)
Scle, = -% (12)
Sy =S¥ =0 (13)
s¢" =0 (14)
B =5V =1 (15)
Se' =-1 (16)

Consequently, all of the component sensitivities of o, and
BW are very low and not more than unity in magnitude.

V. SIMULATION RESULTS

To prove the theoretical validity of the filter given in Fig. 3,
this filter was simulated with PSPICE program. The VDTA
was simulated using the CMOS implementation structure
given in Fig. 2 based on the 0.35-um TSMC process
parameters. The aspect ratios of the MOS transistor are given
in Table 1. The supply voltages are +V =-V =2 V. For all
simulations, the capacitance values were chosen as: C;, = C, =
20 pF.

To realize the filter responses with a natural frequency of f,
= ap/2n = 3.03 MHz and a quality factor of Q = 1, the
following setting for the presented filter in Fig.3 has been
selected as: gmr = Oms = 381 tA/V (lge = lgs.= 40 1A), which
results in the total power consumption of about 1 mW. Fig. 4
shows the simulation results for HP, BP, LP and BS filter
characteristics. The gain and phase responses of the AP filter
configuration are also shown in Fig. 5.

TABLE |
TRANSISTOR DIMENSIONS OF THE CMOS VDTA CIRCUIT IN FIG.2.
Transistors W (um) L (um)

M1-M2, M5-M6 16.1 0.7
M3-M4, M7-M8 28 0.7
M9-M12 21 0.7
M13-M16 7 0.7
M14-M15, M17-M18 8.5 0.7

20 ——
== LP(s) [.ion
0]
-6 BS(s)
g o
=
g
(=)
(3]
j=))
S
S
> 20
-40
100K M 10M 100M

Frequency (Hz)
Fig.4. Simulated LP, BP, HP and BS responses for the
proposed filter in Fig.3.

Gain Phase
(dB) (degree)
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-——- Ideal T
5 0 —
01 -180
51 -270
4104 -360 -
100K M 10M 100M

Frequency (Hz)

Fig.5. Ideal and simulated gain and phase responses
of the AP filter configuration in Fig.3.

Fig.6 shows the time-domain simulation results for the BP
response in which a 3.03-MHz sinusoidal input voltage signal
with amplitude of 100 mV (peak) is applied to the filter.




Input VVoltage ( mV)

BP response ( mV)

0 0.5 1 15 2
Time ( 4S)
Fig.6. Time responses for BP characteristic
of the proposed filter in Fig.3.

VI. CONCLUSION

The realization of voltage-mode electronically tunable
universal filter with three inputs and single output using
VDTA has been described. The circuit structure employs
single VDTA and two capacitors, which is convenient for
integration. The proposed voltage-mode universal filter can
realize all the five standard biquadratic filter functions with
interconnection of the relevant input voltage. It provides the
advantage of non-interactive electronic control of the
parameter @, and BW, and exhibits low sensitivity. It has
been demonstrated that the ideal and simulated responses are
in good agreement.
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