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ABSTRACT

This thesis presents the synthesis and design of three-input single-output
voltage-mode universal biquadratic filter with amplitude controllability using the
commercially available ICs, LT1228, which is easy for off-the-shelf implementation and
cheaper compared to the chip implementation. The proposed filter consists of two
LT1228s, three resistors and two capacitors. The following advantages are given for this
design: the presented circuit has low impedance for output voltage node which is ideal
for cascade in voltage-mode circuit without the use of buffer circuits. It can provide
five output voltage functions which are low pass filter, high pass filter, band pass filter,
band reject filter and all pass filter responses. The matching condition and double gain
amplifier are not required which is easy to select the output response by digital
method. The natural frequency and quality factor can be electronically tuned that is
attractive for microcomputer or microcontroller controllability. In addition, the gain of
the circuit can be controlled without affecting the natural frequency and quality factor.
To verify the validity of the proposed filter, the simulation results from the PSpice
program and the experiment results from the hardware test are carried out. The PSpice
simulation and experimental results are consistent with theoretical expectations when
the supply voltages +5V and choosing IB1 = 157.91uA, IB2 = 125.66pA, all resistors are
1kQ), and both capacitors are 1nF. The simulated and experimental natural frequencies
deviate from the theoretical values by 1.50% and 0.23%, respectively, while, the
simulated and experimental quality factors deviate from the theoretical value by

1.00% and 5.00%, respectively.
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1N&NNITN (1.3) A9 (1.6) WanTunsesaudnnilesnduauisausugnsivee
wouRuled K

v

= i Y = a |y} &
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1.4.2 annsamuauasivsznaununnlalaglidwansenuseaudinanieds

N19BLannIatind

1.4.3 ansavinaulalugiuaiuiinars (Medium Frequency)
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1.4.5 @13150MIVANSNTIVENEY IO UNIUYBIIATLA

1.4.6 awnsalvnanauauamaadnalansy 5 fandu laun 193snseaninudien

HY N589ANHDEHU NTDEULAUAUD NTOMEYALIUAIIND Ua¥NTBIHIUYNAINA

1.5 ArdeIUANALRWIZN Y IUNITIVY

1.5.1 2995n909ANUDMEA18UYT (Multifunction Filter) 1894 2995050IAINUAN
aunsalinisnevaussilaiduntsiaulavatssuuuy laun 2933nsesanudiEiu nses

ANUNEIHIY NTDEINULAUAIIND NTRMLARAUANUD UagnTaeiunNAL]

1.5.2 M3&1AT1942995 (Circuit Synthesis) 1809 maﬁwqﬂmaﬁuaﬂﬁw LT1228,

Aadunu wazdanulssgudesauduliiluieasnsssmauivaleniniiiaruauauie

Fryaunsendnale

1.5.3 11398nkuv933 (Circuit Design) gy nsivuad1gUnsalluisasnses
ANudvatenifiAIvaNvuIndyyIuednalalneldaunsalidlugendyd el

MBUANBIRNINAIAIINDETIUYIRA AIRIUITENOUAMNINTIADINIT LaTNIIVI8YWUAUHIY

1.5.4 n1sAuANsie3s8idnnseding (Electronics Control) nunefiy 38n15uUsu
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LONEISLATIIUIBNNSIVDY
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v Y]

Tuuniagnanfmguiugiuiasuidenine17aaiu99InTeAudAiITe
Aoluil
2.1 wann15luve993n389ANA

2.2 wwnRniuguvesgunsalieafindnioguniludande

[
agv a a

2.3 NUATENNLIT8S

v pr
2.1 wann1sM2luve92935ns99AND
& I = Ao 2 < Y o v a & a 4
29snsesmuatuduamiwmduldinduiladidglussuudidnnseind lae
1Y) & % v o N q' | \ Y ~ <

anNNIugINLaRsIs ould undauAmzustIsiullle wilewduninses
daiundeanisty drwanudduilidesnisagldainisariueenunlalngazgnanveu
(Attenuation) aunualunseidunisindaaimniuailideinisesnty 1995050392108
a1u1sauyssenidu 2 Uszianlng g Ao Usstannnadw (Passive Filter) Gagldgunsal
Uszandasnunu danulseq wazaavdeadnlundn uazdnUssinvvileds Ussinnuen
7w (Active Filter) &slagnaluarldostuoudsiuduidumunaziuiulsey Ineazlallddn

willgnlenandeslamvesninieasive Rsaan Indeinsal. 2551 :161)

2.1.1 29393N999AUDRUUNIATN

193950 509ANNd LUUETWITsasR @ savhnuldlaglideddunasanglnain

A o o Q < Ao ¢ v ¢ )
Aeuen Wadundinuliumas Wunniiduassiwazeanwuulagldaunsalussnm 6
Auniy nasamieat dazdaunulszy iausiuny Tnvsenuuuludnuuzee999s
P3eUY InesatidunnyivtnnSudyanuasnesataednainniniaedyynesn g
TitlwlaflsAtun1snTedy g IuANLEINUAINIENTEIATIZALAZNITODNLUUNAS

(Lun3 AsUsvatiun. 2544)

2.1.2 1995N589ANUDUULIATIN
19990594ANNA LU ULEAT VLT WI995N509AUD N1 H DI91ABLUITIINEI91UIN
AMeUBNIUNITYIIU TEN1SELATILARALERNLUTUINTNTIANUNTU 9193z Usenauly

megunsalmad 1w duniu anaawmdedn wasdiiulsyy vnawsuduivgunsalans



Netn Wi nsuBawes (Transistor) ¥iaf1ag aauieud (Op-Amp) ledie (OTA) agnslsh
ANUDIIN995NTRIANNDLU UKD ATIN A BN SwasT g la T undsuTuns i uY e
2995 NEVAINNALIUNTABUAUBIANUDLAUNITLUUNIATN WHI995NTBIANUDLUU WDATIN

a o

Adufifeuseanruronssiiiniuuumadigsd ued A3Usvgntdud. 2549)
2.1.2.1 am'ﬁasumﬂé’zgzgmnﬁasmLsuamsawawumé‘ffgimmﬁqmﬁslé’
21.2.2 awsadannziwazeonuuuliusuainsnevaussnud laine
PeIsmedidnnseiind
2123 @unsadupsziwazesnuuulimouaussilsidunsosmnudlivaiy
wihilulassasadieniu
2.1.2.4 ansanauadraduisesmuldieuasUssndai ui nneludy
(Chip)

2.1.2.5 awnsadudemaaatdauludiugaulaiendy

2.1.3 NOUHNUFIUNIINITBIANND

a

a o < s a o DY o [
1995N509ANHDIATUIRTHUY 2 nasa Mlranuarawansuvesdyyinduns

{ ) Y [ 3 aa a A v =) ' 2
nesUiduaianfuvesdy e 1dnnniannudnufinedn1s 1309190813431 19330589
AR AZYIINUIAnIeuend I afif oINTeRnUIAINd I lidesnis Tunisitasiei
19950N9ENIITU AN v YRIRUAURUS Se VI T IMBUN . Uazdaue1innves
1995 dundn wagdldimnnauladunisiausasasgnumud Fasonainmsnasanlu
JURUUTBLALIUAINAKAL L TUNRANDUANBIIINNITHATUNMNUAUDT HARBUANBUTY
AUD (Frequency Response) unudyanwalade T(s) lnevnluuanslusyvesileidudiglou
Fadudnsdiuszninueanndedunndaduliviinszdiasis iy 92159n99AuaN2993
nsogauliiILIMLaUAINDHIY (Pass Band) wazdaennudnisasnsasnuldlvniuituau
ANNAVEA (Stop Band) kaxiTENAIIUNINVBIUAUAIIUAHINIIAUNTLAUHIUNT B UY

A0S (Bandwidth) (Aindy Adanes. 2554 1 43-51)

| (s) | (s)

+ — — +
Filter Circuit
vin (S) vout (S)
o | T(s) 5

= N s
AN 2.1 NITNTDIAMUALUY 2 WA



NAINT 2.1 auni1saneleu (Transfer Function) #38 T(s) LT usdns1diuszning

lAnAsiedunAvedlaluAINd 3B v (SWV (s) Ingdnvugveantetieilidunieloun

(- a

1o W Hudnsndiuvesdygaednasadygiuduns awnsamlansaunisdeluil

vout (S)
T(s)= (2.1)
V_(s)
Sty
V. (S)=T(s)V, (s) (2.2)

{99910 s FAidy O +jO Wedwsiziiasaglianiuzawsi Ndunaduaiu

ol o eAwiduauday s50 aganunsalsuainisiusvdiuysenauvesuuin waz

wa Tasiad
v, G| =] G|y, G| (23)

Mo @ o D vy G Ao A1ildves V. (0),TGO) kaz V, (0)

ANUAIRU LN SUNANUFLNUSSENINI LA e

¢out(ja)> = ¢T( AN ¢m( j) (2.4)

INAUNITA (2.3) WATANVUINVBITYYIULDIANA LIV UNAAUIUIAYBY

b2

FU 1B UNATUVUINVBINANBUANBIN A VBINAST AU 1N rua iR FuvuInveg
nanavauandsnmd |T(O)| widugus Gunsemunf) deduludiseuddud o, s

wiuAug SeninYImen AN (Stop

O, VWAV FYYIUNIAIUD NG |Vout(J03)

Band) ¥99799501509AMUD TUANWAULLA SN UAININUALAHINTUIUIAVDINANDUAUDILTI

" v
a o !

A |TGO)| wiriunils Qumsgaue®) Tuthsanuddud o, 89 0, wevesdygio

Aagdianvinduniadulumuaunis (2.3) 158n31972961U AUd (Pass

LN |VOut (o)

Band) YDINITATOIAMUD
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2.1.4 FULUUTBIINAINTBIAIND
295nseIRLAEINsanUeanlaldy 5 JULUUNugIY Al
2.1.4.1 WIINTBIANUAAY

1995UUUNTBIHIUANUD Az geuliA AN Ula Ut IR R ey i Tu

% v L3 A

Lsatunszuanssluaufiendnud dneon (Cut-off Frequency) unusedydnual f Ao
A1ANA T 69198 8aNAIINVLING AR 3dB fananslunind 2.2 idufivianedena
pevaued lunujdAazaesq anas (Roll-off) laild T dnwaurlud susyduag1viudivhile
miloutunsallumsgauaddaansfeidulsruansdsnanouauesueiasiunigaund
Tugaamud 0-f Hz Ae Tugasiienlarmdrulfisnsoningaswuanud (Passband
Frequency) Tt f - 00 Hz e FasitlsivoxlviruiiuFendizag ngariad (Stopband
Frequency) @ f Aa A1A21LAT §R5 1981880813 1ATUINZ9dR 60 dB uarlugraAdud
f-f Hz Ap ¥2smnuiudousing (Transition Frequency) aMn%assuauiidugivgn

Awd (35gan TnSennsal. 2551 : 163-165)

A(dB)
A
Avmax) Practical
|deal
Av(max) -3dB
Transition band
—

«——— Passband =<\‘ e < Stopband »
Av(max) -60dB L > f(Hz)

0 fc fe

AN 2.2 {HARDUAUBINNANUIUDIINITATOIHIUANUDG

2.1.4.2 29AINTBIIUAUDE

1993NBEIUANNDE v saaneudygalutieiliaudsuazeeuli

[

inuldangdyanaluinanudnginienudfnesi f laglugnanudaaiuaziisnsinig
MUANBIANNAAIN D1UAUANAINTY f NIUITT LYNAANDUTUIAVDIF Y 1uAIDTIY
uilAderann wanslunmi 2.3 iduivazuansdanatunislfialugrmeenlinnudciule

WaEYneAANUD duduUse Iuantlanaressiunnenuai
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A/dB)
A

Av(max)

Av(max) -3dB

Transition band

- Passband ——»

[

«Stopband®

I 4

Av(max) - 60 dB

» f (Hz)

O fS fc
AN 2.3 WARBUANBININAIINAYDINITNTBIHIUAIIUDES

2.1.0.3 1993NTOWIULAUAIIAD
! a g A v a £% !
199370 UAIND W TueasTigan TWwauaudciule lanzunagas
Wi 29950 UU L850 1ANANTRYD 19 INTRIALHIUAINAR 1 UINATNTBIHIUAINE

geuinusiulneaviiviigiuaudngaiiniudaeganriulule Sendigimiusay

'
a

AND FUTUAWATREIUROUAINDAUAILAAATIRUL | S9N UAIND Y

'
a1 1w =1

Audgeanfiiuld f AsudnIn1sveievesdyy1menuedne davindunis (any
al

a U 1 1 dl U d‘
@qﬂllﬂ(ﬂ) F8NINYIEIULAUAINND AanaaslunIng 2.4

A(dB)
A
Av(max) i \
Avmng -3 dB
Stopband | H* Passband % Stopband
- > | —_— >
Ao - 60 dB ‘
e ‘ > f(H2)
0 fSL fCL fCH fSH

AN 2.4 NARBUAUDINIIALATDINATATOINIULAUAIIND

2.1.4.4 3AINTDMELALAUAIIUD
2993nIameaLauANd [Wuisasiliseuliuauarudriula emzunsys

WU 29950928 NwUL 15U UAAN19IR IR UIATNTBINIULAUALD Aadnalale
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Foyyraminuluu1aiaresnnud lnedygiunnudnienuerdnegis £, 89 £, ezl
YguaNdgatsaunaaniliaunsarule AaugnIINITveIeveId 1NN el

lAne AxdlAvindueud SeninYimgawauaud Awanslunini 2.5

A(dB)
A
Av(max) 7777777

Av(max) -3dB
_Passband _ __ Stopband _ Passband

A (max) - 60 dB N —a -t )

> z

0 fe fo. fon feu

2 N9 2.5 mamauauaqmammﬁsﬂamqmﬂiamq@L.La‘ummﬁ

2.1.4.5 WITNTOWIUNNAID

29asnsesiunnaud Wuasesneeulidyaamneudaunsanulule

v o q

1A8N1SABVANDINUVUINALTANAINNa DA LUTUNUANAINUD widanulaule Ao Nanauawsa

Mawlauas99s [Wuilsiduramnud Fvsasnsosdygarunnanudty dusglovilunis

YIUTLANAIAINDUNS FINTINUAAINE

Wl dursasidouna Tidayaaordnndmaday
movaueIrDfuandlun g 2.6 oz anisaia. 2561: 12)

Passband

AT 2.6 mamimauauammamﬁmanaﬁ]iﬂiaqm"mﬁqﬂm'ma
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2.1.5 2993nsesnrAviaentitfisudiuass (Second Order Multifunction Filter)
2995n5sANNAVANEMNA el 2993nsRInIATIaNNTaneUALBsTleATUANS
yhauldvanssuuvumelulassainanientu wu aunsonouauaddiomn 5 flefdu
oA Hafdunsosmunudinn nsesruaduiigs nsessnuuaUANE NTsMEALAUANNE
Loy nesrIuMnALA tnedgUannisilsddudreleuuuulualennsifia (Biquadratic

Function) n3ai3enduq 31 luaden Fadsuuuuunsgiunsialudl (§aasnissw lesdag.

2546 : 19-29)
2
a,5 +a15+a0
T(8)=— o ™ (2.5)
s 425400,
Q
lng¥l o, A AIAINNDSTTNUIR (Nature Frequency)
a,,a,a, Av AFUUTEANSIORIIULAY
Q Aa ANFIYIENBUAMNIN WS ARaRRNALABS (Quality Factor)

fsaunaunsd (2.5) annsamaadls (Zero) vosiladdunisanelondudvasald
MnAduUsEAVsYeIs LAY Feasiilinsuirdn veeasnsesmudls diswavien

selud
2151 nadiendlsvenisEpsesaumsiifuntauuszung s (s-plane) 7 s=0

NN 2.7

jo
A

“\_\0)0
b > G

- »l 0
QT
2Q
X=pole O =zero

A 2.7 suvddnauasdlsuussuu s vesflsidunsesiuanuigedudivans
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[

NNaums (2.5) wlailaiduaeleunsosiurmuaduiuasdlaeiisuiuuaunsned

a252
S — (2.6)

1NENN1SH (2.6) lafmunli a, fio §ns19818AINNAGS (High-frequency Gain)

wag M, ABAIAIUDEITUYIR A ANARNDUAUDINIIVUINLTIAINUD VDI AILAAILUNTNT

2.8

| T(s) |
A

|az|

v
e

0\)0 (Dmax

T 2.8 HARDUANBINNUUIATIAIUAYBTATUN TR IUA MDA U UGBS

=

2.1.5.2 ASMNAITLSNIF0IUDIANNISHALAUIUUTZUIU s 7 5=00 AILAAS

lunmd 2.9 naunis (2.5) aglaflanduaiglounsawmiuaudsmsudvastlagdsuwuy

aunsnatl

T(s)=———— 2.7

i { o v 2 Y @ .
NENN1SA (2.7) Wemmuald a, = @, alara1dnsveelinse (DC Gain) e

2 a d 1Y (Y \
a, / M, lngnTmMneUauaudInUAYDINTTIANBUEAININT 2.10
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X=pole O=zero

a o 1 51 & o I a6 o o
AT 2.9 sunuslnalazalsuuseunu s VeeienFuUNIBINIUANNRASUAUADS

v
e

AN 2.10 HWANNSABUAUDINIIVUIALTIANUDUDITINTUN TBINIUANUDA1DUAUAD

2.1.53 ASUNANDLSURIANNNSHAIMAUIVUTZUIU s NOLAUINTS s=0 way
ANPNUNTINAILNUI 5200 FILAAIIUNINT 2.11 91naNN15 (2.5) azlefeanduntelaunseas

'
v v

FukaUAND U UaRIlngdsULUUANNN AT

T(s)= o (2.8)



e

16
NaUN1N (2.8) Wermuali a, = ®,/Q wl a,Q/ @, WUudnsvereaud
AugNae (Center Frequency Gain) inaneuausan1avuIaauddangean (Peak) 7

Y 9

O =, ¥38 ANANUD AUINA19YD91TTANVIAUAINA TITUYIAVDIAUNT NIIN
MBUANBITIANUDVDNIRTTAN YUEAININA 2.12

jo
A
o
O »> G
0
Oy
20
X =pole O = zero

dl o 1 a5 1 6 o 1 Ao o
AA 2.11 munddlnauasdlsuuseuiu s 909induUn o ULAUANURDUAUEDY

0.707

®©; @y O
t!' a d' & o 1 d' v v
AN 2,12 WARBUAUDIINVUIALTIANAUDITNTUNTDINIULOUAINDDUAUF DS

2.1.5.4 n3AINANFLIvRsANNTHA UL ULKAY JO VBITEUIU s AT
2.13 9naunis (2.5) aglailsndudnalounseamganauainuisudu

@89 lagliguuuuauns
i
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a252+a0
T(s)= (2.9)
s st
Q
INAUNTTN (2.9) Wermuali a, Ao 8nT1818ANUDFIWBINIT Uaza, = O,
NIMADUANINIVUIATIANDVDIINRsTaNwazAINIWT 2.14 wazA1 ©, T Junidndu
Sntenilainaudtlond (Notch Frequency)

A
Lo, &
0\,
0 A » O
2Q ;

.................. y
(‘)X: pole O = zero

AWA 2,13 shuntelnauasdlsuuszuIy s YaiiintunsomentauANnsuRUaDs

|az|

0.707 | az |

®; W, 0,

v

AMNN 2.14 HERBUANBINIVUIATIANDYRTlanTUN SR AkAUAINDSURUADY
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2.1.5.5 NSUNATIIVRIEUNITNIERIAT UFUNUIDYNIINIUVINVOITEUIU S
TedianuaunInsiulng AILaAlUNINg 2.15 91naunis (2.5) azlaienduntslounsaaniuy

dl U U a U dgj
V!ﬂﬂ')’mﬂ@u&]Uﬁ@ﬂIﬂEJllgﬂLLUUﬁlIﬂ’ﬁfﬂflu

2
a.s -a,s+a
T(s)=—t—""1—"— (2.10)

2 0 2
S +7s+0)O
Q

=

a,| A

2

nEun1sf (2.10) dadmueld a, =a,0,” uar a, =a,®, / Q k¢

[

ANORTIVYNBLUUIIU (Flat Gain) 9992999 ANTINNITABUAUDINNTUIN UaztWaLTInUd

99995UANWULAINING 2.16 LALAINA 2.17 Aua1I9U

jO

A
[o

s > G

= A tol D =
2Q 2Q
O
X = pole () = zero

a o 1 ISA & ! Ao o
AT 2.15 FURUINaLazdlsuuIEUIU S GU@Q‘WQﬂ?}Uﬂi@\‘iNWuwﬂﬂ’NlIﬂEJUWUﬁEN

|T(s)|

A

|az|

\4
e

tdl a d’ & v 1 d’ v v
AN 2.16 wamauauaqmwmﬂmmmmmﬁw&uﬂsaamunﬂm’maauﬂ‘uaaq
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v
e

-2TC

a a Qll & 1 Ao o
awn 2.17 wamauauawmﬂamm’mmaﬂﬁﬂﬂﬁuumaqmuy}ﬂmmaaum‘uam

= ¢

2.2 uurRenuguvasgUnsaiueaiindFasuTuBwded

221 auautidesiurasasesanuidelou

1959818 eley dndunsasverednlionis i iasuduswiudy
nszua daldidugunsainendinid fnisvirnuludnwazussiunivguivasgienseua
(Voltage Controlled Current Source : VCCS) 8310138 suudasaiussdului 1
nszualwiiiSenin Ararmthaeleu (Transconductance) wie g lagialasasvengai
ihdeleuazadstuanmsiuinhdseglusuuuureniasiazammniitiugu fo Jera
FunufidunauazaNd U ulonege daudinutianslouaiunsanuauldlng
nszualuneaIInMBuen FemNudiiusvosnTsLALAZLI Y199 Y8 ey

wanslaaall (uuas ASUTYe U, 2552)

l,=S,, (\/i(+) "vi(-)) (2.11)

dlo v, fio ussdudunelinduina uag v wssiudunanduia diu | fie nszua
wdne Tnenaludanszuaiendnnvensasveieanuihaelowssivanatinled Jusazdaae
fuunnseuainiu dusuisaseengaudianglouiiasiaunanlulnainsudawmasen

A8 leUVINAU

g =— (2.12)
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a

lngdl Vv, fie Anaaduseu (Thermal Voltage) SAUseanas 26mV Naaumigil wae

Y

@ -

|, fi nszualueadunaiilinriuauAinuingeloy dyanuallara9TauALanIRInINg

2.18 (1) waz (v) MuaINY

(V) WTENYD

2NN 2.18 29950818ANNLNN8leU

2.2.2 auauUAUawiuYasaTveteldaundunssus
) & cala v a o
19svengtaundunseuaiduaunsaliifl 4 ¥1 Ussneurmevdung 2 91 A Ay
LAZYY X IMTNATULTITULAZRUNARINAINY dIUVNANAT 2 U1 AD V1 Z WazY) w AW
dnadunssuauazusIiunuaiy Sadydnvalnaziasanyavesnsreeoundy

NTLLALAAIAINING 2.19

() Aeydnwel () 299761

AN 2.19 1995988 UDUNAUNTE L

MRsaNyalunIni 2.19 (1) Wi y dreasiuruusesiu (Voltage buffer) ag

v 1
v a

o )~ v = ' v o v /. a ' Y
s y azlimnudnuniugann nszuadsldanansaluadiiio y la (0 =0) wienanls

! a

=i a < v ! =i = ¥ ° =
71 101 y wngiazoudunmduusaiu diunvn x awianuaunuauin nefivn x sy
faztoudunmlunszua lunauziinssuaiordnniion z azdvuanssuaviniunszuadlmaidi
M x (=i ) &3 i uay i dgdifidnilouiu diuuwsadue) w aswiiuwsnue z 39lung

QANARAIUAUNIUATY w Aeiee



21

2.23 ausutAdestuvasleiues LT1228

lodiued LT1228 \Jugunsaiueaiindnaguidludenndye ndnlae Linear
Technology Inc TngasAusznaunisluadraiulneldrsasvesauiaielou (OTA) uas
rasveetioundunszua (CFA) Taeddanrudumuiiunngs fio 42 v uaz 42 v_ wawth
ﬂ’s’méfmmuﬁm’lﬁwm@f’l Ao 41 x warda w (Linear Technology Corporation, 2012) lag
A 2.20 uansdaydnualmalwiiuazasesauyares LT1228 auddy waguandannIsues

dunauazdlaRIaNn1sn (2.13)

LT1228
|+ o0———0
v+0+ + |W V+ gm:(v{v.)
|| LT1228 w—ov, IR '1 —V,,
Vel v x s Ry
i |y &lx ° l )
Mo £ Vg Vs
() deyanuainiglnii (1) 19TANYD

Al 2.20 lediues LT1228

N 0 0 0 0 0\ v
| of 30 [Mehs CP e[k
NN TP — Ay e/ ca) B (2.13)
v, 0 0 1) D 8 g
v, 0 0 0 R, 0 |

lnedl R Ao A1dnT1venensusdawnud lugaunfazsiodn Ry \uedud waza g,
Y09 LT1228 gnaauaulaenssualuda ()
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1NAUNISA (3.25) WA MUALATIBUNG Vis = Vi 488 Viy = Vi, = 0 13861089
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Y [y (3 1 a Id [l 1 A o ~
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M15197 5.1 N15US8UMIBUlATIAS19I995NTBIANUANAYNTNNOUAUNED L AUALTIAUNFAN I AU UNULALD

‘ o AIUANAIR
. UvoIgUnTal > AIUALNIT = Lifoenisnis ' AIUAY
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waanu - R+C 9NN - . N LDINNANAA . aunalludns | 91n9UNTAIRN - LOUNIUVDS
waanu ¥ LHINTYE - S gunTal , BREERNN
YNRUR BLANNIBUNH LN 4 N
AIUN

1 OTA 6 0+2 19 1o 1% Tafle 1o 1o Taile Taile Tafle
2 OTA+CClI 3 0+2 Tadle 14 1o Tafle 1o 1 Taile Taile Taila
3 CCII+VF 4 3+2 Tafl 1o Taile 1% 19 1% 1% Taile Tafle
il call 2 342 Taile v Taile Talle 1o 1 14 Taile Taila
5 call 2 2+2 Taile 14 Taile Taile o 1 Taile Taile Talle
6 call 2 3+2 Tafly 1 laile Tafle Talle 19 1% Taile Tafle
7 call 2 2+2 Tafle 1o Tail Talle 1« 1 14 Taile Talle
8 ccall 2 0+2 Tafl Tl 19 Talle 19 19 Taile Taile Tafle
9 CCTA 1* 242 Tail 14 1o Talle o 14 1% 1o Taile
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13 DDCC 3 2+2 19 Tafle Tafle 1o 19 19 Taile Taile Tafle
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16 FDCCII 2 242 1o Talle Taile Tlalle 1o 1 Taile Taile Tlaila
17 OTRA 1 4+4 Tail Talle Tafle 1o Talle 19 Taile Taile Ta
18 DXCClI 1 4+2 Taila Tlaily Taila Taila Taila Ta Taile 1o Taila
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In this contribution, the design and analysis of an active multifunction biquad filter that provides five voltage-mode filtering
configurations in the same core filtering circuit are presented. The design emphasizes using the commercially available ICs,
LT1228, which are easy for off-the-shelf implementation and cheaper compared with the chip implementation. The proposed
multifunction filter is realized from two commercial LT1228 ICs as the active function block, combined with five passive elements
(three resistors and two capacitors) with three input voltage nodes and a single output voltage node. The following advantages are
given for this design: (i) it provides high-pass (HP), low-pass (LP), band-stop (BS), band-pass (BP), and all-pass (AP) filtering
functions; (ii) orthogonal and electronic tuning of the natural frequency (w,) and bandwidth (the quality factor: Q); (iii) output
voltage node of the proposed circuit is low impedance; (iv) passband voltage gain is controllable; and (v) matching condition and
extra double gain voltage-mode amplifier are not required. The effect of the parasitic element in LT1228 on the filter performance
is analyzed and included to strengthen the design idea. The PSpice simulation results using LT1228 with +5V and the ex-
perimental results tested from the hardware implementation are given to prove the validity of the designed multifunction filter.

1. Introduction

Filters are one of the most important circuits in analog signal
processing systems. They are used extensively in many fields,
such as electronics, communication systems, control sys-
tems, measurement systems, and instrumentation [1]. It can
be said that most of the electronic devices in the above works
have filters as part of the circuit. For this reason, the filter
circuit is continuously developed, researched, and imple-
mented. In particular, a frequency filter that can provide
several responses or multiple functions in the same circuit
structure has received a lot of attention [2-6]. Tt is called a
multifunction filter circuit. The design of an analog active

multifunction filter in the category of multiple-input single-
output (MISO) type continues to gain popularity [7, 8]. This
is due to the filtering functions, high-pass (HP), low-pass
(LP), band-stop (BS), band-pass (BP), and all-pass (AP),
which can be selected by controlling on or off the input
signals at the input voltage nodes. This feature can be
controlled by the digital approach by employing a micro-
controller or microprocessor. The voltage-mode analog
active filters are always designed to obtain a low-output
impedance feature, which makes it convenient to connect
with other circuits without the need for buffers. In addition,
the filtering parameters should be able to control by an
electronic method. Nowadays, electronic devices tend to use
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a microcontroller or microprocessor to control all functions
of these devices. Nevertheless, the MISO voltage-mode fil-
tering topology necessitates reconnection of the inputs once
a specific input must be grounded, and another port must be
disconnected from ground to be used as a new voltage input.
Solely voltage-mode filtering solutions with a single input
and a single output (SIMO) can be referred to as “no-
reconnect” solutions. In exchange, a low-impedance node
lacks a voltage response.

Electronic circuit design using active building blocks
(ABBs) is very popular. As it provides a great deal of
convenience and flexibility for designers, the circuits
designed using active building blocks are simple in structure
and often contain a few passive devices [9-11]. Currently,
there are a variety of active building blocks with bipolar
junction transistor structures or C-MOS transistor struc-
tures. Its advantage is that it can operate at a low power
supply and low power consumption. In addition, the
transistor level-based circuits can work at high frequencies
as well. However, the circuits realized at the transistor level
are most efficient when they are fabricated into an integrated
circuit. The cost of fabricating an integrated circuit into a
chip is also expensive. For these reasons, it is always found
that the performance of the circuits realized at the transistor
or C-MOS level will be verified through simulation only due
to cost reasons. In addition, the implementation of circuits
into the chip should be manufactured in large quantities to
achieve break-even. Therefore, using the commercially
available active building blocks to realize the new active
circuits with a few amounts for specific applications is more
interesting and cheaper. It can be easily purchased com-
mercially ICs in the electronic market. It is also easy to
implement cheap circuits for real performance testing
[12-14]. An interesting commercial active building block is
the LT1228. An LT1228 has an internal structure that
consists of the operational transconductance amplifier
(OTA) and the current feedback amplifier (CFA). So, it can
be used in a variety of applications, such as being used in
voltage-mode circuit design, where the output terminal is
low impedance, and the input terminals are high impedance.
It is also electronically controllable, making it easy to control
circuit operations with a microcontroller or microprocessor.

According to the study, the MISO multifunction active
filters employing various active building blocks have been
presented [15-44]. However, those studies may still have
some disadvantages. For example, the ABB is not easily
realized from the commercially available ICs
[15, 22,26, 27, 29-34, 36,40-43]; the filtering parameters are
not controlled electronically [17-21, 24-32, 34, 35]; the
output impedance node is not low
[15, 16, 18-23, 29, 30, 32-37, 40-44]; the matching condition
is needed for selecting the filtering functions
[20, 28, 31-34, 42, 43]; the extra double gain amplifier is
needed [33, 41, 43, 44], and the performance of the proposed
multifunction active filters is verified through simulation
only [15, 16, 19, 22, 24, 26, 27, 29-34, 36, 37, 40-44]; the
quality factor cannot be controlled without affecting the
natural frequency [15-38, 40-42, 44]; and the passband gain
of the proposed filters cannot be controlled [15-30, 32-44].
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The comparison of the proposed commercially available IC-
based MISO multifunction active filter and others is given in
Table 1.

For the reasons presented above, a commercially
available LT1228 IC-based multifunction active filter is
proposed in this research paper. The rest of this research
contribution is prepared as follows: the basic concept of the
commercially available LT1228 IC and the proposed voltage-
mode MISO multifunction active filter are given in Section 2,
while Section 3 presents, in detail, the analysis and study of
the effect of the parasitic impedances in LT1228. The sim-
ulation results obtained from the PSpice program are
depicted in Section 4. In Section 4, the experimental results
obtained from the real circuit test are shown and discussed.
Finally, the conclusion of this study is depicted in Section 5.

2. Principle of the Proposed Circuit

2.1. Active Building Block and Its Properties. The commer-
cially available LT1228 IC is a voltage input and current/
voltage output active building block that consists of a cas-
cading connection of the transconductance amplifier and the
current feedback amplifier [45, 46]. It has five terminals
where v, and v_ are the high-impedance (ideally infinity)
voltage input terminals. The y is a high-impedance (ideally
infinity) current output terminal of the transconductance
amplifier, and this terminal is also the voltage input terminal
of the current feedback amplifier section. The low-imped-
ance (ideally zero) terminals x and w in LT1228 are the
voltage input and output of the current feedback amplifier,
respectively. The LT1228 electrical circuit symbol is depicted
in Figure 1(a), while the equivalent circuit of LT1228 is
shown in Figure 1(b). The pin configuration of the LT1228 is
an 8-pin dual-in-line package IC as shown in Figure 2. The
LT1228 terminal characteristics are presented in the fol-
lowing equation [46]:

2.} 0.0 00 0\/V,
7 0 0 00 0| VvV
Tpeas="| Gt =Gy, 01 0=0 Yo | (1)
Vs o0 0 1001
Vi, 0 0 OR 0/\1I,

where Ry denotes the transresistance gain of LT1228 and g,
denotes the transconductance gain. For ideal consideration,
Repis an infinite value. g,, of LT1228 depends on the DC bias
current I as depicted in the following equation [46]:

Gm = 1015 (2)

Equation (2) indicates that the LT1228-based circuits are
electronically tuned, which makes it easy to control circuit
parameters with a microcontroller or microprocessor.

2.2. Proposed Multifunction Active Filter. This design focuses
on employing the LT1228 IC to obtain the electronic control
of the natural frequency and bandwidth (the quality factor),
which will be easy for off-the-shelf implementation and

98



99

Journal of Electrical and Computer Engineering

-paambaz st suonouny Suna)y [eraAds urelqo 03 1)y pasodoid ayy jo uondAULAT [cE] UL, , “0E8AY PUL §ZZLLT ‘SOI [PIIBUWIUOd OM) WOIJ PAIINASUOD ST [6€ ‘8¢] Ul VAAAA YL FH8AV JO
SO [RIDI2UIOD OM) WOIJ PAIINIISUOD ST [87] UT NLALA YL “FFEAV JO SOI [RIDISWWIOD 0OM] WIOT] PAImdNIS ST [FZ] U YAAD YL "SEFX VIN PUB [98 VO SOI [RIIWUI0D 0M] WOTJ PIIINISUOD ST [€7] UTY IDD YL,

Jlom

SaK Sax sax SAK Sax E)4 sax sax ON T+€ ? 8TTIIT SHil,
ON E2.8 ON ON Sa ON 595 Sk ON (44 1 8TTLLT i
ON b8 ON ON ON ON SoK Sax Sk €+0 6 V.10 3
ON S9X ON Sk ON ON. SaK ON ON (42 1 VIAA w
ON ON ON ON SaK ON SaK Sk ON (4 1 yaaaa v
ON S X ON SaX SaK ON | SaK ON (544 1 Yaadaa 0¥
ON K E2.8 SoK S3K FIK S3K SaK s (44 £ Yaaaa 6€
ON ON A28 saX Sk 24, e | Sk 9K +o < Yaadaa 8¢
ON ON O°N /8 £S ON a8 SR ON il T 8TTILT Le
ON ON ON 2 52,8 ON SaK ON ON (5. 1 vaia-aa 9¢
ON ON SaK Sok SaK ON ON saK ON Tte 1 V4D Gl
ON ON ON Sak ON ON ON ON ON (4 T 20Ad 143
ON ON ON ON ON N BRA ON ON ¢to 1 VIAA €€
ON LIS ON 28 ON ON ON ON N ity 1 1D0Xa [43
oK ON ON 528 ON SoK ON ON ON vy 1 ViLO 1€
ON ON ON Sak Sk ON ON ON s (24 € 1100a4d 0¢
ON s K ON Sak Sax ON ON ON ON Tte 1 100a4 67
ON sax Sax EJ% ON 3 ON sax ON T+¢€ . v:WMW.E 8T
ON ON ON SaK SaK SX ON ON oK (4 € 00ad LT
ON ON ON SaK Sk SOX ON ON ON €+c T 20ad 9t
ON ON SaK SaK S3K S3K ON SOk ON [45a(% T 4A PU® ViID 14
ON saX ON Sk PK 3K ON SoK ON Tty 4 vaao ¥
ON X Sax SaK SPL ON SoK S3K ON ottt oI V10D €T
ON ON ON SaK SoK ON Sax. ON ON T+0 T jie0] w
ON ON SaK 2.8 S3K ON ON SaK ON (&34 T 120 4
ON ON S3%. SR ON ON ON SaK ON Tte T 1120 0t
ON ON °N SAX Sak ON ON SaK ON t+T Z jil0e] 61
ON ON Sk SoK sk °N ON Sk ON THE (4 i 9] 8T
ON ON Sk A sek 2K ON Sk ON (4 2> ¥ AA+TIOD L1
ON ON °N A SaK ON SaK SaK ON T+o € 10D+ V1O 91
ON ON °N oK Sk ON SOk SaK i) (444 9 V.0 Sl

[onju0d H jmsaz dur agqnop HORpUO aouepaduwr aum ol suowpdp aaissed  H+y  gqv
ure pueqsseq Bupogeinogym [ewswuadyxy  Jo paau oN urpiew ndino moq SWoNR[Y - [EIoWwwWo)  papunoid [[y  Jo 'ON  JO 'ON gy AL
: O 1onu0) : Jo pasu oN : |

"SYI0M 1910 PUR I3[y 2ATE UonpUNIW OSIA ST} Jo uostredwion T A18V],



b

100

Journal of Electrical and Computer Engineering

LT1228

Vio—i—0o
T VYD)

)

FiGure 1: LT1228. (a) Electrical symbol. (b) Equivalent circuit.
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FIGURE 2: An 8-pin dual-in-line package of LT1228.

cheaper compared with the chip implementation. The
presented multifunction active filter is depicted in Figure 3.
It contains two LT1228 ICs (LT1228-1 and LT1228-2) as the
main active building blocks with three resistors (R, R,, and
R;) and two capacitors (C; and C,). It has three input voltage
nodes, V1, V0, and V5, and a single-output voltage node,
V. Considering the proposed filter in Figure 3, the output
voltage node, V, is at the w terminal of LT1228-2, which is
low impedance. So, the output voltage node of the proposed
active filter designed in Figure 3 can be directly connected to
the next stage without using any voltage buffers. The input
voltage node, V3, is also high impedance. However, the
input voltage nodes, V;,; and V;,,, are not high impedance.
Moreover, some passive elements in the proposed circuit are
floating, which can be considered as the drawback when it is
compared to the MISO filters proposed in
[15,27, 30, 38, 39, 43]. Considering the ideal properties of the
LT1228, the equation of V|, of the proposed circuit is ob-
tained as follows:

i (Bg P, 1)(52Vin2 +(5GnaVina!Cy) + (gleinl/ClczR)>_

v,
R R (5912/C3) + (i /C1CoR)

o

(3)

Based on the denominator of equation (3), the natural
frequency (wo) of the active filter designed in Figure 3 is
obtained as follows:

Gm1
0 =\C,C,R @

Subsequently, the quality factor (Q) of the proposed
multifunction active filter designed in Figure 3 is obtained as
follows:

v,

i (8]
LT1228 W
v
. .
R G
Vinl
Vin3
v
’ ) :
LT1228 W Vo
v
Y x
Cy
Vin2
R, Ry,

FIGURE 3: Proposed multifunction active filter.

1 ; C
T (Hml -2 (5)
2 \ RC,

The passband voltage gain of the proposed multifunction
active filter designed in Figure 3 is given as follows:

R
G},=(E‘:’+ 1). (6)

The filtering parameters, w0 and Q, which appear in
equations (4) and (5), indicate that the control of Q can be
done electronically via the transconductance, g,, of
LT1228-2 without affecting w0. Moreover, w0 can be elec-
tronically adjusted via the transconductance, g,,,; of LT1228-
1. For practical design, w0 should be first tuned electronically
by g,.1> and then, the bandwidth or the Q should be elec-
tronically adjusted through g,,,. In addition, it is observed
from equation (6) that the passband gain of all filtering
functions can be controlled via the resistor, R, or Ry, without
affecting w0 and Q. So, if the input magnitude signal driven
to the proposed multifunction active filter is at a low level,
the amplitude of the output voltage can be controlled
without using any additional amplifiers.
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Considering the output voltage depicted in (3), five
second-order filtering functions can be achieved as follows:

(i) The band-pass biquad function can be realized from
the proposed active filter designed in Figure 3 by
driving the input voltage signal to node v,,; and
connecting nodes v;,; and v,,, to the ground

(i1) The low-pass biquad function can be realized from
the proposed active filter designed in Figure 3 by
driving the input voltage signal to node v;,; and
connecting nodes v, and v, to the ground

(iii) The high-pass biquad function can be realized from
the proposed active filter designed in Figure 3 by
driving the input voltage signal to node v;, and
connecting nodes v;,, and v;,3 to the ground

(iv) The band-stop biquad function can be realized from
the proposed active filter designed in Figure 3 by
driving the input voltage signal to nodes v, v;,; and
V;p and then connecting node v, to the ground

(v) The all-pass biquad function can be realized from
the proposed active filter designed in Figure 3 by
driving the input voltage signal to nodes v;,,; and v;,,
and driving the inverting input voltage signal to
node ;3. An inverting amplifier with unity gain is
required for the all-pass function.

It is found from the above statement that the presented
multifunction active filter designed in Figure 3 can provide
five responses, named band-pass filter, low-pass filter, high-
pass filter, band-stop filter, and all-pass filter, in the same
circuit without the need for the double gain amplifier and the
passive element matching condition. Moreover, the selection
of the output voltage-mode filtering functions can be done
by the digital approach employing a microcontroller or
MIiCroprocessor.

In the case of the all-pass function, the phase response is
given as follows:

0,4p = —2tan” ‘(

wngClR )
e — = 1 |- 7
1 (7)

Gm — w2C1C2

Equation (7) indicates that the phase difference in the
input and output waveform for the AP function is shifted
from 0° atlow frequencies to —360° at high frequencies with a
flat amplitude response where the phase of the output
voltage waveform lags the phase of the input voltage
waveform.

3. Analysis and Study of the Parasitic Effects on
the Proposed Filter

In this section, the effect of the LT1228 parasitic element on
the performance of the presented voltage-mode versatile
active filter designed in Figure 3 is analyzed and studied. The
commercially available LT1228 IC with the parasitic ele-
ments at the LT1228 input and output terminals can be
drawn in Figure 4. The capacitance and resistance con-
necting in parallel configuration appear at the high-im-
pedance input and output terminals V,, (R//C,), V_ (R_//

LT1228

Vil .
LT1228(2)
iy

oV,

FiGure 5: Proposed multifunction active filter with parasitic
elements.

C.), and y (R,//C,) and the transresistance impedance Rr//
Cr. The resistor r, and r,, series at the low-impedance
terminals x and w, respectively. The parasitic effect appeared
in the proposed filer is depicted in Figure 5, where
Y =5(Ci1 +C2+Cy1 +C0)+Gyy + G+ G+ G,

Y. =sC4+G_yy Y1, =5Cn+ Gp, and Yp, =sCrp, + Gpy. The
frequency limitations at low frequencies of the proposed
filter (especially for the BP and HP functions) mostly stem
from the parasitic resistances at the first LT1228. Ideally, the
first LT1228, R, and C; are constructed as the lossless in-
ductance simulator. However, the parasitic resistances cause
this sub-circuit to work as the lossy inductance simulator
(series LR circuit). If 7, is the current going through the
lossy inductance simulator (Figure 5), then the relationship
between iy, and v;, and v, is as follows:

1

s Sl [Vinl - VA(SCIR +1- Ry Gm — SLquml)]’
‘eq eq

(8)

where

CxR[ x1 ( "wl) Tl ( rxl)]
Ly = L4159 == |+ =1+, 9)
‘T G Ry R,) Ry R
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and
e L rxlrwlR 4
a gmlRTl (rxl//R) (rwl//R<l)

(10)

From equation (10), the frequency limitations at low
frequencies of the proposed filter (especially for the BP and
HP functions) stem from the resistance, Req. To reduce this
effect at low frequencies, the value of the external resistor, R,
should be low. However, if Ry and R_j are greater than ry,
7,1, and R, then R.g=0and L ;= C\R/g,,. The effect of the
parasitic resistances at the first LT1228 is negligible (we also
want to shorten the equation of the output voltage too).

At high frequencies, there are two poles/zeros (we will
consider them as the poles) that appear at the inductance
simulator. If r,,; is more less than R_; and r,; is more less
than Ry, these pole frequencies are f,, =1/(27C_,r,,) and
fr2=1/(2nCpyr.y). The CFA in the second LT1228, R, and R;,
is constructed as the voltage amplifier. If Ry is greater than
Tx2: 2> and Ry, the bandwidth of the amplifier is determined
by 1/(2nCpRp) [47]. From the simulation in [47], it is
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indicated that C,=6pF, R,=8MQ, C-=C,=3pF,
RT=197.66k(), CT =5.95 pF, rx=46.92, and r,,=19.80 Q)
[47]. If Ry and C; used in the proposed circuit are 1k and
1 nF, the pole frequencies, f,) and f,, and bandwidth of the
amplifier are approximately 2.68 GHz, 570.09 MHz, and
26.75 MHz, respectively. Thus, if the bandwidth of the
proposed filter is less than 26.75 MHz, the effect of the
parasitic elements, C_;, R_;, Cpy, Rpy, 1y, and 1y, at the first
LT1228 and Ry, Cpo, rx2, and 1, at the second LT1228, is
neglected. So, the most effect is caused by the parasitic el-
ements, C+1, R+1, Cy1, Ryl, C-2, R-2, Cy2, and Ry2. Thus,
the output voltage of the presented multifunction active
filter with parasitic elements is obtained by
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Vo = (& + 1)[52 (CofCy + Ca)Viuy + 5(Gma/Ca+ Co)Vigs + (G /CLR(C +C3))Viny (11)
o R 2
a

where C,=C,, +C,+ Cy1+Cyp and Gy=G,, + G, +Gy,
+G,,. From equation (11), the natural frequency with the
parasitic effect is given as follows:

w* — gml
" \CR(C, +C,)

Subsequently, the quality factor with the parasitic effect
is given as follows:

Q= 1 Gt (Ca +C2).
Ga+ G CiR

It is observed that the parasitic elements in the LT1228
affect the passband gain, phase response, natural frequency,
quality factor, and the operating limitations at low and high
frequencies. As discussed above, the value of the external
resistor, R, should be low to reduce the parasitic effect at low
frequencies. Also, the external resistor R, should be low to
enhance the bandwidth of the proposed circuit. In addition,
to control the passband voltage gain with constant band-
width, the value of R, should be adjusted [47].

(12)

(13)

st $(Gat Gma/Ca +Co) +(gm/CiR(C4 +Cy))

4. Experiment and Simulation Results

The proposed filter is verified with the hardware setup as
depicted in Figure 6. The experiment is carried out using the
supply voltages +5V. The filter is designed to obtain
fo=200kHz, Q=1, and the passband G,=2 by choosing
Ipy=157.91 pA, Ip;=12566 uA, R=R,=R,=1k(), and
C;=C,=1nF. The magnitude frequency response of the
proposed active filter for the functions, LP, HP, and BP filter,
obtained from the experiment is illustrated in Figure 7. The
experimental result shows fo =199.53 kHz (0.23% error) and
Q=1.05 (5% error). The passband voltage gains of the
proposed active filter for the functions, LP, HP, and BP filter,
obtained from the experiment are 595dB (1.16% error),
5.92dB (1.66% error), and 5.79dB (3.82% error), respec-
tively. The magnitude and phase frequency response of the
band-stop filtering function obtained from the experiment is
depicted in Figure 8. The experimental passband voltage
gains of the band-stop function at low and high frequencies
are 5.95 (1.16% error) and 5.92 (1.66% error), respectively.
The error of the experimental filtering parameters is caused
by the parasitic resistances and capacitances in the com-
mercial LT1228 IC as analyzed and discussed in Section 3.

103



Gain (dB)

1 10 100 1000 10000
Frequency (kHz)

Theoretical
—— Ip=3767uA

—— Ip=66.75uA
— Ip=12566UA

F1GURE 11: Experimental magnitude frequency response of BP
function when I, is varied.

20

Gain (dB)

-60
-80
1 10 100 1000 10000
Frequency (kHz)
‘Theoretical —— Ip=125.66 uA
—— Ip=7934uA — Iy=304.90uA

FiGure 12: Experimental magnitude frequency response of BP
function when I, is varied.

The gain and phase frequency behavior of the AP function
obtained is depicted in Figure 9. The inverting unity gain
amplifier is implemented by AD844 and two resistors
(0.47kQ). It is seen that the phase behavior of the AP
function is shifted from " at low frequencies to —360° at high
frequencies with a flat amplitude response. The measured
sinusoidal input and output waveform of the BP filter is
illustrated in Figure 10, where the frequency of the sinu-
soidal input voltage is 200 kHz @ 50mVp-p. It is found that
the sinusoidal input and output voltage signals are in phase
at the center frequency (f=200kHz), while the BP output
voltage is 98.7 mV},, which is around twice as large as the
input. The total harmonic distortion (THD) of the BP output
voltage is 0.191%. As expected in equation (5), the control of
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Figure 13: Experimental magnitude frequency response of BP
function when R, is varied.

the Q is done without affecting the f; by setting Ip, to
37.67 uA, 66.75uA, and 125.66 A (I, =157.91uA). This
advantageous feature is confirmed by the experimental result
in Figure 11. The experimental quality factors obtained from
these values of I, are, respectively, varied to 2.69, 2.15, and
1.05. From the experimental result in Figure 12, changing I,
to 79.34uA, 125.66uA, and 304.90uA (I, =125.66 uA)
results in the natural frequency changing to 144.54kHz,
199.53kHz, and 288.40kHz, respectively. However,
adjusting Ip; will also affect the quality factor. So, in the
practical design step, the natural frequency should be first
tuned electronically by Ig;, and then, the bandwidth or the Q
is electronically adjusted through Ip,. As mentioned in
Section 3, the frequency limitation at high frequency of the
proposed filter depends on the resistor, R, So, to control the
passband voltage gain with constant bandwidth, the value of
R, should be adjusted [47]. The control of passband gain is
experimentally verified via the BP function by adjusting the
value of R, to 0.5kQ, 1k, and 2kQ, respectively
(Rp=1kQ), as depicted in Figure 13. The experimental
passband gains for these R, values are 9.30dB (2.52% error),
5.79dB (3.82% error), and 3.27dB (7.10% error), respec-
tively. It is found that at a high value of R,, the voltage gain
error is quite high. So, the R; can be decreased (R, must be
decreased too) to get a higher voltage gain. Also, if Ry, is set to
a low value, it can make the proposed circuit’s bandwidth
wider. The experimental result confirms that the passband
gain is controllable as expected in equation (6). The step
response of the low-pass filter is shown in Figure 14 for an
input step amplitude of 50 mVp-p (f=15kHz).

In addition, the PSpice software is used to evaluate the
performance of the proposed multifunction active filter. The
macro-model of PSpice is at level 3. The input dynamic range
of the proposed filter is evaluated by testing the THD of the
output voltage versus the amplitude of the input voltage for
band-pass filtering functions. Figure 15 depicts the

104



Journal of Electrical and Computer Engineering

I 10.0%/ 2 20.0%/ 18.90% 5.000%/ Auto ES -200%
— — . ',7&777 s ————— i ——" tet— ————— it et
e R Wave Gen
Vinl -
« Waveform
/ Llay §ﬂg§rg
/ D Freq
o 1500k
l ’; \ Amplitude
I | a0.0miVpp
f \ Offset
Iy SR
{ Duty Cycle
& S 50%.
y - OO Bl S/ "L Sduare, High-Z Settings
Freq("): Pk-Pk(1): | Freq(2): [ Pk-Pk(2): e
f No edges | 51.18m¥ 1 No edges, 126.6mY

Pct of Samples

0
185k

FIGURE 14: Measured input and output waveform of LP filter.

% THD

3.0

25

2.0

0.5

0.0
100

~e- BP

150 200 250

Vin (mVp-p)

300

FiGure 15: Simulated THD of the band-pass filter versus the input amplitude at f=200 kHz.

190 k

195k

200k

Center Frequency

205k

210k

n samples = 100
n divisions = 10

mean = 197045
sigma = 4247.02

minimum = 186260
10th %ile = 191761

median = 196556
90th %ile = 202976

maximum = 207934

FIGURE 16:

Histogram of Monte Carlo analysis of the band-pass filter with a +5% passive element tolerance.

105



10

dependence of THD on the amplitude of the sinusoidal
input voltage signal obtained through simulation, where the
frequency of the sinusoidal input signal was 200 kHz. When
the input voltage is less than 180 mV,, , the THD of the
band-pass filtering function falls below 1 percent. The band-
pass function of the proposed multifunction filter is analyzed
using the Monte Carlo method to examine the influence of
passive elements on the performance of the circuit. In this
simulation, the Gaussian variation of the resistance and
capacitance is 5%, while the other active elements are
identical to those observed in the previous experiment.
Statistical analysis is performed on the Monte Carlo 100
simulation. After 100 runs, the band-pass filter’s center
frequency varies between 186.26 kHz and 207.93 kHz, with a
standard deviation of 4247.02 Hz as depicted in Figure 16.

5. Conclusions

In this design, the voltage-mode versatile biquadratic filter
with amplitude controllability using the commercially
available LT1228 ICs is proposed. The proposed filter
contains two LT1228 ICs, three resistors (R, R,, and R;), and
two capacitors (C, and C,). The low-impedance output
voltage node of the proposed circuit is achieved, which is
able to connect to other circuits without the need for ex-
ternal buffer circuits. Five standard filter responses, in-
cluding HP, BP, BS, LP, and AP filtering functions, can be
obtained in the same core filtering structure without any
matching conditions and a double gain amplifier. With this
advantage feature, the filtering function of the proposed
versatile active filter can be chosen by the digital approach.
Both parameters (fyand Q) can be electronically adjusted by
Ip; and Ip,. Moreover, Q can be tuned by the bias current,
Iy, without affecting the parameter, fo. The passband gain is
controllable by adjusting the resistors R, and R, without
disturbing the parameters, Q and f,. However, the inverting
unity gain amplifier is required for the AP filtering function.
The input voltage nodes, v;,, and v;,, are not high im-
pedance. The simulation results from the PSpice program
and experiment results from the hardware test are carried
out to investigate the proposed multifunction active filter.
With the supply voltages 5V and choosing I, =157.91 uA,
Ipy=125.66 uA, R=R,=R,=1kQ, and C,=C,=1nF, the
natural frequency obtained from the experiment is
199.53kHz (0.23% error). The quality factor obtained from
the experiment is 1.05 (5% error).
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