d' Y d' % Y o v
19930509 NNINAEHIN N HuaLsIa U aalF I venenNae

a d A Aaa ¢ d
Iﬂﬂ!lﬂ%gﬂﬂﬂiuﬂﬁﬂiﬂﬁﬂﬂ1i“ﬁ

VOLTAGE-MODE UNIVERSAL BIQUADRATIC FILTER
USING OPERATIONAL TRANSCONDUCTANCE AMPLIFIER

AND UNIFORM DISTRIBUTED RC

€

A%y AAINBY

3ﬂﬂ1ﬁwuﬁéaﬂudmﬁﬁwmmsﬁnymmﬂﬁnqm
Sagianssumansumbamia mvdsdaanssuiiih
aazdAInssumans
unInenaanaluladNruInasylys

Umsanu 2554

dvansve s IngnagmalulagvanasyYs

o



d' Y d' % Y o v
19930509 NNINAEHIN N HuaLsIa U aalF I venenNae

a d A aa d d
iammggm\hsmammﬂmw

A998 AAINBI

a a ddv | | d! = LY
'JTIEH‘HWHFI—!!TJHﬁjuﬂux‘]ﬂlﬂﬁﬂ15ﬂﬂ‘leﬂﬂﬁ»l“l’iﬁﬂgﬂi

a U A

SagiaInssumansumbamia mvdsiaanssuiiih
a d
AMIAINTINAIAAT
unMIngasmalulagnruenasyys

Umsfnu 2554

dvansve s IngnagmnalulagvnasyYs

o



v Y Aa a d = Y A Y Y o
HIVOINYUTUNUD ’Ni]iﬂiE]\‘lﬂ’J13JiWiaWﬂWHW%TWNﬂLLEQﬂuIﬂﬂi%’Ni]iGUEﬂEJﬂ’NlILﬂ
[ a S a aa J =)
ﬂ'lEJI’E'JL!LL'ﬁgQHW@iMﬂﬁﬂiﬂﬁﬂﬂTicﬁ
Voltage-Mode Universal Biquadratic Filter using Operational

Transconductance Amplifier and Uniform Distributed RC

¥o-umana WEANTY AGINDY
MU Aranssu i

A= J o A
21383 a3, lnmsd Snivide
PYmseinm 2554

AUZNIINMITATOUINNTNUS

15LFIUNTTUNT

NITUNIT

4 a 4
(59NAIEANT19158 AT.AUN LIUITSWIALIY)

NITNNIT

1 4 a o Jd
(é%?ﬂﬂ?ﬁﬁi?fﬂ"ﬁﬂ AT.TINU A1)

NITNNIT

Jd o
(93. ln3d Snido)

[

a J a @ ~ ~ van a J @ dyd
AULIAINTSUAEAT WM 1INeaemna lu lags1vuena 13T aqumwmuwuﬁnuuugﬂu

duvisvesmsanyImuvangasUTyauiiuga

a 4
ﬂmﬂaﬂmz’)ﬁﬁ]ﬂiihﬁ1ﬁﬂi

] 4 a
(@B r0mans10130 as.aunuY AId019)

]
v A

U 9 1hou qaInN WAl 2554



v Y Aa a d A 9 ~ [ 9 o
VD INENHNUT 1995050 NNAN AN Iruauseau Taslaraasvenennuii

1 a d Aa aa o L=
aeTouuazgivlosuAanitinne1ss

Fo-umana WeAnFe AdINed
CaLTElY Fetanssu Tldh
dat (= s o A
21138n3nmn as. lnasd Snivae
Ymseinm 2554
%4 )
UNANED

Y ] [ 1
IneinuiRTuATaHeNTeRAUUINITATOIANNINAININN THNALTIAY &9
9 ) 1 a Jd a an 4 =) B 3 3
731991023995 V818 10818 Tou tazgiNosUATNITUIADITFUVVHIIFULAZHU A DI Y
A o 7 { A {
29950 NUUDTINNTOTUATIZHRANTABVAUBIN1ANWD IadgluDUNug IV ADI1995NT09
HIUAINDAT 1995NTBIHIUANNDFL 299TNTOINUUDVANIND 11AZI99TNTBITINAUDVAIIND
vulnseasennsfednu
A o o @ o 1o a I
ravsnthauehauluTvuave s i i isuiudesasuissutasnszuaiy
v v Y
us59au saude lFurasronseau lihdrvsuaesissdivuia £2 vDC uenantinans
d’ d‘ [ 9 1 a 9 [ 1 a J o
ABUAUDINNANNDVEINVTNoonuUDE I 0lTD A0 dszAemsdTummsinesaa
I @ a Jd a aan J = @ A 9 as
nulszguesdigiesuaanIiane15% tazmIUSUHANIIAB UAUBINIANNDAIBITNIN
ad a g T o o o 1 o
2IANNIDUNTHIUNIAIVANAITNIIVEIBANNINVDIIITVNBANUINN 8 Tou MIUTUHANT
1 o’j A\ [ Y 1 a 4
ADUAUDINANUINIAD4IT hidewansznunuminasaaulnnesve92493
HanN1331a09mM 319U Iae 1151050 PSpice ttaz T15unsi  MATLAB WU214959
9 ' Ada o s oA Aa A o
2NV 1HHANTADUAUDININVUIAADANLDNA 21ITNIFTINIADITNINNA 1993 UAINT1)
= 4 d' ] d' 9J = | 1 o’o' 1 d! ] d'
Aladnsfinaead uA1unNT 199U naza9esiainy aeglnisidinmilenuae 29959
0 y A v = < Y g '
Wuaueaninsessuanud lumsldaugeds 10 MHz wenvintirvsaunsaaiieldiely

v 9 9 o 1 Y] a Jd a aa 4 L= % o 9
Futou Usznounleensverenuitiots louaonn LL@SQHV\I@?N@ﬁVIiTJ’Jﬂ’E)Ti“])’ﬁ@\‘]@’J m

=\ o [ o Y I
Hanumunzaudmsuiin ladrailuneessu

o o v { { Y o 1 a d a a
AaIney: 'J\‘]%ﬁﬂﬁf)\?ﬂ'ﬂmaﬁﬁ'lﬂ‘ﬂﬁ'lﬁ Triuauseau 1995v818AN11918 1oy gu“l"lﬂillﬂﬁﬂi

a J¢ I 1 {
19A915% NaNTADLTUDINNUUIAADAIND



Thesis Title Voltage-Mode Universal Biquadratic Filter using Operational

Transconductance Amplifier and Uniform Distributed RC

Name - Surname Mr. Supachai Klungtong
Program / Major Subject Electrical Engineering
Thesis Advisor Dr. Paitoon Rakluea
Academic Year 2011

ABSTRACT

This thesis presents the design method of voltage-mode biquadratic filter circuit using
operational transconductance amplifier and uniform distributed RC both single layer and double
layers. The circuits design can be synthesized of four type standards frequency responses include
lowpass, highpass, bandpass and band-reject from the same topology.

The propose circuits operate in voltage-mode without the circuit for convert current-
mode to voltage-mode requirement and the supply voltage with only £2VDC. In addition, the
frequency response can be adjusted by capacitance parameter of uniform distributed RC and
adjusting the transconductance gains of the operational transconductance amplifier without affecting
the quality factor.

The simulation results of circuit using PSpice and MATLAB indicated that good
magnitude response, good stability, constant group delay in pass band and low sensitivities less than
one unit. The advantages of the uniform distributed RC circuit can support frequency up to 10 MHz.
In addition, the biquad filter is simply constructed with two operational transconductance amplifiers
and two uniform distributed RC. The designed circuit is suitable for implementing in integrated

form especially in VLSI design.

Keywords: biquadratic filter, voltage-mode, operational transconductance amplifier, uniform

distributed RC, magnitude response
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DONUUUNIT uuﬁeuﬁmumﬂﬁmmmwﬁ V0 "llE]\T’Ni]iﬁu’ﬁ)glﬂ‘]JWﬁﬁNi%ﬁ’JNlLiQﬂuﬂNfgﬁu
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a A ° o Y s Y] a
’E'JH‘V\!G] Vl LLag V2 i]'lﬂ’J\ii]ii‘LlﬂTW“Vl 2.5 ﬁ1h1iﬂﬂ1u3mﬂ1lliﬁﬂu‘VH\WHHL'E]W]V!G]I@EJ%H%’L]H@]

mIfiudeu (Superposition) 1aaatl [17]

V,=——=2V, + R, ><R“LR2V2 (2.8)
R~ R+R, R

'
~ [ 1 v A

lunsdiNdasidruvesminuAIunIuYeeIsinwiiiu iufe R /R, =R, /R, 9ga1m130

= Y 1A
RUANMITVDIII9T 16 1112iAD

R
Vo = _Ez(vl _Vz) (2.9

d’ o = =) U ~ a 1 d‘ ]
WoUITNUNIT (2.9) wisumeunuauns (2.2) “lummq@msn 1995veHan 1 NN 2.5 A

3 1 S 1 o o 1 U R
VYDIDAITIVYIYNAANITUAINNAUNMNY ——=

R
R, :
o N
Op-Amp ——0O
R; iz
o—WW\ = Vv

o

R, -

L

MWN 2.5 1a5veeran1a Tasldeailiouil

2.2 2905vEnannmingelon

1995veeni0e Tounse Tofie (Operational Transconductance Amplifier: OTA)
sius s sdu Tl dunszua b Juensalsidnnsefinddszinnuenfiniifins
M ludnsuzvesmastienssau lihauauuvastienszua 'l (Voltage  Controlled
Current Source: VCCS) [17] $asmsidsuntasvosamsadu fuunszualuih Sont i

awine TouvoaTodio (Transconductance) n3ouNuAIe g Taena i Todiedi Tnseasig
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[ t4
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9

Toe uaAIAININN 2.6(N) HazNINA 2.6(V) AUAINY

Vio—® »
= V: o—0©
10:g111(V]' VZ)
O O

()

Y [ [ 4 a o v
ﬂﬁ/‘l‘ﬁ 2.6 (N) yankal iag (V) 'Ni]iﬁllll”ﬁ‘ﬂNQﬂllﬂW]Ji’N'J\ﬁ]i"l]fl"lflﬂ?]"miﬂﬂ"lﬂiﬂu

= = Y dy 3 a = qﬂzl 4 a 4
Tamauquﬁﬁwwugmﬂ1a“lmﬂummcmmmumuuﬂuiwmammmﬁmamaz
a 4 1 1
woatlans usdinos ’Nﬁ]iG]’016191]\1WMGLUETJLLUUGU’EN’NQT’U818ﬂ31%!&§]ﬂ@]1\1 (Differential
v Y : a J v T
Amplifier) suAuMIZLeAN (Active Load) ﬁﬁﬂi%ﬂ@ﬂﬁiﬂﬂiTucﬁﬁlﬁﬂi 4 7 LAZUNAN1Y
A o @ A 1< ~ a s
NTSUFUUUAN 1 LKAy [18] AauaadlunIng 2.7 LﬂLl’Nﬁ]ifﬂﬂ{llﬂlf’]QI@‘I/IL’E)%L!@II‘UIWﬁﬁ

NIUTAA0S

i 2.7 wasmelulofieriiald lulnarsniusanes

2v5fuaaslunni 2.7 Uszaeudie luTnariniudaaes Q oz Q, Avaeaslu
sdunUveITveIeaLana1 MvthAndsdunssdu i lhduaszua Wi dau

(4 Aa o I 9 = U Y] Y 1T o
Ul‘]JIWﬁ']iVIﬁ'ILIGD'ﬁLﬁﬂﬁ Q3 ag Q4 U995 dENOUNTEUE WADATINTESNOUNTSUAININY
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% I Y y o [ { o a
wily dnszue 1, dunszualusealdnuiees dedloudaanamssdudnni v, wildine
g { o w I 4
nague 1 uag I, Yuh Q uar Q, muaay Wunaldnszua I gﬂﬁzﬁaummﬁ ATCRERN
Y 1 J a 4 v 9
NsaziounszuauuuauvedluTnasnsmdmaes Q, uaz Q, lindweennnnszud I,
A A d? ~ (4 Aa 4 9 F) o A a0 [
mAavun luTnarsn usames Q, lanszuanduerana fe |, Hawnny 1 -1,
v o d 1 1 J @ 1 @ a {
ANUALIUTIZHINAINTZLAN A IIANA || AUASIAUNIIAILBUNaNga V,
9 = A =)
1942993 laseasnangluveslone Tumwi 2.7 ennsadeuaumsanszua |, uaznszua |,

b4

1aeatl

|, = 1eM VoM (2.10)

|, =1t e @.11)
a A = Y
H5ad Tnua V, 1092905 Tun i 2.7 3214

lo=1+1 (2.12)
B SYy1 7%

UNUFUNT (2.10) taz (2.11) aaluaums 2.12) 3214

by =g (@M @y (2.13)
NNEANMI (2.13) Saauns 14 lviilu
I
Vg Ny _ B
le ™™ P ACENAA (2.14)

a A v s F%
Wi]ﬁﬂﬂ“VlI‘Viuﬂﬂl1€]®ﬂ%1ﬂﬂ1ul@1@ﬂﬁi}$1ﬂ
l,=1+1, (2.15)

UNUFUNT (2.10) tag (2.11) aaluaums 2.15) 1214



| — | e_VBNT (eleT _eVZNT)
S
9
UNUFUNIT (2.14) adluaums (2.16) 22 la
evl/vT . eVZIVT
lo=Tls| w7
ANTUNT (2.17) Faaunmslalwudu
pMi-VaNVr _q
Io = IB e(Vl’Vz)/VT +1

2x

e V,, =V, -V, 1agan tanh =—
e

1 ~ W Yo
1 aunNIs (2.18) e lniladaaums (2.19)

0.6 [
04 [
02 [

1/
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|

0.2
-0.4 |
-0.6 [

0 -8 6 4 2 0 2 4 6 8
Vi Vr

d‘ v o J 1 A S ] 1 9
MNN 2.8 ANNFUNUTIEHINTZUEVI00n T UHINTUYDILTIAUNAA IV U [16]

13

(2.16)

(2.17)

(2.18)

(2.19)

v o J 1 o
NTUNIT (2.19) ﬁ111ﬁﬂl%fJuﬂi'IWﬂ’ﬂllﬁiJW‘u‘ﬁig‘Vi'JNﬂigllﬁ‘lﬂﬂﬂﬂvnﬂgﬁul’ﬂ'l@w&]

0

v o Y Y a Y v A J 1 ) 1 =
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1Y [ d'o'.l o a d a 9 ] ] 9
anuduiusogluanyuzvesilandulales Tuaaunuaun Hrusuduszeglusiaunusg uad

U
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a o A

9 [ R] 1 [ Y A 1 d' A 1w
WIFHIDNAT WBANULANANYRALTIAUVUNINAIINNNYTZI 2V, e V, Asafinan

ANuTou MRaUMT (2.19) nizateeuniulumenves tanh(x) 1aiilu
1 2
tanh(x) = x—=x*+—x"—... (2.20)
3 15

UNUAITUNIS (2.20) Tueaums (2.19) ﬂ%llﬁj

vt (vY 2 (v Y
(D 1 e 1 U 1 (G )
) 382y, ) 15 8|2y,

Y H 4
v 9

o v 1 ~ < A 1 [
ninaums 221 MV, <2V, iildawamond 2 fuduliiianiosnin daiui

in —

tanh(x) X MnauM3 (2.21) ansaenlni laiiu

| =Jey (2.22)
2V,
%30 l,=9,V, (2.23)
4 g
e = 2.24
O 2, (2.24)

M g, vennsawisanglSunlasuldnnavesnszua 1, Wlunealdiulefie
o Y @ ' A 1 Yy an adg a J 1 1 I ] Y
Mldeesaenanaunsaiszaivgua g, ladiedsnsdiannseiind uaedie lsnanaula
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pgFanunm g dezulsulaeu llammdnainnuiou V.
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eanin Jeelanyuziluiwwsvaeniyduuuadienvesuoniliesuadygy i
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nesueanaved leoiunszud asiudsansotledie ldszgnaldauludiuns

@ 1 a 4 < A
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2.2.1 29svenadyanamuunauwea (Inverting Amplifier)
wsveedaanauuundualasldlofie  uaasdenIwi 2.9 wazausnlou

aumsilansumanieTouued9as ladlu [17]

M 2.9 205veedynauuunaualaeldlodie

V
T(s) =V—°= ~g.R, (2.25)

n

2.2.2 905venadayanamuylinauia (Non-Inverting Amplifier)
rrsvenedyaanun lunduaTaold Tofouaaslunini 2.10 uazeansodiou

aumsilansumsoeTouweargas laiu [17]

v
T(s)= V—" =g=R, (2.26)

n

M 2.10 2asvenedaananuy lindumldalaoldlodie



2.2.3 90s5venadaanamuunduaniinsloundy (Feedback Inverting)

16

9
@ o 4 [ o A Y
'Nﬂﬁ‘l]fJ’]fJﬁﬂblﬂJ']ﬂ!LHJUﬁfﬂgﬁﬂ1ﬁﬂQUﬁﬂJuﬂJ']ﬂllﬂ']ﬂT!@ﬂanJﬁlfNﬂuW‘@ aauaaalunin

A = J o 1 Y
Nn211 ﬁ']i]']iﬂﬂlﬂllﬁilﬂ'ﬁﬂ\iﬂ%uﬂ?ﬁﬂ']ﬂjﬂuel]@ﬂ?\iﬂﬁulﬂlﬂu [17]

M 2.11 2svenedyaauuunaumaniimstounaulaeldledie

T(s)=Yo -1 9uRs
Vin 1_ng1

1 =

A 1 v Y1
NIUNAIVOI g, UANINLLAT ﬁ'lll'lﬁﬂﬂﬁgu']mllﬂ?']

TE) ==t
Vv, R

n

2.2.4 2905venadayanadleundunuulindumla (Feedback Non-inverting)

(2.27)

(2.28)

Y
[ ~ v o J [ 93
s vedyauu Uiz instloundudyn U e e IANANAUNTINIIATY

1 =

a @ @ Y A~ Y 1 Y ~ IS @
’E]u“l’!ﬁlﬁ]fulﬂEl’)ﬂ“U’Ni]‘i"UEﬂElﬁiyiyﬂml!ﬂﬂﬂﬂULW’d‘ﬂNﬂWiﬂ@uﬂﬁU G]Nﬂl!LWENL’]JuﬂWi{I’E]uﬂﬁU

A [ ~ @ ! @ :JI = o oo
unvdayYIu Inverting GU’E_]QI'E_)‘VH’E_] ﬂQLlﬁ@QGlUﬂ']Wﬁ 2.12 ﬂﬁuua’lll’]iﬂlmﬂuallﬂ’lﬁﬂﬂﬂ%uﬂ’]i

ﬁwaiaummamﬂﬁﬁu [17]

T(S):V_o: gm(Ri_RZ)
V, 1+9,.R

n

(2.29)
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{0 Y U
VINAUNT (2.29) NIAUNAVL g_>> 1 A WII0eUaNNTNINFUNIT018 ToUVDIVT VY

daananuy induwlanimstloundulnidid

V R
T(s) =2 142 2.30
(s) v +R1 (2.30)

M 2.12 2vsveedaananuy induaniinmsdloundulasldlodie

225 Nmmmﬂﬁtymumwavhd (Differential Amplifier)
[ ' Y = v A o
rsvnedyaunanislagldloie awdasdunmi 213 Tasnalieesvee
H Y
yanaraaaz i dynaraanedIuduyaisdetundlofite Ao dyauduna

d
Y I o J
V, nazdyanaounaV, nveneliiludyaaeiana [17]

99

R,
A
R>
vV, V@’VV\—
Ml 2.13 2995veodaanunanis laglyloie

A = Jd o J [ 1 Y
1NNINN 2.13 mmimmauﬁnmiﬂm%umimaiaumm:}qmmmﬂ muaunmwamﬁmﬂu

T(s)==>= OV =g,R, (2.31)
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[10]- [15] TasldmaTuTladn1390nuuUNITLVVUHUNSUNUT (Thick-Film) Hazuuuunuigy

a ] 5 < 4 a a
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H 4
A o % o
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v
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a8 NV VAUV NTUIA 815% Tuguuundlu sevns W-19U viarsgadura (Multi
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WOV UUNNIBTANINFUAIATNTUIA 015%
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2.3.1 sinnesanantu
Tumsaerunasanu 'l nSemsdsdyanainaisane lduuaienida (Cable)

A 1 3 d’ = ] o A 1 S d' o
HIDWIYAIUU LiJfJﬁJﬂﬁ%LLﬁhlV‘lﬂWVlﬁaNWU%%T]NWL!LETII@L!’N UAIN1UIKHEIUT (Inductance: |)
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A1nmq Il (Capacitance: ¢) AIANUATUNIY (Resistive: T') HazAIMWI1 (Conductance:
Y
[l [ (1 a J Y] 1] J o [] [
g) unsnszneagaasaneludieds dmsidees |,c,r, g Ianudusiusiu vaz liduiy
1 1 o . . . . a J
FTEEN (39071 dedauUaiuaye (Uniform Transmission Line) 51W151ulﬁﬂi l,c,r, g i
[ @ o’y (Y = 1 1 1 c'r . . . .
mmauwuﬁéﬁuagﬂmwzmq 1380 mamuw”lmmmm (Nonuniform Transmission Line)
o ] a o 9 1 A 9 a a o'dy I~
AHUTUNTAUATIZH IATId5 19T 0aUNe 1% 1UnI1Te0 AUV ITUINGIHNUTH 11U
a o 9 A A J 1 o %] 3 Y A [ 9 ]
mMsunT1ed lnssaseateuiduasedanuaiuaue aadudimsdadyaraindiuds i

YY) o A Y 1 Q) = [l I o ~
#9915 U NN Uauuszezne x Taglvuiadess 1ty Ax awaadluning 2.14

-

|
| T
| |
| |

ZS : i ZR
Lo
| |

Vs S50
| |
1 |
LAx |

}47 X 4’(
d‘ Y A 1 o
M 2.14 Tasaaivaiouaeadyqal
i(tx) AN i(tx+Ax)

+ o+

v(t,x) gAx cAx V(t,x+Ax)

— O O—
ey WDN /M S W/A

MWH 2.15 2995AUYAVOITNIAULDVETI AX

diethmsvenesie Ax een'll vz 1&reesiaiion danwdi 2.15 §auts v(t, x), i(t, x)
Fumrdna Tfhuazminssualiihiign x mws 1y Fafisdaniiadmaiines (Distibuted
Parameter) $114¢) ﬁﬁ‘f:

r: A1AUAUNIY (Resistance) 3128114 Ohm/Meter

' ~ ) = ] I
I a1 uvHeI1 (Inductance) Il Henry/Meter
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' o 1 <3|
g : 111U (Conductance) 1YY Mho/Meter

c : ﬂliﬂ’ﬂlli;hh/\hﬂi (Capacitance) ﬁwﬂamﬂu Farad/Meter

A A qu o % | .
INNINN 2.15 L?J@Gl%ﬂalliﬂﬂulmgﬂigl;!,ﬁsllﬂﬂm'ﬂimﬂww (Kirchhoff’s Law) @10151

9
~

I [
@euuaunis ldaail

Bit, X)

v(t, X+ AX) —v(t, X) z—AX(| +ri(t, x)j (2.32)

i(t, X+ AX) —i(t, X) z—Ax(cw

+ri(t, X, Ax)j (2.33)

y o aa 1 Jd A
NNFUNT (2.31) Lag (2.32) Wasualianaves Ax uaninlndaud @euaums

U

Faeysiusdos aiilu

ov(t, x) 4G ai(t, x)

—ri(t, 2.34

OX ot 1) @39
oi(t, x) ov(t, x)

22 L e 0 vt 2.35

% Ce gv(t, x) (2.35)

nndauds v, x) wag i, x) WWmsudasalaraaz 18

0

V (s, x)=L[v(t,x)]= '[v(t, x)e *dt (2.36)

0

| (5,%) = LI (LX) = [i(t, )& "l 236v)

I ~ v o 4
WT@HWU‘ﬁGlUﬁllﬂ'ﬁ (2.36N) LALAUNIT (2.36%) meunuaals x ﬁ]gulﬂ

L v(tx) =Jav(t’x)e5‘dt gjv(t,x)e“dt:—av(s'x)
OX 5 OX OX % OX
- oL N | (2.37)
| 2v(tx) :ja'(t’x)e S‘dtziji(t,x)e“dt:a (5.%)
| ox | 5 o OX OX




21

wiasanlaaluaums (2.34) uazaums (2.35) a2 1@

%}S{’X):_(mﬂ)u(s,x) .38)
A E;’X) ~(cs+ )V (5.%) (2.39)

Falsluaums (2.38) uazaums (2.39) Hieadaudlsi@en duae x 3u@eu dx unu ox a1z la

VEX) s+ 1)1 (s, %) (2.40)
dx

LUCTI =—(cs+Qg)V(s,X) (2.41)
dx

v = Y] A I 1 ~ 9
HIDUNWUDUDITNUNIT (2.40) UazaUNIT (2.41) Meunuamls x e r.l,c, g L‘].]Hﬂ”lﬂﬂ‘l/]ﬁ]%hlﬂ

d*V(s,x) X) _
dx?

d? d7l(s,x) _
d AL 2)) P

—(Is+ r) I(s X) (2.42)

= (cs+g) V(s X) (2.43)

unuAauMs 2.41) adluauns 2.42) wazunuaaums 2.40) asluaums 2.43) ld

AUMSVOITOF UV UALEND AD

d2

d—V (Is+r)(cs+g)v =0 (2.44)
dZ
WI —(Is+r)(cs+g)1=0 (2.45)

Y]

I s w = A
NNFUNT (2.44) U (2.45) Lﬂuanmiau UFOUAL 2 ausoen vy fe

V(s,x) = A coshI'x+ A, sinhI'x (2.46)
I(s,Xx) =B, coshI'x+ B, sinhI'x (2.47)
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2
1 v A

A J ' A . . =
Wwo T Wluan1igmsunsnszalgvesnay (Propagation Function) 1941

F:\/(Is+r)(cs+g) (2.48)

o o | 1 1 o ) [ 1 {

dmsumoey A, A,B,B, Hluminih uazaunsodimuald e drisumedand

v & 1 s a < s <
anueriny d suilulasienuy 2 wesa sunavziilu V(s,0), 1(s,0) uazoranaiu

V(s,d), I(s,d) 91nauns (2.46) LLagd@un1s (2.47)1'?] x=0 el

A =V (s,0) (2.49)
B, = 1(s,0) (2.50)
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NNAWBANAUAUT JUAUMT (2.97) nsoshudeuresaieuves URC 181y

v
A

[ { I ) @
nsaiNABLLVARY (Floating) Aauaadlunini 2.26 Wuisesailouves URC uuy 7 dmsy 2
4 a 1 %~ a 4 a 4
WfJiﬁLLU‘]JL%Q!E%’IHG]@WE)Ucd]fﬂiJLLfJﬂiJ@lLL@lucﬁWﬁHJmﬂﬁﬁﬂJﬁllﬂﬁ (2.97)

v a aa d Jda 33
234 Iﬂiﬂ651\1ﬂlﬂﬁﬂﬁﬂﬁﬂ?ﬂﬂ1§“ﬁ!lﬂﬂﬁﬂﬁ‘]ju

Y a aa J =) oij I ) a J a aa
In398319UVVATNTVIA 015% uuvaessy Wy laseasuuuginesy Aansiig
I'd QSJ‘ @ 1
815% LUVEBIFY (Double Layers Uniform Distributed RC: DURC) #3 DURC do3ududlszian
= o a I A aa J I oaj . . . . Aa
Lﬂﬂ’sﬂ‘]_lgu%lﬂ’illﬂﬁ‘i/liﬂ?ﬂ 913% LUUNAYFY (Multi-layer Uniform Distributed RC: MURC) N
09;1 Y= 1 q’j A 9 Y =~ 1 = v W A 4
Fuvosnnhaied 2 ¥u Nemnsoadnldedlugiveslod wwdeaiugs URC Nlinesa 2
4 Y] 9 [ d' 9 Qy 1 1 = Y Y]
nWosn tazdallnseada DURC fanni 2.27 UszaevlidreFudiuaien Ndnyazadieny
9 A v Y Y o Ia o A Y g//
1n598319999 URC 198 DURC Uanbaizuedlasaas uaaenuusuals Hunelssnoualgsuy
2 9 v 9
YOIANWAIUNIU (Resistive Layer) NUOGTZNINFUUDIA (Conductive Layer) NAFUUD
. . 09: 1 =\ 3 1 09.1’ -5 a’l & A Y
U (Dielectric Layer) N10d tazlanunivesdumaazsulszana 10° 47 51 1asadin
mitounuInsaad 19909 URC [13]
~ = P A
ANNNN 2.27(N) Lag (V) HanIndIAT9d519Y09 DURC 1@z nINe 2.28(A) UAA
[ [ o Y] a 4 1 a 4 < 4
aanwaing lWihvesd DURC naglumsiwsizimaweaiauaud [Y ] veeeasinnesn
o a 4 {
DURC a1139M1M3AATIEN 1A010NINT 2.28
a g a o = a o
lumsansiznauealauaud Yo, Yio, Yo, HaZ Yy 22UMsiAs1zdiiou URC

4

v 1 o a o"qs.;l 1 Y 1 a 1 A A g 4
mu'ﬁﬂu"l@fmmﬁmuaﬂummuwe 4 M ﬁ Lm%zwmimﬂumumwwfiuuumu Gd]f\iiﬂﬂﬂTW

I=PAl =)

1228 921A1 V, AD

Q3
Resistive Layer

Dielectric
Layer

10 2

Dielectric Layer

Le "
O Rl ©2
VVV
C

Resistive Layer (R)

(n) o o )

M 2.27 () Tassade (o) Tassasaaiiou ua () dadnyaives DURC [13]
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1
sC
K @
sC, sC,
Aeu v dilu V, = <, , (2.99)
C,+C,

d' < 4 ~Aq Y 1 A 4
MNN 2.28 NITUNNIBDIA DURC Vlﬂlﬁlfﬁlumﬁmﬂmaﬂummw [13]

v
¥ o

o C = 1
fvual —2— = o daiu aums 2.99) e luu gy

C +C,
V, =aV, (2.100)
ag V,(x) =1, (X) RAX+V (X +AX) (2.101)
[V(x+Ax)—V1(x)]:—I1(x)RAx (2.102)

Mnaums (2.102) aunsadouldeglugdaumseysius Iddseaums (2.103)

dVv (x)
dx

=—RI,(x) (2.103)

Tao V(x) Tudgiivlesuagdauilu

sinh Ax

V(x)=A+Bcosh Ax+D (2.104)
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¥\)3] A=4/src uag x lﬂuﬂ']’]llﬂ’l’)mﬂﬂﬁ’)guﬂﬂill

I 1 9 1 a J
r uas C Lﬂummmmu‘muuazmﬂ’gmwmgm\l’ain
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=& I~ v A 9 a g a g £ [ 1 Y o
N V(X) wiluussaunlglumsimsiziauealauausaig 9 G]N’s’ﬂiﬂiﬂﬂﬂﬁ’]f]ﬁﬂﬁulﬂ N

4
v aA

paaslunni 229 aunsomaves V(x) ladsiiae

3 I
o ¢ T
1 e 2y,
AN l
d‘ a <
MNA 2.29 29INITAATIEH Yq3
e x=09g1dm V(x) 3naums (2.104)
V(x)=0=A+B

{ C % :J‘ 1
Tagh A=?2V3 1ag C=Cq +C, aanu azlan

uaziiio x=d 3¢1d v (x) Hauilu

C

0=—2V, —%V3 cosh[Ad ]+

C
C,,, (1—coshad)

D=-1-2V, -
C sinh Ad

Mauns (2.106) wazauns (2.108) Tlunu 2.104) 9214

Dsinh[Ad]

(2.105)

(2.106)

(2.107)

(2.108)



v ()= S2v, J1- cosh ax (N 29=D) G o
C sinh Ad
V(x):&v3 1+—25Inhl(d_—x)—23|nh/1x
C 2sinh Ad

c Z{Sinh/?-cosh/;(d —2X)}
V(X)=—2V,11-

¢ sinhﬂcoshﬂ

2 2
A
cosh = (d —2x)

V(X):&V3 1— 2 ;

¢ cosEd

haums 2.112) Tunuluaums 2.104) a2 lageaumsae Tl

a aV, 1—coshzx+wﬂsinhﬂd =—RI,(x)
dx sinh Ad
a(cosh Ad —1)

V,adsinh Ad +
sinh Ad

Acosh AdV, = —RI, (x)

i x=0 92138
ald (C(-)Sh Ad -1) \ Il(o)(Rd)
Rsinh Ad Vv,
I A
130 Y=+ =(_—ja(cosh Ad -1)
V|, \Rsinhad
P
Y, = hP-1
®  RsinhP (cos )
Tagii  P=d

Y, =—Xa(Y -1)
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(2.109)

(2.110)

(2.111)

(2.112)

(2.113)

(2.114)

(2.115)

(2.116)

(2.117)

(2.118)
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{ J a 4
1aINNNA 2.29 @NTaMIAIEANALALE Y5 14 1ae

d .
I, = [, A -dx (2.119)
il Aiy =(sC,)As(V, -V, )
d
I, = sC, (Vs -V, )-dx (2.120)
; cosh i[z—xj
I, =sCV[ | 1- T (2.121)
cosh—
2
I A
2 2 2sinh—d
1=, | -2 4o, 55 —/12 (2.122)
G C4 cosh?d
L 2
sC?2 23inh£d
l,=V,| sC, = =2 1+ f (2.123)
€ cosh—d
é 2
Zsinhid
I[/=sCva\I==Z 1 =2 (2.124)
A
cosh—d
2
iile Ya3 :I—z sy
o | 2sinnZd
Y, =sC,|1-—=2 1+—%1 (2.125)
Acosh —d
i 2
i o1
c C 25|nh§\/src
Y., =sC, —l+—2—1 (2.126)
c C ﬂcosh?/src
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G,

Tauf == dio r=R, c=C fmuali¥ P=/sRC

Y =asc| (1-a)+ 2 2.127)

/ cosh P-1
(2.128)

hP-— l hP-1
Y, =asc| (1- 2—“ \/(COS o )} (2.129)

Y =asc|(1-a) +—

A \[(cosh P-1)( coshP—l)
2a coshP -1
Y..=asc| (l-a)+———— 2.130
® _( ) A sinhP } (2.130
[ 2a cosh P—1
Y.=asc|(l-a)+——"—— 2.131
s _( ) P sinhP} @131
a1l 12 18A1 Yag o
a(l-a)P? \
110 s =My~ coshP -1 2.132
f? R PsinhP( ) @132)
“ 1-)P?
N30 Y, = %WL 20 (Y -1) (2.133)

a o 1 1 a a oA {
ﬂ']ﬂ')%ﬂ']iﬂﬂﬂaTJ Lﬁ']ﬁ']iﬂif]‘ﬁ']ﬂ']LLf]ﬂMﬂll@]u‘gWW'ﬁTNLﬂﬂﬁgumﬂﬁ DURC ﬁﬁ
1 N Y o ~ = o = 3| a ) Y v ~
N1V 4 aﬁﬂﬁ']')ﬂllﬂ AININN 2.30 “B\?ﬁ'l?J1ﬁﬂLl"|3J'ILGUEJ°HL1Juﬁ3Jﬂ'lﬁliJﬁﬁﬂ“lfllﬂﬂﬂﬁllﬂ']i‘l’l

(2.134)

Y ]=x| -1 Y ~a(Y -1) (2.134)
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A P C
130 X=————,Y=coshP, P=+sRC uag o =——2—
Rsinh P C,+C,
03
1 1 G 2
© R_/v\/_\’ C ©

PN 2.30 2995 DURC N0 4 ﬁxiﬂﬁ’)ﬁ

! a d a a d d
2.3.5 29a3n3esnnudlaalvaiivlosuaansiine1sd

d‘d’ 9 a Jd A aa o o d‘d o
ﬂ"lii’)i’)ﬂll,‘]_l‘ﬂ’.Nﬁ]iﬂi@\iﬂ?}"mﬂTlﬁiNinﬂglu‘W@iilﬂﬁ‘Vﬁ‘U’Jﬂ@Ti“lf aumsdnauelu

a IS 1 dy
N1UIFINT mma"l‘ﬂu

oI J 4

Ao Yy Aa aa ~ I Ao
. '3\3ﬁ]iﬂ'iﬂQﬂUTNﬂ@]TIﬂﬂi%ﬂu%l@illﬂﬁﬂi‘ﬂ?ﬂﬂ’]ﬁ%’ 11995 NT09ANNDA MY

U

A A Y P A (0 v o A S Aa aa o P o ~
LLE]ﬂ‘I/]‘V\IVIE‘TiNiﬂﬂqﬂﬂimLLE]ﬂ‘I/]‘V\I‘J’mﬂﬂ@]’)guﬂflﬁﬂﬂﬁ’ﬂiﬂﬂﬂﬁ]ﬁ% [10] ﬂ\ulﬁﬂ\‘i{luﬂ’]WV‘ 2.31

Jd @ 1 A
uazaumiiﬂm%umimsﬂaumanwma

vV Kea(cosh P+1_—a)
T(s)=>~= T ¢ (2.135)
Vi (-~ ~2a)coshP+aN +K{(2a ~DcoshP-aN +1]
—a

A P C .
19 =———,Y=coshP,P=+sSRC, a=—=2—uaz N =(2+Psinh P
Rsinh P I ( )
K fio moaivensusiiuyedglnsailoniin
Cp—— R
O——VV\— —0O
C, v v,

[ 1

d‘ d’; Y a Jd A aa o =
NN 2.31 TN"USﬂii’)Qﬂ??ﬂﬂ@WIﬂﬂi%guW@ihﬂﬁ‘ﬂiﬂTJﬂ’fﬂiG}i
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o w = Y a J a aa J I I o w
Q. 'Ni]iﬂi9\1fl]'lﬂ@L!ﬂUﬂﬂ1ﬂﬂ1ﬂﬂi%guﬂ@iﬂﬂﬁ‘ﬂiﬂ?ﬂ RERE ] Lﬂu’)\ﬁfﬂﬁﬂﬁ'ﬂ\ﬁ]'lﬂﬂllflﬂ

A 9 o = 1 LYY a d a aa o L= [ ~
ﬂ’JﬁJﬂ‘V]’ﬁiNinﬂ’qﬂﬂimllﬁﬂ‘ﬂ1/\]5’311mJG]’JfJuT\IE]iiJﬂﬁ‘Vli‘]J’MEﬂiGB [11] aauaadluning 2.32

U

J v 1 A
HazduMsHNTUNITN18 1oUUDI1995A0

V, ——O
v v
d‘ o w A Yy a I a aa J I
HINN 2.32 'Nﬁ]'iﬂﬁﬂﬂ%?ﬂﬂl!fmﬂﬂ'ﬁ\lﬂjﬂﬂi%guﬂ@iﬂﬂﬁﬂiﬂﬁﬂf]’lﬁcﬁ

v FF:cosh P+ Psinh P
T(s)=—2=—- (2.136)
V. R )
1 —+Psinh P
R

aa

A o Y Aa Jd A aa J = o I
A. 21993n30dnNad laglgeiesuaanitinaerssuuuiano@n Insa 11993
A o A A Y 4 ~ 1 v W a J A aa J =) v A
nseenNNdd MU ULeANNaT 9 IngaTeiteans A udIgHWe I uATNI IR T AU TaA
ad @ A o Jdo
81an Insa (Multielectrode RC Distributed Circuit) [20] Aduaaaluaini 2.33 wagaumsilandu

MIine TouUDI1995AD

d' d’o‘ Y Aa Jd A aa J L= v aa
NN 2.33 ’Nﬁ]iﬂiﬂﬂﬂ’ﬂllﬂ@]ﬂﬂElmlslfgu‘Wi’]'i11ﬂﬁ‘l/]i‘]J’Jﬂ@ﬁ‘ﬂflL‘]J‘]JiJﬁ@]f’]LﬁﬂTVliﬂ

Vo [X+apX(Y-DIK
V, [X(Y -1)+X—aX (Y -D)K]

T(s)= (2.137)
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=.L, Y =coshP, P=+sRC, aFL o @, = ————
Rsinh P C,+C,+C, C,+C,+C,

A T W @ o ~
K a9 ﬂ"Ii’)@]51511fJTEJLLSQﬂHﬂI@QQ‘]Jﬂiﬂ!LL@ﬂVW\I

2.4 vianm3n llvee1995n509AD

J

o d { o @ o @
1995N5094ANUDIATUIRTUVY 2 WO ﬁﬂ'lclﬁjaﬂ]&lﬂ%%@\?ﬁlﬂﬂﬁﬁﬂﬂlﬂﬂﬁﬂngWﬂJ

9

a I~ ] o 4 A ~ Ay A 1 Y
dunanez1l (Shape) ilumilaasnvesdyanaorananinnudamidesns nieeranainlan
wasnsesnnudIgimihinendyanui bidesniseonvindyaruidesnts Tlunisdnun
va A Qa: % a (% @ 4 1 @
AMANIAY09299TNT0IAWDNY WnazNaITan ludnbuzreInNdNN LTIz Ty I
a o J 1< @ dy a 4 [ Y
duNa uazdya e 1ANave9Iduran uenaninisuasigiieesdivanuaule
NHANTITUUDIINITAADAGTUAIINDNINAIINITNIITUUNBIANUDIAYI Fan15H1Tanlu
2 [
ANHUFULITINIINITNITM TN A UAIND (Frequency Domain) LAZISINHANOUAUDIVD
a dldyl a A 2 9
asnnmsnnsan luTamuanud i naneuaueUFIAUD (Frequency Response) [21] 1%
o o 4 o o 1 : o 1
dyanvaiunudie T(s) TagnallazuaaslugilvesilangyunisoreTou Feanfedasidaiu
1 a Ao A o 4 1 a Aov A Jd Aa a A 1 = dy
szrdlTmnaniannesaoianaaelsuaniainesaouna Taslsuannardetiannse

I n’j o
W lanassgunsonseie

n lin(S) lour(S) +
SO DO
> Filter Circuit v
Vin(S) ) Vou(s)

MWA 2.34 2993NTOIANVDLUL 2 NOTA
A 4 AN o I 4 1% A =
Wolniasnseennualanyaziluasuun 2 wosn auaadluaimi 2.34 Tasll
[ a J { o v
yanunauduya wazedya lulamuanudae V, (s) uaz V., (S) ey amsam

Y
HlanFumsoeTouve 193 lasaae 1

T (s) — VOUt (S)

= V. (s) (2.138)

UY V... (8) =T (s)V,, () (2.139)
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A A [ Y - @ qg/’ A o a L4 Y v AA
UBNIIN S UAUMNY o+ Jw QQHHHJ@THﬂ'li’Jlﬂi1$1’i’)3§]5ﬂ181ﬁﬁ'ﬂ1u$ﬂ\1@]’3ﬂ3\1
Jd o

a I A 4 A 1w Y A [ Y - =
sunarluaaugllnd o szliswmiugud tld s dauniy jo vazansadouaunmsly

1 4 o v w dy
sudmlsznevvesvinanazla ldmmudauasil

Vo (§0)| =T (j@)||V,y (j) (2.140)

0 By B iy M0E Boioy 10 AUNAVEI V,, (jo) T(jo) uaz V, (jo) audduuds o

1&anuduiussenneduiu
¢out(jw) 5 ¢|'(jw) + ¢|n(j(u) (2.141)

<3 1 o 4 a0 1 o
INTUNIT (2.140) i]%L“ViLl’ﬂ"ll‘LHWU’E'JQﬁi‘gﬂluWﬂ!ﬂWQﬁIWHLGWWWWNﬂHﬂWﬂUNﬁﬂﬂ!"llf)ﬁ
v v
PUIAVDITYANUNNAUDUNAN VYU IAVOIHAADUAUD UTIANNAUD 29T Aatiudfmuald
LY % - = [ . 1 = Qa’l [} = 9 @
Wanduvmaves T(jo) BAWMNUgUETIUENANUAALN o, DI o, 18I VUIAUDIdYY I
9 4 = [ Y Y ~A v [ 9 a dyl ~
NNATUBIAWAISUAUNNUTUINIY LLll’Jﬁ]%iJﬁfgiyﬂmﬂﬂﬂ“] NN NI UNALNAUYINAITUD
oaj 1 = = =Y 1 d‘ o =S [ 9
PNLA @, TN @, WYNLTYNIT LDV YA (Stop Band) ¥9393993NTDIANND Tuiiveu@einu
Y Jd o - A 1w = a 1 A 3 1 =2
Inilanguvaves T(jo) Uanninunis (Mugauaa) lugisanuddaus w, N o,
Y o Y 4 A g ~ 1 A :JI 1
e mummmaﬂgﬂg1m°wNmummwmzumgﬂu"lﬂmmum‘i (2.140) LASLTINBIIAITNDALLE
9 v
Wy, 5\1 @y, U BOUKNIU (Pass Band) ¥939995NT0IAND
= [l Y dy v o
’Ni]3ﬂ‘iENﬂ’JUJﬂﬁHﬂimL‘]J\‘l’é)@ﬂblmﬂu 4 2‘].]!L‘]J1JW1!§1L! Tagefeanyuz U0
] X a o Jdo - A 1 [
HYALUASUDUFNIUUDIINDT GﬁﬁlﬂﬂﬂWﬂﬂWiﬁﬂUﬁuﬂﬂﬂlﬂﬂWﬁﬂ%uﬂluWﬂﬂJﬂﬁ T(Ja)) NUANANNU
% = d‘ 1 v 9 1 dy
VBINIT @Ni"lﬂagLﬂﬂﬂﬂﬂ%ﬂﬁW?iuﬁ’JﬂlﬂWﬂUlﬂu

24.1 'Js‘ﬁ]ﬁﬂiﬁ)ﬁﬁhﬂﬂ'ﬂ&lﬁﬁ]

]
[

1 { o ; <
2993NTDINIUANNAA (Lowpass Filter: LPF) 112993 NNGNHULMIABUAUDINIG
v v ] v Y
YUIAFIANUDATVNNUII9TNTOIHIUANLDGIAD UOUHINYBIITIZUANNDAWA @ =0
=2 = qgj ' == v J a =
N = o, vezlivoungadaa o, lauderiudg JUuuumsaeuaueINNVINAITIANINAYDA

29095 Tungauaanaas laganini 2.35
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7] 4

MU 2.35 HANDUAUDINNYUIATIANVDVDININTBINIUANNDM TuN1IgaNAA

v
=

2.4.2 Nmnsmvimmmaqa
. 4 . , < Ada 4
NITNTDIHIUANND G (Highpass Filter: HPF) 1WU9TNTOIANVDNNFIAIND
qgj ' = | A = ' A o
fag 0=0 09 0=, Wuuovvga Taesh o, 9n3enI1 ANNDANDOH (Cutoff Frequency)
=R A 09: 1 = o 4 :JI I ] 2
UBIINVT UASHTINANNDAULA @, llﬂwmauumumﬂmmuwm "I)'\‘lﬁ'HJ'liﬂlLﬁﬂﬂgﬂﬂ'li

ADDAUDINNUYUIATIANINDUDI993 TUn1gauna lAdanIni 2.36

|71 1
1

v

MNA 2.36 ﬂ”l'i@@llﬁuﬂx‘]‘lleﬂJu"lm%\iﬂ’JﬁJaﬂJﬂﬂ’Ni]iﬂii’NNTHﬂ’NNﬁQQiH%NQﬂNﬂa

243 Jx‘liliﬂiﬁ]ﬂﬁhullﬁl‘ﬂﬂ?]ua
] A = v ~ d‘qu 1 =2
NITNIDINIULDUAINGD (Bandpass Filter: BPF) ZULAUNIUNAINDAILLE a)plﬂ\i
= S4 g a = .
@y, °lummwmmaamﬂmmquﬂ Z‘]JﬂWiﬂfJ‘]Jﬁu’ENVIN"’Ulﬂmﬂf\‘lﬂ’J'liJﬂ‘lJ’fND\ifﬂiﬂ'iENWTH

d‘ a :/} FIRY] d'
LLﬂ”LIﬂ’NlIﬂGLLl‘ﬂNQﬂuﬂﬁuuuﬁﬂ\iklﬂﬂﬂﬂ"m% 2.37

|
1

~ Upper
Stop Band

Lower

.- ---wla--- Pass Band ---m|-a--
Stop Band

1)\ ]

@, (0]

p1 p2

MWN 2.37 ﬂ1iGl’E)‘UﬁuENV]N"U‘LH@L@Q?YNNEGUGQ’Ni]iﬂﬁ’é]\‘iPhu!&ﬂﬂﬂ’)ﬁJasl,uﬂNQﬂlIﬂa
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2.4.4 3\1%5ﬂ§0\1%°1ﬁﬂ!!€]ﬂﬂ313~la
o w . [ (A o

1995NTBITNALDVAIND (Band Stop: BSF) U295 NUANEUEMIADVAUBINI
a d‘ [ 9 [ 1 d‘d d’d as/' 1 d' =
VHUTIAUBIAITUAATINUVTUNUINITNTDINTULDUAITUDAD WITNUUDUHYAAILIANITND @, DN
o o Aaa = Al A Y A A 4
@, NITNTDINNVAUDUAITNONUUD U YARNISAITUDLUA ) M%ﬂliﬂﬂulﬂﬂﬂﬂfﬂﬂ@ NITUDAY

a J : a ]
Wawmos (Notch Filter: NF) “dfﬂﬁﬁJTﬁflLLff@N?j‘ﬂf‘l'lﬁ@’E)‘Uﬁ'u’RN‘VINﬂliﬂﬂl‘b’\iﬂ’J"IiJa‘lJ’EN’Nﬁ]ﬁﬂS’EN

o w d' aln Y o d‘
ﬁ]'lﬂﬂllﬂUﬂ’N‘JJﬂGluﬂNQﬂiJﬂﬁllﬂﬂ\iﬂWWVI 2.38

|T|A
1

~ Upper
Pass Band

Lower

i b
- Pass Band [--- Stop Band -

vy

a)sl wsz
MW 2.38 NMIADVAUBINTNYUIATIANNAVBININTOINTALDUANUD TUNIgANAA

A o B
2.5 2995N309ANNIHABHINN
4 5971 \\ . = 44 "

1995N309ANNDHAWHUIN (Universal Filter) ¥1189979950509ANNDNA W15 I
Ly v ° ] o I ] {5
endumsitrau ldnaregdunulureesfen wu awnsadmaniu 299505090 UA1WAMN

1 A ] Ay v Y = @ [ Y
VINTOINIUANNDFY HAZIDTNTBINULIVANIND I8 910 TATead19easAernu iudu Tag
=\ J o 1 I~ v a . . . A A
NydaumsvesilsngsumsanieTewdunuuiladduluaieasian (Biquadratic Function) H30i30N

as.l‘ ! d! IS) 4 1 dy
auaNn ll‘]_]ﬂ’)’é]{o‘l Gl)’\UJE‘]JLL‘]JUNW@?ﬁTHﬂQLLﬁﬂQ@ﬂUlﬂU [21]

a,s° +a,5+4,

T(s)= (2.142)

Q,
S +-2s+af

Tash @, Ao A1NNDVBSINa (Pole Frequency)

Y

[

a o o
a,, 8,a, Ao dulszaANTYLITIUIUIAY

1 a 4
Q Ao AmdeaaunaesueeIna (Pole Quality Factor)
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a 1 1 1 Y % 1 [ [
NTUIFUNT (2.142) ITWUNFINITOHIAG 1T (Zero) VoIHINFUNITA18 TOUBUAY

Y 1 [ a Q‘{ o d! o Y = a dl Y o
aadlavinardulszansveai uiuey a1 1N udriavena9snsesnnud lads

2 A =2 g
ﬁ’]ﬂaglaﬂﬂﬂfﬂgﬂa’nﬂQﬁ@qﬂu

'
A1 A

Y [ 1

. NFAUNMF ITNIH09UDITUMIUAHUIVUITEUI S (s-plane) N S =0 A9l ING

[ A o o 1 ] ~ YY)

2.39 azAIn i 2.40 auns (2.142) vz Inilsndumanie Touve 1995 nT0IRIUANUDFIOUND

aoalaslziluuvune

vQ

<« ()
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dtd‘ 1T A 1 A o 1 L!' d! o 1
. TunsanmF IsvosaumsIMrnUUUsZUIY S (s-plane) N S =0 HUIAWHUR
= £ o 1A o = Yo oo '
HAZDAN NN HIA UM UIN S =00 Aduaaa lunIND 2.43 gums (2.142) v lvinansumsnie Tou

] Ao o s A
‘lJ’éN'N%ﬁﬂ'i’f)\iPﬂullﬂUﬂ’J'l‘JJﬂ’E]‘Llﬂ‘Uﬁ@\?IﬂfJiJg‘l]LL‘U‘UﬂfJ [21]



49

T(s) =;1—S (2.145)
S°+Vs+af

A A 1w A = J
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a d' = { 1 H J
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19T ANHULAININD 2.44

x. Ajo
I\\ On o
| N W,
| AN
| N
N
| AN 2 O
| 0
B CCe oD
R
I
V|
x=pole | O=zero

]
[ Y
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s+ )}

T(s)= (2.146)

a,
S+ 2s+a)

A19A31VE18ANNDFIVDINITUAWMNNY @, NIINMIABVAUDINNVUIATIAIND

v
= 4

A o @ A 1 < 9 o A £ Ad 4
VOINITUANHUSAININN 2.46  LASA @), Lﬂuﬂg%ﬂﬂu1u‘]ﬂﬂﬁuﬂ31 AU UDAY (Notch

Frequency)

X

[IAN T
AN

TN o

[ N 0

| AN

| . o
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T o) P8 g (2.148)
P s?+(w, I Q)s+a? '

H, (@, / Q)s
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H o’
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2

T (S) = sCC, V. (s) (2.151)

S CICZ +Sczgm1+gmlgm2

-sC,g

T.o(S) = 27ml V. (s 2.152
o () $°C,C, +5C,0, + Uy Oy nt%) 2159
Te(8)== Im Iz V.. (s) (2.153)

S ClCZ +Sczgm1+ gmlgmz

3 1 {
NNAUNT  (2.151) U1 (2.152) uazaun1s (2.153) INUIINITNTOIAIND

Y A ' A o A A o
mmm“lwmmauﬁummmaqqmummmm Ve MIADUAUBULVUVLUDIUANUDHIUNDIANA

Ao 1 A J o
Vg HAZMIADUAUBIANUIAHIUNDIANA V, , 9INE191

2.6 1@083MN (Stability) Y9429950309A1UD

o w

a 4 = AA Y1 & A
ﬂ']ﬁ'Jlﬂﬁ'131'1Tﬂlﬁ'ﬂfliﬂ']W‘U’E)\i’Nfﬂiﬂﬁ@\‘iﬂ’nuﬂﬂﬂllﬂ']'llﬂuﬁﬂﬂﬁ?ﬂﬂgﬂl@ﬂﬂWi@@ﬂlLUﬂ
A o 5 a A o’dyd 1 = = A Y o A g
NITNTOIANUD ﬂ\‘]uualuTVIfJ']‘LlWU‘ﬁuleGU'ﬂﬂﬁ'l’:lﬂ\i!,ﬁ'ﬂﬂiﬂ'lwsll’ﬂ\ﬁ$‘]J‘]J1’liJﬂ"l'§fJ@Uﬂﬁ‘UlW'ﬂl‘]Ju
dy A Aa Y @ =3 < A a 4 a s =&
WH:%;'IHT@IEJ“VW!ﬂ“]ig‘]_lllﬂuﬂ']ﬁﬂﬂuﬂaﬂ%$§3NOQ3$UULLUU®u1@®ﬂ %50 aInsMFees w9
I A a ] = dy A A o Y 9 @ v
L‘]Jl!igﬂﬂﬂlﬂﬂﬂﬁ"lﬂvlﬂlﬁﬂﬂiﬂTWﬂlu LH@Q%TﬂiUﬁ%‘U‘UNil"luﬁlu“ﬂi’]llvﬁflﬂuﬂﬁ‘]_lf’]ﬂTQWﬁTﬂVTﬁ"IEJ

E4
w%a"mmﬂﬁmmmiwmmmmﬂiummiwu [15]

1ts)

d‘ Ao 9 Y] qul =)
HINN 2.52 FTUUNUMTYDUNAVUVUBULIAYD

Tunni 2.52 auudlit f(s) Aeflandumsdonnduvedians uaz a(s) Aednsves

£4
=

& = v 1 Y v
YOINITBITWTVIUFUMTHNINTUNTD10 ToULUY Open-Loop Ulﬂ@N

T(s)=a(s)f(s) (2.154)
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uazaumsflasdumsnislon A(S) DU Close-Loop D

a(s)

A = ) T o)

(2.155)

A = Y A A d v 1 19 9
ﬁgﬂﬂﬂlllﬁﬂEliﬂ']Wi]gﬁi’J\nJﬂ"IIWﬁTliJ"ﬁnﬂ Close-Loop Wﬂﬂ%umimﬂ@uagmumﬂ

1 1 E4
YDITLUI S (S -Plane) taza1Ina 11411910310 (root) YIANMIAVANHUL FallAraail
F(s)=1+a(s)f(s) (2.156)

Afsua 20109, |F (jo)| Sonfsumboundy uaziivietly ndiua (dB)

@

a ¢ o S A wYr A : < A o q ¥

MIANTIZHEDeTN MY 1Y Do Idhlianudaguedinss sz I

DD IUANTHINUYDINNDTANG UBNIINMINTNNTANdUNTAMANYME Taena 1
4 1o o ] [ Y a a J @ Y
ud7 1@desN M09 TIZTUBG AU T InvesEuMInaanyay TaeluInerdnusniivil
a d A Y a a . . 2 A o A
Ansgdianesnmyesrsaemaiin luniad laogunsu (Nyquist Diagram) Falindnnsfe 9y
o v 1 1 o o ' [ Jd o 1
WsIndgunsAuanyuy ¥3ee19na11 1dinhaunisdadiuaesilandunisareTow w1
Y} a a A A A A Yy A g a
dumaauvesluaiddluszuiy s -Plane n59iN1 500N 1zA0TiIdUN1IMTIAUVDS
a  Jda Y o A P

luniaatladongaiuiia (Origin)

o o a 6’ d‘ 4 3 4

AM5UMIMIAATIEHADOTNINUDIIIITNTOINNWDN S URC 11az DURC W 1o

a L4 o { '

anuazainlunmsiased W lanimsuldsuudaddduegluszuiy P (P -Plane) unu

aunsodeuilansumsmeTouvesszuy ey

i)

" )

(2.157)
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Stability region = Re{D(P)}+ Im{D(P)} (2.158)

1o RefnduvossuIuese uag ImAesIuIuanIm veaumsaIaIu

v

2.7 anhvesdaginsalluisesnsesnnud

a A

=\ 9 a o s o = A
’Nfﬂﬁﬂi’E)Qﬂ’NJJ‘D‘VINﬂmﬂW\H]gﬁl’f)ﬂuﬂ’Niﬂfﬂl@ﬂﬁ?@“ﬂﬂﬁﬂl‘l’lﬂT umsasuudaana

v
Aa o

Y [ qﬂll a o 1 S R I
VUIAUDY ﬂ\iuu(luﬂTﬁ?Lﬂﬁ”IgWWWﬂTﬂ’J”I?JIljﬁllﬂ\ﬂ@‘ﬂﬂﬁﬂl duasdntuveIn1seonuUINS

= 9 A o d v 1 @ A @ d A aa d
NIBINIUD D1 T(S) AoNINTUNITD18 TOUNANUDIINDT 1AL X ﬂamqﬂﬂimmaaamummm

9
v A

Tu2993 15U R,C, K, @ nazduq [15] awnsomsinnu lvesdiginsal x 1ddsi

o1 _AT/T X AT

= = — 2.159
TOAX X T AX (2.159)

= 1

9 AT =T (s, X+ AX)—T(s, X) vag oL AeAnu vesmsnasunlasves T AUNAINY
mslasumlasaives x Tagind Sweear AT unueynsumndians (Taylor Series) A20A
{ o [
AX nd1eg ldaums luuilu
oT OoT AX

AT=—AX=X—— (2.160)
oX oX X

) Y
1119111715 Normalize #1013 (2.160) 928015115 T 19909919 92 a1

g1 _TIT _a(nT) _ X AT

NS = =~ (2.161)
X IT a(nX) T AX

a va ) 9 } 9 1 [ 4
Tumed§ia aums 2.161) Imainnldedendensdumsmannulvesdiginsel ves

A a J ag = Jd v J PR
19930509 NNAYHAA Tuuensainansasuilandumsoie Tew 1aily

(2.162)
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unuaNms (2.162) aaluaums 2.161) a2l

+ OT (X DN'-ND’( D N D’
Sl = | 2 |=———|x=|=x| ——— (2.163)
ox\ T D N N D
Taoit N =N ae 0= P vdwdsuaumagiuun Tl 18y
OX OX
S, =S"-8° (2.164)

w2 d 2
2.8 ﬂiqﬂﬂ!ﬁtl‘lli’)ﬂ?ﬁiﬁﬂi@ﬁﬂﬂllﬂ
[N I Y a U . .
Nﬁﬁ’f)‘]JﬁL!fJﬂﬂJfJQﬂiq‘]Jﬂmﬂ ulﬂmﬂﬂﬁwfﬂ"liﬂﬂ ﬂgaunmuuﬂﬂmumm (Time Domain)
£ Y 1 A . [ = [
GIN%ZLL?WN1ﬂﬂ§ﬂlu§ﬂﬂlﬂﬂiﬂlmuﬂ31hﬂ (Frequency Domain) (FHQAEINUHNANITADUAUDINN

A 2%

a o a [~ J Jd 1 o
vuauazld [14]  Tesauuadyanaduna V, douldfuinnesaniiainilamdminy D

a

4

a =1 o ) A g
AUIN LUASTUYUIUNNATUDIANA V2 iy

q

V, () =V, (t- D) (2.165)

4
L% %

A @ v A 4 [ O \\r [ a Y
iesnndynnmlan Wnfiosdlszneuvesdyanugilmedogiane duindyaudunay 18
V, = Asin(wt + ¢) (2.166)
4 o @ 4
et lunuluaums 2.165) 3¢ ladwanateanaioe

V, = Asin[a(t— D) + ¢] (2.167)
N30 V, = Asin[ot — oD + ¢] (2.168)

[

a 4 = 1 v A
1l 1mauwmmzmmwﬂmwﬁmmuﬂa

D)

NNAUMT (2.166) 1AL (2.168) 111181

0 =—wD (2.169)
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J v 4] 4 o 4 [ I
TaeilanFuveniland v¢ 1danmameyiusvesaums (2.169) ouiy o 1 ldiilu

D =—d—0 (2.170)
dw
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Voltage-Mode OTA-DURC Universal Biquad Filter
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Abstract— This paper present new universal biquad filter
employing OTA and DURC (Double Uniform Distributed RC).
The features of the proposed circuit are that: the circuit
topologies are very simple consisting of 2 OTA and 2 DURC,
where either one of the four filtering transfer function (LPF,
HPF, BPF and BRF) can be achieved by this only one filter. In
addition, higher filtering response frequency (@p) can be
obtained through adjusting bias current of OTAs without
affecting its quality factor (Qp) stability. Characteristics of the
proposed filter are simulated using PSpice and its results are in
agreement with the theory.

Keyword— Universal Biquad Filter Circuit, Double Uniform
Distributed RC, Frequency Response and OTA

I INTRODUCTION

Many current and voltage mode universal biquadratic filter
circuits employing operational transconductance amplifiers
(OTAs) had been reported in the literature [1]-[7]. These
designs of OTA-C filter circuit require no resistors. Therefore,
they are suitable for monolithic integration than the other
current conveyors. Moreover an OTA provides a highly linear
electronic and a wide tunable range of the transconductance
gain. Therefore, the filters based on OTAs are the attention for
many researches. The characteristics of Uniform Distributed
RC (URC) element have several advantages over lumped RC
network. The structure of distributed RC elements in thin-film
technology is built using smaller high frequency. Distributed
RC elements may have many form structure. For instance, one
capacitive layer, double capacitive layers and multi layer thin-
film structure. The structure of the general URC consists of
layers of conductors, resistive layer and dielectrics can be
sandwiched together in many permutations. The resistive or
conductive layers may be contacted at various points around
their edges. Other advantages are applied to active filters. For
instance single capacitive layer URC [8] and double capacitive
layers [9],[10] in conjunction with amplifier in literatures
respectively.

This paper introduces a voltage-mode universal biquad
filter using two OTAs and two DURC the filter can realize the
low-pass (LPF), the high-pass (HPF), the band-pass (BPF)
and band reject (BRF) transfer function by connecting the
terminal V,, V, and V, to the ground or to the input voltage
V,. The characteristic parameters @p and Qp can also be set
orthogonally by adjusting the bias currents of the OTAs. Some
examples are given together with simulated results by PSpice.

II.  CIRCUIT DESCRIPTION

A. Operational Transconductance Amplifier (OTA)

An operational transconductance amplifier (OTA) is widely
used as an active element in analog signal processing circuit.
It is a differential input voltage controlled current source
(DVCCS) device. The port relation of OTA as shown in Fig.
1(a) and equivalent circuit of the ideal OTA is shown in Fig.
1(b). The OTA element is given by the following equation:

I,=g,V,-V,) ()

Where, V,, V, is the differential input voltage, Iy is the
OTA output current and g, the transconductance gain is
tunable through bias current Iy is given by g,=Ig/2V 1 where,
Vr is the thermal voltage (26mv). [11]

Vo ©) . 0
Vo—0 °
L=em(V}-Vy)
o )
(b)

Fig.1 (a) OTAs Symbol and (b) Equivalent circuit

B. Double Capacitive Layers Distributed RC Network

Distributed RC elements may have many form structure
For instance, one capacitive layer, double capacitive layers
and multi layer thin-film structures. The structure of the
general URC consists of conductors, resistive layer and
dielectrics can be sandwiched together in many permutations.
The resistive or conductive layers many contacted at various
points around their edges. Other advantages are applied to
active filter. For instance singer capacitive layer URC
[12],[13] and double capacitive layers URC [14],[15] in
conjunction with amplifier in literatures respectively.
However, there are some disadvantages due to their magnitude
characteristics of the low pass filter at cut off and it
attenuation at stop band. The double capacitive layers
uniformly distributed RC lines are circuit symbol illustrated in
Fig.2
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() e (®)

(©

Fig. 2 Structure and circuit symbol of URC with double capacitive layers.

The admittance parameter [Yij] of URC with double
capacitive layers in Fig.2 is given as follows:

1, Y -1 —a(Y-DI| V",
Ll=x| -1 Y —a-y|r,| @
I, —a(Y-1) —a(Y-1) S v,
where
_ 2
¢ = a(l Ozl)P , X = .P ,Y =coshP
XR+2a (Y -1) Rsinh P
and

P=~sRC,C=C,+C,,C,=(1-a)C,C, =aC

where R and C are the value of the total resistance and
capacitance of the double capacitive URC respectively and s is
the complex frequency variable.

The universal OTA-DURC biquad circuits using double
capacitive layers uniform distributed RC line is shown in
Fig.3.

3
e

O—‘R_\/ \_/ Vv————O0

(e} O

Fig. 3 Notch Characteristics Circuits Using Double Capacitive Layers

The voltage transfer function of Fig.3 is given as follows:

a[coshP+1_a}
a

[1 -2a(l- a)]coshP+ a(l-a)(2+ Psinh P)

T(P)= (©)

where

P=+sRC,C=C,+C,,C,=(1-a)C,C, =aC

III.  OTA-DURC PROPOSED CIRCUITS

A simple universal OTA-DURC Biquad realized with only
four element is shown in Fig.4 This Biquad can be used a
lowpass, highpass, bandpass and bandreject second-order
filter section. The required transfer function is realized by
connecting the terminal V,, V, and V. to the ground or to the
input voltage V,. The output voltage is Vo

V.o— 1|

Fig. 4 OTA-DURC Circuit Propose Universal Biquad Filter

Fig.4 shows a propose OTA-DURC circuit universal biquad
filter. The transfer function of the circuit is given as follows:

T(s)= 22 = [R P, cosh , sinh P, — P[P, — o Py, ]
Vg ﬁVg
6Lei g, PR, sinh P,(1-an,) 2t )
BV, BV,

Case low-pass is set V,=V,, V,=0 and V=0. The transfer
function Ty p(s) of the circuit is given as follows:

T,,(s) = 8m&u R, sinh A )
LP :
APy - g,.[Bn + g,,R, sinh B)]

Case high-pass is set V,=0, V,=0 and V.= V,. The transfer
function Typ(s) of the circuit is given as follows:

) Pl’]l(o-Pznl_Pz) (6)
U0 B (P, + g,0R sinh P) + 6

Case band-pass is set V,=0, V,= V, and V.=0. The transfer
function Tgp(s) of the circuit is given as follows:

‘[Rygmz sinh Pz][P1(1+0”71)] (7)
(P, + R, g, sinh B,) Ry, +6

Typ(s) =

Case band-reject is set V,=V,, V=0 and V.=V,. The

transfer function Trp(s) of the circuit is given as follows:

T, (s)= Bn(obn, -F)+6 ®)
RP BPmnn, + gml‘DlRyUl sinh P, + o

where

n, =coshP, -1, n,=coshP, -1
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y =sinh A, —sinh P, 6 =R R g, g,,sinh P, sinh P,
B =PF(R, cosh B sinh B, -5 -1)

P =/sRC

x 7 x?

C.=C+0(C,,Ci=(1-a)C,,C,=aC,

P,=sRC,.C, =C,+C,,C,=(1-0)C,,C, =0C,

The pole magnitude (@p) and the pole quality factor (Op)
are given by

Em&m2
w, = |Smem =
i

The quality factor (Qp) is determined by the capacitance
ratio, C,/Cy, and the transconductance ratio, gmi/gm,. The most
sensitive parameter, wp, is a function of the transconductance-
capacitance ratio, g,,/C.

gmlcy

gnC,

®

IV.  SIMULATION RESULTS

The simulation by PSpice of the frequency response and
phase response is shown in Fig.5 and Fig.6 are respectively.
The double capacitive layers URC is approximated by the
ladder lumped RC elements of 10 sections, and the operational
transconductance amplifiers using LM13700.

The simulation results for different filter responses are
shown in Fig.5. The g, of all OTAs were set VCC15V,
Ig;=10 pA and I5,=400 pA. We selected the DURC element
value R, = 100Q, R, = 2MQ, C, = 10 nF and C, = 300 nF to
obtain low-pass, high-pass, band-pass and band-reject in Fig.
4 at frequency response 11.343 kHz. It can be observed that
these agree with the theoretical predictions.

0
-10
A
2
=
]
O -20
P
S0
k]
I
>
-30
-40
300Hz 1.0KHz 3.0KHz 10KHz ~ 30KHz 100KHz  300KHz
Frequency

Fig.5 Gain responses of the proposed circuit working as universal biquad
filter

Fig.7 shows the gain response of the band-reject functions
where Ig; is set 10pA, 20pA, 30pA, 40pA and SO0pA
respectively. This shows that the pole frequency can be
adjusted without affecting the quality factor.
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Fig.7 Band-Reject frequency responses for different values of bias current

V.  CONCLUSION

We have proposed the OTA-DURC circuit universal
biquad filter with double capacitive layers. The proposed
biquad can realize voltage-mode universal filtering responses
(low-pass, high-pass, band-pass and band-reject) form the
same topology. Filters using the simpler structure have the
advantages of lower cost, chip area, power dissipation and
noise. The circuit enjoys the advantage of high input
impedance, amplitude responses for universal biquadratic
filter. The cut off frequency (@p) and quality factor (Qp) are
independently controlled. The experimental results are in
reasonably good agreement with the theoretical. The proposed
circuit can be suitable for fabrication by LSI process. It will be
useful for universal biquad filter circuit.
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Voltage-Mode Universal Biquadratic Filters using OTA-URC
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Abstract— This paper present new universal biquad filter
employing OTA and URC (Uniform Distributed RC). The
features of the proposed circuit are that: the circuit topologies
are very simple consisting of 2 OTA and 2 URC, where either
one of the three filtering transfer function (LPF, HPF, BPF
and BRF) can be achieved by this only one filter. In addition,
higher filtering response frequency (@p) can be obtained
through adjusting bias current of OTAs without affecting its
quality factor (Qp) stability. Characteristics of the proposed
filter are simulated using PSpice and its results are in
agreement with the theory.

Keywords-universal biquad ; OTA; Uniform Distributed RC;
Response Frequency (@p); Quality Factor(Qp)

1. INTRODUCTION

Many current and voltage mode universal Biquadratic
filter circuits employing operational transconductance
amplifier (OTA) had been reported in the literature [1]-[7].
These designs of OTA-C filter circuit require no resistors.
Therefore, they are suitable for monolithic integration than
the other current conveyors. Moreover an OTA provides a
highly linear electronic and a wide tunable range of the
transconductance gain. Therefore, the filters based on OTAs
are the attention for many researches. The characteristics of
Uniform Distributed RC (URC) element have several
advantages over lumped RC network. The structure of
distributed RC elements in thin-film technology is built
using smaller high frequency. Distributed RC elements may
have many form structure. For instance, one capacitive
layer, double capacitive layers and multi layer thin-film
structure. The structure of the general URC consists of
layers of conductors, resistive layer and dielectrics can be
sandwiched together in many permutations. The resistive or
conductive layers may be contacted at various points around
their edges. Other advantages are applied to active filters.
For instance single capacitive layer URC[8] in conjunction
with amplifier in literatures respectively.

This paper introduces a voltage-mode universal biquad
filter using two OTAs and two URC the filter can realize the
low-pass (LPF), the high-pass (HPF), the band-pass (BPF)
and band reject (BRF) transfer function by connecting the
terminal V, Vy and V. to the ground or to the input voltage
V.. The characteristic parameters @p and Op can also be set
orthogonally by adjusting the bias currents of the OTA.

978-1-4244-9386-9/$26.00 © 2011 IEEE

K.Janchitrapongvej*

Faculty of Engineering, King Mongkut’s Institute of
Technology Ladkrabang, Bangkok, 10520, Thailand
kjkanok@kmitl.ac.th*

Some examples are given together with simulated results by
PSpice.
1. CIRCUIT DESCRIPTION

A. Operational Transconductance Amplifier (OTA)

An operational transconductance amplifier (OTA) is
widely used as an active element in analog signal processing
circuit. It is a differential input voltage controlled current
source (DVVCS) device. The port relation of OTA as
shown in Fig. 1(a) and equivalent circuit of the ideal OTA is
shown in Fig. 1(b).

!
B
Vo—FN 1
gm .
Voo—=
(@
VCC
O * O
o, 9, O 0,
& Qo
Output Current
I
0
Inverting Input:
\/ Ql 9
Non-Inverting Input: Ql 1
V2 O
IB
Bias Current: Q3 Q4 le Q]3
O 4 O
VEE
(©

Figure 1. (a) OTA Symbol (b) Equivalent circuit and (c) Internal
topology of OTA

The OTA element is given by the following equation:

1,=g,(V,-V,) )

V1-67
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where, V|, V, is the differential input voltage, I, is the
OTA output current and g, the transconductance gain is
tunable through bias current Iy is given by g, =Ig/2Vr
where, Vr is the thermal voltage (26mv). [9]

B.  Uniform Distributed RC

It is know that the uniformly Distributed RC element
(URC) have several advantage over lumped RC network.
The structure of distributed RC element in thin-film or LSI
technology is built using smaller substrate area, less isolation
and parasitic problem at high frequency, Distributed RC
elements may have many form structure.[10] The structure
and circuit symbol of uniformly distributed RC elements
(URC) is illustrated in Fig.2

Resistive Layer

Dielective
Layer

1 Conductive
(metal) Layer

(@
Figure 2. (a) A Uniformly Distributed RC section, (b) are symbolic and
its equivalent lumped 7 network

The admittance parameter [Yij] of the two port network
URC in Fig.2 is given as follows:

I y 1~ -1,
Ll=x| -1 y —@-nllr,| @
I, —r-1) —(r-1 2r-1 |7,
when X=L’ Y=coshp and P=+sRC
Rsinh P

Where R and C are the value of the total resistance and
capacitance of the capacitive URC respectively and s is the
complex frequency variable.

III.  OTA-URC PROPOSED CIRCUIT

A simple universal OTA-URC Biquad realized with only
four element is shown in Fig.3 This Biquad can be used a
lowpass, highpass and bandreject second-order filter section.
The required transfer function is realized by connecting the
terminal V,, V, and V. to the ground or to the input voltage
V. The output voltage is V..

URC2

OTA-DURC Circuit Propose Universal Biquad Filter

VC

Figure 3.

Fig.3 shows a proposed OTA-URC circuit universal
biquad filter. The transfer function of the circuit is given as
follows:

v, . v, V.
57_ g,,R, P, sinh P, Vil_ PP, 7

T(S) — Vn — g g g
v, RPmnm, +g,,R, P, sinh P, + 6

©)

Case low-pass is set V,=V,, Vy=0 and V. =0. The transfer
function Ty p(s) of the circuit is given as follows:

g ()
PlP27]1772 + gm2R2P1n1 sinh P2 +0

T,p(s)=

Case high-pass is set V,=0, V,=0 and V.= V,. The
transfer function Typ(s) of the circuit is given as follows:

_P1P2771774 (5)
RPN, + g,,R, sinh P, + &

Typ(s) =

Case band-pass is set V,=0, Vy= V, and V.=0. The
transfer function Tgp(s) of the circuit is given as follows:

—g,,R,Pn, sinh P, 6)
BPnmn,+g,,R,Psinh P, +J

Tpp(s) =

Case band-reject is set V,=V,, Vy=0 and V.=V,.The
transfer function Tgp(s) of the circuit is given as follows:

S- RPnmn, %)
PPn, +g,,R,Pn, sinh P, -6

Tpp(s) =

where
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n,=coshP,-1, n,=coshP, -1, 1n,=2-coshp,
n,=2-coshP, J=g,g,,RR,sinhP sinhP,
P =[sRC,, B =ysR,C,

The pole magnitude (@p) and the pole Q-Factor (Qp) are
given by

/ ’ C
w, = Emi&m2 , 0, = ) 8)
.G, £..C
The O-factor (Qp) is determined by the capacitance ratio,
C,/Cy, and the transconductance ratio, gyi/gm. The most

sensitive  parameter, @p, is a function of the
transconductance-capacitance ratio, g,/C.

IV. SIMULATION RESULTS

To prove the performance of the propose circuit, a
PSpice simulation was performed for examination. The PNP
and NPN transistors employed in the proposed circuit were
simulated by using the parameters of the PR200N and
NR200ON bipolar transistors of ALA400 transistor array
from AT&T [11] with the parameters summarized in Table
1. The frequency response and phase response is shown in
Fig.4 and Fig.5 are respectively. The URC is approximated
by the ladder lumped RC elements of 10 sections, and the
operational transconductance amplifiers using (OTA).

The simulation results for different filter responses
Fig.4.The transconductance gain g, of all OTAs were set
VCC£12V, Ig=Ig=100pA. We selected the URC element
value RI1=100Q, R2=2MQ, C1=10nF and C2=300nF to
obtain low-pass, high-pass, band-pass and band-reject in
Fig. 3 at frequency response 25.878 kHz. The simulated and
experimental results are in good agreement with each other.

TABLE I INDIVIDUAL PARAMETERS OF THE TRANSISTORS

.MODEL PX2 PNP RB=163.5 IRB=0 RBM=12.27
RC=25 +RE=1.5 IS=147E-18 EG=1.206 XTI=1.7
XTB=1.866 +BF=110 IKF=4.718E-3 NF=1 VAF=51.8
ISE=50.2E-16 +NE=1.650 BR=0.4745 IKR=12.96E-3
NR=1 VAR=9.96 +ISC=0 NC=2 TF=0.610E-9
TR=0.610E-8 CJE=0.36E-12 +VJE=0.5 MJE=0.28
CJC=0.328E-12 VIC=0.8 MIC=0.4 +XCJC=0.074
CJS=1.39E-12 VJS=0.55 MJS=0.35 FC=0.5

.MODEL NX1 NPN RB=524.6 IRB=0 RBM=25 RC=50
+RE=1 IS=121E-18 EG=1.206 XTI=2 XTB=1.538
+BF=137.5 IKF=6.974E-3 NF=1 VAF=159.4 ISE=36E-16
+NE=1.713 BR=0.7258 IKR=2.198E-3 NR=1
VAR=10.73 +ISC=0 NC=2 TF=0.425E-9 TR=0.425E-8
CJE=0.214E-12 +VJE=0.5 MJE=0.28 CJC=0.983E-13
VJC=0.5 MJC=0.3 +XCJC=0.034 CJS=0.913E-12
VJS=0.64 MJS=0.4 FC=0.5

Fig.6 shows the gain response of the band-pass functions
responses for different values of bias current where Iy is set

100pA, 150pA and 200pA respectively. This shows that the
pole frequency can be adjusted without affecting the quality
factor.

Voltage Gain(dB)

LPF

—o—wer |

" —¥— RPF [
3.0KHz 10KHz 30KHz 100KHz 300KHz
Frequency

Figure 4.  Gain responses of the proposed circuit working as universal
biquad filter
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Phase (deg.
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A\ T |
”_,)-’o/ e
....... -

-100d [ 1 o B
—K— RPF
-200d
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Figure 5. Phase Response of OTA-URC Circuit Propose Universal
Biquad Filter
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Figure 6. Band-Pass frequency responses for different values of bias
current

V. CONCLUSION

We have proposed the OTA-URC circuit universal
biquad filter. The proposed biquad can realize voltage-mode
universal filtering responses (low-pass, high-pass, band-pass
and band-reject) form the same topology. Filters using the
simpler structure have the advantages of lower cost, chip
area, power dissipation and noise. The circuit enjoys the
advantage of high input impedance, amplitude responses for
universal biquadratic filter. The cut off frequency (@p) and

quality factor (Qp) are independently controlled. The
experimental results are in reasonably good agreement with
the theoretical. The proposed circuit can be suitable for
fabrication by LSI process. It will be useful for universal
biquad filter circuit.
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