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ABSTRACT

In this thesis, the current-mode multifunction analog filters using modern
electronically controllable active building blocks are proposed. The proposed filters
contain (1) an analog second order current-mode filter is described. The proposed filter
uses only a single active building block, namely current  following cascaded
transconductance amplifier (CFCTA) with two grounded capacitors which is attractive for
monolithic chip implementation. The circuit has four inputs and single output currents.
Five standard functions, nhamely low-pass, high-pass, band-pass, band-reject and all-pass
functions, are given. The natural pole frequency and quality factor can be tuned
electronically via the input bias current. The inverting-type input current signal is not
required for realization of all-pass function. High output impedance is achieved which is
convenient to cascade in current-mode circuit. (2) The current-mode three-inputs single-
output (MISO) - biquadratic  filter  using  current-controlled current differencing
transconductance amplifier (CCCDTA) as an active building block is proposed. The
proposed filter comprises three CCCDTAs and two grounded capacitors performing
completely standard functions-and does not require double input current signals as well
as inverting input currents. The pole frequency and quality factor of the proposed circuit
can be adjusted electronically independently via dc bias currents. In addition, the filter
circuit has low-input and high-output impedance which facilitates easy connecting for
current-mode circuit. The proposed circuit uses all grounded capacitors which is very
suitable to further develop into an integrated circuit and without requiring any matching
condition. The performances of the proposed filters using PSpice simulation are
included, verifying the key characteristics of the presented filters. The given results agree

well with the theoretical presumptions.
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2.1 9ATALNDUNITLLE
e Tandn lalvflenuvesisvsagviounsyuansil [35] 199sagviaunsvia (Current
mirror) 1Jw99sfiegeos 3 97 louA 9990593 T10UNA wazTADWNR LnadIgnsInaey
& ] i = ¢ o P v < A o D v
Wugeseunasdnglnvsansg asgun 2.1 2asasvieunsewailuiasiviminnasvisuy
n3zualNnsziaadsluaiv (Branch) nildludeanudug lnensyuangnazvieuuinie
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a v =<

nszualanaignasitiundilasianuduiusiunseiadunaatiend Ingluivuiuuseiu
LDWNG UNAITIEANY Laznavesgungll lunivenuefitulrsaiounseuaziinnaudn
Ml Ae AuAUNILAIRIF I UAILAYIAIINATUNIULABBNEY NAMALTRT
ibieasasvieunseualigniunussandldlunusigg Wuegnunn wu navensides
srUUMRTNames NATeIen1adlunieueeilduy npuggdygiadIunnvenIodle
[ Y & o < Y & 1 1 I v

Tt dunsevesasvenedyainvuinantule sy waglidulnsdwiunseua [uiy
Ingvaluuaiaiuisaassduantaonnilulnatsuasteanitudamnes uaznanifuanie

1RANIUTALNDT U

Vsup Vsup
COMMON Tin l 1o
Current Mirror N OUT
N Q. Current Mirror
Lin l b COMMON
(N) YUAUIN (®) sUnaU

JUN 2.1 vdenlaasunuvesasaziounseud

2.1.1 295aziiaunseualuUltuaN U aInDS

wun3 AsUSwatuyt I8l deuveiasasieunssuadsi [34] reasavieunssud
wuuldueansudawmes ondendnnisiti mnuseuludaing-vesavesweansiudanosa
WL aUAUED RN AN ULAINTELALATUILLNAUA Y mﬂgﬂﬁ 2.2 WAMINATASTDUNTLUE

wUUAUg LY ulyuwua (N-channel current mirror) Tnedfluvasindanszuann 7,



I3 N v I PN = N v a s
Junseuaimadiuag 7, WWunszuainiseenvisenssuangnasvieulaguoaniiudanos
M NV, =V, WosuuRliieansiudawnes M, dan v, >V -V, SUuleaniudanes

DS2 —

M, vneulug9dusa dAnseuansude

L,y v,
+ v +
Voo A Vi
M, ‘ZGS M,| ~
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EU‘Vl 2.2 'Nﬁ]iﬁ%‘ﬂﬁ]uﬂigLLaLLUUWUgﬁumsﬁﬂﬁ]ﬁs{iwﬂLEJULLGUULLUﬁ

k
IDZE(VGS_VTH)2(1+AVD5);O<(VGS_VTH)SVDS (21)

B k:””C%W, 4 4 Channel-length modulation #93¥laensaIuveINTy U

o

IRNA L, fansuaNIndy I, fail
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2
I_OZ(VVZLI](VGS _VTsz (1+22VD52j(ﬂn2Cox2] (2.2)
[re/’ LW, )\ Ves —Van 1+ AV o0 N #nCo

Wesnnueansudawmessaesiidurdadeiiu lnevnwmguiwdmeansudanes

(%
Y o

= a & aff o Y o1 a 6 a b4 .
eaeeiiFalinauaunsgiunausents Seagviluarmisiimesluidslaseasna (Physical

parameter) WU ¥, ;u ,C. fA7Winduniy deluannisi (2.2) asnsadeuludlaeadl

I, (WL 1+ W, 23)
1 )\ 1+ 2V,

o
v v A L3

8 V5, =V, hazuoansiuddainesnidosidanuaunseiu a1 4 Aaglidhun

N80 I lelenaunislmiae
lo LW, (2.0)
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NAUNIN (2.4) WAIUINBNTIE 1, /1, WTULLAUAIAINNTIHATAIINETIVET

ref

I

POIMUAUNTEULE TeamnsaNagimuaaAailaluTunoUYRINITEBNLUUINAS
WINAAUALA W,/ L =W, / L, Wi lanseuanoidnawinfunsswansunn ag M, gy
v A = < | | A (3
nifadouuunasinenssuansiiieing
M svheudiiulaauduiugit teansiudames A, inaueylueduiiie
aglinuduRusaINaun1sh (2.5) A9tuwsIdY v, Ardraanvinlieasyiaulasgis
ALNZANAD

VDSZ = VGS - VTH (2.5)

ref

= B — i

RE\Si) [ V ~

GS TH GS

5UN 2.3 anaudRniondnnvednslugud 2.2 Tunsdl M, uer M, auneeiu

dusulunmafUsuaituasinares Channel length modulation W utAeITa9
A8 PezinadanIsUABULUAINI TN INEINIEANTEUERAITT LANINNAITUN L UN TN
UOANTIUTANDINIABIFIAUNIBAULAD NIZUALATUVOI M, FBIIAUNIZLALATUVS M,
1ANALTIAUATY - GOTAVOY M, WINAULTIAUATU-105AVDY M, WU V,, =V, Lazille
Vi, NANAUUINTY AT, ENNTUATY ATANUAIUNIULDIANAVDL M, (1,) ANV
anusaesuieliannsmiluguin 2.3 We a, vhawn v, adidmidestuediunseua 1,
~ |
luan1u M,

1Y

NNTIMFUN 2.3 @WNTOMIAANUATUNIUDIINA R, VBT Lanadl
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V, A0 WIFUAEUVDY M, FIUUTHUAIUAIAINEIIVOITINIUAUNTELE LHD
farsanuuudnaesdygauindnenizees M, Tugui 2.4(n) wuin M, gneeadiowdu
laleadianila 7, QnunuAIe99sila leannBuiiuaudues M, aunsanialagteudeys

wssdunegey ¥, e ¥, lodyaunseid 7, dAwviiiy

V V
[y =_y+gm1vgs :_y+gmlvy (27)
Tas1 Tas1
M, Vo vV,
+
o 1
I(;;’s gmlv;s * 72181; I/;/ MI E
(M) WUUTIRBIFEQIUTUIAEN (¥) 1995EULYA

JUN 2.4 WUUTRRIFYMVLINENKAZ 1R TAUYAYDY M,

v i,
: -
P AN 4 I ’
E by I
g ml % 97712‘/95 7’&1&‘2 ‘/1
T l = Qs?

=

(n) LuuaesdeyanauIaLan (¥) 9a3duLa

JUT 2.5 LUudaediy I IndNlas NITALYATE NS AY I UN T U
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oY 1

| | ¢ a a ¢ W 1 oA 1 o
aau@]qLaqmwmaﬂJWLLﬂusﬁmaq M, tniny — /1, WHLUBINN T >>— AUUAN

gml gml

i3 a = 6 =¢ oA ! U 1 v dl
AR duiLAudIagnUIEINI A windy — Adduguil 2.4 (¥) ImsaTauyaves M, lu

gml

{ d 1 L3 -] 1 1 £ L 1
5U# 2.5 (n) Wle 7, seasnsinagilililinssualvaniudidiuniy — uag g,V

ml

wirfugud 39lasasauyavedLuuiIaedygauuaEndagui 2.5 (v) Aeannduiiunudg

YosFIIUIAENEA WA £,



n3UN 2.6 arusamlandunisdesu (Transfer function) Lalauauudln
wiasAnllamsiiwiiu 1,

I I

Cgsl T I [] 0982 T gm2V1 <+> [] Guso
I

JUT 2.6 299 TAUNATDIT Y YN IMENTB I TALY DUNTENA

a dl
Wsunlug v,

I,
I/l L €) (S) (28)
SCgsl +gm1 +SCg32
waziilun
Iout (S):ngI/l (29)

[

LNUANNISN (2.8) adlu (2.9) Az laandudsniusall

[(mt (S) - @ 1 (210)
L) g | G C)
gml

(9

= Ao = = Y s 1 &
ﬂimﬁquﬂG]']ﬂ\'1ﬂ')']llﬂﬂf]‘Uﬂa’Nﬁ]glﬂﬂﬂﬂsﬁuaﬂmqu@ﬁu

/{
Lo _ Em2 (2.11)
Irgf gml

2.1.2 299saziauNTEUALULIIABaNIATETNA

1ITALVOUNTLUALUULADDNVANUIAAAIFIFUT 2.7 Dslansuainesyneiall

AndaumssiuLaaglaAmuduiusssninanseaaneen 1, dunseuaqadn 1, il

Lo W, (2.12)
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e » AD AINUINDBNVBINTTUAVDINRANTIUTANBSAUT »

Iref o1 Ip2 Ion
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Vss

SUN 2.7 1995810 UNTehalUUiignaannaleqn

2.2 3935 OTA

uued AsUSyatius WWlvtenueenesueennuthatelousal [34] 29959en8Ay
ia18leu %3 OTA (Operational Transconductance Amplifier) da18u19asven8dnylia
iy FevihmihiAsudunssiudunssua daldadugunsalue niviinrsyienludnuase
WIIAUAIVANUNEII18NTEULA (Voltage Controlled Current Source: VCCS) 8931115

Wasuwlasasssulndndunszualnda o091 Arautansleu (Transconductance)

'
Y

w39 g, Wenild OTA aai1eduaina1snesinindsedlusuuuurasnsassauwasiinuauds

a1 a a

dy A = 6 (3 a = 6 ! I ) 1
NUITUAD UATDUNABNNUAUTLALLDTANADUNWIUAUTEN dauAInNEIn18leuves OTA

% (% (% L3

mmaamuamlﬁimmmﬂué’aﬁnﬂmauaﬂ ﬁ’ﬁ/ﬁUﬂfUaﬂi‘:}ﬂ,JLLa3'3\‘1‘\]56{3J3,Iuﬁ‘1/1’1§@iﬂmﬂa%€]\‘1

o

OTA azuansisluguil 2.8

(n) dryanwal (¥) 29ATAUYANDAUAR

JUT 2.8 dyanualiayiaasauyaniegauaives OTA
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1asvengaNinaeley vilaldueansiudameiegisiienign Aonsltieasueny

AULANAIS (Differential Amplifier) Aasanfuniszwanyin (Active Load) @sazUsenouly

MENTUTANDT 4 MIUATUMEITIENTLUAAIN 1 1 AIFUN 2.9 Agilueans udanes M, waz
<, ! a ¢ = = o Y o a v & !

M, Wun951818ANLANANRUUANLIWB SIS W s agvi T NiUasuLs iU dunsswa diu
I B = Yo o Y = a I

M, waz M, Juasaziounssuadalisnsdsiiunszuavindunialaeiinszua 7, Ju

nszualudaliniuieas Wedsudygraussiu v, asviflinszua 1, wag 1,, IuN M, uay

M, 9WAWGU NTELE 1, Nonavvieunseualag M, uaz M, WeiilUavesnaindAinssua

1,, MinduiLeanswTawes M, elanseuagneen 7, dawindunssua 7, —1,,

5UT 2.9 w9sveeanathaiglaurinldueansuganeseing

ANNANAUSTENINANIERA 1, NUAMSIAUAALLY ¥, UBINITVIIWAIIURANGT

Tugudl 2.9 fedsaunisd (2.13)

Iozﬂ"_cwf[z:l[/m L_V; (2.13)
211l & u1,C,.(W/L)

NFUNTTN (2.13) aunsndeunTIuansAuduiusseninnseLagneean 1, 39

Juilanduresusnunasisvesdunn (Differential input voltage) ¥, (1, uesuealadiu 7,

way ¥, wesuealadiu 27,/ 4,C, (W/L)) ladsgui 2.10 1A mnTINAIANTILANA
(Effective differential transconductance) ¥949aNI1UTANDTAVLIEAIIUAILAEIAN

WinuA1AM Quiescent transconductance (g, )
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02 |-

<= o
—02 |
—04 |-
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JUN 2.10 nymlanuduiusseninnseuagaoeniiiJuilsiduveussiunasiadunm

(%

NAUNITN(2.13) @1U15OIAIANLUT g LRl

g, =\uC.WIL)I, (2.14)
g, =,/K(W/L)IB (2.15)

108 K = 4.C, 210ALUANNTIST (2.15) azleinan g, 10999937 indutiuaunsaiiay
muaualalagn1sUTunsenaluda 1,
NATINANLFNTUSTENI NN TEUAIADDNUATIIIFUAAR Y BIBUNATUTUN 2.10 38

wuIwea OTA tuiignsnsvihaufidudaduludisaus Inefiuea OTA ussiuvesdygiu

a o w W2 213 a wa 1 A & a [ [ a
dunmazgnInfinliiiu RG] lunrsuURnuludemfuiadu mndyarausuns
lun ox

YUINFINTIARINAINE? Uad OTA Izueglug9dudy Tufe nTzualINAdzile

[
= U

wiriunsewaludadune (7,) @uNANIvINIELaLIRNATURLAUTIAINUAIIUBILT I
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2.3 9INUNTSLLE

Frge Wwisugnily lalrdeuisasaunseia (Current Follower) st [36] 1013993

PfiasanedusznauvInIzuad I M 901993 way o geeanainasiluddy lay

#1U150MNTRNRIAUNTERATUAN YL TARINNY wavanusalisuleglusuumning

AR (2.16)
Ix_()ialy '

o
s N o

1NAFUN1T (2.16) %BLﬁU’j’]gfﬁ o Tuluasngf diaasoanungulnuazay lag

[

Yo A
AU

m’%'ammaﬁ%uagjﬁ’uﬁﬁmwmmzLLaLm(ﬁwmmN% (1,) dleifigudunszuadunmuedises
(1,) Srfimmamsinavesnseiaseinanszuadunuagnszua T namiouty Tufensvua
fienslnadvdesenanisasmileutuisaesduasiifiaiowunenin o fedewng
Juvanuazdaasasgnisenindu wesaunsguaiuuuan (Noninverting) wiluvasifeaiu
dnfifaesnseradnansetufuseninlu 2995MIUNTERALUYAU (Inverting) 2995014
nsulET AR IUUATINSa W s US a0 leisegudl 2.11 (1) waw (@) swddu Tunsgas
AReaTAEddpTenenssuahiuniltuie «=1 vhliRensanldinsstinginssulugau
ARY932995 LW3suialoutluwnasdudanszuaniunuaiensyua (Current Controlled

< 4

Current Source :CCCS) Tun19gANARLEIANAINAUNIUN A UBUNAVD93THA T UAUE

wazdausun s U ANRveasialuetiug uenandadnan a atnasasiiandu

¢ 1 o A a a o ¢ A & ¢ .
QUFJ u@ﬂﬂ'mu&iﬂ@um'ﬂ@@uwmﬂjiuﬂqW]']ﬂ‘Ufju‘EJ‘WiaLﬁllalﬁﬁ'n@ (Virtual Ground)

e RGF+ 2

IER
—x ‘\ l*\
b

—x=

(n) ()

JUN 2.11 WUUTABIVDINITMUNTEUE
(M) KUUTIABINITANUNTTUALUUUIN (1, =1))

(%) BUUINRDINITAUNTERARUUAU (1, =-1,)
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[ CY L3

um3 Asuseyrtue lalidetuisasaneniunszua (Current Conveyor) [34] a4l

Jwinsnis@aunsahunaiatdunsaunszudld Tnelefiarsanangun 2.12 Faly

Lo

Tasavneludnuaeiil 3 97 A X, ¥ way z wazaiunsalouuindvasasiladulas

Y

A41N15 (2.17) RNAUNITNUISIAUNYD X AAUNINULTIAUNTI ¥, NSEWENTI ¥ A

2

Wihugug uwagnseuandy x TAwiiunsewaiidl Zz Uufety ¥ uasitn Zz agdeaden

1Y
= o

ANUAIUMUENN TwraeNTy X A8ARwiAIANUAUMLANN 9

(2.17)

~ S~
I

(= -l ]

t o o

o o o

W S

Yo——mv
Current Conveyor

xo— N

JUMN 2.12 299568WIUNTUE

satulun1sdRsatemunssianias 1 duasaunssiaa sV lalagns6a 7

vy ansndiaainisteunszuadingy x laglumsujofansnsaunusuil 2,12 6289993
lusun 2.13

VDD

M3 :“_4”: M4 M6:“_4”: M7

+——[, M5

Y X 7z
I_”: Mi Mzi] -
ZSS é)l] D GPI_;

;J‘Uﬁ 2.13 ’N%iﬁﬂllﬂizLLﬁUUWU§WUQQ%3378WWUﬂ35LLﬁ

1NJUN 2.13 annsamaaauding 4 vesslumangugloun Arannudiuniy

BUNA U TT X AIAIUATUNIWD NG ) T3 ¥ WAENANIIABUAUBIAUDAIT
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R, = 2854 (2.18)
gm2gm5
1
R, = (2.19)
ds7
LA
I (Cgsf, + Cgﬂ)s + g6

1nRTAUnsELElugUn 2.13 awnsathinuiulsaiielviiussansamaduludiu

| v 13 = & 1% |
YDIANAIUAWLRIANG LA LAENITUNULDANNTLTUIATALTOUNTEUARUUSTIUAT AYBY M3,
M4 waz M5, M6 fng9asasViaunszauuuIady Lasau1saunuuiasaienseuadass [ a9
1, ansaunulasieisasagiieunseud walunisvirlusanwurdinainasinlinsasidauin

Tugy

2.4 2935 CFTA
WATVYIWAMNUINIUNTIE (Current Follower Transconductance Amplifier) [8]
yi3eazi3endus 41 CFTA WuguninfBidnnsedndiil 4 42 ludwan 4 42mes CFTA ananse
wiseantdiuaunaguia $a8unm 1 43 sanseuaeiing 3 ausetansuamuny 1 47
Tnodnydnuniuazasasauyaves CFTA uandlasgud 2.14 (n) wae (@) audasy
Iy
BN

. Cy 0BT

(Y L2

(n) doydnwal (v) 245EUYA

U 6§

2.14 UEUW NYULASINITANLAUBINAT CFTA

=b.

su

Y

[

NANANTRNLANATINNTEU aUTOLARIMEENNTIUTRURING LARIT

~

I
v, (2.21
V.
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ANMUFUNUSTE IR ULAZNTEAVDI CFCTA a5uneluaunisn (2.22)

V,=0, I.=1, I =gV (2.22)

z

- A o i ° = I a A ¢l a
o g, AO9NT1v818AIANULIURIINAT CFTA kag z, AD A1BNALAUTH 2z 9INaun15i
(2.22) uandliiiuinnszuadunn i, ssgnasuluunssuaiondng i 197 z uazussdy
V. 117 z asgnidewdunseua i, 197 x Aedns1vener1antl g, 1899995 B
mllauisamuaumenadidnnsedndannszualuda i deliuainaaaudflunisyieu
Yy v o= ° = a < = A v a ¢
9199 Janunsniu@eueduieiluiiasauya We CFTA Na1aunannueansiudaines

ANUAIUMIUATY X anunsauanslaidu

S 7 \}ﬁn]B (2.23)

bbeYe

w

ﬁ}’l :ﬂncwcf (2'24)

Wi . Ao ArPUAGRIURlgan3RLaNAToU (Surface Mobility of Carrier)
Cpy AID ?hm’mwiaﬁuﬁ‘uaﬂLﬂmgaﬂ%’lﬂﬁ (Capacitance per unit area of the gate oxide)
W fn AINNAINVORIUN (Channel Width)

L - fp ANIU09n (Channel Length)

M23 M22 | M21

}—‘ }—‘ k[T
= ﬁ '
| - PO X ¢0 X Mi2

Ml M2 bo - l }]f —|le]8 o
AN N

by fhpke L -

o VDD

MIi3 M4 | M24  M25
g

Vag M20

OVSS
JUN 2.15 laseasaneluves CFTA asaunainueansudaines

Tnssadreneluyes CFTA [25] uanssagudl 2.15 Uszneulusensasniunszua
(Current follower) kag13939818A214U (Transconductance amplifier) 1ng299501UN T2 WA
Usgnauludensiudaned M1-M9 Taefiusadu 7, (Ouussiuludalieas luvaed
195veeanuiyadinisusznevlufmensiudanes M10-M25 Teefinssualuda 7, 19

dmsuauauAtAUinaelouiivy x



16

2.5 2939 CFCTA
7995V81YAIdLARAIINUIATUNSekd (Current Follower Cascaded
Transconductance Amplifier) [35] vi3eagi3undus 41 CFCTA WugUnsaldidnnsedindiid 4

I
v a

97 Tudrwau 4 99989 CFCTA @unsautseantailuaiunguis 928unen 1 97 9anszud
@I 3 PInastInseuanuay 2 93 lngdydnualuazisasauyaves CFCTA uandladagui
2.14 (n) wag (¥) mMuadu Indydnyalluzun 2.16 (1) TBUNA f AETAIUAIUNIUAILN
= I 5 d' Yy a P | gj 3 1% |5 gj
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lamenseualuda 7,, 3nAuaudRfINa1IaINNI0TEUA NN USIENINUIINULAZNTEIA

Y
9

fidasing o Ieaunsdi (2.36)

v,1 [R, 0 0o o7,
vi|lo R 0 o0 |1
"= " " (2.36)
Ll ]1 10 o |¥
L]0 0 o g ¥

Tun3duAs1i99s CCCOTA wielvlanuaudRfsaunisn (2.36) anunsaeenwuula
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%

Mantilaseas1aneluwuululnaIsnsuTames kazhUULRaNIUTANDS

2.8 NANN1IVBIINAINTIIAAUD
Asa Indennsal lalndienuvesiaasniessndnudae [33] 193snsesadudaunse
wuseanluussianlug 16 2 Yszinn loun 299snsesmndduuudinea (Digital signals)
S U ‘:ll 1 ! dl . . . ‘dl
w3 odeyayradilidiini1udeileenieiat (Discrete-time signals) WaE193TNTBIAIUAKUY
@ ¥ = @ a A Yo ala 1 -
wauraen (Analog filter) Hulluasasnsaendunngnldnudyanundaiiusoiiomiaa
(Continuous-time signals) tng19a5nseauvUkBugAaniuddInIsawtseenlulszian
dogq ldon 2 Useiay Ae 19a3nTesautuseinywiadn (Passive filter) #afuisasnses
ANHATNAIIINgUNTAINATI 1Y YRR LAY UV eAS 1LNINFIIUNTLLSY
v & a = d' a .
AAUUTELaL99TNTBIANABNU T LAMVTlIAD 2993nTRIANRUTELANUWENTIV (Active
filtter) Wureasnsesmnudnadiwnaingunsalussianuendin 1wy eaduend OTA 2993
anenunIzug a7 desauiugunsainadn W frnunusaziuiuysey Wudu
F18AzL88AYBIIRIN IO DT NE AR e Tuiugubesiuluuniidy axdu
wannslaeiialyveriasnseseuduazazunisnantsgusuulaeinluvesaunisnisang
louvensasnssannuinuueuyfenidsuiuuvesannsmsaneleuvesvsdusuduass

(Biquadratic function) \Uundn suuveasnIesmuRaLnslsuLanslansun 2.26

’Jd'i]iﬂﬁax‘]ﬂ'ﬂllﬁ
x(t) ———] > ¥(t)

h(t)

5UN 2.26 S¥UUTDINITNTDIAUD
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We  x(r) Pe deysyiaumnasnudune

[ a v 6

ity
y(t) Ao FYayIuNIATULDIAN
WAy  A(r) Ao FEIURRUAUBIRDFYIMLUUBNNAE (Impulse response) U0ITEUU T
al

v g v Y v a =4 a va & o
aleasnsesaudnelinisiansanlussvuniauaudiduwuuneyes (Causal) Wu
WUULBLE (Linear) wagidussuuiladivdsuuuasniuian (Time - invariant) Wa1 y(r) g

duiusiuduustuausanandieglusUvesaunisiwialudl
W)= J;h(t—r)x(z')dz' (2.37)
ysaLlayinnshuataUanauesaunisy (2.37) aglananiswuasarvans@e

Y(s)=H(s)X(s) (2.38)

10y Y(s),X(s) Wag H(s) AoNanIILUasanlalnees v(), x(@) oz k() mua1ny
LHRNANTUIVURNUAIND 5 = jw dUNITN (2.37) @ausaslgunaniaglugy

LY

arulseznauvesuatasialasall fe

[Y(s)| =|H )| X (s)] (2.39)
el

¢Y(jw) 7 ¢H(ja)) + ¢X(ja)) (2.40)

A 1

108 ¢y, ARANNAVRY Y(j@), dy(,, AOANWAYDY H(jo)UaY 4, ABALNAYDY
X(jo)

ndnnsineialuveiaasnsespuiiuiae vuinilunisuendyauilideanis
90NIINdYYIUNABINIT segniliuldtn iy lunsdyyraivgTedygyrufidwnain
mesuanddsiuvandudygraniunainnng aandnvinnisnszaedessiurisdyyiusuniu
d' a dy o =) % 1 d‘ d‘l % = =1 d! :’1
PANTUVULIINNNTNTEINULEBS N15USUAIAMUDBSUNISI8NTNaLlnan 1t uilatuay
lalagn1snsonondymiuvesanilous Alisesn1silesiundyyiasuniueenlinge
=l [ dd‘ £ [ ] 5 d' a d' =3 P2
Wgsdygruvesaninsesnisagsuilaniitu Tnidefiansuiaunisi (2.39) astiulaan
YUIAVDIFYYINN AU NA T T UNAA UV IR TUINVDIF Y QYU BUNAAUAI UL AVDY
Handuvesn1snavausdludnud (Frequency response function) 984299501509A20D

g1vnAflenduvuIn (Magnitude Function) 983 H(jw) fiAvrfiuauglugisauainud
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Cs

FENIN @, 48Y o, NwanrIdyyIunsiueIinnszdnvuinwiiuaug lidndyayiu
nanudunatuIzda1vilsedluing (o,,0,) TlaelUd19RD (@,,0,) 58010
wauUMEn (Stopband) ¥893433 H(je) 1 luviueaseiiudlieailanduresuuinves H(jo)
a0

fifliviugudlugiwaunudsening o, wee o,, Nwilidgaiamesnuedinneed

Anwindulunuaunisi (2.40) lugenad (o,,0,,) Fnanudiditessniiunudiu

P
(Passband) 98931993 H(jw) T
NFTTUTIRNINUAUB I TUILINIOY H(jw) Turwesuauaudiiunnsg
fued99s Thlvsasnsesmnudannsautsesnifuuuudes « 1680 4 wuuamnudnuoy
YosunUvgALATUUK IS Buitelazninlunsesuisiweauylinesnsesn i
wnaniweludfuiuesnsesmuiludaauai dufle manouaussmataduuuids
Wunazdanisgadenisuuinduaudlugisuauiiuvesaswaglinisgydelusaunya

vaasiianduaiiug (|H(jw)|=0)

2.8.1 2995N589ATUALVUAMUAANIY (Low — pass filter)

|H(jo)|
A

K,

Passband Stopband

0 .
5UT 2.27 N15ROUANRIMNIULNALBAINNY9II99INTBIMUUANAM Ul U 19ALAR

29950509ANALVUAINAAEL T UINRTN TR LATITILAUA LA uB g luT
59WIN9 0 fanuddnesn (Cut-off frequency) o, Iuﬂumzﬁﬁd’;ammﬁﬁqqﬂdwmmﬁﬁmaw
wlurasnuiunungauesises Tunsaliduiliuunding (Bandwidth) vevisasiidusiiu
. WnUhnMsouauemsaludianuivensasnsssnnuduvuanudauinluluy

gRuARTIULARIRUTUN 2.27

2.8.2 1923N309ANUDUUUANUAGINIU (High-pass filter)
1993n383ANARUUANNDgELTUIRTNTBIANATIT L U R g UYL AR

JEUIN 0 warAudAneeY o. Tuvusinasaveedlinudgninnnudivesniiusll
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1] %qmimauaummwmmh@qmmﬁﬁuamwmimmm?iqqmuiuLmuqmmﬁﬁ?uuamﬂu
U7l 2.28
H(jo)
A
Kl

0

Stopband Passband

0 @,
JUT 2.28 N15RBUANSINIUIALUBIAINAYEI1IINTBIMUUAN AR L IUN19RALAR

2.8.3 1995N594AUAUUVUAUAIUDHIY (Band - pass filter)
= 4 daa a
2993NINININALUVUKAUAINANIY L1 TUDINTOIAUDNNLAUAINAN UV 99T
2l uYNTENINANURANDONVRIAIILD D @, WY @, (@, > @) THVAETLAUNEAVDIINAT
zilogassiaume luYeseninenud 0 feaudaneen o, watlugiamudnganin
AINDANEON @ dINTUNANITNDUAUDIVINVUIATULTNAINDUBINDTNTOIANUDLUULAY

[

AuBrnlusuveaueftuziifandlugun 2.29

\H (jo)|
A

Stopband | Passband | Stopband

O a)] a)u
JUT 2.29 MIRBUALDINIVUALUTIANUDVINATNTBIMUULAUANUIR LI UN190ANAR

2.8.4 2993N529ANNDLUULAUANNDVEA (Band-stop filter)
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2.9.2 wé’nmﬁé’eLﬂi’lzﬁfnasnsaaﬂqwﬁé’uﬁuamgﬂufuunsmawmwﬁﬂﬁ

v a o

ganed F3neAR wardul dunsena ladiauenuidewmalian1sduasieniainses

a

AnudsUlUUNTEUaia oM Asusuans [37] Idaguifundnnis 6 38 FausariSazduuuy
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6) 2933N50IANNARDUNA Vilaio A

1) 1425n599A2748 KHN

i ST, ST
Lyp ) Lgp 2 I,
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A a LS d‘ v 6 o 1 1 & 1
WA e9astugun 2.31 azlaflandunisdariunseuateAna L uunsoH1Y

[y

AUDAT NTDIHIUAIDGS WA ATEIHIUROUAI LRI

Iy 77y (2.47)
I, D(s)
L _ 8 (2.48)
I,  D(s)
1
Si
ly_ % 269)
I,  D(s) '

| 1 1 o { a a ¥ & o ¥
o D(s)=s*+s—+— azldpnmuisssuvfuazmednunnimasal
oLohn



32

@, = |— (2.50)
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O =— (2.51)

1NEUNIN (2.47) B3 (2.51) @1unsaazulainneasnsesaud KHN n1sUsuaud

555U RARarAaRLNNmasUSUlA ldasranukasianwuzaudReadl
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3.2.2 2993n509AuRUwUUNszUElY CFTA dnauslag R. S. Tomar uazane
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Sruuashiuduiiivlssqiineansndassi wisfinesvomsudaneslulnan $ld
Wurewmsudanasensis ALAGOO 1Uas PR200N waz NR20ON Uo9U3em AT&T 2395911911
funasdne + 3 Taad dlauesvIuTaiun 2 1993 29957 1 ldfanulszan C = C, =

Y
v a

1InF, nseualuda 1, =1, = 100pA 5UasNauenall

o_p@z—’oc—'pG)z:o’_p@x:o
[ ] i Lo

5UT 3.5 199snseemnudguiuunseuald COTA 29as# 1 dnauslag W. Tangsrirat
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J[Bl ]BZ l[BB
]] 12 13
°—P® o p@ °—P@x_—hlaw
X 0o
X X
n Z —\— n 7 n 7z ; -
f q f c2

UM 3.6 193sn309ANUDFULUUNTEUALY CDTA 29357 2 983 W. Tangsrirat

v

N5 LAANNINTTUALDIFNAGA I

521, —(gcmzsjg +(gg1§m2 j[l
Y : 12 (3.19)
S2+(gszs+gmlgm2

G GG

naun1sf (3.19) azldAudsssurAvazaladnwnnmasiiu

=, |EmEm2 (3.20)
CICZ

Q= gmlcz (321)

LRy

MnHaMssIaasnsvhanlfanudsTsun@ 318 kHz AiaredRurinmeviniunis
dawnsasd 2 lidfulsgadn G = ¢, = 1 nF nseualuda 7, =1,, = 50 pA 91AHANS
$raoamevhanldauiisssumi. 159 kHz marednuinwosivhtunds

9nauns9 (3.19) B (3.21) WU 19asnsesnnudlugud 3.5 way 3.6 awsali
nanauauownaeeldiaaidy T avwiduing aruigeinu uauanuiiiu uo
ArmivgauarnTasHIYNANE aunsnmuANANEsTINTAkazeoaRLnma sl ALY
idnnseiind aslifuivuszaiideasnsndvilivsauiiagihluimunduisessm g
LHENHANUANRINNILEIANA lIABINITLUATIUYRIRUN Tl JANTERADIMNANAIILATUNIY
goviliannsaselursasnadulslaglideddnsesturunszua 2eashifiosnisnszuadumm
LuunduiMaaznszuadunaisvuaaeavin ilelvldnaneuaueaLuunTeaH1UNNANE

ae3lsAd axnud Wanusamivaumediunnnesliegadassanaudsssuf
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3.3.2 aaainiaammﬁgﬂLmunsmaﬁf CDTA dtaualag M. Kumngern uazaase
Tu¥ A 2012 M. Kumngemn waza lethiaueisasnseseudsuuvunseua (21] Taoilu
2993n389ANNALUY MISO Tdgunsal COTA Fawandluguil 3.7 2935Usenouse COTA
Fruuddmiududiuniuiideainsndaseia wazdLivuszeiideasnsndasedia 3
W15 fimesves CMOS AldRe TSMC 0.25um 293sviaufiunassne + 1.2 Trad 14dLiy
UsgqA1 C = G, = 10 pF, fa@un1u R = R, = 3.5 kQ nsswaluda [, =1,,=1,=

40 pA NKANITINEBINTTHINNUIARNDETIUIG  4.58 MHz ArAdedsLnmeswIunile

e
CDTA x p
Y . CDTA;X p xH
IiTF C J_ T n % CDTA?X—> 10111
1 I 17 P Re= R
T i Ry
R, Vb
L Mg
il P im
XCDTA, A ety

JUN 3.7 19nsesnnudsUiuunsualy COTA dnauelag M. Kumngem Laganiy

1Y

NI R AUNITNTLLELDIANAAIT]

q

_ (SZCICZRIgm3I3 =SCRE,18,nl5 +SCRR,E,,8,38msla +R1gmlgn12gm3[1)

I, = (3.22)
ou D(S)
9naun1sN (3.22) We D(s)=5"C,C, +SCRR,Z,»838ms + R&m&m2&ms LWAIND
555U PLAzAARLNN DS
w = Rg,18,:80m (3.23)
[ qcz
LAY

Rg,.\C RE,.&.m
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NFUNITN (3.22) 89 (3.24) WUIN 29ATNTBIANUNIUTUN 3.7 10150 lVRARDUAUBINIA
1nalaviaflandy laun audaaiy AnudgeEu kauANDNIY LauANNAEA LAY
NFOIUYNAIND @1U150AIVANAINASTTUTIRLATAIEEAWINABSIALULBIaNNTaTng
n1siienuanauauaImILeInalifeInIskunTeiuresgunsal IanTerae1Anaiay
Arunugailiaiunsaselulasnindulalagladdesddisasiuyunseua 199slideanis
NsTLABUNALUUNSUINALANTERaBUNR T VW InaR WY1 @1U1TaAIUANAIDRRLNAWBSLA
98199d5291NAUDSTINYA aealshd aznudldgunsal COTA d1uau 4 /1 Fausazdald
a § o Y o Y Qy A o w ydy A [ 1
UpanIUTameIIILI 24 M vilidnsimsduliesmdsnuguasldinunvualugvilily
= o o <
wingauagtluiaunduinss
3.3.3 2993n309AURUwUUNszUEld CDTA daudualae J. Jin uaz C. Wang
Tt p.a. 2014 J. Jin waz C. Wang tmihiaueavsnsesanuaguuuunseua [24] Tny
Juasasnsesanudwuu MISO Tdaunsal COTA siawansluzun 3.9 19asuszneausie COTA

LA IILAURINUUTEINRABRING 1IN ED 51

mRava
n X+—/_T n > gn
CDTA, X CDTA, x+
— P N T . “eiD z
z L -L
CII CzI

5U# 3.8 199snseemnudgyiuUnseuald COTA dnaualay L. Jin uag C. Wang

[

91M9959¢leannIsnIThaRIANRAaLl

S@[I_i_gmlgmz [2+(S2+gmls+gm1gmz]]3

/- C CC, c cq 525)
S2 +@S + gm]ng
G GG

NEUNITA (3.25) azldAunsIsuTIRkaAI0aRwNnmasTY

o, = EmEm2 (3.26)
GG,



a7

way 0= /gLCZ (3.27)
8.,

9naunsh (3.25) f9 (3.27) wudn 2993n509ANLAlugUR 3.8 annsalvinaneuaueImng
wrsinldviariilaitu Tiun anufidiriu mnufigeinu woueuiiiiu waunnudvgauas
NIsHIYNANLA ansnAUANANLdsTINTRkazAeARuNnneslduUUBIEnseiing
2a5ldfAvlszeiideasnsdilfinuizaufiazgir luiaunduisesmy nisiden
HAnBUANRINILeIANA lidaInTInTaiuvesUnsal anselae1fnaiiaufuIugeh
Thanunsaseluasesnimdulalaglifesliisasfurunszua og1slsAd axwudn 29asdosnns
nszuadunALUUNdUIaNaE ST U U aa e wite Rl AnaneuausUUNTBINTY
sl Snvidliaursonuaumednuinmesidesndassanauissammi

3.3.4 1993n509AUAgULRUUNsEUATY CCCCTA thusualag W. Jaikla uazaas

Tud am. 2012 W. Jaikla Wagany Idiiausisasnsssauisuuvunszua [22) Ty
\Juneesnsesrnuiuuy MO gunsal CCCCTA Fuaadlugudl 3.8 9sUszneude

CCCCTA ruaugasdsuiufiiulseqiisieainsninadesd

1131 ifgz

i ¥ o [—oly,

inl

e

1133 I[m

O— N [o ==
L

CCCCT4,

—G

|||=-—‘
iI N

UM 3.9 199snseemnudguiuunseuald CCCCTA Wiauslag W. Jaikla uazany

[

1M leaNNITNITUALRANAATL

Iin2S2 CICZRXI +[in1 SCI +Iin3
ng gm2
I, =k (3.28)
, 2GR, sCk |

ng ng
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Nnaunsh (3.28) e k=g R, aglaanudsssumnanazaioaniinnesidu

o, = |-Sm (3.29)
CICZRxl

bbeY®

- (3.30)
= G
dl' o v 1 v a" a qa’lj s
o muald R =———— way g, =.[k,1,, wldinnudsssumnfuazmednunnnes
\lgkallBl o
Ju
T
R (8k1{rlkgm2[81[84)2 (3 31)
: CICZ .
e
I
O= 8k 53C (kgm2184 Jz (3.32)
kgml‘[BZCZ 8ka1]Bl
dermualy 1, =1,, =1, aldmnudsssunduazeedsunnnesiiu
1
1,8k, k., o )?
o, = M (3.33)
CICZ
way
1
0= 8Kper 153G (kg»ﬂ Jz (3.34)
kgmllBZCZ Sklbcl

Mnaunsi (3.28) fia (3.34) wud aﬂﬂsﬂiaaﬂaﬁuﬁiugﬂﬁ 3.9 @11150 NN DUAUBINY
wosinaldiariitlaiu Toun mauidisin msfigeinn wouenuiiiu uauarudvgauas
nssHIUYNALA aunsnAIUANALisTINTRLarAmeRRunmeslALuUBENneiing
2asldiAvlszaidoasnsndilfinuzauiiaziiluiaudulisesmy nisiden
HARDUALDIMNIANALIFBINITUN AT UVEIgUNTAl IANTELALRIANATAIINATUNIUE
Tiamnsosoluissneduldlaeliifedldtsasiusunszua amnsonuauatediuinmesld
96199a3¥9NANNAETINTIA wasliFesnsnszuadunaLuUNdUaLATATTLABUNATT
uIndansin 8g19b5Ad aznuindluldeuasidndudesddisasnszatenszua (Current

. ° a = 2 o A v Y] a & o
splitter) vinnsuennszwadunmangeLiedseniludgaiiiedudiludnanssuadunnisdyn

9
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3.3.5 2995n399AMUAFULUUNszUETH CCODCCTA wualag A. K. Kushwaha uas
S. K. Paul

Tud A.A. 2015 A K. Kushwaha wag S. K. Paul létiauedsasnsesninuigiuuy
nszua [26] Taeifusasnsosmnud sunuunszuanuy MISO 4gunsal CCODCCTA fauans

TuguN 3.10 2935Us2NaUME CCDDCCTA d1uiumilifsiuiufiiulseqseainsnindods

n] L
Ic
Y, z
L] L
~——'Y, CCDDCCTA O: Lot
Y3 B T T
L Ic

5UM 3.10 29a3nsesnudgukuunseualyd CCDDCCTA taualag A, K. Kushwaha uae S. K. Paul

v

91NN AUNIINTEUALDIINARIT

_gmo] inl SC]Rxgmo]iHZ X (SzC]CZRx pi= SC] 3= gmo )]inS

DUl 3 (3.35)
SRS & |
nEUNST (3.35) 9ldmnuisssued aeanunnmesiazuuLsIasiiu
o= |[Em L (3.36)
CER,
WAy
Q: gm()RxCZ (337)
Cl

N@uNNSA (3.35) §a (3.37) WU 29a3n509AMATUTUT 3.10 anansalinaneuausInis
wsnaldarilerdu Tdun anudseinu aruigein wouanuid wauaudvgauay
nsesHIYNANLA aunsnAIUANALisTITRLazAmeRRunmeslALuUBENneiing
295lifBIMInszLaBuNALUUNSUNALA N ST UaBUNRTLRER IV 2sasTER ALY TR TIde
asnsndvilimnganfiazi Ui duasny ganszuaodnaiinnud gyl
annsadeluasasniadulilaglifedldreasiurunszua egrelsAfaznuinnisiden
NARDUALDILUUNTESINUANNAGY NTvgALAUANLAALNTEHLY NANLAFEINTULAT

uves g, 4oy /R



unil 4

[
o/

24AINTVIANUNIUAUFBIFURUUNTEUENANUT

a =

WUUEBUWA NHaeIANe

Tuniseenuuulasnsosmuddufuasguuuunszuanatentininuuasunm
vilaedinm 9¢ldlassairnsasdaudenlaozunsaluzui 4.1 Tnssairvdnvensasuszney
Tuderasduninameswuuliigads (Lossless integrator) 311U 1 YALALIATBUNNTADS
LLUUQQJL%Wﬁ@ﬂﬁULWﬂ (Inverting lossy integrator) 9743U 1 YA nudenlaezuny W
wui1 MseenuuuNasiusULuunseualidndufediisasuanvdsaudya iy e
w1 duwaLaienaIsas AU Wine e s TBuTnawe Stae e des

fianusumiugadztusientuviannsiana13la

o 574 sT, +1 ﬁhm
1 I

in3 i

JUN 4.1 vdenlreglnIuNTToaNkUYNRINTOIAINASULUUNTERAAENTITIRUUADUN,

DRI

[

I3 = a ¢ ¢ v &
zﬂqﬂua@ﬂiﬂaguﬂiﬂiugﬂ‘ﬂ 4.1 ?ﬂl]'ﬁinLﬂi']%i)ﬁ/ﬁﬂﬁ%LLﬂL@W@W@iﬂG‘IQU

1 1 ) 1 1
= Iinl_Si(Iin2+Iin3)+ TS —+ [in4
707, 7 7, T
out = 1 1
sTEs
L, T

N =i ] an o <
WIDWANTEUNANNTY (4.1) AZNUIN 1995n509ANA TR BBNLUUANUaRNABEILATY

Tugui 4.1 2luisasnsesaudddivass (Second order filter) 91naunIsansnsaimuali

'
a

1995lailsndunanauauaimtednawuUn1eg talagivuanislounseuadunniiaglan

AN5199 4.1
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M191991 4.1 MIMNUANTEUABUNAVDINITNTBIANUDFULUUNTZUAVANEVINTLUY

aa = 3
a@uwm WHQLE]']@V!W

HARDUALDIVNABANG MAUANTLUFDUNA
out Iinl in2 [in3 11'714
LP 1 0 0 0
HP 1 1 0 1
BP 0 1 0 0
BR 0 1 0 1
AP 0 1 1 1

1NANTIT 4.1 1% 0 nueanuIldiesdeunseuaduwmdnlulunas daua 1 vaneany
Idaunsziadunmdaluluneds $1agnudn MsfeNNanBUALBINAB N NANTOIAUDRUY
199 anunsovilalaglidesnisnssuadunasuunauia (Inverting input) waglifeenis
nszuaduneniyuinassin funedjidsesiusasuengnseianionsnveaviniuass)
BNINENUNTIAIUANNANBUALDILUYAINY LkuuRTneadiony 0 wazian 1 vuneiaein
sunanigniunldlunmsidanietanszuadunadiluluices egwlsid aznuinagsedldasas
nsgnenTzuaduNlUNRBuNAIaNLazasRadlt T IndnmvaNlAL U UATnoaLILRY
d' o a = £ 4 & I & v !
WerimuanisUaunseladunanumnisnsn 4.1 aglanansuauasmiaoidnmduiandusiieg
&
a1l

HeAtunToINIUAINDA (Low pass filter: LP) wuunduLna

N
N/, ™~
= ] T (4.2)
in g —
T, Oh

out

Waﬁ%’uﬂﬁaﬂwwuﬂuﬂmﬁqa (High pass filter: HP) wuuldnduivla

A — (4.3)

L, 05

HsAdunsoesIuLaUAIAA (Band pass filter: BP) uundula
1

_Si
S ; - (4.9)
. 2 1 1
s —t—
7’-2 TITZ

out
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flafunseaeauauaud (Band reject filter: BR) wuuliinduima

= (4.5)

e |
i R
T T,T.
out _ 2 172 (46)
A1l 1
i \ \s%H § A/
7, 0r,

=3 i 1% & (3 gj & o
InUdonlaszkNsy NIRRT RNAATUNS 5 fedulaeUsiaain
Weulun1suunds (Matching) fiuvesaunsal 31nauN157 (4.2) B4 (4.6) AARETTUVIRLAE

madnknnwasianslady

@y = (4.7)
07,
way
0= 2 (a.8)
Tl

savannisvesudentaesinsulugun 4.1 @wnsald CFCTA undugunsaluaniinly

nseenLUUNaslanl Tudiuvetisasduiiinswesuuuliagduusznaulume CFCTA fu

Y

4 '
U Y a

Wivlszy C, lneasdounszuadung 7, uas 7, W1ita £ diunszuaednnazeani
17 x, losagliilunseua I, a33Ufl 4.2 Talun1si@euleandnni1soonuuuizasain

vdenlaezunsuligrasiiesnuuulagldaunsel drwnsesduiinsnesuuugadesinnduina

I, wag I, 19

in2> i a

Uszneulusne CFCTA Ausuiulsey €, lasazlounssuadunn /

9
[%

17 X, @1UNTERADIANAL0anTIUY X, Wealmdunssua 7, da3ui 4.3 Fadunns

=

=~ ) I | a' v ¢

Wweaslgawanniseaniuunasinudenlaezunsulidrasnesnwuulagldaunsal Tuvae
3 ) = o a a s 1 =

nsvuae1ing 7, \Junasiuvesnsewa 7, way 1, Weounewsduiinsmesuuuligayde

WReTINAUNIsduTinswesLuvgydenumannsiliwansliluvdenlaesunsugun 4.1 ay

1Y

% A v o aa =t ¢ =
lﬂﬁﬂﬁ]iﬂia\‘iﬂ??uﬂgﬂLLU'Uﬂi%LLﬁViﬁ’]‘EJ‘I/T‘LJ’TI/]LL‘U‘UﬁEJ‘LJ‘V!G\ “I/T‘lNLEJ'WW!G]@Qi‘UV] 4.4 1NATNIY

Y
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WUi199sNIIANdNdLaueUsznauluiie CFCTA Wsmilsiisiududuiulszgideas

n31RNaeeia asiiiauedumzaniazihluasuluinssn dnvisganszuaiednad

ANUAUNIUEIRIENnsanlusennaan (Cascade) lalagliidadldisasiuines (Buffer)

NMYULN

i[Bl IIBZ
]b b

) ﬁ> %

1 — ].°—>®—fCFCTA e

inl STy ] :_(1 +1b) - |

ST, *
l I :%([‘14_1 )
Cl I a SC] in b

]
a

JUN 4.2 nrseenuuunRsBuiinsmesuuvliggdelasld CRCTA

U U

- 1 Yoy IO L] I+ +1,
Ib __[ST2+1]([in2+1in3+Ia) v (SCZ'Fng ( 2 3 )

I
1 —-X, ] in4
[a - +1 i |:> 5 f @rgrs N : ]uut T Ib + Ii114
ST,

x] _xz

in3
15”4 IinZ Iin}

I]m I[Bz
-X, 1[714
[ o> S CFCTA _xz—g—bcl

inl out
z X, — X,

llinZ - l‘ ° ]in3

"I I°

puy

JUN 4.4 3933n509ANUDFURUUNTELEVIAENTNTHUUEBUNG viTlaia16inm
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4.1 N15ILATILRANTIAULVIINRTNTBIAMNA JULUUN TEUaNRgN T WU

dounn nlluerdnnlunisgauad

lumsliasigiasidiaus Wemaunisnsziaeanmlzefenuaudives CFCTA

Y v

pufilsdnaueliluuni 2 #915an399slugui 4.4 anunsadeunseiaondnn sl

—ML‘”I _S@(lmz +],'n3)+[52 +Sg.m2+g.mlgmz]1in4
GG C G oG (a.9)

out —

S@ + gmlgrnZ
CZ C1C2

s%+

INAUNTTN (4.9) wolinmsiviuansewadunm 1, 1,,, I, %ag 1,,, a1un13199 4.1 69

18azduAAUAINT
HIAFUNTOINIUAINAFT (Low pass filter: LP) wuungutna

[

o t 4 ¥ & o ¥ ell/
mmuel 1, ,=1, =1 ,=0, I = [ aglaienduloudhenszuand

_gmlng
L A (4.10)
Iin S2 +S@+ Em8m2
C2 C1C2
ﬁqﬁ%’umaﬂﬁhummﬁqq (High pass filter: HP) wuulsinduina
mmuald 1, =0, L =1, =1 /= aglailsnduloudronszuand
2
o = y (a.11)
I, ¢ +S@+gm1gm2
G GG
flefdunsemuuauALd (Band pass filter: BP) wuunduLna
Awuali 1, = 1,,=1,=0, I, =1 sglagilsiduloudronszuasnsi
I _S%
Lo : (4.12)
Iin SZ +S@+gmlgm2

G GG
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flaffunseamegauauAud (Band reject filter: BR) wuuliinguima

o ¥ 1% & o 4 U dy
amuald I, = 1. =0, I =1 =1 aglgisiduloudronssuansi

S2 + gmlng
L _ GG, (@.13)
1, 2 yg8m | EmEm
G GG

flafdunsessinumnaud (Al pass filtter: AP) LuunduLa

[

o b4 1 & o £ d’J
Awuali 1, =0, I, = [, =1, =1 aglailsiduloudronszuansd

S2 — gm2 + gmlng

i: G GG, (4.14)
Iin S2 e S@ of gmlng
S R 1

NNFAMNUANTERABUNAATUUY AL NUIIIIINTBIAMNAFURUUNTEREVAIENINT
sufuaasaNsa lnaneuauadlavilaidy Fersasniauesliddnduseddisasndudamin
duwa lunsduanzsnelilailinduneuauenainilendy anaunisn (4.9) aslanud

v v

5370917 (@) tazmedfunnmes (Q) amuaInuail

a)o e gmlng (415)
GG,
Lbe1S
0= [SEn (4.16)
Clgm2

e gm,.:\/ynCOX(W/L)IB,. AN (4.15) wae (4.16) 9ld

1
) = 4,Cox (W/L)(IBIIBZ)2 @.17)
GG,

LS

(4.18)
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¥ ! d' a Qdy 6
ANFUNITATUUUNUIT ANDTITUER (@) ke AIvaRLNNLABs (Q) @11150
muaulawuudidnnsedind wenanldmudnin 41 I, =1, = I, A1AUAsTIUR (@)

wazARARWNNMEs (Q) awnsauandtuala

w = /unCOX(W/L)[B (4.19)
! GG, '

bbel

0- % (4.20)

1

PNAUNITA (4:19) wag (4.20) wuin A1 Q awnsavsulan C /G, uaznsilines
@, amsanivunninae 1, laslinseynuse O Mty aruisanannlaineasndiiaus
au130Usu @, 9eg1dasyain O metsnididnnselnddiunszualusa 1, anauns

71 (4.15) wa (4.16) AnWhives @, way O wandldinad

» 1 1
SCI’CZ :_E’ S;Jr:l’gmz :E (421)
Lae
1 1
o a) . Q@ —
Sclv gm2 _E’ Scz,é’m] =3 E (422)

4.2 N153LATIHNANTZNULLBIINNAMURAANAIA LUNITEINIUNTSUALAZLTIAY

ndunn luduerdnnvas CFCTA

TunseNNaITAINaNTENUYRIANRANEIA U TEE LSRN B UNA Ui e

£
v a

Y99 CFCTA anunsauaninaauifves CFCTA lalnsidail

7,) (00 0 0\(/
1 0 0 0"
= || ¥ : (4.23)
le 0 iIglg-m] O O I/xl
1](2 0 0 iﬂZg'mZ O I/xZ

Wo a Ao Anuranainlunsdsiunszlaantd £ W9y z @ g Ao Anulawainty

! 1 Y & 3 o A a ! 1 [
nmsdsuLsiuIng z lhlunselandn x, way B, Ao AURANAIALUNITAINIULIIAY

Y '
A o =

9t X, Tdunseuaiidn x, WemdsdawanismuresnnuRanainlun1saanIunseLaLas

[

L39AUINBUNA LUTLIANS @11130TATIEIMANNITLOIRNAVBIIATNTBIANND LA IMNA
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_aﬂlﬁnglng ]jnl _ﬂz's@([,‘nz +[,~,,3)+(S2 +,B2S@+ aﬂlﬂnglngJ s
_ GG, G, G, GG, (4.20)
out '
S2 +ﬁ2S@+ aﬂlﬂnglgWQ
C2 C1C2

inl> [in2’

UaLLREARIUANAT

HindunsoerIuALaf (Low pass filter: LP) wuunautna

[

el I, =1 =1 ,=0 I = I aglailsnduloudronseuasad

_aﬂlﬁnglng
GG,
Iin S2 +ﬂ2S@+aﬂlﬂ2gm1ng
C2 CICZ

out __

flafdunsosruaadigs (High pass fitter: HP) wuultinduiia

[

o 1% % 5 o 1% d’l
a4, ,=0, T =1 =1 =1 aglaflandulouinenssuansdl

S2

[in SZ +/B2S@+ alglﬂzgmlng
G GG,

Hsndunsossinulauaug (Band pass filter: BP) wuunauLa

[

o 4 L & o k% ¢§I
e, = =1 =0, L[, = I aglailsnduloudronseuanadl

ng
— B g 2me
B, c,
Iin SZ_’_ﬂzS@_’_aﬂlﬂnglng
CZ CICZ

oul _

landunsemgawaumud (Band reject filter: BR) wuuldnduina

[

Al [, =1, =0, 1,, =1, =1 agldilsiduloudenssuadisil

2, P28 &ma
GG

Iin S2 +ﬂ2S@+ aﬂlﬁ2gm1gm2

G o6}

N

out __

I, wag 1, mumn15199 4.1 A9

(4.25)

(4.26)

(4.27)

(4.28)



flaffunsosrunnamd (AU pass filter: AP) wuunduila

[

o L% 1% & o 4 dy
awiuali [, =0, 1, =1 ,=1,, =1 agloilsrtuloudnonszuasnsil

S2 _ﬂzs,@_{_ aﬁlnggmlng

Zow _ G GG
]in S2 +ﬂ25@+aﬂlﬁ2gmlgm2
¢, GG

NFUNITN (4.28) Azlinuds T (@,) wazmednunnmes (Q) muaiiusadl

= B Br8m&mn
) = ,—
GG,
af,C
0= fM
BCE.»

bbeYE

4.3 ANTAATIINANTENUINAMNATUNIUKEEAINUNTUAT CFCTA
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(4.29)

¥

(4.30)

(4.31)

TunsAINRTAINANTENUVRIATIUA UM LIAE AN LU CFCTA @1unsouans

1995 euLAgalasesUn 4.5

Y

A 4

e R, AR ANUATUMNULNGITY f

Py

R @9 ARG UL Z

Py

C. fig Anuquelaitn z
R, A® ANAIUNIULESTTY X,
(#)

x1

R, A9 AMUATUIUMKITTY X,

g AU X,

C,, o AUUHINTT X,

X
I[Bl 1182

Jo—A— f CFCTA —x,

JUN 4.5 fdunusazdaiuuseauedlusia CFCTA



59

Waanuduniulvan (R, ) AdunseiodnnilA1a1une wazA1dfawansenuvaning
AunuLasAURINIETuf? CFCTA @11130Maun1snIsiale1fnAued993N509AND
Tendu

_ & &t — &Y (R Y, 1)(Im2 +Im3 [ ( Y, +l)+gm2Y] (Rfoz + 1)+gm1gm2:|lin4
YY,(RY, +1)+g,.Y,(R Y, +1)+g,.g,,

(4.32)

e Y, =s(C+C )+Gz, Y, =5(Cy+Cy +C,)+Gy+ Gy, Y, =5C,, +G,, @15 (4.32)

z

E]']’Nﬁ]ﬁﬂiﬁ]ﬂﬂil’m WLauaummamﬂﬁUmu f ! #@110190UITUU
272'Cx2 (R,//R,)

(%

aunsi (@.32) |8l

. _gmlngIinl _ngY (]m2 +11n3) (YIYZ +gm2Y1 +gm1gm2)1in4 (433)
YIYZ +gm2Yl +gm1gm2

out

WY, uae ¥, adluaunisd (4.33) avle

_gmlgm21inl —ng [S(Cl +Cz)+ Gz:| ImZ +Im3)

N [(SC; I G;)(SC; +G. ) +g., (SC1* +G, ) + &nim :|Iin4 (4.34)

out = (SC; 4 G;)(SC: W GZ)+gm2 (SCI* + Gz)+gm]gn12

dlo C'=C+C., C,=C,+C, +C, uae G,=G, +G, naunisi (4.34) azls

—EmEnty o) ~Em [s (G+E,) +G] Ly +4,,) %

o Nl A
|:S2+ (CG +CG +8,.G J 8.0, +GG +gmlgm2:|[
in4
I = e ac (a.35)
" S2+ CG +C G +gn12c gm2G +G G +gm1gm2
C C C C

L, 1,5 way 1, 91un1519% 4.1 09

in2s» i

mﬂammim (4.35) LllE]ﬂJﬂ']'iﬂ’WiUﬂﬂiuLLaE]uwm I

inl>

'3'18azl,aammua'mu
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HsndunsossIuaLan (Low pass filter: LP) wuunautia
mmuald [, =1 ,=1,=0 I = I aglgisnduloudronseuasad

_Em8m2
Iou! — C'I C2 (436)
I, 2 +s[C;Gz +CG G, +g,,C J+ 8mG. + GG, + 8,18
GG, GG
flafdunsesruaudias (High pass fitter: HP) uwuulsinduina
mmuald 1, ,=0, I =1, .=1,,= I aglaisnduloudronseuasnadl
S2 (C;Gz + CI*G; _ngCz )_{_ ngGz +G;Gz
Lo o GG GG (4.37)
1, 2 +S(C2Gz +G G +8,,0 J+ 8mC. + GG, + 8,18
&G CC
Heidunsasumauaud (Band pass filter: BP) LuunduLua
awualn o= 1 =T =0, 1 = I aglalsnduleudionseuanl
C+C, G.
- * _x gmz AL
{5 BT C G (4.38)
1in SZ +S[C;Gz + CI*G; +gm2Cl* ]+ ngGz + G;Gz +gmlgm2
Cl C2 Cl C2
lanunsomegniauaIIad (Band reject filter: BR) tuulindusla
fwuali 1, = 1. ,=0, 1 =1 ,=I aglgdsituloudenseuassi
SZ +S(C;Gz ¥V CI*G; _ngCz ]_,’_ G;Gz +gmlgn12
o aG A (4.39)
SZ +S[C2Gz +QF2*+gm2C1 )_,’_ ngGz +G2*G:*+gmlng
GG GG
ilantunsosiuynaud (All pass filter: AP) LuunguLwa
Al

Aot 1, =0, 1, ,=1,.,=1,=1I aglalsiduloudronszua

j_'_ G;Gz _gm2Gz +gm1gm2
(4.40)

. [€6.+CG 2,0 ~2g,.C.
C/C,

L ac,

out * w % * *
45 GG, +C G, +g,,G i g0, +G2*Gz*+gmlgm2
GG

efes
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[

NEUN157 (4.35) AzlAAudsTINTa (@) wezmodnunnmes (Q) auainunsil

o, = \/ e (a.41)

ey e
e

1 ok gk %
CZ Gz + C] G2 + gm2C1 \/ ! 2 (gm2 z 27z gmlng)

Q
4.4 NAaNIINAFDUANITOUSVDINT

2asiiiiausluguit 4.2 gamazounisviaulasldlusunsu PSpice Tngldlaseaing
99 CFCTA Tuguil 4.6 Tsmrsafiiesves CMOS AldAe TSMC 0.25 um Tnedi PMOS uaz

NMOS H9U19AIUNINLALANNYIIVBIYDINIBAUNTLLAN NS 4.2

| ] PEME
b ity g [
e N(c| EE0E!

-c ﬁE‘M” "R e F:]*HM @ M@MHM

$-O )

, orlfh |

M26

X2
M31 | M32

+O X2
Mli

ok ok

O X2

Ul 4.6 Tassasaneluves CFCTA

A151991 4.2 AureUes MOS Aldlunisadrs CFCTA

Transistor W (um) L (um)
M1-M2 1 0.25
M3-M18 5 0.25

M19-M22 15 0.25

M23-M33 3 0.25




A15719% 4.3 NANIINAFDUANTIOUYVBINTT CFCTA
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Wsdnes Andiler
WAIT LS IR0 +1.25V
wrasIeussuluda Vgg=-0.55 V
unasdnunseualudsa I, =1, = 125uA

BMIINTSAULUFDINDINU

2.88 mW

LULAIAYIT -3 dB LI, 1V, 1,/V,

3.335 GHz, 1.102 GHz, 1.34 GHz

dnnisdsiunseua 1, W 1 (a)

a= 10219

Franszuadunmiudadu

157 pA <1, <157 pA

o w A

YIADNTIVLIYAIUUIAGUN

11.96 pA/V - 1.30 mA/V

RNANDATIVENBANTEAUN 2 (g,,)

13.94 uA/V - 2.03 mA/V

ANUAUIUATI £ (R,)

176.705 Q

R //C.i =

33.647 kQ // 46.138 fF

R,//C, 917 x,

91.72 kQ // 46.531 fF

R,//Cy 3 x,

91.72 kQ // 10.04 fF

29U +£1.25 Taad A14II9Y ¥y, =-0.55 Taad, srasiudssgan C = C, =

100 pF, nszualuda I, = [,, = 125 pA 310HAN1TI188907159191UE LAAIUDSTTUYIA

Wiy 2:018 MHz wagan O~1- nan1stiaaduanslusu? 4.7 {unaneuauevNuuInTes

et nTeeUAINNT NTOIHIUAIINDEMAZNTREINULAUAND JUT 4.8 Uaz3URl 4.9

WARIHARNDUANRIN NI ALAE NN UAUDIINIWAT R slsA TN TR e ARAUA LA TlaATY

N30EIUNNAIIND. INHANTNAFBUIEN LI NEURATO INanBUELaILAATUIIN

Handulaeludowvasunladdasias1199sn1unlaas1zuld 1een9astandsanulseun

2.88 mW
20
@ 0 LP
z B _—— ~——
-80
30k 100k 300k 1.0M 3.0M 10M 30M 100M
Frequency (Hz)

UM 4.7 N30 UaNeIRNRveIiltuNTRIIUAIINEAT NTRINIUANLDE

LAZATBINIULAUAIIND
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&~

(=] =)

~ = =
pGain (dB)

(=) [ =)

(=

TN
\

Phasc |
-40d1 -30 \\\_}

-80d- -40
30k 100k 300k 1.0OM 3.0M 10M 30M 100M
Frequency (Hz)

JUN 4.8 HanauaAuBINIInLAEHARBUANBMIuavasilindunsemeaLaUAIAD

0
=)
e
=)

Phase T~

N\
Gain \

—_—
(=
(=)
[oN

(9]

Phase
()
o :
) Galno (dB) ‘

! OOd’ 7 \\
————
-180d" -1
'] 0301( 100k 300k 1.0M 3.0M 10M 30M 100M

Frequency (Hz)

JUT 4.9 HARDUANIN IV INUATHARDUAUBINIBauaITla i TUN TR WILYNAIIAD

%—20 //j/«\y &Y
8-30 __"j/// \&Q
— NS
4050k 100k 300k 1.OM  3.0M 10M 30M  100M

Frequency (Hz)

UM 4.10 nMsmauaupvesilsndunsesiukauaud Weusunseualuda I,

v
aA

JUT 4.10 uandkanauauamsuInvesilandunsesiuiaunud tunsaild €, = 50 pF,
C, = 100 pF dlonsyualuda I, (I =1y, =1,) finmsaamaieaazgniuaendu 40 pA,
100 pA Wag 360 PA AMUARU ENUINANNASITNYIR d@ansausulanuudiannselind lne

Lifinansznuseniednunnnes 29asnsasiinausnagevaussauzlnedoudunmy
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FYYIUI9UTUIN 40 PAp, NANDTITUYIA 2.018 MHZ HANITMOUAUDINTIUTIAVDY
HaidunsasiuiaunIud (1,,) wanslugun 4.11 Falamanuiisunisenuesind sy
(Total Harmonic Distortion :THD) 8¢l 0.169 % #atuIsNYNAURaITaTUBUNALATY

40 pAep WBTFYEUTIAINRALNE UG

\®)
S
N
.
s
4
.
~
2|
A
.
4
’

__
..
N
e
.
-
’,zér
=
.~
.~
.
.
L
.
vl
=]
-
.
.
N
e
—‘—
..
.
.
L.
-'.
::i::>

Current (LA)
o~
\

=
C

-20 5 N
0 02 04 06 08 10 12 14 . 16 18 20
Time (us)
JUN 4.11 n15naUauamI N TEavea TN B uLAUAIIND
4.5 a3

Tuuniilathiaue1asnsednud JUkuUNSELaNaenthALUUETUNe niwersm

9 9

Taeld CFCTA Wugunsainendiniilamiaiy 2sasiiviauefiewiymdufiuaudgsdsazninso
nTaMAAANIRTIULUUN S 2easansaliilsisumevauadldasudaiitedtu
ALBAL AAAGaRY LaUARILAH APTIBULOUAI AR TTLAN 1Y %uagjﬁu
nsidentloudanudunniivangen mdnesie vesisasnsesarmdannsaauauls
wuudidnnseldndritunisuiunszualudanisdune Feazaindenisaruaulaeld

| 3

Tulasaaulnsataas 2935UsENaUMIE CFCTA ieaunilafLasfiAulseasnaains1nfnaIulu

q

! =2 A = [

doain MmuauandRding 1 Jdlanumienazinsndiausluaiialuinssu wanis

$1899N159N9UVDITD USUANTTOULVBI9AT kT UBE19R



unii 5
24AINTBIANUNIUAUFBIFURUUNTEUENANUT

WUUEINBUNA NilD1ANe

lassainneasiugumihanldlunisesnuuuieasnsesnnudduduassguluunseua

v a = (3 PN = v | 1 o
vaentkuuansung niuednawansluun 5.1 Fauseneulumeisasdiugesdnuiu
41317995 baln 29a3Buiiinamesiiliiinisayde (Lossless integrator) 31UIUADI9ATUAE
2asveedyy1udnnlines lngrnsdufitnswesaziluasasdufinsmesiuunduiauas

Ldnduangnayaeas drunsasvegasiduluunauna 1ag 7, wag 7, Av AIAIFINIIE

a [

(Time constant) U999 UNLNTLNBIAINNUILAYFDINTUAINU LUIUEN £ AD DRTIVENE

UBINITVYIY INTUN 5.1 gnuinasigadeunseiaaugn tawn 7, 1

inl?

wag I,, @3y

in2

nszuawnaiiyaned taud 1,

Il'n
[ out 1 [ i I:
[inl x S_Tl I a qut
Ty
STZ in3

JUN 5.1 vdanlpaunTuN1TRENRULNITNTBIANUD NN tTiaNBunn ilaondnmg

Y

& < a ¢ 3 &
nudentaezinsuluzuil 5.1 aursadnseiminssiaeane lanadl

Wlefiansanaunisi (5.1) asnudn anunsavinbmsasiaiindunansuauamaeding

wuusingg talaeimuanisdeunseuadunavisanulananisned 5.1
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M15197 5.1 N3imUANEuaBunaie 9 lailan dunanaUaLa N LB IANALUUAAY

HANDUAUDIVINALBANS ANUANTEUADUNA
out Iinl Iin2 Iin3
LP 0 0 1
HP 0 1 1
BP 1 0 0
BR 0 1 0
AP 1 1 0

NNA5NN 5.1 18y 0 mneanuitlddessdeunssuadunadrluluis duae 1 vaneany
Ueunszuadunmdnluluiens FRenudn N15EeNHaNsUALDININBIANANTOIAIUDLUY
199 aursavinlalaglifesnisnseadunakuuNauE (Inverting input) kaglifeenis

nszuadunaniivuingaain (unsuiasaaiaiaseeignssuanionsnvensiniuaed)

[
o

Snvisannsamunalshsaslananevauosusineg Iduuuidnoaideiar 0 uaziav 1 maneds
aodnduwsiigniuldlumadaielanszuadunailulunms edndlsin ssnuinazsiodld
NAsnsEensEaadunalyadunaimauasaieddsaraisddmuaulduuuaines
Wisdn ileimunnistounszuadunanianisnsdl 5.1 aslananauaussniaerdnady
Herdusieg el

WATuUNTIIUAINDST (Low pass filter: LP) wuunausila

ut — 07 (5.2)

[

flaffunsoswiualufigs (High pass filter: HP) wuylsinduia

Iout :kg—z (53)
Iin S2 +S£+L
T Oh

HeAdunsaenuLauAIud (Band pass filter: BP) huunduta
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flafunseameauauaud (Band reject filter: BR) uuuliinduima

k(s2 +1J
Iout — TITZ (5 5)

) 1
e
T T

flafdunsessinumnanud (All-pass filtter: AP) wuylsinduimia

k[s2 —S1+1j
Iom _ Tl T1T2 (5 6)

H5URINAUNTITN (5.2)- 84 (5.6) FenUINloINTUaUNTEUABUNARINAITIAN 5.1 2ITAY

o
a o

JUT 5.1 wasaunsabinanevaveslaasuvieinilandu laun Asidunsesniuainuds
landunseeuaufeas fandunsesiuuauaned fndunsemeauaunuuagilandy
nsasunAN Ingileddunsesiuniiuden fandunsesiuainuiias Wadunsesidn

wauALDkarlandunsewiiunnANdelidnveeIny £ dauilandunsesiuiau

Y

AMUALION S VLIIINAUNT

a

WBNNTUNINAILVDIEUNNTN (5.2) D3 (5.6) Azleimudisssuid (,) wazmodn

[

unnies (Q) fadl

1
Wy = f— (5.7)
LT,
bbeYe
1 |z,
i (5.8)
o k\,

dofinnsanaruisssualuaunisi (5.7) wezmedhurlnmesluaunisi (5.8) as
wuin nMsmuANmBARLTNIRe faNsImUANTisaTvene & Tndlidsareniuissumni
Tusnigfimsuuaruisssunilaglilidmanonediunmesannsnidlasaiuaueing
A 7, way 7, Unseuiu seamuantRninailidaenIndon15eenwuUIIRTNTes

AMudeliAlaAudAaan (Cut off frequency) WAZLUURIAYIAIUADINIT
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mﬁsuﬁaﬂlmmmiﬂugﬂﬁ 5.1 andundnnislunisesnwuulastaaiuinasly

aunsal CCCOTA Jugunsalueniinndnlunisesnuuuisassiuiudinuszqineninsiin

%

Wil Tudiuvenaasduiinsmesuuuligads linduiadsenaulusie CCCOTAL fiuda

1%
[

fiudsey ¢ Aagud 5.2 lneazdounssuadunn 1, Wit » dw 1, uay 1, 981
I3 a9 v o | a a 4 I =
p NIzLARIANAIzeenYd x lagagliilunseua 7, diudnsduiinsnesuuuldangdy

gianduiausgneulusie CCOTA2 Audufiulsey C, aegui 5.3 Tngaztounszuadunm

Y
Y

I, 93 n daunszud 1, 1W1A97 p nszuae1dnnazeanitl x lasaglndunszua

in3

[

1, 295v18nTERaUsenoumiy CCCDTA3 gt aegudl 5.4 lngazdaunseua 1,

Y

waz 1,191 p ileinesduiinsinesiuuligydsunsesiuiuiesduiiinsinesuuy

godemundnnisiilatantliluvdentaezunsulugui 5.1 azldasnsesnnudlvunnssua

[

AEMNNRUUAINBUNR NTELIANARIFUT 5.5 99NN NUINNIRINTBIAUDNULAUD

Y

a 13

Usznaulume CCCDTA 3117UaUs AU 1AUUT2aNR0aInNIIIRDNERe1 1995ULEUD

u

Jumngannvzdnlvaiiaduamsmu nnanssndeianeiinnuiiuniugedaninsatily

samdan (Cascade) lalaglidasltrsasininas (Buffer) nmausn

Iout Iaut Ilm I IBZ
: »@

DM, R g R P X[, =S, 1, - ,)
[ I CCCDTA sC,
in S -—
L a I, o—»{n z | x|,
) A
=

JUN 5.2 NseanwuunIsBuinsweskuuligydelinduna Ingld CCCOTA

I, 1133 i Iy,
-1

— 1 1, :sT(IMSJ’-Iu) —1,—»p x—b[b:_@([m}_,_]a)
I — CCCDTA, sC,
in3 — ST2 y
irl3°_> n z -
TC

JUN 5.3 n1seenwuuinrsBuiiinswesuuuldaydesianduila Ingld CCCDTA
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Ifﬂ}
I,

IIBS I IBﬁ
Imd - _k(Imz +Ia) Iag.gi P —X |- Ia;g - g’"3R”3 (Iin2 + I )
I CCCDTA, 2
‘ IO‘!'H

a
n z

[ x|l

JUT 5.4 N158aniuuesueenseua Wngld CCCDTA

L Jin ]h . i ]l

P X > p -Xx
7 CCCDTA, CCCDTH4, 7
inl out
o—{n z =X I: n z Xp—»o
I G i[m I Iy,
p X
) CCCDTA,
C;ib n z —X

JUN 5.5 WIINTDWVUTAIEBUNA BT IWNR NdvATIERLUGenlaozwnsulugUN 5.1

5.1 mi%Lﬂsﬂzﬁammuwmwasﬂsmmmﬁé’ué’uaaagﬂLLUUﬂi:LLawmwﬁﬂﬁ
wuUAINBUNA nilaeanalunisansad

n3995luguR 5.5 Wie CCCOTA Altlwashnudulumusauamanunsamileidu
nsenelaunssudlaidu

_ inlsﬁ +[,',,2 (SZ + gmlgmzj_lm3 EmEm2
I -k G cG, cGq, (5.9)
o S2 + gmlk s+ gmlgm2 .
C] CICZ
Li‘ia k — gm3Rn3
2

(5.10)

naUN159 (5.9) Walln1sivuanseasunm 1

inl? [in2’ ey [
a Y &
NYATLYANTUAINUY

s AIUR15199 5.1 A9



HndunsowinuAudsi (Low pass filter: LP) wuunauLa

el 1, = 1,,=0, I,, = I, glailendulaudnenssuansdl

_gmlngk
GG,
gmlks+ gmlng
Cl CICZ

out -
1, P

flaffunsoswiuaaufigs (High pass filtter: HP) wuylsinduia

el 1, =0, I,, = I, = I, agloienduloudnenszuansdl

kgl
gmlks 4 gmlng
G GG,

st

WsAfunsosIulaUALA (Band pass filter: BP) LuunduLa

Al 1., = 1, =0, 1, = I aglaienduloudnanssuanii

AN gmlk
G

[in s2 I gmlk

N

out _

VY En&m2
G GG,

ilandunseamgauauaad (Band reject filter: BR) huunduivla

el L= I, =0, I, = I, agleainduloutnenszuansdl

k S2+gm1gm2
Lo L GG

[in s2 + gmlk s +M

G GG,

flafdunsosunnAnud (AU pass filter: AP) wuunduia

awuali 1, =0, I, = I,, = I, aglansndulaugnanssuwasnai

k(Sz _@S_‘_ gmlgm2]
out _ Cl C1C2

Iin S2 + gmlks + gmlng

G o1
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(5.11)

(5.12)

(5.13)

(5.14)

(5.15)
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Aatiuagnudn 1asanunsaliranevaussldasuiaifleddy laun Hendunsassiiu
ANUAA Meddunsestuaunas Meddunsesiiukauaiud deidunsemeauauaitud

s o i = s o i a o s o i N s o
wazilandunsesiunnanud lneilsidunsesriuninuia fandunsesiiuaiudas fandu
nsasidauauANudkarilsitunsasiIunnANdIEdnvetewiniy & diuilandunses

[

NIULAUANUDALTONTIVYNYMINUNLS  1ndun157 (5.11) 4 (5.15) ANUDSTTUTIRWAY

@, = mEm (5.16)
\J GG,

ok L2 |G (5.17)

gm3Rn3 C2gml

AeaRwnasiansladu

bbeYe

o 1 1 1 |4 o
Wa g, =§ & =ﬁ g, :ﬁ (T APN. e S 2; RNFUN5N (5.16) ag (5.17) A
T T T B5

@, yising ol P00 (5.18)
2.\ GG,

Q= 8135 CIIB4 (5_19)
136 chle

NaNN159 (5.16) Uag (5.17) 8NUINAILITOAIVANAIUDTITUYFAAI0FAUNNLA DT A

bbeY

meIsvndiannseiindiiumanmsmuauaianuiaieley g, g, waz g,, wenanilaz
wulmednunnimasainisanvauldwuudidnselindn g, Inglidwmansznusioninud

SITNUR Woruuali g = g, = g, ANASTTUTIALAazABAAuNNImTILanslangl

a)ozl—B L (5.20)
2.\ CC,
way
0= |G (5.21)

186 C2
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NEUNISA (5.20) Lay (5.21) agWuI1 @m1sausuan O Tanwuudiannsedndd

I, waz I, laghidnansznudea1nudsssugd Tusmei o, a1u15aUiuiuy

B5
diannsedindlen 7, Ineflddwmansznume O Mitdusiananlain wwasiduaueaiunsa
U5U @, Weod1edasy 0 seddmedidnnseind lnenisusunseualuda a1naunisi (5.16)

waz (5.17) A1ulvee @, waz O uanslanil

1 1
Sen =S, =554 =8 =—3 (5.22)
Lae
SSL—iSE sl epistosi -y 6B

5.2 N159LASISHNANITENULLBIIINAITURANAIN LUNITAIHNIUNTEHALAZKSIAU

ndunaludaeninnvas CCCOTA

Tun AN TUINANTENULDIAINHANAIA LN TASINU NTEUALAZ UIIAUIINBUNS

[
v a

lUgsandnnuas CCCOTA annsauaninuaufves CCCOTA lalnidsil

v, > \Q LU
|4 WAXEIAM) €97 1L
"= A (5.24)
I Zreannzini i 44V V.
- s 0~ 0 0 £Bg, |V

e ¢, Ao AmnwHanARluNTASsUNSELAIINGY p LUTD Z

a, A9 AURANAINTUNISAINIURSEUEINTY UG Z

v
1Y

A #ie AmuRanaalunsawIuLseuantd 2 ldumsuanda x

Werlsfawanisnuvesnuianatnlun1sdaiIun s kaLazusInuaIndunn LUy

[

LDIANA AHNTIATIEAIMAUNITIANAVBINAINTIANUD A VA

anlﬂlaplgmlgm2 s +I (SZ + ﬂlﬂZaplapnglng ]_1 anZﬂlﬁZaplgmlng
inl in2 in3
1* _ ﬂSap3gm3Rn3 aplclng CICZ CICZ
;=
- 2 24 ﬂlaplap3ﬂ3gm1gm3Rn3 S+ IBIﬂZaplapnglng

2C CC,
(5.25)
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il e :% (5.26)

ANEUNITA (5.25) Wadnsivuansewadune 1, 1,,, wag 1, #1UA15199 5.1 69

inl? n2?
P v &

S1vazldeanuaisil
HinTunIowIUANRe (Low pass filter: LP) wuunaula

el 1, = 1., =0, I, = I, aglailenduloudnenszuansdl

_anzﬂlﬁzaplgmlgnﬁk*
L, ae, (5.27)
I, E: +ﬂlaplgmlk S+ﬁlﬂ2aplap3gm1gm2

G GG

flafunsosrinuanafigs (High pass fitter: HP) wuulsinduia

el I, =0, 1,, = I, = I, glindulougnenssuandl

in2 i

k* S2 4 IBIﬁZaplgm]ng (apS _anZ)
2.2, ik (5.28)

7 (ALY ﬂlaplgmlk* et ﬂlﬂzaplap:igmlng
G GG,

HiAtunsasnIuLaUAIUD (Band pass filter: BP) huunaulna

e I,, = 1,, =0, I, = I, azlailsndulaudngnsswasnii

P anlﬁlaplgmlgnﬁk* o
i: aplclng (529)
I, §? +ﬁlap1gmlk S+ﬂlﬂ2aplap3gmlgm2
G GG,

landunsemeauauaiad (Band reject filter: BR) wuunduiwla

el 1, = 1,,=0, I,, = I, aslaisiduloudrenszwaniil

*

e [Sz BB 8 8 j

Low _ GG

I, e ,Blaplgmlk* ot ﬂlﬂZaplap3gmlgm2
G GG,

(5.30)
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flaffunsoswunnanud (AU pass filter: AP) wuunduila

il 1,, =0, I,, = I,, = I, glailendulaudnenssuansdl

. k* S2 _ anlﬁlaplgmlng S+ ﬂlﬁZaplapnglgWQ
Lour aplclng C1C2
]in s2 + ﬁ]aplgm]k* §+ ﬂ]ﬂZap]apfigm]ng
Cl CICZ

(5.31)

NEUNIN (5.31) MNIT003 @, wer O Inunavesmuliilugauad awnse

wanalanatl
a); :\/ﬂlﬁzaplamgmlgmz (5.32)
GG,
ey
Q* = Ry ﬂZaIJng2C1 (533)
k ﬂlaplgmlCZ

31NauN15N (5.32) waw (5.33) ANHRAna1nluNIsAsinuNsELALA LA LN UNA

Tudueninsluy CCCOTA viluaudsssufuarmeinunmesiissuuliangauai

5.3 m'ﬁLﬂ'ﬁﬂzvfwanszwumnﬂ'n'mé'i'mmuuazﬂ’muqmeaﬂ CCCDTA
lunsdiifiarsuimansynuvasmINdIunI Uz ANquiluf CCCDTA a1wnsn
LanaIBuABsleRIsUT 5.6

119 A9 ANUATUNIULKITITY p
AB ANUATUNIULNINATD 72
P v a9

A9 ANUATUNIULNINTD Z
AD AUURINTY 2

AD AMUAIUNIULKSAT X

QO FOaRum T

= &
AD AANNUEIVIVY X

I]Bl I [BZ
R

CCCDTA x
no——-\M— 1 z

Ll
l

JUN 5.6 fadnumunazdniulszquislusy CCCOTA



75

S(C1 +Czl)+Gzl
s(C,+C.,)+G.,

),4 = SCX] +Gx1
sC,+G,
s(Cy+Cy)+G,+G,y

<o

2

inl

~ S

5

=
Il

5UN 5.7 23993n504ANURSUAUEDIVABVTTILUUAUBUNRA nHlaosne

LB MIUIAIANHAUNTLLAZ AN e

Weauiumulnanitsentdiiaing (R,) dd1Aung uagAisfiagunsaluns

q
v
Y

WA A130190N98 UAMAN SELALDIANAYBI AT sl

—i(1+Y6Rpl)(1+Y3RP3)1m { hh (1+YéRp1)(1+Y3Rp3)+1}Im2 —(1+YR,)1,,,

I. :ko gm3 gmlgm3
out YY Y
m(nmﬂ)(1+Y3Rp3)+kg—;(1+Y3Rp3)+1
(5.34)
= o ngRnZ
bR £ = , 1 =s(C,+C,)+G,, ¥, =s(C;+C,)+G,,,
(2+Rn2Y5)(1+Iszz) =86 ECa) Oy B =s(G G+ G

Y,=Y,=sC,+Gy, Y,=sCi+G, uay Y, =s(C,+C,)+GC,+G, NauNI (5.34)
R,+1 G.R +1 G,R.+1 (G,+G,)R, +1

o v T N, (7
MNANALEIY (£, ) BAdngy 2 . )
: 2”Cx1sz Z”Cleps 27C4R 277(sz +Cx3)Rp1
N uwag R, =0 , R, =0 Faawnsavilalaeusuminseua 7, wag 1, Widawng
AnEuns (5.34) azla
-I (SC; +G22)gml +7 SZCI*C; +S(C1*G22 +C;Gzl)+Gzle3 +gmlgm2 -I g8 m
inl Cl* C; in2 q* C; in3 q* C;
L, =k S —— : .
t P2as k'g,.C +CG,+CG, 4 G,G,+k'g,.G.,+8,18m
GG, GG,

(5.35)
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'
=

R . =
L8 k'z%, C =C+C, Wag C,=C,+C, 3naun1in (5.35)

I ANUAITIN 5.1 A95188LD8ANUAINT

in2?

way I,

in3

A o o a
BUBNNTITNTNUAN IS AR UNA 1

inl?
HeAFuNTOINIUAINDAT (Low pass filter: LP) wuunausna

el 1 = 1., =0, I, = I, aglaienduloudnenszuansdl

_gmlngk.
L, GG (5.36)
I, s k'gmlC; + C]*GZZ + C;Gzl " G.G,+k'g, G+ 88w
oy ey

Wqﬁ%’uﬂimmummﬁqq (High pass filter: HP) wuulainguia

el 1, =0, 1, = I,, = I, aglantulaugnansswasnid

| 5°CC+5(CG, +CG., )+ GG,

k * *
. C
Iout _ ICZ (537)
Iin S2 +5 k.ngCZ p” Cl GzZ L CZGzl A GzlGZZ +k.gmlG22 +gm1gm2

(oo eye

HeAFunTRINIULAUAIMA (Band pass filter: BR) huunduLa

e 1., = I, =0, I, = I aglanduloudnanssuwesill

_k. (SC; + GzZ )gml
Lo _ GG (5.38)
[inl SZ +s k.gmlC2 g C11 Gz2 + C2G:1 + GzlGZZ +k.ngGZZ + EmEm
eyes eyey

landunsemgauauaiiad (Band reject filter: BR) Wuunduivla

el 1, = I, =0, I,,= I, aglailidulougienszuansdl

k. SzCl*CZ* + S(CI*GZZ + C;Gzl ) + GzlGZS + gmlng

. c'cC
L, G (5.39)
I, s k'g,.C +CG,+CG, i G.G.,+k'g,,G.,+8,18m
(oY (oY

landunsesrtunnAud (AU pass filter: AP) Wuunduila

el 1,, =0, I,, = I,, = I, aglailanduloudnenssuansdl
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. SZC:C; + S(C:Gzz + C;Gzl - C;gml ) + Gzle3 - Gngml T 8mEm
Ly _ GG (5.40)
s k'g,.C, +C G, +CG, n G.G,+kg,.G,+8,.8m

(oY Gc

in st +

NFUNTITN (5.40) ATNITITNDST @, Har O NTIUNATDIAIINAIINAIUNIULAY

AHuels anunsauansla fadl

a)(; :JGZIGZZ +k g:’:lcfz2 +gmlgm2 (541)
GG
b
Qo - > gmlt*ng £ GzlGZZ +k.gr*n1€22 +gm1gm2 (542)
k'g,,C,+C G, +CG, GG

al

2INaUN1SA (5.41)-wae (5.42) WU AITUATUNILLATAITUILHIZE AN TEN UGB
N1979ILYBINAT TUTLIATBSNANDUAL DRIz INITY A mTssINTIRLazA10BR
wines lunisanuansenuvesrNuriaIusalifAuUszansueniliAuniinnug
wrlglusa CcaoTA Tusnigiinisaananisnuvesiduniuusasisnsaniuulassaiig
ngluves CCCOTA lildiasagiounselaausTougs 1y WasaziounsrLawuuaialan

Wy

5.4 NANIINATDUEUITIOUSVDINAG
AasnsesmnudntiauslugUi 5.5 gnuaaeunisvienlesldlusunsy Pspice Tae
T4#lassa¥raues CCCDTA Tuguil 5.8 Bsmiimesvemsrudainoslulnarf7lHiduves

NINUTALNDTD15:58 ALAGQ0 1Ua5 PR200ON wag NR20ON ¥99USew AT&T

Ui 5.8 Taseasranneluves CCCDTA
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RERIC N

Al

LABSRIYLTIAU

+15V

wraIIensehaluda

I, =1, = 100 pA

BNIINSAULUADINIAIUY

2.41 mW

WUURAIRYiT -3 dB 1/1,, L/I

n

WUUAIAYTR 3 dB 1V, IV

32.838 MHz, 36.123 MHz
36.283 MHz, 35.824 MHz

ansMsdsunsewa 1, W 1 (o)

dnsnsdsunseia 1, Wi I, (a,)

a, = 0.952
a,= 0971

Franszuadunalududundd p waz n

151 pA <1,,1, <151 pA

1A TIVYIBAINUN (g,,)

15.45 pA/V -12.69 mA/NV

YNAVUIUNIUNATY R, e R,

12.741kQ - 20.359 Q

PUNTLUAAIUAN R, WAy R,

1 A - 1,000 pA

R /. C iz

97.594 k€ // 2.803 pF

o
Y

R YW 8. i x

1.477 NQ. // 2.228 pF

v
Y

R_//C_ i x

37.515 MQ // 2.243 pF

299MuTurassie +1.5 1ad dufulszasn C = C,= 300 pF, nszualudd 7, =1,,=

100 PA, I4s = 25 pA, I, = 200 pA, wasnsgwd 1, = 1, = 1, =50 JAINHANS

31899015V UIT WA WYSEU M 7.04 MW 2zlAR1uDsISUTIRLVINAU 483.509 kHz

wazA1AIRARLINWes Ox1 nanisTiaesnisyiukandbusui 5.9 Wunanauausinig

YUIAYBITATUNTBUAILAAT NTBINIUATINDGS NTOINULAUANHDUALNTDINEAUAY

AUD JUN 5.10 LAAIHANBUANBINNIUIALATNARBUANDIMILWAYBTlandunsasIUyn

AMUD AINHANSNAADUILNUINIIINUILAUDFIUNSDMNANDUAUDILAASUNITNNINTUY Tae

Tidpuudsunladlasiasnasasauiladiasiedi
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[\
(e}

Gain(dB)
o

20 Q\‘\
/ o LPF
SBPF
-40 : v HPF
©BRF
600k 100k 1.0M 10M
Frequency(Hz)

UM 5.9 NM399UaueInunvesilentunsaaiuaIngm nsosuAudg

ﬂi@ﬂﬂ\i’mLLﬂ‘Uﬂ’J']ﬂJaLLﬁ%ﬂiﬁNﬁﬁgﬂLLﬂUﬂ’J’]ﬂJa

40 O —=-
o Gain
o Phase

204 -100

g (A

e | —

E 012200

[a~]

S =

Py ‘ \\

401 -400 ‘ a

10k 100k 1.0M 10M

Frequency(Hz)

JUN 5.10 HameuauaINITLIALasNanaudUeLNaYeIleitunTesiunaud

U7 5.11 uansnanguaLsssvuavesilsitunsasHunuaid Wenszua 7, gnudu
Wy 25 PA, 50 pA, 100 pA; 200 pA kag 400 uA mud1eu Tnenisusuanseualudaninans
avldarArmeanunnmes 19U 1, 2.5, 4, 8 uag 16 AUEIHU T1AI199 gﬂﬁ 5.12 k@A
NamoUALDINIITLIAvesiliitunsasiukauALd Wenseua 1, gnusuilu 25 pA, 50
A, 100 pA, 200 pA wag 400 pA mua1nu tnenisusuanseualusaninanazlariainie
Sunneed 10U 8, 4 2, 1 uag 0.5 Ay mamsﬁi’waaﬂugﬂﬁ 5.11 uag 5.12 figaudlaa

awsausummednuinmeslanuudiannsedndiienseud 1, wie I, laulddwmanise

NUADANUDTITUIR
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40
)
2
g 0 =l
<
40 % o Q=1 ‘\\g\
j/e‘// o 0=2.5 T
v O=4
a 0=8
o 0=16
-80 —
10k 100k 1.0M 10M
Frequency(Hz)

5UN 5.11 HANDUaNDIMINYLInveIlantunsaauwa Uyl WeusuAnseua 1,

[\
(e

Gain(dB)
(e}

i

/oo ap>o
AR

\

8,

W

LW 11t ]

O h — O

k 100k 1.0M 10M
Frequency(Hz)

—
S

JUT 5.12 wanauanaweilsndunseaaiuwaumnid Weusudmnszua 7,

gﬂﬁ 5.13 WAAINANDUALSININULINVOITRATUATDIHILLAUAIILE (o I,(I,=1,,=1,)
finssermansan Tunsadainssua 1, dsgnusuaniu 12.5 pA, 25 pA, 50 pA wag 100
A sudsu TnenisuSuanssualusasinaniaslgaanuisssusimdu 118.577 kHz,
238.781 kHz, 483.059 kHz way 990.832 kHz ANUA1IAU INNNANBUEAUDIVDININTUNTDINIY

1 a a o v a s a s 1 J ad s
"ﬂ3‘W‘U’]Wﬂﬁﬁmﬂﬁiimﬂiqmﬁ’]mqiﬂﬂiUlfﬂLLUUBLaﬂ‘I/Ii’eJ‘L!ﬂﬂ ImalmmaﬂssmumamaamLw\lmmas
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[\
el

Gain(dB)
\

T NN

1
S

40 v/, = 483.059kHz
af, =990.832kHz N
-60
10k 100k 1.0M 10M

Frequency(Hz)

5UN 5.13 wanavuausweiiidunsesriuwauaug Weusuenseua 7,

5.5 @3

Tuunillddiauaiensnsesrnudnunnsesaatenin LUy a1 dunn niLe1dng

q

=

Tneld cceoTA Wugunsalueniinduauausa 2sasiinaueiite dundufiunudas 3s
avannrismIRemainnsaslannszia asamsaliiliidunovauedlinsusiilaidy
1A nsesiunAn n59HIUANNAGE NTRINILUATAIIND NTBMEALAUANALAS
NSO LAY R ?Tuasuiﬁ’umiLﬁaﬂﬂaué’mwigmﬁuwmﬁmmzau WITLADTAIIG V9
29snsesniaunsnmualiuuBidanseindiunisuiunsualuda Jeagainsonis
munulnsldlulnsnevlnsaiaes uonaniaassannsnaiuaudmodiunnmeslddels
msdiannsedndlaglildsnansenuronnufsssuea 19asUsenoume CCCDTA Srunuany
fuaziufulszareasnsndd e Meguaiifdnan Jsdinnumngiozingsm
dnaueliad1nlnieessin nan1591a83n15919u999399 58U uaussauzue9aslidu

28190
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6.1 @3

ngninusaduiiiauen1sduasigiuaroaniluu9IINTBIAUD JULUUNTEUE

Y

fusuaemanevthiluuuransdune nilaordnadiiuasdias lagasasnsesnnudivis
duAseinnnnasduninswesiuulidagdednunu 1 ya Lagieasduilinsmesiuugyde
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nsvua (CFCTA) ugunsaindndruiunilsi saufufndvuszadeasninddiuiuassi
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=

Jwrassw 29siigatounssuadunndgauazinszuaiondnn uilsgn Insanunsaliils
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U
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ki
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N

J
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o

AN ukazUsSUlunsaunuRanIsyimutaulvtiasyinlirnmedfunnim s tuausausu

Tawuudiannsaing uenainilunisldunieasnseenud

o

nausluldnuassdndudedd
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ndumlauazlsinduimasgnaayises dursesvensasfunuunduma Farsesueniividisagy
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u3de [8] 19 CCCDTA Wugunsaluaniindiuiu 3 Auazfuiulszgreainsiniiuau 2
faumilay doAuninAeaInIsonIual AIERLNNNESIADE19BATEIINAIIURSTTUYIA
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6.2 UDLEAUBDLUL

6.2.1 P155ln13851979935 CFCTA waw CCCOTA Juniitenageuassannnsudaines
915158 (Transistor array) n3eldgunsaififdvngluidannded WelUisuifisuanssauzves
299571ldannsdsusuunIsTiusellsunsa PSpice AUNSMIAABITSS

6.2.2 Inssa3wneluves CFCTA wag CCCDTA miaaﬂLLUUéﬁmwsﬁjugmammwga
WU 2995azVieunseua 019l 9savounsewawuLaialan isandymidnsinisdeinu
NITLARAZLIIRUINBUNA LU RR
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M3 6.1 naLUSeuiiisuauantivensasnsssmuiiuuuvateBuna wiedwa Tldeunsaiueniivduoguiinedifunauoniud
€ lAseaine | unasdne P v mual o, | auan Qe | ldeams | lusimanis
gunsallen U .
\eNans S . 4 | Swaugunsal | gunsaluen | usdnu J A Usequuueen | uax Qla | egneBasy weuly dune
e naLIagUn A v S gunIuwagn . . .
RYNON 19 BN nausagy ain‘mm WUy NN, NTUNAY GINYN
BJT-{"MOS | 4 1ad |~ R C Ve | Sidnusetdind vo1guUnInd
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* LOT: T14Y MOSIS WAF: 03

* DIE: N_Area_Fring DEV: N3740/10

* Temp= 27

.MODEL NT NMOS (LEVEL = 3

+ TOX =5.7E-9 NSUB = 1E17 GAMMA = 0.4317311
+PH =07 VTO = 0.4238252 DELTA =0

+UO  =425.6466519 @ ETA =0 THETA = 0.1754054

+ KP  =2501048E-4 VMAX = 8.287851E4 KAPPA = 0.1686779

+ RSH =4.062439E-3 = NFS = 1E12 TPG =1

+XJ o =3ET7 LD  =3.162278E-11 WD = 1.232881E-8
+ CGDO = 6.2E-10 CGSO = 6.2E-10 CGBO = 1E-10

+ ) o =1.81211E-3 PB =0.5 M) = 0.3282553

+ CJSW =5.341337E-10 MISW = 0.5)
.MODEL PT PMOS (LEVEL =3

+ TOX = 5.7E-9 NSUB = 1E17 GAMMA = 0.6348369

+ PHI  =0.7 VTO =-0.5536085 DELTA =0

+UO =250 ETA =0 THETA = 0.1573195

+ KP  =5194153E-5 = VMAX = 2.295325E5 KAPPA = 0.7448494
+ RSH = 30.0776952 NFS = 1E12 TPG  =-1

+XJ  =2E-7 LD =9.968346E-13 WD =5.475113E-9

+ CGDO = 6.66E-10 CGSO = 6.66E-10 CGBO = 1E-10
+CJ] =1.893569E-3 PB =0.9906013 MJ  =0.4664287
+ CJSW = 3.625544E-10 MISW = 0.5)
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1.2 NISIULABSVRINIIUTALMDID15L5 ALA400 1Uas PR200N waz NR200N USHEnN AT&T
*$
.model NX 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 |KR=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

*$

.model PX PNP

+RB=327 IRB=0 RBM=24.55 RC=50 RE=3

+IS=73.5E-18 EG=1.206 XTI=1.7 XTB=1.866 BF=110
+IKF=2.359E-3 NF=1 VAF=51.8 ISE=25.1E-16 NE=1.650
+BR=0.4745 IKR=6.478E-3 NR=1 VAR=9.96 ISC=0 NC=2
+TF=0.610E-9 TR=0.610E-8 CJE=0.180E-12 VJE=0.5
+MJE=0.28 CJC=0.164E-12 VJC=0.8 MJC=0.4 XCJC=0.037
+CJS=1.03E-12 VJS=0.55 MJS=0.35 FC=0.5

*$
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Abstract—An analog second order current-mode filter is
described in this paper. The proposed filter uses only a single
active building block, namely current following -cascaded
transconductance amplifier with two grounded capacitors which
is attractive for monolithic chip implementation. The circuit has
four inputs and single output currents. Five standard functions,
namely low-pass, high-pass, band-pass, band-reject and all-pass
functions, are given. The natural pole frequency and quality
factor can be tuned electronically via the input bias current. The
inverting-type input current signal is not required for realization
of all-pass function. High output impedance is achieved which is
convenient to cascade in current-mode circuit. The PSPICE
simulation results are depicted. The given results agree well with
the theoretical anticipation.

Keywords- current mode; analog filter; multiple-inputs single-
output; CFCTA.

I.  INTRODUCTION

In last decade, the designs of analog signal processing
circuit have been focusing on current-mode circuits owing to
their wide bandwidth, lower power consumption, greater
linearity, wider dynamic range, simpler circuitry and require
less chip area then voltage-mode counterparts [1]. The
importance circuit in analog signal processing is filters. These
filters are versatile building blocks for many applications such
as, In communications, measurement, and instrumentation,
and control systems [2]. Especially, the filters which give
several responses in the same circuit topology have received
much attention. They are called as universal filter or
multifunction  filter. The  multiple-input  single-output
biquadratic filter (MISO) has been becoming popular. Because
different output filtering responses can be realized simply by
different combinations of switching on or off the input
currents where the selection can be done digitally using a
microcontroller.

The designs of MISO current-mode circuits employing
active building blocks have been reported in the literature [3-
18]. They are focused on the following features, using
minimum number of active and passive element, using
grounded capacitor, electronic controllability, high output
impedance, resistorless circuit etc.

978-1-4799-2993-1/14/831.00 ©2014 IEEE

A configuration capable of realizing current-mode low-
pass, high-pass, band-pass, band-reject and all-pass filters with
four inputs and one output using one CFCTA and two
grounded capacitors is presented in this paper. The paper is
organized as follows. In Section II, the characteristics of
CFCTA and proposed filter are presented. The simulation
results and their evaluations are given in detail in Section IIL
Finally, Section IV concludes the paper.

II.  CIRCUIT IMPLEMENTAION AND ANALYSIS

A.  Basic concept of CFCTA

The schematic symbol and the ideal behavioural model of
the CFCTA are shown in Fig. 1(a) and (b), respectively. It has
low input resistance at /'port. The current i, flows from port z.
The voltage v, on z terminal is transferred into current using
transconductance g,,;, which flows into output terminal x; and
the voltage v,; on x; terminal is transferred into current at x-
terminal using transconductance g,.. The g,, and g, are
respectively tuned by /z and . In ideally, all output
terminals are high impedance. To extend the use of CFCTA, it
can contain an arbitrary number of x; and x, terminals,
providing currents of both directions. The characteristics of
the ideal CFCTA are represented by the following hybrid
matrix:

V.) (0.0 4 0 0\({,
I, 1 0 0 Oofr
S = ; (8]
Iy 0 g, 0 0w,
],,2 0 0 ing 0 V.:

The CMOS implementation of CFCTA can be shown in
Fig. 3. Assume that My-Msy and M,;-M», are matched and
operating in saturation region, the g,; and g, are written,
respectively, as

G =14, Cox (W/L)]B] (2)
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Figure 2. Internal construction of CFCTA.

S e /unCax (W/L)Im (3)

where I, and [y are the input bias currents to control g, and
@2 respectively, g, is the electron mobility, Cpy is the gate-

oxide capacitance per unit area, W is the channel width, L is the
channel length and V7 is the threshold voltage.

B.  Proposed four inputs-single output current-mode biquad
filter

The proposed four inputs and single output current-mode
second-order filter is shown in Fig. 2. It is found that it
consists of one CFCTA and two grounded capacitors which
are ideal for integration. Moreover, the output current terminal
has high impedance which is convenient to cascading of the
current-mode circuit. A routine analysis of the proposed filter
yields the following output current as

— S Ly =522 (L + 10 )% | 5% s Sux g ButZuy Lo
__ 6% C ¢, CC, R
' st sy EmEnz
¢ cc

From Eq. (4), the input currents 7, Iz, 1,5 and [, can be
chosen to get five standard filtering responses as belows:

e The low-pass (LP) response: I;y=13=1ins=0, L=l
e The high-pass (HP) response: [;,5=0, L, =Ln2=1ins =1
e The band-pass (BP) response: £, =lin3=lina=0, Li2=1n.
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Figure 3. Proposed universal filter using CFCTA.
e The band-reject (BR) response: 1,/ =1,5=0, I;,>=lins=I.
e The all-pass (AP) response: 1;,,,=0, 1;,2=1,5=1=.

From above statement, it is found that the second order
multifunction current-mode filter is achieved. Moreover, the
proposed filter does not require inverting-type input current
signal to synthesis all the filter responses. From Eq. (4), the
natural frequency (wg) and quality factor (Q) are obtained,
respectively, as

&2
W, = 5.1
=\ ec, (5.1)
. 1
or @y = Ao (W1 L)l ) (5.2)
CICZ
Q= ngm] (61)
Cg.
or (6.2)

From above equations, the natural frequency and quality factor
can be electronically adjusted. Moreover, if lp;=I5,=Ip, the
natural frequency and quality factor are modified as

llll! Cux (W.F;JL) Iu

af= cC (7)
12
(O

0= c ®)

It may be noted from Egs. (7) and (8) that the parameter Q can
be set by C,/C; and the parameter @, can be controlled by /g
while keeping C;C; constant. Thus, the proposed biquadratic
filter has orthogonal tuning capability for the circuit
parameters (J and @,



C. Circuit Sensitivities

The active and passive sensitivities of wy in Eq. (4) and Q

in Eq. (5) are:

. 1 1
SC‘?’-CZ =_E‘ S::‘\ +Bm2 =E’ (9)
se = lige ] 10
Gogm — 97 PG o (10)

It is evident from Egs. (9) and (10) that all active and passive
sensitivities are equal or less than unity in absolute value.

III.  PSPICE SIMULATION RESULTS

PSPICE simulations are carried out to prove the
performances of the proposed filter in Fig. 2. Internal
construction of CFCTA used in simulation is shown in Fig. 3.
The simulations are performed based on the 0.25 pm TSMC
CMOS technology. The aspect ratios of PMOS and NMOS
transistor are listed in Table 1. The active parameters and the
passive elements in the proposed filter in Fig. 3 are selected as
+1.25 V supply voltages, Vs = -0.55 V, C; = C>= 100 pF, I,
= Ip; = 125 pA. It yields the natural frequency of 2.018 MHz
and O = 1. The results shown in Fig. 4 are the gain responses
for the low-pass, high-pass and band pass functions. Fig. 5 and
6 show gain and phase responses of band-reject and all-pass
functions. There are seen that the proposed filter can provide
low-pass, high-pass, band-pass, band-reject and all-pass
functions into a single topology. The power consumption is
about 3.4 mW.

TABLE 1. DIMENSION OF MOS TRANSISTORS IN CFCTA
IMPLEMENTATION.
Transistor W (um) L (um)
MI1-M2 1 025
M3-M18 3 0.25
M19-M22 15 0.25
M23-M33 3 0.25

30k 100k 300k 1OM  3.0M 10M
Frequency (Hz)

30M  100M

Figure 4. Simulated frequency responses for function LP, HP and BP.

30k 100k 300k 1.OM 3.0M 10M 30M
Frequency (Hz)

Figure 5. Gain and phase response of BR function.
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Figure 8. Transient response for BP function.

Fig. 6 shows gain responses of band-pass function where
Iy (Ip;=152=1y) is set for several values. In this case, the C; =
50 pF, C; = 100 pF and 7y is changed to 40 pA, 100 pA and
360 pA, respectively. It is found that the natural frequency can
be adjusted electronically without affecting the quality factor.
The proposed filter is excited by 40 unA,/2.018 MHz
sinusoidal signal. The transient response of [z» is shown in
Fig. 8. The total harmonic distortion (THD) of this figure was
0.169 %. Thus, the proposed circuit can be supplied the input
signal high up to 40 u A, , without significant distortion.

IV.  CONCLUSION

The multiple-input single-output biquadratic filter based on
single active build block, namely CFCTA is presented. The
proposed filter has high-output impedance which is suitable for
cascading of current-mode circuit. It performs low-pass, high-
pass, band-pass, band-reject and all-pass responses dependent
on an appropriate selection of four input signals. The filter
parameters can be electronically controlled via input bias
currents which are convenient modified to apply in control
systems using a microcontroller. The circuit description
comprises only one CFCTA and two grounded capacitors.
With mentioned features, it is very suitable to realize the
proposed circuit in monolithic chip. The simulation results
verify the theory.
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Amplitude Controllable Current-mode First order
Allpass Filter Including Minimum Component
Count Circuits

Amornchai Chaichana, Montree Kumngern, Montree Siripruchyanun, and Winai Jaikla

Abstract—This paper presents a current-mode first order
allpass  filter based on current follower cascaded
transconductance (CFCTA). The phase shifted angle and
amplitude of output currents can be electronically and
independently tuned via the bias current. The proposed circuit
uses only one CFCTA and one grounded capacitor and one
electronic resistor, which is definitely suitable to further develop
into an integrated circuit. It can provide both non-inverting and
inverting output currents. Moreover, the circuit possesses low
input and high output impedance, providing easy cascading in
current-mode circuit. The PSPICE simulation results based on
0.25pum TSMC CMOS parameters are included, verifying the
key characteristics of the presented filter. The given results
agree well with the theoretical presumptions. The power
consumption is about 5.5mW.

Keywords—analog filter, current mode, current follower
cascaded transconductance (CFCTA), first order allpass filter.

[. INTRODUCTION

HE first order allpass filters (APFs) or phase shifters are
widely used in electronics and communication systems.
They are normally used to shift the phase of input signal
with keeping the equality of amplitude for all frequency.
Moreover, they are used to be the basic block to design other
analog circuits, such as quadrature oscillator, multiphase
oscillator, or notch filter etc [1]. Especially, the APF with
amplitude controllability is useful to synthesis the multiphase
sinusoidal oscillator [2] with independent control of
frequency of oscillation and condition of oscillation. In last
decade, the designs of analog signal processing circuit have
been focusing on current-mode circuits owing to their wide
bandwidth, lower power consumption, greater linearity, wider
dynamic range, simpler circuitry and require less chip area
then voltage-mode counterparts [3].
From last decade, the designs of the current-mode first
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order allpass filters employing active building blocks have
been reported in the literature [2, 4-25]. They are focused on
the following features, using minimum number of active and
passive element, using grounded capacitor, electronic
controllability, low input and high output impedance,
resistorless circuit and etc. However, the previous APFs are
unsuitable for all above features which will be described as
follows:
e Requirement of element-matching conditions [8-9],
[14],[17], [20], [22-23]

e Lack of electronic controllability [8-9], [19-20], [22-
25]

e  Lack of low input impedance [2], [4], [6-8], [10], [12],
[14], [17], [19-25]

e  Use of more than two active building blocks [4-7], [9].
[11], {151, [17], [22]

e  Uncontrollability of current gain [6], [8-9], [11], [13-
20], [22-25]

e Employing floating capacitor [15], [17], [19-21], [23-
25]

A configuration capable of realizing inverting and non-
inverting first order allpass filters using one CFCTA, one
grounded capacitor and one electronic resistor is presented in
this paper. The use of CFCTA which has low input and high
output impedance makes the proposed circuit is ideal for
cascade in current-mode circuit. The paper is organized as
follows. In Section II, the characteristics of CFCTA and
proposed filter are presented. The simulation results and their
evaluations are given in detail in Section III. Finally, Section
4 concludes the paper.

II. CIRCUIT IMPLEMENTATION AND ANALYSIS

A. Basic concept of current follower cascaded
transconductance (CFCTA)

The CFCTA is current-mode active building block which
has input and output as current. It has low input resistance at f
port. The current iy flows from port z. The voltage v- on z
terminal is transferred into current using transconductance
2mni, Which flows into output terminal x; and the voltage vy; on
x; terminal is transferred into current at x» terminal using
transconductance g,,». The g, and g, are respectively tuned
by Ig; and Ip:. In ideally, all output terminals are high
impedance. To extend the use of the CFCTA, the output
currents at z, x; and xz, namely z copy terminal, x; copy
terminal (x;;) and x» copy terminal (x2) are added. The
current at z. terminal (/..) is copied from current at z terminal,
the current at x;. terminal (/.;c) is copied from current at x;
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terminal and current at x2. terminal (/) is copied from
current at x> terminal. The characteristics of the ideal CFCTA
are represented by the following hybrid matrix:

v, 0 0 o o],
I.. 10 0 oflr
= : )]
]x,..t, O igml 0 0 V.\'l
I 0 0 g, 0j¥,

For CMOS implementation of CFCTA shown in Fig. 3, the
2m: and g,,; are written as

gm] =

£4,Cox (W/L)]BI s 8 = /‘tucr),\'(W/L)]Bz .

Ip; and Ip; are the input bias current to control g,; and g2,
respectively. The schematic symbol and the ideal behavioural
model of the CFCTA are shown in Fig. 1 (a) and (b),
respectively. To simplify the electrical symbol and equivalent
circuit, the copied output terminals z., x. and x.» are not
shown.

(b)

Figure 1. CFCTA (a) Symbol (b) Equivalent circuit.

B.  Proposed low-input and high-output impedance current-
mode first order allpass filter with amplitude
controllability

The proposed first order allpass filter consists of one
CFCTA, one grounded capacitor and one electronics resistor
as illustrated in Fig. 2. The electronic resistor Rg is controlled
by voltage Ve and —Ve. If aspect ratios of Mgy and Mga are
equal, the equivalent resistance value is given as [26]

S
/uuCOA’W(VC =V )

According to this circuit topology, it is advantageous for

monolithic integration. Moreover, the input current signal is

applied to low input impedance terminal, which is an
attractive feature for current-mode operation. Considering at

3)
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current output terminal, the proposed filter can provide both
non-inverting allpass current (/op) and inverting allpass
current (/oy) with high output impedance. Using (1), the
current transfer function can be obtained as:

Iop Lo g —5C
—_— = —_——= R em N 4
1, 1, Sml g, 4sC @

in in ml
where s = jw, the gain of non-inverting and inverting allpass
filter can be derived from (4) as below:
I

or

1

in

1oy

1

in

= gml RE * (5)

Also, the phase responses of non-inverting and inverting
allpass filter can be derived from (4) as follows:

¢ =—2tan” (“’CJ (6)
gwl
and
¢, =z —2tan” [;f} (7
ml

Substituting g, from (2) in to (6)-(7), the gain and phase
responses are modified to

I I,
% K % = Rp\[14,Co (W/L) 1y, ®)
@, =—2tan™" * B 9
P !
\f/*’uC(Jx (WE’L)]HI
and
b =m=2%n w—CJ (10)
\fﬂncox (W/L)[ﬁl

From (8) to (10), it is evident that the amplitude of the
output currents can be electronically controlled by /Iz; or Ve
without affecting the phase response. Similarly, varying the
value of bias current /;, only the phase response is changed.

1/

n

Figure 2. Proposed first order allpass filter.

C. Non-ideal effects

The effects of non-ideal CFCTA will be considered in this
section. For non-ideal CFCTA, the relationship of current and
voltage is rewritten as

L=aii, =yl =pg. Vi =5g.V 0. (1)
where « is the current tracking error for f terminal to z
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terminal, y is the current tracking error from z terminal to z.
terminal, f 1is the transconductance tracking error from z
terminal to x; terminal, /3, is the transconductance tracking

error from x; terminal to x; terminal. Using (11), the current
transfer function of circuit in Fig. 2 becomes

ﬁlgml. —SC
Lop Lox Y
“or __ZoN _4qyB g R : 12
!m in yﬁ_gm‘ : iB]gml. +5C ( )

where s = jw, the gain of non-inverting and inverting allpass
filter can be derived from (12) as below:

ﬁgz;'m. ]z +(aC)

& b -
(ﬁlgm) +(@C)
Also, the phase responses of non-inverting and inverting
allpass filter can be derived from (12) as follows:

I

oar

I

JON

I,

in

a}’ﬁgiu‘ (]3)

in

“TE= i) -
¢’ y {ﬁlgml n ﬁlgm ¢ :
and
o [ T ] QD R 15)
o [ﬁ.gm] ) (ﬂ.gm.] :

It is found from (13)-(15) that the tracking errors affect
both gain and phase responses of the proposed allpas filter.
To reduce these effects, the internal construction of CFCTA
should be carefully designed. For example, using the high
performance current mirrors should be done.

II1.  PSPICE SIMULATION RESULTS

PSPICE simulations were carried out to prove the
performances of the proposed allpass filter in Fig. 2. Internal
construction of CFCTA used in simulation is shown in Fig. 3.
The circuit was designed and simulated based on the 0.25pm
TSMC CMOS technology [27]. The optimal aspect ratios of
PMOS and NMOS transistor are listed in Table I. The active
parameters and the passive elements in the proposed allpass
filter are chosen as +1.25V supply voltages, Vgr=-0.55V
C=100pF, I5=200pA, Iz=180nA. The controlled voltages
(Va) biased to Rg are equal to supply voltages. The power
consumption for above condition is 5.5mW. The frequency
responses of gain and phase for lop and Iow are shown in Figs.
4 and 5. It is found that at operation frequency, the phase
responses are according to (9) and (10). But the current gain
is slightly deviated from (8) due to the current tacking error
and parasitic elements appearing in the non-idea of CFCTA.
The frequency response of phase for Iop with difference /g, is
illustrated in Fig. 6. In this result, /z; is changed to three
values which are 30pA, 70uA and 200pA. It is confirmed
that phase response can be tuned clectronically by /z; as
analyzed in (9). To investigate the time domain response of
proposed first order allpass filter, a sinusoidal signal with
peak to peak amplitude of 25uA and frequency of 2MHz is
feed as input signal. The result shows in Fig. 7. It is found
that the proposed circuit can provide a phase shift between
input and output signals whereas the output current lpp lags

100

the input current and the output current /oy leads the input
current. The simulated total harmonic distortions (THD) for
Iop and oy are 0.594% and 0.487%, respectively. The
controlling amplitude of output current /op by /3> is confirmed
in Fig. 8 whereas the values of [z are set to S50pA, 100pA
and 200pA. It is found that the amplitude of output current
can be adjusted. But the existing of output offset current
affects the output signal.

s

D M [T
= i

nr

" 5}-15 " | wléE [ i
il = - = S
s ke { L=

LT
lq—ri kil

Figure 3.

Internal construction of CFCTA.

TABLE 1
DIMENSION OF CMOS TRANSISTORS IN CFCTA IMPLEMENTATION

Transistor W (um) L (um)
MI-M4 3.5 025
M5-Mi3 3 025
Mi14-M17 10 0.25
M18-M34 5 0.25
MR1-MR2 3 0.5

1.0k lilk [[EV3 1.0M 1om 10H0M
Frequency (Hz)

Figure 4, Simulated gain and phase responses for Igp.

L0k 10k IUm: 1.0M 1M 100M
Frequency (Hz)

Figure 5, Simulated gain and phase responses for Iox.

Och
=50
=100

=150k

1.0k Ii!k LIS LOM oM
Frequency (Hz)

~200d

Figure 6. Phase response of lop for differnce Ly,
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Figure 7. Transient response of proposed filter,
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Figure 8. Transient response of proposed filter for difference I,

IV. CONCLUSION

The current-mode first order allpass filter based on single
active build block, namely CFCTA is presented. The
proposed filter has low input and high output impedance
which is suitable from cascading viewpoint. It performs non-
inverting and inverting output currents. The phase and gain
responses can be electronically and independtly controlled via
input bias currents which are convenient modified to apply in
control systems using a microcontroller. The circuit
description comprises only one CFCTA, one grounded
capacitor and one electronic resistor. With mentioned
features, it is very suitable to realize the proposed circuit in
monolithic chip. The simulation results verify the theory.

REFERENCES

[17 A, Toker, S, Ozoguz, O. Cicekoglu, C, Acar, “Current mode allpass
filters using current differencing buffered amplifier and a new high-Q
bandpass filter configuration,” IEEE Trans. Circuit and System-11:
Analog and Digital Signal Processing, vol. 47, pp. 949-954, 2000.

[2] W. Jaikla, P. Prommee, “Electronically tunable current-mode
multiphase sinusoidal oscillator employing CCCDTA-based allpass
filters with only grounded passive elements,” Radivengineering, vol.
20, no. 3, pp- 594-599, 201 1.

[3] C. Toumazou., F. J. Lidgey, and D. G. Haigh. dnalogue IC design: the
current-mode approach, London: Peter Peregrinus, 1990,

[4] T. Prommas, W. Jaikla, P. Suwanjan, P. Silapan, “Design of
electronically tunable first order allpass filter using OTAs with gain
controllability,” 13" International Symposium on Communications and
Information Technologies (ISCIT2013), pp. 350-353, 2013,

[5] A. lamarejin, S. Maneewan, P. Suwanjan, W. Jaikla, “Current-mode
variable current gain first-order allpass filter employing CFTAs.”
Przeglad Elektrotechniczny, vol. 89, no. 2A, pp. 238-241, 2013.

[6] 1. Jin, C. Wang, *Current-mode four-phase quadrature oscillator using
current differencing transconductance amplifier based first-order allpass
filter,” Revue Roumaine des Sciences Technigues, vol. 57, no. 3, pp.
291-300, 2012,

[71 W. Jaikla, A. Noppakarn, S. Lawanwisut, “New gain controllable
resistor-less current-mode first order allpass filter and its application,”
Radioengineering, vol. 21, no. 1, pp. 312-316, 2012,

[8] N. Herencsar, J. Koton, K. Vrba, A. Lahiri, B. Metin, “Novel dual-
mode electronically tunable all-pass filter using voltage gain-controlled

MCFOA,” The 13" International Conference on Optimisation of

Electrical and Electronic Equipment (OPTIM2012), pp. 1199-1202,
2012

[9] J1-W. Homg., C-L. Hou, C.-Y. Tseng, R. Chang, D.-Y. Yang,
“Cascadable current-mode first-order and second-order multifunction
filters employing grounded capacitors,” Active and Passive Electronic
Components, vol. 2012, Article number 261075, 2012,

380

101

[10] M. Kumngem, “New current-mode first-order allpass filter using a
single CCCDTA," International Symposium on Integrated Circuits
(ISIC 2011), pp. 364-367.

[11] P. Singthong, M. Siripruchyanun, W. Jaikla, “Electronically
controllable first-order current-mode allpass filter using CCClls and its
application,” The 18th International Conference - Mixed Design of
Integrated Circuits and Systems (MIXDES 2011), pp. 314-318.

[12] P. Uttaphut, W. Mckhum, W., Jaikla, “Current-mode multiphase
sinusoidal oscillator using CCCCTAs and grounded elements,” JEEE
9" International New Circuits and Svstems Conference (NEWCAS
2011), pp. 345-349.

[13] N. Pandey, S. K. Paul, “Single CDTA-based current mode all-pass filter
and its applications,” Jowrnal of Electrical and Computer Engineering,
vol. 2011, Article ID 897631, 2011,

[14] D.V. Kamai, P.V.A. Mohan, K.G. Prabhu, *“Novel first-order and
second-order current-mode filters using multiple-output operational
transconductance amplifiers,” Circuits, Systems, and Signal Processing,
vol. 29, no. 3, pp. 553-576, 2010.

[15] W. Tangsrirat, T. Pukkalanun, W. Surakampontorn, “Resistorless
realization of current-mode first-order allpass filter using current
differencing transconductance amplifiers,” Microelectronies Journal,
vol. 41, no. 2, pp. 178-183, 2010.

[16] D. Biolek, V. Biolkova, “Allpass filter employing one grounded
capacitor and one active clement,” Electronics Letters, vo. 45, no. 16,
pp. 807-808, 2009.

[17] S. Oatayfun, S. Kiling, A. Celebi, U. Cam, "A new electronically
tunable phase shifter employing current-controlled current conveyors,”
AEU-International Journal of Electronics and Communications, vol.
62, no. 3. pp. 228-231, 2008,

[18] A. Lahiri, A. Chowdhury, “A novel first-order current-mode all-pass
filter using CDTA,” Radioengineering, vol. 18, no. 3, pp. 300-305,
2009.

[19] W. Jaikla, M. Siripruchyanun, I. Bajer, D. Biolek, “A simple current-
mode quadrature oscillator using single CDTA.” Radioengineering, vol.
17, pp. 33-40, 2008,

[20] M. Un, F. Kacar, “Third generation current conveyor based current-
mode first order all-pass filter and quadrature oscillator,,” Istanbul
University - Journal of Electrical and Electronics engineering, vol, 8,
no, 1, pp. 529-535, 2008,

[21] A. U. Keskin, D. Biolek, *Current mode quadrature oscillator using
current  differencing  transconductance  amplifiers (CDTA)," [EE
Proceedings - Circuits, Devices and Systems, vol. 153, no. 3, pp. 214-
218, 2006.

[22] J.-W. Homg, C.-L. Hou, C.-M. Chang, W.-Y. Chung, H.-L. Liu, C.-T.
Lin, “High-output impedance current-mode firstorder allpass networks
with four grounded components and two CClls,” International Journal
of Electronics, vol. 93, pp. 613-621, 2006.

[23] S. Minaei and M. A, Ibrahim, “General configuration for realizing

current-mode first-order all-pass filter using DVCC,” Intemational

Journal of Electronics, vol. 92, no. 6, pp. 347-356, 2005,

S: Kiline, U. Cam, “Current-mode first-order allpass filter employing

single current operational amplifier,” Analog Integrated Cirewits and

Signal Processing, vol. 41, pp. 43—45, 2004,

[25] S. Maheshwari, I .A. Khan, *Novel first-order current-mode allpass
sections using CCIL" Active and Passive Electronic Components, vol,
27, pp. 111-117, 2004.

[26] Z. Wang, “2-MOSFET transistor with extremely low distortion for
output reaching supply voltage,” Electronics Letters, vol. 26, pp. 951-
952, 1990.

[27] P. Prommee, K. Angkeaw, M. Somdunyakanok, K. Dejhan, “CMOS-
based near zero-offset multiple inputs max—min circuits and its
applications,” Analog Integrated Circuits and Signal Processing, vol.
61, pp. 93-105, 2009.

[24

—



Indian Journal of Pure & Applied Physics
Vol. 53, July 2015, pp. 470-477

102

Current-mode MISO filter using CCCDTAs and grounded capacitors

Amornchai Chaichana'*, Adirek Jantakunj, Montree Kumngeml & Winai Jaikla®

'Department of Telecommunications Engineering, Faculty of Engineering,
2Department of Engineering Education, Faculty of Industrial Education,
King Mongkut’s Institute of Technology Ladkrabang, Bangkok 10520, Thailand,

*Department of Electronics and Telecommunication Engineering, Faculty of Engineering,
Rajamangala University of Technology Isan, Khonkaen Campus, Khonkaen, 40000, Thailand

*E-mail: kcamornc @kmitl.ac.th, kkmontre @kmitl.ac.th, mr.adirek @hotmail.com, kawinai @kmitl.ac.th

Received 12 May 2014, revised 29 September 2014; accepted 22 January 2015

This paper presents the current-mode multi-input single-output (MISO) biquadratic filter using current-controlled
current differencing tranconductance amplifier (CCCDTA) as an active building block. The proposed circuit comprises three
CCCDTAs and two grounded capacitors performing completely standard functions: low-pass, high-pass, band-pass, band-
reject and all-pass functions and does not require double input current signals as well as inverting input currents. The pole
frequency and quality factor of the proposed circuit can be adjusted electronically/independently via de bias currents. In
addition, the filter circuit has low-input and high-output impedance which facilitates easy connecting for current-mode
circuit. The proposed circuit uses all grounded capacitors which is very suitable to further develop into an integrated circuit
and without requiring any matching condition. Moreover, the active and passive sensitivities are low. The PSPICE
simulation results are included to show the workability of the proposed circuit.

Keywords: Current-mode, MISO filter, CCCDTA, Grounded capacitor

1 Introduction

An analog filters are extremely useful circuits in
many applications such as in communication system,
signal processing, instrument and measurement
systeml'(' etc. Now a days, current-mode active
building block is useful more than voltage-mode
devices wherewith it has high performance such as
wide bandwidth, higher slew-rate, greater linearity,
wider dynamic range, simple circuitry® etc.
Especially, it can be used at low voltage and low
power which is suitable for integrated circuit (IC)
implementation for applications in mobile or wireless
communication systems’’. From the advantages
mentioned above, the active filter networks are
mainly referred as current-mode circuits. Principally,

the modern current-mode circuits must have the
following features (i) low-input and high-output
impedances that are easier to use cascading or
directing load™'*'**"** (ii) avoid the use of an
external resistor due to the loss of power consumption
and chip area'™'***%_ (iii) use grounded capacitor to
compensate the latent capacity at the node of circuit
or output terminals and to reduce the chip area of
IC'"14#26282 The active filters which provide five

standard filter responses including high-pass filter
(HPF), low-pass filter (LPF), band-pass filter (BPF),
band-rejected filter (BRF) or eliminate frequency and
all-pass filter or phase-shifted signal (APF) in the
same circuit topology are the main research topic now
a days. Especially, various multi-input single-output
(MISO) filter configurations have been paid attention
in literature'™*. The review of previous MISO filter
topology is in the following text. The circuits
in! 129212730 have high-output impedance that
make them suitable for cascading or driving to load
without additional current buffers. However, they use
more than two external resistors which are not ideal
for IC implementation’. Moreover, they are absent of
electronic controllability for tuning the pole frequency
(@) and quality factor (Q). Although it can be used as
digital potentiometer for instead of an external
resistors but the circuits become complicated®. Some
circuits in'"*** are benefited to electronic tuning of
@y and @ by the parasitic resistance R, or the
transconductance gain g, but they afflict from the
requirement of double input current signals. In
Refs.18, 25-26, 28-29 the @, and Q can be

electronically adjusted. Also they are not needed the
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external resistors as well as matching conditions
which make them easier for tuning and fabricating in
IC. However, the input nodes do not exhibit low
impedance which is not ideal for current-mode
configuration. The current-mode MISO filter in’' can
be electronically/independently controlled for a) and
Q. But, it uses an excessive number of active elements
(five MCFTAs). The current-mode MISO filter
presented in Ref. 32 has low-input and high-output
impedance and can be electronically adjusted for a
and Q. Unfortunately, the ay and Q are inconvenient
for independently or orthogonally tuning. The
proposed current-mode MISO filters are compared
with previously published'™ current-mode MISO
filters and the results are presented in Table 1.

The current-mode MISO filter is presented and the
proposed circuit provides the following advantageous
features:

1 The output response of proposed circuit performs
low-pass, high-pass, band-pass, band-reject and
all-pass  functions from the same circuit
configuration without the requirement of double
input current signals.
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2 The proposed circuit has low-input and high-
output impedance which is easy to cascade in
high-order filter or drive load without using a
buffering device.

3 The pole frequency and quality factor can be
electronically/independently adjusted via de bias
current of CCCDTAs.

4 The proposed circuit uses only grounded
capacitors, which is advantageous from the point
of view of integrated circuit implementation and
compensation of the latent capacity.

5 The active and passive sensitivities are low.

To verify the workability of the proposed current-
mode MISO filter, the PSPICE simulation results of a
BIJT technology implementation have been included.

2 Principle of Proposed Circuit

2.1 Descriptions of CCCDTA

This section is a description of CCCDTA™. It was
proposed by Siripruchyanun and Jaikla™ which is
similar to the conventional CDTA, except that
CCCDTA has finite input resistances (R, and R,) at
the p and 7 input terminal. The characteristic of
voltages and currents of CCCDTA are shown in Eq. (1):

Table 1 — Comparison between various MISO filter

Ref  Active Number of Number Electronic Independent  Requiring  Matching Low-input  High-output
element active of R+C  control  Tuned of @, double input Condition impedances  impedance
element and Q
[10] Cccn 2 0+2 Yes Yes NEE No No Yes
[11] CcCII 1 242 No No No Yes No Yes
[12]  CFOA i 442 No No No Yes No Yes
[13] CDTA 4 242 Yes No No No Yes Yes
[14] CCDDCC 3 0+2 Yes Yes No No No Yes
[15] Tlf\)/lg_((:jléc A 3 242 Yes Yes No No No Yes
[16] DVCCTA 1 142 Yes No No No No Yes
[17] CCII 3 3+2 No Yes No No No Yes
[18] OTA 5 0+2 Yes No No No No Yes
[19] CDBA 3 242 No No No No Yes Yes
[20] DO-CCCII 2 0+2 Yes No Yes No No Yes
[21] CDBA 3 242 No No Yes No Yes Yes
[22] CDTA 3 0+2 Yes No No No Yes Yes
[23] CCCDTA 1 0+2 Yes No Yes No No Yes
[24] CDTA 4 242 Yes Yes No No Yes Yes
[25] MO-CCCCTA 2 0+2 Yes No No No No Yes
[26] CCCII 2 0+2 Yes No No No No Yes
[27] DO-ICCII 3 3+2 No No No No No Yes
[28] CCCCTA 2 0+2 Yes Yes No No No Yes
[29] CCCCTA 2 0+2 Yes Yes No No No Yes
[30] FDCCII 1 242 No No No No No Yes
[31] MCFTA 5 0+2 Yes Yes No No Yes Yes
[32] ZC-CDTA 3 0+2 Yes No No No Yes Yes
Proposed g 3 042 Yes Yes No No Yes Yes

MISO
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v, R, 0 0 0 I,
v, 0 R, 0O 0 |1,
= (1)
L1 -10o o |v
I 0 0 0 =g, V.

For the CCCDTA implemented by a BJT technology,
the parasitic resistances (R, and R, and
transconductance g, can be expressed to be:

R =R = Vr ...(2)
P n ZIEI
and
IBZ
— B2 ...(3
gm ZVT ( )

Vris the thermal voltage. From Eqs (2) and (3), it can
be seen that the parasitic resistances can be tuned by
adjusting the dc bias current [ and the
transconductance can be tuned by adjusting the dc
bias current /z,. The symbol and the equivalent circuit
of the CCCDTA are shown in Figs 1(a) and (b),
respectively.

2.2 Proposed Current-mode MISO Filter

The proposed current-mode MISO filter is shown
in Fig. 2. It consists of 3 CCCDTAs and 2 grounded
capacitors, which is advantageous from the point of
view of integrated circuit implementation since
grounded capacitors can be reduced the area for ICs
implementation and compensated the stay of
capacitance at node or output terminals of CCCDTAs.
From the CCCDTA properties, the output current can
be given as:

i CI[CC@I

inl

8 m3 EmEm3
Irm.' = k .. (4)
GG s+ e, s+1
gmlgm} gm!
_ 8wk . .
where k= 5 According to Eq. (4), the selection

of three input currents [ini, lin2 and fiy3 to obtain five
standard second order filters, inverting LPF, HPF,
inverting BPF, BRF and APF functions are achieved
in Table 2. Ttis clear that the output-current filter
responses obtain a standard biquadratic function
without requirement of double input current signals as

(a)

Fig. 1 — CCCDTA (a) Symbol (b) Equivalent circuit

T T

P P o
I CCCDIA, CCCDTA, I
:L-— n -x I: n z x—-om

= -

G I]ns I]u

CCCDTA,
in3 - 3 =

Fig. 2 — Proposed MISO filter

Table 2 — Input selection to obtain output filter response of
proposed circuit

Filter Response Input Selection

Iou[ Iin] [inZ [in3
LPF 0 0 1
HPF 0 1 1
BPF 1 0 0
BRF 0 1 0
APF 1 1 0

well as inverting input currents, that is easy to choose
the output filter response without requirement of
modifying circuit and additional double or inverting
amplifier. Moreover, the selection can be digitally
controlled by using the digital selection circuit in
Ref. 35.

Furthermore, the pole frequency (an) and quality
factor (Q) are written as:

’8,,,18,,,3
= [Smlom3 ...(5
% CC, ®)

and

Q: 2 Clgm3 ...(6)
8RR, \C8,



Substituting the parasitic resistance R , =(V, /21,,) and
transconductance g,,=(I,, /2V;), g,., =g /2V})
and g,,=(I,,/2V;) into Egs (5) and (6), the @, and
Q can be expressed as:
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Sy ==18", =, Sehe -1 (1)
A wtns =5 Scle, =73
and
Sie =L Si, ==L Sc, =%, S 1 =—% .(12)

o, 1 Telus (D
2Vi\ GG,

and
Q — 8133 CIIBﬁ ...(8)
IB-’I \l CZIBZ

It is evident from Eqgs (7) and (8) that the ) and Q
can be electronically controlled by adjusting the dc
bias currents of CCCDTAs. Moreover, if
I,,=1,, =1, (in practically, this can be achieved by
using current mirror to copy current /g to Iz, and /Igg),
the @ can be adjusted independently and linearly
without effecting of the Q values. Also, the O can be
adjusted independently by changing Iz; and Ipy
without disturbing . Then, Q is higher by varying
I3 more than I, as described in Egs (8) and (9).

1, [

@ =8 | o (9)

* v\ GG,

and

Q:S"riﬂ3 g ...(10)
Iy, NG

Additionally, the current input nodes [, and I
exhibit low impedance by setting Iz, and Ips as high as
possible. Furthermore, the output current node /,, has
high-impedance which is easy to directly connecting
to load or cascading to high order of filters without
using the current buffer devices that make it ideal for
using in current-mode configuration. As a drawback,
the impedance of input current node [;;; is not of low
impedance character. It depends on the adjusting of
Ry, and R, (ideally, they are equal). Thus, if the
tuning of Q is done by adjusting /g3, the impedance at
current input node [;,; is also changed. To alleviate
this effect, the tuning of @ should be done by
adjusting lg4.

2.3 Sensitivities of Proposed MISO Filter
The sensitivities of the active and passive elements
of MISO filter are low as given in Eqs(11 and 12):

It is to be noted that the relative sensitivities of the
proposed circuit are equal or less than unity in
magnitude.

2.4 Non-ideal Effects

It is necessary to take into account the non-ideal
effects of CCCDTA on proposed MISO filter, which
are voltage/current tracking errors and parasitic
elements. The first effect comes from tracking errors
of current differencing amplifiers and
transconductance amplifiers”". These tracking errors
are caused by the mismatch of transistors in internal
construction of CCCDTA. The characteristic of
voltages and currents of CCCDTA are modified as:

Iag/ 25 Q9 ¥ A
Ve LR SO~ O (W) L (13)
I @, 1+e; Q) 0|V,
I, 0.0 .0 t8g, ||V,

where @, and @, are tracking error of the current
transfer gains from p, n terminals to z terminal,
respectively. S is the tracking error of the
transconductance gains. The output current of the
proposed circuit is shown in Fig. 2, get modified to:

[24

_ nlCZ
inl -
ﬁ:’.aplap:! gm}

+Iirr'_’ Cl CZ Sz + 1
-ﬂlﬁ}aplaplgml gm}

o ﬁlap:! ngRHZ a])l
ou 2

oG .

Bha,a, 8, 8.

B8 CR,
28,8,

s+1

.(14)
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Then, the @, and Q of the proposed circuit become: where
ngRnZ
k= Y =5(C +C_,)+G,,
o =—— fﬁnﬁs%%zfazfga 15) (2+R,Y,)(1+Y,R,,) (G +C.)* G,
Vi GG Y,=5(C,+C.)+G.y. ¥, =Y, =5C, +G,,
and Y;=5C,+G, and Y6=S(sz+cu)+Gx2+Gﬂ-
0 817, B.C I, (16) From Eq. (16), if the operational frequency ( f,) is
Bly, ﬂlaplapZCZIBE - more lower than G.R, +1 , GuR,;+1 , G, R,+1 )
2,?'1'C“RP2 2JZ'CJ_,RP] 27C,R,,
The second effect comes from parasitic elements of (G, +G)R, +1
CCCDTA. The parasitic resistances and capacitances 2 oM and R,=0, R,:=0 (in practically,
at high-impedance terminals affect the @y and Q of r (CrZ +C,\-3)Rpl
the proposed circuit. There are R,, C, at z terminal and  this can be achieved by setting Iy, and /g5 as high as
R., Cx at x terminal. The proposed circuit with ~ possible or carefully designing the internal
parasitic elements is shown in Fig. 3. Then, the output  construction of CCCDTA to:
current is obtained as: Py
s C,C,
v, +s(C/G,+C,G,,)
_g:(um,,l Y1+ %R )1, L Cr6) 46,6t e |,
inl in2 in3
Enia EmEm3
Yy,
+ —2-(1+ YR, )(1+ VR, )+ L |1,
81 8m3
- I = = 3 P 0
1, =k 1+ Yf; M 2 GG | kG +CGL+CG,
L (1+%R, )(1+YR,;) B8 B8
gmlgM3 + G:lG:J + kgmlG:E + gmlgn:]
+ki(1+Y3RP3)+1 ol
gm3
L
...(18)
1131 i IBZ
4 Y, =5(C,+C,)+G
I CCCDTAI 1 1 z1 z1
inl 5 4 Y, =S(C’2 +C'z,)+G23
Y,=Y,=5C,+G,

X =sC, +G,,
Y6 =S(Cx2 +C

X

3 )+ GxZ + GJS

Fig. 3 — Model of circuit for high frequency analysis



107

CHAICHANA et al.: CURRENT-MODE MISO FILTER 475

Fig. 4 — Internal construction of CCCDTA

R * *
where k=—‘gi’%—’i, C, =C#+Cqand" C,;=C, +C

The @y and Q of the proposed circuit changed to:

G G,+kg G.,+8.8:

— Z 23 ffi ;. 1 maJ Fhy 19
@, \/ c'c (19)
and
Q= gmlgrrﬂ

kg,.C;+C G, +C,G.
1.~2 1 3 2zl ..(20)

o |GaCea +#80iCos + 8118 1s
et

3 PSPICE Simulations Results
To verify the theoretical analysis of the proposed
circuit as shown in Fig. 2, it was simulated using the
pnp and npn transistors by the PR200N and NR200ON
bipolar transistors of ALA400 transistor array from
AT&T. Internal construction of CCCDTA used in
simulation as shown in Fig. 4. The power supply
voltage was taken as £1.5 V and the capacitors of the
configuration values were chosen as C; = C; = 0.3nF.
The simulation set for @ =1 and f, =510.111 kHz

with Ig = 100 UA, Iy = 25 UA, Igy = 200 UA, Igs =
100 pA and I, = Ips = Iy =50 pA. Figure 5(a) shows
the frequency response of output-current gain of the
BPF, LPF, HPF and BRF, dependent on selection as
presented in Table 2, without modifying circuit
topology. Furthermore, the simulation results of gain
and phase response of APF are shown in Fig. 5 (b).
The simulated pole frequency of the proposed circuit
was obtained as 483.509 kHz, while the calculated
value from Eq. (7) is about 510.111 kHz (deviated
about 5.21%). The deviation has been affected from
error of voltage, current transfer gains and the

20

Gain(dB)

-60 - - - -
10k 100k 1.OM 10M
Frequency(l1z)
40 0
209 -100
g Ia T
B0 5 e
E 012200 sl (b)
4 |s o
S o :
<201 300
40 400 e M A i i . pa S
10k 100k 1.0M 10M

Frequency(llz)

Fig. 5— Frequency response of current-mode MISO filter
(a) BPF, LPF, HPF and BRF (b) APF

parasitic elements of the CCCDTAs. The results in
Fig. 6 show the tuning of Q for the BPF response by
electronics adjusting at Q = 1, 2.5, 4, 8 and 16, when
kept to be Ig; = 200 pA and varied g, as 25, 50, 100,
200 and 400 pA, respectively. Figure 7 shows the O
of the BPF response for difference values of I, as 25,
50, 100, 200 and 400 pA, respectively, while Iz; = 25
UA. The results of the Q are varied from 8, 4, 2, 1 and
0.5, respectively. These results are confirmed that Q
can be electronically adjusted without affecting of
pole frequency, as shown in Figs (7) and (8). Figure 8
shows the pole frequency of the BPF response varied
as 118.577, 238.781, 483.059 and 990.832 kHz for
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Fig. 6 — Varied value of Q for BPF responses at different
values of [z
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Fig. 7 — Varied value of @ for BPF responses at different
values of Iy
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Fig. 8 — BPF responses at different values of I

value of I as 12.5, 25, 50 and 100 pA, respectively. It
can be seen that the pole frequency can be
electronically adjusted without influence of the
quality factor by dc bias current Ip.

The tolerance of capacitors may result in the pole
frequency deviation from the requirement. In this
case, a Monte Carlo analysis can be used for
analyzing the error from the tolerance. The statistical
results of a Monte Carlo analysis within 5%
tolerances to all the capacitors by using the Gaussian
probability distribution and 200 trials are shown in

2

3

- & bsssassasannas

o 5 e

§ |

o

5 »

n_oo... obohohelededededededeck ob vodl
420 440 460 480 500 520 600

Frequency (kHz)
|__;| samplas =200 minimum = 453807 maximum = 573670
n divisions =20 median = 497268 3"sigma = 67930

= 523372

| mean = 497342 90th %ile
= 473108

sigma = 19310 10th %ile

Fig. 9 — Histograms of the possible spread of the pole frequency

Fig. 9. The histograms of the possible spread of the
pole frequency are shown in Fig. 9. The standard
deviation of the pole frequency of BPF response is
19.310 kHz. The possibility for the maximum and
minimum of the pole frequency are 573.679 kHz and
453.807 kHz, respectively.

4 Conclusions

A current-mode MISO filter using CCCDTAs and
grounded capacitors has been presented. The
proposed current-mode MISO filter consists of three
CCCDTAs and two grounded capacitors and offers
the following advantages: (i) it performs low-pass,
high-pass, band-pass, band-rejected and all-pass
functions from the same configuration, without
requirement of double input current signals and
inverting input currents (ii) the pole frequency and
quality factor can be independently adjusted with bias
currents, (ii) the employment of two grounded
capacitors, which is attractive for either IC
implementation  (iv) the active and passive
sensitivities are low (v) availability of explicit low-
input and high-output impedances, enables easy
cascading in high-order filter or driving load without
external current buffers (vi) the quality factor is high
possibility by adjusting the de bias currents. The
PSPICE simulation results agree well with the
theoretical anticipation.
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