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ABSTRACT

This thesis proposes the CMOS-based current-mode high-order active low-pass
(LP) and band-pass (BP) filters using biquad functions. The passive RLC Chebyshev
ladder filters were used as the prototype, and the mesh and nodal analysis methods to
derive the biquad functions. The CMOS-based transistor-level biquad circuits were
subsequently realized from the biquad functions. The high-order active LP and BP ladder
filters were then synthesized from an amalgamation of the biquad circuits. Simulations
were carried out to verify the performance and functionality of the LP and BP ladder
filters. The results revealed that the proposed ladder filters were operable in the high
frequency range and electronically tunable, given a low voltage supply of 1V for the
entire circuit. The proposed filters could also achieve the LP frequency response of
300kHz and 30 MHz BP center frequency of 200kHz-20MHz by means of the bias current
(/g) manipulation from | to 100u4. Moreover, the multi-tone simulations were
undertaken to assess the filtering performance of the proposed filters and the results are

agreeable with the design specifications.
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11

p-Substrate

\ Free Electrons

_ { _ Negative lons
Depletion Region

(n) (0)
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TRPAUAUNIUVDILTULUANAT AIAUNTA (2.2)

L

=— (2.2)
Wu,|o,|

Toe# x4 Ao AP uAaIYRIBlaNAsaY, O, s AINTNYDIsEYBIanAsauluLTLLLA
waz ¥, \Juussiudivnn dasanaudu (v, -V;,) I

Q =-C, (V(: - VTH ) (2.3)

oax

o
[

= Eov - ' ' o ' & o o P ' @
Toedl C,, =2 fip Feag (enimiaoiui) vpstuponleaniuszninanniv

4 < = L v
wyunua Fsldlunsdlves v, faniewe (V,«V, —V,,)) oy

w
Iy =4,Cox T(Vc, Vi )V.r) (2.4)

P a o & -t =
‘UQMBE‘V!T]‘LI‘H'&WLﬂﬂ%tLﬁﬂﬂﬂ?LﬁUﬂ??&Jﬂﬂuﬂ'm ‘H\‘iﬂ’J‘UF]IJIﬂFJ VG faumsdu

W =1
R= (#ncox T(VG ~Vru )) (2.3)
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Anavasnrunuaivigesalinniu o Tuvazieriuivuesuiianiu v, lesawisoauuia
s “ o I = L ar o | Qs o [
wsssuadsluwruwuaiinvindu ¥, /2 Jalunalieiussiuedsssnitanniuisuwuaiiandu (

V. —V,/2) udnhlunu ¥, luaunsit 2.4) iy

w V
Ip=u,Coy T(Vu Vo — 7'0) Vo (2.6)

Faluaunisi 2.6) Wumsussanuildlddlunsdd v, < (v, -V,,) Fu3entaams
¥9UYDMEANTIUTANDFHI1979 Linear Region %158 Ohmic Region W38 Triode Region

o V, >V, —V,,,) wsneliiAausingnisaidnesamisiu Tnefiasunnguil 2.9
wansflsaudtsdnsfuusvasulunelunsuiua uazﬂ“immﬂmmﬁmmﬂwqﬁ Q,,‘i?'iﬁiaaq
amasdlelndfuriesu danasuiiussdiuvindu ¥, =¥, -V,,) vnliussiussminannniu
wruLuaTiA e IweTIvE S NN YD ILTULLA Depletion Region UHUTOUY 11¥0d LyULUA

- e w - @ ) R
WAL UATY FAUTBNUTINGNTAITIN Pinch-off AauaRILUFUT 2.9 UM Pinch-off LARBUNLUNIA
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veosadioussuiivasuiinty Fsluvaziusuuwualduianveesalufiegn Pinch-off ldunm

=

1n8%2955131990 Pinch-off 3¢1UU Depletion Region BLANATIUIINKYULUAILYNFAIYATING

U Y q

Pinch-off JU# Depletion Region waglugavuasu lngauulwiiiinainanuaisdndfiviasunu

n Pinch-off

/

Depletion  Channel Pinch-off
Region Point

e w

JUT 2.9 weansudawmeslunsdiidud [25]

Tneiussstu Vps 2 (v, -v,) swgnuiadudesdiu Ao duiifunruuuasenitaneesa
fUqM Pinch-off UAYAIUT Depletion Region 3¥Wi199A Pinch-off FUVILATY Feqaiifidnanu
AUVIUEINTT wazA Vg Ehu'hmja:aq‘[ufi'mﬁ dlevhnsiiinen 1, ulufifunisussana
AL waftlfidowsaiuil Depletion Region tRstuasviilinszua 1, ile ¥, > (V, —V,,) &

AUNISN (2.7)

]D (VD) = IDs.u =1, (VM., ) (2.7)
Toedi

1 W 2
D.max — Eﬂncwr T(Vo . Vm ) (2.8)

- [T X ° e - ' =
ANAUNITA (2.8) Wulsinnszua 1, sivdwdle L anas vinludnansgnudnetiavily

| P i . ° < [
Y84f1 L MAATULS8NI1 Channel Length Modulation Imummsﬁ]maumsw (2.8) M8 (1+4AV,)
- " P @ w0 @ ' ) v al
FaA1209 A amidusaandsudsuntuiual Llaevnalu wu o1 L =10um  waaan A aziian

wiiu 0.03V ' wdefre A o 1/L
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Ip
‘ VD = V(,- - VT
linear <e—; —p saturation region

region Vs

Vs

Via
Vaa
Vo
Var

—- e

U7 2.10 AmuduiusvaenTruamTuLasuIWIUATURUYIYRSA [25]

=

Faarruduiusoocussdu ¥, dunssua 7,luvmeiiussduiivinnasi uag

s

spavsudawefinenlugudui annsadoudunsmldfgud 27 @) wezgud 210 wang
AUAUNUSTENI 1N TEUALATY UazuTIFuTivnsuiuesa lnsidsudl ¥, 1aod
¥ooy TV T Vogy < Vg4 oo

nsiuveseansudawmesiudnvuzveinisldusulniauauusunuvensyua lag
aum'snisu.mmwuamaammu%amas’:gﬂﬁmﬁu 1a# S. Shichman W@z D. Hodges [5], [6] fraunsi

(2.9) uanspENTRNM I UYE AN LTAIADS
W v
ID:KT(VG —Vr-%]VDS;VUS>VTH (2.9)

Toeit K’ = d@msuanoudinuaud (Transconductance) HAWIU p,C.,
4, = AIAUAABIYDILEA WIBBLANMIDUY (Surface Mobility of Carrier)
sz ﬁhmmqsﬁaﬁuﬁmwaanl%ﬁ (Capacitance per Unit Area of The Gate Oxide)
W = @70N90UYURUA (Channel Width)
L =A21817UD9YULUA (Channel Length)
Vs = WIIPUTEWIUUANAUI YR A
V,, = W39UTnI3H (Threshold Voltage)
Vs = W39RUTERINIAsUIU e sa

fo.. NITLALNTU
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veansudamesiiniavhouniadu 3 929 Jausastransviauliuegiuen v, -1,
wazAn ¥, laslunstiidn V-V, \uaud viailumau ueansiudainaiszeglutili

1INTLUA (Cut-Off Region) %38

I,=0;

Vs| V| <0 (2.10)

luvrhidnszuall Yoainssuassyinauniloudasile anen V|-Vl > 0 ua

0< V| < Vo |~V | WEmBENTINTARO SR DElUTI1VDINTUINTEUALIBUS (Triode Region)
W Vs
I,=K _L'[Vm _Vm_%JVm (2.11)

e [Vos| = V7] > 0 wag [Vis| > Vos|-Vr| woansdamesazsiausglutawes

MIUINTEWADUAT (Saturation Region)

w

Y A
2L(

/ Vos =Vin )- (2.12)

D

2.1.3 dyanvalvasuaansudainas

dydnwalvesweansiudameiaunsovenlainluneaniudanesvin N vie Pimﬂ@ﬁ
Wgnasfiviwesatignasiutnvnuansindu pMos  uatwhgnasiiueenanym
uaneindu NMOS w‘%aq}ﬁﬁﬂmwmﬁqqnﬂiﬁmuaﬁ (Body) #39§7U504 (Substrate) W3DU91819
Fundt Bulk laethgnasiudimuinnuansindu NMOS udtiignasiueennuinmuand
Juilu PMOs Bnviedgdnualdiaunsavenldininueansulameiuuuidusuduuilnen wie

weansudawesiuuindtulvun duandugui 2.1




NMOS PMOS MODE
_|L_I— ___|L__].___ Enhancement
i ]
— =y Depletion
_| _| Enhancement
—| _| Depletion

JU 2.11 dydnwalveueansiuBainesyiamie [25]

2.1.4 29951adloudgynuuaanYe e ans 1Udane S

17

19asialioudy uvunnidn (Small-Signal Equivalent Circuit) [26] U8IN0aNIIUTALADS

lulglumsiinszinanauaussvesdyyiu ueansiudamesoziinginssuduusaiuaiuay

WAAINILLANIZUA (Voltage-Controlled Current Source) Inalwdayeyias Ve vilAONIZUE EmVes

MIRIUUUATY ALEUIUTBuwRazAgunnuaziiusdudlunisgauad Taeiidsuny 7,

[¢]

ARBYIENINVNATULALYITEE Fanansluzun 2.12 Wenszuanvunnaziidiosunauiieus

Jumudvilinvninnidnvauziviioudnems awnsomauseu vy, leded

Va

A}

=gty —

Fo8m vgs

5UT 2.12 2995d gy rauvunniinueneansulamnes [25]

(2.13)
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AIALAUNTUN AU WNAARdUNTUAIAITUTBINTIANFNR LS SENINS I

Vo

wae Vs anunsavenlanad

r =—
°= 1, i, (2.14)

jh‘k

i Slope=g,

l Time

Vig Vis Vs

JUT 2.13 n9mluananudiugsening ip uag Ve (7]

AMITUdRBUANUALT (g, ) ADAIAINTUYBINTINAIFUN 2.13 uavgnivunmEA1ves

ASTUALASULATZLSINUT TN NNz Tasadudeulanail

_ 0ip
v

Em (2.15)

AR ip = 1p,vee = Vs WaE Vs = Vg AOUUAMSIUAADUANLAUTAILITONIA

vevail
oi
Em = 2 - 2K(VGS - VTH) (2.16)
Oves
w
= 2;1(‘(“.?/0 (2.17)

o 1 w
gn K=—u,C, —
2 L
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ig iy
-
O 0 G 4=
= D
vgs gmvgs ro RD V()
o = L 8 o ‘o)
A

JUT 2.14 502995800 NRENYBNTVY [26]

=

NFUT 2.14 enermsumudunnue R sdygIauIAdnansa LRl

; ] (2.18)

AILETUNTUN UL RNANT LAl TENENNTT Thevenin’s equivalent HATUINIFU

ENaLaET Ve, = 0 aunsanilanail

R =r

0 o

R

D (2.19)

deuuseiuswavasdygusuiaan (Vo ) ledal

Yy, =—£,(r | Rp v (2.20)

WaE ORIV IBVBIF Y Y IUTUIAENAE

Vv
Aw) = v = _gm(r;: ||RD )vg.s (221)

oy
g5

gwnuen 1, =V, /1, agldi

V.R.
A,=-8, {$] (2.22)
VM' + IDRD
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(M)

(V)

JUN 2.15 (n) Yaunasitenseua lagld PMOS (v) 199sialiouvunaidn [25]

t:] =2 L4 v I 1 s - =

INFUT 2.15 (M) Wunsld pMos wnumsldundsitenssualviiu NMOS #i915aungud

2.15 (V) LHOVENTIU81LUDIFYYIUTUIALENLELAIHFUNTUN A TULDIANG NIVUA ALY
InNuazwed JAtAanyinlvueansudaimes M, sinewdudidiumumsie v =0  uas

g,V = 0 Mldianansamaunislaned

A\'o = ﬁgml (r;Jl ”r02) (2.23)

B =

ont rnl

Ir.. (2.24)
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2.1.5 wmalulag vasduod

FU0d (Complementary MOS: CMOS) [25] t3onladi1ifunisadalaeldinalulad
UDANTILTANDINY NMOS WAy PMOS  UuwHugIusanfsafu fudfinisaiinaslasly
weluladfueadurouindudounimsudames NMos vie PMos usdelsinduuselon
athannluniseensuuassilumaluladasessu lnsamnsouszgnaldliinassauuuy

AUNADNUATLULAINDA

SiOs

UM 2.16 29935ndueaainsvugusesuinby [25]

nguRt 2.6 uansbiiuludiuvesnisainliuduealasldnsudawes pMos way
NMOS  lasdaunalaimsiudawmes PMOS a3nalauugiusoawiady (r-type body) luvmed
NIUTALNDS NMOS A1 uaNn (p-well)

NMOS PMOS
Device G Device G
1
s s D B

p-Substrate

JUT 2.17 29935 @upaaiauugusesvilaii [25)

9nguRt 217 Bunsains@uduealaglinsudames PMOS Nidensousmeusidu (n-well)

Tuvaginsudanas NMoS aglugiusesuilnil (p-substrate)

ﬁ' - - L3 € A

defiansanueansudamesuuuiusdumunlnunn1anien wlugun 2.6 wazgun
2.17 Wiuldimeessinduealsenavlumetaamuiunssuarinduuartamiuiunseuasiiod
Fadndusgraunnlunisvilvigiusesvliaduuazyiailurassiudusausnainiunialui

AatugUTl 2.16 sadunsruaunsaiisueiinen (p-wel) gnlfidumaiianisairanassuduea lag
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Busuanmlalanstinousiiaguiig fuemaiunszuariiafvesweanindaneignasne

Ju AaulunszuIuMsasIsUefinen Teeidesnafunszuaidurinduvosmeanitudanas

2.2 Budnswaivingadouazligyde

2.2.1 Buditnswaivlingyids(29asnsasnnunakiY)

- o

TUNMBNUULMIINTBIAILTvTAFI Fredudu s dufisdosldiuiestesda
Wureessusuiinis Feiide 1easduiiinsnes wazinoisuiiewmes F191n29959inauy
wvstasiidoutinoenuuuagsuniatslutligiu de Sufinsimes dusnazinisndnidly
il

Tunsieseflasstisdiufinesliauddnlun1siasesd fie tia (Phase) waz U1
(Magnitude) Lﬁauﬁ’ummﬁﬁgﬂ"‘miwﬁ 127] Fvilalesnsndannsn TneReitulassivaansa

Weoulesaannis

H(s)= D) :k]""_'i(sﬁp’) (2.25)

i=1

Tagfidvadinavazdlsausaidulavsarsuiuasmsoddoudwosdeuay mslvieglu

JUTRIUN H(jow) Tugureuaiua (Decibel) loilu

Magnitude = 201log,, ‘H (jo )1 (2.26)
Magnitude = 20log,, |k| + i 20log,, | jo -z - i 20log,,|jo- p| (2.27)
i=l i=

wazialuguveesmmIaLseiou (Radians) ansnsndioulaily

L 1LH (jo)
RH (jo)

n ] : - ” ] iy s
Phase:Z:tan'i {MJ—ZI%' [MJ (2.29)

i=1

Phase = tan (2.28)
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o -l o v & 1 = ' - ' v o v &
mafuawuuaiBeaviliiuiaugen Fdevduannuailinisssnuniame
Tundonnsn@eaiunsold euiu Tunisussununisndesnswludnenuzvesflanduiue
= s i o = & oo i (N a
WazMAILZENAUIINITNEDR Bode (Bode Plot) Biu3smsviligeennuiniin
Tudhwwasinvsznauluguuuu Nis) vie D(s) vesduiiinsinesviiagydovuaraglugy

99 _2  \Jundniiesanldlasevnenisasiudusunnie eedmsigneusenavaeadanduluy
S+a

NS H(s)=s+a aunsaihumauinuazalalasiinnvinny

12—

Magnitude = 20log, |ja)+a| =20log,, (a;2 +a’ ) (2.30)
Phase =tan™' [E] (2.31)
a

INUU NINFIATIENABEIUNAUVBIAIUTENDUTIATINUANNSEIHIUVDINTNTOY

a6 v e e e o
mmnmmuaumuwwuﬂmawaammmtasmavaq
S+

NANNMST (2.31) ansauanunaladudunsmiagun 2.19 lasviwainaanud oo Iy
ufspudgsgadt 9o° Mdusdsgnuanatiuiduiiu uaziduiiussanue@sUsyan 45°/decade gn
wanududulse Usinginniennad o = a uu iainsideuly 4se

=

Fananalinasy

u

YuInkasiNaraInsmnaldu 5 = —a aNTOUNUALANNIS
S+

2.18 Waz3UT 2.19 ey

ﬁqﬁiuﬁugnwanwsnsaamm‘ﬁﬁ"nmu Uau'lﬁﬂmuf’isi‘wchulﬂmaﬁmmsngaﬁﬂ (Loss)
AN usiﬁmmﬁqqﬁ”'uﬁmﬁ'\ﬁLﬂuﬁaamwauﬁmmm (Attenuator) F}mamﬂ’ﬁﬁ’alﬂﬂamaa‘insaa
ﬂ'am?is?'wi'mgﬂuamlugﬂﬁ 220 2993NTBIAUDAE VTR UE T By faudtihu pe
auﬁaqmmmﬁﬁmaaw (Cut-Off) (@, ) ANMTaANeUYIIiU max A(dB) gnﬁam”umummf‘imu
(Pass Band) Wa¥ Li’iammﬁqaniﬂ @, finsaaneuwindu max A(dB) shumnuinn @, Tauds
mnuiieduigni3eniuaum uiivign (Stop Band) uay @, Fonitveunwives e

eI @, Wiy @, gniTenIauWAEURIUAUE (Transition Band)



o 10a ©n —>
m e
'3 :-201dB/decade: : :::
= i T e
=
=
an
(4]
P
s+a
l[ I
g
45|
(o]
2
=
(-~
_Qﬂ“

5UM 2.19 ndonnaves

S+a
| Stop band
Transtion
band

Loss dB ——»

Passband

T ®p W5 0 —p

JUT 2.20 AnauRvesBuinsmesviingydy

24



vdeanvasdufiinawmeivinamyide (Lossy Integrator) F9UsENoUAILBUI

WAL 2 WESH AR WAy a@nansnuandlanegun 2.21

U7 2.21 vienvesduiinsimesuuugmyide

Wenduaelauaunsodeulanauns

2.2.2 nMsaeduiinswmesviialigadeanduiiinsnesvilag

n15a51929958ufinswmesuuulianide (Lossless integrator) @M1
NITVBLUUNAUETIID NS uarUpundunndduwadalugui 2.22 99n35n

Y o oo ¢ ! o ala ¢ o al (.|
?I'ENE)U‘Wm‘iLG\a’ikLUU“LMEJCUNLﬂEmumemeU LLEie T,ﬂEJ:UL?\lamﬁﬂu

. Ol

JUT1 2.22 nsaseduiiinsimeselialiagdeanduiinaneiviiag

= = € o | v
NFUR 2.22 awnsalsuiandunisagleulansaunts

lunsalifeanu Wekansulenniyeiuindiusenay s Ao A1vuie

anuiin wnuimeilandu annsaduelalaedaviniu
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Magnitude = 20log,, ‘L‘ =-20log,, @ (2.35)
J@

Phaseztan"'(())-tan't[%}:—%" (2.36)

NN waz Iwafldanaunis (2.35) uay (2.36) ansatlundenlamdudisgui 2.23
way JUT 2.24 auadiu lagaiiulainA1vesuuinazanas 20 dB EoANRLUTILTY 10 ¥

LATYANYAIAIUTUFINEIY HANLYINAU -20dB/decade WULDY

94
20 .
b/ \)
m w —»
2 |
w 0
:"é 0.1 1 10
En -20dB/decade
=
20—
CJ L a
UV 2.23 WapRTUINTE —
Y
A
O
0{\
L
g
D o
S 00" ————————— — — o— — -
2 \
= o
o —
h)

- o [#4
gﬂw 2.24 WasalWgvay —
S
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2.2.3 Nsas19dunnsmasineldduad

Tunsainsduiiinsweselingydslagld@ueainuionlugui 2.21 anunsouandlanagun

225
V.‘).'J ' d + . d
( ) Iy Iy 2y Iy
i Iy Ie
(e L *—>»—0 +—»—0
M, M, M, M, M

C,:I:

JUT 2.25 199sBuTiinsmesyingaydslagliduena

TasUUUTIA0IF YR IMTUIALEN (Small signal model) uazudanlnazunsuvadevslugun

2.25 anansauandlangun 2.26

Ty

o @ @ I
1 1 g T 101'
—— G ; _— n
m, I ! gm,V, gm.V, am, gmV, * ]IN o— .S'Cl vz lo)

U7 2.26 wuuTaedygIILINEN wazudenlaevinIuvedsasluguil 2.25

Wieldnguesnoitenilvinnsiaeinsiuzui 2.26 lnvauy@lidmsuanousnuaud

(g, ) Humasi Heddunisanelounseuaanunsn@euladaunis
1

fol _ —!()2 = - (2.37)
].'.’\' ]Ir'\' SCI + gm

'

L

Y o oo 5 a ' = [ o i v
nsaseduiinsmesvinligadelagld@ueasnuaenlugui 2.22 anunsauanslansgy

2.27 lpiBuiiinsiweiviaguds (M, M, uaz M) luguil 225 sefunasveendua (M,

war M) nntiwihnsteunduludinszuadunn tendwailedl 2 wase A nszualeIANAUIN

(1,00 M, uasnszuaeennau (/, ) 1 M, auanu
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Vop —e o v .
II’L Iu_ I()-
o
M, M| M| M| M
| | | I | |
1 I 1 |
[Fe] ] 1 7

o

& - > @

JU7 2.27 wesBudiinsimesviialugydelagliguea

1()+

H—ﬁ——j ]r)-
](J
. 2.V gV 1 Qe V. ik 2 F'T"
m2tl mi’ ms" 2 ] it
g"" gm-‘l . = SC] ](J+
+=>

i
i

U 228 wuudraesdygauiaidn uarudeniaezunsuyonnslugui 227

deinisiwmsieilasldnguesinesvenil Haddunisdielounszuaveswuudnass

dyqanunaaniugudl 6 aansaideulasaunis

]O— Y g:nZgnr4 (2.38)
]h'\’ SClgnM +gm3gm5 _gmlgnr4 !
]()+ . gmf:gm[) (2 39)

[IN Sclgmfl _gnJSgJHS + gmlgm4

auyRlirnsuansudnuaudvemuBawmesnnia (M, - M,) dawiniu (g, =

€ =803 = 8ou = & = & = £,,) WeiTumsanelounszuavesgun 2.27 annsadoulmils

AIAUNS
/
0= _En (2.40)
I sC,
]()+ — gm
== (2.41)

Iy sC
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2.3 4UN1SLUA2DALASAN
2.3.1 nqufjaunislualanasidin

@l

1519 uRumeRsalaslsHN TuduAUNaDY (second-order function) [24] A3l

(s+2)(s+2)
(s+p)(s+p:)

(2.42)

H(s)=K

Farlsridusdananduduiidniuinduaunisluaanassin (biquadratic) uazdaduudon
& i o @ @ ¢ = voow
wuguildnudmsunisduasisiisesnsanlsuanueniinuuialvg Fainaunisinaiuatunse
Benlady
s*+(z, +2,)5+22z,
(2+2)s+22 (2.43)

H(s)=K—
s*+(p +py)s+pips

Tneflnanardlsluaunisisduiiaiviniu

z,=Rez, + jImz
z,=Rez + jlmz
p,=Rep +jlm p,
p, =Rep, + jlm p,

s’ +(2Rez)s+(Rez) +1Im(z)’

- : - (2.44)
s°+(2Rep)s+(Rep) +Im(p,)

H(s)=K

Avodlwaauisallisuunilalugees @, @udlwa) wax O, (wa Q) uarlums
Weriuguesdlsanansoeiuisles @. uar Q. wuiu Mty aunstwaansalioulalusy

YoauUsAIl

. o 5
ST+ —=s+@
H(s)= KaQJ:— (2.45)
53+—‘"s+wi
P
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sUuvuvesaunslumennsiiniuiiuszloviedsslun1sn (sketching) vasileridu o

waNIFUAS Lae¥ DC gain 92diAN

201og,,

"

K"’_l (2.46)

P
- o g w o« &
wazAunveLnulailuauunIziluy
20log,, |K| (247)

i @ :‘!’ P Y [ o s a o lq‘}
lngArgegauasinassifntudlomtuiu o, uazdwmivaunislumaninsindeglsuy
vaanina lngvswainmi e, /o, »1 ¥ie o, /o,»1 ui dumnisesiigagaiuszhignuanszny

NS F9NANNITVRY AAUDINAILINBITBINUAMWL DTN Y s plane FIAUNTS

@, = \/(Re p) +(imp,)’ (2.48)

& W l W= a v w o ' [y
Faamananaziluarsaiinngasusuludeiumisvadlng uarlumadeadu aunis
lumanmsfinaziiddigaliosavAvvauavdluiatesiigs  Jerragaiiaziinduiile

s= jo= jo. @MU Q.»] wazAudtls o, wnetesiudumiivedlsiag

. = J(Re z,) +(Imz, ) (2.49)

na O F9eBUIBAUUVAL (sharpness) TBY bump 71 @, @WNTAMILARINAUNTT (2.44) Uag

o J
(2.45) MU

=

0 - @, _ J(Repl )2 +(Im p,) sl
! (bw)p 2Re p,

wazdls Q awnsemleiann

w. J(Rez, ): +(lm £ ):

B (bw). B 2Rez,

0. (2.51)

lneidlsnuinazeguuuny jo Tuns@iil Q. = Faawnsaasuaumsliumiennsind

BuLNbeRatl
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|
{ ol

- ey ' <
o ANFIEAINATUILBYUTELIUN @,

LTI |

'
I o

o AWanflinfiuazetUssinui o.

3
& o aas [

o O, fARFTIAANULMANYBIAIGIER
o O AIMTINANNUNANYRIAIFNER
e wwAves DC iAWY 20log, K o’ /)|

o Auiidevunaiimatiud deuviniu 20log,, |K|
2 a v
2.3.2 nMsuszgndldaunislualenasiinlun1sa’nglsas

Fegnamsuszgndldnuaunislumenesinlunisaitesesiu fo nsldrusauuend
F1wau 3 fevinmsanasnsesmuisuduiiaesdiiiodnavarsiulnedauauoiuda
Tunsldanu fie i1 @,, O, uarAnNUTEWINTBIANIIAUTULAIIAWLLBATY [2]

Inavesasvsiinauestldinndiadsvesduiininesanswinluisesoundy (feedback
loop) Befliumpmaiinsasiiazgnizonin aslumenuuutioundulasliduinswesassi

TunrsWauniiy 15192 30MBNTA UM BMI AT YD IANNT15IBIOYWUS (Differential

Equations) 1989150 18AT181UVBIAINANANG V, Uy V, v9afendu2993n383audi WY

o

dusUTNAD IRl
V K
?o ket s (2.52)
A e
Faanursadisulaidu
s’ & | s
2 I/u = 2 J/l _———Vu . I/u (2‘53)
@, @, Qo

sgiulean ¥, duannsamileann (s’ /o) )V, wsalumanduiu wadidiu (s /e,)V,
ANV IAAINATNATINVDINIUNIANUMIA LY EIB I UELNTS (2.53) laetsratunsadeuannis

8 o J o d‘
(2.53) 'lwag'l.ugmmwaauaanwuﬁwumgﬂw 2.29
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« =}
1
0
2
K/co0 - -
VC > ] » ——= -—-‘-’-‘_"—'OVO
SZI/“ S SVU S
o 2
w@ a)n

35U 2.29 URBNNUFIUVDIAUNTT (2.53)

O 4 o v A e a a
PINUULLDYIINT P9 Op-Amp LWONINTEUIUNITIIULALDUNLNTA (summing and

W | ar 4:‘
integration operation) &7 L'i’ﬁ]ﬂﬂ’Nﬁ]‘imgUﬂ 2.30

2
aJU R,
K

V. © YW

i

+
P [y _n- & =
sU# 2.30 209sildanudeniugiluguil 2.29

wazlaviNIsIATIEIIRIAIIUR 2.30 aenudnflsiduluaunis (2.52) svegluguiniu
isesray fuwendnidesllymid uazdarsldsu Op-Amp 911 4 M1 15198911N15 1H9U9R3

P 0 o o ' @ e @ ! v rd & a "
Tugu#l 2.31 NvinadnsveviwalumiusfndiasiuesanussdndMdudune 2 du
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l ety a s

= o v v € a " o fal ot ] @ &
gﬂ'ﬂ 231 'N'i]‘im‘lﬁ&lﬁEiWﬁL‘l.l‘lJﬂ'ﬂﬂ.lFﬂ\?ﬂﬂEMﬁ‘Nﬂu‘ZJENﬂ’J’Il!G]'NF’mEJ'ﬂLUUEJUWCﬂ 28

9

-t ° w - s i
Fezvilieaslugun 2.30 sxgnuvantiunsduandlugui 232

5U 2.32 7995 KHN biquad

waziloynM AT IEaeaslugui 2.27 ui avld

o] 2
K'/(RC
, ¥ @ 01 1
RCQO RC’
Vep _ (K'/RC)s (2.55)
v, o, 11 I
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Vie _ Ry (2.56)
V , 1 1 1
i STt =5+
RCQO  RC
Taedi
2R.R
K'= 23 (2.57)
RR,+RR, +R,R,
2R.R
1/0 = 13 (2.58)
RR,+RR,+R.R,
way
% =K (2.59)
RGC”
PnANNs ey asvldisanuseldaunsilddmunsenwuR s
1
RC =— (2.60)
mﬂ
K
R, =R —? (2.61)
@,
R
W . B (2.62)
k 2w; - W,
K KO

a0 n‘; L o = - |
lapfid1vee R, war R, dusswinmsidenaivaivan

= Y < ) l .
N‘ﬂ‘i‘lﬂLtﬁNNgU‘w 2.32 uugm’%’amw KHN (Kerwin, Huelsman, Newcomb) biquad 082999

anatannsalinadwsiaidumanudiaeiu (lowpass) WoUAUDKIU (bandpass) WarAI MDY
w o L.

WU (highpass) Tuliaieniu F92993nsesmisanuetinuuiinilwadiiviiounu

Wedeansuadnsidursasnsesiumnaud ifaunsavilalasnsiiaednnves

APBIDAEIULAEALDFINIUINATSIEU Op-Amp WHLAN LasViA1vea 39992935 UUY

wnadw Ao o, uar Q WuliAtesun ured1alsinuaLiAia Phase Shift TUIINNTEUIUNITTIM

LATAUTLNTATY UWAxLiDI9N Gain Bandwidth Product 384 Op-Amp HuaznelAian1sIOuaIUY

WWivesr O Tu uazyinlriianalifeUssasrlun1snauauaveIInTNTaity
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2.4 NANNITAWATIZIA LU SHUUNSSHELUILAZ LAUA

2.4.1 BANNISAIATIZNAILUSHUUNTLLELUY

2993n589A0E RLC siatutulauuuniadwluiialy gnidilusuwuulunisaiiadu
Jasnsesauikuuweriiviiasniidiaulish 2s9snsesmuiigunuunssuaansaietu
Wlasnsldnseuaduiuysilunisidounuunisinauiesnsesnnul RLC vintutula
FuLUU dmsuisnsTidaueie nsERATIERFILUSWUUNSZULALY (Mesh Current) 7]

finrsanlassie RLC siadudulesoiu nwe daandlugud 2.33

—K'—E:}—..-.__I./Z"*‘ perry Vo _—— " 2041
]
22 ZZ‘. ZZH
IIN@ Z][:| Iml ZZ:—I ],m- ZZH-I ]mn Zz,,+:|
& &

U7 2.33 Iasetne RLC wiiavutulaseiy # we

a & a a ¢al [ o d W = o
AUUAIN (i=2,3,.....,2n) Wunrusduiivaudnuseneulumesnnulszauazdaimilend

aua1eu leeialulidfinisgayde dufuaud Z uaz Z,,,, JWumimuniulanslngeeiauas

Tvan awansiv Teedonnseuaws 7,7 ,,....1  ushudsldon deunseeluil
I, =Ty1,+T,1,, (2.63)
L, =T,1,, +T1,; (2.64)
Ly =T d i + T i i (2.65)
way
Y A - (2.66)
Ineimueilsidunnelow ) Favtaluil
T, = Im ZZ—' (2.67)




LbEIE

T — _—ml - ZS
12 ] - Z
m2 1,=0 11
T i ZZJ’—I
=l Z
m.a=Il 1,;0=0 i
. ]mr — Z!r+l
i+l T -
m.i+l I, ,4=0 ZH
T _ Imn — “in-1
n=lan = -
1

m.n=1 nm
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(2.68)

(2.69)

(2.70)

(2.71)

dle Z, =R, Z, =R, uaz Z, AonasiuBuiiunudvaaus Inaunsi (2.68)-2.71) iy

v =

Ieinilfaiulsyquassmiisniluwsazmeiaidunelounldasduaunislumennsin ud

fnhdufuuszgdommieniluudazweesn Haidunsielevildaudufivaudnssiuuay

Usuruawintu esanieiduiislauluusiazyaiiinamilouiuuaiidlsaneiu Ssaunsoaina

Ieheudenides duansudenlaosunsuluguii 2.34

]lN L, 1

Ll U7 Gl Dbl B L 1

/

ml

JUT 2.34 UGenleerunsunannisdaagiiulsuuunssuas
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nannsduaseiansuuuuniianelnldaunisiunulsesnsasnnudsluuunssua Ao

wanmsdaaTizimuUskuuinug dauanlugui 235

JU# 2.35 Iassne RLC viiadutuladaiudinm 2n+1Twua

lasete RLC wiladulduladsuandlugui 2.35 annsouansluguvesaunisie

11‘ :z(]in_li)z?(]in—]2)

0

L=T 1) =237 - 1)

* * Z *
L, =Ty, —15,) = Z—U(IL_, .

2

*®

£

0

*

* Z *
]2n = T2|1(12nfl - Iln+[) = Zzon (IIH—I
Ly
]:n+l = T" r+I]“n = @]’n
2 3 2 ZO 2

1;i+l)

Z,
Ly =Ly sy = Iyn) = HﬂL(IZi —1y1)

- ]'.:n+l)

(2.72)

(2.73)

(2.74)

(2.75)

(2.76)

(2.77)

laedl 1 =¥ /z, dudeindudwdsnszuadgnusuvuialae Z, Gaasiiuladnla

WLDUAUITUUU signal flow-graph a2 lUNAT Z, Huazgnu1efiamaniuniu uazan Z, 9
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wmaﬁacﬁ’qLﬁwsxa}uazﬁ'smﬁmﬂw Faluiidl Z,(s) szannsafusiteriduanusiuniuleq wag
Z,(s) szrdulafdunnuiuniuvesiifiudsequardamieni@sgnsefunuueynsy g
w01 Z, dupisldanusainsefilunsdenilaituduiinaudiieuiuoun Swadwsieidudne
Touitldanmsdunsziwuulnuaiasiuuuvannislumenasifin wazanaInaunIs (2.72)-

2.77) annsauansliluguuuuvdenlaosunsudiguil 2.36

* +
]IN 1 =1 ]2 1 ]?.i—l ]2H~] =] 1 ]2!7
e s, o S WA, Sl SRS
|
1, I, ’ I, Ly
A :
m— R q—‘ R st S
%*
11 : ]3 ]21' ] - ]2n+I

JUT 2.36 vdonlaprunsumanmsdauasiziiulsuuulnug

1 s d
2.5 NN15USEUUATNINTUI99INTDIAUD

2.5.1 M3UszUUAMUULY UL (Chebyshev Approximation)

NM5USEHIUAMUULYTLYN (Chebyshev) [1] {UNITUSEUIMUAM NUUIN HARDUAUBINIY
arudliidulululnineasngiuaiud waazdinuaulunisaaeudygnlugiuanuiideu

v o v = € =, cal a i =
(Transition band) 61 MU C, (@) Aefandunsatinaiansiiionintnalubivawuuism

UL n lenunadinmansees C, (o) Ao

cos(ncos™ @),0 < w <1

C, ()= { (2.78)

cosh(ncosh™ ), w > 1
- o v .: v e v v i
wenmileannisuans ¢, (o) Tuglvesilsidudnsuuiiuadiannsauanslamein
€, (a)) =w
C,(w)=20" -1

C,(w)=40" -3w
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C,.(0)=20C, (0)-C, (@) (2.79)

.5 T T 1 1 T

C":((u)

0.5

@ [rad [ s)

JUN 237 A83 2 (w) WD n=1,2,3,4

JU# 2.37 uanstiananauaussvuianegluglvesilanduisdion dwansluaunisi

s

(2.79) FUTUNARBUAUDINNVUIALUUALDA NI LTS N WL UDINISNTLN UL UUYINLTIBY

(Equal ripple) lughuauiinuuariinisanasuuuliululvin (Monotonic) lughusutivgs

|He (jo)|= T (2.80)

1+£°C. (@)

|H, e
|

0 0.5

@ |rad/s)

U 2.38 HamaUAWBMTWIALUULTIN WD e=1LH,, =1 WAy n=2,5,10
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guﬁ 238 wanwanavauawuakuuTluaunsi (2.80) Fudunanavausmis
ﬂmmﬁgnua%m"l,aﬂﬁ (Normalized magnitude response) [28] 'Lﬁﬁai'mmmﬁmuaq"luﬁw 0<w<l
rad/s TnensnannsnasUamauTRlusushaquaskanauauss fnanléwsi
o Tunsdlil nidusuaud sasenslwassvindu H, =H_
o uarlunsdiii n Wudwug daseeeliasaviiiv #, =4, /V1+é’
o UMD 0<w <1 radis (FENINEWAIDEIY
. wanpUAURIMTWIAluE UM LER uIEdnsurYRIN1s ST BLRE LB
o lugupnudisiou NamauaummwmmznszLﬁauazjizijm H. I1+&
way H,_ lag
o Tunsdifin Wuduiug kanavauamvuesriiAwin A, firud
@ = cos(km /2n) Lﬁ'z) k=13..,m=1 la%
o lunsdiit n Wusuoud nanevauemisuinaiidwiniy A, finnud
@ = cos(kzm /2n) Lfia k=130
e AUE 0=1 radls FENIIANUDAALALHARDUALDINIITUIATEVINY
H,, /\1+& Tidusu n azuwinlsin
o WD Irad /s <o <o, FonIEMAMLRUENY
o Humnud o<o, L‘%Uﬂ'i’lthum'mﬁwqm
. wamauauawwumm'luehummf'iwqm:ﬁmiaﬂaaaei'NT.quTmﬁﬂ
dlefiansanandiuldindmiu n 1aq nasnovauswwinuuuwtiaasyihiiinainu
auvpsnsaaveudyaalugiuauivasusnniuuuinmesiiss (Butterworth)
ansouandldininavesilastulas e liifenanovausmisaradduansly

aunnsi (2.75) Fesnilegngeiielussuruistourasaunis

Cj(iJ+ 12 =0 (2.81)

Wiawnuaunisi (2.78) adluaunisy (2.81) azlaaunis

CJ{i]:cos(ncos" i_]zi L (2.82)
i J &




4]

@ 5 b 4 o v
DU RRATIRY
i a8
W=u+ jyv=cos — (2.83)
J

Azl

cos n(u + jv) = cos nu cosh nv— jsin nusinh ny = +Z (2.84)

£
o W € - Y

WNUAUEUNUS cos(jx) = cosh(x) adluaunish (2.84) a¢le

cosnu cos jnv =0 (2.85)
uay

—sinnusinh nv = ii, (2.86)

p-
- P YY) o
PINAUNTGN (2.85) LUBIAIN coshav >0 LAUD FI9UU cosru =0 13D
2k-1
u, = T,k=12,3,..,n (2.87)
2n
FI9I sinmu = +1 FINUINAUNITN (2.86) LTIVENUTT sinhny = - Y30
=
Jatoee 1
v=—sinh' — (2.88)
n &

FaNaUNTN (2.83), (2.87) WaT (2.88) L5 U lwaresiendulassiiefe

s = jeos(u, + jv) =sinu, sinhv+ jcosu, coshv (2.89)
IINAUNTSA (2.87)- (2.89) anunseagulddviumislnavesileidulassiewuuielion fe

Py =0+ jo, (2.90)

8 o, =—sinu, sinhvuay @, =cosu, coshv

TudIur9 19950599 NUAR RN IUN AT U U TN wanalaeasua

u

o
L
g=)
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JUT 2.39 29a3nsesmnudmEuagiwuui o

vailAwesgunsainadnlulsasnssemnuiinmuwiad@nwuuisdvidieAmualinig

NTLANDUNAU 0.1dB 0.5dB WA 14B WARIFINISIE 2.1 AN579 2.2 WATAITE 2.3 MINFNU

A1574 2.1 Argunsaldmiursasnsasanudsenuylion Tdnsnssieuindy 0-148

ORDER  RI/Rs (I L2 C3 L4 C3 L6 (e

2 0.5 1.5715  0.2880

3 1.0 1.0316  1.1474  1.0316

4 0.5 2.2345  0.7976  2.6600  0.3626

5 1.0 1.1468  1.3712 19750 13712  1.1468

6 0.5 2.5561  0.8962 33962 0.8761  2.8071  0.3785

7 1.0 1.1812  1.4228 2.0967 1.5734 2.0967 14228 1.1812
ORDER  Rs/RI LI Cc2 L3 C4 L5 Co L7

' o ol c‘ L) 1 =i et - 1 et
f1319 2.2 ﬂ'l'i!‘l.]ﬂ?ﬂiﬂ"lﬂ‘SU’N"a'iﬂiﬂiﬂqquﬂﬂﬂw’lut‘ﬂﬂLﬁﬂ“&!ﬂ'\ﬂ"l'ﬁﬂ'ﬁﬁwaﬂkﬂ']ﬂ\] 0.5dB

ORDER  RI/Rs (I 1.2 €3 L4 Cs L6 Cc7

2 0.5 1.5132  0.6538

3 1.0 1.5963  1.0967  1.5963

4 0.5 1.8158  1.1328  2.4882  0.7732

3 1.0 1.7058  1.2296  2.5408  1.2296  1.7058

6 0.5 1.8786  1.1884  2.7589  1.2404 25976  0.7976

7 1.0 1.7373  1.2582 2.6383 13443 26383 1.2582 1.7373
ORDER  Rs/RI LI 2 L3 C4 L5 Co6 L7

U ¢ ar ﬂ' fll ] = = ﬂ. 1 ar
137149 2.3 ﬂ'lq‘ljﬂiﬁuﬁ’l‘lﬁiﬂ‘)q?i}'iﬂ‘iaﬂﬂ‘?']NCWﬂN’l‘UL"UUL‘U‘N UATNISNTTINBUNINY 1dB

ORDER RI/Rs ClI L2 C3 L4 €5 L6 2.

2 0.25 3.7779  0.3001

3 1.0 2.0236  0.9941  2.0236

4 0.25 4.5699  0.5428 5.3680  0.3406

5 1.0 2.1349  1.0911  3.0009 1.0911  2.1349

6 0.25 47366  0.5716  6.0240 05764  5.5353  0.3486

i 1.0 2.1666 1.1115  3.0936 1.1735 3.0936 1.1115  2.1666
ORDER Rs/RI L1 C2 L3 C4 L5 Co Ly
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& a0 oa - ° [ a6 et
Fenfiognolunnsnai 2.1-2.3 [28) ansmihlasadurasnsaswauanudanulans

Susulan 1AEAI9819N159180INERBUALDINIIANNDVDIIITNTDILAUAUDAIN LD UAUN ]

ANSNTENBUWINAY 0.1dB 0.5dB WAy 1dB MUAINU mmsmuamlﬁﬁqgﬂﬁ 2.40

/ RSN

-5.0

Gain (dB)
2

T ALY

B0, vz 10MHz 100MHz

------- Ripple 0.1dB
—— Ripple 0.5dB
..... Ripple 1dB

IIMHz 10MHz 100MHz LOGHz
Frequency

JUT 2.40 NARBUAUBINIIATINAVBINITNTBIOUAUAA W IUEUFUTN
2.6 unaju

Tuunit 2 dnanils nuiifiieades Usznouse veansudaines Fuiilinsuuazidile
falassadauardnvaznsielulnuesie enduidnuiduiiinsmeivingydouasls
goyde waraunislunlealnsin Wieliidlefnadnuarresaunisitiniulussazdiu lagd
doaumsifiuwuulumeninsinuds szdwmalimsesnuuunsilisuduiiauieiudesan
Wuaunsluguuuududuass Mntfainandmdnnmsduenyiiulsuuunssuamsuazinun
Weliannsoiiasgisasidnwuanitausuazgavinednanfimsussinueitaiduis

a a4 o ' P 0 o = i
nseeAud Fuirlugniseenuuudarzgnnanidisluuni 4 sely



uni 3
= s d‘ cl' 17
JTUAVENLNEIVDY
3.1 Ui

luuniznamimdnnistenasiivegninauaionlilunsasiausiofn uasdesaly
adamsUszgndldannsessng @ Adedestiolui Gumnmniwdenueniiminairnduaas
nsaammﬁgﬂuvunimnaﬁﬁmguﬂu"m PN ahuvnsadnesnserLisRIuLaT LAY
arwiruriindutulalasldgunsaiueaiinussinneneg tensuiisuteduasdaidoveins
Uszynaltgunsalueriinlunsasysziny

Teiduiinsutufioguiinmsyssnanadyguguuuunseualudagiuiuldfuan
aulaluegrunn Lijaqmnﬁﬂszﬁw%n"lw'lun”lsﬁ'muqan’hgﬂl.l,wusaﬁu wu voulaisina &
WUURIsNI19N9T waiimnufismsani feaundudindugs Sdfdewai@inig 2sashidudeu
wazldndenusdiewSsuiouiursesiivhalusuuusediu

'Luaﬁt-ﬂ,ﬁﬁmsﬁnauawé’nmiaanu,‘umwsﬂ*:aaLmummﬁtimuaumummﬁmuag
PNUNAIY993 1AYIITALWIUNTZUALUUNAIELDIANA (Multiple Output Current Conveyor:
MOCC) fdnaduuinuazauifioanuuuisasnsasaunuiiig 25slefiie (Operational
Transconductance Amplifiers: OTAs) flafiufiuysyasieansnfgnitauaiiiesenuuylesnIas
WOUAURHIULAZKAUALERIY waza99snsasdusuTianslagldfueadannsaldaulugy
ﬂ')’]llﬁ@&LLa51‘8‘?’1’.]’11165’1dﬁﬂEjﬁ;’]‘lﬁgﬂﬁ']LE'HJE]L'ﬁ‘i}‘lﬁﬂﬁaUﬂWfﬂﬂﬁLﬁﬂ%ﬂMﬂﬁﬁﬁﬁu wsdanseiiy

o @

Ustlovdvesrsasiindgnirdalunisussgnaldamuialy lunandeituiasnisenutniniy

v

wazuaumsiususugilaglidueatlinsminisinadygraligmitaue Fefldnvaziui
Unaulaunue 1w miﬁwwu'luahummﬁqa ANUFBINIIIFUALAFNETIRn n1sUTULsS
Iegnuiinde warlassaisiidudoution

uananil venuendiviiugunsaifiarusairluairaduresievimiiitldesis
wannmaneuasdugunsaififivneluiosmaiavialuigu oTAs, cCll 1a fstunisdiudenuaniiv
wasadusaniielFumuiiituiiresnisTaduiteulaevihly daludeiidunisndiis
mﬁﬁ'ﬂlnaﬁmﬁﬁmsﬁwé‘anuanﬁﬂma%’wLﬁa'lﬁffmmﬂu';a%niaqmmf’igmwunssuaﬂﬁﬂ

Jutulaiednwdafiuartefosveurazuidssell
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3.2 2ssnsesgluuunsznaviatuiulalagldsasaeniunszuavansedug

Tut 1996 9MUATEVRY Jie Wu UaY Ezz L. El-Masry [6] WUUNAUBNANNITIUNITOONLUUINAT

nsesmuifiiiaussilamisaarzuuuunszua laglisasaewunszuawuunaioeing

(Multiple Output Current Conveyor: MOCC) i simmduvinuazau lngldudnnisinassnis

YINIIUYDIATAULUU RLC viinduule

TP9TAUNTUNTTUAVENBLEIANG (MOCC) Afliodnauanuazaunaisieawamisiu 1y

mocc gnmiluldududufinsmeseiaifiddeundugiuuunszua uaz MOCC tudinail

a as

L01AWABLAUANTEY Wazdoyan

wimalniwes MOCC uanIRaguii 3.1

F, St

V_o—_)-—

X i

¥

¥

X

Z
MOoCC

Z

: I:l

m

_;<_°]51

o1,

JUT 3.1 dy

o Ly

anwainalniivues Mocc

=i L3 4. I“‘ IA & — L% |
Tnofilennansuszny Fuednauinegiinesn z uavavsgfinein Z Auautiluudas

WOIAVDI MOCC @nsnasuislamewnindmalul

[0 00 0]
1000
0100]| [V,
SRS N
- X
0100/ |V,
0-10 0| | Z,
| 1 0-10 0|

o v [ - = al
35n15a519 Moce Tesltmalulad cMos wandlu Fadui9asisin cMos cCl+ way

cCll- Whwheiugnunauslag Liu etal. [29] anunsnainnszuaeanalivaledilaudiy fiuns

WLV (Branch) 1@19we Samdnnisnisinauiimieuiuiunisinnuees cci+ vwis ccll- /i

e



TasNvuinvawmsiudamasiidauty Wuludmis 3.1

3U# 3.2 Ias9a31ewes Mocc

M54 3.1 VUINVBINTIUTaRaINLIYTIuTu939s MOoCC

Transistor W(gm) L{um)
M1-M4 40 3
MS5-Mé 65 3
M7-M8 60 3
M9-M12 130 3
M13-M20 60 3
M21-M26 130 3
M27-M28 60 3

46
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QvJ o 5/ @/ @ ﬂ' ; s a Qs
Pntuwhnsasinessusuiiniian Moce dauansluzui 3.3 lneednavaiedues

MOCC anunsartiousaludieasdule

Y Z >4 y ZH+=—1,
R %
| e
Le
L

(M) (V)

(™) )

0

Ri in

() (@)

1

gﬂﬁ 3.3 Uﬁamtanﬁwé’uﬁuﬁwﬁagﬂLmUﬂ'izLLaImEfo MOCC
() Buiinsnoiwuugauai : 1I/sRC

(v) ABLsuRmaIwUUgaANAR : SRC

(@) waInTRIRLBR S uduTnis : 1/(1+sRC)

(3) 2993nsRsAIdasH S uGuTvis - SRC/(1+sRC)

(@) 2asnsesuynamudsuiuiivis : (sRC-1)/(sRC+1)

@) Masaudye : [, =K1, —K,1,,K, =R /(R +R,),i=1,2
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L

' = w v a & o
MIATUNIUABAINT1IAIGUN 33 @11150a5791ean MOS nIudanes loglugud 3.4

wanwisuuiansamuatlalasusiiuasnelag MOS N5 uTames

@l

JUT 3.4 Fasnumusieainseas1elng MOS NS uTames

i

PNUUYIINITRINTAUNIAINTBIANUDAINIY RLC Chebyshev  vdatutulasuauiivi

Aunuulugui 3.5

b}

U1 3.5 2995N309ANUAAHIY RLC Chebyshev dusuivinuiintululaduuwuy

N15a31999InTBIANAAeNswasauntsiieglusUuuuuvensmnisivaresdy o

(Signal Flow Graph : SFG) @sfidautsznaulaua n1sduiitngm n1ssauuaznisvenedygn laedl

-1 1 —1

1 4R | 1

Src, | s Y SrC
1 1

-1
U7 3.6 nsimsivavesdygnguiuunssua ¥9N9TANLUUTIVIIUAIgUNsaluWaZ

HAGNWSAIZUT 3.6

= 1
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a a s w Ve ¢ ! @ [
Buiinamesnasnemn Mocc szgneenuuulviiiendnaunnndt 1 dalagliisasanseua
% (Multiple Current Replicas) $131u MOCC ifinaneiatdinparuisataunssuanduliduiiinsnes
ansavihulalagliddealdrsamenunszuaiududuwandugui 3.7 lnsauu@lidanumiu

R; = R, Wedwsansasune

[

]

NI

X
&
|

C,

~

]

A
= N

5U# 3.7 mIainneesnsasenudansuguiuunseuadusivivinlaeld Mocc

NANSIABINTYUTBNNRINIBsR AR usULUUNSELASuRUTvlAeld Mocc 1
N1SATMUAYIIAINUENTY (Passband Ripple) Ap = 0.3dB ?hamm?iwqm (Stopband Attenuation) A, =
25dB ﬂ’ﬂllﬁ (Passband Frequency) fp= IMHz ﬂ?'ll.lﬁﬁtgﬂ (Stopband Frequency) f; = 1.5MHz %\‘I’N'ﬂ'ﬁ
ﬁaammuuamﬁagﬂﬁ 3.7 insAvuaAIueIdIuUIENOU A R =R, =R, =R, = R=10 kQuay

C, =C, =28.73pF,C, =C, =20.71pF,C, = 42.8 pF
WelSuuiiguiunansiIa8IUBHaRBUALBININEALAR LATNARBUALBIAILNITABAT

FIUNUBUUAAASH (Discrete) WU Aunsouanclasasud 3.8 TeaziiiuldinuanavaundniemIug

U

DUt ulafU995NTDIANUARINILYIAD
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-100 -

Gain(dB)
4
o
~

--------- ideal response
2004 %

--------- simulated response with discrete resistors “

_——— = simulated response with CMOS resistors

300 : : : } ;
10¢ 10° 10° 107 10°
[frequency, Hz
JUY 3.8 NARBUALBINIIANNANATNTBIANDA UL UUNSERadud U lagld MoCC
seeeeeces HANBUALDINOAUAR
cee e UARBUANDINILNISAGRIRIUNIULUY Discrete

- = HEARBUANDINIENISABIATUNIUNES 1990 CMOS

wenaniadunaladn 20asduldew  moce s Mlunisadrnduisasnsosaud
Chebyshev Sugufiv 3slaerialuudasiuau Moce fildudeavinfuiusufureniainsed
ABINNTBNLUY Nﬁ]iﬁé’qﬁ%’aﬁ?ﬁmaguwn Tnsawzdwmasldaumauniulugms wasdadsuiu
UsgarenanBsdsnaviilinsasiildiuiivunalug) dadsliannsouiusmididnnseindls uasds
vhalsiianuddisedesidavesudenueniiniiaisiu venaini Wefinnsundsgunsaldild
1 Ui wa ves Mos Fldnudu Svarnvans vialdAnawgendudouludiunes

laseasnegunsal MOCC

] 2/

3.3 2995329 AAHIULA TN TR UANNAHuTnvuTulalaeTd9a 54
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lumreauunugugUnsaludanueniin OTA

2
Qs o

Tut 1998 91UTBUDY Jie Wu WA Ezz 1. El-Masry [7] WU MEUDN1588NLUUINTINTBIAUE

.: ] o ar L 4 14 ' s s o U @
FINTUBUFUNIMAZ I TINTBINOUANDNUS U UMnYTatuTuln

BuAUIINATNTOIRNNDA L Tineiadudule RLC wuuUansUnaARuluy (Doubly

U

Terminated) BIUTLNDUMBNTEIANY 3 Nszuaduanslugui 3.9
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gﬂ"i‘z 3.9 2995N509ANNRAET T T TatuTule RLC wuuuaneUadnuwuy

Hi9 M IIATIEIeRsIINgUR 3.9 Teeldisnsdumseiuuunssuawe Weidudislou

« = v o
fuUsnszuasesaunsalsulady

T = ]ml . SRs ff 1 32
T T S +sR L +(LC) 3
T :i - 1/(LICI) (.3)
* Ll 5HSR/L+VEC)
T = ]m2 — 1/(L2CI) (3 4)
21 = "n / .
Iml 1,3=0 s +(CI + CZ )1‘ (L'JCIC'_’)

T — ]ml' = I:"/(LECQ) (,, 5)
o mily -0 4 (CI +C, )~( L,C\G, ) :
T - 1m3 - ]/(L3C2) (3 6)
¥ o1, s+sR/L+1/(LC,) ‘

WAZNITNTDILOUAIIUDNIY Chebyshev dusunnviatutule asralaeleisnisimsedt

NFEUAlMUATINININTBILOUAIMANIY Chebyshev Biiatutula RLC fauandlugud 3.10

V, L | ICI Vs L3 | |C Vs
000 1| ' ! O 11
—b —b
Iy :E Rs _‘, G L, E: R,

<

U 3.10 2423NTBUAUAUAAHIY Chebyshev vHinTuTulasuLUY
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219939103UT 3.10 susaleuilsidudrloudinusnseuavasaslugleenssuainu

wazlumaatsndulamiulaed

1, :% 3.7)
T, = #}’(Sc) (3.8)
W5
Az
T =% (3.11)

Taofwuali Z, =R, =R =R, wavw’ =1/(LC)
NEUNTA (3.2)3.11) annsmilvaiiadulsasnssmaunrudariuiayisnses
wauANik ususunngULuUnsEnaviintulule 1aeldas oA wareiedine launsvua

3 = v
LDENAYEY OTA aunsalsulaidu

1,=Kg, V.-V )uax 1,=D K1, (3.12)
i=1

ilo g, A AmiuRsudnuANiremMIIUTAR BunagAvinessuisaves OTA uay K,
udnsuenefiarviunszuaiominguss OTA dwiudued OTA Yiaeweiiidiownalaoiy
UINADAUDANALALAUADIDIANA Fanandluzuil 3.1 das1venafmsuAsusnuAUGlngSINUD

OTA WWumsiwiue g, uae X,

V-}-O—N_’

—
gm K; - ]m

(M)
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I —»—K, — g

[; ——d K, — ]

]fr—‘"— Kn —
(V)

JUN 3.11 (M) dydneal OTA AdlAAmhvanewne (V) dydnvaissnszuaivines

INUUINUIATINNGT OTA JULUUNTZUABUAUAIY T 3 wuv Tnenneasnses

sUnvunszuadusiuvilivenvslumenilanduuuuil 1 wanslugui 3.12

I

- v w o o
EU‘W 3.12 3495 CMOS OTA E‘ULLU‘UﬂiSLLEBUﬂUWUQﬂE}Q’N%ﬂUﬂ')'afﬂktU'U‘lﬂ ]

Harduaelou anunsasuledy

_ S(gmz /gml)ll +(gm2 /C)"z
s+g,,/C

/

o

(3.13)

Qaﬂsﬁawmina%’mLﬂmwsn'immmﬁqaﬁﬂuﬁuﬁuwﬁqﬁﬂﬁﬂﬂﬁmuﬂ 1, =0 uag993
nspenmid Y ldlaensivue 7, =0 Fadedenisldnuduiesnsesnudiriudies
otafeaud gunanl oTa Musnflaiduiu Taelidauan (Non-inverting) 104 OTA failaesdiaas
Tudans1an

299InsesgUuuunsEuaduavassvedlumenilaiduwuuil 2 uandlugui 3.13
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& s o d‘
U7 3.13 7995 CMOS OTA JUWUUNTEUASUAUARIUBI1ITIUAIBALULT 2

Warduanelou ausa@eulaidu

il 1,2,8:!CyCpn +1,8,5/C,,
o, +8g,, /1 Cy + 8,81 1 C,Cpy

1 (3.14)

d’l v d é 1l U s o o
astiannsnasnaduisesnsesmnudiriususvassyinlalasnivun 7, =0 uag9a3

nIBaLauARILYlalaenIsiue 1, =0
wavanvneasasnsasgluuunszuadudvassveslumenisiduuuui 3 uandlugui 3.14

o [V al
E‘J'ﬂ 3.14 7993 CMOS OTA EﬂLLU‘Uﬂ53LLﬁBUﬂUaaﬁﬂaﬂaqrﬂil‘Uﬁ?aWI.L'UUVl 3

fandunislouradrs aunsoleulaidu

s 1,8,8:. /(CEICi3)+12g;'_‘ga4 /(Cj:C,3)+]3.S'3g‘3 /8

E s +5g,/C.+8,8./(C,C.)

(3.13)

o o [ w ] o | o °
Faaziuladrauisoairutiuisasnsesnnudgeiuinlalaenisivue 7, =7, =0
2995N589ANURRHIUYIAlAENISAIMUA 1, =0 La¥99INIDIANDARINITERNYIALAENTS

Aunl, =1, wazl, =0 w3 [, =/, uaz ], =0 dmivnesglumesiinauailuisasduiy
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ansiian o Wustuilps oTA fifiaesdinsteundudiuau dunaldindt oTA fafiawauise
avulelunsdifiduasasnsespmiariu

measlumenite 3 WUy ansasannisieluifiusesnsesmnuamsususui
sintutulaairelag OTA 161';31’@31]171 3.15 lnpfiauns (3.2) (3.3) waz (3.6) @wnsnadrslalaeld
2995lumesauuuil 1 lnen1tn oTA fftaueen luvuefiauns G.4) wag (3.5) awnsaadele

Tnelga9asiumenuwuudi 2 Inanisun OTA fvidesn

Cs

!
I

: o v W a ¥ ow v
U7 3.15 N1seanuuusasnIeImuiiEudusuisiintuiuleainilas oTA

1
=T
1

dl o o 4 i &
']\'1%5%'11’131]?1 3.10 ansadnassnsvineuliiliulwsnsesuauaudsniu RLC AULLUU

Aauanslanagui 3.16

Crime

B2

i
i
11
gl
+—

5U# 3.16 MseanuUUMIsNTBIRaUAIINRRUBuunnYintuduleaielay OTA

HNANTISINEDINITYIUVDINARNDUAUDINIIAIUN19INTDIATUDA NI UD US U TR
Jutuleasrelag OTA WaWsuNU9IIAULUULUIIAU LA NAANITNTLINDUTNIALAGA AILARS

Tugui 3.17
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-180
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-240

10kHz 10MHz
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o - b v w - U
U1 3.17 nameuauemsAnuiRsnsasauisrusuiunelintultulaaindles oTA

: ar i A ' ar L
WANAINT L131TIAWTOUANITINANDUANBINIAINTIIITNTDIUAUAIINAR U UAUNN
yintutuleaitales oTA ladsgu Tagaswiulaidnasiu aansaviinsuiuusmndidnnse
inlel

o

b=

i}

‘o

)
doof o IMHz
B — — = = Ideal
1201 / - ===~ 500kHz
SRl Al 0 et jleesed IMHz

500kHz 1MHz IMHz  2MHz
frequency

o~ = a YY) a & w v
EU'W 3.18 NaﬂaUﬁuaﬂwqﬂﬂquﬂ'JQQiﬂiﬂﬂLLQUF\'}WNQNWUQUF\UWﬂ’UUQmuuu\lﬂasqﬁiﬂﬂ OTA

1 d (; ] s al v 1 1 o s
AULAIN999N599ATURAINIY Chebyshev SURUMILALIITINTDIRAUAIUDINIUSUAY

- ‘VJ ar 2 W s ‘4 ar 1 A
wnguuvunszuavliavuiulalasliisesgluaen annsadiuanuinaiwaryiuinanudld

s

NUVDNTLE wendivadEsAe N5y OTA wINde 7 way 9 AIeuNalsy Judleuuiasiadu
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WITTAEHvURlvY LavinanauaLRMIMNNTRAAINTT 2.5 MHz e nATUszurses

OTA 184 Favibilsaunsaldaulusulnsauuinule

3.4 2993n5RsAuRBURUglasld OTA vanBla 1WA

11t 2008 Yuh-Shyan Hwang, Dong-ShiuhWub, Jiann-Jong Chen, Wen-Shou Chou [12] 1]
1hiaue FBmsairnmsnsesmudsudugalagld ota vaneiendwe JeasnsssnmizULLUY
nszualdgniniausiudiediuan oTA wareedwaiitesiian Tnsairssnudnnsvesisasudas

NSEWAIBILEY (Current Mode Linear Transform: CMLT)

I, 1, I, I, 1, I,
] 4= = + -+ -+
Vll Nl V‘.’] VIE N2 VEB Vln Nn VZn
gﬂﬁ 3.19 IAS9UNU@DINBINAULUY
Y Yoy Y2 Vas Yin Vi,

— — . e — i T

’ ' '
N XN b
—> <« —> <« = —

X X Xis X5 X

=n

35U 3.20 Msudadlassaninesy

TERETTR Tﬂiaﬂwaaawa%wlugﬁﬁ 3.19 uarnisuUaslassieaasweivlugun 3.20 awla

X i 0 1| x,
= ' (3.16)
»'VI.HI I 0 .VI.'

NuIeilgeasnsasmnuduuutudule RLC dunuulunisasisrsasidaus laeld

dung

ITWaInIzUaTudy uar OTA warsdnemReiuRmiuUsEieainsniieas nduies

NSDIANUDTIULEUD
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U 3.21 2995n584AUD Chebychev U LaAUD

VINTBIAUD Chebychev Minausuantluzuil 3.21 Usznaulume OTA nanalednm
TIUIU 3 77 UazdAUUIERDAINT AT 3 612

Y2 _yu_

Y

|

U1 3.22 2995n584AW0 Elliptic Minaue

29990589AUD Elliptic Adnavauandluguyl 3.22 Usenauluis OTA nalee1inm

WU 3 M uarsuAuUsEReaInsAiIuIL 3 M uavdunuuszqsoassduu 1 i3 uavdl
1AT9a5 197 ULDUNIUUY Chebychev
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7995N399A147 Elliptic  Ndnauenu gnveasulagldanu OTAs LMI13600 wagdidn

g, =8, =6910udlV g, =6320ud/V C,=C,=20nF uwogC,=20nF Fsmans

=i

$1809n159119UY N TUAUR 3.23

Gain(dB)
=)
i i
m
[

T L
10° 10° 10* 10° 10°
frequency, Hz

o = = a o = v
EUVI 3.23 HaRBUAUBDIVNATIINNINITNIDIATING Elliptic UNFUBINBUAULUU

wesitiaueilassaieiiie widwihaouldfigued 100kHz feiiedndugumiud
sinlsimnglunlysesuiny sgdgunsaiifldnuiu fe ota Seililiannsavhenilug
arwiifiganiiiviaussedesiiamasudiusyudsasagunsaiies uenaindu wesnsesly
JULUY Elliptic Gapsdisinfvuszadoaseyiinlivmnglumsainatiuiassiu wasliaunsauiv

AvaBlannsaindlaluguiining

3.5 2995N599A9ID Leapfrog sunuunszudlagldaunsaluaniinuuulvg

14U 2010 Umut E.Ayten, Mehmet Sagbas, Herman Sedef [16] M1iniausi9a52995n509a13d
Leap Frog JUuuunszualanldgunsaiuoniivuuulmi lnsgunsaiifidodn 2sasvenensyuansy
ADUANLAUTNAUTNANI (current backward transconductance amplifier: CBTA) %ammmuamgﬂﬁ
320 (n) lnsadan15¥191u CBTA mnnisadraduisasnsesmnuiuuudutiule Leapfrog wae
a$100u993n309AWARIHI Butterworth Susiuiivh Aldgunsaiuaniimiisiuruianiian

N158379 CBTA  @13150M11A91NNT13ADNTAYNIUNTEUAADIDIANS (Dual  Output
second generation Current Conveyor: DO-CCII) s7uAU OTA (;1’\‘.1'3‘1]171‘ 3.24 () @Sl umnnIng

u

483 CBTA lonsauns
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-’_+H [ gnr _gm O 0 0 __vp |
i_'— gl" gl?.’ 0 0 vﬂ'
v, |=| O 0 u, 0 0 ||v, (3.17)
iﬁ 0 0 0 0 a, ||V
._i"_ L 0 O 0 0 _anj_u_
[ W
V o—»2 1r w—p—0V,
p ] W
s L | BTl oy
nO—>—" Z+1—P—-"‘OV:+
(n)
CBTA
Po—r——9z - X »—O0Ww
DO-CCII
z+
no—> Em

35U 3.24 (n) vdonlaazunsa (v) 1ITVENTLUANTIUADURNUAUTNAUTIANIY (CBTA)

Na991NTILINI993NT89ANHTUTULR Leapfrog JULUUNTUARULUY 1NTHUNTINATS

Inavasdyayudaguil 3.25

5U# 3.25 naminnsivavesdiyn1na933n5eeanuivudule Leapfrog JULUUNSTULARULUY

11 CBTA #ilddnaussndaunuingunsiwluusiasinadsyui 3.26

Y
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Ik
1

()
U 3.26 (N) N5 MEBEYRIUT 3.21 () 2993688YBY CBTA filsinaue

(n)
I, |
o > J.: w T e == *—w :'—I i —H it S ‘IH
- P o+ e -4 —)—i
CBTA CBTA CBTA CBTA CBTA I
T re-3] 5] (-2 : | =]
Iq Ié, Tée lI A 1 R, IC(
()

35U 3.27 (0) 2993n599AM0VUTULA Leapfrog JUMUUNTEUA (V) 1TUUUTIUTUAILN

MAIRINUUTIUT CBTA wnuiilunnimaudazlaieasnsasnudtuiule Leapfrog sUkuY

nsvualugui 3.27(n) wazuuuyuiuauaalugui 3.27()
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[frequency
()

5UT 3.28 (N) HANBUAUDINAIUD (V) HARBUAUBINAIUWE

%

2993n309ANATUTULA Leapfrog FULUUNTEUATIULAUBAISOYIIUlAlndLABaty
Jaassuwuuluguaud 1MHz wililannsolinanauaussiininnindliidesninAiusequraves
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Tuuniinanfsnuidelusfanignimuiuieg i Tnesuidennadsdiuunnidu

mathudenuweniivinaitutuisasnsesnuiizuuuuaneg lnsuuiaalunisainansesdiuunay

MNsEEuLUL995n50anle RLC Wusuwuuluniswmun Ingluuniladlwmirudiniswaiunesgng

sollawaimnisiufoniendivinainuiiuiwsnssrufizuuuusngg Smyieseittesiuas

YoLALUDIAAYI9TA ATl LA1T1T 3.2

M1514 3.2 SIWALDUAUITBANLIVDS

Y P - e a ar
Wade oY gunsalitldluauise taidy
32 |q93sns0egUuuy | aesaewunszuavate | eliatursauiuAinag
o o a8 a 1
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gunssiudanwanyiv
OTA
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* HARBUAUBINIILUNLUYARINI
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el Yoy gunsainldluauide Taidy
o w oW 3 w o vl 1 ot i
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4.1 UNUn

InerinusatuitiiaueIsnissnuuuielrleNng129950509ANARIHIULATLOY
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4.2 NMSAATITN9INTRIVUTULA

a6 & o
4.2.1 19335n599AMURAHIUTUUULR

AINTBIAUDANIY Chebyshev  duduvinviatudule gnasralagliisnisuvasain
WITNTDIANUAANIY Chebyshev BATUTULA RLC LUUUa1EUARAULUU (Doubly Terminated) &9

Usegnaumenseuaie 3 nszuaduansluguil 4.1

L L

_:-..
=
&
—
3
S IL
]
_;"-1
IL
1
M~
&
=

- - 0 * = 5 ar . kg
U 4.1 29930589AWDAINT Chebyshev viindudula RLC wuvUaelUagauuuy

- ° [ - & - = w
WaviN1s01edaunTh (2.61)<2.65) uazudeniaezuniuluzui 2.29 Tuuni 2 udr

Wandudrelousiuusnssuavenaasnsedlugud 4.1 aunsadeuladu

T, = L = sR,1L, (4.1)
® L, S HSR/LAILG) '
i L _ /(LC) (4.2)

® 1, ., 8 +SR/L+1(LC)
r,o=dm| UACELS) (4.3)
B lml 1,5=0 Sz +(C| +C3) “(L.’.CJCQ) .
T‘ - [ml’ - ](LZCZ) (44)
S L S H(C+G)/(LCG)
1 / ]
T}"' — “m3 l: (LBC_) (45)

2T . s +sR, /L +1(LC))

md_

4 a o a -g = v - 4 o € o s
WaNANTUIANNITTIAATUL eAUlA7aun15h (4.1) way (4.2)4.5) Yuudsndurialulu
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***i*************t**t****?lqy MOSIS 0.25um dok de gk de sk o ok ok ke ok e ok ok d o ook ok ok ok ke k ke ke

.MODEL NMOS1 NMOS (LEVEL=3 TOX=5.7E-9 NSUB=1E17 GAMMA=0.4317311
+PHI=0.7 VT0=0.4238252 DELTA=0 U0=425.6466519 ETA=0 THETA=0.1754054
+KP=2.501048E-4 VMAX=8.287851E4 KAPPA=0.1686779 RSH=4.062439E-3
+NFS=1E12 TPG=1 XJ=3E-7 LD=3.16227BE-11 WD=1.232881E-8

+CGD0O=6.2E-10 CGS0=6.2E-10 CGBO=1E-10 CJ= 1.81211E-3 PB=0.5
+MJ=0.3282553 CJSW= 5.341337E-10 MJISW=0.5)

.MODEL PMOS1 PMOS (LEVEL=3 TOX=5.7E-9 NSUB=1El17 GAMMA=0.6348369
+PHI=0.7 VT0O=-0.5536085 DELTA=0 U0=250 ETA=0 THETA=0.1573195
+KP=5.194153E-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
+CGD0O=6.66E-10 CGSO=6.66E-10 CGBO=1E-10 CJ= 1.893569E-3 PB=0.9906013
+MJ=0.4664287 CJISW= 3.625544E-10 MJISW=0.5)
*********************i**tquY MOSIS o‘zsum R
.subckt BQlA 3 2 5 7 10

** 3=72, 2=I1, 5=Ioutl+, 7=Iout2+, 10=bias

M1 11 0 0 NMOS1 W=70U0 L=.5U0
M2 3 1 0 0 NMOS1 W=70U L=.50
M3 2 1 0 0 NMOS1 W=70U L=.5U0
M4 2 2 0 0 NMOS1 W=70U L=.5U
M5 1 2 0 0 NMOS1 W=70U L=.5U
Mé 3 3 0 0 NMOS1 W=70U0 L=.5U
M7 4 3 0 0 NMOS1 W=70U0 L=.50
M8 4 4 0 0 NMOS1 W=70U L=.5U
M9 1 4 0 0 NMOS1 W=70U L=.5U

M10 5 4 0 0O NMOS1 W=700 L=.5U0
M1l 7 4 0 O NMOS1 W=70U L=.5U
Vdd 6 0 dc 1

Vb 10 0 dc 0
F1 6 1 Vb 3
F2 6 2 Vb 2
F3 6 3 Vb 2
F4 6 4 Vb 2
F5 6 5 Vb 1
F6 6 7 Vb 1
Ccl1 0 20p
c2 3 0 20p
.ENDS BQI1A

Jsubekt BQ1B 3 2 5 7 10
** 3=11, 2=12, 5=Ioutl+, 7=Iout2+, 1l0=bias

M1 11 0 0 NMOS1 W=70U L=.5U
M2 3 1 0 0 NMOS1 W=70U0 L=.50
M3 2 1 0 0 NMOS1 W=70U L=.50
M4 2 2 0 0 NMOS1 W=70U L=.5U
M5 1 2 0 0 NMOS1 W=70U L=.5U
Mé 3 3 0 0 NMOS1 W=70U L=.5U
M7 4 3 0 0 NMOS1 W=70U0 L=.50
M8 4 4 0 0 NMOS1 W=70U0 L=.5U
M2 1 4 0 0 NMOS1 W=700 L=.5U

M10 5 4 0 0O NMOS1 W=70U L=.5U
M11 7 4 0 0 NMOS1 W=700 L=.5U
Vdd 6 0 dc 1

Vb 10 0 dc 0
F1 6 1 Vb 3
F2 6 2 Vb 2
F3 6 3 Vb 2
F4 6 4 Vb 2
F5 6 5 Vb 1
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F6 6 7 Vb 1

€l 1 0 .20p

C2 3 0 20p

.ENDS BQ1B

.subckt BQ2 1 8 6 7 11

** 1=11, 8=I12, 6=Iout2+, 7=Iocut3+, ll=bias
M1 1 1 0 0 NMOS1 W=70U L=.5U0
M2 2 1 0 0 NMOS1 W=700 L=.5U
M3 2 2 0 0 NMOS1 W=70U0 L=.5U
M4 1 2 0 0 NMOS1 W=70U L=.5U
M5 3 2 0 0 NMOS1 W=70U L=.5U
M6 3 3 0 0 NMOS1 W=70U0 L=.5U
M7 8 3 0 0 NMOS1 W=70U0 L=.5U
M8 1 3 0 0 NMOS1 W=70U L=.50
M9 5 3 0 0 NMOS1 W=70U0 L=.5U
M10 5 5 0 0 NMOS1 W=70U0 L=.5U0
M11 3 5 0 0 NMOS1 W=70U L=.5U
M12 6 5 0 0 NMOS1 W=70U L=.5U
M13 7 5 0 0 NMOS1 W=700 L=.50
M14 8 8 0 0 NMOS1 W=70U0 L=.5U
M15 9 8 0 0 NMOS1 W=700 L=.5U
M16 9 9 0 0 NMOS1 W=700 L=.5U
M17 8 9 0 0 NMOS1 W=70U0 L=.5U
M18 3 9 0 0 NMOS1 W=70U0 L=.5U
Vdd 10 0 dec 1.5

Vb 11 0 dc O

F1 10 1 Vb 3

F2 10 2 vb 2

F3 10 3 Vb 4

F4 10 5 Vb 2

F5 10 6 Vb 1

F6 10 7 vb 1

F7 10 8 Vb 3

F8 10 9 vb 2

Cl 10 20p

C2 3 0 20p

C3 8 0 20p

.ENDS BQ2

*: Full Circuit

J1 0. 1 ac 1

x1 12 30 10 BQlA

x2 3425 11 BQ2

x3 95 4 6 12 BQI1A

RL 6 100 1

VDD 100 0 dc 1
Vbias 200 0 dc 0
Ibias 0 200 dc 12u
F4 100 10 Vbias 1
F5 100 11 Vbias 1
Fé 100 12 vbias 1
*Prototype
10000
11000
12000
10000
11000
12000

Ll
L2
L3
R4
c8
cs

11000 80n
12000 80n
13000 80n
01

0 80n

0 80n
RPtt 13000 0 1
Iin2 0 10000 ac 1
*.step Ibias LIST
.AC DEC 100 1k 1000Meg

1u 10u 100u
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*.four 3Meg i (RL)

*.tran 0.01n 10u 0.5u 1n
. PROBE

.END
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itti****i*******ti****i**quY MOSIS 0.25um ***kkkkkdkddkdhdhhdhrhddhdhdhkdik

.MODEL NMOS1 NMOS (LEVEL=3 TOX=5.7E-9 NSUB=1E17 GAMMA=0.4317311
+PHI=0.7 VT0=0.4238252 DELTA=0 U0=425.6466519 ETA=0 THETA=0.1754054
+KP=2.501048E-4 VMAX=8.287851E4 KAPPA=0.1686779 RSH=4.062439E-3
+NFS=1E12 TPG=1 XJ=3E-7 LD=3.162278E-11 WD=1.232881E-8
+CGDO=6.2E-10 CGS0=6.2E-10 CGBO=1E-10 CJ= 1.81211E-3 PB=0.5
+MJ=0.3282553 CJSW= 5.341337E-10 MJSW=0.5)

.MODEL PMOS1 PMOS (LEVEL=3 TOX=5.7E-9 NSUB=1E17 GAMMA=0.6348369
+PHI=0.7 VTO=-0.5536085 DELTA=0 U0O=250 ETA=0 THETA=0.1573195
+KP=5.194153E-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= 1.8%93569E-3 PB=0.9906013
+MJ=0.4664287 CJISW= 3.625544E-10 MJSW=0.5)

\l'*ii*i&****ii************T14Y MOSIS 0‘25um A RS S E SR ESEEEEEREEEEEEEEEEEEES]

.subckt BQ3A 3 1 6 8 9 11
** 3=I11-C2, 1=Cl, 6=Ioutl-, 8=Iout2-, 9=Iout3+, ll=bias

M1 1 1 0 0 NMOS1 W=70U0 L=1U
M2 2 1 0 0 NMOS1 W=70U L=1U
M3 2 2 0 0 NMOS1 W=70U L=1U
M4 1 2 0 0 NMOS1 W=700 L=1U
M5 3 2 0 0 NMOS1 W=700 L=1U
M6 3 3 0 0 NMOS1 W=70U0 L=1U
M7 1 3 0 0 NMOS1 W=70U0 L=10
MB 4 3 0 0 NMOS1 W=70U L=1U
M9 4 4 0 0 NMOS1 W=70U0 L=1U
M10 0 0 NMOS1 W=70U L=1U

3 4
M1l 6 3 0 0 NMOS1 W=700 L=1U
M12 8 3 0 0 NMOS1 w=70U0 L=1U
M13 9 4 0 0 NMOS1 W=70U0 L=1U
Vdd 10 0 dc 1.5
Vb 11 0 dc O

Fl 10
F2 10
F3 10
F4 10
F5 10
Fé 10
E7 10

Vb
Vb
Vb
Vb
Vb
Vb
Vb

O oD WM
o NWN W

.ENDS BQ3A

.subckt BQ3B 3 1 6 8 9 11
** 3=71-C2, 1=Cl, 6=Iocutl-, 8=Iout2-, 9=Iout3+, ll=bias

M1 11 0 0 NMOS1 W=30U L=.50
M2 2 1 0 0 NMOS1 W=30U L=.5U
M3 2 2 0 0 NMOS1 W=30U L=.5U
M4 1 2 0 0 NMOS1 W=30U L=.5U
M5 3 2 0 0 NMOS1 W=30U L=.5U
Mé 3 3 0 0 NMOS1 W=30U L=.5U
M7 1 3 0 0 NMOS1 W=30U L=.5U
MB 4 3 0 0 NMOS1 W=30U L=.5U
M9 4 4 0 O NMOS1 W=30U L=.5U
M10 3 4 0 0 NMOS1 W=30U L=.5U
M1l 6 3 0 0 NMOS1 W=30U L=.5U
M12 8 3 0 0 NMOS1 W=30U L=.5U0
M13 9 4 0 0 NMOS1 W=30U L=.5U

vdd 10 0 dc 1.5
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Vb 11 0 dc O
Fb 12 0 Vb 1

MB1 12 12 10 10 PMOS1 W=10u
MB2 1 12 10 10 PMOS1 W=30u
MB3 2 12 10 10 PMOS1 W=20u
MB4 3 12 10 10 PMOS1 W=30u
MBS 4 12 10 10 PMOS1 W=20u
MB6 6 12 10 10 PMOS1 W=10u
MB7 8 12 10 10 PMOS1 W=10u
MB8 9 12 10 10 PMOS1 W=10u
*F1 10 1 Vb 3

*F2 10 2 Vb 2

*F3 10 3 Vb 3

*F4 10 4 Vb 2

*FS5 10 6 Vb 1

*F6 10 8 Vb 1

*F7 10 9 Vb 1

.ENDS BQ3B

Iin 0 1 ac 1

*Ila 0 1 sin(0 50u 1.25Megq)
*I1b 0 1 sin(0 50u 2.5Meq)
*I1c 0 1 sin(0 50u 5Meq)
*I1d 0 1 sin(0 100u 14Meq)
*Ile 0 1 sin(0 100u 16Megq)
*I1f 0 1 sin(0 50u 40Meq)
*I1lg 0 1 sin(0 50u B80Megq)
*I1lh 0 1 sin(0 50u 160Meg)
*I1i 0 1 sin(0 50u 25.6Meq)
*I1j 0 1 sin(0 50u 51.2Meg)
x1 1 1310 2 10 BQ3A

x2 2 141 0 3 11 BQ3A

x3 3 15 3 2 4 12 BQ3A

VB 100 0 dc 0

IB 0 100 dc 100u

F1 50 10 VB 1

F2 50 11 VB 1

F3 50 12 VB 1

*Cla 13 0 3p

*C2a 1 0 12p

*Clb 14 0 16p

*C2b 2 0 16p

L.jL o B
rc2

Cla
C2a

Clb 14 0 20p

c
c

13 0 20p

15 0 12p

30

3p

1 0 20p

C2b 2 0 20p

Clc
(454

RL 4 50 1

vDD

15 0 20p

3 0 20p

50 0 dec 1.5

L=.5u
L=.5u
L=.5u
L=.5u
L=.5u
L=.5u
L=.5u
L=.5u

khk ko h ok h ok hokhkdk ko kkkhkdkdoh PROTOTYPE B A S R S RS SRS s e s R R R R SR R R R R R E R
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RPtts 10000 0 1

L2
c2
L3
C3
L4
c4

RPttL 14000 0 1

10000
11000
12000
12000
12000
13000

11000
12000
0 BOn
0 B80n
13000
14000

80n
80n

80n
80n

Iin2 0 10000 ac 1

AR RS S SRR RS SRR R R E R EREREE R R R R R o i U T T S T T S S A o Y

.ac dec 100 1k 1g

.step IB list 1lu 10u 100u
* tran 0.01ln 10u 0.5u 1n

.probe
.end
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Abstract: This study proposes the complementary metal-oxide—semiconductor (CMOS)-based current-mode high-order active
low-pass (LP) and band-pass (BP) filters using biquad functions. The passive RLC Chebyshev ladder filters were used as the
prototype, and the mesh- and nodal-analysis methods to derive the biquad functions. The CMOS-based transistor-level biquad
circuits were subsequently realised from the biquad functions. The high-order active LP and BP ladder filters were then
synthesised from an amalgamation of the biquad circuits. Simulations were camied out to verify the performance and
functionality of the LP and BP ladder filters. The results revealed that the proposed ladder filters were operable in the high-
frequency range and electronically tunable, given a low-voltage supply of 1V for the entire circuit. The proposed filters could
also achieve the LP frequency response of 300 kHz-30 MHz and BP centre frequency of 200 kHz-20 MHz by means of the bias
current (/g) manipulation from 1 to 100 pA. Moreover, the multi-tone simulations were underaken to assess the filtering

performance of the proposed filters and the results are agreeable with the design specifications.

1 Introduction

Continuous-time [ihers are an essential building block in analoguc
signal processing. Several types of continuous-time filters are
utilised in the communications  systems.  especially  in the
modulutors and demodulators. [ypically. the performance ol a filier
is governed by order of the filter function. Traditionally. various
types of filers were realised from passive RLC components such
as the first-order filter which is the basic building block that could
be svnthesised from the passive elements. e, RC or RL.
Nevertheless, the passive RLC filter has lost its prominence in the
modern integrated circnit due o the former's complex design and
large chip arca requirement.

In | 1. 2] the fisst-order active fillers were santhesised from the
operational ampliliers (OAs) and operational  transconductance
amplifiers (OTA%). In addition. the second-order biquad filters
were realised from  diverse active  building  blocks (ABBs)
including the current-controlled  current conveyor (CCCIN |3
differentml voltage current convever (CC) |4] and differential
difference CCTA |5] The ABBs. however. suffer from the namrow
bandwidth, rendering the low-order active filtlers unsuituble for use
n high-performance applications. purticularly in

telecommunications, The second-order biguad filters also exhibit
the unsatisfactony filtering performance,

Meanwhile. the high-order passive ladder filter could achicve
better filicring performance with low sensitiviny but sufler from the
inegration challenge without the clectronic wunability feature, The
group of previous works compared with the proposed filters is
listed in Table 1. To overcome. the ABB-based high-order fillers
using various methods were proposed including the signal-Now-
graph (SFG). mesh- and nodal-analysis methods using MOCC 6]
and OTA [7]: moreover. operational amplifier with R-metal—oxide-
semiconductor ficld=eflect transistor |8] 1o impl the fourth-
order Chebyshey low=pass (LP) filier. The ABB-based high-order
filters could achieve the clectronic tunability feature but sufler
from the complen structure. large chip size and low operable
frequency range,

Furthermore,  the  straightforward  svnthesis  of  simulating
impedance based on CCLL [9). MCCCH [10] and current amplifier
(CA) [11] was wilised o construct the high-order LP und band-
pass (BP) filers from the RLC prototype. The low-complexit
ABBs including the multiple-output OTA (MOOTA) |12] and
bulk-tuned OTA [13] were used 1o realise the high-order LP [ilters.
A combination of feedbacks using MOOTA [14] was utilised 1o

Table 1 Companson of the proposed high-order filter with previous works

Active device  Synth. method  E-tunability Cut-off /centre frequency Technology Use of resistor Order type

[6] five MOCC SFG no 1 MHz CMOS 1.2 ym yes fitth LP
8] four OA NA yes 420 kHz CMOS 0.35 pm yes fourth LP
191 eight CCHl simulating LC no 3IMHz NA yes fourth BP
[10) three MCCCII SFG yes 5MHz CMOS 0.5 pm no third LP

six MCCCII sixth BP
[12) three MOOTA CMLT yes 100 kHz LM13600 no third LP
[16] five CBTA SFG yes 1 MHz CMOS 0.35 ym no fifth LP
[17) three CFOA  element transformation no 1 MHz CMOS 0.18 pm yes third LP
[19] 31 transistors SFG yes 100 MHz CMOS 0 18 ym no third LP
[21) 54 transistors SFG yes 50 MHz CMOS 0.25 pm no sixth BP
proposad #1 58 Iransislors biquad function yes 30 MHz CMOS 0.25 pm no fifth LP
proposed #2 56 transistors biquad function yes 20 MHz CMOS 0.25 pm no sixth BP

MOCC Muluple-output current convesor, OA - Operational amplifier, CCUL Second generation current comv ey or, MCCCH malti-output surrent controlled vons cvors.

MUKTA  pltple-outpat ©7 8 CMET Cunentomode hnear transtommation
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Fig. 1 Ladder nem orks ta) Generic network with w mesh curncets (b Block diagram associated with the mesh currens (€) Generie network with n hranch

currents. (d) Block dagram asocated with node analvsis

realise the high-order filicr bt the fiker suffered from the
excessive outpuls of the core OTA Morecover. the curremt
differencing buffer amplifier [15] and the current buffering TA
ICBTA) [16] with the leapfrog methad: morcover. the current
feedback OA (CFOA) [17] with the lincar transformation method
were utilised 1o reabise the ABB-based high-order ludder filters,
Nevertheless, these ABB-hased high-order filters are afMlicted with
various  drawbacks including  the  high-complexiny  structure.
absence of wnability feuture. low bandwidth and large chip arca

In [18]. a complementary MOS (CMOS)  iransistor-level
second-order filler operable in the high-Trequency and low -voltuge
settings was proposed 1o overcome the alorementioned draw backs:
nonetheless. its utiliy s restricted W0 peneral  applications.
Meanwhile. the CMOS transistor-level high-order 1P |19] and BP
1200 21] filers using the SEG realisation method were proposed
with & number ol interesting features including the high-frequencs
operational range. low-voltage requirement. wide-runge tunabilin
and low-complexity structure

Specificulls, this rescarch proposes an aliernate approach 1w
achieve two simulating high-order LI* and BP active fillers by
using CMOS-hased three types of biguad lunctions. The passive
RLLC Chebyshey ladder L and BP fillers were used as the
prototype. and the mesh- and nodal-analy sis methods were used for
deriving the biguad tunctions Three 1 pes of higuad cirguits were
subsequently realised by the biquad functions by using lossy and
lossless imegrators based on the CMOS weehnology . The high-order
LP ladder fiker was then realised from the type-l and 1ype-2
bigquad circuits. and the BP ladder filter from the 1y pe-3 biguad
cirewil. The proposed ladder LP filter requires 40 MOS transistors
and & grounded capacitors while the ladder BI filter 39 MOS
transistors and & grounded capaciiors In this paper. simulations
were carried out on the fossy and lossless integrators, the biguad
circunts and the proposed LP and BP ladder filters 1o examine the
tunability Feature by sarving the bias current (fy) between | and
OO g AL In addition. the multi-lone simulations were undertaken to
assess the filtering performance of the P and BP ladder filters.
Interestingls, the proposed 1P and BP ladder filters enjoy many
advantages including relatively low numbers of active and passive
ccomponents, low  power  consumplion. low-valtage  suppls.

relatively high operable frequency range and wide electronic
tunability.

2 Ladder network analysis

There are many methods which can be used 10 analyse the RLC
ladder circuit. Recently. the SFG method was used 1o realise the
second-order fillers and ladder filers [19-23) As the peneric
second-order  filters arc  governed by biquad  functions.
Interestingly. the other methods imesh current and branch current)
can be used to analyse the ladder filier and resulung in the
efliciently biquad functi 17). This hod leads 10 achieve a
simple realisution of high-order filers

2.1 Mesh analysis

In this rescarch, the ladder network was first analysed using mesh
analysis. The mesh analysis is principally hased on the flowing of
mush currents through a series of transfer Tunctions which senve as
the hiquad functions. In Fig. la. the biquad transfer functions can
be derived from a generic ladder network using the mesh-anaty sis
theorem.

Specifically. Fig. | a illustrates the generic ladder network with
n mesh currents. assuming that Z>, w0 Zs, | =23 njis the
branch impedances with a capacitor and an inductor in series. and
the impedances /) und /5, | are the source and load terminated
resistors, respectivels, The variables 1, . 1, . ... 1., are the mesh
currents and can be written as

b =T de+ T 1 ih
R 5 Py 12)
lo=T . 0 o+T..1. o 13
b= Eyw: Looin 4

where 7, is i current transfer lunction between the output () and
input ¢/) pons. Given the generic ladder network (Fig o) and three
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mesh currents (o 30 the curent transfer functions can e

expressed as
T, =:—:;.| =—;— 1h)
) _%a. . =:— |
T = =Ji (%)

= T 9
where /= Ry, Z-= K and Z, 1» the owl impedance of the nth
mesh. In (5)49). the transler functions are hiquadratic 31 cach
transfer function contains at least one inductor and one capacitor.
On the other hand. they become either the summing or the gain
functions il only the capacitors or inductors are present. Fig. 1A
illustrates the block diagram using the mesh-analy sis method.
given three mesh currents (1,10,

2.2 Nodal analysis

The ladder network was subseguently  analysed using  nodal
analysis. The nodal analysis is summing branch currents Mowing
through a series of transfer tunctions which serve as the higuad
functions. In Fig. lc. the biquad ransfer tunctions can be derived
from a genenic ladder network using the nodal-analysis theorem

Owing  the requirement of current-mode transler functions.
all vanables would be in current form. In Fig. 1o the voltage
variables (1, 1, 1o, 3,00 were trmslormed into the current
form by replacing them with the pseude-current sanubles (77 1 10
oo Iy )0 where the pseudomcurrent sanahles are denoted by the
node voltage divided by the nomualised  impedance /. e
Il = V /7, Given the generic ladder (Lig, 1oy and four branch
currents (= 4). the current variables are obtaned by the following
cyuations.

=Tl —H:%U.p 1) 1l
e _ ko P
f:i-(l-lj_—./_—u-r) th
5 /
I=f(l-m=7u-l4 (12
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Equations (10)-413) can be depicted by the block diagram in
Fig 1d.

3 Ladder-filter analysis
3.1 LP ladder filter

In this rescarch. the proposed fifth-order Chehyshey active ladder
LP filter was realised from the doubly terminated fifth-order
Chebyshey RLC passive ladder LP filler prototype with three mesh
currents. as shown in Fig. 2e. Referring to (5491 and the block
diagram (Fig. 1h). the current wansfer functions of the RLC
network (Fig. 2a) can. respectively. be expressed as

L sRUL.

7, = d=] S . N
Tobaer ™ T+ sRIL + IRLCH

(14

' I 1/
ek RAsl+ UisC
_ | _ VLCo
TALC RO +1 v +sRIL+1HLC)

ki _ 1150
Toibe o TISC + L.+ 175C

e _ Vil
sL+UC+UC T s +(C +CHMLCC)

-
i

(16

7 _ 1w . 1sC
7N P LiaC + 5L + 1sC
¢ VL)
s+ HC + 1O s+ (C +CHLCC)

(k]

I 11sC
le R+l +10C
_ 1 " 1ALy
sTC + RO 41 s +sR L+ 1KLC)

T =
1K)

Specifically. €14 (15} and (18) are. respectively. the gencral
BP and 1P hiquad functions. and (16) and (17) arc the high-().
helow-units -gain (1) LI biquad functions. These hiquad functions
are subsequently realised in Section 4.

3 2 BP ladder filter

The proposed sivth-order Chebyshey active hadder BP filier was
realised from the 1=ty pe sixth-order Cheby shey REC passive ladder
BP lilter prototy pe using the nodal analysis. as shown in Fig. 2h
Referring to 1 10)p~( 1 3) and the block diagram iFig 1) the curremt



Fig- 3 Block diagram and CMOS-based strucine of (@) Bigrasd tuncrion
npwe-1. () Biguad function tvpe-2. (¢) Bugnad funcrion npe-3

transfer functions of the RLC network (Fig. 2h) cun be expressed
in current=gain and biguad functions as

= %\‘ (o
fe= -.r}+?}ur. = .;1';:( 20
T I TY T an
L .\[.;+7r:fn-('_) e ;/11:‘ (2
Futs ";1' 2%

Equations (197 and (23) are the current gains. and specifically
(2014-(22) arc the high-0) BP biquad functions, These correni-gain
and BP biquad functions are realised in the subsequent section,

4 CMOS-based biquad realisation
4.1 CMOS-based biguad function type-1

I'he biquad function type-1 (BQy) is a dual-input single-output
biquad function which was realised using onc lossy and one
lossless intcgrators. as shown in Fig. 3a. Using the straightforward
analysis. the oulput current can he writien as

o S O + (! €O o8
O T S C) + (makina! € C)

In Fig. 3¢ and (24), the output of the biguad function type-1 is
the general positive biquad LI and BP filers. Specifically. the
trunsistor-level type-1 hiquad circuit could be realised with the
CMOS-based lossy and Jossless imegrators [19-21]. as shown
below Fig 3a. The istor-level ¢ offers the benefits of
low voltage. wide-range electronic wnability. low component count
and high-frequency operation. Using routine analysis and given
that the transistors are matched (£y) = w2 = 2ot = End = Ems = Lmb
= £m7 = Emk = 2w ). the outpul current can be expressed as

el C) + (£ CO:

bl il it o B s
5+ Mal C) + (/1 C2) a5

I, =

In (25). two types of standard biguad filters could be obtained
under the following conditions: the LP response is realised given
Iy =0 and Iy =l,,;: moreover. the BP response given /»=0 and /,
=lin. Importantly. (25) agrees with the mesh analysis (14). (15) and
(18).

4.2 CMOS-based biquad function type-2

The CMOS-based biquad Tunction type-2 was realised using three
lossless integrators.  Specifically. the biquad  function type-2
contains two high-() LP biquad functions. whose block diagram
consists of three lossless imeg s (Fig. 3h). A ing that the
transisiors are malched (g1 =Zu2 = Kz = Ew ) the current outpu
function can he expressed as

el €.€2) + L{gLI€.65)
.= 2
o s+ (2e,/CC: g

In (26). two high-(2 hall-unity-gain L.P biquad lunctions are
achivved. In addition. the curreni-mode tyvpe-2 biguad cireuit could
be constructed using the current-mode  CMOS-based  lossless
micgrators [19-21], as shown below Fig. 3b. Imerestingly. (26) is
agrecable with the mesh analyvsis (16) and (17).

4 3 CMOS-based biquad function lype-3

The CMOS-based biquad function 1vpe-3 was realised using two
losshess imegrators. Specificalls. the biguad function 1ype-3 yields
three outputs of high-Q BP function whose block diagram consists
of o lossless integrators. as shown in Fig. 3c. Assuming that the
transistors are mutched (g, = g2 = gy). the current output
function. using siraightforward analysis. can be expressed as in the
cquation below

_ IndsgalC)

fory ==l ==~ 7
0 0. T+ elCC 127

In 127} the high-Q BP biguad function is achieved. Furthermore.
the current-mode 1y pe-3 biguad circuit could be constructed by the
CMOS-hased lossless integrators [19-21]. as shown below Fig. 3¢
Moreover. (27) corresponds 1o the nodal-analy sis equations (20}
(22 wherens the functions in (19) and (23) could be achieved by
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Fig. & [adder filter using haguad crrcsines (@) Fifth-order L1 iher (b) Suxth-order BE ladder filier

loop backing the negative output to the original inpul. Note from
1243427 that the transconductance (g,,) can be expressed as

En= qzﬂ( ":_"‘ (28)

where u. Cor. Hoand [ are the surface mobility. channel oxide
capacitance. channel width and channel length of the MOS
transistor. In (28), it is evident that the transconductance could be

tated th

P gh bias ().

5 CMOS-based
circuits

In light of the ladder-filter mesh analy sis (Secuon 3.1). the CMOS
biquad circuits were realised corresponding  to the  biguad
functions. Specifically. the fifth-order ladder LP filer could be
constructed using the type-1 and type-2 biguad circuits, as shown
in Fig. 4a

Given the ladder-filter nodal analysis (Section 3.2). the CMOS
biquad circuils were realised  corresponding 10 the  biguad
functions, Specifically. the sixth-order ladder BP filier could be
constructed using only 13y pe-3 biguad circuits. us shown in Fig. 4b.

ladder filters using biquad

6 Non-ideality analysis

This section describes the eflects of the parasitic elements ol the N-
channel MOS transistors on the proposed high-order active ludder
LP and BP finers. particularly in the high-frequency operation.
Specifically. the parasitic effects of the three-tvpe bigquad circuits
were investigated  using  the MOS  small-signal - model (21
consisting of the transconductance (g,). parasitic dran- source
conductance (gq,). parasitic gale-source capacitance (€,) and
parasilic gate drain capacitance (€ 4) For ease ol investigation.
the transconductance (g, ) and the parasitic capacitances (€, and
€ wa) OF all the transistors were assumed identical,

6.1 Parasitic capacitance. (Cgy and Cyy)

ta) Biguad circwir tvpe-1; Considening the parasitic gate drain
capucitance 10 g0 given the MOS small-signal model and that the
trnsconductances (g, of the transistors and €' € ure identical,
the ellects of € ga on the transfer functions of the biquad circeit
Ivpe=1 can. respectively. be approximated by below equations:

oo Ra{20+ C) = s (20 + Gt ) (29
T et MOV + 5 (30, + 30,04 ) E
"L = Ko = 3280 Cogl 4+ 4 Coy i

! B+ {2 CO) # 5 (30, + 30,€ 4+ C ) '

Muanwhile. comidering the parasitic gale source  capacitance
10500 assuming thal the transconductances of the transistors (g,
and €7, € - are identical. the effects ol €'y on the transler functions
IET Circurts Dewvices Syst
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ol the biguad circuit 1vpe-1 can. respectively. be approximated b
below equations:

o _ &n Gan
17 520, 4 O+ 3 (40, + 20,0+ ) ’
I'e _ 35205, + ) -

I g+ sgad2C,+ C) 4 5[40, + 4C.C+ C)

Lquations 129)-(32) portray the effects of the parasitic capacilances
(Cyggand Cp) onthe lossy integrator performance. In the saturation
region. the parasitic gate-drain capacitance (€ ) and gale-source
capacilance (o) van with the " bias o L A ing
Cog™ Cpg and Cpg = Cyy where Cpg= WGy and Cpy= W23
(L) (L0 Cay. the parasitic cay Cygund Cyy ibute 1o
a small deviation in the frequency response of the biguad circuit
tpe-1. To miigate the significamt crrors. the capacitances () and
5. should he selected such that

C.C 40+ 30 133)

(b Higuad circuit npe-2: The effects of the parasitic gate—drain
and gate source capacitances (€ and C) on the biguad circuit
type-2 could be approvimated in a similar fashion. Specifically.
asuming that the transconductances (g,,) of the transistors are
identical. the efects of €y on the transler function of the higuad
circuit tvpe-2 can be approximated by below equation:

S = 22, Cp0) + Cu

: 14
i — \(‘g,_('._J] + \'(b('r‘y(' + )

To _lu
T =7 =

Meanw hile. the eflects of €, on the wransfer function of the biguad
circuil 1y pe-2 can be approvimated by below equation:

o s Bn
—t = 5
{ [ 1351

BT

Fquations (34 and (35) demonstrate the effects of the parasitic
capacitances (€ and € ) on the  biquad  circuit  type-2
performances. In the saturation region, the parisitic gate drain and
gle-source capacitances (O and € vury with the trmnsistons”
bias current. To mitigate the significant errors. the capacitances (.
Crand (5 should be selected such that

Col.C B 6Cy+ (36)

In (36). the errors could be minimised by adopling a relatively
large €7 Crand €

() Brguaed crecua npe-3° The elfects ol the parasitic gate -drain
and gate source capacitances (€, and () on the biguad circuit
Bpe=d could be approximated in g similar approuch. Specifically.
assuming thit the transeonductances (g,) of the transistors arc

5



wentical. the effects of Cgg on the transfer funcbon of the biguad
cirewt rype-3 can be approximaled by below 2quation

= S(z.,0) = -’:(C.-:C}
w0 g (Z0aCe) + s (4CC + O

O

(37)

!

Similarly. the effects of Cy, on the ransfer finction of the biquad
cireul type-3 cun be upproxamated by (38)

oy 38020, +C) (8
T~ f 4 s@C.CH C) S

Equations (37} and (38) demonstrate the eftects of the parasitc
capucitunices  (Cyg und Cygd on U iguad  circoit type-3
performances. In the saturation region, the parasine gate—drain and
gate-source capacitances (Cyq and Cy,) vary with the transistors’
bias cument. To ritigate the significant emvors, the capacitances C;
und € should be selected such that

Cu G Al a4+ () 139)

In (39), the emors could be minimised by adophng o relutively
large €, and

6 2 Parasiftic conductance (ggs)

From the small-signal model, the voltage-controlled cumrent source
(g-,vg) 15 the most important component of the model, wath the
transistor current-voltage relationship given by

W .
ips = —57—(es = V) (1 + dips) (40)

In (1G), 4 15 the channel-length modulaton effect]s < 1 (77 1)) It
produces the slope of the drain current as a function of the drain-to-
source vollage (ps) [23] The chwmnel conductuxe will be
depsndent on channel length (L) through A which is mversely
propertional 1o £ (3 o /L) The siall-agml chumel conductancs
(g4gs) tun be wnillen us

Ry == - = Mg (41)

(a) Biquad circult type-I' Given the small-signal model. that gy,
=gq, for all the transistors where gg =g and that the
transconductuncess of the tunaistors are wWdenticul, the effzcls of the
parasitic conductance (gg4.) on the transfer functions of the biquad
cirewt type-1 can be approxumated by
I'"o By, +3(2,,0)

o R el(an T 95 +7°C 142)

I’.'I_Il B S; s
N A e e T 3
B gt O+ 2ay) +5°C

Equations 1 12) and (/13) indicate that the pole © has sigmficantly
received the effects fiom gg,. to lessen the significant errors. the
transconductance (g,,) must satisfy the condition that

G 5 2iye (40

Specifically. the siemificant emors could be minimised if the
transistor wadth (H) 15 sufficently large

1) Beguad circnit type-2 lukung only e ellect of the parssibe
drain-source conchuctance (gq,) into account and assuming that the
trenscontuctanees of the runsistors are identical, the liguad arent
tvpe-2 transter functions can be approximated as

LER- T3 £ — 8
4 1225 4 Bga) + M3, 0) + 5°C°

In (45), both mputs (4 wnd £;) of the bigud citeuit type-2 appeat
to be that of @ same shight deviation of pole frequeney and pele ¢
were povarmed by gq, In hght of the hugh-fragquency oparatonad
range of the biquad circuir type-2. the effect of gy, could be
radnced by decreasing the chamnel-Jength modulabon () or by
mereasing the channel length (L) of MOS transistors

(¢} Biguad circuit type-3. Takang vnly the efleet of the parasine
drain-sorce conductance (gq.) into account and assunung that the
trunsconductances of the nusastors are identival. the bigued chieuit
type-3 transfer funchons can he approximatad as

! A Heal)
T N e st 4
N 3+ A2 4 5°C 16)

In (4o). the output of the aquad circiet type-3 appears to bz that of
shght deviation only pole (2 was governed by gqe In light of the
hgh-frequency operational range of the biguad cwrewt type-3. the
effect of g4 could be reduced by decreasing the chamnel-length
maodulaton (4) or by increasing the channel length (L) of MOS
rmsistors.

7 Simulation results

In this reszarch, the realisation of the current-mode high-order
active LY und BP ladder Olters conpnsing numerous integralors
ware undertaken using the CMOS Taiwan  Semiconductor
Mamufacturing  Company 0.2Spum  technology (23] The
dinensions of all Gunsistors (B5L) were eguully 70 pm'] pm, with
a ] V power supply to all sub-circuits. All bias currents () were
replaced by the current imrrors. The simulations were camed out
using the PSpice program. For the type-1, tvpe-2 and type-3 biquad
arcwts, corresponding to igs. o, were configured wath C,
~y= 10 pF and the has currant vaned between | and 100 pA
Speaifically. the type-l bigusd cirewt faaltates two  biquad
funchons as the genane second-order positive L.P and positive BP
filters. Fig Sa illustrates the sumulated frequency responses of the
type-1 bigqued oireuit in which the posintve LP and BP
charactenshes were achiavad at the cutput under either 1, — &, or
1y =i, with the ficquency response funable berween 400 kHz and
40 MHz, by varying the bias current betwesn | and 100 pA. The
type-2 biquad cireut accommodates wo identical biquad functions
as the pesitive dual-input. single-ourpit high-¢2 LP filter Fig 5k
illustrates the simulated trequency responses of the type-2 bigquad
cirewit in whach the pesinve hugh-C LI could be aclueved at the
output under either 1, ~L, o J; I, with the frequency response
tunsble between 500 kHz and 50 MHz, by varying the bias current
between | and 100 pA Wote that the half-unity-gain (=6 dB) along
the pass band can be observed Meanwhile, tie type-3 biguad
cuewt secommedates @ biguad function o> the positive single-
input-multiple-outpat high-(2 RP fher Fig Se illustrates the
sinnilated frequency responses of the type-3 biquad circuit in
which the posinve logh-¢2 BP cun be sclugvad ot the outpul, wath
the frequency response munable betwzen 400 kHz and 40 MHz.
given the vanation in the bias ciorem between | and 100 pA.
Furthermaore. the lngh-order active LP ludder filler (Fig. da) wus
constructed using the tvpe-1 and type-2 biquad circwts. Given the
RLC prototype’s tutial parameters of Ly =L, =L,=80nH. ;=
C,=R0nF and Re=Ry = | Q. moreover, the BQ; and BQ, with
s cunent (fy) of 1 pA wd capueitors of 20 pE the frequency
responses associated with the proposed active LP ladder filter were
comipuled against those of the passive RLC protolype In Fig. 6a,
the frequency r2sponses of hoth filtars are agresable, with an anly
sinall overshoot at the cut-oft trequency of the proposed LP ladder
filter In addinen. the monable feature of the active LI ladder-filter
was investigated by vanyving the bias cument between 1 and 100
pA. wath the sumulated frequency response tunable frem 300 kI lz
o 30 MHz, as shown e kg 66 Moreover, the fillenng
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performance was verified by applying three diflerent sinusoidal-
signal frequencies (20. 80 and 160 Mllz) 1o the input of the LP
ladder filter. The results revealed that the 20 MHz frequency was
the only allowed output (Fig. 6¢). The performance of the proposed
LI filter was wverifiecd by testing the imermodulation distortion
(IMD). The 2-tone stimulus signal inputs of 14 and 16 MHz with
varying amplitudes (from 10 10 100 pA or =40 10 =20 dBm) were

applied to the input of the proposed LP lilter based on 100 A of

bias current (cut-ofT= 20 MHz). Considering the third-order IMID)
(IM3) by using the magnitude spectrum of the frequency of 18
MI Lz the third-order intercept point around - 10 dBm (around 300
BA input) is exhibited in Fig. 6d. The best third-order IMD
meusure for LP filter was —40 dBm (10 pA input) when using 100
wA ol bias current,

I'he active high-order BP ladder filer (Ve 4h) could be
constructed using three 1ype-3 biguad circuits and simulated in a
similar fashion w the ladder LP filter. Given the RI C prototype’s
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proposed active BP ladder tilter were compared against those of
the passive RLC prototype. In Fig. Ta. the frequency responses of

bath filiers are ugreeable. with a small overshoot on the right-hand
side of the passband frequency of the BP filier In addition. s
tunable feature was determined by varying the bias current between
I and 100 uA. and the simulation results showed that the centre
frequency of the BP filter was wunable between 300 kHz and 30
Milz. as shown in Th.

Morcover. the filiering performance was further verified by
deliberately inputting various sinusoidal-signal frequencies (1.2
R0 .20 .52 and 160 M11z) 10 the BP filler The results revealed that
the 20 MHz frequency was the only allowed output. us shown in
Fig 7. Furthermore. the multi-tone simulations were carried out
independently with the high-order active ladder 1P and BP filters
with the bias current (/) of 100 uA 1o further verifv the
performance of the filers. The performance of the proposed B
filter was verified by testing the IMD. The 2-tone stimulus signal
inputs of 14 and 16 MH7z with vany ing amplitudes (from 10 10 100
pA or ~40 10 - 20 dBm) were applied to the input of the proposed
LP filter based on 100 uA of bias current teut-off = 20 Milz).
Considering the third-order IMD (IM3) by using the magnitude
spectrum of the frequency of 18 MH2 the third-order intercept
point around  10dBm (around 300 pA input) is exhibited n
Fig. 7d. The best third-order IMI) measure for BI® filer was 40
dBm (10 pA input) when using 100 pA of bias current.

8 Conclusions

This rescarch has proposed the CMOS-hased high-order active LI
and BP filiers using three 1y pes of biguad functions: ypes 1.2 and
3. The mesh- and nodal-analysis methods were wtilised to derive
the biquad functions from the passive RLC Chebyshes protot pe.
The lossy and lossless integrators were subsequentiy realised from
the biquad functions based on the transistor level in CMOS
technology. The high-order 11 Jadder filier was then realised from
the type-1 and type-2 biquad circuits while the BP ladder filter
from the type-3 biguad circuits. The simulation results revealed
that the proposed high-order acuve LP and BP ladder fillers are
operable in the high-frequency range of 300 kHe-30 MHz by
manipulating the bias current (/) between 1 and 100 pA. given the
1V power supply. Moreover. the unwanted frequencies could be
efficiently removed by tuning the bias current.
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Abstract. This paper presents the realization of CMOS-based current-mode Elliptic ladder band-
pass filter by using doubly terminated Elliptic RLC ladder band-pass filter prototvpe [1]. [2]. The
proposed circuit contains lossless integrators, lossy integrators and multiple outputs current gains.
The frequency response of the proposed circuit can be electronically tuned between 1 MHz and 100
MHz by adjusting bias current between 1uA and 1,000 pA. The proposed circuit uses 1.5 V power
supply and 0.1 W power consumption. The passive clements that contained in the proposed filter
are only grounded capacitors without using other passive clements that can make this filter suitable
for integrated circuit. PSPICE simulation results are carried out by using TSMC 0.18 pm
technology and agreed well with the theory.

Introduction

Recently. Multiple Output Current Conveyer (MOCC) [1] with resistances was presented as a
band-pass filter, but the circuit contained a large number of passive elements and could not be used
in high frequency operation. OTAs [2-4] were presented. but their frequency responses are lower
than CMOS [5-6] technology at the same bias current. It is well know that the less passive elements
can lead to the less die area. hence this paper uses the compensation of the passive to active
clements. Doubly terminated Elliptic RLC ladder band-pass filter prototype [7]. [8] are used 1o
realize high-order band-pass ladder filters. A CMOS transistor approach was introduced to realize a
current-mode Llliptic ladder low-pass filter [9]. but band-pass filter has never been presented.

Due 1o the disadvantages of the previous circuits, CMOS-based current-mode Elliptic ladder
band-pass filter is proposed in this paper. The circuit consists of 2 lossy. § lossless integrators and 7
grounded capacitors. The proposed circuit has many advantages, for example. low component
counts. low-voltage supply. low-power. high frequency operation and wide-range electronic tuning
features. The simulation results are in agreement well with the theory.

CMOS-based lossy and lossless integrators

Lossless integrator can be also easily realized by adding inverting current gain (-) to output ¥, of
lossy integrator then feedback 1o the input as shown in Fig. 1. The transfer functions of Z; and Z: can
be expressed as

z _-2 _d

Av= = = (I)
A A 5

+ n 7 4 p—tee 7,
“* 4 i .
FRY | 2 A -t

Figure 1 Realization of lossless integrator using lossy integrator

The realization of CMOS-based lossy and lossless integrators by using the building block in
Fig.1 is shown in Fig 2 by using lossy integrator (M;. M and Ms) and inverting gain (M, and Me),
then feedback the output to the input current. There are two current outputs /g (port Z») and /g
(port Zy) at Ma and M. respectively,

All rights reserved. No pan of contents of thin may be reproduced o tranwmtted in any form of meant without the written permisuon of Trant
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-
(a) (b)
Figure 2 CMOS-based (a) lossy integrator (b) lossless integrator

L

3.

Figure 3 Small signal model and block diagram of (a) lossy integrator (b) lossless integrator

Supposed that the transconductance of transistors are matched (g, = gw). Using KCL routine
analysis. the current transfer functions of small signal model of lossy and lossless integrators in
Fig.3 can. respectively. be written as

b g ek (2)
’.‘.\ ‘('R- l'. sC B.

lo o _ 8- 3)
1 I, s

with @ (', 1" and L are surface mobility. channel oxide capacitance.

channel width and channel length of MOS transistor. respectively. It can be seen that
transconductance can be tuned by adjusting the bias current /.

High-order Elliptic ladder band-pass filter realization
Firstly. we use a doubly terminated RLC Elliptic ladder LPF prototype 7]

h i

in Fig.4(a).
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(a)
Figure 4 RLC Elliptic ladder (a) low-pass filter prototype (h) (a) band-pass filter prototype
The transformation method between LP and BP [10] is used 1o transform LP 10 BP network. The
resulting Elliptic ladder band-pass prototype can be illustrated in Fig.4(b). By using KCL. currents
and voltages of the high-order ladder band-pass filter can be written as
AT NS A R - R S WL S T LT I e (5)
) sl sls R © sl
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From equations (5)-(6). Cy can be rewritten to C;+Cy and Cy+Cy which connecting to the

dependent sources, then the prototype can be rewritten as Fig 5(a).
I
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(a) (b)
Figure 5 (a) Transformed RLC Elliptic ladder band-pass filter prototype (b) SFG

Signal flow graph (SFG) method is applied in current and voltage terms as shown in Fig.5(b). All
voltage terms need to normalize into the current terms by applying the transconductance (g,,) in the
SFG and set Rg R; 1/gp. Final current-mode SFG can be written in Fig.6(a).
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Figure 6 (a) Signal flow graph of Fig 5 in current terms (b) Elliptic BPF realization

According to SFG in Fig.6(a). it is found that there are the feedbacks loop between two nodes (7
and /7) through the current gains (k). The proposed current-mode band-pass Elliptic filter can be

realized step-by-step as shown in Fig.6(b). lligh-order Llliptic ladder band-pass filter is realized
from the proposed CMOS-based lossless, lossy integrators and current gains ().

Simulation Results

PSPICE simulation results are carried out by using RLC Elliptic ladder band-pass filter prototype
in Fig.5(a) by setting Cy= 11nF, Ca= 10nF, Ca= 1InF. L,=10nH L>=10nH, L;=10nH. L,=100nH
where Rs=R;—1Q, respectively compared with the proposed Elliptic high-order ladder band-pass
filter. Lossy and lossless integrators in Fig. 2(a) and (b) are realized by using NMOS by setting W/L
to 10pm/0.25um except the 2 transistors in the spevial current gain blocks by sciting W/L to
0.67um’0.25pum and its bias current of 0.67/p for achieving & 0.67. Figure 6(b) is realized from
lossy and lossless integrators in Fig.2 by using C; 10pF. C; 12pF. C; 1000F. C; 120F Cs 10pF,
Ce=10pF, C>=10pF and sut /p=25pA. The comparison result between the proposed filter and its
prototype is shown in Fig.7(a). Moreover. Fig.7(b) shows the electronic tunability feature of
proposead Elliptic BPF which can be tuned from 1MHz to 100MHz by adjusting the bias currents.
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Figure 7 (a) Magnitude responses of proposed Elliptic ladder band-pass filter in Fig.6compared
with prototype in Fig.4 (b) Magnitude response of proposed BPF by varying /5
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It can be seen that magnitude response of the proposed filter has a slightly error in stop-band, but
its pass-hand is close to prototype.

Conclusion

This paper presents CMOS-based current-mode Elliptic ladder band-pass filter which realized
from a transformed RLC Elliptic ladder low-pass filter prototype. ‘IThe proposed filter contains 2
lossy integrators. 5 lossless integrators and 2 multiple outputs current gain by using different aspect
ratio of MOS transistors. I'requency responses can be electronically tuned between 1Mllz and
100M1iz by adjusting /p between 0. 1uA and 1,000pA within 0.1W of dynamic power consumption
along tuning the bias current.
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Abstract—This paper proposes u realization of fully tunable
all-pass (AP) filter and its application. Three Multiple Outputs
Operational Transconductance Amplifiers (MOOTAs) and a
grounded capacitor are used for realizing an all-pass filter which
is able to tune in both of the frequency response and gain. The
frequency response and gain are independestly tuned throug
particular bias current. The advaotage of independ: bl
gain is of AP filter that can be widely used in many applications
us well as the sinusoidal oscillator. A multipbase sinusoidal
oscillator (MSO) uvsing loop-back of three cascaded all-pass
sections is raised as an application. Three MOOTAs and a
grounded capacitor are constructed as current-mode APN. The
PSpice simulations results are described in two parts, AP filter
and MSO. It shows the magpitude and pbase respooses can be
independently tuned. The MSO current and voltage outputs are
equally spaced in phasc of 360/n degree. The barmonic distortion
of the sinusoidal output is less than 0.64%.

Keywords—OTA. All-pass Filer, MSO. Tunability

All-pass (AP) filters, 15 an essential building block which
arc provided constant gamn along the frequencies while phase
has been shified which defined by its purameters. The
parameters of AP filter can be tuned by adjusting the passive
clements, In madern analog signal processing.  electronic
tunability feature i1s considerable attention. The AP filters are
preferred in many applications, for example, the frequency
determuning elements i clectronic-controlled oscillator, phase
modulators in communication systems. Al last two decade
vears, there were many all-pass circuits based on several active
devices. The active devices were used 1o realize by using onc
or more CCIE[1]. [2], FTEN [3], CDBA [4] and CCII [£] with
passive RC elements without electronic adjustable. Regarding
to the electronic controlied devices, second-generation current-
controlied conveyors (CCCHY [6) has been established and
considerable  attentions 1o use as mun  active device.
Electronically tunable transfer functions of all-pass filter
employving one or more CCC have been proposed in [7], but
these reponed required the floating capucitors, therefore it not
suitable for 1€ implementation (8], Recently, CCCH [9-10].
DVCC [11] and OTA [12). [11] based AP fillers without
resistor connection have been introduced. Unfortunately, they
arc lacked of gain adjustability which is an imporant n
specific case as well as oscillator application. Owing to the AP
network bused MSO. CDTA [15] with floaung capacitor was
realized. The outputs are unequally spaced in phase and
floating capacitors are the weak pomnts for IC production. The
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improved version of MSO using and CCCDIA [16] 15 also
introduced with only grounded passive element. Although, the
grounded capacitors are used but 1t grounded resistors are
required.

In this paper. @ simple first-order current-mode AP filter
using 3 MO-OTAs and s grounded capacitor 1s presented. The
proposed AP filter can he independently tuned the freguency
response and its gan by particular bias cumrent. The use of
grounded capacitor 1s beneficial to 1C producton [X).
Furthermore . the application to multiphase sinusowdal oscillator
(MSO) s ruised for confirming the realistic application. The
condition of oscillation and frequency of oscillabon can be
independently tuned for obtaming the sinusodal signal output.
The muluphase outputs are equally spaced i phase and
amphitude.

Il. PRINCIPLE OF APN AND OSCILLATOK

A CMOS Multiple Output Operational Transcemductance
Amplifier t MOOTA)
A simple version of CMOS MOOTA 1s shown in Fig. 2. It
Is & versatile device that provides muluple plus and minus
output currents /,, by applying a differential mput voltage |,
The transconductance gm 15 given by

f5 €. Ju_f LTI

W
where g, L, W and L are surface mobility, oxide capacitance.
channel width and length of MOS wansistor. respectively,

th

Basc OMOS MO-OTA cuven

Fig 1
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Consequently, g, can be electronically tuned by adjusting OT A
bias current /.

B OTA-based curvent-mode all-pass nerwork

All-pass  filter charactensuic  provides a  constamt  of
magnitude, but its phase 15 shifted at natural frequency. All-
pass filter realizations with the same structure were introduced
hy using dual mputs without stage gam tunability. Oscillator 1s
unable to provide m pracucal realizaton. In  oscllator
purposcs, loop-gain plays an mportant role for achieving the
oscillation condition Tunmable stage gam in all-pass filter 1s
neeessary i oscillator realization. The current-to-voltage (1'V)
converter is constructed by 2 OTAs which 1s shown m Fig 3(a).
I'he first-order high-pass and the low-pass filter functions are
obtuned from the mamn building block which realized by
MOOTA as shown m Fig.3(bj

(m)

Fig 2. Gt IV witk curvent gain (b1 kagh-pass and low-pass network

£q.42) and Eq.(3) show the transfer functions of Fig.2(u)
and Fig 2(b), respectively.

(2)

(]

Fig 3 Cuwrent-moae OTA-hasec first-orcar APN
Connecting  the subcircuits in Fig.2{a) and Fig.2(b). the
compieted single-mput single-output OTA-based APN 1
shown i Fig 3. The current transfer function of APN can be
ceapressed as

b Ba

L. L.

£:fe. s(Cle.)
I- t(('fg'_ )

(E1]

g
Bt

Assunung that g, =#.. current transfer funcuon of APN

can be simplified 1o

I=-31C g, }
I=atCrg }

48

¢ .

28R

Note for the completed APN that matching condition of
OTA: and OTA, 15 required for controlling the frequency
response. The rest OTA 15 used for control only the gan off
APN without disturbing the frequency response. This is a very
important feature for the oscillator applicanon,

L APN-BASED MUI TIPHASE SINUSOIDAL OSCILLATOR

The generalized structure of n-phase smusoidal oscillator 15
shown in Fig4. It consists of n-cascaded first-order inverting
all-pass transfer functions named APN. The current output of
the Jast stage 1s fed back to the mput of the first stage. <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>