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ABSTRACT

This thesis refers to design of mixed-mode universal filter using differential
different  transconductance amplifier ~ (DDTAs).  Unlike the conventional
transconductance amplifier (TA), this DDTA has both advantages of the TA and the
differential difference amplifier (DDA). The proposed filter can offer four-mode
operations of second-order transfer functions into a single topology, namely, voltage-
mode (VM), current-mode (CM), transadmittance-mode (TAM), and transimpedance-
mode (TIM) transfer functions. Each operation mode offers five standard filtering
responses; therefore, at least twenty filtering transfer functions can be obtained. For
the filtering transfer functions, the matching conditions for the input and passive
component are absent. The natural frequency and the quality factor can be set
orthogonally and electronically controlled. The performance of the proposed
topology was evaluated by PSpice simulator using the 0.18 pym CMOS technology
from the Taiwan Semiconductor Manufacturing Company (TSMC). The voltage supply
was 1.2 V and the power dissipation of the DDTA was 66 pW. The workability of the
filter was confirmed through experimental test by DDTA-based LM13700 discrete-

component integrated circuits.
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¥ipi31 toansudamesuuuiunIng (Enhancement MOS transistor) n15%19 1198

£

J9801RUNTALAUVDININENY DINTELANINEIND Iz ins s walnan1usn

1

UDANI UG AN DT
Julg USUUNTAZAUYDIN NN Y BINTEUAN LN 188199z Uhan 9y luUT v LT IAY
138071 L3 uwsulean (Threshold voltage) Astiu Noansudawosviailagiinauladesd

W59 ULULDATEN IV INALALYDSAUINNILTINUNTUaas

enhancement MOST

D D D
G 4% B G _”'JT ¢ —

S S S

(n)
enhancement MOST

D D D

G — B G —||J ¢ -
4—‘
S S S

(@)
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gﬂﬁ 2.1 dydnvaiveseansuBamesuuuiiiamvy (1) NMOS (1) PMOS

(S) Source

Oxide (SiOy)
(thickness=t,y)

(G) Gate (D) Drain

Metal

o n_+ _____ J Channel region L
i< L >

p-type substrate

I (B) Body

(n)

(S) Source (G) Gate (D) Drain
Oxide (SiOy)
(thickness=tyy) Metal

A

p Channel region k p’
L >i

n-type substrate

I (B) Body

@)

JUN 2.2 1A59a51901WARYINTBIBaNI 1 UTAWES (n) Yaenseua n (V) YoInszud p

JUT 2.1 uansdgydnualneansudamesialy aanjlaziiuldiiveansudawmnes

Usznauaaeen 4 91 laun 1ne (Gate: G) 1A (Drain: D) 493d (Source: S) Waguan (Body:

LY

B) Tuuansdiviverenvaeliliideuld widuidilalainuvendinsdiey

SUT 2.2 WaAdtATIAS 1MAINNAAA 1UYINIVBIUDANTIUTANDS SUN 2.2 (N) WaRd

Y Y

[ a

1AT9A51999900aNTIUT AT TUATRINTZLE N 130 NMOS ueans1udanesvintazly
311399 (Substrate) WHuadia p (p-type) sznLmuLLazﬁmszia%a%Lﬂuﬁaé’m%’wqﬂdwmsﬁq
Aniwile n MFeasivilaududugs (n?) ¥9AuiesEniunsuLaEYesa Ao A1NET)

283%8INTEUA (Channel length: L) AuuuazgnInsisauiuiiseni daneulnesnled

(%
[

(Silicon dioxide: SiO,) wazaauselansuaziiniduianenarsilusnng Aauiusw

grusosmazinedndualoudiiulsyy YoeineseningusaasnNAzduegiuaIumn

(Thickness) ¥osponlen lasias19vesNeans uTamosviinoinseud p 1o PMOS 9gm59



Puiu NMOS Aevsdigiuseaduviia n (n-type) uasusinwmsuuazgesatzUgnangnie
=% o o A a Y v a "o A a =t % = v oo
a1sfaiiideansidutugaria p (p*) drunuinaneaziilasairandouiuiy NMOS

lasasauanalansguin 2.2 ()

(S) Source Polysilicon

O
Oxide (Si0y)  (B) Body

sUN 2.3 lassadanmanuiAveweans udawmesyiindonssnd n

Ui 2.2 wandlassainswoannudanesinandiifiuioninueivesrenszua
sUT 2.3 wanalassasenmanudfeoweansudames (@ vlufidagnanivanis
ueansuiamesrinteinsyud n Wity iessnueansiudamesyiatensud p Al
Tassafreiimilontu) 93Ul 2.3 uandlassadisanudiafinandiiufisanyen () uas
Aunie (W) vesindineiilddmsuauanmslvaveanssuaseninwesanasnsy faiy

(%
[ 1 o

NuninndsfianudAgaenisyinausseansudanesiduegnwin nrslueaussiunn
=3 = % o a AP & |

NALNUIBTIN TR IINFIUTDIL AT aun U IUNLEINae JuteIngeua (Channel)

Wonsosywinwesauaziasu nsluleatazldunasangussduannniguen Jeaznanilu

Pdasall

2.1.2 MINULeLAMENUAYDINENIIUTHLADS

gﬂﬁ 2.0 LEAINNS MULDENDEANIIUTAMDS VLAY DINTLUE N ARLLIIAUNBUBNEDS
Lma'aﬁiwLﬁaLLamqmamﬁ@ﬂJaqmamm%ma% WS90 Ve tULSITUTIRosEnInanAuas
PoTd AT Vps LTULMaT B B06Ne mMyhuveseansudanesiiofinrsanain
ANUFUNUSUIINY Vs WAz Vos @1071504U5 3 929 o (1) ¥asdmeen (ldvieu) e
VeV (2) FrB9dU (W30 Triode) 110 Vps<Vee-Voy 4a% (3) 9298167 1510 Vo> Vee-Vy, 108

= o ! = L ! dgj
S19a8L88AYDINTYINNUIENaINRIRe LU



= Vbs

4“:

= V=V

JUN 2.4 msluneaneans uBanesnnusaiiuniguen

¥29ANaaN

frafinoan (Cutoff region) Aevrsfismuslvusansudamesluriau Fateulafe V<V,
Tutsiinssua Iy = 0 Aelsifinszudlua WilunsufuR Ssasdinssudlvasgluuiuniisidn
Fettagtudeahuldenluisasiléhasusiimn Tasdennsiaugdiuid subthreshold

%39 Weak inversion region)

Fra sy
| a v A . . ° Y al =
Pr193udU 130929Mnslen (Triode region) aznuualaanRouly Vos<Vee Ve dnansaidiou

AUNSLA D

w \Y P
Ip = MnCox T (Vas — Von — 32 WO Vgs > Vg (2.1)

Toal I, o NSTUENVNATY [, FEAIAIINAGEIRITEIBIANATOUNSELER C\ ADAIAUNR
20N lYANBUUIENUT. W ABAINNAI19UDITRINTENE L ADAINEIIVDITDINTIUE Vs
AD WTIAUITEUINVUNALAZUIFDTE Vo ADLSIAULNITLEAR (Threshold voltage) wag Vs

A9 LIIRUTLTIINVIATUN UV SE

OJE

4984
429818 (Saturation region) 1ugreiulnAvesteansudamesndeudiunliauuin

= ° ° 1 vy
Nign NMSVNUAIUALARIN Vps>VesViy baauNsakansaunIsnszud |, lade

1 w
Ip =~ tnCox T (Vas — Vru)? (2.2)



A Triode region Saturation region
Io(MA) Vs < Ves - Vi : Vps>Vgs-Vry

\/

/‘ Vs increases
L7

‘.' Cut-off region
g o~ Ves <V
e T T TIIITIOITI VI ITITIVIIVI I TITITIIIIVITIII 4

0 Vs (V)

JUN 2.5 nsmiAaau AN i NAYeINaaNTIUTANES

JUN 2.5 wansnnauUin1uednnvelaanIudaneslaglaninssuansy |p e
Y a1 A a - Y] | o v A a v
WS9FU Vs TA19199) laRATNTIRIIRY Vis 228ana2an159199ulel 2 93afetiatiadunay

90U INETIA8IIRTYNIUNAILLEUUTE druUTAMUANILERIYIFDN

2.2 wallpuadldagasaing

wmatirloaUaouasLng (Floating-gate MOST technique: FGMOS) g NuTanesi
fivnaudesaselavaredunm laeussiumnsyleanvsteaizaisanuauwazUsuala
shemanugliiwesiaivlszauazussiul uweariluealvifuiiu_dydnuaivsudanes
FGMOS 7 une n Summ wandlddsguil 2.6 (n) uay 29asaiiounanslifasuil 2.6 (@)

9 9

wssuvInaUdeuane (Vig) @u1sanvuala e [58]

€ C C
Ve =Z?=1évi+cifvs +CLTDVD +QC—FTG (2.3)

e C AenguANgluimiinaiuBune V, Cop Aomanugliiiseninanauasinsy Co Ad
AANgbniisenInenakaseesa Co AomANglninseninunauasued Qm ABTINIU
Uszgisuduiignineguuiuiialnesnledseninansuseivg uag G Aermanulniitvase

A085IUTINNUALAAD

CT = Cl + CZ + CFGS + CFGD + CFGB (24)
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Crep Cras a2 Cegg D ANUYtNTimaanvanalaesassiu sy 905d wazuah Mua1dy
2 v A a o A 5 a o A L a ) ¢ v
Vp ABLSIAUTNVUNATU Vs ADLIIAUTNVIDESE Vs ADLSIAUNVIVBA LTIBUAUNTIIN a1aglae

Useqliih Qe svanunsalouaunisi (2.3) Ty (58]

Ci C C
Vies = Z%\Iﬂc—lvis +%VDS + EGB VBs (2.5)
T T T
NSTLAATU |p VINIIUTAMDS FGMOS Mvinaulugududiavanunsadeoula e
1 w
Ip = S MnCox T (Vegs — Vru)? (2.6)

ENNAI C>>Crep Co>Crep [58] NSTLALATUVDMNTUTANDS FGMOS N1vinanulugudus

LAUNTOWARNILG D
N 5(2%11 kiVis = Vry)? (2.7)

e k = G/Cr B ABAMTIUEADUANLAUG Vi ABLIIAUINTYLoanv0Il0aNsuTaInes
uulaanaunisi (2.7) Mdndenassiuduns Vi saududnsadauauglui
C/Cr Mvunzan Ussauwmsulaan (V) aansaszgnidneentllitavaglaaunismdaes

YDIANTIUTAN I NANY IO

L D
f (6) Crep 7
Vi o— 2 I
Vi o—§ | it
°—| . _
V; o—] | EH}IC -B
o—I | co | FGB
1 Vi 0_"_, _CIF|;
S o
S
(n) )

sUTl 2.6 inellaueatdesassinn (n) dydnual (2) 1sesiaiiou

Ry
—AMA— S
Ci
Vi, | g
R q
A |
C,
Vo ot—|— DR
0
CFGB
[ ;|_

JUN 2.7 n5uBames FGMOS dwiiudnaesmsihnumeneuitines
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1M9933UT 2.6 auiuldinBune v, fe vy, vemsudames FGMOS azgndeius
Audseq C, fa G Famneauinllamnsaluneansnudanes FGMOS feussiuliings
(DC) usgmouauasldiamzussiulradurhiy duiliites famahauiulins Fay
Tunsdrassmsiunsudanes FGMOS felusunsuneufinneslnglirassui 2.6
aglaianunsnvinlel 1w TUsunsu PSpice agilosindigunsalany dslumsdtassazuilaldlag

% =

TgmunudnsevwuiudnAvUsERuanItagui 2.7 danumiu R, 8 Ry desiaadian

9109 (eglugu o) sulsivihlinuandivemsudanes FGMOS wWavuly Tunsdilagly

lanznsIaeImMvhauyiny Samsaimsudanes FGMOS a3eazlalld
nndgmuaziuiandinadaduiunvesmaiiauensudanesuuuvaisSumm

Feazthanldluinerinusd Tasasuiuugstedesvomaudanes FGMOS lfausn

favaUIN1sVIIUlanegulwnsiwazeulwady

2.3 mALANDERANEBUNA
a s 1 o Y = ¥l a 4
Mty nmauBanes FGMOS luanunsanouauasnisinaulinsels Ssladinuiaal
NIUTLRIdNIsanavausIn sInulanslinsaezlady Fusenimsudamesuuu
vangduna (Multiple-input MOS transistor: MI-MOST) 3 U 2.8 wansdqanualvaq
MI-MOST &aagiiudnmiouiunsiudanas FGMOS U7 2.9 wanen1sas1amsudaines
MI-MOST aiiulean w3eau Vy 83V, azgndauruduiulseq Coy 89 Cg, 117100
TnaflAuUsEauaagza19EQnUUILA IERIT UNIY Ryos AllANE NN Fedafuniudagly
) [ <) v a [y v o =2 1 { = [y |
dmsuidudumadudygalinge duiu vunedaglignudesasswmilouiu FGMOS us
dmsunisiaunisliadu M-MOST agvieaumiloudiy FGMOS nAUsen1s AadunIu
Ruos aEnsaaialalaelinsudames My deedy vinowlugudnesyl daandluguin 2.9 ()

NITLAATUANNTAMRUALARINENNTTA (2.7) Teean Cr avmuuale Ae

Cr = Cgs + Cgp + Cgp + Xit1 Cop-mri + 2ie1 Coi (2.8)

108 Copm PR ANINTUNIvRIIRANTUBAWBSHIN | NTaT1 Ryos 109staliaudyayol

yumENTes MI-MOST wansléfaguil 2.10
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Ul 2.8 daydnual MI-MOST

CGl
—
Rwmos1 G .
o€ M e
l_ RMOS
D
RMOSn
(n) (v)
g‘dﬁ 2.9 MI-MOST (n) nnsasna (@) ﬂﬂia%f’mﬁaé’humuﬁﬁmqqmmmuaa
5
Ca1 9
V way @4 V, r
1. Rwmosi| G ?,S ngm GS% b
: i o D
" Rmosn Cep
" T Ces
CGn B

JUT 2.10 Yasiadieudyainawiadinyes MI-MOST
AMMTTUAADUANUAUGYBS MI-MOST (g4, 1m) HaRSLA AD

Ci
gm-mi = agmG (2.9)

]
Y

1087 gyc AD NIIUAADUANLAUTVDIUDANTIUTALNDINTUS YU T NA
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2.4 7935 DDTA

2495 DDCC (Differential Different Current Conveyor) [60], [61] Duanewunszuad

fBunmautife v, v, uaz ys 397 x e dnausiiuwazdunanszua wazdit z azdu

a

LI NANTEUAVBIINRT dydnualiandlanegud

Y

2.11 (n) ANUFUNUSVDILTIAUVBIINRT
DDCC AAuUalAfe Vi=V,,-V,,-V,5 k81 0d U N US ¥99n 58 wav892935 DDCC Ap |=1,
LiuineRue12995 DDCC Aoannsaliussfudunananig V,=V,-V,,-V,; iilewfieuiu
295EeNIUNTEIE CCll Ml egnalsfinny nsUsegndldanunses DDCC agliannsauiu
Amnsimeslameissiannsedind

Wowmu119as DDCC Wflmnuanunsausuamasfiwesléseisnedidnnseind
34191112995 OTA (Operational Transconductance Amplifier) U OAAAAETIY 2 oS
2995 DDCC vkl dunsasTnidfid a3 7995 DDCCTA (Differential Difference Current
Conveyor Transconductance Amplifier) [62] y@ﬁﬂ@ﬂiLLﬁﬂﬂﬁﬁngﬁ 211 () Ferfuneas
DDCCTA Feiipauaaifvesisas DDCC uaza995 OTA lursasiaenas V=V, -V,,-Vys 1=,
wag =gV, ImEJm':?Uisqﬂﬁiﬁﬁmu%ﬁaﬂﬂmmmﬁaﬁﬁﬁgﬁ 7 (\u Fadauniy) Wiewd sy
nsguadunseduduwa v, WWivasas OTA Tngil g, AsAmirudaoudnunuduesiaas

DDCCTA

911733993 DDCCTA R‘I%Lﬁuié]j’jﬁLﬂim’]ﬁﬁ]"@ﬂ?ﬁLﬂﬂﬁUi%M’jN’J\W‘i DDCC uag9as OTA

1%
o

iiovinlsiaeas DDCCTA fvunanssduiunagldgunsaitfosas Fslafinisiiausasas DDTA
(Differential Difference Transconductance Amplifier) [63]-[66] Ingagv1n15A ad 11UV
2asiiduda 2 eenlu udniBunnvessas OTA insawihiits x 1941935 DDCC Frtiuneas
DDTA Fsfinaufnsanudunmmnilowsans DDCC waziiodnmnseuamilowiaas DDCCTA

duinualyed1935 DDTA uanslamsgun 2.12

| DDCC Iy DDCCTA |
yl y ‘_0
Vyyo—— V1 | Vylol— Y1 0 —o V,
y2 z y2
Vy,0—— Y2 zZ1—oV, VyZOI— Y2 |
|y3 y3 z
Vy3o__’ Y3 x Vyg 0—— Y3 x z :o V,
ip I
Vx VX
(n) (V)

5Ufi 2.11 &ydnwal (n) 2995 DDCC () 3395 DDCCTA

v
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DDTA

Vy1 o4 Y1 lo
Vy2 o— Y 0
Vy3 o— Y3 w

!

Vu

b

=

JUN 2.12 deydnweli9as DDTA

ANMUAUNUSNSLLALALLIIPUVDII99S DDTA wandle As
VW = y1 = Vy2 + Vy3 (210)

lo = 8mVw (2.11)

'
a

auiulddndn w dutaorimeussiuresses Taedduwansaiudn V-V +v,; lurei
LOINAVDIIINT |y ﬂ?ugmﬂ?{aumﬂ V,, e g, Wnedt o, Wusmsiudmousnuaudaiely
1995 DDTA 9 uU3guLiisunua9as DDCCTA 2935 DDTA 9¢laupansiudainasiounin

1995 DDTA a@u15aas19laainigas OTA LLamléfé’qgﬂﬁ 2.13 [67] 2935919 OTA
#112935 g OTA, hay OTA; 983191t du995U3NUALAULSIAY 9173995017 uA s
NSTUALDINAVDT OTA, LU 1o, Waznalel A9 1,,=8,,(V,1-V,p) WaEAINUAL A NATD92993
OTA; 10U 15 wazmlel /9 1o;=gs(Vys-V,) dNRAI1 OTA, uaz OTA, naaudfmioudunn
U52n15 (p=l,) a8lA A0 U UE LS IR U LAAIAIdLN15T (2.10) LAYNTERALDIANA D
lo=8m Vo He9933UT 2,13 Femunsavhruluasas DDTA 29933Uf 2.13 gruuldadng

Jun995nTa9ALRnatent N uaNEL LD LARINANI TR UUNT 4 sald

DDTA
OTA;

Vy]_ o + |

OTA, + -
VYZ [ / gml —— 0
Vy3 © + -

OTA;
Vi -

Addition/Subtraction

sU 2.13 2995 DDTA a$1991n2495 OTA
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DDA-based DDTA |

DDTA

DDA 4

Vy1 o y1 lo Y10+ I
V. y 0% V2 }MW

y2 o— 2 YSO‘

vau i Pty

l i |

0

Vw

(n) (¥)

(m)

sUTl 2.14 2335 DDTA (n) dydnwal (v) nénnaslassadna (A) 2995 DDTA a31991n

NSILTAMAS MI-MOS

A W5U2995 DOTA 97 v, v, A v, DU AUTH 2 w azilduiiuauda uazia o
wiidufiunudae fefuds w Samngdmivliduedinanssiu 41 o ingdmsuedye
nITLLa

5UT 2.14 uanslAsee31a99s DOTA fiadrsainnsiudaines MI-MOS 19asUsznoudie
a94n7a f9 a1A DDA dududiuduns way niasasvetenudasudniauddadudou
oA NIUTAADS My LAy M, 98gnaiisannnsudaines MI-MOS fianslusud 2.8 uay
2.9 NIUTAABS M, D9 Mg Lag Mgg]ﬂsfal,ﬂmwi DDA AHARNSVAIEBUNSA M; Uag M,
NITARDT M; UazUnadnenssud M, waz Ms 32gnas1aluiiasuenonasiavednsas DDA
NIUTALRDS My T90AU My waz Ms gnasinduaastnines (Flipped Voltage Follower:
FVF) [56] wagldadunseuadiiluaniu Ms winduumassnenssuaiangliiuieasuenonanig
(FuigrfiufuIssuetenaneialy) 1993 FVF asUsunsaiuilinaves M, wevilidulale
INTEUAATU M; Wag M, VesfHasn1gazilawiniy [57] fsluniniiu Lmdqﬁiwl,t,iqéfwf’wqﬂ
WU HATINYOILTIAUTENINNALALITNINYDIALALITIINUATULALEDTE (Vopmin=Ves.
wstVos ) @ansalululalaeldieas FVF

NIUTALRDT Mg thaz Mg %Qﬂa%mﬂma%ﬂmawﬂﬁﬁLw (Supper class AB) [68]

o &

1987 Ryos 3¢ IT@NSUNDUALBINT I ULBALNATINIVAAVRINTIUTANDST My MU NAILN
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Uszq C anidudiadaniu “zgzgwml%laé’uiﬁﬁuml,ﬂmﬁ vua w' gnaedudunnves M, 1ive
asmsteundunuvauiioliliastrinesifisnsivenawiafu 1 2995 DDA gnyaLelag
AnAudsey Cc NIMUTaNBS My, 89 Myg 59089 Ryos; hazAniuysey Cq wag C; gnld

MU Tu9sTNwmes N15YIUALMI s U UNIALINYB9295 DDTA Fldasulaniian
fatuag lAAMUANINUS V,, = Vig - Viy + Vg (Vo= V)

nsvualuwed |, wag M, azasrussuluied v, dmsuluwealviunsiu@awmeas M, Ha

= ) [ A a Y A W 1 12 = = [ [

Mg U8 Mys 89 My; 97 w' 28gndafufiasinumuladunusuanls R, iieiuaeunseiu Vi,

oY

Dunseua 1y, ﬂszLLaﬁyquazﬁauﬁaamﬂu%ama% M &9 My U 97 o feduavle
AUFUNUS |y = Iy LﬁwmmiaLﬁm%’jaﬂﬁmal,mﬁwm o WWlABNISABNITIUTALADSLUUADUNS
WUNTS F1081909U N51UTaDT My way M 91n11391911Y8929957 na1an Tudaui 39
uduaesveensiudrounnuaud nssuae1nwaivunlafe

= Tl o e (2.12)
Rset Rset '
W\ I

N e 2.13
Rset (Vyl—vyz +Vy3) ( )

Ginset =

2.5 wé’nmsnsa\‘lmmﬁ
1935n589A4 (Filter) 1WnsasidanudrAgmisaiulnsaguiay mMemuasesiain

WALNINANUMNATANITUWINNEG  1995ATDIANUDAINITALUILA 2 Uszenn 1anN1995n1589AUD

3

LLUULL@UWa@ﬂV}Qu’JLﬂﬁ’WuWL EJ’J AU iU’]ﬂJV]lIﬂ’J’]iJG]E]LUE]QV]NW]UL'J@'W (Continuous-time)

a ¢ a v v

LA AINTRIAINALULATR DA g s AT fudy e TTlifausedemiaduaan
(Discrete-time) Tngluuniiaznanianisnsetmuauuuseundeninduiloliaonndaety
domluAnednudiaud

2.5.1 wé’nmsﬁugﬁwamwsniaamwﬁ

nann1snugIulaealure9993n509ANA [691-71] dntuendygiunlidenis

o

PoNNAYYINADINT fegsilataiau 1wy Tunssudygiaing dygrundsnainnig

anildsazludyaanunannynaandivhnisnssaedygyradssegluragiy Jaazgniu

1dudyrasuniu Turagyinsnszaedyarudsstu nssuanudiesuilesenis

[

d A = o ANl Ay v Y] &
‘U']ﬂaﬂ']uél@aﬂ']u‘ﬁuquu Vl']'lmﬂﬂﬂ']iﬂi@\‘il,a']aiyﬁyﬂmsﬂaﬁaﬂqu@UV]lﬂJ@@Qﬂ'ﬁsUﬁﬂ AU

ammmsumuaaﬂimwaameammm%ﬂam y@ﬂﬂ’]i%JU‘W\‘iWhﬁu 1PYSTUUIBIAINTDY

v

mmammammm%maﬂw 2.15 Tasil () Fodyanaduwa y(t) Ao dynnaoing uay
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v

h(t) Ae dygunsuauanadyyIuduiad (mpulse response) U8435UY Fa01ANUUALA

<

= o a &, Aa wa a v A
'N"Uiﬂﬁ@\‘iﬂ')']llﬂﬂ']EJICﬂﬂ'ﬁ‘WQ']im']L‘Uuas‘UUVl@JﬂﬁuﬁﬂJ‘U@]L‘U‘NLL‘U‘ULGUQLaULLaS‘lNL‘UaEJULL‘UaQGn@J

v @

AWED y(t) asduiuSAufuU s uaInsanansauduiuslasaunnsi (2.14)
y(®) = [ h(t— 1) x(t)dt (2.14)

WevihnswuasanUangaunish (2.14) aglananiswlasanlans Ao

Y(s) = H(s)X(s) (2.15)
Filter
Input ———» h(t) —  Output
X(t) y()

5UM 2.15 SUUDINIINTBIAIID

'
L IS

Tnedi Y(s) H(s) way X(s) fia wan1suuasaniaraues y(t) h(t) tag x(t) MuaInuLilaNaITdn

[

UULAUAIIA s=jo auAnsT(2.15) Tugddudseneuvesvuiauasiialedl fo
[YGw)l = Hiw)XGw)l (2.16)

a1 Py(w) = PH(©)PX(w) (2.17)
Tnedi Oy(jo) PH(w) H0Y Ox(ie) AD ANAYDY Y(jo) H(w) Wag X(jw) mMuasiu
Tnefinnsanaunsd (2.16) %Lﬁulé’dwmmaﬂé’ﬁgzymmqLawﬁwmﬁulﬂuwa@mmaqm
GummJa@é’mmwmﬁuwmﬁ"uﬁ"mmWuaqmﬁ%’u%aamimauauaﬂm%qmm?{ (Frequency
response function) U843993n583ANNA d1vnAileATuIIIA (Magnitude function) v84
H(jw) ﬁmLﬁ/iwﬁuquﬂuszmLmummﬁszmw ws1 BT w5y NUANIIFYQIOENAIZTA
YU UEAUE Iﬁdﬂé’ﬁgmwmﬁuwmﬁfmzﬁmLﬁwiﬂuﬁzm (o1, Weg) TaLpesialug9mIUE
(we1, W) WLTENIMAUNYA (Stop-band) 1993995 H(jw) Turhussieriudenifleidu
2U1A983 H(jw) ﬁm"l,:u'wiﬁu@uaﬁlmi’mLmummﬁiwdw Wy HAE W NATTNITEYY
Lm(ﬁwmﬁmmumLﬂuiﬂmmmms'ﬁ" (2.16) 929AUE (0g1, wgp) BL38NTMOUHIY (Pass-
band) 1842995 H(jw) 1N55I1IANITA0 VU983 TUIUIn89 H(jw) Tudievediay
AUATuANA9TuYe9as hleesnsesanudaiunsoutseenidusuuges 16 5 wuu
PUANANYLEYRINIRDUALBIREANAYEINRT Aa 99InsesAmEsIKIY 29asNTeq
LaUAINARIY 'msﬂiaqmm?{gamu 'swsﬂiaumumm?{wqﬂ Nﬁ]ﬁﬂsaﬂmuﬁqﬂﬂ’smﬁ

Wil iavnimNuasnAa N UINEIRNUSIIWONE1IDNIINATNTDIANURDUAUN 2 %30 158n70
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1995n589ANNALUUIUAIBATIAN F99ENE1I9ATNTBIAIND NTADUAUDIIUNAVBIINTS

a I v Y
nsesanudLsazLuUlumtedaly

]
v A

2.5.2 N13N39ANUNDUAUN
1995NT0IAIUDBUAUT 2 [69] 1392935nT99ANR wUUlUMBATIAN (Biquadratic
function) Nil§UkuuvaIfaiTua1elaun1dsa@es (Second-order transfer function) 131150

Feulugluuunnsgiuvesaunisindludea (Polynomial) ladsasunisi (2.18)

2 Wz 2
H( ): a252+a15+a0 — S -l-(Q_z)S-HJOZ (2 18)
sz+bls+mg 52+(%)s+mg '
p

Tagil H(s) fie nanauausswesilaidy w, Ao An1wAvestna (Pole frequency) Faeflugy
mmﬁﬁauﬁu Q A AdIUsENBUANAIN (Quality factor) wag a, a; a Ae fuUsyansues
s uiafnuaifedduresrsasnsssrnudlubuuns1eg anaunisi (2.18)
K annsaduldfsuinuazay o, Aonrwdlng uaz Q, gnidendn Q Wia uay w, gn
Fonin AnudsssurAnuulunyas (Undamped natural frequency) feAadausznausian

wnnAbnaisgiTiAnnsslowung wasil s = jo Wililuaun1si (2.18) Avedlnadzgn

; 1
Pz = 22 £ jo 1= (35) (2.19)

[

< Y1 a o V! a v o [ aa [ A a
uiiulainsnagyihidlnaldedou Q, > 0.5 dmiunsnsesniidusuas lagiel Q, A

AAUAAILENNIST (2.19)

[y

zilvun g dlnagidunuiunninyiliisaedldnsinisvenslnasaiiiu K(w?/e?)
Na1u1501118 370 20logs, (K(w%/mf,)) 3ol on Aui i ueiudazaunsadoula

20log;,|K| Uty dB LLamwmsamé’mﬁmwmmumqqqméﬁ’mmsﬁ (2.20)

wp = y/Re(p;)? + Im(p,)? (2.20)

NaUN15H (2.20) awiinduiinaudlng (Q, > 1) sndusvezsaiannganiiavesszuu s
fehuntsvading quantAdanduaini o, » o, 30 o, € o, LiFuTULEIAEER

104 H(jo)| 9199zideusenliianiesdn o, uardnive1emandziiniufiniuidls

o = o, Wwelszau (Q, » 1) Ndonrassiudunudlsing

w, = \/Re(z1)? + Im(z,)? (2.21)

A1IUsENRUAMAIN Q, Uaz Q, uAvenisniulagsaauazifani o, Uag o,

ANUAU FIULEARN
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®p _ y/Re(py)?+Im(p,)?
= - 2.22
Q (bw)p 2Re(p;) (2.22)
_ w; _ y/Re(z1)?+Im(z1)?2
Q= (bw), 2Re(z) (2.23)

Lﬁaqmﬂﬂﬂﬁﬁﬂmaqeﬁisﬁa&JUuLLﬂu jw e Q, fidnung azulddndeamisfiwesann
aumsit (2.33) ssdusnimuniladdureneasnsesnudluguuuuiivhstusenlusside
fnluaznandaileiFusineg st 5 wuu
2.5.3 JUnuuilsiduvasnsasnsesainud [691-[71]
2.5.3.1 2995N504ANUBANY
flardunisaneleuveeasnsssnudnriususiuaes faun1si (2.24) s
AN9ABUALDINIVLIALUEIAIUD 1993995 Feazsauliainudsdaulule (Pass band) 5u
Fausonsivenelnnsg (DC gain) Ai® ag/w? 210 0 luauds W, (NANBUAUDINATNTDILUY
mm%ﬁ"wr;imiuqmmaﬁﬁmm?{ﬁ’maaw (Cut-off frequency: w,) Inefisasnisaaneuiives
110 hazlisenliaugiulule (Stop band) Insaggnannouanuiinaud w, Wuduly

uisetiudfInMEaNTAMNIUN 2.16 (0) kaza1naun1si (2.24) axanunsaleusmunusves

Tnawazals ﬁﬁﬁﬂwaé’ﬁgﬂﬁ 2.16 (%)

a
HE Sty 2.24
(s) 5242054 »2 ( )
Q
|H(jw)|
j©
O Oatoo
LY "X TN N o
7 ' 1 ! S-plane
o) ' 2 |
0 ] o, [1- 7 1
H 4Q |
0 - | »
= Real § ! 0 S
. 1]
===° Imagine h o =0, |1 12 . -
: max ZQ : (Do
. —
E ,'< 2Q X = pole
Passband 5 Stopband O = zero
H
0 o o @) 0]

(n) (%)
5UN 2.16 (N) dnvaueAuANTRYeINITNTIANUDANIUY (1) Munidlnalasdlsvedisns

NTDIANUDFIHU
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2.5.3.2 2993n599UAUAUDRY

WATNTBILAUANMUDKNIY TNINTUA181aUNITHDUAUDINVUIALATAINUD VD

[ [ d'

199505 UANUDNIUSUAUADIFIANNITA (2.25) Wur9sneaul i 1uAINudU19YI9NIUY
welun19anduAugUANATIar AUl Az ldatusanule Taseaud N Uzl

v a A 1 = Yo a U a &
Q@ﬂ%ﬁ]ﬁ]?\lﬁ@ﬂﬂ’)’]ﬂﬂ AD wWq AT wy NANIAD 199592 goU IR E1UAINND T8 WIS wq NMUu

Vv
a o !

ons1ve18linsaluauie o, fulule wagldeeuliniuddlmnuanus 0 feaudanean

I

wy %8E w, Husulvaudsdretdudniulaniguamautivesansosau-ANudHIuduRUaes

[ [ d'

TanuaeAsgun 2.17 () F1Naun15N (2.25) aganansaidgusunilnan1agigvesszuny

s wazAlsNyenindsguin 2.17 ()

a;s
H(s) = = 2.25
) s2+205+ 2 ( )
[H( )] ®
Y = . a,Q O atw
o ; iEAo
: I ; !
H ! . a,Q . (Q)
0.707H, | ] : o S-plane
: ; : |
. .
Real H 4 - : D >
==== Imagine E 5 : 0
() ) [ — |
. . |
v ®
Stopband \ + \_ Stopband &
. : : ' | 2Q X = pole
......... X
L O = zero
0 ) ,<~~'-~>| Q) o
i) u
S &7
pr u

(1) )
gﬂﬁ 2.17 (n) dnuyzAuaUURTD9TNTOIAUANNAHIY () AU NA LA T LSUDII99T

NIOAUNUAINANIY

2533 "J\i'i]iﬂi@ﬂﬂ')'luaq\‘iﬂj’lu

v v

1993n509ANRgwLTaNTuN1sA18loUYeIIRINTBIANRAB LU UADY

'
al

lnedsunuuiaunTsn (2.26) sasimihfgeuanudgeulamunmaudiagui 2.18 (n) &

wauALAERaglugIasEnIe 0 Asenuddvesyl @ Tuvaeiveulviaudaudnsvee
Ilnsslugrsanudngainianuddmesiiule F1a1naunisn (2.26) aunsalimunisvadlna

uazdlsdsgud 2.18 ()

H(s) = o> (2.26)

®Wo 2
S“+—S+w
Q 0
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[H(j )|
jo
|22l Q/ [1-—
................. // z aQ?
|
\vm ! W,
|az|p--—--—--—-—————- preceess - ! 0 S-plane
: |
: l
' S . o
= Real H 1 : 0
====Imagine 5 O =00 /[ 1 20 e >
: W
E ):( 2Q X = pole
Stopband E Passband O = zero
.
0 o 90}, ®
(n) (0)

JUN 2.18 (n) dnunizAnauTRve9IINTaIMIunge1u (1) Aunidlnauazglsueeieas

N309ANUDGEIY

2.5.3.4 792INIRIUAUAINANEYA
IINTBWMOUANTNY AN U AAYIVBIAIINA UN9AINA 71 Laif 913

il ruesnludnuandazuil 2.19 lngdaud aAneeaeinuife o, LAy w, A

'
=

AuaNURTUN 2.19 (n) nd13fe ens1e1elnasdludisseninnnum 0 83aud w; uag
Tug13989m1udgnd1A 10 @, dulle dlugiesening o, (U o, sgndneenly &
sutsvasinag il usiuddeusgnidisveissuu s uazgvesdlsey uunnuiug

AMAIFUN 2.19 () TeATuN13aelauveRTBUAUARIRIANNTTN (2.27)

2 2
S“+w
H(s) = ay—5—— (2.27)
(®) 2 5248051 2
Q
[H( o) j®
Q- a3
Passband Stopband Passband |
| 2| !
[) ] | (Do (Do
' ' 0.707] a| |
' [ |
[ V— L |
] | | ] | A
H I [ h ! 0
Real ! ! Lo |
==== Imagine ; | | H :‘ """""""""""""" ™
s : : s | % X = pole ®,
| | | o=
: ! ! : M 20 zero
1 ! b y
H I o L
o- [0 | o, : o, [0}
0/Q "
0‘)1 mu
(n) ()

5UN 2.19 (n) dnvazAuaudRveasnsawauANudvga (1) surddnanazlsvesiens

NFOHAUAILDNYA
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2.5.3.5 2993n7096UNNAND

Y

.:4' v a Y ' o ) '
IWATNTIDIN EJ’e)iJiMV!ﬂﬂ’NiJﬂNWUNR]SIUVLﬂ L) Li']llﬂiﬂﬂiuuqmjﬂﬂsﬂiuuﬁﬂﬂ'ﬁ

Y

wi344781 (Delay equalizer) Ingiiflsndunisanelousuduasmuguiuunaunisi (2.28)

§2-2054 »2
H(s) = a —a—— (2.28)
(®) 2 5249054 »2
Q
|H(j )| jo

P
| S

0, Z
amesssssessssseesssssesssssessssssesssncessnne I o I
|a2| | // |
I , I
| 7 |
I y I

= Real | 0 | °

==== |magine L. p !
| |

| Q) Q)
| 2—5 27; |
I |
Passband X x = pole [0)

O = zero
0 )

(n) (v)
5U# 2.20 (n) AnwaueANENTR189199InT0UYNANILE (V) uviddlnauazalsvednens

NIDIUIUNNAD

LSIAENUIMNANITNDUAUDIN NNV UIALUTIAINLAVD9S A Adns1wenslinsatuusIu Nl

(% I

AN8RTIVEIE 0 dB w3BIWNAU 1 maeannyIerNdRIgUR 2.20 (n) wazidunnsiuiuinems

Y

(%
v v Y 1

NIOUNNANINABUAUT ABIUUILNAVDLANATIA1IINTUNA 180 DA AIFUN 2.20
FRINANNIIN (2.28) ATLINIARIAMAMUMUREMPNUYNMITDVDITEUU s InedianuauLng

fugueslnassgul 2.20 ()

Du(j )
, 0}

0

5UN 2.21 Wlaves99InTosIuyNANLD
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2.6 Aula

a wa

Wesnlunsudfgunsainldluasasivi dnaslirnuaudinaainndouninise

]

Wivgunsal lngannntue1aaziinaINNTEUIUNTNENINITNIU Y38INAUNADY 9 1Y

=

msdsunlamueiidwiionwnainagvesgunsal waznsiudsunlasvesgaumgindudn

=% A o 8§ Y a ca' v o XA v 1 Y )~ a a
ﬁ']LWGlWUQVlVl']IVLﬂ@ﬂ'ﬁLTJaEJ‘L!LL‘IJ@QI@ ‘Vl\‘iuL@J@m@ﬂﬂqﬁi‘ﬁﬂ\iﬂﬁw@@ﬂLLUUNﬂiSﬁWﬁﬂWWQQ

S 1 oA a

AanURvetgunsaluazivasheslufidudsuliiay wilunsufuRunuasidululyldiae

wszagunsaliinsidsunlategnaon dedusdnduiinzdorinsziafdanansznu

791935 Ao A1AIUL3 (Sensitivity: S) IngUnAUUNNTOOALUUIIRTILTABINS AN A1ANNLIAN

£
v 1

WoanNanNsENUNenvnleaslivinaunungenis ansasigluniseantuulsasvinlily

'
v A 1% =2 o U

Ifgunsaiiunnnansavedtaskaziinlilsendadnie deaimnulifidAyveasasidl
a ¥ v oa a a‘agll ! =< ! ! a ! v
ANUNEITRIUINeTnusazna1IfA1ANlIveIAIALAlNG ) kazA1YRIRIUTENOY
AN Q
Wesnnaraubigunsaltulinaifedes lneasaiuilaidulassigduduniaotves

1993N399AUAIINANNTIITN (2.29) FavzUsznoulfeAmmsiwes w, o, Q, Q, waz K

2, (®z 2
23(22)s
Qz 2

w
2 P 2
S +(Qp)s+wp

H(s) =K (2.29)

a &1 | a = a |
N5 ATIENANAINUIITDIAINISITLH BSAINENINTT (2.29) Fea1usanIAIALIve9
ANulna w, nilanddsundasiilaedeisuiurianuauniu R dguly denns
WagulUresaudlnasentng Aw, /e, don1sdsulivaainnudiuniuneniis AR/R

WU UFULUUNANAAIEAS LAF9EINI SN (2.30)

®p Awp /0y
Sg” = Aim Y (2.30)
wp _ R dwp
SR = oy R (2.31)
AN (2.31) AgiianuAwinfudsaunsi (2.32)
wp O(Inwp) (2 32)

R~ 4(InR)

NAUN1TN (2.30) Teaunisi (2.32) anansadunaladnmaivesgunsalignuanduininase
§ = ¢ 1 a A a = = A a v

Wesi@udAnuiianan InefmanuRanainiiudeunad fie 100 x AR/R luniadgaiu
< ! (- = ! J a s S o (%
MasanA1ANlITeAUUTEN 9 LU AIN1IIERET 0,4, Qg Q, Uag K TikfiBuriy

gunsaldus NegluilsitulasminglalagldiBineiunauaunisn (2.33)
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R 0K

wp _ ¢ Owp  ¢Q _ RIY ROK
KaR

s¥p —

= SK —
c wp dc R Qp dR R

(2.33)

% s

WosnnAaulivesnidsnsmauduiussenineiigunsainiadnsfivwesde 4 lu

[

a & vao &
'N"Uilﬁ'?‘ﬂ%a']ﬂﬂiflWFJULTJULL‘U‘UN'W]?E']UI@@QU

p _ x0p _ 9(lnp)
Sx = pox  9(Inx) (2.34)

lng# p Ae msilweslursmaaula (Wu Amsilnes w,, wp, Q, Qp kA K) kax x Ao
Faudsnfidvdnadensfwes p (wu aunsallursasdadmumiu R dandenh L wagduiu

[

Uszq O weidn p Wiladuilsidures x (9u p 1luamd) deduazdeoulanad
S)I: =0 (2.35)

v Y I3 ! N Y
01 p WU ¢ way ¢ Wuaipsagla

__0(Incx) __ d(Incx) , d(Inx)

p
S = d(lnx) ~ a(nx) = d(nx) (2.36)
LATAUENNUSILUUANY ¢ INTIURIDE1991
1
sP = _gl/p (2.37)
IAATIEIANLUUENNIT (2.37) aziTeulauiuead
LD L /A% o(In1/p) \ 4 d(=lnp) _ .p
50 G a(lnx) d(Inx) =B (2.38)
lneivgdnayludnuazinediu fe
Sy = =St/ (2.39)
wananAMsduuslanaluneunting uaratunsaiailane wu
PiPz _ b p
SPiPz — gP1 | gP2 (2.40)
P1/P2 _ P p
§P1/Pz — gP1 _ gP2 (2.41)
p _1¢p
p" P
Sy =nS; (2.43)
SpitPr = PiSiT+paSy? (2.44)
X p1t+p2 '
cf(x) _ of(®)
S = gt (2.45)

TReaun1s9 (2.45) Wi c Wudaszan x way fx) Wuilanduves x sadusianuisald

Awes SE ienesiduinisildsuntaslu p AAnanesidudnisiudsundaclu x
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gNAIBEIIE U H1A1ANLIVEY w, WIBUAUAIAINAIUNIY R, AB 5 udInisileuy

Y09A1 R, WU 1% zdanalinndosuunes o, W 5% Jusu

2.7 &3
a I = aad a v U a N A % o
uni 2 lananfimgudiinestesivinerdnus lawn lassasiauwasnisinauees
URANIIUTAWRT UeanIUTAmeTUADLAREINg NOANTIUTANDTVAIEBUNA 2935 DDTA

M1851991NU0ENIIUTANOTUA1UBUNG NFNNITVDINIINTDIANUD kaE N1TIATIZIAULY



uni 3

(%4 a\ a

UINNYVINUINYITNUS

1999509 UA vaenlT luanauiazgnandsluuni laAndenu1a1n1999n0503
AnudAlarsiauslunsaseieg Inedituminoiiolanilasiasevesas AMsiareddu

= a Y Ay o P YA v
AMEIAPRN LLa%L‘UﬁEJ‘ULV]EJ‘USU@W’UE]LﬁSmaﬂjﬂﬂiﬂiaﬂﬂﬁqﬂOIVN@NaNLWaW‘UUL‘W@ISUL‘U‘ULLU’J‘VI']ﬂ

o U o d‘d‘ o U
FnSUNmURINsBILINLausluunsely

3.1 2993nsasaudvaeutiiluanaulae C. N, Lee
2asnsesnmimaenihfiluaneaslunay giaualu 2016 (39] Tae C. N. Lee a¥ns

2995370 FDCCI (Fully Differential Current Conveyor) 371U 1 29395 2935 DDCC 91U 1

2993 APTIMAUANAUYTZUUUADAINTIINTIUIN 2 A7 FAIRTUVIURUUARERITIUI 2 79

LagfIFNUNIULUURBaINT1IATILIY 4 6 Tdunasdng £0.9 V (1.8 V) fagul 3.1

o Vinz Vinl
Rs R4
Vous liny
Vout4 Iin2 Voutl
-Z34 Y. Y 7
Cz 3 4 3 -224. :out3
=% 2 | R,
et FDCCH 7| da g4+ Wa——l
1-
I R ‘ T> X Z loutz
1 X- 2-
Zs Y. Y, {
VouIS Iin4 J_ l: s
in
Vout? Iin6 =
o ¢ -
—3 Vin5
Vouts
Vourz
C, I Y, e Ry Ving
X -
|||—| X DDCCZ .21
Y1 Ys z loutz
Iiné} J

Vin4
5UM 3.1 19snsesmnuivaneminiluanaulay C. N. Lee

|
=~ a

a o Y = a ) %
19snsesAunviuly 2 dnyugae (1) vargdunanilaowneg (2) niladunavany

(%

L01ANA LABTTIBUNA Ving Vina Vins Ving Vins lint 1z s ling lins %8 lins WAZTWBIHNA Vo



27

Ve Vouts Voura Vours Vouts Vour? loutt ot W8E |y W101E andunmodnIzanaslaauns
LWAMINELNTTA (3.1) §9 (3.10) 2993AnanTalWHAReUALBININTEIANA 5 Tleridu
115571 (LP BP HP BS Wwaz AP) lulum VM CM TIM waz TAM viavainsaal 46 flafdu uas
amnsamaIANudssTNnEldlagnisiivundl R, wazidudaszandiuszneununm
feaunsf (3.11) uilianunsauiuquanlagismedidnmseindldiidesanazdsnasioeding
Vouts ﬁﬂﬁgmwsﬁmiﬂauﬁuwmhu Rs Uag Ry vnlinsldgunsaluuvasediuinlilimane
fumsihlvadraduasessn inldndduisesdesnisideulunisidie fuvesgunsal
nazudniinl saudsdeanisarandidfuvesdyaadunmuaziendnn dnasfianunsaianu

lgnaesanwagluaspenihlndirnududoulunisqendunawaziondnalunisasldau

Vout1 = (8%C1C2(Iin1 + G4Vin1) + 5C1G4(TIing = linz = G1Vinz — G2Vina + G2 Vips)
+G2 G4 (lins + G3Vinz))/D(s) (3.1)

Voutz = (5C2(Gyling = G3ling) +5C2G3G4(Vinz + Ving) + G4(Gqling + Gslinz)
+G1G3G4(Vinz + Ving) + G2G3G4(Vina + Vins))/D(s) (3.2)

Voutz = (8?C1Co(Iing + G4Vin1 + G4Vinz) + SC1Gy(Ting = linz = G1Vina + G2 Vips)
+G2G4(lins + G3Vips + G3Vinz))/D(s) (3.3)

Vouta = (5C1(Gyling + Galing + Galing) +5C1 G4 (G Vipg + Gy Vinz + G Vins — G2 Vips)
+G5(G3ling — Galing) + G2G3G4(Ving + Vinz))/D(s) (3.4)

Vouts = (5°C1C3G4 (Ving + Vins) + SC2(Gylinz — G3ling + G3G4(Vipz = Vin1))
+5C1G1Ga(Vins — Vina) + G3G4(Iinz = lina) + G1G3G4(Vinz — Vin3))/D(s) (3.5)

Vouts = (5%C1C2G4(G2Vins + G2Ving — Gy Vina — G1Vin2)+52C1Co(Galing — Giling)
+5C3G2G3G4 (Vins + Ving) + 5C1 Gy Galinp + SC2Go(Gyling — Gsling)
+G5G3Gylin2)/GsD(s) (3.6)

Vout7 = 52C1C2G1 G4 (Ving + Vinz) + 52C1C2(G1ling — Galing + Galing)
+5C1G1G2G4(Vins — Vina) + 5C3G1G4(ling — linz)
+G2G4(G1ling + Gsling + G3ling) + G4G4(Iing + G3Vin3))/GeD(s) (3.7)

Tout1 = (82C1C2G3(G4Vins — G4Vinz + lin1) +5C1G3G4G2Vinz + G2G3Gylinz)
+5C1G3G4(ling — linz — G1Vinz — G2Vina — G4 Vin3))/D(s) (3.8)
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Toutz = (2C1C2G1G4(Ving + Vinz) + 5C1G1G2G4(Vips — Vina) + 5C;G1 G4 (Iins — linz)
+52C;C2(Gyling — Galing — Galins) + G2G4(Gylins + Gzling + Gslins)
+G1G2G4(Vinz + Vinz))/D(s) (3.9)

loutz = SZC1(:2(34 (G2Vins — G4Ving — G4Ving — G1Vinz) + 52C1C2(G4Iin4 — Gqlin1)
+5C2G2G3G4(Vins — Vin1) + 5C1G1Gyling + 5C3G2(Galing — Gzling)
+G2G3Gylinz)/D(s) (3.10)

T8l D(s) = Gq (s2C,Cp+5C,G+G,Gs)

) = 1/G2G3/G2G3 LA e Q - 1/G11[G2C2/G1C1 (311)

3.2 293nsasnNEaIentisanaulag M. 1. Al Albrni wazaaz
2995Ns0eAIIRNa BV TIluaNaNlaY M. 1. Ali Albrni wazmee logniawesnnounti

Tud 2020 [43] 7 @519990 EXCCTA (Extra X Current Conveyor Transconductance

Amplifier) §1UU 2 2995 AAAUUTZIUUUADAINTIIAIIUIY 2 A Aad UV IUTIUIY 4 67

Lagadnddnuin 1 67 feduaeasnsosndudnIgun 3.2 J0a8uns fie Vi, Vi Vs |y |, uae I

WAZUNBIANA Voot Voutz Vours Voura loutt loutz %8¢ lous 10839351 Unasa 1811y £1.25 V

(2.5V)
VouM(SIMO)
Zppe 02. o O1. Voutasimo)
Xp I - = Xp ZP1+T I3
R1 Cl RZ CZ
é EXCCTA EXCCTA
lind/1 = 5 Ve
in/ 12 X loutisimo) Vi o— Xy
——po—— Xy Zp. > Voutzsivo/ Zyi
Vout(MISO)(TIM-Mode) Zn loutamisoycM-Mode) | Voutmisoyvm-mode) __I_
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Vout4(S IMO)
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Zpys O2. - 01, Voautsimo)
Xp Ze. - > L\ 1
Rl C]_ RZ C2
EXCCTA _I___— EXCCTA

| A S«
—po——X out1(SIMO) v N Zu,
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R3 L _______ J
SPDT (Switch)
Vv loutzsimo)
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Vouts(simo)(s) _ 1

W (5) Vin(s) $2C;1CoR1Rp+5C28m1RzR3+8mzRs
T (S) A Voutl(SIMO)(S) » SZC1C2R1R2 (3 13)
VMup Vin(s) $2C1C2R1R2+5C28m1R2R3+8m2Rs )
T (s) = Voutz(simoy(s) _ sC;R; (3.14)
VMgp Vin(s) 52C1C2R Ry +5C28m1R2R3+gm2R3 )
T (s) = Voutasimo)(s) _ R4(s2C1C2Ry—5C28m1R2+8m2) (3.15)
VMarp Vin(s) s2C1C2R Ry +5C28m1 R R3+8m2R3 ’
T (s) = Vouta(simo)(s) _ s2C1CaRaR.+8maRa (3.16)
VMgr Vin(s) s2C1C2R Ry +5C28m1R2R3+8m2R3 '
Tram. . (5) = outz(simo)(S) _ gm2 (3.17)
Mrp Vin(s) 52C;C2R Ry +5C28m1 R R3+gm2 R



T (s) = Tout1(sim0)(S) _ s2C,C5R,
TAMLp Vin(s) 52C1C2R Ry +5C28m1R2R3+gm2R3
T (s) = Loutz(siMmo)(S) __ sC,R28m1
TAMgp Vin(s) 52C;1C2R Ry +5C28m1 R R3+8m2Rs
T (s) = Iout1(siM0) () +loutz(s1M0)(S)  —s2C3C,R;—SC2R8m1+8m2
TAMgr $2C1C2R Ry +5C28m1R2R3+8m2R3

Vin(s)

T (s) = Tout1(s1M0) (S) +loutz(s1M0) (S) +loutz(siM0) (S) —-s2C1CyRy+8m2
TAMap Vin(s) $2C1C;R1Ry+5C28m1RRa+8mzRs
T (s) = Lout1(siMoy(S) s?C;C,R4R,
CMup in(s) $2C1C2R1R2 +5C28m1R;R3+gm2Rs
T (s) = Toutz(stmMo)(S) -5Cgm1R2R3
CMgp Iin(s) 52C1C2R Rz +5C28m1RoR3+gm2R3
T (s) = Touta(siMo)(S) gmzRs3
CMLp Lin(s) s2C1C2R 1Ry +5C28m1RoR3+gm2R3
T (s) = Lout1(stmM0) (S) +louts(siMo) (S) R3(s*C;1C2Ro+8m2)
CMar Iin(s) 52C;C;R;Ry+5C28m1RzRa+8m2Rs
T (s) = Tout1(s1M0)(8) +loutz(sim0) (S) Houtz(siM0)(S) _  Rz(s?C1CaRy—SsCagmiRo+8m2)
CMap Iin(S) $2C,C;R; Ry+5C8m1RR3+8mzRs
T (S) __ Voutisimo)(s) _ -s2C;C,R R R3
TIMyp Lin(s) s2C1C2R1R2+5C28m1RaR3+8m2R3
T (S) _ Voutz(simo)(s) _ —sC,R,R3
Mbw Iin(s) 52C1C2R Ry +5C28m1RoR3+8m2R3

_R3

_ VoutzsiMmo)(s)
TriMgp (s) = 1 (5) =

52C1C2R Ry +5C28m1RoR3+gm2R3

—R3R4(s?C1CRy—SCoRp8m 1 +1)

s2C1C2R 1Ry +5C28m1R2R3+8m2R3

—R3R4(8m2+5°C1C2Rp)

_ Voutasimo)(s) _
Trim,p (s) = 1 (s)

_ Voutasimo)(s) _
TrimMge (S) = 1 (5) =

Q=

1 [Ci8ms
8m1 \ C28mz2

s2C1C2R Ry +5C28m1 R R3+8m2R3

_1 8m2R3
[, =L | BmaRs_
2T C1C2R1R2
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(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)

(3.29)

(3.31)

(3.32)

(3.33)
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$2C1C2R1RyV1—5C8m2RoR3Vo+8m2R3V3)

Y % s) = (3.34)
out(MISO)(VM Mode)( ) $2C4C,R; Ry +5Co8m1 R Ra+8m2Rs
s2C1C,R1R,V;—=5Co8maRR3 Vo +gmaR5V3)
I ~ e (12121 28m2R2R3V; m233) (3.35)
out(MIS0)(TAM-Mode) (8) = 8m1 (™= 53¢ R Ry 75C, e RoRa fEmaRa
I (s) = (SCng1Rz11—(52C1C2R2+gmzR3)Iz+gm1gmszR313) (3.36)
out(MISO)(CM—Mode) s2C;1C2R Ry +5C28m1 Rz R3+8mz Ry '
5C28m1R211—(s%C1CoRy+8m2) 2 +8m18m2Rals
v, _ $) = RyRy (22 (3.37)
out(MISO)(TIM Mode)( ) 1R3 $2C;C,R Ry +5C28m1RyRa+8ma Ry

—_ Rl C1gmz f —_ 1 Sm2 (3 38)
Q 8m1R3 \j CzR; 0 2m4/CiCaR, ’
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I _ —(s2C1C2R1Ry+8m2R2)I2+SC1 Ry I3 +8m1 Ry 1y (3 41)
out — 2 .
s2C1C3R{Ry+sCiR1+gm1R>
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Gmset = 1/Rget

wﬁu:—uﬁ -

RMOSl

MlS M16 I\/|l7

o

Vyi o— V1 I
Vy2 o— Y2 0
Vyz o— Y3

L

w
!
Vu

(V)
5Ufl 4.1 9995 DDTA (n) 2935 DDTA @¥13997n MI-MOST (v) daydniwal



35

Vor
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Gmsets (SCZ Gmsetz tGmset1 Gmsetz)vinl —Gmset1Gmset2Gmsets Vinz

V — _Gmsets(SC2+Gmset1)Iin1_Gmsetlcmsetzlinz (4 2)
ol D(S) .
Gmset1Gmset2 GmsetsVin1+5C1Gmset1 Gmsets Vinz
-G G Iin1+sC4G I
V — msetliVYmset5tinl 1Ymset1'lin2 43
02 D) (4.3)

2
SC2Gmset2Gmsets Vin1+5°C1C2Gmsets Vinz

—sC,G Iing +5%C4Cyl;
V — 2Ymset5tlinl 1%21in2 44
03 D(S) ( )

2
Gmset1Gmset2 GmsetsVin1 —Gmsets (S C1C2+Gmset1 Gmsetz)vinz

V — _Gmsetlc'msetslinl_(SzC1C2+Gmset1Gmset2)Iin2 (4 5)
04 D(S) .
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2
2Gmset1Gmset2Gmsets Vin1 —Gmsets (5 C1C2—sC1Gmset1+Gmset1Gmset2 )Vinz

Ve = _ZGmsetlcmsetSIinl_(Szclcz_SclGmset1+Gmset1Gmset2)Iin2 (4 6)
05 D(S) .

2
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I _ _ZGmsethmseMGmsetslinl_Gmset4(52C1C2_SclGmset1+Gmset1Gmset2)Iin2 (4 10)
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T8 D(s) = SPCCoGmsets +SC1Grnsett Ginsets Grreett GrmseteGrnsets
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nSEM 1: Vi, = V..
LRIANA Tup edduiilésu

Vor VM, (LP) —Gmset1 Gmset2Gmsets/D(s)
Vo, VM, (BP) SC1Gmset1 Gmsets/D(S)
Vo3 VM, (HP) $2C1C2Gmsets/D(s)
Vos VM, (BS) ~Gmsets (57C1Cz + Gmset1 Gmset2)/D(S)
Vos VM, (AP) ~Gmsets (57C1C2 = SC1 Gmsett + Gmset1Gmset2)/D(s)
lo TAM, (HP) $2C1C2Gmsets/D(s)
loz TAM, (BP) —5C1 Gmset2 Gmsets/D(S)
los TAM, (BS) ~Gmset3Gmsets (5°C1C2 + Gmger1Gmset2) /D(s)
loa TAM (AP) —GsetaGmsets (52C1Cy — SC;Gmset: + Gmset1 Gmsetz)/D(S)
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SN 2: V,,, = V,,

BRI Tua etduilésu
Vo2 VM, (LP) Gmset1 Gmset2 Gmsets/D(s)
Vo3 VM, (BP) SCGmset2Gmsets/D(s)
Vea VM, (LP) Gmset1Gmsetz Gmsets/D(S)
Vos VM, (LP) 2 (Gset1Gmsetz Gmsets)/D(s)
los TAM, (BP) SC2Gmset1 Gmsets/D(s)
los TAM, (LP) Gmset1Gmset2 Gmset3aGmsets/D(s)
log TAM, (LP) 2(Gmset1 Gmsetz GmsetaGmsets)/D(s)
nSEA 31, =1
BRI Tun Harduiilédy
Vo1 TIM, (LP) ~Gmset1Gmset2/D(s)
Voo TiMv, (BP) SC2Gmset1/D(S)
Vo, TIM, (HP) ~2C,C,/D(s)
Vo TIM, (BS) —(5%C1C; + Gmset1 Gmset2)/D(S)
Vos TIM, (AP) —(5%C1C; — 5C1Gmsetr *+ Gmset1 Gmset2)/D(s)
| CM, (HP) $2C;C2Gmset1/D(5)
loo CM, (BP) —SC1Gmset1Gmset2/D(S)
los CM, (BS) ~Gmset3(5°C1C2 + Gmser1 Gmset2)/D(s)
log CM, (AP) ~ Gsets (5°C1Cy = SC1Gmset1 + Gmset1 Gmset2)/D(S)
nSEM 41 = I
LRIANA Tup Harduitlésu
Vo, TIM, (LP) — Gset1 Gmsets/D(S)
Vs TIM, (BP) —SC,Gmsets/D(S)
Vg TIM, (LP) —Gmset1 Gmsets/D(S)
Vs TIM, (LP) —2 Gset1 Gmsets/D(s)
log CM, (BP) —5CyGmset1 Gmsets/D(S)
los CM, (LP) — Gmset1Gmset3Gmsets /D (s)
log CM, (LP) —2Gmset1Gmset4Gmsets/D(s)
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nSEM 5V, =V, =V,
BRI Tua etduilésu
Voi VM, (BP) —5C5Gmset1 Gmsets/D(s)
Vog VM, (HP) —5%C1C5Gmsets/D(s)
loy TAM, (HP) $2C1Cy Gmset2Gmsets/D(s)
log TAM, (HP) —52C1C2Gmsets Gmsets/D(S)
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91n9sTdNaneluzun 4.2 9suladnty Vo Vo W Vs Slo1dnnduiiunuden

[
= I3 O Y 1

VULREITU DT Loy Lo los WA log TieMNABUNUAUTES FatuTIAINE1Tseunsainluseld

o
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Nulalaglidadddiasiiines 93 Vi, wag V,,, T8unnduiiuaudas dmunisdoudunnis

Y
Y

Lifpsnssasdviesietuiy agdlsinm 197 Vo, waz Vo, lliiondweduiiwaugaien
BN UAZTD fyy 48 1y WILALTBUNABUNUAUGNL AN AIUUIIRINTBIAIINNDIIILHDINTT
v & Y a a 5 a0 'o a a s 1 1 1 1 a0 1
19350Mes arduiuaudvatinaniif1nuasdununudvesunadteurasdteiiaillas
di’ =3 P2 =l 6 a = 4 (7 a
wanandaziuladn lunsdlvedluanssuanasluansudduniunudazlifoinisdunawuy

AAULNE
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4.2 anulidugaunfivasieas DDTA

| L) a < o o o g v o a
aauliidulungauaiveeas Wudndadenenvagrilinisvinueeisasiia

a1 A

ANNAANAIAYIBLIBYAILNATYIIULAITlANIAanAG oulUaINTILlFRBNWUY @ 1LrRBIaLin

Y

wnARaNaIafifIgUnsainannlssumdIunids Weiiarsananulidugauafives

1995 DDTA 98@11150Lan@un1IALEIN UGN T LALaZ LS IAUYD$995 DDTA 19 A

(4.13)

Viv = Bj1Vy1 — Bj2Vy2 + Bj3vy3}
I, =

- Gmsetnjvw
Tnod By WU 1-Ejy, wag €, (1€, << 1) LAMNE AU ITURANATAYD 97 Vi, 7V, 999
14933 DDTA, Usiagdl Uag By, Wiy 1-p, Uag €, (|€5] << 1) LANTIAUTIAURANAA
1999 V,, 1 Vi, 9992993 DDTA, uslazs Bjz AU 1-Ep5, Uaw Ej, (1€ << 1) UanaNaA
usaURnwaIAeIda Vs 71V, 1992993 DOTA, usiazsh

o s o cav 1 & a P
3NIINNTVE8VRINTIUAADUANUAUGTLITUDANAR (Grerry) HaNSLA PB

Gmsetnj (S) iy ( ¢=3 )Gmsetj (414)

S+(.\)gm]'
1087 Wgmj ¥AE Grsetnj HEATNAAINUDINGSUAUVTaE SRSV BN AR UAN LA UDN LY
Jugnunfiguilnreeisasves DDTA, usagsia suany
[~ a 1% 4 [ 4 [ 1
AuliiluganafvednsveIensudnauaniaudvas DDTA Wuanguein1nug
WA AT UNTULEINTI A AegUN 4.5 TuYIRNURNATIRIHANAI Gy H13190

wlaslaBudsaunisa (4.15) [70]

Gmsetnj (S) = G'msetj(l — Ujs) (4.15)
1087 P = 1/0gm;
’msﬂsaammﬁumwﬁwﬁimmmaﬂugﬂﬁ 4.2 gﬂﬁmﬁLﬂﬁ'wﬂwﬁé’aaaumiﬁ (4.13)
wag (4.15) wavdruvesilaidudnelovannsadeuldlwlssaunisi (4.16)
D(s) = S?C1C; + SCiGmsetn1B12 + Gmsetn1 Gmsetn2B13B22 (4.16)
WUELNNST (4.15) adluaunish (4.16) Azl

C1Gmser1B12M1 — Gmset1 Gmset2B13B22M1 M2
C1Cy

D(s) = 5°C;C, (1 - )+ SCiGimseur Bz

Gmset1Gmset2B13B2211+Gmset1 Gmset2 B13B2212
(1 - C1Gmset1B1a + Gmsetanmseth 813822 (4-17)
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Naunsi (4.17) anuliiluenunfvesnses DDTA zdmanssnusennautRveI9asivi
TiRenwaaluanamsgauaid anuliidugaunfivesisas DDTA a1vazmeouluiaunis

(4.18) uay (4.19)

C.G + G G
B12C1Gmset1M1+B13B22Gmset1 Gmsetz 12 &1 (418)
C1C2
G G - G G
B13B22Gmset1 Gmsetz L1 —B13B22Gmset1 Gmsetz M2 &1 (419)
B12C1Gmset1

AanuaeulidugauafveariAudsTIIA (W) waziUsznaunun niiliiduanunf

(%

(o) @NHNTOLERIARIT

C.C;

b\ C,G
won =t 2 mset2313822 (421)
B12 C1Gmsetn1

Y]

A1AUIVD9AUATTINYIALAEAIUTENBUANAINTILAIINNITAATIEN anunsaeulanall

Won = \/Gmsethmsetz B13B22 (4.20)

Won _ QWon _— QWon _ ¢Won _ __ ¢Won _ _ ¢Won _ l
SGmsetl 1 SGmsetz 7 S1313 \ SBzz R SCl ' SC T2 (4.22)
Sgm =1 (4.23)
12
Qn _ ¢Qn _cQ _cQn _ _cQn _ _ cQn )i 1
SCz T SGmsetz d | S513 =3 22 SC1 . SGmsetl oW (4.24)

F991NaUNI5N (4.22) 99 (4.24) 1129950 509ANUAVANe N A luANALNLEUDduTl AU AN

%
v

NaudnAnuazmadningizinaranulden i 1

4.3 N1997899N15V1N9U

1935 DDTA mmgﬂﬁ 4.1 gneaniuU AN UUAIIIEWSIUNAY 1.2 V (Vop = -Vss =
0.6 V) uaznszudluned 5 uA 2993LenT1NISUSIAANAINUIIAY 66 uW nnslglusunsy
PSpice d1a9n15¥91umsmnalulad@uea 0.18 um 910 TSMC (Taiwan Semiconductor
Manufacturing Company) A5t vesgunsaliildlunisdnassnisviiauesisas
DDTA Wandfsnnsnad 4.2 an5nedl 4.3 uansnnuantifivesisas DDTA lodrasanisvineu

maelusngy PSpice Tagldnslinasainmisnei 4.2
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M19197 4.2 AT TLEluN13918992995 DDTA 91n3U7 4.1

UDALNA 9n3187u W/L [um/um]
My, Mg, Mys, My, 9%x9/0.3
Mz Mig 15/0.3
Mp, Mg, Ms, Mys, Mg 12/3
Mg, M7, Mg, My7 2x12/3
Mo, Mig, My1, Myg 2x25/2
Mg a/5

Ce=0.5 pF, C.= C = 2.6pF

M13199 4.3 AnadRved1993 DDTA Nlnannsdiaednaylaluine iinus

NI5NDT AluN15I1809
wialulad 0.18 pm
WAEINY 1.2 V (0.6 V)
M5IN1TUSLNANS S 66 UW
DATNVYIUNIIUFABUANLANTD 1/Riet
-3dB bandwidth: Vi,//Vy1, Vo/Vyo, Vi/Vys, 2.4 MHz

lo/V,1 (Roer=15kR) 6.4 MHz
Voltage gain: V\./Vyy, Vi/Vyo, Viu/Vys 0.988
DC voltage range (Re:=15kQ) +100 mV
DC offset -0.13 mV
R.&L, 1.25 kQ & 0.4 mH
Ry//C, 947.78 k//0.22 pF

HAN133188IN1TVINNUYD9299T DDTA UM 4.3 wansauduiussznineda v, uae

'
a

V,

1 7 Reer 111U 15 kQ UagA1AUHANAIAUBIUTIUATT V), HAWIIHU 0 mV wudnd

LSIAURANAIALUWING -0.13 mV wagdl Vi, dewviniu 100 mV wudussiuasinnaintioy

191 2 mV wansianisildsunssiudunszuaves DOTA Waghl Vi, (Vi= Vi, Vi) gniluld

Judunanazgninnszuanty o wasidowaninduduius IR UBUNALED JUN 4.4 uang

AUFUTUSTEAIN9 |, U Vi, TIA0 Ry A9 (Riei=10 kQ, 15 kQ, 20 k@, 25 k@) Taedia
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NINUAABUANUAUY Groeer VD999 DDTA WINAU 1/Reet (Grreer = 1/Reer) WANITINABINTT
¥91Uv999995 DDTA U7 4.1 agulddslunmsned 4.3
2aesnsesmudlunnanfiausluisasil 4.2 gneenuuulildmauisssunamiiiy 1
kHz Tngldiunuuseq C, uay C, WU 10 nF WA Ry 89 Ry AU 15 kQ (Rieir= Reerp
— Riuts = Reg = Rears = 15 k) Tnefidndnumiu R, wiani aunsaassleglule® (on-chip)

Iolngldguvaalnaniiaudiuniugs uiegrslsinuadunuuseangalinisiiazasnsliey

Y

wanled (off-chip)

100 e RS AAn sl S aAAay Saa RAAASLL AR RERAALS 2.0
5 \ Voltagéerror ‘Vw\ 15
&

50 ™ 1.0
\\ -
25 05 E
= =
E-0 0 %
s >

>

25 A 055
\ LTJ

-50 -1.0

-75 / -1.5

-100 -2.0

-100 -75 -50 -25 0 25 50 75 100
Vy1 [mV]

JUN 4.3 HaT1009RNANTUS TEMIUTIAY V,, U2 V1 91 Ry = 15 kQ UagAinnuianain

10 Frrrrr T T e g

75+ E
g " b
5.0¢ : 3
< y
25; A/// I Youtlt i
LN E E
< E &
204 Tis
-2 E o/' =
250G f/’/
£ -
50E A Rset=10kQ
p Rset=15kQ
E L < Rset=20kQ
-7.5 : o Rset=25kQ
2 | | ]

_ | ; ;
1910 -75 50 -25 0 25 50 75 100
Vin [m\/]

JUN 4.4 nan1331809ANUFNRUSTENIN V) Uae |, 1WeUSUAN Ry

JUN 4.5 4.7 4.9 uay 4.11 UAAINANITIIABINIIVUIAYBINITNTIAMUD AK 1Y

LAUANAKIY AND NI Wae hauauivga luluaussiuluanszua luansiud-
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wonfiauaud way luansudduiinaud Tnsaunsainaimudsssurd ity 1.04 kHz
n3inasenuantAnsvuIaLazinaveIn1InsasEuynaud luluausedu Tuanssua
Tuansudueninuaud uay luansuddufiunud wansiaguil 4.6 4.8 4.10 uag 4.12
AIUAIPU 1NNITINEDY BNTINITUS LNANSNIUTINVBIINASIINAY 330 pW et 9zanunTa
fudumsvhauldnnngud 4.5 s 4.12 ldnsasnsesanuinanevihiluanasiiausanunse

Trnamauauain1snsasruals 5 wuululus VM CM TIM wag TAM Tuigasiien

10+

10+ / %{
VAL
\

3 /0/

2 -30

! — =Y = | ¢
€ -40

(2]

©

>

’ o LP \\
0% F ©BP \ \
/ 7 HP

1.0 10 100 1.0k 10k 100k 1.0M
Frequency [Hz]

5UM 4.5 Na91989013N509ANAAIHIY WAUAIHDHIN AIUDGEIIU UAE LaUALAYEA

Tulunusesu
40—t 240
o Phase
30; I © Magnitude E 180
20 ¢ \\ +120
2 104 )
g \ ] =
3 0.0 B szt 0.0 8
c \ &
g -10 -60
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Tulunnssus
40 ¢ ; ; T 240
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120+ 7 240
<>'Phase
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LN @Lﬁ UNIIYUY u’Jq?ﬂﬁ]iﬂﬁ@ﬂﬂ'ﬂqﬂﬂimﬂmau‘mLﬁu@ﬁqlliﬂﬂﬁclJﬂql@ﬂ'ﬂﬂ')ﬁﬁ/ﬂﬂ

a « a 4 d' = a [
lanNNIvUNd EU‘VI 4.13 L@AIN1INOUAUDIAINDVBINITNTOWAUAMUINIY TAgiIiun Reett

WAE Rep WM1A U WENTTIUE suA LA U Iwd Y 10 kQ 15 kQ 20 kQ wag 25 kQ

TuruzieInu AAUALE Rers Rern H8E Reers ANAU 15 kQ 211N1591889 NUTIAINANAS

71 0.64 kHz 0.79 kHz 1.04 kHz Wwa 1.51 kHz 7l Rey 48T Repy AU 10 kQ 15 kQ 20 kQ

way 25 kQ mud1au azdanabainnisusuainnudnas (f) aglddwansynusasivsenauy

AMNN (Q) usigdla
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" 7N\
NN /4 N
— AN

T ) S o A Rsetl=Rset2=10kQ N
: Rset1=Rset2=15kQ

>

Magnitude, dB

& Rsetl=Rset2=20kQ

-50 O Rset1=Rset2=25kQ X\\
‘ A\

1.0 10 100 1.0k 10k 100k 1.0M
Frequency, Hz

JUT 4.13 nadiaeanisuiuamnedidnnseindlaen1susuan R 42 Reo

193INTBIANUAVR NN LANANN U NANBILYNUINITIa0 NSV BNAA DY
Anudu@adurenans MInsesnnudnnudiLlunksvIzgninIaen1sinny

lngUpudyaudunnidiaiiud 100 Hz Mleundgeseiy UM 4.14 uanse THD Nvun

q

o a

doyayrasBunaeng1eg Wenasaululuausedy §Un 4.15 wange THD Nuunadayey o
dunmAsi1eg Worsashaululuansena 31ARaN159180901391U wansla I vuIe
dryaynad 325 mV (peak) A1 THD (Total harmonic distortion) A1 aan31 1.09 % way
Nvuadayeyiad 20 um (peak) A1 THD fatlosnan 1.21 %
dl o o o ‘ﬂil o o .
199371111aU0ENT19297 13N LML UUNAA AU UA YA (Third-order

[y a

distortion product: IMD3) n13nseaununnds uazgnieusiedynadunnasinud
TndiAsiuinfidune madiassnisvinsuasloumnsd 0.9 kHz uag 1.1 kHz 1" Buna wa
nsdrassmsinuvesisashuluaussiuasnssianandldsuil 4.16 waz 4.17 auddiy
1ANAN591a09 A1 IMD3 fldUszana -37.23 dB Wlevuiadunafe 100 mV (peak) 1ile
295vieululunusedu uay IMD3 daUszanal -36 dB Levuindunnde 7 uA (peak) Lile

29957 ululuAnSELE
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5UM 4.17 nad1aed IMD3 insasviaululuanszua
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30T
nsamples =200
b n divisions =10
25¢ mean =1039.89
F sigma =33.3392
minimum = 967.449
n L 10th % =998.841
L 20+ median = 1037.94
o E 90th % =1084.83
% maximum =1132.88
» L
G 15+ ]
+— L 3
c ]
] r :
o F .
5 10f :
& 10f ]
5+

0+ 1
0.950 0975 1.000 1025 ~1.050 1.075 1.100 1.125 1.150
Frequency [KHz]

JUN 4.19 nadnaeduansdalaunsulaensinseinisinnuluy Monte-carlo Nuilaiduy
2993NTOWUAMNDNIL WIafAuYsEy C; was C, Ensiloauu 5 %

o

1993nsRdLaUANHIulALTIAY AzgndtaedlagldniiinsEfiuuu Monte-carlo
Ingrfvualidaiiudsey ¢ uaz C, dnmsdetuy 5 % asgnesntuulifianudsssuyif
Winfiu 1.04 kHz wazedaUsenauRanImyiiunseUssanal 1 dufiegawuuindideuann

200 fI981e U 4.19 uanaBalaunIunisIasILYin1saULUY Monte-carlo 31NHANNS

91899 ANTELUUNINTEIU (O) V09AUATITUWIRTWINAY 33.3392 Hz F39015WNT9V09

ANUD A AEeEALYINAY 1.132 kHz Laziaaviiiy 0.967 kHz

4.4 WAN1INNADY

asnsesnmivansntindlunnes avgrianas1adiunesaie 2995 DDTA szgnaiig
#82995 OTA 1We$ LM13700 fanandluguil 4.20 299slduvasdnel 5 v dufvdsey C,
waz C, fifindu 220 nF 1desadalaalaudsie Aglent Technolosy 31 DSOX1102G Tu
nsteudunadyyraletuazindyaramaeing Amsudrsudnuaud g, Wiiiu 1.5
mS 9NAMNSITADIRING1 2993nT0IANRIETAIAIMASTINYIAT 1.09 kHz wazes
Usznauaunmysenna 1 (Q=1) gﬂﬁ 4.21 4.23 4.25 uag 4.27 LAAINANITNAADIVDY
n13N509UUY LP BP HP uay BS Tulun VM CM TIM uaz TAM sudisy @amgud 4.22 4.24

4.26 uay 4.28 LAAINANITNAABINIIVUIALASINEUDINTITATEILUY AP Tulua VM CM TIM
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war TAM aud1du dan1siananisnevausvesnisnsasiulun TAM aglddaduniu
Wiaazasunszuaiondnmdunsany waziussiunlaunmuanieniagbilaainszua
sonundannsnluwsazye dlunsdfidunisnseddulun CM waz TIM Tddadunund
{ 1 v A N v oa <y a [ &

Age (WU R, >> 662 Q) gnldiiieldeunssiudunadudunanszua wazudasnduidy
wrsnanszualuiuiondnmnssiuudiainszsua nniuiuiafumuden1sAILIL L

@
NaBR

sUTl 4.20 1As4a$199992995 DDTA fi@¥1991n2905 OTA

10 ;
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o BS(Exp) BS (Sim)
60 = e e P
1 10 100 1000 10000 100000 1000000
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5UN 4.21 nanAaBIN1INTBIRURAHIU WAUANUAKIY ANUDEINIY e LauaNDvEen

Tuluawsanu
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40 4 ;240
< Magnitude (Exp) :
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9 10} £ 60—
= 0 0 o
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2 10 60
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Tuluansuadunkaug



-20 - : 240
< Magnitude [Exp]
-30 Magnitude [Sim] 180
O Phase [Exp] E
40 ¥ Phase [Sim] T 120
— 0% £ 60
=} ] & OO S a0 SSRGS E =
(<) ]
g w0} 0 g
= ] <
c 3 E o
& E :
g 0% - -60
80 } 120
90 % - -180
M0 e s e NN 240
1 10 100 1000 10000 100000 1000000
Frequency [Hz]
5UN 4.26 Haneani1snseunaNnlulun NTudBuTiuauD
70
2 i
L ]
> ]
N
3 ]
o ]
= ]
N ]
P [Exp] LP[sim] A HP [Exp]
10 + HP[Sim] O BP[Exp] ——BP [Sim]
] o BS[Exp] BS [Sim]
0 4 ——rrrrmmt——rrrrmt———rrr——rrrr——rrr——rrr
1 10 100 1000 10000 100000 1000000

Frequency [Hz]

54

JUN 4.27 HanNARBINITNTBIAMUAMHIU WaUAHDHIU AUDEEIU UaE LauALAER

Tuluans1uduoniinwnuds



55
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+PDIBLC2 = 2.151668E-3
+PSCBE1 = 7.412661E10
+DELTA = 0.01

+PRT =0

+KTIL =0

+UB1 = -7.61E-18

TNOM = 27

NCH = 2.3549E17
K2 = 2.518108E-3
WO = 1E-7

DVIIW =0

DVT1 = 0.4097438
UA =-1.363381E-9
VSAT = 1.017805E5
BO = -1.069507E-8
Al = 2.789024E-4
PRWG = 0.4957859
WINT = 0

XW =0

VOFF = -0.0895222
CDSC = 2.4E-4
ETAO = 2.95614E-3
PCLM = 0.7291486
PDIBLCB = -0.1
PSCBE2 = 1.812826E-7
RSH = 5.9

UTE =-1.5

KT2 = 0.022

UCI = -5.6E-11

TOX = 4.1E-9

VTHO = 0.3669193
K3 = 1E-3

NLX = 1.745125E-7
DVT2W =0

DVT2 = 0.0552615
UB = 2.253823E-18
A0 = 1.9261289

Bl =-1E-7

A2 = 0.8916186
PRWB = -0.2

LINT = 7.790316E-9
DWG = -1.224589E-8
NFACTOR = 2.5
CDSCD =0

ETAB = 1.374596E-4
PDIBLC1 = 0.1332365
DROUT = 0.6947618
PVAG = 9.540595E-3
MOBMOD =1

KT1 =-0.11

UAl = 4.31E-9

AT = 3.3E4



+WL =0

+WWN =1

+LLN =1

+LWL =0

+CGDO = 8.71E-10
+CJ = 9.67972E-4
+CJSW = 2.443898E-10
+CJSWG = 3.3E-10
+CF =0

+PK2 = -4.696208E-4
+PUO = 17.2549887
+PVSAT = 1.298468E3

.model Mbreakp PMOS LEVEL

+VERSION = 3.1

+XJ = 1E-7

+K1 = 0.5772615
+K3B = 14.2532769
+DVTOW =0

+DVTO = 0.6718731
+U0 = 118.0541064
+UC = -1E-10

+AGS = 0.4096261
+KETA = 0.0212376
+RDSW = 306.4304418
+WR =1

+XL = -4E-8

+DWB = 8.005928E-9
+CIT =0

+CDSCB = 0

WLN =1

WWL =0

LW =0

CAPMOD = 2

CGSO = 8.71E-10

PB = 0.6966474
PBSW = 0.8082076
PBSWG = 0.8082076
PVTHO = 7.226579E-4
WKETA = 6.028223E-3
PUA = 6.802365E-11
PETAO = 1.003159E-4

=¥

TNOM = 27

NCH = 4.1589E17
K2 = 0.026742
WO = 1E-6
DVTIW =0

DVT1 = 0.3118588
UA = 1.626518E-9
VSAT = 2E5

BO = 7.705744E-7
Al = 0.5260122

PRWG = 0.5
WINT =0
XW =0

VOFF = -0.0992452
CDSC = 2.4E-4
ETAO = 0.0331989

71

WW =0

LL=0

LWN =1

XPART = 0.5

CGBO = 1E-12

MJ = 0.3609772
MJSW = 0.1013742
MJSWG = 0.1013742
PRDSW = -4.5298309
LKETA = -8.791311E-3
PUB = 4.224871E-24
PKETA = -3.864603E-4

TOX = 4.1E-9

VTHO = -0.4002789
K3 =0

NLX = 9.883899E-8
DVT2W = 0

DVI2 = 0.1

UB = 1.229265E-21
A0 = 1.8109799

Bl = 2.657048E-6
A2 =0.3207082
PRWB = 0.0612789
LINT = 2.043723E-8
DWG = -4.602158E-8
NFACTOR = 2
CDSCD =0

ETAB = -0.0375363
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+DSUB = 0.7172358 PCLM = 1.5224082 PDIBLC1 = 2.700462E-4
+PDIBLC2 = 0.0165863 PDIBLCB = -1E-3 DROUT = 1.640424E-4
+PSCBE1 = 7.71553E9 PSCBE2 = 2.228426E-9 PVAG = 5.1166248
+DELTA = 0.01 RSH = 6.7 MOBMOD = 1

+PRT = 0 UTE = -1.5 KT1 =-0.11

+KT1L = 0 KT2 = 0.022 UAL = 4.31E-9

+UB1 = -7.61E-18 UCI = -5.6E-11 AT = 3.3E4

+WL =0 WLN = 1 WW =0

FWWN = 1 WWL =0 LL=0

+LLN = 1 LW = 0 LWN = 1

+LWL = 0 CAPMOD = 2 XPART = 0.5

+CGDO = 6.92E-10 CGSO = 6.92E-10 CGBO = 1E-12

+CJ = 1.173089E-3 PB = 0.8524959 MJ = 0.415401

+CJSW = 2.217367E-10 PBSW = 0.5936755 MJISW = 0.2603391
+CJSWG = 4.22E-10 PBSWG = 0.5936755 MJSWG = 0.2603391
+CF =0 PVTHO = 1.425828E-3 PRDSW = 0.9887283
+PK2 = 1.095689E-3 WKETA = 0.0286138 LKETA = -2.786502E-3
+PUO = -1.2891258 PUA = -5.395E-11 PUB = 1E-21

+PVSAT = -50 PETAQ = 1.003159E-4 PKETA = -2.891811E-3

walulad 0.13 um 311 UMC

MODEL CMOSN NMOS (LEVEL = 7

+VERSION = 3.1 TNOM = 27 TOX = 3.2E-9 XJ = 1E-7 NCH = 23549E17
+VTHO = 0.0408721 K1 = 0.325863 K2 = -0.0303381 K3 = 1E-3
+K3B = 7.9752313 WO = 1.005139E-7 NLX = 9.892661E-7 DVTOW = 0 DVTIW = 0
+DVT2W = 0 DVIO = 12297627 DVT1 = 0.1473877 DVIT2 = 0.295815
+UO0 = 451.7567843 UA = -1.42062E-10 UB = 3.125058E-18 UC = 4.34953E-10
+VSAT = 1.104974E5 A0 = 0.1756127 AGS = 0.0121649 BO = 5.43993E-6
+B1 = 5E-6 KETA = 0.05 Al = 4.699783E-4 A2 = 0.476527 RDSW = 150
+PRWG = 0.3491049 PRWB = 0.1116032 WR = 1 WINT = 1.273353E-8
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+LINT = 1.040852E-8 DWG = -2.333272E-9 DWB = 2.870557E-8 VOFF = -5.88255E-3
+NFACTOR = 25 dT = 0 CDSC = 24E4 CDSCD = 0 CDSCB = O
+ETAO = 2.748809E-6 ETAB = -0.0153583 DSUB = 4.054516E-6 PCLM = 1.9787164
+PDIBLC1 = 0.9653375 PDIBLCZ2 = 0.01 PDIBLCB = 0.1 DROUT = 0.9990938
+PSCBE1 = 7.952366E10 PSCBE2 = 5.012991E-10 PVAG = 0.5350786 DELTA = 0.01
+RSH = 6.8 MOBMOD = 1 PRT = 0 UTE = -15 KTl = -0.11 KTi1L = O
+KT2 = 0.022 UA1l = 4.31E-9 UB1 = -7.61E-18 UC1 = -5.6E-11 AT = 33E4 WL = 0
+WLN = 1 WW = 0 WWN = 1 WWL = O LL = O LLN = 1 LW = 0 LWN =1
+LWL = 0 CAPMOD = 2 XPART = 0.5 CGDO = 4E-10 CGSO = 4E-10 CGBO = 1E-12
+CJ = 8.406526E-4 PB = 0.8 MJ = 0.4923081 CJSW = 1.939781E-10 PBSW = 0.99
+MJSW = 0.2751883 CJISWG = 3.3E-10 PBSWG = 0.99 MISWG = 0.2751883 CF = 0
+PVTHO = -1.031224E-3 PRDSW = 0 PK2 = 1.629017E-3 WKETA = 0.0106762
+LKETA = -8.760864E-3 PUO = -3.5021185 PUA = -313657E-11 PUB = 0
+PVSAT = 653.2294237  PETAO = 1E-4 PKETA = -0.0140591)

MODEL CMOSN PMOS (LEVEL =7

+VERSION = 3.1 TNOM = 27 TOX = 32E-9 XJ = 1E-7 NCH 4.1589E17

+VTHO = -0.2178731 K1 = 0.3055794 K2 = -1.881877E-4 K3

0.0955725
+K3B = 6.5385817 WO = 1E-6 NLX = 3.118875E-7 DVIOW = 0 DVTIW = O
+DVT2W = 0 DVTO = 0.2602151 DVT1 = 0.1593124 DVTZ2 = 0.1 U0 = 100
+UA = 1.043597E-9 UB = 1.E-21 UC = -4.36034E-11 VSAT = 2E5 A0 = 1.844554
+AGS = 0.2915063 BO = -4.189558E-6 Bl = b5E-6 KETA = 0.0414839
+A1l = 0.0228958 A2 = 1 RDSW = 105.3697072 PRWG = -0.1019642 PRWB = 0.5
+WR = 1 WINT = 0 LINT = 995995E-9 DWG = 1.093168E-9
+DWB = -2.857077E-8 VOFF = -0.1022829 NFACTOR = 1.5332272 CIT = O
+CDSC = 2.4E-4 CDSCD = 0 CDSCB = 0 ETAO = 0.011015 ETAB = -0.0285373
+DSUB = 2.460721E-3 PCLM = 1.6249923 PDIBLC1 = 0 PDIBLCZ = -4.302895E-9
+PDIBLCB = -1E-3 DROUT = 1.282078E-3 PSCBE1 = 2.169291E9 PSCBE2 = 6.594654E-10
+PVAG = 1.5395235 DELTA = 0.01 RSH = 6.5 MOBMOD = 1 PRT = 0 UTE = -1.5
+KT1 = -0.11 KT1L = 0 KT2 = 0.022 UA1 = 4.31E-9 UB1 = -7.61E-18 UC1 = -5.6E-11
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+AT = 33E4 WL = 0 WLN = 1 WW = 0 WWN =1 WWL =0 LL = O LLN =1

+LW = 0 LWN 1 LWL = 0 CAPMOD 2 XPART = 05 CGDO = 3E-10

+CGSO = 3E-10 CGBO

1E-12 O

1.174275E-3 PB = 0.8310047
+MJ = 0.4126286 CJISW = 1.312194E-10 PBSW = 0.99 MISW = 0.1

+CISWG = 4.22E-10 PBSWG 0.99 MJSWG = 0.1 CF = 0 PVTHO = 5.166851E-4

+PRDSW = 421520552 PK2 = 1.857124E-3 WKETA = 0.0358202
+LKETA = 0.0271244 PUO = -1.0381257 PUA = -475151E-11 PUB = 4.084847E-22
+PVSAT = -50 PETAQ = 2E-4 PKETA = -3.142785E-3)
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Abstract: This paper presents a new mixed-mode universal filter based on a differential difference
transconductance amplifier (DDTA). Unlike the conventional transconductance amplifier (TA), this
DDTA has both advantages of the TA and the differential difference amplifier (DDA). The proposed
filter can offer four-mode operations of second-order transfer functions into a single topology, namely,
voltage-mode (VM), current-mode (CM), transadmittance-mode (TAM), and transimpedance-mode
(TIM) transfer functions. Each operation mode offers five standard filtering responses; therefore,
at least twenty filtering transfer functions can be obtained. For the filtering transfer functions, the
matching conditions for the input and passive component are absent. The natural frequency and
the quality factor can be set orthogonally and electronically controlled. The performance of the
proposed topology was evaluated by PSPICE simulator using the 0.18 um CMOS technology from
the Taiwan Semiconductor Manufacturing Company (TSMC). The voltage supply was 1.2 V and
the power dissipation of the DDTA was 66 uW. The workability of the filter was confirmed through
experimental test by DDTA-based LM13600 discrete-component integrated circuits.

Keywords: mixed-mode filter; universal filter; differential difference transconductance amplifier;
analog signal processing

1. Introduction

Universal filters are basic electronic blocks that usually provide five filtering responses
into a single topology, namely, low-pass (LP), high pass (HP), band pass (BP), band stop
(BS), and all pass (AP) filters. The applications such as three crossover network high-fidelity
loudspeakers [1,2], touch-tone telephone tone decoders [2], and high-order filters [3] require
universal filters as the basic building blocks. Moreover, universal filters can be fabricated
as commercial programmable filter-integrated circuits [4]. As a commercially available IC,
it is valuable if a single IC can provide a multi-mode filter that depends on the applications
of the circuit designer. There are many universal filters available in the open literature, for
example, see [5-14]. Considering input and output signals, these universal filters can be
classified as four-mode operations as follows: voltage-mode (VM) filter when both input
and output signals are in voltage form [5,6]; current-mode (CM) filter when both input
and output signals are in current form [7,8]; transadmittance-mode (TAM) filter when the
input signal is in voltage form while the output signal is in current form [9-11], and finally
transimpedance-mode (TIM) filter when the input signal is in current form while the output
signal is in voltage form [12-14]. It should be noted that the universal filters in [12-14] offer
only a single-mode filter.

Sensors 2022, 22, 3535. https:/ /doi.org /10.3390/522093535
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Recently, universal filters that operate as multi-mode filters into a single topology,
the so-called mixed-mode universal filters, have been reported [15-22]. Compared with
single-mode universal filters in [5-15], mixed-mode universal filters in [15-22] can pro-
vide larger filtering responses. Unfortunately, these mixed-mode universal filters cannot
realize four modes of operation into a single topology. There are mixed-mode universal
filters that can realize VM, CM, TAM, and TIM filters into a single topology available in
the literature [23—45]. However, some of these topologies suffer from some drawbacks
as follows:

1. Lack of electronic tunability [24-29,34,35,38-41];

2. Employment of floating passive components [24-29,32,35,38,39,41,44-46];

3. Active or passive component matching condition [24-35,37,39,41,44,46];

4.  Input signal matching condition or requirement of a minus-type input signal [30,31,
33,34,37,39,45];

5. Input voltage signal being applied via capacitor or resistor [24-29,32,34,35,38,39,41,44-46];
and

6.  Inability to provide at least twenty filtering responses into a single topology [23,24,27,
29,33,36,38,40,42,45].

A universal filter that allows electronic tunability can offer some advantages such as the
ease of compensation when the natural frequency is deviated by the effect of temperature
or process variations, while a universal filter without a floating capacitor and resistor
and free from the passive component matching condition is more suitable for integrated
circuit implementation. A universal filter that requires a minus-type input signal or an
input signal matching condition needs additional circuits such as current-mirror for CM
operation or inverting amplifier for VM operation. This requirement defects VM operation
because many passive components are usually required, unless the universal filter provides
a fully differential structure. Finally, a universal filter that provides at least twenty filtering
responses means that each operation mode can realize five standard filtering responses;
hence, the full capability of the mixed-mode universal filter can be obtained.

This study focused on a mixed-mode universal filter that could realize VM, CM, TAM,
and TIM filters into a single topology. Each operation mode could realize five standard
filtering responses; thus, twenty filtering responses could be obtained. The active device,
named differential difference transconductance amplifier (DDTA), was used in this study.
This device employs high-input impedance terminals with the advantage of input voltage
arithmetic operation such as the differential difference amplifier (DDA) [47], and the ca-
pability of electronic tuning such as the transconductance amplifier. Thus, a DDTA-based
circuit is easy for addition and subtraction of voltage signals and possesses an electronic
tuning capability [48-51]. Unlike the standard differential difference transconductance
amplifier that was created by two differential pair DDAs followed by the transconductance
amplifier presented in [52], the proposed DDTA is based on one multiple-input differen-
tial pair DDA [53-56] that serves as a differential difference transconductance amplifier
followed by a voltage buffer. Therefore, the proposed DDTA could reduce the count of
active blocks, power dissipation, and chip area as a result of using the multiple-input MOS
transistor (MI-MOST) technique [57]. It is worth noting that the MI-MOST comes with
several advantages compared with the multiple-input floating-gate (MIFG) transistor [58].
The MIFG transistor uses the charge conversation principle and hence it is incompatible
with modern nanoscale gate-leakage CMOS technologies [59]. The MIFG implementation
requires two-polysilicon technology, and the remaining residual charge on its gate causes
voltage offset. Therefore, a new DDTA-based mixed-mode universal filter that could pro-
vide at least twenty filtering responses of VM, CM, TAM, and TIM filters is presented in
this paper. The DDTA uses the MI—MOST technique that offers simplification of its overall
structure and a reduction in the power dissipation. The proposed mixed-mode universal
filter offers the following advantages such as:

i electronic tuning capability;
ii. being free from a floating passive component;
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ii. being free from a passive component matching condition;
iv. lacking a minus-type input signal or an input signal matching condition;
V. not applying the input voltage signal via a capacitor or resistor; and

vi. each operation of VM, TAM, CM and TIM offering five standard filtering responses.

The comparison of the proposed filter with the previous mixed-mode universal filters
is shown in Table 1. Compared with [30,31] that have equal active and passive components,
the proposed filter is free from active and passive component matching conditions as
well as the minus-type input signal requirement. Compared with [43] that offers similar
performances, the proposed filter employs fewer components and provides more filtering
functions. Compared with [44—16] that employ fewer devices, the proposed filter applies
the input voltage signal via a high-impedance node whereas the filters in [44-46] apply the
input voltage signal via a capacitor or resistor.

This paper is organized as follows: in Section 2, the TA-based DDA using MI-MOSTs
and the proposed mixed-mode universal filter are presented; Section 3 presents the simula-
tion results and experimental results; and Section 4 concludes the paper.
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Table 1. Comparison the proposed filter with the previous mixed-mode universal filter.

Ref. No. of Device SP:;‘;; o o 23;";2:;3 [;?v] TH[[’?:’]f 2 [1?1?;] ) G G Gv) ) vi)
[23] 2003 4-CCCIt - 2&0 14 - - - Yes Yes Yes Yes Yes No
[24] 2004 5-CCII - 2&7 12 - - - No No No Yes No No
[25] 2005 4-CFOA 12V 2&9 20 - - 112.5 No No No Yes No Yes
[26] 2006 3-CCln +12V 3&4 20 - - E No No No Yes No Yes
[27] 2006 3-FTFN - 2&3 11 - - 31.8 No No Yes Yes No No
[28] 2007 2-DDCC +125V 2&4 20 - - 4973 x 10° No No No Yes No Yes
[29] 2008 1-FDCCII +125V 2&3 17 - = 3316 x 103 No No No Yes No No
[30] 2009 5-0OTA +1.65V 2&0 24 30.95 - 1 x 10° Yes Yes No No Yes Yes
[31] 2010 5-0TA +125V 2&0 20 - 0.777@400 mVPp 1591 x 10° Yes Yes No No Yes Yes
[32] 2010 2-CCCln +25V 2&1 20 - <5@500 nApp 1.27 x 10 Yes No No Yes No Yes
[33] 2011 3-CCCCTA +1V 2&0 16 484 - 1.06 x 10° Yes Yes No No Yes No
[34] 2011 3-DDCC +125V 2&3 30 - 0.723@60 pApp 3978 x 103 No Yes No No Yes Yes
[35] 2011 3-DDCC +125V 2&4 20 - - 3.978 x 10° No No No Yes No Yes
[36] 2012 4-MOCCCII +25V 2&0 12 - - - Yes Yes Yes Yes Yes No
[37] 2013 4-MOCCCII +125V 2&0 20 B 0.5@300 pApp - Yes Yes No No Yes Yes
[38] 2015 2-CCI +125V 2&2 11 - - 2 x 10° No No Yes Yes No No
[39] 2016 1-FDCCIL, 1-DDCC +09V 2&6 46 - 2.2@300 mVpp 1591 x 10° No No No No No Yes
[40] 2016 2-DVCC +125V 2&3 14 - - 3.978 % 10° No Yes Yes Yes Yes No
[41] 2016 2-FDCCIT 09V 2&5 25 - 0.971@200 mVpp 1591 x 10° No No No Yes No Yes
[42] 2017 3-CCCCTA +09V 2&0 18 1.99 2.16@500 mVpp 3.183 x 10° Yes Yes Yes Yes Yes No
[43] 2017 6-MI-OTA +05V 2&0 20 0.075 2@50 mVpp 15 % 10° Yes Yes Yes Yes Yes Yes
[44] 2020 2-EXCCTA +125V 24&4 20 - <5@520 mVyp, 7622 x 10° Yes No No Yes No Yes

18



Sensors 2022, 22, 3535

50f21

Table 1. Cont.

Ref. No. of Device SP:’}:‘I;";; 21‘;{ 23::22? [;?v] TH[[)‘V:']f Wy [:;{“; , G (ii) (iii) (iv) W) (vi)
[45] 2021 1-EX-CCCII +05V 2&1 17 1.35 0.2@520 mVpp 23 x 10° Yes No Yes No No No
[46] 2021 1-VD-EXCCII +1.25V. 2&3 20 5.76 <75@650 MV, | 8.084 x 10° Yes No No Yes No Yes

This study 5-DDTA 12V 2&0 36 0.33 1.09@650 mVpp 1.04 Yes Yes Yes Yes Yes Yes

Note: PD = power dissipation, THD = total harmonic distortion, and BW = bandwidth.

8
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2. Proposed Circuit
2.1. Proposed Mixed-Mode Universal Filter

The symbol of DDTA is shown in Figure 1a. The relationship of the terminals can be
expressed by

Vw = Vul - VyZ + Vy3 (1]
I, = Gy Vy
(b)  TA-based DDA
@ ppra L
2
Viie W L
Vaody: o0 oW
\4’_‘.3 o— V3 I, :)o

Figure 1. TA-based DDA: (a) symbol; (b) internal structure.

It should be noted that the output Vi is the addition and subtraction of inputs Vy1, Vy2
and V3, while the output I, is the current that is converted from V;, by G,,, where G,, is the
internal transconductance of DDTA. Therefore, DDTA included the DDA as an input stage
that serves also as a transconductance amplifier (TA) as an output stage. Compared with
the differential difference current conveyor transconductance amplifier (DDCCTA) [60],
the DDTA structure employs less MOS transistors. Figure 1b shows the internal structure
of the proposed DDTA. The voltage follower (VF) circuit was used to avoid the loading
effect. Therefore, the w-terminal possessed a low-impedance level that could be directly
connected to a low-resistance external load.

The structure of DDTA in [52] was developed to the DDTA using MI-MOST as shown
in Figure 2. Figure 3a shows the MI-MOST symbol with n number of inputs where the
input terminals Vy, ... , Vy are coupled to the gate terminal of the conventional MOST by n
input capacitors C¢1, ... , Can. To guarantee the DC operation, the high resistances Ryos1,
..., Ryosy are connected in parallel to each input capacitor, as shown in Figure 3b. The
high resistance R ;05 is implemented by two MOSTs (My) operating in the cut-off region
as shown in Figure 3¢, which offers a minimum area of chip. It is worth noting that the
pseudo-resistors shunt the input capacitors for proper DC operation of the input transistor;
therefore, there are no floating-gate issues as in the case of the MIFG transistor. However,
for AC operation, the input capacitors create a short circuit for the AC signal, the same as
in the case of the MIFG technique.

M-,IE M,.,IEM.,“:IJ M,
il B Bk

Figure 2. TA-based DDA using MI-MOSTs.

It is worth noting that the multiple input techniques are simply created by a set of
parallel capacitors shunted with high-resistance pseudo-resistors (Mg). This technique can
be applied to the gate-, bulk-, gate-bulk (DTMOS), or bulk-quasi-floating-gate terminals of
a standard MOS transistor [61].

In Figure 2, the transistors M;-Mg and Mg create the DDA core circuit. The MI-
MOST differential pairs My and My, the transistor M3, and the two current sources My
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and M5 create the differential stage of the DDA, The transistor M3 along with M; and
M;s create a flipped voltage follower (FVF) [62] and it is used to enforce the current of
Mj (i.e., Iy3) to be equal to the tail current, same as in the case of the differential stage
of the conventional structure. The FVF modifies the gate of M; to ensure equal drain
currents for both differential pairs M; and M, [63]. Furthermore, due to the FVE, the
minimum voltage supply is the sum of one gate-source and one drain-source voltage
(Vop(min) = Ves—m3 + Vps—ms)-

b
(@) ®) (©
v Me
1
o H M MA- =
Va o— Ruios

Mg

R.\’l(')ﬁn

Figure 3. MI-MOST: (a) symbol; (b) realization; (c) realization of the large resistance value.

Transistors Mg and Mg form a super class AB second stage [64]. The Ryps is responsi-
ble for the gate DC biasing of the transistor Mg, whereas the capacitor C delivers the AC
signal to this gate. The node @' is connected to the input terminal of My, creating negative
feedback for obtaining a unity-gain voltage follower. The DDA stability is insured by the
compensation capacitor Cc. The transistors M5-Mig, Ryosi, and capacitors C; and Cy
are used to work as a voltage follower circuit. The operation is similar to the first stage of
DDTA that was previously explained. Therefore, the relationship Vi, = Vy1 — Vip + Vi3
(Vi = V) can be obtained. The bias current I, and M, generated the bias voltage V}, for
My —Mg and My5—M;;. The terminal @' is connected to a linear adjustable resistor R,
that converts the voltage V., to current L. This current is mirrored by M;—M, to the
o-terminals; thus, I, = I can be achieved. Additional output current o-terminals can be
obtained using complementary transistors such as Mg and M. Hence, this part works as a
transconductance amplifier. The output current I, is obtained as

Vwr =(Vin — Vi + Via) 2
i) th L (V.Vl i V.VQ + VB'S) (3)
Rt Reet
1 I
Grmset = =—— = . (4]

Reet (Vyl N Vyz + V:Ug}

Note that the high linearity is achieved due to the linear resistance Ry The DDA oper-
ates in a closed loop, just forming a second-generation current conveyor, with the w' output
terminal loaded by R, and such a configuration can be considered as a transconductance
amplifier. However, the attenuation of the input signal by capacitors allows enlarging the
input common mode range, as well as the range of linear operation (the range where the
so-called hard nonlinearities associated with changing the region of operation of transistors
do not appear).

The proposed mixed-mode universal filter using DDTAs is shown in Figure 4. It
consisted of five DDTAs and two grounded capacitors. The variant transfer functions could
be obtained by applying the appropriate input signals Vi1, Vip, Lin1, and [iyo and selecting
the appropriate output signals Vg1, Vi, Via, Vs, Vs, [p1, and I, The input voltage which
is not used (V;,, = 0) should be attached to ground while the input current which is not
used (I, = 0) should be floated. The G,stj (Gusetj = 1/ Reyj) is the transconductance of
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DDTA; (j =1, 2, 3, 4, 5). Using (1) and nodal analysis, the output voltages and currents of
the proposed mixed-mode universal filter can be expressed by

Gmsels (SCZGmsetZ + Gmsetl Gmsetz) Vinl = Gmsetl GmselZGmsets Vinz
Vi _GmsetS(SCZ =+ Gmsetl)Iinl == Gmsetl Gmserzlinz 5
ol — D ( S) ( )
Gmser‘l Gmse!ZGmsetS Vim + SC1 Gmsetl Gmse!S Vinz
Vg =5 Gmsell Gnsets g:(ls;' SC] Gmse!l I in2 ( 6)
5C2GmseI2Gmsef5 Vin + 52Cl C2Gsets Vinz
= _SCZGmsefS gx(ls;' SZCICZ 1[112 (7)
Gmsell GmselZGmse!5 Vinl G Gmset5 (52 Cl CZ T Gmsetl Gmse!Z ) VinZ
—Gsett Gmsets Iinl - (52C1 C2 + Gmsent Gmserz) IinZ

Voa = D (S) (8)

2Gusetr Guiset2 Gmsets Vinr — Grisets (52C1C2 — 8C1Gmset1 + Gumsent Gmselz) Vina

—2Gset GmselSIinl s (52C1 C2 —5C1Gmset + Gmsetl GmsetZ) IinZ
Vs = D (:,) &)
SCZ Gset1 Gmsetz GmsetS Vi + SZCl CZ Gmsetl Gumsets Vinz
_SCZGmsetl GmsetS Iinl i SZCI CZ Gset1 IinZ
Ly = D ( s) (10)
Gomset2 Gisets (SZCI G +s5C Gmsetl) Vint — SC1 Gmisett Gmiset2 Gmsets Vinz
—Gisets (C1C2 + $C1 Gpusen ) It — SC1Gimsett Grser2 linz
Iy = D ( S) (1 1)
GmsetlGmselZGmSeBGmsels Vim — Gmsel3Gms:’IS (SZCI Ca + Gusert Gmsetz) Vinz
—Gnsett Gmisets Ginsets lim — Gmset3 (52 C1Co + Guset1 Gmsdz) Linz
s = (12)
D(s)
2Gnset1 Gmset2 Gmseta Gmsets Vinl— GinsetsGmsets (SZCI C2 —sC1Gpiset1 + Gmserlest) Vinz
B _2Gmseﬂ Gmseh}GmS!PSIinl — GmseM (szcl CZ 7 SCl Gmsetl 4 GmsenGmserz)linZ (13)
By =

D(s)

where D(s) = SZCI C2Giusets + SC1Gmiset1 Grisets + Ginset1 Gmset2 Giisets- By appropriately ap-
plying the input signals (V;,,1, Viyp, Iin, and I;,5) and choosing the output terminals (V,,
Vo2, Voszs Vs, Vis, Iy, 1oz, Loz, and Iyy), the VM, CM, TAM, and TIM filters can be expressed
as in Table 3. It was evident that the proposed filter offers four modes of operation into a
single topology. Each mode of operation provides five standard filtering transfer functions;
hence, at least twenty transfer functions can be obtained. In addition, several filtering
functions can be obtained from the same mode of operation; thus, the proposed topology

can provide 36 filtering functions.

It should be noted that some filtering functions offer some advantages such as the
gain of transfer function when V;,,; is the input and Vs is the output for LP of the VM filter,
the high-Q filter when V;,;; = Vj,,2 is the input and V,;, is the output for BP of the VM filter,

and offer both non-inverting and inverting filtering functions for HP of TAM filter.

The natural frequency (w,) and the quality factor (Q) of the proposed filter can be

given as

Gmsefl Gmsetz

G GG

(14)
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[CoGuset2
=y = (15
Q C1 Gmseﬂ )

From (14) and (15), the parameter w, can be adjusted electronically by Gus.1 and
Ginser» whereas the parameter () can be given by C2/Cy by keeping G,,..1 = Gusero- Thus,
the proposed filter can be electronically controlled for parameter w, and orthogonally
controlled for parameters w, and Q.

vnl
(-]
VY
DDTA, “Yer pDTA,
¥ o y2 0
Y2 G a—Hwn =G
— Yow o =Y Vmo V3w 0=
[inl g ln] lnz
| vn.‘i
DDTA DDTA, DDTA,
Viaz o V1 I | Vi Toa
—y; o0 ooy, o
V2w Y w Y3 w
e ] s
- Vs
linl VmI

Figure 4. Proposed mixed-mode universal filter using DDTAs.

It should be noted that the terminals V3, Vo, and V5 possess low-output impedance
whereas the terminals Iy, 5, I3, and Iy possess a high-output impedance, and thus
the loads can be connected directly without additional buffer circuit requirements. The
terminals Vj,; and Vj,; possess a high-input impedance, hence the condition such as
Viu1 = Vinz is not required for additional buffer circuits. However, the terminals V,; and
V,» do not provide a low-output impedance and the terminals I;;; and I;,;; do not provide
a low-input impedance; therefore, the buffer circuits may be required if low-impedance
loads are connected and if low-impedance current signals are supplied. In the case of CM
and TIM filters, the matching condition is absent and in the case of VM and TAM, the
inverting-type input is not used.

2.2. Non-Ideality Analysis
Considering non-idealities of DDTA, (1) can be rewritten as

Vw = BpVin — BpViz + BaVis } (16)

o= Gmsernj Vi

where ;) =1 —¢j, and ¢j1, (|£,-1L,| < 1) denote the voltage tracking error from V,; to Vi,
of j-th DDTA, Bjp = 1 — ¢j9, and €5, (|€,21,| < 1) denote the voltage tracking error from
Vy2 to Vy, of j-th DDTAand ;3 = 1 — ¢j3, and €3, f|3;‘3u| < 1) denote the voltage tracking
error from Vi to Vy, of j-th DDTA.

The non-ideal transconductance gain Gysetn; is given by

G R wgnrﬁ' G . 1
msemj(5) - mset] ( 7]

§ + Womj
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where weyyj and Gyyserj denote the first-order pole frequency and the open-loop transcon-
ductance gain of j-th DDTA.

The non-ideal transconductance gain of DDTA is caused by the parasitic capacitor
and parasitic resistor at o-terminal. In the frequency range that can generate these parasitic

parameters, G,,..,,; can be modified as [65]

Gmseha;’(s) = Gr.-isrfj(l - F_fs) (18)
where p; = 1/wyp;.
The filter in Figure 4 was re-analyzed by using (16), and the denominator of the
transfer functions can be rewritten as

D(S) = SZCICZ + SClesemlﬁlz + Gmsemlcmsemzﬁm,ﬁﬂ (19)

Using (18), (19) becomes

D(s) =52C1C2 (1 _ C1Gmser1 121 — %:sgzlcmsazﬁlaﬁu#mz)
GP'PIS Gl’ 5 + G 5 GH’!S
+SC1 GmSi‘fl)Blz (] . e ”2'813]8(2:21;8 “,;11;” £f2ﬁ13ﬁ221u2) + Gmschrlcmsetnzﬁlfiﬁﬂ
mse

From (20), the non-idealities of the DDTAs affect the circuit characteristics which
depart from ideal values. The parasitic effects from the DDTA could be made negligible by
satisfying the following condition:

(20)

B12C1 Ginsert 1 + B13522Gusett Gser2 1112

<1 21
G (21)
ﬁ 13,&?2 Gmsm‘l Gms‘erZF 1952 ﬁ13 ﬁﬂ Gm setl GmsaiZ H2 <1 (22)
B12C1Gnsert

Therefore, the non-ideal natural frequency () and the non-ideal quality factor (Qy,)
can be expressed, respectively, by

| Gmsett Gmsera p13Ba2

GG

_ 1 GGuserzP13Boa 24
Qi g | ottt e

The sensitivity of the w,, and Q,, with respect to circuit components and non-ideal
parameters can be expressed as follows:

Won = (23)

Won — Clon — QWon _ gWon Lty o _ 1
SGmsm o SGms;'!l - 51515 = 51522 o _Scl % _SCI ) @5
On _
S b = -1 (26)
Qn _ o o ¢On e Qi e _ _1
SCz - SG;wm o S,ﬁu “C S,ﬁz: =-S5 1 P _SGFPJS|‘f1 -2 @7)

It can be expressed from (25)-(27) that the proposed filter showed good active and
passive sensitivities because all the sensitivities were within unity in magnitude.

3. Results
3.1. Simulation Results

The DDTA in Figure 2 was designed using a 1.2 V voltage supply (Vpp = —Vgg =0.6 V)
and 5 pA bias current. The circuit consumed 66 uW of power. The PSPICE simulation
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was used to simulate the circuit using a 0.18 um CMOS technology from TSMC. The
parameters of the components and the simulated performances of the used DDTA are
shown in Tables 2 and 3, respectively.

Table 2. Simulated parameters of used DDTA.

Parameters Simulated Value
Technology 0.18 um
Supply voltage 12V (£0.6V)
Static power consumption 66 W
Transconductance 1/Rset

—3 dB bandwidth

Vi /Vy1, Voo / Vo, Ve /V 3 2.4 MHz

Lo/ Vy1 (Reer = 15k0)) 6.4 MHz
Voltage gain: Vi /Vy1, Vi /Vya, Vi /Vyz 0.988

DC voltage range (Rge = 15 k(1) +100 mV

DC offset —0.13 mV

Ru &Ly 125k0) & 0.4 mH
Ro//Co 947.78 k(2/ /0.22 pF

Table 3. Parameters of the components of DDTA in Figure 2.

Transistor WIL (um/um)
My, Ma, My3, My2 9%9/0.3
Mg, Myy 15/0.3
My, My, M5, M5, Mg 12/3

Mg, Mz, Mg, My 2 x12/3
My, My, My;, Myg 2% 25/2
Mg 4/5

CG=05pF, C, =C=26pF

Figure 5 shows the relation between voltages V,, and V,; with Ry = 15 k() and its
voltage error. At Vy; = 0mV, the voltage error was —0.13 mV and at Vi1 = £100 mV, the
voltage error was less than 2 mV. To show the voltage-to-current converter of DDTA, the
voltage Vi, (Vi = Viyr — Viy—) was applied to the input, and the current at o-terminal was
measured. Figure 6 shows the relation between I and Vi, with different values of Rse
(Rser = 10, 15, 20, 25 k(2). The transconductances Gs; of DDTA can be given by 1/ Ry
(Gusett = 1/ Rst). The simulated performances of DDTA in Figure 2 are summarized in
Table 2.

The proposed mixed-mode filter in Figure 4 was designed for obtaining 1 kHz of the
natural frequency. The capacitors C; = Co =10 nF and Rt = Ruerr = Roerz = Roeua =
Rie5 = 15 k(). These R,,; resistors can be integrated on chip using a high-resistance poly
resistor; however, the high value 10 nF capacitors should be off-chip.

Figures 7a, 8a, 9a and 10a show, respectively, the simulated magnitude frequency
responses of the LP, HP, BP, and BS responses of the VM, CM, TAM, and TIM filters. The
natural frequency of these results was 1.04 kHz. The simulated magnitude and phase
characteristics of the AP filter of the VM, CM, TAM, and TIM filters are shown respectively
in Figures 7b, b, 9b and 10b. The total power consumption of the filter was 330 pW. It
can be confirmed from Figures 7-10 that the proposed mixed-mode filter provides five
standard filtering responses of VM, CM, TAM, and TIM filters.
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Figure 5. The simulated large signal DC transfer characteristic Vi = f(Vy1) and the corresponding error.
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Figure 6. The simulated large-signal DC fransfer characteristic 1, = f(Vy,,) for different values of Ry
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Figure 7. The simulated frequency responses of the VM filter: (a) LP, BP, HP, BS filters; (b) AP filter.
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Figure 8. The simulated frequency responses of the CM filter: (a) LP, BF, HP, BS filters; (b) AP filter.
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Figure 9. The simulated frequency responses of the TAM filter: (a) LT, BF, HP, BS filters; (b) AP filter.
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Figure 10. The simulated frequency responses of the TIM filter: (a) LF, BF, HP, BS filters; (b) AP filter.
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To confirm that the proposed filter provided electronic tuning ability, the BP filter was simu-
lated by ad]ustmg Rsfﬂ = ngfg =10 kﬂ, 15 kﬂ, 20 k{], 25 k() while Rsef_a = Rs,gf.; = ngrE =15kO.
Figure 11 shows the center frequency of 0.64 kHz, 0.79 kHz, 1.04 kHz, and 1.51 kHz when
the resistance R, = Ryz was 25 k), 20 k(), 15 k), and 10 k(, respectively.
10
0
AN
10 N
TN
g 20 v N
E 5
530 / \\\\
= P \
"ot | A Reetl=Rse2=10kQ | N
v Rsetl=Rset2=15k0}
<; Rset1=Rset2=20k) \z\\\
-50 © Rsetl=Rset2=25kQ B \\
“ NIV 2] AN
1.0 10 100 1.0k 10k 100k 1.0M
Frequency, Hz
Figure 11. The simulated frequency responses of the VM BP filter when variation in f; by Ry
(Roert = Repsz = 10 k0, 15 k02, 20 k) and 25 kQ while Ruys = Reyps = Rogs = 15 k0Y).

The total harmonic distortion (THD) of the LT response of VM and CM filters was
investigated by applying the single-tone input signal of 100 Hz to the input. The simu-
lated THDs of VM and CM filters with different amplitudes are respectively shown in
Figure 12a,b. The THD was less than 1.09% for input amplitude of 325 mV (peak) of the
VM filter and the THD was less than 1.21 for input amplitude of 20 uA (peak) of the CM
filter. The RMS output noise of the LP filter integrated in the bandwidth of 1 kHz was
performed and the value of this noise was 150 pV. Thus, the dynamic range for 1.09% THD
was 63.69 dB.

25 ¢ 30

2.0 f 2.5

AN L)
51 \ :-: L5 +
=R

=

g = 1o

0.5

0.5 5
0.0 & t + + | 4 j | |
Q o tl N 2 0 % lb IIS 2I0 ZIS 30
Voltage [mV-peak| - Current [pA-peak]
(a) (b)

Figure 12. The simulated THD of the LP filters with different amplitude of input signal at 100 He:
(a) VM filter; (b) CM filter.

The proposed filter was investigated by applying two tones closely spaced in frequency
into the input of the BP filter and the third-order distortion products (IMD3s) produced by
the circuit nonlinearity were determined. In this case, the IMD3 of the VM and CM filters
was investigated by applying the first tone with a sine wave frequency of 0.9 kHz and the
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second tone with 1.1 kHz. The simulated IMD3s of the VM and CM filters are respectively
shown in Figure 13a,b. The IMD3 was around —37.23 dB for 100 mV (peak) of the VM filter
and the IMD3 was around —36 dB for 7 uA (peak) of the CM filter.

20 20
25 5 |
230 £
— 30
= =]
g3 =
- ”
2 35 |
g 0 g 35
45 40
50 o L s
0 50 100 150 -45 y - ¥ -
g 2 4 6 8 10 12
Voltage [mV-peak] Current [pA-peak]
(a) (b)

Figure 13. The simulated IMD3 versus the input signal for the BP filters: (a) voltage (Vi,-peak);
(b) voltage (I;,-peak).

The VM filter was used to test its temperature performance. The simulated magnitude
frequency responses of the LF, BE, HF, BS, and AP filter when the temperature was varied
from —10 to 70 °C are shown in Figure 14. The proposed filter was also investigated using
a Monte Carlo analysis by assuming that the fluctuation of the natural frequency changes
caused by deviation of the capacitors and the threshold voltage of the MOS transistor.
The BP response of the VM filter was simulated by setting 5% tolerances of the capacitors
C; and C; and 5% variations of the transistor threshold voltage at 1.04 kHz, Q = 1, and
200 Gaussian distribution runs. Figure 15 shows the derived histogram of the natural
frequency which expressed that the standard deviation (o) of f, was 33.339 Hz and the
maximal and minimal values of f, were 1.132 kHz and 0.967 kHz, respectively.

10 T T T
Temﬁ. =-10to 70 C
0 e =

Magnitude, dB

1o 10 100 10k 10k 100k 1.0M
Frequency, Hz

Figure 14. The simulated magnitude frequency responses of the universal filter with temperature variation.
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Figure 15. The histogram of the cutoff frequency of the universal filter with 200 runs of MC analysis.

3.2. Experimental Results

The proposed mixed-mode universal filter was also tested experimentally to confirm
its functionality. The simulation results based on the macro model and the measured
results are included for comparison. The DDTA was realized using OTAs as shown in
Figure 16 [52]. The prototype circuit was realized using commercially available integrated
circuit LM13700N that consists of two current-controlled transconductance amplifiers.
Note the benefit of the MI-MOST on the TA-based DDA in Figure 2 in simplifying the
CMOS structure and reducing the number of ICs needed to build the filter application.
For instance, to create the multiple input (y1, y2, and y3) of the DDA in Figure 16, two
transconductance amplifiers (OTA;, OTA;) are needed and another two OTAs are needed
to construct the TA, hence two LM13700Ns are needed for each DDTA.

DDA TA
yi - +
OTA, l Em —0 0
Y20 - imh
hE |— +

im >

Figure 16. OTA-based DDTA [52].

For measurement setup, the supply voltage was 45 V and the capacitances C; and
G, were 220 nE. The Agilent Technology DSOX 1102G oscilloscope was used for supplying
the sinusoidal input signal and measuring the output waveforms. The transconductances
Q1 = §m2 = §m3 = §ma = Ems = 1.51 mS were designed to obtain the mixed-mode filter with the
natural frequency of 1.09 kHz and the quality factor of 1 (Q = 1). Figures 17a, 18a, 19a and 20a
show the experimental frequency responses of the LP, HP, BP, and BS responses of the VM,
CM, TAM, and TIM filters, respectively. Figures 17b, 18b, 19b and 20b show the experimen-
tal frequency response of magnitude and phase characteristics of the AP responses of the
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VM, CM, TAM, and TIM filters, respectively. To measure the frequency responses of TAM
filter, a resistor was used to convert the output current to voltage, and the voltage according
to this resistance was calculated to the output current for plotting. In case of CM and TIM
filters, the high resistances (i.e., R;, > 662 (1) were used to convert the input voltage to the
input current at input terminals and convert the output current to the output voltage output
terminals. The voltage according to the resistances was calculated as currents for plotting.
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Figure 17. Experimental frequency responses of the VM filter: (a) LF, BP, HP, BS filters; (b) AP filter.
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(a) (b)
Figure 18. Experimental frequency responses of the CM filter: (a) LF, B, HP, BS filters; (b) AP filter.

The experimental frequency responses of the BP response of the VM filter with different
transconductances (gm = 0.48 mS, 0.87 mS, 1.51 mS, and 2.93 mS) are shown in Figure 21.
This result was used to confirm that the proposed mixed-mode filter provides an electronic
tuning ability without drubbing the quality factor. The Experimental setup of the universal
filter is shown in Figure 51 in the Supplementary Materials.
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Figure 19. Experimental frequency responses of the TAM filter: (a) LF, BP, HP, BS filters; (b) AP filter.
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Figure 20. Experimental frequency responses of the TIM filter: (a) LF, BP, HP, BS filters; (b) AP filter.
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Figure 21. The experimental frequency responses of the BP response of the VM filter with different

transconductances.
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4. Conclusions

A new mixed-mode universal filter using five DDTAs and two grounded capacitors
was shown in this paper. The proposed filter offers 36 filtering responses into a single
topology using the DDTA-based circuit. The natural frequency and the quality factor
can be set orthogonally and electronically controlled. The performance of the proposed
filter was evaluated in PSPICE simulation using the TSMC 0.18 um CMOS technology and
investigated by experiment tests using LM13600 discrete component integrated circuit as
DDTAs. The simulation results were in agreement with the experimental results.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/s22093535/s1, Figure S1: Experimental setup of the universal filter.
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