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MR. Siradanai SRISAMRANRUNGRUEANG : High-order Chebychev Notch Filter
based on MO-OTA and its application Thesis advisor : Assistant Professor NATAPONG
WONGPROMMOON, Ph.D.

This paper presents a design of high-order notch filter based on multiple
output OTA (MO-OTA) and its application. The signal flow graph (SFG) method is
applied as a design procedure based on the RLC prototype. The RLC Chebyshev low-
pass filter is used as an original prototype. The network transform is applied to
convert the LPF to a notch filter. From the SFG, the denormalized network can be
replaced by integrators ‘and differentiators. The current-mode lossy and lossless
types of integrator and differentiator are realized by using CMOS MO-OTA and
grounded capacitor. A simple and low-complexity structure is achieved and
constructed by 9 MO-OTAs and 6 grounded capacitors. The stop-band frequency
between 10 Hz - 1 kHz can be electronically tuned by the bias current between
1pA and 100 pA. The low power supply +0.75 V is required which consumes the
power 15 mW at 100 uA bias current. An application in Electrocardiogram (ECG) signal

with power line interference (PLI) removal is included in this paper.
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V| = Ve | >0 488 0<|Vys| < Neo| ;| eanoavzogludiseanisuinseualaidusds (Triode

region)
. W V
b =K 'T(VGS -V _%S)VDS (2.10)

0T Nog| Ve | >0 Uag Nog|>Ne| - M| wdameavzinauegluyiauey

NIZWADUF (Saturation region)

. W
lp =Ko Vo =Vr)? (2.11)

(Y L3

o v & a - Y =
1l nwalvesleaginsaventainlu weavla N wse P I@a@mmgﬂmwm
Y o Y v e LY 0 (]
w8d DNATIUIIMIYINALEAIITY PMOS uinwhanasiueenanvinauaniiniy
NMOS vvegiifirmavesignasivIved (Body) nsedualansn (Substrate) wiau1afienaag
Fenituan nediignasiudmunnekanadnty NMOS wid1gnesiusenainving
o/ L3 a a o

! < o [ v ! ) [ I3 '3 =~
kanad U PMOS LLﬁ%ﬁiy/aﬂ‘UmfNﬂ’]ﬂJ’ﬁﬂU@ﬂlfﬂEJﬂ’J’]ﬂJEJE"iL‘U‘L!LEJU‘@I’]UL%JUV]@JEJﬁﬂiEJG]Wﬁ“ZIU

ueaBNY faguN 2.7

NMQOS PMOS MODE
|
M M Enhancement

|
— —||#+ |
Depletion
%y# —||<jj
Enhancement

Depletion
@ (@)

UM 2.7 dyanualvesueaminylinmg ¢
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voauuinusinvesnisinaula 2 ¥da Ae dusuliuiuod
(Enhancement MOSFET) uagfinadused (Depletion MOSFET) @susiazvfinvzuvnanls
3mdu N-Channel 38 NMOS uaz P-Channel %38 PMOS d1las9a319ua9 NMOS uaw
PMOS 2zlATas 19097911 Y
2.1.2 29359819AnNLnaglou

3 L4 <

= = wa Y v °
asneenwuuinuaudianaUiusnsveela waganusatludssyndasnadu
| a a = sy v = o A Ao SR
1995uenglReg19lusEANSA I Begunsaliildeeniuy fie wWIsvEIEANIvTeNSENAUIN
Tofiie Wugunsalueniinalaniafildsuanuiiey lesnilassadlidudou uavaunsn
Usuamsdianvsedndld leflwesdanvasialiowdugunsaluvasdnenseud [12] fiawnse
M‘Uﬂimﬁsu,aLmﬁwmlﬁmmlj\‘iﬁuauwm (Voltage control current source : VCCS) Laga
Anudengleu (g,) vesgunsel gunsaldsnaniauaudinvainvate Wy a1115090n Uy
Tugy Monolithic la anusavihulanslulvuanseuaiazisadu annsauiuainuila

a a a ¢ Yo ' P Y aa ° =
mediinnselinduazanunsauszendliiuiasne g lady [13] andedninaiuwitlileiiie

anihluldaulurainuanesiu wu Ussananadyauuousasn nsas1emuvasusanudy

Y

v s

NIELakALI99INTRIRINE [14] Inelofioasiidydnualuaniiegun 2.8

l IB IOUt - Iout +
— >
V+O O O
V+ 00— [
+ o T > 5 %5'
J +p——20 Ri” :: % gm(V+-V.) Im(V+-V)
V-o—f " lut V- 0——

(n) ()

JUN 2.8 (n) dydnwal uay (V) 2995aUYA

5UN 2.8 (n) e dydnwalvesgunsalleiliauargun 2.8 (1) Ae 29asauyavedleiiie

[

luanuzgauAR a1unTalisuaun1sAUAuTUS TN SERataz kst ulalLanafall

Iout =0n (V+ _Vf) (212)

1NAUNITA (2.12) g, ABAIAIIUUY (Transconductance) Nia1u1sausulaain

nszualudanieuen vIeiseninssuaniuay (1) Asgun 2.8 (1) Feduunnainnuidl g,
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LagANTELARIUAL (1) Qnuansluniioues ps wae pA ANEIAU tnevuIAYeLNY
wuuAInsilutensiauazuUsiununssuarugy (1,) ddefileersaansavihaligsgn
fl4 100-300 MHz Fusgiunseenuuunaslannavedlefiafily

TodipluUNDaNIIUTaNDS

wdnnsianusesiefieegisinefiaiainueansudamesusenoudiensasveny
Na#1e (Differential amplifier) waz395@zviounszIa (Current mirror) F37395le 70991
woansLTanes M, waz M, {Wuraesvensnans vt ddsusssiudunseua dw M,
war M, WWusasasieunseuaddlisnmduinunssuanindunis lnefinszua 1, Junseua
lusaliiuases dletloudymansiu Vi, avinliinszua 1, waz 1y, HinTudl M, way

M, AUEIRU NIERa 1, Vgnasieunsvialay M, wae M, WeatilUaveeniaindAinssud

1% '
a =< )

lp, MARTUNNEaNnsIUTanas M, azlanseiatordng I, AAWAITY g —1,, H8
Vass =Vass NTELE Ip, 898U 15, 1 1, =0 waglio Vg, >Veg, NTsud 1y, 9wt
UNTUNTI 1o, %30 1, TAUTUUIN WA Vag <Vas, NTEME 1, 3ziiAnuau n1sun

LY

ANUFNRUSTENINAINTERE 1, AUATRTIAIUBUNA V,, vBrsasioiieluguil 2.9 aunsa

0

Analdsaunsi (2,13) e (2.14) [15, 16]

Vi=V, =Ves1—Ves» (2.13)

21 21
V-V=| |[—D v |- |[——=D2 _ .V 2.14
L% [JunCOXON/L)f J uuncox(vvmz+ j 219

WB%HL

Vloi‘ [: L Ip1 |D2L

M;

® I

VSS

5UN 2.9 2svenenarntuedlagliivanasiounseuavedlodiie
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luni1seenuuy M, wag M, lngundinalrazeenuuulilanuinsduasiu

Vi =V, =Vp WaE 4,Co W /L), = 14,Coy W / L), = 24,Co W / L) Lﬁ'aifmgﬂaumiﬁ (2.15) Tny

aglen
|D1 _ |D2 — funCox(\N / L)(Vl _VZ) 4IB — (Vl —V2)2 (215)
2 #,Co (W /L)
9139
- 14.Co W L)V, 4lg L (2.16)
2 #,Co (W /L)

'
=

d‘ IS [ [ ! (3
NAUNITN (2.16) FIMNTAVEUNTINUFAIAINFNNUTITNINNITZUADIANA || D9

Juilsdduvewssiunaniswesdune (Differential input voltage) V,, (1, wasusaladiu

I, wag Vv, wesuealadiu2l, /4C, W /L) ) kansladegun 2.10 91ngunsnuans

A1AudINaning (Effective differential transconductance) ¥8d0@nI1UTALA DT
1 = a v 2 [ 1 1 1 [ a s .

vg18Ran1e Beasidnyuradteduguergnadislusuululnaisnsudaines (Bipolar

differential pair) [17]

1.0

'1.0 L L L ) ) ; ) L) ) ) )
-1.0 0 1.0

\/in/ 2IB/“HCOX(W/L)
JUN 2.10 ANUAUTUSTENINAINTELALD1ANARDUTITUNAR 19U DI BUNG

Y

PNEANNSA (2.16) aransamaranuidiaulon g, asdl
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g = oal,
™ oAV

id Vg =0

= \//UoCox (Ig)W /L), (2.17)

wiiuidmsunsudauaudveslefitoarsauuldmunszualudaniuannisd
(2.17) winsUFusananazlidunsufunuudadu ansuiurmsunousaunudlise
nsusunszualudaduendddudnuuzianizvesgunsnilefiie uazlofiiouuy
soansudawosty daudunudunnvesduealofiefifidngunnuasiivaajifinures
Bumaiiniia 23Ut 2.11 wanslassaduasdadnvaimalwihveslefiienansionsing lag
wmalulaBfueaaunsainadadulefield ludvealefieaislniinazadraduwuunans
1w Beillassaiendeiululnanininudawmeslediie Tnegui 2.11 lihsesazviounszua
Fruunils Uszneusiudulassaiiewesasganeisuilea (Differential pairs) wuuTsea

o ! a = < (3
LAZUINAANVDINTZUAINARNNDLIULYDADDNUWTULDINNG

Voo
L:n us L'HVIA '\'/ﬁj Li‘/'e My Mg Mis
== A ==

O—oe o—e o—”: :]I—o 2 020 0—402)

M14 Mg Mll
| —| |
<« | >

|
+V|N/2 &
o—+

FF>—0O to
<0 -la

OTA {
Vin2 +—>—0 +lon

sUT 2.11 lassasaleilievaneiofnauuuleansugamnesuasdey

LY

AwainI9 il
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2.2 3995N599AUD

2.2.1 29930599ANNDANIY

(%
o

Hendunugiuvesdinsesndudeeu [18] asseulvinnudaidiulalaeial

nsgayide (Loss) Aunn uifiaudgeiuasiduianneudyyin (Attenuator) Aaaud?

2 IUYDIAINTDIANUDAMNIULAAIATASUN 2.12 H10599ANUDANIY VNN

Y

I
Y 1

Aty DC lauiisgnanudidn (Cut-Off) (o,) Tnglinsaaneuminiu A, (dB)

o

2°

FUINTYNIIUAUAIUAKIY (Pass band) Uag 1HoANAFINI1 @, wdN15AANDULIAY
A, (dB) 67uA118910 o, laudsanudetud aziSendiuauaiudnga (Stop band)
WAz @, WTENTIVBUAIININEA YIAIUATENIN 0, WUl o, wFeniuaudeuy

tuA2TLE (Transition band)

) Stopband

Transtion
band

LossdB —>»

Passband

v

Amax

T

JUN 2.12 AeuauURvesInganIuinmy (LPF)

@s o —p

2
Gain=ve -0 . % (2.18)
V, s +as+b , o, 2
S +7S+a)p

wazilaideuluzuveaunis Loss agnanedu

2
LOSS:\i:w (2.19)
V b

0
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Slope=40dB/decade — Gain |Jw

LossdB —>

0dB

ozb @ —>
(n) (¥)
3UN 2.13 fMnsesrudianinig dusuaes (n) AaaudAnisgady

() Furudlng TS vasienty

31naun1sh (2.19) arwrsademdunsinladegui 2.13 (n) Ineiliaaa1ude

nsgayidigaziiAnyuszuna 1 vsewhidu (0 dB) way Weaunge nsgayiduasiiintuaud

LYY

AUsEUN s? FeflAviniu 40 dB/decade TunsdinansasmnudiInIudusuaad aziianlna

Fadou ladaguit 2.13 defegnanl dieptlng Q FArgeasiinnisiasgeinaunnudaiug

ARG (@,) WazArANANYeINTSlageluagNUA1789 Q

Y

2.2.2 29493N599HAUAUDTDAG

fminsesAunten (18] Iddmiunsesdygramauaudnlifenisesnly lng

[

fnauantanagun 2.14 TguaUuANUaEnIeeLil o, 4 o,

] 3 4

lngfiwauautH1l 9zagAINT

o, $aTINNIT w,

Loss dB ——>»

L B

? w1 w3 Wy [0/] T w—p

JUN 2.14 AauaudRvewiinsesnudlend
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)
=8
=)
N—
LossdB ——>

0dB

|
a):\/a w —>

(n) (¥)

UM 2.15 fansesanuditend duduass (n) dumislng-gls () Aaaudfnisgayde

o

P ) ac s ~ v &
FUNITINTEAINTUYDIAINTDIAINUOAUBDAY ﬁ’]ﬂJTﬁﬂLsﬂﬁluvLﬂLUu

V, sP+d - st+ol

V, _stras+b 5, o, (2.20)
2+ st a?

p

el o, = o, @1n135% (2.20) Azillnadedous egautieves seuU s Lavildls

£
s P

a v 1 .Y P < (- { sy [ a 1
Wadouaguuunu j a3givgila auting Nazwiiuanunslinigsagun 2.15 (n) ANT3

' '
a

a o a a A aa
’Jﬂﬁ@\'ﬁ/‘ﬂ')']@JﬂG\']LLﬁ%iﬂﬂ‘\]gllﬂqﬂizllr]m 1 LLagﬂqiquaUWﬂ’quﬂsﬁiﬁ

e

=
ULAYUDY

e

(s= joo,) AxiANTU oo FagUi 2.15 (v)

2.3 29990599ANNARUUTLUULA
2.3.1 2995N1589ANDANIURUUIULULA

1995n1994AN AR U LU UTUTUlA Chebychev [19] Taale RLC AULUULERAS
£ -Q{I a 4 [ 1 Q' Y -'-NI
AaguUT 2.16 laganunsadinseninseianazisiuluudaslnuauazfsladsaunisi (2.26)

I
Vl — V3

- T
- N '{_QL _ll; llf‘f

JUN 2.16 1993nsIanudiEIuwuututula Chebychev lagld RLC dunuy
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(2.21)

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

A15837199995UIATUUVIUTULARINIATNTBIAUDA N L LU UTUTUlRa1L5a v e

lagnisldnguinisuiaslasedie [20] dauanslun1s1ei 2.1 wagaunsndnieasinile

AU 2.17 Fenguanansadiasigvnseuanazussnuluwsagivuauazicladeaunisdeluil

|1= Iin _Is _(|2+|3)

Is :VI/RS

1
ESHCERE)

1

(|2 + |3) :(Vl _Vz)(i"'scz)

Vi
RS

Il_lin_

¥, —~V,)(—— +5C,)
sL,

1
V, =1,(sL, + —
2 4(L3 SC3)

|2+|3—\F§—2=|4

L

(2.27)

(2.28)

(2.29)

(2.30)

(2.31)

(2.32)

(2.33)
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Vv,
I out —
R

(2.34)

L

A15199 2.1 N1suUaslasIineaneasnsaemudsEulUidulsuend

LP prototype Transformed Notch
BL,,

- T

TN SN

RLP RLP
—MWAV— ) —AMN\—
LI
—»
v o %

1 2
I rY
Iz i on i llout
1

@ s L L
5 [
L

JUN 2.17 3993nseanauanuangalagly RLC Auwuy

2.4 ngeinannisluavasdeyegno

nsnisinavesdygin [21] Wunisdiiaueaunislugluuuaesgynmlaed

1Y

drulsenaunsil

2.4.1 Tun

Tunludyanvaimiiaueimulsrdedygralasauisawiseonidu 3 Ussianasil
- Tunduns Julnuaifiewsisififiamslyasen

- Tuneding WWulnuedidionnzAsndanisluadi

(%
o

- Tueray Wulvuafiniiiifmnsuadiuaylvasen
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a b C
—> > >—e
y, yzwys Y,
4

Uil 2.18 fhege SFG

91n3U7 2.18 il Tuniionuagaeiu 6 nualdud v, y, v, wa y, lnei
y, Wuluedune uaed y, ulusordwn Tuvaed y, uay y, hiluswes
2.4.2 fis
Aalududusnualiidoudeszindun Tnsuanairnnuuasfinms
2.4.3 msadrensnnasinavasdygin

fogensasinavnisluavesdyaaanaunisi (2.35)-(2.39)

Yo =8pY, +8,Y, (2.35)
Y3 =a5Y, +853Ys (2.36)
Ya=35Y; (2.37)
Y5 =Y, +asYs (2.38)
Yo =856Ys (2.39)

NauN1A (2.35) - (2.39) agiiulddnannisussnoulusie 6 Tualdun v, -y, wasd

A9 8 AGLALA Ay, 8y, 8y, A, g, 8y, Bg AT A, NAITAUNAUNITHAZENNITLAZIIANTIN

nslravesdygraanaunisi (2.35)

8,
Y1 Y2 Y3 4 Ys Ye

ay,

g‘dﬁ 2.19 n3nslvaves ”mwwmmaqauﬂWiﬁ (2.35)

Mansnsinavesdgiaanannisn (2.36)
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Y1 Y, Y3 Y4 Ys Ye

g‘dﬁ 2.20 n5nslvaves ”zyﬁmcwuaqaumiﬁ (2.36)

Mansnsinavesdygiaanaunisi (2.37)

8y
° ° ——>——9o ° °
Y1 Y> Y3 Ya Ys Ys

gﬂﬁ 2.21 n5nisluaves ”zgzpﬂmsuaaaumiﬁ (2.37)

MansnsivavesdaaInaNnIsu (2.38)

A5

Ays
[ ]

L] [ ]
y1 y2 y3 y4 y5 y6
gﬂﬁ 2.22 nswinisluaved ”zuuzpﬂmsuaaaumiﬁ (2.38)

1ansnIsinavesdeygyiaainainisi (2.39)

a56
® (]

° ° ———o
y1 y2 y3 y4 y5 y6
g‘d‘ﬁ 2.23 nsnsivaves ”q;apmﬂuaaaumiﬁ (2.39)

unnsmimsivavesdyarandimeiuazlansminmsivanuvesssuudauandlusui (2.24)

a42 a53

g‘dﬁ 2.24 nsmsinavesdyaauesaunisi (2.35) f (2.39)
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2.5 N u¥RNITUTEUIUAILUY Chebyshev

n3UsTINUAMUULEO (Chebyshev) [20] 1unsUseanuaAInIeuuIn HanauaLed

d' 1 @ a 1 d' 1 = (v 1 d'
neanudbiidulululniineaengiuaiud waazdanuaulunisaaneudyaralugiuaiud

sa a ]

\Waeu (Transition band) dimualy C, (o) Aeflsidunsatinmansnisendilndluilea

wuudnduduil n demunuedinmansves C, (o) Ao

cos(ncos™ w),0<w<1

M (2.40)
cosh(ncosh™ w),w >1

Cn (a)) :{

A o Y dy Y v Y Y 1
UBNLURUBDAINNTTLENN C, (a)) ELUEU“U@QﬁQﬂGUUSU'NUuuLLﬁ'J‘t’;l\‘iﬁ']iﬂiﬂLLﬂ@QVLWWJEJ'J’]

Clw)=a (2.41)
C,(w)=20" -1 (2.42)

C,(w) =4’ -3 (2.43)
C...(@)=20wC (0)-C, (@) (2.44)

1.5

C; (@)

0.5

w[rad/s]

JUT 2.25 Aves 2 (w) WD n=1,2,34

anunsauanalaiinanavausinisvuiafeglugvesileanduiylwn denansly
a v 1 c‘l’ [ a6 1 Ao o
Aun199 (2.33) 11981989210 UNaR 0 UAUDINIVUIALUUAMNDAIN LTINS N ¥UZYINT
P oA . | a ~ a
nszieauuuuInisy (Equal ripple) Tugruanuduunazinisanaswuulululniln

(Monotonic) lughumnuavgn
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He (jo)|= % (2.45)
1+£°C; (o)

Mg‘uﬁ 2.26 uansnaRaUALaMIITLIARU U TwwluannisT (2.46) Fudunanavauaanng
yurnfignuesunlad (Normalized magnitude response) I¥ifigundnudn1ueglugag
0< <1 radss lneisunsoasupnantilufusinsquesnanauauas [22] fananlddsd

1) Tunsdlii n WWusnud saswenelnnsariiu Hy=H._

2) lunsdifi n Judaug dnsvenglinsaindu Hy=H N1+ &2

3) g1uALE 0<w<1 radls 3eninguAuiniy

8) HanaUANBIIIUIA LU UATNAR Uz En vy esnsnITIilon a1y

5) luguaudniy wamauauaamwmmzﬂimﬁamagjiijm H, /\1+e
waz H_ laglunsdd n Judiuing nanevausinaauInaziavindu H, fimnud
w=cos(kz/2n) o k=13,..n-1 kaglunsdli n 1Judwiud nanouaussmisruinaziion
WU H,,, A w=cos(kz/2n) e k=13..n

6) AR w=1 radls I3unTIAITLARA

7) N w=1 radls NAABUAUBINIVUIAILINTY H,, /1+e* 1aid189usu n ezl
1 <
wihlsnny

8) £1UANA 1rad/s<o<e, WREAINEIUAMLAIUAYY
9) §IUANUN w< o, FENINEIUAIUANYA

10) NARBUANDIMIVLIALUENUAINAEAITINTTanaIRE 1 lululnTn

|H (joo)|
- AN o T
1 S 4 \ ,'-
FAN
05 _
\ -
0 |
0 0.5

o [rad/s]

5UN 2.26 nanauauoImUAWUULTWN e =1 H,, =1 48¥ n=2,510
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definrsanazidiuldindmsu nla q nanevauesmiwunwuuanazyiliian
AuANTeInIsanneudygaduguaudvdsuunnniwuutamesiiss (Butterworth)
a1u15auansldinlnavesiladdulassnefivialfiAananevauemisanudfanandly
aunsi (2.46) Ao Mnftegynadneiioluszuruidedounesanns

C? (E}L% =0 (2.46)

&

dlounuannisi (2.00) asluaunisy (2.46) aglgaunns

C,| 2 |=cos| ncos 2 | = J_rlz (2.47)
J J €
Forudnsmunly
( =.
W=U+ jv=C0S " — (2.48)
J
Aglon
cosn(u + jv) =cosnucoshnv— jsinnusinhnv = +1 (2.49)
&

unuAHALRLS cos( jx) = cosh(x) adtuaunisd (2.49) aeld
cosnucos jnv =0 (2.50)

e

—sinnusinh nv:J_rl2 (2.51)
&

NAUNSN (2.50) 111993970 coshnv >0 Laus Aty cosnu =0 w39

u, =2k_17r, k=12.3,..,n (2.52)
2n
= ° Y. v o -~ , R l -
Faagyli sinnu = £1 faulnNaNn1sy (2.51) 1513gnuin Sinhnv = 7 70
1. 1
v==sinh™ = (2.53)

n 5
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Feanaunish (2.48), (2.52) uay (2.53) 15 muiiinavesileidulasetine Ao
s = jcos(u, + jv) =sinu, sinhv+ jcosu, coshv (2.54)

PNAUNTN (2.52) - (2.54) awnsaasuladviumidnavesilsidulassieuuuitiom

P, =0, + jo, (2.55)

1n8 o, =-sinu, sinhv uag @, =cosu, coshv
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uni 3

NUNIUITTUNTTULAZUNANNALAEITD

o

Tuuniagnaniunuidslueiniiinisesnuuuiasnsssaruduend fdeinaalily
unil 1 199snTesmuiuendgnlidauegisnsuatglunisnsesdyayiusuniuniedygyiu
Tugrspudfilddesniseen laganwigdygrasuniuaingrslin (PLI) F91995n058049

a ¢ @ Aa o v = Ly
Anuduendunlenhuussyndldauislagiu

lun1sasrneasigunsaiviangyiinlunisidenunldeaniuu eldenuaztodun1aniuy
M9lui399lA99a5199893995 NsUSuAIAuantRlun1sannoudyyIn kazduwuUIASURY
2395 FamaIdelevinisfineniasnissminiuendniinisesnwuuanluefinuagiiinun

a ) P2 wa At i % a a ¢ a a
19snssAuuendiaualiiinuau AN OudonIsigukarinITiATIeRIRTiasBen
wagAsauAquatunsailuimusala neuiTauisnuniinisasnnesnsnuiuend

1Y

sULUUANY 9 Aasil
Y

3.1 A2NIBIUBATLUUABLTIDINI9LIAT 50 Hz wiauad1uaiuisaluni1susualuinans
udl a.a. 2011 nN1sBALUVIIISNTDIUERGIaLlY Op-amp wag NMOS N5 1udaines
. I k4 v A Y = 6 v PN
WUU Current-steering dlassasandnpasinsesanuausnduuulumen [1] daguil 3.1

R

AAA
\AA4

C1

Vi Ro
Oln M \ Unit R,
gai n MN Vout
V inverter —O
1 y
C,

5UT 3.1 Mmnsesanuduenduuulumen

[

a IS ! 1 dy
ﬁ]qﬂg‘lh/l 3.1 HAUNITNITAINIUAIU
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Vo(s)  1+R*C’s®
V.(s) 1+RCs+R?*C?s®

(3.1)

979950 utUNaUlnrUsEnaugns 2 @14 Aa dUNNSIMESLUU Current-
steering Nfiuden o Wudiuysznou wanIReguN 3.2 uag NMOS @ (Ufien o) wand

S
fesURt 3.3

Y
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(3.3)

Avden a fd1ulsenauved MOS ns1udainasasadiinyinauluveuwnanves

lnslen (The deep triode region) &
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= 1 [ a v L3 )
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JUN 3.7 Mnsesmiauelaeilaswasiwmanaindinsasanudluaten Tow-thomas S

R-2R ladder

WOAIMUMNUTALNINY (Equal gain of unity) 984 LF waz HF d1sudlinsesuand
0 4 o & h = n -
anunsanmuateulassll R, =R, =2" uaz C, =C,=C lae?l R =02" uaz R, =2"R @9

AU Pole (The notch) wazfuseney Q dpulusall

>ciCl
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C
= |= (3.6)
Q qu
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-43 4B/- OTA (13)
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Op-amp (3)
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*QOTA (Operational transconductance amplifier), Op-amp (Operational ampilifier)
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High-order Chebyshev Notch Filter based on
MO-OTA and its application in Biosensor
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Abstract— This paper presents a high-order notch filter
based on multiple output OTA (MO-OTA). The signal flow
graph (SFG) method is applied as a design procedure based on
the RLC prototype. The RLC Chebyshev low-pass filter is used
as an original prototype. The network transform is applied to
convert the LPF to a notch filter. From the SFG, the
denormalized network can be replaced by integrators and
differentiators. The current-mode lossy and lossless types of
integrator and differentiator are realized by using CMOS MO-
OTA and grounded capacitor. A simple and low-complexity
structure is achieved and constructed by 9 MO-OTAs and 6
grounded capacitors. The stop-band frequency between 10Hz-
1kHz can be electronically tuned by the bias current between
1-100 pA. The low power supply £0.75V is required which
consumes the power 15mW at 100pA bias current. An
application in ECG signal with power line interference (PLI)
removal is included.

Keywords— Chebyshev, Notch filter, Signal flow graph, OTA,
Tunable, ECG.

. INTRODUCTION

Notch filter plays important parts in many applications,
for example, audio system, musical instruments and
especially biomedical instruments. ECG (electrocardiogram)
is a biomedical recording that shows the strength and timing
of the electrical activity in human heart, but PLI at 50 or 60
Hz could interfered the biomedical signal [1]. The well-
known method for removing noise from PLI is using a notch
filter. The cascading of two biquad filters using OPAMP
(OA) was introduced with floating resistance structure
without electronic tuning ability [2]. Although the
attenuation was high, but it suffered from wide-bandwidth.
Some frequency components of ECG were filtered out, but
not acceptable. OTA-C based voltage mode notch filter [3]
was presented but it had drawbacks from wide bandwidth.

The cascade of biquad filter is an approach to realize
high-performance notch filter but it suffered from the
sensitivities. Another method, the active filter is realized by
using the RLC ladder prototype that achieves the electronic
tuning capability and required none of resistors. OTAs were
considered in designing such filter with transformed RLC
prototype [4-5]. Unfortunately, the filter could only be
operated with very low frequency or containing a large
number of floating passive elements which not suitable for

978-0-7381-1127-8/21/$31.00 ©2021 IEEE

IC integration. Complex structure CMOS-switched was
reported with in such kHz operation [6]. Signal flow graph is
a simple method in filter designing, CMOS with grounded
capacitors were introduced with very complex structure [7].
Low-pass and high-pass filters [8-9] were reported with
simple structures. Nevertheless, notch filter has not been
reported with SFG design.

This works presents a third-order Chebyshev notch Filter
based on MO-OTA and its application to remove the PLI
noise from ECG signal. SFG technique is selected due to its
benefits. Network transformation is used to convert RLC
low-pass ladder filter prototype to RLC notch prototype.
Simple structure is offered by using 9 MO-OTAs and 6
grounded capacitors.

II. PRINCIPLE AND THEORY

A. Integrators based on MO-OTA

In this paper, a CMOS based MO-OTA [10] as shown in
Fig.1 is supposed to design the filter and its transconductance
is depicted in (1).

slo g = I, 0V]D) M

i

i
i}

Fig. 1. Simple MO-OTA structure in CMOS technology and its electronic
symbol
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Fig. 2. MO-OTA integrators (a) lossy (b) lossless

The lossy integrator [11] is well known circuit that can
be realized by any active element as well as OPAMP, OTA,
CCIL etc. In this paper. current-mode lossy integrator is
realized by connecting a grounded capacitor at the input of
dual output OTA (DO-OTA) and connecting the negative
output to the input while output is obtained by another
positive output.as shown in Fig.2 (a). In other hand, lossless
integrator can be modified from lossy integrator by removing
the negative output feedback. Hence the current transfer
functions of Fig.2 (a) and (b) can be written as (2) and (3),
respectively.

s __& @
Lo s+g,/C
Lot _ 8 (3)
I sC

mih

B. Differentiator based on MO-OTA

Likewise, the lossy differentiator [11], is also realized by
any active devices. In this paper, current-mode lossy
differentiator is realized by 2 OTAs and a grounded
capacitor. The capacitor is connected to the negative input
and positive output of OTA;. The OTA, is connected as a
grounded resistor and connected to positive input of OTA; as
shown in Fig.3 (a). The lossless differentiator, it can easily
be obtained by connecting another positive output of OTA;
into its input as shown in Fig.3(b). Hence the transfer
functions of Fig.3 (a) and (b) can be written as (4) and (5),
respectively.

(a) (b)
Fig. 3. MO-OTA differentiators (a) lossy (b) lossless
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Fig. 4. RLC Chebyshev ladder low-pass filter prototype

AAA
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1. CHEBYSHEV NOTCH FILTER BASED ON MO-OTA

There are many ways to realize the notch filter. This
paper used the RLC basis due to the relatively low-
sensitivity and rather high-performance. Chebyshev ladder
low=pass filter [12] in Fig.4 is used as a generic prototype.
However, the network transformation method [13] is
deployed to achieve the RLC notch filter. Using the
transformation in Table 1, the final transformed RLC notch
filter is obtained and shown in Fig 5.

HOREL

Fig. 5. RLC Chebyshev ladder notch filter prototype

Using KCL in Fig.5, the current and voltage relationships
of each designated nodes or branches can be written as (6)-

(12)

L=l = /R)=(1,+1) (6
v, :.f,[.c!ﬁL__] (N
sC,
(L, + 1= =V ! +sC,) (8)
sL,

=1 -V ®
1= fin R; 1 2 SLE a2

V=1 (shy A —) (10)
° o sy

(n

(12)

From (6)-(13), the SFG can be initially created in the
term of current and voltage variables as shown in Fig.6.

I

| -1 L+d, 1
e |50 wl :
1 L -1

" ¥, 1

1

=|

Fig. 6. SFG of RLC Chebyshev ladder notch filter
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The voltage nodes become to the current nodes by
applying the transconductance (g,) in the several branches.
The doubly terminated resistors are given to be R=R.=1/gy.
Note that feedback nodes at input and output are observed
that the two lossless integrators and two lossless
differentiators are replaced by lossy integrators and lossy
differentiators, respectively. The final current-mode SFG can

be rewritten as Fig.7.
1,
5

I

0

Fig. 7. Current-mode SFG of RLC Chebyshev ladder notch filter

s
54 8n
[
I
-

From current-mode version of SFG in Fig.7, it is
obviously that, it can be realized by directly replaced SFG
paths with current-mode MO-OTA integrators and
differentiators as shown in Fig.8. The proposed Chebyshev
ladder notch filter consists of two lossy integrators, two lossy
differentiators, a lossless integrator and a lossless
differentiator. Note that the multiple positive and negative
outputs of OTA are required.

Fig. 8. Chebyshev ladder notch filter based on MO-OTAs

The proposed Chebyshev ladder notch filter contains 9
MO-OTAs and 6 grounded capacitors which operate as 2
lossy, 1 lossless integrators and 2 lossy, 1 lossless
differentiators.

IV. SIMULATION RESULTS

To confirm the performance of the proposed filter, the
simulation results are carried out by using PSpice. The filter
characteristics, such as, the magnitude response, electronical
tune ability, phase response and application in biosensor are
illustrated in this section. The MO-OTA used in this paper is
constructed by transistors in Fig.1 based on TSMC 0.25um
CMOS technology with +0.75V power supplies. The
Chebyshev low-pass filter of 0.1dB ripple prototype is
selected. The capacitors of proposed notch filter can be
calculated by using the the RLC low-pass filter prototype in
Table | which are C\=C5=90nF, /= C;=290nF, C>=175nF

and (]=145nF. Fig.9 shows electronically tuning feature of

the proposed filter frequency responses. By varying /¢ [1, 3,
10, 30 and 100] pA, the frequency responses are obtained
between 10Hz and lkHz. The notch frequency can be

698

obtained -40dB that enable to remove an unwanted

frequency efficiently.

[\

(AN

B=1uA  =3uA T 10uA 1;=30uA° Bi=100uA

-50
1.0Hz 10Hz 100Hz
Frequency

1.0KHz 10KHz

Fig. 9. Magnitude response of proposed Chebyshev ladder notch filter by
varying /g [1. 3. 10, 30, 100]pA

Fig.10 shows the results of phase responses when varied
the bias current of notch characteristic. It can be seen that the
phase shifted are around -90° and +90° nearby the notch
frequency and they are declined into 0° when the frequency
is far from notch frequency.

) Iy IR [,,N 14|
LN NN

[

™

VN N VN

-90d
1.0Hz 10Hz

90d

S
>

DuA Ti{=100uA

Phase (degrees)
=
£

100H 2 10KHz

Frequency

1.0KHz

Fig. 10. Phase responses of proposed Chebyshev ladder notch filter

10Hz __ 20Hz _ 50Hz 100Hz 200Hz
10u A
SuAT
Input
0A
5.0uA
25uA
Output
04 = -
1.0Hz 10Hz 100Hz 1.0KHz
Frequency

Fig. 11. Multitone signal (10Hz, 20Hz,50Hz, 100Hz and 200Hz) input and
output spectrum

Multi-tone inputs [10, 20, 50, 100, 200] Hz are also
verified to the proposed filter (50Hz notch frequency) for
proving the unwanted frequency removal performance. For
the 50Hz notch frequency, the capacitors are reformed as
Ci=CG3=900nF, ] =C;=2.9uF, (>=1.75uF and C]=1.45uF
while the bias current is given by 30.3pA. From the
spectrum of input and output, it is clear that the outputs only

Authorized licensed use limited to: Silpakorn University provided by UniNet. Downloaded on March 26,2023 at 08:04:40 UTG from IEEE Xplore. Restrictions apply.
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in 50Hz frequency is rejected while other frequencies [10,
20, 100, 200] Hz can be passed throughout the output as
shown in Fig.11.

atur
oA \—/J,/\_/\l/\‘%%
Otiginal ECG signal
0ur
AbuA

OA

1 with powerfine interferente

=4,

20uA

I L L

Regovered ECG gignal

“20uA
5 s 7 £y 95 103
Time

Fig. 12. ECG signal with PLI (50Hz) and recovered ECG signal output

In general appliances, the signal frequency (50Hz) from
powerline always interfered to low-level signal parts. The of
signal from biosensor as well as ECG signal cannot be
avoided this problem that should be instantaneously
improved. The application of signal from biosensor as well
as ECG signal interfered by S0Hz from powerline frequency
is investigated. The signal 50 Hz can be induced via several
electrodes from the body of patient or direct from the
powerline cord. The ECG signals are shown in upper trace of
Fig.12. The signals interference 50Hz are mixed as shown in
the middle trace of Fig.12. The lower trace of Fig.12 shows
the recovered ECG signal without 50Hz disturbance. From
the performance of notch filter the frequency components of
ECG signal can be completly recovered while only 50Hz is
removed. Table 2 shows the performance comparison of
proposed filter and related previous works [2-3]. In overall
the proposed filter can work as well as the previous work,
but it is clear that, the proposed filter uses lower component
count than previous works. Without floating passive devices,
the proposed filter is suitable for IC fabrication.

TABLE II. PERFORMANCE COMPARISON WITH PREVIOUS WORKS

Parameter 121 13] Proposed
CMOS tech. 0.18 ym 0.25 pm 0.25 um
Power supply 15V 108V 075V
Filter order 2nd/ 4th 4th / 6th 3rd
Notch depth 3dB-T8 B <43dBA65dB 40 dB
Electronic No N/A 10-1000 Hz
tuning of fy
Structure OP-amp (3) OTA (13) MO-OTA (9)
Passive devices  R-2R (4) Floating C (6) Grounded C (6)

Floating R (2)
Floating C (2)

V. CONCLUSION

A new current-mode third-order notch filter based on
MO-OTA is presented. The design procedure is relied on the
RLC Chebyshev network prototype. The network
transformation between low-pass and notch ladder filter is
applied to create the RLC notch ladder filter prototype. The

699

SFG is used to realize the several paths by particular block
diagrams. The lossy/lossless integrators and differentiators
are deployed by using MO-OTA. The notch frequency of
proposed filter can be controlled by bias current. The results
show the tunability by adjusting the bias current and also
performance by multitone testing. The attenuation around -
40dB is obtained at notch frequency with around 40Hz
narrow bandwidth. The unwanted frequency can perfectly be
rejected according to the frequency response results. From
the high-performance characteristic, the PLI removal in ECG
can be applied. The recovered ECG signal can be achieved
without 50Hz interference while the other frequency
components are completely apparent at output.
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