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ABSTRACT

This thesis presents new CMOS current-mode ladder Chebyshev and Elliptic
band-pass filters (BPFs). The Signal Flow Graph (SFG) and the network
transformation methods are used to synthesize the proposed BPFs by using
Chebyshev and Elliptic RLC low-pass prototypes. CMOS-based lossy and lossless
integrators with grounded capacitors are used to synthesize the proposed BPFs. The
proposed filters can be electronically tuned between 10 kHz and 100 MHz by
adjusting the bias current from 0.02pA to 200 pA. Both filters use 1.5V DC power
supply which leads to low voltage. Both filters enjoy total harmonic distortion (THD)
less than 1.5% along the range of the tuning bias currents. To verify the performance
of the proposed Chebyshev BPF focusing on intermodulation distortion (IMD) the
best third-order IMD measure for filter was 59 dBm occurred at an input of 60 pA
when using 200 pA bias current. For Elliptic BPF, the best third-order IMD measure
for filter was 54 dBm occurred at an input of 40 pA when using 200 pA bias current.
Simulation results are included to illustrate the functionality of the proposed filters.
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- ¢ o 0 vl = - ' 9 va o
NWHQ‘ULﬂE]'U"GEL‘TJUF:TJ"LJEJWT‘L‘VT‘W?JqLﬂWNaﬂHmELWﬂJBULﬂﬂUJTﬁ d1U1TAUIALINAU Vd_;‘LFIFN'lJ

Ve = 1gT, ~ TaBmiey (2.10)
—> +— D
——o G ' 0
o Y
Vs EmVes To Vs
o | -0 2

JUT 2.12 1395 INTUIAEN Y IBaNTIUTaLN DS [34]

o I

ﬂ'ﬂmme’fmmuww?fﬂul.mﬁvgmﬁaa'mnaummm-ﬁ'wmn‘swwmmﬁnﬁuéixwiw

1 Ve C‘r
Ins WAY Vps d13130M1A7LAR4

| @ e @1

=, B

Slope = g,,

l Time

.
>

Viy Vs YGs

JUN 2.13 N9 1WUaRIANENRUGTYWIN ip UAE ves [34]
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] L3 L2 L4 1 o L7 4 @ v 1
AMNIARDUANKAUT (g,) ADAIAIIUTUTDINTINASFUN 2.13 Lar)ARMUARIDAT

2
=1

s 1 § ﬂd = vV ol
'Uadﬂ‘iﬁLLﬂLﬂi‘LlLLaﬁLLidﬂU‘iHVi'J’N‘U']LﬂV]LLaz‘Ua‘iﬁ‘NL‘UEJUIﬂﬂﬂ

5
g D (2.12)
6"'G.S‘

[

AURLA i), = 1, vgs = Vs WAY vps = Vps AINUAMINEABUANUAUTA N TOMATLART

.
n === 2K (Vs =V (2.13)
GS

= Jouc,. LoA (2.14)

< 1 LW
loeit K =—u,C,—
2 !,

X o
o 0 G ) | +
G ) f
g Vgs gm vgs 'r;:) §RD vr:
Vg_\.
1 o v L )
S

d s foa
JUN 2,14 JURITAQYYIUVWIMENTIINTIIVLY [34]

[

INFUA 2. 14 7102 TLAUNIUBUNATD I NTE Y NvwAEnauIsan lanadl

i . (2.15)

L

AINATUNIUNAIUD NN LALAETUNENNTS Thevenin’s equivalent WAITUINIIATY

Ll
v

(3 -~ Ve =
LDINATALT v, = 0 @runsamleieiall

R, =r|R, (2.16)

e

s @

Weuusauedwauasdyyinuuindn (v,) laeal

v, ==g, (. [|R,)Vv, @2.17)



wardnsIveLveIdyy IUTUINENAD

v
Aw O =—gm(ra R.{))Vg_- (2.18)
Vg_r
dwnuen £, =V, 11, aele
V. R
A, =-g,| —— (2.19)
Vi +1.8,

(M)

(V)
] Vo v &
JUY 2.15 (N) YAUUAIAENTEUA Togld PMOS () 299swaiiouruindn [32]

9IN3UR 2.15(n) 1Wun1sld PMos ununsliunasinunssualbinu NMos #asugy

- o W Py, v v « o v

¥ 2.15 (9) tVen18ns 100 F Y IUTUIAENLALAHFIUNIUN IR WA Fvuali
W L I = o § v a . o v v

ussPuINLarYasd datasnvinlvusavsiudawmes M WWQWUL{JUN')W'\HV]TNLWT]% Vi=0uay

gmavi = 0 Y lanunsamaunislasag

Aw = _gml (’:Jl

Toa) (2.20)

Rau.l o= rul ||’:12 (221)
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2.1.6 waluladvesTuad

walulad%uea (CMOS: Complementary MOS) [32] un1saiwueansudawmeivia
\Bu (NMOS) wavuaanudawmesviiai (PMOS) vuuRuasidnfsIiu veansulanes
yianilsasgnasaaglutaguses (Well Toeiiluudrasfivuasueansudamaseiini Tu

Uogusailadu (N-Well)

l = v a
UM 2.16 1995 3BupdazIvUgTUTRIY MO [32]

Ui 2.16 wansbiiuludaiuneansainnduduealaglivsudames pMos uat

o o1 a « I v a o

NMos lagFaunalaimsudanas pMos as1aliuugiusowdneu (-type body) luvmsn
NIUTANDT NMOS FoIai 1 UoN (p-well)

J-Substrate

o = 3 a o
EUW 2.17 NATIUYURATTNUUSTUTDIVURNW [32]

mﬂgﬂﬁ 217 Wupsatedusuealaslinsudanes PMoS MdousousiuUaldy (-
well) lunusiinsuBainas NMOS ae/lug1useviini (p-substrate)

Lﬁaﬁmsmmaamnu%mmaﬂwuL'e‘ﬁumféumuﬂwmmanwmw'ﬁugﬂﬁ 2.16 E.Lazgﬁﬁ
2 17 Wuliineessduealsenauludmisrsmaiunszuaviadulazdaaniufiunssua
wilait Fesduegrannlunmsiligusesiadutassiailuasruduoausnainiuni
i Faiugudl 2.16 fadunszuounisainavefiven -weil) gnldidumaiianmsaiisess
Fuoa Inodudusinnislavarsddaouridniduiig Fevemiudunszuavinfives

= s 2/ q‘é’ ' ) b4 [ | = a [
N'ﬂﬁ"r’l‘i?ﬂ‘ﬂﬂlﬁl@ii\]ﬂﬁi’iﬂﬂu FONNUUNTEUIUNTTAIT U WILYA Tmaumamwmun%suatﬂu

YA UIDIUDANS LT AN DT



16

2.2 N15USEUIUALUY Chebyshev WAy Elliptic

Tnvdaulngidormunnuandf (Specification) [1] 184339505039 gnAMUAlUFUYEY
NﬁMEJUﬂ‘UENﬂNﬂ’}’]LIg (Frequency response) %aﬂ‘sxﬂauc‘f’awamauauaamwmﬂ (Magnitude
response) LAYWIONANDUAUDINIUNE (Phase response) Tnohludfunaunisesnuuuasesnses
szi5uiin1sufandulasauis (Network function) ﬁaamﬂé’mﬁu'ﬁ'aﬁmumqmauﬁﬁmanmﬂma

v - v o o ¢ @ ' < ° v
Tdvguiin15Uszana (Approximation theory) udrdninflandulaserenlaluvinisduasgsily

[ )
Wurasasly
UAIHURE MSANATIEN
I Ussanw H(s) WIS
JarnuAUD N > 29950584
29N Hardulasatie

d &
3U# 2.18 TURIUNTI0DNLULIIRGNTDN [1]

[
o

MU H(s) (Wuiendulasetinovre99sidadultuUsAuniuiian (Linear Time-Invariant) YU
Ao

2 m
Ay +as+a,s +..+as (2.22)

H(s) =
@) b, + b 4-.0')2‘72 +i+ b, 5"

08 a,.a,,.., @, W82 bbb WUTIUTI TS IETaRanalen

H*(jw)y=H(-jo) (2.23)
wazileann Ay \Tusmauddousaiu

H(jo)H * (o) =|[H(jo)f (2.24)
dlaunuannis 2.22) adluaunis 2.23) avldaunns

H(jo)H(-jw) =|H(jo)| (2.25)



| v v
FULOUNY o = % adluaunsTevLayle

H(s)H(-s)=|HG)| (2.26)

| Y
o

1 v i A ¢ @ ' '
wallisegldaunisf 2.26) Wetiglunismfantulaseineveda199sNToMUURIL 9

2.2.1 N15UILUIUAMUY Chebyshev

i ! o
NSUSZUIUAMUY Chebyshev [1] 1 HUATUTEUIUAMNIITUIN HARDUAUBDIVNAIIND

" - ' EJ 1 = L ' q’ i
Tiidulululniineasngiuanud wisziauanlunisaaeudygyruluduauiiubey
(Transition band) 15Ul ¢ (w) AoflaifunnadamaninGondnndlulvauuy

v s ‘J = = 3
Chebyshev 8UAUT 7 TgMMRALAMANTIY ¢, (o) FD

cos(ncos w),0<w=<1

€, (@) ={

cosh(ncosh™ w),w > 1

Loss dB——»

Wp A —p

< wa a o o o
E‘U‘VI 2.19 AU UATDILOUAITTHONTUNUNTGTN T8 WO1 [35]

WONMLBINNITUAN ¢, () luEUmaaﬁaﬁﬁuﬁwauuﬁLLé’aé’&awmimt,amlaﬁ’ﬁ'm:h
Cl(w)=w
C,(0)=20" -1
C,(w) =40 30
: 2.27)
C, . (0)=20C, (0)-C, (o)



1.5

C, (@)

0.5

w [rad /5]

mmmu,ﬁmﬂﬁ'jwamauaummwmﬂﬁayj‘lugUwaaﬁaﬁij’u Chebyshev AaLanaly
aunsi (232) $reansilasfiunanoua LB LUTANL AR H LT E YT YRS
NS auL Ui T oy (Equal Ripple) Tugaunarufiuwasinisanasuuulululndin
(Monotonic) tuginuamnuiven

H
|H, (joo)| = e (2.28)

0.5 —

w [rad / 5]

JUM 221 WARBUAUBINIYUIAUUY Chebyshev 11D £ =1,H_, =1 Uay n=2,510 [36]



o o 4 &
JUN 2.21 LARIHANDUAUDININYUIAULYY Chebyshev buaunisi (2.28) Falu
o vl <
Namauauaqmwmwgnua%uﬂﬂﬂ (Normalized magnitude response) [36] digrupuiniu
pglutn 0< 0 <l rads lnoisramnsnasuauantiluiuniie vemanauauss dna1la
il
ol & e o W " w
1. Tunsdif » Qudwud sasweslinsavindu &, =4
Tunsdlii » Juswoug Snswenslwnsaviiy B, =H,, /V1+€
' < = O o
2. 7uANE 0w <1 rad/s LIUNMEIUAIIUONIY
' o o - ' | o
3. NAMDUAUDINIVUIA U UANMUDNIUE AN WUEYINIINTEINOLRE 1 YITLY
. a0 < ' ' '
4. lugunnudiIg HaRBUANDIINNTUIATLNSUNBNBYTENINAN H,, /V1+6
way a1, lnelunsiiil o lUudrmiug anauaus i nagdaminiu H,, 9
a = a o a
ATD @ = cos (kr/2n) 1D k=13,.,n-1 wazlunsdlfl n1Hudnud
i W o o o
NARDUAUBINNTUINISHANNINY H | NANUD o =cos(kr/2n) HD
kZ188,...n
<l < g o o
5. A0 @=1 rad/s LIENTIAIINONA
=l | W v W
6, N w=1 rad/s NanDUAUBIMIIIWINEWINNY H Y1+ e8 Taiindudiu » aulu
wihlsfinu
" = = i P
7. UIUMIUD lrad /s o £ @, TUNNYIUANUNUALY
i d. 1 ] :J
8 §IUANND w <o, TBNYWAIUIVYR
1 JJ =] i -~
9. | HEGRUANRMNVIA U UAINENYA KN Tanasetalululniin

oW 150098Wule 1@ %5U 7 10 7 HARBUAUBIMIVWIAWUY Chebyshey ¥i7l
Aeamenveinsaavaudygy elug e iWasnnniwuudnmesie (Butterworth)

aunsauanaldiinavasilsitulasaeivitliAnuaneuaus AR uandly
aunshi (2.29) ﬁaswnﬁaq’ww?haﬁa’[mzmm%ﬁawaqaums

C? (i}»%:o (2.29)

o o P [
Wownuaunish (2.1) adluaunisi (2.4) szleaunis

C,,(ijzcos{ncos'*i}zi% (2.30)
b J &

fatiun1iIua v

S

w=u+ jv=cos” (2.31)

J
el



20
cos n(u + jv) = cos nu coshnv — jsin nusinhny =+ s (2.32)
£
v W P v
WUATLEUIUS cos(ix) = cosh (x) BElUANNISA (2.32) A¢ldl

cos nu cos jnv=_0 (2.33)

W

—sin nusinh nv =+~ (2.34)
£

< < [ 5 =]
AINEUNTGN (2.33) 140 coshavy >0 @18 AU cosnu=0 13D

2k -1
= T

k=1,2,3,.,n (2.35)
2n

Uy

= o g v v O o ' <
Pyaziilot sinm =41 Fofumanaunasd (2.14) 1999800 sihny = w30
£

Ny 1
v=—sinh™' - (@36
n &

= = i € as ' <
FIIINAUNITN (2.31), (2.35) 1hae (2.36) v lnaveaiandulasanede

s = jcos(u, +jv)=sinu, sinhv+ jcosu, cosh v (2.37)

- vi_ o 1 5o i
INEUNISH (2:35)- (237) anansaagulatduvialnavesilsidulasane
LWUUChebyshev R

D=0, tjo, (2.38)
lag g, = —siny, sinhv WY @, =cosu, coshv

NITNTRIAUDAEUUNATNNTA I UM IUUa 8 YUARUUY Chebyshev Wanafaguil 2.22
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Ry LZ L4 Lﬂ—l
== == _[_CnéRL
e eene ¢ o)

da v v

= s = s
JUN 222 2999N909AUDA N TULUNATAANMAUNTUUAEUAF WU Chebyshev

@

' < = a0 a e v a '
AvesgUnIniunadwluiiasnsssaudm i uuwaEWRIf AW ulate Unauuy

A o v - | ow o o P
Chebyshev Lﬂ.laﬂWMUﬂ‘LWﬂqiﬂixlwaﬂquﬂU 0.5 dB LAY 1dB WaRIMIAITINN 2.1 WASHITNNEN

2.2 UEINU

o ! fo w e ) < "o
A319IN 2.1 F‘W'IQUﬂ3€u37°ﬂ'§U?\5ﬂ'§ﬂ'§@\1ﬂ'}’lﬁJﬂGl'l&l'm Chebyshev UAN1snsEtwautyiiny 0.548

ORDER | RI/Rs | Cl L2 C3 L4 Cs L6 C7

2 0.5 1.5132 | 0.6538

3 10 | 1.5963 | 1.0967 | 1.5963

4 0.5 | 1.8158 | 1.1328 | 2.4882 | 0.7732

5 10 | 1.7058 | 1.2296 | 2.5408 | 1.2296 | 1.7058

6 0.5 | 1.8786 | 1.1884 | 2.7589 | 12404 | 2.5976 | 0.7976

7 1.0 | 1.7373 | 1.2582°| 2.6383 | 13443 | 2.6383 | 1.2582 | 1.7373
| ORDER| Rs/RI L1 C2 L3 C4 LS C6 L7

< i o w <l 6 ] < "o
A1919N 2.2 ﬂ'lqﬂﬂ'imﬁ'lﬁﬁ"U'Nﬁ]‘a‘ﬂ'iiNﬂ’l']ﬂJﬂﬁl']N'm Chebyshev UAINITNTEIWRULVINNY 1dB

ORDER | RI/Rs Cl L2 c3 L4 c5 L6 c7

2 0.25 | 3.7779 | 0.3001

3 1.0 | 2.0236 | 0.9941 | 2.0236

4 0.25 | 45699 | 05428 | 5.3680 | 0.3406

5 1.0 | 2.1349 | 1.0911 | 3.0009 | 1.0911 | 2.1349

6 025 | 47366 | 0.5716 | 6.0240 | 0.5764 | 5.5353 | 0.3486
7 | 1.0 | 21666 | 11115 | 3.0936 | 1.1735 | 3.0936 | L.1115 | 2.1666
ORDER | Rs/RI Ll C2 L3 c4 Ls C6 L7

a o ¢ ] P - v v v o o
Lua‘mﬂﬁqﬁﬂimmﬂt.n’ﬁww 2.1 LaEm1s1in 2.2 IﬂﬂlaanauﬂU“"lN'IWqﬂ']'ii]'TaENNﬁ

wlanaraguin 2.23
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0 ; N R T 7
? et U
PP BEE R 105NN B ELIL W on S0 T
—— Ripple05aB | __--"" =
- - Ripple 10dB || , i
520 ' T —
e = - :
N ek & \ : f
SEMEMEE T L |
AEREiiL i mmE s H N
-30 — RNl l\ ; =
: : Do : -I:ﬁ.\"l: 100Milz 217MHz 5 .
Frequenc; : :
N\
-40 —i
100KHz 1.0MHz 10MHz 100MHz 1.0GHz
Frequency

o PV ° = e v (AR T )
EUVI 2.23 HAaNTIINNI1TINADINAIIDTINTDIAUAN TN TUAULUY Chebyshev 8URUN

2.2.2 N13USTUIUAILUY Elliptic

n15UsvL AN Elliptic Undudlagldunnlunisesnuuuiinsesaiiuilaefandunes
| 19 Vo P ot vt = <t
n15USTANMA" Elliptic wanalifiguin 2.24 Frawnsavenlanaaivasiwaluwnuanuiven ¥
§ o ) [ odA G [ - |
Tuilaituwes Elliptic tuasTuvo uasdunivsainauaz g snuuuou vash Chebyshev 1y
= = d w o« , ' P o @ &
wyuwahifiwaniniutedud Tudiurenisuseanma Elliptic Wiariawadlnaszlunis
o P wa < o = v
\@onveuraauauiugn ey AuauURvaImInszievluunurudven lnglwaiaglng

LY = ot < a @ 1 o ' w oo

fureuuauAsimen (@) FTaezidunasiiuemd Tugranisideuriu wae Inaddaly
ar « v o o 1 . 1 d v

(@,, way ovfud) T duddmuadsgduemsannoulurimauaamuivgn 91nn1sldn

Inaduiueu 1sramisaldnmsuszanuai Ellipic aanuuudingss iuouaiuivgaiinig
= 1 1 =l d s a v ' o
SIUIB8UNTIAINSGEYA L8 Chebyshev MUz NEUTUYEY Elliptic UWBNIIUUY Chebyshev i1

Tldgunsaifosnitlunsiivesdinsesdyeiu
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Loss dB——»

Wpr W2 @y

P~ wa = | da e
5UT 224 AuaNdFnsgaydeveantsl v 8aURAn LPF [35]

FaN15UTENIWAILUY Elliptic [37] WWun1sysznuidainuauveinisaanaudyyiu

| a4 4 ! < o W ' Y i
1118’]‘14?]’3TimL‘UﬂUuuﬂﬂﬂ?ﬂﬂ’l‘iﬂisﬂ’lmuuuau‘] ‘?Nﬁﬂ‘l:imxLm‘uLQW’ISWJ‘UBGH’HU'W&J’IGJLLUU
e = - o o <
Elliptic 'Llﬂaﬂﬁllﬂ']'ﬁﬂ'ﬁﬁLWBMIUNaWBUauENVI'Nﬂ'}fiuﬂW\ﬂuLLGUﬂQWUQNWU LLﬂﬁLLOUﬂ’Jmn‘qu

o <l
WARIPIIFUN 2.25

Transition
band , Stopband

Passband

\ 4

[
2 2
'w}‘ Attenuation -.éh w3

L
0 Wy ey Frequency —»

~ =
3UT 2.25 HERBUAUDINTIIAIILAVLINTSUTEI MUY Elliptic [37]

. - [ o € o 1 v = o
NM15USEIN LU Eliptic Wun sUszanuniiteigulassineaaiend siunisussuim

Adw 1/

WUU Chebyshev Tn87395n503A 1R HIUUWAT LA e e URELUU Elliptic LARIAY
JUN 2.26

G L
O O

@

=l =8 a o aa &y .
U 2.26 2993ns09R DR ENULNATHATHE U UUATRguUU Eliptic (9]
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' ds da v a1
vosgunsdunadwlursasnsasanufenduuwainadiddiunuvaslaguuy
d’ o b3 A 1] s el 4

Elliptic Warmualinnsnseiiien (4,) Wi 0,044 dB UaT 0.177 dB UAAINAITINN 2.3 UaY

4 kd ar
A19TN 2.4 AU

= ] ‘o w e N VI v o a i
f197940 2.3 ﬂ"‘na‘Uﬂﬁﬁuﬂ']'ﬁiU'Nﬁ]iﬂi'ﬂﬂﬂ'J'ﬂJﬂﬂ'\N']u Elliptic uUnUaY Lu@uﬂqiﬂiﬂLﬁaN

WINAU 0.044 dB [37]

A, A Wy C, C, L, G
0.044 13:5 14.34 0.8510 0.0033 1.0997 0.8521
0.044 62.9 9.57 0.8479 0.0075 1.0944 0.8479
0.044 49.6 5.76 0.8380 0.0211 1.0776 0.8380
0.044 34.1 3.24 0.8036 0.0712 1.0190 0.8036
0.044 28.8 2.67 0.7791 0.1097 0.9774 0.7791

<l ] ¢ 0 W de LYY < <
M1I19N 2.4 ﬂ'li]ﬂﬂ'imﬁ']'ﬂ5U'J<H]'§ﬂ'§ﬂdﬂ’]’mﬂﬂ'm']‘u Elliptic 8UAU&AIN Lllﬁ)ﬂﬂ']‘iﬂixl.wall

WiNAU 0.177 dB [37]

Ap Ay g C, G V. G,
0.177 79.6 14.34 1.1870 0.0032 1.1507 1.1870
0.177 69.1 9.57 1.1839 0.0072 1.1464 1.1839
0.177 0.1 5.76 1.1740 0.0200 1.1326 1.1740
0.177: 40.2 3.24 1.1395 0.0669 1.0844 1.1395
0.177 3%7 2.56 1.1080 0.1123 1.0404 1.1080

A o « = = o o v W &
detAgunsnfannn1sii 23 wazmsad 2.4 yhimsinaeswaszlananigui 2.27

=
Jun 227

<

-100

-1.0

2.0MHz

10MHz

100Mm

Hz

oo

ABRIASS Totrirav

1.0MHz

10MHz

100MHz

Frequency

1.0GHz

10GHz

NAGWSIINNITIADINAIIITNTDIAMUDANIUAULUY Elliptic SUAUAW




25

2.3 n1suuaslaseang (Network Transformation)

' = L3 =
n15uUaslAseUy (Network Transform) [15] {UUNSUUAQUNITUUNWATNIININATNTO
a6 & W & d a o L. ¢« v g
AudiEuuutuiule Widuesnsssrnudeindu q lnelimdannisudasgunsal duiy

Useq uavyaadnmileniy

[ < ' <, d
231 ﬂ’]iLLﬂﬂQIﬂN°lﬂEJ'\]’]FI’]ﬂf\liﬂﬁ)\iﬂ'}'}SJﬂﬂ’]N’]‘Lll‘lJL‘U'LJ'JQ‘iliﬂ‘iiNLLﬂUﬂT]&mN’lu

Tdn1sguuuumsudas Maunsi (2.39)

: 175741 (239)

o a e o a0 v
Wunasuuatnnaunis435n303auda 1t 1w iU U n995n 59 UaUANN AN IUAY

[ i 1% a0 e ar ' a0 T o a
AunSee NS lWaunmnu Inssendiag1eivianunils Ineeasnsosuouauinu

sfimnufiraaedils fe o uay o, Ml
Q.Q,; =1
uay
RO 6 | ok (2.40)

H 121l ] ] v A
e O, fa ANENENUDINITNTRILDUAT DML WazuNuN TN 1S IFIUNLansluguR

2.28 (n)

LUUAISUDIN AR A

| — | (2.41)

c2 el

v
[V V) '

Y d e o = o
AIUUNTITIVNNUVDIITNTDIAMUDFATINIU WIAUNTTY (2.40) WAZ (2.41) WU ch ey

€2, fdung

Qu--Le
. (2.42)
5 |
Q. l==+—
Q=142



v o ] ' - = L3 al e 1
.L‘U?UL'.U‘Uﬂ"ﬁLLUaQ'L‘Uﬂ']iEJﬂC‘ITOEJN NaUNILRITUININTUVDIINTINTBIAIUDAN lu

= & & o -
aun1si (2.43) rudantuisiduluaunisn (2.44)

1
Fis,)= 2.43
(s.) P (243)
Ry
F(s)=——— 2.44
( ) st+s+1 (244)
FaU29A70D T AW 0 (@ =0) UAY oo
— seeeTaa. e - SEESaEm
3 ] 0 1 Q, 0,0, RN 0 o G o 9
(n)
— eEaaaaae SRS+ EEeswEEEm
—W y ¢ 0 @ w 0 —@, ~w, =wy-0 @ @y G, @

()
< e Ao
UM 2.28 msutassasnsssnnudiruluuiseiniesuauaatt (n) (v)

° v P o < -
nsyibeglusiuuveaianiduansnsealaua NIy leaanuinan () Ao

v
v =

MUY 0/ e, W 2 Tudinisi 2.40) Ha (2.42) gmmwaaﬁaﬁ-ﬁ’muﬂumu
B=a,-w,=, (2.45)

duwuuadsmsaniiu o, sYdUUNIsWUaAUTUYST AuFULULlauasaveilantues

= [x) d o i a < O% i
nIBaLaUALRRINIINHATUNTINTRIR AR IHIUUNG 1noDumeannish (2.46)

¢ 3P n'a ¥
Ty g (2.46)
P,

@

= v [V ] ' = = &
AL sanandostutiamdldnunazdisnuingagnuandlugu 2.28 (1) fol

2 _
0)0 - a)cla)c‘Z (2.47)

B=w,-w, (2.48)



27

[3 1 :J ] ' a,
2.3.2 99AUSENRUYRIN1SwUaslASITI8a1n93snsaeAunA 1 IulUWu299InT0uaY

d .
AMUONIU
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2.4 Buiiinsinesulagydeuazduiinsnesulinligyde

2.4.1 Butiinsinasviingude
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AIANNTT

k= (2.49)

0 .d | v/ s & - & oA v o v a v
Topiamadnatar@lsarsnsadulimisrinuiusdwms o fadaudanoadouaunisiv
oylugUuoantIn Hieo) tuzUveundiua (Decibel) ol

Magnitude = 20log , |H(jw) (2.50)

Magnitude = 20 log k| + izo log 4| j0—z,| —izolog,oym—p,‘ @2.51)
d=i

wazinlaluguraser it (Radians) ansoleuloly

Phase = tan™" I”'H(jw)

R H(jo)

(2.52)

Phase = itall"(ﬂ_—z’—)}-itan“'(ﬂ%—_—p—')) (2.53)
=1 &
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1. fmUsenou s+a unulusinass

5T ERiIUsEneu sta wnulusinade Wesnldlasesionsdeiou
Srdufinis TapnsiassimuIEneu sto
Gty Hes) = s+a anunsntummaisuinuaziallag

: 1
Magnitude = 20log | jw+ a| = 20log m(a)2 +a’ )5 (2.54)
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d 1 A A U 1 ' ]
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P = o o & A ! = o = o v o M v
WA BLHDIINVYANIUUR AL ﬂ'\’UU'}ﬂLLaﬁLWﬁ‘UQ\ﬂWﬂW‘\]ﬁﬂWLU@LLV]'LWIW'JFJ H(s) V]'ﬂ.VI

Magnitude = 20log ,, —1—’ =—20log w0 (2.57)
Jjo
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2493N5BIUAUAUAKTY Chebyshev SUNUUNTEUAlAETdTuBaMINEUE

CMOS_BP_Chev

********t*******k***itquY MOSIS 0.25Um ko ok ko ok ko ok ko k k ko ok odk ok ko ok ok ok ok ok k&
_MODEL NMOS1 NMOS (LEVEL=3 TOX=5.7E-9 NSUB=1E17 GAMMA=0.4317311
+PHI=0.7 VTO=0.4238252 DELTA=0 U0=425.6466519 ETA=0 THETA=0.1754054
+KP=2.501048E~4 VMAX=8,287851E4 KAPPA=0.1686779 RSH=4.062439E-3
+NFS=1E12 TPG=1 XJ=3E-7 LD=3.162278E-11 WD=1.232881E-8
+CGDO=6.2E-10 CGS0=6.2E-10 CGBO=1E-10 CJ= 1.81211E-3 PB=0.5
+MJ=0.3282553 CJSW= 5.341337E-10 MJISW=0.5)

_MODEL PMOS1 PMOS (LEVEL=3 TOX=5.7E-9 NSUB=1El7 GAMMA=0.6348369
+PHI=0.7 VTO=-0.5536085 DELTA=0 UO0=250 ETA=0 THETA=0.1573195
+KP=5.194153E-5 VMAX=2.295325E5 KAPPA= 0.7448494 RSH = 30.0776952
+NFS=1E12 TPG=-1 XJ=2E-7 LD=9.968346E-13 WD= 5.475113E-9
+CGDO=6.66E-10 CGS0=5.66E-10 CGBO=1E-10 CJ= 1.893569E-3 PB=0.9906013
+MJ=0.4664287 CJSW= 3.625544E-10 MJISW=0.5)

*t*t***it*****t***tit*'rlqy MOSIS O.25um * ok okok ok ok ok ok ok ok ok Kk K ok K ok ok ok ok ok ok ok ok ok

**************Iin Iol_ 102+ IO3+ IB******#*********i********t*

.subckt Lossless 2 3 5 6 100
vDD 1 0 dc 2

VB 100 0 de O

***Gain Centrol

FK 0 200 VB 1

VK 200 0 dc O

Fl 1 2F YK 2

Fz2 1 3 VK1

F3 14 VK. .2

F4 1/ 5 VK1

F5 1§ € K 1

Ml 2 2 0 0 NMOS1l W=70u L=0.5u
M2 3 2 00 NMOS1 W=70u L=0.5u
M3 4 2 0 0 NMOS1 W=70u L=0.5u
M4 4 4 00 NMOS1 W=70u L=0.5u
M5 2 4 000 NMOS1 W=70u L=0.5u
Mée 5 4 0 0 NMOS1 W=70u L=0.5u
M7 6 4 0 0 NMOS1 W=70u L=0.5u
cl 2 0%10p

.ends

**k**k******tt**##tt*************k**********txt*****tt*

*ik***********Iin 101_ 102+ Io3+ IB********kK******i**ktk*****

.subckt LPFW2%,3 5 6 100
vDD 1 0 dc 2

VB. 100 0 de 0

***Cain Control

FK 0 200 VB 1

VK 200 0 dc 0

F1 1 2 VK 1

F2 1 3 VK 1

F3 1 4 VK 2

F4 1 5 VK 1

F5 1 6 VK 1

M1 2 2 0 0 NMOS1 W=70u L=0.5u
M2 3 2 0 0 NMOS1 W=70u L=0.5u
M3 4 2 0 0 NMOS1 W=70u L=0.5u
M4 4 4 0 0 NMOS1 W=70u L=0.5u
M5 5 4 0 0 NMOS1 W=70u L=0.5u
M6 6 4 0 0 NMOS1 W=70u L=0.5u
cl 2 0 10p

.ends

*iiti********************************t*********tk***i**



vce 100 0 dc 2
IB 0 300 dec 20u
VB 300 0 dc 0
F1 100 400 VB
F2 100 500 VB
F3 100 600 VB
F4 100 700 VB
F5 100 800 VB
Fe 100 900 VB

[l o B S

X1 2 1 100 100 400 Lossless
X2 1 100 2 3 500 LPF

X3 4 3 100 100 600 Lossless
¥4 31 4 5 700 Lossless

X5 5 3 7 6 800 LPF

X6 6 5 100 100 900 Lossless

RL1 7 100 1
Iin 0 1 ac 1

.ac dec 100 1k 10000Meg
.step IB list 2u 20u 200u
.probe

.end
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CMOS BP ELL

***********k********t*quY MOSIS 0.25um hkhhkkhkdkkokdkkk ok dhohk ok dhkk ok kK
.MODEL NMOS1 NMOS (LEVEL=3 TOX=5.7E-9 NSUB=1E17 GAMMA=0.4317311
+PHI=0.7 VTO=0.4238252 DELTA=0 U0=425.6466519 ETA=0 THETA=0.1754054
+KP=2.501048E-4 VMAX=8.287851E4 KAPPA=0.1686779 RSH=4.062439E-3
#NFS=1E12 TPG=1 XJ=3E-7 LD=3.162278E-11 WD=1.232881E-8
+CGDO=6.2E-10 CGSO=6.2E-10 CGBO=1E-10 CJ= 1.81211E-3 PB=0.5
+MJ=0.3282553 CJSW= 5.341337E-10 MJSW=0.5)

.MODEL PMOS1 PMOS (LEVEL=3 TOX=5.7E-9 NSUB=1E17 GAMMA=0.6348369
+PHI=0.7 VTO=-0.5536085 DELTA=0 UO=250 ETA=0 THETA=0.1573195
+KP=5.194153E-5 VMAX=2.295325E5 KAPPA= 0.7448494 RSH = 30.0776952
+NFS=1E12 TPG=-1 XJ=2E-7 LD=9.968346E-13 WD= 5.475113E-9
+CGDO=6.66E-10 CGSO=6.66E-10 CGBO=1E-10 CJ= 1.893569E-3 PB=0.9906013
+MJ=0.4664287 CJISW= 3.625544E-10 MISW=0.5)

*******ttt**iif**tik**T14Y MOSIS O 25um T2 T E R EREEE S S S S S S SRS S S

*t***‘k****tt**:{in lol_ I02+ IO3+ IB****ti****************i****

.subckt Losslessl 2 3 5 6 100
VvDD 1 0 dc 2

VB 100 0 de O

F1 1 2 VB ' 2

F2 1 3 yBygl

F3 1 4 VB 2

F4 1 5 VB 1

F5 1 6 VB 1

M1 2 2 0-0 NMOS1 W=70u L=0.5u
M2 3 2 0 0 NMOS1 W=70u L=0.5u
M3 4 2 00 NMOS1 W=70u L=0.5u
M4 4 4 0-0 NMOS1 W=70u L=0.5u
M5 2 4 0 0 NMOS1 W=70u L=0.5u
M6 5 4 0 0 NMOSL W=70u L=0.5u
M7 6 4 0 0 NMOS1 W=70u L=0.5u
Cl 2 0 10p

.ends

ricwtkkk*ir**vc*tx\*k**‘k******************‘k***************

kkkkhkkhhkxxxxx*Tin Tol- I02+ IO3+ IB******************t**itit**

.subckt Lesslkess2 2 3-5.6\100
VDD 1 0 dc 2
VB 100 0 de ©

F1 1 2 VB 2

F2 1 3 VB 1

F3 1 4 VB 2

F4 1 5 VB 1

F5 1 6 VB 1

ML 2 2 0 0 NMOS1 W=70u L=0.5u
M2 3 2 0 0 NMOS1 W=70u L=0.5u
M3 4 2 0 0 NMOS1 W=70u L=0.5u
M4 4 4 0 0 NMOS1 W=70u L=0.5u
M5 2 4 0 0 NMOS1 W=70u L=0.5u
M6 5 4 0 0 NMOS1 W=70u L=0.5u
M7 6 4 0 0 NMOS1 W=70u L=0.5u
Cl 2 0 15p

.ends

e E R R R e e e S S SRR RS R R RS R R R S S

k***-wy\-t*t*x«*lin IOl' 1024, 103+ IB*****************t*********

.subckt Lossless3 2 3 5 6 100
vDD 1 0 de 2

VB 100 0 dc 0O

F1 1 2 VB 2



F2 1 3 VvB 1

F3 1 4 VB 2

F4 1 5 VB 1

F5 1 6 VB 1

M1 2 2 0 0 NMOS1 W=70u L=0.5u
M2 3 2 0 0 NMOS1 W=70u L=0.5u
M3 4 2 0 0 NMOS1 W=70u L=0.5u
M4 4 4 0 0 NMOS1 W=70u L=0.5u
M5 2 4 0 0 NMOS1 W=70u L=0.5u
M6 5 4 0 0 NMOS1 W=70u L=0.5u
M7 6 4 0 0 NMOS1 W=70u L=0.5u
cl 2 0 100p

.ends

Ak hkk ok k ke hk kkkh Ak Ak hhhkhkhkrkhdkhkhkhkhkhkhhhhkhkhkkdrrhh bk hhkkkkx

*****k**w***i*lin JTol- IOZ"‘ 103+ IB*i‘********************‘k**t*

.subckt LPF 2 3 5 6 100
VDD 1 0 dc 2

VB 100 0 dc O

***GCain Control

FK 0 200 vB 1

VK 200 0 dc 0

F1 1 2 VK.1

F2 1 3 VK 1

F3 1 4 VK 2

F4 1 5/ VK 1

F5 1 6 VK 1

M1 2 2 0 0O NMOS1 W=70u L=0.5u

M2 3 2 0°0 NMOS1 W=70u ,L=0.5u

M3 4 2 0.0 NMOS1 W=70u L=0.5u

M4 4 4 0.0 NMOS1 W=70u L=0.5u

M5 5 4 0 0 NMOS1 W=70u L=0.5u

M6 6 4 0.0 NMOS1 W=70u L=0.5u

Cl 28 @ ¥¥p

.ends

Ak hk kKA kA Ak hk KK KA A kR A Ak A d AN R A KA A A A A AR A A Ak bk bk kb ok kdkkkkdx
LR T gy -Galiaid 2 7] el Ng 1027 Io3+ Tod+ Io5+

Ak dhoxkk ok x kk ok kkhkdkxxhkhkdhkdkkhkhkkx
I

.subckt Galfnp 2 3=4" 6 J:,8 9100

VDD 1 0 dgN -3
*IB 0 100 dc%100u
VB 100 0 dc @

F1 1 2 VB 1

F2 1 3 VB 1

F3 1 4 VB 1

F4 1 5 VB 2

FS 1 6 VB 1

F6 1 7 VB 1

F7 1 8 VB 1

F8 1 9 VB 0.1

M1 2 2 0 0 NMOS1 W=70u L=0.5u
M2 3 2 0 0 NMOS1 W=70u L=0.5u
M3 4 2 0 0 NMOS1 W=70u L=0.5u
M4 5 2 0 0 NMOS1 W=70u L=0.5u
M5 5 5 0 0 NMOS1 W=70u L=0.5u
M6 6 5 0 0 NMOS1 W=70u L=0.5u
M7 7 5 0 0 NMOS1 W=70u L=0.5u
M8 8 5 0 0 NMOS1 W=70u L=0.5u
M3 9 5 0 0 NMOS1 W=5u L=0.5u

.ends



R R R R e e R R SR EE R RS RS RS S SRR R R R R R R S

vce 100 0 dc 2
IB 0 300 dec 20u
VB 300 0 dc 0
F1 100 400 VB
F2 100 500 VB
F3 100 600 VB
F4 100 700 VB
F5 100 800 VB
F6 100 800 VB
F7 100 1000 VB 1

F8 100 1100 vB 1

F9 100 1200 vB 1

X1 2 1 100 100 400 Losslessl

[P W

X2 100 3 100 500 LPF

X3 1 8 100 600 Lossless3
X4 100 4 100 700 LPF

X5 8 100 100 800 Losslessl

X7 5 6 9 10 100 3 1000 Gain
X8 6 100 100 1100 Lossless2
X9 1 7 8 1200 Lossless?

RL1 10 100/1

Iin O 1 ac 1

1
5
8
9
X6 3 100 100 2 5 64 900 Gain
4
7
6

.ac dec 100 100k 10000Meg
.step IBSlist~2u 20u 200n
.probe

.end
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Abstract: This paper presents new CMOS current-mode ladder Chebyshev and elliptic band-pass filters (BPFs). The
signal flow graph and the network transformation methods are used to synthesize the proposed BP Fs by using Chebyshev
and elliptic RLC Jow-pass prototypes. CMOS-based lossy and losgless integrators with grounded capacitors are used to
synthesize the proposed BPFs. The proposed filters can be electronically tuned between 10 kHz and 100 MHz by adjusting
the bias current from 0.02 A to 200 uA. Both filters use a 1.5 V DC power supply, which leads to low dynamic power
cansumption. Both filters enjoy total harmonic distortion of less than 1.5% along the range of the tuning bias currents.
Simulation results are included to illustrate the functionality of the proposed filters.

Key words: Current mode, ladder filters, Chsbyshev, elliptic, band-pass filter, CMOS

1. Introduction

In the analog signal processing area, one of the important building blocks is the continuous time filter. Several
tvpes of filters are realized for obtaining particular characteristics. Both passive and active filters are used in
telacommunication and electronic areas. Unfortunately, passive filters cannot provide t;una.bility. featutes and
are not suitable for integration. Recently, tunable active filters have received considarable attention and are
continuously developed not only to reduce the eircuit die areas but also to improve their performances.

A first-order filter is a basic building block that can be implemented by the well-established opera-
tional amplifiers (OpAmps) and operational transconductance amplifiers (OTAs) [1,2]. Some of the first-order
functions were realized by different active devices such as the sscond-generation current-convayor (OCII) [8].
First-order filters find nurnerous applications in realizing control systems [4], oscillators [5], and second-order
universal filters [6,7]. However, the application of first-order filters is limited due to their frequency response
characteristic. To achieve a better performance, second-order filters can be used and several realizations are
available using OpAmps and OTAs; see, for example, [8,9] and the references cited therein. Alternated active
devices, OTRA [10] and CDTA [11], have also been introduced to realize the tunable active filter. Although
thev can provide many tyvpes of frequency responses, they suffer from the need for a large number of active
alements and can therefore operata only at relatively low frequencies. In telecommunications, for example, high
performance flters operating at relatively high frequencies are needed and usually low-order filters (first-order
and second-order) cannot be used for achieving the required selective frequency responses. MOS-only multi-
function second-order filters were introduced [12-14] using their gate-source intrinsic capacitars. Unfortunately,

*Correspondence: pipat@telecorn kmitl.ac th
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it seems that the parasitic elements affect the filter performances and response of filters cannot be achieved
in electronic tunability. High-order filters are therefore needed as they can provide the superior performance
required for selecting the desired frequencies and rejecting the undesired ones.

Realizing high-order ladder filters using the RLC network is a well-known method; see, for example,
[15,18]. The simulated RLC network prototype using a generalized impedance converter (GIC) circuit is one of
the methods used for realizing high-order filters [15-17]. High-order LPF based on GIC has been introduced by
using OpAmps and an RC network [18]. The circuit uses many floating passive elements and cannot provide
electronic tuning and is, therefore, not suitable for integration. The signal flow graph (SFG) method was used to
simulate the RLC ladder filters [19,20] by using MOS switched capacitor integrators. Several active high-order
filters based on gm-C [21-24] and its improvements [25] were developed with different structures. Operation
in current-mode, rather than voltage-mode as in the previously mentioned references, is a promising approach
for implementing high-performance and low-voltage circuits. An interesting CMOS-based current-mode high-
order LPF for higher frequency applications was presented in (26]. The CCII with SFG method was also used
to develop a current-mode high-order LPF [27]. Multiple loop feedback using OTA-C is another method for
realizing a high-order LPF. It is suitable for synthesizing from high-order all-pole biquad functions [28,29]
However, no tunable current-mode high:arder BPF has been introduced..

The major intention of this paper is, therefure, to present CMOS-based electronically tunable current-
mode ladder Chebyshev and elliptic BPFs. The proposed filters are obtained using the SFG and transformed
RLC passive low-pass filters prototypes. The proposed current-mode ladder Chebyshev BPF uses 33 MOS
transistors and 6 grounded capacitors. The proposed current-mode ladder elliptic BPF uses 52 MOS transistors
and 7 ground capacitors. Both of the proposed filters enjoy many advantages, including relatively low number
of active and passive components, low power cansumption, low voltage supply, relatively very high frequency
operation, and a wide range of electronic tuning of the filter parameters,

2. Theory and principle of operation
2.1. CMOS-based lossy and lossless integrator

Figure 1 illustrates the block diagram of the inverting loesy integrator with 2 equal outputs Yy and Yo, given
by the transfer function of Eq. (1).

— Y|

X —

s+ 4

— Yz

Figure 1. Block diagram of dual-output lossy integrator.

Hiota, A
X X s+A &

Using the block diagram in Figure 1, a lossless integrator can be realized by adding an inverting gain to the
output ¥; and then feeding it back to input as shown in Figure 2. Hence, the output transfer functions of the

obtained positive and negative lossless integrator functions as Z; and Z can be expressed as follows

1117



PROMMTFE et al./Turk J Blec Eng & Comp Sci

£ . +—=2Z,
¥ 55 A _‘ : |‘J“ L = Y A
‘ ¥

Y -z

Figure 2. Block diagram of the lossless dual-output integrator.

B A s
X 5 '
4y A

it bl N
X u @)

Lhe ©MOS based lossy integrator with pesirive and negative outputs ([, and [g2) can be implemented as
shown m Figure 3 and its small signal mode] is shown in Figure 4. Assuming that transconductances of the

transistors { gn,:) are matehed (gni = gm), the transfer function can be expressed as follows.

Vi

I
-b—=o
B
sGrga, o
Figure 4. Sinall signal model of Figure 3 ad ite almplificd block diagram.

\C1 g O ) (1}
]f.'\r‘ 3Cl + 0m !
Iep Gm _—
- 5}

lin 3C + ghn

sing Figure 20 the OMOS hased lorsless integrator can be implemented as shown in Figure 5. By caseading
the lossy integrator formed of M | and M4 with inverting gain stage M4 and M; and fecding back its output
to the mput, two outputs, {y and fz. can be obtained from M, and Mg, respectivelv. Considering the small
signnd odel of the lossless integrator of Figure 6, assuming that transconductances of the transistors [ g,,,) are

miatehed { G, = @), the transfer funetions of the lossless integrator can be expressed as follows

[NRE
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Figure 5. CMOS-based lossless integratar with paositive and nogative outputs.

P O /) I "
; £ £ |
. g% Lot Ly (LA ] S
:|: (o i I
Figure 6. Small signal model of Figure 5 and its simplified block diagram.
Iy Gin
AR 6
i X .5'(.:| ¥ )
fl _ 8m )
Ix !(“]_

I Egs. (43 (7) the transconductance gy, can be expressed as

W
Im — A 2uCax ‘“EIB'f (8)

where p. (2, W and L are surface mobility, channel oxide capacitance, channel width, and channel lengih of
the MOS transistor. From Iig. (8), it is clear that the transconduetance ean be tuned through bins current [p

2.2. Dasign of RLC passive ladder band-pass filters using low-pass filter pratotypes

2.2.1 Chehyshev band-pass ladder filter

I'he sixth-order Chebyshov hand-pass ladder filter pretotype can be realizod by using the transformation of the
doubly termunated RLC passive Chebyshev ladder LPI prototype in Figure 7 and the network transformation
in the lable. Figure 8 shows the resulting Chebyshev RLC sixth-order BPF ladder prototype

¥, ---— 12
hJ— Ly _L Lfn
‘r.'\' —’-‘ —]— R[

Figure 7. Donbly rerminated Chebyshev RLC passive ladder low-pass filter prototype
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S LK

Figure 8. Transformed Chebyshev RILC passive ladder BPF prowtype.

b e

Ly —G R;

Table. RLC network transforin.

1.P protatype Transformed BP

L I !

Ca o L e
T ey —TO——]

1

Cy G,

=R\
Ci’}’

Ryp R,

—W— - — M

Considering Figure 8 and using KCL yields the following.

Vst ()

Ve o0y 2 (10)
Vo o (1)

hy = Iin "-}%*;%*I‘: (12)
r, ‘; (13)
el (1)

Egs. (9)-{14} can be represcnted by the SFG shown in Figure 9. Nowmalizing voltage terms into carront terms
by using transconductance (g, § and replicing the lossless integrators with negative feedbacks at the beginning
and the end of the prototype by lossy integralors, the resulting SFG is shown in Figure 10, Based on the STC
of Figure 10, the BPE can be implemented by using lossy and lossless integrators, which is described in the

HeXt Section
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Iy 1 ! 5
o L >
_Af_r LY 1
sL& RY stk R 5,
- 1 1

¥

I A
o

_ 8
o

1

Figure 10. Normalized 51°G of Figure 9.

2.2.2. Elliptic band-pass ladder filter

A sixth-order elliptic band-pass ladder filter prototype can also be renlized based on the transformation of the
doubly terminated RLC passive ladder elliptic low-pass filter prototype shown in Figure 11 by using the network
transformation i the Table. Figure 12 shows the elliptic RLC band-pass ladder filter prototype bascd on the

network transformation method in the Table.

Is V4

= ]

H

G
T

L T
o v ,—’m‘—‘ Wiy s
—_— L i 3 a I_N’ . v _L' V- V=¥,

o C L b 3
1 Rt SR T o Cr"'* ot 18

e -
Figure 12. Transformed elliptic RLC passive ladder BPF

Figute 11. Doubly terminated elliptic RTL.C passive lad-
prototype.

der LPT prototy pe.

Considering Figure 12 and using KCL yields the following.

h=Tiy ~ly =lg—Tg=V /ol = Vi/Rs (15)
vy

I - 16)

REF (16)

- (1)

o — hlh;rlriTaiRL
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Vi
Iy = T (18)
Iin =1, - I —Vi/sLy - Vi/Rg Cy
Vy = V. 19
. s(C1+Cy) * 3C1+04 (%)
I
=V Ve 22
h-vi-- & (20)
. I2+[q— Vg/.&‘Lg—Vﬁ/RL C4
s AT fa— Ny sl — VI L
: P L tN e, )
I.
Vie¥ - Va=lot 5 (22)
SCQ

From Eqs. (19) and (21), a modified RLC prototype can be obtained by replacing capacitor Cy with two new
capacitors (€, + C; and C3+C,) connected with dependent voltage sources. The resulting modified elliptic
RLC passive ladder BPF prototype is shown in Figure 13.

Iy L
—_—
T
.L*
I ARy V2 ALY R
!
P, 1o Sepaild
=gt b TG,
R
Ine eﬁvé ng _ 3 L
if_sts A o £ |
y -
LC,*'C,] g i\(J“‘tAJ
L

Figure 13. Modified elliptic RLC passive ladder BPF protolype.

A SFG can be drawn from Eqs. (15)-(22) as shown in Figure 14. Normalizing voltage terms into current
terms by using transconductance (gm), replacing the variables Rs and Rr by 1/gm, and replacing the logsless
integrators with negative feedbacks at the beginning and the end of the prototype by lossy integrators, the

resulting SFG is shown in Figure 15.

l,fl
U
1 -1 1 7 I
Lak &) Rl At iva
v _ (O, +C0) sk, O+ 0] .. b
ok SV s
! ; ” ! v, - A i ¥
A 1 To
! -1 %
1 l.‘ R
sC =L,
C, I L
Py e ad

Figure 14. SFG of elliptic RLC passive ladder BPF prototype
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I ! I -1 A ) I
S o % -
. C+C)+g, Ly, s(CAC)+ =11
“ (G ) b (C+G)+g, oL,
Y g1 RV RY
1
7 4 nt
_& £
iC sl
Cl ’1 C.
G+C, LT,

Figure 15. Normalized SFC in Figure 14,

3. Realization of CMOS-based ladder BPF

From the normalized SFG of Figure 10, a sixth-arder current-mode Chebyshev ladder BUF can be easily realized
using the lossy and tossless integrator block diagrams of Figures 4 and 6 and replacing inductors L, by capacitors
' as shown in Figure 16, Using Figure 16, the CMOS-based implernentation of the Chebyshev ladder bandpass

filter can be obtaimed and is shown in Figore 17,

In | Iy -1 A / I
M 4] A
_Bs S(G+C) e GG g, L £n
sl si,
-1 4 4 M SR lo !
= -
7 AT
& .t
G sl
— 8 h i~
C+C G+G,

Mo it o

Figure 17. Propased CMOS-based sixth-order Clhiebyshev lndder BPF
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In the SFG of Figure 13, there are fcedback loops between two nodes ( [] and ;) with current gains (k).
Following the same procedure described for the Chebyshev ladder Bk, the sixth-order current-maode elliptic

ladder BPEF can be realized as shown in Figure 18.

I.‘.\‘
i ] Y f 14 i
=, 2. =i 2. =
S (€, +C)+ g, A (L) Kn
7 T A€y S sCy
p & 1
] R
€ =¥ ¥ C, =l
1* g, 7 h‘ YT ™ Iy
L1 — ¥
— ,FL
L. G
sC; =

Figure 18, Sixth-order elliptic ladder BP

The proposed elliptic sixth-order ladder BPF contuins 2 lossy integrators, 5 lossless integrators, and 2
mnltiple outpnt gain stages. The positive and negative current buffers and cumrent. gain (&) can be realized as

shown in Figure 19,

Fee

Figure 18. Multiple outputs current amplifier/buffar

In Figure 19 all the MOS transistors have the same fransconductance excepl Uransistoms M, and Mg
(- 1,2, 7) having transconductances equal to gy, and gn,a. respectively. Thus, the current gain ean be
expressed us follows
L = Yn:2 (23)
Jm1
[igure 20 shows an implementation of the CMOS-based sixth-arder current-mode eiliptic ladder BPF using the
lossy andd Tossless integrators of Figures 3 and G, Nota that the highlighted blocks are the cnrrent gains (k)

whicli arc actually less than 1 according wo Eq. (23).

4. Nonideal annlysis

I'his section describes the influences of the NMOS transistors parasitic components.  Lossy and lossless
integrators are the main building blocks of the proposed circuits. Lhe performance of these bnlding blocks
oy deviate from the ideal analysis while operating at relatively high frequencies. This is usually attributed

(o the effect of the transistors’ parasitic components. Nonideal analysis of the integrators including the effect
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4
kS

Figure 20. Proposed GMOS-based sixth-order current-mode slliptic laddar BPF
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of the Lransistors’ parasitic components can be performed by using the sirplified small signal model of NMOS

Lransistors shown in Figure 21.
-
G =

11
1

{Wj ) Lo

Figure 21. Simple small signal model of MOS transistor.

£

Y

)

In the small signal model shown in Figure 21, the input parasitic capacitances (Cg, and Cgq), the
resistance (ry,), and the transconductance (gm,) are incorporated. The effects of the transistor parasitic

components on the performance of the proposed BPFs are described in the following subsections.

4.1. Parasitic capacitance (Cgg and Cgy)

This section will consider the effect of the parasitic capacitances (Cga and Cgs), which is important for
determining the performance of a cireuit, particularly at high frequencies.

4.1.1. Lossy integrators
Using the small signal model of the MOS transistor of Figure 21, considering only the parasitic gate-drain
capacitance (Cyq4), and assuming that the transconductances of the MOS transistors are identical, the transfer
functions of the lossy integrator of Figure 3 can be approximated by Eqe. (24) and (25), respectively
Ib—l —8m
gLl UL -mE, Be 24
In  gm+6(Com + Ci) @)

p{
o2 Sy S\l A § (25)
Similarly, considering only the parasitic gate-source capacitance (Cgs), and assuming that the transeonductances
of MOS transistors are identical, the transfer functions of the lossy integrator of Figure 3 can be approximated
by Fags. (26) and (27), respectively.

£l NI ;. /Var (26)
Ity gm + 5(Conn + Cgsa+ C1)
To2 gm (o)

I;; % gm + 3 (Cguj + Coaa + Cgn +VE;27' (;1)
Eqs (21) (27) show the effect of the parasitic capacitances on the lossy integrator performance In saturation
operation, the parasitic gate-drain capacitance {(y¢) and gate-source capacitance (Cg,) will vary depending
on the bias current. Assuming that the parasitic capacitances Cyai = Cya, Cgai = Cgg with Cgq = WL pCox
and Cpy = W ((2/3)(L) + Lp)) Coz, it can be seen that parasitic capacitances Cgq and g, produce a small
deviation in the frequency response of the lossy integrator. To prevent significant errors, capacitance 'y should

be selected so that
C1L 554(Ch. ¥ Coa) . (28)
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4.1.2. Lossless integrators

Likewise, the effect of the parasitic gate-drain and gate-source capacitance (Cgq and Cg,) on the inverting and
noninverting lossless integrator of Figure 5 can be considered. Assuming that the transconductances of MOS
transistors are identical, the transfer functions of the lossless integrator affected by the parasitic capacitances
Cgyq and Cy, can be approximated by the following equations.

L W —9m (29)
[x 38 (4ng3 4 40,4_5 + Cgrﬂ + Cl)
I g (30)
Ix  s(4Cgaz + 4Cgas + Cgus + C1)
Ivs o 2 (31)
Ix  5(Cger+ Cgez + Cosz + Cgaa + Coas + C1)
Izo 9m 32)

E < 8 (Ggrl + Cgﬂ + clg\l.’l A Cgm + CgsS G Cl)

Egs. (29) (32) show the effect of the parasitic capacitances (Cgq and Cg,) on the lossless integrator perfor-

mance. In the saturation region, the parasitic gate-drain and gate-source capacitances (Cypq and Cy,) will vary

depending on the bias current. To-prevent significant errors, capacitance C; should be selected so that
Gy >> 9C;, + 5C,. (33)

From Eq. (43), it is clear that the errors can be minimized by selecting relatively large values for the capacitance
(C1)

4.2. Parasitic conductance (g ds)

In Figure 21 the voltage-controlled current source, gmvgy, is the most important commponent of the model, with
the transistor current-voltage relationship given by

ips = # (vas — V) (1 + Aups). (34)

In Eq. (34) A < 1 (V) ! represents the channel-length modulation effect. It produces the slope of the drain

current as a function of the drain-to-source voltage (vpg). The channel conductance will be dependent upon

L through A, which is inversely proportional to £ (A & 1/L). The small-signal channel conductance g4, can

be uxpreaseci as

_ dips v
dups

- = Aipg (35)

9ds 1 5 -‘\UDS-

4.2.1. Lossy integrator

Using the small signal model of Figure 21 for the MOS transistor, considering only the effect of the parasitic
conductance, and assuming that the transconductances of the MOS transistors are identical, the transfer

1127



PROMMEE et al./Turk J Elec Eng & Comp Sci

functions of the lossy integrator of Figure 3 can be rewritten as follows.

loy —Gm
fon  _ m 36
IN - gm +gda +3Ch )

o o’ - -
= 3
Iiv (gm)* + 9m (9der + 9as2 + da3) + 5C1(gm + gas2 + Gaa3)
Assuming that gg, = gas for all the transistors and since the parasitic conductance gg, << gm, then Eq. (37)
reduces Lo

Ioz Gm
SRy o S SWE - 38
IN gm+ 39ds +5C1 ®8)

Eq. (38) shows that in order to avoid significant errors in the transfer functions of the lossy integrators the
transconductance g, must satisfy the following condition.
gm > > 39ds (39)

Inspection of Eqs. (11) and (39) shows that significant errors can be prevented if a large transistor width (W)

is used.

4.2.2. Lossless integrator

Likewise, taking only the effect of the parasitic drain-source conductance (gds) into consideration, the inverting

and noninverting lossless integrator transfer funetions of Figure 5 can be rewritten as follows.

2
Iva = (gm) (40)
Tx  Gm (Qds1 + Gds3 + Gdad + 9dss) + SC1 (Gm + 9de3 + Gass)
Ipa {gm)* (@)

Tx  gm (9an + Gdaz + Gdsa + 9dsa) + SC1(9m + Gde2 + Gas3)

Fas. (40) and (41) show how the parasitic drain-to-source conductance (gds) affects the lossless integrator
transfer functions of Figure 5. Assuming that the transconductances of MOS transistors are identical, then Eqgs.
(40) and (41) reduce to the following.

Iva' ) —8m (*gm‘ 4944 /C1
Ive Y SHimg s -l 42
Ix  4gds + 50, 49ds ) s+ 494, /C) 2)
Iza gm { 9m ) 4gda/C
= = — 43
Tx 4G4, +4C1  \gd, ) o+ 494,/Cy L

From Eqs (42) and (43), it can be seen that both outputs of the lossless integrator are affected by the parasitic
conductance (g4s) as a parasitic pole at very low fraquency (wy, = 4g4s/C1) will appear in the transfer functions
However, thiese effects will be significant at very law frequency where the operating frequency is much larger
than the frequency of the parasitic pole. Thus, the resulting parasitic poles will provide the lower frequency

limitation of the lossless integrator and maximum gain at low frequency will be given by {[kl — gm/474.) -
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5. Simmlation results

T this sectinn PSpice simulation resulls obtained from the integrators, the Chebyshev BPF, and the elliptic
BPE are presented. All simnlations were carried onr nsing model TSMC 0.25 om CMOS rechnology [30] and
a 1.3 V DC power supply.

The frequency responses of CMOS-based lessy integrator i Figure 3 and lossless integrator in Figure 5
are shown i Figires 22 and 23, Following the vesults of the nonideal analvsis. the capacitor € = 10 pl is
celected to prevent. the effect of parasitic capacitances, and the aspect ratios of the MOS transistors of Figures
dand 5 of W/ L = 70 pm/0.5 pe were scleeted to prevent the airors of all integrators, Figures 22 and 23
clearly show that the frequency responses can be Luned roughly between 10 kHx and 100 MHz by adjusting the
bias corren: {g [0.02, 0.2, 2. 20, 200] AL

Gaintdld)
H

» : 5 : i i H
LOKHz S 1.0MHg
Frequency

Figinre 22. variation of Lhe magnilude responses of Lhe losay integrator in Figiee 3 by adjusting the bias crovent ( Ig).

The proposed sixth-order Chebyshioy ladder BPF RLC prototype obtained was simulated using Cy =
Cly = Oy =20mi’, Lye Ly Ly = 20ndl | Hg=It) <182, 1.5 ¥ DC power supply, W/L = 70 g /0.5 g
Divs curient I = 20 gA, aud Gy = @i =€y = Oy = € = € = 10 p[. The results obtaingd ure showu
in Fignre 4. insperiion ol Fignre 24 clearly shows that the magnitude responses are almost the same, Int n
e o buud the ripples are slightly different with érror around 0.8 dB. The clectionically vunable frequeucy
responses of the proposed BPF swere obtained by adjusting the bias curent. /4 (0.02, 0.2, 2. 20 200] A Figire
25 shows vhe (unability fentue of froquency responses between 10 kHe and 100 MHz. Tig inpul impedance in
the pasgs-band at bias emrent g = 200 pAis around 200 Q. as shown in Figure 26.

The simlation results of the propased sicth-order alliptic ladder BPE RLC prototype were obtained
using O =0y = 2inF, Cq =230k L) =Ly = Ly=25ull Ls = W0, Ky =K, =18, 15V
DC supply. aod W/L = 70 gm/0.5 g for all transistors, except thie transistors at outputs, which arc sct with
W/L = 5 pmi/05 parto provide & = 0.1 [, The values of capacitors are seloas & +Cy = 12pF, G5 +
(' = 12 pk.C = 1o pk )= 10pF, C; =100 pk, €5 =10 pF, and €4 = 15 pk and bias enrrent Ly = 20
A Maguitnde respouses of the proposed filter and its prototype are shown in Figure 27, It ¢an be scen that
the wagnitnde response of the proposed filter has a sinall error in the left-hand side of the stop-band and its
pass-band ripples are around 2 dB3 more than its prototype.

11249



PROMMEE et al /Turk ] Flee Tong & Comp Sci

Coin{dl)

e E ] : fie g
10K 1ot 1anKite 1ML JeNIL ool 1.0Giks

Trequency

Figure 23. Vanation of tho magaitude ~esponses of the lossless integrator of Figure & by adjustmg the bias current
g i I a1 voad) 4
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Figure 24. Maguitude responses of the praposed Chebyshey BPT ({n = 20 gA) and its RLC prototype.
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Figure 25 Flectronic tunalihty of the proposed Chebyshey BPF by adjusting e [0.62,0.2, 2,20 200] g A
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Figure 26. lopul impedance of sixth-order Chebvshey BPE (1 = 200 pA).
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Figura 27. Mag\ﬁt_!idn responses of the proposed elliptic BPF (Ig — 20 pA) and jts prototype.

Figure 28 shows the tunability faature of magnitude responses of the propesed lliptic high-order ladder
BPE oUtained by adiusting Tp [0.02, 0.2, 2, 20, 200] pA. Tuspection of Figure 28 shows that the frequency
response of the proposed filter can Lo tuned in the range of 10 kHx Lo 100 MHz_ The uput impedance in the
pass-band at bias current Jp = 200 A is aronnd 300 £, as shown in Figure 29.

I'he performance of the praposed Chebyshev and elliptic rypes of BPE performance can be verified by
using Monte Carlo analysis as shown in Figuves 30 and 31, respectively. The 5% deviation m the axide th ickness
(t..) of the process is assimed and 100 smnples are run to verify the center frequency deviation of the praposec
two types of BPF. For ske 200 pA bias cuirent, it can be seen that both of the propused BPFs have small
deviation around 100 kHz.

{urthermore. & multitone test is alio used to confirm the proposed BPEs' performance at bias current
— 200 xA First multitones of frequencics [L0-210 MHz are applicd at the mput of the praposed Chebyshey
RPE (20-80 MHv puss band). Tt can be seen thas only Adominany toncs 30-70 MHz and a small 90 MHz tone
are oblianed at the output, ag shown in Figiire 32, Secondly. maltitone frequencies (10 210] MHz are applied at

the mput of the propased elliptic BPF {30 70 Milz pass band) It can be seen thar only dominant tones 30 70
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Figure 28. Clectronic tunability of the proposed clliptic BPF by adjusting 1 [0.62. 0.2, 2, 20, 200] A
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Figure 28. Input impedance of praposed elliptic BPF (g = 200 p A}
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Figure 30. Monte Calo simulation of *he proposcd Chebyshev BPF (T — 200 pA)
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Figurce 31. Mocie Carjo simulution of the proposed elliptic BPE ({; = 200 pA).
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Figure 32. Multitoue test of praposed Chebyshev BPF [Ig = 200 ;3 A)
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Figure 33. Multitone test of proposed clliptic BPT ([, 200 pA)
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MHz and a very small 90 Mz tone are obtained at the output as shown in Figure 33. These results confirm
the functionality of the proposed filters.

Finally, the total harmonic distortion (THD) in the pass-band of the proposed two lypes of BPFs was
measured at bias current = 200 xA. A 50 MHz input signal with variable amplitude is applied to the proposed
Chebyshev and elliptic BPFs and the THDs of the outputs are measured; the results are shown in Figures 34
and 35. From Figures 34 and 35 it is obvious that the THDs of both types are below 1.5% within 50 pAp of

amplitude input.

14 - = —

Lz /\ " ;"\/\/

08 //\\\/\ / i . /\vj

0.64

06+
0 S 1 . Tl — G~ — . W
15 20 25 30 35 40 45 50 55 15 20 23 30 35 40 45 S0 55
T o 1AY
Figure 34. THD at 50 MHz of proposed Chebyshev BPF  Figure 35. THD at 50 MHz of proposed elliptic BPF
(fz = 200 pA): (Is = 200 uA).

6. Conclusion

In this paper electronically tunable current-mode Chebyshev and elliptic ladder BPFs have been presented. Both
filters are realized using network transformation of RLC ladder low-pass filter pratotypes and the SFG method.
Both filters are realized st the trangistor level using MOSFETs. This would be attractive for integration. The
proposed Chebyshev ladder BPF comprises 2 lossy integrators, 4 lossless integrators, and 6 grounded capacitors
Its frequency response can be tuned between 10 kilz and 100 MHz by adjusting the bias current from 0.02 uA
1o 200 p A. The proposed elliptic ladder BPF comprises 2 lossy integrators, 5 lossless integrators, and 2 multiple
outputs current with different aspect ratio of MOS transistors. The frequency response can be tuned between
10 kHz and 100 MHz by adjusting the bias current from 0.2 zA to 200 pA. The proposed Chebyshev and
elliptic BPFs use a 1.5 V DC power supply with dynamic power consumption between 1.34 p W and 13.4 mW
and between 2.18 W and 21.8 mW, respectively, along the tuning of bias currents between 0.02 uA and 200
A, THDs less than 1.5% at high frequencies are obtained within 50 pAy_, of input range.
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Band-pass Filter |
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Abyoucs— This paper presents u CMOS-based Chebyshev
current-mode kadder band-pass filter (BPF). The integrator
boilding blocks (lassy and lossless integrators) with 6 grounded
capacitors are used w realize the BPF by wusing doubly
terminated RLC Indder filter prototype based on TSMC 0.1Bum
CMOS technology. Frequency response of the circult can be
tuned between 1MHz and 200MH:z through bias currents from
0.01 pA to 100 pA. The proposed circuit has mamy attractive
features, for instant, low power supply as 1.5V, low dymamic
power consumption and low Total Harnionic Distortion (THD).
All simulation results are carried out by PSpice which are good
agreements compared with the RLC prototype.

Keywordy—Band-paxs  filter:  CMOS;
Srequency:

Chebyshev; High-

1 INTRODUCTION

In telecommunication and electrome cramt designs, filters
are received much attentions and continuously developed and
designed, such as, first order filters [1]. [2], second order
filters [3], [4] It is well known that the high order filters can
be operated with higher performance than the low order filters.
Active filters are synthesized from pessive RLC ladder filter
prototypes [5-7], but they opemted in voltage-mode, As we
known that cwrent-mode has higher performance than voltage
mode, such as, higha frequency response, vety cormpact and
can be operated with low voltage.

In recent years, high order current-mode band-pass filter are
presented with vanous techniques. Curremt-mode Chebyshev
ladder bund-pass filter based on Op-amps and MOS wunsistor
[8-11] were presented with complex structures. OTA with a
large number of grounded capacitors was presenied [12]
Multiple Cutput Current Conveyers (MOCC) with resistor is
presented, but the arcuit used a lage number of passive
clements and could not operate in high frequency operation.
Sixth-order Chebyshev band-pass filter by cascading biquads
circmt [14] was also presented, but it could not work in VHF
froquency range

From the drawbacks of previous works, an electronically
tmable sixth-order Chebyshev current-mode band-pass filter
by using CMOS technology is presented in this paper. The
proposed circunt contains 2 lossy and 4 lossless integrators und

978-1-4799-5661-4/15/531.00 ©2015 IEEE

Pipat Prommee
Department of Telecommunications Engineering
Faculty of Engineering,
King Mongkut's Institute of Technology Ladkrabang
Bangkok 10520, Thailand
pipat(@telecom. kmutl ac.th

6 grounded capacitors. The proposed cirouit operates with low
voltage which can lead to reduce its die area and use less
power consunption and also improve its performance in high
frequency operation. The proposed circuit employs totally 32
transistors and 6 grounded capacitors which are suitable for
further VLSI integration. The simulation results are presented
to venfy with the theory. The proposed circuit can operate in
VHF frequency range as IF receiver of telovision system. Due
to the tunable charmacteristic of this circuit, it can also be
applied in AM or FM recervers of the radio system.

1. THEORIES AND PRINCIPLES

A CMOS-based intagrators
Figure | shows block diagram of lossy integrator with two
equal of outputs (F=13).

dafol

X X

A

s+ A

M

A [-—=e ],

Ao—ad -
FvA

s 1

Figure | Lossy Integrator block dmgram

Lossless integrator circuit can easily be implemented by
adding inverting amplifier to the output ¥ and feedback to the
input port as shown in Fig.2. The two outputs (Z; and Z;) of
Tousless integrator have 180 phases different and their transfer
function can be expressed as

44 1))
v, '\
and
rg A (3)
X 5
+ — A N e
Y g A “ = Jo—e —
Yy -, B T

Figure 2. Lossless Inlegrator block dmgram
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Lossy infegrator can be implemented based on CMOS
transistor level as shown in Fip.3(a) and its small signal
cquivalent circuit is shown in Fig.3(b). Assuming (hat thc
transconductance of all transistors (g,,) are matched (ga~ga)-
Using KCL routine apalysis. current transfer function of
Fig.3(b) is shawn in equation (4) and (5).

— L

(e}

Fig. 3 {a) CMOUS based Jossy mtegrator {b) Small signal model ol Fag. 3{a)
and as tlock dingram

Tigure 4 (a) shows the realization of lossiess intcgrator
from block diagram in Fig.2 by cascading lossy inlcgrator (M,
and M;) with inverting amplifier (M, and M,), then feeding
back the outpul current 1o the inpul. Hence the current oulputs
at ports 7> (/) at M;) and 7, (fi; &t M) are negative and
positive. respectively, Using KCL routine analysis, current
transfer function of the small signal model in Fig. 4 (b) can be
abtained as

Jop o B (6)
T ( SGEe, BBy~ B
Ty gek G}
T, SC 8 ps — BusBas ¥ BuiRus

Assomung that transistors are matched (g., “x.). Il is scen
that current transfer function of the smail signal modcl in
Fig.A(b) can be rewritten as

Yoy o 8. (8)
’t.r «
1.8 ©)
i a7

Where

R
H
B ‘_'Vl—-u(-u\ il (10

a7
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Where @, C., B and L are surface mobility, oxide
capacity. width and length channel of MOS tramsistor. It is
clear that transconductance of MOS transistor can be wne by
adjusting bius current (/).

by
Fig 4 (3) CMOS-Dasod Insshess integnator circuit (b) Smait signal mode! and
us block dragram
L SYNTHESIS SIXTH-ORDER BAND=PASS FILTER

Sixth-order band-pass network is realized by transforming
method |15] from doubly rerminated RLC ladder low-pass
prototype which shown in Fig. 5.

" ._. ¥

hl L _L ;In
S e o, T b

FABLL | CONVLRTING KLC FROM LP TO BP[15]
Denerosilbed B

) C)

Fig § Ri(hﬂdmbwpa«mmpmoqw

WY

L. ﬂ A',I, ’1’-
i - -

4

R, f,
—A— - —W—

Table 1 shows the transformation from RLC ladder low-
pass filter prototype (Fig.5) to RLC ladder band-pass filter
prototype.

.:; _',_- ; i -
~ ¥ A S K

-.l.:r.

Fig 6. dinlh-order RLC ladder band-pass filier prototype
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Figure 6 shows transformed R1L.C ladder band-pass filter
prototype. By using KCL routine analysis, we obrain the
current and vollage relationships as

Pl (1)
5,
¥y =¥, ¥~ (12)
° L1658
y=do (3
sCy
,lle,'a-ll--—y}.--f‘ (14)
Rh -‘L’
i=ta {15}

Ty

n 1 5 - i
by
Fig. 7 () Signal low graph of sixth-order Jadder band-pass filier
by Normulized signal low graph of Tig 7(a) in cusrent-mode
Fig.7(a) shows signal flow graph (SFG) from equation
{11)H16). We can normalize voltage terms to current terms by

using a juctance (g.)- The normalized SGF is shown
in Fig.7(b).
e
i : i . 1
l’? %+ = _3_1‘ £}
f it i 1 ¥

Fre R Proposed Chebyshey soxth-order hand -pass filter
From the normalized SGF, sixth-order ladder band-pass
fiter can be implemented by using lossy and  lossless

Brg

integrators in Fig. 3 (b) and 4 (b) as shown in Fig. 8 The
realization of CMOS-based Chebyshev sixth-order band-pass
filter can be step-by-sicp substituted w block diagram in Fig.8
as shown in Fig9.

IV. SIMULATION RESULTS

The PSpice simulation results of sixth-order Chebyshev
ladder band-pass filter prototype with the following values
G=G=C=118F, L=l=1=115%H, Re=R;~101 compared
with CMOS-based sixth-order Chebyshey band-pass filter
simulation results are presented. This simulation uses TSMC
0.18 pm CMOS technology, 1.5V power supply and aspect
rutio o MOS transistors in the proposed circuit are set as
W/L=5pm0.25um.

Figurc 9 shows CMOS-based sixth-order Chebyshev
ladder band-pass filter structure which grounded cupacitors are
st 10 (==l =(Ta(]=(]=15F and =100 wA, The
comparison of prototype and proposed band-pass filter
magnitude responses are shown in Fig.10, it be seen that
the magnitude resp are almost coincident but pass-band
ripple ar¢ slightly differcree around 0.84B. Input impedance
of proposed band-pass filter is shows in Fig.11. It is found that
input impedance in the pass-band is low around 300-500 0.

£ . . -
: gy

2% - - o
50, / ¥ T
3 : : i i

B - T - —~ -

-l =g -

1.OMILe 10M11e 100M1 Le 1001k 10GTLe
Frequency

¥ig 10 Magniude response of pr pe and proposcd orcuit

Fig.12, show THD of the proposed band-pass filter by
sciting bias current fp—100pA, mput signal-100MH2 and
woiny anplitude of input signal from 1uA 1o 10uA. It can be
seen that THD is Jess than 2.5%.
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Tig 3 CMUS-hused sixth-order Chebyshey Iudder bang-passs filter
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Fig i1 Input impedance af <ixth-order Chehychey ladder band-pass filier
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Fig. 12 THD of propased band -pass filker (= 100pA)
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Fig 13 Magnmde response of sixth-order Chebyshey laddor band-pass filicr
ure presented

The electronically tunable frequency responses of sixth-
order Chebyshev ladder band-pass filter are presented by
adjusting bias current /¢ [0.01, 0.1, 1, 10, 100] gA. Figure 13
shows range of frequency responses are between IMHz and
200Mliz it is found that proposed BPF has a goed magnitude
respanses and in agreement with theoretical. It is also suitable
tor VHF spplications and further integration.

V. CONCLUSION

CMOS-based current-mode Chebyshev [adder band-pass
tilter is presented by using lossy und lossless integrators and
uses network transfonnation from low-pass filter to band-pass.
Range of frequency response can be tuned between IMHz and
200MHz by adjusiing the bias current from 0,01 pA 1o 100pA.
‘The proposed filter uses 1.5V power supply and 6.9mW power
consumption at 100pA bias current. The proposed circuit
contains 33 CMOS transistors and 6 grounded capacitors with
low THD. low input impedance and wide bandwidih.
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Abstract— This paper presents Elliptic third-order voltage-
mode ladder low-pass filter based on CMOS technology, Using
OTA. Third-order low pass filter s designed based on RLC
Elliptic Ladder low-pass filter prototype. The proposed flller
contains lossless integrators and voltage gaing. The frequency
responses of low-pass filter can be electronically tuned between
around 3kHz and 2MHz by adjusting bias current from 0.01pA
to 10pA with ImW of dynamic power consumption along the
tuning range. The circult used 1.5V power supply and used of
ground capacitors which sult to Integrated circuit. THD of low-
pass filter can be obtained less than 0.7% along the operating
frequencies. PSPICE simulation results are carried out to
confirm the theory by using TSMC 0.18m CMOS technology.

Keywords— Low-pasy; Voliage-mode; Ellipdc; OTA-C

[. INTRODUCTION

Recently. high input impedance voltage-mode analog filter
circuits is designed [1], this filter can be cascade conmected to
succeeding voltage-mode circuit without voltage buffer In
modemn filter design integrated circuit technique, it should not
be used internal resistors for easily integrating [2]. It is clear
that the performance of higher order Jow-pass filters [3], [4] are
better than lower order filters [5], [6]. However, the high-order
filter can be obtained by the several techniques.

The design of ladder low-pass filter was presented [7] with
complex strucrure and use of a large number of active and
passive elements which not suitable for integrated circuit
process. Log-domain [8] high-order ladder low-pass filter was
presented with wide-range tuning feature, but there is some
npples in its cutofl frequency and use of a large number of
actve and passive devices. High-order ladder low-pass filter
[9] with cutoff frequency on-chip tuning feature wes presented,
but this circuit cannot be electronically tuned and use of many
external passive elements.  Transconductors based ladder
Elliptic filter [10] and OTA biquad [11] filters were presented,
but one lacks of tuning capability and one suffers from narrow-
band operation.

Electronucally tunable voltage-mode Elliptic third-order
ladder low-pass Filter Using OTA-C is proposed in this paper
because the drawbacks of the previous circuits, This filter is
realized by 11 OTAs 3 grounded capacitors. Based on the
realization method and basic OTA, the proposed filter structure
also enables 1o use the discrete commercial devices for the
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realization The simulation results are agreed well with the
theory.

1. THERIOES AND PRINCIPLE

A. Operational Transconductance Amplifier (OTA)

OTA is a basic active building block which provides the
current as output while mput as voltage. The transfer function
of OTA called transconductance (g,) which can be controlled
by extermal bias cumrent. The structure of basic CMOS based
OTA consists of 8 transistors and 1 current source as shown in
Fig 1 and its electncal symbol 1s shown in Fig.2.

—¥nh

Fig 1. ‘The structure of basic CMOS based OTA

¥

Fig. 2 Electrical symbol of OTA

From Fig2, the relationship between current output and
voltage input (¥,,=11-F3) of OT A can be written as
1

When [ is bias current and K=u,Co{ W/L) where p,, Cox,
W and L are surface mobility, channel oxide capacitance,
channel width and channel length of MOS transistor M1 and
M2, respectively

m



B. OTA-based voltage gain and lossy integrator systhesis

Voltage gain can be also easily realized by cascading 2
OTAs and feedback output of the second OTA to its input as
shown in Fig3. Using KCL the transfer function can be
expressed as

V,
o _Say 2
- (@)

Fig 3. OTA-based vollage gain

Furthermore, the voltage gain can provide for voltage
buffer if the ratio of go and g., are equaled. Lossless
integrator can be casily realized by comnecting the negalve
input to ground and comnecting a grounded capacitor lo output
of OTA as shown in Fig 2. Using KCL the transfer function
can be expressed as

Vs

A

3)

Bl

Fig. 4. OTA-based lossless integrator

II. ELLIPTIC THIRD-ORDER LADDER LOW-PASS FILTER
SYSTHESIS

The proposed third-order low-pass filter is realized from the
OTA-based lossless integrator and OT A-based voltage gain by
simulating from RLC ladder filter Elliptic prototype [12]
Using doubly terminated RLC ladder concept in realization, the
filter prototype 1s shown in Fig.5

L LKy -
. T, Fas ¥y
1’1 . l_.l VJ lf‘
= C: =} %’: R
.

Fig. 8 Third-order RLC Eliptic ladder low-pass filter pratotype

Considenng the current in different branches and voltage in
different nodes of the third-order RLC ladder low-pass filter in
Fig.5 using KCL, the relationship of the current and voltage
varables can be written as.

W 4

V., = et
%=V, ©
v, =¥, =2 ™

sC,

KB 8
g ®
hLh=0-1,-1, )]

¥V,
I,:z- (10)
I, =(V,-V,}sC, 1)
i +1, -1, (12)
o (13)

L] R‘

From equations (4)-(13), ¥, and ¥ can be rewnitten to
e (4
(G+C) GG

hale L, G (15)

= Y,
N N o TR

Capacitor ; is transformed to the left and right hand sides
below (C,+C,) and (C3+Cy) and connected to the dependent
sources, hence the prototype can be redrawn to Fig 6.

N L Vi Vo

1

¥ 2k
¥, 18
CI+C]
e
Fig. 6 Transformed RLC Elliptic ladder low-pass filter prototype
(el (25
G+GJ GG
LN G | 1 iy -1 1
v V=¥,
= 8 T b N S|
®, HG+G) L HG+G) ¥,
1 -1 1 -1
N i-h) Iy (Url) I

Fig. 7. Signal flow graph of Elliptic Third-order ladder low-pass filer

Signal flow graph (SFG) can be written n the term of
current and voltage variables as Fig 7. Due to the realization in
voltage-mode and active devices, the current nodes need to be
transformed to the voltage nodes. Transforming all current

8



variables 0 the vollage variables, the normalized values by
using the transconductance (g.) are applied mto SFG the Fig.7
and set Ry"R,~1/g.. The normalized SFG of Fig.7 can be
transformed and rewriten to Iig.8

[ G _u.]
L\, +C, \C,+C,
[ .c i by H ¥y 1 1
¥, [
£ £ X
£ s(C=0) o S, +15) R
1 1 1 i
¥ [ ¥,

Fig. 8. Normalized signal Now graph of Fig 7 m current term

From Fig.8, it can be seen thai at nodes V> and ¥y are
feedbuck to each other by voltage gains k=(C./G+C,)
=((,/¢, +¢,) which can be provided by OTA bascd voltage
gain in Fig.3. The proposed Elliptic third-order ladder low-pass
filter contains three lossless integrators, three voltage buffer
(Zm1 €2 AN Zpot Bt “Em10™Cmi 1) and voltage pain (k) which
controlled by the ratio of transconductances (gus and ga). The

proposed third order Elliptic low-pass filter can be realized
based on OTA as shown in Fig.9.

V. SIMULATION RESULTS

PSpice simulation resnlts are carried out by using CMOS
wansistors TSMC 0.18 um [13]. The circuit use 1mW of
dynamic power consumption along tuning the bias current and
low power supply +1.5V. Censidering CMOS of OTA in Fig.1,
set W/L of NMOS = 5unv0.5pm and PMOS = 10um/0.5um,
respectively. Voltage buffer can be controlled by adjusting the
identical of bias currents in Fig.3. For vohage gain (k) which
equals 10 the ratio of the capacitor (k must be less than 1), 7 of
Kan AN Zos 10 1.5 PA AN Zuuts Lt Emic Eurt 10 30 BA are kept
to constant for achieving & of bias current=0.09.

Magnitude responses of Elliptic third-order ladder low-pass
fiter prototype by setting C,~770nF, C;— 770nF, L,~700nH
and Rv=R;=1€ compared with of proposed Elliptic third-order
ladder low-pass filter by selting C,=C,~(Cj+CPHCr+(y)
-11.2pF and (= |0pF and bias currents to 1uA. Magnitude

responses of both circuit are shown in Fig. 10. It can be seen

that there is slightly error in magnitude response of stop-band,
but the pass-band is very close to magnitude response of RLC
prototype in Fig.6.

Gan (dB)

10Kz
Frequency

Fig 10. Magnitude respoase of purposed Elliptic third-order ladder low-pass
filter in Fig 9 compared with protatype in Fig 6

£

Gawm (4B

100N}z

Fig V1. Mag p of purposcd Elliptic third-order iadder low-pass

fiher by varying /4

Figure 11 shows frequency responses of proposed voltage-
mode OTA-based Eliptic third-order lndder low-pass filter can
be elecronically tuned between 3kHz and 2MHz by adjusting
1;[0.01, 0.1, 1. 10]pA agreed with the theocy.

Iig 9 Proposed 11hptic third-order ladder low-pass liler
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Lig. 12, THD of propused 1illiptic third-order ladder low-pass filter by seiling
Is=10pA

Figure 12 shows the total harmonic distortion (THD) of
proposed voltage-mode OT'A-based Elliptic third-order ladder
low-pass filter by setting bias current (/5)-10pA, applying two
different input frequencies 200kHz and 2MHz and varying the
amplitude of input from [10-100] mV. Low TTDs arc obtained
lower than 0.5% and 0.7%, respectively.

lopat |
Srs\q
[(Oupur’]
3mW
: s owh |
1K Hr 10UK He | Onie 10MH 100MHy
Fregueney

Fig 13, Multi tone measurement of proposed Ethiptic third-order ladder low-
pass filter by seiling (o 10pA

Regarding to verify the performance of filtering capability,
multi tone measurement is used by applying different five
frequencies with equaled amplitude inputs. The spectrum of
output against jts input based on the following conditions,
C=C A Oy CACHC)=112pF and (7= 10pF and  bias
currents 1o [pA. 1s illustrated in Fig.13. It is found that the
frequencies within pass band can be pass through the filter
output and frequencies which higher pass band are filter out
according 1o the characteristic in Fig, 11,

V. CONCLUSION

This paper presents an electronically tunable voltage-mode
Elliptic third-order ladder low-pass Filter using OTA realized
by simulating the RLC Elliptic ladder low-pass filter prototype.
The proposed filter contains lossless integrators and voltage
gain which use 44 NMOS, 44 PMOS and 3 grounded
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capacilors. Frequency responses can be electronically tuned
between 3kHz and 2MHz by adjusting /, bﬂm 0.01pA and

10pA with lmW of dynamic power consumption along tuning
the bias current. low-THD and low power supply +1.5V.
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