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ABSTRACT

This thesis describes the design of current mode high-order ladder low-pass filters based on
CMOS technology which have the synthesis procedure of ladder filters based on the signal flow graph
(SFG) method. The Chebyshev and Elliptic approximations are used in the proposed low-pass filter
realizations. The filters are derived from passive RLC ladder filter prototypes using new CMOS lossy
and lossless integrators. The proposed two types of filter can be electronically tuned between 10 kHz
and 100 MHz through bias current from 0.03 pA to 300 pA. The proposed filters use 1.5 V power
supply with power consumption is less than 17 mW at 300 pA bias current. The proposed filters
without resistor but using only grounded capacitors which suitable for further integration. The total
harmonic distortion (THD) of the low-pass filters is less than 1% over the operating frequency range.

PSPICE simulation results, obtained by using TSMC 0.18um technology, confirm the presented theory.
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AANINNTT ¥, ATUAINa LT IAUTENI U BANLAZLIIRUNN ves TN TNdVI9RaiULTIAY
v 1% = ' = v =i = & V1

vs - vps Mlndviasuiinaden1siudsuLUavatsuLua Auansluzun 2.6 Jaiulain

wyuLuavzananfiiilndvigeanaziugaiidilndvinsy 1neuseiu vy AiuTudunaln

UL UATIvUINaNa AT i) — vps L Tuludnumsidunse Tnednisdewuu duanddugy
2.7

in A

: | .
l«g¢—Triode—w-¢——— Saturation ———p»
|
dulAuAnaineuduniu | Vos < vgs- Vi Vps = Vgs - Vi

melugesmaiunszuadn \
Vps vatu NIBLABNALTRIINYINLAUNSTUA

. Anan1yiiutoan Tneusas
Auduiiieududunss — indnmzfiudosn Tnguseiy vps

Toofidndu (ves - V)

dawansEnusouyuluatiouNIn

|
|
|
|
|
|
|
|
|
|
I ves > Vi
|

1

0 N Ll

Vpssat = Vas = Vi Vps

JUN 2.7 n91UanansiUT U UTENINNTIUE ip TULTIAY vps
YBINTIUTALHBS NMOS Tneiihsinu ves > V,

MNgUT 2.7 dousatu vy SAnfsduaunssita vos = ves — ¥, demalinnudnues
wsuuuaiidlndvinsuanassuioudugud SuemadunssuaiiuavasigniFendianne
Nugoen (Pinch-Off) AONMLIIAU vpg ﬁLﬁuﬁumﬂmﬁ/ damaﬂi“msiawnuuuaﬁasm'm YERIEY
ANANTENULAYNNG 8]) IﬂsJﬂsvLLavﬂ,wamml,lfuul,l,umvummm FIUA Vs = vs — ¥, 138N
y1u89 MOSFET 423ii91671835 (Saturation-Region) HIUaU vy ARt

Vpssat = Vs — Vi (2.1)



10

WiUlddnIn MOSFET @11n50vi1anulug vudusala lunsain vis> vosa 91990 vos < Vpssa
138NN191191UV08 MOSFET  929i71¢1uleuiudia (Ohmic-Region %39 Triode-Region) 1ng
ANMUFUNUSTEIING ip - vps Mg ULERUT AN LA AIAUNSN

i =K|:2(VGS —Vt)vD —Vés:l (2.2)

[

e K Aow1s1dwes fadl

1 /4
K= ElunCOX (fj (2.3)

9 u, FemAuraswaslss Wiodidnmseu (Surface Mobility of Carrier), Cox AOF7
mmq&iaﬁuﬁmmmwaaﬂiﬁﬁ (Oxide Capacitance), L ADAIMNYNIVDILTULUA (Channel Length),
w FomnunTisvesusuLLa (Channel Width) Inegléianngudi 2.1

Faumsyinewes MOSFET lugudui nedamsmidelunisluwsuisaiiu ve> v,
waranialuanefiudesnidle vps > ves - 7, Insveuwaszninsgulovufiauasgudusife
Vs = vas - V, Wlounuan vps asluaun1si (2.2) nssud ip luguduslasaunsi (2.4)

in=K(vgs - Vi)’ (2.4)

2.2.3 dydnvalvesnoansiuddanes

dydnualvesmeans udameivin p wazvia n [21] ﬁ?u@ié’mﬂﬁaqﬂmﬁmwaa
fvnnsgnasiuifininnuansindy PMOS uiivnifignasiusanaininmuansin
Ju NMOS Sﬂ‘ﬁqmmm@ﬁﬁmmmﬁagﬂmﬁgmim (Substrate) %13091U87 (Body) &1
wgnesiueananyuavuanadndu PMOS  usdimniigneasiudrvinnuansindu
NMOS  Feddnualvesmeaninudameiarusaventédninduueansudamesuuuidy
grudsilnuavieanadulunduanslusui 2.8



11

NMOS PMOS MODE

|—
I|< I|—.: Enhancement
|_

| | Depletion
| II

e I I R e
_||: —"‘__ Deplotion

(Y L3

JUT 2.8 dydnualvesueaninudameivlingie

2.3 wAlulag199539UY U4

wAlulag99559u@sed (CMOS: Complementary MOS) [22],[23] tHwnalulageas
swdifienudrdyediedadenmaimungnamnssululasdiinnsednd faiigafudndunss
wsnlid e.a. 1960 1ile Dawon Kahng Waz Martin Atalla #n3ssannviesufjifnisidelnsdm
wad IiRnfunarUssRuinudamesueas fannsoviauldisadususnvedan du
Hunsihludnsianmaluladueamadmsunisndnisassuuaundanded Tul a.a.
1963 1in79¢ Frank Wanlass Wag Chih-Tang Sah 99nU3%% Fairchild Semiconductor loAnAY
uaziiaueInIAIneaneindliueaniia » war ¥ia p vugIuTERABITY warlHTod
Fyod (CMOS) %ﬂﬁmﬂuﬁ;mﬁ’]LﬁmmaaLMﬁIuIaﬁaqa]iiauLLU‘U%@J@a sudumnaluladisassui
funumdndniagademsimuniazisdgiulavesenamnssulilasdidnnsednd

nszurunswanmaluladduea fsgufl 29 wansliifiulassaiimnsnieninaes
NMOS uaz PMOS Tumaluladfusauuuie p (p-well) ildasisiiudn » Jugruseswes
PMOS wagsasrssianun taeldve p ifuueivdegusesos NMOS
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Thick SiO, (isolation)

n-type body

SUN 2.9 2995590 TUDALUUYD p UUFIUTOUTA 7

WU nszvIuNsHanmaluladfuea Asgun 2.10 LandlaAsaasIanIgnInYes
NMOS uaz PMOS Tumalulad@ueauuuie » (n-well) fldarsisiaiieis p 1Jugiuseves
NMOS uaza99ssusinun lagldue n 1Wuvennsogiusesves PMOS

A YN} k= NN\ |
W ) i Ln*JLLP‘J Lp*JLn'JJ

p-Substrate

JUN 2.10 299577 TNBARUUYD 1 UUFIUTOITR p

Wofimsanueansudawmesuuudusdususiluuanisnisnin Tuguil 29 wasgud
2.10 Wildimasrudueausyneulusetewnaiunszuasin n wasganaiunssuamin p 49
uluegranntunmsviiligiusessiin » wazaiia p nwsya@ueauenandunilni dugugy
7l 29 Fnfunsvvrumsaireefiuen (p-well) grifilumedamsadinsssuduea lnoFudy
NNMsdeansdanousiin 2 9 Fstemnaiunszuarin p Gummaamm%ama%gﬂa%ﬁﬁu
senndunszuiumsadneiiuen nefdewnuiunszuaduniln n veweoansTawmes

} 345 L al. Y/ 4
lk "y AW " " JH it @ v k_JJ

p-Substrate

JUN 2.11 19955udueawuuusuuieguugiusestiln p

A P g S QS N B
Lw L J o S JJ LL »J - L » J L)J

p-Substrate

JUN 2.12 19959 UBALUUENIUBUUFIUTRYHR p
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wmeluladFueaainsautseantadu 4 wuu 421 loun wuudl 1 unuuue p (p-well) i
U 2.9 wuufl 2 1uiuute # (n-well) fsgufl 2.10 wuud 3 Wuwuuyen (Twin-well) fagUf
2.1 wazuuudl 4 1 uuuuasUe (Triple-well) éﬁ’qgﬂﬁ 2.12 MUEAU AMIURTTITURETUIY
7l 2.9 LLazgﬂﬁ 2.10 tudumsadiae p uwazue 7 Inenisi3eansnsedny (counter-doped)
ondeg1sluguil 2.10 grusesin p azdoademsvila n Mduduaunsziafnmsiuasuutag
Mnansaile p ludwesviia n Gﬁﬂflﬁgmﬂumiﬁamimﬁmﬁgmiawﬁ@ D \iieTiovadee n i
damaliuseansamuasansieini dildlifdn esndidnnseuunsdiuinnsuandudy
oznouinlugleafigiusestin p dudunansenuiiinainnisidearsunniiuly (excessive
doping effects) Wonanni PMOS #ldannte n tudseansmwuasansassailddendlaifian
Wity NMOS filgainue p sndaegragu n1sad1s PMOS lute » sxfiuszansawlunns
novaUaInI1 PMOS fladlugmusesiia n

dmSunszuaunsiunisanasansznuannisieasuniului inldlaenisdentd
waluladfuealunuui 3 daduwuuden (Twin-well) muamimﬂm 2.11 1087299959 0Tu0d
uuuvegldumsieansesisuna (lightly doped) figiused FeunansEuInmsSessnsea
(counter-doped) Fslaifidoddey agnlsimumnidonldgiusonduwuuriln p azvirliive p
Feudertugiusedlnenss fafufinueiues NMOS imunazgnideusefigauieatu dmsu
winlulagFusaiuuauue (Triple-well) éﬁ’mamiugﬂﬁ 2.12 \Wumsasreue n wUUdn (deep n-
well) [éifuiie p titeusn NMOS senanguseswasiwiliannsoannszuasly NMOS ¢
ﬁﬂﬁ'ﬂL‘T;Jumif]aqﬁuuazawaué’zgzymiumummg’miaq U AR IsUMUNNAseundeni
ofundnifiadu vl NMOS flnaautifuazdszavsnmnisvhaugstu meluladTueauuy
anasindesldfuissivinuiiensdadndae fudu maluladTusanuutes uasuuvane
2wl NMOS uaz PMOS #iflanantafianilumeluladuuute p wage n udfasidununs
asagend iesnasdaddtuneunssuiunsdnidiuiy

24 ?QQ?ﬁ%ﬁ@UﬂigttﬁLLUUﬁUEWU

1995@ENOUNTYUE (current mirror) [24],[25] Hudiudrdnlunisanenssuaain
waednenselalUgidiunngued99s lngrsasagviounsshasunssuadunaiazlinssua
Woviwndidia ity vieduduiusinturenszuadunn uazrerdendnnisiiuguilivea
wln 2 & vieunndn Teeilussfuivinauazagoasindu wolildnssuansuiiansiniu
vofulumusnmamavosesaiiatis 2 § vieannnindy

VDD

Iny Lour

M IM2

| IINV ¥ lour
Vss '

Q) (V)
5UN 2.13 1995azviounszlanugIu () WUUAINTEWE (V) WUUTBNTEUE
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mﬂgﬂﬁ 2.13 LLamNﬁ]iazﬁauﬂszLLaﬁugfluLmuﬁqmsL,La (current sink) 7% NMOS waz
LWUURINITUE (current source) 714 PMOS %aﬂssﬂauiﬂﬁuamaaLWmﬁuwm M, Ffinssevunm
dhfuriasu ivihidunseuadune uaztoawaleing M, v fiasviounssuanisunmuas
Tinssuaioving Insveameisaosivhaulugudu etaseiasluguil 2.13(n) dal M,
w8 My Vdlug DS uass] Vs = Vas 9818 1~ 1gut, Fow = Fan = 1My W8E Vi = Vpsatsan

IOUT — (/'lnc )2 (W/L)z( GS2 VT2)2 (1+/1VDS2)

2 2.5)
Iy (:uncux )1 (W/L)l (VGSl _VTI) (1+/1VD51)

Togvialy dawudld M, wae M, fnaaudivnenmanimvioutiu w3e (wCu) = (Ca)
Wag Vn = Vp agldl
(W/L), (1+AV,,)

IOUT 2
= (2.6)
Ly (W/L) (1+ V)

1

WALONEUNR A Vg1 = Vosy 200

[OUT 2
= 2.7
I, (WIL) =7

Nnaumsi (2.7) whildisraduveanszuaiiieing Lour HONTTUATIBUNA Ty R
9MI1VELBNTTUE (current gain: A)) maaawsau‘v]aumuLLamﬂWuﬂwmmaamm%maim
a0 1y feenuuulsl (WiL), SAwvindu (L), nsvuaiordwnasdiryinfunssuaiiaunm
visonanlsiinszuaiidunmgnasvieuluidunszuaiiendmn

iin .18 ) <—Aiaut
Aiiin 7
) 1
i Ry R, =— (w/iL), R, =7, <R
Em Tl
Y i),
Y ~ ~ e Jv\_‘(_}
Current source Current mirror Load

5UN 2.14 19351aloUr009aTARIDUN SELALUUNUEUYTA NMOS

mﬂgﬂﬁ 2.14 LLamawsLa:ﬁausuamwaazﬁauﬂizLLaLLUUﬁugm 31n3U19358AY
ARNEARINUIIDSLELOUYBII99VYNNTLUE (current amplifier) Lﬁ'aﬁmimwmﬂgﬂ R;, V09
29asAsiATeeaielinsyuaInuMaI BN sELE (i) A11150918NTUAIEI9T5VENY
nsvualdegnaiud lunaziientu R, 1092995258 Au e linssuasnenseua A,
ansadnenseualusiduan R, ldegradiud esan B, Guamwsavﬁauﬂivl,t,aﬁmﬁaa
(Rin=1/g,, ) W% R, VOIIATALVOUNTEUANANIN (Rous = 72) Fatuannsafansanaees

azviounseialndulasvenenseuala
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2.5 n1swasnvUInLazWEYR e Ty

Tumsimszilaseng dfideddanudifalunisieszite wa (Phase) was
2119 (Magnitude) Lﬁauﬁ’umm?{ﬁgnimwﬁ 126] Fwhlglaensndennsin Tneflasdu
IAsssEnsaleulansaunis

H(s)= = k-2 (2.8)

ToefiavadnanasdlsanusardulsnemIauIuase WSoltedeulnondauannisl
agluguveanun Hijw) Tuguveandiua (Decibel) 1oy

Magnitude = 20 10g10|H(ja)) (2.9)
Magnitude = 201og, k| + 3 201og, | j&— z,| - > 20log o jo— p,| (2.10)
i=l i=1

wazialugUvetesmuie ey (Radians) anunsodeuliiu

Phase = tan ™' % (2.11)
AN
w1 (jo-z)) & . (1,(jo-p,)
E Ntz ol UINP U \Zg@A L~ 3 2.12
; Re(jw_zi) ; Re(ja)_pi) ( :

dmsunisiaseilassngluiausenauguwuu Ms) viTe D(s) NINIAs1enlaTang
YY) ~ aAa o I3 vo 1 X
dununilandanUszneu s anansausndu 2 wuu lanssel
1. dfsznau s wnilusinngadiile
2. FUsenau s+a wnulusinass
A a Qll ‘:4' o a o & {1 PN
WeRa1sawuun 1 snAganiiladausenau s Ao A1vuin  wasiiavadlnaiyn
Adaunuiieng H(s) il

Magnitude = 20log,,

L| =-20logw (2.13)
jo

Phase = tan™'(0)—tan ™ (%) (2.14)

=-90°

Mnuwawasanlaaunsatilundenlidudsgun 2.15 dunalddrdrvuinazanas
20 dB WlaAnudiiuay 10 Wi visenndneg1wiline YuInanas 6 dB LilaAuiL LTy 2 i
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FamutuainaItife 20 dB/decade #30L111AU -6dB/octave HULDY Laza1UUIALaZINAYDY
andu H(s) = s unumedlsnyandeanansondenlangun 2.16

Phase
20 1 Degree
T
g
g . o —>»
B w—> 0
= 00.1 1 10
-20dB/decade 90| - T
\ 1
20— s
(n) V)
§ (24 (2% 1
UM 2.15 (N) nAeRUUA (V) Iandenved —
S
TZO— Phase
Degree
m
s s
E ¥
go IO =T —Toooer b —o>
= 0
0.1 o —>
00
20dB/decade
-20
(M) (V)

5UN 2.16 (n) WianvuA (V) IHaNTAURY s
d115UN1TIAT1ENLATIVIOUAUNTINLFIUTENDOU st TULUUN 2 19Ty
H(s) = s + ¢ @31satnsdmavuiaiavinglalay

1

Magnitude = 20log, | jo+ a| = 2010g10(602 +a2)5 (2.15)
Phase = tan™ (9] (2.16)
a

ﬁaﬁuﬂaﬁ%’uﬁgwmmt,azLWaaflwﬁaﬁ'}mWé”am"Lé’ﬁquﬁ 2.17 (M) way (v) fenudm
(w<<a) MRFU H(s) ausaussanasnerves a dwhlisasvenefinnudsiiauszana
20loga Wa Viﬂ'gm?i@q (>>0) ANBNTIVEIBALENITAUTLIULAME s Wag ANTUVDY
mmﬁgq%ﬂizmm 6dB/octave A tUUIEURITY 2.17(N) drurdasvenefiiuiiiazian
Wwduiiu wagsinnsuseanae s = jo = ja o @mﬁazlﬁqmﬁamaamm?ﬁﬁmazmmﬁqa
Felushuanuads (Wuiiu) axvinanngednsveneiiudueg 3.01dB
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-90°

sta 20 dBldecade T

Magnitude dB ——

Phase Degrees

20logla]

p Toa o —
Q) ()
5UN 2.17 () W&onvun (V) Landenves s+a

Phase Degrees

Magnitude dB ——»

(M) (V)
5UM 2.18 (N) WienvUA (V) Lanionvad

1

St+a

nsdlAsesusunilaitifUsEney L aanaumsi (2.16) s lEuns R
st+a

91nAuA 0° laudesnnudasy 9 90° Miusssazuanalicagud 2.17 (@) Wuduiivuay

LY

Wuussluduiiuszanaan Jedflaruszana 457decade wazd31ngfiamld o=a Waay

U qsuansliss
S+a

Bouly 45° druruianazwlalunsaninadu s = -a Wawnuaunisee

;:;Uﬁ 2.18 (M) Uaz (V) MG

2.6 wann1slasanansmnIsinavasdyyu
n15BAsIlaseiensinisinavesdyy sl Ui uunug NN euR BN Y
TEMINUVUIF YR T0EENANBENIINTIATIETIMaluR [27] Askanslugud 2.19

Jj
[ > Te)
Xj Vi =
(M)
~~~~~~ Yi Xj e
> ye=yity; x]o<:
"""" Yi Xj T
(V) @)

JUN 2.19 nannslassieiugiunsnnisivavesdyaio
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mﬂgﬂﬁ 2.19 anunsananseuduiusnsminisivavesduaa Tneiilua  Sadulun
hlazlundyanas x Wisnsesan wauanszua jk Aatuainlua j dtun & Tnefdmsu
Douaud (1) Whansdesiudeuiy Ssmstmundnwae dyyne v iua k %Gﬁuagjﬁ’u
doyeyras x, Tilun ﬁlﬂLLamiugU‘ﬁl 2.19 Tpensinmsinavesdyyraindniunisivunet
fofiu 3 Uy fail

sUuuuil 1 fimmsvesuusdyanagnivualaeignasuazguiuimsuiinuaug
Wity Fawanslugudl 2.19(n)

sULuUil 2 figalua y, iuniss Sueasiiumuarum sk
é’w’mamﬂugﬂﬁ 2.19(%)

gﬂu:uuﬁ 3 é’fgzgmﬁﬁ;mium 207 mmaaﬁamﬂuuﬁazLLsuuaé’fgzg’lmﬁqum&gw’fuﬁ?uq
Temsdeinusuuuuiiliudaszdedmaulinuaudvouausdyanuilluaoon fuandugud
2.19(A)

1y
ta 1§ tb
X1 x> X1 0—o—p——01X)
ty
(M)
1> 3 L2823
x1°—>—°—>—0x2 X3 X1 o—npp———0 X3
)
X1
113 X1 113834
34
X3 4 X4
X2 b3 X2 1r3t34
(M)
13 X3 tabs X3
X 2 X
1 1
X2
L4 X4 tiotoy X4
)

[
=

SUN 2.20 Nugrunsminisiravesdyanauiuuaug
9n3U7 2.20 Wuiugiuwwnislunisdanisiunsivnisiuavesdygyiauuudus 39
figayjamuneiiiaiiuannsiinisivavesdygralilunvuavssdygranfe deusdeiu
sgindlundunaiulunieving laggun 2.20 \Wunisdudunisdeunnssiulugusuuaunis
NYAIH
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2.7 MANNI3YD99AINTDIANUDANTUY
1995n509ANRA N IU TS Riveudsinudyy1aunudanIAden iUl

MVUA UAIEANTIINTEAANDU (Attenuator) AIUDNAINTIAAIIUDAA (Cut-Off) [28]
Aananslugun 2.21

A4
dB
. oy
Amax_ ______________
N F
| Amax
. [ Amin
Ideal Filter ——»
|
[
| J
Am[n__ |
' -
A e

7
|<— Passband —>|<—>|<— Stopband

Transition Region

5UM 2.21 AuaudRveI399IN509ANUARINIY

mﬂgﬂ‘ﬁ 221 Awnsawes 4, fe  msweulddnsudsuuladuwaunnudanu
(Passband) Vionsnszilonvesdayanos (Ripple), 4, e Msseuliinmsasvewvesdyaaly
LOUAIIATYA (Stopband) Imaé’w@amﬂé’mwmaqaqmimmwmmﬁshu (o), f; Ao AAIAIA
§in, £, @D Lmummﬁwqmﬁlmé}’u TneAmnsfwesmaniidusfmunsusurerRsnIeInyd
AW

’Nf\]imaamm?{ﬁqmﬂumqqmJﬂaﬁ?uﬁé’ﬂwmzmm#’j’uﬁ]mé’ummm & 9aAd
da sgviaduniweuaLa ANt uLazLaUAAYa TaeTnisiAsuuUauauiudey
AUA (Transition Region) AdUndu Sauansliifiuinnesnsssnudirlumegaund
mmmLLEJﬂﬁmmﬂmﬂaﬂuﬁGﬁl’ﬂmuﬁ'ﬁmmiaaﬂmﬂmm‘ﬁﬁqaﬂd’]ﬁ;mmmﬁé’miﬁuwﬁuwé’u
watuneufiRudalaanunsavinle FofuSsestmuanisuszanaiilaidunsasnsesdyana
(Fsaznanluriten 2.8) Tmnzaudunisinluussyndldau

aansnfieuAsnudnuuzianzesesnsasn i luseauadldfsauns
Tnaluflsasusuiiaos (Second-order Polynomial Function) Tnganunsaeuluguilsiduang
Tould ¢fadl
V(s) K

= 2.17
Vo(s) s’+as+b @17

Gain =

(% ' '
04 ! ] v A

e K 1Wuainef dmsu ¢ wag b dudusisivuedu dnviedruiidususuinas st
lpanmdsgegeaunisindlulisavesindiy  ddunsaiiaunisilendumelouniiduduasnd
c’{’ % d' F 7] [ LY} 1 @ a o‘d'd o 9 (Y] gj
1 anunsamlalagldaunisn (2.17) laguiu lneddmuduinadndmasgegamusuduiug
AUSUDINTIVYN8UD9MITNTDIANUDAINIL a@unsaulalaeniualy s Tuaunisiandunne

TougiAduaud Al anaun1si (2.17) daswenediandu K/b
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2.8 NUszAAWINTUI9RINTBA YU

miﬁ”mumﬂmamﬁ’amamwmsaqmmﬁﬁu Junsimueliegluguvestanauaues
ﬁmqm'mm (Frequency response) smﬂsuﬂa‘ulﬂmaamamauauaamwm@ (Magnitude response)
LAZHARBUALBINNLIE (Phase response) A1MSUSUADUNISEBNUUUINITNTOIAUAIY
Buduainnismilaidulasadne (Network function) Tiliauaenndasiudernuaveiias
nyesmudlagldnguinisussunae (Approximation  theory) wantus s feidu
Tnsseilihluduameiiluisasnsomnud lnsddutuneunisesniuulsasnsesnima
[29-31] uanssislugud 2.22

V! N3ABATIZR

FNNUAVD nsUsTUIN < : 29335 -
o] Flidulaseing »| J935nTR9AUD

29950599AUA H(s)

JUM 2.22 S duneun1IeoNLUUMIINTBIAIUD

Tnon1suszanaaflenduasasnsesdygralunuideildnisuszuraaiilsnduiuy
Chebyshev Lagmsuseanuailesiduwuy Elliptic Wuman

2.8.1 2993N509ANUAFIHIUNIETH Chebyshev

A15USEUNAILUY Chebyshev  [32]  Aaudidnnisnisusvanmesiniidenale
napevauasernualiiulululndn (Monotonic) nasngruaudmiioulunsuszanae
WU Butterworth Lilpsanniinsnszifienvesdayana (Ripple) lunwauminudkiy (Passband)
WAN1SUSENNUAIMUY Chebyshev %ﬁmm%’uiumiawauﬁzy,agmimmmﬂ?iwmmﬁqq
AIMsUsZINUAUY Butterworth fanandluguil 2.23

Vi+¢?

yrRs - —————"—"—"—"——-—--

Chebyshev
Butterworth

Voltage Gain

\/

1 1
cosh 4,

sﬂw 2.23 M5WSEUTEURanUALRIIN AN A TN UT TN AN
LWUU Butterworth 4azWwUU Chebyshev fisusuwinfiu

[y

DNIINITNTELNDUVD TaslukauAufEITu NI Twes YA ualu1935n 509

GRIRY
dl Y a ! ¢ a6 = a
AIMUALLUU Chebyshev I@IEJE]'NE]\V\]']ﬂm']iqﬂf’nq‘ljﬂﬁmm@ﬂ']ﬂ‘ﬂﬁﬂi@ﬂﬁ'}qmﬂﬁqmqquaﬁwsﬁu@
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Afun1uUa1eUaguuy Chebyshev (luguil 2.24) dauanslunisned 2.1, 2.2 uagn1319i
2.3 G dunugulunsihunldduisesnsssanudasudusuuiiausluaided

~IE LT
T T 1.

U 2.24 ’mﬁmaammas‘f’]muwwa%ﬁ/\léhé’mmuﬂaw%fjLLUU Chebyshev

[o,

M13199 2.1 ArmsfimesveseunsalimiunasnsssrudiduIaTNA I U uUaeln
ALUU Chebyshev 1o R = 1 Q uazilA1va3an1snszileaviniu 0.1 dB

n gt L, S, L, C, L, o L C,
2 15715 0.288

3 10316 11474  1.0316

5 11468 13712 1975 13712 1.1468

7 11812 14228 20967 15734 20967 14228 L1812

a ! a 4 € o [ a6 ! IS v Y a
AN 2.2 AT TILADIVOIPUNTAEINIUNATNTDIANUAAIUNIFTNFIA1UNIUU a8 U
AU Chebyshev 10 R = 1 Q uagilA1vainisnsziieuiviiiu 0.5 dB

n g, 7 oA o s 7 c, 71 c,

3 15963 10967 15963

5 17058 12296 25408 12296 17058

7 17373 12582 26383 13443 26383 12582  1.7373

9 17504 1269 26678 13673 27239 13673 26678 1269 17504

NEN9199 2.1 wazans1e 2.2 ansaiilesnuuuluinwsnsesrnudsiduduganuy
Chebyshev @9iiA1909n15n 580U 0.1 dB WA 0.5dB AINEIAU AIHUAINI STV

4 \ Ko @ A ' ¢ = A6 o o v .«.:4'
gunsalwatidalununvesdigunsalmatin RLC 19393n59mudsndusuasauiuy gy
WINUSH

2.82 2993n309ANUAFHIUNETH Elliptic

ﬁﬂﬂ%’Uﬂ’]iUizm’]mﬁﬂ’Nﬁ]iﬂi@ﬂﬂ’ﬂu‘ﬁlLL‘U‘U Elliptic  [32] %Lﬁmmimmﬁamm
éi’zgapmﬁlmmumm?immmzLmummﬁwqm T,ma%ﬁmm%’u@ﬂuLmum?{aummﬁl
(Transition Region) $9ti N15US¥AN0IA9950589ANUAWUY Elliptic %ﬁmﬁm?{auwaqqq
TukaUUAEUAIINANTII995N509AIIUALUY Chebyshey  WAZIITINTOIAIIUALUY
Butterworth o 7179958 SusuLviniu éfw,amiugﬂﬁ 225 (n) laglidnwarNanaUaus g

ANUDTIUTEAALUY Elliptic Uansisluzun 2.25 ()



Butterworth

Chebyshev

|
|
|
|
I
Ideal !

low-pass
230 |
Filter |

Elliptic

dB

|
|
|
|
|
|
1
1

rad/s

(M)

(V)
5UN 2.25 () MIUSHUWIBURARBUALDINANUATNINSUTEIMA

WUU Butterworth, Chebyshev Wa¥ Elliptic 9 UAUMNAY

(V) NANBUAUBINIIANUDNIUSZU AL UL Elliptic
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dmsusnsnisnssfionvesdyaaluauauBniig (4,.), M1sanneuvesdynialy
LLaummﬁmqm (Ain) LLﬁ%LLﬂUﬂQ’]ﬂJﬁIMQ@Smﬁu Q) Wumsfiwmesfildimunlursasnses
muALUY Elliptic Tngd198991nm1519A19Unsalveaasnsesmsdinsinumadnivdng
fumuUatelnguuu Elliptic (ugud 2.26) fauandumsiedl 2.3 uagmsnedl 2.4 dady
fugulunsihuldidussnsesuisriuiusuuiiiiauelueided

L .

R W
R

g A
j CIT G

O

5UM 2.26 2995n309AURME UaTNAwN U uUaNeUnaLUU Elliptic

M19197 2.3 A EimesvesaUnIald T UINRTNIRIANEARH UNETIAAUNuUa 8 Un

ALUU Elliptic 1l R = 1 Q UarilA1weanisnsziveuvitiu 0.177 dB

Amax Amin QS Cl CZ LZ C3

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 55.7 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 33.7 2.56 1.1080 0.1123 1.0404 1.1080

a ' a & ¢ o ) Ao 1 AN v Y ’~
A13199 2.4 ATWITIULABIVDIGUNTAIAIMIUNITNTRIAMINDA N IUNIFTNAIRTUNIUUa18UN

AWUU Elliptic 0 R = 1 Q wazilA1vaanisnsetitouviniu 0.044 dB

Amwr Amin QS Cl C2 L2 C3

0.044 73.5 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
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M19197 2.5 Asiimesvetgunsaldmsuisnsasanudmumagisunuaeln
ALUU Elliptic 1o R = 1 Q uazilA1v03n13nseiauviniu 0.18 dB

Amax Amin QS Cl C2 LZ C3 C'4 L4 CS

0.18 102.1 481 12923  0.0113 1.3338  2.0971 0.0299 1.3109 1.2742
0.18 923 386 128069  0.0178 1.3272  2.0796 0.0470 1.2915 1.2585
0.18 81.9 3.07 12778  0.0288 1.3160  2.0502 0.0765 1.2590 1.2324
0.18 71.5 246 12631  0.0466  1.2982  2.0041 0.1249 1.2081 1.1910
0.18 614 2.00 12407 0.0744 1.2710 1.9355 0.2024 1.1320 1.1287

9e1597 23— 2.5 awnsaiiliesnuuuiluidsnsesnnudnduiugaiuy
Elliptic F98A1U9IN1TNTLLNOUYINAY 0.177 dB, 0.044 dB Waz 0.18 MIUaIAU AU
Anfiwesvesgunsaimariiulunuvesaigunsalnadn RLC 29935n599A100i8udy

N

hO)

DD

19
o o a o =2
gesuuuy NgluInerdnusil

2.9 ﬁ']ﬂ'?']ﬁl’?‘l]@\‘i?\‘ﬁ]iﬂiﬁ]ﬁﬂ?'\&la

dmuniseanuuuaInsesauiitu Snndsiladeudniifesnuuudasiileis Ao an
A1ul7 (Sensitivity) maaqﬂnaaﬁﬁgﬂlsﬂumiaaﬂLLUUL‘TLJuN%ﬂsa@mmﬁ %ﬂiuwwaﬂﬁﬁa
gunsnifilflursasadeiinasdaunaiadeuluandniuvosgunsaiifug Wy tAanis
Wasuuamaeifudonnangungiuazeraiuluanimindeuiigunalivanivinnueg
Tnemaidsuutasmesgunsaimanidssaliifnnadeauusmsfinesdneg vesssnses
AR @, , O Wa¥aNTIVEIY (k) VBII99T adnslsinunsiarnulisududuadusn

19e Bode Tudl a.A. 1940 [46]

R,

A B TYY =0T
14 Circuit V,
-0 o -

JUN 2.27 mseeiauhvenasingnisienasdusenaugunsal

91n3U71 2.27 Wunsuenesdusznevaunsaizesnigluiavseenuiiierinnisfneen
ANMUNIVDII99T AD HIAIUNIUY R, TALANUR IAAIFIAIUNIY R, tDANISUAULUAIAINLAY
Wudsuna AR, Bedanalvilanduanalou 7= 1/V; Haniswasunlas nelundlvaiuaula
d' 1 a 4 d'd a cl' I d' c‘l’ 1
NIANNNIIUNDT @, Vo9RTVUYITIaUNITUaguLUaule A, TnensiUasuwlastlonadana
soflaidusalou 7(s) lavarnviatesukuy sty o1 liduiednadsuua
lanfulaenanavausmenIuivesrnrsetadsundasll dawandugui 228  (n)
gelunhtuanilvinaneuanamInNLATeRsinnsiaieuls deuanslugui 2.28 ()
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v, 17| v, 17|

coee 4 -

ceee 0 A cce

LY
d

0 @, w, +Aw, w 0 @

@) V)
JUN 2.28 () NanBUALDIMNIANNRYRNNRTIWABULYATlUINLAY
(V) NARBUAUBINIIANUDVDIIATANANTITRAL N

| I a ' a s a2 o ! a
9819l 5ANUNINAITUIAINIITNDF A, LTUdnIIdIUNITIUABULUAITRY @, LAz
Aslmes AR, Miusnsndrunisidsuntaswes R, Ssausadioulaiu A, / o, waz

AR, / R, sua1diu stufleiinisiasigivinnanisilisunlacet o, way R, 1Ju

Y

¢ @ (3% = = @ Y ! &
WUoIguUnIouay Q\‘ifﬂiﬂ’ﬁﬂLGUEJHLUUEJWT]?I’JUIWWQU

% changin @, _(Aw,/w,)*x100% 218)
% changinR, (AR /R,)x100% '

'
a

IINAUNTT (2.18) ﬁf’mﬁué’mwdau@mé’ﬂwm fauinaulasgraunnltunisanileds
A1509NUUUATNTBINILE FamnaArssdiitadosazdmaliesildsunmsosnuuui
UsyAvEnngstu lnsannsadounmduiusiussrinednadiunsfounlames o, uay
R Tuguadinmanslailu Ae, — da, waz AR, — OR, anud1dy

ziiuldinannisi (2.18) WunsieseviuTunanisivasuulaues o, Weudu R,

1 o o al I3 s A a ::4' v & = qu o
aglsAnudaliesrusenauguninidu n1eluresifanisiuasuudas daudsldnisi
auWUSEeY (Partial derivative) Tunismaiarulivesgunsaldus) neluieesla dadunis
a ] - a v &

Heruainulininaunsn (2.18) ausadeulamdu

g :ﬁﬁwo/a)o

2.19
" w, OR /R =19
Faguuuulnilonlu
0 OR
Thoga (2.20)
, 'R

MaTuINaNn1sn (2.20) auiuldanileiduaiiula (Sensitivity function) AauiuAINIg
Wasuwlaswes R, Nazindiulu o, Ineainaunisn (2.19) amnsatieunismainaulale
uaesguuuy Ineguuuunsndeuldidy

o _ R 0oy

2.21
o R (2.21)
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soungUnuuTigasdunIsmeyiius (Differential) annsadeulaidu

d 1 du
Zlhu=-= (2.22)
dx u dx
139
d (lnu)zﬂ (2.23)
u
Fauainaunisd (2.19) awnsodeuldidu
o Olhao,
0= 2.24
i oInR, (229

Tunsdln1311A1A01291AAINIT LAY VDIITNTOIAND LU O uasz
ansveny (k) Weuduaunsaisngg neluieas lneanunsaldisimedule wu

fipee A (2.25)
- QR

=1 _— 2.26

%~k oR (2.20)

AU (2.19) - (2.24) andubiindunisuanseiauhieglumenues o,

wag R, egnlsfmuiliiduaiaulitannsadomlieglumensiuusmili x waz v laas
aunsi (2.27)

gr_x 0¥ _olY

= — e 2.27
Y Yox Ohnx 227)

lned ¥ Ao Auaudfvensiaula (o,) wae x Ae ssdusenaugunsalvesnieluies
ue uenanniivn ¥ laBuilsddures x Wy ¥ wihiuAaed (c) fatu
¥ —p (2.28)
38 Y =cx nef ¢ \urnsi asiuayla

o Olncx  Olnc +6lnx B
" Olnx Olnx Olnx

(2.29)

wilgdaaudn S idumsuanseiidudnisiuasuluases o, lesnaniesidud
nMaidunuasmes R, Mediadu 41 S Swiriu 0.5 Tngfiedidudinsiuaguunlaues

Ry §A1 2% Asiuazasnalii o, idesidudnisidsundandsauu 1%
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MnAnquiiiisatedluund 2 wansfansiaumauiawefuuutean naenau
wlugniseanuuunazasinluiassiuwuuives wonniifuansnmsinseilaseielag
nsndenrunuazavesileitu Jsddyetisnden1iinssRaunIsdIRILYe 195N
AuABNdeY desnuansfandnnisiieszilassinonsmnnsivavesdyaa Jelsuuuy
ﬁugmmmﬂmil,%amiaﬁ’uswdwLLsuuqéi’zyJQJﬂcumm TpeundnnsitATzRlasnensInnIg
Inavosdyaaiidolsndundnmsiddlumiasei Feanunsothluszgnaldiundnnns
2993n503ALAREY Tneiin1sussunamilaiduisasnsesudmsu LY Chebyshev
WATWUU Elliptic Lenanisuansbiiiuiinisinssimhvenwsnsoswud fady
Snuiladadendniifesnuuuisasnsesanuifesiilsisdnde



3.1 unu

unilagndnianuidefiieafuisasnsesenuisdiuiildgninauelusin s
YunsAnwIMILLINNNISTRILILaz LAY L‘ﬁl@Lﬂuﬁugﬁulumiﬁ’ﬂﬂﬁjﬂﬁ@@ﬂLL‘U‘U’N"\]i
nseammAdriusufugssULUUnsTLALUULeNTiI FsUszneulusegunsalueniivude
A199 Tunisiuieenuuuiiuinasdesy lneiinsendanaiianazisnisaieg lunisiun
nszifildSuanufieuegisuninatssudmdnnsuazuuinn wieUsudulagwidfy
A1) AAntuanlusin naibemluunifunsshdannuanudseiisade 91, [16], [121.
[35] LﬁaLﬁuLLuamﬂumiﬁuﬂgﬂLLﬁlsui'wﬁ'wé’ﬂmiLLazLLmﬁmﬁléfﬁﬂLauaiuemmﬁwuﬁ‘
atuil Swanddeiiiedonznanlumndedaly

3.2 nauIsefinendes

Tud 1993 ’N%ﬂiaqmmﬁ&?’]sjwugﬂLLUUﬂizLLaaumm‘lmaﬁ’hmiu‘[a@%uaagﬂ
vauelee R H. Zele, D. J. Allstot uae T. S. Fiez [9] $1u3deilunisadransasnsesninud
sUnuunszualaglilaseasnaneasnssuaauu1ng (Fully balanced) lunseenwuu Fuduiidey
dmsunsaunazesnuuulunssuIunInsdugaeuaen é’ummlugﬂﬁ 3.1

05 05 1 Vpp | 05 0.5
P, Ps Ps Py :J Py
=3 ﬁh_l |_.I e

5 = ——
+ M N N, Ns e Lo
' P, P, Py Py y—
L\ 1 < [t
J— ﬁ"J l_"ﬁ =
rNﬂ rNi ©) b:l de ® N w

05 05 1 Vs 1 05 05

5UM 3.1 1A59a5193995n 8 UaauL19S Fully balanced

l Lz L4 Iout

CS RL

L, Ry

UM 3.2 7935n589A10AEU RLC Chebyshev susugeriintuduladuuuy
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Imm’m?ﬁaﬁgﬂﬁ’lLauaﬁiﬁaammuLLaxa‘haaqmﬁﬁ’mmwsﬂiaqmmﬁﬁwm"m RLC
Chebyshev Susugariindutuladuuuy duandlugud 3.2 Saduiinsutuiilaseieiss
nspsnudvdadiimadsuslasdussansaeuliinlurisnsnevauosuauais
33] lnwanunsadeuaunisanuduiusluguuuunszualaidy

Illzsiq(]"” ~-1/-1,) 3.1)
1 =i(1{—1§) (3.2)
I :i(l2 -1,) (33)
'y =i(13'—1;) (3.4)
I =é(14 —1IY) (3.5)

ANAUNTA (3.1)=(3.5) tHaUNUAIElATIASI9INTTRAANLINTANLNTnBALUULTY
3993N599AUAAINIY RLC Chebyshev dusugaiintuliula dauanslugudn 3.3

+1in 'Iin
A Y l I i ; I l Yy
+ & + Rl + 3 + - -5 + -
K, K K; K, Ks
- -++ + = -+-+ + = --+ -+
[TT11 F [ Y L |
+[aut
—

“Lout

JUN 3.32993n589AUDAEIU RLC Chebyshev Susiugeriintudula
lngldlaseasnansasnssuaansnns

Y

91n3UN 33 azdulddndasidiunssuaeduedidnvindu K lnednsidiunseud

6 a Y @
Ane K anansaideulaidy
a)co CVU

X C

d' A ! L3 = !
bR X, AB ﬂWQ‘UﬂimWWﬁ%W“U@ﬂﬂﬁ%LLaLL@a%LL‘EJ‘L!\“I

(3.6)

o, A AUDFAUDIINTNTOIAMUDAINIY
£ AD ANDUDIA Y UNLUIAAY (Sampling frequency)

AIUUTNIIEIUNTZUALDENA K, B9 K5 1TUNNT Normalized A1 LC 91199505809A0A
susuulaeltaun1si (3.6)
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-20

A

Gain (dB)
A
(=}
-

-60

\

1kHz 10kHz 100kHz
Frequency

-80

5UT 3.4 nanaUaueIUNTignTe9I99INTBIANUNAIHIY Chebyshev fignuiiaue

mﬂgﬂﬁ 3.4 LLamsLﬁLﬁuﬁamamauauawmmﬂﬁgmmaaaqaiﬂiaQﬂawmﬁﬁﬂw'm
Chebyshev ﬁgﬂﬁ%auaimﬁﬁhmmﬁéf@ fo=5kHz, ripple=0.1 dB uazinsnvunai £, = 128 kHz
Sofiansanannisi 3.6 whildinesnsesanudarinuiigniauedsiidedin Ae auida
YBIINIINTBIANUINI 0, Manunsausualdmedidnnsefind iewindnsdrunszua
Lmﬁwm%uagiﬁumqﬂﬂsaiwwa%wsuaaﬂisLLaLLGiasLLsum

foNlul 1996 914398989 J. Wu Uag E. El-Masry [16] ié’gﬂﬁ%aua%qﬁmé’ﬂms
aaﬂLLUUN%maammﬁamﬁaﬂgﬂLLUUﬂizLLaImaisiﬁﬂiaa%’NNﬁ)iawwmmmmwwma
101N Fauanslugui 3.5

o——y 7 E' oﬁzl

V : MOCC - °° |4

i = : a

X 0% V4 Rl e e
Q)

(V)
5UM 3.5 (n) dygauuag (V) IASIEinnaasanenIunSERaARUUANEL YA
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lngrsasnsesmnudisugliuunssuayiatuiulalagltisaeniunszuuunaiy
1N TENUg1UN13918893995 RLC AULUY fauandlugui 3.6

I L 1
V1—2> V3—4> Vs —>

7171
il i S

JUN 3.6 2993N509ANUAAHIY Chebyshev dudiugariiatuiulafuuuy

MN1TIATIENIDINTBIAMUDAINIY Chebyshev  Sudvgevintuiulasuiuuas
anansavaunsAuduiusiugUwuunseualafaunisi (3.7) - (3.12)

I-1(RIRg)-1,

' 3.7
1 SRC/ G-D
I'-TI
iRy (3.8)
sL, /R
I, -1
=2 (3.9)
SRC;
R
ol SO (3.10)
L, /R
I,-1
=3 ak (3.11)
SRC;
I'R
[0:16:;_ (3.12)

PNAUNST (3.7) - (3.12) dndeulugunsminisivavesdayeyod (signal flow graph)

lodawanslugun 3.7

1 -1 1 -1 1 1o
= = = = oo
R 1 R 1 R
sL) SRC; sL! SRC! R,

L
;
<
A
!
Y

5UT 3.7 nsninsivadiyey1ad (SFG) 1043993n8audsnsuigniliaue

#a1sannsminisivadayaia (SFG) Tusuil 3.7 2wsnsessaudimniuigniiaue
A1UN30ATNLAMIYIRTAENIUNTLUUUNALLD NG Fakandluzui 3.8
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Y X Ry

— NI
N

Rs

L ¢,

U 3.8 29930504AUAANIY Chebyshev UuUNTEUATTaTUTUlR
1neldlAS9ET 99T ENIUN TERARUUTAULDIANA

. 4 Vs ‘
= 4
a

Is Rs T A _l_cg ERL

JUN 3.9 2995n309AUAAWIY Elliptic Suiuassiintudulasuuwuy

WUREiU 9INFUTN 3.9 1N1TIATIEMINAINTBIANAMINIY Elliptic dufuaavila
utuladuwuy ansnsamaunsauduiusiusuwuunssualanaunisi (3.13) - (3.16)

L=I(R/R)~1, I

I = ,

: sR(C/+C}) (Cl+Cy) G-
N -

=g = 3.14

RATP G419

I :Iz _13, (,R/I?L)_'_ ’Il'Cé ’ (3.15)
SR(C;+Cy)  (C+G)

I,=LR/R, (3.16)

PnEuMST (3.13) - (3.16) in@eulusunsminislvavesdeyayias (signal flow graph)
ladauandlugun 3.7

C/(C+CY)

Iy DN . 1 Do
R R
sR(C+Cy) T sL Ysr(c+c) TR

1 1 1
ci(c+c)

JUT 3.10 n9innsivadyayral (SFG) 1043933nTRIanudnsuignilaus
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Wensansmnisivadyaial (SFG) Tuguil 3.10 2993nsesmnudaisuign
WaUD d111308519MAMIEATAENTUNTLLUUMANELDIANA Fauandluguil 3.11

— 1 AR 2
o— Yy Z Y Z

Lo & L.
1 = P

Ry R¢ R, iR7 Ry

JUN 3.11 2995n304A10AAMIY Elliptic JUsvunszuaviindudule
lngldlAseaineaRsangmuUnTERALUUNAN 8L AR

Ry

HH

-100+

Gain (dB)

-200+

-300

1kHz 10kHz 100kHz IMHz 10MHz 100MHz

Frequency
@)
0
2204
o
c
.g
<
&)
404
-60 + + + + +
100Hz  1kHz 10kHz 100kHz 1MHz 10MHz  100MHz
Frequency
V)

JUN 3.12 HARBUAURITDIIIINTRIAVIUAM WS UAUEI UL UUN SERavliadudule
1ngldlATeEiNaNaTaNIUNTERARUUNANELBIANA (1) Chebyshev (V) Elliptic

NFUN 3.8 Uaw 3.11 kanI9aINTRIRNUDAEIUBUAUgITURUUNSERaTintuTule
Tngldlas9a519299 5@ 8nIUNTTLARUURABLEANA (MOCC) Linldintoffera119asnsas
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Anudngniausliduugunsalmadvideutnsios Tumanduiudiasdidninme 299350501

aa

audfigniiaueildFdunusiotiudae vilviniseenuuuisasdeudisiudeudniilal
aunsnUsuAmaBianvsedindld Bandnduiilefinnsunanouausivesnasnsesnuiifign
thiauadauanduzud 3.12 awhildinansesnnuifigminaueildeuldfisuauiuay

mendaaniliuny Tl 1998 91uiseves . Wu way E. El-Masry [12] Lagn
tiauelasiiitniseanuuuiasnsesauizluuunszuasiadutulalagld Coupled-
Biquads #92993gneonuuuuuiiugIuveniasnsesaud RLC wlntutiulasuuuy Tagld
Fnsdueriuuunmmugunisuarensasviaduduladuiuy Fadunsidendudslunis
@5139uden Coupled-Biquads éﬁ’ummiugﬂﬁ 3.13

]mi- ]mi Imn»
Iin [mZ »‘---él ,_+1 e = o ol
: R !
T A A Ty T, T
T’()l
Yy Vv 74, Tss Yy V \ 4
A At
A ]mi 7T

]ml Im 1 Im3 [m,n

JUN 3.13 vdenlnasunsuvesisnanssuauy

1nudenlaezunsalugud 3.13 gnatislasliieasveremnuil oTa) iesaini
Tnssassfilaidudounazasanlunisuiud Snfadiossnuuuiseseglusuuuunszuaanngn
povauenzuadyaalivarsiodnaissuAdIuInsTuaLaznssuatiiles figud 3.14
Tnanszuadnnanansadeulaiy

Li=Kign(Vi-Vwas 1, =Y K, (3.17)
i=l
Vs + —
8Em Ki _>[u1
v i} —>
@
I —»—K, —>
I —»—K; — I,
In—P— K,, —
(V)

5UT 3.14 (n) dydnwal OTA MA1ANIvAIE1RNe (V) deydnuaiaasnszuatines
dsUa99sTuea OTA Msaosyaddiedng deuseanduluvinasuednauazay
aouedne tnedlassadisiugiuunain 34] dawandluguil 3.15 agalsiaudnsvensan
NINUABUANLAUTIATINVBY OTA LHunsiuuna g, wae K
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A el .l e |
] ] ] |
Mo Mo M1 M1 M3 Myi4
I_o+
M,
-loy -1, +1, +1,
02 01 o1 02
M;]}
il I
Il_»MzS
| — s

|

Mm:j I:—’»I nl2
—| | | v
My r—“M,,:, M7|—>1 “—»I

-Vss
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PMNLUUTIBRFYINAENTIMTIUTawesYia NMOS luguil 4.24 9zwudndien
WITHNDTUHA (Cpry Coas 2 WE g,) TINBEMIBU TAEHANTENUIININTITNBTUN VAT
AoUsEAVEN MUBNNINTRIANUR R UNgMiEweansaesuelaluitetsudaly

4.4.1 HANTENUIINATHAUUTZIUNS
Huimsufuddinansemuanadauivlssquils C, uay Cy iy Tumsufoadels
Tddnegnaddlumsimuaussansnmuecnsassin CMOS Mhamdlugiuauisgs
4.4.1.1 nansenuINAIRLIUUszuledvasBuiiinsmesuiingayde
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~
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LAY NI TUNNEIAIANUUHINV NN NLELUIBRE (Cy) LnB LR

A aRuANwALTURIMIUTAN o NFIauNediy Heiduaeleunssuanlasuainnis
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loy _ Zu 4.27)
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AAALARDULE LB LAN Telug1UNN5VNINYDII99TNTBIANNDAEIY Aetullendniaes
nsaaamdeatilaenislasaiulsyy ¢, Asaun1sn (4.28)
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NIUARBUANLAUTVRMTUTAMDTNNAIaNNAnY Fandunelounssuaransduningnesy
Tnldgapdenlisunanszuanadiuiulszquel Gy uaz C, amnsndeuliiy

~
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L S (4.30)
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I

S& En (4.32)
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duilinswesvllaligade lnvauudlvAmsuaneuinuauduamsuanasnniaunadiu
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Iy . &, :[ g, J 4g,/C @42)
I, 4g,+sC 4g, S+4gds/C1
FrunansENURARIINANANUTINSTUALNS g Y09995DUTINT IR0 o Tl
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%’aaﬁ’ﬁmLLaﬂﬁé’mwmaqaqmﬁmm?{@i"w (k| = g, /42, ) vor1vsBuiinsmesviialigaydy

4.4.3 AnuldaunAN UM UTaINe S
Tuhdetiazilunisfiansananyldaunsdiuremsudamediiofudulszansam
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4.4.3.1 y95duinsinesyilngaydy
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Y
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Wulieatunsiesziinduiinsmesvialigydelugui 45 Tegld
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igaydelugui 4.5 amnsaidenlsdy
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INAUNST (4.45) iuszmmm?ﬁwmfwLﬂummﬁﬂuétﬁaﬁm Zul = Qo
Fadunavensasduiinanesudaligydelunigaund egrslsAniueisazindouluuun
STUURIUBINENTDEEIN g > g WSBLAFDUIULIISTUN UM UEeFeaRansldiados
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yialiagdswililaenisesnuuulidmsuanousnunuduemsudames M, dadeenii
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4.4.4 Anpnuln
diefinsantunsdauldilugaunfivedinasnsesniudfmiiiu RLC  Chebyshev

gusvausiantudulasuuuulugun 4.7 waz1995n599A1UAAHIU RLC Elliptic Suduay
yindutuladuwuulugun 411 Teefidamsvesilandunisaieloudsaunisn (4.46) uaz

(4.47) M UAGU

D(s)=5C\C,L,RsR, +5* (C.L,R; +C,L,R,)

(4.46)
+5(CRR, +C,RR, +L,)+(R; +R))

D(s)=s’RsR,L,(CC, +C,C, +C,C,)
+5°L,(C,R, *R,C,+ R,C,+C,R)) (4.47)
SRR (C+.C, + L)+ (Rt R,)

Tngauliilugauaf o, ¥9929950593AUAAINIY RLC Chebyshev dusuay
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Y

yiatuduladuwuulugun 4.7 war1933n389AUAAINIU RLC  Elliptic  dusivauvila

%’uﬁul@éfmmﬂugﬂﬁ 4.11 Saaunsil (4.48) uaz (4.49) uasu

o) 24 )@l R (4.48)
C1C3L2RSRL
o (R R,)
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[
[

nMsanwA1AUlY (Sensitivity) FauduitinfiddresUsza@nsnmuesdassineg
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suluulugun 4.7 uag 4.11 Wy M1smMA1ANNLIYDIIRIUNIY Ry TW9asgun 4.7 lagda
VI @, Tuaun1si (4.48) WAZAIFIAIUNIU Ry WUAIFILUT F waz x Tuaunis (4.50) Asiu

anasadeusUkuUAtenvesrnullafsaunsn (4.51)
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S = R CCLR(R, 9 8i/(Rs +RL)/(CIC3L2RSRL) @.51)
s R +R, OR,
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S — _l[ﬁJ RLR.;I (4.52)
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Rslunsasnsesanudsusuuluun 4.7 aansadeulanaunisi (4.53)
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wudeatunsmairulvesiaiulsey ¢ lwiwsgui 4.7 lneihaves o, Tu
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Weuguwuuadenmvesananulalafaunisi (4.54)

S =5 CCGL,R.R, XGQ/(RS +RL)/(C]C3L2RSRL) (4.54)
: Ry +R, oC,

NEUNIN (4.54) imsmarsyiusdesiiomeaianulesduiuiszy ¢ lusas

nseeANDsuwUUlugUN 4.7 lonadl

8¢ = —% < ot (4.55)

NauN1IN (4.55) aunsadnguuuvaunislug nearanulvesiiivlszy ¢ lu
19930509 NAUWUUTUFUT 4.7 anunsaleulddsaunisi (4.56)

Sg’;’ = —% =-0.33 (4.56)

AeuINManMsRgItuiiansamainLlvesgunsaluumaTn Ry, Ly, Uag G
Y943993N52IANUARUKUUTUIUN 4.7 muanaulededl

Sy :—l R =-0.16 4.57)
t 3\ R +R,

Sy =8 =-033 (4.58)
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INAUNIT (4.53) wazaunsii (4.56) - (4.58) wuirdimaulas dslaiAundien
fuysaivowmils WuiRsatuliansomaanulivesgunsaluuumadniigg 1892999nTes
mnuddunuulugud 4.1 Tnotha1es o, Tuaunsil (4.49) waggunsaluuumadmnigeg
WIUAIAILUS F uag x TUgaunis (4.50) asmliﬁm:uaqaiﬂiaaﬂawuﬁé’uLLUU"Lugﬂ‘ﬂ' 411 9
AFAUUIEY C, = Cy = 88 1F, C; = 9 nF fniientn L, = 83 nH wagf@unu Ry =R, =
1Q FetfurnuliveaguUnIniuuumna®nl Ry, R, G, Cs, Gy Wy L, Y991930709A7 M
Funutluguil 4.11 annsadeulsns

S R 6 (4.59)
5~ 3\ R +R,

S \WI /B /) 516 (4.60)
3 S\ R R

SKI4 21N J&GHEGIN | —0.3 (4.61)
] 3 _(C1C3 LY +C3C4)_

socll (GG+GG) | 40 (4.62)
" BHEC+ O GC

[u—
1

S =—= (GG+GCG) | -0.3 (4.63)
A A Il & ’
© O 3(CG+CC+CG) |

N 10:33 (4.64)

dlofiansanannisi (4.59) - (4.64) azwudwﬁﬁwmmbﬁﬁLLavaaJLﬁuﬂ’i’whé’mgiiﬂsum
il ImamamﬂmﬁLﬁmzﬁamﬂ1imﬂ'wmml’rum’mmiam’;’mﬁﬁuLLUUiugﬂﬁ 4.7 LLazgiJﬂ?i
4.11 wWinlgnaunsasuasilesiduinisdsunlasueinanauauanieinIudveiees
nyeaudld 1y Tuaun1sfl (4.53) uag (4.59) Apanallivasidiumu Ry Weuiu o, e

WU -0.16 udIEIMAFISIUNIY R iansidssuumanugnumiuasuly 2% dso19uie
mﬂmimﬁauwmmaLﬂﬁé’mﬁmmamqmmﬁ LLazﬂaﬂu%uiuaﬂWWLLamé’auﬁqﬂﬂiﬂiﬁ
ey Fauavdmalinanovausiminuivenesiiesdudnsdsuudandonuy
ndnlUmsEuauR 0.32% Snvadunsidefveniasnsesmuddunuuiiiinaanala
mﬂﬁé’ﬂumﬁwaENmiﬁﬂmuﬁuamwﬁﬂimmmﬁﬁQﬂﬁﬂLauaIuimawﬁwuéﬁﬁﬂﬁaEJ TagAe
uUsgUnsalLUUINATNYDI TN TBIAM AR UL ULIMANE azgnUSuA I DuAva Bad
é’mswdauﬁwi%au wiu 1ndaLiudsey C LﬂﬁauLﬁuﬁaLﬁuﬂivaﬁasﬂusml,wﬁqﬁ%u 2./ C
FaEUnST (4.43)- (4.44) g9lsinunILAIIRNLAREUTDIAT g, mmaaaama%mamauauaa
‘mammmamqaimaqmmawmmLauaumquaEJuLLUaQ”LUmﬂLmulmmawuﬂu R
NANSTNUIINNSAANALAADUYRIA g, DanaTosIn Inganunsawnwelddienisiiumse
annaunsrualudalauneIiu
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4.5 NANTIA1ADINTTYINGIU
wideiiiunisesuienanissianinsuTe1IesNTeIANNBR R USUFUEI
sUsuUnszuardndutulafigninaue Sraemanshaudie PSPICE lagldineluladdued
TSMC 0.18 pm ¥ldes +1.5 V Ingwsimesuvusaesdyaiasunndnvemuianes
¥l NMOS wag PMOS 3161 4, = 0.1 V', 14,C,. = 100 ZA/N* Vi =0.37 V 4 4, =0.1 V7,
1,Coe = 25 UAIV® Vi = 038 V anudndiu seiin1su§udasaan miL Tnesiladermsua
AeufnLALTremsLTames T laSuieanAiAuRa AR s UL LT iUUIn 1892995 et
é’mwdau%mmm%mmaﬂugﬂﬁ 4.18 ey 4.21 \danld@ W/L =70 um/ 0.36 um LA&ATEULE
Tuda 1, Aldnisasazsiounssua (PMOS) unismuunsnsdiuvemsudanasiian
WIL =100 um / 0.36 um Snsrarmualimsuames NMOS (Mo 4as M) Iugﬂﬁ 4.21 diAn
WIL = 48 um / 036 um Wislildsnsvenenseud & Wiy 0.07 fvualimsudawmes

PMOS (Mo 8% Mp»s) Iugﬂﬁ 421 861 WIL = 6.8 um / 0.36 pm tekildnszualusawiniu
0.0713

400uA-
W/L=70um/0.36um

lo oA

Ig=100uA

-400uA

— — — I;=300uA
W/L=700um/3.6um

I, OA

-400uA
-300uA -150uA 0A 150uA 300uA

Lin

1Y

JUN 4.25 anudnwagnisdsiuliihinssuanss DC 39358uinswmesviingade

nsdaseadnuaznsdwiulifiinszuanss DC wasduiinsnesvlingrdedign
thiausuansdisgunl 4.25 dadiuldinsidenldnuenuruuua L Advualugjdmwaliin
AsRaLiouasA1eardn (DC-offset) Tosninnisidenldanuenusuiua L itvuindn
pgelsAmIunNsivuaan L G?TuaeujﬁumiﬁmimmmﬁmﬁmLLa::msaamwwmmmwm
dneg

Wadunstudunmsinuteansudaneslugudus Tnefansana Ves Wag Vs
Snoidludansyua 15 [0.03, 0.3, 3, 30, 300] pA @1USUNIIUTALNDS M, Uag M, UD99959UN
inswwesulingaydelusudl 4.2 uasnuBawmes M, fa Ms vensasduiingmesviinligade
1u'gﬂﬁ 4.5 V08T Vs> Vs Vi WaE Vs > Ve St ensau wiz =70 um/ 0.36 pm
Tnensiasunlasmamsiuansusnuausvesoansudamesluguduasnsausuaile
Tngnsludanseua ﬁQLLaQQIugiJﬁ 4.26
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JUN 4.26 AmsIuaneuURnWALgYBILoaNI TN DS

NanBUALBMIANLAYeNRTBuTinTneTuiagadelasliTuealusuil 42 uas
1958uiiinsimesvinligadelaelituoa Tuguil 4.5 uansdagui 427 uazgud 4.28
gy tannisesuelushded 4.4.1 Sudenlddaufuuses ¢ = 10 pF lngludanszud
15 [0.03, 0.3, 3, 30, 300] pA mng‘dﬁ 427 LLasgﬂﬁ 428 wanslifuinanunsausuainnudle

menseLalusa dnnsusuAIANRLaNI19FaLe 10 kHz 89 100 MHz

0d:

Phase (degree)

Gain (dB)

i SO
1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz 1.0GHz 10GHz
Frequency

=

JUN 4.27 Nanauauem LN IgaLasinaveesduiinsinesuiingyde
Tugui 4.2 lnguumnseua I



63

0d~

-45d

-90d
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-135d

-50
1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz 1.0GHz  10GHz
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=)

JUN 4.28 namauauekiniyauazlarennBuiiinsnesuiinliande
Tugui 4.5 lnguTurnseua I

1N3UT 428 Sm31veronszuaiinuifvessasBuiingnes viallgaded
AUz 25 dB Fsaenndesiunguiiigniausiuihden 4.4.3.2 Wefinsanluguil 4.28
wuilendlsudslunndnuashueisarud Tnssdldudsdansasuiudanud iy
wlivaseanTudameFuusiufummiNeuruLLs L veseansiudames fiiudend
L =0.36 pm Wagludanssid I; = 300 pA lagilA1AuiIunIueIdnaveIleansuganes
Ustanad 33 kQ agnlsfnuadlsudsdusngluldidoudrsauigs fadumnufiuongu

ANATUN
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JUN 4.29 LT ULNEUNIINTDIAUDAHIY Chebyshev dusiuauiiaue
AUNITNTDIAIUDAINIY RLC AULUY (Ao = 0.1 dB, I =2.7 pA)

-60

FNSUNSATNUANANBUAUDIINATNTDIAIIUDAINIY Chebyshev SUAUAUAULUULY
HunsimundnsInnseiiouvsdIN (due) MAIRLAUANLANIY Tenndinesnly
AMUUANANDUAUDIIITNTOIANUDAINIULUY Chebyshev NUnauolusuIdol 91989310

PN d' i ¢ Ao = A o v a !
m15199 2.1 luund 2 lneAgunsalvenisasnsasanudisumagiyiamiuniulaielag
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LUU Chebyshev Tugufl 2.29 fiAn R = 1 Q, n = 3 uagilrnveansnssiloindy 4, = 0.1 dB
StaiunrIm AR £ = 2 MHz $100man19i9uNesnTesnul RLC duuuy Tugudl 4.7
lpafAdniulszq €, = C; = 80 nF Funiionth L, = 90 nH §d U Ry = B, = 1 Q
Wisuifleuiuaisesnsesuifiviausluguil 4.18 Taeflddaiuusey ¢ = G = 8 pF
(W/L =32 pm / 32 pm) wazdiulsey G, = 9 pF (WL = 34 pm / 34 pm) lngludanszua
Iy = 2.7 pA WATIABINISINIILINNINTNTBIAINA RLC dunuy Tuguil 4.7 uazasasnses
anudiidnaueluguil 4.18 uansisguil 429 WUIMARDUALEINIIAINAYDNIDINT
mnudfigniiausiazisasnseseImd RLC fuuuy fanalndifssiuusiideauudnies
Tuthsuauauiven
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- et

Gain(dB)

N
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\ \ \

1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz 1.0GHz
Frequency

3UN 4.30 HanaUAUDIMNILINTYIATDII9IINTBIAUDANIY Chebyshevousiuay
NnausllaUsurnseualuda (1)

TuN9USUATNARBUANBIINAINLEAYE43995NT9AIURAINIY Chebyshev Sugiuan
faue @anansausuailenisdidnnseding Tnenisusuainseualuda 7, [0.03, 0.3, 3, 30,
300] pA HaRPUEUBIMNIAILAELNsaUSuAllud a3 eRaus 10 kHz 89 100 MHz &9
uamaluguil 4.30 nuimaiinimaenndeaiungui]

agnslsfimuiiofunsiuduninuauisalunisfmun Arnisnseiiionsnaguesians
N389ALAMHILLUY Chebyshev Titiauslucuddod Tnsnsdeanasied 2.2 Tuund 2
Lazidendnogainisnseiioniniu 0.5 dB BnstasmundauEdn f.=2 MHz 918994
A151191129930509A78A RLC dunuy Tuguil 4.7 Teedlendaifudseq ¢ = G = 130 nF #1
Wil L, = 90 nH §281un U Ry=R, = 1 Q LU%&JULﬁauﬁ’mwsﬂiaammﬁﬁﬁflLauaiugﬂ
7l 4.18 lnudladufiuseq €, = C; = 13 pF (WIL = 43 pm /43 pm) wazdnnulszy C, =9 pF
(W/L =34 um/ 34 um) Imsﬂ‘uaaﬂswua Iz=2.7 pA Nuuﬁ]’lﬂiﬂ‘l/l 4 31 WJunsiSeuiisuna
$1899N157NI9AINTDIALE RLC FUlUUfU9asnsasmnuiiiviians wuinanauauss
yeeudfianulndifieatu Tnenaneuausmiinnuivesasnsesnudiiiaueiinng
Desuudniesluriauauaiuivgs
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............. Prototype
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.
-60 [
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5UN 4.31 1W38UI8U99IN589ANUAAHIY Chebyshev dusuauiliaue
AUNITNTDIAIUDAINIY RLC AULUY (Apee = 0.5 dB, Iz = 2.7 pA)

Mnflugrumndnnisdunseiiierfuiamisooenuvuiduisasnsesanuisi
Chebyshev %ﬁm%’uﬁulmﬁﬁé’uﬁuqﬂﬁmiuLamﬁ’uﬁmwammmmﬁﬁmm Chebyshev 9UdiU
amﬁgﬂﬁ%aua TPEUANIFI8E19N159 18 0IHARBUALBIVINAIUA VDI I99TNTBIAUAF NI
Chebyshev %ﬁm%uﬁulmé’ué’uﬁﬂugﬂﬁ 419 F9819899n015297 2.1 Tuundl 2 Teeden
Frg19AININTEieNWInAU 0.1 dB §ﬂﬂgqﬁﬂwum¢iwmm?{§fmﬁ = 2 MHz 9189INan13%7191U
1995n509A1A RLC Sunuu Iugﬂﬁ 4.9 TpafiAduAulszq C, = Cs = 91 nF, Cs = 160 nF
F1dleat L, = Ly = 110 nH wasfduniu Ry = R, = 1 Q Wisuileuiuaeasnsosninudi
ﬁmuaiugﬂﬁ 4.19 nedleduAuuseq C = Cs= 9 pF, G, = Cy =11 pF az C; = 16 pF lng
ludanszua ;= 2.7 pA fauandlugui 4.32

e R ] A W SRR e e Prototype
- Proposed

-25 ==
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-501 \ .
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1.0MHz 5.0MHz

-75
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§

-100 .
10KHz 100KHz 1.0MHz 10MHz 100MHz
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5UN 4.32 1W38ULN8U9IN589ANUAANIY Chebyshev SUFUMTTLALD
AUNATNTDIAIUDAINIY RLC AULUY (Ao = 0.1 dB, I =2.7 pA)

mﬂ'gﬂﬁ 432 JunsilFoudisunasiansn1svinanuiesnsesninud RLC fuwuuiu
1995N599AUAGINIY  Chebyshev slatutulasusuifitiaus WUIWanoUALRINNg
anuddnnlndidesty Tnonansuauo1anui 109299505090t Eweiin1g
LﬁmLuuLé‘ﬂﬁaaiuﬁzi'NLLaUﬂam?mqﬂ 53lUn3111u2995n509ANUARHIY  Chebyshev ¥iln
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Futiuladusuindliiausanansausuailaniadidnnseiing neusurnszualusa 1, [0.03,
0.3, 3, 30, 300] pA ﬁmamﬂugﬂﬁ 433 naneuaussIAnausausuailalugianing
Fauet 10 kHz &9 100 MHz Snstadlofionsandinnudulugisuauidsunnid (Transition
Region) Y8434950589ALARHIY Chebyshev SusiuriiUTouifisufuisasnsasninudsnig
Chebyshev é’uﬁ’umﬂugﬂﬁ 430 uleI12995n599AUARINIY Chebyshey Susuwng]
Ardufigeninneasnsesauiisniin Chebyshev Sudvam frudsnalinanauauosma
aruifinalndifemagauafinnniu deinnuaenadostungy]

3ud \1.;4 A \13:30 4

\

Gain(dB)
&
(=}

7 \

P N B\ \ \

1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz 1.0GHz
Frequency

JUN 4.33 NanaUauemIwunignvednnsnsadnauinINIL Chebyshey Susuin
Minausiilosurnszualuda (Zs)

TudInv09ANUFUNIUBUNAYDI2995509ANNDANIL  Chebyshev  Susiuadi
thiaue wansfaguil 434 Ingludanszua I, = 300 pA wuiiilAdUszana 100 Q Aaong1u
arudildand 100 MHz wasidnlndauglugasuouannuivgn faduaufumudunaes
293n50sAIRR B U Laus AsudsnAseUAgURABRE U LAY aIngUT 4.35
uanangURladvesisasnsesa i iinaus wuinguiadidnuusdudunssdutag
AwATldau TnedianUszanas 4 ns

150

Zi(Q)

50

0
1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz 1.0GHz
Frequency

JUN 4.34 ANUAUNIUBUNNIVRINAINTBIATUDAINIY Chebyshev Susuay
M nauaileUsurnseualudd I; = 300 pA
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8.0ns

6.0ns

4.0ns
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1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz

Group delay

.

1.0GHz

Frequency

JUT 4.35 nSUAREVD43993NT09ANUAAHIY Chebyshev Susiua
Mnausllousuainsyualuda I; = 300 pA

AMSUNIINUANARDUALEININTBIAUAAINIY  Elliptic Sufuamfunuuiiy
Junstmuednsinisnssiienvesdyaalugisuwauauinig Gansfimesaildinun
NANBUALBIIN9INTOIAUAMAEILLUY Elliptic Faueluudsed sredaannmisned 2.3
Tuunil 2 TneA1gunsaivesisasnsesnnuddiumadisiafmiuniudateUaguuy

Elliptic Tusufl 2.26 A1 R = 1 Q uaziiAwesnisnseiilouyindy 4, = 0.177 dB [29] 8nvia
-33.7dB maaamamimmmqaimmmma RLC

fuuaAARsA f.=2 MHz Uag 4, =
C,=88nF, C;=9nF G]’JL‘VI‘L!EJ’JLH L, =83 nH

sukuy lugui 4.11 lnefiadaiulse C =
WAZAIIUIY Ry =R, = 1Q WiguiWisuiuiasnsesnnuandnausluzui 4.21 laediaea

fiudseq Cy = Cs = (Gt C5) =( Gyt €)= 9.7 pF (WIL =39 pm / 39 pm) Ugw C; = 8.3 pF
(WIL =35 um /35 pm) Bnvisludanszua 7, = 3.6 pA Has1a0sn15991191N2993n309A I
RLC funuy Tugui 4.1 wazasasnsesanuiimiiauslugui 421 uanafaguil 4.36 wui
NARBUAUBIMNIAINAYDI993NTBIANNATNNILEUDIALI99INT0IAIMA RLC AULUY

fianulndifsaiuuniinnudesumdndesluriaauaiuivgn
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JUN 4.37 NaRBUALEINIIUNNTIATBIINIINTBIANUAANIY Ellipticdusiuay
Anaue Welsumnseualuda (Ip)

NSUSUAINARBUANBINNAIINAYDII9IINTOIANMUAAWIY  Elliptic dusiuauign
diaue aansausualamediannseting lnenslusanseua Iy [0.03, 0.3, 3, 30, 300] pA
HAMBUANBIVINIANNDELNSaUTUATLA YN I Asuandlusun 437 nulmalinudenndes
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5UM 4.38 1U38UL7BU993N509ANUDAWIY Elliptic suduanufitieaue
AUNIINTBIAUDANIU RLC AULUY (A = 0.044 dB, I; = 4.2 pA)

agnslsfmuiiolunisiudunnuanunsalunisfivun arnsnssiiionseguesiins
N30IAUBANILLUY Elliptic Ttauslunuised lnesredainmsneit 2.4 luunit 2 uay
AonfogeAnsnssiiouyintu 4, = 0.044 dB SnarvUAA1ANERR f.=2MHz uaz
Ay = -34.1 dB $18990ANYN91U9950599ALE RLC Suluy 1u3ﬂ17i 4.11 neiiafiiu
Us¥q C, = Gy = 64 1F, C; = 5.7 nF Faniienth L, = 81 nH wavdeuniu Ry =R, = 1Q
L‘U%EJ‘UL‘ﬁEJUﬁmwammmmﬁﬁﬂﬂLauaiugﬂﬁ 4.21 WnedliAndiulsey Co = Cp= ( O+ Cy)
=( G+ Cy)=7pF (W/L =38 um/ 38 um) e C, =8 pF (W/L =41 um /41 um) é‘ﬂﬁ”’ﬂué’a
NYWd Iy = 4.2 uA é’qafumﬂgﬂﬁ 4.38 WunsUSeuTisunas 889N uI9asNseemILd
RLC fuluuiuasasnsesanudiiiaue wuinanevauswinsaudiiadlndidssiunaan
198 1uAMNALTIIU TnEHARDUAUDINIIANAT89I99INTeIRNNATIT LW i D Bsluy

dinteglugisuauanuiiven
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ﬁ]ﬂﬂﬁug’lmﬁﬁﬂmiﬁﬂLﬂ‘i’]%ﬁLaEJ’JﬁuﬁaquiaaaﬂLLUUL%U’JWSﬂi@Qﬂ’N&JﬁG(l;’mi’]u
Elliptic %ﬁmsﬁzuﬁulmﬁﬁé’uﬁugﬂﬁvdmﬁmﬁ’uﬁ’mwaﬂiaammﬁﬁﬁmu Elliptic Susuauil
gninlaue TPELANIFI0819N159 18D INANDUALDINIIAIINAVEII99INTBIAINAFIH Y
Elliptic sdndutuladusuiinlusufl 4.23 Fs8rs8sanmsnsd 2.5 Tuundl 2 lneidendegng
AnsnsELitonwiniu 0.18 dB Snstarmundnaauddn fi. =2 MHz 978991aN1591197U997
N589A13A RLC FULUY 1ug°d‘i7i 4.14 WnpdAduAuusey C = 98 nF, C, = 6 nF, C; = 153 nF,
C, =17 0F, Cs = 89 nF §uaAlenvn L, = 100 nH, L, = 89 nH uazf@1unu Rs= R, = 1 Q
L‘U%EJ‘ULﬁEJ‘UﬁUNﬁ]Sﬂiaﬂﬂ’J’maﬁlﬁ’]Lﬁu@i‘ugﬂ‘ﬁ 4.19 lpafawaiulsey € = 7.4 pF,
C, =73 pF, C; = 12.3 pF, Cy = 6.8 pF 4@z Cs = 7.4 pF 198 k, = 0.03, k» = 0.02, k; = 0.05 uaz
ks = 0.09 Bnvisludansvua I = 4.2 pA Sauansluzudl 4.39
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JUN 4.40 NaRDUAUBIMNIUUNTIAYDIINTTNTBIANUAAHI Elliptic SUFUMN
WausuAnseualudd ()
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2n3U7 4.40 23asnsesaudiseing Elliptic wlintutiuladusuiiiiaueaunse
USualamnediannseiing lneusuainseualuda 2, [0.03, 0.3, 3, 30, 300] pA wWulsin
NampUaUBIIANRansaUsuAlalugasnseiaus 10 kHz 89 100 MHz 8nwaile
farsanaaudulutiuauiUdsuninud (Transition Region) U84399501309A2NARNIL
Elliptic SusuiiUiauifiouiuisasnsasrnudannig Elliptic é’uéﬁ’umﬂugﬂﬁ 4.36 agiiule
117999n509AMUARIHIY Elliptic é’uoﬁ’uﬁwﬁmm%’uqm’jnwiﬂiaammﬁlﬁmm Elliptic
Susvany Fafudsnalinansvauomnanuiinulndifemisgauafiuintu daiiny

donnaoIiuNg B

160 p

40 \

0

“‘h.

1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz  1.0GHz
Frequency

JUM 4.41 ANUAMUNIUBUNMVEIINRINTBIANUAAHTY Elliptic Susiuay
Minausllousurnsyualudd I; = 300 pA

uaﬂmm‘i@hmmﬁ’mmu@uwmamwsmmmmﬁG‘hr;huﬁﬁ%auaLLamﬁquﬁ 441
YusTluSaNsEUE I = 300 pA WUIEAWUSEINA 100 Q RaengueUATduf 100 MHz
waznidlndruslugauavaruings Fafuanuiumudunnuesisasnseseudaiiud
thiausreuinsnsoungumasng ARl d L ludruniuiiaduenaasnsesmnudasiiy
Elliptic i ausuansfaguil 442 wuinfuiladidnvasdudunsdutisanuildaom ned

AUSEUN 4 ns

20ns

-20ns

Group delay

-40ns

-60ns
1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz  1.0GHz

Frequency

JUN 4.42 NJUAREY093995N599ANUDAHY Elliptic Suiuay
M nauailausurnseualuda I; = 300 pA
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N5NAADUYSEANB A MUDININTBIAUAAEY Chebyshev uag Elliptic Sufiuan
ﬁgﬂﬂ%aua Imamiﬂauﬁ@mmﬁuwm&gﬂm [10, 40, 70, 100, 130, 160, 190, 220] MHz U5u
Anszualuda 7, = 300 pA fauandugui 443 wazguil 4.44 Fswuinanuddayayradunm
UONYIIUNITIHU (>100 MHz) %Qﬂammaué’zgimmmﬁaLﬁaamm?ié’fgfgmﬁuwmiu&humﬁ
19911 (<100 MHz) Wity UenandSmuinigasnsesruidEususULREITuIaINTeY

'
a

AN Elliptic  SuAuautuinisaanoudyy1aueng un1sldeIunni19asngey
o 1 o o a v
AUAGHIY Chebyshev SusUaWBNAIY
12uA
6uA ‘
0A
6.0uA
T
. : , , I I N
1.0MHz 3.0MHz 10MHz 30MHz 100MHz 300MHz

Frequency

5UN 4.43 Mytoudya1udunnve9INToIAUAAE1U Chebyshev SusUaY
WeousuAinszualudd I; = 300 pA

12uA;
muﬁ ‘
0A
6.0uA
3.0uA+
OA : ' 2 A Al ! A I- A
1.0MHz 3.0MHz 10MHz 30MHz 100MHz 300MHz

Frequency

5UN 4.44 msUaudyn 1B unnued9Insesnnudsniniy Elliptic Suduay
Weusuanszualudd I, = 300 pA

AAilounsensuedin (THD) 2992995n589ANLARHIULUY Chebyshey Wae
wuu Elliptic é’uﬁuamﬁﬁ%auauamﬁagﬂﬁ 4.45 LLazgﬂﬁ 4.46 s Faduwadilgan
msteudnaadunaiifivuauanssiugesaud (I MHz uay 10 MHz) lagludanszua
I =300 pA $9A1 THD fianud 1 MHz uaz 10 MHz 99939950509A10a7 8 aua wuen
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191 2.5% Waz 4% Auanu og9lsinuiIniasanlugui 4.45 uazun 4.46 azwuIn
TugrensUeudyanadunaiangadlunisldnuiial THD fndn 1% e

2.5 1

,

1.54

%THD
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JUN 4.45 A1AUNEUNNENTUBTINYDI9INTBIANUAAHIY Chebyshev Buduay
Inennuansyualusd I; = 300 pA
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P ]
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[[JV(ﬂA)p-p

U 4.46 A1AUEUNINENTUBTINUD9INTBIANUAAHIY Elliptic Suduany
Tnenmuanseualudd I; = 300 pA

dMSUNM A UUTTANS N INVDIATNTDIAIUAAINIULUY Chebyshev  LaZLUU

I o/

Elliptic Aidnaus Inenstoudygalugrunsldnuazivuaaiauddai 100 MHz luda
nIzua I =300 pA Joudayaallaywess (Sinusoidal signal) A3 10 MHz Nflvwndayayias
50 pA,, NS UFUlEYTREAM UL NAYDIININTBIAUAFIHIULUU Chebyshev uae

WUU Elliptic iaue dauandlugui 4.47 uazguin 448 auaau
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JUN 4.48 sUARUAY Il TeERAIMD 10 MHZ AuBunnkazio18ne

NINAFOUNANTZNUIINANU LU ENNIATUUDINTUT AN TMD UTLENTNINUD 9995
N599AUBANIULUY Chebyshev wazwUU Elliptic ﬁgﬂﬁ'naua'iLﬂiwﬁmmﬁlﬁmimamﬂ%’
Monte Carlo dunanauauasaufisiuau 100 asa laauufaeuadoswedidnaseu u
YamsTanaivuiin NMOS (M, — Mis) 4195U9950509AUAAHIULUY Chebyshev Laz
NIIUTAAOSTAN NMOS (M — Mas) d1§Uransnsesmudismmiuuuy Elliptic 1idaaay
\{Jesiut (Deviation: Dev) agjﬁ 29% 3nvalusansyua Iy = 300 pA wamﬁmiwﬁua@ﬂugﬂﬁ

0s

0.2us

0.4us
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Time

0.8us

VDINITNTDIAMUDFINIULUY Elliptic

4.49 uargUTl 4.50 pudy
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n samples =100 sigma =735603 median =1.02175e+008
n divisions =10 minimum =1.00452¢+008 90th %ile =1.03262¢+008
= =1

mean 1.02271e+008

10th %ile =1.01452e+008 maximum

.04222¢+008

UM 4.49 M15ATIENAIUARAYDIINITNTDIAINUAAHIULUY Chebyshev
dusuauigniLaue (Samples = 100, Dev = 2%, I = 300 pA)
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mean =1.0479¢+008 10th %ile =1.03445¢+008 maximum =1.07446¢+008

1
=

JUN 4.50 MIATIENAIUAAATDIINIINTDIANUAAIH KUY Elliptic
dudiuaufignuaue (Samples = 100, Dev = 2%, I = 300 pA)
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f\ﬂﬂi‘U‘Vl 4.49 ‘WU’JW’TJ’]&IOG]@ (cut-off) ‘U@Q?Q‘ﬂiﬂﬁ@ﬂﬂ’]’]&lﬂﬂ’mﬂuLL‘UU Chebyshev Y

ﬂ'lﬂil’]llﬂﬁlﬂiﬂﬁﬁﬁll (Mean) @EJV]‘LJ?”&I']EN 102 MHz E]EJ'lxiiiﬂm']iJLN@W?}’]??M']WW]'J’]&JLUENLUU

VIWQWNOG]G]G]'IUGH (Minimum) LLﬁ%ﬂ'lﬂ’J']llLUEJQLUUV]?]’J']JJEW]G]@’]UQQ (Maximum) LLE{QQSLMLML!

MilAAudenuUAntagUsTUIM £2 MHz WulReaiy JUT 4.50 WUIANURAAYDII9TS

N3839AUARINILLUY Elliptic TA1A13ddnlaesiuegiivssua 104 MHz a819l5finuile

fiansanamudeavuieudsnsuauasandeauuinudsnaugaanslmiuingen

AMULDELUULANTe8UTELI £2 MHZ WUl A9tUA1AUD 8 ULUDI9TNTO9ANA

RIHIULUU Chebyshev
2%

wazluy Elliptic Aignunausiinnuaenadesiuainiuide sy
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dmfunsnaaeunansgnuInAUllauneAiuremLBanareUsEANSamYes
29950393ANUAAHILLUY Chebyshev Wazwuy Elliptic igniiausiinsizinanauaues
yauunigelaenisld Monte Carlo dunamauaussauidiun 5 asa Insauufdmiuades
YosBlinnseu 1 YemTamasuiian NMOS (M, — Mis) dW5U2993n589ANARHLULUY
Chebyshev uasvsudanasafin NMOS (M — M) §15U29950509AARH LY
Elliptic Trifianensideauuagi 2% 3nvislusanszua I, = 300 pA nansiasiuansusy
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JUN 4.52 HARDUAUBINIMINTIYAVBIIIIINTBIAUDANIULUY Elliptic Susuay
NUTames NMOS lalaunsdny, 7; = 300 pA)

1NNFUT 451 wazguil 452 Wumsiessvnansvauesmanuniyalagnisdy
NAMOUALEININER LU 5 ASS WUIHARBUAUDINIILINTINT8I2993T0IANATIGN
duavefinnnulndifesiu wiazdinansznudevuindygianfisudndessuiiotwiain
nansznuatnadliaunadiurewmsudames NMOS fauufliiaanudoauud 2%
ashqisﬁ‘mwma%ﬂiaqmmﬁﬁmmﬁgmi']Lauaﬁlﬂumslﬁauuwﬁi’waaamiﬁwmummws
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nsesALRAELINETN RLC sinduduladuuuuiiianlasd fafusansenuaine
Anuhives @, FalieuaenrassiuiuAInml FaaunsT (4.53) — (4.64)
ogslsfimuiienaaeunansenuanaliaunsdiuveunassnenszualunsdiilsl
Winfuvessasiigninaue Tasausufisaundesdidnasou  vemsrudamesuila PMOS
(M) - Myy) 8115029950509ALARHIUY Chebyshev UaznsTuTainesuia PMOS (My,
- M) diSUn99snsesauiiseiiuuuy Elliptic Wieandeauuegi 2% Snitsluda

N3ELa I = 300 A NANITAATIERRAASIUTUN 4.53 WazguT 4.54 auaeiy
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mean =1.10864¢+008 10th %ile =1.09534e+008 maximum =1.13092¢+008

JUN 4.53 MINATIENAIUAAATDIIITNTOIAUAAHIURUY Chebyshev dumuay
Nurasdnenseualaiiniy (Samples = 100, Dev = 2%, I; = 300 pA)
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mean =1.04831e+008 10th %ile =1.03551e+008 maximum =1.07255¢+008

JUT 4.54 M1531AT12MANNDARYEIIRINTBIAUDAEULUY Elliptic Suduay
Nurasdnenseualiiniy (Samples = 100, Dev = 2%, Iz = 300 pA)

N3UT 4.53 1 JunsiAeiaudinue9I995NIe9ALARIHIU KUY Chebyshev

v @ a0 dl

YevAILNLMaIRNenNsewa i ulaen sty Monte Carlo WUANHA1IAINUDAALASSINVDS



77

2a9s0giuszana 110 MHz egndlsinuilefionsandaudssuuiimnuidasum ua
AanudosvufinnuidasugamuindainiudssvudntdesUssaia 2 MHz
AU JUT 4.54 wuinArAaAialae Y8199 INTBIANMARHIULUY Elliptic oef7
Uszanal 104 MHz sgslsfmailefiansandramnudoauuiienuddafuiuazandesvy
firnuidadugauandifiuindamimdsavuindesyszana £2 MHz wuieatu fadu
AL ULY893993N509ANLARBINULUY Chebyshev LAYWUY Elliptic figniiausd
AwaenndesturAIdsuuT 2%

dvfummegeunansgnuIneNLllaunsdiuvemuanedeussansnines
2995M589ATWARBUILUY Chebyshev Wazuwuy Elliptic Aigniauslunsdliiunassienszua
liwidu Fadunisiesginaneuauesauunigalagnisly Monte Carlo dunanouaus
AuaswIL 5 Adt TngauuiAiaundedidnnsou L VOMNTUTALNaSYRA PMOS (M -
Myie) @5U29950599ANARENULUY Chebyshey UazvsTainasaia PMOS (M -
Mipzs) A5U29950509A2UAANILUUY Elliptic Iﬁﬁmmqmﬁmwuagiﬁ 2% vty
NIEUA Iy = 300 pA HaMsAsziuanslugUT 4.55 uazguT 4.56 Auday
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(Wa9918nsruallaunadny, I; = 300 pA)
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mﬂgﬂﬁ 4.55 LLazg‘Uﬁ 456 Wunsiasizinanauausaniuuniignlnenisgy
NAMDUAUBIALATIUIL 5 Ade ﬁuamqmﬂsaammﬁﬁgﬂﬁwLauaiuﬂiaiﬁt,ma'qajwﬂizu,aim'
WY %qwudwwama‘uauaqmqLLmﬂﬁgmmamwsﬂiaqmmﬁﬁgﬂﬂ%auaﬁmm%ﬁﬁmﬁ’u
asifmliﬁmmzLﬁulé”mqasﬂsaammﬁﬁflshw‘?ig]ﬂﬁ'lLauaﬁLﬂuﬂﬂiLﬁamwmﬁ’waaamiﬁ'mu
9INAINTBIANUARWILNEATN RLC  wdintutuladuuuuiitiinanglas seiusdana
TnanssnuanAnulives e, drmuaeanassiuiuainul Faaun1s (4.53) — (4.64)

vonaniigmaaoudszananisenudululduasauaiuiivudnlunisadradunes
SIVDINAINTDIAUBAHILTITLAYS TAENITONLUVIUIANIINEATN (Physical layout)
YD9199INTOIAIUBAINIULUY Chebyshev  wazwuy Elliptic Susuauiivnauaiivuin
TnaUszanafl 200 pm x 240 pm @1M§UIININTOIRUARHIULUY Chebyshev Sugiua
Wae 210 pm x 360 pm d1MSUIIRINTOIRILAGIHILLUY Elliptic Sufuay éﬁ’mam‘iugﬂﬁ
4.57 LLazgﬂﬁ 4.58 MUAGU

1.08 Major tick=100 Minor tick=5 (UM) 239.22

687661

1.08 239.22
5UN 4.57 JUIANNINMENINUBINITNTDIANUAAIHIULUY Chebyshev dusuamuitiaue

-0.66 Major tick=100 Minor tick=5 (UM) 358.62

9PETY
9"ET0

¥e0

~0.66 358.62
3UN 4.58 UIANINMEANVBINIINTBIANUAAHULUY Elliptic Suauauimiiaus
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nrannswagsigazdendieiuiiuniseSuieseazidenlunisesniuuiasnses
ArudsrinugUnuunszuasindutulalngldinaluladduoa dedanseiesdusznausieg
TsmsideunuusiassnsvinnuainiaInsesnudiisumadn RLC vdatutiuladunuy
Fifin15UsEanauALUY Chebyshev Waziuu Elliptic Ingldudnnszuiunsdaunsiziieesnses
arudviadutulauuunsmmslvadyan (SFG) tinsenuuuifiuisasnsesaufsiniy
TuAteiaud dafiuliinasigninaueiaislélaensliinsduiinnnoivingyds
Laz299sBuTnTwesvialigydswuulug ImmwamaqmmﬁﬁgﬂﬁﬂLauaﬁawmsaﬂ%’um
IFmeBidnnseindlurianiiefaud 10 kHz 89 100 MHz vauzfivsunseualuda 7, s
0.03 pA 9 300 pA WllEss 1.5 v MWfdsunelunmsding 17 mw fnssualuda
I Wit 300 pA Bnitnsasnsesauiinigninauetsmainnsldddumunieluises oy
THilgadniuyszaioaninag davunglumsairaduisasny drassmanisinude
TUsunsu PSPICE Tngldineluladduea TSMC 0.18 um tiledudulunquifviaue aenslsd
mmLﬁ'aﬁﬁmamaauﬂaz%w%mwmamq%ﬂiaqmmﬁﬁgﬂﬁwLauaﬁ’jﬂ,ué’mqmmﬁl,aﬂ;iL.‘flu
gruAAnUIKan shuiildsurnmsesnuuInesnsesa ik ulun AT e
GRILLONAV N



undi 5
unagUuazvalauauLue

5.1 unazun1sie

3w8ﬂﬁwu§mu§ﬁmuamiaaﬂLLumqaﬁﬂiaqmm?{ﬁ"’]shué’uﬁ'qu%’umlﬁgmwu
nsvuaviatutulalaeldmeluladfuea Fuindnnszuiunsdunseiisesnsesiuisin
Futlauuunsimsivedaana (SFG) 1ng2995n3509A78aR WU Chebyshev waz  Elliptic
yiadutulasaesgrlfidusuuulunsdiaesmsyiiny dmiunsdeunuusiassrha
299snTeIRTIARHuNETH RLC afintutulndunuuiy adldlaenmsidrasduiiingnes
yilagade 19sBuiinsnesaiialigyds Waswennszuauaziunulszaneains1n 1nees
Fuhauetlanunsausualalugnenineiaus 10 kHz 83 100 MHz vassiivsunszualusa I, saus
0.03 wA 9300 pA WliEss 1.5 v msldwdsnunelunsasfinssualuda 7, wihiv 0.03 pA i
A7 1.1 pW way 2 pW dmsUI993N5839A2 1AW IUMUY Chebyshev waswuy Elliptic auasiu
wazfinszualuda 7, Ay 300 pA fifn 8.9 mW uaz 16.9 mW & 5029950 T0smnuasi WL
WUU Chebyshev UazWuU Elliptic Aud iy 1s93nsesanudfigninauslilasiainailsides
FUgou ’Sﬂﬁﬂi%ﬁﬂﬂ?ﬂ@ﬂﬂiﬂjﬁawfjjﬁﬁa& ArAnLeunnsensueiin (THD) lugrsmstlou
Fyaadunpimnzadlunsldanumnii 1% Amanssumuduneaeutisiagienlsly
gruanudigs Javsnzandusgannlunsaaduinsmm warannsoldauldlug e
geluaufisgu VHF

5.2 WSgUgUIIUIRY

a bl < a a a6 ! a o
A15199 5.1 LaARINISLIUSIUNEUUTZANTNINVDINATNIBIANUDATNIUNULEUD

. Power
Fitrs | Pover | Fretueny | Nemberal || Useof | Bosiomie | pisipaon | 7D
(Iz=100pA)

[7] +1.5V >10MHz 146 No Yes 6.2mW <1%
[8] +2V <100MHz 154 No Yes NA NA

[9] +5V <10MHz 104 No No 14mW <1%
[10] +5V <100MHz 72 No No NA NA
[11] +3V <10MHz 123 No No NA NA
[12] +1V <10MHz 123 No No NA NA
[13] +1V <10MHz 85 Yes No NA NA
[14] +2.5V <10MHz 90 Yes No NA NA
[15] +1.8V <10MHz 171 No No NA NA
[16] +2.5V <10MHz 84 Yes No NA NA
[35] +18V <1MHz 90 Yes No NA NA
Proposedl | +1.5V <100MHz 31 No Yes 3mW <1%
Proposed2 | +1.5V <100MHz 53 No Yes SmW <1%
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1nas1edl 5.1 iunsuanensSeuiisuUssansnmue n99snseIn ARy
SUAUANNLUU Chebyshev Wazliuu Elliptic sildutulaiausluinednugifuiasnsos
AmnudAsusuiuannegniauenluein Tnsdnlngldnsudamesidudmauinn
warldliAssgendt Taeituldinasnsesanuifiiaueluinednusfldnsudanesidu
$ruautesnd Snvisldfinmssiafaiumunisusniflewieuiisuiuisasnsesnudiaegn
tauenounthil Bsluninduduandfifiuineinsesnuiiinauoaunsauiuamg
sidnnsedndliuazlindanudifinszualudaminiu Tagnuiniasnsesannufainiu
tauadhauldluguiideudiegs Ssdeinfuquantinlanuluisasnsesnuign

Yaua luiInentdnus

v v
A o

uonanianfiulidnsesnsesaudidiudvnaueluing 1 dnusduuy
Chebyshev Wagluu Elliptic mamaﬁmum@mamﬁﬁmmimsLﬁau (Ripple) olagluannis
Ferlumsesnuuuidunsesnsasenuiisrudusugausualdsuuunszuasiindutulalagld
weluladduea fuiufamnzavegrannlumahlussandldnuiuiusnstidnmseindlu
Mg ttuegfuarudesmslusenuuuisidosmstmuauantiinisnsefiond
Alaiielinunsaniuasessdnnsedndluniatug serdlsinuniesaniasnsesnnudd
tiaueluinerinudiifunsdiasanisiauinainisesnsesnuiduuuy fdudnuis
Hadevdniidnilsds flo mslinsizsidaulguninivenssnsssaufuLuy Gawuinien
Al nsdswalvssnsesmuiifiiiausiiussaninngstu Inedusudenanisaes

LAINUILAIUADAARDITUNG )

5.3 dalauauuz
MINNFANBILLINMTEBNLULNIINTEIR R Rld e luAinendnusd
wudildefivarsusenns dsanmsovinuldmuinguizasiuavaenadesiungud lnea9as
nsesmmiiigninaueluingrinusililasaiwiilidesdudou Snislddruiugunsal
Aouthatios annsauSumlanisdidnnsednduazdavihnuldlugiuanuigeauiissy VHF
uaN1NTH1999N509AMARMIURILUY Chebyshey  WazLUU Elliptic §3a11130/91un
anautRdnsnssienldlasldvdnnsfsaiuluniseenuuy Jumngauduogrunly
msas1adunnssiu
ogslsfimuasasiitnaueluinednudiansauuusuasiausolldsn
MNVdnuarnszUIuNTRNATIEIIsITnTeInaid i usatutulawuunsnnglng
Fyanal (SFG) Aigninausanunsnihlldesnuvuuazduasiziiduisasnsesamivie
e lddeuiy wu msdunssduuunsminisinadugialagliinsnseawauninuini
RLC Susugeriatutuladuuuy fnnsduiinaneiuingadouaseinligydofinaue
Tuinerinusisanusalfiduiiugiulunisaaduinsnsesnuaiuisinu RLC Sudugs
siatutiulafusuuildannsesnuuuuasdaamesiiiande



(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

LBNE1591994

Raut R., Swamy M. N. S. “Modern Analog Filter Analysis and Design.” WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim, 2010.

Raut R., Guo N. “Low Power Wideband Voltage and Current Mode Second-Order Filters
Using Wideband CMOS Transimpedance Network.” In Proceedings of the 40th Midwest
Symposium on Circuits and Systems. MWSCAS., vol.1, Aug. 1997. pp. 241-244

Fabre A., Dayoub F., Duruisseau L. and Kamoun M. “High Input Impedance Insensitive
Second-Order Filters Implemented from Current Conveyors.” IEEE Transactions on Circuits
and Systems I: Fundamental Theory and Applications., vol. 41, no.12, Dec. 1994. pp. 918-921
Luck J., Swanson J. G. “First-Order, Switched-Capacitor, Low-pass Filter Implemented with
GaAs Insulated-Gate FET Switches.” Electronics Letters, vol. 26, no. 22, Oct. 1990.
pp. 1843-1845

Banerjee K., Ranjan A. and PAUL S. K. “New First Order Multifunction Filter Employing
Operational Transresistance Amplifier.” In Proceedings of 5th International Conference on
Computers and Devices for Communication (CODEC 2012), Dec. 2012. pp.1-3

Chen W. K. “The Circuits and Filters Handbook.” A CRC Handbook Published in Cooperation
with IEEE Press, 1995.

Sa-Ad S., Chaythong D. “A High Frequency Current-Mode Ladder Filter using Multiple
Output Lossless Integrator.” In Proceedings of International Symposium on Intelligent Signal
Processing and Communications Systems, ISPACS 2008., Feb. 2009. pp. 1-4
Jiraseree-Amornkun A., Fujii N. and Surakampon-Torn W. “Realization of Electronically
Tunable Ladder Filters using Multi-Output Current Controlled Conveyors.” In Proceedings of
the International Symposium on Circuits and Systems 2003, ISCAS’03, vol. 1, May. 2003.
pp. 541-544

Zele R. H., Allstot D. J. and Fiez T. S. “Fully Balanced CMOS Current-Mode Circuits.” IEEE
Journal of Solid-State Circuits, vol. 28, no. 5, May. 1993. pp.569-575

Oralkan O., Karsilayan A. 1. and Tan M. A. “Design of All-pole Low-pass Ladder Filters
Using Current-Mode Damped Integrators.” In Proceedings of the International Symposium on
Circuits and Systems, ISCAS’96., vol. 1, May. 1996. pp.266-269

Wu J., El-Masry E. “A New Approach of Design of Current-Mode Filters.” In Proceedings of
International Symposium on Circuits and Systems, ISCAS’97, vol. 1, Jun. 1997. pp.317-320
Wu J., El-Masry E. “Design of Current-Mode Ladder Filters Using Coupled-Biquads.” IEEE
Transactions on Circuits and Systems II: Analog and Digital Signal Processing, vol. 45, no.11,
Nov. 1998., pp.1445-1454

Tangsrirat W., Fujii N. and Surakampontorn W. “Current-Mode Leapfrog Ladder Filters Using
CDBAs.” In Proceedings of International Symposium on Circuits and Systems, ISCAS 2002,
vol. 5, 2002. pp.57-60



[14]

[15]

[16]

[17]

[18]

[19]

(20]
(21]
[22]
(23]

(24]

[25]

[26]

[27]
(28]
[29]

[30]

[31]
[32]
[33]
[34]

[35]

[36]

&3

Yan-Hui X., Xue L. “Active Simulation of Passive Leapfrog Ladder Filters Using DVCCs.”
In Proceedings of International Conference on Industrial Technology, ICIT 2008, Apr. 2008.

pp-1-5
Yan-Hui X., Peng H. “Realization of Low-pass and Band-pass Leapfrog Filters Using OAs

and CCCIlIs.” In Proceedings of International Conference Management and Service Science,
MASS’09, Sep. 2009. pp.1-4

Wu J.,, El-Masry E. “Current-Mode Ladder Filters using Multiple Output Current Conveyors.”
IEE — Circuits, Devices and Systems, vol.143, no.4, 1996. pp.218-222

Yuce E., Minaei S. “On the realization of high-order current-mode filter employing current
controlled conveyors.” Computers and Electrical Engineering, vol. 34, no.3, May 2008. pp. 165-172
Yuce E., Minaei S. “ICCII-based universal current-mode analog filter employing only grounded
passive components.” Analog Integrated Circuits and Signal Processing, vol. 58, no. 2, Feb. 2009.
pp. 161-169

Sinha P. K., Saini A., Kumar P. and Mishra S. “CFOA Based Low Pass and High Pass Ladder
Filter-A New Configuration.” Circuits and Systems, vol. 5, no.12, 2014. pp.293-300

Lilienfeld J. E. “Device of controlling electric current.” US patent 1900018.

Sedra A. S., Smith K. C. “Microelectronic Circuits.” Oxford University, 1991.

Razavi B. “Fundamentals of Microelectronics.” John Wiley and Sons, Inc. 2008.

Allen P. E., Holberg D. R. “CMOS Analog Circuit Design.” Holt Rinehart and Winston, Inc. 1986.

DALY SUBIUUN, “IITIIULIULADNTUDA” AMLIFINTSUAERNS aoTumalulasnse

FDUNGWINAUNITAIANTEYL. 2558.
T. C. Carusone., D. A. Johns. and K. W. Martin. “Analog Integrated Circuit Design.” John

Wiley & Sons, Inc., 2012

NNRY WSUUT, “USNNITAINTBIANUDBUIADN” AMLIAINTITUAERNS FaTuwalulad

WILIBUNANIIAUNTAIINTEUI. 2553.
Haykin S. “ Modern Filters.” Macmillan Publishing Company, 1990.

Pactitis S. A. “Active Filters Theory and Design.” Taylor & Francis Group, LLC, 2008.
Huelsman L. P. “Active and Passive Analog Filter Design.” McGraw-Hill, Inc., 1993.

I5gNS WNSUNA. “N1T0BNKUVINAINTBIMOUZEDN”  uuAnNTe-Ba Bumesiuduuua

Wwumashusd, 894, 2001.
Niewiadomski S. “Flter Handbook: A Practical Design Guide.” Courier International Ltd, 1989.

Williams A. B., Taylor F. J. “Electronic Filter Design Handbook.” McGraw-Hill, Inc., 2006.
Orchard H. J. “Inductorless filters.” IEE Electron. Lett., vol. 2, June 1966. pp. 224-225

Gomez G. J., Embabi S. H. K. and Sanchez-Sinencio E. “A nonlinear macromodel for CMOS
OTA’s.” in Proc. Int. Symp. Circuits Systems, 1995. pp. 920-923.

Yuh-Shyan H., Pei-Tzu H., Wei C. and Shen-Iuan L. “Systematic Generation of Current-Mode
Linear Transformation Filters Based on Multiple Output CClIIs.” Analog Integrated Circuits
and Signal Processing, vol. 32, Nov. 2002. pp. 123-134

Prommee P., Wongprommoon N. “Tunable CMOS-based current mode fifth-order ladder low-
pass filter.” In Proceedings of the 36™ International Conference on Telecommunications and

Signal Processing (TSP), Jul. 2013. pp. 397-401



[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

&4

Ananda-Mohan P. V. “Current-Mode VLSI Analog Filters: Design and Applications.”
Birkhauser Boston, 2003.

Deliyannis T., Sun Y. and Fidler J. K. “Continuous-Time Active Filter Design.” London (UK):
CRC Press, 1999.

Schaumann R., Ghausi M. S. and Laker K. R. “Design of Analog Filters: Passive, Active RC
and Switched Capacitor.” Prentice Hall, 1995.

Allstot D. J., Brodersen R. W. and Gray P. R. “Fullyintegrated high-order NMOS sampled-data
ladder filters.” In Proceedings of IEEE Intl. Solid-State Circuits Conf. New York, vol. 21,
1978. pp. 82-83.

Penney W. M., Lau L. “MOS Integrated Circuits, Theory, Fabrication, Design, and Systems
Applications of MOS LSI.” American Micro-Systems Inc., 1972.

Baker R. J. “CMOS Circuit Design, Layout, and Simulation.” Wiley — Interscience, 2008.
Kunto T., Prommee P. and Abuelma’atti M. T. “Electronically Tunable Current-mode High-
order Ladder Low-pass Filters Based on CMOS Technology.” Radioengineering, Vol. 24, No.
4, Dec. 2015. pp. 974-987.

Prommee P., Kunto T., Somdunyakanok M. and Prommee T. “CMOS-based current-mode
tunable ladder Elliptic low-pass filter.” Proc. of 37™ International Conference on
Telecommunications and Signal Processing (TSP2014), Jul. 2014. pp. 348-352

Kunto T., Prommee P. “Realization of Tunable Elliptic Low-pass Filter based on CCClIIs.” Proc.
of IEEE International Symposium on Intelligent Signal Processing and Communication
Systems (ISPACS2015), Nov. 2015. pp. 331-336

Van-Valkenburg M. E. “Analog Filter Design.” Rinehart and Winston, Inc., 1982.



& = Y o o Y - = " I v o 1y ¢y 1Y
nanstiluwenasianuly dwmsumsldnunenis@nwwingu ey el llguselesiaunisen

Laidnsdila 9 viedu Snvihudilidnudasiion wagdesanddsivesenarsynasainisiiluly



AANUIN .

TUSUASY Pspice NFTUNI5IATIZA

o
a o 1

TWsunsudmsudnsziisasnsaspnuansududugalualaguuuunseud

sindululalagldmalulad duod

dnsu Chebyshev Low-pass Filters

stesfe s sie sk sfe s sk sk sfe sk ske sk sfe sk ske sk sk sk sk sk sk sk sk sk st sk sk sfe sk sk ke sfe sk s ke sfe sfe sk ke sk sk sk steske she sk stk ske sk stk sk sk stokosk sk tokokosk

* DATE: May 21/09

*LOT: T92Y WAF: 9103

* Temperature parameters=Default

.MODEL NMOS1 NMOS ( LEVEL =7
+VERSION =3.1 TNOM =27 TOX =4.1E-9

+XJ  =1E-7 NCH =2.3549E17 VTHO =0.3694303
+K1 =0.5789116 K2 =1.110723E-3 K3 =1E-3

+K3B =0.0297124 WO =1E-7 NLX =2.037748E-7
+DVTOW =0 DVTIW =0 DVT2W =0

+DVTO =1.2953626 DVT1 =0.3421545 DVT2 =0.0395588
+U0 =293.1687573 DEV=2%

+UA =-121942E-9 UB =2.325738E-18

+UC =7.061289E-11 VSAT =1.676164E5 A0 =2

+AGS =0.4764546 BO =1.617101E-7 Bl =5E-6

+KETA =-0.0138552 Al =1.09168E-3 A2 =0.3303025

+RDSW =105.6133217 PRWG =0.5 PRWB =-0.2

+WR =1 WINT =2.885735E-9 LINT =1.715622E-8

+XL =0 XW  =-1E-8 DWG =2.754317E-9

+DWB  =-3.690793E-9 VOFF =-0.0948017 NFACTOR = 2.1860065
+CIT =0 CDSC =2.4E-4 CDSCD =0

+CDSCB =0 ETAO0 =2.665034E-3 ETAB =6.028975E-5
+DSUB =0.0442223 PCLM = 1.746064 PDIBLC1 = 0.3258185
+PDIBLC2 =2.701992E-3 PDIBLCB =-0.1 DROUT =0.9787232
+PSCBE1 =4.494778E10 PSCBE2 =3.672074E-8 PVAG =0.0122755
+DELTA =0.01 RSH =7 MOBMOD =1

+PRT =0 UTE =-15 KT1 =-0.11

+KTIL =0 KT2 =0.022 UAl =431E-9

+UB1 =-7.61E-18 UC1 =-5.6E-11 AT =3.3E4

+WL =0 WLN =1 wWwW =0

+TWWN =1 WWL =0 LL =0

+LLN =1 Lw =0 LWN =1

+LWL =0 CAPMOD =2 XPART =0.5

+CGDO = 8.58E-10 CGSO =8.58E-10 CGBO =1E-12

+CJ]  =9471097E-4 PB =0.8 MJ  =0.3726161

+CJSW =1.905901E-10 PBSW =0.8 MISW =0.1369758
+CISWG =3.3E-10 PBSWG =0.8 MISWG =0.1369758
+CF =0 PVTHO =-5.105777E-3 PRDSW =-1.1011726

+PK2 =2.247806E-3 WKETA =-5.071892E-3 LKETA =5.324922E-4
+PUO0 =-4.0206081 PUA =-4.48232E-11 PUB =5.018589E-24

+PVSAT =2E3 PETA0 =1E-4 PKETA =-2.090695E-3 )
*

.MODEL PMOS1 PMOS ( LEVEL =7
+VERSION = 3.1 TNOM =27 TOX =4.1E-9

+XJ =1E-7 NCH =4.1589E17 VTHO =-0.3823437
+K1 =0.5722049 K2 =0.0219717 K3 =0.1576753
+K3B =4.2763642 W0 =1E-6 NLX =1.104212E-7
+DVTOW =0 DVTIW =0 DVT2W =0

+DVTO =0.6234839 DVT1 =0.2479255 DVT2 =0.1
+U0  =109.4682454 UA =131646E-9 UB =1E-21
+UC =-1E-10 VSAT =1.054892E5 A0 =1.5796859

+AGS =0.3115024 B0 =4.729297E-7 Bl =1.446715E-6
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+KETA =0.0298609 Al =0.3886886 A2 =0.4010376

+RDSW  =199.1594405 PRWG =0.5 PRWB =-0.4947034
+WR =1 WINT =0 LINT =2.93948E-8

+XL =0 XW  =-1E-8 DWG =-1.998034E-8
+DWB =-2.481453E-9 VOFF =-0.0935653 NFACTOR =2
+CIT =0 CDSC =2.4E-4 CDSCD =0

+CDSCB =0 ETAO0O =3.515392E-4 ETAB =-4.804338E-4

+DSUB =1.215087E-5 PCLM =0.96422 PDIBLC1 = 3.026627E-3
+PDIBLC2 = -1E-5 PDIBLCB =-1E-3 DROUT =1.117016E-4
+PSCBE1 =7.999986E10 PSCBE2 =8.271897E-10 PVAG =0.0190118

+DELTA =0.01 RSH =8.1 MOBMOD =1
+PRT =0 UTE =-15 KTI =-0.11
+KTIL =0 KT2 =0.022 UAl =431E-9
+UB1 =-7.61E-18 UCl1 =-5.6E-11 AT =3.3E4
+WL =0 WLN =1 WW =0

+WWN =1 WWL =0 LL =0

+LLN =1 LW =0 LWN =1

+LWL =0 CAPMOD =2 XPART =0.5

+CGDO =7.82E-10 CGSO =7.82E-10 CGBO =1E-12
+CJ]  =1.214428E-3 PB =0.8461606 MJ =0.4192076

+CISW  =2.165642E-10 PBSW =0.8 MISW  =0.3202874
+CISWG =4.22E-10 PBSWG =0.8 MIJSWG =0.3202874
+CF =0 PVTHO =5.167913E-4 PRDSW =9.5068821

+PK2 =1.095907E-3 WKETA =0.0133232 LKETA =-3.648003E-3
+PUO =-1.0674346 PUA =-430826E-11 PUB =1E-21
+PVSAT =50 PETAO0 =1E-4 PKETA =-1.822724E-3 )

%
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*lin(=1) -Io1(=3) +102(=5) IB(=9)
.Subckt lossless 1359

M1 1100NMOS1 W=70u L=0.36u
M23100NMOS1 W=70u L=0.36u
M3 4100NMOS1 W=70u L=0.36u
M4 440 0NMOS1 W=70u L=0.36u
M5 1400NMOS1 W=70u L=0.36u
M6 54 0 0 NMOS1 W=70u L=0.36u
VB90dc0

VDD20dc 1.5

F160VB1

MBI 6 6 22 PMOS1 W=100u L=0.36u
MB2 1 622 PMOS1 W=100u L=0.36u
MB3 3 622 PMOS1 W=100u L=0.36u
MB4 4 62 2 PMOS1 W=100u L=0.36u
MB5 4 622 PMOS1 W=100u L=0.36u
MB6 1 622 PMOS1 W=100u L=0.36u
MB7 5 622 PMOS1 W=100u L=0.36u
.ends lossless

sk sk sk sk sk sk sk sk sk sk ki skok skok stk stk sk sk sk sk sk sk sk sk s sk sk sk sk sk sk sk sk sk sk sk sk sk sk skoskoskeosk sk sk sk sk skosk sk sk ok skoskoskoskoskokokok
*in(=1) -Io1(=2) +l02(=4) IB(=9)
.subckt lossy 1 24 9

Mnl 1100NMOS1 W=70u L=0.36u
Mn2 2 1 0 0 NMOS1 W=70u L=0.36u
Mn3 3 100 NMOS1 W=70u L=0.36u
Mn4 3 3 0 0 NMOS1 W=70u L=0.36u
Mn5 4 3 0 0 NMOS1 W=70u L=0.36u
VDD 50dc 1.5

VB90dc0

F160 VB 1

Mpl 6 6 55 PMOS1 W=100u L=0.36u
Mp2 1655 PMOSI W=100u L=0.36u
Mp3 2655 PMOS1 W=100u L=0.36u
Mp4 3 6 55 PMOS1 W=100u L=0.36u
Mp5 3 655 PMOS1 W=100u L=0.36u
Mp6 4 6 55 PMOS1 W=100u L=0.36u
.ends lossy
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*kkx*Prototype Chebyshev Low-pass Filters**(Ripple 0.1 dB)**#***



Iina 0 100 ac 1
Rs 10001

Cl1a 100 0 82n
L1a10020091n
C2a200 0 82n
RO 20001

shesie sk sk sk sk sk sk sk s sk sk sk sk sk sk sk sk sk sk sk sk sk st sk ske st sk sk sfe sk sk sk sk sk sk sk ske sk sk sk sk sk sk sk ste sk ste sk sk sk sk sk sk skeoskoskoskoskoskoskokosk ok
**x*k*Proposed Chebyshev Low-pass Filters®##***

Iin01acl

x1 193 11 lossy

x2 314 12 lossless

x3 435 13 lossy

F1011VB1

F2012 VB 1

F3013 VB 1

*CC1108p

*CL1309p

*CC2408p

Mnl 0100NMOS1 W=32u L=32u
Mn2 03 0 0 NMOS1 W=34u L=34u
Mn3 04 00 NMOS1 W=32u L=32u
VB200dc0

1B 020dc2.7u

VDD 90dc 1.5

RL591

* Tran 100n 3u lu 1n

.ac dec 1000 1k 1g

*.step IB list 0.03u 0.3u 3u 30u 300u
.probe

.end
she st sk ske sk sk ske sk sk ske sk sfe sk ke sk ske sk sk ske sk sk ske sk sk sfe s s she sk st sfe sle sk she ske sk sk sk sk sfeske sk sk sk sk sk sk sk sk sk sfeske sk sfeske ke skesk sk skoskok

ﬁ’]‘lﬂ%lll Elliptic Low-pass Filters
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* DATE: May 21/09

*LOT: T92Y WAF: 9103

* Temperature parameters=Default

.MODEL NMOS1 NMOS ( LEVEL =7
+VERSION =3.1 TNOM =27 TOX =4.1E-9

+XJ  =1E-7 NCH =23549E17 VTHO =0.3694303
+K1 =0.5789116 K2 =1.110723E-3 K3 =1E-3

+K3B =0.0297124 W0 =1E-7 NLX =2.037748E-7
+DVTOW =0 DVTIW =0 DVT2W =0

+DVTO =1.2953626 DVT1 =0.3421545 DVT2 =0.0395588
+U0  =293.1687573 DEV=2%

+UA  =-1.21942E-9 UB =2.325738E-18

+UC =7.061289E-11 VSAT =1.676164E5 A0 =2

+AGS =0.4764546 BO =1.617101E-7 Bl =35E-6

+KETA =-0.0138552 Al =1.09168E-3 A2 =0.3303025

+RDSW =105.6133217 PRWG =0.5 PRWB =-0.2

+WR =1 WINT =2.885735E-9 LINT =1.715622E-8

+XL =0 XW  =-1E-8 DWG =2.754317E-9

+DWB =-3.690793E-9 VOFF =-0.0948017 NFACTOR =2.1860065
+CIT =0 CDSC =2.4E-4 CDSCD =0

+CDSCB =0 ETAO0 =2.665034E-3 ETAB =6.028975E-5
+DSUB =0.0442223 PCLM =1.746064 PDIBLC1 = 0.3258185
+PDIBLC2 =2.701992E-3 PDIBLCB =-0.1 DROUT =0.9787232
+PSCBE1 =4.494778E10 PSCBE2 =3.672074E-8 PVAG =0.0122755
+DELTA =0.01 RSH =7 MOBMOD =1

+PRT =0 UTE =-15 KT1 =-0.11

+KTIL =0 KT2 =0.022 UAl =431E-9

+UBl =-7.61E-18 UCl1 =-5.6E-11 AT =33E4
+WL =0 WLN =1 WW =0
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+TWWN =1 WWL =0 LL =0

+LILN =1 Lw =0 LWN =1

+LWL =0 CAPMOD =2 XPART =0.5

+CGDO =8.58E-10 CGSO =8.58E-10 CGBO =1E-12
+CJ]  =9471097E-4 PB =0.8 MJ =0.3726161
+CJSW =1.905901E-10 PBSW =0.8 MISW  =0.1369758
+CISWG =3.3E-10 PBSWG =0.8 MISWG =0.1369758
+CF =0 PVTHO =-5.105777E-3 PRDSW =-1.1011726

+PK2 =2.247806E-3 WKETA =-5.071892E-3 LKETA =5.324922E-4
+PUO  =-4.0206081 PUA =-4.48232E-11 PUB =5.018589E-24

+PVSAT =2E3 PETA0 =1E-4 PKETA =-2.090695E-3 )
%

.MODEL PMOS1 PMOS ( LEVEL =7
+VERSION =3.1 TNOM =27 TOX =4.1E-9

+XJ  =1E-7 NCH =4.1589E17 VTHO =-0.3823437
+K1  =0.5722049 K2 =0.0219717 K3 =0.1576753
+K3B =4.2763642 W0 =1E-6 NLX =1.104212E-7
+DVTOW =0 DVTIW =0 DVT2W =0

+DVTO =0.6234839 DVT1 =0.2479255 DVT2 =0.1
+U0  =109.4682454 UA =131646E-9 UB =1E-21
+UC =-1E-10 VSAT =1.054892E5 A0 =1.5796859

+AGS =0.3115024 BO =4.729297E-7 Bl =1.446715E-6
+KETA =0.0298609 Al =0.3886886 A2 =0.4010376

+RDSW =199.1594405 PRWG =0.5 PRWB =-0.4947034
+WR =1 WINT =0 LINT =2.93948E-8

+XL =0 XW  =-1E-8 DWG =-1.998034E-8
+DWB  =-2.481453E-9 VOFF =-0.0935653 NFACTOR =2
+CIT =0 CDSC =2.4E-4 CDSCD =0

+CDSCB =0 ETAO0 =3.515392E-4 ETAB =-4.804338E-4

+DSUB =1.215087E-5 PCLM =0.96422 PDIBLC1 = 3.026627E-3
+PDIBLC2 = -1E-5 PDIBLCB = -1E-3 DROUT =1.117016E-4
+PSCBE1 =7.999986E10 PSCBE2 =8.271897E-10 PVAG =0.0190118

+DELTA =0.01 RSH =8.1 MOBMOD =1
+PRT =0 UTE =-15 KT1 =-0.11
+KTIL =0 KT2 =0.022 UAl1 =431E-9
+UBl =-7.61E-18 UCl1 =-5.6E-11 AT =33E4
+WL =0 WLN =1 wWwW =0

+WWN =1 WWL =0 LL =0

+LLN =1 Lw =0 LWN =1

+LWL =0 CAPMOD =2 XPART =0.5

+CGDO =7.82E-10 CGSO =7.82E-10 CGBO =1E-12
+CJ  =1.214428E-3 PB =0.8461606 MJ =0.4192076

+CIJISW  =2.165642E-10 PBSW =0.8 MISW  =0.3202874
+CISWG =4.22E-10  PBSWG =0.8 MIJSWG =0.3202874
+CF =0 PVTHO =5.167913E-4 PRDSW =9.5068821

+PK2 =1.095907E-3 WKETA =0.0133232 LKETA =-3.648003E-3
+PUO =-1.0674346 PUA =-430826E-11 PUB =1E-21
+PVSAT =50 PETAO =1E-4 PKETA =-1.822724E-3 )

*

s sk sk sk sk sk sk s sk sk s sk sk skeosk skt sk sk sk sk sk sk sk sk sk sk sk skosk sk s skosk sk sk sk sk sk sk sk sk sk sk sk skosk skosteosk sk skosk skosk sk skoskesk sk sksksk
*lin(=1) -Io(=3) +lo(=5) IB(=8)
.Subckt lossless 1 3 5 8
M11100NMOS1 W=70u L=0.36u
M2 3100NMOS1 W=70u L=0.36u
M3 4100NMOS1 W=70u L=0.36u
M4 4400 NMOS1 W=70u L=0.36u
M5 1400NMOSI W=70u L=0.36u
M6 5400 NMOS1 W=70u L=0.36u
VB80dc0

VDD 20dc 1.5

F160VB1

MB1 6 622 PMOS1 W=100u L=0.36u
MB21622PMOS1 W=100u L=0.36u
MB3 362 2PMOS1 W=100u L=0.36u
MB4 4 6 2 2 PMOS1 W=100u L=0.36u
MB5 4 6 2 2 PMOS1 W=100u L=0.36u
MB6 1 6 2 2 PMOS1 W=100u L=0.36u



MB75 62 2PMOS1 W=100u L=0.36u
.ends lossless

sk sk sk ok ok sk sk ok ok sk ki skosk stk sk sk sk sk sk sk sk sk sk sk s sk sk sk sk sk sk sk sk sk sk sk sk sk skosk skoko kol skok ok skokokok sk
*lin(=1) +Io(=5) IB(=6)

.Subckt lossy 1 3 6

M1 1100NMOS1 W=70u L=0.36u
M2 5100NMOS1 W=70u L=0.36u
M3 550 0NMOS1 W=70u L=0.36u
M4 350 0NMOS1 W=70u L=0.36u
VB60dc0

VDD 20dc 1.5

F170VB 1

MBI 772 2 PMOS1 W=100u L=0.36u
MB2 1722 PMOS1 W=100u L=0.36u
MB3 5722 PMOS1 W=100u L=0.36u
MB4 572 2PMOSI W=100u L=0.36u
MBS5 372 2 PMOS1 W=100u L=0.36u
.ends lossy

sfe sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk ske sk sk sk sk sk sk sk ske sk sk sk sk sk sk sk sk sk skeosk skesk sk skeoskesk sk
*lin(=1) -Io(=3) +lo(=5) +10o(=6) +klo(=7) IB(=8)
.Subckt buffer 13567 8

M1 1100NMOS1 W=70u L=0.36u
M2 3 100NMOS1 W=70u L=0.36u
M3 4 100NMOS1 W=70u L=0.36u
M4 4 4 0 0 NMOS1 W=70u L=0.36u
M5 5400 NMOS1 W=70u L=0.36u
M6 6 4 0 0 NMOS1 W=70u L=0.36u
M7 74 00NMOS1 W=4.8u L=0.36u
VB80dc0

VDD 20dc 1.5

FI90VB1

MBI 99 22 PMOS1 W=100u L=0.36u
MB2 192 2PMOS1 W=100u L=0.36u
MB3 39 22 PMOS1 W=100u L=0.36u
MB4 4 9 22 PMOS1 W=100u L=0.36u
MB5 4 9 22 PMOS1 W=100u L=0.36u
MB6 59 22 PMOS1 W=100u L=0.36u
MB7 69 22 PMOS1 W=100u L=0.36u
MB8 79 22 PMOS1 W=6.8u L=0.36u
.ends buffer

stesfe s sie she sfe sk she she sfe s she she sfe s she she sfe s she she sfe s she she sfe sk she sfe sfe s she she sfe sk sk sfe sfe s sk sfe sfe e she she sfesie sk she she sfe st e she she sfeske she sfe sfeske sfe sk stk sk sk steskeskesk

stesfe sk ok ok sk sk ok skokosk sk skokoksk skokok PrOtOtype Elllptlc LOW-paSS Filters stesfesk sfe sk ok sk sk sk sk stk sk sk skoko sk sk kok sk

Iin90 19 ac 1.1
RS11901
C19 19 0 88n
C29 1929 9n
C3929 0 88n
L2919 29 83n
RL12901

sk sk sk sk sk sk sk sk sk sk sk sk sk sk skosk skesk stk skeoske skeoske sk sk sk sk sk sk sk sk sosk sk sk sk sk sk sk sk sk sk sk sk sk skeoskoskoskoskeosk sk sk skosk sk sk sk sk sk skoskokoskokokoskokek
koot Prototype Elliptic Dependent Sources Low-pass Filters ##dicrdaeik

lin111 0199 ac 1.1
RS219901

C111 199 399 97n
C333 299499 97n
L222 199 299 83n
E1 3990299 00.093
E2 4990199 00.093
RL2 2990 1

e st sk s sfe s s s s e st e sfe ke st e st ke ok ke st ke ok sk s sk o sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skl sk sk sk skok skokoskokoskokokokok



Iin01acl

x1 12 8 lossy

x2 5139 lossless
x3 3410 lossy

x4 27574 11 buffer
x54 5762 12 buffer
F178 VB 1
F279VB1
F3710VB 1
F4711 VB 1
F5712VB1

cl 109.7p
c2508.3p
c3309.7p

*Mnl 0 100NMOS1 W=38u L=38u
*Mn2 0500 NMOS1 W=35u L=35u
*Mn3 03 00 NMOS1 W=38u L=38u

VB 130dc0
IB 013 dc 3.6u
VDD 70dc 1.5

RL671

stesfe sk s ok s sk sk ok sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skokokok koo

.ac dec 500 1k 1GHz

.step IB list 0.03u .3u 3u 30u 300u

.probe
.end
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Abstract. This paper describes the design of current mode
low-pass ladder filters based on CMOS technology. The
filters are derived from passive RLC ladder filter proto-
types using new CMOS lossy and lossless integrators. The
all-pole and Elliptic approximations are used in the pro-
posed low-pass filter realizations. The proposed two (ypes
of filter can be electronically tined between 10 kHz and
100 MHz through hias current from 0.03 pA to 300 uA.
The proposed filters use 1.5V power supply with 3 mW
power consumption at 300 uA bias current. The proposed
filters are resistorless, use grounded capacitors and are
suitable for further integration. The total harmonic distor-
tion (THD) of the low-pass filters is less than 1% over the
operating frequency range. PSPICE simulation results,
obtained by using TSMC 0.18um technology, confirm the
presented theory.

Keywords

CMOS, current mode, ladder filters, all-pole, elliptic,
low-pass filter

1. Introduction

Active filters are essential building blocks in analog
signal processing particularly in communication, instru-
mentation and control systems. Over the years, high per-
formance voltage-mode active filters have received much
attention, Recently, current-mode filters are becoming
more popular with many advantages compared to the volt-
age-mode counterparts. This is attributed to the simplicity
of the current-mode circuit building blocks, the compact
design that can be provided and the operation with low
supply voltages. Moreover, in current mode the summation
and subtraction can be easily realized with relatively simple
circuitry. This leads to reduced die area, lower power
consumption requirements and improved high frequency
performance. On the other hand it is well known that the
performance of high-order filters may be preferable than
lower-order counterparts in some applications [1]. Thus,
using high order filters [2], [3], superior performance can
be achieved compared to that obtainable using low-order
filters [4], [5]. Moreover, high order filters can save area on

DOI: 10.13164/re.2015.0974

the chip. Thus, allowing several subsystems to be inte-
grated on the same chip.

For the design of high-order low-pass active filters,
the realization method based on doubly terminated passive
RLC ladder prototypes was used [6]. High frequency lad-
der low-pass filters were presented in [7] by using current-
mode integrators. Low input impedance current mirror and
grounded capacitors were used for designing differential
current-mode integrators. The major drawbacks of the
circuits in [7] are the use of excessive number of active and
passive components while achieving a relatively narrow
tuning range. Current-mode high-order Butterworth low-
pass ladder filter using the multiple-output current-con-
trolled current-conveyor (MCCCII) was introduced in [8].
It suffers from the narrow tuning range and the use of large
numbers of active devices. All-pole Chebyshev low-pass
ladder filters were presented using the fully balanced
switched-current integrator [9] and the current-mode
damped integrators [10]. However, the proposed circuit in
[9] cannot work at high-frequencies and that in [10] suffers
from errors in the cut-off frequency. The current-mode
filters presented in [11], [12] use simulated RLC ladder
networks. The passive components are transformed to cou-
pled-biquad structures that can be realized by multiple
output OTAs and grounded capacitors. The realizations of
current-mode leapfrog ladder filters using the current-dif-
ference buffer-amplifier (CDBA) and the differential-volt-
age current-conveyor (DVCC) were presented in [13] and
[14] respectively. These realizations require many active
building blocks and use floating resistors and may, there-
fore, be not suitable for integration. A different realization
method of low-pass leapfrog filters was presented in [15].
The proposed realization uses the second-generation cur-
rent-conveyor (CCII) and exploits to advantage the fre-
quency-dependence of the differential gain of the opera-
tional amplifier (OA) for implementing an integrator.
While avoiding the use of externally connected passive
components is an advantage, the proposed circuit in [15]
lacks electronic tuning of the filter parameters and requires
a relatively large number of active devices. In [16] the
multiple outputs current conveyor (MOCC) was used to
synthesize the low-pass filter (LPF) from the LC ladder
prototype. However, the proposed circuit requires a rela-
tively large number of passive components and lacks the

CIRCUITS
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electronic tunability of the filter parameters. High-order
filters using bipolar junction transistor-based DO-CCCII
were presented in [17]. Each DO-CCCII uses 20 transistors
without including the DC bias current. Since the number of
DO-CCCII is equal to the order of the filter +1, then it is
obvious that the proposed circuit requires a large number of
bipolar junction transistors. Moreover, because of the de-
pendence on the parasitic resistances at terminals x of the
DO-CCClls, the parameters of the circuit are temperature
dependent. Another topology for implementing high-order
filters using CMOS-based DO-ICCII was introduced in
[18]. Each ICCII uses 16 MOSFETs in addition to special
bias voltages applied to the gates of two transistors. Of
course these bias voltages can be obtained from the DC
supply voltages, but this requires additional circuits. Since
the number of ICCII equal the order of the required filter
+1, then it is obvious that the area on the chip will be very
large. Moreover, the circuit does not enjoy independent
control of its parameters. High order voltage mode circuits
are also available; see for example [19]. The circuit in [19]
suffers from the classical disadvantages of the operation in
voltage mode: that is the complicated circuits required for
realizing summation and subtraction. Moreover, the circuit
uses floating passive elements which is not attractive for
integration. Thus, it appears that there is a need for new
designs of high-order LPFs enjoying the following attrac-
tive features: use of less number of active and passive
components, avoid the use of resistors, enjoy the electronic
tunability of the filter parameters and are suitable for inte-
gration.

Therefore, it 1s the major intention of this paper to
present two transistor level designs of current-mode third-
order ladder low-pass filters using CMOS technology. The
well-known all-pole and Elliptic RLC prototypes are used
for synthesizing the circuit elements of the proposed filters.
The proposed filters are realized on the transistor-level
using lossy integrators, lossless integrators, gain circuits
and grounded capacitors. The proposed circuits enjoy the
following attractive features: relatively small number of
components, low-voltage supply, low-power consumption,
no use of externally-connected resistors and wide-range
electronic tuning of the filter characteristics. The PSPICE
simulation results obtained are in excellent agreement with
the theoretical results and confirm that the proposed filters
are suitable for high-frequency up to VHF which would be
very suitable for designing communications system.

2. Principle of Operation

2.1 CMOS Current-mode Lossy and Lossless
Integrators

The basic lossy integrator, or first order low-pass fil-
ter, used in this paper as a main building block is depicted
in Fig. 1. With a single input (X) and two outputs (Y, and
¥5) the transfer function of the lossy integrator is described
by (1)

—

X -4 "
s+4

—f—=V,

Fig. 1. Lossy integrator block diagram.

Fig. 2.

& (O] n (@ i
Ion
L c et e 34 b, Ty g |
L : - A o 1
R S

Fig.3. Small signal model of Fig. 2 and its block diagram

ot = 2 = B3 = Bt = &)

CMOS-based current-mode lossy integrator.

4 _—h A, (1)

X X s+d

The current-mode dual output lossy integrator shown
in Fig. | can be easily implemented on the transistor level
by using MOS transistors as shown in Fig. 2. The current
transfer functions can be obtained by using the small signal
model shown in Fig. 3. Routine analysis of the circuit of
Fig. 3 yields the current transfer functions of equations (2)
and (3)

I~ | 2)
I[,\' S( .L 1 gﬁl!

Iy 3)

I, sC

where g, 1s transconductance of transistor i. Assume that
transistor M, - M, are matched (.1 = oz = u3 = &ua = &u)s
the current transfer functions of Fig. 3 become

I _—2, o)
fy  sCi+g,
loo __ 8 (5)
I, sC+g

IN Sm

On the other hand, the lossless integrator can be easily
realized by modifying the lossy integrator as follows. First,
an inverting gain is added to the output of inverting lossy
integrator [20]. Second, the inverted output is fed back to
the input as shown in Fig. 4. Thus, the non-inverting and
inverting current-mode lossless integrator transfer func-
tions obtained at ports Z, and 7, respectively, can be
expressed as

z

PN n -1 7 =
X ) ; : - %

Fig. 4. Lossless integrator block diagram.
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M (6)

Figure 5 shows a possible transistor level realization
for the lossless integrator shown in the block diagram of
Fig. 4. The output of the lossy integrator formed of tran-
sistors M, M, and Mj; is connected to the inverting gain
unit formed of transistors My and Ms and then fed back to
the input. There are two current outputs /oz (port Z.) and
14 (port Z.) taken from transistors Mg and M,, respectively.

Fig. 5. CMOS-based current-mode lossless integrator.

I Ion
@ [E] 5 -
1 1 7 - {hd L
: i3 ei Py 2. OIS I:j) —n] En
Eu 1 ae 56 L

Fig. 6. Small signal model of Fig. 5 and its block diagram
(Zw1 = Em2 = n3 = Bt =BRE~ Berb S

Assuming that transistors M, - M, are matched with
Enl T 8m2 T Em3 ™ Buwd T 85 T Bmb = Ems the current [l'al'lsfe['
functions can be obtained by using the small signal model
shown in Fig. 6. Routine analysis of the small signal model
of Fig. 6 yields the following transfer functions

fo 8 7
- sC,
Top _ % (&)
P

From Fig. 3 and Fig. 6, the input impedance of both
integrators can be expressed as

\ ©

Cg+sC,

~in

In equations (2)-(5) and (7)-(8) the transconductance
g, of any transistor is given by

8= oy =\ 2uCoy (WL, (10)

(1"/('\'

where g, C,,, W and L are surface mobility, channel oxide
capacitance, channel width and channel length of the MOS
transistor, respectively and /j, is the bias current [/ of the
transistor. Equation (10) clearly shows that transconduct-
ance can be tuned by adjusting the bias current /5. Thus, the
parameters of the lossy and lossless integrators of Figs. 2
and 5 can be electronically tuned.

2.2 Synthesis of RLC Ladder Low-Pass
Filters

This section describes the synthesis procedure of lad-
der filter based on the signal flow graph (SFG) method.

Two types of passive RLC ladder low-pass filter; the all-
pole and Elliptic filters [21-25], are provided as prototypes.
In some applications, a higher fall off rate is required in the
transition band; that is a very high attenuation is required
very near the cutoff frequency. This requirement mandates
the use of elliptic functions in the approximation of the
filter transfer function and leads to the design of Elliptic or
Cauer filters [22].

Firstly, the doubly terminated current-mode third-
order all-pole passive RLC ladder low-pass filter prototype
shown in Fig. 7 is considered.

L

—

. v v
;{L L JJ!\ bio
Ry Tﬂ _|_(‘: Ry
Fig. 7. Current-mode third-order all-pole low-pass RLC
ladder prototype.

Iy

Considering the prototype shown in Fig. 7, using
KCL the current and voltage relationship can be written as

‘rl=11.\'_?1_‘r:' (11)
|4 :i;, (12)
SO
Vi=h=V., (13)
v,
L =—2, (14)
Y il
el ls (15)
— O
V,
=il (16)
-l
In | I I | I
| 1 i i 1
T 5C, L, < 3"
i
i 1 [ Ty, ¥ M
(a)
I | Iy | i | I
£ e La
i tg 5Cy C+g
i
i 1 I I
(b)

Fig. 8, (a) SFG of third-order all-pole low-pass ladder filter in
Fig. 7, (b) Completed current-mode SFG of Fig. 8(a).

Using equations (11)-(16), a SFG can be constructed
and is shown in Fig. 8(a). Voltages at different nodes and
currents in different branches are forming the nodes of the
SFG. The voltage nodes need to be transformed into cur-
rent nodes. The transconductance g, is used to normalize
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the voltage nodes to current nodes. The variables Rs=R;
= 1/g,, are used to simplify the realization method. Further-
more, lossless integrators with its negative feedback in left-
hand and right-hand sides can be replaced by lossy inte-
grators. The finalized current-mode SFG is shown in
Fig. 8(b). It can be seen that the all-pole low-pass ladder
filter can be designed based on lossy and lossless integra-
tors.

Secondly, the passive RLC doubly terminated third-
order Elliptic low-pass filter shown in Fig. 9 is also used as
a prototype.

I

- Vy :l:‘rum%\:—l Va
vy 3 LR e B
|

f

Fig. 9. Prototype current-mode third-order Elliptic low-pass

RLC ladder filter.

Considering the prototype in Fig. 9, routine analysis
yields the following current and voltage relationships:

,5=1,_\,—;i—11—13, (17)
L=(V,-¥,)sC,, (18)
asl ¢ (19)

s
v, ¥ o Faleigion ) N\ 198 (20)

‘ s(C+0y) O+,

RGN | (21)
il (22)

4118C,
N ¥ G (23)

¥ ls(c. a7 W% G, |

Using (17)-(23), a modified RLC prototype can be
redrawn as shown in Fig. 10. For simplicity, the current
terms (fpy—6L—V,/Rs) and (L,—1p) in (20) and (23) are
replaced by /. and I, respectively and the capacitor (5 is
replaced by two new capacitors ('} + (5) and (5 + (')
connected with two dependent sources as shown in Fig. 10.

v, L v,

00 _]:l"‘

I
LL(".H'-. C5+Cy l’n
I Rs Ry
| 11.(7" r.:‘(‘

Fig. 10. Modified current-mode third-order Elliptic low-pass
RLC ladder filter.

From equations (17)-(23) and Fig. 10, a SFG can be
drawn as shown in Fig. 11(a). Voltages at different nodes
and currents in different branches are forming the nodes of

14

voltage and current in the SFG. The voltage nodes need to
be transformed into current nodes. The transconductance
gy 1s used to normalize the voltage nodes to current nodes.
The variables Ry=R; = 1/g,, are used to simplify the reali-
zation method. Furthermore, lossless integrators with its
negative feedback in left-hand and right-hand sides can be
replaced by lossy integrators. The finalized current-mode
SFG is shown in Fig. 11(b). It can be seen that the elliptic
low-pass ladder filter can be designed based on lossy, loss-
less integrators and current gains.

e o1 L -1 I | I

(b)

Fig. 11. (a) SFG of third-order elliptic low-pass ladder filter in
Fig. 10, (b) Completed current-mode SFG of
Fig. 11(a).

3. CMOS Realization of Ladder Low-
Pass Filters

Considering the SFG shown in Fig. 8(b), the third-or-
der all-pole low-pass ladder filter can be constructed by
using 2 lossy integrators and a lossless integrator. In cur-
rent-mode realizations, summing and subtracting can be
easily implemented by direct connection without additional
circuit elements. Using the block diagrams shown in
Figs. 3 and 6 and the SFG in Fig. 8(b), a third-order all-
pole ladder low-pass filter can be realized as shown in the
block diagram of Fig. 12.

LN

&
Gyt 2, L
s(

A T,

Fig. 12. Third-order Chebyshev low-pass ladder filter.

Iy
o

Using the block diagram in Fig. 12 and the circuits
shown in Figs. 2 and 5, the complete circuit diagram of the
synthesized third-order all-pole ladder low-pass filter is
shown in Fig. 13. In Fig. 13, the bias currents are realized
by using PMOS current mirrors Mz with identical aspect
ratios for providing the equal bias currents.
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In a similar way using the Elliptic filter SFG shown in
Fig. 11(b), the third-order Elliptic low-pass ladder filter can
be constructed by using lossy, lossless integrators and
additional current gains. Inspection of Fig. 11(b) shows that
the SFG of Elliptic filter has two feedback paths. The cur-
rent gains are needed to provide the feedback paths. Elliptic
third-order ladder low-pass filter can be implemented by
using the block diagrams of two lossy integrators and
a lossless integrator. Two multiple outputs (+, -, &) current
splitters are used to provide the current feedback between
I’y and I"5. Tt can be seen that the proposed circuit requires
only three capacitors while the prototype RLC filter uses
three capacitors and one inductor. The current-gain can be
easily realized by defining the aspect ratios of the particular
transistors and its bias current. Using the SFG in Fig. 11(b),
the design of third-order elliptic low-pass ladder filter can
be realized by using the block diagram of two lossy inte-
grators, one lossless integrator and two current splitters as
shown in Fig. 14.

Using the block diagram in Fig. 14 and the circuits
shown in Figs. 2 and 5, the complete circuit of the third-
order Elliptic low-pass ladder filter is shown in Fig. 15. It
can be seen that the proposed circuit requires only three
capacitors while the prototype RLC filter of Fig. 9 requires
three capacitors and one inductor. In Fig. 15 the bias
currents are implemented using PMOS current mirrors My,
with identical aspect ratios for providing the equal bias
currents. As shown in the block diagram in Fig. 14, two
extra current amplifiers with current gain k are required. In
Fig. 15 these current amplifiers are realized by using the
MOSFET transistors shown in the two dotted boxes. Note
that the capacitors used in the circuits are on-chip type [26]
as shown in Fig. 16. These capacitors can be simultane-
ously implemented with the whole circuit on the chip for
full integration. This would also enable high frequency
operation as it reduces the parasitic capacitances associated
with of-the-chip connections.

VDD

|
1

M3
[
|

M,,.‘.I My .[ l'ﬁ._l A{E’ a#ﬂ
| |l Il
1 =1 =1

M My | My Mys| Mg Myr
| | | | [ |
| 1 | |

To

Fig. 13, CMOS current-mode tunable 3™ order all-pole low-pass ladder filter.
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Za T &
s(C+Cy)+ g, &T s(C+C,)+g,
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ALANES e -—S L In
(C,+C,) (G+C,)
Fig. 14. Third-order Elliptic low-pass ladder filter.
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Fig. 15. CMOS current-mode tunable ladder elliptic low-pass filter.
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4, Effect of Non-idealities L -&8 (26)
7 7 . Iy 8pt+S(C+C,+0)
This section shows the influence of the NMOS tran- !
sistors parasitic elements. Lossy and lossless integrators are 1o B 27

the main building blocks of the proposed filters. Therefore,
due to the transistor parasitic elements, when the circuits
work at relatively high-frequencies their performances may
deviate from the theory. Non-ideal analysis of integrators
can be performed by using the small signal model of

NMOS in Fig. 16.
'm =( ‘:‘ WL L

fc—»

Fig. 16. NMOS capacitor used for the grounded capacitors.

-
d

5

d

Fig. 17, Small signal model of MOS transistor.

In the small signal model shown in Fig. 17, the input
parasitic capacitances (', and Cy,, the conductance g, and
the transconductance g, are incorporated. The effects of the
transistor parasitic components on the performance of the
proposed low-pass filters are described in the following
subsections.

4.1 Parasitic Capacitances

This section will consider the effect of the parasitic
capacitances Cyy and C,, which is important for determin-
ing the performance of a CMOS circuit, particularly at high
frequencies.

4.1.1 Lossy Integrators

Using the small signal model of MOS transistor of
Fig. 17, considering only the parasitic gate-drain capaci-
tance (', that affects the inverting and non-inverting lossy
integrator, and assuming that the transconductances of
MOS transistors are matched, then transfer functions of the
lossy integrator of Fig. 2 can be approximated by (24) and
(25), respectively

h = 474" . (24)
Iy gy +5(Copn +6)
Loy _ S - (25)

I 8, +5(3C,n 4 Cp+C)

Similarly, considering the parasitic gate-source
capacitance Cl, that affects inverting and non-inverting
lossy integrator, and assuming that the transconductances
of MOS transistors are matched, then the transfer functions
of the lossy integrators are given by (26) and (27),
respectively

Iy g, +5(Coy+Cpy+ Oy +C,0 +C)

Equations (23)-(26) show the effect of the parasitic
capacitances on the performance of the lossy integrator. In
saturation operation, the parasitic gate to drain capacitance
(g and gate to source capacitance Cy, will vary anywhere
within the ranges depending on the bias conditions in-
volved [22]. For the specific case where it is assumed that
the parasitic capacitances (g = Cyy, Co = Cye With Cgy =
WLpCor and Cye = W((2/3)(L)+Lp))C, it can be seen that
parasitic capacitances (; and (', produce a small devia-
tion in the frequency response of the low-pass filter. To
prevent significant errors, the capacitance ('; should be

& >>4{(‘_,_“+('w}» (28)

4.1.2 Lossless Integrators

In a similar way, the effect of the parasitic gate-drain
and gate-source capacitances (,; and (g, that affect the
inverting and non-inverting lossless integrator of Fig. 5 can
be considered. Assuming that the transconductances of
MOS transistors are matched, the transfer functions of the
lossless integrators affected by the parasitic capacitances
(g and Cy, can be expressed as

dod _ —8w ) (29)
I x(4(.'w,_1 +40, + O+ G )
Ton _ 2 , (30)
Ly s(4C 5 +4C,5+ Cpue +C)
Lo, _ ~8, . (3D
Iy S((‘p\l Tl hlit Cos T Cps + G )
Lo _ En )
I, .\-(('gn FTCSEPC., 5C  +8,)

Inspection of equations (29)-(32), shows the effect of
the parasitic capacitances ('y; and C,, on the performance
of the lossless integrator. In saturation region, the parasitic
gate to drain and source capacitances (', and C,, will vary
anywhere within the ranges depending on the bias condi-
tions involved. To prevent significant errors, the selected
capacitance (') should be

€ >>9C, +5C,, . (33)

From (33), it is clear that the errors can be minimized
by selecting relatively large values for the capacitance ().

4.2 Parasitic Resistance ry

The most commonly used small-signal model for
a MOS transistor operating in the active region is shown in
Fig. 17. The voltage-controlled current source g,,v,, is the
most important component of the model, with the transistor
current-voltage relationship given by
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iy =2 (v =1, (14 0y) (34)
where A represents the channel-length modulation effect
which is normally less than 1. It produces the slope of drain
current as a function of the voltage vy, The channel con-
ductance will be dependent upon L through A which is
mversely proportional to L (Ao 1/L). The small-signal
channel conductance g, 1s expressed as

L, g, = Oipg s Alpg & 4 (35)
T&ds T 4T T - R
T Vs 1+ ’h'm

Equation (35) shows the direct effect of the drain cur-
rent (bias current) and the channel-length modulation 4 on
s . This would affect the gain and the cut-off frequency of
the filter. It is a trade-off situation especially if short-chan-
nel (1. <35 pm) is used in order to minimize the die area of
the chip and its power consumption. However, the resulting
small reduction in gain of the filters may be tolerated and
can be easily compensated in the succeeding stages.

4.2.1 Lossy Integrators

Using the small signal model of MOS transistor with
parasitic conductance and assuming that the transconduct-
ances of the MOS transistors are matched, where it is as-
sumed that g, = g, and g,; = g4 the transfer functions of
the lossy integrators can be approximated by

~

01 _[ 2. 18, \ 2, (2 2o WOt B ) . (36)
g, +2g, Js+g.(g,+22,)/C(g, +8.)

~

n

Ios :[ L | 8.(2,+3,)/CHg, +28,) (37
Iy \3g.+g,)s+8,(8. +38.,)/C(g, +28,)

Inspection of equation (36) and (37) clearly shows
that magnitude and the cut-off frequency of the lossy inte-
grators will be slightly affected by gu. In order to avoid
significant errors in the transfer functions of the lossy inte-
grators the transistor transconductance g, must satisfy the
condition

&n >> 38, (38)

Inspection of equations (10) and (38) shows that sig-
nificant errors can be avoided if large transistor width W is
used.

4.2.2 Lossless Integrators

In a similar way, taking into consideration the effect
of the parasitic drain-source conductance g, the transfer
functions of the inverting and non-inverting lossless inte-
grators can be expressed as

Lo, *(g,,, )-

= - , (39)
Ine 8ulQua + 8us + Qua + 8uis ) +5C, (gm + 8y F .‘w’;m)

Ty _ (2,) (40)

T & (-QJ«I + 8zt Buy + 8o ) T5C (8 + L +IE:£«.1}

Equations (39) and (40) show how the parasitic drain
to source conductance g, affects the transfer functions of
the lossless integrator. Assuming that the transconduct-
ances of MOS transistors are matched equations (39) and
(40) reduce to

loy 80  _[Z8. | 48./C 41
]n‘ 4g.rc+-"(‘1 4.‘3'4\ "‘+4}3m-'.(‘|

~

OF & - gm} 4(‘-7.#::;.(-'1 : (42)
w48, 50 Ag, )s+4g,/C

~

From equations (41) and (42), it can be seen that both
types of lossless integrator are affected by the parasitic
conductance g; as a parasitic pole at low frequency
w;=4g,/ Cy will appear in each transfer function. How-
ever, these effects will be significant at very low-frequency
where the working frequency is much less than the fre-
quency of the parasitic pole. Thus, the resulting parasitic
poles will provide the lower frequency limitation of loss-
less integrators and the maximum gain at low frequency
W = &m M’gd\-

4.3 Transistor Mismatches

This section will consider the effect of transistor
mismatches on the performance of the proposed integrator
circuits.

4.3.1 Lossy Integrators

Consider the lossy integrator circuit of Fig. 2. Using
the small signal model of the MOS transistor of Fig. 17,
ignoring the effects of (', and gy and assuming that the
transconductances of the MOS transistors are g,,; and g,
for the transistors M, and M, respectively, reanalysis shows
that the transfer function of the lossy integrator of Fig. 2
can be expressed by (43)

Q:L:[LIV%: ] (43)
'rt\ ]!.\' gwl gnﬂ +"l('l

Inspection of equation (43) shows that, due to the
transistor mismatch, the low frequency gain of the lossy
integrator will deviate from unity as predicted by equations
(4) and (5). This effect is not significant and can be easily

compensated, if required, by an additional current amplifier
or attenuator.

4.3.2 Lossless Integrators

In a similar way the effect of transistors mismatch on
the performance of the lossless integrator of Fig. 5 can be
studied. Using the small signal model of the MOS transis-
tor of Fig. 17, ignoring the effects of (', and g, and as-
suming that the transconductances of the MOS transistors
are g, for the transistor M, and g, for the transistors M,
and M; respectively. reanalysis shows that the transfer
function of the lossless integrator of Fig. 5 can be ex-
pressed by (44)



RADIOENGINEERING, VOL. 24, NO. 4, DECEMBER 2015

ﬂ:*ﬂw _ — 8
Iy Bt~ Bua +5C,

(44)
I

N

Inspection of equation (44) shows that, due to the
transistor mismatch, the lossless integrator becomes a lossy
integrator with a very low frequency pole at

w,= gm];gmz .

(45)

This low-frequency pole will be at zero frequency
when g, = g, resulting in an ideal lossless integrator. But
it may be moved slightly in the right-half plane if g,,; > g,»
or slightly in the left-half plane if g, < g,,». Thus, in order
to avoid any unexpected performance care must be taken to
ensure that g, = g,,». This can be easily achieved by trim-
ming the bias currents of the transistors.

5. Simulation Results

This section describes the simulation results of the
proposed electronically tunable current-mode ladder third-
order low-pass filters. PSPICE simulation results are car-
ried out by using TSMC 0.18 pm CMOS technology,
+1.5V power supply. The extracted small signal parame-
ters of NMOS and PMOS are 4,=01V' (-
100 pAV?, V=037V and  4,=0.1V", 14,0, -
2 pA/VZ, Vi, = 0.38 V respectively. The minimization of
the aspect ratio W/L is required for obtaining the desired
transconductance with minimum error and die area. Thus,
the aspect ratios of the transistors used in Figs. 13 and 15
were selected as W/L=70 um/0.36 pm. The bias currents
I are provided by using positive current mirrors (PMOS)
with identical aspect ratio W/L =100 um/0.36 um. The
special NMOS transistors (Mg and M,y) of Fig. 15 use
WIL=48 um/036 um for obtaining the current gain
k = 0.07. The special PMOS transistors (Mpy and Mpzss) of
Fig. 15 use of W/L = 6.8 um/ 0.36 pm to achieve the bias
current 0.0775.

The simulated DC transfer characteristic of the pro-
posed lossy integrator is shown in Fig. 18. Inspection of
Fig. 18 clearly shows that large values of channel length L
result in smaller error and DC-offset than the small values
of L. However, it is a trade-off between the error and die
area minimizations. Using more accurate current mirror
structures; for example cascode current mirrors and large
values of I would result in smaller errors but a large die
area, complex structures and more power consumption will
be the price for this reduced error.

In order to verify the operation of the transistors in the
saturation region, the values of Vg5 and Vg were monitored
over the bias current range [0.03, 0.3, 3, 30, 300] pA for
the transistors M, and M, of the lossy integrator of Fig. 2
and transistors M,-Ms of the lossless integrator of Fig. 5. In
all cases it was found that Vps=> Vs Frav and Vee> Vi
Thus, the operation of the transistors in the saturation
region is confirmed for the bias current range of interest.

400u.

WIL=T0oum7 ,,Lf;mn

s — 1= 100uA
seeesss [5=200uA

— = I=300uA

400u

I
WIL=700um/3.6um

/-f _________

~A00uA
3 -150uA (i 150ur. 300uA
T

Fig. 18. DC-characteristic of the proposed lossy integrator
using different values of W/L.

Transconductance (gn)

Fig. 19. Transconductance of a MOS transistor against its bias
current.

Variations of the transconductance of the MOS transistor
were also measured as a function of the bias current of the
transistor aspect ratio W/L=70 pm/0.36 um. The result
shown in Fig. 19 confirms the dependence of the transcon-
ductance on the bias current.

The frequency response of CMOS lossy integrator of
Fig. 2 and CMOS lossless integrator of Fig. 5 are depicted
in Fig. 20 and 21, respectively. As explained in Sec. 4.1,
the capacitor ;=10 pF is selected for minimizing the
effect of parasitic capacitances and the bias current /; was
varied in the range [0.03, 0.3, 3, 30, 300] uA. Figures 20
and 21 clearly show that the frequency response can be
tuned, using the bias current, over a wide range of frequen-
cies (10kHz to 100 MHz). From Fig. 21, the low-fre-
quency current gain of the lossless integrator is around
25dB. This agrees well with the theory presented in
Sec. 4.2.2. Inspection of Fig. 21 clearly shows that there is
a parasitic zero in the gain-frequency characteristic. This
parasitic zero can be attributed to the parasitic output re-
sistances of the MOSFETs which is inversely proportional
to the transistor length L. Thus, for L =0.36 um and bias
current /=300 pA the output resistance of the transistor
will be approximately 33 k€. This is a relatively low value
and would result, in conjunction with the transistor para-
sitic capacitance, in a parasitic zero in the transfer charac-
teristic. However, as shown in Fig. 21, this parasitic zero
manifests itself at relatively high frequencies outside the
frequency ranges of interest.
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Fig. 20. Magnitude and phase responses of CMOS lossy
integrator of Fig. 2 by varying bias current /5.
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Fig. 21. Magnitude and phase responses of CMOS lossless
integrator in Fig. 5 by varying bias current .
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Fig. 22. Comparison of proposed all-pole LPF with RLC
prototype (/5= 2.7 pA).

The specifications of the prototype third-order filter
with Chebyshev response are as follows: Cut-off frequency
=2 MHz, A4,,,,=—6 dB and passband ripple = 0.1 dB [27].
The RLC prototype of Fig. 7 was simulated using the fol-
lowing components, ('} = (5= 128 nF, L, = 88 nH, Ry = R,

1 Q and the proposed all-pole filter of Fig. 13 was simu-
lated using the following components, the capacitors ('} =
Cy=12pF (WAL= 40pm/40 pum), (>=8pF (W/. =
32 pm/32 pm) and bias current /3= 2.7 pA. The simula-

A VEE A RIS/

B \ A\ i
\
\

W

LOMIz 10MEL 100MIL: LOGHz
Frequency

LOKTL 10K Hz 100K Hz

Fig. 23. Magnitude response of proposed third-order all-pole
LPF as a function of the bias current /5.

Z,(12)

w. AN
1.0MHz 10MHz
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oL i) |
1.0KHz 10KHz 100KHz 100MHz 1.0GHz

Fig. 24. Input impedance of the proposed all-pole low-pass
filter at bias current /3 = 300 pA.
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Fig. 25, Group delay of the proposed all-pole low-pass filter at
bias current [ = 300 uA.

tion results obtained from the RLC prototype filter of Fig. 7
and the proposed all-pole filter in Fig. 13 is shown in
Fig. 22. It can be seen that the frequency response of the
proposed filter and the RLC prototype are very close but
the slope of the stop band has slight deviations. The elec-
tronically-tuned feature of the proposed third-order all-pole
low-pass filter can be provided by adjusting the bias cur-
rent [ [0.03, 0.3, 3, 30, 300] pA. The frequency response
of the filter can be tuned over a wide range of frequencies
(10 kHz and 100 MHz) as shown in Fig. 23. It can be seen
that the results are in agreement with the theoretical pre-
dictions.

Figure 24 shows that the variation of the input imped-
ance at a bias current /5 = 300 uA. Inspection of Fig. 24
shows that the input impedance is around 100 Q along the
pass-band frequency of around 100 MHz and becomes
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almost zero within the stop-band. Thus, the input imped-
ance is relatively low over a wide range of the pass band.
Figure 25 shows the group delay of the proposed all-pole
low-pass filter. It can be seen that the group delay is flat
along the pass-band with a value around 4 ns.

The specifications of the prototype third-order Elliptic
filter are as follows: the cut-off frequency = 2MHz, 4,,,, =
—6dB, A,,,,=-35dB, and passband ripple =0.1 dB [27].
The Elliptic prototype low-pass filter of Fig. 9 was
simulated using the following components: ;=(,=
120nF, (5=114nF, /,=1028 nH and Rgy=R; =1 Q. The
proposed Elliptic filter of Fig. 15 was simulated using the
following components: ;= Cp=(C)+ (3) = ((5+ ()
=85pF (W/A=50um/50um) and (>=75pF (W/L
=45um/45um) and bias current /=S5 uA. The
simulation results obtained from the proposed Elliptic LPF
and the RLC prototype are depicted in Fig. 26. It can be
seen that the magnitude response of the proposed Elliptic
filter is quite similar to that of the prototype Elliptic filter
but the stop-band magnitude is slightly different.

The electronically-tuned feature of the proposed third-
order Elliptic low-pass filter can be provided by adjusting
the bias current /5 [0.03, 0.3, 3, 30, 300] pA. The frequency
response of the filter can be tuned over a wide frequency
range as shown in Fig. 27. It can be seen that the results are
in good agreement with the theoretical predictions.

Figure 28 shows the variation of the input impedance
of the Elliptic low-pass filter. The input impedance with
bias current [; =300 pA is obtained around 100 Q along

Gain(dB)

40
[ e TonHe
Trequency

e

Fig. 26. Comparison of the proposed Elliptic LPF with the
RLC prototype.
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1 .0KHz 10KHz 100MHz 1.0GHz

Fig. 27. Magnitude response of the proposed third-order
Elliptic LPF as a function of the bias current /5.
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Fig. 28. Input impedance of the proposed Elliptic low-pass
filter at bias current /5 = 300 pA.
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Fig. 29. Group delay of the proposed Elliptic low-pass filter at
bias current /; =300 pA.

the pass-band frequency of around 100 MHz and becomes
almost zero in the stop-band. Thus, the input impedance is
relatively low over a wide range of the pass band. Fig. 29
shows the group delay of the proposed Elliptic low-pass
filter at bias current /z = 300 pA. It can be seen that the
group delay is flat along the pass-band with a value around
4 ns.

The performance of the proposed third-order all-pole
and Elliptic low-pass filters can also be verified by apply-
ing multi tones (10, 40, 70, 100, 130, 160, 190 and
220 MHz) to the filters at the bias current equal to 300 pA.
From Figs. 30 and 31, it appears that the out-of-band tones
(> 100 MHz) have been removed and only the in-band
tones (< 100 MHz) can be obtained at the output. Further-
more, it can be seen that, with the same order of the filter,
the characteristic of the Elliptic filter is better than that of
the all-pole counterpart especially in removing signals in
the stop-band.

The total harmonic distortion (THD) of the proposed
third-order all-pole and Elliptic low-pass filters was meas-
ured and the results are shown in Fig. 32 and 33, respec-
tively. The results were obtained by applying two sinusoids
with variable amplitudes at two frequencies (1 MHz and
10 MHz) with bias current /z=300pA. The THD at
10 MHz of the proposed filters are found to be below 0.7%
and 0.6%, respectively.

The performance of the proposed filters can be veri-
fied by applying the in-band signal into the filters. Both of
the filters are setting the frequency cut-off at 100 MHz
based on 300 pA of the bias current. Sinusoidal signals of
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Fig. 30. Multi tones measurement of the proposed third-order
all-pole low-pass filter at bias current 7 = 300 pA.
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Fig. 31. Multi tones measurement of the proposed third-order
Elliptic low-pass filter at bias current /; = 300 pA.
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Fig. 32. THD of the proposed third-order all-pole low-pass

filter at bias current /= 300 pA.
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Fig. 33. THD of the proposed third-order Elliptic low-pass

filter at bias current fz = 300 pA.
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Fig. 34, Input and output of 10 MHz waveforms of Chebyshev
LPF at bias current 7 = 300 pA.
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Fig. 35. Input and output of 10 MHz waveforms of the Elliptic
LPF at bias current / = 300 pA.

10 MHz with 30 pA,., are applied to the both filters. It can
be seen that the sinusoidal signal can be obtained at the
outputs of the proposed Chebyshev and Elliptic filters as
shown in Fig. 34 and 35, respectively. It is evidently found
that in-band signal can be passed the proposed filters with
low distortion.

Transistor mismatches are the major sources of errors
in the proposed MOSFET based filters. To investigate the
effect of transistor mismatches on the performance of the
proposed filters Monte Carlo analysis was performed.
A hundred of samples are run for verifying the frequency
response. The 2% uniform deviation of NMOS transistors
surface mobility g with bias current /=300 pA is as-
sumed. The results are shown in Figs. 36 and 37. Inspec-
tion of Fig. 36 shows that the cutoff frequency of the filter
deviates from its nominal value by about +2 MHz which
corresponds to +2%.

Inspection of Fig. 37 shows that the cut-off frequency
of the Elliptic filter deviates from its nominal value by
about +2 MHz which corresponds to £2% error. In order to
investigate the feasibility of integrated circuit fabrication
and to estimate the area on the chip of the proposed cir-
cuits, the physical layout of the proposed low-pass Cheby-
shev and Elliptic filters were obtained and are shown in
Figs. 38 and 39 respectively. The resulting dimensions of
these layouts are approximately 200 um x 240 um and
210 um x 360 pm, for Chebyshev and Elliptic filters,
respectively.
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Fig. 36. Monte Carlo analysis of the cut-off frequency of the
all-pole low-pass filter based on 2% surface mobility
deviations the of NMOS transistors (M,-Ms) with I =
300 pA.
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Fig. 37. Monte Carlo analysis of the cut-off frequency of the
Elliptic low-pass filter based on 2% surface mobility
deviations of the NMOS transistors (My-M-s) with [y =

300 pA.
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Fig. 38. The physical layout of the low-pass Chebyshev filter.

Table 1 shows a comparison of the performance of the
proposed all-pole and Elliptic third-order ladder low-pass
filters with previously published filters. Most of the previ-
ous works cannot be operated at relatively very high fre-
quencies and have no electronic tunability feature because
of the limitation of the used active devices. Most of the
pervious works use excessive number of transistors and
relatively large power supply voltages. It can be seen that
the proposed filters use a low number of components
without any externally connected resistors compared with
previously published works. Table 1 shows that electronic

Major tick=100 Minor tick=5 (UM)

358.62
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9°E1ZT

o o
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= =

-0.66 358.62
Fig. 39. The physical layout of the Elliptic low-pass filter.
: . ¢ Power
Filters ::]"“‘l: F';g:':“* Pumberof rh;:"l;]: g'""f.‘.'!" Dissipation | THD
PRl Al RAES M (rp=100p4)

7] 15V | ~l0MHz 146 No Yes C2mW | <1%
8] 2V <100 MHz 154 No Yes NA NA
160 S5V <10 MHz 104 No No 14 mW <1%
10] BV =100 MHz 72 o N0 NA NA
1] 3V <10 MHz 123 0 o NA NA
12] £l V <10 MHz 123 o o NA NA
13 SV <10 Milz 85 Yes. No NA NA
14 2.5V <10 MHz 90 Yes N0 A NA
15 =18V | <I0MHz 171 Na 1 A NA
16 125V <10 MHz 84 Yes o A NA
Proposed] | 115V | <100MHz |31 No Yes 3 mw <1%
Proposed2 | +1.5V | <100 MHz 33 No Yes 5 mW <1%

Tab. 1. Comparison of previous works with the proposed
filters.

tunability, low power dissipation (at same bias current) and
operation at relatively very high frequencies are the most
outstanding features of the proposed filters.

6. Conclusion

CMOS third-order current-mode all-pole and Elliptic
low-pass filters based on RLC ladder prototype have been
proposed. The filters are built around lossy and lossless
integrators, current splitters and grounded capacitors. They
enjoy wide tuning range of the frequency responses in the
range 10 kHz and 100 MHz by using bias current from
0.03 A to 300 pA. The circuits use only single +1.5 V DC
power supply with dynamic power consumption around
8.9 mW and 16.9 mW (300 pA bias current) and occupied
200 pum x 240 um and 210 pm x 360 pm, for Chebyshev
and Elliptic filters, respectively. The proposed circuits
enjoy low complexity structures, with low number of
components, low-voltage, low THD, relatively low input
impedance and high-frequency operation. All the proposed
filters are suitable for integration and can be used for high
frequencies up to the VHF range.
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CMOS-Based Current-Mode Tunable Ladder
Elliptic Low-Pass Filter

Pipat Prommee, Terdsak Kunto, Montri Somdunyakanok, and Tanakrit Prommee

Abstract—This paper presents a tunable CMOS-based third-
order low-pass filter that can be operated in high frequency. The
proposed low pass filter is designed based on Elliptic Ladder
low-pass filter prototype. The proposed filter structure is
constructed by using two lossy integrators and a lossless
integrator. The proposed filter comprises only I8 transistors.
The frequency responses of low-pass filter can be electronically
tuned between 10kHz and 100MHz through bias current from
0.01 pA to 100 pA. The circuit used 1.5 V power supply with
3mW power consumption at 100 pA bias current. Using of the
grounded capacitors which is suitable for further integration.
THD of low-pass filter can be obtained less than 1% along the
operating frequencies. PSPICE simulation results are carried
out to confirm the theory by using TSMC 0.18um technology.

Keywords—Ladder,
CMOS.

High frequency, Elliptic, low-pass,

I. INTRODUCTION

RESENTLY, integrated circuit for communication are

rapidly developed for not only reducing die areas, but

also increasing their performances. CMOS technology is
used in designing and developing many types of analog
signal processing circuit including analog filters. Low-pass
filters were developed in low-order, such as, first-order [1]
and second-order [2]. It is well known that the performance
of higher-order low-pass filters is better than lower order
filters. Higher order low-pass filters were synthesized based
on RLC prototype [3-5], but they could be operated in only
voltage-mode. It is clear that current-mode has more benefits
than voltage-mode, such as, has higher frequency response,
smaller die area and use lower power supply. Current mode
high order low-pass filters were presented [6-7].

Elliptic high-order ladder low-pass filter were presents
based on Op-amps and MOS transistors [8-11] with complex
structures, OTAs [12] based was presented, but there are
many grounded capacitors. Multiple outputs current conveyer
(MOCC) [13] with resistors was presented, but it suffered
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from a large number of passive devices.

Due to the drawbacks of the previous circuits, tunable
Elliptic third-order current-mode ladder Low-pass Filter
Based on CMOS Technology is proposed in this paper. This
filter is realized by | lossy integrator, 2 lossless integrators, 1
differentiator circuits and 4 grounded capacitors. The
proposed circuit is operated in transistor-level for achieving
the benefits, such as, low component counts, low-voltage,
low-power, and wide-range electronic tuning features. The
circuit consists of 25 MOS transistors and 4 grounded
capacitors which is suitable for integrations. The simulation
results are agreed well with the theory.

1. A. CMOS-BASED INTEGRATORS

Figure | shows lossy integrator block diagram that has the
same outputs which are ¥; and Y>. The transfer function can be
expressed as

v

=

¥

iy (1

Fig. 1  Lossy integrator block diagram

Lossless integrator can be easily realized by adding
inverting gain to the output ¥, then feeding back to the input
as shown in Fig.2. From this concept, the non-inverting and
inverting lossless integrator transfer functions are obtained at
ports Z; and 7, respectively, as

(2)

(3)

Fig. 2 Lossless integrator block diagram
Vop
(OZSEE ORI
Iny o
M.rtl - M) a M,
=
Fig.3 CMOS-based lossy integrator



Figure 3 shows the realization of CMOS-based lossy
integrator by using the building block in Fig.1. Small signal
model of Fig.3 and its block diagram can be written as Fig.4.
Assume that all transconductances are identical, then uses
KCL analysis in Fig.4; hence the current transfer function can
be expressed as

{o _ 8,,8,4/8. 4)

o

o sC+ 8,

I £. I,
:D sC +g, T

Fig. 4 Small signal model of Fig.3 and its block diagram

Figure 5 shows the realization of lossless integrator from
the synthesis in Fig.2 by cascading lossy integrator (M;, M,
and M;) with inverting gain (M, and Ms), then feeding back
the output current to the input. There are two current outputs
Iop (port Z3) and 1g; (port 7)) at M, and Mg, respectively. By
using KCL analysis, the current transfer functions of small
signal model in Fig.6 can be written as

Lo _ "8 28ne (5)
Iy 5C80 = 8ius + 8018
Ly _ Ermare (6)

e 5C 8,4 = Bns&ms T Bun&ms

1o
Fig. 5 CMOS-based lossless integrator
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I I 5 AT
>

Fig. 6 Small signal model of Fig.5 and its block diagram

Where, g, is transconductance of transistor /. Assume that
transistor MI e M(: are (ﬁ‘rr!)l T &2 T 83T Bwd T Bms T Bt T }m)u
the current transfer functions of Fig.6 can be expressed as

Lo __8. (7)
7 ey 50

Lo _ 80 (8)
[[\ 'V("\

where g, = Jm which g, €, W and L are
surface mobility, channel oxide capacitance, channel width
and channel length of MOS transistor, respectively. It can be
seen that transconductance can be tuned by adjusting bias
current /.

1. ELLIPTIC THIRD-ORDER LADDER LOW-PASS FILTER
SYNTHESIS

Third-order low-pass filter is realized from the proposed
CMOS-based lossless, lossy integrator and lossless
differentiator by simulating from using LC ladder filter Elliptic
prototype. Using doubly terminated LC ladder concept in
realization, the filter prototype is shown in Fig.11 and its
current transfer function is depicted in (9).

Ly
Vi _j’b Vs
[ et b
o
I () Rs T , = R;
- <

Fig. 7 Elliptic third-order ladder low-pass filter prototype

. (9)
Ly _ s (RyL,C )+ Ry
Iy 8 (RR,LOCC+RRLCC +RRLCC,)
457 (R, LC,+ R LC, + RLC+ RLLC)

+3(ReR,C + RoR, Gy + Ly ) +(R, + Ry

Considering current and voltage of the third-order ladder
low-pass filter in Fig.11, their relationship by using KCL can
be written as

L=l =V /Re=1,—1,, (10)
I=(h=V,)sC,s (11)
;,in_n‘ (12)
sC,
L L -L-VJR, ., C (13)
V= = -
L s(G+G) O+
ASY AR L P (14)
b < (15)
e
_iﬁ_y (" “6}

(o) GG

Considering (10)-(16), the modified RLC prototype can
be rewritten in Fig.8. The capacitor C; is moved to the new
two capacitors (('\+(5) and «(5+(;) connecting with two
dependent sources.

1

v, b, i

0 -
nml_l_ L _Ll"f"s l,-o
] C+Cy CiHCs J
ORI =5,

AR

oo

Fig. 8 Modified Elliptic third-order ladder low-pass filter prototype
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2.9  Signal flow graph of Elliptic Third-order ladder low-pass filter

signal flow graph (SFG) can be written from Fig.8 in the
1 of current and voltage variables as shown in Fig.9. The
ent-mode cannot be directly applied by using the Fig.8.
y voltage variables need to be converted to current
ables. Transforming the voltage variables to the current
ables, the transconductance (g,,) are applied in particular
iches. The variables g =g =1/ are supposed for the

oly realization method. Lossless integrators with its
itive feedback in left-hand and right-hand sides are
aced by lossy integrators. The finalized current-mode SFG
own Fig.10.

Considering in Fig.10, currents ;: and j: are obtained by
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11 Proposed current-mode Tunable Ladder Elliptic Low-pass Filter

feeding through current gain () which is a ratio of capacitors
across of each others. The current-mode approach is well-
known that the easily sum and subtract implementation by
connecting their currents together. Elliptic third-order ladder
low-pass filter can be implemented by using block diagrams of
2 lossy integrators and a lossless integrator. Two multiple
outputs (+, -, k) current splitters are used to provide their
currents across f; and 7. It can be seen that the proposed

circuit uses only 3 capacitors while the prototype RLC filter
uses 4 capacitors. The current-gain can be easily realized by
defining the aspect ratio of a particular transistor and its bias
current. Using the SFG in Fig.10, the design of third-order
Elliptic filter can be realized based on block diagram of lossy,
lossless integrators and current splitter as shown in Fig.11.

IV. SIMULATION RESULTS

In this paper, the results using PSpice have been carried
out to confirm the performances of proposed third-order
Elliptic LPF circuit. The prototype filter in Fig.7 uses the
following components, €',= 8.2puF, (5= 2.2uF, (5= 8.2uF and
L,=8.2uH with Rs=R,;=1Q, respectively. The proposed third-
order Elliptic LPF circuit is implemented as shown in Fig.12.
The TSMC 0.18um CMOS technology [17] is used for
proposed Elliptic LPF based on 1.5 volts power supply. All
NMOS ftransistor aspect ratios are W/L = 70um/0.36um
except the special transistors (Mi, Mjs) used W/L
9um/0.25um and different gain & (actually is 0.1). The bias
currents of 0.11; cooperated with special transistors are
defined. Proposed Elliptic filter is realized by connecting the
circuits in Fig.3, Fig.5 and current splitter with capacitors
Ca=Cy=(C+C3)= (C5+Cy) = 0.7 pF and ¢, = 2 4pF based on
0.01pA of bias current. The comparing result of the proposed
Elliptic LPF and the RLC prototype is depicted in Fig.13. It
can be seen that pole and zero are quite similar to the
prototype filter but the stop-band magnitude has around 10dB
different. Magnitude response of lossy and lossless
integrators with capacitor C=1pF are resulting in Fig. 13 and
14. It can be seen that the angular frequency can be tuned
through different bias current in accordance with the theory.
The comparison between a proposed third-order Elliptic low-
pass filter based on /;=0.01 pA and the RLC protype in Fig.7
1s exhibited in Fig.15. Small errors of around 5dB is observed
at stopband.

<> b G W& )
Mljfl‘;:' 2 F_J!'_L‘ My M"r_—lﬁ |_: : ai P EJ:’:‘:'; al{‘m

LA® @ @ G 0]
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-

Fig. 12 CMOS-based current-mode Tunable Ladder Elliptic Low-pass Filter
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The proposed third-order Elliptic low-pass filter can be
electronically-tuned by adjusting the bias current /5 [0.01, 0.1,
1, 10, 100] pA for obtaining the transconductance [0.174, 1.65,
15.19, 128.68, 844.15] uS. For frequency response of filter can
be tuned between 10kHz and 100MHz as shown in Fig.16. It
can be seen that the results are in agreement with the
theoretical expectation. The input resistance of proposed filter
is shown in Fig.17 around 400Q along the 100MHz of
operation frequency.

0

E=001pA \li=0p Ii=1 A

LOMEz 10MHz 100MIT7 LOGHz 10GHz
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g. 13 Magnitude response of lossy integrator based on C=1pF
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Fig. 14 Magnitude response of lossless integrator based on C=1pF
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g. 15 Comparison of proposed Elliptic LPF with RLC prototype
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Fig. 16 Magnitude response of proposed Elliptic LPF with varying /x
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Fig. 17 Input resistance of proposed third-order Elliptic low-pass filter at
bias current [=100puA

The proposed Elliptic LPF has been verified by applying
two tones 10MHz and 200MHz at input and setting the bias
current [;=10pA. From Fig. 18, it is cleared that the second
tone (200MHz) is removed and only first tone can be
obtained at the output.

10uA

1.0uA

100nA

10MHz 100MHz

Frequency

Fig. 18 Two-tone 10MHz and 200MHz test proposed third-order Elliptic
low-pass filter at bias current fz=10pA

Fig.19 illustrated the total harmonic distortion (THD) of
proposed third-order Elliptic low-pass filter can be measured
by applying different amplitude sinusoidal signals of 1MHz
and 10MHz with bias current /=10 pA. The THD can be
found that below 0.4% and 1%, respectively.
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Fig. 19 THD of proposed third-order Elliptic low-pass filter at bias current
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Fig. 20 Magnitude response of proposed filter at bias current /z=10pA using
Monte Carlo 100 samples based on 1% deviation of surface mobility

A performance of proposed filter due to process deviation
is presented. Fig.20 presents Monte Carlo 100 samples based
on 1% deviation of surface mobility (x). Very low-deviation
of frequency cut-off can be seen that the tolerance of circuit
is quite good.

I. CONCLUSION

The CMOS-based third-order Elliptic low-pass filter based
on RLC ladder prototype is proposed. It consists of lossy,
lossless integrators and current splitter. Wide-range tuning of
frequency response between 10kHz and 100MHz can be
tuned electronically by using bias current from 0.01 pA to
100 pA. The circuit uses only single 1.5V power supply with
low dynamic power consumption. It contains only 26
transistors, 3 grounded capacitors and 19 current sources.
Low-complexity structure, low-component count, low-

voltage, low THD, low input impedance and high-frequency
operation are the benefit of this filter. It is suitable for further
applied in low-voltage and high-frequency integrated circuit
applications,
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Abstract— This article presents a realization of electronically
tunable current-mode Elliptic ladder low-pass filter using
CCCllIs. The passive RLC ladder filters prototype and signal
flow graph method (SFG) are employed for synthesis. The
CCCll-based lossy, lossless integrators and current attenuator
are required for the circuit realization. The proposed filter
circuit can be electronically tuned between 1 kHz and 1 MHz
through bias current from 0.05pA to 50pA. The proposed filter
use £1.5V power supply with 6 mW power consumption at 50 pA
bias current. The proposed filter uses grounded capacitors
without external resistors which is suitable for further
integration. The total harmonic distortion (THD) of the low-pass
filters is less than 0.5% over the operating frequency range.
PSPICE simulation results are carried out, obtained by using
BJT model parameter of HFA 3046, confirm the presented
theory.

Keywords—Iadder filters; Elliptic; current controlled conveyor;
current mode

I. INTRODUCTION

In telecommunications area, continuous-time filter [1] is an
essential building block for selecting the desired frequency
from the multi-frequency spectral. Passive network can be used
to implement the continuous-time filter [2]. Unfortunately, they
lack of the following features such as electronic tuning and
difficult for integrable. Active filters based on OPAMP using
biquad function were introduced [3-5]. Although it can be
further integrable but they cannot be tuned electronically. In
voltage-mode (VM) is well-known that suffered the
disadvantage such as high voltage required, low-bandwidth.
large die area compared to the current-mode (CM) [6].
Inverting CM circuit can be also achieved by copy of the
output current into the different direction. Moreover, the
summation and subtraction can be easily realized by directly
connection with relatively simple circuitry. Current-mode
filters are becoming more popular with many advantages
compared to the voltage-mode counterparts. Current conveyor
is an interesting current mode active building block which can
be implemented in many applications. The current-mode filters
using second generation current conveyors (CCII) have been
introduced with their linearity, dynamic range and bandwidth,
performances are better than OPAMP based counterparts [7-9].
The current conveyors can be designed in the several concepts
in terms of accuracy, bandwidth, convenience and simpler
circuits. However, they need external resistors and also require
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floating passive elements which are not suitable for further
integration.

Recently, second generation current-controlled current
conveyors (CCCII) [10-11], has been extended to the domain
of electronically adjustable functions. Electronic adjustability is
provided to control the intrinsic resistance (R,) at port X
through bias current. The designs of universal filter using
CCCII [12-22] are introduced based on different structures.
They provides multifunction filter by using two-integrator loop
concept. The following trade-off features such as requires
floating passive elements [13] or pole-Q and pole-frequency
are not independent [14-17]. [19-21] or excessive of active
elements [18]. Unfortunately, these filter can provided only the
biquad Butterworth second-order function. The applications of
filter are limited in order to accuracy and performance of filter.
However, n-order Butterworth filter [22] was introduced using
multiple-loop concept but the resulting is complexity.

Passive ladder high-order filters were found in many
applications because they have high-performance and low
sensitivity [23]. High-order low-pass active filter based on
CCCIl was introduced by using doubly terminated passive
RLC ladder prototypes [24]. The major drawback is the use of
floating capacitor which is not preferred for integrated circuit
due to the very serious problem of bottom plate and the
substrate [25]. Therefore, it is the major intention of this paper
to present realization of electronically tunable current-mode
Elliptic low-pass filter using CCCllIs. The proposed filters are
realized on the transistor-level using lossy integrators, lossless
integrators, current attenuator and grounded capacitors. The
proposed circuits enjoy the following attractive features: low
component  counts, low-voltage  supply, low-power
consumption, no use of resistors and wide-range electronic
tuning of the filter characteristics.

II. THEORY AND PRINCIPLE

A. Basic Concept of CCCI

Since the proposed circuit is based on multiple outputs
CCCII [10-12], the properties are introduced in this section.
Typically, the CCCII is a versatile analog building block quite
similar to CCII which also including 3-terminals, x. y and z.
Multiple of z terminals can be arbitrary implemented using
current mirror concept. The matrix-relationship between
voltage and current variables among x, y and z terminals can be
described in Eq. (1).
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i 0 0 Ofv,
v.|=|1 R O i (1)
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Where
1 (2)
2y g,

where the positive and negative signs of the current i.
epresent the positive and negative current output of z-
erminals. The intrinsic resistance R, of CCCII can be
sontrolled through bias current /; and defined as 1/g,,. The x-
:erminal resistance can be calculated by Eq. (2) where Vy is the
hermal voltage (26mV at room temperature). Fig.1 (a) and (b)
:xhibits the electrical symbol and circuit, respectively.
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3. Implementation of the Filter

The proposed filter consists of two main building blocks,
ntegrator (lossy and lossless) and current attenuator. They can
se described in following subsections:

1) Current-mode lossy and lossless integrators
The current-mode lossy integrator can be easily
mplemented on the circuit structure of bipolar transistors as
shown in Fig. 1. Negative output of CCCII is loop-back to the
nput then the dual output lossy integrator as shown in Fig. 2.
“rom circuit in Fig. 2, the current transfer function can be
:xpressed as
+"U| —_
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“ig. 2. Lossy integrator using CCCII
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If R=1/g,, the current-mode lossy integrator transfer
function can be rewritten as

+/ 1

o _Zloo 4 Bwlt

1, 1, s+g./C

On the other hand, the lossless integrator as shown in Fig.

3, can be easily implemented without loop-back as shown in

Fig.3, the current transfer function can be expressed as
+1 1 1

o _ "foz
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Ly 1y
¥
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Fig. 3. Lossless integrator using CCCII

If R=1/g,. the current mode lossless integrator transfer
function can be rewritten as

+]l)l X

1

2) Current-attenuator

The proposed filter requires such current attenuator. Many
methods can be realized but the frequency response needs to be
concerned. The current divider is a concept for obtaining the
current attenuator. The parallel network in Fig. 4 is discussed
for the current divider concept. Because the resistors Ry, are in
parallel, they have the current Iy; the current attenuator (k) is a
ratio of total resistance (Rp) and desired resistance (Ry;) which
can be described in Eq. (7).
R,

R

Loy _Ln

- (6)
N iy, sC,

Iy,= w =kl (7)

AT

Fig. 4. Current divider rule for n branches
| L = |_
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Fig. 5. Current attenuator using CCCII

The current attenuator can be realized by using CCCII as
shown in Fig.5. Note that the current attenuator can be
realized by using at least 2 CCCII but the attenuator parameter
(k) 1s achieved by too low bias current of last CCCIIL. The low
frequency response of current attenuator becomes depends on

‘hu

CCchy -2
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the small bias current. In this case, three CCCII are required
for electronically tunable current attenuator can be written as

' :[ S J (8)
Eat 8t
III. SYNTHESIS OF ELLIPTIC THIRD-ORDER LADDER LOW-PASS
FILTER

The passive doubly terminated RLC ladder Elliptic low-
pass filter prototype in Fig.6 is used to realize an active filter
by simulating method based on lossy and lossless integrators
and current attenuators. The current transfer function of Fig.6
can be written as (9).

I

. ¥

I <Ry IIHI: c![__J >(_l [J%G 211::

L
Fig. 6. doubly terminated RLC ladder Elliptic low-pass filter prototype

L & (R,R.C)+ R, )
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/

Using KCL, the current and voltage relationship of the
third-order ladder low-pass filter in Fig.6 can be described as
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Fig. 7. Madified Elliptic third-order ladder low-pass filter prototype

Regarding (10)-(16), the original RLC prototype can be
modified and rewritten in Fig.7. The capacitor Cj is split to add
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at the new two capacitors (C,+C3) and (C3+Cy) which are series
by the two dependent sources.

=

& (o)
\CG+C, ) LCHG

Fig. 8. Signal flow graph of RLC prototype in Fig.7

Fig. 8 shows the signal flow graph (SFG) that incorporated
by current and voltage variable terms. The current-mode circuit
cannot be directly realized by using the Fig.8. All voltage
variables have to transform into the current variables. The
transconductance (g,,) are applied into particular branches for
converting the voltage variables to the current variables. The
terminated resistors Ry = R; are supposed to be /g, for the
simplified realization. Considering, lossless integrators with its
negative feedback in lefi-hand and right-hand sides are
replaced by lossy integrators. The completed SFG in current-
mode can be rewritten in Fig. 9.

I 1 Iy -1 I8 1 Iy
- 4 2. h W,
s(C+C)+ g, 5C, s(C,+C, )+ g,
5 11 -1, 1 1. 1 I
4 A . Y
A.;[7(= ho=| o J
G +G, ) la+g,

Fig. 9. Simplified signal flow graph of Fig. 8

Fig. 10. Proposed CCClI-based Elliptic Low-pass Filter

Considering in Fig. 9, currents /| and 7, can be obtained
summing of current lossy integrator and across current
attenuator (k) and which resulting by the ratio of capacitors.
Generally, current-mode circuit enables to sum and subtract by
connecting their current branches. Proposed Elliptic third-order
ladder low-pass filter can be realized by using two lossy
integrators, one lossless integrator and two current attenuators
(k). Current attenuators can be realized by using 6 CCCIL
(highlight blocks) across /] and /] . It is obviously found that the
proposed Elliptic LPF uses only 3 capacitors less than the
prototype RLC filter requires 4 capacitors. Furthermore,
current attenuator can be easily implemented by adjusting the
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particular bias currents, The completed CCClI-based third-
order Elliptic filter is constructed and illustrated in Fig.10.

A. Non-ideal Effect

For non-ideal case, the voltage and current tracking errors
of the CCCII effect on the performance of the proposed filter.
By routine analysis, the CCCII with non-ideal case [11] can be
respectively characterized with the following equations

i 0 0 0w
v.|=1p R OJi (17
i 0 +a 0 v

Where f =1-g, (&,<<1) denotes the voltage gain, where &, is
the voltage tracking error from V) to ¥, of CCCIL Similarly, e
denotes the current gain equal to 1-¢; (¢,<<1), where ¢; is the
output current tracking error of CCCIL. In the case of non-ideal,
lossy and lossless integrators circuit in Fig. 2 and Fig. 3 are
discussed because they are the main circuits. The current non-
ideal transfer functions of lossy and lossless integrators in Eq.
(4) and Eq. (6) can be described as

+

Ty, PR R,
I SRRR(C+C,+C)+fa.R R +RR +RR

(18)

+1,, Po R,

_ m—(grRe— i (19)
I SRR (C+C)+R,

The voltage and current tracking errors depend on
decreasing of both voltage gain and current gain in order to
operating in higher frequency. Considered at port X, port Y and
port Z, the resistance of port Y and port Z are definitely larger
than port X resistance. From Eqs. (18) and (19), it can be seen
that lossy and lossless integrators are received small effects
from the CCCII voltage and current tracking errors (g, and &)
especially in low-frequency gain. Likewise, the capacitance at
port Y and port Z are definitely smaller than €. To prevent the
errors, capacitor C; should be selected larger than the following
condition.

C=> G+ C (20)

100uA
e,
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<
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Fig. 11. Current input-output characteristic between terminals X and +Z,-Z
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IV. SIMULATION RESULTS

This section describes the simulation results of the
proposed realization of electronically tunable current-mode
Elliptic ladder low-pass filter using CCClls. Bipolar model
parameter of transistor array HFA3046 [26] is used for PSpice
simulation with £1.5V power supply. Evaluating the static and
dynamic characteristics of the CCCII are described based on
bias current of /Iy 50 pA. Input and output currents
relationship between nodes X and +Z and  -Z is shown in Fig.
11. An excellent current-follower property, it can be seen that
over the wide range.

ig= S0pe

028

10KHz
Freque

100KHz OMHz

ncy.

0 '
100H LOKHZ 10MEHz

Fig. 12. Tunability characteristic of current attenuator in Fig. 5 with varying /5

Tunability characteristic of the current attenuator in Fig. 5
is depicted in Fig. 12. Bias current Ig; [25, 50, 75, 100] pA is
varied while bias current Iy = [ are constant at 500 uA. It is
seen that the current attenuator (k) can be adjusted from 0.025
to 0.09. For confirming the concept of current divider, the
frequency response is used and supposed that the current
attenuator parameter is k=0.05 by using different number of
CCClIIs (2, 3, 5) by adjusting the bias current /7y [25, 50, 100]
A, respectively. From Fig.13, it can be seen that high number
of CCClIs with high bias current achieves high frequency
response.
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Fig. 13. Frequency response of current attenuator between X and both +Z.,-Z

Regarding to the Elliptic prototype filter in Fig. 6, it uses
the following components Cy = Cy;= 1.92 uF, C3=0.09 uF, L, =
1.65uH and Rs = R; = 1 €, respectively. The proposed Elliptic
filter in Fig,10 uses the capacitors C,=Cp = (C+C3) = (C3+Cy)
= 0.66nF and C,=0.53nF based on SpA of bias current. The
bias current of CCCII used for current attenuators (k) is kept to
be constant at zg=Iy,=50uA and Ips=ly=Ip= 13=500 pA for
achieving k=k,=0.05. The simulation results compared with
the proposed Elliptic LPF and the RLC prototype are depicted
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in Fig.14. It can be seen that the magnitude response of
proposed Elliptic filter is similar according to the prototype
Elliptic filter.

Proposed

50} |

10KHz 100K Hz 1LOMHz 10MHz
Frequency

Fig. 14. Magnitude response of proposed Elliptic LPF compared with RLC

prototype

The electronically tunable feature of the proposed third-
order Elliptic low-pass filter can be achieved by adjusting the
bias current Z; [0.05, 0.5, 5, 50] pA. It can be seen that the
frequency response of filter can be tuned between 1 kHz and 1
MHz as shown in Fig. 15. The results are in accordance with
the theoretical prediction.

15 =0.05u4

£

100K Hz LOMHz 10MH:  100MHz
Frequency

T T
Fig. 15. Tunable feature of proposed Elliptic LPF by varying /5

The performance of proposed third-order Elliptic low-pass
filters can be verified by applying 8 multi-tones (100 kHz, 200
kHz, 400 kHz, 800 kHz, | MHz, 2 MHz, 4 MHz and 8 MHz)
to the filters at bias currents 50 pA. From Fig. 16, it obviously
appears that out-of-band tones (>1 MHz) have been removed
but only in-band tones (<1 MHz) can be obtained at the output.
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Fig. 16. Muti-tone simulation of CCClI-based Elliptic LPF
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The total harmonic distortion (THD) of proposed third-
order Elliptic low-pass filter is shown in Fig. 18, The results is
obtained by setting bias current Iy = 50pA and applying two
sinusoidal signals (10kHz and 100kHz) with varied amplitudes.
The THD at 100 kHz of proposed filter is obtained below
0.3%.
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Fig. 17. THD of proposed Elliptic LPF at /z = 50pA

V. CONCLUSION

Realization of electronically tunable current-mode Elliptic
ladder low-pass filter using CCCllIs is proposed. It consists of
lossy and lossless integrators, current attenuator and grounded
capacitors. It enjoys electronic tuning of frequency response
between 1 kHz and 1 MHz through bias current from 0.05 pA
to 50 pA. The circuit uses £1.5V DC power supply with low
dynamic power consumption (6mW). The proposed circuit
enjoys low complexity structures, with low-component count,
low THD, it is very suitable to further integration in low-
voltage applications as well as, portable electronic or wireless
communication equipment.
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