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Abstract

Continuous time current-mode high-order low-pass and band-pass filters based
on the log-domain concept are presented in this thesis. The passive filter circuits are
analyzed and synthesized for system of equations in order to simulate their functions
and characteristics. In this research, the passive RLC ladder networks such as fifth-order
low-pass filter and sixth-order band-pass filter are used as the prototype to achieve
the proposed filters by simulating RLC network synthesis method with signal flow graph
technique. The SFG can identify group of lossy and lossless integrators interconnected
with several signal paths. Log-domain lossy and lossless integrators based on BJT
technology are deployed to achieve the integrators for realization of proposed filters.
The simulations were carried out and the results exhibited several features which are
in agreement with their own RLC prototype. The cut off frequency of LP filter along
200 kHz to 20 MHz and the center frequency of BP filter along 100 kHz to 10 MHz can
be electronically tuned through 5-500 pA of bias currents. The total harmonic
distortion of LP and BP filters, were measured at 10 MHz input at 500 pA bias current,
are lower than 1 percent. The multi-tone tested was included in the thesis for
verification the performance of proposed LP and BP filters. The intermodulation
distortions were investigated in order to determine dynamic range of input signal. The
dynamic range of input signal is lower than 400 pAp-p for proposed LP filter, and lower
than 500 pAp-p for proposed BP filter when maximum bias current 500 pA is applied.
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a @ = A o &z & S a
yipdonlawy Fnasmitaveiiluniseaniuuuuiiugiuveunalulagniindniassiy
(Integrated Circuits) lngldlulnarsnsudamesidugunsaindn musivazideaiiionly

UNLAZNEITMUYNUFIUKALNANNITHN 9 MNITes Aewalull
2.1 lulwansnsu@ewmas (Bipolar transistor)

lulwanfnudawes [22] WugUnsalanmniivsenouseasisinindn p uay »
sioifu Tngnsiieans (Doping) sauauauty lkAnsesss (Junction) $1uiudessessaiy
Fatunsasalulnarsnsudawessiaunsaassldaemwinfe viafiflassiia n destu
Suninvia NPN wazailafidlansuin p dostu Seniiada PP dslassadrevedlulnand
nudamasaia NPN SusansliifiusieagiBondesingluzuil 2.1 Fadieuldtunisde
Iolonwfin p—n dosiaisefumndsyui
B E C

Aluminum Epitaxial

layer

Isolation SiO>
I

1
Ier p* n++ n+ ! ot

P / n+t

/ Silicon
Buried Base substrate

layer

JUN 2.1 lassadraveslulnanivsudawes (Bipolar Junction Transistor)

A a A & o s a & % o o
dieniansanluguin 2.2(a) asniuilassasivadlulnaisnsudamesiianshedini

(%
o 1 v o

autu lnsudazduazsoalnsitinandoarsnanaii luldau enin vwua (B) vameatan-
s aa 4 a a & a S a 4 1 o (% ¢ v
w93 (Q) waz ¥18liawes (F) lurnasdianvistinddendounsnuiamasununisdgyanyala
5UT 2.2(b) Tnsluguazuansliiuiianisvesussdulunisiiauuuuunfveslulnans
nuTaines 139031 wenitwlvue lund v, =V, -7, {Juissiuiinnaseuseninsuiuaniy
aa s 1 I o A ] J [ & 1
PIBRALNOT d1U Ve =V, =V, 1JULTIAUNANATONTZNINUNUENUIADALANLADS dIU

ﬁﬁmwmmzL.La%gmmuéha Iy, I. uag I,



C
liC ic
: T
C C
B + B B -
— VcE — —— I: VEC
B vpe g |- ig b ip Vi El*
- 17 + iE
E Iif

(a) (b) () (d)

gﬂ‘ffi 2.2 Tulwansnsudamesuazdyanual (a, b) NPN wag (c, d) PNP

lunsvihaunglanesiisaweniinlvun segsdediinines-lua vdesgniudaiuy

€ as

Wasiidn luvuzisessdanaatannai-tua Azaeegnludawuusiisa Fdunisludawuy

Wosisaiveunedlnmes-ud Uudussnunnasen V,, = 0.7V d@wsululnariniudanes
niunanansninhviledanau

€ acs

ninfsegdensassveslulnarsnsiudameignludauvunesiisa lulnans

'
1 1 a

a a‘a’lj o 1 o a Y . 1 = [ [l
Vl’i']‘us(jﬁLG]E]TLJ‘\]%‘VHQ’]UIUEJWUVILiEJﬂ’JT‘U’NE]ZJG]'J (Saturation Reglon) lagdlsefunnaseu

[

FENINVIADALANLABS-DAMABS V., = 0.2V diusululnarsniiudameosniiuiain
a1snwnivllediney wigsesdensaesvestulnaisniudawesgnludanuuiiisa
Lulnaninsugamastagyinaulugumssningimeninau (Cut-off Region) Ingiinssua
aa 4 o [ a s o ! N acf = & a X A A |

Allswas 1, =0 dwmiuniudawmeinvinaulurisisaueninlnuatduaziinfuillenseyse

dlawes-uagnludauuuiisa uasnsessieneaanmes-wagnludauuunesiisn Aatuan

ngnszuavesaasreril (KCL) azldaunisanuduiusvesnssuadu
YE-Q. 1/ (2.1)

Tulwansnsudawesvia PNP dlassasisndviunululwaisnsuamesysia NPN
Inglassastanazdydnunl TINDINANIUDINIZUALATIIIAU LLami”fLugUﬁ 2.2(c, d)

Frunuanududuredeadie p wasunuanududuvesdidnaseudie n deld
Weesevhe Tnefivedusninnumunedwnmisidears n wieas p fewntaedifinng
Foans n Sae Sudldvesiiaesderaiiedunsuenindieiy q Hureaanmesuie
3linwmes tngldnsunuiies C vie E lisusesfidesnudiu dmsupnududuves
wivglugud 2.3 1Bunuulesidsaueniinlvun 31 ¥, >0 uaz V,. <0 Feifunududy
drutlasveaniny (Minority-carrier Concentration) fivualuveurestasuasaning
(Depletion) anunsadA1wInlaaInn15UsEUIAIY09 Boltzmann Tiegluilanduves Fermi-

Dirac lamaaunis



n,(0)=n, exp% (2.2)

T

n,Wy)=n, eXpV7 ~0 (2.3)

T

Toedl W, forunirmesduivaniusdosasanivzvestuua-sinnes fuos
Uaean1nzvestuiua-noatanined wae n,, tuaududuauga (Equilibrium
Concentration) vasdianasouluriva duna 7, Sanduau dwsululnarinsudeaines
ila NPN Tunisldauunuuesidsaudndivlvun n, (7,) agirtosun Faupnudud
drutiegvaanmvzgnuszaiuindardesnitanuidududiuuinuesnive (Majority-carrier
Concentration) 1A

nssmvadlgauazdianaseulurivalietes awnsavenlainnudududiution
VoM 1, (x) luvnvalidudsiunseiuaiuen femadusitusgnuandlifivlugud

2.3 SEWINANUINTU x =0 wag x =W, wazdmsunsdgumluguayinlinuii

N,y+n,(x)=p,(x) (2.4)

p,(x)—n,(x)=N, (2.5)

= < ') Y v a ) 1 [ A
e p, (x) Wumanudutuvedlsaniviva uag N, Wumanududunisideans
(Doping Density) Aivua Inegnuszanaandudini aanaunsi (2.5) anunsavenladn

audnduredloanasdidnniou gnuenaniudied1asi wag p (x) Lusiunseiu

FEYLNIN
| Carrier concentration
g A
: : Depletion: 0.4
Depletion Rt pp(x) I Region !
Region ~ | > | / T
[ \T‘ ~< |
| o s v
N
i I R e )
an n
| | np( W) |
I Fany / A -
A N » xA’
. x=0 x=WB
Emitter Base Collector

Ui 2.3 nmdavnsweslulnaninauBames NPN Tugud 2.2 (a)

WARIANUNTUYRINYE (Carrier concentration) AWsA A B9 A
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dn (x)
J =g, 2 (2.6)
dx
dio D, 1@uArpsinisunsnszanedianasou aslufidumus x=0 agld
n,(0)
J =—qD 2" (2.7)
WB
i1 1. WDunszuaiveeaanmesiasiluiinaiunsataninosiuaunisi (2.7) feiu
n,(0)
IC = qADn £ (28)
B
i 4 Juiufidarnsvediinmes wuaunisi (2.2) asluaunisi (2.8) leaunsidu
gAD n v
Ig=2 2 Pleyp 8 (2.9)
B i
Wanmuali I, fewviiu
gAD n
[ =—22 (2.10)
WB
Aetuaunsadeuann1sves 1, Tndladu
v
o T4 exp% (2.11)

Ty

Fafifeaunisanuduiusvesnseuanasussiuvadlulnaninaudainesiiuios
idesanlulnarinsudamesgniuildluniseenuuuiaasee 4 uinane 19y
2vasveedyaa 2asindndyain 199sduiinsnes 1udu FuluSiemsuiinas
auyaveshulnansnuBawes Wothluinneinsedunseiiuisesmuiidesns lagasas
amgaﬂiﬁmmﬂmiﬁﬁ]wmn@mauﬂ’amiﬁ’m'}ummiﬂwaﬁmm%ﬂma%mmzﬁﬁauﬁm’lm

% v a = ° o < .
uraLaninly LRUNWITAUYAULY WUUIRDIAYYIUVUIALEN (Small signal model)

2.1.1 wasauyalauind 1 ndousedyanauwindnuesnasvsudames BIT

o

oV,
RB + ¢
. N + [ VEE
Ly Vbe |-

s Q@ ]

UM 2.4 1995auyaLe%



9307 2.4 Wwasauyaed Judevihnisleudyg muunan 92Aeafinnsunis
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novANRIdyyIuveImUTamesTveglugUuresuudtaesdyyimvuadnmeuiy Ay

A

NI BIT luguveslasadngaasmasn (Two-port network) sagui 2.5 lngnasndunm

Ao ¥1 B uag E daunaiaodnne v1 C uay E

JUN 2.5 szuulpsetngaeanasnvemsudanas BJT

W9715009MUNANOTH B-E

VCC

N
Re -

Time

U 2.6 NIANANBUZTRIMIIUTANDIVDINTVUF YY1 B TR DT TINUTENOUAIY

v 9 o

Eulvanad N15UasuwlatlyyruATINTELALUE NTERARDRLANLADT WAZWIIAY

ADALANLADI-DLALADS

N Y o A A
mawmamﬂﬂi'ml@maﬂwmmmmzuawmazLm@u‘mm B-E MUagunkUasnnusian

=

uugn Q Wedyaalsyvesaduundn Aslugui 2.6 agvilinutuveyn Q JA1Ah Jadl

A 1 £ o [

wiheiduAinudy deaiudiunduresrinuiinfAfe AANATUNIUTIFYIUTUINLE

[ [

r, auiiuledn AuduiuSTEnINd Y I UIUINENTRINTTLABUNR i, uazdy 1IN
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Ve = b1 (2.12)
Tng 1/r, whAumnuduveadulds i, uas v,, daanslusud 2.6 dstuanunsam 7, léen
1 o o |1
29 - —S-exp(vﬁj (2.13)
r OV 0~ point OV | B Vi O point
%50
1 1|17 1
— = | S exp| YeE ‘QWZLQ (2.14)
rl[ VT ﬂ VT VT
azla
Voo Vo PV (2.15)
A IBQ ICQ

AIANUAUNIY 7, 138NT1 AIAPIUATUNIUNITUNS VISOAIANUAUMNUBUNS B-E lagh 7,
Duilsidurosmsdwes a 90 O
a = I ¢
W97304790 18 NANe3s C-E
(Y Ay (3 a 4 A a 4 . |d’( %
ANAUANYULNATULDINNAVDINTIUTHANDS BIT WoaRansanlinssua ic TaFuniy

WS v, sty nasud i astduinduanizvesuseiu v, Wiy Jadeuldnsaunis

5
Ai, =€ ‘Av,, (2.16)
aVBE Q—point
ED)
5
i = v, (2.17)
avBE Q- point
nENMSA 2.11 Weuladn
Q)2 Yer
i, =1 exp (2.18)
VT
AU
Ol 1 1
le =] exp(vﬂJ L (2.19)
aVBE Q- point VT VT O-point VT

= [

1o MeuveY I exp(vy, /V,) 1131n3a Q o nIzuanaalaninesngn Q laglnauves

[y

A | ) d‘ I ) ::’l/‘:l Y s o A
]CQ/VT A ATAINUUT LUBIINAIAINNUIULAUNUSAUNTELAADALANLADILATLIINUNYT B-E

f9t FUTUNNITMBSUIT NS UFRBUANWAUS el lne
lC
g, =—2 (2.20)
VT
Aatiy Fyanuvuindnveinseuaneaaninasanunsadeulady

lc =gmvbe (221)
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maruthdyaravuadnduilsiduremisiinedineg fga 0 wasdudadiulasnssiy
nseualudadd fedunisudsiuresAmanuiniesainnszuaneaannesiian Q awisn
ihanldiunsesniuuasveedyaule

wesauyaloving

A fnesflad asiilvannadouiasauyaleuiad 1 vesuuuians
fuaavuaandnsunsiudamesvila npn lﬁé’fﬁgﬂﬁ 2.7 agfl C, mnsfsaugliih
syninssewnoua-dlames uay C, mnelsnugliihssninssesdouinoalanines-
dinmed Snsasanyalovind n Aldthsiuuilinssauyaefiderhauluguanuigs

HULDY

C” EmVbe
z

FUN 2.7 1TAUYAVDUUUTIAF Y IMVUIAENIUTAY T U839 UTAAS npn

2.2 nsauaatties (Translinear)

a 'S a A 4 g.JI v '3 & o = a 1 ]
A15IATIEY9sNI I udaLeS [23] Tulduselevtannfenduivatinvanigage v
TduszlovdannaudunusvoInsehatuAImMs1uanaunn kgl lulna1snsudawmas 1ie

fiarsandyudunnuasienvinnvesasiegluguvenseud Nuanuiluasauaznudi

a

A a a [y & aa v ' = a ' a al s @ o
NEWlLﬂﬂf\]']ﬂﬂqil,ﬂﬁEJULLIJ@Q?JENLL?Q@UGU‘UWWLaﬂmuﬂquaﬁﬂjqﬁuiﬂuﬂULWW%@QN@@IQ@@LUU%Q

WaulagegnAunulaededy Ineiugiuudiflaituisesaglivusgivrunavesdyayudunn
J
Y

LALYUD

YY)

UonsaIunsEnan1alu99s Jdsnaliavealentul9asile wUstun1unis

WasuwUasgamaiiluse sadunuaud@mluvesasisihuseinndaney dwelmiunim

1% '
= a

FaaugaTy dmiun1sesulendnnisvemuadiesiuiasuainnsansiiuguieliu

nIzlanalanaed I, WasLINAUNANATONVIDNMADT-LUA V,, TINUINLANEURUSAIL

=Y

A

I.=1(T)e /" (2.22)

' ¥
IS a ISP

Wle ¥, Aausenugugil dAwindu KT/q wag 1(T) fenszuadusmideilrdueg
fugaumnd satu 7, Faduilsituvesgamall awnsawdsuwdasld 9.5% rossrwaidya
[26] mMAnsuBaweigndeusisusiu ¥, Nwdsuilamiuseiuvesgamgiild aevilile

nseud 1. Nldasnsomenls mewsiidirssnunisdeudunsdnyaeillunjus
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Tunmanduiu Wensudawesgndeumenseua 1. agviliAnussiu 7, A6

ANLTURsoamliananluegauin Aluansadeuaunis (2.22) iy

VBEerln[ e j (2.23)
I(T)

A ¥

sgulasgnsdaiauisrnuduiusiBuduanniifiusening I, uaz V,, o

'
=

[y

anwensslugUkuuivangay agviliienvinnvensiduivgamall uenaind

9 Y

a I a s v [ 24 O ) | a aa ¢
EJ\T@J'WQﬂﬁ]quﬂﬂm@ﬂqamimﬁqﬂqﬁﬂLSU']IR]VLWQ']EJ "?N‘VN'V]@J@uu’ﬂﬂqmq@a%@ﬂ'ﬂﬂﬂﬁmﬁquaﬁLu‘ﬁ]i

1C6

5UN 2.8 2asgulauuualunsdiludanss wieldesuiendnnsvemsuadiiles

s

Ve reeasnsuadiliesgnesuisuulasetngguinedfuanslusun 2.8 Tu

Y

c acs ¥ U

asAUsEnaugUlnil avudlvidigunsalituiu N dgnludawuunesiisameusaiu 7, wag
° v ° ¢l ) s acs a < a

Avualy N, wnudtuiwvesgunsafignludawuuresiisalufian1emvgumaduuising
(Clockwise) #iatiu N, =N~ N, unudiruiugynsailudianianyuniuiduuiiing
(Counterclockwise) Miwan alilAuauwAnaeTsfvualiaunsaifivyuaaduuiing
Judaiig aungusaiuraunasyeni (KVL) Aina1aliin masiuvewssiumsiiadinniely

gUla g dewviiuaud ilildaunsauduiusduiaunisi (2.24)
N, N,
ZVF,Zk _ZVF,Zk—l =0 (2.24)
k=1 k=1

Fausawugasa ¥, gaunumie ¥, veslulnarinsudawmes lngludnuasiiedny
nyzuanluanusesdelawindunsziansaanmed 1. v0dlulna1imiulanes asiuain

a1n15 (2.23) waz (2.24) aunsasuduaunisluidlesadl
N " 2k S IC,Zk—l _
ZVT,Zk In _ZVT,Zk—l In| —— (=0 (2.25)
k=1 k=1

C,
IS,Zk §,2k-1
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lunszuiunsainnnss lulnarinnuiameiusazdignussunallvidelnglfes

v A

fuun lagauudligunsalinauioungiinediu daanedady ¥, mnddanviidunue

fratiudsaunsaeuannis (2.25) Tuadledy

Zl 21 feara |y (2.26)
S 2k S 2k-1
wazdngUannisi (2.26) lmildidy
N,
C 2k H C 2k-1 — (227)
A\ Lo ) i\ sk

[ £
Y v

TAeNLIUINENNITN (2.27) uuhjsﬁuﬂuamw 1 AR UMDUVBINTLLADUAIFINNTE

)

v A

dnfisld Wafmuald N, = N, fandudiuaug 5ﬂuwmﬁa F1urugUnsaives Clockwise
uaz Counterclockwise Mipusiaforiniutasguiotuseneumeaunsaliiludiuiug 39

= M ¥ &
anansaseuannisvslandu

N/2 [
H et \LA (2.28)

k=1 1S,2k—1

Taefl A nuieds ensrduiud Wulsuialiiviie e A =1 aznunsdsiuiveg

[
Y]

Tulnaisnsruawmasiayinniu wsen1svinlvaaunsalnssinuNtausafuaaunedny sty
N9 Y

AUN159 (2.27) aunsathudeulvalaidu

N2 N2
HlC,Zk ) Z"H[C,M—l (2.29)
=1 k=1

'
1 =

aunsi (2.29) Wudaud

[

dAnremgunsuaailes delagnimundulag B. Gilbert

o

(%
Yo Al o

[15] anunsaagulaadulanilin dmsuguidale o NUszneulunreduIugvesfianienis
MU AN kA NISTIUNIUdNLRNUUNe S3sAludE nannuBInTERAd MY

qﬂﬂiaﬁuﬁﬂmwﬁaL’f]ué’ma'auimEJmqﬁ’wa@mmmﬂizLLaﬁLﬁm%uiuﬁﬁmqmqﬁwﬁm

psAUsznovvesn I dudndututuegfussdusznouiiugruvesgunssl iddiyedradadie

o«

a

nshiuUsiumunsruunstarMsUasuwlaswedgumngl

Y

(%)

munnguflanardlitiedu Weuwndsdngusenu ¥, gndewdnlulugy aunisi

(2.29) anunsadieuludledy

N/2 Vs wnn2

HIC.zk =A-e" HICZk I (2.30)

k=1

= g v o sa o v s a ¢ A
‘?Nﬂﬂ@allﬂqiﬂjqﬂaNWUﬁmuqlﬂiﬂﬂigﬂ'ETUﬂU?ﬂQﬁﬂ@QlUIW@’]iWﬁqusﬁaLm@iLW@ﬂ']i

AATILILALDNLUUMENANNITVBINI AL TS UL
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2.3 29959uilinsiasuuuaaniamy (Log-domain integrator)

[

19asdufinswes Wuvdenisasgesffinnusniulusuaiunisussuiadyyin

o

Y

LaUZADN TNTIFNUFIUNTYINUTDIINITBUNINILABS NADIIIINTDIAUDA W IUNTDF

v v

nsesdanilatuies Feinsesniildnueguudauisauuseaniludinsesuuund fuda

£
a Y =

nsasuuUaanlaw (Log-domain) wwifnvesdinsesuuudeniauugnAndudulul a.e.
1979 Tae Adams [25] Fdldlaloauazfufuuszqunuiigaausuniuiuiivlseglud
nyeq liRdeliuSeuiidifyie ausausuamiudsneenldlugianiisunn ngldnng
muaunszuanludalsiulelon Adams lefismsanses Logfitter 31 insasivsznoude
TagunsnififnnaudRdudadu Linear) waglsiduwdady (Non-linear) Suflennsliszwing
fulasasn13fial (Log converter) wag Mlasnduaaansiy (Antilog converter) 39vilR
Iespuuiusgngadudusinsesiifinrmndudadu Tnelusud 2.9 uansudenlaozunsues

#N584 Log-domain Tundgauai

non-linear
input—> log > log-filter PRRlog —> output
converter converter
linear

5UM 2.9 ULwIARMNTeY Log-domain

'
a =2

FINTBMTONITBUNNTNDTHOY 2 ¥iin FIWUINAUAUTNYULNAABUANDININVUIA

&l

1 a a v oa a s =

ad s a = a i a A =1 Yo

wazinla Uyen E)u‘V]LﬂiLm@ﬁ%u@quﬁﬂﬂU@umLﬂiLm@i%u@lmq@Laﬂ ELH'JVIE’J']HWUSU"\]SIGUW’J
& v a a @ s a ¢ A& o qva

ﬂ5@0WU§WUVI3§WQ€\]qﬂ?ﬁﬁ]imsquaaLuail‘UIWﬁqﬁﬂiqu"ﬁaL@@ﬁLWEJCVHSL‘V?Lﬂ@Lﬂu’l@f\]i

SuANTmasuuUAanlaLY Fail

YRR

n3UN 2.10(a) wandliiiutavdenilandunelouresdufinsnesviinguyde Fail

a

wa N~ 13 [ [
QMZ“!EJUG]GUE)\TN@G]EJU?{U@QV]NWJWEJQIUE‘ULLUU‘?J’ENI‘UL@W@E]G]L‘UU@Q?U‘I/I

U

2.10(b) Tneazwiulain
< lej‘zl wa 1 a [v] a o 1 (9] (Y] P Ao o | (Y] A
vfeniinuantfiufediuiesnsasnuaruduiunils N8sns1ve1ewiniy 1 v3e
0 dB Tugrauauarudniu lnedauddnegh A waziindudulugae transition band W
20 dB/decade WladuNaNNARDUALDINIMNAAENUI U UAILARIUTY tavD4

[ d' £ 1 [ dl’ = o '3 cl' Y 3 [y q.'/
doyaraunlaaziindu 180 eem Favanedisdyaasevinanlmdunuundumlaiuies wazgy
7 2.10(c) Lﬁuaaaiéuﬁmimaﬁ%ﬁmqmﬁmmuﬁaﬂimmuﬁa%'mmﬂ"LUIwa'r%m']u%ama%é’w

wannsremsuadiiles [17-18] auufimsudawmesvndiilnuaudfduendluiuudealy

= = ¥

gaunfuazlimisfanssuwaua memsldvannisnsuadidesiuniuiawes O -0, wwld

v

AMUFUNUSI Ty =Tl TIRIWUT 1, NUIEDINTLUATNVIADALANLADTVUD
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3Tawes O, e i=1-4 91n2993MUUN 2.10 (0) azulddn nszuaneaanmes 1., i
Alnalfssiunseua 1, dues ililassuvaunsdu

Gain (dB)

A

-20 135

90
s+ A

-60
0.01A 0.1A A 10A 100A Frequency

(@) (b)
VCC

(0)

U7 2.10 (a) Builinsinesviingayde (b) lumndenvesudonsy 2.10()

() WasBuinsmesuuvientawuriingadouuunduina

LI, =Ll (2.31)

sadulenvualy I, =1 =1 1., =1, I, :(13+C1 Vaj wag I, =1,=1, 3z
s &

Ioussiueyiusnsuiulszy C, Ju

c AV, Vpdl, Vi,

e (2.32)
da 1, dt )\
drvualsinszua 1, = I, =1, aun1sit (2.32) agnaneily
1= 1,+c o (2.33)
0]
I, =1,+ Cl loVs (2.34)
B
T¥n1sulatanvanaiuisassinawesaunisn (2.34) aglaanduanelawudusiail
I (s 1
H(s)= os) _ (2.35)

L,(s) s(CVy/I,)+1



15

a

1NAUNITN (2.35) Aziulainduaunisnuanidgasduninsesuinaudens 019250504

YRS
(%

ANUDAHIUSUAUNTaTWeY Fenuninavesduilinsinesvliagadedarunsausugunia
a o a 1Y [ L o a1 [ £4 4
diannsetindlamenisuiunseualuda (1,) lnefidnsivengaziawiniu 1 dmnnlinseua
ludavsnuadanindu a1nsasdsnanawsariibiduesldnussandioninaduiuy
nduauazldndumalamenmsifiunsuBawesidnly 3 é1 0, -0, dwandlugun 2.11
madiilsiduaeleulugunszuavenasduiinsmesvingaydowuudoniamuiniiioring 2
13 fgduuvannadu

H(s)= 191(5) - _(IB/CIVT)

I,(s) S+(]B/C1VT)
H(s)= Loy(s) _ (IB/CIVT)

(2.36)

(2.37)

L, (s) \\ +(IB/C1VT)

JUT 2.11 2easiianysalvesduinawesyiagydauuudonlauy

dlo ¥, =26 mV figaungiivies eazwiuldinainaunisi (2.36) wae (2.37) duuaasliliug
Handumglounlare Mdurelouvesduilinsnesvilngayidaiowinanduia fu dunins-

& a = 4 Y o w a ad o 1Y
wesvllagayidsioviwalinduima aiuddu wazminiarsanlunsaliitduiuusey Crfu

Y a a1 = i~ a Y " 19 a o
wseiugaumad rdeaei uivinnisiudsunuasnszualuda ssnundwaliaiuddneoem
YodurinsmesaenaIvdsuLUawmulume

lugun 2,12 wamliiuineasduiinsmesyialigadeienvinanduma a1uise

afvulaannisitiesBuiinswesviagaydesnseludnuvauzdnenseuaevinadeundu
wuvaudlundune daluaglddn resBuiiinsnessilaligydouuvdeniawundiensing 2
e anansauanalanagui 2.13 lnediflanduaislouveaevinauwsazduauisadoudy

aunsiaeasalull Ao

1y, (S) _
I (S> = SC T, (2.38)
lor (3) __1y (2.39)



16

Phase

Gain (dB)

Gain
---------- Phase

R e e

_s+A

0 pe====t=o=—- T

(@)

20 fommomo-

|
|
40 - -~
1
|

-60

(degree)

90

-90

0.0IA 0.1A A 10A 100A Frequency

(b)

N A

JUN 2.12 Bufinswesviinliamyidenulamnanduiinswmesviinanyde

o

(a) vdenileidudnelou (b) luimndenvesuionilandusielousy 2.12(a)

= =3

5UN 2.13 wWasnauysalvesduiinsinesyinligydouuuioniamm

o

winiasanlunsdiisaiulsey C; Auwssiugagll 17 luaunsi (2.38) wae (2.39)
a1 a I o = % ! | 2/ Ao a a s
fAAe? wiinisiasuulainsekaluda svnuitdwmaldnnuddneanvesduiingines

sananvasusuasnnulunie

2.4 aa%snsaammﬁé’uﬁuqa (High-order filter circuit) [26]

- 1 [

Tngvluad nssu-dedaygraanuvasinlladya i sudyyiuniseaund

ALY

[ v

v = v o oA o = = )
Apsn1sReuly 2 Usgnissedu Ae alnnsuvesdyyiadeslidnisivdsundas Auaau
1 14 1 L4 1 -'-NI
LANANIIAULANTENI N UNSalfaaliiin SR uuUas
Weulvuszn1snass uuefaaseninBunaduionving dedddiiniswasundas
sy Tasdyu isemnaianuasuliazaesdinisiudsulasiuuiBauduiuainud
44' =~ o, a v o a v oA d' = & a v o 'z
Wensdsulvamnanadudaduduainudnd Neulanaesiaduase Asluilendu
1 [ = LY v c’l’dl = I
dnelouvasnsdsdynumsasiinuanuvueawaluil Aslivuialy
H(jow)| =1 (2.40)
wazfiadu
/H(jw)=-ort (2.41)

[

e 7 Wumasfinialal sauinnisidasavataaunistnauularasnsaadl
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H(s)=¢" (2.42)

v
L% a I~

agabsinnulunissu-dedyananu dygradnastiameuluiemanadiig q wu gn

v v
v ' ¥
Y LYY aa =

FUMUMBdY U ndyyIusUunIU (Noise) wardu 9 Asudyaaidaisulunouay

AR

a

fansusdesdinsuilanieniunssuiunsiie liladgya runmiloududunie deunsavinla

Y

1nen15192999n909ANUANI 9199 TUTUTE AU Qe U TTULe S
NSLENUIELANTRNINAsNIBIAIDaINTaLenlalnenanouaueInieaIud wiadu

AUDAINIU AFIUAFINIU WOUAIUANIU kaZUAUAIINANER YTAVBIINATNTOIAIINA

[y

WUFIUNTWUNMIEHANDUANBINAND Heiail

'
[ ] =

2.4.1 21999n904ANUAAIHNIU MUINVDINITNTDIAMINAAINIUAD dAINTUF YY1

wssAuliihasusgunssuanss (DO Bullaufsdygraniudda (Cut-Off, o,) Lauvas

[
U a

AnudnksInulinnsrwansslUandsmuddatisanIN wauAMUDNIY (Passband) Feuau

GuaqLmummﬁmuwawauqqqmwhﬁ’u A dBuay o, ﬁauaummﬁﬁgﬂﬁﬁm fiway
auian o, TWauivertud wwdenuouaudidiuouaiuiings (Stopband) ANuiiige
N1 o, gnimvualviinisannausgtdesindu 4, dB dauAIL AR o, 01 o,
3oniuaunnuddsshy (Transition band) fsuansluguil 2.14

[

1NAINSANHINTUA18TaUNNONTIVYNLUDIINATNTBIANUDMINILIUAUADI A9

o
2
£ b ()
Gain= %= =— = - (2.43)
AU Has 0 [[[B @, !
iz 3 Ol
p
wazlilaeuaunsluguves dhsnisaneu agle
2
/ s*+as+b
loss =2 =— (2.44)
p b
¢ Stopband

Transtion
band

Loss dB —>»

T wp Ws O —p

JUN 2.14 AouauTRAv993995N589ANUDAHY
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Tngdlugisaginsanduiasaanouluannisi (2.44) UAAIAEATIVEY B
annsasanadunsmilanaguin 215 asmuifianudsmnisanyeussiidnUseinn 1 vise
N

winiiu 0 dB wagiimudaenIsaaveuastiuduaudAUsedna visewiniu 40 dB/decade

Slope=40dB/decade —

LossdB ——»

0dB

w, 2~b 0 —>

JUN 2.15 AaUUAnITaANoUIDI9RINTBIANUARIH LS UAUEBY

2.4.2  1933N509ANUDGIHY VveININIeInuRgIuAe  derudyaiu
wsaiulitihaausanuddn (Cut-Off, o)) luaudseliud uavvesrnudtuanammdaly

UDDTUATISINIT  LaUANUANIY  (Passband)  @999UVBILAUAINUDNIUILAANDUAIAR

LU |

o w A

W & a = = g a
LNINU Amax dB uway @, ABLLAUATIINAVIONNTIN WLLﬂUﬂqquﬂﬂqﬂﬂumﬂﬁluﬂﬁ @, UUIZLIYN

Y

waupLddiuauANLAvEn (Stopband) AUENAINTY @, Azgnimualvidinanvey
athsdeawiiiy 4, dB dumudidud o, 88 o, Beniuouauddsiu (Transition
band) fawandlugun 2.16

=

H1IUNTNTDIANUDGINUTUAUEDS Feavgaulvidyaramnuaniiagand

A QU

v [

AnaddaN Ul Aananslilugui 2.16 woummdndygnashuldsiEnen o, lauds e

T o

LY v v v

Ao | "% a 1 = = = o
LLagLLQUWﬂiyJZmeWWUIMI@QSL?@JW\TLLC‘\@’JWNQ DC VL‘Uf\]'UfN @, TUANWUSNAUNUNUNITNTDY

AudR aunstuzuvesesnsesrudgunuuiuaesaziludall

Loss dB—»

s op ? o—»p

5UN 2.16 AuauURAv093995n509ANUDANY
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V s° s
o — - (2.45)
v, s +as+b , 0, )
S +—s+a)p
P

PNAUN1IN (2.45) awnsanansmisidunisanneulanagun 2.17 Tasaziulaan
WeAnudge Aaaneuazdilng 0 dB  wagfianudsnAaneulziiuuaigdnsn 40

dB/decade

— Slope=-40dB/decade

LossdB ——»

0dBT—

opsb 0 —>

3UN 2.17 Aruandfn1sanneuYeeNasnIesnungeiuduiuaes

2.4.3 1993n509uauANNaN1Y Wuasnsesiifinuauts Ao Awauadnudeiu (Passband)

a P a o A gy = & v o Al v
ATUATINITANNBUNATNIN VUZEAYINUNELDUAITUOUINLAYIVINEBINTU Q%LUU%?QWIN'IM

2
a o

Feyey 1o ulunauANALAIUN 2.18 WaUANUAKIUILENIN @, WA o, dwildinig
annaugeEaniniy 4, (dB) diunaunnudvgniiassinuazisuanaud DC Taude o,
uer o, WUl oo agdanmsannauiniu 4., (dB) lngaunmsaislouyessasnssstay

AMUDNIUDUAUABITANNNY

Lol ¢
v, - as _ 0, (2.46)
v, s’ +as+b , O, 5

N@NNITA (2.46) NAAIUTAMALANTGI N15aANBUILIAIRAALINAY s Y30
winfu 20 dB/decade uarfimmuiing o, = Vb axildn1sasmeuniiu 0 dB wanslddagy

i 2.19

LossdB —»

2 2 T oo 2 o—p

5UN 2.18 AauauURAv093199IN50UAUANNDNY



20

LossdB ——>»

/ Slope=20dB/decade \

0dB |

T

a)PZ\/E o —>

3UM 2.19 AnauTFn15anneureINaTNIBILaUANNARUS URUARY

2.4.4 1393n300aUANIVER TFdmniunsosdmgaauaudnlidainiseanty el

ANENURAIFUN 2.20 Inguauaudngnazedi o, i4 o, neillauaudsiu zagaInid

o, W8z 11NN @,

aun1saneloureNasnseIwauANNDERaLsaleulimly

vV,  s’+d s+ o]

d o (2.47)
V. s*+as+b AR\ .
S +—s+a)p

p
e? o, =, luaumsi (2.47) AnnsaaneuresiInIesrLfaLEm

a1

ANUDGsEiAn

221

way
Uszanos 0 dB ez n15aaneudinaud@ls (s = je.) sefianlu o digun

T e w3 4 @ T o—p

5U# 2.20 AnuanURve999INITBILaUAIINE VYR

Loss dB —»

LossdB ———>

0dB |

a)z:\/g o —>

JUT 2.21 AuauTRnNTaANUTDINITNTBILIUANNINEASUA IR
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Widazdiulidn ssesnseseuisusivaesiuiivicves transition band Aeudnan’ia
vionandnteniafineninudulugiaves transition band #in Fedmaliaussausveiasiy
nsnsesdnyanaeurdenmluselasiomzluiuresmnuuandsszrinaanafudune
LAZLEVING Foduilelsasnsesruiiaussausdiasenmailuldlunisussaadyain
Louzdon Fedesendersasnsesemisudiugaudiunldluszuudangn deo1aegldinadanig
sorsasuuumaanfld usliiduiideniesainisasezgydonuandisunile fady
éqﬁﬁﬁyluﬂmauﬂ’amm’msﬂsaqmm5'17|IQﬂﬁmﬂﬁi’ﬂumsﬂizmaé’@ﬁmcuuauzﬁaﬂ ot
maﬁﬂ%%ﬂ'133%7’1qaqaiﬂiaaé’ué’uqﬁﬁaﬂ%’ﬁ’uaEJ"NLLWﬁ"mmaﬁa 5N15UTBUIUAIIIAINTDY
anudlagliileitunisanneunieilaidunisdesinu Seinguszasdvdnaeniseenuuulild

U U

FuugUnIainadnvIewenivteean ¥dnn15veINIsUsEINMANElieysl uiura1els

g
Y
U UaLmasiisn Butterworth) Ly (Chebyshev) walwa (Bessel) way 8aUaAn (Elliptic)
& v <& i = as Al "3
Juiu deluillagvenanseagideaanigdBiudm il
ax ' a > 5o [y 2% = = ' !
TnsUszauA1IaTnIasnudlagleflsiduntsdeituenaisendnegain 19as
newiuLuY Fellogvateguuuy ualisuuuunanidedldived 4 vlamuninanlitheiu g
nanouanoin U dulUAIUN 2.22 Feaziiuliiniidnyasvemanevauemnuunly

WOUNIUBaZANTUILYIY transition band AazdiAuLANANeTY

AN —iButt:erwo,rth
Pk R 3 L :

-+ Chebyshev:

Gain (dB)

e dB e

-120~
0.10

Frequency

SUN 2.22 HARDUALDIAILAYDIINITNTBIANUAAULUUT 4 NSUAURLINURD U 3

Tufifsiiaueamnziasnsesanudsneiudusuuriaedieon vinsedusiad
TArmdulugag transition band Aeudnegs uaziausiesiinisnszifionvosraneuausmg
guslusauauEiuiay wifdennsefiazeenuwuulimsnsuiontuivunad o 16

2.4.5 n3UszunuAILuuLldu (Chebyshev Approximation) IniAnnisnseiiien
(ripple) Tutauauaudkiy Fuinainnisdsuutasdeulelunisussinaailugiuay

ANUDNIY SnuaiziuidAyAe In1sanveurasdygaluyisanudnlidesnisaain e
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L) (Y

WgUAUNISUSEUIUATLUUTALABSISNNTOUAUWINAY 1o lNanauauInIsuUInng e

SRTIVYIYVDITEUUAD

(2.48)

1
z,<jw>|2=[l+ -

&C? (a))]
neit C,(Q) Aerwdiwninaludioa
n AoduruvpIfanTus i
31 C,(Q) anansadewilsthoaunis
C,(Q)=cos(ncos ' Q) dmiu |Qf<I (2.49)
= cosh(ncosh™ Q) dwiu |Q[>1 (2.50)

[

e Q Wuanuduesuealad sallde

N1sannstl Q<1
C, (Q)=cos(n-cos™ Q)
nauNsisuLii x=cos ' Q filu C, (Q) = cos nx
C,(Q)=cos(0-cos”' Q) =1
C,(Q) =cos(l-cos™' Q) =cosx =
C,(Q) =cos(2-cos™ Q) = cos(2x) =2Q° —1
C,(Q) =cos(3-cos™' Q) = cos(3x) =—3cos x +4cos’ x =-3Q+ 4’
C,(Q) =cos(4-cos™ Q) =cos(4x) =1-8cos’ x +8cos* x =1-8Q" +8Q*
st oraduagluzuuuuiug (Recursive) foil
cos [(n +1) x] = 2cos(nx)cos(x)—cos [(n - l)x]
(2.51)
NeNnEaINIwEna cos( A+ B)+cos(A—B)=2cos Acos B vienfe
C,n(Q)=2QC, (Q)-C, ()
(2.52)
Toedl C,(Q) =1 uag C,(Q) =0

2
[

aaulunisinnsaniendulndludisavessdin Aezduegiudasidiunisanveu

(Power Loss Ratio) fatifa

PLR =1+£C> [ﬂj (2.53)
Wc
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We C, AowTiwnlndluleadudu n, o, Aeauddneai, lae?l PLR aznseiilauay

$9I9 1 NU 1462 AIHUINUIUDUAUVBII9ATNTBIMN AN
Coshfl \/(10/1/10 _1)/(10Lal‘/10 _1)
_ [0
cosh 1(’}
a)C

ila A Aern1sanvaulumiag dB AnNuAWaUNEn @ > @, BEENsoAIMATegUnTal

n> (2.54)

Tusassunuulaanaunissieludl

g&=Lg= %; &k = 20,1, (2.55)
YV b8,
1 for n odd
= (2.56)
1 =1 coth? (é] for n even
d' L ) p
1318 =In| coth—%— | ; =sinh| —
P ( 17.34) a [Zn]
a,= sin{w} =120, o
2n

b = y? +sin’ [Z} AE L 2oy
n

A v W

Tnefl n FosufUTa9IN95NT09 UaY Loy A0 AU Talunauniugegn wiedu dB Feanunsn

waomdunsmaesiladtumsaanowsdn PLR dorwuanisnsedienlsiiu 0.5 dB uas

Thousuve9asidu n = 1-5 é’fﬂLLamﬁugUﬁ 2.23
fatlagvilrldsuuuasnsesauiidulumusuil 2.246) wi3e 2.24(0) uagsegns

AvesgUnsaiulumunsned 2.1
10

Gain (dB)
<

Frequency

5UN 2.23 nyiilerdundiandudu 1 89 5
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5UN 2.24 duluu9RINTIAURRHTY

Ry

T
2 n-1
%RS —C =G Ca
Lo
(@)
— TR - 2= 00 o0 :
L Ly L,
%RS - =—c
(b) -.

24

M15°99 2.1 AgUnsalunsgudmsusuLuUIasnsesdninisnseivexliiiiu 0.01 dB

Prototype
element: g1 22 23 g4 s 26 g7 g8 29 g10 211
Order : n Ci L3 Cs La Cs Le C7 Lsg Co Lio Cii
1 0.09661 1.00000
D 0.44910 | 0.40796 1.10084
3 0.62941 0.97047 | 0.62941 1.00000
4 0.71309 1.20050 1.32156 | 0.64777 1.10084
5 0.75655 1.30504 1.57755 1.30504 | 0.75655 1.00000
6 0.78157 1.36011 1.68989 1.53509 1.49727 0.70997 1.10084
7 0.79716 1.39251 1.74833 1.63316 1.74833 1.39251 0.79716 1.00000
8 0.80749 1.41317 1.78263 1.68335 1.85311 1.61933 1.55568 | 0.73352 1.10084
9 0.81467 1.42714 1.80454 1.71254 1.90595 1.71254 1.80454 1.42714 | 0.81467 1.00000
10 0.81986 1.43703 1.81944 1.73111 1.93638 1.75900 1.90568 1.65277 1.58195 0.74476 1.10084
L C L3 Cy Ls Ce Ly Cs Lo Cio L

%aiumiaaﬂLLUUN%mmé’uﬁuqaﬁu PAINNLADNTUAUYDIIIITNTDILAL IS

Aukuuas Nagviniswlaslindusiinvensasnsesiuifenissenisilasudigunsal

FuLUULaz 1NN NITANANINVUIALAZANANIIAUDAUIDTN LI A2 1P vTHAUD 219251504

YY) Y ad I~ a Y o a Y2 rjj
DUAVFINIUNADINIT TaeAsnsudasdusiinieasnseeiifadnisasandunisaasea bul

NIINTIAVIWANIKIUTUAUFY NHIINAMUATUAUYDIIATUAZNINTELNOUEIGA

14 @ o A 1 4 =] 1% o A g o (B
e m/l'lﬂ’]3La’e]ﬂGI’WNﬂ?@qﬂﬂi&ﬂﬂ@ﬁj?ﬁﬂﬁaﬂﬂaaﬂﬂlJLQ@UI‘U mmuummﬂamaﬂﬂiu

ATNTBIAURUVUAINTUN 2.24(a) %139 2.24(b) UAIFWVIINITANANNVUIAUALAIIUDAIY

Noulusaluilfe
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dlo L Juaenumienhuissgiudlaainaunisi (2.55), (2.56) #3091nm1519A119557U
C" Jumanuglninsgiuildannaunisi (2.55), (2.56) ¥5031NANS9ANRATEIL

@ a 1 1 1 |
R Juduiunuduiunasdnensavedlnan

Y A

wainiadm71/5@@%7%@@“@5@ M9 EeN9aInT0IANNRRRIUG UL UUR T o T
s videniusdunisautuneusolliine

1. WasusuAvdsealndudumieni

2. Wasushmigihlidusnifiuuseq

3. 91nUWIYih Magnitude uaz Frequency scaling liniludngunsalass Fehde

L:L,
. C

C= 1,
@.LR

dlo L \uspnumlendmnasgiuilaainaunisi (2.55), (2.56) 150910015 19A 05511
¢ WWumpugliihasspiudilaainaunisi (2.55), (2.56) #5091n913519AASEY

@ a 4 1 1 A
R Juduiiauduauniasaneisevedlnan

NIINTOUOUAIIWDA IO UAUFI INTIHONNITNTBIANURANIUAURUUAIITDN

¥
A

UL MAIINUUALTUNSANLTURBURBLUT A

gUNTAIlINRTAURUUNDINTIANUAIHI LI ARIgNUNUNMIE gUNalasia Uil

1. wywvesgunsalaunsy (L) Assgnunuinlg9assiguuudiuuaynsy (C,,,, 79

UNTUNY L, ) hag

series )

2. wyuvesgUnsalvu ( C) ARagnunuialgesisleluudiuuag (C,,,, #oruiu

nu Lshunt )

Tneiinvesgunsaifinlastuazilulunutouloswolul A

n1sudasAtaunsal
C = f2 B ﬂ
series 27[]‘1 sz X
Lseries = L
2z (fz -/ )
X

Connt =377 \g
2w (f - SR
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L _ (fZ - ﬂ )R
shunt ~—
24,/ X
X ferwesgunsaliliunainmsiesiuwuy
= Ao A a0 ] =
fi ADAINDANNAIUANINIIAIUANAN (Lower cut-off frequency)

£, AeAnuddinniAudaInIInunnane (Upper cut-off frequency)

Y

= 4

R AEBULAUTVDIIITT
Series  unefiadiurvLvasgUnsalluiesiuwuuInduiuveynsy

Shunt vianefwhuniuuuvesgunsalluasasdunuuinluwuuuy

wioazldynaunisseluiilirmmeumilouy

Ao
series m

J 7

series E

- C'

shunt — Aw R

Lshunt = %
0

L, C' ferveuniaifiliunannmsnesuwuy

Ao=w,—o, =2x(f, - f;) AoAMUNINLAUNIY 3dB (3dB Bandwidth)
= Ao A a0 i a

g’ ADAINNANNAIIUAAINIIAIUANEN (Lower cut-off frequency)
= Ao A a i A

1 ABAMUARANNAIIUNEINIIANANEGI (Upper cut-off frequency)

0, = Jo,0, FPANUDINEN (Centre frequency) Y89193NTDIAIIUD

R AOBNNUAUTUDIINDT

Series wunesurikuTasgUnIalludsasiuLUUI UL UUBYN Y

Shunt vinefwihundswauesaunsallusaesfuiuuinduiuuvunu

NIINTOUOUATINANYADUATFY YNNITEBN]ITNTBIANURAHUAULU U7

(%
a A

FULN MaINUUA L DUNSeINUTURaumBlUT Ao

gUN Tl TAURUUIDINTRIANUAMH WA ABINUNUAG I8 gUNSalAssalUTl

wruvetgUnIalaunsy (L) Aognunuianigieasisiouuuduuuauiu (C,, ,, i

series

PN L. ) wae

series

wyuvesgUnIalvuiy ( C) Aeegnunuiinlgisasislawuuduuvaynsy (C,,, 7o

aunsuiu L)



(%
A

Tnefinvesgunsaiiulastuazilulumuouludsieludl @

n1sulasAnaunsal
1
Cseries =
27 (f, = R X
_(L-f)RX
27 /i 15
_(2_ﬁl¥
shunt —
2 f,f, R
I - R
shunt —
272'(f2 -/ )X
e
X  fAeA1vegunsaiilaunannnisiwiuuy
i AeAnuddainNdsindiANdnans (Lower cut-off frequency)
S AeAuddanANfanIIAuana (Upper cut-off frequency)
R ADDUNLAUTVDIINDT

Series nefisunisuvuvesgUnsalludesiusuuinduluusynsy
Shunt wnefisiunisuyuvesgunsallunsassusuuindunuuaui
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Fully-Differential High-order Low-pass Filter based
on Cascode OTA

Preccha Thongdit, Terdsak Funlo and Pipat Prommes

Department of Telecommumcation Engineering. Facultyv of Enginesrimg,
King Mongkiit"s Institute of Technobogy Ladkrabang, Thailand 10520

Abstract— This paper presente o desdgn of Dully- dilferemial
high-order bow-pass Tiller Based sn cGisede OTA Due (o e
high-arider Badder Ter bas Jow sensitivity and suitabile for high
performance liering the desired sipmal The fiborder RLC
badder By wsed as the prodety pe sl the sigial Rew graph (SFG)
iy wetdl o The syoilless technique. The cascude OTA ix ased as
The active bullding biechs. Foll-differcotial scheaw is comstracted
o alilaining the soveral advimlnges as well as wide amdwidih
atnl s malminoization. 1he conpbetid liler chreuil comsivty al

10 0T As 10 growmled cipaciiers based on 21V power supplies
Frequency response of proposed (iler can be tuned berween
iz and HMHz threugh 1 ph o J8F pA of OTA lins
currenis Low THD can be achieved ax low as 015% of 100Hz

Trequency mnge.

1 INTRODUCTON

The analog commumeations signal processing 1= well
kv that meeds seveml functions for obraimmg the dessred
signal and remaoving the unwanted sigoals Analog hilter 15 an
mipartant subsystem for nchseving their functzons. Fiest of all,
RL [1] circuits are preformed to use 25 a filer m the system
bt they had drawbacks if the bansd of fregquenay wus changed
hEamuzlly pured of capacitars and snduesors was required bt
it 15 not practically used, Next generation of electronic design
ueing large seals imteprated cireuit (LT was exhibitad.
Versatile amplifier mamed OPAMP and RC [2-4] were
preferred to design o5 well a5 emlog Glter. Although, the,
mamsl tunahility can be done but the completed system 3
quite large and camnot provided  elestromenlly  controbled
feature. In madern communication sapnal processing, several
buikding biock are integrated s monolithic single chip. The
function of several biocks need programmahle, small die area
nnd bow power supply. Several active budlding Blocks such as
OTA [5], CCT (6] and CDTA [7] are introduesd For biguad
filters. Linfortunateby, the performunce of kiquad [ier = quite
limited dhse 1o the secand-order functicn bebaviors In many
cases, the anakog signal processing needs the gccurate and
high performance filter. High-order filter is & sobutson to be
obtaines the owput respurement . Due e low sensmbivity
requiremenl, caseade strocture of second order is not sustable
1o+ abtarn the high-crder filier. RLC ladkier filter 15 also catled
Canser nebwork is preferred to wse as 8 prodotype becauss it
his low-sersitivity featire. Several setve devices can be
reabized using RLC Indder simudation method. GPAMP [1]
with RO was imfﬂﬂm&ul‘cﬂ bt ol sitalle Tor inlqmlin:sn
Current-mode methasd bagsed on different active devices 15 alsa
infreduced but zome of them sulfered from foabing passive
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elements wrd some ciredils used resistors, In the CA405 10
dessgn, resistors cun he reslized by layout of polysibeon
length which mverse proportional with the resistanice value
o the large die ares 1= regured of the resistors are used
Another drawback is the use of floating capacitor which i8 not
preforred  for nteprated circuit duoe 1o the very serious
problem of bottom plate and the substrie [8]. The benefit of
differerinl  structure a5 proved that sutable for high-
frequeeney, second  harmons cancellation  and  low-nose
snalog signal processing |9,

This paper presents & ffth-order Jow-pass filter using fully-
difterertial smucture based on CMOS cascode OTA. Signal
Aow  graph (SFG) 1z uwsed aa synthesis method  from
Chelyshey RLC grottype. OTAsbased  fully-differential
Iy mnd lossles: integrators are realized by caseodes OTA
and grounded capacitors Based on the configuration, the
resulls confirmed thid the high-frequency operation with fow-
TI0 cam be achieved. The frequency response of propased
filter an be comtrolled by adjusting the OTA bias curremt
Moreover, low-complesaty and. low-power consumption are
alsg achieved.

Il ACTIVE BUILDING BLOCES

A Fulhecifforendial Cascode (A

All subsystems of proposed filer are renlized by cascode
OTA [9] Ths OTA corasts of 2 NMOS amd 2 PMOS
fransisiors and 2 cument sources which performed 85 @
fundamental active buildmg blogk as shown in Fig 1.

Fig_ 2 8ymhal of fulby.dfferentinl cascode OT A
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The electrical symbol and 18 property of cascode OTA
have one of high-impedance of differential volage input and
one of differential cutput current which are depicted in Fig 2.
Azsuming that all transistors are opersted in the saturation
region and the substrstes of these trunsistoes are connected to
their respective  sources, The  imnsconductines can he
expressed as

Go= Banfay [
VBt B LBt B

£y

where o - m with Ip i3 an eoemal DC bias
current o this element. g (/g t= physical parameters. o,
Cuz. W and L are surface mobility, oxade capacitance, channel
width and length of MOS ransstorsg, respectively, Mote that

the ransconductance in Eq.(1) can be tuned by adjusting the
hiss current

B Cwrvesi-mode Fully-oifferential Integraters

The imegmtor ercurt 15 an essemin] balding block 10 the
analog signal processing area. Two types of inbegrator can be
classified by different magnitude and phase respanscs named
as lossy and lossbess wntegrators . Firstly, fully-differential
foagles infegrator comprises o differential outpur OTA and
twir prounded capaciiors which depicted in Fig3 and is
tramsfier function i3 expressed as

T
it = 4 s, 2
v
doiss
s |- T
Gl B by

e

==

Fig 4 Fully-dlifferentisl ke inlogratoe
Secondly, fullvedafferentinl lossy milegralor comprses two

dhTerentinl oulput OT A% and twe groended cipacitors which
depsted an Fig 4 and #s tremsfer hmehion 15 expressed as

Jo e i3
ly hgz,
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Il OTA-BasED LADDER FIL TER SYNTHESIS

As mertioned that of BLC ladder filter has pood resultmg
n low-sensitivaty, the RLC Iadder filter 15 used as a prodotype.
The simulating passive network by wing =signal Oow graph
(SFG) technigee and frequency dcaling are used Tor synthesis
the active filter, Fifth-onder RLC low.pass prototype is shown
i Fig: 5 and fs veliage and curremt relaticnships are expressed
m B id-12)

I C) E:R_
-

. ¥ | i
!,-\.r,,,-—&l.--f,]-f 5
[ (3
| i)
W= - )
. n
I v ]
i
H=h=d, %
o o {10
Ly
r,:r,—ﬂ an
i el i)

(e
Siprinl flow praph (SEG) from equations (41-{12) can be
written 11 the foem of current and voltage variables as shown
in Figf. Tramforming all weltage variables to current
variables by applving the tansconductance (o) in particuler
beanches, the tmnsformed 5FG of Fig 8 ean be rewritten in
Fig. 7. Conaiderirg at two loops in lefl and right hand aide can

beaben replaced by lossy irtegrator
im 1 ok 3 1 B 4 ¥
| 1 1 i i
& = o =, s 'E)T,
¥ ] ] 1 3 i -1 &
"
Fig o BFG of Tih-o der RLC |oro—pess filler prodogype
el L Booa L i i
L™
ke Wik = & e
K ] - i [ ¥ | i

Fig, 7 Transtarmed S0 of fifth-ooder RLE Rormpeas Filier in curmamd-mods:
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Considering Fig. 7. the old values of L and O hove been
scaling by the same value (g.) The mew valoes of L and O
become

A (13
£

=L Q14
Ba

From Fig 7, it can be seen that L and & components. are
tramsformed fo lossless and lossy integrator forms. It means
that L; aned Ly ore replaced by & amd O, respectively. The
proposed fifth-order ladder kow-pass filter can be realized by
using block diagram of lossless and lossy imtegrators and
written as Fig 8

TABLE 1. TRARSIETORS ASFECT RATIOOF CASDOTE OTA

T, e

Ml M2 16 01,54
LR » 0.

TV SpauLamon Resuors

The perfomance of proposed fiftheorder curtent-nrode Tadder
LPF using ensosla OFA s verilied by PSpice hassd on
TEME 0 18pm CWOS Level 7 technology with £1V power
supplies. Tronsisbor aspect ritios of caseode OT A pre listed in

65

e
Frepamey

(LT [ 1 HiMHy

g

Fig, # Meagminide and plass response of lossles miegralon
L1

T

fy [
|

Fig. 10 Mngnarude anid phase response of oy miegraior

Dl'
T

ik
L1
I

ﬂB_"-‘j_
4 I. ‘

e

Eig. 8 Fully- differential fifth-order low-pazs fiker

The operohan of lossless and boasy mtegrators 15 conhimmesd
by connecting grounded capaetor 10pE mnd varied bias
current from 1pA-400uA Magnitude and phase response of
lossless snd lossy mtegratoss are illustrated m Fig 9 and 10,
respectively, It can be seen thst the freguency response of
mvegrabors are varied -around 200kHz o 200Hz Phase
resporie of lossless and lossy integrators = obtamed around -
90 degrees and =45 degrees. respectively,

The RLC Eadder prototype wsed in this paper 13 baged on
Chebyshey fungtion with the following comditions, F=10bH
passhand mpple=0, 5dH, then the passve clement vahwesof the
RLC  peotobype €an be  obtamed a5’ Be=Ro=10
Cy=Cy=28 #nF. L,=Ly=20.73aH and Cy=42 83nF. Using the
similar concept the passive element of proposed filter are
follewing values, O=Cs = 14.4pF, C=0=104pF, =214 nF
ond koas ewrent of OTA% are given by [=50uA, The
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frequeney resporse of HLC prototype and proposed filter are
plotted m ez 11 It can he ssen that the magnitude resporse
proposed filter isan aceordance with the RLC protobype

3] -~ - vt [
| l |
I
| 14 { \
e il
. I \
|
- Pl
[t A HL [L=11
[

Fig. 11 Mals of magnthwde response of BLE probotype and proposed filler
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The tunabibity featore of proposed filer can be verified by
adjustmg the biss curment from 1pA-400pA. The frequency
response of proposed filker can be tuned between S00kHz and
2Hz

L~

T (B ERLLL o e

e .
L

ooy
Fig. 12 Frequency respunse hinabidity fealure of proposed fiker

(L Le ) 1AM

A proup delays performance of proposed filler can be
verified by seitmg the bias cumrent at J00pA. Growp delays s
obteined apound 30ns ond fAatten along the passbend bt the
stepbund has hgher delys of Alins

wian | S .

Grap dalay
|
i

L LH [EC TS

i |
T T
i |
1 |
o= WL
Froveomr

Fig. L3 Croop delsy A0 L el of proprosed file

Filtering perfoemance of propased filler can be verified by
appdying multi-tone ( HKOKHz, 300kHz EIhHz, 3WHz, 100Hz,
A0hHz and 1OOMMHEZ) and setting the beag corrent at S00pA.
bl ulti-tone specirums can e abtinned only in-band frequency
according 10 the theory -
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Fig. 14 Mt Aomg responsg of propossd fillar

The dastortsen 13 venfied by THD simulation in passkand at
IMHz and 100Hz. The THIY isoblamed les than 0,12% as
shewn in Fig 15
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V. ConCLUSIoNS

Fully-differential - electronically  tunable  current-made
high-ceder LPF 15 mealized based on the Chebyshey |ndder
low-pass  filter  prototype.  Eleven cascode OTA=s and 100
grounded capaeilors are used for implementing the proposed
filter. Tt enjovs  electronic tning, of freguency response
between S0KH2 and 20MHz through biss current from LpA
fo #0pA The omcuit uses +1V power supplies with low
dymamic power cormumpazon (7920 W at 400pA bas current.
The propesed crrewl anjovs Jow complexity siruetures, with,
low THLY less than 0.12%, 1t 15 very suilable 1o realize the
proposed filter 1 commurication monolithic ghip o use m
low-perwer mobile commumication equipment.
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Current-mode Square-Rooting Circuit based on
CMOS Translinear
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Abstract—In this paper; a oew current-mode squsre-roating
cireuit based an tramlisear prineiplo is propesed. The saluration
mode of MOS tramsistors ioaved for realiviog the proposed
circuil with +L5Y powor sapplics. Square-rostiog drouil s
realived from the trapslisear tvpesA ood corrent cemputation
which uses totally eiphicon MO iransistors. The ¢ircail had twi
imputs which ame perferms o inpat aod snethor ose for a
viriable gaim. Two ioput pesitions are similar characteristic
whkich are alde 1o vwap generally. The galn af proposed sgoare-
rouding can be clectrenically tused by lkiss correst. The current
omtpod is sccurately comparcd with the ideal squarc-rocting
Tunetion. The errer al carrent catpat s achicved lower thae 4%
abumg 150 A of inpot rampe, High frequency sinasoidal cignal can
e wperated up o SMHe The proposed circuil is soitalsle for
applyisg o the varieties o  apalopme  sigmal-processisg
application:. The dmulstion results are depicted to confirm the
thearetical asalysis by msing MSpice. Mireover, layool amil post
Tnyoni simukation results are iscluded.

Keywordi—Curreni-mode,  Sqaare-costiop  Translinear,

CAIOS

I THTROTHMCTION

Suguare-mpoting corcwll o asef] fowbon baobbiog Block
for aevers] ipplications e.g. el pebworks, measiremet anl
instrument, [t con be used to compase ithe dismpce between
e vectont o to calealae the ros. (Koot Mean Squane)
vabie of a5 arftory saveform. Square-meoting circuit wis
proposed by using operationil amplifiers (op-amp) and bipolar
Jjumction trunsistors [ 1], However, the equency performmmsce
of op-amg based square-rootmg circult was himited due w the
[iniré pain bandwidil ol the op-amg and ool suitable for 1O
implemenstition.  The cumert-mode squate-nealmg  Cincuil
baged oo bipolar junction rmsagtors (BIT) [2] and CMOS
yector summsation  [3]  wis  proposed  in trashinear
configaration which was appropriste for - miplementing in
movolithic  integrated cocant  technokepy.  Square-rooting
cireuits that realized from MOS trnsistor with op-amg [4],
waing square law of MOS oansstor [3-6], operate in class AR
7] were proposed with complex souctures. The square-
rooting based o several active buibding biocks swch as OTA
[B], CCI [9]. DDVCC [10] CCCH [11-12] and CDTA [13]

QTR |- FIRG- 46951 TRET 10D C201H IEEE
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were mimoduced, but they had generic drwbacks of active
bullding blocks. bost of circuits had low BW, some cincuit
required excessive of passive elermeis and some circuits used
maty sctive clermems, More design of square-rooting circuits
wn ransiator level wers anvented using BIT wanshoear class
AR wnth complex strecture [ 14] asd MOS mansistors [15417]
at they alee suffered from nming condition.

This paper presents o CMOE cumemt-misde squase-rooting
circud by using transbmear  boop with bew complexity
structure, This circut only wses eighteen trunsistors without
By external pesspe  elements. The cumem gain can be
controfled by bias cument. Fhysical lavoul and post layout
sipmibation are carmied out to confirm the performances.

Il. GENERAL TROSCILE

A CMOS Crrvern-mode Square-rosing

The cument squars-moting basesd on MO smoslmear loop
(MTL} type-A coufipuration [3] 15 shown in Fig. . Owing to
tmnsistons are mached and opersted in sstumtion region,
applving KVL to the loop then gaie-source voltage of four
tratsistos e be witien a9
{1}

Vs ¥V = Fiane=11

o

Fig. 1. MOG tsskiear Ioop fipe-4
wheme g~ ||£l_' Ve k= E‘;zml'f} is A tmnsconductasice
i O

of NMOB wansistors, the transhinear equation (1) can be
FeTILie A

3T oIz F o @

Bquaring (2} and suppose that the drain cement of M and
My are equal to bhalf of the eurrent oupotl f=I=la'2 Tr can be
realioed by using a current meear (M and Mep sl associated
current (fz=1iF o shown m Fig.2 for mamtammg the cumrent £
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and {1 10 be equated, The current output can be smpified oo
the sguare toot function with o non-hnear term as

o A s
_Lé._:l.‘, LI =1 13}

Fig. I Copcept ol CMOS gl uguse-imasling

Comsidering (3), the square-rooting mutpat funciion can be
casily completed by concelling wowanted nonlinear wwrm, In
Fig.3, the transistors Ma-My; are designed 1o subsirnct inpuis
{fz=f . Ml -Mlis are cunrentt mirror for ioputs (0, 52). My amd
My are used 10 sem curents by sertime (he aspect ratio (WL)
e achieve hall of foput cuments. MNowe that, WL of b7 aml
M1 st b Jl §smaller thaa B wad Mie

Fiaa
L] FIL-'H ]
-

I A

T .'I-'1 rju,., | T ;
l' -h‘.:i a4 i [T
5 18K ﬁl_‘_‘*
| I [T

u.!'lqli;ml 1 5 1'|_li1|-| i

Fig 3. D0 subsrmect md swn corull

Gt T
Ik

4 +

Eig 4 Complersd CMCS suwmess s nave- moting

Combining the circwits in Fig2 and Fip.3, then we pet
completed CMOE currens square-rooting 28 Fig.d and outpas
current 15 obilaimed as

i =TT, i+1

From {4), it is clenx that the propossd ircuit aise provides the
tempernhae nsensitive feahmre,
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I PERFORMANCE AMALYSIS
A Tranwivtors arsmached

The proposed sguere-mootmg circmt reguires  matching
comdstions ns well us the sie of rapsistors Mi-Ms, From (1},
the ranslinenr equntion can be rewritten based on mismadch of

MI-MA s

I L L Lt 5
whete F.M'E.';'i'- .f:'_'l repreacats the paremeters of bmosisior
iw, Supposs that the cument source [+ 4, )2 m Figd are
perfecily ddenl, the meput cumrent con be expressed ax

Frs =£’L el + ki E\Ikut:fﬂr: _{lr; + 05} {6)
kE k4 3
1 :l [__2_4.‘_ Il'ﬁ-_lhl

The current gain and a few nonlinear etrars are govermed by
mismatched of ransistors b -Ma. To manimize the errors, at
lezet the matching of MMz and MMy ane reguirad then the
current oubput becomes

PR A N AR TS| s
Tk 2 kN2

whiere ki asicl ks denate the parameiers of WA and A6, M,
respectively. From (T), the nonlinear esrors can be reduced by
adjusting the current sourees (1, +0, /2 i Figd,

B Meadnun frigaed Cravrerrs

The proposed squars-rooing alse bas an imput rangs
lidmtion which governed by the operation of MOS8 rnsisior
10 saduraiaon region (FaeFre Vo). Assumang that the current J;
15 e mput gz 1% @ constant bias cument, the mrximum of
b current (-1 ) woulsd suppessd o be & Considening 2 M,
if the musimmm of I is applisd then the voltage of Fas and
Foss mre expressed as

{ !
V, :J—L-vl' (B3
AR r n

Fi= .{L‘:ﬁ'{z +¥ i)
Regarding the tmnsistors are operated in saturation region, e

AVRENUOE Gutpul canrent and R f% N assurmed,
"

hence the gate-in-source voliape of My and A con be writien

as
1? I #1;2 .][ T
o ASRLE 4 W Wi = [=L +¥ {1101
\ "h’* ky h.¢¢ v 4 LT

Assuming that the =b=lomlag, Ve Fme e ind bk, the
MK input current can be approximaied as

7 u[?f'w’*'-]' {1
14415



[V, SrauLaTioN RESUITS

Te confirm the chamacternistics of proposed current square
footing ¢ercudt, the pest-layout simudation tesults are carcled
out Trased on =15V power suppliss snd TSMO 0.18um level
48 CMOS technobogy [18], Aspect zatio (W/L) of MMOS
trangisiore were weed s the following sesipnments; M to M
equal to J0humZpm, M: o Mo equal to SpmilSum, amd
PAOS ransiztons Moz to Mis equal 10 10wmd 0 Spom bl oo Mis
cqual to Suowlh Sum. Fie S shows physical layout of squase-
rooting circuit which use 5058 pum? chip ares.

Flg. & Plprical Layoutof the groposed aparesoming Gl

ka2
I [
i ¥ — iRt - b
3 N
= ;
S T T ‘ &
o 3 =] [
(A :
Fy. 6. The do chamstenatic vanation o {oulpuls urnont vecsis inpal numsnl
G
14 T
I AF 15k
13- 1
- e gl e a
’ Y G
-!’ L 3
- i 3
i
:
™ :u 1%
iaTud
Fig, 7. The Ao charske petie varanen of pulpols correo verscs Bgul cuent
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Figure 6 shows the DC-chacterisie of proposed squire-
reoting cirouit when the imput curzent [ is varied fom 0w
150 pA with given the current f o conirol the current gain by
adjusting Jz = 50 100 and 150 pA Likewise, mput current f
waz siplied as 8 current input by varying frem O to 150 A
while piwen the current /i v cootrol the current gain by
adjusting Ji = $0, 100 and 150 pA as shown in Fig, 7.

Lifuky

Eirprar Horor 9

(T

Fig, . The relative geros of the meadin Fip T,

Reelntive gutput errors compared with sdeal square-rocting
fumetion when b ool Bz ace being mput wheeh shown in Fig.§
and Fig. 9, resnectively. Ivde clear that input rangs 5-150 ud
mid bise qurrent (pain contrelp 30-150 pA heve dynemic
reltive eeroecs. When biss suesent i3 low this selative srrors ane
aroumed 10-15% smd when Bina ewrrent is high relative emors
o] 0-5%%. There are alightly different ecries betasen bith
iapu.rln Iy mmal

Fip. 10 Sieuiodi] egval netpod s ar IME:



The sausmdal sigmnd corment was applied wr the e i by
assigning s mmplitude at 1 5tpAp-p with different frequencies
of 1MHz and 5MHz whilst hissing £ a5 & gain conmol. We
found that the proposed circuit provides comectly squans-
rooting oufpuat when input 5 | MHz as shown in Fig.10, s
the progosed curcun provides acoeptable curpul with very low
distortion when iopu iz SHe as shown i Fag. 11

AW
A

oo b

Fig. | 1. Bermesoudal sipral resporeses a1 Sz

Figure 12 shows current outpuls when mopual is 1MHz
risngulor signal with 150pAp-p. By applving Ji a5 an mput
cumrent and B as g coirel, we found that st 1 MHz the
proposed  coeut provides  corroel oulgul. Ope  of e
ndvamtages of the propessd circuit is fEmpeTuture msensitive
fenture, The current outputs ans demonstrated m Fig 13 by
adjusting the temperatone from 0-[00eC, we fonsd st the
autpul curment anly hos slightly deviation mthe amplinade,

Thim by

Fig. 1}, Tnanpalar sipeal ressonses when chanping tanporatoe

b
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V. CONCLUSKRN

A mew gummt sgquanmostig cent based on CMOS
trmnslinenr bns been proposes. This coreunt can opemie unsder
low  volage with fempersiure  msensitive  lembare,  The
proposed circuit can be easily mplement to integrated cincuit
by using 0.1 Kum CMOS techeology thet wse 5058 pmd chip
aren. Post layout simulntion resulis are sccurstely obmined by
using Spice with DC cwment input tange of 0-150 wA and the
current gain cas be adjusted by haas corrent. Inpat s variable
current gain terminals can be applied in arbitrary position of
inpuits. Frequency responses can be obtsined over 3 Mz with
v poswer dissipation around 2mW at SMHz.
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Coovtiwmioes (eme current-mods high-order low-pass and hand-pass filters hased on the log-domain on-
vl g preserled (i Lhiy paper. The passive BLC ladder nevaorks are used as the protulype bo achicve the
proposed filler by simulating the BLE network synthesis method. The achieved filters have mherited the
gowl sensiincity pesformance fram the BLC passive protoiype. Filth-order BLC bdder low -pass ftec and
stath-grder RLC ladder band-pass filber areaised as provotypes and the sgnal low graph (5G] lechnigos

ELmen:m it wpaed o the symdhesss. The 3EG can identily group of integrators and severs dignal paths. Log-domain
Tua:c i |os=y and [ssless integratbars based on BT bechnolomy are deployed to achieve the intesgrators for realiza-
e A — tion of propeeed Gicrs The smulstions were carned cot and Lhr.: mesislis exhibeied several leaiares whsch
Traalines A iy agaeement with thie RLC peoitype, The frequency response of Tlors along 100 kHe 1w 10 MHz ran
BT be elecironcally tumsed Uhrough 5-500 oA of e corrents The THD beser than 175 of UF a=xd BP Aliers
woere meazuees] al 140 MG inpu, The muokii-tone bested was indhudsl in the paper for verlng Uhe por-
femmante of proposed LIand B filters. The intermodulation distortions anound - 50 d8 and -60 db were

Al imestigared foe the proposed LP and B Rllers
OMNT Elsevier GmbH, AT pighas nesenied
1. Introductan differcnce current comveyor transconductance amplifier [DOOCTA)

A continwous time or anakygue flver b5 an impontant buliding
Balock im Lhe analog signad processing wea [0 teleconmunication,
the camtinsos time Gleer i reqeired especially in modulatisng and
demodulstions. In the past, passive BLC metwarks were and 4o be
suitable for a variety of filters | 1. Unfartunately, pasive HLC ane
ning preferned it modern flvers as they are pnd suitahle for inge-
grated cirousts and lacked unabde to use the tunability feature
Active elements, o8, OPAME, were gererally unattractive for inge-
gration when designing filters since they consumed the mumeroas
passive elements and Boked e tumability feature |2], Several
active Blters based an different concepts have been reposted, Mamy
seruel -oeder tunable filters using different active clements have
abso been introduced. Second-generation sument comeeyar [CC10)
| 4] aned uriversal wobtage conveyors (UVC) |4 and differential dif-
ferenoe current conveyor (D) (6] with a few passive elements
have been implemented for the second-order flter, Biquad filters
were ychieved based on differential difference amgphifier (D)
| 7} and voleage differencing inverting bulfered amplifier |5). Unfoe-
tunately, they lacked the tuisability feature and also reguired resis-
tors im the crcuit. Tunable biguad fibers vsing . differential

* Cnrmaponding sdbar,
Fmant wekfrmes: mat@ekeon btk (O, Prommee)

Tttty 1L 1R Gl ke 201 7. 05014
1434-841 8¢ 047 Einewier Conlsh ML pighls seservisd.

| %] with grourded passive elements wene intraduced despite anly
having a singhe souve element, they, soll required reststors. How-
ever, the performances of those fifters were [imited by active ele-
meats and arder af fillers.

High-oeder comtinuous time flters based on CCH (10| and cur-
rent differencing buffered amplifier (CORA) have been introdoced
[ 1 1] wath floativg and grounded resistars and caparifors, In mid-
e flters, the chip area minimization s preferred, thus resisors
shoulit be aveided. The simulating of a ladder filter wusing ourrent
controlled conveyors (OCCI | 12] was repoted with the tunabiling
Seaticre of Jow-pass (L and band-pass (B function, The tinable
range was relitively namow amd high-Irequency operation was
Emited. Recently, low-voltage high-order LP filters based on (MOS
technology | 11| were neported with the tunabilaty fature and they
were suitahle for high-frequency applications.

The Jog-damain ciroult has & well-known beaefic that consists
of mnability. switable for high-frequency and low-valtage applica-
tlons | 14). An essential property of log-domain system is. Inter-
nally processed pon-linear domain bul whole system is linear-
domain, based on the translinear principle |15, Many applications
of the log-domain prindple can be Samd i several circuoits. Log-
domain state-space filter design [ 1G], multiphass sinusoidal osol
fatar | 17], and universal filter [ 14,19 were imroduced wsing difer-
ent log-clomain strugtures but they also have the meeresting
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results, The design of a high-order log-domain LP fiter based on
aperational smulstion LC Ladder (20201 | was designed bur it suf-
tered fram the high-complexity stnscure.

In this paper, design of hizgh-order LP and BP filters based on
log-domatn compansding cercuit using the skgnal Do graph (5FG)
technigue and BILC ladder &5 & prototype 15 presented. The pro-
posed Tilier has bow-comeplexity, bow-voltage and luigh perfor-
mances Biering. The proposed Aliers reguire only BT grousded
capacitors and bias current circuitry. The bessy and lossless integra-
tors were wsed b minimize the number of tansistors, The fre-
quency response of UF and BF can be wide-range tmed abong
1061 ez 1o 10 MHz, Tiie paper b5 dbvided into the follewing sec-
tlons, the theory of bog-domain lossy and lossless integvators amd
SFG design reclutgue used for the propased] filkers are expressed
i Section 2. Realisation of the proguosed log-domain LP and BF -
fer are given in Section 1. Sedion 4 mvesiigates the influence of BT
nopidealities to the integrators to opiimize the design as welk av
the use of capacitors and trangistor current gaim | 7). The simulation
resubts and conclusion are described in Sections 0 amd 0,
respectively,

2. Theories and principles
2.1, Log-clansain kassy and Inssless integroors hased an rronsiiapar 8T

Tha basbe iverting frar-order lew-pass Alier or Lossy iniegratoer,
wsed iy this paper ae the matn active bailding blocks a5 depicned
o e ifal Pole Breguency i controlked By paramster 4 Bz )
shows a loeg<lomaim integrator based on trarsinear BT cell
1177080 Assuming that, the iransisiors have an wleal exponential
charaoteristic aml negledting of base currents. Applving the
translinear prinoiple (TRF) b 0y-0 gives

Infa =fnlsy ik

whepe rr|, d f| * [ fq *= 5 frg - 1‘]: + fl'!l"'_'ll anil I'lq 'h"'ﬂ. Ths
clettvarive of voltage aceass the capacitog Oy i

v e Vedi Vil
S77dF T I
Sumposed that the Curments dy =& = s, Eg (1| can be rewnirien &

)

Iy = (f: L6 l'rf'l“)ﬂr 1]
n
B = 1o $.C1laVx 2
I

Taking the Laplace transtonm to both sides of (3] and reamang-
ing; the ransfer lunctlon s

kil i

Hizl :1—43& = S-l—f-'l.-'._.'lg!- vig| i)
e
X —A ¥
e - &
i+ A

ie)

Fig. T, ja) Limsy ireprvies (b op-demue imvertag sny mingraior,

Froam (4], it can be seen that the generic bossy imtegrator | first-
arcler low-pass filver] is svident satisfactions, The pole Irequency of
lassy integrador can be electronically tuned by adjusting the bias
CUrrent | fq) Mote the galn af this srrucne is undty, all of the bias
currents are identeical, The completed lnvening sml non-loverting
lz-domaki lessy Integrator can be easily schieved by adding three
Iranaiatons | (-] a8 sl in Fig. 2 The current cramedey fusction
ol dsal-outpul kg-omain lossy infegrator can be writlen as

Imigy i/ Ci e Lo

ML) o= i : 9
15! TIafFy 5+ 40 Vel G
loziss il /0 Ve .

H{g) = o e A
i Tal®)  5+ilCi¥r) s

where Vp= 26mV i al roon lemperatare. L s obviowsly shown
froum (50 aamd (15 thal FEE) agreex with the tramsfer fupdtioo of
inverting and non-inverting lossy infegrators, respedively.

Tromn Fig 1, am invering lessless integrater can be fransformed
by using a lossy integraior with negasive feediad rom the LT LIS
cufreil linte the imput. The Rlﬂ.-dtlll'lﬂlﬂ dual-outpiets lossiess ibe-
grator is depicred in R 4 | 1H] aid drs corrent Cranaler fuoction of
dual-oatprt can be writlen as

Iy 153 e In :
T-'.F.:' el =
lpish . Is hi
Lisk TR0V I

22X Synthesés of cerive fowepass Mlter usdng ROC fodder prododype

The passive RLC ladder Rleer it selecied 2= the protobype
because of ity good praperty in low-sensitivity and comfortably

Vior

F“F:' L—f —

g X Livsbists It Cramierrred By 4 hrody inegralog,
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g, & Compleied] Ing-doram fossless méepnion

-



pii
@ ! o A @
I _,ér 2 TE" [ e
I..{) EE‘: - =0, = E:R‘_

+

Fag. 5. RLC Lasdaloe Por 8% cnbee botve-gais e,

Gesagn due e the identical vabaes of & few paasive ebements. The
sincilating of a passive nelwork wing the sgnal flow graph
[SFG] echnique amnd freguency scaling ar= uzeld for the symthess
of the active filter ciroumat. The anallyss of fifth-order Chebyshes
lera-pass Alter prgoiype i shown in feg S This can be derived
by the usage of Kiechhols current law (KCL) at node voliage ¥,
¥y amd Vi The set of relationship. betwesn current amd voltags
are described as the ollowing (21— 160

¥y AP .
o (r,. Rl 8
= I3 o
Wy =i [:1
Vet 1 ey
Vs = I:h I}-‘il [
[ 'Lﬂ-%—h “1."

LI

b= T 12
hy=F~I (kM
Wy — Wy )
[ . o7 (%0
b=ty 22 (15
¥y T
!.wr—Fl iTh)

Consiclering (8] -7 16, the sigial Bow graph (SFG) can be wrilten
im the form of voltage and corrent relationships, as shoven i g,
For current-mesde maethed, voltage variables bave o be trans-
formeed into current variabbes by applying the intrinsic resistapoe
[¥eflal in appropriate branches and assoming 8 = B =1, Fort-
nately, the transfer funcicn of inegracars requires only capacitog
anid azmve eements. Therelore, all of the inducors (L] are frans-
farmeed, g0 capaitars (07 Thus, fig. & can be rewritten as in
Fig. ¥ and it i5 obwlously clear that there are 2 Jossy- and 3
bosibess-inbegratons nh the system.

fy L=t Wbk o y
2 - " - - y
- Wl B L | o iy Ty
3 r T i u“ r i
. - =
II 1 o oa % 1 ¥ a % {m:r

Mg 6. 51 of Afth-nrder RLC bow-paas Alier pototype
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¥
d-oh
WE £ A%r,h %2, :"l;:
=
(a}
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r.(“ £ o g2 L G ER
+ T 1]
*
L.1]

P & |} Thanl-order Chebrhey UF preéctype. () Tramslmmed stach-onder P
Aliex,

.3, Epnifvesis of RLC fsdder homd-pass filter

RLL Chebychew sixsh-order BPF profotype &s shown in Fiz Sb)
can b achieved by wsing the rranslormarion of deubly rermdnated
RLC passive Chetychew LPF prowotype in FeBla) and meowork
transformacon 0 Tahle | 1) The analysis of sixth-order Cheby-
ey band-pass Hiter prototype can be derived by the wsage af
KCL anel Cllaer’s Ky ar ool voltage Vi, Vs sl voltage scross induc-
Lor L Vs ) The S0 of eguadions are shown in e ollowisg (17~
123),

h

¥ E 117}
Vo= va-v,-% (18}
Tabilie 1

btk traeshmanun bet s 1S anl B°

LF predotype

y * L. Iilﬂ‘

i i

Ry B,
—M— - —W—
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Fig. 0 SFC of dhe s -oeder RO haad-pass Al poonoype.

Fig. 10 Transiomed SFC af fhe sixch opder BEC hand-pass Aar ino cupeat-mode.

75

n

UUsed in the same manner as the low-pazs flter in the previous
section, SHG of the band-pass Gilter and its simplification are illus-
iwated in Figs. 5 aml 00, respectively.

Cansidering Fiz 0, all voltage nodes woukd be changed 1o cir-
rent nodes by applving the Intrinslc resistance {¥ofly] o the
sppropriated beanches Every branch can be acldeved by using
the nfegrator. Additicnally, the 5FG can also be minmized by
replacing the lossy integrabor into e lossless integrator with s
negative feedhack, The fnal SFG of the current-made BE filter
n be rewriten as m Fg 10,

3. Realizathon of proposed Chebyshey Biter
31 Low-prass flleer

Froam the begefoal propestbes of o ladder LT filter conligurs-
frim, the SFG of the Gith-order LP Gleer in Fis, 7 can be realized
by using hg-domain lossy and lossless integrators. Based on the
Chebyshey methodology, the value of capacirors O, Oy and C5 are
expualed, O ane O (L amd L) are also exqualed, Thus, the log-
domain fifth-order L lter cirouil can be exchibited as im Fig. 10,
Due to the minimized bas corrent mismatched enor | 157 the blas
clrouilry based on aoourale currenl mrirors are requined a8 shown
i 1358)

32 Hondapass filfer

Thie SFG of shah-order BP Blter o Fig 10 can be achieved by
using log-domain lossy and kssless integrarars, Based on the Che-
Inyshey methodology, it can be dediced that tie value of capaciton
Ty Gy amd O are exuaked, C, G and C; Ly, Ly and Ly} are also
equatied, Therefore the scive band-pass fiber chosit can be
achiFved 2% in Fig. 12 Due to the minimized hias current mis-
matched error [18) the bias circuitry based on acouraee corrent
mirars ape nequined a5 shownin Figo 2ib)

KOS P BB B
‘f}*r{:ﬁjswﬁ }='1‘§F'}F“' et LF

Flg 11, Rxabzation of prepored keg-dean Nih-oder LP Eher

=]

o -%,'. i 6
= J—|—| e
A LR e [ F‘-Jr' A ; r"

Fig. 12, Reabizaine of propessd log-domain seik-arder BP Blter
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(b} Current binsing cincuit for proposed high-order BPF

Fig. 13, Caarent blasing clecuic based o high-dcrufane Cofient minos.

Fig. 04 Smald oige ol soda] of Bapedar agsistor B oen-aleal analyss

A Influence ol transisior nonideality

Log-domain Alter contains a group of integrators which suffes
froam tramsistor nonidealities. | 22]. This paper desives equations
by describing the ponides charmcerstics of a leg-domain integrs-
tor as a non-ideal model ol the transiston, Thes section shows the
eflects of the rransister parasivic as seen in Fig 14 based ona
amall-signal model usire  base-embtter  resistance {ro), base-
ennitter capacirance {C,], amd base—collector capacitance {,] Sup-
pase that the other parasitic capacitances ars very small and the
impedance of the colbector-emitter (e, s high b this section, only
mverting lessy andd lossless indegrators are investigated in the fol-
kenaving subsections,

4.1 Porasitic restorarce (£ o 51

This subsection consdders the parasitic of hass-amilter resis-
tance {Fe) o fndte beta { § how they affect the log-dontain nmge-
grators. Pram s simall-gignal msdel of a bipalar transdstor, sben
the parasitic capacitances are segleoed, the effect of r, to sy

integrator transfer fmction of Fg L an be l\r:l.h':iLten as Eg. (24
i

where iy and i, denote the specific cases
anakysis.

of mmall signal

T R e e T
3PP U (Bt P e h ey B P aF et + By Fea )
{24)

The ponideal parasitic resislawes, pole-lrequemncy can b
expressed as Eg. | 25 | where ianssor cumenl gain ) = g, Con-
sidering tramsistor current gain, pele-reqpuency of the k- pass Al
ter can 11:.-wrkrrnin:rmuﬂf-‘rﬂmhm.!tfanhe.mﬂntthﬂ
paraziti; ressances and 8 provides a small deviation: of poje-
frequency |17,

I'.E'm -uf|5$l|

CoiBen Fas -+ Bl + fia &

T 5

Samiarity, lossless [nregrator rassfer anctions m iz 4 can be
simplified and rewrnitoen in © 261

s (51 ﬁ:. 2/ EaTi o

T I:s T 5!&._%‘-1) &
2 iy y

gy *m.”ﬁ =f (7}

Fronmi [ 26, bossless imtegrator is directly alfected by the hase-
emitter parasitic resstance () Not= that, all transistors wens
matched for Ipssless integrator with the identical § = g, and
transe0 et anes (g = lnflr) The Iosless mtegrator funciions
a5 4 low-pass filter with low-lrequency pale (o) and high-gain
| Hgz) ot bow nequency as shown in 271,

4.2 Porasitic copociimace (C, omd Cf

The stray or parasitic capacitances mchidimg the bipolar transas-
tor are carsidersd in this suhseciim o verife how many effects of
Siray capactrances coobll be fonnd in the lsg=domaim mtegrator.
First ol all, parasitc base-smiiter capacitanoe (€.} 15 considerl,
all ranstonductance are klenthcal Using the small-signal model
of the blpolar transistod withour parasitic ressstances, s effec
of T to Bodsy invegrator transfer huncthon | 17] can be spprosimated

10§ 28| imd s pole-frequency o 29)]

& ‘—ﬂnl i 0 = Cay + gl
Ko +50 + Car #0004+ Caa}

i
Tntst

128}

-] [ g il
g Ci+Ca+Ca = Cia I

Samidarity, parasitic hasg—colbectar capacitande (¢, ] is also taken
into account. The elfect of the base—collector capacitance o the
lossy integrator framsfer funcien is given by (0] and its pole-
[requency is shown n (31

Iy £ 5k = .

—_— 30
Talil BTy 4eligt -+ Cog + i + Lo} v
priren &y {31}

7 G+ (-.r- =+ ':-pl + g+ L
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Secondly, using the small-signal model af the bipolar or
wiith parasite capacitances, the effectiveness of O to the Iossless
inbegracor mransfer funciion | 157 can be approximared in (92

im il - :
L) RO T+ Ca—Ta) G4

Similarly, parasilic base-toBecior capacitance G i abko a
major limitation to translinear arewit accoracy. The efect of the
hase=collectar capacitance ta the bssdess mtegrator trransler fne.
tion is given by | 13)

Ay 8} En pe
L0 RO+ 25 4 Cu +Ca 2 Cat (33

Fromm (28] 1o [ 13, it & apparent thal the stray capaditances Uy
and € are the cawse of deviation in {be requency resporse of lnssy
anl Jossless integrators. Moge that when pole frequency is formed
iy kg = [0V high frequency operation is snahle ty increasing the
hias current ar reducing the capacitance, To minimize power, the
nlas currents ane kept a5 kow as pessible and the capacitor is appro-
priately increased, To prevent significant erroes, the selected
capacitar O of integrators would be dn the lallowing condition

€ 5354+ 5E, (34

5. Simnasl ation resulis

From the previos section that explained the synthesis of fiter
gircuil based oo e passivie BLC prodelype creml, il is shyssisly
chear thal thee lowe -pass and bancd-pass filer circaits can be realiced
from active circmt which consss of only lossy and kosshess intes
grators, The characteristics of both lazsy and Inssless integrators
have been stiklied in order (o consicler thedr featires, especialfy
in passhand frequency,

In this research, the simulations wers camisd oo using Pspice
based om the HEAT1ZT [N} and HEATLZE | PNT) high-frequency
trarsistor arrays Wom Inbevsdl (2730 The capackor of 200pF was
ased in bossy and bassless distegratons as © bn Fugs. 2 ol 4 with var-
et o bk cusrent by 5, 50 aid SO0 A The magilule responsss of
Ty amel lossless imtegratoes were shmulared by Pspice xs shown
in Figss 15 arkl [ Cwe can see thal the culoff freguency at
— 145 gain of losvy iegrator and 0 dB gain of lossbess integraor
are in grod agresment and alsa can be electramically tuned through
the hias current, Interestingly, the frequency response of lossless
inbegracer is similar o that of the low-pass flrer with a lsgh gain
AL lew Irequiency, consistenl with (26 audd 2% I s theredore these
integraiors which are switalde (o we in e folowing propesed [i1-
erlig L

Fag. 15, Mapritode maporer of losy infegraion

Fig. 16, Magratode resporee of hogdess ianegeater

5 1. Larwe-jreses fileer

Avpording o the BLC Lidder low-pass Elier probotype as show
in Fip. 5, the Sth order Chebyshey Rlter with the ootoff fregquency of
2 MHz and the ripple of 0.5 4B was chosen for the design | 1L Thus,
the passve elements i Fig & are O == 143,75 0F,
Cy= 21415 0F and Ly= Ly = 10360k, From the proposed arceic
inFig. 11, the capacitors wsed im this civcuit should por be less than
188 pF in order o aveid the influence of stray capaciance of BT,
Conaidening the passive element [1§50,) of [1/50,) of fiker in
Fig &and che integraor wansfer luncren {060V in Re 7 the
cpacitors and mmcisctors were actually replacesd by the itegratons,
For ecample, O = 14375 oF of 1ag 5 is aasigned for 2 MHz cutolf
frecjiserny, U bias current of infegralor (I = 50 pA] i suppoded
amel ¥p= 26 mV. The capacitor C, of integrator was scabsd by &,
aof the KIC protoeype arcuit which meant kes (52 @ 1077, Using
the same lrequency scaling famor (&), the value of capacitors in
Vg 11 G = Cp= 206 pF, Ly= 410617 pFL, = 0 = lﬂﬁﬁﬁ'w
abrained. Thesimulation resules of the RIC prototype of £z 5 com-
pared to the proposed Chebyshev low-pass filter In Fig 11 ame
shown i Bl 77, 1t can be mooced that the Ireguency respoise of
the proposed ller hammonizes widh the ELC protolype but its pass-
bamd level and ripphe are slighthy keeser than the prototype. The
eldectromically-tumed feature of the propesed drouit ha.x_hﬂ-.n stenl-
ied by il justing, the hias cument i[5 5 540] pA, Cne can see that
the frequeency response of the proposed low-pass filter can be
tuned over a wide mnge of frequencies (fangs of 200 kHz w
20 MIHE] a5 shown in Flg 15,

IR L3R

Hg. 17, Compansne ol progeasd UPF and BLC prototype g = 50pa)
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Fig. 19, Gooup delay of the propesed LPF ar s corrant 75 of 00 00

Fip 1% sherwrs she group delay perfomance of the propased L.
ki s apparens that the group delay b5 relatively Tlatoed along the
passbard arowmsd 37 ms, The pedormance of the proposed. low-
pass Mter can be verblled by applying malgi-rene {100 kHz,
IO EHz, | MHe, I8H2, 10MHz, 30MHz, 2o 100 MH2) 1o the
inpul of propesed fiier with the biag current of 500 W8 The
riaalid-tone spednimm was smilated axl the résls are shown in
Fig. 0. B i evidan that the sub-bunsd toms: (> 00 ML) have baen
dizcarded amd only the in-band tones (= 30 8H:) can be rans-
ferred g the putpur

The total barmsontc distomion {THD] of the proposed LPF was
verified by applving two sfivusoidal sgnal bpuis with varisks

=
-

Bend

1T RO MO e MBI
Prraama

Vg, 20, Muti-tone sperzrum of the propoasd UPF st bias cument of 50058,

- frnmer o i flat | Ebetren, Conmmn (AR 79 XA T 242

liwtoatmn of the | LPF &y A1 A by capenl

props

Fig 22 Tharil aorde ircemoepis poing of proged L.

amplitedes. ar pen pass-band  frequencies (Le 1 MHz and
10 MHz) with bias current of 500 pA, the resuk iz depicted in
Fig 21. The THD at & fregiency of [0 MHz b the proposed LIF
obtakned bower than 1S with the dmnpar ampliiides in e ange
A 20-300 pa

Tir stuidy Lhe perfoomane of the proposed LPF locusiog on inler-
mostlulation distorticn, the 2-tore stimolus signal inpats of 15 amd
TEMHe with varnous amphtieles e 150-1004 or —36
—4hdim] were applied to the input while the bias current was
& b SO0 pA {cutodl= 20 MHz), The magnitude specrum of the
Trequency of 17 MHz was sebecred o consider tse approximation
of the third ceder miermodulation dismetlon {IM3) wsing thind-
oadler imtercept points, the results are shvwn in Fig 22, The bes
Lhircl-oadler MDY imeismrs Tor Dhis flies wad -50 40 s accarmed
al an input of 150 A when oging SO0 A current soumces.

5.2, Fend-pass filter

Duse by the BLC Raclder bard-pass liter prodolype a3 shown in
lig- &b} the sixth-order Clebyshey Eleer with the fellwing spec-
ifications center frequency of 1 MHz, harebwidth of 2 MHz and the
ripple af .7 4B were chosen for the design | 1], Therefore the com-
poments o g bl ame 0= Oy = 115 oG = 2000F,
Ly=Ly= 222 nH, and [y=127 nH using requency scaling tech-

78
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Fig 24 Magmimide response of proposed BFF with adgusting che tias curent 141

maquie, From che proposed cirouls e Fig 22, dhe lmitadon of cpac-
itance value s considered in the zame manner as low-pass fler. 5o
e sapne freguency scabing factor (k) as lin LPF section was applied,
the value of capaciiors.in T 12 are O, = O - 220 pF, £ = 184 pF,
T = (= 427 pF, and O, = 244 pF when blas current of 50 A ks
used The comparison betweesn the resalt of the KL prototype in
Vig &b} and the proposed Chebyshes bamd-pass filter in Fig 12
are shown in Fig 2.8 1 can be poticed that the frequency esponse
af the proposed BEY relatively matched with the RLC protobpe
mesult hui the fransitien band in lefi hand side ard the passband
lewed have slightly destations. The elecimenically mmed fearure of
the propesed BPF cirondn was stadied by adpisting the blas carment
145,50 500) A Ope can see that the fregiency response of the
propazed bard -pass tiver can be Laned over 0 wiides rarge of center
Trequencies {range of 100 kHz (o 10 MHZ) as displayed in fig 24

Fi. 25 shosws the group deday perfemunnee af the propoged BPF.
It & apparent that the group delay along the pass-band s lbwer
than 175 ns. The performince of the proposed BPF circudl cam be
verifil by applying  mudti-tone {100 kHz, 100 kHz, 1 MHz.
3 MHz. 10 MHz 30MHz, and 100 MHz} to the inpat of proposed
fillver with the bias curmens of 5600 g@, The multi-rone specitum
wias simulated and the results are shown i Fie 26 10 is eviden
Tt the oul-baid tones (<3 M2 and >3 MHz2! have been dis-
carded and only the in-bamd (ones {10 M) can be tramsferored
to the cutpul. The inpul Sideband frequency of ThHz and
A0 MHz are also allowed 25 owpoi but attenuated becanses these
freqquencies are i located at the passband freqoency.

The eatal harmanic distortien {THIY of the propassd BFF was
considesed by applying sinusoidal signal input with vamiabie

Holem

B

=

Fig. 35, Muki-vcap spectram of the proposed BPF & bixg ourrent of 500 pi

FoluAd
P, 27, Totad Barrnomiv disiortion of (e preqossd BBF o Saks et af 5400

amplitudes a1 pass-band [requencies {l.e. 10 MHz) with blas cur-
vene of 500 pA, the resilk is displayed m Hg. 27, The THD ar fre-
quency of TOMHZ of the proposed BPF obisined lvver than 0.8%
with [ gl aniplinudes in the ramze of 10-500 A

To venly e perfomeaxe of the popossd BT ooesing on
intermodubation distortion, the 2-ome stimmbdus synal mputs of
1% amd 16 MHz with varions amplitodes (L= 200=500 4 or —43
o -6 dlm] were applied o the mpar whils the hias current
was st i B A The magmitxle spectnom of the freguency of
17 MHz was selected to comsider the thind-order intercept paine:
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. Thuskador inigespla posi of propoasd §9F,
i gk !

hemoe the sesult is ahown o Fig 26, Thebest thard-aedes IMI misa-
sure for this filber was 60 dfl amd eecurred s an input of 200 pA
wilpen wsdng 500 pA current Sources,

6 Conchision

The Afh order current-eode Chelvahey Jow-pass filver and
siath-arder band-pass filter based on RLC ladder protatype: have
been proposedd, The fliers were desigoed osing lossy amd bissless
lag-domain tegrators as the antve building blocks. e circaits
only use @ single +1.5% power supply and can be electronsally
tued by using the beas curpent, The measured powsr consump-
s af LPF ancl BPF af 500 @A bias ousment are respectively found
that af 304 il siad 39,0 W, The propesed filters can be uned
between 100 kbe and 30 MH: through the bias current of 3 pA
and 50 pA in agreement with the RLC protetype. The group delay
wias relatively Matied witvich i< alwo in acconclimce with the BLC pro-
totypo. The multi-tone performance of the LP and B8P filters was
tested for verification the filtering behavior, The THE of the pro-
pesed LP ancd BF was exhibiced less than 1% The rthird-order inter-
nctulation performance of LF sl BT was measured al arpand
~50 dB and —60 dB, respectively.
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