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ABSTRACT

This thesis proposes a circuit design technique to implement current-mode quadrature
and multiphase oscillator circuits with the employment of current followers as active components.
The first proposed circuit configuration is the realization of the current-mode quadrature
oscillator. The circuit mainly consists of four current followers and all virtually grounded passive
components, which is a simple structure and can provide two quadrature sinusoidal current
outputs with 90° phase difference. Sensitivity analysis shows that it has low passive sensitivities,
and the frequency of oscillation (&) is insensitive to current-tracking errors of the current
followers. For the second proposed a circuit configuration, a current-mode multiphase sinusoidal
oscillator (MSO) is described. The proposed oscillator structure is based on the implementation of
n cascaded current follower-based first-order allpass section that can generate n sinusoidal equal
amplitude equally spaced in-phase current outputs with phase difference of 180°n. PSPICE
simulation and experimental results using commercial available IC CD4007 are also given to

verify the theoretical analysis.
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NNATINVAUMINNTZUANYD z IRaneasedsiunszuanda x sz vualiituieesen

NIZUANVVAY (negative current follower, -CF)
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2.3 M3dansziesmunszua jlunuma q
v v v
TusadeiiunisnanfauuImunsdunsiziaesmunssua saudedni 1ains

o 2 = o v = o @ ' Hq ¥
ﬂﬂﬂllnvwﬂu'lﬁun'lﬁuﬂ\?ﬂﬂ?'ﬂu Tﬁtﬁ]zﬂ'ﬁ'l'JQQWﬂﬂﬂ'l'illﬁgﬂ'JﬂU"Q'Jqﬂiﬂi‘ﬁ‘luﬂ']i
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’L‘N!ﬂi1311'J\'l'iliﬂ’lllﬂizllﬁ?'ﬂu‘lj'l_lﬂ"h‘l “l

X 404
2.3.1 2993MUNTTHAVUNUGIUUVBINTUTTIAB TN
¥
NVIMUNTLUATINIINATNUUNUFIUVBINIUFMADT NG 1A [16]-[19] Tav

L ar ¥ A r 1 ] ar
mssouodnludnMZ9951ANT I (common gate) Fagn Tuda Tasunassonszud 1, #a

weraalugai 2.2 ()
'g
"oul’
—
— o
[L ™
L lin
e

(M (V)
H' 9/ = ¢ & o
3N 2.2 20vsmmnszualavlimsugmaoinilam

(M) 29VIAUNTLUADEINY

(V) 293munszuanlFuanmsilounduuyvay



ey o a o = "o 1
vnguaidveswemvini Iinszuadunauaznszumemyaiawitu Tasinn

9 1 a ' o = 1w
AMumumaduduna (R,) 1azAnUATUMUNIIAIIeIANA (R ,) YBINIIAAUNNL [16]

R =— (2.2)

Hay R =— (2.3)

1o g ABOAINITVUILAIWNINAL g, AiD AIAINNITENINVUATUAVVIYDAVO
a 5 = olle a 3
NIMFeNaes MNAUNITNH (2.2) AU IANAINNVAIUNIUBUNAUALAINNIVAIUNIY
o L) ¥ s o o = Y o A o '
ayanmseudganazd muiwy Failudeidovesdasieil1dlumsiwnszua
wiosunszuaninunasneon’ld edralsiawenieslugdn 2.2 aunsedivlga
auauiiAvesnsesiddegilit 22(0)  Teeerdundnvesmsfloundvuuuay (negative
A o ﬂ. ' o s H
feedback) Famsonsziilalaslduemminineludnuuzinssoasudmanslugli 2.3

1
nadiieg ldmanudumudunauazmanudumueanavedesnaroiiu (16)
1

nog :AY =M (2.5)
gds

51 2.3 2vsmunszudediniwildmanmsilounduuuuay
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Fauldinsesdaanslugili 2.2 (n) gnilSul i liguauifveses Indifvaiugaund
J o L A { L
wndiulasldnannistlounduuuuay vinaunsih 24) nay 2.5) lunsdindesnisiia
a ' a a4 °
anudmusunanazmanudumueiyaiiy laugauadundsiuaansoi 18 1a

maien1dadasimsvenonsaiu () Iiinge q

2.3.2 2esmunszualaslymalinnszuanmasse

;ﬂﬁ 2.4 uanvsmunszualaoldmatianseuauymasso (supply current sensing)
[16], [20]-[21) c‘ﬁqﬂsznanh’qvaaﬂuauﬂuaz"mn'ﬁzﬁ’aunszuﬂ?aﬁuﬂﬁ'ﬂﬂiq (improved
Wilson current) Q,-Q, I8¢ Q,-Q, msiaveasesesuw1ddai Tunsdindyaunszua
ouna (i) Wiuan nszuae: Tvardnduniavesglilounduveseetuenilias naas i
2asazRounsziadan Q-Q, iimiiiiluyasunszud (current sink) udadarhuuifu
NIZUTMNA (i) ¥992995 Tunsndududinszuadunailuay aszuaezlnann
unassio Mo azfounszuadauu Q-Q, Mimihiiugaswnszud (current

source)
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Amiumsinseiivenfandun1o Tounseud (current transfer function) ¥943993
° 4 v 4 & d o
1500352911 14 Taomson99s auyave92995 Ui 2.4 1ddegiin 2.5 daezldilandu

10 loUNILUAVUDIITUAWNIND [19]

IDHI —

i R R

in 1+ o + o
R(4+1) R(4+1)

(2.6)

1o 4 Ao ons1veonsIaugihila (open-loop voltage gain) R, A0 AAINMAUNIUMYTY
UMTINNTENT R, UAZ R, AD AINIWAIUMUBUNALAZAINIUATUNIUIBIANAYDI001)

3 ¥ N
ueudlmuddy Taoaldnudn R, << R, dafuaumisi 2.6) annsadoulngdidu

A+1
LA X

R
1+ A4+
R

s

Iout

Lin

ci v g @ a o o v fao 0
vnauMsn 2.7) uasldiiudmindanmsven A lmgannegdi ldilsddudioTou

- =) A L = ' " e
nIzveesiim Indifieaniia nazmanudumubuyaveIliniiy

Vv R
R =—2= 2 (2.8)
1

n

R
S o (a+1)] 14—,
R (4+1)

WuRmIfution R, << R, aumsi 2.8) JanunsodowIna @i

R

o

R, i (2.9)
(4a+1)
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v& b4
2.3.3 29smunszualagl¥nugnvensasasneunszua
» ¥
2smunsynd laoldiugiuvensesazdeunszumivamnsafounaas1dds
o & 3 o
U7 2.6 [161,[22] Fa)sznovAIwrsessasiounssuaiug s LI 2 2995 o M,-M, Az M,-

- - o & e 1 ) =]
M, Tanilsminundanionszuaniogalens ludaduilieslivuiadn

3N 2.6 2vsmunszua laolduguvesssazNounsua
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Tunsdiifeinsanmanudumudunavessesey 14

R =—— (2.10)
Bt T 8an

' 4 U [
llﬁ%ﬂ'}ﬂ'.]'lilgl"luTl']ulﬂ']ﬂﬂﬁﬂlﬂw‘nﬂ‘U‘iflﬂ'll"ﬂ')ﬂ'ﬂ

1
R . = (2.11)

oul
ng +gm4

AMTUOAIMIAIIUNTZUAVOIINTIBNDITUINVTALAOUNTZUS M- M, W30 M,- M, T

AUNINY

A/ N\l (Wz/Lz a+ ’??Vosz )
L (07, JL X+ AVse)

(2.12)

e W fio ANNUNITEANTHAVDIVONIINTZUN (effective channel width) VD4
= o
NSUFAADIAM i (i=1,2)
L Ao MANNENYTZANTHAVDIFONIINTLUE (effective channel length) U943
= Jo o N
NIUBAADIAM i (i=1,2)

A fio A1 channel length modulation factor

A A — = A o U ¥ g1 A [ 4

WeRasanaunsn (2.12) ssmulan 2eesezhamldedsgndesnaeiious swumsusein
Vo

(V) veagmsmFamesavaniiiy wenvnililioNo1santimnnuiumuduynuesdns

' o - o P o' [ ')
wmwzummmﬁ’ﬁumuqamn 1141]&!:"71?]‘Iﬂ'ﬂlw‘l,"luﬂ'lukﬂ'lﬂv!ﬂ‘\lGQ'Ni]‘illﬂ'!ﬂ"lﬂ1ﬂ1‘l§’uﬂu

2.3.4 2903IMUNTTUTVUNUFIUVO I TN IUN LU
o a ja a & ° a9 ¥
avsmomunszua WugUnssineaiidnsianiisiannsmimnlszgnalfanuiiy
vsmunszua IAIuiY [16],[23]-26] MINNDISUINNAUANTAVDIINNTAUNIUNTLUARS
P o v wa o _ 5 : o
aunsh (2.13) szmuldanguamiavesnsesimanudumuduyandn y  dueriua

= 1

a 9/ a d‘g o o [y A:!': | |
1u‘llﬂlzﬂﬂ'lﬂ?'l)Jﬁ'lﬂ“'l\wlﬂ“V!ﬁ'ﬂ"ﬂ X UMIMNUFUULIASLTIAUNYT y (vy) Qﬂﬁ@ﬂ']u'h]
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ar :‘ln’:’ = [ 3 LI, o -
Uningilunssduiian x (v) naznszuai lnaruda x () segndasrilhilunszumerdanai

1 z(i)
b = - _
8 0 0 0 ¥,
i 0 1 ofv

b4

Aniunguauifveessmumunszuaasei vt sdu Ssmmsminmlszgnd

14 v ¥
adthusesaunszud 18 laomsaeda y ainsa (v, = 0) udatfeunszuadunmdriidn x

yd d & o w o
Taonszuafdn z sxilunszumeIANAYDIIINTAIWNTZUA FITWNTOUAAITYANYBINIS

& T &

Tifwesessmunszuauuiuguvesmowunszuaagi 2.7 uazgdi 28 uans

¥
NIIMUATTUAVURUT WYBIT Mo unsznanuy ldueans wdmaos [25]

I . L
_x’ =L S
x o—— +CF
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" ¥
31N 2.8 2eImnsEuTLURNT VBN MW INszuanDD IFueanT T mADT
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HAZAIMNUATUNUDIANANYT 2z vflumu [16]

84, 18
Rm :dsz—.‘i".i (2.14)
gngm5
. 1
Iag Rom = (2.15)
8ds7

A ' ey n’: Qe = e
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AWATUNIUIEIANAYBIINIAILNsEH Mldsesamwunszuaudazuniniuiideduas
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dordouanareiu udedislsnaiuasesawnszuaiylszgndvinasesmoeniunszueil
guauialumshauvenesaeandouiiullmuguauifvesisssaunszumnniga
o .’f a = o o :i"d V A b A v &
asiuluInoinusatuive ldidenldsesmunszuanadneinleesmonunszsuaive
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il dilugnssiueniivnanlumseenuuuiazdunszinsesadammesiiuuniens
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Tagl¥r9asmunszua
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3.1 NA1IU
a o A& 4

NseRaFammeiuAIAT eI A uilady g ugl I unilsiannse
Wdyaauerdyaaeaerdnaniyumadieiu 90°  waziiluesdilsznouiididy 1u

4 & o e " & 9 a .
szvudeomsnazszuuniesiiodn daunilaldlumssudagin (quadrature mixer) naz
Autiadayay s (single-sideband generator) [4]-[5] iU liTinguinidelianumulaly

ar o = l: 4 o
MINAUITUATIZHOONILLIIVI00AFAIAIADS LUVAIDAITUIDTUINTUA RN [9]-
[ o ° [ v -’: o - o
[101,[121,[29)-[30] udvos IsimumsinauelsesasnaniulfinauelseseoaFaames
v vy ¥ ¥ r
upunleaswees MLl Tnuaussfuumuisiu. Vg Tassadhasesiigandudon
¥ ¥ ]

astiu luuniiajaniuiieninaueniseenuuuisviosadaimesuuunens e
© 3 o = o & o o a
o luTnuanszualaslFssawnszumiugunssineafivndn Fer9esiinaued
aluuuaeesidw higudeudsznoudavrsesamnszuasmaudda uazgdnsamiad
o :{ o sy -3 - ﬂ' (-] 3‘
Ui msnareugaaudlumshinuvesiseseeadaamesninauevuld1dwa
M391009M3 1191932993 Ao 14 11sunsu PSPICE uag wanisnaasai 1dninniisdenes
= - o = o ° 4
vialavldled cMos wos cD 4007 WiswiivudumanmsAnnummoud Falsngwa

aoandouiiu i luamafoadiu

3.21n3 m%'wuirs’e)aiﬁnmma‘fuazléﬂu‘l'aﬂumiaaﬂanaﬂﬁm"q,nas
weseoadamneiiuresiuiadygrauuuniifidosaz danaerdnmiy

Toy91310A10 (periodic signal) Tavliduiludeslidyanuduwatlouldfuiees 28)-30]

Tnserdeitugivesaseoadammediiulnsehotounduuuuuan (positive feedback) @4

Usznoudivaeesveredaya o (amplifier) 1A2II95HIMUAAIINE (frequency  determining

= . [ o =
circuit) Adaon laezunsuaneg i 3.1
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™
A 4
S

19INMUARNNIYD
B(s)

H d @ o y -
31 3.1 vaenlaezunsunanandnmsihnuiiug mvesseeadammnes

4 - ar = or o a Y
1310 x, o AYQIUBUNAYDIINT  x, AD TYAIUOIWNAYDIIDS x, fio Ay udunaves
29590IAWINAY x, + x, Taoh x, Ao dygrafloundu uaz  4() Ao Sasweves
29959010 B(s) 1D DATIVHIVDINDIMNHUAANND

A a -3 P v o ar o
dieWnsanvaenlaszunsy lugi 3.1 wldmwdmiuivesdyanauoidwavos

Ed
=

2993 x, NUTYYIUDUNAVDIIIDT x, A

x, DA(s)x, (3.1)
uazinsandyapuiloundy x, 114

X, = B(s)xa (3.2)
ﬁaﬁmﬁaﬁmmﬁmnpm x, i I&nnmssmdygaes 18

X +x)r (3.3)

i (3.1) uay (3.2) aluaunsi 3.3) v 18sdumsdiwToudyanouedna

b
ADAYINBUNAVDIIIVTAIT

X, A(s)
PR SRR (3.3)
x 1=T(s)

5
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P @ A a1 W
Tagh 7(s) fie Handun1oTouguilla (open loop transfer funtion) FafiAuyiIiy
T(s)= A(s)B(s) (3.4)

N3 Lideemsdyanadunanienui daunsvesaunsi (3.3) Aesiismidugud

'
o

-
HUND
1—T(s)=0 (3.5)
-~
130 r(s)=1 (3.6)
o v 3 a4 A - <. w o A ' )
auUNIIN (3.6) uﬁﬂﬂﬂmunmau1M1umsmﬂ00ﬁmmamm’ni):' APUUIBLNUM 5= j@

avluaumsi 3.6) shldannsousniinisaneeniudesdan e Avsanlieglugivng

4 A a o 1 Y a A T
wazyula Fuilennsandenrunie leuguilaszdeslivuamnuniis wude
IT(s)|=1 3.7)
uazypuavesilanduaiwTougiilasedoaiisuiiiu o 3o 227

LT(j@)=2n7 (3.8)

Wen=0,1,2,..

- A &

auNIIN (3.7) uag (3.8) Qﬂﬁum‘u?au‘lwmms’mmwu (Barkhausen criterion) [19] %9
" v ¥
annsoeiuiw 14 aesdudadygranaunsoduiadyyialdeddeiioaiu s
U 1) = "o 4 A oA o 0o & a
swleugiilaszdesiidwiiunin damnennwdh finnwdvesmsduiiadyau @ =,
ar ' ' L @ d i o d r

vinavesilanduaielougiiladesiaumidunils uazfiyumlawigy 2.7 Fandnnis

ar ¥ y L] A 4 el s "
asnarativzgmir I 1dimentou lvluvesniseoadninnvesdyanmde 'y



16

d 3 o
33 iﬁﬂsﬂﬂﬂaﬁlﬁlﬂﬂ‘il!'lJ‘l.lﬂ'J?Jﬂ‘iTIﬂﬂﬁHNﬂﬂ‘izllﬂﬁu“ﬁuﬂ
a ¢ 12 ) sy Yo
nvseRaFaaneiuuUAIeAT e Inuanszud lasldeesmunszuain Idinaue
. A o o =) { W

[32] uamaluzi 3.2 Falsznoudivrsesmwnszuadiau 4 M uazgUnsaimadiidiuda
Y -] ) o a o dar 4
mumunazAanulszgeies 2 @ NaMsanIzisaInsondasilansudio Tougll

t 4
Wave12993 (7)) 1Adatine [n1anuIn n.1]

, (¢ @, (6, )

s =5 L+2 [+ 2
c o5 oy

T(s)=— > foeest > ‘ 2< (3.10)
TN M350

\¢, G, \ CiC; )

4 A a o @ A @ o
1o G, =1/R, (i=1,2) nnleulvvesnseeadanavesdyanadsiingn13uiaded 3.2

@ = - 1 A s Q’l ﬂ. 1]
dygnasziamseeadann ldndeie |7(s) =1 dAnfuannaumsi (3.10) aansodouln

e

C,
z +CFl-x {€
R

b cR X—ANN——9

ot
—_

lol l

R,
X +CF3 zj——————¢
G, -
—A——x -CF4 :z

310 3.2 2vseeaFammesiuuniensuves Inuanssuaimitaue
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G.G
s+ 2 |=0 G.11)
¢,C;

9 ar w - o d a & a4 o oA . [ u’:' a
deydndaanaioonuuiudygulnivsgns nielude s = j@, dnfuaumsi G.11)

woulnalddiu

— g e s (3.12)

v "
aniuez ldmnnudlumsesadannvesrwsinumiy

P ) T (3.13)

e

i muald 6,= G,= Guag €= ¢,= ¢ aumsh (3.13) asolou Intinaeily

W ayuadaa (@) serinnssudedng i, uaz i, veaevsiminaueluzli

3.12 9214 [m1Anuan n.2]

¢=x—zmﬂ(95) (3.15)

G

4 o ' ' { a = § U
VAU (3.15) urasiiiud o maaudlunsifeesadaoail - =2 Al
o
c

YOINTTUAMRIANA i, vxiyulenimihnszumedng i, iy ¢ =90°

77972
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3.3 wansznuiiesninmamaui il luaugaunfivesrsesmunszua
A o A4 =8 A ° P ' - & 1]
ﬂJ'Oﬂ'luQﬂQﬂﬂﬂﬁzﬂﬂluﬂﬁil'lﬂﬂ'li'ﬂN'l'u‘ﬂ1”1{'11@?]”?1?!113\11\1ﬁsﬂ’lnﬂizllﬁﬂ?ﬂﬂﬁﬂﬂ
° a = ° P ara
aussouzlumsihauvenssesadaamesuvunleasueesi Idinaue dnuauidves

nesmunszuansdinman liifugauadansodouetue @i

2 + l.
" 26, o] (3.16)
Ve 0 0 vy

¥ ¥ ¥ ¥
1o B, = 1- £ uaz |4 (g << 1) fie MAanaa lumsasriunssuannda x TUfa z aaiu
= s o = LY = & o o 4
MNMIAATIZHI95 TugN 3.2 BnTagerdoaunsh (3.16) Fsasaueaasilenduciolou

(] ¥
qUiaveadsesTunsdin lithugaund 1ddsiife [manuan n.3]

ﬂlcl ﬁ4cz ﬂ:ﬂAaClCz

G G G .G
B B L AR LS
¢ G C,\C,

(3.17)

_{ B.6, B, }{ﬁ:ﬂﬁﬁz J
1(s)=—p, B,

¥

Faaz 1dideu I luns oo adaanveerns lunsdiimiy
G G
_I(l_ﬂzﬂd)zu_z(l_ﬂlﬂa) (3'18)
C-I CI

HazmnMNn lunsifaeaadamanny

o = 9% (3.19)

GG,

A L " - L L] U’ L
FaaaliiiuidinnuAanaalunmsdeiunszud (8) vear9vsmunszuaiulidena

nsznuaemaNud lumsiineeadannvolarsooadaames minaue
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nnauMsi (3.13) mnsommany hvesnesdems/foundasglnseimadla

e

) 1

o T e——
Sp R0, = (3.20)

{ a ' ' 4 ' 7
nNauMsi (3.20) aansnesuelan manwlveamsulasunlasmiglnsima
' "o o s ' | ‘ 1 o
Flvziiiulsunfludoninamudluniseeadion Medasuiinsnldvunlassivesgilnsal
= oA J = 4 ' o [ v v
wiadWIidaunuIunnay 10 % ravesmsulasunlasmgunssimadndenavzdna

nsznum ldaanudlunsesadaananas 5 % vInAuaY

3.4 HAN391009715MNUYB929395 1815115105 PSPICE

wedlumstududeaus souzuazguanialumsihnuuessooadaminesiuy
aroasees i I uauelugUi 3.2 TuiifiselTusunsy PSPICE iims$1apemsthauves
293 A9 I8 FunsinesmunszuauuuaoueIina Taoldesmomunssuauy cMos
fifinsded y asnsadananslugalil 3.3 (29] 91naees 18ifon s udmaesiy cMos
LEVEL3 SCNOSH 0.5 pm moldmaTuladves MOSIS iilosmuamisasidauanunide
AW (W/L) Y0ansmimaesgndafiauiiy 20 unassroWidosiil sty £2.5v
uaznszud lud Y99S iAW I, = 200 pA
i 34 uamawamsiiassmnhamvessseoFammediuunionseii 14
vinauoidlotmuald ¢, = C, = C= 1 nF uaz R, = R, = R = 1 kO Foin W 13dyeunseua
1A i, uazi, Ianudlumsooadamalisuiiy 159.1 kiz lwneiianualums e
adaaai Innmssinesnsheisszine 159.2 kiz Ssradumnnuianaramiiy
0.063% 31/ 3.5 uarAwaMs$1a0sanAsuANNE lumsBRaTAIAAYDIY i i oy
A15197 3.1 uﬁmnamsi‘immmﬁmswﬁfhmmﬁmﬁyum'm (total harmonic distortion,

4 - L
THD) 101ANAY09995 Fanuhiianlszinm 1.14%
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300pA E
Jol [
)
200uA {
0A
-200pA ;
~300pA ' ' 1 . '
1.492ms 1.500ms 1.510ms 1.520ms 1.530ms 1.540ms

Time

4 L4 Ll - d o
311 3.4 namsiiaeamshnuverveseeadammeiiuuaeas e Iditaue
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4
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4
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OHz 50kHz 100kHz 150kHz ~ 200kHz  250kHz  300kHz 350kHz 450kHz 500kHz

310 3.5 wamsiraesmnasuanud lumseeadann

Frequency

1 4 "
A319N 3.1 MAARNIUSIVYDINDTOO TN LIUUAIDAT DTN e na e

21

Harmonic Frequency Fourier Normalized Phase Normalized
No. (Hz) component component (Deg) Phase (Deg)
1 1.591E+05 2.673E-04 1.000E+00 1.255E+02 0.000E+00
2 3.183E+05 1.520E-06 5.686E-03 1.266E+02 -1.245E+02
3 4.775E+05 1.877E-06 7.021E-03 1.713E+02 -2.053E+02
4 6.366E+05 1.458E-06 5.455E-03 1.779E+02 -3.242E+02
5 7.958E+05 1.161 E*Oé 4.342E-03 -1.787E+02 -8.064E+02
DC COMPONENT = 1.271952E-07
TOTAL HARMONIC DISTORTION = 1.141209E+00 PERCENT

3.5 HANINABRIIABNIABINDINANBINIA
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Abstract  In this paper, a realization of a current-
controlled three-input single-output current-mode
universal biquadratic filter using dual-output current
followers (DO-CFs) as active components is described.
Based on the use of the current-controlled conveyor
working as the DO-CF, the proposed circuit employs
only two DO-CFs and two grounded capacitors that
provide the advantage of an electronic tuning capability
and is of special interest from the IC fabrication point of
view. By suitably selecting three input signals, the filter
can realize all of the standard biquadratic filtering func-
tions, i.e., lowpass, bandpass, highpass, bandstop and all-
pass, all at a high impedance output which enables easy
cascading in the current-mode operation. The natural
angular frequency (w,) and the bandwidth (BW) of the
proposed circuit can be tuned independently and elec-
tronically over a wide range by adjusting the external
bias currents. In addition, no critical component match-
ing conditions are required for all the filter response
realizations, and both active and passive sensitivities are
low. PSPICE simulation results are used to confirm the
characteristics of the proposed circuit.

Keywords Biquadratic filter - Current follower (CF) -
Current-mode circuit
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1 Introduction

It is well known that a universal biquadratic filter is a
very useful second-order function block which is widely
used in various parts, such as communication and mea-
suring systems. It may be employed in phase locked loop
FM stereo demodulator, touch tone telephone and cross
over networks used in three-way high fidelity loudspeak-
ers [1].

Because of the well known advantages of low power
dissipation and high frequency operation, the design
and implementation of current-mode active filters us-
ing unity gain cells, i.e., voltage follower (VF) and cur-
rent follower (CF), have received considerable attention
[2,3]. From the point of view of the active sensitivity,
the use of only CFs as active elements has a dominant
advantage, i.e., it can avoid the active sensitivity prob-
lems caused by the voltage tracking error. Due to the
above reasons, it is beneficial to use CFs as basic active
building blocks to realize various current-mode active
filters. As a result, numerous realizations of current-
mode biquadratic filters using CFs have thus been pre-
viously reported [2-7]. However, all of these realizations
have at least one of the following inconveniencies.

1. The lack of electronic adjustability [2-7].

2. They need a large number of active and passive
components [2—4,6,7].

3. The use of some passive resistors [2-7].

4. Several cancelation constraints are required [2-6].

5. The outputs of the filter responses are not in high
output impedance [2,5].

On the other hand, by the introduction of the sec-
ond-generation current-controlled conveyor (CCCII) in

Q) springer
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active filter designs [8], new advantageous filter topol-
ogies could be realized and extended to the domain of
electronically tunable functions. The electronic adjust-
ability of the CCCII is attributed to the dependence
of the parasitic resistance at port x(R;) on an exter-
nal bias current of the conveyor, yielding wider tuning
range [9]. Moreover, minimizing the number of active
and passive components provides the obvious advanta-
ges of low cost and power dissipation. Considering these
facts, we propose a new three-input single-output cur-
rent-mode universal biquadratic filter which uses two
dual-output current followers (DO-CFs) as active ele-
ments together with two grounded capacitors. In this
work, the DO-CF operation is implemented by means
of the dual-output current-controlled conveyor (DO-
CCCII) with its high-impedance y-terminal grounded.
The proposed filter not only employs a minimum num-
ber of active and passive components, but also offers
the main advantages of an independent electronic con-
trol of the important filter parameters and the absence of
the external passive resistors. By appropriately selecting
the input signals, the filter can realize all the five stan-
dard types of biquadratic functions, i.e., lowpass (LP),
bandpass (BP), highpass (HP), bandstop (BS), and all-
pass (AP), all at a high impedance output which enables
easy cascading in current-mode. Furthermore, the filter
does not require any passive parameter matching con-
ditions, and its active and passive sensitivities can be
kept smaller than unity in magnitude. The proposed fil-
ter has been simulated with PSPICE program to verify
the theoretical analysis.

2 Dual-output current follower (DO-CF)

The DO-CF, whose electrical symbol is shown in Fig. 1,
is an input-grounded active component with terminal
characteristics described by the following set of equa-
tions.

vy=0, iy =+iy and i,— =—i (1)

where the plus and minus signs of the i, represent the
positive and negative current conveyance from x to +z
and —z terminals, respectively.

i o, S

x +Z ——o
v.o——1x DO-CF =
-

|

Fig. 1 Electrical symbol of the DO-CF

@ Springer

Obviously, the DO-CF can be implemented using
several techniques and different types of active build-
ing blocks. However, in this work, to enable the flexible
design and to avoid the use of many passive components,
the DO-CCCII with its y-terminal grounded is employed
to realize the DO-CF. In Fig. 2, the DO-CCCII based
DO-CF is given [8]. In this case, the constitutive rela-
tion of the DO-CCCII based DO-CF converts to the
following equations.

Ve =ixRy, iy =+ix and i;_ = —iy 2)

where R, is the parasitic resistance at the terminal x,
which is equal to

Vr
R A/ #L
= 3 (3)

where V7 is the thermal voltage, and I is an external
DC bias current that is tunable over several decades [9].

3 Proposed circuit configuration

The proposed electronically tunable current-mode uni-
versal biquadratic filter with a minimum number of ac-
tive and passive components is illustrated in Fig. 3. By
the utilization of the DO-CCCII-based CF, the circuit
consists of only two DO-CFs and two grounded capac-
itors without requiring any external passive resistor. In
addition, the use of grounded capacitors is helpful for
easing the elimination of various parasitic capacitance
effects [10,11]. Routine circuit analysis using the DO-
CF characteristics given in Eq. (2), the current transfer
function of the proposed current-mode filter in Fig. 3
can be expressed as

(&'sz}szC1C2+SRx2C2+1)I3h(SRX2C2)]1+11
2R R2C1Ca+ sR0Cr + 1

Ioul e

4)

where Ryi(= Vr/2Ip)and Ip;i(i = 1,2) are Ry and Ip
of the i-th DO-CF, respectively. From Eq. (4), it can be
observed that:

1. the LP current response is obtained with I; = Ijp
andlh =13 =0;

2. the BP current response is obtained with I = Ijp
and =I5 = 0;

3. the HP current response is obtained with —-I; =
L =15 =Ip;

4. the BS current response is obtained with I = I3 =
Iinand I} =0

5. the AP current response is obtained with /2 =
I; = Iip and L=,
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Fig. 2 The realization of the

DO-CF by using the
DO-CCCII with its y-terminal
connected to ground

13
—_
DO-CF LB
1 +Z e
2
- x O
y -Z
L
DO-CF
+z
C,T @ X
- -Z y
I, 1
—x

Fig. 3 Proposed electronically tunable current-mode universal
biquadratic filter using only DO-CFs and grounded capacitors

Thus, five standard types of biquadratic filter func-
tions can be derived by properly connecting the input
terminals. Also note that there are no critical compo-
nent-matching conditions or cancelation constraints in
the design.

Furthermore, from Eq. (4), the natural angular fre-
quency (w,) and the bandwidth (BW) of the proposed
circuit can be expressed as

1
i VRaRaC1Cy ®)
and
Bw=2¢__1_ (6)
2 RaG

It should be noted from Eqgs. (5) and (6) that the parame-
ters w, and BW are adjustable orthogonally and

electronically. Accordingly, the @, can be tuned elec-
tronically without disturbing BW by changing Ry
(or Ip).

4 Tracking error analysis

In this section, the effects of the active non-idealities
of the DO-CF on the filter performance are studied in
details. Taking into consideration of the DO-CF non-
idealities, the terminal relation in Eq. (2) can be rewrit-
ten as:

Vy = flxRx, jz+ = +ﬁpix and iz- - —ﬁnix (7)

where B, = (1 — g) and B, = (1 — &p). Here, &, and
en(lepl, lenl <« 1) denote the current tracking errors from
X to +z and to —z terminals of the DO-CF, respectively.
Reanalysis of the proposed filter circuit in Fig. 3 yields
the non-ideal characteristic polynomial as follows.

Dy = RaRuCiCr + s[RuaCa + R Cr(1 - Br)]
‘henlﬁpz (8)

where B,; and By; (i = 1,2) denote the above mentioned
parameters associated with the i-th DO-CF. In this case,
the modified natural frequency and bandwidth can be
written as

ﬂnl ﬂpz
Wy = PR il ) ol 9
* TV RaRaCCy @)

and

BW =

RuRnCi1Cy '
From Egs. (9) and (10), it can be seen that the values of
the parameters w, and BW may be altered slightly by

the effects of the DO-CF tracking errors. However, due
to the fact that R, can still be adjusted via an external

4 springer
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bias current I,. Therefore, the deviations in the w, and
BW parameters can easily be compensated by slightly
tuning the bias currents Ipq and 7.

The sensitivity analysis with respect to the active and
passive components can be calculated as follows:

Therefore, all the active and passive sensitivities are less
than unity in magnitude.

5 Simulation results

1
Sﬁil Ra,C1,.C2 =~ T3 ay The performance of the proposed electronically tun-
oo 1 12 able current-mode biquadratic filter in Fig. 3 has been
Mide =35 (12) " Simulated using PSPICE to verify the given theoreti-
RirC cal prediction. In the simulations, the DO-CF has been
NG = Tt e (13)  simulated using the DO-CCCII based structure given
2C2+ R Ci(1 = Bn2) in Fig. 2 with the transistor model of PRI0ON (PNP)
BW  _ Ry Ci(1 = Bn2) 14 and NP10ON (NPN) of the bipolar arrays ALA400 from
RaC2 ~ RaCy+ R Ci(1 — AdD) 14 AT&T [12]. The supply voltages were chosen to be
= +HV £ 43V,
Sﬂ,,,,gpz =0 (15) To realize the filter response with the natural angu-
lar frequency of f, = 127kHz, and the quality factor of
and QO = 1, the component values were selected as Ig; =
BW Bn2aRx1Cy : Ioz = 100pA and C; = C; = 10nF. Figure 4 shows
St =~ RaCs HRAC(A — B2}, (16)  the resulting frequency characteristics of LP, BP, HP
Fig. 4 Simulated current 10
responses for LP, BP, HP and
BS of the proposed
current-mode filter of Fig. 3 - O& i & e &
a
= oo LP
s -0~0~0- BP
o - HP
] o0 BS
L__:‘ -20
o
-40 ' ' v : ' 1 .
1k 3k 10k 30k 100k 300k M 3M 10M
Frequency (Hz)
Fig. 5 Theory and simulated Gain Phase
responses of the AP filter at (dB) (degree)
fo =127kHz 40 0 —
Gain Phase
-O-0-0 Simulation || “7-9-9- Simulation
201 -100 <00~ Theory O Theory
0{ -200 18-+
-20{ -300
-40!  -400 T ' - " T T "
1k 3k 10k 30k 100k 300k M 3M oM
Frequency (Hz)
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and BS obtained from the simulations. With the compo-
nent values given previously, the simulated AP response
comparing with the theory is also given in Fig. 5. The
deviation of the phase response in Fig. 5 stems mainly
from the effects of the DO-CF non-idealities, and can
be minimized by appropriately adjusting the values of
R,y and Ry, through the bias currents I and 1.

6 Concluding remarks

A current-tunable current-mode universal biquadratic
filter with a minimum number of active and passive
components using DO-CFs is proposed. By utilizing
the advantage of the parasitic resistance R, of the DO-
CCCI]I, the circuit requires only two DO-CFs and two
grounded capacitors, which is attractive for the ICimple-
mentation point of view. By properly connecting the in-
put signals, the proposed filter can realize the LP, BP,
HP, BS and AP current responses from the same circuit
configuration without component matching conditions.
The w, can be adjusted electronically and independently
from the tuning of the BW. The filter also has low passive
and active sensitivities.
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ABSTRACT

The realization of the current-mode quadrature
oscillator using current followers has been proposed in
this paper. The proposed oscillator circuit consists of
four current followers and all virtually grounded passive
components. The circuit enjoys a simple structure and
can provide two quadrature sinusoidal current outputs
with 90° phase difference. Sensitivity analysis shows that
it has low passive sensitivitics, and the frequency of
oscillation (@) is insensitive to current-tracking errors of
the CFs. PSPICE simulation results are given to verify
the theoretical analysis.

Keywords: quadrature oscillator, current follower (CF),
current-mode circuit

1. INTRODUCTION

The quadrature sinusoidal oscillator constitutes an
important circuit, which are widely used in many
communication, signal processing and instrumentation
systems. The quadrature oscillator is employéd because
it can generate two sinusoidal outputs of identical
frequency but of 90° phase shift, as for examples in
telecommunications for quadrature mixers and single-
sideband generators [1] or for measurement purposes in
vector generator or selective voltmeters [2]. Several
synthesizes of quadrature oscillator circuits have received
considerable attention [3]-[6]. However, these earlier
quadrature oscillators operate in voltage-mode. Although
many current-mode sinusoidal oscillators have been
reported in [7]-[8], these circuits suffer from complex
structure or use of large number of active and passive
components. In recent years, there has been interested in
realizing analog signal processing circuits using current
followers (CFs) as active elements. This is due to the fact
that the employment of CFs increase design simplicity as
it offers the ability of virtually grounded admittance’s
when they are connected to the CF input terminal.
Moreover, a carefully selected configuration can lead to
reduction of active sensitivity problems caused by the
sole exiting current-tracking error [9]-[10]. Therefore,

CF seems to be a promising and attractive solution that
deals with the issue of active element choice.

In this paper, a design of the current-mode
quadrature sinusoidal oscillator employing CFs as active
clements is presented. The proposed oscillator circuit
uses only four CFs and two virtually grounded resistors
and two virtually grounded capacitors. The oscillation
frequency @, of the oscillator is unaffected to current-
tracking errors of the CFs. The circuit also displays low
passive sensitivity. The performances of the proposed
circuit are confirmed wusing simulation results with
excellent results.

2. PROPOSED CF-BASED CURRENT-MODE
QUADRATURE OSCILLATOR

The CF, whose circuit representation is shown in
Fig.1, is an input-grounded two-port network with
terminal relations characterized by the following matrix :

i 3.1 i
A 5 i m
Vy 0 0fv,

where the plus and minus signs of the current transfer

ratio represent the positive CF (+CF) and the negative CF
(-CF), respectively.

i iiz
xo—— +CF |—oz
iy

Fig.1: Electrical symbol of the +CF
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Fig.2: Proposed current-mode quadrature oscillator
using CFs

Fig.2 shows the realization of the proposed current-
mode quadrature oscillator using CFs as active elements.
The circuit comprises four CFs, two virtually grounded
resistors, and two virtmally grounded capacitors. By
based on the property of the current unity gain cell and
the use of all virtually grounded passive components for
its realization, any response limitations due to capacitive
time constants can be compensated [11]. Moreover, most
effects of parasitic capacitances and resistances disappear
for the proposed oscillator circuit due to internally
grounded input terminal of the CF [12]. From previous
reasons, this structure therefore provides the possibility to
allow high operation frequencies. From routine circuit
analysis of the configuration of Fig.2, a loop gain T{(s) of
the current transfer can be expressed as :

2-d G ,.62],[G6G
G G GGy

(2
245 8,% |, [GC
G G o1&

where G; = 1/R; for i = 1, 2. To provide sinusoidal
oscillations, the loop gain T(s) is set to unity at s = jo.
Therefore, the characteristic equation of the proposed
scheme can be reduced to

s? +[—G'62J=o 3
GG,

T(s)=

Equation (3) represents the frequency of oscillation as
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’ GG,
= |— 4
o, C,Cs 4

If we choose G; = G; = G and C, = C; = C, then the
proposed oscillator circuit of Fig.2 can be set to oscillate
at oscillating frequency of

G
W, = "E (5)

The phase difference ¢ between i,; and i,; can be given
by
aC

¢=rr-2tan"(?) (6).

Since, at the oscillation frequency, @ = @, = G/C,
equation (6) then reduces to ¢ = +90°, ensuring that the
current i, is in quadrature with i,,.

3. NON-IDEAL ANALYSIS

Taking into consider the effects of the non-ideal CF
characteristics on the performance of the proposed
oscillator circuit, the relationship of the terminal voltage
and current in equation (1) can be rewritten as :

iZ = iﬂk 0 ix
[Vx]_[ 0 0:[")] i

where f; = 1- ¢ and ld (ld << 1) is the current tracking
error from the x-terminal to the z-terminal of the k-th CF
(k=1,2, 3, 4). Reanalysis the proposed oscillator circuit
of Fig.2 by using equation (7), the characteristic equation
becomes :

2o 85, &ﬂ]{ﬁ:ﬁaa.c: ]
()= B BG  AC ) \BAGG (8)
==hBa
)
1

G GG,y

For non-ideal case, the oscillation condition and the
oscillation frequency m,, are :

%(“ﬁzﬂ4)= g—;(l—ﬁl&) @

G
N SR
12

(10)
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Fig.3: The ZCF implemented from the CMOS current conveyor

It can readily be seen from equations (9) and (10) that the
modified oscillation condition will be slightly affected by
the CF non-ideality, while the oscillation frequency @,,
will be unaffected. The passive sensitivity of this
quadrature oscillator is obtained as :

1
W, 3B
SR| R2,C1.Co 2 (1

all of which are small.

4. SIMULATION RESULTS

The proposed current-mode quadrature oscillator of
Fig.2 has been simulated through the SPICE circuit
simulation program. In simulations, the +CF can be
obtained by using an accurate CMOS current conveyor
with its high-impedance input terminal grounded as
shown in Fig.3 [13]. The 0.5-pum CMOS LEVEL3
SCNOSH technology supplied by MOSIS (vendor : HP-
NID) were implemented for all MOSFETS in the circuit.
The aspect ratios of the transistors used were W/L = 20.
The power supply voltages were set equal to +2.5V, and
the bias currents were I; = I = Iy = I, = 200pA.

As an example, the simulation results of the proposed
current-mode CF-based quadrature oscillator in Fig.2
were presented with C; = C; =C=1nFand R, =R; =R
=1 k. The circuit is designed to obtain the oscillation
frequency f, of 159.1 kHz. Fig.4 shows the simulated
quadrature output responses i,; and i,;. The simulation
results agrec fairly well with the presented theory.
Additionally, analysis of the total harmonic distortion
obtained from the circuit operations can be summarized
in Table 1.

0w
'-l
'i
200uA
LY
Y
~MA
1w 1. 300me 1.510ms 1520w 1.330ms 1.540ma
Time
(a)
150uA
a—a i,
oo,
100uA
Soua
A J L '

- S0hH. 100RMa  ISORH:  200RHz  2SAMx  JO00RMa  350MHa  400RHs  450RMx SO0AMa

Froquency
(b)
Fig.4: Simulated quadrature responses i,; and i,; of the
proposed quadrature oscillator
(a) output waveforms  (b) spectrum responses



Table 1 : Total harmonic distortion analysis

Harmonic| Frequency Fourier Normalized Phase Normalized
No. (Hz) component | component (Deg) Phase (Deg)
1 1.592E+05 2.673E-04 1.000E+00 1.255E+02 0.000E+00
2 3.183E+05 1.520E-06 5.686E-03 1.266E+02 -1.245E+02
3 4.775E+05 1.877E-06 7.021E-03 L713E+02 -2.053E+02
4 6.366E+05 1.458E-06 5.455E-03 LIT9E+02 -3.242E402
5 7.958E+05 L.I61E-06 4342E-03 | -1.78IE+02 -8.064E+02
DC COMPONENT = 1.271952E-07
TOTAL HARMONIC DISTORTION = 1.141209E+00 PERCENT

5. CONCLUSIONS

In this paper, an alternative technique for designing a
current-mode quadrature oscillator employing CFs as
active components is presented. A circuit configuration
is composed of only four CFs and two virtually grounded
resistors and two virtually grounded capacitors. The
proposed current-mode quadrature oscillator circuit offers
the following advantages :

(i) two quadrature sinusoidal output waveforms of
90° phase shift are obtained simultaneously;

(ii) the oscillation frequency @, of the oscillator is
unaffected to current-tracking errors of the CFs.;

(iii) low passive sensitivities.
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ABSTRACT

In this paper, a circuit configuration for realizing a
current-mode multiphase sinusoidal oscillator (MSO)
with the employment of current followers (CFs) as active
elements is presented. The proposed oscillator structure
based on the implementation of n cascaded first-order
allpass sections employs the minimum number of active
and passive components, and hence leads to the scheme
with simple implementation. The oscillator can generate
n sinusoidal equal-amplitude equally spaced in-phase
current outputs with phase difference of 180°/n. The
circuit has a low component count, low-sensitivity
performance, and simple structure. SPICE simulation
results verify the operation of the proposed oscillator.

Keywords: current follower (CF), multiphase sinusoidal
oscillator (MSO), current-mode circuit

1. INTRODUCTION

The multiphase sinusoidal oscillator (MSO) is widely
found in many application systems such as in analog
signal processing, communications and power controller
systems [1]. There are some previous works in MSO
based on the use of high-performance active devices such
as, operational amplifier [2], current differencing
buffered amplifier (CDBA) [3], current conveyor (CCII)
[4}-[5] and operational transconductance amplifier [6].
However some of them are in voltage-mode operation
[1]-[6]. Moreover, if the active sensitivity has taken into
account, we found that the voltage tracking error of the
mentioned active devices will degrade some important
circuit characteristics. In recent years, there has been
interested in realizing analog signal processing circuits
using current followers (CFs) as active elements. This is
due to the fact that the above problem caused by the
voltage-tracking error will not be affected on the CF-
based circuits because the CF has only the current-
tracking error. In addition, the employment of CFs
increase design simplicity as it offers the ability of
virtually grounded admittance’s when they are connected
to the CF input terminal. Moreover, a carefully selected

ISBN 974-94418-9-3 ©2006 ECTI

configuration can lead to reduction of active sensitivity
problems caused by the sole exiting current-tracking error
[7)-[8]. Thus, using CFs to realize various analog signal
processing circuit such as analog filters, and oscillators,
seems remarkably to be a promising choice.

Therefore, an alternative scheme for the realization of
a current-mode MSO circuit using CFs has been
considered. The proposed MSO comprises n cascade CF-
based first-order allpass stages, which can produce n-
phase equal amplitude equally spaced in-phase current
signals with 180°/n phase shift. With the simple
configuration, the circuit also provides low component
count, and low-sensitivity performance. The simulation
results of the three-phase current-mode oscillator (n = 3)
is given.

2. CIRCUIT DESCRIPTION

The current follower (CF) is a two terminal active
building block, which has zero input impedance and
infinite output impedance. From the symbolic
representation in Fig.1, the terminal characteristics of the
CF can be described by the following equation.

vy=0 and ;=% ()

where the plus and minus signs of the current transfer
ratio represent the positive CF (+CF) and the negative CF
(-CF), respectively.

i i
xo—— +CF [|—o2z

iy

Figure 1 : Symbol of the 1CF
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Figure 2 : Proposed CF-based current-mode MSO circuit

3. PROPOSED CF-BASED CURRENT-MODE
MSO CIRCUIT

Fig.2 shows a generalized scheme of the proposed
current-mode MSO for generating n phase-sinusoidal
current outputs. The structure comprises n cascade
connection of the first-order allpass filter with the
current output i,, of n-th stage being fed back to the
input of the first stage. Since all of the passive
elements are virtually grounded, the effects from
parasitic elements can be absorbed. From Fig.2, the
loop gain T(s) of the proposed scheme can be given by:

% ) _[1 = RCsY"
fox 1+ RCs

At the oscillation frequency of @ = @, = 2xf,, the
Barkhausen condition will be satisfied, if the loop gain

T(j,) is set to unity. Therefore, equation (2) can be
rewritten as:

TU%)=_(1—RC.¢J" .

1+ RCs

Ttsy = )

(€)

This means that the oscillate condition of the proposed
MSO circuit will be occurred when n = 2. The
magnitude and phase responses of equation (3) can
respectively be given by :

|T(jwo] =1 (4)
and £T(jo,)=27 (5)
From equation (5), we have
ng=2x
or n[2 m"(i’-&)]: 2 6)
ISBN 974-94418-9-3 ©2006 ECTI
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Thus, the oscillation frequency f, can be given by :

1 /4
=] —— |t —_—
i (2;:Rc) a"(n]
with the phase difference ¢ generated by each stage
being given by

@)

(8)

It can be concluded that, at the oscillation frequency fG,
the proposed MSO circuit of Fig.2 can produce n = 2
equal-amplitude equally spaced in-phase output current
with the phase difference ¢ of 180°/n.

For example, for the two-phase oscillator with n =
2, equation (3) becomes:

1-2RCs + R*C%s?

< o ek ©)
1+2RCs+ R“C*s

or 2-2(sRC)* =0 (10)

Therefore, the oscillation frequency (@, = @) for this
case can be found to be

1

Jo=32rC

(1

Similarly, consider the case n = 3 that represents a
three-phase MSO. Equation (3) becomes:

_[1=3RCs+3R’C? - R3CS | a2
1+3RCs +3R*C%s* + R*C*5

or 2-6(wRC)* =0

(13)

The frequency of oscillation can be shown to be

The 21st International Technical Conference on
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fo= 27:RCJ§

(14)

From equations (11) and (14), It is easy to show that the
passive senstivity of the oscillation frequency are
written by

Sge =8g° =+1 (15)

Hence, the proposed MSO circuit displays the low
sensitivity.

4. EFFECTS OF THE CF NON-IDEALITY ON
OSCILLATION FREQUENCY

Taking into consider the effects of the non-ideal CF
characteristics on the performance of the proposed
oscillator circuit, the terminal relationship of the CF in
equation (1) can be rewritten as :

v, =0, Iz, =+ﬂpix and i =-P,iy (16)

where £, = (1 - &), and |g)| (|g| << 1) is the current
tracking error from the x-terminal to the z-terminal of
the +CF and 8, = (1 - &) and |g| (|&]| << 1) is the
current tracking error from the x-terminal to the z-
terminal of the —CF. Re-analysis the proposed
oscillator circuit of Fig.2 by using equation (10), the
non-ideal oscillation frequency f;, for n = 2 becomes :

b
. 1 ﬂp(ﬁpz_ﬁnz) 1
fm—mc[n WL a7

Similarly, for n = 3, the non-ideal oscillator frequency
can be calculated as :
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(18)

T R 1 Z
fon= 1+
2RC3| 14,8,

Owing to the current tracking errors, the oscillator
characteristics depart from the ideal valves. However,
it can be seen from equation (17) and (18) that these
effects can be made negligible by satisfying the
following condition.

B, =B, (19)

5. SIMULATION RESULTS

In order to confirm the theoretical results proposed in
this work, an accurate CMOS-based CCII with its high-
impedance input terminal grounded shown in Fig.3 [8]
is used for realization of the £CF, and the proposed
CF-based current-mode MSO of Fig.2 has been
simulated through the SPICE circuit simulation
program. In simulations, the 0.5-um CMOS LEVEL3
SCNOS5H technology supplied by MOSIS (vendor : HP-
NID) were implemented for all MOS transistors. The
aspect ratios of the transistors used were M;- Ms W/L
=20 and Mg M;s W/L = 30. The power supply
voltages were set equal to 2.5V, and the bias currents
were [, =200 [J.A, Iz - I; =1,=450 ﬂA

As an example for n = 3, the simulation results of
the proposed current-mode CF-based MSO in Fig.2
were presented with C; =C,=C;=C=10nF and R, =
R;=R;=R=1kQ. The circuit is designed to obtain
the oscillation frequency f, of 9.189 kHz. Fig.4 shows
the simulated output responses i,,, i,z and i,; which the
phase differences between ¢ and ¢, and ¢ and ¢; are
obtained as 59.54° and 61857, respectively. The
simulation results agree fairly well with the presented
theory. Additionally, an analysis of the total harmonic
distortion obtained from circuit operations can be
summarized in Table 1.

Figure 3 : The * CF implemented from the CMOS CCII
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Table 1: Total harmonic distortion analysis

Harmonic | Frequency Fourier Normalized Phase Normalized
number (Hz) component component (Deg) Phase (Deg)

1 9.189E+03 4.342E-04 1.000E+00 | -3661E+01 | 0.000E+00
2 1.838E+04 3.514E-06 8.091E-03 1.644E+02 2.376E+02
3 2.757TE+04 2.111E-06 4862E-03 | -T.A32E+01 | 38S1E+01
4 3.676E+04 2.481E-06 5.713E-03 5.67T1E+01 2031E+02
5 4.594E+04 2.594E-06 5.973E-03 1.671E+02 3501E+02

DC Component = 7.251433E-06

Total Harmonic Distortion =  1.254691E+00 Percent

iol inl [jo!

Current (uA)

2070 2080 2090 2100 2110 2120 2130

Time (ms)
(@)
300
200-
00~ i,
-O-O-I
1001 -o-o-i::
& & ANW.m ala
Frequency (Hz)
(®)

Figure 4 : Simulated responses i,; , i, and iy
of the proposed oscillator
(a) output waveforms  (b) spectrum responses

6. CONCLUSIONS

This paper describes a simple current-mode MSO
based on CFs. The proposed MSO consists of n
cascade first-order allpass stages, and can generate n
different-phase sinusoidal equal amplitude current
signals, which are equally spaced in phase, with 180°/n
phase difference. The circuit has a low component
cont, employs virtually grounded resistors and
capacitors, and offers low-sensitivity characterisitic. It
has been confirmed by simulation results that the
proposed MSO works successfully.
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Low Passive Component-Count
Current Follower-Based Current-Mode
Second-Order Notch Filter

D. Prasertsom , T. Pukkalanun , W. Tangsrirat and W. Surakampontorn

Abstract — A realization of a current-mode
second-order notch filter using current followers (CFs)
and a minimum number of passive elements is
proposed. The proposed filter has a high output
impedance, consequently it can be cascaded without
using additional buffers. The filter displays low
incremental passive sensitivities. Moreover, if the
passive element values are properly chosen, the circuit
permits also the realization of allpass response. The
SPICE simulation results are given to verify the
theoretical predicted behaviors.

Keywords— current follower, current-mode circuit,
notch filter, allpass filter, active filter

I. INTRODUCTION

Current-mode  circuits have been receiving
significant attention owing to the fact that their accuracy,
linearity, bandwidth, and dynamic range performances are
better than those of their voltage-mode counterparts [1].
Numerous current-mode circuits using high-performance
active elements such as current conveyor, four-terminal
floating nullors, and current feedback amplifier are
reported in the technical literature [1]. Many
implementations of a second-order current-mode notch
filter using these active elements have been proposed
[2]-[5]. However, most of the circuits proposed in the
literature suffer from require a large number of passive
elements [2]-[5]. To obtain second-order current-mode
notch filter response, these exiting circuits employ at least
six passive components. '
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It is well known that a current follower (CF) is a
kind of high-performance active elements which are
widely used in many filtering applications. The
employment of CFs increase design simplicity as it
provides the ability of virtually grounding admittance’s
when they are connected to the CF input terminal.
Additionally, one of the significant advantages of using
CFs as active elements is that the active sensitivity
problems caused by the voltage tracking error are not
taken into consideration because of the property of the
virtual ground at the input [6].  Moreover, by
appropriately choosing the configurations of the CF-based
circuits, the resulting circuits can lead to elimination of
active sensitivity problems caused by the current tracking
errors of the CFs.

In this paper, the current-mode second-order
notch filter using CFs as active elements is described.
The proposed scheme uses only two CFs and four
passive components, which is required fewer passive
components than most of the counterparts in the
literature. All passive sensitivities are low. Moreover,
by appropriately setting of the passive element values,
the allpass filter can also be achieved. Simulation
results that agree very well with the theoretical values
are obtained.

II. CURRENT FOLLOWER

The current follower (CF) is a two terminal active
building block, which has zero input impedance and
infinite output impedance. The terminal characteristics of
the CF, shown in Fig.1, can be described by the following
equation

ve=0 and i,=%i (n

where the plus and minus signs of the current transfer
ratio represent the positive CF (+CF) and the negative CF
(-CF), respectively.



xo——{ CF |—oz

iy

Fig.1 Symbol of the +CF

II1. PROPOSED CF-BASED CURRENT-MODE
SECOND-ORDER NOTCH FILTER

Fig.2 shows the proposed current-mode notch filter
which consists of only two CFs and four passive
elements. From routine circuit analysis, the current
transfer function of the proposed circuit can be written
as:

2 { 1t A 1 }H( 1 J
L) " \RG RC R (RRGC @
1i(s) 32{ . + ]_ el }H[ : ] '

RC RyCy RCy) \RRGCy

From eq.(2), if R; = 2R, and C, = 2C,, a second-order
notch filter can be realized. Moreover, if we setting R,
>> Ry and C, >> C,, a second-order allpass filter can
also be achieved. The natural frequency @, and the
quality factor O of the proposed filter can be expressed

as:
Yo = ThikyciC2 ©)
and O= _m )

RIC1+R2C2+R2Cy

Rl Cl
—MA—— +CFl
l'f R, ¢ ia
o——AN—
€ -CF2
G
-

Fig.2 The proposed CF-based current-mode
second-order notch filter

The passive sensitivities of parameters w, and Q can
be given by:

By _ @ _ c®9 _ @ _ 1
SR]O ‘Sx; ‘sqa ‘Sczo o132 )
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Ry(Cy +C,)-R,C
=52 afl ol TS 141 6
H R 2[R2C2+C1(R|+R2) ©)

G 7@ 2| RyCy+Cy (R +Ry) :

It is important to note that the passive sensitivities are
lower than unity in magnitude.

IV. SIMULATION RESULTS

The proposed filter of Fig.2 has been simulated
through the SPICE circuit simulation program. In the
simulations, the +CFs can be obtained by using an
accurate CMOS current conveyor with its
high-impedance input terminal grounded as shown in
Fig.3 [7]. The 0.5-um CMOS LEVEL3 SCNO5H
technology supplied by MOSIS (vendor : HP-NID)
were implemented for all MOSFETS in the circuit.
The aspect ratios of the transistors used were W/L =
20. The power supply voltages were set equal to
+2.5V, and the bias currents were [; = [, = I; = I, =

200uA.

v
Fig.3 : The +CF implemented from
the CMOS current conveyor

To verify theoretical prediction of the proposed
circuit, a second-order notch filter was realized with R,
=1kQ, R, =2k, C,=2nF and C; = 1 nF. The
simulated and theoretical values of their gain and phase
responses are given in Fig.4. It can easily be observed
from Fig.4 that the simulation results agree quite well
with the theoretical values.
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Fig.4 Theoretical and simulation results of
the proposed notch filter
(a) magnitude response  (b) phase response

V. CONCLUSION

A design of the current-mode second-order notch
filter is presented. The proposed configuration consists of
only two CFs, two capacitors and two resistors, which are
minimum number. The circuit can provide a
high-impedance output current that enables the circuit to
be cascaded without requiring any impedance matching
device. It has also low passive sensitivities. In addition,
the proposed filter can also be realized allpass response by
properly choosing of passive elemet values. The
simulation results which shows the close agreement with
the theory are obtained.
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