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ABSTRACT

The realization of a four-terminal floating nullor (FTFN) with multi-output terminals is
described. The proposed circuit mainly employs a transconductance amplifier, an improved
translinear cell, two complementary current mirrors with variable current gain and seven
improved Wilson current mirrors, which provides an electronic tuning of the current gain. The
validity of the performance of the scheme is verified through PSPICE simulation results.
Example applications employing the proposed tunable FTFN as an active element show that the
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Gpn dley dley  dley  dlgy dley  dlg,

(3.26)

- e — - ¢ A = [ '

e lifianavesnszuafivuudvesnsiudamesidoiivudunssua 7. 12144
] v ¥

dlcy =dly ~dlc)/ fry WALNNANTNUAUN dV,, /dI, =1/ g, Vivanuaiiunuaslu

auMsn (3.26) a2 14

Gm - Em3&Eml (327)
Em3 +(&m ! Pr1)

¥ ¥ ¥ " »
mswaziuinhlassadreinlddagii 3.6 Aezldaesiinnudmudune R, {2

WYRIANMITN (3.25) n5eldiiny

Ry =2rs +(Brs + o] (3.28)
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o s Ll 1 1 e V
dMTuMIMInIeeIsAvINITAIHIULTIAY —Vi ¥99299301015011 14910
Y

v W d o A ' = d o
ANUFNAUBYDISIAUNANATBUNI T mABS A0 AIINgY 3.6 9214

—Vy Vo3 + Voot =Viper =Vies +Vyx =0 (3.29)

' I 4
Unum v, =V, lnl—c asluaums (3.29) v 14
hy

I 1 I I
Wy +Vrn L4y, =y 22y, =0 (3.30)
1 1 1 ! ’
hY § S M

- I : 4
W0 Iy ~1gy, IoysIcy z% WaE Iog = 15 unumasluaunsn 3.30) sl

I
Vy=Vy -V lnfl (3.31)
B3

- Y d " @ o - 1 -: for o " 132
NAUNITN (3.31) llﬂﬂﬂﬂmuﬂuﬂﬁuﬂuﬂﬂﬂBﬂl‘ﬂﬂﬂﬂﬁ?iﬁiljﬂ1ﬂuBgﬂ‘lJEJﬂi'lﬂ'J'H —_—
B3

& a v [] °
Folumagaundnwes Iy, =1, udiliosninwavesnwbidugaunasanly 1, = 7,
° H & i - .

wazvnimuald 7y, = v Taoft y=(1-¢) ¥ ¢ WumAaNaIA (error) 1B INANY
L} 1 s s o 0’/’ 4' L] d’

hivhiuvesnszualuda 7, uaz 75 veares fuuilounum 7,, =7 4, asluaumsi

(3.31) 9zWUN

A00193u 01y =0.99 9z ldmves v, fisuiiiy

Vy =¥y +0.261 mV (3.33)

A U dﬂy s - U
FINUNNSAUHIUTIAUDUNABOWIATA1 5211 0.261 mV
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3.3.4 0sazneunszuanuudiumensvenunszualsd

3N 3.7 wesazounszumunnlsumsasvnenssua1d

P M @ 0 ¥ P a ¢ &2 '
Wi 3.7 uaaaesasiounszumuuulium 1 Tavinsudmnes Q, 81 Q, Ao
wunsdiiesql nsmdmans Qg uaz Q, iy BuRuauderdAYeITIaL
¥ ¥
anmanaralumsdsimnszuavesases dntwilodmuald 7, uaz 1., fenszua

DUNALDTNITUADIANAVOINDT UAT 1, uaz 1, Aeunassonszualudaninmensn 11n

¥
o A

299592 ldanudunusaail

Vieo ¥ Voes = Ve +Vpes (3.34)

: I d
uNuM ¥,,= vy ln-]£ asluaumsi (3.34) se 14
S

I

VoiniCliy i - popnlez oo des (3.35)

T T T T
I 1 I
N h S N

A a - = ) o @ (- v
maﬂﬂﬂqmwgmmmmmmﬁasnnmnmmmmﬂﬂ

Ievcs=Icylcy (3.36)
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¥
ar o

VINNGSWUN Iy =1, Iey=1,, lep=1, Wag Io, =1,, A0iuaunish (3.36) o

ﬂﬂTUl‘ﬂ‘N

(3.37)

L=kl (3.38)

- 1' or q’: P o Y dd" o
Taoh k= [— AIUUDTINTUNITN (3.38) i]zl.'ﬂu'[ﬂ'J'tﬂ‘iﬂll‘lﬂizuﬁlﬂ'lﬂTjﬂ 1, Y9I
2

" r L) ] Ll ar I
mufuuazisa Idnndasidmvesumassenszua lude 1—‘ VYD92993
2

3.4 2995 MTFN finaue

3.4.1 2995 MTFN

27 3.8 uamaaes MTFN 7 18USu3a Taoldnguasesdesii 18nanuudaluiade
é L o _ e c; o ﬂ' 4 4 o
3.3 [57] Salszneudisasesversainaniwagli 3.6 imihiiduases daumith ey ld
vy =vy HazsazounszumuuuIodudiulye cM3, cM4 waz cMs agulii 3.5 v
" v v ¥
mihfidsimnszua i wdiles o -0, Aagliis4 dmdunszuaiva w (i)
wenMAUAILNIIATHeunszuauufua1d cM1 uas eM2 uaydariuidunszua
v ¥
DANATITI Z+ (i, ) Tauldrevsaziounseua CM6 ay M8 daunsvsasounszug CM7
q’: o Y o ﬂ’l‘ A [ L] o = : %
waz CM9 diwihmihidmnnszuannd z+ wedwiu luiiunszuaordnaida z- (i,_)
A o a ' a A o o & o o a
WBMIMINIITUIMDUALAUTDIAWANYI W 4892995 MTEN 1 18vinauei sziilu
v
MsvuIUiuYesBuiuaudFvemImFmany o5 -0, funsuTmaes 0y - 0, Taulidu

< o o & A a &9 e
qiieesaziounszua CM4 uaz CMSs mud ey oz ImduRuauaida w (n, ) iy

ry :[res by BLOCMA J//(rem 1 +——r°C“5J (3.39)
ﬁ6 12

— ' aa 4 - o =]
laoh r, Ao mﬂ'waé’fmmuanﬂmmnsmﬂmoﬂpm‘umﬂmﬂ (small-signal emitter resistance)

"o aa o a o A o o
waz g, Ae MdATIvLWNITIABIANGS T IWVBIMIUFMABIAIT O, mudidy az Fochia
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1 o o 4 a
U Fycpys ABAIAIMAUMUIDIANAYDINITAENBUNITI CM4 110y CMS MUdIAY el
MAITUNIIN (3.20)
v ¥
dmsuABuRuAuENT Z-(r,_) S widunsviuiuyesnnud e Aya

YOINVTALHOUNTUT CMO (0479 ) HAE CMT (7,047) NI DML TAT

Tz =Vocmo ! Tochs7 (3.40)

1 a o : ' o
HATABUAUAUTNYY Z+(ry, ) D AMIAWAIUNIUIDIAYAYDINIVT AR OUNTZIT CM6

o 3 o -
(Focps) VHIMAUAMANUAIUNMUBIAHAYOIIIITAZNOUNTZUT CMS (r,0p7 ) HI0ITOU'TR

(W

_TocMe // FoCM8 (3.41)

Fz+ 2 )

o

naue

31N 3.8 3395 MTFN 71
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3.4.2 HaNM391009M 3911 IHY92395 1081811510 53 PSPICE

Lﬁani‘lumiﬁuﬁuﬁ'mmmu:uazﬂmauﬁmumsﬁmwmaws MTFN fivjueuelu
30 3.8 WIS 1819 W sunsu PSPICE imis$100amamsvanvesases Taoidenld
N3 MFAABS NPN 1oz PNP 1005 2N3904 aziues 2N3906 muddy [manuIn 1] ins1
WunsuFmaesid Insead1aiid fidgunsoiudantes (parasitic component) @150 13
HamDUTLBIMIW A 1azdAIv0ga [16]  dmuaunassie WiEseds gy +v -
+5V 15 =2mA I, =1g3 =50 uA UL I, = I, =100 pA

11117'; 3.9 HARIHANITSIABIHANDUAUBININA (frequency response) YOIOATIVUIA
A7M§11TA2995 (open-loop transconductance gain, G,, ) Y9494935 MTEN #a1 G, 18929954]
Auansiiaumsi (3.27) Minramsiiasauh sasuneiauihesises ity 7.2

mA/V, 8.6 mA/V 1Az 9.8 mA/V mud 1Al uazANudAaoewiialszunm 1 MHz 317 3.10

P VX & = a8
UTAAINAADUAUDINNANUOYDY = "BQW'U')']Dﬂ'IﬂTnJﬂﬂYIﬂﬂﬂﬂﬁ&’n‘lﬂl 84 MHz
Yy

dmunsnaceuguauiAnsdeHIunszuaveaIa i 18112905 MTEN 71
ieruemdeiluasesuaaussduiiunszuadegyd 3.1 dosmuald R=1 kQuay
I =100 pA Mamsulsenszualuda 7, IHTA N 50 1A, 100 1A uaz 200 xA Faez1d
Auaviamsasriunszud 7, W 1,, waz 1, ﬁazﬂﬁ 3.12 uaznnninanoua e
TAuanaliifuinasiiauerusoniugusasmsdeiuyesises 1dedradudady

ar U ar ' 1 ' 4 U J
TasmsUsumnszualudaninmouen udedielsfarmmudn deuss vy WINVU (M50

. Vy Vy = a 4 EY 1 a Vo da A 4
iy === T wnTduvesmAanarn lumsdariunssuaniiauiuiuaiy 'y

¥ v 0 '
A siidlunaiioanandeditavesissaziounszuauuuiliusld oM uas oMz 714

Tu9931iue4 [58)

10 - 3 e —]
‘\\
& a \'\
& 8 D__\\\.ﬂ ‘\‘
oo 1k
b
—— \
S AR
< ; R
g b7 A
S5 e & \
o 4 AN
v ‘\\,,;
.\\,}:\\
‘\1&%
0 . T —
100 1k 10k 100k IM 10M 100M
Frequency (Hz)

1N 3.9 HamoUTLBIMINNLAYEISAT VAT 1Y892995 MTEN fiiuaue



0 . . '
10k 100k M 10M 100M
Frequency (Hz)
31 3.10 wamsABUTUBINIANURVEY ~X
vy
.
4—
v, o Y I —— s
7
MTFN Z- ————o
X w
R |1,
1 3.11 wesumawssduiunszualaoléaes MTFN
2 ~ //
g o [; =50 uA (k=0.5) -
o a I; =100 pA (k= 1) o
1 L \\\ + I]=2001uA(k=2) ///
\“"'--.._______ \\\... cnqyf:i ; _ ==
E 0 : TSR = ——— =T
o .
= == - ~
~ A e T ==
-] ”/ //// \\\ e
/// \\\
- / T T T T T T T T T \\
-1 -08 -06 -04 -0.2 0 02 04 06 08 1
¥ (V)

JUN 3.2 uaiAmsdarunszud 1, uaz 1, diewlsa 7,
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34.3 Naﬂ’l‘i‘nﬂaﬂﬂiﬂﬂﬂﬁﬂ'ﬂidﬂi‘nﬂﬂﬂﬂﬂ?ﬁ

weidumsiaasiennuannsalunsinn1den 180310092995 MTEN #riuauo
Taldinsdeasssnanesnis TaoldmsuFanes NPN 1oy 2N3904 Lazns T ames PNP
183 2N3906 MUFIAY c?auamﬁagﬂﬁ 3.13 Tauiden19umaasio TWidsaniiiy +5 v g =2
mA g, =1Ig; =50 uA WAL I, =1, =100 A

214 3.14 wazguit 3.15 uaAIWaNINARBIRUANTAMIAIHIUNTZIE INATIUD92993
dodeituasesuasussduidunszuamugli 3.11 Taodmualdnssualusa I, fimnai
WA 100 1A MINThMsUSUR I, 111 50 pA, 100 pA, 150 4A, 200 LA, 250 LA L1AZ 300
pA iy eI 1dSas weenszua & wlsauilu 0.5, 1, 1.5, 2, 2.5 waz 3 M dy 10
wanmisnaassndas Iiiuhguanialumsdeinszua 7, fu Fay 1fuﬁ1miﬂmuqn

' Y 1 = Y ¥ aa ad a  dJ ar 1 o
Llﬁ&’ilﬂ'ﬁﬂ11ﬂE)U‘Nl'i‘_]ul'if\uﬁuﬂ'JU'Jﬁﬂ'l'iﬂ’NBlﬂﬂﬂiﬂuﬂﬁ TﬂUﬂ’]'ﬁﬂ‘i‘U'ﬂ'IUF]THJU-IUﬂSE’U.ﬁ k

s i 3
HiedaI A L
12

d' ai o 9/ :! a
U1 3.13 2395 MTEN himsadavuesa
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1, (mA)

1, (mA)

$ ) ey ’ 1 1 r y 1 I
UM 3.14 wamsnaaesgueEuiAmsdaunszuasenin 1, fu 1, Weulsa & =I—l
2

DC current tranfer

I, (mA)

Iw (mA)

H /e L ) J o 4 I I
314 3.15 wamsnaaesuaniRmsdsiunIznasEnIn 1, fu 1, Wewlsm k =7‘—
2
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2006/10/03 16:39:49

CH1=50mV
AC1:1

CH2=5qmV
AC1:1!

50usidiv

NORM:20MS/s

=Fiiter=
Smoothing : ON
BW : FULL

=0ffset=

CH1 ! veeee
CH2 | seeemen

=Record Length=

Main : 10K
Zoom : 1K

=Trigger=
Mode : AUTO
Type : EDGE CH1 £y
Delay : 0.0ns
Hold Off : MINIMUM

=Tracel=
P-P 102.0mV
Freq 10.00kHz

=Trace2=
P-P 104.0mV
Freq 10.00kHz

[ y ¥
3N 3.16 HamsnanesguanTAnsds s UIING Y (vy) TSI X (vy)

DU

R

|
|
i
i
i
|
|
:

- Yin o——+

2vsaaussdulfidunszue

|
i
i
“i
i
|
i
;

— >

hy

3N 3.17 2vsnaaesnuautAnmsdeunszud i, 7 i, 1999995 MTEN Tugin 3.3
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FE

200 /0 110:1

CH1=50mV
AC1:1

CH2=5qmV
AC 11 J

50us/div

NORM:20MS/s

=Filter=
Smoothing : ON
BW : FULL

=0Offset=
CH1 ! =eeeee
CH2 ! seeeeee

=Record Length=
Main : 10K
Zoom : 1K

=Trigger=
Mode : AUTO
Type : EDGE CH1 £
Delay : 0.0ns
Hold Off : MINIMUM

=Tracel=
P-P 102.0mV
Freq 10.10kHz

=Trace2=
P-P 98.00mV
Freq 10.10kHz

U 3.18 qUnduUS I v, (= iy R) AU vy, (=iy, R) 1D R=1kQ

/03 19:15:08

CH1=50mV
AC ;1:1

CH2=50mV
AC ﬂ:i: :

200
; 50us/div

_ NORM:20MS/s

=Filter=
Smoothing : ON
BW : FULL

=0Offset=
CH1 : ~oeeeee
CH2 @ seeeeee

=Record Length=
Main : 10K
Zoom : 1K

=Trigger=
Mode : AUTO
Type : EDGE CH1
Delay : 0.0ns
Hold Off : MINIMUM

=Tracel=
P-P 102.0mV
Freq 10.00kHz

=Trace2=
P-P 92.00mV
Freq 10.10kHz

UM 3.9 JUnduusIRY v, (=i R) MU v, (=i, R)iil0 R=1KQ
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] v ¥ ¥

37 3.16 uaaswameumueImMadyana Iaduveassduiia Y (vy) funseduii
‘y’ é 1 o ' ) L 4
U2 X (v ) TINHANINAADINYTI U330 vy ansadarluidunsedu v, 18awin 18

o Y Y ] ] s
mamsaie1 1) TaolimAananalunsdaimnsesduysyunm 0.02%

¥ ¥ ¥
dmsumsnansuiomguaniimsdaiunszuannda w (i, ) i 2+ (i,,)

- o ) a o 4 a v o o & o S
dulunii a1 leFiues ADs44 Faiaumsnnudurusvevaaiing

v, 1 0 0 V.
VZ 0 l 0 vW
i |70 o0 1]Li (3.42)

dmhiithasesuawssuliiiunszuadaanalugilil 3.17 fmuasasvnovoaianss
' L é o d.

Awiniy 1 Taoidonld R=1 kQ Fewanisnaasauanslddazui 3.18 uaz 3.19 uazeinwa

MINAABINYD vy, (=iz, R) HANszIM 98 mV, (F0 iy, flAn)szunm 98 A) Amiily

AMAANMIAMINY 3.92% Tuaszh v, (=i, R) Hanszanm 92 mV,_ (130 i,_ =92 uA)
A A 1 a d’w Yd a

niofailumdanmialszinm 9.8% wenvinfidauansliiiudninumaves v,, uaz v,

gaereandoutlulumundnmsiviauesndae

3.5 aq

¥ v
Tuunilldvueoue199s MTEN  fiewrsadsum lduuudidnnseiind lavnisdiusa
oasdmvenszu ludannnsuen lTauaasfimsinneiguauiaidiyvesases uay
ga'lAuaaInugndnaveanshieneesnesdaonissiasenisvien laeld ldsunsy
PSPICE LAZHANIINATDY lAUNI5ADININAADID5Y iNooudu I idudalseansninnis
o & Y o 1 P o ) aa ' - o
119892995 FaaasiiiiuiesiduaueiiyduunInssadranGoude S¥ramsieu

= 9/ - -
NNIN Lae ﬂﬂ'J']lll'ﬂHl‘]Nlﬁu



NN 4
LY a d o
NvINTeT I lumeas inraeWanTulnuan e

& A d
HUUHHIDUYA aeIanalaa]d 1995 MTEN

4.1 nanni

HogiiudufinswiuddneesimauluTnuanseumiu curentmode circuit) 1
185uanuaulaazinsianniuiiuosiann Vfaﬁytﬁl'mmnﬁqmﬁuﬁmumsﬁnmmﬁa
N912993 THUALSIAY (voltage-mode) Ma1wYsEMs vy TannuddfiAnudigs uazms
dunsIzvuareonuuuI9s 1U MIvIndyaa Msaudyaw awsonsei1donda
[59] uaz'ln'mumﬂymamﬁ]szwﬁ%’f FTFN lumsdunsiziuazesnuuueuiasnilenan'ld
Imsisanuaziuaueiuuimdy 1wy 293N7090 YY1 IMUANISZUA  (current-mode
filter) [27], [39], [41] 29v300aFatamosgUadum e [11], [18]-[19] nazresFaunsiewauii-
uaw [12] nunanuisedanandreduldiguiiazuaaaliifuinees FIEN dufinny
aassduaziinnudangudmsmilesnuuuiseseuraenilanduganiteesestusui
M391993 AW IUNITLUA

v
o o

:l’ 3 o as a o o 9/
avinluunitldinauersssnsesdygruluneanionaislensuTaoldrees
o = [ J 1 ar o« =S J = o
MTFN iiugdnsalueniivudndoswdiugiunsaimadiuvuaeiiounsing 299snseq
o A o o 4 o o 1 v a L |
dygruminauesunsadunsedilanduawlounssualdawgluunlunandoidu As
o o ] - o as ] { o @
HNFUNTBIHNIUAINAAT (lowpasss, LP) Han¥unT09M 1O UANUD (banpass, BP) Hardw
v v v v v
N3OIRIUADEI (highpass, HP) laui ludsan)dsunilasises uensiniiainuidayy
5354¥A (natural angular frequency, @,) HazA2UsENBUAMUAIN (quality factor, Q) 11150
Ysualdednedasz Taonsisunszualudaunsises MTEN  Taoliiinansznuaeniu
aussouzveInvsminaus ldgnasivaeuniugndesdlonanissiaesmsiia laold

TYs1n51 PSPICE
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4.2 nvinseadayanalumeaniinlnuanszuanuuniduyn maneryalasly

2995 MTFN minaue

snsedyy i nuanszuauuuluaieaasiinndsuar 1882035015019
ad a od o [ i { o oo W
slannsoUndnuuTuBIAAIAIZUN 4.1 [60] 2395 Minaussznoud102395 MTEN dd72 60
£y =1 a o o o " = o [ P
AMUMUALUNT1IADIAY uazAunUlseguuudeiouns 1iaeIda Taufiaaes MTEN,

° i a a o 1
R, C) 49239935 MTEN;, Ry, C, imihiiluasesduiinsinesiuy lulimsgaudo (lossless
integrator)  @21U733993 MTEN,  1az2995 MTFN, Himiiiiuieesverenssue (current
: Y g4 ¢ PR ¢ a1 a ‘o v o

amplifier) 910 1A59e519v99995 9z uNQUnsalmiadiianumiudofouns1nd aniuds

Wunuamaimmnzaudumsi lesnuuvadrailuieessau [61]-62]

1 e &Y
Z-——o
Y (D W—I_;;

° Y mren 2 1Y v 2 Y omren 2
Z-—o0 Z- Z-t—o
rx W~| b (X W~| EX W—I ip

ral

R

C;I R; C;:
-

" o = o 4 a d
3 4.1 29vsnseadyaa lunteasiianateflansunuum st uns muendya

Tau1¥ 2995 MTFN

iiohimsInsizisesnsesdygnalugii 4.1 Taverdogueauidvesrsss MTEN
Aserumsi (3.1) Tuuni 3 92 1aWanFun 1o Tounszua (current transfer function) ¥9939951I91

W0 [A10 WUIN A WD 1]

: 2
Typ(s)= TP(ES)) = TD‘(I.Z ! (4.1)

_igpls) _ CiR
TBP (S)_ I.i” (S) - D(s) (4-2)
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kyksks

ipels) CRiC>R

o T 7.0 RS LS L
)= T D.0)

(4.3)

kkoks | Koksk,
GR CRCR,

ag D(s)=s+s (4.4)

idie k;(i=1,2,3,4) 7D MOATIVUIWNTLUAUDING MTEN faf i naunIh (4.1) D4
@.4) wanaliiiuinsesnsesdyaraiinauesmisadunsieilesddudoTounszue
TuaeasiinTdmuiladdunoudu Ao Hadunsosiuanuiiqe T, (s) Herdunsesr
LaUAYA Typ(s) uaz R FunsoeruA R Ty p(s) Tﬂu'!ﬁﬁnﬂuﬁ'ﬂdtﬂﬁ&:uﬂm;1J
HUDYB92993 tiloifisufuauNIRuENYUE (characteristic equation) ¥8adums lualpAs1iin

AfigUnuuialy fail
D(s)=s? +s[—a-)3-J+ w? (4.5)
0

HUNMANUDFWUTITNNA @, LazANIZNOUAUMN Q V99295 IR UMY

a)o = M (4_6)
Cl R] CZ RZ
ag 0= i ﬂ @.7)
k, | Co Rk kg

o o ) a o = a &
’dﬂﬁljﬂm’Jnl‘hﬂi]ﬂ‘]'iLﬂaﬂ‘uuﬂﬁﬂﬂaﬂﬂ‘izﬂE]‘lJuE)ﬂﬂﬂuﬂzW”lﬁ"ﬁﬂﬂM’N'i]i'uu

= s ; w Y
musaounaad 1aaatl (ManuIn a ¥ade a.2]

o, _o0 _cgo_1
Py, S0 g =G = (4.8)
Sm" R :SQ :SQ =_l (49)

uag 82 == (4.10)
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F " wa a - ' P = i
Faaaslimuhguanifvesesildisnimhaegunsaiienfiviosmadviis
¥ "
uBNINT NNAUNITN (4.6) 1oz @.7) M muali R =R, =R C\=C,=C, ki = |

WaT k= ks =k, 132 A @, AT Q VI INIoou IRy

w, =—— (4.11)
Q=— ' (4.12)

1 o o = q’: o " ¥
aumsi @.11) uaasliiiudinnu o, veu2eiuannsalsua ldlasnsulsm «,
wionszud lUave42995 MTEN, 102995 MTEN, Taolidamansenude 0 Tuwmzins
wlsm @ MnauMsn @.12) Yuawisainsei ld Tasmsnugual &, wienszualuda

¥ ¥
¥992995 MTEN, auiudsnan ldhaussouzvenasminausainiadsum 1dde3sms
a o a  d . a1 v = £
N1901ANNIOUNT (electronically tune) aza1113alsun ldd1adaszlsAnkHansznuFs

AULAZAY (independently tune)

4.3 wansznuideannmsmaui biumugaunivessns MTEN

A o A2 2 ~ 1 a Ao
diemidsfawansznuiiioaninanu liiflugaundvesiass MTEN Aiideaussouzlu
¥ ]
MINUY0929931d7 AnTuguanifvesdsss MTFEN asdiiihauhidiuliaugaund

annsawouesueldiiu

vy g0 0 0 0 Vy
iy 00 0 0 O Vi
iy =100 0 0 0 Vz+
ize | 00 0 0 @pk| |va
liz-] 10 0 0 0 a,k] Lin J (4.13)

o B=1-5uay s (] <<1) Ao miewmalumsdeiuussdunnes v T X uaz a,
= 1-8, uaz &, (5] << 1) o mianmalumsdaiunszuaands w g z+ uas a,=1-
& waz 8,(5) << 1) Ao maanmalunisdeunszuaninda w TS z- dnfunnms
Sns1zaeeslugilii 4.1 Snntalaoorduaumsf (4.13) sxlerduoTounssiauesaanslu

nsain Liidlugaunalia iy [ muan a ¥iade a.3]
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. 2
T (s) =12 08) - _ 57ks (4.14)

in(s) D, (s)

. A 1@ 2@ pa Pk ko Ky J

Too(s) =228 _ (

C\R
k. (4.15)
i, (8) D, (s)
ap3apdan2ﬂ2133k2k3k4
Tpp(s) = 2128 CRGR (4.16)
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ABSTRACT

The realization of a four-terminal floating nullor
(FTFN) with multi-output terminals is described. The
proposed circuit mainly employs a transconductance
amplifier, an improved translinear cell, two
complementary current mirrors with variable current gain
and seven improved Wilson current mirrors, which
provides an electronic tuning of the current gain. The
validity of the performance of the scheme is verified
through PSPICE simulation results. Example
applications employing the proposed tunable FTFN as an
active element show that the circuit properties can be
varied by electronic means are also included.

Keywords: four-terminal floating nullor (FTFN), current-
mode circuit, current conveyor (CC)

1. INTRODUCTION

An FTFN is a more flexible and versatile active
building block than an operational amplifier and the
current conveyor (CC). This explains the growing
interest in designing analog circuits based on the use of
FTFN as an active element, for instances, active-RC
filters, gyrators, sinusoidal oscillators and floating
immittances [1]-[5]. Therefore, there are many FTFN
realizations that have been available in the literature [6]-
[8]. However, the realization scheme of an electronically
tunable FTFN with multi-output terminals, which is
suitable for implementing monolithic integrated circuit
form, has not yet been reported. The multi-output FTFN
whose the current gain can be tuned by electronic means
seems to be more attractive, flexible and suitable for
design and implementation of the frequency selective
systems.

In this paper, an alternative scheme for realizing a
monolithically integrable multi-output FTFN that can
provide variable current gain is introduced. The proposed
circuit is based on the use of a transconductance
amplifier, an improved translinear cell and some current

mirrors. Some applications using the proposed tunable
FTFN are given with the simulation results and will show
that the characteristics of the resulting circuits become an
electronically tunable.

2. CIRCUIT DESCIPTION

2.1 Nullor Model of the FTFN

Ideally, an FTFN is a high gain transconductance
amplifier with floating input and output terminals. The
nullor model of an ideal FTFN is shown in Fig.1(a),
where the port characteristics can be described as :

iy =i, =0,v,=v, and iz =iy (1)

It should be noted that the output impedance of the W-
and Z-ports are generally arbitrary. However, most of the
FTFNs are traditionally realized from the basic type
shown in Fig.1(b), where the output impedance of the W-
port is very low and that of the Z-port is very high. In
addition, the usefulness of the FTFN can be extended if
equation (1) is implemented in such a way that the current
transfer ratio between iy and iz can be varied by
electronic means, in which case a more generalized
tunable FTFN should be investigated.

=0 =iy
Y:;'r—b— ——a0 7
T Yi ¥4
Y } g X
X xf‘;o W
(a) (b)
Fig.1: Model of the FTEN

(a) an ideal nullor model

(b) possible implementation model
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2.2 Current Mirror with Adjustable Current Gain

Fig.2 shows the cascode npn current mirror that can
adjustable the current gain by the external bias currents,
where I, and 1,,, are the input and output signal currents.
Transistors Q; to Q, function as a classical translinear
loop, and the currents /; and I, are the external dc bias
currents with controllable values [9]. In addition, the
cascode stages Qs and Qs provide the high output
impedance and also lead to minimize the severe peaking
of the frequency responses. Applying the translinear
principle and assuming that all the transistors are well
matched with the common-emitter current gains j are >>
1, then the relationship of the collector currents can be
characterized by the following equation :

Iedes =lcyley (2

where [C] —-[i, ](‘2 =12, lc3 =Im and Ic4 =1m” 5
Therefore, the output current /,,, of this circuit becomes
=kl

1 in (3)

oul
where k is the current gain of the mirror and equals to the
ratio of the external bias currents /,//,.

2.3 Proposed Multi-output Tunable FTFN

The circuit implementation and representation of the
proposed multi-output tunable FTFN, namely MTFTFN,
with variable current gain is shown in Fig.3. Transistors
Q-Qs and the bias currents /g-/z; function as a
transconductance amplifier with very high input
impedance so that iy = iy = 0. If Q,-Q, are perfectly
matched, then the voltage at node X will follow the
voltage at the port Y, or vy = vy. Group of transistors Qs-
Q)2 forms an improved translinear cell, which Q;-Q,,
functions as a dual translinear loop.

Ideally, it is required that the pair of transistors Q;-Qj
and Qy-Q)p are closely matched and the current mirrors
CM3, CM4 and CMS5 have the exactly unity gain.
Consequently, for vy = vy = 0, the quiescent currents
through Qg, Qs and Q,q, Q) are respectively equal to the
quiescent current of the diode-connected transistors Qs
and Q,), and are equal to /3/2. This translinear cell



performs as a current follower, where its allow an input
current iy to source and sink at the terminal W. By two
complementary variable-gain current mirrors CM1-CM2
and assuming that the current gain of the current mirrors
CM6-CM9 are equal to unity, the current iy flowing
through the port W will be reflected and inverted to the
ports +Z and -Z, which has the current transfer ratio as &
= izliw. The output impedance at the port W is low since
it is looking into the emitters of translinear cell’s
transistors while the output impedances of the ports Z are
very high due to the effective parallel combination of
output impedances of the current mirrors. Therefore, this
MTFTFN will provide a unity voltage transfer between
ports Y and X, and a current transfer between ports W
and Z that the gain value is equal to &. The voltage-
current characteristics of this device can be characterized
as follows:

iy =iy=0,vy=v, and ti;=kiy (4)

we can see that the proposed MTFTFN in Fig.3 can be
tuned electronically by adjusting the ratio of the external
bias currents I,/1,.

3. SIMULATIONS RESULTS

The performances of the proposed MTFTFN in Fig.3
have been verified by PSPICE simulation results with the
transistor model parameters of 2N3904 and 2N3906 for
npn and pnp transistors, respectively. The bias conditions
were set to fg; = 4001A, Ig; = Iz; =50 pA and £V = +5V,
The simulated maximum DC offset current between the
port -Z and the port W was approximately about 0.7 zA,
while the offset current between the port +Z and the port
W of 194A was obtained. The output impedance at the
ports W, -Z and +Z were about 27 kQ, 7 MQ and 175
kQ, respectively.

1.2
a 038
8
8
El
?é 0.4
£

0 v

100 1k 10k 100k M 10M
Frequency(Hz)

Fig.4 : Simulated open-loop transconductance gain

v, o—ony +Z ——o
MTFTFN-Z —=—

Fig.5 : MTFTFN-based voltage to current converter
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Fig.4 shows the characteristic of the open loop
transconductance gain of the proposed circuit. From the
response, it can be measured that the —3dB bandwidth of
40 kHz and the transconductance gain of 1.16 A/V are
achieved.

To demonstrate the tunable performances, the
MTFTFN-based  voltage-to-current  converter was
constructed as shown in Fig.5 with R = 1 kQ. The AC
voltage transfer characteristic from the port Y to the port
X is shown in Fig.6. Fig.7 represents the DC current
transfer of +iz and -i; of Fig.5 for three different values of
I; whereby [, is set to 100 #A. The simulated current
transfer characteristic proves that the circuit can exhibit
an electronically tunable current gain over a very wide
current range.

1.2
08
&
=
]
S 0.4
0
10k 100k IM 10M 100M
Frequency (Hz)
Fig.6 : AC voltage transfer characteristics
2m =
ol =50 A (k=0.5)
al; =100 pA (k=1)
+1) = 200 HA (k =2)
= Theory
& =
NOpEEEE
=
-2m - s
0.2 04 06 08 1
vy (V)

Fig.7: + iz and -i; when k is adjusted

4. APPLICATION EXAMPLES

The outlines of some examples on the application of
the proposed MTFTFN as a tunable active element will
be described in this section, demonstrating the wide-
ranging usefulness of this device.

4.1 Current conveyor realizations

Fig.8 shows the numerous applications of the
proposed MTFTFN to realize the current conveyors
(CCs). The first one shown in Fig.8(a) is the realization
of a first-generation CC (CCI).  Furthermore, by
connecting the low-impedance port W to the port X as
shown in Fig.8(b), the circuit behaves an electronically
tunable positive and negative type second-generation CC
(£CCII) that the current ratio iz/ix can be tuned by the
gain k (= I)/I). Fig.8(c) functions as a third-generation
CC (CcClIII).
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Fig.8 : Current conveyor realizations using MTFTFN
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Fig.9 : MTFTFN-based current-mode allpass filter
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Fig.10 : Frequency responses of the MTFTFN-based
currrent-mode allpass filter

4.2 Current-controlled current-mode allpass filter

As the second example of the proposed MTFTFN, it
was constructed a current-controlled current-mode allpass
filter shown in Fig.9. Routine analysis yields the current
transfer function expressed by

Lo () 1"(SR%)
ns) ~17FRC) (5)
and 8;=-2 tan"(-a”:—cJ (6)

where 8, is the phase angle of the filter. The simulation
responses of a current-mode allpass filter in Fig.9 were
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presented with R = 1 k€, C = 10 nF, this phase shifter
was designed for a 90° phase shift at o,/27 = 15.9 kHz
when k£ = 1 (/; = I, = 100 pA). Fig.10 shows the
frequency responses of the filter of Fig.9 for three
different values of /,. In the figure, it can be seen that the
parameter 6, can be adjusted by controlling the current
gain k= /;/I;. This confirms the validity of the results of
the theoretical analysis.

5. CONCLUSION

A generalized electronically tunable FTFN, which is
suitable for realizing in bipolar monolithic integrated
circuit form, has been presented. Simulation results
confirm the high qualification performances of the
proposed circuit. Some application examples have been
demonstrated that the employment of the proposed
scheme is attractive in that the obtained characteristic of
the circuit becomes electronic tunability.
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ABSTRACT

A realization of the current-controlled current-mode
biquadratic filter using a modified type of a four-terminal
floating nullor (FTFN), which is called as an
electronically tunable multiple-output FTFN (ET-FTFN),
is presented. The proposed filter consisting of four ET-
FTFNs and four grounded passive elements can
simulataneously realize the highpass, bandpass and
lowpass current tranfer functions. The natural angular
frequency @, and the quality factor of the proposed
circuit are independently tuned by electronic means
through adjusting the external bias current of the ET-
FTFN. All the active and passive sensitivities are low.
PSPICE simulation results are employed to verify the
circuit performance.

Keywords: Four Terminal Floating Nullor (FTFN),
current mode circuit, biquadratic filter

1. INTRODUCTION

It is well known that current-mode circuits have been
receiving significant attention owing to its advantage over
the voltage-mode counterpart, particularly for higher
frequency of operation and simpler filtering structure [1].
Applications and advantages in the realization of transfer
functions using four-terminal floating nullors (FTFNs)
have also received considerably attention. The design of
current-mode circuits employing FTFNs as active devices
such as current-mode filters and sinusoidal oscillators
have been developed in the literature [2]-[7]. They have
been demonstrated that an FTFN is a more flexible and
versatile active building block than an operational
amplifier (op-amp) and a second generation current
conveyor (CCII) [2]-[3]. Recently, an implementation of
an electronically tunable multi-output FTFN (ET-FTFN)
in integrated circuit (IC) from has been presented [8],
which offers the flexiability in designing analog signal
processing circuits.

This paper describes the circuit configuration for
realizing a current-controlled current-mode biquadratic
filter employing only four ET-FTFNs and four grouned
passive components. The proposed circuit can realize the

highpass (HP), bandpass (BP) and lowpass (LP) current
transfer functions simulataneously from the same circuit
configuration. The natural angular frequency (@,) and
the quality factor (Q) of the filter can be orthogonally and
electronically tuned, and both its active and passive
sensitivities are quite small. PSPICE simulation results
are employed to confirm the theoretical analysis.

2. ELECTRONICALLY TUNABLE MULTIPLE-
OUTPUT FTFN (ET-FTFN)

As proposed in [8], the schematic diagram of an ET-
FTFN and its symbol are shown in Fig.l. The port
characteristics of the ET-FTFN can be described by the
following equation.

fy =fX=0,VX =Vy and iZi -‘-kfw (])
where £ is the current gain of an ET-FTFN which can be
tuned by the ratio of the external bias current /L.

3. PROPOSED FILTER CONFIGURATION

The realization scheme of the proposed filter
configuration using ET-FTFNs is shown in Fig.2. The
use of grouned passive components is suitable for the IC
frabication point of view [9]-[10]. From routine circuit
analysis, the current transfer functions can be given by

Typls) =2 ,’:’P(S) - —%(";'5 @
5 Jkoks
wo-ip- 5 o
_kaksks
()-8 - QG
and Isy=s® entifoby, Esbiky 5)

C| RI Cl R| Cz Rz
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where k; (i = 1, 2, 3, 4) is the current gain of the i-th ET-
FTFN. It can be seen from eqns. (2)-(5) that the proposed
filter can simultaneously realize the highpass Typ(s),
bandpass Tgp(s) and lowpass 7;;(s) current transfer
functions without changing circuit configuration and

elements. The parameters @, and Q of this filter can be
given by :
koksk
_ 2K344 6)
C\ Ry ksk
and P L @
IfR] =R2 = R, C] = Cz: C, k4= I, and kz =k3 =km then
the parameters @, and Q can be rewritten as :
Ky
W, =—>— 8
o =CR ®)
1
and Q=— &)
ky

It is clearly seen from eqn.(8) that the @, can be tuned
by adjusting the value of k,, whereas eqn.(9) shows that
Q can be orthogonally controlled by varying k. This
means that the parameters @, and Q of the proposed filter

can separately controllable by electronic means. The
passive and active sensitivities of @, and Q are :
520 =spo —SQ ==8,0 =1 (10)

Observing that all of the sensitivities are small.

4. EFFECTS OF THE ET-FTFN NON-IDEALITIES

The influences of the ET-FTFN non-idealities on the
filter performance have been taken into consider in this
section. Assuming that the port relations of the non-ideal
performance of the ET-FTFN are considered as : vy = fvy
»ize = aphiy and iz = akiy , where B=(1 - &), (Je| <<
1), is the voltage tracking error from Y to X terminals, a,
=(1-6,), (&) << 1) is the current tracking error from W to
+Z terminals, and @, = (1-8,), (/&) << 1) is current
tracking error from W to —Z terminals, respectively.
Therefore, re-analysis the circuit configuration of Fig.2
yields the non-ideal current transfer functions as follows:

1 (s) s%k
Ton(s)= 112S) _ _ 57kq -
w000 T D.0) g
& 30 p4Q 2 B B3ky k3ky
Tile)= Ip(s) _ CiRCy Ry 5

D, (s)

lﬂ()
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& p1 & 2@ py Prkikoky
C\Ry
D,(s)

1ap(s) _ (
11n(5)

Tgp(s)= (13)

and

mn:ﬂ+{

where f, a,, and @, are the voltage and current-tracking
errors of the i-th ET-FTFN, respectively. As the same
condition mentioned-above, the parameters @,, and Q,
for the non-ideal case can be given by

aplap23p4-ﬁ2k]k2k4 ¥ Eﬁapdaﬂ&[%k2k3k4
CiR CIRCy Ry

(14)

1
Wop = EE\/aplap4an2ﬂ2ﬁ3k2k3k4 (15)

1 & 3O pa 2[33
7 J p>—pa—n (16)
& p1& ok V & pa B

It can be found that the active and passive sensitivities for
this case are :

and O, ={

1

) 59 B 1
a;g aps.any ﬁgnﬂ3 Skz k3, k4 2 (17)
0 O __o0p _1
Sa;’:‘a-anz =Sp; =~ Sabp2 = > (18)
and §9n §9n _SQn el (19)

apl.ap), ap4 ﬁz

All of the calculated sensitivities obtained from eqns.
(17)-(19) are quite small.

5. SIMULATIONS RESULTS

The characteristics of the proposed circuit of the Fig.2
have been confirmed by PSPICE simulation results with
the transistor model parameters of 2N3904 and 2N3906
for npn and pnp transistors, respectively. The bias
conditions were set to Iy = 400 pA, Ip = Iy = 50 pA
and +V =15V,

Fig.3 shows simulated frequency responses for the
HP, BPandLPf'lterswithR= 1kQ, C=10nF and k; =
1 ({y = I, =100 pA). This following setting was selected
to obtam Jo= w/2mr=1591 kHz at Q9 = 1. The simulated
/o measured from PSPICE is approximately equal to 15.49
kHz, which is obtained to be in good agreement with the
presented theory.

The BP responses when w, is varied are shown in
Fig.4 in which the value of , is tuned to be 1, 2 and 10,
respectively. To show the tuning of Q by varying the
value of k, the BP output for three different values of &,
are shown in Fig.5, while I, is set to be constant at 100
HA. Note that the various values of the O can be obtained

The 21st International Technical Conference on
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by adjusting &, without disturbing the parameter,. It can
be concluded both from Figs.4-5 that the parameters @,
and Q of this filter are orthogonally tuned and are found
to be in close agreement with the theoretical analysis
calculated from eqns.(8) and (9).

0
)
=
§-40]
o o banpass
+ highpass
X lowpass
-80 T v
100 1k 10k 100k IM
Frequency (Hz)

Fig.3: Simulated frequency responses of
the proposed filter

b k=1 (1,=100 zA)
=40 0 k,=2 (1,=200 uA)
+ k=10, =1000 pA)
RadT” 3k 10k 30k 100k 300k M
Frequency (Hz)

Fig.4: Simulated BP responses for different values of k,

& k=1 (=100 pA)
0 k,=2 (/,=200 pA)
+ k=10 (,=1000 pA)

100 1k 100k IM

10k
Frequency (Hz)

Fig.5: Simulated BP responses for different values of k;

6. CONCLUSION

An electronically tunable current-mode biquadratic filter
using ET-FTFNs as active elements has been presented.
The proposed circuit, which consists of four ET-FTFNs
and all grouned passive elements, can realize HP, BP and
LP current responses simultaneously. The natural angular
frequency @, and the quality factor O of the filter can be
orthogonally adjusted by means of electronic. The
characteristics of the proposed implementation are
verified by the simulation results.
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Current-controlled Current-mode Biquadratic Filter with

two inputs and three outputs Using Multiple-Output FTFNs
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Abstract: A current-controlled current-mode biquadratic filter using a modified type of a four-terminal floating nullor

(FTFN), which is called as an electronically tunable multiple-output FTFN (ET-FTFN), is proposed.

The proposed

filter with two-input and three-output terminals comprises only ET-FTFNs and four grounded passive elements. The
filter can simultaneously realize the inverting-type lowpass, noninverting-type lowpass, inverting-type banpass,

noninverting-type bandpass, highpass, bandstop and allpass filter functions.

The natural angular frequency and the

quality factor are independently controlled by adjusting the external bias currents of the ET-FTFNs.  All the active and
passive sensitivities are low. PSPICE simulation results are employed to verify the circuit performance.

Keywords:

1. INTRODUCTION

It is well known that current-mode circuits have been
receiving significant attention owing to its advantage
over the voltage-mode counterpart, particularly for
higher frequency of operation and simpler filtering
structure [1]. Applications and advantages in the
realization of transfer functions using four-terminal
floating nullors (FTFNs) have also received
considerably attention.  The design of current-mode
circuits employing FTFNs as active devices such as
current-mode filters and sinusoidal oscillators have been
developed in the literature [2]-[7].  They have been
demonstrated that an FTFN is a more flexible and
versatile active building block than an operational
amplifier (op-amp) and a second generation current
conveyor (CCII) [2]-[3]. Recently, an implementation
of an electronically tunable multi-output FTFN
(ET-FTFN) in integrated circuit (IC) from has been
presented [8], which offers the flexiability in designing
analog signal processing circuits.

This paper describes the circuit configuration for
realizing a current-controlled current-mode biquadratic
filter employing only four ET-FTFNs and four grouned
passive components. The proposed circuit can realize
seven basic filter functions, i.e. inverting-type lowpass
(LP), noninverting-type LP, inverting-type banpass
(BP), noninverting-type BP, highpass (HP), bandstop
(BS) and allpass (AP) responses simulataneously from
the same circuit configuration.  The natural angular
frequency (@,) and the quality factor (Q) of the filter
can be orthogonally and electronically tuned, and its
active and passive sensitivities are quite small.
PSPICE simulation results are employed to confirm the
theoretical analysis.

2, ELECTRONICALLY TUNABLE
MULTIPLE-OUTPUT FTFN (ET-FTFN)

As recently proposed in [8], the circuit diagram of an
ET-FTFN and its symbol are shown in Fig.1. Its port

Four Terminal Floating Nullor (FTFN), current-mode circuit, biquadratic filter

characteristics can be described by the following
equation.

frzi_r:O,Vx:VY and iZﬁ “—')'UW (1)
where £ is the current gain of an ET-FTFN which can be
tuned by the ratio of the external bias current /,//,.

3. PROPOSED FILTER CONFIGURATION

The proposed filter configuration using ET-FTFN is
shown in Fig.2. The use of grouned passive
components is suitable for the IC frabication point of
view [9]-[10]. From routine circuit analysis, the
current transfer functions can be given by :

(PCRC,R, +skk,C,R, + ki, ),

Toa= o @)
_ SleZRz(kJII - ]z)

log = () (3)

10(‘,‘ =_klk2(‘g‘:l‘_12) (4)

and  D(s)=s’C,RC,R, + sk k,C,R, + kk, (5)

where k; (i = 1, 2, 3, 4) is the current gain of the i-th

ET-FTFN. From equations (2)-(5), it can be summarized

that:

1) The inverting-type LP response can be realized
with 7, =0,/, =1, and I, =1,,;

2) The noninverting-type LP response can be realized
with 1, =0,1,=1, and I,-=1,,;

3) The inverting-type BP response can be realized
with [, =0,1, =1, and [, =1,,;

4) The noninverting-type BP response can be realized
with 1, =0,1/,=1, and I,,=1,,;
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Fig.2: Proposed electronically tunable current-mode biquadratic filter using ET-FTFNs

7) The AP responses can be realized with f; = I},
L==1I, and I, +1Ipp=1,,;

5) The HP response can be realized with 1, =0,
L=1, and Ip, +1pp+15-=1,,;
In this case, the parameters @, and Q of this proposed

6) The BS response can be realized with 1, =0, filter can be given by :

L =1, and I, +1,p=1,,;



o, = L (6)
CRC,R,
1 ’C]R,Ix:2
S 7
Q ke VG Rk, A

IfR=R,=R,C,=C;=C, and k; = k, = k,, then the
parameters @, and Q can be rewritten as :

kﬂ

% =R @)
1

Q= Z 9)

It is clearly seen from equation.(8) that the @, can be
tuned by adjusting the value of k,, whereas equation (9)
shows that Q can be orthogonally controlled by varying
ks This means that the parameters w, and Q of the
proposed filter can separately controllable by electronic
means. The passive and active sensitivities of @, and Q
are :

S& =Sp =8 =-8p =-1 (10)
Observing that all of the sensitivities are very small.

4. EFFECTS OF THE ET-FTFN
NON-IDEALITIES

The effects of the ET-FTFN non-idealities on the filter
performance have been taken into consider in this
section. Assume that the port relations of the non-ideal
performance of the ET-FTFN are considered as : vy =
By, iz = apkiy and iz. = aykiy , where S =(1 - o),
(le | << 1), is the voltage tracking error from Y to X
terminals, &, = (1-&p), (|,| << 1) is the current tracking
error from W to Z+ terminals, and a, = (1-6,), (|5,] <<
1) is current tracking error from W to Z- terminals,
respectively. Therefore, re-analysis the circuit
configuration of Fig.2 yields the non-ideal current
transfer functions as follows:

_ “ZCtRICsz i s(klklaplanzﬂlcl‘ql )+ klkzaplanlﬁlﬁl)ll (11)

s D(s)
k CyRy (K L =1
Ipp =%/ 2D2(£)3an3l 2) (12)
kik k =1
loe =-1 zaplapzﬂlD[zi)( 330y - 1) (13)
and

Dfs)=5s'C\RC,R, + skika @, BC, R, +kke e, BB, (14)

where f, o, and «, are the voltage and current-tracking
errors of the i-th ET-FTFN, respectively. As the same
condition mentioned-above, the parameters @,, and O,
for the non-ideal case can be given by
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k
Dop ='CT;’¥ aplanZﬁlﬁZ (15)

1 anzﬁz
), =——— ‘— 16
. k4an4 aplﬂl we)

The active and passive sensitivities for this case are :

mﬂﬂ — mm — ]
S”Pl-“‘nz - Sﬂ\-ﬂ'z - E (17)
|
On — O -
S84 =522 as)
S, =-1 (19)

Tpy

All of the calculated active sensitivities are also small.

5. SIMULATION RESULTS

The characteristics of the proposed circuit of the
Fig.2 have been confirmed by PSPICE simulation
results with the transistor model parameters of 2N3904
and 2N3906 for npn and pnp transistors, respectively.
The bias conditions were set to /[y = 400 uA , Iy, = I
=50 pA and £V =15V,

Fig.3 shows simulated frequency responses for the
HP, BP, LP and BS filters with R =1 kQQ, C = 10 nF and
k,=1(, =L =100 zA). This following setting was
selected to obtain f, = w,/27 = 1591 kHz at Q = 1.
The simulated f, measured from PSPICE is
approximately equal to 15.48 kHz, which is obtained to
be in good agreement with the presented theory.

1
ok o N e
3. -
ALp
= 0ep
| vie
= 0 8BS
a
1]
-2 //
. /
100 1k 1 100k M

0Ok
Frequency (Hz)

Fig.3: Simulated frequency responses of the proposed.

The BP responses when @, is varied are shown in
Fig.4 in which the value of &, is tuned to be 1, 2 and 5,
respectively.  To show the tuning of Q by varying the
value of £, the BP output for three different values of k,
are shown in Fig.5, while /, is set to be constant at 100
#A.  Note that the various values of the Q can be
obtained by adjusting k,; without disturbing the
parametere,. It can be concluded both from Figs.4-5
that the parameters @, and Q of this filter are
orthogonally tuned and are found to be in close
agreement with the theoretical analysis calculated from



equations (8) and (9). Fig.5 shows the simulated
frequency response of the gain and phase characteristics
of AP filter.
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Fig4: Simulated BP responses for different values of ,
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Fig.6: Gain and phase characteristics of the AP filter.

6. CONCLUSION

An electronically tunable current-mode universal
biquadratic filter using ET-FTFNs as active elements
has been presented. The proposed circuit, which
consists of ET-FTFNs and all grouned passive elements,
can realize the seven Dbasic filter functions
simultaneously.  The natural angular frequency @, and
the quality factor Q of the filter can be orthogonally
adjusted by means of electronic. The characteristics of
the proposed implementation are verified by the
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simulation results.
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