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ABSTRACT

This thesis proposes a circuit technique to design and implement current-mode
biquadratic universal filters with the employment of operational transconductance amplifiers
(OTAs) as the major active components. The first proposed circuit configuration is the low-
component-count current-mode universal filter with two inputs and two outputs using only two
multiple-output OTAs (MO-OTAs) and two grounded capacitors. The second proposed circuit
configuration is the current-mode universal filter with orthogonal @, - Q tuning, which comprires
only four dual-output OTAs (DO-OTAs) and two grounded capacitors. Both proposed circuits
can simultaneously realize all the five standard biquadratic filtering functions, i.e., lowpass (LP),
highpass (HP), bandpass (BP), and allpass (AP), without changing circuit topology. The natural
angular frequency (@,) and the quality factor (Q) of the proposed filters can be tuned
electronically by adjusting the external bias currents. No critical matching conditions are required
and all the incremental parameter sensitivities are low. The performances of the circuits are
studied and verified by using PSPICE simulation program and experimentally tested using

comnercially available IC CA3080 OTA.
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NYHYNINIOITYR DL

\ o
2.1 nanm
NssoedRIU (filter) 1vvsitiumumaridy luawnldszuumsidendyann
AUD (frequency selective system) 14 9 INWW 154 Tuautleundy (feedback path) ¥®4
srUUMUARY TuaIuvevslSuuasan ndyann (signal conditioner circuit) NIATY
dyanudunavounisiloia niouwingzvisluissuegiaines (modulator) uazavasavegia-
1703 (demodulator) 1 udu [34]-[38]
o J A4 o Y Ay or ot - 1 EEY
NITNTOIAYY N DOAUVVIUINDIIMINNAUd Yy anTinud Tuseideans
uazezimsaanaudyarunianuduenmilionnnsimuald Tavaunsoutseemily
] 9/ = " LY an s -&
UszianIng 9 18 2 wuw uuvusniSendn 2evsnsesdayanundaea (digital filter) Faiu903
o &9 Yo o aa - . - o FURE A
nseadgenunldnudygyuataea (digital signal) n3odaanai bifinwdedismianm
a - =1 LY
(discrete-time ~ signal) 11AZ995NTDITYQYIVUVVNADI NAD 2995NTOITYRIUBUIAON
& @ P v @ ot ' ¥
(analog filter) maxﬂmqiﬁnmdﬁtyﬂpﬁuw‘l%’ﬂnﬁtgagmnummﬁmﬁmmqnm (continuous-
L
time signal) lAv9vInsesdyarueuiaemindiannsonisesniiuszinndos o 1480 2
& s = o e ¥
Uszinn Ao 2sesnsesdyapanvumadviluaainsesdyaudeesnuuy Taolfinme
o as a { o
gunsaimad Ao dsznoudrodadumiInih dufuise i uazvaadamiioni
¥ '
M “lwm:mqwnsmﬁ’tymﬂmsmuuaﬂﬁﬂi}:aﬂﬂunmmsf?'mﬂiwﬂﬂﬂﬁ?qﬂﬂifﬁmm
s A ' = o (L o o =4 a
gunsaiueniivl ueeuont niwdanes indesmdugdnssimadn swaziBvavesnses
o - oA A & o o & @ o
nspsdgnunznandatoduiugmdosduluumitiy sxdlundnns Taoi lvesees
nssdygrauazuu Taoia lvesileddunisdrsTouvesrsrsnsesdygimeuasniil

sty lunleasiin (biquadratic function ) fuwmdn

e g s
2.2 HaNMIWUFIHVDINIBINTDITU I

29VINITDINTYYIN

x(t) ——» o (1)
h(v)

31U 2.1 szuuvesnsInsesdyanm



sTUUYBININTeadymsouansldReglil 2.1 e x@ fo dyaIudunn
y@® fio Ay ueIana uaz kg AodynIuABLTUIRETUY IUNUUEURAH (impulse
response) ¥942493 M1nfmualiesnsesdygnaneldmsinsaniuszouiiiuauia
HuuuuFadu (tinear) uaz lunlavunlasauna (time-inveriant) 1A7 y(1) W FUNUTHUA?
uﬂs?)"ummsnuﬁm’lﬁ’agﬂu;ﬂmmﬁnms§uﬁﬂ%'mmuﬂauhg‘fu (Convulsion  integral)

do'lalif
y() = r_.‘h(t —7)xx(r)dt (2.1)

devimsilasanaisvesaumsi (2.1) 3¢ ldwamsuasarlarwsie
Y(s)=H(s)X(s) (2.2)

Taoii Y(s) H(s)uaz X (s) Ao vamsulasanlaauos y@ hw wag x@ sy

A a = : — - ' '
Wennsanluunuanud s = jo aumsn (2.2) musodounaaseglugidiy

td
=

Usenovuvesvnnauazalaas
[V(jo)|=|H(jo)|X (jo) 2.3)

o b +@

Y(o) — (I)HUM) X(jo) (2.4)

lavh @, , Ao Awdaves Y(jo) @, Aodwlaves H(jo) uaz @, o sudauss

x(jo)

X(jw)

nanns Taoiia lvesasnsnsesdaygyin Aovmihilumsuondyanad hideans
aaﬂmnf?tyngmﬁﬁmmiuaxaﬂmummuiwmﬁmmgmﬁﬁmm?iuanmﬁ'mmﬁﬁmuﬂ
ieRvITAIANNIT (2.3) rﬁu'lﬁ':iwummmﬁ'mumumnmﬁvgmfmﬂuNaﬂm‘umﬂ'wmmm
dygaduyaiuinavealiidumInouausuFIA1UE (frequency response function)
¥992993n509d Y MHINFUIIA (magnitude function) V03 H( jor ) HawiAugudlugaa
wouAmAzEond FHUOUNYA (stopband) Haz IuihmesRuafuiemlaiduvnaves

' "o e o' 1 '3 ' " ] s 3
H( jo) s hinhiugudlugiaaunnuiiuezizondn $2auaur 1 (passband) §31iuanma



N15A0VAUDIVEININFUIUIAYDY H jo) Tud19anudNuana 19 u¥999995 A1y
AUANHUYDITIUDUHYALALTIWMOUHIY 9T IWI5DTIMUNFTAYDINNINTOIT Y I

" ¥
poniudos 91880 s LuuMuRUENYULYBIMIABAUBIADAMIAYEIIIAITITE

1) 2993N503FQYANUUVUNTOIFNUANUDR (lowpass filter, LP)

2) aansﬂsmﬁ'fgﬂgmuuunsmdmmmﬁqa (highpass filter, HP)
3) 2993NIBIFYAIUIVUNTBIRIUUOAING (bandpass filter, BP)
4) 2930503 RAVLIIAALOANINE (bandstop filter, BS)

5) 2993NTOITYYIMUVUNTOIHIUNNAMID (allpass filter, AP)

- o o a u‘:
317 2.2 B4 2.6 uasIiinunaneuaUBINIIA IR YRS NI TN T WL
¥ ]
Tunsdigaunauaz lumal§id Taolumal§idiuanuismoow (cutoff frequency , @,) f
I Id o ar o 1 1] ar
A nudih lisaswoedyanavessiisuiiy 70.7% m3eiszna -3dB) juuy
= ' o A o ' dA o
voanmsuldouninuavimldfwounga  wiennuounyaldaovruiie sasinis
nasuinlasvesnaneuausInudGond 6a51MI0ANIOE1951UTY (roll-off rate H3D fall-
Y o g = Al aa o v 1 a ' g
off rate) 01MINITNABAANNDUUUAUABMITNN FBN1INARARINAGENT MsndenTua
ar s ¥ o ar A & a 4;
(Bode plot) LAZIAANUFUUYDAUTUNINY (asymptotic slope) WIDDATINITANAINT DINVUY
"o ] v 4 44 &
1N £20 dB/decade 1T -20 dB/decade MUNUHIBATIVEIWAARY 20 dB 1iBAMUDIALAL 10

' - a 4 4 44 4 \
N1 1aY +20 dB/decade Hmuﬁmmwuwmmu 20 dB 1ﬁﬂﬂ’numwmu 10 M1

| o) | | 6 |
A A
1
0.707
Pass Stop
™ band ~ (" band
> (rad /s > o (rad/s)
0 @, ( ) 0 @,
(M) (V)

3N 2.2 wameUALBINIIANNAYDIINT LP

(M lunagauna () Tumaliia



U 2.2 uamswansuausanavina luFinnuivessesnsesdaaauuunses
L ci u' Ab o :;d - Ll " ' = .:i o
HIUATUDAT “]Nl,ﬂul'l\‘l‘iliﬂ'iﬂ\i mumummmmvmmﬂmuﬂg‘lumﬁzmn 0 DIANUDANDON

o { ' { o ] ' ¥ 1 o
Tusmzignanudganhnnudimesziiugianungavearses lunsdiuiimuuudia

YBINISUAUNINY ),

| Hgo) | | Hgo) |

A A

1 1
0.707

Stop Pass
= band e e band —
»a(rad/s) > (rad/s)
0 o, 0 @,
()] (V)

31 2.3 wameuaUBINIIANUIYDIII9S HP

M Tumsgauna () Tumaljiia

'ljﬁ 23 Llﬁﬂx‘lﬂ'ﬁﬂﬂﬂﬁuBQ‘V]'N'U‘IJ'I?IiHL‘INﬂ'J']IJﬂﬂJEN'Nﬁ]iﬂiBiﬁmﬂ'}'lﬂlu‘lj'ljﬂﬁﬂq
HIUAIUD i:l" "]NLﬁ‘N’Ni]‘iﬂ?ﬂ\?ﬁ'ﬂyq‘ﬂﬂlﬂlJlm'lJﬂ’J'IIJﬂﬁ'liz'H'JN 0 ﬂuﬂﬂﬂ'.l'mﬂﬂﬂt’lﬂﬂ @,

'lu'umzmwsi]zuaulﬁﬁ'ﬂgigmﬁﬁﬂ:'nnﬁqan'hmmﬁﬁ'weaﬂrhu'mﬁ'lﬂ"lé’

| Ho) | | i |
A A
1 1
0.707
< Stop ol Pass - Stop
band band band
> (rad/s) »o(rad/s)
0 % Dy 0 o, @, o,
() (v

310 2.4 womoUAUBINMIANUGYBIIN9S BP

(M Tumagaunid @) Tunalgiia



;ﬂﬁ 2.4 uﬁmNaﬂauﬁummwmﬂ‘lm%ammﬁvaqaansﬂiaaﬁmuty1mnxunﬂsaq
MO UAINE éui‘lmqﬂﬁﬂsmﬁmumu'tmﬁﬁnmnmm?;phwanwsﬂg"lmhﬁwin
mm?;ﬁﬂaaﬂﬂmmm'ﬁ'ﬁa @, (low cutoff frequency) Uae @, (high cutoff frequency)
luvaiziiuoungavesiseszilegaouonie luszniganid o fwnuidnoo @,

uazlugrsvesnnudgeanhinnuismesd o,

| o | | o |
A A
1 = = L e Y
0.707
l¢—Pass_ 1, Stop |,  Pass.
band band band
p-alrad/s) » o(rad/s)
0 @ ay, 0 o, @, o,
(n) (V)

31N 2.5 waroUAUBINIIAIWNYDIIIYT BS

(M Tumagauna () Tumalia

]
ot

110 2.5 nasnmisaouauesmevualuFinnudvesnsvsnsosdyaaunviiie

o 4 o e ' ' A o A
LDUAITUD Gb'{l!.flu'}a5]5ﬂ'iﬂ'3ﬁiyﬂ!lmﬂnuﬂu“QQ‘ILHVJQ53“31Qﬂ']1nﬂﬂ“ﬂaﬂﬁﬂaﬂj’lﬂﬂﬂB

-

o, uaz o, lwsazitouanudmuveseseziiogaewuanie Tuszniarnnud o da

adanea o, uazlurnvesnnuigainimnuiines o,

|H (jo)
A

1
Passband

0 »o(rad/ s)

31N 2.6 HaRBUTLDINIIAINDYDINIT AP
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o ] i ar { Y o
19vsnsesdgauuunsesuaauiiiusnsssdyanuiveyidygann
anudansoru 14 TasnuimsasvausimavuialuFinutvesssinseadyaa
] ¥ "
uuunsedrIuNANNd Tunuugauadtiuuaas 1ddzii 2.6 luduvesnisaeuausama
1 " v
winaluFnnudvesssnsesdyanauvunsosuynanud lumal fidmiuildovae T
1 [ ar ' = u’a’ = o' o v

uanany Tagrasnsesdygrauuunsesdiunnanuiiuilse Tomilumaian iy
Y @ o y o/ = {
N50UNT (phase shifter) I¥idgyanauerdinaiiyulaiiuandranndyapadunaniun

Aoonuuuimua

dar ¥ ar =
2.3 juuilaniumelenvearsssnsesdyanamuylunieasiiin

o ar =Y 4 [ ) ' o
Handuluaieasiiin nsenGenan ManduaioToudusuass (second-order transfer

[ v
functionyenusadoueg luguuunali)1ad il

ks® + kz[w"]s + ko,

HE) =K @.5)
st + (%Js +w,

=) A:: s
We @, Ao ANVDANoON
K A9 0n3519810AF (dc gain)

k, k, uaz k, fio Aned Gauniny +1 w300

o n’a’ d. 1 ~ ld' A‘!'l ar Vv L] dl.
Aniuiipunu s = jo aaluaumsi 2.5) edaaums degluTamwuvesnnud

(frequency domain) HAauMIvENMITTY

ko’ + jk{%}w + ko,

2, | @y 2
-0” + j| — o+ o,
(QJ

Hijo)=K (2.6)

(k,cuo2 - ko’ )+ jk{%)w

i

W30 H(jw) =

(2.7)
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Tawii w=2rf (2.8)
oy O=0,/BW =0, /0, -v,) (2.9)

f A9 ANUDY0IUNAI9W (supply frequency)
o) fo ﬂ?1ﬂ§ﬁﬂﬂﬂﬂﬁ1'§[% (high cutoff frequency, rad/s)

®, Av AMUDANDONAIAT (low cutoff frequency, rad/s)

wnien k&, uazk Tuaumsi 2.5) waoull seilildsesnsesdyana
=y ' ar C: ' é Qs U r
$ilaa19 9 Asina1andedy FegduuoilanFudioTouvesrsasnsesdyyrauny
) a1 q’: - v o a 1 ;
Tumieasin yiiam1e q Tuiianuduiusidudeae 115
HanFumsareTeuuny luadeasiinvearsesnsesdyanauuunsesriuanuin
x o i
wiljluyvasiife
2
@y
@,
s +(—"Js+ o,
Q
-

o U a (Y] ]
‘Wx‘lﬂ‘]ﬂlﬂ‘liE]'IUTB'HI,L'U'U1'1Jﬂ’mﬂ3']1"lﬂ‘1lﬂﬂ’\]ﬂﬂiﬂ'ifN YYIUHVUNTOINIUANUOY

H,(s)=K (2.10)

= g nl’dl
wigluuuasiine

2
5

)
s +(—Q"~Js+a)02

d a " a ar ' i
‘Wﬁﬂ‘]ﬂlﬂ'ﬁﬂ'IUTE]'HllUUhlUﬂ']aﬂi']'ﬂﬂ'Uﬂﬁ’N VINTOIAYYIUUVUNG ﬂQN"IuHﬂUﬂ'JTUa

Hyp(s)=K

(2.11)

F=1 [ dyd
wiljduyuaaiine

(2.12)
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HardumsaioTouuny lumeasinveaissnsesdyanauuusiauauanuded

¥

sUnuuAaiife

2 2
(s"+w,) 2.13)
s° +[&J5+wf
0

Hy(s)=K

HandumsmoTownuy lualeasifinuearsesnses T IUUUUNTDINTUNNAIND

= ar JA
wiljluyvasiine

(2.14)
s +( }.Ha)a2

24 aq

d’.’ g =) a @ a o s
Tumitldndndendnms Taena ldverivsnsesdygnauazgiluuvvesilaidunis
a1 leuveannvsnsesdyaanuvewiaenitgduuvvesilanFuiduuuylualeasiin
o ar o a ' LY " e
Usznoudeilandunsesdygiuyiiagia 9 Ao 2995nI0sdyaIuuUUNToINIUANYRA
HUUNTOIHILAMNAF HUUNTOIFULALAILD LUUSITALOUAND HazuUUNTBIHILUND
- 4 a = d o d” Y o o -; [V ' s d
A e luImeniimuiauiee Idhimdnmsiugudina leenuuunaz dunsiemilu
ar { ar o o a ar ' {
nesnsesdygruiasadunziilandu laniouiuTas lideanldsunlasgiuuuaes

= ~ ar A o 1 o
Tau1d2993 Todie Wuginssiueniiindn Fsfiswaziduadsez1dnanluumdaly



UNN 3

HaNNI5VD 3925 10N1e

3.1 pah

1umsaammmafns1Jizmanaz’r’n,;m‘lmunnamﬂﬂmfu 2993V018A1ANNN
(transconductance  amplifier) 1y niugunsaluoafinyszinnnisfiiouin 15y
panlsznoudiAg lumsoonuuuiazduns12i29931due uazeesvoremnhiiiudi
fonl¥nuediaunsnats Anelees Tefe (Operational Transconductance Amplifier, OTA) é»l
a1 1831993 Tedie iflugunsaluenfindaimihiiduunasswnszuaiignaivquédas
13981 (Voltage-Controlled Current Source, VCCS) i l#nszumerdnaiianiudadon Taoase
funsaduduna nienan & Tedie fe 2eesiivamihiin/aouus siulinareiiv
NIZILE (Voltage-to-Current converter, V-I) ﬂizm'ﬂﬂﬁﬂ e'J'lﬁii'ffv'l‘j’I‘IfEJ'IElﬂ"l1"1'J'lll‘f'.!‘l‘lJEN’.Nit5
ansadiuldidududuTaonsmuguaszualudannmousn wazfizduunvesiaesii'hi
dudouiaildisdemailaduiuaasson luilwiiuiiviindnaa 1doenuuuaees
TofoiiluaaessauduSogilimionaoiwos@roiu iy LM13600  vesuSTnudunua
IiinoUAAADS (National Semiconductor) CA3080 1Ag CA3280 veeuSHndumesiua
a3 155U (Intercell Corporation) iiudu ﬁ'qﬁuiuﬁﬁﬂf‘rﬂzmﬂnﬁnﬂmﬁuﬁ'ﬁuawﬁ'ﬂmi

Mamveees Teteuuy 19maTulad lu Twars [36], [39]-[42]

L4
o 2~ =
3.2 MIMNUNUGIUYDIID5 101D
2993 Tefieilugdnsaiueniivi luilvytiudidiominn 1dunuieoduenilunis
o o " 1 o 4 4 ¥
ponuuIlu23930UIReNHanY (analog function) A19 9 WINWIY NaifitipennTaseadiaves
o "o Y ] e a ' 9 act a o a
2vnde lidudou saudeguauiavesrceslunmsdsua 1881033 msnedidnnseiing
v

UONINHAIBUNABURUAUT (input impedance) HAZIDAFHWADUAUAU (output impedance)

o o a 9 2 o EY ar v -
‘lli]ﬂ')»i‘!]itl@llﬂ’lq\iﬂﬂﬂ'w ‘i]Q'Iflﬂ‘}'l!.‘}’l?J'!xﬁﬂﬂﬂzﬂuﬂllﬂ'ﬁﬂﬂﬂ'lﬂlﬂﬂ (cascade) L‘ﬂ'LIE]U'Nﬂ

= =
3.2.1 Tenelumagauna
= Y4 4 o w o o & v ! o o
Ui 3.1 () waasldmutidydnualvesrses Tefie ¥alszneudlsdmusuns s
= 1 ar 1 o 1 i
ouna daunszualuda wazdiunszumeina daugli 3.1 (V) HARIIIAUYAVDIINDI

Tonwuuugaund
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WYY 3

()

(V)

4 o o o - =
3 3.1 (n) dydnuaiveadsnsledie (v) 2esauyavesdsesTefie lumgaund

nsdimiluasesTefielungaund anuduiuisznirussdudunanaznssua

o = = Vs dy
wnaaIsasuefIw 1daal [36)

iaur = gm (vl . v2) (31)

o v, uag v, AeusaduBuNANVILINUAZYIALYBIINS Tefite mudidy dau g,  Ap
@ L o & L - 3 o o
9A319010A1A NN (transconductance gain) ¥932995 Tofiie Tavlimaudunszna’lude (7,)
= = ¥ = o @ o ' o 1
nnmeouen nidees lemeuunldmalulatluinard anuduiussznindasveio

anmniunszua ludaes 1dilu [39]

s 13
E&n = (2V7 J (32)

: o é ' " -
e ¥, AouseunIuioU (thermal voltage) Haiin1/szuins 25 mv Noumgiines 27 °c

a -

¥
@

Wuaumsn (3.2) SudouIna 185y
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Iy
= (3.3)
E» = Somv
) g, =201, (3.4)

3.2.2 29sledelumal§in

Ay ¥y w A a e o
nni ldnandreduiundnmsverses Tediie lunsgaund udTedie lunia

= o

= und‘ 1 o.; A o o [ A - ar =
UjiantismieTaoi hlsslidahidamsmnudaannsofinun 1dsndeyavesuiingnan

L
s

o ar U ar .A = I;l =4 9Y o w -é ar
UU 9 [40]-[42] mﬂsumui@ﬂuﬂu‘qmlm’N%sTamaTﬂﬂm'lﬂi}zwm1nﬂmqmmsnﬂm
A lddudadulusruseduliifu £25 mv uaziiiesnnlulreeslefelsznoudae

= oo & A& a 9 = o
NIMFMADS I UNIFIinavesn A mILazauy Ithaeluvemswdmaesies
'] = = 1 J o H o’ Y 1
ldnszumerdyavesrses Teflelimiudunnudvoussdudunya AIUNITANYAVOY
= o a wa T o

2997 lefienadduyanaziorayalumal §idzalsznoudaeinaui Ifhudas

Ay Ik dauamslugili 3.2

lv—.

)
AN
°C}

g,(5)(v f'vg)

e

3N 3.2 29vsayaveanees Tefie lumal §iia

4 v ° ' Yy a

e G, waz C, Aemnnmimazannugudsiihmedwdune uoz G, waz C, fio
' ° ¥ g = o w 1a
aamniwazauguda ihmednierdyavesasesTefiie auddy 1inasesauyalifa
awmanuimazanuy Idihdune (G uar C.) uuuInuasIw (common — mode)
iisanindianiosnnuaznninssadravenasmuyamedudunadiofisunsing e

v a o = = L4 d =
ﬁ'mummmmuﬁ&lawuvgmmﬂm’nnmumuﬁmmm!mmﬂnﬁumumﬂlﬁzi'flu
Y =G, +sC, (3.5)

o Y, =G, +sC, (3.6)
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ar

4 i ' o o g
HONNIIUHANDLANBINNNDVEIDATIVEIUAINIINIIUD395 ToTierziigiuumia Tudsil

g, (s) =5

(3.7)
I

(0]

c

o o, Aedmumisinamoluvesisesledie uaz g, Aedasvevmanuhnanudm

= i @ a ' @ a

¥992993 0¥ Inaumsh (3.7) aunsalsuaumsnnuduRuEsz s LB unAlay
L4 Yo ;

NIZIADINNA TARIH

. i gmﬁ ‘
’au.r (S) - Ty ST vm (S) (38)

o 7,=1/w, AOAIAINNININT (time constant) IINAUMITH (3.8) HANTABLAUBINGT
ANUAYD2993 lofiansouaas laaagi 3.3

b (B)

A

o (rad/s)

3UN 3.3 wanouausmanwiveslns ledio

3.3 HanNM3MNUV DI 0Tl

or o d{‘ = o v 4 1 o w
ManM3MUAUE MUY Todie Taena liszneudionguitesdesidnnaes
dUADI IV T Y 1UHAAII (differential amplifier) 11AIITAEROUNTZUA  (current

. A - s o T 1 o y
mirror) [43], [44] FIE 111500 FLIBNANNIININUVIITUBULABZ 1905 ARl
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3.3.1 19VIVNUA Y IUHAN

Io+i, l l I-+i,

-V

3N 3.4 295900dyguRanie

2vsvewdyyrunams uaadlddsgli 34 Yszneudionimdmaey Q, uaz
Q, Fvimihiiihusesdmihisuussdudunanama (v, ) udadoulinaoiunssus
dosmuald Q, waz Q, finnuaumadiugnlszmsuaziionszualuda (7,) Wudaees
wifanszudneaanaeiues Q, uay Q, AWy 1,/2 snfusasveroinnies

Q, uag Q, valiAwniny
Ea =8 = B2 ZIC/VT (3.9)
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Abstract- A current-mode universal biquad filter with two
inputs and two outputs is presented in this paper. The circuit
uses only two multi-output operational amplifiers (MO-OTAs)
and two grounded capacitors, which is suitable for integrated
circuit technology. The proposed filter can realize all the basic
biquadratic filter functions without any matching conditions at
high output impedances, and has low passive and active
sensitivities. The filter also provides an independent current
control of the filter parameters. PSPICE simulation results are
included.

I. INTRODUCTION

Universal or multifunction filters have been found to be
useful in many applications such as communication and
measurement systems, since they permit realization of all
basic filter functions with the same topology. Thus, this type
of filters brings versatility, simplicity and cost reduction to the
integrated circuit (IC) manufacturer. In the last few years,
several realizations of universal biquadratic filters using
operational transconductance amplifiers (OTAs) as active
elements have received considerable attention [1]-[5].
However, a few works on the OTA-based current-mode
universal filters with fewer numbers of active components is
reported [5]. For the cases where power consumption is an
important parameter, the number of active components used
will be important. Similarly, a circuit employing a minimum
number o factice and passive components is also an important
issue in circuit theory from coverage area, VLSI
implementation and total cost point of view.

On such a demand, in this paper, a two-input two-output
(TITO) current-mode universal biquad filter with minimum
number of active and passive components is proposed. The
circuit employs only two multi-output OTAs (MO-OTAs) and
two grounded capacitors, which offers the advantage of an
electronic tuning capability and is important from an IC point
of view. Furthermore, by appropriately connecting two input
and two output signals, the circuit can realize lowpass (LP),
bandpass (BP), highpass (HP), bandstop (BS) and allpass (AP)
responses without critical component matching conditions, all
at high impedance outputs. The filter also provides
independent current control of the natural angular frequency

(@,) and the bandwidth (@,/Q), as well as low active and
passive sensitivities.

II. CIRCUIT DESCRIPTION

The circuit representation of the MO-OTA is shown in Fig.1.

The MO-OTA characteristic can be described by
ip=gu(v'v) (1).

where g,, is the transconductance gain of the MO-OTA. In

general, the g, can linearly be tuned by the bias voltage or the

bias current over several decades, which lends electronic
controllability to circuit parameters.

Fig. 1 : Circuit representation of the MO-OTA

Although there are several techniques to implement the
MO-OTA, in this study an ordinary bipolar realization of the
MO-OTA consisting of a differential amplifier and some
current mirrors is given in Fig.2. As can be deduced from this
circuit, the transconductance gain g,, is directly proportional to
the external bias current /5, which can be written by :

_1Ip

= )
2y

Em

where Vy is the thermal voltage (26 mV at room temperature).
Fig.3 shows the proposed current-mode universal filter with
two input terminals and two output terminal. The proposed
filter is mainly composed of two MO-OTAs and two grounded
capacitors. Since all the capacitors are grounded, thus the
configuration is very suitable for an IC implementation [6]-[7].
By routine circuit analysis using equation (1), the current
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transfer function of the proposed filter in Fig.3 can be given
by :
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From equations (3)-(5), it can be seen that :
1) aLP function is realized with I, =1, ,5L=0 and I,, =1,,.

2) aBP function is realized with [, =1, ,,=0 and I,,=1,,.
Em&m2 3) aBS function is realized with I, =L =1, and I, = I,,,.
ol = { mi>m :| 3 4) a AP function is realized with 1,/2=5L =1, and I, = I,
5) a HP function is realized with I, = L, =I,, and 1,} +1,, = I,,.
Thus, the proposed TITO filter can realize all the five

d D(s)I, —(sC2 gm|)I| 4 standard types of the biquadratic filtering functions from the
an 102 = 4) G A R
D(s) same circuit configuration. Note also that the circuit needs no
inverting-type current input signal for realizing any
N FC T ¥ il biquadratic functions. As seen from the proposed circuit
Whiere D)= (GG sCogmi + gmigma) ) configuration, it employs only grounded passive elements
and g,,, denotes g, of the i-th MO-OTA (i = 1, 2). especially grounc.led capa.c_ltors and thcre. are no cznt:c.al
component-matching conditions or cancellation constraints in
the design, thus the circuit is very suitable for fully IC
I technology.
1, Also from equations (3)-(5), the filter parameters @, and
o _T_ P N I, @,/Q are given by :
= . gt
Cl Eml 5 °
/ Em18m2
} I D= ’— (6)
= l 02 g GG,
/
+ 1 e and Do _ Eml @)
+ Sm T 2 0 g
1, Mt 1
= It can be seen from above expressions that the @, for all the

9 filter responses can electronically be tuned by varying g,

Fig.3 : Proposed TITO current-mode universal filter and/or C; without affecting the parameter @,/Q.

employing only MO-OTAs and grounded capacitors

+V
~ ~ P~ ~ ~
+ia +ia 'io -ia
ot = 0 ¢ —>o >< +—o0¢— 0o
vV o—
d -

o R

-V
Fig.2 : Circuit diagram of an ordinary MO-OTA

ECTI-CON 2007
The 2007 ECTI International Conference

118



Moreover, the @, and @,/Q sensitivities can be given by

1
Do =% = 8
ngl ng2 2 ®
|
Do _ ¢%o _ _ 9
SCl SC2 : 9
d @o!0 _ g®/Q _ 10
an ngl Sc] 1 (10)

All the active and passive sensitivities are not more than unity
in magnitude.

I1I. NON-IDEAL STUDY

The circuit model of the non-ideal MO-OTA can be shown
in Fig.4, where G; and G, are the parasitic input and output
conductances, and C; and C, are the parasitic input and output
capacitances, respectively. Therefore, re-analysis the
proposed filter of Fig.3 by taking into account the non-
idealities of the MO-OTA, the denominator polynomial of the
non-ideal transfer function can be rewritten as :

D(5)=5"C, Co*s[Cogm+Gin)HC,) Go)1Hgm&maH(E€m+Gin)Gi]
(11)

where Gj; represents the parasitic input conductance of the k-
th MO-OTA.

+ _a’
Vo J_ + J_ 0 +
i - @gﬂ(‘#'v) G, TG,
%—I 1 o
v 0 -
G, TC, g,0') 3G, T°C,

- .

Fig.4 : Circuit model of the non-ideal MO-OTA operating in linear region

In this case, the modified parameters @, and w,/Q are
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From these relations, the active sensitivities can be found as

§% =l [ GiGia <l (14)
Gil Znglgmz +(gm + Gy )Gin

Sg‘_’ =1J (gm1 +Gi)Gip <l (15)
2 2V gmEm +(g@m+Ga)Gn 2
wo/Q _ 1 GGy <l (16)
Gin 2| Cy(gm +Gi )+ C1Gyy 2
and
S e =1[ Sy ] <
2. 2| Cylgm+Gn)+CiGn | 2

It can easily be observed from equations (14)-(17) that the
entire active sensitivities are still less than 0.5 in magnitude.
Thus, the proposed filter structure displays a low sensitivity
performance.

IV. SIMULATION RESULTS

To verify the theoretical prediction, the characteristics of
the proposed current-mode universal filter of Fig.3 have been
simulated with PSPICE program. The MO-OTA is simulated
using the bipolar structure given in Fig.2 with DC supply
voltages of £3V. The transistors model parameters are taken
from the PR1I0ON (PNP) and NP100N (NPN) of the bipolar
arrays ALA400 from AT&T [8].

Fig.5 shows the simulated frequency responses of the LP,
BP and HP filter functions of the proposed circuit in Fig.3. In
simulations, equal bias current values of Iz = I, = 100 A,
and capacitance values of C; = C; = 1 nF were chosen to
obtain f, = @,/27= 318 kHz and O = 1. With the same setting,
the gain and phase responses of the BS and AP filters are also
given in Figs.6 and 7, respectively. All the simulation results
agree quite well with the theory.

10

4

Current gain (dB)
5

calculated as |ABP |
201 o P . O P E
@, = Emi€m2 +(&m1 + G )G (12) \Q\j \//a T
C1Cy -30
1k 10k 100k M 10M 100M
Frequency(Hz)

and @D _[8m*Ga |, (G2 (13)

0 CI C ) Fig.5 : LP, BP and HP current responses of

the proposed current-mode universal filter in Fig.3.
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Fig.6 : BS current response of the proposed current-mode filter.
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Fig.7 : AP current response of the proposed current-mode filter.

V. CONCLUSIONS

In this paper, a two-input two-output current-mode
universal biquadratic filter that employs a minimum number
of active and passive components has been described. The
configuration consists of only two MO-OTAs and two
grounded capacitors, which is advantageous from IC
fabrication. The proposed filter can realize all the five
standard biquadratic filter functions without any matching
conditions. The filter parameters @, and @,/Q are tuned
electronically and independently, and all the passive and
active sensitivities are low.
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ABSTRACT

A current-mode universal biquad filter with two inputs and
two outputs using dual-output operational transconductance amplifiers
(DO-OTA) is proposed. The proposed configuration consisting of only
four DO-OTAs and two grounded capacitors can simultaneously realize
all the five standard biquadratic filtering functions from the circuit
configuration. The filter also offers an independent electronic control of
the natural angular frequency (@) and the quality factor ().
Moreover, no component matching conditions are require and all the
active and passive sensitivities are low. PSPICE simulation results are

employed to verify the circuit performance.

Keywords : dual-output operational transconductance amplifier (DO-

OTA), universal biquad filter, current-mode circuit
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Abstract— A two-input two-output (TITO) current-mode
universal biquad using only four dual-output operational
transconductance amplifier (DO-OTAs) and two grounded
capacitors is described. By appropriately connecting the
input and output terminals, the proposed circuit can
provide lowpass, bandpass, highpass, bandstop and allpass
current responses. The filter also offers an independent
electronic control of the natural frequency (a3,) and the
quality factor (Q) through the transconductance gain (g,,)
of the DO-OTAs. No critical matching conditions are
imposed for realizing all the filter responses, and all the
incremental parameter sensitivities are low.

Keywords— Operational Transconductance Amplifier (OTA),
universal filter, current-mode circuit

I. INTRODUCTION

In the last few years, several realizations of universal
biquadratic filters using OTAs as active elements have received
considerable attention [1]-[8]. Ramirez-Angulo et al. proposed
a method to implement current-mode biquadratic filters with
transconductance amplifiers [1]. In 1994, Wu described two
current-mode realizations of high-order OTA-C filters based on
the simulation of a signal flow graph for general all-pole
lowpass transfer function [2]. Tsukutani et al. proposed a new
current-mode biquad using two operational amplifier and three
multiple-output OTAs (MO-OTAs) without external passive
elements [3]. In the same year, Tsukutani ef al. also proposed a
versatile current-mode biquad filter employing four MO-OTAs
and two grounded capacitors [4]. In 1996, Sun and Fidler
introduced the design technique for realizing a second-order
current-mode filter by using only four dual-output OTAs (DO-
OTAs) and two grounded capacitors [5]. Wu and El-Masry
proposed three configurations of current-mode bandpass filters
using OTAs as active components [6]. In [7], the author
presented some OTA-C based filter structures with multiple
inputs and multiple outputs. Chang and Pai described a
universal current-mode biquad with minimum components
using two MO-OTA and two grounded capacitors [8].
Although various biquadratic filter functions can be obtained
from previously mentioned configurations, considerably less
attention has been given to the realization of current-mode
universal filters with multiple inputs and multiple outputs

1-4244-0983-7/07/$25.00 ©2007 IEEE

(MIMO). The employment of the MIMO configuration may
lead to a reduction of a number of active elements for circuit
realization. This type of filter provides a variety of circuit
characteristic with different input and output currents, and
usually does not require any parameter matching conditions.
Moreover, to realize all the standard biquadratic filter
functions, the configuration with multiple inputs and multiple
outputs seems to be more suitable than the single input
configuration.

In this paper, a new current-controlled current-mode
universal biquadratic filter with two inputs and two outputs
(TITO) is presented. The proposed circuit uses only four DO-
OTAs and two grounded capacitors, which offers the advantage
of an electronic tuning capability and is especially interested
from the IC fabrication point of view. By appropriately
connecting two input and two output signals, the circuit can
realize all the five standard biquadratic filtering functions, i.e.,
lowpass (LP), bandpass (BP), highpass (HP), bandstop (BS)
and allpass (AP), without critical component matching
conditions. The filter provides orthogonal current
controllability of the natural frequency (@) and the quality
factor (Q), as well as low active and passive sensitivities.
Moreover, the high-Q filter can easily be obtained by properly
setting the bias current ratio of the DO-OTA.

1I.  CIRCUIT DESCRIPTION

The circuit representation of the DO-OTA is shown in Fig.1,
where its characteristic can be expressed as :

io = gm(V)f'V_) “ )

where g, is the transconductance gain of the DO-OTA. In
general, the g, can linearly be tuned by the bias voltage or the
bias current over several decades, which lends electronic
controllability to circuit parameters.

Various techniques can be used to implementation the DO-
OTA. However, in this work, a possible bipolar-based
realization of the DO-OTA shown in Fig.2 is chosen. As can
be deduced from this circuit, the parameter g, is therefore
given by :
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where V; is the thermal voltage (26 mV at room temperature),
and I is the bias current which is linearly adjustable over
several decades [9].

l I [

Fig.3 : Proposed TITO current-controlled current-mode universal filter
using DO-OTAs and grounded capacitors
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Fig.3 shows the proposed current-mode universal filter with
two input terminals and two output terminal. The proposed
filter is mainly composed of four DO-OTAs and two grounded
capacitors. The employment of only grounded capacitors
conduces to integrated-circuit implementation [10-[11]. From
the derived filter circuit, the current transfer functions from two
input signal currents (/; and £;) to two output currents (/,; and
I,2) can respectively be expressed as :

(gmlgmi! J Il

etz @)
D(s)
and
[sz pd (MJ&' +Mi}_{2 __(gmlgm4 }'!l
Lo= gm3Ci GG | gmiCi
02 D(s)
(4)
where D(s)= 52 +(gmlgm4 }s_i_[gm]ngJ (5)
gm3C1 CiCy

and g, (= Ip/2V7) and I denote g,, and I of the i-th DO-OTA
(i=1, 2,3, 4), respectively. From equations (3)-(5), it can be
summarized as follows.

1) The LP function is realized with I, =1,, =0 and I,,=I,,.

2) The BP function is realized with h=lpn, =0 and I,=1,.

3) The BS function is realized with I, =5 =1,, and I,;= I,

4) The AP function is realized with 1//2=1,=1,, and I, =1,
5) The HP function is realized with I, = L =1, and I,

+102 = lom-

Q
Q
- 10 |~.\Q'3
’.0 I'D
—P —
‘I—." L ]
Q
E——
Q,
Q, Qe

-V

Fig.2 : Circuit diagram of an ordinary DO-OTA



Thus, the proposed TITO filter can realize all the five
standard types of the biquadratic filtering functions from the
same circuit configuration. Note also that there are no critical
component-matching conditions or cancellation constraints in
the design. Moreover, the circuit needs no inverting-type
current input signal for realizing any biquadratic functions.

The natural frequency (@) and the quality factor (Q) of the
proposed filter are given by :

w, = gglgmz (6)
\ GG
and 0 =8ms {&nzcl )
gma \ EmC2

In this case, the incremental active and passive sensitivities
of the parameters @, and Q are calculated as :

§% —glo -

1 @ _ P (8)
et~ Sgai =2 " Yo T

Wp _ oty __ 1 9
Sep =S¢k =3 ©)

0 @ ify $8 Ll ol (10)
Em3 gm4 Eml Em2 2

and 0o _co __1 11).
58 =58,="3 (11)

All active and passive sensitivities are not more than unity
in magnitude. Thus, the proposed circuit exhibits a low
sensitivity performance.

Moreover, for simplicity, if we set C;, = C, = C and g,, =
82 = &m = 1p/2V7 (Ip1 = Iz = Ip), then the parameters @, and Q
from equations (6) and (7) can now be rewritten as :

o, =8m-_1B_ (12)
C 2C
and _Im (13).
Ipy

It should be noted from equations (12) and (13) that @, and Q
can orthogonally adjustable. It means that e, can electronically
be adjusted without affecting the parameter Q by linearly
varying I, whereas the Q-value can be tuned independently by
changing the dc bias current ratio lzi/lzy. Also, the high-Q
biquads can be realized by appropriately setting the current
ratio [fps/lp.  Moreover, the (O-value is also temperature
independent. Although the «, is temperature dependent, a
temperature compensation scheme can be employed [12].
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III.  SIMULATION RESULTS

The performances of the proposed current-mode filter of
Fig.3 have been simulated using PSPICE simulation program
to verify the theoretical prediction. The DO-OTA has been
simulated using the bipolar structure of Fig.2 with the transistor
model of PRIOON (PNP) and NP100N (NPN) of the bipolar
arrays ALA400 from AT&T [13]. The DC supply voltages are
selected as : +V=-V=3 V.

Fig.4 shows the simulated responses of the LP, BP and HP
filter functions of the proposed circuit. In simulations, equal
bias current values of /g = ;s = Ip3 = Iy = 100 gA, and
capacitance values of C; = C, = 1 nF were chosen to obtain the
natural frequency of f, = /27 = 318 kHz and the quality
factor of Q = 1. With the same bias current and capacitance
values, the gain and phase responses of the BS and AP filters
are respectively illustrated in Figs. 5 and 6. It can be seen from
both figures that all the simulation results are found to be in
good agreement with the theoretical results.

B
=]

~o-0-0- BP

Current gain (dB)

100M
Frequency (Hz)
Fig.4: LP, BP and HP current responses of
the proposed current-mode universal filter in Fig.3.

Phase Gain
(degree) (dB)
100°y 20

500 0

=500y .40

1 )

1k T i | T ¥ R Ti" ¥

Frequency (Hz)

Fig.5 : BS current response of the proposed current-mode filter.
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Fig.6 : AP current response of the proposed current-mode filter.
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Fig.7 : Simulation results of the BP filter for variable £, by varying /p.
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Current gain (dB)
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Fig.8 : Simulation results of the BP filter for variable Q by varying Iz;.

To demonstrate the orthogonal current tuning of £, the dc
bias currents Ip (i.e, Iz = Iz = Ip) were simultaneously
adjusted for the values 10 zA, 100 A, 200 uA, and 500 A,
respectively, while keeping /5 = f4 = 100 (A for a constant Q
= 1. The resulting responses of the BP filter for different bias
currents [ when C, = C, =1 nF are given in Fig.7.

For the controllability of the O-value without disturbing f;,
the dc bias currents were set to be constant at /, = I, = 100
HA and Iz, = 10 gA. The corresponding current characteristics
of the BP filter when Iy; is varied are shown in Fig.8. It is
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important to note that high values of the O can be easily
obtained from high values of /j;.

IV. CONCLUSION

A TITO current-controlled current-mode universal
biquadratic filter using DO-OTAs is proposed. The circuit uses
only four DO-OTAs and two grounded capacitors, which is
advantageous from the IC implementation point of view. The
proposed filter can realize the LP, BP, HP, BS and AP current
responses from the same circuit configuration without
component matching conditions. The @, can be adjusted
electronically and independently from the tuning of the Q.
Moreover, the high O-value filter can easily be achieved by
appropriately adjusting the dc bias current ratio. The filter also
has low passive and active sensitivities.
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