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’ ABSTRACT

In this research, the voltage-mode universal biquadratic filter with single-input three-
outputs configuration employing Voltage differencing differential input buffered amplifier
(VD-DIBA) is proposed. The features of the proposed filter are that: (i) employs two VD-
DIBAs as active element with two grounded capacitors, (i) simultaneous availability of low-
pass, band-pass and high-pass responses, (iii) the quality factor and nature frequency can
be tuned electronically, (iv) high input impedance. With this topology, the proposed filter is
well suited for integrated circuit implementation. The theoretical results are verified by
PSPICE simulation and experimental results using VD-DIBA constructing form the available
commercial IC LT1228 and AD830. The given results agree well with the theoretical
anticipation.

Keywords : Filter, VD-DIBA, Integrated circuit, Voltage-mode
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Bouwa 'lvtamfmzumewm:uMaatyty'\mmmnmqmnauwm FAmTunamsneuaus TR
mmn‘uamwsnsaqLmummnwﬂm'lul.muaﬂuﬂmu.ammmww 2.7



|H(jo)|

Pass band

{ gl (Y

A 2.7 ManevausmnaluBmreesnseunnm T RgALAR
Nﬂinsaqmmﬁﬁﬁmimauauau%qmmﬁmuaﬂuﬂati"u Liannsoadrauliaieda
'luvmugumuum’lmmswuuamwauaqL'uqm'mnwﬂsvmmﬂa'wnunamauaum’luamuﬂmm
Ugummsmﬂ Wil 2esmeuiiilessiunuuineq fe 21935n583ANNRTiaTiGNd1 29asnTRe
aduuulumen (quuad) N391ATNTIBUAUADA (Second order) ‘ummauumammﬂumam
Suasiiienanielud (211, (22, (23, [24]

2.2.5 s'LJuuuanmiﬁm'uumsmeﬂawamwsnsmm’mnuuu‘lumam
aumiuamﬁqnwm-sn"uaiauwamwsnsmmmnu'u'u‘l'umamuuqzusﬂuuummsmu
(Dusail Ao
s +% 510}
H(s)=K—2 (2.6)
2 wl’ 2
s+—rtst+a,
P

W o, 0, o, Way Q, Ap fvsilnesuaniirmnivedls (Zero) AmedRurniaes
(Quality factor) v83®ls mmmmaﬂwa (Pole frequency) wazArmeaRLnmasTadlia ves
Hardunisanglou H(jo) Husughdu dau K A Shswenovenaes (21), [22], (23], [24]
Lﬁaﬁwm']ﬁma%'luaumsﬁ (2.6) ul'é'au‘lﬂ ﬂ"ﬁﬂﬁlﬁ'mm'saqmmﬁuﬁmhq‘] A0 2999
nserhuATNEm mummnaq unummnmu ua.,unummnvwm msﬂuuwaqﬁmwmsmﬂ
Toura 95N TBAF YIRS Fanaaniu umnmmumma‘lﬂu Ao [21], [22), [23], [24]
aumsiridunsiolaunuulumenvensasnssasiuaudim mugﬂuuuaumw‘fﬁ

H(s) = K—2—nr 2.7)
. (1]
s+Lsto)]
(4
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aunsitaidunisdieleunuuluaenueniasnseiuaLd dgariuiidnwazauns
aoluil Ao

H(s) = K—>—ro (2.8)
s+-Ls+o}
P

o U 1 d
aun1siitunschalaunuulumenraneasnseariuuouaudsvizuiuureauns
Taaawzu

H(s) = k—% (2.9)
s+Ls+o]
P

o 1 GJ L. o d
aunsiaidunisansleunuulumenterisnsasaumivgn vldnuusanzim
] e 1 A L ¥
wanAnInHaidumsansloudus filae

H(s) = K—>1% (2.10)

uarmfm'\rsn‘smﬂﬂuﬁv"fﬁsﬂuuuﬁnfinmué’aﬁv’u Faihnesnseadnuiianilaiiildau
aq’lummmnssu‘lﬂﬁﬁuauatanwsauna oA 2e3nTBMIUNNAND Tﬂaﬂmauumanmwuﬂu
maau’lmnmmn-uaqatycu'ltumu‘hflﬂumam:mmme-mmmmﬂamanvauwmmuu 2995n509%TA
u'\nuna.,qnmhﬂm'\u'lumsLaautwaﬁmmm Tagaumsiindumsmslauwuuluamonueinins

Yo oa

nsaqmmﬁuuunswhuvgnmmﬁ (All-pass filter: AP) wansléiweil [21], [22), (23], (24]

H(s) = k—2 (2.11)

av dd 14
2.3 ydsiineatas
Tunsmun i ssaunTsuaznaNiman1sANIANAINTATINITNTBIAMUAIMUALTIAY
o o L4 A ° s g ¥
suduasmarswting laligrausiwedauydal



ol wa o v |
M9 2.1 F}ﬁlﬁu‘uGI‘UE)Q’N’\Jiﬂiaslﬂ')'umwa'ltmwm "uﬂuS\’ﬂumﬁ

tiaueuuan

LT}

11

Ref

ABB

Ry Tel]
ABB

RVl
R+C

gunsainadvise

&
AIMNIINNINUA

AAN.

Sunada

AUANUUY
- d r-y
Sinntatind

Tasaaie

N7

{3

ccl

3

6+2

Bily

Litd

Wils

(4

ccil

" 542

Wild

Lily

Wi

CC+ x

‘2z
@y

{5}

ovccC

q+2

© il

{61

DvCC

q+2

Lty

Lild

(71

DDCC

3+2

Lily

ild

Lild

T
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Ref | ABB | 3w [ dwau | aunsaiwadvse | Aaw. | AuRuuuv Taseadiaaees
ABB R+C asnTnfnaoun | Suwaga | Sulinwsetind
(81 | Foccu 2 2+2 14 14 Lila v
Vi
LI 2
—xe Yz [Hx 2 Yz,
Xy, Y.Z'T Xy, VI Ve
Ry ClI R + IC,
. v
91 | obbcc 3 3+2 hils 19 hild y
ep
LYz s Y, M,
Vol Du)cz*l 000 24| 1 O 24T
T | T
‘_‘_.Vsu Vw,zI EERz
Ry $-—Vip
I
[101 | pbCC 2 342 hild Lild hild
. Y, VILP
Vis —Y, DDCC Z- __l_
Y3 X Icl
Ve
-~ Rl
Ver
Rs
Vir
L y
Yq IBP
Y, DDCC Z+ J_
*_Y3 X ICZ
Vip
R
Viz
(11] | ovcc 3 342 14 4 Tl 1
nzft
- %
Y1, ovcee w:: ’ Ze
[$)] cz—‘—L
2¢ Yo hil Yoi—
Yap T
u‘3§
Voo +
le va DVZC.C4 'l
[+
%
R
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Ref | ABB | 3wau | dwou | qunsaiwaadvde | amawm. | AjuAuuuy Taseatnanees
ABB R+C ansTIARIILA Sumngs | Bidnwsaiind
(12} | ovcc 3 342 lild d TLild N y
oo, "’;‘3‘2‘-% "‘;‘z._l
Y, Yy x € v
r 1 K'IT ]%_“" E—o%
[13] | DvCC 2 342 Lild Ly Lils o
: Ay ;\»
A 4?.’- vy x Y
m v, @ i
¥ z 'f Y, . Ay
l’ Cll— cl:?v”
= {P
(14] | pbcc 2 342 lily Lild il l R "
Vin Y PP 1" pocc H
I»-: l‘;)x b 7 W =
Uy, Yy 2y Ve
Fc
el i— L:o ’
T'l ::cl <h2 is
[15] | bbcc 3 242 Taily 14 Tilw “ —
,-v. [d 4 v, oocc Y, 0OCC
R A =K N M
l < a . ﬁ:'v.
Ve
(16} | bDCC 3 242 Lild Tild Tl L v
W I N M M
- 7 R [ eI
Yo ] F
hd +
(171 | obocc 2 242 W 14 o
TA
(18] { OTA 4 042 14 4 o
neme:

ABB fie gUnsaluaniind3agu (Active building block)

A.AN. AD ANUAUNIY
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pu ]
una 3
FSaniiun1side

3.1 MIFAUATITULATEBNUUVIRINTBIA A AIEWi T

wannsdunsziuaseentuuaInsasm Nl st udmivaddeiivsenauly
el 'NiﬁﬁuﬁmiLma§Ltuulﬁqmtaﬂvﬁmnﬁuﬁmm1m (Negative lossy integrator) 3IUIUABINTT
wazasuIn-audyanamilnesuanudenlaezunsunsianluniwi 3.1 dle 1 uaz 2 A M
AIIVNaLIAN (Time constant) ¥89399TBUMASIABIAT T, Uag T, AMUAGY IINAINILAUN
'minsaqazﬁqmﬂauﬁ'zymmﬁuumwﬁaqﬂuasﬁﬁ'ty:quta'm'vgmmm‘ﬂ Tnsiaridunsesinuanud
g4 (HP) 'awaanﬁtaﬁﬁwmanmssmﬁmmmdauﬁaﬁ{funsaqmuummmﬁuasnsaamummﬁ'v‘ﬁ
JrpenfleinnraINITduTnsIMesll 1 uas 2 Ay

ST
2 Yu,

d L] o o A
N 3.1 Uﬁan'lﬂazu.niua'msun'ﬁaa Lﬂ'ﬂ‘Jﬁl.l.asaaﬂl.l.UU'Nﬂiﬂi’eNﬂ'ﬂJJﬂ

o o o ' o
nnvdanlaezunsulunwi 3.1 annsamaumsieddulaudeusaiurensdas iy

Toioadl
Yo =X,-Y,+Y, (3.1)
“
e
Y,
Y, =—-4 32
= (3.2)
uay
Y,
Y, = o S (3.3)
st, s,

WnuaNNSH (3.2) waz (3.3) adluaumsi (3.1) aeld

Yp = X ——-—I)EIL—-&- (3.49)

in
S Tl Tz 5 T,

naumsh (3.6) a1
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2
Y =(——“—"2——]XM (3.5)

S1,r, + 57, +1

A v o v « ) ) A s
Anaunsh (3.5) wldadduloudhovesieidunsesium gl

—— ' (3.6)

h<
K l%

L. T (3.7)
Xin s +..l_s +_1_
‘l'l 71721
e e vy so v - ‘v ' RN 1
unuaunsh (3.5) adlugunisi (3.3) wlarsiduloudeuarhindunsa WuAINAMAM .
L
Yor - hh (3.8)
X, po,lg, bt
Tl Tl‘t'z
P ' = a vo &
AU (3.6) — (3.8) WU AIMAETINYIR (Natural Frequency) annsauandianall
1
w, = (3.9
7T,
ED)
1 [1
— 3.10)
Jo 2r\ 17, (
dumediuininesuvingu
0= |2 (3.11)
LF}

a1 (3.10) way (3.11) wrhmissRuarmeanurnimeiannsauuluULsd
wisdiwes T, U T, yenaniiganui é’ﬁﬂ‘[ﬂiqa%’w9‘111ndnmmsn'lﬁnamauauaqmumdvgmwzq
3 Handulandeudu

sdsudonlaozunsulunmil 3.1 A ANATISILALDENLUUNITNTBRID MR
wsadumarewiiniisduna-anuendn lagld VD-DIBA Hugunsaluoniiidanmil 3.2 11maas
wu31 VD-DIBA, uas C, GiaLﬁuaqasﬁuﬁmsma%LLUU‘lﬁquﬁa-qmﬁnﬁq dwu VD-DIBA, waz C, 6i®
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Hinssdufinsinesuuubigyduyaitass msaslunmii 3.2 wutAas U Suiiengs
iflevarnifiuddunnues vD-OBA  Fevilisasiinausazmndeninitludeaainalulyun
wseu uenaniidemsildfiswiulszeiideanmudisdimmuumnzanfissinesihaue
Tuwaunu2939921 (Integrated circuit) Tusmgfiaa @ uniuiigaieding Ve
sefirmdnmusiilosnnidiuia w vea vD-DIBA

L=

VD — DIBAw oV,
; v+ 2z v
l

Ve v—
= VD - DIBA,w

ICI v+ 2z 14
]
IC2 v,

1

P < v da o ¢ o |
AT 3.2 NITNTRIRNNIVAEMTIATIdIRTIsiLazeanLuunsudanlaasunsulunmi 3.1
o < E‘ 3 dﬂl s
3.2 MINATIHARNTIOULVINIINTRIA MU IMAaIBMINIUNIgAuAR
] | ¥ . a {
neesluawi 3.2 e VD-DIBA fildlunesiemutiulunugauafiauannsn (2.1)
v 4Y ¥
ANNITIUAUNITUSUTT w (Vi) V83 VD-DIBA, leitlu
Vo =Vip =V, =V, (3.12)
| d 1Y
19 v,y =Vgp WAE Vyy=Vup WuadlUluaunsi (3.12) avla
Vie =Vep Yoy (3.13)
a | ]
NA150U M VD-DIBA, 3eWuN
va = v:z —vvz (3.14)

| s »
W19 v,,=V,p UaE vy=V;, wuadlUluaunsi (3.14) a2ld

v, =V, =V, (3.15)

Wwuaunsh (3.15) adluaunnsd (3.13) azlé
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Vi =Vop =Vip +V, (3.16)
PINNITAWTUTHUANNITUTIAU Vg UaE Vyp AR
V,p==2oy . (3.17)
sC,
way
ng gmlgmz
V,=-Smy —5mom pr - (3.18)
voose, ¥ sce,
o T4 v
WUANN1IN (3.18) uaz (3.17) asluaunish (3.16) wla
’CC.
ym,:( — )VM (3.19)
s°CC,+5C, 8, + 88
= v Py v Py ' . < -1
naumsh (3.19) sslafidulaugrevesiidunsaruainudgeiail
Ve _ s’ (3.20)
V,,. S2+_ﬁ_s+gmlgm2
Cl CICZ
d‘ A 1 £ b 74 ¢ 1 ] d' a“ dv
WuaNN13A (3.19) adluaunisy (3.17) aelaiiduloudrevaaitandunsesiqunoumiuisai
v, N
2= ! (3.21)
Vln SZ +§ﬂs+ gmlgmz
G GG,
P pu v Iy 1Y ¢ o 1 46 o &
Wiuaun1sh (3.19) asluaunisi (3.18) aelanaidulaudevasiaddunsesinuainudsisail
gmgmz
Yo GG (3.22)
v, 5t +_&_S+gmlgm2
Cl CICZ

3
v <

P ' = a v
NAUNITH (3.20) 81 (3.22) wu AudsssHTIRaNNIaLanslasail

. |8mEm2
@, "—C, C, (3.23)

137772
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1 |8m8m 3.24
Zz 27:\} CC, (3.24)

1 a dv € 1 w
AunlvanuNNeaIININY

0= Eﬂcﬂ (3.25)

NAUNSA (3.24) waz (3.25) wui'lm'mﬁss'su'mﬁLLazmaﬁﬁuwnl.ma':’a')m'sml"s'u‘lﬁ'ﬁwﬁ%‘mq
dudnnsetind 1naunsi (3.24) uas (3.25) o ¢ny=8mp=g., laglumalfiRannsavilalasusu
nseualudaves VD-DIBA vaausazsliiidniiy svldanmsanuiisssumauarmeanunnines
Tmigail

f=8n (3.25)

§ ad ¢ v
aumvanLnnRasimnU

= |G
_Q_\/; (5.26)

P> J o = aV v t a - ¥ 1 9-¢ B
1NAUNSH (3.25) waz (3.26) wunuiumudsssundldeddassanamednuinreslansis
a o ed
nddnmsedndn ¢,

3.3 myaneikansmudissnaaufianatntunsdeinussduuasnsuannduna
ludaesiwnves VD-DIBA
Tunsdif vD-DIBA AldhnwsiiguiRlidulumugauniannsofievuanpmeiives
VD-DIBA Tgidiai]

I, 0 0 o0 o oY

I 0 0 o0 0 ofw

L =g, -8 0 0 of/F (3.27)
I, 0 0 0 0 offV

V. 0 0 B -8 OAIL

o I a ] [ . 1 o @
Wle Bz uaz Pvhe ARananlumsdrulsIty (Voltage tracking error) 21097 z uasda v W

1) 4 a a v a4
1w disiasumaresmuilitiugauafivenns VD-DIBA awnsalisuaunisuseiuids w
(Vi) 909 VD-DIBA, iy

Var =Vp = Bava = B, (3.28)



(518 v,y =Vip UAT Vg =V Wnuatiluaunisi (3.36) 9218
Yir = BiVor = BaVa
fivsanit VD-DIBA, WU
Ve =BV =BV

{lo v,,=Vip Uz vi1=Vin Lmuaq‘l«tﬂuaum_sﬁ (3.30) 2zla

V2 = :;i;zVLP =BV
wiuaunsi (3.15) asluaumsi (3.13) a¢la

Ve = BVep = BBV ir ¥ BaB3V

= a v :
INNRTARNTATIUANMITUTINY Vgp WAL Vi, Lasiil

gml
V., ==-22Vy
Bp sCl HP

wae

gm2 gnlgmz
v, =-2niy = Sam
LrP SCZ B8P szc‘cz HP

WILANNIST (3.33) was (3.30) adluaunisii (3.35) avld

_ ﬂvlﬂvzszcxcz
Ver =| 3 Vi
S’CC, + By5C 8 + PuPi28m 8m

] v +/ </ 1 A v dv
naunsi (3.35) szldraiduleudhevesifandunseaduninubigenail

Vie B vzsz
Ve § +pzlgml s+pv'l 228 mEm2
G GG,

o o v o v Y] i =
WUENNST (3.35) asluaunish (3.33) aglaiaidulaudevesfleandunsasinuuauanui
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(3.29)

(3.30)

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)

(3.36)

[

Al
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ﬂvl vlgml s
G
B8 S+ BB 8m8m
G aG

(3.37)

Yor __
v,

s+

o

e o [ Y] v o ' 8 -4
wuaun1sh (3.35) adluaumsi (3.33) wlafeidulouthovesiladdunsesiuaiuisge

ﬂvlﬂvzgnlglnl
e 9% (3.38)
Vin Sz +ﬂzlgml s+ﬂvlﬂ12gmlgm1

G GG

dl =t 1 c‘ - 3 o :
NNAUMIN (3.20) 113 (3.22) Wuin AnudsTsuTRaunsaLanelamail

wo = ﬂvl :nglg.Z (3.‘39)
CICZ
w30
__l_ ﬂvl :nglgmz (3 40)
Jo=3 C,C, '
3 Aé’ £V w
dumeanuniniaasvindu
Q=L ﬂvlﬂzzgmzcl (3_41)
B &nCy

MNAUNST (3.40) uar (3.41) wm'1mnmwa'm'lumsdm'mu'samumnauwm‘lﬂaammwmama
nskumaw'm'uaaaty:mtuta'mwmumavﬁan‘vu m'mnﬁ'ssn‘mmLta.,maamuwmmas

3.4 nWS'JLﬁS'l.MNans"wumnﬁ'meuwmua..a'nmuclwaa VD-DIBA
UE]ﬂ"U'lﬂULLﬁ'JQ"WU’J’lﬂ’]ﬂ'J'll.lﬂ’]‘lJVl']ULLa ﬂ’]ﬂ']’]JJ‘ULLFJ\i.lUFI'JEJUﬂ'im VD-DIBA avdwna
NITNUADANIIOUY 'UEN'Nﬂ'iﬂiE]\lﬂ'J1NQW1WEJEJHLLUU‘1'J LJJE]ﬂ'IINﬂ\lﬂ'lﬁﬂﬂ'iml.l.hl\!LMﬂ'l‘U‘LIﬁ']JJ'l'iﬂ
L'UEJU'NQSL'HEJUI.F‘IEN'UE)\] VD-DIBA ﬂ\'iﬂ’]W'Vl 33

v R,
RLIC,. | vp-piBagwpvi—o

I vtz v
* RJE?, R,IC,

d J ° o v v
NN 3.3 2esiiBUAEYes VD-DIBA diefilsdedinAuyszquasimdumuuds




v- R,
Q}; VD — DIBA Wf—\W\—+—o Vi

rv+z ‘I:

Vs v— R,,
EY, VD — DIBA,w

/E—v+z I

VLP
LV

o9

P dd ot ot v @ v v
AN 3.4 2esnTannutiliemMiismAvYITILaTMIRUNULEN
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o d a P v v o
QqﬂjﬁﬁliﬂiaQﬂQWNmUﬂ'}wm 3.2 lllaW'\']'ﬁﬂJ']ﬂQNaﬂiSﬂU‘Uaiﬁnﬂ']UVI']ULLa::’W)lﬁUUiz'\!

™) P "o o
welalu@? VD-DIBA anunsailisuasialmisainmi 3.4 Tne
Y, =5C, +G,

YZ = SC; +Gzz

Y; =scvl +le
lav
Y; = scvl- +le-
d
e
C'I‘ = Cl +Cxl +Cvl-; Gl. = le +le—
C; =G +C,

A5U1995 UN A 3.4 anansadiBuaun1sustund w (V) 983 VD-DIBA, Tadu

=Y,

2t vvl

wl

INWITITHUT

14 v,
HP 1+Y4Rw| wl

wuaANn1SA (3.48) acluaunsi (3.49) a2l

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)

(3.47)

(3.48)

(3.49)
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1
C1+YR,

HP

(v:l —Vu ) (350)

il v,y =Vee wuaslluannasit 3.12) a2l

1
V. = —(V. — 51
HP -1 Y‘ R : ( Br vvl) (3 )

MNITITNUN

Vv,
"T+XR,

) (3.52)

unuaNnsi (3.52) asluaunisit (3.51) wld

1 1 :
- _ 3.53
T a Ty V'_’) : (3.53)

o ) '
WI130UM VD-DIBA, eWuUIN

= v.rz

w2 —vvz (3.54)
150 vpe=Vip uay via=V,, wiuastUluaumsii (3.54) alé

Vo =V =V, (3.55)

Wwnuaun1sh (3.55) asluaunisi (3.53) agld

1 | 1 1
Vyp = Voo — V, vV 3.56
" LR\ M TIAER, T TvER, ) 236)

¥
s |

INNITATNTEUANNITUTIN Vep UaE V,p 1ARIT

Ver ="£ELVHP (3.57)
4
uae
gmz gmlgmz -
Vp=—=LLY,, =202y 3.58
L Y, 8P Yy, HP ( )

wiuauMsi (3.58) uaz (3.57) asluaunsn (3.56) avla
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%Y,

Vip = v, (3.59)
T (I+LR)(+ YR, Y, + g, (14 KR, Y, + 8,8,

o . y o
INAUNTIN (3.59) WU AwWIsnaANaNIENUTR s (C,y Was Gyy) uar Y, (C,.. wag G,y Ll
P 1 da e ° v P ] o ad
fsumrsnsasanudminavem sutluldaunanug f<<Gu/Cy; G /Cor. lunsdiilas

= 1 ~ ~ o z A v
AU Y3R,,=0 UWaT Y4R=0 Auunaunish (3.59) arunsadszanalain

= 144 v : (3.60)
l’lYI + gnlYZ + gmlgml

VHI’

[

o %) o 'Y . v o ")
InANNSA (3.60) as‘lﬂﬁqﬁﬁufaums‘uaqﬂqﬁﬂunimmummnqqmﬁ

Yo .4 (3.61)
Vln Y;YZ + glez + gmlgml

g

e <3 %) o v . o . < L4
uwnuanni1sy (3.60) adluaunsn (3.57) asladandulsudtavesiaidunsesituuaualnudae

AN

Yo _ Sl (3.62)
V. hE + 8.1, + 88

U

- o 'Y I [ o . o6 &
WuaNn1sy (3.60) asluaunisn (3.58) arlafandulaudiavasianidunsanuaudsiaadl

o gmlgul (3.63)
Vln YlYI +glez +gmlg-2

o o v o v o
UWNUANNISH (3.42) war (3.43) adluaunisn (3.61) ta (3.63) seladandulaudruveaiandunses
1 A 1 A ] A ﬂ. o L o« Y
HIUATMUDEN NTBviULAUmMMIKAYNTBARIUAMUBRIRNAG U

Ve _ 5’C,C; +5(C/G,, +C,G} )+ GG, (3.60
Vi $CC+5(CG, +C,G) +C; 8,1 )+ GG + Gy + B8z '
Vor Cogims*+ G (3.65)
Vi  $'CC+(C/Gy+CiG, +Cig)5+GG,, +G,8, + 88

way '
e — Suibeg (3.66)

Vo §CC +(quz +C,G; +C;gnl)s+Gl.GzZ +G,38m t 882

[ 4
v o

< ot ' =l a Y
NANUNTIIN (3.64) 11 (3.65) wuN ANUDsISNTRANsauanlanall
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a)o - IG;GZZ +G,2‘g,,,.| + Em1Em2 (3.67)
V Cl CZ
D)
L= 2L \I!Gl G, +Gg'?‘l + 8182 (3.68)
T 12

dumednudniaesiviniu

o- 1 [GiG.2+ G 18t + a8z (3.69)
CG,+C,G +C.g,, \I GG

wuANMST (3.6) way (3.47) asluaumsi (3.68) uas (3.69) a4

_ 1 I(Gzl +le—)G22 +Gzzgnll +gmlgm2

FA _EV (G, +C,+C, )(C, +C,,) (3.70)

wae

Q = 1 I(le +Gv|—)G22 +Gzzgml +gmlgm2 (371)
(Cl +Czl +Cvl—)G:2 +(C2 +Czl)(Gzl +le—)+(c7. +C12)gml \l (CI +Czl +Cvl—)(C2 +C12)

< '
MNAUMTA (3.70) way (3.71) wuhenuimuniasaMuuriIzdinansenuisnuadeyo
3 L4 A o« a X L z A
WayauAazindy anudsssuvRuazamediunnines duiuiteaananssnuserugulingg
v v vel ¢ ' ° v el a ]
Térdunulszgmeuenlifidannniiammnuranng winsilisutsssuyivenasiaaly
My



25

d
uni 4
Han15Ie

werlunisBusuaussausvesnvsnsesmruiatowiinauseuillddanseiuas
sanuuuliluuwil 3 luunilsrdmamavhauensesiolusunsuialud (PSPICE) uazvedeu
Femaserseseimianitefiusenanmagauiouiiou fuildiieseililummeuiluund
K RaliseavBoadsieluil

3.1 Namsa‘hammsvhmwaaqwspsaqmwﬁ'umwﬁﬁ
293nsesndlunmil 3.2 gnagaunsvinaudielilusunsy PSPICE Taeld
Tsea¥ 90 VD-DIBA lunnil 4.1 fiasraunannlediues LT1228 [26] Fauiiursasvonsmuni
drelou (OTA) uax AD830 [27] Fufiursesuin-audyana 2asvinuiiundssie +5 Taas Tned
amninslauveslediues LT1228 finwviiu

g.(LT1228)=101, @.1)

1] cJ 4 ' v - Qd“
wnur g, luaunsi (4.1) adluaunisi (3.24) uaz (3.25) seldmudlusssusAnaraleaauin
1T Al

(4.2)

a.3)

VD-DIBA lI B

vV l Egz.: ~_AD830

d m X
v =~ ;+y ° oW
LT1228 I "~

~

amil 4.1 Taswadamoluves VD-DIBA

[

A d o v = - ¥ g
VINEUNSN (6.2) uaz (4.3) WUV lg,=lg=ls ldA 1R lusssumduazmednunnnes fail

s [
h== CC,

(a.9)

uae



26

0= gl_ (@.5)
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GWINSTEK v 0,000s qudi J—L Measure
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v+ B.900s Trigd@ M Measure
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Abstract. This paper deals with a single-input multiple-
output biquadratic filter providing three functions (low-
pass, high-pass and band-pass) based on voltage differ-
encing differential input buffered amplifier (VD-DIBA).
The quality factor and pole frequency can be electronically
tuned via the bias current. The proposed circuit uses two
VD-DIBAs and two grounded capacitors without any ex-
ternal resistors, which is suitable to further develop into
an integrated circuit. Moreover, the circuit possesses high
input impedance, providing easy voltage-mode cascading.
It is shown that the filter structure can be easily extended
to multi-input filter without any additional components,
providing also all-pass and band-reject properties. The
PSPICE simulation results are included, verifying the key
characteristics of the proposed filter. The given results
agree well with the theoretical presumptions.

Keywords

Analog filter, VD-DIBA, voltage-mode, single input-
multiple output.

1. Introduction

Analog active filter is one of the standard research
topics in the circuit design. It is commonly utilized block
for continuous-time analog signal processing. It is gener-
ally used in many fields, such as communications, meas-
urement, instrumentation, and control systems [1]. Espe-
cially, the filters providing several functions within a single
topoldgy, namely the universal or multifunction filter, have
been receiving considerable attention. One of the most
popular analog filters is a single-input, multiple-output
(SIMO) topology in which various transfer functions can
be realized simultaneously. The SIMO topology can be
found in many applications, for example in touch-tone
telephone tone decoder, in phase-locked loop FM stereo
demodulator, or in crossover network as a part of the three-
way high-fidelity loudspeaker [2].

The design of analog circuits using active building
blocks, taking into account several various criteria such as
minimum number of active elements or others, has been
receiving considerable attention. Biolek et al. (3] proposed
several circuit ideas of building blocks for voltage-, cur-
rent- and mixed mode applications. One of them is the
voltage differencing differential input buffered amplifier
(VD-DIBA). This device allows applications with inter-
esting features, especially those providing the electronic
controllability. It is obvious from the literature survey that
a few circuits using VD-DIBA have been hitherto pub-
lished, for instance the voltage-mode first-order allpass
filter [4], inductance simulator [5], and multiple-input sin-
gle-output (MISO) voltage-mode biquad filter [6].

This contribution presents a SIMO voltage-mode fil-
ter with high input impedance, employing VD-DIBAs. It is
suitable for fabricating as a monolithic chip or also for off-
the-shelf implementation, consisting of 2 active elements
and 2 grounded capacitors. The proposed filter can provide
three standard functions (low-pass, high-pass and band-
pass). The quality factor and pole frequency can be elec-
tronically adjusted.

The paper is organized as follows: In Section 2, which
follows this Introduction, the definition and features of the
VD-DIBA are given, and the proposed filter is also pre-
sented. The non-ideal analysis is included in Section 3. The
experimental results, namely SPICE simulations and meas-
urements on a filter specimen, are illustrated in Section 4.
Section 5 describes the filter extension to multi-input to-
pology and transconductance type. The comparison with
previous works is described in Section 6. Some concluding
remarks are given in Section 7.

2. Theory and Principle

2.1 VD-DIBA Overview

The principle of VD-DIBA was introduced in [3]. The
internal construction of VD-DIBA using commercially
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available ICs has been proposed in [4]. Its symbol and
equivalent circuit are shown in Fig. 1(a) and (b), where V.,
and V. are the voltage input terminals. The voltage is con-
verted to the z-terminal current via a transconductance g,
which can be tuned by the bias current. The difference of
2- and v- terminal voltages is copied to the w terminal with
the differential-input unity gain buffer. An ideal VD-DIBA
has low-impedance w terminal and high-impedance v., v.,
z, and v terminals. The characteristics of VD-DIBA can be
described as follows:

LY (0 o0 0 0 oYr.
L.l |o o o o o]~
L|=|g, -g, 0 o olr| )
Lo o o o o]¥
v,) Lo o 1 -10)s
I
vo——{v_ I,
[,| vD-DIBA Wiy,
V.o

V, z v
f, ¥l
Vz Vl'

@

1]
®
Fig. 1. VD-DIBA: (a) Symbol. (b) Equivalent circuit.

2.2 High Input Impedance Voltage-Mode
Filter Using VD-DIBAs

The' proposed second-order filter is illustrated in
Fig. 2. It consists of two VD-DIBAs and two grounded
capacitors. It is obvious that the proposed filter provides
simultaneously three frequency responses (HP, LP and BP)
with high input impedance property. Considering the ideal
VD-DIBA, a routine analysis of the proposed filter pro-
vides the following voltage transfer functions:

2
T : @
V., $2 +s§£z_+ EmEmz
G GG,
gmlgmz
Yoo GG ®
V., § +s@+ a1 82
¢ GG

and

g8m
Lor. 2 @
V. 5 +s@+ Emi8m2

Cl CICZ

The filter pole frequency (w,) and quality factor (Q) can be

expressed as
gmlgm2 )
, = [22=2R 5
’ \l GG, ©)
Cg
QaﬁLﬁ. ©)
C, 8

It follows from (5) and (6) that the quality factor and pole
frequency can be tuned electronically via transconduct-

ances.
L=

VD- DIBA,w Vi

fv-!-; v

Ve v—
jicl VD—DIBA w

Jfgi T

and

V

ICZ Vln
Fig. 2. Proposed voltage-mode filter.

The relative sensitivities of the proposed circuit can
be found as plus or minus 0.5:

@ @, 1 gy a4 I
Sen =S =53 S =58 =3, ™

Emy Ewz

and

®)

1 1
Q_¢2 ___.¢C .2 _
SCI —SS-I - —2" SC: - Sgul - _E.
As a drawback, the LP and BP outputs are not of low im-
pedance characters, thus they should be additionally buff-
ered when applicable, or the filter topology should be -
modified as described in Section 5.

3. Non-ideal Case

In practice, the influences of voltage tracking errors
from the unity-value gain of internal differential voltage
buffer, and also the parasitic terminal impedances of VD-
DIBA [4] will affect the filter performance. In this Section,
these parameters will be taken into account. For non-ideal
voltage buffer, its model is as follows:

V.=BV.~ 5, ©)
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Here B and § are the voltage error gains from z and v
terminals to w terminal. The influences of parasitic imped-
ances of the v+, v- and v terminals of VD-DIBA No. 2 and
of v+ and v terminals of VD-DIBA No. | are negligible
because of their connection to low-impedance outputs w, to
the input voltage source, or to ground. The most important
parasitic impedances are resistive and capacitive parts
affecting the z terminals of VD-DIBAsS, acting in parallel to
C, and C,. Let us denote them R,;, C,;, and R, Cp, re-
spectively. Taking them into account together with (9), the
transfer functions will be modified to the more géneral
forms:

v, (S+R1C'IS+R lc')
_H’;':ﬂ]_ﬂz_ zi 1 222 ,

(10)
Y b
gmlgmz
Ve _ pp- CcC, (11)
Vl” ﬂl ﬂZ D
and
v %('H_ R IC')
Iep g A\ T2/ (12)
Vb' ﬂl ﬂl D
where C{ =C, +C,;, C; =C, +C,,,and
D=s2+sw—‘f+w;2» (13)

» ™ " + - Y 1
0)02=g l,g,z(ﬂl ﬂ2+ ﬂz +
CICZ gmleZ gmlgml Rzl R:Z

Jrme B

), (14

o = |8 G EmRy  Em&mRuR, . (15)
gmz C; ﬂz“ + 1 + Cl 1

gmszl C; gmlgmszlez

It should be mentioned that the stray/parasitic z-terminal

capacitances are absorbed by the external grounded capac- °

itors as they appear in shunt with them. However, the para-
sitic resistances R,; and R, not only affect the @ and Q by
they also add parasitic zeros to the HP and BP transfer
functions. The product B B; of the voltage buffer gains
affects the gain of all the filter sections. As a result, the
effect of the finite low-frequency attenuation of BP and HP
sections appears [7]. It can be described as follows:

Yol - e’ _(1+ . 1A ez- ng,z)’ (16)
Verlr=0 B B; k B; 8. R, B

v, 1 . + -

—in =__—__‘(1 + 55 8miRo + B 3 g..lelgmszz)' an
Vielr=o B B;

Note that these undesirable finite attenuations strongly
depend on the g,R; product. Consider unity gains of the

voltage buffers for the simplicity. Let us denote g,R,=a
Then (16) and (17) can be simplified to the forms

Y ={1+a+l), as)
Vep =0 a

V—”' =l+a+a’- (19)
VHP /=0

Then one can see that a = g,R, products of 10", 102, 10°,
and 10* result in the attenuations (18) of 20.9, 40.1, 60,
80 dB for BP output, and in the attenuations (19) of 40.9,
80.1, 120, 160 dB for HP output. Two rules of thumb can
be applied: 1) The BP low-frequency attenuation can be
increased by 20 dB via increasing the g,R, product ten
times. 2) The HP low-frequency attenuation is twice the
size.

Similarly, Equations (14) and (15) for pole frequency
and quality factor can be simplified as follows:

= l4—+—> (20)
o, \CC, a a
. 1+ ! +L
g _|Gg¢ a a 1)
a Cya’

It follows from (20) and (21) that high values of a, which
are necessary for suppressing parasitic low-frequency
gains, ensure that the pole frequency and quality factor are
not affected by the finite parasitic resistances R,.

Note that the analysis of non-ideal case should
include the current limits I, of the internal g,-stages of
VD-DIBAs. Since these OTAs operate to grounding
capacitors connected to z terminals of VD-DIBAs, the
maximum voltages Vp,, at the filter outputs are limited by
the values

._.]m

In spite of the simplicity of (22), it describes well the
potential limitations of the dynamic range of the filter due
to nonlinear issues: The appropriate dynamic range can be
ensured more problematically for high-frequency biquad,
employing gy stages with insufficient current-driving capa-
bility, especially with high working capacitances. How-
ever, the above parameters can be typical for non-on-chip
filter prototyping from commercial ICs.

22)

4. Experimental Results

The proposed universal filter in Fig. 2 was designed
with the following parameters: C,=C,=10nF,
&a1 = gm2= 10 mS. The corresponding theoretical values of
the pole frequency and quality factor are /o= 159 kHz and
0= 1. The relatively high capacitances were selected in
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order to provide reasonably high g..R, product as explained
below.

The VD-DIBA was implemented from commercial
ICs as shown in Fig. 3. It consists of two basic blocks: the
operational transconductance amplifier-OTA (MAX435)
[8] as input stage and the differential-input buffer
(AD8130) [9] as output stage. The transconductance gain
(gm) can be adjusted by external resistor R, (gn=4/R,) of
the MAX435. The DC power supply voltages are +5 V.

As obvious from Fig. 3, R, was finally selected as
390 Q. The corresponding values of g, and f; are 10.26 mS
and 163 kHz, respectively. The resistor R, in Fig. 3 was
designed according to the datasheet [8], providing the up-
per limit of 10 mA of the OTA current.

+5V
s VD-DIBA

-5V z v

Fig.3. VD-DIBA implementation by ICs MAX435 and
ADS8130.

In addition to excellent parameters of MAX435
(275 MHz bandwidth, 850 V/ps slew rate, 18 ns settling
time, linear I/V characteristic), it provides rather low re-
sistances R, of the current outputs. The measured values are
only 5 k. It gives, together with the above value of g, the
product g,R.=51.3. According to (16) and (17), the esti-
mated parasitic low-frequency attenuations at BP and HP
outputs will be 34.4dB and 68.6 dB, respectively. As
shown below, these values correspond well with SPICE
simulations and measurements. If higher values are re-
quested, one should decrease R, and increase capacitances
accordingly, this way preserving the required pole fre-
quency. As results from (20) and (21), g,R,=51.3 causes
negligible increase of pole frequency and decrease of the
quality factor (below one per cent).

Before manufacturing the prototype, the designed fil-
ter was simulated in PSpice. The VD-DIBA was modeled
via SPICE models of MAX435 [10] and AD8130 [11].
Since the model from [10] does not consider the output
resistance R, of the current outputs of MAX435, it was
modeled by auxiliary resistor with R,=5 kQ. The simu-
lated frequency responses, compared with the characteris-
tics for ideal case (R,— «) and with the characteristics
measured via the network analyzer Agilent F4061B are

shown in Fig. 4. Note that the measured values were im-
ported in PSpice by look-up-table-controlled sources. The
extrapolated low-frequency attenuations are 33.8 dB at BP
output and 67.1 dB at HP output. It is in a good agreement
with the above mentioned values from the error analysis.
The measured pole frequency deviates from the theoretical
value by less than 7% due to tolerance of passive compo-
nents.
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Fig. 5. Large-signal steady-state operation of the manufac-
tured filter for sinusoidal 1.07 V/172 kHz excitation.

In addition to the above small-signal measurements,
the manufactured filter was excited by sinusoidal signal in
order to test the filter stability and signal limits due to non-
linear distortion. For large-signal operation, the pole fre-
quency tends to be slightly increased due to nonlinear ef-
fects. Figure 5 shows the measured waveforms for sinusoi-
dal 1.07 V/172 kHz signal. The THD measured are 0.76 %,
0.5 %, and 0.53 % for HP, BP, and LP outputs, respec-
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tively. The magnitudes above ca 1 V cause high increase of
the nonlinear distortion due to current limitations of the Em
stages of VD-DIBASs. Such low dynamic range is caused by
high capacitances used in the filter. For the upper current
limit 10 mA for MAX435, C=10nF and frequency
172 kHz, the upper limit of the voltage according to 22)1s
0.925 V. It is in very good agreement with the measure-
ments.

5. Biquad Generalization

The filter from Fig. 2 can be generalized as shown in
Fig. 6, considering five voltage inputs ¥}, to Vs and two
current outputs /,; and /y, the latter being added via a “z-
copy” technique [3]. The types of filter sections, corre-
sponding to input-output pairs, are summarized in Tab. 1.
The highlighted three items on the first line denoted “Vn”
describe the features of the original filter from Fig. 2.

Vis VuVa Vo Vg
Fig. 6. Multi-input multi-output generalization of filter from

Fig. 2.
Vo Vor Vos Vos I, Iy

Va -HPD | _BP® |
Va -HP HPD | _gp®
Va -BPV BPY
Vie -BP | _pp® -HP®
Vs -LP | -LP | HP® | -pP™ |
Va=Vs=Vi
Va=Vu

® BP gain is guCil(gmCa), ® HP gain is gwi, ® BP gain is guCi/Cy,
“ BP (HP) gain is gu; otherwise, the gains are equal to one.

Tab. 1. Low-pass (LP), band-pass (BP), high-pass (HP), all-
pass (AP) and band-reject (BR) sections of multi-input
multi-output filter in Fig. 6.
Note that particularly the column “V,,” represents
a promising extension of the biquad features: utilizing the
output V¥, all basic filter types can be implemented via
a proper selection of the inputs, including allpass and band-
reject sections (by interconnecting three or two inputs).

The additional current outputs of the internal OTAs of
VD-DIBA No. 1 and 2 can easily serve as current outputs
of BP and HP sections, enabling economical extension of
the filter operation to the transconductance mode.

In the necessity of providing buffered, thus true volt-

age-mode HP, BP or LP outputs, one can use V,, or V,,
terminals. For the operations when the input ¥}, is not used,
the feedback loop to the v terminal of VD-DIBA No. 2
should be led not from w but from z terminal of VD-DIBA
No. 1. Since the output buffer is no longer included in the
feedback loop, the filter stability and high-frequency be-
havior will be improved.

6. Comparison with Previous SIMO
Voltage-Mode Filters

Literature survey shows that a lot of papers dealing
with SIMO voltage-mode filter using various active
building blocks have been published [12-30]. Considering
the kinds of active elements, the filters in the above
references employ: current feedback amplifier (CFA) [12],
current conveyor (CCII) [13], [14], four terminal floating
nullor (FTFN) and operational transconductance amplifier
(OTA) [15], differential voltage current conveyor (DVCC)
[16-19], differential different current conveyor (DDCC)
[20-22], DDCC and OTA [23], OTA [24-26], differential
difference . current conveyor transconductance amplifier
(DDCCTA) [27], [28], fully differential current conveyor
(FDCCII) [29-31], DDCC and current controlled current
conveyor (CCCII) [32].

The proposed circuit in Fig. 2 is compared with sev-
eral SIMO voltage-mode filters from [12-32]. The results
are shown in Tab. 2. It can be seen that it matches all the
criteria in the best way among all other filters.

In addition to the above SIMO filters, the three-input
single-output voltage-mode biquad utilizing one VDIBA
(voltage differencing inverting buffered amplifier) [33],
two capacitors, and one resistor has been published in [34]
and also in [35]. Note that VDIBA differs from VD-DIBA
by voltage inverter which replaces the differential-input
buffer in VD-DIBA. The filter from [34], [35] pays a tax
for employing only one active element: Electronic control
is limited to one parameter, namely the transconductance of
the VD-DIBA, thus the controlling range is smaller in

. comparison to (5), without any possibility not to disturb Q

with tuning /. Since the single output is not of low-imped-
ance nature, all the implemented filter types require addi-
tional voltage buffering.

7. Conclusions

The voltage-mode biquad filter has been presented in
this contribution. The advantages of the proposed circuit
are that: (i) it performs low-pass, high-pass, and band-pass,
functions from the same simple circuit configuration;
(ii) the quality factor and the pole frequency can be electro-
nically controlled; (iii) the filter has high input impedance;
(iv) the circuit uses only two VD-DIBAs, two grounded
capacitors and no resistors, which is attractive for its IC
implementation; (v) the functionality of the filter can be
easily extended for providing all-pass and band-reject sec-
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Ref Active clements No. of active No. of R+C Electronic Grounded High inpat
elements control capacitors only impedance
[12] CFA 5 5+2 No Yes Yes
[13] ccn 3(cir.1), 4(cir.2) | 6+2(cir.1), No . Yes No
7+2(cir.2)
[14] ccn 4(cir. 1&cir.2), 5+2 No Yes No
Hcir.3), 2(cir.4)
[15] FTFN & OTA 2&2 442 Yes Yes Yes
[16} DVCC 3 442 No Yes Yes
(17} DVCC 3 3+2 No Yes Yes
(18] DvCe _ 2 342 No Yes No
19] DVCC 1 243 No No Yes
[20] DDCC 2 32 No Yes No
_21] DDCC 2 3+2 'No Yes No
[22] DDCC 1 342 No Yes No
[23] DDCC & OTA 1&2 0+2 Yes Yes Yes
[24) OTA 5 0+2 Yes Yes Yes
[25] OTA 8 0+2 Yes Yes Yes
[26] OTA 4 042 Yes Yes Yes
27 DDCCTA 2 242 Yes Yes Yes
[28} " DDCCTA 3 0+2 Yes Yes Yes
[29] FDCCII 2 2+ No Yes Yes
[30] FDCCH 1 312 No Yes No
[31] FDCCII 1 242 No Yes Yes
[32] DDCC & CCCll 1+1 142 Yes Yes Yes
Proposed VD-DIBA 2 0+2 Yes Yes Yes
filter

Tab. 2. Comparison of various SIMO voltage-mode filters.

tions via selecting various types of voltage inputs; (vi) the
filter topology provides a possibility of its flexible modifi-
cation and development, depending on the user’s require-
ments, for example towards the transconductance mode of
the operation.

The error analysis reveals that parasitic low-frequency
gains of BP and HP sections can be suppressed via select-
ing the gnR, product as high as possible. As results from
the experiments described in Section 4, VD-DIBA should
be implemented with R, high enough. Otherwise, g,, must
be designed too high, which results in large working ca-
pacitances. Then the corresponding low impedance level is
a source of several troubles, especially low dynamic range
of the voltage signals. For IC implementation, designing
VD-DIBA with extra-high z-terminal impedance is thus
a prerequisite for constructing high-performance biquads.
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