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Abstract. This paper presents a new realization of elec-
tronically tunable mixed mode (including transadmittance-
and voltage-modes) biquad filter with single input, three
outputs or three inputs, single output using voltage differ-
encing transconductance amplifier (VDTA), a recently
introduced active element. It can simultaneously realize
standard filtering signals: low-pass, band-pass and high-
pass or by selecting input terminals, it can realize all five
different filtering signals: low-pass, band-pass, high-pass,
band-stop and all-pass. The proposed filter circuit offers
the following attractive feature: no requirement of invert-
ing type input signal which is require no addition circuit,
critical component matching conditions are not required in
the design, the circuit parameters wy and Q can be set
orthogonally or independently through adjusting the bias
currents of the VDTAs, the proposed circuit employs two
active and minimum numbers of passive components. Fur-
thermore, this filter was investigated from the point of view
of limited frequency range, stability conditions, effects of
parasitic elements and effects of non-ideal and sensitivity.
Thus, taking these effects and conditions into considera-
tion, working conditions and boundaries of this filter are
determined. We also performed Monte Carlo, THD and
noise analyses. Simulation results are given to confirm
theoretical analyses.
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1. Introduction

Current-mode universal active components have two
distinct advantages: they provide wide bandwidths and
high slew rate. On the other hand, many of today’s analog
signal processing applications require voltage-mode opera-
tion. Universal or multifunction filters exhibit a useful class
of filters since they permit realization of different filter
functions with the same topology depending on the port
used. It provides a versatile, simple and cost effective solu-
tion to the integrated circuit manufacturer.

Several transadmittance-mode (TAM) single input,
three outputs (SITO) and three inputs, single output (TISO)
and voltage-mode (VM) TISO biquad filters based on these

newly introduced active elements have been presented in
literature [1-10]. Transadmittance-mode SITO filters re-
ported in literature [1-3] employ three active blocks that is
CCII, FTFN and FDCCII, two capacitors and using three
resistors in [1], [2], three NMOS transistors in [3]. Fur-
thermore, in [1], [2] o and Q cannot be controlled elec-
tronically, also @y and Q cannot be adjusted from each
other independently. In ref [4] a transadmittance- and volt-
age-mode TISO filter has been presented which contains
four OTAs and two capacitors. Furthermore, this filter
needs a minus input voltage signal to realize AP filter and
requires matching condition between transconductance
values, also my and Q cannot be adjusted independently
from each other. Shah, Quadri and Igbal [5] proposed
a transadmittance TISO filter using two CDTAs, two ca-
pacitors and two resistors. In addition to, this filter circuit
has to match between resistors and transconductance value
for realizing band-stop (BS) and all-pass (AP) filter. The
work by Abuelma’atti [6] reported mixed-mode TISO filter
circuit employing four DO-CCCIlIs and two capacitors.
However this filter circuit cannot realize AP filter. Kumn-
gern, Knobnob and Dejhan [7] proposed a voltage mode
TISO biquad filter using six OTAs and two capacitors.
Moreover, ®, and Q cannot be adjusted from each other
independently. The configuration [8] implements voltage
mode TISO all second-order functions and employs two
DDCCs, two capacitors and two resistors. However, this
proposed filter needs a minus input voltage signal to realize
AP filter, also my and O which cannot be controlled elec-
tronically cannot be adjusted independently from each
other. Kacar, Yesil and Noori [9] proposed two voltage
mode TISO biquad filters. The first proposed filter employs
two VDBAs and two capacitors. However, this proposed
filter needs a minus input voltage signal to realize AP filter,
also @y and Q cannot be adjusted from each other inde-
pendently. The second proposed filter includes two
VDBAs, two capacitors and one resistor. Shah and Malik
[10] also proposed a voltage mode TISO biquad filter using
FTFN and CTA, two capacitors and resistor. Furthermore,
this filter requires matching condition to realize AP filter,
also @y cannot be controlled electronically.

A summary of the performance parameters of some
recently reported filters in [1-10] and the proposed filter are
given in Tab. 1. A careful inspection of Tab. 1 reveals that
the proposed filter possess superior features according to
recently reported filters in [1-10].
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Mode No.of Active NO'.Of Matching | Independent | Electronically . .
of Ref. Passive o, Additional comparison
Elements conditions tunable Q Tunable w,
filters Elements
[1]in 2001 3 CCII+ 3R/2C No No No -
SITO [2] in 2004 3 PFTFN 3R/2C No No No -
TRC [3]in 3 FDCCII 2C No No Yes -
The proposed | 5 ypypp 2C No Yes Yes -
filter
[4]in 2010 5 OTA 2C No No Yes -
[5] in 2007 2 CDTA 2R/2C Yes No Yes -
TISO This filter cannot realize
TRC [6] in 2003 4 CCClIx 2C No Yes Yes APF z
The proposed | 5 ypyyy 2C No Yes Yes -
filter
[7]in 2010 6 OTA 2C No No Yes -
The filter needs of the
[8]in 2004 2DDCC 2R/2C No No No inverting input voltage
for APF
TISO The filter needs of the
VM [9]ain 2012 2 VDBA 2C No No Yes inverting input voltage
for APF
[9]b in 2012 2VDBA 1R/2C No Yes Yes -
[10] in 2005 FTFN, CFA 3R/2C Yes Yes No -
The proposed | 5 ypypy 2C No Yes Yes -
filter

Tab. 1. Comparison of proposed filters with those of previous circuits.

New designs are provided for researchers with these
new proposed active elements. In [11] present active
elements are reviewed and several new active elements are
introduced. One of these newly introduced active elements
is voltage differencing transconductance amplifier
(VDTA). Yesil, Kacar and Kuntman [12] presented
a CMOS implementation and application of voltage mode
filter. Previously CMOS implementation of the proposed
structure is employed with basic floating current sources
(FCS) and its supply voltage is £0.9 V. Besides, several
types of circuits which are voltage mode single input, five
outputs filter, current mode SITO filter, current mode
sinusoidal oscillator and grounded-floating inductance
simulator, are presented [13-16].

This work presents a new realization of electronically
tunable mixed mode (including transadmittance- and volt-
age-modes) biquad filters with single input, three outputs
or three inputs, single output using voltage differencing
transconductance amplifier (VDTA). This proposed circuit
provides both SITO transadmittance-mode and TISO trans-
admittance- and voltage-mode filter. Furthermore, the to-
pology proposed can generate the standard filter functions
(low-pass (LP), band-pass (BP) and high-pass (HP)), all
filter functions namely LP, BP, HP, BS and AP without use
of the inverting input terminals, respectively. The features
of the proposed circuit are that the proposed mixed mode
biquad filter employs two VDTAs and two capacitors; no
requirement with the component choice conditions to real-
ize specific filtering functions; natural frequency can be
adjusted electronically by biasing current and quality factor
can be adjusted as independent frequency; it has very low
active and passive sensitivities. Furthermore, for this filter,
effects of limited frequency, stability conditions and effects
of parasitic elements and effects of non-ideal and sensitiv-
ity were investigated. Thus, taking these effects and condi-

tions into consideration, working conditions and bounda-
ries of this filter are determined.

2. Proposed Circuit

The circuit symbol of the proposed active element,
VDTA, is shown in Fig. 1, where VP and /N are input
terminals and Zp, Zy, X+ and X- are output terminals. All
terminals exhibit high impedance values. The terminals
relations of a VDTA as shown in Fig. 1 can be character-
ized by

I, Brr&ur  —Pur&ur 0 v

I z | _ “Bwn&wr  Pn&ur 0 "

Iy, 0 0 By &us VVN )
1, 0 0 By 8us “

where ideally fBzp= fzv=fx+ =fx.=1 which represents
the tracking error for the first and second stages of VDTA.
gnr and g,s are the first and second transconductance gains
of the VDTA, respectively.

VDTA

Vie

VP X+

Vin
VN

Zn
B

X-

Fig. 1. The circuit symbol of the VDTA.

According to input terminals, an output current at Zp
and Zy terminals are generated. The intermediate voltage of
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Zp terminal is converted to output currents. Input and out-
put transconductance parameters of VDTA eclement in the
circuit are determined by the transconductance of output
transistors. It can be approximated as

- ~ &8 | 88 (2a)
& +t8 8&+8&,

ngE g5g6 + g7g8 (Zb)
g&1t8 & 1&

where g; is the transconductance value of the i transistor
defined by

/4
& = st Cox {71 ,

4 is (i=n, p) the mobility of the carrier for NMOS (n) and
PMOS (p) transistors, Copy is the gate-oxide capacitance per
unit area, W is the effective channel width, L is the effec-
tive channel length and /g, and /g, are the bias currents of
the first and second stages of VDTA.

gnryand g, are belonging to parameters of the first and
second transconductance stages of the /™ VDTA. Between

transconductance gains (Zp/Zn, X+/X-) of the VDTA
tracking errors occur due to the fact that upper and lower
bias current mirrors cannot be matched and depend on
values of output resistance. The first stage and the second
stage can simply be implemented by floating current
sources (FCS) [17]. Output resistance of the traditional
FCS stage is not high enough for some applications. To
increase the output impedance improved FCS stage [18]
can be used but while the output resistance value is
improved with this structure, output voltage swing drops up
to VDSsat~

In this paper, basic FCS stages will be used for
CMOS realization of VDTA and are shown in Fig. 2 [12].
Differently from CMOS realization of VDTA in previous
study [12], both only Zy terminal has been indicated in
Fig. 2 and ideal current sources are replaced with swing
cascode current mirror. According to basic current mirrors,
the advantages of wide swing cascode current sources are
superior to high accuracy and high output resistance. Also,
minimum output voltage of wide swing cascode current
mirror i 2Vpgga [19].

Fig. 2.

An application of the VDTA is shown in Fig. 3 where
both single input, multi outputs and three inputs, single
output filter topologies are provided. Besides, its applica-
tion obtains two different modes that are voltage- and
transadmittance-modes.

VDTA-I VDTA-II
L loz Toi
VN X+ Vio— VN X+
los
V,o—{ VP X~ F VP X- Vo
ZN Zp ZN ZP

los

—
—

Fig. 3. Application of the proposed VDTA.

Vss

The CMOS implementation of VDTA.

The proposed circuit analyses yield for SITO filter
topology of transadmittance-mode transfer functions shown

in(3)to (6).If v, =y, and V, =V, =0, then

Non-inverting LP: Loy =— Zur18ms1 8/ C1Cs NE))
Vi 8" +5805:/Co + 8uir&mia /C1Cs

Inverting LP: 203 _ _ Eur1&ms1€mr2/CiCs . (4)
Viy st + ngsz/cz + Zr1&€ra /GG,

Inverting BP: Los _ _ . 58182/ Cs G
Viv s+ ngsz/cz + ng]ngZ/C]CZ

2
Non-inverting HP: los * 1o _ 5 S Eurt .(6)
Viv 5° + 58,52/ Cs + 818/ C1C

After above filter outputs are obtained simultaneously, BS
and AP can be obtained with combining of definite
currents, that is, Ipst+lp;+lp; for output of BS filter,
Tost1p;+1py+1p, for output of AP filter.
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TISO filter topology of the proposed circuit analyses
yield transadmittance-mode transfer function shown in (7)
and voltage-mode transfer function shown in (8).

I = V5" 8ms2 = Vi 5882/ Ca + Vi €1 82 8unsa / C1C (7)
o1 B
s’ + 5852/ Cy + 81 &2/ C1C,

_ Vis® = V3 5806/ Co + Vi 8o 8unia/ G ]

vV,
¢ s +ngsz/cz +ng1ngz/C1Cz

®)

Depending on the voltage status of V3, V, and V3 in the
numerator of (7) and (8) one of the following five filter
functions is realized:

() LP: Vi = Vin, Va=V3=0,
(i) BP: Vo= Vi, V1= V3=0,
(iii) HP: V3= Vi, V1= V2= 0,
(iv) BS: V,= V3= Vi, V2=0,
(V) AP: V= Va= V3= Vin.

The natural frequency ( @),) and quality factor (Q) can

nglngZ
@, =, |SmiSne 9
= f ©)

0= 1 G808
Ems2 G

1

be given as follows;

(10)

It is obviously found that, from (9) and (10) the quality
factor can be adjusted by value of g5, without affecting
the natural frequency. In addition, from (9) it should be re-
marked that the natural frequency can be electronically
adjusted by bias currents (/).

3. Different Analyses of the Proposed
Filter

3.1 Effects of the Limited Frequency and
Stability Analyses

The limited bandwidth of transconductance gains of
the VDTA may affect the stability and working conditions
of the proposed circuit. Thus, we apply Routh-Hurwitz
stability criteria to examine effect of frequency dependent
transconductance gains. We assume that transconductance
gains have only single corner frequencies that are denoted
as i (1 =F1,F2,S1,82). It is well known that transcon-
ductance values of the VDTA are a frequency dependent
parameter and can be expressed with one pole model as
shown below [20], [21]

Emoi Dp;
(s)= = =] 1-s7
g,i(5) o B gmolwpi_i_s gmol( l)’a)1<<1(11)
10}

Pi

where gno 1S the zero frequency transconductance gain,
oy 1s the parasitic pole frequency and 7; =1/ wy is para-
sitic delay. k is belonging to corresponding transconduct-
ance stage names of i VDTA which is F and S.

The proposed filter is shown in Fig. 3. Routine anal-
yses of the proposed filter have given transfer functions in
(3)-(6). Using (11) the reanalysis of SITO filter topology of
transadmittance-mode transfer functions yields,

i _ 8 mor1& mor28 mos1 (1 — STy )(1 - STFZ)(I - STSI)/CICZ s (12)
As

~

IN

Tos _ _ 8uwor18mor28umosi (1570, ) (1= 57, ) (1 - 575 )/CICZ ,(13)

Vi As
@=_ngOFlngFz(l_STFl)(l_STFz)/Cz R (14)
Viy As
Tos+ 1o _ 5" Gors (1= 575,) | (15)
Vi As

And again, using (11) the reanalysis of TISO filter topol-
ogy of transadmittance- and voltage-mode transfer func-
tions yields (16)-(17),

_ V_zszgmosz (1_5752) _ V, S o2 &mos: (I_STFZ)(I_STSZ)/CZ

I, = As As
n Vi 8or18mor28mos2 (I_STFI )(1 _STFZ)(l — 5T )/CICZ (16)
As ’
v, = LSZ " V, 5 woe2 (1 —STg )/Cz
As As
+V]gm0F1gm0F2 (1_‘21)(1_STF2)/C1C2 (17)

where As is the characteristic equation and is given by

As = 52| 1 — Smos2¥s2 | Emor18mor2Pri 72
G ac,
(18)

4| Bmos2 _ Emor1&morz (TFI " TFZ) + Ewor18mor2
CZ C]CZ C]CZ
In this case, the modified natural frequency (@) and
quality factor (Q") can be given as follows

8Emor18mor2
o = GG,
0 1+ Emor18mor2%F1fr2 _ 8mosals2 ? (19)
GG, G,
Emori8morz /| 1 1 Bmori8mor2PriTr2 _ EmosaTs2
' GG, GG, G,
0= . (20)

Emos2 _ Emor18mor2 (

Ty + 7
C2 CICZ F1 Fz)

From (18), it can be seen that due to the limited band-
width of transconductance gains of VDTA, stability pro-
blem of the proposed filter is found. In order to operate the
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circuit as a stable filter the following conditions should be
satisfied,

Emosalsa <<l4+ Emor18mor2Pri%rr | 1)
c, ¢c,
Zmor1&mor2 (Tt + 7)) (22)

<< &mos2
C, "

The modified natural frequency and quality factor is a little

affected when in (21)-(22) conditions are satisfied. There-

fore, the effect of the parasitic delay is negligible.

3.2 Effects of Parasitic Elements Analyses
VDTA-I VDTA-II

L lo> Ioi

Vio—

Fig. 4. Parasitic impedances of VDTA affecting filter of
Fig. 3.

In this section, the network model given in Fig. 4 is
adopted for studying parasitic properties. For example, the
proposed filter is taken into consideration with parasitic
elements. Effects on quality factor and natural frequency of
the proposed circuit are investigated. According to the
model given in Fig. 4, SITO filter topology of transadmit-
tance-mode transfer functions can be recalculated,

Iﬁ _ nglngzng]/CTICTZ

(23)
Vix Asp
@ __ nglngzng]/CTICTZ (24)
Vv Asp
]ﬂ __Ewri8mr (SCT] + GPI)/CTICTZ (25)
Viy Asp ’

[os + 101 — Szngz + S8 mr2 (GP]/CTI + GPz/CTz)Jr ngZGP]GPZ /CT]CTZ (26)
Vv, Asp

IN

As analog procedures are applied for TISO filter topology
of transadmittance- and voltage-mode transfer functions

Vigus2 (SZCZ/CTZ + SCsz/C'nCTz)

Iy = Asp
_ Va&us28umr2 (S/CTZ + GPI/CTICTZ) " Vi8us: 8uri&ur2/CriCry 27
Asp Asp
\A (S2 C,/Cry + SCZGI’I/CTICTZ)
o= Asp
B Va8 (S/CTZ + Gm/c'rlc'rz) " Vi 818/ CriCrz (28)
Asp Asp

where the denominator (Asp) can be expressed as

+ij+ GPI(ngZ+GP2)
CTI

CTICTZ
and total capacitances and total conductances are denoted
analogously aSCp =C, +Chrppy »Cra =Cy+ Cpppy + Cpry 5 »
Gp =Gppp and Gpy =Gpppy +Gpy ;5 - CPZP[: CPX-Zi and GP,' are

parasitic capacitances and conductance of i VDTA ele-
ments, respectively. From (29), the modified natural fre-

8us2 G

+ 2
CTZ CTZ

nglngZ +

29
CT 1 CTZ

Asp = s” +s[

quency (a)g) and quality factor (Q") can be calculated as
follows,

@, =
CT ICTZ CT 1 CTZ

\/ngIngZ +
Q" _ CTICTZ

" \/nglngZ + Gy (8us2 + Grs) , (30)

Gy, (ngZ + GPZ)
CiiCry

Eusr | COn | Go

Cn Cn Gy

€2))

From (30) and (31) it can be seen that effective values of
conductances and capacitances are increased by parasitic

impedances as a result @, and O decrease according to ®,

and Q at (9)-(10). The parasitic effects on the natural
frequency and quality factor can be avoided by choosing

(32)

G, >>Crppy »

(33)

CZ >> CPZPZ + CI’X*Z *

3.3 Effects of Non-ideal and Sensitivity
Analyses

Taking the tracking errors of the VDTA into account
in (1), the proposed circuit analyses can be recalculated for
SITO filter topology of transadmittance-mode transfer
functions and TISO filter topology of transadmittance- and
voltage mode transfer functions shown in (34) to (39),
respectively,

lﬂz nglngngSIﬂZP]ﬂZPZﬂPl/C]CZ , (34)
Vi Asn

Iﬂ __ ng]ngngSlﬂZP]ﬂZI’ZﬂNl/CICZ , (35)
Vin Asn

]ﬂ - _ ngFlngzﬁZN]ﬁZPZ/CZ , (36)

v,

IN

Asn

1,5+ 1, _ Szgml:zﬁmz + 588 ms2 (ﬂzmﬂm = BiprPoa )/Cz (37)
14 Asn ’

IN

V35? By = Vs 8wz BrnsBoa/ Co + Vi o & BBy B /€. R (3 8)

1, =g
1 S2
o " Asn

_ Vssz -V, ngFzﬁzpz/Cz +V nglngZﬂZPlﬂZPZ/CICZ
Asn

v, (39)

where Asn is the characteristic equation and is given by

Asi = 52 4+ 58 ms2 P n 8182 Per1 P

40
CZ Cl CZ ( )
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From (37), it is seen that transfer function is affected
by non-ideal parameters. To decrease this influence,
tranconductance gains of between Zp and Zy terminals
should be necessarily equal, similarly between X+ and X-
terminals, too. This equality is obtained by current mirror
that has high output resistance. According to the denomi-
nator of the non-ideal model, the modified natural fre-
quency and quality factor are obtained by

a)(;": Mﬂll’lﬂm’ (41)
C]CZ
1 8uri8ur2Co BB
PRI e R
Eus2Pro G

Evaluation of (41)-(42) shows that the transconductance
inaccuracy factor f slightly affects the value of the modi-
fied natural frequency and quality factor. By using

(41)-(42), the passive and active sensitivities of a)o and Q
can be derived in (43)-(44)

@ g __gD __gh_ gD _ % :l
8Enri Enra G C B B 2
o (43)

N =0
8unst>&s2s Bevs Bras Buis Bras Bawi> B

1
O _ 0 _0__0_ 0 0 _I
&ur1 k2 G G Bom By 2
s -5 __y 59 -
8uns2 B &1 Bovis Bovas Bois Beas By

It can be seen that regarding the sensitivities of the natural
frequency and quality factor all of the passive and active
variables are very low and less than or equal to unity in
magnitude.

(44)
0

4. Simulation Results

We perform simulations by using SPICE program
with TSMC CMOS 0.18 um process [22]. The circuit in
Fig. 3 is simulated by using the CMOS VDTA in Fig. 2
which is the similar as in [12]. Only Zy terminal has been
indicated in Fig. 2 and ideal current sources are replaced
wide swing cascode current mirror. The dimensions of the
MOS transistor for the VDTA implementation are given in
Tab. 2. Supply voltages and bias currents are taken as
Vop=-Vss=1.5V and Iz;,=40 pA. Simulation results
show that this choice yields the transconductance values of
VDTA as g,,r= gns~ 150 nA/V.

Transistors W(um) L(um)
M,, My, Ms, Mg 0.72 0.36
M;, My, M7, Mg 3.6 0.36

Mnyi-Mnis 5.04 0.9

Mni7, Mg 1.26 0.9

Mpi-Mpg 25.2 0.9
Mpg, Mp1o 6.3 0.9

Tab. 2. Transistors aspect ratio of VDTA.

The proposed SITO transadmittance-mode, TISO
transadmittance- and voltage-modes biquad filters in Fig. 3
was designed for 1 MHz center frequency and quality fac-
tor of O=1 by choosing C;=C,=23.5pF and taken
Ig1,=40 pA. Fig. 5 presents the simulated responses of
SITO transadmittance-mode biquad filters.

Gain (dB)

—O— Band-pass filter
—+—— Low-pass filter
—2A— High-pass filter
Ideal filters

'100 T \\\HH‘ T \\\HH‘

10 10° 10° 10’ 10°
Frequency (Hz)

Fig.5. Gain-frequency responses of normalized SITO
transadmittance-mode LP, BP and HP filters.

Frequency responses of TISO transadmittance- and
voltage-mode low-pass, band-pass, high-pass and band-
stop filters are shown in Fig. 6 and Fig. 8, respectively.
Fig. 7 and Fig. 9 represent the simulated all-pass phase—
frequency and amplitude—frequency responses of the pro-
posed TISO transadmittance- and voltage-mode filters,
respectively.

o
)
-
£
©
(U]
—3— Band-stop filter
-90 — —— High-pass filter
7 —2A—— Low-pass filter
-100 — —H— Band-pass filter
T Ideal filters
-110 IR T IR T
4 5 6 7 8
10 10 10 10 10

Frequency (Hz)

Fig. 6. Gain-frequency responses of normalized TISO
transadmittance-mode LP, BP, HP and BS filters.
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20 — — 0°
— _900
10 —
— — -180°
1]
Z
c O
‘©
© i — -270°
=10 —
—— Gain of all-pass filter -360°
- Ideal gain of all-pass filter
—>— Phase of all-pass filter 7
Ideal phase ofall-pass filter
'20 T \\\HH‘ T \\\HH‘ T \\\HH‘ T \\\\\\\'4500
10* 10° 10° 10’ 10°

Frequency (Hz)

Fig. 7. Gain-frequency responses
transadmittance-mode AP filter.

of normalized TISO

10 —
o
T
£
©
o
Ideal filters
-90 — ——— Low-pass filter
7 —H— High-pass filter
-100 — —C— Band-pass filter
T —2A— Band-stop filter
-110 T R T T T
10° 10° 10° 10

Frequency (Hz)

Fig. 8. Gain-frequency responses of TISO
BP, HP and BS filters.

10°

voltage-mode LP,

20 — —0°
10 — — -90°
o
o
c 0 = = 5O -180°
©
(O]
=10 — — -270°
—&— Gain of all-pass filter
— Ideal gain of all-pass filter —
—>—— Phase of all-pass filter
Ideal phase of all-pass filter
'20 T \\\HH‘ T T \\HH‘ T T \\HH‘ T T T TTTTT '360°
10* 10° 10° 10’ 10°

Frequency (Hz)

Fig. 9. Gain-frequency responses of TISO voltage-mode AP

filter.

Phase

Phase

The electronic tunability of frequency response is
provided by changing all the biased currents from 10 pA to
80 nA which is shown in Fig. 10. The electronic tunability
of quality factor is provided by assigning
Ig1 = Igy1 = Iz = 40 pA and varying the biased current
Ipy, from 5 pA to 60 pA which is shown in Fig. 11 (/g;; and
Ip; are belonging to bias current of i" VDTA element).

07
10 —
20 —
m
z
= i
g
-30 —
40 — —FF— BPforiBs=10 uA
—>— BP for IBs=20 uA
—2A—— BP for IBs=40 uA
- —&—— BP for IBs=60 uA
'50 T T TTTTTT T T T TTTIT T T T TTTTT T T T TTTTT
10* 10° 10° 10’ 10°

Frequency (Hz)

Fig. 10. Electronic tunability of frequency responses of TISO
voltage mode BP filter.

20 —
0 —
o
=2
£ ]
©
o
=20 —
—&— BPforlB22=5uA
, —X— BP for IB22=10 uA
—A—— BPforIB22=20 uA
—&— BPforIB22=40 uA
—k—— BP for IB22=60 uA
'40 4 T T TTTTTT T \\\HHG T \\\HH_, T T TTTTTT
10 10° 10 10 10°

Frequency (Hz)

Fig. 11. Electronic tunability of quality factor of TISO voltage
mode BP filter.

The behavior of internal structure of VDTA in Fig. 2
with respect to width (W) and length (L) of transistors
M;-Mg mismatching and process parameters Vry and oy
have been evaluated through statistical analysis results by
utilizing the well-known Monte Carlo analysis. Monte
Carlo simulation is performed five hundred times for the
TISO voltage-mode BP filter in Fig. 3. The Monte Carlo
analyses with 5% Gauss deviation of #ox and relevant
transistors’ width and length and 10% Gauss deviation of
V1o are achieved as in Fig. 12 where center frequency and
quality factor variations of the TISO voltage-mode BP
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filter in Fig.3 are given. According to Monte Carlo |
simulations, the standard deviations of the center frequency 4
and quality factor are only 0.66% and 0.88%, respectively.
It is shown that the proposed filter has low sensitivity to the 7
mismatch between input transistors at FCS stage. 3|
aigion: 30 a
30 — mean:  1.009.662 Hz E2-
median: 1.009.765 Hz
— min: 990.653 Hz
= max: 1.029.200 Hz |
= sigma: 6.656 Hz
g — -
520 — S| N S|
5 i
g | - |
5 i
s i
'§ 1 0 T I T I T I T ‘ T ‘
= Omv 100mv. 200mvV ~ 300mV  400mvV  500mV
10 — V,\ (peak to peak)
Fig. 13. Total harmonic distortion (THD) of the voltage-mode
b BP filter for an input signal at 1 MHz.
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Fig. 12. The histograms of (a) center frequency and (b) quality N
factor distribution of the TISO voltage-mode BP filter 20
(500 times Monte Carlo Simulation). =
E _
The THD result for the voltage-mode BP filter for E 15
Fig. 3 is given in Fig. 13 which clearly shows that for 2 i
an input signal lower than peak-to-peak 430 mV, the THD 2 10
remains in acceptable limits thus confirming the practical
utility of the proposed circuit i. e. 3%. As can be seen, there i
is very good agreement between theory and simulations. 5
Output noise behaviors for SITO and TISO transcon- 7
ductance- and TISO voltage- mode BP filters of the pro- 0 T T T
10° 10° 10° 10 °

posed filter with respect to frequency have also been sim-
ulated, as it is shown in Fig. 14. For these filters, the equiv-
alent output noises at operating frequency fo =1 MHz are
found as 4.97 pAVHz, 5.4 pAVHz and 28.4nViHz
respectively.

Frequency (Hz) (b)

Fig. 14. Output referred (a ) noise responses of SITO and TISO
transconductance-mode BP filters, (b) noise response
of TISO voltage-mode BP filter.
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5. Conclusion

In this paper, a new mixed mode biquad filter con-
figuration employing two VDTAs and two capacitors has
been presented. The filter topology can generate the stand-
ard filter functions and also, by selecting input terminal, the
proposed filter can generate all five different voltage- and
transadmittance-mode filters. It possesses the following
properties: (i) ability of realizing the LP, BP, HP, BS and
AP filter responses without any component matching con-
dition, (ii) very low active and passive sensitivities, (iii) no
requirement of inverting type input signal which requires
no addition circuit, (iv) the circuit parameters , and O can
be set orthogonally or independently through adjusting the
bias currents of the VDTAs. Moreover, for this filter
effects of limited frequency, stability conditions and effects
of parasitic elements and effects of non-ideal and sensi-
tivity were investigated. Thus, taking these effects and
conditions into consideration, working conditions and
boundaries of this filter are determined. Taking into ac-
count deviations of process parameters and dimensions of
MOS transistors, performances of the proposed filter also
have been investigated by the Monte Carlo analysis. Sim-
lation results are given to demonstrate the effectiveness of
the proposed filter.
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