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Abstract. A new OTRA-based multifunction inverse
filter configuration is presented which is capable of re-
alizing low pass, high pass and band pass filters using
only two OTRAs and five to siz passive elements. To
the best knowledge of the authors, any inverse filter
configuration using OTRAs has not been reported in the
literature earlier. The effect of the major parasitics of
the OTRAs and their effect on the performance of the
filter have been investigated and measured through sim-
ulation results and Monte-Carlo analysis. The work-
ability of the proposed circuits has been confirmed by
SPICE simulations using CMOS-based-OTRA realiz-
able in 0.18 um CMOS technology. The proposed cir-
cuits are the only ones, which provide simultaneously
the following features: use of reasonable number of ac-
tive elements (only 2), realizability of all the three basic
filter functions, employment of all virtually grounded
resistors and capacitors and tunability of all filter pa-
rameters (except gain factor, Hy for inverse high pass).
The centre/cut-off frequency of the wvarious filter cir-
cuits lying in the vicinity of 1 MHz have been found
to be realizable, which has been verified through SPICE
simulation results and have been found to be in good
agreement with the theoretical results.

Keywords

Analogue signal processing, inverse active fil-
ters, Operational Transresistance Amplifier.

(© 2017 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING

1. Introduction

Inverse filters are important from the view point of
some applications in the areas of Communication, Con-
trol and Instrumentation Systems where the distortion
of the signal, caused by the signal processor or trans-
mission systems, can be corrected by inverse filters, the
frequency response of which is the reciprocal of the fre-
quency response of the signal processors or transmis-
sion systems which were responsible for creating the
undesired distortion in the system.

In digital systems, there are well known methods
for the realization of inverse filters, however, in the
continuous-time case, only a few methods/circuits have
so far been proposed for the realization of inverse fil-
ters such as those in [, [2], [, [B], [6], [7, [8], [9],
[10], [110, [12], [13], [14], [15], [16], [17] and [I8]. It is,
therefore, useful to take a stock of the existing works
in this area so that the present proposals can be seen
in the right perspective.

In [I], a general method for obtaining inverse trans-
fer function for linear dynamic systems and the inverse
transfer characteristics of nonlinear resistive systems
using nullors as basic building block were presented.
In [2], a procedure for transforming voltage-mode op-
amp-based RC filter into a current mode, Four Termi-
nal Floating Nullors (FTFN)-based inverse filter was
given. In [3], another general procedure for the re-
alization of FTFN-based inverse filter from the well-
developed voltage-mode filters was presented. In [4],
Abuelma’atti used a single FTEFN to realize many fil-
ters including an inverse filter. In [5], Gupta, Bhaskar,
Senani and Singh presented four new configurations
which realize inverse low pass, band pass, high pass
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and band reject filters using AD844-type Current Feed-
back Operational Amplifiers (CFOA). In [6], Gupta,
Bhaskar and Senani presented a number of new config-
urations that realize inverse LP, HP, and BR filters
using CFOAs which offer the properties superior to
the previously known inverse filters. In [7], a Current-
Differencing Buffered Amplifier (CDBA)-based univer-
sal inverse filter which realizes five types of inverse fil-
ters was proposed. In [8], a general configuration, de-
rived from the circuit of Fig. |1| of [5], was presented
by Wang, Chang, Yang and Tsai from which low pass,
band pass and high pass inverse filters were shown to
be realizable by appropriate choices (resistive or ca-
pacitive) of the various circuit admittances. In [9] and
[10] inverse all-pass filters using Current-Differencing
Transconductance Amplifier (CDTA) and CCII were
proposed. In [II] Herenscar, Lahiri, Koton and Vrba
presented a configuration using three Differential Dif-
ference Current Conveyors (DDCCs), which realizes
inverse low pass, band pass and high pass filter. In
[12] Garg, Bhagat and Jain presented a novel multi-
function inverse filter using three modified CFOAs,
which normally required nine CFOAs. In [I3], Leuciuc
proposed a method for realization of inverse systems
for circuits employing nullor for applications in chaos
synchronization. In [I4] Tsukutani, Sumi and Yabuki
presented realization of inverse low pass, high pass and
band pass filters using five /six Multiple Output Opera-
tional Transconductance Amplifiers (MOTASs) in oper-
ating both voltage and current-mode. In [15], Patil and
Sharma have reported inverse filter realized using two
CFOAs. In [I7], Yuce, Tokat, Minaei and Cicekoglu
reported low-component count insensitive current
and voltage-mode PID using three current-conveyors,
PI and PD controllers employing two current-
conveyors. Nasir and Ahmed in [I8] have presented
multi function inverse filter realization using two CD-
BAs.

From the survey of the existing literature as detailed
above, it has been found that so far, no universal in-
verse filters have been proposed using the Operational
Transresistance Amplifiers (OTRAs) as an active el-
ement. Therefore, the main aim of this paper is to
propose a generalized universal inverse filter configu-
ration using OTRAs which can realize low pass, high
pass and band pass filters from the same configuration
as special cases.

2. A Brief Overview of OTRA
and Its Applications

The OTRA which is a differential Current-Controlled
Voltage-Source (CCVS), can be symbolically shown as
in Fig.[l|and is characterized by the following terminal
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equation and matrix characterization:

Vo =R, (S) (Ip — In) . (1)
Vi 0 0 0 I,
Vol =10 0 0 1, (2)
Vs, R, —-R, O 1,

The OTRA has received prominent attention in ana-
log circuit literature for more than two decades because
of its important property of providing a virtual ground
at both of its input terminals, which eliminates the
effect of parasitics at both the input terminals. On
the other hand, its low output impedance enables the
OTRA-based circuits to be cascaded easily. As a con-
sequence, the use of OTRA has been investigated in
the realization of numerous functional circuits so far
such as biquad filters [I9] and [20], immittance simu-
lators [23], [24], [25], [26], [39] and [42] oscillators [21],
[22] and [23], square/triangular waveform generators
[27] and [29], monostable/astable multivibrators [28],
all pass filters [32] and [33], analog multiplier/divider
[30], PID controller [40] and [41], etc.

Rm

Fig. 1: Symbolic representation of an OTRA.

Several CMOS implementations of the OTRAs have
also been advanced in the literature, for instance, see
[34], [35], [36], [37] and [38] and the references cited
therein. On the other hand, an implementation of the
OTRA using two AD844-type CFOAs has also been
popularly employed by several researchers.

3. The Proposed Configuration

The proposed new generalized structure for realizing
inverse low-pass, inverse high-pass and band-pass fil-
ters as special cases, using two OTRAs and five admit-
tances is shown in Fig.

From a straightforward analysis, the transfer func-
tion of the circuit of Fig. [2] has been found to be:

Vo YiY3+YoY)
Vin  YaYs

3)

If we choose the various admittances as Y; = sC,

1 1 1 1
Yo = —, Y3 = sC —., Y, = — and Y5 = — th
2 Ry’ 3=235 2+R3’ 4 i and Ys R e
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Fig. 2: The proposed generalized structure for realizing inverse
filters.

resulting transfer function as given by:

Vo 1

Vin R, 1 ’
C1C5R5Ry

Rs
s L), 1
CQR?, 0102R234

which represents an inverse low pass filter with various
parameters given by:

1
=N CLCoRo Ry

(4)

Q= oy o (5)

(Ho)iLp = %:
If the admittances are chosen, such that Y; = Ril’
Yy = sCy, Yngig, Y4:3C4+Ri4andY5=Ri5,

then we obtain the transfer function that represents
an inverse band pass filter:

Vo 1
Vin Ry 1
(Rs) i <C4R4>
s2+s ( ! ) + !
C4R4 CQC4R1R3

The Inverse band pass filter parameters are given by:

1
Y0 =N\ CoCiR IRy’

(6)

1
BW = ——, 7
O (7)
Ry
(Ho)pp = E
. . 1
Lastly, if the admittances are chosen as Y; = R
1
1 1
Yo = sCy, Y3 = —, Yy = sCy + — and Y5 = sCs
Rg R4
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then the resulting transfer function represents the re-
alization of an inverse high pass filter given by:

Vo _ 1
Vin s? ’
1 1 ®)
2
s <C4R4 * CoCyR1 R
for 04 = 05.

The various parameter values in this case are given by:

1
0=\ CLCaRaRy
[ Cy
Q*R3 01R2R4’

(Ho) yp = 1.

From Eq. (5), Eq. (7) and Eq. (9), it can be seen
that most of the relevant parameters of the frequency
response of the inverse low pass, band pass and high
pass filters, can be independently adjusted through var-
ious resistances. Since all the circuits resulting from
the proposed structure employ virtual grounded resis-
tors and capacitors, they are suitable from the view
point of IC implementation.

4. Non-Ideal Analysis

Ideally, the transresistance gain R,,(s) of an OTRA
approaches infinity and forces the two input currents
to be equal. However, practically, the transresistance
gain R,,(s) is finite and its effect therefore needs to be
considered. The one-pole model of the OTRA is given

Rmo Rm Wo
Rm (S) = 3 = o =
14+ = S+ wo
Wo
) (10)
- S n 1 -
Rmowo Rmo

For middle frequencies, the transresistance gain
R,.(s) can be approximated as:

Ryo = 00, Ry, (5) &2 —

(11)

where, R,,, is the DC open-loop transresistance gain,
w, is the transresistance cut-off frequency and C,, is the
parasitic capacitance (the parasitic capacitance C), ap-
pears at the high impedance node between the output
of the Current Differencing Unit and the input of the
voltage buffer of the OTRA architecture; for instance
see node ‘N’ in the CMOS OTRA of Fig. [3). On the
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other hand, the more elaborate two-pole model of the
OTRA is normally expressed as:

R,

R, (s) = ,
(]_ + S) (]_ + S) (12)
Wp1 Wp2
which can be can be modified and rewritten as:
1
R,, =
(s) (13)

1 s '
—_— —+1
Cr (S - CPRO) ("%2 - )

In this case also, for frequencies lying in the range:
wp1 << w << wp2, Eq. can be approximated as:

1
Row,

Ron () = % where G, — (14)

sCp

A straightforward analysis of the proposed general-
ized structure of Fig. [2| using Eq. results in the
non-ideal transfer function of the circuit given by the
following expression:

Vo  sCLYy+ (Y1Ys + YaYy)

Vin 8202+ sCp (Yo + Ys) 4+ Yo V5 (15)
. 1
If we choose the admittances as Y; = sC1, Yo = R
2
1 1 1
Y3 = sCsy + R—S, Y, = A and Y5 = R—5, we obtain the
non-ideal transfer function as:
Vo 1
Vin  5°Cp  sCy(Ra+Rs) Ry 1
0102 C102R2R5 R5 C102R2R4
1
s2+s Ci R4 + Gy Ry +
0102R3R4 0102R2R4
(16)

Neglecting the terms involving s? and s (since in
general, the product C; Cs would be much larger than
C’g and C},), we can approximate the transfer function

of Eq. as:
Vo o 1

Ry 1
Rs5 0102R2R4

S 1+ OpRg + 1
C1R4 0102R2R4

. (17)

The non-ideal inverse low pass filter parameters are

given by:
o 1
=V CiCoRyRy’

. Cy Ry
Q() —QO (01R4+OPR3> )

(ﬁo) e %:'

(18)
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From the above expressions, we conclude that the
non-ideal cut-off frequency and the gain are not af-
fected due to the non-ideal behavior of OTRA but the
Qo is affected and the non-ideal Qg is given as:

CiRy

—_— . 19
01R4+CPR3> ( )

QoQo(

From the above, the percentage error in (g is given

by:
Q—Qo\ o0
< O ) 100 =

CpRs3 >
=—( =———— ] - 100.
<CpR3 + C1R4

Similarly, if the admittances are chosen, such that

1 1 1
Yi=—,Y=5C5,Ys = — Y, =sCy+— and Y5 =
1 7 2 =58C3, Y3 o 4 54+R4an 5

R then we obtain the non-ideal transfer function of
5
the inverse band pass filter given by:

(20)

Vo 1
P WAL ()
R C4R4

s2+s ( ! ) + !
Calla CoCy R R (1 + ?)
2

From Eq. the non-ideal inverse band pass filter
parameters are given by:

R 1
wWo = Cp )
CQC4R1R3 1+ —
Cy
By L (22)
T CyRy’

N Ry
i ) =
( °J1BP  Rj

Thus, in this case only centre frequency is affected
by parasitics capacitance of the OTRA. The above pa-
rameters can be further expressed as:

R wo
Wy = ——,
(1 + g)
) ? (23)
BW = BW,

(ﬁo> IBP = (HO)IBP :

Hence, the percentage errors in the radian frequency
and @ factor are found to be as follows:

W — W, C
0o~ ).100=— ( =2 ) - 100.
( - ) 00 (202) 00

(24)
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Lastly, if the admittances are chosen such that Y; =

1 1 1
R77 }/2 = 8027 Y3 = R77 }/4 = SC4+R7 and }/5 = 8057

1 3 4
then we obtain the non-ideal transfer function of the
inverse high pass filter which can be expressed as:

7 - 1

Vin s> [C2Cs5 + Cp (Co+ C5) + C2] (25)
) sC2 1
SO O R T R R,

Neglecting the term Cg we obtain the resulting
transfer function as:

Vo o
Vin
~ 1
- G
2G5 1y 4 CQC
4 (1+&)
) 1 1
sS4+ s C + C
CyR,[1+ =22 CyCyR1Rs 1+ 22
44(4-02) 2413<+C’2>
(26)

The non-ideal parameters of the inverse high pass
filter are, therefore, given by:

) 1
wo = Cp )
CQC4R1R3 1+ —
Cs
14 Cp) (27)
Qo= R ¢
0 — fu4 CQRle )

Al

Thus, the non-ideal parameters can be expressed in
terms of ideal parameters, as follows:
wo

(28)

() o = e [+ 5 5

Hence, percentage errors in the filter parameters are
found to be: % error in radian frequency will be:

Wo —wo __ (%),
( - 100) - <2 02> 100.  (29)
% error in the @Q factor would be:
Qo — Qo < C, )
—— ] -100 = | — ) - 100. 30
( Qo ) 2C, (30)
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Lastly, the % error in the gain will be:

5. Comparison With
Previously Published
Inverse Filters

A comparative study of all the inverse filters realized
using various active elements is shown in Tab.[I} From
the table, a comparison of the salient features of the
proposed circuits with those previously known [1], [2],
181, 1, 15, 61, 171, . 191, [101, [T, [12], 4], [15], [0
and [I8] reveals that the proposed circuit configura-
tion is the only one which provides simultaneously the
following features: use of reasonable number of active
elements (only 2), realizability of all the three basic
filter functions, employment of all virtually grounded
resistors and capacitors and tunability of all filter pa-
rameters (except gain factor, Hy for inverse high pass).

6. SPICE Simulation and
Experimental Results

The workability of the all the three special cases of
the proposed configuration has been verified through
SPICE simulations using CMOS OTRA as presented
by Mostafa-Soliman in 2006 [3I] (reproduced here in
Fig. [3] with the aspect ratios of MOSFETS as given in
Tab.[T]and the model parameters using 0.18 um CMOS
technology provided by TSMC as given in Tab. [3]

* * — #— Vpp
M
| I?J I?J Y
Msﬂ l | |
Mg Mo
jMu g MUE
o |
4 M
|B¢ ™ | 14
e = o U BT S
'tl_ M, <+ on p—o<_2p
Vb1

b1 | | |
II>| M, |I>| M ||>| M M,
0-Vgs

Fig. 3: An exemplary CMOS realization of the OTRA as pre-
sented by Mostafa-Soliman [3T].

The SPICE simulation results of Fig. 5] Fig. [6] and
Fig.[7] are seen to be consistent with the similar results
obtained by other inverse filters using different devices
known earlier [1], [2], [B], [, [51, [, [7], [8], [9], [10],
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Tab. 1: Comparison with previously known circuits.

No. of Number Type of Inverse Grounded
Reference Active of Passive Filters Realized /Floating Tunability
device Component (VM/CM) Capacitors
1 1 4R, 2C IHP (VM) 2 FC No
2 1 5R, 2C ILP (VM) 1 GC,1FC No
3 1 4R, 2C IAP (CM) 1GC, 1 FC No
1
[T (4 circuit) 2 - 4R, 2/3C | ILP, IHP, IBP, IBR, IAP (All CM) 1FC, 1/2GC No
15] 3 4R, 2C ILP, IHP, IBP, IBR (VM) 2GC Yes
Yes,
[6] 3 3-5R, 2C ILP, IHP, IBP, IBR (VM) 2GC when Ry — Ro
T 2 2-4R, 2-4C ILP, IHP, IBP, IBR, IAP (VM) 2/4FC, 1/2 GC No
8 3 3R, 3C ILP, IHP, IBP (VM) 3GC No
9 1 1R, 1C First Order IAP (CM) 1GC No
10 1 2R, 1C First Order IAP (VM) 1GC No
11 3 2R, 2C ILP, IBP, ITHP (All VM) 2GC No
12 3 2-3R, 3-4C ILP, IBP, IHP (VM) 3/4GC Yes
14 10/12 OTAs 2C ILP, THP, IBP (VM&CM) 2GC Yes
15 2 4-6R, 2C ILP, IHP, IBP, IBR (All VM) 1FC, 1/2GC No
16 3 2R. 2C IHP (Trans conductance) 2GC No
18 2 3R, 3C ILP, IHP, IBPF (All CM) 2GC, 1FC No
Capacitor
Proposed 2 4R, 2/3C ILP, IHP, IBP (All VM) virtually Yes
grounded
R - Resistance, C - Capacitance, FC - Floating Capacitor, GC - Grounded Capacitor

Tab. 2: Model parameters of NMOS and PMOS transistors.

Device
Type

Model Parameters

NMOS

LEVEL = 7 VERSION=3.1 TNOM=27 TOX=4.1E-9 XJ=1E-7 NCH=2.3549E17 VTH0=0.3725327
K1=0.5933684 K2=2.050755E—3 K3=1E—3 K3B=4.5116437 W0=1E—7 NLX=1.870758E—7 DVTOW=0
DVT1IW=0 DVT2W=0 DVT0=1.3621338 DVT1=0.3845146 DVT2=0.0577255 U0=259.5304169
UA=-1.413292E—-9 UB=2.229959E-18 UC=4.525942E-11 VSAT=9.411671E4 A0=1.7572867 AGS=0.3740333
B0=-7.087476E—9 Bl=—1E—-7 KETA=-4.331915E—3 A1=0 A2=1 RDSW=111.886044 PRWG=0.5
PRWB=-0.2 WR=1 WINT=0 LINT=1.701524E-8 XL=0 XW=-1E-8 DWG=-1.365589E-8 DWB=1.045599E-8
VOFF=-0.0927546 NFACTOR=2.4494296 CIT=0 CDSC=2.4E-4 CDSCD=0 CDSCB=0 ETA0=3.175457E-3
ETAB=3.494694E-5 DSUB=0.0175288 PCLM=0.7273497 PDIBLC1=0.1886574 PDIBLC2=2.617136E-3
PDIBLCB=-0.1 DROUT=0.7779462 PSCBE1=3.488238E10 PSCBE2=6.841553E—10 PVAG=0.0162206
DELTA=0.01 RSH=6.5 MOBMOD=1 PRT=0 UTE=-1.5 KT1=-0.11 KT1L=0 KT2=0.022 UA1=4.31E—9
UB1=-7.61E—-18 UC1=-5.6E—11 AT=3.3E4 WL=0 WLN=1 WW=0 WWN=1 WWL=0 LL=0 LLN=1
LW=0 LWN=1 LWL=0 CAPMOD=2 XPART=0.5 CGDO=8.53E-10 CGSO=8.53E—10 CGBO=1E—-12
CJ=9.513993E—4 PB=0.8 MJ=0.3773625 CJSW=2.600853E-10 PBSW=0.8157101 MJSW=0.1004233
CJSWG=3.3E-10 PBSWG=0.8157101 MJSWG=0.1004233 CF=0 PVTH0=-8.863347E-4 PRDSW=-3.6877287
PK2=3.730349E-4 WKETA=6.284186E-3 LKETA=-0.0106193 PU0=16.6114107 PUA=6.572846E-11

PUB=0 PVSAT=1.112243E3 PETA0=1.002968E-4 PKETA=—2.906037E—3

PMOS

LEVEL=7 VERSION=3.1 TNOM=27 TOX=4.1E-9 XJ=1E—-7 NCH=4.1589E17 VTH0=-0.3948389
K1=0.5763529 K2=0.0289236 K3=0 K3B=13.8420955W0=1E—6 NLX=1.337719E—7 DVTOW=0
DVT1W=0 DVT2 W=0 DVT0=0.5281977 DVT1=0.2185978 DVT2=0.1 U0=109.9762536 UA=1.325075E—9
UB=1.577494E—21 UC=—1E—10 VSAT=1.910164E5 A0=1.7233027 AGS=0.3631032 B0=2.336565E—7
B1=5.517259E—7 KETA=0.0217218 A1=0.3935816 A2=0.401311 RDSW=252.7123939 PRWG=0.5
PRWB=0.0158894 WR=1 WINT=0 LINT=2.718137E-8 XL=0 XW=—-1E—-8 DWG=-4.363993E—8
DWB=8.876273E-10 VOFF=-0.0942201 NFACTOR=2 CIT=0 CDSC=2.4E-4 CDSCD=0 CDSCB=0
ETA0=0.2091053 ETAB=-0.1097233 DSUB=1.2513945 PCLM=2.1999615 PDIBLC1=1.238047E—3
PDIBLC2=0.0402861 PDIBLCB=—1E—3 DROUT=0 PSCBE1=1.034924E10 PSCBE2=2.991339E—9
PVAG=15 DELTA=0.01 RSH=7.5 MOBMOD=1 PRT=0 UTE=-1.5 KT1=-0.11 KT1L=0 KT2=0.022
UA1=4.31E-9 UB1=-7.61E—-18 UC1=-5.6E—11 AT=3.3E4 WL=0 WLN=1 WW=0 WWN=1 WWL=0
LL=0 LLN=1 LW=0 LWN=1 LWL=0 CAPMOD=2 XPART=0.5 CGDO=6.28E—10 CGSO=6.28E—10
CGBO=1E—-12 CJ=1.160855E—3 PB=0.8484374 MJ=0.4079216 CJSW=2.306564E—10 PBSW=0.842712
MJSW=0.3673317 CJISWG=4.22E—10 PBSWG=0.842712 MJSWG=0.3673317CF=0 PVTH0=2.619929E—3
PRDSW=1.0634509 PK2=1.940657TE—3 WKETA=0.0355444 LKETA=-3.037019E—3 PU0=-1.0227548
PUA=-4.36707E—11 PUB=1E—-21 PVSAT=-50 PETA0=1E—4 PKETA=-5.167295E—3 AT=3.3E4 WL=0
WLN=1 WW=0 WWN=1 WWL=0 LL=0 LLN=1 LW=0 LWN=1 LWL=0 CAPMOD=2 XPART=0.5
CGDO=6.28E—10 CGSO=6.28E—10 CGBO=1E—-12 CJ=1.160855E—3 PB=0.8484374 MJ=0.4079216
CJSW=2.306564E—10 PBSW=0.842712 MJSW=0.3673317 CJSWG=4.22E—10 PBSWG=0.842712
MJSWG=0.3673317 CF=0 PVTH0=2.619929E—3 PRDSW=1.0634509 PK2=1.940657TE—3
WKETA=0.0355444 LKETA=-3.037019E—3 PU0=-1.0227548 PUA=-4.36707TE—11 PUB=1E—-21
PVSAT=-50 PETA0=1E—4 PKETA=-5.167295E—-3
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P x|
z -,-_y+
cFoA, > o7
n X
o— 1 —

Fig. 4: OTRA implemented using two commercially available
AD844 type CFOA ICs [22] and [27].

Tab. 3: Aspect ratios of the various MOSFETs for the circuit
of Fig. [3] [39].

Transistor | W(pm)/L(pm)
M; M; 36/0.9
M, 3.6/0.9
Ms, Mg 10.8/0.9
M7 3.6/0.9
Ms M1 18/0.9
Mig, My3 36/0.9
Mia 18/0.36
1.5¢
o
1
=
©
[e)]
Q
o
©
0.5
~ .
10° 10* 102 10® 10* 10° 10° 107

Frequency (Hz)

Fig. 5: Frequency Response of the Inverse Low Pass Filter.

10!

-
o
=)
<
+

Voltage gain (dB)
55

1073
10°
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110, [12], [13], [14], [15], [16], [I7] and [18] and thus,
establish the workability of the proposed configuration.
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The magnitude of percentage errors in the various fil-
ter parameters have been calculated for the component
values as taken for SPICE simulations as C; = Cy =
C4=C5=100pF,R1 :R2:R3:R4=R5:10kQ
and C, = 0.4 pF. With the above choice of component
values, the percentage errors in @)y due to the effect
of parasitics, from the Eq. , Eq. , Eq. 7
Eq. and Eq. respectively, have been found to
be not more than 1.5 %.

The percentage error between theoretical and the
simulated results have been found to be nearly of the
same order as those calculated.

The Monte-Carlo analysis of the three inverse filters
has been carried out and the results have been included

in Fig. [§ Fig.[9 and Fig.

17.5

75

Precent of samples (%)

.52 260 268 276 284 292 300 308 3.6 324 332 340 348
Max(V(11))

n samples = 100, n divisions = 10, mean = 3.00294, sigma = 0.197031, minimum = 2.59512, 10th %ile = 2.74042,

median = 2.98532, 90th %ile = 3.28801, maximum = 3.4628

Fig. 8: Monte Carlo Analysis of ILPF showing variation of gain
w.r.t. 5 % variation in resistance value.

The workability of all the proposed inverse filters
has been also confirmed with hardware implementa-
tions using each OTRA being realized by two AD844
ICs (reproduced here in Fig. 4] as in [22] and [27]).
The component values taken in hardware implementa-
tions were Ry = Ry = R3 = R4 = R; = 1 k0 and
Cy = Cy = C4y = C5 = 1 nF which results in the
following value of filter parameters: cut-off frequency
fo =159 KHZ, Qo =1 and HO =1.
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Fig. 9: Monte Carlo Analysis of IHPF showing variation of

quality factor w.r.t. 5 % variation in resistance value.
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Fig. 10: Monte Carlo Analysis of IBPF showing variation of
center frequency w.r.t. 5 % variation in resistance
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SPICE simulation results of Fig. [5 Fig. [6] Fig. [7}
Fig. [ Fig.[9] and Fig.[10} and the hardware results of
Fig. Fig. [12] and Fig. thus, establish the worka-
bility of the proposed circuits.

In conclusion, a good correspondence has been found
between theoretical results and SPICE results as well
as between theoretical results and experimental results.
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7. Conclusion

Among numerous alternative building blocks investi-
gated in analog circuit literature over the last three
decades, the OTRA has been prominently employed
in the realization of numerous analog signal pro-
cessing/signal generation applications in recent years.
However, the use of OTRA in the realization of inverse
filters had not been investigated earlier.

This paper fills this void by proposing a two-OTRA-
based generalized configuration from which low-pass,
band-pass and high-pass filters can be realized as spe-
cial cases by judicious choices (resistive/capacitive) of
various circuit admittances. The circuits have been
analyzed in detail taking into account the various
non-ideal parameters of the OTRA and the worka-
bility of the derived specific inverse filters has been
confirmed by SPICE simulations using an exemplary
CMOS OTRA architecture implemented in 0.18 um
CMOS technology, as well as by OTRAs implemented
with AD844 ICs. Centre/cut-off frequencies of the or-
der of 1.59 MHz in case of the former and of the order
of 159 kHz in the case of latter have been found to be
realisable.
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The present paper, thus, adds a new application of
the OTRA (namely, the realization of inverse filters) to
the existing repertoire of its applications known earlier
in [19], [20], [21), [22], [23], [24], [25], [26], [27], [28],

[29],

1301, (311, [32], [33], [34], [35], [36], [37], [38], [39],

[40] and [41], and the references cited therein.
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