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Abstract—This research work brings operational transresistance
amplifier (OTRA) based second order universal filter, with three
main filter optimizations like Butterworth, Chebyshev and
Bessel. The universal filter offers all five sections of filter
responses likes: Low-Pass, High-Pass, Band-Pass, Band-
Rejection and All-Pass. Design is based on the RC-RC
decomposition technique. Finally, simulation results are
performed to verify the theoretical results using ORCAD 10.5
circuit simulator.

Index Terms—Operational Transresistance Amplifiers (OTRA),
Second Order Universal Filter, Butterworth, Chebyshev and Bessel
Filter.

I. INTRODUCTION

A number of voltage-mode (VM) and current-mode (CM)
filtering circuits have been designed using different active
elements such as operational amplifiers [1], operational
transconductance amplifiers [2], current conveyors [3], current
differencing buffered amplifier [4] etc, which have the low
power consumption, high slew rate, wide bandwidth etc. Now
days the operational transresistance amplifier (OTRA) has
acts as an substitutional analog building block [5] that posses
all the advantages of current mode techniques. OTRA
eliminate parasitic capacitances throw input grounded
terminals[6-8]. Presently OTRA manufactured commercially
as norton amplifiers or differencing amplifiers for several
integrated circuit. Manufactures observed that CMOS OTRA
is more simpler and more efficient than the commercially
available another building blocks. Other useful applications of
OTRA have been reported in literature [9-11]. These reports
include, designing of universal filter [9], single- resistance-
controlled oscillators [10], and all-pass filters [11]. On the
other hand, a literature study enhance our knowledge that
both Kerwin-Huelsman-Newcomb (KHN) and Tow-Thomas
(TT) biquads designed by wusing current conveyors,
operational amplifier or OTAs [12-15]. On the basis of
literature study we found that although Fleischer-Tow biquad,
is an improved version of the Tow-Thomas configuration,
offers the realization of all five different second-order filtering
functions, namely low-pass, high-pass, band-pass, notch, and
all-pass. But as per the author knowledge not a single paper
that includes all filter optimization like Butterworth,
Chebyshev and Bessel are reported in a single paper.

The purpose of this work is to analyse second order universal
filter structure with its all optimizations like Butterworth,
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Chebyshev and Bessel, that exhibits all responses of filter like
Band-Pass (BP), Band-Reject (BR), Low-Pass (LP), High-
Pass (HP) and All-Pass (AP) functions from the same
configuration. Also, a comparative study for the second order
universal filter is reported in this paper.

II. CIRCUIT DESCRIPTION

A 0.5 um Complementary metal oxide semiconductor
technology based internal circuit of operational transresistance
amplifier is shown in Figure 1 [5], and the schematic circuit
symbol of OTRA is shown in Figure 2. Corresponding input/
output - relationship is characterized as:

V, =V, =0 and Vo =R,([,-1,) @

Vo and Vn s the input voltage respectively at terminal p

R

where,

and n, with the transresistance gain "™mwhich approaches
infinity for ideal one.
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Fig. 1. Internal circuit of OTRA [5]
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Fig. 2. The schematic circuit symbol of an OTRA
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The proposed work uses generalized filter structure using
eight admittance term shown in Figure 3. The corresponding
transfer function may be obtained by the routine analysis as:
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Fig.3. Generalized OTRA based filter structure

N(s)  Y1Vi+YoVy+Y3V3—Y Vg —Y5V5
D(s) Yo +Y7 —Yg

2)

where, Y1, Yo, Y3 Y4, Y5, Yg, Y7 and Yg are positive
admittance terms. The generalized structure can be used for
design different type of filter optimization like Butterworth,
Chebyshev and Bessel filter. The general transfer function of
second order low-pass filter can be expressed as:

Ao
T(s)= 3)
©) (1+Aps+Bs?)

Here the design part is done with unity gain (Ay=1) and the
filter coefficients Ajand By must be different for different
types of filter transfer function, which is given in Table 1.

TABLE.1
SECOND ORDER FILTER COEFFICIENTS

Types of Filter Filter Coefficients

A1 =14142

Butterworth
terwe B =1.0000
. A1 =1.3022
Chebyshev Filter B; =1.5515
. A1 =1.3617
Bessel Filter B =0.6180
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The transfer function is decomposing by RC-RC
decomposition technique [14] as below:
The general transfer function of second order low pass filter is

Ag

T(s)= @
(1+A5+Bs2)

Rearrange the equation as [14]:

1
T@FJ%3=%i§ (5)

(s+1)

There after second order low pass Butterworth filter having
numerator and denominator must be decomposed as [14]
1 S

N ey ©

1+1.41425 +1.0000s 2
(s)=

(s+1)

0.5858

(s+1)
e 0.5858s 1 D

(s+1)

Similarly for second order low pass chebyshev having
numerator and denominator must be decomposed as [14]

1+1.3022s +1.5515s2
(S): (
s+1)

=1.5515s+0.2493 + 1.2493

(s+1)
=1.55155—%+1 )

(s+1)

Again for second order low pass Bessel filter having
numerator and denominator must be decomposed as [14]

=s5+0.4142+

1 S
N()=——=—5 41 10
Ry 1o
2
D)= 1H1:36175-+0.61505
(s+1)
— 0.6180s +0.7437 + 22593
(s+1)
061805 - 22203 )

(s + 1)
Finally, all other filter response like high pass, band pass,
band reject and all pass response like Butterworth, Chebyshev
and Bessel filters are summarized with their transfer function
and decomposed as per the above discussion which is
summarized in Table 2.
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TABLE 2. TRANSFER FUNCTION DECOMPOSITION

Optimization | Types Transfer function Decomposition
Low 1 s 1+1.41425 +1.0000s2 0.5858s
= =% _41.D(s)= - 1
pass | NO=(y =yt PO o1 c)
High 52 s 1+1.41425 +1.0000s > 0.5858s
N(s)= =s—1+——. Ds)= - 1
pass ) ) I ) ) 5+1) G+1)
2
Ilj;snsd NG) ( S1)=( 81)”_1’ D(S):1+1.414(2s+11).00005 ~ _0(5851§S+1
Butterworth S S S S
Band 2 +1 2s 1+1.41425 +1.0000s2 0.5858s
: =2 T st1- 2 Ds)= - 1
et | MO Ty P G+1) G+1)
2 2
N(o) = L1125 41000087 _ ) 341425 141.41425+1.0000s
S+ S+ S+
All (s+1) (s+1) (s+1)
pass | 0.5858s
(s+1)
Low 1 S 1+1.3022s+1.5515s2 1.2493s
N(s) = __ 1. D(s)= =1.55158 ————>> 4]
pss | Nt P 6+1) N S
High 52 s 1+1.3022s +1.5515s2 1.2493s
pass | NO= =y ) 6+1) PISEy
Band s s 1+1.30225 +1.5515s2 1.2493s
_ = _41-1,D(s)= =1.55158 ———=> 1
pass | NS P 6+1) N S
Chebyshev 2 2
Band |y sTHL_ 28 o L3022 SSIST | oo 12493
reject (s + 1) (s + 1) (s + 1) (s + 1)
2 2
Al N2 1130225+ LSSISSE | (o 38S3Ts 14130225 4155155
pass (s+1) (s+1) (s+1)
155155 - 120
(s+1)
1 s 1+1.3617s+0.6180s> 0.2563s
Low | N(s)=——=-———+1,D(s)= =0.6180s— 1
pass O== w0 G+1) o)
High 52 s 1+1.3617s +0.6180s2 0.2563s
- =s—1+——.D(s)= =0.6180s ———>> 4]
ps | N g P 6+1) MO T
Band S S 1+1.3617s+0.6180s2 0.2563s
N(s)= = 1-1,D(s)= =0.6180s— 1
Bessel pass ) (s+1) (s+1)Jr D) (s+1) 061805 (s+1) "
Band 2 +1 2s 1+1.3617s +0.6180s> 0.2563s
: Ns)=>"5 —s+1-—=_ D(s)= =0.6180s ———>> 4]
et | NO={ =5 PO &) 00180 ==y
2 2
N(s) 2 11301 T 061807 oy 29797 [y 14136175+0.6180s
All (s+1) (s+1) (s+1)
ass
P =0.6180s ——0(25+613)S +1
S
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The obtained transfer function for Butterworth, Chebyshev —scaling factor (ZSF) =80x10’ and frequency scaling factor
and Bessel are nothing but simply the combination of R and C  (FSF) =21 x100x 10°> (100KHz desired cut off frequency),
or simply R and C. Normalized value of passive components which is given in Table 3.This analysis is made with the help
of different optimization computed by above analysis and of paper [16].

actual value of passive component scaled by using impedance

TABLE 3: ACTUAL VALUE OF PASSIVE ELEMENTS.

Filter Types Component value
Responses Ry(KQ) | Cyi(ph) [Rpp(KQ) | Cop(ph) | Rpi(KQ) | Coa(ph) | Rip(KQ) | R(KQ) | Co(ph) | Ry(KQ) | Ca(ph)
Low pass 80 - - - 80 19.89 - 80 19.89 136.57 | 11.65
High pass - 19.89 - - 80 19.89 - 80 19.89 136.57 | 11.65
Butterworth Band pass 80 - 80 19.89 - - 80 80 19.89 136.57 | 11.65
Band reject 80 19.89 - - 40 39.78 - 80 19.89 136.57 | 11.65
All pass 80 19.89 - - 23.43 67.91 - 80 19.89 136.57 | 11.65
Low pass 80 - - - 80 19.89 - 80 30.85 | 64.036 | 24.85
High pass - 19.89 - - 80 19.89 - 80 30.85 | 64.036 | 24.85
Tschebyscheff | Band pass 80 - 80 19.89 - - 80 80 30.85 | 64.036 | 24.85
Band reject 80 19.89 - - 40.76 39.78 - 80 30.85 | 64.036 | 24.85
All pass 80 30.85 - - 20.76 39.78 - 80 30.85 | 64.036 | 24.85
Low pass 80 - - - 80 19.89 - 80 12.29 | 312.13 | 5.098
High pass - 19.89 - - 80 19.89 - 80 12.29 | 312.13 | 5.098
Bessel Band pass 80 - 80 19.89 - - 80 80 12.29 | 312.13 | 5.098
Band reject 80 19.89 - - 40 39.78 - 80 12.29 | 312.13 | 5.098
All pass 80 12.29 - - 26.85 59.26 - 80 12.29 | 312.13 | 5.098

From above discussion we may modify the generalized Finally to obtain the various filter response, a proper input

equation (2) to equation (12). Here the proposed second order selection is required, Table 4 shown the corresponding

filter structure which is shown in Figure 3 is modified as selection of V,,V,,V;, V4 and Vs to achieve different filter

Figure 4 and the corresponding transfer function can be

written as equation (12) for Butterworth, Chebyshev and

Bessel second order universal filter. TABLE4. THE V| .V, . V5.V, AND Vi VALUES SELECTION
FOR EACH FILTER FUNCTION RESPONSE

c; Ry
R
v, — AAA — P Filter

response.

X (I;'“l Types Input v;,
2 Tl Moy Voo | Vi [ Vo] ViV
Vi ‘—N\/\—I I? Low pass 1 OO0 /| 1|0
L7

High pass 0 1 0 1 0

Ry
ve e—] |
Band pass 1 0 1 0 1

Ry | | Bandreject | 1 | 1 | 0 | 1 | 0
VS —
All pass 1 1 0 1 0

LV
Rd
Fig.4. proposed second order universal filter Table 4, results the transfer function of Low-Pass (LP), High-
1 Cas Cpis 1 Pass (HP) Band-Pass (BP), Band-Reject (BR) and All-Pass
7\]1 +CaISV2+ V3— V4 _7V5 . . . .
N(s) Ry R,0Cyos+1 RpiCps +1 Ry (12)  (AP) functions. From equation (12) we can realize a different
Ds) 1o Cos filtering function which is summarized as.
R, ¢ RyCgs+l
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2.1 Universal second order Low Pass Filter
From equation (12) transfer function of Low Pass filter is
obtained by selecting input V; and V.

1 _ Cb]S
VLP 1 CdS
4 Cs—
R, RyCys+l

N(s)={RpiCp1s +1)~RaiChisfxRe x (RgCys +1)
D(s)={(RgCqs+1)+R .Cesx(RgCqs+1)—RCys}
xRy x(RpiCpys +1)
If RypCp1 =R4Cy, then
N(S) = (RbchCbl —Ra1RCyy )S +R¢
D(s)=R 4 RcR4CCys? +
(RaleCd +Ra1RcCe —Ry1RCy )S +Ra1
2.2 Universal second order High Pass Filter

From equation (12) transfer function of High Pass filter is
obtained by selecting input V, and V..

(14)

(15)

C Cbls
al>—
VOllt — Rblcbls+1 (16)
C
Vip ! +Ccs— d°
c RdCdS+1

N(s) = {(Ca15)x (RpCpis +1)— Cpispx R x (RgCys +1)

D(S) = {(RdCdS +1)+ RCCCSX(RdCdS +1)—RCCds}>< (RbICbls + 1)
If Rp1Cp1 =R4Cy, then

N(s)=RRp|CpiCats” +(RcCy ~RChy

D(s)=R R 4CcCqs” +(RyCq +RCo —RCy ks +1
2.3 Universal second order Band Pass Filter

From equation (12) transfer function of Band Pass filter is
obtained by selecting input V;, V; and Vs.

(17)
(18)

1 N Caos B 1
Vout _ Rar Ry2Ca08+1 Rpp (19)
C
Vep L oo G
c RdCdS-‘rl

N(s)={Rpp x(R32Ca25+1)+ Ry Ry2Ca28 —R R 12Ca2s —Royy |
chx(RdCds+l)
D(s)={(R4Cys+1)+R.Cesx(R3Cys+1)—R.Cys}
xRy1Rp2 x(Rp2Ch0s+1)

If R,;pC, 0 =R3Cyq, then

N(s)=(RcRp2R12Ca2 +RR 3 Rp2Can ~R Ry 1R32Cy0 b
+(RcRpp ~R¢Ryp) (20)
D(s)=R, RpaR RqCcCys? +

(RaRp2R¢Cy +RyRpRCo ~RyRppRCy b +RyRpy  (21)
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2.4 Universal second order Band Reject Filter
From equation (12) transfer function of Band Reject filter is
obtained by selecting input V4, V, and V..

C
! +C,8— b®
Vout — Ral Rblcbls+1 (22)
Verr L oo Cas
c RdCdS+1

N(s)={(Rp1Cpis +1)+Ry1Cqysx (RpyjCais +1)—R 51 Cpys}
xR x(RgCys+1) (23)
D(s)={R4Cqgs+1)+R Ccsx(RqCqs+1)—-R Cgs}

xR1 x(Rb1Cb1s+1)

If Rp1Cp1 =R4Cy, then

2
N(s)=RyRcRpCpys” +(RRpyCp +RRy1Cap =R Ry Cpp)s
+R¢ 24)
2
D(S) =R,1RR4CcCys™ + (RaleCd +RaRCe Ry 1R Cy )S
+Ra1 (25)
2.5 Universal second order All Pass Filter

From equation (12) transfer function of All Pass filter is
obtained by selecting input Vy, V, and V..

C
Cms_&
VOllt — Ral Rblcbls+] (26)
Vap 1 o~ Cas
R, & RyCgs+l

N(s) =R piCpis+1)+R a1 Caisx (R Cars +1)—R 41 Cpys}
xR X(RdCds+1)

D(s)={R4Cqs+1)+R Ccsx(RqCqs+1)-R Cqs}
xRj1 x(Rb1Cb1s+1)

If Rp1Cp1 =R4Cy, then

N(5)=R 4R R piCpys? +

(RcRp1Cp1 +ReR1Ca1 —ReR31Cps +Re (27)
D(s)=R R RgC.Cqs” +
(RaleCd +R,1RCe _RachCd)s+Ra1 (28)

All filter realization must have some condition. The condition
for realization of low pass, high pass, band pass, band reject
and all pass filters are summarised in Table 5.
The natural frequency and quality factor of the designed
circuit for low pass, high pass, band pass, band reject and all
pass filter can be obtained as

1

() e —
0 \/RcRdCch (29)

Q, = \/RcRdCch
°" (RdCd +R.C. +Rch) (30

and the sensitivity of ®y and Q( with respect to passive
elements may be expressed as
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SQ — SQ — SQ = SQ =— l
R¢ Ry Cc Cq
It proclaims that the designed circuit gives low sensitivity.

TABLE 5: CONDITION OF REALIZATION OF EACH

FILTER.

Filter Condition

response

Low Pass Rp1Cpi=Ry Cy, Rp1CoiR=R,CiRe

High Pass Rp1Cp1=Ry Cy4, R.Cal=R.Cy,

Band Pass Ra2ca2=Rd Cd, RCRb2=RCRa1

Band Reject Rb]Cblsz Cd, Rc
Rp1Co1+RRu1Ca1=RcR41Cry

Al Rp1Cp1=Rq Cq,

pass R.iR.CyiRy =R RCRCy,

'(RcRdCd+RcRal Ca] 'RcRa 1 Cb 1)
=(RaR¢Cy+RR.Ce-R;RCy), R=Ry

III. NON-IDEALITY ANALYSIS OF OTRA
Normally the trans-resistance gain is assumed to infinity for
filter designing. However, practically trans-resistance gain
(Ryy) is a frequency dependent finite value. Considering a

single pole model for the trans-resistance gain can be
approximately given in terms of high frequencies as

RmzL (31)
Cps
where,
1
Cp= 32
p ouRy (32)

where, ®, is the pole frequency and R, is dc trans-

resistance gain.
Taking non- ideality effect of OTRA the transfer function in

equation (2) modifies to
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N(S) _ YV +Y2 V) +Y3V3-Y4 V4 -Y5V5
D(s) Y6 +Y7 —Yg +sCp,

If the denominator of equation(2) modifies as equation(33) or
in other words admittances Yy Y7 and Yg contain a parallel
capacitor, this result a complete self compensation [10]. In
our designed circuits, Y; contains a parallel capacitor branch ,
hence the designed filters taking the magnitude of Cp into
consideration. In this way, the effect of Cp can be absorbed in

(33)

capacitance Y, without using additional elements and
achieving complete self compensation [10].

IV.SIMULATION RESULT
The designed 0.5 pum Complementary metal oxide

semiconductor technology based internal circuit of operational
trans-resistance amplifier as shown in Figure 1[5], with dc
power supply voltages Vpp = —Vss = 1.5volt and bias voltage
Vg = —0.5volt. The simulations are performed using ORCAD
10.5 circuit simulator based on 0.5 yum Complementary metal
oxide semiconductor technology. The filter is designed for a
natural frequency (3dB frequency) of f, = 100 kHz.
Comparative simulated and theoretical result of the
Butterworth, Chebyshev and Bessel filters, followed by five
sections describing the most common filter response: low pass,
high pass, band pass, band reject and all pass filters are shown
in Figure 5. The Butterworth gives flat frequency response in
the pass band and its stop band attenuates with —40 dB/decade
as given in Figure 5. The Chebyshev gives a sharper roll off
with comparison to Butterworth and Bessel filters, but
allowing distortion in form of ripple in the frequency response
shown in Figure 5. As the roll-off more sharper, the ripple
become increases, so trade-off between these two parameters
observed in the Chebyshev response. The Bessel filters gives
constant group delay for wide frequency range because it
shows a linear phase response over a wide frequency range
with comparison to Butterworth and Chebyshev filters.
Figure 6 shown the comparison result of phase response of
Butterworth, Chebyshev and Bessel all pass filter.

To verify the output quality, total harmonic distortion is
obtained for low pass Butterworth, Chebyshev and Bessel
filters as shown in Figure 7. It is found that the output
distortion is very small and it is 5 % up to 4 volt[1]. It
proclaim that the output of filters are very good quality and
dynamic range is high. The simulated results verify with the
theoretical results, shown in Figure 5. A comparative study
for the second order universal filter is shown in Table 6.

TABLE 6. COMPARISION OF AVAILABLE SECOND ORDER UNIVERSAL FILTERS

Reference | Active element Required | Required | Required | Requirement of | Requirement of
Number active capacitors | resistors |Inbuilt tunability| change the
elements hardware to
change filter
types
17 DVCCTA 1 2 1 Yes Yes
18 CCCII 4 2 No Yes No
19 CDTA 2 2 2 Yes Yes
20 CCII 3 2 2 No Yes
Proposed OTRA 1 4 4 No Yes
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Fig.5. Comprative simulated and theoritical result of universal second order Butterworth, Chebyshev and Bessel Filters
.(a) low pass (b) high pass (c) band pass (d) band Reject (e) all pass.
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Phase Response

o
=
g

>

—-hoed

18KHz

—r— Butterworth

188KHz
-—w- Chebyshew

1.8MHz

Frequency

—a- Bessel
Fig.6. Comparison result of phase response of Butterworth,
Chebyshev and Bessel all pass filter.

IIT. CONCLUSION

In this paper, a New 0.5 yum CMOS-Based OTRA Based
voltage mode second-order universal Butterworth, Chebyshev
and Bessel filters Structure is presented, the proposed filter
structure uses a single OTRA as an active component, It
makes this designed work economical one. Also it have not
required in built tunability of filter parameters. The proposed
circuit offers low sensitivity. The theoretical result is quite
agreed with simulated result.
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