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Abstract. Design, realization and performance evalu-
ation of fractional order high pass filter based on Oper-
ational Transresistance Amplifier (OTRA) using three
fractional elements of different order α, β, γ are pre-
sented in this paper. The projected circuit uses a single
active current mode device i.e. OTRA and utilizes frac-
tional capacitors of varying orders to boost the design
flexibility. The design equations for fractional order
high pass filter are computed from the transfer func-
tion. The paper elaborates the impact of fractional or-
der elements of varying order on the frequency response
of the filter. Subsequently, the sensitivity and stability
of the transfer function of the proposed filter are also
analyzed. The potential usefulness of the proposed fil-
ter is additionally incontestable through the Total Har-
monic Distortion (THD), Power Supply Rejection Ra-
tio (PSRR), Temperature sweep, Corner, Supply Volt-
age variation and Noise Analysis. It has been observed
that the proposed pass filter in fractional domain sup-
ported OTRA provides greater flexibility in controlling
the magnitude characteristics.
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1. Introduction

Signal processing applications supported by fractional
order calculus are termed as Fractional Order Signal
Processing (FOSP). Many applications supported by

FOSP are mentioned within the literature which in-
cludes FO Oscillators [1] and [2], Filters [3], [4], [5],
[6], [7], [8], [9], [10], [11], [12], [13], [14], [15], [16], [17]
and [18], Multivibrators [19], Differentiators and Inte-
grators [20] and [21], etc. Active and passive integer
order filters are realized by using components, such as
resistor, capacitor and inductor in the time domain.
Similarly, an inductor or capacitor whose impedance is
given as Z(s) = asα ⇒ Z(jω) = aωαej(πα/2) are the
kinds of fractance device which are the essential com-
ponents in the realization of Fractional Order (FO) fil-
ters where α = 1, 0,−1 represents an inductor, a resis-
tor and a capacitor respectively in complex frequency
domain [22], [23], [24] and [25]. The corresponding
phase angle is π/2 and −π/2 for the impedance of the
inductor and capacitor respectively. The passive ele-
ments can be therefore termed as Fractional Order El-
ements (FOEs) that have a constant phase angle with
frequency. The impedance of this FOE is given as
ZαC(s) = 1/sαC where α is the order of FO capaci-
tance, C is the capacitance with units F/s1−α and s is
the unit of time [10].

In the design of FO systems, the realization of FO
capacitors (FCs) and FO inductors (FIs) is a vital pur-
pose of concern. Antecedently the realization of FOE
approximation of type Z = 1/Cs1/n was reported [26],
[27], [28] and [29] and these embrace realization either
by RC trees [25], nested ladder [30] or domino ladder
[31]. Subsequently, fabrication of two terminal frac-
tance devices is reported in [22], [32] and [45] and these
consist of metal insulator-liquid interface. Recently the
fabrication of FOEs [33] and [34] using copper electrode
and platinised silicon electrode is reported which has
the advantage of better reproducibility and is smaller
in dimensions. However, it has obstacles of a short life-
time, high cost, and is nonetheless not mass producible.
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In the most recent studies, the current mode tech-
nique has been preferred in integrated circuit design be-
cause of its inherent superiority of high slew rate, wide
bandwidth, low power consumption, and high speed
over the voltage mode approach [35]. OTRA is a high
gain current input voltage output device that acquires
all the advantages of current mode techniques. OTRA
is used as an active element for realizing signal pro-
cessing and generation circuits resembling filters [35],
[36] and [37], oscillators [38], multivibrators [39], and
immitance simulators [40]. Due to varied applications
of filters in instrumentation, communication and sig-
nal processing, numerous reported designs aim to gen-
eralize the design schemes of integer order filters to
the fractional domain [3], [4], [5], [6], [7], [8], [9], [10],
[11], [12], [13], [14], [15], [16], [17], [18], [41] and [42].
It can be identified from the literature that active FO
filters based on FOEs are designed using Op-Amps [3],
[4], [5], [7], [8], [10], [11], [16] and [42] however there
are very few design reports of FO filters using current
mode active elements [9], [12], [13], [14], [15] and [41].
There are reports of some integer order filters based on
OTRA using one or more active components [35], [36]
and [37], but high pass filter using single OTRA in the
fractional domain has not nevertheless been reported.

In this paper, therefore, design procedure, realiza-
tion and performance evaluation fractional of third or-
der high pass filter using single OTRA is reported. The
proposed circuit has the following characteristics:

• The proposed circuit uses single active current
mode device i.e. OTRA, and utilizes fractional ca-
pacitors of different orders to enhance the design
flexibility.

• The proposed circuit has a low RMS value of noise
voltage and THD at the output.

• The proposed circuit has high PSRR.

The next section presents the proposed design of the
fractional high pass filter for various values of order α,
β, and γ. The stability and sensitivity analysis of the
presented filter is additionally delineated in Sec. 2.
The evaluation of the proposed design is mentioned in
Sec. 3. while Sec. 4. concludes the paper.

2. Proposed Design Procedure
of High Pass Filter of Order
(α + β + γ) Using OTRA

2.1. Circuit Description

The voltage and current relationship of the OTRA,
shown symbolically in Fig. 1, is characterised by Eq. (1)

where Rm is the transresistance gain of OTRA. The
Current Feedback Amplifier (CFA) primarily based
OTRA given in Fig. 2 is employed to realize high pass
fractional filter of order (α + β + γ) shown in Fig. 3
[37]. It is apparent that it uses single OTRA, four re-
sistances, and five FOC’s.VpVn
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Fig. 1: Symbol of OTRA.
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Fig. 3: Fractional order high pass filter based on OTRA.
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Fig. 4: Fourth order approximated representation of fractional
capacitor.

The transfer function, given in Eq. (2), of the filter
in Fig. 3 can be derived using KCL and nodal method.
The simplification of the transfer function has been
carried out under the following assumption:

• FC0 = FC3,

• FC1FC2R2R3 + FC0FC2R2R3 + FC0FC1R1R3 =
FC1FC2R1R3,

• FC2R2 = FC4R4,

• FC0 + FC1 = FC2.

H(s) =
ksα+β+γ

sα+β+γ + d2sα+β + d1sα + d0
, (2)

where d2 =

(
1

FC2R3
+

1

FC2R2
+

1

FC1R1
− 1

FC3R2

)
,

d1 =

(
1

FC2FC3R2R3
+

1

FC1FC2R1R2
+

1

FC1FC2R3R1
+

− 1

FC1FC3R1R2

)
, d0=

1

FC1FC2FC3R1R2R3
and k = 1.

The magnitude and phase responses of the presented
filter are given in Eq. (3) and Eq. (4):

|H(jω)|= kωα+β+γ

ωα+β+γ + 2d2 cos
(γπ
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(4)

The phase of FHP filter is equal to(
arg{k}+

(α+ β + γ)π

2

)
for ω → 0 where the

phase is equal to (arg{k}) for ω → ∞. The crit-
ical frequencies, the peak value frequency ωp (the
maximum and minimum of magnitude occurs at this
frequency), cut-off frequency ωc (the power falls to
1/
√

2 of passband at this frequency) [3], [4], [5] and
[9] and right phase frequency ωr are the important
parameters of a filter. The peak value frequency ωp
of the high pass filter can be computed by solving the

condition
d
dω
|H(jω)|ω=ωp

= 0 and is given in Eq. (5):

d2γ cos
γπ

2
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2
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(5)

The cut-off frequency ωc of the presented high
pass filter can be calculated through the condition
|H(jω)|ω = ωc = 0.707 · |H(jω)|max and is given in
Eq. (6):

ω
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2
ω
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2
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2
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2
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(6)
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The right phase frequency ωr at which the phase
6 H(jωr) = ±π

2
for high pass filter can be acquired

from the following Eq. (7):

ωα+β+γr + d2ω
α+β
r cos

γπ

2
+ d1ω

α
r cos

(β + γ)π

2
+

+d0 cos
(α+ β + γ)π

2
= 0.

(7)

The theoretical results obtained from Eq. (3) and
Eq. (4) at d2 = 2, d1 = 2, and d0 = 1 for different
values of α, β, γ are plotted in Fig. 5. The value of d2,
d1, and d0 are taken from the Butterworth filter co-
efficient table for the third order filter. It is observed
from the simulations that the magnitude and phase re-
sponse of the proposed filter are not only controlled
with the coefficients (d2, d1, d0) but can also be con-
trolled with fractional order (α, β, γ) which increases
the design flexibility of the proposed filter.

α β γ

α β γ

α β γ

α β γ
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= =0.9, =0.8

=0.7, = =0.8

Fig. 5: MATLAB simulations of magnitude and phase response
of proposed filter for different values of α, β and γ.

2.2. Non-Ideal Analysis

The performance of the FHPF may deviate because of
non-idealities of OTRA in practice. Ideally OTRA is
an infinite gain (Rm → ∞), differential Current Con-
trolled Voltage Source (CCVS) device. However, prac-
tically the value of Rm is a frequency dependent.

Considering a single pole model of an OTRA,
Rm can be expressed as:

Rm(s) =

 Rd

1 +
s

ω0

 , (8)

where Rd represents the dc transresistance gain. For
high frequency applications, Rm(s) reduces to:

Rm(s) ≈ 1

sCp
, where Cp =

1

Rdω0
.

Taking this consequence into account the transfer
function given in Eq. (2) transforms to Eq. (9).

Where the uncompensated error term sCp appear-
ing in parallel to FC3 can lead to the introduction of
another pole. The value of FC3 may be decreased by
Cp to absorb the nonideality effect and thus achieving
self-compensation. Another nonideality present in it
is because of parasitic resistances and capacitances at
higher frequencies shown in Fig. 6(a).

2.3. Stability

It is an important property of a fractional filter that
can be investigated by converting the fractional do-
main into various domains [43]. The stability of the
proposed fractional filter is studied by converting the
s-domain into a W-domain that transforms the frac-
tional order transfer function into integer order. The
following steps are performed for the stability analysis
of this filter:

• Convert the fractional domain into W-domain by
using W = s1/m and α = k1/m and β = k2/m
and by selecting the values of k1, k2, and m for
the desired value of α and β.

• Solve the converted transfer function to compute
minimum root angle|θw|. If the minimum root
angle|θw| is less than π/2m then the filter is un-
stable otherwise it is stable.

This procedure is then applied to the denominator
of Eq. (2) that gives the characteristic equation in the
W-plan.
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(9)

W k1+k2+k3 + d2W
k1+k2 + d1W

k1 + d0. (10)

The roots of the Eq. (10) were calculated for various
values of α, β, and γ with d2 = 2, d1 = 2, and d0 = 1.
It was observed that the minimum root angle |θw|min >
π/2q = 9◦ where q = 10 for various values of α, β and
γ. The stability of the filter for various values of α and
β with coefficients d2, d1, and d0 is given in Tab. 1
which confirms that the filter using these coefficients is
stable when α ≤ 1, β ≤ 1 and γ ≤ 1.

Tab. 1: Minimum root angle for the third order filter in frac-
tional domain for different values of α, β, and γ with
coefficients, d2 = 2, d1 = 2, and d0 = 1.

α β γ |θw|min Stability
0.9 0.6 0.5 15.45◦ Stable
0.7 0.8 0.8 14.94◦ Stable
0.9 0.9 0.8 13.29◦ Stable
0.5 0.6 0.9 14.11◦ Stable
0.8 0.7 0.6 16.26◦ Stable
1 1 1 12.00◦ Stable
1.2 0.8 0.7 11.61◦ Stable
1.4 1.4 0.8 8.53◦ Unstable
1.2 1.6 1.3 7.76◦ Unstable

2.4. Sensitivity Analysis

Sensitivity analysis is one of the most important pa-
rameters in computing the performance of active filters
and is defined as:

Syx =

(
x

y

)(
δx

δy

)
. (11)

It means that the fractional change in the parameter
(y) i.e. transfer function is normalised by the fractional
change in component (x) value. Change in the sensitiv-
ity of transfer function relative to component variation
is complex and difficult to compute [9]. The trans-
fer function sensitivity relative to fractional orders, i.e.
sensitivity toward α, β, γ can be derived by applying
Eq. (11) to the transfer function of the proposed high
pass filter, the sensitivities are given as:

STFHP
α =

α ln s

(sα+β+γ + d2sα+β + d1sα + d0)
. (12)

STFHP

β =
β(d1s

α + d0)ln(s)

(sα+β+γ + d2sα+β + d1sα + d0)
. (13)

STFHP
γ =

γ(d2s
α+β + d1s

α + d0)ln(s)

(sα+β+γ + d2sα+β + d1sα + d0)
. (14)

For the special case of α = β = γ = 1, the natural
frequency ω0 and quality factor Q0 of the proposed
filter can be obtained by using normal capacitors is
given as:

ω0 =
1

3
√
C1C2C3R1R2R3

. (15)

Q0=
3
√
C1C2C3R1R2R3

C1R1+C2R2+C3R3−C2R3− 3
√
C1C2C3R1R2R3

.

(16)

The sensitivities of ω0 w.r.t. various passive compo-
nents are given as:

Sω0

C1
= Sω0

C2
= Sω0

C3
= Sω0

R1
= Sω0

R2
= Sω0

R3
= −1

3
. (17)

The sensitivities of Q0 w.r.t. various passive compo-
nents are given as:

SQ0

C1
= −1

3
, SQ0

C2
=

2

3
, SQ0

C3
= −1

3
,

SQ0

R1
= −1

3
, SQ0

R2
= −1

3
, SQ0

R3
= −2

3
.

(18)

It shows that the proposed circuit offers low passive
sensitivity.

3. Circuit Simulation

The practicality of the proposed circuit in Fig. 3 is
verified on the PSpice platform for four cases i.e.

• α 6= β 6= γ using factional capacitors of different
order where α = 0.8, β = 0.7 and γ = 0.5.

• α 6= β = γ using two fractional capacitors of same
order where α = 0.7 and β = γ = 0.8.
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Tab. 2: Component values used to realize fractional capacitor at a centre frequency of 1000 Hz.

Passive Fractional Capacitor
Compo- Fc0 =Fc3=10 · 10−9[F/s1−α] Fc1=10 · 10−9[F/s1−β ] Fc2=20 · 10−9[F/s1−γ ] Fc4=5 · 10−9[F/s1−α]
nents α=0.8 α=0.7 α=0.9 β=0.7 β=0.8 β=0.9 γ=0.5 γ=0.8 γ=0.7 α=0.8 α=0.7 α=0.9
Ra (Ω) 1681.73 8135.32 259.58 8135.32 1681.73 259.58 70082.47 840 4067.66 3363.47 16270.64 519.16
Rb (kΩ) 8.601 31.93 1.77 31.93 8.601 1.77 158.73 4.30 15.973 17.20 63.85 3.55
Rc (kΩ) 19.55 66.31 3.57 66.31 19.55 3.57 238.85 9.77 33.155 39.10 132.62 7.14
Rd (kΩ) 95.02 241.83 29.06 241.83 95.02 29.06 560.65 47.51 120.91 190.04 483.66 58.11
Re (kΩ) 4853.26 5568.70 5574.59 5568.70 4853.26 5574.59 4648.35 2426.63 2784.35 9706.53 11137.4 11491.83
Cb (nF) 2.98 0.79 16.9 0.79 2.98 16.9 0.132 5.97 1.59 1.49 0.4 2.72
Cc (nF) 3.21 1.66 23.57 1.66 3.21 23.57 0.469 6.42 3.29 1.60 0.83 8.45
Cd (nF) 6.54 1.96 42.44 1.96 6.54 42.44 0.851 13.08 4.70 3.27 0.98 11.78
Ce (nF) 7.18 2.35 54.4 2.35 7.18 54.4 1.10 14.36 3.31 3.59 1.17 21.22

Tab. 3: Relative study of proposed filter with other fractional filters available in the literature.

Ref.

Circuit simulations/ Type and Number of Performance Parameter
Type of Experimental work number of components Criti- Sensi- Stabi- Noise

THD PSRRFractional of fractional active used cal tivity lity Ana-
filter filter components R C FOC Frequ- Ana- Ana- lysis

used encies lysis lysis

[7]

FLPF of order (α+ β),

Yes No Yes No No No

KHN at α = 0.7, β = 1.2 Op-amp,3 6 - 2
and α = 0.7, β = 0.7

FLPF of order (α+ β),
Sallen-key at α = 1.2, β = 1.5 Op-amp,1 4 - 2

and α = 1.2, β = 0.7
FLPF, FHPF and FBPF

[8] KHN of order (α+ β) Op-amp,3 6 - 2 Yes Yes Yes No No No
at α = 0.86, β = 0.46

[9]

KHN

FLPF of order (α+ β)

CCII,4 6 - 2

Yes No Yes No No No

at α = 1.2, β = 0.4;
α = 0.8, β = 0.7

and α = 1.2, β = 1.7

Tow-Tomas

FLPF of order (α+ β)

CCII,3 4 - 2at α = 1.2, β = 0.4;
α = 1.7, β = 1.2

and α = 0.8, β = 0.7

[10] FO FLPF of order (1 + α) Op-amp,3 6 1 1 No No Yes No No NoChebyshev LPF at α = 0.2, 0.5 and 0.8

[11] FO inverse FLPF of order (1 + α) Op-amp,3 6 1 1 No No Yes No No NoChebyshev LPF at α = 0.2, 0.5 and 0.8

[12]

FHPF with OTA,3

- 3 - Yes No No No No Noelectronically FHPF of order (1 + α) ACA,2
controllable at α = 0.25, 0.5 and 0.75 DO-CF,1
parameter

[13] FLPF FLPF of order 2α CCII,1 2 - 2 Yes Yes Yes No No Noat α = 0.8
FLPF with FLPF of order (1 + α) OTA,2

[14] electronic at α = 0.1, 0.3, 0.5, ACA,2 and - 3 - Yes No No No Yes No
tunability 0.7 and 0.9 MO-CF,1

[15]

CDBA based FLPF, FHPF, FBPF

CDBA,1 5 - 5 Yes Yes Yes Yes Yes Nofractional order at α = β = γ = 1
Multi function α = 0.5,β = 0.9,γ = 0.7

filter α = β = γ = 0.9
FHPF of order (α+β+γ)

at α = β = γ = 1
Proposed FHPF α = β = 0.9, γ = 0.8 OTRA,1 4 - 5 Yes Yes Yes Yes Yes Yes

α = 0.7, β = γ = 0.8
α = 0.8, β = 0.7, γ = 0.5

• α = β 6= γ using two fractional capacitors of same
order where α = β = 0.9 and γ = 0.8.

• α = β = γ = 1 using a normal capacitor.

In all the cases the circuit remains in the stable re-
gion given in Tab. 3. The component values to obtain
the frequency response of the proposed filter are:

• Fc0 = 10 · 10−9[F/sα],

• Fc1 = 10 · 10−9[F/sβ ],

• Fc2 = 20 · 10−9[F/sγ ],

• Fc3 = 10 · 10−9[F/sα],

• Fc4 = 5 · 10−9[F/sα],

• R1 = 10 kΩ, R2 = 2.5 kΩ, R3 = 20 kΩ,
R4 = 10 kΩ.

The fractional capacitors used for the Pspice
simulations are realized as shown in Fig. 4 by
fourth order rational approximation for sα [44] using
Continued Fraction Expansions (CFEs). By using this
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rational approximation, the fractional Laplacian op-
erator can be realised physically with the RC ladder
network. The impedance (Z) of this RC network is:

Z = Ra+

1

Cb

s+
1

RbCb

+

1

Cc

s+
1

RcCc

+

1

Cd

s+
1

RdCd

+

1

Ce

s+
1

ReCe

.

(19)

The values of resistances and capacitors are obtained
by equating terms of fourth order rational approxima-
tion with the terms of the Eq. (19) and are given in
Tab. 2 designed at a centre frequency of 1000 Hz. The
PSpice simulations of Fig. 3 are shown in Fig. 6(a).
It is observed that the simulation results are in ac-
cordance with theoretical results. Table 3 shows the
relative study of the proposed filter with the fractional
filters available in the literature. Noise analysis is also
performed on the proposed fractional order high pass
filter based on OTRA with three degrees of freedom us-
ing PSpice AC Sweep/Noise simulation program. Fig-
ure 6(b) shows the noise voltage and the Root Mean
Square (RMS) value of the noise voltage at the output.
The RMS value of noise voltage at the output of the
proposed filter for all the four cases are 1.4 ·10−7 V for
order 2, 1.62·10−7 V for order 2.3, 1.97·10−7 V for order
2.6 and 3.89 ·10−7 V for order 3. It is observed that the
RMS value of noise voltage at the output of the frac-
tional filter is less than that of the integer order filter.
THD values are derived for input voltage amplitude
values from 0 mV to 4000 mV from PSPICE Transient
and Fourier analysis and are given in Fig. 6(c). The
THD analysis results show that when the input volt-
age is below 2000 mV, the THD is less than 1 %: THD
is less than 5 % of input voltage is below 4000 mV for
all the four cases.

For PSRR measurement of the projected fractional
order high pass filter, DC bias is connected to the in-
put and AC signal is connected at VDD terminal. The
PSRR analysis shows that the proposed circuit pro-
vides a 69.643 dB for order 2, +66.640 dB for order
2.3, 64.681 dB for order 2.6 and 59.760 dB for order 3
at 10 kHz. The simulation results for PSRR given in
Fig. 6(d) show that the fractional order circuits have
higher PSRR when compared to the integer order ones
under similar conditions. Temperature sweep analy-
sis is also performed on the proposed fractional order
high pass filter based on OTRA with three degrees of
freedom using PSPICE Temperature Sweep/transient
analysis. Figure 6(e) shows the output voltage varia-
tion with change in temperature ranging from −50 ◦C
to +50 ◦C. It is observed from the simulations that as
the temperature increases the output of the circuit de-
creases. Figure 6(f) shows the change in output voltage
with respect to supply voltage variation from 0 to 10 V
at different values of α, β and γ. The simulation shows

that the output voltage varies linearly with the supply
voltage.

Corner analysis of the proposed circuit is given in
Fig. 7(a) at α = 0.8, β = 0.7, γ = 0.5, Fig. 7(b) at
α = 0.7, β = γ = 0.8 Fig. 7(c) at α = β = 0.9,
γ = 0.8 and Fig. 7(d) at α = β = γ = 1. Three corners
typical-typical (tt), slow-slow (ss) and fast-fast (ff) are
considered. DC gain indicates approximately 3 % (ff)
and 7.1 % (ss) change from the (tt) value for all the
cases, therefore (ss) corner can be considered a worst
case for this circuit. The performance parameters of
the planned filter at different values of α, β and γ are
tabulated in Tab. 4.

Tab. 4: Performance parameters of proposed fractional order
High Pass Filter.

Order of Values of RMS THD PSRR
fractional α value of (%) (dB)

order β Noise @4 @
HPF and γ Voltage (V) mV 10 kHz

α = 0.8
2.0 β = 0.7 1.4 · 10−7 3.51 69.643

γ = 0.5
α = 0.7

2.3 β = 0.8 1.62 · 10−7 3.60 66.640
γ = 0.8
α = 0.9

2.6 β = 0.9 1.97 · 10−7 3.95 64.681
γ = 0.8
α = 1

3.0 β = 1 3.89 · 10−7 4.50 59.760
γ = 1

4. Conclusion

In this work, a fractional high pass filter based on
OTRA with three fractional capacitors of different or-
der has been realized. Mathematical equations have
been considered to develop the design procedure for
high pass fractional filter. The stability and sensitivity
analysis in the fractional domain has been conferred as
well. The Noise Analysis shows that the RMS value of
noise voltage at the output of the proposed filter for all
the four cases is 1.4·10−7 V for order 2, 1.62·10−7 V for
order 2.3, 1.97 · 10−7 V for order 2.6 and 3.89 · 10−7 V
for order 3 and these are relatively low in comparison
to the other reported designs. It is conjointly identified
that the RMS value of noise voltage and THD at the
output is low, whereas PSRR is at higher level for frac-
tional order circuits as compared to the corresponding
integer order circuit. Supply voltage variation analysis
shows that the output voltage varies linearly with sup-
ply voltage. The simulated results validate the work-
ing principle of the OTRA based high pass filter in the
fractional domain.
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Fig. 6: (a) PSPICE simulation results of FHPF at different values of α, β and γ (dotted lines represent the theoretical response
and simulated response is represented by solid lines). (b) Output noise analysis of FHPF at different values of α, β and
γ (dotted lines represent the RMS value of the output noise voltage and the maximum value of output noise voltage is
represented by solid lines) and (c) change of percentage THD with respect to the input voltage of FHPF at different values
of α, β and γ. (d) PSRR of FHPF at different values of α, β and γ. (e) The temperature sweep of FHPF at α = β = 0.9
and γ = 0.8. (f) Supply voltage variation analysis of FHPF at different values of α, β and γ.
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