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Abstract: In this paper, a voltage-mode first-order all-pass filter using three passive components
(one capacitor, two resistors) and one active building block (second-generation voltage conveyor)
is presented. The proposed design's ideal and non-ideal behaviors are examined to ensure it func-
tions in real-world environments. The effects of variations in capacitance and temperature on the
performance of the proposed structure are also analyzed and verified through Monte Carlo simula-
tions. The proposed device gains a patented feature of tunability when NMOS transistors replace
two passive resistors with  an  active  equivalent  design.  Moreover,  a second-order all-pass filter
is included to test the design's practical viability. The circuit validation is conducted using 0.18
µm CMOS process parameters with a ±0.9 V power supply, using the PSPICE simulation tool,
and also validated by experimental setup using IC AD844.
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1. INTRODUCTION
In electronics and communication engineering, a variety

of signal-processing applications necessitate different types
of frequency-selective circuits. Filters play a crucial role in
these applications, including oscillators, communication net-
works,  control  systems,  video  and  audio-handling  frame-
works and biomedical applications. Among various filters,
the all-pass filter (APF) is also a fundamental building block
for frequency selection. The gain of the APF is unity, mean-
ing  it  passes  all  signals  without  attenuation  in  magnitude,
but the inherent property of the APF is to produce the phase
difference between the incoming and outgoing signals. Th-
ese filters aim to alter the phase response of a signal while
minimally impacting its magnitude. Subsequently, literature
documents various filters [1-28] capable of passing all sig-
nals  without  attenuation  in  gain,  catering  to  the  diverse
needs  of  analog  design  engineers.  The  reported  filters  are
classified into four categories: single input single output [1,
2, 6-28], single input multiple output [3], multiple input sin-
gle  output  [4],  and  multiple  input  multiple  output  [5].
Among all these categories, single input single output config-
urations are particularly popular due to their versatility and
simplicity.  Achieving  optimal  performance  in  APFs,  in-
volves considerations such as input impedance, frequency re-
sponse, and power  consumption.  Various  active  building  
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blocks (ABBs) have been explored in APF designs, each of-
fering unique advantages and trade-offs. Common ABBs in-
clude current conveyors, operational amplifiers, and trans-
conductance amplifiers, among others. The choice of ABB
also significantly influences the performance characteristics
of the APF, including bandwidth, linearity, and noise perfor-
mance. Prior research has investigated different ABB config-
urations and their impact on APF performance. In [6], an al-
l-pass filter design utilizing a first-generation current convey-
or is presented. In [7], a circuit with an inverting second-gen-
eration current conveyor features one capacitor and one resis-
tor.  In  [8],  a  design  using  two  differential  voltage  current
conveyors is reported, incorporating one capacitor and one
resistor. The circuit in [9] includes a modified second-gener-
ation current conveyor with two capacitors and one resistor.
In [10],  a configuration with a universal  voltage conveyor
consists two capacitors, one resistor, and provides tunability.
The design in [11] employs a differential second-generation
current conveyor with two capacitors and one resistor. The
circuit in [12] uses a differential difference current convey-
or, implemented on an advanced technology node with three
capacitors and one resistor. In [13], a design with a differen-
tial difference dual-X second generation current conveyor is
reported, using no capacitors and one resistor. In [14], an ex-
tended  design  with  an  extra-X  second-generation  current
conveyor is presented, utilizing one capacitor and one resis-
tor. The work in [15] presents a subtractor-based circuit in
voltage mode, incorporating one capacitor and one resistor
with moderate power consumption. In [16], another design
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with an extra-X second-generation current conveyor is pre-
sented, utilizing one capacitor. In [17], a circuit using a volt-
age differencing current conveyor with two capacitors and
one resistor is discussed. The configuration in [18] is based
on a current feedback operational amplifier with five or six
resistors and one capacitor. In [19], a simple voltage-mode
circuit  utilizing  an  operational  transconductance  amplifier
with one capacitor and one resistor is presented. In [20], a
dual-X current conveyor differential-input transconductance
amplifier is used, with one capacitor and one resistor. The
design in [21] employs a current feedback operational ampli-
fier with one capacitor and one resistor. In [22], a voltage dif-
ferencing  differential-input  buffered  amplifier  is  utilized.
The circuit in [23], utilizing a differential difference dual-X
second generation current conveyor, employs a capacitor. In
[24],  a  circuit  based on extra-X second generation current
conveyor  is  implemented  with  additional  passive  compo-
nents. The designs in [25] and [26] utilize two active build-
ing blocks: a positive differential current conveyor and a dif-
ferential voltage current conveyor, respectively. The design
in [27] uses a simple architecture with a first-generation cur-

rent conveyor with three resistors and one capacitor. Howev-
er, despite these advancements, challenges remain in achiev-
ing  optimal  performances  in  terms  of  frequency  response,
power efficiency, and design complexity. Addressing these
challenges requires a deeper understanding of the underlying
circuit topologies, active building blocks, and optimization
techniques. Table 1 shows the detailed comparison between
the proposed design and voltage-mode referenced literature.

In this context, this paper aims to contribute to the ongo-
ing  research  in  APF  design  by  proposing  a  voltage  mode
first order all-pass filter (VM-FOAPF). The proposed design
achieves a compact and efficient circuit implementation by
using a single second-generation voltage conveyor (VCII).
By  minimizing  the  number  of  active  and  passive  compo-
nents,  the  proposed  VM-FOAPF  offers  improved  perfor-
mance  metrics  such  as  reduced  power  consumption,  en-
hanced frequency response, and greater tunability. The effec-
tiveness of the proposed design is demonstrated through de-
tailed theoretical analysis and simulation studies, highlight-
ing its potential for practical applications in various signal
processing systems.

Table 1. Comparison between proposed design and existing literature.

REFERENCE
MODE OF

OPERATION

ABB

COUNT
ABB TYPE

NO. OF MOS

TRANSISTORS

RESISTOR

(R)

CAPACITOR

(C)

FREQUENCY

(Hz)

POWER

(W)

SUPPLY

(V)

TECHNOLOGY

USED (µm)
TUNABILITY

EXPERIMENTAL

VALIDATION

MATCHING

CONDITION

[6] VM -- CCI -- 2 2 -- -- -- -- NO NO YES

[7] VM 1 ICCII 16 1 1 370 k -- ±2.5 0.5 NO YES YES

[8] VM 2 DVCC 36 2 1 1.5 M -- ±2.5 0.5 NO NO YES

[9] VM 1 MCCII- 21 2 1 1 M -- ±2.5 0.35 NO NO YES

[10] VM 1 UVC 40 2 1 0.795 M 5.84 m ±2.5 0.35 YES YES YES

[11] VM 1 DCCII 21 2 1 398 k 14.3 m ±2.5 0.35 NO YES YES

[12] VM 1 DDCC 12 3 1 318.3 k -- ±0.9 0.18 NO NO YES

[13] VM 1 DD-DXCCII 39 0 1 6 M -- ±1.25 0.25 YES NO NO

[14] VM 1 EXCCII 17 1 1 30 M -- ±1.25 0.25 NO YES NO

[15] VM 2 SUBTRACTOR 20 1 1 6.37 M 1.77 m ±0.75 0.13 NO YES NO

[16] VM 1 EXCCII -- 0 1 8.55 M -- -- 0.25 YES NO YES

[17] VM 1 VDCC 16 2 1 1 M 0.492 m ±0.9 0.18 YES NO YES

[18] VM
2

CFOA --
5 1 79.6 k 0.26 m

±10
-- NO YES YES

3 6 1 79.6 k 0.39 m -- NO YES YES

[19] VM 2 OTA 16 1 1 8.05 k 0.047 m ±0.4 0.18 YES YES YES

[20] VM 1 DXCCDITA 32 0 1 318 k -- ±1.25 0.35 YES YES NO

[21] VM 2 CFOA
-- 3 1 32.15 k --

±8
-- YES YES YES

-- 4 1 31.45 k -- -- YES YES YES

[22] VM 1 VD-DIBA -- 2 1 159.15 k -- ±5 -- YES YES YES

[23] VM 1 DD-DXCCII 31 0 1 76 M -- ±1.25 0.18 YES NO NO

[24] VM 1 EXCCII 23 2 2 3.18 M 0.7 m ±1.2 0.25 NO NO YES

[25] VM 2 DDCC+ 76 1 1 531.2 k/536.1 k 1.8 m ±0.9 0.18 NO YES NO

[26] VM 2 DVCC 24 2 1 1.59 M -- ±2.3 0.5 NO NO YES

[27] VM 1 CCII 5 3 1 4.54 M 0.83 m ±0.75 0.13 NO YES NO

PROPOSED

(Fig. 3)
VM 1 VCII 18 2 1 1.59 M 0.69 m ±0.9 0.18 NO YES YES

PROPOSED

(Fig. 8)
VM 1 VCII 20 0 1 2.36 M 0.66 m ±0.9 0.18 YES NO YES
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2.  OVERVIEW  OF  SECOND-GENERATION  VOLT-
AGE CONVEYOR

Second-generation voltage conveyor represents a signifi-
cant  advancement  in  analog  circuit  design,  offering  en-
hanced functionality over their predecessors, first-generation
voltage  conveyor  (VCI).  With  additional  features,  such as
working capabilities at  higher frequencies and exceptional
performance characterized by low distortion, high slew rate,
and wide bandwidth, meeting the demands of modern signal
processing  requirements  makes  VCII  highly  versatile  and
can be extensively used in a wide range of electronic sys-
tems  [28-36].  VCII's  ability  to  function  in  both  voltage-
mode and current-mode configurations further  expands its
utility, enabling designers to adapt it to diverse applications
in active filters, oscillators, instrumentation amplifiers, and
voltage-controlled oscillators. VCII is basically a dual cur-
rent conveyor; on the input side, it acts as a current buffer,
while on the output side, it behaves as a voltage buffer with
unity gain when the ideal condition is considered [28]. Ow-
ing to its inherent features, VCII has been employed in the
proposed  design  as  a  basic  building  block.  However,  it
is  to  be  noted  that  the  VCII   employed   in  the   proposed
VM-FOAPF only requires one X terminal in comparison to
the VCII reported in [28] in which two X terminals are used.
Fig. (1) shows a schematic representation of the three-termi-
nal  VCII.  Fig.  (2)  shows  the  internal  structure  of  VCII,

which  is  implemented  using  complementary  metal  oxide
semiconductor (CMOS) technology.

Fig. (1). Schematic representation of VCII [28].

The ideal terminal characteristics i.e., current-voltage re-
lationship  between  input  and  output  terminals  represented
by a matrix are described in Eq. (1).

(1)

Where, VX, VY, and VZ are the terminal voltages, and IX,
IY, and IZ are the corresponding terminal currents at nodes X,
Y, and Z, respectively.

The aspect ratio of each transistor is listed in Table 2.

Fig. (2). CMOS Implementation of VCII. (A higher resolution / colour version of this figure is available in the electronic copy of the article).

Table 2. Aspect ratios of CMOS transistors.

Transistors M1- M7 M8 - M10 M11 & M17 M12 - M14 M15 - M16 M18

W(μm)/L(μm) 40.5/0.54 13.5/0.54 81/0.54 13.5/0.54 40.5/0.54 13.5/0.54
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Fig. (3). Proposed VM-FOAPF.

3. PROPOSED ALL-PASS FILTER USING VCII
The proposed design of the VM-FOAPF utilizes a single

VCII, a single capacitor (C) and two resistors (R1 and R2), as
shown in Fig. (3).

By analyzing the proposed circuit of VM-FOAPF with
the interrelation matrix shown in Eq. (1), the expression for
the transfer function is derived and given below as:

(2)

The transfer function is modified when R2 = 2R1, is cho-
sen in the above equation. The modified transfer function of
the all-pass filter, which has a gain of unity, pole frequency,
and phase difference between the input and output signals,
are given by Eqs. (3-5), respectively.

(3)

(4)

(5)

Eq. (6) provides an indication of the circuit's sensitivity
to the resistor  and capacitor,  which is  unity  in  magnitude.
This indicates that the variation in the properties of the pas-
sive  components  has  a  minimal  impact  on  the  extent  to
which  the  circuit  operates.

(6)

4. NON-IDEAL BEHAVIOUR
In the previous section, the ideal behavior model of the

VCII is considered, scrutinizing its suitability for analyzing
the proposed VM-FOAPF circuit. However, it is imperative
to  acknowledge  the  presence  of  non-ideal  characteristics

within the VCII, as they can significantly affect circuit per-
formance. Hence, this section focuses on exploring the impli-
cations of the non-ideal effects that restrict the voltage trans-
fer gain (β) and current transfer gain (α). The non-ideal na-
ture  of  both  the  current  transfer  gain  and  voltage  transfer
gain  causes  changes  in  the  port  relationship,  necessitating
representation within a matrix form as follows:

(7)

Considering the non-idealities in the voltage and current
transfer gains as described in Eq. (7), the transfer function
can be formulated as given below.

(8)

Under non-ideal situation and with R2  = 2R1,  modified
transfer  function,  pole  frequency,  phase  difference  intro-
duced by presented filter and its sensitivity with respect to
passive components and non-ideal parameters are given in
Eqs. (9-12), respectively.

(9)

(10)

(11)

(12)

5. SIMULATION RESULTS
The functionality of the proposed VM-FOAPF shown in

Fig. (3) has been validated using Cadence PSPICE simula-
tions.  TSMC's  0.18  µm  CMOS  parameters  are  employed,
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with power supplies of ±0.9 V DC. With a bias voltage of
0.3 V DC, resistances, R1 equals to 1 kΩ, R2 equals to 2 kΩ,
and the capacitor, C equals to 0.1 nF, the theoretically calcu-
lated pole frequency is 1.59 MHz. According to Fig. (4), the
simulated pole frequency is 1.57 MHz, showing a deviation
of 1.25% from the expected value. The theoretical and simu-
lated pole frequencies exhibit a negligible difference within

acceptable limits. The proposed filter has a low power con-
sumption of 0.69 mW only. Furthermore, Fig. (5) shows the
90° phase shift between the simulated output and the applied
input  signals.  The  change  in  the  temperature  from 0°C  to
100°C, has a minimal effect on the transient and AC respons-
es of the proposed VM-FOAPF. The temperature variations
in  the  transient  and  frequency  responses  are  illustrated  in
Figs. (6) and (7), respectively.

Fig. (4). Frequency responses of the proposed VM-FOAPF. (A higher resolution / colour version of this figure is available in the electronic
copy of the article).

Fig. (5). Transient responses of the proposed VM-FOAPF. (A higher resolution / colour version of this figure is available in the electronic
copy of the article).
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Fig. (6). Impact of temperature on the transient plots of the proposed VM-FOAPF. (A higher resolution / colour version of this figure is avail-
able in the electronic copy of the article).

Fig. (7). Impact of temperature on the AC plots of the proposed VM-FOAPF. (A higher resolution / colour version of this figure is available
in the electronic copy of the article).

6. ACTIVE-C REALIZATION
Filters that do not realize active-C have significant chal-

lenges owing to their signal-processing capabilities. For ins-
tance,  they  may  exhibit  inferior  characteristics,  including
limited roll-off, decreased selectivity, and heightened sensi-
tivity  to  component  tolerances,  compared  to  their  active
counterparts. A primary concern arises from the inherent lim-

itations of passive components, which offer restricted con-
trol over key parameters, such as gain, bandwidth, and Q-fac-
tor. This constraint becomes particularly problematic when
filters  are  tailored  for  applications  with  specific  demands,
such  as  audio  processing  or  communication  systems.  The
absence  of  precious  control  over  passive  components  re-
stricts the design from meeting performance criteria, often
leading to compromise in other design aspects. Consequent-
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ly, achieving the desired results becomes challenging, poten-
tially resulting in suboptimal solutions, and necessitating ex-
tensive trial-and-error iterations during the design phase. To
solve this problem in the presented design, passive resistors
R1  and  R2  are  replaced  with  NMOS-based  active  resistors
that operate in the triode region, as shown in Fig. (8). This
can  help  overcome  some  of  the  problems  associated  with
making signal-processing devices without active-C realiza-
tion.  MOS-based  active  resistors  offer  several  advantages
over traditional passive resistors, including greater controlla-
bility  [13,  16,  30,  37,  38]  lower sensitivity  to  temperature
variation, and reduced susceptibility to electromagnetic inter-
ference. Eqs. (13) and (14), respectively, show a mathemati-
cal description of the resistance produced using NMOS tran-
sistors MRA and MRB.

(13)

(14)

Where µn represents the mobility of the electron charge
carrier, VC1 and VC2 are the control gate voltages, Cox is the
gate oxide capacitance per unit area, L denotes the gate chan-
nel length, W signifies the gate width, and VTn refers to the
threshold voltages of NMOS transistors MRA and MRB.

The  transfer  function  and  phase  angle  of  the  active-C
variant of the proposed VM-FOAPF are given in Eqs. (15)
and (16), respectively.

(15)

(16)

The active-C VM-FOAPF shown in Fig. (8) is validated
using equal combinations of process parameters, aspect ra-
tios,  and supply  voltages.  The  NMOS transistors  MRA  and
MRB are configured with W/L = 1.08 µm/0.54 µm. For simu-
lation purposes, a 0.1 nF capacitor is employed. To achieve
resistances of RMRA = 1 kΩ and RMRB = 2 kΩ, the gate control
voltages VC1 and VC2 are adjusted to 0.63 V and 0.54 V. Fig.
(9) shows the simulated phase and gain responses. If the con-
trolling voltages are varied, then the values of RMRA and RMRB

change, causing a change in pole frequency thus tunability
feature is added to proposed design. Fig. (10) shows the tuna-
bility aspect of the proposed active-C VM-FOAPF. The ef-
fect of temperature variation from 0°C to 100°C on the fre-
quency  response  plot  for  the  active-C  variant  of  the  pro-
posed VM-FOAPF is illustrated in Fig. (11), which reveals
that the gain and phase responses remained within the accept-
able range across different temperature variations.

The designs of anlog-based circuits are still complex for
designers, as there are many factors that may affect the per-
formance  of  analog  circuits,  one  of  which  is  noise,  which
can be from any reason, that is, internal and external parame-
ters. Without noise measurements, no analog design can be
processed  for  fabrication.  The  input  and  output  noises  for
the proposed design are shown in Fig. (12). As the frequen-
cy  changes,  it  is  observed  from  the  graph  that  the  output
noise is less than the input noise. The simulated input and
output noises are 0.192 nV/√Hz and 0.178 nV/√Hz, respec-
tively, at the pole frequency. Owing to the passive nature of
the capacitor, some variations can affect the pole frequency,
which is not desirable. The effect of capacitor variation on
the pole frequency can be analyzed using Monte Carlo simu-
lations with 100 runs as shown in Fig. (13). The design as-
pects for analog circuits contain many theories for phase dif-
ference analysis,  one of  which is  the Bowditch pattern,  as
shown in Fig. (14). The graph shows that the ratio between
the output and input signals is 1:1, and the simulated phase
difference between them is  90°,  which is  the  foremost  re-
quirement for all-pass filters.

Fig. (8). Proposed active-C VM-FOAPF.
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Fig. (9). Proposed active-C VM-FOAPF's simulated phase and gain responses. (A higher resolution / colour version of this figure is avail-
able in the electronic copy of the article).

Fig. (10). Tunability feature of the proposed active-C VM-FOAPF. (A higher resolution / colour version of this figure is available in the elec-
tronic copy of the article).

Fig. (11). Temperature effect on proposed active-C VM-FOAPF AC plots. (A higher resolution / colour version of this figure is available in
the electronic copy of the article).
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Fig. (12). Noise variation at input and output terminal of proposed active-C VM-FOAPF. (A higher resolution / colour version of this figure
is available in the electronic copy of the article).

Fig. (13). Monte Carlo plot of the proposed active-C VM-FOAPF. (A higher resolution / colour version of this figure is available in the elec-
tronic copy of the article).

Fig. (14). Bowditch pattern of the proposed active-C VM-FOAPF.
(A higher resolution / colour version of this figure is available in
the electronic copy of the article).

7. APPLICABILITY ASPECTS
According  to  previous  studies,  a  filter's  ability  to  se-

parate  unwanted  signals  improves  in  accordance  with  its
complexity. For instance, a second-order filter offers a more
refined  filtering  response  compared  to  a  first-order  filter,
with a stop band slope of -40 dB/decade. Leveraging the cas-
cading property [11, 25, 26, 39] of a first-order all-pass filter
allows for the practical and cost-effective construction of a
second-order all-pass filter. When designing a higher-order
filter using the cascading technique, the impedance level at
the input port of the last stage and the impedance level at the
output port of the first stage must meet the required impe-
dance-matching conditions. This implies that the impedance
characteristics of the first-order filter play an important role
in determining the feasibility of a higher-order filter exten-
sion. If the first-order filter satisfies these requirements, then
only it can  be  used  as  a  building block for a higher-order
filter  without  the  need  for  additional  buffer  stages.  The
voltage mode second order  all  pass  filter  (VM-SOAPF) is
composed of cascading two VM-FOAPF and is illustrated in
Fig.  (15).  In  Fig.  (15),  terminal  X of  VCII  has  high  input
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impedance and terminal Z offers low impedance that elimi-
nates the need for extra buffer circuitry. However, the value
of R1 may affect the impedance levels.

Eqs.  (17)  and  (18)  represent  the  transfer  function,
whereas Eqs. (19) and (20) express the phase angle and pole
frequency for VM-SOAPF.

(17)

(18)

(19)

(20)

According to Eq. (19), a second-order all-pass filter in-
duces a phase shift varying from 0° to -360° across the fre-
quency spectrum. Utilizing identical supply voltages as em-
ployed in simulating the first-order APF to validate the pro-
posed second-order  APF.  Resistors  R1  and R'1  are  set  at  1
kΩ,  while  capacitors  C  and  C'  are both configured at 0.1
nF. Fig. (16) illustrates the gain and phase responses of the
VM-SOAPF. The simulation findings determine the pole fre-
quency as 1.53 MHz. Furthermore, Fig. (17) shows the input
and output simulated transient responses at the pole frequen-
cy.

The phase shift that is provided by each block is added
during cascade operation. For instance, the first stage of an
all-pass filter  introduces a 90° phase shift,  and the second
stage of a first-order all-pass filter adds another 90°. Conse-
quently, the overall phase difference between the input and
output voltage signals of the proposed second-order filter is
180° at its pole frequency.

Fig. (15). Implementation of the VM-SOAPF by cascading two VM-FOAPF. (A higher resolution / colour version of this figure is available
in the electronic copy of the article).

Fig. (16). Frequency responses of proposed VM-SOAPF. (A higher resolution / colour version of this figure is available in the electronic
copy of the article).
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Fig. (17). Transient responses of proposed VM-SOAPF. (A higher resolution / colour version of this figure is available in the electronic copy
of the article).

8. EXPERIMENTAL VALIDATION
Several  integrated  circuits  are  commercially  available

for designing all-pass filters including, AD830 [40], LT1228
[41], and AD844 [32, 42, 43]. The experimental behavior of
the  all-pass  filter  (APF)  circuit  is  examined  using  the
AD844 IC, which is commercially available. The VCII ac-
tive device can be implemented using the commercially avai-
lable integrated circuit  (IC) AD844, as shown in Fig.  (18)
[32]. The proposed VM-FOAPF is implemented using one
AD844 IC, two resistors, and one capacitor, as illustrated in
Fig. (19). The component values are R1 = 5 kΩ, R2 = 10 kΩ,
and C = 1 nF. The DC power supply should be within ±10
V.

Fig. (18). VCII realization using IC AD844 [32]. (A higher resolu-
tion  /  colour  version  of  this  figure  is  available  in  the  electronic
copy of the article).

 

Fig.  (20)  depicts  the  transient  responses  of  the  VM-
FOAPF circuit with a 90° phase shift between the output sig-
nal waveforms and the applied sinusoidal input. The pole fre-
quency is calculated to be 31.8 kHz. However, variations in
the experimental pole frequency may occur due to the para-
sitic of the IC AD844 and the 5% tolerance of the resistors
and capacitors used in the circuit design.

Fig. (21) confirms the 90° phase shift between the input
and output signals by displaying the phase quadrature rela-
tionship in X-Y mode.

CONCLUSION
In this paper, a voltage-mode first-order all-pass filter de-

sign using three passive components (two resistors and one
capacitor) and an active building block, (VCII) is presented.
The design's ideal and non-ideal behaviors are examined to
validate its functionality in real-world scenarios. Monte Car-
lo simulations assess the impact of temperature and capaci-
tance variations on the design's performance. Additionally,
an NMOS transistor is integrated to replace a passive resis-
tor, enhancing the design's tunability. The circuit provided is
verified  using a  voltage  supply  of  ±  0.9  V and a  0.18 µm
CMOS parameter using the PSPICE tool.  Furthermore,  an
experimental  verification is conducted with AD844 ICs to
confirm the feasibility of the proposed circuit.

CURRENT AND FUTURE DEVELOPMENTS
The study described in this paper aims to advance the un-

derstanding of analog signal processing. As device miniatur-
ization is an essential objective in current electronic devices,
several  distinct  concepts,  such  as  optimized  ABB  perfor-
mance  and  signal  processing  using  oscillators  and  filters,
can  be  explored  further  by  employing  lower  technology
nodes. Novel ABB can be utilized in the future to develop
simple, compact designs that make analog engineering more
cost-effective and energy-efficient, in addition to providing
cascadable properties and tunability features.
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Fig. (19). Experimental implementation of the proposed VM-FOAPF. (A higher resolution / colour version of this figure is available in the
electronic copy of the article).

Fig. (20). Experimental transient responses of the proposed VM-FOAPF. (A higher resolution / colour version of this figure is available in
the electronic copy of the article).
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Fig. (21). Lissajous pattern of the proposed VM-FOAPF. (A higher resolution / colour version of this figure is available in the electronic
copy of the article).
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