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CHAPTER 1

INTRODUCTION

1.1 Active Building Blocks for Analog Signal Processing

The rapid development of modern integrated circuit technology has greatly increased the
need for high speed, low voltage and power Analog Signal Processing systems.
Consequently researchers have focused more on current mode and mixed mode Signal
Processing techniques. These advancements have resulted in various active building
blocks tailored for analog applications like filters, oscillators, instrumentation circuits

and communication systems.

One of the earliest and most important active components is the operational amplifier
(Op-Amp) , which has served as a key analog building block for years. While op-amps
offer high gain and good accuracy through negative feedback, their performance is
limited in high frequency applications because of restricted slew rate and gain
bandwidth product. To address these issues, current mode active elements were
developed. For example current conveyor (CC), particularly the second generation

current conveyor (CCII), which gained wide popularity.

Ongoing research has produced several modified versions of current conveyor Including
differential voltage current conveyors (DVCC), differential difference current conveyor
(DDCC), current controlled current conveyors (CCCII) and fully differential current
conveyors (FDCCII).

Another commonly used active building blocks the operational transconductance
amplifier (OTA). To improve analog signal processing capabilities, engineers develop
several hybrid active elements by combining features of existing devices. Examples

include current differencing buffered amplifier (CDBA), current differencing
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transconductance amplifier (CDTA), current conveyor transconductance amplifier

(CCTA) and current feedback operational amplifier (CFOA).

These combinations enhance circuit flexibility and decrease the number of passive

components needed for implementation. The ongoing development of active building

blocks is driven by the need for higher operating speed, low power use, better accuracy

and simple circuits.

Modern analog systems increasingly use these active elements

because they offer flexible solutions for creating multifunctional and high performance

circuits. Therefore studying and developing active building blocks continues to be a key

area of research in analog signal processing and integrated circuit design.

1.2 Classification of Filters

Filters can be classified as :

LOW PASS FILTER

HIGH PASS FILTER

-,

BAND PASS FILTER

A

-,

BAND STOP FILTER

A

-~

LS

-

ALL PASS FILTER

The importance of active filters include providing high power gain and high speed

performance.
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1.2.1 Low pass filters:

They allow low frequency signals to pass while attenuating those that exceed the
cutoff/pole/resonance frequency. The standard transfer function equation for biquad LPF

can be written as

TF (s) = ———— (1.1)

Low Pass Filter

1 (0 dB) -

0.707 -
(-3 dB)

 (rad/s)

c
Passband Stopband

Fig. 1.1 Low Pass Filter Response Graph

1.2.2 High pass filters:

They allow high frequency signals above a certain cutoff/pole/resonance frequency
while reducing the strength of lower frequencies. The standard transfer function

equation for biquad HPF can be written as:

K.s2
TFHP(S) = Zw—sz (12)

0
s + QS+(L)O
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Fig. 1.2 High Pass Filter Response Graph
1.2.3 Band pass filters:

They allow signals with a specific to pass while filtering out those that are not in range.

The standard transfer function equation for biquad BPF can be written as:

K.
TF_ (5) = (1.3)

2 w
S5t
Q 0
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Fig. 1.3 Band Pass Filter Response Graph
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1.2.4 Band stop filters:

Also called Notch filter, can block a band of frequencies while allowing other
frequencies. They are further classified as wide and narrow band stop filters. The

standard transfer function equation for biquad BRF can be written as:

TF ( ) K(sz—i-oo ) (1 4)
S = .
BS sﬁ—%s—i—m g
'H(‘{w)l Band Stop Filter
1 {0dB) 4 =g = == o e mim e m e e mim e
0.707 J .
(-3 dB) i
0 . >

@o ) o (rad/s)

Passband B Stopband Passband

Fig. 1.4 Band Stop Filter Response Graph

1.2.5 All pass filters:

They permit all frequencies to pass through it. The standard transfer function equation

for biquad APF can be written as:

K (sz—%sﬂuoz)
TF,(8) =——

S +——s+w
Q 0

(1.5)
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Fig. 1.5 All Pass Filter Response Graph

1.3 General Description of AD844

It is a high speed monolithic op-amp made utilizing Analog Devices. Although it is used

as an inverting mode amplifier but it can also be used as a non inverting amplifier in

certain applications. AD844 is a low cost component that provides both good ac and dc

performances. It is free from slew rate limitations and can be operated from +4.5V to +

18V power supply. Its applications include Flash ADC input amplifiers, Pulse

Amplifiers, High speed current DAC interfaces etc.

NULL
-=IN
+IN

-Vg
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1.4 Introduction to this work

One of the most crucial components of modern electronics and communication systems
is the analog filter. Signal conditioning, biomedical instrumentation, communication
receivers, audio processing, control systems, oscillators, equalizers, radar systems and
waveform shaping circuits are just a few of the many uses for them. Depending on the
frequency range allowed to pass through the circuit, filters are generally classified as
low pass, high pass, band pass, band reject and all pass filters. Because of its greater
selectivity, frequency response control and ability to achieve higher order filtering
functions through cascade techniques, second order or biquadratic filters hold a

prominent position among these.

Traditionally, active filters were realized using voltage operational amplifiers (VOA).
VOA- based filters have a number of drawbacks, including a limited slew rate, a
limited gain bandwidth product and poor high frequency response, even though they
provide acceptable performance at low and moderate frequencies. When wide
bandwidth and improved dynamic performance are needed in today's high speed
analogue system, these disadvantages become more noticeable. Current Feedback
Operational Amplifiers (CFOA), a current mode active building block, have attracted
considerable attention from researchers in order to circumvent these restrictions. CFOAs
have high slew rate, broad bandwidth, excellent dynamic properties and low output

impedance therefore they are ideal for high frequency analog signal processing.

It is structurally derived from the second generation current conveyor (CCII+), followed

by a voltage buffer connected at the Z terminal.

Over the past few decades, significant research has focused on the development of
CFOA-based multifunctional and universal filters. Researchers have focused on
establishing mixed mode operation, reducing sensitivity, enhancing high frequency
performance and tunability and reducing the number of components. The use of CFOAs
has been made to report different types of universal filter structures that can provide low

pass, band pass, high pass, band reject and all pass filter configurations. Grounded
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capacitors, which reduce parasitic effects and occupy less silicon area, are used in many

of these circuits, making them ideal for IC fabrication.

Mixed mode filters’ realization is another major trend in filter design of today’s
scenario. Mixed mode filters can concurrently perform voltage mode, current mode,
transadmittance and transimpedance mode operations, in contrast to traditional single

mode filters that only function in voltage mode.

This paper proposes a novel mixed mode biquadratic universal filter configuration based
on CFOA. To achieve second order filtering operations, this suggested design makes
use of a set of resistors, grounded capacitors and 5 CFOAs. Without changing the circuit
architecture, the circuit can simultaneously provide high pass, low pass, band pass and
band reject responses in voltage mode, current mode, transadmittance mode and

transimpedance mode.

The filter is designed for butterworth response characteristics and validated through

OrCAD Pspice using the AD844 library.
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CHAPTER 2

LITERATURE REVIEW

2.1 First Order Filters

First order filters and second order filters are essential components of analog signal
processing systems and are widely used in oscillators, control applications, biomedical
electronics, communication systems, phase equalization and waveform shaping. Due to
its wide bandwidth, high slew rate, low output impedance and better high frequency
performance than traditional voltage operational amplifiers, the current feedback
operational amplifiers (CFOA) has become one of the most appealing active building
blocks for filter realization. Compact, low component count, mixed mode electronically
adjustable filter designs using CFOAs have been the focus of significant research efforts

in recent years.

The development of CFOA based first order universal filters in addition to offering low
pass(LP), high pass(HP), all pass(AP) responses from a single topology, these filters
have grown in significance because they are crucial building blocks for the realization of
higher order filters, oscillators, phase shifters, equalizers and communication circuits.
Researchers have mostly concentrated on enhancing aspects such as circuit simplicity,
less active and passive components, grounded passive element utilisation, independent
tunability, mixed mode operation and improved cascadability, according to a survey of

recent literature.

Two Innovative CFOA based first order voltage mode universal filter designs that can
achieve low pass, high pass and all pass responses with the fewest passive components
were presented by Dogan et al. In order to ensure easy cascading capabilities, the

suggested circuits use an additional unity gain inverting amplifier and provide both high
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input impedance and low output impedance characteristics. A single resistor and
capacitor are used in one of the suggested filters, whereas grounded resistors and a
capacitor are used in the second topology, which makes the design more appropriate for
integrated circuit implementation. The authors noticed that many previous first order
voltage mode filters either lacked universality, required many active devices, suffered
from passive component matching restrictions or did not offer low output impedance

characteristics.

Without requiring circuit alteration Dogan’s initial suggested arrangement achieves low
pass, high pass and all pass responses by carefully choosing input terminals. The transfer
functions show that the pole frequency has low passive sensitivity and is dependent on
the passive RC product. The derivation of the quadrature oscillator circuits from the
suggested filter architectures is another significant contribution of this work. The impact
of non ideal CFOA gains and parasitic impedance on the filter response were also
examined. The theoretical approach was validated experimentally using commercially
available AD844 ICs and through extensive Spice simulations. The study showed that
the CFOA based first order filters can preserve desired impedance characteristics while

achieving high frequency operation with less complexity.[1]

Two simple mixed mode first order universal filter designs using CFOAs were presented
by Bhaskar et al. The suggested structures concurrently support voltage mode (VM),
current mode(CM), transadmittance mode(TAM) and transimpedance mode(TIM)
operations in contrast to traditional single mode filters. The second configuration
achieves the identical responses in current and transimpedance mode whereas the first
configuration produces low pass, high pass and all pass functions in voltage and
transadmittance mode. This mixed mode capability increases circuits adaptability and

usefulness to a great extent in modern analog signal processing system scenarios.

An important advantage is that grounded capacitors are simpler to design and take up
less chip space area than floating capacitors. Most of the filter configurations require
only one CFOA, three resistors and a grounded capacitor. Therefore, their use is

particularly advantageous from a standard integrated circuit construction perspective.
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The independent tunability of gain and pole frequency is another important feature of
this work. Practical tunability was limited in many previous filter designs because
changes in the pole frequency concurrently influenced the gain. However, by
independently adjusting resistor values, the suggested combinations get around this

restriction [2].

Additionally, a thorough comparison with previously published first order universal
filters was conducted by the authors. It was demonstrated that many previous designs
relied on non commercially accessible active devices, needed several active building
blocks, lacked grounded capacitors or failed to provide appropriate input/output
impedance levels for cascading. The suggested circuits, on the other hand, accomplished
mixed mode functioning with less hardware complexity by using widely available
AD844 type CFOAs. Further evidence of satisfactory match between theoretical and
practical outcomes came from PSpice simulations and experimental verification. The
development of small, multipurpose CFOA based Universal filters appropriate for

contemporary integrated analog systems was greatly aided by this study [2].

Raj et al. extended the functionality of previously proposed CFOA based all pass filters
to realize first order universal filters that can simultaneously provide low pass, high pass
and all pass responses by expanding the capability of previously proposed CFOA based
all pass filters. The increasing need for multifunctional active filters with grounded
capacitors, low output impedance, high input impedance and tunable frequency
characteristics drove the suggested work. Although a number of first order universal
filters had previously been documented in the literature, the authors noted that only few
configurations concurrently met all practical requirements, including gain
controllability, commercial realizability, ease of cascading, and grounded passive

elements [3].

The suggested configurations are generated through appropriate modifications of
previous all-pass filter architectures and use of two CFOAs and a grounded capacitor.
The thorough analysis and categorization of previous first order universal filters in both

current mode and voltage mode is a significant contribution of this work. Based on
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factors such as operational mode, active element count, passive element count, grounded
capacitor usage, tunability and impedance characteristics, the authors compared a
variety of previously published designs. The comparison analysis demonstrated the
benefits of the suggested designs and pointed out the shortcomings of the previous

circuits [3].

Another important factor is the tunability of gain and pool frequency both at the same
time of the suggested filters. Due to the high input impedance and low output impedance
the suggested configurations are perfect for cascade realization. The usefulness of
CFOA based universal filters for analog signal processing applications was validated
through ADS844 integrated circuit CFOA. The outputs of the experiments performed

closely matched to that of theoretical results.

Nako in [4] proposed first order universal shadow filters using the active building
block-CFOA, with scaled time dependent constants. Without changing the basic filter
structure or without reconfiguration he established the idea of shadow filtering to scale
the effective time constant, in contrast to traditional first order filters where the time
constant depends directly on the RC product. This method is generally used where very
high RC values are needed.

The application of CFOA compared to comparable operational amplifier or current
conveyor realisations significantly decreased the amount of active and passive
components needed. Furthermore, the suggested structures demonstrated low output
impedance and high input impedance characteristics, guaranteeing superior cascadability
for implementation of higher order filters. The efficiency of the suggested shadow
filtering idea was confirmed by simulation and experimental findings. Additionally, the
work illustrated a useful biomedical application that uses a field programmable analog
array (FPAA) to create a high pass filter that removes base line drift from ECG signals.
Through the integration of shadow filtering ideas with CFOA based architecture the

study presented a novel approach to first order filter realisation[4].

The previously mentioned research makes clear that the main goals of current research

trends in CFOA based first order filter design are multifunctionality, lower component
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counts, mixed mode operation, high frequency performance, tunability and enhanced
impedance characteristics. Previous first order filters frequently had problems like high
active device consumption, no grounded capacitors, few operating modes, low
cascadability and no independent tuning capability. Through creative applications of
CFOA and enhanced filter designs, the evaluated studies addressed many of these

1SSues.

The growing focus on mixed mode and universal filter realisation is a recurring theme in
the evaluated studies. With the ability to function in voltage, current, transadmittance
and transimpedance modes, mixed mode filters offer more adaptability for connecting to
a variety of analog systems. Additionally, the suggested circuits are economically
feasible and empirically verifiable due to commercially available AD844 CFOAs. These
circuits are better suited for monolithic integrated circuit implementation when

grounded capacitors and grounded resistors are used.

From the previous literature, the use of first order filters as fundamental components for
implementing higher order systems like quadrature oscillators, multi phase oscillators,
equalizers and biquad filters is another significant conclusion. Several writers
demonstrated the multifunctional applicability of these designs by directly driving
oscillator structures from their suggested filter settings. For reliable practical operation,
low sensitivity characteristics and parasitic impedance analysis are still crucial factors to

take into account.

There are still several research gaps in the field of CFOA based active filter design,
despite notable progress. Many documented first order universal filters do not
concurrently provide all mixed mode functions and instead concentrate mostly on
voltage mode operation. Certain configurations still include passive matching limits or
need for several active devices. Additionally, while shadow filtering and tunability
methods have been studied for the first order structures, their applications to the
implementation of compact mixed mode biquad filters has received comparatively less

attention. The development of CFOA based mixed mode biquad active filter designs

itin Page 15 of 55 - Al Writing Submission Submission ID  trn:oid:::1:3581675595
¢



Z'l__l turnitin  Page 16 of 55 - Al Writing Submission Submission ID trn:oid::1:3581675595

with lower complexity, universal operation, electrical tunability, low sensitivity and

integrated circuit compatibility is encouraged by these limits.

Therefore the current work on CFOA mixed mode biquad active filter designs has a
solid foundation. The development of multifunctional mixed mode structures from basic
first order universal filters illustrates the increasing significance of CFOA in
contemporary analog signal processing applications. These studies’ conclusions and
limits offer important direction for creating better biquad filter topologies with better

real world applications.
2.2 Second Order Filters

Due to their wide range of uses in communication systems, biomedical instrumentation,
audio processing, oscillators, equalizers,, phase shifters, sensor interfaces and control
systems, second order active filters and universal biquad structures are among the most
significant classes of analog signal processing circuits. Thus , during the past thirty years
there has been constant research interest in the development of small, low power, high
frequency and multifunction active filters. The current feedback operational amplifier
(CFOA) has become one of the most popular active building blocks because of its
superior slew rate, wide bandwidth, high speed operation, low output impedance and

practical implementation using commercially available AD844 integrated circuits.

In contrast to traditional voltage operational amplifiers, which have gain bandwidth
constraints, CFOA are very appealing for the implementation of high frequency filters
because they offer almost constant bandwidth irrespective of closed loop gain. As a
result numerous CFOA based universal and multifunction filters reported in literature
have an objective to improve tunability, support mixed mode operation, minimize

sensitivity, increase cascadability and decrease component count.

One of the earlier contributions by Liu and Wu in this field suggested a novel CFOA
based universal biquadratic filter that makes use of two current feedback amplifiers. All
five common second order filter responses—low pass(LP), high pass(HP), band pass(BP),

notch and all pass(AP) responses were accomplished by the suggested construction.
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Compared to previous realizations, the circuit's hardware complexity was lower because
it only used two CFOAs and six passive components.An additional key result from this
research was the independent controllability of the natural frequency and the quality
factor. Here, a grounded capacitor was utilized to individually vary the natural frequency
and similarly an individual resistor can independently vary the quality factor. In
addition, because of moderate sensitivity in both the active and passive components, the
filter has been shown to have increased practical robustness with respect to variations in
the values of its components. Experimentation confirmed that the theoretical studies on

CFOA application to analog filters are valid [5].

Abuelma’atti and Al Zaher proposed utilizing two current feedback amplifiers in order
to build another universal voltage mode second order filter. Using only five passive parts
(three resistors and two capacitors), they were able to implement low pass, high pass,
band pass, notch and all pass configurations. One of the major benefits was that it
allowed orthogonal tuning of the quality factor and resonance frequency along with
individual control of natural frequency and bandwidth. In addition, the circuit had a low
output impedance allowing easy cascadability as well as realization of higher order
filters. As stated by the authors, a number of prior circuits utilized either a larger number
of elements or required changes to the passive component configuration to achieve
multiple different filter responses. Conversely, the authors demonstrated how their
proposed configuration can achieve all pass filter response types without requiring
rearrangement of the passive element configuration or topology. Due to relatively low
levels of both active and passive sensitivities, the authors felt that the proposed design

would be quite practical.

Horng developed a large variety of multifunctional and universal CFOA-based filter
configurations. The use of current feedback operational amplifiers was proposed by
Horng in one of his contributions for creating a high input impedance voltage mode low
pass, band pass and high pass filter. Four resistors (three grounded and one floating) and
three grounded capacitors were used in the circuit to achieve low pass, high pass and
band pass responses. The system maintained low active and passive sensitivities while

offering orthogonal control over resonance frequency and quality factor. The topology
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was improved by the inclusion of grounded capacitors for integrated -circuit
implementation, also low output impedance of circuit features enhanced its

cascadability[7].

With just one CFOA and a voltage follower Horng proposed a voltage mode
multifunction filter in another work of his. With just two capacitors and two resistors,
the filter was able to achieve low pass, high pass, band pass, notch and all pass
responses from the same circuit layout. The circuit provided orthogonal tuning of natural
frequency and bandwidth without imposing any component matching requirements.
Reducing the number of active and passive components while maintaining universality
and low sensitivity features was one of this topology’s main benefits. This work showed

that CFOAs might be used to construct multifunction filters with low circuit complexity

[8].

Horng also proposed a new universal voltage mode filter using current feedback
amplifiers. All standard second order filter responses were realised by the configuration
without the need for component matching requirements. Resonance frequency and
bandwidth of the filter were orthogonally tuned and the circuit had characteristics of low
sensitivity. Cascading was made possible because of the low output impedance without
adding any extra buffer stages. The proposed circuit, when compared to previous
universal biquad filters structures, was greatlty improved in compactness as it
minimised the number of passive components with help of only 2 capacitors, two

resistors and two CFOAs [9].

Later research efforts concentrated on enhancing the practical realisation elements of
universal biquads, especially with regard to orthogonal tune ability and grounded
capacitor implementation. A multiple input single output (MISO) universal biquad
filter implemented with CFOAs was proposed by Nikoloudis and Psychalinos. A
number of issues with previous MISO universal biquads were resolved by the
proposed topology. Floating capacitors were necessary for many earlier designs, which
reduced performance because of parasitic effects and difficult integrated

implementation. Only grounded capacitors were used in the suggested circuit, which
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allowed for orthogonal modification of the resonant frequency and quality factor.
Additionally, The design removed input signal value constraints that were present in
previous topologies. The efficacy of the suggested design was verified experimentally

using commercially available AD844 CFOA IC [10].

Bhaskar, Raj and Senani introduced three novel CFOA based SIMO type universal
active filter configurations, which represent another significant breakthrough. From a
single topology, second order universal active filters simultaneously realize low pass,
high pass, band pass, band reject and all pass responses . Four CFOAs and two
capacitors were used in the suggested circuit, which offered essentially infinite input
impedance and zero output impedance.Application using voltage mode cascade greatly
benefited from  such impedance  characteristics. Additionally, the suggested
configuration included quality factor, gain and pole frequency to tunability.None of the
previously published SIMO type CFOA based universal filters concurrently offered all
these advantages with such a lower component count, the authors emphasized. The

theoretical performance was confirmed by experimental results using AD844 ICs [11].

The second order multifunction filter integrated circuit based on CFOAs with
independent voltage gain control was designed by Chen et al. This work concentrated on
full integrated circuit realisation utilizing 0.18um CMOS technology, in contrast to
much earlier research that only employed simulations or discrete commercial IC
implementations.The suggested voltage mode multifunction filter concurrently achieved
low pass, inverted band pass and bandstop responses using two grounded capacitors and
four resistors. The independent gain controllability of various filter responses was one of
this work’s main accomplishments. Additionally, the bandwidth and quality factor were
adjusted orthogonally. With this study an important step towards practical monolithic
integration of CFOA based multifunction filters was taken as the integrated circuit

showed low power dissipation, good linearity and good phase noise performance.[12].

Chen, Wey, Wu, Wang and Chen made a more recent contribution in the literature in
which they suggested a novel universal active filter with the help of commercially

available AD844 CFOA ICs. Three CFOAs, two grounded capacitors and six resistors
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were used in the suggested voltage mode universal active filter. Low pass, high pass,
band pass, band reject and all pass responses were simultaneously produced by the
circuit using the same setup. The suggested filter produced all responses without the
need for extra switching circuitry, in contrast to previous topologies that needed
switches or voltage inverters for all pass realization. Direct cascading was made possible
by the topology’s high input impedance and low output impedance features. The
design’s implementation as a CFOA based device, which offered greater integration and
reduced power consumption in comparison to discrete AD844 implementations, was

another crucial component [13].

CFOA based fully orthogonal universal and multifunction filters in voltage mode and
current mode topologies were presented by Dogan et al. The authors suggested a current
mode SIMO multifunction filter with two CFOAs and voltage follower. The proposed
structure provided minimum sensitivities, no passive elements matching requirements
and orthogonal control of resonance frequency and quality factor. With low output
impedance the voltage mode filter achieved low pass, high pass, band pass, band reject
and all pass responses. By slightly altering the voltage mode structure, the current
mode multifunction filter was obtained. The suggested circuits’ practical applicability

was validated by experimental testing utilizing AD844 ICs [14].

Inverse active filters using CFOA were investigated by Gupta et al. Regarding the
correction of signal distortions in control and communication systems. Commercially
available AD844 CFOAs were used to implement the suggested inverse low pass,
inverse band pass, inverse high pass and inverse band reject filters. The work
demonstrated how CFOAs may be used to realize both typical filter structures and
specific inverse transfer functions needed for sophisticated analog signal processing

applications [15].

Tangsrirat and Surakampontorn proposed a universal biquad filter and single resistance
controlled quadrature oscillator using a minimum amount of passive components and
just two CFOAs. Without the need for component matching limitations, the suggested

universal biquad filter achieved all common second order filtering responses such as low

Z'l—.l turnltln Page 20 of 55 - Al Writing Submission Submission ID  trn:oid:::1:3581675595



Z'l__l turnitin  Page 21 of 55 - Al Writing Submission Submission ID trn:oid::1:3581675595

pass, high pass, band pass band reject and all pass features. The orthogonal control of
natural frequency and bandwidth was a major benefit of the proposed circuit. The circuit
is appropriate for integrated implementations and cascading operations, according to the
authors, because of grounded capacitors and low output impedance nodes. Results from

experiments and Pspice simulations using AD844 CFOA IC were validated [16].

Using single specific CFOA(SCFOA) Erkan Yuce developed a completely integrable
mixed mode universal biquad filter. Depending on the input option, the circuit might
function in both current mode and voltage mode. While all pass and high pass responses
were acquired by appropriate current interconnections. Low pass, band pass and notch
responses were simultaneously provided by the suggested current mode filter. All
universal filter functions could be produced by the virtual machine in realization. The
independent management of resonance frequency and quality factor was one of the key
characteristics of the suggested topology. Additionally, the use of grounded passive
elements decreased parasitic effects and improved IC compatibility. The study showed
that the circuit flexibility in analog signal processing systems is greatly increased by

mixed mode operation [17].

Because of CFOAs applications in phase shifters, equalizers, oscillators, communication
systems and all pass filter realizations it has also received a lot of attention. Senani, P
Kumar and Bhaskar proposed several first order all pass filter designs using just two
CFOAs and grounded capacitors. The circuit’s performance was confirmed by hardware
implementation, Spice simulations and non-ideal analysis. The study emphasized that all
pass filters are essential building blocks for synthesis of higher order active filters and
their realization of quadrature and multiphase oscillators. The proposed circuit used
fewer passive components and provided ideally infinite input impedance when

compared to previous structures in the literature [18].

Mixed mode and multifunction universal filters that can simultaneously realize VM,
CM, TAM and TIM responses have been a major focus of recent studies. Dogan, Yuce
and Minaei made a significant contribution in this regard by proposing a second order

current mode universal filter that can produce all pass, low pass, high pass, bandpass and
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notch responses. While avoiding passive component matching criteria for the majority
of filtering operations, their circuits made use of grounded capacitors and few
components. The LP and HP outputs were subtracted to generate the notch response, and
the BP output was subtracted from notch response to create all pass response. In
multifunction filter design, this technique of deriving all pass and notch characteristics

from fundamental filter outputs has gained popularity [19].

In addition to addressing high frequency compensation methods to account for parasitic
impedances related to CFOAs AK Singh and Senani suggested a CFOA based state
variable biquad.When compared to previously published CFOA based biquads, the
circuit showed better performance. Because they simultaneously produce LP, BP and
HP outputs with low sensitivity characteristics, state variable filters are particularly
significant. The authors used spice simulation based on macro models to confirm the

feasibility of the suggested circuit [20].

VK Singh, AK Singh, Bhaskar and Senani proposed revolutionary mixed mode
universal biquad that can simultaneously realise all five typical filtering responses in
VM, CM, TAM and TIM modes, marking a significant advancement in CFOA based
mixed mode filter design. Their topology was appropriate for integrated implementation
because it used two grounded capacitors and four CFOAs. The study highlighted that the
suggested setup provided full mixed mode capabilities when compared to previous
CFOA based filters which typically only allowed 1 or 2 operational modes. The
practical viability of the circuit was validated through experimental verification with

AD844 CFOA library [21].

Wang et al. made another significant addition by proposing a high input impedance
voltage mode multifunction biquadratic filter that uses two grounded capacitors, three
resistors and three CFOAs. The circuit produced non inverting LP, BP and BR outputs
at the same time. With the right excitation, HP and inverting BP outputs could also be
obtained. The filter’s high input ingredients characteristic made it very helpful for

cascading applications and it provided orthogonal control of resonance frequency and
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quality factor. A voltage mode quadrature oscillator with independently controlled

oscillation frequency and condition was also realized using the same design [22].

In addition to filter realization, CFOAs have also been widely used in circuits for
impedance and inductance simulators. Using CFOA Meghna et al. proposed floating
parallel lossy inductance and capacitance simulators. These simulators were used in
compensator circuits and higher order butterworth filter designs. The work demonstrated
how CFOA based synthetic immittance circuits can achieve electronically adjustable
passive counterparts without the need for physical inductors, increasing integrability and

decreasing circuit space [23].

Tammam et al. examined the internal structure, dynamic responsiveness, bandwidth
behaviour and common mode rejection properties of CFOAs in their critical theoretical
analysis of CFOA topologies. The study examined how improved high frequency
performance is a result of CFOAs’ current mode functioning and low input impedance at
X terminal. In order to further enhance bandwidth performance and reduce the impact of
early effect, the study also suggested architectural modification utilising bootstrapping

techniques [24].

Using CFOAs with grounded capacitors and orthogonal tuning capability, Nikoloudis
and Psychalinos developed a multiple input single output universal biquad. Their
suggested filter removed restrictions on input signal values while concurrently providing
LP, HP, BP band stop and all pass responses. The authors emphasized the great utility of
universal biquads in real world analog signal processing systems including touch tone

telephone circuits, phase locked loops and communication systems [25].

A second order mixed mode multi input single output universal filter with three CFOAs,
grounded capacitors and a few resistors was recently proposed by Alpasan [26]. The
circuit produced all five common filter responses and enabled VM, CM, TAM and TIM
operations. In addition to reviewing previously published second order universal filters
in terms of operating mode, component count, grounded elements and implementation
complexity the research pointed out the significance of mixed mode operation in modern

day analog systems.
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Soliman and Madian emphasized thorough analysis of MOS-C Kerwin Huelsman
Newcomb (KHN) filter realizations employing CFOA [27]. It was beneficial in high
frequency applications. Mixed mode universal filter configurations also saw significant
improvements. Using a particular CFOA structure, Yuce proposed a fully integrable
mixed mode universal biquad that can operate in both current and voltage mode with
orthogonal control of resonance frequency and quality factor [28]. Liu presented a
universal filter that uses two current feedback amplifiers to achieve typical biquadratic

filtering responses with less circuit complexity [29].

The development of a universal voltage mode/ current mode biquad filter utilizing
CFOAs by Senani and Gupta later made a substantial contribution to mixed operating
mode filtering architectures [30]. A two CFOA based multifunction circuit with fewer
passive components and improved multifunction capacity was recently proposed by
Senani [31]. He also proposed a number of innovative CFOA based topologies with an
emphasis on high frequency operation and fewer components for analog signal

processing and signal generating applications in [32].

In the early 2000s, research on CFOA based multifunction and universal biquad filters
received a lot of attention. NA Shah presented a flexible voltage mode CFOA based
universal filter that can accomplish several filtering tasks without needing a lot of
passive components. In order to improve cascade compatibility and practical
implementation flexibility in [33]. He later presented a high input impedance voltage
mode low pass, band pass and high pass filter employing current feedback amplifiers
[34]. Furthermore, he expanded CFOA applications in [35] into hybrid active element
filter architectures by creating voltage/current mode universal filters employing FTFN
and CFOA. By creating voltage mode, current mode, transadmittance mode and
transimpedance mode universal biquad filters utilizing plus type current feedback
amplifiers, NA Shah considerably increased the operational capability of CFOA filters
[36].

In order to increase integrability and reduce sensitivity issues, Sharma and Senani

designed multifunction current mode and voltage mode biquads using single CFOA
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with grounded capacitors [37]. In a different contribution Sharma and Senani created
universal current mode biquads with just one CFOA reducing the amount of active

components used while preserving multifunctionality [38].

A new universal biquad using CFOA was proposed by VK Singh and Senani [39] with
grounded capacitors and low sensitivity characteristics; it can implement conventional
second order filtering operations. A significant improvement in multifunction CFOA
filter design was later made when VK Singh et al. proposed a unique mixed mode
universal biquad structure that could simultaneously realise voltage mode, current mode,

transadmittance and transimpedance mode responses [40].

Additionally, Soliman thoroughly examined how current feedback operational amplifiers
are used in analog integrated circuits, highlighting its applicability for high speed
analog filter and oscillator realizations [41]. Using current feedback amplifiers,
Topaloglu et al. introduced three input single output second order filters that allow for

the flexible realization of various filter responses through input selection [42].

SF Wang et al. [43] subsequently presented a voltage mode multifunction biquadratic
filter and quadrature oscillator employing grounded capacitance and CFOAs with
orthogonal tuning capability. A high input impedance voltage mode multifunction filter
that may concurrently provide many filtering responses appropriate for cascade
applications was proposed by SF Wang in [44]. Wu et al. previously demonstrated the
adaptability  of current feedback amplifiers in achieving multifunction filtering
operations by proposing a CFOA based universal filter developed from mason graph

synthesis [45].

Table 1.1 Comparative features of the second order universal filter configurations

Reference | Name & [ Grounded | Number of | Operational Filters Realized
Number of | Capacitors | Resistors Modes
Actice Building | Used
Blocks
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[46] 50TA YES VM, CM, | AP, BP, LP, HP,
TRM, TCM BR

[47] 2-3 0TA YES VM AP, BP, LP, HP

[48] 1 VDCC YES VM AP, BP, LP, HP,
BR

[49] 3 VCII YES VM AP, BP, LP, HP,
BR

[50] 1 DDCC YES CM AP, BP, LP, HP,
BR

[11] 4 CFOA YES VM AP, BP, LP, HP,
BR

[51] 1 VDDDA YES VM BP

[52] 1 VDDDA YES VM BP, LP, HP

[53] 2 VCII YES VM, CM AP, BP, LP, HP

[54] 2 M-CCCCTA | YES VM AP, BP, LP, HP

[55] 2 CCII YES CM BR, BP, LP, HP

[56] 2 CCII YES CM BP

[57] 3 OTRA NO VM LP, BP, HP

[58] 50TA YES VM AP, BP, LP, HP,
BR

[59] 2-MCCCCTA | YES TCM AP, BP, LP, HP,
BR
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[60] 3 CFOA YES 4 VM AP, BP, LP, HP

[61] DXCCTA YES 0 CM BP, LP, HP

[62] 2 OTA NO 0 VM BP, LP, HP

[63] 2 VD-DIBA YES 2 VM AP, BP, LP, HP,
BR

[64] 1 VDCC YES 2 VM, CM AP, BP, LP, HP,
BR

[65] 2 VD-DIBA YES 0 VM AP, BP, LP, HP,
BR

[66] 4 OTA YES 0 VM AP, BP, LP, HP,
BR

[67] 1 CFTA YES 0 CM AP, BP, LP, HP,
BR

[68] 1 DVCCTA YES 3 CM, TIM AP, BP, LP, HP,
BR

[69] 2 VDBA YES 0 VM AP, BP, LP, HP,
BR

This work | 5 CFOA YES 11 VM, CM, | LP, HP, BP, BR

TAM,TIM

The literature research demonstrates how CFOA based first order and second order
filter designs have evolved over the time. The research reveals the number of common
benefits of CFOA based filter structures. Collectively, contributions demonstrate that
CFOA based filters offer substantial advantages over traditional voltage operational

amplifiers. These advantages include low output impedance, reduced component usage,
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orthogonal tuning, grounded capacitor implementation, low sensitivity, wider
bandwidth, higher slew rate which makes them suitable for high frequency performance
and support for VM, CM, TAM and TIM operations, all of which make them ideal for

contemporary analog signal processing applications.

There are still certain research gaps and limitations despite significant progress. Multiple
active devices are needed for many reported universal biquad structures, which increases
silicon area and power consumption. Some topologies still include passive element
matching limitations or floating capacitors, which make practical implementation more

difficult.

For biquad structures, mixed mode operations that support VM, CM, TAM and TIM
concurrently still comparatively remain less explored. Therefore there is a lot of room to

design better mixed mode biquad active filter configurations by using CFOA.
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CHAPTER 3

THE PROPOSED BIQUAD UNIVERSAL FILTER TOPOLOGY

3.1 Basic Concept of CFOA

As seen in Figure 1, the Current Feedback Operational Amplifier (CFOA) is a four port
active component that has two input ports (X and Y) and two output ports (Z and W).

Fig. 3.1 Symbolic Representation of CFOA

It is structurally derived from the second generation current conveyor (CCII+) which is
followed by a voltage buffer stage connected at the Z terminal. Its characteristics can be

presented as following matrix equation:
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L,:'I 000
'
1z a 00 -‘
= Vy

Vy 0p0
Vz

Vw 00y

(3.1)

a, B and n are frequency dependent non- ideal gains in the above equation. Under ideal
conditions, all are equal to one. Thus, assuming ideal analysis of CFOA the terminal

relations are defined as:

I,=0, Vx=Vy, I;=1k, V4=V, (3-2)

3.2 CFOA Integrator

The core of proposed topology utilizes a single CFOA based inverting integrator, shown
in figure 2, where the integrating capacitor is connected at the high impedance Z
terminal of the CFOA and the input signal is applied to low impedance X terminal via a
resistor. The current entering the X terminal is transferred to the Z terminal in this

configuration, with Y terminal grounded [70]. Its transfer function is given by:

2 =— (3.3)

Page 30 of 55 - Al Writing Submission

Submission ID trn:oid:::1:3581675595

Submission ID trn:oid:::1:3581675595



Z'l__l turnitin  Page 31 of 55 - Al Writing Submission Submission ID trn:oid::1:3581675595

Fig 3.2. CFOA Based Inverting Integrator

3.3 The Proposed Configuration

Five CFOAs, eleven resistors including feedback resistors and two grounded capacitors
are used in the proposed structure to create a second order mixed mode filter. The circuit
is primarily composed of two cascaded CFOA based integrator stages after a summing
amplifier stage. The input signal V;, is applied through resistor R;, in CFOA 1, which
serves as input summing block. Feedback signals from the following stages are supplied
back through RyRgy, and Rg,. Grounded capacitors C, and C, are used to create
integrator stages from the outputs of CFOA 2 and 3. High pass, band pass and low pass
responses are produced by the outputs Vg, Vo, and V; respectively. Furthermore, CM
and TAM filter responses can be realized because of CFOA 4 and 5 which are voltage to
current converters. VM, CM, TAM and TIM filtering operations can all be realized

simultaneously in the suggested circuit.
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Fig 3.3. Proposed Circuit
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3.4 Mixed-mode Transfer Functions

D o ! ! 3.4
s)=s|=—- 1|+ s——+ . )
(s) ( R, ) Rt TR (3.4)
where, T = R1C1 (3.5)
and T,=R,C, (3.6)
3.4.1 VM Transfer Functions
1. HPF:
VOl(S) _ RZ SZ
vis) |\ R D (.7
2. BPF:
VOZ(S) _ Rz S
V() - R . | D(s) 3.8
3. LPF:
Va9 _ R, \ 1
Vin(s) |\ RinT1T2}D(s) (39)
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4. BRF:

R N +TT2
HBRF(S) =— (R ) 50s) (3.10)

3.4.2 CM Transfer Functions

1. HPF
[5,(5) _ s’
Il_n(s) - D(s)
(3.11)

2. BPF
[,,(9) R\ s
1 |7 Ry ) D
(3.12)

3. LPF

Z"j turnltln Page 34 of 55 - Al Writing Submission Submission ID  trn:oid:::1:3581675595



z'l__l turnitin  Page 35 of 55 - Al Writing Submission Submission ID trn:oid::1:3581675595

IoS(s) _ Rz 1
Im(s) | RT T, D(s)

(3.13)

3.4.3 TAM Responses

1. HPF

101(5) _ 1 s2

v \R_|D® (3.14)
2. BPF

104(5) _ Rz \ s

V(i) | RRT }D(s) (3.15)
3. LPF

Ios(s) _ Rz 1
Vl_n(s) — | R RTT, D(s) (316)
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3.4.4 TIM Transfer Functions

1. HPF
V5, (8) _ s’
~o = R0 (3.17)
2. BPF
V2 (5) _ i s
Iin(s) - T D(s) (318)
3. LPF
V03(S) Rz \ 1
I (s) T, } D(s) (3.19)
4. BRF
H S I U e 3.20
pretS) =7 |$ T, [ D) (3.20)
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From the above equations the filter parameters, resonance frequency (f,) and quality

factor (Q), can be given by:

(3.21)
(3.22)
Moreover, bandwidth can be expressed as:
R
BW = ——————— (3.23)
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CHAPTER 4

SIMULATION RESULTS

The performance of the proposed mixed mode CFOA based KHN biquad filter was
verified using OrCAD PSpice simulation through the macro-model of AD844. For
biasing of AD844, DC power supply voltages of symmetrical value 12V were used. A
sinusoidal AC voltage source with a magnitude of 1V was given as a supply to the filter
input. An AC analysis was performed over a frequency range of 1Hz to 1MHz. The
circuit was designed for a butterworth response that is Q=0.707 and for a resonant
frequency of 1.59kHz. Therefore, the passive components were taken as R;,= R, =R, =
Ry= 10kQ, R, =20kQ, Ry, =14.14kQ, Ry,=20k(, R;=R,=10kHz, Rs= R=20kHz and C,
= C,=10nF. Frequency responses (magnitude and phase responses) for VM, CM, TAM

and TIM have been demonstrated for different filter functions below:

1. Voltage Mode
a) High Pass Filter

For selected values of passive components: f o=1 .S9KHz , Q=0.707

Submission ID trn:oid:::1:3581675595

200

simulation

DO b e i 100 F

Gain(dB)
2 &
Phase (degree)
[l

-100 ¢

. . -200 -
10° 10° 10 10° 10 10*
Frequency (Hz) Frequency (Hz)
(a) (b)

Fig. 4.1 a) Gain Response for wOZIO“rad/sec b)Phase Response of HPF
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From fig 4.1 it can be inferred that simulated cutoff/pole frequency is almost the same as

theoretical frequency. There is an error that might be because of the non-idealities of the

CFOA.

b) Band Pass Filter

For selected values of passive components: f 0=1 .S59KHz , Q=0.707

300
ot simulated | |
0
B 107 5
g E
= L =
g
30 ¢ =
~
40 t /
10° 10° 10° 107 10* 10°
Frequency (Hz) Frequency (Hz)
(a) (b)

Fig. 4.2 a) Gain Response for u)0=104rad/sec b)Phase Response of BPF

From fig 4.2 it can be inferred that simulated cutoff/pole frequency is almost the same as

theoretical frequency. There is an error that might be because of the non-idealities of the

CFOA.
c) Low Pass Filter

For selected values of passive components: f O=1 S9KHz , Q=0.707
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0 E
simulated | |
id > L
. ideal 8 -50
B - &
Z o
£ . = 2100
] ]
8 2
Ay -150
* ' ' -200
102 10 10° 10° 10° 10* 10°
Frequency (Hz) Frequency (Hz)
(b)

(@)

Fig. 4.3 a) Gain Response for wo=104rad/sec b)Phase Response of LPF

From fig 4.3 it can be inferred that simulated cutoff/pole frequency is almost the same as

theoretical frequency. There is an error that might be because of the non-idealities of the

CFOA.
d) Band Reject Filter

For selected values of passive components: f o=l .59KHz , Q=0.70

200

—_
(==l
(=}

Gain(dB)
Phase (degree)
(=]

simulated | -

-100

: : 2200
10% 10* 10° 10° 10° 10* 10°

Frequency (Hz) Frequency (Hz)
(a) (b)

Fig. 4.4 a) Gain Response for w0=104rad/sec b)Phase Response of BSF

From fig 4.4 it can be inferred that simulated cutoff/pole frequency is almost the same as

theoretical frequency. There is an error that might be because of the non-idealities of the

CFOA.
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2. Current Mode
a) High Pass

For selected values of passive components: f 0=1 .S9KHz , Q=0.707

200
O e
201 o 100+
= g
)
T 40t z
R = 0
S 60} 2
simulated = L
-100
“R0 ideal =
-100 : . =200
10" 10° 10* 10° 10° 10° 10* 10°
Frequency (Hz) Frequency (Hz)
- (a) (b)

Fig. 4.5 a) Gain Response for w0=104rad/sec b)Phase Response of HPF

From fig 4.5 it can be inferred that simulated cutoff/pole frequency is almost the same as
theoretical frequency. There is an error that might be because of the non-idealities of the

CFOA.
b) Band Pass

For selected values of passive components: fo=1.59KHz , Q=0.707

300

ree)
[5]

00

5

£

=200

Gain(dB)

30t 100

Phase (de

-40 t

10" 10° 10* 10° 10° 10 10t 10°
Frequency (Hz) Frequency (Hz)

(a) (b)

Fig. 4.6 a) Gain Response for oo0=104rad/sec b)Phase Response of BPF
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From fig 4.6 it can be inferred that simulated cutoff/pole frequency is almost the same as
theoretical frequency. There is an error that might be because of the non-idealities of the

CFOA.
c) Low Pass

For selected values of passive components: fo=1.59KHz , Q=0.707

simulated

100 |

'
L’ﬂ

L’i\

=100 ¢

Gamn(dB)

Phase (degree)

S50t -150

-100 & L . = =200 !
10" 10 10* 10° 10° 10° 10* 10°
Frequency (Hz) Frequency (Hz)

(a) (b)

Fig. 4.7 a) Gain Response for u)o=104rad/sec b)Phase Response of LPF

From fig 4.7 it can be inferred that simulated cutoff/pole frequency is almost the same as
theoretical frequency. There is an error that might be because of the non-idealities of the

CFOA.
3. Transadmittance Mode
a) High Pass

For selected values of passive components: fo=1.59KHz , Q=0.707
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50 T T 200
simulated
L ] I ) ideal < 100}
i
T
1
=2 0
2
= -100
- ! ! , |
0 2 4 6 200 0 2 4 6
10 10 10 10 10 10- 10 10
Frequency (Hz) Frequency (Hz)

(a) (b)

Fig. 4.8 a) Gain Response for u)o=104rad/sec b)Phase Response of HPF

From fig 4.8 it can be inferred that simulated cutoff/pole frequency is almost the same as

theoretical frequency. There is an error that might be because of the non-idealities of the

CFOA.
b) Band Pass

For selected values of passive components: fo=1.59KHz , Q=0.707

70 300
simulated
-80 —_
L ¥
— L 9, L
2 -9 5, 200
= 3
£ -100 ;
o 2 100}
-110 + =
2120 +
< 0
10" 10 10* 10° 10" 10 10* 10°
Frequency (Hz) Frequency (Hz)
(a) (b)

Fig. 4.9 a) Gain Response for wo=104rad/sec b)Phase Response of BPF

From fig 4.9 it can be inferred that simulated cutoff/pole frequency is almost the same as

theoretical frequency. There is an error that might be because of the non-idealities of the

CFOA.

c) Low pass
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Gam({dB)

For selected values of passive components: fo=1.59KHz , Q=0.707
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Fig. 4.10 a) Gain Response for m0=104rad/sec b)Phase Response of LPF

From fig 4.10 it can be inferred that simulated cutoff/pole frequency is almost the same

as theoretical frequency. There is an error that might be because of the non-idealities of

the CFOA.

4. Transimpedance Mode

Gain(dB)
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For selected values of passive components: fo=1.59KHz , Q=0.707
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Fig. 4.11 a) Gain Response for w0=104rad/sec b)Phase Response of HPF
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From fig 4.11 it can be inferred that simulated cutoff/pole frequency is almost the same

as theoretical frequency. There is an error that might be because of the non-idealities of

the CFOA.
b) Band Pass

For selected values of passive components: fo=1.59KHz , Q=0.707
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Fig. 4.12 a) Gain Response for wOZIO“rad/sec b)Phase Response of BPF

From fig 4.12 it can be inferred that simulated cutoff/pole frequency is almost the same

as theoretical frequency. There is an error that might be because of the non-idealities of

the CFOA.
c) Low Pass

For selected values of passive components: fo=1.59KHz , Q=0.707
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Fig. 4.13 a) Gain Response for oo0=104rad/sec b)Phase Response of LPF

From fig 4.14 it can be inferred that simulated cutoff/pole frequency is almost the same
as theoretical frequency. There is an error that might be because of the non-idealities of

the CFOA.

d) Band Reject

For selected values of passive components: fo=1.59KHz , Q=0.707
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Fig. 4.14 a) Gain Response for u)0=104rad/sec b)Phase Response of BRF

From fig 4.14 it can be inferred that simulated cutoff/pole frequency is almost the same
as theoretical frequency. There is an error that might be because of the non-idealities of

the CFOA.
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CHAPTER S

CONCLUSION

A novel CFOA based mixed-mode biquad filter has been introduced in this work.

In chapter 1, CFOA and active filters circuits are introduced. There is discussion of the
benefits of CFOAs, including its large bandwidth, high slew rate and excellent high
frequency performance. It also explains the necessity of mixed mode filters in modern
analog signal processing applications. Additionally, the motivation for the suggested

CFOA based mixed mode biquad active filter is presented.

A thorough analysis of the literature on first order and second order CFOA based filter
designs is provided in chapter 2. The benefits, drawbacks and practical implementation
elements of several previously published VM, CM, TAM and TIM universal filters are

covered. The suggested mixed mode biquad filter is inspired by the identified research

gap.

Chapter 3 presents the fundamental idea and features of the CFOA as well as the
suggested CFOA based mixed mode filter topology. The transfer functions for four
modes are derived theoretically and expressions for resonance frequency, quality factor

and bandwidth are obtained.

In chapter 4, OrCAD Pspice simulations based on AD844 CFOA macro models are used
to validate the proposed filter. The HP, LP, BP and BR filters’ magnitude and phase

responses in various operating modes are shown.
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CHAPTER 1

INTRODUCTION

1.1 Active Building Blocks for Analog Signal Processing

The rapid developmentﬁfmodem integrated circuit technology has greatly increased the
need for high speed, low voltage and low power analog signal processing systems.
Consequently researchers have focused more on current mode and mixed mode Signal
Processing techniques. These advancements have resulted in various active building
blocks tailored for analog applications like filters, oscillators, instrumentation circuits

and communication systems.

One of the earliest and most important active components is the operational amplifier
(Op-Amp) , which has served as a key analog building block for years. While op-amps
offer high gain and good accuracy through negative feedback, their performance is
limited in high frequency applications because of restricted slew rate and gain
bandwidth product. To address these issues, current mode active elements were
developed. For example current conveyor (CC), particularly the second generation

current conveyor (CCII), which gained wide popularity.

going research has produced several modified versions of current conveyor including
differential voltage current conveyors (DVCC), differential difference current conveyor
(DDCC). current controlled current conveyors (CCCII) and fully differential current
conveyors (FDCCII).

Another commonly used active building blocks the operational transconductance
amplifier (OTA). To improve analog signal processing capabilities, engineers develop
several hybrid active elements by combining features of existing devices. Examples

include current differencing buffered amplifier (CDBA), current differencing




transconductance amplifier (CDTA), current conveyor transconductance amplifier

(CCTA) and current feedback operational amplifier (CFOA).

These combinations enhance circuit flexibility and decrease the number of passive
components needed for implementation. The ongoing development of active building
blocks is driven by the need for higher operating speed, low power use, better accuracy
and simple circuits. Modern analog systems increasingly use these active elements
because they offer flexible solutions for creating multifunctional and high performance
circuits. Therefore studying and developing active building blocks continues to be a key
area of research in analog signal processing and integrated circuit design.

1.2 Classification of Filters

Filters can be classified as :

LOW PASS FILTER

HIGH PASS FILTER

BAND PASS FILTER

A

BAND STOP FILTER

J

~

ALL PASS FILTER

Ll

The importance of active filters include providing high power gain and high speed

performance.




1.2.1 Low pass filters:

They allow low frequency signals to pass while attenuating those that exceed the
cutoff/pole/resonance frequency. The standard transfer function equation for biquad LPF
can be written as
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Fig. 1.1 Low Pass Filter Response Graph

1.2.2 High pass filters:

They allow high frequency signals above a certain cutoff/pole/resonance frequency
while reducing the strength of lower frequencies. The standard transfer function

equation for biquad HPF can be written as:
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Fig. 1.2 High Pass Filter Response Graph
1.2.3 Band pass filters:

They allow signals with a specific to pass while filtering out those that are not in range.

The standard transfer function equation for biquad BPF can be written as:
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Fig. 1.3 Band Pass Filter Response Graph




1.2.4 Band stop filters:

Also called Notch filter, can block a band of frequencies while allowing other
frequencies. They are further classified as wide and narrow band stop filters. The

standard transfer function equation for biquad BRF can be written as:
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Fig. 1.4 Band Stop Filter Response Graph

1.2.5 All pass filters:

They permit all frequencies to pass through it. The standard transfer function equation

for biquad APF can be written as:
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Fig. 1.5 All Pass Filter Response Graph
1.4 Introduction to this work

One of the most crucial components of modern electronics and communication systems
is the analog filter. Signal conditioning, biomedical instrumentation, communication
receivers, audio processing, control systems, oscillators, equalizers, radar systems and
waveform shaping circuits are just a few of the many uses for them. Depending on the
frequency range allowed to pass through the circuit, filters are generally classified as
low pass, high pass, band pass, band reject and all pass filters. Because of its greater
selectivity, frequency response control and ability to achieve higher order filtering
functions through cascade techniques, second order or biquadratic filters hold a

prominent position among these.

Traditionally, active filters were realized using voltage operational amplifiers (VOA).
VOA- based filters have a number of drawbacks, including a limited slew rate, a
limited gain bandwidth product and poor high frequency response, even though they
provide acceptable performance at low and moderate frequencies. When wide
bandwidth and improved dynamic performance are needed in today's high speed
analogue system, these disadvantages become more noticeable. Current Feedback
Operational Amplifiers (CFOA), a current mode active building block, have attracted

considerable attention from researchers in order to circumvent these restrictions. CFOAs




have high slew rate, broad bandwidth, excellent dynamic properties and low output

impedance therefore they are ideal for high frequency analog signal processing.

It is structurally derived from the second generation current conveyor (CCII+), followed

by a voltage buffer connected at the Z terminal.

Over the past few decades, significant research has focused on the development of
CFOA-based multifunctional and universal filters. Researchers have focused on
establishing mixed mode operation, reducing sensitivity, enhancing high frequency
performance and tunability and reducing the number of components. The use of CFOAs
has been made to report different types of universal filter structures that can provide low
pass, band pass, high pass, band reject and all pass filter configurations. Grounded
capacitors, which reduce parasitic effects and occupy less silicon area, are used in many

of these circuits, making them ideal for IC fabrication.

Mixed mode filters’ realization is another major trendd'n filter design of today’s
scenario. Mixed mode filters can concurrently perform voltage mode, current mode,
transadmittance and transimpedance mode operations, in contrast to traditional single

mode filters that only function in voltage mode.

This paper proposes a novel mixed mode biguadratic universal filter configuration based
on CFOA. To achieve second order filtering operations, this suggested design makes
use of a set of resistors, grounded capacitors and 5 CFOAs. Without aanging the circuit
architecture, the circuit can simultaneously provide high pass, low pass, band pass and
band reject responses in voltage mode, current mode, transadmittance mode and

transimpedance mode.

The filter is designed for butterworth response characteristics and validated through

OrCAD Pspice using the AD844 library.




CHAPTER 2

LITERATURE REVIEW

2.1 First Order Filters

First order filters and second order filters are essential components of analog signal
processing systems and are widely used in oscillators, control applications, biomedical
electronics, communication systems, phase equalization and waveform shaping. Due to
its wide bandwidth, high slew rate, low output impedance and Ee‘rter high frequency
performance than traditional voltage operational amplifiers, the current feedback
operational amplifiers (CFOA) has become one of the most appealing active building
blocks for filter realization. Compact, low component count, mixed mode electronically
adjustable filter designs using CFOAs have been the focus of significant research efforts

in recent years.

The development of CFOA based first order universal filters in addition to offering low
pass(LP), high pass(HP), all pass(AP) responses a single topology, these filters
have grown in significance because they are crucial building blocks for the realization of
higher order filters, oscillators, phase shifters, equalizers and communication circuits.
Researchers have mostly concentrated on enhancing aspects such as circuit simplicity,
less active and passive components, grounded passive element utilisation, independent
tunability, mixed mode operation and improved cascadability, according to a survey of

recent literature.

Two ln.novaBe CFOA based first order voltage mode universal filter designs that can
achieve low pass, high pass and all pass responses with the fewest passive components
were presented by Dogan et al. In order to ensure easy cascading capabilities, the

suggested circuits use an additional unity gain inverting amplifier and provide both high




input impedance and low output impedance characteristics. A single resistor and
capacitor are used in one of the suggested filters, whereas grounded resistors and a
capacitor are used in the second topology, which makes the design more appropriate for
integrated circuit implementation. The authors noticed that many previous first order
voltage mode filters either lacked universality, required many active devices, suffered
from passive component matching restrictions or did not offer low output impedance
characteristics.

1
Without requiring circuit alteration Dogan’s initial suggested arrangement achieves low

pass, high pass and all pass responses by carefully choosing input terminals. The transfer
functions show that the pole frequency has low passive sensitivity and is dependent on
the passive RC product. The derivation of the quadrature oscillator circuits from the
suggested filter architectures is another significant contribution of this work. The impact
of non ideal CFOA gains and parasitic impedance on the filter response were also
examined. The theoretical approach was validated experimentally using commercially
available AD844 ICs and through extensive Spice simulations. The study showed that
the CFOA based first order filters can preserve desired impedance characteristics while
achieving high frequency operation with less complexity.[1]

Two simple mixed mode first order universal filter designs using CFOAs were presented

by Bhaskar et al. The suggested structures concurrently support voltage mode (VM),
current mode(CM), transadmittance mode(TAM) and transimpedance mode(TIM)
operations in contrast to traditional single mode filters. The second configuration
achieves the identical rewnses in current and transimpedance mode whereas the first
configuration produces low pass, high pass and all pass functions in voltage and
transadmittance mode. This mixed mode capability increases circuits adaptability and

usefulness to a great extent in modern analog signal processing system scenarios.

An important advantage is that grounded capacitors are simpler to design and take up
less chip space area than floating capacitors. Most of the filter configurations require
only one CFOA, three resistors and a grounded capacitor. Therefore, their use is

particularly advantageous from a standard integrated circuit construction perspective.




The independent tunability of gain and pole frequency is another important feature of
this work. Practical tunability was limited in many previous filter designs because
changes in the pole frequency concurrently influenced the gain. However, by
independently adjusting resistor values, the suggested combinations get around this

restriction [2].

Additionally, a thorough comparison with previously published first order universal
filters was conducted by the authors. It was demonstrated that many previous designs
relied on non commercially accessible active devices, needed several active building
blocks, lacked grounded capacitors or failed to provide appropriate input/output
impedance levels for cascading. The suggested circuits, on the other hand, accomplished
mixed mode functioning with less hardware complexity by using widely available
ADB44 type CFOAs. Further evidence of satisfactory match between theoretical and
practical outcomes came from PSpice simulations and experimental verification. The
development of small, multipurpose CFOA based Universal filters appropriate for

contemporary integrated analog systems was greatly aided by this study [2].

Raj et al. extended tE functionality of previously proposed CFOA based gl pass filters
to realize first order universal filters that can simultaneously provide low pass, high pass
and all pass responses by expanding the capability of previously proposed CFOA based
all pass filters. The increasing need for multifunctional active filters with grounded
capacitors, low output impedance, high input impedance and tunable frequency
characteristics drove the suggested work. Although a number of first order universal
filters had previously been documented in the literature, the authors noted that only few
configurations concurrently met all practical requirements, including gain
controllability, commercial realizability, ease of cascading, and grounded passive

clements [3].

The suggested configurations are generated through appropriate modifications of
previous all-pass filter architectures and use of two CFOAs and a grounded capacitor.
The thorough analysis and categorization of previous first order universal filters in both

current mode and voltage mode is a significant contribution of this work. Based on
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factors such as operational mode, active element count, passive element count, grounded
capacitor usage, tunability and impedance characteristics, the authors compared a
variety of previously published designs. The comparison analysis demonstrated the
benefits of the suggested designs and pointed out the shortcomings of the previous

circuits [3].

Another important factor is tunability of gain and pool frequency both at the same
time of the suggested filters. Due to the high input impedance and low output impedance
the suggested configurations are perfect for cascade realization. The usefulness of
CFOA based universal filters for analog signal processing applications was validated
through AD844 integrated circuit CFOA. The outputs of the experiments performed

closely matched to that of theoretical results.

Nako in [4] proposed first order universal shadow filters using the active building
block-CFOA, with scaled time dependent constants. Without changing the basic filter
structure or without reconfiguration he established the idea of shadow filtering to scale
the effective time constant, in contrast to traditional first order filters where the time
constant depends directly on the RC product. This method is generally used where very

high RC values are needed.

The application of CFOA compared to comparable operatiorﬂ amplifier or current
conveyor realisations significantly decreased the amount of active apnd passive
components needed. Furthermore, the suggested structures demonstrated low output
impedance and high input impedance characteristics, guaranteeing superior cascadability
for implementation of higher order filters. The efficiency of the suggested shadow
filtering idea was confirmed by simulation and experimental findings. Additionally, the
work illustrated a useful biomedical application that uses a field programmable analog
array (FPAA) to create a high pass filter that removes base line drift from ECG signals.
Through the integration of shadow filtering ideas with CFOA based architecture the

study presented a novel approach to first order filter realisation[4].

The previously mentioned research makes clear that the main goals of current research

trends in CFOA based first order filter design are multifunctionality, lower component
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counts, mixed mode operation, high frequency performance, tunability and enhanced
impedance characteristics. Previous first order filters frequently had problems like high
active device consumption, no grounded capacitors, few operating modes, low
cascadability and no independent tuning capability. Through creative applications of
CFOA and enhanced filter designs, the evaluated studies addressed many of these

issues.

The growing focus on mixed mode and universal filter realisation is a recurring theme in
the evaluated studies. With the ability to function in voltage, current, transadmittance
and transimpedance modes, mixed mode filters offer more adaptability for connecting to
a variety of analog systems. Additionally, the suggested circuits are economically
feasible and empirically verifiable due to commercially available AD844 CFOAs. These
circuits are better suited for monolithic integrated circuit implementation when

grounded capacitors and grounded resistors are used.

From the previous literature, the use of ﬁﬁ order filters as fundamental components for
implementing higher order systems like quadrature oscillators, multi phase oscillators,
equalizers and biquad filters is another significant conclusion. Several writers
demonstrated the multifunctional applicability of these designs by directly driving
oscillator structures from their suggested filter settings. For reliable practical operation,
low sensitivity characteristics and parasitic impedance analysis are still crucial factors to

take into account.

There are still several research gaps in the field of CFOA based active filter design,
despite notable progress. Many documented first order universal filters do not
concurrently provide all mixed mode functions and instead concentrate mostly on
voltage mode operation. Certain configurations still include passive matching limits or
need for several active devices. Additionally, while shadow filtering and tunability
methods have been studied for the first order structures, their applications to the
implementation of compact mixed mode biquad filters has received comparatively less

attention. The development of CFOA based mixed mode biquad active filter designs
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with lower complexity, universal operation, electrical tunability, low sensitivity and

integrated circuit compatibility is encouraged by these limits.

Therefore the current work on CFOA mixed mode biquad active filter designs has a
solid foundation. The development of multifunctional mixed mode structures from basic
first order universal filters illustrates the increasing significance of CFOA in
contemporary analog signal processing applications. These studies’ conclusions and
limits offer important direction for creating better biquad filter topologies with better

real world applications.
2.2 Second Order Filters

Due to their wide range of uses in communication systems, biomedical instrumentation,
audio processing, oscillators, equalizers,, phase shifters, sensor interfaces and control
systems, second order active filters and universal biquad structures are among the most
significant classes of analog signal processing circuits. Thus , during the past thirty years
there has been constant research interest in&e development of small, low power, high
frequency and multifunction active filters. The current feedback operational amplifier
(CFOA) has become one of the most popular active building blocks because of its
superior slew rate, wide bandwidth, high speed operation, low output impedance and

practical implementation using commercially available AD844 integrated circuits.

In contrast to traditional voltage operational amplifiers, which have gain bandwidth
constraints, CFOA very appealing for the implementation of high frequency filters
because they offer almost constant bandwidth irrespective of closed loop gain. As a
result numerous CFOA based universal and multifunction filters reported in literature
have an objective to improve tunability, support mixed mode operation, minimize

sensitivity, increase cascadability and decrease component count.

One of the earlier contributions by Liu and Wu in this field suggested a novel CFOA
based universal biquadrati(ﬁilter that makes use of two current feedback amplifiers. All
five common second order filter responses—low pass(LP), high pass(HP), band pass(BP),

notch and all pass(AP) responses were accomplished by the suggested construction.
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Compared to previous realizations, the circuit's hardware complexity was lower because
it only used CFOAs and six passive components.An additional key result from this
research was the independent controllability of the natural frequency and the quality
factor. Here, a grounded capacitor was utilized to individually vary the natural frequency
and similarly an individual resistor can ind dently vary the quality factor. In
addition, because of moderate sensitivity in both the active and passive components, the
filter has been shown to have increased practical robustness with respect to variations in
the values of its components. Experimentation confirmed that the theoretical studies on

CFOA application to analog filters are valid [5].

Abuelma’atti and Al Zaher proposed utilizing two current feedback amplifiers in order
to build another universal voltage mode second order filter. Using only five passive parts
(three resistors and two capacitors), they were able to implement low pass, high pass,
band pass, notch and all pass configurations. One of the major benefits was that it
allowed orthogonal tuning of the quality factor and resonance frequency along with
individual control of natural frequency and bandwidth. In addition, the circuit had a low
output impedance allowing easy cascadability as well as realization of higher order
filters. As stated by the authors, a number of prior circuits utilized either a larger number
of elements or required changes to the passive component configuration to achieve
multiple different filter responses. Conversely, the authors demonstrated how their
proposed configuration can achieve all pass filter response types without requiring
rearrangement of the passive element configuration or topology. Due to relatively low
levels of both active and passive sensitivities, the authors felt that the proposed design

would be quite practical.

Horng developed a large variety of multifunctional and universal CFOA-based filter
configurations. The use of current feedback operational amplifiers was proposed by
Horng in one of his contributions for creating a high input impedance voltage mode low
pass, band pass and high pass filter. Four resistors (three groundﬁd and one floating) and
three grounded capacitors were used in the circuit to achieve low pass, high pass and
band pasaresponses. The system maintained low active and passive sensitivities while

offering orthogonal control over resonance frequency and quality factor. The topology
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was improved by the inclusion of grounded capacitors for integrated circuit
implementation, also low output impedance of circuit features enhanced its

cascadability[7].

With just one CFOA and a voltage follower Horng proposed a voltage mode
multifunction filter in another work of his. With just two capacitors and two resistors,
the filter was able to achieve low pass, high pass, band pass, notch and all pass
responses from the same circuit layout. The circuit provided orthogonal tuning of natural
frequency andnbandwidth without imposing any component matching requirements.
Reducing the number of active and passive components while maintaining universality
and low sensitivity features was one of this topology’s main benefits. This work showed
that CFOAs might be used to construct multifunction filters with low circuit complexity
[8].

Homng also proposed a new universal voltage mode filter using current feedback

amplifiers. All standard second order filter responses were realised by the configuration
without the need for component matching requirements. Resonance frequency and
bandwidth of the filter were orthogonally tuned and the circuit had characteristics of low
sensitivity. Cascading was made possible because of the low output impedance without
adding any extra buffer stages. The proposed circuit, when compared to previous
universal biquad filters structures, was greatlty improved in compactness as it
minimised the number of passive components with help of only 2 capacitors, two

resistors and two CFOAs [9].

Later research efforts concentrated on enhancing the practical realisation elements of
universal biquads, especially ﬂith regard to orthogonal tune ability and grounded
capacitor implementation. A multiple input single output (MISO) universal biquad
filter implemented with CFOAs was proposed by Nikoloudis and Psychalinos. A
number of issues with previous MISO universal biquads were resolved by the
proposed topology. Floating capacitors were necessary for many earlier designs, which
reduced performance because of parasitic effects and difficult integrated

implementation. Only grounded capacitors were used in the suggested circuit, which
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allowed for orthogonal modification of the resonant frequency and quality factor.
Additionally, The design removed input signal value constraints that were present in
previous topologies. The efficacy of the suggested design was verified experimentally

using commercially available AD844 CFOA IC [10].

Bhaskar, Raj and Senani introduced three novel CFOA based SIMO type universal
active filter confﬁlrations, which represent another significant breakthrough. From a
single topology, second order universal active filters simultaneously realize low pass,
high pass, band pass, band reject and all pass responses . Four CFO and two
capacitors were used in the suggested circuit, which offered essentially infinite input
impedance and zero output impedance.Application using voltage mode cascade greatly
benefited from  such impedance  characteristics. Additionally, the suggested
configuration included quality factor, gain and pole frequency to tunability.None of the
previously published SIMO type CFOA based universal filters concurrently offered all
these advantages with such a lower component count, the authors emphasized. The

theoretical performance was confirmed by experimental results using AD844 ICs [11].

The second order multifunction filter integrated circuit based on CFOAs with
independent voltage gain control was designed by Chen et al. This work concentrated on
full integrated circuit realisation utilizing 0.18pum CMOS technology, in contrast to
much earlier research that only employed simulations or discrete commercial 1C
implementations.The suggested voltage mode multifunction filter concurrently achieved
low pass, inverted band pass and bandstop responses using two grounded capacitors and
four resistors. The independent gain controllability of various filter responses was one of
this work’s main accomplishments. Additionally, the bandwidth and quality factor were
adjusted orthogonally. With this study an important step towards practical monolithic
integration of CFOA based multifunction filters was taken as the integrated circuit

showed low power dissipation, good linearity and good phase noise performance.[12].

Chen, Wey, Wu, Wang and Chen made a more recent contribution in the literature in
which they suggested a novel universal active filter with the help of commercially

available AD844 CFOA 1Cs. Three CFOAs, two grounded capacitors and six resistors
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were used in the suggested voltage mode universal active filter. ow pass, high pass,
band pass, band reject and all pass responses were simultaneously produced by the
circuit using the same setup. The suggested filter produced all responses without the
need for extra switching circuitry, in contrast to previous topologies that needed
switches or voltage 'ﬁverters for all pass realization. Direct cascading was made possible
by the topology’s high input impedance and low output impedance features. The
design’s implementation as a CFOA based device, which offered greater integration and
reduced power consumption in comparison to discrete AD844 implementations, was

another crucial component [13].

CFOA sed fully orthogonal universal and multifunction filters in voltage nade and
current mode topologies were presented by Dogan et al. The authors suggested a current
mode SIMO multifunction filter with two CFOAs and voltage follower. The proposed
structure provided miniggum sensitivities, no passive elements matching requirements
and orthogonal control of resonance frequency and quality factor. With low output
impedance the voltage mode filter achieved low pass, high pass, band pass, band reject
and all pass responses. By slightly altering the voltage mode structure, the current
mode multifunction filter was obtained. The suggested circuits’ practical applicability

was validated by experimental testing utilizing AD844 ICs [14].

Inverse active filters using CFOA were investigated by Gupta et al. Regarding the
correction of signal distortions in control and communication systeﬁ. Commercially
available AD844 CFOAs were used to implement the suggested inverse low pass,
inverse band pass, inverse high pass and inverse band reject filters. The work
demonstrated how CFOAs may be used to realize both typical filter structures and
specific inverse transfer functions needed for sophisticated analog signal processing

applications [15].

Tangsrirat and Surakampontorn proposed a universal biquad filter and single resistance
controlled quadrature oscillator using a minimum amount of passive components and
just two CFOAs. Without the need for component matching limitations, the suggested

universal biquad filter achieved all common second order filtering responses such as low
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pass, high pass, band pass band reject and all pass features. The orthogonal control of
natural frequency and bandwidth was a major benefit of the proposed circuit. The circuit
is appropriate for integrated implementations and cascading operations, according to the
authors, because of grounded capacitors and low output impedance nodes. Results from

experiments and Pspice simulations using AD844 CFOA IC were validated [16].

Using single specific CFOA(SCFOA) Erkan Yuce developed a completely integrable
mixed mode universal biquad filter. Depending on the input option, the circuit might
function in both current mode and voltage mode. While ﬂ pass and high pass responses
were acquired by appropriate current interconnections. Low pass, band pass and notch
responses were simultaneously provided by the suggested current mode filter. All
universal filter functions gguld be produced by the virtual machine in realization. The
independent management of resonance frequency and quality factor was one of the key
characteristics of the suggested topology. Additionally, the use of grounded passive
elements decreased parasitic effects and improved IC compatibility. The study showed
that the circuit flexibility in analog signal processing systems is greatly increased by

mixed mode operation [17].

Because of CFOAs applications in phase shifters, equalizers, oscillators, communication
systems and all pass filter realizations it has also received a lot of attention. Senani, P
Kumar and Bhaskar proposed several first order all pass filter designs using just two
CFOAs and grounded capacitors. The circuit’s performance was confirmed by hardw
implementation, Spice simulations and non-ideal analysis. The study emphasized that all
pass filters are essential building blocks for synthesis of higher order active filters and
their realization of quadrature and multiphase oscillators. The proposed circuit used
fewer passive components and provided ideally infinite input impedance when
compared to previous structures in the literature [18].

2
Mixed mode and multifunction universal filters that can simultaneously realize VM,

CM, TAM and TIM responses have been a major focus of recent studies. Dogan, Yuce
and Minaei made a significant contribution in this regard by proposing a second order

current mode universal filter that can produce all pass, low pass, high pass, bandpass and
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notch responses. While avoiding passive component matching criteria for the majority
of filtering operations, their circuits made use of grounded capacitors and few
components. The LP and HP outputs were subtracted to generate the notch response, and
the BP output was subtracted from notch response to create all pass response. In
multifunction filter design, this technique of deriving all pass and notch characteristics

from fundamental filter outputs has gained popularity [19].

In addition to addressing high frequency compensation methods to account for parasitic
impedances related to CFOAs AK Singh and Senani suggested a CFOA based state
variable biquad.When compared to previously published CFOA based biquads, the
circuit showed better performance. Because they simultaneously produce LP, BP and
HP outputs with low sensitivity characteristics, state variable filters are particularly
significant. The authors used spice simulation based on macro models to confirm the

feasibility of the suggested circuit [20].

VK Singh, AK Singh, Bhaskar and Senani proposed revolutionary mixed mode
universal biquad that can simultaneously realise all five typical filtering responses in
VM, CM, TAM and TIM modes, marking a significant advancement in CFOA based
mixed mode filter design. Their topology was appropriate for integrated implementation
because it used two grounded capacitors and four CFOAs. The study highlighted that the
suggested setup provided full mixed mode capabilities when compared to previgus
CFOA based filters which typically only allowed 1 or 2 operational modes. The
practical viability of the circuit was validated through experimental verification with

ADS44 CFOA library [21].

ang et al. made another significant addition by proposing a high input impedance
voltage mode multifunction biquadratic filter that uses two grounded capacitors, three
resistors and three CFOAs. The circuit produced non inverting LP, BP and BR outputs
at the same time. With the right excitation, HP and inverting BP outputs could also be
obtained. The filter’s high input ingﬁﬁents characteristic made it very helpful for

cascading applications and it provided orthogonal control of resonance frequency and
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quality factor. A voltage mode quadrature oscillator with independently controlled

oscillation frequency and condition was also realized using the same design [22].

In addition to filter realization, CFOAs have also been widely used in circuits for
impedance and inductance simulators. Using CFOA Meghna et al. proposed floating
parallel lossy inductance and capacitance simulators. These simulators were used in
compensator circuits and higher order butterworth filter designs. The work demonstrated
how CFOA based synthetic immittance circuits can achieve electronically adjustable
passive counterparts without the need for physical inductors, increasing integrability and

decreasing circuit space [23].

Tammam et al. examined the internal structure, dynamic responsiveness, bandwidth
behaviour and common mode rejection properties of CFOAs in their critical theoretical
analysis of CFOA topologies. The study examined how improved high frequency
performance is a result of CFOAs’ current mode functioning and low input impedance at
X terminal. In order to further enhance bandwidth performance and reduce the impact of
carly effect, the study also suggested architectural modification utilising bootstrapping
techniques [24].

Using CFOAs with grounded capacitors and orthogonal tuning capability, Nikoloudis
and Psychalinos developed a multiple input single output universal biquad. Their
suggested filter removed restrictions on input signal values while concurrently providing
LP, HP, BP band stop and all pass responses. The authors emphasized the great utility of
universal biquads in real world analog signal processing systems including touch tone

telephone circuits, phase locked loops and communication systems [25].

second order mixed mode multi input single output universal filter with three CFOAs,
grounded capacitors and a few resistors was recently proposed by Alpasan [26]. The
circuit produced all five common filter responses and enabled VM, CM, TAM and TIM
operations. In addition to reviewing previously published second order universal filters
in terms of operating mode, component count, grounded elements and implementation
complexity the research pointed out the significance of mixed mode operation in modern

day analog systems.
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Soliman and Madian emphasized thorough analysis of MOS-C Kerwin Huelsman
Newcomb (KHN) filter realizations employing CFOA [27]. It was beneficial in high
frequency applications. Mixed mode universal filter configurations also saw significant
improvements. Using a particular ﬁFOA structure, Yuce proposed a fully integrable
ixed mode universal biquad that can operate in both current and voltage mode with
orthogonal control of resonance frequency and quality factor [28]. Liu presented a
universal filter that uses two current feedback amplifiers to achieve typical biquadratic

filtering responses with less circuit complexity [29].

The development of a universal voltage mode/ current mode biquad filter utilizing
CFOAs by Senani and Gupta later made a substantial contribution to mixed operating
mode filtering architectures [30]. A two CFOA based multifunction circuit with fewer
passive components and improved multifunction capacity was recently proposed by
Senani [31]. He also proposed a number of innovative CFOA based topologies with an
emphasis on high frequency operation and fewer components for analog signal

processing and signal generating applications in [32].

In the early 2000s, research on CFOA based multifunction and universal biquad filters
received a lot of attention. NA Shah presented a flexible voltage mode CFOA based
universal filter that can accomplish several filtering tasks without needing a lot of
passive components. In order to improve cascade compatibility and practical
implementation flexibility in [33]. He later presented a high input impedance voltage
mode low pass, band pass and high pass filter employing current feedback amplifiers
[34]. Furthermore, he expande[bCFOA applications in [35] into hybrid active element
filter architectures by creating voltage/current mode universal filters employing FTFN
and CFOA. By creating voltage mode, current mode, transadmittance mode and
transimpedance mode universal biquad filters utilizing plus type current feedback
amplifiers, NA Shah considerably increased the operational capability of CFOA filters
[36].

In order to increase integrability and reduce sensitivity issues, Sharma and Senani

designed multifunction current mode and voltage mode biquads using single CFOA
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with grounded capacitors [37]. In a different contribution Sharma and Senani created
universal current mode biquads with just one CFOA reducing the amount of active

components used while preserving multifunctionality [38].

A new universal biquad using CFOA was proposed by VK Singh and Senani [39] with
grounded capacitors and low sensitivity characteristics; it can implement conventional
second order filtering operations. A significant improvement in multifunction CFOA
filter design was later made when VK Singh et al. prop&sed a unique mixed mode
universal biquad structure that could simultaneously realise voltage mode, current mode,

transadmittance and transimpedance mode responses [40].

Additionally, Soliman thoroughly examined how current feedback operational amplifiers
are used in analog integrated circuits, highlighting its applicability for high speed
analog filter and oscillator realizations [41]. Using current feedback amplifiers,
Topaloglu et al. introduced three input single output second order filters that allow for
the flexible realization of various filter responses through input selection [42].

SF Wang et al. [43] subsequently presented a voltage mode multifunction biquadratic

filter and quadrature oscillator employing grounded capacitance and CFOAs with
orthogonal tuning capability. A high input impedance voltage mode multifunction filter
that may concurrently provide many filtering responses appropriate for cascade
applications was proposed by SF Wang in [44]. Wu et al. previously demonstrated the
adaptability  of current feedback amplifiers in achieving multifunction filtering
operations by proposing a CFOA based universal filter developed from mason graph

synthesis [45].
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Table 1.1 Comparative features of the second order universal filter configurations

Reference | Name & | Grounded | Number of | Operational Filters Realized
Number of | Capacitors | Resistors Modes
Actice Building | Used
Blocks
[46] 50TA YES 0 VM, CM, | AP, BP, LP, HP,
TRM, TCM BR
[47] 2-3 0TA YES 3 VM AP, BP, LP, HP
[48] 1vDCC YES 1 VM AP, BP, LP, HP,
BR
[49] 3 VCl YES 6 VM AP, BP, LP, HP,
BR
[50] 1 DDCC YES 0 CM AP, BP, LP, HP,
BR
[11] 4 CFOA YES 6 VM AP, BP, LP, HP,
BR
[51] 1 VDDDA YES 1 VM BP
[52] 1 VDDDA YES 2 VM BP, LP, HP
[53] 2 VCI YES 4 VM, CM AP, BP, LP, HP
[54] 2M-CCCCTA | YES 0 VM AP, BP. LP, HP
[55] 2CCl YES 2 CM BR, BP, LP, HP
[56] 2cc YES 2 CM BP
[57] 3 0TRA NO 6 VM LP, BP, HP
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[58] 50TA YES 0 VM AP, BP, LP, HP,
BR

[59] 2-MCCCCTA | YES 0 TCM AP, BP, LP, HP,
BR

[60] 3 CFOA YES 4 VM AP, BP, LP, HP

[61] DXCCTA YES 0 CM BP, LP, HP

[62] 20TA NO 0 VM BP, LP, HP

[63] 2 VD-DIBA YES 2 VM AP, BP, LP, HP,
BR

[64] 1 VDCC YES 2 VM, CM AP, BP, LP, HP,
BR

[65] 2 VD-DIBA YES 0 VM AP, BP, LP, HP,
BR

[66] 40TA YES 0 VM AP, BP, LP, HP,
BR

[67] 1| CFTA YES 0 CM AP, BP, LP, HP,
BR

[68] 1 DVCCTA YES 3 CM, TIM AP, BP, LP, HP,
BR

[69] 2 VDBA YES 0 VM AP, BP, LP, HP,
BR

This work | 5 CFOA YES 1 VM, CM, | LP, HP, BP, BR

TAM,TIM
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The literature research demonstrates how CFOA based first order and second order filter
designs have evolved over the time. The research reveals the number of common
benefits of CFOA based filter structures. Collectively, contributions demonstrate that
CFOA based filters offer substantial advantages over traditional voltage operational
amplifiers. These advantages include low output impedance, reduced component usage,
orthogonal tuning, grounded capacitor implementation, low sensitivity, wider
bandwidth, higher slew rate which makes them suitable for high frequency performance
and support for VM, CM, TAM and TIM operations, all of which make them ideal for

contemporary analog signal processing applications.

There are still certain research gaps and limitations despite significant progress. Multiple
active devices are needed for many reported universal biquad structures, which increases
silicon area and power consumption. Some topologies still include passive element
matching limitations or floating capacitors, which make practical implementation more

difficult.

For biquad structures, mixed mode operations that support VM, CM, TAM and TIM
concurrently still comparatively remain less explored. Therefore there is a lot of room to

design better mixed mode biquad active filter configurations by using CFOA.
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CHAPTER 3

THE PROPOSED BIQUAD UNIVERSAL FILTER TOPOLOGY

3.1 Basic Concept of CFOA

2
As seen in Figure 1, the Current Feedback Operational Amplifier (CFOA) is a four port

active component that has two input ports (X and Y) and two output ports (Z and W).

Fig. 3.1 Symbolic Representation of CFOA

It is structurally derived from the second generation current conveyor (CCILI+) which is
followed by a voltage buffer stage connected at the Z terminal. Its characteristics can be

presented as following matrix equation:
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a, B and n are frequency dependent non- ideal gains in the above equation. Under ideal
conditions, all are equal to one. Thus, assuming ideal analysis of CFOA the terminal

relations are defined as:

1,=0, Vx=Vy, I;=Iy, V\=V; (3.2)

3.2 CFOA Integrator

The core of proposed topology utiliza a single CFOA based inverting integrator, shown
in figure 2, where the integrating capacitor is connected at the high impedance Z
terminal of the CFOA and the input signal is applied to low impedance X terminal via a
resistor. The current entering the X terminal iﬁansferred to the Z terminal in this

configuration, with Y terminal grounded [70]. Its transfer function is given by:

o - L (3.3)
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Fig 3.2. CFOA Based Inverting Integrator

3.3 The Proposed Configuration

Five CFOAs, eleven resistors including feedback resistors and two grounded capacitors
are used in the proposed structure to create a second order mixed mode filter. The circuit
is primarily composed of two cascaded CFOA based integrator stages after a summing
amplifier stage. The input signal V;, is applied through resistor R;, in CFOA 1, which
serves as input summing block. Fﬁdback signals from the following stages are supplied
back through R.Ry, and Ry, Grounded capacitors C, and C, are used to create
integrator stages from the outputs of CFOA 2 and 3. High pass, band pass and low pass
responses are produced by the outputs Vo, Vas and Vs respectively. Furthermore, CM
and TAM filter respﬁlses can be realized because of CFOA 4 and 5 which are voltage to
current converters. VM, CM, TAM and TIM filtering operations can all be realized

simultaneously in the suggested circuit.
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Fig 3.3. Proposed Circuit
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3.4 Mixed-mode Transfer Functions

2 R, R, &,
D(s) =s R[—1+5R +

1Ty Rﬂ:zrlrz

where, T, = R1C1

andt, =R C
2 272

3.4.1 VM Transfer Functions

1. HPF:
VUI(S) _ Rz s
V.0 T\ R, DO
2. BPF:
Vuz(s) _ Rz E
v T R DG
3. LPF:

(3.4)

(3.5)

(3.6)

(3.7

(3.8)

(3.9)
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3.4.2 CM Transfer Functions

L6

I. HPF
,m(sj
2. BPF
'[114(5}
'm(S)
3. LPF
,115(5)
1 ()

2

D(s)

= _L =
Rsrl D(s)

(3.10)

(3.11)

(3.12)

(3.13)
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3.4.3 TAM Responses

1. HPF

- (e
2. BPF

:'”ij; = (_ Rl_;;rl) DES) 3.13)
3. LPF

o= [ e
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3.4.4 TIM Transfer Functions

1. HPF
I':m((:; —— R % (3.17)
2. BPF
o= (-5 o
3. LPF
o= (e
4. BRF
H o (s) = (52 4L ) R{ (3.20)
BRF 0T, | D)

From the above equations the filter parameters, resonance frequency (f,) and quality

factor (Q), can be given by:
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f, = [— (3.21)
n Rrhzrlrz(%_l)
and @ = R\ [ 5 (3.22)

BW = ————— (3.23)
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CHAPTER 4

SIMULATION RESULTS

The performance of the proposed mixed mode CFOA based KHN biquad filter was
verified using OrCAD PSpice simulation through the macro-model of AD844. For
biasing of AD844, DC power supply voltages of symmetrical value £12V were used. A
sinusoidal AC voltage source with a magnitude of 1V was given as a supply to the filter
input. An AC analysis was performed over a frequency range of 1Hz to 1MHz. The
circuit was designed for a butterworth response that is Q=0.707 and for a resonant
frequency of 1.59kHz. Therefore, the passive components were taken as R;,,= R, =R,=
Ry= 10k}, R, =20kQ, Rﬂ,]=14.14k%Rﬂﬁ=20kﬂ, R;=R,=10kHz, Rs=R=20kHz and C,
= C,=10nF. Frequency responses (magnitude and phase responses) for VM, CM, TAM

and TIM have been demonstrated for different filter functions below:

4.1 Voltage Mode
4.1.1 High Pass Filter

For selected values of passive components: f =1.59KHz , Q=0.707

200
0 T T
_ 20 r:’ 100
g -40 z
E 2 0
= a P
D 60 £ ’
& -100 /
-80
-200 .
10" 10’ 10? 10" 10° 10* 10
Frequency (Hz) Frequency (Hz)
(a) (b)

Fig. 4.1 a) Gain Response for fﬂzl.S‘)KHz b)Phase Response of HPF
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From fig 4.1 it can be inferred that simulated cutoff/pole frequency is almost the same as

theoretical frequency. There is an error less than 10% that might be because of the

non-idealities of the CFOA.

4.1.2 Band Pass Filter
For selected values of passive components: f =1.59KHz, Q=0.707

300

200 +

Gain(dB)
Phase (degree)

100 +

10 10° 10* 10°
Frequency (Hz)

Frequency (Hz)
(a) (b)

Fig. 4.2 a) Gain Response for fD:l.S‘)KHZ b)Phase Response of BPF

From fig 4.2 it can be inferred that simulated cutoff/pole frequency is almost the same as

theoretical frequency. There is an error of less than 5% that might be because of the
non-idealities of the CFOA.

4.1.3 Low Pass Filter

For selected values of passive components: fﬂzl.S‘)KHz , Q=0.707

0
simulated
ideal -
T 50
g £
g 5
£ =100
[} o
o g
£ -150
107 10* 10° 10° 10% 10* 10°
Frequency (Hz) Frequency (Hz)
(a) (b)

Fig. 4.3 a) Gain Response for fﬂ=l S9KHz b)Phase Response of LPF
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From fig 4.3 it can be inferred that simulated cutoff/pole frequency is almost the same as
theoretical frequency. There is an error of less than 4% that might be because of the

non-idealities of the CFOA.
4.1.4 Band Reject Filter

For selected values of passive components: f =1.59KHz, Q=0.707

200

100

Gain(dB)
Phase (degree)

-100

=200
10° 10* 10° 10" 10° 10* 10°
Frequency (Hz) Frequency (Hz)
(a) (b)

Fig. 4.4 a) Gain Response for fﬂ=l.59K_Hz b)Phase Response of BSF

From fig 4.4 it can be inferred that simulated cutoff/pole frequency is almost the same as
theoretical frequency. There is an error of less than 3% that might be because of the

non-idealities of the CFOA.

Table 4.1 Comparison table between simulated and theoretical values of Voltage Mode

Filter Type Designed Simulated %Error
Frequency(kHz) Frequency(kHz)

HPF 1.59 1.436 9.7

BPF 1.59 1.516 4.67

LPF 1.59 1.537 3.32

BSF 1.59 1.553 2.34
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4.2. Current Mode
4.2.1 High Pass

For selected values of passive components: fﬂ=l.59KHz , Q=0.707

200

T 100
g g
= by

E’ =2 0

Z -100

- - =200

10" 10° 10* 10° 10" 10° 10* 10°
Frequency (Hz) Frequency (Hz)
(a) (b)

Fig. 4.5 a) Gain Response for f =1.59KHz b)Phase Response of HPF

From fig 4.5 it can be inferred that simulated cutoff/pole frequency is almost the same as
theoretical frequency. There is an error of less than 10% that might be because of the

non-idealities of the CFOA.
4.2.2 Band Pass

For selected values of passive components: {,=1.59KHz , Q=0.707

300

200

100

Phase (degree)

: 0
10° 10° 107 10° 10" 10° 10" 10°
Frequency (Hz) Frequency (Hz)

(a) (b)

Fig. 4.6 a) Gain Response for fﬂ=l.59KHz b)Phase Response of BPF




From fig 4.6 it can be inferred that simulated cutoff/pole frequency is almost the same as

theoretical frequency. There is an error of less than 6% that might be because of the

non-idealities of the CFOA.

4.2.3 Low Pass

For selected values of passive components: f=1.59KHz , Q=0.707

Crain(dB)

-50

-100

10"

10

2

10*

Frequency (Hz)

(a)

T =50

g

g

=

=100

2

£ 150
200

10"

10°
Frequency (Hz
(b)

10° 10/
)

Fig. 4.7 a) Gain Response for fD:1.59KHz ¢ b)Phase Response of LPF

From fig 4.7 it can be inferred that simulated cutoff/pole frequency is almost the same as

theoretical frequency. There is an error of less than 6% that might be because of the

non-idealities of the CFOA.

Table 4.2 Comparison table between simulated and theoretical values of Current Mode

Filter Type Designed Simulated %Error
Frequency(kHz) Frequency(kHz)

HPF 1.59 1.451 8.76

BPF 1.59 1.509 5.12

LPF 1.59 1.510 5.04
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4.3. Transadmittance Mode

4.3.1 High Pass

For selected values of passive components: f,=1.59KHz , Q=0.707

simulated
ideal

Gain(dB)

Phase (degree)

=200 L

200

100

-100

10*
Frequency (Hz)
(a)

10°

10°

10° 10° °

Frequency (Hz)
(h)

10

Fig. 4.8 a) Gain Response for f =1.59KHz b)Phase Response of HPF

From fig 4.8 it can be inferred that simulated cutoff/pole frequency is almost the same as
theoretical frequency. There is an error of less than 4% that might be because of the

non-idealities of the CFOA.
a) 4.3.2 Band Pass

For selected values of passive components: fo=1.59KHz , Q=0.707

300

=70 f

simulated

-80 | - ideal

200

=100 |

Gain(dB)

=110 |

=120 |

100

Phase (degree)

10"

10?

10

1w’

Frequency (Hz)
(a)

Frequency (Hz)
(b)

Fig. 4.9 a) Gain Response for ma=104rad/sec b)Phase Response of BPF
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From fig 4.9 it can be inferred that simulated cutoff/pole frequency is almost the same as

theoretical frequency. There is an error of less than 10% that might be because of the

non-idealities of the CFOA.

4.3.3 Low pass

For selected values of passive components: f=1.59KHz , Q=0.707

=50 t

simulated
ideal

-100 |

Gain(dB)

=150 F

-50

-100

Phase (degree)

=150

10'

10° 10*
Frequency (Hz)
(a)

10"

=200

10"

10

Frequency (Hz)

(b)

Fig. 4.10 a) Gain Response for fD:l.S‘)KHZ b)Phase Response of LPF

From fig 4.10 it can be inferred that simulated cutoff/pole frequency is almost the same

as theoretical frequency. There is an error of less than 8% that might be because of the

non-idealities of the CFOA.

Table 4.3 Comparison table between simulated and theoretical values of TAM

Filter Type Designed Simulated %Error
Frequency(kHz) Frequency(kHz)

HPF 1.59 1.533 3.61

BPF 1.59 1.435 9.72

LPF 1.59 1.473 7.38
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4.4. Transimpedance Mode
4.4.1 High Pass

For selected values of passive components: f,=1.59KHz , Q=0.707

100 200
Q0 b— i il il i ]

E 100

= 60 5

- o,
£ 40 = 0
e Z 100

0
200
10" 10° 10* 10" 107 10° 10°
Frequency (Hz) Frequency (Hz)

(@) (b)
Fig. 4.11 a) Gain Response for fﬂ=l.59KHz b)Phase Response of HPF

From fig 4.11 it can be inferred that simulated cutoff/pole frequency is almost the same
as theoretical frequency. There is an error of less than 6% that might be because of the

non-idealities of the CFOA.
4.4.2 Band Pass

For selected values of passive components: f=1.59KHz , Q=0.707

300
90
80 ey
o~ ke
a7 .t_uz(m
= =2
= 2
£ 60 o
o) = 100
50 £
40
- 0
10° 10 10° 10° 10° 10 10°
Frequency (Hz) Frequency (Hz)
(a) (b)

Fig. 4.12 a) Gain Response for f =1.59KHz b)Phase Response of BPF




From fig 4.12 it can be inferred that simulated cutoff/pole frequency is almost the same
as theoretical frequency. There is an error of less than 8% that might be because of the

non-idealities of the CFOA.
4.4.3 Low Pass

For selected values of passive components: f=1.59KHz , Q=0.707

100 0

simulated

50

Gamn(dB)

Phase (degree)
5

10° 10° 10° 10° 10° 10 10°
Frequency (Hz) Frequency (Hz)
(a) (b)

Fig. 4.13 a) Gain Response for fﬂ=1.59KHz b)Phase Response of LPF

From fig 4.14 it can be inferred that simulated cutoff/pole frequency is almost the same
as theoretical frequency. There is an error of less than 5% that might be because of the

non-idealities of the CFOA.

43




Gam(dB)
g

1

4.4.4 Band Reject

For selected values of passive components: f=1.59KHz , Q=0.707

= simulated
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10t 10°

Frequency (Hz)

(a)
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Phase (degree)
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10"
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107

10’ 10°
Frequency (Hz)
(b)

Fig. 4.14 a) Gain Response for f,=1.59KHz b)Phase Response of BRF

From fig 4.14 it can be inferred that simulated cutoff/pole frequency is almost the same

as theoretical frequency. There is an error of less than 3% that might be because of the

non-idealities of the CFOA.

Table 4.4 Comparison table between simulated and theoretical values of TIM

Filter Type Designed Simulated %Error
Frequency(kHz) Frequency(kHz)

HPF 1.59 1.504 5.39

BPF 1.59 1.468 7.66

LPF 1.59 1.513 4.86

BSF 1.59 1.557 2.08
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CHAPTER 5

CONCLUSION

A novel CFOA based mixed-mode biquad filter has been introduced in this work.

In chapter 1, CFOA and active filters circuits are introduced. There is discussion of the
benefits of CFOAs, including its large bandwidth, high slew rate and excellent high
frequency performance. It also explains the necessity of mixed mode filters in modern
analog signal processing applications. Additionally, the motivation for the suggested

CFOA based mixed mode biquad active filter is presented.

A thorough analysis of the literature on first order and second order CFOA based filter
designs is provided in chapter 2. The benefits, drawbacks and practical implementation
elements of several previously published VM, CM, TAM and TIM universal filters are

covered. The suggested mixed mode biquad filter is inspired by the identified research

gap.

Chapter 3 presents the fundamental idea and features of the CFOA as well as the
suggested CFOA based mixed mode filter topology. The transfer functions for four
modes are derived theoretically and expressions for resonance frequency, quality factor

and bandwidth are obtained.

In chapter 4, OrCAD Pspice simulations based on AD844 CFOA macro models are used
to validate the proposed filter. The HP, LP, BP and BR filters’ magnitude and phase

responses in various operating modes are shown.
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