1
Introduction

Electrical filters permeate modern electronic systems so much that it is imperative
for an electronic circuit or system designer to have at least some basic under-
standing of these filters. The electronic systems that employ filtering process are
varied, such as communications, radar, consumer electronics, military, medical
instrumentation, and space exploration. An electrical filter is a network that trans-
forms an electrical signal applied to its input such that the signal at the output
has specified characteristics, which may be stated in the frequency or the time
domain, depending upon the application. Thus, in some cases the filter exhibits a
frequency-selective property, such as passing some frequency components in the
input signal, while rejecting (stopping) signals at other frequencies.

The developments of filters started around 1915 with the advent of the electric
wave filter by Campbell and Wagner, in connection with telephone communication.
The early design advanced by Campbell, Zobel, and others made use of passive
lumped elements, namely, resistors, inductors, and capacitors, and was based on
image parameters (see for example, Ruston and Bordogna, 1971). This is known
as the classical filter theory and it yields reasonably good filters without very
sophisticated mathematical techniques.

Modern filter theory owes its origin to Cauer, Darlington, and others, and the
development of the theory started in the 1930s. Major advancements in filter theory
took place in the 1930s and 1940s. However, the filters were still passive structures
using R, L, and C elements. One of the most important applications of passive
filters has been in the design of channel bank filters in frequency division multiplex
telephone systems.

Introduction of silicon integrated circuit (IC) technology together with the
development of operational amplifiers (OAs) shifted the focus of filter designers in
the 1960s to realize inductorless filters for low-frequency (voice band 300-3400 Hz)
applications. Thus ensued the era of active-RC filters, with OA being the active
element. With computer-controlled laser trimming, the values of the resistances
in thick and thin film technologies could be controlled accurately and this led to
widespread use of such low-frequency (up to about 4 kHz) active-RC filters in the
pulse code modulation (PCM) system in telephonic communication.

Owing to the difficulty in fabricating large-valued resistors in the same
process as the OA, low-frequency filters could not be built as monolithic
devices. However, the observation that certain configurations of capacitors and
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periodically operated switches could function approximately as resistors led to
the introduction of completely monolithic low-frequency filters. The advent of
complementary metal-oxide semiconductor (CMOS) transistors facilitated this
alternative with monolithic capacitors, CMOS OAs, and CMOS transistor switches.
The switched-capacitor (SC) filters were soon recognized as being in the class of
sampled-data filters, since the switching introduced sampling of the signals. In
contrast, the active-RC filters are in the category of continuous-time filters, since
the signal processed could theoretically take on any possible value at a given time.
In the SC technique, signal voltages sampled and held on capacitors are processed
via voltage amplifiers and integrators. Following the SC filters, researchers
soon invented the complementary technique where current signals sampled
and transferred on to parasitic capacitances at the terminals of metal-oxide
semiconductor (MOS) transistors could be processed further via current mirrors
and dynamic memory storage (to produce the effect of integration). This led to
switched-current (SI) filtering techniques, which have become popular in all-digital
CMOS technology, where no capacitors are needed for the filtering process.

In recent times, several microelectronic technologies (such as Bipolar, CMOS,
and BiCMOS), filter architectures, and design techniques have emerged leading
to high-quality fully integrated active filters. Moreover, sophisticated digital and
analog functions (including filtering) can coexist on the same very large-scale
integrated (VLSI) circuit chip. An example of the existence of several integrated
active filters in a VLSI chip is illustrated in Figure 1.1. This depicts the floor plan
of a typical PCM codec chip (Laker and Sansen, 1994).

Together with the progress in semiconductor technology, new types of semi-
conductor amplifiers, such as the operational transconductance amplifier (OTA),
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and current conveyor (CC) became realizable in the late 1970s and onwards. This
opened up the possibility for implementation of high-frequency filters (50 kHz to
~300 MHz) in monolithic IC technology. An OTA can be conveniently configured
to produce the function of a resistor and an inductor, so that usual high-frequency
passive LCR filters can be easily replaced by suitable combinations of monolithic
OTAs and capacitors leading to operational transconductance amplifier capacitor
(OTA-C) (or gy-C) filters. Introduction of CCs in the 1990s encouraged researchers
to investigate signal processing in terms of signal currents rather than signal
voltages. This initiated activities in the area of current-mode (CM) signal process-
ing and hence CM filtering, even though the idea of realizing current transfer
functions goes back to the late 1950s and the 1960s (Thomas, 1959; Hakim, 1965;
Bobrow, 1965; Mitra, 1967, 1969; Daggett and Vlach, 1969). In fact, a very simple
and direct method of obtaining a current transfer function realization from that of
a voltage transfer function employing the concept of transposition was advanced as
early as 1971 by Bhattacharyya and Swamy (1971). Since for CM signal processing,
the impedances at the input and output ports are supposed to be very low, the
attendant bandwidth can be very large. Modern CMOS devices can operate at
very low voltages (around 1V direct current (DC)) with small currents (0.1 mA
or less). Thus, CM signal processing using CMOS technology entails low-voltage
high-frequency operation. The intermediate frequency (IF) (f, ~ 100 MHz) filter in
a modern mobile communication (global system mobile, GSM) system has typical
specifications as presented in Table 1.1. The required filters can be implemented
as monolithic IC filters in the CM, using several CC building blocks and integrated
capacitors.

Considering applications in ultra wideband (~10-30 GHz) communication sys-
tems, monolithic inductors (~1-10nH) can be conveniently realized in modern
submicron CMOS technology. Thus, passive LCR filter structures can be utilized
for completely monolithic very wideband electronic filters. Advances in IC technol-
ogy have also led to the introduction of several kinds of digital ICs. These could be
used to process an analog signal after sampling and quantization. This has led to
digital techniques for implementing an electronic filter (i.e., digital filters), and the
area falls under the general category of digital signal processing (DSP).

As the subject of electrical/electronic filter is quite mature, there are a large
number of books on this subject contributed by many eminent teachers and
researchers. The current book is presented with a practical consideration, namely,
that with the advent of computers and the abundance of computer-oriented courses
in the electrical engineering curricula, there is insufficient time for a very exhaustive
book on analog filters to be used for teaching over the span of one semester or

Table 1.1 Magnitude response characteristics of an IF filter.

Frequency £ +100kHz f,+800kHz f,+1.6MHz f,+3MHz f,+6MHz
Attenuation (dB) < 0.5 >5 >10 > 15 > 30
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two quarters. The present book is, therefore, relatively concise and is dedicated to
current concepts and techniques that are basic and essential to acquire a good initial
grasp of the subject of analog filters. Recognizing the popularity of courses that are
amenable to the use of computer-aided tools, many circuit analysis (i.e., SPICE)
and numerical simulation (i.e., MATLAB) program codes are provided in the body
of the book to reinforce computer-aided design and analysis skills. The present
book is very close to the practical need of a text book that can be covered over the
limited span of time that present-day electrical engineering curricula in different
academic institutions in the world can afford to the subject of analog filters. Toward
this, the subject matter is presented through several chapters as follows.

Chapter 2 presents a review of several network analysis methods, such as the
nodal, loop, and indefinite matrix techniques, as well as a method for analyzing
constrained networks. One- and two-port networks are defined and various methods
of representing a two-port and the interrelationships between the parameters
representing a two-port are also detailed. The analysis methods are illustrated by
considering several examples from known filter networks.

Chapter 3 introduces several concepts such as impedance and frequency scal-
ing, impedance transformation, dual (and inverse) two-port networks, reversed
two-ports, and transposed networks. Some useful network theorems concerning
dual two-ports and transposed two-ports are established, and their applications
to singly and doubly terminated networks are considered. Also, the transposes
of commonly used active elements are given. Various approximation techniques
for both the magnitude and phase of a filter transfer function, as well as fre-
quency transformations to transform a low-pass filter to a high-pass, band-pass, or
band-reject filter are also presented in this chapter. Several MATLAB simulation
codes are presented.

Chapter 4 presents passive filter realization using singly terminated as well as
doubly terminated LC ladder structures. Synthesis of all-pole transfer functions
using such ladders is considered in detail.

Chapter 5 introduces the subject of designing second-order filters with active
devices and RC elements. The active devices employed are the OAs and the
OTAs. Both the single-amplifier and multiamplifier designs are presented. The
sensitivity aspect is also discussed. The chapter concludes with a brief introduction
to the devices and passive elements that are available in typical microelectronic
manufacturing environments. The objective is to provide a modest orientation to
the designers of active-RC filters toward IC filter implementation.

Chapter 6 deals with the subject of SC filters. The concept of the equivalence of
R and the classical switched-C is refined by introducing the notion of sampled-data
sequence and z-transformed equations. Parasitic-insensitive second-order filters
are discussed. Filters based on unity-gain buffer amplifiers are also presented.
Techniques to utilize the common continuous-time circuit elements (i.e., trans-
mission lines) to simulate the operation of an SC network are introduced. The
principles are illustrated using SPICE simulation.

High-order filter realization using active devices and RC elements is presented in
Chapter 7. The knowledge base developed through Chapters 3—6 is now integrated
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to illustrate several well-known techniques for high-order active filter implementa-
tion. Inductance simulation, frequency-dependent negative resistance technique,
operational simulation, cascade method, and multiloop feedback methods are
discussed. Implementations of high-order continuous-time filters using OAs and
OTAs, as well as SC high-order filters using OAs are illustrated.

Chapter 8 deals with the subject matter of CM filters. This technique of filtering
has been of considerable interest to researchers in the past two decades. The basic
difference between, voltage-mode (VM) and CM transfer functions is highlighted
and several active devices that can process current signals introduced. Derivation
of CM filter structures from a given VM filter structure using the principles of dual
networks and network transposition, are illustrated. In particular, the usefulness of
the transposition operation in obtaining, in a very simple manner, a CM realization
for a given VM realization (or vice versa) is brought out through a number of
examples. Implementations of CM transfer functions using OAs, OTAs, and CCs
are presented. SI filtering technique is also introduced in this chapter.

Chapter 9 introduces the concepts and techniques relevant to implementation
of IC continuous-time filters. The cases of linear resistance simulation using
MOS transistors, and integrator implementation using differential architecture are
illustrated. Second-order integrated filter implementations using OAs and OTAs
are considered. The chapter ends with two design examples for IC implementation:
(i) a low-voltage differential wideband OTA-C filter in CMOS technology and (ii)
an approach toward an IF filter for a modern mobile communication (GSM)
handset.

The book ends with three appendices that contain several tables for the approx-
imation of filter functions, as well as for implementation of the filter functions
using LCR elements. It is expected that once the filter transfer function is known,
or the specific LCR values for a high-order filter are known, the designer can use
the knowledge disseminated throughout the book to implement the required filter
using either discrete RC elements and active devices, or using the devices available
in a given IC technology. A MATLAB program for deriving the design curves for
Bessel-Thomson (BT) filters up to order 15 is also included.
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