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Chapter 1 Digital Signal Processing
BerlaSar

(Rx]
Digital signal processing, a field which has its rootsf1}in 17th

and 18th century mathematics, has become an important modern
tool in a multitude of diverse fields of science and technology (1).
The techniques and applications of this field are as old as Newton

and Gauss and as new as digital computers and integrated circuits.

Digital signal processing is concerned with the representation of
signals by sequences[2]of numbers or symbols and the processing of
these sequences. The purpose of such processing may be to estimate
characteristic parameters of a signal or to transform a signal into a
form which is in some sense more desirable[3). The classical nu-

merical analysis formulae, such as those designed for interpolation
[4], integration[5}, and differentiation[6], are certainly digital
signal processing algorithms[7](2). On the other hand, the avail-
ability of high-speed digital computers has fostered the development
of increasingly complex and sophisticated signal processing algo-

rithms, and recent advances in integrated circuit technology promise
economical implementations of very complex digital signal processing
systems.

Signal processing, in general, has a rich history, and its tmpor-
tance is evident[8]in such diverse[9]fields as biomedical engineering
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[10], acoustics[11]), sonar[12]), radar, seismology [13], spegch
communication, data communication, nuclear [ 14 ] science, and
many others. In many applications, as, for example, in EEG and
ECG analysis[15]or in systems for speech transmission and speech
recognition, we may wish to extract some characteristic parameters.
Alternatively[ 16], we may wish to remove interference, such as
noise, from the signal or to modify the signal to present it in a form
which is more easily interpreted by an expert. As another example,
a signal transmitted over a communications channel is generally per-
turbed[17]in a variety of ways, including channel distortion, fading
[18], and the insertion of background noise. One of the objectives
at the receiver is to compensate[ 19]for these disturbances. In each
case, processing of the signal is required(3).

Signal processing problems are not confined[20], of course, to
one-dimensional signals. Many picture-processing applications re-
quire the use of two-dimensional signal processing techniques. This
is the case, in X-ray enhancement, the enhancement, and analysis
of aerial photographs for detection of forest fires or crop damage, the
analysis of satellite weather photos, and the enhancement of televi-
sion transmissions from lunar and deep-space probes[21]. Seismic
data analysis as required in oil exploration, earthquake measure-
ments and nuclear test monitoring[ 22 Jalso utilizes multidimensional
signal processing techniques.

Until recently, signal processing has typically been carried out
using analog equipment. Some exceptions to this were evident in the
1950s, particularly{23)in areas where sophisticated[ 24 ] signal pro-
cessing was required. This was the case, for example, in the analy-
sis of some geophysical data, which could be recorded on’ magnetic
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tape for later processing on a large digital computer. This class of
problems was one of the first examples of signal processing using
digital computers. This type of signal processing could not generally
be done in real-time; for example, minutes or even hours of comput-
er time were often required to process only seconds of data. Even so,
the flexibility of the digital computer made this alternative extremely

inviting[ 25](4).

During this same period the use of digital computers in signal
processing also arose in a different way. Because of the flexibility of
digital computers, it was often useful to simulate a signal processing
system on a digital computer before implementing it in analog hard-
ware. In this way, a new signal processing algorithm, or system,
could be studied in a flexible experimental environment before com-
mitting economic and engineering resources to constructing it. Typi-
cal examples of such simulations were the vocoder[ 26 ] simulations
carried out at Lincoln Laboratory and at Bell Laboratories. In the
implementation of an analog channel vocoder, the filter characteris-
tics often affect the quality of the resulting speech signal in unpre-
dictable ways. Through computer simulations, these filter charac-

teristics were adjusted and the quality of a system evaluated prior to

oconstruction of the analog equipment(5).

In all of the above examples of signal processing using digital
computers, the computer offered tremendous| 27)advantages in flex-
ibility. However, .the processing could not always be done in real-
time. Consequently, a prevalent| 28] attitude[ 29] at that time was
that the digital computer was being used to approximate, or simu-
late, an analog signal processing system. In keeping with that style,
early work on digital filtering was very much concerned with ways
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in which a filter could be programmed on a digital computer to that
with analog-to-digital conversion of the signal, followed by the digi-
tal filtering, followed by digital-to-analog conversion, the overall
system approximated a good analog filter. The notion[30]that digi-
tal systems might, in fact, be practical for the actual implementation
of signal processing in speech communication or radar processing or
any of the variety of other applications seemed at the cost, and size
were, of course, three of the important factors in favor of the use of

analog components.

As signals were being processed on digital computers, there was
a natural tendency to experiment with increasingly sophisticated sig-
nal processing algorithms. Some of these algorithms grew out of the
flexibility of the digital computer and had no apparent implementa-
tion in analog equipment. Thus, many of these algorithms were
treated as interesting, but somewhat impractical, ideas. An example
of a class of algorithms of this type was the set of techniques referred
to as spectrum analysis and homomorphic filtering[31]. It had heen
clearly demonstrated on digital computers that these techniques could
be applied to advantage in speech bandwidth compression systems,
deconvolution[ 32], and echo removal. Implementation of these
techniques requires the explicit evaluation of the inverse Fourier
transform of the logarithm of the Fourier transform of the input.
The required accuracy and resolution[33]of the Fourier transform
were such that analog spectrum analyzers were not practical. The
development of such signal processing algorithms made the notion of

alldigital implementation of signal processing systems even more
tempting (6 ). Active work began on the investigation of digital
vocoders, digital spectrum analyzers, and other all-digital systems,
with the hope that eventually such systems would become practical.




The evolution of a new point of view toward digital signal pro-
cessing was further accelerated by the disclosure[34])in 1965 of an
efficient algorithm for computation of Fourier transforms. This class
of algorithms has come to be known as the fast Fourier transform or
FFT. The implications of the FFT were significant from a number
of points of view. Many signal processing algorithms which had
been developed on digital computers required processing times sever-
al orders of magnitude greater than real-time (7). Often this was
tied to the facts that spectrum analysis was an important component
of the signal processing and that no efficient means had been known
for ir;nplementing it. The fast Fourier transform algorithm reduced
the computation time of the Fourier transform by orders of magni-

tude. This permitted the implementation of increasingly sophisticat-
ed signal processing algorithms with processing times that allowed
interaction with the system. Furthermore, with the realization that
the fast Fourier transform algorithm might, in fact, be imple-
mentable in special purpose digital hardware, many signal processing
algorithms which previously had practical implementations with spe-
cial purpose digital hardware.

Another important implication of the fast Fourier transform al-
gorithm was tied to the fact that it was an inherently|35) discrete-
time[ 36 ) concept. It was directed toward the computation of the
Fourier transform of a discrete-time signal or sequence and involved

a set of properties and mathematics that were exact in the discrete-

- time domain it was not simply an approximation to a continuous —
time Fourier transform(8). The importance of this was that it had
the effect of stimulating a reformulation of many signal processing

concepts and algorithms in terms of discrete-time mathematics and
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these techniques then formed an exact set of relationships in the dis-
crete-time domain. This represented a shift away from the notion
that signal processing on a digital computer was merely[37]an ap-
proximation to analog signal processing techniques. With this shift
in point of view there emerged a strong interest in the new or reborn
[38]field of digital signal processing.

The techniques and applications of digital signal processing are
expanding at a tremendous rate. With the advent of large scale inte-
gration and the resulting reduction in cost and size of digital compo-
nents, together with increasing speed, the class of applications of
digital signal processing techniques is growing. Special purpose digi-
tal filters can now be implemented at sampling rates in the mega-
hertz range. Special purpose processors for implementing the fast
Fourier transform at high data rates are commercially[ 39 Javailable.
Simple digital filters have been integrated on circuit chips. Almost
all current discussions of speech bandwidth compression systems are
directed toward all digital implementation because these are now the
most practical (9). Digital processors also form an integral part of
many modern radar and sonar systems. In addition to the develop-

ment of special purpose digital signal processing hardware, there are
available special programmable digital signal processing computers
whose architecture is matched to signal processing problems(10).
Such computers are finding application in real-time signal processing
as well as for real-time simulations directed toward the development
of special purpose digital hardware.

The importance of digital processing appears to be increasing
with no visible sign of saturation[40]). Indeed[41), the future de-
velopment of the field is likely to be even more dramatic than the




