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- Continuous Signals

1.1 Signals and Descriptions

1.1.1 Signals

Signals describe quantities that change. Fig. 1.1 depicts the
electrical voltage that a microphone produces in response to the
spoken word “car”. This voltage corresponds largely to the
acoustic pressure on our ear, which reacts to the changes in this
pressure over time. The curve in Fig. 1.1 shows the value of
microphone voltage in relation to time. Since there is a voltage
value for every point in time, we term this a continuous-time
signal. We call time the independent variable and the voltage
changing over time the dependent variable or signal amplitude.
We usually represent the independent variable horizontally
(x-axis) and the dependent variable vertically (y-axis).

Fig. 1.2 depicts another continuous signal. The diagram
shows the temperature curves for a house wall, not over time, but

in relation to the location. The curves show the temperature profile



2 English in Communication and Information Engineering

> “g” : “qn : “pr
£ 2 ! !
™ |
g 1t u' |
° | .
§ ity : I
g I 1
. :
3 l i :
0 100 200 300 400

Time/ms

Fig. 1.1 Example of a continuous-time signal: a voice signal for the
syllable “car”
inside a 15cm thick brick wall where the air temperature at the
right side suddenly rose by 10 K. One hour late the local
temperature follows the curve represented by the thick time. At
another time we would have a different temperature curve. In
contrast to Fig. 1.1, time here is a parameter of a family of curves;

the independent continuous variable is the location in the wall.
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Fig. 1.2 Temperature curve for a house wall
Fig. 1.3 shows another kind of variable quantity, the stock
market index over time. Although this index changes all the while
the stock market is open, the diagram shows only the weekly

average. Thus the depicted value does not change continuously,
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but only once a week. When the signal amplitude occurs only at
certain fixed points in time (discrete times) , but not for points in
between, we call the signal discrete or, more precisely,
discrete-time. In our example, however, the signal amplitude itself

is not discrete but continuous.
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g. 1.3 The weekly German stock market index between January 5,
1996, and June 28, 1996

In Fig. 1.4 we have entered the frequency of earned marks for
a test in system theory at the University of Erlangen-Nurnberg in
April, 1996. The individual marks assume only discrete values (1.
0 ~ 5.0) ; the frequencies (in contrast to the average stock index)
are whole numbers and so likewise discrete. In this case both the
independent and the dependent variable are discrete.

The signals we have considered thus far have been quantities
that depend on a single independent variable. However, there are
quantities with dependencies on two or more variables. The
grayscales of Fig. 1.5 depend on both x and the y co-ordinates.
Here both axes represent independent variables. The dependent
variable s(x, y) is entered along one axis, but is a grayscale
between the extreme values black and white.

When we add metion to pictures, we have a dependency on

three independent variables (Fig. 1.6): two co-ordinates and
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Fig- 1.4 Frequency of earned marked for a test in systems theory
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time. We call these two-or three-dimensional (or generally
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multidimensional) signals. When grayscale values change
continuously over space or over space and time, these are
continuous signals.

All our example have shown parameters (voltage,
temperature, stock index, frequencies, grayscale) that change in
relation to values of then independent variables. Thereby they
transmit certain information. In this book we define a signal as
fo[low':

A signal is a function or sequence of values that represents
information.

The preceding examples have shown that signals can assume
different forms. Signals can be classified according to various
criteria, the most important of which are summarized in Tab. 1.1.

Tab. 1.1 Criteria for classifying signals

continuous{ -time)

discrete( -time)

amplitude-continuous

amplitude-discrete

analogue digital
real-valued complex-valued
unidimensional multidimensional

finite domain

infinite domain

deterministic

stochastic

We have already discussed the difference between continuous
and discrete signals on the basis of Fig. 1.1 and Fig. 1.5. Discrete
signals are also termed discontinuous. Most of the preceding signals
have been amplitude-continuous, because their dependent variable
can take on any value. However, the signal in Fig. 1.4 is
amplitude-discrete, for the dependent variable (number of
examinees) can assume only integer values. Taken precisely, the

stock index in Fig. 1.3 is likewise amplitude-discrete, since the stock
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index is specified to only a certain number of decimal places. Signals
whose dependent and independent variables are continuous are called
analogue signals. If both variables are discrete, we call the signal
digital. The output voltage of microphone is an analogue signal, for at
any given time amplitude values can be read with any desired
precision. Sequences of values stored in a computer are always
digital , since the amplitude values can be stored only with finite word
length in distinet (discrete) storage cells.

All of signals we have considered so far had real amplitudes
and so are classified as real-valued. Signals whose dependent
variable assumes complex values are called complex-valued.

The signals in Fig. 1.1 to 1.4 are unidimensional, while those
in Fig. 1.5 and 1.6 are multidimensional. For reasons of graphic
representation, all the signals in the previous examples had finite
domains of their independent variables and so are classified as
finite-domain signals. However, if we consider the signal in Fig.
1.6 as the picture of a television camera, then the domain of the
location variable becomes finite again due to the restricted picture
excerpt, but the domain of the time variable is infinite ( neglecting
the finite lifetime of the camera).

Signals are termed deterministic if their behavior is known and
can be represented, e. g. , by a formula. The deflection voltage of
an oscilloscope is a deterministic signal, for its behavior is known
and can be represented as a sawtooth wave. By contrast, we
cannot define the amplitude values of a voice signal (see Fig. 1.1)
by means of formulae or graphical elements; furthermore, their
continued behavior is not known. Such signals are termed
stochastic. Since it is impossible to specify their behavior in terms
of functions, such signals are described by expected values

(mean, variance and many others).
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1.1.2 Time-domain Descriptions

The fact that the great majority of functions which may usefully

be considered as signals are functions of time lends justification to

the treatment of signal theory in terms of time and of frequency!'!

A periodic signal will therefore be considered to be one which
repeats itself exactly every T seconds, where T is called the périod
of the signal waveform; the theoretical treatment of periodic
waveforms assumes that this exact repetition is extended throughout
all time, both past and future. In practice, of course, signals do
not repeat themselves indefinitely. Nevertheless, a waveform such
as the output voltage of a mains rectifier prior to smoothing does
repeat itself very many times, and its analysis as a strictly periodic
signal yields valuable results. In other cases, such as the
electrocardiogram (ECG), the waveform is quasi-periodic and
may usefully be treated as truly periodic for some purpose. It is
worth noting that a truly repetitive signal is of very little interest in
a communication channel, since no further information is conveyed
after the first cycle of the waveform has been received. One of the
main reasons for discussing periodic signals is that a clear
understanding of their analysis is a great help when dealing with
aperiodic and random ones.

A complete time-domain description of such a signal involves
specifying its value precisely at every instant of time. In some
cases this may be done very simply using mathematical notation.
Fortunately, it is in many cases useful to describe only certain
aspects of a signal waveform, or to represent it by a mathematical
formula which is only approximate. The following aspects might be

relevant in particular cases:
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(1)the average value of the signal;
(2) the peak value reached by the signal;
{3 ) the proportion of the total time spent between value a and

(4) the period of the signal.

If it is desired to approximate the waveform by a
mathematical expression, such techniques as a polynomial
expansion, a Taylor series, or a Fourier series may be used. A
polynomial of order n having the form

f() =ay +a,t +a,f* +a,f + - +a,t"
may be used to fit the actual curve at (n + 1) arbitrary points.
The accuracy of fit will generally improve as the number of
polynomial terms increases. It should also be noted that the error
between the true signal waveform and the polynomial will normally
become very large away from the region of the fitted points, and
that the polynomial itself cannot be periodic. Whereas a polynomial
approximation fits the actual waveform at a number of arbitrary
points, the alternative Taylor series approximation provides a good
fit to a smooth continuous waveform in the vicinity of one selected
point. The coefficients of the Taylor series are chosen to make the
series and its derivatives agree with the actual waveform at this

point. The number of terms in the series determines to what order

of derivative this agreement will extend, and hence the accuracy

with which series and actual waveform agree in the region of the

point chosen'™. The general form of the Taylor series for

approximating a function f( ) in the region of the point £ =a is given
by

f) =fa) + (¢ -a) x dffifl + “2-!602 y dzﬁiﬁ s
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(t-a) &fa)

n! dr*

Generally speaking, the fit to the actual waveform is good in
the region of the point chosen, but rapidly deteriorates to either
side. The polynomial and Taylor series descriptions of a signal
waveform are therefore only to be recommended when one is
concerned to achieve accuracy over a limited region of the

waveform. The accuracy usually decreases rapidly away from this

region, although it may be improved by including additional terms

(so long as ¢ lies within the region f convergence of the series) 1.

The approximations provided by such methods are never periodic in
form and cannot therefore be considered ideal for the description of
repetitive signals.

By contrast the Fourier series approximation is well suited to
the representation of a signal waveform over an extended interval.

When the signal is periodic, the accuracy of the Fourier series

description is maintained for all time, since the signal is

represented as the sum of a number of sinusoidal functions which

are themselves periodic'*!. Before examining in detail the Fourier

series method of representing a signal, the background to what is

known as the ‘frequency-domain’ approach will be introduced.
1.1.3 Frequency-domain Descriptions

The basic conception of frequency-domain analysis is that a

waveform of any complexity may be considered as the sum of a

number of sinusoidal waveforms of suitable amplitude,

periodicity, and relative phasel*!.

A continuous sinusoidal

function (sin @ is thought of as a ‘single frequency’ wave of
frequency @ radians/second, and the frequency-domain

description of a signal involves its breakdown into a number of such



