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Preface

This book has been written for all who have a professional involve-
ment with marine electronic navigation systems, with the hope that it
will provide a deeper insight into each of the systems described. Each
of the navigation aids can be considered from three viewpoints:
equipment use, basic theory, and system deficiencies. Within this
book the first is considered to be the least important since most
equipment user manuals will describe operational aspects in adequate
detail and should always be carefully studied before attempting to
use unfamiliar equipment. However, following instructions in a step
by step manner will never lead to the optimum benefit being gained
from any navigation system. So no excuse is given for including basic
theory which, in some cases, will require a little effort in digesting.
But the benefits gained by not using equipment as a black-box but
with a real understanding, should make the effort worthwhile.
Finally, it is most important to be aware of the deficiencies of a
system, since the consequences of believing any system to be perfect
can cause at the very least a loss of confidence, when it is found
through practical experience that this is a mistaken belief.

I would like to thank the following organizations for providing
information and for permission to reproduce illustrations:
US Defense Mapping Agency Hydrographic/Topographic Center,
Washington D.C. 20315, The Decca Navigator Company, and Hewlett
Packard Ltd. Thanks are also given to Marconi International Marine
Company for providing the opportunity to gain the valuable
experience which has enabled me to write this book.

I would finally like to express my gratitude to the friends who
helped: Mrs J. Withams and Mrs A. Youens for typing the manu-
script, Mr P. Everett for checking the section on sonar, Mr R. 5.
Linford for encouragement and motivation, and Mr D. J. B. Haines
for many years of invaluable support.

S. F. Appleyard
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1 Radiation and propagation

1.1

An understanding of the behaviour of radio waves during propagation
from their source to point of reception is fundamental to an under-
standing of all radio navigation systems. It is particularly relevant to
&h appreciation of their limitations, since propagational effects are
invariably the major source of error. '

Electromagnetic waves

Radio waves form a specific part of the total spectrum of electro-
magnetic radiation of which light is also a part. An electromagnetic
wave can be considered as an oscillating electric force travelling
through space, and inseparably accompanied by an oscillating mag-
netic force in a plane at right angles to it (Figure 1.1). The plane
of the electric field in space provides the basis of defining the wave’s

_ polarization. A wave with a vertical electric field is said to be verti-

cally polarized.

electric field

»

direction of
propagation
magnetic field - -

Figure 1.1  The electromagnetic. wave, illustrating the relationship between
electric and magnetic fields, and direction of propagation.




2 Radiation and propagation

The relationship of radio waves with the rest of the spectrum of
electromagnetic radiation is illustrated in Figure 1.2. Radio waves are
usually specified in terms of their frequency (f), which is related to
wavelength (\) by the expression:

f=x [1.1]

where ¢ is the velocity of electromagnetic radiation in a vacuum (free
space) and has been determined as being 299, 792 km/s, although the
approximation of 3 X 10°km/s is often used in equation [1.1].

increasing
wavelength
_
X-rays
1 ultra - . )
violet infra red radio waves
s-1aYySs
viotet I red increasing
isi frequency
visible
light

Figure 1.2  The spectrum of electromagnetic radiation.

The unit of frequency is the Hertz (Hz), and the radio wave part
of the electromagnetic spectrum extends from 3 X 103Hz to 30 X
10% Hz, although these are not rigidly defined limits. Since very large
numbers are involved the following prefixes are assigned:

103Hz = 1 kilohertz (kHz)

10¢Hz = 1 Megahertz (MHz)

10°Hz = 1 Gigahertz (GHz)

Figure 1.3 illustrates the position of the different radio navigation
aids in the radio wave spectrum and relates them with other sources
of radio waves.

satellite

navigation marine radar
4 AN
VHF . microwave
PF ;'g-: RT satellite | Doppler
Omega Decca beacons \ FM| L ., communi-
Loran . . radi [ —TV. cation .
C AM radio HF RT and WT 7y radiof [ 4 microwave
v broadcast communication v 4 | communication
Ed TAT I 77N R k
I t I | I |
10 kHz 100 kHz 1 MH: 10 MH: 100 MHz 1 GHz 10 GHz 100 GH:

Figure 1.3 The radio wave spectrum.



Radiation and propagation 3

1.2 Propagation

1.2.1

The behaviour of radio waves and the influences which affect them
during their passage from transmitter to receiver are dependent upon
the frequency of the wave. All radio waves within a given frequency
band will have the same propagational characteristics irrespective of
their use, and so the following descriptions of propagation apply
equally to other radio signals on the same or adjacent frequencies.

When energy is radiated from an omnidirectional transmitting
antenna some energy will travel away from the earth, and some will

. travel away from the antenna remaining (initially) parallel with the

ground. In explaining the mechanisms of propagation these two
directions are considered separately, and are termed ‘skywave’ and
‘groundwave’ respectively. The relative importance of the skywaves
and groundwaves depends upon many factors, which include the
frequency of the transmission, the time of day, and the distance
between transmitter and receiver.

Groundwaves

The groundwave can be subdivided into two components, the ‘space
wave’ and the ‘surface wave’. The space wave can be further divided
into the ‘direct wave’ and the ‘ground reflected wave’. These latter
two waves illustrated by Figure 1.4 are of little significance in the
various radio navigation systems described in this book, since their
range is short and in many cases the two waves cancel at the receiver.

Of more significance is the surface wave, since in this case the
earth’s surface and the lower atmosphere influence the wave in such
a way as to cause it to follow the curvature of the earth. Since energy
is transferred from this wave to the ground, the distance over which
the wave can propagate depends upon the frequency of the trans-
mission. and the properties of the ground over which the wave passes.

Figure 1.4  The two components of groundwave propagation, space
: wave and surface wave. Space wave has two components,
(2) direct wave, and (b) ground reflected wave.




1.2.2

1.3

4  Radiation and propagation

The distance over which a surface wave can travel before suffering
unacceptable attenuation varies from only hundreds of feet to many
thousands of miles.

At low and medium frequencies, horizontally polarized surface
waves suffer much greater attenuation than vertically polarized
surface waves. In this frequency range therefore, antennas are
designed to transmit and receive vertically polarized waves.

Since the space wave does not play any significant part at the fre-
quencies of the radio navigation aids described in this book, the
general expression groundwave is used throughout to mean surface
wave,

Skywaves
It may be thought that waves travelling away from the surface of the

earth would be lost into space and thus play no further part. This is
by no means always the case since around the earth is the ionosphere,

a belt of ionized gases which extends from approximately thirty

miles to several hundreds of miles from the earth’s surface. The
effect of the ionosphere is to cause waves of certain frequencies to
refract, and ultimately reflect back to the surface.

The ionosphere

During day-time the densest region of ionization exists between
altitudes from sixty to six hundred miles. Throughout this region
there are several layers in which the ionization density is at a maxi-
mum, known as the D-, E- and F-layers, (Figure 1.5a). During the
day, the F-layer splits into two layers and these are designated F1

-and F2. The density of ionization of these layers depends upon many

factors including time of day, season, latitude, and the phase of the
eleven-year sunspot cycle. During night-time, all layers of the iono-
sphere slowly de-ionize. In particular. the D-region quickly disappears
in the absence of the sun and quickly ionizes shortly after the
following sunrise (Figure 1.5b).

During both day- and night-time the ionosphere has the effect of
refracting the radio waves which pass through it. The amount by
which the waves are refracted is dependent upon the density.of the
ionization of each of the layers, and on the frequency of the radio
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Figure 1.5 The ionosphere: (a) day-time; (b) night-time.

waves. In génera], as the frequency decreases the amount of refrac-
tion increases, until the point is reached where the wave is actually
reflected back from the ionosphere (Figure 1.6). Since the density of
the ionosphere varies daily and seasonally, a radio wave of a given
frequency may be reflected at some times and not at others.

The skywave returning to earth provides signal reception at a
distant point from the transmitter, termed the skip distance (Figure
1.6). Skywaves can undergo two or more reflections. When radio
signals are used for communication, the presence of the reflected
skywave is of great value since it makes communication over many
thousands of miles possible, far beyond the range of the groundwave
signal. Communication frequencies are therefore often chosen to
make optimum use of skywave signals. -

“The opposite to this is generally the case for radio navigation

systems, since these rely upon a precise knowledge of the propagation




6 Radiation and propagation

Figure 1.6 Yonospheric refraction and reflection of radio waves,
frequency f, > f,and £, > £,

times of the signal from transmitter to receiver. For communication
purposes accurate ionospheric predictions can be made relating to
the presence of skywave reflections for given frequencies, but it is
the precise time delays caused by the ionosphere which are difficult
to predict with precision. In certain cases skywaves are used to give
extended operation, Loran C being one example, but the positional
accuracies are considerably reduced from those normally achieved
with groundwaves. Usually the presence of a skywave is a matter of
nuisance,and in extreme cases the skywave interferes with the
groundwave to cause a system to become unusable.

Transmissions from Loran C (100 kHz), Decca (70-130 kHz) and
direction-finding (DF) beacons (up to 350 kHz) behave in a similar
manner. During day-time the ionized D-region attenuates the sky-
wave both before and after it is reflected by the E-region. The skip
distance falls within the groundwave, but the skywave has been
attenuated sufficiently to prevent serious interference with the
groundwave.

At night the D-region de-ionizes and the attenuation of the sky-
wave is now less. Reflections occur from both the E- and F-layers,
with some signals returning within the groundwave and some beyond.
The precise effect of these skywaves on the-performance of each of
the radio navigation skywaves is discussed under the heading of the
particular system.



1.4

Radiation and propagation 7
Very low frequency (VLF) propagation

The ray method of describing and analysing skywave propagation
becomes cumbersome at very low frequencies (<30 kHz), since for
distances beyond about 1000 kilometres from the transmitter the
signal has suffered many successive ionospheric reflections. A more
convenient method of describing VLF propagation is to use wave-
guide theory, one wall of the waveguide being the surface of the
earth and the opposite wall being the lower region of the ionosphere.
The effective height of the waveguide varies daily (and seasonally),
between approximately seventy kilometres by day and ninety kilo-
metres by night. At the frequencies of the Omega VLF navigation
system (10.2-13.6 kHz), this represents some two to four wave-
lengths.

The normal waveguide theory of two component waves travelling
obliquely to the walls of the guide, fully applies in the case of the
earth-ionosphere waveguide. A wave which makes the double passage
across the guide and back, and undergoes reflections at two walls
must be self consistent. This is only possible for certain discrete
directions of the wave normals, and so leads to a series of discrete
modes. In a loss-free system there is no change of amplitude on
reflection, and so the condition for self consistency is that the total
change of phase in the double passage across the guide and back
(with two reflections) is an integral multiple of 27 radians.

In a conventional waveguide the walls are clearly defined,
reflecting waves incident upon their surface. Waves can also be
reflected from a wall whose boundary is not clearly defined, but with
a refractive index which varies continuously across the boundary.
Such is the case with the ionosphere, although at Omega frequencies
the wave has totally reflected within the D-layer. The layer can be
considered as having a discrete boundary at a specific reflecting
height, and with an equivalent reflection coefficient.

When the earth ionosphere waveguide is excited by a radiating
antenna, many modes exist within the first 500 kilometres from the
antenna, consequently within this distance the mode theory becomes
cumbersome. Fortunately the high-order modes are attenuated more
than the low-order and so beyond 500 kilometres it is necessary only
to consider the first- and second-order modes.

Omega transmissions are launched from vertically polarized
antennas which create transverse-magnetic propagation modes within
the waveguide (Figure 1.7). At a distance of 1000 kilometres from

e .
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Figure 1.7 = VLF propagation within the earth-ionosphere waveguide,
illustrating the two primary modes TM1 and TM2.

‘the antenna only the TM1 and TM2 modes are large enough to be of
interest, beyond this the amplitude of the TM2 mode falls below that
of the TM1, and then only this latter mode remains significant.

1.4.1 Phase and group velocity

~ Figure 1.8 is a plot of the transverse field along the longitudinal axis

" of a waveguide. The diagram is drawn for one instant of time and for

" a guide transmitting an unmodulated sinusoidal wave. If Figure 1.8 is
redrawn for several successive instants of time, a changing field
pattern is obtained 'and the wave appears to move along the X-axis
with a velocity ¥, called the ‘phase velocity’.

Figure 1.8 Unmodulated sinusoidal wave in a waveguide.

The value of ¥, may be found from the fact that the wave in
Figure 1.8 moves forward a distance equal to A, in one cycle. Thus,
in one unit of time the wave moves forward f cycles, or a distance
[\, where fis the frequency of the wave. That is:

V, = £,

In a similar way, the velocity of any eleétromagnetic wave in free
space is: .

c = [,




