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The seas have lifted up, LORD,  
   the seas have lifted up their voice;  

   the seas have lifted up their pounding waves.  
Mightier than the thunder of the great waters,  

   mightier than the breakers of the sea—  
   the LORD on high is mighty. 

Psalm 93:3-4 
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Foreword 
 

This book is intended to cover the basic theoretical 
concepts underpinning Electromagnetic Wave Motion 
that are developed in most maritime-related courses, 
whether Naval, Coastguard or Merchant Marine 
Engineering. For these reasons it is advisable that other 
maritime users also have a basic understanding of the 
concepts upon which many essential modern sea-going 
sensors and communications devices now operate. 
This book covers background material that is covered in 
much greater detail for Electrotechnology syllabi of the 
UK Department for Transport Examinations and is 
suitable as a precursor for Marine Engineering Cadets 
studying the Electrical Engineering Principles unit of the 
Business and Technician Education Council (BTEC) 
programme and other related subjects.  
Knowledge regarding electromagnetic waves and 
electromagnetic devices are also essential merchant 
navy sea service requirements, particularly for STCW95 
qualification in Marine Electro-Technology (as Chief 
Engineer and Second Engineer), as mandated, by the 
UK Department for Transport MCA. This short 
introductory book has been written as simply as 
possible to support the large number of overseas 
students for whom English is not their first language. 
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Introduction 
 

What is a Wave? 
Have you ever sat on a beach on a sunny day and watched 
as the waves crashed, or broke gently, before reaching the 
shore and wondered what is physically happening? We 
can see the water waves because they reflect visible light 
arriving from the sun into our eyes. Simultaneously you 
will hear the vibrations of the air molecules travelling 
into our ears as sound waves (actually transferring from a 
sound wave to a mechanical wave and back to a 
biological acoustic wave before producing an electrical 
wave that the human brain interprets) or listened 
underwater to the grinding acoustic waves produced from 
the sand particles rubbing violently one against another, 
or felt vibrations set up in the sand with your hand as the 
waves strike the shore travelling inland as weak seismic 
waves. 
 
Clearly the single event of the wave striking the shore has 
produced a variety of different outcomes, or we might say 
different energy exchange and energy loss mechanisms 
have been simultaneously activated. It is in this sense that 
we can describe water waves, light (and other 
electromagnetic waves), sound waves, acoustic and 
seismic waves in terms of various wave properties from 
their size (amplitude) to their ability to be reflected and 
refracted. Each type of wave mentioned here, and others, 
have a very different impact on our human senses, and 
there are in fact many waves that exist beyond the limits 
of our unaided human senses to detect, such as invisible 
x-rays or gamma-waves.  In some cases the medium that 
carries the wave and the way the medium moves, or is 
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disturbed as the wave passes an observer, is different in 
each case. Some times there is no medium at all! 
However, despite these real differences there are many 
properties common to all these different types of wave. 
All waves, for example, are refracted, diffracted and 
reflected. All waves can interfere with each other, and 
many can be polarised as well. 
 
These common properties can be explained in the 
simplest way by the use of a mathematical model of wave 
motion. This model usually deals with waves with the 
introduction of a sinusoidal ‘wave equation’, which 
describes mathematically the varying shape of the 
common wave disturbances that are produced and the 
way in which these waves travel from location to location 
in terms of its frequency.  This equation makes no pre-
conditions about the medium carrying the wave, nor how 
the wave disturbs the medium, and it can be used for all 
kinds of waves. Importantly the wave model predictions 
calculated in this way agrees very well with the common 
waves that we experience on a beach, as well as with 
waves detected by a wide range of non-human sensor 
systems. It is my intention in this short introduction to 
electromagnetic waves to review these common 
properties. As the title suggests this book will look at 
several basic electromagnetic wave concepts that will 
become familiar to the future marine engineer. More 
advanced discussion of electromagnetic waves and 
further reading of Electrotechnology topics can be found 
in the Bibliography chapter at the end of the book [1-4]. 
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Chapter 1 
Basic Concepts 

“We ourselves feel that what we are doing is just a drop in the 
ocean. But the ocean would be less because of that missing 

drop.” Mother Teresa 

Waves 
 
A wave is usually regarded as the propagation of a 
disturbance, often periodic (i.e. repeating itself after a 
certain time), which travels through a medium, or a 
vacuum, transferring energy or information, 
accomplished without any permanent movement of the 
medium in the direction of the disturbance. In a wave, the 
energy of a vibration is usually moving away from the 
source in the form of a disturbance within the 
surrounding medium. However, in a standing wave on a 
string energy moves in both directions equally. With 
ElectroMagnetic (EM) waves in a vacuum, the concept of 
a medium does not apply. Where there is a medium, wave 
energy is transferred by oscillations of the carrying 
medium, in the case of electromagnetic waves travelling 
through a vacuum, the medium is considered to be the 
electromagnetic field of the wave itself. We will look at 
the wave concept in several different ways to get the 
fullest picture or understanding of what is going on. 
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Wave parameters 
 
In order to describe a wave we must first define some 
important fundamental parameters, which we can then 
use to quantify its description and appearance. 
 
Figure 1 is a simple diagram showing the displacement of 
the molecules of the medium from their original 
undisturbed position as a simple wave passes and an 
observer records the wave motion. The horizontal axis 
represents the distance from the source of the wave. 
 

 
Simple sine wave representation measured in terms of distance 

Figure 1 
 

The maximum displacement from the undisturbed 
position is called the wave Amplitude (A). The 
amplitude can be both above the zero displacement line 
(+A) or below it (–A).  In this example it is measured in 
metres and is normally significantly smaller than this for 
most electromagnetic wave applications, yet it can be 
much greater than this as well! It is often measured within 
Radio and Radar receiver electrical circuits as a voltage. 
The distance between successive peaks (wave crests) or 
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successive troughs, or between any successive identical 
points on the waveform, is known as the Wavelength (), 
i.e. it is the distance travelled during one complete cycle 
(OB in figure 1 above).  It is also measured in metres and 
is pronounced “lambda”.  
 
An alternative way of viewing a wave is to show how the 
displacement of a particular point varies over time rather 
than over distance. The time taken for one complete cycle 
(vibration or complete oscillation) is called the wave 
Period, or the time per cycle (T) and is measured in 
Système International (SI) units of seconds. However, 
most electromagnetic wave systems will operate with 
wave periods much less than one second and so recording 
the Period in seconds is not necessarily the most helpful 
measure of the wave’s oscillatory behaviour.  
 
It is generally more useful to quote the number of 
complete oscillations in one second, which is found by 
taking the inverse of the  repetitive Periodic time, and this 
is called the Frequency 'f ' of the wave or oscillation, i.e. 
 

f = 1/T                                          (1) 
 

e.g. for a period of 0.02 seconds (or T=1/50 s) an 
electrical frequency will be 50 Hz (the UK mains 
frequency).  
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Simple sine wave representation measured in terms of time 

Figure 2 
 

 

The unit of frequency is called the HERTZ (Hz) and is 
named after Heinrich Rudolf Hertz (02/22/1857– 
01/01/1894) who first verified the existence of 
electromagnetic waves in 1887. Hertz was a German 
physicist at the University of Karlsruhe who expanded the 
electromagnetic theory of light that had first been 
proposed by James Clerk Maxwell in 1865.  Maxwell’s 
most important achievement was formulating classical 
electromagnetic theory which unified all previously 
unrelated observations, experiments and equations of 
electricity, magnetism and optics into a consistent theory 
[5]. Maxwell's equations demonstrated that electricity, 
magnetism, heat and light are all manifestations of the 
same phenomenon, namely the electromagnetic field. 
Subsequently, all other laws or equations of these 
subjects now became simplified cases of Maxwell's 
general equations. Hertz was the first to demonstrate the 
existence of these electromagnetic waves by building a 
radio device to produce and detect what we now call Very 
High Frequency (VHF) or Ultra High Frequency (UHF) 
radio waves [6]. 
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Most electromagnetic wave transmission involves very 
many wave vibrations per second. A frequency of 10 
Megahertz (10 MHz) is one where the oscillations occur 
at a rate of 10 million per second, and would be typical of 
analogue television broadcast. A frequency of 5 kilohertz 
(5 kHz) is one where oscillations occur at a rate of 5000 
per second and is typical of audio frequencies. Navigation 
radar commonly operate in the range 8-10 GHz (India 
Band) or 8-10 thousand million vibrations per second. 
 
Another important parameter is the wave speed, V. This 
is the speed at which the wave travels through the 
medium.  The standard unit is metres per second (ms-1), 
but km s-1, km per hour, miles per hour or knots (nautical 
miles per hour) are commonly used alternatives. Wave 
speed depends upon: the wave type, the medium through 
which it is travelling and sometimes upon the frequency 
of the wave. If the direction as well as the magnitude of 
the speed is known it is usual to talk in terms of the wave 
velocity as this is a vector quantity, having both 
magnitude and direction. 
 

Relation between speed, frequency and wavelength 
 

The wave speed, v, is given by: 
 
 V =              Distance travelled                                  
        Time taken to cover this Distance 
 
e.g. a sprinter covering a distance of 100 metres in a time 
of 10 seconds will have an average speed of 10 ms-1, or 
an average velocity of 10 ms-1 along the direction of the 
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running track. Note the speed at the start line is initially 
zero, and changes rapidly, initially resulting in not only a 
rapidly changing velocity but a rapid change in 
acceleration (rate of change of velocity) as well. 
 
From figures 1 and 2 we can see that the waves shown are 
identical, it is simply the way we measure or look at the 
wave that is different. Consequently the time taken for a 
wave to travel one wavelength (e.g. from O to B), is just 
the periodic time T, i.e. the time taken for one point on 
the wave to go through a single complete oscillation 
cycle. 
 
 So,   V =                                     
                              T 
 
 

and since      f = 1/T this may be rewritten as: 
                   

V =   f    
                             
This is an important relationship for if we know any two 
of speed (velocity), frequency and wavelength, we can 
easily calculate the third unknown quantity. This equation 
applies to all forms of wave motion. 
E.g. for a radar frequency of 3 GHz what is the value of 
the wavelength? 
Using V =   f
Rearranging the equation for the wavelength. 
=   V/f  so m 
 
In the unique case of electromagnetic waves the speed of 
the waves is the same irrespective of the frequency of the 
wave and is extremely high, and is often referred to as “c” 
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after the Latin word “celeritas” meaning swiftness, so for 
electromagnetic waves this equation becomes: 
 

c =  f 
 
It is valuable to remember some typical speed values at 
the start of the book: 
 
speed of sound in air at sea level under standard 
atmospheric conditions   about 330 ms-1 
speed of sound in water   about 1500 ms-1 
speed of light, c     about 3  108 ms-1 

 
The speed of sound in air will fall with increasing height 
as the density of air molecules falls, and hence the 
probability of molecules directly interacting with one 
another also decreases. The increased density of water 
molecules compared with air is the primary reason for the 
speed of sound in water being about five times greater 
than the speed of sound in air. It should also be 
appreciated that the speed of light provides the most rapid 
interrogation possible of the local above water 
environment, making it ideal for RADAR sensing 
applications (where RADAR is an acronym for Radio Aid 
for Detection and Ranging). However, the poor 
transmission property of electromagnetic wave 
propagation in water generally renders the use of 
electromagnetic waves below water effectively useless.  
Most radars operate using the echo principle where 
electromagnetic wave pulses strike a target and some of 
the emitted radar energy is reflected back towards the 
radar receiver, figure 3.    
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Radar Pulse delay ranging  

Figure 3 
If the very short elapsed time t, from transmission of the 
radar pulse to the detection of the received echo is 
measured electronically one can calculate contact range 
as all electromagnetic waves travel at the speed of light, 
c = 3×108  ms-1. Consequently the distance they travel is 
given by: 
Distance = ct 
and the target or contact range R is given by half the total 
distance travelled by the electromagnetic waves returning 
so that: 
 

Range R = ct/2                        (4) 
 



 

   17 

For example, if the elapsed time of a long range search 
radar pulse is 3 milliseconds, what is the range of the 
contact?  
Range = 3×108 × 3×10-3 /2 = 4.5 × 105 m = 450 km  
This relationship is used in pulsed radars to measure 
contact range and is known as pulse delay ranging, but 
applies to other forms of EM energy such as LIDAR 
(LIght Detection And Ranging) as well as SONAR. 
There is significant deviation from these nominal values 
depending upon precise environmental conditions. For 
example, for propagation of sound waves in water or 
SONAR waves (SONAR stands for SOund Navigation 
And Ranging), speed depends strongly upon the inter-
play of several related factors: salinity, temperature and 
pressure. It should not be surprising that propagation 
speed in a warm very salty environment, e.g. the surface 
of the Dead Sea, will be quite different to that in cold 
Arctic or Antarctic surface waters. In Oceanography 
salinity refers to the water's "saltiness" and salinity is not 
expressed as a percentage, but in parts per thousand (‰), 
or approximately grams of salt per kilogram of aqueous 
solution. Optical refractive index, a property we will 
consider later, changes as the salinity changes, and also as 
the temperature changes. An example of refractive index 
change with temperature and salinity is given in Table 1. 
Temperature Salinity 

30‰ 
Salinity 
35‰ 

Salinity 40‰ 

00C 1.3398 1.3407 1.3419 

100C 1.3393 1.3401 1.3412 

200C 1.3384 1.3393 1.3402 
Table 1 Refractive index with changes of temperature and 
Salinity. 



 

18 

 
A more detailed description of the index of refraction of 
seawater and its dependence upon salinity, temperature 
and pressure can be found in the work of Austin and 
Halikas [7]. Other workers have also recently determined 
an empirical equation for predicting the index of 
refraction of water as a function of temperature, salinity, 
and wavelength at atmospheric pressure [8].  
 
In a similar way when light travels from air to enter a 
different medium, such as glass or water, the speed and 
wavelength of light will both be reduced, whilst the 
frequency remains unchanged. The refractive index N, 
describes this effect with reference to the speed of light in 
vacuum, 

N = c/v                                            (5) 
where c is the speed of light as discussed previously and 
v is the speed in the relevant medium. Thus in glass 
where the speed is (2/3)c typically then N=c/(2/3)c = 3/2= 
1.5 
As light travels at approximately 300,000 kilometres per 
second in vacuum which has a refractive index of 1.0, it 
will slow down to 225,000 kilometres per second in water 
(refractive index 1.3) and 200,000 kilometres per second 
in glass (refractive index 1.5). However, in diamond, with 
a relatively high refractive index of 2.4, or other high 
refractive index transparent materials, the speed of light is 
reduced to about 125,000 kilometres per second), much 
less than its maximum speed in vacuum. 
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Phase 
 
Another important wave parameter to consider is phase. 
Phase describes the point reached by an oscillation 
relative to some reference point. If the start of the actual 
wave oscillation is used as the reference point, then the 
phase of any point on that wave is measured by how far 
through one oscillation that point has reached. The reader 
needs to be aware that phase cannot uniquely describe 
points which are more than one wavelength apart as each 
cycle of a wave contains an identical set of repeated 
displacement points! Consequently 00 = 3600 = 7200 etc. 
However, phase is used to describe effectively how one 
wave is oscillating relative to another wave. This is very 
important when we have to consider the effect of 
combining two or more waves together, and turns out to 
provide more useful insights than just considering time or 
distance with which we are more familiar in our daily 
life.   
 
The next three consecutive figures each shows two waves 
of identical amplitude and frequency but with their peak 
values not occurring at the same time (figure 4) nor at the 
same place (figure 5). These curves can be represented 
mathematically from the equation: 
 y = sin (

plotting a graph of y against is a constant and both  
and  are measured in degrees) and is shown in figure 6. 
where is pronounced ‘theta’ and is pronounced ‘phi’. 
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Two waves with a time difference or time delay t between them, 
with Wave 1 leading Wave 2 in time by t seconds  

Figure 4 
 
 
 
 

 
Two waves with a path difference or path delay d between them, 
with Wave 1 leading Wave 2 in distance by d metres  

Figure 5 
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Two waves with a phase difference or phase delay between 
them, with Wave 1 leading Wave 2 in angle by degrees  

Figure 6 
 

The dotted curve is shifted to the right relative to the solid 
curve by a time ‘t’ in figure 4, by a path difference ‘d’ in 
figure 5 and by a phase angle ‘’ in figure 6.  Phase 
difference is expressed as an angle in degrees but can be 
considered in radians where 360° 2radians. 
 
For these representations to be equivalent the fractional 
changes must be the same, i.e.:  
   

t     =  d   =     (6) 
                T                 360 

 
This useful relation between path difference and phase 
difference will be discussed further in the section 
detailing interference. 
 
When there is no phase shift between two waves of 
identical amplitude and frequency, as shown in the 
diagrams above, the waves are said to be in-phase, the 
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waves exactly overlap and add together constructively 
resulting in a wave of twice the original amplitude. In 
modern phased array radar the output of multiple small 
power sources are combined together through the use of 
modern computer digital signal processing to produce a 
powerful narrow radar beam in the chosen direction.  
 
However, when the peak of one wave occurs at the same 
time (or in the same place) as the trough of the second 
wave, the waves are exactly half a waveform out of step, 
the waves are then said to be in anti-phase or 180o out-
of-phase. Such waves will add together destructively and 
cancel each other out. Modern phased array radars will 
produce almost complete cancellation in all directions 
except the chosen beam direction. 
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Self assessment questions 
After studying this chapter you should be able to answer 
the following questions. 
 
1. Explain the terms: period, frequency, wavelength, 

amplitude and phase. 
 
2. Find the wavelength of the following: 

a. 10 GHz radar, 
b. 95 MHz radio, and 
c. 1011 Hz microwaves. (3 decimal 

places) 
3. Find the time delay t in terms of the Periodic Time 

T for a wave which is 90o out-of-phase. 
 
4. How many times greater approximately is the 

speed of light compared with the speed of sound in 
water? 

 
5. A lightning bolt is seen to strike the topmast of a 

yacht in a harbour. If the sound of the thunder is 
heard 5 seconds later, how far away is the yacht? (1 
decimal place.) 
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Chapter 2 
Types of Waves 

“If your love were a grain of sand, mine would be a universe 
of beaches.” From “The Princess Bride” Wesley to Buttercup 

 

Different types of waves 
 

It is possible to transmit waves through all manner of 
materials: solids, liquids and gases. For example: seismic 
waves can travel through the various stratified different 
layers of the planet earth, mechanical waves will occur in 
solid structures such as bridges, buildings, wires, metal 
plates and ship bulkheads. Sound waves meanwhile can 
also travel through gases, fluids and solids. These waves 
all have one factor in common, a material medium is 
necessary for wave transmission to take place whereas, 
only electromagnetic waves can travel through a vacuum.   
 

Propagation of longitudinal sound waves 
Sound waves may be produced by almost any form of 
energy, e.g. in a chemical explosion, through mechanical 
motion such as rubbing (friction), electrical spark, 
lightning etc. Sound waves, however, cannot travel 
through the vacuum of space, for they are carried by the 
molecular collisions of the air particles, and in the 
vacuum of space there are no such molecules present. 
Sound waves can travel in other gases besides air, and 
they can travel in liquids or through solid bodies.  
Consider the tuning fork in figure 7. Initially in the 
undisturbed medium the air molecules are equally spaced 
as denoted by the spacing of the vertical lines at the top of 
the diagram (a). Once the tuning fork is struck and the 
fork compresses the air molecules the local density is 
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increased very slightly and the wave begins to propagate 
into the air on the second line (b). A little later the arms 
of the tuning fork have begun to recoil and the 
compression is now clearly seen to have moved to the 
right (c). As the tuning fork continues to vibrate the space 
between the arms is slightly increased and the air 
molecules are now slightly further apart on average than 
in the undisturbed medium, corresponding to a very slight 
decrease in the local density (rarefactions) of the air 
molecules, appearing as a slight increase in the spacing of 
the vertical lines (d). Over time a pattern of compressions 
followed alternatively by rarefactions develops, this so 
called pressure density wave is what causes changes in 
pressure across the ear drum when we hear a sound or a 
whale hears another whale underwater.  
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Longitudinal wave generated with a tuning fork propagating as a 
series of compressions and rarefactions  

Figure 7 
 

Propagation of transverse mechanical waves 
  
This particular type of wave is associated with materials 
with strong intermolecular bonds, such as plastics, wood, 
metals etc., unlike longitudinal waves. Initially particles 
are undisturbed, (a) but then one is disturbed by a vertical 
motion (b) figure 8. This first particle vibrates about the 
equilibrium position as time progresses out to a maximum 
extension (c). But this first particle is joined to the second 
by molecular forces holding the material together and so 
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a restoring force begins to act upon the first molecule 
bringing it back from its position of maximum extension. 
Because of the molecular forces holding the material 
together the second particle is forced to repeat the motion 
of the first but slightly later in time (d) and so on. Similar 
effects occur for other particles in the chain. This 
disturbance thus travels through the medium until the 
disturbance has passed completely by the first particle 
which once more returns to its undisturbed position (i)- 
through a variety of loss or dampening mechanisms.  
 
The particles thus move in a direction at right angles 
(orthogonal or at 90 degrees) to the wave propagation 
direction, and is said to be a transverse wave. This type 
of wave motion can be demonstrated by giving a taunt 
string a flick at right angles to the direction of the string. 

 
Transverse wave generated along a string showing individual 
molecular motion developing over time.  

Figure 8 
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As has already been seen sound waves are longitudinal, 
whilst waves on a string are transverse. Many other forms 
of wave-motion can be built up from these two 
fundamental ‘modes’. For example the waves on the 
surface of the sea, which have a complicated form, may 
simply be considered as combinations of both 
longitudinal and transverse wave motion out of step since 
if a particle moves forwards, then downwards, backwards 
and then upwards, it will actually describe a rotational 
motion. Longitudinal and transverse waves exist 
throughout a medium whilst the wave-motion which 
causes waves on the surface of the sea is restricted to the 
surface layer, where the break in symmetry of the system 
occurs. As we go below or above the surface the motion 
changes so there are no longer any water waves. 
 
Electromagnetic waves 
On a sunny day we human beings can sense directly the 
light and heat travelling to the earth’s surface from the 
sun. Most of us are also aware that there are invisible x-
rays travelling from space to the earth as well as radio 
waves travelling out into space from the earth to control 
space probes in deep space and around distant planets, 
which themselves can transmit radar, video and other 
information back to earth again. All such waves clearly 
must have travelled through the vacuum of space where 
there are no particles to support the wave propagation 
mechanisms we have just discussed. It was this problem 
that Maxwell sought to solve. 
Part of Maxwell’s understanding and approach to the 
solution of the electromagnetic wave problem was in 
considering the properties of both longitudinal waves 
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(such as sound) and transverse waves (such as the waves 
set up in bridges and seismic waves), both types of wave 
that had been relatively well understood for about 150 
years. Maxwell understood that longitudinal waves had 
only one fundamental direction, air molecules vibrated 
about their equilibrium position in the same direction as 
the propagation direction of the energy or 
communications information transmission. Such a wave 
could be considered a 1 dimensional wave with one 
degree of freedom or movement. A transverse wave as 
shown in figure 8 has two degrees of movement, the 
movement of the connected particles is in a separate 
direction at 90 degrees to the direction of wave 
propagation and could be considered as a two 
dimensional wave. 
Furthermore, it is possible in principle to demonstrate 
(and this can be achieved with a slinky spring) the 
excitation of a transverse motion in the direction coming 
out of the paper towards you as well as the one shown 
vertically in figure 8 with the propagation travelling in 
the plane of the paper as before. Consequently the 
possibility existed in Maxwell’s mind of two different 
kinds of transverse field linked together, with one 
reaching a maximum at the same time as the other 
reached a minimum in field strength, transferring energy 
from one field to the other over time like a roller coaster 
ride transferring potential energy to kinetic energy and 
then back again. The two connected, mutually dependent 
fields in the case of electromagnetic waves are time 
varying electric field and a time varying magnetic field. 
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It is observed that electric charges will have electric fields 
in the space surrounding them. If the electric charges 
oscillate then so will the electric fields. Moving charges, 
like those found in a radio antenna system, will also 
produce time varying magnetic fields so an oscillating 
electric charge will produce an oscillating or time varying 
electric field and an oscillating magnetic field, which are 
inextricably linked together creating a disturbance which 
is known simply as an electromagnetic wave. It can be 
shown mathematically that the electric field will always 
be at right angles to the magnetic field and both of these 
time varying fields are perpendicular to the direction of 
the wave propagation. Since time varying and static 
electric and magnetic fields can exist in vacuum, 
electromagnetic waves can also propagate through a 
vacuum. An electromagnetic wave is portrayed in figure 
9. It should be noted that the magnitude of the electric 
field is 300 million times larger than the magnitude of the 
magnetic field. A full discussion of the derivation of 
Maxwell’s important equations is given in another book 
[8]. 
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Representation of an Electromagnetic Wave showing the 

orientation of both the Electric and Magnetic fields  
Figure 9 

 
As with all types of wave motion, we may specify the 
wave amplitude, the wavelength, the frequency and the 
speed.  -rays, X-rays, ultraviolet radiation, visible light, 
infra-red radiation, microwaves, radar and radio waves 
are all electromagnetic waves.  
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In principle there is no fundamental difference between 
an ultraviolet wave and a microwave, except that these 
waves will interact differently with the matter they pass 
through depending upon the bond vibrations present in 
those materials. 
 
They will differ in their frequencies and their energies 
according to equation (3).  Arranging the waves in order 
of increasing frequency (or decreasing wavelength) yields 
the electromagnetic spectrum shown in figure 10.  

 
The Electromagnetic Spectrum 

Figure 10 
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With electromagnetic waves the energy of a single photon 
or ‘wave-packet’ of radiation of a set frequency is given 
by: E= hf  where h is Planck’s constant having a value of 
6.626068 × 10-34 m2kg/s, and f is the frequency as before. 
Using the result of equation 3 and substituting for the 
frequency gives the result: 
 

E= hc/ λ                                        (7) 
 

Radio waves are divided into various bands. Long wave 
radio, for example, will travel around the world and were 
used for long-distance telegraphy. Medium Frequency 
(MF) waves are still used for night-time sky wave 
transmissions (up to 200 miles by day and 500 miles at 
night). High Frequency (HF) is used for day-time Sky 
wave, operating over a higher frequency range and over a 
wider bandwidth (range of frequencies). All sky wave 
transmissions are strongly subject to changes in the 
ionosphere from which they are refracted and travel 
through. Very High Frequency (VHF) waves and above 
are not sufficiently strongly refracted by the earth’s 
atmosphere and ionosphere to be reflected back to the 
earth, so they extend only to the horizon and a little 
beyond (4/3 optical horizon approximately). These waves 
are used for Frequency Modulated (FM) high quality 
radio broadcasts. Microwaves are used in many 
household items today and are, of course, used in radar 
systems on air, sea, space, and land platforms. 
Infra red waves, beyond the end of the red visible 
spectrum, shorter in wavelength than radio waves are 
radiated by hot bodies, such as the sun or ships’ funnels. 
They are invisible, but produce the sensation of heat on 
skin. Infra red radiation was first discovered by Sir 
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Frederick William Hershel KH, FRS, (15/11/1738– 
25/08/1822) in February 1800. Herschel was testing solar 
filters to observe sun spots. When using a red filter he 
found a significant amount of heat was produced, and 
discovered infrared radiation in sunlight by passing it 
through a prism and holding a thermometer just beyond 
the red end of the visible spectrum. The thermometer was 
meant to be a control to measure the room’s ambient air 
temperature, so he was surprised to discover it recorded a 
higher temperature than thermometers in the visible! 
Further experiments led Herschel to conclude there was 
an invisible form of light beyond the red end of the 
visible spectrum. Although born in Hanover, Germany, 
he emigrated to Britain aged 19. Herschel made many 
important contributions to science and physics, whilst 
living in Bath, England, and is best remembered for his 
discovery of Uranus and 2 of its moons, Titania and 
Oberon. Thermal imagery provides extremely a useful 
maritime tool for sea search and rescue, surveillance, sea-
safety and identification (figure 11) amongst other 
applications [9-10]. Modern commercial thermal imagers 
are very good tools for the maritime fire-fighter and 
properly trained can help to successfully contain fires. 

 
Thermal image of vessel in port. 

Figure 11 
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In figure 11 a vessel is observed with a FLIR™ systems 
E320 heat camera with a screen palette chosen to display 
images in a range of false colours to aid human observers. 
Cameras may be radiometrically calibrated to provide 
accurate temperature readings as well, and have proven 
valuable in wildlife research [11-12]. 
 
The short Near Infra Red (NIR) wavelengths between 
0.7-3µm (pronounced ‘mu’) or microns (0.7 to 3 
millionths of a metre) used by Image Intensifiers (night 
vision devices) are often seen on wildlife, police and 
military television programmes (figure 12). These 
wavelengths are invisible to human eyesight but sensitive 
devices can make use of the large amount of invisible 
ambient starlight and moonlight, as well as amplifying 
any low level visible light present at night. NIR also 
penetrates cloud and fog much more readily (less 
scattering) than visible light and so aviators also make 
use of Image Intensifiers during night-time flying 
operations.  
 

 
Benefits of NIR imagery for zoological applications [13-14] 

Figure 12 
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Figure 12 shows a NIR image of a zebra taken at 
Paignton Zoo, England. Notice the high NIR reflectance 
of vegetation (grass) and the extension of stripe dye 
pigmentation well into the NIR region of the spectrum. 
 
The Middle Infra Red (MIR) from 3-6 microns is 
commonly associated with operation of heat seeking 
missiles which passively seek the heat emissions of hot 
objects such as aircraft exhausts or ships outlined against 
a cold sea and cold sky [15]. 
 
Far Infra Red (FIR) thermal imaging cameras, operating 
from 6-15 microns covers the temperature range 
associated with both human, and wildlife emissions. 
Search and Rescue makes extensive use of thermal 
imaging, and can provide additional image identification 
at night in the absence of visible light or under conditions 
of mist and fog [9]. 
 
Ultraviolet (UV) radiation is also invisible, and is present 
in sunlight. Ultraviolet radiation is responsible for human 
sunburns, but is also used by the body to produce Vitamin 
D. Ultraviolet, like infra red can be used to affect 
photographic films and various digital sensors. 
Ultraviolet or UV can help detect certain substances by 
their ability to fluorescence. Certain materials when 
exposed to Ultra Violet radiation are excited momentarily 
to a higher energy state, and upon relaxation drop back to 
their normal or ‘ground’ state emit the different in energy 
at visible longer wavelengths. Specific minerals for 
example will emit particular identifiable spectral 
fluorescence spectra. Clothes achieve this effect using 
fluorescent substances which then responds to ultraviolet 
waves present in ordinary sunlight or under illumination 
at music events.  
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X-rays are yet another kind of invisible electromagnetic 
waves, sometimes called Röntgen rays after the German 
scientist Wilhelm Conrad Röntgen (27/03/1845–
10/02/1923) who discovered them in November 1895. He 
produced and detected electromagnetic radiation in a 
wavelength range today known as X-rays or Röntgen 
rays, an achievement that earned him the first Nobel Prize 
in Physics in 1901. X-rays pass easily through 
considerably thicknesses of solid substances, such as 
wood, brick or metal which would stop ordinary light. X-
rays also pass easily through the human body, with denser 
body materials such as bones absorbing more of the 
radiation. Modern medical digital X-rays machines 
convert the transmitted radiation into digital images of the 
interior of the human body. Dental radiographers also us 
X-rays to examine the roots of teeth. The shorter the 
wavelength of the X-rays, the greater the thickness of 
materials they will penetrate. Short-wavelength X-rays 
are called ‘hard’ X-rays, and longer ones are called ‘soft’ 
X-rays.  Hard X-rays are used to treat certain kinds of 
disease, such as cancer. 
Gamma rays, which are more penetrative than ‘hard’ X-
rays, having higher frequency and even more energy are 
also used for treatment of sicknesses and the examination 
of solid objects, as well as being produced through 
nuclear reactions and detonations. Paul Villard, a French 
physicist, is largely credited with the discovery of gamma 
rays. Most accepted sources put this at about 1900. 
Villard recognised gamma Rays as different from X-rays 
(discovered in 1896 by Röntgen) because the gamma rays 
had a significantly greater penetrating depth. In 1914 
Lord Rutherford showed that they were a form of light 
with a shorter wavelength than X-rays. 
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All these waves travel with the same speed in a vacuum 
(i.e. the speed of light, c = 3 108 m s-1).  In a material 
the speed is reduced and the ability to travel through the 
material and the speeds with which they do so depend 
upon the particular material and the frequency of the 
electromagnetic radiation. 
 
Because the electric field (and the magnetic field) 
oscillates (vibrates) at right angles to the direction of 
propagation, all electromagnetic waves are considered as 
transverse waves. 
 
It needs to be emphasised that things do not always 
appear the same when viewed in different spectral bands 
of the electromagnetic spectrum. Consider a view of the 
Dartmouth Castle Tea Rooms, England. For over 600 
years Dartmouth Castle has stood in an imposing 
waterfront setting guarding the narrow entrance to the 
Dart estuary and Britannia Royal Naval College. The gun 
tower is thought the first fortification in Britain to mount 
heavy cannon. The castle battlements, castle tearooms 
and St Petrox Church together form an impressive 
heritage site. The same view can be obtained in the 
visible red (figure 13), near infra red (figure 14), and the 
far infra red (figure 15) [16-17].  
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Visible Red band 

Figure 13 

 
NIR band 
Figure 14 

 
Far Infra Red Thermal band 

Figure 15 
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Figure 13 and Figure 14 taken in the visible and NIR 
bands respectively seem at first glance to be superficially 
similar, but on further inspection significant differences 
are observed. For example, vegetation has a high NIR 
reflectance so that grass and trees appear ‘bright’. Some 
regions of vegetation and objects even swap contrast 
(dark to light and vice-versa) on going from the visible to 
the NIR band. NIR also penetrates vegetation to a greater 
depth improving sub-canopy penetration. The resolution 
or quality of the visible and NIR are both high whilst the 
thermal band resolution is much poorer by comparison. 
However, the thermal emissions of the scene, and people 
within the scene are detectable even on the darkest night, 
when unaided visible and NIR imaging is not possible.  
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Self assessment questions 
After studying this chapter you should be able to answer 
the following questions. 
 
1. List the following in order of frequency, lowest 

first: 
1010GHz SHF, X-rays, 10 cm echo sounder waves, 
10 cm radar, 1500 m radio waves, and blue light. 
 

2. The following list shows 5 different wave motions: 
 3 GHz radar 

Ultra-Violet light 
3 MHz radio signal 
15 kHz sonar 
1500 Hz sound in air 
 
a. Which has the shortest wavelength? 
b. Which has a higher frequency than visible 

light? 
 
3. Place the following in order of frequency, starting 

with the shortest: 
5 GHz radar, 3 micron infra-red radiation, 20 kHz 
sonar, 4 kHz sound in air, blue light, and 2000 m 
radio. 
 

4.      For a single photon of wavelength 600nm, what is 
the energy of the radiation emitted? (3 decimal 
places) 
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Chapter 3 
Wave Properties 

“Aye, I suppose I could stay up that late.” James Clerk 
Maxwell- said after being informed of a compulsory 6am 

church service at Cambridge University. 

Polarisation 
Polarisation occurs only with transverse wave motion. 
Polarisation is a term describing the alignment of the 
oscillation direction. Figure 16 shows a single 
electromagnetic wave generated by a single oscillating 
charge. The electric field oscillation direction is vertical. 
If all the electromagnetic waves (and there may be many 
tens of millions of them) in a beam from a source (such as 
radar or a laser) and they have their electric field 
oscillations in the same direction, the beam is said to be 
linearly polarised. 

 
Vertically polarised wave 

Figure 16 
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With electromagnetic radiation, if the electric field 
oscillation is perpendicular to the surface or ground, the 
beam is described as Vertically polarised or Transverse 
Magnetic (as the magnetic field component is horizontal) 
whereas if the electric field is horizontal, the beam is 
described as horizontally polarised or Transverse 
Electric, as the electric field is now horizontal. 
Sometimes vertical polarisation is referred to as P 
polarisation, similarly horizontal polarisation with electric 
polarisation is known as S polarisation, figure 17. It is 
also possible to produce a wave where the electric field 
direction spirals continuously clockwise (or anti-
clockwise) about the direction of propagation during 
transmission.  This is known as right-handed (or left-
handed) circular polarisation. Such beams are often 
used in rainfall radars and satellite communications, and 
will occur in cholesteric liquid crystal materials which are 
commonly found in watches, displays, computers and 
calculators. Liquid crystal layer structure can itself be 
investigated with the use of polarised light [18-20].  

 
Representation of TM and TE polarised waves. 

Figure 17 
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If, however, the oscillation directions are randomly 
oriented with respect to the direction of propagation the 
beam is described as unpolarised, see figure 18 below. 

 

 
Unpolarised wave 

Figure 18 
 
When an unpolarised wave reflects from a smooth 
horizontal surface the reflections may contain a large 
proportion of waves with their electric field directions 
parallel to the reflecting surface. These reflections are 
called partially linearly polarised (or partially plane 
polarised). 
 
Optical glare from a sea surface may be reduced by 
viewing the surface through a device which only allows 
vertically polarised light to be transmitted through it (e.g. 
a polaroid filter aligned to transmit vertically polarised 
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light). The horizontal components, which make up most 
of the reflections are therefore blocked and the glare 
minimised. Certain types of crystals orientated into 
sheets, such as Polaroid, have the property of ‘filtering’ 
light waves so that only the oscillations in one plane, 
either Vertical or Horizontal, will pass through.  This can 
be demonstrated using a rope and two slotted boards, 
figure 19. A transverse wave on a rope will pass through 
a slot in the first board if the plane of polarisation is 
parallel to the slot. However, if the second board is 
rotated through 90 degrees the wave motion cannot pass 
through because the oscillation of the rope in the slot has 
been stopped.  Thus if the slots are ‘crossed’ no 
vibrations will pass through, this is often referred to as 
‘crossed’ polaroids. 
 

 
     Crossed polaroids 

Figure 19 
 
When long range, ship-borne early warning radars are 
used, interference between the direct beam to the target 
and the reflected beam from the sea surface can cause 
variations in the radar coverage above the sea surface.  
Using vertically polarised beams from the transmitter 
can minimise the intensity of the reflected beam and thus 
reduce the interference effects as again the horizontal 
component, which make up most of the sea-surface 
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reflections are once again blocked and the problem of 
radar beam interference is minimised. 
 
Clearly the presence of vertical and horizontal polarised 
transmissions can also provide problems of detection in 
communications. An aerial (or antenna) system with 
horizontal orientation will not detect vertically polarised 
waves, and vice-versa. The alignment of the antenna will 
define the direction of the current and electron flow and 
hence the polarisation direction of the electric field.  
 
Hence, to ensure signal detection under all possible 
circumstances aerial inclination is best suited at 45 
degrees to the vertical (or horizontal) to ensure both 
detection of horizontal and vertical polarised 
communication transmissions. This will of course mean 
that the strength of both polarisations will not be at their 
optimum (electric field is a vector quantity having both 
magnitude and direction) but at least the signal should 
now be detected! 
  
Reflection of waves 
When a wave strikes a smooth or flat surface, then the 
incident and reflected waves travel in directions that 
make equal but opposite angles with the normal to the 
reflecting surface and are in the same plane. The angles 
are called the angle of incidence i and the angle of 
reflection r respectively. This is known as regular 
reflection, as shown in figure 20. 



 

   47 

 
 Regular reflection, or reflection from a smooth surface. 

Figure 20 
 

For many parallel waves incident from the same source at 
distance, the flat surface will result in a series of parallel 
waves leaving the surface at the same angle of reflection, 
figure 21. 

 
Regular reflection of multiple plane waves from a smooth 
surface. 

Figure 21 
 
If, however, the surface is rough and irregular, then the 
reflections will be in a variety of directions and result in 
diffuse reflection. Small particles in the atmosphere or in 
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the sea can cause multiple reflections and this is known as 
scattering, figure 22.  

 
Diffuse reflection 

Figure 22 
 

Waves incident at 90 degrees to a flat surface will be 
reflected back along the normal towards their source 
creating a strong reflection. Radar makes use of this 
principle as a platform at sea (or on land, air or space) 
will enable both target detection and a calculation of 
target range. To avoid this naval warships often design 
different parts of their superstructure to be at different 
angles of inclination so the ship never generates a 
particularly large reflected signal. A typical angle of tilt 
of 7 degrees in the superstructure away from the vertical 
would result in a total deviated beam of 14 degrees away 
from the probing radar system and hence is likely to 
generate a very weak reflected signal level. This is one of 
the basic design features of stealthy warships [21-23]. 
 
 
 



 

   49 

This phenomenon can in fact be observed with all 
electromagnetic waves and can be seen optically by 
comparison of figures 23 and 24 respectively below. In 
figure 23 we see the last dying rays of the sun before 
sunset are generating a very strong reflection back to the 
observer across the River Dart, England. A very strong 
dazzling reflected signal is observed. Deviation of much 
less than 1 degree in angle will significantly reduce the 
reflected glare from the perspective of the observer 
(figure 24). Additionally this strong solar reflection, or 
glint, is to be avoided with all use of optical instruments, 
as strong reflections from binoculars, etc. will generate 
tell-tale reflections that will reveal mariners involved in 
otherwise covert operations. 
 

  
 

Direct reflection 
Figure 23 
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Indirect reflection 

Figure 24 
 
Another common reflection source at sea is the 
occurrence of two (dihedral) or three (trihedral) right 
angled surface meeting together. These geometries are 
such to ensure very strong reflected signals back towards 
the radar system at all times. These so called ‘corner 
reflectors’ are ideal for merchant ships and yachts 
wishing to be seen passing through busy shipping lanes, 
but are not so ideal from the perspective of a naval 
warship. Ship design can again build in deviations from 
the normal 90 degree angles, and older vessels can have 
plates suitably welded into place to destroy the 90 degree 
angle, whilst suitably deployed naval decoys (off board) 
can happily incorporate as many dihedral and trihedral 
surfaces as we might like [24]. 
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Refraction of waves and Snell’s Law 
 
Refraction is the change in direction of a wave due to a 
change in its speed. This process is commonly observed 
when a wave passes from one medium to another at any 
angle other than along the normal. Refraction of light is 
the most commonly observed effect, but all 
electromagnetic waves will also undergo the same 
phenomenon, and in fact all types of waves can refract 
when they interacts with a different medium, such as 
when sonar waves pass from one ‘layer’ into another, or 
when water waves move into water of a different depth.  
 
Refraction is described by Snell's law, named after 
Willebrord Snellius (1580 – 30 October 1626) who was 
a Dutch astronomer and mathematician and is largely 
credited with the discovery of the calculation of light 
refraction. However, this phenomenon is known to have 
been investigated first by the ancient Greek Ptolemy and 
by other later scientists such as Witelo and Alhazen who 
himself wrote several commentaries on the works by 
Ptolemy, Aristotle and Euclid. Snell’s law states that the 
angle of incidence θi is related to the angle of refraction θr 
by the following equation: 
 

Ni sin θi = Nr sin θr = Vr / Vi                   (8) 
 
where Ni and Nr are the refractive indices within the 
respective media, and Vi and Vr the wave speeds. It 
should be noted that the refracted wave is also the 
transmitted wave into the second media and that in 
general there will also be a reflected wave present at all 
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times. In the case of total internal reflection no refracted 
wave is transmitted into the second media. 
 
For example: consider a wave incident at a boundary 
between air and water. The air has a refractive index of 
1.0003, whilst the water has a refractive index of 1.333. 
The wave is incident at an angle of 30 degrees to the 
normal, figure 25.  

 
Refraction from Air into Water 
Figure 25 
 

The refractive index of the air, means that the speed of 
the light in air is ever so slightly less than that of light 
travelling in vacuum. From the formula above the 
refracted (transmitted) angle can be found by using: 
Ni sin θi = Nr sin θr 
so sin θr = Ni sin θi / Nr 
               =  1.0003 × sin 300  = 0.375 (3 decimal places) 
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And θr  = sin-1(0.375)  
 
So θr  = 22.0370  (3 decimal places) 
 
Consequently when a wave travels from one region to 
another where the wave travels at a different speed, 
refraction will occur and the wave will deviate away 
from its original direction.  If the speed decreases the 
wave will deviate towards the normal to the boundary 
between the regions (figure 25).  However, if the speed 
increases, for example as it might going from glass into 
air, it will deviate away from the normal (figure 26). It is 
observed that the value of Nx sin θx is a constant for all 
layers (media) x. 
Also as N=c/v or v=c/N  
So Vwater = c/1.333 = c/(4/3)  
or Vwater = (3/4)c 

 
Refraction from Glass into Air 

Figure 26 
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Total Internal Reflection of a wave (TIR) 
 
When a wave travels from a slow speed region (high 
refractive index) to a fast speed region (low refractive 
index), it will bend away from the normal, as described in 
figure 26.  As the angle of incidence increases, eventually 
an angle will be reached where the angle of refraction 
will equal 90 degrees, i.e. the wave will refract along the 
boundary between the two regions and no transmitted or 
refracted wave will occur. The angle of incidence for 
which this occurs is known as the critical angle (c). Any 
increase in incident angle beyond (c), will result in Total 
Internal Reflection (TIR) of the wave (figure 27). 
 

 
Total Internal Reflection of a Wave 

Figure 27 
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TIR is easy to demonstrate with a glass prism, as 
illustrated in figure 28, with complete reflection observed 
above the critical angle, figure 29 [25]. 
 

 
Glass prism coated with Indium Tin Oxide a transparent coating, 

and a few nm polyimide layer used for aligning liquid crystals. 
Figure 28 
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Reflectivity for the prism shown in figure 28. 

Experimental Data crosses, theoretical predictions the continuous 
line. 

Figure 29 
Note the sharp rise in reflectivity approaching the critical 
angle in figure 24 near 33.780, and the use of Rpp to 
denote p-polarised light entering and p-polarised light 
exiting the prism.  
 
The importance of designating p (vertically polarised or 
TM) as opposed to s (horizontally polarised or TE) is not 
insignificant, as above the critical angle on a metal coated 
prism it is also possible to excite a special surface 
travelling wave or Surface Plasmon Polariton (SPP) 
which can be used for a variety of sensing applications, 
figure 30. This SPP can be excited on a metal film 
attached directly to the prism [26], or separated a small 
distance from the prism. [27]. 
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Silver coated prism with resonant absorption ‘dip’ above the 
critical angle for p polarised light only. Experimental Data 

crosses, theoretical predictions the continuous line [25]. 
Figure 30 

 
The mirage seen on a road on a hot summer’s day is yet 
another example of total internal reflection. The air near 
the surface of the heated tarmac is heated up during the 
day expands and has a slightly lower refractive index than 
surrounding cooler and denser air. Light approaching the 
surface is continuously refracted away from the normal 
until it is reflected back from the surface with an almost 
mirror-like quality. The image captured in figure 31 was 
captured by the author and is extremely good quality, the 
reflection of the vehicle and its brake lights as it goes 
down hill are seen clearly in the mirage, although the 
number plate cannot be read. 
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Mirage observed on a rare UK summer hot day! 

Figure 31. 
 
 

This type of reflection is made extensive use of in many 
optical instruments and fibre optics as well as being 
responsible for ducting in sonar beam propagation,  radar 
transmission, and radio reflections from the ionosphere. 
TIR for submarine telescope prisms is preferred to use of 
metal coated mirrors as these will be degraded very 
quickly by the action of electrochemical etching in saline 
conditions. 
 
An optical fibre is a flexible, transparent fibre made of 
pure glass (silica) not much wider than a human hair that 
acts as a waveguide, or "light pipe", transmitting light 
between the ends of the fibre. Optical fibres are widely 
used in fibre-optic communications, which permits 
transmission over longer distances and at higher 
bandwidths (data rates) than other forms of 
communication. Fibres are used instead of metal wires 
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because signals travel along them with less loss and are 
immune to electromagnetic interference. Fibres are used 
for illumination, and are wrapped in bundles so they can 
be used to carry images, allowing viewing in tight spaces, 
especially for medical applications. Specially designed 
fibres are used for a variety of other applications, 
including sensors [28] and fibre lasers [29]. Planar 
waveguide sensor geometries are also possible [30-31]. 
Optical fibre consists of a transparent core surrounded by 
a transparent cladding material with a lower refractive 
index. Light is kept in the core by TIR, and causes the 
fibre to act as a waveguide. A fibre with cut-away section 
is shown in figure 32. All fibre periscopes are possible, 
replacing the need for prisms. However, an electro-optical 
interface will prevent laser light passing through an all 
optical path to enter the eye directly. 

 
Optical fibre structure and path of a totally internally guided light 

ray [32] 
Figure 32 
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The Ionosphere is a part of the upper atmosphere, 
beyond the region of earth’s weather (troposphere up to 
15km), distinguished because low density of gas 
molecules in these regions (50-400km altitude) can be 
ionised by incident solar radiation. It has practical 
importance because it influences radio wave propagation 
around earth. At certain times some radio wave 
frequencies are totally internally reflected by 
‘transparent’ charged gas layers in the upper atmosphere. 
Such waves are referred to as ‘Skywaves’. Generally 
Skywave transmission occupies the range 3-30MHz in 
the day but a narrower band of 0.5-1.5MHz at night, due 
to recombination of ions in the ionosphere. Several layers 
of charged particles allow varied working radio routes. 
An ionospheric layer is sketched in figure 33. 

 
One layer of the ionosphere totally internally reflecting waves of 

different incident angle. 
Figure 33 

Guglielmo Marconi (25 April 1874–20 July 1937) 
received the first trans-Atlantic radio signal on December 
12, 1901, in St. John's, Newfoundland, Canada with a 
kite-supported antenna over 150m long for reception and 
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is considered the founder of modern radio 
communications. His transmitting station in Poldhu, 
Cornwall (Mullion cove) used a spark-gap transmitter to 
produce a signal with a frequency of about 500 kHz 100 
times more powerful than any radio signal previously 
produced. The message received was 3 dits of the Morse 
code for the letter S. To reach Newfoundland the signal 
had to bounce off the ionosphere, due to the wall of water 
in the way created by the curvature of the earth across the 
Atlantic. In 1902, Oliver Heaviside proposed the 
existence of the Kennelly-Heaviside Layer which bears 
his name. Heaviside's proposal included means by which 
radio signals are transmitted around the earth's curvature. 
Also in 1902, Arthur Edwin Kennelly discovered some 
other ionospheric radio properties. In 1926, Scottish 
physicist Robert Watson-Watt, responsible for developing 
the Chain Home Command Radar System for the RAF 
largely credited as providing the decisive factor in the 
Battle of Britain, introduced the term ionosphere in a 
letter published recently in 1969 (in the journal Nature). 
The Chain Home Command Radar System arose out of 
an initial inquiry by Sir Henry Tizzard from the UK Air 
Ministry who approached Sir Robert Watson-Watt to 
evaluate whether a radar ‘Death-Ray’ was possible. 
Watson-Watt was able to show that this was not possible 
with pre World War 2 technology but at low frequencies 
could be used to locate incoming Luftwaffe bombers, 
creating the first example of what we would now describe 
as Network Centric Warfare. The Chain Home Command 
System is largely credited with winning the Battle of 
Britain due to its ability to vector a relatively small still 
functioning Royal Air Force to uncannily intercept the 
numerous German bombers. Edward Appleton was 
awarded a Nobel Prize in 1947 for his confirmation in 
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1927 of the existence of the ionosphere. Lloyd Berkner 
first measured the height and density of the ionosphere 
which permitted the first complete theory of short wave 
radio propagation to be achieved.   

Self assessment questions 
After studying this chapter you should be able to answer 
the following questions. 
 
1. Explain the difference between polarised and 

unpolarised waves. 
 
2. Explain why long range, ship-borne surveillance 

radars are vertically polarised. 
 
3. Explain the difference between regular and diffuse 

reflection and scattering. 
 
4. Describe how the effects of refraction and total 

internal reflection arise. 
 
5.      Find the critical angle for a wave travelling from 

diamond (refractive index =2.4), into air having 
refractive index = 1.0003. Find also the refracted 
wave angle to the normal in air for an incident 
wave from diamond of 150 to the normal. (2 
decimal places). 
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Chapter 4 
Loss Mechanisms 

“for it is light that makes everything visible.”  
Ephesians 5:14 New Testament (NIV) 

 
The Effect of Geometric Spreading 
 
When a vertical High Frequency (HF) whip aerial radio 
transmitter radiates wave energy equally in all directions, 
(some of which may become a Skywave as discussed in 
the previous section) the outgoing wave will spread out 
geometrically sharing the initial energy over the surface 
of a three dimensional sphere of increasing radius. The 
strength of the signal recorded by a radio receiver in any 
given direction is clearly going to decrease as the receiver 
moves further away from the transmitter. A useful 
quantity which helps to compare the signal strength, 
taking into account the reduction due to moving further 
away from the transmitter, is the wave Intensity. 
 
The intensity at a point can be defined as the rate of flow 
of wave energy per unit area, orthogonal to the flow 
direction at any point. The units of intensity, involving 
energy per second, is measured in Watts per square metre, 
or W m-2. 
Figure 34 illustrates geometric spreading. At the radio 
receiver a distance R from its corresponding radio 
transmitter, the wave energy has spread out uniformly 
over the surface of a sphere of radius R. 
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Power spreads out over distance according to Geometrical 
spreading 
Figure 34 

 
The rate of flow of energy leaving the radio transmitter is 
simply the transmitter power P, usually quoted in terms of 
the average power level of the transmitter over a given 
period of time.  The Intensity (I) at the receiver at A is 
thus given by: 
 
Intensity (I) =                Transmitted Power (P) 
                      Surface area of a sphere of radius R (4 R2) 

        
If you examine this relationship closely you will observe 
that this relation shows that the intensity is: 
 (a)  Directly proportional to the transmitter power 
level, P, and 
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 (b) Inversely proportional to the square of the 
range, R. (i.e. the Inverse Square Law). Many forces of 
nature, such as gravity, decrease with increasing distance 
in this way due to the geometrical spreading ‘stretching 
out’ encountered by the respective lines of force. So if the 
distance is doubled the power falls by a factor of 2 
squared, i.e. 4. 
 
 Hence I =  P  
        4 R2   
 
For example: Consider a back pack radio transmitter with 
a 100W output power level. What is the Intensity of the 
radio transmitter at a distance of 200m?  
Using the formula given above: 
I =             100                = 1/ W m-2 as an exact solution. 

        4 (200)2  
  

However in reality the measured intensity is less than that 
predicted from geometrical spreading alone. Further 
Mechanisms of electromagnetic wave intensity reduction 
are present in both the above water and the underwater 
environment. To understand these processes let us 
consider underwater light attenuation. 
 
Underwater Light Attenuation 
 

The deeper you go down into water, the darker it will 
become. Light will weaken or attenuate with depth so 
rapidly that in clear waters blue-green light is reduced to 
just one percent of its surface value in about 100m, 
decreasing to only 30m in shallow seas. Red light levels 
falls the most dramatically to the 1% level in the first 
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10m and intensity generally falls rapidly with depth right 
across the visible, and NIR spectrum. This process of 
reduced signal strength is called Attenuation. 
Attenuation is actually composed of two different 
mechanisms: Absorption, and Scattering. Basically 
Absorption is a mechanism where energy is lost from the 
incident electromagnetic wave and is turned into other 
forms of energy, for example the heating effect observed 
when food is placed within a microwave oven. On the 
other hand in Scattering variations in the propagating 
media will cause electromagnetic waves to alter their 
propagation direction from the otherwise ‘straight 
through’ path. 
 

In pure water you might see a visibility of 100m range, 
but this is unlikely in the inshore waters off the South 
West English Coast where visual range of 20m would be 
considered good. If after a winter storm, rivers such as the 
river Dart bring down suspended matter into the sea from 
Dartmoor, or a muddy river is struck by relatively small 
amplitude waves, range of only 1m is common. In muddy 
rivers visible range can be as little as 0.1m, so a diver 
would have difficulty in seeing a hand in front of his face 
even if just submerged. Deeper in the sea less light 
penetrates until finally human vision is impossible, a 
depth which can vary between 1m in ‘dirty’ water up to 
100’s metres when very clear. Conditions for vision 
under water are comparable with foggy conditions 
observed at sea in the above water environment. It isn’t 
low light intensity which prevents distant object viewing, 
rather light scattering by water droplets in fog which 
degrades contrast below the minimum needed for 
identifying an object against its background. 
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Absorption is selective and varies in both its amount and 
its spectral distribution across the world’s oceans 
depending on their apparent 'water quality'. Water 
molecules have generally broad absorption resonances in 
the visible and Infra Red bands. However, a process of 
selective absorption will also occur.  
 
Of all the visible and near infra red wavelengths it is the 
blue-green wavelengths which propagate the best with 
least loss. Under appropriate environmental conditions, 
strongly dependent upon scattering and absorption, 
underwater imaging, exploration, and even surveys of 
wrecks are possible. Red underwater laser pointers are 
used increasingly in research applications such as 
detection of underwater mines; whilst green laser pointers 
although superior are much more expensive! 
 
Absorption of underwater light 
When a photon of light energy interacts with a water 
molecule it may be absorbed with energy being 
transferred to the molecule. Light absorption is quantised 
and energy can only be absorbed in discrete steps or 
quanta because energy content of an atom or molecule is 
limited to a discrete numbers of levels, i.e.  

En – En-1 = hf                                  (10) 
where En and En-1 are next nearest related energy levels. 
 

Atomic absorption Electrons have precise energy levels 
so that only certain orbits are possible. Atoms absorb 
energy in discrete or fixed amounts, comparable with the 
discrete increases in potential energy that result from 
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walking up a staircase one step at a time. If sufficient 
energy is available to raise an electron beyond the next 
orbital the electron moves to the next orbital and a 
quantum of energy is absorbed. A molecule has many 
electronic energy levels associated with its component 
atoms and also has possible quantised vibrational and 
rotational energy levels.  
However, absorption of visible light by water involves 
low energy molecular vibration rather than high energy 
electronic level changes. Water selectively absorbs low 
energy, long wavelength red, and consequently the low 
absorption of higher energy blue light helps generate 
water's characteristic blue colour. The Absorption 
coefficient A () values for pure water in the visible are 
given in table 2. 

 
Absorption coefficient A () values for pure water at visible 

wavelengths.  Table 2                                            

In water Absorption is minimum at the short wavelength 
blue end which is the key contribution to sea-water’s blue 
colour. Dissolved salts in sea-water have relatively little 
effect upon its optical properties so the values given here 
may be taken as correct for seawater. 

 nm Colour A m-1 B m-1 C m-1 

410 Violet 0.016 0.007 0.023 
470 Blue 0.016 0.004 0.020 
535 Green 0.053 0.002 0.055 

555 Yellow-
Green 

0.06 0.002 0.069 

575 Yellow 0.094 0.002 0.096 
600 Orange 0.244 0.001 0.245 
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Scattering of underwater light 
When a photon (packet) of electromagnetic wave energy 
interacts with a molecule it may be scattered and change 
its propagation direction. Scattering doesn’t reduce the 
photon’s energy, but will increase its probability of 
encountering an absorbing molecule as its path through a 
medium is increased.  
There are 2 important common types of scattering: 
1) Rayleigh scattering, and 
2) Mie scattering 
 
Rayleigh or molecular scattering 
If an air molecule is placed within a beam of 
electromagnetic wave energy such as light, a dipole is 
induced by the time varying electric field vector. As the 
dipole oscillates at the exciting radiation frequency it re-
emits radiation at the same frequency in all directions. 
This re-radiation is the scattered light. 
Scattering is proportional to -4, and is greater at short 
wavelengths. 
Scattering is also proportional to d-2 where d is the 
molecule diameter, and is greatest for the smallest 
molecules. Scattering is uniform in all directions, i.e. the 
wavelength is scattered Isotropically. 
 

The Scattering coefficient B m-1 of water is given for 
wavelengths in the visible in table 2 as expected for -4 
Rayleigh type scattering. B is a minimum in the red and 
maximum in the blue. It is the high scattering of blue 
combined with the high absorption of red that combined 
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together gives clear sea-water its normal blue colour.  
Rayleigh scatter is also responsible for the blue colour of 
the day-time sky as shorter wavelength blue wavelengths 
are preferentially scattered out of the direct path between 
the top of the atmosphere and the earth’s surface. This 
process is most exaggerated at sunrise and sunset where 
direct unaided viewed of the sun by the human eye will 
observe a source which is significantly ‘reddened’ due to 
the loss of the blue, shorter wavelength component. 
 
Mie scattering 
While molecular scatterers are small relative to visible 
light wavelengths, most light scattering in water is from 
particles much bigger than about 2m diameter, i.e. 
particles are very large compared with the incident 
wavelength. Diffraction, reflection and refraction 
contribute to scattering by these large particles. 
Diffraction is determined by size and shape, and we will 
look at this phenomenon in much more detail in a latter 
chapter, whilst refraction and reflection depend upon the 
medium’s refractive index, which will have already been 
discussed. The basis for predicting light scattering 
behaviour of any size is quite complex and is given by 
Mie theory. Unlike symmetrical Rayleigh scattering, 
particles of large size predominantly scatter in the 
propagation direction, i.e. forward rather than back.  

 
We have already discussed Geometrical Spreading 
although it must be emphasised that in some real practical 
situations, such as sonar and radar ducting the actual 
equations need to be modified further still and the inverse 
square law does not apply due to the trapping of 
radiation, which is then able to travel a greater distance 
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than normal!  It should be noted that a radar echo will not 
only suffer further absorption and scattering on the way 
back to the radar receiver but will also suffer further 
geometric spreading losses such that for echoes, Intensity 
is proportional to the 4th root of Range, i.e. I = k/R4 where 
k is constant. 
 
The same principle of ducting or radiation guiding is 
responsible for the great distance of optical fibre 
propagation where light is bound or constrained to travel 
for up to 50km before reaching the next repeater station 
before the signal to be sent is retransmitted, without error 
again. 
 
Whenever there is a medium present however, the effects 
of Absorption and Scattering have to be included and are 
often considered together under the generic term 
Attenuation. In the case of underwater optics discussed 
above the absorption coefficient A, and a Scattering 
coefficient B simply add together to give the Attenuation 
Coefficient: 
 

C = A + B                                        (11) 
The consequence of the presence of absorption and 
scattering is to reduce the measured intensity to a level 
which is less than that predicted simply from considering 
the inverse square law equation discussed earlier.  
E.g. for water at a 470nm wavelength, A = 0.016 m-1,  
B = 0.004 m-1 so C = 0.016+ 0.004 = 0.020 m-1 
If water depth is 10m, and surface incident light intensity 
Iin = 1Wm-2, what is the light intensity Iout at 10m depth? 
(3 dec places), 
using         Iout = Iin e-cx                                 (12) 
Iout = 1× e-0.020 ×10 = 0.819 Wm-2 
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Self assessment questions 
After studying this chapter you should be able to answer 
the following questions. 
 
1. State the relationship between transmitted power 

and the intensity at any range from the transmitter. 
 
2. A radar transmitter has a 25W power source, if the 

source radiates isotropically in all directions what 
will the intensity be 60m from the source? ( Exact 
and to 2 decimal places).  

 
3. What is the ratio of scattering intensity for a 

wavelength of 450nm compared with a wavelength 
of 650nm? 

 
4. Using the beam attenuation coefficient C at 575nm 

and for a water depth of 20m and incident light 
intensity Iin= 25 Wm-2 find the outgoing light 
intensity Iout? (2 decimal places).  
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Chapter 4 
Diffraction 

“It would be possible to describe everything scientifically, but 
it would make no sense; it would be without meaning, as if 

you described a Beethoven symphony as a variation of wave 
pressure.” Albert Einstein 

 

The effect of apertures 
 

When radiation passes out of a radar transmitter or past 
an obstruction waves can be engineered to change 
direction.  Bending of radiation, whether from a radar, or 
radio source occurs at the edges of the aperture (opening) 
or obstruction and radiation reaches regions which would 
otherwise remain in the geometric shadow. In figure 35 
waves of wavelength  pass through an aperture of width 
D. The amount of bending is inversely proportional to the 
aperture width. If the aperture width is changed whilst 
maintaining the same wavelength a smaller value of beam 
width and a narrower beam spreading is produced after 
passing through the opening. In the limit an infinitely 
narrow source, or point source, radiate freely in all 
directions. Increasing aperture width infinitely on the 
other hand produces parallel waves exhibiting no 
bending. Thus it is the edge effects that are responsible 
for spreading or diffraction. The degree of bending is 
found to be directly proportional to the wavelength (or 
inversely proportional to frequency). It is noted that 
although we have clearly considered a horizontal slit or 
aperture the same diffraction phenomenon is responsible 
for vertical beam spreading as well. In this way a radar 
engineer can independently design horizontal and vertical 
spreading beam widths for a variety of applications. This 
spreading for a single slit is thought of by considering 
Huygen’s theory [33] which we will not explore here. 
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Diffraction changes as aperture size changes 

Figure 35 
 

Optical Diffraction 
Diffraction has been investigated extensively at optical 
and microwave frequencies. Figure 36 shows the effect of 
a beam of monochromatic light (single wavelength) from 
a laser passing through a very narrow slit. When the 
intensity of the visible light is measured along a line on a 
screen positioned some distance behind the slit dark and 
light bands are seen having an intensity that varies with 
the diffraction angle, , as shown below. 

 
Laser optical diffraction pattern onto a screen 

Figure 36 
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The intensity is a maximum, Imax, in the 'straight-through' 
position and decreases as might be anticipated to zero as 
the detector moves further away from this central 
position, i.e. as the angle  increases. However, on 
increasing the angle  still further it is observed that the 
intensity is found unexpectedly to rise again to a value 
less than Imax before falling again once more to zero, i.e. 
further ‘secondary’ maxima occur well into the expected 
geometrical shadow of the slit. The effect is known as 
single slit diffraction and the shape of the intensity profile 
can be predicted theoretically. Similar effects occur with 
multiple slit sources. Diffraction gratings consisting of 
many narrow regularly spaced openings produced in flat 
metallic coatings or on repetitive saw wave or sinusoidal 
surfaces can be produced for a wide variety of modern 
electro-optic components and functions. However, 
grating studies exist widely in nature as well and much 
research is currently underway to replicate the 
complicated structures of butterflies [34] and beetles [35] 
for optical applications. Butterflies such as the iridescent 
blue Morpho butterfly figure 37 contain non-metallic 
gratings that give very strong reflections of blue light at 
precise angles of incidence.  
 

      
Morpho wing air on                      acetone on natural grating  
natural grating                       
                 Figure 37                                         Figure 38  
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Such gratings may in future provide interesting sensor 
elements as their behaviour changes dramatically if 
changes occur near the grating. For example if pure air is 
replaced with a thin coating of acetone (refractive index 
=1.3590) the wavelength best reflected (brightest 
observed reflection) changes in a dramatic and startling 
manner (figure 38).  
 
 
Diffracted beam shape 
 
Taking the intensity profile seen already in figure 36, 
intensity can be recorded as a function of angle of the 
normal straight through direction, figure 39.  
 
 

 
Angular diffraction 

Figure 39 
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The diffraction angle at which the first intensity zero 
occurs depends upon the precise shape of the diffracting 
slit or obstacle, but for practical purposes it can be taken 
to be roughly: 
Beam width, α = 60/D                                            (13) 
 
where D is the aperture opening (width or height 
respectively for the horizontal and vertical beam width). 
E.g. for a radar with a horizontal aperture of 2.1 m and a 
wavelength of 10 cm the beam width to 2 decimal places 
is found using equation 13.  
 
 Horizontal beam width: 
αhorizontal = 60/Dhorizontal                                                 (14)  

so αhorizontal  =  60 × 0.1 /2.1 = 2.860 
This is nearly identical to the angular width of the main 
beam if it is measured between the half Intensity or half-
power points of the curve (figure 40). This angular range 
or width is thus commonly referred to as the beam width. 
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Angular beamwidth in XY plot and Polar plot representations 

Figure 40 
       
In radar and radio antennae, diffraction occurs at the 
antenna’s edges and the consequent radar main beam 
widths in both the vertical and horizontal directions are 
controlled by both the overall dimensions of the antenna 
and the frequency (wavelength) at which the radar 
operates. 
 
The secondary maxima which also occur are a problem 
for good radar operation and are known as sidelobes. 
Large sidelobes are a waste of radar power that should be 
in the main beam of the radar. Radar sidelobes are also 
vulnerable to the action of radar jamming.  Modern 
phased array radar will have very small sidelobes due to 
variation in the output power level of individual radar 
emitters (sources).  
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Self assessment questions 
After studying this chapter you should be able to answer 
the following questions. 
 
1. Sketch diagrams to show the effect of different 

aperture widths on diffracted radiation. 
 
2. The vertical and horizontal beamwidths of a radar 

antenna are 20° and 1° respectively.  The radar 
operates at 9.5 GHz.  Calculate the horizontal and 
vertical dimensions of the antenna. (2 dec places) 

 
3.    The vertical and horizontal dimensions of a radar 

antenna are 25 cm and 2.4 m respectively. If the 
radar operates at 3.1 GHz, what are the horizontal 
and vertical beamwidths? (2 dec places) 
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Chapter 6 
Interference 

“The worst day on the beach with children is better than the 
best day in the office.” Chris Lavers 

“I honesty think the beach is the only place children actually 
entertain themselves.” Donna Mc Lavy 

 

Principle of superposition 
 
It is observed that when electromagnetic waves from 
more than one source arrive at a point the result at that 
point is equal to the sum of effects that would have 
occurred at that point if each of the sources had been 
acting alone. This is often described as the 
principle of superposition, and means that the overall 
effect at the point depends on the amplitudes, frequencies 
and relative phases of all the arriving waves.  
 
This somewhat surprising result provides opportunity for 
many useful wave devices and effects. One particular 
case is that of modern active phased array radar, whose 
large overall power output is achieved by the use of 
thousands of relatively small power transmitters. An 
additional benefit of this design architecture is that if one 
of the individual power module emitters fails the other 
sources will easily compensate for this loss. This failure 
is called graceful degradation. A radar system with only 
one power source that fails will suffer a catastrophic 
failure.  
 
Often the transmitted and received waveforms are quite 
complicated. However, it can be shown from the use of 
Fourier analysis that any complex waveform can be 
analysed into a sum of simple waves of differing 
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amplitudes, frequencies and phases. This is an extremely 
import result for maths, physics and engineering. The 
subject began with the study of the way general 
mathematical functions may be represented by sums of 
simpler trigonometric functions.  Fourier analysis is 
named after Joseph Fourier, who showed that 
representing a function by a trigonometric series greatly 
simplifies the study of heat propagation. Today, Fourier 
analysis encompasses a wide spectrum of mathematics. In 
science and engineering, the process of ‘decomposing’ a 
function into smaller simpler parts is called Fourier 
analysis, while the operation of constructing the function 
from these smaller building blocks is known as Fourier 
synthesis. In mathematics, the term Fourier analysis 
often refers to the study of both these processes. 
 
We can draw diagrams to represent such complex waves.  
Sometimes the time domain representation (waveform) is 
useful (figure 41) and sometimes the frequency domain 
(frequency spectrum) is useful (figure 42), remembering 
that the frequency spectrum is the inverse of the time 
domain (f =1/T). 
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Time domain 
Figure 41 

 

 
 

Frequency domain 
Figure 42 

In figure 41 we see the time domain of a waveform that 
can be seen as the superposition of three harmonically 
related sine waves. In figure 42 in the frequency domain 
we can see the three harmonically related waves and their 
relative amplitudes. By the use of appropriate 
mathematical techniques the engineer can transform from 
one representation to the other. 
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Same frequency Interference 
 
When two (or more) waves having the same frequency 
meet at a point, the waves combine according to their 
relative phases and amplitudes (principle of 
superposition).  If they are in phase, they add and the 
resultant has a maximum displacement. Maximum 
intensity occurs at this point (constructive interference) 
also known as an in-phase condition and is found in radar 
beams or ‘lobes’.   
 
If, however, the waves are in anti-phase (180o out of 
phase), they subtract and minimum intensity results. In 
radar terminology this is a ‘null’, and almost complete 
cancellation of waves will occur. When sources radiate 
waves of equal amplitude, reception in the anti-phase 
condition results in zero intensity (destructive 
interference).  Figure 43 shows the effect both for waves 
of equal and unequal amplitudes, and in-phase and out-
of-phase conditions for waves of the same frequency. 
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Figure 43 
 
It follows that in the space surrounding the two sources 
there will be some regions where the intensity is a 
maximum and others where the intensity is a minimum, 
and in between these points there will be a huge number 
of points of intermediate combination values which 
results in an interference pattern forming.  
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Results are shown in figure 44 for two sources spaced 
many wavelengths apart. 
 

 
2 source interference from identical sources emitting in phase 

many wavelengths apart. 
Figure 44 

 
This pattern is unsuitable for a radar as there are many 
lines of constructive interference resulting in many 
simultaneous radar beams. Half of the radar beams are in 
the ‘forward’ direction, whilst half of them point in the 
‘backward’ direction. To reduce the number of radar 
beams or lobes the distance between sources is reduced to 
less than one wavelength separation and a reflector is 
introduced to remove the backward travelling beams 
which helps to channel backward energy into the forward 
travelling beams.  
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Placement of the reflector is critical. On first thought any 
multiple wavelength interval spacing would seem 
appropriate, but for physical antenna stability purposes 
many whole wavelength spacings isn’t practically a good 
idea. It would thus appear that a half wavelength spacing 
would be the best minimum distance alternative, given 
that the round trip physical path back and then forwards 
for the beam is 2 times half a wavelength. However, on 
further inspection it is noted that a direct reflection 
introduces a half a wavelength or 1800 phase shift and so 
an out-of-phase condition now surprisingly results!  
 
Consequently the desired physical distance must take this 
reflector phase shift into account. Consider figure 45. 
 
 

 
 

2 sources with reflector placed behind at distance x to get an in-
phase reflected wave 

Figure 45 
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  2X + λ/2 = λ 
 So 2X = λ/2 
 and X = λ/4 
 
Placing the reflector λ/4 behind the sources will provide a 
stronger forward travelling wave, reinforced by the 
reflected wave. However, we have not discussed the size 
or shape of the radar beam which for 2 sources separated 
by half a wavelength is not only the source spacing d but 
the aperture between the source extreme limits as well. 
Using the beam width equation discussed earlier, beam 
width α = 60λ/D, if D = λ /2 the beam width will be 1200, 
which is unacceptably large. Consequently the use of an 
aperture of more than half a wavelength is needed, but we 
cannot increase the source spacing beyond the 
wavelength, λ, or we will have multiple beams and this 
only gets us down to 60 degrees anyway, making this 
unsuited for navigation and other high resolution 
applications such as military fire-control. 
 
The solution is the use of a phased array which is an 
arrangement of regularly spaced sources, separated from 
adjacent sources by less than a wavelength, with the 
overall dimension of the array adding up to much more 
than a wavelength. 
 

 
 



 

88 

 

Interference based Navigation-related sensors 
Navigation is the process of planning and controlling 
vessel movements from one location to another. All 
navigational techniques involve locating a navigator’s 
position compared to known locations, and several 
important navigation-related sensors help the navigator 
achieve this. Radar navigation uses radar to determine 
distance from or bearing of objects whose position is 
known, and is primarily used within radar range of land. 
Radio navigation however, uses radio waves to determine 
position by either radio direction finding systems or 
hyperbolic systems, such as Loran-C. Loran-C is similar 
in principle to Omega and Decca which was discontinued 
due to introduction of Global Positioning Systems (GPS) 
systems. Satellite navigation uses artificial earth satellite 
systems, such as GPS to determine position and is used 
worldwide. I will focus briefly on the use of Loran-C as it 
arises from combinations of 2 source interference. 
 
LORAN C  
LORAN (Long Range Navigation) is a terrestrial 
navigation system using Low Frequency radio 
transmitters. Before satellite-based GPS systems, it was 
the primary location method used in marine applications 
until the advent of GPS. The current version LORAN-C 
is an ocean navigation aid requiring a special receiver. A 
Master transmitter and Slave transmitter emit pulses at 
the same frequency, and is an example of 2 source 
interference. Measuring the difference between pulse 
arrival times determines on which hyperbolic Line of 
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Position (LOP) relative to 2 transmitters a receiver is 
situated, figure 46. 

 
Master and Slave transmitter and consequent interference 

pattern. 
Figure 46 

Crossed LOPs from 2 master-slave pairs provides a fix. 

 
Region with overlapping master-slave pairs. 

Figure 47 



 

90 

 
The Observer at point P obtains a hyperbolic fix, figure 
47. The LOP is the locus of all points in space where the 
observed time difference between arrival of signals from 
the 2 paired stations are constant and form a hyperbola, 
hence Loran-C’s designation as a hyperbolic radio 
navigation system. A Loran-C chain consists of a Master 
transmitter with 2, 3 or 4 Slaves designate W, X,Y, and Z. 
LF transmitters operate at 100kHz emit groups of 
typically microsecond duration pulses at a specified 
interval, the Group Repetition Interval or GRI, unique to 
each chain and selected to avoid interference with other 
chains. Each slave station transmission is delayed with 
respect to the Master, the secondary coding delay, to 
ensure pulse groups are always received in the sequence 
(M,W,X,Y,Z). The master transmits 9 pulses while slaves 
transmit 8, the master’s 9th pulse is used for identification. 
LORAN was an American development of the British 
GEE radio navigation system used in World War II. GEE 
had a range of about 400 miles.  
In LORAN, one station is kept constant in each 
application, the Master, paired separately with 2 other 
Slave stations. Given 2 secondary stations, the time 
difference (TD) between the Master and first secondary 
identifies one curve, and the time difference between the 
Master and second secondary identifies another curve. 
The intersection of lines will determine a geographic 
point in relation to the position of the 3 stations. These 
curves are referred to as Time Delay or TD lines.  
Essentially we can count the distance we have travelled 
by counting the number of constructive to destructive half 
wavelengths moved. The Master station transmits a series 
of pulses, and then waits for that amount of time before 
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transmitting the next pulse group sequence. Secondary 
stations receive the pulse signal from the Master, wait a 
preset number of milliseconds, known as the secondary 
coding delay, before transmitting a response signal. In a 
given chain, each secondary's coding delay is different, 
allowing separate identification of each secondary's 
signal. Modern LORAN receivers display Latitude and 
Longitude instead of signal Time Differences, with high 
accuracy. 

Limitations of LORAN 

LORAN suffers from the effects of weather and also 
ionospheric effects near sunset and sunrise. The most 
accurate signal is the Ground wave that follows earth's 
surface along a water path. At night indirect Skywaves, 
taking paths refracted back to the earth’s surface by the 
ionosphere, are a problem as multiple signals arrive from 
different paths. The ionosphere's reaction to sunset and 
sunrise accounts for disturbances and errors during these 
periods. Magnetic storms can also have serious effects as 
Loran-C is still a radio frequency based system.  Due to 
interference, the very phenomenon Loran is based upon, 
and further propagation loss suffered by Low-Frequency 
signals from land features and man-made structures, 
LORAN signal accuracy degrades significantly inland.  
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Self assessment questions 
After studying this chapter you should be able to answer 
the following questions. 
 
1. Explain what can happen when two waves of the 

same frequency meet. 
 
2. Explain what happens when two sources radiate 

into the same space and sketch the resulting 
interference pattern. 

 
3. Describe briefly the operation of LORAN-C. 
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Appendix A 
 

Decibels 
 
Intensity and power ratios can sometimes be extremely 
large and on the other hand at times extremely small.  For 
this reason they are often expressed using decibels (dB). 
The decibel is a logarithmic unit and named after 
Alexander Graham Bell the inventor of the telephone, and 
a power ratio is converted to decibels by the relation: 
 
 Power ratio in decibels = 10 log (P2/ P1)  (15)  
 
where P1 is the initial power and P2 is the final power.  
 
For example if the Initial power level P1 is 5W and the 
final power level P2 is 100W the Power ratio 
 in decibels = 10 log (P2/ P1) = 10 log (100/5)  
                     = 10 log 10        = 13.01 (2dp)  
 
The decibel originates from methods used to quantify 
reductions in audio levels in telephone circuits. Such 
losses were originally measured in units of Miles of 
Standard Cable (MSC), where 1 MSC corresponded to 
the power loss over 1 mile of standard telephone cable at 
a frequency of 795.8 Hz, and matched the smallest 
attenuation detectable to the average listener.  
The transmission unit (TU) was devised by engineers of 
the Bell Telephone Laboratories in the 1920s to replace 
the MSC. 1 TU was defined as ten times the base-10 
logarithm of the ratio of measured power to a reference 
power level. The definitions were conveniently chosen so 
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that 1 TU approximately equalled 1 MSC (specifically, 
1.056 TU = 1 MSC). In 1928, the Bell system renamed 
the TU to the decibel. Along with the decibel, the Bell 
System defined the bel, the base-10 logarithm of the 
power ratio, in honour of their founder and 
telecommunications pioneer Alexander Graham Bell. The 
bel, log (P2/ P1), is rarely used, as the decibel is a much 
more useful working unit. 
 
Since intensity is power per unit area the above equation 
can also be written using intensity instead of power. 
It is useful to remember that a positive decibel value 
means an increase in power or intensity (gain) and a 
negative decibel value a decrease (loss).  Useful decibel 
values are +3 dB which multiplies the power or intensity 
by 2 and –3 dB which halves the power or intensity, 
further values are given in Table 3. Most of the table can 
be generated relatively quickly with only the 3dB power 
ratio defined, (this is left to the reader to prove)! 
 

dB Power Ratios 
P2/ P1 

0 1 
1 1.26 
2 1.6 
3 2 
4 2.5 
5 3.2 
6 4 
7 5 
8 6.3 
9 8 

 
Table 3 Basic Power Ratios 
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Engineers make extensive use of decibels as they can 
represent both gain and loss. In any signal processing 
system there will be amplifying components (gain) 
providing an increase in signal level, as well as inter-
connections and long cables where there is loss or 
reduction in signal level, managing very large and very 
small quantities in a convenient dimensionless manner. 
 
Using decibels enables simple addition and subtraction to 
be used to find the overall gain or loss of the system.  
 

Self assessment questions 
After studying this chapter you should be able to answer 
the following questions. 
 
1. Understand what a decibel is and where it is used. 
 
2.       An amplifier has a power gain of 35dB.  If an input 
power gain is 38 dB, what is the input signal power? (3 
significant figures) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

96 

Appendix B Useful data 
 

360°   2 radians 
1 radian  57.296° 
Speed of EM waves in free space 3108 ms-1 
Speed of sound in air   330     ms-1 
Speed of sound in water   1500   ms-1 
 
Standard multipliers: 
Giga (G) = 109 
Mega (M) = 106 
kilo (k) = 103 
milli (m) = 10-3 
micro () = 10-6 
nano (n) = 10-9 
pico (p) = 10-12 
femto (f) = 10-15 
 

Some commonly used Greek letters: 
Alpha   
Beta   
Gamma  
Delta   
Epsilon  
Lambda  
Phi   
Theta   
Tau   
Omega ,  
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Appendix C Equations 
 
Equations used throughout this book. 
 
f = 1/T                                 (1) 
 

V =   f     2   
                          
c =  f  3   


Range R = ct/2                          4   
 

N = c/v                                             5  
  
t     =  d   =      6   
T      360 
 

E=hc/7   
 

Ni sin θi = Nr sin θr = Vr / Vi            8   
 

I =                Transmitted Power (P) 
Surface area of a sphere of radius R (4 R2) 

       9   
 

En – En-1 = hf                                   (10) 


C = A + B                                         11   
 

Iout = Iin e-cx         (12)                             
 

α = 60/D                                         (13) 
 

αhorizontal = 60/Dhorizontal                           (14) 
 

Decibels = 10 log (P2/ P1)    (15) 
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Solutions to numerical questions 
 
By Chapter. 

Chapter 1  
2a 0.030m, 2b 3.158m, 2c 3 × 10-3 m (all to 3 dec 
places).  
3 T/4    
4 200,000  
5 1650.0m (1 dec place). 
 
Chapter 2 
1 (1) 15000Hz echo sounder, (2) 200,000Hz radio 
waves, (3) 3 × 109 Hz radar. (4) green light (5) blue 
light (6) X-rays. 
2a UV 2b UV  
3 (1) 4kHz sound in air, (2) 20kHz sonar, (3) 
150,000Hz radio, (4) 5GHz radar, (5) 1 × 1014 Hz 
infra-red (6) 7.5 × 1014 Hz blue light 
 
Chapter 3 
5 c = 24.630, Refracted angle  = 38.370 
 
Chapter 4 
2 I= 25/(14400) Wm-2 (exact), I = 5.53 × 10-4 Wm-2 
(2 dec places). 
3 I450nm / I650nm = 4.35315 
4 3.67 Wm-2 

 
Chapter 5 
2 Horizontal dimension = 1.89m, vertical dimension = 
0.09m  
3 Horizontal beamwidth = 2.420, vertical beamwidth = 
23.230 (2 dec places)  
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Wave motion Glossary 
AMPLITUDE (A) The maximum displacement of a 

particle from its equilibrium 
position.  

ANTI-PHASE Two waves of equal frequency are in 
anti-phase if they are half a cycle 
(180o, half a wavelength, or half a 
period) out-of-phase. 

BEAMWIDTH (α) The angular spread of a beam of 
electromagnetic radiation measured 
between the half power 50% or -3 
dB points. 

CRITICAL ANGLE 
(C) 

The incident angle at a boundary 
between 2 different media which 
gives an angle of refraction = 90o. 
The critical angle marks the 
boundary between refraction and 
Total Internal Reflection (TIR) when 
waves move from a low velocity 
medium to a higher velocity 
medium. 

CYCLE The basic repeating unit of a 
periodic wave, which consists of one 
complete oscillation or vibration of 
the wave. 

DIFFRACTION  This is the phenomenon when waves 
bend around an object's edge or 
through a narrow slit. Diffraction 
causes spreading of the wave into 
the object's geometrical shadow or 
makes waves follow the object's 
surface. 

ELECTROMAGNETIC 
WAVE 

A wave consisting of an oscillating 
electric field and oscillating 
magnetic field at right angles to each 
other and at right angles to the 
direction of propagation. 

ELECTROMAGNETIC 
SPECTRUM 

The range of frequencies covered by 
all the electromagnetic waves. 
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FREQUENCY (f) The number of wave cycles 
occurring in one second or the 
number of wave crests passing a 
point in one second.  Unit Hertz, 
(Hz). 

FREQUENCY 
DOMAIN DIAGRAM 

Also known as a frequency 
spectrum, this shows frequency 
content of a waveform on a graph of 
amplitude against frequency. 

IN-PHASE Two waves of equal frequency are 
in-phase when the phase difference 
between them is zero or a whole 
number of wave cycles. 

INTENSITY (I) This is a measure of the rate of flow 
of energy per unit area of a surface 
at right angles to the direction of 
propagation of the wave. It is equal 
to the Power of the source divided 
by the area over which this power is 
spread.  Unit Watts per metre 
squared, (Wm-2). 

INTERFERENCE Combinations of 2 or more waves 
creates a composite waveform. The 
component waves can add together 
(constructive interference) or 
subtract and cancel (destructive 
interference). 

INVERSE SQUARE 
LAW 

A purely geometric effect showing 
intensity reduction by the spreading 
of electromagnetic waves with 
increasing distance from a source, I 
is proportional to 1/R2  
 

INVERSE FOURTH 
POWER LAW 

For an echo waves undergo inverse 
square law spreading on both the 
outward and return journeys.  
Intensity varies inversely as the 
fourth power of the range, I is 
proportional to 1/R4  
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LONGITUDINAL 
WAVE 

A wave in which oscillations of the 
medium through which the wave is 
travelling are along the direction of 
propagation, e.g. sound wave 
travelling in air. 

MONOCHROMATIC 
WAVES 

Electromagnetic waves of the same 
frequency are called monochromatic 
waves. A source which produces 
waves of only one frequency is 
called a monochromatic source, e.g. 
a laser source is monochromatic. 

PERIOD, PERIODIC 
TIME (T) 

The time taken to complete one 
wave cycle. The period is the 
reciprocal of the wave’s frequency 
and is measured in units of seconds, 
(s). 

PHASE Phase is the name given to how far 
through a wave cycle a particular 
point on a wave is.  To have any 
meaning with a single waveform the 
phase of a point must be compared 
to the phase of a fixed reference 
point, usually the origin.  Commonly 
measured as the phase angle in 
degrees or radians. 

PHASE DIFFERENCE 
() 

The difference in phase between two 
waves with the same frequency 
using one of the waves as a 
reference.   

POLARISED WAVE An electromagnetic wave where 
there is a preferred orientation of the 
electric field.  If all the electric fields 
are in 1 direction the wave is linearly 
or plane polarised. 

POWER (P) The rate at which a wave source 
performs work.  Power is the rate of 
energy consumption. Units Watts, 
(W). 
 
 Energy = Power × time 



 

102 

PROGRESSIVE WAVE A moving wave which transfers 
energy or information from one 
point to another. 

RADIAN MEASURE An alternative to degrees for 
measuring angles.  There are 2π 
radians in a circle and so 2 π radians 
= 360o. 

REFLECTION The return of a wave from a surface 
upon which it is incident. 

REFRACTION The bending of a wave as it moves 
between different media. It occurs 
when the wave has a different 
velocity in each medium. 

SPEED (c) The distance a wave front travels in 
unit time.  Units metres per second, 
(ms-1). c =  f 
Velocity is speed in a given 
direction. 

SUPERPOSITION The principle whereby the resultant 
of two, or more, waves meeting at a 
point is found by summing the 
separate effects at that point for each 
wave on its own. 

TIME DOMAIN 
DIAGRAM 

This shows how a waveform 
changes with time on a graph of 
displacement against time. 

TOTAL INTERNAL 
REFLECTION (TIR) 

When a wave is incident at the 
boundary between a low velocity 
medium and a higher velocity 
medium and its angle of incidence is 
greater than the critical angle it will 
undergo total internal reflection. 
 

TRANSVERSE WAVE A wave in which the direction of 
displacement is perpendicular to the 
direction of propagation, e.g. 
mechanical wave such as a 
resonating ruler on the edge of a 
desk. 
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UNPOLARISED WAVE An electromagnetic wave which 
shows no preferred orientation of the 
electric fields. 

WAVELENGTH () The distance between a point on a 
wave and the next point which has 
identical phase. It is, therefore, the 
length of one cycle and is usually 
taken as the distance between 
successive crests or troughs. Units 
metres, (m). 
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Marconi                                          60 
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Mie Scattering                                70 
Mirage                                            58 
Molecular scattering (Rayleigh 
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Natural grating                                75 
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Optical Diffraction                           74 
Optical fibre                                    58 
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Vertical polarisation                   43,44 
VHF                                                33 
VLF                                                 32 
Wilhelm Rontgen                            36 
X-rays                                             36 

 
 
 
 
 
 
 
 

 
 



 

   107 

 
Bibliography 

[1] Reed’s Marine Engineering Series (2010), “Basic 
Electro-Technology for Engineers”, Adlard Coles 
Nautical, ISBN 978-0-7136-6838-4 

[2] Lavers, C.R., Basic Radar Concepts for Marine 
Engineers (in press 2012). 
[3] Nelkon, M. and Parker, P., “Advanced Level Physics” 
(Paperback) 
[4] Hecht, E., Zajak, A., Optics, 4th Edition, (Addison-
Wesley). 
[5] Maxwell, James Clerk (1865). "A dynamical theory of 
the electromagnetic field". Philosophical Transactions of 
the Royal Society of London 155: 459–512.   
[6] Hertz, Heinrich (1893) New York: Dover 
Publications, 1962, “Electric waves: being researches on 
the propagation of electric action with finite velocity 
through space.”  
[7] Austin, R.W., Halikas, G., Title: The Index of 
Refraction of Seawater, Accession Number: 
ADA024800, Descriptive Note: Final technical rept., 
Corporate Author: SCRIPPS INSTITUTION OF 
OCEANOGRAPHY LA JOLLA CA VISIBILITY LAB 
http://handle.dtic.mil/100.2/ADA024800 , JAN 1976 

[8] Quan, Xiaohong, and Fry, Edward S., Applied Optics, 
Vol. 34, Issue 18, pp. 3477-3480 (1995)       
doi:10.1364/AO.34.003477 
 [9] Lavers, C.R., (1998) The Technology and Applications 
of Thermal Imaging, Full Article, Electronics and Beyond, 
No. 126, June 1998, pp.  30-35. 
[10] FLIR for Safety. Dagiliatis, B., Defence Helicopter, 
September 1996, pp.40-45. 



 

108 

[11] Lavers, C.R., Franklin, Patrick, Franklin, Paula, 
Plowman, A., Sayers, G., BOL, J., Shepard, S, Fields, D, 
(2009) SENSORS AND THEIR APPLICATIONS ‘Non-
destructive high-resolution thermal imaging techniques to 
evaluate wildlife and delicate biological samples’ Sensors 
and Their Applications XV, Edinburgh, Scotland October 
2009 Journal of Physics: Conference Series 178 (2009) 
Proceedings doi: 10.1088/1742-6596/178/1/012040 ISSN: 
1742-6588 
[12] Lavers, C.R., (2009), ‘What Heat Can Reveal- using 
thermal imagery for wildlife research.’  THE WILDLIFE 
PROFESSIONAL, Winter 2009 pp. 66-68. 
[13] Lavers, C.R., Franks, K., Floyd, M., and Plowman, 
A. (2005), ‘Application of remote thermal imaging and 
night vision technology to improve endangered wildlife 
resource management with minimal animal distress and 
hazard to humans’, (2005), Journal of Physics: 
Conference Series 15 (2005) pp. 207-212 Sensors and 
their Applications XIII. 
[14] Lavers, C.R., Franks, K., Floyd, M., and Plowman, 
A. (2005), ‘Application of remote thermal imaging and 
night vision technology to improve endangered wildlife 
resource management with minimal animal distress and 
hazard to humans’, (2005), Journal of Physics: 
Conference Series 15 (2005) pp. 207-212 Sensors and 
their Applications XIII. 
 [15] Donaldson, P., “IR SAMS down but not out”, 
December 2003/January 2004 Defence Helicopter, pp.23-
26. 
[16] Lavers, C.R., Al Qattan, M., Mason, T., Franks, K., 
Garcia, M, and Floyd, M., (2003), 'A Composite analysis 
between thermal images, visible and Near Infra Red 



 

   109 

photography of the archaeological site at Dartmouth 
Castle, Devon, England’, Proceedings of the Remote 
Sensing and Photogrammetry Society conference 
Nottingham University September 10-12 2003.  
[17] Lavers, C.R., Franks, K., Garcia, M., Floyd, M., 
Mason, T., and Al Qattan, M., (2004) 'Observer Based 
Comparative analysis between thermal, visible and Near 
Infra Red images recorded at Dartmouth Castle, England', 
Proceedings of RSPC04 Aberdeen, Scotland September 
2004. 
[18] Lavers, C. R., and Sambles, J.R., (1991) "An 
examination of the optical dielectric tensor of a liquid 
crystal waveguide", Ferroelectrics, Vol.113, pp.339-351. 
[19] Lavers, C. R., and Sambles, J.R., (1990) "The use of 
Mode Mixing to determine the Optical Dielectric Tensor in 
an FLC cell", Liquid Crystals, Vol.8, No.4, pp.577-585. 
[20] Lavers, C.R., (1992)"Optical probing of thin liquid 
crystal layers using the prism-coupling technique", Liquid 
Crystals, Vol.11, No.6, pp.819-832. 
[21] Lavers, C.R., (2007) ELECTRONICS WORLD 
‘Future Stealth Warship Design’, pp.14-18., December 
2007. 
[22] Lavers, C.R., (2007) PHYSICS WORLD ‘Invisibility 
Rules the Waves’ pp.21-25., March 2008. 
[23] Lavers, C.R., (2008) MILITARY TECHNOLOGY 
JOURNAL, ‘Stealth Warship Design’ pp.42-51, Vol 
XXXII Issue 5 June 2008. 
[24] ELECTRONIC WARFARE AND RADAR 
SYSTEMS ENGINEERING HANDBOOK, p. 67, 
NAWCWPNS TP 8347 w / Rev 2 of 1 April 1999 and 



 

110 

later changes PDF/Adobe Acrobat by EWC Desk 
Commander, Naval Air Forces Atlantic. 
http://www.microwaves101.com/encyclopedia/Navy%20
handbook/EW_Radar_Handbook.pdf  
[25] Lavers, C.R., (1996)"Determination of the optical 
dielectric constants, and deformational effects, after surface 
treatment, of a polyimide alignment layer used within a 
ferroelectric liquid crystal device system," Thin Solid 
Films, Vol.289, No1-2, pp.133-139. 
[26] Kretschmann, E. and Raether, H., Z., Naturforsch, 
Teil A, 23 (1968) 2135. 
[27] Otto, A.,  Z., Phys, 216 (1968) 368. 
[28] Culshaw, B., Kersey, A., Fiber-Optic Sensing: A 
Historical Perspective, Invited Paper JOURNAL OF 
LIGHTWAVE TECHNOLOGY, VOL. 26, NO. 9, MAY 
1, 2008, pp. 1064-1078. 
[29] Duarte, F. J. (Ed.), Tunable Laser Applications, 
Second Edition (CRC, New York, 2009) ISBN: 
1420060090 
[30] Lavers, C.R., Piraud, C., Wilkinson, J.S., Brust, M., O 
Dwyer, K., and Schiffrin, D.J. (1993) "Electrochemically 
controlled optical waveguide sensors’, Proceedings of 
Optical Fiber Sensors 9 in Florence, May 4th-May 6th. 
[31] Lavers, C.R., and Wilkinson, J.S., (1994) "A 
waveguide-coupled surface plasmon resonance sensor for 
an aqueous environment, Sensors and Actuators B, Vol 
22., pp.75-81.  

[32] Kao, K.C. and Hockham, G.A., “Dielectric-Fibre 
Surface Waveguides for optical frequencies” Proc. IEE, 
113, 1151 (1966). 



 

   111 

[33] Huygens, C., treatise on Light, Dover Publications, 
New York 1962 (1690). 
[34] Vukusic, P., Sambles, J.R., Lawrence, C., and 
Wooton, R.J., Quantified interference and diffraction in 
single Morpho butterfly scales. Proc. R. Soc. Lond. B, 
266 1402-1411 (1999). 
[35]Vukusic, P., and Sambles, J.R., Photonic structures 
in biology Nature Vol 424, 14 Aug 2003 p852-855. 
[36] Lavers, C.R., Shepard, .S ed. N Lamontagne (2008) 
BIOPHOTONICS INTERNATIONAL ‘Thermal analysis 
of butterfly wings’, Lavers, C.R., and Shepard, S. pp.84-
85 February 2008. 
 
 
 
 
 
 
 
 
 
 

 
 


