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1 INTRODUCTION

When designing a new antenna system, some of the non-electrical requirements of the
system should be addressed first such as:

¢ licensing/regulatory approval

e planning approval

e physical dimensions and mass
e cCost.

1.1 Regulatory Approval for the Frequency Band(s) of Operation

With few exceptions, such as the industrial, scientific and medical (ISM) frequency bands,
virtually all emissions of non-ionising radiation require the regulatory authorities’ approval.
Most countries have a government department which deals with the applications for
licences to radiate such emissions and sometimes to receive them as well. Typically, the
licence conditions would include details of the mandatory operating conditions for the
equipment used including the geographical area, frequency band(s), maximum power
levels, effective radiated power (ERP) and types of modulation. Other requirements might
specify the frequency accuracy and stability of the emissions, maximum levels of spurious
emissions, mandatory test measurements and rights of access by the authorities for
auditing purposes.

1.2 Hazards from Non-lonising Radiation

Non ionising radiation is another name for radio frequency (RF) radiation, not to be
mistaken for its higher energy and more hazardous counterpart, ionising radiation. Also, in
recent years the adjective ‘wireless’ has been revived from the early days of radio to
describe forms of communications which used non ionising radiation. lonising radiation is
associated with much higher frequency waves or streams of particles capable of actually
ionising atoms and molecules.

The general consensus is that the greatest hazard affecting the human body from non-
ionising radiation results from its heating effect. Serious injuries known as RF burns are
possible which can be fatal. This is the same phenomenon that is exploited in a microwave
oven to heat food.

Mandatory upper limits for exposure to non-ionising radiation are described by levels of RF
power flux density (PFD) that may be experienced by the human body from a radiator,
sometimes referred to as an emitter. These are often expressed as functions of frequency.
PFD is usually specified in the System International (SI) unit of Watts per square metre (

W /m?), in a particular direction.

In the vicinity known as Fraunhofer region or, more commonly, the far field, the waves
originating from an antenna can be considered to be plane or transverse electric-magnetic
(TEM). TEM waves will be considered again in Section 2.6, but here we must assume that
the waves are in free space, without any interference caused by reflection, refraction or
diffraction. TEM means that the electric, magnetic fields and the direction of propagation
are mutually orthogonal (at right angles). Free space is another name for a vacuum and,
although we know that the atmosphere is not a vacuum, a clean and homogeneous
atmosphere free from pollution is electrically a close approximation to one.

In free space there is a square law relationship between the PFD and the magnitude of the
electric field strength E or the magnitude of the magnetic field strength H . Notice that E
and H are in bold type which means that they are both vector quantities, each has a
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magnitude and direction. We can express the magnitude of each by inserting it between
vertical bars, |E| and |H| respectively or by simply using regular type Eor H.

We know that, in plane or TEM waves, the E and H field components and the direction
of propagation are mutually at right angles. We may assume a rectangular (X, y, z) co-
ordinate system for the electric field (x), the magnetic field (y) and the direction of
propagation (z). From the TEM wave definition therefore, neither the electric nor the
magnetic fields would exist in any other planes. The time average PFD P,,, of a plane

wave is given by [3]

E 2
Poav :$ = HyRM32770 W /m? (1.1)
0
where
E,rvs 1S the root mean squared (RMS) electric field in volts per metre (V /m);

H is the RMS magpnetic field strength in amperes per metre A/m .

YRMS

1, IS the intrinsic impedance of free space (1207 Q or approximately 377 Q).

At the risk of digressing too much, the time average PFD perhaps requires a little more
explanation. Time average refers to the power averaged out over a time that is long
relative to the oscillation period of the E and H fields. For example, if the frequency of
the RF emission was 100 MHz, the period of the E or H wave would be 10 ns, but the
period of the power wave oscillation would be half this value at 5 ns on account of the
square law relationship we saw in (1.1). To make a reliable measurement of the time
average PFD, the averaging time of the measuring instrument used would require to be
many times this value. In engineering we often need to make the many times assumption
and this is often the subject of debate amongst engineers but most agree that a lower limit
of about 10 works well for most estimations.

1.2.1 Non-lonising Radiation Hazards in the Vicinity of Transmitting Antennas

There may be significant risks of RF burns relatively close to antennas, not necessarily in
the far field, which are transmitting even quite modest powers. For example most
broadcast transmitters, which often transmit quite significant powers, operate at
frequencies in the MF, HF and VHF frequency bands. (The designations for these and
other frequency bands are defined in Table 1-1). The behaviour of the fields themselves
and the associated PFD in the near field region makes them difficult to predict. Regions on
the transmitter site accessible to authorised personnel and close to the antenna are often
actually in the near field. Most of the propagation theory related to the fields produced by
antennas assumes the far field only and does not work well, if at all in the near field. It is
not useful to get too involved with any near field theory yet because it is not possible using
this to accurately predict what might happen on a practical site. However the following are
some suggested precautions that should be followed in areas around transmit antennas,
irrespective of whether they are in the near or far field.

Hazards beyond the site perimeter

Personnel approaching the site should routinely wear a calibrated non-ionising radiation
exposure meter (such as the Narda-Alert [35]) as well as always when on site. Since the
last inspection, storm damage might have dislodged feeders or antenna elements still
connected to the transmitter and left them in accessible areas. VSWR trips and telemetry
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feedback alarms may have failed or not operated reliably. The transmitter may still be
operating and the feeder may actually be radiating dangerous levels of RF.

How reliable are the records of what is operating at the site?

Many sites today are rented out to several different operators and the records of what
active services are present at the site might be out of date, unreliable or misleading. There
might be a risk of unexpected emissions causing a hazard. The non-ionising radiation
exposure meter should help identify such unexpected hazards.

Radiating structures

In particular at LF and MF, antenna masts often form radiating elements which are part of
the antenna itself. They may be mistaken simply for harmless mechanical supporting
structures, but can produce hazardous fields.

High levels of coupled fields

Any odd length of conducting material such as a mains extension cable, an overhead
telephone cable or a length of metal fencing can act as a receiving antenna and collect
significant coupled voltages. Either may present a hazard to anybody who happens to be
nearby or touching it.

Transmit antennas are also good receiving antennas

Even if a transmitter feeding an antenna is switched off, the antenna itself can still operate
as a very effective receive antenna and collect coupled field from other nearby emitting
antennas, even if they operate in different frequency bands. The antennas might only be
separated by a few metres so the field strengths can still be very high. On multi-operator
sites there might be sufficiently high level fields nearby to couple hazardous levels of RF
voltages back down the feeder cable. This might be a hazard to personnel working on or
near the (de-powered) transmitter.

Static build up and lightning

Although not strictly an RF hazard, antenna structures and elements that are insulated
from ground may still have significant capacitance relative to ground and allow the build up
of electrostatic charges of thousands of volts. These originate from passing charged
clouds and air molecules and there may be a risk of lightning discharges through parts of
the antenna structure. Any of these might find an easier route to ground through a nearby
human body than through any insulators or installed lightning protection equipment. If it is
necessary to work near any such antenna structure it should be securely connected to
ground.

Other hazards

Of course there are many non-electrical hazards on such sites but these will not be
addressed as they are beyond the scope of this paper.

1.2.2 Personal Exposure Limits

In recent years there has been a vast proliferation of all forms of radio (or wireless)
communications and therefore also of antenna sites associated with these. High profile,
multi-user, transmitting sites, a less tolerant general public and higher levels of
accountability has encouraged research into the biological effects of non-ionising radiation.
Government bodies such as the Office of Communications (Ofcom) in the UK or the
Federal Communications Commission (FCC) in the United States have drawn up
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maximum personal exposure limits (MPES) for the human body in terms of power flux
density.[36] More recently, these have specified differing thresholds for separate frequency
bands. For example, the exposure limit from 30 MHz to 300 MHz is 20 dB less than the
equivalent figure for below 1 MHz. These have arisen from research which has found that
the average human body absorbs differing levels of non-ionising radiation as a function of
its wavelength, which is a reciprocal relationship to its frequency. The more up to date
MPEs have also removed some of the ambiguity about which operators of multi-user sites
are responsible for corrective action should the limits be exceeded.

1.3 Physical Properties of Antenna Systems

Physical aspects to be considered for a new antenna system include:
e acceptance of the proposal by the planning authorities;
e environmental impact;
e wind loading and weight;

e available power supplies.

In most countries a hew installation would require to comply with the local planning rules.
Sometimes small receive only installations, such as terrestrial TV antennas do not require
such permission provided they comply with generic rules on height and size. The
environmental impact would usually be included in the assessment by the local planning
department.

The ability of a correctly installed antenna to withstand high winds can be assessed using
its wind loading factor. Exposure to winds in excess of this could damage the antenna or
pose a hazard should it collapse or drop debris.

Transmit antennas must be capable of withstanding high RF power levels without
degradation and a harsh environment of rain, wind, ice and snow in may parts of the
World. Some antennas are covered with a low loss dielectric enclosure to reduce ingress
and heaters to melt ice and snow accumulations which might otherwise absorb and distort
the radiation pattern. However, such options increase the cost and complexity of the
chosen antenna system. The feed system would often be pressurised at a small positive
pressure to discourage ingress should a small leak occur.
1.4  Typical Antenna Configurations
These are some typical radio communication system architectures:

e point to multipoint terrestrial,

e single frequency networks

e point to point terrestrial;

e free space

e mobile/cellular

e mesh networks

1.4.1 Point to Multipoint Terrestrial

Point to multipoint terrestrial radio communication systems may also be known as
terrestrial broadcast systems. The mode of communication for broadcast is simplex, which
means the propagation is in one direction only. Of course it is from the transmit antenna to,
potentially, many receive-only antennas simultaneously. In addition to receivers and
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receiving antennas at fixed locations, there may be a requirement for fixed mobile or fully
mobile reception. Fixed mobile allows for the receive antenna and therefore the receiver
itself to be freely moved around the service area but actually stationary during reception.
Fully mobile allows for an acceptable quality of service whilst the receiver and receiving
antenna may be either stationary or moving.

Broadcast systems cover many frequency ranges from the low frequency (LF) band to the
super high frequency (SHF) band. In the last century or so during the growth of radio
communications many different types of antennas have been developed for use across
these bands. The frequency band names covering 3 kHz to 30 GHz, including LF and
SHF, are given in Table 1-1.

Frequency Band

Name Acronym Range

Very low frequency VLF 3 kHz to 30 kHz
Low frequency LF 30 kHz to 300 kHz
Medium frequency MF 300 kHz to 3 MHz
High frequency HF 3 MHz to 30 MHz
Very high frequency VHF 30 MHz to 300 MHz
Ultra high frequency UHF 300 MHz to 3 GHz
Super high frequency SHF 3 GHz to 30 GHz

Table 1-1 Frequency band naming conventions

The bulk of terrestrial broadcast systems operate in the MF, HF, VHF and UHF frequency
bands. Although there is no formal definition, microwave frequencies are generally
considered to be those above approximately 1 GHz.

A high investment is usually put into the transmit antenna itself, its location and support
equipment because it must provide an adequate service to many low cost consumer
receivers. For most topographies the optimum position for the transmit antenna is at some
reasonably central location in the service area. Such a position would require a reasonably
omnidirectional radiation pattern in the horizontal plane.

However, with the scarceness and high cost of land in city areas, finding such a site is
often difficult so transmitting antennas must often be located at non-optimum positions
sometimes on the edge of the service area. Fortunately there are many techniques which
may be used to shape their radiation patterns accordingly to create directional antennas.
These types of antenna would usually not comprise a single element but instead an array
of elements and reflectors to achieve an effective signal distribution to cover the service
area. For critical services and those with high audiences, there may also be one or more
redundant antenna configurations to allow continuous service during maintenance or
repair activities. Antenna configurations for providing efficient service areas are addressed
in Section 3.3.3.

1.4.2 Single Frequency Networks

A single frequency network (SFN) is made up from several relatively small point to
multipoint service areas. The transmitter powers, antenna characteristics and locations are
deliberately chosen to create some significant areas of coverage overlap and the same
service will be provided from each transmitter using the same channel allocation. In the
overlap areas it will be possible to receive appreciable signals simultaneously from more
than one transmitter. The transmitter antenna installations are normally on a small scale,
perhaps located at existing antenna sites or on convenient tall buildings.
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If an SFN used analog modulation, it could create areas of significant interference in the
overlap areas due to out of phase signals cancelling out. Sometimes it is possible to
minimise overlap areas for example, by using natural obstructions, directional antennas
and adequately low power levels such as might be used in a tunnel re-broadcast system.
Whilst this is still a SFN, the rebroadcast system is a very small localised part of the
network and the overlap area, if any, would be extremely small and the interference
insignificant.

The normal understanding of a SFNs today is a network comprising transmitters of broadly
similar coverage areas and carrying a complex multi-carrier digital modulation such as
coded orthogonal frequency division multiplex (COFDM). These are typically used for
digital terrestrial radio and television broadcasting and include built in delay processing
algorithms to intelligently cater for simultaneous signals at the receiver coming from more
than one source. To allow for reliable and fully mobile operation, handovers when moving
from one transmitter service area into another must be transparent to the user. SFNs are
employed widely for the broadcast of audio services intended for reception on mobile
receivers.

1.4.3 Point to Point Terrestrial

With point to point terrestrial radio systems a service is provided from one geographically
small location to another similar location on the Earth’s surface. Communications may be
either simplex, duplex or half duplex. The description of these and other modes of
operation of a communications link are given in Table 1-2.
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Mode Description Example

Simplex Communications is possible | A broadcast system. To
in one direction only. allow mass reception of a
service with low cost
receivers.
Duplex Communications possible A microwave
in both directions telecommunications link
simultaneously between the mainland and

an island. A low capacity
service where investment in
satellite or cable is not

justified.
Half-duplex Communications are An emergency rescue team.
possible in both directions
but not simultaneously.
Requires strict rules of
operation.
Mesh Communications are A wireless network to

possible in either direction provide high speed data
with any other station with | communications replace the
which a connection is ‘last mile’ analog telephone
established. system.

Table 1-2 Modes of radio communications with examples

A point to point service would normally include highly directional transmit and receive
antennas for the following reasons:

e to avoid wasting power by radiating only in the direction required;

e to reduce the risk of interference to other services and to allow frequency reuse
elsewhere off the beam;

e to minimise received interference from sources off beam;
e to reduce the risk of multipath reflections;
e to reduce the risk of interception.

For the same type and size of antenna, the gain increases in proportion to the square of
the frequency and the beamwidth reduces in direct proportion to the frequency. Therefore
with line of sight (LOS) links it is advantageous to use the highest possible frequency that
the licensing and propagation conditions will allow. This is one reason why many LOS links
operate at the relatively high microwave frequencies for which relatively high gain, narrow
beamwidth antennas are available. The higher operating frequencies also generally have
proportionally wider bandwidth allocations and therefore increased capacity. This must be
balanced against the higher cost of the hardware and installation required for microwave
installations.

1.4.4 Communications Through Free Space

In free space communications, the full extent of the medium between the transmit and the
receive antenna is free space and not subjected to the influence of any surfaces or objects
which might cause reflections, refraction or diffraction.

The free space criteria may be applied to wave propagation through the Earth’s
atmosphere, even though it is not a vacuum, provided that:
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e no reflection is possible from the Earth’s surface or anywhere else;

e the air in the propagation path is uniform or well ‘mixed up’ with no significant
temperature gradients or pollution;

However, there are several absorption mechanisms caused by atmospheric gases, in
particular the molecular covalent bonds of the oxygen molecule (O-O) and the oxygen-
hydrogen molecule (O-H) as present in water vapour.

An example of free space communications would be that of a space communication link
between an Earth station and an Earth orbiting satellite or a deep space platform

The frequency bands used for free space communications extend most commonly from
the UHF into the SHF spectra. Extending frequencies higher into the microwave region
allows increasing antenna gains and reducing beamwidths to be achieved with antennas
of manageable dimensions that can be easily deployed on space platforms. Narrow
antenna beamwidths reduce the impact of propagation via reflections but require very
accurate control of their positioning, or ‘pointing’, in three dimensions. Also a higher
operating frequency allows a greater bandwidth allocation and increased capacity.

The use of highly directional antennas at both ends of a free space link will work if the
pointing direction of each is known to a high precision and can be controlled accurately.
Such precision might be a reasonable requirement on the Earth’s surface but in an Earth
satellite link special provision has to be made for maintaining communication over the link
under the following conditions:

e when the satellite is being initially deployed to its intended geostationary position;
e if the satellite should go off track.

Therefore communication with the satellite for control and telemetry purposes normally
uses antennas which are as close to omnidirectional as possible. Many satellites use three
or more simple quarter wave antennas whose outputs are combined to achieve this. Then,
whatever the orientation of the satellite, it should be possible to maintain a reliable control
channel to it to hopefully bring it back to the correct position and orientation.

1.4.5 Mobile/Cellular Networks

Mobile (or cellular) communication systems require to provide total coverage to specific
geographic areas with traffic capacities tailored to the population densities of the areas
served [2]. This is known as population penetration.

The reference to cellular networks was coined from the earlier implementations of mobile
telephone networks which were designed to cover the total service area using individual
hexagon shaped small service areas, each with a dedicated base station, as shown in
Figure 1-1. The hexagonal cell shape was chosen from the family of regular polygons for
two reasons:

e the service area can be covered without gaps;

e the hexagon allows a convenient antenna beam geometry to be used at the base
stations comprising 3 antennas mutually angled at 120° in azimuth and each with
120° azimuth beamwidth.

In fact, the base-station may be located either at the center of each hexagon, or at each of
the intersections of the hexagon sides, the resultant coverage over several cells being
unchanged.
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Figure 1-1 The original concept of the cellular network with hexagonal cells. Each
letter represents a unique frequency group used by that cell

A new cellular network requires a large infrastructure investment so it must be capable of a
rapid roll out to bring in revenue early yet to allow the network to evolve with little or no
need to retrofit the earlier installations. The mobile network is also required to connect to
the public switched telephone network (PSTN) to provide a comparable level of service
within the normal constraints of a radio system. PSTN services within national boundaries
operate in full duplex (communications being possible in both directions simultaneously),
so also must the mobile communication systems. In the earlier first generation (1G)
networks, duplex operation was provided in the frequency domain but in later generations
(2G, 3G and 4G) it has been implemented in the time domain.

Normally the areas of high population density and potential high density such as busy
roads, airports and stadia are served first. Capacity can be increased by subdividing cells
into smaller ones to fill in shadow areas and to further increase capacity. As they become
smaller and especially in urban areas the hexagonal structure tends to break down and the
smaller cells tend to take on the shapes of typical urban areas such as streets and
squares. Frequency planning for the 1G and 2G networks ensures that no adjacent cells
operate using the same frequency, thus minimising the risk of interference. For small cells
the power levels are reduced accordingly to reduce the risk of RF penetrating beyond its
service area.

The cellular concept allows:

e a power limited coverage by each cell allowing the same frequencies to be used
again at a distant cell thus allowing efficient use of the relatively small bandwidth
allocated to the service.

¢ flexibility to subdivide cells into smaller ones whilst still allowing frequency reuse
and thus increasing capacity.[27]

Choice of cell size, and therefore the antenna systems required have two conflicting
requirements:

e A large cell will cover a large geographic area economically but will offer limited
capacity. This might prove insufficient as the network develops.
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¢ Small cells allow widespread frequency reuse and therefore increased capacity but
at extra infrastructure expense. However the antenna structures will be simpler,
easier and cheaper to install but in greater quantity.

Unfortunately it is not possible to increase the cell size to huge proportions, for example by
using high altitude high gain base station antennas, because the maximum RF output
power of mobile handsets is limited. This limitation is due to the available battery
technology and public concerns of a perceived non-ionising radiation hazard to the user.
The base station receiver will have a noise threshold below which signals will not be
detectable. A mobile transceiver (handset) in use at the edge of the cell service area might
literally not have enough output power to provide an acceptable signal to noise ratio when
received at the base station.

1.1.1.1 Cell Types

The coverage for the second generation (2G) of digital mobile communications systems
has evolved to include the following cell types:

e macro cells
e micro cells
e pico cells

e umbrella cells

Macro Cells

Macro cells are the largest in which the base station antennas are normally fixed to
buildings or structures above the normal roof level and the structure we looked at in Figure
1-1 is typical. In many cases, the base station antennas would be erected on sites shared
with other wireless users. The typical radius of a macro cell might range up to 35 km. This
arrangement ensured that there was very little leakage outside of the cell and therefore
allowed frequency reuse at a nearby non-adjacent cell. If each antenna has a beamwidth
of approximately 120° this represents an economic and efficient way of providing
coverage. The hexagonal cell shape however tends to break down in mountainous, hilly or
urban areas. The antennas themselves must be sufficiently durable to withstand adverse
weather for long periods without maintenance.

Macro cell base station structures are designed to allow some adjustment of the antennas
in both azimuth and elevation. Azimuth adjustment allows the antenna beam direction to
be refined for the best service. Elevation might be adjusted from anywhere between just
above to just below the horizontal. There are two reasons for this:

e to accommodate the local topography
e to exploit the profile of atmospheric refractivity with height.

Refractivity is a measure of the refractive index of a medium such as air which is very
close to that of free space (unity) and is scaled to allow small changes to be easily
identified.

The profile of the land across the service area may require the antenna to be angled
slightly up or down to get optimum coverage. For example if the base station was at the
top of the hill to provide service to a nearby town in a valley, a slight downward tilt might be
required.

Except for the relatively rare anomalous propagation conditions, the average refractivity
profile of the atmosphere with increasing altitudes decreases on account of the reducing
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air molecule density. The refractivity profile may be modelled as several thin atmospheric
layers with gradually reducing refractive indices as the altitude increases. These tend to
refract (bend) the direction of propagation of plane waves from base station back towards
the surface of the Earth. This property is an analogy of Snell’s Law as applied optical
beams which of course are also electromagnetic waves but at a much higher frequency.
This small degree of bending can be exploited to maximise the coverage area for larger
cells which are not limited by capacity, such as might be required in rural areas. A small
positive (upwards) elevation from the horizontal might therefore achieve slightly improved
coverage beyond the optical horizon.

Later developments with macro cell antennas include smart antennas. The beam of a
smart antenna may be adjusted electronically in azimuth, elevation and even beamwidth.
This ‘beam steering’ property may be used to increase the capacity of certain areas at
short notice, though normally at some expense to coverage elsewhere. For example, if the
base station includes a busy highway, this may become congested within a matter of
minutes. A smart antenna commanded to move the beam in line with the road might
provide the short term and temporary increase in capacity required when this occurs.

Micro Cells

Micro cells are typically deployed in local urban areas, or even to individual streets. The
base station antennas are normally located below the average roof level, perhaps on utility
poles or on the common street furniture found in urban areas. The antennas would often
be a small dipole or phased array types adjusted to beam towards the service area.

Pico Cells

Pico cells are even smaller than micro cells, often covering indoor areas of large buildings
where a good service is required such as railway stations and airports. The antennas
would be small and typically with some limited facility of controlling the radiation pattern.
The unit being indoors does provide some protection so the antenna design can be of
cheaper construction.

Umbrella Cells

Umbrella cells are tailored to filling in service areas where there was previously poor or no
coverage. Inevitably some poor coverage areas occur in the original (macro) cells due to
propagation conditions, obstructions by buildings, hills etc. Umbrella cells can be installed
on a one by one basis to cover these. Each umbrella would of course use a differing set of
frequencies from the original macro cell.

1.4.6 Mesh or Ad Hoc Networks

Mesh networks allow the development of communication services cheaply and quickly,
typically around two types of environments:

e urban areas where there may be significant obstructions to the possible radio paths
caused by buildings;

e the typical battlefield environment where redundant paths are required and the
network is resilient to equipment failure;

Each station, known as a node, can act as either a base station or a consumer station and
will communicate with all others that are ‘visible’ from it. These types of networks may be
used to provide broadband communications services to individual homes and businesses.
They may be introduced to compete with the ‘last mile’ digital services such as asymmetric
digital subscriber lines (ADSL) and broadband cable, also known as data over cable
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service interface specification (DOCSIS). Alternatively, such a system may be considered
economic in areas where the existing ‘last mile’ analog infrastructure is either not
developed or is unreliable. The antenna radiation patterns for such equipment are usually
near omnidirectional as this provides the greatest flexibility of a new link being irrespective
of direction.

A section of a typical mesh network in an urban in shown in Figure 1-2. Blocks A to G
represent the plans of buildings, each of which is prepared to act as a node and B and E
are taller than the others. The lines indicate bi-directional high capacity line of sight (LOS)
digital radio links and the dotted line connected to H is the connection to the
telecommunications infrastructure. If B and E are sufficiently tall to obstruct the LOS path
between H and C, H and D, F and C and A and D then LOS links can be set up using the
routes shown to bypass B. The links also form a ring and therefore some redundancy:
should one of them fail communications can be maintained using the alternative route. In a
well developed mesh network, all nodes are connected to all other nodes, ideally with as
few as possible single hop paths.

A C

Figure 1-2 Connections established by a typical mesh (or ad hoc) network. Base
station (node) antennas are omnidirectional as they might be required to
communicate in almost any direction.
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2 RADIATION CHARACTERISTICS OF THE HERTZIAN DIPOLE IN FREE SPACE
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Figure 2-1 Spherical co-ordinate system used for the Hertzian dipole

A linear single element wire antenna may be considered as a large number of very short
dipoles connected in series. Each of these is known as a Hertzian dipole.[1] The theory of
the Hertzian dipole is fundamental to understanding the behaviour of practically all
antennas which are formed from wire elements. To be considered short, the actual length
| of the short dipole must be much less than the free space wavelength of the (peak)
current I, which is exciting it (I < 1), and so short that the current distribution along it is

effectively uniform. On this scale it behaves like a half wave dipole being fed by a perfectly
balanced transmission line which does not radiate and therefore has no effect on the
radiation characteristics. The current variation with respect to time is assumed to be

sinusoidal of the form i =1 and it is understood that the coefficient e'*is present but
not shown.

In order to study the fields produced by the Hertzian dipole, it may be positioned at the
origin of a spherical (r,¢,60) co-ordinate system, with its axis is aligned with the z axis of a
rectangular (x,Y,z) coordinate system [8]. Figure 2-1 shows the how the dipole is
positioned related to the two co-ordinate systems. The angular values of ¢ and 6 are
used to describe the antenna’s azimuth and elevation performance respectively.

When the radiation pattern of an antenna is examined in the far field, the position of the
antenna itself approximates to a point coincident with the origin of the spherical (and
rectangular) co-ordinate systems. The heavy dependence of parameters such as PFD and

field strengths on the distance from the antenna accounts for the popularity of the
spherical co-ordinate system.

The antenna is assumed to be in free space and not subject to any influence of the
surrounding media by reflections, refraction or diffraction. The analysis starts with
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Maxwell’s equations and uses the concept of the retarded potential [7]. The expressions
for the components of the H (H,) and E (E, and E,) are given by the following [8]:

Lh s (if 1).
H =0 221~ Ising 2.1
" 4rx ( r rzj @D
E, :Me*jﬂr (2—727+ . 3jcosﬁ
4 r Joer (2.2)
Eé,:me‘mr(—mﬂjt 1 3+12]sin0
4r r Joer® r (2.3)

where
h is the length of the dipole;

I, is the peak (temporal) current through the dipole;
n is the intrinsic impedance of the medium,;
p is the phase constant;

& is the permittivity of the medium;

4 1s the permeability of the medium;
w =2zt is the angular frequency of the current.

There are no r nor & components of H nor ¢ components of E due to the symmetry of

the structure around the z axis. In general the field behaviour for the three vector
coefficients in (2.1), (2.2) and (2.3) may be separated into three terms: those varying as

1/r, 1/r? and 1/r® respectively.

For fields very close to the dipole, when r is very small, the 1/r® terms in E, and E,
become significant compared to H, . This region is sometimes known as the electrostatic
region and originates from the charges on the antenna element itself.

For fields that are slightly more distant, the 1/r? term becomes significant in H,, E and
E, . This is known as the inductive region.
In most traditional ‘open air’ communication systems the transmit and receive antennas

are displaced by distances of many wavelengths. In this region the important terms in the
components of E and H are those varying as 1/r and the expressions for H, and E,

are:

H, = YN G g g
Arr (2.4)

Eg _ Ja),uoloh sing e i# :770H¢
4y (2.5)

For normal atmospheric (terrestrial) communications, the transmission medium would be
air. For a space link it would of course substantially comprise free space. Fortunately is
does not make much difference to the result, whichever is chosen. In (2.5) therefore, the
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intrinsic impedance term 7 is actually that of free space so the zero suffix is added, with a
value of 120r Q [12], so.

n, =120 Q (2.6)

From plane wave theory,

o= |22 =cpy =220 21207 Q (2.7)
€o B
It can be seen from (2.4) and (2.5) that H, and E, are in phase and, at great distances

from the dipole as r increases, they approximate to the E and H components of a plane
wave. A plane wave is equivalent to a transverse electric magnetic (TEM) wave in which
there is an orthogonal relationship between the directions of the E field, the H field and
propagation. For a TEM wave the amplitudes of E and H are also related to each other by
n,, such that:

E
o :ﬁ (2.8)

The 1/r region is known as the far field, Fraunhofer region or radiation field [5]. Generally
the closer (1/r” and 1/r*) regions are called the near field or Fresnel region [5].

2.1 Total Power Flow and the Far Field Radiation Pattern

The general expression for power flow in regions where r is large, may be obtained by
applying the Poynting Vector to what are effectively the orthogonal E and H
components, E, and H, respectively [6]. The Poynting Vector is described in more detail

in Section 3.6. We noted above that, as r is large, the surface of the sphere approaches a
plane flat surface and the associated wave may be considered a plane wave or TEM
wave. Again considering the region where ris large, the component of the Poynting vector
which gives the time average power flow per unit area P, in this case radially away from

the dipole, is given by the following equation.

2 2
2 n, 2n,\ 4nr

2
ZL(MJ sin?@ (2.9)
2n, \ 4rr

2
:3;7—02(@) sin?6 W /m’
w2\

This expression shows that the power flux density (PFD) has maxima at & =90° and
6 =270° and has minima at #=0° and 6 =180°. For a fixed value of &, the PFD is
constant for a full revolution about the z axis from ¢=0° to ¢=360°. The radiation

pattern may therefore be expressed as being omni-directional in two dimensions (the x-y
plane).

This analysis for the PFD originating from the Hertzian dipole in the far field, provides a
definition of the far field radiation pattern for this antenna. In fact it is common to simply
refer to the ‘the radiation pattern of an antenna’ as actually meaning its far field radiation
pattern.
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The PFD expression in (2.9) implies that, in 3 dimensions, the radiation pattern may be
expressed as the surface of a toroid-like solid with a central ‘hole’ of zero radius and
whose (major) axis is coincident with the z axis. The concept of this is shown in Figure 2-2
in which the Hertzian dipole is aligned with the z axis and is positioned with its mid-point at
z=0.

Figure 2-2 The three dimensional shape of the radiation pattern of a Hertzian dipole
which is aligned with the z axis, positioned with its mid-pointatz=0

Using the spherical co-ordinate system shown in Figure 2-1, the spherical radius of a point
on the surface is directly proportional to the PFD that will be measured in the far field in

that same direction. An example of such a point P(R,a,ﬂ) is shown in Figure 2-3. From

the definition of the chosen co-ordinate system shown in Figure 2-1, in this case r =R,
p=a and 0=0.
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Figure 2-3 An arbitrary point P on the surface of the radiation pattern which is
represented in spherical co-ordinates by (R,«, 3)

The omnidirectional nature of the radiation pattern helps to simplify its consideration in two
dimensions. The expression shown in (2.9) for example is a function of the elevation angle
6 only and is independent of the azimuthal angle ¢.

The total power radiated in all directions from the Hertzian dipole W,, Watts may be

obtained by integrating the PFD over the surface area of a sphere surrounding it. This
yields the expression shown in (2.10). (The standard integral for a sine cubed function
might be useful, which is repeated in (2.11) [13]).

O=r 77 ﬁ2| 21,2 7
W,, = [ 2zrsingRdo === [sin® od6
6=0 167 4
(2.10)
1,2(hY hY
=M(—j =407r2|02(—j
3 (1 A
f - 3 4
.[sm ¢ dgp=— (2.11)
¢=0 3

2.2 The Concept of Antenna Gain Relative to an Isotropic Radiator

The standard definition of (linear) antenna gain relative to an isotropic radiator is the ratio
of the PFD in the direction of maximum radiation to the PFD that would have been
generated if the same power was radiated equally in all directions. So in one sense it may
be described as a measure of its ‘focussing’ capability. Remember that we are still
considering the behaviour in the far field of the antenna: the properties in the intermediate
and near field regions will probably be very different. An isotropic radiator is an antenna
which radiates equally in all directions, in 3 dimensions. This is a theoretical concept as
such an antenna which is perfectly isotropic could not be designed in practice. This is
discussed further in Section 3.2.
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From (2.9), the general expression in terms of @ for the radial PFD of the Hertzian dipole
is

2 2
PFEE" _ [awolohj sin® @
2 n, 2n,\ A4nr

ZL(MJ sin2 0 (2.12)

noting that ¢ may be ignored as the radiation pattern is axially symmetric about the z
axis. The maximum PFD, say P, is therefore at & =90° or 8 =270°, the direction of
maximum radiation, when

P _ 770 (ﬁlohjz
ro = 2
32x r

120747%1 %h?
= T3 (2.13)
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The final expression in (2.13) used substitutions for the intrinsic impedance of free space
n, =120z Q and the spatial phase constant £ given by:

p= oz rad /m

A (2.14)

If the same total power W,, had been fed into an isotropic radiator then, by definition, it
would have been radiated equally in all directions so the power flux density P, at a
distance r from the radiator would have been given by

(4]
" Axr? Az \r A

I (hY
=107r(—°j (—j W /m?
r A

The gain of the Hertzian dipole G, relative to an isotropic radiator is therefore

(2.15)

q (2.16)

2.2.1 Logarithmic Antenna Gain

There are several ways in which the logarithmic antenna gain may be expressed. One of
the most common is in decibels relative to an isotropic radiator (dBi). If g,,, represents the

logarithmic gain of the Hertzian dipole relative to an isotropic radiator, then
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0,p =10log,, G,, dBi

=10log,, @j (2.17)
=1.76 dBi

2.3 An Example
It might be interesting to substitute some realistic values into (2.12) and examine the
results. If the operating frequency was 100 MHz ( f =100 MHz) the wavelength 42 would
be given by:
8
PR (2.18)

f 100x10
The length of the Hertzian dipole is, by definition, small compared to a wavelength. The
speed of electromagnetic radiation in free space is very close to ¢=3x10° m/s which is
used here. If we choose the length of the Hertzian dipole to be h=0.01m, then h/1~0.3%

should make it sufficiently short to meet the criterion. At a distance of 10 km from the
antenna (r =10000 m) we should be comfortably in the far field. Supposing the peak value

of the temporal current in the dipole was 1 A, then I,=1A. From (2.7) we have the
intrinsic impedance of free space (7, =120z Q). The spatial wave constant £ from (2.14)
is givenby S=27/2=27/3 rad/m To determine the PFD in the far field, we need to

substitute these values into (2.12). We have chosen to keep with System International (Sl)
units so the PFD result will also be in Sl derived units, in this case watts per metre squared

(W /m?). Taking the coefficient of the sine squared term in the bottom line of (2.12) and
substituting the values mentioned in the last few sentences, we have

2 2
Mo (ﬂlohj _1207[(271><1><0.0l} W/ m?

32720 r ) 3222\ 3x10000
=5236x10"2 W /m? (2.19)
=5.236 pw/m?

This figure of 5.236 pW /m* will be the peak value of the sine squared waveform in terms
of the spatial angular variable €. That is the PFD that would have been measured by a
receiving antenna in the direction defined at 8 =90° or 6 =270°, one that is perfectly
aligned in the horizontal plane. Do not forget that here @ is not a time (or temporal)
variable as we may often have used it previously. It was defined in the elevation or vertical
plane in our co-ordinate system shown in Figure 2-1. We have already defined 1, as the

peak value of the temporal current in the antenna element which is of course sinusoidal
but with respect to time.

The PFD which would have been received from the isotropic radiator instead of the
Hertzian dipole, with all the other parameters unchanged and using (2.16), would therefore
be

P. = 2 P,= 2 45.236 pW / m?
373 (2.20)
=3.491 pW/m?
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Now imagine that we examine combined plots of the radiation patterns of the Hertzian
dipole and the isotropic radiator. This shown in 2 dimensions in Figure 2-4 and in 3
dimensions in Figure 2-5.

Far Field PFD

Pr(theta_deg)

) 180
Piso(theta_deg)

270

theta_deg

Hertzian Dipole
----- Isotropic Radiator

Figure 2-4 Combined far field radiation pattern plots in two dimensions for the
Hertzian dipole and the isotropic radiator for the example in Section 2.3. The radial
scaling is the PFD expressed in picowatts per square metre (pW/m?)

In Figure 2-4 the radiation pattern for the isotropic radiator is perfectly circular since it is a
section from the sphere which represents its three dimensional radiation pattern. For the
Hertzian dipole it is more egg-shaped, in fact this is a sine-squared waveform, but plotted
on polar scales.
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Pattern Pattern

Figure 2-5 The three dimensional radiation patterns for a Hertzian dipole and an
isotropic radiator to the same scales

2.4 Radiation Resistance

The radiation resistance of the Hertzian dipole R, may be defined as the equivalent

resistance required to dissipate the same power that is actually radiated [14]. We defined
at the beginning of Chapter 2 that |, is the peak temporal current. Then, for a sinusoidal

waveform, the average power W,, is given by:

Wav = 1 IO2 RI’
2 (2.21)
By equating (2.21) with the expression for the total average power radiated from the
Hertzian dipole from (2.10), the radiation resistance of a Hertzian dipole is [15].

2
R. =807 [%j O (2.22)

Remember that the definition of the Hertzian dipole assumed h <« A4 so the result for
radiation resistance would be wildly inaccurate if we attempted to calculate it for example
with h=14/2.

2.5 Gain and Aperture Relationships

The effective aperture of an antenna is the equivalent area through which the normally
incident power flux would have to pass. Assuming that the Hertzian dipole has an effective
aperture A, , then the actual received power P, is related to the incident power flux

density at the same position P,,, by

Pio = Pino Ao (2.23)
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As the length of the Hertzian dipole is small, we can assume that the electric field across it
is uniform and there is a linear relationship between the voltage V and length h, therefore

V =Eh (2.24)
where E is the electric field strength at the Hertzian dipole [16].

If the Hertzian dipole was connected to a perfectly matched load equal to its radiation
resistance R,, then
V2

Pio H =PFinAp (2.25)

r

In the far field the waves from the antenna are assumed to be transverse electric magnetic
(TEM) or ‘plane’. By applying the Poynting Vector to a plane wave the PFD in the direction
of propagation P, is given by

E? E?
diD — _ ~
Therefore
2 2
r d (2.27)
and
A 1207E?h? 3 307h?
- . -
AER, Re (2.28)
Since
h 2
R, =807° (—j (2.29)
A
then

307hi? 32
807°h*  8rx (2.30)

We therefore have both the gain of a Hertzian dipole relative to an isotropic radiator (2.16)
and its effective aperture (2.30).

In general, if we have two antennas with gains G, and G, and respective apertures A and
A, , if the apertures are coincident, they are related in the following way:

G_G

A A (2.31)

For the apertures to be coincident, the antennas must be aligned in the far field in such a
way that their radiation patterns are exactly aligned and pointing towards each other.

Therefore, for a Hertzian dipole (G, and A,) in terms of an isotropic radiator for which
G, =1 we have
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L
G, Ar (2.32)
for an isotropic radiator.
For a generic antenna of gain G relative to an isotropic radiator therefore [17]:

G _G
A A (2.33)
giving
o _AG _4zA
A A (2.34)

The use of this equation is not limited to Hertzian dipoles. It is equally valid for any
arbitrary antenna in the far field.

2.6 Regions of the Near Field and Far Field

The full expressions given in Section 2 for the Eand H field components generated by a
Hertzian dipole apply to all regions: close to and far from the antenna. As the distance
from the Hertzian dipole increases, the source more closely resembles a point source to
distant antennas and the waves radiated become closer approximations to plane (or TEM)
waves. In this (far field) region a number of assumptions in antenna theory are quite valid,
reliable and their use considerably simplifies system calculations and performance
predictions. Provided the distance between the transmitting and receiving antennas is
sufficiently great, each may be considered to be in the far field of the other and such
simplifications ensure that the shape of the far field radiation pattern is actually no longer a
function of distance. If we wish to calculate the absolute levels of PFD, as we saw in the
example in Section 2.3, the distance must be included as the PFD is an inverse square
law function. Fortunately most communications systems which include antennas and
utilise radio propagation do indeed operate in the far field.

Other technologies are actually designed to operate in the near field where the 1/r? and

1/r® terms become significant. The measured field patterns are dependent on both the

orientations and the distance from the antenna. The antennas become closer
approximations to inductively coupled coils which account for the alternative description of
the near field region.

Various criteria have been suggested for determining the position at which the near field
becomes the far field. These are important in deciding the smallest size anechoic chamber
that is necessary to perform far field measurements for particular antennas. Such
definitions are generally functions of the wavelength and the largest physical aperture
dimension of either the transmit antenna, the receive antenna or both. They are based on
studies of how closely the progressively advancing spherical wavefront from an antenna
approximates to a plane wave. One widely used definition, derived from empirical
measurements, comes from MIL-STD-462D and defines two criteria according to whether
the operating frequency is above or below 1.24 GHz. This is described in the following
paragraphs [11]:

1. For frequencies less than or equal to 1.24 GHz the far field is defined as the
greater value of (2.35), the distance between the transmit antenna aperture and
the receive antenna aperture, calculated according to the following equations:
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R or R=34

(2.35)
where A is the wavelength and D is the maximum physical dimension of the
transmit antenna.

2. For frequencies greater than 1.24 GHz, the far field is defined as the value of R
according to either of the following equations, dependent on how similar D and

d are.
DZ
For 25D <d R=27 (2.36)
D+d)
For 25D >d R :% (2.37)

For both (2.36) and (2.37) D is the maximum physical dimension of the transmit antenna
and d is the maximum physical dimension of the receive antenna.
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3 COMMON ANTENNA PARAMETERS

3.1 Solid Angles

The concept of solid angles used in three dimensional geometry is useful for studying
antenna properties such as gain, directivity and radiation patterns. This arises because, as
we saw with the Hertzian dipole in Section 2.6, regions in the far field are sufficiently
distant from the antenna that the waves originating from it may be considered: (a) to
originate from a point source at the antenna location and (b) to propagate from the source
along straight lines. The definition is presented with the help of Figure 3-1.

SPHERE,
RADIUS R

ARBITRARY
AREA A=R? ON
THE SPHERE
R SURFACE

1sr £

Figure 3-1 An illustration of the definition of one Steredian (1 sr)

If the source is a directional antenna with one major beam, this may be described in two or
three dimensions by its radiation pattern. Alternatively, in three dimensions, the beam may
be bound by a specific solid angle. The solid angle of a source at a point Q is proportional
to the surface area A of a projection of the source onto a sphere of radius R centered at
the same point, divided by the square of the sphere's radius. Therefore,

A
The unit of solid angle is the Steredian (sr). Figure 3-1 shows a projection of a solid angle
of 1 sron to the surface of a sphere of radius R . In this case, the area of the projection

will be exactly R?. Note that the shape of the projected area is not relevant to the

definition, only its area. We know that the surface area of a sphere is 47R? so the total
solid angle of a sphere is 4x sr.

In other words, a solid angle is related to the surface area of a sphere in an analogous way
that a coplanar angle is related to the circumference of a circle. A solid angle does not
require to have a spherical surface projection and a coplanar angle does not require to
have a circle arc projection.

Consider a cube. This may be split up into 6 identical pyramids-like shapes, each of which
has a solid angle equal to 1/6 that of a sphere. Therefore each shape would comprise a
solid angle of size 47/6 =2z /3 sr. In this case we know that the 6 pyramids fit together

perfectly with no gaps so the solid angle subtended at the vertex of each is easy to
calculate.
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3.1.1 Beam Solid Angle

The beam solid angle of an antenna (€, ) is the solid angle through which all of the power

radiating from it would stream if it were concentrated in one direction with a constant
power flux density equal to that in the direction of maximum radiation.[37] In this definition
it is important to understand that it includes all of the power radiated from the antenna, the
main beam and all sidelobes in all directions.

To calculate the beam solid angle for a given antenna the total power radiated from it must
be determined by integrating the power flux density over the surface area of a sphere in
the far field which is centred at the antenna. One may then imagine this total power to be
radiated in the direction of maximum radiation with axial symmetry and a flux density equal
to that of maximum radiation. The solid angle formed in this way would be a conical
section from a sphere with which the corresponding flux density is identical to that of
maximum radiation. The conical section would have a curved base, being part of the
sphere’s surface. In practice, for many antennas this results in a value very close to the
solid angle at the half power (or - 3 dB) points.

3.1.2 Major and Minor Lobe Solid Angles

The main lobe solid angle ), (noting the upper case subscript) is defined in a similar way
to Q,, described in Section 3.1.1. However, this definition relates to the power radiated
from the antenna in the main lobe only so the integration area must only cover this part.
Sometimes it is difficult to determine where the main lobe ends and other lobes start so it
is usually adequate to monitor how the received signal level drops away from the value at
maximum intensity and take an arbitrary relative level such as - 20 dB to indicate the
extent of the main lobe.

The minor lobe solid angle Q, (with a lower case subscript) is also defined similarly to Q,
but this applies to all other lobes except the main lobe.

From the solid angle definitions therefore the beam solid angle is the sum of the major and
minor lobe solid angles:

Q,=0,+Q, (3.2)

3.1.3 Antenna Directivity and Gain

The directivity of an antenna is defined by the ratio of the maximum radiation intensity P

to the average radiation intensity P,, [37] Using solid angles therefore, if W is the total

power radiated from the antenna then the directivity D is given by:
D W/Q, 4rx

= = 3.3
W/lidr Q, (33)

The directivity of an antenna, a dimensionless quantity, therefore increases as the antenna
becomes more directional, starting from unity, which applies to the least directional
antenna, an isotropic radiator.

In a practical communications system, a directional antenna fed from a transmitter is
normally deployed to use the direction of maximum radiation or PFD. The gain G of an
antenna is defined in terms of the PFD in the direction of maximum radiation relative to the
PFD from a known (reference) antenna as follows:[37]

PFD in the direction of maximum radiation
G= ; aximum re . (3.4)
PFD of a reference antenna in the same direction with the same input power
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Note that (3.4) is a linear equation but very often in practice the antenna gain derived from
(3.4) is expressed in the logarithmic form of decibels relative to a standard antenna. The
standard antennas used most commonly for this purpose are the isotropic radiator and the
half wave dipole. Logarithmic gain units for these are dBi and dBd respectively. The
definition of antenna gain is therefore very similar to directivity except that the former is
defined in terms of the power leaving the antenna. A practical antenna would typically
have some loss which would be taken into account in its gain definition but not in its
directivity definition. Therefore the gain and directivity are identical for a loss free antenna.

In many antenna applications where the absolute antenna gain is not as important as the
angular resolution or its focussing capability, the directivity is a significant parameter.

3.2 Thelsotropic Radiator

An isotropic radiator is a theoretical antenna that is of negligibly small size and radiates
equally in all directions in 3 dimensions, so its far field radiation pattern is therefore a
sphere. It is assumed to be loss-free and so is 100% efficient. The isotropic radiator is a
convenient reference antenna to use for defining antenna gains, especially for deployment
in conditions equivalent to free space. An antenna gain measured using the logarithmic
decibel (dB) unit relative to an isotropic radiator will have its value expressed in dBi .

3.3 Free Space Path Loss

Free space is another name for a vacuum, so in one there are no molecules, no
absorption and no reflections. When two communicating antennas, one transmit and one
receive, are aligned to communicate in free space, and each is in the far field of the other,
there is an apparent loss, known as the free space path loss (FSPL), measured from the
input of the transmitting antenna to the output of the receiving antenna. FSPL is actually
caused by the way in which the RF power spreads out as it moves away from the transmit
antenna. The degree of spreading reduces as the antenna aperture becomes larger,
measured in terms of wavelengths and, at an infinitely large aperture, the beam could be
considered parallel. This effect of spreading is consistent with the definition of gain arrived
at in (2.34) and analogous to the experiments on the wave properties of light by Huygens
and Young. [38]. In fact, sometimes FSPL is actually referred to as spreading loss.

In the far field, each antenna appears to the other like a point source and the reduction in
PFD with distance follows an inverse square law. This is entirely consistent with the
inverse linear law, applicable to the E and H field components from equations (2.4) and
(2.5). The Poynting Vector relates either of these to power flux density which will be
addressed in Section 3.6.

If P, is the PFD at a distance d from a transmitting antenna then, by the inverse square
law

— GT PT2 W /m2
4rd (3.5)

I:>d
where
G; is the gain of the transmit antenna relative to an isotropic radiator

P is the power delivered to the transmit antenna input

From Section 0 the effective aperture of an antenna A is related to the isotropic gain of
the same antenna G by
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_GA?
4r (3.6)
where A is the wavelength.

A

The power output at the receiving antenna P. with an effective aperture A is therefore
given by

G.P. G A2 A Y
R =pA =SB CE _g6.n (L) @7

The relationship between the transmit power and the received power is given by

2
® o)

& 4rd (3.8)
The FSPL is normally defined for isotropic radiators for which the gain is unity, so
GT = GR :1 (3'9)
FSPL is often expressed in the logarithmic dB unit, therefore.
A
FSPL =|20log,, (—j‘ dB
Ard (3.10)

The vertical bar magnitude symbols are used in (3.10) because, by definition, a loss is
expressed as a positive quantity and of course the logarithm of a value less than unity is
negative.

Even in logarithmic units, FSPL calculations often achieve some unusually large values,
not often encountered with decibels. For example, a satellite ground link operating at the

K-band frequency of 14 GHz (1 =0.021 m) in geosynchronous orbit (d =3.5x10" m),

using (3.10) will have a FSPL of 206 dB. Fortunately such magnitudes are just an
intermediate part of most link system calculations. Isotropic antennas would not be
suitable for space communications as so much power would be wasted into unwanted
directions. Normally a substantial part of the FSPL can be offset by the relatively high
gains of the transmit and receive antennas.

3.3.1 Free Space Path Loss Related to ERP and EIRP

Equivalent isotropic radiated power EIRP is the product of the power fed into a
transmitting antenna P, and the gain of the same antenna expressed relative to an

isotropic radiator G;, or:
EIRP=RG, (3.11)

Re-arranging (3.8) and substituting (3.11) gives the following expression for the received
signal power

/1 2
P =EIRP*G, (—j (3.12)
4

The most convenient receive antenna to use is of course the isotropic radiator as then we
do not have to worry about how it is orientated. For this case therefore G; is unity and

(3.12) becomes:
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P = EIRP*(—] (3.13)
4rd

If the transmit and receive antennas are fixed, then EIRP is constant and, for a fixed

frequency (or wavelength) of transmission P, is inversely proportional to the square of

distance between them.

3.3.2 Effects of the Ground Reflected Rays

In designing terrestrial communication systems it is often inadequate to assume solely the
free space conditions described in Section 3.3.1 and the inverse square law relationship of
(3.13).[1] If the service area is reasonably flat, conductive and unobstructed, the influence
of ground reflections between the transmit and receive antennas becomes significant.
Here, the term conductive, in terms of radio wave propagation, does not of course imply
metallic surfaces. Ordinary ground, especially if it is moisture laden will act as a good
reflector of plane waves across a range of frequencies, particularly at small angles of
incidence. There are two routes the ray can take in passing from the transmit antenna to
the receive antenna. These are shown in Figure 3-2.

TRANSMIT
ANTENNA DIRECT
RAYS
REFLECTED
hy RAY RECEIVE
ANTENNA
GROUND hgr
NN N NN NN NN N NN NN
i o
d

Figure 3-2 Ray diagram for propagation over a flat reflective surface

Vertical Polarisation

By the rules of right angle geometry and Pythagoras, the length of the route taken by the
direct ray d, is given by:

d, =d?+(h —hy )

~d J@{%N (3.14)

h, is the height of the transmit antenna;

where

h, is the height of the receive antenna;

d is the horizontal distance between the transmit and receive antennas.
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Normally however h; —h, <d, so

(%T <1 (3.15)
We can then use the Taylor series approximation, for x <1, or

ST x z1+§ (3.16)
This gives the result from (3.14) of

e el @7

For the reflected ray, using the geometric construction shown and applying the same
approximation gives the result for the reflected wave of

2
d ~d 1+1(Mj (3.18)
20 d
The path difference between the direct and reflected rays Ad is therefore
_ _ 1 2y 12 2
Ad =d, —d, _E(hT +2h.h, +h, )—%(hT —2h;he +he?)

ohh, (3.19)
d

The corresponding phase difference, due only to path differences is the product of the
phase constant in free space £, and the path difference.

2 4rh:h
Ad = Ad = Ad - TR 3.20
#=pd =2 ad =27k (320)

For the VHF band, in which this type of ground reflection is most likely to occur, and using
vertical polarisation there is an additional phase shift of 180° caused by the highly acute
angle between the surface and the incident ray. The total phase shift between the direct
and reflected rays Ag, is therefore given by

Ad :ﬁi%ﬂ rad (3.21)
d

For TEM waves in free space, an inverse square law applies to the power flux density and
an inverse linear law to the E or H fields. If the electric field is E; near to the transmit

antenna and, at a distance d from the same antenna, it is E%.

Therefore the resultant field E; is
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E; = Z%COS _+d

(3.22)

= Zisin (—ZﬂthT ]

d Ad
Normalising with respect to the maximum possible field strength at the receiving antenna,

E, _2sm(27rhTh j

/ (3.23)
_Arhh,
Ad

We can see from (3.23) that, for a broadcast service to a fixed position, h, and d would
be fixed, so that the electric field as the height of the receive antenna h, is adjusted would

be sinusoidal with a maximum value of 2. This relationship is shown in part (a) of Figure
3-3. If the receive antenna had such freedom of movement, its height might be adjusted
accordingly to receive the greatest possible field strength.

Horizontal Polarisation
A similar consideration for horizontal polarisation gives the result

E/ : [27rh/15|n 9)

(3.24)
_Arhgsind
)
This result is shown in part (b) of Figure 3-3.
4 (a) VERTICAL 4+ (b) HORIZONTAL
POLARISATION POLARISATION
: > : >
2 2
NORMALISED FIELD NORMALISED FIELD

Figure 3-3 Received field strength against receiving antenna height

Some Antenna and Propagation Fundamentals Page 34 of 60



3.3.3 Approximating an Antenna Radiation Pattern to a Terrestrial Coverage Area

From (3.13) it was noted that, for propagation through free space, in the far field the
received power flux density is inversely proportional to the square of the distance from the
transmit antenna to the receive antenna. A terrestrial service area would of course depart
from the free space approximation and there may indeed be ground reflections to consider
as we did in Section 3.3.2. Often however, the surface of the ground between the transmit
and receive antennas is broken up by low rise buildings such as might be encountered in
many suburban areas. Under these conditions there are few predictable ground reflections
and free space propagation assumptions hold up well. If we could shape the radiation
pattern of the transmit antenna in such a way that it was directly proportional to the square
of the distance between it and the receive antenna, then we could estimate a contour over
which the received signal level would be reasonably constant. We would then need to
adjust the transmit power, and therefore the EIRP, to provide the minimum acceptable
signal level at the edge of the service area. Areas inside the service area would then
receive somewhat greater levels. This approach is useful, to a first approximation, when
designing a new broadcast service.

3.4 Reciprocity

The property of reciprocity means that the characteristics of an antenna such as far field
radiation pattern, directivity, aperture and terminal impedance are unchanged whether it is
used for transmitting or receiving.[28][32] Reciprocity applies to passive antennas that are
used in media that are everywhere linear, passive and isotropic.

This property is useful for simplifying transmitting and receiving antenna systems.
However the physical designs of the two antenna types may be very different. For
example, in point to multi-point broadcast services transmit antennas have to be designed
to handle high powers and must offer reasonable protection from the environment and
they must run for extended periods without maintenance. Receive antennas need only low
cost high production volume types.

35 Polarisation

An unpolarised wave is one in which the polarisation is random or not fixed. For example,
the Sun (which is a source of very large bandwidth radio waves as well as the infrared,
visible and ultra-violet with which we are most familiar) emits randomly polarised waves. A
polarised wave may have two types of polarisation: plane or elliptical.

3.5.1 Plane Polarisation

A plane (or TEM) wave, in free space will have only one plane of polarisation which, by
convention, is taken as the plane of the electric field. [29] For terrestrial communications,
this may typically be horizontal, vertical or slant. Slant means an intermediate angle of
polarisation, usually 45°. As free space contains no molecules, it is an isotropic dielectric
medium, meaning that the dielectric properties are constant, irrespective of the direction of
the wave’s propagation. The polarisation of the wave will therefore be unchanged by the
direction it propagates through the free space medium. The plane of polarisation is
determined by the transmit antenna. To receive the maximum signal, the receive antenna
must be axially aligned to make its plane of polarisation coincident with that being
propagated. Any polarisation mis-alignment will result in extra loss in the link, a figure
which must be added to the FSPL defined in Section 3.3, up to a maximum when the mis-
alignment is exactly 90°. If the antennas are mis-aligned, the electric field may be resolved
into two components at right angles. The component which is in the same plane as the
other antenna is that which will couple with it. For example, if the mis-alignment is 45°, this
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may be split into equal right angle components of which one will be in the same plane as
the receive antenna polarisation. The magnitude of each will be }{E times the magnitude

of the electric (or magnetic) field vector. The power flux density will therefore be reduced
by 3 dB compared to the perfectly aligned case.

If a loss-free dielectric medium is introduced into the path of the plane wave, the wave will
undergo reflection and/or refraction, dependent on the orientation of the wave at the free
space to dielectric boundary.[30]

If instead, a perfectly conducting plane is introduced into the path of the plane wave, the
wave will be totally reflected. As we saw in Section 3.3.2, when considering the effect on
rays of a conducting surface between the transmit and receive antennas, the spatial phase
shift across the reflection depended on the relative planes of polarisation (horizontal or
vertical), the reflecting plane and the direction of propagation.[31]

3.5.2 Elliptical Polarisation

The elliptic polarisation of a wave occurs when the instantaneous plane of polarisation
rotates about the axis representing the direction of propagation. Circular polarisation is a
subset of elliptical polarisation, occurring when the orthogonal component magnitudes are
equal. Right hand or left hand elliptic polarisation can be generated which rotates at a rate
of 21T radians spatially for 21T radians temporally This may be set up by simple phasing of
a pair of orthogonal elements at the transmit antenna. Using a rectangular co-ordinate
system, if one element is coincident with the x axis and the other coincident with the y axis,
then the z axis will be the direction of propagation. For this to occur, the orthogonal
elements must be excited in quadrature. The hand of the polarisation may be reversed by
reversing the excitation of the x and y (from x leading y to y leading X, or vice versa).
Antenna dimensions at VHF and UHF. A plane polarised receive antenna may receive a
circularly polarised wave but the level will be 3 dB less than if a circularly polarised
antenna of the correct hand had been used.

At microwave frequencies, the shorter wavelengths and more manageable antenna
dimensions allow elliptic polarisation to be generated by placing a suitable anisotropic
dielectric sheet combined with a grid in the far field normal to the direction of propagation
of the plane polarised wave. When correctly orientated, the dielectric sheet is designed to
ensure that the emerging orthogonal components are in quadrature, and therefore form
and elliptically polarised wave. This component is also reciprocal meaning that a plane
polarised wave can also be produced from an elliptically polarised one. An alternative
technigue used the phenomenon of Faraday rotation, a similar principle but using a ferrite
material.[33], [34].

3.5.3 Polarisation and Propagation

Practical terrestrial propagation conditions depart significantly from those of free space,
particularly in urban areas. On its route from the transmit antenna to the receive antenna,
a plane polarised wave will often undergo a range of reflections, diffractions, refractions
and transmissions through various media. These are particularly prevalent at VHF and
UHF where the obstacles encountered are relatively large in terms electrical wavelengths.
In many countries these frequency bands are used for the analog services of frequency
modulation (FM) sound broadcasts and analog television. Each mechanism will contribute
to changes in the polarisation of the transmitted wave, whether it was originally plane or
eliptical.[31],[30]. Therefore, there are likely to be components of polarisation at the
receive antenna that will differ from the polarisation which was transmitted. In extreme
cases, the amplitude components at other polarisations may be stronger than the original
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polarisation. Sometimes a small improvement in received signal level can be achieved by
rotating the receive antenna slightly to better align it with the actual received polarisation.

At VHF in particular it has been found that by using elliptical (usually circular) polarisation,
a more reliable signal can be received in urban areas where there are significant
reflections from buildings, using plane polarised receive antennas. This results from the
more uniform way in which circularly polarised waves are affected by propagation
conditions, particularly reflections. In free space, using a linear antenna to receive a
circularly polarised wave results in a 3 dB loss compared to if a circularly polarised
antenna of the correct hand had been used. Therefore, in general circularly polarised
waves require transmitting at levels 3 dB higher than the equivalent using linearly
polarised waves.

3.6 The Poynting Vector, Power Flux Density and the Intrinsic Impedance of Free
Space

The instantaneous Poynting vector S is defined as the cross product of the vectors
representing the electric field E and the magnetic field H [26], therefore

S=ExH (3.25)

The Poynting vector represents an instantaneous power flux density, using Sl units,
measured in watts per square metre W /m?. It may be applied to time varying fields, such
as those generated by an antenna. Integration of the Poynting vector over a closed
surface yields the total power emerging from the surface. The direction of the Poynting
vector is also the direction of the instantaneous power flow at the point considered so in
some senses it is in fact accurate to consider it a ‘pointing’ vector.

In the far field or plane wave region of an antenna the E and H fields are perpendicular.
Using a rectangular (x, y, z) co-ordinate system with respective unit vectors a,, a, and a,,

the Poynting vector evaluates as follows:

S=ExH
a, a, a,
=|E, E, E,
H, H, H, (3.26)
E, E EE, E, E,
=a —a +a
“IH, H,| H,_ H,| FH, H,

=a,(EH,-EH, )-a,(EH,~-EH,)+a(EH,-EH,)

For a plane wave, as would be present in the far field, assuming that the E field is in the x
direction and that the H field is in the y direction, then all components of E and H except
E, and H, would equate to zero, so the Poynting vector for this case evaluates to:

Pa, =EH,a, (3.27)

That is to say that there is a component of power flux density in the z direction whose
magnitude is the product of the E field component and the H field component.

If the (combined spatial and time representations) of the E and H fields are:
E,=E """ (3.28)

and
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H, = H, e (3.29)

Where, in (3.28) and (3.29), E,, and H , are the peak values of the electric and magnetic
fields respectively, o is the angular frequency and g is the spatial phase constant, then

E? E.% sus
PZ:n_X: 7;0 gl2@-p2) (3.30)
0 0

where 7, is the intrinsic impedance of free space. The time averaged power flux density

P, W/m? is obtained by integrating the expression for P, in (3.30) over one cycle and
dividing the result by the period T, so

l T
PZAV = I:)z
)
T
ZEJ‘ Eyo gioterp (3.31)
T 2o 1o
_L1Eo W /m?
2 1,

The result of (3.31) is in terms of the peak electric field E,;, so if the root mean square
(RMS) electric field E,,,; was used instead, the expression becomes

2

Pav = Eus” W /m? (3.32)
o
Other similar expressions are:
Pav = HyRMSZUo W /m? (3.33)
PZAV = ExRMSHyRMS W /m? (3-34)

It is interesting to note the analogies of (3.31), (3.32), (3.33) and (3.34) with the similar
expressions for circuit currents, voltages and powers, as shown in Table 3-1. To recognise
these assists in remembering the equations.

Equation Plane Wave Unit Analogous Unit
Reference Circuit
Expression
(3.31) 1E,’ W / m? 1V,? W
Pav =2 Pav )
0
(3.32) o B’ W /m? o Vs’ w
ZAV 77 AV R
0
(3.33) Pav = HyRM32770 W /m? Py = IRMSZR w
(3-34) PzAV = EXRMSHyRMS W /m? PAV :VRMS IRMS w

Table 3-1 Expressions for power flux density and corresponding circuit expressions

3.7 Antenna Radiation Patterns
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Fully detailed antenna radiation patterns, based on field magnitude or power flux density
(PFD), are described by one or more surfaces in three dimensions. An example of one,
studied in Section 2 for the Hertzian dipole, was found to be the surface of a torus. A torus
has one continuous surface, but many real antennas will have radiation patterns with far
more complex and multiple surfaces. These may be simplified by converting them into a
set of two dimensional radiation patterns most suited to the intended application. There are
many ways of doing this.

The reference simply to a ‘radiation pattern’ is normally understood to imply the far field
radiation pattern in the sense that the RF energy is radiated as opposed to any other
phenomena such as inductive or capacitive coupling which might be true for very short
distances. The radiation pattern indicates how either the field magnitude or the power flux
density is related to the angular orientation of the antenna, again in three dimensions. The
radius of the surface representing the radiation pattern is proportional to the power flux
density received in the far field. The radial scaling of the radiation pattern may be either in
linear or logarithmic units. The most common form of logarithmic unit is the decibel (dB),
often used in this context due to the wide range of signal levels that may be encountered
in a typical radio communications system.

Antennas designed for point to point communications will normally have one direction of
maximum radiation, coincident with the direction of the main lobe. Most practical antennas
however have finite level sidelobes. These correspond to the leakage of radiation in
unwanted directions. Sidelobes represent wasted power in transmit antennas and can
potentially cause radiation outside of the service area and therefore interference. In
receive antennas they can present a path for interference into the receiver perhaps from
multipath reflections or interfering sources.

3.7.1 Representing Far Field Radiation Patterns in Two Dimensions

It is difficult to accurately represent an antenna radiation pattern in three dimensions so it
is common to simplify this into a set of two dimensional radiation patterns. For a terrestrial
antenna system with plane polarisation, these might be in the horizontal and vertical
planes or perhaps in the electric (E) and magnetic (H) fields. The definition of polarisation
of a linearly polarised antenna is taken as that of the E field so a horizontally polarised
antenna will have its E field in the horizontal plane.

The most common representations of radiation patterns in two dimensions are rectangular
and polar. Examples of these are given in Figure 3-4 and Figure 3-5 respectively.
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Figure 3-4 An example of an un-normalised two dimensional far field radiation
pattern

The pattern depicted in Figure 3-4 shows how the absolute electric field varies with respect
to the azimuth position relative to boresight. This may be used to derive the ERP in terms
of power flux density using (3.32). In this case the field is horizontally polarised (the E field
is in the horizontal, or azimuth plane). Boresight is the position at which the gain is
maximum, normally the actual figure quoted in the data sheet for the gain of the antenna
used. In this case the field strength at boresight is 4 V RMS.

Root mean square (RMS) values of field refer to the temporal (time related) field, not to
spatial field. To convert these to values of power flux density involves applying the
Poynting vector and squaring them to obtain the mean power flux density, for example
using (3.32), (3.33) or (3.34).

Actually a plot like Figure 3-4 is not particularly useful because the absolute magnitude of
the field is a function of the power being transmitted into the antenna and the distance
from the transmit antenna to the receive antenna. In most cases the engineer is more
interested in the relative or normalised antenna radiation pattern. Furthermore, the pattern
can either be normalised linearly or logarithmically. A pattern that is normalised linearly
has a relative magnitude of unity (usually at boresight) and one that is normalised
logarithmically has a magnitude of O dB at boresight.

If the general expression for the un-normalised RMS electric field is e, then this is a
function of the azimuth angle @, or

e=f (0) (3.35)
If the peak RMS electric field, with respect to & is e,, then the linearly normalised electric
field e, is given by:

_f©
s

e, (3.36)

The logarithmically normalised field e, would most commonly be expressed in decibels
(dB), again relative to the peak value and therefore given by
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f(o 3.37
:20Iogm( ()j dB (3:37)

€

0

The multiplication factor of 20 in (3.37) arises because we chose originally to measure
RMS electric field magnitude and the dB definition assumes a factor of 10 for power ratios.

Examples of log normalised radiation patterns in polar and rectangular forms are shown in
Figure 3-5 and Figure 3-6 respectively.

Linear Polar Radiation Pattern E Field Log Normalised
idB)

Figure 3-5 An example of alog normalised polar far field radiation pattern
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Figure 3-6 An example of a log normalised rectangular far field radiation pattern

3.8 Effective Radiated Power and Effective Isotropically Radiated Power

The effective radiated power (ERP) of a transmit antenna system is determined from the
transmitter output power, losses between the transmitter and antenna and the gain (or
‘focussing capability’) of the antenna. The latter parameter means that for all practical
antennas the ERP will vary according to the orientation (in three dimensions) at which it is
measured. The ERP in a particular direction in linear units is the product of the power fed
into the antenna and the gain of the antenna in the same direction. However, it is usually
expressed in logarithmic units such as decibels relative to a unit of power such as the Watt
(dBW).

A similar definition of radiated power, the effective isotropically radiated power (EIRP).
This is a more commonly used at microwave frequencies, where propagation is
substantially through the atmosphere, which approximates to free space, well clear of
reflective or absorptive objects. EIRP is measured similarly to ERP but in this case it is
defined relative the gain of an isotropic radiator instead of that of a half wave dipole. The
isotropic radiator, which is described in Section 3.2, is a theoretical antenna that radiates
identically in all three dimensions and has a linear gain of unity. Microwave antennas are
more usually aperture types as opposed to dipole derived (wire) types and detailed three
dimensional propagation data are more relevant. Again, EIRP is commonly measured in
dBW. As shown in Section 3.11, the gain of a half wave dipole is 0 dBd or 2.15 dBi so it is
possible to convert between ERP and EIRP by adding or subtracting 2.15 dB as required.

The vertical component of the radiation pattern must not be neglected however, even in a
terrestrial system. For a typical broadcast antenna we do not wish to waste power
radiating into space, into the ground or into the sides of mountains. Fortunately there are
many ways antenna radiation patterns can be shaped to ensure such wasted power is
minimised.

The antenna gain figures used in ERP and EIRP calculations must be chosen with caution.
With a practical antenna, unlike an isotropic radiator, the true antenna gain varies with the
direction in which it is measured. However, it is common for a single figure to be quoted in
datasheets for antenna gain, normally understood to be that in the direction of maximum
radiation. Such information might be adequate if the antenna was for receive only,
requiring alignment with a fixed distant transmitting antenna. Normally the data package
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for an antenna suitable for transmission will include a polar graph of antenna gain,
expressed in dBd or dBi, in one or more two dimensional planes.

3.9 Beamwidth

The beamwidth of an antenna is a measure of its angular resolution derived from its far
field radiation pattern. Since an antenna radiation pattern may be expressed as a three
dimensional surface, for most practical applications, this requires simplification, such as
representing it in a series two dimensional data. For example two radiation pattern plots,
one for the E field magnitude and one for the H field magnitude. In most cases the E or H
field beamwidth is measured between the half power (or - 3dB) points on the main lobe of

the radiation pattern. These translate to the }{E or 0.707 points for linear (E or H field)

plots. An example of a normalised E field pattern is shown in Figure 3-7, indicating the - 3
dB beamwidth.

Linearly Normalised E Field
;3dB BW
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Figure 3-7 A linear normalised radiation pattern indicating the - 3 dB beamwidth

Although antenna beam radiation patterns are actually shapes in three dimensions, they
do not in general have axial symmetry about the propagation axis, meaning that the E field
and H field beamwidths are not necessarily equal. Advanced techniques exist to shape
antenna beams according to specific requirements. For example, a satellite antenna may
be required to illuminate a country on the Earth’s surface which does not have a circular
‘footprint’. Italy springs to mind as being a ‘long thin’ country which would not be efficiently
illuminated with an axially symmetric beam and for which a shaped beam would be more
appropriate.

3.10 Antennalmpedance and Radiation Resistance

The impedance of a particular antenna at the frequency of interest may be represented by
a one port network comprising a lumped impedance network connected at the antenna
feed point in place of the antenna itself [23]. This is also known as the driving point
impedance and is shown schematically in Figure 3-8, where the impedance of the lumped
network is Z; . For this case it is assumed that the antenna is loss free and free from the

influences caused by reflections from nearby objects. The actual impedance measured is
affected by the test frequency, the antenna design and construction.
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Figure 3-8 An antenna showing connection of the equivalent feed point impedance
ZT

At the test frequency used, the equivalent driving point impedance will comprise a real part
R, known as the radiation resistance and a reactive part X, known as the self reactance.

All of the power absorbed in the radiation resistance is identical to that which will be
transmitted.

]
zZT
]

Feed point

3.11 The Half Wave Dipole

The half wave dipole antenna comprises two axially aligned elements, each one quarter of
a wavelength long and fed at the mid point as shown schematically in Figure 3-9. Unlike
the isotropic radiator, which is a purely theoretical antenna, something closely
approximating a half wave dipole can actually be constructed and used. The antenna is
normally considered in free space well clear of any grounded objects and ideally therefore
may be fed by a balanced transmission line as shown. However, balanced transmission
lines are often difficult to use and it is common practice to feed the antenna using a coaxial
(unbalanced) transmission line and insert a balanced to unbalanced transformer (balun) at
the antenna.

N2

—
A

Feed point

Transmission
line

Figure 3-9 The half wave dipole antenna showing a balanced transmission line feed
at the mid-point

The far field radiation pattern of a half wave dipole viewed in three dimensions is axially
symmetric like that of a slightly squashed torus with a hole of just zero diameter. The torus
axis is aligned with that of the antenna and the feed point is positioned in the central plane
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of the torus. The two dimensional patterns for both the half wave dipole and the isotropic
radiator are shown linearly to scale in Figure 3-10. Because of the axial symmetry, these
are shown in two dimensions using the x-y cartesian co-ordinate plane assuming that the
axis of the antenna is aligned with the x axis and positioned at the origin. The origin is also
coincident with the centre of the isotropic radiator.

The shape of the radiation pattern for the half wave dipole is described by the equation
describing the electric field strength in terms of 6, E(¢) as follows:

T
cos(zcosej
E(0)=D———2 3.38
( ) sin@ ( )

In this case @ is the angle between the direction of the free space ray and the axis on the
antenna and D is known as the array factor. The array factor is 1.28, which will become
clear when we consider the gain of the half wave dipole relative to that of the isotropic
radiator. By definition, the gain of an isotropic radiator is unity so it is represented by a
circle with radius unity. The isotropic radiator radiates equally in all directions, so in three
dimensions it may be represented by a sphere, also of radius unity, centred at the origin.
The half wave dipole does not radiate at all along the axis containing its elements and then
progressively radiates more up to a maximum at 90° from the axis.

The definitions for antenna directivity and gain are given in Section 3.1.3. For the perfect
(loss free) antennas that we are considering, the directivity and gain relative to an isotropic
radiator are identical. Furthermore, we have defined the gain of an isotropic radiator to be
unity. Although the field radiation pattern of the half wave diople varies significantly
according to the value of & , the normal definition of the gain of an antenna is taken in line
with the direction of maximum radiation, 8 =90° in this case. Performing the directivity
calculation arrives at gain (or directivity) result of 1.28. That is to say that the gain of a half
wave dipole is 1.28 relative to an isotropic radiator.

Remembering that we are still using linear units, the logarithmic of gain expressed in dB
relative to an isotropic radiator (dBi) is more common, given by:

o = 20log,(1.28) = 2.15 dBi (3.39)
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Figure 3-10 Radiation patterns for the half wave dipole related to that for the
isotropic radiator in two dimensions. The antenna is located on the x-axis at the
origin.

Over the years the half wave dipole has become the generic reference for antennas
designed for use in terrestrial communications instead of the isotropic radiator. Specified
gains using this definition have adopted the logartihmic symbol dBd meaning gain relative
to the gain of a half wave dipole. Therefore the gain of an antenna expressed in dBd is
2.15 dB less than its gain expressed in dBi.

It is important to note that we have assumed the half wave dipole to be loss free. Of
course it is impossible to design such an antenna in practice. Whilst the isotropic radiator
is a loss free and hypothetical antenna, the finite conductivity of the antenna elements
comprising a half wave dipole, their diameter and general geometry means that it is
difficult to achieve a practical gain of more than approximately 1.5 dBi to 2 dBi for a typical
example.

3.12 Fourier Transforms applied to Aperture llluminations

One of the many applications of the Fourier transform is in the field of antenna radiation
patterns to predict the far field radiation pattern of an antenna starting with the aperture
illumination. The following equation is the form of Fourier transform used to convert a one

dimensional aperture illumination (represented as a function of x, F(x) along the x axis)
into a far field radiation pattern in the same dimension.

Gu)= T F(x)e 2™*dx (3.40)

X=—00

(3.40) uses the following substitution:
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u= _—15in 0
A (3.41)
where, where 1 is the wavelength of the radiation and @ is the angle from boresight.

F(x) is the electric field at the aperture, as a function of the distance along the considered

dimension (x) and G(8) is the resulting electric field measured in the Fraunhofer region
as a function of 4.

3.12.1 Uniform Truncated Aperture Illlumination

An example of a uniform (truncated) aperture illumination of amplitude unity (1 V /m), is
shown in Figure 3-11, meets the following relationships:

-a a
F(x)=1 —<x<—
) 2 2 (3.42)

F(x)=0 elsewhere

F(x)
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Figure 3-11 A uniform aperture illumination of 1 V/m in one dimension

The resulting Fraunhofer field radiation pattern resulting from this illumination may be
obtained mathematically by applying the Fourier transform in the style shown in(3.40)

between the limits x = —% and x= %. The finite integral equation becomes:
x=al2

G(u)= | 1e"™dx (3.43)

x=—al2

(3.43) may be evaluated with the help of the substitution suggested in (3.41) together with
one of Euler’s identities, repeated here for convenience:

- _ 1 ¢ _'¢
sm¢—2—j[e‘ —e ] (3.44)
The result in terms of @ is:
G(0)=—2 sin[ﬂ—asin 9} (3.45)
zsin @ A

The result of (3.45) is plotted for the three values of a/l 2,10 and 20 in Figure 3-12. The

resulting three radiation patterns are linear versions and therefore include regions
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extending into both sides of the angle axis. These represent the components of spatial
phase of the field in the Fraunhofer region which are in phase (positive) and in anti-phase
(negative). The instantaneous spatial phase could of course be of any value with those in-
phase and in-antiphase components being shown.

Fraunhoffer E Field, Uniform Aperture llumination
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Figure 3-12 One dimensional Fraunhofer radiation pattern for uniform aperture
illumination, for three values of a/I

It is often more useful to illustrate the normalised logarithmic field strength in dB against
angle. The graphs in Figure 3-13 are the equivalents of Figure 3-12 in this form. The
logarithmic amplitude of the field strength N, is independent of phase, being obtained

using the following expression:
Ngs =20l0g,,|G(0)| dB (3.46)

The logarithm coefficient is 20 as opposed to 10 to give a figure which is proportional to
power flux density in watts per square metre (W /m?). This is necessary because electric
field intensity is expressed as a linear quantity in volts per metre (V /m). Normalisation is
usually taken with respect to the power flux density in the main lobe as this is used to both
define the antenna gain and to use for normal communications. Therefore the (relative)
power flux density in the main lobe would rise to a peak at 0 dB.
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Fraunhoffer Log Normalised E Field a/lambda as shown
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Figure 3-13 The one dimensional Fraunhofer radiation pattern represented in
normalised logarithmic form for uniform aperture illumination

The radiation patterns in Figure 3-13 show some interesting properties in terms of the
length of the aperture expressed in wavelengths, the ratio %. The main lobe beamwidth

becomes narrower, the larger the aperture becomes. Sidelobes are always present: each
order of sidelobes having the same level relative to the main lobe, irrespective of the ratio

Y

ﬂ/ .

The amplitude of the main lobe in Figure 3-12 is the same for each case but its beamwidth
is narrower for the larger aperture values.

3.12.2 Arbitrary lllumination Profiles

In most antenna applications, any significant sidelobe levels are undesireable. In transmit
antennas they represent wasted energy and in receive antennas allow a path for
interfering signals or multipath. Compared to the truncated uniform illumination, the
sidelobes may be reduced by using various forms of tapered illumination.
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4 PASSIVE ANTENNAS

41 Slot Antennas and Booker's Theorem

An antenna can be formed from a slot in a conducting surface as an alternative from
elements comprised of wires carrying currents. Slot antenna designs are generally more
expensive to set up than the equivalent element types but may be fed by waveguides and
do not require as much maintenance. They are commonly used in high power VHF/UHF
broadcast antennas.

Bookers theorem is useful in designing slot antennas [19]. This states that a given element
antenna may be transformed to the equivalent slot antenna by replacing the free space
area around the elements with conductive plane and making the element a void area. The
radiation patterns of both types will be identical except that polarisations will be reversed
(vertical will become horizontal and vice versa)

The impedances of the element and slot antennas will be related by the following equation
ny? =42,Z, (4.1)
where

1, Is the intrinsic impedance of free space
Z, is the impedance of the dipole (element antenna)

Z. is the impedance of the slot antenna

4.2 Telescopic Rod Antenna

The ‘telescopic rod’ type of antenna found in many low cost portable receivers is normally
provided for operation in the VHF broadcast frequency bands. The most common of these,
covering the frequency range 88 MHz to 108 MHz, is also known as band Il and has been
used for many years throughout the world for broadcasting analog frequency modulation
(FM) services. More recent developments in digital broadcasting, such as digital analog
broadcasting (DAB) use higher frequency portions of the VHF spectrum such as band 1|
(174 MHz to 230 MHz).

The antenna itself is not only telescopic but usually hinged at its base to allow various
orientations as well as lengths. One’s initial thoughts might be that this, combined with the
radio body itself, is an approximation to a quarter wave antenna over ‘infinite’ (or at least
extensive) ground plane. Unfortunately electrically it only has the vaguest resemblance to
this, as the best ground plane available would normally be a small area of printed circuit
board (PCB) inside the receiver. At 90 MHz the wavelength is 3.33 m, so the general
approximation of an extensive groundplane with minimum dimensions of about ten
wavelengths is not reliable. The range of adjustment provided by the telescopic rod
antenna itself and by the movement of the radio receiver does in practice provide some
protection against multi-path reflections which are very significant in most radio
envoironments today. Any improved reception achieved by adjustment of the rod length
and/or orientation is not usually a better approximation to a particular theoretical antenna
but more a case of rejecting a particular propagated multi-path component in favour of
another. Todays radio environment is very different from what it was 40 or 50 years ago
when band Il broadcasts were in their infancy. Then signals were very weak in many areas
and portable radios were really not very effective in anywhere but close to the transmit
antenna, generally considered to be within ‘line-of-sight’ of it. Most band Il portable
receivers are positioned out of line of sight of the transmit antenna Now we find that power
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fluxes are much greater almost everywhere and propagation predictions actually design in
significant multipath to reach the receiver. This is somewhat of a brute force method which
would not be used if a new system were designed from scratch today. This can be
confirmed by checking whether the transmit antenna is actually visible from most of the
common locations of the receiver. Very often it will not be. The arguments about multipath
apply equally to band 11l (174 MHz to 230 MHz) carrying DAB transmissions. However,
DAB was in fact developed largely to tolerate significant multipath propagation.

One advantage of having a small groundplane is that several new propagation
mechanisms arise: for example diffraction around the edge of the groundplane. Another is
the tendancy for the whole chassis to behave as an antenna element separate from the
rod. These phenomena allow the reception from a number of unexpected directions as
explained by Kraus et. al. [22]. Although this reference considers transmit antennas, the
principle of reciprocity make it equally applicable to receive antennas.

4.3 Planar Air Loop and Ferrite Rod Antennas

The ferrite rod antenna is a generic name for what is in fact a small loop antenna wound
on a ferrite rod found in low cost receivers covering the AM broadcast band. Although
theoretically suitable for transmitting very low powers, in practise they are used much moe
widely in receivers. Rather than one loop (turn) there would normally be several, the
number dependent on the frequency that is being used.

There are two electrical criteria to be considered with ferrite rod antennas:
e the circuit (predominantly inductive) properties

e the (loop) antenna properties

The Circuit Inductive Properties
Ferrites are a type of ferrimagnetic material derived from iron. Like iron, a ferrite has an
appreciable magnetic permeability x# compared to that of air, where

M= oy (4.2)
U, is the absolute permeability and g, is the relative permeability.

A drawback of iron is that, as the operating frequency of operation is increased, it quickly
becomes very lossy and is unusable above power and low audio frequencies. Ferrites
however have been developed to work with relatively low loss into the medium frequency
(MF) range and higher for various applications so they are used extensively in the
antennas of portable radio receivers in the amplitude modulation (AM) broadcast section of
the LF and MF bands covering approximately 100 kHz to 1.5 MHz.

The following expression for the inductance L of a solenoid is also a good approximation
also for a ferrite rod antenna [20].

L= Mot N'A (4.3)
where:
N is the number of turns
A is the cross sectional area (m?)

R is the internal radius of the solenoid (m)
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| is the length (m)

U, is the absolute permeability of free space (air in this case)
4, is the relative permeability of the magnetic material.

The appreciable relative permeability of the ferrite material (the term x, in (4.3)) compared

to that of air in which it is unity, means that the magnetic flux associated with the loops of
wire is concentrated much more greatly in the core when the rod is present compared to
an air core. This means that the same level of inductance can be created with far fewer
loops (turns) from a shorter length of wire. As the DC resistance of the turns of wire
contributes directly to the antenna loss resistance, this shorter length of wire allows a
heavier gauge to be used thus reducing the loss resistance.

Within the front end of the receiver circuit, the inductance of the solenoid is normally
resonated with a capacitor to give a degree of frequency selectivity centred on the band of
interest. For receivers covering the AM broadcast band (approximately 500 kHz to 1.5
MHz), it is common practice to used two separate coils fixed to the ferrite rod, each
switchable according to the selected band. The coil with fewer turns is used to resonate
the higher frequency (MW) band and the other for the LW band.

The Loop Antenna Properties

The theory of the small loop antenna may be applied to those comprising the coil of wire
wound on to a ferrite rod [21]. The loop size is electrically small, meaning that its
dimensions are much smaller than a wavelength. This holds true with ease as the shortest
wavelength tuneable on a AM receiver is about 200 m. The electric field produced in the

azimuth plane (E(#)) at an angle ¢ and distance d, is related to the current i in the loop

and its cross sectional area A, is shown in (4.4). Ultimately, the gain of this type of
antenna is limited by the cross sectional area of the loop itself, and is independent of
whether it might have a ferrite core. The only reason for using the ferrite rod is to enable
sufficient inductance in the limited space available as described in the last section.

2.
E(@):%sine (4.4)

It might be thought that more signal could be ‘sucked out’ of the antenna just by adding
extra turns. Unfortunately this does not work if the coil turns (loops) are close together as
they would be within the confined space available in a small plastic box. Each loop has an
equivalent aperture area associated with it and each aperture can only be used once. The
only way to increase the signal level received from a weak station is to increase the cross
sectional area but this is limited due to the small size of the product. In the early days of
portable radios, before the development of ferrite materials, antennas were often air loops
but of much larger cross sectional areas.

There is a reciprocal relationship between the loss of the ferrite rod antenna and its Q
factor. Contributions to the loss come from the resistance of the coil at the operating
frequency and the loss factor of the ferrite material itself(tan delta) high frequenc

As (4.4) shows, the radiation pattern of a loop antenna, considered in the plane containing
the axis of the loop, is sinusoidal. As this represents the electric field, the equivalent
expression for power flux would include a sine squared term. This describes one very
useful property of loop antennas: the ability to null out unwanted signals by rotating the
plane of the loop, with respect to the direction that the signal is coming from. In the early
days of radio this was exploited in larger (air cored) versions, in direction finding
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equipment. Due to the sine squared property, the position of the null (or minimum) can be
determined with greater accuracy than the position of the maximum.

In todays crowded broadcast frequency bands, the nulling property is often actually more
useful than the ability to detect weak signals.
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5 ACTIVE ANTENNAS
5.1 Phased Arrays and Scanning

5.2 The Linear Array Fed in Phase

The linear array antenna comprises a series of identical antenna elements which are
arranged in a straight line in the same plane. A schematic diagram of a linear array
comprising four elements numbered 1 thro 4 fed in phase, is shown in Figure 5-1 [24]. It is
assumed that the radiation pattern of each element is axially symmeric about its centre.
The elements could either be considered as isotropic radiators or, to take a more practical
example, half wave dipoles with their axes normal to the plane of the diagram. The
spacing between adjacent elements of the array (d) is fixed. The direction of the
wavefront will be considered at an angle ¢ to the plane containing the array elements.
Although the wavefronts shown appear to be close to the array in what we would expect to
be the near field, we are making assumptions based on the far field, considered to be
many wavelengths from the array. In this region it is accurate to consider the antenna as a
point source.

On propagating through space, the component of the wavefront that originates from
element 1 is retarded from that originating from element 2 by a phase of ¢ where:

o :%cose radians (4.5)

This is the product of the spatial phase constant S = 277[ and the distance between

adjacent wavefronts measured along the direction of propagation.

Wavefronts N

Direction of
propagation

N Antenna
4 elements

i

Feed point
Figure 5-1 A schematic of the broadside linear array with all elements fed in phase
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The equation describing the electric field E(t, z) of a plane wave progressing through
space in the direction of propagation z is given by:
E(Lz)zRe(ap“”%”) (4.6)

where
E, is the peak value of the electric field originating from one element in isolation (V /m).
w=2rf isthe angular frequency in rad/s, f isthe frequency in Hertz.

p= 27” is the spatial phase constant in rad /m.

By convention, the real operator may be omitted, but it is understood to be present. In the
case being considered the direction of propagation is that shown in Figure 5-1. Therefore
the equation of the wavefront in terms of ¢ is given by:

E=Eze!" (1+e‘j¢+e‘12¢+...+e’j(N’l)"’) (4.7)

where N is the total number of elements. Using the theory of the Taylor series and the
Euler identity to convert between the complex and trigonometric versions of the waveform

yields the following result [59]:
sin (Nﬁd cos 9)
A

_ nliNg
E:aaiwza - (4.8)
sin(lcos 49)

For 6 =90° this reduces to:
E =NE, (4.9)

6 =90° is the direction of maximum radiation, at right angles to the line containing the
array elements. This is the reason why a linear antenna fed in this way is often known as a
‘broadside array’ It also shows that the electric field for & =90° is the product of the field
due to one element in isolation and the number of elements. The antenna gain is therefore
directly proportional to the number of elements. The ratio of the element spacing to the

wavelength % influences the radiation pattern beamwidth. The smaller the ratio the wider

the beamwidth as the examples in Figure 5-2 show for d/A values of 0.1, 0.25, 0.5 and 0.9.
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(c) N=10, d/A=0.5, D=5.0A (d) N=10, d/A=0.9, D=9.0A

Figure 5-2 Some examples radiation patterns for the values of N and d/A shown. D is
the length of the entire array

The symmetry of the array ensures that there are always two identical beams orientated at
180°. When % is increased to unity and beyond the sidelobes increase to very high

levels and occupy beamwidths in excess of the main beam. Two examples of these are
shown in Figure 5-3 for % values of 1.0 and 2.0.

(e) N=10, d/A=1.0, D=10A (f) N=10, d/A=2.0, D=20A
Figure 5-3 Further examples of radiation patterns for d/A

5.2.1 Scanning the Radiation Pattern from a Linear Array

By properly controlling the relative phase of the signals arriving at each of the elements,
the direction of the main beam can be changed. One form of phase control which achieves
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this is linearly progressive. In this the phase shift is applied in proportion to the element
position. So for example, if the phase shift applied at element 1 was ¢ that at element 2

would be 2¢, at element 3 it would be 3¢ and so on. A schematic of the array with linearly
progressive phase is shown in Figure 5-4.

If the progressive phase shift is ¢, this must be added to the phase of the retarded
potential expression (4.5). Supposing the new retarded phase of the wavefront is ¢, then

(p:%cos%ré (4.10)

@ replaces ¢ in (4.8) to give:

. (Nxd
1_aiNe sin P cosé
E=E,—=E (4.11)

(PTNT 0
1-e sin(”jcos&}

Wavefronts

Direction of
propagation

d cos6

\\\ \\\ d - AN |
0
A0 e ____7N Antenna

T 2 T3 T4 elements
o 20 30 45
I I |

l !
Feed point

Figure 5-4 Linear array showing the addition of progressive phase shifts

Changing the value of § allows the main lobe of the radiation pattern beam to be scanned.
This is shown in Figure 5-5 for ¢ values corresponding to 0°, —45°, —70° and —-90°. As
the beams move towards the endfire direction, they beams merge to form a single beam of
somewhat greater beamwidth.

Figure 5-6 shows an alternative way of achieving linear progressive phase shift, by serially
feeding the elements with a shift of 6 between each adjacent elements. This technique
only requires has the advantage of only req

The linear array antenna with a means of adjusting the phase shift in each of the element
feeds is the basis of the scanning antenna. Often the scanning will be provided
electronically using
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(a) N=10, d/A=1.0, D=10A5=0°  (b) N=10, d/A=1.0, D=10A 5=-45°

I

agf

N

(c) N=10, d/A=1.0, D=10A 5=-70°  (d) N=10, d/A=1.0, D=10A §=-90°

Figure 5-5 Provision of scanning the main lobe of the radiation pattern by changing
the value of ¢

1 2 T3 4

@ |3 25 35 45

Feed point

(b) ra ~ 5 5 5

Feed point

Figure 5-6 Two different techniques for feeding an array: parallel feed (a) and the
easier to implement serial feed (b)
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