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UNIT - I: ANTENNA BASICS

HISTORY OF AN ANTENNAS:

o he first radio antennas were built by Heinrich Hertz, a professor at the , echnical
Institute in Karlsruhe, Germany. Heinrich Hertz‘s end-loaded half-wave dipole transmittin
antenna and resonant half-wave receivin loop operatin atA="min 1""6.

Hertz was the pioneer and father of radio, his invention remained a laboratory uriosity
until ¥&year-old Gu lielmo ' arconi of ( olo na, Italy, went on to add tunin circuits, bi
antenna and round systems for lon er wavelen ths, and was able to si nal over lar e
distances. In mid-) ecember 1*& he startled the world by receivin si nals at +t. ,ohns,
- ewfoundland, from a transmittin station he had constructed at . oldhu in / ornwall,
On land.

Gu lielmo ' arconi‘s sluare conical antenna at . oldhu, On land, in 1*&2 for sendin
transatlantic si nals at wavelen ths of 1&8%&s of meters. +hown in fi . below. 3 arely has an
invention captured the public ima ination as ' arconi‘s wireless did at the be innin of the
%&th century. 4 ith the advent of radar durin 4 orld 4 ar II, centimeter wavelen ths became
popular and the entire radio spectrum opened up to wide usa e.

o housands of communication satellites bristlin with antennas now circle the earth in
low, medium, and eostationary orbits. , he eostationary satellites form a rin around the
earth similar to the rin s around +aturn. 5 our hand-held Global . osition +atellite 6G. +7
receiver ives your latitude, lon itude and elevation to centimeter accuracy anywhere on or

above the earth day or ni ht, cloudy or clear.




8ery 9ar e : rray 89: 7 of % steerable parabolic dish antennas each % m in
diameter operatin at centimeter wavelen ths for observin radio sources at distances of
billions of 1i ht-years. , he array is located at the - ational 3 adio : stronomy <bservatory
near +ocorro,
- ew' e=ico in 1980. +hown in fi . below. <ur probes with their arrays of antennas have
visited the planets of the solar system and beyond, respondin to our commands and sendin
bac>photo raphs and data at centimeter wavelen ths even thou h it may ta>e over 2 hours
for the si nals to travel one way. : nd our radio telescope antennas operatin at millimeter to
>ilometer wavelen ths receive si nals from ob%cts so distant that it has ta>en more than 1&

billion years for the si nals to arrive.

Heli= antenna array on one of %4 Global . osition +atellites 6G. +7in ' edium Oarth

<rbit 6 0<7at ¥&&&m. <peratin at 1 = ¥&cm, these satellites provide you on or above

the earth with your position Gatitude, lon itude and elevation7to an accuracy of better than 1

meter in 1985. +hown in fi . below.
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In the above ima e, the antennas help the communication to be established in the
whole area, includin the valleys and mountains. , his process would obviously be easier

than layin a wirin system throu hout the area.

o he ubiluitous, hand-held cellphone with half-wave antenna operatin at 4 = A&cm,

which connects you to everybody. : ntennas are the essential communication lin> for aircraft

and ships. : ntennas for cellular phones and all types of wireless devices lin> us to everyone
and every thin . 4 ith man>ind‘s activities e=pandin into space, the need for antennas will
row to an unprecedented de ree. : ntennas will provide the vital lin>s to and from

everythin out there. , he future of antennas reaches to the stars.




INTRODUCTION:

: ntennas are our electronic eyes and ears on the world. , hey are our lin>s with space.
o hey are an essential, inte ral part of our civilization.

: n antenna 6or aerial7is an electrical device which converts electric power into radio
waves, and vice versa. It is usually used with a radio transmitter or radio receiver. In
transmission, a radio transmitter supplies an oscillatin radio freluency electric current to the
antennaB8 terminals, and the antenna radiates the ener y from the current as electroma netic
waves (radio waves7.

In reception, an antenna intercepts some of the power of an electroma netic wave in
order to produce a tiny volta e at its terminals, that is applied to a receiver to be amplified.
: ntennas are essential components of all eluipment that uses radio. , hey are used in systems
such as radio broadcastin , broadcast television, two-way radio, communications receivers,
radar, cell phones and satellite communications, as well as other devices such as ara e door
openers, wireless microphones, blue tooth enabled devices, wireless computer networ>s, baby
monitors, and 3 CI) ta s on merchandise.

o ypically an antenna consists of an arran ement of metallic conductors G@lements[Y,
electrically connected ¢often throu h a transmission line7 to the receiver or transmitter.
: ntennas act as transformers between conducted waves and electroma netic waves
propa atin freely in space. , heir name is borrowed from zoolo y, in which the 9atin word
antennae is used to describe the lon , thin feelers possessed by many insects.

In wireless communication systems, si nals are radiated in space as an
electroma netic wave by usin a receivin , transmittin antenna and a fraction of this
radiated power is intercepted by usin a receivin antenna. : n antenna is a device used for
radiatin or receivin radio waves. : n antenna can also be thou ht of as a transitional
structure between free space and a uidin device such as transmission line or wave uide7.

Esually antennas are metallic structures, but dielectric antennas are also used now a
days, a ri id metallic structure is called an DintennaDwhile the wire form is called an DierialD
4 ith this introduction, in this first lecture let us see some common types of antennas that are
in useF

What is meant by Dimension? : dimension defines some physical characteristic.

Ty es of Dimensions:

1. Cundamental dimensionsF, he dimensions of len th, mass, time, electric current,

temperature, and luminous intensity are considered as the fundamental dimensions. Cor




e=ample 9et the letters LM, T, I, T, and [ represent the dimensions of len th, mass, time,
electric current, temperature, and luminous intensity.

2. +econdary dimensionsF: secondary dimension which can be e=pressed in terms of
the fundamental dimension of len th sluared (7%.

What is a Unit? : wunit is a standard or reference by which a dimension can be
e=pressed numerically. , he meter is a unit in terms of which the dimension of len th can be
e=pressed, and the >ilo ram is a unit in terms of which the dimension of mass can be
e=pressed.

Ty es of unitsE

1.Fundamental unitsE , he units for the fundamental dimensions are called the
fundamental or base units. , he International +ystem of Enits, abbreviated +I, is used, in this
system the meter, kilogram, second, ampere, kelvin, and candela are the base units for the si=
fundamental dimensions of len th, mass, time, electric current, temperature, and luminous
intensity.

2. Secondady unitsE , he units for other dimensions are called secondary or derived
units and are based on these fundamental unit.

TYPES OF ANTENNASF

Wire antennasFéfi  1,%and A7

» ) ipole, monopole, loop antenna, heli=antennasE E sually used in personal

applications, automobiles, buildin s, ships, aircrafts and spacecrafts.
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Aperture antennasF6fi 4 and 27
» Horn antennas, wave uide openin E Esually used in aircrafts and space

crafts, because these antennas can be flush.

Fig4
Reflector antennasF6fi 67

» . arabolic reflectors, corner reflectors E , hese are hi h ain antennasusually

used in radio astronomy, microwave communication and satellite trac>in .

Lens antennasF

» / onve=-plane, co ve=-conve=, conve=-concave and concave-plane lenses o

o hese antennas are usually used for very hi h freluency applications.
Microstrip antennasFofi ;7
» rectan ular, circular etc. shaped metallic patch above a round plane E Esed

in aircraft, spacecraft, satellites, missiles, cars, mobile phones etc.




Array antennasF 5 a i-Eda antenna, microstrip patch array, aperture array, slotted

wave uide array E Esed for very hi h ain applications with added

advanta e, such as controllable radiation pattern.

Radiation ( echanismF4 hen electric char es under o acceleration or deceleration,
electroma netic radiation will be produced. Hence it is the motion of char es,
that is current is the source of radiation. Here it may be hi hli hted that, not
all current distributions will produce a stron enou h radiation for
communication.

: ntennas radiate or couples or concentrates or directs electroma netic
ener y in the desired or assi ned direction. : n antenna may be isotropic or

non directional éomni-directional7and un isotropic or directional.




o here is no proper rule for selectin an antenna for any particular freluency
ran e or application. 4 hile choosin an antenna many electrical, mechanical
and structural accepts are to be ta>en into account.

o here accepts include radiation pattern, ain, efficiency, impedance,
freluency characteristics, shape size, wei ht and loo> at antenna and above all
these ma>es their economic viability. , he cost, size and shape ma>es the main
difference on usa e of different freluencies.

Hi h ain and ) irectivity are the basic reluirements for the
transmittin antennas. 4 here as low side lobes and lar e si nal to noise ratio
are >ey selection criteria for receivin antennas. : ntenna may vary in size
from the order of few millimetreséstrip antenna7 to thousands of feet &dish
antennas for astronomical observations7

o 0 1ve a mathematical flavour to it, as we >now
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: s shown in these eluations, to create radiation €electric field7, there must be
a time-varyin current dIdt or an acceleration 6or deceleration7 a of a char e
1.

If the char e is not movin , a current is not created and there is no radiation.

If a char e is movin with an uniform velocity, there is no radiation if the
wire 18 strai ht, and infinite in e=tent there is radiation if the wire is curved,
bent, discontinuous, terminated or truncated , If the char e is oscillatin in a
time-motion, it radiates even if the wire is strai ht

+o, it is the current distribution on the antennas that produce the radiation. Esually
these current distributions are e=cited by transmission lines and wave uides as shown in the
fi.".




: ntenna radiation mechanism

BASIC PRINCIP) E OF RADIATION:*

'

Ender time varyin conditions , ' a= wells eluations predict the radiation of 0'
ener y from current sourcetor accelerated char e7. , his happens at all freluencies , but is
insi nificant as lon as the size of the source re ion is not comparable to the wavelen th.
4 hile transmission lines are desi ned to minimize this radiation loss, radiation into free
space becomes main purpose in case of : ntennas.

Cor steady state harmonic variation, usually we focus on time chan in current Cor

transients or pulses ,we focus on accelerated char e , he radiation is perpendicular to the

acceleration. , he radiated power is proportional to the sluare of .

19 orH

4 here
I =, ime chan in current in : mpsGec

9 =9en th of the current element in meters
H=/ har e in/ oulombs

=, ime chan in velocity




T&nsmission line o ened out in a Ta ed&d fashion as an Antenna:

a) As T&nsmittin, AntennaH Here the , ransmission 9ine is connected to source or
enerator at one end. : lon the uniform part of the line ener y is uided as . lane

o 0" wave with little loss. +pacin between line is a small fraction of J. : s the line is
opened out and the separation between the two lines becomes comparable to J, it acts
li>e an antenna and launches a free space wave since currents on the transmission
9ine flow out on the antenna but fields associated with them >eep on oin . Crom the
circuit point of view the antenna appears to be a resistance 3, called 3 adiation

resistance.

b) As Recei-in, Antenna I: ctive radiation by other : ntenna or . assive radiation from
distant ob%cts raises the apparent temperature of 3 ., his has nothin to do with the

physical temperature of the antenna itself but is related to the temperature of distant

ob%scts that the antenna is loo>in at. 3t may be thou ht of as virtual resistance that

does not e=ist physically but is a luantity couplin the antenna to distant re ions of

space via a virtual transmission line.
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Reci &city* n antenna e=hibits identical impedance durin , ransmission or 3 eception,

same directional patterns durin , ransmission or 3 eception, same effective hei ht while

transmittin or receivin ., ransmission and reception antennas can be used interchan eably.

'

edium must be linear, passive and isotropicéphysical properties are the same in different

directions.7: ntennas are usually optimised for reception or transmission, not both.




CURRENT AND 0 O) TA1 E DISTRIBUTIONE

a7 : current flowin in a wire of a len th related to the 3 C produces an electroma netic
field. , his field radiates from the wire and is set free in space. , he principles of
radiation of electroma netic ener y are based on two laws.

617: movin electric field creates a ma netic AH7field.
@4d: movin ma netic field creates an electric 6) 7field.

In space, these two fields will be in-phase and perpendicular to each other at any iven
moment. : Ithou h a conductor is usually considered to be present when a movin electric
or ma netic field is mentioned, the laws overnin these fields do not say anythin about
a conductor. , hus, these laws hold true whether a conductor is present or not

o he current and volta e distribution on a half-wave Hertz antenna is shown in Ci ure 1&
In view : , a piece of wire is cut in half and attached to the terminals of a hi h freluency
6HC7, alternatin current 6 / 7 enerator. , he freluency of the enerator is set so each
half of the wire is one-1luarter wavelen th of the output. , he symbol for wavelen th is the
Gree> letter lambda 6) 7. , he result is the common dipole antenna.

current distribution curve

K

direction of current ﬂow
J@ ife
— —

ﬂ 4 char e distribution
\V
Generator

half wave : ntenna

Ci F1&
1. : current flows in the antenna with an amplitude that varies with the enerator volta e.
% : sine wave distribution of char e e=ists on the antenna. , he char es can reverse polarity
for every half cycle.

A , he sine wave variation in char e ma nitude la s the sine wave variation in current by
one-luarter cycle.




Antenna Pa&meteds:

SPACE QUANTITIES

PHYSICAL
QUANTITIES Eplel, i)

= Field Vo
CIRCUIT s Size paltern{l ;{“:‘,fu. i)

QUANTITIES )
= Antenna = Polarization, LP, CP. EP

impedance, £, = PowWer
patterns, (0, &)

+ Wealght

= Radiation Curramnt
resistance, &, distribution = Beam area, L1,

= Antenna = Directivity, L
temperature, T, « Gain, &

ANTENNA

{transition

region) *» Radar cross-section, o

= Effective aperiure, A,

Ci ure 11F+chematic dia ram of basic parameters

d7 : ta iven moment, the eneratorBri ht side is positive and its left side is ne ative. :

law of physics states that li>e char es repel each other. / onseluently, electrons will
flow away from the ne ative terminal as far as possible while the positive terminal
will attract electrons. 8iew ( of G ure 1-1 shows the direction and distribution of
electron flow. , he distribution curve shows that most current flows in the center and
none flows at the ends. , he current distribution over the antenna is always the same,
re ardless of how much or how little current is flowin . However, current at any

iven point on the antenna will vary directly with the amount of volta e that the

enerator develops.

<ne-luarter cycle after the electrons be in to flow, the enerator develops itL
minimum volta e and the current decreases to zero. : t that moment, the condition
shown in view / of (i ure 1-1 will e=ist. : Ithou h no current is flowin , a minimum
number of electrons are at the left end of the line and a minimum number are at the
ri ht end. , he char e distribution alon the wire varies as the volta e of the enerator
varies Gview / 7.

DUA) CHARACTERISTICS OF AN ANTENNA:

o he duality of an antenna specifies a circuit device on one band and a space device on
the other hand. Ci ure.11 shows the schematic dia ram of basic antenna parameters,
illustratin dual characteristics of an antenna.

' ost practical transmittin antennas are divided into two basic classifications,
HO03, M: -, 0- - : + ¢half-wave7and' : 3/ <- I 6luarter-wave7: - , 0- - : +.




Hertz antennas are enerally installed some distance above the round and are
positioned to radiate either vertically or horizontally. ' arconi antennas operate with one end
rounded and are mounted perpendicular to the earth or a surface actin as a round. , he
Hertz antenna, also referred to as a dipole, is the basis for some of the more comple= antenna
systems used today. Hertz antennas are enerally used for operatin freluencies of %' Hz
and above, while ' arconi antennas are used for operatin freluencies below %' Hz. : 11
antennas re ardless of their shape or size, have four basic characteristicsF reciprocity,
directivity, ain, and polarization.

Isot& ic Radiato& n antenna does not radiate uniformly in all directions. Cor the
sa>e of a reference, we consider a hypothetical antenna called an isotropic radiator havin
elual radiation in all directions.

Di&ctional AntennaF : directional antenna is one which can radiate or receive
electroma netic waves more effectively in some directions than in others.

Radiation Patte&n:

o he relative distribution of radiated power as a function of direction in space @.e., as function
of and 7 is called the radiation pattern of the antenna. Instead of A) surface, it is common
practice to show planar cross section radiation pattern. 0-plane and H-plane patterns ive two
most important views. , he O-plane pattern is a view obtained from a section containin
ma=imum value of the radiated field and electric field lies in the plane of the section.
+imilarly when such a section is ta>en such that the plane of the section contains H field and
the direction of ma=imum radiation. : typical radiation patter plot is shown in fi ure 1%

o he main lobe contains the direction of ma=imum radiation. However in some antennas,
more than one ma’r lobe may e=ist. 9obe other than ma%r lobe are called minor lobes.
" inor lobes can be further represent radiation in the considered direction and reluire to be
minimized.

H. (4 or half power beam widthF3 efers to the an ular width between the points at which
the radiated power per unit area is one half of the ma=imum.

Radiation intensity

HPBW

Ci ure 1963 adiation . attern
+imilarly G- (4 6Cirst null beam width7refers to the an ular width between the first two nulls as
shown in Ci ure 1% ( y the term beam width we usually refer to Ad( beam width or H. ( 4 .




30/ 1.3</1,5 6n terms of picture representation7FIs the ability to use the same antenna for
both transmittin and receivin . , he electrical characteristics of an antenna apply elually,
re ardless of whether you use the antenna for transmittin or receivin . , he more efficient an
antenna is for transmittin a certain freluency, the more efficient it will be as a receivin
antenna for the same freluency. , his is illustrated by fi ure 1A6view : 7. 4 hen the antenna is
used for transmittin , ma=imum radiation occurs at ri ht an les to its a=is. 4 hen the same
antenna is used for receivin 6view ( 7, its best reception is alon the same pathLthat is, at
ri ht an les to the a=is of the antenna.

MINIMUM RADIATION

A TRANSMITTING ANTEMNNA

MINIMUM RECEPTION

Ci ure. 1A3 eciprocity of : ntenna. i

PO) ARI2 ATION:*. olarization of an electroma netic wave refers to the orientation of the
electric field component of the wave. Cor a linearly polarized wave, the orientation stays the
same as the wave moves throu h space. If we choose our a=is system such that the electric
field is vertical, we say that the wave is vertically polarized. If our transmittin antenna is
vertically oriented, the electroma netic wave radiated is vertically polarized since, as we saw
before, the electric field is in the direction of the current in the antenna.

o he convention is to refer to polarization with reference to the surface of the earth.
. recise orientation is less problematic than one mi ht thin>, since waves bounce of the

round and other ob%cts so do not maintain their ori inal orientation anyway. In space,
horizontal and vertical lose their meanin , so ali nment of linearly polarized sendin and
receivin antennas is more difficult to achieve. , hese difficulties are somewhat circumvented

by circular polarization of waves. 4 ith circular polarization, the tip of the electric field vector
traces out a circle when viewed in the direction of propa ation.
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PO) ARI2 ATION CATEI1 ORIES:*

8 ertical and horizontal are the simplest forms of polarization and they both fall into a
cate ory >nown as linear polarization. However it is also possible to use circular polarization.
o his has a number of benefits for areas such as satellite applications where it helps overcome
the effects of propa ation anomalies, round reflections and the effects of the spin that occur
on many satellites.

/ ircular polarization is a little more difficult to visualize than linear polarization.
However it can be ima ined by visualizin a si nal propa atin from an antenna that is
rotatin ., he tip of the electric field vector will then be seen to trace out a heli= or cor>screw
as it travels away from the antenna. / ircular polarization can be seen to be either ri ht or left
handed dependent upon the direction of rotation as seen from the transmitter.

: nother form of polarization is >nown as elliptical polarization. It occurs when there
is a mi= of linear and circular polarization. , his can be visualized as before by the tip of the
electric field vector tracin out an elliptically shaped cor>screw.

However it is possible for linearly polarized antennas to receive circularly polarized
si nals and vice versa. , he stren th will be elual whether the linearly polarized antenna is
mounted vertically, horizontally or in any other plane but directed towards the arrivin si nal.
o here will be some de radation because the si nal level will be Ad( less than if a circularly
polarized antenna of the same sense was used. , he same situation e=ists when a circularly
polarized antenna receives a linearly polarized si nal.
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RADIATION PATTERN:*

. ractically any antenna cannot radiate ener y with same stren th uniformly in all
directions- radiation will be lar e in one direction , while zero or minimum in other
directions.

o he radiation from the antenna in any direction is measured in terms of field stren th
at a point located at a particular distance from an antenna.

o he field stren th can be calculated by measurin volta e at two points on an electric
lin>s of face and their dividin by distance between two points. Hence unit of radiation
pattern is 8 Gin. , he radiation pattern of an antenna is the important characteristic of antenna
because it indicates the distribution of ener y radiated by an antenna in the space.

o he radiation pattern is nothin but a raph which shows the variation of actual field
stren th of 0' field at all the points eluidistant from the antenna. Hence, it is A) raph.

3 adiation patterns are of two typesF

67 If the radiation of the antenna is represented raphically as a function of direction
it is called radiation pattern. ( ut if the radiation of the antenna is e=pressed in
terms of the field stren th 0 6 @7, then the raphical representation is called

field strength pattern or field radiation pattern.

(:40) <- " <)0<C)I30/,I<- <C.:6003-,,5.0+<C.:,,03-+:30E
617 130/ oI<-:9.:,,03-+:-) <" -DI30/,I<-:9.:,,03-+E
radiator actin as a lossless, hypothetical antenna radiatin elually in all directions is
called isotropic radiator.
: n antenna with a property of radiatin or receivin the 0' waves more effectively in
same direction than in other directions is called directional antenna.
o he radiation pattern of such antenna is called directional pattern when antenna has ma=.

directivity reater than that of a half wave dipole is >now as directional antenna.




Configuration of filamentary
current carrying conductor.
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Fi . A) radiation pattern with main lobe, side lobes and bac> lobes.
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Figure 1.3 A point in spherical coordinale system

8=cos — 0<B=n

Nilsyl et

¢=taan"§ 0<so<2n

The relations between the variables of cylindrical and spherical coordinates are given by
A=(4, Ag Ay
=[(Aysin @ cos ¢+ A, sin B sin ¢+ A, cos 6),
(A, cos B cos ¢+Ay cos B sin ¢ — A. sin 8),
(- Ay sin¢+ﬂym¢}]
The dot products of a,, a, and a, with a,, ag and a, are given by
a,.a =sinb cosd
a,.ag=cosB cosd
A, .ay=-sind
ay.a,=sinB sin ¢
a,.ag=cosf sing
a,.ay=cos ¢
a,.a,=cosh

a,.ag=-sinB

z
a;.a2,=0
A, =A,sin® cos¢+A,sin® sing+A; cos @
Ag=A,cosB cosd+ A, cosB sing-A,sin 0
Ag=-Aysing + A, cosd
The point A (x, v, z)=A(p, b, z)=A (r, 8, ¢) in Cartesian, cylindrical and spherical
coordinate systems is shown in a single Figure 1.4 to explain the concept at a glance.




b=9

The unit vectors of spherical coordinates in terms of Cartesian coordinates are given by

a,=sin® cos¢a,+sinb singa, +cosBa,
ag=c0s0 cosdba,+cos b sin¢ay-sinﬂa=
a,=-singa,+cosda,

Avector A=(A, Ay, A,)is expressed in spherical coordinates as

.r/ y=psng

Figure 1.4 Coordinates in all the three systems




Pattern lobes and beam widths

First mull beamwidth
iIFNBEW)

Hali-power beamwidrth
(HFBW )

"~ Back lobe
Minor lobex

{a)
Pattern in spherical co-ordinate system

The relations for differential length, area and volume are given in Table 1.1.

Table 1.1 Differential quantities in different coordinates

Coordinate dL ds dv
System

Cartesian

dxax + 4:.!‘}/&lf +dza_ dxdya_ or d}"CJZET or dzdxay dx dy dz

Cylindrical dha +pdya, +oza, pp doa, o poky dz 8 or | o dp dbdz
apdz a

Sphencal

rjna.r + !ﬂHaﬂ 4 rsing dna‘h rdr cy @, of rsing dmba“ or = sin dr &b db
sinficfich a_ |

The relations between the polar coordinates, (p, ¢) and (x, y) of Cartesian Coordinates
are

X=pCosd

y=psin¢

p= 'lll_l'?"i—f

wnh 2
o2

dxdy = pdpdd.




1.9 DECIBEL AND NEPER CONCEPTS

Decibel (dB) is defined as ten times the common logarithm of the power

2

If P, and P, are input and output powers respectively of an electric circuit,then dB is
negative if Fz > P‘. This indicates power loss. If P1 > Pz' dB is positive.This indicates power
gain.

Decibel has no dimensions and it is used to express the ratio of two powers,voltages,
currents orsound intensities,

One Bel (B) is equal to 10 decibels.

When input and output currents and voltages are known, we have

Va
1dB=20 ]:ng F
1

I
=20 Eﬂglu [ ’_1 ]

Neper (NP) It has no dimensions and it is used to express the ratio of powers in
communications.

A Neper is defined as the natural logarithm of the square root of the power ratio.

‘3’ Thatis,1Np = log, Ji_; - %10&_ [%]
1 1

It's a A) pattern to represent field radiation pattern, spherical co-ordinate system is most
suitable.

Q' indicates the distance from antenna located at ori in to the distance point . . , he
field intensity at point . is proportional to the distance ‘. Crom the above fi . it is clear that
field pattern consists of main lobe in z-direction where N=& Gwhich represents ma=imum
radiation in that direction7 then minor lobes on the sides 6which are also called side lobes7
and nulls between different lobes indicatin minimum or zero radiation.

o he pattern consists a small lobe e=actly opposite to the main lobe which is called
bac> lobe. , he field radiation pattern can be e=pressed completely w.r.t. field intensity and

polarization usin Afactors.




617 ONGNO7R , he Ncomponent of the electric field as a function of an les Nand O6v(n7
07 000NO7R , he O-component of electric field as a function of an le Nand O 6vGn7
6A7 SNNO7 or SYONO7R  ,, he phase an les of both the field components &de . <rrad.7

o he field pattern is e=pressed in terms of relative field pattern which is commonly
called normalized field pattern. , he normalized field pattern is defined as the ration of the
field component to its ma=. value.

- ormalized field pattern is a dimensionless luantity with ma=. value =1.

o he normalized field patterns for Nand Ocomponents of Olectric Cield are iven as

0mENO7= 0NN OB NN OFna-=.
+imilarly 0 nNO7= 0 oONOAG oONOna=.

4 e don‘t o for A) pattern desi n instead we are preferrin polar plots of the
relative ma nitude of the field in any desired plane are s>etched.

o hese polar plots are plotted in two planes [ one containin the antenna and the other
normal to it. , hese planes are called T1Principle planes and the two plots or patterns are
called Principle plane patterns. , hese patterns are obtained by plottin by plottin the
ma nitude of the normalized field stren ths. 4 hen the ma nitude of the normalized field

stren th is plotted versus Nwith constant O. , he pattern is called 0-plane pattern or vertical

pattern.
!
: Bandwidth
: L/
Ci urel6 @7. rincipal 0 plane pattern G urel667. rincipal H plane pattern

o he bandwidth 6Ad( beam width7can be found to be *&in the E plane.



Different Antennas and its Radiation Patterns with their

characteristics-




A




BEA( AREA 0&BEA( SO) ID AN1) E (Qa):*

In polar two-dimensional coordinates an incremental area d4 on the surface of sphere

is the product of the len th » df in the Ndirection and 7 sin 6 d® in the U direction as shown
in fi ure.

Polar angle Solid angle

| in | steradian = 3283~

rin 8 db | in sphere = 41,2535

—— Arga da = 12 sin# df dd

\ =240, where
: ' : 1t = solid angle
] : ' = SN0 df dd — Actual pattern of
\ i beam area tl,

Equivalent solid
angle (1,

Thisstrip has area

= 2 sind il = 1 F ;
| e
ih ifih i

T, w’
— il
Lun?.““ﬁa-//

e Palar coordinales

Azimuth angle

Ci ure %'radian and steradian

/ Length=r

' Argas rd
1 a

steadian= (1 radian)®

= (180 /@)

= 242 & -Square degrees
The infinitesimal area ds on g surface of a spliere of radivs rin splevical
coordinates{with 0 a5 vertical angle and @ as azimuth angle) is

dy = sin B¢




o hus
dA = 6:d07 6 sin® dDT= 1 dQ =d'
4 here,
dQ = solid an le e=pressed in steradians. = sin NANdOsteradian
o he area of the strip of width  df e=tendin around the sphere at a constant an le 6 is
iven by @&+ sin 076 dO7. Inte ratin this for 6 values from &to Vyields the area of the

sphere. , hus, : rea of sphere = %/~
= 2"  sind = ()1
6

=0
4 here,
4V= +olid an le subtended by a sphere
o he beam area or beam solid an le or W. of an antenna is iven by the inte ral of the
normalized power pattern over a sphere

( eam area, W = 20@ " Pn@,ssinf dé

a=0 6=0
2n T

Pn6O,s dX steradian
4 here, dQ2 = sin6 d6 dd

' any times X: is described interms of the an les subtended by half power points of

the main lobe. 0 luivalent solid an le X.

. attern

<fbeam area

Relative powar

G .3 epresentation- of eluivalent solid an le.

o he beam area can be written as X: YNi. Oy. steradian, Ni. z Ou. hald power beam
widths ne lectin minor lobes.




Pattern lobes and beam widths

First null beamwidith -
{IFNBW) b

Half-power boamwidth
(HFBW ) A
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e
X

Minor lobes —~—

“/,_:f"'- Minor lobex

X
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Pattern in spherical co-ordinate system

RADIATION INTENSITY:*

o he power radiated from an antenna per unit solid an le is called the radiation
intensity U 6Gwatts per steradian or per sluare de ree7. , he normalized power pattern of the
previous section can also be e=pressed in terms of this parameter as the ratio of the radiation

intensity U (6, @ ), as a function of an le, to its ma=imum value. , hus,
. naNU7=ENU7 & NU7ma== +aNUGNU Tma=.

4 here as the . oyntin vector ' depends on the distance from the antenna 6varyin
inversely as the sluare of the distance7, the radiation intensity U is independent of the

distance, assumin in both cases that we are in the far field of the antenna.

o he total power radiated can be e=pressed in terms of radiation intensity

_ [ UB,=dQ
"rad T e=0 9=0

*EANOTis also time avera e power unit solid an le then

E _ Pad: vera e radiation intensity
" 4m




Esin radiation intensity, normalised power pattern can be calculated as the ratio of EGNO7
and its ma=. value E NO/pa-=

. neNO7=—_UE.9)
U(6,9)max

BEA( EFFICIENCY :*

o he beam area + 4 6or beam solid an le7consists of the main beam area 6or solid
an le7Quplus the minor-lobe area 6or solid an 172 5. , hus,
W =0u] Qn
o he ratio of the main beam area to the &otal7beam area is called the main7beam
efficiency € , hus,

€ _POWERTRANSMITTED OR RECEIVED WITH IN THE CONE ANGLE 6+
POWER TRANSMITTED OR RECEIVED B- ANTENNA

4 here Nl = half an el of the cone within which the percenta e of total power is

forced. ' athematically beam efficiency is iven by

2r 0+U ,ssinf do ds

(0 __&=0 =0

21
a=0

oo U 6 ,5sind df ds

o he beam efficiency can be e=pressed in terms of the main beam area &2 and total
area 6W. 7, then the beam efficiency is defined as the ratio of the main beam area to the total

beam area, iven by

( eam Officiency = & = QuGW. &dimensionless7

:nd W =Qu, OQm (main beam area, minor lobe area)

1=QuW ] Qn-W =¢ ] €n

o he ratio of the minor-lobe area ( 2m ) to the @otal7beam area is called the stray factor.

o hus,

+tray factor = Em= Q2 m GW: .




DIRECTIO ITY:*

) irectivity of an antenna or array is a measure of the antenna(¥ ability to focus the
ener y in one or more specific directions. 5 ou can determine an antenna(y directivity by
loo>in at its radiation pattern. In an array propa atin a iven amount of ener y, more
radiation ta>es place in certain directions than in others. , he elements in the array can be
arran ed so they chan e the pattern and distribute the ener y more evenly in all directions.
o he opposite is also possible. , he elements can be arran ed so the radiated ener y is focused
in one direction. , he elements can be considered as a roup of antennas fed from a common
source.

It is defined as the ratio of ma=imum radiation intensity of sub%ct or test antenna to the
radiation intensity of an isotropic antenna.

6or7
) irectivity is defined as the ratio of ma=imum radiation intensity to the avera e
radiation intensity.
) irectivity 6) 7in terms of total power radiated is,

D=4?5 MA. IMUM RADIATION INTENSIT-
TOTAL POWER RADIATED

1 AIN: *
Gain is a parameter which measures the de ree of directivity of the antennaB radiation

pattern. : hi h- ain antenna will preferentially radiate in a particular direction. +pecifically,

the antenna gain, or po. er gain of an antenna is defined as the ratio of the intensity power

per unit surface7 radiated by the antenna in the direction of its ma=imum output, at an

arbitrary distance, divided by the intensity radiated at the same distance by a hypothetical

isotropic antenna.

G: I-=
INTENSIT- RADIATED B- THE ANTENNA IN THE DIRECTION 0/ MAWUT AT AN ORBITRAR- DISTANCE 1 ~

INTENSIT- RADIATED AT THE SAME DISTANCE B- A H- POTHETICAL ISOTROPIC ANTENNA -

: s we mentioned earlier, some antennas are hi hly directional. , hat is, they
propa ate more ener y in certain directions than in others. , he ratio between the amount of

ener y propa ated in these directions and the ener y that would be propa ated if the antenna




were not directional is >nown as antenna G: I- ., he ain of an antenna is constant. whether
the antenna is used for transmittin or receivin .

) irectivity function describes the variation of the radiation intensity. , he directivity function
) &NO7 describes the variation of the radiation intensity. , he directivity function ) NO7
is defined by

B 123 4r radia84d p4r uni8s2+d ang=4
Av4rag4 p23 4r radia84d p4r uni8s24d an g4

dPr
If . r is the radiated power, the = ives the amount of power radiated per unit solid

an le. Had this power beam uniformly radiated in all directions then avera e power radiated
Pr

er unit solid an le is —
p 4

T dPr
) @\Imzﬁ: 4V:W6A7

PAm P,r
» he ma=imum of directivity function is called the directivity.

In definin directivity function total radiated power is ta>en as the reference. : nother
parameter called the ain of an antenna is defined in the similar manner which ta>es into
account the total input power rather than the total radiated power is used as the reference. , he

amount of power iven as input to the antenna is not fully radiated.

.r=MN-in
where 1) is the radiation efficiency of the antenna.

o he ain of the antenna is defined as

RADIAT ED POWER PER UNIT SOLID ANGL-
GANO7=4V
INPUT POWER

GONO7=1) 6NO7 67

o he ma=imum ain function is termed as ain of the antenna.




: nother parameter which incorporates the ain is effective isotropic radiated power or
0I3. which is defined as the product of the input power and ma=imum ain or simply the
ain. : n antenna with a ain of 1&%and input power of 1 4 is elually effective as an antenna

havin a ain of 2&and input power %4 .

DIRECTIO E 1 AIN [1 p(AR)Cand DIRECTIO ITY[DC*
e : n isotropic antenna is the omni directional antenna. If the antenna were isotropic
i.e.,if it were to radiate uniformly in all directions, then the power density at all the
points on the surface of a sphere will be same.

o he avera e power is e=pressed in terms of radiated power as

v = . d@W W™
o he directive ain is defined as the ratio of the power density . ¢éNO7to theavera e
power radiated.
® Cor isotropic antenna, the value of the directive ain is unity.

G) NO7= . ¢@NOIG 2y = . ¢NOTG 12a@W"

<r

GeNOo/= 1d(89) .
) 1rad /4mr2

o he numerator in the above ratio is the radiation intensity while the denominator is
the avera e value of radiation intensity.

+o directive ain

G NOT=U@s) U(6,s)
)

4
UavE Prad

o hus the directive ain can be defined as the measure of the concentration ofthe

radiated power in a particular direction of NO7.

o he ratio of the ma=. . ower density to the avera e power radiated is called ma=.

) irective ain or directivity of the antenna, denoted by G) ma-. <r)

) =G _ 1dmax
)ma= T prad JAnr 2




) irectivity can also be defined as ,
) = CI) ma== Ema= Geay .= 4VE 1a=Grad

) irectivity is a dimensionless luantity and can also be e=pressed in terms of 0lectric Cield
Intensity as

) =G =4VOma=4'G " |E(8,s)| " sinNdNdO — 4m|Emax 02

21

i
) ma= 0 0 |(8,9)|sin 6 dO d=
0 0

We >now that,

+

2w

__QQZO oo P 0, = sinNdNdO

.av
: nd dX = sinNdNdO

+
o herefore . av = __ (0,s) dX 4 Gr
41T 4

P / Hax +
PdHax 0
Hence,) = T:Ex: é‘ﬁﬂr or ) = T dX

4w 4m dmg [ P
PO6,sHax0

(ut. NOGNOha= = . n NO7= - ormalised power pattern
) = 4m _ 4
an P/ d+ QA

If the half power beam widths of an antenna are >nown then,
) =419%9AGN; Oy ©

4 here 4192 A° = no.of sluare de rees in sphere = 4V6H:07*s1uare de rees
Vs

Ni. °=H. ( 4 in one principle plane

Oy °=H. (4 in other principle plane.




: bove eluation is obtained by ne lectin minor lobes. If we consider minor lobes too, then
the appro=imation formula for directivity is

) =488&&GN;. ° Oy ©

sk sk sk sfe sk sk s steosk s sk sk s skosk skeoskeosk skoskesk sk

DIRECTIO ITY AND RESO) UTIONE

o he resolution of an antenna is defined as half of the beam width between first nulls,

. /NBW
3 esolution =

2
(ut halfthe beam width between first nulls is appro=imately elual to the H. (4 ofan

antenna.
/NBW
H((4 Y
2
* ractically , H. (4 1issli htly less than G- (4 (o

: Iso we >now that, the antenna beam area is iven by the product of two half power beam
width in two principle planes.

X: =Nt o1, Y6 1"y o
2 2

If there are @ ‘ no.of point sources of radiation distributed uniformly, then antenna resolve
those and is iven by

41

- = Ty L X. =beam area e=pressed in sr.

4

) " m
Hence ) = - R soideally no. <fpoint sources resolved by an antenna is elual to
directivity of an antenna.

( ut by the definition, the directivity of antenna isdefined as,

4

o he resolution of antenna is also called 3 aylei h 3 esolution. , he e=pression) = A

represents no. <fbeam area of antenna pattern. ) =- represents no. <f point sources

resolved by antenna in the s>y which is ideally elual to directivity of anantenna.

sk sk sk s sfe sk sk s sk s sk sfe sk st seosk sk seoskosk sk sk skoskok




POWER 1 AIN [1 p(AR)CAND RADIATION EFFICIENCY:

o he practical antenna is made up of a conductor havin finite conductivity. Hence we
must consider ohmic power loss of the antenna. If the practical antenna has ohmic losses
a3 7represented by . 1oss, then the power radiated . rad is less than the power radiated . rad is

less than the input power . in

-rad= Nr- in L . .G in— Nr
4 here nis radiation efficiency of an antenna
( ut the total input power to the antenna is . in=. rad ] . loss

_ 1rad

 1rad + 12ss
o he power radiated and the ohmic power loss can be e=pressed in terms of r.m.s. current as

+0, Nr

%, %
.rad =Iims 3raa  and. loss = Lrms 3 loss

o hen the radiation efficiency is iven by

Rrad

L Rrad + R=2ss

o he ratio of the power radiated in a particular direction , /, to the actual power input to

the antenna is called power ain of antenna.

o he power ain of the antenna denoted by G. 6,/, and is iven by

Gp0,/,=.46,/,Gin
» he ma=imum power ain can be defined as the ratio of the ma=. 3 adiation intensity to the

radiation intensity due to isotropic lossless antenna.

MaxiHuH radiation intensity

Gpma= =

Radiation intensity due to isotropic loss less antenna

UHax 0
)

4

Gpma==




( ut the ma=imum radiation intensity is iven by

nr Pin nr Pin
Ema= = . rad@VG) ma-= — Gyma = g

+ubstitutin  value of Ema= in the e=pression for ma=imum power ain

G. ma==nra6 in@V/ Gy ma=.
6 in@V7
G. ma==Nr G) ma= =11 )
Cor many practical antennas the radiation efficiency nr is 1&d then the ma=imum

power ain is appro=. +ame as the directivity or the ma=, directional ain of the antenna.

. ower ain Z directional ain are e=pressed in 6d( 7

st sfe sk st sfe ske ke sfe she sk ste sfeske sk sfeskeosk sk

ANTENNA APERTURES:

EFFECTIO E APERTURE:
A erture conceptF: perture of an : ntenna is the area throu h which the power is radiated or
receive. / oncept of : pertures is most simply introduced by considerin a 3 eceivin
: ntenna. 9et receivin antenna be a rectan ular Horn immersed in the field of uniform plane
wave as shown.

Dot ol peopagatan

|
|

9et the pointin vector or power density of the plane wave be + wattsS1-m and let the
area or physical aperture be : , s1-m. If the horn e=tracts all the power from the wave over
it‘s entire physical : perture : . . ower absorbed is iven by

=+ p=(0n/(M7: p4 atts
4 here + is pointin impedance of medium
Mis intrinsic impedance of medium
0 is rms value of electric field



( ut the field response of horn is not uniform across : , because 0 at side walls must elual
zero. , hus effective : perture : . of the horn is less than : .

. . A
. perture efficiency is defined as €ap = _p
Ae
o he effective antenna aperture is the ratio of the available power at the terminals of the

antenna to the power flu= density of a plane wave incident upon the antenna, which is
matched to the antenna in terms of polarization. If no direction is specified, the direction of
ma=imum radiation is implied. Offective : perture 6 e7 describes the effectiveness of an
antenna in receivin mode, it is ration of power delivered to receiver to incident power
density.

0 ffective aperture is defined as the ratio of power received in the load to the avera e
power density produced at the point

_ Preceived %

617
PavE 0

. ower received by the antenna may be denoted by . 3. : n antenna should have ma=imum
useful area to e=tract ener y and thus the ma= effective aperture is obtained when power
received is ma=imum, denoted by : em. 9et us calculate effective aperture for the Herzian
dipole, when the Hertzian dipole is used as the receivin antenna, it e=tracts power from the
incident waves and delivers it to the load, producin volta e in it. , he volta e induced in the
antenna is iven by

. €

8oc = Ed9
4 here , #ais the ma nitude of Olectric Cield Intensity produced aat the receivin
point and d9 is the len th of the Hertzian dipole. , hen the current flowin the load is iven
by

__Voc

Cor the ma=imum power transfer condition, load is selected as the comple= conu ate of the
antenna impedance Gvh = MF7, substitutin the values of impedance Mand M, the current
flowin can be written as,

Voc
Rrad +j. +(Rrad —j. )

o hen the power delivered to the load is iven by

a3=1 %3 _ v %3

rms rad 2Rrsd rad
2

=8 J?G 3 1ad Lsubstitutin  the value of 8 oc from el @4 we et

3 = E 4970 3 rag




» he ma=imum effective aperture is iven by

_ Max power received
AvereaEe power dnsty

- em

2dL2
_ _LRrad
T OtE2

2n0
. em: d9%T|&@' 3rad

+ubstitutin value of 3 rad and ngwe et,

dL2 +20m

— .
4 LOm2 2;

cem = NG =1.217@V

: bove eluation represents the ma=, effective aperture of the Hertzian dipole.
directivity of Hertzian dipole is 1.2.

Hence, we can rewrite the e=pression for the ma=. effective aperture as

= GDHax0-22
41

o he eluivalent aperture of a lossless antenna may be defined in terms of the ma=imum
directivity as

DIFFERENT TYPES OF ANTENNA APERTURESE

In receivin antenna, effective aperture is very important parameter as it indicated the ability
of an antenna to e=tract ener y from 0' waves. , he various types of apertures areE

@7 Scattering Aperture(AsTE , he scatterin aperture is defined as the ration of power
received by radiation resistance 3 rad to the avera e power density at point




8= Lims? 3 1adGPAVE = Lims”? 3 12d G av usin an eluivalent circuit of antenna

VA
IrHs =

RL+RA2+. L+. A2

VA2 Rrad
RL+RA 2+ . L+. A2 Pav0

Cor ma=. power transfer condition, 39=3. =3 pgassumin 3 jss=&and e o=-¢ ., we et

6 s7na=.= 8. "GA 3rad-av = 6 ¢Tma=-
o hus it is observed that under ma=imum power transfer condition the 6 s7ma=, of antenna is
same as 6 e7ma=.

o he ratio of scatterin aperture of an antenna to its effective aperture is >nown as scatterin
ratio, denoted by f and its value lies between &and g

h =2

Ae

®7 ) oss A e&ude (AI7E It is aperture of an antenna related to the loss resistance of an
antenna. It is defined as the ratio of power dissipated by the loss resistance of an
antenna to the avera e power density at a point. It is called loss aperture and denoted
by: 1

Al = Irms%- 3 10ssGPavVE = Irms% 3 10ssUav

. uttin value of Irms, we et alternative e=pression for : las

VA2 Rloss
RL+RA 2+ . L+. A2 PavE

(ut3: :3rad] 3 loss

VA2 Rloss
RL+Rrad +Rloss 2+ . L+. A2 PavE

@/ Collecting Aperture (Ac):- , he collectin aperture 6 c¢71is the sum of effective
aperture scatterin aperture and loss aperture of an antenna. Hence , we can write




ce=1 %3G .11 "3 G .11 *3 G

rms 9 av rms rad av rms loss av

tC=Ims?B 9] 3rad] 3ioss/TaVv .

. av 1s ma nitude of avera e power density at a point.

+ubstitutin value of Iims the alternative e=pression for : c is

_ VA2 RL+Rrad +Rloss . o
c = where 8 : %is 8 .7
RL+Rrad +Rloss 2+ . L+. A2 Pav0 ’

where

[(RL+ Rrad+ Rloss)2  _g 9]3rad] 3l0ss7"
(XL+XA)2]PQ‘I’?Q :639] e:’f/o. av

@7 Physical ApertureF, he physical aperture 6 ,7 is the parameter which deals with the
actual physical size or cross section of an antenna. :  is defined as the actual physical
cross section of an antenna normal to the direction of propa ation of 0' waves
towards an antenna which is set for its ma=. response.

Cor lar e cross section antennas : p is reater than : e, for antennas li>e short
dipole, : pi : e. 4 hen the losses are assumed to be zero, the physical aperture and
effective aperture both are elual

tpT ¢ @ 10ss =&

o he ratio of ma= 6 ¢7na= to : p is >now as Absorption ratio denoted by j,
value lies between &and g

j = 6. e7ma=,G p

It is the area that captures ener y from a passin 0' wave. : n antenna with lar e
apertureG e7 has more ain than one with smaller aperture 6 e7 since it captures more
ener y from a passin radio wave and can radiate more in that direction while transmittin .



FIE) DS FRO( OSCI) ) ATIN1 DIPO) E:*
Far Field due to an Alternating Current Element (Oscillating Dipole):-

4 ith reference to Ci . 4] %consider that a time varyin current / is flowin in a very

short and very thin wire of len th d/ in the (-direction 6where d/ tends to zero7. , his current is
iven by /dl cos I t. +ince the current is in the 0 direction, the current density 2 will have only
a (rcomponent G.e., 2 = 20a(). , he vector ma netic potential 4 will also have only a (-

component G.e., A = AOa().

Thus, V2A = V2A; = —uJ, (1)
o hou h the cylindrical coordinate system can suitably accommodate the confi uration of a
filamentary current carryin conductor, wherein only the A0 component e=ists and the 43 and
A4 components are zero, but since the three-dimensional radiation problem needs to be
tac>led in spherical coordinate system, A0 is to be transformed to the spherical coordinate

system. , his transformation results in

Ar=A0cos 6, A =kAOsinfand A4=& (%

In view of the relation /dl = Kds = Jdv, for filamentary current, which we come acrossed in
the last topics, can be written as

A i Tdlcoswit —rfu)

dx r

In view of @4 and 6A7,

i Tdlcosa(t —rfu) p Tdlcosw(t —rjuv)
Ar = i cosf and A= = sin & (4)
drr r 4 r

Curther from the relation B = a | ABthe components ofa 1 4 are obtained as below.

l i dAg =
(Vx Ay =— —AsinfAy ———) | =B-=10 {5a)
sin#d | dd dih

(Vx Alg =

1 @A, 1d(rAy)
rsind dg r o dr

—— ]:Bﬁ-:ﬂ (5h)

_ NE 3A, :
(WAl = = EU'A;:J =1 By = puHy (5c)

Crom @7, it can be noted that only 6 4 survives. It can also be stated that 4 derivative is zero

G.c., 0-04 m&for all field components due to the symmetry alon 4. Crom 674 and &¢7,




H, = ——sinwit — rju)+ 7

T r=

= Tdl sin@ £ coswif — rju)
i

Crom 6la7ofsec. 4% E=1V. Hdt

€

1 1
Thus E, = —fli‘\'r" w Hiypdi and Eg=— [('\T" % Hlgdt

i _ 1 #Hysnf) 1 dirHy) S W U )
Since V x H = ————-—a, — t——ay its component in radial direction is given by

L oafmd 5 | w cosw(t —rfuv)
(Ve H)jy=———|—sin f { —sinwit —rfv)+ ———— | = E;
rsinf af | 4x ru ' re

From (7) and (8),

fdl o i w(t —rfur)
E = coshH | —sinadt —rjv) — cos———

dnr ry rt

Putting ' =t —r /v

. 2ldl cosé [coswt”  sinwt’
T

14
riu wr?

Stmilarly,

¢ = ] T i T
rus (it L) tor-

[disinf l—wsinmr' cos wit’ sinruf’}

dre

H; can also be rewritten as

[dlsind {ms wt'  wsin wr'J

Hy = — L
: i ré ru h
[t can be noted that the magnitudes of the two bracketed terms in (11) will become equal if the following

relation is satisfied:

b

nf 12

Crom 61%, it can be concluded that for » 8 1-6, the induction field will dominate whereas for
r > A-6, the radiation field assumes more importance. , hus for » >> 1-6, only the radiation

field needs to be accounted.




o he e=pressions of £6,Er and 6 4 iven by 61& and 61 17involve three types of terms, which
represent three different types of fields. , hese are noted belowF

:.o he terms inversely proportional to rArepresent electrostatic field. +uch termsare involved
in the e=pressions of £6 and Er

2. , he terms inversely proportional to r%represent induction or near field. +uch termsare
involved in all the field components, i.e., in E8, Er and 6 4.

3. 9astly, the terms which are inversely proportional only to » represent radiation €distant or

far7field and are involved in the e=pressions of £f and 6 4.

FRONT TO BACD RATIO (FBR):*

(( 3 is defined as the power radiated in the desired direction to the power radiated in

opposite direction.

C( 3 = POWE ADIATED IN DESIRED DIRECTION
POWER RADIATED IN OPPOSITE DIRECTION

o he (( 3 value desired is very hi h as it is e=pected to have lar e radiation in the
front or desired direction rather than that in the bac> or opposite direction.

ohe (( 3 depends on freluency of operation, so when freluency of an antenna
chan es , the (0 3 also chan es. (( 3 also depends on the spacin between the antenna
elements. If the spacin between the antenna elements increases the (( 3 decreases. , he
(( 3 also depends on the electrical len th of the parasitic elements of the antenna.

(( 3 can be raised by divertin the ain of bac>ward direction response of theantenna
to the parasitic elements. , he method of adZistin the electrical len th of the parasitic
element is called tunin, . , hese hi her (( 3 is obtained at the cost of ain from the opposite

direction.




. ractically C( 3 is important in case of receivin antennas rather than transmittin
antennas. : t the receivin antenna, adtistments are made in such a way to obtain ma=, (( 3

rather than ma=. ain.

RADIATION RESISTANCE:

o he radiation resistance of an antenna is defined as the eluivalent resistance that would
dissipate the same amount power as is radiated by the antenna. Cor the elementary current

element we have discussed so far. Crom eluation 6A%7 we find that radiated powerdensity

.av= aIéA’no &dl7°K, sin NGA%V1"a,
Radiated oWe&:*

.r=ald"n, &17°K "sin"NGA%) . = 2t +in"Nr’’sin NANdO
0 6=0/=0

= ald"n, &d17°Ko sin“VNGA%)zgﬂz &/ o, +inNdNn n @4

4 here /2 sirmb = n-1G but here we have " sindf =% nf2 sindf= Y%&%A
6=0 6=0 6=0




cr=ald Mo 617K, " GLY%V ...,

Curther  d. . =. 1%sinN deOar e @ 10X
d. radX =aldno GI7K,sin NGV o A7
Crom 6A7and 47

) NO7= 1.2 +in"N

) irectivity ) =) GNO/ana=which occurs at N= 7. [f=<r is the radiation resistance of the
2

elementary dipole antenna, then
1
e =.
; r r
+ubstitutin . . from el6A7we et

3 = TA @V@/a% 7% ............................................... 627

+ubstitutin noas 1%&V

3= 4"&\/‘*(6\5% AT 67
3= 4"8N/(6\§% g 67

Cor such an elementary dipole antenna the principal £ and 6 plane pattern are shown in G

1667 and 7.

Bandwidth y




Ci urel6 @7. rincipal 0 plane pattern G urel6®7. rincipal H plane pattern

o he bandwidth 6Ad( beam width7 can be found to be *&in the E plane.

RETARDED POTENTIA) SE

o 0 understand the radiation process, a critical loo> at ' a=well‘s eluations is more
than essential. +ince for wave propa ation all the field luantities have to be time varyin ,
with the presumption of sinusoidal variation, all field luantities involved may be
characterized by the term e’ . , he space variation may be characterized by the term e ¥,
where >is the propa ation constant which is normally a comple= luantity G.e., >=a ] $).
o he parameter « is called the attenuation constant and f is called the pAase sAift constant.

: s lon as waves remain confined to free space, the attenuation can be ne lected G.e.,

a = &7 , hus, the study of radiation may be confined to only those fields which result in

waves characterized by the term e“#’. , he field emanatin from an antenna is assumed to be

pro ressin in the positive 0 direction without attenuation.

BASIC ( A: WE) ) I$ EI UATIONS:*

' a=well‘s eluations can be written in differential and inte ral forms. Cor the present

study, the differential form of eluations is more suited. , he relevant eluations involvin




electric field intensity E, electric flu=density B, ma netic field intensity 6 , ma netic flu=

density B, current density 2 and the char e density 3 are as iven below.

16 =2] oB-ot Gn eneral?
16 =0B-ot6f,=& and a l6 =2 6ordc field7 nnn 6la7
1 £ =koOB-0t Gn eneral7and a | £ = &Hor static field7 n nn 6lb7

* B=36Gn eneral7 and a * B= &f6for char e-freere ion,ie.,3=& n 6lc7
B e 61d7

o he field luantities involved in 61 7are connected by the followin relationsF

In 64, Cis the permittivity, Dis the permeability, ¢ is the conductivity and 3 is the resistivity
63 = 1-¢ ) of the media. It is to be noted that the symbol 3 involved in 6lc7and &% 7represents

entirely different luantities.

( esides the above, the other relevant relations are

:Foldl :]Fsds :H;pvdv

4meR 4meR 4meR
ka

a” =k3-C 6n eneral7 and a % =&If 3=&

In 6Aa7, s the scalar electric potentialL3/ , 3s and 3v are line, surface and volume
char e densitiesLand < is the distance between the source and the point at which is to be

evaluated.

B Y el o' ULl

4R 4R 4R

B=a 14 &b7




a’4=kIP6n eneral7 and a%=& for2=& 46c7

In 647, 4 is the vector ma netic potential, / is the current, K is the surface current density and
2 and < are the same as defined earlier.

RETARDED (TI( E 0 ARYIN1 ) POTENTIA) S:*

+ince radiation is a time varyin phenomena, the validity of these relations needs to
be tested. , o start with consider 6274 hen its curl is ta>en, it is noted that
alE=alka )m& 617
In view of the vector identity that the curl of a radient is identically zero. ( ut from 61b7
a | E=koB-ot for a time-varyin field. , he discrepancy is obvious and can be
addressed by usin  64b7
9¢tE=ka | HOA Z4
alE=al((ka )JalH=&alH=koB-ot=ko(alA)-ot
ohus,al H=ko@1A4)-0t=kal (04-0t) =a 1 (koA-0t)
<ra | H=koA4-0t 6A7 6A7
+ubstitution of 6A7in @4 ives a new relation 47 which satisfies both the static and the time-
varyin conditionsF
E=ka ko4-ot A7
In the second step, the validity of 61c7is to be tested by usin the relation of €a7and 647
a*B=a-"(E)=G@ E
=@ - (ka kod-o
=(Wka a koot@ -4) =3
Crom the above relation, a % ] 0-0t(a = A) =k3-C
o he 3 H+ of &7leads to the followin relationsF

a ”* =k3-Cfor static conditions

a” =k3-Cko-0t(a = A) for time-varyin conditions

In the third step, the validity of 6la7is to be tested by usin the relations of eluation
@b7, 6Ab7and A7

al6é =2] oB-ot6la7

B=1I% or6 =B-D

o he 9H+ of 6la7can be written as

9H+=(a1B)-D=(alalA)-D=sa (a - A)ka "4t-D




» his relation uses the vector identitya la 14 ma (a * A)ka "4 6'7
o he 3 H+ of 1a7can also be written as
3H+ =2] @E-0t=2] @W(ka k 0A4-0t)-ot
=2] dka @ -0t) k 0"4-0t*t
=2k da (0 -0t)] 0%d-0t% 6*7
<n eluatin 9H+ and 3 H+ terms, one ets
a(a Aka’4=Dk Dda @ -0t)] 0%d-01% 6187
In 66b7and 61 &7, the term a 4 is defined in 64¢71in last section, where as the terma = A4 is yet
to be defined. : s per the statement of 6 elmAoltO) TAeorem, JA vector field is completely

defined only . Aen botA its curl and divergence are kno. nu , here are some conditions which

specify diver ence of 4. , wo of these conditions,

>nown as Lorent( gauge condition and Coulomb)s gauge condition, are iven by 6117and

61% respectively.
a *A=kDD -ot 6117
a"A4A=& 6%
Esin the 9orentz au e condition, 66b7and 61 & can be rewritten as
a % =k3-Ck 0 (D@ -0t)-0t =k3-Ck DC(0” -0t 61 A7
a "=k DCE"4-09 6147

3 adiation for sinusoidal time variation characterized by e’
= se’'and A =Age 7'
a” =k3-C] 1"0C 6127
ad=kmp] 10 6167
If 3 and 2 in the e=pressions of and A iven by 67 and 64a7 of +ec. 4.% they become
functions of time and this time ¢ is replaced by ¢Ksuch that tK = ¢ k r-L. 3 and 2 can be
replaced by s3t and s2 t respectively.

0 luation 6Aa7and 64a7 can now be rewritten as

:V_IL

6l;7
4meR

A= Fu [[]ldv
4R



Fig 16 : Geometry of the confi uration containin the elemental volume dv and an arbitrary
point N.

: s an e=ample if 3=e""cos / ¢, and ¢ is replaced by tKone ets s3t = ekr coss/ (t k<-L)t.
In this e=pression, < is the distance between the elemental volume dv located in a current-
carryin conductor and the point NV as shown in Ci . 16 and L is the velocity with which the

field pro resses or the wave travels. and 4 iven by 6l; 7and 61"7 are called the retarded
potentials. If tK=t | r-L, and A are termed as advanced potentials. 4 ith reference to Ci .

16,eluation 61; 7and 61" 7can be written as

r &
(r ) =3% %) dvB 61*7
_v I J4vB
cat7] o VR 6/&7
In 61*7 and /&, and A are the functions of the distance r and the time ¢ . , 0 et the
retarded potentials from 61*7 and 6/&7, t is to be replaced by ¢Kand the resultin field
eluations are
' R
() = = ——T dvB
4nr R

U ](rlit_—}S
A(r,t) = __y——L dvB
4 R

"imilarly, advanced potential ePoression can be obtained by replacing t O<-L by t | <-Lin
@4 7and G874




THIN ) INEAR WIRE ANTENNAS

INTRODUCTION:*

o he antennas are symmetrically fed at the center by a balanced two-wire transmission
line. , he antennas may be of any len th, but it is assumed that the current distribution is
sinusoidal. / urrent-distribution measurements indicate that this is a ood assumption
provided that the antenna is thin, i.e., when the conductor diameter is less than, say, A-18&&
o hus, the sinusoidal current distribution appro=imates the natural distribution on thin
antennas. O=amples of the appro=imate natural-current distributions on a number of thin,
linear center-fed antennas of different len th are illustrated in fi . 61;. , he currents are in
phase over each A-%section and in opposite phase over the ne=t. 3 eferrin to fi . 61", let us
now proceed to develop the far-field eluations for a symmetrical, thin, linear, center-fed
antenna of len th /. , he retarded value of the current at any point 0 on the antenna referred to

a point at a distance s is




FIE) D CO( PONENTS :*

9et us now proceed to find the fields everywhere around a short dipole. 9et the dipole
of len th L be placed coincident with the 0 a=is and with its center at the ori in asin Ci . 61%
o he relation of the electric field components, Er,EQ and E4, is then as shown. It is assumed

that the medium surroundin the dipole is air or vacuum.

In dealin with antennas or radiatin systems, the propa ation time is a matter of
reat importance. , hus, if a current is flowin in the short dipole of Ci . 61 A , he effect of

the current is - ot felt instantaneously at the point p, but only after an interval 0 lual to the

time reluired for the disturbance to propa ate over , he distance r. 4 e have already

reco nized this in chap. 2 in / onnection with the pattern of arrays of point sources, but here
4 e are more e=plicit and describe it as a retardation effect. : ccordin ly, instead of writin

the current i asl

Figure 6-2 Relation of dipole to
coordinates.

which implies instantaneous propa ation of the effect of the current, we introduce the

propa ation 6or retardation7time as done by 9orentz and write

(1] = Igel®tt=een




where s/ t is called the retarded current. +pecifically, the retardation time 7-c results
in a pAase retardation 1 r-c = % f r-c radians = Ab&wf r-c = Ab&wt-T , where T = 1-f = time of
one period or cycle seconds7 and f = freluency ¢hertz, Hz=cycles per second7. , he brac>ets

may be added as in @4'to indicate e=plicitly that the effect of the current is retarded.

0 Tuation @7 is a statement of the fact that the disturbance at a time ¢ and at a distance
r from a current element is caused by a current s/ t that occurred at an earlier time ¢ k r-c.
o he time difference r-c is the interval reluired for the disturbance to travel the distance 7,

where c is the velocity of li ht A&&' m sk17.

Olectric and ma netic fields can be e=pressed in terms of vector and scalar potentials.

+ince we will be interested not only in the fields near the dipole but also at distances which

are lar e compared to the wavelen th, we must use retarded potentials, i.c., e=pressions

involvin ¢ k r-c. Cor a dipole located as in Gi . 61%or Ci . 61 Ag, the retarded vector

potential of the electric current has only one component, namely, A0. Its value is

= fd
Figure 6-3a Geometry for short dipole.




“[|
F
e

where [7] is the retarded current given by
[ -H — I[:E-'i"'-'“ —{x /et
In (3} and (3a).

z = distance to a point on the conductor
fyy = peak value in time of current (uniform along dipole)
jep = permeability of free space = 47 x 10" Hm ™!

If the distance from the dipole is large compared 1o its length (r “& L) and if the wavelength is large compared

to the length (A 3 L), we can put & = r and neglect the phase differences of the field contributions from

different parts of the wire. The integrand in (3} can then be regarded as a constant, sa that (3) becomes
;tﬁLL}r’-"'dr'l_‘lr-"'”

d7r

The retarded scalar potential V' of a charge distribution is
1
ﬂ dr

V=
dreg Jv s
where | g] is the retarded charge density given by

et —1x/c)]

el = poe

In obtainin 61% and 61 A7 the relation was used that ¢ &€ &= 1/C% where ¢ = velocity of li ht.

and dt = infinitesimal volume element
£) — permittivity or dielectric constant of fres space = 8.85 x 10~ F !
Since the region of charge in the case of the dipole being considered is confined to the points at the ends
as in Fig. 6-15, {5) reduces 1o

!iqu lq[}

i-rfl.l

From (G-1-1) and {3a),

I
gl = f;;;m_ Fuff-"""'”‘”dr 1
j[r}

Substituting (8) into {7),

II'} |:¢‘-'I-'L|“ — (51 /] &l e I—{x3 fry] ]

dmeq joo 51 B )

V= (9
Eeferring to Fig. 6-36. when r 3 L. the lines connecting

the ends of the dipole and the point P may be considered

as parallel so that e iy
P Dipale s_.ﬁcdi‘

L
51 :F—?EDSH (10

Figure 6-3b Relations for short
dipole when r = L

L
2=r+—=cosf (11}

2
Substituting (10) and (11} into (9), it may be shown that the fields of a short electric dipole are:

1

1
pee R il |

Iyl cos@eleli—tr/ci] (

Electric felds = 2weg
of short dipole

it —{rie]

InL sinfe!




o urnin our attention now to the magnetic field, this may be calculated from curl of 4 as
follows

VoA — I disinf) Ay A diAg) r & ,5]..1]_ | Hr SiI'EH.].J:...
i a6 dg rsing | ¢ ir
@ [ilraA 1l A
+_[ o } (14)
r ar i

+ince 44 = & the first and fourth terms of 6147 are zero, since Ar and A8 are independent of

4, so that the second and third terms of 6147 are also zero. , hus, only the last two terms

contribute, so that a 1 A, and hence also H, have only a 4 component. , hus,

IpL sin@e/oT—rcl ¢ 4, 1 {15)
Magnetic fieks 'H! = Hy = = [ e ;':) General
of short dipole ) ' case
H=Hy =10

(16

o hus, the fields from the dipole have only three components Er,EQ and 6 4. , he

components £4,6 r and 6 0 are everywhere zero. 4 hen r is very lar e, the terms in 1-7%and

1-rAin 61%, 61 A7, and 6127 can be ne lected in favor of the terms in 1-7. , hus, in the far field

Erisne li ible, and we have effectively only two field components, £6 and 6 4, iven by

Electric and . _ jeadp L sin gefelt—tricil
magnelic %
ﬁt’fd&'ﬂf 5 5 x i .:.;|1|,-.. {rFfr |'|
)i L sin Be? IngL
short dipole Hy = L 5‘; £ 29
nacr

InpL

“daeger

i fulf —{rieh]
- sin e
dmepetr

Far-field
£ase

sip Gedwlt—iricl]
Tr

Taking the ratio of Ep to Hy as given by [17) and {18), we obtain

D

=J7670
V =

Impadance of space




This is the inirinsic impedance of free space (a pure resistance). It is a very important constant.

Comparing (17) and (18) we note that Eg and H, are in time phase in the far field. We note also that the field
patterns of both are proportional to sin #. The pattemn is independent of @, so that the space pattern is doughnut-
shaped, being a figure-of-revolution of the patiern in Fig. 6-4a about the axis of the dipale. Referring to the

rear-field expressions given by (12), (13} and (15), we note that for
a small r the electric field has two components E, and Eg, which
are both in time-phase quadrature with the magnetic field, as in
a resonator. At intermediate distances, £y and E, can approach
time-phase quadrature so that the total electric field vector rotates
in a plane parallel to the direction of propagation, thus exhibiting
the phenomenon of cross-field. For the E; and Hy components,
the near-field patterns are the same as the far-field patterns, being
proportional to sing (Fig. 6-4a). However, the near-field pattern
for £, is proportional to cos# as indicated by Fig. 6-45, The space
pattern for E; is a figure-of-revolution of this pattern around the
dipole axis.

Let us now consider the situation at very low frequencies. This
will be referred to as the guasi-siagonary, or de case. Since from

[l = j,:ll,Jqu.'—crm] —forkg]

(12) and (13) can be rewritten as

i [glL cosé@ { jew 1 )
B 2mwen [?E+FI

[q]Lsint-’( wl  jw 1)

Eqg = o ls e ey
drey ey oer? 3,

The magnetic field is given by (15) as

= [1]1L siné ['j-f_u " 1 )

o T
LR For Y

O

Dipcle

(a) ()
Figure 6-4 Near- and far-field
patterns of E; and H,
components for short dipole (&)

and near-field pattern of £,
component (5.

{23}

At low frequencies, w approaches zero so that the terms with w in the numerator can be neglected. As w0 — 0,

we also have

i-‘-?] :rﬁw_.'nq.'-lr.’.'ll =gy
and

=1

(24)

(23)

Thus, for the quasi-stationary, ar dc, case, the field components become from (21}, (22} and (23)

E — gnl cosd
Electric and magnetic B — gnl sind
fields of short dipole =" = "y 07

He — InL sin g

= -
b dzre

Low-freguency case

o he restriction that 7 x L still applies. , he e=pressions for the electric field, #67and 6% 7, are
identical to those obtained in electrostatics for the field of two point char es, | R&and kR&

separated by a distance L.




o he relation for the ma netic field, @4 7, may be reco nized as the ( iot-+avart relation for the
ma netic field of a short element carryin a steady or slowly varyin current. +ince in the
e=pressions for the luasi-stationary case the fields decrease as 1-+%or 1-rA the fields are
confined to the vicinity of the dipole and there is ne li ible radiation. In the eneral
e=pressions for the fields, @47, @847 and @4, it is the 1+ terms which are important in the far
field and hence ta>e into account the radiation. , he e=pressions for the fields from a short
dipole developed above are summarized in , able 61 1.

+ettin

Tahle 6-1 Fields of a short electric dipole’

General Quasi
Component expression Far field stationary

E:

[{]Lcosd ( I gl cosd

2ren \erd renr)

[[Lsind | jw 1 (ML jwsind leIJ.'III]sLnrri gyl sin

g \clr oo jur dxspclr rook dmeqr?

i

&

[I]Lsiné (_im . [lLjwsind  j{{]sinf L Lsnf

i (o A o dmcr irou dar

T T e T e e T e T P TP PP P P U
I The resiriction epplles hal s £ and & s L The quargRies n (e iaoke ane In S ks, e (s, £ nwlis per meter, 4 In amperes pee mefe, fin
Bmpsyes, ¢ in meters. eic. (1] 1535 oien by [20). Thiee'of 1he field comparsents of &n eleclic dipoie ane everywhere 2ent thats

.’:;,‘.-I Hr .’1'.J fI




Cor the three components of £6 , their variation with distance is as shown in G . 612.
Cor v reater than the 3 adian distance s1-(%)t, component A of the electric field is
dominant, for 74 less than the radian distance / omponent S of the electric field is dominant,
while at the radian distance only B contributes 6= ) 7 because : Ithou h dda= Ba= &a= ),4

and S are in phase opposition and cancel.

| I |
e Energy mOStl}' —_—

radiated
J-—.r —-Tf:;,

71"

1Ur? term
(near field)

|
|
T
I \ 1r, term
|
I
I
|

E

Ml (radiated
I or far field)

Componenis 4, B Cof &

101

i term
(nearest field)
| \
Radian —
distance

|
|
|
I
i T 1
o, A
Figure 6-5 \ariation of the magnitudes of the components of £, of a short electric dipole as

a function of distance (r2). The magnitudes of all components equal = at the radian distance
1/{2x). At larger distances energy is mostly radiated, at smaller distances mostly stored.




For the special case where 8 = 90° (perpendicular o the dipole in the xv plane of Fig. 6-2) and ai
3 1/(2m),
L,

Hyl === (Am7) (29)

whileat r; < 1/i2x),
Iyl

4zt (30)

|Hyl =

which is identical to the relation for the magnetic field perpendicular to a short linear conductor carrying
direct current as given by (28).
The magnetic field ar any distance r from an infinite linear conductor with direct current is given by

il

Ha (31}

— Zmr
which is Ampere s Jaw.
Remarkably. the magnitude of the magnetic field in the equatorial plane (8 = 90"} in the far field of an
ascillating A /2 dipole is identical to (31) (Ampere’s law). It is assumed that the current distribution on the
A /2 dipole is sinusoidal. This is discussed in more detail in Sec. 6-5.
Rearranging the three field components of Table 6-1 for a shont electric dipole, we have

" [/1L; Z cosd 1 =
] A Errrf j-’lrr:':r'-s

A

o MLzsne[ 1 11
. } 'rF_a__' 4.‘??'3 a Jrﬂ.-'rgrf_

i [{1Lgsing | | 1 N |
2 A jzrh I -'-l:rrf

A

We note that the constant factor in each of the terms in brackets differs from the factors of adjacent terms by

a factor of 2.
At the radian distance (r;, = 1/2m) the fields of (32), (33) and (34) reduce to

[-45° (35)

(36)

3 22x 1L, Z cos @
. A
s xlf]L; Z sinfl
J

[2a[1]L; sin#
bl il 1)

The magnitude of the average power flux or Foynting vector in the 6 direction is given by
Sy =4 Re EH} = 1 E Hy Re 1 /= 90° = LE, Hy cos(-90°) =0 (38)

indicating that no power is transmitted. However, the product E,; Hy represents imaginary or reactive energy
that oscillates back and forth from electric o magnetic energy twice per cvole




I like manner the magnitude of the power flux or Poynting vector in the r direction is given by

5, = 3 Eg Hy cos(—15°) = L},E}, Hy
22
indicating energy flow in the r direction.
Much closer to the dipale [r) < 1/(2x)], (32), (33) and (34) reduce approximately to
AL Z cosp

ANE; Z sin#
L

= (40)

(41)

1ol
Brthr

[{]L; sin#

H, =
¢ ix }u'f

42)

From these equations it is apparent that 5, = S5 = (. However, the products E-Hy and Eg Hy represent
imaginary or reactive energy oscillating back and forth but not going anywhere, Thus, close fo the dipole
there is a region of almost complete energy storage.

Remote from the dipole [r; 3 1/(Zr)], (32), (33) and (34) reduce approximately to

E =1 (43)

1L Z sinf
iy = j[l‘—”“ (44)

2hr;
~ 1L, siné

H
4 2ir;

(43)
Since E, = 0, there is no energy flow in the # direction (53 = 0). However, since EgHy are in time phase,
their product represents real power flow in the outward radial direction. This power is radiated.

Many antennas behave Iike the dipole with large energy storage close to the anfenna.

The region near the dipole is one of stored energy (reactive power) while regions remote from the dipole
are ones of radiation. The radian sphere at r; = 1/(Zr) marks a zone of transition from one region to the
other with a nearly equal division of the imaginary and real (radiated) power.

The region close to the dipole may be likened to a spherical resonator within which pulsating energy is
trapped, but with some leakage which is radiated. There is no exact boundary to this resonator region, but if
we arbitrarily put it at the radian distance a qualitative picture may be sketched as in Fig. 6-6,




RADIATION RESISTANCE OF SHORT E( ECTRIC DI) O( E:-

9et us now calculate the radiation resistance of the short dipole of Ci . 61 15. , his may be
done as follows., he . oyntin vector of the far field is inte rated over a lar e sphere to obtain
the total power radiated. , his power is then eluated to / %< where / is the rms current on the
dipole and < is a resistance, called the radiation resistance of the dipole.

o he average . oyntin vector is iven by

§=3RelE x '
The far-feld components are £y and H, so that the radial component of the Poynting vector is
_lpop e
Slr = ?RE‘ EHH_‘,,

where £y and H; are complex.

Radian sphere
L=7TTTmm, 7 1esonator

r

Pl Enerqy storage “\x\

i
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Figure 6-6 Sketch suggesting that within the radian sphere at r= A/2r = 0.164 the
situation is like that inside a resonator with high-density pulsating energy accompanied by

leakage which Is radiated,




The far-field components are related by the intrinsic impedance of the medium. Hence

-
By = HyZ = H, &

Thus, {2) becomes

PN,

The total power P radiated is then

e | .;: o N I—
P / 8 di= j |Hy 2 sin do do
. Neh b '

where the angles are as shown in Fig. 6-2 and |Hy| is the absolute value of the magnetic field, which from
(6-3-18) is

wljL sinf
|Hy| = ———
drer

Substituting this inta (5], we have

I Ph
P= 321‘ 'ﬂ': f fmn?FJqu:
£ X

The double integral equals 87 /3 and (7) becomes
KB RL
1I|' F

This is the average power or rate at which energy is streaming out of a sphere surrounding the dipole. Hence,
it is equal to the power radiated. Assuming no losses, it is also equal to the power delivered to the dipole

Therefore, P must be equal to the square of the rms current 7 flowing on the dipole times a resistance R
called the radiagon resistance of the dipole. Thus
'.“-ﬁhl _(Iiil_) Rr
‘l,' e 127 N

(%
Solving for R,

2
R, = [ K IH L
1l|' g G
For air or vacuum Ju /s = o /fen = 377 = 12002 so that (10) becomes
Dipole with BN 5 3 2
ey Rr =80T (:) — 8072l = 79012 ()

Radiation
resistance




As an example suppose that Ly = Tl'T Then R, =T7.90. If L; =001, then & = 0.08 2, Thus, the
radiation resistance of a short dipole is small,

In developing the field expressions for the short dipole, which were used in obtaining (11), the restriction
was made that 1 5 L. This made it possible to neglect the phase difference of field contributions from different
parts of the dipole. If L, = vl; we violate this assumption, but, as & matter of interest, let us find what the
radiation resistance of a 4 /2 dipole is, when calculated in this way. Then for L; = é we obtain B, = 197 £
The correct value is 168 @ (see Prob. 6-6-1), which indicates the magnitude of the emor introduced by
violating the restriction that & 3 L to the extent of taking L = /2.

It has been assumed that with end loading (see Fig. 6-14) the dipole current is uniform. However, with no
end loading the current must be zero at the ends and, if the dipole is short, the current tapers almost linearly
from a maximum at the center to zero at the ends, as in Fig. 2-12, with an average value uf-ir of the maximum.
Modifying (8) for the general case where the current is not uniform on the dipole. the radiated power is

I

F:|
Ve 1Zn

(W) (12)

where [y = amplitude of average current on dipole (peak value in time)
The power deliveredto the dipole is, as before,
P=3IiR, (W) (13)

where Iy = amplitude of terminal current of center-fed dipole (peak value in time). Equating the power
radiated (12) to the power delivered (13) yields, for free space (i = pq and & = #q), a radiation resistance

E t t
R =mu(ﬁ) @ (14)*

i
AL

For a short dipole without end loading, we have L, = {;Fu. as noted ahove, and (14) becomes

R=10TL (@)

NATURA) CURRENT DISTRIBUTIONS OF FAR FIE) DS AND PATTERNS OF
THIN ) INEAR CENTER*FED ANTENNAS OF DIFFERENT ) EN1 THS:*
In this section e=pressions for the far-field patterns of thin linear antennas will be

developed. It is assumed that the antennas are symmetrically fed at the center by a balanced
two-wire transmission line. , he antennas may be of any len th, but it is assumed that the
current distribution is sinusoidal. / urrent-distribution measurements indicate that this is a

ood assumption provided that the antenna is thin, i.e., when the conductor diameter is less
than, say, A-1&& , hus, the sinusoidal current distribution appro=imates the natural

distribution on thin antennas. 0=amples of the appro=imate natural-current distributions on a




number of thin, linear center-fed antennas of different len th are illustrated in Ci . 6I; ., he

currents are in phase over each 1-%section and in opposite phase over the ne=t.

Jeferrin to Ci . 61", let us now proceed to develop the far-field eluations for a symmetrical,
thin, linear, center-fed antenna of len th L. , he retarded value of the current at any point 0 on

the antenna referred to a point at a distance s is

171 = lgsin [ETT (;_ + )}H ~trfel)

In (1) the function

L [RwL

sin [T(? :I::)]
is the form factor for the current on the antenna. , he e=pression (L-%] 0 is used when 08 &
and (L-%k0 is used when 0 > & (y re ardin the antenna as made up of a series of

infinitesimal dipoles of len th d0, the field of the entire antenna may then be obtained by

inte ratin the fields from all of the dipoles ma>in up the antenna with the resultl

NNISE
VLT

2 4 4 2

Figure 6-7 Approximate natural-current distribution for thin, linear, center-fad antennas of
various lengths.
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Figure 6-8 Relations for symmetrical, thin, linear, center-fed antenna of length L.

Hy = 5
Far fialds of i
cenier-fed dipole

Eg

Jl Il [tns[tﬂf_ cosd) /2] — cosiﬁf.;’f%bi|

sin #

!

sin#

_ jB0[H] |:<:ns|-:ﬁL cos @) /2] — cns[ﬁL_.-‘E]]

where [fq] = fpe/ 117791 and

Ey = 120aH, (3a)

0 luations 64, 6A7and 6Aa7 ive the far fields 6 4 and E6 of a symmetrical, centerTed,
tAin linear antenna of lengtA L. , he shape of the far-field pattern is iven by the factor in the
brac>ets. , he factors precedin the brac>ets in /7 and 6A7 ive the instantaneous ma nitude
of the fields as functions of the antenna current and the distance 7. , o obtain the rms value of
the field, we let s/& elual the rms current at the location of the current ma=imum. , here is no
factor involvin phase in @4 or 6AJ, since the center of the antenna is ta>en as the phase

center. Hence any phase chan e of the fields as a function of 8 will be a imp of 1" &wvwhen

the pattern factor chan es si n.




: s e=amples of the far-field patterns of linear center-fed antennas, three antennas of different
len ths will be considered. +ince the amplitude factor is independent of the len th, only the

relative field patterns as iven by the pattern factor will be compared.

EXAM) (E 6-5 1, /GAntenna
4 hen L = /-% the pattern factor becomes £ = coss() -%3 cos 6t sin 6

o his pattern is shown in Ci . 61 *a. It is only sli htly more directional than the pattern
of an infinitesimal or short dipole which is iven by sin 6. , he beamwidth between half-

power points of the 1-%antenna is ; "was compared to *&wfor the short dipole.

Al2 antenna

A antenna

; JJ R, ~2000

1}

LY
3 Al2 antenna

> >
11
]" R, =106 £

Figure 6-9 Three-dimensional and polar plots of the patterns of A/2, &, and 3 A/2 antennas.
The antennas are center-fed with current distributions assumed sinusoidal as indicated.




6-6 Radiation Resistance of 1/2 Antenna

To find the radiation resistance, the Poynting vector is integrated over a large sphere vielding the power
radiated, and this power is then equated to (fy/ ﬁ}z Ry, where Ry is the radiation resistance at a current
maximum point and [ is the peak value in time of the current at this point. The total power P radiated
was given in (6-4-5)' in terms of Hy for a short dipole. In (6-4-5), |H,| is the absolute value. Hence, the
corresponding value of Hy for a linear antenna is obtained from (6-5-2) by putting | j[/p]| = fn. Substituting
this into 6-4-5, we obtain

151¢ fff* |cos[(BL/2) cos®] — cos(BL/2)}
0 Jo

sin#

46 do

T

3{]!&[3 [cos[(BL/2) cos 8] — cos(BL /D)) »
fr

sin#
Equating the radiated power as given by (2} to f[j? R /2 we have

fﬁ Ry

="

(4}

T |cos[(BL /2) cos #] — cos{BL/2)}E
RL‘=5':|'] lcos[{BL, .E. (8L }dH
i sin #
where the radiation resistance Ry is referred to the current maximum. In the case of & A /2 antenna this is at
the center of the antenna or at the terminals of the transmission line (see Fig. 6-T).

L = [ S-dv =L /a7E [T | Hyl ds

Proceeding with the evaluation of (4) with the aid of the sine integral, Si{x), and the cosine integral, Cin{x),
it may be shown that the radiation resistance of the 4 /2 antenna is

R, =30Cin(2r)=30x2.44 =730 {3)

This is the well-known value for the radiation resistance of a thin, linear, center-fed, 3./2 antenna with
sinusoidal current distribution. The terminal impedance also includes some inductive reactance as discussed

in Chap. 18. That is,

Z=T3+ji25Q (6)

To make the reactance zero, that is, o make the antenna resonant, requires that the antenna be shorted a few

percent less than /2. This shortening also results in a reduction in the value of the radiation resistance o
about 65 0.




POWER RADIATED BY A CURRENT E) E( ENT:*

It can be noted that £ has no 4 component and 6 contains only a 4 component and thus

E=Frar] EQafand 6 = 6 4a4 617

o he power flow can be iven by the . oyntin vector N

P =ExH=(E;a, + Egag) » Hyas = —E, Hyap + Ey Hya, = Paag + Pray (2]
where Py = —E Hy
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X
s the avera e power in the terms involvin sin % #(ind cos % t(dver a complete cycle is

zero, Nyrepresents the power which sur es bac>and forth in the 6 direction and there is no
net power flow in the direction of propa ation.
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+ince sin % t(And cos % tQerms will not contribute towards avera e power, all such terms
can be eliminated. In view of the remainin terms

w? 12di2 sin® 9 | {'fr.:-f:'H sin ff)z n ( ol dl sin ) ths
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» he amplitudes of components contributin towards net power flow are




widlsind  pldlsind 60z Idlsind

dxren? 2t A

wldl sin @ Tdlsiné
Hy

dwrv. — 2hr
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= 120 = qq =~ 3772
.HI¢

. arameter (&is called the characteristic impedance of firee space.

o he total radiated power N can be obtained by inte ratin the avera e power over the entire

surface of an ima inary sphere of radius .

[ Fypds  where ds = rdd rdfsinf! = 2ar” sin 46

W T S 242542

n (wildlsin l“) - neafcdl

— —| ————— | Zartsin#dd = ———— watis )
./LI 2 ( daruv 12w ws '

In 6*7, I represents the pea> current. If N is to be obtained in terms of effective current /.y, the
total power can be written as

. no’lipdl? 20015 dl’

Brus wt

<nreplacin [ by % fand Lby the velocity of i htc, 61& yields

(2w )2 9 7 g i : £l v
B ZEJ—L_:E'”—;;”J# — 80x? (‘T) o 8 (11)

where <,4¢1S the radiation resistance. In arrivin at 67 from 6'7, the followin relation is

employed

T 1 T
[ sin® Bdé = |:§ cos 38 — l:ﬂfi-"’j| —=4/3 (12}
Jo i

Crom 6117, the <rad obtained for three different cases of radiatin elements shown in Ci . 41
6 are the followin F
Case (a) 3 adiation resistance for an element of len th d/ with uniform current distribution

shownin G .4I6ais iven by

Rrag = 80x2(dl /) = 800G /0) 2 (13)
Case (b) 3 adiation resistance for an element of len th @/ with non-uniform current
distribution shown in CGi . 4I6b is iven by

Roq = 2072 (dl2)" = 200(L/2)°Q




Case (c) 3 adiation resistance for an element of len th 4= %l = % with non-uniform current

distribution shown in Ci . 416¢ is iven by

Reag = 102 %(L /0 = 100(L/A)° = 400(h/ 002

. Tl
T The resulting | ;
I L |

configuration G
dl | when shaded —

area is removed | i
f from case (a) Jidd Image
a) () (&)
Uniform current distribution  Tapered (nonsuniform) current Tapered (nonsuniform) current

along an element of length dl  along a short dipole of length L along a short monopala
(L=cl) of length h (h=2L)

Figure 4-6 Three different cases of radiating elements,

- hese relations hold good for very short antennas, that is, up to ,./ in length.

CURRENT DISTRIBUTIONS OF I UARTER WAO E ( ONOPO) E AND HA) F
WAO E DIPO) E:

. half-wave dipole and a luarter-wave monopole are shown. , he currents are iven as

I=1im sin f(Ak () for 0> &and i =im sin (4] 0) for 08 &617

2z
: _Tﬁ,\ i lF-2)

1=l S B{H-
H )

i
r

+n o LT
i
-\. W ; TR TR
H 1 Ground plane (a = m)
'

} - S
G2t T el I S0 P (H2)

Halfwwave Quartemwave
dipole monapaole

B=r-zpgosh

Figure 4-7 Half-wave dipole or quarter-wave monopole with assumed sinusoidal current
distribution.

o he dipole or monopole is assumed to be located on a perfectly conductin  round.
o he field is to be obtained at a point which is so distantly located that the distances » and <
shown in the Ci . 41; 7can be considered to bear the followin relation.

< = r for the estimation of amplitude and <= r k 0cos for the estimation of phase. €47
+ince the current in the dipole is in the (+direction, the 0 component of the differential vector

ma netic potential is
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o he total radiated power Nis iven by yNav ds. , hus

=08 fiz
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The evaluation of {11} gives
0.600q7%  0.609p1%,
F = (L} =2 o J

iz Lo = 36'“5-".-" = ;n:.z-"." Rrad (12)

where <rad = A6.2+ is the radiation resistance of a luarter-wave monopole. , he radiation

resistance of a half-wave dipole is twice of the above, i.e., ; AX.

RADIATION RESISTANCE:

o he radiation resistance of an antenna is defined as the eluivalent resistance that would
dissipate the same amount power as is radiated by the antenna. Cor the elementary current

element we have discussed so far. Crom eluation 6A%7 we find that radiated powerdensity

. av = ald"n, &d17°K, %in'NGA% V1" a, 617
Radiated oWe&:*

.r=ald"n, &17°K "sin"NGA%) . ™ 2r +in’Nr"sin NdNdO

0=0/=0

= ald"n, 6d17°K, sin NGA%) ? r d/ ., +nNdNn n @4

4 here /2 simnf = n-1G but here we have " sindf = % /2 sindf0= %&%A
6=0 9=0 6=0

cr=ald Mo 617K, " GLY%V ...,

Curther d. =. r%sinNdNdO
r av ar



d. radX =aldno 617K, sin NGV o A7
Crom 6A7and &47

) NO7= 1.2 +in"N

) irectivity ) =) GNO/ana=which occurs at N= 7. [f=<r is the radiation resistance of the
2

elementary dipole antenna, then
1
3 =,
E r r
+ubstitutin . ;from el6A7we et

3=1 @V@/a% e — Q7

+ubstitutin noas 1%&V

3= 4"&\/'*(6\5% o e, 67
3= 4"&\%‘\% LI 67

Cor such an elementary dipole antenna the principal £ and 6 plane pattern are shown in Gi

167and @7.

Bandwidth //_ _‘H‘\\

Ci urel6 @7. rincipal 0 plane pattern G urel667. rincipal H plane pattern



o he bandwidth 6Ad( beam width7can be found to be *&in the E plane.

EFFECTIO E AREA OF AN ANTENNA:*

: n antenna operatin as a receivin antenna e=tracts power from an incident
electroma netic wave. , he incident wave on a receivin antenna may be assumed to be a
uniform plane wave bein intercepted by the antenna. , his is illustrated in CGi  A2. , he
incident electric field sets up currents in the antenna and delivers power to any load
connected to the antenna. , he induced current also re-radiates fields >nown as scattered field.
o he total electric field outside the antenna will be sum of the incident and scattered fields and
for perfectly conducin antenna the total tan ential electric field component must vanish on

the antenna surface.

9inear antenna

G . 1.. lane wave intercepted by an antenna

9et Ninc represents the power density of the incident wave at the location of the
receivin antenna and N; represents the ma=imum avera e power delivered to the load under
matched conditions with the receivin antenna properly oriented with respect to the
polarization of the incident wave.
4 e can write,
.9 =1
4 here Pin.= E*/2 noand the term A, is called the ma=imum effective aperture of the antenna.

Aeais related to the directivity of the antenna B as,

B=4 AT s V)




If the antenna is lossy then some amount of the power intercepted by the antenna will be
dissipated in the antenna.

Crom eln. 64 we find that

o herefore, from &7,

G=4mn: [ =4VW3" .,
22

4 here : is called the effective aperture of the antenna 6in m”7.

+o effective area or aperture 4. of an antenna is defined as that eluivalent area which
when intercepted by the incident power density N, ives the same amount of received power
N<which is available at the antenna output terminals.

If the antenna has a physical aperture 4 then aperture efficiency ne=": ¢ G

EFFECTIOE ) EN1 TH/HEI1 HT OF THE ANTENNA:*

4 hen a receivin antenna intercepts incident electroma netic waves, a volta e is
induced across the antenna terminals. , he effective len th he of a receivin antenna is
defined as the ratio of the open circuit terminal volta e to the incident electric field stren th

in the direction of antennas polarization.

where oc = open circuit volta e
E = electric field stren th

0 ffective len th he is also referred to as effective hei ht.




. Effective Length of Antenna (L) Itisused to indicate the effectiveness of the Antenna
as a radiator or receiver of EM energy.
L_, of Transmitting Antenna It is equal to the length of an equivalent linear antenna
which radiates the same field strength as the actual antenna and the current is constant
throughout the length of the linear antenna.

Figure 3.2 (b) Typical 3-D radiation pattern

~Lf2
{a) Actual length (I} Effective length

Figure 3.3 Definition of effective lengih of transmitting antenna

L, of transmitting antenna is defined mathematically as

L2

Lot {TI]‘—‘} ! I{z)dz (m)
€ _Ls2




L, of receiving antenna It is defined as the ratio of the open circuit voltage developed at
the terminals of the antenna under the received field strength, E. That is

V
Lett (R2) = —5= (m)

Effective length of an antenna is always less than the actual length. That is, L , < L.

5. Radiation Intensity (RI) It is defined as the power radiated in a given direction per
unit solid angle. That is,

r? g2

RI=r’P= watts/unit solid angle

Mo

1), = intrinsic impedance of the medium (£2)
= radius of the sphere, (m)
P = power radiated-instantaneous
E = electric field strength, (V/m)
RI=RI (8, ¢) is a function of 8 and ¢
The unit of a solid angle is Steradian (sr).

RADIAN AND STERADIAN:

Radian is plane an le with its verte= a the centre of a circle of radius r and is subtended by
an arc whose len th is elual to r. / ircumference of the circle is %3t , herefore total an le of

the circle is %/ radians.

Ste&adian is solid an le with its verte= at the centre of a sphere of radius r, which is
subtended by a spherical surface area elual to the area of a sluare with side len th r : rea of

the sphere is 4\ , herefore the total solid an le of the sphere is 4V steradians

. few conversions F
1 radian = 1" &Y. ) e rees

1 radian”=61" &Y 7*de rees”=A% %steradians.

+1luare de rees =A% Y%steradians




ANTENNA BANDWIDTH :*- ote that the system is desi ned for specific freluencyLi.e. at
any other freluency it will not be one-half wavelen th. , he band. idtA of an antenna is the
ran e of freluencies over which the antenna ives reasonable performance. <ne definition of
reasonable performance is that the standin wave ratio is %1 or less at the bounds of the
ran e of freluencies over which the antenna is to be used.

: ctually the performance of antenna depends on various characteristics such as
antenna ain, side lobe level, +4 3, antenna impedance, radiation patterns, antenna
polarization, C( 3 etc., ) urin the operation of antenna these reluirements may chan e and
thus there is no unilue definition for antenna band width.

z4 can be specified in many ways.

617 ( andwidth over which the ain of the antenna is hi her than the acceptable value.
84 ( andwidth over which the +4 3 of transmission line feedin antenna is below
acceptable value.

6A7 ( andwidth over which the (( 3 is minimum elual to the specified value.

Hence (4 of antenna can be defined as the band of freluencies over which the antenna
maintains reluired characteristics to the specified value. : ntenna ( 4 mainly depends on
impedance and pattern of antenna. ( 4 of the antenna is inversely proportional to H factor of

antenna.

(4 =24 =4 414 =4 B

zf=1ylfi=fs&l Hz

4 here &= centre freluency.(desi n freluencyGesonant freluency

total enerEy stored by antenna

: nd luality factor H = %/=

enerEy radiated per cycle

ANTENNA BEA( WIDTHE : ntenna beam width is the measure of the directivity of the
antenna. It is an an ular width in de rees and is measured on a radiation pattern or maZr

lobe. , he antenna beam width is defined as the an ular width in de rees between the two

points on a ma%r lobe of a radiation pattern where the radiated power reduces to the half of

the ma=. value.

o he followin fi ure shows how antenna beam width can be measured
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Figure 5-13 Three-dimensional field pattern at (a), polar pattern at (b), and decibel pattern
at (c) showing alternate phasing (+ and —) of pattern lobes.

o he beam width is also called Half . ower beam width 6H. ( 4 7because it is measured

between two points on the ma%r lobe where the power is half of its ma= power.

o he directivity 6) 7of the antenna is related with beam solid an le W. or beam area by,
4m
D= T where W. beamarea

W Y@H. (4 7in horizontal plane =6H. ( 4 7in vertical plane
Y@. (4 7in 0-plane =6H. ( 4 7in H- plane



(=W =N=N

4
) = i L N Z Njare inradians
O0EOm

1rad=1"&WY2; A

4

o here fore ) =

®; A7=419%.; N =Ni
OE6m




o his formula is applicable to antennas with narrow beam width G@bout &7 with no

minor lobes in radiation pattern.
o he beam width of the antenna is affected by the shape of radiation pattern and width

and 9en th of the dimensions.

I99E+,3: . 180 .3<(90" +E

Prob 1:
radiatin element of 1cm carries an effective current of &2 amp at AGHz.
/ alculate the radiated power.

+olF

200" I pdl” 20 x (2 x 3% 1097 x (0.5)% x (10-2)?

: . = 1.10W
2 (3 x 1092 =

=

Prob 2E Ovaluate the radiation resistance of a radiatin element havin len th L =2 m at
@7f=A&>Hz @7f=A&%' Hz&7f=12"' Hz.
"olW

{a) At f=230kHz 4= 10" mand A/10 = 10°, thus L << 3/10
Equation (13} is the appropriate equation for this case.
Reaa = BO0!/3)? = 800(5/10Y)° = 20 milli-ohms
(b At f=30MHz i=10mandL =23/2
Equation (14) is the appropriate equation for this case,
Reqa = 2000L/3)% = 200(1/2)2= 50 ohms
Arf=15MHz J=20mand L =34
Equation (15) is the appropriate equation for this case
Rpgq == 4000k /3 12— 400{1/4)%= 25 chms




. TObAF, he radiatin element shown in Ci . 41 %is of 1&m len th and carries a current of
1 amp. It radiates in & = A&wdirection in free space at f= A' Hz. Ostimate the ma nitudes of
E and 6 at a point located at 1&&>m from the point of ori ination.

Solution

:tA' Hz, A =18%m.: slon asthe len th of the element remains less than or elual to A G& the eneral
e=pressions of field components iven by 61&a7, 618 7and 6117 can be used to estimate the reluired

values. , hese eluations are

Id!sin# 10 = 0.5

H| =
|H iz i

- -
HI Id! sin¢ _ 10 = 0.5 1.25/n
4 i

21d! cos@ |:-|:::|s.u_ur' sinwr’J

dme By T g (Lita)

(10b)

2

fdlsin® [ —wsinet’ coswt” sinwt’
rue riu eopd

dme

Hy= (11)

Idlsing | cosant’”  sinaot’
4 rl ru

Since only those field components which are inversely proportional to r contribute towards the radiation
field. the relevant expressions can be rewritten as

Eg

1dl siné |:—fusin mi"i|

dmwe Fut

Hi Idl sin® [_wsinm!'}

” L ru

Thus E = Ezag and H = Hy ay

As can be noticed. E, does not contain a term which is inversely proportional to r and therefore does not
coniribute towards radiation field. The magnitudes of the remaining two terms can be written as below,

Idl sind Idlsinf
|Egl = ——— = E| and |H4|=——— =IH|
dme dx

The given parameters are
8 30°, thus, sin 8 = 0.5, cos & = 0.866, £ = =g = 10~/367 = 8.854 » 1012
Jdi = 10A-m; r=100km = 10" m

Substitution of these values gives

fdl siné 10 x 0.5 15 0
— . = _ = 45 = 107
dr % 10-/36x 1§ 75 =

E|l =
|E] dme

= Blrl ~BaZ x (10°)2 (sin 60)°

~ rf!r_,zl [ct]sz{tn,“ZJchﬁli[ |20 = |_5:|E ’7{0:'5-:55-|:.::|5;E1:Ir]2
=

—‘: T9.57T W

sin” &
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Ya, i uda a&ay
5a i-Eda or 5 a 11is named after the inventors . rof. +.Eda and . rof. H.5 a i around 1*9.

o he basic element used in a 5a 1 is JGodipole placed horizontally >nown as driven element or
active element. In order to convert bidirectional dipole into unidirectional system, the passive
elements are used which include reflector and director. , he passive or parasitic elements are
placed parallel to driven element, collinearly placed close to ether., he . arasitic element placed
in front of driven element is called director whose len th is 2d less than the drive element. , he
element placed at the bac> of driven element is called reflector whose len th is 2d more than
that of driver element. , he space between the element ran es between &1J to &AJ.

Seven element Yagi-Uda

ariven
gk"?/@ forwards direction —

G 6.4F+even se ment ya i-uda antenna
Cor a three element system,
3 eflector len th =28&%F6 Hz7feet
) riven element len th=4;2&6 Hz7feet
) irector len th =422&6 Hz7feet.

o he above relations are iven for elements with len th to diameter ratio between %&&to 4&&and
spacin between &1 J to &%J.4 ith parasitic elements the impedance reduces less than ; Aand
may be even less than %2 . : folded JGodipole is used to increase the impedance.+ystem may be
constructed with more than one director. : ddition of each director increases the ain by nearly A
d( . - umber of elements in a ya 1 is limited to 11.

Basic O _e&ation:

o he phases of the current in the parasitic element depends upon the len th and the distance
between the elements. . arasitic antenna in the vicinity of radiatin antenna is used either to
reflect or to direct the radiated ener y so that a compact directional system is obtained.




parasitic element of len th reater than JGois inductive which la s and of len th
less than J Bois capacitive which leads the current due to induced volta e. . roperly
spaced elements of len th less than JGoact as director and add the fields of driven
element. Oach director will e=cite the ne=t. , he reflector adds the fields of driven
element in the direction from reflector towards the driven element.

o he reater the distance between driven and director elements, the reater the
capacitive reactance needed to provide correct phasin of parasitic elements. Hence
the len th of element is tapered-off to achieve reactance.

5a 1system has the followin characteristics.

1. , he three element array @reflector, active and director7is enerally
referred as T beam antenna.

% It has unidirectional beam of moderate directivity with i ht wei ht, low
cost and simplicity in desi n.
o he band width increases between %l when the space between elements
ran es between &1J to &12 J.
It provides a ain of " d( and a front-to-bac> ratio of ¥&d( .
5a 1iisalso >nown as super-directive or super ain antenna since the
system results a hi h ain.
If reater directivity is to be obtained, more directors are used. : rray up
to 4&elements can be used.
: rrays can be stac>ed to increase the directivity.
5a iisessentially a fi=ed freluency device. Creluency sensitivity and
bandwidth of about Ad is achievable.
o 0 increase the directivity 5 a i‘s can be sta>ed one above the otheror
one by side of the other.

) ens antenna

9i>e parabolic reflectors, lens is used to convert circular or spherical wave fronts
into planar wave fronts, as a transmitter and vice-versa as a receiver. 9ens is a
medium throu h which the waves are transmitted or received.

9enses are of two types li>e deceleratin medium and acceleratin  medium. In
deceleratin system, the velocity with in the medium is les s than that of free space
velocity. . ure dielectrics li>e 9ucite or polystyrene, impure dielectrics or H-plane
metal plates can be used as deceleratin  mediums.

: cceleratin  system is the one in which the velocity within the medium is more
than that of free space velocity. 0 -plane metal plates are the e=amples for
acceleratin types.




C 6.1%9ens : ntenna

Convex-plans Comrir—onves L ORe =g O oa e

i) Lens aniennas with indey of refwctnn g 3 |

4 y
L {

«Gienb-lAF9ens : n—te:rlmawif:h-.different refractive.inde=

bt Lens antenmnas Wirh indes of pefract: o ~5 |

Dielect&ic ) ens Antenna

o he dielectric material used should have a refractive inde= more than 1 w.r.t.
free space havin minimum dielectric losses. 9ucite and polystyrene can be used
havin a refractive inde=a=1.2. , he system is constructed in the form of plane -
conve= lens. , he source or primary antenna is placed at the focus point

QX ‘havin focallen th 9.

Ci 6.14F) ielectric 9ens : ntenna




. lanar wave fronts can be obtained at the aperture when the electrical path <H‘and

<. remains same ON OQ Q0B

/ onsider the dielectric lens with a primary source at the focus point < as showwn in
fi .6.12. 9et . is the power density and E is radiation intensity at a distance y from
the a=is. : ssumin . and E remain constant within the elemental aperture subte
nded by dNor dy, the power radiated throu h elemenntal aperture is

d4 =% y.dy NTITITTITTITITITIIIIIIIIIIIT Z.3 V

[ =wU.dW

% 0do

[ = yyUsin0 d6 d4

%ol

[ =U% yin 6 do

= % Usinfdo

Relati- e elect&c field:

3 elative Olectric field is as shownin fi .6.16

Ci 6.16 F3 elative Olectric Cield




Plane ( etal Plate ) ens

o he velocity in between 0-. lane ' etal . late is more than the Cree space velocity v&

G 6.1; FO-. lane' etal . late 9ens

Ad- anta, es of ) ens Antenna

1. / anbeused as 4 ide band : ntenna since its shape is

independent of freluency.
% . rovides ood collimation.

A Internal dissipation losses are low, with dielectric materials

havin low loss tan ent.

Oasily accommodate lar e band width reluired by hi hdata

rate systems.

2. Huite in-e=pensive and have oo d fabrication tolerance

Disad- anta, es of ) ens Antenna

1. (ul>y and Heavy
% / omplicated ) esi n

A 3 efraction at the boundar ies of the lens




Helical Antenna

Helical : ntenna consists of a conductin wire wound in the form of a sc rew thread
formin a heli= In the most cases the heli=1is used with a round plane. , he heli=1s
usually connected to the center conductor of a co-a=ial transmission line and the
outer conductor of the line is attached to the round plane.Helical antenna is useful at
very hi h freluency and ultra hi h freluencies to provide circular polarization.

SURFACE OF IMAGINARY

HELIX CYLINDER

GROUND __
PLANE ™

COAXIAL CABLE

d=———
INNER / |
CONDUCTO :
OUTER i e —'-]

CONDUCTOR

Fiz 4 6.1 Helical antenna and its radiation pattern
Here helical antenna is connected between the coa=ial cable and round plane. Ground plane is

made of radial and concentric conductors. , he radiation characteristics of helical antenna depend
upon the diameter 6) 7and spacin +.

In the above fi ure,

0

9=1len th of one turn ={+/j 6V) 7A’- = - umber of turns
) =) iameter of heli==V)
| =.itchan le = tanl6+(%) 7

1 =) istance between heli=and
round plane.

o he radiation characteristics of the antenna can be varied by
controllin the size of its eometrical properties compared to the
wavelen th.

ode of <peration

-- ormal' ode
-: =al' ode




3. No&mal mode of &diation

- ormal mode of radiation characteristics is obtained when dimensions of helical antenna are very
small compared to the operatin wavelen th. Here, the radiation field is ma=imum in the direction
normal to the helical a=is. In normal mode, bandwidth and efficiency are very low. , he above
factors can be increased, by increasin the antenna size. , he radiation fields of helical antenna are
similar to the loops and short dipoles. +o, helical antenna is eluivalent to the small loops and short
dipoles connected in series.

Fig 6.2: Mormal mode Helocal antenna and its equivalent

4 e>now that, eneral e=pression for far field in small loop is,
0U =} 19%& VIt sinN@}s: (%

4 here,
r =) istance
I = 1&sin o@-rG 7= 3 etarded current
: rea of loop=V) %4

) =) iameter

J =<peratin wavelen th.
o he performance of helical antenna is measured in terms of : =ial 3 atio (4<). : =ial ratio is defined
as the ratio of far fields of short dipole to the small loop.

: =ial 3atio, : 3 =6E@)/(E®)

G ASial mode of &diation:Helical antenna is operated in a=ial mode when circumference / and
spacin + are in the order of one wavelen th. Here, ma=imum radiation field is alon the helical
a=is and polarization is circular. In a=ial mode, pitch an le lies between 198 to 1"° and beam
width and antenna ain depends upon heli=Ien th - +.

General e=pression for terminal impedance is, ; £1)

' ™
- -4 e
3 =14& /J ohms )

4 here,

o Fig 6.3: Axial mode of helix
3 =, erminal impedance

/ =/ ircumference.




In normal mode, beam width and radiation efficiency is very small. , he above factors
increased by usin a=ial mode of radiation. Half power beam width in a=ial mode is,

H. (4 =2%5 {JAS +) e rees.
4 here,

J =4 avelen th

/ =/ ircumference

- = - umber of turns

+ = +pacin .

: =1al 3atio,: 3 =1] 1G6




REF) ECTOR ANTENNAS

INTRODUCTION

o he radiation pattern of a radiatin antenna element is modified usin reflectors. : simple
e=ample is that the bac>ward radiation from an antenna may be eliminated with a lar e metallic
plane sheet reflector. +o, the desired characteristics may be produced by means of a lar e,
suitably shaped, and illuminated reflector surface. , he characteristics of antennas with sheet
reflectors or their eluivalent are considered in this chapter.

+ome reflectors are illustrated in Ci ure Al. , he arran ement in G ure Ala has a lar e, flat
sheet reflector near a linear dipole antenna to reduce the bac>ward radiation. 4 ith small spacin
between the antenna and sheet this arran ement also yields an increase in substantial ain in the
forward radiation. , he desirable properties of the sheet reflector may be lar ely preserved with
the reflector reduced in size as lon as its size is reater than that of the antenna.

Reflector,

{a) Plane (b) Corner

|
Refizcror
subreflector
: [hyparbolz)
——
\ Fead Parsbola

- Blockage
_facsl =

[c) Curwved (front-fed) [d) Curved [Cassegrain-feed)

Fi, u& L3 +ome confi urations of reflector antennas

4 ith two flat sheets intersectin at an an le o 6 1"& 7 as in Ci ure Alb, a sharper radiation
pattern than from a flat sheet reflector 6o =1"& 7 can be obtained. , his arran ement, called

corner reflector antenna, is most practical where apertures of 1 or %. are of convenient size. :

corner reflector without an e=citin antenna can be used as a passive reflector or tar et for radar




waves. In this application the aperture may be many wavelen ths, and the corner an le is al. ays
*&. 3 eflectors with this an le have the property that an incidence wave is reflected bac> toward
its source, the corner actin as a retroreflector.

4 hen it is feasible to build antennas with apertures of many wavelen ths, parabolic reflectors
can be used to provide hi hly directional antennas. : parabolic reflector antenna is shown in
G ure Alc. , he parabola reflects the waves ori inatin from a source at the focus into a parallel
beam, the parabola transformin the curved wave front from the feed antenna at the focus into a
plane wave front. : front fed and a casse rain I feed parabolic reflectors are depicted in G ures
Alc and d. ' any other shapes of reflectors can be employed for special applications. Cor
instance, with an antenna at one focus, the elliptical reflector produces a diver in beam with all
reflected waves passin throu h the second focus of the ellipse. 0=amples of reflectors of other
shapes are the hyperbolic and the spherical reflectors.

o he plane sheet reflector, the corner reflector, the parabolic reflector and other reflectors are
discussed in more detail in the followin sections. In addition, feed systems, aperture bloc>a e,
aperture efficiency, diffraction, surface irre ularities, ain and freluency-selective surfaces are
considered.

P) ANE REF) ECTORS

9et an omnidirectional antenna is placed at a distance 4 above an infinite, flat, perfect electric
conductor as shown in Ci ure A% . ower from the actual source is radiated in all directions in a
manner determined by its unbounded medium directional properties. Cor an observation point p;

,there is a direct wave. In addition, a wave from the actual source radiated toward point <; of the

interface under oes a reflection. , he direction is determined by the law of reflection (6’1i =6 )

which assures that the ener y in homo eneous media travels in strai ht lines alon the shortest
paths. , his wave will pass throu h the observation point p1 . (' y e=tendin its actual path below
the interface, it will seem to ori inate from a virtual source positioned a distance A4 below the
boundary. Cor another observation point pethe point of reflection is <y, but the virtual source is
the same as before. , he same is concluded for all other observation points above the
interface., he amount of reflection is enerally determined by the respective constitutive
parameters of the media below and above the interface. Cor a perfect electric conductor below
the interface, the incidence wave is completely reflected and the field below the boundary is
zero. : ccordin to the boundary conditions, the tan ential components of the electric field must
vanish at all points alon the interface. , hus for an incident electric field with vertical
polarization shown by the arrows, the polarization of the reflected waves must be as indicated in
the fi ure to satisfy the boundary conditions.




Reflectad

|
1

],-
I

Wirtusl source

[imag=) wWertical electric dipole

Fi, u& LG: ntenna above an infinite, flat, perfect electric conductor.

Cor a vertical dipole, to e=cite the polarization of the reflected waves, the virtual source must
also be vertical and with a polarity in the same direction as that of the actual source ¢hus a
reflection coefficient of ] 17 : nother orientation of the source will be to have the radiatin
element in a horizontal position, as shown in G ure AA : s shown in Ci ures AA the virtual
source Gma e7 is also placed at a distance 4 below the interface. Cor horizontal polarized
antenna, the ima e will have a 1"& polarity difference relative to the actual source &hus a
reflection coefficient of -17.

In addition to electric sources, artificial eluivalent T ma neticusources have been introduced to
aid in the analyses of electroma netic boundary value problems. Ci ure AAdisplays the sources
and their ima es for an electric plane conductor. , he sin le arrow indicates an electric element
and the double a ma netic one. , he direction of the arrow identifies the polarity.

Elsctiric hAgenets kiagmetic

T - L O TR P -

_1_ o nigan mu il |nagss

O =20 [Electnc conductor]

Olectric conductor

Fi, u& LLOlectric and ma netic sources and their ima es near electric conductors




CORNER REF) ECTOR

Cor better collimination of the power in the forward directions, an arran ement can be made with

two plane reflectors %ined so as to form a corner, as shown in Gi ure A1&@7. , his is >nown as
the corner reflector. ( ecause of its simplicity in construction, it has many unilue applications.
Cor e=ample, if the reflector is used as a passive tar et for radar or communication applications,
it will return the si nal e=actly in the same direction as it received it when its included an le is
*&. o his is illustrated eometrically in Ci ure A1&b7. ( ecause of this unilue feature, military
ships and vehicles are desi ned with minimum sharp corners to reduce their detection by enemy

radar.

= Supporting
structure

Dy

el

(g} Perspective view (d) Wire-grid

Fi, u& L.3=+ide and perspective views of solid and wire- rid corner reflectors

In most practical applications, the included an le formed by the plates is usually *& Lhowever
other an les are also used. , 0 maintain a iven system efficiency, the spacin between the verte=
and the feed element must increase as the included an le of the reflector decreases, and vice-
versa. Cor reflectors with infinite sides, the ain increases as the included an le between the
planes decreases. , his, however, may not be true for finite size plates. Cor simplicity, in this




chapter it will be assumed that the plates themselves are infinite in e=tent & = c07. However, since
in practice the dimensions must be finite, uidelines on the size of aperture B, len th &7 hei ht
th71is iven.

o he feed element for a corner reflector is almost always a dipole or an array of collinear dipoles
placed parallel to the verte= distance s away. Greater bandwidth is obtained when the feed
elements are cylindrical or biconical dipoles instead of thin wires.

In many applications, especially when the wavelen th is lar e compared to tolerable physical
dimensions, the surfaces of the corner reflector are freluently made of rid wires rather than
solid sheet metal.<ne of the reasons for doin that is to reduce wind resistance and overall
system wei ht. , he spacin  between wires is made a small fraction of a wavelen th Gsually
<AG &

Cor wires that are parallel to the len th of the dipole, as is the case for the arran ement of Ci ure
A186d7, the reflectivity of the rid-wire surface is as ood as that of a solid surface. In practice,

the aperture of the corner reflector 6 B, 7is usually made between one and two wavelen ths (ﬂ <
Ba< %1). , he len th of the sides of a *&corner reflector is most commonly ta>en to be about
twice the distance from the verte=to the feed ( %).

Cor reflectors with smaller included an les, the sides are made lar er. , he feed-to-verte=
distance ¢s71s usually ta>en to be between A(Aand %0.AGLA1 s1 %.@ Cor each reflector, there
is an optimum feed-to-verte= spacin . If the spacin becomes too small, the radiation resistance
decreases and becomes comparable to the loss resistance of the system which leads to an
inefficient antenna. Cor very lar e spacin , the system produces undesirable multiple lobes, and
it loses its directional characteristics. It has been e=perimentally observed that increasin the size
of the sides does not reatly affect the beam width and directivity, but it increases the bandwidth
and radiation resistance. , he main lobe is somewhat broader for reflectors with finite sides
compared to that of infinite dimensions. , he hei ht th7 of the reflector is usually ta>en to be
about 1.%to 1.2 times reater than the total len th of the feed element, in order to reduce
radiation toward the bac>re ion from the ends.

o he analysis for the field radiated by a source in the presence of a corner reflector is facilitated
when the included an le 607 of the reflector is o = @, where n is an inte er 6o = 1w, TG T

1@, etc.7. Cor these cases (a =1"&, *&, 6&, 42, etc.)it is possible to find a system of ima es,
which when properly placed in the absence of the reflector plates, form an array that yields the
same field within the space formed by the reflector plates as the actual system.

» he number of ima es, polarity, and position is controlled by included an le and the polarization
of the feed element. , he cometrical and electrical arran ement of the ima es for corner
reflectors with included an les of *& 6& 42 and A&




Flate# 1

5_""'@Fae:l 90

Image#4 [;I)

Flate# 2
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(a1 90 cornerreflector PR FERIEEG
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Figured4.12 Geometrical placement and electrical polarity of images for a 90 comer reflector
with a parallel polarized feed.

PARABO) IC REF) ECTOR

If a beam of parallel rays is incident upon a reflector whose eometrical shape is a parabola, the
radiation will conver e or et focused at a spot which is >nown as the focal point. In the same
manner if a point source is placed at the focal point, the rays reflected by a parabolic reflector
will emer e as a parallel beam. , he symmetrical point on the parabolic surface is >nown as the
verteP. 3 ays that emer e in a parallel formation are usually said to be collimated. In practice,
collimation is often used to describe the hi hly directional characteristics of an antenna even
thou h the emanatin rays are not e=actly parallel. +ince the transmitter @receiver7 is placed at
the focal point of the parabola, the confi uration is usually >nown as front fed.

parabolic reflector can ta>e two different forms. <ne confi uration is that of the parabolic
r1 ht cylinder, whose ener y is collimated at a line that is parallel to the a=is of the cylinder
throu h the focal point of the reflector. , he most widely used feed for this type of a reflector is a
linear dipole, a linear array, or a slotted wave uide. , he other reflector confi uration is that
which is formed by rotatin the parabola around its a=is, and it is referred to as a paraboloid




@parabola of revolution7 : pyramidal or a conical horn has been widely utilized as a feed for this
arran ement.

CASSE1 RAIN REF) ECTORS

o he disadvanta e of the front-fed arran ement is that the transmission line from the feed must
usually be lon enou h to reach the transmittin or the receivin eluipment, which is usually
placed behind or below the reflector. , his may necessitate the use of lon transmission lines
whose losses may not be tolerable in many applications, especially in low-noise receivin
systems. In some applications, the transmittin or receivin eluipment is placed at the focal
point to avoid the need for lon transmission lines. However, in some of these applications,
especially for transmission that may reluire lar e amplifiers and for low-noise receivin systems
where coolin and weatherproofin may be necessary, the eluipment may be too heavy and
bul>y and will provide undesirable bloc>a e.

o he arran ement that avoids placin the feed @Gransmitter and@r receiver7 at the focal point is
that shown in G ure A16d7and it is >nown as the / asse rain feed. , hrou h eometrical optics,
/ asse rain, a famous astronomer 6- . / asse rain of Crance, hence its name7, showed that

incident parallel rays can be focused to a point by utilizin two reflectors. , 0 accomplish this,
the main €primary7 reflector must be a parabola, the secondary reflector 6tubreflector7 a
hyperbola, and the feed placed alon the a=is of the parabola usually at or near the verte=
/ asse rain used this scheme to construct optical telescopes, and then its desi n was copied for

use in radio freluency systems. Cor this arran ement, the rays that emanate from the feed
illuminate the +ubreflector and are reflected by it in the direction of the primary reflector, as if
they ori inated at the focal point of the parabola ¢primary reflector?. , he rays are then reflected
by the primary reflector and are converted to parallel rays, provided the primary reflector is a
parabola and the subreflector is a hyperbola. ) iffraction occurs at the ed es of the subreflector
and primary reflector and they must be ta>en into account to accurately predict the overall
system pattern, especially in re ions of low intensity. Oven in re ions of hi h intensity,
diffraction must be included if an accurate formation of the fine ripple structure of the pattern is
desired. 4 ith the / asse rain-feed arran ement, the transmittin and@r receivin eluipment can
be placed behind the primary reflector. , his scheme ma>es the system relatively more accessible
for servicin and ad%ustments.

/ asse rain desi ns, employin dual reflector surfaces, are used in applications where pattern
control is essential, such as in satellite round-based systems, and have efficiencies of 62-"&d .
o hey supersede the performance of the sin le-reflector front-fed arran ement by about 1&d .
Esin  eometrical optics, the classical / asse rain confi uration, consistin of a paraboloid
andhyperboloid, is desi ned to achieve a uniform phase front in the aperture of the paraboloid.
(y employin ood feed desi ns, this arran ement can achieve lower spillover and more
uniform illumination of the main reflector. In addition, sli ht shapin of one or both of the dual-
reflectors surfaces can lead to an aperture with almost uniform amplitude and phase with




substantial enhancement in ain. , hese are referred to as shaped reflectors. +hapin technilues
have been employed in dual-reflectors used in earth station applications.

o wo reflectors with ray eometry, with concept of eluivalent parabola, are shown in G ure A1*
o he use of a second reflector, which is usually referred to as the subreflector or subdish, ives an
additional de ree of freedom for achievin  ood performance in a number of different
applications. Cor an accurate description of its performance, diffraction technilues must be used
to ta>e into account diffractions from the ed es of the subreflector, especially when its diameter
is small.

In eneral, the / asse rain arran ement provides a variety of benefits, such as the

1. ability to place the feed in a convenient location

%reduction of spillover and minor lobe radiation

Aability to obtain an eluivalent focal len th much reater than the physical len th

4.capability for scannin and(@r broadenin of the beam by movin one of the reflectin
surfaces

Principle surface and \
squivalent parsbols

P S ——
i ‘ : = Virtual Feed

i
iy
e s

-—

B —

Lo

Figure 3.1% Equivalent parabola concepts.

» 0 achieve ood radiation characteristics, the subreflector must be few wavelen ths in diameter.
However, its presence introduces shadowin which is the principle limitation of its use as a
microwave antenna. , he shadowin can si nificantly de rade the ain of the system, unless the
main reflector is several wavelen ths in diameter. , herefore the / asse rain is usually attractive
for applications that reluire ains of 4& d( or reater. , here are, however, a variety of
technilues that can be used to minimize the aperture bloc>in by the subreflector. +ome of them
are minimum bloc>in with simple / asse rain, and twistin / asse rains for least bloc>in




Ho&n Antennas

(Clared wave uides that produce a nearly uniform phase front lar er than the wave uide itself.
/ onstructed in a variety of shapes such as sectoral 0-plane, sectoral H-plane, pyramidal, conical,
etc.

Ho&n Antennas *A lication A&eas

3. Esed as a feed element for lar e radio astronomy, satellite trac>in and communication
dishes.

G : common element of phased arrays.

L Esed in the calibration, other hi h- ain antennas.

4. Esed for ma>in electroma netic interference measurements

Rectan. ula&Ho& antenna:

rectan ular horn antenna is as shown in fi ure 4.6. , his is an e=tension of rectan ular wave

uide. , 0 1&mode is preferred for rectan ular horns.

Ci 4.6F3 ectan ular Horn antenna

Hod&n antennas are very popular at EHC 6A&&' Hz-A GHz7 and hi her freluencies dBe heard
of horn antennas operatin as hi h as 14&GHz7. Horn antennas often have a directional radiation

pattern with a hi h antenna ain, which can ran e up to %2 d( in some cases, with 1&%&d(
bein typical. Horn antennas have a wide impedance bandwidth, implyin that the input
impedance is slowly varyin over a wide freluency ran e 6which also implies low values
for +11 or 8 +4 37 , he bandwidth for practical horn antennas can be on the order of & 6for
instance, operatin from 1 GHz-%&GHz7, with a 1&1 bandwidth not bein uncommon.

o he ain of horn antennas often increases and the beamwidth decreases7 as the freluency of
operation is increased. , his is because the size of the horn aperture is always measured in
wavelen thsLat hi her freluencies the horn antenna is [R2lectrically lar er[Lthis is because a
hi her freluency has a smaller wavelen th. +ince the horn antenna has a fi=ed physical size say
a sluare aperture of %& cm across, for instance7, the aperture is more wavelen ths across at
hi her freluencies. : nd, a recurrin theme in antenna theory is that lar er antennas Gn terms of
wavelen ths in size7have hi her directivities.




Beam width, deg

Type of Aperture
Between First nulls Between Half power points

Uniformly illuminated 115
rectangular aperture or linear =
array

Uniformly illuminated circular
aperture

Optimum E-plane rectangular
horn

Optimum H-plane rectangular
horn

Horn antennas are typically fed by a section of a wave uide, as shown in Ci ure 4. , he
wave uide itself is often fed with a short dipole, which is shown in red in G ure 4. : wave uide
is simply a hollow, metal cavity ésee the wave uide tutorial7. 4 ave uides are used to uide
electroma netic ener y from one place to another. , he wave uide in G ure 4 is a rectan ular
wave uide of width band hei ht a, with b>a. , he 0-field distribution for the dominant mode is
shown in the lower part of Ci ure 1.

If
Feed

www.antenna-theory.com

;TTH 11t

b

Ci ure 4. 4 ave uide used as a feed to horn antennas.




( ic&st& Antennas

Int&duction

The Microstrip Patch Antenna is a single-layer design which consists generally of four parts
(patch, ground plane, substrate, and the feeding part). Patch antenna can be classified as single
— element resonant antenna. Once the frequency 15 given, everything (such as radiation pattern
input impedance, etc.) is fixed. The patch is a very thin (t<<Ag, where &y is the free space
wavelength) radiating metal stnip (or array of stnps) located on one side of a thin no
conducting substrate, the ground plane 15 the same metal located on the other side of the
substrate. The metallic patch is normally made of thin copper foil plated with a corrosion
resistive metal, such as gold, tin, or nickel. Many shapes of patches are designed some are
shown in figure (2.1) and the most popular shape is the rectangular and circular paich. The

substrate layer thickness is 0.01-0.05 of free-space wavelength (4,). It is used primarily to

provide proper spacing and mechanical support between the patch and 1ts ground plane. It 1s
also often used with high dielectric-constant material to load the patch and reduce 1ts size. The
substrate material should be low in insertion loss with a loss tangent of less than 0.005. In this
work we have used Arlon AD 410 with dielectric constant of 4.1 and tangent loss of 0.003.
Generally, substrate materials can be separated into three categories according to the dielectne
constant E7° [1].

1. Having a relative dielectric constant €7 in the range of 1.0-2.0. This type of

material can be air, polystyrene foam, or dielectric honeycomb.

2. Having &r 1n the range of 2.0~4.0 with matenal consisting mostly of liberglass

reinforced Teflon.

3. With an Er between 4 and 10. The material can consist of ceramic, quartz, or
alumina.

The advanlages of the microstrip antennas are small size, low profile, and lightweight,
conformable to planar and non planar surfaces. It demands a very little volume of the
structure when mounting. They are simple and cheap to manufacture using modern printed-
circuit technology. However, patch antennas have disadvantages. The main disadvantages of
the microstrip antennas are: low efficiency, narrow bandwidth of less than 5%, low RF power
due to the small separation between the radiation patch and the ground plane(not suitable for
high-power applications).

2.2. Types of Patch Antennas
There are a large number of shapes of microsinip patch antennas; they have been designed to
match specific characteristics. Some of the common types are shown in figure (2.1), for
millimeter wave frequencies, the most common types are rectangular, square, and circular
patches.




Square Circular disk Disk with slot

Rectangular Disk sektor Triangle

>

Circular ring Quintuple Elleps

Figure (2.1) the most common shapes of patch antennas

Choose of substrate 1~1 also important, we have to clunside; the temperature, humanity, and
other environmental ranges of operating. Thickness of the substrate h has a big effect on the
resonant frequency fr and bandwidth BW of the antenna. Bandwidth of the microstrip
antenna will increase with increasing of substrate thickness h but with limits, otherwise the
antenna will stop resonating.

2.3. Feeding Methods

There are many methods of feeding a microstrip antenna. The most popular methods are:

Microstrip Line.

Coaxial Probe (coplanar feed).
Proximity Coupling.

Aperture Coupling.




Because of the antenna 1s radiating from one side of the substrate, so 1t 1s easy lo feed it [rom
the other side (the ground plane), or from the side of the element.

The most important thing to be considered 15 the maximum transfer of power {(matching of the
feed line with the input impedance of the antenna), this will be discussed later in the section
of Impedance Matching.

Many good designs have been discarded because of their bad feeding. The designer can build
an antenna with good characteristics and good radiation parameter and high efficiency but
when feeding is bad, the total efficiency could be reduced to a low level which makes the
whole system to be rejected.

2.3.1 Microstrip Line Feed.

This method of feeding is very widely used because it is very simple to design and analyze,
and very easy to manufacture. Figure (2.2) shows a patch with microstrip line feed from the
side of the patch.

é—}’ge|

(a) (b)

Figure (2.2) Microstrip patch antenna with feed from side

The position of the feed point (Vg ) of the patch in figure (2.2b) has been discussed in details
in the section of Impedance Matching.

Feeding techmique of the patch in figure (2.2a) and figure (2.3) 18 discussed in [7]. It is wadely
used in both one patch antenna and multi-patches (array) antennas,

The impedance of the patch 1s given by [7]:

=905 (L)E

Er=1 W

The charactenistic impedance of the transition section should be:

Zr =450+ 2Z,

The width of the transition line 15 calculated from [7]:




&0 gd . Wr
=G+ 1= (2.3)

The width of the 50£) microstrip feed can be found using the equation (2 4) below:

120m
T 24
g Jereff( 1.393+%+§In{%+1.444}) (<)

Where Z, = 50(1
The length of the stnip can be found from (4.24)
R = cos?(~
in(x=0) — €OS (Ixa)
The length of the transition hine 1s quarter the wavelength:

i 2
4 41.,"5?‘&!'}'

il

F e fround plang

Figure (2.3) Rectangular microstrip patch antenna




UNIT*II

ANTENNA ARRAYS

Antenna A&Rays
: ntennas with a iven radiation pattern may be arran ed in a pattern line, circle, plane, etc.7to

yield a different radiation pattern.

: ntenna array - a confi uration of multiple antennas ¢elements7arran ed to achieve a iven
radiation pattern.

+imple antennas can be combined to achieve desired directional effects. Individual antennas are
called elements and the combination is an array

Ty es of A&ays

Oinear array - antenna elements arran ed alon a strai ht line.

/ ircular array - antenna elements arran ed around a circular rin .

. lanar array - antenna elements arran ed over some planar surface ee=ample - rectan ular array?7.
/ onformal array - antenna elements arran ed to conform two some non-planar surface such as
an aircraft s>in7.

Desi. n P&inci les of A&ays
o here are several array desi n variables which can be chan ed to achieve the overall array

pattern desi n.

: rray ) esi n 8 ariables

General array shape @inear, circular, planar7
0lement spacin .

0lement e=citation amplitude.

0lement e=citation phase.

. atterns of array elements.

Ty es of A&ays

( roadsideFma=imum radiation at ri ht an les to main a=is of antenna
Ond-fireFma=imum radiation alon the main a=is of antenna . hasedFall elements connected to
source
. arasiticFsome elements not connected to source
I , hey re-radiate power from other elements

Ya, i*Uda A&ay
<ften called 5 a i array

. arasitic, end-fire, unidirectional
<ne driven elementFdipole or folded dipole

<ne reflector behind driven element and sli htly lon er

<ne or more directors in front of driven element and sli htly shorter

Collinea&A &ay
: 1l elements alon same a=is




Esed to provide an omnidirectional horizontal pattern from a vertical antenna
/ oncentrates radiation in horizontal plane

B&oadside A&ay

( roadside array is one of the most commonly used antenna array in practice. , he array in
which a number of identical parallel antennas are arran ed alon a line perpendicular to
the line of array a=is is >nown as broadside array, which is shown in fi ure 6%17 In this,
the individual antennas are elually spaced alon a line and each element is fed with
current of elual ma nitude, all in the same phase.

o he radiation pattern of broadside array is bidirectional, which radiates elually well in
either direction of ma=imum radiation.

Direction of
maximum radiation

R

——rr(—dﬁ;—d

7
//
7
Z
A

ANT ANT
3 14
Y
fig 2.1 Board side array

>
L
=
P 272

End*Fi&e A&ay

o he array in which a number of identical antennas are spaced elually alon a line and
Individual elements are fed with currents of unelual phases G.e., with a phase shift of
1"&71s >nown as end fire array ., his array is similar to that of broadside array e=cept
that individual elements are fed in with, a phase shift of 1"&.In this, the direction of
radiation is coincides with the direction of the array a=is, which is shown in fi ure
6%




Array
axis
»  Direction of
Maximum radiation
fiz 2.2 End fire array

o he radiation pattern of end fire array is unidirectional. ( ut, the end fire array may be ( i
directional also. <ne such e=ample is a two element array, fed with elual current, 1" &
out of phase .

Collinea&A &ay

o he array in which antennas are arran ed end to end in a sin le line is >nown as collinear
array. the arran ement of collinear array, in which one antenna is stac>ed over another
antenna. +imilar to that of broadside array, the individual elements of the collinear array
are fed with elual in phase currents. : collinear array is a broadside radiator, in which
the direction of ma=imum radiation is perpendicular to the line of antenna. , he collinear
array is sometimes called as broadcast or <mni directional arrays because its radiation
pattern has circular symmetry with its main to be everywhere perpendicular to the
principal a=is.

A__lication of A&ays

: n array of antennas may be used in a variety of ways to improve the performance of a
communications system. . erhaps most important is its capability to cancel co channel
interferences. : n array wor>s on the premise that the desired si nal and unwanted co
channel interferences arrive from different directions. , he beam pattern of the array is
adlusted to suit the reluirements by combinin si nals from different antennas with
appropriate wei htin . : n array of antennas mounted on vehicles, ships, aircraft,
satellites, and base stations is e=pected to play an important role in fulfillin the
increased demand of channel reluirement for these services

ARRAY OF POINT SOURCES

: 33: 5 is an assembly of antennas in an electrical and eometrical of such a nature that
the radiation from each element add up to ive a ma=imum field intensity in a particular
directionZ cancels in other directions. : n important characteristic of an array is the
chan e of its radiation pattern in response to different e=citations of its antenna elements.

CASE3: Gisot& ic oint soudees of same am litude and hase

Far field
observation
point

I.l"_ =r— casf. 1) <




* Phase diffe€&ence=f dG¢cosN=0MJ *dGécosN
f =propa ation constant

. oint sources and : rrays and dr=f d=%3J*d =Path diffe&nce

EG=E=e¢5 (MO/G

M —E=¢5 ("MO/Q

s

o he total field stren th at a lar e distance r in the direction
Nis F
0 =017 0% 0&e=p6r*YGo] e=p6 VPGt
o hereforeFO = %) &osVYGo
dr§cos W= phase difference between 01 Z 0%Z YGs& N
0 &=amplitude of the field at a distance by sin le isotropic antenna
+ubstitutin for ¥ in 617Z normalizin
0=20 &/ <+@dMF*dGécosN/
Onor=/ <+6&dr(@§cosN/ for d=JGo
0=/ <+6MF&cosN/
: t NeVT00=1 .... oint of ma=ima= M%6or7 AM%o

. oint of minima=: t Ne&0=& ..&60r7V: t N==VA0=1F %Adb bandwidth point=+VA




CASEQG Gisot& ic_oint soud&ees of same am litude but o __osite __hase

4 Far field

& observation
. point
Dipole 2

C{ " =r —d cos?, == m

Dipole 1

o he total field stren th at a lar e distance r in the direction Nis F

0 =01] 0%0 &e=p6™*YFo-e=p6- 7V Got

. oint sources and : rrays

o hereforeF0 = %0 &1- 6YGd

W= phase difference between 01Z 0 %Y GedrGdcosN

0 &=amplitude of field at a distance by sin le isotropic the antenna
: t>=& 0=1. oint of ma=ima= &or7V

1 1 >=&N-MF00=&. oint of minima= M¥6or7-MYo

: t N2 VA0=1( %Adb bandwidth point= +MA

Patte&n multi lication:

o he total far-field radiation patternd) aof array6array patternconsists of the ori inal radiation
pattern of a sin le array element multiplyin with the ma nitude of the arrayfactora Ca, his is a

eneral property of antenna arrays and is called the principle of pattern multiplication.

o he total field pattern of an array of non-isotropic but similar sources is the multiplication of the
individual source pattern and the pattern of an array of isotropic point sources each located at the
phase centre of individual source and havin the relative amplitude and phase, where as the total




phase patterns is the addition of the phase pattern of the individual sources and the array of
isotropic point sources.

o otal field by an array is defined as
0=} 0&Ne7=0i1No7} =} 0piNo7 0patNe7}
=6 ultiplication of field patterns7 6 ddition of phase patterns7
4 here
0 -, otal field
0&No7= Cield pattern of individual source
0itN@7= Cield pattern of array of isotropic point source
0pitNoe7F . hase pattern of individual source
OpaNoF . hase pattern of array of isotropic point sources.
Hence, Nand ¢ are polar and azimuth an les respectively.

o he principle of multiplication of pattern is best suited for any number of similar
sources.

/ onsiderin a two dimensional case, the resultin pattern is iven by the eluation,
E=2FEVcosd -2

E =2 E: sinfcos4 -2.

Unifo&mly eScited ePually s aced linea&a&avs

) inea&a&ays of N*isot&o ic oint soudees of ePual am litude and s acin, :

: n array is said to be linear if the individual elements of the array are spaced elually alon a line
and uniform if the same are fed with currents of elual amplitude and havin a uniform phase
shift alon the line




CASE 3:) INEAR BROAD SIDE ARRAY

: n array is said to be broadside if the = +*&phase an le is such that it ma>es ma=imum
radiation perpendicular to the line of array i.e. *&Z % &

Cor broad side array Y=&Z S=&

o herefore ¥ =dr*cos¢ | S=fdcosd] &&

therefore gma— *&Z % &

B&adside a&ay eSam le fo&n=4 and d=QG

( 'y previous results we have ¢pma== *&Z % &

Di&ection of atte&n maSima:

0=61 @ 7sinYGo7 Gin6YGv

o his is ma=imum when numerator is ma=imum i.e. sinmYG1
nYGs £67%] 1 MYowhere >=&1,%.

K=&ma%r lobe ma=ima

K=1 n¥Y0s& AVGo¥V= A&

o herefore dr*cos¢=9MI*d*/ osdp=+AVE

cosd=+AG

¢ =6pma=7Tminor lobe= cos-1 6 AG7=+41.4&or £1A"'.6&dp= cos-1 6 2@7
which is not : t K=%possible

) irection of pattern minima or nulls It occurs when numerator=&
1.e. sinmVY@G7 =&nY G >V where >=1,%A

now usin condition S=&

Y =+%Va= £>VWodr*cosd= YMI*dGécosd

Hansen*Woodya&d End*fide A&ay (HWEFA)

o he end-fire arrays 0 C: 7have relatively lar e H. ( 4 as compared to broadside arrays.

o 0 enhance the directivity of an end-fire array, Hansen and 4 oodyard proposed that the phase
shift of an ordinary 0C:

B =+kd (14.1)
be increased as

2.94 .
H= —( kd + = J for a maximum at 8 =0°,

A LY

2941 .
B=+| kd + for a maximum at & =180°.

\

.-7\."




/ onditions 614.941 614.A7are >nown as the Hansenl 4 oodyard conditions for end-fire radiation.
o hey follow from a procedure for ma=imizin the directivity, which we outline below.
o he normalized pattern AFn of a uniform linear array is

[N
sin| — (kd cos@+ )

—

%U{d cos@+ f3)

if the ar ument y=>dcosO] f is sufficiently small ésee previous lecture?. 4 e are loo>in for an
optimal , which results in ma=imum directivity. 9et

f=-pd 614.27

where d is the array spacin and p is the optimization parameter. , hen,

sin %(}rcosé‘—p)

AF, = L
Ad(]rcos@—p)

Cor brevity, use the notation - d@s1. , hen

P sin[q(?r cos 6t — p)]

a n . -
g(kcosf—p)

or AF, = SIEZ , where Z =g(kcos@—p).

o he radiation intensity becomes




2 sm’Z

U(8) =|4F,

_ { sin|g(k — p)] 1 . |

U@=0
( : g(k—p)

[JF—?’J (9) = [;(9) — { : 2 Slnz ]- .

U@=0) \sinz Z

4 here

z=q(k—-p).
Z =q(kcosf— p).and
[/, (6) 1s normalized power pattern with respect to 8 =0°.

o he ) irectivity @ = 97 is

47U(0 =0)
R'ﬂd

D= (14.10)

where P4 :ﬁ:ht;’,,(@)d{l. To maximize the directivity, Uy = DB /47 1S

minimized.




SN =

“( c SmZJ sin@dede. (14.11)
00

£ ]r sill[q(ffCOSQ_p)]rsingd& (14.12)
q(kcos@—p)

2(2). (14.13)

¢ T cos2z—1 _ }
— )
2]»@'

+S1(2z
2z

Here, Si(z J (sint/t)dt . The minimum of g(z) occurs when

z=q(k-p)~-147, (14.14)

N
g e T

_L?\"T ¢ j?\'r
= j’z - jp:s—l.'—’t?_ where dp=—p

= %(cﬂc + [f)~-147

L T [ﬂd

2.94 _
— ] (14.15)
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Equation (14.15) gives the Hansen-Woodyard condition for improved directivity
along 8 =0°. Similarly, for 8 =180°,

294
—
p=o{ 2

+fra’}. (14.16)




Usually, conditions (14.15) and (14.16) are approximated by

£

5%¢[1rd+%}_ (14.17)

which is easier to remember and ives almost identical results since the curve @27 at its
minimum is fairly flat.

/ onditions 614.127-614.167, or 614.1; 7, ensure minimum beamwidth ma=imum directivity7in
the end-fire direction. , here is, however, a trade-off in the side-lobe level, which is hi her than
that of the ordinary 0C: . ( esides, conditions 614.127-614.167 have to be complemented by
additional reluirements, which would ensure low level of the radiation in the directionopposite
to the main lobe.

(a) Maximum at @ =0° [reminder: v = kd cos@+ [ ]

T 2.94
Weo-0 N

2.94

Since we want to have a mimimum of the pattern in the & =180° direction, we
must ensure that

| lpm1s0% 7 (14.19)

It is easier to remember the Hansen-4 oodyard conditions for ma=imum directivity in the
direction as N=&

294 &
e — R — Spabrd I 14.20
|W lo—0 v N |§f/ o180 ( )




(b) Maximum at ¢ =180°

2.94

Wo=180> —
294 ' N
p=kd+—— = A
N o100

2.94

=
f
4

Wo—pe = 2kd +

In order to have a minimum of the pattern in the 6 = 0° direction, we must ensure
that

¥ lo=0or 7 . (14.22)

We can now summarize the Hansen-Woodyard conditions for maximum
directivity in the € =180° direction as
294 7«
| W lo=180-= v—, Yo7 (14.23)
N N
If 614.1*7and 614.984 are not observed, the radiation in the opposite of the desired direction
mi ht even e=ceed the main beam level. It is easy to show that the complementary reluirement
ayaVat the opposite direction can be met if the followin relation is observedF

(14.24)

If N is large, d A /4. Thus, for a large uniform array. Hansen-Woodyard
condition can yield improved directivity only if the spacing between the array
elements 1s approximately 4/4.

Di&ecti- ity of a ) inea&A &ay




Di&ecti- ity of a BSA

sin{ % kd cos @ J

~
-

(14.25)

U(6)=|4F, =
ij kd cos@

U, U
D, :4:—rP” = L.-O : (14.26)
rad 'av

where U,, = B.q / (47). The radiation intensity in the direction of maximum
radiation & = 7 /2 n terms of AF, is unity:

Uy =Uy, =U@=7/2)=1,
— D, =Uzl. (14.27)

o he radiation intensity avera ed over all directions is calculated as

(N
& 5111[ 5 kdcos(:?]

. 1 9 ]
sinBdBd ¢ = ;I ~
<0 = kd cos @

i

/ han e variableF
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7= ; kdcos@ = dZ =— ; ked s1n 8d 6 . (14.28)

Nk
k3 } .
- 4 & -'{51112
.-"ml
Z

YN I

-

Nkd
1 % (sinZY
i | [E’m sz_ (14.30)
Nikd 4.\ Z

5

| az.

o he function is a relatively fast decayin function as Z increases. , hat is why, for lar e arrays,
where - >d@ois bi enou h6>%&7, the inte ral 614.A&7 can be appro=imated by

. j[smzj d7 == (14.31)

Nikd  Nkd’

—a0

x

A .
i, = 1 g”‘*dzzi\r(dJ_ (14.32)
U, T A

Substituting the length of the array L =(N —1)d in (14.32) yields

D, zz(uiJ[i]. (14.33
d \ 2

e —
N

For a large array (L>d).
(14.34)




Didecti-itv of o&dinady EFA

/ onsider an 0C: with ma=imum radiation at N= &, i.c., f=kkd

[sinr\—'lkd(cosﬁ—l) : 5
3 stJ

U@)=|4F,| ={—L= }:_
| atoma] | 12

2 kd(cos@ -1
5 (cos )

N e -
where Z = 7]{51 (cos@—1). The averaged radiation intensity 1s

gl
D

J SInBd o .

doemp - \]: Ty
{51112 I Sill@d@d(ﬁ:%".{ sinZ
Fi _O

N N, .
L= de(cos 0 —1) and dZ = _de sinfda .




1t follows that
. 1 2 _NTE( sinZ

" 2 Nkd Z

' av

]dZ._

- < N

§ {sinZ

e } dz . (14.37)
Nkd ,

Z
If ( Nkd ) 1s sufficiently large. the above integral can be approximated as

g 1 m[st
d 0

] PO
>

14.38
Nkd ( )

“ Nkd i\ z
The directivity then becomes
1 2Nkd d
D = :4N[—] (14.39)
U 4 A

The comparison of (14.39) and (14.32) shows that the directivity of an EFA 1s
approximately twice as large as the directivity of the BSA.

Another (equivalent) expression can be derived for D, of the EFA in terms of
the array length L = (N—1)4:

D0:4[1+£]£i}. (14.40)
\ d )\ A
For large arrays. the following approximation holds:

Dy=4L/ A if L>d. (14.41)

Di&ecti-ity of HW EFA

If the radiation has its ma=imum at N=& , then the minimum of U av is obtained as in 614.1 ATF

av

L.Tmin_ 1 2 |: Zmin :|2 |:£, Cos(zzm'm)_l
2

2k Nd | sinZ,;,

=5 +51(2zm)}. (14.42)

where Z,,, =—147~—-1/2.




Y[z 2 .
s Umin = L IJ 12 ygsr5 =088 (14.43)
Nikd\2) 12 « Nkd

The directivity 1s then

Nl ]
Dy=—t =2 ;89 4_.-’\-*(5] (14.44)
Upmn  ().878 A

\
.

From (14.44). we can see that using the HW conditions leads to improvement of
the directivity of the EFA with a factor of 1.789. Equation (14.44) can be
expressed via the length L of the array as

DO:l.789{4{1+§j(%”:1.789{4(£H. (14.45)

WA

Ad- anta. es of ) inea&A &ays With Nonunifodm Am litude Dist&bution

o he most often met ( +: s, classified accordin to the type of their e=citation amplitudes, areF
a7the uniform ( +: I relatively hi h directivity, but the side-lobe levels are hi hL

b7) olphl, schebyscheff 6or / hebyshev7( +: I fora iven number of elements, ma=imum
directivity is ne=t after that of the uniform ( +: Lside-lobe levels are the lowest in comparison
with the other two types of arrays for a iven directivityLL

c7binomial ( +: I does not have ood directivity but has very low side-lobe levels 6when d=J Go
, there are no side lobes at all7.

A&Ray Facto&of ) inea&A &ays With Nonunifodm Am litude Dist&bution

9et us consider a linear array with an even number 67417 of elements, located symmetrically
alon the (ra=is, with e=citation, which is also symmetrical with respect to z=&. Cor a broadside
: rray 66=&7




3 2M—
jlﬁm‘cost? j—kd cos@ _;"w lkdcose
AFe=gqe 2 +a,e 2 +---+aye 2
(15.1)
1 -3 2M-1
—j—kd cos@ —j—kdcos@ -
+ae 2 +daxe 2 +---t+dpe 2

kd cos@

i 2n—1
:>AF‘~’:22ancos( - }kdcosﬂ. (15.2)

n=1

If the linear array consists of an odd number 6/8/] 17 of elements, located symmetrically alon
the (Fa=is, the array factor is

AF° =2ay + q,eikdcos0  q.ejlkdcosd 4 g, e/Mkdcos®

4 G:G_jkd cosf | aie—jlﬂdcosﬂ - GMHe—ijd cosé




M+1
= AF° =2 ay, cos[(n —l)kdcosﬁ]

n=l1

EVEN- AND ODD-NUMBER ARRAYS




The normalized AF derived from (15.2) and (15.4) can be written in the form

JM
AFe =" aycos[(2n—1u], for N=2M, (1555
n=1
M+1
AF° =" a,cos|2(n—1u], for N=2M +1, (15.6)

n=l1

where 1 = %kd cos@ = jid cosd.

A

Binomial B&adside A&ay

o he binomial ( +: was investi ated and proposed by ,. +. +tone to synthesize patterns without
side lobes. Cirst, consider a % element array alon the (Fa=is7.

74

X

The elements of the array are identical and their excitations are the same. The
array factor 1s of the form

AF =14+ Z , where Z =el¥ = gi(kdcos6+f) (157}




If the spacing is d <A /2 and =0 (broad-side maximum), the array pattern
\AF| has no side lobes at all. This is proven as follows.

AF P=(1+cosy)? +sin’y =2(1+cosy) =4cos? (v /2)  (15.8)
where y/ = Id cos 8. The first null of the array factor 1s obtained from (15.8) as

1 27 T
. 'dCOSHHLJ :i

-

= :iarccos(i]. (15.9)

2 A 2 \ 2d

As long as d < A /2. the first null does not exist. It d=4/2, then 6,,, =0,

180°. Thus, 1n the “visible” range of &, all secondary lobes are eliminated.
Second, consider a 2—element array whose elements are identical and the

same as the array given above. The distance between the two arrays 1s again d.




This new array has an AF of the form

AF =(14+ZX1+Z)=14-2Z+7Z2. (15.10)
Since (1+ Z) has no side lobes, (1+ Z)* does not have side lobes either.
Continuing the process for an N-element array produces
AF =( - Z}¥. (15.11)
If d <A/2. the above 4F does not have side lobes regardless of the number of

elements N. The excitation amplitude distribution can be obtained easily by the
expansion of the binome in (15.11). Making use of Pascal’s triangle,

1

11

1 21
1331
14641
510 10 5

the relative e=citation amplitudes at each element of an 6H] 17-element array can be determined.
: n array with a binomial distribution of the e=citation amplitudes is called a binomial array. , he
e=citation distribution as iven by the binomial e=pansion ives the relative values of the
amplitudes. It is immediately seen that there is too wide variation of the amplitude, which is a
disadvanta e of the ( : s. , he overall efficiency of such an antenna would be low. ( esides, the
( : has relatively wide beam. Its H. ( 4 is the lar est as compared to the uniform ( +: or the
) olphl/ hebyshev array.




An approximate closed-form expression for the HPBW of a BA with
d=A/21s

g
106 _ 106 _ 1'7.‘ - (15.12)
JN-1 2L/2 |L/A
where L =(N—1)d 1s the array’s length. The AFs of 10-element broadside
binomial arrays (N = 10) are given below.
The directivity of a broadside BA with spacing d = A/2 can be calculated

HPBW =~

as

2
= __ (15.13)

CR—- . 2(N41)
J[COS{ECOSQH do
9,
0 | S

_(2N-2)-2N-4)-..-2
T @N—3)-@2N=5)-..1

Dy =1, 714N =1.771+2L{A . (15.15)

(15.14)

0




Dol h—Chebyshe- A&ay (DCA)

) olph proposed Gn 1*467 a method to desi n arrays with any desired side-lobe levels and any
H. (4 s., his method is based on the appro=imation of the pattern of the array by a / hebyshev
polynomial of order m, hi h enou h to meet the reluirement for the side-lobe levels. : )/ :
with no side lobes 6side-lobe level of Qg d( 7reduces to the binomial desi n.

/ hebyshev polynomials
o he / hebyshev polynomial of order m is defined by

.(—l)’” cosh(m -arccosh |z [), z< -1,

Tm(-')TOS(???'HTCCOS(-'))- =12 z=] (15.16)

cosh(m-arccosh(z)), z>1.

: / hebyshev polynomial 7m&J7 of any order m can be derived via a recursion formula, provided
Tmk 1607 and Tmk %07 are >nownF

Tm(—-): m-1(Z) — Tz (1517)
O0=plicitly, from 612.167we see that

m=0, I(z)=1
m=1. 1i(z)==:.

o hen, 612.1; 7producesF
m=2, E(z)=
m=3, Ta(z)=
m=4, T,(z)=8z*—8z% +1
m=3, T5(z)=16z>—20z>+5z, &ic.

If, (K1 then the / hebyshev polynomials are related to the cosine functions, see 612.167. 4 e can
always e=pand the function cosGmF7/ as a polynomial of cos6P7 of order m, e. ., for , m=%

cos2x=2cosZx—1. (15.18)




o he e=pansion of cosGnP7 can be done by observin that 6e?=7"=e™ and by ma>in use of
Ouler’s formula as

(cosx + jsmx)™ = cos(mx)+ jsin(mx). (15.19)

o he left side of the eluation is then e=panded and its real and ima inary parts are eluated to
those on the ri ht. +imilar relations hold for the hyperbolic cosine function cosh.

/ omparin the tri onometric relation in 612.1"7 with the e=pression for , o (27
above (see the e=panded / hebybshev polynomials after 612.1; 77, we see that the / hebyshev
ar ument 01is related to the cosine ar ument Pby

Z=COSX OI X =arccos:z. (15.20)

Cor e=ample, 612.1" 7 can be written asF

cos(2arccosz) = E[COS( arccos :)]' —1,

= cos(2arccosz) = 2z% —1 ; (1521)

. roperties of the / hebyshev polynomialsF
17: 1l polynomials of any order m pass throu h the point 61,17

% 4 ithin the ran e -1< (K1 the polynomials have values within sI 1, 1t.

A7: 11 nulls occur within -1< (K1

47, he ma=ima and minima in the Ons-1,1t ran e have values ] 1 and I 1, respectively.
27, he hi her the order of the polynomial, the steeper the slope for z>1.

/_hebyshev array desi n

o he main oal is to appro=imate the desired : Cwith a / hebyshev polynomial such that
* the side-lobe level meets the reluirements, and

* the main beam width is as small as possible.

: n array of H elements has an : Cappro=imated with a / hebyshev polynomial of order m, which

m=N-—1. (15.22)

In eneral, for a iven side-lobe level, the hi her the order m of the polynomial, the narrower the
beamwidth. However, for m > 1& the difference is not substantial I see the slopes Tm(0)of in the
previous fi ure. , he : C of an H-element array 612.27 or 612.67 is shaped by a / hebyshev
polynomial by reluirin that




M
Y apcos|(2n—lu), M=N/2, even
n=l1
M+1
> aycos|2(n—1u|. M =(N-1)/2, odd

h=l1

Here. 1 =(7nd / A)cos@. Let the side-lobe level be

Emax ] 3
Ry = = (voltage ratio). (15.24)
Eq  AFy

o hen, we reluire that the ma=imum of , - .1 is fi=ed at an ar ument zg6woa>17, where

T (z0) = Ro. (>.23)

Equation (15.25) corresponds to AF(u)=AF™%(15). Obviously, z, must
satisty the condition:
| &6 1, (15.26)
4 here , - -1>1 . , he ma=ima of a . .i6z7afor &a 1 are elual to unity and they correspond to the

side lobes of the : C. , hus, has side-lobe levels elual to <& , he AF is a polynomial of cosu ,
and the , - .171s a polynomial of O where 0is limited to the ran e

Since
—l<cosu<l.
the relation between = and cosu must be normalized as

cost =2/ 2.




Antenna (easudements

o estin of real antennas is fundamental to antenna theory. : 1l the antenna theory in the world doesnB
add up to a hill of beans if the antennas under test donBB perform as desired. Antenna ( easud&ements
is a science unto itselflLas a very ood antenna measurer once said to me D ood antenna measurements
donBB st happenD

4 hat e=actly are we loo>in for when we test or measure antennas?

( asically, we want to measure many of the fundamental parameters listed on the : ntenna ( asics pa e.
o he most common and desired measurements are an antennaBs radiation pattern includin antenna
ain ,) irectivity.

RePuided EPui_ment in Antenna (easu&ements

Cor antenna test eluipment, we will attempt to illuminate the test antenna ¢often called an : ntenna-
Ender-, est7 with a plane wave. , his will be appro=imated by usin a source Gransmittin 7 antenna
with >nown radiation pattern and characteristics, in such a way that the fields incident upon the test
antenna are appro=imately plane waves. ' ore will be discussed about this in the ne=t section. , he
reluired eluipment for antenna measurements includeF

source antenna and transmitter - , his antenna will have a >nown pattern that can be used to
illuminate the test antenna

receiver system - , his determines how much power is received by the test antenna

positionin system - , his system is used to rotate the test antenna relative to the source
antenna, to measure the radiation pattern as a function of an le.

Tesat Source
Antenna Antenna

| .
Pozitioning
Syatem

Transnutter

Recerver www.antenna-theory.com




UNITA0
WAO E PROPA1 ATIONA

1 &ound Wa-¢e P& a. ation:*

. ropa ation of 0' wave near earth surfaceGncludin troposphere74 hen the , ransmit and
3eceive antenna are on earth there can be multiple paths for communication. If the
o ransmit and 3eceive antenna are in line of si ht @®<+%hen direct path e=ist. , he
propa atin wave is called direct wave. 4 hen 0' wave encounters an interface between
two dissimilar media, a part of ener y will flow alon the interface Known as +urface
4 ave.: t9Cand "' Cthis is predominant mode of ener y transfer for vertically polarized
radiation. Interaction with the ob%cts on round will manifestas, 3 eflection, 3 efraction,
) iffraction, +catterin . 4 aves are collectively called as +pace 4 ave.

1 &und Reflection:

Transmitter Receiver
Direct wave

L

Re
cf Fccft‘d \\I AN e

In 9<+ model,the assumption is that there is only one path for propa ation of 0' 4 ave
from transmit antenna to receive antenna. , he two antennas are >ept in free space with
no other ob%cts intersectin radiation from transmitter antenna.lf two antennas are
situated close the round due to discontinuity in the electrical properties at the air

round interface any wave that falls on the round is reflected. , he amount of reflection
dependin on factors li>e an le of incidence,. olarization of wave, Olectrical . roperties
of the Ground i.e conductivity and dielectric constant,the freluency of the
propa atin wave., hus,the field at any point above the round is a vector sum of the
fields due to the direct and the reflected waves.

Didect Wa-e:*

It is limited toT line-of si htutransmission distances. , he limitin factors are antenna
hei ht and curvature of earth. , he 3 adiohorizonisabout" &l reaterthanline of si ht because
of diffraction effects. : . art of the si nal from the transmitter is bounced off the round
and reflected bac> to the receivin antenna. If the phase between the direct wave and the
reflected wave are not in phase can cause problems




) etune the antenna so that the reflected wave is too wea> to receive

Iransmitting Receiving

antenna / antenna

f_,__a—|-¢-— —d
e

d=d,+d = v2h, + -f:’.hl

d in miles, h; and h, in feet

SURFACE WAQ E
o ravels directly without reflection on round. <ccurs when both antennas are in 9<+

+pacewave bend near round follows a curved path. : ntennas must display a very low
an le of emission.. ower radiated must be in direction of the horizon instead of escapin in
s>y.: hi h ain and horizontally polarized antenna is recommended.

If dipole and the fieldpoints are on the surface of the earth but separated by a distanced, 4 e
have 3 =3 |=d and y=&
If round has finite conductivity@typically 1 & A+-Gin-A&* 1 & A+G@n7 then = -1,

o he 0C due to the direct and round reflected wave will cancel each other. , he 0C due to
the direct and round reflected wave is also >nown as surface wave. +urface wave
constitute the primary mode of propa ation for freluencies in the ran e of few KHz-
several ' Hz. In: ' broadcast application, : vertical monopole above the round is used
to radiate power in the ' 4 freluency b and., he receivers are placed very close to the
surface of the earth and hence they receive the broadcast si nal via surface wave. : chieve
. ropa ation over hundreds of >ilometers. : ttenuation factor of the surface wave depends
on

1. ) istance between the transmitter and receiver.
%, he freluency of the electrical properties of the round over which the

Ground propa ates. : t the surface of the earth the attenuation is also >nown as the
round wave attenuation factor and is desi nated as :

» he numerical distance p=6V3 Gy Tcosb, where b is the power factor an le b=tan-16] 1G7

4 here 3 is the distance between the transmit and receive antennas and yis iven as
r=9g@&

Cor y»r the power factor an le is nearly zero and the round is almost resistive.

Cor al' Hz wave propa atin over a round surface with ¢=1%1&A+Gn and,—=12 the

valve of yis 9%42.; and is much reater than,.

o he power factor an le is 4.92% : thi her freluencyl&® Hz the valve of y is %12; and

power factor an le becomes " %A%




Cor lar e numerical distance the attenuation factor decreases by a factor ofl&for every
decade i.e 9%&d( (decade., hus attenuation is inversely proportional to p and 3.

o he electric field intensity due to the surface wave is proportional to the product of : s u

and e G . , he 0Cdue to the surface wave at lar e distance from vertically polarized
antenna is inversely propositional to the surface of the distance or the power is inversely

propositional to 3 *.

o he 0C of a vertically polarized wave near the surface of the earth have a forward tilt.
o he ma nitude of the wave tilt depends on the conductivity and permittivity of the earth.
o he horizontal component is smaller than the vertical component and they are not in
phase. , he 0Cis elliptically polarized very close to the surface of the earth.

SPACE WAOE

o he space wave follows two distinct paths from the transmittin antenna to the receivin
antenna_ one throu h the air directly to the receivin antenna, the other reflected from the

round to the receivin antenna. , he primary path of the space wave is directly from the
transmittin antenna to the receivin antenna. +o, the receivin antenna must be located
within the radio horizon of the transmittin antenna. ( ecause space waves are refracted
sli htly, even when propa ated throu h the troposphere, the radio horizon is actually about
one-third farther than the line-of-si ht or natural horizon.

: 1thou h space waves suffer little round attenuation, they nevertheless are susceptible to
fadin ., his is because space waves actually follow two paths of different len ths édirect
path

and round reflected path7to the receivin site and, therefore, may arrive in or out of phase.
If these two component waves are received in phase, the result is a reinforced or stron er
si nal. 91>ewise, if they are received out of phase, they tend to cancel one another, which
results in a wea> or fadin si nal.

S9v Wa-e¢

o he s>y wave, often called the ionospheric wave, is radiated in an upward direction and
returned to Oarth at some distant location because of refraction from the ionosphere. , his
form of propa ation is relatively unaffected by the 0arth8 surface and can propa ate si nals
over reat distances. Esually the hi h freluency éhf7band is used for s>y wave propa ation.
o he followin in-depth study of the ionosphere and its effect on s>y waves will help you to
better understand the nature of s>y wave propa ation.




TROPOSPHERICPROPA1 ATION:

o he lowest part of the earth‘s atmosphere is called the troposphere. , ypically, the
troposphere e=tends from the surface of the earth to an altitude of appro=imately *>m at the
poles and 1; >m at the eluator. , his upper boundary is referred to as the tropo pause and is
defined as the point at which the temperature in the atmosphere be ins to increase with
hei ht. 4 ith in the troposphere, the temperature is found to decrease with altitude at a rate of
appro=imately ; o/ per>m., heearth‘sweathersystemisconfinedtothe troposphere and the
fluctuations in weather parameters li>e temperature, pressure and humidity cause the
refractive inde= of the air in this layer to vary from one point to an other. It is in this conte=t
that the troposphere assumes a vital role in the propa ation of radio waves at 8 HC 6A&
A& Hz7and EHC 6AS& A& HzTfreluencies. , he meteorolo ical conditions therefore
influence the manner in which radio wave propa ation occurs in the troposphere both on
a spatial and temporal scale.

Ref&acti- e IndeSBRef&acti- ity and ( odified Ref&cti- ity

o ranshorizon 3 adiowave . ropa ation due to 0 vaporation ) uctin ,, he 0ffect of
o Topospheric 4 eather / onditions on 8 HCand EHC 3 adio . aths <ver the +ea

In eneral, the refractive inde=, n, of the troposphere decreases with altitude , o simplify
the mathematics involved variations in the horizontal are ne lected and horizontal
homo eneity of the refractive inde= of the troposphere is assumed in most discussions
on this topic.: typical value for natsea levelisl.&&&A2&: fewsabove sea level,this mi ht
decrease to a value such as1.&8&8A&&Cor all practical purposes,at this scale,this chan e in
the refractive inde= is ne li ibly small,with hardly any visible deviation. However,
immediately above the surface of the sea ,it is often this smallébut rapid7 chan e in the
refractive inde= profile that facilitates the formation of meteorolo ical phenomena called
evaporation ducts .: convenient way of e=pressin these unwieldy numbers is to use
the concept of refractivity instead. 3 efractivity, - , is defined as followsF

- =@l 17*1&

+0, for e=ample, when n=1.8882& - =&
well->nown appro=imation for refractivity - is iven below

g 20
T |

4810 * ¢ )
i

4 here . =total atmospheric pressure 6in mb7L, = atmospheric temperature GnK7L
e=water vapour pressure Gn mb7.

: 11 three terms, .,, and e fall with hei ht in an e=ponential manner, resultin in a
correspondin decrease in - with hei ht. : standard atmosphere, therefore is one in which
the refractivity varies with altitude accordin to eluation. Esin +nell‘s law, a radio ray
pro%cted into the atmosphere will have to travel from a denser to rarer medium and will
refract downwards towards the surface of the earth. , he curvature of the ray, however, will
still be less than the earth‘s curvature. , he radient of refractivity in this case enerally




varies from &ol; *- - units per >ilo. 4 hen the refractivity radient varies froml; *tol
12; - -units per >ilo, as uper refractive condition is said to prevail in the troposphere and the
ray will refract downwards at a rate reater than standard but less than the curvature of the
earth. : refractivity radient that is even lessthanl 12; - -units per >ilo will result in array
that refracts to wards the earth‘s surface with a curvature that e=ceeds the curvature of the
earth., his situation is referred to a strappin and is of particular importance in the conte=t of
evaporation ducts. Cinally, if the refractivity radientis reater than & units per >ilo, a sub

refractive condition e=ists and a radio ray will now refract upwards, away from the surface
of the earth.

) ependin on the e=istin conditions in the troposphere, a radio wave will under o any of
the types of refractionF sub refraction, standard refraction, super refraction or trappin .
Ci urel illustrates the four refractive conditions discussed above.

4 hile dealin with radio propa ation profiles, the curved radio rays are replaced with line
arrays for the purpose of eometric simplicity., o account for drawin radio rays as strai ht
lines, the earth radius has to be increased. , he radius of this virtual sphere is

Subrefiracticn :__;’

Known as the effective earth radius and it is appro=imately elual to four-thirds the true
radius of the earthG.e. rou hly "2&%m7: more classical form of representin n is that of
modified refractivity, ' . In this case, the surface of the earth is represented by a flat plane
and the radio rays are constituted by curves that are determined by +nell‘s law and the

correspondin value of ' at each point alon the radio lin>. , he followin is the e=pression
for'

M=N+ x #10°

iy

- 1&12;h,

4 here - =refractivity Gn - -units7.h=hei ht above sea level@Gns7a=radius of the earth Gn s7.

Fo&mation of E-a o&ation Ducts

o he air that is in immediate contact with these a surface is saturated with water vapour. : s
the hei ht increases, the water vapour pressure in the atmosphere rapidly decreases until it
reaches an ambient value at which it remains more or less static for a further increase in




hei ht. , here fore, for the first fews above the surface of the sea, it is the water vapour

pressure, e, in the e=pression for - that dominates. , his rapid decrease in e causes a steep
fall in - .

o his is reflected in the modified refractivity , ' , which also correspondin ly decreases.6 he
hei ht term h,which increases,is more than off set by the rapidly decreasin - term?7 , his
behavior can be seen in the raph of h vs'

Region of the troposphere
dominated by a rapid

Evaporation "Ill decrease in hunmdity

duct height |
] L

sea surface

: s that portion of the curve with a stron ne ative '  radient. , herefore, despite the fact
that the hei ht h is increasin , it is the sharp fall in the water vapour pressure, e, that
contributes to the rapid decrease in'

<nce ¢ has reached its ambient value at a iven hei ht, a further rise in altitude does not
cause a substantial chan e in the humidity of the troposphere., hus,as h increases further,-
decreases more €since air pressure and temperature both decrease with hei ht7 ( ut this
decrease in - is very small over lar e hei ht increments. / onseluently, despite a decreasin
- term, it is the h term that starts to domain at e in the e=pression for' ., hus,

now radually increases with hei ht, and can be seen as the portion of the curve that has
apositive'  radient.

o he point at which the '  radient chan es from ne ative to positive is referred to as the
evaporation duct hei htéor thic>ness7and is a practical and realistic measure of the stren th
of the evaporation duct.

E-a o&tion Ducts and the T& os hed&e

(y virtue of their nature of formation, evaporation ducts are nearly permanent features over
the sea surface. , ypically, the hei ht of an evaporation duct is of the order of only a fewsL
however, this can vary considerably with eo raphical location and chan es in atmospheric
parameters such as humidity, air pressure and temperature. In the lower re ions of the
troposphere where the earth‘s weather is confined, these parameters do, in fact, fluctuate
si nificantly. , he turbulent nature of the atmosphere contributes to its unpredictability and
a variable atmosphere, in turn, is one of the ma%r causes of unreliable wireless
communications. ) ependin on their location and the prevailin climate, evaporation duct
hei hts may vary from a few meters to few tens of meters. : dditionally,it is observed that
calm sea conditions are more conducive for the creation of ducts. : s a conseluence of
sporadic meteorolo ical phenomena, evaporation duct hei hts under o si nificant spatial
and temporal variations. Ovaporation ducts are weather-related phenomenal their hei hts
cannot easily be measured directly usin instruments li>e refractometers and radiosondes.




: t best, the hei ht of an evaporation duct can be deduced from the bul> meteorolo ical
parameters that are representative of the on oin physical processes at the air-sea
boundary., he dependence of evaporation ducts on the physical structure of the troposphere
si nifies that chan in weather conditions can indeed result in alterations in radio wave
propa ation.

E-a o&ation Ducts and Radio Wa-e P& a, ation

<ver the years, much research has been underta>en to e=plain the mechanism of radio wave
propa ation in evaporation ducts. : >ey reason why evaporation ducts are so important for
radio communications is because they are often associated with enhanced si nal stren ths at
receivers. : n evaporation duct can be re arded as a natural wave uide that steers the radio
si nal from the transmitter to a receiver that may be situated well beyond the radio horizon.
o he drop in the refractive inde= of the atmosphere with in the first few meters above the
surface of the sea causes incident radio waves to be refracted towards the earth more than
normal so that their radius of curvature becomes less than or elual to that of the earth‘s
surface. , he sudden chan e in the atmosphere‘s refractivity at the top of the duct causes the
radio waves to refract bac> into the duct, and when it comes in contact with the surface of
the sea, it ets reflected upwards a ain. , he waves then propa ate lon ran es by means of
successive reflections@refractions7rom the top of the duct and the surface of the earth.

+ince the top of an evaporation duct is not (olid‘6as in the case of an actual wave uide7,
there will be a small but finite amount of ener y lea>a e in to the freespace immediately
above the duct. However, despite this escape of ener y, radiowaves are still capable of

travellin  reat distances throu h the duct, with relatively small attenuation and path loss.
o he ductin effect of ten results in radio si nals reachin places that are beyond the radio
horizon with improved si nal stren ths. , his naturally has far reachin implications on
practical radio propa ation patterns. Cor this reason, evaporation ducts and their impact on
radio wave propa ation have been studied e=tensively over the years. - umerous statistical
models have been proposed to describe evaporation ducts and compute the duct hei hts
under different atmospheric conditions.

o he presence of evaporation ducts mi ht not always indicate enhanced si nal stren ths. Cor
instance, if there is an un wanted distant transmitter also located with in the duct, then there
is always the possibility of the system under consideration bein susceptible to si nal
interference and interception. , his is dependent on the location of the radio paths bein
investi ated. : n other scenario that mi ht arise is the interference between the various
propa ation modes that e=ist within the evaporation duct itself. ) ependin on the separation
of the transmitter and receiver and the prevailin atmospheric conditions, there could be
destructive interference between the direct and reflected rays, the latter of which is
comprised of the various multiple hop 6one-hop, two-hop, and so on7 propa ation modes.
: dditionally, si nal de radation may also occur if there is destructive interference between
various modes that arrive at the receiver after refraction from different hei hts in the
troposphere. : 1l these situations could possibly cause >ey problems in the domain of
cellular mobile communication systems in littoral re ions. , hus, in addition to aidin radio
wave propa ation, evaporation ducts could also be principal limitin factors in beyond line
of si ht over-the-sea EHCpropa ation.




UNIT 0
WAOE PROPA1 ATIONAI

Int&duction of SOv Wa-e P& a. ation o&KIONOSPERIC Wa-e P& a. ation

" edium and hi h freluencies of %to A&' Hz
3 eflection from the ionized re ion in the upper atmosphere called Ionosphere &&Km
to 4&Km above earth surface?.
Ionosphere I act as a reflected surface
" ore than AX' Hz- not reflected Z penetrate into lonosphere.
3 efection from Ionosphere called as ionosphere propa ation.
+uitable for %to A&' Hz called as short wave propa ation.
9on distance point to point communication called as point to point propa ation.
. ossible with multiple reflection e=tremely lon distance communication.

STRUCTURE OF THE IONOSPHERE

: s we stated earlier, the ionosphere is the re ion of the atmosphere that e=tends from about
A& miles above the surface of the Oarth to about %2&miles. It is appropriately named the
ionosphere because it consists of several layers of electrically char ed as atoms called
ions. , he ions are formed by a process called ionization.

Ionization

Ionization occurs when hi h ener y ultraviolet 1i ht waves from the sun enter the
ionospheric re ion of the atmosphere, stri>e a as atom, and literally >noc> an electron free
from its parent atom. : normal atom is electrically neutral since it contains both a positive
proton in its nucleus and a ne ative orbitin electron. 4 hen the ne ative electron is
>noc>ed free from the atom, the atom becomes positively char ed 6called a positive ion7
and remains in space alon with the free electron, which is ne atively char ed. , his
process of upsettin electrical neutrality is >nown as I<- IM , I<- . , he free ne ative
electrons subseluently absorb part of the ultraviolet ener y, which initially freed them from
their atoms. : s the ultraviolet 1i ht wave continues to produce positive ions and
ne ative electrons, its intensity decreases because of the absorption of ener y by the free
electrons, and an ionized layer is formed.

o he rate at which ionization occurs depends on the density of atoms in the atmosphere and
the intensity of the ultraviolet li ht wave, which varies with the activity of the sun.

+ince the atmosphere is bombarded by ultraviolet li ht waves of different freluencies,
several ionized layers are formed at different altitudes. 9ower freluency ultraviolet waves
penetrate the
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atmosphere the leastL therefore, they produce ionized layers at the hi her altitudes.
/ onversely, ultraviolet waves of hi her freluencies penetrate deeper and produce layers at
the lower altitudes. : n important factor in determinin the density of ionized layers is the
elevation an le of the sun, which chan es freluently. Cor this reason, the hei ht and
thic>ness of the ionized layers vary, dependin on the time of day and even the season of
the year. 3 ecombination 3 ecall that the process of ionization involves ultraviolet li ht
waves >noc>in  electrons free from their atoms. : reverse process called
30/ <" (I-: ,I<- occurs when the free electrons and positive ions collide with each
other. +ince these collisions are inevitable, the positive ions return to their ori inal neutral
atom state.

o he recombination process also depends on the time of day. ( etween the hours of early
mornin and late afternoon, the rate of ionization e=ceeds the rate of recombination. ) urin
this period, the ionized layers reach their reatest density and e=ert ma=imum influence on
radio waves.

) urin the late afternoon and early evenin hours, however, the rate of recombination
e=ceeds the rate of ionization, and the density of the ionized layers be ins to decrease.
o hrou hout the ni ht, density continues to decrease, reachin a low point st before
sunrise.

Cour ) istinct 9ayers

o he ionosphere is composed of three layers desi nated ) , 0, and C, from lowest level to
hi hest level as shown in fi ure, , he C layer is further divided into two layers desi nated
Cl éhe lower layer7 and CY%6the hi her layer7. , he presence or absence of these layers in
the ionosphere and their hei ht above the Oarth varies with the position of the sun. : thi h
noon, radiation in the ionosphere directly above a iven point is reatest. : t ni ht it is
minimum. 4 hen the radiation is removed, many of the particles that were ionized
recombine. , he time interval between these conditions finds the position and number of the
ionized layers within the ionosphere chan in .




+ince the position of the sun varies daily, monthly, and yearly, with respect to a specified
point on Oarth, the e=act position and number of layers present are e=tremely difficult to
determine.

However, the followin eneral statements can be madeF

o he ) layer ran es from about A&to 22 miles. Ionization in the ) layer is low because it is
the lowest re ion of the ionosphere. , his layer has the ability to refract si nals of low
freluencies. Hi h freluencies pass ri ht throu h it and are attenuated. : fter sunset, the )
layer disappears because of the rapid recombination of ions.

b. o, he 0 layer limits are from about 22 to *& miles. , his layer is also >nown as the
Kennelly-

Heaviside layer, because these two men were the first to propose its e=istence. , he rate of
ionic recombination in this layer is rather rapid after sunset and the layer is almost one
by midni ht. , his layer has the ability to refract si nals as hi h as Y%&me ahertz. Cor this
reason, it is valuable for communications in ran es up to about 12&& miles.

c. o he C layer e=ists from about *&to %4&miles. ) urin the dayli ht hours, the C layer
separates into two layers, the Cl and Clayers. , he ionization level in these layers is luite
hi h and varies widely durin the day. : t noon, this portion of the atmosphere is closest to
the sun and the de ree of ionization is ma=imum. +ince the atmosphere is rarefied at these
hei hts, recombination occurs slowly after sunset. , herefore, a fairly constant ionized layer
is always present. , he C layers are responsible for hi h-freluency, lon distance
transmission.

REFRACTION IN THE IONOSPHERE

4 hen a radio wave is transmitted into an ionized layer, refraction, or bendin of the wave,
occurs. : s we discussed earlier, refraction is caused by an abrupt chan e in the velocity of
the upper part of a radio wave as it stri>es or enters a new medium. , he amount of
refraction that occurs depends on three main factorsFoél 7the density of ionization of the
layer, @4 the freluency of the radio wave, and 6A7the an le at which the wave enters the
layer.

) ensity of 9ayer the relationship between radio waves and ionization density. O ach ionized
layer has a central re ion of relatively dense ionization, which tapers off in intensity both
above and below the ma=imum re ion. : s a radio wave enters a re ion of I- / 30: +I- G
ionization, the increase in velocity of the upper part of the wave causes it to be bent bac>
0o <4 : 3) the Oarth. 4 hile the wave is in the hi hly dense center portion of the layer,
however, refraction occurs more slowly because the density of ionization is almost uniform.
: s the wave enters into the upper part of the layer of ) 0/ 30: +I- G ionization, the
velocity of the upper part of the wave decreases, and the wave is bent : 4 : 5 from the
Oarth.

If a wave stri>es a thin, very hi hly ionized layer, the wave may be bent bac> so rapidly
that it will appear to have been reflected instead of refracted bac> to Oarth. , o reflect a
radio wave, the hi hly ionized layer must be appro=imately no thic>er than one wavelen th
of the radio wave.

+ince the ionized layers are often several miles thic>, ionospheric reflection is more
li>ely to occur at lon wavelen ths ow freluencies?.
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Cditical F&Puenc
Cor any 1iven time, each ionospheric layer has a ma=imum freluency at which

radio waves can be transmitted vertically and refracted bac> to Oarth. , his freluency is
>nown as the / 3L, I/ : 9 C30HEO-/ 5. It is a term that you will hear freluently in any
discussion of radio wave propa ation.

3 adio waves transmitted at freluencies hi her than the critical freluency of a iven
layer will pass throu h the layer and be lost in spaceLbut if these same waves enter an
upper layer with a hi her critical freluency, they will be refracted bac> to Oarth. 3 adio
waves of freluencies lower than the critical freluency will also be refracted bac> to Oarth
unless they are absorbed or have been refracted from a lower layer. , he lower the
freluency of a radio wave, the more rapidly the wave is refracted by a iven de ree of
ionization. Ci ure %16 shows three separate waves of different freluencies enterin an
ionospheric layer at the same an le. - otice that the 2-me ahertz wave is refracted luite
sharply. , he %&me ahertz wave is refracted less sharply and returned to Oarth at a

reater distance. , he 1&&me ahertz wave is obviously reater than the critical freluency
for that ionized layer and, therefore, is not refracted but is passed into space.




(_aSimum Usable F&Puency

: s we discussed earlier, the hi her the freluency of a radio wave, the lower the rate of
refraction by an ionized layer. , herefore, for a iven an le of incidence and time of day,
there is a ma=imum freluency that can be used for communications between two iven
locations. , his freluency is >nownasthe' : el' E' E+: (90 C30HEO- /5 muf7

4 aves at freluencies above the muf are normally refracted so slowly that they return to
Oarth beyond the desired location, or pass on throu h the ionosphere and are lost. 5 ou
should understand, however, that use of an established muf certainly does not uarantee
successful communications between a transmittin site and a receivin site. 8 ariations in
the ionosphere may occur at any time and conseluently raise or lower the predetermined
muf. , his is particularly true for radio waves bein refracted by the hi hly variable C%
layer. , he muf is hi hest around noon when ultraviolet 1i ht waves from the sun are the
most intense. It then drops rather sharply as recombination be ins to ta>e place.
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) oWest Usable F&ePuency

: s there is a ma=imum operatin freluency that can be used for communications
between two points, there is also a minimum operatin freluency. , his is >nown as the
9<4 0+, E+: (90 C30HEO- /5 duf7. : s the freluency of a radio wave is lowered,
the rate of refraction increases. +0 a wave whose freluency is below the established luf is
refracted bac>to Oarth at a shorter distance than desired, as shown in fi ure
o he transmission path that results from the rate of refraction is not the only factor

that determines the luf. : s a freluency is lowered, absorption of the radio wave increases.

wave whose freluency is too low is absorbed to such an e=tent that it is too wea> for
reception. 9i>ewise, atmospheric noise is reater at lower freluenciesL thus, a low-
freluency radio wave may have an unacceptable si nal-to-noise ratio. Cor a iven an le
of incidence and set of ionospheric conditions, the luf for successful communications
between two locations depends on the refraction properties of the ionosphere, absorption
considerations, and the amount of atmospheric noise present.

O _timum Wo&in. F&Puency
- either the muf nor the luf is a practical operatin freluency. 4 hile radio waves at the luf

can be refracted bac> to Oarth at the desired location, the si nal-to-noise ratio is still much
lower than at the hi her freluencies, and the probability of multipath propa ation is much

reater. <peratin at or near the muf can result in freluent si nal fadin and dropouts when
ionospheric variations alter the len th of the transmission path. , he most practical
operatin freluency is one that you can rely on with the least amount of problems. It
should be hi h enou h to avoid the problems of multipath, absorption, and noise
encountered at the lower freluenciesLbut not so hi h as to result in the adverse effects of
rapid chan es in the ionosphere. : freluency that meets the above criteria has been
established and is >nown as the <., I' E' 4 <3KI- G C30HEO- /5. It is abbreviated
otD from the initial letters of the Crench words for optimum wor>in freluency,
Otreluence optimum de travail.D, he fot is rou hly about "2 percent of the muf but the
actual percenta e varies and may be either considerably more or less than "2 percent.

S9i Distance/S9i 2 one

o he relationship between the s>y wave s>ip distance, the s>ip zone, and the round wave
covera €., he +KI. ) I+, : - / 0 is the distance from the transmitter to the point where the
s>y wave is first returned to Oarth. , he size of the s>ip distance depends on the freluency
of the wave, the an le of incidence, and the de ree of ionization present.

The SDIP 2 ONE is a zone of silence between the point where the round wave becomes
too wea> for reception and the point where the s>y wave is first returned to Oarth. , he size
of the s>ip zone depends on the e=tent of the round wave covera e and the s>ip distance.
4 hen the round wave covera e is reat enou h or the s>ip distance is short enou h that
no zone of silence occurs, there is no s>ip zone. <ccasionally, the first s>y wave will return
to Oarth within the ran e of the round wave. If the s>y wave and round wave are nearly
of elual intensity, the s>y wave alternately reinforces and cancels the round wave, causin
severe fadin ., his is caused by the phase difference between the two waves, a result of the
lon er path traveled by the s>y wave.

) s>ip = % {stfmuf GcPelt




(U) TI*HOP PROPA1 ATIONS

o he covera e of transmission distance between transmitter and receiver in more than one
hop is called multi-hop propa ation.

o he lon est sin le hop propa ation is obtained when the transmitted ray is tan ential at the
earth surface.

» he ma=imum practical distance covered by a sin le hop is ¥&&&>m for 0 layer and 4&8&
>m for (Yolayer.

" ulti-hop propa ation paths occur when the semicircumference of the earth is ust over
Y& &&&>m.

0IRTUA) HI1 HT

) efined as the hei ht to which a short pulse of ener y sent vertically upward.

It will always be reater than the actual hei ht.

If it is >nown, it is easy to calculate the an le of incidence reluired for the wave to return
at a desired point.

o he measurement of virtual hei ht is normally carried out by means of an instrument
>nown as ionosonde.

H=/, s/ I velocity of li ht,, I 3 ound trip time.

ETHOD OF 0IRTUA) HI1T HT ( EASURE( ENT

o ransmit a si nal that consists pulses of 3 Cener y of short duration.

3 eceiver which is located close to the transmitter pic>s up both the direct and the
reflected si nals.

o he spacin between these si nals on the time a=is of / 3< ives a measurement of the
hei ht of the layer.

Eseful in transmission path calculations.




