netic nu,t,a]s dO, but unlike the feﬁ'r)-

. a o
Aner as mag et v
11 bulk resistivity. This means that at

permeability in the same ]‘ml‘ ave a hlgh 1als )

magnetic metals, they also ]‘t '.ndu(.'pd within the matenafs are practically
: ; currents 1 € g sltias Tor o ool

high frequencies, ijd) 3 .oilg can be made. Typical v = ; B are aroung

nonexistent, and high-@ co11f m. A high Jength-to-diameter ratio for the

100 and for resistivity 10,000 {2-c

AT irable.
1 ilitv. which is desirab o
rod gives a hlghfpeF;Tid:l(];:)tri’promise S ong ngeral factors. If the coil ig toq
The size of coll 1

of permeability with temperatyrg

: -od length, the change ¥ . .

long compared L9 thzlleO(cithgte e induCtE}n'Ce- If it lslioo'shor:ilthe Q ‘A‘nll

N I'mtl'(rzleathe coil on the core is critical as e t:r(S);EC: mae > ffective
1 5 X

B 1 O\v‘lﬁf'st’l'tliosna finction of position on the rod,i‘a_ng‘ziauy T ;I:um at

phe1 meatl : tyo a minimum at either end. The coil 15 U ar the

the center . _

quarter-point, allowing adjustment

in either direction to trim the coil indye-
1 d, the must,
4 i< mounted on the same rod, theywmust e
_ When more than one c01l.1s . : T
telmced t opposite ends to minimize 1nteract1'on betweend.f =
p aCeT}il cf))ill) of wire on the ferrite rod is basically a modified loop antenna, sq
e .
the induced maximum emf appearing a

V, = wBANF, . (16.143)

t its terminals is given by

i _ Ao " : h, ranging from unity for
— modifvine factor accounting for coil length,
Nt ;r;lc;rlt };loilgs to about 0.7 for one that extends the full length of the

rod

effective relative permeability of the rod, as measured for the
actual coil position

A = rod cross-sectional area

I

I,

An expression for the effective length of a ferrite rod antenna can be derived
by combining Egs. (B.4), (B.8), (16.9.1), and (16.14.3) to givg

OrANF
etr = ——)\—& (16.14.4)

Since the voltage appearing at the terminals is of more importance in a
receiving antenna, the factor Q¢ i is often given as a figure of merit for rod
antennas. The directional properties of the ferrite-rod antenna are similar to
those of the loop antenna, although the null may not be quite so pronounced.

Nonresonant Antennas

Long-wire Antenna

The long-wire antenna is just that, a wire SeVerai iv‘vavelengths in length that

is suspended at some height above the e ST end
and has a resisti ‘ arth. The wire is driven at one

e ve termination at the remote end that is matched to the char- |
a(ft;instlc impedance of the line at that end. Th13 forina & transmission line
with 2 ground return and a matched termination, When an alternating cur”

- rent wave is transmitted down this Tns towardithe tomiaatad. ond, about ©

s

= ‘:_Q’ LR Alt R el s
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half ot

e Orf;(t)ihe energy is radiated into space. Since there i8 No rcﬂf‘:(,tl(()): i

rega,rdl returp wave exists, and no standing waves APPER t radiated, 2
88 of its length-to-wavelength ratio. Of the energy 1o

Small 5 avelength ratio.

X g ; Yot »d in the
s mount ig dissipated in the wire, and the remainder 18 dissipate
rmlgat.lng resistance, ;
: The 10
tion pat

at the far
wir(! ’

: . adia-
Dg wire is illustrated in Fig. 16.15.1(a), with 1ts h(mz‘:ﬁ:‘z\c&on at
> tern. The radiation pattern shown would be true for any : "1 tea
!’lght. angles to the wire if the wire were mounted in free space: Usu? 4 » most
fraction of a wavelength above the ground, and ground reflections Cdus;;l pos
o_f the energy to be radiated upward so that the vertical pattern Wou X
single lobe of twice the strength of the horizontal lobes. : has a com-
This antenna is not often used because it is not very efﬁ.cxent, = gmit-
Paratively low gain, and takes up a lot of space. Also, matching the trgnt o
ter to the line can be a problem. However, since no standing waves eXlS r; the
antenna has no resonances, and as long as the length of the wire ﬁe; 1 A
range 2\ to 10\, its characteristics remain relatively constant for a I;,eqoint-
cies in that range. It is thus used as a broadband antenna for 10%-01:);}{5 The
to-point communications, especially in the HF band from kO 3h' r;d
upward tilt of the pattern lends itself to skywave propagation in e

» | WW%”
7 Direction and

wire axis

Horizontal Vertical

(a)

b s
|

Horizontal Vertical

{Viewed from top)

(b)

Figure 16.15.1 Nonresonant antennas. (a) Long-wire antenna

with its horizontal and vertical radiation patterns. (b) Rhombic
antenna with its horizontal and vertical radiation patterns.
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ic Antenna ;
Rhombic A . amond-shaped layout. It is an

. s name from 18 d . .
The rhombic antenna tal::ie:d Iong-wire antennas, laid out in the manner
terconn ame length and lies in

of four in
s g;zawny in Fig. 16.15.1(b). Each oft'he_foull‘ifeg?e};?iz t(})fesend e
ssion , ey
epaletins 1(1?\‘-;‘72’1: ;(1;3:;152131011 side toward the resistive term ination at

11311?: efg:cgrelc}i.m’i‘fsl}engths of the sides and the angle ¢ are intlerre.lated and
must be carefully chosen SO that the side lojbes cancel propsrly,Aanlng only 3
‘single main lobe lying along the main axis gf the rhom us.d tﬁam, groun

reflections cause the lobe to be tilted upward into the sky, an e amount of

i atar i f the length of the legs. ;
tilt is a function 0 gt that no reflections occur, and the

The resistive termination 18 chosen so ;
frequency range 18 broad,

antenna is untuned, as is the long-wire antenna. Its
ngle structure to be used over most of the HF

almost 10 to 1, allowing a si +izg) o
bands. It'is highly directional and, if the tilt is chosen properly, 1s ideal for

point-to-point skywave propagation. .
the range from 600 to 800 (); allowing

The feed-point impedance falls in .
1lel line, and the terminating resistor is in

direct feed with an open-wire para

the same range. The angle ¢ falls between 40° _and 75° and the leg length
between 2\ and 10\. The resulting directive gain obtained with the rhombic
ranges from 15 to 60. The physical structure is relatively simple and inexpen-
sive and usually takes the form of four poles placed at the apexes of the rhom-
bus and wires supported on tension insulators for the radiators. The feed line
-is a parallel line and can be any length within reason, although it is usual
practice to place the transmitter house near the feed end of the rhombus. For
example, a 2\ rhombic for 3 MHz would have diagonals of about 320 m long

by about 250 m wide. This antenna is not practical in an urban environment.

Driven Arrays

A linear array of antennas consists
L . of a number of basic ant
]‘;S“all}’ 2\ dipoles, equispaced out along a line referred to :s iizaaizmen?s’ :
alstfeiz;ta}bly g@slgg the radiation from each element, the directivit Zaix;)s :
o eratinm 5 nt;llmber of ways. To illustrate this, arrays of identical glement:
e f) HIIt iSe :::S;rgétt:}?gtmodﬁ will be considered, as sketched in Fig |
el : at each element is fed with G
:112 Iil;:idie”}zl)t with successive phase shifts «. Thus the cs;lrrégilis :fl e%lual
ment, I [(i —Da t%"the second, 7/a, to the third, I/2¢, and to th(; ntil ell.sei-:
convenience thjs.is 15:}::;?(-)15-1(‘};1) shaws the planewiof the array, and for
.  be the equatorial pl : -
successive 2 plane. The d
wavefronts is s cos ¢, and therefore the phase lefgacﬁ'ch:g:ﬁeﬁ

with respect to element ( i
. n—1) .
element n with respect to (n — 1)1?3(2“/}\)8 cos ¢. Thus the total phase lead of

i 2qr :
e s
i B b (16.16.1)
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VHF-UHF Antennas

/

Discone Omni

The discane antenna is designed to radiate an omnidirectional pattern in the
horizontal plane, with vertical polarization. It is a broadband antenna with
usable characteristics over a frequency range of nearly 10 : 1. It is usually
designed to be fed directly from a 50-() coaxial line and is mounted directly on
the end of that line. The discone is illustrated in Fig. 16.18.1(a).

This type of antenna is ideal for base-station operation for urban mobil.e
communications systems, since it gives a good omnidirectional pattern, 18
physically very compact and rugged, and is quite inexpensive to construct. Its

directional gain along th~ horizontal plane is comparable to that of the dipole
antenna.

Feed

|
|
|
|
|
Coaxial "‘l

reflector Helix
2 Plan
feed line reflector
(a) ®
a
g Xy wzpigie oall Gf
B TR S
- > =
X(u+l) .:’/1 L
e
=

Beam direction

Feed point

i ..k._‘L

(c)

Figure 16.18.1 VHF-UHF antennas. (a) Discone omnidirectional
antenna. (b) End-fire helix antenna. (c) Log-periodic dipole array.

Scanned by CamScanner



a cotl of wire., If the
h less than one ]

na i8 hasically
ry much

its lengt
will behave Ve
gince the cur-

Helical Antennéa

ent of a helical anten

ch less than one w;:vr-.lvngl.h,

r-fed, the whole gtructure
cadiating i1 the ‘,‘nnrmnl" mode |
the heli lc‘m} uctor, 1t8 actual v:e!t»(‘nt,y along

('!(3-355&: velocity. The velocity will be deter

f the helix coil, and the half-wave resonant Y

ye very much less than the free-space half-

of helix, the polarization 14 cellipti(:al. This

locations where it 18 not possible to

areas or on rooftops.

ely one wavelength, and the

fed, the helix radiates in an

cularly polarized waves. The

The radiator elem
helix diameter is mu
wavelength, and it is cente

like a compact dipole antenna,
pagate along

h less than fr
or and pitch 0

rent wave must pro
the axis will be muc

mined by the diamet
length of the helix will physically I
wavelength. For most combinations
type of antenna is sometimes used in
mount a full-sized dipole, such as in urban

If the helix diameter is made approximat
helix made several wavelengths long and end-

end-fire mode, producin w beam of cir
3-dB beam width obtainable with single helixes is on the order of 157 to 30°.

When used in this mode, the radiator is8 usually end-fed and a plane reflector
1 placed behind the feed end. The result is a highly directional antenna that
18 physically compact and that can be easily mounted on a movable table for
trackl.ng moving sources. Arrays of end-fire helixes are often used for tracking
satellites. These structures are much less expensive than the large parabola’;
used for radio astronomy and have been very popular with amateur satellite

trackers. The end-fire helix is illustrated in Fig. 16.18.1(b).

Log Periodic Antenna

g‘}l:;sl:gllinergodic antenna is ba‘sically an array of dipoles, fed with altern t

% 1%5 lgei(cl)JpTilong the axis of radiation. The structure is illustr tad1 s

.18.1(c). The element lengths and their spacing all conform to if‘ t’m
atio,

given as

T:;L('“L” =X(n+1)
L X (16.18.1)

% n

Also, the angle of divergence is given as

e

o= tan—l(g’i)
(16.18.2)

-station operations
gle antenna systérr‘iwia:rﬁiﬂ;
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Microwave Antennas

A

Horns
A :
\/ Radio waves can he radiatec

waveguide intoftmhatp ffransxtmn from the ch.am'ctermtm .impf‘fdanftp of the
cient nor very dis t'o 1"131513 space, and thf! mdlatmq resulting is neither effi-
ok Ty directive. This statg of affairs can be lrpprnvetl considerably by

arm‘g'out the end of the waveguide to form a hornlike structure. A gradual
transition can thus take place as the wave passes from the mouth of the horn.

' Narrow-mouthed horns with long flare sections produce sharper heams
than shallow, wide-mouthed ones. Also, the wider-mouthed horns tend to pro-
duce a wavefront with a distinct curvature, which is undesirable. The ideal
would be for the waves to leave the horn with a completely planar wavefront,
and to accomplish this a focusing mechanism, such as a curved reflector or a
lens, may be used with the horn.

Three types of horns are shown in Fig. 16.19.1. The first is the sectoral
horn, which is flared in only one plane [Fig. 16.19.1(a)]; the second is the py-
ramidal horn, which is flared in both planes [Fig. 16.19.1(b)]. Both of these
are used with rectangular waveguides. The third type is conical [Fig. 16.19.1(c)]
and is used with a circular waveguide to produce a circularly polarized beam.
Horn-type antennas do not provide very high directivity but are of simple,
rugged construction. This makes them ideal as primary feed antennas for
parabolic reflectors and lenses.

The choice of horn dimensions is dependent. on the desired beam angle
and directive gain and involves specification of the ratio of flare length to
wavelength L/\ and flare angle ¢, shown in Fig. 16.19.1(d).

2 5.7 /N

(a) (b) (c) (d)

1 directly from the end of a waveguide in the same

Figure 16.19.1 Microwave horn antennas. (a) Sectoral horn. (b)
Pyramidal horn. (c) Conical horn. (d) Horn flare dimensions.

Paraboloidal Reflector Antenna

The most widely used antenna for microwaves is the pargboloidal reﬂegtor
antenna, which consists of a primary antenna such as a dlpo!e or horn ig.l;-
ated at the focal point of a paraboloidal reflector, as shown in Flllg- 1%- 25
The mouth, or physical aperture, of the reflector is circular. and the refle
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LIi1o

and practical radiators are designed to e

isotropic radiator at the fi T ;
paraboloidal reflector ocal point will radiate spherical waves, and the
SERE T T C;)lnverts these to plane waves. Thus, over the aperture
e or, the wavefront is of constant amplitude and constant
The directivity of t : . .
Antonis GEMf y Of(;.hfilparal')olmdal reflector is a function of the primary
e e o y and the ratio of focal length to reflector diameter, f/D.
s lf(;, nown as t_he aperture number, determines the angular aperture
e Tetlector, ‘2‘1.' [F?g.. 16.19.3(a)], which in turn determines how much of
5 prl}llnary .radlatlon 18 intercepted by the reflector. Assuming that radiation
(F?m the prll:nary antenna is circularly symmetric about the reflector axis
— V) and is confined to angles s in the range —m/2 < \y < w/2, it is found
that the effective area is given by

liminate or minimize this. The

Ay = AL(D) (16.19.1)

where A = mD%4 is the physical area of the reflector aperture, and 1(6) is a
function, termed the aperture efficiency (or illumination efficiency), which
takes into account both the radiation pattern of the primary radiator and the
effect of the angular aperture. With the focal point outside the reflector, as
shown in Fig. 16.19.3(a) (which requires f/D > 1/4), the primary radiation at
the perimeter of the reflector will not be much reduced from that at the cen-
ter, and the reflector illumination approaches a uniform value. This increases
the aperture efficiency, but at the expense of spillover occurring. Making f/D
too large increases spillover to the extent that aperture efficiency then
decreases. Reducing f/D to less than 1/4 places the focal point inside the
reflector, as shown in Fig. 16.19.3(b). Here, no spillover occurs, but the illumi-
nation of the reflector tapers from a maximum at the center to zero within the
reflector region. This nonuniform illumination tends to reduce aperture effi-
ciency. Also, placing the primary antenna too close to the reflector results in
the reflector affecting the primary antenna impedance and radiation pattern,

Figure 16.19.3 (a) Focal point outside the reflector. (b) Focal point

inside the reflector.
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Chap. 16 / Antennas “

: diffi wn that the aperture effi-
ichizigch Lnbo) e ing from about 40°
::;l]il;, l:eaks Z:I;;glftals{g(;” . e ?ng.ular apertm’-l?hl;za:eglligonship between
to 70° depending on the primary radiatl °
aperture number and angular aperture 1

v (16.19.2
/ 0.25 cot(-z‘) .

D
o ber 18
Typically, for an angular aperture of 55°, the aperture i :

f 0.25 x 1.92 = 0.48

D

point should lie outside the mouth of the reflector,

i ined in prac-
factory results are obt@e
han intercepts the perimeter of the

Fig. 16.19.4.

This shows that the focal

since f/D is then greater than
tice if the main lobe of the primary antenna
dB level as shown 1n

reflector at the =9 to -10

Figure 16.19.4 Edge illumination from
> primary antenna is —9 to —10 dB below
that at the center.

On substituting wD*/4 for A in Eq. (16.19.1) and using Eq. (16.8.3) for
gain, we get

wD\2
Gis 1(9)(T) (16.19.3)

‘The beamwidth also depends on the primary radiator and its position. In

practice, it is found that for most types of feed —3- idth is gi
e metl typ eed the —3-dB beamwidth is given

70\
BW 5 4p) = = degrees (16.19.4)

and the beamwidth between nulls by

Scanned by CamScanner



nulls BW = 2IBW 4 am)!

140\
= —— degrees (16.19.5)

D

 EXAMPLE 16.19.1

Find the g;
e roctivtt 3 .
directivity, beamwidth, and eoffective area for a paraboloidal
mina-

reflector - : 3
antenna for which the reflector diameter is 6 m and the illu

tion i .
efficiency is 0.65. The frequency of operation is 10 GHz.
SOLUTION
¢ 300 x 10°
== —9—;70.03m:3cm
f 10 X 10°
2 2
nwD® 3.14 X6
A= —-= ~ 28.26 m’
4 4
Ay = 0.65A = 18.4 m”
4
Dy = — A= 257,000 (54.1 dB)
N
70N 70 X 0.03
BW("'3-dB) = D = == 0.350
6

BW(null) =X 0.35 = 0.700

Variations on the Parabolic Reflector

The parabolic reflector is. a favorite antenna for fixed point-to-point
microwave communications systems. It is relatively simple in construction,
and unless large in size, it 18 quite inexpensive. Huge steerable parabolic
dishes have been built for use with the radio telescopes, up to 200 ft in diame-
ter, and mounted on a movable turret that allows rotation in both the hori-
zontal and vertical directions to allow the tracking of moving targets such as
satellites and radio stars.

Antennas used for radioastronomy must utilize all their area for recep-
tion to get the highest efficiency and the lowest noise figure. Special feed sys-
tems are used so that the feed antenna is reduced in size or physically located
out of the path of the incoming radiation. Two types of feed are shown in Fig.
16.19.5. The first of these uses a dipole antenna, which normally radiates out-
side the parabola as well as onto it, but has a spherical reflector placed
directly behind the dipole to prevent direct radiation. The backlobe radiation
s reflected back at the parabola and is added to the main portion of the radi-

ation. Some tuning is necessary since the reflector position is different for dif-

ferent frequencies.

The second
16.19.5(b)]. The horn feed antenna, the paraboloid reflector,

boloid subreflector have a common axis of symmetry as shown,

method is known as the Cassegrain feed system [Fig.
and the hyper-

and the virtual
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Radiation Fields

An electric ¢ i ire i
s }lsn:iltlt In a wire is always surrounded by a magnetic field. When
ernating, the free electric charges 1in the wire are acceler-

ated, which gives rise t
: 0 an alternat; ; :
away from the wire in H ing electromagnetic field, which travels

e the form of an electromagnetic wave. (An analogy may

\lﬁﬁr:}? ?‘Zszjft;(;?lszdzgzg a-semirigid sheet being moved at constant vel-ocity,
effect imparts accele t'y air dlsplacement..lf the sheet is v1b_rated, which in
At ] ration to some areas of it, a sound wave will be generated

ravels through the air away from the sheet.)

. The tOta_l field originating from an alternating current in a wire is com-

p hocated, consisting of (1) an electric field component, that lags the current by
90 and.that decreases in amplitude as the cube of the distance; (2) an electro-
magnetic field (a combined electric and magnetic field) that is in phase with
the current and that decreases in amplitude as the square of the distance;
and (3) an electromagnetic field that leads the current by 90° and that
decreases in amplitude directly as the distance increases. Only the latter elec-
tromagnetic field reaches the receiver in a normal radio communications sys-
tem, where it appears to the receiving antenna as a plane transverse
electromagnetic (TEM) wave. The basic properties of a TEM wave are dis-
cussed in Appendix B. A useful rule of thumb is that for antennas for which
the largest dimension D is very much greater than the wavelength being radi-

ated (D > \), the far-field zone becomes the only significant one for distances
d greater than 2D?/A:

diZeiee (16.4.1)

: Nl

Polarization = =% A Aalion| O 5

In the far-field zone, the polarization of the wave is defined by the direction of
the electric field vector in relation to the direction of propagation. Linear
polarization is when the electric vector remains in the same plane, as shown
in Fig. 16.5.1(a). A linear polarized wave that is propagated across the earth’.s
surface is said to be vertically polarized when the electric field vector is verti-
cal and horizontally polarized when it is parallel to the earth’s surface. For

3 Direction of
1 1 l I propogation
, <

o l ‘ - L

® )
Figure 16.5.1 Linear polarization as viewed (a) on the axis of
oropagation and (b) along the direction of propagation. \/
1 )

7 X
AT
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Chap. 16 / Antennas

example, in North America, television transmissions are horizontal!y polar-
ized, and it will be observed that receiving antennas are also horizontally
mounted, whereas in the United Kingdom vertical polarization is used, and
there antennas are mounted vertically. %

In certain situations the electric vector may rotate about the line of
propagation. This can be caused, for example, by the interaction of the wave
with the earth’s magnetic field in the F, layer of the ionosphere. Rotation ?f
the electric vector can also be produced by the type of antenna use'd, and this
effect is put to good use in satellite communications, as described in Qhapter
19. The path traced out by the tip of the electric vector may be an ellipse, as
illustrated in Fig. 16.5.2, in which case it is referred to as elliptical polariza-
tion. If the rotation is in a clockwise direction when looking along the direc-
tion of propagation, the polarization is referred to as right-handed; if it is
anticlockwise, it is called left-handed. In Fig. 16.5.2(a) the direction of propa-
gation is into the paper, so the polarization is right-handed. A special case of
elliptical polarization is circular polarization, as illustrated in Fig. 16.5.3, and
both right-handed and left-handed circular polarization are used in satellite
communications systems as described later. Linear polarization can also be
considered to be a special case of elliptical polarization. As shown in Fig.
16.5.2, elliptical polarization can be resolved into two linear vectors, E and
Ey. Linear polarization results when one of these components is zero.

X
> X
A
’K
L
y
(2) (b)
Figure 16.5.2 Elliptical izati i
; polarization viewed 1 1
of propagation and (b) on the axis of propag:tio(na.) SR
X
K
e y
Figure 16.5.3 Circular propagation.
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To receive a maxi
must be th

D04

. - . . a
mum signal, the polarization of the receiving antenn

© 8ame as that of the transmitting antenna, which is defined to be
the same

antenna, ill
similar rec
maximum reception. If it i8
then only the com
will induce a sign

as that of the transmitted wave. For example, a wire dipole

ustrated in Fig. 16.5.4(a), will radiate a linear P"laﬁ.zed wave-rA
eiving dipole must be oriented parallel to the electn_c vector {::'

at some angle s, as illustrated in F'lg. 16 5.4(b),
ponent of the electric field parallel to the receiving antenna

al in it. This component is E cos s, and therefore the polar-
ization loss factor

is

5.1)
plf = cos (16.5

i in
A similar situation can exist with an aperture antenna as illustrated 1

Fig. 16.5.4(c). The angle s is the angle between the ir'lduced neld in't.hel ;xop:;'s
ture and the incoming electric field, and the polarization loss factor is a

~ o ) th
¥ in this case. In both cases the direction of propagation is normal to the

plane of the antenna.

Transmitting

Receiving
dipole E dipole
< {\
£ ;‘r' )
8 :. X |
| {
i v (2)
D / ,“‘: .
ol A
0 E Line of
B A  receiving dipole
% /
/

R Ficld it uced
M in aperture

(b) (<)

Figure i i i larization.
16.5.4 (a) Two dipoles aligned with the same polarizati
(b) Receiving dipole in the same plane as E but with polanzatll)ox;
misaligned. (c) Incoming wave E in same plane as aperture, bu
aperture polarization misaligned.
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Isotropic Radiator
. ) 3 : irections,” so an isotropic radiator
The word isotropic means “equally in all d‘rsz_tli\ star is an example of an

is one that radiates equally in all directio tical level, all
isotropic radiator of electromagnetic energy, but on a more pracul :

real antennas radiate better in some directifms th.an ot.he;Sv:I:;l ;::nfu;)toxt::
isotropic. However, the concept of an isotropic radiator 1san o
and provides a standard to which real .antenpas C T loss:
Furthermore, since this is a hypothetical radiator, it may ein T
less; that is, its efficiency is unity. Let P, represent t.he pg}rve‘r 1;8) o il
less isotropic radiator. Then since its efficiency is unity, this 18 ah gy Fi

radiated. Consider this antenna at the center of the sphe.re shown in flg~
16.3.1. Then, since any sphere has a solid angle of 47 steradians at its center,

the power per unit solid angle is =

P.=—= Wlsr (16.6.1)

This quantity is used as a standard to which real antennas can be compared.
Another useful quantity is the power density. The surface area of a sphet:e
of radius d is 417d2, and therefore the power density for the lossless isotropic
radiator is

P 2
P,.=—— W/m (16.6.2)
2 41'rd2

It can be seen that the power density and the power per unit solid angle are
related by

\ P i
SN ~ Bpi—ty (16.6.3)

Power Gain of an Antenna

For any practical antenna, the power per unit solid angle will vary depending
on the direction in which it is measured, and therefore it may be written gen-
erglly as a function of the angular coordinates 6 and ¢ as P(6, ¢). The power
gain of the antenna is then defined as the ratio of P(§, ¢)\ to the power per

unit solid angle radiated by a lossless isotropic radj - :
denoted by G(8, &), is ‘ pic radiator. The gain functllon,

P(6, $)

G(o, §) =
4wP(6, d)
fiup

8

(16.7.1)
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The gain function is
ured or, in some

For most a
which will be de

cas:swfr“ly ‘”lpf)rt;,nt antenna characteristic th;%t, can be meas-
e caleulated, and some examples will be given later.

r?ofer:lnsys,éhe gain functi.on_showzq a well-defined max'in“lum,
m> and the radiation pattern of the antenna is

G0, §)
800, d) = = (16.7.2)

™

The iati ; ,
max;;iilatlon pattern is seen to be simply the gain function normalized to 18
antenn n’i)vglue.. The maximum value Gy, is referred to as the gain of the
f 4, but this is only a gain in the sense that the antenna concentrates or

ocuses thg power in the maximum direction, It does not increase the total
power radiated.

Closely associated with the power gain is the directive gain of the
antenna. This is the ratio of P(0, ¢) to the average power per unit solid.angle
radiated by the actual antenna and is denoted by D(, &), {The average power
per unit sqlid angle is m,P, /4w, where 1, is the anterina efficiency and P, is
the power input, as before. Thiis the average is seeri to be equal to m4P;, and
therefore the directivity is related to power gain by ¢ s

G(6, b)
NA

(16.7.3)

D(O’ ¢) =

In particular, the maximum value of D(0, $) is termed the directivity, or direc-
tive gain, given by p

G
D=2 (16.7.4)
MA

When the gain function is plotted, a three-dimensional plot results, as
sketched in Fig. 16.7.1(a). The length of the line from the origin to any point
on the surface of the figure gives the gain in the direction of the point. The
maximum gain Gy, is shown, as well as the gain G(o,, ¢l) in the direction
(6, ¢1). Minor lobes, as indicated by G2 and G.3: also occur in general,/

In practice, two-dimensional plots are often used, one for the equatorial
plane and one for the meridian plane, the function g(8, ¢) usually being the
one that is plotted. In the equatorial plane this is denoted by g(¢), since 6 is \
constant, and in the meridian plane by g(0), since ¢ is constant. This is illus-

trated in the following example. o

— EXAMPLE 16.7.1

For the Hertzian dipole (to be described later), the radiation pattern is
described by g(8) = sin20 and g(d) = 1. Plot the polar diagrams. -

|_SOLUTION The polar diagrams are plotted in Fig. 16.7.1(b) and (c).

The —3-dB beamwidth of an antenna is the angle subtended at the cen-
ter of the polar diagram by the —3-dB gain lines. This is illustrated in Fig.

16.7.2, where the beamwidth is
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R | )
S

270°
(b) (<)

Figure 16.7.1 (a) Gain function G(8, ¢). (b) Polar diagram of fune-
tion g(8). (c) Polar diagram for function g(¢) for Example 16.7.1.
63 = 0y — 0, (16.7.5)
rEXAMPLE 16.7.2

Determine the ~3-dB beamwidth for the Hertzian dipole of Example 16.7.1.

SOLUTION  g(6,) = sin” 6, = 0.5, giving 0, = 45°. Also, 8(8y) = sin® 0, =
0.5, giving 8, = 135°. Therefore, '

2 B3 = 6, — 8, = 135° — 45° = g¢°

It will be observed from this example that the beamwidth applies only to

f.he 113e1iidjan plane for this, antenna, since the equatorial plane polar diagram
is a circle.
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gffective Area of an Antenna

Artenna
axis

0.5 (—3 dB)

1 (0 dB)

0.5 (—3 dB)

Figure 16.7.2 —3.dB Beamwidth of an antenna.

other than

In certain cases the beamwidth may beé specified for levels
mwidth

-3 dB, other common values being —10 and _60 dB. Obviously the bea
Jevel must be specified along with the peamnwidth.

Effective Area of an Antenna

a may be thought of as having an
¢ energy from the incident wave,

A reeeiving antenn
collec-

lects electromagneti

tor collects energy from 8 ;

far-field zone of the radiated wave, t
P W/m” of wave

TEM wave having a power density of Pp

antenna be at the center of a spherical coor

ing wave direction be specified by the angular coordinates (0, b) with refer-
ence to the antenna. The power delivered to a matched load (receiver) will be

a function of direction, and this is-taken into account by making the effective
area a function of direction; p is the power

front. Let the receiving

dinate system, and let the incom-

) that is, A = A(®, ¢). Thus, AR

delivered to 2 matched load,

16.8.1) serves as @ defining equation for effective area. The effec-
ve some maximum value A g called the effective area of the
the maximum Power gain i8 called the gain of the antenna.
rem, the effective area normalized to 1ts

lized power gain

As a result of the reciprocity theo
Jue has the same functional form as the norma

Equation (
tive area will ha

um va
[Eq. (16.7.2)1; that is,
\ A9, d)
. — =g, d) (16.8.2)
Aeff

It follows that Aeff is proportional to Gy, 1t can also be shown from the
reciprocity theorem that the constant of proportionality is the same for all

antennas: \2/4m. Thus i
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2
b (16.8.3)
41

Q
=

under transmitting conditions as

. . is measured
Thus, if the gain of an antenna 1 ditions can be found from Eq.

Gy, its effective area under receiving con
(16.8.3) to be

2
_ NGy (16.8.4)

This relationship was used, for example, in deriving Eq. (15-2-5) for frezi(a-shpace
transmission. Note that Gy takes into account a_mte_nna ef’ﬁgency, an 't ere-
fore so does the effective area. Often, in theoretlcgl ca‘llcul'atlonsf the directiv-
ity D is used in Eq. (16.8.4) instead of G, and this will give a higher value of
effective area since directivity excludes the antenna efficiency.

Another factor that can reduce the effective area is the mismatch factor,
given by Eq. (16.2.7). The effective area is reduced directly by this factor, and,
of course, if the antenna is matched to the line, no reduction occurs.

Previously, the effective area was shown to be a function of the angular
coordinates 6 and ¢. Defined this way, A(8, &) automatically takes into
account any loss resulting from polarization misalignment. However, it is
usually the maximum value A« of A8, $) that is known, as well as the polar-
ization loss factor plf, as given by Eq. (16.5.1). Since the plf is defined for elec-
tric field strength, and A for power, the reduction in Ay as a result of
polarization misalignment is (plf)2.

Effective Length of an Antenna

A?lthough the concept of effective area can be used with any antenna, it is par-
antennas. At lower frequencies, where the

array of conductors, an analogous concept, the effe £t
more useful. Pt ffec e length

For a receiving antenna, the o irew .
. ) pen circuit emf .
is V,, the Théveni i emi appearing at the terminals

Va=Ety (16.9.1)

Z‘;:c:gzcisive lenglfh Cogr as defined by Eq. (16.9.1) is the maximum value. The
G ength will in general be a function of § ang ¢, just as the eff ; ti
€@ 18 1n general, and with €eritis to b T S

ented : ; e 'understood that the antenna is ori-
. maximum induced emf, so, for example, the polarization loss factor
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effective length fi

ngth for tr it i

g : transmitting is the same as that for receivi The defini

; off Under transmitting conditi is in ter the eurrent disri

bution. The antenna curr ing conditions is in terms of the current distri-

e s Om}..tl‘mnt will vary a8 a function of physical length along

S IS N m.m (.\,‘11}10, IAnngth is defined such that the product of input

i s ]( ective length i8 equal to the area under the actual
3 0. Let I, represent the input terminal current; then

N ' L
L€y = area under current-length curve (16.9.2)

— EXAMPLE 16.9.1

F A : ' '

d Zlatl;l;f ﬁ)\ddl‘pole described in Section 16.11, the current-length curve may
. sumed to be I = I, cos B¢, where £ = 0 at the input terminals. Find
the effective length.

SOLUTION The physical length of the antenna is M2, and the average
current for the cosine distribution is

2
Iav T —IO
m
Thus
area = I, X physical length
2 N Ip\
==Iy- = <0,
w2 ™
Hence, from Eq. (16.9.2),
A
Coff = —
™

For low- and medium-frequency antennas that are mounted vertically
from the earth’s surface, the effective length is usually referred to as the
effective height Pog- This is directly related to the physical height. Effective
height must not be confused with the physical heights hp and hp introduced
in Section 15.3. For example a f})\ dipole may be mounted at some mast
d, but its effective length is always N/.

height h above the groun
Hertzian Dipole
The Hertzian dipole is a short linear antenna that, when radiating, is assumed
an antenna cannot be realized

nt along its length. Such
ntennas can be assumed to be made up of a number of
ted in series. The radiation properties of the Hertzian
dipole are readily calculated. This is useful in itself in. that it helps to illustrate
the general properties discussed in the previous sections, bu? also the proper-
ties of longer antennas can often be deduced by superimposing the results of

the chain of Hertzian dipoles making up the longer antenna.

to carry uniform curre
in practice, but longer a

Hertzian dipoles connec
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