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Big Picture: Signal Refraction at
Boundaries

Transmitter
antenna Radiation by antenna (Chapter 9)
h - Wave propagation in lossless medium (Chapter 7)
ta
———y ' : Wave refraction across a
ww AIl | poundary (Chapter 8)
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Receiver

/ antenna
Wave propagation in lossy 4/
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medium (Chapter 7)
A
( R >

Antenna reception (Chapter 9)

Figure 8-1: Signal path between a shipboard transmitter (Tx)
and a submarine receiver (Rx). EE3109, Jan - Apr 2025, L12-13 - Introduction to Antennas



Outline

* The Hertzian Dipole
* Electromagnetic (Near)-field
* Electromagnetic Far-field

* Antenna Parameters
* Radiation intensity S(R, 8, ¢) = S0 (R)F (6, P)
* Normalized radiation pattern F (60, ¢)
* Radiated Power P, 4

* Antenna Beam Parameters ([, (1)
* Directivity (D), Efficiency (¢) and Gain (G = éD)

* The Half-Wavelength Dipole
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Electric field lll‘lt‘.H
of radiated wave

Antenna Properties
Tlcll'l%lTllH‘-;lUl'l lll'ltf
1. An antenna is a transducer that @)

: . e Guided EM “"d\"ﬂ

converts a guided wave propagatingona  Yenerator
o : T ansiti

transmission line into an electromagnetic 11::1;;;’“
wave propagating in an unbounded Wave loanched
medium (usually free space), or vice into free space
versa (a) Transmission mode
2. Most antennas are reciprocal devices, w
exhibiting the same radiation pattern for Antenna
transmission as for reception. Transmission line )

Rec | —-—- @ o

Detector Guided EM waw\
. . . etector
3. Being a reciprocal device, an antenna, of receiver

when operating in the receiving mode, Tﬂ;jjg‘;:j;;*‘“ AN
can extract from an incident wave only Incident
that component of the wave whose e
electric field matches the antenna

polarization state.

~g— & F v A

(b) Reception mode

Figure 9-1: Antenna as a transducer between a guided
electromagnetic wave and a free-space wave, for both
transmission and reception.
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Examples of Antennas

i :Q Circular -]
plate |
- reflector
(a) Thin dipole (b) Biconical dipole (¢) Loop (d) Hehx
Radiating strip Coaxial feed Dielectric
/ substrate
@
I— | | Ground metal
plane
() Parabolic dish (g) Horn (h) Microstrip
reflector
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Bluetooth, WiFi

Examples of Antennas

https://i2.pickpik.com/photos/782/743/584/starry-sky-star-
tracks-china-beijing-preview.jpg

GSM 850, EGSM DCS 1800, PCS
900 antenna 1900 antenna

http://m.zdnet.com.au/photos-cracking-open-the-iphone-339279684.htm

https://live.staticflickr.com
/8500/8334641612_8c6b2

http://bpaddock.com/lib/exe/fetch.php/emf/mmwavecarradiation.jpg? bdddd_b.jpg

w=400&tok=01ba58
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Far-Field Approximation

1. In close proximity to a I
radiating source, the wave is S |
oo ource

spherical in shape, but at a far \ \’

distance, it becomes -

approximately a plane wave as }\ R “Receiving

seen by a receiving antenna. / /Z‘ antenna
Transmitting |

2. The far-field approximation antenna Sphcrlcal wave |\

simplifies the math. Plane-wave

approximation

3. The distance beyond which

the far-field approximation is Figure 9-3: Far-field plane-wave approximation.
valid is called the far-field range

(will be defined later).
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Outline

* Introduction to antennas

* Antenna Parameters
* Radiation intensity S(R, 8, ¢) = S0 (R)F (6, P)
* Normalized radiation pattern F (60, ¢)
* Radiated Power P, 4

* Antenna Beam Parameters ([, (1)
* Directivity (D), Efficiency (¢) and Gain (G = éD)

* The Half-Wavelength Dipole
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The Hertzian Dipole

A Hertzian dipole is a thin, linear
conductor whose length [ is very
short compared with the

wavelength A; / should not exceed
A/50.

This restriction allows us to treat
the current along the length of the
conductor as constant, even though
it has to decay to zero at the ends
of the wire.

Figure 9-4: Short dipole placed at the origin of a spherical
coordinate system.
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Remember these two slides from LO7b...
Electromagnetic Potential -

Ssummary

Electromagnetic
Potential
|74\

Electromagnetic _ Electromagnetic
Sources t Fields
[ 0A E H,B,D

http://pngimg.com/upload
s/audi/audi PNG1736.png EE3109 Jan - Apr 2025, LO7b - Electromagnetic Potentials 11
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Example 1

6.29 A Hertzian dipole is a short conducting wire carrying an approximately
constant current over its length /. If such a dipole is placed along the z-axis with
its midpoint at the origin, and if the current flowing through itis i(r) = [y cos wt, find

(a) The retarded vector potential A (b) Find the corresponding B field

First find the current density phasor: I(r) = I
Then, write J(r): In this question the current density concentrates near the origin, so
J(r) = Cy63(r) Z.

‘uCO e_jklrl

2dV’ =
Ir—r| £ A ||

H j Co63 (r)e k=]
4

VI
But what is the value of C,? It represents the value obtained by integrating the
current density over the (infinitesimally) small volume where it is non-zero (i.e. the

conducting wire): Cy = J X Ay ire X | = Iyl. Substitution into the above gives:

= A(r) =

II ,i\ :A(r)sil—ol

e~ kT 5 (where r = |r|)
r

Awire
EE3109 Jan - Apr 2025, LO7b - Electromagnetic Potentials
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Fields Radiated by Hertzian Dipole

Current along dipole:

. 0= (R, 0, )
i(t) = Ipcoswt = Re[lpe’ "]

Magnetic Vector Potential:

|
|
|
|
)
Y, — kR’
~ 0 J@ J |
AR) = £ f K .
43T R, I
v/ . qb o I
With: J= 2(10/5)
AV’ =s dz Figure 9-4: Short dipole placed at the origin of a spherical
o coordinate system.
R ' ~ R p U2
~ o e/ .
A= K ] zly dz
47 R
—1/2
L0 e~ JkR . :
— 72— 1yl ( ) . Given A, we can determine E and H
47t R ’
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Fields Radiated by Hertzian Dipole (cont.)

+Z

1/2

/ i]() dz

—1/2

140 o—JKkR
4

A=

Upon converting z to spherical coordinates:
72 =RcosO —Osind

we have:
o~ JkR

R

o lol

A= (R cos @ —ésin@)
4

~

IALXR —I—égg —I—(;)A(p,

EE3109, Jan - Apr 2025, L12-1

Direction (0, @)

with
—JjkR
~ 0]0[ e/
Ap = K cos & ( ) ;
4
~ wolol . e~ JkR
p = — sin @ ,
4
Ay =




Fields Radiated by Hertzian Dipole (cont.)

0=0°

*Z

with

A
K 4
~ ol
o= dr
Ay =0

Application of:

~ 1 ~
H=—V xA,
L0
~ 1 ~
E = - V x H,
Jweo
leads to:

S —-I-— —
Sy R
.~ Radiation!

Direction (6, )

Y
(
~  2Ilk? . 1 j
Ep — EEAL [ cos 6,
R= gy ¢ [(kRV (kR)3] (
~  Iylk? . ' 1
)= ?7oe‘f’<R[J o ,,’]siné)
A kR~ (kR)> (kR3[| .




Radiated Electric F_ield

Figure 9-6: Electric field lines surrounding an oscillating dipole at a given instant.
EE3109, Jan - Apr 2025, L12-13 - Introduction to Antennas
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Drawing the Antenna Pattern

Y
A
I

__F(¢)

Y9, = 135°

(a) Elevation pattern (b) Azimuth pattern

EE3109, Jan - Apr 2025, L12-13 - Introduction to Antennas
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Hertzian Dipole—Far-Field Approximation

At any range R:
O I ST 1
Hy = 2= o /K [ L4 }sint?,

47 kR ' (kR)2

~ 2Dk 1 j

Epn = —JkR — _ S0,

R A o€ |:(kR)2 (kR)3j|COS .

~  Iylk? ol J | '

Ey= 00 e kR | L4 I __|sino
47 kR ' (kR)2  (kR)3

At distances R such that R > A or, equivalently, kR =27 R/A > 1

- olk —JkR
iy = 2T sinf  (V/m),
4 R

a4

. E
Hy==2  (A/m).

no

EE3109, Jan - Apr 2025, L12-13 - Introduction to Antennas
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Outline

* Introduction to antennas

* The Hertzian Dipole
e Electromagnetic (Near)-field
* Electromagnetic Far-field

* Antenna Parameters
* Radiation intensity S(R, 0, ¢) = S,,,.x(R)F (O, ¢)
* Normalized radiation pattern F (60, ¢)

Radiated Power P,.,4

Antenna Beam Parameters
Directivity (D), Efficiency (¢) and Gain (G = ¢éD)

* The Half-Wavelength Dipole
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Normalized Radiation Intensity

Electric and Magnetic Fields

- Il k —JKkR
F, = 100 fC sin@  (V/m),
47 R

-~ E
10

(A/m),

Average Power Density

S = 3Re (ExHY)  (Wim?)
S = RS(R, 0),
nokIG1*\ .,
S(R,0) = sin” 6
( ) 32712 R?
= Spsin’6  (W/m?).
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Normalized Radiation Intensity

(0, ¢) =

S max —

S0

(R, 0, 9)

SH] ax

nok? 1312

32772 R2
15x12
R2

(dimensionless)

Dipole 7@

A 01 = 45°
7

4~ _—F0O

\ 0=90°

1

-

B=90)1
Y

(}.5"\
6> = 135°

(a) Elevation pattern

I

A
A

-
NN

e I X

\

Dipole

(b) Azimuth pattern

Figure 9-7: Radiation patterns of a short dipole.
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Radiation Pattern of Hertzian Dipole

27272 Z 0+ — 450
nok2I212\ 014
S(R.O)=| ——=——=]sin“ 68 0 7 F(6)
( ) 32]’1’2R2 Dipole <
9=90°
. | 1
= Spsin?0  (W/m?)
S(R,Q,Qb) | 2= 135°
F(Q. qf)) — : (a) Elevation pattern
SI'['IHK
Yy
F(0,¢) = F() = sin*6 1
. . . L F(¢)
No energy is radiated by the short dipole along the direction 5 o
of the dipole axis and maximum radiation (F = 1) occurs ne A\ —
in the broadside direction (6 =90°). Since F(0) is \Dipole

independent of ¢, the pattern is doughnut-shaped in 6—¢
Sp(lCe. (b) Azimuth pattern

Figure 9-7: Radiation patterns of a short dipole.
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Antenna Radiation
Characteristics

1. By virtue of reciprocity, a receiving antenna
has the same directional antenna pattern as
the pattern that it exhibits when operated in

the transmission mode.

2. Total Radiated Power

= R sin 6 do

_Rdb
dA = R? sin 6 d6 dp
= R2 dQ

Elevation
plane

1

I?I do
Azimuth plane
X

Figure 9-8: Definition of solid angle d2 = sin6 d6 d¢.

Differential area

dA = R*sin® db d¢

Solid Angle
dA ,
d2 = 7= sin6 db dg¢ (sr).

Power radiated through dA
dP.q = R>S(R.0, ) dS

2 0w
P.q = R’ f / S(R, 0, ¢)sinb db d¢

$=06=0

2 7w
:stmax/ /F(@,c,b)sin@ do d¢

$=06=0

— RS ff FO,¢)dQ (W),

47 Total Radiated Power 5,




0

Beam Antennas: Antennas .1 .||l /|\l.
. . . —5H 6=0° ; I
with a Single Main Lobe | - T
;:—10 ¢ = 180° ) - a
. . = —9Q° [
How “wide” is the antenna beam? - o= | |[v ]
Z 0= 180° y ol
8-15 :
1. Pattern solid angle g L
AT
Q, ff FO.$)dQ  (s0) ; |
4 753725 : :
z i i/f;fm
—30 t i
2. Half-power beamwidth /\/V L W\
ﬁ — 92 _ 91’ _3550—40 —30 —20 —10 4,0 4,10 20 30 40 50
Zenith angle 6 (degrees)

where 67 and 6, are the half-power angles at which
F(0,0)=0.5 (with 6, denoting the larger value and 6,
denoting the smaller one, as shown in the figure). If the pattern

Since 0.5 corresponds to —3 dB, the half power beamwidth is also called the 3-dB beamwidth.

EE3109, Jan - Apr 2025, L12-13 - Introduction to Antennas 25



Antenna Directivity D
Qp = j] F(O, ¢) d2 (sr). Antenna pattern solid angle

For an isotropic antenna with F (6, ¢) = 1 in all directions,

QP = 47 (sr). D Finax

= Directivity
Fav

|
1 ]/ F (0, ¢) dD
4
4

47 . :
=0 (dimensionless)

p

the narrower €2, of an antenna pattern is, the greater is the
directivity. For an isotropic antenna, 2, = 4x; hence, its

dlreCUVlty DiSO — 1 + EE3109, Jan - Apr 2025, L12-13 - Introduction to Antennas
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Approximating D with
the 3dB Beamwidth

Equivalent Solid Angle

10, ¢)

F =1 within
the cone

(a) Actual pattern

(b) |Equivalent solid angle

Figure 9-11: The pattern solid angle €2p defines an equivalent
cone over which all the radiation of the actual antenna is
concentrated with uniform intensity equal to the maximum of
the actual pattern.,

o 1

Figure 9-12: The solid angle of a unidirectional radiation
pattern isfapproximately|equal to the product of the half-power
beamwidths in the two principal planes: that is, Qp >~ By; By.

For an antenna with a single main lobe pointing in the
z-direction as shown in Fig. 9-12, €, may be approximated
as the product of the half-power beamwidths ., and B, (in
radians):

Q= BesByzs (9.25)

and therefore

==
$2p

d (9.26)
ﬁxzﬁyz . .

27




Example 9-1: Antenna Radiation Properties

Determine (a) the direction of maximum radiation, (b) pattern
solid angle, (c¢) directivity, and (d) half-power beamwidth
in the y—z plane for an antenna that radiates only into the
upper hemisphere with normalized radiation intensity given by
F(8, ¢) = cos> 6.

Solution: The statement that the antenna radiates through
only the upper hemisphere is equivalent to

cos?@ for0 <4 <m/2
and 0 < ¢ < 2m,
0 elsewhere.

F(0,¢)=F(@) =

(a) The function F(8) = cos?6 is independent of ¢ and is
maximum when 6 = 0°. A polar plot of F(#) is shown in
Fig. 9-13.

(b) From Eq. (9.21), the pattern solid angle €2, is given by

Qp =[[F(9,¢) dQ2
4n

2 [ m/2

=f fcosze?sinﬂ de | d¢

¢=0 Lo=0
. i cos’ 6 ol J
T

2m
:[ld¢: 2—17 (sr).

3 3

.l

F(0)=cos2 0

450

>V

X
Figure 9-13: Polar plot of F(f) = cos? 6.

Cont.
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Example 9-1: Antenna Radiation Properties (cont.)

z
Determine (a) the direction of maximum radiation, (b) pattern A FO) = cos? 0
solid angle, (¢) directivity, and (d) halt-power beamwidth | /( ) = cos
in the y—z plane for an antenna that radiates only into the _450 45°

upper hemisphere with normalized radiation intensity given by

F(0, ) = cos?b.
©.4) 0.5 ' 0.5

(¢) Application of Eq. (9.23) gives

47 3 ;
D=— =47 (=) =6, '

Qp 2
Figure 9-13: Polar plot of F(#) = cos? .

which corresponds to D (dB) = 10log 6 = 7.78 dB.

(d) The half-power beamwidth B is obtained by setting
F(#)=0.5. Thatis,

FO) = cos’ ) = 0.5,

which gives the half-power angles 8 = —45° and 6, = 45°.
Hence,
B =6,—0; =90°.

EE3109, Jan - Apr 2025, L12-13 - Introduction to Antennas



Example 9-2: Directivity of a Hertzian Dipole

Calculate the directivity of a Hertzian dipole.

Solution: Applicationof Eq. (9.23) with F(6) = sin” @ [from
Eq. (9.15)] gives

4
D =
/] F(0,¢) sinf db d¢
4

4
fff _ M s
8m/3

sin® @ d6 d¢

—~——y

;

¢=06=0

or, equivalently, 1.76 dB.

EE3109, Jan - Apr 2025, L12-13 - Introduction to Antennas
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Radiation Efficiency and Gain

Radiation efficiency

Of the total power P; (transmitter power) supplied to the
antenna, a part, P.q, 1S radiated out into space, and the
remainder, P, 1S dissipated as heat in the antenna structure.
The radiation efficiency & is defined as the ratio of Pq to Py:

£ = (dimensionless).  (9.27)

Antenna gain G

G=¢D (dimensionless).  (9.29)

The gain accounts for ohmic losses in the antenna
material, whereas the directivity does not. For a lossless
antenna, € = 1, and G = D.

EE3109, Jan - Apr 2025, L12-13 - Introduction to Antennas 31



Antenna Radiation and Loss
Resistances

Since P; = Prad + Ploss, 1t follows that R;, can be defined as the
sum of a radiation resistance R.,q and a loss resistance R,

Rin — Rrad + RlOSSs (9«32)
with
Prad — % ](%Rrads (933(1)
Ploss — % ](%Rlos.s'e (9.33b)
Prad Prad Rrad

%' = = = .
Pt Prad =+ Ploss Rrad + Rloss

EE3109, Jan - Apr 2025, L12-13 - Introduction to Antennas
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Example 9-3: Radiation Resistance and Efficiency of a

Hertzian Dipole

A 4-cm-long center-fed dipole is used as an antenna at 75
MHz. The antenna wire is made of copper and has a radius
a = 0.4 mm. From Eqgs. (7.92a) and (7.94), the loss resistance
of a circular wire of length { is given by

l T
Rloss = fﬂc ) (9.35)
2ma V Oc

where . and o, are the magnetic permeability and conductivity
of the wire, respectively. Calculate the radiation resistance and
the radiation efficiency of the dipole antenna.

Solution: At 75 MHz,

c 3% 108

T 75%x107

4 m.

The length to wavelength ratio is //A =4 cm/4 m = 1072,
Hence, this is a short dipole. From Eq. (9.24),

47 R? -
Prad —_ D Srna_x. (L}.}{))

For the Hertzian dipole, Smax 1s given by Eq. (9.14), and from
Example 9-2 we established that D = 1.5. Hence,

47 R 1571} (1)? 5o (1) |
P = (5 X R2 I = 407 ID I . (937

(Equation for
So on slide 14)

Cont.
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Example 9-3 (cont.)

Recap:

1 42
Pryg = 3 I() Riad

. : 47 R? lS:-r[& [\~ .
For the Hertzian dipole: Poa =5 X —05 |3 ) =407l

For any antenna:

(€2).  (9.38)

Combining both gives: Ria = 8072(1/2)?

For /i = 1072, R.q = 0.08 Q.
Next, we determine the loss resistance Rjg. For

copper, Appendix B gives pe =~ po =47 x 1077 H/m and
oc = 5.8 x 107 S/m. Hence,

Rloss — [ R'fJuC

2ma oc

C4x1072 7 x 75 x 10° x 4w x 1077\ /7
27 x4 x 10—4 5.8 x 107

= 0.036 Q2.

Therefore, the radiation efficiency is
R 0.08
rad — 0.69.

5= Reod + Rioee  0.08 + 0.036

Thus, the dipole 1s 69% efficient.
EE3109, Jan - Apr 2025, L12-13 - Introduction to Antennas
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Outline

* Introduction to antennas

* The Hertzian Dipole
* Electromagnetic (Near)-field
* Electromagnetic Far-field

* Antenna Parameters
* Radiation intensity S(R, 8, ¢) = S0 (R)F (6, P)
* Normalized radiation pattern F (60, ¢)

Radiated Power P,.,4

Antenna Beam Parameters (£, (1)
Directivity (D), Efficiency (¢) and Gain (G = éD)
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Half-Wave Dipole

Current distrubution
I(z) =1y cos kz

1. Current in half-wave dipole /
i(t) = Ipcoswt cos kz = Re [Io Coskzej‘“r] T'( )‘\
. Transmission 1 '
whose phasor is ' ] ‘
p 1= line - ; :
1(z) = Iycoskz, A4 <z<Ar/4 -
_ . Dipole = t*’(f}' R
2. For Hertzian dipole of length /, E field is: 1 antenna  |f -
~  jlolkno [e KRN (a)
iy e A sinf  (V/m)
47 R Z

0=(R.0.9)
3. Each length element dz of half-wave

dipole is like a Hertzian dipole, radiating a
field

N ke N — jks
dEs(2) = % I(2) dz (e )siné‘S

A)

4. For the entire dipole, the total radiated field is
a4
~ ~ (b)
Eyg = dEy

bl

z=—n/4 Figure 9-14: Center-fed half-wave dipole. 36




Half-Wave Dipole (cont.)

Integration leads to:

- cos[(7/2) cos O —JkR
B, — j 601, | Sl cosOl | (e ,
sin & R
~ E
Hy=—"
10
E 2
S(R.6) — |Eo|
210
1515 [ cos?[(r/2) cos 0]
7 R2 sin® 6
{cosz[(n/2) cos ] }
sin“ 6

F@O) =

S(R.0) {cos[(n/2) cos 0] }2
So

EE3109, Jan - Apr 2025, L12-13 - Introduction to Antennas

sin @

A2

Transmission
line

[ () ]

-
-

Dipole -

antenna

Current distrubution
I(z) =1y cos kz

(a)

(b)

Figure Y-14: Center-fed half-wave dipole.

0=(R.0,)
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Radiation Pattern of Half-Wave
Dipole

F#) =

S(R.O) {cos[(n/Z) cos 6] }2

So sinf

Radiation pattern resembles that of the
Hertzian dipole. Its beamwidth is slightly
narrower, 78 degrees compared with 90 degree: _

. . (a) [=4/2
for the Hertzian dipole.

Its directivity is slightly larger (1.64 compared
with 1.5 for the short dipole), but its radiation resistance is
73 Q2 (as will be shown later in Section 9-3.2), which is orders
of magnitude larger than that of a short dipole.

EE3109, Jan - Apr 2025, L12-13 - Introduction to Antennas 38



alf-Wavelength Dipole vs. the
ertzian dipole: Fact Table

Hertzian Dipole Half-Wavelength Dipole

s, 15wl 15I¢
R? TR?
T 2
F sin2 6 [cos (7 COS 9)]
sin 6
Q, 8{ = 8.38 7.66
D 1.5 (1.76 dB) 1.64 (2.15 dB)
3dB BW 90° 78°
Ryq4 802 (L/1)? Q 73.1 Q)

EE3109, Jan - Apr 2025, L12-13 - Introduction to Antennas




Summary

* In this class, we briefly introduced the concept of
antennas

* We looked at the fields emanating from a Hertzian
dipole and a half-wavelength dipole

* Along the way, we introduced the following topics
* Near-field vs. far-field
* Antenna Pattern

Beamwidth

Directivity, Efficiency and Gain

Radiated vs. loss power

Radiation vs. Loss resistance

EE3109, Jan - Apr 2025, L12-13 - Introduction to Antennas
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