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TABLES: CONDUCTIVITIES,
FUNCTION SOLUTIONS

CONSTANTS

AND

BESSEL

Table 1 Conductivities (σ) for some material (adapted from Pozar, 2012)
Material
Aluminium
Brass
Bronze
Chromium
Copper
Distilled water
Germanium
Gold
Graphite
Iron
Mercury
Lead

Conductivity S/m (200C)
3.816 × 107
2.564 × 107
1.00 × 107
3.846 × 107
5.813 × 107
2 × 10−4
2.2 × 106
4.098 × 107
7.0 × 104
1.03 × 107
1.04 × 106
4.56 × 106

Material
Nichrome
Nickel
Platinum
Sea water
Silicon
Silver
Steel (silicon)
Steel (stainless)
Solder
Tungsten
Zinc

Conductivity S/m (200C)
1.0 × 106
1.449 × 107
9.52 × 106
3–5
4.4 × 10−4
6.173 × 107
2 × 106
1.1 × 106
7.0 × 106
1.825 × 107
1.67 × 107

Table 2 Dielectric constants and loss tangents for some materials (adapted from Pozar,
2012)
Material

Frequency

ϵr

Tan δ
(250C)
0.0003
0.0005

Alumina (99.5%)
Barium tetratitanate

10 GHz
6 GHz

Beeswax
Beryllia
Ceramic (A-35)

10 GHz
10 GHz
3 GHz

9.5–10
37 ±
5%
2.35
6.4
5.60

Fused quartz
Gallium arsenide
Glass (pyrex)
Glazed ceramic
Lucite

10 GHz
10 GHz
3 GHz
10 GHz
10 GHz

3.78
13.0
4.82
7.2
2.56

0.0001
0.006
0.0054
0.008
0.005

Polyethylene
Polystyrene
Porcelain (dry
process)
Rexolite (1422)
Silicon
Styrofoam (103.7)
Teflon
Titania (D-100)

Nylon (610)

3 GHz

2.84

0.012

Vaseline

0.005
0.0003
0.0041

Material
Paraffin
Plexiglas

Frequenc
y
10 GHz
3 GHz

2.24
2.60

Tan δ
(250C)
0.0002
0.0057

10 GHz
10 GHz
100 MHz

2.25
2.54
5.04

0.0004
0.00033
0.0078

3 GHz
10 GHz
3 GHz
10 GHz
6 GHz

2.54
11.9
1.03
2.08
96 ±
5%
2.16

0.00048
0.004
0.0001
0.0004
0.001

10 GHz

ϵr

0.001

Table 3 Physical constants
Permittivity of free-space, ϵ0
Permeability of free-space, μ0

8.854 × 10−12 F/m
4π × 10−7 H/m
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Table 4 Bessel Function Solutions
TE
MODE
TE01
TE11
TE21
TE02
TE12
TE22
TE03
TE13
TE23

Bmn
3.83
1.84
3.05
7.02
5.33
6.71
10.17
8.54
9.97

TM
MODE
TM01
TM11
TM21
TM02
TM12
TM22
TM03
TM13
TM23

Bmn
2.40
3.83
5.14
5.52
7.02
8.42
8.65
10.17
11.62

vii

1. INRODUCTION TO MICROWAVE
SYSTEMS
1.1 INTRODUCTION
Microwaves are electromagnetic waves (EM) in the frequency range from 300MHz up to
300GHz, which corresponds to wavelengths from 1mm to 1m (Pozar, 2005). They are
part of radio waves, which are having frequencies in the range 104 to 1011 Hz as shown in
the frequency spectrum of Figures 1.1 and radio frequency spectrum of Figure 1.2 below.
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Figure 1.1 Electromagnetic spectrum
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Figure 1.2 Radio Frequency spectrum
From the radio frequency spectrum of Figure 1.2 it is evident that microwave covers
ultra-high frequency (UHF) through super-high frequency (SHF) band.
Microwave frequencies in the UHF band are used for Terrestrial TV, Satellite
communication, surveillance radar, WiFi (2.4GHz band), WiPAN (e.g. Bluetooth,
ZigBee), DECT, ultra wide band (UWB) radio and navigational aids, whereas the one in
the SHF band are used for airborne radar, microwave links, WiFi (5.8GHz band),
Satellite communication. Additional to the communication-related applications,
microwave frequency are also used for other applications, which inter alia, include
industrial, science and medical uses; for example, 2.450GHz is used in domestic
microwave ovens, 915MHz to 2.450GHz is used for industrial heating applications, such
as grain drying, manufacturing of wood and paper products, and material curing, and last,
but not least, 915MHz to 2.450GHz is also used in medical applications, such as
diathermy, which is the electrically induced heat or the use of high-frequency
electromagnetic currents as a form of physical or occupational therapy and in surgical
procedures that include hyperthermia or localized heating of tumours (Collin, 1992).
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Most of these non-communication based applications are predominantly based on
frequencies around 2.4GHz, hence the band of frequencies around 2.4GHz is referred to
as Industrial, Scientific and Medical (ISM) band.
Microwave frequencies are usually sub-divided into small frequency bands, which are
designated as follows:
Table 1.1 Microwave frequency band designators
Band designator

Frequency (GHz)

L
S
C
X
Ku
K
Ka

1–2
2–4
4–8
8 – 12
12 – 18
18 –27
27 – 40

1.2 MICROWAVE COMMUNICATION SYSTEMS
Microwave systems are broadband terrestrial line-of-sight radio systems. They are
commonly used by telecommunication companies (telcos) as backhaul to provide
wideband fixed point-to-point radio communication links for distances up to about 50
km, which offer major trunk channels for long distance communication to carry voice,
data and video traffic. In addition to backhaul application, microwave systems are also
used for radio local loop to provide broadband wireless access (BWA); that is, they are
used as radio access technology (RAT). A typical example of RAT is the Worldwide
Interoperability for Microwave Access (WiMAX), which is RAT that is based on IEEE
802.16 standards for broadband wireless access networks. They operate in the frequency
range from 1 GHz to about 30 GHz. Though their bandwidth is less compared to that of
optical fiber, microwave systems have major advantages over cabling systems. These
advantages include, inter alia:





Freedom from land acquisition rights; that is, acquisition of rights to lay cabling
or repair cabling, and have permanent access to repeater. The use of radio links,
that require only the acquisition of the transmitter/receiver station, removes this
requirement. It also simplifies the maintenance and repair of the link.
Ease of communication over difficult terrain. Some terrains make cable laying
extremely difficult and expensive, even if the land acquisition cost is negligible.
Wider bandwidths, which are required for broadband signals like television
signals and for provision of large number of telephone channels.
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A basic microwave link consists of a transmitting station (Tx), one or more relay stations
or repeaters (RPT), and a receiving station (Rx), as shown in Figure 1.3.

RPT

Earth
Tx
Rx

Figure 1.3 Microwave radio relay link
At the transmitting station the signal to be transmitted (i.e. baseband signal) is first
processed (i.e. encoded) before it is used to modulate an intermediate carrier of 70 MHz
(or 140 MHz). The modulated signal is then up-converted to the allocated microwave
frequency and amplified before being fed to the antenna for radiation.
The repeater or relay station is added at the obstacle point or other suitable place to
provide LoS or at 50 km intervals to boost the power of the signal so that it can go a
longer distance. There are two types of repeater: passive and active repeater. Passive is
like a beam diverter to make the beam surpass obstacle using back-to-back parabolic
antennas connected by a section of a waveguide, and they do not have any amplifying
device. Active repeater includes an amplifier to boost the signal strength and others also
have frequency translation circuits to change the frequency of the signal before
retransmitting it. The former active repeater, which does not have frequency translation
circuit, is referred to as RF direct relay station, while the latter is called a regenerative
relay station.
At the receiving station the signal is down-converted to 70 MHz (or 140 MHz) before it
is demodulated to recover the baseband signal.
To radiate or receive the radio waves, the microwave system use directional high gain
parabolic dish antennas.
The old microwave systems were analogue: using analogue modulation and frequency
division multiplexing (FDM); however, nowadays microwave systems are digital. These
digital microwave systems use digital modulation schemes which include M-ary
modulation schemes, such as quadrature phase shift keying (QPSK), quadrature
amplitude modulation (QAM): 16-QAM or higher-QAM, and multicarrier modulation
schemes such as orthogonal frequency division multiplexing (OFDM) for the newer
BWA microwave systems and time division multiplexing (TDM).
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1.2.1 PDH and SDH Microwave Systems
In digital communication TDM is used to combine many signals into one. At primary (or
lowest) level the European PCM system (which is used by South Africa) uses 32 time
slots (30 for speech, 1 for alignment, or synchronization, and another 1 for routing signals
or dialing or signaling information). The primary multiplexed (30 channel PCM) system
has a bit rate equals [32 time slots x 8 bits] x 8000 = 2.048 Mbps. In USA and Japan the
primary level is based upon a 24 channel PCM system, which has a primary rate equals
[(24 time slots x 8 bits) + 1 synchronization bit] x 8000 = 1.544 Mbps. These primary
rates have become de facto primary rates for most of digital communication systems and
the systems that are running at these speeds are referred to as E1 (2.048 Mbps) and T1 or
DS1 (1.544 Mbps) transmission systems, respectively. To have the most cost-effective
transmission over a given route, many more channels must be multiplexed together. This
high order multiplexing is based on hierarchies that are defined by either national or
international standards. The first hierarchies, called Plesiochronous Digital Hierarchy
(PDH), were for plesiochronous (or asynchronous) multiplexing. European and American
plesiochronous levels are shown in Table 1.2 and Table 1.3, respectively.
Table 1.2 European TDM Multiplex Hierarchy
Circuit Designation Voice Channels
Number of E1
E0
1
E1
30
1
E2
120
4
E3
480
16
E4
1920
64
E5
7680
256

Data Rate (Mbps)
0.064
2.048
8.448
34.368
139.264
565.148

Table 1.3 American TDM Multiplex Hierarchy
Circuit Designation Voice Channels Number of T1
DS0 or T0
1
DS1 or T1
24
1
DS2 or T2
96
4
DS3 or T3
672
28
DS4 or T4
4032
168

Data Rate (Mbps)
0.064
1.544
6.312
44.736
274.176

In these plesiochronous or “nearly synchronous” systems each of the individual lowerorder multiplex streams has an independent clocking system thus resulting in slight
differences in timing of each data stream. This has made it difficult to synchronize and to
be able to exactly identify the start of a lower level multiplex bit stream within a higher
order one, thus making it difficult to access a lower-order bit stream without having to
demultiplex the high-order one.
Due to the synchronization problems and to several distinct plesiochronous multiplexing
hierarchies that are existing simultaneously in different locations around the world, there
was a decision to move to synchronously multiplexed transmission hierarchies. ANSI
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came up with the first standards of synchronously multiplexed transmission hierarchies
called synchronous optical network (SONET) standards. These SONET standards were
later modified by CCITT to become a world standard called synchronous digital
hierarchy (SDH). Since SDH is a modified version of SONET, the two standards are
largely compatible and they can interface with both European 2.048 Mbits/s and US
1.544 Mbits/s plesiochronous hierarchies.
In synchronous multiplexing all the clocks driving the network are running at the same
speed, which makes synchronization easy. This makes it possible for individual lowerorder tributary signals to be multiplexed directly into a higher-order stream without
complex multiplexing/demultiplexing needed on PDH. SONET and SDH were developed
for very high-speed transmission over fiber optic cables and are having a considerable
capacity to provide network management, control and monitoring facilities. They are also
able to carry any octet-based data in any protocol, including TCP/IP, frame relay, ATM
and Switched Multi-Megabit Data Service (SMDS). Applications for SONNET and SDH
include:
 High-speed, large-scale LAN interconnection
 Video-on-demand
 Full-motion catalogues, movies, and so on
 High resolution imaging
 High-fidelity sound broadcast
In addition to providing very high-speed transmission over fiber optic cables, SDH can
also work over digital microwave systems.

1.3 DIGITAL MICROWAVE EQUIPMENT
Digital microwave equipment can be classified based on multiplexing method used (i.e.
PDH or SDH), capacity, or structure. However, the most commonly used method to
classify microwave equipment is based on the structure as follows:
 All-indoor microwave
 All-outdoor microwave
 Split microwave
1.3.1 All-indoor Microwave
The all-indoor microwave, also called big microwave, has all its units; that is, RF unit
(RFU), Signal Processing Unit (SPU) and Multiplexer residing indoor, and it is only the
antenna that is outdoor. Compared to other types, it is having a high transmission
capacity, though that comes at a price of high costs. It is suitable for backbone line
transmission or backhaul.
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1.3.2 All-outdoor Microwave
The all-outdoor microwave has all its units residing outdoor. It is easy to install, saves
equipment room space; however, it can be easily damaged.
1.3.3 Split Microwave
Consists of both indoor unit (IDU) and outdoor unit (ODU), which are connected using
IF cable. The cable carries IF service signals, communication control signals and power
to the ODU. Though it is easy to install, split microwave has a low capacity.

1.4 PROPAGATION
Microwave systems are wireless system; therefore, the information is transmitted in the
form of electromagnetic waves through the space from the transmitting antenna
connected to the transmitter to the receiving antenna that is connected to the receiver.
1.4.1 Electromagnetic Waves
Electromagnetic waves can be described as energy that radiates from a source or as
oscillations that propagate through the free space with a velocity of light (3108 m/s).
These oscillations are perpendicular to the direction of propagation, hence the
electromagnetic waves are said to be transverse (TEM). Their simplest form is called
plane waves. Electromagnetic wave consists of an electric field E and magnetic field H
that are at right angles with each other. These two waves oscillate in phase with each
other and are perpendicular to the direction of propagation (that is, the direction of
propagation is at right angle with both electrical and magnetic field). This setup also
applies after the wave has been radiated, as shown in Figure 1.4.

Figure 1.4 Transverse electromagnetic wave
The formulation of the fields of the electromagnetic waves is governed by Gauss laws,
Faraday’s law, and Ampère’s law. Gauss law describes the electric and magnetic flux
vectors. Faraday’s law states that a time varying magnetic field acts as a source of electric
field. Ampère’s law states that a time varying electric field acts as a source of magnetic
field. Thus when either field is changing with time, a field of the other kind is induced in

6

the adjacent regions of space. This electromagnetic disturbance, which consists of timevarying electric and magnetic fields can propagate through space from one region to
another even when there is no matter in the intervening region.
Maxwell built on the theoretical knowledge developed by Gauss, Faraday, Ampère, and
other scientists and came up with Maxwell equations which describe the interrelationship between the electromagnetic fields and fluxes in any media and their spatial
variations; that is, how the electromagnetic fields are generated and altered by each other
and by charges and current. Here the discussion is limited to Gauss’laws, Faraday’s law,
and Ampère’s law. These equations can be expressed mathematically in either integral or
differential form as follows:
From Gauss laws:
Magnetic flux

 B.dS  0

.B  0

(1.1)

Electric flux

 D.dS  Q

.D  

(1.2)

S

S

From Faraday’s law:

d

 E.dl   dt
C



d
B.dS
dt S

dB
dt

(1.3)

dD
J
dt

(1.4)

.E  

From Ampere law:

d

 H .dl  dt  D.dS   J .dS
C

S

.H 

Where
B = magnetic flux (Tesla or Wb/m2),
ϕ = total flux through surface S enclosed by contour C.
D = electric flux (Coul/m2),
Q = total charge enclosed by the surface S,
H = magnetic field (A/m)
E = electric field (V/m)
J = electric current density (A/m2)
ρ = electric charge density at point of interest (Coul/m3)
1.4.1.1 Fluxes and Fields of an electromagnetic waves
The Fluxes and the fields are related as follows:
D  E

(1.5)
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B  H

(1.6)

In free-space ϵ = ϵ0 and µ = µ0.
Where
ϵ = ϵrϵ0 permittivity (F/m)
ϵr = relative permittivity
ϵ0 = permittivity of free space = 8.854 × 10−12 F/m
µ = µrµ0 = permeability (H/m)
µr = relative permeability
µ0 = permeability of free space = 4π × 10−7 H/m
1.4.1.2 Phase constant and Refractive index
The measure of the change undergone by the amplitude of the wave as it propagates in a
given direction is called propagation constant or wave number of the medium in m-1, and
is given by

k   

2






c

(1.7)

In a lossy medium the propagation constant is usually represented by β, as a result β is
represented by Equation (1.7).
The refractive index is the ratio of the velocity of light (or electromagnetic wave) in a
vacuum to its velocity in a specified medium. For dielectric it is
n  r  r

(1.8)

And for non-magnetic dielectric, it reduces to
n  r

(1.9)

1.4.1.3 Phase and Group velocities, and Reflection and Transmission coefficients
In the lossless case the phase velocity is

v  v p 


k




1
c



 n

(1.10a)

And in non-magnetic dielectric
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v  v p 


k




1
c
c

 

 n


(1.10b)

In free-space the phase velocity is
v  v p 

1
0  0



c
0

 2.998  108  3  108 m / s

And the group velocity is

Vg 

d
1

 V
d


(1.11)

Thus, in lossless case phase and group velocities are the same
The reflection coefficient and transmission coefficient of a normally incident wave at the
interface of a lossy material is given by

 0
  0

Reflection coefficient:



Transmission coefficient:

T 1  
T

or

2
  0

(1.12)
(1.13a)
(1.13b)

1.4.1.4 Energy and Power of an electromagnetic waves
The electromagnetic fields store electric and magnetic energy and carry power that may
be transmitted or dissipated as loss. In the sinusoidal steady-state case, the time-average
stored electric energy in a volume V (or energy density) is given by

We 

1
Re  E.D * dv
V
4

(1.14)

In a lossless isotropic, homogenous, linear media, where ɛ is a real scalar constant, We
becomes

We 



4 V

E.E * dv

(1.15)
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Similarly, the time-average stored magnetic energy in a volume V is given by

Wm 

1
Re  H .B * dv
V
4

(1.16)

In a lossless isotropic, homogenous, linear media, where µ is a real scalar constant, Wm
becomes

We 


4

 H .H * dv

(1.17)

V

Therefore, the total time-average stored energy density is

WT  We  Wm 





E.E * dv   H .H * dv
4
4
V

V



 E2  H 2
4
4

(1.18)

The equation of a travelling transverse wave is in the form
y  Y sint  kx 

(1.19a)

Where
y = transverse displacement from equilibrium at time t of a point of string whose
co-ordinate is x.
Y = maximum displacement or amplitude of the wave
w = angular frequency
k = propagation constant
Thus, the equations of the individual fields of the travelling electromagnetic waves are
e  E sint  kx 

(1.19b)

h  H sint  kx 

(1.19c)

The power density in the electromagnetic wave is measured by Poynting vector S. The
instantaneous value s of the Poynting vector is

s  eh  EH sin2 t  kx

(1.20)

1
EH 1  cos 2t  kx 
2

(1.21)
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The time average value of cos2(wt-kx) is zero, so the average power transmitted per unit
area is

S av 

1
EH
2

(1.22)

1.4.1.5 Characteristic Impedance of a wave
The characteristic or wave impedance is given as the ratio of electric field to magnetic
field; that is,

Zw   

E
H




k









(1.23)

For free space the wave impedance is

0

0 
Therefore



0

0
r

(1.24)

(1.25)

Where ϵr is the dielectric constant.
1.4.1.6 Polarization
The magnetic field always surrounds the current carrying conductor, so it is always
perpendicular to it, while electric field is always parallel to the current carrying
conductor. Thus, electric and magnetic field are at right angles with each other.
The polarization of the wave is determined by electric field, e.g. if the electric intensity
vectors are vertical, the wave is said to be vertically polarized. Since the direction of the
electric field is always parallel to the radiating conductor, it can be said that the direction
of polarization is the same as the direction of the antenna. Thus, vertical antennas radiate
vertical polarized waves, horizontal antennas radiate horizontal polarized waves and
helical (helix or spiral) antennas radiate circular polarized waves.

1.5 PATH LOSSES
As the radio signal propagates from the transmitter to the receiver it will incur some
losses. These losses can be due to the decrease of the power density with distance,
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absorption due to molecules in the earth’s atmosphere, or signal fading. The decrease in
power density with distance is called space-loss or free-space attenuation.
All radio links require the inclusion of some gain margin (excess gain) in the system gain
budget to account for path losses that vary over time.
1.5.1 Free-space Attenuation
If the power radiated from the transmitter is Pt and the distance to the receiving antenna
is d, then the power density, PD, at the receiving antenna is
P
(1.26)
PDr  t 2
4d
and the power at the receiving antenna is

Pr  PDr Aer

(1.27)

where Aer is the receiving antenna effective area or aperture which is given by

2
D . If
4

we ignore the directivity, D, and the efficiency of the antenna and substitute vc/f for
lambda, then the power reaching the receiver can be represented as

P
2
1
Pr  PD
 t2
4 4d
4
r

v
  c
 f





2

2

 v 
  c  Pt
 4fd 

(1.28)

The power lost between the transmitting antenna and the power appearing at the receiving
antenna is called the space loss or space attenuation. The gain from the transmitter to the
receiver is

P  v
Gs  r   c
Pt  4df





2

(1.29)

Using distance d in kilometers (km) and frequency f in MHz, the Equation (1.29) can be
expressed in decibels as

 1
 3  108 


Gs (dB)  20 log

20
log
3
6 
4

10
10


 d km


 1 
  20 log

f
 MHz 


 32.44  20 logd km   20 log f MHz  dB

(1.30)
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The space loss Ls is the inverse of the gain Gs from the transmitter to the receiver; that is,

Ls 

P
1
 t
Gs Pr

(1.31)

and in decibels, it can be written as

Ls dB  Gs dB
 32.44  20 logd km   20 log f MHz  dB

(1.32a)

Using d in kilometers (km) and f in GHz, Equation (2.53) becomes

Ls dB  92.44  20 logd km   20 log f GHz  dB

(1.32b)

1.5.2 Atmospheric Losses
Additional to the space attenuation discussed in the preceding section, the earth’s
atmosphere also introduces other losses. Microwave signals are high frequency signals
with shorter wavelength and they are easily degraded by rain, clouds and other
atmospheric effects. That is, they are susceptible to absorption by gases in the
atmosphere, especially water vapour around 22 GHz and oxygen around 57 GHz, and
attenuation by rain, fog and clouds. Microwave frequencies are also susceptible to
scintillation and refraction by the ionosphere.
Atmospheric absorption, clouds, fog, precipitation, and scintillation cause power losses in
the propagated signal. At lower frequencies these power losses are negligible small, and
only free space loss is considered. However, as the frequency increases, these losses
become significant, especially in frequencies from the SHF band upwards. This
dominance of these atmospheric losses requires them to be taken into consideration when
determining path loss. Thus, path loss, Lp, at higher frequencies becomes the sum of free
space loss, Ls, and atmospheric loss, La or attenuation, A; that is,

LP  La  Ls  A  Ls

(1.33)

Terrain conditions over which the wave propagate also affects the microwave signals.
Major terrain influences on the signal include reflection, diffraction and ground
scattering.
According to ITU-R Rec. P.530, the overall loss that is incurred by the radio signal
during terrestrial LoS propagation relative to free space loss is the sum of different
contributions, such as attenuation due to atmospheric gases, attenuation due to
precipitation, diffraction fading due to full or partial obstruction of the path, and fading
due to multipath. Each of these contributions has its own characteristic as a function of
frequency, path length, and geographical location.
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1.5.2.1 Atmospheric absorption
The atmosphere introduces other losses in addition to free space losses. These losses are
mainly due to molecular absorption by electrons, uncondensed water vapor, and
molecules of various gases present in the atmosphere. Free electrons cause increasing loss
at low frequencies, water vapour causes increasing loss which peaks around 22 GHz, and
oxygen causes sharp peak absorption around 57HGz as shown in Figure 1.5. The oxygen
volume ratio in the gases is quite stable, while the water vapor density varies a lot, with
strong regional and seasonal dependence. Specific gaseous attenuation due to oxygen and
water vapour is given by

  w o

(1.34)

Where γw is the specific attenuation due to water vapour in the horizontal dependence,
and γo is the specific attenuation due to oxygen in the horizontal dependence. For
terrestrial, or slightly inclined paths close to ground, the path attenuation, A, may be
written as

A  La  d

(1.35)

where d is the path length in km. Atmospheric gas absorption occurs mainly at low
altitudes
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Figure 1.5 Specific attenuation due to atmospheric gases (Adapted from ITU-R P.676-9)
1.5.2.2 Attenuation by Rainfall and Hydrometeors
Rain and hydrometeors, such as hail, ice, and snow, can cause severe attenuation for
higher frequency signals. Water drops will absorb energy from incident waves. If the size
of the water drops or droplets approaches a quarter wavelength of the transmitted
frequency, then that drops or droplets will become highly reflective to the signal being
transmitted. Many drops or droplets will become like multiple reflectors or deflectors
resulting in the energy from the incident wave being scattered in many directions. This
absorption and scattering causes the attenuation to increase exponentially as the
frequency increases. The severity of radio signal loss through the rain is strongly
dependent on the local rainfall rates, rain cloud heights, and signal frequencies. ITU rain
attenuation model specifies attenuation rate, γR, which is a function of rain fall rate, R, as

 R  kR

(1.36)
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where two coefficients α and k are functions of signal’s frequency and elevation angle
given in ITU-R, Rec. 838.
Clouds and fog or mist can be described as collections of smaller rain droplets or
moisture clusters. However, droplet size in fog and clouds is smaller than the wavelength
at 3–30 GHz, hence the interactions with fog and clouds is different from that from rain.
Moisture clusters are non-homogenous materials that can absorb, reflect, scatter and
refract the waves. Attenuation is dependent on frequency, temperature (refractive index),
and elevation angle, and it can be expressed in terms of the total water content per unit
volume based on Rayleigh approximation:

 c  K1 M

(1.37)

where γc = specific attenuation (dB/km) within the cloud; Kl = specific attenuation
coefficient [(dB/km)/(g/m3)] and M is liquid water density in the cloud or fog (g/m3).
However, attenuation due to clouds or fog is not as severe as rain attenuation.
1.5.2.3 Attenuation due to Scintillation
Scintillation can be described as a rapid random fluctuation of a radio signal about a
mean level, which is either constant or changing much slowly than scintillation itself.
These fluctuations can either be phase or amplitude fluctuations. One of the causes of
scintillation is turbulent air with variations in the refractive index. Attenuation due to
scintillations rapidly increases with increasing frequency and decreasing elevation angle.
The losses due to scintillation are strongly dependent on time percentage, elevation angle,
and antenna size.
In trans-ionospheric radio propagation, such as satellite communication, the ionosphere is
the primary cause.
1.5.2.4 Refraction in the atmosphere
Radio waves travel in a straight line unless something reflects, refracts or diffracts them.
When the radio waves leave the source they seldom follow a straight line between
transmitter and receiver. They spread out as they get farther from the source, and the area
that the signal spreads out into is called the Fresnel zone. The thickness of the Fresnel
zone is inversely proportional to the frequency of the signal being radiated. If there is an
obstruction in the Fresnel zone, part of the signal will be diffracted or be bent away from
the straight line path.
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First Fresnel zone

Earth Surface

Figure 1.6 Fresnel zones
Additional to diffraction or reflection the direction of the radiated wave can also be
altered due to refraction in the atmosphere. The condition of the atmosphere is a
temperature and pressure gradient with which is associated a gradient of refraction index.
As the atmospheric condition [temperature or moisture] changes, the gradient of the index
of refraction also changes, resulting in the propagated wave bending. Depending on the
atmospheric conditions it can either be bent towards the earth or away from the earth.
When the meteorological conditions have resulted in a steeper gradient such that rays are
bent towards the earth strongly, the atmosphere forms a duct or a waveguide, which
restricts the wave propagation over the surface of the earth. Variability in the atmosphere
is modeled using earth curvature (K) factor.

Figure 1.7 Propagated ray trajectories for different values of K
1.5.2.5 Fading
Scattering, reflections and other effects will result in multipath transmissions. Due to
multipath transmissions, waves that have travelled different path will interact at the
receiver causing power to increase if the phase is the same or to decrease if the phase is
not the same.
Another type of fading occurs when the wave is trapped in the formed atmospheric duct
or waveguide. The wave propagating in this duct or atmospheric waveguide can
propagate for longer distances beyond the LoS.
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If the atmospheric conditions are such that the resultant K factor is very low, the ray path
will be bent in such a way that the earth surface obstructs the path of the signal from
transmitter to the receiver giving rise to the type of fading called diffraction fading. The
diffraction loss depends on terrain and vegetation and is given by
Gd  20

h
 10
r1e

(1.38)

where h is the height difference in meters between the most significant path blockage and
the path trajectory, and r1e is the radius of the first Fresnel zone ellipsoid (Afullo and
Odedina, 2006).
The effects of fading can be mitigated to a certain extent by the use of fade margin and/or
diversity. Fade margin involves the adding of extra power or excess gain to the
transmitting end of the link to overcome potential fading. The value of the excess gain
depends on the required percentage of availability time as shown in Table 1.4
Table 1.4 Required fade margins for percentage of availability times
Time Availability (%)
90
99
99.9
99.99
99.999

Required Fade Margin (dB)
8
18
28
38
48

Diversity involves the use of more than one transmitting and receiving system coupled to
a common network, which selects at all times the strongest signal available or combines
all the signals into one. The rationale behind diversity is the fact that although fading may
be severe at some instant in time, some frequency, some point on earth or some
polarization, it is extremely unlikely that the signals at different points, different
frequencies or different polarization will fade simultaneously.

1.6 MICROWAVE LINK DESIGN
The design of a terrestrial LoS microwave link involves four steps: defining of system
performance requirements, doing radio path profiling, determining the antenna heights,
and link budgeting. However, the discussion here will be limited to link budgeting.
The link budget is a communication balance sheet of power and losses that outlines the
detailed apportionment of both transmission and reception resources, noise sources,
signal attenuators, and effects of processes throughout the entire link. Mathematically, the
link budget can be expressed as
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S r dBm   Pt dBm    GainsdB   LossesdB  M arg in

(1.39a)

For radio Equation 1.39a can be expanded to
S r dBm   Pt dBm   LBt ( dB)  L ft dB   G At dB   LS dB   FM dB 
 LBr ( dB)  LfrdB   G Ar dB 

(1.39b)

If we can replace free space loss with path loss from Equation 1.33, and lump all the
losses between the transmitter and the antenna as transmit chain losses, LTX, and those
between the receiving antenna and the receiver as receive chain losses, LRX, then
Equation 1.31b above can be rewritten as
S r dBm   Pt dBm   LTX ( dB)  G At dB   L p dB   FM dB 
 LRX ( dB)  G Ar dB 

(1.40)

Where the gain of a parabolic antenna is given by

 D 
D   r  I  
  
2

(1.41)

Where Dr is the diameter of the parabolic dish and I(θ) is the illumination efficiency.

1.7 EXAMPLES
Example 1.1: Suppose a plane wave that is propagating in a lossless dielectric medium
has an electric field that is given by e = E0sin(1.51x1010t-61.6z). Determine the
wavelength, phase velocity, and wave impedance of this wave, and the dielectric constant
of the medium.

Solution
From the given expression: w = 151×1010 rad/s and k = 61.6
Wavelength:
Phase Velocity:

2
2

 0.102m
k
61.6
 151 1010
vp  
 2.45  108 m / s
k
61.6
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2

Dielectric constant:

 c 
 3  108 
  1.5
r     
8 
v 
 2.45  10 
 p

Wave impedance:



0
r



2

377
 307.82
1.5

Example 1.2: Suppose that an electromagnetic wave with and electric field E = 100V/m
is propagating in a free-space. Determine the magnetic flux, magnetic field, total average
energy density, and Poynting vector.
Solution

0
E
E 100

H 

 0.265A / m
H
0
 0 377

Magnetic field:

0 

Magnetic flux:

B  0 H  4  107  0.265  333.009nWb / m 2

Energy density:

0 2  0 2 8.854  1012
4  10 7
2
100 
0.2652  44.197nJ / m 3
WT 
E 
H 
4
4
4
4
Poynting vector:

S  EH  100  0.265  26.5W / m2

Example 1.3: Determine the reflection coefficient and transmission coefficient of a
normally incident wave at the interface of a lossy material that has a dielectric constant of
1.3.
Solution

0

377
 330.651
1.3

Wave impedance:



Reflection coefficient:



Transmission coefficient:

T  1    1  0.065  0.935

or

T

r



  0 330.651  377

 0.065
  0 330.651  377

2
2  330.651

 0.935
  0 330.651  377
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Example 1.4: A 10GHz LoS microwave link is used to link two towns that are 45km
apart. If the transmitter output power is 1W, transmit and receive chain losses are 5dB and
4dB, respectively, both antennas are 1m in diameter with 60% efficiency, fade margin is
48dB, attenuation due to water vapour is 12.284×10-3dB/km, and attenuation due to
oxygen is 7.013×10-3dB/km, determine the level of the signal at the receiver.
Solution
The transmitted power is
 1W 
1W  10 log
  30dBm
 1mW 

The gain of each antenna is

 D 
G A  D   r  I  
  
2

But



vc
3  108

 0.03m  30mm
f 10  109

  1 
GA  
 0.6
3 
 30  10 
 6.580  103
 38.182dB
2

 EIRP  Pt dBm  GAt  LTx  30  38.182  5  63.182dBm
Space loss is

L S dB  92.44  20 logd km   20 log f GHz 
 92.44  20 log 45  20 log10
 145.504dB
The total gaseous attenuation due to oxygen and water vapour is given by

   w   o  12.284  103  7.013  103  19.297  103 dB / km
The total the path gaseous attenuation, A, is

A  d  19.297  103  45  868.372  103 dB
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The total path loss is
L p  LS  A  145.504  868.372  103  146.372dB

Received power level at the receiver is

S r  EIRP  L p  G Ar  LRx  FM
 63.182  146.372  38.182  4  48
 97.008dBm
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2. TRANSMISSION LINES AND
WAVEGUIDES
2.1 INTRODUCTION
Transmission lines and waveguides are used in communication as wired media (or
channels) to guide the electromagnetic energy from one point to another. A transmission
line consists of two or more conductors separated from one another by a dielectric, like
air, pressurized gas or an insulating material such as polythene, teflon. Waveguide
consists of a hollow tube, which is either rectangular, or cylindrical. Transmission lines
are usually used to guide transverse electromagnetic waves (TEM), whereas waveguides
are used to guide transverse electric (TE) or transverse magnetic (TM) waves.

2.2 TRANSVERSE MODES OF ELECTROMAGNETIC WAVES
In Chapter 1 electromagnetic waves were described as energy that radiates from a source
or as oscillations that propagate through the free space with a velocity of light (3108
m/s). It was also said that an electromagnetic wave consists of an electric field E and
magnetic field H that are at right angles with each other.
2.2.1 Transverse Electromagnetic (TEM) Mode
The concept of transverse electromagnetic waves (TEM) was also introduced, where it
was said that the electric field E and the magnetic field H oscillate in phase with each
other and are perpendicular to the direction of propagation, z; that is, the direction of
propagation is at right angle with both electrical and magnetic field. This means that there
is no longitudinal (or z-directed) electric and magnetic fields; that is, Ez and Hz are zero.
This mode of propagation is used by most of the transmission lines and its cut-off
frequency is zero. However, for it to be used in transmission lines, there must be at least
two distinct conductors that are separated by an insulating material, hence they cannot
propagate in a waveguide.
2.2.2 Transverse Electric (TE) Mode
In transverse electric (TE) mode, there is no longitudinal or z-directed electric field,
whereas the magnetic field is present in the direction of propagation; that is, Ez = 0, and
Hz ≠ 0, hence TE waves are also referred to as H-waves. This mode of propagation is
used by waveguides and some transmission lines and its cut-off frequency is greater than
zero.
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2.2.3 Transverse Magnetic (TM) Mode
In transverse magnetic (TM) mode, there is no longitudinal or z-directed magnetic field,
whereas the electric field is present in the direction of propagation; that is, Hz = 0, and Ez
≠ 0, hence TM waves are also referred to as E-waves. This mode of propagation is used
by waveguides and some transmission lines and its cut-off frequency is greater than zero.
2.2.4 Quasi-TEM Mode
Quasi-TEM is a combination of both TE and TM modes and thus has longitudinal or zdirected magnetic field and electric field in the direction of propagation; that is, Hz ≠ 0,
and Ez ≠ 0, hence Quasi-TEM modes are also referred to as hybrid modes. This mode of
propagation is used by some transmission lines such as microstrip and coplanar
waveguide, and its cut-off frequency is greater than zero.

2.3 TRANSMISSION LINES
The common forms of transmission lines are open wires, unshielded twisted pair (UTP),
shielded twisted pair (STP) and coaxial (or coax) cable. Other forms of transmission lines
are microwave transmission lines, also called planar transmission lines, which are
normally constructed using printed circuit board (PCB) techniques. These include
microstrip, stripline, slotline, and coplanar waveguide.
In their practical use, it can be said that the transmission line has two ends, the generator
or the input end and the load or receiving end. The electrical characteristics depend on the
construction of the line. The two parallel conductors act as a long capacitor; that is, there
will be capacitance C between the wires. Each conductor will also have some resistance
R. There will also be magnetic field about the conductors as electrical energy is passed
through them, so there will be inductance L. Electrons will also leak (or move) from one
conductor to another through dielectric; that is, there will be conductance G between the
two conductors. If the line is uniform, one small section of the transmission line can
represented as follows:
L

L

R

C

G

L

R

C

R

G

Figure 2.1 General equivalent of a transmission line
Where R, L, G, and C are known as primary constants of the transmission line. These
primary constants do not vary with voltage or current but with frequency. At higher
frequencies, the inductive resistance becomes much larger than the resistance, and the
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capacitive susceptance becomes much larger than shunt conductance. Thus, at high
frequencies, both conductance and resistance are insignificant and may be ignored. So the
equivalent circuit of the two-wire line simplifies to the circuit shown in Figure 2.2.
L

L

C

L

C

Figure 2.2 General equivalent of a transmission line at high (or radio) frequencies
As the signal travels down the line from the source towards the load there will be
incremental voltage drops due to the resistor and the inductor, which by Kirchoff’s
voltage law is
 di 
 dv 
iRx   L  x    x
 dt 
 dx 

(2.1)

Similarly, the current will decrease due to the shunting by the leakage components:
conductance G and capacitance C, which by Kirchoff’s voltage law is

Gv x   C dv x   di x


dt 

 dx 

(2.2)

The speed of the electromagnetic waves depends on the medium through which they
travel. In a vacuum the speed is nearly 3x108 m/s and in other media it is slower.
The phase velocity of electromagnetic wave in a medium is given by
vp 

vc
c

r
r

(2.3a)

where vc = c = speed of light in a vacuum (3x108 m/s) and
ϵr = dielectric constant
The ratio of the speed of the electromagnetic wave on a particular transmission line to
that in a vacuum is called velocity factor. That is,
vf 

vp
vc



vp
c

Substituting for vp, we get
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vc
r
1
vf 

vc
r

(2.4)

2.3.1 Propagation down the Line
According to Young (2005), a sinusoidal signal travelling in the positive direction on a
lossless transmission line can be expressed as
v  A cost  x 

(2.5)

Where β is the transmission line phase constant. The phase velocity is found by
differentiating ωt – βx = constant; that is,

dx

 v p   f
dt


(2.6)

Where β = k = 2π/λ for TEM waves [from Equation (1.7)].
However, if the transmission line has a constant loss of α in amplitude, Equation (2.5)
becomes

v  Ae x cost  x 

(2.7)

Which is the real part of the exponential expression

v  Ae x e  jx e jwt
With phasor portion being

V  A1ex  A2 e x

(2.8)

Where γ is the propagation constant, which is given by

  ZY

(2.9)

For sinusoidal signal the characteristic impedance and propagation constant are given by

Zo 

R  jL
 Ro  jX o
G  jC

(2.10)

And
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    j 

R  jL G  jC 

(2.11a)

In a lossless transmission line, the attenuation constant α is zero and the propagation
constant of Equation (2.11) reduces to

 jL  jC   j

  j 

LC

(2.11b)

Or

   LC

(2.12)

And the characteristic impedance of Equation (2.10) reduces to

L
C

Z0 

(2.13)

The wavelength is



2





2
 LC

(2.13)

And the phase velocity is sometimes expressed in terms of capacitance and inductance as

vp 

1
LC

(2.14)

2.3.2 Impedance Mismatch, Standing Waves and Losses
If the load ZL = Zo, all the power fed into the line will be absorbed by the load, and such a
line is referred to as a flat or a non-resonant transmission line; however, if ZL ≠ Zo, not all
the power will be absorbed by the load, some will be reflected back towards the generator
side, causing the voltage measured along the line to vary, such a line is referred to as a
resonant transmission line, and the voltage at any point d from the load is given by

 ed  e d 
1  e 2d  ed
V d   vi  l

v
i
l 
 2l  l
 e  e 
 1  e  e

(2.15a)

And for lossless line (α = 0 and γ = jβ), Equation (2.15a) becomes

 Z cos d  jZ o sin d 
V d   vi  L

 Z o cos l  jZ L sin l 

(2.15b)
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The impedance at any point d from the load is given by

Z d  

 ed  e d 
 e jd  e  jd 
V d 
 Z o  d

Z
o  jd
d 
 jd 
I d 
 e  e 
 e  e


(2.16)

The amount of mismatch between the load and the characteristic impedance or between
the load and the line is usually expressed as standing wave ratio, which can be expressed
in terms load and characteristic impedance, maximum and minimum voltage, or
maximum and minimum current. In a lossless line, all the maximum points have the same
voltage value Emax and all the minimum points have the same voltage value Emin. The
ratio of the maximum voltage to the minimum voltage is called the voltage standing wave
ratio (VSWR), and the ratio of the maximum current to the minimum current is called the
current standing wave ratio (ISWR); that is,

and

VSWR 

E max
E min

(2.17a)

ISWR 

I max
I min

(2.17b)

where the maximum values occur where the incident and the reflected phasor are exactly
in phase and minima occurs where phasors are exactly out of phase. The VSWR or ISWR
are equal and are sometimes referred to as the standing wave ratio. That is,

SWR  VSWR  ISWR

(2.18)

The SWR can range from unity (when the load is equal to characteristic impedance) to
infinity (when all the power is reflected back).
The ratio of the reflected voltage, Er, to incident voltage, Ei, is known as the reflection
coefficient, , which is given by
    

Er
Ei

(2.19a)

Where ρ is the magnitude of the reflection coefficient. The reflection coefficient can also
be expressed in terms of the characteristic and load impedance as follows


Z L  Zo
Z L  Zo

(2.19b)

The SWR can also be expressed in terms of reflection coefficient as follows
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SWR 

1 |  | 1  

1 |  | 1  

(2.20)

And re-arranging, the magnitude of the reflection coefficient can be expressed as



SWR  1
SWR  1

(2.21)

And if the load is a known value of pure resistance, the SWR can be defined as
SWR 

Z o RL

(whichever is larger)
RL Z o

(2.22)

Where RL is the load resistance and the numerator in Equation (2.22) is chosen such that
the SWR is greater than unity.
The values of the minimum and the maximum impedances on the line are given by

Z min 

Zo
SWR

(2.23)

And

Z max  Zo SWR

(2.24)

Since the reflected and incident voltage in the line are related by reflection coefficient, ρ
= Er/Ei, the relationship between the reflected power and incident power can be obtained
by squaring the reflection coefficient; that is,

E 
Pr
  2   r 
Pi
 Ei 

2

(2.25a)

This ratio is called return loss, and is normally expressed in decibels as
RLdB  10 log  2  20 log 

(2.25b)

The amount of power transmitted to the load is

PL  Pi  Pr

(2.26a)

But from Equation (2.25a)

Pr  Pi  2
Substituting in Equation (2.26a) we get
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PL  Pi   2 Pi  Pi 1   2 

(2.26b)

The fraction of incident power not reaching the load because of mismatch and reflections
is given by
PL
 1 2
Pi

(2.27a)

This ratio is called mismatch or reflection loss, and is normally expressed in decibels as
MLdB  10 log1   2 

(2.27b)

Figure 2.3 below show the voltage distribution along the line for different values of ZL
for a lossless transmission line.
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Figure 2.3 Voltage measurements on line of length l for various loads (adapted from
Young, 2005).
From Figure 2.3 the following can be observed:
 For loads that are greater than the characteristic impedance, the voltage at the load
is greater than that of the non-resonant (or flat) line; for example, when the line is
terminated on an open circuit, the voltage at the load is twice that of a nonresonant line.
 For loads that are less than the characteristic impedance, the voltage at the load is
less than that of the non-resonant (or flat) line; for example, when the line is
terminated on a short circuit, the voltage at the load is zero.
 The distance between two successive voltage maxima (or minima) is λ/2.
 The distance between the voltage maximum and minimum is λ/4.
Example 2.1: A 50Ω lossless transmission with a dielectric constant of 1.6 is used to
connect a 50Ω transmitter to a 73Ω dipole antenna. If the minimum voltage measured
along the line is 5V and the transmitter is operating at 950MHz, determine the standing
wave ratio, the return and mismatch losses, the minimum and maximum impedance, the
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maximum voltage along the transmission line, and the distance in millimetres between
the maximum and the minimum voltage values.
Solution
Standing wave ratio: SWR 

Z L 73

 1.46
Z 0 50

Return loss:

RLdB  20 log 

But



SWR  1 1.46  1

 186.992  103  0.187
SWR  1 1.46  1

RLdB  20 log186.992  103  14.564dB

Mismatch loss:

MLdB  10 log1   2 



 10 log 1  186.992  103 

2



3

 154.574  10 dB
The values of the minimum and the maximum impedances on the line are

Z min 

Zo
50

 34.247
SWR 1.46

And

Z max  Zo SWR  50  1.46  73
Max voltage is derived from

VSWR 

E max
 SWR
E min

 E max  SWR  E min  1.46  5  7.3V
The distance between voltage maxima and minima is λ/4
But



v
c
3  108


 249.653mm
f
r f
1.6  1.6

Therefore, the distance in mm between voltage maxima and minima is
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d


4



249.653mm
 62.413mm
4

2.3.3 The Smith Chart
Smith chart is a graphical aid for determining impedances for different lengths of
transmission lines that are having complex loads. It is used to provide a graphical solution
to Equation (2.14); that is, it can be used to determine the impedance at any point d from
the load. The Smith Chart is depicted in Figure 2.4 below.

Figure 2.4 Smith Chart
From Equation (2.16) a general expression of line impedance at any point d can be
written as
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Z d  

1  d 
V d 
 Zo 

I d 
1  d 

(2.28)

Which provides a complex function Z d   f Re , Im  . In order to plot the result in
the graph you need to first normalize Z(d), by dividing it by the characteristic impedance;
that is,
z d  

Z d  1  d 


Zo
1  d  

 Rez   Im z   r  jx

(2.29)
(2.30)

Secondly, find the circle of constant normalized r
Thirdly, find the arc of the constant normalized reactance x
Fourthly, find the intersection of the two curves, which indicates the reflection coefficient
in the complex plane.
Lastly, determine the magnitude and the phase angle of the reflection coefficient.

2.4 WAVEGUIDES AND MICROWAWE TRANSMISSION LINES
Transmission lines are devices that guide electromagnetic waves from one place to
another. For lower frequencies, two wire transmission lines are used. This type of a
transmission line is limited to low frequencies due to radiation loss at high frequencies.
For frequencies above 200 MHz, coaxial (coax) cable is recommended because it does
not suffer from radiation loss due to the inherent shielding provided by the outer
conductor that surrounds the center conductor. However, they have a limitation due to
dielectric loss and skin effect. Thus, their main drawback is limited power-handling
capabilities.
To overcome some of the problems mentioned above, waveguides are used at microwave
frequencies because of their all-round characteristics, which are better than most of the
transmission lines, especially when it come to power-handling capabilities.
In addition to the waveguide, other types of microwave lines include miniature class of
transmission lines which are designed for higher frequencies up to millimetre wave
bands. These include the microstrip, stripline and coplanar waveguide.
2.4.1 Waveguides
A waveguide is a hollow metal tube that is used for guiding electromagnetic waves.
Unlike a coaxial cable, waveguide utilises no inner conductor, but relies on the tube to
guide the waves from the source to their destination. The common configurations of
waveguide are rectangular, rigid rectangular, circular, and elliptical. The waveguides are
made of good conductors such as copper, brass, or aluminium. The inner walls of the
waveguide have a very shallow skin depth resulting in a very little current existing in the
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surface of the inner walls of the waveguide, hence little power is dissipated in the guide;
that is, waveguide walls dissipate negligible small power, thus making them to act as a
mirrors to reflect the waves down the hollow tube. At extremely high frequencies and for
short lengths, the inner walls of the waveguide are coated with silver or gold to make the
skin depth even shallower, thus reducing the losses in the walls of the tube even further.
Skin depth refers to the measure of depth to which an electromagnetic wave can penetrate
a conductor, and is given by



1

(2.31)

0 f

Where σ = conductivity of the material used for inner walls of the waveguide. According
to Young (2005), the thickness of the waveguide walls must be greater than 5δ.
For high power application the waveguide is filled with an inert gas such as nitrogen and
pressurised in order to increase the voltage breakdown rating. Pressuring also helps to
keep the moisture out of the waveguide.
Because the cross-sectional area dimensions of the waveguide must be of the same order
as those of a wavelength, use of frequencies below about 1 GHz is not normally
considered, unless special circumstances warrants it.
2.4.1.1 Propagation
If a small antenna is placed inside a waveguide and is excited at some high RF frequency,
the antenna will produce a wave front like that of an expanding circle. Part of the wave
front will go straight down the waveguide and will be attenuated. However, some part of
the wave front will travel in the direction of the sidewalls and will be reflected from one
sidewall to the other, resulting in a propagation, which follows zigzag reflective path,
inside the waveguide.
Crossing angles

Antenna

 

Waveguide walls

Figure 2.5 Wave propagation in a waveguide
The sine of the angle at which the wave front crosses a waveguide is a function of the
wavelength and the cross-sectional dimension of the guide, and is given by the following
equation.

 

 c 

  sin 1 

(2.32)

35

Antenna

Where λ is the wavelength of the signal and c is the cut-off wavelength of the
waveguide. As the frequency of the signal increases, the angle of incidence becomes less,
and the signal travels farther before it reaches the other wall. At lower frequencies the
wave front crosses the guide at an angle that is almost perpendicular to the walls and if
you continue to bring down the frequency of the signal, the angle will be 90 degrees. The
frequency at which the angle is perpendicular to the walls of the guide is referred to as the
cut-off frequency. At this point, energy does not propagate but is dissipated by the
resistance of the walls.

Antenna

(a) High frequency

Antenna

(b) Medium frequency

(c) Low frequency

Figure 2.6 Relative crossing angles in a waveguide for various frequencies
Waveguide modes
Since there is no center conductor on which the conduction current can exists, a TEM
cannot propagate in a waveguide (Collin, 1992). The two modes that are allowed in
waveguides are the transverse electric (TE) mode and transverse magnetic (TM) mode.
In TE mode the magnetic field is in the direction of the wave propagation and the electric
field is transverse to it, whereas in TM mode the electric field is in the direction of the
wave propagation and the magnetic field is transverse to it.
The lowest frequency for which it is possible to propagate through a specific waveguide
is referred to as the principal or dominant mode. For the dominant mode, a one-half
wavelength exists across the waveguide width, permitting a zero E field to occur at the
sidewalls and the waveguide acts resistive. Greater multiples of one-half wavelengths
would result in higher-order modes of propagation. These higher-order modes are
specified by subscript m and n, written as TEmn and TMmn. Where the subscripts relate to
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the number of wavelengths that can exist. The characteristics of the dominant mode for a
waveguide include the following:





Longest operating wavelength
Greatest energy transfer efficiency
Simplest field configuration
Easiest mode to induce, or extract in a waveguide.

Each mode has an associated cut-off frequency, fc,mn, below which it cannot propagate.

Figure 2.7 Field lines for some of the lower order modes of a rectangular waveguide

Figure 2.8 Field lines for some of the lower order modes of a circular waveguide
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2.4.1.2 Rectangular waveguide
The rectangular waveguide is the waveguide with a rectangular cross section and is the
most commonly used to couple transmitters or receivers to the antenna.

b
a

Figure 2.9 Rectangular waveguide
Sometimes a ridge is added to a rectangular waveguide to form a ridged waveguide as
shown in Figure 2.10.

Ridges

Figure 2.10 Ridge waveguide
The addition of the ridge increases the bandwidth of operation: the cut-off frequency is
lowered while the higher-modes have their frequency elevated. This is done at the
expense of power-handling capability of the guide. The impedance also changes with the
addition of a ridge to a lower value.

Waveguides only propagate frequencies above a given cut-off, which is determined by
the width of the waveguide. These limits on wavelength and frequency are given by the
following equations, respectively, and are such that a half-wavelength of the propagated
signal fits in the wide dimension of the waveguide.

c  2a
fc 

c

c

(2.33)
(2.34)

Where c is the cut-off wavelength of the waveguide, fc is the cut-off frequency of the
waveguide, and a is the width of the waveguide and c is the speed of light.
When a = λ/2, exactly one-half of the wavelength at signal frequency fits between the left
and right walls of the waveguide, and the resulting mode is TE10, which is the dominant
mode of the rectangular waveguide. However, if the frequency is doubled, the
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wavelength of the signal will be halved, which means that there will be exactly one
wavelength at the signal frequency that will fit fits between the left and right walls of the
waveguide, and the resulting mode is TE20.
The propagation constant, β, and the cut-off frequency, fc,mn, for TEmn is given by

  k 2  kc2

(2.35)

Where k     is the wavenumber (see Equation 1.7) and kc is the cut-off
wavenumber, which is given by

 m   n 
kc  
 

 a   b 
2

f c,mn 
But 1



2

(2.36)

kc

(2.37a)

2  

is phase velocity; that is,

vp 

1





c
r

Re-arranging we get

r
c



(2.38)

Substituting in k     we get

k

 r

(2.39)

c

Substituting for kc, and for phase velocity, Equation (2.37a) becomes

f c ,mn 

c
2 r

c
 m   n 

 
 
2 r
 a   b 
2

2

2

m n
   
 a  b

2

(2.40)

For TMmn the propagation constant, β, the cut-off wavenumber, kc, and the cut-off
frequency, fc,mn remain the same.
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Rectangular waveguide velocities
Any electromagnetic wave has two velocities: the one with which it propagates and the
one with which it changes phase. In free space, these are “naturally” the same and are
called the velocity of light, vc, where vc is the product of the wavelength and frequency
(Kennedy, 1985). However, the velocity of the wave inside the guide is less than that in
free space due to the zigzag reflection path the wave follow inside the guide. The velocity
inside the guide improves as you increase the frequency of the signal that is being
propagated.
The velocity at which the wave changes phase is called phase velocity, vp, and the
velocity at which it propagates is called group velocity, vg. The mathematical relationship
among the three velocities is
c  vc  v p v g

(2.41)

Where vc = c = speed of light, vp = phase velocity and vg = group velocity.
The phase velocity increases as you decrease frequency and the crossing angle increases
towards 90 degrees and it is possible to have it greater than the speed of light (Harsany,
1997). The equation for phase velocity is

vp 

c
sin 

(2.42)

and the group velocity is

v g  c sin 

(2.43)

where  = crossing angle.
The guide’s wavelength is a function of the geometry of the guide and is given by

g 

o
1



o 2
c

(2.44)

where g = guide wavelength, o = free space wavelength, and c = cut-off wavelength of
the waveguide.
Example 2.2: Calculate the group and phase velocities in a waveguide if the angle of
incidence is 300.
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Solution
Phase velocity is

c
3  108
vp 

 6  108 m / s
0
sin  sin 30
and the group velocity is
v g  c sin   3  108  sin 300  1.5  108 m / s

Now let us see what happens if we take the square-root of the product of the two
velocities in a waveguide; that is,

v p v g  6  108  1.5  108  3  108 m / s  c
Therefore, the square-root of the product of the two velocities in a waveguide is equal to
the speed of light or free-space velocity, c.
Wave impedance within a rectangular waveguide
In the theory of wave electromagnetic wave radiation and propagation it was mentioned
that the characteristic impedance of free space (or air) is 377, which means that any
wave traversing the free space or air is subjected to a wave impedance of 377. A similar
situation exists for waves in air–filled guide structures. However, because of the wave
orientation and guide geometry, the wave impedance within a guide is not equal to 377,
instead it is

Z TE 

k





377g





377

1   
 c 

for TE mode

(2.45a)

for TM mode

(2.45b)

and
Z TM 


k

0 

377

g


 377 1   
 c 

For TE mode it is important that the signal frequency is kept higher than the cut-off
frequency, or the signal wavelength smaller than cut-off wavelength. Failure to comply
with that and have your signal frequency equal to or lower than the cut-off frequency will
result in the denominator of Equation (2.45b) being or approaching zero and ZTE
approaching infinity. When this happen the signal is considered to be evanescent. This is
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also why the signal frequencies below the cut-off frequency of the guide cannot
propagate within the guide.
Table 2.1 Selected Rectangular waveguides
Frequency
range
(GHz)

Outside
Dimensions
(mm)

Wall
thickness
(mm)

RETHMA
Designation

JAN type
number

1.12-1.70
1.70-2.60
2.60-3.95
3.95-5.85
5.85-8.20
8.20-12.40
12.40-18.00
18.0-26.5
26.5-40.0
40.0-60.0
60.0-90.0
90.0-140
140-220
220-325

169x86.6
113x58.7
76.2x38.1
50.8x25.4
38.1x19.1
25.4x12.7
17.8x9.9
12.7x6.4
9.1x5.6
6.8x4.4
5.1x3.6
4.0 (diam.)
4.0 (diam.)
4.0 (diam.)

2.0
2.0
2.0
1.6
1.6
1.3
1.0
1.0
1.0
1.0
1.0
2.0X1.0
1.3x0.64
0.86x0.43

WR650
WR430
WR284
WR187
WR137
WR90
WR62
WR42
WR28
WR19
WR12
WR8
WR5
WR3

RG-69/U
RG-104/U
RG48/U
RG-49/U
RG-50/U
RG-52/U
RG-91/U
RG-53/U
RG-96/U
--RG-99/U
RG-138/U
RG-135/U
RG-139/U

Theoretical
Average
attenuation
(dB/m)
0.0052
0.0097
0.019
0.036
0.058
0.110
0.176
0.37
0.58
0.95
1.50
2.60
5.20
8.80

Theoretical
average (CW)
power rating
(kW)
14 600
6 400
2 700
1 700
635
245
140
51
27
13
5.1
2.2
0.9
0.4

Losses in the rectangular waveguide
As the signal propagate down the guide, it will lose power due because of attenuation.
The two main contributors to this attenuation are the attenuation due to dielectric loss in
Np/m, which is given by

d 

k 2 tan 
2

(2.46)

And attenuation due to conductor loss in Np/m, which is given by

c 

Rs

2b 2  a 3k 2 
a bk
3

(2.47)

Where Rs is the surface resistivity of interior walls, which is given by

Rs 

 0
2

(2.48)

The total attenuation is the sum of the dielectric loss and conductor loss; that is
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T   d   c

(2.49)

And the overall loss of the guide will be
Guide _ LossdB    T l g

(2.50)

Where lg is the length of the waveguide. Remember αd and αc are in Nepers/meter
(Np/m), and the final answers for all your attenuations must be in decibels (dB/m), and to
convert from Neper to decibel use the following

xNp  20 log e x dB

(2.51)

Example 2.3: Suppose gold coated 2m of 17.8x9.9 mm Teflon filled brass rectangular
waveguide is used to connect a 14GHz microwave system to a parabolic dish. If the
antenna-end is having an impedance of 320Ω, determine:
(a) The skin depth
(b) The wavelength and the frequency of the lowest frequency signal that will
propagate down the guide.
(c) Standing wave ratio if TE10 mode is used
(d) The return and mismatch losses
(e) The cut-off frequency of the propagating mode used
(f) The overall attenuation in decibels
Solution
1

1

(a)



(b)

c  2a  2  17.8mm  35.6mm

0 f



4.098  10    4  107  14  109
7

 664.462nm

And
fc 

c

c

(c)

Z TE 

But



k





3  108
 8.427GHz
35.6  103



377g





377

1   
 c 

c
3  108

 21.429mm
f 14  109
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And

g 

Z TE 

0
 
1   0 
 c 
377g

SWR 







2

21.429mm
 21.429mm 
1 

 35.6mm 

2

 26.835mm

377  26.835mm
 472.110
21.429mm

Z 0 472.110

 1.475
ZL
320

(d)

RLdB  20 log 

But



SWR  1 1.475  1

 191.919  103  0.192
SWR  1 1.475  1

RLdB  20 log191.919  103  14.338dB

And

MLdB  10 log1   2 



 10 log 1  191.919  103 

2



 162.984  103 dB
 0.163dB
(e)

f c ,mn

2

m n
   
 a  b

c

2 r

2

3  108 
1
0
 




3 
3 
2 2.08  17.8  10   9.9  10 
 5.843GHz
2

(f)

But

2

k 2 tan 
d 
2
k   

 r
c



2    14  109 2.08
 422.881m 1
8
3  10
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 m   n 
 1   0  
kc  

 176.494m 1
 
  
3 
3 
 a   b 
 17.8  10   9.9  10 
2

2

2

2

And

  k 2  k c2 

2  384.289

Rs 

c 


c 

 384.289m 1

422.8812  0.0004  93.070  103 Np / m  0.808dB / m

 d 

But

422.8812  176.4942

 0
2    14  109  4  107

 36.725m
2
2  4.098  107
Rs
2b 2  a 3k 2 
a bk
3

0
r



377
 261.402
2.08



36.725m
3
2
2 2  9.9m  17.8m  422.88
17.8m   9.9m  384.289  422.881 261.402
3



 18.642  103 Np / m
 0.162dB/m

T  d  c  0.808dB / m  0.162dB / m  0.970dB / m
For 2m the loss will be
LossdB   T l  0.970dB / m  2m  1.940dB

2.4.1.3 Circular Waveguide
A circular waveguide is the waveguide with a circular cross section. The dominant TE
mode for circular waveguide is TE11, while the dominant TM mode is TM01.
It has higher-power handling capability than a comparable sized rectangular guide.
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d

Figure 2.11 Circular waveguide
Circular guides can support both vertical and horizontal polarised signals simultaneously.
The main disadvantage of a circular guide is that you need a larger guide than rectangular
for the same frequency.
The cut-off frequency for a circular waveguide is

c 

2r
Bmn 

(2.52)

where r = radius of the guide in meters, and B = Bessel roots for a given mode.
The propagation constant, β, and the cut-off frequency, fc,mn, for TEmn is given by

  k 2  kc2
Where kc is the cut-off wavenumber, which is given by

kc 

Bmn 

f c,mn 

(2.53)

r

kc
2  

(2.54a)

Substituting for kc, Equation (2.54a) becomes

f c ,mn 

Bmn 
2r  

(2.54b)

For TMmn the propagation constant, β, the cut-off wavenumber, kc, and the cut-off
frequency, fc,mn remain the same.
The dielectric loss αd and Rs are the same as that of the rectangular waveguide; however,
attenuation due to conductor loss for circular waveguide is given by
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c 

Rs  2
k 2 
kc  2
rk 
Bmn   1 

(2.55)

The impedances are also the same as those of the rectangular waveguide. Table 2.2 shows
a list of some of the circular modes that are most likely to be encountered.
Table 2.2 Bessel Function Solutions
TE
MODE
TE01
TE11
TE21
TE02
TE12
TE22
TE03
TE13
TE23

TM
MODE
TM01
TM11
TM21
TM02
TM12
TM22
TM03
TM13
TM23

Bmn
3.83
1.84
3.05
7.02
5.33
6.71
10.17
8.54
9.97

Bmn
2.40
3.83
5.14
5.52
7.02
8.42
8.65
10.17
11.62

Example 2.4: Determine the cut-off wavelength, the guide wavelength, and the
characteristic wave impedance of a circular copper waveguide whose diameter is 0.10m
for a 10 GHz propagated in it in the TM21 mode.
Solution

c 



2r
2  0.10 / 2

 0.0611m
Bmn 
5.14

vc
3  108

 0.03m
f 10  109

0    0.03m
g 

Z TM

o
1



o 2
c



 
 377 1  
 C

0.03
0.03
1
0.0611

 0.042m

2


0.03
  377 1 
 269.012
0.0611
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Example 2.5: If the length of the waveguide in Question 2.3 above is 1m, determine the
overall attenuation in decibels.
2.4.1.4 Waveguide coupling
There are four basic methods of launching energy into a waveguide: capacitive coupling,
inductive coupling, slot coupling, and horn antenna. The first two are used when coupling
between the coaxial cable and the waveguide, the slot coupling is normally used for
coupling one waveguide to the other, and horn antenna coupling is normally used for
coupling the waveguide into a parabolic antenna.
Capacitive coupling is achieved by putting a section of the center conductor of a coax
line into one end, usually one-quarter wavelength from the closed end, of a rectangular
guide. This method can be used effectively to launch either TE or TM mode of
propagation depending on the placement of the center conductor of the coaxial line.
This method can be also used to get power back out of the guide. There are commercial
coax-to-waveguide adapters that are available to perform this task.
Inductive coupling is almost the same as capacitive coupling with the exception that the
coaxial cable is terminated with a loop. This loop can be either in the end or at the
sidewall of the waveguide.
Slot coupling make use of slots or holes in the walls of the waveguide to radiate. When a
hole is made in the waveguide wall, energy can escape from the waveguide through the
slot or possibly enter into the waveguide from outside.
Horn antenna is the fourth method, which can be used to effectively couple energy into
or out of the waveguide.
2.4.1.5 Waveguide termination
The wave that propagates down the guide moves from the source towards the other end of
the guide. If that end of waveguide is open, the wave will be coupled into free-space;
however, if the guide terminates in a metallic wall, then the wave will reflect back
towards the source, thus resulting in the presence of both incident and reflected waves.
Like in ordinary transmission lines, there will interference between the two resulting in
standing waves. To avoid reflections and standing waves, the waveguide needs to be
terminated in a matching impedance. This is usually accomplished by either matching the
load to the guide or by providing a dummy load.
There are various types of dummy loads: (1) mixture of sand and graphite, (2) carbonized
rod, (3) graphite or carbonized synthesized material, and (4) resistive vane loads.
(1) Sand and graphite mixture: the fields of the propagated waves will cause current
flow in the mixture, which in turn will result in heating of the mixture; that is, the
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power that is not used will be dissipated as heat by the mixture instead of being
reflected back towards the source.
(2) Carbonized rod is placed at the center of the electric field, and the electric field of
the propagated waves will cause current flow in the rod, which in turn will result
in I2R or heat loss; that is, the power that is not used will be dissipated as heat by
the carbonized rod instead of being reflected back towards the source.
(3) Graphite or carbonized synthesized material: the fields of the propagated waves
will cause current flow in the material, which in turn will result in I2R or heat loss;
that is, the power that is not used will be dissipated as heat in the material instead
of being reflected back towards the source.
(4) The resistive vane load: the plane of the vane load is orthogonal to the magnetic
lines of force. When the magnetic lines cut across the vane, current will be
induced, which in turn will result in I2R or heat loss. This will result in a very
small RF energy reaching the metallic wall, hence there will be small reflections
and low VSWR.
2.4.2 Microstrip
Microstrip can be described as a class of miniature transmission line that is using metal
strips that lie in parallel planes. Unlike other transmission lines it can operate at higher
frequencies up to millimeter wave bands. The propagation is done via the Quasi-TEM
mode; however, it can also support higher order TE and TM modes. It consists of a thin
metal strip called the signal trace of width W, which is laid on an insulator, or dielectric
material called a substrate of thickness H. This insulator, or dielectric material, is in turn
laid on a flat metal base called ground plane. The drawback of microstrip is that some of
the energy transmitted may be coupled into space or adjacent traces; that is, it is
dispersive and lossy (Wadell, 2003).

W

H

r

Ground plane

Figure 2.12 Microstrip
The characteristic impedance of the microstrip depends on the strip width, the dielectric
constant and the thickness of the substrate and is given by
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60  8H W 
ln



4H 
e  W

Zo  
120

 e W H  1.393  0.667 ln W H  1.444







W
1
H
W
for  1
H
for

(2.56)

The phase velocity and propagation constant are given by
vp 

c
e

(2.57)

And

  k 0 e

(2.58)

Where ϵe is the effective dielectric constant, which is given by

e 

r 1 r 1
1

2
2
1  12H

(2.59)

W

Example 2.6: Determine the characteristic impedance of a microstrip line with a strip
width of 500µm, substrate thickness of 500µm and a dielectric constant of 9.7.
Solution

e 

r 1 r 1
1

2
2
1  12H

Z0 



e W



120
H



9.7  1 9.7  1

2
2



 1.444

W

 1.393  0.667 ln W

H
120

1
500
1  12
500

 6.556



6.556 500
 1.393  0.667 ln 500
 1.444
500
500
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2.4.3 Stripline
Stripline, like microstrip, can be described as a class of miniature transmission line that
can operate at higher frequencies up to millimeter wave bands. It is a two-wire structures
where propagation is done via the TEM mode; however, it can also support higher order
TE and TM modes. It consists of a thin metal strip sandwiched between two insulators, or
dielectric materials that are laid on two metal bases (or ground planes) as shown in Figure
2.13. The presence of the metal bases (or grounds) helps to provide good shielding, thus
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minimizing emissions and providing natural shielding against incoming spurious signals
(Analog Devices, 2009). The stripline has both Q and power handling higher than the
microstrip.

H
T

H

W

Figure 2.13 Stripline
Its characteristic impedance depends on the dielectric constant, the cross-sectional
geometry of the strip center conductor and ground planes. It is usually approximated,
with 1% accuracy, by
Zo 

30
b
r We  0.441b

(2.60)

Where b is the spacing between the two ground planes; that is,

b  2H  T

(2.61)

And We is the effective width of center conductor, which is given by


0
We W 


b
b  0.35  W
b




W
 0.35
b
W
for  0.35
b

for



2

(2.62)

Example 2.7: Determine the characteristic impedance of a stripline with a strip width of
10mm, substrate thickness of 10mm and a dielectric constant of 2.2.
Solution
Zo 

30
b
r We  0.441b

But since W/b > 0.35

We W

 We  W  10mm
b
b
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Zo 

30
b
30
10mm

 44.096
r We  0.441b
2.2 10mm  0.441  10mm

2.4.4 Slotline
The slotline is also a miniature transmission line that can operate at higher frequencies up
to millimeter wave bands. It is a two-wire structures where propagation is done via the
TEM mode. It consists of two metal strips that are placed on the same side on a substrate
as shown in Figure 2.14. It is best suited for balanced line applications.

W
t
H

r

a

Figure 2.14 Slotline
3.4.5 Coplanar Waveguide
The last type of microwave transmission line is a coplanar waveguide. It is also a
miniature transmission line that can operate at higher frequencies up to millimeter wave
bands. It is a two-wire structures where propagation is done via the TEM mode and
Quasi-TEM. It consists of three metal strips: a thin metal strip of width W that is placed
between two ground planes on a substrate and center strip is separated by narrow gap of
width S from the ground planes, which are on either side of it. All the three are placed on
the same side of the substrate as shown in Figure 2.15, hence called coplanar. In order to
concentrate the fields in the substrate area and minimize radiation, the thickness of the
substrate is usually set to be equal to twice the gap width. The coplanar waveguide has a
zero cut-off frequency, which makes it suitable for wideband application. Some other
coplanar wavelength have their substrate mounted on a ground plane to help concentrate
the field between the strip and the substrate ground plane. This in turn helps to improve
shielding.

l
S

W S

t
r

H

Figure 2.15 Coplanar waveguide
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Its characteristic impedance depends on the dielectric constant, the width of the center
strip, and the width of the gap between the center strip and ground planes. It is expressed
by
Zo 

120 K 
4 e K

‘

(2.63)

Where ϵe is the effective dielectric constant, which is given by

e 

r 1
2

(2.64)

And K and K’ are complete elliptical integrals of the first kind, and their ratio is given by

 1  1
ln 2

K    1

K   1  1 
ln 2
   1 





0.7  k  1


1
k  

0  k  0.7
k  
k
k

(2.65)

The modulus k is given by

W
W  2S

(2.66)

k  1  k 2

(2.67)

k
And

Example 2.8: Determine the characteristic impedance of a coplanar waveguide with a
center strip of 600µm, gap of 600µm and a dielectric constant of 9.7.
Solution

e 

r 1 9.7  1

 5.35
2
2

k

W
600

 0.333
W  2S 600  2  600

Since k is between 0 and 0.7, K/K’ will be
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1

K  1  1  k  
K 1  1  k 
 

  ln 2
 ln 2

K    1  k  
K   1  k  
But

k   1  k 2  1  0.3332  0.943



K  1  1  k   1  1  0.943 
  ln 2
  1.564
 ln 2
K   1  k     1  0.943 

Zo 

120 K 
120

 1.564  63.748
4 e K 4 5.35
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3. MICROWAVE ANTENNAS
3.1 INTRODUCTION
Since microwave systems are wireless systems, they rely on antennas to launch waves
into space and to intercept waves from space. Antennas that are used by microwave
systems include wire antennas: dipole and helical; aperture antennas: reflectors, horn and
lens; printed antennas: patch (or microstrip) and printed versions of wire antennas, and
other antennas such as solid-state arrays and slot antennas.
Antennas are transducers that are designed for maximum radiation, and they possess
reciprocity, which is the property that makes them to be interchangeable between transmit
(or launching of waves into space) and receive (or intercepting of waves from space). For
any antenna system operation to be efficient, the transmitting antenna and the receiving
antenna must have the same polarization, signal being transmitted or received must be
within the bandwidth of the antennas used, and if the antennas are directional, the two
antenna must be aligned so that they point directly to each other. The latter two help to
minimize polarisation mismatch losses that result from polarization mismatch between
the transmitting and the receiving antenna, and pointing losses that occur when the
transmitting antenna is not pointing directly to the receiving antenna.
3.1.1 Polarization
Antennas radiate electromagnetic waves, which consists of an electric field and magnetic
field that are at right angles with each other. These two waves oscillate in phase with each
other and are perpendicular to the direction of propagation (that is, the direction of
propagation is at right angle with both electrical and magnetic field).
The magnetic field always surrounds the current carrying conductor, so it is always
perpendicular to it, while electric field is always parallel to the current carrying
conductor. Thus, electric and magnetic field are at right angles with each other. This
setup also applies after the wave has been radiated (i.e. left the antenna).
The polarization of the wave is determined by the electric field; for example, if the
electric intensity vectors are vertical, the wave is said to be vertically polarized, and if
they are horizontal, the wave is said to be horizontal polarized. Since the direction of the
electric field is always parallel to the radiating conductor, it can be said that the direction
of polarization is the same as the direction of the antenna. Thus, vertical antennas radiate
vertical polarized waves, horizontal antennas radiate horizontal polarized waves and
helical (helix or spiral) antennas radiate circular polarized waves. The energy in the
circular polarized waves is divided equally between the horizontal and vertical
components, thus making it possible for the circular polarized wave to be received by
both horizontal and vertical polarized antennas.
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On the receiver, it is important to have the antenna to be of the same orientation as the
transmitting antenna (that is, both horizontal, or both vertical), and when using the helical
antennas it is important to make sure that both antennas have the same thread orientation
(that is, both clockwise, or both counter-clockwise), otherwise the received signal will be
significantly reduced due to polarization mismatch. The loss due to polarization
mismatch are referred to as polarisation mismatch loss and is given by
Polarization mismatch loss  20 logcos  dB

(3.1)

where φ is the misalignment angle between the two antennas. From Equation (3.1) it can
be deduced that if the two antennas are 90 degrees out-of-phase the loss will be infinite.
However, in real situation, though the loss is quite large, it is not infinite.
3.1.2 Near-field and Far-field
In wireless systems antennas can be regarded as the source of electromagnetic waves. If
the antenna is radiating equally in all directions (i.e., isotropic radiator), the power
radiated will form spherical wavefronts, and at a distance r from the antenna, the power
will spread out to occupy a spherical surface area of 4πr2. The power density on the
wavefront is given by

PD 

Pt
4r 2

(3.2)

where Pt is output power of the transmitter.
The region around the antenna that is covered by the radiated wave can be classified as
either as near-field or far-field. Near-field is the immediate region that surrounds the
antenna, and due to its proximity the electric and magnetic fields are stronger, thus
making the near-field to contain more energy. However, the near-field tend to diminish
rapidly according to a 1/r4 function. The distance to the edge of the near-field is a
function of both the wavelength of the radiated signal and the antenna dimensions; that is,

rff 

2d 2



(3.3)

Where d is the largest antenna dimension and λ is the wavelength of the transmitted
signal. This distance given by Equation (3.3) forms the boundary between the near-field
and far-field from the antenna, and is referred to as far-field distance or Rayleigh distance
from the antenna. Sometimes the near-field region is further subdivided into two subregions: reactive near-field and radiating near-field, where the reactive near-field is a
near-field region closest to the antenna, which is defined by
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0  r  0.62

d3

(3.4a)



Whereas the radiating near-field region is defined by

d3

0.62



r

2d 2



(3.4b)

Far-field is a region far from the antenna where the radiation pattern of the antenna does
not change shape with distance. This region falls outside of the near-field at distance

r 

2d 2



(3.5)

In the far-field the intensity falls off according to the square of the distance (1/r2). The
analysis of the performance of the antenna is usually done using the far-field since it is
regarded as more stable than near-field.
Example 3.1: Determine the reactive near-field region, far-field distance, and radiating
near-field region of a 90cm parabolic microwave antenna that is used to transmit 12GHz.
Solution
The reactive near-field is defined by
0  r  0.62

But



d3



c
3  108

 25mm
f 12  109

Therefore, the reactive near-field is

0.9 3
0  r  0.62
25  103
0  r  3.348m
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The far-field distance is
2  0.9 
rff 

 64.8m

25  103
2

2d 2

The radiating near-field region is defined by

0.62

d3



r

2d 2



3.348m  r  64.8m
3.1.3 Standard Antennas
An antenna that radiates equally in all directions is called an isotropic radiator (or
antenna). Isotropic antenna is a hypothetical radiator with a spherical radiation pattern,
and 100 percent efficiency; that is, it does not have losses, so all the power fed to it is
radiated. However, on a more practical level, all real antennas radiate better in some
directions than others and cannot be isotropic. Though an isotropic antenna is a
hypothetical antenna, its concept is a very useful one and provides as a standard to which
real antennas can be compared.
The other standard is the half-wave dipole which has in its own right a directional pattern
compared to an isotropic. Unlike isotropic antenna, the half-wave dipole is a practical
antenna which can be built and is therefore a more realistic basis for comparison. So it is
important therefore that whenever a comparison is done it is shown clearly whether it is
with reference to isotropic or half-wave dipole; for example, when expressing the gain,
‘dBi’ must be used when isotropic is a reference, and ‘dBd’ must be used when the gain
is expressed relative to a half-wave dipole.
3.1.4 Effective Aperture
A receiving antenna may be thought of having an area that collects electromagnetic
energy from the incident wave. This area is referred to as effective area, and is also
known as effective aperture, or capture area. Effective aperture is given by

Ae 

2
D
4

(3.5)

where  = wavelength
D = is directivity or maximum directive gain
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The larger the effective aperture, the more effective is the antenna compared with a
simple dipole.
3.1.5 Electrical and Physical Length of an Antenna
The velocity of a wave in a free space is the same as the speed of light ( 3  108 m / s ).
Therefore, the wavelength in a free space is given by



c 3  108 m / s

f
f

(3.6)

where  = wavelength in meters
c = vc = speed of light
f = frequency in Hertz
The velocity of a wave along a conductor is always slightly less than that in a free space.
If we substitute the speed of light in Equation (3.6) with a slightly less value, the new
wavelength (using the velocity in a conductor) will be less than that in a free space. This
new wavelength represents the physical length of the antenna while the former represents
the electrical length. Literature reveals that the physical length can be approximated as
about 95 percent of electrical length. In dipole antennas this reduction of the length by
5% helps to eliminate the reactive component of the terminal impedance, thus making the
antenna’s impedance to be purely resistive at the feed point.
Example 3.2: A half-wave dipole is needed to transmit a 300 MHz broadcast. Determine
the electrical and the optimum length of the dipole.
Solution
For f = 300 MHz, the wavelength is



vc
3  108

 1m
f 300  106

The electrical length is


2

 0.5m

Applying the 95 % correction factor, the actual optimum physical length of the antenna is

0.95  0.5m  0.475m
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3.1.6 Bandwidth and Beamwidth
Bandwidth - Bandwidth refers to the frequency range over which the operation of the
antenna is satisfactory.
Beamwidth – Beamwidth is the angular separation between the two half-power points on
the power density radiation pattern and it is expressed in degrees.

3

dB

Beam w idth

Figure 3.1 Beamwidth
3.1.7 Side Lobes and Nulls
A side lobe is a radiation lobe in any direction other than that of a major lobe. Therefore,
side lobes are smaller lobes compared to the main lobe and they are commonly specified
in dB down from the main lobe.
A null is a zone in an antenna radiation pattern in which the effective radiated power is at
a minimum. A null often has narrow directivity angle than that of the main beam, and is
useful for purpose such as suppression of interfering signals in a given direction.
3.1.8 Front-Back Ratio
Directional antennas’ radiation patterns exhibit much greater directivity in one direction
than in any other as shown in Figure 5. Where it is evident that there is more signal off
the front than the back. The ratio of the maximum signal off the front (Ef) of the
directional antenna to the maximum peak signal off the back (Eb) is called front-to-back
ratio (FBR). FBR also refers to maximum gain in the most optimum direction to the gain
in the direction 1800 away from the optimum direction. FBR is usually expressed in
decibels; that is,
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E
FBR  20 log f
 Eb





(3.7)

Since FBR is the ratio of the output in the most optimum direction to the output 1800
from the optimum direction, it can also be used to express how directive the antenna is,
and the greater the FBR value, the more directive the antenna.

B a c kw a rd
lobe

Forw a rd
lobe

Figure 3.2 Radiation pattern of a directional antenna

3.2 DIPOLE AND MONOPOLE ANTENNAS
A dipole antenna is the simplest practical antenna. It is a center-driven radiating element.
The mostly commonly used versions of dipole antennas are half-wave (


) dipoles, and
2

folded dipoles.
Monopoles, on the other hand, are fed from one end; that is, they are end-fed instead of
being center-fed like dipoles. However, for them to operate satisfactory they need to be
mounted on a conductive surface which acts as a reflector to provide an image of the real
antenna. The current in the image has the same direction and the phase as the real antenna
which makes it to have characteristics which are almost similar to that of a dipole. The
mostly commonly used version of dipole antenna is a quarter-wave (


) dipole called a
4

Marconi antenna. Theoretically, a monopole antenna has a gain of about 5.16 dBi when
used on a large horizontal ground plane, but in practice finite ground planes reduces this
gain to something between dipole gain of 2.16 dBi and 5.16 dBi, and simulation shows
that in some cases the gain can even be less than that of a dipole if the ground plane is not
that good.
Both the dipoles and the monopoles are resonant antennas that produce omnidirectional
azimuth radiation patterns which make them to be useful in base stations of point-tomultipoint (P2MP) and mobile wireless communication systems.
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3.2.1 Half-wave dipole

A half-wave (


) dipole is a center-fed antenna with an electrical distance of half
2

wavelength from one end to another end at the carrier frequency. In other words, the halfwave dipole is composed of two quarter-wave sections which are usually made with
wires or hollow tubes. It was invented by Heinrich Rudolph Hertz; hence it is also
referred to as a Hertz antenna. The current distribution along the dipole is zero at the ends
but rises up to a maximum at the center as shown in Figure 1, while the voltage is
minimum at the center and maximum at the ends. The radiation pattern of a


is as
2

shown in Figure 3.3 below.
Antenna


2

(a) H alf-wave dipo le
(b) R adiatio n patte rn

Figure 3.3 Half-wave dipole and its radiation pattern
A half-wave dipole has a maximum directive gain or directivity of 2.14 dBi (1.64) with
respect to the isotropic radiator. Using Equation (3.5) the effective aperture is of a halfwave dipole is

2
2
D
 1.64
4
4
 0.132

Ae 

(3.8)

At its electrical length the half-wave dipole has an impedance of 73 + j42.5 Ω, and at its
physical length its typical input impedance is about 73  at the feed point and is purely
resistive.
3.2.2 Folded dipole
A folded dipole is a dipole antenna that has its radiating element folded into a λ/2
flattened loop as shown in Figure 1.16. It offers the same radiation pattern as the standard
half-wave dipole discussed above. However, its input impedance is in the range of 288 
to about 300, which is about four times that of a standard half-wave dipole. This
impedance can be further increased by using a larger diameter for the antenna element. It
also offers a bandwidth that is slightly broader (typically 10 % more) than that of an
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ordinary half-wave dipole. Folded dipoles are commonly used as the driven element in
Yagi-Uda antenna arrays to help maintain a reasonably high impedance since the addition
of each director lowers the array’s input impedance. The use of folded dipole also
broadens the band of operation of the Yagi-Uda.




2

2

Figure 3.4 Folded dipole antennas

3.3 HELICAL (HELIX) ANTENNA
A helical or helix antenna is a broadband VHF and UHF antenna which consists of a
loosely wound helix that is backed by a ground plane, which is a simple screen made of
chicken wire. It can be viewed as a hybrid of monopole and circular antenna, hence it has
two modes of radiation: normal and axial. The normal (broadside) mode occurs when the
helix diameter is much less than one wavelength (C << λ), and its length is also less than
a wavelength (L << λ). In the normal mode the radiation is perpendicular to the axis of
the helix and is analogous to that of dipole (or monopole).
Axial (or end-fire) mode occurs when the circumference of the helix is comparable with
the wavelength (C ≈ λ), and is due to the fact that waves will also travel around the turns
of the helix, resulting in an end-fire mode that produces a broadband narrow beam of
circular polarized waves, which is either clockwise or counter-clockwise. The energy in
the circular polarized waves is divided equally between the horizontal and vertical
components, thus making the helical antenna to be able to transmit to, or receive from
both horizontal and vertical polarized antennas. The helical antenna is used either as
singly or in an array for tracking satellites and radio astronomy. Helical antennas are also
becoming popular in WiFi systems and other systems that are working in the ISM band
(2.4 GHz). The key parameters of a helical antenna are as follows:





Diameter of the helix, D
Spacing between turns, s
Number of turns, N
Circumference of the helix, C  D



Length of one turn, L  C 2  s 2
s
Pitch angle,   tan 1  
C 
Total height of the helix, H  Ns
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The geometrical relationship between these parameters is depicted in Figure 3.5a together
with the geometry of the helix antenna, while Figures 3.5b and 3.5c show the typical
dimensions and the structure of a helix antenna, respectively.
H
L

s



Coaxial
feed

D
Ground
plane

C

s
Helix

Figure 3.5a Geometry of a helix antenna

Ground pla ne
H e lix



0 .8 
C oa xia l
fe e de r
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A xia l
R a dia tion



8

4

Figure 3.5b Typical dimensions of a helical antenna

Figure 3.5c Helical Antenna
The directive gain is given by

G  15

sNC 2

3

(3.9a)

According to Huang and Boyle (2008), if we take minor lobes and the details of the
pattern shape into account, a more realistic estimation of the directive gain is
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G  12

sNC 2

3

(3.9b)

Or, in decibels,

 sNC 2 
G  10.8  10 log 3 
  

(3.9c)

The input impedance is estimated by

Ri  140

C

(3.10)



The effective aperture is

Aeff 

G2
4

(3.11)

AR 

2N  1
2N

(3.12)

The axial ratio is given by

The half-power beamwidth can be approximated by
HPBW  ( 3dB ) 

520  
C sN

(3.13)

and the beamwidth between the first nulls can be approximated by
FNBW  nulls 

1150  
C sN

(3.14)

According to Huang and Boyle (2008), the recommended parameters for optimum design
to achieve circular polarization are:





Normalized circumference: ¾ < C/λ < 4/3, and usually C = λ is used;
Spacing: s ≈ λ/4;
Pitch angle: 120 ≤ α ≤ 150, and
Number of turns: N > 3.

And according to Rao et al. (2013) the optimum diameter of the ground plane ≈ 0.8λ.
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Example 3.3: Design a circular polarized helical antenna of an axial radiation pattern
with a maximum directive gain of 12dBi at 5.8 GHz, and also determine input
impedance, effective aperture, axial ratio, half-power beamwidth and first null
beamwidth.
Solution
The wavelength is

c
3  108

 51.724mm
f 5.8  109



Using recommended parameters for optimum design to achieve circular polarization we
get
C    51.724mm

D

s

C




4





51.724mm



 16.464mm

51.724mm
 12.931mm
4
s
1  12.931mm 
0
  tan 
  14.036
C
 51.724mm 

  tan 1 

The required maximum gain is 12dBi, which corresponds to 15.849

G  12
N 

sNC 2

3
G3
12sC 2

15.849  51.724mm 
 5.283  6turns
2
12  12.931mm  51.724mm 
3



The input impedance is estimated by

Ri  140

C



 140 

51.724mm
 140
51.724mm

The effective aperture is

G2 15.849  51.724mm 
Aeff 

 3.374  103 m 2
4
4
2

The axial ratio is given by
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AR 

2N  1 2  6  1

 1.083
2N
26

The half-power beamwidth can be approximated by
HPBW  ( 3dB ) 

520   52  51.724mm 51.724mm

 42.4580
C sN
51.724mm 12.931mm  6

and the beamwidth between the first nulls can be approximated by

FNBW  nulls 

1150   115  51.724mm 51.724mm

 93.8970
C sN
51.724mm 12.931mm  6

The ground plane is

0.8  0.8  51.724mm  41.379mm
Length of one turn is

L  C2  s2 

51.724mm2  12.931mm2

 53.316mm

Total height of the antenna is

H  Ns  6  12.931mm  77.586mm

3.4 PARABOLIC DISH ANTENNA
For microwave systems, satellite communications, and radio astronomy the most
commonly used antenna is a parabolic dish antenna. This type of an antenna is a highgain directional antenna that is designed for UHF and SHF bands. It consists of a large
parabolic or bowl-shaped reflector that is made of sheet metal, mesh wire, a plastic or a
fiberglass with an embedded metal mesh material that is illuminated by a feed antenna
such as dipole or a small waveguide horn that is mounted at the focal point of the
parabolic reflector as shown in Figure 3.6. The feed antenna, sometimes referred to as
primary antenna, is then connected to the associated RF transmitter or receiver by means
of a coaxial cable or a hollow waveguide. In satellite dishes the feed antenna is called a
feedhorn, and its function is to gather the wave that are reflected to the focal point by the
dish and conduct them to a low-noise block down-converter (LNB). The LNB converts
the waves to electrical signals and shifts the signal from the down linked C- and/or Kuband to the L-band range.
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P a ra bolic re fle c tor

(d iam eter o f th e reflecto r)

P a ra bolic re fle c tor

fe e d a nte nna

Foc a l point

Dr

d

(de pth of the re fle c tor)
f

(foc a l le ngth)

Figure 3.6 Parabolic dish antenna
The parabolic dish has a ray-collimating property, which makes the rays beamed to it,
from the focal point, to be radiated parallel to each other. This property is very useful
during transmission because the waves from the feed antenna that are directed towards
the metal dish will be reflected as rays that are parallel to one another, thus forming a
concentrated highly directive wave. The parabolic reflector also has the property of
reflecting all incident rays arriving along the reflector’s axis of symmetry to a common
focus. This property is the one that is used during wave reception to bring all the
incoming waves that are received by the dish to a focus at the focal point where the feed
antenna is located. The focal point is the point where all the incoming reflected waves
will converge to. The distance of the focal point from the center of the reflector is called
the focal length and is given by
2

D
f  r
16d

(3.15)

where Dr = diameter of the mouth of the reflector
d = depth of the reflector
The physical area of the parabolic reflector aperture with a mouth diameter Dr is given by
A

Dr 2
4

(3.16)

If you take into consideration the radiation pattern of the driven element and the effect of
the angular aperture, then the effective area of the parabolic reflector aperture becomes

Aeff  AI  

(3.17)

where I(θ) = aperture efficiency or illumination efficiency
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Using Equation (3.5), the directive gain D for a parabolic antenna is

D

4

2

Aeff

(3.18)

Substituting for Aeff we get

4

4

Dr 2

 D 
D  2 AI    2 
I    I   r 


4
  

2

(3.19)

From the above equation it is evident that the gain of a parabolic dish antenna is primarily
a function of the antenna capture area or aperture; the larger the antenna aperture, the
higher the gain.
The half-power beamwidth can be approximated by
HPBW  ( 3dB ) 

70
Dr

(3.20)

and the beamwidth between the first nulls can be approximated by
FNBW  nulls  23dB  

140
Dr

(3.21)

Example 3.4: A 3-m parabolic reflector is used to receive a 5 GHz signal. If the
illumination efficiency of the antenna is 0.55 and the focal length is 0.6 m, determine the
effective area, directivity, half-power beamwidth, the beamwidth between the nulls, and
the depth of the reflector.
Solution



A

vc 3  108

 0.06m  60mm
f 5  109

Dr 2
4



  32
4

 7.069m 2

The effective area:

Aeff  I  A  0.55  7.069  3.888m 2

Directivity:

D

4



2

Aeff 

4
 3.888  13570.706  41.326dB
0.06 2
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70 70  0.06

 1.4 0
Dr
3

Beamwidth:

( 3 dB ) 

Nulls Beamwidth:

nulls  23 dB   2  1.4 0  2.8 0
2

Reflector depth:

d

Dr
32

 0.938m
16 f 16  0.6

3.5 LENS ANTENNA
Lens antenna transforms an electromagnetic wave radiated by an antenna into a plane
wave (a constant-frequency wave whose wavefronts are infinite parallel planes of
constant peak-to-peak amplitude normal to the phase velocity vector). It is used to focus a
radiated beam into narrow beam, and for beam scanning. It also increases the antenna
aperture and hence the antenna gain. According to Komljenovic and Sipus (2008), lens
antenna consists of two main parts: the feeding antenna that can be any other type of
antenna (horns, dipoles, microstrip (patch) antennas, and even arrays of antenna
elements) and lens that collimate incident divergent energy to prevent it from spreading
in undesired directions as shown in Figure 3.7.
lens

feed

lens

feed
(a)

(b)
lens

feed

lens

feed

(c)

(d)

Figure 3.7 Lens antennas
Lens antennas, like reflectors, are secondary antennas that are used for directing the
radiation. However, unlike reflectors, lenses are transparent to the microwave
frequencies, hence their operation is based on laws of refraction and not on reflection like
reflectors. The radiation has to come from source that is typically called the feed. Feed
can be almost any other type of antenna, but practically horns (or just open ended
waveguides) and patches are mostly used. Lens antennas can either be classified
according the material from which they are constructed, or according to their geometry.
The most commonly used microwave lenses include dielectric lenses and metal plate
lenses. Dielectric lenses are usually made of standard materials such as foam, tefloan,
rexolite, silicon, etc., while the metal plate lenses are constructed using thin metal plates
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or strips with air between them. The curvature of the edges of the plate forms a lens and
the space between forms a series of waveguides.
Regardless of the classification, there are two main types of lens antennas: those in which
the electrical path length of the wave is increased by the lens medium, and those in which
the electrical path length of the wave is decreased by the lens medium. The former is
called delay lens since the waves are retarded by the lens, while the latter is called
acceleration lens. Examples of delay lenses include dielectric lenses and H-plane metal
plate lenses, while acceleration lenses examples are E-plane metal plate lenses.
The accelerating lens antenna consists of flat metal sheets or metal strips placed parallel
to the E-field of the wave, and spaced slightly more than one-half wavelength. Remember
from Example 2.2 that the phase velocity of a wave propagating between two metal plates
can be greater than speed of light.

3.6 HORN ANTENNA
According to Carr (2001), horn antenna is a tapered (or slowly expanded) termination of
a length of a waveguide that provides the impedance transformation between waveguide
impedance and the free space. This results into two basic types of horn antennas, namely
pyramid horn and conical horn. The former is obtained by tapering the rectangular
waveguide, while the conical is obtained by tapering cylindrical waveguide. Additional to
the pyramid and conical horn antennas, there are other two types of horn antennas, which
are also obtained by tapering the rectangular waveguide; however, unlike pyramid, only
one dimension of waveguide is tapered; that is, tapering either a or b instead of both.
When only a is tapered we get an H-plane sectoral horn antenna, while tapering of only b
will result in an E-plane sectorial horn antenna as shown in Figure 3.7 below.

B

A
(a)

(b)

B

B

A
(c)

A
(d)

Figure 3.7 Horn antennas: (a) Pyramid, (b) Conical, (c) H-plane sectorial, and (d) Eplane sectorial
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In order to achieve maximum gain for a given aperture size and thus maximum
efficiency, the taper must be long enough so that the phase of the wave is nearly constant
across the aperture. They can be used as antennas on their own or as feed antennas (or
illuminators) for reflectors and lens antennas. When it is used as an antenna by itself, the
flare angle is set to about 500, and when used as a feed antenna, the flare and length is
adjusted for optimum microwave illumination of the reflector or lens. The bandwidth of a
practical antenna can be in the order of 20:1, and their gain is determined by the area of
the flared open flange, and the wavelength.
For rectangular horns; that is, pyramid, H-plane sectorial, and E-plane sectorial, the gain
is given by

4Aap

a

(3.22a)

 d 
   a
  

(3.22b)

DHR 

2

And for conical horns the gain is
2

DHC

Where Aap = A × B, which is the area of the aperture of rectangular horn
ɛa = Aperture efficiency (usually between 0.4 and 0.81)
d = diameter of the aperture of conical horn
According to Stutzman and Thiele (1998) and Daniyan et al. (2014), for optimum
pyramid and conical horn design, the aperture efficiency is chosen to be 0.51, and the
following dimensions are used:
AE  2LE

(3.23a)

AH  3LH

(3.23b)

d  3L

(3.24)

Where AE = B = width of aperture in the E-field direction of the rectangular horn
AH = A = width of aperture in the H-field direction of the rectangular horn
LE = slant length in the E-field direction of the rectangular horn
LH = slant length in the H-field direction of the rectangular horn
L = slant length of the cone from the apex of the conical horn
For rectangular and pyramid horns, the half-power beamwidth (HPBW) for vertical
extent (or E-plane) is given by
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 0.443 

 b 

( 3dB )V  114.6 sin 1 

(3.25a)

Which when b >> 0.443λ, can be approximated by

( 3dB )V 

50.8 51

b
b

(3.25b)

The first null beamwidth (FNBW) for the vertical extent (or E-plane) is given by
 0.443 

 b 

( FN )V  57.3 sin 1 

(3.26a)

Which when b >> 0.443λ can be approximated by

( FN )V 

25.38
b

(3.26b)

For horizontal extent (or H-plane), the half-power beamwidth (HPBW) is approximated
by

( 3dB ) H 
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a

(3.27)

3.7 SLOT ANTENNA
According to Alford, a slot antenna consists of a resonant half-wave slot in a metal sheet,
a cavity enclosing the slot on the other side of the sheet and a feeder that is used to apply
the potential between the opposite edges of the slot. It is somewhat analogous, if not
identical, to a dipole (Carr, 2001), as a result it exhibits the omnidirectional radiation
pattern and gain around the azimuth (or horizontal plane) with horizontal polarization
(Wade, 2001). The only difference, when compared with the ordinary dipole is that the Eand H-fields are swapped, resulting in a polarization that is rotated 900; that is, a vertical
slot is horizontally polarized, while the horizontal slot is vertically polarized.
Slot antennas are sometimes constructed using a hollow tube or waveguide, where several
slots are cut on the walls of the metal tube to form a slot antenna array as shown in Figure
3.8. The advantages of having more slots is again analogous to having an array of
radiating dipoles, which include, inter alia, higher gain than single radiator. This higher
gain is achieved by fattening the vertical beam as the number of slots increases.
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Figure 3.8 Slot antenna arrays
These slot antenna arrays are used for aircraft, missiles, marine navigation, radar,
telemetry systems, and for reception of microwave frequencies from ISM band (2.4GHz)
to 24GHz.
The gain of slot array antenna (in decibels) is given by
D  10 log

N .slotspacing

0

(3.28)

and the vertical beamwidth (in degrees) is

( 3dB )V  50.7

0
N .slotspacing
2

(3.29)

Where N is the total number of slots and slotspacing is normally one-half of the guide
wavelength.
The input impedance of the slot antenna is

Zi 


02
4Z dipole

(3.30)

3772
 486.743  487
4  73

3.8 MICROSTRIP ANTENNA
A microstrip antenna, also called patch or panel antenna, is an antenna that consists of a
metal strip or patch that is placed on a dielectric sheet called substrate and the substrate is
in turn placed on a ground plane. Though the metal strip can be of any shape, the most
popular shape is the rectangular followed by the circular patch. Like slot antennas, they
are low profile, simple and inexpensive to construct, and they are usually used in an
array. Stacking them in an array improves both the gain and the bandwidth of the
antenna. Figure 3.9 shows a rectangular patch antenna and Figure 3.10 shows its
dimensions.
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Figure 3.9 Microstrip antenna: (a) Single patch, and (b) Array

Figure 3.10 Microstrip antenna dimensions (adapted from Agarwal, 2013)
Where L is the length of the patch and also the resonant dimension, which is usually λ0/3
< L < λ0/2; W is the width of the patch and is usually chosen to be larger than L, but less
than 2L to obtain higher bandwidth; that is, L < W < 2L, and W = 1.5L is usually used; h
is the height of the strip above the ground plane (or the thickness of the substrate), which
is usually 0.003λ0 ≤ h ≤ 0.05λ0. Because of the fringing effects, electrically the patch of
the antenna looks larger than its physical dimensions (Balanis, 1997; Huang and Boyle,
2008: p.188). This extension (or enlargement) of the patch length, occurs on each side by
a distance ΔL, which is a function of the effective of dielectric constant ϵreff and width to
height ratio (W/h).
There are different types of substrates can be used to design a patch antenna, and their
dielectric constants are usually ranging from 2.2 through 12; however, the most
commonly used ones are thick substrates with low dielectric constants because they
provide better efficiency, larger bandwidth, loosely bound fields for radiation into space,
but at the expense of larger element size (Balanis, 1997).
There are various methods that can be used to feed the microstrip antenna; however,
according to Balanis (1997), the most popular ones are the microstrip line, coaxial probe,
aperture coupling and proximity coupling.
The effective permittivity of the substrate is given by
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reff 

r 1

2

r 1

(3.31)

h
2 1  12
W

Where ϵr is the dielectric constant
h is the thickness of the dielectric substrate
W is the width of the patch
The width of the patch is determined using

W

1
2 f r 0 0

2
c

r 1 2 f r

2
r 1

(3.32)

Where c is the speed of light
fr is the resonant frequency in GHz
And the actual length of the patch is

L

c
 2L
2 f r reff

(3.33)

Where ∆L is the extension of the length of the patch, which is given by


W

 reff 0.3 h  0.264 


L  0.412h 
  0.258 W  0.8  


 reff
h


(3.34)

The effective length of the patch (including the extension) is given by

Leff  L  2L

(3.35)

The radiation impedance of a patch at the edge can be approximated as

Z a  90

2r  L 
 
r 1  W 

2

(3.36)

If the impedance of the patch does not match the normal 50Ω standard impedance, a
quarter-wavelength impedance transformer can be used to connect the patch. The
characteristic impedance of the transition section, ZT, should be

ZT  Z 0 Z a

(3.37)
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Where Zo = standard RF impedance of 50Ω
Za = input impedance of the patch
The length of the quarter-wavelength transition section, lqw, is given by

lqw 


4



0

(3.38)

4 reff

And the width of the quarter-wavelength transition section, Wqw or WT, can be obtained
from

ZT 

60  8h WT 

ln

r  WT 4h 

(3.39)

In most cases it is found that the width of the quarter wave transformer or transition line
Wqw or WT, which is obtained using Equation (3.39), is too thin to construct in practice,
hence an alternative design is to employ an insert feed, as shown in Figure 3.11, whereby
we have a feed cutting into the patch. According to Huang and Boyle (2008), the length
cutting into the patch (x0) is given by

x0 

L



cos1

Z0
ZT

(3.40)

W
x0

Figure 3.11 Patch with an insert feed
The width of the 50Ω microstrip feed line W50 is found from

Z0 

120
W
W

r  50  1.393  0.667 ln 50  1.444
 h

 h

 50

(3.41)

The directivity of the microstrip antenna can be expressed as


6.6  8.2dBi, W  0
G   8W ,
W  0

0


(3.42)

77

Example 3.5: Design a rectangular microstrip antenna using a RT/Duroid 6002 board
with tanδ = 0.019, dielectric constant of 3.38, substrate height of 0.813mm that can be
used for a WiFi system that is operating.
Solution
The wavelength is

0 

c
3  108

 51.724mm
f 5.8  109

The width of the patch is determined using

W

c
2 fr

2
3  108

r 1 2  5.8  109

2
 17.476mm
3.38  1

The effective permittivity of the substrate is

reff 

r 1

2

r 1

h
W
The extended length of the patch, ∆L is



2 1  12

3.38  1

2

3.38  1
 3.143
0.813
2 1  12
17.476


W

 reff 0.3 h  0.264 


L  0.412h 
W
  0.258  0.8  


 reff
h


 17.476

 3.143  0.3 0.813  0.264 


 0.412  0.813mm 
 3.143  0.258 17.476  0.8  



 0.813

 390.133  106 m  390.133m
The actual length of the patch is

L

c
3  108
 2L 
 2  390.134  106  13.808mm
9
2 f r reff
2  5.8  10  3.143

The effective length of the patch (including the extension) is

Leff  L  2L  13.808mm  2  390.134m  14.588mm
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3.9 ANTENNA IMPEDANCE MATCHING
Since antennas are transducers that are designed for maximum radiation, they must
ensure that all the energy that is generated by the transmitter is coupled into space. One of
the prerequisite for ensuring this maximum power transfer is for the feeder cable (or line)
to be matched to the antenna in order to prevent any reflections of power by the antenna
due to impedance mismatch between the feeder line and the input impedance of the
antenna. This is usually achieved by first tuning out the unwanted reactive component in
the impedance of the antenna and thereafter transforming the resulting impedance to the
required value. The former, which is also referred to as antenna loading, is necessary in
order to make the antenna to have purely-resistive impedance, and is usually
accomplished by using an antenna that is resonant to the frequency of the radio
transmitter where possible. However, for low- and medium-frequency antennas the use of
resonant effective length is sometimes impossible, thus requiring other techniques to be
used to tune out the unwanted reactance.
Impedance transformation is usually accomplished by using one of the following
techniques:
Delta match
Tee (or T), Gamma, and Clemens Match
Matching network
Stub
Quarter-wave match, and
Transformer match
The above-mentioned impedance matching techniques are designed to be effective for
either narrow-band or broadband.
3.9.1 Delta Match
Delta match is commonly used with two-wire feeder lines, where the match is obtained
by gradually increasing the separation of the two wires that constitute the feeder line as it
approaches the antenna. This spreading of the antenna-end of the feeder line results in its
characteristic impedance being increased. Figure 3.12 below shows the delta matching
technique, where the two wires on the antenna-end of the feeder line are spread from the
center of the antenna to the points in the antenna where the antenna impedance equals the
impedance at the output terminals of the delta section.
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A

Antenna

B
Delta
section

Feeder line

Figure 3.12 Delta match
There are two major advantages of using delta match: simplicity to construct and ability
to match a wide-range of impedances. However, its major disadvantage is that the delta
section becomes part of the antenna and, consequently, alters some of the characteristics
of the antenna, such as radiation pattern and radiation loss. Another disadvantage is the
effort needed to determine the dimensions of the delta section; that is, lengths A and B for
optimum performance. In other words there is no formula for determining A and B, hence
they need to be obtained experimentally.
3.9.2 Tee (or T), Gamma and Clemens Match
A Tee or T match is a variation of a delta match, which is used for VHF and UHF
antennas. Figure 3.13 below shows the T matching technique, where the two wires on the
antenna-end of the feeder line are bent to form a T and then connected to the antenna at
equidistance from the center of the antenna to the points in the antenna where the antenna
impedance equals the impedance at the output terminals of the T section. However,
unlike the delta match, T match does not radiate.
A
Antenna
B

Feeder line

Figure 3.13 T-Match
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T match is suitable for feeding closed-spaced beam antennas using low impedance twinlead.
Gamma match is a matching technique which evolves from T match. It is used for
matching unbalanced feeder line like coaxial cable. Unlike T match, where the two wires
on the antenna-end of the feeder line are bent to form a T and then connected to the
antenna at equidistance from the center of the antenna, here only one conductor, the inner
conductor, of the feeder cable is bent and connected to a point away from the center while
the outer conductor is connected to the center of the antenna. Gamma match is shown in
Figure 3.14.
A
Antenna
B

Feeder line

Figure 3.14 Gamma Match
As you can see the power is only fed into one-half of the radiator and the other half is
being excited by induction. This unbalanced arrangement usually results in feeder
radiation.
Clemens Match is an improved version of Gamma match, which incorporates the
balanced-to-unbalanced transformation. The coaxial feeder cable is taken to the center
point of the antenna, bent along one side to a distance of 0.05 λ where the outer conductor
is connected to the antenna, then the inner conductor is looped back to an equidistance on
the other side of the center of antenna and there it is joined to the driven element via a
capacitor which is formed from the cable as shown in Figure 3.15. This formed
capacitance is used to tune out the transformer reactance and also helps the tuning of the
antenna. According to Bilddulph (1995), the dimensions A, B, C, and S can be derived
from the electrical length L of the dipole as follows:
L

c
2f



A  0.95




2

2

 0.95L

(3.43)

(3.44)
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And

B  2  0.5  0.1  0.2L

(3.45)

C  0.039L

(3.46)

S  0.01  0.02

(3.47)

A
B

Antenna

C
S

D

Feeder cable

Figure 3.15 Clemens Match
The Clemens match is usually put on the underside of the driven element to prevent large
birds from damaging it.
3.9.3 Matching Network
The matching network, also called antenna tuner, is a passive network, which is made up
of capacitors and inductors. These matching networks can match any two impedance
value over a relatively narrow bandwidth, and they can be used for frequencies up to 1
GHz. Matching networks come in three different configurations: L-network, T-network
and pi-network as shown in Figure 3.16.
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Figure 3.16 Matching Network configurations
However, the most commonly used configuration is the L-networks due to the fact that
they can be easily analysed using either circuit equations or Smith chart. Assume you
have an L-network as shown in Figure 3.17 that is used to match the characteristic
impedance of the feeder line (Zo) to the input impedance of the antenna (ZA), which are
both purely resistive.
L-match

XS

Zo

XP

ZA Load

Feeder cable

Figure 3.17 Matching L-Network
The two circuit elements: XS and XP may be a capacitor and inductor or inductor and
capacitor, respectively. The choice of which one is an inductor and which one is a
capacitor is at the discretion of the designer, but what is important is that one must be an
inductor and another must be a capacitor. If we use Ro for the purely resistive
characteristic impedance of the transmission line and RL for the purely resistive load, then
the analysis of the L-network is as follows:


First the parallel combination of the load and the shunting reactance XP are
converted to its series equivalent. After this parallel-to-serial conversion, the
equivalent load resistance becomes

RLS 


RL
Q2 1

(3.48)

To match the load, the equivalent load resistance must be equal to the real part of
the characteristic impedance; that is,
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Ro  RLS

(3.49a)

Substituting for RLs we get

RL
Q2 1

Ro 

Q 

RL
1
Ro

(3.49b)

(3.50a)

However, the Q factor can also be expressed in terms of the reactive impedance as

Q

XS
R
 L
Ro
XP

 X S  QRo

(3.50b)
(3.51)

And
XP 

RL
Q

(3.52)

Since either of the reactive elements can be either a capacitor or an inductor, there will be
always two possible matching networks that can provide the required match. Normally,
the network that yields the smallest component values is chosen as shown in the
following example.
3.9.4 Stubs
A stub is a matching device that consists of a very short or air spaced transmission line
with a short or open circuit that can be used as the reactive element to provide impedance
matching over a narrow-band. To minimize losses and also preserve the bandwidth of the
antenna system, the lengths of the stubs is usually restricted to quarter-wavelength or less.
By varying the length (d) between the stub and the load almost any load can be matched.
The stub can either be connected in parallel or in series with the feeder line. When shortcircuited line is used, the input reactance and susceptance of the stub are inductive and
are given by

Z s  X in  jZ o tan 

(3.53a)

Ys  Bin   jYo cot

(3.53b)
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When open-circuited line is used, the input reactance and susceptance of the stub are
capacitive and are given by
Z op  X in   jZ o cot

(3.54a)

Yop  Bin  jYo tan 

(3.54b)

where Zo is the characteristic impedance of the line and θ is the electrical length of line.
The stub is usually connected in parallel or series with the main feeder line towards the
antenna end where the real part of the impedance or admittance of the line is equal to the
characteristic impedance (Zo) or characteristic admittance (Yo), respectively, in order to
give an equal but opposite reactance or susceptance at the input end. This is done to tune
out or cancel the unwanted reactance on the feeder line.
Shunt stub
d

Zo

ZA Load

Feeder cable
Open-circuit
stub

(a) Open-circuited
d

Zo

ZA Load

Feeder cable
Shorted
stub

(b) Short-circuited

Figure 3.18 Stub matching using parallel (or shunt) stubs
Figure 3.18 shows stub matching where the stub is connected in parallel with the main
feeder line towards the antenna end to give an equal but opposite reactance at the input
end. The input admittance of the stub, whether short or open circuit, is given by

Ys   jB

(3.55)
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From where the stub is connected, the input admittance of the section that connects to the
antenna is

Yd Y o jB

(3.56)

Therefore, the overall input impedance at the point where the stub is connected is

Yin  Yd  Ys  Yo  jB  jB  Yo

 Z in  Z o
Thus, the antenna is matched to the feeder line.
The stubs shown in Figure 3.18 are called shunt stubs since they are connected in parallel
to the line or are shunted across the transmission line. Designs are also available for two
or three shunt stubs that are placed at specified locations on the line.
Series stub
Series
stub

Zo

d

ZA Load

Feeder cable

Figure 3.19 Stub matching using a series stub
Figure 3.19 shows stub matching where the stub is connected in series with the main
feeder line towards the antenna end to give an equal but opposite reactance at the input
end. The input impedance of the stub, whether short or open circuit, is given by

Z s   jX

(3.57)

From where the stub is connected, the input impedance of the section that connects to the
antenna is

Z d Z o jX

(3.58)
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Therefore, the overall input impedance at the point where the stub is connected is

Z in  Z d  Z s  Z o  jX  jX  Z o
Thus, the antenna is matched to the feeder line.
3.9.5 Quarter-wave Transformer Match
A quarter-wave transformer is a quarter wavelength section of transmission line that is
connected in series with the main feeder line to change the impedance of the antenna to
match that of the feeder cable. To accomplish this, the characteristic impedance of the
quarter-wave section is different from that of the rest of the feeder cable and antenna. The
quarter-wave transformer matching is shown in Figure 3.20 and its impedance, ZQ, is
given by

ZQ  Z AZo

(3.59)

where ZA is the antenna of impedance and Zo is the characteristic impedance of the feeder
cable.
Zo

ZQ

ZA Load

Feeder cable

Quarter-wave
section

Figure 3.20 Quarter-wave transformer match
The major disadvantages of this type of matching are that it is only effective for a
narrow-band, and that a transmission line of proper characteristic impedance may not be
available since transmission lines are only commercially available in a limited number of
characteristic impedances such as 50, 75, 95, 135, 300, and 450 ohms. However, the
narrow-band matching effect can be broadened by cascading quarter-wave line sections
of gradually varying characteristic impedance even though this does not yield good result
over the entire broadband.
3.9.6 Transformer Match
Specially designed RF transformers can also be used to provide impedance matching
between the antenna and the feeder line. A transformer is used to transform the antenna
impedance as a square of the turns ratio; that is,
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Z s  N s

Z p  N p






2

(3.60)

The main advantage of transformer matching is that it can operate over a broader
bandwidth. However, its disadvantages are that it does not work well with extremely
large impedances, and it is also not recommended for very high frequencies.
3.9.7 Choosing the Correct Matching Technique
According to Biddulph (1995), the choice of the matching technique to employ depends
upon the nature of the unmatched impedance and the physical details of the antenna. In
some cases it is possible to modify the antenna itself to achieve the required matching,
without significantly altering its characteristics as a radiating element. Examples of this
include the use of wires (dipoles), the adjustment of the reflector spacing in Yagi-Uda
antenna, adjustment of the separation gap (g) in log-periodic antenna, and using different
conductor diameters for the elements of the radiator. For example, Wongpailbool (2008)
discusses the modifications that can be done to the helical antenna to solve impedance
mismatch, which include tapering helical windings at either one or both ends, gradually
flattening the section of a helical wire near the feed point, and replacing the section of a
helical wire near the feed point with a thin triangular copper strip that has the same length
as that of the helical wire being substituted.
Example 3.6: Assume that you are required to match a 300 Ω antenna to a 75 Ω feeder
line at 2 MHz.
(a) If the L-network is used determine the values of the elements required to provide
the match.
(b) If transformer matching is used, determine the turns’ ratio of the RF transformer.
(c) If quarter-wave transformer is used, determine the impedance of the quarter-wave
line section required to provide the required match.
Solution
(a)

L-network:

Q

RL
300
1 
 1  2.236
Ro
50

 X S  QRo  50  2.236  111.803
XP 

RL
300

 134.168
Q 2.236
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If Xs is the capacitive reactance and Xp is the inductive reactance, then
Cs 

1
1

 711.765 pF
2fX s 2  2M  111.803

Lp 

Xp

And

2f



134.168
 10.677H
2  2M

If Xs is the inductive reactance and Xp is the capacitive reactance, then

Cp 

1
1

 593.118 pF
2fX p 2  2M  134.168

Ls 

Xs
111.803

 8.897H
2f 2  2 M

And

In this case the L-network with inductor in series and capacitor in parallel with the
antenna has smaller component values, thus it will be the best choice.
(b) Transformer matching:
2

 Ns 

  Z s  Z A  300  6
N 
Z p Zo
50
 p
N
 s  2.449 : 1
Np

(c) Quarter-wave transformer matching:

Z Q  Z A Z o  300  50  122.474
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4. PASSIVE MICROWAVE COMPONENTS
4.1 INTRODUCTION
Passive devices are devices which do not need to be powered to operate. They include
attenuators to introduce a loss, power dividers and couplers to split or combine signals,
filters to select the required frequencies and reject the unwanted frequencies, phase
shifters to alter the phase of the signals.

4.2 PHASE SHIFTERS
Phase shifters are devices that alter the transmission phase angle of the RF, microwave,
and millimeter wave signal. There are four attributes that characterize phase shifters:
insertion loss, flat amplitude response, reciprocity, and linear phase response. The phase
shifters must provide low insertion loss in all phase states. While the loss of a phase
shifter is often overcome using an amplifier stage, lower insertion loss phase shifters
require less amplification and lower power to overcome the losses. Secondly, phase
shifters must have equal amplitude for all phase states; that is, systems using phase
shifters must not experience amplitude changes in signal level as phase states are
changed. Thirdly, phase shifters need to work effectively on signals passing through them
in either direction. Fourthly, they must provide flat phase versus frequency.
There are two basic types of phase Shifters: fixed and adjustable. The fixed phase shifters
consists of phase-calibrated feeder section or dielectric materials, which are designed to
provide a certain phase shift. The phase of the adjustable can be controlled by either
mechanically or electronically means. The former is accomplished by changing the
length, the dielectric or the dimensions of the guide, while the electronic operated phase
shift adjustment use semiconductors such as pin diodes or varactors, and ferrite devices.
Applications of phase shifters include controlling the relative phase of each element in a
phase array antenna in a RADAR or steerable communications link and in cancelation
loops used in high linearity amplifiers.

4.3 POWER DIVIDERS, COMBINERS AND COUPLERS
Power dividers, combiners and couplers are passive structures that are used in microwave
to divide power among several outputs or combine power from several inputs; however,
the difference between them is that power dividers and combiners split input power into
roughly equal outputs or combine power from several input into one output, whereas the
directional coupler sample a fraction of the input power and/or to separate forward and
reverse travelling waves (Froelich, 2012).
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Power dividers and combiners need to ensure maximum power transfer, and the prerequisites for that includes matching, and lossless. That is, there must be impedance
matching between the power divider and combiner and the load to avoid any power
reflections, and the network must not dissipate any power. The power divider must also
offer some buffering of the output ports so that the output ports are isolated from each
other. Similarly, the power combiner must also offer some buffering of the input ports so
that the input ports are isolated from each other. Figure 4.1 shows some of the power
dividers and combiners
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Figure 4.1 Power dividers and combiners: (a) and (b) Wilkinson (c) Hybrid Ring,
(d) Tee, and (e) Magic Tee
A directional coupler is a passive device that allows signal sampling, signal injection, and
the measurement of incident and reflected power to determine the voltage standing wave
ratio (VSWR). Unlike power dividers and combiners, directional couplers are directional.
Figure 4.2a shows a two-hole directional coupler, where two waveguides to be coupled
are welded together and coupling holes are opened between them so that the power may
be transferred from one guide to the other.
The amount of power transferred is proportional to the number and size of the holes; that
is, the larger the size of the holes and the more the number of holes, the more the power
that will be transferred (Dungan, 1993). The holes are usually spaced λ/4 apart, so that a
signal travelling in the forward direction is in phase at the coupling holes, but a signal
coupling back travels one-half wavelength (1800) and cancels. This helps to ensure that
most of the coupled energy is in the forward.
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Figure 4.2 Directional couplers: (a) In Waveguides, (b) In Microstrip or Stripline
(c) Multi-section in microstrip or stripline
Coupling can also be implemented in microstrip or stripline as shown in Figure 4.2b and
4.2c, where the primary line is the main line and the secondary line is the coupled line.
Again like in waveguides, the section that is used as a coupler is quarter-wavelength. The
multi-section of Figure 4.2c offers a wider bandwidth. Loss is between port 1 and port 2,
coupling is between port 1 and port 3, and isolation is between port 1 and port 4
(Froelich, 2012).
Couplers are normally rated according to their coupling factor, which is the ratio of the
input port power to the sampled port power (between port 1 and port 3), is expressed in
dB as

CFdB  10 log

Pi
Po sec 

 10 log

P1
P3

(4.1)

The device insertion loss or main line loss (main line transfer between port 1 and port 2)
is
ILdB  10 log

Po  prim
Pi

 10 log

P2
P1

(4.2)

The isolation (between port 1 and port 4) is
ILdB  10 log

P4
Pi

(4.3)

94

The amount of directivity (between port 3 and port 4), which is the ratio of the forward
power to reverse power in decibels, is

DdB  10 log

P 
Outputpower ( forward)
 10 log 3 
Outputpower ( reverse)
 P4 

(4.3)

4.4 CIRCULATORS
A circulator is a multiport device in which the adjacent ports are effectively connected in
one direction but isolated in the reverse direction; that is, a wave incident in port 1 is
coupled to port 2 only, a wave incident in port 2 is coupled to port 3 only, and so on
(Collin, 1992). Circulators use ferrites, which allow microwave energy to travel in one
direction but absorb energy and attenuate signal that is travelling the opposite direction.
Figure 4.2 shows a three-port circulator.

2
1

3

Figure 4.2 Three-port circulator
The three ports are labelled 1, 2, and 3. The signal entering port 1 exits at port 2, the one
entering port 2 exits at port 3 and the one entering port 3 will exit at port 1; no signal
from port 1 will appear at port 3. Also no signal from port 2 will appear at port 1, and no
signal from port 3 will appear at port 2.
One typical application of a circulator is to separate transmitted signal from the received
signal at the antenna.

4.5 ISOLATORS
Isolators are passive devices that pass electromagnetic energy in one direction only.
Isolators, like circulators, use ferrites, which allow microwave energy to travel in one
direction but absorb energy and attenuate signal that is travelling the opposite direction.
One typical application of an isolator is buffering between the transmitter (or receiver)
and the transmission line, so that if there are any impedance mismatch occurring down
the line, no reflections can come back to affect the operation of the system. They are also
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used to improve the stability of microwave generators by isolating them from the effects
of the load, such as reflections due to mismatch.

4.6 ATTENUATORS
Attenuators are passive components that are used to reduce power level of the signal.
There are two types of attenuators: fixed and variable. There are four basic techniques
that are used to accomplish power absorption (or attenuation): graphitized sand, highresistance rod (usually carbon), wedge, and vane.
Graphitized sand is located at the end of the waveguide so that the power loss is
generated as heat whenever a microwave signal encounters the sand. The power loss is
due to the fact that when the fields enter the sand, current will flow in the sand, creating
heat that dissipates the signal energy.
Resistive rod is placed at the center of the electric field. There will be current flowing
through it due to the E-field, and the high resistance of the rod will dissipate power as
ohmic (I2R) loss.
Wedge of resistive material is located at the end of the waveguide and its plane is placed
perpendicular to the magnetic lines of force so that when the H lines cut the wedge, a
voltage is induced in it. The induced voltage will in turn cause the current to flow through
the high resistance of the wedge, resulting in ohmic (I2R) loss.
Vane is a variable resistive attenuator that consists of a thin tapered resistive card. The
plane of the vane load is orthogonal to the magnetic lines of force and is shaped to linear
attenuation variation. When the magnetic lines cut across the vane, current will be
induced, which in turn will result in I2R or heat loss. This will result in a very small RF
energy reaching the metallic wall, hence there will be small reflections and low VSWR.

4.7 RESONATORS
Resonator is a device that exhibits some resonance at some frequencies. At low
frequencies, resonance is obtained when the total capacitive reactance is equal to total
inductive reactance. Under these conditions the total impedance is minimum in a series
RLC, whereas it is maximum in a parallel RLC circuit. Secondly, at resonance to their
frequency dependant response, resonators are used in oscillators, tuned amplifiers,
wavemeter for measuring frequency, and filters. The sharpness of the resonator is usually
gauged from its frequency response using the quality factor, Q, which is given by

Q 

average energy stored
Energy lost per sec ond

(4.4a)

For high values of Q, it is approximated by

Q

f0
BW

(4.4b)
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Resonance also occurs in transmission lines that are terminated in a short or open circuit
because of the impedance mismatch there will be forward and reflected waves resulting
in voltage maxima and minima, which are separated by a quarter wavelength along the
transmission line. Hence at frequencies ranging from about 100MHz up, short-circuited
or open-circuited sections of transmission lines are used to replace lumped LC resonant
circuits. The same also applies to waveguides. Hence there are microstrip resonator,
which are derived from microstrip transmission line, and cavity resonators that are
derived from waveguides.
Cavity resonator is a metallic enclosure, like a piece of waveguide closed off at both ends
with metallic plates. Cavity resonators operate as tuned circuits (tanks) at microwave
frequencies. Like all tuned circuits it has a resonant frequencies, that is, the fundamental
frequency and a number of harmonics. The resonant frequencies are obtained when the
length of the cavity is an integral multiple of one-half wavelength. At resonance, the
cavity has high impedance and zero impedance. If the length of the cavity is increased the
cavity exhibits inductive reactance; when it is slightly shortened, it exhibits capacitive
reactance.
The short-circuited transmission line behaves as a series resonant circuit with R0 = 1/2Rl
and inductance Lo = 1/2Ll in the vicinity of frequency for which l = λ0/2. Similarly, an
open-circuited transmission line behaves as a series resonant circuit in the vicinity of
frequency for which it is an odd multiple of l = λ0/4.
However, a short-circuited transmission line behaves as a parallel resonant circuit in the
vicinity of frequency for which it is an odd multiple of l = λ0/4. Similarly, an opencircuited transmission line behaves as a parallel resonant circuit in the vicinity of
frequency for which it is a multiple of l = λ0/2. That is, series resonance occurs at

fn 

nc
2l

(for short-circuit)

(4.5a)

(for open-circuit)

(4.5b)

And

fn 

2n  1c
4l

Whereas parallel resonance occurs at

fn 

nc
2l

(for open-circuit)

And

fn 

2n  1c
4l

(for short-circuit)

Where l = length of the line
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n = integer
For a half-wavelength transmission line, the Q is given by

Q


2

(4.6)

For the waveguide, Q is given by

 1
1 

Q  

Q
Q
c
d



1

(4.7)

Where Qc is Q due to conductor loss, while Qd is Q due to dielectric loss. For rectangular
Qc and Qd are as follows:
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(4.8)

(4.9)

(4.10)

(4.11)

For circular waveguide, k and Qd remain the same, but Qc become:
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(4.12)

Where d is the waveguide length, the wave number is



l
d

(4.13)
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and Rs is given by Equation 2.48 as

Rs 

 0
2

The cavity resonators are used as tuned LC circuits in oscillators, amplifiers, and
filtering. Cavity resonators are also used to measure wavelength (or frequency).

4.8 FILTERS
Filters are two port networks that are used to select the required frequencies and attenuate
the unwanted frequencies. They are four basic types of filters: low pass (LPF), high pass
(HPF), band pass (BPF) and band stop (BSF). For low frequencies filters are design
using, RC, RLC, and LC networks; however, at microwave frequencies filter design is
based on periodic structures, which consist of a transmission line or a waveguide that is
periodically loaded with reactive elements. According to Pozar (2012), periodic
structures support slow-wave propagation (slower than the phase velocity of the unloaded
line, and have passband and stopband characteristics similar to those of filters.
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5. MICROWAVE SOLID-STATE DEVICES
5.1 INTRODUCTION
Microwave solid-state devices are semiconductor devices that are used for detection,
generation, amplification, and control of electromagnetic radiation with wavelengths
from 30cm to 1mm; that is, they are used for wireless systems, and optoelectronics
system that operate in the frequency range from 1GHz through 300GHz. Semiconductors
used to make these devices include silicon (Si), germanium (Ge), and compound
semiconductors, such as gallium arsenide (GaAS), indium phosphate (InP), silicon
germanium (SiGe), silicon carbide (SiC), aluminium gallium arsenide (AlGaAs), and
gallium nitride (GaN). Compound semiconductors have higher electronic mobility, which
make them to work better at higher frequencies than normal silicon and germanium
semiconductors.
These solid-state devices can be categorized into two: passive and active microwave
devices. Passive microwave devices include pn and PIN junctions, Schottky barrier
diodes, and varactors. Their typical application include detection, mixing, modulation,
and controlling. Active microwave devices are used for generating and amplification of
microwave signals, and they include step-recovery diodes, transistors, tunnel diodes, and
transferred electron devices (Sadwick, 2014).

5.2 PASSIVE MICROWAVE DEVICES
5.2.1 PIN Diodes
PIN stands for p-type/intrinsic/n-type, which is a pn diode with an undoped (intrinsic)
region between its p- and n-type regions. The rationale for undoping is to allow for highpower operation and to offer an impedance that is controllable (or variable) by lower
frequency or dc bias at microwave frequencies. Its impedance is directly proportional to
the bias voltage; for example, for bias below zero or reverse it has a high impedance,
whereas at moderate forward bias its impedance is low. This makes the PIN diode to
operate as a frequency-independent conductance that is dc-controlled at microwave
frequencies. The capacitance is mainly determined by the width of the intrinsic region,
which is influenced to a certain extent by the bias. The structure and the symbol of the
PIN diode is as shown in Figure 5.1 below.
Anode

P

I

N

Cathode

Figure 5.1 Structure and the symbol of a PIN diode
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When reverse-biased, the intrinsic region is depleted of carriers and the PIN exhibits very
high resistance, which makes it to behave like a capacitor, whereas if forward-biased, the
holes from the p-region and electrons from the n-region are injected into the intrinsic,
thus increasing the conductivity, and making it to be like a small resistor. Pin diodes are
used as microwave switches, modulators, attenuators, limiters, phase shifters, protectors,
and other signal control circuit elements (Sadwick, 2014).
5.2.2 Schottky Barrier Diode
Schottky barrier diode (SBD) consists of a rectifying metal-semiconductor barrier, which
is formed by depositing a metal layer on the semiconductor; that is, it is a metalsemiconductor (MS) junction diode (or is formed by a junction of metal and a
semiconductor). This MS-junction creates a depletion layer that is called Schottky barrier,
which is a potential energy barrier that is formed at the metal-semiconductor junction.
The structure and symbol for a SBD are shown in Figure 5.2 below, where the anode is
the metal side, while the cathode is an n-type semiconductor.
Anode

Metal

N

Cathode

Figure 5.2 Structure and the symbol of a Schottky diode
Compared to normal pn-junction diodes, which have a high junction capacitance that
makes them unsuitable for microwave frequencies, SBD have a lower junction
capacitance. SBD has less forward voltage drop than pn-junction diode, and is also less
noisy. Unlike, pn diode, which have minority carriers that limits their response speed in
switching applications and high-frequency performance in mixing and detection, SBD
does not have minority carriers or recovery time to limit the response speed, hence it can
be used for mixing and detection at microwave frequencies (Sadwick, 2014).
5.2.3 Varactor Diode or Varicap
A varactor or varicap is a variable capacitance diode that is designed to operate only in
the reverse bias. Its symbol is shown in the figure below, where the two parallel lines at
the cathode side represents two conductive plates of a capacitor.

Figure 5.3 Varactor
Varactor stands for variable-reactance whereas varicap stands for variable capacitance,
which is a diode whose capacitance of the pn junction barrier is designed to be highly
dependent on the applied reverse bias; that is, as the bias changes, the width of the
depletion layer also changes, thus making the capacitance of the pn junction to also vary.
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P- and n-regions act as conducting plates of the capacitor while the depletion region acts
as the dielectric, which makes the changing of the depletion region to be analogous to
varying the dielectric between the plates of a capacitor. When a high reverse bias voltage
is applied across its terminals the electrons from the n-region and holes from the p-region
moves away from the junction. This results in an increase in the width of the depletion
region and a decrease in the capacitance. Conversely, when a low reverse bias is applied,
the width of depletion region decreases, resulting in an increase in capacitance.
Typical applications of varactor include harmonic generation, frequency multiplication,
parametric amplification, and electronic tuning (Sadwick, 2014).

5.3 ACTIVE MICROWAVE DEVICES
5.3.1 Microwave Transistors
Like, normal transistor, microwave transistors come in the form of BJT and FET.
However, unlike normal transistors, microwave transistors are designed to have higher
periphery-to-are ratio and narrower widths of elements within the transistor.
Both BJTs and FETs come as single material semiconductor or as two or more materials
making up its regions. The latter are referred to as heterojunction BJTs and
heterojunction FETs, respectively (Sadwick, 2014).
5.3.1.1 Microwave BJT
Microwave BJT are normally used for low microwave frequencies up to about 25GHz,
above which base and emitter resistance, capacitance and transit time become a problem.
They have a quite good power capability; however, when it comes to noise, they are
inferior to metal semiconductor field-effect transistors (MESFETs) at frequencies above
1GHz. BJTs are used in power amplifiers and oscillators (Sadwick, 2014).
5.3.1.2 Heterojunction bipolar transistor
Heterojunction bipolar transistor (HBT) are BJTs that are having two or more materials
making up the emitter, base, and collector regions, such as AlGaAs/InGaAs, Si/SiGe. The
rationale for using compound material is to limit the injection of holes into the emitter by
using an emitter material with a larger bandgap than base. This difference in bandgaps
manifests itself as discontinuity in the conduction band or the valence band, or both.
HBTs have higher electron mobility, thus making them to have much higher maximum
operating frequency than microwave BJTs, which can even be higher than 300GHz
(Sadwick, 2014).
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5.3.1.3 Microwave FETs
FETs operate by varying the conductivity of a semiconductor channel through changes in
the electric field across the channel. FETs come in three basic forms: the junction FET
(JFET), metal semiconductor FET (MESFET), and metal-oxide semiconductor FET
(MOSFET). All have a channel with source and drain at each end and a gate located
along the channel, which modulates the channel conduction. JFETs and MESFETs work
by channel depletion, and their channel is n-type while the gate is p-type.
GaAs MESFET are used in low-noise amplifiers (LNA), Class C amplifiers, oscillators,
and monolithic microwave integrated circuits, and dual-gate MESFET are used mixers
and for control purposes.
MOSFET have a lower electron mobility, larger parasitic resistance and higher noise
levels than GaAs MESFET, resulting in them being useful for frequencies below 2GHz
(Sadwick, 2014).
5.3.1.4 Heterojunction FETs
Heterojunction FETs are FETs that are made up of two or more materials. They have a
higher electron mobility, and higher power gain frequencies from 100GHz or higher with
low noise levels (Sadwick, 2014).
5.3.2 Microwave Integrated Circuit Amplifiers
Microwave integrated circuit amplifiers (MMIC) are monolithic microwave amplifiers
with both active (microwave BJTs or FETs) and passive devices fabricated directly on the
substrate. Typical applications include LNAs, mixers, modulators, and phase detectors
(Sadwick, 2014).
5.3.3 Active Microwave Diodes
Active microwave diodes are diodes that can generate or amplify microwave signals.
They include step-recovery, tunnel, Gunn, avalanche, and transit time diodes, such as
impact avalanche and transit time (IMPATT), trapped plasma avalanche triggered transittime (TRAPATT), barrier injection transit-time (BARITT), and quantum well injection
transit-time (QWITT) diodes (Sadwick, 2014).
5.3.3.1 Step-recovery diode
Step recovery diode (SRD) is a special type of PIN diode in which the level of doping
gradually decrease as the junction is approached. This reduces the switching time because
there are fewer charge carriers in the region of the junction and hence less charge is
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stored in this region. This allows the charge stored in this region of the step recovery
diode to be released more rapidly when changing from forward to reverse bias. A further
advantage is that the forward current can also be established more rapidly than in the
ordinary junction diode.
The SRD is used as a charge controlled switch. When the diode is forward biased and
charge enters it, it appears as a normal diode with low impedance, typically less than an
ohm. When it is switched from forward conduction to reverse cut-off, the diode continues
as a low impedance with reverse current flowing briefly as stored charge is being
removed. Once the charge that is stored in the device is depleted, the impedance will
increase very abruptly to its normal reverse impedance which will be very high, and the
SRD will suddenly turn or snap off, thereby stopping the flow of reverse current. The
symbols for SRD are shown in Figure 5.4 below.
SRD

Figure 5.4 SRD symbols
That is, SRD is designed such that it sweeps out the carriers by an electric field before
any recombination. Its transition from conducting to non-conducting state is in the order
of picoseconds; that is, very fast. Because of the abrupt step change in impedance, the
current is rich in harmonics, which render SRD as the best candidate for frequency
multipliers, pulse shaping (i.e. sharpening of slow-rise time pulses), and waveform
generation.
5.3.3.2 Tunnel and back diodes
Tunnel diodes use a heavily doped pn-junction, thus resulting in an extremely narrow
junction that allows electrons to tunnel through the potential barrier at near-zero applied
voltage, which produce a dip in the current-voltage (I-V) characteristics. This majoritycarrier effect makes the tunnel diode to be very fast. However, tunnel diodes produce
relatively low power. The symbol for the tunnel diode is in Figure 5.5 below.

Figure 5.5 Tunnel diode
When a small forward bias voltage is applied across the tunnel diode, it start to conduct
current, and as the voltage increases, the current also increases towards a peak value
called the peak current (Ip), and once this current value is reached, any further increase in
voltage will cause the current to start decreasing towards low point called valley current
(Iv). Once the valley current is reached, any further increase in voltage will cause the
current to rise again without decreasing into valley current again. This is depicted in
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Figure 5.6, and the region between peak voltage and valley voltage is called negative
resistance, since current is decreasing while the voltage is still increasing.
If

Ip

Iv

Vf

V p Vv

Figure 5.5 Forward current (If) vs forward voltage (Vf)
The corresponding voltages that are required to drive the diode into its peak and valley
currents are referred to as peak voltage (Vp), and valley voltage (Vv), respectively. The
transitioning between peak and valley are so fast, much faster than even the Shottkey
diode.
5.3.3.3 Impact Avalanche and Transit Time (IMPATT)
Impact avalanche and transit time (IMPATT) diode is a high power multilayer pnjunction diode that is constructed so that the reverse breakdown mechanism is avalanche
breakdown. Its structure is shown in Figure 5.6, which is almost the same as the PIN
diode. It consists of moderately doped P- and N-regions that are separated by a lower
doped n-region (Pennock and Shepherd, 1998), some other IMPATT configurations
include n+-p-i-p+, p+-n-i-n+, etc.
Anode

P

n

N

Cathode

Figure 5.6 IMPATT diode
It is negative conductance device that operates by the combination of carrier injection and
transit time effects. It is operated under reverse bias condition, and as the reverse bias is
increased it gets into the avalanche region where the avalanche breakdown occurs.
IMPATT diodes are used as microwave amplifiers and generators for frequencies from
1GHz through 300GHz. Though IMPATT are able to generate or amplify higher powers
than other solid-state devices, their major drawback is that they generate high levels of
phase noise due to the statistical nature of the avalanche process.
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5.3.3.4 Gunn Diode or Transferred Electron Device
Gunn diode, also known as transferred electron device (TED) is an n-type bar that is
fabricated from a single piece of n-type semiconductor, such as gallium Arsenide and
Indium Phosphide. The rationale for using only n-type material is because transferred
electron effect is only applicable to electrons and not to holes that are found in p-type
materials. It exhibits a voltage-controlled negative resistance region and V-I
characteristics similar to those of the tunnel diode, which enables it to amplify signals as
an amplifier or as part of an oscillator. The structure and the symbol of a Gunn diode is
shown in Figure 5.7 where the outer layers are heavily doped compare to the middle
layer. The middle layer is called an active region, which is properly doped. The Gunn
diode is usually mounted on a heatsink to avoid overheating.
n
n

n
(a)

n

n

n
Heatsink

(c)

(b)

Figure 5.7 Gunn diode: (a) & (b) Structure, and (c) Symbol
When a voltage is applied across its terminals an electric field is developed across its
layers, most of which across the active region. Once the applied voltage exceeds the
critical (or threshold) voltage value there are some oscillations that are generated. This
phenomenon is called Gunn effect, and is what makes them to be used as microwave
sources or generators.
Gunn diodes are used as transferred electron amplifiers (TEAs), and as transferred
electron oscillator (TEOs) or microwave generators for frequencies from 1GHz through
100GHz.
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6. MICROWAVE GENERATORS
6.1 INTRODUCTION
Solid state, such as Gunn, transistors, varactors and IMPATT diodes discussed above are
used to generate microwave power. However, due to their limited power handling
capacity, most of the solid-state devices cannot handle the high power that is used by
microwave transmitters. Hence for high power systems, the vacuum tube devices are
used. The microwave electron tubes may be divided into two categories: the conventional
vacuum tubes and electron beam tubes.
The conventional vacuum tubes, which include planar triode, gyroton, reflex triode,
pencil triode, and parametric amplifier, operate by varying the number of electrons
passing through the device by varying the voltages applied to the grids.
The electron beam tube, in contrast to the conventional vacuum tubes, operates using a
focussed or a directed beam of electrons. The arrangement of conventional vacuum tubes
or electron beam tube can create amplification or oscillation. Thus the tubes in both
categories can be used for generation and amplification of microwave signals.
Most of the tubes use velocity modulation to achieve amplification and oscillation.

6.2 ELECTRON BEAM TUBES
Electron beam tube is a vacuum tube that uses an electronic beam generator rather than a
typical cathode. This type of vacuum tubes includes klystron, magnetron, cathode ray,
and photomultiplier tubes. The electron beam tubes use magnetic fields to control the
electron flow and the grid is replaced with a resonant cavity.
Klystron Tubes are linear beam tubes that incorporate an electronic gun, one or more
cavities, and apparatus for modulating the beam produced by the electron gun. Different
types of klystron tubes includes two cavity klystron for moderate power levels,
multicavity klystron for high power, and reflex klystron for microwave signal
generation (oscillator) at low to medium power levels.
Magnetron tubes are used for ultra-high and microwave frequency generation. Most
magnetrons contain a central and a surrounding plate. The plate is usually divided into
two or more sections by radial barriers called cavities. With cathode connected to the
negative terminal of a high voltage source and anode connected to the positive terminal,
the electrons flow from the cathode to the anode. These electrons travel in spiral paths
due to the magnetic field that is applied in a longitudinal direction and the electrons tend
to travel in bunches because of interaction of magnetic and electric fields. This bunching
results in oscillation, with frequency being somewhat stabilized by cavities. To reduce
harmonics and other unwanted frequency in magnetron oscillators, metal strips are
connected between the resonator elements.
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6.2 TRAVELLING WAVE TUBE
Travelling wave tubes (TWT) are used as high-powered wide-band amplifiers of
microwave signals. There are three general classes of travelling wave tubes: linear-beam
forward wave tube or traveling wave amplifier, the crossed-field backward wave tube,
and the crossed-field forward wave tube.
Traveling wave amplifier is an amplifier that uses one or more TWTs to provide a
useful amplification at frequencies of the order of several Gigahertz.
Backward wave tube is a TWT in which the electrons travel in the direction opposite to
that in which the wave is propagated.
Forward wave is a wave whose group velocity is the same as the electron stream motion
in a TWT.
The TWT consists of an electronic gun that produces a beam of electrons, an anode to
accelerate the electrons, a long thin glass tube housing a wire helix that forms the input
and output coupling. The helix also serves as a delay line to reduce the RF wave velocity
to the electron beam velocity to allow velocity and density modulation of the beam. The
RF wave voltage builds up along the length of the line, causing amplification. For higher
power at higher frequencies, cavities are used instead of helix. The TWT that uses helix is
called a helix TWT and the one using cavities is called coupled-cavity TWT.
TWT also consists of an attenuator to regulate the power, and a collecting electrode that
can have its voltage changed to change the average speed of electrons in the beam.
The waveguide can be coupled directly to the tube at high frequencies and at low
frequencies, a coaxial cable can be used with the center conductor of the coax connected
directly to the helix.
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