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Foreword
Digital microwave radio systems have for many years provided operators with
flexible, high-quality, and cost-effective telecommunications network connectivity. Over the years these digital radio systems have evolved in terms of capacity
and functionality to such an extent that they can now support all fixed and
mobile data and voice applications along with associated transport protocols.
Within the mobile backhaul arena, the majority of cell sites around the globe
are connected within the access domain by point-to-point digital microwave
radio systems. As advanced mobile broadband and VoIP technologies are
deployed, there is no reason why microwave radio systems cannot continue to
provide this vital connectivity into the operators transport backbone.
This second edition of Trevor’s Microwave Radio Transmission Design
Guide provides all the theoretical and practical advice required for students or
practicing engineers to gain the necessary knowledge to start planning and
deploying modern digital microwave radio systems.
Andy Sutton
Principal Design Consultant
Transport Network Design
Orange/France Telecom
July 2009
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Preface
In the preface to the first edition, I mentioned that there was very little practical
advice on how to tackle the challenge of upgrading analog radio links to digital.
Ten years later, the challenge in the industry is now how to upgrade radio
networks to incorporate packet-based traffic, and the majority of the new material
addresses this aspect. It is interesting to observe that the backhaul bottleneck
is a major strategic issue for operators, and yet despite 70% to 80% of the
backhaul in the access network being carried over microwave, little attention
is given to the solutions available with this technology. In this second edition,
I have also updated the various reference standards and added further real-world
examples and formulas so that this book can still be used as a handy reference
guide for people designing and maintaining microwave radio systems from UHF
up to the millimeter bands. It is my view that the problems in the industry
result from a paradoxical mix of attitudes, in which one group feels microwave
radio design is so well established as to be trivial, yet often is using outdated
analog-based design methods, and another group believes that digital microwave
systems are binary in nature and forgets that the RF carrier is still analog and
therefore subject to all the adverse affects of a complex analog radio signal
traveling in a constantly varying atmosphere and thus having to overcome all
the adverse weather effects. A key purpose of this book is to provide a thorough
and accurate treatment of the fundamental principles of microwave transmission,
which have been forgotten over the years, together with a fully updated approach
to what happens in the real world in modern digital radio systems using the
latest radio equipment.
I am grateful to the various microwave manufacturers who have provided
white papers that have technically supported the new material that I have written.
Included in this list are Harris Stratex Inc., Ceragon Networks, Alcatel Lucent,
xv

xvi
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Dragonwave, RAD, and Cisco. I would also like to thank Eskom, Andrew
Antennas, Alcatel, and Microflect for the material that is still relevant from the
first edition. Once again I thank the ITU for the documents that form the
basis of the design standards I have referenced, together with the Metro Ethernet
Forum (MEF) standards for packet-based networks. I thank Andy Sutton from
France Telecom, Orange group, for various useful discussions and for writing
the foreword of the book. Lastly, I thank my son Sean for the excellent new
diagrams he has produced for this new edition of the book.

1
Introduction
The first commercial microwave radio link was deployed in the 1950s. The
requirement to backhaul mobile radio traffic quickly and reliably led to exponential growth of this industry before the turn of the twenty-first century. It is
often predicted that fiber optic transmission will stunt this growth. However,
considering fiber is not available in the access network, microwave radio will
continue to be the technology of choice for the access network, including
backhauling advanced cellular systems such as WiMAX, HSPA, HSPA+, and
LTE. As these access networks grow, fiber is also being pushed deeper into
the network requiring ‘‘last-mile’’ connections that will further fuel growth of
microwave technology. This phenomenal growth is set with the backdrop of
an industry that still uses outdated design rules that are adapted from the
old analog systems without understanding the impact on deployment costs or
performance degradation. There is also growing public resistance to more radio
sites being established, together with additional physical structures, such as wind
farms that can potentially interfere with the microwave line-of-sight conditions,
and these factors will force a more pragmatic approach to be adopted in order
to get links to work reliably in nonideal conditions. A challenge for transmission
engineers is that they need to provide capacity for an exponential bandwidth
explosion from new data services, without equivalent additional subscriber revenue. Both the RF and baseband channels thus have to be optimized to carry
traffic more efficiently than in the past and it is inevitable that Ethernet will
be a key technology to transport data efficiently over these networks. The
transition from TDM to packet-based transport systems is a key challenge for
microwave system designers. Lastly, there is often an unfounded resistance to
using radio, as it is perceived as being unreliable, usually due to a bad previous
experience of radio due to poor system design. In digital radio systems the
1

2

Microwave Radio Transmission Design Guide

problem is that poor system design is not noticed at the time of commissioning
new links, as the radios are very resistant to any problems in an unfaded
condition. However, when any interference or adverse weather conditions occur,
the radio system’s performance is impaired. With good system design these
conditions can be overcome and a very reliable network built with radio that
even exceeds the reliability of fiber networks. This book is an attempt to combine
a solid theoretical treatise of radio theory and standards with pragmatic and
real-world recommendations based on field experience.

1.1 History of Wireless Telecommunications
So where did it all start? The birth of telecommunications was in 1876 when
Alexander Graham Bell made the world’s first telephone call with his famous
words to his assistant, saying ‘‘Come here, Mr Watson, I want you,’’ somewhat
demonstrating how devoid of any practical significance he felt his invention
was. Today it almost seems inconceivable that we could function without
telephones, with many of us owning three or four telephones, both fixed and
mobile, usually with sophisticated additions such as high-resolution cameras,
satellite tracking, and powerful personal computing capability. The history of
wireless transmission is often attributed to the brilliant Scottish professor, James
Maxwell, who in 1873 published his famous paper ‘‘A Treatise on Electricity
and Magnetism,’’ in which he mathematically predicted the existence of electromagnetic waves, and, more startlingly at the time, deduced the speed of light
through his assumption that light traveled as an electromagnetic wave. Prior to
that, it had seemed an odd coincidence that the equations for electrostatic theory
and magnetism were linked by a constant factor which was ‘‘very close’’ to the
speed of light. However, as brilliant as these set of equations are, it was the
difficulty in applying these equations—with their mathematical concepts of
divergence, curl, and partial differentiation—to the challenge of designing real
radio links that sparked the author to write this book, so no further mention
will be made of them. It should also be pointed out that Maxwell drew heavily
on previous work by physicists such as Oersted, Coulomb, Faraday, and Ampere
to formulate his equations. In 1888 Heinrich Hertz practically proved Maxwell’s
equations in his laboratory when he generated an electromagnetic oscillation
using a metal loop with a spark gap at its midpoint, and then detected a similar
spark some distance away with a circuit tuned to that frequency. He then
measured the wavelength (two null nodes) and, as he already knew the frequency
of oscillation, verified Maxwell’s conclusion on the existence of these waves and
the speed they traveled: in other words, the speed of light (c =  f ). Hertz had
effectively invented the first dipole antenna that created radio waves. For that
reason, radio waves were originally called Hertzian waves and the frequency,
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or number of oscillations of the sinusoidal wave in a second, is still measured
in hertz in his honor. He, too, had no idea that his experiment had any practical
significance and thought he was merely verifying the theoretical conclusions of
Maxwell. Guglielmo Marconi did see the commercial benefits of radio transmission and in 1897 founded the Wireless Telegraph and Signal Company. He
applied for various patents to commercially exploit his inventions. The first
practical application was in transatlantic telegraphy. Despite these practical radio
transmissions in the early twentieth century, it was only in the 1950s that the
first commercial terrestrial radio point-to-point systems were installed. It was
during the study of the propagation effects of these analog radio systems that
many design parameters such as k-factor, diffraction loss, and Fresnel zone
clearances were defined, and in many ways it is the loss of this early expertise
and understanding of radio in the industry that needs to be rediscovered, if
radio systems are to be used as a reliable transmission medium. In order to
design and maintain reliable next generation radio networks, we should learn
the lessons from history and build on the valuable knowledge base established,
but we equally need to adapt the design rules to apply that knowledge to modern
networks where data applications are becoming as important as voice and where
voice itself is data, such as voice over IP (VoIP). New thinking needs to be
applied to old concepts to revolutionize the way we plan and operate microwave
radio networks.

1.2 What Is Microwave Radio?
1.2.1 Microwave Fundamentals
Microwave radio, in the context of this book, refers to point-to-point fixed
digital links that operate in duplex mode. Duplex operation means that each
radio frequency (RF) channel consists of a pair of frequencies for the transmit
and receive directions, respectively. These are sometimes referred to as Go and
Return channels or low-band and high-band channels. This is illustrated in
Figure 1.1. The difference between these two carriers is called the T to R spacing.
The RF bandwidth is completely symmetrical, irrespective of the symmetry of
the baseband traffic and always occupies the full bandwidth, unlike analog
radios, because the modulator cannot discriminate between real or dummy zeros
and ones. The actual RF bandwidth is determined by the capacity of the link
and the modulation scheme used. The digital baseband signal is modulated
onto an analog RF carrier and is transmitted over the air as an electromagnetic
wavefront. Both the transmit and receive frequencies are combined onto one
antenna using frequency division duplexing (FDD), as shown in Figure 1.2,
where the duplexer provides the coupling of the two signals onto one antenna,

4
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Figure 1.1 RF duplex channel plan.

Figure 1.2 Frequency division duplexer.

and the isolation required to ensure the transmit signal does not leak through
to the receiver. The T-R spacing is set by the practical filtering requirements
to achieve adequate isolation. At high frequencies, such as 23 GHz, this separation can exceed 1 GHz.

1.2.2 RF Spectrum
The electromagnetic spectrum is shown in Figure 1.3. Microwave frequencies
were historically regarded as occupying the super high frequency (SHF) band,
to use ITU nomenclature, which is roughly equivalent to the IEEE S-, C-, X-,
and K-bands. The new band nomenclature from A to M is shown in Table
1.1. In practice, commercial radio links cover the frequency spectrum from
300 MHz to approximately 90 GHz. The RF arrangements are covered by the
ITU [1].
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Figure 1.3 Electromagnetic spectrum.

Table 1.1
Microwave Band Nomenclature
Old Bands
HF
VHF
UHF
L
S
S
C
SHF
X
J/Ku
K
Q/Ka
U
O/E
EHF

New Bands
3–30 MHz
30–300 MHz
300–3,000 MHz
1–2 GHz
2–3 GHz
3–4 GHz
4–8 GHz
3–30 GHz
8–12 GHz
12–18 GHz
18–26.5 GHz
26.5–40 GHz
40–60 GHz
60–90 GHz
30–300 GHz

A
B
C
D
E
F
G
H
I
J
K

0–250 MHz
250–500 MHz
500–1,000 MHz
1–2 GHz
2–3 GHz
3–4 GHz
4–6 GHz
6–8 GHz
8–10 GHz
10–20 GHz
20–40 GHz

L
M

40–60 GHz
60–100 GHz

1.2.3 Safety of Microwaves
It should be noted that microwaves fall within the nonionized portion of the
EM spectrum, below the ionizing portion where X, gamma, and cosmic rays
reside. Microwave energy thus has insufficient energy to ionize atoms and so

6
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is unable to change the DNA composition of human tissue or cause cancer.
However, the debate about safety of microwave links is whether the heating
effect of microwaves has an adverse effect on humans or could accelerate the
growth of cancerous cells. The eyes and the testes are particularly vulnerable
because they have a low blood flow and therefore do not efficiently dissipate
the additional heat. The FCC has specified that the safety power density limit
for human exposure is 1 mW/cm2. [In Europe the limit set by the National
Radiological Protection Board (NRPB) is 10 times more stringent—this limit
is five times more stringent than the leakage allowed from a microwave oven.]
It should be noted that in the case of microwave links the output power, even
with highly directional antennas, is very low (typically a few hundred watts)
and the signal strength falls off by the square of the distance. Once one is a
few meters away from a microwave antenna, the signal strength is very low and
thus is considered to be no risk to the general population. For maintenance
personnel, especially those who may climb the towers that the antennas are
mounted on, the risks are considered higher and the limits set are more stringent.
Some telecoms equipment transmits kilowatts of power, and therefore it is often
recommended that maintenance personnel wear a beeper to warn them of
excessive power density levels and if necessary get the transmit power of some
equipment turned down at a site during maintenance work. Technical staff
should also ensure in a laboratory environment that they never look directly
into a transmitting horn feed or antenna and do not walk across the beam of
an operating microwave link for excessive periods.
1.2.4 Allocation of Spectrum
The RF spectrum is part of the shared electromagnetic spectrum. It can be
regarding as a scarce resource such as coal or petroleum, as once is it used, it
cannot be re-created and therefore requires sensible allocation and coordination.
Various services such as mobile radio, satellites, broadcasting, military, medical,
and domestic must all share this common spectrum. Each service must be
allowed to expand and grow without causing interference to any other service.
The task of allocating and controlling the individual parts of this spectrum is
the responsibility of the International Telecommunication Union (ITU). The
ITU is an international standards body set up by the United Nations. The two
main arms of the ITU that are of direct interest to the radio planner are
the telecommunications agency called the ITU-T (formerly CCITT) and the
radiocommunications agency called the ITU-R (formally CCIR). The ITU-T
handles standards for end-to-end circuits covering all mediums (cable, satellite,
radio), whereas the ITU-R specifically deals with radio links. The ITU has
divided the world into three regions, as shown in Figure 1.4 [region 1 includes
Europe, Africa, and the Commonwealth of Independent states (CIS); region 2
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Figure 1.4 ITU regional map.

includes North and South America; and region 3 includes Asia, Australasia,
and the Pacific].
1.2.5 Electromagnetic Wave Fundamentals
When the microwave radio signal traverses the path through the air, once it is
in the far field, it travels as an electromagnetic wavefront and can be analyzed
in terms of geometric optics. The electromagnetic wave has a sinusoidally varying
electric field that is orthogonal to an in-phase, sinusoidally varying magnetic
field and both are orthogonal to the direction of propagation. This is thus
known as a transverse wave, as opposed to longitudinal waves (e.g., sound
waves), which travel in the same direction. The two fields interact with one
another. A changing magnetic field induces an electric field, and a changing
electric field induces a magnetic field. The transverse electromagnetic (TEM)
propagation is shown in Figure 1.5.
In order to simplify this representation, we can regard the wavefront as
an imaginary line that is drawn through the plane of constant phase and a ray
as an imaginary line that is drawn in the direction of travel. This is shown in
Figure 1.6. A plane wave is one that has a plane wavefront. A uniform wavefront
is one that has constant magnitude and phase. In a microwave signal, transmitted
with parabolic antennas, the magnitudes of the electric and magnetic field
vectors are equal and occur in phase, with the peaks and troughs occurring at
the same time; thus, it is called a uniform plane wave.
1.2.5.1 Period

The period of the wave is the length of time before the wave repeats itself and
can be expressed as

8
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Figure 1.5 Electromagnetic wavefront.

Figure 1.6 Wavefront and ray representation.

T = 1/f

(1.1)

where f is the frequency (the number of cycles in 1 second, measured in hertz).
1.2.5.2

Wavelength

The wavelength of the signal is the distance between two points of the same
phase, which depends on the medium in which it is traveling, and can be
expressed as

Introduction

 = v /f
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(1.2)

where v is the velocity of propagation (m/s) and f is the frequency (hertz).
1.2.5.3 Velocity of Propagation

The velocity of propagation can be expressed as
v = 1/√(⑀ ⭈  )

(1.3)

where ⑀ is called the permittivity and can be expressed as K ⭈ ⑀ 0 ; ⑀ 0 is the
permittivity of free space = 8.854 × 10−12 F/m; K is the relative permittivity,
for example, K (air) = 1;  is the permeability and can be expressed as
K m ⭈  0 ;  0 is the permeability of free space = 1.257 × 10−6 H/m; and K m
is the relative permeability dependent on the material used, for example, K m
(aluminum) = 1.00000065.
All dielectric mediums are specified in terms of permittivity and permeability, which are measures of capacitivity and inductivity, respectively.
In a vacuum,
v = 1/√(⑀ 0 ⭈  0 )
= 3 × 108 m/s

(1.4)

= c (speed of light)
The velocity of propagation in other mediums depends on the permittivity
and permeability of that medium. In air, the permittivity and permeability are
approximately the same as in a vacuum, so the microwave beam travels at the
speed of light, irrespective of frequency. In order to determine the velocity of
propagation through a foam-filled cable, it would be necessary to look up the
dielectric constant of foam.
1.2.5.4 Polarization

The polarization of the signal corresponds to the plane of the electric field
vector. If one imagines a sinusoidal wave traveling perpendicularly out of the
page, the amplitude vector would swing from a positive maximum through zero
to a negative maximum. In this plane, the electric vector oscillates vertically
and thus is vertically polarized.
1.2.5.5 Power Density

An EM wave transports energy that can be represented as a power density P d
in W/m2. A point source of radiation that transmits energy uniformly in all
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directions is called an isotrope. If one considers a sphere around this isotropic
source with power output P t as having an area A = 4 r 2, then the power
density (P ) can be expressed as
P = P t /(4 r 2 )

(1.5)

1.3 Why Radio?
The demand for cost-effective, high-quality transmission systems is growing, to
meet the demands of bandwidth hungry multimedia services in both fixed and
mobile applications. Particularly in the mobile networks, third generation and
fourth generation technology is allowing unprecedented user bandwidth in
support of applications such as video downloads. Technologies such as HSPA,
LTE, and WiMAX provide high bandwidth capability to the user, but it has
just pushed the bottleneck to the transmission network, which has to backhaul
this traffic.
1.3.1 Benefits and Disadvantages of Microwave
In an ideal world fiber optic transmission would be a perfect medium for this
backhaul due to its virtually unlimited bandwidth, but the reality is that it is
not widely available in the access part of the network. This is despite the ongoing
growth of fiber through initiatives such as next generation access (NGA) projects.
The exorbitant cost, together with the inconvenience of digging up roads to
provide more cables, means that it is unlikely to be available to deploy the next
generation transmission access networks. At one point property developers were
providing fiber at the time of construction of new buildings and office complexes.
However, the business case for this was not justified and this is no longer the
trend. The cost of right-of-way servitudes, the inconvenience of digging up
roads, and the disturbances to existing infrastructure, together with the delays
in obtaining them, are major disadvantages for new fiber routes. Microwave
radio has lower fixed costs associated with it, allowing the costs to be spread
more evenly over the systems lifetime, thus matching the costs with revenue
and reducing the investment risk. In some cases microwave is installed to get
the network up and running, due to its rapid deployment, while a fiber backbone
is being built, and once the fiber is available, it is then deployed elsewhere.
Cable systems have a linear cost profile—the longer the distance, the higher
the cost—whereas radio systems have a stepped cost profile proportional to the
number of radio repeaters required. Radio systems are more resilient to natural
disasters, such as earthquakes and floods, with a quicker recovery time. Therefore,
radio routes are often built as a backup to fiber. Even if a tower were to fall
down, the links can often be quickly established on a temporary structure, such
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as a nearby fence and operate on a path with inadequate line-of-sight clearance
to meet the required long-term reliability standard, but with good enough
clearance to reestablish communications. In the 9/11 disaster in New York,
radio links operating on the building were reestablished in days, compared to
the months it took for fiber to be replaced. The stepped nature of the infrastructure build also makes microwave ideal for crossing rugged or difficult terrain.
Unprotected fiber systems also do not offer the same high reliability that microwave can offer, as a break in a fiber can take a long time to repair. Fiber cables
get cut a lot more often than is realized, especially where they cross rural areas,
in backhoe fades. Another common misunderstanding is that fiber runs errorfree, whereas microwave runs at a higher background error rate due to fading
problems. This is completely untrue, as with powerful forward error correction
algorithms built into the radio equipment, radio systems are designed to run
at exactly the same background error rate as fiber [usually with a bit error ratio
(BER) around 10−13 ]. Lastly, fiber is not as flexible as radio, from a planning
perspective. It is not uncommon for operators to change their key site locations,
and while it requires a new fiber service to be provided to the new location,
radio systems can often be redeployed with little extra cost and in a very short
timescale.
Radio does have its disadvantages—the biggest one being public perception
of the safety of microwave radiation and resistance to the towers required to
rig the antennas. This limits the number of suitable sites available and the
infrastructure such as towers to rig the antennas onto. Practical paths are limited
by line-of-sight requirements in most frequency bands and the cost and delay
of getting suitable radio spectrum are not insignificant.
1.3.2 Transmission Alternatives
The simplest way to set up a transmission network is to lease capacity from an
incumbent supplier. This is a very costly route compared to self-build microwave.
However, it is somewhat balanced by the savings in personnel to plan, maintain,
and operate the network. Self-build microwave involves capital expenditure
(CAPEX) through investment in equipment and infrastructure compared to an
ongoing lifetime leasing expenditure from the operating expenditure budget
(OPEX), which many operators prefer. With leased lines one is typically forced
into a long-term contract and there is no control over the reliability achieved
in practice and very little flexibility to improve reliability for critical circuits.
Operators that choose self-build as an alternative should really ensure that in
practice they utilize the flexibility this offers, as often this is ignored in the
interests of scalability and design standards. Self-build is often chosen above
leasing capacity from an incumbent fixed line operator as it may be a competitor.
Using the legacy twisted pair copper cable as a transmission medium was
losing popularity a few years ago due to bandwidth limitations. However,
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advances in DSL, such as ADSL-2, VDSL-2, and single-pair high-speed digital
subscriber line (G.SHDSL.bis, E.SHDSL), provide increased bandwidths, especially when combined with bonded copper. This makes it an attractive option
for some parts of the transmission network. In some cases it is limited by the
quality of the copper which may be old, and it still is limited in bandwidth in
comparison to microwave radio, and hence will not replace microwave as the
dominant transmission medium. Free-space optics is a technology where light
frequencies are used, thus eliminating the need for licensing. This speeds up
the deployment time, and for very short hops (less than 5 km) this is a good
complement to microwave radio. It is limited by the stability of installation as
it is very directional and thus sensitive to vibrations and movements of the pole
mount. The main hop length limitation is fog as optical line of sight is required
for operation.
Point to multipoint is another alternative to point-to-point microwave.
These systems reduce costs by having a single hub with multiple end sites and
only require one license. The biggest practical limitation is achieving line of
sight from a single hub antenna in terms of elevation as the rooftop dimensions
tend to obstruct visibility. Once the hub has to be split to different corners of
the rooftop, point-to-point microwave can often become more cost-effective
again. Network flexibility is also lost with a hub node.
Satellite links such as V-SAT are always an alternative, but, despite new
developments in the Ka band and the commercialization of terminal equipment,
the prohibitive costs tend to limit these to very specific parts of the network.
Unlicensed microwave is becoming popular due to its speed of deployment
and low cost. These are certainly key advantages. However, as QoS cannot be
guaranteed, they too are not a viable alternative for the primary transmission
medium. Licensed point-to-point microwave has historically been the primary
medium for both fixed and mobile networks for the reasons stated, and it is
unlikely that this will change for the next generation networks being deployed.
It is unfortunate that this fact does not appear to have reached the boardroom,
as in strategic discussions and conference presentations microwave is mentioned
as a niche application with fiber being the dominant medium, which may be
true for the core of the network but certainly is not true at the access level.
Microwave radio, especially now that it is Ethernet compatible, is, and will
continue to be, the medium of choice for fixed and mobile backhaul in the
access transmission and transport networks.

1.4 Microwave Applications
Traditionally, microwave radio was used in high-capacity trunk routes by PTOs.
These were gradually replaced by fiber optic systems that offered far higher
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bandwidths. Microwave radios are still used by PTOs for lower capacity portions
of the network. The explosive growth in radios has been in wireless access.
There are many network applications where radio is the ideal medium, as
discussed earlier. Let us consider various applications for typical transmission
networks.
1.4.1 Fixed-Link Operator
A fixed-link operator needs to provide backbone capacity of suitable quality
and capacity to carry all the required traffic, present and future. Future expansion
should be carefully considered when planning the initial installed capacity, since
increasing the capacity later can be costly and cause major outages. Increased
capacity usually means occupying a wider bandwidth, so new frequencies need
to be applied for. In some cases a new frequency band may be required with
different radio equipment and antennas. Equipment that has a common design
platform across all the frequency bands and transmission capacities makes this
part of the planning process much easier. The network operator needs to carefully
consider where traffic is likely to be added to the transmission backbone so
that traffic access is catered to. The multiplexers should also be sized for future
expansion. This is a balance between catering for the future and optimizing
payback on capital expenditure. Most networks will require a phased approach
to reduce the initial capital expenditure required in order to maximize the ROI,
which is a key factor to consider in the business plan. A network operator
providing a new transmission system needs to specify the number of primary
circuits (e.g., E1, T1) that have to be transported from A to B. In addition,
the number of circuits to be added and dropped at each site along the route
should be specified. There may also be a requirement to provide a telephone
connection at the hilltop sites so that primary multiplexers are required. Typically, in a fixed-link transmission system, it is flexibility of the transmission
capacity that can be accommodated and access to the network that are the key
strengths of the network. Transmission quality cannot be compromised in this
type of network because one needs to build the network to carry any type of
traffic required. A typical carrier network is shown in Figure 1.7.
1.4.2 Utility Private Network
Utilities often use radio networks because they do not have the high-bandwidth
requirements that justify fiber networks. Most utilities have private transmission
networks due to the high reliability requirements dictated by the crucial circuits
being carried. A power utility transmission system may need to connect a number
of outlying substations or power stations to a control center. Standby control
centers and regional control centers are also common, and high-quality trans-
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Figure 1.7 Typical carrier network diagram.

mission networks are required for these connections. The stability of the power
grid in the country depends on the quality and reliability of the telecommunications network. VHF and UHF networks are often used for maintenance purposes,
and these base stations need connections back to the various control centers.
For new digital trunking networks using standards such as TETRA, these digital
circuits also need to be backhauled to the main control center. In a power
utility that has a meshed power grid, it is imperative to be able to disconnect
the power being fed into a fault condition from the opposite end. Conventional
teleprotection systems use radio signals injected onto the power line itself to
switch the distant breaker off. These signals have to travel through the fault
condition. It is thus desirable, where possible, to carry these teleprotection
signals over a microwave radio transmission system. To avoid physical damage
to the electricity transmission equipment, the microwave signal needs to trip
the breaker in less than 20 ms.
These teleprotection circuits are very important; the consequential damage
that can occur as a result of telecommunications failure can run into millions
of dollars. It can be seen that combinations of voice and data circuits of varying
importance are carried in a power utility. Similar circuits are required in most
other utilities. For example, a water utility will have telemetering and telecontrol
circuits from the various dams and reservoirs to report the status of water levels
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and control sluice gates. Utilities often carry circuits that have a very high
importance yet not necessarily with high capacity. This is one of the reasons
that utilities have private networks. The quality level required is often even
higher than that provided by the public PTT. Special care should be taken when
designing the network to understand the importance of the traffic, irrespective of
the transmission capacity. A typical utility network is shown in Figure 1.8.
1.4.3 TV Distribution Network
Transmission networks are required to connect the various radio and TV repeater
stations to the main national and regional transmission sites. Radio is an attractive
option because the TV broadcast sites are located on hilltops with microwave
radio infrastructure such as towers and radio rooms already available. The TV
signals are typically 34-Mbps PAL or SECAM signals with a video coder decoder
(CODEC) such as Moving Pictures Expert Group (MPEG-2) for digital TV.
The output of the CODEC is a standard G.703 interface that can be directly
connected to a radio system. In some cases video signals use 8-Mbps capacity.
External equipment can be obtained that converts the 8-Mbps video signal into
four E1 streams so that standard n × E1 radio transmission systems can be
used. Audio channels from radio programs are often combined and compressed

Figure 1.8 Typical utility network.
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into a single 2 Mbps (E1) for transmission. TV networks often require a
multidrop arrangement to drop TV circuits at various sites. A typical TV network
is shown in Figure 1.9.
1.4.4 Mobile Backhaul Network
Mobile radio networks using either the GSM or DCS 1800 standard require
a transmission network to backhaul the repeater traffic to the switching centers.
In a GSM environment, each base transceiver station (BTS) site usually has
radios divided into a number of sectors. Each radio requires two 64-kbps
timeslots to carry the sector traffic plus a 64-kbps channel for signaling. The
sectors usually use subrate audio channels (16 kbps), thus allowing up to four
audio channels per 64-kbps circuit. Up to 10 transmitters can thus be accommodated on a single E1 circuit. The BTS sites can also usually carry two E1
circuits without requiring external multiplexing. This may affect the transmission
arrangement. The BTS arrangement in terms of the number of sectors and
radios per sector should be specified in addition to the details of the actual
GSM radios. This will determine the actual capacity required to backhaul the
GSM repeaters. The number of BTS sites required to be connected to the base
station controllers (BSCs) and their physical location must be specified. The

Figure 1.9 Typical TV distribution network.
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number of BSCs required to be connected to the mobile switching center (MSC)
should also be specified. In addition, a direct public switched telephony network
(PSTN) connection may be required between some of the BTSs and the MSC;
the number of connections and required capacity should also be specified. A
typical GSM backhaul transmission network is shown in Figure 1.10.
Whether GSM is voice coded at 13 kbps (full rate) or 12.2 kbps [enhanced
full rate/adaptive multirate (AMR)], it still uses a 16-kbps channel, so four voice
channels are mapped into a T0/E0 timeslot. This makes planning easier but is
an inefficient use of the channel. In the case of UMTS, AMR coding is used
that varies from 12.2 kbps to 4.75 kbps. This is mapped into an ATM cell
(constant bit rate) and presented as n × E1/T1 using ATM/IMA on the Iub
interface. There is thus no direct correlation between number of user channels
and bandwidth. The cell breathing associated with UMTS further complicates
capacity planning as it is the interference limits that restrict capacity, whereas
in GSM a fixed channel is allocated. The trade-off is that in UMTS the
efficiencies of packet transmission can be exploited. In the case of next generation
base stations such as mobile WiMAX or LTE, the interfaces are Ethernet
carrying an IP Transport Network Layer (TNL) so the efficiencies of statistical
multiplexing can be fully exploited, if carried over an Ethernet channel in the
radio. A typical next generation mobile network is shown in Figure 1.11.

Figure 1.10 Typical GSM backhaul network.
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Figure 1.11 Typical next generation mobile network.

1.4.5 Ethernet Enterprise Application
Microwave radio is ideally suited to providing low latency carrier-grade Ethernet
services such as private networks, metropolitan area networks (MAN), or wide
area networks (WAN). Virtual local area network (VLAN) connections can be
established between sites with different services being carried over different
VLANs to meet the various customer demands. Microwave systems can now
support giga-Ethernet interfaces thus providing reliable high capacity transport
as an alternative to fiber. A customer’s point of presence (PoP) can be seamlessly
extended to new locations via radio, as a fiber extension or managed MAN/WAN
connection. For next generation mobile networks such as LTE and WiMAX
where the base stations have Ethernet interfaces, Ethernet is an obvious choice
due to the statistical multiplexing advantages. In the case of existing networks
with legacy TDM equipment, it is likely that Ethernet will be added as an
overlay rather than to replace the current networks due to the extent of the
investment in current equipment. Many mobile operators are considering hybrid
networks where the existing 2G and 3G voice traffic is carried over the legacy
TDM networks but Ethernet networks will be used to carry the bandwidthhungry HSPA services. Modern microwave radios are ideally suited to this type
of approach as with adaptive modulation the different services can be carried,
each with their own level of quality of service. This is discussed later in the
book.
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1.5 Planning Process
Having decided that the network is to be built with radio, where does one start?
Planning a radio-based network provides some interesting yet often frustrating
challenges, as radio waves are complex beasts that sometimes seem to have a
life of their own. It is the author’s view that a little bit of art needs to be
combined with science to engineer a radio network, and it is this aspect that
makes the work exciting and challenging. Rules based on mathematical formulae,
empirical models, and complex analysis are essential for a comprehensive design
but cannot replace good engineering judgment and practical experience.
System planners often start at the wrong point. A common mistake is to
ask, ‘‘what fade margin should I design to?’’ when the correct starting point is
to ascertain what the customer actually needs. The starting point is to transform
the customer requirements into a transmission plan with a set of quality objectives. Fully understanding what the customer really wants and needs is one of
the most difficult aspects and involves an iterative approach since the customer
will often not understand the cost impact of the requirements specified. All
systems experience some quality degradation and periods of failure. It is essential
for the radio planner to carefully explain the quality level that can be expected
and the risk of transmission failure using the selected design topology. These
customer requirements need to be translated into a route diagram before the
detailed planning process can begin. Detailed planning involves transforming
the route plan into a detailed radio link plan, identifying suitable active and
passive repeaters. A detailed radio survey is also required to plan the sites and
routes. Each hop must be designed to meet certain quality objectives. Thus,
these objectives need to be understood and applied. Microwave radio equipment
has evolved over the past decade. A full understanding of equipment characteristics and configurations will enable the planner to choose the most appropriate
equipment to meet the design objectives. Radio links suffer fading from various
propagation anomalies; therefore, a thorough understanding of microwave
propagation and fading mechanisms will enable the planner to design a system
that is robust under the most difficult conditions. One needs to identify suitable
frequency bands on which to operate the links and will have to apply to the
frequency authorities for the RF channels; hence, a detailed knowledge of
frequency planning and antenna characteristics is required. The final stage in
the planning process—once all the aspects of design topology, quality objectives,
equipment considerations, and fading mechanisms are understood—is to do
the detailed link design, covering aspects such as fade margin, antenna size, and
equipment protection. All these aspects are covered in detail in the following
chapters.
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2
Link Planning
Let us assume that you have been given the challenging task of performing the
radio planning for a new network. Thorough planning and attention to detail
in the initial stages will avoid many problems later on in the project. The
infrastructure investment in a radio network is significant; therefore, the margin
for error is small. Planning is an iterative process and will vary depending on
the type of the installation. The planning issues in an urban area are completely
different to those faced in rural greenfield sites. The link planner should identify
all the steps to be followed for each site and draw up a project plan using, for
example, a Gantt chart, to identify and manage the critical path. A flowchart
showing the link planning steps for a new radio route is shown in Figure 2.1.

2.1 Establish the Planning Brief
The very first step is to establish a planning brief. The old adage that half the
solution lies in defining the problem holds true. Often a system designer is told
that a (N + 1)-155 Mbit/s link with digital cross-current switching is required
between two sites, when in reality a far simpler and more practical solution
would be possible if the true requirement was defined. The planning brief
should be specified in terms of the services and related bandwidth to be carried
over the transmission medium, the end-to-end circuit connections, and the
required quality objective. The services to be carried could include voice circuits
(300 Hz to 3,400 Hz), data services at various capacities, trunk connections
between public exchange switches [e.g., 2 Mb/s (E1) or 1.5 Mb/s (T1)], video
circuits [e.g., 34 Mb/s (E3)], ATM, or Ethernet services. By understanding
the true number of circuits concerned and their associated bandwidths, the
21
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Figure 2.1 Link planning flowchart for new radio route.

transmission engineer has the flexibility to design the network more efficiently.
For example, a number of E1 streams that are partially filled—less than 30
circuits—can be groomed at nodal sites into a single E1 stream, thus reducing
the overall transmission bandwidth required. A common error in sizing the
transmission capacity required for a GSM network is to aggregate E1 circuits
along the network, resulting in enormous bandwidth requirements into the
MSC switch site. By understanding the true requirement, the transmission
engineer has the flexibility to route circuits in different directions around the
network or to build secondary routes off a main backbone route. It is essential
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to understand if the overall capacity is made up of lots of smaller tributaries,
such as E1 circuits, or if it is a few larger tributaries such as video E3 circuits
or ATM circuits. One needs to understand the real quality level required for
the various circuits because some of the spur links may be implemented without
protection while other spur links may be so important that two or more diverse
routes may be required into the site. One should remember that the backbone
has to be designed for the best quality circuit to be carried. Even if only one
important circuit is to be carried on the trunk, the whole trunk circuit has to
be designed to that performance standard. This is often motivation for picking
up secondary, less important traffic via a secondary lower capacity route rather
than taking the backbone through each site. If one has a full understanding of
the overall brief, these network decisions can be made intelligently.

2.2 Initial Planning
Let us now assume that a planning brief has been specified that clearly defines
what the customer is trying to achieve. The next step is to determine the initial
network topology. First, the site location of the customer end sites must be
determined; then an initial diagram with the circuit connections and traffic
capacity can be worked out. In practice, this will always be an iterative process
since the end sites may change depending on the final position of a new building,
a power station, or the area coverage of a GSM repeater. Site availability of
planned repeaters is also a major variable. Switch (telephone exchange) sites,
E1, E3 connections, and subrate access services should all be considered in order
to understand what capacity and type of radio system is required.
2.2.1 Site Location
It is very important to check and verify information on site locations. Microwave
radio links allow very little inaccuracy of the site coordinates because the clearance
of the beam is critical. This will be covered in great detail later in the book.
In most cases site coordinates need to be accurate to within a few meters. The
modern tendency is to specify site coordinates from Global Positioning System
(GPS) readings. While this is a very useful and necessary tool, serious planning
errors can be made if the limitations of this terminology are not clearly understood.
The GPS is a satellite-based system owned by the Department of Defense
in the United States. It consists of 24 satellites in a subsynchronous orbit around
the Earth. This means that, unlike the geostationary satellites that rotate at the
same speed as the Earth and thus appear fixed relative to the Earth, the GPS
satellites will have varying positions at different times of the day. The number
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of satellites that will be visible at any one time will thus vary, which can affect
their accuracy. The principle of the system is that each satellite sends a signal
to an Earth-based portable receiver so that, using the principle of triangulation,
a position fix can be made with three satellites. The additional satellites are
used for error correcting to increase the accuracy. Each satellite has onboard
very accurate cesium and rubidium clocks that are corrected by additional Earthbased clocks to achieve exceptional accuracy. Since the system was developed
primarily for military use to guide missile systems, a coded jitter signal is
superimposed on the reference signal from the satellites, purposefully making
them inaccurate when using a standard receiver. If this selective availability (SA)
is switched off, such as during wartime situations, the overall accuracy increases.
Authorized military users use the Precise Positioning System (PPS), which
provides excellent accuracy. For Standard Positioning Systems, the inaccuracy
exceeds 100m in both horizontal and vertical planes even with maximum
visibility of satellites. Inexpensive handheld GPS systems may be significantly
worse than this. In many cases, GPS systems are very useful in that qualified
surveyors with expensive equipment are not required. However, it must be
recognized for microwave radio applications that the more expensive site location
methods will be required. These include using GPS systems in differential mode
or using surveyed coordinates with survey beacons and a theodolite. Accurate
differential carrier phase GPS systems can achieve an accuracy of 1 mm; however,
they tend to be very expensive.
Another important consideration is to obtain the coordinates of the actual
position of the antenna mounting and not just the position of the overall site.
An accurate location of a building, power station, or hilltop is useless if the
actual position of the antenna location is some distance from this reference
point. Building new repeater sites on a major transmission route can cost
hundreds of thousands of dollars. Therefore, it is very important that the analysis
that determines microwave radio beam clearance is accurate. In UHF and VHF
systems this is not as important because the larger Fresnel zones result in lower
diffraction losses. This aspect is discussed in detail later in the book. The
important point to realize is that a detailed analysis of a path profile only makes
sense if the site location data is accurate.
2.2.2 Network Diagram
Once the site locations have been ascertained, they should then be plotted
geographically with the logical circuit connections shown to produce a network
diagram. A typical GSM network showing network capacity is shown in Figure
2.2.
The network capacity can be determined by adding the number of circuits
on each hop between the various end-to-end connections. Extra capacity should
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Figure 2.2 Typical GSM capacity diagram.

be added for system expansion and then the requirements are rounded off to
the nearest standard bit rate.
2.2.3 Initial Mapwork
Having determined the network connections and initial capacities, a first pass
radio network diagram is required. Microwave radio links rely on there being
LOS between the two ends. Later in this book this aspect will be covered in
great detail. As an initial planning rule though, it should be assumed that if
there is no LOS (i.e., the path is blocked by the terrain itself, some trees, or a
building), the path probably will not work. A repeater site will be required or
the site should be moved. The first way to check for LOS, for initial planning
purposes, is to do some mapwork. As a rough guide, it should be assumed that
radio hops should provisionally be no longer than 50 km long. In other words,
if two end sites are 100 km apart, it should be assumed that one radio repeater
is required roughly midpath. This assumption is purely to establish a starting
point for the number of repeater sites. It should be noted that radio hops can
be made to work over distances exceeding 100 km and that in some cases radio
links can work without LOS; however, this is the exception rather than the
rule. This phase of the design is to establish the approximate number of repeater
sites required for initial costing purposes and to identify suitable routes. As in
most aspects of the radio link design, the process is iterative. Good radio link
design ensures that reliability of the microwave signal is balanced by a network
operator’s cost objectives.
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2.2.4 Existing Infrastructure and Repeater Sites
2.2.4.1

Topographical Maps

A useful way to start the process of determining the radio repeater requirements
is to plot the sites identified on the network connection diagram onto a geographic map. Topological maps with a scale of 1:500,000 or 1:250,000 have
the right scale to provide the high-level view of the network.
Once the end sites are plotted on the map, the existing radio repeater
sites can be plotted. It is also useful to get hold of other network operators’
sites to be able to evaluate where site sharing is practical. Once all the sites are
plotted, the possibilities can be evaluated. This high-level view will show high
ground areas that may block the LOS. It also shows up areas that can be used
for potential new repeater sites. The first pass assumption of 50-km hops can
be used as a starting point to find suitable repeaters. In practice, suitable repeaters
will seldom be found midpath, so it may be that instead of an ideal 50-km/50-km
split, a site may be found with a 45-km/60-km off-path split creating a dogleg
as shown in Figure 2.3.
For urban links, three-dimensional map photographs, usually on a 1:10,000
scale, can be used to identify possible repeater sites and identify possible
obstructions.

Figure 2.3 Practical path dogleg.
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2.2.4.2 Digital Terrain Model

Another very useful initial planning tool is the Digital Terrain Model (DTM)—
also called Digital Elevation Model (DEM). The DTM is a national database
of pixel coordinates and corresponding average pixel elevations. Typically these
are based on pixel sizes of 200m by 200m resolution; however, in many cases
a resolution of 50m by 50m or better is available. DTM data is available free
of charge off the Internet, from the Shuttle Radar Topography Mission (SRTM).
This has an accuracy of 3 seconds (90m) on a global basis with an improved
accuracy of 1 second (30m) in the United States. Using this digitized information,
one can very quickly establish whether an LOS between two sites can be achieved.
DTM databases and corresponding analysis software are in a very advanced
state for area coverage predictions required for cellular and WLL networks. One
needs to use this with care when establishing fixed link microwave radio routes
because any error in the data could result in a very costly mistake. Pixel definitions
of 200m by 200m do not provide sufficient resolution to achieve the profile
accuracy required on critical paths where the first Fresnel zone may only be a
few tens of meters wide. Having said this, where this expensive tool is used, it
can make the planning cycle considerably shorter. When used in conjunction
with accurate maps, it is very useful.
2.2.5 Route Map
When planning a microwave route, various route options should be investigated.
It is often a requirement from an environmental point of view that more than
one route is evaluated. Site acquisition is also a crucial element in the planning
process and one should keep their options as open as possible in the beginning.
The output of this stage of the process should be a route map showing the
recommended route and possible repeater sites, plus a number of alternative
routes. These repeater sites are chosen based on the criteria of LOS considerations
or where hop lengths are considered excessive. It is also crucial to include
the network capacity because higher capacities typically require more complex
modulation schemes to be used on the radio equipment, which limits the hop
length, and thus affects the system topology. An example of a typical route map
is shown in Figure 2.4.

2.3 Path Profiles
Once the overall route map has been established and possible repeater sites
identified, the critical work of producing path profiles must follow. Radio
repeaters, costing hundreds of thousands of dollars, are often built based on
the analysis of the path profile. For long paths it is thus absolutely essential
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Figure 2.4 Typical route map.

that these profiles be done accurately. In urban areas it is debatable whether a
profile adds any value because terrain data will be insignificant compared to
building obstructions. In these areas it is usually essential to carry out a radio
survey to physically check the LOS. This is discussed in more detail later. For
long rural links, mapwork analysis is essential because physically checking for
optical LOS may be difficult or impossible. The preferred method of doing so
is to produce a path profile, that is, a cross-section of the Earth’s surface between
the two end sites. Usually a 1:50,000 map is required and the contour line
elevations recorded from a straight line are drawn between the two points on
the map. The Earth’s bulge and the curvature of the radio beam need to be
taken into account. This aspect will be covered in detail later. Critical obstruction
points identified on the path profile should always be physically inspected for
additional obstructions such as trees or buildings.
To produce the terrain profile, the two end sites should be marked on
the map and a straight line drawn between the two. Modern software programs
often incorporate a map-crossing module in order to calculate the map-crossing
points to avoid having to paste maps together, which can be cumbersome on
long hops. The contour lines and their distances from the end site should be
recorded. Due to the required accuracy, the ruler used should be carefully
checked for accuracy. A steel ruler is preferred. Inexpensive plastic rulers can
have inaccuracies of some millimeters, representing a few hundred meters of
error.
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Inexperienced planners may be tempted to mark off the profile in evenly
spaced sections, say, every centimeter, and then interpolate the ground height
from the adjacent contour lines. This approach is not recommended because
no matter how many additional points are added, no extra accuracy can be
achieved. The only exact value is the contour line itself—no assumption can
be made of the ground height between contours. It could be convex or concave
shaped or it could be linear. Unless the ground has been physically checked,
there is no way of telling. Marking off contour lines to produce a path profile
is illustrated in Figure 2.5.
Usually for 1:50,000 maps, the contour lines are 20m apart in elevation.
Marking off each contour can be a laborious task for hilly terrain and may add
very little extra accuracy. For these types of profiles a good rule of thumb is to
skip the contour lines that are evenly spaced, since they will approximate a
straight line on the terrain plot anyway. One needs to be careful to incorporate
spot heights and areas where the path could cross any terrain that is higher
than the contour line. This is illustrated in Figure 2.6. An additional profile
point is added, which is a worst case of 920m or the height of a spot height
if one exists within the 900-m contour.
A worst-case figure should always be used. This means increasing the value
of the intervening terrain and reducing the values for the repeater sites themselves

Figure 2.5 Contour map with path profile.
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Figure 2.6 Contour map with even contours and spot height.

to the highest and lowest possible values, respectively. For very flat paths it is
good practice to write down a terrain value every few kilometers even though
the value is constant because when the Earth bulge is calculated by a computer
program it will need a base value to reference. Inexperienced planners often
miss the fact that flat paths actually present the worst clearance problems due
to the Earth bulge. The Earth bulge formula is [1]
h = d 1 ⭈ d 2 /12.75k

(2.1)

where h is in meters, d 1 , d 2 are the distances from each end site in kilometers,
and k is the effective Earth radius factor. Using (2.1), the Earth bulge at the
midpoint of a 50-km hop with a k-factor of 2/3 is
h = 25 × 25/(12.75 × 2/3)

(2.2)

= 74m
This formula is also useful when determining what one would physically
see on a radio survey. The refraction that light experiences corresponds to
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k = 1.15. Using this value of k in (2.1) will give the Earth bulge that can be
expected visually, hence h (optical) = 43m.
The Earth bulge at the midpoint of a 50-km path would thus be 43m.
If we assume the dominant obstacle was at this point, its height can be adjusted
and one could determine if there was optical LOS or not.
Once the path profile is drawn, the preceding information can be used
to adjust the profile for Earth bulge and k-factor variations. In the past, a special
paper that reflected different k-factors was available, but nowadays computer
programs are used to draw the modified profiles. A typical example of a path
profile with modified k-factor is shown in Figure 2.7.

2.4 Radio Repeaters
The mapwork analysis and path profiles will usually highlight where new radio
repeaters are required. Due to their high cost and potential delay in the project
implementation, they should be carefully considered. Radio repeaters could be
either active or passive.

Figure 2.7 Computer-generated path profile.
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2.4.1 Passive Repeaters
Passive repeaters are essentially ‘‘beam benders.’’ They redirect the microwave
signal around an obstruction. Passive repeaters have the following advantages
over active sites:
• No power is required.
• No regular road access is required.
• No equipment housing is needed.
• They are environmentally friendly.
• Little or no maintenance is required.

All of these advantages mean that they can be built in relatively inaccessible
areas. The site materials can even be transported by helicopter—the passive
repeater panels are designed to be lifted by helicopter, if required. Overall service
availability is not affected by site access because there is no need to visit the
site once it is built.
A passive site can also be used to simplify the active repeater requirements.
In other words, instead of building a tall tower with a long access road, a passive
site can be used to redirect the signal to a more practical site with a short tower
and short access road. This reduces cost and improves the environmental impact
of the site. Since passives can be built in high areas not normally suitable for
an active site, there is more flexibility to get the site to blend in with the
environment.
With increasing pressure from environmental lobbyists to reduce the expansion of high sites and the exponential growth of telecomm requirements, particularly in urban areas, passive repeaters should become increasingly attractive.
Urban radio links are severely hampered by LOS restrictions due to high-rise
buildings. Passive repeaters, being more efficient at higher frequencies, are an
ideal solution to this problem. However, although passive repeaters are very
popular from an environmental and cost saving point of view, they are not so
popular from a frequency planning point of view. The passive acts both as a
transmit and a receive site and therefore makes frequency planning very difficult
and limits frequency reuse. This tendency to waste frequency spectrum has
prompted some frequency regulators to ban their use in densely populated
countries such as the United Kingdom.
There are two main types of passive repeater. The first type is where two
antennas are placed back to back and connected by a short feeder cable; these
are called back-to-back antenna passives. The second type is a plane reflector
type passive where a flat billboard type metal reflector is used to redirect the
signal; these are often called passive reflectors or plane reflectors.
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2.4.1.1 Plane Reflectors

Plane reflectors essentially consist of a large, flat ‘‘drive-in screen’’ type aluminum
plate that serves to reflect the signal and redirect it around the offending
obstruction. This results in no signal distortion, because a flat conductive surface
is linear. It can also support any frequency band because it is a wideband device.
Being flat, large, and highly conductive also means it is 100% efficient compared
to parabolic dishes that are typically only 55% efficient. They can achieve
impressive gain figures due to their efficiency and the fact that they can be built
to huge dimensions. Reflectors as big as 12m by 18m are readily available. The
gain of passives increases with passive size. The larger the passive, therefore, the
greater the capture area and the greater the gain (or the less the real passive
insertion loss). In order to determine the size of the passive required, one should
work out a path power budget and determine the required fade margin. The
required system gain should be obtained by a combination of increasing passive
gain and the gain of the two antennas at the end of the link until the fade
margin objective is met. Practical considerations and cost should balance an
increase of antenna size and passive size. The insertion loss can be calculated
as
IL = FSL − (FSL 1 + FSL 2 ) + G

(2.3)

where FSL denotes overall free space loss, FSL 1 is the free space loss of the hop
from site A to the passive site, FSL 2 is the free space loss of the hop from the
passive site to site B, and
G = Reflector gain (dBi)

(2.4)

= 42.8 + 40 log f (GHz) + 20 log A a (m2 ) + 20 log (cos  /2)
where  is the true angle between the paths.
It can be seen that one leg should be kept short in order to keep the
insertion loss practical, although the huge sizes that are now available increase
the possibilities.
It is strongly recommended when setting up passive reflectors that the
face of the passive be lined up using survey techniques rather than panning for
maximum signals. Passive reflector geometry is very critical, and therefore it is
imperative that the exact coordinates be used for the calculations. Usually it
will be necessary to get a surveyor to determine the exact location of the two
end sites and the passive. The first step is to use these coordinates to work out
the included angle (2␣ ). This is illustrated in Figure 2.8 where the plan view
is shown in the top half of the diagram and the side view is shown in the
bottom half.
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Figure 2.8 Reflector geometry.

The azimuth angles ( 1 and  2 ) from the reflector facing to the two end
sites must be calculated. The reflector vertical face angle ( 3 ) can then be
determined. The panning arm, which is used to rotate the passive azimuth angle
by  3 must usually be specified when ordering the reflector to ensure it is placed
at the center of its adjustment. Panning is a three-dimensional problem that
has to be solved using two two-dimensional panning mechanisms. Panning, by
trial-and-error only, is thus very difficult to achieve. Many frustrating days of
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panning such a huge structure to get the required signal levels can be avoided
if the face is lined up correctly in the beginning. Fine tuning can then be
achieved using trial-and-error panning.
To get the reflector face up, one needs to calculate the offset angle in
each plane. To understand why there is an offset, consider the following. A
passive reflector acts as a mirror to the microwave beam. According to the laws
of geometric physics, the angle of incidence equals the angle of reflection. This
angle is the three-dimensional angle between the three sites (two end sites plus
a passive site). When translated into a two-dimensional plane, there will usually
be an offset because it is unlikely that the two ends are at exactly the same
height. In each two-dimensional plane, therefore, the angle of incidence is not
exactly equal to the angle of reflection. This offset angle needs to be calculated
for each plane and then the face set up using a theodolite.
For environmental reasons, plane reflectors are often placed off the skyline
against the mountainside. Depending on the shape of the mountain face, the
signal can be reflected off the mountain and arrive out of phase as a delayed
signal, which can result in intersymbol interference. In order for this to be a
problem, the mountain must be sufficiently smooth (relative to the wavelength
of the signal) and have a sufficiently large surface area, at least the area of the
first Fresnel zone.
As can be seen from the preceding description, the higher the frequency,
the less likely reflections are to be a problem. Systems operating at 2 GHz, for
example, must therefore be carefully checked, but systems operating at 8 GHz
are unlikely to be affected.
Typically, reflectors are most effective when they can be placed behind
the site to ensure that the included angle (2␣ ) is small. When the reflector
needs to be in line with the path, which is when this angle is greater than 130
degrees, a double reflector is required. There are two configurations that can
be used. This depends on the transfer angle of the link, as shown in Figure
2.9.
One should try to balance the (2␣ ) horizontal angles with the site layout
of the reflectors. But this is not always possible due to local site conditions.
The gain of the double reflector is determined by a smaller effective area. The
(2␣ ) angles should also be kept as narrow as possible to increase the effective
gain. Once again, site topology may not allow this in practice.
When laying out the reflectors on site, one should try to achieve a minimum
of 15 wavelengths of separation between the incoming signal and the adjacent
reflector, as shown in Figure 2.10.
Double reflectors work in a close coupled mode. This means that one
does not get additional gain from the second reflector but also does not need
to include the path loss between the two reflectors. With double reflectors,
where the passive site is in line, overshoot must be carefully checked.
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Figure 2.9 Path geometry for double reflectors.

Figure 2.10 Double reflector separation.

2.4.1.2

Back-to-Back Antennas

Back-to-back antenna systems can be considered for short paths where there is
a physical obstruction blocking the LOS. Two antennas connected by a short
waveguide connection are positioned at a point where there is full LOS between
each passive antenna and the respective end sites. The concept is to capture the
microwave energy, concentrate it using the passive antennas, and retransmit it
around the obstruction. A fundamental concept to understand when designing
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these systems is that the insertion loss is huge. Although one speaks of passive
gain, the passive site always introduces considerable loss.
As with plane passive sites, if the repeater is in the far-field of the two
end-site antennas, the FSL is the product of the two FSLs rather than the sum.
The two decibel losses must therefore be added together. This results in a very
high overall FSL that must be overcome by the two back-to-back antenna gains.
This limits the application to very short paths. Back-to-back antenna systems
are less effective than plane parabolic passives because they are limited by the
physical size of commercially available antennas and, being parabolic, are only
55% efficient. Since the path lengths tend to be very short, the main design
consideration is just to achieve a useable receive signal with a minimum fade
margin to ensure an adequate residual bit error ratio (RBER).
The simplest method for design calculations is to work out an insertion
loss due to the passive. The insertion loss can be calculated from (2.3) replacing
G with the passive antenna gains
IL = FSL − (FSL 1 + FSL 2 ) + 2A e

(2.5)

where FSL denotes the overall free space loss, FSL 1 is the free space loss of the
hop from site A to the passive site, FSL 2 is the free space loss of the hop from
the passive site to site B, and A e is the antenna gain (dBi) of each passive
antenna.
The advantage of this approach is that the normal path budget calculations
can be done using the usual point-to-point planning software but just including
a fixed attenuation equal to the value of the insertion loss. Most software
planning tools allow one to insert a fixed attenuation value such as transmitter
software attenuation and diffraction loss. This field can thus be used for the
passive loss.
The most serious complication with passive sites is overshoot interference.
Two paths develop with back-to-back systems: the direct diffracted path and
the path via the antenna system. Since the passive can be installed in-line,
overshoot must always be considered. At face value it may appear that, provided
the two legs are operated cross-polar, the interference overshoot path can be
ignored. Boresight cross-polar discrimination is usually between 30 dB and 40
dB, and 30 dB to 40 dB is more than adequate for the carrier-to-interference
(C/I) ratio. The error in this argument is that one is considering two separate
paths. The carrier signal has traveled via the back-to-back system with an
enormous extra FSL attenuation. The interference signal has only experienced
the diffraction loss with no additional FSL. In addition, because the paths are
normally short with oversized antennas, the signal strength is often very high.
To reduce overshoot problems, the maximum gain must be placed in the back-
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to-back antennas. Increasing the gain of the end-site antennas will not improve
the C/I ratio.
2.4.1.3

Practical Advice

Passive antenna systems can be made to work despite interference problems by
taking a few design precautions. First, the overshoot path must be analyzed
under the worst-case k interference scenario. Remember that most paths are
drawn up assuming that good clearance is desired; therefore, the end sites are
often assumed to be lower than they really are, as a worst-case assumption. This
needs to be adjusted to the maximum worst-case value for interference. Software
programs may often use a low-k (k = 2/3) default for the worst-case scenario.
A high value of k (say, k = 5) should be used for overshoot analysis.
2.4.2 Active Repeaters
In many cases it is not possible, practical, or allowable to use a passive repeater.
In this case, an active repeater will be required. A number of factors need to
be taken into account when choosing a repeater site.
2.4.2.1

Site Acquisition

The most time-consuming and risky portion of the planning process is site
acquisition. On a greenfield site the land owner must be contacted in order to
obtain permission to build a site. This can involve complications in terms of
limitations specified in the title deeds, restrictions specified by the site owner,
or restrictions specified in the will of the original owner. Legal advice should
be sought to check the conditions carefully. In the case of a building, the lease
agreement needs to be checked. Site leasing of key sites, especially in cities, can
be very lucrative to the owner. The cost of leasing a site can be a significant
portion of the overall project, and in some cases the site may be prohibitively
expensive, forcing the planner to abandon the site choice in favor of a cheaper
alternative. To avoid delays, budgetary costs should be obtained early in the
process.
Depending on the site infrastructure required, planning permission may
have to be obtained from local councils. This could cause significant delays if
public opinion has to be ascertained or an Environmental Impact Assessment
report has to be written and can even result in a stoppage of the site plans.
Even seemingly insignificant structures such as a small antenna on the side of
a building may be rejected for aesthetic reasons.
2.4.2.2

Tower Issues

New sites often involve building a new tower or antenna mount structure that
has various civil engineering implications. In the case of a new tower, the ground
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type needs to be assessed for the tower foundations. These geotechnical tests
should be carried out as early as possible since the results could affect the tower
costs significantly. In some cases it may lead to the site being deemed unsuitable.
In the case of an antenna mount on the top of a building, the roof structure
needs to be checked for strength. The tower structure needs to be built to
survive wind speeds exceeding 200 km/hr and should be rigid enough so that
the tower does not twist or sway excessively in strong winds. Even in the case
of an existing tower, the tower needs to be assessed for strength with the extra
antenna load. There are very few standards to quantify this [2]. A good rule
of thumb is to ensure the twist results in less than 10-dB deflection in a 1 in
10-year wind and survival in a 1 in 50-year wind.
Before a tower can be erected, permission must normally be obtained
from the civil aviation authority. This is often irrespective of tower height. In
other words, there is no minimum height below which permission is not required.
Any tower that protrudes above the mean height of the runway needs to be
considered by the aviation authorities. Within a radius of a few kilometers of
the airport and within a few degrees around each runway, stricter conditions
will exist. The aviation authorities will specify the maximum tower height
allowed and whether the tower should be lit and painted. Painting of the tower
must be done using the international orange and white bands. When applying
for permission, one should also supply them with any relevant local conditions.
For example, if a 20-m tower is being planned next to a 30-m grain silo, it is
unlikely that it will need to be painted. The civil aviation authority would not
normally have this level of detail in their database and therefore it should be
clearly specified with the application.
There are usually no servitude rights on microwave radio paths. If a new
structure blocks an existing route, the incumbent operator has no legal recourse.
Despite this, it is good practice to check with existing operators whether a new
tower would obstruct their LOS. On a hilltop site a new tower should be
carefully placed to avoid obstructing existing links.
2.4.2.3 Roads

Provision of a suitable road is often one of the most expensive components of
a site, especially in terms of the life-cycle maintenance. Therefore, sites should
be chosen as close to a well-maintained road as possible. Sometimes this is
limited by road ordinances that stipulate a certain distance from the main road
in which one cannot build. One also needs to consider the point of road access
to the site. Sometimes a site can be located very close to a main road but road
access from the main road is only allowed some distance away. One should try
to position the road access at an existing farm access road or alongside a section
of the road where overtaking is allowed in order to reduce this problem. Sections
of road with a solid white line or on sharp bends will seldom result in a successful
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road access application. Concrete roads are a relatively maintenance-free surface
for sites but tend to be expensive. Tarred roads are significantly cheaper to
build but tend to dry out and break up due to the low volume of traffic on
them. A good compromise is to use Hyson cells—small diamond-shaped plastic
holders filled with concrete—which have been successfully used at radio sites
at a fraction of the cost. These are significantly cheaper than traditional concrete
strip methods and are easy to construct. The cells allow expansion and contraction
to take place without breaking up the concrete.
2.4.2.4

Power

The most practical source of power for a radio site is the national low voltage
(e.g., 11 kV, 22 kV) reticulation supply. A 50-KVA transformer is sufficient
for most thick-route applications. For some radio equipment, solar power may
be used. However, with high-capacity routes using modern equipment that is
very temperature sensitive, air conditioners are mandatory. The resulting current
load makes solar systems impractical. Telecommunications equipment usually
runs off 48-V DC power. Therefore, battery supplies are normally required.
For a situation where equipment is housed in an office building, DC may be
impractical. In such cases, AC supply with an uninterruptable power supply
(UPS) is required.
2.4.2.5

Buildings

In most cases, for medium- and high-capacity radio routes, the most practical
equipment housing is a conventional brick building. For safety reasons a separate
battery room must be built and one should take special note of ventilation.
Extractor fans, acid drains, and protected light switches are all issues to be
considered. Containers have also been successfully used where size and future
expansion are not the main concerns. Containers are particularly attractive when
they can be prepared and delivered to a site with the internal installation partially
complete. For cellular applications, roadside cabinets that include the equipment
racks and a power supply with a battery backup are becoming more common.
Space is often limited, however, so in cellular applications, the future trend will
be for all-outdoor radio equipment.
2.4.2.6

General

The radio site itself also needs certain considerations. Good drainage is essential
to ensure that the site is not flooded during abnormal rainfall. Radio sites on
hilltops can be prone to lightning damage in some countries. It is important
in these cases that the site has good earthing. It is generally accepted that a
low-resistance Earth connection is not as important as common bonding of all
components of the site. Lightning has a broad frequency spectrum; therefore,
a low impedance rather than a low-resistive value is required. On rocky hilltop
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sites this is often not practical, so the tower, building, and fence should all be
bonded together so that any rise in ground potential from lightning does not
cause a potential difference across any of the elements. Flat copper straps of at
least 50 mm2 should be used for this bonding. It is especially important to
bond both sides of the site’s gate post together for safety reasons. In certain
areas security can be a major consideration because the value of equipment at
radio sites can be significant. The amount of copper alone can be an attraction
to thieves.

2.5 Radio Surveys
It is imperative when planning a radio route that once the mapwork is complete
a physical survey is conducted. This is to address issues regarding the repeater
site itself as outlined previously and to check the LOS. Obstructions that are
not shown on the map—such as trees, buildings, and grain silos—can block
the LOS and be a showstopper for the planned route. The site coordinates
should also be carefully checked.
2.5.1 Path Survey
The traditional method to check LOS is to ‘‘flash the path.’’ This involves
reflecting the sun’s rays off a mirror and checking for the flash at the distant
end. A shaving mirror is usually sufficient to produce a decent beam. One needs
to be careful when checking for a flash that one is looking at the flash from a
mirror and not incidental reflections off glass in buildings and car windows,
for example. It is essential to be in two-way radio or telephone contact with
the person doing the flashing to get them to alternatively start and stop flashing
and ensure that you are observing the correct flash of light. Flashing a path
involves technique. If accurate survey equipment is not available to determine
the exact position to which one is flashing, the following procedure should be
followed. A spot reflection should be beamed onto the ground and then carefully
raised to the horizon. Once the general direction has been determined for the
distant site, the mirror should be slowly oscillated in a raster fashion in the
general direction of the site. It is almost impossible to see a beam from a distant
site if the person flashing the mirror is waving the mirror in all directions.
Remember, the small reflection off the mirror has to be lined up with the
person’s eye at the distant end. There is not a huge margin of play.
For short paths a powerful spotlight can be used. More modern techniques
such as infrared lamps and specially developed microwave beams can also be
used. For planning in urban areas a good telescope is often quite adequate.
If the flash does not get through, then one must investigate the cause of
the obstruction. Once the obstruction has been located, its height and distance
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can be measured using a theodolite. The limitations of the traditional methods
are obvious. The sun is often obstructed. Even on a clear sunny day, one fluffy
white cloud will often find its way in front of the sun at the critical moment
that flashing is required. The other major problem is that often the radio towers
are not yet built. Even a cultivated field will often have crops just irritatingly
high enough that the flash is not visible. In some cases a cherry-picker crane,
such as those used by the fire department, can be used to elevate oneself just
enough to establish the LOS. In many cases, however, this is not practical.
Where economy of scale permits, it may be practical to use a helicopter.
Using this technique, a radar altimeter is fitted to the undercarriage of the
helicopter and using a GPS, the LOS path is accurately flown. GPS displays
will indicate the cross track error (XTE), which is the horizontal distance
measured orthogonally from the straight line between the two sites. Ensuring
that the pilot flies slowly enough to keep the XTE at zero, the exact path can
be flown within the accuracy of the GPS system. As one flies along the path,
the distance from the originating site can be displayed on the GPS and the
obstructions such as trees and grain silos added to the path profile. Critical
obstructions can be measured with the radar altimeter by landing alongside the
obstruction, setting the altimeter to zero, and then rising and hovering to the
exact height of the obstruction. The exact height of the ground itself cannot
be determined in this way; however, critical ground points can be measured
using survey beacons. This process can often take many hours without the aid
of a helicopter because one needs three clearly sited beacons to perform the
triangulation necessary for accuracy. The surveyor is often required to drive
many miles to perform this measurement. With a helicopter the surveyor carrying
the theodolite reflector can easily be dropped at the reference sites and the
measurement carried out within minutes.
A helicopter adds a lot of accuracy to the path profile and can be quite
cost-effective. If one considers that each site has to be visited anyway to do the
site survey, the path survey can be carried out while transporting the site survey
personnel to the site. Microwave routes are often in very remote areas and site
access can be quite time-consuming. If one considers the full cost of a site
survey team in terms of man-hour cost, travel cost, and hotel accommodation,
for example, the enormous time saving can quite quickly offset the cost of a
helicopter. In the author’s experience of a network in South Africa, an average
of eight sites could be completed in a day using this technique as compared to
two sites without. It is also possible to virtually ‘‘fly the path’’ with satellite
imagery programs such as Google Earth.
2.5.2 Site Surveys
To plan a microwave installation properly, it is essential to carry out not only
a path survey but also a site survey. Even where carefully maintained records
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are available—and most often this is not the case—site changes may have
occurred. The purpose of the site visit is to establish the accuracy of the
assumptions made on site readiness and to draw up a scope of work. This list
details tasks to be completed before equipment installation can occur. On this
visit the following aspects should also be considered.
2.5.2.1 Site Coordinates and Altitude

Nowadays handheld GPS systems are used to check site coordinates. One
needs to be careful of the accuracy achievable as discussed previously. The site
coordinates used for the path profiles should be carefully checked; a detailed
analysis of a path profile is meaningless if the site coordinates are inaccurate.
On paths where a dominant obstruction exists, the site elevation is also a key
element to check. Despite the delay and added cost, it is often justifiable to
get these parameters measured by a surveyor.
2.5.2.2 Existing Tower Details

The tower height should be measured to check the existing records and to
ensure there is sufficient space on the tower for the new antennas. One should
also check where the antenna support struts can be secured. These struts must
be secured to strong and rigid portions of the tower structure. Some tower
members have tensile strength only and are not suitable for antenna support.
The tower itself may need to be assessed by a civil engineer for structural
strength, especially for larger diameter antennas. A detailed drawing should be
made of the waveguide entry to specify where any new feeders should be routed
and to ensure that there is sufficient space in the existing entry. If not, a new
waveguide entry will have to be installed before installation of the feeder system
can proceed. In some cases, feeder gantries from the building to the tower may
be required, including hail-guard covers. Waveguide cannot be twisted, so the
routing of the feeder must be planned to keep any bends within the bending
radius of the waveguide used. One must also ensure that any aircraft warning
lights will not be obscured by the antenna installation. Local obstructions to
the LOS such as other towers and buildings or trees should be checked, including
the impact of a new tower or tower height extension on the LOS of other users.
2.5.2.3 Earthing

Existing earthing arrangements on the tower should be checked in order to
assess where the Earth straps from any new feeders should be connected.
2.5.2.4 General

While on the site survey, one should identify space on site to offload antennas
and equipment. One should also verify the primary power and battery supply
adequacy and plan the equipment locations in the building. In some cases, extra
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racks or internal gantries may be required. These must be planned in advance
or they could lead to delays during radio equipment installations. High-capacity
radio equipment is temperature sensitive, so in many countries air conditioning
is mandatory. The power requirements for this unit and the position in the
building should be carefully checked. Considerations such as airflow in the
building and the position of the sun externally should influence the unit’s
positioning. Details of the site access should also be carefully considered. One
may be surprised at the number of different people who need to visit a new
site. The list includes civil contractors, surveyors, installation crews, riggers,
project engineers, and managers. Access to keys to farm gates or buildings need
to be obtained for everyone who needs to visit the site. Contact details of the
building superintendent should be recorded. In cases such as restricted military
sites or key national sites, special permits may be required. These details need
to be recorded and communicated to all relevant parties. Good site directions
are also essential for equipment deliveries and installation crews. Radio hilltop
sites can be notoriously hard to find. Directions such as, ‘‘Turn left after the
third big tree. You can’t miss it!’’ will cause much frustration and confusion
and could be costly in terms of delivery delays.

2.6 Frequency Considerations
Once the path profiles have been analyzed and the radio repeaters finalized, a
detailed radio link plan can be drawn up. Appropriate frequency bands can
then be chosen for the links and applications made to the regulatory authority.
Link bands are usually allocated according to the service being provided and
the system bandwidth required. Spectrum is very scarce, and therefore the
regulator will want to allocate it as sparingly as possible. Most regulators will
encourage operators not to implement short hops in the lower frequency bands.
Even if this is not regulated, it is in the operators’ long-term interest to implement
a maximum link length policy, where the allocated RF bands are specified in
terms of the link length. A typical link length policy is shown in Table 2.1.
Table 2.1
Link Length Guideline
Frequency Link Band

Maximum Distance Allowed

7 GHz
13/15/18 GHz
23/26 GHz
38 GHz

> 30 km
15 km to 30 km
5 km to 15 km
Up to 5 km
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The success of a project can sometimes be determined by the availability
of suitable frequencies. For a larger network it is therefore essential to discuss
the bandwidth requirements with the regulator in advance of starting the detailed
design.
Once the link designs are complete and a suitable RF band identified, an
application should be made for the specific frequency pair on which each hop
will be licensed. The regulator will usually require the site coordinates, the site
elevations, antenna heights, and grade of service required in order to make the
frequency allocation. The regulator would carry out interference calculations
and issue a pair of frequencies with a designated polarization per hop. The
maximum radiated power (EIRP) is usually prescribed for interference reasons.
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3
Reliability Standards
3.1 Introduction
One of the key benefits of self-build microwave radio is that the links can be
designed to meet very specific quality standards, in line with the type and
importance of traffic that is being carried over them. Historically the quality
objective that was applied was to ensure one was able to decipher what someone
was saying over a voice call, which in the extreme case, could be over multiple
networks across multiple countries. As more data applications have emerged,
these standards have been adapted accordingly; however, with the recent introduction of adaptive modulation on radio links, where different services over
the link can run with different levels of quality of service (QoS), it is the author’s
view that a complete rethink is required within the industry, of how to design
radio links. This chapter should provide enough information and insight into
the current international standards, in order for the reader to apply the thinking
behind these standards to adapt them to the real circuits operating within their
networks. It is critical to understand that the circuit reliability is affected by
the route topology and level of equipment protection, and so there is often not
a direct link between the radio hop reliability and the end-to-end circuit reliability. This is even more complex when considered in the context of data circuits
operating over the radio link, as higher layer protocols such as TCP/IP or MPLS
may be used, which would ensure service delivery.
What is important to understand when designing digital radio links is
that getting them to operate, in other words carry traffic virtually error-free on
the day of commissioning, is a very easy task. Due to the threshold effect of
digital radio, a link may be ‘‘hiding’’ all sorts of problems such as the link being
panned onto an antenna side lobe, a damaged feeder, insufficient beam clearance,
47
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or even severe interference without noticing it, in the unfaded condition. The
real challenge of designing a radio link is to achieve a predicted level of quality
on a given radio link, under all conditions experienced over a sufficiently long
period, such as a year. It is the determination of what that predicted level should
be that is the subject of this chapter.

3.2 What Do I Aim For?
Network operators usually want their systems to operate error-free 100% of
the time. For the systems planner, this is impossible to achieve, and if the
operators are pushed for a compromise, they will usually relax their requirement
to the network being error-free and available ‘‘when they need it.’’ This does
not assist in designing a real network, so usually the planner turns to the
standards provided by the United Nation’s standardization body—the ITU—
for guidance. The problem with these standards is that they are written for
international circuits that may transverse many countries and be carried over
various transmission mediums. One really needs to understand what they are
trying to achieve in order to apply them sensibly. This section is intended to
provide some practical guidance in order to be able to apply these standards to
meet reasonable quality standards set by the operator. Since this is a book about
microwave, the objectives will be discussed relative to radio objectives. These
objectives are set by the radiocommunication sector of the ITU—the ITU-R.
This body was formed in March 1993, when the ITU restructured its organization into three sectors and replaced the CCIR.
It must be said up-front that the approach discussed in the following
sections is seldom applied in practice, in the industry, due to the difficulty in
applying it. However, while the approach that the industry does apply follows
the spirit of these recommendations and achieves results consistent with these
recommendations, it will result in confusion when adopting adaptive coding
and modulation links, and therefore there is value in understanding the ITU
approach. The industry approach will be discussed at the end of this chapter.

3.3 Hypothetical Reference Path
One of the most difficult aspects of setting quality objectives is that every
real circuit connection will be different from the next. Furthermore, a typical
international circuit connection may be carried over a copper cable from the
subscriber connection to the local exchange, have an interexchange connection
over a broadband radio, and be linked into the international gateway exchange
via a fiber optic cable and then into the other country’s gateway via a satellite
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connection. The ITU has handled this complexity by providing advice for a
typical circuit connection that can then be applied to a real connection. These
typical scenarios are called hypothetical reference paths.
The ITU-T [1], for example, specifies that the international hypothetical
reference connection is 27,500 km long from path-end point (PEP) to pathend point. This is illustrated in Figure 3.1.
The ITU-R [2] assumes that the radio portion of the 27,500-km connection has a reference length of 2,500 km. It specifies that the national portion of
the hypothetical reference digital path for radio-relay systems has an access portion, a short-haul portion, and a long-haul portion, as illustrated in Figure 3.2.
The ITU-R [3] divides interruptions into those that exceed 10 seconds
and those that do not. The rationale behind this division is that long outages
can be reduced by rerouting circuits on to alternative transmission systems,

Figure 3.1 ITU G.828 hypothetical reference connection.

Figure 3.2 ITU-R hypothetical reference path for radio-relay systems.
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while with short interruptions, there is insufficient time for rerouting, so other
network improvement measures must be used.
For long outages, where the system is unusable for more than 10 seconds,
the circuit is considered to be unavailable. Unavailability standards set by the
ITU limit the amount of time per annum that the circuit can be down. This
includes periods in which the bit error ratio (BER) is worse than 10−3 and
periods in which the link is disconnected.
For short outages, where the outage is less than 10 seconds, the system
is defined to be available (even though it may not be usable by the user during
this period), and during this period, performance standards are defined. This
limits the amount of time per month that short outages can occur.
In practice, the industry tends to combine both performance and availability in a per-hop reliability objective. This is not an ITU definition and it is
important to realize that when these reliability figures of 99.99% or 99.999%
are discussed in the radio link context, they are not directly related to the ITU
standards. This will be discussed in more detail later.

3.4 Unavailability Standards
Unavailability has a special meaning in the ITU standards. According to the
ITU [4], the period of unavailable time begins when, in at least one direction
of transmission, one or both of the following conditions occur for 10 consecutive
seconds: either the digital signal is interrupted (i.e., alignment or timing is lost)
or the BER in each second is worse than 1 × 10−3. These 10 seconds are
considered part of the unavailable time.
In Annex A of G.828 a graphical representation of the entry and exit
criteria from the unavailable state is given. This is shown in Figure 3.3.

Figure 3.3 Availability entry and exit criteria.
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3.4.1 Causes of Unavailability
Long interruptions can usually be considered in three categories:
1. Propagation;
2. Equipment failure;
3. Other.
3.4.1.1 Propagation

Outages related to propagation that last longer than 10 seconds are due primarily
to three causes:
1. Diffraction loss;
2. Ducting;
3. Rain.
Multipath fading is not included, because the duration of most multipath
fades is less than 10 seconds.
Diffraction Loss

The duration of most multipath fading outages is less than 10 seconds; therefore,
they are considered under the performance standards. The dominant atmospheric
fading effect, which affects availability, is due to diffraction of the radio signal.
If the antennas are positioned insufficiently high above the ground, under certain
adverse propagation conditions, the radio beam will travel closer to the ground
than usual, and a signal loss will occur. This loss is called a diffraction loss and
occurs when a portion of the overall wavefront is obstructed by an obstacle
(this will be discussed in detail later in the book). If this loss causes the receive
signal to be attenuated to a level where the radio can no longer demodulate
the signal, an outage will occur. In practice, by choosing suitable clearance rules,
the antennas can be positioned at a suitable height so that this loss can be
ignored. It is the propagation outage limit set in this section that provides the
guidance for setting antenna heights.
Ducting

Ducting is a condition that can occur if the bending of the radio beam exceeds
the curvature of the Earth (this is covered in detail later in the book). Under
this condition, blackout fading of the signal occurs and may last several hours.
In practice, this condition can usually be ignored from an outage point of
view. Geographical areas that present a high risk of ducting failure are well
documented. Where this condition exists, space diversity with large antenna
spacing can be used to reduce its effect.
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Rain

Propagation outage due to rain is proportional to the rain rate of the region.
It is important to realize that it is not dependent on the average rainfall. It is
the instantaneous amount of water in the path that is relevant. Water molecules
absorb microwave energy by way of heating—the same principle used to heat
food in a microwave oven. The greater the size of the water droplets, the greater
the amount of absorption of the microwave signal. This is the reason that mist
causes less rain attenuation than hard driving rain. Snow also exhibits less
attenuation, although wet snow will have a greater attenuation than drizzle.
One also needs to ensure that the snow or ice does not settle on the antenna,
in which case the attenuation will be high. Antenna covers called radomes,
heated in some cases, are often employed to ensure this does not happen. Rain
attenuation causes flat fading by attenuating the receive signal. The only way
to improve the availability is to increase the system gain by using, for example,
larger antennas. Diversity techniques (frequency or space) provide no improvement, as both channels would be attenuated equally. Polarization diversity
provides a small improvement on the vertical polarization. The reason for this
is that raindrops tend to fall as flattened droplets; thus, the attenuation in the
horizontal polarization is greater than vertical polarization.
Attenuation due to rain increases as the frequency increases. Attenuation
from rain attenuation is the dominant fading mechanism above 10 GHz. One
does need to check the rain attenuation over long links for links just below
10 GHz—for example, in the 8-GHz band, since rain attenuation can exceed
the margin allowed for fading, called the fade margin, in some regions even
below 10 GHz. In practice, rain attenuation is so severe in the high frequency
bands that it limits the length over which the radio can operate. The outage
limit set in this section is the main factor that determines antenna size for links
above 10 GHz.
3.4.1.2

Equipment

Long outages can occur if the radio equipment fails. The number of times the
radio equipment fails is inversely proportional to the mean time before failure
(MTBF) of the equipment. The duration of the outage is determined by the
length of time it takes the maintenance team to restore service or the mean
time to restore (MTTR). This figure includes traveling time, actual time to
repair the fault, and the availability of spares. The availability (A ) of a terminal
is given by the formula
A = (MTBF/(MTBF + MTTR)) × 100%

(3.1)

Even for equipment with an excellent MTBF and an MTTR of a few
hours, the overall availability is unacceptable for most critical networks unless
route diversity or equipment protection is employed.
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As an example, assume that the MTBF of a nonprotected radio terminal
is 300,000 hours and the MTTR is 4 hours. The equipment link MTBF will
be
MTBF(Link) = MTBF(Terminal)/2

(3.2)

Using (3.1) and (3.2), the link availability figure can be calculated as
A = 150,000/(150,004) × 100 = 99.997%

(3.3)

The unavailability of the link is the balance of the availability from 100%;
hence,
U = 100 − A %

(3.4)

The link unavailability is thus U = 100 − 99.997% = 0.003%. If one
assumes a route with 20 hops, the resultant unavailability figure for the route
(radio equipment outage only) is U × 20 = 0.06%. Thus, the availability of
the route is
A (20 hop route) = (100 − U )

(3.5)

= 99.94%
This figure means the route would have an outage of 5 hr/yr from equipment failure only, which for high-grade networks is unacceptable.
Using protected (hot standby) radio, even without errorless (hitless) switching or using route protection such as SONET/SDH ring protection, significantly
improves the overall performance. Carrier grade standards require a 50-ms
recovery time. The protected availability figure with 50-ms switchover time
changes to:
A Protected =
=

√(MTBFA /(MTBFA + 50 ms) × MTBFB /(MTBFB + 50 ms))

√(300,000/(300,000 + 0.05/60/60))

2

= (300,000/(300,000 + 0.0000139))
= 99.9999999954%
These calculations show that for high-grade applications the equipment
must either be protected or some form of route diversity must be deployed.
Errorless hitless switching, however, is not essential since even with a short
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switchover time, the effect on the overall outage is negligible, as shown by the
earlier example. In order to assess the effect on the customer, both the radio
and any customer premises equipment must be considered. A short outage on
the radio may have an exaggerated effect on the overall outage if the line
terminating equipment loses synchronization, for example. Hitless switching is
a technique whereby the two streams are phase aligned to enable the switch to
occur without any break in transmission or errors to occur on the output
channel.
It is important to realize that in a hot standby arrangement where the
two transmitters are on the same frequency, it is not possible to operate both
simultaneously. A transmit switch is mandatory. On the receive side, a hybrid
is used to divide the signal into two paths. For an evenly split hybrid arrangement,
3-dB loss (half the power in each direction) is the best case scenario. Practically
speaking, including manufacturing tolerances and extra losses, the hybrid loss
is usually around 4 dB. To avoid this significant signal loss, unsymmetrical
hybrids are used to divide the power so that an insignificant loss is experienced
on one path with the remaining loss occurring on the standby path. A
1-dB/10-dB split is common. Network operators often have an unjustified
prejudice against this arrangement, as 10 dB seems an unacceptable loss. It is
important to realize that the standby channel would be seldom used as shown by
the preceding calculations—it is just there to protect the path during equipment
failure. All that would happen is that the standby path would have a reduced
fade margin. On digital systems, due to the threshold effect, one would not
notice this reduced fade margin unless fading occurred simultaneously with the
equipment outage. One is thus trading off, having a permanent 3-dB reduction
in fade margin (at least one antenna size increase) against a reduced fade margin
for the MTTR period (typically 4 to 8 hours). The latter is clearly the preferred
option.
3.4.1.3

Other

This category includes such events as planned maintenance outages, failure in
the primary power supply, and catastrophic failure such as fire in an equipment
room or the tower falling down. The only way to ensure that this type of failure
does not lead to excessive outages is to have some form of route diversity in
the network.
3.4.2 Unavailability Objectives
The ITU-R availability objectives [2] can be divided into three sections, namely,
the access portion, the short-haul portion, and the long-haul portion. The
availability ratio objective (AR) for each direction of the link is defined here:
AR = 1 − (B j L link /L R + C j )
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where
L link (min) = 50 km
LR = 2,500 km
J = 5 (access), 6 (short haul), and 7 (long haul)
The values for B j and C j are provided in Table 3.1.
3.4.2.1 Access Portion

The access portion is the section between the local exchange switch and the
customer (path end point). It is assumed that this section is less than 50 km
and a fixed block objective of 99.95% is allocated.
3.4.2.2 Short-Haul Portion

The short-haul portion is the part between the local exchange and the primary,
secondary, or tertiary switching centers. A distance dependent allocation is used
between 50 km and 250 km as shown in Table 3.1, using B6 and C6 parameters.
3.4.2.3 Long-Haul Portion

The long-haul portion is defined between the switching centers and the international gateway and has a maximum link length assumed of 2,500 km. A distance
dependent allocation is used between 250 km and 2,500 km as shown in Table
3.1, using B7 and C7 parameters.
3.4.3 Apportionment of Objectives
The overall unavailability objective of 0.3% (high grade) was often apportioned
equally between the three main outage categories: propagation, equipment, and
other. Hence:
• Propagation (diffraction, rain, ducting): 0.1%;
• Equipment (MTBF and MTTR): 0.1%;
• Other (maintenance and catastrophic failure, for example): 0.1%.

Table 3.1
AR Objectives for National Portion of Path
B5

C5

B6

C6

B7

C7

0

5 × 10−4

0

4 × 10−4

3 × 10−3 (>250 km)
1.9 × 10−3 (<250 km)

0 (>250 km)
1.1 × 10−4 (<250 km)
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3.4.4 Practical Advice
In practice, it is very difficult for network operators to specify meaningful
apportioned objectives to individual hops since most networks evolve and grow
with time. This makes it very difficult for the system designer to know what
availability to offer. The industry practice has thus been to interpret the objectives
as follows. For propagation, the objectives are:
• Rain: a link availability of 99.99%;
• Diffraction: a minimum k value specified for 99.99% (unavailability of

0.01%);
• Ducting: ignore except in high-risk areas.
In order for equipment to achieve an equipment availability objective of
99.9% over a 2,500-km reference radio network, it would require unrealistically
quick response times for maintenance (MTTR). To meet these objectives, the
equipment must be installed in a hot standby configuration or route diversity
must be possible. If this objective does not have to be met, nonprotected
equipment configurations can be used.
The only way to avoid an extended outage from a catastrophic failure is
route diversity. The problem can be simplified by designing each radio hop to
a fixed availability (99.99% to 99.999%) where the main fading outage is due
to rain. If high availability is required, either hot standby or route protection
(e.g., SDH/SONET ring protection) can be deployed.

3.5 Performance Standards
Average BER measurements—defined as the total number of bit errors divided
by the total number of bits in the measurement period—are an inadequate
performance metric because any long burst of errors distorts the results. A
virtually error-free service will report a poor average BER if a few minutes of
errors are included. The network operator could argue that if the long error burst
was excluded, the average BER would be excellent. This is not an unreasonable
argument since the service would in all likelihood be rerouted during the long
outage period.
Performance objectives such as G.821 [5], G.826 [6], and G.828 [1]
purposely exclude long bursts of errors by only defining the performance objectives during periods when the system is available. These objectives only consider
one direction of transmission and are considered for a period of a month (the
worst month). Availability objectives, on the other hand, are considered for
both directions of transmission and are measured as annual figures.
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3.5.1 Causes of Outage
Short outages that affect the performance of a system are primarily caused by
three effects:
1. Multipath fading effects;
2. Background errors in equipment;
3. Wind.
3.5.1.1 Multipath Fading Effects

Refraction (which is covered in detail later in this book) causes multiple radio
paths to be established over the link, resulting in flat fading (or, more correctly,
Rayleigh fading) outages in narrowband systems and flat and selective fading
outages in wideband systems. Most of the real challenge of engineering of a
radio link goes into predicting the amount of multipath fading that will occur.
Many advanced techniques such as adaptive equalization are now employed in
radio equipment to overcome these effects.
3.5.1.2 Background Errors

Thermal noise in radio receivers results in dribble errors. Even a fiber system
that has a quality level of 10−13 is subject to this, as it implies that one error
will occur every 10 trillion bits. In order to get similar error performance out
of radio systems, forward error correction is used.
3.5.1.3 Wind

An outage mechanism that is often overlooked is wind. If the tower is not
strong enough, it will sway in the wind, and, since the antenna beamwidth is
often only a few fractions of a degree, outages can occur. In sandy areas, dust
storms are often blamed for outages, but the tower sway and twist are actually
to blame.
3.5.2 Performance Objectives
The main ITU performance objectives are based on G.828. Previously, these
were G.821 (still valid for equipment designed prior to December 2002) and
G.826 (still valid for SDH equipment designed prior to March 2000).
3.5.2.1 G.821 Objectives

The performance objectives are related to the following concepts as defined:
• Errored second (ES): Any 1-second period in which at least one error

occurs;
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• Severely errored second (SES): A 1-second period in which the BER

exceeds 10−3;
• Degraded minute (DM): A period of 60, 1-second periods, excluding
any SES, in which the BER exceeds 10−6. This period is not necessarily
contiguous. This metric is no longer used.
The recommendation specifies that there should be less than 0.2% of 1second intervals that have a BER worse than 10−3 (i.e., SES), less than 10% of
1-minute intervals that have a BER worse than 10−6 (i.e., DM), and less than
8% of 1-second intervals that have any errors (i.e., ES).
This objective specified by the ITU-T is referenced to a 27,500-km circuit
connection. The ITU-R has provided recommendations based on the ITU-T
one referenced to a 2,500-km hypothetical reference path using radio.
High Grade

The ITU attempts to give advice for real radio links by specifying actual objectives
for a real circuit in addition to the hypothetical reference connections. The
hypothetical path limits and performance criteria are set by the ITU [7, 8]. For
a real high-grade link of length between 280 km and 2,500 km, the performance
criteria are:
• BER ≥ 10−3 for no more than 0.054 × L /2,500% of the worst month;
• BER ≥ 10−6 for no more than 0.4 × L /2500% of the worst month;
• ES (64 kbit/s) for no more than 0.32 × L /2,500% of the worst month.
Medium Grade

For a medium-grade link, the performance objectives are specified by the ITU-R
[9]. The medium-grade objectives as applied to each direction of a 64-kbit/s
channel are specified relative to class 1, 2, 3, or 4. The objectives are given in
Table 3.2. All figures are in percentage of any month. The length of the
hypothetical reference path varies with class: 280 km for classes 1 and 2 and
50 km for classes 3 and 4.
Table 3.2
Medium-Grade Objectives
Performance
Parameter

Class 1
(280 km)

Class 2
(280 km)

Class 3
(50 km)

Class 4
(50 km)

BER > 1 × 10−3
BER > 1 × 10−6
ES

0.006
0.045
0.036

0.0075
0.2
0.16

0.002
0.2
0.16

0.005
0.5
0.4
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Local Grade

For a local-grade circuit the performance objectives are defined by the ITU-R
[10]. For each direction of a 64-kbit/s channel the performance objectives are
defined as:
• BER ≥ 10−3 for no more than 0.015% of the worst month;

• BER ≥ 10−6 for no more than 1.5% of the worst month (measured in

1 minute);
• ES for no more than 1.2% of the worst month.
The RBER is under study.
Apportionment of Objectives

The ITU-T objectives specified in standards such as G.821 and G.826 are
for international connections over a 27,500-km reference circuit. Clearly it is
important for the network designer planning a radio route of a few hundred
kilometers to know the design standard so that when it forms part of the
international circuit, the overall connection meets the objective. If the circuit
does not form part of such a long international connection, it could be argued
that the entire objective could be allocated to that small network. While one
would be justified in claiming adherence to the ITU standard, technically
speaking the reduced quality that would be achieved would be far worse than
available on other similar transmission systems, especially if optical fiber is used.
The actual standard used in practice is thus a trade-off between meeting a
reasonable apportioned objective and achieving a quality level using radio that
is compared to other transmission medium options that a network user would
have.
The ITU-T have apportioned the three objectives of SES = 0.2%,
DM = 10%, and ES = 8% over 27,500 km across the three quality grades
discussed already. The high-grade portion that is assumed to be 25,000 km is
allocated 40% of the overall objective; the remaining 60% is divided equally
(15% each) between the medium- and local-grade portions at each end. For
the high-grade portion, this results in the DM objective being 4% and the ES
objective being 3.2% over 25,000 km. The ITU-R objectives assume an all-radio
route with a reference length of 2,500 km; hence, they allocate one-tenth of
the ITU-T objective to the radio circuit, resulting in a DM objective of 0.4%
and an ES objective of 0.32%. The apportionment of SES is a little more
complicated in that the overall objective of 0.2% over 27,500 km is divided
into two 0.1% objectives: one for equipment and one for fading effects. The
high-grade portion is allocated 40% of the overall equipment objective, resulting
in an objective of 0.04% over 25,000 km. The ITU-R circuit of 2,500 km is
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thus one-tenth of the objective, or 0.004%. The remaining 0.1% of the overall
objective is allocated equally (0.05% each) to the medium- and high-grade
portions as a block allowance (i.e., independent of distance) to account for
fading. For the high-grade portion of a radio circuit over 2,500 km, the SES
objective is thus the sum of 0.004% plus 0.05%, or 0.054%.
Practical Advice

In summary, the ITU-R objectives for a 2,500-km radio circuit based on G.821
are:
• SES = 0.054%;
• DM = 0.4%;
• ES = 0.32%.

It can be seen that this is consistent with the real high-grade link objectives
specified in the previous section. The ITU specifies that the minimum link
length should be 280 km when applying these objectives, but provided each
hop in the route is not very short, the actual hop length can be used to determine
the design objective for the hop.
One will find that in real radio routes it is the SES objective that dominates;
therefore, if one is designing a radio link to meet G.821, only this objective
would be considered in determining the antenna sizes. In summary, the key
practical objective for the radio planner is
Outage (10−3 ) < 0.054 × L (km)/2,500% of the worst month

(3.7)

A two-hop link of 50 km per hop would be
Outage < 0.054% × (50 + 50)/2,500

(3.8)

= 0.00216% of the worst month
Assuming a month to have 2,678,400 seconds (31 days × 24 hr × 60 min
× 60 sec) means that the outage in the worst month should be less than 2,678,400
× 0.00216/100 × 57.85 sec/month, which represents 29 seconds (57.85/2) per
month per hop of outage allowed.
3.5.2.2

G.826

G.821 was found to be inadequate for high-capacity data services. It relies on
breaking up the test period into 1-second periods for analysis. Consider that
the minimum rate specified for an SDH aggregate signal has 155 million bits
in a second. It only requires one of those bits to be in error to generate an ES.
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Clearly the 1-second period is too long for such systems. G.826 specifies a block
of bits for analysis, which can be significantly less than 1 second. It also specifies
the objectives at the system rate rather than the circuit rate. Most practical
systems run at system rates of E1, E3, and STM-1, for example, and a performance objective such as G.821, specified at E0, is not useful for practical
measurements. The added complication was that, strictly speaking, G.821 is
an out-of-service measurement that only makes it usable during commissioning.
G.826 has been specified as an in-service measurement. The problematic DM
metric has been discarded in G.826.
G.826 Definitions

Errored block ratio (EBR): A block in which one or more bits are errored; and
the block size is specified separately for each system rate.
Errored second ratio (ESR): A 1-second period that contains one or more errored
blocks.
Severely errored second ratio (SESR): A 1-second period that contains greater
than 30% of errored blocks or at least one severely disturbed period (SDP), for
example, when such a loss of pointer has occurred.
Background block error (BBE): An errored block not occurring as part of an
SES.
G.826 Specification

The objectives for a 27,500-km hypothetical reference path is specified in Table
3.3 with respect to the different system rates.
G.826 Apportionment

The apportionment methodology divides the overall circuit into national and
international portions, as shown in Figure 3.4. The ITU-R has given the
apportionment objectives for the international portion and national portions
[11, 12].
International portion. The objectives for the international portion are given in

Table 3.4.

Table 3.3
G.826 Objectives
Rate (Mbit/s)
Bits/block
ESR
SESR
BBER

1.5–5
2,000–8,000
0.04
0.002
3 × 10−4

>5–15
2,000–8,000
0.05
0.002
2 × 10−4

>15–55
4,000–20,000
0.075
0.002
2 × 10−4

>55–160
15,000–30,000
0.16
0.002
10−4

Figure 3.4 Apportionment of G.826 objective.
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Table 3.4
International Portion of Radio Objectives
Rate (Mbit/s)
ESR
SESR
BBER

1.5–5
0.04(F L + B L )
0.02(F L + B L )
3 × 10−4(F L + B L )

>5–15
0.05(F L + B L )
0.02(F L + B L )
2 × 10−4(F L + B L )

>15–55
0.075(F L + B L )
0.02(F L + B L )
2 × 10−4(F L + B L )

>55–160
0.16(F L + B L )
0.02(F L + B L )
2 × 10−4(F L + B L )

The two factors under the operators control are the block allowance ratio
B R and the decision about whether one is operating as a terminal or intermediate
country, which in turn determines the block allowance factor B L . The distance
allocation factor F L = 0.01 × L km /500. The block allowance factor B L depends
on one’s choice of country connection
Intermediate countries:

BL =

Terminating countries:

BL =

再
再

B R × 0.02 × L /L ref

for L min < L < L ref

B R × 0.02

for L > L ref

B R × 0.01 × L /L ref

for L min < L < L ref

B R × 0.01

for L > L ref
(3.9)

The reference length L ref has a provisional value of 1,000 km.
National portion. In the national portion of the network, the objectives are

specified for long-haul, short-haul, and access networks. The SESR objectives
are shown in Table 3.5.
Practical Advice

Planning engineers are often expected to design networks to meet G.821 or
G.826 objectives, yet the apportionment assumptions or the range of parameters
within those apportionment rules are seldom specified. Sensible assumptions
thus need to be made. The actual conditions given in a hypothetical path will
Table 3.5
National Portion of Radio Objectives for A = A1 + 0.01 × (L/500), Where 1% < A1 < 20%,
and 7.5% < B, C < 8.5%
SESR
Long haul
Short haul
Access

1.5–5 Mbit/s
0.002 × A
0.002 × B
0.002 × C

>5–15 Mbit/s
0.002 × A
0.002 × B
0.002 × C

>15–55 Mbit/s
0.002 × A
0.002 × B
0.002 × C

>55–160 Mbit/s
0.002 × A
0.002 × B
0.002 × C
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seldom be present in real networks unless the planning network is for a large
PTT. The radio planner needs to consider the type of service being provided
and what the quality of the alternative service is against which the new service
would be compared. In the author’s opinion, this is the key aspect to consider
when choosing a standard to apply. If a backbone radio system is going to carry
traffic that could also be carried over fiber, the highest quality standard should
be chosen. If there is no alternative transmission medium and the service is
noncritical, such as a voice service to a rural area, the lowest quality standard
can be used.
3.5.2.3

G.828

ITU-R F.1668-1 (2007) [13] is the radio recommendation, based on ITU-T
G.828, that defines the error-performance objectives for all real digital fixed
wireless links. This supersedes previous recommendations ITU-R F.1092 and
F.1189.
Error performance objectives (EPOs) for a wireless link of length L can
be derived for different link lengths:
EPO = B j × L link /L R + C j
where B j and C j are specified in the various tables of F.1668-1 and L R = 2,500
km.
Variables include:
• Long haul, short haul, or access network;
• Intermediate country versus terminating country;
• Link length less than or greater than 1,000 km;
• Capacity (bit rate in kilobits per second);
• Equipment designed to G.826 or G.828.

An example is supplied here that illustrates the use of the EPO formulae.
Assume 150 Mbps (VC-4, TC-4)) with hops totaling a link length of 105 km:
SESR = B 1 × L link /2,500 km + C 1
where
B 1 = 1 × 10−4 (1 + B r )
C1 = 0
L link = 105 km
0 < B r (block allowance ratio) < 1 (assume B r = 1)
SESR = 84 × 10−7 (22 SES/month)
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Practical Advice

It has been shown in the previous section how one can determine the link
objectives, for a route of radio hops. In the previous example, one would need
to ensure that the link downtime from short outages (less than 10 consecutive
seconds) did not exceed 22 seconds in the worst fading month. Considering
these outages would be caused by multipath fading, which has a Rayleigh
probability distribution, it is possible to link this outage directly to the fade
margin of the individual hops. Even so, this is not trivial, as the fading is not
linear with hop length (fading is approximately equal to the cube of the hop
distance) and one needs to make assumptions on the worst fading month and
know how to convert that to an annual outage, which is what a customer would
be interested in. In addition, a very short outage on the radio equipment
may result in longer outages to the customers if the network equipment loses
synchronization due to these short errors. A further complication is that the
link length is often not known at the start of the project, but hops are added
over time. With the mix of time division multiplexing (TDM) and Ethernet
services over a common radio hop, with the ability to differentiate the quality
of service of traffic through adaptive coding and modulation (ACM), it is clear
that a pragmatic design approach is necessary and the standards will need to
be adapted in future to address this.

3.6 Real-World Conclusions
It is essential for transmission links, made up of microwave radio hops, to meet
the reliability and quality objectives of the end-to-end circuits that are carried
over them. It has been shown that the ITU approach is to apportion the radio
links as part of an international reference connection and then determine for
each radio route (or link) what the availability and quality objectives should
be. The individual hops can then be designed as a subset of those link requirements. The problem is that there is often insufficient information on the final
network topology to apply the link objectives, and operators require individual
hops to meet contractual performance metrics when integrated into their networks, so a simple per hop objective is desired. The worst month, unidirectional
performance objectives are thus converted to a bidirectional annual figure. This
is not trivial, as fading is not spread linearly throughout the year. The annual
figure can be derived from the monthly one using a Bellcore formula with the
annual average temperature as its main variable and then doubled to make it
consistent with the availability figure. An alternative formula is presented in
the ITU [14], which is dependent on latitude, path length, and path inclination.
This annual performance figure is then added to annual availability figure to
produce the hop reliability objective. Typically a figure between 99.99% and
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99.999% is chosen by the operator. This is the hop reliability outage and
therefore should include the equipment outage, the propagation outages from
rain and multipath fading, and some adjustments for interference and diffraction
fading (where that is present under normal atmospheric conditions). It can be
seen that this is easily confused with network availability. In fact, while this
design methodology is widely used, there is no standard to which to compare
this all-cause reliability figure. To make matters worse, the industry tends to
quote the metrics of availability, reliability, and quality in an inconsistent
manner. Availability is fairly consistently applied in the industry; it is an annual
figure to define end-to-end circuit or network uptime, including equipment
outages, maintenance outages (planned and unplanned), and includes improvements from redundancy in equipment and system architecture. In IT networks
an annual availability of four nines or five nines (99.99% or 99.999%) is often
specified.
The concept of reliability is less clear. It does include mean time between
failure (MTBF) of hardware, where A = (MTBF/MTBF + MTTR), and in IT
networks it is also used to describe any network errors impacting accuracy and
stability. In radio networks (particularly in the United States) it is also used to
describe the annual performance outage of a radio system called path reliability.
It is also used to describe this all-cause outage from performance and availability.
Quality is either used as a generic measure of overall performance as in quality
of service (QoS) or to describe nonoutage errors. In the ITU, availability and
performance are always treated separately, and with complexities introduced by
ACM radio systems, it is recommended that this distinction is maintained. The
radio links should be designed with a network availability goal in mind, taking
into account any equipment or link redundancy and then a link performance
goal for the critical traffic carried over the network. With adaptive modulation,
the hop reliability needs to be calculated for each modulation scheme used.
The core traffic would achieve a higher level of reliability than the additional
traffic that is only possible during clear-air weather conditions (no rain or
multipath present). This is covered later in the book.
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4
Transport Technologies
4.1 Introduction
In a typical telecoms network, the objective is to transport traffic, which may
be voice or data, from the customer premises through a switch and on to the
end customer location. There are different ways that the user traffic can be
combined to be transported over the network. In voice networks, a dedicated
channel (timeslot) is allocated for each user for the duration of the call, in what
is known as time division multiplexing (TDM). This is very inefficient for data,
as the channel bandwidth is dedicated for that user, even if no actual data is
being transmitted. In data networks, the traffic is thus grouped into small chunks
of data, called packets, and transported in that way across the network. The
packets contain the user data as well as network layer information residing in
the header and trailer bytes of the packet. As voice traffic can also be packetized
(such as voice over IP, or VoIP), there is now a complex mix of possibilities
to transport and switch traffic over the network. Transmission planners in the
network operators have to balance the reliability advantages of TDM with the
transport efficiencies of packet based technologies such as Ethernet. Considering
there are also millions of dollars invested in TDM equipment which cannot be
discarded overnight, it is imperative for the microwave transmission systems to
be able to handle both TDM and packet-based traffic. This chapter describes
the transition of radio transmission equipment from the original TDM PDH
systems through SDH and ATM to the more recent packet-based approach
with Ethernet systems. This chapter will help the reader to understand this
transition and the benefits and limitations of the various transmission technologies. The overheads added with each technology contribute to the inefficiencies
in the way the traffic is transported over the network and should be understood
69
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in order to minimize them or at best understand what actual user throughput
of traffic is being achieved. In order to optimize the transmission channel, the
appropriate technology should be used together with recent radio equipment
advances such as adaptive coding and modulation (ACM) to dramatically
improve transmissions efficiencies and help to solve the backhaul bottleneck
problem that is a major challenge to many network operators.

4.2 The Backhaul Transmission System
4.2.1 The Backhaul Network
Figure 4.1 shows how the backhaul network links the customer premises equipment (CPE) with the network switches (voice or data) In a TDM network the
circuit switching is based on establishing a dedicated connection for data transfer.
In the case of a packet network the transmission is shared, using virtual connections, often shown by a cloud.

Figure 4.1 Backhaul network.
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4.2.2 OSI ISO Model
The International Standardisation Organisation (ISO) defines an Open System
Interconnection (OSI) reference model [1] to describe the way data is handled
across the network. This model has seven layers, and in each layer a set of
functions is described which is independent of the other layers. This allows
different manufacturers to design equipment in each layer without having to
consider the end-to-end issues of an application running between customer
sites. Historically, radio engineers were mainly interested in Layer 1, the physical
layer; however, with Ethernet running over radio, it is now important to have
a good understanding of some of the other layers.
The seven layers are defined as shown in Figure 4.2 and are listed here:
• Layer 1: Physical—This layer defines physical characteristics such as

voltage levels, data rates, or connector interfaces.
• Layer 2: Data Link—This layer defines physical addresses and network

•
•
•
•
•

and protocol characteristics. The IEEE has divided it into the logical
link control (LLC) layer and media access control (MAC) layer.
Layer 3: Network—This layer defines the network addresses.
Layer 4: Transport—This layer segments the data and ensures that it
is delivered successfully.
Layer 5: Session—This layer establishes, manages, and terminates sessions.
Layer 6: Presentation—This layer does the coding and conversion of
the application layer data.
Layer 7: Application—This layer is associated with the end customer
application and includes determining the available resources and synchronization.

Figure 4.2 ISO OSI model.
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As one progresses through the layers, information is added for use by the
subsequent layer to process the information. Headers and trailers are added
before or after data, respectively, and in each layer, those information bytes are
encapsulated in the overall frame, presented to the subsequent layer. The lowest
level is layer 1, which is the physical layer where the data is physically added
to the transmission medium (cable or wireless system). This data rate represents
the number of bits actually transmitted across the radio link and includes all
the radio overheads plus the various overheads of layer 2 and higher protocols.

4.3 Transport Technology Options
The customer traffic, whether it be voice or data in a fixed or mobile network
needs to be aggregated with other traffic and sent across the network through a
switch so it can be connected to the end user. Various switching and multiplexing
options are available each with their own set of features or constraints. Microwave
radio transmission networks have evolved from PDH to SDH to ATM and
now Ethernet.
4.3.1 Plesiochronous Digital Hierarchy (PDH)
Analog radio networks were based on frequency division multiplexing and hence
called FDM systems. The digital systems that replaced them were based on
time division multiplexing and use pulse code modulation (PCM) to form the
primary digital line rate (E1 or Tl). To create higher bit rates, secondary
multiplexers are used. This is not done synchronously but is made to look
synchronous by a technique called stuffing. ‘‘Plesio’’ means nearly, hence the
term plesiochronous (nearly synchronous) digital hierarchy (PDH).
Higher-order multiplexers are used to bit interleave the incoming bit
streams into a higher-order stream. The multiplexers have to synchronize the
incoming primary order streams so that they can be multiplexed into a single
higher-order bit stream. Each E1 or T1 stream is essentially free running because
it is not locked to a central clock signal. The nominal E1 bit rate is 2,048 kbit/s
±50 ppm. In a 2/8 secondary multiplexer, four 2-Mbit/s streams are multiplexed
into an 8-Mbit/s stream as follows. The incoming bit streams are read into
elastic store buffers using a clock that is extracted from the bit stream. The bits
are written out by each buffer one bit at a time and bit interleaved into the
aggregate stream using the main multiplexer clock. To ensure that the fastest
incoming stream does not cause the buffer to overflow, the multiplexer clock
is run at a rate higher than the fastest incoming stream—in other words,
2,048 kbit/s + 50 ppm (2,048 102 b/s). There are also extra bits added to the
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secondary stream, so the clock rate needs to be even faster to allow the line
clocks to be stopped while the extra overhead bits are added. Running the clocks
faster means there is a natural tendency for the buffers to run empty. To avoid
this, when a certain threshold is reached, the buffer write clock is stopped, and
during this period ‘‘stuffing’’ bits are inserted into the aggregate signal. Special
control bits are used to tell the demultiplexer at the other end which bits are
real and which are stuffing so that the stuffing bits can be discarded. In addition
to stuffing bits, a frame alignment word (FAW) is added to create an overall
frame of 8,448 kbit/s. The higher rates of 34 Mbit/s and 140 Mbit/s are created
in a similar way by multiplexing four of the lower rate signals. The MUX
mountain is shown in Figure 4.3.
In practice, double-step and triple-step multiplexers are used to skip the
intermediate levels. A comparison on PDH rates defined in North America and
Europe is presented in Table 4.1.
The PDH signal is scrambled for transmission inside the radio to produce
a pseudo-random bit stream with an even spectral density, and therefore it is
very easy to extract the clock from the bit transitions (no long strings of zeros
present). PDH networks are therefore very good for distribution of the clock
signal for synchronization purposes. On the other hand, the original signal is
bit interleaved in the aggregate stream and therefore there is no way of tracking
the end-to-end performance for quality monitoring purposes or differentiating
the importance of one circuit compared to another.

Figure 4.3 MUX mountain.
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Table 4.1
Various PDH Standard Bit Rates
PDH
(North America)

Bit Rate

PDH (ITU)

Bit Rate

T1
T2
T3
T4

1.544 Mbit/s
6.312 Mbit/s
44.736 Mbit/s
139.264 Mbit/s

E1
E2
E3
E4

2.048 Mbit/s
8.448 Mbit/s
34.368 Mbit/s
139.264 Mbit/s

(DS
(DS
(DS
(DS

1)
2)
3)
4)

4.3.2 Synchronous Networks (SDH/SONET)
With the demand for more bandwidth and the need for standardization, manageability, and flexibility in networks, a new standard was developed within the
ITU. Work began around 1986, and in 1988 the first SDH standards were
approved. The objective was to have one worldwide set of standards that would
allow interoperability of different vendors’ equipment within the same network.
The standards were based on the North American SONET optical standard
and were designed to ensure that the North American 1,544-kbit/s and European
2,048-kbit/s bit rates were both accommodated. The SDH standard uses a
common bit rate of 155 Mbit/s. A comparison between the SONET and SDH
rates is shown in Table 4.2.
4.3.2.1

What Is Synchronous Digital Hierarchy (SDH)?

In PDH the lower rate signals are bit interleaved into the hierarchy, thus losing
their original interface characteristics. Stuffing techniques are used to ensure
that the overall signal can be demultiplexed at the distant end without requiring
a common clock. In SDH the principle is to synchronously map the lower rate
signal into a container that is thus embedded in the overall frame without losing
its original interface characteristics. The container is kept synchronized to the
frame using pointer techniques, which will be discussed later. An overhead is

Table 4.2
Comparison of SDH and SONET Rates
SONET

Transport Level

Bit Rate

SDH

OC-1
OC-3
OC-12
OC-48

STS-1
STS-3
STS-12
STS-48

51.84 Mbit/s
155.52 Mbit/s
622.08 Mbit/s
2488.32 Mbit/s

STM-0
STM-1
STM-4
STM-16
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then added to the container and to the frame that allows manageability of the
original signal right through the network. It is this aspect that allows SDH to
have such powerful network management capability.
4.3.2.2 SDH Structures (Multiplexing)

In order to have a truly international standard, the various existing PDH bit
rate interfaces must be accommodated in the SDH structure. This is done by
allowing various interfaces to be mapped into the SDH frame, as shown by
Figure 4.4 [2].
Consider the mapping of a 2-Mbit/s signal into the SDH frame. The
original PDH signal will be at 2,048 kbit/s with a 50 ppm variation. This is
inserted into a container (C-12) where justification takes place using traditional
stuffing techniques. This is done to compensate for the allowed frequency
variations in the PDH and SDH bit rates. The bit stuffing ensures that the
50 ppm variation in the PDH signal does not result in errors when demapped
at the final destination. The container is then placed into a virtual container
(VC-12) where a path overhead is added. This overhead is carried with the
signal throughout the network, even when cross-connected into a different SDH
frame. It allows for maintenance and supervision of the signal throughout the
network. It includes error detection, alarm indications, and a signal label. A
pointer is then added to the virtual container to form a tributary unit (TU-12).
This allows the SDH system to compensate for phase differences across the
network or between networks. Three TUs are then multiplexed into a tributary
unit group (TUG-2). Seven TUG-2s are multiplexed into one TUG-3. This
is the same-sized unit that would be used to map, for example, an E3 signal
into the SDH frame. Three TUG-3s are then multiplexed via the AU-4 and
AUG into the STM-1 frame. The tributary bit rate contained within each
virtual container is shown in Table 4.3.
SDH Frame Structure

The basic SDH frame consists of a matrix of 8-bit bytes organized into 270
columns and 9 rows. The frame duration is 125  s. There are three main areas
of interest:
1. Section overhead (SOH);
2. AU pointer;
3. Payload.
This is illustrated in Figure 4.5.
Section Overheads

The SOH is used for the individual transport system to allow error monitoring,
alarm monitoring, and services and network management. It contains two parts:
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Figure 4.4 SDH mapping structure.
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Table 4.3
Bit Rates Supported by Each Virtual Container
Virtual Container

Tributary Bit Rate

VC-11
VC-12
VC-3
VC-4

T1
E1
E3
E4

(1.544 Mbit/s)
(2.048 Mbit/s)
(34.368 Mbit/s) or T3 (44.736 Mbit/s)
(139.264 Mbit/s) or ATM (149.76 Mbit/s)

Figure 4.5 SDH frame structure.

a regenerator section overhead (RSOH) and a multiplexer section overhead
(MSOH). The RSOH is terminated at each regenerator, whereas the MSOH
is only terminated at the multiplexer and is unaffected by the regenerator.
This facilitates monitoring of the path between multiplexers separately to the
individual regenerator sections. In the RSOH there are framing bytes (A1, A2),
a regenerator data channel for management (D1 to D3), a regenerator order
wire channel (E1), and a spare user channel (F1). In the MSOH there is a
multiplexer data channel for management (D4 to D12), a multiplexer order
wire channel (E2), multiplexer section protection switching (K1, K2), and errormonitoring bytes using bit interleaved parity (B1, B2). A S 1 byte has been
defined for synchronization status.
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Path Overheads

Each virtual container is only assembled and disassembled once. A path overhead
is carried with the virtual container between different transport systems allowing
end-to-end circuit monitoring. Two types of path overhead are defined: a highorder path overhead associated with VC-3 and VC-4 levels and a low-order
path overhead associated with VC-2 and VC-12 levels. The high-order path
overhead includes a path trace byte (J1), a signal label byte (C2), a path status
byte (G1), and an error-monitoring byte (B3). The status of the high-order
virtual container can thus be monitored across the network. The low-order path
overhead is called the V5 byte and includes a bit for error monitoring (BIP-2),
alarm bits (FEBE and FERF), and a 3-bit signal label.
Pointers

A synchronous system relies on the fact that each clock is in phase and frequency
synchronism with the next. In practice, this is impossible to achieve; therefore,
phase and frequency deviations will occur. Within a network the clock frequency
is extracted from the line signal; however, phase variations can still occur from
accumulated jitter over the network. At the network interface frequency variations can also occur. The way that SDH overcomes this problem is to use
pointers to ‘‘point’’ to the address of the beginning of the virtual container
within the frame. The AU-4 pointer shows where the VC-4 starts within the
frame. Within the VC-4 are TU pointers that show where the lower-order VCs
such as the VC-12 start relative to the position of the VC-4. The AU-4 pointer
is made up of three bytes, H1 to H3. The actual pointer value is contained
within H1, and H2 and H3 are reserved for negative justification. The actual
pointer value is contained within 10 bits that have a maximum value of 782.
Each increment in pointer value adjusts the addressing by three bytes in the
frame. The initial pointer value corresponds to the phase difference between
the arrival of the tributary and the empty tributary unit within the frame at
the time the tributary is mapped into the virtual container. If the phase varies
between the read-and-write clocks such that the terminating digital stream input
buffers show a tendency to either overflow or run empty, a pointer adjustment
will occur.
4.3.2.3

SDH Equipment

SDH equipment consists of four basic building blocks: a terminal multiplexer,
an add-drop multiplexer (ADM), a cross-connect switch, and a regenerator.
Since a regenerator is a fiber device, it will not be covered here.
Terminal Multiplexers

A terminal multiplexer is used to terminate a point-to-point SDH link. They
typically operate at STM-4 and above and can terminate both SDH and PDH
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traffic. The aggregate signals are usually protected in a 1:1 or 1:n hardware
arrangement.
Add-Drop Multiplexers

The ADM is a fundamental building block of an SDH network. It allows one
to add and drop tributaries without demultiplexing the whole SDH signal. It
is not quite as simple as ‘‘plucking out’’ a single 2-Mbit/s stream from the
aggregate stream because a VC-4 needs to be broken down into its VC-12s
before access to a 2-Mbit/s signal can be obtained. However, the principle is
that tributaries can be extracted and added using software control. The ADMs
are typically used for STM-1 and STM-4 capacities because at the STM-16
level and above, cross-connects are usually required. The aggregates are usually
termed East and West. The tributaries are transmitted to both East and West
directions, and on the receive side they can be selected from either the East or
West direction via a software switch. This is shown in Figure 4.6. When ADMs
are configured in a ring, this ability to automatically switch between East or
West directions provides the self-healing resilience to failures.
Cross-Connect Switches

Digital cross-connect switches (DXC) are used to cross-connect traffic between
aggregate streams. This allows grooming of the SDH traffic and powerful
rerouting ability. Higher-order cross-connects allow protection of failed circuits
using an Automatic Network Protection System (ANPS). Cross-connects are
classified according to the hierarchical trunk termination and tributary crossconnect level. For example, a DXC 4/1 cross-connect will be capable of terminating a level 4 signal (STM-1 or E4) and cross-connecting at level 1 (low-order

Figure 4.6 Add-drop multiplexer (ADM) with East/West aggregates.
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path such as VC-12). A DXC 4/4 can terminate level 4 trunks (STM-1), but
will be limited to cross-connect at level 4 as well (VC-4). In smaller networks
two ADMs can be configured as a DXC.
4.3.2.4

SDH Networks

The core SDH networks are almost exclusively built with fiber optics due to
the high bandwidth requirements. Radio is used in the access network and on
some of the long-haul routes using n × STM-1 systems. These networks are
built in ring and linear configurations.
Self-Healing Rings

It is wise when designing a transmission network to build a ring topology to
allow alternate routing of circuits. A very resilient ring topology is when ADMs
are configured in self-healing rings. The concept is to provide a pair of fiber
optic cables between each ADM. The traffic on each fiber is configured to
travel in opposite directions around the ring. The main traffic is fed, for example,
to the clockwise fiber [the service (S) fiber]; and the same traffic is also fed to
the counterclockwise fiber, or the protection (P) fiber. The ADM normally
switches the VC from the P fiber to the tributary output. However, if failure
of that path occurs, it will automatically switch to the P fiber path within 50
ms, thus restoring the traffic. An SDH self-healing ring is shown in Figure 4.7.
Radio links can easily be used in these SDH networks by replacing the
fiber connections with a point-to-point radio. Since the ring topology provides
the equipment and path protection, the radios can be configured as nonprotected

Figure 4.7 SDH ring with fiber cut.
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(1 + 0). If the radio path requires space diversity due to multipath fading
problems, this will still be required in the self-healing ring because the ADM
switching is not hitless.
Linear Routes

In many networks it is not possible to create self-healing rings; therefore, SDH
topologies must also support trunk routes and star networks. In this case, since
there is no ring protection, protected radios (hot standby) and duplicated ADM
aggregate cards should be used. SDH trunk routes often require capacities in
excess of STM-1, which present no problem to the virtually infinite bandwidth
capability of fiber (especially with wave division multiplexing), but present
difficulties on radio systems, especially within the limited channel spacing available on existing frequency plans. Radio systems use n + 1 switching systems to
provide n × STM-1 channels with one standby channel that is shared for
protection. Often increased capacity is catered for using the same frequency on
the alternate polarization using a dual-polar antenna. Fading effects such as rain
can rotate the signal, thus reducing the cross-polar discrimination. Devices called
cross-polar interference cancellers (XPICs) are used to dynamically keep the
two polarized signals orthogonal to one another. The use of an XPIC can be
avoided in some cases by running the cross-polar signal on an adjacent channel.
4.3.2.5 Benefits of SDH

The benefits of SDH include the fact that it is a common international standard,
which coexists with SONET and utilizes TDM multiplexing, which together
with ring protection achieves high levels of reliability and has embedded network
management.
The embedded network management capability is not without added
complexity and cost. In fact, at the primary level, the basic traffic-carrying
ability of SDH is reduced compared to PDH due to huge bandwidth overhead
required for management. More than 5 Mbit/s is allocated for overheads, so in a
155-Mbit/s (STM-1) signal, 63 E1 streams are accommodated, yet a comparable
PDH 140-Mbit/s system can carry 64 E1 streams. The cost and complexity of
ADM equipment compared to a comparable PDH system is significant, especially when one takes into account the extra synchronization equipment required.
Despite this added complexity and cost, the benefit of the remote network
management is that the operator is able to monitor and control the end-to-end
circuits in the network and measure their quality. Customers want bandwidth
on demand, and this network flexibility is enabled by making network changes
in the network management center rather than driving technicians out to site,
which is very costly and time-consuming. Multiple PDH (E1 or T1) interfaces
are also costly, take up space, and add to maintenance outages. These benefits,
together with the fact that it is a tried and tested technology that can carry
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ATM or even Ethernet circuits over it, are the reason that sales on a global
basis are still growing, despite the prominence of Ethernet.
4.3.3 ATM
In the 1990s the ITU approved a new standard called asynchronous transfer
mode (ATM). This is a connection-orientated packet switching protocol
designed to accommodate voice and data transport. In order to allow voice to
be accommodated, which has stringent latency demands, small cells were chosen.
The decision was also to have all cells a fixed size so that there was no risk of
a voice packet getting stuck behind a large and delayed data packet. This standard
is used in both the fixed networks and mobile (it is part of the 3G UMTS
standard). It uses layer 2 ‘‘statistical multiplexing’’ to allocate packets to a fixed
cell.
The ITU defines the ATM cell [3] as a fixed 53-byte cell structured with
48 data bytes and 5 overhead bytes, as shown in Figure 4.8.
The exact header structure differs depending on whether it is at the user
interface (UNI) (e.g., a router, workstation, codec) or whether it is at the
network interface (NNI)—in other words, connected to another switch. For
ATM AAL1 there is a 1 byte overhead, so only 47 bytes are available for user
data.
ATM architecture can be considered to have three planes that span across
three ATM layers. The three planes are the control plane; the user plane; and
the management plane. The control plane is responsible for generating and
managing signaling; the user plane manages the transfer of data; and the management plane handles the layer management and plane management functions.
The three ATM layers are the physical layer, the ATM layer, and the ATM
adaptation layers (AAL). The physical later corresponds to layer 1 of the OSI

Figure 4.8 ATM cell structure.
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model and manages the medium-dependent transmission (whether radio or
fiber). It consists of a physical medium-dependent (PMD) sublayer and the
transmission convergence (TC) sublayer; the ATM layer, together with the AAL
layer, corresponds to layer 2 of OSI model. It is responsible for sharing the
virtual circuits over the link (cell multiplexing) and passing cells through the
network (cell relay), whereas the AAL layer prepares the user data into cells
and structures it into the 48-byte format. Different types of services can be
accommodated via the ATM adaptation layer (AAL). Three main types are
used: AAL 1 for constant bit rate (CBR) services, to accommodate delay intolerant traffic such as voice; AAL2 to AAL4 for variable bit rate (VBR) services;
and AAL5 for data.
ATM uses virtual circuits defined by virtual paths (VP) and virtual channels
(VC). Each cell has an 8- or 12-bit virtual path identifier (VPI) and a 16-bit
virtual channel identifier (VCI) defined in the header bytes. There are three
types of ATM service: permanent virtual circuits (PVCs), which is a permanent
connection similar to a leased line; switched virtual circuits (SVCs), which is
only connected for the duration of the call/data transfer; and a connectionless
service.
ATM has no network level flow control or error correction and therefore
requires a reliable channel. Both fiber optics and microwave radio have sufficient
background quality to run ATM without any problems.
In practice it is often necessary to run the ATM cell stream over multiple
E1s or T1s. Inverse multiplexing of ATM (IMA) defines how ATM cells can
be multiplexed and demultiplexed to structure the cells and send them in a
cyclical fashion across the multiple physical links in what is known as an IMA
group [4]. IMA groups terminate at each end of the virtual link. On the transmit
side, the cells originating in the ATM layer are sent on a cell-by-cell basis across
the multiple links within the IMA group, and on the far-end receive side, the
cells are reconstructed on a cell-by-cell basis into an aggregate stream to be
passed to the ATM layer. This is shown in Figure 4.9. Special cells, called IMA
Control Protocol (ICP) cells, are introduced to allow the reconstruction to take
place. When no ATM cells are being sent, blank cells called Filler (F) cells are
introduced to ensure there is a continuous transmission of data at the layer 1
level. The ATM cells, together with the ICP and F cells, make up an IMA
frame. The differential link delays also need to be taken into account, with
alignment of the IMA frames done at the transmit end, to allow the receiver
to detect these differential delays. The IMA sublayer is part of the physical layer
and sits between the Transmission Convergence (TC) sublayer and the ATM
layer. In 3G mobile networks using the UMTS standard, these IMA groups
are used to carry the traffic from the 3G base stations, presented on the Iub
interface, across multiple PDH (n × E1 or n × T1) radio links.
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Figure 4.9 ATM IMA group structure.

4.3.4 Ethernet
While the TDM (PDH and SDH/SONET) and ATM technologies discussed
previously provide a reliable means of multiplexing and switching, it is expensive
to scale as a doubling in capacity requires a doubling of equipment and thus
cost. As data demands grow, unfortunately for operators, the revenue associated
with this demand does not grow at the same rate, and thus operators have to
find alternative ways of providing this capacity and decrease the cost per megabit
per second (Mbps). In fixed data networks, operators have used Ethernet to
provide high bandwidths at a low cost and now operators, including mobile
operators, which are building next generation networks are seriously considering
this technology as well. Telecom carriers who have traditionally provided leased
line capacity using TDM networks are also looking to use this packet-based
technology to provide those services. This has to be done at a similar level of
reliability; thus, the term carrier Ethernet is being used to describe an Ethernet
network that is designed to carrier grade performance. In SDH/SONET systems
the ring protection recovery times must be less than 50 ms, and links can be
configured with reliability levels of up to 99.999%; this is what is regarded
as carrier level performance. These carrier-grade Ethernet standards are very
immature, but the strong drive in the industry for a cost-efficient transmission
network is likely to accelerate these standards and secure their global acceptance.
Standards bodies such as the ITU, MEF (Metro Ethernet Forum), IEEE,
IP/MPLS, and Internet Engineering Task Force (IETF) are all defining QoS
standards to make the Ethernet compete with circuit-switched carrier-grade
networks.
Ethernet is a data standard (IEEE 802.3) that specifies the physical (PHY)
layer (layer 1 of the ISO stack) and the network access layer. This is layer 2 of
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the ISO stack, defined as media access control (MAC) with a MAC client,
which in the case of data communications equipment (DCE) is defined as the
data link layer (DLL). It also specifies a common addressing format. It is a
packet-based standard without a dedicated channel. Ethernet systems, operating
in the half-duplex mode, use carrier sense, multiple access/collision detect
(CSMA/CD) to share the common transmission bandwidth. When a device
wants to send some data, it first checks whether anyone else is using the network.
If not, the Ethernet MAC decides to send a packet of data and then listens
again to ensure no collisions occurred. This would happen if two devices decided
simultaneously that the channel was clear and transmitted their data at the same
time. In this case it waits a fixed length of time and then tries again. Ethernet
over microwave will always be in duplex mode, so this is not a problem. However,
the lack of a dedicated channel is what makes it challenging to guarantee a
fixed performance level, as the more users on the network, the more possibility
of packet delays and reduced performance. This is discussed in more detail
later.
A basic Ethernet service can be conceptualized by customer equipment
(CE), which connects to the network at the user network interface (UNI) and
connects to other users via the Ethernet ‘‘cloud.’’ The standard Ethernet rates
are: 10 Mbps (Ethernet 10 base T), 100 Mbps (Fast Ethernet 100 Base T),
1 Gbps (giga-Ethernet 1000 Base T), and 10 Gbps. Microwave systems can
support up to the giga-Ethernet interface.
A key Ethernet service that provides improved reliability to make it more
carrier-grade is based on an Ethernet virtual connection (EVC). This is defined
by the MEF as ‘‘an association of two or more UNI’s.’’ This connects two or
more subscribers and prevents data transfer between sites that are not part of
that EVC, thus improving privacy and security. This can then be used to
construct a layer 2 private line or virtual private network (VPN). There are two
basic service types: Ethernet (E-Line) service types for point to point services
and Ethernet (E-LAN) for multipoint applications.
A basic Ethernet frame structure is shown in Figure 4.10 and listed here:
• PRE: preamble 7 bytes of alternating 1 and 0;

Figure 4.10 Ethernet frame structure.
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• SFD: Start of frame delimiter, one byte of alternating 1/0 ending in
•
•
•
•
•
•

two 1s;
DA: Destination address (6 bytes for the end site MAC address);
SA: Source address (6 byte sending station MAC address);
Length/type: 2 bytes which either identifies the number of bytes in the
data field or the type of MAC client protocol;
FCS: Frame check sequence, contains a 4-byte cyclic redundancy check
(CRC);
IFG: Interframe gap (12 bytes minimum);
Data: The IP packet occupies a minimum of 46 bytes, so padding is
used if smaller than that. With jumbo frames the size may exceed
1,500 bytes.

The MAC layer has two responsibilities: data encapsulation, which includes
frame assembly before transmission and frame parsing/error detection during
and after reception; and media access control, which includes the initiation of
frame transmission and recovery from transmission failure [5].
In microwave radio systems, the 1-Gbps interface can be supported with
a reasonable throughput using parallel links and link aggregation (IEEE 802.3ad).
Parallel links are achieved by using multiple channels or the same channel on
the alternate polarization. In the latter case, a cross-polar interference canceller
(XPIC) device is required to ensure that cross-polar interference is not experienced during fading conditions. One does have to be careful when considering
the true data throughput of radio systems. The actual transmission capacity of
the radio link is set by the modulation scheme with the RF bandwidth that is
available. The rate specified at layer 1 is not necessarily a true reflection of the
customer data throughput. Layer 1 is the gross bit rate which, at a radio level,
includes the interframe gap, preamble, forward error correction (FEC) bits, and
various radio monitoring overheads. Layer 2 Ethernet throughput does not
include the preamble (PRE), start of frame delimiter (SFD), or the interframe
gap (IFG) bytes. The IFG is made up of a minimum of 12 bytes, which together
with the 8-byte preamble/SFD is a significant overhead percentage, over 30%,
if the data frame is small (46 bytes). It must be remembered that radios that
deploy layer 2 switching do not transmit the interframe gap and preamble bytes
over the radio link. Only considering the layer 1 throughput could thus indicate
an unrealistic view of the customer’s true throughput.
One of the key benefits of Ethernet is the fact that it deploys statistical
multiplexing and therefore traffic can efficiently share a common transmission
path. However, a key concern compared to TDM-based transmission systems
is precisely this fact. In an electric utility, microwave systems are used to transport
teleprotection signals, which are signals that need to be sent between two high
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voltage breakers to disconnect the power in the case of a fault condition. If
these signals do not get through in a matter a milliseconds, extensive damage
to the electricity infrastructure can occur. The links may also carry critical voice
traffic representing a significant portion of revenue to an operator. At the same
time low priority traffic may also be carried. Ethernet has a number of options
to prioritize traffic, which allows the effective use of adaptive coding and modulation (ACM), as will be seen later. Various priority options are available which
can differentiate the treatment of traffic over the network: These include portbased queuing, tag based queuing, IP ToS/DiffServ, and flow control. Portbased priority queuing is where each physical port has a particular class of service
(CoS) identified; tag-based queuing includes CoS IEEE 802.1p tagging, VLAN
(IEEE 802.1q) tagging, or layer 3 tagging in IP ToS or DiffServ. Flow control
can be enabled, which uses a pause frame, which is sent to the source to
temporarily stop transmission, slowing down the data rate being transmitted,
and to stop overload of the receive buffers, improving the performance. Resource
Reservation Protocol (RSVP) can also be used; it operates at an IP level and
guarantees resources such as bandwidth and buffer space.
With tag-based queuing, some additional bytes are required in the frame
as shown in Figure 4.11.
Two bytes are used for the VLAN Type ID called Ethertype bytes. The
other two bytes are for TAG control information (TCI). In one of these bytes,
3 bits are used to define eight CoS levels, per IEEE 802.1p. In the case of
VLAN tagging (IEEE 802.1Q), voice and data traffic can be split and then
carried on different VLANs, each with a different priority level. In the case of
the IP type of service (ToS), 8 classes of service, called IP precedence, are set
in the IP header (layer 3). These same bits are used for differentiated services

Figure 4.11 Ethernet frame structure with tagging.
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(DiffServ) but with a different meaning. In DiffServ several per-hop behaviors
(PHBs) are defined such as expedited forwarding EF, for low delay services,
assured forwarding (AF) for bursty, real-time, and nonreal-time data, or default
forwarding (for best effort services). Sixty-four DiffServ code points (DSCP)
are defined. Both IP ToS and DiffServ require equipment to be able to inspect
the IP packet header (at layer 3).
The point of all this, from a microwave perspective, is that the traffic
can be prioritized using one of these methods and thus treated with different
importance over the link. This gets us closer to a carrier-grade service for key
traffic. With adaptive coding and modulation (ACM), the modulation scheme
is changed during adverse conditions which protects the core traffic but sacrifices
some of the additional traffic as the bandwidth efficiency is reduced. These
priority schemes ensure that the important traffic is defined as part of the core
traffic that meets the stringent carrier-grade reliability standards.

4.4 Network Synchronization
When data is transmitted across a network, the data needs to be clocked in at
the ingress point and clocked out at the egress point. If these two clocks are
not aligned, the buffers that contain the data may either overflow where the
ingress clock is running faster than the egress clock or run empty where the
egress clock is running faster than the ingress clock. In either case this will
impact the network performance due to the lost data. In synchronous networks
all the clocks have the same long-term accuracy, usually because they are timed
off a common clock. A synchronous network is defined by the ITU [6] as one
where all clocks have the same long-term accuracy under normal operating
conditions. Telecoms networks require highly accurate timing, usually to a
cesium standard; this standard of clock is known as the primary reference clock
(PRC) and is defined in ITU-T G.811 [7]. Transmission equipment has an
internal clock from its own oscillators; however, this has inadequate accuracy
to maintain long-term synchronicity and is only used to hold the timing in the
case of failure of the network clock [8].
4.4.1 PDH Synchronization
As has already been explained in PDH multiplexing equipment, stuffing bits
are used to smooth the timing differences between the data being clocked in
and the aggregate bit rates. The timing can be extracted directly off the E1 or
T1 aggregate stream and used to align the tributary clocks. The PDH signal is
thus a reliable source for synchronization purposes. The jitter and wander limits
are defined by the ITU [9, 10].
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4.4.2 SDH Synchronization
SDH systems may require external synchronization equipment to keep the
accumulated jitter over a network within the limits set by the ITU. The ITU
sets limits on jitter and wander in a network [11].
4.4.2.1 Why Is Synchronizing Required?

It often seems to be a contradiction in terms that external synchronization is
required in a SDH network. It is important to realize that synchronous in this
context does not mean that the incoming tributaries are synchronized; it refers
to the position of the virtual containers within the frame being located in known
positions for multiplexing purposes. The pointer adjustments that solve the
internal synchronization problem of the multiplexer cause a large amount of
jitter on the tributaries. Each pointer adjustment shifts the tributary position
by three bytes, causing a stepped phase jump of 24 unit intervals (UI) at a
time. If the difference between the clocks at the perimeter of the network is
significant, lots of pointer adjustments would occur and the jitter objectives
would be exceeded. Some equipment may also not tolerate the stepped nature
of the phase jitter as the pointer adjustment occurs. To avoid pointer movements
one needs to ensure that the network element clocks are not allowed to drift
too far from each other. To do this a hierarchy of clock sources has been defined.
The hierarchy is defined by the ITU [12].
4.4.2.2 Timing Sources

A clock can be characterized by its inherent stability and its ability to remember
its previous accuracy if it was previously slaved to a higher-order clock. This
latter mode is termed holdover. A synchronized clock is one that derives its
accuracy from a higher-level source. A free running clock is one that runs on its
own internal oscillator. Three levels of clocks have been defined for transmission
networks: a primary reference clock (PRF) [13]; a synchronization supply unit
(SSU), secondary reference clock [8]; and a synchronous equipment clock (SEC)
[14].
Primary Reference Clock

The ITU [12] specifies that a PRC should have an accuracy exceeding 1
part in 1011 compared with universal time coordinated (UTC), which is the
international absolute time reference. This ensures that a network will only
experience a controlled slip once every 70 days. To achieve this accuracy, a
cesium clock is required. Alternatively, a GPS source can be used to synchronize
a cheaper clock such as a rubidium-based one, which can achieve an even higher
overall accuracy than a cesium-based one on its own. PRCs are required at
main switching centers and should be used where one network connects with
another network. In a GSM network a G.811 clock should be used at the MSC.
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Secondary Reference Clock

The timing source derived from G.811 is transferred across the network,
extracted off the aggregate SDH stream. After a number of network elements,
this signal will become impaired and the accumulated jitter should be filtered
using a narrowband SSU using rubidium to achieve the high-quality holdover.
A transit and local clock reference is defined and specified by ITU G.812.
Synchronous Equipment Clock

Each network element has a built-in SDH equipment clock in terms of the
internal crystal oscillators. This clock is usually locked to the incoming aggregate
signal but should have reasonable holdover ability should the incoming stream
be lost. The requirements of this clock are specified by the ITU [8].
4.4.2.3

Practical Advice

Small SDH networks will usually not require any external synchronization
equipment, although a G.811 reference clock will still be required at the main
switching center where connection to the PSTN switch is made; this is equally
true of PDH networks. A new G.811 standard reference clock is required after
60 network elements, and after every 20 network elements, an SSU should be
used to filter the jitter to tolerable limits. One should be careful not to create
timing loops where a network element tries to time itself off an element that
is itself timed off that network element. The synchronization status message
within the S1 byte is used to ensure that this does not happen by defining
which inputs to use for synchronization and which ones not to use.
4.4.3 ATM Synchronization
ATM network nodes do not require synchronization for the packet switching
function as the ATM switch provides cell timing adaptation, to adapt the
incoming signal to the internal timing. ATM caters for any timing differences
through the use of idle cell stuffing.
4.4.4 Ethernet Synchronization
Ethernet (and other packet-based technologies) are asynchronous. The timing
of TDM traffic over a packet network is shown in Figure 4.12. The IWF is
the interworking function block that does the conversion from TDM to packet
and vice versa. It can be seen that the TDM traffic is clocked into the IWF
node to be packetized and sent over the network. At the other end the packets
are converted back to TDM and if the egress IWF clock is the same as the
TDM ingress clock, the TDM data stream can be accurately clocked out at the
customer site by extracting the clock from the TDM bit stream. Packets are
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Figure 4.12 TDM synchronization over PSN.

not sent in a continuous predicable stream like PDH traffic and are subject to
delays from processing, buffering, and retransmission at the packet switches and
may have traveled different routes resulting in packet delay variations. Within
the individual switches multiple packet streams may converge on a single buffer
resulting in dropped packets and delays. The challenge is how to transmit the
clock to the distant end so that the regenerated clock runs at the same rate as
the ingress clock, in cases where the packet network interfaces with TDM.
4.4.4.1 Synchronization Methods

There are various methods of synchronizing a packet network [14].
The first category is network synchronous operation, which is used in
PDH/SDH networks. Each network element usually has an internal reference
source (oscillator), but it is not accurate enough to maintain network synchronization and is only useful for short breaks in the network timing source. For
accurate timing, a primary reference clock must be made available at each IWF.
This may be provided with a cesium standard clock or indirectly via a GPS
system. GPS systems have an onboard cesium clock and therefore can be used
as a PRC. GPS is a good timing source and less expensive than a caesium clock,
but is still costly to deploy due to the equipment cost itself plus the antenna
installation costs and the added ongoing costs of annual alignment. This timing
is shown in Figure 4.13. Synchronous Ethernet borrows the SDH/SONET idea
of embedding the clock at the physical transmission level, but it means a physical
chip must be installed (Ethernet PHY) over each hop. Operators with a legacy
PDH network may run a hybrid network and keep the PDH links in place,
rather than replace them, in order to deliver a reliable clock source to each site.
This also allows them to use the PDH links to carry the critical delay sensitive
traffic.
The second category is where the timing is carried by the packets themselves
as used in differential or adaptive clock recovery methods. In differential methods,
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Figure 4.13 Timing using a PRC.

the difference between the service clock and the reference clock is encoded and
then transmitted across the network.
In adaptive clock recovery, the packet arrival times are compared to synchronize the clock. Timing can be recovered by comparing the interarrival times
of the packets or by inspecting the fill level of the jitter buffer.
The IEEE has a proposed timing solution described in IEEE 1588 v2,
also called Precision Time Protocol. It is essentially a more accurate version of
the Network Time Protocol (NTP), which is the system used to extract the
clock for PCs. It uses a master-slave arrangement to distribute the clock through
the network by time-stamping a synch message and then comparing the timing
of a delay request message generated by the slave to correct the slave clock.
4.4.4.2

Performance Parameters

There are four main performance parameters relating to packet network impairments: packet transfer delay (and packet delay variation), packet error ratio,
packet loss ratio, and packet severe loss block outcomes.
There are various causes of delay in the network. Random delays are
experienced due to blocking of traffic at switch ports resulting in queuing delays.
There are also low frequency (wander) delays caused by diurnal traffic loading
on the network. Certain transport networks (e.g., WiMAX) cause systematic
delays as they wait for a specific timeslot or transmission window before sending
data. Routing changes in the network, for example, during a period of failed
links, results in a step change in terms of delay. Congestion can also lead to
serious delays in the network.
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Packet losses may have an adverse effect on TDM circuits as a single error
may result in the loss of the whole packet which may cause circuit unavailability
at a TDM level. A severe loss block outcome occurs when the number of lost
packets to the total number of packets transmitted in a particular time period
exceeds a set threshold.
Synchronization is a major challenge to the industry as the transition from
TDM to PSN takes place. It is particularly relevant for pseudo-wire solutions,
as this is where the two technologies coincide. Microwave equipment needs to
deploy one of the synchronization solutions discussed, to ensure that the circuits
carried over microwave achieve the carrier grade performance expected.
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5
Radio Equipment Characteristics
5.1 Introduction
For the radio planner it is important to understand various characteristics of
the radio equipment as it affects the overall performance. While the radio
technology used to build microwave radio equipment advances dramatically,
the impact is most noticed in reducing the form factor and cost. Much of the
equipment can be regarded as a black box from a planning perspective. However,
there are some key equipment characteristics and features that impact the radio
link design. The recent requirement to carry Ethernet over radio also presents
various challenges in terms of the options to carry a mix of TDM and packetbased traffic over the links. The most significant recent equipment feature is
adaptive coding and modulation (ACM), and this will be discussed later in the
chapter in the context of meeting the bandwidth demands of next generation
networks, in order to solve the transmission bottleneck problem described earlier.

5.2 Basic Radio System Block Diagram
The various building blocks that make up a radio system are shown in Figure
5.1. The baseband traffic (voice or data), together with the various overhead
bytes for signaling, service channels, and radio control is fed to a multiplexer
where it is combined into an aggregate digital stream and scrambled to ensure
even distribution of spectral lines. This aggregate stream is then condensed to
a more efficient bit stream with a reduced bandwidth in the modulator and
converted to an intermediate frequency (IF), typically 70 MHz, where amplification is easier in terms of linearity. This is then upconverted to the RF frequency,
95
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Figure 5.1 Radio system block diagram.

using a transmit local oscillator and fed to the power amplifier. There will often
be a discrete high power amplifier (HPA) module in the final stage prior to
being fed to the branching unit for connection to the antenna. The path of a
voice circuit over a radio system is illustrated in Figure 5.2.
The location of these components varies and can be roughly divided into
three categories: all indoor, split unit, and all outdoors.

Figure 5.2 Transmission path of voice circuit.
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5.2.1 All Indoor
Traditional microwave equipment is housed in 19-inch racks (21 inches in the
United States) in a transmission equipment room. A coaxial or waveguide
connection then transports the RF signal to the antenna mounted on a tower.
The equipment is often of a modular construction for maintenance purposes.
Different designs are normally required for different capacities and frequency
bands. All indoor equipment is ideally suited to long haul routes that require
high-output powers and multifrequency branching arrangements.
5.2.2 Split Unit (RF Outdoors)
Modern microwave equipment has moved away from the traditional approach
consisting of large racks of equipment mounted indoors. It caters for access
networks where space is limited and equipment commonality is preferred. Based
on high-frequency (e.g., 23 GHz) link architecture that has the RF circuitry
mounted outdoors to avoid the very high waveguide losses, equipment is now
available at most frequencies and capacities in a split mount arrangement. In
this arrangement the baseband and modem circuitry are mounted in an indoor
unit, which is usually independent of frequency. This is connected to the outdoor
unit that houses the RF circuitry via a low-cost coaxial cable. The cable carries
the baseband or IF signal in addition to power and housekeeping signals. Phasemodulated systems require an IF signal for the up-and-down connection, whereas
FSK systems can transport a baseband signal up and down the cable. The
outdoor unit is often independent of capacity. The split-unit configuration is
shown in Figure 5.3.
5.2.3 All Outdoors
With microwave radios being used to backhaul microcells in cellular networks,
there is a requirement to be able to mount a radio link in a roadside cabinet.
The antenna needs to be physically small and the radio link should not draw
much power. Radio equipment operating at, for example, E1 or T1 line rates
are already commercially available that can be mounted all outdoors. The base
station equipment can be fed directly into the radio and can be colocated in
the same enclosure. One obvious consequence of an all-outdoor radio is that,
if there is a requirement to extend the E1 circuit to another location, a multicore
cable will be required to carry the traffic, alarm, management, and power signals.
5.2.4 TDM/Ethernet Options
The exact process depends on the type of radio system deployed. As mentioned
earlier, microwave links need to carry voice and data traffic, often presented
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Figure 5.3 Typical split unit configuration.

with TDM or Ethernet interfaces. The industry has four main ways of handling
this.
5.2.4.1

Ethernet Radio

The first option is to deploy an Ethernet radio where the multiplexer supports
and processes Ethernet frames. Any TDM traffic thus has to be converted into
an Ethernet format via circuit emulation, an emulated circuit is also known as
pseudo-wire. This is shown in Figure 5.4. The benefit of an Ethernet radio is
that it is very efficient for carrying traffic from devices that already have an
Ethernet interface (such as WiMAX or 3G, 3.5G, 3.9G, or 4G base stations);
however, there is a significant overhead added for the TDM traffic through the
pseudo-wire process.
5.2.4.2

Pseudo-Wire

Pseudo-wire is a method to emulate a native service such as TDM or ATM
over a packet-switched network (PSN) such as IP, MPLS, or Ethernet. It
emulates a ‘‘transparent wire’’ to transport TDM/ATM services. The IETF calls
it Pseudowire Emulation Edge to Edge (PWE3). Other pseudo-wire standards
are defined in MEF 8 [1] and ITU-T Y.1413 [2] and Y.1453 [3]. Various types
of pseudo-wire exist, including TDM over IP (TDMoIP), circuit emulation
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Figure 5.4 Ethernet radio block diagram.

over PSN (CESoPSN), and structured agnostic TDM over packet (SAToP).
The TDM traffic must be packetized and then encapsulated in order to be
transmitted over the PSN. One of the functions of the equipment supporting
the pseudo-wire process is to smooth out the packet delay variation (PDV) or
jitter for the delay intolerant TDM traffic. It also has to handle missing packets
or packets that arrive out of sequence. Lastly, it must handle the clock recovery
and synchronization.
5.2.4.3 TDM Radio

The second option is to deploy a traditional TDM radio where the multiplexer
supports and processes TDM frames. In this case and Ethernet traffic needs to
be converted to TDM; this is done by encapsulation of the Ethernet data signal
into TDM and then mapping it into a TDM channel. This is shown in Figure
5.5. This is the best approach for legacy TDM circuits. However, it is not
efficient for the Ethernet traffic, as the encapsulation process adds overhead.
5.2.4.4 Hybrid Radio

The last option is where the equipment carries a mixture of TDM and Ethernet
traffic. Some TDM channels are made available for TDM traffic and the balance
of the capacity is allocated for Ethernet use. In some radios all the traffic is
mapped onto the backplane and layer 2 and 3 switching is used to efficiently
carry the traffic across the link without encapsulation. This results in the most
efficient use of bandwidth but the trade-off is the complication of doing IP
planning in the radio itself. This is shown in Figure 5.6.
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Figure 5.5 TDM radio block.

Figure 5.6 Hybrid radio block.
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5.3 Primary Multiplex
One would require infinite bandwidth to transmit a human voice over a transmission system without any distortion. The human voice does not, however, have
an even distribution of energy. Most of its energy is distributed across the
frequency spectrum from about 100 Hz to 6,000 Hz. The maximum spectral
density occurs at about 450 Hz for a male voice and 550 Hz for a female
voice, on average. It has been found that by bandlimiting the voice signal to
300 Hz < f < 3,400 Hz, a high-quality voice signal can be transmitted. This
is what is known in telephony as an audio channel. In digital systems our goal
is to convert the analog voice signal into a digital signal. The process that is
used is known as pulse code modulation (PCM). The PCM process has four
components: sampling, quantizing, coding, and time multiplexing.
5.3.1 Sampling
The process of sampling is done by multiplying (or mixing) the analog signal
with a periodic pulsed sampling signal. The process is illustrated by Figure 5.7,
which shows the original analog voice and pulsed sampling signals as well as
the resultant sampled signal in both the time and frequency domains.
It is important to realize that the sampling process causes no distortion.
The original signal is band limited and therefore, provided it is sampled fast
enough, can be completely reproduced in the analog pulses. After sampling,
the signal will be present as upper and lower sidebands around the harmonics
of sampling signal. Using a lowpass filter, the original signal can be filtered out.
The Nyquist sampling theorem says that no information content is destroyed
in a band-limited signal as long as the sampling signal is at least twice the
highest frequency component in the signal. If the sampling frequency is increased
beyond this, the sidebands will just move further apart, making the original
signal easier to filter out but not increasing the signal quality.
A sampling frequency of 8 kHz has been chosen by the ITU-T with a
tolerance of 50 ppm. The highest frequency, assuming a perfect lowpass filter
is thus 4 kHz (half of 8 kHz). Filters are not perfect; therefore, this frequency
allows for a guard band of 600 Hz for filter rolloff. The filter that limits the
audio signal to 3,400 Hz is called an antialiasing filter.
5.3.2 Quantizing
Quantization is the process of obtaining a discrete value from an analog value.
Recall that the sampling process converted a continuous-wave analog signal into
a series of analog pulses. These pulses contain all the information present in
the original band-limited signal. In the quantization process the values of the
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Figure 5.7 Sampled signal in time and frequency domains.

analog pulses are mapped into discrete levels. This process is required in order
to have a limited number of sample values to code into a digital word. Eight
to 16 levels are required for intelligible speech, and 128 levels are required for
high-quality speech. This is a one-way approximation and does cause distortion,
as once the sample has been quantized, it is impossible to reproduce an exact
replica of the original signal. The distortion caused by this process causes
quantization noise. If uniform quantizing levels were chosen, a signal with a
high value would have a better S/N ratio than one with a small value. In reality,
the opposite is desired. High-amplitude pulses are easier to hear and, therefore,
can tolerate a higher noise level. This problem is solved through companding.

Radio Equipment Characteristics

103

5.3.3 Companding
Companding is an acronym for compressing and expanding. A nonlinear
algorithm is used whereby more quantized values are allocated to the smaller
value samples, thus achieving a relatively constant error ratio for all samples.
In Region 1 of the ITU (Europe and Africa), the A-law quantization curve is
used to map the samples. This is a 13-segment characteristic whose characteristics
are defined by the ITU [4]. In Region 2 (America), a 15-segment law called
the  -law is used. The positive half of the A-law companding characteristic is
shown in Figure 5.8.
The A-law algorithm was implemented in the 1960s when circuitry could
not achieve a logarithmic curve. A piecewise linear approximation was thus
used. It can be seen from Figure 5.8 that half of the input voltage range is

Figure 5.8 A-law compander curve.
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mapped into 16 quantized levels, the next quarter in terms of input voltage is
also given 16 levels, the next eighth is given a further 16 levels, and so on.
Small amplitude values are thus given much more quantized values, resulting
in an improved S/N ratio. Using this approach, the S/N ratio of all samples,
large and small, is made more even.
5.3.4 Coding
The quantizing process using the A-law produces a total of 256 values (±128).
This can be coded into binary form using eight bits (256 = 28 ) from the
companding curve, as shown in Figure 5.9.
The sign bit designates whether the sample has a positive or negative
amplitude value. The next three bits designate in which of the eight intervals
the value lies. The final four bits designate which 16 values are closest to the
actual sample. The coding process results in an eight-bit code byte that is a
digital representation of an audio channel.
5.3.5 Time Multiplexing
The final process is to time multiplex the signals into a framed signal. The
sampling is done at 8 kHz, that is, 8,000 samples/second for each audio channel.
The sampling interval can be calculated from
T = 1/ f
= 1/8,000

(5.1)

= 125  s
The duration of each pulse is 3.9  s; therefore, it is possible to transmit
samples from other audio channels in the time gap between the various samples.
Before the second sample from the first channel is available for transmission,

Figure 5.9 Coded bits from A-law compander curve.
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32 samples (125  s/3.9  s) can be time interleaved. This is known as time
division multiplexing.
Each sample consisting of eight bits occupies what is known as a timeslot
within the frame. With a sampling speed of 8 kHz, an eight-bit timeslot thus
has a transmission bit rate of 64 kbit/s. This is a fundamental rate within
telecommunications systems and is known as E0 (Europe) or T0 (United States).
A 32-timeslot frame has a transmission bit rate of 2,048 kbit/s (2 Mbit/s).
Usually only 30 timeslots are available for user channels because timeslot 0 is
used for frame alignment and timeslot 16 for signaling. This 30-channel (or
sometimes 31-channel) signal is known as E1. In the United States a frame
rate based on the Bell System uses 24 64-kbit/s channels plus an extra framing
bit to form a 1.544-Mbit/s signal. This is known as T1 or DS-1 (digital signal,
level 1).
5.3.6 Primary Multiplex Equipment
A primary multiplexer used for voice circuits is often called a channel bank and
converts 30 (or 24) voice channels into a framed E1 (or T1) circuit. With data
becoming more prevalent in networks, a mixture of voice and data is often
required to be multiplexed into the framed rate. Flexible multiplexers with a
range of voice and data interfaces are thus available. Voice options include two
wire, four wire, and six wire (four W plus E&M signaling) for subscriber or
exchange interfaces. Data interfaces include synchronous, asynchronous, ISDN,
X.25, or ADPCM options. The more sophisticated multiplexers perform circuit
grooming and allow cross-connect and management features.

5.4 Muldem (Secondary Multiplexing and Services)
The standard E1 (or T1) output from a primary multiplexer is not the only
signal used in transmission networks. In some cases an external secondary
multiplexer is required, for example, to create a 34-Mbit/s signal (E3) suitable
to carry TV signals. The input to a radio system is usually one or more standard
line rates such as E1, T1, E3, or STM-1. The radio system needs to transport
these signals transparently to the other end of the link. In other words, it should
not tamper with the signal in any way. The first thing the radio needs to do
is to create a composite signal from the various inputs, which it can modulate
and transmit to the other end. It needs to multiplex the various inputs and add
any overhead that is required.
5.4.1 Multiplexing and Demultiplexing
In the very early digital radios, multiplexing was done externally to the radio.
The requirement for transporting multiple E1s, however, led to the radio manu-
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facturers including the secondary multiplexing function in the radio itself. A
typical application is a 4- by 2-Mbit/s (4E1) radio where a 2- to 8-Mbit/s
multiplexer is built into the radio. A composite 8-Mbit/s signal, which does
not need to have a standard ITU interface, thus reducing cost and complexity,
is available internally to the radio to be modulated and transmitted to the other
end. In the opposite direction, the 8-Mbit/s signal is demultiplexed into the
four E1 streams with a standard interface according to ITU G.703.
5.4.2 Overhead Channels
The radio system does have other signals that it needs to transmit. This could
be for internal use of the radio’s housekeeping functions, extra data channels
for data or supervisory systems, an engineering order wire (EOW), and forward
error correction (FEC), as discussed later. To do this, a complementary radio
overhead channel is usually added to the signal to produce an aggregate rate
that exceeds the ITU line rate. This signal is a proprietary signal that could be
different for each manufacturer. It obviously adds bandwidth to the baseband
signal and therefore will be kept as low as practically possible so that the
aggregate signal fits into the required channel bandwidth. An example of a radio
complementary overhead forming a proprietary aggregate signal is shown in
Figure 5.10.
5.4.2.1

Data Channels and Supervisory

Most radio systems can carry a limited number of data channels on the radio
overhead capacity. Various low-speed or high-speed data channels, either
synchronous or asynchronous, are catered to. The data is usually carried on one
or two 64-kbit overhead channels that determine which options can be used
simultaneously.
5.4.2.2

Engineering Order Wire

An EOW is available on most equipment to enable maintenance staff to be
able to communicate over the radio without using the multiplexer equipment.

Figure 5.10 Radio overhead using bit insertion.
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A standard headset, usually dual-tone multifrequency (DTMF), is usually used
with an analog two-wire interface. The overhead channel is usually carried
over a 64-kbit/s channel for a 300- to 3,400-Hz audio signal. If high-quality
transmission is not required, more than one order wire channel can be provided
over a single 64-kbit/s channel using a reduced-rate (usually 300- to 2,400-Hz)
audio bandwidth. One needs to be careful not to cascade too many EOWs on
the route because the quantizing noise from the analog-to-digital conversion
process can make the channel noisy. Signaling can be provided using E&M for
six-wire circuits and in-band DTMF for two-wire and four-wire circuits.
5.4.2.3 Forward Error Correction

FEC is standard on most modern microwave radio systems to meet the highquality background error rate objectives. FEC is a technique of detecting and
correcting errors that may occur over the link. FEC, based on block coding,
uses extra bits carried in the radio overhead to do the error detection. Error
correction using some form of trellis coding, where the coding is done in the
modulation phase without adding bit overhead, is not discussed here. Simple
FEC based on adding overhead bits is done by performing a mathematical
algorithm on the bits and transmitting this code to the opposite end. If a
different code is received, an error has occurred. Only a limited number of bit
combinations are allowed by the coding technique; thus, not only can errors
be detected, but a limited number of errors can be also corrected. A ReedSolomon code with 20 correction bytes out of 224, for example, will correct
up to 10 bytes in each block. FEC does not provide much improvement under
fading conditions but has excellent performance against dribble errors, as shown
by Figure 5.11.
Modern radio systems can achieve residual error rates comparable to fiber
systems, that is, better than 10−12.
5.4.2.4 Wayside Channels

In medium- to high-capacity applications, such as 34-Mbit/s systems, one often
wants to avoid having to install an expensive 2 to 34 multiplexer at a site if
access to only one E1 channel is required. For this reason, radio manufacturers
often offer a single user channel carried on the radio overhead that can be
transported to a nodal site and then incorporated into the main traffic.
5.4.3 Baseband Filtering
Baseband filtering is done to limit the bandwidth of the signal. The shaping
of the baseband signal is very important. Infinite bandwidth would be required
to ensure that the input pulses were not rounded off in any way, which is
obviously not possible or desirable. A practical filter that results in zero crossing
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Figure 5.11 Typical FEC curve showing system improvement.

points at the Nyquist frequency is a raised cosine filter [5]. The bandwidth of
a multilevel modulation signal with baseband shaping can be calculated from
BW = [baseband bit rate/log 2 M ] ⭈ (1 + ␣ )

(5.2)

where ␣ is the filter rolloff factor and M is the M-ary modulation value (e.g.,
16-QAM, M = 16). As implied earlier, it is important that the filtering of the
signal does not result in intersymbol interference from the leading and trailing
tails of the signal. A Nyquist filter is usually used that ensures the tails of the
adjacent pulses are at zero during demodulation. The raised cosine rolloff factor
usually varies between 15% to 40%, depending on the spectral efficiency. This
Nyquist pulse shaping with the tails crossing zero at the point of sampling is
illustrated in Figure 5.12.
5.4.4 Basic Muldem Block Diagram
The various building blocks that make up the muldem section of a typical radio
system are shown in Figure 5.13.
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Figure 5.12 A typical baseband pulse with Nyquist shaping.

Figure 5.13 A block diagram of the muldem section of a radio system.
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5.5 Modem
A modem is a word that is shortened from modulator–demodulator. The baseband signal has to be transported over a radio frequency carrier, and it is done
by modulating the baseband signal onto an IF or RF carrier.
5.5.1 Modulators
5.5.1.1

Types of Modulation

Two main types of modulation exist for digital radio systems, namely, direct
modulation or indirect modulation.
Direct modulation is when no IF carrier exists. The baseband signal is
applied directly to the modulator, thus reducing cost and complexity. Indirect
modulation involves first converting the baseband signal to an IF and then
converting this to an RF frequency. There are three main types of digital
modulation: amplitude, phase, or frequency modulation. Since it is a digital
signal, this modulation switches the signal between two states. In amplitude
modulation, on-off keying (OOK) is used when the amplitude value is switched
between zero and some predetermined amplitude; in phase modulation (PSK)
the phase is shifted by 180 degrees; and in frequency modulation the frequencies
are shifted between two frequency values. The two most commonly used modulation methods for microwave radio equipment are based on multilevel FSK and
n-QAM, which are based on a combination of the methods discussed previously.
These schemes use multisymbol modulation to reduce the bandwidth requirements. Multisymbol modulation schemes, while requiring a higher S/N ratio
to operate, halve the bandwidth requirements for each level used.
5.5.1.2

FSK

FSK is a cost-effective and robust modulation scheme. It is not sensitive to
amplitude and phase variations (noise and jitter) and hence does not require
transmitter backoff. Higher transmit output powers are thus possible. The signal
can be directly modulated onto the RF carrier without the need for an IF
frequency, simplifying the circuitry and reducing cost. Noncoherent (nonphase
synchronous) receivers can be utilized. Frequency modulated detectors have
much simpler circuitry because they are far less affected by amplitude and phase
variations than coherent schemes. A low-cost modem can be provided with
adequate system gain.
5.5.1.3

QAM

Coherent demodulators provide improved receiver thresholds; therefore, to maximize system gain, phase modulation is often chosen despite the added cost and
complexity. For bandwidth-efficient medium- to high-capacity systems, QAM
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is the preferred modulation. Let us start by considering a basic biphase shift
keying (B-PSK) system. A carrier signal is switched in phase by 180 degrees to
represent the binary string of 0s and 1s. If one plots this on a phase diagram,
it would appear as shown in Figure 5.14.
In order to halve the bandwidth with multisymbol modulation, a second
B-PSK modulator could be employed operating in quadraphase to the first. If
the incoming binary stream was divided in two by sending the alternate bits
to the pair of B-PSK modulators, four different phase alternatives would exist,
as shown in Figure 5.15.
Note that in QPSK the phase vectors each have the same amplitude; it
is only the phase that is different. In practice, this is sometimes called differential
phase shift keying (DPSK) since it is not the absolute phase value that is used
but the difference between two phase states. Now consider 16 QAM. In this
case the incoming bit stream is divided into four paths with each phase modulator
handling four bits at a time. An example of what the constellation diagram
could look like, including the four-bit values is shown in Figure 5.16.
The phase vectors not only differ in phase but also in amplitude, thus
halving the bandwidth requirement compared to QPSK. One should note,
however, that the distance that the phase vector can move before being decoded
as a different bit sequence is now much less than with QPSK. In other words,
the minimum S/N ratio required at the demodulator is greater with higher levels

Figure 5.14 Phase diagram showing PSK modulation.

Figure 5.15 QPSK constellation diagram and circuit block diagram.
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Figure 5.16 16 QAM constellation diagram.

of modulation. The modulation decision is thus a tradeoff between narrower
bandwidth and performance. High-capacity SDH systems use 128 QAM, which
allows a 155-Mbit/s signal to fit within a channel bandwidth of 28 MHz.
The typical theoretical spectrum efficiencies are shown in Table 5.1. In
practice, the roll-off factor used would need to be taken in account for actual
bandwidth occupied.
5.5.2 Demodulators
5.5.2.1

Types of Demodulators

Two main types of demodulators are used to detect digital signals: envelope
detectors and coherent demodulators. Envelope detectors use simple diode detecTable 5.1
Theoretical Spectrum Efficiencies
Modulation
Scheme

Spectral Efficiency
Bits/s/Hz

RF Bandwidth
for a 140-Mbps Signal

4 PSK
16 QAM
64 QAM
128 QAM
256 QAM

2
4
6
7
10

70
35
23
20
14

MHz
MHz
MHz
MHz
MHz
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tors to extract the envelope of the signal. For phase-based systems such as PSK
or QAM, there is no envelope variation; therefore, coherent (synchronous)
demodulation is required. In this method the incoming modulated carrier signal
is mixed with an exact replica (phase and frequency) of the IF carrier. A lowpass
filter is then used to recover the original baseband signal. The required replica
carrier is generated using a Costas loop, which uses a phase lock loop (PLL) to
stabilize the carrier frequency extracted from the incoming RF signal, downconverted to IF. In addition to this recovered IF signal, a baseband clock signal
is recovered for the demodulation process. This type of demodulator is more
expensive due to the complexity of achieving phase synchronism, but they do
result in improved receiver thresholds.
5.5.2.2 Adaptive Equalization

In order to overcome the effects of dispersive fading caused by multipath
conditions, long haul radios will often use equalizers to reduce the fading effects.
Static frequency-based equalizers can be used at IF frequencies to equalize the
frequency response. This is usually done using simple slope and bump circuits.
For example, if three notch filters are used to detect the amplitude level across
the receiver bandwidth, a slope or notch can be detected. By generating the
opposite slope or bump, the response can be equalized. A more powerful technique that can equalize the phase response is done in the time domain. This
is called transversal adaptive equalization (TAE). The basic concept is to use a
series of shift registers as a delay line. The distortion from the delayed signal
can thus be detected, and by adding the correct delay factors and tapping the
signal back on itself, the distortion can be equalized. This needs to be done for
both minimum phase and nonminimum phase conditions; therefore, feedback
and feedforward taps are required. In the past a combination of analog and
digital delay lines were used for the positive and negative delays, respectively,
causing an uneven signature curve response for the two conditions. Since digital
delays lines are now used, the signature curve is usually the same for both
minimum and nonminimum phase conditions. The greater the number the
taps on the equalizers, the better the performance.
The process can be understood considering Figure 5.17. In an undistorted
waveform the leading and lagging tails of the adjacent pulses are at zero at the
point of demodulation of the wanted symbol. When distorted from, for example,
multipath fading, the tails are not at zero and thus cause intersymbol interference.
By delaying the signal by the time it takes for the adjacent pulse to be at zero,
the interference can be eliminated.
5.5.2.3 Adaptive Coding and Modulation (ACM)

It has already been shown that there is a trade-off between bandwidth efficiency
and performance. In digital systems the radio signal could sit just above knee
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Figure 5.17 Adaptive equalization.

of the receiver threshold curve and still run virtually error-free, but the full
design fade margin is required for the very small percentage of time that adverse
weather conditions exist (rain or atmospheric ducting that supports multipath
conditions). This is shown in Figure 5.18. It can thus be seen that for most of
the time the radio could run with additional capacity in the same bandwidth,
using a less robust modulation scheme if it was accepted that the additional
traffic was lost when the fading happened. This is the principle behind adaptive
modulation. The modulation scheme is changed via software when fading occurs
to make it more robust for the duration of the fade. This switching can happen
from 4PSK all the way to 256 QAM. There is some debate as to whether this
must be hitless (errorless) and it depends on the number of switches anticipated,
as without a hitless switch, errors would occur each time the modulation scheme

Figure 5.18 Adaptive modulation.
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changed. If the philosophy is to continually switch between the levels as weather
conditions occur on a preemptive basis, then hitless is essential. If, on the other
hand, the equipment philosophy is only to switch under severe fading conditions,
due it its infrequency, adequate performance may be possible without hitless
switching. With hitless switching, it is only the lower priority traffic that is
affected by this decision as the priority traffic will always have the performance
of the lower, more robust modulation scheme. Referring to Table 5.1, it can
be seen that the capacity can more than quadruple during nonfading periods.
In practice it is not quite so simple as the minimum C/I required by the
demodulator is much higher for the higher modulation schemes. For example,
more than 30 dB may be required at 256 QAM, whereas using 4PSK, 15 dB
would be adequate. In practice the effective fade margin is less for higher
modulation schemes, as shown in Figure 5.19; this balances out the higher
minimum C/I required for the higher modulation scheme, which keeps the
absolute level of the highest unwanted interferer signal roughly equivalent for
all modulation schemes. When one switches to a higher modulation scheme
the transmitter output will usually be less as well as there is a need to back off
the power to meet linearity specifications. This will reduce the instantaneous
fade margin, giving the perception of lower performance to all the traffic.
However, providing the switch was hitless, in reality the full fade margin is still

Figure 5.19 Threshold reduction with increasing modulation scheme.
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available to the core traffic. From a licensing perspective the radio would have
to meet the transmitter mask characteristics under all possible modulation
schemes but on the receive side, the benefits of the lower modulation can be
utilized in terms of frequency planning (better minimum C/I) and link design
(improved system gain from better receiver). One would have to specify to the
regulator which modulation scheme the radio is being licensed under. New
planning methodologies are required in order to design radio systems that deploy
this technique. It must also be accepted that during adverse weather conditions
some traffic is lost as the spectral efficiencies reduce. For this reason this is only
useful if the traffic can be prioritized so that known traffic is lost. With Ethernet,
one of the traffic prioritization methods discussed previously can be used to
ensure that the critical traffic gets through with carrier level reliability and that
the additional bandwidth is used for best effort services during nonfading periods.
For example, in cellular networks the voice traffic and signalling circuits require
a high reliability and low latency transmission channel, but other services such
as bandwidth hungry applications running over HSPA need to be provided
without incurring huge additional infrastructure costs. ACM is very useful for
solving that issue.
5.5.3 Basic Modem Block Diagram
The various building blocks that make up the modem section of a typical radio
system are shown in Figure 5.20.

5.6 Transceivers
The RF section that comprises the transmitter and receiver modules is known
as the transceiver.
5.6.1 Transmitters
Once the incoming signals are multiplexed and combined with the overhead
channels, the baseband signal is modulated as discussed previously. This signal
is then upconverted to the RF carrier frequency and amplified with a power
amplifier. Modern transceivers are synthesized, meaning that a reference oscillator is used to derive the RF frequencies using a local oscillator that is voltage
controlled (VCO). Using the synthesized VCO, transceiver frequencies can be
selected by software across a broad range. The power amplifier is designed to
be as linear as possible; however, it will still introduce some signal distortion.
To keep this to a minimum, the signal is often predistorted prior to amplification,
thus introducing complementary distortion products that are canceled in the

Figure 5.20 Block diagram of the modem section of a radio system.
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power amplifier. Linearity is so important that, although power amplifiers could
amplify the signal up to the saturation level, a transmitter ‘‘back-off ’’ is purposely
applied that improves linearity and hence receiver threshold. The transmitter
also usually has an automatic gain control (AGC) circuit to keep the output
power constant as temperature variations occur.
5.6.2 Receivers
In the receive direction, the RF modulated carrier is downconverted to an IF
frequency before demodulation. This is done by mixing the RF frequency with
the synthesized VCO local oscillator frequency. An AGC circuit ensures that
the IF output is kept constant as the RF signal level varies. This AGC signal
is thus often used to measure the strength of the receive signal.
5.6.3 Basic Transceiver Block Diagram
The various building blocks that make up the transceiver section of a typical
radio system are shown in Figure 5.21.

5.7 Branching
The branching unit is a generic term to describe the circuitry that interfaces
the antenna to the transceiver. It includes filters, combiners, and isolators.
5.7.1 Duplexer
The same antenna is used for both transmit and receive frequencies. The
branching unit filters the signals and combines the two signals onto one antenna.
Filtering the transmit signal is done to ensure that the spectrum transmitted
does not cause interference on the adjacent channels. Various standards limit
the allowable transmit spectrum for each band of operation. In the receive
direction, the signal is filtered to eliminate any spurious signals being transferred
to the receiver circuitry for demodulation and to limit the thermal noise, which
is proportional to receiver bandwidth. RF filtering at this level is fairly basic
because in modern radio systems the RF spectrum is limited by baseband
filtering, thus shaping the signal into the required spectrum occupancy.
Combining transmit and receive signals onto one antenna is achieved by
a device called a circulator. The combination of circulator and filter is often
called a duplexer or diplexer. A circulator transfers the signal with very low loss
to the wanted port while giving a high isolation to the unwanted signal on the
other port. The transmit signal therefore is transferred to the antenna with low

Figure 5.21 A block diagram of the transceiver section of a radio system.
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loss and very low leakage into the receiver with the same situation in the receive
direction, as shown in Figure 5.22.
It is very important for the radio planner to understand branching losses
and to include them in the design calculations. One needs to carefully check
specification sheets to determine if the output power, for example, includes the
branching loss or not. It will not be possible to accurately predict the expected
receive level if branching losses have not been included.
5.7.2 Hot Standby Branching
In a hot standby arrangement only one frequency pair is used for the two radio
systems. It is thus not possible to transmit both systems simultaneously. A
transmit switch is required to transmit one or the other transmit signals. Both
transmitters actually transmit a signal, but only one is switched onto the antenna.
The other signal is transmitted to a dummy load. This could reduce the transmit
signal by up to 0.5 dB. In the receive direction, the signal is split into two
paths and both signals are demodulated with the best signal being selected.
Splitting the signal into two paths means that each signal is reduced by 3 dB;
however, in practice this loss is typically 3.5 dB to 4 dB.
A diagram of a hot standby arrangement is shown in Figure 5.23.
5.7.3 Frequency Diversity Branching
In frequency diversity both transmitters are transmitted simultaneously and each
signal is fed to its respective receiver without a transmit switch or a receiver
hybrid. The losses are thus significantly less than with a hot standby arrangement.
Circulator losses and filter losses are typically only 0.1 dB each. The branching
diagram is shown in Figure 5.24.
5.7.4 Space Diversity Branching
With space diversity only one frequency pair is used. Only one transmitter
needs to be connected, however, in order to have equipment protection as well

Figure 5.22 Duplexer in branching unit for a 1 + 0 configuration.
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Figure 5.23 Block diagram of hot standby branching.

Figure 5.24 Block diagram of FD branching.

as path protection. The transmit branching is often the same as the hot standby
arrangement. Usually the top antenna is used for the transmit path. In the
receive direction two antennas are used that are each fed to their respective
receivers. One transmit and two receive antennas are required in each direction.
Thus, a total of four antennas are required. The branching arrangement for a
typical space diversity system with baseband switching is shown in Figure 5.25.
5.7.5 Hybrid Diversity Branching
For extra performance on very long or difficult paths, frequency diversity and
space diversity can be combined. This is called hybrid diversity. In a 1 + 1
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Figure 5.25 Block diagram of space diversity branching.

frequency diversity system this can be very cost-effective because only three
antennas are required to give full space and frequency diversity improvement
in both directions. This is done by transmitting the transmit signal from the
second frequency diversity path on the lower antenna at the one end. The
arrangement is shown in Figure 5.26.
The best diversity improvement can be obtained using four antennas and
four receivers, since there are then three separate paths (with corresponding
improvement factors) that can be considered. This is shown in Figure 5.27.

Figure 5.26 Block diagram of hybrid diversity with three antennas.
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Figure 5.27 Block diagram of space diversity with four receivers.

5.8 Equipment Characteristics
Link planners need to be aware of the characteristics of radio equipment in
order to specify the correct equipment and use the correct parameters in the
radio link design. The most important characteristics that are normally included
on a data sheet are discussed in the following sections.
5.8.1 RF Details
5.8.1.1 Frequency Range

Radio equipment is designed to operate over a certain frequency range. Nonsynthesized equipment will be tuned to the actual channel that is being used before
delivery to site. Synthesized equipment can be software tuned to the channel
frequency on site; however, even though it will operate over a large frequency
range, this does not always cover the entire frequency band, so more than one
transceiver may be required. Different transceivers are also usually required for
the high- and low-band ends. The equipment transceiver range should thus be
checked against the frequency plan that is being used. One should then determine
what has to be done to tune the radio to the specific frequency channel. This
will also involve different branching requirements.
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Tx/Rx Separation

The minimum spacing allowable by the radio will be specified. This is a function
of the RF filtering and branching isolation. The radio planner needs to check
the equipment specification against the frequency plan being used.
5.8.1.3

Channel Spacing

One needs to check that the channel spacing required is supported by the
equipment. The filtering and modulation technique will determine the channel
spacing. Channel filters, which form part of the branching, are often required
at lower frequencies (e.g., 7 GHz) to meet the strict bandwidth limits set by
the ITU.
5.8.1.4

Frequency Stability

The stability of the RF carrier is normally specified in parts per million (ppm).
One ppm corresponds to 1 Hz in a megahertz or 1 kHz in a gigahertz. If the
stability of a 7-GHz carrier is given as 3 ppm, the offset allowed is 21 kHz.
5.8.2 Transmitter Characteristics
5.8.2.1

Transmit Output Power

The transmit output power is usually specified either at the transmit output
module or at the antenna flange in dBm. In the latter case, the transmit branching
losses are already included. One should check whether typical or guaranteed
figures are specified. Typical figures tend to be 3 dB to 4 dB better than
guaranteed.
5.8.2.2

Transmit Power Control

The transmit output power can often be attenuated using software settings in
the radio. An adaptive transmit power control called automatic transmit power
control (ATPC) is used to improve frequency interference by attenuating the
transmit power under nonfaded conditions and then boosting the power during
fading. This is done by monitoring the receive level and feeding this information
back to the transmitter. If no fading occurs, the transmit power is attenuated,
thus reducing the EIRP. During fading this attenuation is removed, restoring
the full design fade margin included to overcome fading effects.
5.8.2.3

Output Spectrum and Spurious Emissions

To reduce interference into other systems, the spurious emissions from a transmitter need to be reduced by adequate shaping and filtering. Transmit output
masks and spurious emission limits relative to the carrier frequency are specified
in equipment standards.
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5.8.3 Receiver Characteristics
5.8.3.1 Receiver Threshold 10−6 and 10−3

The receiver threshold is a critical parameter to obtain since this is one of the
main parameters used to determine the fade margin. Strictly speaking, it is a
10−3 value that is used for the fade margin since outages are based on SES.
Users often prefer the 10−6 value nowadays as a minimum quality level for data;
however, it should be noted that this is not measurable under dynamic fading
conditions. One should use the guaranteed threshold values in the calculations.
One must be clear on whether the quoted values are relative to the antenna
flange or specified at the input to the receiver. Receiver threshold values are
quoted in dBm. They will always be a negative value, typically around −70
dBm to −90 dBm.
5.8.3.2 Maximum Receive Level

For short hops one needs to be careful not to exceed the maximum input receive
level. If the signal level is too strong, errors can occur due to saturation of
the receiver circuitry. If the levels are extreme, irreversible damage can occur.
Equipment manufacturers will specify the maximum overload receive level.
Maximum levels are quoted in dBm, typically around −15 dBm.
5.8.3.3 Dispersive Fade Margin

The dispersive fade margins (DFM) are usually quoted for 10−6 and 10−3. As
with receiver threshold values, the 10−3 value is the correct one to use for the
fade margin. Adaptive equalizers dramatically improve DFM values. The DFM
value for equipment should typically be 10 dB better than the flat fade margin
required. DFM values are quoted in decibels and vary from around 35 dB
(without equalizers) to better than 70 dB.
5.8.4 C/I Ratio
Frequency planning requires some equipment parameters for the interference
calculations. The minimum carrier-to-interference ratio (C/I) that the demodulator can tolerate is important, as is the net filter discrimination (NFD). This is
covered in detail in Chapter 8. Manufacturers will normally supply curves or
a table of values for these two parameters. In digital systems, interference at
the threshold is more critical than under unfaded conditions; therefore, the
threshold-to-interference (T/I) values are required.
5.8.5 Digital Interfaces
It is important to specify the radio equipment baseband interface required
because different standards exist. The normal radio interface complies with
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ITU-T G.703 and can either be an unbalanced 75-⍀ coaxial connection or a
balanced 120-⍀ twisted-pair cable connection. This often needs to be specified
before delivery of the equipment; however, in some equipment both options
are supported and are software selectable. High-capacity radios such as STM-1
have an optical connection to be interfaced to an ADM. An electrical option
is often included as well.
5.8.6 Management and Alarm Interfaces
Modern equipment is software configurable using a PC. Usually a link can be
set up, configured, and monitored without having to do any physical adjustments
on the equipment. Another recent advancement is the use of a standard Web
browser to access the radio link using an Ethernet connection. By providing
each radio terminal with an IP address the radios can be accessed over the
internet with the display appearing in HTML format. This allows one to access
any element in the network via a remote PC. Security is obviously required to
ensure that only authorized personnel have access to this information. A connection to the network management system is also required. Nowadays this is
usually an Ethernet connection.
Most radios also have various alarm inputs and outputs. Inputs are required
to carry the alarms from colocated external equipment over the radio system.
This may also be station alarms such as door alarms or tower light alarms. Relay
outputs are also sometimes provided for controls. For example, one may want
to set off an audio or visual alarm at a station. These management and alarm
interfaces are usually available from the front panel of the equipment in DB-type
or Ethernet type (10-Base T) connectors.

5.9 Power Details
5.9.1 Input Voltage Range
Most microwave telecommunications equipment runs off 48-V DC; however,
traditional low-capacity radios used 24V and therefore many sites still have
24-V power supplies. Some radio equipment have an extended input range that
accommodates 24-V or 48-V supplies of both polarity. However, an external
power converter may be required for equipment that does not cover this range.
Equipment installed in urban areas also often does not have a DC power supply;
therefore, inverters may be required for the equipment to run off a main supply.
A small battery backup should be included to overcome power cuts.
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5.9.2 Power Consumption
In order to work out the requirements for the station’s power supply and battery
capacity, one needs to add up the total power consumption of all the equipment.
The power consumption figures of the radio terminals need to be considered.
These figures are quoted in watts.

5.10 Environmental Considerations
It is becoming increasingly important to comply with environmental specifications. In Europe it is mandatory that equipment complies to the strict electromagnetic compatibility (EMC) standards [6–8]. In addition, limits are set on aspects
such as operational temperature range, ingress protection (water, humidity,
dust), shock and vibration, and transportation and storage [9].

5.11 Equipment Type Approvals
In many countries a government-appointed telecommunications regulator exists
who will often insist that equipment be type approved before being installed into
a network. This usually involves proving conformance to relevant international
equipment standards with particular emphasis on aspects such environmental
aspects, EMC, and transmit output spectrum. The radio planner should ensure
that equipment being used is approved for use in those countries that demand
it.
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6
Microwave Propagation
Link design is mainly about accurately predicting the outage period that a radio
link will suffer and ensuring that it does not exceed the quality objectives
discussed in Chapter 3. Most outages occur as a result of atmospheric effects.
Therefore, it is necessary for the radio planner to have a thorough understanding
of microwave propagation.
If the microwave signal traveled in a vacuum (free space), it would travel
in a straight line and behave in an identical way at all times. However, the
radio signal is launched into the troposphere where different weather conditions
impact the path trajectory and signal absorption. The weather changes at different
times of the day and has varying seasonal characteristics throughout the year.
This chapter will discuss the various atmospheric effects in order to be able to
model the microwave signal behavior and design the microwave links in a way
that these outages can be quantified.

6.1 Atmospheric Effects on Propagation
Many articles written about radio links imply that the beam is a pencil-thin
ray that travels in a straight line between two antennas. In reality, it is an
electromagnetic wavefront that is infinitely wide even with high-gain microwave
antennas. The path that the wavefront travels is dependent on the density of
the troposphere—the lower portion of the atmosphere—that it encounters. In
a vacuum the density that the wavefront would encounter is uniform. In a
standard atmosphere the average density decreases with altitude. The upper
portion of the wavefront thus travels faster than the lower portion that is
traversing the denser medium. Since the direction of propagation of an electro129
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magnetic wavefront is always perpendicular to the plane of constant phase, the
beam bends downward. This is called refraction.
6.1.1 Refractive Index
The refractive index (n) is the ratio of the speed of an electromagnetic wave
traveling in a vacuum (sometimes called free space) relative to the speed it would
travel in a finite medium as expressed by
n = c 0 /c

(6.1)

where c 0 is the speed of light in a vacuum and c is the speed of the wave (in
this case the microwave signal) in the finite medium (air in the case of transmitting over the radio path). Strictly speaking, we should refer to the speed as
velocity when we take this into account.
As the refractive index of air is very close to unity (1.0002926), the velocity
of the microwave signal is very close (99.97%) to the speed of light, so for all
practical purposes it can be considered to travel at the speed of light over the
path. In the link calculations the atmospheric attenuation due to water and
oxygen absorption in the atmosphere is added, but it is only really significant
above 10 GHz. Due to the dielectric constant of foam-filled cable, the velocity
is reduced by a lot more, so it could travel at only 80% of the speed of light,
through the cable. This is referred to as the velocity factor. The velocity factor
of different cables can be found in manufacturer handbooks. This affects the
wavelength of signal. However, while this is very relevant to equipment designers,
the system design parameters do not need to take this into account, with the
possible exception of phasing for an antireflecting space diversity system, where
path length is critical.
6.1.2 Radio Refractivity
The refractive index, in the nonionized atmosphere in which the microwave
radio travels, is always greater than unity. It is a function of the air density
(temperature, pressure, and humidity). Usually, it is only a small fraction greater
than unity, for example, 1.000315 (the average ground refractive index). The
radio refractivity N has been defined by radio planners to produce more convenient values, where the radio refractivity (N ) is defined as
N = (n − 1) × 106

(6.2)

Substituting the value for the ground refractive index (n = 1.000315) into
(6.2) yields a value for N of 315 N-units.
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The radio refractivity for links below 100 GHz is defined as [1]
N = 77.6 P /T + 3.732 × 105 e /T 2

(6.3)

where P is the atmospheric pressure in mbars, T is the absolute temperature in
Kelvins, and e is the partial pressure due to water vapor in mbars.
The value of N varies with altitude since pressure, temperature, and humidity all vary with height. Pressure and humidity normally decrease exponentially
with height. Temperature normally decreases linearly with altitude of approximately −6°/km. Humidity and temperature do, however, change under certain
conditions, resulting in variations of radio refractivity.
In general, the atmosphere displays an exponential decrease of N with
height. For an average atmosphere, the refractivity can be written as
N (h ) = N 0 exp (−h /h 0 )

(6.4)

where N 0 = 315 N-units (average refractivity value extrapolated to sea level)
and h 0 = 7.35 km.
6.1.3 Refractivity Gradient
As a radio link designer, one is not so much interested in the absolute level of
refractivity as in the change in the value over the microwave front. It is thus
the gradient of refractivity that is of interest. Although the atmospheric gradient
is exponential with altitude, in the lowest few hundred meters—which is where
the axis of the microwave beam is traveling—it can be approximated as a linear
gradient. The refractivity gradient is thus defined as
G = dN /dh

(6.5)

Under well-mixed atmospheric conditions, this value is a constant. Experimental results from a hop in Trappes, France, [2] show that the median value of
the refractivity gradient for a typical hop length is −39 N-units/km. Refractivity
gradients change with time, leading to anomalous propagation conditions as
shown in Figures 6.1 to 6.4. It can be seen in Figure 6.1 that if the refractive
index is constant across the beam wavefront, the speed of propagation at the
top of the beam is the same as at the bottom of the beam, and it thus travels
in a straight line. In a well-mixed normal atmosphere, the refractive index
decreases with altitude; in other words, the air is thinner as one goes up in
altitude. The density of the air that the microwave rays experience, across the
wavefront, is thus less at the top of the beam than at the bottom of the beam.
The wavefront thus speeds up at the top of the beam and slows down at the
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Figure 6.1 Refraction in a vacuum.

Figure 6.2 Refraction in a normal atmosphere.

bottom of the beam, and as the direction of propagation is perpendicular to
the plane of constant phase, a key characteristic of a TEM wave, the beam
bends downwards. This is shown in Figure 6.2, where the normal trajectory of
a microwave signal defines the ray trajectory for most of the time. In practice,
antennas are thus tilted slightly upwards, by a fraction of a degree to ensure
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Figure 6.3 Abnormal refraction causing upward bending (possible diffraction).

Figure 6.4 Abnormal refraction causing downward bending (possible multipath).

that the center point of the beam is aligned with the boresight of the antenna,
under normal conditions. For a small percentage of time, the refractive index
at the top of the beam is greater than at the bottom of the beam, and thus the
top of the wavefront slows down and the bottom speeds up causing the beam
to bend upwards. This is shown in Figure 6.3. The center point of the beam
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will have thus traveled closer to the ground than normal, resulting in possible
diffraction loss from insufficient clearance over any obstacles. In the same way,
for a small percentage of time, the refractive index at the top of the beam is
abnormally lower than the bottom, so that the signal is bent strongly downwards.
This is shown in Figure 6.4. Under these conditions, multipath fading and
ducting can occur.
6.1.4 Effective Earth Radius
Due to refraction of the signal, the radio wave does not travel in a straight line.
The bending of the ray is dependent on the point gradient of refractivity that
the ray experiences at each point along the path. If one averages these point
gradients over the path, it can be assumed that the ray follows a curved trajectory.
The ray can thus be considered to travel in an arc with radius r. This radius
is inversely proportional to the average refractive index gradient over the path,
hence allowing the following approximation
1/r = dn /dh

(6.6)

Just as the radio ray is not a straight line, the Earth’s surface over which
it travels is not flat. Even if traveling over a flat surface such as the sea, the
curvature of the Earth needs to be taken into account. The Earth is not round
but an oblate spheroid; however, to simplify matters, the surface of the Earth
can be approximated to be an arc with an average radius of 6,371 km.
We now have a situation where the clearance of the radio beam over the
Earth’s surface is dependent on the relative distance between two curves. An
analysis of the clearance is made easier if one of the curves is straight and the
other is given extra curvature to compensate. It is convenient to imagine that
the radio ray travels in a straight line relative to an effective Earth radius, which
has been adjusted by the refractivity gradient. This radius is the real Earth radius
multiplied by an effective Earth radius factor ‘‘k ’’ that is dependent on the
refractivity gradient. This is commonly referred to as the k-factor and should
not be confused with the geoclimatic factor ‘‘K.’’
It is essential to understand that whenever one uses k-factor analysis, one
is no longer dealing with the real scenario. One curve is fictitiously made straight
and the other fictitiously given extra curvature. A k-factor analysis should be
used to determine relative clearance and not to predict beam curvature in terms
of angle of arrival into an antenna. For example, when the k-factor goes below
unity, the actual beam bends upward, whereas, using ray-tracing techniques,
the beam would appear to bend downward.
Given this, what value do you assume the k-factor would be when the
signal travels parallel to the Earth’s surface? Intuitively, one may feel the answer
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is unity (k = 1). However, because one of the curves is made straight, the
k-factor must be infinity to compensate. A k-factor of unity means one of the
curves is already straight; hence, it would refer to a radio signal traveling in a
straight trajectory over a curved Earth equal to the real radius of the Earth.
The k-factor is related to the refractive index gradient [3]
k = 1/(1 + a dn /dh )

(6.7)

where a is the real radius of the Earth (6,371 km).
If we rearrange the radio refractivity N defined in (6.2), we get
n = N × 10−6 + 1

(6.8)

To obtain the gradient, we need to differentiate (6.8) with respect to
height. Hence
dn /dh = 10−6 dN /dh = 10−6 G

(6.9)

Substituting this into (6.7) yields
k = 1/(1 + 0.006371 G )

(6.10)

= 157/(157 + G )
Using (6.10), one can relate some commonly referred to values of k to G
as shown in Table 6.1.
6.1.5 Anomalous Propagation
The refractivity gradients, which cause the bending of the radio beam, also change
with time. Experimental measures have shown that the refractivity gradient can

Table 6.1
Comparison of k-factor Versus Refractivity Gradient

k-factor
k
k
k
k

=
=
=
<

1
4/3
∞ (infinity)
1

Radio Refractivity
Gradient G
G
G
G
G

=
=
=
>

0
−39
−157
0
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change from being positive to steeply negative. The extreme values only persist
for small percentages of time. Typical field results are shown in Figure 6.5.
It can be seen from Figure 6.5 that extremely negative and positive values
are only present for small percentages of the time. The median value (50%) in
this case is −39 N-units/km, which corresponds to a k-factor of 4/3. It can also
be seen that the negative values are more extreme than the positive values.
When the gradient of refractivity displays average characteristics, it is called
standard refraction. This corresponds to the commonly quoted value of
G = −39 N-units/km (or k = 4/3). When the gradient becomes positive, it is
known as subrefraction and can cause diffraction loss. When the gradient
becomes more negative than G = −100 N-units/km, it is called super-refractive
and results in multipath fading. When the gradient becomes more negative
than G = −157, ducting conditions occur resulting in severe multipath, beam
spreading, and even blackout conditions. The ITU [4] provides a series of curves
that detail the percentage of time that the refractivity gradient (PL) is less than
−100 N-unit/km. This gives an indication of the probability of ducting being

Figure 6.5 Field results showing probability distribution of refractivity gradients.

Microwave Propagation

137

a problem. The bending of radio waves caused by different refractivity gradients
is shown in Figure 6.6.
6.1.5.1 Multipath Fading Mechanism

Multipath fading is a complex fading mechanism, especially on wideband systems. Since it is difficult to visualize the problem, some mathematics will be
used to illustrate the problem.
Multipath Channel Transfer Function

The first step in analyzing the problem is to derive the transfer function of the
atmosphere under multipath conditions. The transfer function is a mathematical
concept used to analyze the effect of a signal through a network. It is represented
by the output of the signal divided by the input.
In a multipath condition we input a microwave signal into the channel,
and the output consists of a direct signal and a delayed signal that has been
reflected or refracted. Assume that the direct ray is represented by
a 1 (t ) = a 1 exp ( j t )

(6.10)

where a 1 is the amplitude of the direct ray and  = 2 f where f is the
frequency.
Now let the delayed signal have a delay  and phase  , where  represents
the time delay of the echo, and  represents the phase rotation of the signal.
Then
a 2 (t ) = a 2 exp ( j ( (t −  ) −  ))

(6.11)

where a 2 is the amplitude of the delayed (secondary) ray.
The sum of these two at the receive antenna is represented by x (t )
x (t ) = a 1 (t ) + a 2 (t )

(6.12)

The transfer function H ( ) is represented by the output over the input.
Hence, dividing (6.12) by (6.10) yields
H ( ) = x (t )/a 1 (t )
= 1 + (a 2 /a 1 ) exp (−j ( +  ))

(6.13)
(6.14)

If we call the relative amplitude difference between the echo and the direct
ray ‘‘b,’’ (6.14) can be rewritten as
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Figure 6.6 Ray bending caused by refraction.

H ( ) = 1 + b exp (−j ( +  ))

(6.15)

where b is the amplitude of the echo relative to the direct ray and is always
greater than zero, except for the case where the echo has an amplitude greater

Microwave Propagation

139

than the direct ray and its value is greater than unity.  is the value of the delay
of the echo. Although it is normally positive, if the echo arrives before the main
signal, its value is negative.
Equation (6.15) describes the channel transfer function using two-ray
interference analysis; however, it is also known that the overall signal level is
also attenuated in a real channel. At times the fading results in a flat attenuation
across the frequency band of interest, and this can be represented by an attenuation factor ␣ that is independent of frequency. Hence, (6.15) can be rewritten
as
H ( ) = ␣ (1 + b exp (−j ( +  ))

(6.16)

We can now convert (6.16) from its complex representation into a
Cartesian representation. To explain the concepts of complex and Cartesian
equations, the generic conversion is
Z = | Z | e j = a + jb

(6.17)

where a = | z | cos  and b = | z | sin  , where | z | = √(a 2 + b 2 ) and denotes
the magnitude of the signal and  = arctan (b /a ) and is the phase of the signal.
The Cartesian representation of (6.16) is
H ( ) = ␣ [(1 + b cos ( +  )) − j (b sin ( +  ))]

(6.18)

To determine the amplitude versus frequency response of the transfer
channel we need to determine the magnitude of (6.18). This is plotted in Figure
6.7 and is derived from

| H ( ) | = ␣ √(1 + b 2 + 2b cos ( +  ))

(6.19)

Frequency Response

Equation (6.19) is a periodic
cos ( +  ) = − 1. Hence,

function

that

has

minima

( +  ) =  ± 2 n for n = 0, 1, 2, . . .

when

(6.20)

The difference between two notches can be derived as follows:

n  =

再

−
3 − 

for n = 0
for n = 1

(6.21)
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Figure 6.7 Frequency response and group delay of multipath channel.
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The difference between two notches is

 1  =  0  = 2

(6.22)

Considering that  = 2 f , we can rearrange (6.22) to derive the very
important result
⌬ f = 1/

(6.23)

In other words, the difference in frequency between two minima (notches)
is equal to the inverse of the delay of the echo caused by that notch, as shown
by Figure 6.7. If the delay varies with time over a multipath channel, as is the
case with a microwave link during ducting conditions, the notch will move
across the bandwidth of the receiver.
Minimum and Nonminimum Phase Conditions

The multipath channel is a function of both the delay of the secondary signal
( ) and its relative amplitude value (b ). The combination of these two values
results in different conditions.
When the relative amplitude of the echo is less than the main beam and
the delayed signal occurs after the main signal or when the relative amplitude
of the echo is greater than the main beam and the delayed signal occurs before
the main beam, the condition is known as a minimum phase condition. Under
opposite circumstances, it is known as a nonminimum phase condition. This
is summarized in Table 6.2.
The reference to minimum phase and nonminimum phase relates to circuit
theory where the transfer function is drawn (via the Laplace transform) in the
s-plane. Maxima and minima in this case are represented by poles and zeros,
respectively. The transfer function of the multipath channel can be drawn on
the s-plane as an infinite series of zeros (corresponding to the notch minima),
as shown in Figure 6.8.
It can be seen from Figure 6.8 that for any given frequency  , the phase
 is always less in the minimum phase condition (left-hand side), hence its
Table 6.2
Minimum and Nonminimum Phase Conditions
Minimum phase
Nonminimum phase






>
<
>
<

0
0
0
0

0<b<1
b>1
b>1
0<b<1
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Figure 6.8 Polar zero diagram of phase condition.
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name. As one increases the frequency, the phase increases for the minimum
phase condition but decreases for the nonminimum phase condition, which
means that the amplitude response for the two cases is identical but the group
delay response is inverted (i.e., one is a mirror image of the other).
The maximum value possible is ␣ (1 + b ) and the minimum value possible
is ␣ (1 − b ). In other words, the closer b is to unity, the deeper is the notch.
The ratio of the minimum to maximum values expressed in decibels is
H dB = 20 log ((1 − b )/(1 + b ))

(6.24)

Also, since minima are separated by 1/ , the longer the delay the closer
together the notches are in frequency.
Group Delay

The phase response can be derived from (6.18) as

 = arctan ((b ⭈ sin ( +  )/(1 + b ⭈ cos ( +  ))

(6.25)

The group delay is defined as the rate of change of phase with frequency;
hence, it can be derived from the derivative of (6.25) with respect to frequency
T ( ) = d /d

(6.26)

If one performs this derivative and plots the response, one obtains the
curve for the minimum and nonminimum phases, respectively, as shown in
Figure 6.7. The amplitude response is identical in both cases.
Mathematical Models

As previously mentioned, the transfer function of the multipath channel is
dependent on four variables: ␣ is the attenuation factor constant across the
receiver bandwidth, b is the relative amplitude of the delayed signal to the main
one,  is the propagation delay of the echo, and  is the phase shift of the
echo.
As far as these parameters are concerned, they are only known in statistical
terms from field measurements. Because one frequency response can be reconstructed in many different combinations of these four parameters, a mathematical
description that is based on physical reality is almost impossible. The only
method that has been used to analyze the problem is to produce a mathematics
model that assumes one of the variables constant.
In reality, as many as 11 rays can be present in an atmospheric multipath
situation [5]. The number of rays will always be an odd number, as shown by
Figure 6.9.
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Figure 6.9 Effect of a duct on wavefront.

For practical applications the number of rays may be reduced to three or
less. Specifically, all the mathematical models are usually based on the threeray model or a simplification thereof. In this model we have a direct ray and
two reflected/refracted rays. One of these delayed rays has a delay time that is
sufficiently small to assume that its contribution is coherent and, hence, represents flat fading rather than frequency selective fading. Now, as we have already
said, we need to reduce the number of parameters from four down to three for
analysis purposes. To do this, we need to assume one of the four parameters
is constant. One such model assumes that the delay is constant and is based
on work done by William Rummler of Bell Laboratories [6]. Using the propagation data from a 26.4-mile hop near Atlanta, Georgia, the model was confirmed
in 1977. It was found that for a channel with a 30-MHz bandwidth, a model
with 6.3 ns of delay produced accurate results for all channel conditions.
Another model assumes the attenuation factor is constant. This is probably
the most physically representative model because radio receivers are able via
their AGC to compensate for flat fading. This is referred to as a two-ray model
because the effect of the third ray producing the flat attenuation is eliminated.
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6.1.6 Physical Atmospheric Conditions
In this section we discuss the physical reasons why these atmospheric layers
display abnormal refractivity gradients. Recall from (6.3) that the radio refractivity (N ) can be expressed in terms of pressure (P ), temperature (T ), and humidity
(e ). The effects will be discussed in terms of positive and negative refractivity
gradients, respectively.
6.1.6.1 Positive Gradients

Considering (6.3), it can be seen that in order to have a positive refractivity
gradient one requires either a strong negative temperature gradient or a positive
humidity gradient or both. The various pressure, temperature, and humidity
gradients causing positive refractivity gradients are compared with normal gradients in Figure 6.10.
The advance of cool moist air (advection) can cause positive gradients
over hot, dry ground, especially in coastal regions. This results in a steep increase
in humidity above the ground surface. Another cause is the lifting of a warm
air mass by cool dry air during frontal weather processes (storms). Autoconvection, which describes the convection of heat from an extremely hot surface, is
another possible cause. In this case a steep negative temperature gradient is
present in the hot dry air above the Earth’s surface and bounded by the cooler
air mass displaying normal refractivity. Conduction due to solar heating has
the same effect.
6.1.6.2 Negative Gradients

Once again considering (6.3), one can see that negative refractivity gradients
require positive temperature gradients (temperature inversion) and/or strong
negative humidity gradients (hydrolapse). The various pressure, temperature,
and humidity gradients, which result in abnormal negative refractivity gradients,
are compared with normal gradients in Figure 6.11.
Abnormal negative gradients (< −100 N/km) can result due to various
atmospheric conditions such as subsistence, advection or surface heating, and
radiative cooling. These processes can lead to extremely steep negative refractivity
gradients in excess of −157 N/km and result in the formation of ducts.
The first process that can lead to ducting is evaporation. A shallow, surfacebased duct can form above wet surfaces such as moist ground or the sea due
to the steep negative humidity gradient. In some areas, a semipermanent duct
can form above the ocean, with depths up to 20m. The depth varies according
to altitude (the lower altitudes experiencing deeper ducts) and according to
seasonal, geographical, and diurnal conditions. Land-based ducts of this type
are normally short-lived. Advection is another process that leads to the formation
of ducts. The advance of warm dry continental air over a cool surface, such as
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Figure 6.10 Positive refractivity gradients.

wet ground or the cool sea, causes a cooling and moistening of the lower layers
and results in a temperature inversion and steep negative humidity gradient.
The warmer and drier the air, the stronger the gradient. Advection ducts can
also sometimes be observed when warm, moist air is advected over a cooler sea,
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Figure 6.11 Negative refractivity gradients.

resulting in a temperature inversion. Quasi-advection, in which a strong cool
wind blows over a warm wet surface, such as the sea, can also lead to a steep
negative humidity gradient proportional to the strength of the wind. These
advection ducts are particularly important in coastal regions. Frontal weather
processes, such as an advance of cool surface air lifting a stable warm air mass,
can lead to a temperature inversion, with an elevated duct resulting. These ducts
also are usually short-lived. Anticyclonic subsidence is the most common reason
for elevated ducts in midlatitudes, where a temperature inversion is caused by
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the subsiding air. In particular, when a stratocumulus cloud forms the boundary
layer beneath the anticyclonic inversion, ducting can occur due to the hydrolapse.
In some regions where stratocumulus clouds are semipermanent, such as in the
subtropics, semipermanent ducting can be prevalent. These ducts can form up
to 3 km above the Earth’s surface. It is only the ducts in the first few hundred
meters of the ground that are of any interest to point-to-point microwave radio
link designers. Nocturnal radiation of heat with subsequent cooling of the
Earth’s surface under clear skies can lead to the formation of a temperature
inversion. Dew deposition on the ground leads to an increase of humidity with
height, which reduces the possibility of a duct formation. On the other hand,
if the ground is wet due to dew deposition, a duct could form at sunrise as the
dew evaporates. Light surface winds tend to reduce the dew deposits (and hence
reinforce the hydrolapse) and can result in severe cooling of the Earth’s surface
(thus reinforcing the temperature inversion). If the wind is too strong, a mixing
of the atmospheric layers occurs and a duct will not form [7]. Temperature
inversions are the primary cause of ducts, which influence radio link propagation.
As pollution gets trapped in the duct, these ducts are often visible. The various
synoptic processes that lead to abnormal refraction conditions are illustrated in
Figure 6.12.
One may read in various texts written in North America and Western
Europe that multipath fading is a summer phenomenon—this is probably related
to the high humidity and dew content in summer. In temperate climates where
the surface heating is shallow, the problem appears to be worse in winter. A
small amount of moisture from dew deposits can lead to a steep humidity
gradient even though the actual humidity level is low. This, coupled with a
temperature inversion, can result in severe multipath fading conditions.
6.1.7 Modified Refractivity
If one considers super-refractivity, when the gradient becomes more negative,
the signal propagation range is increased due to refraction. At a certain critical
gradient (G = −157), the ray would be parallel to the Earth and have a theoretically infinite range. After this, if the gradient becomes more negative, blackout
conditions can occur because the radius of the radio beam becomes less than
the radius of the Earth and becomes so strongly refracted downward that it
does not reach the receive antenna. This condition, where the refractivity gradient
is less than −157, has already been described as a ducting condition.
For various applications such as ray tracing, a modified refractivity called
the refractive modulus is used when considering ducting. This is defined as
M = N + 106 h /a

(6.27)
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where h is the height above the Earth’s surface and a is the radius of the Earth.
This transformation allows one to consider the Earth as flat with the atmospheric
condition having the characteristic of M . Substituting the Earth’s radius (6,371
km) in (6.27) yields
M = N + 157 ⭈ h

(6.28)

where h is in kilometers. Hence,
dM /dh = G + 157

(6.29)

The gradient of the refractive modulus with height (dM /dh ) is zero when
the refractivity gradient G = −157 and is negative for ducting conditions, so it
can be seen why it is useful for analyzing ducting conditions. In practice there
are three forms of the M-profile under ducting conditions. The first is where
the duct has a negative M gradient from the surface to the top of the duct.
The second is also a surface duct but a positive gradient of M is present at the
surface, which means that the trapping layer does not extend right down to the
Earth’s surface. This happens because the value of M at the surface is greater
than the value at the top of the duct, forming an S-shaped surface duct. The
third type is where the value of M at the surface is less than the value at the
top and so the duct does not extend down to the ground but is elevated. Its
depth extends from the local minimum to the height at which the M-value
equals that at the top of the duct. This is called an elevated duct. The M-profile
ducting diagrams are shown in Figure 6.13.
Under ducting conditions the individual ray emitter from a microwave
antenna can cross at some point and cause interference. This results in an uneven
distribution of power in space, where in certain areas there is a concentration
of energy but at others the signal level is low. For microwave frequencies it is
convenient to use geometric optics to analyze the problem. Computer-based
ray-tracing techniques are therefore used to analyze this phenomenon. A typical
ray-tracing curve under ducting conditions is shown in Figure 6.14.

6.2 Free-Space Propagation
Radio waves are affected by the presence of the Earth and the atmosphere
surrounding it. For microwave point-to-point links it is the nonionized lowest
portion of the atmosphere (below roughly 20 km), called the troposphere, that
is of interest. For path-planning purposes it is useful to define a reference
position where the propagation can be considered unaffected by the Earth. The
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Figure 6.13 M-profile ducting types.

loss between two antennas unaffected by the Earth is called the free-space loss
and can be derived as follows.
Consider a point source with power Pt. If one imagines that this is bounded
by a sphere, with a radius d, the power ratio between transmitting source and
receiving antenna at point d can be expressed as
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Figure 6.14 Ray tracing in ducting condition.

Pt /Pr = (4 d / )2

(6.30)

Now if we substitute  = c /f into (6.30), we get
Pt /Pr = (4 df /c )2
= (4 /c )2 + d 2 + f

(6.31)
2

Converting to decibels, we get
10 log (Pt /Pr ) = 10 log ((4 /c )2 + d 2 + f 2 ) dB

(6.32)

If one now assumes that two isotropic radiators are used as source and
sink antennas, then the free-space loss between the two antennas can be expressed
as
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FSL = 10 log (Pt /Pr ) dB
= 20 log (4 /c ) + 20 log d (m) + 20 log f (Hz)
= 20 log (4 /c ) + 20 log d (km) − 20 log 103
+ 20 log f (GHz) − 20 log 109
= 20 log (4 ) − 20 log (3 × 108 ) − 20 log 103 − 20 log 109
+ 20 log d (km) + 20 log f (GHz)
= 92.4 + 20 log d km + 20 log f GHz dB

(6.33)

If we substitute units of megahertz and miles, this equation becomes:
FSL = 36.6 + 20 log d (miles) + 20 log f (MHz)

(6.34)

or expressed in gigahertz
FSL = 96.6 + 20 log d (miles) + 20 log f (GHz)
Note that a doubling of distance only represents a 6-dB decrease in the
signal. This is an important consideration for interference as it shows that
distance on its own does not sufficiently reduce an interference source—the
wanted signal at the receiver end of a 50-km-long path is only 30 dB lower
1,600 km away, which is well above the level it would need to be, to be ignored.
(Fortunately in most cases the topography blocks the interference signal, and
the diffraction losses reduce it below the interference threshold.) In practice,
the atmospheric absorption attenuation needs to be added to the free-space loss
attenuation to calculate the nominal receive signal of a microwave signal over
a fixed radio hop in unfaded conditions.

6.3 Power Budget
In order to determine the performance of a link, one has to work out the
percentage of time the signal will be below the threshold of the radio receiver
relative to the total time period. One therefore has to determine the difference
between the nominal signal level and the receiver threshold level. This is known
as the fade margin. It is imperative to be able to predict the expected receive
level of a radio link for two main reasons. Specifically, one must ensure that
an adequate fade margin exists in the design phase and one needs to know
when the antennas have been panned correctly during the commissioning phase.
Adding the various gains and losses over the path from transmitter output
module to receiver demodulator input is called the power budget.
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6.3.1 Receiver Threshold
The receiver threshold is the minimum signal required for the demodulator to
work at a specific error rate. Two thresholds are normally defined, one at a
BER of 10−6 and the other at a BER of 10−3.
The reason for this is the original cutoff for audio applications was 10−3,
whereas it is generally considered data requires at least 10−6 for an acceptable
throughput rate. In ATM applications, which includes 3G cellular (UMTS),
10−9 is required, which originally raised some concerns in the industry about
the suitability of radio systems for these applications. It must be remembered
that in an unfaded condition the radio systems operate around 10−13 (the same
as fiber systems) and the debate is purely about where the threshold cutoff is
defined, which determines the operating fade margin. Strictly speaking 10−3,
or the loss of frame synchronization point (2 × 10−5 for SDH/SONET), is the
correct threshold to use from a performance objective perspective as it is related
to the severely errored second ratio (SESR) but the industry tends to use 10−6
due to the data concerns. In many ways this is an academic discussion as the
radio receivers are so steep in modern radios that the range between 10−9 and
10−3 is often less than 2 dB. It is also impossible to measure the 10−6 point in
a dynamic fading situation. For consistency, it is a pity the industry could not
just agree on a common figure like 10−10 for the theoretical cutoff point so
that it could be said that radios are designed to a 10−10 threshold.
The receiver threshold is dependent on the minimum S/N required at
the receiver input, the noise figure of the receiver’s front-end, and the background
thermal noise (Pn )
Pn = kTB

(6.35)

where k is the Boltzmann’s constant (1.38 × 10−23 ), T is the temperature in
Kelvins, and B is the bandwidth of the receiver. Microwave radio manufacturers
will specify the receiver threshold values of the radio equipment relative to the
bandwidth of the system.
6.3.2 Nominal Receive Level
Under unfaded conditions, the link budget is
P RX = P TX − L TX − FL TX + A TX − FSL + A RX − FL RX − L RX
(6.36)
where P RX is the unfaded receive level in dBm (nominal RX level), P TX is the
transmitter output power in dBm, FL TX, RX is the feeder loss of cable or wave-
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guide in decibels, A TX, RX is the antenna gains in dBi, FSL is the free-space loss
in decibels, and L TX, RX is the branching losses.
6.3.3 Fade Margin
The difference between the nominal receive level and the receiver threshold
level is available as a safety margin against fading. For this reason it is known
as the fade margin. It will be shown later that each hop can be designed with
different fade margins in digital systems, unlike analog systems that were designed
to a specific fade margin (usually 40 dB). The fade margin to be achieved should
match the availability and performance objectives set.

6.4 Fading of Microwave Links
A microwave radio link suffers various signal fluctuations in time for a number
of reasons. These signal variations around the nominal receive level are commonly
referred to as fading. If one were to plot the receive AGC level with time, one
would find that there is a constant variation in the receive level. This is due to
the small variations in the point index gradients of refractivity through which
the signal will pass over the path. This type of fading is called scintillation and
has no effect on the overall system design and can be ignored. Seasonal or
diurnal variations in the average refractivity gradients do affect the signal and
cause refractive fading. This includes diffraction fading; beam spreading (or
defocusing); multipath fading, which results in Rayleigh fading in narrowband
systems and Rayleigh plus selective fading in wideband systems; and ducting
or blackout fading. Another major cause of fading is rain attenuation in highfrequency systems (i.e., mainly above 10 GHz). At this stage it may be helpful
to clarify a term that is often misused in the industry, namely, flat fading.
Strictly speaking, flat fading is nonfrequency dependent and therefore results
in an equal attenuation across the bandwidth of the receiver. Rain fading and
diffraction fading are examples of true flat fading. This term is also used to
describe the attenuation from multipath fading in narrowband systems, which
exhibits a Rayleigh probability distribution curve. Multipath fading is caused
by two or more signals that have traveled slightly different paths and therefore
add or cancel at a particular frequency depending on their phase relationship.
Clearly, they would have a slightly different phase relationship at another frequency within the bandwidth of the receiver. In a narrow bandwidth system
(e.g., 2 Mbit/s), the receiver will generate errors as the signal level reduces due
only to increased thermal noise. It is as though there was an even amplitude
reduction across the bandwidth of the receiver; hence, it is termed flat fading.
In wideband systems, this same multipath effect causes not only amplitude
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reductions but also in-band distortion, which results in errors that are not
amplitude dependent. This is termed selective fading or dispersive fading.
Having set the scene, let us consider some of these fading mechanisms in
a little more detail.
6.4.1 Atmospheric Absorption, Including Rain
The main elements in the atmosphere that absorb electromagnetic energy are
water vapor and oxygen. This is shown graphically in Figure 6.15. Oxygen
resonance occurs at about 0.5 cm (60 GHz) and water vapor resonance occurs
at 1.3 cm (23 GHz). For frequencies below 5 GHz, the effect is thus negligible;
up to 10 GHz, the rain attenuation is normally insignificant compared to the
attenuation caused by refraction effects. Water vapor absorption and rainfall
attenuation are thus usually only considered above 10 GHz. Rain also causes
the signal to scatter, but this effect is negligible for a point-to-point radio link.
As the rain rate increases, the instantaneous amount of water in the path
increases, resulting in very high attenuation. The higher the frequency,
the higher the water absorption. Higher frequency bands, such as 23 GHz and

Figure 6.15 Atmospheric absorption curve.
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38 GHz, are thus only useful for short hops. The absorption has both positive
and negative affects. On the negative side, rain attenuation severely limits link
lengths; however, at 23 GHz, for example, the extra attenuation is used to
improve frequency reuse. Absorption effects due to mist, fog, snow, and dust
are negligible compared to rain attenuation. The water vapor density curves are
provided by the ITU [8]. Rainfall rates are provided by the ITU in terms of
different zones defined as the rainfall rate, which is only exceeded for 0.01%
of the time. In order to obtain this information, it is necessary to use highspeed tipping buckets to accurately measure the rainfall rate. In order to compare
rainfall rates obtained from a weather bureau, the same integration period must
thus be used for a meaningful comparison.
The path attenuation is the sum of the attenuation due to atmospheric
gases (including water vapor) and the attenuation from rainfall
A dB = ␥ a d + ␥ R d

(6.37)

where ␥ a is the specific attenuation in dB/km obtained from the ITU [9], ␥ R
is the specific attenuation in dB/km obtained from the ITU [10], and d is the
path length (km).
6.4.2 Diffraction Fading
Under conditions where a positive refractivity gradient is present, the radio
beam is refracted upward and hence the portion of the wavefront that is received
at the distant end has traveled closer to the ground than usual. With certain
terrain profiles and depending on the height of the two antennas, this could
result in loss of visibility and a resulting diffraction loss. The radio path designer
needs to ensure that this diffraction loss does not cause an outage in excess of
the availability objectives by placing the antenna at suitable heights above the
ground. In order to determine what that suitable height is, we need to first
understand the diffraction mechanism.
6.4.2.1 Fresnel Zones

In order to ensure that the diffraction loss due to loss of visibility is acceptably
small under all possible atmospheric k variations, it is essential that a path profile
be drawn that shows the antenna heights and terrain heights adjusted to account
for the k variation. Normally the particular area of the profile that has the least
clearance from a direct ray drawn between the two antennas is called the
dominant obstacle. Note that in some cases the dominant obstacle can be
different for different values of k. When the LOS ray between the two antennas
just clears the dominant obstacle, the condition is referred to as grazing LOS.
Because the microwave beam travels as a wavefront and not as a single ray,
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grazing LOS will not result in free-space propagation conditions. In other words,
even if the other end is clearly visible, this is not sufficient to ensure that
obstruction losses will not occur. To determine the amount of clearance necessary
for this condition, the concept (developed in geometric optics) of Fresnel zones
is useful. This concept is based on introducing an infinitely thin screen into
the direct path of an electromagnetic wavefront and analyzing the bending
around the screen, which is called diffraction. According to Huygen’s principle,
a wavefront can be considered as an infinite number of secondary wavelets each
radiating energy in the same way as the primary source, thus producing a
secondary wavefront. This is illustrated in Figure 6.16.
The received field strength that would be measured at the receiving antenna
is thus the sum of an infinite number of tiny wavelets produced by the transmitting antenna. Elements off the main axis of the microwave beam, forming the
direct path between the two antenna apertures, thus contribute to the overall
receive field; if they are blocked, the receive field strength at the antenna is
affected. Obviously in a practical sense, at a certain distance from the axis these
components have a negligible effect. The phase delay of the off-axis components
is also critical. For example, if the off-axis component is delayed by half a
wavelength, then when they are summed at the receive side, they will cancel;
if the difference was a full wavelength, they would add. Under free-space

Figure 6.16 Huygen’s principle.
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conditions this complex phase arrangement results in the normal condition of
the field strength decreasing with the square of the distance from the antenna.
However, if a screen is introduced that blocks off a portion of the wavefront,
the pattern looks quite different and areas of minima and maxima can be
observed as the screen blocks more and more of the wavefront. This is seen
visually in optics where a screen with a hole in it blocks a light source, resulting
in a diffraction pattern of light and dark concentric circles. The boundary points
are where the path difference between the direct ray and a ray from a secondary
wavelet are multiples of half-wavelengths. According to the theory of Fresnel
zones, these points are defined by a series of ellipses where the two antennas
are at the loci. This is illustrated in Figure 6.17.
Provided one is in the far field (2D 2/ , where D is the antenna aperture
in the same units as wavelength), the first Fresnel radius F1 can be expressed
as
F1 =

Figure 6.17 Fresnel zones.

√( (d 1 ⭈ d 2 )/(d 1 + d 2 ))

(6.38)
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where  is the wavelength of signal in meters, d 1 is the distance of the obstacle
from transmitter A in meters, and d 2 is the distance of the obstacle from
transmitter B in meters.
Using more convenient units, we can express (6.38) as
F 1 = 17.3 √(1/f (d 1 ⭈ d 2 )/(d 1 + d 2 )) meters

(6.39)

where f is the frequency in gigahertz and d 1 , d 2 are in kilometers.
The subsequent nth Fresnel zone can be determined as
F n = F 1 √(n )

(6.40)

where n is an integer.
At the midpoint the radius will be at its maximum. Equation (6.40) can
thus be adjusted as
F 1 (midpoint) = 17.3 √(d 1 /2f )

(6.41)

It is interesting to note that the difference in path length between one
Fresnel zone and the next is only one-half a wavelength by definition. At
gigahertz frequencies this is only millimeters; yet on an average path of 50 km,
this represents tens of meters of clearance difference.
One major deduction to be made from the theory of Fresnel zones is that,
in theory, provided at least 60% of the first zone is clear of any obstruction,
the effect of the Earth can be ignored and the path loss approximated by the
free-space loss. This is shown in Figure 6.18.
This is a complicated diagram, but if well understood can help one make
the right decision on where to place the antenna and the best clearance conditions.
This diagram helps to explain why paths can experience obstruction loss if
antennas are either placed too high or too low on the respective towers, shows
where the optimal positioning is, and gives some insight to the effects of reflective
paths and slightly obstructed paths. The Y-axis shows the obstruction loss relative
to free-space loss, which is the signal level one would get on a totally unobstructed
path where all of the Huygen sources have visibility from the receive antenna.
The X-axis shows the clearance relative to the first Fresnel zone—in other words,
how much vertical clearance the beam has compared to the grazing line-ofsight line, which is the where an obstacle would be just touching the center
point of the beam. The curve marked R = −1 (reflection coefficient of 100%)
is the smooth earth curve, which means the obstruction is rounded such as
would occur over a large body of water where the curvature of the earth itself
blocked the path. The curve marked R = 0 (zero percent reflection) is called a

Figure 6.18 Attenuation versus path clearance.
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knife edge obstruction, as it can block Huygen sources but cannot support any
reflections off the obstacle. The curve marked (R = −0.3) is drawn to represent
a typical real obstruction between those two extremes. To illustrate this concept,
let us assume we found a location where we could construct two extremely tall
towers over a flat path, possibly the sea where R = −1, and we placed the
antennas at the top of both towers. This is shown in Figure 6.19. It can be
seen that all the Fresnel zones are unobstructed and the free-space loss nominal
receive level would exist. This corresponds to the 0 dB from free space, horizontal
line, on Figure 6.18. Now if we dropped the antennas on the tower so that
just the nth Fresnel zone was obstructed and that was one that contributed
positive energy due to the phase of its Huygen sources, the receive level would
fall. By dropping the antennas further so that the n − 1th Fresnel zone was
obstructed, which was contributing negative energy, the signal level would go
up again. One can imagine dropping the antennas further and further until
only the second Fresnel zone was unobstructed. This is shown in Figure 6.20.
Under this condition, the clearance is shown by the vertical line at the second
Fresnel zone number on Figure 6.18, just less than one and a half times the
clearance of the first Fresnel zone. It can be seen that in this Huygen source
phase condition there is a signal reduction compared to free space of 40 dB.
If one were to drop the antennas further down the tower so that just the first
Fresnel zone (F1) was clear of the obstacle, the receive level would go up again
and in fact be higher than the original level, as now only positive energy
contributions are being received. This is shown in Figure 6.21. This is a best-

Figure 6.19 Infinite Fresnel zone clearance: smooth earth.
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Figure 6.20 Second Fresnel zone clearance: smooth earth.

Figure 6.21 First Fresnel zone clearance: smooth earth.

case clearance condition. It can be seen from Figure 6.18 that dropping the
antennas until 60% of F1 was clear of the obstacle would result in the original
unobstructed receive level (free-space loss level). Now imagine that there was
an isolated sharp obstacle on the path, such as a tall narrow tree. The experiment
could be repeated, as illustrated by Figures 6.22 to 6.24. Under the conditions
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Figure 6.22 Infinite Fresnel zone clearance: knife edge.

Figure 6.23 Second Fresnel zone clearance: knife edge.

in Figure 6.23, the loss would only be approximately 1 dB, indicating that even
Fresnel zone clearance is mainly a problem on reflective paths. With full clearance
of the first Fresnel zone, under the conditions shown in Figure 6.24, the receive
level would be 6 dB higher than with no obstacle in the way, due to the positive
phase contributions of the visible Huygen sources. If one were to drop the
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Figure 6.24 First Fresnel zone clearance: knife edge.

antennas below 60% clearance of the first Fresnel zone, an obstruction loss
would occur due to diffraction and severity of the diffraction loss would depend
on the nature of the obstacle and its reflection coefficient. Various diffraction
loss algorithms, such as Longley-Rice, two-ray optics, and the isolated obstacle
methods, can be used to calculate the exact values representing the curves on
the left-hand side of Figure 6.18.
One needs to treat this with caution, however, because it is important to
realize that this is a theoretical concept and has certain practical limitations.
For example, in practice, the two sources are not omnidirectional point sources
but high-gain directional microwave antennas with a certain finite diameter
usually of a few meters or more. Furthermore, the infinitely thin screen that
should block the wavefront in practice is usually a mountain or similar obstacle
that is very rough compared to the wavelength of propagation and only forms
a screen below the main axis. Despite this, there are some practical deductions
that can be made about diffraction loss, and this subject is adequately treated
by the ITU [11]. The various formulas required to calculate diffraction loss for
knife edge and isolated obstacle, for example, are covered. The ITU [12] provides
the formula for diffraction loss over average terrain as
A d = −20h /F 1 + 10 dB

(6.42)

where h is the height above the Earth’s surface and F 1 is the first Fresnel zone
radius.
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One needs to be careful when considering the theoretical curves for diffraction loss as to whether they are produced for a screen with a hole in it (concentric
circles) or whether it is a horizontal screen because although the shape of the
response is the same, the values are different. Different methods are appropriate
for various types of physical obstructions, such as knife edge, isolated rounded
obstacle, smooth earth, and irregular terrain [13]. The planner must choose the
most appropriate method for the particular obstruction. In practice, a few
relevant methods should be used and the worst-case values chosen to reduce
the risk of the theoretical models producing optimistic results. In is unlikely,
for example, that a knife edge actually exists in practice. A grazing LOS diffraction
loss of 6 dB is thus highly optimistic for most paths.
6.4.2.2

Minimum k Values

As already stated, the condition where diffraction losses are considered is when
steep positive gradients of refractivity are present. In order to assess the risk of
insufficient beam clearance over the path profile during this abnormal k condition, it is necessary to know how low this value could fall. This minimum k
value is the value of k that is exceeded for 99.99% of the time. In other words,
the k factor will only fall below this level, with the resulting possible unacceptable
diffraction loss, for less than 0.01% of the time. This minimum value is an
annual figure as it has diurnal and seasonal variations. It varies from region to
region as it is based on the refractive conditions from abnormal temperature
and humidity gradients. Historically, the minimum value of k was set at 2/3
(0.67) based on some ITU results from a hop in Trappes, France. As will be
shown later, the longer the path, the higher the value of minimum k, due to
the averaging affect of the point gradients of refractivity over the path. Obviously,
the higher the minimum value of k, the lower the required antenna (and hence
tower) height. On long paths the height reduction can be dramatic and the
lower antenna heights can improve multipath performance due to reduced
ground reflections. It must be remembered that the minimum k condition is
due to relatively stable, yet abnormal, ducts. Underestimating the k value can
thus result in unexpected link conditions that persist for some hours. It is
possible to calculate k min values from field data using a method developed by
Mojoli [5] that is adequately described in the reference. It should be noted,
however, that this method assumes the existence of reliable and accurate point
refractive index gradient data, and the absence of this data could lead to erroneous
k min estimates. It is also important to remember that the k min estimate is
based on averaging the point refractive index gradients over the path length,
so the particular gradient at the dominant obstacle may be less than the k min
estimate, even if the estimate was correct. Furthermore, for small proportions
of the time, localized areas along the path that may have extreme gradients
could result in beam divergence, thus invalidating the previous method. (The
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method is based on summing the point gradients to achieve a composite
gradient.)
6.4.2.3 Clearance Rules

It has been shown in the previous section that the path clearance over an obstacle
varies depending on the k factor. In analog links it was essential to avoid any
diffraction loss as that would increase the noise into the receiver. Clearance
rules were developed to avoid diffraction loss under all k conditions. The first
clearance rule was designed to set the antenna at the best-case clearance condition
(100% of F1) under median k conditions, whereas the second condition ensured
that under minimum k conditions there was still no diffraction loss (60% F1
achieved).
Special k-paper with curves at these k-values (0.67 and 1.33) was used to
draw the path profiles and work out the required clearances. PC-based software
programs have replaced this manual procedure and so now the analysis can be
done at any k value chosen.
Clearance rules must be used with care because they have three basic
shortfalls. First, they do not take into account the frequency band used. The
clearance risk increases as the frequency increases due to the reduction in the
size of the first Fresnel zone. Second, they do not take into account the required
performance criteria. They normally assume that no diffraction loss can be
tolerated. Third, the two criteria often conflict with one another. The trend
has been to place the antennae at the highest height dictated by the two
criteria, thus increasing the risk of second Fresnel zone clearance and resulting
in unnecessarily high towers. Earlier applications of clearance rules based on
the 2/3- and 4/3-ruled paper resulted in antenna heights being unnecessarily
high. The 2/3 (0.67) value for minimum k was based on a 30-km-long path
measured in France. This value has tended to be used throughout the world
on various paths regardless of path length. It is well known that minimum k
values increase with path length due to the averaging effect of the point gradients
of refractivity across the path. The ITU has produced a curve that shows a
conservative estimate of minimum k values with hop length [12] (see Figure
6.25). This curve may be optimistic for tropical regions.
This curve shows that a 30-km path would have a minimum k value of
2/3, whereas for a 50-km path it would be 0.8. Using this minimum k value
with the traditional clearance rules makes a significant difference to antenna
height requirements. Where the median value of k is available, this should
be used instead of the 4/3 value. This value can be reliably calculated from
meteorological data. Most countries will have a database of refractivity values
taken using radar soundings and weather balloons for weather predictions. These
soundings are usually taken at least twice a day at key locations and measure
the pressure, humidity, and temperature at different heights above the ground.
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Figure 6.25 Minimum k versus path length.

The refractivity gradient can easily be calculated from this data. Unless these
measurements are taken often enough to include extreme values of gradients,
it is the author’s opinion that they cannot be used to predict minimum k values.
Median k values, on the other hand, will have sufficient data to be statistically
reliable.
Fresnel zones are normalized to be independent of frequency. It is
important to remember that the clearance is not independent of frequency. The
radius of the Fresnel zones are inversely proportional to the square root of
frequency; therefore, as the frequency increases the radius becomes smaller and
clearance is easier to attain. This reduced clearance also increases the risk of
obstruction fading. The Earth bulge is independent of frequency; thus, for a
given Earth bulge the intrusion into the first Fresnel zone is greater for higher
frequency links. Lower frequency links tend to be more reliable. This is why
the 2-GHz band was chosen for the world’s longest radio link, which spans
more than 300 km across the Red Sea. Very high frequency links, such as
23 GHz, have such a small Fresnel zone that it makes more sense to ensure
clearance with a safety margin of, say, 5 meters than to work out a percentage
clearance of the first Fresnel zone.
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Network planners have tended to be extremely conservative when it comes
to clearance rules due to the fear of a diffraction fade outage. The rules tend
to ensure that absolutely no diffraction loss would be experienced. Diffraction
loss is a slow fading event, which means that if the fade margin were exceeded,
the link could be out for some minutes if not hours. It should be remembered
however, that diffraction fading is caused by low k values and multipath fading
by high k values. The probability of multipath fading being superimposed on
diffraction fading is thus very low. To allow a small amount of diffraction
fading is thus a low risk. Providing the path profile information, including
ground clutter, is accurate. It makes more sense to position the antennas at the
required height specified by the first clearance rule and then to ensure that
under minimum k conditions the diffraction loss does not exceed the fade
margin. The diffraction loss can be calculated using the methods discussed
earlier. To build in a safety factor for any unexpected conditions, instead of
utilizing the entire fade margin for diffraction loss, one could choose 25% of
the fade margin as the limit. This will have a significant effect on the tower
height requirement yet still limit the risk of outage to 25% of the overall fading
allowed. The previous method ensures that the antennas are optimally placed
for the median condition, which is what the system will experience for the
maximum time, and significantly reduces the tower height requirements. On
a large project the cost savings can be enormous.
The preceding discussion has ignored clearance criteria for space diversity
systems. Space diversity is usually applied to overcome the effects of multipath
fading associated with high k values and thus the antennas are not required
during obstruction fading. The traditional approach is to set the antenna position
of the main antennas and diversity antennas using the usual clearance rules. In
some cases this may have been relaxed to only ensure adequate clearance of the
space diversity antennas under median k conditions only. This would still have
often impacted on the height requirement of the main antennas to achieve
adequate spacing between main and diversity antennas. Considering that diffracted links are more immune to multipath fading, it makes sense to have the
diversity antennas diffracted while maintaining the main antenna heights as
originally calculated. This combination ensures that the diversity antennas give
good multipath protection, and during low k diffraction conditions, the main
antennas provide protection against obstruction fading. Apart from the obvious
performance improvement, significant cost savings can be made using lower
towers and shorter feeder runs. Interference is also reduced. Further guidance
on setting antenna heights is provided in the tutorial in Chapter 9.
6.4.3 Refractive Fading
Earlier the point was made that changes in the refractive index profile not only
caused diffraction loss problems but also resulted in beam spreading, multipath
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propagation, and ducting. Diffraction loss is associated with steep positive
gradients of refractivity, and the preceding effects are caused by steep negative
gradients of refractivity. Strictly speaking, an atmospheric layer that exceeds
(more negative than) −157 N-units/km is called a duct since this is the boundary
condition at which the signal is exactly parallel to the Earth. Gradients that are
more steeply negative than this will trap the microwave signal within this duct
region. Experience has shown that negative layers that exceed −100 N/km will
cause multipath; hence, the term duct has been extended to include this region.
A duct in the context of a multipath fading discussion is an atmospheric layer
that is more negative than 100, but a true ducting condition is where the
gradient exceeds −157 N/km.
6.4.3.1

Beam Spreading

When a super-refractive atmospheric condition occurs, a caustic can be created
along which focusing of the radio beam energy occurs, with radio holes created
around it. This is illustrated in Figure 6.26.
Depending on the height of this layer and the height of the transmit and
receive antennas, a signal enhancement or reduction can occur. As this condition
can be relatively stable (last hours rather than minutes or seconds), the fading
is slow and results in a mean depression (or enhancement) of the signal. This
fading is less severe than multipath fading, and it is not frequency selective
because it is a single path phenomenon. Ray-tracing techniques have shown
that it is most pronounced when the transmit and receive antennas are at the
same height with the center of the abnormal layer just below the path. Provided

Figure 6.26 Effect of ducting layer on microwave rays.
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the mean depression is not severe, the main effect this problem has on the radio
system is that the mean level from which multipath fading occurs is reduced,
thus increasing the multipath outage. Fading formulas are empirically based;
hence, it is the author’s view that for most links this affect is already included
in the outage predictions.
6.4.3.2 Multipath Propagation

An atmospheric duct has a very steep negative gradient and tends to strongly
refract the radio signal downward. Depending on where the duct is situated
relative to the radio signal, more than one transmission path is possible. This
condition is termed atmospheric multipath. (Multipath can also occur from
ground reflections, and in theory a subrefractive layer below the two antennas
could also result in multipath conditions.) This type of fading can result in
very deep fades that are frequency selective. In wideband radio systems the
frequency-selective nature of multipath fading is very important, so much so
that it will be treated separately. In practice, because the slow fading associated
with beam spreading and the fast multipath fading are associated with the same
atmospheric condition, the two occur simultaneously with very deep fast fades
superimposed on a slow mean depression of the signal. Multipath fading is the
main fading effect of radio link systems operating below 10 GHz. The secondary
signal that causes the multipath can result from either an elevated duct that
bends a part of the signal, which is normally lost in space, back to interfere
with the main signal or a ground reflected signal as shown in Figure 6.27.

Figure 6.27 Elevated duct.
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In the past it was thought that most multipath outages were the result of
interference from elevated ducts; however, it is widely understood nowadays
that it is actually nonspecular ground reflections interfering with a defocused
main signal that is the dominant multipath fading effect. The empirical fading
models used to predict fading outages reflect this fact in that the terrain profile
has a dominant effect on the overall outage. In the previous version of ITU
530 (version 6) the grazing angle—that is, the angle of the ground reflection—
was included; in the latest version, however, it was dropped due to the difficulty
of accurately calculating it from rough paths.
6.4.3.3

Ducting

In the presence of a ground-based duct the refractivity gradient is so strongly
negative that the beam is bent downward in such a way that it is not received
at the far end. This condition is often termed blackout or ducting. In areas
where the mean variation of refractivity gradients is very high, it presents a real
risk to successful propagation because the fade usually exceeds any reasonable
margin one could include in the design phase. The heights of the antennas are
critical and the usual method to overcome this problem is to analyze the risk
involved for each antenna height and to place the antennas at such a height so
as to minimize the risk of blackout. The ITU provides refractive index data
that helps to quantify the risk of this type of fading occurring. Any areas where
the negative gradients exceed 50% occurrence are obvious high-risk areas—this
includes Saudi Arabia, where semipermanent ducting conditions occur.

References
[1] Bean, B. R., and E. J. Dutton, Radio Meteorology, New York: Dover, 1966.
[2] Bothias, L., and J. Battesti, ‘‘Protection Against Fading and Line-of-Sight Radio-Relay
Systems,’’ Ann. des Telecomm., September-October 1967.
[3] ITU-R P.310-9, Geneva, 1994.
[4] ITU-R P.453-9, Geneva, 2003.
[5] CCIR Report 718-3, Geneva, 1990.
[6] Rummler, W. D., A New Selective Fading Model: Application to Propagation Data, Bell
Laboratories, 1978.
[7] Allen, E. W., Correlation of Clear-Air Fading with Meteorological Measurements, Rockwell,
1988.
[8] ITU-R P. 836-3, Geneva, 2001.
[9] ITU-R P. 676-7, Geneva, 2007.
[10] ITU-R P. 838-3, Geneva, 2005.

Microwave Propagation

173

[11] ITU P.526-10, 2007.
[12] ITU-R P.530-12, Geneva, 2007.
[13] Rice, P. L., et al., ‘‘Transmission Loss Predictions for Tropospheric Communication
Circuits,’’ NBS Publ., Technical Note 101, January 1967.

7
Antenna Considerations
The main component under the control of the radio planner in terms of
detailed link design is the antenna. Its general characteristics—including gain,
interference rejection, height above the ground, and tower loading—are all
critical factors in a successful design. For this reason a full chapter has been
devoted to the antenna and its associated feeder and ancillary system.

7.1 Antenna Fundamentals
The purpose of an antenna is to convert electrical energy generated in the
transmitter of a radio system into a focused and radiating electromagnetic
wavefront in the transmit path, and to convert the electromagnetic fields back
to alternating volts and amperes for the receive circuitry. Antennas behave in
exactly the same way for both the transmit and receive paths, a characteristic
known as reciprocity. Any current flow in a conductor will set up a magnetic
field. Any alternating current flow will generate a varying magnetic field that
in turn establishes a varying electric field. These two alternating fields interact
with one another and if the length of the conductor is sufficiently long, instead
of just generating heat, the conductor will ‘‘radiate.’’ With a conductor with a
length of one half-wavelength, the current can flow from one end of the wire
to the other and back again in an RF cycle and therefore will produce the
maximum oscillation for that frequency; this is called resonance. At microwave
frequencies this distance is relatively small, whereas at HF frequencies this could
require an antenna the length of a football pitch. The simplest antenna is a
dipole antenna, which is just a conducting element at one half the wavelength
and radiates power equally in all directions. This is the closest real antenna to
175
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a hypothetical isotropic antenna, which is an ideal antenna that would radiate
power in a spherical pattern equally in all directions. A theoretical isotropic
antenna is a true sphere, whereas the dipole has the shape of a doughnut in
three dimensions. In microwave radio systems we are normally interested in
directional antennas that have more power out the front of the antenna (the
boresight) than the sides of the antenna.

7.2 Antenna Characteristics
An antenna is basically a radiating element that converts electrical energy in
the form of current into an EM wavefront in the form of oscillating electric
and magnetic fields. Any current flow in a conductor will set up a magnetic
field. Any varying current flow will generate a varying magnetic field that in
turn establishes an electric field. There is an interaction between electric and
magnetic fields that results in EM propagation. The faster the variation of these
fields, the greater the radiation from the conductor element (antenna). The
field components that are not radiated make up the capacitive and inductive
parts for the antenna, resulting in the antenna exhibiting a complex impedance
rather than just resistance.
7.2.1 Gain
An antenna is a passive device and, by definition, cannot amplify the signal;
however, it can shape the signal to be stronger in one direction than another.
Consider a balloon. If one were to squash the balloon at the sides, it would
expand at the ends. This is the basis of what we consider as antenna gain. The
reference is an isotropic radiator that by definition has zero gain. The amount
by which the antenna shapes the signal in a particular direction is described in
terms of its gain. When one talks of the gain of the particular antenna, one is
referring to the gain at the boresight of the antenna, that is, the radiation coming
directly out of the front of the antenna. The gain is expressed as the ratio
between the reference power density (P ) of an isotropic radiator and the power
density in the particular direction that one is considering. This is usually
expressed in a logarithmic scale in decibels. Microwave antennas are usually
specified in dBi and can be expressed as
dBi = 10 log 10 P /P di

(7.1)

where P is the power density in the direction considered and P di is the power
density of an isotropic radiator. Since an isotropic radiator cannot be constructed
in practice, another way of expressing gain is to compare it to a folded dipole,

Antenna Considerations

177

which is the closest physical antenna construction to the mythical isotropic
radiator. This is typically done for VHF and UHF antennas, which are expressed
as dBd.
dBd = 10 log 10 P /P dd

(7.2)

where P is the power density in the direction considered and P dd is the power
density of an omnidirectional dipole. The gain of an antenna expressed in dBd
is 2.16 dB less than relative to an isotropic antenna (dBi).
For microwave antennas, the gain is dependent on the area of the antenna
aperture. The gain of an antenna can be expressed as
G (dBi) = 10 log  (4 A a / 2 )

(7.3)

where  is the efficiency of antenna aperture, A a is the area of antenna aperture,
and  is the wavelength of the signal.
Maximizing the gain by illuminating the entire parabolic face of the
reflector would result in a very poor front-to-back (F/B) ratio. This is defined
in Section 7.2.3. The illumination area is thus purposely reduced to improve
the sidelobes and back lobes. These are defined in Section 7.2.2. Typical efficiencies range between 50% and 60%. If one assumes a parabolic dish with an
efficiency of 55% and expresses the units in meters and gigahertz, a useful
expression results
G (dBi) = 17.8 + 20 log (d ⭈ f )

(7.4)

where d is the antenna diameter (meters) and f is the frequency of horn feed
(gigahertz). This is a very useful formula for the radio planner to use to estimate
the gain of any parabolic microwave antenna if the exact details of the actual
antenna are not available.
7.2.2 Sidelobes
Microwave antennas are intended to be directional. The maximum radiation
is thus in the direction of propagation. In practice, it is impossible to shape all
the energy in this direction. Some of it spills out off the sides and back of the
antenna. Due to the complex phases set up in an antenna pattern, lobes result.
The main lobe is around the center of the antenna. Sidelobes of lesser amplitude
result around the rest of the antenna. The aim of a directional antenna is to
maximize the energy in the main lobe by minimizing the energy in the sidelobes.
It is important to understand the radiation patterns when panning antennas to
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make sure that one does not pan the signal onto a sidelobe. The antenna pattern
with main lobe and sidelobes is shown in Figure 7.1.
7.2.3 Front-to-Back Ratio
As already discussed, not all the energy radiates out the front of the antenna.
Some of it radiates out of the back lobe. The F/B ratio is defined as the ratio
of the gain in the desired forward direction to the gain in the opposite direction

Figure 7.1 Antenna pattern with main, back, and sidelobes.
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out of the back of the antenna. It is expressed in decibels. It is very important
in microwave radio backbone systems to have antennas with a good F/B ratio
to enable frequency reuse. Ratios as high as 70 dB may be required. When
specifying the F/B ratio of an antenna, a wide angle at the back of the dish
should be considered and not just the actual value at 180 degrees. The front
lobe and back lobe can be seen in Figure 7.1.
7.2.4 Beamwidth
The beamwidth is an indication of how narrow the main lobe is. The halfpower beamwidth is the width of the main lobe at half power intensity (i.e.,
3 dB below the boresight gain). The higher the gain of the antenna, the narrower
the beamwidth, as shown in Figure 7.2. The reason has to do with the definition
of antenna gain. Recall that as the gain is increased in one direction, the sidelobes
decrease in another. The beamwidth of the antenna is usually decreased by
increasing the size of the reflector. High-gain antennas not only improve the
fade margin of a radio link but also result in reduced interference from signals
off boresight. One just has to be careful with very high gain antennas that the
stability of the towers is sufficient to hold the weight of the large-diameter
antennas. Towers must also be rigid enough to avoid a power fade from tower
twist. It is not uncommon to have microwave antennas with a beamwidth of
less than one degree. With high-gain antennas where the beamwidth is very
narrow, angle-of-arrival fading can occur. This causes flat fading due to antenna

Figure 7.2 Beamwidth versus gain plots.
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discrimination. In practice, this limits the useful antenna gain, especially on
very high frequency links.

7.2.5 Polarization
The polarization of the signal is determined by the hornfeed. Radio links must
be set up to transmit and receive on the same polarization. If a signal is received
with the opposite polarization, the amount by which the signal is attenuated
due to being cross-polarized is referred to as cross-polar discrimination (XPD).
Cross-polar operation is often employed on the interference overshoot path as
discussed in Chapter 8. Dual polar operation is often used to increase system
capacity using a dual polarized hornfeed. This is only possible with solid parabolic
antennas. The reflector of a grid antenna is naturally polarized according to the
plane of the grid bars and, therefore, will only support one polarization. Dual
polar operation usually requires the use of a cross-polar interference canceller
(XPIC) to counteract the effect of phase rotation over a hop due to fading
mechanisms such as rain. The polarization of a rectangular hornfeed is shown
in Figure 7.3.

7.2.6 Radiation Pattern
The pattern set up by an antenna has a three-dimensional aspect. One normally
needs to know the shape and amplitude of the various lobes. This is done by
plotting the signal around 360 degrees in both planes. In the case of VHF and
UHF antennas, this is usually done as a polar plot. For microwave antennas
the plot is flattened into a radiation pattern envelopes (RPE) plot, which indicates
the envelope of the lobes from −180 degrees to +180 degrees on a linear base.

Figure 7.3 Polarization of hornfeed.
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7.2.7 VSWR
An antenna presents a complex impedance to the feeder system, which must
be attached to it. In an ideal situation all the power from the transmitter module
would be transferred into the feeder cable and into the antenna for transmission
over the path. However, in practice, there is a mismatch at the transmitter
output, at any damaged section of feeder, for example, a tight bend, and at the
antenna interface. Reflected power thus travels back down the cable towards
the transmitter. There is a poor mismatch there too, and therefore it is reflected
back up the cable again setting up a standing wave. This mismatch is qualified
in terms of a voltage standing wave ratio, as shown in Figure 7.4. In practice,
if there is poor VSWR, one should check whether the feeder is damaged, for
example, in waveguide, one should ensure the maximum bending radius has
not been exceeded, and that the feeder to antenna connector is made off properly.
If the feeders are swept to measure the VSWR, the adaptive equalizer should
be disabled. The equalizer will correct any damage in the feeder, masking the
problem, and in doing so will be less effective against selective fading.
The VSWR can be expressed as
VSWR = Vmax /Vmin

Figure 7.4 VSWR and return loss.

(7.5)
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The VSWR value will always be greater than unity and the best VSWR
is a value that approaches unity. Practically, a good match will result in a value
of around 1.2.
A reflection coefficient (  ) can be defined that expresses the ratio between
the reflected and incident waves

 = (VSWR − 1)/(VSWR + 1)

(7.6)

The most convenient way of expressing this mismatch is the return loss
(RL), which is the decibel difference between the power incident on the mismatch
and the power reflected from the mismatch. The RL in decibels is expressed
in terms of reflection coefficient
RL dB = 20 log (1/ )

(7.7)

The higher the value of the RL, the better. Typically, this figure should
be better than 20 dB for microwave radio systems. To achieve this, individual
components should exceed 25 dB.
7.2.8 Near Field, Far Field
Antenna patterns are only fully established at some distance from the antenna.
This is the far field, and geometrical physics can be used to predict field strengths.
Concepts such as antenna gain and free-space loss are all defined in the far
field. The signal strength in the near field is not as easily defined because it
has an oscillatory pattern. The far-field distance is defined as
Far-field distance = 2D 2/

(7.8)

where D is the antenna diameter in meters and  is the wavelength in meters.
The effect on antenna gain when antennas are in the near field is shown in
Figure 7.5 [1]. In the first 40% of the near field, the effect is not so drastic,
but once this distance is exceeded, the response is oscillatory; therefore, it is
extremely difficult to predict what the antenna gain is.
This curve is especially useful for back-to-back antenna systems where the
short end of the hop may have the antennas quite close together. As an example,
assume the antennas were separated by 60m. The gain of an 8-GHz, 1.8-m
dish is 40.8 dBi in the far field. The gain of a 3-m dish in the far field is 45.2
dBi. At 60m the antennas are in the near field. The normalized near-field factor
x is
x = R /2D 2/

(7.9)
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Figure 7.5 Near-field effect on antenna gain.

where R is the distance between the two antennas in meters, D is the antenna
diameter, and  is the wavelength of signal.
Using (7.9) we can calculate that for 1.8-m antennas operating at 8 GHz
and separated by 60m, x = 0.35. Using Figure 7.5, we can see that the antenna
gain reduction is 2 dB. The effective gain of the 1.8-m dishes is 38.8 dBi.
Doing the same calculation for the 3-m dishes yields x = 0.13. The antenna
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gain reduction is thus approximately 6 dB. The effective gain of the 3-m dishes
is thus 39.2 dBi. It can be seen, therefore, that due to the near-field effect, the
effective antenna gain does not increase as the antenna size is increased. The
antennas are close coupled, and as the antenna gain increases, the coupling
factor increases.

7.3 Types of Antenna
Most microwave dishes are based on parabolic reflectors; however, in the lower
frequency bands, yagis, corner reflectors, or flat panel antennas can also be used.
7.3.1 Nonparabolic Antennas
A Yagi antenna (sometimes called by its full name Yagi-Uda after the two
inventors) is based on a dipole array. Only one dipole is attached to a power
source, which is called the driven element; the others are parasitic elements and
consist of a reflector element placed behind the dipole and of longer length
than the rest of the antenna and passive director rods placed parallel to one
another at very specific intervals reradiate the energy and create gain. This is
shown in Figure 7.6. The rods are placed with a quarter wavelength separation

Figure 7.6 Yagi antenna.
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so that the phase of these additional signals is additive in the forward direction.
The rod spacing is thus set by the frequency band of the antenna, and the more
directors it has, the longer it is and the higher the gain. The gain can be
estimated by multiplying the number of director dipoles by 1.66. Yagi antennas
are popular for the lower microwave frequency bands as they have sufficient
gain for a working link, yet have very low tower loading compared to parabolic
dishes. For example, a 1.5-m-long antenna would have a gain around 16 dB.
They are often shrouded to offer protection against physical damage.
A corner reflector antenna is effectively two yagis placed in a V-shape to
improve the gain.
Another nonparabolic antenna is the flat plate antenna. These usually
work on a phased array basis using solid state electronics to shape the beam.
These antennas are particularly useful for mounting against a building, to reduce
the visual impact. Achieving a good front-to-back ratio is a challenge (for
example, it is around 30 dB for a 50 cm × 50 cm panel at 1.4 GHz), but the
gain is adequate considering the physical size. For example, at 1.4 GHz,
17 dBi is achievable with a 50 cm × 50 cm panel, roughly equivalent to a
similar sized parabolic dish. Technically speaking, it is possible to produce flat
panel antennas up into the millimeter bands. As with all solid state electronics,
the opportunity for low pricing is volume. Unless there is a high demand for
the antenna, to drive down the pricing, it will remain less competitive than
parabolic dishes and mainly be used to meet specific link applications where
the physical antenna dimensions are a benefit.
7.3.2 Parabolic Antennas
Most microwave antennas are based on a parabolic reflector. Parabolic antennas
work on the principle that the horn feed is placed at the focal point, so that
the signal reflected off the reflector element is in phase as shown by Figure 7.7.
7.3.2.1 Grid Antenna

Grid antennas can be used at lower microwave frequencies, below about 2.5
GHz. The advantage of grid antennas is that they have significantly less wind
loading on the tower. From an electrical point of view, it has the same antenna
parameters as a solid dish—exactly the same hornfeed can be used. The wavelength is such that the ‘‘gaps’’ between the grids are not required. Electrically
there is no difference between a solid reflector and a grid reflector. In practice,
the grid reflector has a slightly worse F/B ratio due to diffraction around the
grid elements. One limitation of grids is that they cannot support more than
one polarization. The reflector rods naturally polarize the signal in the direction
that the rods lie. This results in very good cross-polar discrimination.
Grid antennas tend to be significantly cheaper than solid antennas. The
hornfeeds are a simpler construction and the amount of material used for the
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Figure 7.7 Parabolic antenna.

reflector is less. Transportation costs, which make up a significant portion of
the cost of an antenna, are also reduced because they can be shipped in a
disassembled form.
7.3.2.2

Solid Parabolic

Standard Antenna

Standard parabolic antennas are usually constructed of aluminum. They are
manufactured by pressing a sheet of aluminum around a spinning parabolashaped chuck. The reflectors themselves are not frequency dependent, but the
higher the frequency, the greater the surface perfection required. In practice,
the reflectors are therefore specified per frequency band. This antenna has
standard parameters of gain, F/B ratio, beamwidth, and RL. If one wants an
improvement in these parameters, certain changes to the antenna need to be
made.
Focal Plane Antenna

In order to improve sidelobe suppression and the F/B ratio, the focal plane
antenna extends the reflector parabola to the plane of the focus. This means
that the aperture area is increased. Rather than increasing the illuminated area,
which would result in an increase in gain, the same area is illuminated, reducing
the spillover that results in sidelobes and back lobes. In practice, the gain actually
reduces due to reduced antenna illumination efficiency. To improve the F/B
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ratio further, the antenna has special edge geometry. The dish is constructed
with a serrated edge. This breaks up the eddy currents, canceling the phase
addition components, thus reducing radiation behind the dish. This type of
dish offers at least a 10-dB improvement in the F/B ratio compared with a
standard antenna, with a very slight reduction in gain (significantly less than
1 dB). The principle of a focal plane antenna is shown in Figure 7.8.
High Performance Antenna

When a very good F/B ratio is required with excellent sidelobe suppression,
high-performance, very high-performance, and ultra high-performance antennas
are required. These antennas use a shroud around the edge of the dish to
eliminate radiation from the sides and back of the antenna. These shrouds are
covered in highly absorbent material that absorbs the microwave radio energy.
In the case of ultra high-performance antennas, the hornfeed itself is also covered
with this material to eliminate the scattering off it. This does result in slightly
less gain because some of the forward energy is absorbed as well. Special feeds
are also employed for this type of dish. The RPEs are specified for each side
of the antenna since the hornfeed is not symmetric, and therefore the pattern
varies slightly for each side. High-performance antennas are significantly more

Figure 7.8 Focal plane antennas.
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expensive than standard antennas, but are usually mandatory if frequency reuse
is required.
Slipfit Antennas

For radio systems where the antenna RF unit is mounted outdoors, the antenna
is often mounted directly onto the RF unit. This eliminates the need for a
waveguide connection, significantly reducing the overall losses. This connection
is proprietary because it is developed by a joint design between radio and antenna
manufacturers.
7.3.3 Radomes
Special covers for antennas called radomes are available to protect the hornfeed
and reduce the wind loading on the tower. These radomes vary in their construction depending on the type of antenna. For standard parabolic dishes the radomes
are usually a conical shape constructed out of fiberglass. The radome must be
constructed such that its insertion loss is minimized. For shrouded antennas, a
fabric radome is usually employed that covers the aperture of the dish. While
the unshrouded parabolic dishes can be used with or without radomes, the
shrouded construction has such a severe wind loading that the radomes are
mandatory. These planar radomes must have a forward-sloped side profile so
that water droplets cannot reside on the radome. The high-performance shrouds
are thus shaped accordingly. A radome can reduce windloading by a factor of
three. Antennas with a diameter of one or two sizes higher, with a radome, can
thus present the same wind loading as the smaller antenna without a radome.
Radomes are thus highly recommended in any installation.

7.4 Feeder Characteristics
The purpose of the transmission line (feeder) in this context is to transfer the
RF signal from the transmit module of the radio equipment to the antenna
system in the most efficient manner. For equipment configurations that have
the RF unit at the back of the antenna, the feeder is used to carry the baseband
and IF signals plus the power and telemetry signals. There are two main types
of transmission lines used in microwave systems: coaxial cables and waveguides.
7.4.1 Coaxial Cable
Coaxial cables are constructed with a metallic inner core with a dielectric material
separating the outer metallic conductor, as shown in Figure 7.9.
The cable is covered with a plastic jacket for protection. The dielectric
material is usually air or foam, in practice. The cables are fairly robust and
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Figure 7.9 Cross-section of coaxial cable.

therefore easy to install. Different cable jackets are available for indoor and
outdoor use. For indoor applications, cables are checked for fire resistance
and gaseous emissions. For outdoor applications, the jacket UV resistance is
the key factor. The center core of the conductor is invariably copper to ensure
high conductivity. The outer cable has a greater surface area and so conductivity
is not as critical. Copper-clad aluminum or silver-plated steel wire is also used.
The outer conductor often takes the form of braided wire to improve flexibility;
however, a solid conductor has far superior intermodulation product (IMP)
performance. In this case, an annular surface is usually employed to ensure
flexibility.
Cable loss is a function of the cross-sectional area; therefore, the thicker
the cable, the lower the loss. Obviously the disadvantage of thicker cables is
the reduced flexibility and increased cost. Cable loss is quoted in decibels per
100m. Air dielectric cables offer a low-loss solution, but have the added complexity of pressurization to keep moisture out.
As the frequency of operation increases, the resistance of the conductor
increases, resulting in power loss due to heating. Any alternating current does
not have a uniform current density. The current density tends to be greater at
the surface of the conductor, which is a phenomenon known as the skin effect.
At gigahertz frequencies, this change in resistance can be large. The conductor
loss per 100m thus increases as frequency increases.
Another reason that the loss goes up as the frequency increases is that the
radiation loss from a conductor increases with frequency to the power of 4
( f 4 ). The RF energy travels down the conductor as an EM wave with the
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inner conductor and outer conductor coupling the fields in such a way as to
propagate the signal. As the frequency increases, new modes of coupling are
introduced that interfere with the signal. This effect coupled with the highinsertion loss limits the usefulness of a coaxial conductor to below about 3 GHz
for most applications. Where very short RF cable lengths are required, for
example, to connect the outdoor RF unit to the antenna in split-unit radio
configurations, special coaxial cables can be used in frequency bands as high as
23 GHz.
For applications where there is a split-unit radio configuration, the cable
is used to carry baseband, IF, telemetry, and DC power. The attenuation
characteristics usually limit the cable length to approximately 150m for an RG-6
type cable. This length can be doubled for an RG-11 type cable. Coaxial cables
are available in 50-⍀ or 75-⍀ versions. The characteristic impedance (Z 0 ) can
be calculated as
Z 0 = 138/√E × log D /kd

(7.10)

where E is the dielectric constant, D is the outer core diameter, d is the inner
core diameter, and k the stranding factor.
The usual standard is to use 50⍀ for RF applications and 75⍀ for IF
applications. Traditionally, this is to accommodate the fact that IF cables have
longer cable runs. Coaxial cables with 75-⍀ characteristic impedance have a
lower attenuation value than 50⍀. RF cables tend to carry a higher power
signal, hence the choice of 50⍀. The output impedance of the radio equipment,
the cable connectors, and the cable itself should be matched to ensure a good
power transfer and low signal distortion. The connector itself does not have a
characteristic impedance unless a dielectric section has been inserted into the
connector barrel. One does need to check that the pin dimensions match
since traditional connectors have different pin sizes for the different impedance
connectors.
7.4.2 Waveguide
Microwave energy can be guided in a metallic tube—called a waveguide—with
very low attenuation. The electric and magnetic fields are contained within the
guide, and therefore there is no radiation loss. Furthermore, since the dielectric
is air, the dielectric losses are negligibly small. A waveguide will only operate
between two limiting frequencies, called the cutoff frequency. These frequencies
depend on the waveguide geometry compared to the wavelength of operation.
The waveguides must be chosen within the frequency band that supports the
desired mode of propagation.
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Recall that an unguided wave traveling through free space travels as a
TEM wavefront. In a guided rectangular waveguide the plane waves are reflected
from wall to wall, resulting in a component of the electric or magnetic field
being in the direction of the wavefront and another component being parallel
to it. It is thus no longer traveling as a TEM wave. This is illustrated in Figure
7.10.
In lossless waveguides the field configurations (or modes) can be classified
as either TE (transverse electric) or TM (transverse magnetic) modes. In a
rectangular guide the modes are designated as TEmn and TMmn , where m and
n denote the integer values for the number of half-wavelengths in the x- and
y-directions, respectively, assuming the wave is traveling in the z-direction, as
shown in Figure 7.11.
Below a certain critical cutoff frequency, there is no wave propagation in
the guide. This cutoff frequency is expressed as
fc = 1/冠2 √( ⑀ ) 冡 ⭈

√冠k x2 + k y2 冡

(7.11)

where 冠k x2 + k y2 冡 is the cutoff wave number and ⑀ is the dielectric constants
of the medium. For a waveguide with height dimensions (a ) and width dimensions (b )

√

k x = m /a

(7.12)

k y = n /b

(7.13)

and

Figure 7.10 Propagation in a waveguide.
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Figure 7.11 Propagation modes in a rectangular waveguide.

Using (7.10) and substituting (7.11) and (7.12) yield the cutoff frequency
in a rectangular guide
fc = 1/冠2√( ⑀ ) 冡 ⭈

√(m

2

/a 2 + n 2/b 2 )

(7.14)

The cutoff frequency is thus a function of the dimensions of the guide.
The physical size determines the mode of propagation. In a rectangular guide
the width is usually twice the height; hence, 2a = b.
The mode with the lowest cutover frequency is called the dominant mode.
In a rectangular mode this is the TE01 mode [1]. If we recall that
1/冠√( ⑀ ) 冡 is equal to the velocity of propagation and that the dielectric constant
of air can be assumed to be equal to unity, then the cutoff frequency for a
rectangular guide operating in the TE01 mode can be expressed as
fc = c /冠2√(1/b 2 ) 冡

(7.15)

= c /2b
where c is the speed of light (3 × 108 m/s). For TE10 , fc = c /2a.
It is possible to have more than one mode in a waveguide; however, usually
only the dominant mode will propagate and the other modes decay very quickly.
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Another important concept in waveguide theory is that the wavelength
inside the guide differs from that outside. The wavelength inside the guide for
TEmn modes can be expressed as

 g =  /√(1 − ( fc /f )2 )

(7.16)

Due to the complex field configurations and strong dependence on the
shape of the waveguide, installations must be conducted with utmost care.
Waveguides have a limitation on bending in both planes. The waveguide should
not be twisted because this results in unquantifiable group delay distortion.
The most common waveguide used in a microwave radio installation is
the elliptical waveguide. This has corrugated copper walls with a plastic sheath
for protection. The corrugations result in a strong cable with limited bending
ability. The limitation on bending is specified in terms of a bending radius in
the E-plane and the H-plane. A much smaller bending radius is allowed in the
E-plane; therefore, one should utilize this when planning a waveguide installation. Although a maximum twist allowance is specified, twists should be avoided
when planning an installation. A change in plane from E to H can easily be
achieved within a few meters without twisting the waveguide by bending the
waveguide within the specified bending radius of each E- and H-plane, respectively. The effective usable length of waveguide is determined by the loss of
waveguide. The waveguide loss is specified in decibels per 100m and increases
significantly as frequency increases. Above 10 GHz, the loss becomes excessive
and radio manufacturers often offer the choice of a baseband or IF connection
to an outdoor RF unit mounted on the tower to avoid long lossy waveguide
runs.

7.5 Antenna System Accessories
7.5.1 Pressurizers
In order to avoid the ingress of moisture into an air dielectric feeder, it should
be pressurized. Daily temperature variations result in a variable volume of air
inside the feeder. During nocturnal cooling, warm moist air can penetrate the
feeder, resulting in moisture on the feeder walls that can result in unwanted
oxidation. Dry air or an inert gas such as nitrogen is used with a pressure of
about 10 mbar to prevent moisture ingress. A pressure window needs to be
inserted between the pressured and nonpressurized sections of the feeder, which
is usually located at the radio flange after the branching. The pressurizer unit
needs to be sized according to the total length of feeder that needs to be
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pressurized. Dry air pressurizers are often called dehydrators. Conventional types
force the moist air through a desiccant, which absorbs the moisture. More recent
types use a membrane to separate the moisture.
7.5.2 Plumbing
Waveguide connections onto the radio and antenna can be made easy using a
combination of rigid straight sections, twists, and bends. These need to be
carefully planned by measuring the height of the waveguide entry relative to
the waveguide port on the equipment and by taking into account the polarization
of the antenna.
7.5.3 Earth Kits
It is important not to allow induced surges into the equipment room via the
feeder cable. The cable should thus be properly earthed. Earthing kits are
available that provide good contact between the waveguide itself and the Earth
strap. When installing these, it is important to seal the unit so that moisture
is not allowed into the connection. The shortest and straightest path should be
sought between the earthing kit and the Earth point. For coaxial cables, in-line
arrestors are available that use gas arrestor tubes to absorb the surges. One
problem with these tubes is that often they can be discharged without the user
being aware that the tube has blown. Regular testing is thus required.
7.5.4 Cable Clamps
Cables on a tower are subject to severe stresses and strains due to vibration
from wind forces. It is very important that they are securely clamped to the
waveguide ladder. In the case of waveguide, it is also important to support the
weight of the cable; otherwise, the corrugations of the feeder at the base of
the tower may start to bunch. It is normally recommended that the clamps are
placed no more than 1m apart. The clamp must also not cut into or distort
the feeder. Plastic ties get brittle very quickly due to ultraviolet (UV) radiation
from the sun. A UV resistant and corrosion-free material such as stainless steel
is thus normally required.

7.6 Installation Practices
Antennas can weigh half a ton and are subject to severe wind forces. They are
also intended to be operational for 20 or more years. It is very important,
therefore, that they are installed properly and that the necessary measures are
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taken to ensure long-term survivability. Galvanized bolts should be used for all
fittings. Stainless steel is a very good corrosion-free material, but it tends to
creep and therefore should be used with caution on threaded items. The bolts
must be long enough to protrude through the nut with enough space for the
necessary spring washers and lock nuts.
Large antennas usually have side struts to stop the antenna from twisting
on the tower. These struts must be secured to a strong rigid member on the
tower. Some cross-bracing members on the tower are inadequate to support
these struts, so a careful choice of bracing members is essential.
For safety reasons, panning arms, side struts, and feeder cables should not
obstruct the walkways. Earth straps should be installed at the top and bottom
of the feeder on the tower at the extremes of the vertical run. In addition, if
the horizontal run from the tower to the building exceeds about 5m, an additional
Earth kit should be installed at the waveguide entry.
Part of the installation and commissioning of a radio system is to achieve
the calculated receive level. This is done by aligning (panning) the antennas.
As discussed earlier, microwave antennas are directional and the maximum
system gain is achieved by ensuring that the main signal out of the boresight
of the antenna A is received into the boresight of antenna B. One of the most
common errors when commissioning a radio system is to have the antennas
panned onto a sidelobe. This can be avoided by panning for maximum strength
over a wide angle. Once a maximum signal is achieved, further panning should
result in an initial reduction of the signal followed by a gradual increase to a
new peak at a lower level. This confirms that the original peak was the main
lobe, and therefore the antenna should be repanned to this position. Provided
that accurate measurements are taken, the antennas should be panned to achieve
within 3 dB of the calculated receiver level. When this is achieved, it is a good
indicator to the system planner that the system design is sound.
Failure to verify that the planned RSL level is actually achieved in practice
is one of the most common errors in digital radio systems, which result in poor
performance during fading conditions. Even if panned onto a sidelobe, which
is illustrated in Figure 7.12, the link will run error-free due to the threshold
effort of the digital receivers, but with the reduced fade margin the link will
perform poorly in adverse weather conditions. A common mistake is to misalign
the dish in elevation, even if the azimuth is correctly aligned. Riggers are often
aware that the antenna has to be uptilted due to the fact that the median k
factor is greater than unity. They may also be aware that uptilting of antennas
improves multipath performance. These facts are true; however, the inclination
is a fraction of a degree, and the antenna should appear to be straight, even
though it is uptilted. Even where the end sites are hundreds of meters different
in height, over a long path, the angle of inclination is so small that the general
rule of thumb is to set all antennas exactly horizontal initially, before doing
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Figure 7.12 Antenna panning.

fine adjustment in elevation. Experienced riggers will often carry a spirit level
in order to ensure the initial elevation panning is set correctly. The uptilting
is then achieved via a few turns of the tuning nut on the threaded rod.
All bolts and fixing materials must be protected against corrosion. Selfvulcanizing sprays are available to seal off any fittings. The feeder to antenna
connection and earthing strap connection should also be protected against the
elements by sealing it with self-vulcanizing tape covered with a UV-resistant
Scotch tape.
The labeling of all feeders is a good installation practice. Labels should
be made with a corrosion-free material such as copper and firmly secured on
the feeder with a soft, yet strong strap to avoid damage to the feeder.
Future expansion at the site must be taken into account when planning
the installation. Feeders should never be installed diagonally across the gantry
and waveguide ladder. Due to the fact that antennas are often placed in locations
where specially qualified riggers are required for installation, it is important that
the initial installation is thoroughly inspected before the site is handed over for
commercial operation. This will reduce any future outage problems during the
operational life of the system.
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8
Frequency Planning
In the previous chapters it was mentioned that planning a radio system consists
of getting the link to carry traffic with a desired quality level, taking into account
all the variables involved. It was shown that weather conditions can impact the
path trajectory and signal level and can cause signal distortion, causing various
types of fading. This chapter addresses choosing the appropriate RF channel
and ensuring that any interference that may exist under faded and nonfaded
conditions is minimized, so that the link still meets the required network
reliability levels. It has also already been stated that digital radio links have a
receiver threshold characteristic that makes them very resilient under nonfaded
conditions. This is particularly true of interference, where it is possible that the
links are interference limited, and thus the network will not meet the required
reliability under faded conditions, but because this is not evident at the time
of commissioning, the network operator may be blissfully unaware that they have
a serious quality problem. Another key strategic issue, that is often overlooked, is
the true value of spectrum in terms of future expansion. Poor frequency planning
can significantly reduce the amount of future expansion possible in the network
and with the expected growth in radio systems and limited amount of spectrum
available for microwave links. This is a long-term planning issue that should
be seriously considered. Not all operators are aware that the responsibility for
maximizing frequency reuse is typically borne by the operator now and not
mandated by the frequency regulators. Frequency planning must become better
understood in the industry and an attempt will be made to address all the
relevant issues in this chapter.
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8.1 Frequency Regulation
In the introduction it was mentioned that the RF spectrum is part of the shared
electromagnetic spectrum, and as it cannot be expanded or re-created and
must be shared between various applications, it requires careful allocation and
coordination. The body that is globally responsible for this is the International
Telecommunication Union (ITU) and the arm that directs the affairs of microwave radio systems is the ITU-R (Radiocommunications agency). Each country
has a regulator that is responsible for national policy and for choosing a particular
channel plan for each frequency band to implement in that country. It is
important to understand that just because two plans are ITU compliant, it does
not make them compatible, so only one plan is allowed per frequency band in
each country and cross border coordination will be required at the country
border.
There are three classes of spectrum management: command and control,
required for satellite or aeronautical systems; market forces, where market economics are assumed to optimize spectrum usage; and license exempt where links
are only registered within certain controls such as limited output power, but
no guarantees are given for interference-free operation. Each country regulator
will apply its own approach to the issuing of spectrum. In some countries the
spectrum is sold to an operator, either by auction or by competitive tender,
sometimes called a beauty parade. This allows the operator to treat its spectrum
costs as a capital expenditure (CAPEX) rather than the individual licensing fee,
which is an annual operating cost (OPEX).

8.1.1 ITU-R Frequency Coordination
Within the ITU-R, two main bodies are responsible for frequency coordination.
The first is the World Radiocommunication Conference (WRC), formerly
known as the World Administrative Radio Conference (WARC), which is
responsible for allocating the specific frequency bands for current and future
radio-based applications. The WRC reviews, and, if necessary, revises the radio
regulations and governs the use of the radio-frequency spectrum. It is at this
meeting that organizations lobby to get new spectrum allocated for new services
such as direct-to-home broadcasting satellites. Recently spectrum was approved
within IMT-2000 for WiMAX services.
The second body responsible for frequency coordination is the Radio
Regulations Board (RRB) [formerly the International Frequency Registration
Board (IFRB)], which defines the international rules for frequency assignments
within the bands set by the WRC. The members of the RRB are elected and
meet on a part-time basis up to four times a year, normally in Geneva.
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8.1.2 FCC Frequency Coordination
The Federal Communications Commission (FCC) is an independent U.S.
government agency, directly responsible to Congress. The FCC was established
by the Communications Act of 1934 and is charged with regulating interstate
and international communications by radio, television, wire, satellite, and cable.
The Commission is organized by function with seven operating bureaus and
ten staff offices. The bureaus’ responsibilities include: processing applications
for licenses and other filings, analyzing complaints, conducting investigations,
developing and implementing regulatory programs, and taking part in hearings.
The key microwave body is the Wireless Telecommunications Bureau (WTB).
It has two divisions: the Broadband Division Services, which is responsible for
site-specific microwave, with fixed microwave services, and the Mobility division,
which is responsible for cellular and broadband PCS.
Historically, there were two types of licenses: Part 21 (Common Carrier)
and Part 94 (private operator). This has been replaced by a common Part 101
process. The licenses can be carrier owned (typically by auction) and are typically
regional licenses, or FCC owned and allocated by application for private users.
Licenses can be reserved after 48 hours in the frequency coordination phase
but have a 30-day prior coordination notice (PCN) period. The licenses are a
permanent allocation on a 10-year renewable basis. The applications can be
done online through a universal licensing system (ULS).
The FCC also has a requirement in terms of antenna structures. As part
of its ongoing efforts to promote air safety, the FCC requires owners to register
certain antenna structures [generally those more than 60.96 meters (200 feet)
in height or located near an airport] with the Commission. Antenna structure
owners (instead of licensees) must register these structures with the Commission.
The Antenna Structure Registration (ASR) rules are contained in Part 17 of the
Commission’s Rules (47 C.F.R. 17). The FCC Web site is http://www.fcc.gov/.
8.1.3 Ofcom Frequency Coordination
The Office of Communications (Ofcom) in the United Kingdom is an independent body; it is no longer government-controlled, as was the previous Radiocommunications Agency (RA). Ofcom was established by the Office of
Communications Act 2002. It is the regulator for the U.K. communications
industries, with responsibilities across television, radio, telecommunications, and
wireless communications services. Ofcom prefers a hands-off, market-controlled
approach to spectrum management (this is detailed in the Spectrum Framework
Review ). This change in policy came about following the independent audit of
Spectrum Holdings, done in 2004 by Professor Martin Cave at the request of
the government. The conclusion was that command and control did not necessarily result in the optimal frequency reuse scenarios and if the spectrum was
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priced correctly, market forces would produce better results. The report also
recommended major changes such that spectrum should be free of technology
and usage constraints, it should be simple and transparent for license holders
to change ownership and use, and the rights of users should be clearly defined.
The implementation plan (SFR-IP) details each band usage. The Ofcom Web
site is http://www.ofcom.org.uk/.
8.1.4 Microwave Radio Link Bands
From a radio planning point of view, the microwave link bands can be roughly
grouped together as follows.
8.1.4.1

Less Than 3 GHz

Many UHF analog microwave links still are deployed in the 400-MHz band
with the 1.4-GHz band now being used for low-capacity, digital links. The 2.4
GHz is used for unlicensed links. In these lower frequency bands, long hops,
even greater than 100 km, can be accommodated. This is due to the more robust
modulation schemes and the less stringent line of sight (LOS) requirements. Due
to the larger wavelength, the antenna surface accuracy on solid parabolic dishes
is not critical and simple horn feeds can be used; therefore, the antennas are
much cheaper, even though they are often physically large. Low-cost grid antennas, yagis, and flat panel antennas can also be used.
8.1.4.2

3–11 GHz

This group of frequencies is typically where the main medium-to-high capacity
long haul band links are deployed; 4 GHz, 6 GHz, 7/8 GHz, and 11 GHz are
typical. The 5.8 GHz is used for unlicensed links. These links require full LOS
and are affected mainly by multipath fading. Thirty miles (50 km) is considered
the ideal hop length that balances the requirement to maximize hop length
with costs, ease of design, and deployment complications. Short hops should
not be put in these bands, as they are a waste of valuable spectrum.
8.1.4.3

13–38 GHz

This group of frequencies is used for short hops, and there is an abundance of
spectrum. The main fading effect is from rain attenuation. Links below 30 km
can typically be deployed in the 13-GHz or 15-GHz band, whereas for very
short hops (less than 5 km), the 38-GHz band should be used. Other link
frequencies in this category are 18 GHz, 23 GHz, 26 GHz (ETSI), 32 GHz
(new band) and 38 GHz. The 24 GHz is used for unlicensed links.
8.1.4.4

60–90 GHz (Millimeter Bands)

More recently, massive amounts of spectrum (over 5 GHz) have been made
available in the E-band. The three key bands are 70 GHz (71 to 76), 80 GHz
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(81 to 86) and 90 GHz (92 to 95). Path loss is not excessive (around 0.5 dB
per km), despite the high frequency, and so they are practical for hops up to
a few kilometers. It must be remembered that 23 GHz is on a resonant peak,
so there is no linear scaling of losses between 23 GHz and 90 GHz; 60 GHz
is also deployed on a resonant peak to maximize frequency reuse and is used
for unlicensed links. This additional spectrum in these millimeter bands will
become very necessary as lots of next generation base stations are rolled out,
all requiring backhaul connections to the network.

8.2 What Is Interference?
The ITU Radio Regulations define interference as: ‘‘The effect of unwanted
energy due to emissions, radiations or inductions, manifested by any performance
degradation, misinterpretation, or loss of information, that could be extracted
in the absence of such unwanted energy.’’ In other words, interference is any
unwanted signal that would present itself to the receiver section of a radio for
demodulation. It can be a delayed copy of the radio links’ own signal, an
adjacent channel’s signal traveling over the same link, or a signal from another
radio link or RF source.
8.2.1 Causes of Interference
Interference can result from a number of sources: It may originate from the
equipment itself due to the transmit and receive local oscillators (LO) and
inadequate adjacent channel filter selectivities. Good equipment with stable
oscillators and steep filter responses is required. Interference can also result
from reflections in a poorly matched or damaged antenna/feeder system. The
interference could be from an unknown spurious source in the radio system
itself generating harmonic or sideband emissions in the radio channel or another
rogue radio system transmitting on the licensed channel. The interference can
also be coming from the radio network due to frequency reuse. This may be
at a node or on hops further down the chain in overshoot interference. A very
common cause of interference is from a high/low clash which will be discussed
in detail later in this chapter. Interference may even be from a rusty bolt at a
site. The poor conductivity at the metallic interface creates a diode effect that
causes intermodulation products (IMPs) to be generated.
8.2.2 Types of Interference
There are two types of interfering signals: one with a variable C/I and the other
with a constant C/I.

202

8.2.2.1

Microwave Radio Transmission Design Guide

Variable C/I

In this case the interfering signal is constant, but the carrier level varies due to
fading over the path. It is assumed that the fading that the carrier experiences
is independent from the fading experienced by the interfering signal. This results
in the C/I vary with fading. The effects are thus analyzed at the threshold of
the receiver (high BER).
8.2.2.2

Constant C/I

In this case both the carrier and the interfering signal are affected by the same
amount of fading. This is the case when the signals travel over the same path.
The absolute wanted signal and interfering signal levels may change, but the
ratio between them remains the same. These effects are analyzed for a strong
receive signal where thermal noise is not a problem and intersymbol interference
is the main concern.
8.2.3 Effects of Interference
In an analog system the interference effect is totally different from a digital
system.
8.2.3.1

Effect on Analog Receivers

In analog systems the interference increases the idle and baseband noise, which
has a direct effect on quality. It also leads to a buildup of IMP, which further
degrades the signal quality. These products interfere with the carrier frequency
and its sidebands. An interfering signal’s carrier frequency, received within the
victim receiver’s band, can have a much stronger signal level than the victim’s
sidebands. This results in what is called carrier beat interference. The second
type of interference is caused by the adjacent channel’s sidebands, which beat
with the victim’s sidebands, resulting in sideband beat interference. These analog
interference effects are shown in Figure 8.1.
The interference will also add to the thermal noise floor of the receiver.
Background thermal noise (P n ) can be quantified as
P n = KTB

(8.1)

where K is Boltzmann’s constant (1.38 × 10−23 J/K), T is the receiver temperature (in Kelvins), and B is the bandwidth of the receiver in hertz.
The receiver threshold P T can be expressed in dBm
P T = S /N BB + F dB + N i + KTB

(8.2)

where S /N BB is the S/N ratio at the demodulator input, F dB is the receiver
front-end noise figure, and N i is the noise from interference. This results in an
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Figure 8.1 Carrier beat and sideband beat interference.

increase in the baseband idle noise and degrades the S/N ratio at the RF squelch
point, thus decreasing the fade margin. This effect is negligible in comparison
with the previous effects in analog systems.
The effect of increased noise due to thermal noise and intermodulation
is shown in Figure 8.2. It is interesting to note that the crossover point is the
desired operating point, which is why most analog systems were designed to
meet a specific fade margin (usually 40 dB), irrespective of the link conditions.
In summary, it can be said that the main effect on analog systems is due
to increased noise and IMPs in the unfaded condition.
8.2.3.2 Effect on Digital Receivers

In an unfaded condition, digital receivers are very robust against interference
mechanisms. Unlike analog systems, however, the main interference problem
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Figure 8.2 Noise in an analog system.

occurs in a faded condition where the signal levels approach the receiver threshold
values. Signal levels way below the threshold limit of the receiver can cause
problems to the demodulation process. The interference effect is thus not in
terms of its absolute signal amplitude but in terms of the ratio between the
wanted (carrier) signal and the unwanted (interference) signal, expressed as C/I.
If the figure is expressed relative to the threshold level, it is called threshold-tointerference, or T/I. The C/I ratio is also sometimes called wanted-to-unwanted,
denoted W/U. The two terms can be used interchangeably.
Cochannel Interference

In digital systems, due to the threshold effect of digital receivers, as illustrated
in Figure 8.3, the low-level interference has little or no effect on signal quality
in the unfaded condition. For small variations around the nominal receive level,
the effect on BER is negligible. It is only when one approaches the knee of the
threshold area that receive level variations have a dramatic effect on quality. It
is interesting to note that due to the threshold effect it is not essential to operate
at a specific fade margin, for example, 40 dB. One can calculate the actual fade
margin required for the specific link, provided that a minimum fade margin is
maintained to keep the signal off the threshold portion of the curve.
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Figure 8.3 Receiver threshold curve.

Recall from (8.2) that interference N i adds to the thermal noise floor of
the receiver. If the threshold level without interference was −100 dBm and the
interfering signal had an amplitude (N i ) of −100 dBm, the threshold would
be degraded by 3 dB. This means that a fade margin of 40 dB would be degraded
to only 37 dB, which has a significant effect on the overall performance of the
link.
In a digital system there is a certain minimum C/I ratio (C/Imin ) above
which the BER is constant and below which the performance quickly becomes
unacceptable. This depends very much on the modulation scheme: A simple 4
PSK system requires only 15 dB, whereas a 128 QAM system requires at least
30 dB. The digital signal must maintain this ratio even in a faded condition.
This means that the C/I must be greater than C/Imin plus the minimum fade
margin calculated to meet the performance objective, hence
C/I = C/Imin + FMmin

(8.3)

In practice, the interference situation at a nodal site improves if the receive
levels are of equal magnitude. The receive levels are affected by the antenna
sizes used over the respective hops. This requirement must be balanced with
the performance objectives that dictate specific antenna sizes in order to meet
a required fade margin.
Equipment manufacturers will usually produce a series of curves that show
the threshold degradations for various C/I ratios. An example is shown in Figure
8.4.
The threshold degradation needs to be included in the overall fading
predictions. The overall fade margin is a combination of flat fading, selective
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Figure 8.4 Example of equipment C/I curve.

fading, and interference. The fade margin calculated in the previous chapters
needs to be reduced by the value of the threshold degradation to work out the
overall outage.
Adjacent Channel Interference

In order to simplify the analysis, the filter discrimination, called the net filter
discrimination (NFD) or interference reduction factor (IRF), is used to convert
the adjacent channel interference into an equivalent cochannel value. This value
is a function of the selectivity of the receiver itself and, therefore, must be
obtained from the manufacturer’s specifications for each radio type. An example
is shown in Figure 8.5. Using the concept of NFD, the same analysis can be
used for cochannel and adjacent channel interference signals. The equation can
be expressed as
C/I (cochannel) = C/I (adjacent) + NFD

(8.4)

8.2.4 Intersystem Interference
Channel plans for analog systems have been in place for many years. With
new digital systems and, specifically, SDH radio systems being introduced, the
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Figure 8.5 Typical equipment NFD curve.

challenge is to fit the new services into the same spectrum. This has been done
using more complex modulation schemes and with dual-polar operation on the
same channel. This results in three interference conditions: digital to digital,
analog to digital, and digital to analog.
8.2.4.1 Digital to Digital

In a digital system the effect of an interfering signal can be analyzed using
the C/I curves supplied by the radio manufacturers. These curves assume the
interfering cochannel signal is of the same type as its own wanted (carrier)
signal, using the same modulation scheme. A family of curves is usually supplied
starting with a C/I ratio of infinity (no interference) up to a level where the
system becomes unusable (C/Imin ). The curves are usually only shown over the
threshold region, but they can be supplied over the entire range of receive levels
including strong (overload), receive levels. The adjacent channel interference
can be calculated using the concept of NFD. The carrier and interfering signal
levels must be calculated taking into account the antenna discrimination for
off-boresight signals, cross-polarization, and any diffraction losses. In other
words, it is the actual signal levels received at the antenna port.
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Analog to Digital

Analog systems tend to have a narrower bandwidth than the equivalent digital
systems; therefore, interference from an analog into a digital system is less severe
than vice versa. The cochannel interference situation can be considered similar
to the digital-to-digital analysis, providing one worsens the results slightly
(approximately 1 dB) to take account of the fact that the interfering analog
FM signal spectrum can be considered unmodulated.
The adjacent channel signal results are usually improved on the digitalto-digital case due to the analog signal’s narrower bandwidth. The receiver
selectivity attenuates the concentrated analog signal more than the wideband
digital system.
8.2.4.3

Digital to Analog

This is the most serious interference situation. In other words, the digital systems
being introduced have a much worse effect on the analog systems in place than
those analog systems will have on the new digital systems. Fortunately, in most
cases the new digital systems are actually replacing the analog ones, and therefore
the performance degradations can be tolerated during the cutover period. The
performance calculations will not be covered in detail because most analog
systems are now obsolete. As mentioned earlier, the interference results in
increased noise. This is normally referenced to the worst FDM channel, which
is the highest baseband frequency. The interference calculation must take into
account the main digital interference, the secondary noise from the PCM
spectrum beating with the FDM carrier, and the more serious IMP noise caused
by IM products resulting from the two sets of spectrum.

8.3 Frequency Channel Planning
Recommendations specifying the individual radio channel are made by the
Radiocommunications sector of the ITU. These ITU-R Recommendations specify the center frequency of the band, the T/R spacing, the adjacent channel
spacing (copolar and cross-polar), and the number of channels.
8.3.1 Basic ITU Arrangements
The basic frequency arrangement set by the ITU-R is shown in Figure 8.6.
The center frequency ( f 0 ) is the midband frequency around which the
channels are arranged. A number of channels with specific channel spacing are
identified across the frequency band of that specific plan.
Sometimes the channels are spaced with alternate polarizations. One therefore needs to be careful when specifying channel spacing requirements, whether
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Figure 8.6 ITU-R frequency plan arrangement diagram.

it is the copolar or cross-polar spacing that is being referenced. A safety gap
(center gap) is also specified between the top frequency of the transmit-low
frequencies and the bottom frequency of the transmit-high frequencies.
The ITU-R plans are usually provided with the basic configuration showing
the center frequency f 0 , the channel spacing, the T/R spacing, and the overall
frequency band. A formula is then provided from which one can calculate
the actual frequencies themselves. The actual frequencies for an international
connection [1] in the frequency band 7,425 MHz to 7,725 MHz using f 0 of
7,575 MHz is calculated as follows:
fn = f 0 − 154 + 7n and fn ′ = f 0 + 7 + 7n

(8.5)

Hence,
f 1 = 7575 MHz − 154 + 7 × 1 = 7428 MHz
f 2 = 7575 MHz − 154 + 7 × 2 = 7435 MHz

(8.6)

f 1′ = 7575 MHz + 7 + 7 × 1 = 7589 MHz
It can be seen that the channel spacing is (7,435 − 7,428) = 7 MHz and
the T/R spacing is (7,589 − 7,428) = 161 MHz. Radio equipment’s duplexers
will usually only support one T/R spacing. Therefore, the planner should specify
the T/R spacing of the frequency plan when ordering the equipment.
8.3.2 A and B Sites (High/Low Arrangements)
For radio links one is always working with pairs of channels. A signal is transmitted from Site a to Site b with a certain transmit frequency and Site a’s
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receive frequency is the transmit frequency from Site b. These are termed go
and return channels. The go channels transmit in the lower half of the plan
and are sometimes referred to as ‘‘transmit low’’ and are designated as f n , where
n is the channel number. The return frequencies transmit in the higher portion
of the band, are sometimes referred to as transmit high, and are designated as
f n′.
This is a very important consideration when doing the frequency coordination at a site. For a specific frequency band, all the links must transmit either
high or low; otherwise, one can end up with a situation where a strong transmit
signal leaks into the adjacent link’s receiver that may not be able to adequately
filter it. Transmit-low sites are called A sites and transmit high sites are called
B sites. It is possible to have one site as an A site for one frequency band and
a B site for another frequency band if the frequency separation is sufficient.
One does need to be very careful with adjacent frequency bands because
the return channels from the lower band are adjacent to the go channels for
the higher band. It is thus imperative that if the site is a B site for the lower
band, it must be an A site for the higher band. This is illustrated in the example
shown in Figure 8.7. Radio routes that link up in the form of rings must be
carefully planned to avoid an A/B clash. In this case it may be necessary to use
another frequency band in the loop to break the frequency chain. The main
problem with an A/B clash is that the transmitter at the site can interfere with
its own receiver. One needs to maximize the frequency separation between
transmit and receive. To do this, channels at this problem site should be chosen
at the extremes of the band. For example, with an eight-channel band plan, if
in one direction one is using channel 1, try to use channel 8 in the other
direction. This way, the T/R spacing is only the ‘‘center gap distance’’ short of
the usual T/R spacing ensured by the band plan. To illustrate these principles,
consider Figure 8.7, which represents a five-hop network. Assume that the hop
frequencies for channels 1 to 3 are as indicated in Table 8.1.
Given that site a has a transmit frequency of 7,750 fixes, it has an A
(transmit low) site. Site b is thus a B (transmit high) site. It will transmit

Figure 8.7 High-low frequency illustration.
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Table 8.1
Available Frequencies for a High-Low Example

Channel

Low Frequency
(MHz)

High Frequency
(MHz)

1
2
3

7,750
7,780
7,810

8,050
8,080
8,110

8,050 MHz to site a and 8,080 MHz to site c. Site c must be an A site (transmit
low), which fixes sites d and e as B sites (transmit high). Site c will thus transmit
7,780 MHz to b, 7,750 MHz to d, and 7,810 MHz to e.
Now assume that a new site f is added with frequencies 7,400 MHz and
7,700 MHz. In order to allocate the frequency, we need to decide which end
is A and which is B. Site b is already a B site for the previous band plan, which
means it receives on 7,750 MHz. If we kept the A/B allocation the same for
this plan, the transmit frequency from site b would be 7,700 (‘‘transmit high’’),
which is only 50 MHz away from the other link’s receiver. The duplexer isolation
can probably not cope with this; therefore, it is better to reverse the allocations.
This is always the case with frequencies at the limits of their respective bands,
that is, when two plans are adjacent to one another. The solution is to allocate
site b as an A site ( f TX = 7,400) and Site f as a B site ( f TX = 7,700). It would
also be unwise to close the loop between e and d on the same plan because it
would cause an A/B clash. It is preferable to implement one of the links in a
different band. For example, if the distance between e and d was less than
20 km, it could probably be linked on a frequency above 10 GHz. If there are
no alternative frequency bands and no other way of doing the route, then
frequencies at the edge of the band must be chosen; that is, with Link ce on
channel 3 and Link cd on channel 1, channel 8 should be chosen for Link ed,
assuming an 8-frequency channel plan. The T/R isolation between channels 3
and 8 must then be checked relative to the duplexer isolation. If it is insufficient,
a channel filter could be investigated; if this is not practical the link cannot be
installed. Allocating the high/low ends is always the first step in doing any
channel allocations during the frequency planning phase of the link design.
8.3.3 Alternate Polarization
In fully developed routes, alternate polarizations are used with a dual-polar
antenna. A typical configuration showing the frequency plan and antenna connection diagram is shown in Figure 8.8.
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Figure 8.8 Typical dual-polar plan and antenna connection.

8.3.4 Frequency Diversity Allocations
In some cases, to meet the specified performance objectives in a route, a protection channel is required. The concept is that when fading activity occurs over
the hop, the effect on one frequency is different from an adjacent frequency
due to the electrical path length differential between the two. If during fading
the traffic is switched, using a hitless switch, to the standby channel, traffic loss
can be avoided. The greater the distance between the two frequencies, the less
the correlation and the better the performance improvement against Rayleigh
fading. The partial uncorrelation between two channels in frequency diversity
mode is shown in Figure 8.9.
For selective fading the situation is the opposite. The probability of notch
fading occurring simultaneously in frequency channels separated by a large
spectral distance is higher than if they were spaced close together. With modern
radio systems, however, the notch distortion is equalized with fast-responding
equalizers so that the dominant fading outage is still Rayleigh fading. Typically
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Figure 8.9 Frequency diversity improvement against fading.

only 10% of the outage can be attributed to selective (notch) fading. When
allocating frequencies, one should therefore aim for maximum separation. In a
1 + 1 system, one needs to consider that each channel used must have an equal
performance; therefore, the separation is never more than half the number of
channels. For example, if there are eight channels in a band and the entire band
was to be used, the diversity would be allocated as 1, 5 and 2, 6, for example.
If n + 1 diversity is used, it implies that the n channels have only one standby
channel. It is impossible for each channel to have equal performance; therefore,
if there are eight channels available, the protection channel can be arbitrarily
chosen as channel 8. With this configuration one should put the priority
traffic on channel 1 to ensure maximum separation between traffic and standby
channels.
8.3.5 Interleaving of Channels
In some cases where the channel spacing exceeds the width of the modulated
carrier, additional channels can be interleaved in the ‘‘gaps,’’ as shown in Figure
8.10.
The intended application for interleaved channels is at nodal sites. It
is important to realize that it is not possible to use interleaved frequencies
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Figure 8.10 Interleaved channels.

simultaneously with the main plan over a fully developed route. Adjacent channel
interference is limited at nodal sites because the signals are not parallel but are
discriminated by the antenna patterns.
8.3.6 Spectral Efficiency
The bandwidth of radio equipment often has to be adapted to fit within the
specified frequency plans. Complex modulation schemes are used to reduce the
symbol bandwidth so that the channel spacing conforms to the ITU plan. The
equipment needs to meet the required spectral efficiency for each plan. Spectral
efficiency (E ) is the ratio between the information bit rate and the RF bandwidth.
It is defined as
E = Number of RF channels × Maximum bit rate/RF half-band (8.7)
For example, a 500-MHz-wide frequency band with eight pairs of RF
channels (go and return) with equipment operating at 140 Mbit/s will require
a spectral efficiency of
E = 8 × 140/(500/2)

(8.8)

= 4.48 bits/s/Hz
This will influence the type of modulation scheme used.
One can calculate the achievable efficiency of different modulation schemes
as follows: Assume an ideal situation where the baseband filters are limited to
the Nyquist bandwidth. In other words, the filter bandwidth is one-half the
symbol rate (Ts ). If we assume that B is the number of bits per RF symbol,
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then the packing ratio or bits per hertz of RF bandwidth capacity (C ) is equal
to B. In an M-ary QAM system, B can be expressed as
B = 2 log 2 M

(8.9)

This means that for an ideal filter case, C = 2 log 2 M. For a 4 PSK system,
C = 2. For a 16 QAM system, C = 4. For a 32 QAM system, C = 5.
In the example discussed at the beginning of this section, it can be seen
from the result of (8.8) that a minimum of 32 QAM would be required for
this system to fit into this band plan.

8.4 Frequency Reuse
Frequency reuse refers to a situation where the same frequency pair is reused
in a route. In the interests of good spectrum management, when doing frequency
planning, one should start from the assumption that the frequency can be
reused. The exact interference limits can be calculated using the methodology
described by the ITU [2].
8.4.1 Two-Frequency (One-Pair) Plan
The most efficient reuse plan is one in which a single pair of frequencies is
used throughout a route. One needs to consider the interference from two
perspectives: the interference at the repeater (nodal) site and the problem at
sites further down the route (overshoot).
8.4.1.1 Nodal Sites

Consider a case where at site A two links on the same frequency are transmitting
in two opposite directions. Let the left-hand link be called Link x and the right
hand link be called Link y. The situation is as shown in Figure 8.11.

Figure 8.11 Nodal interference.
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Site A is transmitting frequency f 1 in both directions. Site X is therefore
transmitting on frequency f 1′. At site A, the antenna (X) panned for Link x
will receive the signal on frequency f 1′. The antenna (Y) panned for Link y will
also receive this signal from x, but attenuated by the F/B ratio of the Y antenna.
To reuse the same frequency f 1 on Link y, the minimum carrier (signal f 1′ from
Link y) to interference (signal f 1′ from Link x attenuated by F/B ratio of Y)
ratio must be maintained into receiver Y. If the interference signal is too high,
the F/B ratio of antenna Y will have to be increased. Changing the polarization
of Link y will not help because the polarization discrimination around the back
of the antenna is negligible. Increasing the wanted signal into y from Link y
may help but may cause problems for Link x. The best interference scenario is
to have the two signal levels at Site A balanced, if the performance calculations
allow it. In summary, the only real way to achieve frequency reuse is to use
high-performance antennas with a good F/B ratio.
8.4.1.2

Overshoot

Reusing the same frequency not only has implications at a nodal site, but it
also needs to be considered from the overshoot point of view. Consider the
diagram shown in Figure 8.12.
Assume that we have four sites with three links on the same frequency
sets. At Site 1, Link x will transmit frequency f 1 . This will not be received at

Figure 8.12 Overshoot interference.
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Site 3 since this is also a receive high (A) site. The overshoot path is thus into
Site 4 on Link z. The interference path is attenuated by the two antenna
discriminations. The interference transmit signal is reduced by the antenna
discrimination at angle ␣ (Link x) and the receive antenna is reduced by the
antenna discrimination at angle  (Link z).
The receive signal is attenuated over the hop by the FSL, which can be
expressed as
FSL = 92.4 dB + 20 log f (GHz) + 20 log d (km)

(8.10)

Distance in itself does not afford the hop much protection since a doubling
of distance only results in a 6-dB loss in signal level. In other words, for a
50-km-long hop, an interfering signal 100 km away is only attenuated by
6 dB due to the path length. One 400 km away is attenuated by 18 dB.
Considering that fades of greater than 40 dB can occur due to multipath fading,
an interference signal attenuated by only 18 dB is not negligible.
Fortunately, the Earth’s topology often blocks interfering signals that
emanate from transmitters that far away. The additional loss by any potential
terrain obstruction from the intervening terrain can be included. This must be
analyzed assuming a flat Earth. In other words, the worst-case interference
scenario is for a high k condition. The diffraction loss should be calculated for
k = infinity. The implication is that even if the obstruction is physically blocking
the path from an LOS point of view, it may have no effect from an interference
point of view since the radio beam is bent over the obstruction in a high k
condition. A signal propagated over a flat Earth with no hills would not be
blocked by the Earth bulge at k = infinity because the signal travels parallel to
the Earth at this k-factor. Despite this, there are cases where, even in a high k
condition, the intervening terrain adds an obstruction (diffraction) loss to the
path. This loss should therefore be added to the FSL to calculate the level of
the interference signal.
If the interference signal is problematic the only practical way to improve
the situation, assuming antennas with good sidelobe suppression are already in
use, is to change the polarization of one of the two paths, that is, either Link
x or Link z. This way the interfering signal experiences the antenna’s crosspolar discrimination, which is significant. For this reason, overreach problems
are solved by alternating the polarization every two hops. This plan is shown
in Figure 8.13.
8.4.2 Four-Frequency (Two-Pair) Plan
If the cross-polar discrimination of antennas is insufficient to solve the overshoot
problem using a single frequency pair, a second set of frequencies is required.
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Figure 8.13 Two-frequency plan: cross-polar.

In this case, the frequency and polarization should be alternated on every second
hop. This results in the overshoot path to the third hop being a different
frequency, and the opposite polarization ensures that adjacent channel interference is minimized. This is illustrated in Figure 8.14.
If the second pair of frequencies is required to overcome antennas with
insufficient F/B ratio, the frequencies should be alternated every hop and the
polarization alternated every third hop. The common polarization every second
node is not a problem as far as the FIB ratio is concerned since there is virtually
no polarization discrimination at the back of antennas. The polarization shift
at the third hop is required for overshoot protection. This is illustrated in Figure
8.15.
With this four-frequency plan, high-performance antennas will not normally be required on the alternate sites where two frequency pairs are being
used.
8.4.3 Six-Frequency (Three-Pair) Plan
If both F/B and overshoot cannot be solved with the previous plans, then an
additional frequency pair will be required. These will be allocated as frequency

Figure 8.14 Four-frequency plan with alternated polarization.
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Figure 8.15 Four-frequency plan with alternated frequencies.

pairs 1, 2, and 3 with one polarization, then 1, 2, and 3 with the alternate
polarization, and so on.

8.5 Antenna Considerations
The choice of antenna is critical in the interference analysis of a microwave
radio route. For frequency reuse it is the F/B ratio that is the critical parameter,
and for overshoot protection it is the sidelobe and cross-polar discrimination
aspects that are important. The F/B ratio is defined as the ratio of the gain in
the desired forward direction to the gain in the opposite direction out of the
back of the antenna. High-performance antennas have excellent F/B ratios,
typically 10 dB to 20 dB better than standard antennas. High-performance
antennas are significantly more expensive however, and add complexity and
cost to the rigging. The towers may also need to be stronger to support the
extra weight and windloading. The frequency reuse requirements thus have to
be balanced with the other project requirements.

8.6 Intermodulation Products
An additional interference problem that is significant at VHF and UHF frequencies is caused by IMPs. Any two frequencies that are allowed to mix (beat) in
a nonlinear device will generate an additional set of frequencies. These additional
frequencies are called IMPs. If these products happen to fall within the passband
of the receiver, then an IMP problem exists.
The first source of IMPs is generated by the transmitter itself (including
spurious and harmonics) and caused by the nonlinearity of the transmitter.
They can be reduced by the transmit branching filters. The intermodulation
products that are normally considered are those resulting from two carrier
frequencies rather than those generated internally to the equipment. The ITU
plans should ensure that the frequencies chosen minimize this effect, but different
systems at a site can result in problem IMPs.
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The second source of intermodulation products are generated within the
receiver input stage due to the nonlinearity of the mixers, for example. Two
off-channel signals can be mixed in the receiver to produce an IMP that corresponds to the wanted receiver frequency. This effect can be reduced by having
narrowband receive filters.
Finally IMPs can be generated by any nonlinear physical device at the
site, such as a rusty tower and fence. This is called the rusty bolt effect. Metallic
surfaces that have been oxidized behave in a nonlinear way like a diode. The
metal structure can then become a radiating device (antenna), resulting in the
IMPs.
If one mixes (modulates) one frequency (A ) with another (B ), upper and
lower side bands nA + mB and nA − mB are produced. Examples of this are
A + B, A − B, 2A + B, 2A − B.
The order of the products is determined by n + m. Hence, n + m = 2
are second order and n + m = 3 are third order. Second-order (and further
even-order) products are not problematic since the resulting frequency lies well
off the receiver frequency. For example, if the two carrier frequencies 402 MHz
and 407 MHz mix, the result is (402 + 407 = 809 MHz) and (407 − 402 =
5 MHz). Third-order (and further odd-order) products can cause problems
since the new frequency may lie well within the receiver passband. For example,
2 × 402 − 407 = 397 MHz, which is only 5 MHz away from 402 MHz.
Care must be taken to avoid third- and fifth-order products at a site when
frequencies are allocated. Strict adherence to the ITU frequency plans should
be maintained because they are designed for minimum IMP interference.
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9
Link Design
9.1 Introduction
In the previous chapters we studied the fading mechanisms due to propagation
anomalies, interference effects, and equipment and antenna characteristics. In
this chapter we will apply this knowledge to perform the design calculations
for a radio link. The outages that are calculated need to be compared to the
quality and reliability objectives that we studied earlier. In that chapter we
learned that the availability requirements refer to events that occur for longer
than 10 seconds, whereas the performance requirements refer to events that last
less than 10 seconds. Because ducting, diffraction fading, and rain fading are
slow events (i.e., last longer than 10 seconds—usually some hours or more),
they need to be considered from the availability point of view. Multipath fading,
however, is a fast event and needs to be considered from the performance point
of view. In this chapter we will consider the design considerations in the real
world.
The main issues to consider are: subrefractive conditions that cause diffraction loss and determine the required antenna heights; super-refractive conditions
that cause multipath fading, that is, the main design consideration for long
hops; rain fading that impacts short hops; and interference that can degrade
the operating threshold and therefore the fade margin.

9.2 Diffraction Loss and Antenna Heights
Earlier we considered the effects of the atmosphere on the beam trajectory and
concluded that when the k-factor is reduced (during abnormal positive gradients
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of refractivity), the beam travels closer to the ground than usual and diffraction
loss can occur. In order to quantify the potential outage, we define the minimum
k value as the value of k that is exceeded for 99.99% of the time. The ITU
provides clearance rules that are used to set the minimum antenna heights.
These are valid above 2 GHz and below about 13 GHz. Below 2 GHz these
rules make the antennas unnecessarily high, and above 13 GHz the estimation
accuracy of the terrain data compared to the size of the Fresnel zone makes
them risky to use. No recommendations are provided by the ITU on what to
do for these links, but some practical advice will be given at the end of this
section.
9.2.1 ITU Recommendation
For links between 2 GHz and 13 GHz, the following rules are valid. The first
rule is set at the median value of k and the second rule is set at the minimum
value of k. The antenna should be set at the higher of the two values.
The clearance rules based on ITU-R P.530 [1] are shown in Table 9.1,
for both the original analog links and for the current digital ones. The reason
both have been included is that many organizations are still using the outdated
clearance rules resulting in unnecessarily high antennas and tower structures.
k min is read off Figure 9.1 [2]. The diversity antenna does not need to
take into account the minimum value of k, as diversity is required during
multipath conditions when the k factor is higher than usual. The diversity
antenna for protection against multipath conditions needs to meet the clearance
rules in Table 9.2.
9.2.2 Real-World Advice
No recommendations on antenna heights are given by the ITU for links below
2 GHz. Due to the large size of the Fresnel zones at these frequencies, it is
possible to operate without line of sight. However, the traditional advice of

Table 9.1
Clearance Rules for Main Antenna

Traditional
ITU-R P.530-12

Rule 1

Rule 2 (Temperate)

Rule 2 (Tropical)

100% F1 at k = 4/3
100% F1 at k = 4/3

60% F1 at k = 2/3
0% at k min
(isolated obstacle)
30% at k min
(extended obstacle)

60% F1 at k = 2/3
60% F1 at k min
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Figure 9.1 Minimum k versus path length.

Table 9.2
Diversity Antenna Clearance Rules

Traditional
ITU-R P.530-12

Rule 1

Rule 2

100% F1 at k = 4/3
30–60% at k = 4/3
(extended obstacle)
0–30% at k = 4/3
(isolated obstacle)

60% F1 at k = 2/3

having optical line of sight, even without any first Fresnel zone clearance, should
ensure that the link will operate adequately under low k conditions. Where no
line of sight exists, the diffraction loss under minimum k should be calculated
and in the worst case should be less than the link fade margin.
For links above 13 GHz, the link length tends to be short and therefore
the actual variation in beam trajectory from k factor variations is low. A pragmatic
approach is just to ensure that there is full optical line of sight from the exact
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location of the one antenna bracket to the other one, and then add 3 to 5
meters to account for Fresnel zone and k factor effects.
In the case of diversity, it is important to maintain sufficient clearance
between the main and diversity antenna so the two signals are not correlated.
This distance, for link bands between 4 and 8 GHz, is about the separation of
most tower platforms (between 10m to 15m)—the exact separation can be
calculated assuming 200 wavelengths of separation are required. This may mean
that in order to meet the ITU clearance condition on the diversity antenna,
the top antenna must be raised. In this case it would be preferable to leave the
top antenna where it is and lower the diversity antenna to meet the required
separation and live with the additional diffraction loss. The reason is when the
diversity antenna is required, the k factor is likely to be high and thus there
will be adequate clearance. In fact, the reduced clearance will improve multipath
performance as ground reflections are more likely to be blocked. The ITU
correctly points out that overemphasis on minimizing unavailability due to
diffraction loss in subrefractive conditions may result in worse degradation of
performance and availability in multipath conditions.
In Chapter 6 a number of pitfalls of clearance rules were discussed so an
alternative approach is to set the antennas at the best-case height, which is
100% F1 under median k conditions, and then calculate the diffraction loss
under minimum k condition. Providing this loss is within the fade margin that
is designed to protect against multipath fading (which occurs at the opposite
k condition to diffraction loss), an outage will not occur (in a digital system).
As there is not a lot of data available on the possibility of multipath occurring
during this abnormal positive gradient condition, it may be prudent to limit
the diffraction attenuation to a fixed percentage of the fade margin, say, 25%
and increase the antenna size if the attenuation exceeds this.

9.3 Multipath Fading Outages
The outages due to multipath fading depend on parameters such as frequency,
hop length, terrain type and roughness, climatic conditions, and path clearance.
The various semiempirical models developed to predict outages all use these
parameters to some extent. Each country has unique parameters; therefore, no
worldwide model has been found that accurately models the effects for all hops.
Researchers are continually adjusting the formulae to more accurately match
the hops that are being monitored. Some of these results can be traced by
following the changes in formulas given in the various versions of ITU 530.
Rounding off the ordinates used in the formulas, most of the results show
that the outages are roughly proportional to frequency, distance cubed, and a
geoclimatic factor determined from the hop terrain and climatic zone.
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9.3.1 Flat Fading Outage
In the microwave context, flat fading is caused by multipath conditions where
signal distortion effects can be ignored. This is typically the case for systems
below about 8 Mbit/s, provided the hop lengths are short (less than 50 km).
The effect of flat attenuation can easily be seen by plotting attenuation versus
BER. It can be seen in a digital system that as signal attenuation is increased,
the BER is initially unaffected until close to the receiver threshold where the
BER increases steeply, as shown by Figure 9.2. This is called the threshold
effect.
This corresponds to the critical thermal noise level at the receiver input.
Multipath fading causes a fast, deep signal attenuation that can cause an outage
if the fade margin is exceeded. When designing a radio link, it is important to
know the probability of this event occurring relative to the depth of fading.
Each link has a different inherent probability to be adversely affected by atmospheric fading depending on the length of the link, the frequency at which it
operates, the path profile, and the climatic conditions. Years of testing on radio
links (analog and digital) have shown that the probability distribution curve
follows a Rayleigh distribution for deep fades, which means that for every
10 dB of fading, the probability of occurrence decreases tenfold. Thus, there
are 10 times more 10-dB fades than 20-dB fades. This fact means that the
nature of fading is known for any hop—it is just the absolute level of fading
that needs to be determined. One can express the Rayleigh fading formula as
p (F < M ) = P 0 ⭈ 10−M /10

Figure 9.2 Receiver threshold curve.

(9.1)
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In other words, the probability of a fade exceeding a set fade margin M
is proportional to a set multipath fading occurrence factor P 0 . This curve can
be physically traced by monitoring the AGC level of a radio receiver. A fade
analyzer records the number of times a signal fades to a specific level. The
Rayleigh curve can then be determined by plotting the receiver fade depth in
decibels versus the probability that the ordinate is exceeded. The Rayleigh curve
is shown in Figure 9.3, where it will be seen that the first 15 dB or so of shallow
fading displays a Gaussian distribution with the linear Rayleigh portion occurring
for deep fades.
Very deep fades will also deviate from the theoretical Rayleigh curve
because the number of values at this depth is often insufficient to be statistically
reliable. By extrapolating the Rayleigh distribution curve to intersect with zerofade depth, the value of P 0 can be obtained. Since it is often not practical to
measure this value, a theoretical value is required. A number of semiempirical
formulae exist, such as the Vigants-Barnett formula and the formulas presented
in ITU-R P.530.
9.3.1.1

Outage Predictions: Barnett-Vigants Model

A generic fading formula expresses the fading outage [3]
P (W ) = K ⭈ Q ⭈ W /Wo ⭈ f

Figure 9.3 Rayleigh distribution.

B

⭈ dC %

(9.2)
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where P (W ) represents the percentage of time that the received power W is
not exceeded, f is the frequency in gigahertz, d is the path length in kilometers,
K is the geoclimate and terrain effects on climate, Q denotes the factor for
variables other than those dependent on d and f, and Wo is the received power
in nonfading conditions.
Using the Barnett-Vigants ordinates, this becomes
P (W ) = K ⭈ Q ⭈ W /Wo ⭈ f ⭈ d 3

(9.3)

where

K ⭈ Q ⭈ A ⭈ 10− /S 1 for A =
3

1.3

冦

4.1

for coastal areas

3.1

for subtropical

2.1

for average terrain (flat)

1

for mountainous

(9.4)

and S 1 is the roughness of the terrain as measured by the standard deviation
of the terrain elevations measured at 1-km intervals and excluding the radio
site heights. (6m < S 1 < 42m).
For narrowband systems we can write
(W /Wo ) = 10−M /10

(9.5)

where M denotes the flat fade margin in decibels. Hence, the Barnett-Vigant
method for determining the probability of exceeding a certain fade margin M
is
p (F < M ) = P 0 ⭈ 10−M /10

(9.6)

where P 0 = A ⭈ f ⭈ d 10− /S 1 .
3

3

1.3

9.3.1.2 Outage Predictions: ITU 530-7 Method

Various formulas have been developed and presented by the ITU [4]. The
formulas and methods presented are an attempt to define prediction models
that allow one to accurately predict the outage time for any given hop. Because
the fading is caused by multipath, one tries to predict the probability of multiple
paths existing. Multipath is caused by ground reflections and atmospheric refractions under ducting or near-ducting conditions. The probability of the refractivity gradient exceeding −100 N-units/km (P L ) is thus relevant. The angle that
a nonspecular ground reflection would have off the average profile, or the grazing
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angle, is also relevant. It is also well known that if the path cuts across the duct
rather than being launched parallel to the duct, the effect of the duct is reduced.
The path inclination is relevant. The geoclimatic factors are also relevant, because
they will have an effect on the amount of inherent multipath fading that a path
could have. In the latest method [4], the geoclimatic factor K is calculated as
a function of site location (site latitude, longitude) and ducting probability
(P L ). Ignoring site latitude or longitude, this can be expressed as
K = 5 × 10− × 10−
7

0.1(C 0 ) 0.5
PL

(9.7)

where C 0 is the terrain altitude coefficient and takes the values

C0 =

冦

1.7

from 0–400m AMSL

4.2

from 400m–700m

8

above 700m

(9.8)

The path inclination can be calculated from

⑀ p = | hr − he | /d

(9.9)

where hr and he are the heights of the transmitting and receiving antennas
above sea level and d is the hop length in kilometers.
The average worst month fade probability, Pw , can thus be expressed as
Pw = K ⭈ d 3.6 ⭈ f

0.89

(1 + ⑀ p )−1.4 ⭈ 10−A /10 %

(9.10)

where K denotes the geoclimatic factor (worst month), d is the path length in
kilometers, f is the frequency in gigahertz, ⑀ p is the path inclination in millirad
(max value 24), and A denotes the fade margin in decibels. The dependence
on the path profile expressed as roughness factor (S 1 ) or grazing angle  in
previous versions has been dropped in this method.
9.3.1.3

Outage Predictions: ITU 530-9/12

Researchers are continuing to work on empirical formulas that define the inherent level of fading due to terrain and climatic effects. This is known as K, the
geoclimatic factor which is a key variable in the determination of P 0 (multipath
occurrence factor). The latest ITU formula [1] takes the longitude, latitude,
dN1 value, roughness factor, and ⑀ p (path inclination) into account.
P 0 = K ⭈ d 3.2 ⭈ 冠1 + | ⑀ p | 冡

−0.97

× 100.032f − 0.00085hL
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where
K = 10−

3.9 − 0.003dN1 −0.42
Sa

and dN1 = point gradient of refractivity (G ) not exceeded for 1% of average
year. Values of dN1 can be obtained from ITU-R P.453; S a is the area terrain
roughness factor (defined as the standard deviation of terrain heights in meters);
and | ⑀ p | = magnitude of path inclination = | h r − h e | /d, where d is the path
length in kilometers, h e and h r are antenna heights above sea level, and h L is
the altitude of lower antenna.
In cases where there is no path profile available, a quick estimation can
be made using the following formulas.
P 0 = K ⭈ d 3 ⭈ (1 + ⑀ p )−1.2 × 100.033f − 0.001hL
K = 10−4.2 − 0.0029dN1
9.3.2 Selective Fading Outage
In relatively short (less than 30 km) low-capacity links (2, 4, and 8 Mb/s), the
bandwidth of the receiver, relative to the inverse of the delay times of
the additional rays caused by multipath conditions, is sufficiently small that the
signal distortion (caused by the frequency selective nature of the fading) can
be ignored. In medium- and high-capacity links (e.g., 34 or 155 Mb/s), this is
not so. In fact, the primary source of outage in a high-capacity system is due
to signal distortions, which result in severe intersymbol interference (ISI).
Because the demodulator of a radio receiver is designed according to the Nyquist
principle in that the decision point occurs when the tails of a previous pulse
are at a minimum, ISI results in closure of the eye diagram and an outage
condition (BER > 10−3 ). Increasing the receiver signal level, for example, by
increasing the fade margin, does not help the situation because the eye closure
is not caused by thermal noise but by distortions of the amplitude and group
delay across the receiver bandwidth.
9.3.2.1 System Signature

There are various methods for predicting outage times such as using a linear
amplitude distortion (LAD) approach, a time-domain multiecho approach,
normalized signatures, and composite fade margin methods. The normalized
signature and the composite fade margin approaches will be discussed further.
These methods provide outage predictions based on knowledge of how the
radio equipment responds to the in-band distortion caused by the multiple-ray
interference. It was shown earlier that if two-ray interference is plotted with
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frequency, a notch occurs. This notch was shown for a specific delay value of
the secondary ray. In a dynamic fading channel, the instantaneous changes in
refractive gradients would mean that each ray would travel a slightly different
path to the next ray if plotted in the time domain. If one imagines that the
delay of the secondary ray is incrementally increased, the notch would move
across the channel. In practice this is precisely what happens. The fading effect
is due to a frequency notch that sweeps across the channel. The outage is entirely
dependent on how the radio equipment responds to this dynamic distortion
event.
The measurement of the equipment’s response is called a signature curve
[5]. Both the normalized signature method and the composite fade margin
methods rely on having an accurate demodulator signature curve for the radio
equipment. The signature measurement is done by setting up a test bench,
which simulates the delayed echo signal. An attenuator is introduced to simulate
flat fading that would affect the direct path and the echo. Then the signal is
split into a main path and a delayed path. The delayed path undergoes a constant
delay using a fixed length of waveguide and the phase and amplitude of the
echo is controlled in such a way that the notch can be visually seen on a
spectrum analyzer. At the input, a pseudorandom bit pattern is sent and a BER
tester is employed at the receiver to measure the error rate. The depth of the
notch can be seen on the spectrum analyzer.
The frequency shift of the notch is achieved by varying the phase of the
echo. More specifically, the frequency shift can be written as
⌬ f NOTCH = ⌬ /2

(9.11)

For a fixed delay ( = 6.3 ns), this shift should be approximately
0.44 1 MHz per degree. The amplitude of the echo, which would cause an
outage, can be checked by varying the echo amplitude (␣ ) until a certain BER
condition, such as BER = 10−3, is reached. This amplitude ␣ can be converted
to the frequency notch attenuation, B, by
B = −20 log 10 (1 − b ) dB

(9.12)

where b denotes the amplitude value of the delayed signal assuming the main
signal has a value of unity.
The signature is thus measured by setting the phase in such a way that
the notch has a certain distance from the band center, represented by f 0 , and
then varying the amplitude required to cause an outage (e.g., 10−3 ) condition.
(Note that the BER = 10−6 condition can also be used.) This is then repeated
for various notch conditions across the bandwidth of the receiver such that the
signature curve is produced as shown in Figure 9.4.
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Figure 9.4 Typical signature curve.

9.3.2.2 Normalized Signature Outage Method

The normalized system signature method assumes that the outage is equal to
the area under the average of the nonminimum phase and minimum phase
signature curves.
This can be approximated by a rectangular area given as
K n = T 2 ⭈ W ⭈  a / r

(9.13)

where T is the system baud period (nanoseconds), that is, symbol time; W is
the signature width (gigahertz),  a is the average of signature depth (1 − bc ),
and  r is the reference delay for  a (nanoseconds).
9.3.2.3 Composite Fade Margin Method

It was mentioned earlier that dispersive fading is not related to the received
power level (thermal noise), but is the additional fading that caused errors due
to distortion. If one knows the exact flat fading outage and has determined the
dispersive nature of the path, then the dispersiveness of equipment characteristics
can be determined from measurements.
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Using the Rummler model [6], Bell Labs in the United States has developed
a formula to derive the DFM from the signature curve
DFM = 17.6 − [10 ln (Sw /158.4)] dB

(9.14)

where Sw = e −B(dB)/3.8 ⌬ f MHz.

9.4 Rain Fading
The propagation aspects of rain fading were discussed in the previous section.
To compute the rain outage, one needs to determine the rain rate required to
attenuate the path such that the fade margin is exceeded and then determine
how often this rain rate occurs for the geographical area under consideration.
The ITU has produced a world map where rain regions have been defined
according to rain rate. Region A has the lowest rainfall rate and Region P has
the highest. The path attenuation that corresponds to a rainfall rate that is only
exceeded for 0.01% of the time is expressed as
A 0.01% = ␥ R ⭈ d ⭈ r dB

(9.15)

where ␥ R is the specific attenuation in dB/km, d is the hop length in kilometers,
and r is the distance factor.
Very high rainfall rates tend to cover a smaller geographical area; hence,
the rainfall will not affect the entire hop length equally. The effective hop length
is calculated as the product of the real hop length d and a distance factor r
r = 1/(1 + d /d 0 )

(9.16)

where d 0 = 35e −0.015R (0.01%) for rain rates below 100 mm/hr.
The specific attenuation can be derived from the rain rate R (mm/hr)
using

␥ R = kR ␣

(9.17)

The regression constants k and ␣ can be obtained from ITU references
[7]. For example, at 15 GHz, ignoring path inclination and polarization tilt,
the factors for vertical polarization are k = 0.0335 and ␣ = 1.128.
The design method would be to increase antenna size on a hop until the
fade margin equaled or exceeded the path attenuation A calculated previously.
For example, for an availability outage objective of 99.99% (u = 0.01%) in
rain region E (R0.01% = 42 mm/hr) on a 10-km, 15-GHz link, the path
attenuation can be calculated using (9.15) and (9.17); hence,
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(9.18)

= kR ␣d ⭈ r
Substituting actual values for R ␣ yields
R ␣ = 421.128 = 67.8

(9.19)

and
r = 1/(1 + d /d 0 ) = 1/(1 + d /35e −0.015R (0.01%) )
= 1/(1 + 10/35 ⭈ e −0.015 ⭈ 42 )

(9.20)

= 0.65
Hence,
A (0.01%) = kR ␣d ⭈ r
= 0.0335 × 67.8 × 10 × 0.65 dB

(9.21)

= 15 dB
A fade margin of 15 dB is thus required to meet the outage objective of
99.99%. This fade margin is perfectly adequate for this link; however, in practice,
one may consider using a higher frequency band such as 23 GHz for this link,
in which case a higher fade margin would be required.
For other unavailability percentages ( p ) between 0.001% and 1%, the
path attenuation is
Ap = A (0.01%) × 0.12p −(0.546 + 0.043 log p )

(9.22)

9.5 Reflection Analysis
Multipath fading is caused predominantly by nonspecular ground reflections
interfering with an attenuated main signal during ducting conditions. The
reflection condition is not stable; hence, the deep fading occurs for very short
periods—typically milliseconds. Ground reflections become more serious if the
whole wavefront is reflected in-phase, a specular reflection. For this to happen,
the reflection plane needs to cover a sufficiently large area—typically the ground
area covered by the first Fresnel zone. For the wavefront to be reflected in
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phase, the ground needs to be smooth compared with the wavelength of the
signal. The divergence of the beam due to the Earth’s curvature must also be
taken into account. If the terrain variations are less than one-fourth of the
wavelength, the ground is considered to be smooth. A rough surface would
cause the signal to scatter and the reflection could cause multipath fading but
not a stable mean depression of the signal. At the higher microwave radio
frequencies only a surface such as a body of water or flat land is smooth enough
to cause a specular reflection.
The geometry of the path reflection is critical. When analyzing paths for
reflections, one needs to determine where the reflection point is. The fact that
the path goes over water is not a guarantee that a reflection will occur. It can
be seen from Figure 9.5 that the reflection point in case B is not on the water
and therefore may not be a problem.
Physics dictates that at the point of reflection the angle of incidence and
reflection must be equal. One needs to define the reflective plane and then
identify the reflection points. This is done by drawing the tangent planes off

Figure 9.5 Specular reflections.
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the profile and considering which rays have the angle of incidence equal to the
angle of reflection. The reflection angle is known as the grazing angle. The
smaller the grazing angle, the smoother the surface appears—just as sunlight
on a tar road can look like glass if viewed from a low enough angle.
The effect on the radio system also depends on the mean phase delay of
the signal. A long delay can cause ISI. If the delay is short enough, the reflected
signal may actually arrive within the symbol period of the signal and have a
constructive interference effect. In narrowband systems the reflection causes a
reduction in thermal fade margin. In wideband systems a reflection can have
the same effect as dispersive fading. In other words, in-band distortion can lead
to errors when the delays are long unless the amplitude of the reflected signal
is heavily attenuated by an obstruction or divergence and roughness effects.
When doing a reflection analysis, one must remember that the reflection
point will change as the k factor changes. It is possible by careful positioning
the antenna heights to minimize the effect of a reflection. The antenna position
should be chosen to minimize the attenuation at the median k condition while
ensuring that an acceptably small attenuation is present for low and high values
of k. Where this is not achievable, space diversity may be required. The position
of the diversity dish should be such that it experiences a good signal under the
conditions where the main dish is experiencing a signal null. This should be
checked for all expected values of k.

9.6 Interference Analysis
Interference analysis principles are best illustrated by worked examples. The
tutorials in this section are included to demonstrate the basic principles of
frequency reuse.
9.6.1 Nodal Interference Example
Consider a typical node in a radio route, as shown by Figure 9.6.
Tutorial Problem

Assume that the nominal receive (Rx) level at Y from transmitter X {TX(X)}
is designated as C YX . C YX is given as −40 dBm. Assume that the nominal Rx
level at Y from TX(Z) is C Yz = −45 dBm. Assume that the antennas at Y are
both 3-m standard (STD) dishes (8 GHz) with a F/B ratio of 52 dB and
antenna gain (A e ) of 45 dBi. Assume the antennas at X and Z are both 1.8m
STD (8 GHz) with a front to back ratio (F/B) of 48 dB and antenna gain (A e )
of 40 dBi. Assume the fade margin required to meet the performance objectives
is 40 dB and the minimum C/I ratio required by the modem (C/Imin ) is
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Figure 9.6 Nodal interference example.

15 dB. The objective of this tutorial is to determine if the same frequency pair
can be reuse—in other words, determine if the frequency used on hop XY can
be reused on hop YZ.
Tutorial Worked Solution

First, consider the receive level at Y from the transmitter at X. The carrier level
C YX is given as C YX (unfaded) = −40 dBm. Thus, the faded level can be
calculated using
C YX (faded) = Nominal receive level − fade margin
= −40 dBm − 40 dB

(9.23)

= −80 dBm
The interference signal at Y from Z (I YZ ) can be derived
I YZ = C YZ − F /B (Y antenna to X)
= −45 dBm − 52 dB

(9.24)

= −97 dBm
Using the results from (9.23) and (9.24), the carrier (C YX ) to interference
(I YZ ) ratio is shown by
C /I (faded) = C YX (faded)/I YZ
= −80 − (−97 dBm)

(9.25)

= 17 dB
Second, consider the receive level at Y from the transmitter at Z. The
carrier level C YZ is given as C YZ (unfaded) = −45 dBm. Using (9.23), we can
calculate C YZ (faded)
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(9.26)

= −85 dBm
The interference signal at Y from X (I YX ) can be calculated using (9.24)
I YX = C YX − F /B (Y antenna to Z)
= −40 dBm − 52 dB

(9.27)

= −92 dBm
The carrier (C YZ ) to interference (I YX ) ratio is
C /I (faded) = −85 − (−92 dBm)

(9.28)

= 7 dB (insufficient)
The result of (9.28) shows that the interference is unacceptably high. To
improve the situation, let us first try to balance the receive levels at Y. First,
increase the antenna at site Z to a 3-m dish (gain A e increases by 5 dB). The
unfaded carrier level is unchanged; hence, C YX (unfaded) = −40 dBm. Using
(9.23), we can calculate the faded carrier; hence,
C YX (faded) = −40 dBm − 40 dB

(9.29)

= −80 dBm
Now consider the interference signal at Y from Z. C YZ now increases by
5 dB due to the 3-m dish, hence C YZ = −40 dBm. Using (9.24), we can calculate
the new interference level
I YZ = C YZ − F /B (Y antenna to X)
= −40 dBm − 52 dB

(9.30)

= −92 dBm
The new carrier (C YX ) to interference (I YZ ) ratio is
C /I (faded) = −80 − (−92 dBm)

(9.31)

= 12 dB (insufficient)
The result of (9.31) shows that the C/I ratio is still insufficient since a
minimum of 15 dB is required. To determine the interference from the other
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hop, let us, once again, consider the receive level at Y from the transmitter at
Z. The carrier level has increased to C YZ (unfaded) of −40 dBm, as shown in
(9.30). Using (9.23), we can derive the carrier level. Thus,
C YZ (faded) = −40 dBm − 40 dB

(9.32)

= −80 dBm
The interference signal at Y from X is as derived from (9.27). Hence,
I YX = −92 dBm. The carrier (C YZ ) to interference (I YX ) ratio is
C /I (faded) = −80 − (−92 dBm)

(9.33)

= 12 dB (better, but still insufficient)
This has balanced the C/I ratios [compare the results of (9.31) and (9.33)]
with interference at Y from X much improved (7 dB to 12 dB), but it is still
not good enough. Balancing the receive levels is often made out to be the
panacea to all frequency-planning problems, but the preceding example shows
that it does not fix all problems. In the author’s opinion its popularity stems
mainly from the fact that it simplifies the calculations. On the negative side it
can result in much larger antennas than would be required from a fading
perspective, which can influence the project costs dramatically.
Let us now improve the situation by using the original configuration and
just changing the Y antenna in the Z direction with a 3-m high-performance
antenna with F/B of 70 dB with the same gain (45 dBi). The receive level at
Y from the transmitter at X and the interference signal at Y from Z remain
unchanged as derived in (9.25). The carrier (C YX ) to interference (I YZ ) is thus
C /I (faded) = −80 − (−97 dBm)

(9.34)

= 17 dB
The receive level at Y from the transmitter at Z remains unchanged using
(9.26); hence,
C YZ (faded) = −45 dBm − 40 dB

(9.35)

= −85 dBm
Now consider the interference signal at Y from X, with the highperformance dish using (9.27); hence,
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I YX = C YX − F /B (Y high performance antenna to Z)
= −40 dBm − 70 dB

(9.36)

= −110 dBm
The carrier (C YZ ) to interference (I YX ) ratio with the high-performance
dish is thus
C /I (faded) = −85 − (−110 dBm)

(9.37)

= 25 dB
This is a vast improvement and well within the 15-dB requirement, proving
that high-performance antennas are the best approach to interference problems.
9.6.2 Overshoot Interference Example
Consider a typical radio route where overshoot is possible, as shown by Figure
9.7.
Tutorial Problem

Assume the transmit output power is +30 dBm, the receiver threshold is
−80 dBm, and minimum carrier to interference ratio (C/Imin ) is 15 dB. Also
assume that all antennas are grid antennas. Typical RPEs for the 3-m and 4-m
dishes are given in Figures 9.8 and 9.9. The objective of this tutorial is to
determine the unfaded C/I ratio at site 4 at the input to the feeder cable behind
the dish. Second, the effect of fading by 30 dB on hop 3-4 is analyzed. Finally,
assume you wanted to double the capacity of hop 3-4 without changing equipment or frequency bands. You decide to replace the grids, with dual-polar feed
solid dishes. Assume the same electrical parameters (for the sake of the example)

Figure 9.7 Overshoot interference.
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Figure 9.8 Typical RPE for 3-m grid dish.

and determine the C/I ratio at site 4, ignoring any overshoot from the other
sites.
Tutorial Worked Solution

The receive carrier level (unfaded) at site 4 (C RX4 ) can be expressed as
C RX4 (unfaded) = TX 3 − L 3 + A e3 (0) − FSL (70 km) + A e4 (0)
(9.38)
where TX 3 is the transmit output power at site 3, L 3 is the feeder loss at site
3, A e3 (0) is the antenna gain at site 3 on boresight, A e4 (0) is the antenna gain
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Figure 9.9 Typical RPE for 4-m grid dish.

at site 4 on boresight, and FSL denotes the FSL (92.4 dB + 20 log f GHz +
20 log d km ).
Using the tutorial values in (9.38) yields
C RX4 = +30 dBm − 5 dB + 35.4 dBi − 134.4 + 35.4 dBi

(9.39)

= −38.6 dBm (unfaded)
The interference level at site 4 (I RX4 ) can be expressed as
I RX4 = TX 1 − L 1 + A e1 (20°)CO − FSL (140 km) + A e4 (5°)CO
(9.40)
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where TX 1 is the transmit output power at site 1; L 1 is the feeder loss at
site 1; A e1 (20) is the antenna gain at site 1, 20 degrees off-boresight, copolar;
A e4 (0) is the antenna gain at site 4, 5 degrees off-boresight, copolar; and
FSL = 92.4 dB + 20 log f GHz + 20 log d km .
Using the tutorial values in (9.40) yields
I RX4 = +30 dBm − 4 + (32.5 − 26) − 140.4 + (35.4 − 9)

(9.41)

= −81.5 dBm
The carrier (C RX4 ) to interference (I RX4 ) ratio (copolar) in an unfaded
condition is thus
C /I CO = −38.6 − (−81.5)

(9.42)

= 42.9 dB
If hop 3-4 fades by 30 dB, the received carrier level at 4 would be as
C RX4 = −38.6 dBm (unfaded) − 30 dB

(9.43)

= −68.6 dBm (faded)
In practice, for paths nearly parallel, there would be some correlation of
fading; however, for a worst-case scenario, we assume the interference signal is
unaffected by the fading; hence,
I RX4 = −81.5 dBm

(9.44)

The copolar carrier (C RX4 ) to interference (I RX4 ) ratio with fading is
C /I CO (faded) = −68.6 − (−81.5)

(9.45)

= 12.9 dB (insufficient)
This is less than 15 dB, which is insufficient. To improve it, we need to
change polarization. Reassign hop 3-4 to vertical polarization. The wanted
carrier level at 4 in a faded condition remains unchanged, as shown by (9.43);
hence,
C RX4 = −68.6 dBm (faded)

(9.46)

The interference level at site 4 (I RX4 ) can be now be expressed as the sum
of horizontal and vertical components
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(9.47)

Each one (H/V) can be expressed as
I RX4 (H/V) = TX 1 − L 1 + A e1 (20°)CO/XPOL

(9.48)

− FSL (140 km) + A e4 (5°)XPOL/CO
where TX 1 is the transmit output power at site 1, L 1 is the feeder loss at
site 1,
A e1 (20°)CO/XPOL = Ant. gain (site 1), at 20° − Co/Cross polar

(9.49)

= Ant. gain (0°) − Antenna discrimination (20°)
which is read off the antenna RPE curves,
A e4 (5°)XPOL/CO = Ant. gain (site 4), at 5° − Cross/Copolar

(9.50)

= Ant. gain (0°) − Antenna discrimination (5°)
which is also read off the antenna RPE curves, and
FSL = 92.4 dB + 20 log f GHz + 20 log d km

(9.51)

Using (9.48), we can derive the horizontal component of the interference
at site 4
I RX4 (H) = TX 1 − L 1 + A e1 (20°)CO − FSL (140 km) + A e4 (5°)XPOL
= +30 dBm − 4 + (32.5 − 26) − 140.4 + (35.4 − 30)

(9.52)

= −102.5 dBm
Using (9.48), we can also derive the vertical component of the interference
at site 4
I RX4 (V) = TX 1 − L 1 + A e1 (20°)XPOL − FSL (140 km) + A e4 (5°)CO
= +30 dBm − 4 + (32.5 − 31) − 140.4 + (35.4 − 9)

(9.53)

= −86.39 dBm
The total interference is the sum of the two I RX4 (H) and I RX4 (V)
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I RX4 = 10 × log (10−86.5/10 + 10−102.5/10 )

(9.54)

= −86.39 dBm
As can be seen, the overall interference is determined by the vertical
component (the horizontal being negligible in comparison). The overall C/I is
the ratio of the carrier (C RX4 ) and interference (I RX4 ); hence
C /I = −68.6 − (−86.39) dB

(9.55)

= 17.8 dB
It can be seen that by making the link cross-polar the interference is now
acceptable because it is above the minimum requirement of 15 dB for this
equipment. Note, however, that the maximum cross-polar protection occurs at
the boresight of the antenna and deteriorates progressively until it virtually
disappears at the back of the antenna. The final part of the example is to assess
the effect of doubling the capacity by changing the grids with dual-polar solid
dishes and using both polarizations.
The carrier level remains the same for both polarizations; hence,
C RX4 (unfaded) = −38.6 dBm

(9.56)

C RX4 (faded) = −68.6 dBm
The interference on the receiver C RX4 (H and V) from the oppositely
polarized carrier is just attenuated by the cross-polar discrimination of the
antenna
I = C (unfaded) − XPD
= C (unfaded) − 40

(9.57)

= −38.6 dBm − 40 dB
= −78.6 dBm
The carrier (C RX4 ) to interference (I ) ratio is thus just the cross-polar
discrimination
C /I (unfaded) = 40 dB
= XPD
Including fading,

(9.58)
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I = C (unfaded) − fade margin − XPD
= C (faded) − 40 dB

(9.59)

= −68.6 dBm − −40 dB
The C/I ratio in a faded condition (faded) is
C /I = C (faded) − I
= C (faded) − [C (faded) − 40 dB]

(9.60)

= 40 dB
The C/I is thus still 40 dB, which is the XPD figure. It can be seen that
the C/I ratio in both cases is equal to the XPD of the antenna. Since the
interference path is over the same hop as the carrier, the level of fading is the
same. The only effect of the fading is to slightly rotate the carriers, thus degrading
the XPD. Modern equipment employs XPICs to reduce this effect.

9.7 Passive Repeater Outage
Back-to-back antenna systems are very easy to design from a link performance
point of view, as they merely represent an additional insertion loss in the
path power budget. However, they suffer from interference problems from the
overshoot path if the overall diffracted path is not thoroughly blocked under
all k conditions. The level of interference experienced is not intuitive, and it is
easy to assume that no problems will exist only to find later that the interference
is greater than expected. Just having the passive legs off-line or running the
links on opposite polarizations will not necessarily solve the problem as illustrated
in the worked examples in this section. The radio planner is encouraged to
carefully consider the examples presented in this section before installing a backto-back repeater.
As mentioned earlier, in cases where a passive repeater has been inserted
to overcome visibility restrictions, the additional losses incurred need to be
taken into account in the system design. This is done by adding the overall
insertion loss of the passive into the standard path budget calculations. When
in the far field, the passive repeater can be considered to have a gain; however,
there is an additional free-loss loss to include due to the second path. In reality
only a very small portion of the energy is captured by the passive and reradiated,
so there is a significant loss introduced. A simple design method is to calculate
the losses ignoring the passive and then treat the passive as an insertion loss
(IL) in the link calculations.
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Insertion Loss (IL) = FSL − (FSL1 + FSL 2) + Apassive
where
FSL = free space loss between the end sites
FSL 1 = free space loss from antenna A to the passive site
FSL 2 = free space loss from the passive site to Antenna B
Apassive = gain of back to back antenna or flat plate reflector
9.7.1 Back-to-Back Interference
Consider a back-to-back link, with the two paths operating on opposite polarizations, with the site placed directly in-line in order to maximize the XPD of the
antennas. The situation is represented diagrammatically in Figure 9.10.
Assume the XPD is 30 dB. The first (wanted) path is the path via the
back-to-back antenna system. It experiences two FSL, less the back-to-back
antenna gain. Typically the overall insertion loss is 10 dB to 20 dB more than
the end-to-end FSL. The overshoot (unwanted) path experiences the end-toend FSL plus the diffraction loss plus the XPD loss (30 dB). If the diffraction
loss is small, it means the C/I is only 10 dB to 20 dB, which in many cases is
inadequate.
Trying to reduce overshoot interference by taking the passive site off the
direct path introduces new problems. First, it results in the passive path lengths
increasing. This increases the FSL, which are already very high. Second, although
one gets sidelobe discrimination from the antennas, the XPD reduces dramatically.
On balance, despite the problems associated with placing the passive site
off the direct path, this is the preferred solution. This will be demonstrated
comprehensively in the following tutorial.

Figure 9.10 Back-to-back interference.
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9.7.2 In-Line Passive
Assume that the passive site has been chosen in-line to minimize hop lengths
and maximize XPD on the end-site antennas. Assume the end-to-end distance
is 10 km and that the passive is centered in the middle of the path. Assume
that there is no LOS between the end points. Furthermore, assume the link is
operating at 2 GHz, that the maximum size antennas are used throughout (4m)
with a gain of 35.4 dBi, and that the XPD at boresight is 30 dB. A side view
of the site layouts is shown in Figure 9.11.
Consider the situation from Site A to Site C. The FSL can be calculated
from (8.10). The overall FSL over path A–C using (8.10) is thus
FSL AC (10 km) = 118.4 dB

(9.61)

The FSL over the two passive paths using (7.5) is
FSL AB (5 km) = FSL BC = 112.4 dB

(9.62)

Common parameters need not be considered in C/I calculations. The
transmit output power is thus irrelevant. The wanted receive signal at C, ignoring
common parameters, is
C = A e × 4 − (FSL AB + FSL BC )
= 35.4 dBi × 4 − (FSL AB + FSL BC )
= −83.2

Figure 9.11 Side view of a back-to-back link.

(9.63)
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The interference level at C can be derived from
I C = 10 log ((I C (H)/10) + 10 log ((I C (V)/10))

(9.64)

Each one (H/V) can be expressed as
I C (V/H) = A A (0°)CO/XPOL − FSL AC (10 km) − DL + A C (0°)XPOL/CO
(9.65)
where DL denotes diffraction loss. The vertical component of the interference
at Site C can be derived from (9.65) as
I C (V) = A A (0°)CO − FSL AC (10 km) − DL + A C (0°)XPOL
= (35.4) − 118.4 − DL + (35.4 − 30)

(9.66)

= −77.6 − DL
The horizontal component of the interference at Site C can also be derived
from (9.65)
I C (H) = (35.4 − 30) − 118.4 − DL + 35.4

(9.67)

= −77.6 − DL
The total interference is the sum of the horizontal and vertical components
I C = 10 × log (10(−77.6 − DL )/10 + 10(−77.6 − DL )/10 )

(9.68)

= −74.6 − DL
The carrier (C ) to interference (I C ) ratio is thus
C /I = −83.2 − (−74.6 − DL )

(9.69)

= −8.6 + DL
To achieve a C/Imin of 30 dB means that nearly 40 dB of diffraction loss
is required. This is also required at a high value of K such as 5 and not at the
traditional 2/3. To achieve this, the path must be thoroughly blocked. It can
also be seen that the 30 dB XPD did not translate into C/I.
9.7.3 Orthogonal Passive
Let us assume we now found a site at 90 degrees to the one end. This increases
the one leg to 11.2 km. The site geometry is shown in Figure 9.12.
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Figure 9.12 Passive site geometry.

Consider the situation again from site A to site C. The FSL can be
calculated from (6.10). The overall FSL over path A–C is
FSL AC (10 km) = 118.4 dB

(9.70)

The FSL over paths A–B and B–C, respectively, are
FSL AB (11.2 km) = 119.4 dB

(9.71)

FSL BC (5 km) = 112.4 dB
The wanted receive signal at C, ignoring common parameters, can be
derived from (9.63). Hence
C = 35.4 dBi × 4 − (FSL AB + FSL BC )
= 141.6 − (119.4 + 112.4)

(9.72)

= −90.2
The interference level at C can be derived from (9.64). Each one (H or
V) can be derived from (9.65). Ignoring common parameters, we can derive
I C (V/H) = A A (27°)CO/XPOL − FSL AC (10 km) − DL + A C (90°)XPOL/CO
(9.73)
where DL is the diffraction loss. The vertical component of the interference at
site C can also be derived from (9.66)
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I C (V) = A A (27°)CO − FSL AC (10 km) − DL + A C (90°)XPOL
(9.74)
Figures 9.10 and 9.11 can be used to read off the CO and XPOL antenna
discriminations. Thus,
I C (V) = (35.4 − 27.5) − 118.4 − DL + (35.4 − 37)

(9.75)

= −112.1 − DL
The horizontal component of the interference at site C can also be derived
from (9.66)
I C (H) = (35.4 − 37) − 118.4 − DL + 35.4 − 27.5

(9.76)

= −112.1 − DL
The total interference is the sum of the horizontal and vertical components
I C = 10 × log (10(−112.1 − DL )/10 + 10(−112.1 − DL )/10 )

(9.77)

= −109 − DL
The carrier (C ) to interference (I C ) ratio is thus
C /I = −90.2 − (−109 − DL )

(9.78)

= 18.8 + DL
To achieve a C/Imin of 30 dB still means that more than 10 dB of diffraction
loss is required at a high value of K such as 5. The situation has improved, but
the path must still be thoroughly blocked.

9.8 Total Outage
We have considered a number of causes of outage. In practice, we are interested
in the overall outage as this is what will impact the traffic running on the
channel. The overall fading outage is a combination of flat and selective fading,
taking into account any threshold degradation from interference. The probability
of the fading being less than a fixed fade margin (M ), assuming Rayleigh fading,
can be given by the following expression:
p (F < M ) = P 0 ⭈ 10−CFM/10

(9.79)
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where
CFM = composite fade margin = (FFM − IFM) + DFM
FFM = flat fade margin
IFM = interference fade margin (the amount of threshold degradation
due to interference)
DFM = dispersive fade margin (obtained from manufacturer data sheets
or calculated from the signature curve)
The overall fade margin is only as good as the lowest figure. If frequency
reuse is used and properly designed, it can be assumed that the IFM does not
exceed 2 dB.

9.9 Countermeasures
Countermeasures against the effects of fading can be seen in three categories:
system techniques, nondiversity techniques, and diversity techniques.
9.9.1 System Techniques
For flat fading it is sufficient to increase the available fade margin. This can
take the form of increasing the system gain by using larger antennas, increasing
the transmit output power, or increasing the receiver threshold level. All of
these have their limits: Antennas are manufactured to a certain maximum size;
transmit output power is limited due to distortion problems; and the receiver
threshold is limited by the residual background thermal noise, which is proportional to bandwidth. (The wider the bandwidth, the greater the thermal noise
and the less the receiver threshold.) Once these factors have reached their limits,
diversity is the only option to increase the performance. For selective fading
the problem is not the receive field strength but distortion, and so equalization
is the main system countermeasure that can be employed. Because this complex
problem is mainly an equipment designer’s problem rather than a system engineering problem, it will not be discussed in detail, but the principles will be
briefly discussed. Equalization can be effected at baseband or IF levels. The
principle of the IF equalizer is to linearize the frequency response by adaptively
creating a transfer function complementary to the actual transfer function of
the channel. This can only directly affect the amplitude response, and therefore
its performance against minimum phase and nonminimum phase fading is
substantially different. It is not capable of being a good enough countermeasure
to selective fading. The physical circuitry normally takes the form of a slope or
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bump equalizer. Filters are used at different frequencies to sample the amplitude
levels and, by means of feedback circuitry, the response is linearized. In other
words, a frequency response with a positive slope is counteracted with a negative
slope equalizer and a frequency response with a notch is compensated for with
a complementary bump.
The most efficient system countermeasure against selective fading is the
time domain–based baseband equalizer. In the undistorted state the tails of the
pulse waveform (sin(x )/x ), as seen by the detector circuitry (demodulator eyediagram), correspond with a minimum, in-line with the Nyquist criteria. When
distortion is present, this component is no longer zero and ISI occurs. The
objective is to subtract the interfering component from the signal. This is
achieved by monitoring the postcursors (those tails from the preceding pulse)
and precursors (the tails from the successive pulse) and applying the necessary
delay times to ensure that the tails are zeroed at the point of reading. Figure
9.13 shows the improvement on the signature using various equalizers.
9.9.2 Nondiversity Techniques
There are various nondiversity techniques that can improve performance.
One such technique relies on the fact that only rays launched within
approximately 0.5 degree from the horizontal are subject to ducting. By placing
the antenna much higher at one end than the other, a high-low arrangement
can be obtained where fading is greatly reduced [8]. This is reflected in the
calculations, in the path inclination (⑀ p ) variable.
Another technique is to tilt the antenna slightly upward, causing a slight
loss of signal under normal conditions but reducing the ground reflected ray
(and hence the outage due to multipath) under fading conditions [9]. Some
administrations position the antenna low, allowing a diffraction loss under
normal conditions but at the same time ensuring that the reflected ray is blocked.
This technique has two practical limitations. First, it relies on being able
to pan the antenna in elevation for a very small (a few decibels) reduction in
antenna gain, off the main lobe. Due to scintillation, this is not easy. Second,
it is not always understood that uptilting is only a fraction of a degree. If one
can visually see that an antenna is uptilted, it is probably on a sidelobe. This
technique should thus be used with caution. Another technique is to reduce
the antenna height and allow some diffraction loss as a trade-off to reducing
multipath fading. This is achieved by blocking the ground reflections, due to
the lower antenna heights. Earlier, the risks during low k conditions were
discussed and it was recommended that this technique is best used on the space
diversity antenna; however, providing the additional attenuation is taken into
account, it can be used on the main antenna as well. This is also a good
technique against a specular reflection.
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Figure 9.13 Equalizer signature improvement.

9.9.3 Diversity Techniques
9.9.3.1 Comparison of Methods

Various forms of diversity are available to the path designer. The ITU [10]
provides some useful data on different diversity schemes. Diversity schemes that
can be used on point-to-point microwave links include

254

Microwave Radio Transmission Design Guide

• Angle diversity;
• Space diversity with RF or IF combiners, which can be minimum

dispersion or maximum power;
• Space diversity with baseband switching;
• Frequency diversity (in-band or cross-band; 1 + 1, or n + 1);
• Hybrid diversity (space diversity and frequency diversity with two or

four receivers).
Angle diversity has been quoted in some literature as performing well
against selective fading. However, it is not widely implemented yet because it
has not been conclusively proved to be effective in practice.
Cross-band frequency diversity is a very efficient method from a propagation point of view, but is not very spectrum efficient because it requires that
two frequency bands be available. One could use a high-frequency band such
as 18 GHz as the protection channel assuming that when rain affects this band,
there is no multipath fading on the lower frequency band, say, 6 GHz (the
turbulent conditions associated with rain do not favor multipath). This would
allow one to use the high-frequency band over much larger distances than usual.
Although this may sound interesting in theory, it is unlikely to be used in
practice because it is so wasteful of valuable frequency spectrum.
In-band frequency diversity is the most common form of diversity because
when an n + 1 system is configured, one of the channels can be used for
protection. A dedicated protection channel such as a 1 + 1 system is not as
frequency efficient but affords a high level of protection. One can also put
lower priority traffic on the protection channel that can be dropped when
switching takes place, thus improving the spectral efficiency. Frequency diversity
is not allowed in many countries due to the extra spectrum usage.
Space diversity is very spectrum efficient and provides excellent performance against multipath fading. The concept is to separate the two antennas
in the vertical plane such that when there is phase cancellation on the main
path due to multipath fading, the diversity path is not affected due to the extra
path length. Typically, provided there are at least 200 wavelengths of separation
between the antennas, the two paths will not be correlated. The details of the
space diversity equipment and branching arrangement were shown in Chapter
5, where it can be seen that two antennas and feeders are required at each end.
Due to the improvement factor of space diversity, smaller antennas can be used,
which offset the additional cost of extra antennas. The degree of improvement
when using any of the diversity options depends on the amount of uncorrelation
between the main channel and the diversity channel.
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9.9.3.2 Frequency Diversity Outage

For frequency diversity the improvement factor is directly proportional to the
frequency separation. The improvement factor [4] is given by
I FD = 80/fd ⭈ (⌬ f /f ) ⭈ 10F /10

(9.80)

where ⌬ f is the frequency separation in gigahertz, f is the carrier frequency,
d denotes the hop distance in kilometers, and F is the fade margin in decibels.
The outage P with frequency diversity is given by
P FD = P /I FD

(9.81)

9.9.3.3 Space Diversity Outage

Historically, for space diversity using baseband switching, the improvement
factor has been based on the Vigants formula [11]
Isd = 1.2 × 10−3 ( f /d ) ⭈ s 2 ⭈ ␥ 2 ⭈ 10 A /10

(9.82)

where s denotes the antenna separation in meters, ␥ dB is the difference between
the main and diversity receive levels in decibels (20 log (␥ ), f is the frequency
in gigahertz, and d is the path length in kilometers.
The improvement factor recommended by the ITU [4] is
I = 冠1 − exp 冠−0.04 × S

0.87 0.12 0.48 −1.04
f
d
p0

冡 10(A − V )/10 冡

(9.83)

where:
A = fade depth in decibels
p 0 = multipath occurrence factor (%)
S = vertical separation of receiver antennas in m
f = frequency in gigahertz
d = path length in kilometers
V = |G1 − G2|
G 1 , G 2 = gain of the two antennas in dBi
The outage P with space diversity is given by
P SD = P /I SD

(9.84)
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Space diversity generally provides better improvement, in practice. If one
equates the correlation factors for comparison purposes, one can determine that
at, for example, 2 GHz, 10m of space diversity spacing is equivalent to 14 MHz
of frequency separation. At 7 GHz, the same spacing is equivalent to 610 MHz
of spacing. One can see therefore that in-band frequency diversity (whose
frequency spacing is limited by the ITU-R channel plans) is more efficient at
lower frequencies. Tower height, on the other hand, can be a limiting factor
for space diversity, and in the end a solution needs to be found depending on
the particular situation rather than by rules of thumb. Despite this, it can
generally be stated that at higher frequencies space diversity is more efficient
than in-band frequency diversity provided the spacing is not limited as shown
previously. As a rule of thumb, the spacing of the antennas should be separated
by 200 wavelengths to ensure the two signals are not correlated.
Although for digital radio systems that are affected by selective fading,
there is a benefit in having the antennas spaced closer together, because most
of the outage is still due to flat fading, due to the success of adaptive equalizers
in handling selective fading effects, it is still recommended to increase spacing
for improved overall performance.
9.9.3.4

Hybrid Diversity

A cost-effective and very efficient method for 1 + 1 systems is hybrid diversity,
where the frequency diversity switch is used to switch two channels separated
spatially over the link. To achieve this, at one end two antennas are employed,
each connected to the respective main and standby transmitters and receivers.
At the far end one antenna is used but the receivers are switched by the frequency
diversity switch. Space and frequency diversity are thus achieved in both directions of propagation. These configurations were covered in detail in Section
5.7.

9.10 Real-World Link Design Tutorial
If we assume we have a 65-km path, with a single isolated obstacle, Table 9.3
shows the antenna heights required with the different clearance rules.
It can be seen that if we followed the historical analog clearance rules, we
would need a 60-m tower at site 1 and a 84-m tower at site 2. Using the current
ITU clearance rules, that can be reduced to 21m and 30m, respectively. If we
are prepared to relax the rules further to accommodate some diffraction loss,
these heights can be reduced to 14m and 20m, respectively. This has a dramatic
effect on infrastructure costs and improves the possibility of getting planning
permission, while also improving multipath and interference performance due
to the lower antennas. It is important to reiterate how important it is to ensure
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Table 9.3
Comparison of Clearance Rules
Optimized Antenna Heights in Meters Above Ground Level
Main Antenna
Site 1

Diversity
Main Antenna
Antenna Site 1 Site 2

Diversity
Antenna Site 2

Traditional rules
100% F1 at
k = 4/3
60% F1 at k = 2/3

52m

60m
76m
(minimum of
200 wavelength
separation =
8m)

84m

Current ITU rule
(ITU-R P.530-12)
100% F1 at
k = 4/3
0% F1 at k = 0.85
0% F1 at k = 4/3
(diversity)

21m

13m
(5m minimum)

30m

22m
(5m minimum)

Diffracted rule
100% F1 at
k = 4/3
Calculate
diffraction at
Kmin = 0.85

14m
(11 dB
diffraction
at k = 0.85)

6m
(0 dB
diffraction
at k = 4/3)

20m

12m

the terrain data is accurate when doing this analysis as well as ensuring that the
minimum k factor variations are not extreme, as if one gets this wrong, very
long outages can occur.
The next step would be to calculate the size of the antennas required.
Assume the following:
Path Length (d ) = 65 km
Frequency ( f ) = 8 GHz
Tx Output = +25 dBm
Branch loss (Tx) = 1.5 dB
Branch loss (Rx) = 3.5 dB
G tx/rx slipfit antenna (2.4m) = 43.1 dBi
Receiver threshold = −76 dBm
A a (atmospheric attenuation) = 0.69 dB
The first step is to calculate the fade margin.
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FM = nominal receive level − receiver threshold
Rxnom (nominal receive level) = EIRP − FSL − A a − G rx
FSL = 92.4 dB + 18 + 36.3
= 146.7 dB
EIRP = 25 − 1.5 + 43.1 = 66.6 dBm
Rxnom = 66.6 − 146.7 − 0.69 + 43.1 − 3.5
= −41.2 dBm
FM = −41.2 − (−76)
= 34.8 dB
Note: If we were using waveguide, the additional loss at each end would
need to be taken into account as shown by Table 9.4.
Bear in mind the antenna size has to be doubled to achieve an extra
6 dB of gain. Waveguide runs therefore cost a lot in terms of system gain.
The flat fade outage can be calculated, once the P 0 value is estimated,
using one of the methods discussed earlier. Using the example above in terms
of frequency (8 GHz), hop length (65 km), and fade margin (35 dB with 2.4-m
antennas), and using ITU method 530-9, and making some assumptions on
latitude, longitude (London: 51° 30′N, 0 W), path inclination (⑀ = 0.55 mrad),
and roughness factor (S = 42m), the value of P 0 can be calculated (P 0 = 0.65).
Assuming Rayleigh fading for flat fading, and assuming rain region E (which
means there is negligible rain attenuation at this frequency), the reliability outage
is 99.98%. If the goal was 99.99%, then the performance needs to be improved.
This can be done by improving the fade margin by increasing the antenna size.
Increasing one antenna to 3m results in a reliability of 99.991%. Increasing
both antennas to 3-m antennas would achieve reliability of 99.995%. Alternatively, space diversity can be used. For example, if space diversity was used with
Table 9.4
Comparison of Cable Loss

Traditional
ITU current
Diffraction
Slipfit antennas

Cable
Length
Site 1
70
30
24
0

Extra Loss

Cable
Length
Site 2

Extra Loss

Total Loss

4 dB
1.8 dB
1.4 dB
0

94
40
30
0

6 dB
2.3 dB
1.8 dB
0

10 dB
4.1 dB
3.2 dB
0

The figures in Table 9.4 assume that an additional waveguide run of 10m must be added to the tower
height.
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1.8-m antennas and 10-m separation, the reliability would increase to 99.999%.
Although there is a resistance to use space diversity due to the doubling of the
number of antennas, in some cases it may be cheaper in terms of tower loading
and antenna cost to have four 1.8-m antennas rather than two 3-m antennas.
In the real world one would not want to let the computer dictate how to
respond to a missed target. Achieving 99.98% with the 2.4-m antennas may
be sufficient in some applications. In other applications this may be wholly
inadequate, as it represents over 5,000 seconds of outage in a year, most likely
made up of tens of thousands of very short breaks which each may cause longer
network outages. Increasing an antenna size may also mean strengthening a
tower to be able to accommodate the larger antennas, with lots of additional
costs and project delays. The design results should be used as a guide, taking
account of a wide range of input variables which are weather related and thus
determined based on statistical assumptions rather than fixed. The fact that the
computer predicts these results to four decimal places should not be an indication
that this is the level of accuracy we can achieve. All we are trying to do in radio
link fading calculations is make a prediction of the expected level of outage.
These results can be considered reliable within an order of magnitude of accuracy,
and thus the radio planner is encouraged to take account of all the real-world
constraints and considerations, not just the computer reliability printout, when
making a decision.
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Appendix
Useful Formulae
Wavelength

 = c /f
 = 300/f (MHz) m
 = 1/f (GHz) ft
Free Space Loss (FSL)
FSL = 36.6 + 20 log d (miles) + 20 log f (MHz) dB
FSL = 96.6 + 20 log d (miles) + 20 log f (MHz) dB
FSL = 92.4 + 20 log d (km) + 20 log f (GHz) dB
First Fresnel Zone
F1 =

√

⭈

F1 = 17.3
F1 = 17.3

d1 ⭈ d2
d1 + d2

√
√

冉

1
d1 ⭈ d2
⭈
f (GHz)
d1 + d2

冊

m with d 1 and d 2 in km

d1
m
2f (GHz)

Fn = F1 √n
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Parabolic Antenna Gain (G )
G dBi = 18 + 20 (log (d (m). f (GHz))
G dBi = −43 + 20 (log (d (m). f (MHz))
G dBi = 7.35 + 20 (log (d (ft). f (GHz))
Refractivity Gradient and k
k = (157/(157 + G ))
Reliability
A = MTBF/(MTBF + MTTR)
99.999% is equivalent to 5 minutes of downtime per annum
There are 8,766 hours in a year.
There are 525,960 minutes in a year.
There are 31,557,600 seconds in a year.

List of Acronyms and Abbreviations
2G
3G
3.5G
4G
AAL
AC
ACM
ADM
ADSL
AGC
ALC
AM
AMR
ATM
ATPC
BPSK
BER
BSC
BTS
CAPEX
C/I
CCIR
CCITT
CODEC

Second generation cellular
Third generation cellular
Enhanced third generation (HSPA)
Fourth generation cellular
ATM adaptation layer
Alternating current
Adaptive coding and modulation
Add-drop multiplexer
Asymmetric digital subscriber loop
Automatical gain control
Automatic level control
Amplitude modulated
Adaptive multirate compression
Asynchronous transfer mode
Automatic transmit power control
Bipolar phase shift keying
Bit error ratio
Base station controller
Base transceiver station
Capital expenditure
Carrier to interference ratio
Comite Consultatif International de Radio
Comite Consultatif International Telephonique et
Telegraphique
Coder decoder
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CPE
DPSK
dB
DC
DECT
DFM
DM
DSL
DTM/DEM
DTMF
DXC
EBR
EIRP
EM
EMC
EOW
EPO
ES
ESR
ETSI
EVC
FAW
F/B
FCC
FD
FDD
FEC
FFM
FM
FSK
FSL
GHz
GPS
GSM
HF
HPA
HSB
HSPA
HTML
IDU
IEEE
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Customer premises equipment
Differential phase shift keying
decibels
Direct current
Digital enhanced cordless telecommunications
Dispersive fade margin
Degraded minutes
Digital subscriber loop
Digital terrain (elevation) model
Dual tone multifrequency
Digital cross connect
Errored block ratio
Effective isotropic radiated power
Electromagnetic
Electromagnetic compatibility
Engineering order wire
Error performance objective
Errored seconds
Errored second ratio
European Telecommunications Standards Institute
Ethernet virtual connection
Frame alignment word
Front-to-back ratio
Federal Communications Commission
Frequency diversity
Frequency division duplexing
Forward error correction
Flat fade margin
Frequency modulated
Frequency shift keying
Free space loss
Gigahertz (109 )
Global positioning system
Groupe Speciale Mobile—Global System Mobile
High frequency
High power amplifier
Hot standby
High speed packet access
Hypertext Markup Language
Indoor unit
Institute of Electrical and Electronic Engineers

List of Acronyms and Abbreviations

IETF
IF
IFRB
IMA
IMP
IP
IRF
ISDN
ISO
ITU
ITU-R
ITU-T
IWF
kHz
LAD
LLC
LO
LOS
LTE
MAC
MAN
MEF
MHz
MODEM
MPLS
MSC
MSOH
MTBF
MTTR
MULDEM
MUX
MW
NFD
NGA
nm
ODU
OOK
OPEX
OSI
PCM
PCN/PCS

Internet Engineering Task Force
Intermediate frequency
International Frequency Regulations Board
Inverse multiplexing of ATM
Intermodulation product
Internet Protocol
Interference reduction factor
Integrated services digital network
International Standards Organisation
International Telecommunication Union
ITU – Radiocommunications Agency
ITU – Telecommunications Agency
Interworking function
kilohertz (103 )
Linear amplitude distortion
Logical link control
Local oscillator
Line of sight
Long-term evolution (4G)
Media access control
Metropolitan area network
Metro Ethernet Forum
megahertz (106 )
Modulator-demodulator
Multiprotocol label switching
Mobile switching center
Multiplexer section overhead
Mean time between failure
Mean time to repair
Multiplexer-demultiplexer
Multiplexer
Microwave
Net filter discrimination
Next generation access
Nanometer (10−9 )
Outdoor unit
On-off keying
Operational expenditure
Open Standards Institute
Pulse code modulation
Personal communications networks/systems
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PDH
PDV
PLL
pm
POP
PRC
PSK
PSN
PSTN
PTO/PTT
PVC
QAM
QoS
QPSK
RBER
RF
RL
ROI
RPE
RRB
RSL
RSOH
RX
SD
SDH
SDP
SEC
SES
SESR
SHF
SONET
SRTM
SSU
STM
SWR
TAE
TDM
T/I
TE
TM
TEM

Microwave Radio Transmission Design Guide

Plesiochronous digital hierarchy
Packet delay variation
Phase locked loop
Picometer (10−12 )
Point of presence
Primary reference clock
Phase shift keying
Packet switched network
Public switched telephony network
Public telecommunications operator
Permanent virtual circuits
Quadrature amplitude modulation
Quality of service
Quadrature phase shift keying
Residual bit error ratio
Radio frequency
Return loss
Return on investment
Radiation pattern envelope
Radio Regulations Board
Receiver signal level
Regenerator section overhead
Receiver
Space diversity
Synchronous digital hierarchy
Severely disturbed period
Synchronous equipment clock
Severely errored seconds
Severely errored second ratio
Super high frequency
Synchronous optical networks
Shuttle Radar Topology Mission
Synchronization supply unit
Synchronous transport mode
Standing wave ratio
Transversal adaptive equalizer
Time division multiplexing
Threshold-to-interference ratio
Transverse electrical
Transverse magnetic
Transverse electromagnetic

List of Acronyms and Abbreviations

TETRA
THz
TU
TUG
TX
UHF
UI
UMTS
UPS
UV
VC
VCO
VHF
VLAN
VOIP
VPN
VSAT
VSWR
WAN
WARC
WDM
WiMAX
WLL
XPD
XPIC
XTE

Terrestrial trunked radio standard
Terahertz (1012 )
Tributary unit
Tributary unit group
Transmitter
Ultra high frequency
Unit intervals
Universal Mobile Telecommunications System
Uninterruptable power supply
Ultraviolet
Virtual container
Voltage controlled oscillator
Very high frequency
Virtual local area terminal
Voice over IP (Internet Protocol)
Virtual private network
Very small aperture network
Voltage standing wave ratio
Wide area network
World Administrative Radio Conference
Wave division multiplexing
Worldwide Interoperability for Microwave Access
Wireless local loop
Cross-polar discrimination
Cross polar interference canceller
Cross track error
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Index
Access portion, 55
Active repeaters, 38–41
buildings, 40
power, 40
roads to, 39–40
site acquisition, 38
tower issues, 38–39
See also Radio repeaters
Adaptive coding and modulation (ACM),
65, 70, 113–16
Adaptive equalization, 113
Adaptive multirate (AMR) coding, 17
Add-drop multiplexers, 79
Adjacent channel interference, 206
Alternate polarization, 211–12
Anomalous propagation, 135–44
frequency response, 139–41
group delay, 140, 143
mathematical models, 143–44
minimum and nonminimum phase
conditions, 141–43
multipath channel transfer function,
137–39
multipath fading mechanism, 137–44
See also Propagation
Antenna heights, 221–24
ITU-R recommendation, 222
real-world advice, 222–24
Antennas, 175–96
alternating fields, 175

aperture, gain and, 177
beamwidth, 179–80
cable clamps and, 194
characteristics, 176–84
diameter, 177
dipole, 175
Earth kits and, 194
far-field distance, 182
feeder characteristics, 188–93
focal plane, 186–87
in frequency planning, 219
front-to-back ratio, 178–79
fundamentals, 175–76
gain, 176–77
high performance, 187–88
installation practices, 194–96
isotropic, 176
near-field effect, 183–84
nonparabolic, 184–85
panning, 196
parabolic, 185–88
plate, 185
plumbing and, 194
polarization, 180
pressurizers and, 193–94
purpose of, 175
radiation pattern, 180
radomes, 188
sidelobes, 177–78
slipfit, 188
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Antennas (continued)
struts, 195
system accessories, 193–94
types of, 184–88
VSWR, 181–82
Yagi, 184–85
Asynchronous transfer mode. See ATM
ATM, 82–84
cell structure, 82
defined, 82
IMA group structure, 84
synchronization, 90
virtual circuits, 83
Atmospheric absorption, 156–57
Attenuation
path clearance versus, 161
from rain, 156, 157
Automatic transmit power control (ATPC),
124
Background errors, 57
Back-to-back antennas, 36–38, 245
advantages, 37
defined, 36–37
overshoot interference, 37–38
See also Passive repeaters
Back-to-back interference, 246
Barnett-Vigants model, 226–27
Baseband filtering, 107–8
Beam spreading, 170–71
Beamwidth, 179–80
defined, 179
gain versus, 179
See also Antennas
Branching, 118–23
duplexer, 118–20
frequency diversity, 120, 121
hot standby, 120, 121
hybrid diversity, 121–22
space diversity, 120–21, 122
See also Equipment
Cable clamps, 194
Cable loss, 189
cable thickness and, 189
comparison, 258
See also Coaxial cables
Carrier sense, multiple access/collision detect
(CSMA/CD), 85
Channel spacing, 124
C/I ratio, 125

Clearance rules, 167–69
comparison, 257
curve, 167–68
defined, 167
diversity antenna, 223
main antenna, 222
safety margin and, 168
use of, 167
Coaxial cables, 188–90
cable loss, 189, 258
characteristic impedance, 190
construction, 188
cross-section, 189
frequency bands, 190
See also Feeders
Cochannel interference, 204–6
Companding, 103–4
Composite fade margin method, 231–32
Contour maps, 29, 30
CO ratios, 204, 205
Countermeasures, 251–56
diversity techniques, 253–56
nondiversity techniques, 252–53
system techniques, 251–52
Cross-band frequency diversity, 254
Cross-connect (DXC) switches, 79–80
Cross track error (XTE), 42
Customer premises equipment (CPE), 70
Data communications equipment (DCE),
85
Degraded minute (DM), 58
Demodulators, 112–16
ACM, 113–16
adaptive equalization, 113
types of, 112–13
Demultiplexing, 105–6
Dew deposition, 148
Differential phase shift keying (DPSK), 111
Differentiated services (DiffServ), 87–88
Diffraction
defined, 158
grazing LOS, 166
Diffraction fading, 157–69
clearance rules, 167–69
Fresnel zones, 157–66
minimum k values, 166–67
outages, 169
Diffraction loss, 51
calculation, 169
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in link design, 221–24
over average terrain, 165
with steep gradients of refractivity, 170
unacceptable, 166
DiffServ code points (DSCP), 88
Digital interfaces, 125–26
Digital Terrain Model (DTM), 27
Dipole antennas, 175
Dispersive fading, 235
Diversity countermeasure techniques,
253–56
angle diversity, 254
cross-band frequency diversity, 254, 255
hybrid diversity, 256
space diversity, 254, 255–56
types of, 254
Double reflectors, 35, 36
Dribble errors, 57
Ducting, 51, 172
effect on microwave rays, 170
elevated, 171
Duplexers, 118–20

Equipment characteristics, 123–26
channel spacing, 124
C/I ratio, 125
digital interfaces, 125–26
frequency range, 123
frequency stability, 124
management and alarm interfaces, 126
receiver, 125
RF details, 123–24
transmitter, 124
Tx/Rx separation, 124
Errored second (ES), 57
Ethernet, 84–88
carrier, 84
defined, 84–85
enterprise application, 18
frame structure, 85
frame structure with tagging, 87
radio, 98
synchronization, 90–93
virtual connection (EVC), 85

Earth bulge, 168
Earth kits, 194
Effective Earth radius, 134–35
Electromagnetic spectrum, 5, 6
Electromagnetic waves
fundamentals, 7–10
period, 7–8
polarization, 9
power density, 9–10
sinusoidally varying electric field, 7
velocity of propagation, 9
wavefront, 8
wavelength, 8–9
Elliptical waveguides, 193
Equipment
all indoor, 97
all outdoors, 97
branching, 118–23
environmental considerations, 127
modem, 110–16
muldem, 105–9
power details, 126–27
primary multiplex, 101–5
split unit (RF outdoors), 97
TDM/Ethernet options, 97–100
transceivers, 116–18
type approval, 127
unavailability and, 52–54

Fade margin, 153, 155, 231–32
Fading, 155–72
atmospheric absorption and, 156–57
causes, 155
diffraction, 157–69
dispersive, 235
empirical models, 172
flat, 179–80, 225–29
multipath, 57, 137–44, 155
rain, 232–33
refractive, 169–72
selective, 229–32
Far-field distance, 182
Federal Communications Commission
(FCC), frequency coordination,
199
Feeders
characteristics, 188–93
coaxial cable, 188–90
labeling of, 196
waveguide, 190–93
See also Antennas
Fixed-link operators, 13
Flat fading, 179–80
Flat fading outages, 225–29
Barnett-Vigants model, 226–27
ITU 530-7 method, 227–28
ITU 530-9/12 method, 228–29
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Flat fading outages (continued)
predictions, 226–29
See also Outages
Focal plane antennas, 186–87
Four-frequency (two-frequency pair) plan,
217–18, 219
with alternated frequencies, 219
with alternated polarization, 218
Free space loss (FSL) formula, 261
Free-space propagation, 150–53
Frequency bands, in link planning, 44–45
Frequency channel planning, 208–15
A and B site (high/low arrangements),
209–11
alternate, 211–12
frequency diversity allocations, 212–13
interleaving of channels, 213–14
ITU-R arrangements, 208–9
spectral efficiency, 214–15
Frequency diversity
allocations, 212–13
branching, 120, 121
cross-band, 254
improvement against fading, 213
in-band, 254
outage, 255
Frequency division duplexing (FDD), 3, 4
Frequency planning, 197–220
antenna considerations, 219
channel, 208–15
FCC coordination, 199
interference and, 198–201
intermodulation products, 219–20
ITU-R coordination, 198
long-term, 197
microwave radio link bands, 200–201
Ofcom coordination, 199–200
regulation and, 198–201
reuse, 215–19
Frequency range, 123
Frequency response, 139–41
Frequency reuse, 215–19
four-frequency (two-pair) plan, 217–18,
219
six-frequency (three-pair) plan, 218–19
two-frequency (one-pair) plan, 215–17,
218
Frequency stability, 124
Fresnel zones, 157–66
defined, 159

first, clearance (knife edge), 165
first, clearance (smooth Earth), 163
first, formula, 261
Huygen’s principle and, 158
infinite, clearance (knife edge), 164
infinite, clearance (smooth Earth), 162
normalized, 168
second, clearance (knife edge), 164
second, clearance (smooth Earth), 163
theory deduction, 160
Front-to-back ratio, 178–79
FSK, 110
G.821 objectives, 57–60
appointment of, 59–60
concepts, 57–58
high grade, 58
local grade, 59
medium grade, 58
See also Performance standards
G.826, 60–64
apportionment, 61–63
definitions, 61
objectives, 61
Gain, 176–77
aperture and, 177
defined, 176
formula, 261
maximizing, 177
near-field effect on, 183
Global Positioning System (GPS), 23, 24,
91
Grid antennas, 185–86
Group delay, 140, 143
GSM networks, 16–17, 22
High performance antennas, 187–88
High power amplifier (HPA), 96
Hot standby branching, 120, 121
Huygen’s principle, 158
Hybrid diversity
branching, 121–22
countermeasures, 256
Hybrid radio, 99, 100
In-band frequency diversity, 254
Initial mapwork, 25
In-line passive, 247–48
Input voltage range, 126
Insertion loss (IL), 245

Index
Interference, 201–8
adjacent channel, 206
analog receivers and, 202–3
back-to-back, 246
causes of, 201
cochannel, 204–6
constant C/I, 202
digital receivers and, 203–6
effects of, 202–6
intersystem, 206–8
overshoot, 239
sideband beat, 203
types of, 201–2
variable C/I, 202
Interference analysis, 235–45
nodal example, 235–39
overshoot example, 239–45
Interference reduction factor (IRF), 206
Intermodulation products (IMPs), 201,
219–20
generation, 220
sources, 219–20
International Telecommunication Union
(ITU), 6
ITU-T, 49
regional map, 7
unavailability standards, 50–56
See also ITU-R
Intersystem interference, 206–8
analog to digital, 208
digital to analog, 208
digital to digital, 207
See also Interference
Isotrope, 10
Isotropic antennas, 176
ITU-R, 6, 48, 49
antenna height, 222
frequency arrangements, 208–9
frequency coordination, 198
unavailability objectives, 54–55
Knife edge obstructions, 162
first Fresnel zone clearance, 165
infinite Fresnel zone clearance, 164
second Fresnel zone clearance, 164
Linear amplitude distortion (LAD), 229
Link design, 221–59
countermeasures, 251–56
diffraction loss/antenna heights and,
221–24
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interference analysis, 235–45
introduction to, 221
multipath fading outages and, 224–32
passive repeater outage and, 245–50
rain fading and, 232–33
real-world tutorial, 256–59
reflection analysis, 233–35
total outage and, 250–51
Link planning, 21–45
brief, establishing, 21–23
digital terrain model, 27
existing infrastructure and repeater sites,
26–27
flowchart, 22
frequency considerations, 44–45
initial, 23–27
initial mapwork, 25
length guidelines, 44
network diagram, 24–25
path profiles, 27–31
radio surveys, 41–44
repeaters, 31–41
route map, 27, 28
site location, 23–24
topographical maps, 26
Links
bands, 200–201
fading of, 155–72
Long-haul portion, 55
Lossless waveguides, 191
Mean time between failure (MTBF), 52, 53,
66
Mean time to restore (MTTR), 52, 53, 56, 64
Media access control (MAC), 85
Metropolitan area networks (MANs), 18
Microwave applications, 12–18
Ethernet enterprise application, 18
fixed-link operator, 13
mobile backhaul network, 16–18
TV distribution network, 15–16
utility private network, 13–15
Microwave fundamentals, 3–4, 5–6
Microwave radio
benefits, 10–11
defined, 3
disadvantages, 11
equipment, 19
link bands, 200–201
reasons for, 10–12
unlicensed, 12
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Minimum k
path length versus, 223
values, 166–67
Mobile backhaul networks, 16–18
GSM, 16–17
next generation, 18
types of, 16
Modem, 110–16
block diagram, 116, 117
demodulators, 112–16
modulators, 110–12
See also Equipment
Modified refractivity, 148–50
Modulation
adaptive, 114
FSK, 110
QAM, 110–12
threshold reduction and, 115
types of, 110–12
Modulators, 110–12
Muldem (second multiplexing and services),
105–9
baseband filtering, 107–8
block diagram, 108–9
multiplexing and demultiplexing, 105–6
overhead channels, 106–7
Multipath fading, 155
cause of, 155
effects, 57
by nonspecular ground reflections, 233
outages, 224–32
probability of, 169
space diversity and, 169
Multipath fading mechanism, 137–44
frequency response, 139–41
group delay, 140, 143
mathematical models, 143–44
minimum/nonminimum phase
conditions, 141–43
multipath channel transfer function,
137–39
See also Anomalous propagation
Multipath propagation, 171–72
Multiplexers
add-drop, 79
terminal, 78–79
Multiplexing, 105–6
National Radiological Protection Board
(NRPB), 6

Near-field effect, 183–84
Negative refractivity gradients, 145–48
Net filter discrimination (NFD), 206, 207
Network diagrams, 24–25
Network synchronization, 88–93
ATM, 90
Ethernet, 90–93
PDH, 88
SDH, 89–90
Network Time Protocol (NTP), 92
Nodal interference example, 235–39
illustrated, 236
tutorial problem, 235–36
tutorial worked solution, 236
Noise, in analog system, 204
Nominal receive level, 153, 154–55
Nondiversity countermeasure techniques,
252–53
Nonparabolic antennas, 184–85
Ofcom, frequency coordination, 199–200
On-off keying (OOK), 110
Open System Interconnection (OSI)
reference model, 71–72
Orthogonal passive, 248–50
Outages
causes, 57
flat fade, 258
flat fading, 225–29
frequency diversity, 255
multipath fading, 224–32
passive repeater, 245–50
predications, 226–29
selective fading, 229–32
space diversity, 255–56
total, 250–51
Overhead channels, 106–7
data channels and supervisory, 106
engineering order wire, 106–7
forward error correction, 107
wayside channels, 107
Overshoot interference example, 239–45
Packet-switched network (PSN), 98
Parabolic antennas, 185–88
focal plane, 186–87
grid, 185–86
high performance, 187–88
slipfit, 188
solid, 186–89
standard, 186
See also Antennas

Index
Passive repeater outage, 245–50
back-to-back interference, 246
in-line passive, 247–48
orthogonal passive, 248–50
See also Outages
Passive repeaters, 32–38
advantages, 32
back-to-back antennas, 36–38
defined, 32
plane reflectors, 33–36
types of, 32
See also Radio repeaters
Path profiles, 27–31
computer-generated, 31
contour map with, 29, 30
terrain, 28
See also Link planning
Path surveys, 41–42
PDH, 72–74
defined, 72
frame alignment word (FAW), 73
networks, 73
standard bit rates, 74
synchronization, 88
Performance standards, 56–65
G.821 objectives, 57–60
G.826 objectives, 60–64
G.828 objectives, 64–65
outage causes and, 57
See also Reliability standards
Period, wave, 7–8
Permittivity, 9
Physical atmospheric conditions, 145–48
negative gradients, 145–48
positive gradients, 145, 146
Plane reflectors, 33–36
azimuth angles, 34
defined, 33
double, 35, 36
geometry, 34
setting up, 33
See also Passive repeaters
Planning brief, 21–23
Planning process, 19
Plate antennas, 185
Plesiochronous digital hierarchy. See PDH
Plumbing, 194
Polarization
alternate, 211–12
antenna, 180
defined, 9
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Positive refractivity gradients, 145, 146
Power
to active repeaters, 40
consumption, 127
Power budget, 153–55
fade margin, 153, 155
nominal receive level, 154–55
receiver threshold, 154
Power density, 9–10
Pressurizers, 193–94
Primary multiplex, 101–5
coding, 104
companding, 103–4
equipment, 105
quantizing, 101–2
sampling, 101
time multiplexing, 104–5
Propagation, 129–72
anomalous, 135–44
atmospheric effects on, 129–50
diffraction loss, 51
ducting, 51
effective Earth radius, 134–35
free-space, 150–53
modified refractivity, 148–50
multipath, 171–72
physical atmospheric conditions, 145–48
power budget, 153–55
radio refractivity, 130–31
rain, 52
refractive index, 130
refractivity gradient, 131–34
unavailability and, 51–52
in waveguide, 191
Pseudo-wire, 98–99
Pulse code modulation (PCM), 72, 101
QAM, 110–12
Quality of service (QoS), 47
Quantizing, 101–2
Quasi-advection, 147
Radiation pattern, antenna, 180
Radio equipment. See Equipment
Radio frequency (RF) channels, 3
duplex plan, 4
frequency authorities, 19
interleaving of, 213–14
See also Frequency channel planning
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Radio frequency (RF) spectrum, 4–5
allocation of, 6–7
band nomenclature, 5
Radio refractivity, 130–31
Radio repeaters, 31–41
active, 38–41
passive, 32–38
Radio surveys, 19, 41–44
path, 41–42
site, 42–44
Radio system block diagram, 95–100
Radomes, 188
Rain, 52, 156–57
attenuation from, 156, 157
fading, 232–33
Rayleigh distribution, 226
Rayleigh fading, 57
Ray-tracing techniques, 170
Receivers, 118
analog, interference effect, 202–3
characteristics, 125
digital, interference effect and, 203–6
dispersive fad margin (DFM), 125
maximum receive level, 125
thermal noise floor, 202
threshold, 125, 153, 154
threshold curves, 205, 225
Rectangular waveguides, 192
Reflection(s)
analysis, 233–35
angle of incidence, 234
ground, 233
path, geometry, 234
specular, 233, 234
Refraction
abnormal, 133
in normal atmosphere, 132
ray bending caused by, 138
in vacuum, 132
Refractive fading, 169–72
beam spreading, 170–71
defined, 170
ducting, 172
multipath propagation, 171–72
Refractive index, 130
Refractive modulus, 148–50
Refractivity
modified, 148–50
radio, 130–31

Refractivity gradients, 131–34
changing with time, 135–36
defined, 131
ground-based duct and, 172
negative, 145–48
positive, 145, 146
probability distribution, 136
Reliability formula, 262
Reliability standards, 47–66
introduction to, 47–48
performance, 56–66
real-world conclusions, 65
unavailability, 50–56
Repeat sites, 26–27
Resonance, 175
Resource Reservation Protocol (RSVP), 87
Roads, active repeater, 39–40
Route maps, 27, 28
defined, 27
illustrated, 28
Sampling, 101
SDH, 74–82
add-drop multiplexers, 79
benefits of, 81–82
cross-connection switches, 79–80
defined, 74
equipment, 78–80
frame structure, 75, 77
linear routes, 81
mapping structure, 76
networks, 80–81
path overheads, 78
pointers, 78
primary reference clock, 89
secondary reference clock, 90
section overheads, 75
self-healing rings, 80–81
structures (multiplexing), 75–78
synchronization, 89–90
synchronous clock equipment, 90
terminal multiplexers, 78–79
timing sources, 89
Selective fading outage, 229–32
composite fade margin method, 231–32
normalized signature outage method,
231
system signature, 229–31
See also Outages
Self-healing rings, 80–81

Index
Severely errored second (SES), 58
Short-haul portion, 55
Sidelobes, 177–78
Signature
measurement, 230
normalized outage, 231
system, 229–30
typical curve, 231
Site locations
active repeaters, 38
in link planning, 23–24
Site surveys, 42–44
earthing, 43
existing towers and, 43
site coordinates and altitude, 43
Six-frequency (three-pair) plan, 218–19
Slipfit antenna, 188
Slipfit antennas, 188
Solid parabolic antennas, 186–88
SONET. See SDH
Space diversity
branching, 120–21, 122
clearance criteria, 169
for multipath fading, 169
outage, 255–56
Spectral efficiency, 214–15
Specular reflections, 233, 234
Super high frequency (SHF) band, 4
Synchronous digital hierarchy. See SDH
System countermeasure techniques, 251–52
System signature, 229–31
Terminal multiplexers, 78–79
Terrain profiles, 28
TETRA, 14
Time division multiplexing (TDM), 65, 69
bit stream, 90
radio, 99
radio block, 100
synchronization over, PSN, 91
Topographical maps, 26
Total outage, 250–51
Towers
existing, 43
issues, 38–39
See also Active repeaters
Transceivers, 116–18
block diagram, 118, 119
receivers, 118
transmitters, 116–18
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Transfer functions, multipath channel,
137–39
Transmission alternatives, 11–12
Transmitters, 116–18
characteristics, 124
output power, 124
output spectrum and spurious emissions,
124
power control, 124
Transport technologies, 69–93
ATM, 82–84
backhaul transmission system, 70–72
Ethernet, 84–88
network synchronization, 88–93
options, 72–88
PDH, 72–74
SDH/SONET, 74–82
Transversal adaptive equalization (TAE),
113
Transverse electromagnetic (TEM)
propagation, 7
Troposphere, 150
TV distribution networks, 15–16
CODEC, 15
illustrated, 16
Two-frequency (one-pair) plan, 215–17,
218
illustrated, 218
nodal sites, 215–16
overshoot, 216–17
See also Frequency reuse
Tx/Rx separation, 124
Unavailability
appointment of objectives, 55
causes, 51–54
equipment and, 52–54
objectives, 54–55
propagation and, 51–52
standards, 50–56
Unlicensed microwave, 12
Utility private networks, 13–15
illustrated, 15
teleprotection circuits, 14–15
uses, 13–14
See also Microwave applications
Velocity of propagation, 9
Virtual local area networks (VLANs), 18
Voltage controlled oscillators (VCOs), 116
V-SAT, 12
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VSWR, 181–82
defined, 181
return loss and, 181
value, 182
See also Antennas
Waveguides, 190–93
cutoff frequency, 192
elliptical, 193
installations, 193
lossless, 191

propagation in, 191
rectangular, 192
wavelengths, 193
Wavelength
electromagnetic waves, 8–9
formula, 261
Wide area networks (WANs), 18
Wind, 57
Wireless communication history, 2–3
Yagi antennas, 184–85

