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Abstract

Both Digital Audio Broadcasting (DAB) and Digital Video Broadcasting (DVB)
systems use orthogonal frequency division multiplexing (OFDM) to facilitate
single frequency networks (SFNs). In an SFN all transmitters transmit the
same information in the same frequency block simultaneously. This transmitter
diversity structure makes SFNs very efficient in fading channels with an excellent
spectrum saving and very good power utilization. The SFN concept requires a
new design methodology to take full advantage of the provided diversity gain.
In this thesis we address key problems that emerge in the planning of SFN based
broadcasting networks.

A consequence of the SFN concept is that the received signal is a superpo-
sition of several useful and interfering components. Shadow fading and trans-
mitters contributing both to the useful and to the interfering power introduce
considerable correlation among the signal components. We show that conven-
tional methods to calculate the signal-to-interference ratio that do not take such
correlations into account introduce significant error in the estimation of the local
coverage probability. We propose new methods to reduce the estimation error.

The (total) coverage of an SFN is evaluated using testpoints of which se-
lection can be regarded as a two-dimensional sampling problem. Among the
investigated sampling techniques systematic sampling proves to be the most ef-
ficient. Moreover, the proper testpoint density is shown to be dependent on the
terrain characteristics, the propagation model and the total coverage level.

We address the cost efficient design of individual SFNs to cover a prede-
fined service area with requirements on the received signal quality and on the
interference level.

DAB and DVB allow the introduction of personal services, i.e., a part of the
digital broadcasting bandwidth is used to serve individual users or a dedicated
population. The new capacity constraints enforce the use of several SFNs to
cover a given area, introducing frequency assignment problems to SFN design.
We formulate the capacity planning as an optimization problem and propose
efficient heuristic algorithms that use linear programming steps.

Based on a flexible network model, the algorithms can cope with inhomoge-
neous capacity demand distributions over irregular terrains, which allows their
direct application in computer aided SFN planning.
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valuable and constructive criticism of my work, which he provided during the
time he was a member of the group. I owe a big thanks to Lise-Lotte Wahlberg
and Inger Bergman for help with all the administrative work, and a special
thanks to Lise-Lotte for creating a cheerful group environment.

I would like to thank colleagues at Teracom for the discussions on DAB and
DVB network planning which helped me to find and focus on problems that
were both relevant and interesting. I am especially indebted to Mats Ek for the
stimulating discussions and his valuable comments and suggestions at various
stages of my studies. I also wish to express my thanks to Magnus Andersson for
his constructive comments on my recent work presented in Chapter 6.

I am particularly grateful to Dr. Terence O’Leary, European Broadcasting
Union, who carefully reviewed the manuscript and provided me with numerous
invaluable comments.

I would like to express my gratefulness to my former advisor, Béla Szekeres,
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1
Introduction

Today, for millions of homes throughout the world audio and video broadcast-
ing —or as they commonly referred to, radio and television— are the primary
sources of home entertainment, and also important sources of news, education
and other information. We take it for granted that the TV set works in any
corner of our home, in any home, and that we can listen to our favorite radio
program wherever we move, walk or drive.

Although in recent years satellite and cable distribution has gained consid-
erable importance, still, the radio and television services are distributed to most
homes via terrestrial wireless stations, or —for larger areas— a network of such
stations, called the broadcasting network. Broadcasting networks are designed
to ensure that sufficient signal quality can be obtained to receive a radio or TV
program in every home in a community or in a whole state or country.

Up to today, broadcasting networks are based on analog transmission. Due
to the sensitivity of analog transmission to multi-path propagation, transmitters
covering adjacent areas operate on different RF channels. Sophisticated design
methods have been developed to design such multi-frequency networks (MFNs).
The analog system has a number of shortcomings both in sound and picture
quality and in radio spectrum utilization. This is a severe problem since in
many developed countries the available radio spectrum is already saturated.

The limitations of the analog systems and the recent advances in digital
communications triggered the development of a series of digital broadcasting
standards. The introduction of digital transmission will open a new chapter in
the history of broadcasting. The digital system offers not only better sound
and picture quality to the home users, but it provides high quality reception
for the mobile users (in cars and trains), it allows the introduction of a number
of radically new services (e.g., personal communication), and it also drastically
improves the spectrum utilization — a crucial factor for network operators and
governments.

One of the most important elements of the European digital broadcasting

1



2 Chapter 1. Introduction

standards is the concept of the single frequency network (SFN): a transmitter
network in which all transmitters transmit identical information simultaneously
at the same frequency. Thus, the distribution of a broadcasting program over a
whole country requires only one frequency block. This concept puts radically new
requirements on the design of broadcasting networks, and appropriate methods
and tools have yet to be developed. This thesis addresses some of the key issues
of computer aided planning of digital broadcasting networks based on the single
frequency network concept. The actuality of these issues is very high: it is
expected that in many countries the existing analog broadcasting networks will
be completely replaced by digital broadcasting networks by the year 2010.

1.1 Brief History of Broadcasting

The history of broadcasting dates back to the beginning of the 20th century.
In 1910 —fifteen years after that Marconi and Popov independently invented
the radio, and four years after the first demonstrated radio transmission using
continuous wave modulation (AM) happened — DeForest made the first radio
broadcast to the public. Already by 1925 there were over 500 broadcasting
stations in operation in the U.S., and almost every European country had a
regular broadcasting service. The first stations operated in the 330–400 m band
with 50 W to 1.5 kW effective radiated power (ERP) and typically broadcast
their own program. The 550-1500 kHz band was opened for AM broadcasting
in North-America in 1923-1924, and within a few years it became populated by
a large number of stations (some of them with up to 50 kW ERP). By the late
twenties several companies (such as AT&T, NBC, BBC) provided networked
broadcasting, i.e., broadcasting the same program simultaneously from many
stations using different frequency channels.

Although AM audio broadcasting never disappeared, its importance as a do-
mestic program distribution medium gradually decreased after the introduction
of the FM radio, invented by Edwin Howard Armstrong in 1934. The FM trans-
mission provided superior sound quality (high fidelity) compared to the AM
system, operating in the 20–110 MHz frequency range. The first FM station
started its regular operation in 1939 and by 1945 229 FM stations were licensed
in North-America alone. Another landmark was the beginning of FM stereo
transmission in 1961.

The beginning of video broadcasting (i.e., television) can be attributed to sev-
eral major inventions such as the moving picture of the French Lumière brothers
or the iconoscope of the Russian physicist Zworykin. Charles Francis Jenkins
held the first television demonstration in 1923 to AT&T which made the first
public television demonstration in 1927. Two years later, in 1929 the first regu-
lar TV broadcast began. An important breakthrough in the history of television
was the invention of the color TV in 1940. The first authorized color TV broad-
cast, however, could only be started in 1951 (the U.S. Federal Communications
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Commission, FCC, held back earlier proposals until full compatibility with the
black-and-white system was ensured). In the developed countries, most people
acquired a TV set for their home during the 60’s.

Besides the continuous improvement in sound and picture quality for nor-
mal program transmission, there is another trend in the evolution of radio and
TV broadcasting systems. In the beginning and up to the 80’s, broadcasting
networks were dedicated, single-purpose networks. In the past few years other
services have been introduced (piggy-backed on existing radio programs) such
as paging services, program-associated data services, location-dependent infor-
mation distribution, teletext. During the evolution of broadcasting operators,
governments and standardization bodies have placed a great emphasis on com-
patibility with equipment used by consumers: e.g., existing receivers were not
made obsolete by the introduction of FM stereo, RDS (Radio Data System),
color TV and teletext.

Nowadays, in most industrialized countries analog radio and TV broadcast-
ing are highly developed, offering two or three national sound and TV programs
to the entire population. In parallel, several local networks with limited coverage
are operated. Analog broadcasting networks are usually based on relatively few
high powered transmitters, located on highly elevated structures (hills, moun-
tains, high buildings). In addition, to improve reception in shadowed areas a
very large number of low-powered (gap-filling) transmitters has been put in oper-
ation. The radiated power of the stations ranges from 1 W ERP (small stations)
to about 1 MW ERP (major stations). The analog systems are very sensitive
to interference from other analog signals, and require high co-channel protection
ratios, i.e., in the order of 30 to 45 dB. The existing analog systems are also
sensitive to multi-path propagation. Therefore, they are planned in MFN con-
figurations, covering adjacent areas with different RF channels. The same RF
channel is re-used only in regions separated by large distances, to avoid harmful
co-channel interference. Therefore, the analog radio broadcasting coverage is
characterized by an intensive exploitation of the HF/VHF/UHF channels.

To alleviate the problem of spectrum saturation and to satisfy the increasing
demands for better sound and picture quality, broadcasting companies started to
look for the possibilities to introduce digital broadcasting around the late 80’s.
As a result, a number of digital broadcasting systems have been designed. Two
standards have been accepted in Europe, the Digital Audio Broadcasting (DAB)
[22] for sound and the Digital Video Broadcasting (DVB) [23] for television. The
DAB can offer CD quality services both for fixed and for mobile receivers. Based
on novel source coding techniques and spectrum efficient modulation methods,
the DVB can offer four to six times more programs with the same picture quality
than the analog system using the same frequency block. Besides conventional
broadcasting services, both standards support the introduction of personal data
services.

European governments are already debating when the analog switch-off should
occur, because the released frequencies can then be sold off to mobile radio op-
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erators or be re-used by broadcasting companies to offer personal services. The
receiver manufacturers also want to set the cut-off date, to encourage buyers
to buy new digital TV sets (higher profit-margin) rather than analog sets. For
example, the British government is likely to announce that analog transmissions
will end at the latest by year 2010 [27].

1.2 Digital Broadcasting

DAB/DVB systems are based on a wide-band multi-carrier modulation method,
Orthogonal Frequency Division Multiplexing (OFDM) [5], which is capable of
operating successfully in multi-path and fading environment. The multi-path
generates two effects, inter-symbol interference (ISI) and frequency selective fad-
ing. In OFDM the high bit rate data stream is modulated onto a large number
of adjacent narrow band carriers. By ensuring that the symbol duration is suf-
ficiently long and using a guard interval between successive symbols on each
carrier, the system can absorb the inter-symbol interference created by multi-
path in the channel. The guard interval should have a duration which exceeds
the multi-path delay spread of the channel. Since frequency selective fading
impairs only a few of the carriers, the information content can be retrieved by
means of powerful error correcting codes together with interleaving.

1.2.1 OFDM based Single Frequency Networks

The capability of OFDM to overcome multi-path interference allows distributing
a program over all transmitters in a radio network using the same frequency
block. In such a Single Frequency Network (SFN), the useful signal at a receiver
is the superposition of all signals coming from those transmitters that distribute
the required program (see Figure 1.1). In such SFNs large diversity gain (or
network gain) is obtained yielding better coverage and frequency economy than
in analog broadcasting networks.

The main advantages of implementing SFN compared to the conventional
multi frequency network are the following:

• High spectrum efficiency is regarded as a major advantage of the SFN concept
compared to the MFN approach. Spectrum efficiency is very important in
a scarce spectrum environment both in the introductory phase of digital
services when the spectrum is occupied by analog services and also in long
term when a large number of offered programs will make the broadcasting
services more attractive for customers. For example, in the UHF band 2
to 4 full-coverage analog programs can be achieved operated as MFNs. In
digital systems using MFNs this number can be increased to 3 to 6 full
coverage networks offering 4 programs per channel, which results in 12 to 24
programs. Using SFNs the number of full-coverage networks is up to three
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Figure 1.1: Single Frequency Network used in Digital Audio/Video Broad-
casting. In SFN all transmitters operate in the same frequency block. The
useful signals come from the nearest transmitters (—), whereas transmitters

located far from the receiver contribute to the interfering signal (- - -).

times higher, i.e., yielding 36–72 offered programs using the same frequency
spectrum.

• In SFN the received signal is a superposition of signals coming from several
transmitters. The variation of the total field strength is lower, since one of
the transmitters is shadowed, whereas the others are still receivable. This
results in a higher location probability compared to the single transmitter
case. This phenomenon is usually referred network gain or diversity gain.

• As a result of the network gain, SFN can operate at lower power and the
field strength distribution over the total service area is more homogeneous
compared to MFNs.

• SFN allows the easy setup of gap-filling transmitters where bad reception
quality is observed, i.e., without using extra frequencies.

• Increased robustness is ensured using dense SFNs in which the failure of a
single transmitter does not result in coverage outage for the whole network.

There are, however, a few disadvantages of SFNs:

• Network splitting is not possible.
• Time synchronization among the transmitters of the SFN is necessary: the

signal emissions must take place at the same time, or with precisely controlled
delays from each transmitter.

• Precise frequency synchronization is needed both at the transmitter and at
the receiver, because errors generate frequency orthogonality losses for the
received signals.

In a SFN multiple copies of the signals arrive at the receiver antenna with
different delays. The time dispersion is caused by two main mechanisms. The
“natural” dispersion is caused by wave components reflected by obstacles in the
vicinity of the receiver and the “artificial” dispersion derives from the reception
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Figure 1.2: Multi-path propagation due to simulcasting.

of signals from several transmitters placed at different distances from the receiver
(Figure 1.2). The delay of the “natural echoes” is usually limited to 20–30 µs,
corresponding to a difference in the propagation path of up to 10 km. Since the
symbol duration is very long compared to the “natural” dispersion, the effects of
reflection in the vicinity of the receiver can be neglected. Thus, the inter-symbol
interference is caused mainly by the “artificial” delay spread.

In OFDM systems the extreme delay spread is controlled by using a longer
transmitted symbol than the actual interval observed by the receiver. If the delay
spread of the signal is smaller than the guard interval, no inter-symbol interfer-
ence occurs and the signal contributes totally to the wanted signal. Signals of
transmitters located far away from the receiver can cause inter-symbol interfer-
ence and turn into interfering signal because of the excessive delay. Those signals
arriving in between contribute partially both to the wanted and to the interfer-
ing signal. This phenomenon is called self-interference. (The self-interference
has already been illustrated in Figure 1.1.) Therefore, in SFNs not only noise
but also delayed signals outside the guard interval have an important impact on
the achievable coverage.

The next two sub-sections will summarize the relevant features of the DAB
and DVB systems, respectively.

1.2.2 Digital Audio Broadcasting

A joint project “Eureka-147” was launched by the EBU (European Broadcast-
ing Union) with participation of governmental authorities, scientific institutes
and industrial companies in January of 1988 for developing a new digital audio
broadcasting system. The DAB system proposed by the EBU and the ETSI
(European Telecommunication Standard Intitute) has four modes of operation,
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using different symbol intervals. The choice of the transmission mode depends
on the system operation conditions:

• Transmission mode I is supposed to be used for terrestrial national SFNs,
in bands I, II and III with a maximum distance of approx. 100 km between
adjacent transmitters.

• Transmission modes II, IV are intended for terrestrial local broadcasting in
bands I, II, III, IV and V and in the 1452–1492 MHz frequency range (L-
band). It can also be used for satellite broadcasting and for hybrid satellite-
terrestrial broadcasting in the L-band.

• The intended application of transmission mode III is the introduction of
satellite and hybrid satellite-terrestrial broadcasting below 3 GHz. Mode III
is also preferred for cable distribution because it can be used at any frequency
available on cable.

The DAB system provides a typical total data rate of 1.2 Mbps (megabit
per second) per SFN. For sound broadcasting, a standard configuration consists
of 6 audio services at 192 kbps (kilobit per second). The DAB system has
been also accepted as a standard in many countries outside Europe with one
main exception, the USA [75]. While the Eureka-147 system has emerged as
clearly superior in laboratory and field tests, the NAB (National Association of
Broadcasters, USA) opposes the adoption of this system based on lack of new
spectrum and dislike of sharing services within a multiplex. Instead, efforts are
being made to develop a more limited in-band digital radio solution.

In order to investigate the network planning approaches for terrestrial DAB
(T-DAB) service, the EBU established a working group known as R1/DIG (af-
ter a re-organization of B/TAP). In the frame of group activities some design
parameters for terrestrial DAB planning were established by determining (1) the
minimum wanted field strength [45] (assuming Rayleigh and Gaussian channel,
1.5 MHz DAB signal and 1.5 m receiver height), (2) the required protection
ratios and re-use distances between DAB-DAB networks and between DAB and
other services that coexist in the same frequency band [10, 13, 47], (3) loca-
tion variation of the received signal based on field trials [46, 68], and (4) other
practical network aspects such as utilization of already existing transmitters.

As a major result, the T-DAB Planning Meeting in Wiesbaden [38] provided
an allotment plan, which allocates frequency blocks to geographical areas and
countries in Europe. Two T-DAB coverages for each country were allowed pro-
viding coverage by one national service area and a joint coverage of the whole
country by several non-overlapping regional service areas. Most countries have
their first priority for national or large regional coverage in Band III and their
second priority for regional or local coverage in the 1.5 GHz band. The Nordic
countries have their second priority allotments also in Band III.

As all frequency bands considered for DAB are already occupied by other
services, an extensive coordination will be necessary. In the VHF range three
important types of interference have to be considered: DAB interferences with
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DAB, television and military aeronautical services. In general, the DAB signal
is more robust against interference from other services than vice-versa. Hence,
the interference effect into the DAB channel is less critical than the caused
interference.

1.2.3 Digital Video Broadcasting

All European countries have agreed to adopt a common DVB standard, which is
based on MPEG-2 (Motion Pictures Experts Group) video compression. Europe
will now have a common digital TV standard in contrast to the incompatible
analog TV systems associated with PAL and SECAM. The DVB system in
Europe originates from the existing 625-line, 50 Hz analog TV standard used
in both PAL and SECAM systems. For High-Definition Television (HDTV)
transmission, the DVB data rates are four times as demanding, since there are
twice as many picture lines (2 x 625 = 1250 lines), each with twice as many
pixels. Therefore, if high-definition transmissions are broadcast, they can not
be received on ordinary DVB sets.

In the U.S. a different digital TV standard has been proposed, the American
Television Standards Committee’s (ATSC’s) Grand Alliance [37]. ATSC has
taken off from a high-resolution platform based on computer screen standards
[27]. Like DVB, ATSC standard is also based on MPEG-2 video coding. The U.S.
Federal Communications Commission (FCC) has allocated 6 MHz channels for
digital HDTV, whereas in Europe broadcasters have 8 MHz channels compatible
with analog channels. With error correction, 38 Mbps can be delivered in each 8
MHz channel over cable and satellite transmission systems, versus the 24 Mbps
in terrestrial DVB system. For mobile applications, i.e., reception in moving
cars, trains, the application of stronger error correction is required, therefore
the usable data-rate is reduced to 15 Mbps.

The specification of digital terrestrial television (DVB-T) [23] offers a wide
range of operation defined by the number of carriers, the length of the guard
interval, modulation scheme and error correcting code with different code rates
resulting in different level of protection. A unique feature of the DVB-T stan-
dard is hierarchical transmission, where an incoming MPEG multiplex is split
into two separate streams, known as a low priority (LP) and a high priority (HP)
stream with different channel coding and modulation applied to each stream. It
is possible to embed a QPSK signal into the constellation diagram of a 16- or
64-QAM system. The separate transmission of the two data streams, HP and
LP, each with their own error protection, means that the transmission of the
integrated QPSK is less susceptible to interference than is the case with non-
hierarchical 16- or 64-QAM. The HP stream provides the basic TV service with
relatively low data rate and a high error protection. There are two possibilities
for using the LP stream. On the one hand, additional services can be transmit-
ted, on the other hand the higher data rate can be used to increase the quality
of the basic service. This allows a graceful degradation of the reception quality
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as the receiver is moving away from the transmitter. The HP stream can be de-
coded by portable and mobile receivers, while a fixed receiver with a directional
antenna would be able to decode also the LP stream.

Using MPEG-2 source-coding the digital video signal of 216 Mbps can be
effectively reduced to 4-6 Mbps. This large data reduction allows the transmis-
sion of four programs (each approximately 6 Mbps) for fixed reception — or two
programs for portable reception — in one existing television channel. Despite
the large data reduction, there are difficulties with the introduction of DVB.
The frequency resources in the VHF and UHF bands are already exhausted by
analog services.

In the European Union Advanced Communication Technology and Services
Program (ACTS), great attention has been devoted to broadcasting, which is
reflected in the number of projects working in related activities [33]. The ACTS
project VALIDATE [4, 79, 80] has coordinated the tests needed to verify in detail
the DVB-T specification by laboratory measurements and by field trials [77, 78].
The project derived the parameters needed for planning digital terrestrial broad-
casting services and summarized in the “Implementation Guidelines” which has
been published as an ETSI recommendation [24]. Due to the shortage of free
frequency bands and due to the expected co-existence of digital and analog sys-
tems, both MFN and SFN operations are considered in [24]. In the project they
also investigated the feasibility of simple low-power “gap-filler” transmitters that
re-broadcast the signal on the same frequency. They studied both professional
gap-fillers installed to fill in gaps in the coverage of main transmitters and do-
mestic gap-fillers to improve reception within buildings.

When the DVB-T specification was established, mobile reception was not
seen as an important criterion. Over the last years, however, there has been
an increasing interest in mobile reception for broadband interactive multimedia
applications. Work carried out in VALIDATE has shown that mobile reception
of DVB-T is possible. Preliminary results of tests showed robust reception of the
QPSK and 16-QAM modes of the specification with data rates up to 15 Mbps at
speeds up to 140 km/h in urban areas. The results are promising, but existing
transmitter networks and receiver structures have not been optimized for mobile
reception. The project MOTIVATE has started in May 1998 to investigate
mobile reception of the digital terrestrial TV signals in single frequency and
multi frequency networks based on the DVB-T standard. Their objective is
to analyse the theoretical performance limits of mobile reception, measure the
mobile channel characteristics and design and implement optimized receivers.

1.3 Broadcasting and Personal Services

The ongoing deployment of the digital systems for terrestrial audio and video
broadcasting offers the technical possibility for introducing new types of ap-
plications in broadcasting systems. Interactivity, mobility and multimedia are
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assumed to be the most attractive features of future applications. The digital
broadcasting systems inherently provide multimedia. Mobility is also supported
by both DAB and DVB systems. The mobility was part of the requirements in
the DAB standard from the early days. Although in the DVB standard mobile
reception was not seen as an important criterion, — as mentioned in the previous
section — the VALIDATE and MOTIVATE projects verified that DVB can also
cope with mobility. Concerning interactivity, a pure broadcast system has limi-
tations, but combining the DAB/DVB with a bidirectional access method, truly
interactive services can be implemented. Based on different kinds of interactivity
the services can be categorized as [72]:

• Pure broadcasting: The same information is broadcast to all receivers. Exam-
ples are TV and radio programs and data broadcasting. In case of data services
the information is broadcast to all receivers in a repetitive way or at scheduled
points in time. After downloading a large quantity of data, the user can then be
locally interactive against the local storage medium. Information which is not
updated too often, but contains a large amount of data, e.g., daily newspapers,
can preferably be transmitted in a scheduled way, e.g., at night. Information
which is updated more frequently, but contains less data, is preferably transmit-
ted in a repetitive way via a data carrousel, and retrieval from the local memory
where earlier received data is stored, is then possible. A rudimentary example
of the latter approach is the existing teletext service.
The larger the local memory, the shorter the access time becomes. One oppor-
tunity for broadcasters is to take advantages of the exponentially falling price of
storage: random-access memory and hard disks. For example, RAM costs UK
£1 per megabyte (MB) today, but we can expect it to cost £0.10 per MB in
five years and £0.01 per MB in 10 years. Similarly, hard disks cost £20 per GB
today, but this will reduce to £0.2 per GB in 10 years [50]. These low prices will
trigger the production of receivers with considerable processing power and local
mass storage. For example consumers would thus have the choice of watching
either the traditional “linear” broadcast of a news bulletin or having instant
access to individual news items (in the order determined by the user).

• Interactive broadcasting: Same as pure broadcasting with additional possi-
bility of being interactive via an interaction channel (e.g., GSM, PSTN). The
user does not influence the content of the broadcast channel. Examples for such
services are home shopping, home banking, travel, transport and navigation ser-
vices. In home shopping the products and services are offered via broadcasting
to many customers, and the ordering, confirmation and purchase is individu-
ally carried out via the interaction channel. Similarly, the mobile terminals can
access the local travel information center about maps, hotels, restaurants and
make reservations via the interaction channel.

• Full interactivity: The broadcast channel is used also for the distribution
of individually addressed information ordered via a separate return channel.
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Figure 1.3: Interactive multimedia.

The digital broadcasting network can offer large bandwidth for the broadband
down-link of an asymmetrical personal service. For the narrow-band up-link
channel several alternatives can be considered such as PSTN, GSM, DECT.
Good examples for services which are well adopted to this kind of hybrid system
are broadband, wireless Internet access or video-on-demand.

Interactive television requires the addition of both a forward and a return
channel. In digital television, the forward channel information can be multi-
plexed as part of the DVB broadcast transmission, possibly as “private” data
services. The problem of the return channel is more complex, as additional fea-
tures must be added to the customer’s and also to the operators’ equipment.
A number of return channel alternatives have been proposed based on PSTN,
cable, UHF terrestrial, DECT and GSM [97]. Depending on the existing infras-
tructure, different solutions will be adopted in each country. Due to the low
infrastructure costs at both ends, PSTN will be the most common solution for
stationary interactivity allowing maximum capacity of 56 kbps. The ACTS IN-
TERACT project has studied two alternatives, the use of a UHF over-air path
for return channel or the use of cable channel to provide both the forward and
the return paths [2, 3].

To offer interactive multimedia services to mobile and portable terminals the
MEMO project has developed a generic architecture. The system provides an
asymmetrical bi-directional link combining DAB with GSM [48, 49]. The system
can offer a 1.2 Mbps down-link channel with a return channel of up to 9.6 kbps.
Two types of service were implemented: applications from electronic publishing
based on HTML format with high requirements on interactivity and on-demand
downloading of large amounts of data. In the MEMO Forum started in spring
1999 the MEMO specification will be further developed as an extension using
DVB-T for down-link and GPRS for the interaction channel [72]. It allows the
transmission of information with 5–30 Mbps on the down-link with an up-link
capacity of up to 554 kbps. (The total offered data rates of different DAB and



12 Chapter 1. Introduction
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Figure 1.4: Coverage area versus achievable data rate of some common wire-
less technologies

DVB modes are summarized in Appendix B.)
There will be many competing technologies for delivery of multimedia ser-

vices. Success or failure of a specific technology is determined by timing and by
marketing tactics, not solely by technical superiority. The GSM system is one
of the most successful digital mobile telecommunication systems. At present it
offers data transmission of up to 9.6 kbps. The next steps in the evolution of
GSM are already in final stages of standardization, where high bit-rate circuit-
switched modes (high speed circuit-switched data, HSCSD) as well as packet
services (general packet radio service, GPRS [17]) have been defined. Consid-
erable increase of user bit rate can be provided by the radio interface EDGE
(Enhanced Data rates for Global/GSM Evolution) [28, 29, 81] which can use
8-PSK modulation and several channel-coding schemes and allows simpler link-
adaption. Data services can be provided at bit rates in the range of 11.2-69.2
kbps per time slot, whereas circuit-switched services up to 28.8 kbps. Multi-
slot operation using all 8 slots yields a peak air-interface bit rate of 554 kbps
for packet data. The third generation systems (UMTS/IMT-2000) [76] will be
optimized for high bit-rate packet data services. The bit rate requirements are
384 kbps with wide area coverage, and approximately 2 Mbps in local areas. As
we can see in Figure 1.4 solutions using the DAB and DVB systems for offering
multimedia services are competitive alternatives.

Introduction of services for individual users in a broadcasting network puts
new demands on the network architecture. In conventional broadcasting net-
works due to the uni-directional point-to-multipoint feature of pure broadcast-
ing, the number of receivers is inherently unlimited over the area service is
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Figure 1.5: Coverage design of a radio network. During planning of a new
network coordination with existing networks in the same frequency band is
required. The allowable levels of the three types of interference are strictly

regulated.

offered. On the other hand, personal communication is regarded as bidirectional
communication, requiring dedicated point-to-point “channels”. Therefore the
number of served customers is limited by the channel capacity per transmitter
or SFN and the density of the networks. Therefore, offering personal services in
digital broadcasting networks introduces a new constraint in the network plan-
ning. Unfortunately, very little work has been published in the area of planning
SFNs with personal services. In [65] the author shows, that high capacity can be
achieved in cellular broadcasting networks with moderate number of frequencies
by using dense networks with sector antennas.

1.4 Planning of Single Frequency Networks

An important part of planning any radio communication network is coverage
planning: to ensure that a sufficient signal quality required by the new service
will be available everywhere in the area where the service is to be offered. Net-
work coverage planning involves determining the proper number of transmitters,
accurate transmitter locations, radiated power levels, antenna heights, antenna
patterns, polarization, frequencies and service dependent parameters — all in
order to satisfy the required service coverage.

There are three types of interferences encountered in the network that have
to be kept at a satisfactory low level when planning an SFN: (1) Internal inter-
ference: interference among the transmitters of the network that is subject of
the planning. (2) External interference: coming from other networks operating
in the same frequency band. (3) Generated interference: the interference caused
by the network to other networks. This situation is illustrated in Figure 1.5.

In the early days of radio communication coverage planning was based on
simple rules of thumb such as “the higher power radiated the better” (for min-
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imizing the number of transmitter sites and thus reducing the cost of the in-
frastructure), and at that time whole national radio broadcasting networks were
built with a very small number of transmitters, operating with extremely high
radiated power. As the number of independent radio networks offering differ-
ent services — from military systems to public mobile telephony — heavily
increased, it was recognized that the “brute force” approach of the old days led
to pitfalls: the increased interference background level forced new networks to
use even higher power. Such a “power racing” (party effect) resulted in the quick
saturation of the available radio spectrum, leading to an unnecessary natural en-
vironment degradation and capital investment losses. Instead of being limited by
the noise, the coverage of the networks become limited by the interference, and
it became necessary to apply sophisticated network planning methods together
with international coordination.

Today, radio spectrum is treated as a finite natural resource shared by all
countries. Since radio waves do not stop at political borders, sharing of the
spectrum is the subject of international negotiations and regulations: the whole
— today usable — spectrum is carefully divided into smaller and larger frequency
bands, and each band is allocated to a certain service type usable by one or
more countries. Besides spectrum partitioning, the allowed interference between
different coexisting networks is also regulated, both at national and international
levels.

Despite the fact that the radio spectrum has become saturated, there is still a
growing demand for new radio services. There are two complementary directions
to alleviate the problem:

1. Extending the resource by exploiting higher and higher frequency ranges
2. Increasing the utilization of the existing resources with better frequency econ-

omy. It means low interference and high frequency reuse by means of radio re-
source management, such as power control, channel allocation (FCA, DCA),
etc.

Such economical goals must be kept in mind when designing the coverage for
new services. Making use of the powerful new generation workstations, advanced
coverage planning tools are being developed. The advanced methods use digital
terrain databases for computerized wave-propagation- and interference calcula-
tions. In larger networks even advanced optimization methods are applied in
order to find the most suitable solution.

Concerning traditional broadcasting, there are two inherent features of the
analog technology that create the main constraints for network planning: (1)
It is sensitive to multi-path propagation which prohibits the reuse of the same
frequency for the nearby transmitters broadcasting the same program. (2) Due
to the wide signal bandwidth compared to the channel separation, the near-
est neighboring channels also cause interference besides the co-channel interfer-
ence. Hence, to distribute a program over a wide area requires large number
of transmitters using many frequencies (Figure 1.6), i.e., they are planned in
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Figure 1.6: Multi Frequency Network used in VHF FM sound and UHF TV
program coverage. Different shading represent different frequency channels.

The reception of the wanted signal (—) is perturbed by signals (- - -) coming
from transmitters operating on the same or adjacent frequency channels.

MFN configurations. Due to the shortage of spectrum, frequency reuse is an
important goal, that is, the same frequency is reused by many transmitters with
proper distance separation. Therefore, the main task in coverage design of analog
broadcasting networks is to find the optimal frequency assignments that results
in sufficiently low interference with the highest frequency utilization.

In SFNs the network designers have to solve new types of planning prob-
lems. The statistics of the “artificial” echoes from the various transmitters in a
SFN can be evaluated by the planner. In contrast with traditional broadcasting,
where the main issue of network planning is the frequency assignment, designers
of SFNs have to plan the “delay” situation in the wide area (national) networks
for controlling the self-interference, manipulating mainly with the transmitters’
location, power, antenna height and antenna pattern. With the advent of SFN
and delay planning, a new network parameter has appeared: the temporal broad-
casting delay. The DAB/DVB source signal is produced at a central studio and
it is forwarded to the terrestrial transmitters via cable or satellite. Signals ar-
rive at the different transmitter locations with different delays, therefore a time
synchronization will be required for simulcasting (i.e., broadcasting simultane-
ously) in SFN. Artificial disturbance of the synchronous transmission, such that
transmitters creating interference at the receiver due to the large delay start
their frame somewhat earlier than others, can contribute to avoiding the prob-
lem of self-interference. Using “pre-casting” (transmitting slightly earlier) by
transmitters located near to the edge of the service area can improve the overall
reception quality in the service area.

The channel assignment can become an issue also in DAB/DVB design when,
e.g., many regional or local programs have to be designed on the same area in
the same time, and thus channel reuse is important (see Figure 1.7). In such
situations SFN design involves both delay and frequency planning.

The analog systems exhibit a smooth transition from good to poor reception
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Figure 1.7: Planning of several local area SFNs requires delay and frequency
planning. Gray shadings correspond to different frequency blocks.

quality without any sudden disruptions as the signal quality degrades. DAB and
DVB systems use error-correction codes which yield a very sharp transition from
very high reception quality to total disruption of the program. In general better
reception quality can be obtained in even severe reception conditions in which
the analog system would fail and this also means that lower transmitted power
can be used. However, to avoid abrupt reception quality degradations, very high
requirements must be put on the coverage properties, what SFN designer have
to consider.

1.5 Related Works

In this section we summarize major works that paved the way of coverage plan-
ning of SFNs. Further details on the related literature are given in the beginning
of Chapters 3, 4 and 5.

The self-interference in a DAB SFN has been analyzed in [18, 19, 71] assuming
a single tap channel and a method is developed for calculating the useful and
interfering contribution of the delayed signals. A refined analysis of the receiver
performance is presented in [70]. It is shown that a carrier separation, pulse
shape or frequency offsets different from the OFDM constellation in [22] lead to
different interference models than in [19].

For DVB-T two receiver models have been analyzed in [73]. The conventional
receiver is characterized by a rapid performance degradation for echoes outside
the guard interval, i.e., all signals outside of the guard interval are considered as
pure interference. The more complex receiver based on coded decision directed
demodulation shows a more gradual degradation for echoes outside of the guard
interval, like the DAB system. In [73] the coverage properties have been analyzed
in a regular SFN with 37 transmitters. The results show that the application of
the new receiver allows an increase in the distance between the transmitters in
the SFN of about 20–50% for the same percentage of coverage.
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The theoretical performance of SFNs have been studied in several papers
assuming uniform (infinite) lattice network and hexagonal service areas [13, 14,
70, 87]. Evaluation of the performance of SFNs in [70, 87] is based on the to-
tal outage probability, i.e., the probability that a randomly selected receiver
inside the service area has unsatisfactory signal quality. The outage probabil-
ity is estimated by Monte-Carlo simulation. Results in [87] show that in wide
area networks very low outage probabilities may be achieved with very modest
transmitter powers due to the diversity gain. However, in local area SFNs with
only few transmitters the performance is shown to drop drastically mainly due
to the low degree of diversity. The same issues have been further investigated
in [70] and several simple design rules have been proposed. The effect of sev-
eral network parameters on the total outage probability is determined such as
the required transmitter density, transmitter power, antenna height, transmit-
ter location displacement, OFDM constellation and pulse shape, and time and
frequency synchronization errors, both in wide area and in local area SFNs.

Evaluation of the performance of SFNs in [13, 14, 15, 96] is based on the local
coverage probability, where for each area element of the service area the proba-
bility of satisfactory reception is determined considering the statistical behavior
of the signals in time and location. In [13] the mutual interference between two
SFNs has been investigated for DAB system. The local coverage probability
has been plotted along a representative path in the network for different re–use
distances. It has been concluded that an SFN with transmitter distances 60 km
will need a re–use distance of 70 to 125 km, depending on the parameters chosen.
In [14] the feasibility of the L-band for extended terrestrial SFNs operated in
DAB modes II and III has been investigated. Because of a higher required min-
imum field strength in L-band significantly higher transmitter power is required
compared to SFNs operated in the VHF band. Due to the shorter guard interval
of modes II and III self-interference is more critical than in mode I. For mode
II, to meet the coverage probability requirements in DAB the implementation
of SFNs with transmitter distances up to 50 km is feasible.

A similar investigation is performed in [15, 96] for the DVB system based on
the local coverage probability. In [15] the relationship of the guard interval and
the total and local coverage probabilities has been studied for fixed and portable
reception. A hexagonal lattice consisting of 37 transmitters with 60 km distance
has been chosen as the model for the SFN. The coverage probability is analyzed
as a function of the system parameters also in [96] assuming the same network
structure as in [15]. It is concluded that the number of programs that can be
delivered on a channel is a trade-off among the applied modulation method,
coding, required SIR and coverage probability.

In all above papers the propagation calculations are based on the model de-
scribed in the Recommendation–370 of ITU-R (former CCIR) [40] and adapted
to the requirements of DAB and DVB. The propagation curves give field strengths
valid for fixed receivers with 10 m antenna hight. For mobile reception assuming
2 m receiver antenna height a conversion factor of 10 dB needs to be introduced.
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There are several papers on practical network planning for DAB [46, 47, 52,
82] and for DVB [44, 67]. In [52] the authors describe the structure and operation
of the computerized prediction methods developed by the BBC for modeling and
planning of SFNs, and present some of the results obtained. Coverage calcula-
tions based on the properly adapted ITU-R model and more refined propagation
model utilizing digital terrain database are also reported. The initial planning
exercise was carried out using SFN operating in DAB mode I based on 92 trans-
mitters at existing VHF and UHF broadcasting sites. ERPs of 5 kW per 1.5
MHz multiplex were assumed for transmitters at the main station sites, and 1.5
kW or 500 W for relay stations. As a performance measure the local coverage
probability is calculated for each terrain area element. The total population cov-
erage is determined based on two methods. If the coverage probability in an area
element exceeds the required threshold, the entire population of the area element
is considered to be served, and added to the “total served population”(Yes/No
method). In the second approach the population proportion added to the total
served population is numerically equal to the percentage of the locations which
are predicted to be served in each area elements (Proportional method). For
the Yes/No method a population coverage of 55% and area coverage of 36% was
achieved. For the proportional method a population coverage of 93% and area
coverage of 81% achieved for the above SFN.

In order to study the various aspects of DAB in a realistic environment, a
DAB SFN network with 11 transmitters brought into operation in the south-
western part of Germany [82]. The network is designed to serve at least three
million inhabitants. The network performance analyzed by means of computer
simulations. Local coverage probability maps has been presented for both VHF-
and L-bands.

In [44] a preliminary planning study for digital terrestrial television networks
in the UK is presented. In the paper both SFN and MFN operation is considered
to provide good coverage for national, regional and local programs. A national
SFN operating in channel 35 in the UHF band built of 49 transmitters has
been planned covering 82% of the population. However, due to the lack of free
channels over the whole country an alternative approach is to broadcast digital
television using multiple frequencies interleaved amongst the channels already
used for analog television. This solution is especially suitable for broadcasting
local and regional programs. It is a challenge to the planner to find available
channels and to determine the sufficient power to obtain coverage without caus-
ing interference to analog services. The frequency planning project in [67] has
successfully identified channels for the first four DVB multiplexes at each of the
51 existing main stations in the UK and additional two frequency blocks at 49
of the 51 main stations. The predicted coverage of each of the six multiplexes
for three different protection ratios has been determined. The coverage is deter-
mined based on the two methods discussed earlier. For 12 dB protection ratio
for the first four DVB multiplexes the Yes/No method (Proportional method)
resulted in a population coverage of approx. 90% (95%), while for the last two
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multiplexes a population coverage of 72% (81%) was achieved.
A first attempt to more formally optimize the coverage of SFNs is reported

in [11]. A detailed investigation to maximize the size of the service area of
an SFN is presented. As decision variables, the network parameters such as
the maximum ERP, the temporal broadcasting offset and the antenna pattern
(described by the orientation of the maximum radiation and the exponential
angular decay constant) are applied. They can be assigned for each transmitter
individually during the optimization process. The number and the location of
the transmitters have been fixed before the optimization considering two study
cases with 11 and 24 transmitters, respectively. The optimization is performed in
three steps, creating an optimization phase for each type of the decision variables.
As optimization method the “great deluge” global approximative algorithm is
implemented. The algorithm starts from an initial state (network parameter
configuration) and a new state is created by a stochastic small perturbation of
the old one. During the process the acceptance of the new state is controlled by
a parameter “water-level”, which at the beginning of the optimization allows the
acceptance of states with lower objective value. A service area of 250 km×250
km in Baden-Württemberg (Germany) is considered with resolution of 200 m,
which corresponds to 106 area elements for coverage probability calculation.
To make the problem tractable, 3000 testpoints were selected in an orthogonal
mesh with size of 4.5 km. The objective function is defined as the sum of
the testpoints where the coverage probability exceeds 99%. In the first step
the effective radiated power of the transmitters are optimized; the more power
distributed by the network, the more pixels that are served. The results show
that it is more effective in terms of the size of the service area to radiate a
specified total emitted power by a large number of low-power transmitters than
only a few with high ERP. The antenna pattern adjustment appeared to be
less effective in comparison to optimization of temporal broadcasting delay for
reducing the disturbance caused by self-interference. Since the antenna diagrams
act as angular attenuation factors, this reduces the service in the first place.

A good design method should incorporate both technical constraints and
economical considerations in the same time. A rudimentary cost-based plan-
ning method has been proposed in [93] for designing a terrestrial DAB SFN for
mountainous region considering both the technical and the economical aspects
of the planning. The authors assume that a low cost network can be designed by
keeping the number of required transmitters at minimum; and utilize existing
transmitter sites to minimize the initial cost for introducing DAB. The total
network cost consists of the cost of the power of each transmitters, and also the
cost of the antenna tower and installation cost of new sites. Three network con-
figurations are compared in terms of coverage and cost. In the first method the
utilization of existing transmitter sites is maximized resulting in an SFN with
11 transmitters at existing sites with 91% coverage. Then, the second network
is designed to approach 100% coverage applying the coverage constraint which
resulted in an SFN with 13 new transmitters. In the hybrid method both con-
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straints are considered by gradually discarding the insufficient sites in network-1
and instead bringing one or more transmitters from network-2. The result is ob-
tained by trial-and-error method containing two existing and 9 new transmitter
sites.

In [83] an approach for computer aided planning and optimization of single
frequency network is described. It is based on a flexible transmitter network
model, which allows to assign the power, antenna diagrams and individual time
offsets the transmitters of an irregular SFN. Both the technical constraints and
the coordination rules are considered. The wanted coverage area of the SFNs is
described by testpoints according to the population density. An SFN is modeled
at two separate levels: At the first level (“micro model”) the detailed character-
istics of the SFN are described. At every testpoint the useful, the self-interfering
components and the unweighted interfering field strength of every transmitter
of the SFN are determined. In the “macro model” considering the statistical
behavior of the signals the total useful, the total self-interfering and the total
interfering field strength of the SFN are calculated. Although the analysis of
different SFN configurations presented in the paper is based on the coverage
probability, determination of the minimum radiated power of each transmitter
is based on the power sum method using linear programming. If self-interference
arises in the network in the next step the optimal time offsets are determined
for each transmitter by minimizing the self-interference. The exact optimization
approach is not discussed in the paper. As a study case the service area to
be planned in Baden-Württemberg with 39 transmitters is presented and the
coverage probability maps are drawn after each optimization phase.

By transforming the “micro model” to a “macro model”, the mutual inter-
ference between the individual SFNs can be considered. In [74] a frequency
assignment method for DAB network consisting of many individual single fre-
quency networks is presented by the same authors. In the first step the individual
SFNs are arranged by assigning appropriate power and time offset values for each
transmitter in the absence of external interference. Based on the “macro model”
the coupling between these networks is estimated by evaluating the potential mu-
tual interference, i.e., if they use the same frequency block. The estimation of
the coupling is done for every pair of SFNs in the network. The resulting cou-
pling is registered in the coupling graph. The SIR at each testpoint is calculated,
the edge from SFN a to SFN b is weighted by the smallest value (its testpoint is
named as “critical” testpoint). For a given frequency assignment the coupling
graph is inverted to the interference graph considering given protection ratios,
i.e., the weight equals zero if the SIR exceeds the protection ratio. The Simu-
lated Annealing was adopted for the frequency assignment. Unfortunately, in
the paper no results are presented and the performance of the method is not
investigated.

In [42], the authors describe a coordination process to reduce the potential
interference to other existing networks by optimizing the power that is radiated
beyond the defined service area of the SFN. The method checks the total inter-
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fering field strength created by the new network at the so-called coordination
testpoints located outside the service area at a predefined distance from the net-
work. If the interfering field strength exceeds the allowable predefined value,
antenna pattern correction of the transmitters near to the edges of the service
area is applied. The result shows that the position of the coordination testpoints
plays an important role in the prediction of the interference.

1.6 Scope and Contributions of the Thesis

The overall goal of the thesis is to provide models and planning methods for SFN
based digital broadcasting networks supporting both conventional broadcasting
services and new personalized multimedia services. The presented methods ad-
dress both the technical requirements and the economic cost factors of the de-
signed network. We typically formulate the problems as optimization problems.
In particular major contributions of the thesis are the following:

• In the presence of correlated shadow fading and due to the contribution of
the same signal both to the useful and to the interfering power in SFNs there
are correlations among the individual useful and interfering components. Un-
fortunately, existing methods do not take such correlations (properly) into
account. We show that in certain signal constellations this leads to a sig-
nificant estimation error of the local coverage probability. We develop two
improved methods that can reduce the estimation error in the critical cases
[60, 54].

• When designing the refined coverage of a single SFN the entire service area
has to be sampled in order to obtain a confident conclusion on the coverage.
A thorough analysis of the spatial characteristics of the coverage in SFNs
and derivation of optimal sampling strategies for total coverage probability
estimation is presented [57].

• A generic system model is developed to describe the relevant aspects of the
SFN based radio network, including the location and configuration of trans-
mitters, the determination of signal coverage area and the cost of the network.
A significant new feature of our model is the description of the spatial dis-
tribution of capacity demands by demand groups (multi-cast and uni-cast
service demands), which enables the planning of SFNs with personal services
[58].

• The SFN planning problem is formulated as an optimization problem at two
different levels. Appropriate objective functions, constraints and decision
variables are suggested for both levels. The first level is the precise cover-
age planning of a single SFN taking its external interference environment
(caused and received interference to and from other SFNs) and cost issues
into consideration [55, 56, 64].

• Efficiency comparison of a number of optimization techniques, including sim-
ple heuristics, local search and simulated annealing for the first level problem
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[57].
• The second formulation deals with the high level design for the construction of

a network of multiple SFNs. Capacity assignments and frequency assignment
are important combinatorial issues in this case. We propose a simple heuristic
algorithm to efficiently solve these problems [58, 59, 61, 62].

Further contributions of the thesis is the analysis of SFN properties, i.e.:

• Existing planning methods mainly deal with regular network structures, i.e.,
with hexagonal cell structures, often utilizing the assumption of uniformly
distributed access demands and nearly homogeneous terrain. It is important
to see the appropriateness of such “classical” approaches in cases with non-
uniform demand distributions and irregular terrain. The design methods
presented in this thesis can cope with such irregularities, at the price of higher
complexity. To justify the increased complexity, typical configurations and
resource usage of the two approaches are analyzed and compared [57, 61, 62].

• It is important to understand the consequences of the introduction of per-
sonalized services on the network structure of conventional broadcasting net-
works. This effect is analyzed with the help of a number of sample cases.
Required resources, i.e., number of frequency bands, number of transmitters
and total emitted power, average area of SFNs are analyzed and compared
[58, 59].

• Identification of a number of simple design rules via optimization experi-
ments.

The thesis is organized as follows. In the next chapter we introduce our
system model, including a model of the OFDM receiver, the related interference
model, a channel model, an SFN network model, and system performance models
for measuring the local and total coverage.

In Chapter 3 we present our analysis on the local coverage probability esti-
mation considering correlated useful and interfering signals, which is very typical
in SFNs. We demonstrate the shortcomings of existing estimation methods and
illustrate our improved technique with numerical examples.

We extend the scope of coverage estimation to the entire service area in
Chapter 4 in which we present the testpoint concept, study the spatial correla-
tion characteristics of the local outage in typical SFNs and analyze alternative
sampling techniques to advise an efficient allocation of the testpoints.

The cost-efficient planing of individual SFNs is then discussed in Chapter 5.
After the problem formulation, we present several algorithms to optimize the
cost and coverage of the SFN and evaluate the alternative algorithms via nu-
merous numerical examples. The scope of the network planning is then widened
to multiple SFNs in Chapter 6, considering the capacity demand distribution
generated by broadcasting services as well as by the personal services.

We complete the dissertation in Chapter 7 with a discussion of the proposed
methods and a summary and a brief outlook on possible future research topics.



2
System Models and

Performance Measures

In this chapter we summarize the modeling assumptions used in the thesis.
Adequate models are needed to describe the relevant features of the transmitter
network being planned and of the surrounding interference environment in which
the network is to be operating. For the quantitative evaluation of alternative
design solutions a performance model is also presented. These items will be
addressed in the subsequent sections below. In addition, we define two reference
networks at the end of the chapter that are used frequently in the rest of the
thesis.

2.1 SFN Model

A single frequency network is a collection of transmitters that broadcast the
same digital information simultaneously at the same frequency. The useful signal
at the receiver is a superposition of all signals coming from transmitters of the
SFN. If transmitters are located far away from the receiver, some of these signals
may cause inter-symbol interference and turn into interfering signal due to the
excessive delay. In OFDM system the extreme delay spread is controlled by using
a longer transmitted signal than the actual interval observed by the receiver. The
signal with time interval Ts consists of a useful symbol part with time interval
Tu and a guard interval Tg, see Figure 2.1. The required length of the guard
interval is determined by the maximum delay and the coverage requirements.
The parameters of the four DAB modes are shown in Table 2.1 according to the
ETSI standard ETS 300 401 [22]. The maximum relative distance (∆dmax = c ·
1.18 Tg), within which the transmitter increases the overall signal-to-interference
ratio at the receiver, is also given in Table 2.1, and it is based on the calculations
performed in [18].

23
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Tu Tg

τo

Transmitted signal Received signals

Receiver window

τo+Tu

b, a, 

Figure 2.1: a) The transmitted symbol Ts. The symbol consists of the basic
symbol Tu and the guard interval Tg. b) Multi-path delayed signals in compar-

ison with the window Tu used for detection in the receiver.

Table 2.1: DAB parameters for transmission modes I-IV.

Parameter Mode I Mode II Mode III Mode IV
nc 1536 384 192 768
B [MHz] 1.5 1.5 1.5 1.5
Tu [µs] 1000 250 125 500
Tg [µs] 246 62 31 123
Ts [µs] 1246 312 156 623
∆dmax [km] 87 22 11 43.5
f band I-III <1.5 GHz <3 GHz <1.5 GHz

The specification of digital terrestrial television (DVB-T) [23] offers a wide
range of operation (given in Table 2.2): There are two different modes regarding
the number of carriers based on either a 2k-FFT or a 8k-FFT in the receiver.
The guard interval can be selected as 1/4, 1/8, 1/16 and 1/32 of the useful
symbol time.

2.1.1 SFN and Transmitters Parameters

An SFN is defined via its operating frequency, polarization, transmission mode
and the set of involved transmitters. We denote the frequency of the SFN by
fc [MHz]. Typical frequency ranges are 223–230 MHz and 1452–1492 MHz with
1.5 MHz channel raster for terrestrial DAB SFNs, and 470–862 MHz with 8
MHz channel raster for terrestrial DVB networks. DAB and DVB networks use
typically either horizontal or vertical polarization. The transmission mode refers
to one of the standardized DAB or DVB modes (see Tables 2.1 and 2.2, respec-
tively), which defines the applied coding and modulation techniques, the number
of carriers, the carrier separation, the symbol duration and guard interval. The
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Table 2.2: DVB parameters for 2k and 8k modes.

Parameter Mode 8k Mode 2k
nc 6817 1705
B [MHz] 7.61 (6.66) 7.61 (6.66)
Tu [µs] 896 224
Tg/Ts 1/4 1/8 1/16 1/32 1/4 1/8 1/16 1/32
Tg [µs] 224 112 56 28 56 28 14 7
Ts [µs] 1120 1008 952 924 280 252 238 231

transmission mode, in the same time, defines the available maximal capacity
(data rate), Rc [kbps], of the SFN.

The SFN has N transmitters (N ≥ 1), denoted by the set N = {1, . . . , N},
each transmitter is defined by its location, (xi, yi), radiated power, P dB

i =
10 · log10(Pi) [dB], (structural) antenna height, hi [m], radiation pattern and
temporal offset. In this thesis we assume omni-directional antenna patterns and
zero temporal offset.

2.1.2 Decision Variables in the Planning

We can distinguish the following three classes of SFN planning problems:

1. Extension of the coverage area of an existing SFN
2. Design of a new SFN
3. Design of a number of new SFNs

In all three classes, there can be other SFNs (or other radio networks) co-existing
with the planned network(s), which generate interference to the planned net-
work(s) and which have to be protected against excessive interference from the
new network(s). These networks are considered to be the electromagnetic (inter-
ference) environment of the planned network(s). Transmitters of the interference
environment can also be described using the above model. Thus, from the net-
work planning perspective, transmitters can be divided into two groups:

• New transmitters that are subject of the coverage planning, i.e., one or
more of their parameters are to be determined as part of the network planning
process. We often refer to these parameters as decision variables. Note, that the
number of transmitters in an SFN is also often a decision parameter itself. New
transmitters may (Class 1 and 2) or may not (Class 3) serve the same SFN.

• Existing transmitters form the interference environment, in which the new
transmitters have to be embedded. Their interference to the new service area
and the interference from the new transmitters to their served area have to be
considered. Their operational parameters however, cannot be changed. Existing
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transmitters can be either transmitters of other services (programs) that operate
in the same frequency band as the new service (i.e., interfering transmitters), or
can be existing transmitters of the new service that are already in operation. The
set E = {1, . . . , E} denote the interfering transmitters, where E is the number
of such transmitters.

2.2 Channel Model

The effects of the wireless channel on the received signal power are typically
divided into large-scale and small-scale effects. Large-scale effects involve the
variation of the mean received signal power over large distance relative to the
signal wavelength, whereas small-scale effects involve the fluctuations of the re-
ceived signal power over distances commensurate with the wavelength. To model
the various effects on the path loss in a transmitter-receiver (T-R) context we
apply the following approach which is commonly used in broadcasting practice.

The large-scale effect is decomposed into a predictable and a stochastic path
loss component. The predictable part comprises the distance dependent path
loss. Advanced propagation models can also take additional terrain features into
account, such as foliage, terrain roughness or the terrain elevation profile along
the T-R path. The accuracy of the predicted path loss is limited by the resolution
of the terrain data base. In typical terrain data bases the altitude information
is available with a resolution between 50 m × 50 m and 1000 m × 1000 m.1

Within a small area, e.g., 100 m × 100 m, the received signal strength ex-
hibits random variation with location which is due to the terrain irregularities
(shadow fading). The statistics of this type of variation are generally character-
ized by a log-normal distribution. Consequently, the propagation model is used
to estimate the mean of the received local power in the proximity of the receiver,
and the shadow fading is modeled by an additional stochastic component. The
received local power, Pr, thus can be written in the form:

Pr =
Pt Gt Gr

Lp
· 10 ζi/10

= P̄r · 10 ζi/10, (2.1)

where Pt and Gt are the effective radiated power (ERP) and the antenna gain of
the transmitter, Lp is the path loss from the transmitter to the receiver predicted
by the propagation model, Gr is the receiver gain and ζi is a zero mean Gaussian
RV modeling the shadow fading around the receiver position, expressed in dB.
The constant part of (2.1), P̄r is often referred to as the received local mean
power.

1Commonly used propagation models cannot benefit from resolutions higher than that,
because their accuracy is limited by other factors that are very hard to model.
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2.2.1 Prediction of the Received Local Mean Power

Over the past decades, a great number of different methods for the local mean
power prediction over irregular terrain have been developed. Because of the com-
plexity of the 3D and ray-tracing propagation models we will confine ourselves to
the 2D-methods. In the thesis, ITU-R model [40] as an area propagation model
is applied, because this model is used in international broadcasting coordination.
Comparison studies in [26, 30, 31] have shown that the model of Blomquist and
Ladell [43] yields a relatively good accuracy with the smallest standard deviation
and a mean prediction error near to zero, which led us to choose this model as a
point-to-point model in our coverage prediction. Both models take into account
the positions of the transmitters beyond the radio horizon. The terrain database
applied in the thesis for determining the local mean power contains only altitude
information in rasterized form, where one raster (also called segment or area el-
ement) corresponds to an area of 250 m × 250 m. For constructing the terrain
profile between the receiver and the transmitter, linear interpolation is used.

ITU-R Model

The ITU-R method takes topography into account only by statistical parameters.
These parameters are the effective antenna height of the transmitter (ht,eff) and
the the terrain irregularity factor (∆h). They can be calculated based on the
transmitter-receiver profile extracted from the terrain database.

The model provides the predicted field strength, E [dB(µV/m)], as a func-
tion of the distance from the transmitter in the range of 10–700 km, assuming
ERP of 1 kW radiated from a half-wave dipole and considering ∆h = 50 m
(see Figure 2.2). In the range of 1–10 km linear extrapolation is applied. The
propagation curves represent the field strength values for 50% of the location
(L) and 1%, 10% and 50% of the time (T) over land in the frequency ranges
30–250 MHz (VHF) and 450–1000 MHz (UHF). Field strength values for other
than ∆h = 50 m and location probability 50 % can be obtained using correction
curves in the range of ∆h = 10 − 500 m and location probability of 1 − 99 %.
The received local mean power can be determined from the field strength at the
receiver based on the following expression:

P̄r =
E2

120π
· c

2 ·Gr

f24π
, (2.2)

where E is the mean field strength in [V/m], c is the speed of light in [m/s]
and f is the operating frequency in [Hz]. Using the field strength curves of the
ITU-R model the received local mean power can be calculated as

P̄ dB
r = (P dB

t − 30) + E[dB(µV/m)]− 120 + (GdB
t − 2.14) (2.3)

+ GdB
r + 10 · log10(c

2/(480π2f2)) + 10,
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Figure 2.2: Predicted field strength by ITU-R model for 1 kW using half-wave
dipole, ∆h = 50 m (a) ht,eff = 300 m (b) ht,eff = 150 m (c) ht,eff = 37.5 m.

or alternatively, the path loss can be written as

Lp = 142.14− E[dB(µV/m)] − 10 · log10(c
2/(480π2f2))

The ITU-R Recommendation P.370 curves are meant for a receiving antenna
height of 10 m above ground, whereas terrestrial DAB and DVB services will be
planned also for mobile receivers, i.e., with a receiving antenna height of about
1.5 m. Measurements results show that a correction factor of 10 dB is necessary
for mobile reception (last term in (2.3)).

Blomquist-Ladell Model (BLM)

A semi-empirical model by Blomquist and Ladell (BLM) [43] has been devel-
oped for frequency range 30–1000 MHz. The model consists of several basic
propagation loss models, such as propagation loss over smooth spherical earth
(Ls), diffraction loss by multiple knife edges according to the “Epstein-Peterson”
model (Ld) and an empirical loss model for vegetation and urban areas. The
model assumes digital terrain database to provide the topological and morpho-
logical information. Considering our available database we are dealing with only
the altitude information.

At low frequencies the electrical properties of the obstacles are the most
determining factor. The terrain irregularities can be neglected and the basic
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transmission loss is given by the smooth spherical earth model. With increasing
frequency the wave behaves as light and its properties can be determined in
terms of optics. The diffraction by hills and mountains becomes the dominant
propagation mechanism. In the BLM these two factors are included in the
propagation loss by a bridging function, which is the square root of the sum of
the squares of these two components. The total propagation loss in [dB] defined
by (2.4) includes also the free space transmission loss (Lfs):

LdB
p = LdB

fs +
√

(LdB
s )2 + (LdB

d )2, (2.4)

where

Lfs = 20 · log10(4πf2/c2),

and d is the distance between the transmitter and the receiver in [m].
In order to evaluate the influence of using structural and effective antenna

heights, the prediction error has been analyzed for both cases in [26]. The
results show that the use of effective heights yields prediction improvement. In
the thesis we apply effective antenna heights for transmitter and receiver in the
smooth earth propagation prediction. The effective height of the receiver and
the transmitter is determined by the near environment of the antenna up to
1 km. If the effective height is smaller than the structural height, the latter is
selected. An illustration of the propagation prediction with our applied models
is shown in Figure 2.3, together with the actual terrain profile.

2.2.2 Shadow Fading

As we already mentioned, within an area element (terrain segment) the received
power exhibits also location variation, which can be attributed to the shadow
fading. Such a location variation is commonly modeled by a log-normal distri-
bution. The shadowing gain is expressed by the zero mean Gaussian RV ζ with
probability density function

fζ(x) =
1√

2πσζ
· exp

(
−x2

2σ2
ζ

)
, (2.5)

where σζ is the standard deviation of the shadow fading signal.
Consequently, the local received power is also a log-normal variable. Let W

denote the ten base logarithm of Pr, i.e., W = 10 · log10(Pr). The probability
density function of W is thus

fW (x) =
1√

2πσw
· exp

(
−(x−mw)2

2σ2
w

)

with σw = σζ and mw = 10 · log10(P̄r).
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Figure 2.3: Local mean field strength over irregular terrain at 230 MHz: (a)

ITU-R model; (b) BLM with effective antenna heights; (c) BLM with structural
antenna heights and (d) the terrain profile.

For location variation the use of a standard deviation of σw = 8.3 dB is
recommended for the planning of analog services in the VHF range and a value
of σw = 9.5 dB is recommended in the UHF range [40]. However, propagation
measurements with digital signals in a bandwidth of 1.5–8 MHz show a signif-
icantly lower variation in the measured field strength σw = 4–6 dB across the
locations [46, 68, 77]. The prediction error of P̄r also plays an important role in
the calculation of the coverage. In [30] the author shows that the variation of
the prediction error has also a log-normal distribution with standard deviation
in range of σe = 3–12 dB depending on the applied propagation model. As in
studies [13, 24] we apply value of 5.5 dB in the thesis for the digital wide-band
signal.

2.3 OFDM

In OFDM the high bit rate data stream is modulated onto a large number of
equally-spaced orthogonal narrow band carriers yielding a slow bit-rate on each
sub-carrier. The resulting OFDM signal is given by

s(t) =
∞∑

j=−∞

Nc−1∑
k=0

a
(j)
k gk(t− jTu), (2.6)
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where gk(t) is often assumed to be rectangular pulse of length Tu

gk(t) =
{

ej2πfkt for 0 ≤ t < Tu
0 otherwise, (2.7)

where Nc is the total number of sub-carriers, a
(j)
k is the information symbol on

sub-carrier k during the jth OFDM block interval, Tu is the duration of the
OFDM symbol. The application of rectangular pulse shape allows information
symbols to be minimally separated in frequency, i.e., fk = fc + k/Tu is the
frequency of each carrier. This rectangular pulse shape is used in the DAB
and DVB standards [22, 23], but other pulse shapes such as Hanning window,
dual raised cosine can be employed and investigated in [70, 92]. Furthermore,
due to the minimal carrier separation, the OFDM scheme becomes sensitive to
frequency errors and Doppler spread [70].

The power spectral density χk(f) of each carrier at frequency fk = fc+k/Tu
is defined by expression (2.8) and illustrated in Figure 2.4.

χk(f) =
[
sin(π · (f − fk) · Tu)

π · (f − fk) · Tu

]2
(2.8)

In OFDM, the modulated carriers form an orthogonal set, their frequency
spacing is the reciprocal of the useful symbol period. The carriers are indepen-
dent of each other, even though their spectra overlap in the frequency domain.
The overall power spectral density of the OFDM modulated data is the sum of
the power spectral densities of all these carriers.

In the presence of inter-symbol interference caused by the multipath channel,
the properties of orthogonality between the signals are no longer maintained. To
eliminate the channel selectivity, a guard interval of length Tg is added before
each signal gk(t−jTu) which absorbs the inter-symbol interference by sacrificing
some of the emitted energy. The associated OFDM signal can then be written
as:

s(t) =
∞∑

j=−∞

Nc−1∑
k=0

a
(j)
k g′k(t− jTs), (2.9)

where Ts = Tu + Tg and the pulse shape g′k(t) is given by

g′k(t) =
{

ej2πfkt for − Tg ≤ t < Tu
0 otherwise. (2.10)

Because the OFDM symbol duration is larger than the inverse of the carrier
spacing, the main lobe of the power spectral density of each carrier is narrower
than twice the carrier spacing. Therefore the spectral density is not constant
within the nominal bandwidth.
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Figure 2.4: Signal spectrum for different carriers with fk = fc+k/Tu, Tu = 1
and k = 0, . . . , 5

2.4 Interference Modeling

The system parameter that will be the base of our quality model is the Signal-
to-Interference Ratio (SIR), denoted by Γ. Assume that a receiver intends to
receive the information broadcast by the SFN. The equivalent low-pass of the
transmitted OFDM signal is given by

sb(t) =
Nc−1∑
k=0

a
(0)
k ej2πk

t
Tu , − Tg ≤ t ≤ Tu, (2.11)

where a
(0)
k is the information symbol on sub-carrier k during the 0th OFDM

block interval.
The multiple copies of the signal arrive at the receiver antenna with different

delays. The time dispersion is caused by two main mechanisms: The natural
dispersion caused by reflections in the vicinity of the receiver; and the artificial
delay caused by the reception of the same signal from the different transmitters
at slightly different delays. Since the block duration, Tt = Tu + Tg, in SFN
applications is very large compared to the natural time dispersion, the effect of
the natural dispersion can be neglected. Thus, the received signal at the receiver
can be written as:

r(t) =
N∑
i=1

δisb(t− τi) + z(t) + n(t) (2.12)
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where N is the total number of transmitters in the SFN, τi is the propagation
delay from transmitter i to the receiver, and δi is a tap gain which is modeled
as zero mean complex Gaussian process with average power

Pr,i = E
{
|δi|2

}
= P̄r,i · 10 ζi/10.

The power Pr,i represents the receiver power from transmitter i, and ζi is a
Gaussian random variable with zero mean and variance σ2

ζ describing the lo-
cal shadow fading environment, as described earlier. The additive term z(t)
in (2.12) represents external interference (co-channel interference) coming from
other SFNs using the same frequency block and n(t) is the background noise.

The received signal r(t) is then passed through the OFDM demodulator. We
assume that the receiver synchronizes to the first arriving copy of the signal,
and that out of the N copies N+ copies arrive within the guard interval; the
other N − N+ copies arrive after the guard interval, but before the end of the
OFDM block. With a slowly varying channel the tap gains stay constant during
the OFDM block and the received sample at sub-carrier k is obtained [92] as

rk = [H(k)−G′(k, k)] a(0)
k −

Nc−1∑
l=0,l 6=k

G′(k, l) a
(0)
l +

Nc−1∑
l=0

G′(k, l) a
(−1)
l + zk + nk (2.13)

where H(k) is the channel transfer function at sub-carrier k

H(k) =
N∑
i=1

δie
−j2πk τi

Tu (2.14)

and2

G′(k, l) =
e−j2π(l−k) Tg

Tu G(k)−G(l)
j2π(l − k)

(2.15)

with G(k) representing the transfer function of the N −N+ late paths

G(k) =
N∑

i=1+N+

δie
−j2πk τi

Tu . (2.16)

The received sample rk consists of two main parts: The useful part of the
signal which carries the information symbol a

(0)
k and the interference part which

is a linear combination of background noise, external interference, and self inter-
ference (Inter-channel Interference (ICI) and Inter-Symbol Interference (ISI)).
Notice that all the paths that arrive within the guard interval contribute only

2Notice that G′(k, k) = − −1
j2π

dG(k)
dk

.
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to the useful part of the signal, but the other late paths contribute both to the
useful and to the interfering parts of the signal.

The ratio between the average powers of these two parts of the signal repre-
sents the Signal-to-Interference(+Noise) Ratio (SIR), denoted by Γ, and is used
as a measure of the performance of the receiver at a given location. From (2.13),
the SIR is obtained as follows:

Γ =
E
{
|H(k)−G′(k, k)|2

}
E
{
|G′(k, k)|2

}
+ 2

∑Nc−1
l=0,l 6=k E

{
|G′(k, l)|2

}
+ Z0 + N0

, (2.17)

where for simplicity we have assumed that E
{
|al|2

}
= 1, ∀ l. The symbol N0

denotes the background noise power in the receiver, and Z0 is the co-channel
interference (from transmitters of other SFNs using the same frequency block),
which – assuming E co-channel interferers – can be written as

Z0 =
N+E∑
i=N+1

Pr,i.

Replacing H(k) and G′(k, l) by their expression in (2.17) and taking their
averages, the SIR becomes

Γ =
U

I
=

∑N
i=1 Pr,iw (τi − τ0)∑N

i=1 Pr,i [1− w (τi − τ0)] +
∑N+E

i=N+1 Pr,i + N0

(2.18)

where U and I denote the total useful and the total interfering power, respec-
tively. The function w(τi−τ0) is a weighting function which is dependent on the
receiver window type and the detection scheme [18, 70, 73] and is a function of
the delay of the signal, τi, relative to the starting point of the receiver detection
window, τ0. For the weighting function w(∆τ) we apply the following quadratic
form

w(∆τ) =


1 if 0 ≤ ∆τ < Tg(

Tu−∆τ+Tg

Tu

)2

if Tg ≤ ∆τ < Tf

0 otherwise,

(2.19)

where Tu and Tg are as defined earlier. The length of the quadratic part of w(·)
is set by Tf , where Tf = Tg + Tu in DAB [18] and Tf = 2Tg in DVB [73]. This
quadratic function is illustrated in Figure 2.5 where we can see that depending
on the relative propagation delay, the received signal from transmitter i may
contribute to the useful part, to the interfering part, or to both parts of the
received signal. Figure 2.5 also shows that all paths arriving within the guard
interval do not introduce any interference.
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Figure 2.5: Weighting function for DAB and DVB

The total useful power depends on the starting point τ0 of the receiver detec-
tion window. The time synchronization concerns the precise generation of the
FFT window and can be considered as the basis for both frame and symbol syn-
chronization. For frame synchronization the detector will use a special symbol
(called “null” symbol) in the frame. For symbol (precise time) synchronization
the general criterion is to maximize the SIR. The receiver has to choose the start-
ing point of the window in such a way that the useful received power from the
signals has to be as high as possible besides of minimizing the overall interfering
power. This starting point will be called the time synchronization point. In our
model we assume a very simple receiver where the detection window starts at
the arrival of the first received signal. The difficulties of the synchronization in
the presence of pre-echoes and post-echoes are discussed in [86].

2.5 Coverage Quality Models

The objective of network coverage planning is to design the radio network such
that “good coverage” will be ensured over a pre-defined area. To enable quan-
titative characterization of the goodness of network plans, we need to introduce
some important system parameters; these will be the “performance” parameters
of the radio network coverage planning. Obviously, the performance parameters
should be closely related to the reception quality. In terms of geographical span,
performance parameters can be defined to describe the reception quality –

1. in a given receiver position with respect to the terrain and the transmitter
network,

2. in a small area around a given point, and
3. over a large area over which the radio service is to be provided.
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Quality parameters can be defined at different levels (layers) of a communi-
cation system. At the end what the user is interested in is the perceived service
quality such as the clarity of the music heard, the contrast and resolution of the
movie watched, the access delay and download rate to and from the Internet,
etc. The quantitative evaluation of these high-level quality parameters are dif-
ficult and depend on the application and the applied communication protocol.
On the other hand, low level system performance parameters provide a good
decoupling from the higher layers of the system, i.e., they are application and
protocol independent, and therefore easier to evaluate (although more indirectly
related to the perceived system quality). Since radio coverage is related to the
transmission layer (i.e., physical layer according to the OSI layering conven-
tion), low level parameters are more suitable for coverage planning. Among the
candidate quality measures are the Signal-to-Interference Ratio (SIR) and its
statistical derivatives and the Bit-Error-Ratio (BER). The latter can be more
easily related to the quality perceived by the user, but assuming a given (fixed)
coding and modulation technique and channel model the required BER can be
converted to a minimum required SIR level. Therefore, in this thesis we base
our performance parameters on the SIR.

For DAB, the relationship between the Signal-to-Interference Ratio (SIR)
and the Bit-Error-Ratio (BER) is addressed by several papers. In [94] OFDM
performance in terms of BER vs. SIR is evaluated in mobile radio channels
typical of different geographical environments. In [8] the BER performance of
DVB has been analyzed and compared to the ideal values given in the standard
[23]. The results for AWGN channel has coincided with the standard, but the
performance achieved in non-ideal conditions has been poorer than expected in
multi-path environments.

2.5.1 Point Coverage

Ideally, we can say that the coverage is provided in a receiver location (x, y) if
the SIR exceeds a pre-defined, system-specific protection ratio, denoted by γ0.
It has been determined from experiment that the local power (field strength)
obeys certain distribution laws which specify its behavior in space and time. At
a given reception location (i.e., infinitely small area) the temporal fluctuations
are caused by the variation with time of the refraction, reflection, diffraction,
absorption and scattering phenomena in the troposphere and ionosphere or by
the movement of the receiver. Time percentage is usually embedded in the wave
propagation models or in the protection ratio. In this case, for a given location
it can be deterministically evaluated if the coverage is satisfactory.

Let Γ̇(x, y) denote the SIR in point (x, y), where the dot (·) over Γ refers to
the infinitely small area. For a given (x, y), we assume Γ̇(x, y) to be a constant.
Then the point coverage is defined by the binary function ċ(x, y):

ċ(x, y)
4
=
{

1 if Γ̇(x, y) ≥ γ0,
0 otherwise,
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i.e., point (x, y) is covered if ċ(x, y) = 1. In broadcasting practice the point
coverage is rarely evaluated, instead, the concept of local coverage is used.

2.5.2 Local Coverage of Area Elements

As we discussed earlier, the coverage estimation is confined to the resolution of
the terrain database, which typically ranges from 50 m× 50 m to 1000 m× 1000 m.
Throughout the thesis we will call these areas area elements (sometimes they
are also called sub-areas in the literature); the name refers to the fact that a
large area is subdivided into a finite set of area elements. The area element, C,
is typically a square (grid) part of the terrain database. Let Ci denote the ith
area element. An area element is usually identified by a unique location (xi, yi)
within the area element, which is typically the center of the grid.

Since the received local power from the transmitters in (2.18) are RVs, con-
sequently U and I as well as Γ are also random variables. We define Γ(xi, yi)
to be the RV that describes Γ̇(x, y) in the vicinity of location (xi, yi). The local
coverage probability, pc(xi, yi), is defined as the probability that the SIR exceeds
the protection ratio γ0 in the area element:

pc(xi, yi)
4
= Pr{Γ̇(x, y) ≥ γ0, (x, y) ∈ Ci}

=
1
Ci

∫∫
(x,y)∈Ci

ċ(x, y) dx dy.

By definition, pc(xi, yi) = Pr{Γ(xi, yi) ≥ γ0}.
In contrast to analog broadcasting, a high coverage is required in digital

broadcasting systems, due to the rapid degradation of the reception quality in
case of insufficient SIR. It is generally required that the coverage probability, pc,
has to exceed Π = 90–99% for DAB services, and Π = 70–95% for DVB services.
We say that an area element Ci is covered if pc(xi, yi) ≥ Π. The calculation
of Γ and of pc involves summation of log-normal random variables, which is a
non-trivial task. Chapter 3 of the thesis is devoted to pc calculation, discussing
also the calculation of pc in case of correlated power components.

2.5.3 Service Area and Coverage Area

There are two “large” areas that are often used as a concept in coverage planning
are the coverage area and the service area; they can be defined in the following
way:

• Coverage area, Ac, is —in its strict sense— the area (i.e., infinite set of
points (x, y) ∈ Ac) in which the coverage is provided, i.e., for which ċ(x, y) = 1.
A milder definition of the coverage area is based on the concept of area elements:
the coverage area is the collection of area elements in which a given level of
coverage, i.e., pc ≥ Π, is achieved. In either case, the coverage area is a result



38 Chapter 2. System Models and Performance Measures

(outcome) of coverage planning and it should ideally covers the service area as
much as possible.

• Service area is the area As in which the radio service is intended to be
provided. The service area is typically an input parameter to the coverage plan-
ning, in practice defined by one or more closed contour lines over the terrain.
The level of coverage within As is the most important quality aspect of coverage
planning. We define the following performance parameters to characterize the
coverage over a given service area:
The coverage probability over As can be defined as the probability that a ran-
domly selected point (x, y) ∈ As is point-covered:

Ṗc
4
= Pr{Γ̇(x, y) ≥ γ0, (x, y) ∈ As} =

1
As

∫∫
(x,y)∈As

ċ(x, y) dx dy. (2.20)

When the pair of RVs (x, y) are uniformly distributed over As, the total coverage
probability is the area coverage probability. In the other hand, if the RVs (x, y)
describe the location (density) of the users with distribution function fη(x, y),
Ṗc is the population coverage probability. To represent the population density,
(2.20) should be modified as

Ṗc =
1
As

∫∫
(x,y)∈As

ċ(x, y) fη(x, y) dx dy (2.21)

Ṗc is estimated in practice using the local coverage probabilities. Assuming that
the service area is composed of a finite set of area elements with equal size,
indexed from the set A = {1, . . . , A}, with center coordinates of ((x1, y1), . . . ,
(xA, yA)), Ṗc can be approximated by

Pc
4
= Pr{Γ(xi, yi) ≥ γ0, i ∈ A} =

1
A

∑
i∈A

pc(xi, yi). (2.22)

We will refer to this parameter as the total coverage probability. In case of
inhomogeneous population, (2.22) can be extended to

Pc =
1∑
i∈A ηi

∑
i∈A

ηi · pc(xi, yi). (2.23)

where ηi is a population weighting factor per area element.
An alternative performance parameter to characterize the coverage in the service
area is the probability that a randomly selected area element is covered:

Lc
4
= Pr{pc(xi, yi) ≥ Π, i ∈ A} =

1∑
i∈A ηi

∑
i∈A

ηi · z(xi, yi) (2.24)
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where for a given i the area element coverage, z(xi, yi), is a binary function
indicating that a given level of coverage is achieved:

z(xi, yi)
4
=
{

1 if pc(xi, yi) ≥ Π,
0 otherwise.

This quantity, Lc, which we call total coverage level, is based on the notion that
an area element in which pc does not reach the target coverage probability should
not be considered covered at all, i.e., its population should not be regarded as
happy customers. This method for coverage evaluation is also referred as the
“Yes/No” method in the literature. In general Lc < Pc. Since for digital system
the service quality is shown to rapidly degrade with decreasing SIR, the coverage
level might appear to be a more appropriate performance parameter for DAB
and DVB systems than Pc. However, according to [67], it is not known which
measure gives a better indication of the number of satisfied viewers.

We define the complementary parameters of the total coverage probability

and the coverage level as the total outage probability, Po
4
= 1 − Pc, and the

total outage level, Lo
4
= 1 − Lc, respectively. Due to the large number of area

elements in the service area, parameters Pc and Lc are estimated in practice, e.g.,
by means of sampling techniques. Chapter 4 of the thesis addresses alternative
sampling techniques for coverage estimation.

2.6 Reference Networks

2.6.1 Regular SFNs

To investigate the properties of SFN, symmetrical network configurations are
commonly used. The service area is modeled by hexagonal shape, with SFN
consisting of N hexagons each with a transmitter with an omni-directional an-
tenna located in the center (see Figure 2.6). Since for these configurations the
“optimal” parameter assignment is known, we will use them as reference net-
works.

2.6.2 Irregular SFNs

In practice there are limitations on the transmitter locations. The towers built
for the VHF/FM sound and analog VHF/UHF television can be reused for de-
creasing the introduction cost of the new digital service. The topography and
morphology of the terrain has strong influence on the wave propagation condi-
tions. The service to be offered is closely related to the population distribution,
which results in a service area of irregular shape. Therefore, network configura-
tions are highly irregular in terms of emitted power, location of the transmitters.
For considering such situations we will use the service area and towers given by
Figure 2.7 as our study case.
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Figure 2.6: Symmetrical SFN configurations
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Figure 2.7: Applied irregular network



3
Local Coverage Probability

Estimation

In this chapter we discuss the estimation of the local coverage probability, pc
(defined in Section 2.5). We will introduce the conventional technique to estimate
pc assuming independent signal components and we will develop new estimation
techniques to cope with correlations between the signals, which is inherent in
the SFN environment.

As we discussed in the previous chapter, to model the location (and time)
variation of the shadow faded signal components, they are commonly assumed
to be random variables (RVs) with log-normal distributions. Note that in an
SFN not only the interfering power but also the useful power is a superposi-
tion of several signal components. In the presence of correlated shadow fading
there can be considerable correlations among the individual useful and interfer-
ing components. In addition, if the relative delay from a far-away transmitter
exceeds a certain threshold, the same signal contributes both to the total useful
and to the total interfering power, introducing significant correlation between
them. To estimate the local coverage probability the distribution of the signal-
to-interference ratio (SIR) has to be calculated, which requires the determination
of the total useful power (U), the total interfering power (I), and their ratio,
Γ = U/I. Since U , I and Γ are random variables (RVs), the above three steps
are far from being trivial.

Even if statistical independence is assumed among the individual compo-
nents, the exact statistical treatment of the total useful and interfering power as
the sum of several log-normal components is very difficult to carry out numer-
ically. Since an exact closed form solution for the distribution is not known, a
number of approximation methods have been developed. These methods com-
monly assume that U and I can be well approximated by log-normal RVs. The
power sum method, the simplified multiplication method and the log-normal
method (LNM), all described in [39], are commonly used in analog broadcasting

41
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practice. An extensive comparison of these methods can be found in [12] and
[16], and it has been concluded there that LNM gives, in general, the best es-
timation accuracy, but in the high coverage probability range (i.e., above 90%)
some correction is required. The t-LNM and k-LNM methods presented in [24]
extend LNM with such a correction.

The problem of combining independent log-normal RVs has received much
attention also in cellular radio systems analysis, and several approximation meth-
ods have been proposed, such as the Wilkinson’s method [90], the Schwartz and
Yeh’s method [90], the cumulant matching method [9] and Farley’s method [9].
In [90] it is shown that the Schwartz and Yeh’s method gives more accurate
moments than Wilkinson’s method. Moreover, it is reported that the accuracy
of the Wilkinson’s method breaks down for σζ > 4 dB values. A detailed com-
parison of the above summation methods for independent RVs is presented in
[9].

A special treatment is required if the correlation among the individual log-
normal components cannot be neglected, otherwise the above techniques may
introduce unacceptable errors. Safak in [89] extends Schwartz and Yeh’s method
to handle correlated log-normal components. Abu-Dayya and Beaulieu in [1]
apply Wilkinson’s method, the extended Schwartz and Yeh’s method and the
cumulant matching method to calculate the distribution of the sum of correlated
log-normal RVs, and compare their accuracy versus their computational costs.
The results in both papers [1, 9] show that the simpler Wilkinson’s method may
be the best method to estimate the distribution of Γ, both in terms of accuracy
and computational simplicity over the range of parameters valid for practical
applications.

If U and I are log-normal, Γ can also be assumed to be log-normal. To
determine the distribution of Γ, the correlation between U and I is commonly
assumed to be zero. A closer analysis in [1] shows that the correlation between
U and I has a strong impact on the distribution of Γ. According to our best
knowledge of the authors, no method has been suggested to determine the distri-
bution of Γ for the general case where arbitrary correlation exists among useful
and interfering components, which is very typical in SFNs.

We will analyze the cumulative distribution function (CDF) of Γ and the
local coverage probability, pc, in different signal environments. For determining
the total useful and total interfering components (i.e., U and I) we apply existing
methods. Then we propose a method to approximate the correlation coefficient
between the total useful and total interfering power as a function of the cor-
relation between the individual components. Assuming that Γ is log-normally
distributed the derived correlation coefficient can be used as a correction factor
to calculate its mean and standard deviation. We refer to this assumption as
the Gaussian assumption. We also present an analysis of the validity interval
of the Gaussian assumption, and provide an alternative estimation method for
the cases when the estimation error is expected to be high. We use Monte-Carlo
simulation to validate our methods. We show that for signal constellations in
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which signals outside of the guard interval have significant contribution to the
total useful and/or to the total interfering signals, the proposed method yields
significant improvement in the accuracy of estimating the local coverage proba-
bility.

3.1 Problem Formulation

First, we define the SIR by the following general form:

Γ =
U

I
=

U1 + U2 + · · ·+ UN
I1 + I2 + · · ·+ IM

(3.1)

Let Ui be a log-normal RV, representing the ith useful component in (3.1), and let
Xi = 10 log10(Ui) where Xi is Gaussian distributed with mean mxi and standard
deviation σxi . In practice, the mean and standard deviation of the signal power
and the SIR are commonly expressed in dB, i.e., Xi = 10 · log10(Ui). However,
for convenience we will also use the natural base logarithm in this chapter. Let
X ′
i = ln(Ui), then X ′

i is a Gaussian RV with mean mx′i and standard deviation
σx′i . The RVs Xi and X ′

i are related by

X ′
i = λXi mx′i = λmxi σx′i = λσxi (3.2)

where λ = ln(10)/10 ≈ 0.230259. To distinguish the two systems, we use the
upper index ′ (prime) to denote parameters in natural base logarithm.

In a similar way, we define the interfering components by log-normal RVs Ij ,
and let Yj = 10 log10(Ij) be Gaussian distributed with mean myj and standard
deviation σyj and Y ′

j = ln(Ij) be Gaussian distributed with mean my′j and
standard deviation σy′j . The same relation holds between Yj and Y ′

j as given by
(3.2) for Xi and X ′

i. The correlation coefficient of RVs Xi and Xj is given by

rxixj =
E[(Xi −mxi)(Xj −mxj )]

σxi · σxj

. (3.3)

We assume that the correlation coefficient between the individual interfering
components ryiyj and the cross-correlation coefficient rxiyj between the individ-
ual useful and interfering components are also given. Based on (3.2) and (3.3)
we can see that rx′ix′j = rxixj , ry′iy′j = ryiyj and rx′iy′j = rxiyj .

Using the Gaussian RVs, Γ can be expressed as:

Γ =
eX

′
1 + eX

′
2 + · · ·+ eX

′
N

eY
′
1 + eY

′
2 + · · ·+ eY

′
M

. (3.4)

Our primary concern is to find the complementary cumulative distribution func-
tion (CCDF) of Γ, and the coverage probability, pc = Pr{Γ ≥ γ0}, as the proba-
bility that the SIR exceeds a system specific protection ratio, γ0.
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3.2 Sum of Log-normal Random Variables

In the beginning of this chapter we have discussed several methods for estimating
the sum of log-normal RVs. All methods are based on the assumption that a
sum of log-normal RVs is well approximated by a log-normal RV [90]. Therefore,
we can describe the total useful and total interfering power as

U = U1 + U2 + · · ·+ UN = eX
′
1 + eX

′
2 + · · ·+ eX

′
N ∼= eQ

′
(3.5)

I = I1 + I2 + · · ·+ IM = eY
′
1 + eY

′
2 + · · ·+ eY

′
M ∼= eR

′
(3.6)

We apply the approximation method developed by Wilkinson [9] for deter-
mining the CDF of the total useful and the total interfering power. According to
[9], Wilkinson’s method gives a better estimate than other methods in the CCDF
sense, and it is also very efficient to compute. In Wilkinson’s method, the mean
mq′ and the standard deviation σq′ of Q′ are obtained by matching the first and
the second moments of Q′ with the first two moments of (eX

′
1 +eX

′
2 + · · ·+eX

′
N ).

Denote the first and second moments by u1 and u2. Matching the first moment,
we obtain

E[U ] = E[eQ
′
] = E[eX

′
1 + eX

′
2 + · · ·+ eX

′
N ] (3.7)

= emq′+σ
2
q′/2 =

N∑
i=1

e
mx′

i
+σ2

x′
i
/2

= u1

Matching the second moment gives

E[U2] = E[e2Q′
] = E[(eX

′
1 + eX

′
2 + · · ·+ eX

′
N )2] (3.8)

= e2mq′+2σ2
q′ =

N∑
i=1

N∑
j=1

E[eX
′
i+X

′
j ]

=
N∑
i=1

N∑
j=1

e
my′

i
+my′

j
+1/2·(σ2

x′
i
+σ2

x′
j
+2rx′

i
x′

j
σx′

i
σx′

j
)

= u2

Solving (3.7) and (3.8) for mq′ and σq′ yields

mq′ = 2 ln(u1)− 1/2 · ln(u2) (3.9)
σq′ = ln(u2)− 2 ln(u1). (3.10)

The same relations are valid for the total interfering power. We can determine
the total interfering power with its mean mr′ and standard deviation σr′ by
matching the first and the second moments of R′ with the first two moments of
(eY

′
1 + eY

′
2 + · · ·+ eY

′
M ).
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3.3 Local Coverage Probability Estimation

Once we obtained mq′ , σq′ , mr′ and σr′ (and thus mq, σq, mr and σr) from the
input parameters, our next step is to estimate the distribution of Γ. Assuming
that Q and R are jointly normal, Γ is a log-normal RV, i.e., Ψ = 10 log10(Γ) is
Gaussian RV with parameters mψ = mq −mr and σ2

ψ = σ2
q − 2 rqrσqσr + σ2

r ,
where rqr denotes the correlation coefficient between Q and R. We refer to the
above approximation as the Gaussian assumption (GA). Under GA, pc can be
estimated as:

p̂c = Pr {Γ ≥ γ0} = Pr
{
Ψ ≥ γdB0

}
= Q

(
γdB0 −mψ

σψ

)
= Q

 γdB0 − (mq −mr)√
σ2
q − 2rqrσqσr + σ2

r

 , (3.11)

where γdB0 = 10 log10 γ0 and Q(·) is the CCDF of a zero mean, unit variance
Gaussian distribution. The only unknown parameter in (3.11) is rqr . Conven-
tionally, rqr is assumed to be small and is neglected in the estimation of pc,
i.e., rqr = 0. This assumption proved to be reasonable in multi-frequency net-
works. (Note that the summation method from Wilkinson does take, however,
the correlation among the useful and among the interfering signal components
into account.) As we will show in the numerical results, in SFNs rqr can be con-
siderable due to two major correlation sources discussed later in this chapter.
It is obvious from (3.11) that a positive rqr increases the coverage probability;
neglecting such a positive correlation yields conservative pc estimates.

3.4 Correlation Between the Total Useful and

Total Interfering Signals Under the Gaus-

sian Assumption

In this section we provide a simple method to estimate rqr for N ≥ 1, M ≥ 1 as a
function of the correlation coefficients between the individual signal components,
their mean and standard deviation. To determine rqr , we introduce RV Φ =
Q+R, which is also Gaussian. We match the first moment of Φ′ = Q′+R′ with
the first moment of (eX

′
1 + · · ·+ eX

′
N )(eY

′
1 + · · ·+ eY

′
M ). We have

E [UI] = E [eQ
′
eR

′
]

= E [(eX
′
1 + · · ·+ eX

′
N )(eY

′
1 + · · ·+ eY

′
M )]

=
N∑
i=1

M∑
j=1

E [(eX
′
i+Y

′
j ]
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=
N∑
i=1

M∑
j=1

e
mx′

i
+my′

j
+1/2·(σ2

x′
i
+σ2

y′
j
+2rx′

i
y′

j
σx′

i
σy′

j
)

= v (3.12)

and

E [UI] = E [eQ
′
eR

′
] = E [eQ

′+R′ ] = E [eΦ′
]

= emφ′+σ
2
φ′/2 (3.13)

Utilizing the fact that mφ′ = mq′ + mr′ and σ2
φ′ = σ2

q′ + σ2
r′ + 2 rq′r′σq′σr′ ,

equations (3.12) and (3.13) can be solved for rqr:

rqr = rq′r′ =
2 [ln (v)− (mq′ + mr′)]−

(
σ2
q′ + σ2

r′
)

2σq′σr′
(3.14)

We demonstrate that even this simple method can provide rather accurate
estimates for rqr, and the estimation accuracy of the local coverage probability
is also improved by using rqr (in many practically interesting cases). First, to
verify our rqr estimate we compare it to rqr values obtained via Monte-Carlo
(MC) simulation (Table 3.1).

To generate correlated normal RVs we applied the method from Scheuer and
Stoller [51]. Let RVs V = (V1, V2, · · · , Vn) with mv = (mv1 , mv2 , · · · , mvn),
σv = (σv1 , σv2 , · · · , σvn) and rvv be the required correlated normal RVs. Since
the covariance matrix Σ = σvσTv rvv is symmetric and is positive definite, we can
factor it uniquely using Cholesky decomposition as Σ = HHT where the n× n
matrix H = [hij ] is lower triangular. We generate Z = (Z1, Z2, · · · , Zn) as IID
N(0, 1) RVs and V = mv + HZ.

We assumed that there are t useful and t interfering power components (N =
M = t), all with zero mean mxi = myj = m = 0 dB and the same variance σxi =
σyj = σ. The correlation coefficients between all the components are also the
same, i.e., rxixj = ryiyj = rxiyk

= r (∀i, j, k, i 6= j). In our calculations we used
the Wilkinson’s method for summing up the useful and interfering components.
The table contains values for the combinations of t = 2, 7, 19, σ = 4, 6 dB and
r = 0, 0.2, 0.5, 0.9. MC estimates have been obtained from 105 samples. It can
be seen that our method yields a good accuracy over the presented range of
input values. The accuracy is better for larger r and for larger t values. For
comparison purposes we also provide estimates of the standard deviation of the
logarithm of Γ, σψ, which has an important role in the coverage probability
estimation. The estimation error of rqr and σψ can be attributed to the error
introduced by the estimation of parameters mq, σq and mr, σr.
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Second, we compare the coverage probability estimates obtained via our
method to MC-based estimates for a number of parameter settings (Figs. 3.1-
3.4). As a second reference, we also plotted estimates obtained by the conven-
tional method, i.e., where correlation between the total useful and total inter-
fering power is neglected (rqr = 0). We used 106 samples to determine each MC
points and their 95% confidence intervals. Despite the estimation errors of rqr
and σψ (Table 3.1), our estimates provide significant estimation improvements
in pc for all cases compared to the conventional method. In most cases our
estimates match remarkably well the MC estimates.

Table 3.1: The correlation coefficient rqr and standard deviation σψ with

t = 2, 7, 19 correlated log-normal useful and interfering components each with
m = 0 dB and σ = 4, 6 dB and correlation coefficients r = 0.0, 0.2, 0.5, 0.9.

Monte-Carlo simulation Analytical

(95% confidence intervals) method

(t, r) rqr σψ rqr σψ

σ = 4 dB

(2, 0.0) 0.0001± .0032 4.2298± .0099 0.0000 4.3927
(2, 0.2) 0.3118± .0027 3.7680± .0069 0.3000 3.8641
(2, 0.5) 0.6491± .0016 2.9375± .0052 0.6441 2.9736
(2, 0.9) 0.9467± .0003 1.2754± .0026 0.9463 1.2783
(7, 0.0) 0.0024± .0027 2.4637± .0053 0.0000 2.5666
(7, 0.2) 0.5794± .0021 2.1554± .0048 0.5663 2.2138
(7, 0.5) 0.8564± .0007 1.6359± .0032 0.8536 1.6567
(7, 0.9) 0.9838± .0001 0.6883± .0013 0.9838 0.6885
(19, 0.0) 0.0000± .0029 1.5584± .0031 0.0000 1.6009
(19, 0.2) 0.7788± .0012 1.3486± .0030 0.7729 1.3713
(19, 0.5) 0.9398± .0003 1.0100± .0019 0.9393 1.0171
(19, 0.9) 0.9939± .0001 0.4184± .0007 0.9939 0.4188

σ = 6 dB

(2, 0.0) 0.0003± .0033 6.5292± .0140 0.0000 7.1462
(2, 0.2) 0.2995± .0020 5.7993± .0116 0.2703 6.2344
(2, 0.5) 0.6386± .0018 4.5091± .0099 0.6192 4.7054
(2, 0.9) 0.9454± .0003 1.9373± .0039 0.9450 1.9420
(7, 0.0) 0.0031± .0026 4.0780± .0077 0.0000 4.7542
(7, 0.2) 0.5338± .0023 3.5313± .0082 0.4789 3.5582
(7, 0.5) 0.8375± .0008 2.6418± .0052 0.8228 2.7842
(7, 0.9) 0.9831± .0001 1.0535± .0021 0.9831 1.0567
(19, 0.0) 0.0000± .0024 2.7411± .0060 0.0000 3.1566
(19, 0.2) 0.7240± .0013 2.3386± .0040 0.6873 2.5597
(19, 0.5) 0.9270± .0004 1.6835± .0036 0.9220 1.7448
(19, 0.9) 0.9936± .0000 0.6435± .0013 0.9936 0.6444
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Figure 3.1: The local coverage probability in presence of t = 2, 7 correlated
log-normal useful and interfering components with correlation coefficient r =

0.2 and σ = 4 dB.
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0.0, 0.2, 0.5, 0.9 and σ = 4 dB.



3.4. Correlations Under the Gaussian Assumption 49

10
−2

10
−1

10
0

10
1

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

γ
0

1−
p c

σ = 4 dB

σ = 6 dB

σ = 8 dB

m  = 0 dB

r = 0.2

t = 2

Approx. with r
qr

Approx. with r
qr

=0

MC (95% conf.)

Figure 3.3: The local coverage probability in presence of t = 2 correlated log-
normal useful and interfering components with correlation coefficient r = 0.2

and σ = 4, 6, 8.
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3.5 Application to Single Frequency Networks

Since the received power Pr,i is a random variable, the expression (3.15) indicates
that in a SFN, both useful and interfering parts of the received signal have an
average power which is a linear combination of several random variables. It also
indicates that a partial cross-correlation exists between these two parts, i.e., the
numerator and the denominator of the SIR.

Γ =
∑

i∈N Pr,iw(τi − τ0)∑
i∈N Pr,i (1− w(τi − τ0)) +

∑
j∈E Pr,j + N0

. (3.15)

The local received power from a given transmitter Pr,i, usually changes much
faster with the shadow fading as compared to its variation with respect to the
distance di. The coverage probability in broadcasting is estimated over finite area
elements with sizes dependent on the resolution of the terrain data base. These
area sizes range from 100m×100m to 500m×500m. Therefore, within these area
elements Pr,i can be modeled as a log-normal random process, i.e., its logarithm
Wi = 10 log10(Pr,i) has a Gaussian distribution with mean mwi and standard
deviation σwi . However, such a log-normal assumption may not apply to the
random variables Ui = Pr,i w(τi − τ0) and Ii = Pr,i (1− w(τi − τ0)). In order to
determine the probability distribution function of these two random variables
and that of the SIR Γ, one needs to investigate the variation of the weighting
function w(∆τ) over the area element and the cross-correlation between Ui and
Ii.

An additional source of correlation is the correlation of the shadow fading
of the signals, which can be considerable between signals coming from the same
direction. These issues are further discussed in the next two subsections.

3.5.1 The Distributions and Correlations of Individual
Signals Due to Self-Interference

Let us consider the received signal from a given transmitter i at some area
location of the mobile receiver within the service area. Depending on its relative
delay ∆τi = τi − τ0 with reference to the first received signal path, this signal
can contribute to both useful and interfering parts of the signal at the receiver.
According to (3.15), these two contributions are random variables given by

Ui = Pr,iw (∆τi) (3.16)

Ii = Pr,i [1− w (∆τi)] (3.17)

One can easily see from (2.19) that if ∆τi ≤ Tg this signal contributes to
the useful part only, thus the interference Ii is zero and Ui is log-normally dis-
tributed with mean mwi and variance σ2

wi
. Similarly when ∆τi ≥ Tf the signal

contributes to the interfering part only, yielding a useful part Ui equals zero
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Table 3.2: Parameters for DAB/DVB transmission modes.

Transmission Tu Tg Ts dg df
Mode [µs] [µs] [µs] [km] [km]

DAB Mode I 1000 246 1246 73.8 373.8
DAB Mode II 250 62 312 18.6 93.6
DAB Mode IV 500 123 623 36.9 186.9
DVB 8k-1/4 896 224 1120 67.2 134.4
DVB 2k-1/4 224 56 280 16.8 33.6

and log-normally distributed interfering part with mean mwi and variance σ2
wi

.
However, when ∆τi falls within the critical region Tg < ∆τi < Tf , both Ui and
Ii are non zero with a strong correlation between them.

The above critical region and the weighting function w (∆τi) can be rear-
ranged in such a way that they contain distances instead of delays. We therefore
can write the following instead

dg ≤ ∆di = di − d0 = c∆τi ≤ df , (3.18)

w(∆d) =


1, 0 ≤ ∆d < dg(
du+dg−∆d

du

)2

, dg ≤ ∆d < df

0, otherwise,

(3.19)

with

dg = cTg, df = cTf , du = cTu, (3.20)

where c is the speed of light, d0 is the distance from the closest transmitter
to the mobile receiver, and di is the distance between the ith transmitter and
the mobile receiver. The two limit distances are dependent on the length of
the guard interval and the OFDM block length. Values of dg and df for some
representative DAB and DVB transmission modes are shown in Table 3.2.

Within the (open) interval (dg, df ), the weighting function w(∆di) has a
location variation. How fast this varies within the observation area element
is quite important as it has a direct effect on the distribution function of the
random variables Ui and Ii, and on the cross-correlation between them.

The variation of the weight w (∆di) over the area element depends on the
DAB/DVB transmission mode, the size of the area element, and its position
within the service area. Let us consider the geometry of Figure 3.5 and define
α0 as the azimuth angle of transmitter 0 (the closest transmitter to the mobile
receiver) and αi the azimuth angle of transmitter i. As the transmitter positions
within the SFN are fixed, the distance between every pair of transmitters is
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Reference
transmitter

kTransmitter

dk

a

a

kP
d0

0α

kα
C

Ui = Pr,i · w ((di − d0) /c)
Ii = Pr,i · [1− w ((di − d0) /c)]

Figure 3.5: Reference figure to evaluate the effect of w(·) on the distribution of

the useful and interfering power components Ui and Ii from remote transmitter
i, and on their correlation coefficient rxi,yi .

constant. Defining by Di,0 the distance between transmitter i and transmitter
0, the relative distance ∆di can be written as

∆di =
√

D2
i,0 − 2did0 [1− cos (αi − α0)]. (3.21)

We notice that the relative distance is dependent on the azimuth difference
αi − α0. This relation controls the variation of the weighting function w(∆di),
yielding no variation if αi = α0, and the highest variation when αi = α0 + π,
i.e., when transmitter i, transmitter 0, and the mobile receiver are on a straight
line with the mobile receiver in between. For a fixed αi − α0, the relative angle
of the square has negligible impact on the magnitude of the variation.

The position of the receiver within the area element C is a random variable
and can be considered as uniformly distributed. Thus, the weighting function,
w(∆di), is also a random variable. As a representative case, in Figure 3.6 we
plotted the standard deviation of w(∆τi) and 1− w(∆τi) in dB, and the corre-
lation coefficient rxi,yi within the area element, as the function of the relative
position of the center of the area element between the two transmitters. We
assume DAB Mode II, α0 = 0 and the worst case constellation αi−α0 = π. The
two sets of curves represent the a = 100 m and a = 500 m cases. The results
were obtained by Monte Carlo simulation. It can be seen that apart from the
edges (near ∆di = dg and ∆di = df ), the standard deviations are well below
0.2 dB, which is negligible compared to the typical 3.0–8.0 dB standard devia-
tion of Pr,i. Also, the correlation coefficient stays very close to 1 over almost the
entire dg ≤ ∆di ≤ df region.

We can conclude that assuming w(∆τi) to be constant over an area element
also within the critical region is reasonable. Consequently, Ui and Ii can be
assumed to be log-normally distributed, i.e. Xi = 10 log10(Ui) is a Gaussian
RV with mxi = mwi + 10 log10(w(∆τi)) and σxi = σwi , and Yi = 10 log10(Ii)
is a Gaussian RV with myi = mwi + 10 log10(1 − w(∆τi)) and σyi = σwi . The
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Figure 3.6: Correlation coefficients rxi,yi and standard deviations of w(∆τi)
and 1− w(∆τi) for DAB Mode II, α0 = 0, αi = π.

correlation coefficient rxi,yi between the useful and interfering components of
the same signal can be assumed 1.

3.5.2 Correlation Due to Shadow Fading

We use the following simple model to describe the correlation between Pr,i and
Pr,j (i 6= j) power components from transmitter i and j. We assume that
the shadow fading gains are correlated with respect to the difference in the
azimuth angle between the receiver and the two transmitters (see Figure 3.7).
The model can capture the effects of having several transmitters shadowed by a
large obstacle. However, it assumes that if nearby transmitter is shadowed, all
far-away transmitters behind this site will also be shadowed and vice-versa. The
correlation coefficient between any pair of useful transmitters (or interfering or
useful and interfering) can be modeled ([32], [69]) as

ryiyj = r(|αi − αj |) = β|αi−αj |, (3.22)

where parameter 0 ≤ β ≤ 1 determines the strength of the correlation.

3.6 Numerical Results

We consider the following two SFN configurations, both based on the hexagonal
transmitter layout shown in Fig. 3.8, with transmitter distance D = 15 km. The
first case is a symmetrical arrangement in which all the 19 transmitter sites
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position of the receiver

transmitterj

transmitteri∆ij

Figure 3.7: Angle difference (∆αij
4
= αi − αj) between two transmitters and

the receiver

are used, with 75 m antenna height and emitted power 500 W. The second case
is asymmetrical in which the three encircled sites have 150 m antenna towers
and emitted power 5 kW, the sites enclosed in rectangles use 75 m towers and
emit 50 W, all other sites are unused. To model the external interference six
transmitters with antenna height 150 m and power 10 kW are placed at 60 km
from the border of the SFN with a 60◦ degree angle separation (not shown in
the figure). For both cases, the noise level is fixed to N0 = −140 dB, which
practically means that the effect of the noise can be neglected compared to
the self- and external interference. The received local mean power from each
transmitter is calculated based on the ITU-R 370 propagation model [40] for
a frequency range 450–1000 MHz over land. The standard deviation of each
component is assumed to be 5.5 dB [24]. The shadow correlation between the
signals is calculated by (3.22) using β = 0.15, which is a representative value
according to [69]. We assume transmission of DAB mode II, which corresponds
to the parameters Tg = 62 µs, Tu = 250 µs and Ts = 312 µs.

We estimate the correlation coefficient, rqr , and the local coverage probabil-
ity, pc, along a reference path in the network, also shown in Fig. 3.8. To evaluate
the accuracy of the estimates, reference values were obtained using Monte Carlo
(MC) simulations. In the MC simulations 105 samples were generated for each
power component Pr,i, i ∈ N ∪ E . The weighting correlation was automatically
implemented by deriving Ui and Ii from Pr,i according to (3.16) and (3.17). The
desired level of shadow correlations among the Pr,i components were achieved
by the method of Scheuer and Stoller ([51], pp.505).

As a method for obtaining mq, σq, mr and σr we used the extended Schwartz
and Yeh method [89], because it provides higher accuracy in estimating the
moments than Wilkinson’s method [1]. The estimated correlation coefficient rqr
is, however, based on parameters estimated by Wilkinson’s method, which in
our experience yields better accuracy in estimating rqr .
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reference path

D=15km

Figure 3.8: SFN layout with 19 transmitter sites. In the symmetrical case all
19 sites are used with antenna height 75 m and emitted power 500 W. In the
asymmetrical case encircled sites use 150 m and 5 kW, sites in rectangles use

75 m and 50W, the other sites are not used.

In Fig. 3.9 we plotted the correlation coefficient rqr along the reference path
obtained by our method and by MC simulation for the symmetrical and asym-
metrical networks considering two sub-cases each:

1. Sub-case SI: Only the correlation introduced by the self-interference is
considered, the individual Pr,i components are assumed to be uncorrelated.

2. Sub-case SI+SF: Correlations due to both self-interference and correlated
shadow fading are considered.

The results show that our simple rqr estimation method provides rather accurate
estimates in all cases. Note that in the symmetrical network for sub-case SI (cor-
relation only due to self-interference) the correlation coefficient is approximately
zero.

In Figs. 3.10 and 3.11 we present coverage probability estimates. Each fig-
ure contains estimates obtained via the Gaussian assumption without and with
considering rqr, as well as reference estimates obtained by MC simulations.
Fig. 3.10.a and 3.10.b contain results for sub-case SI in the symmetrical and
asymmetrical SFNs, respectively. Fig. 3.11.a and 3.11.b provide the same set of
estimates for sub-case SI+SF.

Fig. 3.10.a illustrates that the effect of correlation introduced by the self-
interference can be neglected in the symmetrical case due to the low signal level
of the distant transmitters (i.e., whose signals contribute to both the useful
and the interfering components). As expected from Fig. 3.9.a, neglecting rqr is
reasonable in this case (i.e., that is why the two Gaussian estimates coincide).
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Figure 3.9: MC-simulated and estimated rqr values along the reference path
for the symmetrical (a.) and asymmetrical (b.) network configurations in case

of correlation environments SI and SI+SF.
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Figure 3.10: MC simulated and estimated coverage probability along the
reference path for the symmetrical (a.) and asymmetrical (b.) network config-

urations in case of correlation due to self-interference (SI).
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Figure 3.11: MC simulated and estimated coverage probability along the
reference path for the symmetrical (a.) and asymmetrical (b.) network con-
figurations in case of correlation due to self-interference and shadow fading

(SI+SF).
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In the asymmetrical case where distant transmitters have high power, the effect
of the correlation due to self-interference is not negligible. When the correlated
shadow fading is taken into account (Fig. 3.11) the rqr-corrected p̂c estimate is
considerably better than the p̂c with rqr = 0 for both network configurations.

It can be concluded from the figures that the proposed method can signif-
icantly improve the accuracy of the estimation compared to the conventional
method, albeit the estimation error is still considerable at some parts of the
path (see Figs. 3.10.b and 3.11.b). The error can be attributed to the fact that
the Gaussian assumption of the SIR does not hold in these cases. The validity
of the Gaussian assumption requires further investigations.

3.7 The Validity of the Gaussian Assumption

and Possible Estimation Improvements

The results in Section 3.6 show that in certain cases (e.g., as in the asymmetrical
SFN example, Figs. 3.10.b and 3.11.b) the Gaussian p̂c estimator fails to provide
accurate estimates, despite of the fact that rqr is estimated very accurately
(Fig. 3.9.b). A closer analysis of the empirical distribution of Γ in the critical
points reveals that in the problematic cases the Gaussian assumption seems to
fail. For demonstration purposes, in Fig. 3.12 we plotted the probability density
function of Ψ = 10 log10 Γ in two reference points on the path (they are shown
in Fig. 3.10.b). In point 1 (P1) for which the pc estimation was successful
(Fig. 3.10.b) the shape of the distribution is indeed close to be Gaussian. But in
point 2 (P2), in which the estimation failed, the left part of the Gaussian curve
is almost entirely missing.

To explain the phenomena we introduce the following extended model for Γ:

Γ =
U c + U i

Ic + Ii
=

eA
′
+ eB

′

eC′ + eD′ =
eλA + eλB

eλC + eλD
(3.23)

where U c and Ic “considerably” correlate, while U i and Ii are “(almost) in-
dependent” of any other terms. The reader should think of (3.23) as a result
of a classification of the useful and interfering components, U1, . . . , UN and
I1, . . . , IM , according to their correlation properties. Specifically, U c is the log-
normal sum of those Ui components that have strong correlation with one or
more Ij components, Ic is the log-normal sum of those Ij components that have
strong correlation with one or more Ui components, and U i and Ii are the log-
normal sum of the rest of the Ui and Ij components, respectively. As a result
of the classification, there is a very high correlation between U c and Ic, cor-
relations between any other pairs are close to zero. Let A, B, C and D be the
corresponding Gaussian variables as shown in (3.23), which can be defined by
the means ma, mb, mc, md, and standard deviations σa, σb, σc, σd. Let fur-
thermore rac be the correlation coefficient between A and C. Using this model
a signal constellation can be uniquely described by the above nine parameters.
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Figure 3.12: The probability density of Ψ = 10 log10 Γ in two representative
reference points.

When shadow correlation is neglected, the above classification is very straight-
forward in SFNs:
A: U c =

∑
i∈N ,wi<1 Pr,iwi, i.e., group of useful signals correlated with interfer-

ing components.
B: U i =

∑
i∈N ,wi=1 Pr,i, i.e., group of useful signals independent of interfering

components. Signals from nearby transmitters, whose relative delay is less
than the guard interval belong to this category.

C: Ic =
∑

i∈N ,wi>0 Pr,i (1− wi), i.e., group of interfering signals correlated with
useful components.

D: Ii =
∑
i∈N ,wi=0 Pr,i +

∑
j∈E Pr,j + N0, i.e., group of interfering signals in-

Table 3.3: Distribution of SIR (Ψ = 10 log10 Γ) and estimation error of p̂c in
different signal constellations in (3.23).

Signal Distribution of Error
constellation Ψ = 10 log10 Γ of p̂c

I ma � mb Gaussian −
II mc � md Gaussian −
III ma � mb, mc � md Gaussian −
IV ma ∼ mb, mb > md skewed to the right O
V mc ∼ md, mb < md skewed to the left U
O: Over-estimation U: Under-estimation
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a., σa = σb = σc = σd = 3 dB b., σa = σb = σc = σd = 5.5 dB
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Figure 3.13: Relative error of the Gaussian p̂c estimate expressed in dB (in
both cases ma = mc = 0dB).

dependent of useful components. Signals from far-away transmitters, whose
signal contributes only to the interfering power, and signals from other SFNs
operating on the same frequency band belong to this category.

In the presence of correlated shadow fading the classification requires further
research.

The value of ma relative to mb and the value of mc relative to md determine
the shape of the CDF of Γ, and in certain cases this distribution may significantly
deviate from the log-normal distribution. For example, if rac ≈ 1 and mc � md,
(3.23) becomes

Γ ≈ eA
′
+ eB

′

eC′ =
eA

′

eC′ +
eB

′

eC′ ≈ eλ(ma−mc) + eλ(B−C), (3.24)

which is a sum of a constant and a log-normal RV (eλ(B−C) can be still ap-
proximated by a log-normal distribution). If ma and mb is in the same order,
the expression of (3.24) is not log-normal. In cases when rac is high but less
then 1, the standard deviation of the first term in (3.24) may become much
smaller then the standard deviation of the second term; though both terms are
log-normal their sum will not be log-normal. Table 3.3 summarizes all possible
signal constellations in (3.23) and the outcome of Γ. Here we assumed that
σa ∼ σb ∼ σc ∼ σd, where by x ∼ y we denote that the two terms x and y are
in the same order.

Estimating pc using the Gaussian assumption when Γ is not log-normal re-
sults in under- or overestimation. In Fig. 3.13 we plot the relative error of the

estimation, defined as ε
4
= 10 log10((1− p̂c)/(1−pc)), as a function of mb and md

while keeping ma = 0 dB and mc = 0 dB. The standard deviations were set to
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σa = σb = σc = σd = 3 dB in Fig. 3.13.a and 5.5 dB in Fig. 3.13.b. We adjusted
γ0 to yield pc = 0.99. To isolate the error of the Gaussian assumption from pos-
sible summation errors we performed the log-normal summations numerically,
i.e., using MC simulation. As can be seen from Fig. 3.13, the size of the critical
region is smaller with lower standard deviation. We also mapped the five cases
of Table 3.3 to the results in Fig. 3.13.a.

Practically, case I corresponds to the typical signal constellation within a
homogeneous, dense SFN, i.e., with many similar transmitters (such as in our
symmetrical network example). In this case the Gaussian assumption holds
because the signals of nearby transmitters dominate over remote contributors,
i.e., mb is higher by more than 20 dB than ma, thus ma can be neglected. Case II
can occur at the edges of the SFN coverage area where the external interference
is dominant. Case III is very unlikely, since it means that the dominant part of
both the total useful and the total interfering power comes from the same set of
transmitters. This would happen only in abnormal situations, such as when a
receiver miss-positions its receiver window. Similarly, case V means that signals
outside of the guard interval contribute to the total useful power more than
signals within the guard interval, which can be considered abnormal. Finally,
case IV can appear inside of the coverage area of a large national SFN, where
the effect of external interfering (neighboring) networks is negligible compared to
the self-interference and when remote transmitters have comparable contribution
to the total useful power as nearby (gap-filling) transmitters. Since this is a
practically important case in which the Gaussian assumption fails, and improved
estimation method is needed.

3.7.1 Dominant Contribution of Signals Outside of Guard
Interval

Under case IV, (3.23) can be modified as

Γ ≈ U c + U i

Ic
=

eA
′

eC′ +
eB

′

eC′

= eG
′
1 + eG

′
2 = eλG1 + eλG2 , (3.25)

where G1 and G2 are Gaussian RVs with mg1 = ma−mc, σ2
g1 = σ2

a−2 rac σa σc+
σ2
c and with mg2 = mb − mc and σ2

g2 = σ2
b − 2 rbc σb σc + σ2

c , respectively.
According to the grouping rac � 0 and rbc ≈ 0, which results in σg1 � σg2
provided that σa, σb, σc and σd are “similar”. If σg1 � σg2 , the sum of (3.25) is
no longer log-normal.

We utilize the fact that the pc is only one value of the complementary CDF of
Γ, namely in point γ0. By approximating the continuous distribution of G′

1 with
a discrete distribution, an improved pc estimator can be obtained by numerical
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integration (assuming that G1 and G2 are jointly normal):

p̂I

c = Pr {Γ > γ0} = Pr
{
eλG1 + eλG2 > γ0

}
=

∫ ∞

−∞

∫ ∞

10 log10(γ0−eλG1 )

f(G1, G2) dG2 dG1

=
∫ ∞

−∞

∫ ∞

10 log10(γ0−eλG1 )

f(G2|G1) dG2 f(G1)dG1

=
∫ ∞

−∞
Q

(
10 log10(γ0 − eλG1)−ml

σl

)
f(G1)dG1

≈
n∑
i=1

Q

(
10 log10(γ0 − eλG1i)−ml

σl

)
pG1i ,

where ml = mg2 −
σg2
σg1

rg1g2(G1 − mg1), σl = (1 − r2
g1g2)σg2 . Values G1i,

i = 1, . . . , nI with corresponding probabilities pG1i represent the discrete ap-
proximation of G1.

If rg1g2 = 0 then ml = mg2 and σl = σg2 . Based on the definition we can
determine rg1g2 as:

rg1g2 =
rab σa σb + σ2

c − rac σa σc − rbc σb σc
σg1σg2

In Fig. 3.14 we plotted the relative error of the improved estimator, εI =
10 log10((1− p̂I

c)/(1− pc)) for the same parameter setting as in Fig. 3.13.b. We
can conclude that p̂I

c provides improved estimation accuracy over the critical
region of case IV. For the plot, we approximated G1 with 100 pulses. According
to our experience, if mb ≥ ma+10 dB, approximating G1 with a single constant
mg1 provides satisfactory results.

In Fig. 3.15 we have plotted the coverage probability estimates obtained
by the Gaussian methods as well as by the above improved estimator for the
asymmetrical network of Fig. 3.10.b. For the p̂I

c estimator we made two curves,
one with nI = 1 and one with nI = 10. The results show that p̂I

c matches well
with the reference estimates (MC simulation). In Fig. 3.16 the parameters mq,
ma and mb are plotted, it can be seen, that the estimation error by p̂c is high
where the mb is close to ma, and in this interval p̂I

c gives the best estimate. The
Fig. 3.17 justifies our assumption, the correlation coefficient rac is close to 1,
while rbc is close to zero.

3.8 Conclusions on pc Estimation

In this chapter an analysis of the coverage probability in SFNs in the presence of
multiple correlated log-normal useful and interfering components is presented.
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The accuracy of the existing methods are investigated and corrections are sug-
gested for improvement. The correlation between the total useful and total
interfering power is determined as the function of the correlation between the
individual components. This is used as a correction factor in estimating the
mean and standard deviation of the SIR, modeled by a log-normal distribution.
For signal constellations in which the estimation error of pc based on the log-
normally modeled SIR is high an alternative method is suggested. We show by
numerical examples that our methods can significantly decrease the estimation
error of pc in the critical regions.

For cases where the individual components are assumed independent and
only the correlation based on the self-interference is considered, for a relatively
homogeneous network the conventional estimate gives good accuracy. In pres-
ence of large irregularity, where the signals outside of the guard interval have a
dominant contribution, our method p̂I

c can give estimation improvement. When
the correlated shadow fading is taken into account the rqr-corrected p̂c esti-
mate is considerably better than the p̂c estimate with rqr = 0 in both network
configurations.



4
Service Area Coverage

Estimation

In Chapter 2 we defined the service area and introduced two performance mea-
sures to describe the quality of its coverage, the total coverage probability, Pc,
and the total coverage level, Lc. The exact estimation of these quantities would
require the evaluation of the local coverage probability, pc, in every element of
the service area, according to (2.22) and (2.24). Due to the very large number
of area elements involved this is not a practically appealing solution. Rather, to
reduce the computational cost in SFN planning we will estimate the coverage
based on a selected set of representative area elements — called testpoints.

Testpoints have also been used in the planning and coordination of ana-
log broadcasting networks. A number of methods have been presented in the
literature about how to select the “representative” area elements. One of the
traditional methods [21] that was widely used is based on the assumption that
the SIR is the worst at the borderline of the service area of each transmitter.
This assumption proved to be reasonable since the received useful power (esti-
mated by statistical propagation models) could be assumed to be monotonically
decreasing as moving away from the transmitter on the radii and since in the
multi-frequency network (MFN) configurations the interference “came” always
from the outside of the service area. If the local coverage seemed to be satisfac-
tory at the edge, it was assumed that it is satisfactory everywhere in the service
area. Therefore, it was sufficient to evaluate pc in a set of testpoints at the
periphery of the service area of each transmitter. These points were typically
placed with a uniform azimuth angle separation of 10◦ or 30◦ degrees, as shown
in Figure 4.1.a. We refer to this method as the contour method.

In the context of frequency assignment in VHF/FM radio broadcasting net-
works with very large number of transmitters, in [85] the authors use an alterna-
tive method, the so-called critical testpoint method. Their approach is based on

67
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10o

a. Contour method b. Critical testpoint method

c. Generalized testpoint method

Figure 4.1: Alternative methods for evaluating the coverage of the service

area.

the assumption that there can be found a “critical” area element in the service
area of a transmitter, say of transmitter A, in which the SIR caused by another
interfering (co-channel or adjacent channel) transmitter, say transmitter B, is
the lowest (see Figure 4.1.b). Conversely, there is a critical point in the service
area of transmitter B in which the disturbance from transmitter A is the worst.
Thus, using two testpoints for each pair of transmitters the relative interference
levels of alternative frequency plans could be quickly evaluated and compared.
We should note, though, that this method did not estimate the service area
coverage in the absolute sense.

The recent increase in the availability of high-power workstations made it
possible to handle larger number of pc estimations, which enabled us to intro-
duce more accurate methods in coverage estimation. In contrast to [85], the
method suggested in [91] uses a more general approach of testpoints to describe
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the interference levels in the service area. There, testpoints represent towns,
communities, transmitter locations and other highly protected locations within
the service area. Thus, they are not associated with a certain transmitting sta-
tion, neither with a certain interfering transmitter. We call this method the
(generalized) testpoint method (Figure 4.1.c).

In this chapter we investigate how to apply the generalized testpoint method
to SFN coverage estimation. The use of this method is necessary because in
SFNs the interference can be caused by both self- and external interferences,
consequently outages can occur inside the service area as well as at its periphery.
Unfortunately, there are no guide-lines available in the literature with respect
to how these testpoints should be selected. The very high requirements on
the coverage in DAB and DVB networks also require more precise estimation
methods than those used in analog broadcasting practice. Therefore, in the
first part of the chapter we will analyze the coverage map of SFNs with the
aim of finding critical regions and identify some selection rules. We relate the
estimation problem to (two-dimensional) sampling and compare a number of
alternative sampling methods.

4.1 Total Coverage Estimation by Testpoints

To determine the estimation accuracy of the testpoint methods we will use the
total outage probability and outage level, Po and Lo, which are defined as the

complementary variables to Pc and Lc, i.e., Po
4
= 1− Pc and Lo

4
= 1− Lc. This

choice will make the comparisons of relative errors more meaningful in the high
coverage probability regions, e.g., between 90–100%, the practically interesting
region in coverage planning. Due to the large number of area elements in the ser-
vice area, the outage probability, Po, and the outage level, Lo, are estimated by
evaluating pc(xi, yi) at a selected set of area elements. Let this set of testpoints
be defined by their coordinates, i.e., with the set T = ((x1, y1), . . . , (xT , yT )),
where T denotes the total number of testpoints. Po and Lo are estimated via

the sample mean of po(xi, yi)
4
= 1 − pc(xi, yi) and v(xi, yi)

4
= 1 − z(xi, yi) over

T , respectively:

P̂o = p̄o =
1
T

T∑
i=1

po(xi, yi) (4.1)

L̂o = v̄ =
1
T

T∑
i=1

v(xi, yi). (4.2)

To determine the accuracy of v̄ as an estimator of Lo, we consider its mean
square error σ2

v̄ = E
{
(v̄ − Lo)2

}
and the relative mean square error (or square
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of coefficient of variation):

σ2
ε,v̄ = σ2

v̄/L2
o = E

{
(v̄ − Lo)2

L2
o

}
(4.3)

In a similar way, we define the σ2
p̄o and σ2

ε,p̄o .
The above estimation of the total outage probability and outage level is

a sampling problem, so we can utilize well-established results from sampling
theory. The idea that very large sets of data must be available for drawing
reliable conclusions is totally incorrect; sometimes even a very small sample set
can produce sufficiently accurate information.

The estimation error introduced by sampling will depend on a number of
factors, such as:

• the number of testpoints (T ),
• the testpoint selection method (sampling design),
• the characteristics of the terrain,
• the network configuration,
• and the outage probability and outage level.

These influencing factors will be discussed in the following subsection.
The scope of this chapter is to suggest proper sampling methods for SFN cov-

erage planning. Throughout the rest of the thesis, we assume that the testpoint
selection procedure itself needs much less time and memory than the calculation
of the local coverage probability (or SIR) in a sample area element. Conse-
quently, we are motivated to find a sampling method that requires the smallest
number of testpoints to provide the total outage probability and outage level
estimates with a certain prescribed confidence.

4.1.1 Test Network for Evaluating Sampling Techniques

The outage characteristics and the sampling techniques have been evaluated with
the help of a large number of test cases. All test cases were based on one out of
four reference terrains and one out of four reference network configurations.

Table 4.1 contains summary data on the reference terrains. For the investi-
gation of the terrain dependency, further variants of the reference terrains with
altered altitude differences were generated by linearly rescaling the altitude data
of the original terrains.

The basic parameters of the four reference networks are provided in Table 4.2.
To achieve a certain outage level on a given terrain, transmitter powers were
uniformly shifted until the desired outage level was achieved. For noise limited
DAB networks, DAB mode I was used, while for interference limited networks,
DAB mode II was assumed.
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Table 4.1: Reference terrains. Further terrains with higher or lower maximum
altitude differences were generated from these terrains with linear rescaling.

Size Raster size Max. altitude diff. Roughness Referred in

[km x km] [m x m] and σh [m] ρ(10 km)1 the text as:

0,0 1.00 flat
100 x 100 250 x 250 300, 52.8 0.32 hilly

300, 52.8 0.50 hilly-L
300, 52.8 0.15 hilly-H

1ρ(10 km) denotes the correlation coefficient between the altitudes of terrain point

pairs with 10 km distance.

Table 4.2: Default data for the four reference networks. Noise and interference
limited DAB networks with different outage levels were generated by altering

the default power and setting DAB mode I and II, respectively.

Number of Regular lattice Emitted power Antenna height Referred in

transmitters structure [dWB] [m] the text as:

7 yes 20 75 G07
19 yes 20 75 G19
9 no mixed: 20,30 mixed: 75,150 R09
31 no mixed: 20,30 mixed: 75,150 R31

4.2 Service Area Characteristics

In coverage design, the applied sampling method determines the accuracy and
efficiency of the outage level estimation, and thus, it influences the efficiency
of the coverage planning itself. In order to find optimal sampling techniques,
however, one must know the expected characteristics of the sampled data, that
is the service area and its outage status. In order to motivate our further dis-
cussions, we present a pair of example SIR “maps” in Figure 4.2. The SIR is a
good indication of the expected spatial behavior of pc(xi, yi) and z(xi, yi).

The map on the left side was generated over a flat terrain, while the map on
the right side was calculated using our reference hilly terrain. In both cases the
target area is a circular area over the 100× 100 km terrain segment with 250 m
resolution. The same reference network configuration, R09 (see in Table 4.2), was
used for both cases, and tuned to provide approx. 30% outage level by uniformly
shifting the emitted power of the transmitters. This tuning was carried out
separately for the two cases. Comparing the two maps, one can identify that
there are two main characteristics of the maps:

1. Outage area elements are often clustered, i.e., the outage status of the neigh-
bor points are often strongly correlated.
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Figure 4.2: Example SIR maps for a flat and a hilly terrain by the same
outage level (30%), using reference network R09 in DAB mode I, propagation

model: Ladell (bright areas represent high SIR values)

2. There are certain points in the service area where outage happens with higher
probability than at other places. This indicates place-dependent probability.

Finding rules of the correlation helps to identify minimal distance between sam-
pled testpoints. If apriori rules can be found that can tell us before actual sam-
pling where the places with high outage are, this may call for stratified sampling.
The following two subsections investigate the above two main characteristics of
outage status maps.

4.2.1 Spatial Correlation of the Coverage

Intuitively, there are four potential factors that affect how much the outage spots
on the service area are clustered, such as

1. the applied wave-propagation model,
2. the actual total outage probability or outage level,
3. terrain characteristics and
4. the network configuration.

This subsection gives an overview on how the spatial correlation of the outage
spots can be characterized, investigates the effect of those four factors, and
concludes how the found rules can be used for designing the sampling process.
The spatial correlation coefficient is defined by

rv(xi,yi)v(xj,yj)(d) =
E[(vi −mvi)(vj −mvj )]

σvi · σvj

. (4.4)

where d =
√

(xi − xj)2 + (yi − yj)2.
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Figure 4.3: Example normalized correlation curves for the outage status vs.
the distance between sampled points, propagation model: Ladell

Figure 4.3 presents the correlation coefficient rv(xi,yi)v(xj ,yj)(d) of vi as a
function of the distance between sampled points, for a number of network con-
figurations and for flat and hilly terrains. On hilly terrain the decay factor is
much larger compared to the flat terrain and also with decreasing outage level
the factor is increasing. There is one apparent common feature of the curves,
namely that they are decaying in a nearly exponential fashion, which allows us
to characterize the correlation behavior by a single parameter.

Let us denote by v1, v2, ..., vi a series of RVs representing the outage status of
consecutive neighboring samples starting from a given point and moving along
a straight line at a constant step, θ. As before, vi is equal to 1 if point i is not
covered, 0 otherwise. Somewhat arbitrarily, but without loosing generality, we
introduce the following conditional probability, γc, to describe the correlations
of the outages in the two-dimensional space:

γc(θ) ≡ Pr {v(xi, yi) = 1 | v(xj , yj) = 1, |i− j| = 1} , (4.5)

that is, the probability that the neighboring area element is in outage provided
that the current area element is not covered. Since our test terrain was stored
with raster size 250 m × 250 m, the conditional probability is determined at
θ=250 m. In the rest of the chapter the symbol γc will mean γc(θ = 250m). The
Table 4.3 shows the γc values for the same cases as presented in the previous
figure.
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Figure 4.4: Normalized correlation of local outage status for the same four

cases, but modeling the wave propagation with the ITU-R and the Ladell model
(network G07, DAB mode I, hilly terrain).

Effect of the Propagation Model on the Spatial Correlation

Figure 4.4 compares the correlation structure of the same network configurations
over the same hilly terrain, but applying two different wave propagation models:
the ITU-R model and the Ladell model (see Chapter 2 for their introduction).

According to our expectation, the Ladell model that can “follow” the small
localities of the terrain produces a more scattered coverage map, with very many
small isolated sectors with no coverage. Area models like the ITU-R, on the
other hand, produce large clear spots, resulting in extremely high correlation in
short distances. The same effect is expressed via the measured γc presented in
Table 4.4.

Table 4.3: Conditional probability γc for six example configurations, for dif-

ferent outage levels for flat and hilly terrains.

Network γc γc

flat hilly

DAB I, G07, 30% outage 0.9721 0.5174
DAB I, G07, 10% outage 0.9373 0.3048
DAB I, G07, 1% outage 0.8957 0.1138
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Table 4.4: Effect of the applied wave propagation model on the spatial corre-
lation given by γc.

L0 γc γc

model: CCIR model: Ladell

0.5 0.9809 0.6594
0.2 0.9112 0.4336
0.1 0.8760 0.3048
0.01 0.8676 0.1138

Effect of the outage level on the spatial correlation

It is expected that the clustered feature of the outage spots diminishes with
decreasing outage level. To verify our expectations, five network configurations
have been tuned by power shifting to provide different levels of outage over the
flat and the hilly terrain, and γc values were evaluated. Figure 4.5 presents the
result.

Surprisingly, we can observe that γc does not strongly depend on the network
configurations, but is more clearly affected by the terrain and the outage level
(the latter two can be intuitively conceived). The correlation of the coverage for
flat terrain decreases slowly with decreasing outage level. On the other hand,
for hilly terrain the correlation decreases steeply with decreasing outage due to
terrain irregularities.

Effect of the terrain characteristics on the spatial correlation

To investigate the dependency of the outage correlation on the terrain charac-
teristics, some quantitative parameters must be found to describe the terrain.
There are several different parameters suggested in the literature [25]. One of the
simplest ways to characterize the undulation and the roughness of the terrain is
via the standard deviation of heights σh and the correlation coefficient between
terrain altitudes ρ(d) at one or more constant distances. In [88] it is shown that
natural terrains show nearly exponentially decaying correlation as a function of
d, therefore we assume that σh and ρ(d = 10 km) determine together the char-
acteristics of the terrain. Terrains with different height standard deviations σh
and correlation coefficients ρ(10 km) have been investigated. Reference network
R09 with DAB mode I has been adjusted for each test terrain to provide the
specified outage level. Figure 4.6 presents the resulting correlation expressed via
the respective γc for outage level Lo = 0.1.

It can be seen that γc decreases very steeply in the range of σh 0–30 m, and
deviations larger than 50 m have no considerable further effect. The impact of
the terrain correlation seems to be independent of the deviation, giving a nearly
constant shift to γc values.
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Figure 4.5: γc vs. the outage level for five different network configurations
over the flat and the hilly terrain, propagation model: Ladell
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Choosing the Testpoint Density According to γc

So far, we have investigated the correlation characteristics of the coverage maps,
which we characterized by the conditional probability γc. We have seen that
γc depends strongly on the applied propagation model. The figures showed
that the very low outage yields low correlation. Expectedly, flat terrain gives
higher correlation than hilly terrain. The correlation of the coverage for flat
terrain decreases slowly with decreasing outage level. On the other hand, for
hilly terrain the correlation decreases steeply with decreasing outage due to
terrain irregularities. The terrain is the most important factor that effects the
correlation, while the actual network structure has negligible effect.

We characterized the spatial correlation of the outage by parameter γc. We
can estimate the average radius of the outage clusters rc = k × 250 m as to
satisfy the equation (γc)

k = ν, where ν is a constant (e.g., ν=0.5). To achieve
efficient outage estimation, the distance dmin ≤ 2 · k × 250 m can be used as a
minimal distance between testpoints.

4.2.2 Location Dependency of the Outage

The other potential way of improving the efficiency of the outage level estimation
is to find some location-dependent variables external to the sampling process that
show high correlation with the local outage status. If such a variable could be
found, it would suggest the use of stratified sampling. There are two intuitively
apparent sources for such a variable, such as:

• the altitude of the terrain element,
• the relative position of the terrain element with respect to the positions of

the transmitters.

In the following sub-sections we investigate those two alternatives.

Dependency of the outage on terrain altitudes

The dependency of the local outage status on the terrain altitude is investigated
in the following way: the entire set A of all terrain elements within the target
service area is divided into Ah1 ,Ah2 , · · · ,Ahnh

non-overlapping sub-sets (strata)
according to their altitude, and the following conditional probability Lo(k) =
Pr
{
vi = 1 | vi ∈ Ahk

}
is determined for strata k. Large differences in Lo(k) would

indicate, thus, strong dependency on the altitude.
The above investigation has been carried out for a number of different net-

work configurations. Figure 4.7 and 4.8 summarize our results. Figure 4.7 shows
three cases where noise limited DAB networks (mode I) were set to achieve
Lo = {0.01, 0.1, 0.3} outage levels. The strata have been defined by dividing the
entire altitude range of the terrain into nh=10 equal sub-ranges. The vertical
axis shows the conditional probabilities per stratum normalized to the overall
outage level.
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Figure 4.7: Normalized outage level per altitude-based terrain stratum for
DAB mode I (noise limited case). Propagation model: Ladell.

a: outage level 0.3
b: outage level 0.1
c: outage level 0.01

The results show that, for the investigated networks most of the outage
happened at the two strata with the lowest altitude, and almost zero outage
was observed at the four highest strata. This result is reasonable since we could
expect that when the noise is the limiting factor, then points located at low
altitude and potentially shielded by terrain obstacles are the most sensitive ones.

Figure 4.8 presents two cases where DAB with mode II was applied. It can be
seen that moving from a noise limited environment to a self-interference-limited
one can smooth down this distribution or even reverse the situation: now points
at the highest altitude become the most vulnerable ones. It can be intuitively
explained such that the probability that a point is visible by both the useful and
the interfering transmitters is increasing with increasing altitude.

It can be concluded from the above results that if the presence of self-
interference can be excluded from a certain design case, e.g., when DAB mode
I is applied over a small service area (relatively to the guard interval), we can
confidently say that uncovered points are located at low altitudes. In these cases
stratified sampling might be worthwhile to apply. However, in the case of un-
known interference situation, we cannot predict the places of outages based on
the terrain altitude.
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Figure 4.8: Normalized outage level per altitude-based terrain stratum for

DAB mode II (interference limited case). Propagation model: Ladell.
a: outage level 0.3
b: outage level 0.1

Dependency of the outage on the network configuration

The other potential source for a priori knowledge on the local outage is the
position of the area element relative to the transmitters in the network. More
precisely, our stratification (control) parameter is the distance to the nearest
transmitter, r, normalized to the noise-limited coverage radius, Ro, of that
transmitter (Ro is calculated assuming flat terrain). The selection of the nearest
transmitter among all the transmitters submitting useful signal to the testpoint
is also based on their respective normalized distance to the testpoint.

Figure 4.9 shows the results for a DAB network. The probability of outage is
increasing with the increasing relative distance from the transmitters. Similarly
to the previous subsection, in the case of self-interference, the outage level can
increase considerably in the near vicinity of the transmitters, compared to the
noise-limited cases. Nevertheless, the results indicate that it is relatively safe
to say that the majority of the non-covered points are located farther from the
transmitters than the 75% of the noise limited coverage radius.

4.3 Sampling Techniques

In the preceding part of the chapter we studied the basic characteristics of net-
work coverage status maps and now we are ready to overview the possible sam-
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pling strategies to suggest efficient methods for coverage estimation. We present
the theoretical background in the context of outage level estimation. The devel-
opment for the outage probability estimation can be carried out analogously.

An ordered sample of size T is a sequence T = ((x1, y1), · · · , (xT , yT )) of
T testpoints. The set of all possible sequences is denoted by T. The sampling
design can be specified as a conditional probability Pr{T |(v, q)} of selecting the
sample sequence T among all possible sequences of T. The selection probabilities
may depend on any observations of the variable of interest v or on any auxiliary
variable q.

In a conventional design, the selection probabilities do not depend on any
observations of the variable of interest v, therefore the entire sample sequence
may be selected prior to the survey. However, they may depend on any auxiliary
variable q known for the population, such as terrain altitudes. In the thesis a
number of conventional sampling surveys will be investigated such as the sim-
ple random sampling without replacement, stratified random sampling based
on terrain, stratified random sampling based on the network configuration and
systematic sampling. These four methods are illustrated in Figure 4.10.

In adaptive sampling the procedure of selecting units may depend on values
of the variable of interest, but only through units included in the sample sequence
during the survey, i.e. Pr {T | v} = Pr{T | v, v ∈ T } . Thus, the sampling plan
has the flexibility to change during the survey in response to observed patterns.
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Network-based Stratified Sampling (N-STS) Terrain-based Stratified Sampling (T-STS)

Figure 4.10: Sampling methods.

The application of this type of sampling to our problem will not be discussed in
this thesis, but it is suggested for future research [95].

4.3.1 Simple Random Sampling

Simple Random Sampling (SRS) is a method of selecting T elements at random
out of A such that all elements have an equal chance of being included in the
sample sequence. In practice SRS is drawn element by element. In our case, the
applied sampling is without replacement, i.e., the selected sample is not replaced
into the population. The sample mean v̄srs of v is an unbiased and consistent
point estimate of Lo:

v̄srs =
q

T
and q =

T∑
i=1

vi (4.6)

where mv̄srs = Lo and σ2
v̄srs

= E {(v̄srs − Lo)2}. We select independently T ele-
ments at random — so that all elements have an equal chance of being included in
the sample — without replacement and count the number of “outage”-elements,
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q, in our sample. q is a RV and has a hypergeometric distribution H(A, T, Lo):

fq(k) =

(
AL0

k

)(
A(1 − L0)

T − k

)
(

A
T

) (4.7)

where k takes on all integer values such that 0 ≤ k ≤ ALo and 0 ≤ T − k ≤
A(1− Lo). For a hypergeometric distribution we have

mq = TLo and σ2
q =

A− T

A− 1
TLo(1− Lo) (4.8)

The mean is the same as for the binomial distribution, but the variance is differ-
ent. There is a factor d2

n = (A−T )/(A−1) in the hypergeometric case, and it is
called the finite population correction. If A is large compared to T , the RV q is
approximately binomially distributed (B(T, Lo)) and dn is near to 1, otherwise
the variance of the hypergeometric distribution is less than the variance of the
binomial distribution. The distribution of v̄srs is easily obtained from that of q,
i.e., mv̄srs = Lo and σ2

v̄srs
= d2

nLo(1 − Lo)/T .

Confidence Interval Estimation

Our interest is to consider the relative error ε = (v̄srs − Lo)/Lo which has the
same type of distribution as of v̄srs with parameters mε = 0 and σε = σv̄srs/Lo =
dn
√

(1 − Lo)/(TLo). For large T the distribution of ε is approximately N(0, σε).
Hence

Pr{|ε| < λαt/2 σε} = γt = 1− αt (4.9)

where the λαt/2 is the αt/2-quantile of a standard normal distribution N(0, 1).
For large T the following approximation can be used to obtain the confidence
interval, if we replace on the right side the unknown Lo by its point estimate
v̄srs:

Iε = (−λαt/2 sε, λαt/2 sε) where sε = dn

√
1− v̄srs
T v̄srs

(4.10)

The interval Iε covers ε with probability γt, called confidence level. If T/A is
smaller than 0.1, we may take dn = 1, without introducing any serious error.
Let us examine how the length of the interval depends on the size of A of
the population and the size of T . For a given confidence level the half of the
confidence interval length is determined as:

Lε = λαt/2

√
A− T

A− 1

√
1− v̄srs
T v̄srs

≈ λαt/2

√
A− T

A

√
1− v̄srs
T v̄srs

(4.11)
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Figure 4.11: Minimum sample size vs. outage level to get the half size con-
fidence interval Lε < 0.1, 0.2 or 0.5, respectively, with 99% confidence level,

when simple random sampling is used.

From 4.11 it follows, that for satisfying a given confidence interval length:

Tmin =
(

∆2 +
1
A

)−1

where ∆ =
Lε

λαt/2

√
v̄srs

1− v̄srs
(4.12)

The required sample size Tmin does not depend heavily on A, it increases only
slowly with A. However, Tmin is more dependent on v̄srs. To illustrate such
dependency, the required number of samples that are needed to yield the half
size confidence intervals Lε = 0.05, 0.1, 0.2 (with 99% confidence level), as a
function of Lo, are plotted in Figure 4.11. Since Lo is not known in advance, the
minimum sample size, Tmin, cannot be determined before the sampling survey.
Sequential sampling, a special type of adaptive sampling, can be used to adapt
the sample size to the required value during the sampling process in an iterative
way: First, an initial amount of samples, T0, are collected, from which Lo and
Tmin is estimated. If T0 < Tmin, further T1 testpoints are sampled, resulting in
a pair of refined Lo and Tmin estimates. If T0 + T1 < Tmin, further T2 samples
are evaluated, and so on. This procedure can ensure that the sampling process
stops if the Lo is estimated with the given fixed relative error.

4.3.2 Systematic Sampling

It has been pointed out in [20] that in highly correlated (clustered) populations,
Systematic Sampling (SS) yields lower estimation variance than SRS with the
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same sample size. Since coverage maps are correlated, it is reasonable to apply
SS to our problem.

Considering our two-dimensional case, the first element is selected randomly
with coordinates (xi, yi) and the rest of the samples with coordinates (xj , yj) =
(xi+l·dc, yi+k·dc) where k, l ∈ Z and dc is a defined constant, which determines
the number of the samples. The sample sequence is a lattice of the samples in
the population, therefore, systematic sampling can be considered as a simple
random sampling applied to a set of lattices of size dc with set size d2

c . The
number of samples in the lattice may be different (especially when dc is large),
which may introduce some disturbance, but for our cases where T > 50, it can
be ignored [20]. The point estimate of systematic sampling coincides with (4.6).

4.3.3 Stratified Sampling

In STratified Sampling (STS) the population A of A elements is divided into
subpopulations A1,A2, · · · ,AL of A1, A2, · · · , AL elements, respectively. These
subpopulations, called strata, are non-overlapping and they comprise the whole
population, A = A1 + A2 + · · · + AL where L is the number of strata. The
stratified sampling estimator is v̄sts [20],

v̄sts =
1
A

L∑
h=1

Ah · v̄h where v̄h =
1
Th

Th∑
i=1

vh,i (4.13)

where Ah is the total number of elements in stratum h, Th is the number of
elements in the sample sequence from stratum h, vh,i is the value of the ith
element from stratum h, and v̄h is the sample mean of stratum h.

The basic idea behind stratified sampling is, that it may bring a gain in
precision in the estimates of characteristics of the whole population dividing the
heterogeneous population into internally homogeneous sub-populations. The
best possible choice in the sense of minimizing the approximate variance of the
estimated mean v̄sts,

σ2
v̄sts

=
L∑
h=1

A2
h

A2
· 1
Th
· σ2

vh
,

is the Tschuprow-Neyman allocation, i.e., when Th’s are chosen to be propor-
tional to Ahσvh

[20, 53].
According to the results of the previous sub-section, we will apply stratified

sampling on the basis of two alternative auxiliary variables, such as the terrain
altitude and the normalized distance to the nearest transmitter.

4.3.4 Numerical Results

So far in this chapter we studied the basic characteristics of outage status maps
in SFNs, and we have investigated some of the sampling methods that can be
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applied for efficient estimation of the total outage level and of the total outage
probability. The performance of the sampling methods have been analyzed and
compared based on a large number of sampling tests. Based on combinations of
the test terrains and network configurations presented earlier, the test cases have
been selected to represent a wide range of terrain characteristics, network con-
figurations, and outage levels. In each test the following four sampling methods
have been applied:

• Simple random sampling, SRS
• Systematic sampling, SS
• Network-based stratified sampling, N-STS, with two strata based on the

normalized distance to the nearest transmitter, and with SRS within the
strata

• Terrain-based stratified sampling, T-STS, (except for flat terrain) with five
strata based on the terrain altitude, and with SRS within the strata

The sample sizes were chosen between 100 and 5× 104, and 500 independent
sampling surveys were performed for each sample size to obtain precise confi-
dence interval estimates. The half-size confidence intervals have been calculated
for 99% confidence level. For N-STS and T-STS, the sample sizes in the strata,
Th, were set according to the Tschuprow-Neyman allocation. The (approxi-
mately) optimal sample allocations for outage level estimation were re-used for
the outage probability estimation tests. In Figures 4.12 to 4.15 we present a
characteristic set of the obtained results.

Figure 4.12 shows the half-size confidence intervals obtained for the R09
test network on flat terrain with approximately 10% outage level. The plots
well demonstrate the advantage of using systematic sampling as opposed to
SRS. The two strata in N-STS were defined as r/Ro ≤ 0.75 (stratum 1) and
r/Ro > 0.75 (stratum 2), with sample allocation T2/A2 = 10 · (T1/A1), which
yielded noticeable sampling gain compared to SRS. Figure 4.13 presents the
outage probability estimation results for the same test case, and with identical
sampling designs. Notice the similarities between Figure 4.12 and 4.13.

Figures 4.14 and 4.15 show the sampling results for the same network config-
uration (R09) over our hilly test terrain, for outage level Lo ≈ 0.1. We applied
the same stratification parameter for N-STS as in the previous cases, but the op-
timum sample allocation yielded T2/A2 = 2 · (T1/A1), i.e., small deviation from
the SRS case. Not surprisingly, the sampling gain of N-STS was also negligible
compared to SRS. For T-STS, we grouped the area elements according to their
altitude into five strata (dividing the altitude range uniformly into five inter-
vals), for which the optimum allocations were obtained as Th/Ah = α(T1/A1)
with α1 = 5, α2 = 3.5, α3 = 3, α4 = 2, and α5 = 1 (h = 1 represents the stratum
with the lowest altitude). As can be seen from the figures, the gain of T-STS
was hardly noticeable. Although less characteristically, systematic sampling still
provided some sampling gain compared to SRS.
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Flat terrain, Outage level: 0.1

Figure 4.12: Half-size 99% confidence intervals vs. number of samples; Pa-
rameters: Lo=0.10; flat terrain, propagation model: Ladell
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Figure 4.13: Half-size 99% confidence intervals vs. number of samples; Pa-
rameters: Po=0.01451 (Lo=0.10); flat terrain, propagation model: Ladell
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Figure 4.14: Half-size 99% confidence intervals vs. number of samples; Pa-
rameters: Lo=0.094; hilly terrain, propagation model: Ladell
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Figure 4.15: Half-size 99% confidence intervals vs. number of samples; Pa-
rameters: Po = 0.027 (Lo=0.094); hilly terrain, propagation model: Ladell
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Figure 4.16: Number of required samples per 10 km2 to yield 10% half-size

confidence interval; propagation model: Ladell; system: DAB

In general, it can be seen that SRS had the poorest performance. It is also
apparent from the figures that systematic sampling came out as the best in
most of the cases, outperforming both the network-based and the terrain-based
stratified simple random sampling methods, although its advantage is slighter
on hilly terrains (see Figures 4.14 and 4.15), where the spatial correlation of the
outages is negligible.

The relatively weak performance of both stratified sampling methods can be
explained in the following way: The sampling gain (i.e., the variance reduction)
of stratified sampling can be considerable only if there can be found a stratum (or
a few of them) with relatively small population but with much higher variance
than in the rest of the sampling space. In our case this would require that there
can be defined small areas in the service area that “collect” most of the outage
area elements, while there is negligible outage in the rest of the service area. It
is clear that it is very hard to find such a stratification, especially in case of very
low outage levels and over hilly terrains, as we discussed earlier in the chapter.

Nevertheless, for the noise limited cases on flat terrain, where the local outage
level is more deterministically dependent on the relative distance from the useful
transmitter, N-STS has considerable gain over SRS. It can be concluded that SS
is the most efficient simple sampling method for coverage map sampling, working
well and consistently safely on the wide variety of test cases we tried.

In Figure 4.16, the required minimum number of samples Tmin to achieve
less than 10% relative error (with 99% confidence) is presented as a function of
the outage level for SRS and SS, both for flat and for hilly terrains. As a basis
for comparison, the theoretical value of Tmin for SRS based on (4.12) is also
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presented in the figure.
Based on our studies we recommend utilizing systematic sampling technique

due to its potential sampling gain compared to SRS. In certain cases network-
based stratified sampling may also result in estimation improvements. Further-
more, since there is more than three order of magnitude difference in the required
sample size, Tmin, in the outage level range 0.5 to 0.01 to achieve a constant
relative error, we strongly recommend to use sequential sampling method in the
estimation of Lo and Po.
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5
Minimal Cost Coverage

Planning for Single SFN

There are many aspects that have to be considered during coverage planning of
radio networks. Some of the most important factors are: quality of the coverage,
size of the service area, cost of implementation and provisioning, coordination
with existing networks (generated interference) and resource utilization. De-
pending on how these and other factors are incorporated into the design, there
can be many possible strategies. When optimization is involved in the design,
each of these factors can be either part of the objective function or subject of
certain constraints or neglected in the optimization process.

In SFN design the main issue is the delay planning with optimization of the
transmitter parameters such as transmitter location, transmitted power, antenna
height, antenna diagram and temporal broadcasting delay, all of which can be
individually assigned to each transmitter. These parameters can be divided
into the classes of discrete and continuous parameters. The total number of
transmitters is also a free parameter.

A first attempt to optimize the coverage of an SFN is reported in [11]. Here
a method that maximizes the size of the coverage area, satisfying a given quality
constraint is presented. Their decision variables are the power, antenna charac-
teristics and temporal offset of the transmitters. In [42] a coordination process
with the existing networks (by controlling the potential interference) has been
suggested. The authors describe an algorithm which checks the interfering total
field strength created by the SFN at coordination testpoints located outside the
service area at a predefined distance from the network. If the interfering field
strength exceeds the allowable predefined value, antenna pattern correction is
applied at the transmitters near to the edges of the service area. In [93] a cost
based network planning approach is presented for DAB SFN in mountainous
area, where three network configurations are compared in terms of coverage and
cost.

91
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In our problem formulation we focus on the cost efficient design of an SFN
providing broadcasting services over a predefined service area with requirements
both on the received signal quality and on the allowable interference level expe-
rienced by existing services in the same spectrum. We formulate the problem
as a discrete optimization problem, where the emitted power, antenna heights
and transmitter locations are the decision variables. The main contribution of
our method is three-fold: First, instead of maximizing the coverage area (as in
[11]), we consider the service area as an input parameter, and attempt to find a
cost-minimized solution that provides satisfactory coverage over this given area.
We believe that this approach fits the practical objectives of network planning
better. Secondly, in our approach the cost of the network is embedded in the
objective function of the optimization. As will be demonstrated in Section 5.4.1,
this can result in a significant cost reduction, compared with approaches where
cost issues are considered as a separate step before and/or after the coverage
planning (such as in [93]). Thirdly, in our method the mutual interference con-
straints are also incorporated into the optimization problem.

Network planning problems are usually not required to be solved in a very
short time as opposed to the real-time control problems. The time available
to obtain the solution can be assumed from some days to some months. In
practical planning we have to handle a particular problem with its given state
space. In smaller problems even exhaustive search can be a feasible approach,
while larger networks would require prohibitively long time to find the globally
optimum solution. Knowing the scale of the problem, appropriate optimization
techniques have to be selected.

Our problem is not tractable analytically. Reliable propagation prediction
models are based on sophisticated calculations involving topographical data.
The summation of log-normal variables in calculation of the local coverage prob-
ability is built on the basis of statistics. For determining pc for each area element
we have to calculate the constructive or interfering contribution of each trans-
mitter. This status varies from area element to area element. The outage level
is computed using a discrete estimate, where the estimation error is induced by
the terrain database quantization, propagation model and the applied sampling
technique. Consequently, we optimize the sample outage of one realization of
the testpoint selection. The objective function is a weighted sum of the sample
outage and the cost function. We have to face a nonlinear discrete function with
high-dimensionality, which results in a non-linear discrete optimization problem.

For solving such an optimization problem we apply heuristic and stochastic
optimization techniques. The detailed description of the methods is given in
the next sections. Our goal is twofold: on the one hand to suggest effective
algorithms for SFN planning, on the other hand to discover inherent features of
SFN transmitter configurations with the help of optimization. The Sections 5.2
and 5.3 deal with the first issue, the second one is treated in Section 5.4.
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5.1 Problem Formulation

In this section we define the decision variables, design constraints and the ob-
jective function for cost-minimized SFN planning, and formulate the task as a
discrete optimization problem.

5.1.1 Decision Variables

We assume that towers of existing analog transmitters can be utilized, of which
reuse can considerably decrease the cost of the network. Therefore, it is natural
to model the available transmitter sites as a discrete set of geographical locations.
In this case there are also some limitations on the antenna height depending on
the tower height and the occupancy of the tower by other services. The emitted
power of the transmitters is also confined to a range of permitted values. The
frequency allotment plan for DAB national and regional programs has been
already determined for the European countries [38]. Therefore, it is reasonable
to assume that the frequency of new SFN is already given. Transmitters are
simulcasting, i.e., there is no temporal offset applied.

The following “feasible” sets are considered to be input parameters to the
network design:

S = {(xk, yk)} k ∈ [1, S] (5.1)
Pk = {P k

i } i ∈ [1, P k], k ∈ [1, S] (5.2)

Hk = {Hk
i } i ∈ [1, Hk], k ∈ [1, S] (5.3)

Set S in (5.1) represents available transmitter sites. Each site can host at most
one transmitter. The power sets (5.2) and antenna height sets (5.3) are defined
individually for each transmitter location. The symbols S, P k and Hk denote
the size of the respective sets.

To formulate the problem, we introduce the following decision variables with
respect to site (xk, yk):

ak ∈ {0, 1} Transmitter activity indicator, defined such that ak = 1 if site
k is occupied by a transmitter, ak = 0 otherwise.

pk ∈ [1, P k] Index of the emitted power of transmitter at site (xk, yk). It
indexes the feasible power set, Pk. This figure is meaningful
only if ak = 1.

hk ∈ [1, Hk] Index of the antenna height of transmitter at site (xk, yk). It in-
dexes the feasible antenna height set, Hk. This figure is mean-
ingful only if ak = 1.

Therefore, the vectors a, p and h determine the transmitter network.
Assuming N new transmitters and the same feasible power and antenna

height sets at each location, i.e., Pk = P and Hk = H for k ∈ [1, S] with size P
and H respectively, the set of possible network configurations (Ω) of the design
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problem has the size of

ξΩ(N) = (P ·H)N · S!
(S −N)! ·N !

(5.4)

provided that not more than one transmitter can be placed at a single site. If
we also let N be a decision variable, the size of the total state space becomes

ξΩ = (P ·H + 1)S − 1. (5.5)

5.1.2 Design Constraints

There are two major constraints that a network configuration must satisfy.
The first constraint regulates the coverage probability within the service area.
We require that the estimated pc exceeds Π in a defined set of testpoints.
Let T = {(x1, y1), (x2, y2), . . . , (xT , yT )} denote this set. Our second con-
straint deals with the generated potential interference. In our formulation the
constraints are considered at a finite set of coordination testpoints, describing
the protected coverage area of existing or yet-to-be-established networks. Let
K = {(x1, y1), (x2, y2), . . . , (xK , yK)} denote this set. In order to avoid the in-
terference, the total interfering power, E2

K,m is estimated at every coordination
testpoint m ∈ [1, K], and must not exceed the useful signal level minus the
protection ratio, denoted by Υm.

5.1.3 Objective Function

As a purely technical quality measure of the network, the percentage of the
testpoints for which the given coverage target is achieved can be used. A more
practical objective deals with the price of the solution in terms of installation
and provision costs. In practice, the goal of the design is to achieve a low
outage at as low cost as possible. Instead of optimizing further the technical
performance, which would potentially lead to a network with unnecessary high
resource usage, we change the objective for minimizing the network cost. In our
model the cost of a transmitter involves the cost of the applied power, antenna
height and transmitter site:

Ck(pk, hk) = CS
k + CPk

pk
+ CHk

hk

The overall cost of a given network, C(a, p, h), is the sum of the cost of
each transmitter, i.e., C(a, p, h) =

∑
k∈S ak · Ck(pk, hk). The design objective
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is defined as follows:

minimize C(a, p, h)
subject to pc,j(a, p, h) ≥ Π ∀j ∈ [1, T ]

EK,j(a, p, h) < Υj ∀j ∈ [1, K]
ak ∈ {0, 1} ∀k ∈ [1, S]
pk ∈ [1, P k] ∀k : ak = 1, k ∈ [1, S]
hk ∈ [1, Hk] ∀k : ak = 1, k ∈ [1, S].

(5.6)

To approximate the constrained non-linear optimization problem given by (5.6)
to an unconstrained problem, the penalty method [66] is applied. The approx-
imation is accomplished by adding a term to the objective function that pre-
scribes a high objective value increasement if the constraints are violated. The
unconstrained optimization problem is formulated as:

minimize C(a, p, h)/Cmax + ΛΠ,Υ(a, p, h)
subject to ak ∈ {0, 1} ∀k ∈ [1, S]

pk ∈ [1, P k] ∀k : ak = 1, k ∈ [1, S]
hk ∈ [1, Hk] ∀k : ak = 1, k ∈ [1, S],

(5.7)

where the network cost is normalized to an externally given “ceiling” cost, Cmax.
The penalty for violating the coverage requirement and the allowable potential
interference is given by

ΛΠ,Υ =
{

0 if T ∗ = 0 and K∗ = 0
λT · T

∗
T + λK · K

∗
K + λ0 otherwise.

(5.8)

where T ∗ is the number of testpoints where the constraint is not satisfied and
K∗ is the number of coordination testpoints where the coordination constraint
is not satisfied. Parameters λ0, λT and λK are external constants that determine
the severity of the penalties. Positive λ0 is used to ensure that the constraint
violation cannot be compensated by a “cheaper” network configuration.

5.2 Algorithms

We will apply deterministic total search, TS, to determine the optimal solution
for small-scale problems and to provide a basis for comparison when measuring
the performance of other heuristic algorithms. Real life problems only seldom
require the global optimum, a suboptimal solution can already be satisfactory,
provided a certain evidence that it is not too bad. In practical problems, heuristic
approaches designed with good engineering sense, exploiting the inherent feature
of the specific problem in hand can give surprisingly good performance, although,
they may sacrifice the guarantee of optimality. Preferred heuristic methods are
those that bear polynomial running time and memory requirements. Stochas-
tic searching techniques such as Simulated Annealing (SA) (due to Kirkpatric,
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Gelatt and Vecchi [41]), are another source of tools to successfully attack NP
compete problems.

Stochastic and heuristic elements can be combined into one searching algo-
rithm, which can further improve efficiency, via compensating the shortage of
the involved specific elements. Two possible ways for the integration are: (1)
hybrid techniques that utilize both elements in the same time, or (2) multi-stage
optimization algorithms where stochastic and heuristic elements are applied se-
quentially to solve the same problem. Examples for hybrid methods are when
randomness is involved in a heuristic search or when heuristic rules help SA to
determine the next state during its stochastic search. Multi-stage techniques
can be best exemplified via a method that uses a simple heuristic algorithm to
find an ”initial” state from which stochastic SA can start searching for further
improvements.

In the following subsections we introduce three basic algorithms that have
been developed to serve as a basic component in solving our coverage planning
problem. Two of them are hybrid methods: the first one is a constructive
method that builds a network from scratch in a sequential (step-by-step) manner,
using heuristic rules. The second algorithm implements a local transformation
method that aims to improve an existing solution by (local-) searching a well
defined neighborhood of the original solution. Both apply randomness in the
searching process. Our third algorithm is a special adaptation of the general SA
to our coverage planning problem. In all three methods, randomness plays an
important role. In the definitions of the algorithms “randomly chosen” means
“randomly chosen with uniform distribution”, if not specifically stated.

5.2.1 “Step-by-Step” Heuristic Algorithm

The following simple algorithm builds a network from scratch (see semi-formal
description of the algorithm): It randomly selects a testpoint from the set of non-
covered testpoints, then it searches for the nearest available transmitter site to
place the first transmitter. The parameters of the new transmitter are initialized
randomly from the feasible sets. After the coverage has been re-calculated, a next
non-covered testpoint is selected randomly and the nearest available transmitter
site is used to place the second transmitter, also with randomized parameters.
The process is repeated until (1) the target coverage is fulfilled or (2) all trans-
mitter sites are occupied or (3) there have been no available sites found in na
consecutive attempts in sub-step 2.3.

It can be seen that the algorithm neglects the cost related issues as well as
the external interference. Moreover, it does not guarantee to find a satisfactory
solution, even if one or more solutions do exist. Due to these shortages it cannot
be recommended as a stand-alone design algorithm, however, it can be a good
candidate to be an initial element in a multi-stage optimization process. Its
main advantage is that it is very quick, and - despite of its simplicity - it showed
high successful ratio in the numerical tests.
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Step-by-Step Algorithm

1. Initialization: T ′ = 0, N = 0.
2. Step-by-step construction of the network:

while (Lo > 0 or N < S)
3. na = 10
4. Select randomly (xi, yi) ∈ (T \T ′)
5. Construct S′ ⊂ S containing nd sites closest to (xi, yi)
6. If ak = 1 for ∀k ∈ S′ −→ na = na − 1, if na > 0 goto 4.

else −→ Select k ∈ S′ and select randomly P k
l ∈ Pk end Hk

m ∈ Hk
7. If Lo(N ∪ k) < Lo(N ) −→ N = N ∪ k,

T ′ = T ′ ∪ (xl, yl) ∀l : pc(xl, yl) ≥ Π
8. end
9. Verification: If Lo = 0 then N is the result

else goto 1.

5.2.2 Local Search

One obvious possibility to further optimize the solution found by the step-by-
step method is to apply a local search method that aims to improve the existing
solution by locally searching a well-defined neighborhood of the given solution.
A Local Search (LS) algorithm works as follows: During one iteration of the
searching process it “visits” each of the transmitters once, according to a random
order. (The order of visits is randomized individually for each iteration in Step
1.) During visiting a transmitter the algorithm tries to modify the power and
antenna height parameters of the transmitter in order to decrease the objective
function, that is, either improving the coverage or lowering the total cost of the
network. As an extreme case, the algorithm can even eliminate (switch off) a
transmitter temporarily if that is justified by the objective function. In a later
iteration, such a transmitter can be re-activated (switched on) by assigning the
lowest power and antenna height value from the feasible set. However, if a
transmitter is found to be switched off at the end of the searching process, it is
removed from the solution set. If no improvement can be found, the parameter
is left intact. The iterations are repeated until no further improvements have
been made within the last iteration.

According to the “greediness” of a single visit, two variations of the scheme
exist:

1. during one visit each parameter is allowed to be shifted only to the next
higher or next lower value of the feasible set (non-greedy), or

2. the best possible value in the feasible set (in terms of the impact to the ob-
jective function) is searched for and assigned at each visit for each parameter
(greedy).

From now on we denote greedy and non-greedy variation of LS by LSG and
LSN , respectively.
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Local Search Algorithm

1. Initialization: Start with a given N
Calculate the objective function f(N ).
Construct random order of sites in S

2. for i = 1 : S
3. if ai = 0 −→ ai = 1, pi = P i

1, hi = Hi
1; calculate f(N ∪ i)

if f(N ∪ i) < f(N ) −→ N = N ∪ i
4. if ai = 1 −→ Ns = N and
5. lower pi by one step in P i; calculate f(N )

if f(N ) > f(Ns) −→ N = Ns and
6. increase pi by one step in P i; calculate f(N )

if f(N ) > f(Ns) −→ N = Ns end
end

7. lower hi by one step in Hi; calculate f(N )
if f(N ) > f(Ns) −→ N = Ns and

8. increase hi by one step in Hi; calculate f(N )
if f(N ) > f(Ns) −→ N = Ns end

end
end

9. If any improvements were made in 2. goto 1, otherwise Stop.
Solution is N

The algorithm is strictly monotonous in the sense that only improvements
are allowed. Consequently, provided that the initial solution is feasible (i.e. the
constraints in (5.6) are satisfied), the result remains always feasible, although it
might be far away from the global optimum.

The same searching scheme can be applied to randomly generated configu-
rations, though the result is not guaranteed to be feasible in such cases. Under
random initial configuration we mean a network where randomly parameterized
transmitters are located at a randomly selected subset of the available sites, and
the rest of the locations are ”switched off”. The searching algorithm is then
allowed to activate switched-off sites and, as above, to switch off active sites.

5.2.3 Simulated Annealing

In our formulation the network planning task is reduced to solve the above
discrete optimization problem. However, it can easily be seen that the state
space of the problem grows rapidly with increasing feasible set sizes. For prac-
tically interesting cases the full search of the state space would not be a feasible
approach. There exist several stochastic searching techniques in the literature
that could potentially be applied to such a problem. Here we proceed with
presenting how we applied Simulated Annealing (SA), the stochastic discrete
optimization algorithm due to Kirkpatrick ([41]), to solve our problem. SA has
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been successfully applied to combinatorial problems with similar complexity in
radio communication network planning, e.g., to frequency planning of VHF/FM
sound broadcasting networks[63, 84], and also to mobile systems [6, 7, 36].

A detailed description of SA can be found in [41] and the analysis of the
algorithm is subject of several papers (e.g., [34]). Here we provide the reader
only with a brief description of the algorithm, focusing on details specific to our
problem. SA is an optimization method containing stochastic elements. As a
result, we sacrifice the possibility of an absolute guarantee of success of finding
the global optimum. However, it can guarantee the stochastic convergence to
the global optimum as the sample size increases.

The algorithm starts from an initial network configuration, J0 = {a0, p0, h0},
and it explores the state space via a series of conditional random state transi-
tions, as follows: At the ith step a new “candidate” configuration, J i

+
= G

(
J i
)
,

is generated based on the current configuration, J i = {ai, pi, hi}, according to
the stochastic next state generator (NSG) function, G(·). Usually, two consec-
utive states are different from each other only in a small detail. J i

+
becomes

J i+1 according to the so-called acceptance probability, which is defined as

pacc =

 1 if f(J i
+
) < f(J i)

e
− f(Ji+)−f(Ji)

µi otherwise,
(5.9)

where by function f(·) we denote the objective function value of the correspond-
ing configuration, calculated according to (5.7). Should the new configuration
be rejected, the previous configuration is kept, i.e., J i+1 ← J i.

The control parameter µi, i = 1, 2, . . . , m in (5.9) is monotonically decreasing
during the optimization process according to the so-called cooling schedule. The
schedule is chosen such that at the beginning the algorithm may accept networks
even with a higher objective value. The acceptance probability of networks with
higher objective value is continuously decreasing during the process, and at
the end only SFN configurations that further decrease the objective function
are accepted. Here we apply an exponential cooling schedule that starts at
µ0 = µmax and decreases in steps to reach µm = µmin via the function:

µi = µmax · κbi/nsc, i = 1, 2, . . . , m, (5.10)

where m = ns log(µmin/µmax)/ log(κ), b·c represent the floor function, and κ <
1 is the cooling constant. A formal convergence on the equilibrium distribution
at each temperature level was not attempted. Instead, the simple approach
of permitting ns state transitions at each temperature level was applied [6].
The optimization is interrupted if no improvements are made in nf consecutive
attempts. The best solution is saved during the optimization.

In our adaptation the initial state, J0, is generated randomly, i.e., a0
k ←

U(0, 1) ∀k and p0
k = U(1, P k), h0

k ← U(1, Hk) ∀k : a0
k = 1, where U(a, b)
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denotes independent random samples from the discrete set [a, b], drawn according
to the uniform distribution.

Since the applied NSG defines the neighboring states in the discrete state
space, it has a strong effect on the behavior and outcome of the optimization.
In every step, our algorithm selects one of the following alternatives to generate
the next state:

• Random choice: Either the power or the height (depending on the actual
decision variables) of a randomly chosen transmitter is re-assigned by a ran-
domly chosen element of the corresponding feasible set.

• Birth-death: A transmitter site is chosen randomly. If there is a transmitter
at the site, it is removed. If there is no transmitter at the site yet, a new
transmitter is placed at the site, initialized with the lowest power and antenna
height values from the respective feasible sets.

• Move: An existing transmitter is relocated to a yet unoccupied transmitter
site. Power and antenna height values that are the nearest to the current
setting are selected from the respective feasible sets of the new site.

• Local search: One of the decision variables (power or height) of a randomly
chosen transmitter is appointed randomly, and the best possible assignment
is searched for this parameter.

The above four NSGs are combined to formulate two versions of SA in our
investigations. In the purely stochastic (“random”) version, denoted by SAR,
only the first three NSGs are applied, in a randomly alternated fashion. To
investigate the effect of introducing some level of determinism to SA, we mix all
the four elements in the “greedy” version, denoted by SAG.

5.2.4 Combined Multi-Stage Algorithms

Since there are certain limitations of each of the above algorithm, we investigate
if more powerful algorithms can be constructed with cascading of those elements.
We have investigated the performance of the following single- and multi-stage
algorithms given in Table 5.1.

5.3 Performance Results

We have chosen three planning situations with increasing complexity to demon-
strate the performance characteristics of the algorithms. Two of these three
cases were also solved by deterministic total search, to be able to make more
reliable comparisons.

In the objective function we use λT = 10, λK = 0 and λ0 = 0.5, i.e., the
penalty of generated interference is not considered. The performance measures
used for evaluating the algorithms are: (1) best objective value, (2) worst ob-
jective value, (3) average objective value, (4) variance of the objective values
of the generated solutions and (5) average number of visited states (which is
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Table 5.1: Investigated algorithms. For detailed description of the building
components see previous sub-sections.

Single Stage Algorithms

0 Total Search TS
1 Step-by-Step SS

Two-stage algorithms

2 Step-by-Step Non-greedy LS SS + LSN
3 Step-by-Step Greedy LS SS + LSG
4 Random initialization Non-greedy LS R + LSN
5 Random initialization Greedy LS R + LSG
6 Random initialization Random SA R + SAR

7 Step-by-Step Random SA SS + SAR

8 Random initialization Greedy SA R + SAG

Three-stage algorithms

9 Step-by-Step Greedy LS Random SA SS + LSN + SAR

proportional to the number of point-to-point path-loss calculations as well as to
the running time). On each case study the algorithms were executed a number
of times, in order to calculate the performance statistics. Algorithms involving
SA usually visit one order of magnitude more states during a single run than
others not involving SA. In order to maintain fairness of the comparison, non-
SA algorithms were repeated 50 times, while SA-based algorithms had only five
chances.

5.3.1 Case 1: Small Scale General Design Problem

The first test case is a small scale design problem with state space size ξΩ ≈
7.8 · 104: There are seven transmitter locations defined on a circular service
area with radius 50 km over hilly terrain. The feasible power and antenna
height values are P = {35, 45} [dBW] and H = {50, 100} [m], respectively.
The corresponding cost values are CS = {80, 90, ..., 140}, CP = {50, 100} and
CH = {70, 140}. DAB mode I is assumed. Cmax is set to 4900.

Figure 5.1 shows the distribution of the objective function values over the
total state space of the problem calculated by deterministic total search. The
state space is apparently divided into two parts due to the severe penalty for
networks not satisfying the constraint. The figure confirms our choice of the
objective function. There is a very large number of configurations that satisfy
the coverage constraint, but using unnecessarily high hardware cost. Figure 5.2
and Table 5.2 presents the performance results of the nine algorithms.
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Figure 5.2: Performance results of the algorithms for Case 1
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Table 5.2: Performance results of the algorithms for Case 1

Objective function values # of
Algorithm (Global optimum: 0.3041) visited

Mean (σ) Min / Max states
1 SS 0.4061 (0.0246) 0.3510 / 0.4653 8.1
2 SS + LSN 0.3791 (0.0218) 0.3245 / 0.4204 40.0
3 SS + LSG 0.3669 (0.0226) 0.3041 / 0.4020 39.0
4 R + LSN 0.3450 (0.0245) 0.3041 / 0.4020 41.6
5 R + LSG 0.3496 (0.0203) 0.3184 / 0.4082 41.6
6 R + SAR 0.3457 (0.0204) 0.3102 / 0.3592 552.2
7 SS + SAR 0.3363 (0.0129) 0.3184 / 0.3510 557.8
8 R + SAG 0.3514 (0.0191) 0.3327 / 0.3776 466.2
9 SS + LSG + SAR 0.3269 (0.0172) 0.3041 / 0.3469 598.8

5.3.2 Case 2: Small Scale Location Optimization Problem

Our second design problem size (with ξΩ ≈ 6.5 ·104) focuses on the optimization
of the locations and the number of transmitters. There are 16 available locations
with costs CS = {1, 2, ...16}, spread evenly over the same service area and terrain
as in Case 1. Power and antenna height are fixed to P1 = 35 [dBW] and H1 = 75
[m], for each site and their cost are CP

1 = CH
1 = 3. Cmax is set to 348. DAB

mode I is assumed.

As can be seen in Figure 5.3 the state space is again divided into two parts,
but in contrast to Case 1 the feasible set of solutions is limited. Therefore,
the optimization process has to focus more on minimizing the outage level than
minimizing the cost.

The performance of the algorithms are summarized by Figure 5.4 and by
Table 5.3. All algorithms presented excellent performance. Except SS they
were able to locate the best solution. The local search algorithms could find
the solution in a very short time. The comparison is difficult because of the
different properties of the algorithms. Using local search methods, the number
of visited states is determined by the algorithm itself stopping the search in
the first local minimum. In Simulated Annealing we can adjust the parameters
to our requirements. The R + LSG and R + LSN have the largest standard
deviation.
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Table 5.3: Performance results of the algorithms for Case 2

Objective function values # of
Algorithm (Global optimum: 0.4569) visited

Mean (σ) Min / Max states
1 SS 0.5620 (0.0324) 0.5086 / 0.6264 13.4
2 SS + LSN 0.4800 (0.0341) 0.4569 / 0.5805 37.1
3 SS + LSG 0.4932 (0.0446) 0.4569 / 0.6063 38.8
4 R + LSN 0.6364 (0.2252) 0.4569 / 0.9557 51.9
5 R + LSG 0.6425 (0.2297) 0.4569 / 0.9557 51.1
6 R + SAR 0.4966 (0.0395) 0.4569 / 0.5489 487.8
7 SS + SAR 0.4747 (0.0218) 0.4569 / 0.5000 515.8
8 R + SAG 0.4966 (0.0395) 0.4569 / 0.5489 487.8
9 SS + LSG + SAR 0.4672 (0.0231) 0.4569 / 0.5086 553.0

Table 5.4: Performance results of the algorithms for Case 3

Objective function values # of
Algorithm (Global optimum: unknown) visited

Mean (σ) Min / Max states
1 SS 0.3876 (0.0240) 0.3361 / 0.4444 76.8
2 SS + LSN 0.3571 (0.0231) 0.3139 / 0.4111 259.7
3 SS + LSG 0.3565 (0.0284) 0.2972 / 0.4111 218.5
4 R + LSN 0.3427 (0.0945) 0.2833 / 0.7898 243.8
5 R + LSG 0.3334 (0.1276) 0.2472 / 0.8384 187.8
6 R + SAR 0.2822 (0.0140) 0.2667 / 0.3028 2821.6
7 SS + SAR 0.2694 (0.0056) 0.2639 / 0.2750 2982.6
8 R + SAG 0.2917 (0.0212) 0.2583 / 0.3111 2194.4
9 SS + LSG + SAR 0.2850 (0.0266) 0.2500 / 0.3167 3000.8

5.3.3 Case 3: A More Realistic Optimization Problem

The last case of our performance study represents a more realistic design with
state space size ξΩ ≈ 1030. There are 30 locations spread evenly over the same
service area and terrain as in Case 1 with a uniform cost value 2 per site. The
power and antenna height sets are P = {20, 25, 30} [dBW] and H = {50, 75, 100}
[m], the corresponding cost values are CP = CH = {1, 2, 3}. Cmax is 360, DAB
mode I is assumed.

In this problem Simulated Annealing outstripped the other algorithms, as
we can see in Figure 5.5 and in Table 5.4. The result indicates that in such large
scale problems there exist several local minimum solutions, where the application
of Simulated Annealing has a large advantage of being able to jump out from
these local minima.
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Figure 5.5: Performance results of the algorithms for Case 3

5.3.4 Conclusions from the Three Case Studies

Based upon the numerical results of the three case studies, a number of general
conclusions can be drawn.

• Three-stage SS+LSR+SAR was consistently the best performing algorithm.
• Determinism (greediness) involved in the next state generation procedure did

not improve performance of SA.
• It is hard to say anything about the advantage or drawback to apply greed-

iness in LS, both versions showed quite similar performance.
• In the location optimization case (Case 2) LS had major difficulties. This

can be explained by the lack of ability to relocate transmitters. Relocation
would require LS to remove a transmitter in one step and create another
transmitter in a later step, or vice versa. Removal is usually barred by the
serious temporary degradation of the coverage, while implementation of a
new transmitter fails because of the unjustified increase of network cost.
This drawback of LS could probably be eliminated (or at least alleviated)
with altering the neighborhood definition, e.g. by introducing state changes
that directly relocate transmitters. Such extensions to LS are recommended
for further studies.

• As a consequence of the above, randomly initialized LS was very inconsistent
in Case 2 where the location of transmitters was a major issue.

• However, it is interesting to see that the best results of randomly initialized
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LS are better than of SS based LS. This indicates an interesting feature of
SS, namely that although it consistently finds a relatively good solution, it
is also very consistently far from being near to the best solution. Since LS
is very much trapped in the neighborhood of the solution given by SS, the
final solution of the two stages remains “middle-class”.

• SS based LS is more reliable and consistent (in terms of variance and worst
case solution) than its randomly initialized peer, consequently, it was more
appropriate to use as a feeder method to SA in the three-stage algorithm
than any other methods.

• The capability of SA to skip out from local minima is especially attractive
in cost sensitive design cases, e.g. when cost is an important issue and there
are a large number of satisfying solutions with wide range of cost values. In
such cases LS sticks to the neighborhood of the solution found by SS (or
generated randomly) resulting in solutions that are satisfying the constraints,
but totally disregarding cost. SA spends considerable efforts in the search
to further minimize the total cost.

5.4 Planning with Alternative Cost Values and

Constraints

5.4.1 Cost Minimized vs. Conventional Coverage Optimiza-
tion

In conventional coverage planning the network cost is not included in the opti-
mization process, which may result in network configurations with unnecessarily
high cost. Our purpose with the following quantitative example is to illustrate
the potential excess cost.

Let us assume that the task is to design an SFN to provide DAB service
over a predefined service area which is marked by the dotted contour line in
Figure 5.6. The service area is located in the middle of a 400× 400 km terrain
segment with a maximum altitude difference of 600 m. (Figure 5.6 shows only
the middle 200 × 200 km region of the terrain segment.) The applied digital
terrain database contains altitude information in a rasterized form, where one
raster corresponds to an area of 250 × 250 m. There are 25 available antenna
sites, their geographical coordinates (with respect to the south-west corner of
the terrain segment) and the associated relative cost figures are summarized in
Table 5.5. For the sake of presentation clarity, we define the feasible power- and
antenna height sets for all sites uniformly. The three power and height values,
as well as their associated costs are shown in Table 5.5.

Based on studies in Chapter 4 we selected 800 testpoints to control the inter-
ference within the service area, which are placed in a grid structure with grid size
5 km (Figure 5.6). System parameters are based on the EBU/ETSI DAB stan-
dard [22]. DAB Mode I with Tg = 246 µs and Tu = 1, 000 µs is assumed. The
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Figure 5.6: Terrain with the service area (dotted line), available transmitter

sites (tower symbols) and testpoints (x symbols).

required protection ratio is γo = 10 [dB], and as coverage probability threshold
Π = 0.95 is used. Antennas are assumed to be omni-directional at every site. To
predict the mean field strength we applied the model of Blomquist and Ladell.

For the clarity of the comparison, we disregard the interference environment
at this stage (i.e., external interference and potential interference), the next
section will address those issues. However, self-interference may exist in the
network due to the geographical span of the service area. We apply the SA
based optimization algorithm to solve the above planning problem, but using
alternative objective functions, according to the following three scenarios:

1. Coverage optimization (CO): The cost is completely disregarded during the
optimization, the objective function is formulated to minimize the percentage of
the testpoints where the coverage probability constraint is not satisfied (outage).
For simplicity, we call this scenario conventional coverage optimization.

2. Coverage optimization with saving best cost configuration (COWB): This
case is included to provide fairness between the conventional and our cost-
minimized approaches. Cost is disregarded during the optimization (i.e., it is not
part of the objective function), but the cheapest feasible network configuration
found during the optimization process is saved and regarded as the result of the
optimization.
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Table 5.5: Feasible values for the emitted power, antenna height and antenna
sites with their respective cost

Emitted power Antenna height

Permitted values Cost Permitted values Cost

[dBW] [unit] [m] [unit]
20 75 30 75
30 150 70 150
40 250 100 250

Available antenna sites

Site Coord.∗ Cost Site Coord.∗ Cost

id. [km] [unit] id. [km] [unit]
1 (120, 192) 100 14 (220, 227) 100
2 (143, 143) 100 15 (230, 107) 200
3 (154, 259) 100 16 (235, 143) 200
4 (158, 177) 200 17 (236, 187) 100
5 (158, 218) 100 18 (240, 258) 200
6 (172, 266) 200 19 (255, 226) 100
7 (176, 132) 100 20 (258, 108) 100
8 (182, 163) 100 21 (258, 172) 200
9 (189, 237) 100 22 (260, 280) 200
10 (198, 204) 200 23 (273, 203) 100
11 (199, 145) 100 24 (280, 151) 100
12 (214, 176) 100 25 (283, 255) 100
13 (216, 260) 100
∗ Coordinates are relative to the south-west corner of the
400× 400 km terrain segment

3. Cost-minimized optimization (COST): Cost is part of the objective func-
tion, according to our non-constrained formulation in (5.7). The maximal total
cost, Cmax, was in this example set to 16300, which corresponds to the highest
possible cost (i.e., when every site is used with the highest power and antenna
height values). In the penalty function (5.8) we used λ0 = 1. To find an ap-
propriate value for λT, a number of alternative values have been applied, and
the results were subject of comparison based on a large number of independent
SA executions. Figure 5.7 summarizes the results of three representative values,
λT = 1.0, 5.0 and 10.0.
Low λT value resulted in low success in terms of finding feasible network con-
figurations, which can be attributed to the possibility to sacrifice one or more
testpoints to obtain a cheaper network configuration and hereby a lower value
of the objective function. This phenomenon is demonstrated by the non-zero
outages as well as by the apparently low total cost figures, as it is exemplified by
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Figure 5.7: Resulting overall outage- and total cost histograms for three dif-
ferent penalty constants, λT = 1, 5 and 10. (100 independent SA runs for each

case).

the λT = 1 case in Figure 5.7. The λT = 5 case already represents a situation
where network configurations with non-covered testpoints always have a higher
objective value than feasible configurations with low network cost. Increasing
λT further did not lead to any additional performance improvement (see, e.g.,
λT = 10 case in Figure 5.7). On the contrary, an excessively severe penalty
would practically inhibit the searching process to leave the feasible region of
the state space once it was entered, meaning that all further searches would
be confined to the close region of the “entry” configuration, which could be an
undesired local minimum.

Figure 5.8 summarizes the results of the three optimization approaches CO,
COWB and COST in terms of the total cost of the obtained network configu-
rations. The histograms were generated from the results of 100 independent SA
runs for each of the three cases. We applied the exponential cooling schedule de-
fined by (5.10) with the following parameters: κ = 0.97, ns = 20 and nf = 100.
Initial and final temperatures, µmax and µmin, were set to 10.0 and 0.0001 for
CO and COWB, and to 10 λT and 0.0001 λT for COST, respectively.

It can be seen that, although saving the best (i.e., cheapest feasible) con-
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Figure 5.8: Resulting total cost values for conventional coverage optimization,
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combined cost and coverage optimization (λT = 10, λ0 = 1).

figuration during conventional coverage optimization yields considerable cost
reduction, even the best result of COWB is worse than the worst result found
by COST. For explanation we can look at Table 5.6 which contains the statisti-
cal results of 100 resulted network configurations found by SA for each objective
(CO, COWB and COST). The resource utilization of the networks is measured
by the average number of transmitters in the networks, average total power,
average height of antennas in the networks and by the average cost. Besides
the average values over the 100 examples we indicate the parameters of the best
found network in terms of cost.

Comparing the statistical values, the total power usage of these three cases
are very similar. In conventional optimization the results favor networks with a
larger number of lower transmitters. In contrast to that, networks of the cost
minimal coverage optimization contain fewer transmitters with higher structural
antenna, which reflects our cost settings.

Comparing the best achievable results of COWB and COST, the total power
usage (i.e., COWB, 47.5 dBW and COST, 47.9 dBW) and the average antenna
height (COWB: 74.62 m and COST: 75 m) are approximately the same for both
objectives, but the number of transmitters is decreased from 13 (COWB) to
8 (COST). This result indicates that the network remains “over-provisioned”
under COWB, that is the optimization does not attempt to remove unnecessary
transmitters, neither to cut back excessive power.

The constraints of the optimization and the feasible sets, S,Pk,Hk, deter-
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Table 5.6: Example 1: Allocated Resources

Optimization method CO COWB COST1

best / mean best / mean best / mean

# of transm. 20 / 23.5 13 / 18.9 8 / 10.0
Total power [dBW] 47.0 / 49.4 47.5 / 48.8 47.9 / 48.2
Average power/tr [dBW] 33.95 / 35.66 36.36 / 36.11 38.83 / 38.18
Average height/tr [m] 60.00 / 62.01 74.62 / 61.63 75.00 / 68.88
Total cost [unit] 8475 / 10194 6125 / 8185.2 4075 / 4862.5
1 λT = 5, λ0 = 1

Table 5.7: Coordination transmitter parameters

Coord. Power Ant.height

No. [km] [dBW] [m]
C1 (362, 200) 38 150
C2 (284, 346) 38 150
C3 (130, 321) 38 150
C4 (66, 200) 38 150
C5 (128, 25) 38 150
C6 (284, 46) 38 150

mine the size of the feasible and non-feasible part of the state space. If the
feasible portion of the state space is relatively small, our algorithm would also
spend most of its effort to find a network configuration that satisfies the cover-
age requirements. In such cases, only minor differences in the solutions of the
conventional and cost-minimized optimizations can be expected.

5.4.2 Network Planning in Electromagnetic Environment

To illustrate the effect of coordination requirements on the network configura-
tion, we perform the optimization on the problem defined in the previous section
with and without considering these interference constraints. We apply the pa-
rameters determined by CEPT (European Conference of Postal and Telecommu-
nications Administrations) for coordination of DAB networks [38]. To simplify
the coordination reference network defined in [38] we replaced it by a single
transmitter with a power of 38.0 dBW and antenna height of 150 m. We place
six transmitters at a 80 km distance from the edges of the service area, with
60o degrees angular separation. The above distance corresponds to the re-use
distance over land area. The parameters of the coordination transmitters are
summarized in Table 5.7. There are K = 6 coordination testpoints, they are co-
located with the coordination transmitters. The maximum allowed interfering



5.4. Planning with Alternative Cost Values and Constraints 113

Table 5.8: Example 2: Summary of Allocated Resources for Scenario 1-4

SCENARIOS Scenario 1 Scenario 2 Scenario 3 Scenario 4
Coord. trs - Coord. tpts No-No Yes-No No-Yes Yes-Yes
# of feasible solutions1 50 50 50 19
# of trs 9.72 11.30 10.70 12.47
Total power [dBW] 48.16 49.12 48.02 48.97
Average height/tr [m] 68.8 70.5 63.6 64.7
Best Cost [unit] 4075 5025 4500 5225
Mean Cost [unit] 4770 5628 4991 5933
1 Out of 50 independent SA runs

field strength, Υ, is defined as 23 dBmV/m according to [38].
We consider the following four scenarios:

• Scenario 1: No coordination is considered (E = ∅, K = ∅)
• Scenario 2: The effect of the existing networks is included in the optimiza-

tion (E = ∅, K 6= ∅)
• Scenario 3: The interference generated by the new network is considered

(E 6= ∅, K = ∅)
• Scenario 4: Total coordination during the optimization (E 6= ∅, K 6= ∅)

For each scenario there were 50 independent SA runs executed. In the ob-
jective function the parameters are defined as Cmax = 16300, λT = 10, λK = 10
and λ0 = 1. Similarly to the previous section, we applied the exponential cool-
ing schedule defined by (5.10) with the following parameters: µmax = 10 · λT,
µmin = 0.001 · λT, ns = 20, nf = 100 and κ = 0.97.

The best network configurations in terms of the objective function for each
scenario are presented in Figure 5.9. Consideration of the coordination require-
ments during the optimization changed the characteristics of the resulting net-
work configuration. In problems where no coordination constraints are consid-
ered the network structure is arbitrary, it follows mainly the cost configuration,
i.e., preferring large transmitters in our example. The best network configura-
tion we found contains four large transmitters, two middle size transmitters and
two “gap-filling” small transmitters. In Scenario 2 the transmitter density is
increased in order to protect the coverage area from the external interference.
In contrast to Scenario 2, if the level of the potential interference is regulated
(Scenario 3), large transmitters with high antennas are only allowed in the cen-
ter region of the service area, in order not to exceed the predefined interference
level to other networks. At the border we can find transmitters only with low
antenna heights. Scenario 4 keeps the property of Scenario 3, whereas to satisfy
the coverage requirements of own against the increased interference level addi-
tional transmitters are required. The exact network configuration of the best
found solutions is given in Table 5.9.
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interference in the optimized network planning. Scenario 1: Self-interference
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Table 5.9: Minimal Cost Transmitter Networks for Scenario 1-4

Scenario 1 Scenario 2

Antenna Antenna
Site id. Power height Site id. Power height

[dBW] [m] [dBW] [m]
1 30 30 1 30 100
2 40 70 2 40 70
5 40 100 5 40 100
11 40 70 8 30 70
17 40 100 14 40 70
18 40 100 16 40 70
23 20 30 18 40 70
24 40 100 23 40 70

24 40 70
25 30 30

Scenario 3 Scenario 4

Antenna Antenna
Site id. Power height Site id. Power height

[dBW] [m] [dBW] [m]
1 30 70 1 40 70
4 40 100 2 30 70
5 40 70 5 40 100
13 40 30 8 40 100
16 40 30 9 30 30
17 40 100 12 40 70
19 40 70 16 30 70
22 20 70 18 40 70
24 40 30 19 30 100

23 40 30
24 40 70

We can compare the relation between the coverage area and the service area
for each case. The dotted contour curve in Figure 5.9 represents the service area
and the solid line corresponds to the coverage area with 95% coverage probability.
In Scenario 1, where the electromagnetic environment is not considered, the
coverage area is created by a small number of larger transmitters due to the
cost configuration. The size of the coverage area is significantly larger than the
service area. As the existing transmitters are considered in Scenario 2, due to
the external interference, the coverage area contour fits better the contour of
the service area. In Scenario 4 the coverage area contour fits tightly the service



116 Chapter 5. Minimal Cost Coverage Planning for Single SFN

Table 5.10: Cost configuration with CS = 100

Emitted power Antenna height

Permitted values Cost Permitted values Cost

[dBW] [unit] [m] [unit]
20 30 50 80
25 200 100 150
30 700 150 900
33 2100 200 1650
35 3150 250 2100

area contour, especially at borders close to the coordination transmitters and
testpoints.

Table 5.8 contains statistical data on the resource usage by the network
configurations for the four scenarios. In Scenario 4 due to the strict constraints,
only 19 feasible solutions out of 50 optimization trials were found. The statistical
parameters justify our earlier conclusion, namely that to protect the network
against external interference (Scenario 2 and 4) the best solution is to increase
the transmitter density in the network. Consequently, the network costs in these
cases are relatively high as well. To lower the potential interference the average
antenna height is lowered in Scenario 3 and 4. It is interesting to observe that
the total power used by the networks are approximately the same (within 1 dB).

5.4.3 Cost Sensitive Network Planning

In this section, we present the effect of different cost configurations in the same
design problem. The trials are performed in a national planning task. In this
case, DAB Mode I (Tg=246 µs, Ts=1000 µs) is used. The area is 100× 100 km
with maximum height difference 300 m. The testpoints are selected on a regular
grid with distance of 1 km. There are 30 potential transmitter sites. The feasible
set of power values is P = {20, 25, 30, 33, 35} [dBW] and, the feasible set of
antenna height values is H = {50, 100, 150, 200, 250} [m]. Two different cost
configurations are applied during the optimization as defined by Table 5.10 and
Table 5.11.

For both cost configurations the optimization is performed by algorithm
R + SA, 20 times. The resulting network configurations are evaluated by the
frequency of the transmitters with power and antenna height values of P and H.

The statistics presented in Figure 5.10 and Figure 5.11 follow the cost con-
figurations. In the first case the cost of antenna heights and power drastically
increase for larger values and the site cost relatively low. According to the ex-
pectations, the resulting transmitter assignment in Figure 5.10 is featured with
a large number of transmitters, on average 20.15, with low antenna height and
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Table 5.11: Cost configuration with CS = 500

Emitted power Antenna height

Permitted values Cost Permitted values Cost

[dBW] [unit] [m] [unit]
20 30 50 80
25 100 100 150
30 400 150 300
33 700 200 550
35 1050 250 700
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Figure 5.10: Transmitter participation for case 1. The average number of
transmitters in a network is 20.15

low power.
In the second case we repeat the optimization with a modified cost configura-

tion where the transmitter power and antenna height is relatively cheap and the
site cost is 500. As the results show in Figure 5.11, the optimization reacts with
different solution to the inversed input. The average number of transmitters is
8.5. Due to the cost configuration and its relation to the size of the coverage
area per transmitter, the middle size transmitters are preferred. The use of large
transmitters requires also some small gap filling transmitters. Due to the high
cost for P = 33, 35 dBW the number of transmitter with these power values is
low.

5.4.4 Transmitter Location Sensitivity

Though our model is capable to take the terrain relief into account in the path
loss calculations, it is still to be investigated how the actual terrain effects the
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Figure 5.11: Transmitter participation for case 2. The average number of
transmitters in a network is 8.5.

outage level of the service area. Our goal in this section is to quantitatively
evaluate the effect of the terrain and the role of transmitter location optimization
when real terrain is present.

The effects of the terrain relief can be investigated using the following exper-
iment: a transmitter network that provides sufficient coverage (Lo ≤ 0.01) over
flat earth surface is placed on a test terrain. The relief of the terrain is gradually
changed by linearly scaling the altitude data from flat (σh < 10−1) to rather
mountainous (σh > 102), and the outage level Lo(σh) is estimated.

Figure 5.12 presents three examples: A regular grid network with 7 transmit-
ters (G07, DAB mode I, 75 m antenna heights, ERP= 22 dBW, distance between
transmitter locations is 47.5 km) was placed on the three reference terrains with
different altitude autocorrelation factors.

Surprisingly, the coverage slightly gains from the terrain undulations up to
σh = 1...2 m, then there is a sharp drop in the coverage when the altitude
differences further increase. Two opposite effects of the terrain can be observed
clearly: (1) with increasing altitude differences some of the transmitters have
a higher effective antenna height, and thus, have a slightly increased coverage
area, (2) terrain undulations introduce shadow fading. Comparing the results
for the terrains with different correlation, the effect of shadow fading becomes
dominant at lower standard deviation for less correlated terrains.

We have performed the same experiment using a network with 7 transmitters
each having 150 m antenna height. The application of the larger antenna height
has the effect of a shift. The network can tolerate larger standard deviations.
The level of the tolerance does not depend on the terrain correlation, it is the
same for all three cases (see Figure 5.13).

The results in Figure 5.14 show the case of 19 transmitters using DAB mode I
and DAB mode II. In DAB mode II the shadow fading causes a much more severe
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Figure 5.12: The outage level as a function of terrain altitude standard de-
viation for network of 7 transmitters with 75 m antenna height, P = 22 dBW,

DAB mode-I

coverage outage compared to the DAB mode I. We can explain this phenomenon
with the larger network gain in DAB mode I compared to DAB mode II. The
predefined service area is the same in the two cases. The network with DAB
mode II creates a self-interference problem in contrast to the network with DAB
mode I, where at each testpoint all transmitters contribute to the useful power.
Therefore, the lack of a useful transmitter in DAB mode II has a much larger
effect on the coverage.

To investigate the sensitivity of transmitter locations we have optimized the
transmitter locations keeping constant the power, antenna heights and number of
transmitters. All terrain grids in the service area were included in the set of the
available transmitter sites. The results are given in Figures 5.15 to Figure 5.18 for
different scenarios. The optimization could improve the outage level by a factor
10 and could adapt to the terrain characteristics up to σh = 10 m. Coinciding
with our expectation, the gain has decreased, as the number of transmitters in
the network increased.
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Figure 5.15: Outage level as a function of terrain altitude standard deviation
for network with 7 transmitters, antenna height 75 m, DAB mode I
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Figure 5.17: Outage level as a function of terrain altitude standard deviation
for network with 19 transmitters, antenna height 75 m, DAB mode I

10
-2

10
-1

10
0

10
1

10
2

10
3

10
-3

10
-2

10
-1

10
0

σh [m]

L o
 -

 o
ut

ag
e 

le
ve

l

DAB-II, Antenna height 75m, 19 transmitters

a
b

c

d e f

f: = 0.50, opt.ρ
= 0.32, opt.e: 

d: 

a: = 0.15ρ
b: = 0.32ρ
c: = 0.50ρ

= 0.15, opt.ρ
ρ

Figure 5.18: Outage level as a function of terrain altitude standard deviation
for network with 19 transmitters, antenna height 75 m, DAB mode II
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Capacity Planning of

Multiple SFNs

DAB and DVB allow the introduction of a new range of personal services be-
sides conventional broadcasting. The services vary from one-way audio visual
services to asymmetrical interactive video-on-demand and Internet access. In
the European Union Advanced Communication Technology and Services Pro-
gram (ACTS), great attention has been devoted to exploit this new feature,
which is reflected in the number of projects working in related activities [33].
The term “personal service” means that some portion of the digital broadcast-
ing bandwidth is reserved for transmitting information blocks each of which is
intended (“addressed”) to only a limited group of receivers. Examples for such
services are multi-casting dedicated information to a specific user group, such as
electronic multimedia “newspapers” to its subscribers, distance education to a
virtual school-class. A group can even mean a single receiver.

For highly asymmetrical services the broadcasting network combined with
a conventional bidirectional access method is a very promising alternative and
truly interactive services can be implemented. An example of such service is
the “premium quality” mobile Internet access. In this concept the DAB/DVB
network is used as a shared broadband down-link “extension” channel (see Fig-
ure 1.3 in the Introduction). This solution is currently considered by many
operators. Combining the DAB system with GSM is being investigated in the
ACTS MEMO project [48, 49]. The same issues are being investigated for DVB
in the ACTS INTERACT project [3, 97]. Several alternative solutions are sug-
gested for DVB-(S,C,T) combining it with PSTN, cable, UHF terrestrial, DECT
or GSM return channels.

The introduction of personal services presents new challenges to SFN plan-
ning. Conventional broadcasting networks can be characterized by unidirectional
channels with a theoretically unlimited user population per channel. The opti-
mal network configuration is mainly a function of the geographical features of
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the target service area. Application of SFNs for distributing broadcasting pro-
grams over large areas provides very good frequency and power economy. By
introducing personal services the finite capacity (i.e., total data rate) of the SFN
becomes a shared resource. The statistically aggregated capacity demand from
all users of the personal services together with the data rate demand of conven-
tional broadcasting programs establish a total data rate demand over the service
area. If the total demand exceeds the capacity of the SFN, the service demand
can only be satisfied by creating additional SFNs. In fact, the total data rate
demand establishes a lower bound on the required number of SFNs. To avoid
harmful interferences among the SFNs nearby SFNs must operate on different
frequencies. The obvious need for frequency reuse introduces frequency assign-
ment problems to SFN planning. Besides the internal and external interferences
the span and shape of the SFNs are also constrained by the spatial distribution of
the personal service demands. In extreme cases (such as where the local demand
density is very high) some SFNs may have to be degraded to be single transmit-
ter networks. Alternatively, a number of SFNs with overlapping coverage areas
must be created. The resulting network may exhibit much poorer frequency and
power economy than what we expect from pure broadcasting SFNs.

These new challenges require new design methodology. In addition to the
technical constraints and objectives the economical aspects must also be consid-
ered. Since radio network resources such as allocated frequency bands, emitted
power, antenna towers and transmitters are expensive, it is desirable to find
cost-minimized network configurations that satisfy the technical constraints. A
good design method should incorporate both technical and economical aspects
at the same time.

In this chapter we provide an extended SFN planning framework suitable
for cost optimized multi-SFN capacity and coverage planning. Our focus is on
the DAB/DVB networks offering the required down-link capacity; the problems
related to the up-link channel are not discussed. We formulate the capacity plan-
ning with mixed broadcasting and personal service demands as an optimization
problem with the objective 1) to minimize the network cost while satisfying all
capacity demands or, alternatively, 2) to maximize the served capacity in limited
frequency band. We also propose an efficient heuristic algorithm that uses linear
programming steps to iteratively build the network.

6.1 Extended System Model for Capacity Plan-

ning

The capacity demand of the users is described by a finite set of demand groups
(DGs), denoted by D = {1, 2, . . . , D}. A DG can be regarded as the require-
ments of some regional broadcasting programs, a multi-cast group or a small
population of individual users. Each demand group has a bandwidth and a ge-
ographical component. The bandwidth component of DG k is defined by the
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required capacity, denoted by rk, expressed in the bit-rate unit. In case of per-
sonal services, the value of rk is determined by the aggregated traffic generated
by the local population of the DG and is calculated in way that possible sta-
tistical fluctuations in the amount of simultaneous service request is taken into
account. That is, for services with high demand fluctuations an additional mar-
gin is added to the mean of the aggregated capacity demand to make sure that
there is sufficient capacity during the local peaks.

The geographical component of a DG is characterized by one or more test-
points (TPTs). A testpoint, say TPT n, represents a user population in a small
geographical area around location (xn, yn), which all have very similar propa-
gation conditions. Depending on the geographical span of a DG, one or more
TPTs can be used to describe the service area of the group. Multiple test-
points in a group share the capacity requirement of the demand group, i.e., the
same information has to be delivered to each TPT. Such notation can be used
to describe the service area for a given broadcasting program, or to describe
a multi-cast receiver group. A special case is when a single testpoint forms a
DG, modeling a dedicated capacity demand for personal services at a certain
geographical location. Let the TPTs be numbered so that T = {1, 2, . . . , T}
denotes the set of all TPTs. The relation between TPTs and the DGs is defined
by the TPT–DG relation matrix, U = [ukn], where ukn = 1 if TPT n is in DG
k, ukn = 0 otherwise.

The set of possible transmitter sites (STs) with given locations and antenna
heights are defined by S = {1, 2, . . . , S}. Let G = [gin] denote the gain matrix,
i.e., the path loss from ST i to TPT n including the transmitter and receiver
antenna gains

gin =
Gt,i Gr,n

Lp,i,n
,

where Gt,i is the antenna gain of transmitter at site i, Gr,n is the receiver gain
in TPT n and Lp,i,n is the path loss between ST i and TPT n.

The available set of frequencies is denoted by F = {1, 2, . . . , F}, where one
frequency corresponds to the required frequency band of one broadcasting chan-
nel, i.e., 1.5 MHz in DAB [22] and 7 or 8 MHz in DVB [23]. Each broadcasting
channel is transmitted by an SFN and capable of serving a total capacity de-
mand of Rc kbps. For simplicity, we assume that Rc is an arbitrarily dividable
“raw” capacity, to be shared by the DGs that are served by the SFN.

The primary objective of the planning is to configure a set of SFNs such
that the capacity requirements of all demand groups are satisfied and the signal
quality at each testpoint of the DGs is satisfactory (see Figure 6.1). Furthermore,
this should be achieved by high frequency utilization and low network cost. Let
Z = {1, 2 . . . , Z} be the numbered set of SFNs. The total number of SFNs,
Z, is a decision variable, i.e., its optimal value has to be found. Obviously,
a lower bound of Z is Z− =

⌈∑
k rk/Rc

⌉
. A TPT can be served by an SFN

only if the signal quality from the SFN at the testpoint meets a system-specific
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Figure 6.1: Planning of SFNs for mixed broadcasting and personal services.
The contours represent SFNs with their coverage area and the shading corre-
sponds to the assigned frequency. Areas with several TPTs marked by dashed
contours describe the service area of broadcasting programs, or multi-cast re-
ceiver groups, whereas DGs with single TPTs represent demands for personal

services.

requirement. Therefore, the number of SFNs in a solution will depend not only
on the total required capacity demand of all DGs but also on the signal quality
constraint at the TPTs.

SFN j is defined by its operating channel, cj ∈ F , the set of involved trans-
mitters and the emitted power of each transmitter. An SFN can also consist
of a single transmitter. More than one transmitter can be located at the same
site, provided that they operate in SFNs at different frequency bands. The par-
ticipation together with the power assignment is defined by the power matrix
P = [pij ], where a non-zero pij means that ST i participates in SFN j with
an emitted power pij . The graph representation of the problem is illustrated in
Figure 6.2. The set of sites and the set of SFNs correspond to two disjoint sets
of vertices of the graph. The edges of the graph are given by P , and each edge
has a weight of pij .

We assume that a DG can only be assigned to one SFN; that is its capacity
demand cannot be divided. Such an assumption comes natural for DGs repre-
senting broadcasting programs. For simplicity, we apply the same assumption to
all DGs. We define the SFN–DG capacity assignment matrix as V = [vjk], where
variable vjk = 1 if DG k is assigned to SFN j, vjk = 0 otherwise (Figure 6.2).
Clearly, V ×U determines which SFN a TPT belongs to.

6.2 Design Constraints

The service area of an SFN is a set of demand groups for which the following two
requirements have to be satisfied: The SFN should yield a good signal quality
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Figure 6.2: Graph representation of the planning problem defined by P , V
and U . The dashed edges and filled nodes symbolize the decision variables.

at each testpoint of the member DGs, and the collective required bit-rate of the
DGs in the SFN cannot exceed the offered bit-rate of the SFN.

6.2.1 SIR Limited Coverage Area of an SFN

We assume that the signal quality at the receiver depends only on the Signal-
to-Interference Ratio (SIR). In order to give sufficient signal quality, a minimum
SIR called protection ratio, γ0, has to be achieved at a TPT from the SFN it is
assigned to. Using our model, the SIR from SFN j at TPT n, denoted by Γjn,
can be obtained as

Γjn =

∑
i

pijginw(τin − τ0)∑
i

pijgin[1− w(τin − τ0)] +
∑

j∗: j∗ 6=j
cj∗=cj

∑
i

pij∗gin + N0
. (6.1)

Note when an SFN consists of a single transmitter, the expression (6.1) is sim-
plified to an equation often used for modeling the SIR in cellular radio systems:

Γjn =
pijgin∑

j∗ 6=j
cj∗=cj

∑
i

pij∗gin + N0
.

To simplify the calculations we use the Power Sum Method [39] to obtain the
SIR, which neglects the location variation of the received signals.

6.2.2 Capacity Limited Coverage Area of an SFN

The capacity Rc of an SFN depends on the applied DAB/DVB transmission
mode (as specified in [22, 23]). The standards define a number of alternative
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transmission modes. They differ in Tu, Tg, the applied modulation scheme and
the code rate of the convolutional codes, resulting in different raw capacity values
(Rc) and corresponding error protection levels. For a given required error prob-
ability, the latter can be translated to the required protection ratio, γ0 [22, 23].
In general, an SFN with transmission mode of higher protection can offer a lower
effective bit-rate.

Assuming that Rc is arbitrarily dividable, we have the following capacity
constraint on every SFN:

∑
k

vjkrk ≤ Rc ∀j ∈ Z. (6.2)

Furthermore, in the ideal case every DG has to be served, i.e.,

∑
j

vjkrk = rk ∀k ∈ D. (6.3)

6.3 Problem Formulation

Our aim is to formulate the SFN planning problem as an optimization problem.
The available transmitter sites (S), the demand groups (D) with capacity re-
quirements r and their testpoints (T ) defined by U are fixed input parameters.
We will introduce two formulations of the planning problem. In both cases the
following variables are the decision variables:

• the number of SFNs, Z,
• the capacity assignment matrix, V ,
• the power matrix (transmitter participation), P ,
• the frequency assignment vector, c.

6.3.1 Minimal Cost Planning with Unlimited Frequency
Band

In this formulation the goal is to satisfy all capacity demands. To make this
feasible we assume that there is no limitation on the number of frequency bands,
though their usage should be minimized as well as the total power emission. The
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optimization problem can be written as

minimize α ·max
j

(cj) + β ·
∑
i

∑
j

pij

subject to (6.1), (6.2),∑
j

vjk = 1

0 ≤ pij ≤ Pmax, vjk ∈ {0, 1},
cj ∈ Z

+

∀i ∈ S, ∀j ∈ Z, ∀k ∈ D.

(6.4)

Z
+ denotes the set of positive integers. As we discussed earlier, we assume that

more than one transmitter can be located at the same site and that each DG
belongs to exactly one SFN. There are two major constraints, (6.1) and (6.2):
The aggregated bit-rate demand of the DGs that belong to an SFN cannot
exceed the maximum offered bit-rate of the SFN. Moreover, the signal quality
expressed by the SIR must satisfy a preset condition at each testpoint of the
DGs. To ensure that the emitted power values stay in a practically feasible
range, we introduce a constraint on pij by Pmax. We formulate our objective
function to minimize the total network cost while satisfying the above technical
constraints. For a cost function to describe the total network cost, we use the
weighted sum of the number of used frequency bands and the total emitted
power. Their relative weight is set by the design constants α and β.

6.3.2 Maximum Capacity Planning with Limited Frequency
Band

In practice it is unlikely that the frequency band can be regarded as an unlimited
resource. Thus, a more real-life formulation of the problem is to aim for max-
imizing the satisfied capacity demands with a network that does not use more
than a given number of frequency channels. The optimization problem can be
written as

maximize
∑
j

∑
k

rk · vjk

subject to (6.1), (6.2),∑
j

vjk ≤ 1

0 ≤ pij ≤ Pmax, vjk ∈ {0, 1},
cj ∈ F
∀i ∈ S, ∀j ∈ Z, ∀k ∈ D.

(6.5)

The objective function is the sum of the served capacity demands. The two
major constraints, (6.1) and (6.2), are the same as in the previous formulation.
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6.3.3 The Fixed-Weight Assumption

Both formulations include continuous and discrete variables. They also include
the frequency assignment problem, which belongs to the NP-complete category
[35]. This implies that our problem is NP-complete. Therefore, our intention
is to provide a heuristic algorithm that can find “good” solutions in practically
feasible time.

Any searching algorithm requires calculating the signal quality constraint for
a large number of alternative configurations. Using our detection window model,
the time synchronization point, τ0, at TPT n depends on V ×U , i.e., it depends
on which SFN the testpoint is assigned to. This would require the recalculation
of the weights (w(τin− τ

(j)
0 )) every time V changes, considerably increasing the

runtime complexity. To avoid this problem, we synchronize the receiver at each
TPT to the signal of the nearest transmitter site. Note that this is a rather real-
istic approximation because the nearest transmitter site is likely to be involved
in the SFN serving a given testpoint. With this “fixed-weight” assumption each
w(τin − τ

(j)
0 ) in (6.1) can be replaced by a configuration independent weight,

win. As we have shown in [59], this will allow us to obtain minimized power
assignment matrix P for a given V and c using linear programming (LP), which
enables us to derive an efficient searching algorithm.

6.4 Greedy Algorithm

Our heuristic algorithm is based on the concept of demand group neighbourship,
defined by the set of indexed sets, B = {B1,B2, . . . , BD}, where Bk represents
DGs that are “neighbors” of DG k. The algorithm does not assume more than
that every DG should have at least one neighbor, and the graph defined by the
DGs (as nodes) and their neighbourship relations (as edges) is connected. Nev-
ertheless, the efficiency of the algorithm and the characteristics of the obtained
configurations are influenced by the applied neighbourship definition.

The algorithm creates new SFNs one-by-one. For a given SFN, it collects
as many neighboring DGs as can be added to the SFN without violating the
capacity and signal quality constraints. To describe the algorithms, we first
define notations:

• Dj : set of DGs in SFN j
• Tj : set of TPTs that belong to the DGs in SFN j
• UBj = ∪k∈DjBk \ ∪j∈ZDj : set of unassigned neighboring DGs of SFN j

• UB = ∪j∈ZUBj \ ∪j∈ZDj : set of unassigned neighboring DGs of all SFNs

Consider we have j′ SFNs and DGs D1,D2, . . . ,Dj′ belonging to each SFN.
Assume that the DGs satisfy the capacity constraint (6.2). Further, assume that
frequency assignment is given by c1, c2, . . . , cj′ . Let the set of indices of SFNs
be Z ′ = {1, 2 . . . , j′}. Then, we have the following linear programming problem
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(Pj′ ) of determining the power matrix P that minimizes the total transmission
power: (Pj′ )

minimize
∑

i∈S
∑
j∈Z′ pij

subject to Γjn ≥ γ0 ∀j ∈ Z ′, n ∈ Tj′

0 ≤ pij ≤ Pmax ∀i ∈ S, j ∈ Z ′

In the above problem (Pj′ ), let us consider we add the DG k′ to Dj′ , i.e., Dj′ ⇐
Dj′∪k′. Let us denote this linear programming problem as (P k′

j′ ). Let |A| denote
the cardinality of set A. Then, our algorithm is given by:

Step 0: (Initialization) Let Z ′ = {1}, c1 = 1, j′ = 1 and D1 = {k}, where DG
k with the highest rk is selected from D.
Step 1: (Filling up SFN j′) From all DG k′ ∈ UBj′ that satisfy rk′ +

∑
k∈Dj′

rk ≤
Rc, add DG ko to Dj′ that minimizes the following expression:
Criterion A:

v(P k′
j′ )− v(Pj′ )
v(P1)

(6.6)

where v(P k′
j′ ), v(Pj′ ) and v(P1) denote the optimal objective function values of

problems (P k′
j′ ), (Pj′ ) and (P1), respectively. In the problem (P1), we define

D1 = {k′}. Expression (6.6) defines the additional power needed by the network
if DG k′ is added to SFN j′, normalized by the minimum total power that
would be needed to serve DG k′ if it was the only DG in the network. Note
that v(P1) with D1 = {k′} can be calculated for every DG k′ in advance (e.g.,
during initialization). Furthermore, the second term of the numerator in (6.6)
is available from a previous iteration of the algorithm. It is possible that for
some k′ no feasible solution exists in (P k′

j′ ). If at least one out of the |UBj′ | linear
programs obtained a feasible solution, then ko can be selected, and shall be
permanently added to SFN j′: Dj′ ⇐ Dj′ ∪ {ko}. If not, or if UBj′ became ∅,
then go to Step 2, otherwise go back to Step 1.
Step 2: (SFN j′ cannot be further extended, define new SFN ) Let j′ ⇐ j′ + 1,
Z ⇐ Z ∪ j′ and Dj′ = {}.
The DG ko is selected from all DG k′ ∈ UB as the “geographically closest” to Z.
Let co be selected from all cj′ ∈ {1, . . . , maxj∈{1,... ,j′−1}cj + 1} such that they
jointly minimize the expression
Criterion A’ :

α ·max
(
cj′ , maxj∈{1,... ,j′−1}(cj)

)
+ β ·

v(P k′
j′ )− v(Pj′ )
v(P1)

. (6.7)
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The second term in (6.7) is the minimum normalized additional power required
to serve every testpoint in ∪j∈ZDj if DG k′ was assigned to SFN j′ as its initial
DG, assuming a given cj′ . Such a power assignment can, again, be obtained for
a given cj′ and k′ pair by solving corresponding (Pj′ ) and (P k′

j′ ). If co and ko

have been obtained, then cj′ ⇐ co, the new SFN is initialized as Dj′ ⇐ {ko},
and the process in Step 1 is repeated. The algorithm stops if UB becomes ∅.
UB = ∅ indicates that all constraints have been met, in which case the final
SFN configuration is defined by Z, V , P and c, where Z = j′, V can easily be
derived from Dj , j = 1, . . . , Z and P can be obtained by solving (Pj′ ).

The above algorithm provides approximate solutions to the optimization
problem formulated in Subsection 6.3.1. For our second formulation (Subsec-
tion 6.3.2), i.e., for maximizing the served capacity in limited frequency band, in
the algorithm some modifications are required. In order to prefer DGs with high
capacity demand we replaced the Criteria A and A’ by the following expression:
Criterion B :

v(P k′
j′ )− v(Pj′ )

rk′
(6.8)

Expression (6.8) defines the additional power needed by the network if DG k′ is
added to SFN j′, normalized by its capacity demand. Furthermore, in Step 2
we select DG ko from all DG k′ ∈ UB with the highest capacity demand. Due
to the limited frequency band it can happen, that no feasible solution can be
found in Step 2. In such situations we add these DGs to the network using a
dummy frequency, i.e., cj′ ⇐ 0 and Dj′ ⇐ ∀k′ ∈ UB, and Step 2 is repeated.
The algorithm stops if UB becomes ∅. The non-covered capacity is defined by

ω =
∑
k∈L

rk where L = ∪j:cj=0Dj . (6.9)

6.5 Performance Results

We demonstrate the efficiency of our algorithm based on the second formulation
(Subsection 6.3.2) using a hexagonal configuration with both homogeneous and
inhomogeneous capacity demand distributions. Our task is to design a DVB
network to provide personal services over a circular area with diameter 60 km, in
which 361 TPTs are located in a regular hexagonal pattern with 3 km separation.
Each TPT is regarded as an individual DG. Receivers have 0 dB antenna gain
and 1.5 m antenna height. There are 19 transmitter sites with antenna height
75 m. The sites are also located in a regular hexagonal pattern with 13 km
separation. We apply the propagation model of ITU-R 370 [40] for frequency
range 450 − 1000 MHz. The terrain is assumed to be flat. The noise level
No is −128 dBW assuming 7 dB receiver noise figure and 8 MHz bandwidth.
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Table 6.1: Power usage and non-served capacity for homogeneous capacity
distribution

Cell-plan Greedy algorithm

ω Ptot Z θ ω Ptot Z θ

F [%] [dBW ] [%] [dBW ]

3 58 32.97 19 1.0 36 64.00 15 1.3
4 5 50.52 19 1.0 8 66.02 19 1.0
7 0 38.94 19 1.0 0 39.20 19 1.0

We assume DVB transmission mode based on 8k-FFT with useful symbol time
Tu = 896 µs and guard interval Tg = Tu/4 = 224 µs [23]. The modulation
technique is assumed to be 16-QAM with code-rate of 7/8 which yields an offered
bit-rate Rc = 17.42 Mbps per SFN and a protection ratio γ0 = 22.8 dB.

When the capacity demand distribution is homogeneous (uniform), the so
called “cluster” based planning is assumed to be optimal, and thus can be used
as a reference to evaluate the performance of our greedy algorithm. To construct
the reference network, we grouped the TPTs to form 19 circular SFNs (19 TPTs
each) with their centers being co-located with the 19 transmitter sites. The
capacity demands were set uniformly to rk = Rc/19. Consequently, outage can
occur only due to excessive interference. The frequencies of the SFNs were set
according to the regular frequency pattern, with reuse factor F . We used the
same linear programming method as in the greedy algorithm to determine the
optimal power assignment. Although the linear programming has the freedom
to use more than one transmitter for an SFN, we experienced that only single-
transmitter networks have been created, which supports our assumption that
the structure is optimal.

Table 6.1 summarizes the result of the greedy algorithm, compared to the
regular cell-plan, for frequency reuse factors F = 3, 4 and 7. In addition to
the normalized non-served capacity (ω) and the total emitted power (Ptot), the
table also shows the number of created SFNs (Z) and the average number of
transmitters per SFN (θ).

For F = 3, the greedy algorithm actually outperformed the cell-plan, which
can be attributed to its capability to adapt to the interference situation. For
F = 4, the cell-plan results in ω = 5%, whereas our algorithm resulted in
ω = 8% (and also higher power). It can be attributed to the lack of step-back in
the algorithm, i.e., it cannot modify the membership of already assigned SFNs.
The F = 4 and 7 cases demonstrate the flexibility of the greedy algorithm to
use single transmitter networks where it is more economic (see Z and θ values
in the table).

To demonstrate the capability of the greedy algorithm to adapt to inhomoge-
neous capacity demand distribution, we randomly selected 20% of the 361 test-
points, and set their capacity demand α times higher than that of the remaining
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Table 6.2: Power usage and non-served capacity for inhomogeneous capacity
distribution (F = 7)

Cell-plan Greedy algorithm

ω Ptot ω Ptot Z θ

α [%] [dBW ] [%] [dBW ]

1 0 38.94 0 39.20 19 1.0
2 4.4 38.93 1.6 48.39 24 1.8
4 7.6 38.92 0 47.24 23 1.7
8 13.2 38.90 0 52.85 27 1.8
16 17.3 38.89 0 54.71 27 2.0

80%, still keeping the total capacity demand the same as in the homogeneous
case. Table 6.2 summarizes the results for α = 1, 2, 4, 8 and 16. For the reference
network the non-served DGs are due to the capacity constraint (6.2). It can be
concluded from the table that the greedy algorithm can successfully cope with
the inhomogeneity. The inhomogeneous demand yields irregular SFNs, which
expectedly resulted in a higher total emitted power, Z and θ values, compared
to the regular case.

6.6 Practical Capacity Planning Examples

6.6.1 Planning with Mixed Broadcasting and Personal Ser-
vices

We present here a mixed planning example in which both personal and broad-
casting services are to be provided. Let us assume that the task is to design a
DAB network to provide coverage on a service area located in a terrain segment
of a 200 × 200 km, with a maximum altitude difference of 600 m (Figure 6.3).
The applied digital terrain database contains altitude information in a raster-
ized form, where one raster corresponds to an area of 250×250 m. There are 10
demand groups with multiple testpoints, representing the service area of broad-
casting and multi-casting programs, each requiring 200 kbps. TPTs of these
DGs are marked by numbers “0”, . . . , “9” in Figure 6.3. In addition, there are
200 DGs with single TPTs, each representing an aggregated capacity demand
of 64 kbps of a small user population using personal services. These TPTs are
marked by “×” symbols in the figure. There are 25 available antenna sites with
antenna tower height 50 m, their geographical coordinates are as defined in Sec-
tion 2.6. Antennas are assumed to be omni-directional at every site. The towers
are also marked in Figure 6.3. Receivers are assumed to have an antenna gain
of 0 dB, antenna height of 1.5 m and noise power of −135 dBW. To calculate
the gain matrix G (radio propagation loss) we applied the model of Blomquist
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Figure 6.3: Terrain with transmitter sites (tower symbols) and service demand
groups with their associated testpoints (x symbols and numbers 1-9). Light
shading marks elevated areas (white is approximately 600 m above the lowest

point).

and Ladell [43].
The system parameters are based on the EBU/ETSI DAB standard [22]. We

assume that the network uses DAB Mode II with Tg = 62 µs and Tu = 250 µs
at transmission frequency 1500 MHz. The required protection ratio is γo = 11
dB with a raw bit-rate capacity of Rc = 1.2 Mbps per SFN. Consequently, the
minimum number of SFNs is Z− = 13. We assume that to minimize the number
of frequency bands is more crucial than to minimize the total emitted power,
consequently we select α and β such that α� β.

For the greedy algorithm we defined the neighbourship among the demand
groups in the following simple way. First, for every individual testpoint we
selected the six nearest testpoints to be “testpoint-neighbors”. Based on the
testpoint neighbourship, we defined neighboring DG pairs as DGs that have
neighboring testpoints. Such a definition means that the neighbourship defi-
nition expresses geographical closeness, and it automatically ensures that the
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neighbourship graph is connected.
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Figure 6.4: The resulting SFNs per frequency band, with the involved demand
group testpoints and transmitter power participations.

To solve the above problem the algorithm required approximately 3 hours
on a Digital DEC Alpha Unix workstation, using MATLAB together with an
L.P.-solver package written in language C. The resulting network configuration is
presented in Figure 6.4. The configuration created 17 SFNs (recall that Z− = 13)
and allocated four frequency bands. The four plots show the SFNs per band.

The SFNs are well distributed both in frequency (i.e., there are 3−5 SFNs in
each band) and space. The last four SFNs (SFN 14–17) built by the algorithm
contain very few demand groups (1–6), these are the DGs that could not be added
to other SFNs due to violating either the capacity or signal quality constraints.
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Table 6.3: Power usage and non-served capacity

Number of Greedy algorithm

frequencies ω Ptot Z θ

F [%] [dBW ]

1 52.48 46.57 9 2.56
2 23.46 64.10 13 2.69
3 10.38 60.11 17 3.11
4 0.00 56.54 18 2.77

This property can be attributed to the greediness of the algorithm.
Table 6.3 summarizes the result of the algorithm for the frequency limited

problem formulation. Coinciding with the solution of the minimal cost problem,
all capacity demands can be served using four frequencies. Expectedly, increasing
F from 1 to 4 gradually decreases the amount of non-served capacity. The total
emitted power also decreases from F = 2 to F = 4 which can be attributed to
the lower interference due to the increasing frequency reuse distances.

6.6.2 The Effect of Total Capacity Demand on the Net-
work

We investigate the effect of the total capacity demand on the required network
configuration with the following planning example based on the cost-optimized
problem formulation. For presentation clarity we use a highly symmetrical (reg-
ular) case, but since this does not affect the complexity of the problem, the
example still has a strong demonstrative value.

Let the task be to design a DVB network to provide individual services over
a circular area with a diameter 100 km, where the evenly distributed capacity
demand is described by a hexagonal testpoint grid with 4 km grid distance
(Figure 6.5). This results in 571 testpoints. Each testpoint has the same capacity
demand, r. Receivers are assumed to have an antenna gain of 0 dB and antenna
height of 1.5 m. There are 19 available transmitter sites with antenna height of
75 m. The sites are located in a hexagonal pattern with 25 km separation. We
applied the propagation model of ITU-R 370 [40] for frequency range 450−1000
MHz over land, with 50% of time and 50% of locations. The terrain is assumed
to be flat. The noise level No is −128 dBW assuming 7 dB receiver noise figure
and 8 MHz bandwidth.

We assume DVB transmission modes based on 8k-FFT with useful symbol
time Tu = 896 µs and guard interval Tg = Tu/4 = 224 µs [23]. The modulation
technique is assumed to be 16-QAM. We select two alternative transmission
modes for our investigation, which we call here mode A and mode B. Mode A
has a code rate of 1/2 which yields an offered bit-rate Rc = 9.95 Mbps per SFN
and a protection ratio γ0 = 11.2 dB. Mode B uses a code rate of 7/8, resulting
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Figure 6.5: The demonstration design problem with testpoints (.) and avail-
able transmitter sites (T). The diameter of the service area is 100 km.

in Rc = 17.42 Mbps and γ0 = 22.8 dB.
To demonstrate the effect of increasing capacity demands on the SFN archi-

tecture we increase r in four steps, r = 100, 200, 400 and 800 kbps. For a given
r we use our greedy algorithm to obtain two network configurations (solutions),
one with assuming mode A and the other with assuming mode B SFNs. To run
the algorithm we define the testpoint neighbourship (B) according to the hexag-
onal grid such that every testpoint is a neighbor of its (up to six) surrounding
grid-neighbors. The algorithm was implemented in MATLAB code, and we used
the public domain L.P. solver package “lp-solve” (which is written in C) to re-
duce the execution time. For a given r and mode, it took approximately 2 hours
to obtain the network configuration on a Digital DEC Alpha UNIX workstation.

In Figure 6.6, the results are analyzed in terms of SFN characteristics and
resource usage, expressed by the total number of SFNs, the average number of
transmitters per SFN, the average number of transmitters per site, the number
of required frequency bands and the total emitted power. In Figure 6.6.a we
show the total number of the SFNs in the network, Z, together with its theoret-
ical minimum, Z−. As one would expect, the increasing capacity demand also
increases the number of SFNs, in an approximately linear fashion. Due to the
larger offered capacity of mode B, and due to the property of the algorithm that
it tries to fill up the capacity of the SFNs maximally, the number of SFNs is
lower in mode B than in mode A. In all cases the resulting number of SFNs are
above the theoretical minimum, but clearly showing the linear tendency. In Fig-
ure 6.6.b the average number of transmitters per SFN and per site is presented.
As the capacity demand is increasing, —i.e., an SFN contains less testpoints and
therefore the geographical span of the SFN decreases— the number of transmit-
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Figure 6.6: Summary of the resource usage of the obtained networks for two
alternative transmission modes, and for four different capacity requirements

(571 testpoints, service area 314 km2).

ters in an SFN is also decreasing. However, the difference between mode A and
mode B is negligible in the plot, which can be attributed to the relatively low
transmitter density.

The required number of frequency bands (in Figure 6.6.c) is increasing with
increasing capacity demand. In Mode B, the higher γ0 forces a longer frequency
reuse distance, and SFNs with larger geographical area are allowed due to the
higher Rc, which results in a higher number of required frequency bands. The
same reasons cause the differences in the total emitted power usage of mode A
and B in Figure 6.6.d. A resulting network configuration in terms of frequency
assignment and SFN assignment are presented in Figure 6.7 for Mode A with r
= 400 kbps per testpoint.
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Figure 6.7: An example network configuration obtained by the greedy algo-
rithm: SFNs and their assigned frequencies, cj (mode A, r = 400 kbps).

6.7 Conclusions on Capacity Planning

In this chapter we studied the design problem associated with DAB/DVB net-
works providing both broadcasting and personal data services. An optimization
framework was developed to determine the required number of SFNs, the trans-
mitter participations and powers, and the coverage area and frequency band of
the SFNs, as to minimize the network cost while maintaining the capacity and
signal quality constraints of the users.

For our linear cost function, we also proposed a “greedy” algorithm to approx-
imately solve the optimization problem. Despite the combinatorial complexity of
the problem our simple algorithm can obtain satisfactory solutions in affordable
computational times, which we demonstrated via a numerical example.

The presented algorithm represents an initial attempt to target combined
capacity and coverage planning for DAB/DVB networks. It can be expected
that the importance of this planning problem will further increase when dynamic
reconfiguration of large SFN-based networks will become desirable, e.g., due to
the dynamic spatial fluctuation of capacity demands, which calls for continuing
research upon the development of more powerful algorithms.



7
Discussion and Summary

7.1 Discussion

In this thesis we have discussed the problem of designing Single Frequency Net-
works based on the DAB and DVB standards. These new digital broadcasting
systems can facilitate high quality audio and video distribution to both fixed
and mobile receivers with much higher spectrum efficiency than in today’s ana-
log broadcasting networks. The digital transmission and the wide bandwidth
make these systems also appealing to become part of a personal communication
system in which the DAB/DVB channels are used for delivering “personalized”
multimedia data to individual users.

The SFN concept creates new requirements on network design. When ad-
dressing these new requirements we tried to focus on solutions that can be im-
plemented as building blocks of computerized network planning tools, offering
accurate and fast means for designing (and re-designing) DAB and DVB net-
works. There are several factors that make it very desirable to create such
network planning tools. The current de-regulation of the telecommunication
sector and the ongoing auction of (formerly state-owned) spectrum will likely
create many new broadcasting operators. These new operators will be seeking
for quick turn-around and will lack the experienced network planning staff that
is typically available for today’s national operators. For these companies it will
be crucial to have “good computer programs” for efficient network planning.
Moreover, even for larger operators the smooth, step-by-step migration from the
current analog network to a fully digital network will require the network to be
re-planned time to time. This makes it necessary to replace the existing —often
manual— planning methods with computer-aided techniques. Even more im-
portantly, the introduction of personal services means that the network design
will depend on hard-to-predict factors, such as the success of some new commu-
nication services. It may very well happen that the introduction of a new service
will require the re-design of the radio network, for example, forcing to introduce

141



142 Chapter 7. Discussion and Summary

some new transmitters or new SFNs. On the other side, the continuously in-
creasing computing power of cheap desk-top computers makes these tools to be
a feasible alternative to network planning.

Specifically, in the thesis we have addressed the issues of efficient and ac-
curate coverage prediction, the optimization of transmitter parameters within
one SFN, and the simultaneous, optimized planning of several SFNs for a given
capacity demand considering both conventional broadcasting and personal com-
munication services. It should be noted that the accuracy of all the presented
methods is limited by the accuracy of the underlying field strength prediction
(wave propagation) model. Specifically, the CCIR and the Ladell model used
in the thesis may not be accurate enough in certain design situations, such as
in urban areas with tall, dense structures. Should more precise propagation
models be available, such models can be readily “plugged in” the presented al-
gorithms. A related issue is that our performance evaluation model is based on
the assumption that the terrain data base used for the prediction calculations
has a resolution no better than 50 m × 50 m. This assumption, which is very
reasonable today, made it necessary to introduce the concept of area elements,
and to handle the received power as a random variable. When terrain data bases
with higher resolution and propagation models that can utilize such resolution
will be available, the re-consideration of the current performance models will be
necessary. Until then, field measurements should be used to verify the design.

The cost models used in the thesis are simplified, linear models and con-
sider the cost of only a small number of factors, such as the emitted power,
use of a transmitter site, antenna height, etc. In reality there are hundreds of
more factors that may effect the decision of choosing one network plan before
another. Realistic cost models are also more likely to be non-linear (e.g., econ-
omy of scale). Nevertheless, the applied cost model enabled us to explore the
advantage of cost-based network optimization. Some of the presented methods,
such as the SA based optimization of one SFN, can cope with more complex cost
functions on the price of increasing computational requirement. However, the
linear-programming steps used by the greedy algorithm in the capacity planning
method implicitly assumes a linear cost model for the emitted power.

In our planning problem formulations we generally required that the design
parameters are selected from a discrete set of pre-defined values. We consistently
applied such discretization to the transmitter site positions. It may be that by
fine tuning the transmitter positions in a continuous space would result in better
coverage or lower network cost, but in the practice the choices for transmitter
sites are often restricted by natural, artificial, and social factors (such as available
towers, tall buildings, ownership, etc.). The discretization of the emitted power
(in individual SFN optimization) and the antenna height (in all methods) is
perhaps more artificial, we have used the discrete model mainly for simplification.
With the presented models it would always be possible to define finer discrete
steps if needed, thus approximating the continuous model more closely (though
in most cases this would result in an increase of the problem complexity).
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Recently, several papers discuss delay tuning (pre-casting) as an alternative
means for delay control in SFNs. In this thesis we have assumed synchronized
transmission (simulcasting). Further research is needed to evaluate and exploit
the potential advantages of pre-casting.

Finally, we should note that our performance model is based on the SIR and
the local coverage probability, two parameters that are widely used in conven-
tional broadcasting. In digital systems it may also be advantageous to use higher
layer performance models, such as the bit-error-rate (BER) or even packet level
performance parameters, such as packet loss rate (due to bit errors), packet
throughput and packet delay. Our choice reduced the number of assumptions
needed, thus the presented results are more general. Nonetheless, the obtained
results can be related to higher layer performance figures by fixing the coding
and modulation methods, the channel model and the link-layer protocols (when
it is applicable).

7.2 Summary

Both Digital Audio Broadcasting (DAB) and Digital Video Broadcasting (DVB)
systems use orthogonal frequency division multiplexing (OFDM) to facilitate sin-
gle frequency networks (SFNs). In an SFN all transmitters transmit the same
program in the same frequency block simultaneously. This transmitter diversity
structure makes SFNs very efficient in fading channels with an excellent spec-
trum saving and very good power utilization. However, the simulcasting may
create severe artificial multi-path propagation where long delayed signals gener-
ate serious self-interference problem at the receiver. The SFN concept requires
a new design methodology to take full advantage of the provided diversity gain.
In this thesis we have addressed key problems that emerge in the planning of
SFN based broadcasting networks.

A consequence of the SFN concept is that the received signal is a superpo-
sition of several useful and interfering components. Shadow fading and trans-
mitters contributing both to the useful and to the interfering power introduce
considerable correlation among the signal components. We have shown that
conventional methods to calculate the SIR that do not take such correlations
into account introduce significant error in the estimation of the local coverage
probability. The accuracy of the existing methods has been investigated and
corrections have been suggested for improvement. In particular, the correlation
between the total useful and total interfering power is determined as a function of
the correlation between the individual components. This correlation coefficient
is used as a correction factor in estimating the mean and standard deviation
of the SIR, modeled by a log-normal distribution. For signal constellations in
which the estimation error of pc based on the log-normally modeled SIR is high,
an alternative method has been also suggested. We have shown by numerical
examples that our methods can significantly decrease the estimation error of pc
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in the critical regions.
For cases where the individual components assumed independent and only

the correlation due to self-interference is considered, for a relatively homogeneous
network the conventional estimate gives good accuracy. This is due to the low
signal level of the distant transmitters whose signals contribute to both the
useful and the interfering components. In the presence of large irregularities in
the network, in which the signals outside of the guard interval have a dominant
contribution, the estimates based on the log-normally modeled carry significant
estimation error. The validity interval of the Gaussian assumption has been
determined and a method was suggested for estimation improvement for the
cases in which the Gaussian assumption fails. When the correlated shadow
fading is taken into account the corrected pc estimate is considerably better
than the pc estimate without considering the cross-correlation between the total
useful and interfering power.

The exact estimation of the coverage over the entire target service area would
require the evaluation of the local coverage probability in every area element of
the service area. To estimate the coverage based on a selected set of representa-
tive area elements — called testpoints — several methods have been suggested in
the literature for MFNs. In SFNs the interference can be caused by both self- and
external interferences, consequently outages can occur within the service area as
well as at its periphery. Unfortunately, there were no guide-lines available in the
literature with respect to how these testpoints should be selected. The very high
requirements on the coverage in DAB and DVB networks require more precise
estimation methods than those used in analog broadcasting practice. In order to
make reliable coverage estimation by means of sampling (testpoint) techniques,
characteristics of the service area and different sampling techniques have been
investigated. The proper testpoint distance was shown to be strongly related to
the terrain characteristics, to the applied propagation model and to the level of
the total outage. The outage areas for noise limited SFNs are located at low
altitudes. Whereas, in interference limited cases the probability of outage is also
increased with increasing altitudes. In case of unknown interference it is very
difficult to determine the expected place of the outage. Concerning the depen-
dency of the outage on the relative distance from transmitters, the majority of
the non-covered points are found farther from the transmitters.

The performance of alternative sampling methods have been evaluated on a
large number of networks, in terms of their required sample size to achieve a given
confidence level. It was shown that systematic sampling is the best in most of the
cases. The proper testpoint distance for systematic sampling can be determined
from the correlation status of the outage. An alternative improvement method
of the estimation was investigated by using stratified sampling. The stratified
sampling method resulted in a relatively poor performance compared to our
expectation. The explanation comes from the binary nature of our sampled
variable. Nevertheless, for some specific cases, such as the noise limited case
on nearly flat terrain, “network-based” sampling has shown considerable gain
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over simple random sampling. We determined the required minimum number of
samples to achieve a required confidence as a function of the outage level. Due
to the fact, that during the optimization different network configurations with
different outage levels are evaluated, we recommend the application of sequential
sampling.

We have addressed the cost efficient design of individual SFNs to cover a
predefined service area with requirements on the received signal quality and on
the interference level. We formulated the problem as a discrete optimization
problem, where the network parameters such as power, antenna heights and
transmitter locations were the decision variables. The objective function was
the collective cost of the transmitters in the network. The signal quality and
allowable interference level requirements were included in the objective function
as a penalty.

The investigation of the state space using deterministic total search approved
our decision to include the network hardware cost in the optimization. There
exist a large number of network configurations that satisfy our technical re-
quirements. Therefore, instead of optimizing further the technical parameters,
minimizing the network cost can give significant cost reduction. Naturally, the
gain depends on the predefined values of the feasible sets of power, antenna
height and transmitter locations. These sets determine the size of the feasible
and infeasible regions of the optimization problem.

Different types of optimization techniques have been investigated and com-
pared through case studies. For solving relatively small-scale problems all al-
gorithms performed well, the heuristics and local search algorithm could find
the solution in very short time. In more complicated problems with large state
space Simulated Annealing outstripped the other algorithms. It shows that in
such large scale problems there exist several local minimum solutions and effi-
cient optimization requires the ability of escaping from local minima.

We have investigated the sensitivity of transmitter locations for given test
network configurations in the presence of terrain with different correlation and
different standard deviation of altitude. Coverage drops drastically when the
altitude differences increase, due to the increasing shadow fading effect. For less
correlated terrain this effect appears at smaller altitude differences. For DAB
mode II the effect is much more severe than in case of DAB I. We can explain this
phenomenon with the larger network gain in DAB mode I compared to mode II.
We have optimized the transmitter locations keeping the power, antenna heights
and number of transmitters fixed. In case of a small number of transmitters in
the SFN, the optimization could improve the outage level by a factor of 10
and could adapt to the terrain characteristics. The gain has decreased as the
transmitter density in the network increased. This demonstrates that with a few
large transmitters, where the diversity gain is low, a more refined planning is
required to take account of the possible self-interference situation.

Taking into account the coordination requirements during the optimization
changed the characteristics of the resulting network configuration. In case of
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coordination, the transmitters at the border of the service area were assigned by
low antenna heights, in order not to exceed the predefined generated interference
level. Coordinated networks required a denser SFN to protect the the coverage
area from external interference.

DAB and DVB allow the introduction of a new range of personal services be-
sides conventional broadcasting. The term “personal service” means that some
portion of the digital broadcasting bandwidth is reserved for transmitting infor-
mation blocks each of which is intended (“addressed”) to only a limited group
of receivers. The introduction of personal services presents new challenges to
SFN planning. By introducing personal services the finite capacity (i.e., total
data rate) of the SFN becomes a shared resource. The statistically aggregated
capacity demand from all users of the personal services together with the data
rate demand of conventional broadcasting programs establish a total data rate
demand over the service area. The new capacity constraints enforce the use of
several SFNs to cover a given area, introducing frequency assignment problems
to SFN design. In extreme cases (such as where the local demand density is very
high) some SFNs may degenerate to be single transmitter networks. Alterna-
tively, a number of SFNs with overlapping coverage areas will be created. An
optimization framework has been developed to determine the required number
of SFNs, the transmitter participations and powers, and the coverage area and
frequency band of the SFNs to minimize the network cost while satisfying all
capacity demands or, alternatively, to maximize the served capacity in limited
frequency band. We also proposed an efficient heuristic algorithm that uses lin-
ear programming steps to iteratively build the network. The presented algorithm
represents an initial attempt to target combined capacity and coverage planning
for DAB/DVB networks.

Based on a flexible network model, the algorithms in both planning levels can
cope with inhomogeneous capacity demand distributions over irregular terrains,
which allows their direct application in computer aided SFN planning.

7.3 Future Work

Several open issues are seeking for further research. Our capacity planning
approach considers the case where the transmitter-SFN-demand-group config-
uration is fixed, i.e., it does not change in time. On the other hand it can be
expected that the demand for personal services will show dynamic fluctuations
both in time and space. A network that can adapt dynamically to the changing
conditions will be appealing. Several improvements are possible, all of which re-
quire further feasibility and performance analysis. One possibility to introduce
adaptivity is to periodically reconfigure the SFNs according to the statistically
predicted demand distributions. This will require very fast optimization meth-
ods, perhaps with approximative solutions.

In case of personal services for individual users with different distances from
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the transmitter, power control might yield increased spectrum efficiency. The
feasibility of power control in the DAB/DVB systems should be investigated.

To support mobile receivers that are moving while engaged in a personal
service session an efficient hand-off mechanism has to be implemented. The
inter-channel hand-off might also be important for stationary receivers in situ-
ations where multiple overlapping SFN “cells” are used to cope with high local
capacity demand densities and the optimum assignment requires re-assignment
of some existing users. The hand-off should be triggered by parameters such as
reception quality and traffic load in current and alternative cells. The traffic load
parameter is used in order to distribute the traffic load among the different cells
available in a certain geographic area. The reception quality parameter is used
in order to find a channel with acceptable quality when a mobile user arrives to
the periphery of the current cell.

In our formulation we assumed that the effective offered bit-rate of the SFNs
are uniform, that is all SFNs in the service area use the same transmission
mode (i.e., modulation and error protection level). It is not obvious which mode
yields the most optimal design in terms of network cost versus capacity demand.
In the case of inhomogeneous demand distribution with irregular transmitter
arrangement it might be desirable to use the coexisting SFNs with different
modes.
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Appendix A
Notation

A.1 Variables

ak Transmitter activity indicator at the kth site
a
(j)
k Information symbol on subcarrier k in frame j

c Speed of light
cj Operating channel of SFN j
ċ(x, y) Point coverage in (x, y)
d0 Distance of the receiver from the reference transmitter
di Distance of the receiver from transmitter i
∆di Relative distance of the receiver from transmitter i
fc Frequency of SFN
fk Frequency of subcarrier k
gk(t), g′k(t) Pulse shape
heff Effective antenna height
hk Index of the antenna height of transmitter at site k
∆h Terrain irregularity factor
nf Maximum number of consecutive rejected state transitions
ns Number of state transitions at each temperature level
n(t) Background noise
nI Number of values in discrete pdf of G1

p0(xi, yi) Local outage probability
pacc Acceptance probability
pc,i Local coverage probability in the ith testpoint
pc(x, y) Local coverage probability in the area element around (x, y)
pk Index of the emitted power of transmitter at site k
rk Required capacity demand of demand group k
r(t) Received OFDM signal
s(t) Transmitted OFDM signal
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v(xi, yi) Area element outage
w(∆τ) Weighting function
z(t) External interference
z(xi, yi) Area element coverage

A Number of area elements in the service area
B Bandwidth of the OFDM signal
C Total cost of the network
Ck Cost of transmitter k
CS
k Cost of site k

CHk

i Cost of the ith antenna height value in the set of Pk

CPk

i Cost of the ith power value in the set of Pk
Cmax Ceiling cost
D Number of demand groups
Di,0 Distance between transmitter i and the reference transmitter
E Number of external transmitters
EK,j Total interfering fieldstrength at coordination testpoint j
F Number of frequencies
G = [gin] Gain matrix, i.e., path loss from ST i to TPT n
Hk Number of antenna height values in Hk
I Total interfering power in [W]
Ic Sum of correlating interfering power components
Ii ith interfering power component in [W]
I i Sum of independent interfering power components
J i Network configuration at the ith iteration (SA)
K Number of coordination testpoints
K∗ Number of coordination testpoints violating the EK,j < Υ con-

straint
L0 (Total) outage level
Lc (Total) coverage level
Lk(xi, yi) Path loss from transmitter k in area element i
M Total number of interfering components
N , Ni Number of transmitters in the (ith) SFN
N0 Noise level in [dB]
Nc Number of OFDM carriers
P0 Total outage probability
Pc Total coverage probability
Pr,i Received power from transmitter i
P = [pij ] Power of transmitter at ST i in SFN j
Pmax Maximum allowed transmitted power
P k Number of available power values in Pk
Q Total useful power in [dB]
R Total interfering power in [dB]
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R0 Noise-limited coverage radius of a transmitter
Rc Data rate offered by an SFN
S Number of available sites
T Number of testpoints
T ∗ Number of testpoints violating the pc ≥ Π constraint
Tf Length of the quadratic part of in w(∆τ)
Tg Length of the guard interval
Ts Length of the total symbol
Tu Length of the useful symbol
U Total useful power in [W]
U c Sum of correlating useful power components
U = [ukn] TPT-DG relation matrix
Ui ith useful power component in [W]
U i Sum of independent useful power components
V = [vjk] SFN-DG capacity assignment matrix
Wi Received power from transmitter i in [dB]
Xi ith useful power component in [dB]
Yi ith interfering power component in [dB]
Z Number of SFNs

αi Azimuth angle of transmitter i from the receiver
β Shadow fading correlation factor
γ0,γdB

0 Protection ratio (in [dB])
γc Conditional outage probability
δi Tap gain from transmitter i
ε Relative error of 1− p̂c
ζ Shadowing gain, zero mean Gaussian RV
ηi Population weighting factor of area element Ci
κ Cooling constant
λ0 Base penalty
λK Penalty factor for coordination testpoint violation
λT Penalty factor for testpoint violation
µi Control parameter at the ith iteration (SA)
µmax Maximum (initial) value of µi
µmin Minimum (final) value of µi
ξΩ Size of the state-space
τ0 Starting point of the receiver detection window
τi Propagation delay from the ith transmitter to the receiver
χk(f) Power spectral density of subcarrier k
ω Sum of non-served capacity

Γ(xi, yi) SIR in the vicinity of point (xi, yi)
Γ̇(x, y) SIR in point (x, y)
ΛΠ,Υ(a, p, h) Penalty function
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Ω Set of possible network configurations (state space)
Π Minimum required local coverage probability
Ψ SIR in [dB]
Υ Maximum allowed interference level

A Set of area elements in the service area
Ac Coverage area
Ah
i ith service area strata based on altitude
An
i ith service area strata based on transmitter distance
As Service area
Bk Set of neighbours of DG k
C An area element
Ci ith area element with coordinates (xi, yi)
D Set of demand groups
Dj Set of demand groups in SFN j
E Set of external (interfering) transmitters
F Available set of frequencies
Hk Set of available antenna heights at the kth site
K Set of coordination testpoints
N , Ni Set of transmitters in the (ith) SFN
Pk Set of available transmitted power values at the kth site
S Set of available sites
T Set of testpoints
Tj Set of TPTs that belong to DGs in SFN j
UB Set of unassigned neighbor DGs all all SFNs
UBj Set of unassigned neighbor DGs in SFN j
Z Set of SFNs

A.2 Operators

mx Mean of RV X
rx,y Correlation coefficient of RVs X and Y
E {X} Expected value of RV X
Pr{A} Probability of event A
X ′ λ ·X , where λ = ln(10)/10
X̂ Estimator of X
σx Standard deviation of RV X



Appendix B
SFN Capacities

in DAB and DVB

DAB Required C/N Bitrate
Mod. R Rayleigh [kbps]
QPSK 1/4 – 576
QPSK 3/8 8.5 864
QPSK 1/2 11 1152
QPSK 3/4 – 1728

DVB Required C/N Bitrate [Mbps]
Mod. R Gaussian Ricean Rayleigh 1/4 1/8 1/16 1/32

QPSK 1/2 3.1 3.6 5.4 4.98 5.53 5.85 6.03
QPSK 2/3 4.9 5.7 8.4 6.64 7.37 7.81 8.04
QPSK 3/4 5.9 6.8 10.7 7.46 8.29 8.78 9.05
QPSK 5/6 6.9 8.0 13.1 8.29 9.22 9.76 10.05
QPSK 7/8 7.7 8.7 16.3 8.71 9.68 10.25 10.56

16-QAM 1/2 8.8 9.6 11.2 9.95 11.06 11.71 12.06
16-QAM 2/3 11.1 11.6 14.2 13.27 14.75 15.61 16.09
16-QAM 3/4 12.5 13.0 16.7 14.93 16.59 17.56 18.10
16-QAM 5/6 13.5 14.4 19.3 16.59 18.43 19.52 20.11
16-QAM 7/8 13.9 15.0 22.8 17.42 19.35 20.49 21.11
64-QAM 1/2 14.4 14.7 16.0 14.93 16.59 17.56 18.10
64-QAM 2/3 16.5 17.1 19.3 19.91 22.12 23.42 24.13
64-QAM 3/4 18.0 18.6 21.7 22.39 24.88 26.35 27.14
64-QAM 5/6 19.3 20.0 25.3 24.88 27.65 29.27 30.16
64-QAM 7/8 20.1 21.0 27.9 26.13 29.03 30.74 31.67
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