Studies on the Viability of
Cellular Multihop Networks
with Fixed Relays

BOGDAN TIMUŞ
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Abstract
The use of low cost fixed wireless relays has been proposed as a way to
deploy high data-rate networks at an affordable cost. During the last decade,
significant academic and industrial research has been dedicated to relays. Protocol architectures for cellular-relaying networks are currently considered for
standardization as part of both IEEE 802.16 and 3GPP. Various relaying techniques have successfully been commercialized over the years.
This dissertation concentrates on the particular case of large scale use of
low cost relays, for which focus is put on signal processing and radio resource
allocation, rather than on antenna and radio frequency (RF) design, or on network planning. A key question is how low relay cost is low enough for a relaying architecture to be viable from an economic point of view? We develop
a framework for evaluating the viability of relaying solutions. The framework
is based on a comparison between the relaying architectures and traditional
single-hop cellular architectures. This comparative analysis is done from an
operator perspective, and is formulated as a network-dimensioning problem.
The associated investment decisions are based on financial measures (cost or
profit) and taken under technical constraints (throughput, coverage, etc.).
First, we consider a large number of traditional dimensioning scenarios, in
which the radio network is design for a predefined traffic demand and target
quality of service level. We show that the use of low cost relays can indeed be
viable, but that the cost savings vary strongly from case to case and often are
only modest. Due to the half-duplex nature of the low cost relays, these relays
are best suited for providing coverage to guaranteed data-rates, at low end-toend spectral efficiency, and in environments with strong shadow fading. The
type of environment and the placement of relays are more important than the
specific protocols and algorithms used in the network. Therefore, traditional
network planning remains an essential and challenging task, which is unlikely
to be replaced by large-scale (unplanned) use of relays.
Second, we suggest a new direction of research in which the viability of
relays is judged considering the entire life cycle of a radio network. We give
several examples in which the temporary use of relays is economically viable,
especially if the service uptake is slow or the uncertainty about the future
demand is high. This is particularly relevant if the last-mile cost of a network
is dominated by the backhaul transmission cost, and if relaying is implemented
as a feature of an access point, rather than as a new device type.
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Preface
I started the work on this subject in 2003, within the Low Cost Infrastructure (LCI) project,
which was part of the Affordable Wireless Services & Infrastructure (AWSI) program. The
starting point in the project was the observation that, in order for future networks to provide
at an affordable price services whose data-rates are order of magnitudes larger than those
provided by 2-3G networks, the cost of delivering a bit must be orders of magnitude lower
than in the old networks. Based on the reference literature available at that time, the low
cost relays were a promising solution for achieving an affordable wireless infrastructure
for high data rates.
I had high hopes to easily show high economic gains, but the initial results were rather
frustrating. While the interest for relays within the research community was ever increasing, I had hard times in answering questions from the “dis-believers”: “Why should a relay
be so much cheaper than a base station if they implement so complex algorithms and transmit with high power? Why are operators not using them if they are so good in reducing
costs?” I got doubts that I was searching in the right place.
This dissertation summarizes the experience I have gathered meanwhile. Although
the economic benefits are not as high as I first expected, relays and relaying techniques
are useful and can be used to reduce the infrastructure cost, as they have in fact done so
far. Perhaps the most important discovery is that the gains do not come from where I
first expected. For instance, the use of advanced transmission techniques together with a
“smart dust” deployment of relays can not replace the traditional work of planning and
designing a radio network, because the main advantage of using relays is that they avoid
shadowing objects. Moreover, the key to understanding the benefits of relays might be
the understanding of the changes of technical requirements and the challenges a radio
network experiences from the initial roll-out phase until the network reaches maturity and
the market for which it was designed saturates.
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Chapter 1

Introduction: pros and cons of relaying
The main purpose of a relaying device is to improve the connection between a source and
a destination. It receives the signal from the source node, reinforces it, and forwards it
to the destination node. With the help of the relaying device, the communication can be
done faster and/or over longer distances. This basic idea of a relay is not new, as discussed
in section 1.1. In the context of radio communication it has been used for many decades
under various names: repeater, bridge, wireless router, ad-hoc or multihop networks, etc.
Despite the long history of the concept, relays have received a lot of attention during
the last decade. Section 1.2 summarizes the questions, proposed solutions, and the arguments used in the reference literature to motivate the interest for relays. A first, technical,
reason for this renewed interest can be found in the developments in integrated circuits
technologies, which have allowed for powerful signal processing to be implemented in low
cost devices. In its turn, this has allowed a shift of focus from the design of antenna and
radio frequency (RF) devices, such as repeaters, toward the intensive signal processing
and radio resource management (RRM), such as wireless routers. Arguably, this may also
change the way relays are used in the deployment of wireless networks.
A second, economic, reason for the renewed interest can be found in the larger context
of the telecommunication industry. Although the fixed-mobile convergence (of the Datacom and the Telecom worlds) has gone slower than anticipated, it is nonetheless reflected in
a continuous growth of the wireless data traffic and increased customer expectation about
the speed of wide-area coverage wireless links. Meanwhile both industries have matured,
and this is reflected in a shift of focus and paradigms. While efficient usage of the spectrum
is still an important design goal, the economic (financial) aspects of the different technological choices have received increasing attention in designing new networks. From this
perspective, relaying techniques and especially low cost relays have been advocated in the
literature as a cost efficient alternative to the traditional ways of providing services.
It is indeed easy to find scenarios in which the use of relaying techniques is the obviously right solution from both technical and economic/financial point of view, as exemplified in section 1.1. They may be used for replacing transmission cables by means of (chains
of) microwave links, for extending coverage under bridges or inside large buildings, or for
1
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covering a subway tunnel. Therefore this dissertation does not question the existence of
applications where relaying techniques can be used to taylor a good technical solution, nor
does it intend to prove the superiority of the relays in these particular cases. Instead, the
dissertation is interested in a particular type of wireless relays — low cost fixed relays —
and a particular way operators may use them — large scale deployment, i.e. when the
number of deployed relays is comparable with the number of deployed base stations.
Despite the expectations about the use of low cost relays, it is not obvious that the largescale use of low cost relays yields significant economic advantages in a typical wide area
cellular network scenario. If the cost of a relaying device is expected to decrease due to the
developments in integrated circuts, then also the costs of a base station equipment should
decrease. Moreover, the use of relays is only one of many alternative ways of improving
performance in networks. Therefore the mapping between the technical advantages of
using fixed relays and the actual economic advantages is not trivial, as exemplified in
section 1.3. In fact, only few studies on wireless relays explicitly include also economic
aspects. The scope of this dissertation is to provide an understanding of what is needed for
an operator to prefer the large-scale deployment of low cost relays into a cellular network,
as opposed to the traditional single-hop cellular architecture.
The viability of the relaying solution depends on many factors: the employed relaying
technology, the cost of deploying and operating different network configurations, the market size (including the demand and revenues), the legacy technology, what the competitors
are doing, regulatory and standardization aspects, etc. This dissertation is limited to the
first two aspects – the technological and the financial ones – with suitable assumptions
about the others. Section 1.4 describes the adopted method: to compare the candidate
solution (cellular-relaying) to a reference solution (purely cellular), in a large number of
likely scenarios. For each analyzed scenario, the operator is assumed to have a target network performance, such as coverage probability or system throughput, that is achieved by
several alternative solutions: some with relays, others without. Under the constraint that
they fulfill the same technical requirement, the selection of the best solution is based on
financial criteria. The comparative analysis is done by gradually increasing the complexity
with which the scenarios are modeled.
Section 1.5 summarizes the dissertation contribution. Most of the material in this
monography is based on publications, which are brief in this sections.

1.1

What is a “relay”?

The concept of relaying as means to convey messages faster and over larger distances is old
and has been put in practice for more than two millenia. Appendix A recalls several historic
examples, starting from the postal network used in the Ancient Persian Empire, and ending
with the automatic TV relays used as early as 1940’s. Many schemes used nowadays in
commercial applications are based on the relaying concept. The relays considered in this
dissertation are just a particular case of a wider class of technical solutions (applications).
Moreover, there are many applications that exibits similar architecture and technical challanges as the relays considered in this dissertation. Therefore this section overviews first
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Figure 1.1: Various configurations similar to a relaying network.

several commonly used configurations. Thereafter it specifies what is characteristic for the
relays considered in this dissertation.

1.1.1

Modern relaying configurations

Distributed Antenna Systems (DAS)
Several radio heads are connected in this configuration to a base station (BS) by means of
wired connections, as illustrated in figure 1.1a. In the simplest (passive) cases, the radio
heads are connected by means of coaxial cables. In more advanced solutions, the radio
signal is processed and amplified closer to the radio head, and then transmitted to the BS
for instance over an optical fiber connection [207]. This type of solution is typically used
for improving the link budget and thus for providing service in “coverage holes”, such as
tunnels or indoor. In a cellular system, this configuration extends the coverage of a cell,
i.e. cannot be used to create new cells. As business model, the system is often installed by
real estate owners, as a technology and operator neutral part of the infrastructure. Once
a building is wired, operators are offered the possibility to place their equipment in a “BS
hotel” and to connect the equipment to a common distributed antenna infrastructure.
A common technical aspect with the relays in this dissertation is that the radio heads in
a distributed antenna system are placed closer to the terminals than in a traditional cellular
system. Moreover, a significant part of the signal received at the BS is in fact the noise
introduced by the distributed antennas. However, the relays considered in this dissertation
are forwarding the uplink signal over a radio link, which typically has higher attenuation
that the wired connections. Moreover, the two radio links must somehow be insolated, a
problem which is not present in the distributed antenna system.
In-band on-channel radio frequency (RF) repeater
This is maybe the most commonly used configuration in cellular networks and is illustrated
in figure 1.1b. The signal received from an antenna is amplified and retransmitted on the
same channel, but from a different antenna. The maximum power amplification is limited
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Figure 1.1: Various configurations similar to a relaying network.

by the isolation between the two antennas1 . Similar to DAS, this configuration extends
the coverage of an existing cell. Moreover, the repeater amplifies noise and interference,
which might be problematic for dimensioning the uplink of a radio network [91]. It might
be used for indoor coverage. Unlike the distributed antenna system, which requires the
deployment of cables, the distance between the BS and the repeater could be very large.
Therefore this configuration is also used for outdoor coverage holes (like a valley, or under
a bridge).
In the context of this dissertation, it is relevant to observe that the performance of
such a system depends on how the antenna system is designed and deployed, so that the
isolation between the two antennas is a high as possible. A poor design or deployment of
the system cannot be compensated by means of smart radio resource management. The
relays analysed in this dissertation have significantly simpler antenna system, which does
not allow the RF signal to be forwarded on the same channel.
Out of band relaying
This configuration can be used when additional spectrum is available. The most common
example is the used of a microwave link as backhaul for a BS in a cellular network, as illustrated in figure 1.1c. By using a very high carrier frequency and highly directive antennas,
these connections can be planned to avoid interference from other links. The same basic
configuration has been considered for applications in which the backhaul of a WLAN access point is made for instance in the 5 GHz band (IEEE 802.11a), 3.5 GHz (WiMAX), or
even 2 GHz (UMTS/3G). Although this configuration looks similar to that of a in-band relaying scheme, is consists in fact of two independent networks connected through a bridge.
Therefore the radio resource management is treated separately for the two bands.
1 For

instance the 3GPP guidelines for UTRA repeaters [14] recommend that the antenna isolation (coupling
loss) should be at least 15 dB larger than the intended power amplification. Moreover, if there is a reflecting
object in from of the antennas, as in figure 1.1b, then the antenna isolation should be further reduced by 10 dB.
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Figure 1.2: Cellular-relaying architecture: a relaying unit or network uses two radio interfaces to
connect the BS and UEs. In a traditional cellular network the UEs are directly connected to the BS.

It is relevant to notice that the additional spectrum used for out-out-band relaying is
typically not treated as a limited resource. In this dissertation the spectrum used in both
hops is treated as a common limited resource. Moreover, the spectrum is not treated in two
independent chuncks, but it is managed (allocated) by a common radio resource allocation
apparatus.
In-band relay with channel shift
This less commonly used configuration resembles best the type of relaying considered in
this dissertation, and is illustrated in figure 1.1d. Unlike the out-of-band relaying, the
communication in all the links (hops) is managed within the same common pool of radio
resources, and by the same technology (standard). Unlike the on-channel relaying, the
incoming signal in this configuration is forwarded on a different (orthogonal) channel. In
case the shift is done in frequency, which allows the two antennas of a repeater to be placed
much closer than in case of a traditional repeater. This relaxes the requirements on how tall
the antenna mast should be, and ultimately leads to cost savings [19, 20]. For instance the
repeaters produced by Avitec use this approach to extend the cell coverage like a traditional
FR repeater, but with better performance and lower cost.
Nonetheless, this configuration covers also the case when the shift can be done in time,
in which case the relay is in fact a wireless router. Hence it also allows for applications
in which a cell is created around the relay, i.e. the backhaul link carries not only the user
data, but also all the control signalling required by a BS. Examples of such an approach
are the Ricochet network and the self-backhauling BS concept, which are discussed later
in the dissertation.

1.1.2

The relays in this dissertation

In the context of a cellular network, most of the previous configurations can be described
with the same abstract architectural model as in figure 1.2. They have in common the fact
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(a) Ricochet wireless router.

(b) IEEE 802.11b access point and repeater

Figure 1.3: Examples relays with low cost equipment.
(a) Ricochet’s poletop radio using 902-924 MHz band for connecting to the user equipment. (Reproduced from
http://ricochet.wikispaces.com under a Creative Commons Attribution Share-Alike 2.5 License.) (b) The access point DWL-G800AP by DLink may work as repeater as well; could be
purchased for about 80 $ as of 2006.

that they interconnect the BS and the user equipment (UE) by means of two radio links.
So, how to justify the renewed interest for relaying techniques? As long as signal processing was expensive and the payback time of base stations was long, the use of analogue
solutions was a low cost way of improving the network performance. Analogue relaying
also has the virtue of a transparent solution, which means that installed antenna equipment
can be reused with various types of systems, standards, etc. But the development in the
integrated circuits during the last decades, have made available devices with continuously
increasing processing power, at continuously decreasing costs/prices and sizes.
Wireless routes of the IEEE 802.11 family nowadays provide functionality at different
layers in the OSI stack, from advanced signal processing on the physical layer, including
MIMO features, to multihop at the network layer. All these are available at consumer
electronic prices2 : from well below 100 e for a chocolate-box sized indoor device, to
several hundreds euros for an outdoor device. Figure 1.3 exemplifies some of these devices.
Thus, the IC development allows for a shift of focus from solutions that are RF-design
intensive (e.g. antenna and RF filter design) to solutions that are DSP intensive (e.g. signal
processing, protocol design, radio resource allocation, etc.).
Another, technical, reason for the renewed interest for relays is the coverage for higher
data-rates. When a network is upgraded for higher data-rates (e.g. wireless broadband)
by replacing the base stations on the existing sites, the coverage for the new data-rate
2 Production cost of a professional device such a base station may be order of magnitudes higher than for
a consumer electronics device with the same functionality, because of the reliability differences between them.
Nonetheless, this hint a trend in which the cost of a base station will eventually no longer be limited by the signal
processing capabilities, but by power amplifiers, antenna system, etc.
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will typically3 be smaller than the coverage for the previous, low data-rates. The lack of
coverage has traditionally been addressed by using relaying techniques (repeaters).
It is interesting to notice that many concepts considered nowadays for “modern” relaying networks date back in fact in the 70’s and 80’s, but it is only now the algorithms
based on these concepts can be made affordable. Most of these multihop concepts were
featured already by mid 90’s by the Ricochet network deployed by Metricom, which was
an wireless Internet provider by mid 90’s, i.e. before the “Wireless Internet” concept was
even invented. More details about this network are given in the next section. This example is highly relevant because its architecture is very similar to the multihop architectures
currently consider for future networks build on the 3GPP and/or WiMAX standards.
The low cost fixed relays considered in this dissertation are characterized by:
1. physically small, mass produced devices. This means low production costs.
2. low transmission power. This means that the production costs can be kept low and
that the devices are small sized.
3. simple antenna system – typically one omni-directional dipole antenna. This means
low installation costs, but also low production costs. However, it also means poor
propagation performances and that the relay must work in half-duplex mode.
4. significant signal processing power. Since these devices cannot relie on the spatial isolation between incoming and outgoing radio signals, as traditional repeaters
do, the relays studied in this dissertation use signal processing to create orthogonal
channels in time or frequency. Moreover, they implement the necessary protocols or
algorithms for allocating and accessing the radio resources in a dynamic way. Since
the cost of electronic continuously decreases, this capability is assumed to have only
a marginal impact on the total device cost.
5. placed on modest sites. This means they are placed on sites that have been designed
for other purposes, such a street lamps.
The characteristics of these low cost devices affects also the way they are used. In fact
the study-object in this dissertation is the radio network based on large use of low cost
relays and its characterictics, not the devices per se. The large scale use of low cost relays
considered in this dissertation is characterized by:
1. low costs for planning and installing the relays, as well as low costs for site acquisition and lease. Due to the modest position and lack of careful planning, the propagation characteristics may be poor for a relay, which is compensated by increased
macro diversity (many relays) and by the flexible resource allocation.
3 The coverage may be maintained if the new devices employ techniques for enhancing the link budget, such
as smart antennas (e.g. MIMO). But in general, higher data rates require higher signal to interference and noise
ratio; since the transmission power from the terminals cannot be increased, this can typically be achieved by
reducing the power attenuation, i.e. by reducing the coverage range.
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2. automatic resource allocation and/or remote configuration of the relays. This means
traffic can be rerouted and radio resources (e.g. channels) reallocated. This can be
used to balance the load between cells; it also makes the network less sensitive to
device failures.
3. the network topoly might be changed by converting relays into base stations (access
points) if/when this is required due to traffic demand increase.

1.2

Motivation

This section summarizes some of the research on relaying techniques and networks, as well
as the expected advantages which has motivated this research. It also reviews the literature
on the economic benefits of using relays. Despite a vast recent technical literature on
relays, the techno-economic benefits of using low cost relays on a large scale are not well
understood, and this motivates the current dissertation.

1.2.1

Basic relaying concepts and theory

The theoretical bases of analyzing relaying channels were established already in the 1970’s,
with work of van der Meulen on the communication channels between three terminals
[145] and the work of Cover on capacity theorems for relaying channels [47]. The idea of
a cluster of randomly deployed relays to cooperate in forwarding the data between a source
and destination is described for instance by Vespoli in 1983 [205]. Two decades later
Sendonaris [184] proposed a way mobiles could jointly improve their uplink connections
by cooperatively relaying each others data. The concept was further analyzed by Laneman
and others for the case the signal on the direct link is combined with the signal relayed
by a passive relay [92, 122]. Further studies where made for the case of several relays
working in parallel [58, 121], for stages of relays grouped into virtual array antennas [57],
for various topologies of the relaying path [30, 221], etc. These techniques are showing
good theoretical performances when the average pathgain is the same in all the links, i.e.
when the model and theory of multi input multi output (MIMO) channels can easily be
adapted4 . In practice, this corresponds to the case when the cooperating units are very
close to each other, or when the density of relays is very large.
A parallel development is the study of multihop packet radio networks, started also
in the 70’s. These studies are focused more on the resource allocation aspects. For instance, Kleinrock treats in [116] the trade-off between long routes with robust link and
short routes with long but weak links. The ultimate goal is to find the resource allocation
that optimizes a network utility function, such as throughput maximization, delay minimization, etc. The resource allocation problem includes selection of transmission power
and link rates, channel allocation or medium access, route selection or packet forwarding
4 A related concept, which is not explicitly studied in the dissertation but is worth mentioning, is network
coding. It refers to various practical coding schemes that exploit the fact that data can be transported between
source and destination on parallel flows. It also includes techniques for jointly coding within the relaying network
data from different sources and/or for different destinations.
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decisions, etc. Among the challenges faced by these studies is the complexity of the problem (often NP complete), the fact that the optimization problems are typically non-convex,
the sheer size of problem, etc.

1.2.2

Relaying networks

The Ricochet network
Multihop packet radio networks have intensively been studied throughout the ’80s. The
first commercial system based on these techniques was Metricom’s Ricochet network. The
network deployment started in California, in 1994, and became commercially available in
September 19955 . The network was offering wireless Internet access, primarily to individual and corporate users with portable computers. As of 1997, Ricochet was offering an
access service in which the customers were permanently connected to the network (unlike
the dial-up modems customary at the time), with data rates of 10 to 30 kbps, at a flat rate
pricing. The network is eventually used for other applications too, e.g. as backhaul for
traffic signals [51].
The architecture of this mesh network consists of (a) wireless modems for the end-user,
(b) “Network Radios”, that is wireless routers typically mounted on street lamp posts, and
(c) wired access points which are routing the data to and from a fixed network. The network
used a dynamic wireless routing based on automatic neighbor discovery and geographicbased device identities [22]. The network was operational in the 902–928 MHz and 2400–
2483.5 MHz unlicensed band, as well as in 2305–2360 MHz band for which Metricom had
license in a number of Economic areas in US6 . The poletop relays used 1 W transmission
power. By 2001, when Metricom went bankrupt, the Ricochet network had 63000 poletop
radios (routers) and 1600 access points7 , i.e. about 40 routers for each access point.
Relaying techniques and the cellular networks
Drucker (1988) is one of the first to use the term cellular repeater and address the idea of
using repeaters (relay) to extend/enhance the coverage of an underlying cellular network
[60]. The standardization efforts for GSM include only repeaters, i.e. on-frequency amplyand-forward relaying. For such a relay the power amplification must be 15 dB lower that
the isolation between the receiver and the sender antenna . This means that the transmitted
power must be controlled with respect to the input power, so as to use a constant power
amplification, and therefore the transmission power capabilities depend on the scenario in
which the repeater is deployed [194].
In the initial roll-out phases of mobile cellular systems like GSM, the focus is typically
on providing outdoor coverage. In this case the pathloss between the terminal and the
repeater is comparable to the one between the terminal and the base station. Moreover, the
two antennas of the repeater can be placed on the antenna mast so as to ensure a sufficiently
5 http://www.secinfo.com/dr6nd.81E9.htm

6 http://www.secinfo.com/dr6nd.62vj.htm

7 http://www.allbusiness.com/technology/telecommunications/1040408-1.html

CHAPTER 1. INTRODUCTION: PROS AND CONS OF RELAYING

10

large isolation8 . However, as the service becomes more popular, most of the traffic moves
indoor and therefore indoor coverage becomes a challenge. As mentioned earlier in the
introduction, several technical solutions can be used for indoor coverage [148]. While the
main challenge in GSM is to improve the link budget, indoor coverage for CDMA-based
systems is more challenging [24, 75, 91, 163].
In case of GSM and its consequent standards, like UMTS, the standard contains specifications for RF repeaters only. This means that this device is not included into the logical
architecture of the network, since the relay is transparent for all the algorithms and protocols, from mobility management to call setup. An attempt to include relaying terminals
into the 3GPP standardization [66] was eventually dropped.
However, multihop is currently consider in for the future LTE-Advanced networks
[180]. In particular, the concept of self-backhauling base stations makes a step closer
to the idea of multihop networks as understood in the 80’s: the proposed device may work
both as a traditional base station, but also as a relay when the backhaul connection is missing [93]. This means that relaying is no longer associated with a type of device which is
different than a base station, but rather as a functionality within a base station.
Relaying network concepts
The idea of multihop packet radio network is used a decade later for various networks, for
example low data rate applications [81], CDMA-based [24, 66], and HyperLan [208]. As
opposed to the pure ad-hoc networks (which are “networking without a network” [71]),
the new architecture is also called meshed network (e.g. Ricochet), multihop cellular
[119, 135], ad-hoc with infrastructure support [118], or simply hybrid network [136].
Large projects such as MIND [100] and WINNER [101], combining the effort of many
universities and the industry, have thoroughly treated various aspects of cellular relaying
networks [159, 181, 209].

1.2.3

Expected benefits of using relays

Technical performance measures
Outage probability. Many theoretical papers show that the relays may provide the spatial
diversity needed to deduce the outage probability . This can be interpreted in the sense
that the data rate provided to the end user can be increased, i.e. the link capacity increases
[31, 34, 150, 221]. These results are typically obtained by simple link models, for instance
i.i.d. Rayleigh fading channels, which do not take into account that the average power
attenuation differs between the links [21, 87, 92, 122, 125, 162].
Link budget improvements. By properly placing the relay, the two relaying links cover
shorter distances and experience lower shadow fading than the direct link. Moreover, the
relay antenna(s) typically have higher gain that the terminal, which further improves the
8 For

instance an outdoor repeater could have an output transmission power of 43 dBm, with 75 dB isolation
between the two antennas (three meters on a mast), given that the incoming signal is frequency shifted from one
GSM carrier band to another. From Avitec’s white paper about repeaters called CSF922, CSF1822, etc. [20].
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relaying links. This means that the average carrier power received at the destination node
is improved. In a noise-limited environment, e.g. in a single user scenario, the improved
signal to noise ratio (SNR) can be interpreted either as a capacity enhancement, or as a
coverage extension. From the first perspective, a higher data rate can be guaranteed on a
predefined coverage area [44]. From the second perspective, a predefined data rate can be
provided over a larger area [185].
Capacity enhancement in multi-user scenarios. The trade-off between capacity and
coverage is more complex, because it involves the (re)distribution of the spectrum among
users in the system. Thus, the use of relays can be used to either provide higher data rate
to the same number of users, i.e. higher signal to noise plus interference ratio (SNIR), or
to provide the same data rate to more users, i.e. tighter resource reuse. However, both
cases correspond to providing a higher system throughput (or area spectral efficiency) for
the same cell size. The equivalent of coverage extension is that the same area spectral
efficiency can be provided with larger cells (sparse base station infrastructure). The advantage of using relays (or repeaters) and the trade-off between coverage and capacity are
exemplified for instance in [44, 73, 101, 127, 191].
Fairness in multihop networks. An aspect related to the performance of multi-user networks is the QoS distribution, often referred to as fairness. Since the amount of resources
needed to provide a certain service level depends on the user’s position, there is a trade-off
between the system capacity (e.g. number of served users, aggregated throughput, etc.)
and the spread of the end-user QoS, in particular the spread of the end-user data rate. The
use of relays may boost the data rates of the users which would otherwise be in coverage
wholes, and thus improve the data fairness in the system. On the other hand, the resources
freed from a user may be reallocated to other users, so that the system throughput is increased [43, 44, 157, 219].
Economic benefits
The economics of radio access infrastructure is used as motivation already in the early paper on repeaters [60], primarily for niche applications like coverage for highways, tunnels,
etc. [131]. The large scale use of relays has been proposed in [159] as a way to achieve
low cost infrastructure. A recent overview of the economic benefits is given in [132].
Other relaying benefits
There are other potential benefits of using relays that are worth mentioning, although they
are not treated in this dissertation.
Redundancy. Relays may be deployed so as to provide coverage redundancy [67].
Upon an accidental equipment failure, the traffic can be rerouted and the service coverage
is maintained. Hence the network reliability is provided despite the fact that each unit is
low cost. This way of ensuring reliability is different than in the traditional cellular network
where the reliability is ensured for instance by including redundacy in the BS.
Mobility. Due to strong shadow fading the shape of a cell is seldom regular, even if
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(a) Cell shapes without relays

(b) Cell shapes with relays

Figure 1.4: Relays can also be used to shape the cells.

the BSs are regularly deployed9 . In fact the coverage area of a BS often consists of several
disjoint areas, especially in urban areas. Due to this coverage discontinuity, the number of
handover events is very large in such an environment, even if the coverage of each base
station is quite large. Since RF-repeaters can be used to locally extend the coverage of a
cell, they may also be used to “reshape” cells so as to reduce the fragmentation 10 . Thus RFrepeaters can be used to some extent to reduce the number of handover events. Figure 1.4
exemplifies this: 1.4a shows with a color for each base station the original cell coverage in
an urban environment; 1.4b shows the coverage after RF repeaters have been deployed. On
the other hand, if the mobility management is designed in such a way so that the coverage
area of each relay is seen as a cell, then the use of relays appears as a disadvantage, because
it potentially increases the number of handover events.

1.2.4

Studies on tele-economics

The cost structure of telecom networks
The interest for the infrastructure economics of the radio network research community
has constantly increased during the past decade [222]. Johansson focuses in [103] on the
cost structure of different network solutions; the aim is to finding the technological mix
in a heterogeneous network which minimizes the cost of delivering a desired service. An
analysis of the costs in a UMTS network, particularly the dependency of the base station
cost on the transmission power capabilities, can be found in [65]. Recent publications
9 This is true only if the shadow fading between a terminal and any base station is uncorrelated with the
shadow fading between the same terminal and the other base stations.
10 I am grateful to Alf Ahlström of Power Wave for pointing me out this aspect.
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from the WINNER project present estimates of the cost of a relay [59, 212]. Technoeconomic studies on telecommunications in general have typically focused on estimating
and predicting costs, traffic demand and market sizes, with the aim of finding absolute
figures for the cost or profit associated with a specific solution [85, 154].
Business case analysis
Financial options theory provides tools to analyze assets whose future price is uncertain. In
telecommunications it has recently been considered in the context of dynamic spectrum allocation through trading [42]. Real options theory [54,95,201] provides tools for analyzing
investments that are not be directly traded, but whose future value depend on the volatility
of an underlying variable, e.g. the price of electricity, the or availability in a mine, the
capacity demand, etc. Real options in telecommunications has been applied for instance
to analyze the deployment of fixed networks by ISPs and the trading of capacity [53, 128].
The issue of timing in incremental deployment of base stations is explicitly treated in [52].
Within the ECOSYS project, real options have been used to analyze the roll-out of a 3G
network with the option of deploying UMTS on top of EDGE [63]. The option to expand
the network capacity from 2.5G to 3G or to WLAN is analyzed in [84].
The economics of relaying networks
Schultz [181] is the first to explicitly exemplify the benefits of using relays in a WLANtype of network. The idea is here extended by using the iso-quant concept from microeconomics in the first contribution of this dissertation [1].
Most of the recent contributions on the economics of cellular relaying networks originate from the WINNER II. The greenfield deployment of networks is considered for instance in [149] and [182]. The iso-quant analysis is used in [147] and [212] to study a
scenario when micro base stations and relays are deployed on top of a macro cellular layer.
A detailed analysis of the cost structure in relaying network is exemplified in [211] and the
cost of a relaying network in urban environment is exemplified in [59].
Relaying terminals. Networks with relaying terminal face a completely different type
of economic problem than networks with fixed relays, and are not treated in this dissertation. The economics of such a network is treated for instance in [140].

1.3

The scope of the dissertation

As mentioned earlier, numerous publications have shown that a cellular network can be
improved in many technical aspects if enhanced by relays. Figure 1.5 exemplifies this by
showing the system throughput per unit of area (expressed in units of bits/sec/Hz/km 2 ) as
a function of the distance between base station sites (which is proportional to the cell size).
For any given site-to-site distance, throughput increases when relays are added. In fact the
throughput is a monotonic increasing function of the number of deployed relays.
However, this figure shows that there are alternative ways to obtain the same increased
system performance. A greenfield operator interested in dimensioning a network for a
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Figure 1.5: Area Spectral Efficiency as a function of the distance between base station sites. There
are several alternative dimensioning solutions for providing the same area spectral efficiency (for
example 0.15 bits/sec/Hz/km2 ).

target system throughput may choose between using larger cells and relays, or slightly
smaller cells and no relays at all. The case of an incumbent operator is more complicated,
because this analysis assumes that the network was dimensioned for a target throughput
while the operator is currently interested in another target throughput. But even in this
case the operator may choose between deploying additional base stations or using relays 11 .
Since the use of relays is only one of many alternative ways of achieving the same desired
service level, a technical analysis alone is not sufficient to understand the benefits of using
relays. Instead one may obtain a clearer picture of these benefits by looking at alternative
solutions.
Does it mean that relaying benefits are only illusory? No, there are many prosperous
businesses based on relaying applications, as we saw before. Moreover, for each proposed
scheme and technique, there is at least one niche scenario or application in which it performs well.
In this dissertation, we are interesting in understanding the characteristics of a cellularmultihop network that is based on a large-scale use of low cost relays. This low cost is
reflected in lower transmission power, simpler antenna system, and poorer propagation
characteristics than a traditional base station. Even if the signal processing done in each
relaying device is (sometimes) assumed to be very simple, we focus of the fact that relays
allow for a flexible and efficient use of radio resources. Hence, we address the following
11 The system throughput is significantly increased by deploying one new base station for each old one. For
instance, a new (omni) site can be deployed at equal distance between any three old (omni) sites, the number of
deployed
sites is doubled, the regular hexagonal pattern is maintained, and the site to site distance is reduced by
√
3
3 . This incremental deployment is shown in figure G.1 on page 192. Similar deployments can be considered
for sector sites.
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the question from both technical and economic (financial) perspective:
Can the large scale use of low cost relays provide a more cost-efficient solution
for wireless broadband access than the traditional cellular architecture?
Specifically, we are interested in the necessary conditions for these relays to provide
a more cost efficient solution. This includes technical conditions (transmission power,
propagation characteristics of the environment, protocols, algorithms, type of service to be
provided, QoS fairness, etc.) as well as financial conditions (costs, revenues, etc.), which
together define a scenario. Typically there is a trade-off between the technical characteristics of a solution and its costs, and therefore the required technical and financial conditions
are inter-dependent.
We approach the above question from an operator perspective. While most of the
literature on cellular-relaying focuses on the how much the performance of an existing cellular network is improved by adding relays, we assume that the operator is dimensioning,
deploying, and running their network to maximize their revenues, and to provide some predefined service. Hence, the cost-efficiency of a relay solution depends on how the target
service is defined, and on which economic measures must be optimized.
Depending on the selected scenario, the selection of the most cost-efficient solution
sometimes means a clear-cut choice between two solutions: to exclude or include relays in
the network design. However, we will see in the following that these two solutions do not
need to be mutual exclusive, and that the most cost-efficient solution is in fact a sequence
of deployment phases in which relays are added and replaced in the network.

1.4

The methodological approach – the dissertation outline

In order to answer the question posed in section 1.3, we compare networks with and without relays in a large number of scenarios. These scenarios were selected to cover the most
likely situations an operator may encounter and to avoid cases that are tailored to show
gains for the relaying system. These scenarios include many relaying schemes, techniques,
and algorithms proposed and already analyzed in the literature. Although the following
study is far from an exhaustive examination of all the possible scenarios, the results give
an indication of what one can reasonably expect to encounter in a relaying network.
The first part of this dissertation presents the tools and models used in the analysis. The
second part contains the comparative analysis of relaying networks. We start by developing
a basic understanding of the main characteristics of a relaying network, based on simple
scenarios and models commonly used in the literature. Since the results obtained at this
stage do not give a clear-cut answer in favor or against the relay solution, we gradually
increase the complexity of the models. We end our analysis by showing that aspects that
traditionally are not used in the analysis of a radio network, namely what happens with a
network over its entire life cycle, may be more important for understanding what relays are
good for than the specific details of a relaying scheme.
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One of the main contributions of this dissertation is a framework for comparing network solutions taking into account both technical and financial aspects. In this regard the
exact empirical cost figures are of limited importance. In this framework, the comparison
is formulated as a network-dimensioning problem with several solutions. The target service and the other technical constraints are used to restrict the space of solutions, which are
then compared in terms of their economic (financial) performances. The framework is an
important aspect of the methodological approach introduced in this dissertation, because
empiric cost figures are difficult to obtain and rather strongly dependent on the standards,
country, time, etc.

Chapter 2. Relaying techniques
In this chapter, we review some relaying schemes and resource allocation algorithms. Most
of the relaying schemes are already known from the literature. The chapter presents models
for the end-user data rates obtained with these schemes, although similar models can be
found in the literature as well. The chapter also presents a novel framework for analyzing
the capacity of a mesh network, based on a cross-layer resource allocation formulation.
All these models for end-user and for network capacity are used for solving networkdimensioning problems in the second part of the dissertation.

Chapter 3. Basic economic concepts for relaying networks
In this chapter, we review some basic economic concepts and models, which we later use
for defining our scenarios and performance measures. We start with a simple concept
used in microeconomics to compare different means of producing the same output: the
iso-quant. Next we review the Discounted Cash Flow model, typically used in microeconomics for analyzing and comparing investments that occur at different moments in time.
We also use several examples to show that relaying networks with similar architecture
may have quite different cost structures, hence different types of critical costs. Finally, we
exemplify the importance of a flexible technical solution when the network deployment
and operation is done over a long period of time, and when the demand evolution is only
statistically known at the beginning of the network rollout.

Chapter 4. Cost analysis of a network snapshot
Our first analysis is based on a very simple scenario. The network solution with the lowest
cost should be found so as to satisfy a given target service. Both the target service and the
(best) network are time invariant, and therefore this can be seen as a network snapshot 12 . In
this simple scenario we analyze the basic trends and characteristics of the solution based
on low cost relays. The general approach is to ask how low is “low enough” for a low
cost relay to be worth using, and use this break even value as a performance measure
for a relaying solution. We then perform several sensitivity analysis studies with respect
12 Moreover, user mobility as well as the hour-by-hour traffic variations are not modeled, for the sake of
simplicity of the analysis and algorithms.
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to the most common parameters used in radio resource allocation studies: power, carrier
frequency, relaying schemes, type of service to be provided, etc. We also exemplify the
sensitivity of the break even relay cost with respect to different types of resource allocation
algorithms, in order to find how important they are for the viability of the relaying solution.
We show that the total cost of a relay must be between 10 and 50 % of the total base
station cost, in order for the solution with and without relays to provide the same service
at the same total cost. Comparing with the empiric examples from chapter 3, this shows
that the relaying solution is competitive with respect to the traditional single-hop system;
however, it is unlikely that it will reduce the infrastructure costs by orders of magnitudes.

Chapter 5. How to deploy relays?
Since the analysis based on simple models does not give a clear-cut answer, we continue
our analysis with more specific scenarios. We use more detailed models of network deployment and radio propagation in an urban environment and compare how the two networks
provide services to outdoor users. The target service and the network solutions are assumed to be time-invariant as before, and we express the result of the comparison in terms
of the break-even cost of a relay. In order to understand the trade-off between performance
and cost, we analyze the sensitivity of the break-even value with respect to (a) the type of
base station (macro or micro), (b) the height of the relay antenna, and (c) how carefully the
position of the relay is planned.

Chapter 6. Long-term dynamics of network deployment
Although the basic scenario used in chapters 4 and 5 gives an understanding of some basic
trends and most promising applications areas for relays, it fails to explain why operators
have previously used relays (repeaters), but gradually replaced them. A possible explanation is that base stations and repeaters have had different price erosion. In this chapter we
ask if there is a more fundamental advantage of using relays when seen over a long time
perspective. The answer is yes, and we obtain it by looking at three examples in which the
long terms dynamics of the demand and continuous network upgrades are explicitly taken
into account. We analyze how the viability of the relaying solution depends on different
factors: (a) the speed with with the demand increases, (b) the amount of investment capital
which constraints the network roll-out, and (c) the uncertainty about the future traffic demand evolution. All examples are tailored so that the relays are completely removed in the
end of the operational life-time. According to the static analysis done in the previous chapters, this would mean that the relays are not worth using. Yet we see that even a temporary
use of relays can make sense from an economic point of view.

Chapter 7. Discussion
The results obtained in this dissertation are discussed in chapter 7 at a more general level.
It analyzes the main assumptions and limitations of the considered studies, and explains
why the main trends and general conclusions are likely to hold true even when the analysis
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is done with more advanced models. Furthermore, the most likely future scenario for low
cost relays consists of an incumbent operator that deploys a new network on existing sites,
in an urban environment, and is interested in ensuring coverage for new high data-rates.

Chapter 8. Conclusions
This chapter summarizes the answers to the questions addressed in the dissertation. It gives
the main conclusions of this work, and suggestions for further work.

1.5
1.5.1

Contributions
Novel aspects in the dissertation

1. A main contribution in this dissertation is that it highlights how important it is to
include economic (financial) aspects in the evaluation of relaying networks with
fixed relays. Although cost analysis of multihop networks has been considered before [181], this issue is treated here in an explicit and systematic way. Since the
first publication that this dissertation is based on, the economic aspects of relaying
networks has been considered and thoroughly analyzed in many other publications.
2. A secondary contribution is a framework for evaluating the viability of relaying networks. This framework is based on techniques known from radio network dimensioning and from microeconomics. According to this framework, the performance of
a relaying technique is evaluated with respect to a reference system and is expressed
as a ratio between the total cost of a relay and the total cost of the reference system
(i.e. a solution using only base stations). It can be applied as an add-on to most of
the studies of relays in the literature.
3. A minor contribution of this dissertation is that it shows how to compare aspects
which are relevant to a relaying network, but which are very different in character:
a relaying scheme employed at the physical layer, resource allocation at the MAC
layer, choice of routing algorithm, how the relays are placed, etc.
4. Another secondary contribution is an algorithmic tool for evaluating the performance
of a mesh network, which is based on a cross-layer resource allocation model. This
tool has been used in this dissertation for dimensioning cellular-relaying networks,
but the tool can also be applied to other wireless mesh networks.
5. Another main contribution is showing that large scale use of low cost relays does
not bring huge cost savings for the network in which they are used. However, it
confirms that careful use of relays (depending on the propagation environment and
using known planning and network design techniques) can lead to significant cost
savings.
6. As yet another main contribution, it highlights how important it is to study the use
of relays as a long term, dynamic process. This provides a reasonable explanatory
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model for why relays can temporarily be used in a radio network. It also shows that
relaying can be seen as a feature of a base station, instead of a technique requiring a
special device, and that the use of this feature can be economically viable.

1.5.2

Publications

Part of the material in this dissertation is based on the following peer-reviewed publications, which are listed in the order they are used in the dissertation.
Static analysis. The first two articles propose the use of the iso-quant curve and the
break-even relay cost as a method of analyzing (regular) relaying networks (to avoid using
empiric cost figures as input to the analysis). The method is applied to a scenario where
the radio resources are allocated with heuristic algorithms. They show that the impact
of advanced resource allocation schemes on the feasibility of a relaying solution may be
smaller than expected. The idea of considering the traditional cellular system as a particular
case of a relaying network emerged during a discussion with Jens Zander and Tim Giles,
during January 2004.
[1] B. Timuş, “Cost Analysis Issues in a Wireless Multihop Architecture with Fixed
Relays”, in 61st IEEE VTC spring, Stockholm, Sweden, June 2005
[2] B. Timuş, “Break-Even Costs in a Cellular Multihop System with Fixed Relays”, in
International Wireless Summit (IWS), Aalborg, Denmark, September 17-22, 2005
Sensitivity analysis, noise-limited systems. The following two articles exemplify
how the break-even cost of a relay depends on the propagation environment and the relay
technique. It is based on interference-free models of amplify-and-forward relaying links,
with and without (relaying) receiver diversity. They show that the importance of combining diversity may be smaller than expected, while the importance of macro properties of
the propagation environment (e.g. where/how are the antenna placed) may be larger than
expected.
[3] B. Timuş, “A Coverage Analysis of Amplify-and-Forward Relaying Schemes in
Outdoor Urban Environment”, in International Conference on Wireless and Mobile
Communications (ICWMC), Bucharest, Romania, July 29-31, 2006
[4] B. Timuş, “Coverage Costs of One Amplify-and-Forward Relaying in Outdoors
Urban Environment” in 17-th PIMRC, 11-14 Sept, Helsinki, Finland, 11-14 Sept,
Helsinki, Finland, 2006
The importance of proper network design, i.e. of having strong relaying links when the
direct link is weak, is further exemplified in the next article and in the author’s licentiate
dissertation. The first article analyzes a scheme proposed by S. Ben Slimane in which
the source is allowed to transmit all the time, so that only the relay works in half-duplex,
which always outperforms the simple scheme in which the source is active half of the time.
Nonetheless, the difference between the proposed and the reference scheme is small with
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respect to the direct link connection if both the relaying links are much stronger than the
direct link.
[5] B. Timuş and S. Ben Slimane, “Performance Analysis of an Amplify and Forward
Relaying Scheme with Pre-Coding”, in IEEE 18th PIMRC, Athens, Greece, 2007
[6] B. Timuş, “Deployment Cost Efficiency in Broadband Delivery with Fixed Wireless Relays”, Licentiate thesis, Royal Institute of Technology (KTH), Stockholm,
Sweden, 2006
Static analysis, multi user systems. The following articles propose a novel framework
for modeling and analyzing cross layer resource allocation in a multihop network. The first
article introduces also a novel physical layer approximation and an iterative algorithm for
allocating resources. The second article applies this framework to evaluate the impact of
including routing in the cross layer optimization. With the simple propagation models
used in the example, the gains are relatively small. The third article applies the framework
to evaluate the impact of the fairness criterion selected in the optimization process. It
shows that relays are valuable when coverage should be provided for guaranteed bit-rates,
formulated as a max-min problem, and less valuable in networks with relaxed fairness
requirements.
[7] B. Timuş and P. Soldati, “A Joint Routing-MAC Model for Cellular-Relaying Networks”, in IEEE 19th PIMRC, Cannes, France, 2008. It has received the “Best Paper
Award of the MAC Track”.
[8] B. Timuş and P. Soldati, “Cellular-Relaying Network Dimensioning with CrossLayer Resource Allocation”, in IEEE 19th PIMRC, Cannes, France, 2008
[9] B. Timuş, P. Soldati, and J. Zander, “Implications of fairness criteria on the technoeconomic viability of relaying networks”, in IEEE 69th Vehicular Technology Conference, Barcelona, Spain, 26–29 April, 2009
Long term network dynamics. The following articles analyze incremental deployment scenarios, in which a cellular-relaying network is deployed and upgraded by taking
the demand increase over several years into account. In the first paper, the total costs of a
deployment with and without relays are compared, under the assumption that the demand
evolution is deterministically known (predicted). In this example, the slower the service
uptake, the more useful the relays.
[10] B. Timuş and J. Zander, “Incremental Deployment with Self-backhauling Base Stations in Urban Environment”, in Int. Workshop on LTE Evolution (within ICC),
Dresden, Germany, June 18th, 2009
The scenario was defined together with and thanks to Daniel Schultz and Ralf Pabst during my
visit to ComNets Lab at RWTH Aachen, Germany, between November and December 2007. I
obtained an insight into the concept of self-backhauling base stations, considered in the 3GPP
standardization efforts, thanks to Dr. Christian Hoymann from Ericsson Research in Aachen.
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The scenario considered in the next paper exemplifies the mutual interaction between
network deployment and traffic demand. Specifically, it studies what happens if the deployment budget is limited, therefore the operator can not always satisfy the demand increase,
in a coverage extension scenario. In this example, relays provide fast initial coverage and
therefore are more useful if the investment budget is smaller.
[11] B. Timuş, J. Hultell and M. Nilson, “Techno-economic Viability of Deployment
Strategies for Cellular-Relaying Networks”, in IEEE VTC spring, Singapore, 2008
The idea of the scenario originated during a discussion with M. Nilson about the challenges of
rolling out a network in rural areas in India. J. Hultell contributed by selecting, modeling, and
explaining the economic concepts used in the paper.

The last paper exemplifies the benefits of using relays when the future demand is uncertain. It shows that the use of relays may allow the operator to postpone investment
decisions, until the certainty about the future demand and revenue is high enough. In this
case, the higher the uncertainty about the future demand, the more valuable the relays.
[12] B. Timuş and J. Zander, “The importance of future demand uncertainty for valuating multihop networks”, in Conference on Telecommunication Techno-Economics
(CTTE), Stockholm, Sweden, 15–16 June, 2009
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Chapter 2

Relaying Techniques
This chapter presents several models for evaluating and comparing the performance of
single-hop (cellular) and multihop (cellular-relaying) networks. The mapping between a
network realization and its performance is used in the second part of this dissertaion for
solving dimensioning problems, and thus for comparing network solutions with different
characteristics (different cell sizes, with or without relays, etc.) The focus of these models
is on how the radio resource allocation influences the network performance.
Since most of the schemes modeled in this chapter are known and have previously
been studied, section 2.1 gives a detailed review of the literature on relaying schemes and
on algorithms used in multihop networks. Section 2.2 analyzes a fundamental problem of
low-cost relays: the fact that they can only work in half duplex. This motivates the importance of radio resource allocation in relaying networks. Section 2.3 overviews several
relaying techniques (protocols) and presents models for the end-to-end data-rate of various relaying schemes, including Amplify-and-Forward and Decode-and-Forward schemes.
These capacity models are based on an information theoretical approach, and are valid for
time-invariant Additive White Gaussian Noise (AWGN) channels. Section 2.4 collects
several known models into a novel framework for resource optimization across four layers.
The allocation problem is formulated as a centralized, social welfare maximization problem, where the decisions variables are (a) the end-user (flow) data rates, (b) the proportion
of data flowing through each route, and (c) the time-share allocated to each link. In its
most general form, the problem does not admit any equivalent formulation that is convex.
However, the proposed algorithm converges to the global maximum if the routing is not
included into the joint optimization.

2.1
2.1.1

Related literature on relays
Relaying schemes

Cover and Gamal describe in [47] the achievable rate for a general relay channel. The relay
“cooperates or facilitates” the transmission of a signal between a source and a destination.
Their paper also mentions the idea of a “single sender single receiver network”, where
25
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more than one relay are used to transfer the original signal. The same idea is later treated,
for instance, by Erkip [221] and Yanikomeroglu [30, 31].
Sendonaris introduces the idea of two terminals jointly transmitting their data to a base
station in a CDMA system [184,185]. In the proposed scheme, the two terminals are using
some slots to send their own signal and the other slots to send a combination of their own
and their partner’s signal. For instance, a terminal transmits its own signal and receives its
partner’s signal in odd slots and transmits a joint signal in the even slots (figure 2 in [186]).
A similar approach is taken by Laneman in [124]. However, Laneman considers relays
with simple antenna systems (one omnidirectional antenna) and therefore uses orthogonal
separation between the two relaying hops [121,122]. This idea is generalized in [123] to m
units, where groups of relays are relaying the same original signal in the same sub-band.
Cover’s idea of a relaying network is considered also by Vespoli [205], where a cluster
of closely located relays are phase shifting the signal received from a common source so
that the destination node is in the focal point. A similar coherent combining scheme is
used two decades later by P. Larsson in [127]. An alternative idea is to take advantage of
the natural propagation delay or to artificially introduce delays at the relays so as to create
frequency diversity in flat fading scenarios [155]. Dohler clusters groups of terminals into
virtual arrays and uses additional bandwidth for a high bit-rate communication within each
group [57]. Since the terminals in a group can be assumed to be sufficiently close to each
other, the average pathgain between a source and any unit in the group is the same. Thus
techniques for a MIMO connection can be applied to these virtual antenna arrays as well.
Hence the capacity modeling by Telatar [198] can be used [57]. The idea of using WLAN
as a mean to distribute data within a group of terminal is used also by others, for instance
by Oechtering and Boche [152].
The case of a pure relaying unit, i.e. without its own source data, with an omnidirectional antenna is treated by Nabar in [151]. In this scheme, the source sends data
all the time, but the relay listens only half of the time and sends the rest of the time, in an
amplify-and-forward fashion. The same idea is used in the amplify-and-forward scheme
by Høst-Madsen in [92]. It is also used by Azarian in [21], with extensions for several
relays and for a decode-and-forward scheme. Time separation between the different hops
is considered also in the more complex relaying topologies by Yuksel and Erkip in [221].

2.1.2

Models and parameters

A first aspect that differentiates these studies from each other is the way the resource sharing between the links is treated. In some studies the relay is assumed to be able to send
and receive at the same time [184, 185, 221]. In general, many papers are concentrated
on the outage probability (bit-error rate) instead of the expected end-to-end user rate and
therefore the resource division issue is not explicitly treated [87, 125]. In others it is not
clear whether the direct hop is allowed to use the entire bandwidth [92]. All the schemes
treated in this chapter use orthogonal channels for the links incident to a relay. The impact
of time-division on the system performance is explicitly studied for instance in [121, 151].
A second aspect relevant for this chapter is how the radio propagation is modeled. The
model used by Dohler [55, 56] or Oechtering [152] assumes that all the relaying terminals
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grouped in a cluster have the same average pathgain to the previous stage; this assumption
does not apply in a fixed relaying scenario where the distances between the relays and
the destination are expected to be significant. An assumption used in many studies is that
the signal attenuation between any two units (sender, relay, and destination) is modeled
by independent identically distributed random variables [21, 87, 92, 122, 125, 162]. Even
when the dependence of the average power attenuation on geometry is mentioned, as by
Laneman in [121,123], an equal attenuation is consider for convenience in the evaluations.
Although this allows for powerful mathematical computation, it corresponds to an unlikely
event and therefore can not be used for the purpose of this dissertation. The models and
numeric evaluation in this dissertation are explictly considering the distance dependent
average pathgain, as in [88, 185, 221], and the lognormal shadow fading component, as
in [34, 101, 127, 150, 155, 191].

2.1.3

Resource allocation, scheduling, and cross-layer optimization

The performance of a radio network is known to depend on how resources are allocated
among the links. Examples of radio resource managements techniques are: the control
of transmitted power, modulation, and coding schemes used at the link level, the way the
medium is access and/or the way logical channels are scheduled among links, the way endnodes (user terminals) are associated with access points, how data is routed, etc. One of
the questions addressed in this dissertations is how do these techniques affect the relaying
gain, given that the same technique may be used both by networks with and without relays.
The importance of power and/or rate optimization has long time been studied for cellular networks, e.q. in [23, 38, 115, 168, 200]. The continuous rate and power optimization
can unfortunately not be guaranteed to be convex; nonetheless, it has recently been shown
that this problem accepts an equivalent convex formulation [161]. In case of discrete rates,
the numerical solution is computationally expensive, but can solved in an iterative fashion
as in [115].
In the past two decades, cross-layer optimization has been widely applied as powerful
mathematical tool to analyze and to systematically design multi-hop ad hoc wireless networks, see [41, 133, 160] for selected references. The network operation is formulated as
an utility maximization problem subject to constraints coupling the different layers. Rather
than optimizing each networking layer in isolation, cross-layer design allows to optimally
coordinating the operation across the networking stack.
For instance, scheduling and transmission power can be jointly optimized as in [62];
routing, scheduling, and power can be jointly controlled as shown in [192] for cellularrelaying networks based on CDMA; the transport layer can be jointly designed with the
MAC and physical layer in order to adapt the source rate in response to the network capacity as in [133, 216]. In most of these examples the cross layer optimization includes only
some layers. For instance, the analysis in [133, 216] implicitly assumes that a separate
algorithm routes data flows. However, including routing into the joint resource allocation
problem may be essential for optimizing the network’s performance [171].
The cross-layer coupling typically results in either a non-convex formulation, a combinatoric NP-hard problems, or is modeled through assumptions that are severely limiting
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the applicability of the results. Fixed capacity for all the radio links is adopted for instance in [183, 197] to jointly design routing and radio resource management in packet
radio networks. Multi-commodity flow models and column generation of time schedules
are used in [28, 33, 106, 107]. Here, the capacity is modeled as an average of discrete rates.
Others model the MAC layer through a feasible rate region defined as the convex hull of
the corresponding rate vectors of independent sets of conflict graphs [64, 80, 102], using
CDMA access with simultaneous transmission/reception [161], or assuming that simultaneous transmissions in a common neighborhood use different channels (frequency, code
or time) to neglect interference [129], etc. A simple approach for modelling the physical
layer is either to consider it interference-free [218], or by limiting the interference to a set
of nodes, i.e. according to the ”protocol model” [40, 64, 80, 102], so that the interaction
between radio links is reduced to or hidden into some feasibility checks.
However, in wireless systems the link capacity is not fixed a priori but depends in a non
trivial way on both the MAC and the physical layer. In some special cases, such as in noise
limited systems, modeling the link capacity with a Shannon-like expression results in a
convex form of the coupling constraints [218]. When interference is explicitly considered,
alternative convex formulations can also be obtained based on approximations which are
valid either at low- or at high-SINR regime, see [49] and [37] respectively. Only recently,
an optimal and distributed cross-layer design of the MAC, PHY and transport layers has
been proposed in [161]. Although this work refers to the fixed routing case, the applied
techniques allow to deal with the general non-convex capacity constraints, rendering the
formulation convex and easily solvable through standard optimization techniques.
Another aspect treated in this dissertation is the fairness criteria used to allocate resources among users. Mazumdar [143] defines a resource allocation as being fair if it is
acceptable as a game-theoretical bargaining solution (i.e. if it is the result of a Nash arbitration strategy). Kelly introduces the concept of proportional fairness which is intimately
related to the social welfare based on sum of log-utilities [111, 112]; for the considered
network model this criterion satisfies the game-theoretical requirements for fairness [113].
Although the concept of a centralized welfare criterion primarily is a theoretical construction, it may nevertheless be used to describe practical systems. For instance, Low [138]
shows that the TCP Vegas protocol implicitly implements a log-utility function. Mo [146]
defines the α -bandwidth utility, which generalizes the fairness criterion so that it covers
max-min, proportional fair and throughput maximization.
The literature on both optimum and heuristic resource allocation based on the aforementioned fairness criteria is vast. It has been observed that throughput maximization
in wireless networks can lead to unfair end-to-end communication rates between sourcedestination pairs [169,170]. A thorough analysis of the relations between rate performance
objectives and fairness is done in [169], and proportional fairness of end-user rates is
proved to achieve a good tradeoff between efficiency and fairness. Convex resource allocation problems optimizing SIR and delay have been used to accommodate realistic QoS and
fairness constraints for wireless cellular networks [108]. Congestion control mechanisms,
along with routing and MAC protocols have been jointly designed to guarantee stability
and fairness in wireless ad hoc networks [220]. Other studies consider fair transmission
scheduling algorithms in packet networks [139], and combine it with rate control [134],
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and/or power control [130, 189].

2.1.4

Relaying techniques not treated in this dissertation

This chapter does not present an exhaustive list of relaying techniques. For instance, the use
of relaying terminals is not considered in this dissertation. Many of the schemes reviewed
in section 2.1.1 apply in fact to the relaying terminals. A relaying terminal may combine for
instance the signals it overhears from other terminals with its own source data, something
which cannot be applied as such in the case of fixed relays.
A related technique, that is not treated here either, is to combine up-stream and downstream data so that the relay jointly forwards the bi-directional data [126]. Theoretically,
this technique could be applied both at the physical layer (in an amplify-and-forward fashion) and at higher layers (in a decode-and-forward fashion) [165].
These techniques can be seen as particular cases of network coding. Originated in fixed
(wired) networks [15], this has become in recent years a hot research topic for wireless
networks. “The core notion of network coding is to allow and encourage mixing of data at
intermediate network nodes” [117].

2.2

Half-duplex: The fundamental problem of low cost relays

The low cost relays considered in this dissertation have simple antenna systems, typically
based on one dipole element, with an omni-directional antenna pattern. Therefore, the
relay may not send and receive at the same time; hence, the incoming and outgoing signals
may be scheduled on orthogonal channels. A fundamental problem1 of this half-duplex
transmission is that relays provide better link budgets, but “require more spectrum”. Hence,
there is a trade-off between how good the equivalent end-to-end signal quality is, and how
many resources are available. Therefore the relaying scheme might outperform the direct
connection in some cases, but not always, as exemplified next.
Case 1. Assume that the entire available spectrum resources, normalized to 1, can be
allocated to only one user. Assume that the available spectrum is equally split between the
two hops of a relaying scheme with one relay (two hops). Let Γ0 be the SNR in the direct
link (one hop), and Γeq the equivalent end-to-end SNR of the relaying connection. Assume
that both the direct connection and the equivalent relaying one can be modeled as AWGN
channels. Using an information theoretic model of the end-to-end data rate, the relaying
scheme outperforms the direct connection if:
1 Another fundamental problem is the transmission delay (latency). Some relaying techniques, e.g. Amplify
and Forward with frequency shift, introduce a delay in the order of symbol length. Relaying techniques based on
Time Division Duplex (TDD), i.e. when data is received in a time slot and forwarded in another one, introduce
delays in the order of time slots. Moreover, if the relaying is regenerative and the channel coding is based on block
codes, then a packet must be completely received until it can be forwarded. The latency may be kept low using
techniques such as cut-through routing [72], where data is regenerated and forwarded before an entire packet is
received. Nonetheless, this dissertation does not analyze the latency problem in multihop networks. Instead, it
concentrates on the long-term average bit-rate that can be provided to end-users.
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Figure 2.1: At low direct link SNR (Γ0 ), Γeq must be 3 dB larger than (Γ0 ); however the difference
must be much larger at large Γ0 values.


1
log2 1 + Γeq ≥ log2 (1 + Γ0 )
2

⇐⇒

Γeq /Γ0 ≥ Γ0 + 2,

(2.1)

Figure 2.1 illustrates this relation. Hence, if the direct connection is poor, i.e. Γ 0 is low,
the relaying connection can easily outperform the direct connection. However, if the direct
connection is good, it is hard for the relaying connection to outperform, no matter which
relaying scheme is employed. A similar conclusion can be drawn if an outage capacity
definition is used instead.
Case 2. A similar situation is obtained when a regenerative relaying scheme is used.
Since the incoming and outgoing signals may use different modulation schemes, a larger
resource share θ ≥ 12 can be allocated to the relaying hop with lower SNR, so as to improve
the average end-to-end data rate. The relaying link outperforms the direct connection if:

(1 − θ ) log2 1 + Γeq ≥ log2 (1 + Γ0 )

⇐⇒

1

Γeq ≥ (Γ0 + 1) 1−θ − 1.

(2.2)

Case 3. The analysis is far more complex in a multi-user scenario, because the SNIRs
depend on the resource allocation. Assume for the sake of simplicity that no relay is shared
by two end-users. Let T be a parameter which controls how tight the resources are used so
that high T means the distance between two links using the same channel is small. Hence
a high T means that the interference is high, but that more spectrum is available for each
link. Assume that the bit-rate for the ith user in the direct and the relaying connection can
be written as:
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CAPdir,i = θ0,i (T0 ) · log2 (1 + Γ0,i (T0 )),
CAPeq,i = θr,i (Tr ) · log2 (1 + Γeq,i (Tr )).

(2.3)
(2.4)

θ0,i (T0 ) · log2 (1 + Γ0,i (T0 )) ≥ θr,i (Tr ) · log2 (1 + Γeq,i (Tr )).

(2.5)

θ0,i are typically increasing functions of T , while Γ0,i and Γeq, i are decreasing functions; these dependencies are nonlinear and depends on the propagation environment.
Moreover, one may expect the resources to be used tighter in a multihop network, i.e.
Tr ≥ T0 , since the links in a multihop network are stronger than in the single hop network.
However, it is not trivial to say whether the best resource allocation in a multihop network can lead to higher end-user rates than the best resource allocation in the single-hop
network, i.e.

The optimal resource allocation problem is complex, as shown in section 2.4.

2.3

Connection Oriented Relaying Schemes

This section reviews several relaying techniques and presents models for their end-toend data rates. These models are based on an information theoretical approach and are
valid for time invariant channels. The considered schemes contain only one relay per
source-destination pair; similar models can be developed for the case when each sourcedestination pair is supported by several relays.

2.3.1

The time-invariant channel model

In the following, all the channels are frequency flat, time-invariant Additive White Gaussian Noise (AWGN) channels. If x is the signal transmitted by a node, then the signal
received by another node is y = gx + n, where n ∼ CN(0, σn2 ) is the noise term, and the
channel state g is Rayleigh distributed with an average ḡ:
(2.6)

g = gr · ḡ [lin].

The power attenuation between the two nodes, called pathgain, is written:

Grayl

|gr |2


G = Grayl · Ḡ = Grayl · GSa · GD
a · Gd · Glogn ,
ḡ2

(2.7)

where
=
is exponentially distributed, Ḡ =
depends on the position of the
two nodes, GSa is the antenna gain at the sending node in the direction of the destination
node, GD
a is the antenna gain at the destination node in the direction of the sending node, G d
depends on the relative position of the two nodes (typically the distance between them), and
Glogn models the impact of large shadowing objects (hills, buildings) on the propagation.
The gr typically models the signal fading due to the small-scale scatterers around the
nodes. In scenarios where the nodes have a high velocity with respect to the near environment, this component changes fast, which can be exploited for time-diversity schemes.
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Table 2.1: Relaying schemes are treated in this section
Scheme
Ref. SISO
MISO
Relay SISO
SIMO
Precoding
MIMO
Decode & Forward

TX div
no
yes
no
no
no
yes
no

TX duplex
full
full
half
half
full
half
half

layer
1
1
1
1
2–3

amplif
const. power
const. power
const. power
const. power
const. power

RX technique
selection
combining
combining
combining
selection

However, in the following information theoretical models only time-invariant channels are
considered2 . Thus the aforementioned distributions refer to the assembly statistics, while
the channel state can be deterministically know at both the source and the destination nodes
for each realization.

2.3.2

A relaying scheme classification

The relay works in a half-duplex mode in all the considered schemes. The difference
between these scheme consists of (a) transmission diversity, i.e. whether the source node
has several antennas and employs a transmission diversity / smart antenna technique; (b)
transmission duplex, i.e. whether the source node uses the entire available spectrum; (c)
relaying layer, i.e. Amplify-and-Forward (layer 1 relaying) or Decode-and-forward (layer
2-3 relaying); and (d) receiver technique, i.e. whether the receiving node uses selection or
(cooperative) combining diversity. In all these schemes, both the source and the relays use
constant transmission power. Table 2.1 summarizes the schemes treated next; the first two
schemes do not use relays, but are used as references.

2.3.3

Direct connection (Reference Single Input Single Output)

In this scheme, the source node (e.g. base station) has only one antenna. Subscript 0
indicates that the pathagain (or channel state) refers to the direct connection between source
and destination. The received signal is y0 = g0 · x + n0 , where n0 ∼ CN(0, σn2 ), g0 = gr0 ·
g¯0 , and Ḡ0 = |g¯0 |2 stands for the last four terms in the pathgain model (2.7). The entire
available bandwidth W is utilized for an unlimited transmission time, and the information
theoretical capacity is [47]:

CSISO
= log2 (1 + Γ0 ) = log2 1 + |gr0 |2 Γ̄0
W

[bits/sec/Hz] where

(2.8a)

2 A different approach is taken in section 2.4, where only single input single output (SISO) connections are
considered. Instead of information theoretical models based on time-invariant channels, section 2.4 uses empiric
models of the short-time average channel data rate, that are only based on the average pathgain. Thus the time
dynamics of the channel and the characteristics of the transmission techniques which exploit the time-diversity
are covered by the parameters of the empiric model, and therefore the distribution of the small-scale fading g r is
not explicitly modeled.
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Figure 2.2: Illustration of the relaying SISO scheme (analogue routing).

where

|ḡ0 |2 P
,
Wσ2
is the average SNR and P is the transmitted power.

(2.8b)

Γ̄0 =

2.3.4

Single-Input-Single-Output Amplify-and-Forward (SISO AF)
Relaying

This relaying scheme is illustrated in figure 2.2a. The source S, the relay R, and the destination D have only one antenna element each. The relay receives a noisy version of the
broadcasted signal x, amplifies it and sends it on another channel. The relay either performs
a frequency shift of the received signal (FDD), or it samples the symbols and regenerates
them at a later moment (TDD). In either case the retransmitted signal has exactly the same
bandwidth as the received signal, with an amplitude amplification a1 ∈ C (the propagation
and processing delays are ignored). Since D receives and decodes only the signal on the
second sub-channel, i.e. ignores the signal directly received from the S, the received signal
is:
y1

= g1 a1 k1 · x + (m1 a1 k1 + n1 )

, H · x +W,

(2.9)

where a1 and m1 ∼ CN(0, σm2 ) are the signal amplification and the noise at the relay. The
received signal depends on the signal amplification factor a1 . We assume [29,121,127] that
all transmitters are using a constant power: P used by the S and Pr used by R. Therefore
the signal amplification at the relay depends on the pathgain between S and R. For a time
and a frequency division scheme, respectively, the power amplification is:
|a1 |2 , ATDD
=
1
AFDD
=
1

Pr
r
PG1 Ḡ1 + σm2 ·W

and

Pr
,
PGr1 Ḡ1 + σm2 · (W /2)

(2.10a)
(2.10b)
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Figure 2.3: Illustration of the SIMO relaying scheme (analogue routing).

where Gr1 = |gr1 |2 . For the sake of simplicity, from now on we consider only the expressions
for the time division scheme, and assume that the noise level is the same at all receivers:

σm2 = σn21 = σn20 , σ 2 .

(2.11)

The total signal amplification between the input to R and the input to D is:
A1 K1 =

ΓK
Pr K1 /(σ 2W )
, r 1
,
r
2
G1 · PḠ1 /(σ W ) + 1 G1 Γ̄G1 + 1

(2.12)

where |k1 |2 , K1 , Gr1 Γ̄G1 = PGr1 Ḡ1 /(σ 2W ) and ΓK1 = Pr K1 /(σ 2W ) are the SNR in the first
and the second hop respectively. It can be shown that for a general multi-input-multi-output
(MIMO) channel y = Hx + W, with known channel state matrix H, with additive white
Gaussian noise vector W known at the receiver, that uses W /2 bandwidth, the information
theoretical capacity is (see appendix B.1):

W
log2 det I + HCX HH C−1
[bits/sec],
(2.13)
W
2
where CX and CW are the covariance matrices of the input vector x and the noise vector
W. For the particular case of the relaying SISO scheme, the capacity expression becomes:
Crelay =

Crelay
W

=
=



Gr1 Ḡ1 A1 K1 · P
1
log2 1 +
2
(A1 K1 + 1)σ 2W


Gr1 Γ̄G1 · ΓK1
1
log2 1 + r
2
G1 Γ̄G1 + ΓK1 + 1

[bits/sec/Hz].

(2.14)

Since the channel is time-invariant, one may design a protocol based on a preamble during which the capacity of both the direct and of the relaying SISO connection are probed
(i.e. the channel state is estimated). If the direct connection yields higher estimated capacity3 , then the relay is not used. Hence the A-F SISO scheme is essentially a selection
diversity or analogue routing scheme.
3 The

capacity model (2.14) is in fact an upper bound on the actual bit-rate, since it assumes infinite long
codes. A practical application, including the protocol for channel estimation, route selection, etc., must be based
on capacity estimates which might be different than the ones used here.
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Single-Input-Multiple-Output (SIMO) AF Relaying

In this scheme, illustrated in figure 2.3a, D also uses the signal directly received from
S, i.e. D receives both subchannels. Therefore it can be seen as a virtual single-inputmultiple-output (SIMO) connection. Using the channel notations in figure 2.3a, the signal
y = [y1 , y0 ]T received on the two orthogonal channels is written:


y1
y0



=
,



g1 a1 k1
g0

H · x + W.



·x+



m 1 a1 k1 + n 1
n0



For this scheme, the general capacity expression (2.13) becomes:


Gr1 Γ̄G1 · ΓK1
1
CSIMO
r ¯
= log2 1 + G0 Γ0 + r ¯
[bits/sec/Hz].
W
2
G1 ΓG1 + ΓK1 + 1

(2.15)

(2.16)

The relay is not used if the higher capacity is obtained by allocating the entire bandwidth to the direct connection, just as in the case of relaying SISO.

2.3.6

SIMO AF Relaying with precoding

In the previous two schemes the source node S uses only half of the available spectrum,
which obviously is inefficient. Two questions are addressed next: How could S use the
entire spectrum? How much could be gained by allowing S to use the entire spectrum?
To answer the first question we propose4 a precoding scheme to be implemented at the
source node S. Let x1 and x2 be two symbols sent on the first and the second subchannel,
respectively. Since the relay R can only receive the symbol x1 , but not x2 , the idea is to
let x1 and x2 be combinations of two information symbols s1 and s2 . In the following, we
consider the case when the pre-coding is done by a 2 × 2 linear block coder:
 



x1
α β
s1
=
.
(2.17)
x2
γ δ
s2

The network topology is essentially the same as in figure 2.3a, with the difference that
the direct link S → D is used in both subchannels. Let g01 and g02 be the channel states of
this link, on the two subchannels. The channel states g1 and k1 of the two relaying links,
2 )
and the signal amplification a1 at the relay are the same as before. Let n01 ∼ CN(0, σ01
2
2
and n02 ∼ CN(0, σ02 ) be the AWGN at D in the two subchannels, and m1 ∼ CN(0, σm ) the
AWGN at R. Figure 2.4a illustrates the equivalent signal model of this relaying scheme:




g01
0
n01
y=
x+
,
(2.18)
g1 a1 k1 g02
a1 k1 m1 + n02
where y = [y1 y2 ]T is the signal vector received by D. Using the same notations as before,
2 + A K σ 2 . If 2W symbols are sent
the variance of the noise in the second slot is σ22 = σ02
1 1 m
4 The

material in this subsection is based on [5], co-authored with S. Ben Slimane.
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Figure 2.4: Illustration of the SIMO relaying scheme with precoding.

per second and the transmitted power at S is constrained to P, then the end-to-end channel
model, including the pre-coding, can be expressed as:



y0 = 
|

α g01

q

P
2
W σ01
√
(
α
g
a
k
+
γ
g
)
P
1
1
1
02
q
2 +A K σ 2
σ02
1 1 m

W(

)

β g01

{z

q

P
2
W σ01
√
β g1 a1 k1 +δ g02 ) P
(q
2 +A K σ 2
σ02
1 1 m

W(

H

)




 s + z,

(2.19)

}

where we have normalized the elements of the vector y with the noise variance. Thus, the
covariance matrices of the input symbols s = [s1 s2 ]T and of the AWGN noise z in (2.19)
are now the unity matrix Css = Czz = I (uncorrelated with variance 1). It is also observed
from (2.19) that pre-coding has transformed the equivalent relay channel into a full matrix.
With this structure, a proper selection of the pre-coding parameters should provide full
diversity to the cooperative relay channel.
For the sake of comparison, we rewrite in vector form the signal model for the direct connection:


q
0
g01 W Pσ 2
01
 s + z.
q
ydirect = 
(2.20)
0
g02 W Pσ 2
02

For the (half duplex) SIMO scheme the signal model is:


q
g01 W Pσ 2
01


√
yHD SIMO = 
 s1 + z,
q g1 a1 k 1 P
2 +A K σ 2
W (σ02
1 1 m)

(2.21)

which provides a diversity of order 2 but uses only one source symbol for each two received symbols.

For a given (deterministically known) realization of the channels g01 , g02 , g1 and k1 ,
the information theoretical capacity is C = W2 log2 (1 + Γeq ) where (see appendix B.1):
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where


Γ + A + B + Γ B + A cos2 (∆ϕ ) if Γ ≤ Γ201 Γ02 (ΓG1 +1) ,
K1
01
01
Γ01
cos2 (∆ϕ )·ΓG1 ,
Γeq =
Γ + A + B + 2√AB |cos(∆ϕ )|
otherwise
01
|g01 |2 P
,
2
W σ01

Γ01 ,
Γ G1 ,
A,

Γ02 ,

|g1 |2 P
,
W σm2

|g02 |2 P
,
2
W σ02

|k1 |2 Pr
2
W σ02
Γ02 (ΓG1 + 1)
B,
1 + ΓG1 + ΓK1

ΓK1 ,

ΓG1 ΓK1
1 + ΓG1 + ΓK1

(2.22)

(2.23)

cos(φG + φK − φ02 ) , cos(∆ϕ ),

and φG , φK , and φ02 are the phases of g1 , k1 , and g02 , respectively.

2.3.7

Reference transmitter diveristy (MISO)

In this scheme, shown in figure 2.5, the transmitter has several antennas with independent
fast fading. The case with two antennas is examined in the following. Let x1 and x2 be the
two symbols, of bandwidth W , transmitted from the two antennas. Using the notations in
the figure, the signal model is:
(2.24)

y = g01 · x1 + g02 · x2 + n0 .

If the channel states g01 and g02 are known at the sender S, some water-filling procedure can be used to decide the amount of power (information) to be sent from each antenna
element, e.g. [202, sec. 7.1.1]. Otherwise, equal power is used for the two elements and
the information theoretical capacity of this multi-input-single-output (MISO) AWGN connection becomes:
CMISO
W
Gr0

= log2 1 + Gr0 · Γ̄0
=




1 r 2
|g01 | + |gr02 |2
2

where

(2.25)
(2.26)

ag replacements
PSfrag replacements
38

PSfrag replacements
CHAPTER 2. RELAYING TECHNIQUES

R
g11

S

a1 k1
g01
g02

g12

S: Idle
R: TX
D: RX

S: TX
R: RX
D: Idle

D

(a) Topology

(b) Resource allocation

n1
y1

m1
x1

g¯1

gr11

a1

gr01

relay R

gr12

x2

k1

n0
y0

g¯0

gr02

(c) Signal model

Figure 2.6: Illustration of the relaying MIMO scheme.

and Γ̄0 is defined as in equation (2.8b).

2.3.8

Cooperative Multi-Input-Multi-Output C-MIMO relaying

This scheme is exemplified in figure 2.6a. In this example, the sender node S has two
antenna elements and it sends a signal vector x as in the MISO case. The destination node
D receives a signal vector on the two orthogonal subchannels (illustrated in figure 2.6c):


y1
y0



=
,



g¯1 a1 k1
0

0
g¯0

H · x + W.



gr11
gr01

gr12
gr02



x1
x2



+



m 1 a1 k1 + n 1
n0



(2.27)

The capacity of this scheme is (details in appendix B.1):

CMIMO =

where

2.3.9



Γ¯0 · Γ̄G1 · ΓK1
Gr Γ̄G · ΓK1
W
+ det Gr r
log2 1 + Gr0 Γ¯0 + r ¯ 1 1
2
G1 Γ̄G1 + ΓK1 + 1
G1 ΓG1 + ΓK1 + 1
Gr =



Gr1
Gr01 ∗

Gr01
Gr0



,

1
2



gr11
gr01

gr12
gr02



gr11 ∗
gr12 ∗

gr01 ∗
gr02 ∗



.

(2.28a)

(2.28b)

Decode and Forward

With Decode and Forward (DF), the signal is regenerated at each step. Let Γi be the
received SNIR in the ith link; then simple model of the link capacity is ci = log2 (1 + Γi )
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[bits/sec/Hz]. Let θ1 and θ2 be the bandwidth used in the two hops, respectively, so that
θ1 + θ2 = 1. If the same bandwith is used in both hops, then the end-to-end capacity of the
relaying link is:
1
min {c1 , c2 } .
2
If different modulation/coding schemes can be used in the two hops, then the bandwidth
can be allocated so as to enhance the weaker link. The end-to-end capacity of this adaptive
scheme is:
CDF =

CDF = θ1 c1 = θ2 c2 =

2.4

c1
c1 + c 2 .
c2

Resource Allocation in Mesh Networks

The capacity models presented in the previous section are based on the assumption that
links do not interact with each other. This might be true when users have very little data to
transmit, butonly want to transmit their data fast. For such a bursty traffic, the long-time
average bit-rate of a user is much smaller than the peak data-rates; hence, the probability
for two users to access the medium at the same time can be ignored. In this case, the users
can be treated in isolation: they may each access the entire available spectrum and the links
do not experience any interference.
However, in general the interference in a multiuser scenario can not be ignored and the
available spectrum must be shared among users. The radio resource allocation can be done
in various ways: by means of heuristic algorithms, by applying optimization techniques
at different layers (e.g. power control), or by combinations of heuristic and optimization
techniques, as exemplified by the algorithms described in appendix C.
In this section, we develop5 a framework in which the most relevant resource allocation
algorithms, and the interactions between them are accounted for. The ultimate goal with
this framework is to provide a network performance estimate so as to perform a “fair”
comparison between networks with and without relays, in the sense that no significant
performance change can be expected for either of these networks by further increasing the
complexity of the model.

2.4.1

The resource allocation problem in a mesh network

Half-duplex transmission is typical for a low cost relay is a fundamental problem, as
pointed out in section 2.2. Although the relaying links have a better link budget than
the direct connections, they require more spectrum. On the other hand, the channels can be
reused more often since the links are more robust, which means that the “channel density
per unit of area” increases. Hence decisions belonging to different protocol layers influence each other, and the network performance may therefore be lower when decisions are
made separately at the different layers.
5 This

section is based on the work jointly done with P. Soldati [].
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Cross layer optimization for wireless networks has been intensively studied during the
last two decades6 . A fundamental difficulty is that optimization of all relevant layers7 in
a centralized fashion leads to mathematical formulations which are non-convex. One type
of work-around is to quantize the variables. For instance one may confine the link data
rates to a handful of discrete rates [107]. Such a modeling approach may lead to a convex
formulation, but it leads in practice to NP complete algorithms – these are not suitable for
studying large networks. Another types of work-around is to remove some layers from the
optimization, or to approximate them. For instance, one may consider low SNIR or high
SNIR approximations of the physical layer. Again, such modeling approach may lead to
a convex formulation, but these approximations are often not valid in the most interesting
scenarios.

2.4.2

A novel cross layer resource model

Consider a network with N nodes, and that S source-denstinations pair are created among
these nodes. Although the framework developed in this section applies to an arbitrary mesh
network, it is applied in the second part of this dissertation to a cellular relaying network
in which S terminals are connected to a core network either directly through access points
(base stations), or by multihopping through relays, as illustrated in figure 2.7.
. Most
The number of radio links which can be established between N nodes is N(N−1)
2
of these potential links are not suitable for communication, especially in a large cellularrelaying network.
In the
 numerical applications of the proposed framework, we assume

N(N−1)
(logical) radio links could be established, and therefore are of
that only L < 2
interest. The following framework selects which of these links should be used, how much
radio radio resources should be allocated to each, which routes should pass through each
6 A reason for avoiding cross layer optimization in practice is that protocol layering reduces the problem
complexity, and gives better scalability properties. Another reason is that protocol layering is advocated as a way
to foster innovations, since it is easier to make changes inside a particular layer than in the entire stack.
7 The model and algorithm treated in the following addresses four layers: tuning the end-user rates and
indirectly the user satisfaction, selecting the path to route the data, allocating the available spectrum resources,
and tuning the link rates.
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Figure 2.8: Example of ωi for a scenario with non-uniform user distribution. The patch in the hotspot
has twice as high traffic load as outside the hotspot.

active link, and how much data should be pass through each route. The resource models
are described next, following the OSI layering as guidlines.
The transport layer model
We use a fluid-flow model for the user data traffic, i.e. assume full data buffers and ignore the delay distribution of the individual packets. For the purpose of our networkdimensioning problem, we divide the entire surface of interest into patches. We assume
that the users density is known for each patch; let ωi [user/km2 ] be the users density in
the ith patch. Figure 2.8 exemplifies ω for a scenario with non uniform user distribution.
Moreover, we assume that all the users in a patch are provided with (or are demanding)
the same average traffic. Therefore we assume that the entire traffic in a patch can be
aggregated into a virtual user. Let si be the average traffic for the users in the ith patch
normalized to the total amount of spectrum available in the network, i.e. expressed as a
spectral efficiency [bits/sec/Hz/user]. Hence the aggregated traffic from the ith patch can
be represented by the traffic density si ωi , expressed in [bits/sec/Hz/km2 ]. This measure,
also called Area Spectral Efficiency (ASE), reflects the service provided to the end-user;
it is independent on how the network is deployed and on how the resources are allocated.
Therefore it is suitable for comparing networks with different architectures, different cell
sizes, etc.
Since the average data rate si of any terminal in a patch can not exceed the total data
rate served in that patch, it follows that ωi ≥ 1 for any patch. A similar model is used for
instance in [147].
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The network layer (routing) model

In most network models, each source-destination pair is supported by only one route, and
the problem of selecting the best route becomes an integer programming one. A couter
example is the soft handover in CDMA types of systems; another is the case of a heterogeneous environment in which terminals with multiple air interfaces can be connected to
several access networks at the same time. Cooperative relaying and network coding are
examples of theoretic concepts in which data may follow multiple (parallel) paths. In the
following, we use a special case of multi-commodity flow model for describing multipath
routing of data across the network. Such models are widely used in the literature of network routing and optimization, see e.g [27, 193] or more recently [107]. We assume that
data from each terminal may be routed through several parallel paths, and that the traditional route selection is replaced by having a selected proportion of user-data to follow
each route. Figure 2.7 exemplifies this model.
Let R(≥ S) be the number of possible routes. For the sake of simplicity, each route is
uniquely associated with a source-destination flow. Let [A]S×R be a route-to-flow incidence
matrix (where Air = 1 if the rth route carries data for the ith source-destination flow, and
is zero otherwise). Let cmax be the maximum link rate; let xr be the data flow through a
route normalized to cmax . For each terminal (patch) the mass conservation can be written
as a routing constraint8 :
R

hi (x, s) , cmax ∑ Air xr − ωi si = 0,
r=1

∀ i,

xr ∈ [0, 1]

(2.29)

The data layer (MAC) model
We assume that a common channel (carrier) is time-scheduled to the links, so that each
link is allowed to access the medium for time-share {θl }l=1:L ∈ [0, 1]. Our model does not
provide any explicit time-slot structure, hence no per-slot-schedule, nor does it describe
the protocol used to distribute the schedule to the links. Instead this model assumes that an
underlying MAC protocol creates mutual exclusion sets Ωk so that links belonging to the
same exclusion set cannot be scheduled at the same time. Hence {θl } can be interpreted
as transmission probability. Mathematically this is expressed as a set of constraints on the
ariables {θl }:

∑ θl ≤ 1.

(2.30)

l∈Ωk

8 This constraint is written by assuming that each packet follows an unique route, i.e. no multi-route redundancy is used. Multi-routes could be used for forward error protection redundancy, as well as for retransmissions.
In our model, the transmission reliability is dealt with at the link (physical) level, i.e. per route segment only.
Therefore {cmax xr } refers to the effective bit-rate at the transport layer.
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Figure 2.9: A pathgain threshold T is used to determined the RTS/CTS exclusion zones of each link.

Example: Uncoordinated cellular. In a traditional single-hop cellular network, each base station
is allocated a share of the total spectrum, and is delegated the responsibility of scheduling
resources to the terminals connected to it. For the sake of simplicity we will exemplify our
model to a network with frequency reuse 1, such as HSPA. Given a long-term average (so as
to ignore the specific, practical time slots) the following constraint can be written for each
cell:

∑

user l in cell n

θl ≤ 1,

∀ cell n.

(2.31)

The model can also be used for other fixed resource allocation schemes, such as the schemes
proposed in the WINNER project for a two-hop cellular network [98, pp.24]. Moreover, it
can easily be extended to systems with several carriers.
Example: An RTS-CTS protocol. For terminals located at a cell’s border, the link quality can be
improved by reducing the probability of terminals on each side of the border transmitting
at the same time (on the same channel). One way to achieve this is by coordinating the
scheduling in neighboring cells, e.g. by means of a common radio controller. An alternative
solution is to exploit the broadcast properties of the radio environment to coordinate medium
access, for instance by a RTS-CTS mechanism9 . With such a mechanism, an exclusion area
is defined around each link, so that each time a link l is active, no other transmitter in
its neighborhood is allowed to transmit. Figure 2.9 shows an example in which both the
RTS and the CTS messages are reserving resources within T dB “radio distance” from the
transmitting and the receiving nodes, respectively. In this example, (t l , rl ), (t j , r j ), and (th ,
rh ) are the transmitting and the receiving nodes of the lth, jth, and hth links, respectively.
The links j and h are not allowed to send at the same time as link l because their transmitting
nodes t j and th are within the exclusion area of the lth link. We define a boolean matrix
[B]L×L , called the link mutual exclusion matrix, so that Bl j = 1 if the jth link can not be
active at the same time with the lth link ( j and l are mutual exclusive), and B l j = 0 otherwise.
If Grl t j is the pathgain between the transmitting node in link j and the receiving node in link
l, then the exclusion area in figure 2.9 is mathematically expressed as:
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(
1
Bl j =
0

if Gtl t j > T or Grl t j > T or j = l
otherwise

(2.32)

This model is in fact the same as the “protocol model” used by Gupta and Kumar in [80].
Nonetheless, the exclusion area could also be defined for each individual link, i.e. a specific
threshold Tl for each link, so that the robust links have a smaller exclusion area, as in cellular
systems with fractional channel reuse [69, 110].
Unlike the uncoordinated cellular case, where each link uniquely belongs to a cell, in the
RTS-CTS case a link may belong to several exclusion areas. For instance none of the links j
and h may be active at the same time as link l, but they can be active at the same time if link l
is inactive since they are not in each other’s exclusion areas. If θ l is regarded as transmission
probability, and if the overhead due to signaling and collisions are ignored [174], then θ l is
upper bounded by the probability for all the links in the lth exclusion area to be silent:
L

θl ≤ ∏ 1 − Bl j θ j = 1 − ∑ Bl j θ j + ∆.
j6=l

(2.33)

j6=l

The term ∆ stands for the probability that two links j and h to belong to the lth exclusion
area, but not to each others exclusion area. In the following we ignore these joint probability
terms (i.e. we assume that ∆ ≈ 0), and approximate the above expression by its linear part 10 .
Thus, we generalize the constraint previously expressed for each cell, to a MAC constraint
for each link:
fl (θ ) , θl + ∑ Bl j θ j − 1 ≤ 0,
j6=l

0 ≤ θl ≤ 1.

(2.34)

This MAC model could be extended with a constant term to account for the signaling
overhead, or to cover systems where users are multiplexed in frequency or in a combination
of time and frequency [190, 215], such as in LTE or WiMAX. It could also be extended
so as to model statistical fractional allocation of resources, by relaxing Bl j to a real value
which represents the probability for the two links to be scheduled on the same resource
(time slot or OFDM subchannel) [69].
The physical layer model
As long as a link is active, a constant transmission power is used, i.e. no power control
is employed. The bit-rate along a radio link is modeled based on the average interference
generated by the other links which are allowed to send at the same time. Let Pl be the
constant power used by the transmitter in the lth link, whenever it is active. Let G l j be the
average power attenuation between the sender in lth link and the receiver in the jth link.
Then the link capacity can be modeled as11 :
11 This expression should not be interpreted as a time-average over the peak rates in the different time slots,
but rather as an empirical model which accounts for the statistics of the fading channel, for retransmissions, etc.
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cl (θ ) = min cmax , ζ1W log2 1 + ζ2 ¯
,
Irl + σ 2


I¯rl =

where

L

∑

j=1


1 − Bl j θ j Pj G jl ,

(2.35a)
(2.35b)

is the average interference. Here, ζ1 and ζ2 depend on the modulation scheme, channel
coding, etc. Notice that in the RTS-CTS model of the MAC layer, the closest interferers
are always removed, since (1 − Bl j ) = 0 if G jl > T . Hence T can be tuned so as to control
¯ This is exemplified in chapter 4 on page 86. Let the [C]L×R
the average interference I.
be the route to link incidence matrix: Clr = 1 if the rth route passes through the lth link,
and zero otherwise. The total traffic through a link is upper bounded by the capacity of the
link:
R
cl (θ )
gl (x, θ ) , ∑ Clr xr − θl
≤ 0, ∀ l.
(2.36)
cmax
r=1

2.4.3

The cross-layer design problem

With the models presented in the previous section, we address next the question of how to
tune the end-user rates {si }, the normalized flow data rates {xr }, the time-shares allocated
to the links {θl }, and the link data rates {cl } so as to maximize a social welfare function
f0 (s1 , s2 , . . . ) of interest, with reduced resource consumption. Mathematically, the general
(four layers) resource allocation problem is formulated as:

maximize
s,x,θ

(ROU)

L

f0 (s) − κ ∑ θl

subject to

(2.37)

l=1

R

hi (s, x) , cmax ∑ Air xr − ωi si = 0,
r=1

(MAC)

fl (θ ) , θl + ∑ Bl j θ j − 1 ≤ 0,
j6=l

(PHY)

gl (x, θ ) ,

R

cl (θ )

∑ Clr xr − θl cmax

r=1

si ≥ 0

∀i,

xr ∈ [0, 1] ∀r,

∀ source i,

as in (2.29),

∀ link l, as in (2.34),

≤ 0,

∀ link l as in (2.36) and (2.35).

θl ∈ [0, 1] and cl ∈ [0, cmax ] ∀l,

where κ is a small value which controls how important the resource minimization is with
respect to the end-user utility maximization. This formulation uses the MAC constraints
(2.34), which are defined for the RTS-CTS example, but the following analysis is valid for
any other MAC constraints that are linear in θ . For sake of simplicity we use f (s, θ ) to
denote the overall objective function, while f 0 is an aggregate utility function of the enduser rates as defined on page 41. In the rest of this section we show that problem (2.37)
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has a convex equivalent formulation for the special case when only one route is fixed
for each source. However the general problem is typically non-convex due to the PHY
constraint. Therefore, we propose a new approximation of the PHY constraint, and an
iterative algorithm for finding a solution of problem (2.37).
Special case: one (fixed) route per source
If a routing algorithm is run a priori so that each terminal has a unique route (for any source
i there is an unique route r so that si ≡ xr cmax and ∑r Air = 1), then the general problem is
simplified to:
maximize
x,θ

L

f0 (x) − κ ∑ θl

subject to

(2.38)

l=1

fl (θ ) ≤ 0 ∀ link l, as in (2.34),
gl (x, θ ) ≤ 0 ∀ link l as in (2.36) and (2.35).

(MAC)
(PHY)

This (non-convex) formulation is similar to the canonic problem studied in [161], despite the different PHY layer model. In fact, the time-shares {θl } affect the interference in
a similar way as shown for power control in [161], hence the convexity of the link capacity
model. We prove that similar convexity results as in [161] apply to problem (2.38).
Proposition 2.4.1. For cl (θ ) defined as in (2.35), φl (θ ) , θl cl (θ ) is (log, log)-concave.
The proof of this property is given in appendix D on page 175. Similar to the approach
in [161], we apply the variable transformations exp(e
xr ) ← xr and µ exp(θel ) ← θl , where
µ is a suitably selected strictly positive constant. We also rewrite the PHY constraint as
c (θ )
∑Rr=1 Clr xr ≤ θl clmax , and obtain an equivalent PHY constraint by applying a log-transform
on both sides of the inequality. The result is an equivalent formulation of problem (2.38):
maximize
e
x,θe

(MAC)
(PHY)

f0




L
cmax xe1 cmax xe2
e
e ,
e , . . . − κ ∑ e θl
ω1
ω2
l=1

fl0 (θe ) ,

L

∑ Bl j eθ j − 1 ≤ 0

j=1

g (e
x, θe ) , log
0

subject to

e

R

∑ Clr e

r=1

xer

!

(2.39a)
(2.39b)

− θel − log



µ
cmax

θe



cl ( µ e ) ≤ 0

(2.39c)

Proposition 2.4.2. The transformed problem (2.39) is convex if the objective function f 0 (x)
is (log,x)-concave, and its solution corresponds to a global optimal solution to the nonconvex problem (2.38).
The proof is given in appendix D on page 175. Utility functions modeling TCP Vegas/Reno, as well as the well known α -fair functions are (log,x)-concave, [161].
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On the convexity of the general problem
The general multi-route problem (2.37) is not convex and, to the best of the our knowledge,
there are no techniques that transform it into an equivalent convex form. On the one hand,
the methodology used for convexifying the single-route problem cannot be further applied
to problem (2.37) for any of the (log,x)-concave functions of interest. Specifically, inserting
the routing constraint into the objective function and applying the logarithmic transform
to xr would result into a non-concave function in xer . On the other hand the series of
convex approximations proposed in [161] as an alternative approach, i.e. ln(1 + SIR(P)) ≈
a ln(SIR(P)) + b, where a and b are iteratively updated until covergence is obtained, does
not lead to convex inequalities if applied to the PHY model given in equations (2.36).
Therefore, other transforms or approximations are needed for handling the nonconvex PHY constraint (2.36). In the following, we propose a novel approximation of these
constraints, in order to generate a series of convex approximations of problem (2.37).
A novel approximation of the PHY-constraint
We use the fact that for any strictly positive constant y0 the relation
z ≤ exp(z/y0 + log(y0 ) − 1)

is valid, with equality for z = y0 . Therefore
R

∑ Clr xr ≤ exp

r=1

1
yl

R

∑ Clr xr + log yl − 1

r=1

!

,

for each link l, thus we can define a more conservative PHY constraint:
g00l (x, θ ) ,

!
cl (θ )
Clr xr
,
+ log yl − 1 − θl
exp ∑
cmax
r=1 yl
R

gl (x, θ ) ≤ g00l (x, θ ) ≤ 0,

(2.40a)
(2.40b)

where yl is a link-capacity estimate. Notice that the feasibility set of the new constraint,
which is a subset of the feasibility set of the original constraint, may be void for an
unsuitable choice of yl . Moreover, if the approximate constraint is active g00l = 0 and
yl = ∑Rr=1 Clr xr then the original constraint is also active, i.e. gl = 0. A necessary condition for finding an optimal solution is that the PHY constraints is active, as proved later in
this chapter. Similarly to Section 2.4.3, we rewrite the approximate PHY constraint (2.40)

c l (θ )
R
as exp y−1
l ∑r=1 Clr xr + log yl − 1 ≤ θl cmax and obtain an equivalent constraint by applying the exponential transform of the time-share variables {θl } and a log-transform of both
sides of the inequality. The resulting constraint can be rearranged as:
(k)

gl (x, θe ) ,

1

R

C x + log
(k) ∑ lr r

yl

r=1

(k)

yl
µ cl (eθ )
− θel − log
≤0
e
cmax
e

(2.41)
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Algorithm 1 Iterative algorithm for solving problem (2.37)

and cl

to some feasible values for the original problem (2.37).

1:

Initialize xr , θl

2:
3:

For each link, we set
= θl
Start with iteration step k = 1.
repeat

4:
5:
6:
7:
8:

(0)

(0)

(0)

(1)
yl

(0) cl (θ (0) )
cmax .

(k)
Solve the approximate optimization problem (2.42). Let (s(k) , x(k) , θe ) be the
solutions for the kth iteration.
e(k)
(k) θ (k) )
(k)
(k+1)
, where θl = µ eθl .
Update yl
= θl clc(max
Update k ← k + 1.
until convergence.

The proposed solution
We solve problem (2.37) through a sequence of convex approximations, according to the
(k)
iterative algorithm 1. At each iteration step k, an estimate yl of the supported data rate
for each link is used to define the subproblem P(k) as:
L

f0 (s) − κ ∑ eθl

P(k) : maximize
s,x,θe

e

l=1

(ROU)
(MAC)
(PHY)

subject to

(2.42)

hi (s, x) = 0, ∀i as in (2.29)
fl0 (θe ) ≤ 0, ∀l as in (2.39b)
gl (x, θe ) ≤ 0,
(k)

∀l

as in (2.41)

After each iteration step the estimate yl is updated so that the approximation (2.40b)
of the PHY constraint becomes tighter. The first important property of the proposed solution is described by the following two properties (the proofs given on page 175):
(k)

Proposition 2.4.3. Subproblem P(k) is convex if f0 is (log, x)-concave.
(k)
Proposition 2.4.4. P(k) has an optimal solution (s(k) , x(k) , θe ), at which point the PHY
constraint (2.41) is active.

Hence, the proposed solution consists of a sequence of convex approximations. This
sequence is convergent (see proof on page 176).

Proposition 2.4.5. Assume the utility function f 0 (s) is strictly concave. The sequence of
(k)
optimal solutions {s(k) , x(k) , θe }, obtained for the problem sequence {P(k) }k according to
algorithm 1, is convergent, i.e. ∃s? , x? < ∞ and ∃θe? < ∞ so that:
i

lim si = s?i ,
(k)

k→∞

r

l

lim xr = xr?
(k)

k→∞

and

(k)
lim θe
k→∞ l

= θel? ,
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at which point the PHY approximation (2.40) becomes exact and (s? , x? , θ ? ) is feasible to
the nonconvex problem formulation (2.37).
As mentioned in section 2.4.3, we could not find an equivalent convex formulation
(k)

of the general problem (2.37). Hence we can not guarantee that the { f (s(k) , x(k) , θe )}k
sequence provided by the algorithm converges to the global optimum of (2.37). But for the
particular case when the routing selection is not included in the cross-layer optimization,
i.e. when only one route is predefined for each source-destination pair, there exists a convex
formulation (2.39) equivalent to the original (single-route) problem (2.38). The proposed
iterative algorithm converges to the optimal solution of (2.38), as stated by the following
proposition (the proof is given on page 178).
Proposition 2.4.6. If each terminal has an unique route, then the algorithm 1 converges
to the a solution which satisfies the KKT conditions for the original problem (2.38).

2.4.4

Applications: single route examples

Here we12 apply the general formulation to two particular performance criteria, which later
in the dissertation are used to evaluate the impact of fairness on the viability of relays (see
section 4.4).
Max-min criterion
If the radio resource allocation is optimized for providing coverage, then resources are
reallocated from UEs with good link budget to UEs located in poor conditions. Given a
network realization, in the following we are interested in finding the maximum data rate
for which full coverage can be guaranteed. This can be formulated as a max-min problem.
Let s0 be the guaranteed end-user bit rate. We formulate the optimization problem
with {s0 , θ1 , . . . } as decision variables. Moreover, we transform the variables θei = log(θi )
and se0 = log(s0 ). Since each UE has an unique route, at the transport layer we have that
i s0
. By substituting the expression of xi into the physical layer constraint, we obtain
xi = cωmax
the following equivalent problem formulation:
maximize
L

se0 ,θe

L

exp(e
s 0 ) − κ ∑ e θl
l=1

e

subject to

(2.43a)

∑ Bl j eθ j − 1 ≤ 0

j=1

e

Cli ωi
se0 + log ∑
i cmax
12 The

!



e
− θel − log cl (eθ ) ≤ 0,

following material is based on [9], co-authored with P. Soldati and J. Zander.

(2.43b)
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For a very low value of κ , the objective function is semi-convex. In fact the objective
e
function can be replaced by f 0 = se0 − κ ∑Ll=1 eθl , since the optimal value is given by the
physical layer constraints.
Sum-log criterion
i si
, we replace the expression of xi into the
Since each UE has an unique route, xi = cωmax
physical layer constraint, and we apply the variable transformation sei = log(si ) in order to
obtain the following equivalent convex formulation:

maximize
L

es,θe

S

L

i=1

l=1

∑ log esei − κ ∑ eθl
e

subject to

(2.44a)

∑ Bl j eθ j − 1 ≤ 0
e

j=1

Cli ωi
log ∑ esei
cmax
i=1
R

!



e
− θel − log cl (eθ ) ≤ 0

(2.44b)

Chapter 3

Basic economic concepts for networks
with fixed relays
A major contribution in this dissertation is that it converts technical performance measures
into economic measures. The mapping is based on rather simple principles. This approach
is not unique. It has previously been used for analyzing cellular networks [85, 103, 104,
137], among others. Nevertheless, this approach is seldom used in technical studies, and
particularly to analyzing relaying networks.
This chapter gives an overview of the economic concepts and techniques used in the
dissertation. Section 3.1 describes how to select the lowest cost production means when
the same service can be provided in different alternative ways. This iso-quant analysis
method is customarily used in microeconomics to study scenarios in which the (service)
demand and the production do not change over time. It is applied in the following chapters for comparing network solutions with and without relays. Section 3.2 reviews some
concepts which are essential for making investment decisions over several years: capital
expenditures (CAPEX), operational expenditures (OPEX), and sunk costs. It also describes
how an investment done over a long time can be analyzed with the Discounted Cash Flow
model. Moreover, it defines the return on investment, a measure used in chapter 6 to study
scenarios in which the revenue obtained during a time period depends on how the network
has been deployed in earlier stages.
Section 3.3 asks how low can the cost of a relay be with respect to a base station. In
order to give a realistic answer, this section summarizes several examples available in the
literature. It shows that the answer depends on type of system, and on what kind of cost
dominates the total cost of the network without relays. For instance, the low cost relay may
have the same capabilities as the base station (access point), if the transmission costs are
dominating the total base station cost.
Section 3.4 briefly exemplifies the importance of flexibility in a network deployment
when the future is uncertain. The method described here is applied in chapter 6 to show that
the use of relays allows the operator to postpone investment decision until the uncertainty
decreases, and thus make more profitable investments.
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3.1

The iso-quant curve

The standard scenario where these economic concepts apply consists of a plant that combines two or more ingredients to manufacture its output (i.e. products). If the plant can
be tuned so as to produce the same output quantity by different combinations of the input
ingredients, then it makes sense to choose the ingredient combination which delivers a desired output at the lowest cost. The dual problem is to find the ingredient combination that
maximizes the output at a given cost.
This is essentially an optimization problem with constraints. For continues values of
the input ingredients, the problem can be mathematically formulated as follows (a similar analysis can be done for discrete variables). In a plant with N input ingredients, let
(λ1 , . . . , λN ) be the vector of input quantities. Let Q(λ1 , . . . , λN ) and C(λ1 , . . . , λN ) be the
output quantity and cost for this input vector. The (primal) cost optimization problem can
be formulated as:
minimize C(λ1 , . . . , λN )

(3.1a)

subject to Q(λ1 , . . . , λN ) = Qtarget ,

(3.1b)

where Qtarget is the target quantity to be produced. The constraint (3.1b) defines a hypersurface which is called iso-quant curve, since all the input combinations satisfying the
constraints provide the same quantity1 . For an arbitrary amount of money Cbudget , the
hyper-surface defined by C(λ1 , . . . , λN ) = Cbudget is called a budget curve.
Throughout this dissertation, we make the simplifying assumption that all the base stations of a certain type have the same total cost (including the equipment, site, transmission
costs, etc.); a similar assumption is made for the relays. Hence base stations and relays in
a radio network can be seen as two ingredients of a “plant”, whose output is the technical performance of the network (number of satisfied users, system/cell throughput, outage
probability, etc.). Let λb and λr be the base station and relay densities, respectively. Figure
3.1 shows a hypothetical iso-quant curve that is convex and a linear budget curve (tangent
to this iso-quant curve). The optimal solution is related to the derivatives of the iso-quant
and the budget curves. For the linear cost model C = cb λb + cr λr , where cb and cr are the
unit costs of each type of ingredient, The problem becomes:
minimize

C(λb , λr ) subject to

Q(λb , λr ) = Qtarget .
n o
The optimal solution uses no relays (i.e. λr = 0) if ccr ≥ max ∂∂ λλbr . This has two
b

λr

consequences for the decision of whether to use the r ingredient (i.e. whether to use relays):
(1) the choice does not depend on the absolute cost cr , but rather on the relative cost ccr ,
b
and (2) the choice depends on the slope of the iso-quant curve.
1 Another term used in micro-economics for this constraint surface is indifference curve. While iso-quant
is used from a producer/provider perspective, indifference curve is used in the theory of the consumer [76], to
indicate that customers are equally satisfied with any combination of purchased items along this surface. The
term indifference curve has been adopted in the relay feasibility studies done in the WINNER project [97, pp.11].
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Figure 3.1: The iso-service curve contains the relay (λr ) and base station (λb ) combinations which
satisfy the same service requirement. All the combinations along the budget line have the same
infrastructure cost (with slope ccbr ).

On the model validity
The original model assumes that the recipe used in the plant can be changed on a short time
horizon (i.e. the changes can be made very quickly). It does not include considerations of
the time-varying cost of the ingredients or changes in the manufacturing technology that
may occur over a long time perspective. For instance, a major technological upgrade might
enable the plant to be more efficient and produce a higher output with the same amount of
ingredients. In the short term perspective there is typically only one optimal combination
and there is no reason to change this combination. Hence, the model applies to a time-static
optimization.
For a radio network, this model corresponds to a typical snap-shot analysis: The optimum combination of base station and relays must be found so as to satisfy a predefined
service target or budget constraint. The long-term enhancement of the plant would correspond to introducing more advanced transmission technologies. As a first approximation
this model can be used for analyzing any type of operator scenario, but it applies particularly well for a greenfield operator scenario2 .
2 The original model does not account for the long term changes of the target output or budget. The model can
nevertheless be applied for an incumbent operator scenario by including additional constraints on the decision
variables so as to account for the current deployment. However, the model can be applied without modifications as
a first approximation if one may assume that existing sites are removed or displaced to new locations, whichever
better suites the new target.
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3.2

Valuating investments over many years

3.2.1

The time-value of money (the Discounted Cash Flow model)

If the investment is not made at once, for instance when a radio network must be upgraded
after several years of operations, there are two important aspects that must be taken into
account. First, even if the rate of inflation is assumed to be zero, a one euro coin is worth
more today than in one year, as the coin can be deposited into a bank today and it will yield
interest over the period of one year. Hence, early revenues are worth more (in the long run)
than postponed revenues, and postponed investments have lower cost than early investments. Second, the price of some items will erode (i.e. decrease over time) as discussed
later in this section, while the price of others may go up.
The Discounted Cash Flow model is a tool typically used to valuate investments, or
compare them to each other [32]. Assume that the incoming and outgoing flows of money
occur at discrete intervals of time ∆t , typically an year. Let rt and ct be incoming and
outgoing money flows corresponding to the revenue and the cost, respectively, for the t-th
interval. Assume that the risk of the investment is known and let d be the interest rate
during ∆t from other investments with similar risks3 . A typical value for the annual riskfree discount rate is 5%. If the investment has no time horizon, then the Net Present Value
(NPV) of the investment is defined only based on the cash flow changes according to 4 :
NPV =

∞

rt − ct

∑ (1 + d)t

(3.2a)

.

t=0

In the particular case when the costs and revenues are the same each year:
1+d
.
d
If the time horizon is limited to T years of operation:

(3.2b)

NPV = (r0 − c0 )

NPV =

T

rt − ct

PT

∑ (1 + d)t + (1 + d)T

,

(3.2c)

t=0

where PT is the salvage value and it represents the amount of money which can be obtained
by selling the investment at the end of the operation period. If the buyer may continue runrt −ct
∞
ning the investment for an arbitrary time into the future, then PT = (1 + d)T · ∑t=T
(1+d)t .
However, if the network cannot continue to operate, for instance due to a license agreement expiring or to a standard becoming obsolete, then PT depends on the value which
some assets may have for other businesses5 .
3 This is an academic abstraction since risk cannot always be accurately predicted, so as to classify the planned
investment, and since historic data about interests from investments are no guarantees for future interests [32].
4 For the sake of simplicity, the interest rate is assumed to be constant in the following discussion. In practice
it may vary in time and it may also depend on the time horizon of the investment.
5 For instance the masts of a network may be used for other types of networks, the backhaul connections may
be used by a fixed ISP, the customer base can be taken over by a chain of hamburger restaurants, etc.
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A similar model can be used if cash flow changes may occur at any instant of time t,
i.e. ∆t & 0. When the values are compounded continuously, a continuously compounded
interest rate is used instead of a periodically (annually) compounded interest rate. Given an
annually compounded interested rate da , the continuously compounded rate d is computed
so that da = ed∆t −1 where ∆t = 1 year. Hence d = ln(1+da )/∆t . If a one-time expenditure
cost cacq at a future instance in time τ , e.g. a site or an equipment acquisition cost, its
present value is:
PV = cacq e−τ d

(3.3)

.

If a certain amount of money cinst must continuously be spent for an operation which
lasts between two future instance τ1 and τ2 , then the present value of the cost for this
operation is6 :
Z τ2

e−τ1 d − e−τ2 d
.
(3.4a)
d
τ1
Such running (operational) costs are typically expressed as a monthly or annual lump
sum payed at the beginning of the period. For instance, let cop be an annual running cost,
−0·d
−1·d
. Thus cinst
e.g. site lease cost, payed at the beginning of the year; then cop = cinst e −e
d
can be replaced in the above expression so as to express the running costs over an arbitrary
period in terms of the annual cost:
PV = cinst

e−xd dx = cinst

e−τ1 d − e−τ2 d
.
(3.4b)
1 − e−d
A drawback of using the NVP to valuate networks is that two networks with different
total costs may have the same NVP. An alternative measure is the Return on Investment,
which normalizes the return from an investment to the amount of invested money. In the
following we will make the simplifying assumption that all the network costs are investments, and therefore define the Return on Investment as:
PV = cop

NPV
PV(“revenues”)
=
− 1.
(3.5)
PV(“costs”)
PV(“costs”)
A related measure, Annual Growth, is used to distinguish between investments which
yield the same return on investment but over different investment time. If the investment is
done over T years, the Annual Growth is defined as:
ROI =



PV(“revenues”)
PV(“costs”)

1/T

− 1.

(3.6)

1
−1
6 Notice that for an open-ended operation τ = ∞ starting at τ = 0 we have PV = c
acq d = c0 ln (1 + da ),
2
1
which is a good approximation of the expression obtained for annually compounded interest rates in (3.2b) for
low interest rates, since:

lim

x←0

(1 + x)/d
= lim
ln−1 (1 + x) x←0

∂
∂ x (1 + x) ln(1 + x)
∂
∂x x

=

ln(1) + 1
= 1.
1
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CAPEX, OPEX, and the sunk costs

In this dissertation, the term Capital Expenditure (CAPEX) refers to all the one-time investments an operator makes, typically for acquiring assets and developing their business,
such as purchasing equipment, building an antenna mast (tower), acquiring a site, or a
spectrum license, etc. Likewise, the term Operational Expenditure (OPEX) refers to costs
periodically occurring throughout the life of a network, such as site rent, lease of transmission cables, operation and maintenance costs, etc. These definitions suite the classification
of different type of costs that is customary used in the following examples, and in the
literature on the cost of radio communication networks in general.
An operator may choose different technical solutions such to trade-off between CAPEX
and OPEX. For instance, most of the examples given in the next section assume that the
transmission lines are leased from a provider of backhaul connections (typically a former
national fixed-lines operator). In this case the upfront costs are much smaller than the
running costs, and the total network costs may be dominated by OPEX, as for instance for
a network based on IEEE 802.11 technology. This approach has the advantage that the
operational costs occur when the network is running and thus are payed from the revenues.
This means that the operator may avoid large up-front investments, i.e. large negative cash
flows. However, the operator may choose to deploy microwave links if the base stations
are in line of sight with a central distribution node, and if the initial investment budget is
not a limiting factor. In this case, the OPEX is probably much smaller than CAPEX.
Another important observation is that some expenditures are necessary but do not lead
to an increase of the assets (capital). This is typically the case with assets that are not
transferable (such as a spectrum license) or whose value is rapidly declining. The term
sunk costs is used to define expenditures which cannot be recovered, i.e. either cannot
be sold or whose salvage value is null. For the sake of simplicity, the examples used in
this dissertation are treating all CAPEX as sunk costs, unless otherwise specified. It is
nonetheless important to notice that this a poor approximation in case some investments
are done toward the end of the operation time, so that their salvage value is non-null, as
exemplified next.
Figure 3.2 shows three typical examples of the discounted cash flow evolution for a
limited operation time of T = 10 years. In all three cases the revenue process r(t) is the
same; the difference is only in the type of costs. The first investment alternative has a
small initial investment, followed by rather large OPEX. For instance, this corresponds
to leasing transmission lines from a third party. The second investment alternative has a
larger initial investment, but lower OPEX, which is reflected in a steeper increase of the
cash flow. In both cases no assets can be sold at the end of the operation time, i.e. the initial
investment is a sunk cost. The last investment alternative has a larger upfront investment,
but some assets can be sold at the end of the operation time. Compared with the other two
alternatives, only a part of the initial investment is sunk cost and the rest can truly be seen
as CAPEX.
Hence an increased upfront investment does not necessary lead to a decreased NPV; it
depends on what kind of assets are acquired for this expenditure and on how the value of
the assets change over time.
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Figure 3.2: Three cash flow examples with the same NPV, but different relation between CAPEX,
upfront investment, and sunk costs.

3.2.3

Price erosion

Another important aspect is that the price of purchasing a product or an asset changes over
time. For instance, the price of a base station equipment typically decreases over time 7 .
An analysis of the British market done after the millennium shift forecast a price erosion
of 10–15% per year for base stations [18]. An example given in [65, pp.128] shows that
the cost of a WCDMA base station decreased 10 times between 2001 and 2006, while
the dimensions decreased 30 times (from 900 liters to less than 30 liters). Furthermore, a
significant erosion of the price typically means a significant depreciation of the value of an
already purchased asset; this means that the money invested into equipment is to a large
extent sunk cost rather than capital expenditure in the strict sense of CAPEX.
Nonetheless, not all assets have the same price erosion: sites and backhaul transmission
are two examples. As more networks have been deployed and the base station density
has increased, the number of sites available for additional deployments has decreased.
Consequently, the price of acquiring or renting a site has increased; this trend is likely
to continue in the future. The backhaul transmission costs are typically associated with
leasing lines and therefore depend on the fixed broadband access market. In this market
prices are slowly going down, as more cables (fibers) are installed, but increased demand
may drive up the prices too8 .
Summarizing, the price evolution of the different assets has two main consequences.
7 There

are many reasons why the price of equipment decreases. Technological advances roughly described
by Moore’s (empirical) Law means that the transistor density doubles every 18 month. This leads to doubling
of the computational performance per unit area of silicon. Alternatively, this means that the price per unit of
computation power is halved. It also means that base stations can be produced with higher processing capacity,
smaller dimensions, and lower costs. A second reason is that more producers enter the market as the technology
matures; therefore more equipment becomes available on the market, competition increases, the profit margins
for the producers decreases, and hence the prices go down. A third reason is that new products available in the
market may provide additional features or implement later versions of the standards.
8 Regulators and local authorities may influence the costs for the operators. For instance, regulators may force
operators to share sites, or even a part of the radio network. By means of subsidies, the local authorities may boost
the deployment of fixed broadband networks and hence increase the supply of low cost backhaul capacity.
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First, investment into assets whose price is expected to stay the same or even increase
can be regarded as CAPEX, for instance building sites or installing transmission cables.
In contrast, investments into assets whose value decrease rapidly can be accounted for as
sunk costs. Second, strong price erosion has the effect of increasing the opportunity cost
of money, i.e. the discount rate for this asset, in the same way that high inflation does. In
other words, strong price erosion makes it more valuable to delay investments.

3.3

Cost structure examples

Concrete cost figures, as seen by the operator, are notoriously difficult to be obtained. Generally these costs are trade secrets, and often times the exact price is the result of strategic
relations between operators and equipment suppliers. Additionally, because there is a distinction between market price and production costs, the cost perceived by an operator may
differ significantly between the first operator to adopt a technology and an operator who
adopts this technology later. For instance, the difference between the costs of rolling out a
3G network in Japan in 1999 and 2007, estimated in [65, pp.134], is US$ 20 to US$ 2 billion. Part of this decrease might be due to decreased production costs, but might also be due
to decreased profit margins for the equipment manufacturers [65]. Another factor is that
there can be significant differences between countries for those items whose cost depend
on the local market such as: labor costs, site costs, construction material, and infrastructure availability9 . Further compounding the difficulty is that there might be significant
differences between systems that seemingly provide the same type of services. The differences many depend on licensing (intellectual property rights – both patents and proprietary
knowledge) costs (estimated to be 10% of the sale prices of WCDMA equipment [65]), on
the reliability which the devices (and systems) are expected to have, etc. These later aspects
are particularly important when comparing systems that originate from the Telecom-world
and Datacom-world, respectively. Nonetheless, this difference is gradually disappearing as
the traditional telecommunication vendors are shifting to all-IP networks and are utilizing
data communication standards to as great an extent as possible.
The purpose of the following examples is to highlight the relative difference in the
different cost components, i.e. the cost structure, and to show that these differences may
differ from system to system10 . In the context of this dissertation, the cost structure analysis
identifies what types of costs one could expect to save by using relays.

3.3.1

A macro cellular network (approx. 2003)

An important aspect to be mentioned is that the cost of the last mile access network is
not the largest part of the total costs that a traditional operator has. For instance, by early
9 Due to unreliable power supply, base stations might have to be backed up with power regenerators. For
instance, the GSM networks in India are estimated to consume 2 billions liters of diesel fuel per year [206].
10 The difference between the cost structure of different cellular networks has been emphasized in [105]. It was
shown that a macro cellular network is dominated by the site costs, while the cost of leasing backhaul transmission
lines for such a network is relatively small. However, for a network based on (WLAN) access points, or similar
technology, the total cost is dominated by the backhaul transmission cost.
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Table 3.1: Example of costs in a 2-3G cellular network (year 2002-2004).
Cost type

Value
Macro
Micro Pico
CAPEX per unit [ke]
Site build-out
80 – 100
20
8
Equipment
50 – 100
35
20
Backhaul transm.
2 – 5 (year 2005)
OPEX per unit [ke/year]
Site leasing
6
2
1
Maintenance
3
2
1
Backhaul transm.
5 (year 2005)

erosion
[%/year]

source

0
10
5

[18, 137]
[18]
[195]

0
0
5

[18]
[137]
[195]

Table 3.2: Cost structure in a 2-3G cellular network (year 2002)
BS type
Micro
Pico

Total cost
[ke]
97
62

Site
29 %
20 %

Cost structure
Equipment Transmission
45 %
26 %
39 %
41 %

2000’s the employee costs in Europe were estimated to 40–50% of the total costs [137].
The costs associated with the radio network that an US operator had at the same time were
estimated to less than 1/3 [141], out of which about 80% are last mile costs (i.e. excluding
the core network) [65, pp.133]. Table 3.1 shows the composition of the cost per access
point (base station) by compiling empirical values from the Long-Term Incremental Cost
(LRIC) model of a UK mobile network [18] and the TONIC project [137]. The table also
contains the cost erosion indexes [18].
Here is how the data in table 3.1 have been compiled. The site build-out costs are computed
from [18] as the sum of site acquisition, tower and mounting, power, security, and enclosures. The
resulting values are consistent with the “Node-B site build-out when no 2G site” given in [137].
The cost structure for a macro cell resembles that of a site in a suburban and a rural environment.
In an urban environment macro sites can be mounted on rooftops; in this case the civil engineering
costs are expected to be replaced by a greater site acquisition costs and therefore the total cost is
not expected to change significantly.
The equipment cost includes the installation of the antenna system and the cables. In [18] the
running costs associated with the equipment are assumed to be about 20% of the investment cost
and to increase 5% per year; in this example the value from [137, p.51] is used instead, which is
5% of the initial investment cost.
The transmission costs are based on Stokab’s December 2005 price-list for installing optical
fiber in the Stockholm area [195]; they are comparable with the year 2001 microwave link costs
given in [18]. The running costs assume a 5 km long line for each base station at Stockab’s prices.
In practice the site to site or the site to core network controllers are expected to be much smaller in
an urban environment, but the cost are expected to be higher than in Stockholm.
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Table 3.3: Cost analysis for a hypothetical relay in a 2–3G network.
Nr
1
2
3
4
5
6
7

Relay model
Site
Equip.
micro 35 ke
micro 20 ke
micro 10 ke
micro
5 ke
pico
20 ke
pico
10 ke
pico
5 ke

Total cost
[ke]
72
53
40
34
36
24
18

Cost structure
Site
Equip.
40 %
60 %
54 %
46 %
70 %
30 %
82 %
17 %
33 %
67 %
50 %
50 %
68 %
32 %

Cost ratio
micro BS pico BS
74 %
54 %
41 %
35 %
37 %
58 %
25 %
39 %
19 %
29 %

Table 3.2 shows the cost structure for a micro and a pico BS, assuming the deployment
date was 2002, a discount rate of d = 10% (on top of the erosion), and an operation time of
T = 5 years11 . Table 3.3 shows the total cost, the cost structure, and the cost ratio between
the RL and BS for some hypothetical relays under the assumptions that: (a) a relay has no
transmission costs, (b) the site costs are the same as for a BS, and (c) the equipment costs
are {35, 20, 10, 5} ke. This hypothetical example shows that if the relay reduces all three
types of costs (transmission, equipment, and site), the ratio between the RL and BS cost
is in the range 20 to 40 %. It is also interesting to notice that the at 19 % cost ratio, the
RL cost becomes limited by the site costs. Thus, even if the equipment cost was lower, the
cost ratio cannot be much smaller. This is an important observation because even if the
cost of electronics has decreased since 2002, the site cost (in which the antenna costs are
included) have not decreased significantly12 .

3.3.2

A WIMAX example (approx. 2004)

The following example is based on a business case analysis of WiMAX [17, 177, 214]. A
significant component in the cost structure of a WiMAX network is the Customer Premises
Equipment (CPE); similar to the relays in this dissertation, the CPE forwards the signal
from the BS to the user equipment. Outdoor CPEs are available on the market. Depending
on the business model, this CPE maybe bought as consumer electronic products or leased
from the operator. The idea is to have the customers install the CPE (thus avoiding the
installation costs for the operator, avoiding any leasing costs, and parallelizing the instal11 Notice

that this is a simplified analysis, because different components at a site have different life-lengths.
For instance, an operator license is typically for 20 years. The lifetime of a mast (BS tower) is comparable,
although the lifetime of a contract for leasing a micro site in urban environment could be shorter. Moreover,
an existing site can be used without additional costs when the equipment is upgraded or replaced. Finally, the
speed with which standards such as 3GPP are updated makes the lifetime of an investment in the equipment quite
short. Even if an upgrade does not always require the replacement of the equipment, it may nevertheless require
significant investments in the software upgrade.
12 The operator’s costs associated with sites and installation could be reduced to zero if the equipment is
deployed by the customers. This applies for instance to the femto-cell scenario, in which devices similar to IEEE
802.11 wireless routers are installed at home by the customers. Although this is an interesting and important
scenario, indoor coverage is not (explicitly) treated in this dissertation.
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Table 3.4: Example of costs in a WiMAX network (year 2004-2005).
Cost type
BS CAPEX per unit [ke]
Site build-out
WiMAX Equipment
Additional channels
Other BS costs
Backhaul (microwave line)
CPE CAPEX per unit [ke]
Medium business terminal

Value
50
30
7
15
25
1.4

Cost type
BS OPEX per unit [ke/year]
Site leasing

Value

Maintenance (5 % of CAPEX)

1.5

Backhaul transm.

2

0

CPE OPEX per unit [ke/year]
Customer site lease
Maintenance (7% of CAPEX)

0.6
0.1

Table 3.5: Cost structure in WiMAX (2005)

Item
CPE
BS

Total cost
4 ke
134 ke

Site
57 %
43 %

Equip.
43 %
38 %

Transm
19 %

Cost ratio
3%

lation). Table 3.4 summarizes the cost figures. Unlike the cellular example, the backhaul
connection for the BSs is established in this example by a microwave link, which required
line of sight; nonetheless, the upfront cost is the same as the discounted total cost of leasing
the transmission cable in the cellular example. For an operation time of T = 5 years and a
discount rate d = 12%, the total costs are cBS = 134 ke and cCPE = 4 ke for a BS and a
CPE, respectively. Notice that the CPE is about 3 % of the BS cost; however, the CPE is
not the ideal model of the relay considered in this dissertation13 . Table 3.5 shows the cost
structure of the two items.

3.3.3

A WLAN example

In perhaps the first paper analyzing the cost benefits of using relays (multihop technology)
[181], Schultz et al. give an example in which the transmission costs are 75% of the total
cost of a WLAN access point. In [188], the transmission costs in a fully loaded high bit-rate
cell are expected to amount to up to 80% of the total cell costs. In this case, the relaying
site and equipment is identical to that of the access point, yet its cost is only 25% of the
cost of an access point.
Consider for instance that WLAN device described in [172], which is powered by solar
panels, uses 26dBm transmission power, 24 dBi antennas, to provide 20 to 40 km long links
in a rural environment. The cost of such a device is estimated to US$ 1000, with US$ 5000
additional costs for the site build-out. Hence the cost of the device is similar to the total
13 The

CPEs considered in this numerical example are more similar to a user terminal with high transmission
power, rather than a relay. Most of the available products are providing Internet access to a household by means
of a cable (the outdoor CPEs are typically using a Power over Ethernet power injector).
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Table 3.6: Cost figures used in the WINNER project
Cost type
Site buildout
Planning & optimization
Equipment
TX power [dBm]
Backhaul transm.
Site rent
maintenance
Backhaul transm.

Macro BS Micro BS
CAPEX [ke]
58
6
1.6
1.6
50
5
33
0.15
0.05
OPEX [ke/year]
17

3

Pico BS

Relay

"Pico relay”

0.1
0
2
0.05

4
0
7
33
0

0.1
0
2
0

0.5

2

0.5

0

0

27

6

53
47
-

40
60
-

20
0.8 (DSL)
0.8
Total cost (discounted 6% over 10 years)
Total cost [ke]
398
42
12.2
Cost structure (discounted 6% over 10 years)
Site [%]
39
64
20
Equipment [%]
22
21
29
Backhaul transm. [%]
39
14
51

cost of a WiMAX CPE (which is designed to serve a single household). If an urban WLAN
has similar total costs, and if the transmission costs are similar to those considered in the
cellular example (25 ke discounted over 5 years for an optical fiber), then the site and
device equipment accounts to about 15% of the total cost of a wired site. In fact the urban
WLAN may have even lower relative cost, because it uses simpler and more inexpensive
antennas than those used to cover large distances in a rural environment.

3.3.4

The WINNER cost model

The WINNER project was dedicated to designing a new access network, in which relaying
techniques play an important role. The following cost model was developed within the
project [99, 211, 212], and is summarized in table 3.6. The total cost, discounted over
T = 10 years with d = 6 % per year, is also shown. Here we have assumed that the annual
maintenance OPEX is 10% of the CAPEX. According to this model, the total cost of a
relay is 7% and 64% of the total cost of a macro and of a micro base station, respectively.
An additional example is given in [99], where a low cost relay is assumed to have the same
cost as a micro base station, but without the backhaul transmission costs. The total cost of
a “pico-relay” is then 14% of the cost of a micro base station.

3.3.5

A summary of the examples

These examples refer to a wide range of scenarios, types of sites, capabilities of the equipment, etc. In the “macro cellular”-like scenarios, such as the cellular, WiMAX, and WINNER examples, the site and equipment costs are dominant. In this case, the typical ratio
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between the total cost of a relay and a base station ranges between 15% and 60%. In the
WLAN-type of scenario (as in section 3.3.3), the total cost of an access-point is dominated
by the backhaul transmission costs, while all the other costs amount to about 5 ke. In this
case, a relay node has the same performance and propagation characteristics as a wired
node, and yet the cost ration may be as low as 20%.
The most optimistic figures are obtained when the wired nodes are similar to a macro
base station and the relay nodes are similar to consumer electronics (similar to the CPE in
the WiMAX example, or the “pico relay” in the WiNNER example). In these cases, the
cost ratio is in the range 3% to 7%. However, numerical evaluations using these low cost
ratios must take into account that these relay nodes have significantly reduces technical
characteristics (specifically with regard to reduced transmission power, processing power
or capacity, reliability, etc.) and poor propagation characteristics.

3.4
3.4.1

Valuating investments under uncertainty
Why is “investment under uncertainty” important?

The models presented so far allow the investment decisions to be made under the assumption that revenues r(t) and costs c(t) are known before the investment is made. However,
r(t) and c(t) can only be predicted, hence the investment decision may be incorrect if the
predictions are inaccurate. An immediate consequence is that the net present value (NPV),
as defined in section 3.2, is a random variable whose distribution depends on the statistics
of the underlying processes. A more intricate consequence, that is not treated in this dissertation, is that uncertainty is typically associated with risk, so that an investment with
higher uncertainty has higher risk14 .
More important for the context of this dissertation is the fact that the uncertainty about
the future highlights the importance of flexibility in a project. Moreover, it highlights the
importance of quantifying monetarily the value of flexibility. Traditional valuation models
such as NPV do not offer the means to distinguish between an investment strategy that is
flexible and one that is inflexible, so that the value of flexibility is lost. While the NPV
analysis quantifies the value of a delayed investment, real option analysis quantifies the
value of a delayed decision to invest. It is intuitive that the higher the uncertainty about
future, the more valuable the ability to delay making a decision.

3.4.2

Flexibility in technical projects

Trigeorgis describes in [201, ch.1] eight different types of real options one may encounter
in projects. The following options are relevant for the analysis made in this dissertation:
14 An investment with a higher risk requires a higher return, and therefore a higher discount rate in the discounted cash flow model of the NPV given in expression (3.2). This means that studies which explicitly take
the uncertainty into account cannot use the risk free discount rate, but must use a larger discount rate which accounts for the risk [32, ch.9]. An alternative approach is to “project” the scenario into a risk neutral world, an
abstract construction which allows the analysis to be done with the risk-free discount rate. Although there are
well-established procedures for handling these aspects in the context of corporate finance and company valuation,
it makes it difficult to keep the models and analysis simple in a technical context.
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Option to delay investment. For instance, an investor may decide to wait until the market
for a new service or technology reaches a critical mass, instead of investing in it right
away. We will look at an example of this late. A counter example is the licensing of
UMTS spectrum in which the operators are forced to provided a predefined user or
area coverage within a fixed period of time; in this case the operator does not have
the option to wait until the demand (and the revenues) increases to a particular level.
Option to expand. An operator who has already deployed in a macro cell layer, has the
option to deploy a micro cell layer if/when the demand increases sufficiently. An
operator with a UMTS base station has the option to upgrade it to HSPA, if/when
needed. A marketing argument for the WiMAX standard (and LTE-Advanced) is
that the same technology can be used in new frequency band if/when the frequency
band becomes available.
Option to convert. Trigeorgis [201] uses the term “option to switch use” to refer to
the flexibility to use different inputs (e.g. when a car which can operate both on
gasoline or ethanol) and/or deliver different outputs (e.g. a car factory is converted
to produce wind mills). A more suitable example in the context of this dissertation
is the a IEEE 802.11 access point which can work both as a relay and as an access
point15 . The self-backhauling base station concept, currently being considered in the
3GPP standardization efforts for LTE-Advanced, is based on a similar idea: to use a
device as a relay as long as capacity is not the limiting factor, and convert it into a
traditional base station by wiring it to the core network/Internet.
Option to terminate. If the estimated future running costs in a network are expected to
exceed the future revenues, then an operator may exercise the option to terminate the
operation so as to cut the losses. Orange exercised such an option and withdrew from
the Swedish market before its service becoming commercially available, despite the
fact that it had gained a 3G spectrum license, and despite having made some investments in the infrastructure. As a counter example, public service provider typically
do not have such an option, and may be forced to operate with losses.

3.4.3

Flexibility analysis with the binary trellis model

Binary trees are typically used to illustrate managerial decision processes (hence they are
often called binary decision trees. They are also used as a simple model for the analysis
of financial investment decisions. We will use binary decision trees in the following to
exemplify the importance of flexibility in radio networks.
The option to delay investment
Assume that each Erlang in a cell generates 1 monetary unit (mu) per year. Assume that
the demand increases as illustrated in figure 3.3. During the first year the demand is 20
15 For instance, WAP54G by Linksys can be configured both as an access point and as a repeater. As of March
2009, it can be purchased for US$ 70, including delivery.
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Figure 3.3: Example of demand evolution over three years (demand shown in units of Erlang).

Erlang, generating a revenue of 20 mu. In the second year the demand increases to 45
Erlang with probability p = 0.5, and decreases with the same probability (1 − p = 0.5) to
15 Erlang. In a similar way, the demand increases by 25 Erlang or decreases by 5 Erlang
in the third year. Assume that the cost of installing a base station with capacity 80 Erlang
is 5 mu, the annual expenses is 25 mu, and the network is run for exactly three years (with
null salvage value). How should the network be deployed?
If the operator has a “take it or leave it” offer, then for a discount rate of d = 10 % the
expected revenues and the cost are:
0.5(45 + 15) 0.25 · 70 + 0.5 · 40 + 0.25 · 10
+
= ...
1+d
(1 + d)2
40
30
+
= 20 +
= 80.33
1.1 1.12
25
25
PV(cost) = 5 + 25 +
+
= 73.96
1.1 1.12

PV(revenue) = 20 +

(3.7a)
(3.7b)

This yields an expected NPV of almost 7 mu. However, there is a 25% risk for the
revenue to be as low as 41.9 mu, which leads to a loss of 31.5 mu, and a 25% risk for the
revenue to be 66.7 mu, which means a loss of 6.7 mu.
Assume that the operator has the option to wait for one year, before deciding whether
to invest or not. In this case the operator will invest only if the demand after one year
increases, in which case the expected revenues and the cost are:
0.5(70 + 40)
40
30
45
+
+
= 20 +
= 131.8
1+d
(1 + d)2
1.1 1.12
5 + 25
25
PV(cost) =
+
= 47.9
1.1
1.12

PV(revenue) =

(3.8a)
(3.8b)

The operator will invest with probability p = 0.5 and get a NPV of 83.9 mu, and with
an equal probability (1 − p = 0.5) will not invest. Hence the option to delay the investment
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Figure 3.4: Cash flow analysis for the option to increase capacity.

decision by one year leads to an expected NPV of 41.9 mu, and there is no risk of loosing
money. So, comparing the two scenarios it follows that the flexibility to wait increases
the expected NVP by 35 mu. In fact the value of this flexibility is even higher, because
the inflexible project has high risks and therefore should be discounted with a significantly
larger value than the risk-free rate.
The option to increase capacity
Assume that a second type of device is available, with an annual cost of 17 mu, and a
capacity of 40 Erlang. Although the operator does not have the option to delay the investment, may nonetheless chose between installing the 80 Erlang access point, or using
two low cost devices. With the latter approach, the operator starts by deploying a lower
capacity device, and has the option to increase the network capacity by installing a second
low capacity device if the demand goes up after the first year.
How much is the flexibility inherent to the latter approach worth? One way to quantize
the value of this flexibility is find out how much can the upfront cost of the low capacity
device be, so that the expected NPV of the flexible approach equals the expected NPV of
the inflexible solution (i.e. 7 mu, as computed above). A first observation is that the total
running cost (OPEX) of utilizing two low capacity devices is higher than the total cost of
utilizing one high capacity unit, if the operator is forced to deploy the second device after
the first year:
17 + 2

17 2
25
25
17
+2
+
= 76 > 5 + 25 +
.
1.1
1.1
1.1 1.12

Hence, without the option to increase the capacity, the low capacity devices would
never be used. Let I be the upfront cost of a low capacity device. Figure 3.4 shows the
annual cash flow in all the possible outcomes. If the expected NPV of this solution should
break even with the NPV of the inflexible solution (7 mu), then:
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(3 − I) + 0.5(22 − I − 2) + 0.25(36 + 6 + 23 − 3) = 7,

(3.9)

which is achieved for I = 14.33. The cost of the low capacity device is expected to be
lower than the cost of the high capacity device (5 mu), and therefore much smaller than I.
The difference between I and the actual cost of a low capacity device is an indication of
how important the flexibility is. In fact the value of the flexibility is even higher, because
the flexible solution reduces the risk. Indeed, the largest losses one could have with the low
2
+ 1.13 2 = 15.62, compared to 31.5 with the inflexible
capacity solution is 14.33 − 3 + 1.1
solution.
Notice that the cash flow could be further improved if there was an option to terminate
the operation of the additional equipment, if the demand decreases from 45 to 40 in the
third year.

3.5

Summary

This chapter summarizes the basic models and theoretical tools used in this dissertation to
valuate investments in relaying networks. Since the same user experience (grade of service) can be provided by the operator by designing the network in various ways and using
different technologies, for instance with and without relays, it is important to compare the
different technical solutions by means of economic measures. The iso-quant approach presented in section 3.1, typically used in microeconomics for selecting the technical solution
with the lowest cost, is applied in chapters 4 and 5 to compare network solution that are
entirely deployed upfront.
The Discounted Cash Flow model described in section 3.2 is used to analyze an investment which is done over a long period of time. It models the fact that early incomes
are more valuable than late incomes, and postponed investments come at a lower cost than
early (upfront) investments. This model is used in chapter 6 to analyze networks which are
incrementally deployed over a long time period.
The empirical examples presented in section 3.3 show that the total cost of a relay
may be 5% to 50% of the total cost of a base station. However, this cost ratio depends on
the relative capabilities of the relay and base station, respectively, and on what dominates
the cost structure of a base station (access point). This lowest ratios are obtained when
combining high-end base stations (i.e. high equipment and site costs) and low-end relays.
This must nonetheless be reflected in different propagation characteristics for the base
station and relays. Relatively low ratios (between 15% and 20%) are also obtained when
both the base stations and the relays are low-end, and when the backhaul transmission costs
are dominating the total cost of a base station. However, this cost ration also depends on
the market (country) in which the installation is to be done.
Section 3.4 illustrates the importance of a flexible technical solution when future demand is uncertain. This type of analysis is applied later in this dissertation to analyzing the
value of flexibility offered by relays over the life-cycle of a network. Thus chapter 6 shows
that the value of the option to convert a relay into a base station increases with the demand
uncertainty.
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Chapter 4

Cost Analysis of a Network Snapshot
In our search for the main aspects which make a relay solution feasible, in this chapter
we focus on those aspects and parameters which are customary in radio network design
and analysis. Hence, we ask how does the feasibility of using relays depend on parameters such as carrier frequency, transmitted power, propagation characteristics, or resource
allocation schemes?
As reference, we consider a simple scenario that is typically used in the studies of
cellular networks. By doing so, we may use the vast literature on cellular networks as
reference, and we avoid using scenarios in which the use of relays have obvious advantages.
We then analyze the feasibility of using relays on a large number of derived scenarios,
performing in fact a sensitivity analysis with respect to various parameters.
In section 4.1 we describe the reference scenario and in particular the infrastructure
cost model. We define the break even relay cost which we then use as feasibility measure
throughout the rest of the chapter.
We start our analysis in section 4.2, by first ignoring the interference, so as to obtain an
understanding of how relay can improve the link budget. We show that relays perform well
when the direct link is weak (and the target end-user rate is low), i.e. when the propagation
exponent is high; when the attenuation constant is high (e.g. at high carrier frequency
or for indoor users); and when the shadow fading is severe (high probability of strongly
attenuated links). We then show that similar results are obtained when interference is taken
into account as well.
In section 4.3 we show that the introduction of a more advanced features may lead to
lower infrastructure cost, but not necessarily to a more feasible relay solution. For instance,
the relay selection performs statistically almost as well as more advanced schemes based
on combining diversity. However, a Decode-and-Forward (layer 2-3) relay yields greater
relaying gains than a simple Amplify-and-Forward relay.
In section 4.4 we show that feasibility of using relays depends on the choice of fairness
criteria to be enforced in the network. For instance, relays are more useful when bitrate fairness is enforced, or coverage for a guaranteed bit-rate is guaranteed, than when
proportional fair allocation is used.
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Specific question and approach
The reference scenario: a greenfield operator

The reference scenario consists of a macro cellular environment in the 2GHz band. We
assume the case of a greenfield operator, i.e. an operator that has (a) no previous assets to
exploit in the deployment, and (b) full freedom to select the best network solution. The
operator may decide to build the network either in the traditional fashion, only with macro
base stations, or using both macro base stations and low cost relays. The use of a low cost
relay is modeled by (a) a simple transmission technique (amplify and forward SIMO), (b)
low transmission power, (c) simple, omni-directional antenna, and (d) low cost planning of
the relay site.
The network is dimensioned and operated so as to enforce bit-rate fairness. In the
following this is modeled in two ways. For the simple case where the dimensioning is
based exclusively on link-budget calculations, the bit-rate fairness requirement is equivalent to providing coverage for a guaranteed bit-rate (see section 4.2 for details). For the
more complex case where radio resource sharing and interference mitigation are explicitly
treated, the bit-rate fairness requirement is equivalent to using the max-min criterion when
allocating resources (see section 4.4 for details).
The scenario defines a network-dimensioning problem with several possible solutions.
This differs from many studies in the literature on the benefits of relaying, where the relaying technique is treated as an add-on to an existing traditional network. This choice affects
our study approach, since the user or system performance is an input to the study, while in
most of the literature the performance improvement is the output.
Throughout this chapter, the same propagation model is assumed for all the links:
Prec = Ptransm + c0 + α · 10 log10 d + X

[dB],

(4.1)

where d is the source to destination distance measured in meters, and X ∼ N(0, σ ) models
the large scale fading. The fading components in any two links are uncorrelated. Table 4.1
summarizes the parameters in the reference scenario.

4.1.2

An Infrastructure Cost Model

We assume that the difference between a cellular-relaying network and a purely cellular
one consists only in the last-mile part of the radio access network. This means that costs
for spectrum licensing, customer acquisition and support, terminal subsidies, core network
deployment and operation, etc. are the same. It also means that the comparison can be
limited to the last-mile radio access.
The greenfield operator builds the entire network at once and operates the network for
a T years. All the deployed base stations are of the same type; if relays are deployed,
they are of the same type. The present value of the total cost of a base station is denoted
cb and is computed by discounting all the associated costs. Some of the costs will occur
at the deployment instant t0 = 0, such as the site acquisition, site built-out, equipment,
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Table 4.1: Model parameters for the reference scenario.
Parameter
Propagation
Prop. constant
Prop. slope
Logn. fading
Power control
Power terminal
Power relay
Antenna UE
Antenna RL
Antenna BS
Noise power
Bandwidth

symbol

value

c0
α
σ

-32 dB
3.5
9 dB
no
24 dBm
30 dBm
0 dBi
10 dBi
10 dBi
-100 dBm
5 MHz

Pt
Pr

installation of the transmission equipment or lines, etc. Assuming that the nominal annual
running cost for a base station is the same each year, the total cost can be expressed as:
cOPEX
(1 + d)T − 1
b
= cinitial
+ cOPEX
b
b
t
d
t=1 (1 + d)
T

cb = cinitial
+∑
b

[monetary units].

(4.2)

A similar expression can be written for relays:
(1 + d)T − 1
[monetary units (m.u.)].
(4.3)
d
Since all the base stations are of the same type, their cost is also the same1 . Therefore,
the cost of the last mile radio access, normalized to a unit of area, can be expressed as:
cr = cinitial
+ cOPEX
r
r

nr. RL
nr. BS
cb +
cr , λ b cb + λ r cr
[m.u./km2 ].
(4.4)
area
area
The two variables λb and λr are the output of the aforementioned network dimensioning
problem, and can be interpreted as a density of units if the units are uniformly distributed
over the area or if the studied area is large enough. This model does not explicitly show that
mass production of a certain type of equipment typically leads to lower costs. However,
these dependencies are given by the structure of the industry and, in a market with many
competitors, are not affected by the choice of a specific operator.
This infrastructure cost model corresponds to the two-ingredients plant example discussed in section 3.1. Moreover, note that the time aspect, in this model, affects only the
proportion of OPEX with respect to the total infrastructure cost, and has only marginal
influence on the comparison between the total cost of networks with and without relays.
Clast mile =

1 This

in only an approximation. The site acquisition and leasing costs are likely to vary from place to place.
Also the distance between a site and the core network, e.q. the closest radio network controller in a UMTS
network, varies and therefore the backhaul transmission cost also varies.
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4.1.3

The break-even relay cost

We propose in the following a method for evaluating the viability of relay networks based
on the iso-quant concept described in section 3.1. We define the break-even relay cost
as the cost of a relay site for which the relaying solution and the traditional single-hop
solution have the same cost2 [2]:

λb cb + λr cr = λb, ref cb ,

(4.5)

where λb, ref is the number of base stations required by the reference solution, divided by
the area. Here “cost” represents the total cost of a site/network, i.e. including the planning and civil engineering part of the upfront investment, the running costs of renting the
site and/or leasing the transmission lines, etc. The relaying solution leads to cost savings
whenever the actual relay cost is lower than the break-even cost:

λb, ref − λb
cr
, Break Even relay cost.
(4.6)
≤
cb
λr
The break-even cost is based exclusively on solutions of a dimensioning problem, and
therefore it is a purely technical result. It is an upper bound for how much a relay may cost,
compared to the total cost of a base station site. In this approach, the techno-economic
analysis is split into a technical part – that of finding the break-even cost – and an economic part – that of finding whether the actual relay cost is lower than the break-even
value. Hence, the break-even analysis is only a step in the investment decision process; the
actual decision of whether to choose the relaying solution might also depend on aspects
not considered in this dissertation, such as how large should the cost savings must be.
With the models considered in this dissertation, the solution of a dimensioning problem is
found in some statistical sense. For a specific environment and technology, different procedures
may be used to obtain the break-even cost. The one used in the following consists of four steps
and is detailed in appendix E (page 181). First, the performance is estimated for a large number of
network realizations. Second, an empiric model is used to fit the observations as a function of BS
and RL densities z(λr , λb ). Figure 4.3 (page 77) illustrates such a surface. Third, the iso-service
curves are obtained as level curves of the empiric surface. Finally, the break-even cost value is
computed and drawn as function of the target service.
2 The

analysis done in this dissertation should not be confused with the break-even analysis used in the sensitivity analysis of production costs. Specifically, the break even analysis assumes that the total cost of production
has a component proportional to the number of items and a fixed part: ctot = cv N + c f . In this context, break even
c
refers to the number of units Nbr = p−cf v for which the profit is zero, under the assumption that the revenue per
unit p is independent on the number of sold units. If two different technologies can be used to produce the same
type of unit, the one with smaller variable costs (cAv < cBv ) may lead to higher profits as long as the number of sold
units greatly exceeds the break even volume, as compared to the alternative technology. However, this result is
A > N B ), and therefore
typically associated with higher fixed costs (cAf > cBf ) and a higher break-even volume (Nbr
br
to higher risk if the future demand is uncertain, as pointed out in [32, pp.249]. Throughout this dissertation the
fixed costs for a network with relays is assumed to the same as for a network without, therefore the comparison
according to the model given in expression (4.4) includes only the variable cost. But in practice the use of relays
may lead to additional fixed costs for the relaying solution. For instance, if relay and base stations are completely
different types of equipment, then additional training of personnel may be required.
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Basic trends
The noise-limited network model

In order to simplify as much as possible the problem, we start with a noise limited model of the
network. The network layout model consists of seven BSs with omni directional antennas: six sites
placed around a central site. The coverage is tested around the central cell. Relays are randomly
placed, so that no relay is closer to the BS than 0.25 of the cell radius. The BSs and RLs in the
neighboring cells are considered for the sake of macro diversity. Figure 4.1a illustrates the seven
BSs by 4, RLs by ◦, and UEs (terminals) by dots.
In the noise limited network model, the probability of two users to access the medium at the
same time is neglected, so that the interaction between users competing for resources is ignored.
The entire bandwidth can be allocated to the active user, or split between the two relaying hops.
No mobility is modeled; therefore the channels are time invariant. This means that there is no time
diversity, and that the choice of BS and RL for each terminal (i.e. handover or routing decision)
can be done ideally. We consider the relaying schemes and the information theoretical models of
the end-user data rates as described in section 2.3.
A feasible deployment solution provides at least 95% of the users with a guaranteed data rate,
which is used as study parameter. Since the user distribution is uniform, this is equivalent to 95%
area coverage. In the following results, the guaranteed data rate is normalized to the available bandwidth [bits/sec/Hz]. Figure 4.1b shows the distribution of the end-user data rate for two network
realizations, and illustrates that 95% coverage for the same data rate can be provided with cells
of different sizes, depending on whether relays are used or not. With the noise-limited model, the
relays simply improve the link budget of users with poor coverage. Therefore, the guaranteed bit
rate is directly related to the SNR operating point.
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(a) Network layout example
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Figure 4.1: (a) The red dots, ◦, and 4 indicate the positions of the sample UEs, RLs, and BSs,
respectively. The sample UEs (terminals) in a central cell may be connected either to the central BS,
or to any of the six surrounding BSs. (b) The 5th-percentile is the same for an intersite distance of
2250 m when relays are used, as for an intersite distance of 1100 m without relays.
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Figure 4.2: The break-even relay cost decreases with the increased guaranteed data rate. The reference scenario is indicated with a thick line and ◦ mark. (Uplink analysis)
Table 4.2: Link budget calculations: the maximum cell radius size [meters] versus the guaranteed
data rate, for a network without relays and lognormal fading (σ = 0 dB).

Prop. slope

α =3
α = 3.5
α =4

4.2.2

0.1 [bps/Hz]
(-12 dB)
6310
1810
710

0.4 [bps/Hz]
(-5 dB)
3690
1140
470

1 [bps/Hz]
(0 dB)
2510
820
350

4 [bps/Hz]
(12 dB)
1000
370
180

10 [bps/Hz]
(30 dB)
240
110
60

Break-even cost versus guaranteed data rate

The first trend we observe is that the break-even relay cost is a decreasing function of the
guaranteed bit-rate. Thus adding relays is decreasingly cost effective as the desired data
rate increases. This trend is exemplified in figure 4.2 and can be observed in all the considered scenarios. A similar trend is observed even in scenarios in which the interference
is explicitly taken into account, as we shown later in this section. The trend is consistent
with the observations about the half-duplex relay operation made on page 30.
Is this trend influenced by the propagation environment? We start by looking at the two
parameters of the single slope propagation model. Since stronger power attenuation leads
to weaker direct links, one would expect the relays to perform better at high propagation
exponent α and at lower propagation constant c0 . Indeed, it is known that the cells must
be smaller if the same guaranteed bit-rate should be provided at larger α , as illustrated
in figure 4.3. For the sake of clarity, table 4.2 shows the required cell size for different
required bit-rates and propagation slopes.
Does the relaying gain depend on the propagation environment? For the considered
scenarios, the answer is no. Figure 4.2 shows the break-even relay cost for the Amplify-
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Figure 4.3: The guaranteed bit-rate (95% coverage), versus the BS and the RL density.

and-Forward SIMO relaying scheme described in section 2.3.5 (page 35). The parameters
of the reference scenario are given in table 4.1. The break-even relay costs in general are
lower for α = 4 than for α = 3, as shown in figure 4.2a, only because α = 4 corresponds
to lower guaranteed data rates. If the comparison is done for the same guaranteed rate, the
difference between the break-even costs are not statistically significant. The same applies
when α is kept fixed, and the propagation constant is varied instead. Figure 4.2b shows the
break-even costs versus the guaranteed data rate, with c0 as parameter. The three curves
correspond to c0 = −40, −32, and −22 dB, and denoted in the figure with 3.5 GHz, 2
GHz, and 900 MHz, respectively. These result should be carefully interpreted, because the
comparison is done between systems with different cell sizes3 (see table 4.2).

4.2.3

The importance of shadow fading

The second trend we observe is that the break-even cost is higher when fading is more
severe. Figure 4.4 compares the break-even cost between the reference scenario, and the
case when σ is reduced to 2 dB. In both cases the shadow fading components in three links
of interest (UE-BS, UE-RL, and RL-BS) are independent. The significant decrease in the
break-even cost indicates that the main relaying gain is given by the macro diversity. In
other words, when the environment has severe fading, relays may be used to “route” the
data around the obstacle. Further arguments for this interpretation are given by the results
in figure 4.6 on page 80, and by the results in section 5.3 on page 98.
3 This comparison has a network dimensioning mindset, which is rather unusual in the literature. A more
common comparison is between networks with the same cell size. Consider for instance a BS density of λ b,ref = 1
BS/km2 . At α = 3.5 the addition of relays leads to a significant bit-rate increase (figure 4.3a), while the increase
is much smalled at α = 4 (figure 4.3b). Mathematically, ∂ z/∂ λr is larger at α = 3.5 than at α = 4. But the same
is valid for the performance increase when the BS density increases, i.e. larger ∂ z/∂ λ b at α = 3.5 than at α = 4.
This means that the gradient has roughly the same direction in the two cases.
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4.2.4

Break-even cost versus transmission power

First we look at the power asymmetry between uplink and downlink. In this macro cellular
scenario, the BS is assumed to have Pb = 43 dBm transmission power, i.e. almost 20 dB
larger than the UE. In the absence of interference, this means that the direct connection
on the downlink has substantially higher SNR and data rates. For the same cell sizes, the
gains of using relays on the uplink are therefore higher than on the downlink, as shown in
figure 4.5a for the AF SIMO scheme with route selection and α = 4 dB/decade.
Next we look at the relay power. We expect the relaying gains to increase with the relay
power, when everything else is kept equal. Indeed, the equivalent SNR for the AF SIMO
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ΓG ΓK

1
1
scheme is proportional to ΓG +Γ
, where ΓG1 and ΓK1 are the SNR in the two hops;
K1 +1
1
therefore the equivalent SNR is monotonically increasing in ΓK1 for a fixed ΓG1 . However,
the results presented in figure 4.5b shows no statistical relevant difference between the
break-even cost obtained with three different relay power levels (0.5, 1, and 5 W).

4.3

Sensitivity to the choice of relaying techniques

Next we address the question: How does the break-even cost of a relay depend on the
technological complexity and in particular on the choice of relaying technology. We expect
that more complex transceiver schemes and more complex resource allocation schemes
would use the available radio resources in a more efficient way, and therefore lead to lower
infrastructure cost. But this does not necessarily mean that the use of relays becomes more
profitable, as we will show below.
There are several reasons for why relay feasibility is not always improved by more
advanced technologies. A first possible reason is that the improved technology brings
significant benefits only under special conditions, which are statistically very seldom. For
instance, we will see below that the receiver diversity introduced by a SIMO relaying
scheme (see section 2.3) performs “almost as poorly” as the traditional selection scheme
because the average power attenuation in the two branches is seldom the same.
A second possible reason is that advanced technology improves the performance of
not only the relaying network, but also of the traditional cellular one. Hence, by using
such a technology, the relaying network does not gain any technological advantage over
the reference system. We will examine two such examples. If the transmitter (base station)
uses two antennas to achieve transmission diversity, then relays are just an enabler of a
cooperative MIMO scheme, but the relays by themselves do not bring any additional gain
as compared to when transmission diversity is not used. Therefore, the break-even costs
of a cooperative MIMO scheme and of a SIMO scheme are the same in the considered
scenario. In the other example, the break-even cost of a relay is the same when using fixed
power and fixed rate, as well as when using power control and ideal link rate adaption.
A third possible reason is that the advanced technology implies higher costs for the
relays, which does not compensate for the increased technical performance. Assume for
instance that a simple relaying scheme has a break-even cost of 10%, while an advanced
scheme relaxes the break-even cost to 20% (of a base station cost). But if the cost of the
advanced relay is twice as large as the cost of a simple relay, then the relays do not become
either more or less valuable by introducing the advanced technology. This aspect is not
treated any further in the following, but it is worth keeping it in mind because it shows the
limitations of the analysis based on the break-even cost.

4.3.1

Selection versus combining diversity

We4

start by comparing the performance of the half duplex SIMO and the full duplex
(pre-coding) SIMO schemes described in section 2.3.6. We would expect the half duplex
4 The

following material is based on the conference paper [5] co-authored with S. Ben Slimane.
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Figure 4.6: Comparison between the half-duplex and pre-coding SIMO.

scheme to perform worse than the pre-coding scheme, since it allows the sender to use only
half of the available spectrum.
We use the SNR definitions in expression (2.23), on page 37, and separate the SNR in each link
into an exponentially distributed part, and an average part. Recall that for time-invariant channels,
the average part depends on the position of the units, i.e. on how the operator has decided to deploy
the sites. In the following analysis, the average SNR in the direct and the two relaying links are used
as parameters, while the statistics are computed over the realization of the three Rayleigh fading
components, which are assumed to be independent. The analytical analysis of the distribution
of Γeq is challenging; an approximation of the distribution of A, defined in expression (2.23), is
presented in [121]. The distribution of the harmonic mean of two exponentially distributed variables
is analyzed in [86]. Instead of using either of these, we perform a numerical analysis here. In case
of a TDD allocation, the Rayleigh fading realizations in the direct link are assumed to identical
for the two time slots, i.e. g0,1 ≡ g02 . In the case of FDD the two realizations are assumed to be
independent, but with the same average ḡ0i . In both cases the average SNR in the direct link is
identical, denoted Γ̄0i .

Figure 4.6a shows the distribution of the equivalent SNR Γeq (over the Rayleigh fading
realizations) for the case when all the links have the same average SNR, Γ̄0i = Γ̄G1 = Γ̄K1 =
0 dB, in a TDD case. The half duplex SIMO is outperformed by all the other schemes:
pre-coding with/without feedback, as well as the direct connection. Next we introduce an
outage-based definition of the capacity, which is closely related to the concept of fading
margin typically used in radio network dimensioning. The C99 (Ḡ01 , Ḡ1 , K̄1 ) capacity is
defined as the bit-rate obtained with 99% probability according to:

C99 = argmaxR ProbΓeq R ≤ C(Γeq ) ≥ 0.99

(4.7)
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where
C(Γeq ) =

W
log2 (1 + Γeq ),
2

(4.8)

Figure 4.6b shows the C99 capacity for all the four compared schemes. As expected,
the pre-coding scheme outperforms the half-duplex scheme for the entire Γ̄ range, but the
improvements are modest. The improvement is larger in a FDD setup, as shown in figure
4.6c, due to the diversity introduced by the two independent fading subchannels. However,
note that the direct connection also benefits of this diversity. But the three links seldom
have the same average SNR; one would expect the relays to be used so that the two relaying
links are better than the direct one. Figure 4.6d shows C99 for the case the two relaying
links have 10 dB better SNR than the direct link. Although the pre-coding scheme is still
better than the half-duplex scheme, we observe that the difference between the two is small
when compared to the gains with respect to the direct connection. Hence, once the relays
are properly placed with respect to the source and destination nodes, the difference between
the simple and the enhanced relaying schemes are small.
The joint distribution of Γ̄0i , Γ̄G1 , and Γ̄K1 depends on the radio propagation environment and on how the sites have been deployed. In the next analysis5 we return to the
model of an unplanned relay deployment and compare three amplify and forward relaying
schemes of increasing complexity. The Amplify-and-Forward SIMO scheme treated in the
previous section is the reference one. The others are selection diversity (AF SISO) and
cooperative MIMO, described earlier in section 2.3. Figure 4.7a shows that, for the case
considered, the iso-quant (level) curves obtained with the different schemes are basically
parallel to each other. Hence, the selection diversity scheme performs almost as well as the
combining diversity scheme (AF SIMO). This is mainly due to the time-invariant channel
5 These results are based on papers [3,4]. They correspond to the downlink, in an urban environment modeled
by a Walfisch-Ikegami propagation model.
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Figure 4.7: Sensitivity of the break-even cost to the choice of relaying scheme.

model. These observations are confirmed in figure 4.7b, in which the break-even costs for
the combining diversity (AF SIMO) and selection diversity can not be distinguished.
Moreover, note that the break-even cost obtained with the cooperative MIMO scheme
is almost the same as for the simple selection diversity scheme. Again, this is partly due to
the time-invariant channel model, but also because there is only a small probability for the
two eigen values of the virtual channel to be similar in size, unlike a true MIMO system
in which the different radio paths have the same average power. However, it is interesting
to observe that the entire network cost decreases with the cooperative MIMO scheme (the
iso-service curves are shifted towards the origin). This is mainly due to the transmission
diversity. When transmission diversity is used without relays (denoted MISO in figure
4.7a), the required BS density is reduced with respect to the reference case.

4.3.2

Layer 1 versus Layer 2-3 relaying

Next we proceed by comparing the performance of two decode and forward DF schemes
with the reference AF selection diversity scheme. The first DF scheme uses an equal
amount of spectrum in the two hops, which models for instance the case the relay does not
change the modulation, coding scheme, packet format, etc. The second DF scheme splits
the spectrum unevenly, so as to allocate more resources to the weaker hop as described in
section 2.3. Figure 4.7b shows that the DF scheme with equal resource allocation between
the two hops performs similarly to the AF schemes, while the DF scheme with optimal
resource allocation yields a significantly more relaxed break even cost6 .
6 If the total cost of a DF and an AF relay were the same, this would mean that DF relays are more viable,
i.e. are more likely to provide cost savings. Nonetheless, the cost of a DF might be larger than the cost of an AF
relay. Hence, the AF might still be more viable than the DF relays, depending on the actual costs of these two
types of equipment. Similar reasoning is valid for all the other improvements.
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Figure 4.8: Network topology with regular hexagonal relay deployment. Base stations are marked
with 4, relays with ◦, terminals (UEs) with dots, and routes are indicated with lines.

4.3.3

Fixed rate versus link adaptation

So far we have based the analysis on a simple noise-limited model. Since the break-even
cost is sensitive to how the resources are allocated among the links, the next question
we address is how sensitive is the break even cost to the choice of resource allocation
in a multi-user network. In particular, is the break-even cost (constraint) significantly
relaxed when using complex resource allocation algorithms? It is known that resources
are more efficiently used in a (cellular) network when applying power or rate control, and
therefore the target service can be provided at lower infrastructure cost. But does the
relaying gain increase when introducing more advance resource allocation schemes? The
following results7 show that this is not always the case.
The scenario is the same as in the previous studies: a guaranteed bit-rate should be provided
to all the users; the same power attenuation is assumed for all the links (c 0 = −38.8 dB, α = 3.5,
σ = 6 dB, 100 m correlation distance in the lognormal fading, uncorrelated fading components
between any two links). The network layout consists of a regular hexagonal grid of BS, with six
relays placed equidistantly around each BS, as in figure 4.8. A wrap around technique is used to
avoid border effects on the interference. The analysis is done on the downlink, ideal SNIR-target
based power control, with maximum transmission powers of Pb,max = 20 W and Pr,max = 5W, from
the BS and RL respectively (0 dBi antenna gains).
The route for each terminal is obtained with an empiric routing algorithm, Nearest with Forward Progress, where “near” and “forward” are used in a radio sense. Since all the end-users are
provided with the same average data rate, the average data rate in each link is a multiple of the enduser rate, depending on how many flows are routed through that link. The following two greedy
resource allocation algorithms assume that the source-buffers are loaded with the same amount of
data for all the users at the beginning of a frame of unknown length. The algorithms schedule links
to time-slots until the buffers are emptied.
7 This

subsection is based on material published in [2, 6].
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Figure 4.9: Distribution of the instantaneous (slot) power. 1000 m cell radius, 6 RL per cell.

In the case of fixed link rates, all the links emerging from a BS have the same target SNIR
Pr,max
γb , which is a design parameter. The links emerging from a RL have an SNIR target γ r = γb Pb,max
.
Hence the link-buffers are emptied at one of two possible data rates, and the greedy algorithm
starts by scheduling the link with most data. In the case of variable link rates, the power and rates
are jointly set for all the links in a time-slot so as to maximize the throughput in that slot. These
scheduling algorithms are detailed in appendix C.

Unlike the noise-limited case, the (average) data-rate provided to a user depends on
how the resources are allocated among the radio links. In order to simplify the analysis,
we assume that the cell throughput is independent on the number on users in the cell 8 .
Therefore we may normalize the data traffic to a unit of area and spectrum, and use the
Area Spectral Efficiency (ASE) [bits/sec/Hz/km2 ] as network performance measure. Since
ASE is independent on how the service is provided, it can be used to compare networks
with different cell sizes (see also the discussion in section 2.4.2 on page 41). In the following numeric examples, we use ASE as performance target for the network dimensioning
problem.
Figure 4.9 shows the link power distribution for the two schemes. When all links from
the BS (or RL) have the same modulation scheme (link data-rate) and the resources are
allocated so as to provide the same average data-rate to all the users, then the network is
limited by the weakest link(s). The power distribution shown in figure 4.9a shows that
8 The

condition for all the users to be provided with the same data-rate and the assumption of uniformly
(N)
(N)
distributed users are essential. This assumption could be formalized as follows. Let {c i } and {θi } be the
peak data-rates and the time-shares allocated to the ith user if there are N users in the system. Let {c i

(M)

(M)
{θ i }

} and

be the peak data-rate and the time-shares if there are M users in the systems. The equal data-rate resource

allocation leads to ci θi

(N) (N)

∀i and ci

on the number of users means that

(M) (M)
θi
(N) (N)
N
∑i=1 ci θi

∀i. The assumption that the system throughput is independent
(M) (M)
θi .

= ∑M
i=1 ci
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Figure 4.10: Break-even cost versus area throughput. A greedy (heuristic STDMA) algorithm is used
to schedule time slots to the links.

the power is under-utilized in most of the links (the SNIR target for BS links is used as
parameter). The corresponding break-even relay cost is shown in figure 4.10a.
When variable link rate is jointly adjusted with the transmitted power, most of the links
are using the maximum transmission power, as illustrated in figure 4.9b. Due to the more
efficient resource use, higher area throughput can be provided within the same range of
cell sizes. Nonetheless, the break-even relay cost is in the same order of magnitude as for
the simpler system, as shown in figure 4.10b. Hence, the use of more advanced resource
allocation algorithms does not relax the break-even cost (constraint), although it increases
the network performance.

4.3.4

Cross layer resource allocation

The last example in this section looks at how the break even cost depends on the choice
of routing algorithm9 . Intuitively, routing is characteristic for a multihop network and a
wrong routing decision may lead to decreased performance of the relaying network, as
exemplified in [1]. Unlike the link rate control, which enhances the performance of both
the reference and the relaying networks, only the performance of the relaying network is
influenced by the routing algorithm. Therefore the break-even relay cost is expected to be
sensitive to the choice of routing algorithm, in the sense that a good routing algorithm may
allow for sparser (lower cost) infrastructure10 . We address the question: Is the break-even
cost significantly improved if the routing decision is jointly done together with the resource
9 The

material in this study is based on [8], co-authored with P. Soldati.
a more efficient routing algorithm may require extensive signaling in the network. In practice,
there is a trade-off between the gross data-rate and the signaling overhead, so that maximizing the gross datarate does not necessarily mean maximizing the user payload. However, the signaling overhead is not taken into
account in this analysis.
10 Nonetheless,
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allocation at other layers, as compared to an isolated routing decision. The low breakeven levels observed in the previous examples may be due to poor resource utilization, or
due to poor modeling of an efficient resource utilization. To check if this is the case, in
the following we will use as analysis tool the cross layer resource allocation model and
algorithm described in section 2.4.
We use a regular network topology, in which omni directional BS sites are deployed in a
hexagonal pattern (marked with 4 in figure 4.11), and a fixed number Nr of RLs are placed at
0.7
equal distance around each BS site. The RLs are placed at 0.7 of the cell radius ( √
of the intersite
3
distance). Figure 4.11 illustrates the deployment for Nr = 3 RLs per site (RLs are marked with
◦). We consider a network with 12 BSs. The same propagation model is used for all the links.
The average power gain in any link is G = c0 − α · 10 log10 (d) + X, where c0 = −32 dB, α = 3.5
dB/decade, d is the length of the link in meters, and X is the lognormal distributed shadow fading.
We use a warp around technique to avoid border effects at the edge of this system model. (With this
technique the results are obtained as if the pattern of 12 BS sites was replicated in an infinite plane.
See appendix F.5 on page 187 for more details.) The noise power at any receiver is N = −100
dBm, and the transmission powers for the UE and the RLs are Pt = 24 dBm and Pr = 30 dBm,
respectively. The BS and RL have antennas with 10 dBi gain, while the UE has a 0 dBi antenna.
The UEs are uniformly distributed. Each UE is assumed to generate (and receive) the same
amount of traffic as all the others, and therefore ωi = 1 for all the UEs. We use the RTS-CTS
protocol model described on page 43, with the same value of the exclusion area parameter T
for all the links. We use a max-min criterion when allocating the resources, so as to model a
system designed for bit-rate guarantees. Although T is regarded in the resource allocation algorithm
as a constant, it behaves in a similar way to the frequency reuse distance in a cellular network
with regular frequency plan. A similar parameter is used for instance in [164]. For a very small
value of T , the exclusion area is very large, and the interference can be reduced so that the links
are basically noise-limited. However, this means that ∑l αl & 1, and therefore each link can be
allocated only a very small amount of spectrum. In the other extreme, when T is very large,
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the exclusion-area becomes smaller, each link can be allocated a larger amount of spectrum, but
the interference increases too. This trade-off is illustrated in figure 4.12 where the area spectral
efficiency [bits/sec/Hz/km2 ] is shown versus T , for two cell sizes and number of relays. In the
following simulations, we use the following empirical expression for setting T as a function of the
intersite distance D and the number of relays Nr (obtained by curve-fitting the simulation results as
in figure 4.12):
D
) + 2Nr [dB].
(4.9)
600 m
We use a heuristic routing algorithm to select a subset of routes, which are then fed to the
cross-layer optimization algorithm described in section 2.4. All the possible terminal-(relay-)-base
station routes or one and two hops are considered. Based on the interference-free estimates of the
link capacity c̄l , a sum of inverse rates criterion is used to sort these routes. This criterion estimates
the route throughput as (∑l 1/c̄l )−1 ; it assumes that the available resources are not reused along a
route (as in case of two-hops routes), and ignores that a link may be shared by several routes.
T (D, Nr ) = −112 − 12 log10 (

Figure 4.13 shows the break-even cost obtained with and without including the routing
in the joint optimization. As expected, the break-even cost is improved when the routing
is included in the joint optimization. However, the break-even cost remains very low, e.g.,
lower than the break-even values obtained above with the greedy heuristic algorithm (figure
4.10). This illustrates the complexity of the resource allocation problem which a practical
system would face.
A further insight into the outcome of the cross layer algorithm is given in figure 4.14.
It shows how many times the common channel is (re)used in the 12 cells (i.e. ∑i θi ), for
two cell sizes, in function of the number of RLs deployed in each cell. For small cells, the
choice of exclusion area parameter T corresponds to a reuse factor 3 (the channel is used 4
times in 12 cells). For large cells, the reuse factor is 1 if no relays are used, and significantly
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lower when relays are used. Figure 4.14 shows also that the share of resources used by
those UEs that are directly connected to the BSs decreases when more relays are added to
the network. However, the total amount of resources used by the UEs increases, especially
at large cell sizes. Moreover, the resource share allocated to the RL–BS connections (the
wireless backhaul connection) is very small with respect to the total amount of resources
used. This indicates that the backhaul link is not the limiting factor in this scenario.
Figure 4.15 shows the median SNIR of the RL–BS and the UE-BS links, respectively,
versus the distance between two BSs sites. The SNIR of the backhaul links (i.e. the
RL–BS links) is significantly larger than for the UE links. Again, this indicates that the
RL–BS in not the bottleneck in this scenario. Figure 4.16 exemplifies the distribution of
the interference to noise ratio for the three types of links, at D = 600 m distance between
two adjacent BS sites. It shows that the level of interference increases when more relays
are added (due to to reduced size of the exclusion area). Moreover, it also shows that
the system is interference limited at small cell sizes, which emphasizes the importance of
finding a transformation of the physical layer constraint, as described in section 2.4.3 on
page 45.

4.4

Sensitivity to the service type

All the studies in this dissertation assume in one or another way a scenario in which coverage should be guaranteed. In practice, radio networks do not provide full coverage.
Even for a low data rate service such as voice a rule of thumb is to ensure less that 5%
service outage (which includes call blocking and lack of coverage). In general there is a
trade-off between coverage and capacity, which is most clearly illustrated by the so called
cell breathing effect in CDMA types of networks. For networks providing (flexible) data
services, the trade-off is between the system throughput and the bit-rate which can be guaranteed to end-users, or between the system throughput and the spread in the end-user data
rate (bit-rate fairness).
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Next we11 address the question how is the viability of a relaying solution influenced by
the type of fairness to be enforced in the system. Intuitively relays are useful for improving the end-to-end link budget and therefore extending the range of a specific target data
rate. Links that already are good do not benefit much from the relays. Also intuitively,
if the operator is interesting in maximizing the system throughput without any coverage
guarantees, then most of the resources are allocated to the UEs with good links, thus relays
are not needed. Most of practical systems operate somewhere between “bit-rate egalitarianism” and system throughput maximization12 . Over this range, one would expect the
relaying solution to perform best when proving coverage for the guaranteed data rate.
In the following, we confirm this intuition by comparing the benefits of using relays
in a network with relaxed fairness requirements, and a network which enforces fairness
by means of a max-min resource allocation. We model the network with relaxed fairness
requirements by a using a sum-log optimization criterion13 .
We use the same network topology, propagation models, power levels, and antenna patterns
as in the previous study. However, we simplify the problem by letting the heuristic algorithm to
choose only one route. Since routing is removed from the cross-layer optimization problem, the
resource allocation problem admits a convex equivalent. Therefore, a globally optimum solution
can be achieved, for instance by using the numerical solvers available in MathWork’s Matlab.
Since the two networks have different characteristics, it is difficult to compare the two in a fair
way. We assume that resource allocation is not done so as to explicitly maximize a performance
measure, and that the network dimensioning is done as before (i.e. according to a target area
spectral efficiency). Unlike the max-min case, where maximizing the lowest UE rate is equivalent
to maximizing the system throughput under the egalitarian constraint, in the case of the sum-log
criterion there is a trade-off between the fairness criterion and the system throughput. For a given
value of parameter T , the optimization algorithm will maximize the fairness, but the parameter T
can be set so as to trade-off between the two performance measures. This trade-off is illustrated
in figure 4.17a, which shows the system throughput ∑i si versus ∑i log(si ), for several intersite
distances and Nr = 2. Figure 4.17b illustrates the same trade-off by using the same T for different
number of RLs, at D = 1000 m intersite distance. The values of T used in the evaluation are
given in table 4.3. For the sake of comparison, the same realizations of the UE positions and
pathgains between UE and BS are used when testing all values of Nr . Moreover, the same network
realizations are used with both fairness criteria. Recall that the heuristic algorithm is independent
11 The

material in this section is based on [9], co-authored with P. Soldati and J. Zander.

12 The spread of end-user rate and the connection between the amount of allocated resources and how satisfied

the users are with the service they receive are treated under the general term of fairness. In this context “bit-rate
egalitarianism” is referred to as perfect fairness. On the scale between perfect fairness and perfect unfairness
(system throughput maximization) one may find popular criteria such as proportional fair as well as academicpopular criteria such as α -fair. In order to avoid the ideological connotations of these definitions, I choose the
instrumental terms max-min and sum-log, since these are the optimization criterion used to obtain perfect and
proportional fairness, respectively.
13 Similar to all other social welfare criteria, sum-log trades the satisfaction (bit-rate) of users so as to improve
a global (social) criterion. A resource allocation that maximizes the sum-log utility has the property that any other
allocation will lead to relative changes of the satisfaction that add up to a negative value. If all the users share the
same (unique) resource, it can be shown that this leads to the same amount of resources being allocated to each
user.
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Table 4.3: Example values of the T parameter [dB].

D [m]

Nr = 0

600
1000
2300

-112
-114
-119

600
1000
2300

-85
-94
-109

Nr = 1 Nr = 2 Nr = 3
max-min criterion
-100
-108
-106
-112
-110
-108
-117
-115
-113
sum-log criterion
-83
-81
-79
-92
-90
-88
-107
-105
-103

Nr = 4
-104
-106
-111
-77
-86
-101

of the resource allocation, so that the same routes are used with both fairness criteria. Table 4.4
illustrates the percentage of routed UEs at D = 2300 m.
The resource allocation illustrated in figure 4.18a gives further insight in to how resources are
allocated with the two criteria, for D = 2300 m intersite distance. It shows how many times the
channel is activated in the 12 simulated cells, i.e.
∑ θl . It also shows the total amount of
all links

resources used by the UE–RL links, and the total amount of resources used by all the relaying
links. With the selected T values, the average channel use is less than once per cell for the maxmin criterion, i.e. ∑ θl < 12. The channel can be used more often with the sum-log criterion. For
large cells and several deployed relays (in this analysis 3 or 4 relays), most of the radio resources
are allocated to the UE–RL links, but the RL–BS links aways use the smaller share of resources.
(See [98, 109, 158] for alternative resource allocation schemes.)

4.5. SUMMARY

91

Table 4.4: Percentage of routed UEs versus the number of RLs

Relays per cell Nr
Routed users

1
45%

All links
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Figure 4.18: Comparison between the two fairness criteria. (a) Channel efficiency (how many times
is the channel used) versus Nr , the number of RLs, at D = 2300 m intersite distance. (b) The breakeven relay cost versus the target area spectral efficiency.

The numerical results we obtain indicate that, as long as the fairness performance is
kept constant, there is no throughput improvement by adding relays. This corresponds to a
null break-even cost for the relay, in the case of the sum-log allocation, as shown in figure
4.18b.
How representative are these break-even values? Although the resource allocation is
done in some optimal sense, the MAC model that has been used is not necessary a good
representation of how a modern cellular system works. Therefore, with a different MAC
model, it might be possible for relays to boost the performance of a network even when
bit-rate fairness is not explicitly enforced in the network (i.e. the break-even cost of a relay
may be larger than zero even for a sum-log allocation of resources). However, the line of
reasoning numerically exemplified in this section is likely to apply to other MAC models
too, so that the highest break-even relay cost are likely to be obtained when coverage for a
guaranteed data rate is either a goal or a constraint in dimensioning the network.

4.5

Summary

In this chapter, we have analyzed a large number of scenarios, including various relaying
schemes and resource allocation algorithms. In all the analyzed schemes, the total cost of
a RL must be between 1% and 40% of the total BS. The choice of the specific technique
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has rather limited impact on the viability of a relaying solution. For the analyzed cases, the
selection scheme (traditional routing) performs almost as well as the cooperative diversity
schemes; decode-and-forward performs better than amplify-and-forward when different
modulation schemes are used in the two relaying hops (i.e. the resource allocation can be
unevenly allocated).
The cost of a RL when the cost of the relaying solution breaks even with the cost of
the traditional cellular solution – called the break even relay cost – is high when relays are
used to provide coverage for a guaranteed data rate, and lower when bit-rate unfairness
(coverage holes) are tolerated in the network. The break-even cost is higher when the
guaranteed rate is low, and/or the target area spectral efficiency is low.
All the scenarios in this chapter were analyzed with simple propagation models, under
the assumption of an unplanned network. The unplanned network is modeled in various
ways, for instance by randomly located relay positions or by regular geometric locations;
there is no significant difference between the break-even relay costs obtained with the
different models. Not surprisingly, the difference between the average SNIR between the
relaying links and the direct link seems to play a key role in determining the viability of
the relaying network.

4.5.1

Related studies

Studies on the cost of relaying networks
Most of the work on cost aspects was performed by people and working groups connected
to the WINNER project. In [181] researchers from RWTH Aachen shown an example
where 44% cost savings are obtained in a Manhattan environment, with WLAN-types of
access points whose cost is dominated by 75% transmission costs, and where the relaying
access points cost 1.2 times more than a traditional access point.
In [94] researchers from Carleton University dimensioned a cellular-relaying network
with a regular channel plan so as to achieve a target average user rate on the downlink.
They showed a 4-fold increase in the cell radius by using 6 relays per cell, which corresponds to a break-even relay cost of 36 . The trends they found are different from the ones
presented in this dissertation; for instance, the break-even relay cost was not monotonic
with respect to the target average user rate.
The use of indifference curves (iso-service curves) for the cost analysis of a cellular
relaying network was also described in the deliverable 3.5.2 of the WINNER II project
[96]. An indifference curve analysis was done by Moberg in [147] for a scenario in which
an operator combined macro BSs with either RLs or micro BSs, in order to serve a wide
area with inhomogeneous traffic. For a predefined cost ratio between the RL and the macro
BS cost, the use of relays yields lower total costs than the use of micro BSs, if the total
100
cost of a relay is 100+14
= 88% or lower than the micro BSs cost. A similar analysis was
done by Werner in [211,212], where the break-even relay cost with respect to a macro base
20
= 6.7%. This is in fact the ratio between a “pico-BS-like” RL and
station is (roughly) 300
a macro BS according to the model in [99] (reproduced here in table 3.6 on page 62).
A wide area scenario was considered by Schultz in [182]. For a target service of 2
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bits/sec/Hz/km2 , the break-even relay cost with respect to a macro BS is (roughly) 0.35
2 =
0.15
17.5% for a scenario with omni directional macro BS, and (roughly) 2.5 = 6% with a
3-sector macro BS.
Most of the other studies within the WINNER II project considered an urban environment. For instance, Doppler shows in [59] an example in which the same system throughput (250 Mbps/km2 ) is obtained with 178 BSs only or with 144 BSs and 72 RLs for a
predefined urban area. Under the assumption that the RL cost is 25% of the BS cost, this
corresponds to 30% cost savings by using the relaying solution. Moreover, the use of relays also improves the 5-percentile of the end-user rate. The dynamic resource scheduler
considered in [59] maximizes the lowest average end-user rate, similar to the fair allocation considered for the reference scenario in this dissertation. A similar example is shown
in [99, p.60], where the break-even relay cost for 150 Mbps/km2 is 16.7%
The scenario considered in [149] consists of a greenfield deployment in urban environment, in the 5 GHZ band, using an (IEEE 802.16-like) OFDMA link model. The
comparison is done by constraining the total infrastructure cost normalized to the system
throughput, so that the sensitivity with respect to the cell size and/or system throughput is
not analyzed. In the presented numeric example, the break-even relay cost for an amplifyand-forward is 2%, while for a decode-and-forward it is 5%.

Other studies on the performance of multihop networks
The following studies show similar trends to those presented in this chapter, although they
do not express the results in terms of costs.
Researchers from Carleton University show in [68] that the direct hop outperforms
multihop at high SNIR, and that the break-even SNIR for a given cell size is lower when
the environment has a lower propagation exponent. This is in line with the basic trends presented in section 4.2. The average end-user rate (expressed as spectral efficiency) is used
in [68] as a performance measure. It also analyzes different routing algorithms, sensitivity to transmitted power, as well as the impact of improved pathgain in the relaying links.
Another study from the same group [178] shows that the use of relays can both increase
the system throughput and improve the fairness in the system (measured with Jain’s fairness index), when the resources of a OFDMA systems are allocated with a fairness-aware
algorithm. However, it is not easy to relate the result to the sensitivity analysis presented
in section 4.4.
Another interesting result from the WINNER project, given in [98, p.13], is that the
gain by using relays, expressed as the increase in the 5th percentile of the end-user bit-rate
CDF, is only slightly higher for indoor as for the outdoor users. The difference can in fact
be justified by higher relaying gains at -5 dB SNIR (for indoor) as opposed to 5 dB (for
outdoor). This result is in line with the observation made in section 4.2 that, for a target
data rate (or alternatively SNIR) the attenuation constant does not significantly change the
break-even relay cost.
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Suggested further work

The cost analysis proposed in this chapter is not a substitute of the vast amount of work
available in the literature. Instead, it is an (optional) add on which could be applied to
most of these studies. Of particular importance is the comparison with traditional amplifyand-forward repeaters, where the incoming channel is reused due to the spatial isolation
between the receiver and the transmitter antenna systems [173].

Chapter 5

How to deploy relays?
In the previous chapter, the low cost relays were modeled as simple devices with low transmission power, and by assuming unplanned deployment. Moreover, the relaying network
performance is analyzed by assuming simple radio propagation models. The relay breakeven cost obtained in most of the scenarios was between 1 and 30% of a BS cost.
Are the modest results obtained in the previous chapter due to the simple models used
in the analysis, or do they hide more fundamental requirements for the relaying solution to
be viable? To answer this question, we perform in this chapter a sensitivity analysis with
respect to the propagation and device deployment models. The reference scenario is the
same as before, but modeled more carefully so as to reflect how the network and especially
the relays are deployed. This is highly relevant, due to the trade-off between how high the
gains yielded by a specific deployment are and how expensive that deployment is.
Section 5.1 analyzes how the break even cost depends on the type of BS site, which is
modeled by the BS elevation: high mast, rooftop, or street-level deployment in an urban
environment. Since the analysis is done on the uplink, the differences are reflected in the
propagation characteristics, but also in the total cost of a BS. The break-even costs are
significantly higher when the the Walfisch-Ikegami model is used instead of the simple
single-slope model. Furthermore, the break-even relay costs are significantly higher when
the underlying cellular network is based on micro BSs than when it is based on macro BSs.
Section 5.2 compares the break-even relay cost between the roof-top deployment of
the relays, and the street-level deployment. The rooftop deployment is expected to be
more expensive, but also to yield higher gains. Nonetheless, the break-even cost difference
between the two deployments is not significant in the considered example.
Section 5.3 analyzes how important is to properly plan the relay positions, and confirms
two known facts. First, network planning is a complex task to perform, and is difficult
to model. Indeed, the break-even cost obtained for the same scenario are very different
depending on how the planning of relays is modeled. Second, despite the potentially high
planning costs, a well-planned relay is very valuable. Indeed, the break-even cost obtained
with some relay planning models are very high. This means that relay planning is one the
most important aspects in a relaying network.
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Figure 5.1: Illustration of the regular urban environment.

5.1
5.1.1

Sensitivity to propagation models
The urban environment model

Irrespective of the deployment scenario under consideration, the propagation characteristics of
the UE–RL, RL–BS, and UE–BS links are different. In order to model these characteristics, we
consider in the following an explicit urban environment, shown in figure 5.1. The layout of this
regular urban model use the standard parameters recommended in the COST-231 final report [46].
The streets are 20 m wide, and the blocks are square with 80 m edge (100 m between the middle of
two adjacent street corners). Moreover, all the buildings have the same height 20 m.
In the reference scenario, the UEs are placed outdoors, the RLs are placed along the streets
(typically on the façade of a building facing the street, and the BSs are placed on the rooftop so
that there is no line of sight between a BS and UE or RL. In the computer simulations 12 BS sites
were placed on a hexagonal grid, then adjusted so that they are placed on the buildings. This layout
allows for a wrap-around technique which preserves both the hexagonal grid of the BSs sites, and
the rectangular street grid. As in the analysis done in section 4.2, the unplanned deployment of
relays is modeled by placing them randomly in an annulus with inner and outer radius 0.25R and
R, where R is the cell radius, then adjusting these positions to the closest street.
The radio propagation contains (a) a component for modeling the propagation over the rooftop
and is based on the Walfisch-Ikegami model used in COST-231 [46], (b) a component for the
propagation around the corner and based on the recursive model by J-E. Berg [26], (c) a component
for the propagation between two units place over the rooftop, and (d) a lognormal distributed and
spatially correlated component. Details of this propagation model are given in appendix F. In
the case of the interference-free analysis, based on the models presented in section 2.3, the wrap
around model ensures that all the UE have the same macro diversity opportunities. As in the
previous chapter, the UE, RL, and BS have antenna gains of 0, 10, and 10 dBi, respectively. Also
in this chapter the BSs sites have omni-directional antennas (i.e. each site has only one “sector”).
Antenna tilt and the vertical antenna pattern is not taken into account. (This might be regarded as
a shortcoming of the modeling, especially for the RLs. However, an antenna with 10 dBi does not
have a very narrow lobe, and the propagation between the street-level RL and the rooftop antenna
of the BS is done to a large extent by means of reflections.)
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5.1.2

Rooftop BS deployment: a noise-limited scenario

For each realization of the UE, RL, and BS positions, and of the lognormal component, an
expected SNR is computed for each radio link. The C99 outage capacity is computed for each
combination of UE, RL, and BS, using the half duplex (SIMO) relaying scheme. The value of C99
is computed also for all the direct connections, so that the route with the highest C99 is computed
for each UE. The statistics of the C99 is gathered over all the UEs. The 5th-percentile of this
distribution represents the performance measure of the analyzed network, and represents the data
rate for which 95% area coverage can be guaranteed.

With these models, the propagation characteristics depend on the height of the antennas,
and especially on the height of the BS antenna with respect to the surrounding buildings
(denoted ∆h in figure 5.2a. We will consider next two types of base stations: one with 5
m tall towers and one with 1 m tall towers, called in the following macro and micro BSs.
The macro BSs are expected to be better suited for providing direct coverage, but at the
same time are also more expensive to build/install. With this performance – cost trade-off
in mind, we will analyze the break-even cost of a relaying solution in which the relays are
placed on lampposts (6 m above the street level, i.e. 14 m below the rooftop).
Figure 5.3 shows the break even relay cost as a function of the guaranteed data rate,
for the macro and the micro BSs. For the sake of comparison with the results obtained
in the previous chapter, the figure also shows the break-even cost obtained with a single
slope propagation model with c0 = −32 dB and α = 3.5. Notice that the network topology is slightly different than the one used in section 4.2 (with 12 sites instead of 7), that
wrap around is used for the simulation, and that the procedure of computing the outage is
different than before. This explains why the break even values are larger.
When this more advanced COST231 Walfisch-Ikegami propagation model is used for
exactly the same realizations of the BSs, RLs, and UEs positions, the use of relays is
substantially more valuable than in the reference case. This is reflected in a greater breakeven relay cost, a result that is in the line with the sensitivity analysis done in section
4.2.3. Indeed, the Walfisch-Ikegami model already includes some shadow fading and the
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Figure 5.3: Comparison between the break-even relay costs for Macro and Micro BS deployment.
The values for the single slope model are shown for reference.

lognormal component, which still has σ = 9 dB, models in this case irregularities in the
urban environment. The combined effect is equivalent to a larger variation of the shadow.
As expected, the break-even relay cost is greater when the BS do not have a high mast.
In the “macro” case, the direct connections are good enough and therefore the relays are
not so useful. Notice however that the cost of a “macro” site may be significantly higher
than for a “micro” (For instance, in the example given in table 3.1 on page 59, the cost of a
macro site is roughly twice as large as the cost of a micro site). Hence, a higher break-even
cost with respect to a micro BS than the break-even cost with respect to a macro BS does
not necessary mean that the cost savings are higher in the micro BS environment.

5.1.3

Street-level BS deployment: interference mitigation scenario

The previous analysis ignored the interference, hence it is natural for the direct connection
in a macro cell to have good properties. However, a macro BS may experience a lot of
interference from other cells, therefore BSs are often placed below the rooftop when the
network is built in order to increase capacity1 . When the BS is placed at the street level, as
in figure 5.4a, the interference between cells is reduced by the buildings, but the probability
of a coverage hole increases.
Could a network be built for coverage without macro BSs? The question might be relevant for operators who would like to provide data services in a market with well-established
incumbent operators, where good “macro” sites are probably not available, and were their
incumbent operators may use the coverage as a competitive advantage.
1 An alternative approach is to deploy BSs on the edge of rooftops, but to tilt the antennas downwards. This
has the desired effects reducing the footprint of the cell and reducing the cross-cell interference. It also has the
effect of improving the downlink for indoor users. However, for the sake of simplicity in this study, we consider
neither the vertical antenna patterns, nor the coverage of indoor users.
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Figure 5.4: Deployment in urban environment. Micro BS () and RL (◦) are placed along streets.
The macro sites (4 and 5) used in the comparison are placed over the rooftop.
We assume the same resource allocation model as used in section 4.4: the user traffic is uniformly distributed, so that we distributed UEs (sample) uniformly along the streets and allocate
them equal traffic weights ωi = 1. We assume the operator intends to ensure coverage, and we
model this by a max-min allocation of resources. Under this fairness constraint, we use the area
spectral efficiency as network performance measure (see the definition and the discussion in section 2.4.2 on page 41). We use the same simple RTS-CTS model for the MAC layer, with an unique
pathgain-threshold T for all the links (worse case design). For each considered topology, we test
different values of T and keep the one which maximizes the ASE for that particular topology. The
value of T , averaged over several network realizations with the same topology, is shown in table
5.1 for the different topologies.
The same parameters are used as in the previous studies: transmission power Pt = 24 dBm
and Pr = 30 dBm for UE and RL respectively; −100 dBm noise power; antenna gain of 0, 10,
and 10 dBi for UE, RL, and BS, respectively; wrap around used to avoid border effects; c max = 4
bits/sec/Hz, ζ1 = ζ2 = 0.5 for the physical layer model.

Table 5.1: Values of T for Macro versus Micro BS comparison
BS type
Macro
Macro
Macro
micro
micro
micro

BS density
2.1
4.1
8.1
1.85
9.25
1.85

RL density
0
0
7.4

T [dB]
-120.5
-107.5
-99.5
-104.5
-96
-111

mean ASE
0.78
1.16
1.57
0.61
2.4
0.85

First, we consider a scenario in which macro BS are placed over the rooftop. We
consider three deployments, of increased BS density. Figure 5.4b uses 4 to indicate the

CHAPTER 5. HOW TO DEPLOY RELAYS?

100
Macro BSs only
Micro BSs only

2.5

Micro BSs + RLs
ASE [bits/sec/Hz/km2 ]

2

PSfrag replacements

1.5

1

0.5
1

2

3

4

5

6

7

8

9

Density of deployed sites [km−2 ]

10

Figure 5.5: Network performance (ASE) versus site density, for a network with macro BS only (∗),
a network with micro BS only (◦), and a network with micro BSs and RLs ().

sparser topology; the next topology is obtained by adding the sites marked with 5. The
densest topology is obtained by adding more sites (not shown in this figure). Figure 5.5
shows how ASE increases with the macro BS density. Next, we consider two topologies
with micro BS. The sparser topology, marked with  in figure 5.4b, has similar site density
to the most sparse topology with macro BSs. The second topology has five times denser
sites, and is obtained by adding the sites marked with (◦) in figure 5.4b.
As expected, the sparsest deployment with micro BS has poorer coverage than the
macro deployment with similar site density, which is reflected by a lower ASE (see figure
5.5). However, the deployment with micro sites outperforms the deployment with macro
sites at high site densities. Moreover, if the coverage of the sparser micro deployment is
enhanced by adding RLs, then the ASE that can be guaranteed exceeds the ASE provided
with the sparsest macro topology. This means that a deployment without macro BSs could
be viable if (see the second column in table 5.1):
cb, macro ·

2.1
|{z}

macro dens.

≥ cb, micro · |{z}
1.85 +cr · |{z}
7.4
micro dens.

(5.1)

RL dens.

For example, this could be achieved if the RLs have about the same cost as a mi2.1
=
cro BS, and both are about a fifth of a macro BS cost: cr ∼ cb, micro ≤ cb, macro 1.85+7.4
cb, macro 0.23. According to the empiric cost figures presented in section 3.3, such a cost
relation is feasible. Although it does not lead to significant cost savings, it shows that outdoor coverage in an urban environment could be provided even without a layer of macro
BSs. This scenario is further treated in section 6.3.
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Figure 5.6: Comparison between street level and rooftop deployment of the RLs.

5.2

Sensitivity to relay antenna elevation

Another parameter of interest is the elevation of the RL. Compared with a RL located at
street level, one would expect a highly elevated RL to yield higher relaying gains, because
it has better propagation characteristics with respect to UEs and especially with respect to
the BS. On the other hand the cost of installing the RL at a highly elevated site and the
lease for this site is expected to be much higher than the equivalent costs for a RL placed
on a lamp post. In the following analysis, we compare a deployment of relays at the street
level with the case of RL deployment on rooftops.
For the sake of comparison, for each realization of the units’ positions and of the lognormal
component, the RLs are deployed first on the rooftop, then on the street level. Thus the UE–BS
propagation characteristics are identical, but the relaying links are different. The RL–BS links
becomes line of sight (although the lognormal component is the same), and the UE–RL has an
improved propagation component over the rooftop. The propagation along streets is the same. The
interference-free model of a half-duplex SIMO relay is used for the end-user rates.

Figure 5.6 shows the break-even costs for these two deployments. For this interference
free scenario, there is no statistically significant difference between the two deployments.
The first reason for this is that the deployment over the rooftop improves primarily the
RL–BS link, while the limiting link is typically the UE–RL link. The second reason is that
it is more important whether the RL is on the same street with a UE, rather than what is the
elevation of the RL.
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Figure 5.7: Four deployment steps with RL planned by pruning.

5.3

Sensitivity to planning the relay positions

The reference scenario, as well as in most of the other scenarios considered in this dissertation, assume that the positions of the low cost relays are not planned. The unplanned
relay deployment has been modeled so far in various ways: random position, regular on
an arc around the BS, on concentric hexagonal tiers, etc. But in none of these models is
the position of the RL planned with respect to the shadow fading realization. However,
the sensitivity analysis done so far shows that the break-even relay cost is sensitive to the
size of the lognormal fading, the propagation characteristics, and the position of the relays
with respect to the terminals. All these aspects can be influenced by properly planning the
relay’s positions. Since planning the RL’s position incurs additional costs, which may be a
significant part of the total cost if the RL equipment is inexpensive, it is relevant to analyze
how sensitive the break-even cost is to planning.

5.3.1

Planning by pruning

In the following analysis we model planning as a pruning process. We assume that the RLs
can only be deployed in a limited number of places, out of which only some are suitable
from a radio network point of view. This models the fact that the most suitable positions
from an engineering point of view might not be available, because of regulation, because
of the unwillingness of people to have radio equipment deployed in their backyards, or
simply because the site is already taken by the competitors.
Since not all of these places are appropriate from a radio propagation point of view we model
their position as random within an annulus with inner and outer radii equal to 0.25R and R, where
R is the cell radius. In the numerical evaluation we assume that the are roughly 10 candidate
sites/km2 . The pruning process, described by algorithm 2, starts by removing from the list of
candidate position the least useful position. The procedure is repeated until only one position
remains in the list. This creates a ranking of the candidate positions, and a subset of positions
to be used for each desired RL density. Hence the algorithm performs an exhaustive search each
time a candidate position is removed. The evaluation of the candidate positions is based on an
interference-free model of the user bit-rates, so that the candidate positions can be removed one by
one. Each time a candidate position is removed, the RL density λ r decreases. Figure 5.7 illustrates
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Algorithm 2 Pruning algorithm for modeling the RL position planning.

Create a list {C} with all (N) candidate positions.
Compute and record the network performance value pN obtained if a relay is deployed
in each candidate position.
for i = 1 to N − 1 do
{Remove the positions one by one}
for j = 1 to N − i + 1 do
Compute the network performance value pN−i, j obtained if the jth candidate
position is removed from the {C} list.
end for
Find the element k = arg max{pN−i, j }.

1:
2:
3:
4:
5:
6:
7:
8:

j

Record the value pN−i = pN−i,k .
Remove the k candidate position from the list {C}.
end for

9:
10:
11:
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Figure 5.8: Comparison between the planned and unplanned networks, with single slope propagation
model. In the considered scenario the planning brings only small improvements.

this deployment process, by showing with dark shades the coverage wholes after four deployment
steps (four RL densities). This approach is not optimal when interference is taken into account.

Figure 5.8a shows the network performance (C99 with 95% guaranteed coverage) versus the RL density, for an example where the simple propagation model is used (G =
−32 − 3.5 log10 (d) + X dB, X ∼ N(0, 9) dB.). The pruning is done starting with a density
of 12 candidate sites per km2 . All the points for the given intersite distance correspond
to the same set of network realizations. The planned network guarantees coverage for a
higher data rate than the unplanned network, especially in large cells, but the improve-
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Figure 5.9: Break even relay cost obtained when the relay planning is modeled by tuning the characteristics of the propagation model.

ments are rather small. This is reflected by a break-even cost that is in the same order of
magnitude as the break-even cost obtained with the unplanned network. Figure 5.8b shows
the two break even curves.

5.3.2

Using radio propagation to model planning

An alternative way of modeling a planned RL position is to use some heuristics for deciding
how the RLs are associated with BSs, and to model in different ways the propagation
characteristic of the “planned” links and of the “interference” links. This approach is taken
in a number of studies, for instance [167].
We consider a regular deployment of relays, on a circle of radius 0.7R, where R is the cell
radius. We use a simple propagation model in all the links G = c0 + α · 10 log10 d + X. In the
direct link, X ∼ N(0, 8) dB. Then we model a well-planned relay by modifying the propagation
parameters in the two relaying links.

Figure 5.9a shows the break-even cost, for different values of the fading in the two
relaying links. As expected, the gains of “avoiding” fading holes is substantial. The breakeven relay cost increases as the standard deviation of the fading component decreases from
9 db (as in the reference case), to 3 dB. Figure 5.9b presents a sensitivity analysis with
respect to the propagation exponent α . In this case, the fading components of the two
relaying hops have the same standard deviation as the direct connection (9 dB), but the
propagation exponent is reduced from 3.5 (as in the reference case) to 3.2. The result is
a significant increase of the break-even relay cost. Even higher break-even relay costs are
obtained if the planned relay deployment is modeled by decreasing both parameters (i.e.
the variance of the fading component and the propagation exponent).
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Summary

The simulation results in this chapter show that the break-even relay cost is very sensitive
to the choice of propagation model. For instance, the height of the BS mast is important
because it affects the characteristics of the direct link. This confirms that proper engineering of the radio network, i.e. properly selecting the position of the relays with respect to
the propagation environment, is essential for a cost efficient network deployment. Network planning is already a complex task in a traditional cellular network; it is even more
complex in the case of a cellular relaying network, because the optimal location of a relay
depends on the characteristics of at least three links.

5.4.1

Discussion

Relays in urban environment
The models for regular relay deployment in urban environment proposed in the WINNER
project are described for instance in [99]. Performance evaluation using the WINNER
resource allocation models are presented in [59, 99].
Relay planning
The use of heuristics in the planning of relaying or ad hoc networks have been considered
in [210, 217]. The model of planning by pruning from a larger set of candidate position,
as applied in this chapter, has been used for instance in planning WLAN access points
in [204]. Other publications, related to this model of planning the relay position, focus of
the selection of relays in case of a (mobile) ad hoc network.
An alternative idea is to deploy RLs based upon demand, similar to the way access
points are placed in an non-homogeneous traffic scenario [103]. This demand-driven placement of relays is described in [16, 147].
The idea of modeling relay planning by means of suitable pathgain modeling is used
in [167], where the relays are placed on a circle centered on the BS, the BS-to-RL links are
line of sight (LOS), and a distance-dependent probabilistic model decides which RL-toUE are LOS. Last, but not least relevant, is the literature on using a statistical propagation
model for relaying networks. Unfortunately, there is no well-established model for the
joint probability distribution of the shadow fading components in the three links defined
by three randomly deployed sites.
Planning networks for profitability
Radio network planning can be seen as a subset of the general facility location problem
known from microeconomics and operational research. In a tutorial on facility location
[156], Owen writes: “Thus, decision makers must select sites that will not simply perform
well according to the current system state, but that will continue to be profitable for the
facility’s lifetime, even as environmental factors change, populations shift, and market
trends evolve. [. . . ] The complexity of this problem has limited much of the facility
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location literature to simplified static and deterministic models.” This is certainly valid
for the planning of both traditional cellular networks and cellular-relaying ones, which in
most cases is based on static models such as the ones used in chapters 4 and 5 in this
dissertation. Examples for how BS positions are planned based on traffic demand are
given in [36, 103, 203]. Other interesting papers consider cost aspects during the planning
process. Simulated annealing is used in [82]. Moreover, some papers also consider the
impact of uncertainty on network planning, such as [35, 39]; this is particularly relevant
for the studies done in the next chapter. Relative to the sensitivity analysis performed in
this chapter, the impact of the BS antenna height on the profitability of a fixed broadband
wireless network is analyzed in [175].

5.4.2

Suggestions for further work

Since the break-even relay cost are so sensitive to the propagation models, it is highly
relevant to further refine the propagation models for relaying networks, with a focus on
the joint probability distribution of the shadow fading in the different links. Moreover,
a model for how the site acquisition and planning cost is correlated to the propagation
characteristics would be valuable. Indeed, if the cost of a relay increases two-fold by
deploying it in a better location but the break-even cost increases by less than two-fold,
then the improved deployment is less viable than the reference one.

Chapter 6

Long term dynamics of network
deployment
The previous chapters indicate that, while relaying techniques are useful when traffic demand is low, direct connections are more suitable when traffic demand is high. A possible
interpretation is that relays are not useful for networks in which high data rate should be
provided. However, radio networks are typically coverage limited in the initial roll-out
phase, and operators are gradually deploying more infrastructure when the traffic demand
increases. Hence the snapshot-based analysis performed in the previous chapters cannot be
used to study long term dynamics in a network. For instance the snapshot approach cannot
be used to explain why relaying techniques have been temporarily used in some networks
(e.g. repeaters in 2G and 3G networks, or routers in Ricochet).
This chapter illustrates the importance of analyzing the entire life cycle of a network.
It consists of three scenario in which traffic demand gradually increases, and the network
is upgraded in steps so as to cope with the traffic demand increase.
Section 6.3 shows that the use of relays reduces the initial infrastructure costs and
that over-provisioning in the network can be avoided. Even if more BSs are eventually
deployed, cost savings are obtained by postponing their deployment. The largest savings
are obtained when the service uptake is slow.
Section 6.4 shows that relays may be used to roll-out a network faster. Since coverage
is provided faster, also the service uptake is faster and the total revenue is larger. Compared
to the case when only BSs are used, the relaying network may provide higher return on the
same amount of invested money. This is particularly important if the operator has a very
limited investment budget.
Section 6.5 analyzes a network roll-out under uncertainty about the future demand.
While in sections 6.3 and 6.4 the use of relays allows the operator to postpone the deployment of an item (BS or transmission line), we show here an example in which the operator
may also postpone the decision to deploy. In this example the relaying is more valuable
when the uncertainty about the future demand increases.
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Figure 6.1: Deployment granularity examples. (a) BS and RL densities (λ b , λr ) can only vary in discrete steps. (b) A deployment strategy with many small capacity increases leads to less overcapacity.

6.1

Cost and capacity granularity

This section highlights two aspects of the long term network dynamics that differentiate the
scenarios analyzed in this chapter from those considered in traditional studies on network
deployment. These aspects are related to the incremental deployment of the network so as
to cope with the gradual increase of the traffic demand.
In the iso-service analysis done in section 4.1, the greenfield operator was free to
choose the distance between the BS sites and the number of RLs deployed in each cell.
However, when the network is updated, the operator must take into account the existing
infrastructure. Thus the choice of equipment type and the position of the sites deployed at
each step are conditioned by the decisions made in previous steps. Figure 6.1a exemplifies
four hypothetical iso-service curves, and four potential network upgrades starting from the
initial deployment point O. A deployment along the gradient would follow the path O–A.
Deployment B is obtained by converting all the RLs deployed in O into BSs. Deployment C
is obtained by doubling the BS density (e.g. as in figure G.1 in appendix G). Deployment
D is obtained by doubling the RL density. When analyzing a larger network with inhomogeneous traffic and non-regular deployment, the average deployment could follow the
path O–A. However, if the traffic is homogeneous traffic and the deployment has a regular
pattern, or if the analysis is restricted to a small area, then the deployment follows discrete
steps such as in O–B, O–C, or O–D. Due to these discrete steps, the optimal choice of the
initial deployment O must also take into account future deployments. This constitutes the
first aspect that is different from traditional network deployment studies.
The second aspect is related to how much the network performance (e.g. capacity) is
increased at each upgrade step. Deployment C in figure 6.1a leads to the highest capacity, but it is also the most expensive because it requires installing BS equipment at new
sites. Deployment B has both a smaller capacity increase and a lower cost. As long as
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the demand is perfectly elastic, deployment B might be the preferred one. However, if
the demand increases only gradually, as in figure 6.1b, then deployment B leads to excessive over capacity. Hence an investment with a large upfront cost may lead to a network
which is underutilized for a long time1 . On the other hand, a deployment strategy with
small capacity and cost increments may better follow the increase of the traffic demand.
Instead of a high upfront investment, the deployment with finer granularity postpones part
of the investments, and thus reduces the total costs and/or improves the cash flow. This is
exemplified for relaying networks in the rest of this chapter.

6.2

Related work

The scenarios treated in this chapter are simple examples of basic concepts applied to
investment valuation and decision making in many fields, including telecommunications 2 .
A brief overview of related publications is given below.
The literature on network planning tools is related to this chapter because these tools
typically employing iterative algorithms to decide upon the position and the type of equipment to be deployed. Some of the literature on network planning explicitly consider the
economic costs [82], therefore, they could be extended to consider the long-term evolution
of the demand.
Several phases in the roll-out of a fixed broadband fixed network are explicitly considered in [176]. The incremental deployment of a heterogeneous network is analyzed
in [103], based on assumptions about the traffic demand increase, with the scope of comparing the cost of providing services with different technology combinations.
Since incremental network deployment is a particular case of expanding a business
and/or a production facility, there is a vast related literature on investment decisions. Most
of the literature focuses on the value of flexibility of a project given the uncertainty about
future markets (costs, prices, demand, etc.) [32, 199]. The theory and tools of real options
[54, 201] has been primarily used to valuate business cases [144, 153]. For example, they
have been applied to analyze the business case for fixed broadband service [128], but also
the analyze the transition to 3G mobile radio networks [63, 84, 196]. In [53] real options
are applied to network management; for instance the timing of the decision to increase the
capacity of an existing network is studied in [52] by taking into account the time it takes to
upgrade the capacity.

1 Since the upfront cost is typically a sunk cost, the operator may be tempted to dump the prices so as to fill
the underutilized capacity. This may increase the service uptake speed, for instance by attracting customers from
the competitors. Although this leads in the short run to an increase of revenues, the cash flow may still remain
negative for a long time. Moreover, once the prices have been dumped, it might be difficult increase them once
the network capacity is reached. Although pricing is a very important tool in maximizing profit, in sections 6.4
and 6.5 we assume that pricing is constant over time. See also the discussion in section 7.1.3 on page 147.
2 Nonetheless, I am not aware of other papers that have studied relaying networks in the context of long-term
network deployment and upgrades.
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6.3

Incremental network deployment with relays

In this section we3 emphasize the importance of the demand dynamics on the viability of
relaying solutions. We use a simple model for incremental deployment with relays, and
show that relays are most valuable when the increase in the traffic demand is slow. On the
contrary, if the demand increases very fast then the network should built from the beginning
for the final demand, hence the analysis is essentially the same as in the static analysis done
in the previous chapters.
We assume the traffic demand gradually increases according to some predefined and
deterministically known function. Moreover, the service pricing and competition are assumed to not influence the traffic demand. Therefore, the demand is seen as an exogenous
factor. As illustrated by the decision flowchart in figure 6.2, the operator selects the deployment strategy which minimizes the total infrastructure cost under the constraint that
the traffic demand is satisfied. Hence, the main differences with respect to the studies in
the previous chapters are that (a) the demand is a function of time and (b) the network
status at any time instance depends on the network status at earlier instances.

6.3.1

Scenario: a self-backhauling BS

We consider the case of an incumbent operator which has a tight grid of sites for a legacy
network, e.g. 3G. We assume an urban environment, in which the legacy sites have been
deployed for micro cells, i.e. are placed below rooftop as in figure 6.3. The operator
intends to upgrade the network so as to provide wireless access services with substantially
higher data rates than the legacy network, e.g. LTE-Advanced. The new equipment can be
installed at the existing sites, without any additional site-rental costs. However, the new
services cannot be supported by the transmission lines of the legacy sites, therefore new
high-speed transmission lines must be installed. Since the legacy sites do not have line of
sight between them, the backhaul connection cannot be established by means of microwave
links. Instead, new transmission cables (optical fiber) must be installed. The rent of these
cables are assumed to be high compared to the BS equipment cost.
3 The

material in this section is based on [10], co-authored with J. Zander.
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Figure 6.3: All the sites are on the streets, far below the rooftop. Some sites are wired from the
beginning τ1 , but others are using inband relaying for backhaul until they are wired to at a later
deployment instant τ2 .

The operator has the choice to install traditional BSs at the legacy sites, in which case a
transmission line must be installed/leased for each upgraded site. The alternative is to use
BSs with an additional multihop feature. Similar to the inband decode-and-forward relays
considered earlier in this dissertation, these BSs can use part of the available spectrum
to route the data to another BS that has a high-speed (wired) backhaul connection. If a
high-speed backhaul connection is installed, then these BSs operate as traditional BSs.
As example of such a BS is the self backhauling BS concept used in the LTE-Advanced
standardization efforts within 3GPP [93]. Since the multihop feature comes at an additional
cost for the BS, the question is whether it is worth to use such a feature.

6.3.2

The traffic demand model

For the sake of simplicity of the analysis, we assume that users are located only outdoors,
and the traffic is uniformly distributed along the streets. Moreover, we assume that the
operator intends to provide full coverage which we model by allocating the resources such
that all the users receive the same data rate, i.e. perfect rate-fairness (see section 4.4 for
the impact of resource allocation fairness on the viability of relays). Therefore we express the traffic demand and the capacity offered by the network as area spectral efficiency
[bits/sec/Hz/km2 ], which offers a handy metric when comparing network solutions with
various cell sizes. Moreover, we are interested only in the additional traffic of the high data
rate services, therefore the initial traffic demand is zero.
Traffic demand, and thus demand for additional capacity is assumed to be increasing
over the time period studied. A logistic function is a popular model describing how the
number of customers adopting a new service changes over the time [74]. However, this is
not necessarily the way that gross traffic demand increases in a network4 . For the sake of
simplicity, we assume demand increases linearly over time:
4 Section 7.2 on page 148 discusses the differences between the dynamics of the number of customers in a
network, the total revenues, and the aggregated traffic demand.
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Figure 6.4: Example of the long term evolution of the traffic demand for two service update speeds
(µ = 31 and 17 [bits/sec/Hz/km2 /year], respectively).

d(t) = µ t

[bits/sec/Hz/km2 ],

(6.1)

where µ is the service uptake speed and is measured in [bits/sec/Hz/km2 /year]. Figure 6.4
shows the traffic increase for two different service uptake speeds. In the following we will
examine how µ influences the viability of the multihop feature.

6.3.3

Traffic triggered incremental deployment

In general we consider the incremental deployment as a sequence of investment steps. Each
step k is defined by an n-tuple sk which describes when the deployment is made, what type
of equipment is available at after this step, where each type of equipment is deployed, and
the traffic demand which this deployment may satisfy under some desired/predefined QoS
requirements. For the simple model of a regular deployment, the n-tuple is simplified to
consist of the density of devices of different types. For instance, the static deployment
considered in chapters 4 and 5 could be described by s1 = (τ0 , λb , λr , Qtarget ). Hence a
deployment strategy can be described a sequence of n-tuples:
S , {s1 , s2 , . . . }.

(6.2)

With this definition, one may generalize the optimization problem defined in expression (3.1) for the static deployment model, to an optimization problem defined over the
space of deployment strategies5 . In the following we will restrict our analysis to comparing two simple deployment strategies, one with self-backhauling BS, the other with
traditional BSs. In both strategies, the network is upgraded so that the network capacity is
larger than the traffic demand at any moment. We assume that the upgrade is done instantaneously, which means that the next upgrade is done as soon as the demand reaches the
capacity of the current deployment.
5 This is in fact a classic problem in the field of operational research, which is typically combinatoric in nature
and therefore difficult to solve as an optimization problem.
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Figure 6.5: Example of incremental deployment strategy in urban environment. Self-backhauling
BSs deployed in step 2 are connected to a fixed backhaul at step 3. More BSs are deployed at step 4.

At the first deployment step, τ1 = 0, BSs and high speed backhaul are installed at the
sites marked with 4 in figure 6.5. Let s1 be the network capacity after this first step. The
second deployment step is executed as soon as the demand reaches the capacity, i.e. at
τ2 = sµ1 . Four more BSs, marked with , are installed around each site 4 upgraded during
the first step. If these sites are upgraded with self-backhauling BSs, then the installation of
the fixed backhaul is postponed until the third step. Let s2 be the network capacity after the
second step. The third deployment step is done at τ3 = sµ2 , when the  sites are connected
to the backbone. Let s3 be the capacity after this step. If only traditional BSs are used, then
high speed backhaul connections would be connected to the  sites already at τ 2 , which
basically means that the second deployment step is skipped and the network capacity is s 3
already at τ2 . More BSs are added at τ4 = sµ3 in the positions marked with ♦. For a given
µ , each of the two strategies can be described as a deterministic sequence of events S µ .
In both strategies, the network layout is maintained more or less regular after each
deployment step, therefore the state of the network after each deployment can be described
in terms of the density of sites upgraded with or without multihop BSs. Hence, if the
density of sites upgraded at τ1 is λ1 , then the density of sites upgraded after τ2 is λ2 = 5λ1 ,
and at the fourth step is λ4 = 9λ1 .

6.3.4

The infrastructure cost model

Since all the deployment strategies considered are designed to satisfy the traffic demand,
we assume that they yield the same revenue. Therefore, we compare the different strategies
in terms of their total cost. Since the investments may occur at arbitrary time instances,
we use a discounted cash flow model with a continuously compounded rate d, as described
in section 3.2 on page 54. For the sake of simplicity, we assume that inflation and price
erosion are included in d, and therefore the (non-discounted) upfront and running costs per
device/site are constant. As before, we assume that all the items of a certain type have the
same cost, i.e. we ignore the cost variations from site to site. We assume that the network is

114

CHAPTER 6. LONG TERM DYNAMICS OF NETWORK DEPLOYMENT
Table 6.1: Cost coefficients used in the example

Expenditure
Traditional BS
Traditional BS

type
CAPEX
CAPEX

symbol
c0
c+

value
2 to 5 ke
1.02c0

operated for Y years, after which the salvage value of the infrastructure is zero. In general,
if a network has I types of items, with an upfront cost cCAP,i and running cost cOP,i , and a
i
change ∆λki = λki − λk−1
in the density of the item i at the deployment step k, then the total
infrastructure cost normalized to a unit of area is:


C(Sµ , d) = ∑ cCAP,i Ai + cOP,i Bi , where

(6.3)

i

Ai ,

K

∑ ∆λki e−τk d ,

k=1

Bi ,

K

∑ ∆λki

k=1

e−τk d − e−Y d
.
1 − e−d

(6.4)

Ai and Bi are two factors weighting the upfront (installation) cost and the annual running cost of an item of type i. These factors depend on the deployment strategy S µ and on
the discount rate d, i.e. they are the outcome of an incremental deployment problem, but
are independent of the actual cost of the sites and devices. In the following example, we
further simplify the analysis by assuming that most of the running costs of a BS (excluding
the backhaul transmission costs) are covered by the costs for the legacy site, therefore the
other additional running costs can be ignored. Let c0 be the cCAP,i of a traditional BS,
and c+ > c0 be the upfront cost of a BS with the self-backhauling feature. Moreover, we
assume that the upfront costs of installing a backhaul transmission cable can be neglected
in our comparison6 . Let ct be the annual cost of leasing a fixed backhaul connection (i.e.
the annual “transmission” cost). The total network costs of the two strategies are:

C(S0µ , d) = c0 A0 + ct B0
+
+
C(S+
µ , d) = c+ A + ct B ,

and

(6.5a)
(6.5b)

where A+ , B+ , A0 , and B0 are computed for the two strategies as in expression (6.4), and
depend on the discount rate, the required deployment instance τk , and indirectly on the
slope of the service uptake. In the following example we assume that the self-backhauling
feature increases the cost of the BS by 2%. Table 6.1 summarizes the cost coefficients used
in the example.
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Table 6.2: The exclusion area parameter T

Intersite distance 150 m
Site density
T (dB)
4.1
-107.3
18.0
-95.5
33.3
-87.58

Intersite distance 220 m
Site density
T (dB)
1.8
-108.8
9.2
-96.1
16.6
-87.9

Algorithm 3 Algorithm for time share allocation
1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:

(0)
(0)
Start with the noise limited link rates: θl = 0; I¯l = 0.
Set the iteration counter k = 1.
repeat
(k−1)
Use the average interference I¯l
to estimate capacity ckl as in equation (2.35a).

Use the desired link rate sl to compute the necessary time shares θl
if data layer constraint for any link not fulfilled, then
s0 not feasible; break.
end if
(k)
Update the interference estimate I¯l according to (2.35b).
until convergence.
s0 is feasible.

6.3.5

(k)

= sl /cl .
(k)

System model

The environment model is the same as used in section 5.1, i.e. square blocks of 100 m width,
20 m wide streets, and 27 m high buildings. All the sites are deployed at 6 m height, and therefore
the propagation component at the street level (using J-E. Berg’s recursive model [26]) dominates
over the propagation component over the rooftop (using the COST231 Walfisch-Ikegami [46]). The
analysis is done on the uplink with transmission power Pt = 24 dBm and Pr = 30 dBm for the UE
and the BS, respectively. The noise power is N = −100 dBm, and the antennas are omni-directional
with gains 0 and 10 dBi for the UE and the self-backhauling BS.
The radio resource model is basically the same as in section 4.4, on page 88. The transport
layer model consists of tuning the end-user rate so that all the users can achieve the same average
bit-rate s0 . For a fixed number of users λt , the network capacity (expressed as Area Spectral Efficiency measured in bits/sec/Hz/km2 ) is s0 λt and is maximized by maximizing s0 . The network
layer model consists of a heuristic algorithm which yields an uplink route for each terminal by
means of an exhaustive search over all possible terminal - (relay) - base station combinations. For
each possible route, it computes the sum of inverse interference-free-rates of the links along the
route, and selects the route with the lowest metric (highest end-user data rate when interference
6 When leasing a line from a transmission provider, the “installation” cost is in fact the connection fee. This
fee is substantially power than the investments made by the backhaul transmission provider.
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Figure 6.6: Network capacity (average area spectral efficiency) versus the density of upgraded sites,
for two different site densities of the underlying legacy network.

and concurrent traffic is ignored). The medium access layer is modeled is given by the RTS-CTS
protocol example described on page 43. Time shares {θl } of a common channel are allocated to
the links by a centralized, ideal scheduler. The vector of time shares {θ l } is a decision variable
for a centralized optimization algorithm. The parameter T used to define the size of the RTS-CTS
exclusion area is given in table 6.2. The physical layer model is given in (2.35), page 45, and
is based on an average interference model. We use ζ1 = 0.5, ζ2 = 0.5, and cmax = 4 bits/sec/Hz
just as in all the other studies utilizing the model in this dissertation. The resource allocation is
modeled by the optimization algorithm 3, which uses a bisection search algorithm is used to find
the the largest feasible data rate s0 . A tested value s0 is feasible if there is at least one time share
allocation {θl } which fulfills data layer constraint for all the links.

6.3.6

How much is the self-backhauling feature worth?

We use the deployment strategies exemplified in figure 6.5, and tune the intersite distance
in order to control the density of the underlying legacy sites. For each network realization
(which consists of new UE positions and new realizations of the lognormal fading), the
network capacity after each deployment step is numerically estimated using algorithm 3.
Figure 6.6 shows the traffic demand sk which can be supported after each deployment step
versus the density of upgraded sites. The capacity increase between steps 2 and 3 is due to
the installation of the (fixed) high-speed backhaul connection.
In this simple example, the difference between the two deployment strategies is that
the installation of fixed backhaul connections for 49 of the sites is delayed from τ2 to τ3 ,
at the expense of an additional feature that needs to be implemented in the BSs. In order
to see how much this additional feature is worth, we require that the total cost of the two
deployment strategies break even: C(S0µ , d) = C(S+
µ , d), i.e.:
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Figure 6.7: Upper bound for how much it may cost to implement the multihop feature
pressed in percent.

c+ A+ + cb B+ = c0 A0 + ct B0

,

c+ −c0
c0 ,

ex-

(6.6)

Since in this simple example all sites in the two scenarios are upgraded at the same time
(τ1 , τ2 , and τ4 are identical in the two deployments), and since the backhaul installation
costs are neglected, we have that A+ ≡ A0 . Hence, the total cost of the two strategies break
even if:
ct B0 − B+
c+
−1 =
c0
c0 A+

.

(6.7)

Since the cost of the additional feature is compensated by the cost savings due to the
delayed backhaul installation, we expect the feature to be worth more when the service
uptake µ is smaller, so that the delay τ3 − τ2 is larger, and when the annual lease cost
is larger with respect to the other costs. This is indeed confirmed in figure 6.7, which
0
shows the upper bound c+c−c
as a function of µ , for different values of the lease cost,
0
different discount rates, and for different densities of the underlying legacy infrastructure.
At very rapid service uptakes the network must be upgraded very fast; for instance at µ = 4
bps/sec/Hz/km2 /year the capacity of the network with λ = 33 units/km2 (8 bps/Hz/km2 ) is
reached already after two years. At even higher speeds or at lower lease costs, the multihop
solution may become more expensive that the traditional solution. At a moderate service
uptake of 0.8, λ = 33 units/km2 must be wired after at most 5 years; the break even ratio
c+
c0 varies between 3% and 13%, depending on how large the transmission OPEX is. If the
service update is lower than 0.4, then the traffic demand will not exceed 4 bps/sec/Hz/km 2
at the end of the operation time – therefore a sparser infrastructure is sufficient, i.e. λ =
16.6 units/km2 as final upgraded site density.
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Figure 6.8: Example of cost saving for the underlying legacy site density λ = 16.6 km −2 , for c0 = 5
Ke and 2 Ke. (a) The cost structure is dominated by OPEX. (b) The cost savings are larger when
the equipment cost is lower.

6.3.7

Cost savings example

Figure 6.7 shows that the additional self-backhauling feature may be as high as 10% of the
traditional base station, if the service uptake is slow. Next, we exemplify the dependence of
the cost savings on the traffic uptake speed for a lower cost of this feature, i.e. cc+0 = 2%. We
assume the annual lease for a high speed connection is ct = 1 ke/year and the two different
types of base station equipment costs c0 = 5ke and 2 ke, respectively, as in [211, Table
1]. Figure 6.8a shows that the total OPEX over Y = 10 years increases as the service
uptake speed increases. Figure 6.8b shows the corresponding cost savings obtained with
the self-backhauling feature. These savings are smaller at fast service uptake. For a low
cost equipment, e.g. 2Ke, OPEX is dominant ( 23 to 34 of the total cost); the cost savings
are 5% to 10%, depending on how fast is the service uptake.

6.4

Incremental deployment with budget constraint

In this section we7 exemplify the importance of using relays for a fast network roll-out.
As in the previous section, we consider an extreme scenario in which the relays are only
temporarily used, and show that even in this case the use of relays may lead to economic
gains. In order to model the speed of a network roll-out, we explicitly consider external
budget (financial) constraints as well as the impact of network deployment decisions on
the user satisfaction.
7 The

material in this section is based on [11], co-authored with J. Hultell and M. Nilson.
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Figure 6.9: Model of network deployment decision making under budget constraint. In the dynamic
analysis, the demand depends on earlier investment decisions and the deployment strategy is selected
so as to maximize the profit under investment budget constraints.

6.4.1

Budget constrained deployment strategies

In section 6.3 we assumed that the traffic demand was an exogenous factor and that the operator always had enough money to pursue any deployment strategy. However, in practice
the demand depends on several factors, such as the perceived service quality, the pricing,
the quality and price offered by other operators, etc.
For instance the operator may have only a limited investment budget8 . If the operator
has too aggressive a strategy and the demand increases too rapidly, then the operator may
not be able to upgrade its network within the predefined budget constraints. Hence, the
network might not be able to handle the demand increase, hence the service quality might
be degraded. Consequently, this may affect the future traffic demand. In order to describe
such interactions, we propose to improve the model for how the way the incremental deployment is done, shown in figure 6.2 on page 110. In the improved model, shown in
figure 6.9, the operator may select among several deployment strategies just as before, but
the decision is made subject to constraints on the investment budget. Moreover, the demand depends on early investment decisions. Thus, investment decision made at a time
instant must consider not only the current demand, but also the way this decision affects
the future demand. Furthermore, the operator may also select a pricing strategy, which can
be used for controlling both the cash flow (revenues) and the traffic demand. This leads to
a pair of feedback loops that interact with each other, one concerning the traffic demand,
the other concerning the revenues.
8 In the case of a traditional telecom operator, the infrastructure cost is only a smaller part of the total cost. For
instance, the customer acquisition costs for a typical US operator, e.g. terminal subsidies and advertising, were
roughly comparable to the infrastructure costs at the beginning of this decade [141]. Moreover, in a mature and
predictable market such as the Western telecommunications market, traditional operators may find it affordable
to borrow more money if the need for unexpected upgrades occurs. However, this might not be the case when
the operator is small, such as frequently is the case for community networks, or when the investment is done in
unstable regions.
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The model can be further extended so as to include the competition from other operators, in particular the prices and the quality of service the customers may expect in other
networks. For the sake of simplicity, in the following example we assume that the demand
is affected by neither the offers from competitors, i.e. there is no churn, nor by the pricing
which is assumed to be constant over the years of the network’s operation.
Evaluating long-term dynamic investments
In order to evaluate long-term investments, we use a discounted cash flow analysis described in section 3.2.1 on page 54. Let d be the discount rate over a time interval, and let
rt and ct be the revenue and the cost during that time interval. If the network is operated
over Y years and the salvage value of the infrastructure is zero, then the net present value
of the network is:
NPV = PV (“revenues") − PV (“costs") =

T −1

∑

t=0

rt − ct
(1 + d)t

We assume that price erosion, inflation, etc. are taken into account by the discount rate
d. Furthermore, we assume a simple pricing strategy for which the revenues are proportional to the served traffic. Thus, if ρxy (t) is the traffic served during the time interval t, at
the location xy, then the revenues are:
rt = π

Z

Ω

(6.8)

ρxy (t),

where π is the free per unit of traffic, and Ω is area served at t. Let N j is the number of
items of type j deployed during period t; in the following j ∈ {site, base station, relay}. If
cap
opex
c j and c j are the CAPEX and OPEX costs for an item of type j, respectively, then the
total network cost at t is:
!
!
(t)

(t) cap

ct = ∑ N j c j +
j

t

∑ Nj

(k)

opex

cj

,

(6.9)

k=0

Constrained deployment decisions
The way businesses are financed is a complex issue, and therefore it is beyond the scope
of this dissertation to analyze how network build-out is financed. Instead, we model the
interaction with the investor as a cash-flow constraint. We assume that the investment starts
with an initial capital E, and that the revenues are reinvested in the network if and when
needed. The network pays no dividends, and the profit is payed out at the end of operation
time Y . Hence, investments are made so that:
i

E+∑

j=0

ci − r i

(1 + d) j

≥0

for all i = 0 . . . T − 1

(6.10)
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Figure 6.10: Cash flow example of a budget constrained network deployment. Part of the revenue is
reinvested in additional network deployment. After the payback time the investment produces profits.

This is exemplified in figure 6.10. The available capital E is used for the initial deployment, and
for the running costs during the first year. As the traffic increases and revenues are accumulated,
more investments can be done after 1.5 years; in this example the coverage is extended by deploying
relays. Further investments must be postponed until more revenues are accumulated. After 2 to 3
years, the demand is already high and the revenues accumulate faster. As the network reaches
maturity, the cash flow is no longer a limiting factor, and the initial investment is payed back after
4 years.

With this model9 , all else equal, deployment strategies that require less capital investments (smaller E) are preferred. This suggests the highly intuitive fact that operators prefer
incremental deployment where they continuously are able to adapt to demand, as opposed
to deployment strategies requiring large upfront investments.

6.4.2

Scenario: coverage-extension in a greenfield network

We consider a greenfield operator who provides fixed wireless access. Due to budget
constraints, the operator provides only limited initial coverage, but extends the network’s
coverage as the revenues accumulate. We assume that the entire coverage area is divided
into patches (or cells), corresponding to villages in a remote rural area, or to blocks in an
urban environment. For the sake of simplicity of the radio resource allocation model, we
assume a one-dimensional deployment model, e.g. as if the area to be cover is along a
narrow valley. A total length L must be covered.
9 In practice an operator may ask the investors for additional capital, or borrow money for the banks. This
relaxation of the capital constraint can be modeled with an increase of the running costs with a financial expenditure term. The example analyzed in this section is equivalent to an infinite rate on the borrowed money, which
corresponds to a very risky investment.
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Figure 6.11: One-dimensional network example: six instances from a deployment sequence. The BS
sites (B) are marked with a wired connection, while the routes to the RL sites (R) are indicated by
arrows.

Figure 6.11 illustrates six possible deployment steps: After the first BS is deployed at t 1 , the
coverage is extended at t2 by deploying one more BS. At t3 and t4 the coverage is extended by
deploying RLs, which use inband relaying. As the traffic demand increases, the network becomes
congested because a part of the spectrum is used for relaying. Therefore the RLs are gradually
replaced by BSs, in this example at t5 and t6 . The deployment of RL sites, and the replacement of
RL equipment may alternate, as explained below. We assume that the RL sites are identical with
the BS sites and can be reused when the RL equipment is removed. Moreover, a removed RL may
be installed on a new site.

The reference deployment strategy
The reference strategy uses no RLs. If the initial capital allows, full coverage is provide
from the very beginning. Otherwise, BSs are deployed within the budget constraints, so
that only partial initial coverage is provided. The coverage is extended by deploying more
BSs, as soon as the budget allows it, and until the entire service area is covered (in this
case the whole length L of the one-dimensional region).
Deployment strategy with relays (an example)
The deployment starts by deploying a BS at the end of the road, then its coverage is extended with relays until full coverage is provided. We consider regenerative relaying,
which requires additional logical channels for each hop, therefore the network may become congested. The deployment of a RL is postponed if the cash flow constraint does not
permit the deployment, and is skipped if the increased routing traffic would cause congestion. As additional RLs are not deployed if the network becomes congested, one or more
relays must be removed as soon as the budget allows replacing the RL equipment with a BS
and installing backhaul transmission cables (i.e. the RL site is reused as the site of a BS).
Once the congestion is resolved, more RLs are deployed until full coverage is obtained.
Additional base stations may be deployed even after full coverage has been provided, if
congestion occurs.
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Figure 6.12: Illustration of the demand model: the demand is constant if the quality is not satisfactory
and increases deterministically otherwise.

6.4.3

The traffic increase model

Each time a new RL or BS site is installed, a new patch of the total (target) service area
is covered. In our example, the dynamics of the traffic demand in each patch is assumed
to depend on whether the service quality is satisfied in that particular patch. However,
we assume the traffic demand in a patch is independent of the service quality in the other
patches10 . In the following, users in a patch are assumed to be satisfied as long as the
network can satisfy the traffic demand in that patch. If the users are not satisfied, then the
demand is assumed to remain constant until the network is upgraded and higher demand
can be supported11 . The demand in a cell increases as long as the users are satisfied;
otherwise it remains constant. We express the demand in channel/km and use a sigmoid
(logistics) function to express the long-term dynamics of the demand [74]. The market
saturates at ω channels/km, assumed to be the same over the entire covered area. Assume
that service has been provided to the ith patch starting at τi and that the length of the patch
is Li . During a period t the demand from this patch is modeled as:
−1

ρi (t) = ω Li 1 + e−a(t−τi −b) ea∆i

[channels],

(6.11)

where a and b model the service uptake speed. ∆i is the accumulated period of time during
with poor quality, i.e. during which the demand is constant.
Figure 6.12 illustrates this model for two patches. Service is provided in the first patch starting
at τ1 . The patch is congested between t1 and t2 , during which the traffic in that patch does not
increase. The second patch is covered starting at τ2 and reaches saturation after the first patch.
10 This model is unreasonable if users have high mobility with respect to the size of a patch. The user satisfaction in a mobile network is lower if the user passes through an area without coverage, or if the peer of the
intended call is not covered. explain externalities
11 In practice an operator would temper the increase in the traffic before the network becomes congested. For
instance, the operator may design subscriptions/service and the pricing schemes with high marginal fees for the
traffic that exceeds a predefined limit. If the service quality becomes unacceptably low due to congestion, the
customers may switch their subscription to other operators.
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Figure 6.13: Illustration of the resource allocation for the one-dimensional deployment model. The
relays have the same coverage L as the base stations. The traffic is routed through the closest relay
(N1 to N3 ), to the closest base station (N4 ). The available physical channels are used at most once
within a reuse distance D.

6.4.4

System model

The link model. We consider the downlink and assume for the sake of simplicity that relays
use the same transmission power P as base stations. With a single slope power attenuation model,
0
the power received at a distance L from a sender is Pc
Lα ; fading is not modeled. A connection is
broken if the SNIR target γt is not reached. The range of a link (“cell radius”) is defined as the
0
distance L for which a predefined SNR γ0 = LPc
α N ≥ γt can be provided. Let Di be the distance
0
between an interfered node and the ith co-channel interferer. For a terminal at the cell border, the
SNIR is:

γ=

Pc
Lα
Pi c
∑i Dα + N0
i

=

∑i



L
Di

1
α

+ γ10

,

(6.12)

The radio resource allocation model. We assume that the coverage ranges of a relay and of
a base station are the same L, and that the backhaul connection is twice as long, as shown in figure
6.13. For α = 3.5, this can be achieved if the relay has 10 dB higher antenna gain than a terminal.
A terminal is connected to the closest relay (N1 to N3 ) or base station (N4 ), and the traffic from a
relay is routed through the closest relay or base station. In-band relaying is used, i.e. no additional
spectrum is available for relaying. We use a simple, regular channel reuse pattern in which the
distance to the ith pair of interferers is Di = iD, where D is the reuse distance. For each set (γ0 , γt ,
L), a minimum required reuse distance D can be approximated by:
D≥L

! α1
 α , 
1
1
1
−
,
2∑
i
γt γ0
i

(6.13)

where interferers are assumed to exist to the left and right of each receiver. More advanced channel
reuse schemes are needed if the units use different transmission powers, if the propagation characteristics differ between the base-to-terminal and the relay-to-relay links, etc. In the following
numerical example we use L = 0.5 km, γt = 10, dB and γ0 = 15 dB. Then the reuse factor must be
D > 2L. We assume that the channel allocation is done per site and therefore the reuse distance is
rounded up to two “cells”, i.e. D = 2 km, as in figure 6.13.
The congestion model Let ui be the traffic generated by a cell, measured in number of channels. Since each relaying hop requires an additional logical channel, the channel demand from
a cell should be multiplied by the number of hops to the closest base station. According to our
model, congestion occurs when the number of logical channels demanded over two cells (2 km),
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Table 6.3: Simulation parameters

ω
a
b
S
L
D
α
E

1 channel/km
1.5
2.4
10 km
0.5 km
2 km
3.5
1:10 m.u.

2 channels
10 years
0.7% / month
1 m.u./channel/year
0.5 m.u.
10%
cap
{20, 100}% · cb
cap
10 : 50% · cb

B
T
d
p
cap
cb
opex cap
c j /c j
cap
cs
cap
cr

exceeds the number of available physical channels B. For instance congestion occurs in figure 6.13
if u3 + u4 + [(u1 + u2 ) + (u1 + u2 + u3 )] > B; due to this bottleneck the traffic routed from relay N1
to N4 will also be affected.

6.4.5

Viability analysis of the deployment with relays

We compare the two deployment strategies for different values of the budget constraint E.
Since the sites can be reused, we treat the site costs cs separately from the equipment cost.
In the following numerical examples we fix the CAPEX of the BS equipment to c b = 0.5
monetary units [m.u.] and the price to π = 1 [m.u./channel/year]. The site CAPEX c s , and
relay equipment cost cr are used as study parameters. In order to simplify the example,
we assume that the transmission costs are included into the BS costs, and that the OPEX
is 10% of CAPEX for each of the three items. The annual growth rate of the investment is
used to characterize the deployment strategy:
g=



PV (“revenues")
PV (“costs")

1/T

− 1.

(6.14)

Table 6.3 summarizes the parameters used in this numeric example. The demand
reaches a maximum after 5 years of congestion-free coverage. Since the cell size is 1
km, the traffic is 1 channel per cell when the market saturates. Since the reuse distance
is D = 2 km and there are only B = 2 physical channels available, it means that at the
end of the operation time there is no channel available for relaying, therefore all relays are
eventually replaced.
The trade-off between profit and cost with relays
Figure 6.14 how (a) profit (annual growth rate), (b) total cost (net present value), (c) budget
constraint, and (d) the costs of the relays, base station, and the site. For each value of the
budget constraint E, the total cost of the solution without relays and the profit obtained with
this solution is indicated in figure 6.14 with 4. With a low budget, e.g. E = 1 m.u., the
network is rolled out slowly and both the total cost and the annual growth are small. When
the investment budget is larger, the greedy deployment leads to higher network costs but
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Figure 6.14: Trade-off between annual growth and cost for different deployments. Higher annual
growth implies higher profit. The budget constraint E, site cost cs and relay equipment cost cr are
used as parameters.

also to larger profits. If the site costs are small (20% of the base station equipment), then
the entire network is deployed at once for E = 6 mu.u. If the sites are expensive (c s = cb ),
then the entire network is deployed at once for E = 10 m.u.
Figure 6.14 also shows that for the same initial budget, the use of relays may yield
higher profit, even if this corresponds to a larger total infrastructure cost. This is valid
when the initial budget is small, e.g. E = 1. Such an advantage of using relay cannot be
observed by applying the method used in [1], which considers cost minimization as the
sole criterion. Moreover, at low E the use of relays can actually improve both criteria; for
instance the relay solution S2 and the non-relaying solution S1 are obtained at the same E.
Profit as function of budget constraint
For a given budget constraint E, the operator is expected to choose the deployment strategy which maximizes the profit, i.e. the total costs are of less relevance. Therefore the
information presented in figure 6.14 is rearranged in figure 6.15 so as to highlight how
the annual growth increases with the budget constraint. This dependence is shown in figure 6.15 for different values of the relative relay cost ccr . The deployment strategy based
b
on relays yields larger gains with respect to the reference strategy when the budget constraint is strict (low E). Notice that the relaying strategy considered in this example is
based on heuristics, therefore it is suboptimal for profit maximization. Together with the
cost-granularity inherent in the example, this explains why the curves are not smooth.
As a dual of the profit maximization problem, the operator may choose the deployment
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Figure 6.15: The annual growth as a function of the budget constraint E. The site cost c s and relay
equipment cost cr are used as parameters.

strategy which provides a target profit at the lowest budget. This may be relevant from a
competitive point of view, since requiring a large budget may discourage new operators
from entering the market.

Break-even relay costs
The viability of the relaying solution also depends on the cost of a relay. Let the breakeven relay cost c∗r be the relay cost for which the deployment with and without relays
yields the same profit. If the actual relay cost is lower, the relaying solution yields higher
profit, otherwise the deployment without relays is preferred. Figure 6.16 shows the break
∗
even relay cost ccr versus the budget constraint; the result is normalized to the base station
b
cost for convenience. When the investment budget is large and the entire network may be
deployed at once, the relays must have a very low cost with respect to the base stations.
This result is in line with the results previously obtained with the snapshot type of analysis.
However, when the budget is constrained to low E, then the relaying solution is viable even
if the relays have costs comparable to those of a base station.
The site costs are considered separately in this analysis. The ratio between the relay
s
site and the base station site costs ccr +c
is in fact larger than the break-even values shown
b +cs
in figure 6.16. These cost values are realistic given that the relays are assumed to be rather
complex (regenerative) and have the same transmission power as a base station.
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Figure 6.16: The break-even relay cost versus the budget constraint E.

6.5

Relay deployment under demand uncertainty

The example in section 6.3 showed that the use of relays is more useful when the service
uptake is slow. In practice though, the demand can only be predicted and this prediction
is more inaccurate the longer the time perspective considered. The question we 12 address
in this section is how does the viability of the relaying solution change with the increase
uncertainty about the future demand.
In the scenario considered here, the key aspect is the flexibility that the relaying solution
offers. We illustrate this by analyzing two examples. In the first example, the operator can
make only one decision, at the beginning of the roll-out process. The use of relays in this
case becomes less valuable when the uncertainty increases, as the decision has already
been made at a single point in time. In the second example, the operator has the option
to upgrade the network, but not the obligation to upgrade it, which allows the operator to
postpone their decision to invest until the uncertainty decreases. In this case, the use of
relays becomes more valuable as the uncertainty increases.
We simplify our examples by assuming that the demand is exogenous, as described in
section 6.3. However, in this section we assume that the demand is a stochastic process
so that the operator can no longer decide from the very beginning when each network
upgrade should occur. The operator may still choose among several deployment strategies,
as illustrated in figure 6.17, but the deployment decisions within a selected strategy are
made over time, similar to the way decisions are made in section 6.4.
12 This

section is based on material submitted in [12], co-authored with J. Zander.
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Figure 6.17: Network deployment under exogenous stochastic traffic demand. Based on the initially selected deployment strategy, the operator continuously monitors the demand and upgrades the
network when suitable.

6.5.1

Scenario: a self-backhauling BS (continued)

The scenario used in this section is essentially the same as used in section 6.3. An incumbent operator has a tight grid of legacy sites (16.6 site/km2 ), whose BS equipment and fixed
transmission lines have been designed so as to provide only low data rate services. The operator intends to upgrade these sites by installing new equipment that supports substantially
higher data rates. Since the existing transmission lines do not support high enough datarates for the new services, new transmission lines must be installed too. As before, the
operator has the choice of using only traditional BSs, or BSs which are enhanced with a
multihop feature. This feature may be (temporarily) used for inband routing of the traffic
between BSs with and without new, high speed backhaul connections.
The model for micro cell deployment in an urban environment is also the same as used
in section 6.3; it has few distinct phases so that the pattern of upgraded sites is more or less
regular after each phase. Figure 6.18 shows the steps of interest for this study. At the first
deployment phase new BS equipment and fixed transmission lines are installed at the sites
marked with 4. The time instant t−1 of this upgrade is not relevant for the current study.
After t−1 the network supports a maximum traffic demand density s−1 bits/sec/Hz/km2 .
The second deployment phase is done at time instant t0 , when the sites marked with  are
upgraded. At this time the operator must choose between using BSs with or without the
multihop feature.
With the first deployment alternative, the operator installs only the BS equipment, but
not the fixed transmission lines, since the multihop feature enables the BS to use part of
the available radio spectrum to route the user data to other BSs which have a transmission
line (i.e. via a multihop wireless routing). This network configuration may support a
maximum traffic demand s0 . The operator may install high-speed transmission lines for
these sites in the third deployment phase. The exact timing t1 of this third phase depends
on how the traffic demand evolves after t0 , as show below. Once the additional fixed
transmission lines are installed, the share of spectrum previously used for multihop is used
for connecting user equipment and therefore the network capacity increases to s 1 . With the
second (traditional) deployment alternative, the fixed transmission lines must be installed
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Figure 6.18: Example of the first three steps of an incremental deployment strategy with relays
in urban environment. The first deployment step (4) provides capacity s −1 . If multihop BSs are
deployed at the second step in (), the network provides capacity s 0 . High speed transmission lines
are installed at sites () at the third step, when the network capacity increases to s 1 . (b) The traffic
demand is a stochastic process with know (linear) expected value.
Table 6.4: Network capacity after each upgrade step.

Phase
Capacity [bits/sec/Hz/site]

1
0.6

2
0.9

3
2.5

at the same time as the BS equipment, just as at the first deployment step. This means that
the second and third deployment steps are merged into a single (initial) deployment step.
Figure 6.18b illustrates with a thick line the capacity increase over time, as obtained with
the first deployment alternative. It also shows a realization of the traffic demand process.
The main difference between the two approaches is that the multihop solution postpones the costs of the installation of additional fixed transmission lines for the time interval
(t1 −t0 ), which is a stochastic variable dependent upon the traffic demand process 13 . In this
study, we are interested in how the statistics of this time lag affects the techno-economic
viability of the multihop solution. Therefore we focus on the additional capacity, demand,
revenues, and costs which occur after the second deployment phase. In our numeric examples we assume that the demand at t0 equals s−1 and we set t0 = 0. The number of sites
upgraded at t0 is the same in both approaches. For convenience, we normalize the network
capacity to the number of sites. Table 6.4 shows the site capacities used in the numerical
examples.

6.5.2

The traffic demand model

As in section 6.3, we assume that the traffic demand is uniformly distributed over the area
and that the operator offers full service coverage. Therefore, the traffic demand is described
as a function of time, but not of position. In this analysis, we are interested in the long-term
trends of the demand (e.g. the peak-hour traffic demand), therefore the daily variations are
13 Nonetheless, BSs with the multihop feature has a higher equipment cost than traditional BSs. Therefore, the
cost savings obtained by delaying the fixed transmission costs must compensate for this higher equipment cost.
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Figure 6.19: Example of two-step demand increase with the binary tree additive model. The demand
increases by ∆d with probability p at the end of each time interval. At the end of the second time
interval the expected demand equals the supply level s0 = 2µ ∆t, but the actual demand exceeds the
supply with probability p2 .

ignored. Since the number of sites after t0 is the same for the network with and without
the multihop feature, we can normalize the traffic per site. Therefore we define the traffic
demand as gross data rate aggregated over the entire served area, normalized to the total
number of sites and measured in bits/sec/Hz/site. Thus, we analyze the demand, cost and
revenues per site.
We model the traffic demand as a random process with a linear expected increase of µ
[bits/sec/Hz/site/year]. In order to model the fact that uncertainty is larger, the further in
time we try to predict, we assume the variance of the process increases linearly with time.
We adopt a method customary used in the analysis of investments under uncertainty and use
a binary trellis to model the traffic demand as an additive14 discrete-time discrete-valued
stochastic process [54, pp.68-70], so that the demand may increase or remain constant,
but not decrease. Hence, the demand is assumed to be an exogenous process, influenced
by neither the deployment decision of the operator nor that of potential competitors. We
divide the remaining operation time [0, T ] into N intervals of length ∆t = NT . Let dk be
the (additional) demand during the k time interval. After each time interval the demand
increases with probability p from dk to dk+1 = dk + ∆d , and remains the same dk+1 = dk
with probability q = 1 − p. Figure 6.19 illustrates this model for N = 3 intervals. In this
model we set the parameters p and ∆d so as to control the average and the variance of the
traffic increase:
E[dk+1 − dk ] = µ ∆t ,

V[dk+1 − dk ] = σ 2 ∆t .

(6.15)

The condition introduced above means that the demand increase over an arbitrary period of time t is independent of the time granularity (the size of ∆t ). Indeed, if t = k∆t
then the demand increase during this time interval is the sum of k independent binomial random variables, so that their average and variances are E[dt − d0 ] = k µ ∆t = µ t
and V[dt − d0 ] = σ 2t. We equate:
14 Most of the models used in the literature on real options are based on a multiplicative model. The
continuous-time equivalent of this model is the Brownian model, which is suitable for the price of stock shares.
Although the model is adopted for demand increase, e.g. in [53], it implies that the expected value of the underlying asset increases exponentially over time. This may be well suited for describing the demand grows during
the early-adoption phase, but not a growth according to the logistic function or a linear increase as assumed in
this study.
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p=

µ 2 ∆t
,
2
σ + µ 2 ∆t

∆d =

σ2
+ µ ∆t ,
µ

(6.16)

For our analysis we assume that the network is operated for T = 10 years.
In the our first example, on page 134, we consider the case when the operator is forced to
upgrade the network as soon as the traffic demand reaches the current network capacity. Therefore
we are now interested to find the instance t1 when the traffic demand exceeds the capacity of the
network after the second deployment phase. If the multihop feature is implemented and s 0 − s−1 ≥
2
N∆d = N σµ + µ T , then the demand increase and its volatility are so small that the third deployment
l
m
−1
step is not needed at all15 . On the contrary, if s0 −s
, nmin ≥ N, then the traffic demand may
∆d
exceed the network capacity s0 at the time instance t1 = kcrit ∆t ≤ nmin ∆t, which is a stochastic
variable with distribution:


if k < ncrit

0

k
p
if k ≡ ncrit
(6.17)
Pr[k] =
nmin −1 


k
i
i (1 − p)k−i−1 (p − ) if n
 ∑
≤
k
≤
N
p

crit
k
i
i=0

Moreover, if the arbitrary time interval [0,t] is divided into k intervals, then the traffic demand
increase during this time interval has a binomial distribution:
 
k m
Pr [dt = m∆d] =
p .
(6.18)
m
We will assume here that the fourth deployment step is not needed, i.e. Pr[d(T ) > s 1 ] = 0.

6.5.3

The infrastructure cost and the revenue models

The cost. We assume there is no cost difference between the sites. Price erosion or inflation
is included in the discount rate. We assume that the site acquisition and all the other running
costs have been included into the costs of the incumbent’s network, and that there are no
additional costs related to the new high data rate network. Let c0 and c+ be the upfront
equipment costs of a traditional BS and of a BS with the multihop feature, respectively;
c+ ≥ c0 . Let ct and ot be the upfront cost of installing and the annual lease of a fixed
transmission line for a site. Table 6.5 (page 134) summarizes the values used these costs
in our numerical examples. If the multihop feature is not used, the additional cost per site
discounted at t0 = 0 is a deterministic value:
COSTref = c0 + (ct + ot

1 − e−rT )
)
1 − e−r

(6.19)

If the multihop feature is used, then the total cost depends on the random variable t 1 ,
the time instant when the relays are upgraded to base stations:
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Figure 6.20: Possible traffic demand levels, if the demand at the beginning of the kth interval is j∆ d .

COSTmh (t1 ) = c+ + (ct + ot

1 − e−r(T −t1 ) −rt1
)e δ(t1 <T ) ,
1 − e−r

(6.20)

where δt1 <T = 1 if t1 < T , i.e. if the third deployment step is needed, and 0 otherwise. The
expected (additional) cost depends on the distribution of t1 .
The revenue. We assume usage-based pricing, which is kept unchanged throughput the
entire period of the network’s operation. Both the demand and the revenues are independent of the underlying infrastructure (network technology). Let π [ke/bit/sec/Hz/year/site]
be the annual fee for the unit of traffic, normalized per site16 . For the sake of simplicity
we assume that the fee is payed at the end of a time interval17 ∆t . If the demand increases
by ∆d at the end of the kth time interval, it generates a cumulated revenue (discounted at
t = (k − 1)∆t ):

π ∆t ∆d

N−k+1

∑

e−r∆t i = π ∆t ∆d

i=2

1 − e−r∆t (N−k) −2r∆t
e
1 − e−r∆t

Assume now that the demand is j∆d at the beginning of the kth time interval, i.e. the
demand has increased j times in the time interval (0, k∆t ]. Then the expected revenue for
the time interval (k∆t : N∆t ], discounted at t = k∆t is given by:
E

(k∆t :N∆t ]

[REV|demand = j∆d ] = . . .






N
 1 − e−r∆t (N−k+1) −r∆
1 − e−r∆t (N−i+1) −r∆t (i−k+1) 
t
 (6.21)
j
π ∆t ∆d 
e
·
e
+
p
·
∑


1 − e−r∆t
1 − e−r∆t
|

{z
} |i=k+1
{z
}
sure

future increments

The expected revenue over the entire operation period is a special case:

16 In our example the number (density) of sites is the same for the networks with/without the multihop feature,
therefore it is convenient to express both the revenues and the costs per site. However, in the general case the
number of sites (or site density) might be different for the two types of networks, therefore it is more convenient
to normalize the cash flow to the unit of area.
17 This model resembles a regular subscription where the fees are payed at the end of the month. It is straightforward to extend this model so that the payments are done continuously, as in the case customers refill often
pre-payed cards with small amounts of money.
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Table 6.5: Cost parameters example
Name
c0
c+
ct
ot
r
T
∆t

Description
Reference equipment
Multihop equipment
Transmission line install
Annual line lease
Discount rate
Operation time
Time interval

Value
2.00 ke
2.04 ke
0 ke
1 ke/year
5%
10 years
0.25 years

e−r∆r (i−1) − e−r∆t N
1 − e−r∆t
i=2
N

E [REV] = π ∆t p∆d ∑

(0:N∆t ]

Type
CAPEX
CAPEX
CAPEX
OPEX
cont.

(6.22)

where the (additional) demand at t = 0 is zero. An important observation is that the expected revenue is independent on the volatility since p∆d = µ ∆t . Nonetheless, the conditional probabilities depend on volatility.

6.5.4

A forced deployment example

We start the analysis of the multihop feature with an example in which the multhop feature does not offer any additional decision flexibility with respect to the deployment with
traditional BSs. We study how the financial gains (cost savings and return on investment
increase) change with the uncertainty about future demand.
The deployment decision model
At t0 the operator decides which type of BSs to use. In our model, the users are satisfied
as long as the traffic demand is lower than the current capacity. Moreover, the operator is
forced to install fixed transmission lines as soon as the traffic demand reaches the capacity.
Moreover, we assume that the capacity upgrade can be done instantaneously, i.e. there is
no time lag between the decision to upgrade the network and the capacity increase being
realized. Hence, once the decision to use the multihop feature is taken, the exact instant
t1 of upgrading the network is a random variable with the distribution given in expression (6.17). This time instant affects the total cost and revenues of the network, but can not
be controlled by the operator.
The expected cost saving
First, we analyze the cost savings for a deterministic demand increase. Without volatility,
s −s
i.e. σ = 0, the fixed lines are installed at t1 = 0 µ −1 , hence the slower the uptake, the later
the upgrade and therefore the larger the cost savings. The cost savings for supporting the
additional traffic, defined as ∆COST = COSTref − COSTmh , are then:
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Table 6.6: Cost savings and ROI improvements at zero volatility
drift µ
Cost savings
ROI increase
Price π

0.05
52 %
110 %
7.5

0.1
28 %
39 %
3.8

0.2
14 %
17 %
1.9

0.3
9.5 %
10 %
1.3

100

98

96

µ = 0.3

94

Cost savings [%]
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Figure 6.21: The cost savings decrease
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∆COST(σ )
∆COST(σ =0)

0.3

0.35

as the volatility σ increases.

s0

1 − e−r µ
∆COST(µ , σ = 0) = ct (1 − e
− c+ + c0 ,
(6.23)
) + ot
1 − e−r
where we have simplified the expression by setting s−1 = 0. Table 6.6 shows the cost
µ ,σ =0)
savings normalized to the reference costs ∆COST(
versus the drift µ , for the cost
COSTref
coefficients given in table 6.5. If there is volatility, σ > 0, then the cost of the reference
system is the same, but the expected cost of the multihop solution is:
s
−r µ0


 N−1
E COSTmh |µ , σ = ∑ Pr[k]COSTmh (k∆t ),

(6.24)

k=1

where the average is done over all possible upgrade instants t1 , and is based on expression (6.17) and (6.20). Figure 6.21 shows that the cost saving actually decrease when the
volatility increases; for the sake of readability the results are normalized to the values ob∆COST(σ )
tained with zero volatility, i.e. as ∆COST(
σ =0) . The result might seem a little surprising, but

it can be explained as follows. An occurrence of t1 larger than the expected value 0 µ −1
means a larger cost saving; conversely, a service uptake faster than expected leads to a
smaller cost saving. Although the distribution of t1 is quite symmetric, the distribution of
the cost savings is skewed because of the discount rate, therefore the expected cost saving
is smaller than the cost saving of the expected installation time. This difference is larger as
the distribution of t1 has a larger spread, i.e. at larger volatility.
s −s
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The expected return
In the previous analysis, the costs are higher than expected if the demand increases faster
that expected, therefore the savings are lower. However, a faster demand increase also
means higher revenues, which is in fact a positive event. Next, we use the return on
investment (ROI), defined in section 3.2 on page 55, in order to compare these two systems.
More exactly, we analyze how the ROI difference between the two systems changes with
the demand volatility.
If σ = 0, both the critical instant t1 = ncrit ∆t = s0 /µ and the revenue are deterministic:
REVσ =0 = π ∆t ∆d

N

∑ je−r( j+1)∆

(6.25)

t

j=0

Hence the ROI of the two systems is18 :
REVσ =0
− 1 and
COSTref
REVσ =0
ROIσmh=0 (t1 ) =
− 1,
COSTmh ( sµ0 )

ROIref
σ =0 =

(6.26a)
(6.26b)

and the ROI increase is (according to the parameters in table 6.6):
∆ROIµ ,σ =0 =

COSTref − COSTmh ( sµ0 )
COSTref COSTmh ( sµ0 )

REVσ =0 .

(6.27)

If σ > 0, then the cost of the reference system is still deterministic, but the revenue and the
cost of the multihop system are random variables. Nonetheless, a similar expression for ∆ROI can
be written, conditioned on the value of t1 . We define the conditional expected revenue REVσ (t) as
the expected revenue given that the network is upgraded at t, where the distribution of t is given
in (6.17). We model REVσ (t) based on three terms: (a) the expected revenue before the upgrade,
i.e. obtained in the interval (0,t]; (b) the expected revenue after the upgrade, i.e. obtained in the
interval (t, T ]; and (c) the expected revenue if the upgrade never occurs, i.e. if t > (T − ∆t ). For the
sake of simplicity we consider only the values of σ for which s0 is an integer multiple of ∆d . If the
demand reaches s0 at t, then the demand must be (nmin − 1)∆d at the end of the ( ∆t t − 1)th interval,
i.e. a demand increase has occurred in (nmin − 1) out of ( ∆t t − 1) intervals. We model:
REVbefore (t, s0 ) = π ∆t ∆d

 s0

∆d
t
∆t

Given that the demand is s0 = nmin ∆d at t = kcrit ∆t :

REVafter (t, s0 ) = s0 π ∆t

1 − e−r∆t (N−kcrit ) −r∆t
+...
e
1 − e−r∆t
pπ ∆t ∆d

−1

−1

 ∆tt −1

∑

1 − e−r∆t (N−i) −r∆r (i−kcrit −1)
e
1 − e−r∆t
i=kcrit +1
N−1

∑

(6.28)

i=1

(6.29)
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Figure 6.22: Example of (a) the conditional expected revenue and cost, and (b) the conditional
expected ROI, for µ = 0.05 and σ = 0.03.

The upgrade is never needed if the demand at (T − ∆t ) is lower that s0 . In this case, the
conditional revenue is:
REVno PG =

nmin −1 

∑

j=1


N − 1 j N−1− j
p q
REVbefore (T − ∆t , j∆d )
j

where q = 1 − p. Hence the conditional revenue is:
(
REVbefore (t, s0 ) + REVafter
REVσ (t) =
REVno PG

if t < T − ∆t
.
otherwise

(6.30)

(6.31)

Since we are interested to see what happens with the expected improvement of ROI as a function of volatility, we use use the expression for the conditional expected revenue and write the
expected ROI gain (normalized to the ROI gain obtained at no volatility) as:
h
i

REV (t)

 E
COSTref
− 1 REVσσ =0
t
E ∆ROIµ ,σ
COSTmh (t)
=
,
(6.32)
COSTref
∆ROIµ ,σ =0
−1
mh s
COST ( µ0 )

For simplicity, we select π so that REVσ =0 = COSTref , as given in table 6.6.

Figure 6.22a shows the conditional revenue REVσ (t) and the cost of the multihop solution COSTmh (t), given the upgrade instance k∆t , for µ = 0.05, σ = 0.03, and s0 = 0.3. The
expected upgrade instance is kcrit ∆t = sµ0 = 6 years. The expected revenue Et [REVσ (t)] ≡
REVσ =0 is indicated in this figure too. If the upgrade instant t is larger than expected, then
the service uptake is slower than expected (which explains the lower revenue) and the cost
is lower than expected (because of the postponed upgrade).
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Figure 6.23: ∆ROIµ ,σµ=0
, the ratio between the ROI values obtained with and without volatility, versus
the volatility.

Figure 6.22b exemplifies the conditional ROI, defined as
volatility ROIσmh=0 ( sµ0 ).

REVσ (t)
COSTmh (t)

− 1, and ROI for no

This example corresponds to drift µ = 0.05 and volatility σ = 0.03.
As expected, the conditional ROI is rather insensitive to the upgrade instance, but it is lower
that the ROI for zero volatility for the most common upgrade instances. For convenience,
the shape of the distribution of t, according to expression (6.17), is shown too. Table 6.6
shows the ROI difference between the two solutions for zero volatility and different drift
E[∆ROIµ ,σ ]
values. Figure 6.23 plots ∆ROIµ ,σ =0 and shows that the ROI gain decreases as the volatility
increases. Moreover, this result is independent on the value of the pricing coefficient π .

6.5.5

Valuing the option to upgrade

In the previous example, the operator had no freedom after selecting the multihop solution.
This means that the operator may be forced to upgrade the network just before the end
of the operation time (license) expires, i.e. when the additional costs are not covered by
additional revenues. In the following example, we assume that the operator actually has
the option not to upgrade the network when the demand exceeds the current capacity. This
means that the operator may postpone their investment decision.
The deployment decision model
If the multihop solution is selected at t0 BSs, then at the end of each time interval the
operator must choose between installing additional fixed transmission line (i.e. exercising
the option) and postponing the decision to the next time interval (i.e. keeping the option
alive). We assume the traffic demand at time instant k∆t is j∆d + s−1 and that the upgrade
has not been done yet. In our decision model we distinguish between the value of the
investment done so far, denoted U jk , and the value of the option to upgrade the network,
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denoted V jk . If the network is not upgraded, i.e. the operator keeps the option to decide at a
later time alive, the total value of the assets is Φkj, keep = U jk +V jk . If instead the network is
upgraded, then the total value of the asset, denoted Φkj, exec depends on the expected future
revenues and the cost of the upgrade. We assume that the operator decides to upgrade the
network if Φkj, exec > Φkj, keep .
Valuing the option
The trellis used to model the traffic demand corresponds to an investment decision tree and
we perform a discounted cash flow analysis using it. In order to compute the values of V jk
and U jk , we use an iterative procedure, starting from the beginning of the last time interval,
(N − 1)∆t , and working backward toward t0 = 0. Assume that up until time (N − 1)∆t the
BSs have not been upgraded, i.e. the option has not been exercised, and the demand is
j∆d . If j < nmin , i.e. if the demand is lower than the current capacity, then the upgrade will
never be used, thus the value of the option to upgrade is zero . The value of the network is
given by the revenue to be obtained during the last time interval19 , i.e.:
V jN−1 = 0

and

(6.33a)

if j < nmin
(6.33b)
= jπ ∆t ∆d e
If j ≥ nmin , then the operator can only serve nmin ∆d . Since the amount of traffic which
cannot be served corresponds to either unsatisfied users or to users which may choose
a competitor, we model the user dissatisfaction by a cost proportional to the unsatisfied
demand (k − nmin )∆t ∆d , where the proportionality factor is ρ . If instead the network is
upgraded (i.e. the option is executed) the value of the network becomes:
−r∆t

U jN−1

−r∆t
ΦN−1
− ct − ot
j, exec = π nmin ∆t ∆d e

Therefore ∀ j ≥ nmin :

1 − e−r∆t
.
1 − e−r

U jN−1 = (π nmin − ρ ( j − nmin )) ∆t ∆d e−r∆t

(6.34)

(6.35a)

(6.35b)
Notice that if the penalty (bad-will) coefficient ρ is large, then it may be worth to
upgrade the BSs even if the value of the assets is negative: ΦN−1
= UkN−1 +VkN−1 < 0.
k
Next, we analyze whether the network should be upgraded (i.e. the option should be
exercised) at (N − 2)∆t . Assume first that the network is not upgraded, then the expected
value of keeping the option is computed based on the two possible outcomes at (N − 1)∆t :
i
h
N−1
N−1 −r∆t
e
.
(6.36)
V j,N−2
keep = pV j+1 + (1 − p)V j
V jN−1

N−1
= max{0, ΦN−1
}
j, exec −U j

In a similar way, the value of the current network is:

19 As

before, we assume that the network’s salvage value is null. Moreover, we analyze only the additional
revenue obtained from the additional traffic after t0 = 0, i.e. the revenue from the traffic s−1 is not taken into
account.
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N−1
U jN−2 = pU j+1
+ (1 − p)U jN−1 . . .

+ min{ j, nmin } · π ∆d ∆t e−r∆t . . .

− max{0, j − nmin } · ρ ∆d ∆t e−r∆t , (6.37)
where the first term is the discounted future value, the second term is the cash flow in
the following time interval, and the third term is the penalty if the demand exceeds the
capacity.
On the other hand, if the BSs are upgraded, i.e. the option is executed, then the asset
value is:
ΦN−2
j, exec = E [REV| j] − ct − ot
(k∆t :N∆t ]

1 − e−r(N−k)∆t
.
1 − e−r

(6.38)

So, the BSs are upgraded if it is more valuable to execute the option than to keep it
N−2
alive, ΦN−2
+V j,N−2
j, exec > U j
keep . Hence the value of the option is:
n
o
N−2
N−2
V jN−2 = max V j,N−2
.
(6.39)
keep , Φ j, exec −U j

Once the option value V jN−2 and the network value U jN2 are computed for all the possible demand values j∆d , then the procedure is repeated for the previous time interval,
until the network value and the option can be evaluated at t0 = 0 and j = 0. If the multihop solution is selected at t0 , the initial cost per BS is c+ , then U00 is the return if the
upgrade is never executed, and V00 is additional return due to the option to install the fixed
transmission lines.
Using the prices π given in table 6.6, for which the return of the reference system is
zero. Moreover, we set the penalty factor to ρ = 0. Figure 6.24a shows the value of the
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V0

0
option to upgrade, normalized to the cost of the reference system: COST
ref . At low drift,
i.e. when the service uptake is slow, the probability for the demand to exceed the initial
capacity is small. Therefore V00 is small at low volatility. The value of the option increases
with the increased volatility, even if there is no penalty for exceeding the capacity. The
total return, i.e. U00 +V00 − c+ , normalized to the cost of the reference system is shown in
figure 6.24b. As expected, the largest gain is obtained at low drift. But the return increases
as the volatility increases.

6.6

Summary

In this chapter we analyze three scenarios in which the demand changes over time. At
the beginning of the network operation, the traffic demand is low and the challenge is to
provide coverage rapidly and at a low cost. The examples are constructed so that the traffic
demand at the end of the operation time is sufficiently high, that it can be satisfied only
by using direct connections between UEs and BSs, which means that all the RLs deployed
during the initial phases must be removed. If the static analysis framework developed in
chapter 4 was applied on these scenarios, then the conclusion would have been that the use
of relays is not viable.
The analysis of the first scenario shows that even a temporary use of relays may be
economically viable, especially when the costs for backhaul transmission cables is a significant part of the total cost of a new base station. Economic gains are obtained because
operators may postpone investments in the backhaul transmission lines.
The analysis of the second scenario shows that the temporary use of relays has additional benefits if the operator is limited by a small investment budget. For a given investment budget, the operator may provide coverage more rapidly when using relays. Even if
this approach may lead to larger total costs, it nonetheless provides higher annual growth
than in case only traditional base stations are used. The economic gains are related to a
more efficient use of the available spectrum20 .
The analysis of the third scenario shows that the use of relays give operators a valuable flexibility. Besides the possibility to postpone investments, emphasised in the first
scenario, the use of relays allows operators to postpone investment decisions. The value of
this flexibility increases when there is a high uncertainty about future. Another potential
economic benefit, that has not been considered in this analysis, is that the use of relays may
reduce the risk associated with high uncertanty about future demand.

6.6.1

Suggested further work

The purpose of the three studies in this chapter is to exemplify the importance of analyzing
the relays over the life cycle of a network, but they do not provide a thorough analysis of
the relaying networks from this perspective. Here are some important aspects that require
further studies:
20 If the spectrum license is acquired against a fee, then these are typically sunk costs for the operator, because
in a traditional cellular network the spectrum is under utilized during the initial roll-out phase.
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• The deployment strategies used in these examples are not optimized with respect
to position, order of upgrade, or any other aspect relevant for the cost/profit of the
network. A more carefully deployment (in terms of planning the position and timing
of the deployment) may lead to higher relaying gains.
• The relaying gains might be higher in a more realistic scenario where coverage
should be provided for inhomogeneous traffic demand [147]. In such a scenario,
the traffic uncertainty refers not only to the speed of service uptake, but also to the
position and size of the hot spots. The higher the uncertainty about the hot-spot position, the higher the risk of installing a BS in the wrong place, and therefore the
higher the value of flexibility offered by the self-backhauling base stations.
• The price (tariff) an operators uses for its service is in practice a random process,
typically with a decreasing expected value [114]. Moreover, the traffic demand for a
specific service typically has a phase of decline, as the service is replaced by others
[74]. It might be interesting to analyze the deployment decisions are taken based on
two random processes: the demand and the prices. However I would not recommend
a study along these lines in the context of the current dissertation.

Chapter 7

Discussion
The viability of a cellular-relaying network has been evaluated so far on a large number
of hypothetical scenarios. The case studies considered in chapters 4 and 5 roughly correspond to the case of a greenfield operator, while some examples considered in chapter 6
correspond to the case of an incumbent operator. The numerical results indicate that low
cost relays should be used primarily when the traffic demand is low and the network must
be quickly deployed for coverage, i.e. the same purpose for which RF repeaters have been
used in the early deployment phases of 2G and 3G networks.
Can these results and models be used to explain why and how operators have used
relaying techniques (e.g. repeaters) so far, or predict the future use of relays?
Regarding the past, there are no obvious contradictions between the results obtained
with these models and empirical evidences from practical network. The benefits of temporarily using relays in the initial roll-out phase of a network, obtained in this dissertation,
are in line with the approach taken by Metricom’s Ricochet network. They are also in
line with the fact that the interest for relaying techniques is always high during the initial
roll-out phase of a new generation of networks. However, the models considered in this
dissertation do not amount to an explanatory framework for past events. A major reason
is that practical investment decisions depend on many more aspects than those considered
in this dissertation. Another reason is that too little information is available about the
strategies used in practical networks so as to properly verify or falsify such an explanatory
framework. Moreover, networks of the 2G and 3G type have so far not used low cost relays
such as the ones studied in this dissertation1
The rest of this chapter gives a more general discussion of the studies and results presented in previous chapters. Section 7.1 contains a chapter-wise analysis of the assumptions, and the limitations of the obtained results. Section 7.2 presents a qualitative analysis
of the potential use of low cost relays in the near future. Based on a brief analysis of the
context in the telecom industry, this section discusses the potential of low cost relays to
address the needs of future broadband networks.
1 Nonetheless, the framework used here for the techno-economic evaluation of low cost relays could be applied for evaluating also other relaying configurations, e.g. on-channel RF repeaters used in 2G and 3G networks.
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7.1

Limitations and further studies

How sensitive are the results presented in this dissertation to the choice of models and
analysis method? Would the conclusions be different if the analysis was done with different
models? It is unlikely for the conclusions to be significantly different if these studies were
repeated with other models because: (a) the approach taken in this dissertation was to
consider a large number of different models and scenarios, (b) the trends observed in all
these case studies support each other, and (c) the trends are in line with the ones published
in the related literature. Nonetheless, this section highlights chapter by chapter some major
limitations of the studies in this dissertation.

7.1.1

Cost Analysis of a Network Snapshot (chapter 4)

The general approach
The approach taken in the first two analysis chapters was to assume that the operator is
(a) free to design the network and (b) doing the design to meet a fixed, predefined service
target. This can be justified as a first approximation for dimensioning a network. The
choice of regular BS deployment and the coarse propagation models are justified in the
same way. In a strict sense, this corresponds to a greenfield operator case. However,
few networks nowadays are built from the scratch. Moreover, the long-term dynamics of
demand may be key aspect which determines whether relays should be used or not, as
described in chapter 6.
Another important aspect of the approach taken in these studies is that it splits the
evaluation problem into a technical one (whose output is the break-even relay cost), and a
financial one (that of estimating whether the relay cost actually is lower than the break-even
cost). In most cases, the use of this relative measure (i.e. the break-even cost) allows the
comparison of different techniques and deployment strategies without the need of actual
cost values, for instance comparing to each other different relaying schemes, or comparing
the rooftop deployment and the street-level deployment of relays. In other cases however,
the break-even cost by itself is not enough for evaluating a technological choice. For
instance, the break-even relay cost presented in figure 4.10 on page 85 is the same (a) for a
network which uses link rate control and (b) for a more complex network which uses fixed
link rates. However, the introduction of adaptive link rates affects the cost of both relays
and base stations. Hence a conclusion of whether the use of adaptive link control improves
the relay viability can only be drawn after analyzing the actual costs. This observation
applies also to other algorithms and techniques, such as transmission diversity, routing,
etc. In general, the break-even analysis proposed in this dissertation should be used as a
first step in a feasibility study, while the decision of whether to use relays should be made
on a case by case basis (as it is in fact already done in actual systems).
The technical models
The choice of time-invariant channels, as well as the link capacity and the network performance models that are built on this assumption, overestimate the performance of a single-
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hop system in comparison to a multihop system. Moreover, this choice underestimates
the advantages of combining diversity in a practical system, i.e. where the signaling overhead and the delay associated with resource management protocols may affect in different
ways networks with and without combining diversity. An analogy can be made with the
case of evaluating handover (particularly the gains of soft handover in a CDMA network):
when mobility, channel time-dependence, and signaling load and delay are taken into account, the performance of the reference system may degrade far more drastically than the
performance of the more complex system (e.g. with soft-handover or relays).
Hence, the relaying gains might be higher than those examined in this dissertation if a
comparative analysis was done with specific modulation and coding schemes, and detailed
channel models. Higher relaying gains would correspond to higher break-even costs for
the relays. On the other hand, the actual implementation of a multihop network may be
affected by the complexity of the radio resource allocation.
However, irrespective whether more accurate or more realistic models result in higher
or lower break-even relay costs, it is unlikely that the general trends would be different
than those presented here. Moreover, the general procedure of evaluating the economic
viability of the relaying solution could still be applied.

7.1.2

How to deploy relays? (chapter 5)

The main conclusion of chapter 5 was that the absolute break-even cost values are strongly
sensitive to the propagation models, and to how the planning of relays is modeled. Moreover, chapter 5 shows that low cost relays may be viable also in a micro cellular environment (or a low-end device scenario), i.e. where the deployment is done long street level,
without macro base stations, and when the base station costs are dominated by the costs
for backhaul transmission.
Indoor users
A first limitation of the studies in this chapter is that only outdoor users are considered.
Indoor users face severe wall attenuation: 3 to 20 dB, depending on the material from
which the building is made. Indoor coverage is probably the main challenge in a mature
market, which is particularly important for upcoming high data rate networks such as LTE.
Moreover, most of the voice traffic is generated indoors, and data traffic is expected to be
even more concentrated indoors due to the way data traffic is generated/consumed.
How important is this modeling short-come? Figure 4.2b (chapter 4, page 76) presents
a sensitivity analysis with respect to the propagation constant, and shows that, for unplanned relays, the difference between different values of the attenuation coefficient c 0
is not statistically significant. Since that study looked at the lower percentile of the link
budget in an interference-free scenario, this result can also be interpreted as a sensitivity
analysis with respect to the wall penetration. Hence the case of indoor users could be
analyzed by reinterpreting the curves in figure 4.2b.
However, the analysis of performance for indoor and outdoor users in a multi-user
scenario is not trivial, as exemplified by the study done by Hiltunen on RF repeaters in
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CDMA systems [91]. Moreover, a thorough study of indoor users requires significantly
more complex propagations models, which take into account the 3D position of the users.
Indeed, for the users located in very high rise office buildings, the angle of incidence of
the radio wave to the outer walls could be so small that the outdoor-to-indoor penetration
is very poor2 . Therefore, this is an important topic for further studies.
A reason for not including such a scenario in this dissertation is the choice of an alternative technical solution. While for the outdoor users the natural reference system is the
outdoor (macro or micro) cellular single hop system, for the indoor user there are other,
perhaps better-suited solutions. In fact there are many different potential solutions: various outdoor-to-indoor relaying techniques, indoor distributed antenna systems, pico and
femto-cellular systems, and WLAN coverage. A methodological difficulty in this case is
that the best-suited solution depends on the specifics of the building and therefore the statistical approach adopted in this dissertation is less suitable. Moreover, the cost structure
of the various competing solutions may be quite different, and on the local conditions for
a business case may also vary.
User distribution
Another limitation of the studies in chapter 5 is that the user distribution is assumed to be
uniform. User traffic is typically not uniformly distributed, particularly in urban environments. A question left for further studies is how does the viability of relays (e.g. the break
even cost) change with variations in the user traffic density ? Since most of the results in
this dissertation indicate that relays should be used for enhancing coverage and when the
traffic demand is low, one expects to see larger gains when the relays are used to extend
coverage from hot-spots towards low-traffic areas. Such a scenario is considered for instance in [147]. However, it is challenging to perform a fair comparison in such a scenario,
because it requires a reasonable model for both the access points, for instance as in [103],
but also for the relays.
Planning
The difficulty in evaluating the benefits of planned relays is highlighted in chapter 5 by
means of two examples. Contrary to expectations, planning by pruning brings only marginal
(statistically insignificant) improvements. On the other hand, the improvements are significant if the relay planning is done based on assumptions about the propagation models.
Therefore infrastructure planning, relay planning in particular, and especially the design
of incremental deployment criteria and algorithms are important topics for further studies.
Nonetheless, in the context of this dissertation it is relevant to stress the fact that a better
planned relay position might relax the break-even cost constraint (i.e. allow the total cost
of a relay to be higher), but at the same time it is also reflected in a higher actual cost. Similarly to the case of relays placed on the rooftop, in the case of higher transmitted power, or
more complex algorithms, a higher relaying gain does not necessarily mean a higher cost
saving from using these relays.
2I

thank Prof. Claes Beckman for highlighting this aspect during a discussion on indoor (DAS) solutions.
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Long Term Deployment (chapter 6)

The demand
The examples considered in chapter 6 are based on two assumptions: constant pricing and
a gradual increase in demand. Obviously, these are simplifying models that ignore two
fundamental facts. First, the price per bit is constantly decreasing (whether it is the cost
per minute of call, the cost per downloaded Mbit, the amount of “free bits” included in a
flat rate subscription, etc.). Second, computer applications such as web browsers have a
tendency to swallow all the available capacity.
A more accurate analysis should consider the Average Revenue Per User (ARPU),
which is related to the customer’s propensity to spend money on telecommunication services. At least for private customers this typically is a fraction of the person’s income,
and therefore is rather constant in time, irrespective of what services are offered / consumed. An example of a stochastic, exponentially decreasing model for telecom commodities prices can be found in [114]. A challenge when taking price variability into account is
that the analysis tends to be done at a macro level, i.e. at the level of an operator’s entire
network [63, 84], where the study of technical details such as relaying becomes difficult.
User behavior and churn
The example given in section 6.4 (page 118) is based on an oversimplified model of how
demand evolution is connected to user satisfaction, and indirectly to the quality of service
provided by the network. Even in the case of fixed (time-invariant) pricing, the demand
may decline severely if the QoS is poor, and the service’s uptake may be smaller than before
even if the QoS is restored to the desired levels. Moreover, both the demand and revenue
evolution are influenced in a competitive market by the way that competitors operate their
networks. An interesting further study would therefore be to examine whether relays could
be used as a competitive advantage in a market with two operators, where only one uses
the relaying technology. If so, how could these relays be used and how valuable is the
flexibility offered by using the relays?
Network deployment model
The scenario considered in sections 6.3 and 6.5 consider an incumbent operator, with a
fixed (predefined) number of sites that are gradually upgraded. Hence this scenario does
not consider different initial densities. A more realistic scenario should take into account
that the operator may choose not only whether to use relays (as in this dissertation), but
also rhe capacity levels to be provided after each upgrade. This is particularly important
for a greenfield scenario where the operator may choose the initial site density according
to the expected demand drift and volatility3 . For instance, if the service uptake is slow
3 Note that the difference between a greenfield scenario (where new sites are deployed from scratch) and a
incumbent operator scenario (where some of the existing sites are upgraded) is not a clear cut when inhomogeneous traffic demand and irregular network deployment is taken into account. The simplified, regular deployment
model used in this dissertation reduces the choice of initial site density to only a handful of cases, but in practice
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then the operator may choose a sparser initial deployment of base station, so as to avoid
excessive overcapacity. This leads to an interesting optimization problem, that is far more
complex than the ones analyzed in this dissertation.
Investment budget
In section 6.4 the investment budget is modeled as a fixed amount of money available
upfront. According to this model, if the operator adopts a network roll-out that is too
aggressive and provides too fast coverage with relays, then it might be possible for the
operator not to have money to upgrade its network when demand increases. While this is
a simple model for how network deployment decisions may affect future demand, it is an
oversimplified model of how investments are made.
As mentioned in section 3.3, the infrastructure cost is the smaller part of the total costs
for a traditional mobile network operator, as a substantial amount of money is invested into
acquiring customers and often into acquiring the spectrum license. For such an operator,
a faster service uptake typically indicates a promising business, which means that more
money could be raised and invested at the same (or lower) rate.
Nonetheless, the model might be interesting for other types of actors, such as local
access providers operating in unlicensed bands. In this case, the infrastructure cost may
be a significant part of the total costs; the operator may work with a substantially lower
investment budget and lower profit margins than in the case of a traditional (national)
mobile network operator.
Risk analysis
Section 6.5 (page 128) exemplifies the value of using relays when the future traffic demand
is uncertain. In particular, it shows that relays add flexibility to the network and this flexibility is more valuable as the uncertainty increases. The numerical example was based on
comparing the expected cost and/or revenue with and without relays. The same discount
rate is used for both cases. However, the use of relays gives the operator the flexibility
to avoid extreme losses, similar to the example shown in section 3.4. This means that the
investment risk is different in the two cases, hence should be treated with different discount
rates. The alternative is to use the theoretical framework of real options, which is left for
further studies.

7.2

Potential applications

The analysis starts with the potential evolution of the revenues, so as to infer potential
changes in the demand. The ultimate questions are: What will drive the deployment of
new networks? and Will technical requirements imposed on these networks be the same as
for the traditional cellular networks?. A thorough outlook of the telecom industry can be
found in [103, chapter 2].
the freedom of choice is larger.
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Revenues

The penetration of mobile phones in developed countries is close to or even exceeds 100%.
The cellular telephony market can be regarded as mature. In most countries the market is
dominated by 3–4 operators, and many operators are present in several countries. Even if
the Average Revenue Per User (ARPU) differs between countries, it is likely to remain a
rather constant share of a private customer’s income. As the average price payed per bit
tends to slowly decrease due to the competition for customers, the operators may tend to
maintain their ARPU by encouraging large consumption, by providing higher data rates, or
by providing services with added-value. However, neither the total number of customers
nor the ARPU are likely to have a significant increase in the near future, no matter if the
subscriptions are based on differentiating the price per bit (into voice/SMS/data download
bits) or on the flat-rate principle.
The ongoing fix-mobile convergence has the potential to create new sources of revenue, by allowing the mobile operators to enter other markets. An indication in this direction is that many operators are providing wireless Internet access through USB dongles;
another indication is the drive for mobile TV (with its MBMS and DVB-H flavors). But,
for instance on the Swedish marker, most of the mobile operators are already controlling
a fixed Internet provider and in some cases a even cable TV network. This means that
the operators may create bundles of fix and mobile services, rather than replace one of the
technologies (fixed access) with the other one (wireless access)4 . Hence the introduction
of high data rate services (like Internet access and mobile TV) might be a way for operators
to keep/attract customers by exploiting the overcapacity in the network, rather than an attempt to enter new markets. Therefore, the fixed-mobile convergence does not necessarily
mean a substantial change of technical requirements on the radio access network.
The corporate customers represent another possible source of revenues. The introduction of IPhone has shown that the interesting end-user applications may indeed change the
way customers use their terminals, and indirectly the data traffic patterns. Similar developments have long been expected for corporate users, for instance for medical applications
or automotive industry. However, given the current status, it remains to be seen how this
will be translated into concrete technical requirements, other than a vaguely defined need
for “higher data-rates”.

7.2.2

Traffic demand and QoS requirements

If the above line of reasoning and observations hold true, then it is unlikely for the future
network deployments to be driven by a search for higher revenues, but rather to combat
the erosion in price per bit by providing increasing data-rates. Accordingly, the networks
deployment/enhancement may still be demand driven, but at an operation point where
the marginal utility of any additional bit is decreasingly small. With other words, it is
4 The situation may be different in developing countries, where the use of wireless services is justified by
a lack of fixed infrastructure. While in the developed countries the fixed access can be seen as an incumbent
infrastructure which must be taken into account when choosing the best way of providing wireless access, the
case of developing countries resembles much more a purely greenfield scenario.
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unlikely for the customers to have strict coverage requirements for some guaranteed high
data rates. Of course the availability of high-speed wireless access may eventually lead
to the upcoming of new and extremely popular services, a sort of high data-rate SMS, for
which the customers to demand ubiquitous access. However, without such unforeseeable
event, the consumption of such services is likely to be highly elastic.
Another relevant aspect is the mobility. Without the unforeseeable upcoming of application which require high speed access and potentially run on other devices than the
traditional hand held ones, it is likely for the high data-rate traffic to still be consumed in a
nomadic way. In this case, the traffic distribution in space is highly non-homogeneous and
can be predicted to quite large extent. Thus high traffic coverage could be provided with
rather limited area coverage, by placing access points where the nomadic traffic is most
likely to be consumed (residential areas and office spaces, restaurant and similar public
areas, inside public transportation, etc.).
Besides the fact the customers may not require ubiquous access to high speed services
or be prepared to pay for that, it is also unlikely for the regulators to impose the same type
of coverage requirements as for instance for the 3G networks.
A last observation is that, given the nowadays applications, the high peak data rates may
be required for fast access to relatively low files, such as for web-page access or remote
access of work-spaces5 . If this is the case and the traffic is mainly bursty, then the radio
links are mostly noise-limited and the main challenge is to provide coverage for the large
peak data-rates. This is indeed good news for relaying in general, but not necessarily for
the low cost relays since they are best suited in the low SNIR range due to their half-duplex
operation.

7.2.3

Who will deploy the networks?

Will new networks be deployed by large operators with the same business model and technical approach as the traditional operators have done in the last two decades? Or will there
be new actors, with new ways of deploying and operating the network? This question is
relevant because the answer to it indicates which technical challenges will be faced by the
new network, and ultimately whether low cost relays will be viable or not.
The apparent lack of “good spectrum” for mobile communications, as well as the model
used by the regulators to licensing the spectrum, has limited the access on the market
to a handful of actors. One may expect that the deregulation of spectrum access, either
by means of more unlicensed band or by some sort of market-regulated dynamic access,
may allow more actors to enter the market. Also the infrastructure cost is continuously
decreasing, as exemplified for the Japanese market in [65] (reproduced in section 3.3).
Nonetheless, the infrastructure cost and particularly the cost of taking over market shares
on a saturated market will remain substantial, which is a possible explanation why WiMAX
networks operating in unlicensed bands has had a limited commercial success so far.
Hence “the larger incumbent operators can use their profits and cash flows from existing operations to help fund/offset capital expenditures” [25], and they are the most likely
5 Download

of large files, e.g. movies, requires high average rates, but not necessarily high peak rates.
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actors to deploy new, high data-rate networks such as LTE by upgrading their existing
networks.
Are there any other possible type of actors interested in deploying new networks? One
possible new actor is the local access provider described in the Ambient Networks project.
According to the scenario considered in this project, a vertical disintegration of the telecom
market might take place along a value chain. The end-customers will interact with service
providers, which operate in a similar way the Mobile Virtual Network Operators (MVNOs)
are doing nowadays, and which buy access from local access providers. Different networksharing solutions are actually going in this direction. Such an example is 3GIS 6 , a company
jointly owned by Hutchinson and Telenor (previously by Vodafone), and which owns and
runs the 3G infrastructure in Sweden outside the major towns for these two operator. This
approach to sharing the infrastructure was taken by Hutchinson in Australia, where a 3Ginfrastructure company was jointly owned with Telstra7 . Another example is The Cloud 8 ,
a company which provides fixed Internet access through its own wired infrastructure, as
well as wireless access in unlicensed band. Although The Cloud sells access directly to
end-users, hotels, restaurants, etc., its business model is not to lock in customers. In fact it
markets itself as an “operator neutral access provider”, and it provides seamless access to
customers belonging to various operators. This is a typical example of a small actors that
affords to deploy infrastructure on a limited area and retail the access to operators, instead
of competing with them.
Although the scenario analyzed in the Ambient Networks project is realistic in the long
perspective, it is nonetheless unlikely to be materialized in short run. Therefore it is most
likely that new networks will be deployed in the near future by large incumbent operators.

7.3
7.3.1

Pros and cons of relaying network
The incumbent operator

The cost structure. If the previous line of reasoning holds true, then this is the most
promissing application for low cost relay. According to the arguments in section 6.3, the
backhaul transmission costs may dominate the total cost of upgrading the existing network in a dense urban environment. This is because the transmission costs are most likely
connected to civil engineering costs, which do not have the same price erosion as the equipment cost, and because the network upgrade reuses the existing sites. Hence the use of advanced relays or self-backhauling base station may contribute to a rapid and cost-efficient
network roll-out.
The service. If the development is pushed by the operators as argued before, then
the service uptake may be slow and uncertain. Hence, if an operator intends to provide
fast outdoor coverage for the new high data rate services, then relays could come in hand
during the initial roll-out phase. Again, the use of self-backhauling base station may be
more suitable than deploying special designed relaying devices as discussed in chapter 6.
6 http://www.3gis.net/

7 http://www.3g.co.uk/PR/December2004/8779.htm

8 http://www.thecloud.net

CHAPTER 7. DISCUSSION

152

A challenging aspect is how to place the devices. The optimal position may be different if the device is used as a relay or as an access point. Since the same device can be
used throughout the life-cycle of the network both as relay and as access point, the device
position must be selected as a compromise9 . This is might be particularly relevant if the
outdoor infrastructure is expected to provide indoor coverage for the high speed data rates.
Cons. As exemplified in section 4.4, the value of using relaying techniques is decreasing if the operator is not interested to guarantee coverage for the high data rates, for
instance if the operator is satisfied to cover only hot spots.
Another question mark is related to the indoor users. Since LTE is gradually moving
to an all-IP architecture, the alternative to using relays is to deploy indoor technologies
(femtocells, DAS, etc.). This important aspect has not been treat in this dissertation. The
decision to use or not to use relaying techniques depends then on which wired infrastructure
can be reused, and therefore must be treated from case to case. A further analysis on indoor
coverage in a WCDMA system can be found in [90].

7.3.2

Greenfield operators

Most of the arguments presented above are valid here too.
Pro arguments. Firstly, a greenfield operator is more likely to be sensitive to the
infrastructure costs, because (a) of the typically large upfront costs, (b) the operator has no
market and therefore no revenues yet, and (c) it is uncertain how large the market share will
be (both in terms of traffic and revenues). Thus, even if the cost savings are not tremendous,
the use of relays may nonetheless be worth.
Secondly, if the operator intends to compete with the incumbent operators based on
similar type of services, then the network must be very rapidly deployed for coverage. As
exemplified in section 6.4, the temporary use of relays may be useful in providing good
initial coverage within a confined investment budget.
Thirdly, the use of relays may allow the operator to skip a “macro cellular deployment
phase”, as exemplified in section 5.1. Moreover, the greenfield operator has the freedom
to deploy the network by having the incremental deployment with relays in mind, without
the constraints of the legacy network.
Cons. As mentioned before, it is quite unlikely that new operators with national coverage will enter the market in the near future. Moreover, the cons described in the case
of incumbent operators are valid here as well. Particularly, the incumbent operators have
coverage as a strategic advantage and therefore it is not sure that new operators would try
to compete with the incumbent ones by targeting coverage-sensitive customers.

9 This is more of an academic type of problem, since in practice the device position is constraint to either the
sites which the incumbent operators already have, or to the few other sites which can still be acquired.

Chapter 8

Conclusions
The general question addressed in this dissertation was:
Can the large scale use of low cost relays provide a more cost-efficient solution
for wireless broadband access than the traditional cellular ones?
In order to answer this question, the method developed in this dissertation was to compute the break-even relay cost, i.e. the ratio between the total relay cost and the total base
station cost for which a network with relays provides the same service at the same total
cost as a network without relays. The answer to this question is yes, but in many common
scenarios the upper bound for how much a relay may cost is rather low. This means that
the viability of a cellular-relaying network with low cost relays must be carefully evaluated
on a case by case basis. Therefore the key question is:
What is required for the cellular-relaying solution to be more cost-efficient?
Three major technical requirements for the viability of low cost relays were identified: (a) the propagation environment should exhibit strong shadow fading, (b) the target
service should have low spectral efficiency (or low area spectral efficiency), and (c) the
radio network should include strict coverage requirements for a guaranteed bit-rate. Low
cost relays are best suited for boosting the peak data-rate in a link, hence increasing coverage. This is an important property, because future high wireless broadband networks
will be coverage limited if they are deployed on current sites. However, the allocation of
resources becomes a very complex optimization problem in a multi-user scenario.
The financial requirement for the cellular-relaying solution to be more cost-efficient
is that the total cost of a relay site (including equipment, site costs, and maintenance)
must be 10 – 50% of the total cost of a base station. Empirical figures from different
types of systems show that this requirement can be fulfilled, but that the total cost of a
relay can not be significantly lower than this upper bound. Moreover, the use of low cost
153

CHAPTER 8. CONCLUSIONS

154

relays is more likely to be cost-efficient in a micro-cellular environment, or in a low-end
equipment scenario, i.e. when the backhaul transmission costs are a significant part of
the total infrastructure cost. In this scenario, relays and base stations (access points) may
have similar technical characteristics, i.e. similar transmission and processing power, and
therefore the choice of a relaying technique does not have a major impact on the cost
aspect.

8.1

Lessons learned

1. The use of low cost relays may bring economic gains. However, the mapping between technical gains and economic gains is not trivial. Therefore the viability of
the cellular-multihop solution must be carefully analyzed from case to case.
2. Traditional techniques used in network deployment, such as network planning, are
essential even for a network with fixed relays. For instance, an unplanned large scale
deployment is unlikely to lead to any economic benefit. Compared to these “macro
techniques”, the technical details of the relaying scheme may play a substantially
lower importance than expected.
Moreover, numerical results can easily be manipulated through the choice of radio
propagation models. Of particular importance for a relaying network is how the
propagation characteristics in different links are correlated to each other, and how the
network planning is accounted for in statistical models. There are no well understood
and established models for either of these aspects.
3. The mutual-exclusive (dichotomous) view on relays and base stations may be misleading. It is more likely for the use of low cost relays to be viable in a scenario in
which the cost of the base station equipment is relatively small when compared to
the transmission line costs, rather than in a scenario in which the base station equipment and site costs are high. In the former case, the cost savings are obtained by
skipping or postponing the installation of (relatively) expensive transmission lines.
At the same time, the complexity and the cost of a relay device may be comparable
to those of a base station (access point). Therefore it might be more useful to see
relaying as a function implemented by a base station, rather than a new device in
competition with base stations.
4. The value of using relays (or relaying techniques) might be underestimated unless
the flexibility which they offer to a cellular network is properly evaluated. The valuation of this flexibility requires the study of the entire life-cycle of a network, from
the initial roll-out phase (when the network is coverage limited), to different stages
of network upgrades, until the network reaches maturity and provides services to a
saturated market.
From a radio resource management point of view, this is a challenging task because
it involves the study of a sequence of correlated deployment stages, each of them
with a (potentially) different technical requirement.
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Further work

Among many questions that remain open, the following aspects could best continue the
studies included in this dissertation.
User distribution. An interesting research topic is the comparative analysis of different
cellular deployment solutions for indoor coverage in tall buildings. How does the
overall performance of a macro cellular approach compare to a micro cellular (streetlevel) approach or to various indoor solutions, and what role could a relaying solution
play in such a scenario?
Another interesting research topic is the deployment of cellular-relaying networks
for scenarios with non-uniform traffic distribution. How is the optimum topology
related to the type of service to be provided (e.g. the SNIR-operation point), or to
the spacial distribution of the traffic?
Moreover, in a scenario with non-uniform traffic distribution, the position and shape
of the future traffic demand may be uncertaint. This further complicates the choice
of an efficient network deployment strategy. In such a scenario, the use of relays may
be a cost-efficient solution due to the flexibility it offers to the incremental network
deloyment.
Incremental network deployment. The incremental deployment of cellular-multihop
networks is a challenging topic for further studies, because the optimum site placement varies in time depending on the traffic demand. Furthermore, the placement
of a self-backhauling base station is a challenging task, because the criteria used to
place an access point and a relay are not necessarily the same.
Risk-aware deployment strategies. The choice of incremental deployment strategies
is further complicated if uncertainty and the risk associated with uncertainty are
explicitly considered. For instance, the studies considered in this dissertation could
be extended so that (a) the value of flexibility offered by the use of relays is properly
accounting for the risk, and (b) the selection of the initial deployment solution is
based on the risk associated with each solution.
Relays in competitive scenarios. An interesting further study is to examine whether
relays could be used as a competitive advantage in a market with two operators,
where only one uses the relaying technology. How could low cost relays be used in
this context, and how valuable is the flexibility offered by using the relays?
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Appendix A

A historic outlook at the use of relays
A search on scholar.google.com on “wireless relays” performed in April 2009 returned
roughly 4200 articles published before 1994, and more than 41000 articles published after
1994. Many of the recently published articles treat relaying as a new technique. It is
therefore fascinating to discover ancient relay nodes and relay networks. A very brief
overview is given below.
One of the first known relaying network was developed in the Ancient Persian Empire.
In this network, besides an infrastructure of well maintained roads, relay stations with supplies of fresh horses and riders ensured that the messages could travel at the highest possible (physical transport) speed. Herodotus writes that each “relaying hop” corresponded
to a day-ride, and that each relaying station had men and horses so that the relay could
continue without a break.
“While Xerxes was doing thus, he sent a messenger to the Persians, to announce the calamity
which had come upon them. Now there is nothing mortal which accomplishes a journey with more
speed than these messengers, so skilfully has this been invented by the Persians: for they say that
according to the number of days of which the entire journey consists, so many horses and men are
set at intervals, each man and horse appointed for a day’s journey. These neither snow nor rain nor
heat nor darkness of night prevents from accomplishing each one the task proposed to him, with
the very utmost speed. The first then rides and delivers the message with which he is charged to
the second, and the second to the third; and after that it goes through them handed from one to the
other, as in the torch-race among the Hellenes, which they perform for Hephaistos. This kind of
running of their horses the Persians call angareion.” [89]

This postal system was inherited by others. Procopius writes1 about the relaying network in the late Roman Empire “By frequent relays of the best mounts, couriers were thus
able to ride as long a distance in one day as would ordinarily require ten, and bring with
them the news required.” An efficient network of relays is used during the Mongol empire
1 In The “Secret History of Procopius”, translated by Richard Atwater, 1927, available at http://www.sacredtexts.com/cla/proc/shp/shp33.htm.
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Figure A.1: Persian Chappar Khana (post house) at the end of the XIX-th century. (Reproduced
from [120]. This eBook is for the use of anyone anywhere at no cost and with almost no restrictions
whatsoever. You may copy it, give it away or re-use it under the terms of the Project Gutenberg
License included with this eBook or online at www.gutenberg.net.)

to provide communication between the khan and the advancing armies. An example of a
late relay station is illustrated in figure A.1.
An equally old relaying system, (re)invented in many places in the world, is the use
of fire beacons. For instance, a system of towers was specially designed for this purpose
already during the Qin dynasty [221 B.C. - 206 B.C.]. “The Han dynasty [202 B.C.- 220
A.D.] beacon tower had six kinds of signals: beacon fires, torches, signal derricks, flags,
smoke and drums. Signal derricks, flags and smoke were used only in the daytime, and
torches only at night, while bonfires and drums could be used at all times. [. . . ] Signalling
techniques improved with each dynasty. The Han dynasty had developed a signal system
that could indicate, besides the distance of the invading force, the enemy’s strength and the
gravity of the threat. By the Tang dynasty (618–907 A.D.) messages could be conveyed
more than l,000 kilometres in 24 hours, compared with only a few hundred kilometres in
Han days [50]”. Figure A.2 illustrates the ruins of such a fire beacon.

Figure A.2: Fire beacon at Badaling, from the Ming dynasty (1368–1644 A.D.). Source: [50].
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Figure A.3: Brothers Chappe’s relay station. Reproduced from [213].

In parallel with the relay networks, also the communication techniques are improved.
A more recent example of a relay system is the optical telegraph. In 1786 Bergsträsser
Hanau proposed a “signal mail” service between Leipzig and Hamburg [213, p.403]. In
1790 the Chappe brothers developed a communication system to allow the revolutionary
government in Paris to receive intelligence information in a fast and efficient way. According to Wikipedia2 : “In 1794, it brought news of a French capture of Condé-sur-l’Escaut
from the Austrians less than an hour after it occurred. The first symbol of a message to
Lille would pass through 15 stations in only nine minutes. The speed of the line varied with
the weather, but the line to Lille typically transferred 36 symbols, a complete message, in
about 32 minutes.”. Figure A.3 illustrates this relay station3 .
2 Souce:

Wikipedia, http://en.wikipedia.org/wiki/Optical_telegraph, accessed April 2009
book is electronically available through the Runeberg Project website http://runeberg.org/. According
to the site, the author has passed away more than 90 years ago.
3 This
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Figure A.4: A. N. Edelcrantz’ relay station. Photo: Anna Gerdén. Tekniska museet, Stockholm

A. N. Edelcrantz, utilized a different and more efficient coding method in his development of a similar system, in 1794 in Sweden. “The next year [1837] the Dalarö-connection
was extended [from Stockholm] to Furusund and by 1838 the Waxholm connection was
extended to Landsort. [. . . ] The distance between stations were ranging between 10 and
15 km. It should be named that it took seven minutes to send a short message from Furusund to Stockholm. The speed was quite high, given that there where five [relay] stations
between these two points [213, p.407]”. Figure A.4 illustrates a relay station reconstructed
by the Technical Museum in Stockholm.
Even after the introduction of wireless communication, relaying was widely understood
as the action of a human forwarding a message. In an article from 1922 about the use of
radio waves for propaganda during World War I [48], the author writes: “The first radio
service was from Tuckerton to the French wireless station at Lyons. From Lyons [. . . ]
it went to our office in Paris, and after translation [. . . ], it was relayed to our offices in
Switzerland, Italy, Spain and Portugal. [. . . ] The London office, in turn, relayed the service
to [. . . ] the Dutch press. [. . . ] A further relay was to our offices in Copenhagen and
Stockholm [. . . ]”. In fact, the American Radio Relay League – one of the first “relaying
networks” in the world – was created as a social network [13].
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Figure A.5: A multihop system with two relays used in 1941 for TV transmission. From the May
1941 issue of the RCA Radio News, with the courtesy of the Early Television Foundation and Museum www.earlytelevision.org.

An automatic relay was needed only when the transmission of television signals required high carrier frequencies, hence shorter transmission ranges than the early (audio)
radio transmissions. A network with automatic radio relays was developed in the early
1940’s. Figure A.5 illustrates a circuit of four hops developed in 1941 by RCA for transmitting television signals between a mobile unit in Camp Upton and the RCA building in
New York.

Appendix B

Capacity models for
amplify-and-forward relays
B.1

Capacity model for A-F cooperative relaying

For convenience, recall the signal model (2.27) for the cooperative MIMO connection,
illustrated in figure B.1, is:
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user the assumption that the channel coefficients H are deterministic and known at the
receiver, but not at the transmitter. The noise signals m1 , n1 , n0 are assumed to be AWGN.
For the sake of simplicity it is assumed that the same noise level is experienced at all
receivers m1 , n1 , n0 ∼ CN(0, σ 2 ) and that these noise signals are uncorrelated. Hence the
covariance matrices for the noise and the received signal vectors are written:
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For a scheme with R − 1 relays, i.e. when y and w have length R, the distributions of
the two complex Gaussian vectors is written:
fy (y) =
fw (w) =

1


 · exp −yH Cyy −1 y

(2π ) det
1

1
2 Cyy

(2π ) det

1
2 Cww

R

R

and


 · exp −wH Cww −1 w .

The information theoretical capacity of this link is defined [47] as:
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Figure B.1: Signal model for cooperative MIMO relaying with two antenna elements at the transmitter.
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h(y) = −E [log2 ( fy (y))] and
(B.5)
h(y|x) = h(Hx + w|x) = h(w) = −E [log2 ( fw (w))] .
(B.6)
Introducing the expression for the complex distributions,
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which is basically a generalization of the capacity expression given for the MISO scheme
by Laneman et al. in [121, App. II]. Since the channel states are not known at the sender, it
is assumed that R uncorrelated streams are sent from the R transmitter antennas. In the case
of one relay and R = 2 transmitter antennas with TDMA split of the bandwidth between
the two hops:
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For the MIMO scheme with R = 2 antenna elements at the transmitter, the expression
for H is given by equation (2.27) and then:
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For convenience the following notations are introduced [3]:
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Since {gi, j }i, j are independent and identical distributed variables, 2Gr is a Wishart
matrix. The distribution of the ordered eigenvalues is known [61, pp. 37] and can be
used to find the expected bit-rate (capacity) or outage rate of a MIMO channel, as done by
Telatar in [198]. If g¯1 a1 k1 = g¯0 then also the HHH is a Wishart matrix. Even if the two
random variables g¯1 a1 k1 and g¯0 were identically distributed, for a given set of positions
for the three units S, R and D the probability for the two realizations to be (almost) equal
Prob [g¯1 a1 k1 ∼
= g¯0 ] is not significant.
Since g¯0 2 = Ḡ0 , g¯1 2 = Ḡ1 , a1 a∗1 = A1 and k1 k1∗ = K1 ,
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Finally, this capacity model yields:
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B.2

Capacity model for the SIMO with precoding scheme

Recall that for the SIMO relaying scheme with precoding, the transmitted symbols are the
output of a 2 × 2 block code. The end-to-end signal model is written:



y0 = 
|

α g01

q

P
2
W σ01
√
(
α
g
a
k
+
γ
g
)
P
1
1
1
02
q

2 +A K σ 2
W (σ02
1 1 m)

β g01

{z
H

q

P
2
W σ01
√
(q
β g1 a1 k1 +δ g02 ) P

2 +A K σ 2
W (σ02
1 1 m)




 s + z.
}

For a given (deterministically known) realization of the channels g01 , g02 , g1 and k1 ,
the information theoretical capacity is:
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W
log2 (1 + Γeq ), where
(B.13a)
2
Γeq = λ1 + λ2 + λ1 λ2 ,
(B.13b)
H
H
and λ1,2 are eigenvalues of HH . Since HH is a 2 × 2 matrix, the two eigenvalues can
be equated as:
q 


tr HHH ± tr2 HHH − 4det HHH
,
(B.14)
λ1,2 =
2
Introducing (B.14) into (B.13b), the equivalent SNR can be expressed as:
C=



Γeq = tr HHH + det HHH .

(B.15)

The expressions for the H matrices can be further simplified. Since the relay transmits
with a constant power Pr , the power amplification A1 can be equated based on the signal
attenuation in the first relaying hop: A1 = Pr /(PG1 +W σm2 ). Let the symbol SNR (Es /N0 )
for the different links be defined as1 :
Γ01 ,

|g01 |2 P
,
2
W σ01

Γ02 ,

|g02 |2 P
,
2
W σ02

(B.16)
|k1 |2 Pr
|g1 |2 P
Γ G1 ,
,
ΓK1 ,
2
W σm2
W σ02
2 =
If the relays are using a constant transmission power, we have that A1 K1 σm2 /σ02
ΓK1 /(ΓG1 + 1). In order to simplify the following capacity calculations, we introduce two
additional notations:
A,

B,

ΓG1 A1 K1
2
σ02
+ A1 K1
σm2
Γ02

2
1 + A1 K1 σσ2m
02

=

ΓG1 ΓK1
,
1 + ΓG1 + ΓK1

=

Γ02 (ΓG1 + 1)
.
1 + ΓG1 + ΓK1

(B.17)
(B.18)

For the sake of√the following calculations, we express the channel states in polar coordinates g = e jφ G, where G is the pathgain realization. We simplify the analysis by
assuming that the relay does not introduce any phase shift φa1 = 0. By expressing the
channel states in terms of phase shift and instantaneous pathgain, H defined in (2.19) can
be re-written in terms of the symbol SNRs in the three links, as:


√
√
jφ01 Γ
φ01 Γ
α e j√
β e√
01
01
√
√
H=
(B.19)
α e j(φG +φK ) A + γ e jφ02 B β e j(φG +φK ) A + δ e jφ02 B
The trace and determinat of HHH are written:

1 For the time invariant channels considered in these models, this SNR is a realization of an exponentially
distributed variable, whose average depends on the position of the units and on the large scale fading.

B.2. CAPACITY MODEL FOR THE SIMO WITH PRECODING SCHEME
√
tr{HHH } = Γ01 + A + B + 2 cos(φG + φK − φ02 ) AB · (αγ + β δ )
| {z }
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(B.20)

,f



(B.21)
det{HHH } = Γ01 B · 1 − (αγ + β δ )2
Thus the equivalent SNR Γeq can be written as a second degree polynomial of the
variable f = αγ + β δ :
√
Γeq = −Γ01 B · f 2 + 2 cos(φG + φK − φ02 ) AB · f + Γ01 + A + B + Γ01 B
(B.22)
The equivalent SNR Γeq is maximized by:
√
AB
cos(φG + φK − φ02 )
(B.23)
f opt =
Γ01 B
The term cos(φG + φK − φ02 ) , cos(∆ϕ ) indicates the phase difference between the
relaying and the direct paths during the second slot. Due to the constraints
α 2 + β 2 = 1 and γ 2 + δ 2 = 1,√
p(B.24)
a suitable implementation with real coefficients is to let β = 1 − α 2 and δ = − 1 − γ 2
so that2 :
q
(B.25)
f = αγ − (1 − α 2 )(1 − γ 2 ) ∈ [−1, 1].
In the particular case of a limited feedback from D to S, when the information about cos(∆ϕ )
cannot be made available at√the sending units S, the pre-coding coefficients can be set so that f = 0,
which corresponds
to γ = 1 − α 2 for any value of α . In this case the pre-coding matrix has the
√
√

θ
1−
θ
√
shape √
and the obtained equivalent SNR is:
1−θ − θ

( f =0)

Γeq

(B.26)

= Γ01 + A + B + Γ01 B
= Γ01 +

ΓG1 ΓK1 + (Γ02 + Γ01 Γ02 )(ΓG1 + 1)
.
1 + ΓG1 + ΓK1


The scheme analyzed by Laneman in [121] is equivalent to a pre-coding matrix 10 01 which
yields f = 0. Hence, when cos(∆ϕ ) cannot be fed back to S, the capacity obtained by mixing
the two input symbols s1 and s2 with an arbitrary α is the same as when not mixing them at all
(orthogonal pre-coding).

In the general case (when cos(∆ϕ ) is available at S), if
Γ2 Γ02 (ΓG1 + 1)
,
ΓK1 ≤ 01 2
cos (∆ϕ ) · ΓG1
then f opt is feasible and the maximum Γeq is:
Γopt
eq = Γ01 + A + B + Γ01 B +
2 One

A
cos2 (∆ϕ ).
Γ01

(B.27)

(B.28)

could consider also the case of complex coefficients, i.e. when suitable phase shifts are introduced.
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If the above condition is not fulfilled, then | f opt | > 1 and therefore the maximum which
can be obtained is:
√
(| f |=1)
(B.29)
Γeq
= Γ01 + A + B + 2 AB |cos(∆ϕ )| .

The different cases and the corresponding way of setting the pre-coding parameters is
summarized by:

(1, 1)
if f > 1



(1, f )
if 1 ≥ f ≥ 0
p
(α , γ ) =
(B.30)
2
(0, 1 − f ) if 0 > f ≥ −1



(0, 0)
if f < −1
The pre-coding implements a repetition code if | f | > 1, by sending in both slots only
one of the two symbols s1 and s2 (s1 for f > 1, s2 for f < −1).

Appendix C

Greedy link scheduling algorithms
C.1

Heuristic greedy STDMA, fixed rate, round-robin

This link-scheduling is inspired from [78] and is described by the algorithm 4. It assumes that the medium is accessed in time-slots of equal sizes, that all the base stations
are using the same modulation scheme, and the all the relays are using another modulation
scheme. The two modulations schemes are associated with SIR targets γb and γr , respectively. Upper-bounded ideal power control is used to reach these targets. It assumes that
the units have only one, omni directional antenna, so that a unit can send or receive on
only one adjacent link at a time. It also assumes that the source-buffer associated with
each end-user has the same amount of data at the beginning of each frame. The algorithm
will generate slots and schedule the links to the slots until all the buffers are empty. Hence
the number of slots in a frame is an output variable from the algorithm. This is equivalent
to deciding the time-length of a slot, in case the time-length of a frame is normalized to
some time unit.

Algorithm 4 Pseudo-code for the fixed rate, round-robin STDMA scheduler.
1:

2:

3:
4:
5:
6:

Inputs to the algorithm: The network topology, the maximum transmission power
for all the units in the system Pmax , the SNIR targets γr and γb , and the pathgain matrix
between any sender and any receiver in the system.
Initialization. Let the source-buffer associated with each end-user be Li = 1. Associate this traffic with the link incident to the end-user. Use the network topology to
find the normalized traffic associated with all the relaying links. Li = M if the traffic
for/from M users are passing through the ith link.
Initialize the slot counter: Nslots = 0.
repeat
Increase the number of slots Nslots = Nslots + 1.
Sort the links in decreasing order of the normalized buffer lengths Li .
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7:
8:
9:

Schedule the first link in the list.
repeat
Consider the next link in the list. The link can not be scheduled if it has a
common node with any of the already scheduled links (omni antenna and non-CDMA
constraint). The candidate link is accepted to the schedule if there is a power vector P
which can reach the SNIR targets for all the links and within the power constraints:
0 ≤ P ≤ Pmax

10:
11:
12:

13:
14:

until there are no more links to schedule in this slot.
For the links incident to an end-user, set buffer length to zero (Li = 0) and remove
them from the list of candidate links.
For the other links, reduce the buffer-length with 1 if the SNIR on that link is γ r ,
or with log2 (1 + γb )/log2 (1 + γr ) otherwise. (All buffers decrease with one if no relay
is used in the system). Record the power vector P corresponding to this schedule.
until no more links in the list.
At this point the number of slots is known. Since a slot is enough to transport the data
to an end-user, the average end-user bit-rate is computed as:
Bu =

15:

W
log2 (1 + γr ).
Nslots

If no relay is used then γr is replaced with γb in the above expression.
Output: The number of slots per frame Nslots , which links are scheduled in which
slot, which transmission power is used in each link and slot, and the average end-user
bit-rate Bu .

C.2

Heuristic greedy STDMA, variable rate, round-robin

This algorithm assumes that the medium is access in un-equal time-slots, and that the
power and rate are jointly tuned for each transmission event. As in the previous algorithm,
the number of slots in a frame is known only at the end of the scheduling process. Hence the
exact length of each slot is computed so as to normalize the frame length to one time-unit.
Therefore the “length” of each slot can be seen as a time-share for a certain combination
of links, rates and powers. The same kind of constraints as in the previous algorithm are
considered here as well. The pseudo-code of the algorithm is listed in algorithm 5.

Algorithm 5 Pseudo-code for the fixed rate, round-robin STDMA scheduler.
1:

Input: The network topology, the maximum transmission power for all the units in
the system Pmax and the pathgain matrix between any sender and any receiver in the
system.

C.2. HEURISTIC GREEDY STDMA, VARIABLE RATE, ROUND-ROBIN

2:

3:
4:
5:

6:
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Initialize. Let the source-buffer associated with each end-user be Li = 1. Associate
this traffic with the link incident to the end-user. Use the network topology to find the
normalized traffic associated with all the relaying links. Li = M if the traffic for/from
M users are passing through the ith link.
Start the schedule for the first time slot. Nslots = 1.
repeat Slot-generation loop. Sort the links in decreasing order of the normalized
buffer lengths Li .
Schedule the first link in the list. Check the bit-rate on this link if no other link
transmits:


Pmax,s1 Gs1 s1
,
Bslot = log2 1 +
N
where s1 is the index of the first link scheduled in this slot, Pmax,s1 is the maximum
transmission power for the sender in this link, and Gs1 s1 is the pathgain between the
sender and the receiver in the si -th link.
repeat Consider the next link in the list. The link can not be scheduled if it has a
common node with any of the already scheduled links (omni antenna and non-CDMA
constraint). The power and the rate on all the already scheduled links and the candidate
one are tuned so as to maximize:
max Bcand (P, γ ) =

{P,γ }

where

∑

si already scheduled

γsi (P) =

log2 (1 + γsi (P))

Psi Gsi si
N + ∑ j6=si Pj G jsi

0 ≤ Psi ≤ Pmax,si ,

(C.1)
(C.2)
(C.3)

where G jsi is the pathgain between the sender in the j-th link and the receiver in the
si -th link. The candidate link is accepted to the schedule if:

7:

in which case Bslot := Bcand .
until no more links in the list.

Bcand ≥ Bslot
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Let rsi be the instantaneous bit-rate for the schedule which yields the highest aggregate rate per slot. For all the scheduled links, see how long time Tsi would be needed
to empty the buffers from the remaining data, at the rate rsi . Set the “un-normalized”
time slot to:
Ts =

min

scheduled links si

(C.4)

{Tsi }

Decrease the data in the buffers of the scheduled links and remove from the candidate list the link(s) with no more data to be sent:

9:
10:
11:

(C.5)

Lsi = Lsi − rsi · Ts .

If any data left, consider one more slot Nslots = Nslots + 1.
until no more data left.
At this point the number of slots and the “un-normalized” time-length of each slot
{Ts }s are known. The (normalized) time-share for each slot is then computed as

θs =

Ts
Nslots .
∑i=1 Ti

(C.6)

Let γs,i be the SNIR target used in the s-th slots and the i-th link, so that γs,i = 0 if the
link is not scheduled for that slot. The average end-user bit is then computed as:
Nslots

Bu = W

∑ (θs log2 (1 + γs,i ))

s=1

12:

∀i

(C.7)

Output: The number of slots per frame Nslots , the time-share θs for each slot, the rate
and transmission power for each link and slot, and the average end-user bit-rate B u .

Appendix D

Properties of the cross layer
optimization algorithm
Proposition 2.4.1. For cl (θ ) defined as in (2.35), φl (θ ) , θl cl (θ ) is (log, log)-concave.
Proof. Denote θl , exp(x) and θ j6=l , exp(y j ). The lth link is not “self-interfering” (Bll =
1), hence ∂∂ θcl = 0. Therefore the log-transform of φl (·) can be written as log(φ (x, y)) =
l
x + ψ (y), where:
 

1
ψ (y) , log log 1 +
,
∑ j k j exp(y j ) + σ 2
where k j are constants. ψ (y) is concave (O2 ψ 4 0), as shown in [161]. Since
i
h
∂ 2 log φ
∂ 2 log φ
2 log φ = 0 0
=
=
0,
it
follows
that
O
2
0 O ψ 4 0.
∂ x∂ y j
∂ y j∂ x

∂ 2 log φ
∂ 2x

=

Proposition 2.4.2. The transformed problem (2.39) is convex if the objective function
f0 (x) is (log,x)-concave, and its solution corresponds to a global optimal solution to the
nonconvex problem (2.38).
Proof. The convexity of the PHY constraint follows from proposition 2.4.1. The MAC
constraint is a sum of exponentials and therefore is convex. Finally, the concavity of the
objective function is valid under the same conditions of Theorem 2 in [161], hence we
succeeded in transforming the nonconvex problem (2.38) into a convex form (2.39), i.e. its
solution corresponds a global optimal solution to the nonconvex original problem (2.38).
Proposition 2.4.3. If the f 0 is (log, x)-concave, the subproblem P(k) is convex.

Proof. According to the ROU constraint, si is a linear combination of {xr }. Since the f 0
is (log, x)-concave in si , then by substituting the ROU into the objective function f 0 is
e
also (log, x)-concave in xr . Moreover, κ ∑Ll=1 eθl is convex in θl . Therefore the objective
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function is concave in both x and θe . The transformed MAC constraint (2.39b) is a sum of
exponentials and therefore is convex. The approximative PHY constraint (2.41) for the lth
link is convex in θej6=l , as shown in Proposition 2.4.2. Moreover, the constraint is affine in
θel and in x. Hence the constraint (2.41) is convex in both x and θe .

(k)
Proposition 2.4.4. P(k) has an optimal solution (s(k) , x(k) , θe ), at which point the PHY
constraint (2.41) is active.

Proof. Under the condition in proposition D P(k) is convex and therefore there is at least
(k)
one feasible solution and any local optimal point (s(k) , x(k) , θe ) is also globally optimal.
Similarly to Lemma 5 in [161], we proceed by contradiction. Assume the lth PHY con(k)
(k)
straint is not tight at (s(k) , x(k) , θe ). Then it can be tighten by reducing θe to some
l

(k)
θel0 < θel . This may in fact improve the capacity c j6=l of the other links, which means that
the other PHY constraints remain fulfilled by the change. Also the MAC constraints will
remain fulfilled. However, this reduction improves the objective function and therefore
(k)
(s(k) , x(k) , θe ) Â¨would not be the optimal solution point.

Proposition 2.4.5. Assume the utility function f 0 (s) is strictly concave. The sequence of
(k)
optimal solutions {s(k) , x(k) , θe }, obtained for the problem sequence {P(k) }k according to
algorithm 1, is convergent, i.e. ∃s?i , xr? < ∞ and ∃θel? < ∞ so that:
(k)
(k)
(k)
lim s = s? , lim xr = x? and lim θe = θe? ,
k→∞

i

i

r

k→∞

l

k→∞ l

at which point the PHY approximation (2.40) becomes exact and (s? , x? , θ ? ) is feasible to
the nonconvex problem formulation (2.37).
(k)
Proof. The idea is to show that the optimal solution point (s(k) , x(k) , θe ) for problem P(k)
(k)
is a suboptimal solution for P(k+1) , and that the sequence { f (s(k) , x(k) , θe )}k is a finite
monotonically increasing sequence, hence convergent. We start the kth iteration with the
(k)
estimate yl . From proposition 2.4.4 we have that P(k) is convex, and for the optimal
(k)
(k)
solution the PHY constraint (2.41) is tight g (x(k) , θe ) = 0, i.e.
l

"

(k)

∑Rr=1 Clr xl
(k)

yl

(k)
+ log yl − 1

#

e(k)

e (k)

µ e θl c l ( µ e θ )
.
= log
cmax

(D.1)

Figure D.1 illustrates these relations for an arbitrary link. At the kth step yl = 0.05,
and the left hand-side of relation (D.1) is represented by the dashed line marked P (k) . In
(k)

e(k)

e (k)

this example the solution of the k-th subproblem is obtained for µ eθl cl (µ eθ )/cmax ≡
(k)
(k)
l (θ )
θl cl (θ (k) )/cmax = 0.6. This corresponds to log θlccmax
= −0.5 and ∑r Clr xr = 0.18.
Notice that the original PHY constraint is not tight: gl (x(k) , θ (k) ) = 0.18 − 0.6 = −0.42.
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−0.5
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log(x)

P(k+1)
−1
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−2.5

(k)
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cmax

(k)
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∑ Clr xr
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Figure D.1: Illustration of expression (D.2): yl

(k)

= 0.05 is updated to yl
= 0.6. At ∑r Clr xr =
(k) (k) e (k)
0.22 the PHY constraint of the kth step is tight, i.e. gl (x , θ ) = 0, but the constraint of the
(k+1) (k) e (k)
(k + 1)th step is not: g
(x , θ ) ≤ 0.
l

We proceed with the next step, by updating the normalized link rate estimate y l

(k+1)

=

(k)
θl cl (θ (k) )/cmax ,

and then show that the optimal solution of the kth subproblem is a feasible solution of the (k + 1)th problem. To prove this, it is enough to show that it satisfies
(k+1)
the constraint gl
, since the objective function and the other constraints are identical for
all subproblems. Indeed, the PHY constraint (2.41) at the (k + 1)th iteration evaluated in
(k+1) (k) e (k)
the kth solution is gl
(x , θ ) ≤ 0 because:
#
"
e(k)
(k)
(k)
e (k)
µ e θl c l ( µ e θ )
∑Rr=1 Clr xl
∑Rr=1 Clr xl
(k+1)
+
log
y
−
1
−
log
− 1 ≤ 0.
=
l
(k+1)
(k)
cmax
y
θ cl (θ (k) )/cmax
l

l

(D.2)
The inequality holds because the PHY constraint of the original problem is fulfilled too:
(k)
(k)
∑r Clr xr ≤ θl cl (θ (k) )/cmax . In our numeric example, the term in the square brackets is
shown in figure D.1 as dashed line marked P(k+1) . When evaluated in x(k) , this term equals
(k+1)
(k+1) (k) e (k)
-1.25. The constraint gl
evaluated in the solution of the kth step is gl
(x , θ ) =
(−1.25) − (−0.5) ≤ 0, and is shown as a thik segment.
(k)
We show next that { f (s(k) , x(k) , θe )}k is a finite monotonically increasing sequence.

In case expression (D.2) is strictly negative, we have from proposition 2.4.4 that g l
is
tight at the optimal solution of subproblem P(k+1) . Hence there must exist another solution
(k+1)
(s(k+1) , x(k+1) , θe
) for subproblem P(k+1) so that the objective function is improved, i.e.
(k+1)

(k+1)
(k)
f (s(k+1) , x(k+1) , θe
) ≥ f (s(k) , x(k) , θe ). Consequently the iterative process constructs
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a sequence of increasing values of the objective function, as long as the constraint is not
tight. On the other hand, due to the ROU and MAC constraints, the optimal solutions
(k)
(x(k) , θe ) (and the corresponding end-user rates s(k) ) must be finite. Since the objective
function is concave, the objective function must be finite too. Since { f (s(k) , x(k) , θe
a monotonically increasing and finite sequence, it converges to a value f ? .

(k)

)}k is

(k+1)
(k+1) (k) e (k)
Remark 1. If gl
(x , θ ) < 0, i.e. is not tight, then the vector (x(k+1) , θe
) is
not a feasible solution for subproblem P(k) ; otherwise this solution could have been found
before.

Consider instead the case when expression (D.2) holds with equality for a subproblem
?
e?
P? . Let (s? , x? , θe ) be the solution of problem P? and θ ? = µ eθ . The equality is achieved
when:
R

∑ Clr xl? = θl?

r=1
?

cl (θ ? )
.
cmax

(D.3)

But this means that (s? , x? , θe ) is the optimal solution for all consequent iterations,
θ ?)
since the approximation around y?l = θl? ccl (max
yields a tight constraint
too:
?

 R
θel?
θe )
c
(
µ
e
µ
e
∑r=1 Clr xl?
l
+ log y?l − 1 − log
= 0.
(D.4)
y?l
cmax
(k)
?
Hence sequence { f (s(k) , x(k) , θe )}k converges to f (s? , x? , θe ).
Proposition 2.4.6. If each terminal has associated an unique route, then the algorithm 1
converges to the a solution which satisfies the Karush-Kuhn-Tucker (KKT) conditions for
the original problem (2.38).

?
Proof. First we show that the convergence solution (x? , θe ) satisfies the KKT solution
of the transformed problem (2.39). Introducing the Lagrange multipliers λ for the PHY
constraints of the approximate problem P(k) we can form the partial Lagrangian as:
(k)
(k)
L(k) (x, θe , λ ) = Lx (x, λ ) + Lθ (θe , λ ) where
!

 L
R
cmax x
Clr xr
(k)
(k)
Lx (x, λ ) = f0
− ∑ λl ∑ (k) + log yl − 1
ωi
r=1 yl
l=1
!
L
θe )
µ
c
(
µ
e
(k) e
l
θel
Lθ (θ , λ ) = ∑ −κ e + λl θel + λl log
cmax
l=1
(k) satisfies:
!
The solution of P(k)
L λC
cmax x(k)
∂ Lx
∂
l lj
(x(k) , λ (k) ) =
f0
− ∑ (k) = 0.
∂xj
∂xj
ωi
l=1 y

Since lim yl = ∑r Clr xr? , it follows that at convergence:
k→∞


L
λl Cl j
cmax x?
∂
f0
=∑ R
?
∂xj
ωi
∑
l=1 r=1 Clr xr
(k)

(D.5a)
(D.5b)
(D.5c)

l

(D.6)
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On the other hand, the partial Lagrangian of (2.39) can be written as Lt (e
x, θe , λ ) =
where:
!
R
L
cmax eex
t
(D.7)
Lx = f 0
− ∑ λl log ∑ Clr exer
ωi
r=1
l=1
!
L
θe )
µ
c
(
µ
e
l
t
θel
Lθ = ∑ −κ e + λl θel + λl log
(D.8)
cmax
l=1

Ltx (e
x, λ ) + Ltθ (θe, λ )

Since

∂ Ltx
∂ xej

=

∂ xr ∂ Ltx
∂ xej ∂ x j

∂ Ltx
∂ xej

we have
"
= exej

∂
f0
∂xj

cmax eex
ωi

!

#
λl Cl j
−∑ R
.
xer
l=1 ∑r=1 Clr e
L

(D.9)

?
(k)
x? , λ ? ) = 0. Moreover, Ltθ ≡ Lθ , ∀k and therefore (x? , θe ) satisfies the
Therefore ∂∂ Lxexj (e
KKT conditions of (2.39).
Second, we argue that the KKT solution for (2.39) satisfies the KKT conditions for the
original nonconvex problem (2.38), by analogy to [161, Theorem 3].
t

Appendix E

How to obtained the iso-service curves?
Each network realization can be seen as a triplet (x, y, z), where x is the RN density, y is
the BS density, and z is the network performance. The method used to present most of the
iso-service curves in this dissertation has the following steps:
1. Model the dependence with respect to the RL density. All the observations are
grouped into y-bins, i.e. according to the BS density (cell size). For each bin k,
the relation between the performance z and the RL density x is modeled with the
following empiric model:
(k)

(k)

(k)

g(k) (x; c) = c1 + c2 ec3

x

(k)

+ c4 x,

(E.1)

where the upper index indicates that the model is fitted by LMS for each bin. The
model is then used to interpolated the value of the performance. For instance, figure
E.1 exemplifies with different colors the observations that are above and below the
predicted value.
2. Model the dependence with respect to the BS density. Similar to the grid of bins
along the y-axis (BS density), we define a grid along the x-axis (RL density). For
each y-bin, we estimate the performance on the x-grid with with the empiric model
described at the previous step.
For each value of xi and each target performance z0 , a linear interpolation of (y, z0 )
is done so as to find the values y0 so that (xi , y0 ) corresponds to z0 . Since the performance increases monotonically with the BS density, there is an unique solution to
the interpolation.
3. Model the iso-service curve. For a target performance value z0 , all the (xi , y0 )
observations are gathered and the following empiric model is LMS fitted to the observations:
h(k) (x; c) = k1 + k2 ek3 x + k4 x.
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Figure E.1: Example of fitting a surface to observations of the network performance. The iso-service
curves are shown with thick lines for several performance values. Obtained with a SIMO AF relaying
scheme, no interference, with α = 4.0, σ = 2 dB.

4. Extract the break even cost. For each target performance value, the derivative of
the iso-service curve is evaluated in x = 0, and the break even cost is computed as:
BRz0 = −k2 k3 + k4

(E.3)

A goodness of fit test of the model is difficult to do, since we do not have a model of
the variance of the observations. Instead, an accuracy test of the results can be done based
on an empiric distribution of the slope estimator, obtained with the following boostrap
method. Given a set of observations (more than 1200 in figure E.1), a large number of
observation subsets could be done by means of random selection. The break even costs
can be estimated from each subset, which results in a large number of estimates. These
values can be used to create an empiric distribution of the break even cost, and analyze
the confidence interval of the break even cost. The problem with this approach is that it
still relies on the assumed model, and that a small confidence interval does not necessarily
indicate an accurate break even figure.

Appendix F

Propagation models
F.1 COST231 – Walfisch Ikegami model
This model has been developed for urban scenarios where the street structure is characterized by several parameters, such as building height and street width. The model is a
statistical one nonetheless. The model is based on a physical interpretation of the propagation over-the-rooftop, and makes distinction between line of sight (LOS) and non line of
sight (NLOS) cases. In the following, the expressions from [46] are rewritten so that the
single slope structure of the model is more obvious:
 LOS
−
26 · log d
for LOS and d ≥ 20 m
 c0
G(d)WI =
cNLOS
α
)
·
log
d
for
NLOS if ∆c0 − ∆α · log d < 0 ,
+
∆c
−
(20
+
∆
0
 0NLOS
c0
−
20 · log d
for NLOS otherwise
(F.1)
The NLOS cases consists of a free space propagation term and some corrections ∆c 0
and ∆α which account for how the urban environment looks like and for the antenna
heights. The correction ∆α for the slope depends on the relative height between the base
station antenna and the buildings, so that the resulting slope is α NLOS = 20 + ∆α ≥ 38:
(
18
for hb > h0
(F.2)
∆α =
b
for hb ≤ h0
18 + 15 h0h−h
0
The other correction terms depend on the carrier frequency, street width, block width
and height, relative receiver height with respect to the buildings, etc. [46] [83]:
cLOS
0
NLOS
c0
∆c0

= −42.6 − 20log f
= −32.4 − 20log f

(F.3)
(F.4)

= −45.8 − (10 + k f )log f + . . .
. . . 10 log w + 9 log b − 20 log ∆hm − Lori + chb
(F.5)
where the parameters used in the above expressions are described in figure F.1 , L ori = 0
and
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Figure F.1: Parameter definition for the Walfisch-Ikegami (WI) propagation model.

The regular street pattern is typically referred to a Manhattan model. An European city which features the same pattern is The Eixample, a part of Barcelona, Spain. Built in the second half of the
XIX-th century, its geometrical structure is designed so as to allow the sun light at the street level as
shown in the above figures. Source: http://es.wikipedia.org/wiki/Eixample.
Other traditional European cities have similar building heights, although the streets may be much
narrower [70], which has the effect of a stronger shadow fading.
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Figure F.2: Example for the round-the-corner propagation model with five sections.


 18 log(1 + ∆hb ) for ∆hb > 0
0.8∆hb
for ∆hb ≤ 0, d ≥ 500 m
c hb =

d
otherwise
0.8∆hb 500

(F.6)

As pointed out in [70], this propagation model is not suited for receivers placed close to the
rooftop or directly on it. Moreover, the LOS model is said in [46] to apply between a base and
a mobile within a street canyon. Hence, it can not be used straightforward to model the radio
propagation between a base station and a relay placed on rooftop, which is an important scenario
for this dissertation.

F.2 The “round-the-corner” propagation
The recursive method published by J-E. Berg in [26] is used in this dissertation to model
the propagation along streets and round corners. This model applies for scenarios where
the sender and the receiver are both far below the rooftop. The implementation used in
the dissertation1 does not take the height of the antennas into account, assuming that both
units are close to the street level. There could be several propagation paths, along different
streets, but the implementations used in this dissertation considers only one of them: the
one containing the corners which are closest to each of the two nodes “in the right direction”. Figure F.2 exemplifies how the path between two units is computed. An additional
“corner” is added to the units that are not on the street. The model uses the total physical
distance along the path for a dual-slope model and an “illusory” distance which is defined
in an recursive fashion. The path gain between two units is modeled as:
"
!#
N
4 · π · dn
JEB
D ∑ s j−1
G
= −20 · log10
,
(F.7)
λ
j=1
1 The

MATLAB function is called prop_JEBerg95.
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Figure F.3: Pathgain examples with the on-the-roof model.

where there are n − 1 corners and n segments of length s j−1 along the path, λ is the wavelength, dn is the illusory distance, and the dual-slope is modeled as:
(
x
, x > xbrk
D(x) = xbrk
,
(F.8)
1,
x ≤ xbrk
with the recommended break point distance set to xbrk = 300 meters. The illusory distance
is recursively computed based on the segment lengths s j and the angles between these
segments θ j ; more details are given in the original article [26].
k j = k j−1 + d j−1 · q j−1

∀ j ∈ {1 : n}

d j = k j · s j−1 + d j−1 ,
where k0 = 1, d0 = 0 and q j is a function of the angle θ j between two segments,

q90 ν
,
q j (θi ) = θ j ·
90
with recommended values q90 = 0.5 and ν = 1.5.

(F.9)

(F.10)

F.3 The “on-the-roof” model
This model is based on the COST-WI one, with an addition for the receivers placed on the
roof. It assumes a LOS propagation if both the sender and the receiver are located above
the rooftop.
(
cLOS − 26 · log d if ∆hb > 0 and hm > h0
roof
G(d)
= 0 WI
(F.11)
G(d)
otherwise,
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where cLOS
is defined as in (F.3). A lognormal component is added so as to model irreg0
ularities in the city structure, just as in the COST-WI model. Figure F.3 exemplifies the
pathgain as a function of distance for three types of receivers: on rooftop (h = 28 m), on
lamp post (h = 6 m) and hand-held (h = 1.6 m). The slopes of the model are shown with
dashed lines, by removing the lognormal component.

F.4 The “Ericsson” model
This name is used in [46, pp 151] for the model in which the COST-WI model propagation
is used for over the rooftop propagation and the recursive model proposed by J-E. Berg is
used for the propagation below the rooftop. The implementation used in the dissertation
uses:

GEricsson I = max G(d)WI , GJEB .

(F.12)


GEricsson II = max G(d)roof , GJEB .

(F.13)

In case relays are placed above the rooftop then the following model is used instead:

F.5 Wrap around
This technique is used when the simulated area is only a small part of a virtually much
larger service area. When this technique is not used, the units in the center of the simulated area are surrounded by transmitters, typically six of them. This means there are many
transmitters to select among, i.e. good macro diversity, but also many interferes. However,
the units at the border of the simulated area “see” fewer transmitters, i.e. poorer macro
diversity and lower interferences, despite the fact that in practice they should statistically
experience the same situation as the units at the center of the simulated area. This simulation artifact is called “border effect” and its effect can be reduced by using a wrap around
technique.
The wrap around technique creates virtual replicas of the simulated area, the replicas
being matched to the original area according to the wallpaper principle. Then for each
receiver, the “closest” replica of a transmitter is considered. The wrap around technique
used in this dissertation for a regular hexagonal deployment pattern (sitesHexagonal),
generates six replicas and displaces them in a hexagonal pattern around the original simulated area. This is illustrated in figure F.4 which shows seven simulated base stations,
a number of relays, and one of the six replicas of three units (are colored in gray). The
wrapped around positions are extending the regular pattern.
The wrap around technique affects only the pathgain computation between any two
units and has the effect of “reducing” the tail of the pathgain distribution. However the
total number of simulated units is still the same. In the case of six replicas, the pathgain
between any two units indexed i and j, located at positions ~ri and ~r j , is computed as:
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Figure F.4: The wrap around techniques creates virtual replicas of the simulated units so as to avoid
the so called “border effect”. The three units colored in pale gray are the wrapped-around replicas of
the units explicitly considered in the simulated area.

Gi j (~ri ,~r j ) = max

k∈{1:7}

n
o
~ k ,~r j )
G(~ri + R

(F.14)

~1 = 0 and R~k>1 point to the six virtual replica positions. The hexagonal wrap
where R
around model works fine for isotropic propagation models, i.e. where the relative distance
is important. However, this is not the case when propagation models using explicit street
description are used. For instance a unit i may be located in the middle of a street, but
some of its replicas may end-up in the middle of a block, on the rooftop or indoors.

F.6 The lognormal shadow fading
This logarithmic term is used in radio propagation models to describe deviations from the
distance-dependent term, and is typically attributed to shadowing caused by large objects
such as hills, buildings, etc. In 2D propagation models, there are three aspects which
determine this random process: a) its distribution, b) its autocorrelation function, i.e. how
much does the fading with respect to a base station change if the observation point is
displaced~r meters, and c) the cross-correlation function, i.e. how correlated are the fading
components with respect to two different base stations.
This dissertation uses a generally accepted model: a zero-mean Gaussian random process on logarithmic scale [187] [166, pp 813]. The standard deviation varies between 2-6
dB for rural and suburban environments to 8-12 dB for urban environments [45].
Gudmundson’s exponential model is used for the autocorrelation function [79]. The
correlation drops to e−1 at a distance dcor . In an urban environment the correlation distance is much smaller than in a suburban or rural environment. Moreover, circular symmetry is a simplifying assumption which facilitates the use of precomputed fading maps in
simulations with wrap around techniques [223, pp 341].
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The third aspect of interest is the cross-correlation between the fading components
toward two different transmitters (base station). A common approach is model the fading
between a transmitter and a receiver by means of two components [223, pp 341]: one
modeling the case when a single object shadows the paths toward all the transmitters, as
in case the receiver is in a tunnel, and one modeling the case each path is shadowed by a
different object. The first component depends on the absolute position of the receiver, the
other depends on the relative position of the two. This model fits the case when one unit is
never shadowed by an unique object, as is the case with macro base stations.
All the simulations in this dissertation assume the shadow fading is uncorrelated as
long as the distances between the two senders and the two receivers are both larger than the
correlation distance. However, there are studies and more accurate models which highlight
the fact that the correlation function does not necessarily have a circular symmetry and that
the cross-correlation term depends on the angle between the two paths [77, 142, 179].

Appendix G

Topology models for incremental
deployment
The hexagonal BS deployment is widely used, despite its well-known limitations and unrealism, Although it is a simple model, it provides a sufficiently good insight into fundamental aspects of radio resource management in cellular networks. With the simplicity of
the regular hexagonal cellular model in mind, we propose in the following several models
for incremental deployment, with and without relays.

G.1
G.1.1

Hexagonal incremental deployment
Deployment without relays

With this model the sites are on a regular hexagonal grid at any deployment step, so that
the incremental deployment preserves an uniform base station density. Between each three
sites available after the kth deployment step, one site is deployed at the (k + 1)th step.
Hence the base station density is doubled at each deployment step. Figure G.1 illustrates
three deployment phases according to this model1 .

G.1.2

Deployment with one relay tier

With this model the deployment is done in two phases. First the base stations are placed
on a regular hexagonal grid, as shown by (4) in figure G.2a. In the second phase six
relays are placed around each base station, as shown by (◦). At an optional, third phase
the relays may be converted into base stations, but no new site is deployed. The sites are
uniformly distributed over √
the area at any time instant. The relay to base station distance
√ .
in this model2 is D2 = D1 / 7, and the angle β indicated in the figure is arccos 615
7
1 The model is implemented by location/depl_TighterHex, which gets a hexagonal grid and generates
new sites corresponding to the next deployment phase.
2 The model is implemented by location/depl_OneRelTier.
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Figure G.1: Example network topology with hexagonal incremental deployment with omni directional antennas and no relays. An the (k + 1)-th deployment phase
√ the base stations are placed in a
regular hexagonal grid, with the intersite distance Dk+1 = Dk / 3.
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Figure G.2: Examples of network topologies with one and two hexagonal relay tiers.

G.1.3

Deployment with two relay tiers

With this model the deployment may be done in four phases. In the first phase, BSs are
placed on a regular hexagonal grid, as indicated in G.2b. In each of the following three
phases, six RLs are placed in a hexagonal tier around each BS. Figure G.2b illustrates the
phases in decreasing order of the distance between the BS and the deployed RLs. Notice
that this is not necessarily the optimum deployment order.

G.2. MODEL FOR SITE DEPLOYMENT IN URBAN ENVIRONMENT

193

2000

re
ct
io

n

1500

wi
tch
i

ng

di

1000

Th

es

500

0

s
re

ep

Th
−500

er
ng
vi
n
io
ct

PSfrag replacements

re
di

−1000

−1500

−2000
−500

0

500

1000

1500

2000

2500

3000

3500

4000

4500

Figure G.3: Example of micro site deployment. Macro sites (4) are placed on blocks, but micro
sites (◦) are placed along streets.

G.2

Model for site deployment in urban environment

This model assumes a regular street grid of Manhattan type and placed sites on the streets,
half-way between two adjacent corners. Assume for the sake of simplicity that the first site
is placed in the middle of a “horizontal” street, in coordinate (0, 0), and is used as reference.
The other sites are deployed along two orthogonal directions, starting with the reference
site. Along the first direction, all the sites are located on “horizontal” streets; hence it
is called the preserving direction. Along the second direction, the sites are alternatively
located on “horizontal” and “vertical” streets; hence it is called the switching direction.
Let L be the length/width of a block and Dt be the target site to site distance. Due√to
geometry reasons, the site to site distance along the preserving direction must be k p L 2,
where k p (≥ 1) is a parameter. If k p = 1 then a site is placed on each horizontal street. √
In a
similar way, the site to site distance along the switching direction must be (ks − 0.5)L 2,
where ks (≥ 1) is a parameter. Figure G.3 illustrates the deployment for a target Dt = 500
m with the solution (k p = 2, ks = 2).
k +k −0.5
D
≈ L√
The preferred parameter setting is so that |ks − 0.5 − k p | < 1 and p 2s
, since
2
this parameter choice gives the smallest difference between the site to site distances on the
two deployment directions. However, notice that the parameters can be set so as to generate
some of the patterns in the WINNER project. For instance, figure 4-9 page 49 in [98] can
be generated with (k p = 1, ks = 2) and figure 4-11 can be generated with (k p = 1, ks = 1).
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Figure G.4: Examples of network topologies for tho average intersite distance.

G.3

Model for urban incremental deployment with relays

This model is based on the ,odel for site deployment in urban environment. Starting with
a site, say in (0, 0), each fourth site along the preserving and the shift direction is used to
deploy a BS at the first deployment step. This means that only one in nine sites are used
in the first phase. The model consists of two additional phases; in each of them four more
sites are used for deploying relays. Figure G.4 exemplifiesthe deployment for two densities
of the final deployment. Notice that the intersite distance on the switching direction are the
same in the two topologies.
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