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Abstract

Future mobile communication is characterized by targeted data rates in the gigabit
range. One possible technical realization of these high data rates includes the reduc-
tion of the physical distance between transmitter and receiver by the introduction of
relay stations. This thesis investigates a new network architecture, where a given cel-
lular network is enhanced by fixed relay stations. The thesis provides a framework to
combine the clustering process of the new network into cells and the balancing of load
among different cells. It examines routing strategies to enable the handover process
between stations of the same cell with respect to their resource efficiency and feasibil-
ity. The thesis finally analyzes, whether the application of network coding in cellular
multi-hop networks is reasonable. The compatibility to existing standards and the
preservation of service quality are important constraints to the new overall concept.

Zusammenfassung

Die Erhöhung der Datenrate ist eine Herausforderung für zukünftige Mobilfunknetze.
Die Verringerung der physikalischen Distanz zwischen Sender und Empfänger durch
den Einsatz von drahtlosen Relaisstationen ist dazu ein möglicher Ansatz. Die vor-
liegende Arbeit präsentiert Lösungsvorschläge, wie eine mit Relaisstationen erweit-
erte Netzarchitektur dynamisch in Zellen untergliedert und dabei ein Lastenausgle-
ich zwischen den Zellen erzielt werden kann. Darüber hinaus werden verschiedene
Routing-Ansätze, welche den Handover von Nutzern zwischen den Sendestationen
einer Zelle ermöglichen, auf Ressoureneffizienz und Realisierungspotenzial hin unter-
sucht. Eine Analyse, inwiefern Network Coding als Transporttechnik in der gegebe-
nen Architektur sinnvoll angewendet werden kann, rundet die Arbeit ab. Die Kom-
patibilität zum existierenden Standard und der Erhalt der bestehenden Dienstgüte
stellen wichtige Randbedingungen für das neue Gesamtkonzept dar.
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1. Introduction

1.1. Data Transport

Transport optimization is a considerably old problem. Imagine ancient trading car-
avans, which have transported valuable goods like spices or gold over thousands of
kilometers from a producing area to a consumer area. Intrinsic impact factors as the
limited long-distance transportation capacity at that time and external impact factors
as the risk of losses due to raids or weather influence are very apparent reasons, which
have made efficient transport necessary. Even today’s logistic companies with differ-
ent warehouses are subject to transportation problems, as they are supposed to deliver
a given set of goods to distinct customer places. Typically, the source and destination
locations are connected by a network of transport paths. The use of a transportation
path is related to costs mainly depending on the physical conditions and the length of
the path. Intermediate crossings along a path can be used for a rearrangement of the
corresponding load.
With the raise of information and computer technology, a new class of transportation
problems has been defined: data transport problems. Data source and destination
can be considered thereby as information warehouses, while fiber or wireless connec-
tions act as roads with given transport capacities to enable the data exchange between
source and destination. Continuous data is discretely encapsulated in packets for that
purpose. Although the coherence to the classical transport problem is obvious, there
is one important difference: Digital data can be broken down from large packets into
a single logical bit. The resulting scalability is therefore by far higher than for con-
ventional goods. In addition to that, the physical integrity of a data packet is not a
condition for the integrity of the overall information at the final destination, as digi-
tal data flows can be logically combined as well as separated again. In other words,
quoting Ralf Kötter:"Bits are not cars"[EKM07].
The classical capacity-restricted Vehicle Routing Problem (VRP) as known from op-
erations research [TV02] therefore only partly matches to the requirements of data
transport. Data transport in mobile communication networks involves all kinds of
tasks, which are covered by the OSI1 reference model from the physical layer up to
the application layer. Let us exemplarily name the signal processing to assure the cor-
rect transmission and reception of data over a wireless channel. Alternatively, refer to
the higher layer protocol suites to offer sockets for software applications, to prepro-
cess data, and to monitor the end-to-end transmission. In this thesis, we consider the
transport problem from the network layer perspective. We consequently concentrate
on the determination of optimum transmission paths between a backbone node and
associated mobile terminals in wireless multi-hop networks. In doing so, it is possible

1Open Systems Interconnection (OSI)
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1. Introduction

to distinguish three principle approaches to solving this transport problem: single-
path routing, multi-path routing, and network coding. We will take a closer look on
the difference in between these approaches in the following.

Single-path Routing Single-path routing is a transport approach, in which a unique
path between source and destination is defined upon a network topology. Data is
subsequently forwarded on that path. Single-path routing is an adequate strategy,
whenever the transportation costs on distinct links play the dominant role in the op-
timization process and the capacity on these links is large compared to the demand
of individual data flows. Fixed costs can be assigned to distinct path segments in this
case. Consequently, the routing problem can be solved as a minimum cost problem,
whose optimum solution is expressed by a single routing path. Choosing an alternate
path or a set of alternate paths will not improve the overall cost situation, even if sev-
eral independent paths achieve equal costs. A single path is thus sufficient to provide
the optimum solution. Routing is generally subject to the assumption that incoming
data packets are decoded at any intermediate node and subsequently forwarded to the
next-hop destination. The logical integrity of the packet content remains untouched
during the whole transfer.

Multi-path Routing Multi-path routing is an extension of the single-path routing
approach, as multiple edge-disjoint paths between source and destination are deter-
mined for the transport. Multi-path routing can be applied for resilience purpose, in
case of one or several path segments failing unexpectedly. In doing so, redundant
information is transmitted in parallel to compensate potential failures. We will not
consider this type of error prevention mechanism. Alternatively, let us turn our at-
tention to the ability of multi-path routing to distribute the overall data onto several
paths. Multi-path routing can thus achieve better results than single-path routing, for
instance in terms of end-to-end throughput, when the capacity limitation of certain
links is the dominant property of the network. Imagine the capacity of a link to be
small compared to the demand of a single traffic flow. The distribution of the distinct
traffic flow onto several independent routing paths can then increase the throughput
significantly. In contrast to wired networks, wireless multi-hop networks are char-
acterized by a fixed amount of available transmission resources, which are assigned
to arbitrary links within the network. The individual link capacity is flexible and
adjustable to the demand of a data flow. We are therefore looking for a suitable path
assignment, which minimizes the overall resource requirement for data transmissions
within the network. Suppose that spatial frequency reuse within the multi-hop net-
work is impossible, as the corresponding area is considerable small and mutual inter-
ference would be too strong. We also imply that the considered transmission resources
are fully orthogonal and physical effects like inter-carrier interference are negligible.
Fixed costs can be assigned to each link in this case. These costs depend on the trans-
mission distance and behave inversely to the physical link quality indicators. Con-
sequently, the intended optimum resource assignment is determined by the solution
of a minimization problem, more precisely of a minimum cost problem. As already

2



1.1. Data Transport

explained, the solution of such a problem is given by a single routing path. We will
therefore not consider multi-path routing in the following and concentrate our analy-
sis to single-path routing.

Network Coding Network coding can be considered as a generalization of the rout-
ing concept. Network coding allows data flows to be logically combined and sepa-
rated at any intermediate network node. In contrast to routing, the logical integrity
of the data flow is not guaranteed anymore during the transfer. Incoming data is de-
coded and processed by intermediate nodes. The output of this process is forwarded
to other nodes then. In the special case of a point-to-point connection between a single
source and a single destination node, the network coding solution is equivalent to the
multi-path routing solution. Although network coding is not restricted to multicast
applications, network coding can achieve significant performance gains, for example
regarding the number of required transmission resources, in point-to-multi-point sce-
narios, where a single source node is connected to an arbitrary number of destination
nodes. If fixed costs are assigned to individual links again, the network coding prob-
lem can be written as a minimum cost optimization problem as well. The network
coding solution potentially allows an arbitrary number of independent paths from
the source node to each of the multicast nodes. In contrast, the single-path routing
solution is restricted to one of the feasible paths. The possible set of routing solutions
is therefore described by a subset of potential network coding solutions, as will be
explained later on.

This initial classification has shown that there are different solution strategies to the
data transport problem. Although discovered only a few years ago, network coding
provides a general solution to the data transport problem. Historically, single-path
or multi-path routing have been studied extensively as solution to the data transport
problem. For this reason, the term "routing problem" is still often used as synonym to
"data transport problem". This habit generates the paradox that routing is referred to
as a generalization of the network coding problem on the one hand, but as its special
case on the other hand. We will follow a nested view in this thesis. Accordingly,
the overall problem category is referred to as data transport problem, whose general
solution is described by network coding. The single-path routing solution is in turn a
special case of the network coding solution.

It is obvious that any data transport problem can be divided into two different sub-
problems, namely the route planning as initial task and the subsequent data delivery
itself. The route planning is associated with protocol design and signaling issues to
explore the network topology and to determine the optimum route. The data delivery
part mainly deals with addressing issues to practically realize the data transfer. This
thesis is entitled as an efficient data transport scheme, whereby the term "efficient"
refers to the trade-off between signaling overhead for the route planning process and
resource consumption for the data delivery. The less signaling overhead will be in-
vested in the optimization of the route planning, the higher the necessary resource
consumption for the data delivery will typically be. The challenge is therefore to keep
both factors balanced on a small overall level. One key restriction during this process
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is the warranty of quality of service in a network. Economically, quality of service can
be interpreted as a trust relationship between a provider and a subscriber on previ-
ously agreed resources. Technically, quality of service is seen as the provisioning of
these resources within the physically feasible framework. This thesis investigates data
transport in cellular multi-hop networks from the operator’s perspective: On the one
hand, the operator wants to have a satisfied costumer base. This strongly correlates
with the realization of the depicted quality of service issue. On the other hand, the
operator wants to maximize the ratio between physical resource input and resulting
capacity output. The presented proposals within this thesis are technical approaches
to fulfill these ambitious requirements.

1.2. Contribution

This thesis investigates a relay-extended cellular network architecture. The concept
enriches paradigms from today’s cellular networks with the idea of self-organization
and other aspects known from ad hoc networks. The beauty of the concept is based
on the fact that it is an extension of the Long-Term Evolution (LTE) standard and
thus fully compliant to the current draft. However, the concept also enables a new
philosophy, a different deployment strategy, and therefore an innovative operation of
a cellular network.
Most sources from literature consider fixed relay stations as a mechanism to extend
coverage of a base station or to achieve higher spectral efficiency. This thesis presents
relay stations as the missing link between current and future cellular network archi-
tectures: Today’s network providers are afraid of the increasing competition by self-
administrating low-cost Wireless Local Area Network (WLAN) technology. We show
in this work that relay stations can be used to introduce self-organization in cellu-
lar networks and to cut down costs without losses in service quality. In detail, the
contribution includes three major issues:

• Dynamic Cell Clustering: a concept how to establish a cellular multi-hop network

Existing work about relay-based cellular networks typically considers a perma-
nent assignment of a fixed relay station to a distinct access point. This thesis
shows that the dynamic assignment of relay stations to access points can in-
crease the network capacity. The assignment itself is motivated by the idea to
equalize traffic load among different cells. We investigate the dependency be-
tween network topology and achievable load balancing gains. The result of this
analysis gives insight into the network planning process of relay-based wireless
networks as well as into the application of self-organization in cellular networks.

• Intra-cell routing: a proposal how to operate a single multi-hop cell

Starting with an analysis of existing routing protocols, we develop a propri-
etary routing protocol for the operation of a single multi-hop cell. We show that
a proactive routing protocol is not necessarily related to high signaling over-
head, if link state information of the underlying Medium Access Control (MAC)

4



1.3. Overview of the Thesis

protocol is used efficiently. Additionally, we investigate, how the topological
characteristics of the network relate to the choice of a routing metric in order to
obtain a spectrally efficient routing path. A very important observation is the
property that the overlapping coverage area between two wireless routers and
the link conditions of the relay links are key drivers to influence the efficiency of
a routing path.

• Network coding: a comparison of routing and network coding in cellular multi-hop
networks

We investigate the application of network coding to cellular multi-hop networks.
Firstly, we consider broadcast applications. We show, how network coding can
help to save transmission resources in a relay-extended cellular multi-hop net-
work and indicate potential performance gains in dependence on the access
point density of the network. Secondly, we take a closer look on the case of bidi-
rectional relaying and address the feasibility of bidirectional relaying in cellular
multi-hop networks.

Parts of this thesis have been previously published in [ZL04], [ZG05], [ZLE05], [ZLA05],
[Reu06] [ZHW06], [ZFH06], [ZSH06], [Zim06], [EEH+07], and [ZL08].

1.3. Overview of the Thesis

Future mobile communication will be characterized by a significantly higher demand
in available data rates. This statement is without controversy among experts from
academia as well as from industry. We are talking about target data rates somewhere
in the gigabit domain. Although these data rates will not be reached everywhere,
these ambitious goals seem to be realistic for city center areas and users with low
mobility. First prototypes already indicate that suitable commercial systems will be
realizable in about five to ten years from now on.
Even in times of advanced antenna technologies and sophisticated signal processing
algorithms, the physical path loss between transmitter and receiver is still a dominant
limitation for the achievable link capacity according to Shannon’s Theorem. There-
fore, one probable technical realization of these high data rates includes the reduction
of the physical distance between transmitter and receiver. The natural consequence is
a tremendous increase in the number of required wireless infrastructure stations, typ-
ically known as access points or base stations. It turns out that the necessary density
of access points is economically not realizable with only access points. Therefore, the
introduction of access points without wired backbone access, so-called relay stations,
is a direct consequence of economic constraints.
In this thesis, we investigate a cellular network architecture, where a given cellular
network is enhanced with a large amount of fixed relay stations, i.e. about four to
eight or even more relay stations per access point on average. This architecture is
referred to as cellular multi-hop network architecture. The challenge of this thesis is
to establish a proposal, how to operate such a wireless multi-hop network. Thereby,
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one very basic requirement is the compliance of the new concept to existing cellular
standards. Compliance implies that the new proposal shall be an extension of the
existing standard. Compliance also implies that features and service quality known
from today’s cellular networks shall not be restricted in any regard by the relay-based
extension.
This thesis applies three major methods for the scientific investigation: graph theory
for the modeling of wireless networks, numerical optimization for the calculation of
potential performance gains, and simulation for the verification of the proposed pro-
tocol stacks. The thesis includes four major chapters, the first of which presents a
general motivation for the relay-based network concept. We explain key drivers for
this type of network architecture and identify its critical aspects. We also give a brief
explanation, how the presented architectural relay concept is embedded in today’s
network standards. Additionally, we comment on the question, how the proposals of
this thesis relate to the future LTE standard from the technical point of view. We char-
acterize possible network types, address the economic benefits of the relay concept,
and present key parameters for the design of a cellular multi-hop network.
Each of the following three main chapters is arranged similarly: At first, we explain
the necessity and motivation of the distinct technical innovation, which we want to
introduce hereafter. Subsequently, a survey of existing related approaches is given.
This is intended to illustrate the advantages and disadvantages of these approaches.
It is followed by an explanation, about how much these approaches incorporate in
our method and differ from our own proposal. A graph-theoretical analysis identifies
potential sources of performance gains in the main part of each chapter. Afterwards,
this thesis comes up with a practical implementation of the presented ideas in a real
protocol stack. Each chapter ends with a short summary. The composition of these
chapters can be considered as a circle from the illustration of the problem, over the
identification of potential improvements, to the realization of a proposal, concluding
with a final verification of the initial problem being solved.
Chapter 3 is focused on the question, how to establish a cellular network based on
the unstructured set of access points and relay stations. For that purpose, we propose
a Dynamic Cell Clustering strategy to attach relay stations to distinct access points.
This strategy combines the access point discovery mechanism with load balancing
among different cells. We develop a centralized and a distributed strategy and show,
how potential performance gains depend on the network topology itself. The result is
that Dynamic Cell Clustering can help to reduce the maximum cell load significantly
and thus extend the network’s overall capacity. Additionally, it is shown that a de-
centralized strategy and therefore self-organizing network architecture is feasible for
networks with moderate load dynamics. The interested reader should take especially
notice of the fact that Dynamic Cell Clustering adds elements of self-organization to
cellular networks and thus is one potential approach to reduce the gap between Wire-
less Local Area Network architectures and typical cellular networks.
Assuming that the network has been already divided into different cells as a direct
result of the clustering procedure, we try to find an operational concept for a single
multi-hop cell in Chapter 4. The question is, how to efficiently guide data from a back-
bone node to a mobile user terminal. We take a look on today’s routing protocols and

6



1.3. Overview of the Thesis

the ambivalence between reactive and proactive approaches. Subsequently, we focus
on the question, how the choice of a suitable routing metric will influence the over-
all resource consumption. One significant result is that the overlapping area between
neighboring routers heavily influences the choice of the routing metric. Moreover it
turns out that a routing strategy, where a mobile terminal is attached to the station
with best received signal strength, can lead to comparably high resource consump-
tion. In the second part of this chapter, we can show that proactive approaches are not
necessarily subject to higher signaling overhead than reactive approaches. This obser-
vation holds for networks, where the available link state information of a centralized
MAC can be used. Finally, we illustrate that label switching is a suitable addressing
mechanism for the operation of a multi-hop cell.
In Chapter 5, we focus on the application of network coding to cellular multi-hop
networks. We investigate the question, whether network coding outperforms con-
ventional routing in terms of resource consumption for broadcast applications. The
results indicate that potential performance gains will primarily depend on the access
point density. Subsequently, we comment on the feasibility of bidirectional relaying
in cellular multi-hop networks. The thesis ultimately concludes with a summary of
all preceding results and a corresponding outlook about further research activities.
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2. Cellular Multi-Hop Networks — An
Overview

2.1. Cellular Multi-Hop Networks within the Network
Family

Innovation in wireless communication networks is characterized by a trend to pro-
vide services with advanced quality at low costs per bit. Although the starting point
and evolution path of various wireless network technologies are different, all tech-
nologies aim at this common trend. Figure 2.1 shows a two-dimensional chart, where
the abscissa roughly outlines costs for deployment and operation of a technology and
the ordinate describes the degree of service quality provided by the distinct technol-
ogy. According to this chart, the technology with highest service quality at lowest
costs is located in the upper left corner of the second quadrant. Obviously, this point
represents the optimum technological development, which research activities try to
approach step-by-step. A closer look to ongoing developments reveals that today’s
standards indeed move on this two-dimensional chart toward the outlined goal. In
detail, we observe

• a trend to cut down costs while keeping or even extending the service in cellular net-
works: Initially starting with the first analog generation of wireless communica-
tion networks, the big economic success of cellular networks has been accom-
plished by the digital second generation (2G) of mobile communication net-
works based on the Global System for Mobile Communications (GSM) [EVB01]
standard. Currently, providers are dealing with the controversial third gener-
ation (3G) of cellular networks represented by the Universal Mobile Telecom-
munications System (UMTS) [ETS98] and its enhancements High Speed Down-
link Packet Access (HSDPA) [3GP08b] and High Speed Uplink Packet Access
(HSUPA) [3GP08c]. The major motivation of cellular network providers is the
offer of area-wide voice, data, and even multimedia services. The future of cellu-
lar networks is defined by the LTE standard, which is supposed to use Orthogo-
nal Frequency Division Multiple Access (OFDMA) and to enable multi-antenna
transmission technology [Poo07]. LTE is mainly intended to result in higher
spectral efficiency and smaller costs per bit [Sch08]. This shall be achieved by
technological changes in the air interface and by architectural changes in the
radio access network. Although the LTE standard is not completely fixed yet,
scientists already think about an extension of the LTE standard. The vision is to
extend the cellular network topology by additional fixed relay stations and thus
to support cellular multi-hop communication. Relaying is thereby considered
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as a technical approach to provide cheaper network deployment and mainte-
nance combined with a comparable or even higher capacity than corresponding
cellular single-hop networks. The classification of Figure 2.1 shows this trend
of cellular network technology as a horizontal approach from the upper right
corner to the optimum in the upper left corner.

• the desire to provide quality of service in wireless low-cost networks: IEEE1 802.11
WLAN standard [Com99a] is a popular wireless network technology. Its minor
spectral efficiency is well-known, but compensated by its simple handling and
cheap usage. IEEE 802.11 is mainly used as wireless access technology to pro-
vide Internet access in a home or office environment and in highly populated
hot-spot areas. In addition to that, WLAN technology can also be applied to
mutually connect wireless devices into an autonomous and self-organizing ad
hoc network. The original IEEE 802.11 standard has been extended by continu-
ously improved air interfaces published as IEEE 802.11a [Com99c], IEEE 802.11b
[Com99b], IEEE 802.11g [Com03], and future IEEE 802.11n [Xia05] standard. The
available maximum physical raw data rates have been increased from 11 MBit/s
up to about 100 MBit/s. Furthermore, IEEE 802.11i [Com04] has put effort to as-
sure security, while IEEE 802.11e [IEE05b] is known for the introduction of traffic
classes to provide better service guarantees. The future IEEE 802.11s standard
[IEE06a] will create meshed wireless infrastructure networks to enable wireless
communication at very low costs. Figure 2.1 illustrates this development in a
portfolio placement from the lower left corner toward the upper left corner of
the chart.

• the idea to replace wired by wireless services: Probably the most prominent service
of this category is IEEE 802.16 [IEE04], better known as Worldwide Interoper-
ability for Microwave Access (WIMAX) [LQLG07], with the original motivation
to replace wired Digital Subscriber Line (DSL) services. IEEE 802.16 can be seen
as the legal successor of the technologically interesting, but commercially disas-
trous ETSI2 High Performance Radio Local Area Network (HiperLAN) Type 1
(HiperLAN/1) [ETS96] and Type 2 (HiperLAN/2) [ETS00] projects. HiperLAN
can be interpreted as a compromise between cost and service efficiency. Thus,
HiperLAN is positioned in the point of origin of the chart. The extension IEEE
802.16e [IEE05a] provides mobility to the IEEE 802.16 standard. IEEE 802.16j3

enables the use of fixed relay stations such that analogies to cellular multi-hop
networks are clearly visible. Figure 2.1 classifies this trend as an arc-shaped
movement toward the second quadrant.

The different approaches obviously move on to a common goal: to combine a high
service quality with respect to data rate, security, delay, and mobility support with
low-cost infrastructure components. It is possibly unrealistic to assume the arrival

1Institute of Electrical and Electronics Engineers (IEEE)
2European Telecommunications Standards Institute (ETSI)
3IEEE 802.16j Relay Task Group is currently developing a standard draft "Air Interface for Fixed and

Mobile Broadband Wireless Access Systems — Multihop Relay Specification".
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Figure 2.1.: Classification of different wireless standards with respect to service and
cost efficiency.

of a future superior technology, which will occupy the question mark’s position in
Figure 2.1. More probably, the different technologies will converge into a common
framework. Figure 2.1 thus can also be interpreted as an illustration of a phenomenon,
which is commonly referred to as fourth generation (4G) convergence of mobile com-
munication networks. We can summarize that service quality and cost efficiency are
the major technological drivers in the evolution of today’s wireless communication
networks. We additionally record that the relay-extended cellular network architec-
ture will play an important role in the future of mobile communication. We will there-
fore concentrate on this special network architecture in the following and characterize
different forms of cellular multi-hop networks first of all.

2.2. Classification and Definition of Cellular Multi-Hop
Networks

Present wireless communication networks are typically single-hop networks, where
base stations or access points provide wireless access for mobile users to some kind of
wired infrastructure network. Nevertheless, there can be more than a single wireless
hop between the backbone-connected gateway device and the mobile terminal, when
relay stations act as forwarding nodes for other devices. This type of network archi-
tecture is typically referred to as multi-hop access network. We identify three typical
occurrences of multi-hop access networks, which are distinguished by the specific
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properties of the relaying device:

Categories of Relaying Technologies

Ad Hoc Relaying Probably the most apparent form of a multi-hop access network
uses ad hoc relaying nodes. In this case, any available ad hoc device in the network
may act as relay node for other mobile terminals [GBL03]. Christian Bettstetter charac-
terizes ad hoc networks by direct link connections between unreliable devices, by the
abandonment of fixed infrastructure, by the establishment of multi-hop connections,
and by the lack of centralized databases [Bet04b]. Ad hoc relaying helps to extend the
coverage of base stations [GBL03] and to increase the duration of a physically feasible
connection, i.e. to lengthen the path life time [GL04b]. [GL04a] and also [ACM07]
promote the idea of a coverage extension of a cellular base station by ad hoc relay-
ing based on IEEE 802.11 technology. The nature of ad hoc systems typically implies
that the relaying devices are owned and operated by private users. Therefore, a very
crucial point is the motivation of private users to provide relaying services to other
users. Even though game theoretical approaches exist to achieve a stable operating
point, it is very hard to realize permanent quality of service. This is due to the un-
predictability of ad hoc scenarios. For these reasons, it is unlikely that conventional
network operators will enforce the establishment of ad hoc relaying services.

Fixed Relaying Fixed relaying is characterized by relaying stations, which are per-
manently deployed at fixed positions. Fixed relay stations act like access points from
a mobile terminal’s perspective. However, relay stations do not have any wired con-
nection to the backbone infrastructure network, but establish wireless single-hop or
multi-hop connections to access points. For this reason, relay stations are much cheaper
in deployment than conventional access points, as power supply is the only constraint
and the fiber connection becomes superfluous. This also implies that relay stations are
operator-owned or at least operator-steered devices. Traffic lights or street lighting
could be potential locations for fixed relay stations. In doing so, an easy deployment
is possible, unlimited power supply is granted, and additionally good signal propa-
gation characteristics could be expected because of the exposed position. According
to current literature [Pab04], fixed relaying in cellular networks is primarily intended
to gain coverage or to achieve higher spectral efficiency in a cost-efficient way. Fur-
ther research in [FAMZ03] and [HCC05] moves into a different direction assuming
multi-hop communication with fixed relay stations based on IEEE 802.11 technology.

Mobile Relaying Mobile relaying is an architectural concept somewhere in between
fixed and ad hoc relaying. Again, the intention is to provide coverage in areas with-
out coverage. Mobile relaying has been extensively studied in the WINNER4 project.
Mobile relay stations are wireless devices, whose positions are not restricted to fixed

4Wireless World Initiative New Radio (WINNER) is an international research project under frame-
work program 6 of the European Commission.
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locations. However — in contrast to ad hoc relaying — these relay stations are owned
and operated by the network provider. We distinguish two major categories:

• temporal network access: While fixed relays provide permanent service, mobile
relaying is used for temporal network access. Possible scenarios include major
events with unusually high user demand, for example a soccer match, concerts,
maybe also a conference, or generally all kinds of public events. The technical
challenge in this case is the optimum placement and relocation of these wireless
routers [WXCA07] to achieve appealing performance and to absorb peak loads.

• mobile routers: Additionally, mobile relaying also includes fixed devices mounted
on mobile locations, for example buses or trains of a public transportation sys-
tem [BL05]. In this case, the relaying device is permanently mobile and therefore
only temporarily attached to a distinct access point. Given the bus example, a
group of users can even travel around with a relay station. Thus, the users stay
connected to the relay device, while the relay device is changing its serving ac-
cess point [WYT+05]. The major challenge of this scenario is the guarantee of a
permanent wireless access of the relay device to a given infrastructure network.
The difficulty is especially the seamless handover of the mobile relay stations
with its attached users between different access points.

Cooperative Relaying Contemporary research literature [KGG05] introduces the
notion of "cooperative relaying". The majority of publications follows the definition
of cooperative relaying as a concept, which exploits the diversity of the wireless chan-
nels. Corresponding examinations rely on a model referred to as "relay channel". The
relay channel is a link constellation, in which a wireless device can communicate on
a direct link and an alternative two-hop link with another device. Transmissions on
both of the two alternate paths result in redundant information at the destination de-
vice, which can be exploited in the decoding process to achieve performance gains.
Cooperative relaying is thus not a supplement to the three presented categories. In-
stead it is a concept, which can be applied to any of those categories. The major obsta-
cles in the practical realization of cooperative networks are the mutual dependency
between devices, the high coordination effort, and reliability constraints [DMS08].
The complement to the cooperative relay channel is known as two-hop channel and
considers the case, in which the direct transmission is infeasible. Communication is
fully relying on the intermediate relay station then. Coverage extension is the typical
application scenario of this two-hop channel. In the following, we will concentrate on
routing issues and therefore primarily work with the non-cooperative two-hop chan-
nel model.

Characteristics of a Cellular Multi-Hop Network

Considering the cellular principle from a more general perspective, a set of exclusive
transmission resources is assigned to a predefined local service area in order to enable
wireless communication between a distribution system, i.e. typically the base station,
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and mobile terminals. If a single access point and a variable number of fixed relay
stations become part of the distribution system, this special type of multi-hop access
network is defined as cellular multi-hop network. Assuming that the functionality
of access points and base stations will become indistinct in future networks, these
expressions will be used synonymously in the following. According to the cellular
principle, a multi-hop cell is a set of relay stations and a single access point, which
share the same wired access to the backbone network and a common set of wireless
transmission resources. The relay stations are assigned to a distinct access point as
gateway node for that purpose. Access points as well as fixed relay stations act as
wireless routers, which provide service to mobile user terminals. We will use the
term "wireless routers" in the following to address the combined set of access points
and fixed relay stations within the network. The cellular multi-hop network itself is
established by a set of multi-hop cells. This type of network architecture primarily
intends to provide coverage and services for a local area with dense traffic load. We
will rely on this definition subsequently and consequently restrict the further analysis
to the case of fixed relaying. Let us start with some very general design issues about
relay-based cellular networks for that purpose.

2.3. The Design of Multi-Hop Networks — Some
General Observations

2.3.1. Coverage

Cellular networks are characterized by the network operator’s efforts to provide suf-
ficient network coverage to mobile subscribers in a certain area of interest. It has
been shown that infrastructure-based, i.e. fixed, relay stations or mobile relay stations
can help to extend the coverage area of a given base station [Pab04]. Future cellular
networks will require data rates in the gigabit range in order to provide advanced
multimedia services. These data rate requirements are likely to be realized by the use
of transmission frequencies in the 2.5 GHz or even in the 5 GHz spectrum. The idea
of coverage extension by relaying becomes especially important, when frequencies
in the 5 GHz domain are used. In this case, cell size will shrink dramatically due to
propagation path losses. The amount of required infrastructure stations to achieve
the same coverage thus increases dramatically. Relay stations extend an existing ac-
cess point’s coverage and therefore are an alternative to the allocation of new access
points instead.

In contrast to ad hoc relaying, fixed relaying provides permanent and reliable cover-
age. [PMB08] examines the capacity of IEEE 802.16 base stations, whose coverage is
extended by fixed relay stations for the two-hop case. The analysis shows that there
is a trade-off between coverage extension and cell capacity. As the coverage area be-
comes larger, the average cell capacity will decrease for uniformly distributed users
as a result of higher propagation losses. However, it is also shown that the decrease
in cell capacity can be partly compensated by the efficient use of radio resource man-
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agement skills: The use of relay stations may enable a higher spatial frequency reuse,
if the same resource can be used simultaneously at multiple relay stations. The results
of the analysis in [PMB08] explicitly recommend the replacement of relay stations by
new base stations, once the capacity limit is reached. Following this idea, the con-
cept of coverage extension by fixed relay stations is especially interesting during the
initial deployment phase of a new network or for networks, which are permanently
operated far beneath capacity, for instance in rural areas.

Example To illustrate the potential of coverage extension, we consider an access
point, whose coverage is extended by four fixed relay stations5 as shown in Figure
2.2(a). Assuming the same maximum transmission radius R at the access point and
the relay stations, the transmission area of the initial access point equals Aap = R2 · π,
if neither fading effects nor shadowing are taken into account. The additional use of

relay stations extends the overall multi-hop coverage area to Amh = 4 ·R2 + 4 · R2·π
2

. In

doing so, the percentage of coverage extension Amh

Aap
=

4·R2+4·R2
·π

2

R2·π
= 327%, i.e. the area

of the new multi-hop cell is more than three times as large as the initial transmission
area of the access point.

Summary To conclude, relay stations can extend the coverage range of an access
point. However, the extended coverage area will typically result in a lower average
capacity, as the cell size and thus the average transmission distance between access
point and mobile terminal is increased.

2.3.2. Spectral Efficiency

Spectral efficiency is defined by the information in terms of bit, which is transmitted
in a communication network using a predefined frequency spectrum as resource. A
higher spectral efficiency means a better utilization of the frequency spectrum such
that a higher overall data rate is achieved with a constant set of resources. A typical
value for the spectral efficiency of user links is about 0.5 bit/s/Hz in a GSM network
[FNO99]. The desired spectral efficiency of the future LTE standard is located in the
range between 10 bit/s/Hz and 20 bit/s/Hz [Sch08]. It can be shown that multi-hop
links are not only a possibility to extend coverage, but splitting a single-hop link into
two or more hops can lead to a spectrally more efficient usage of the transmission
resources from the network’s perspective. This is especially the case for non line of
sight (nLOS) connections as shown in [Pab04]. If we consider again a network oper-
ating in the 5 GHz frequency band, propagation conditions and thus link conditions
become especially dependent on physical propagation effects. The electro-magnetic
wave is even more viable to effects like fading or penetration losses due to physical

5Three symbols will be used in the following figures: Any access point (AP) or base station (BS)
is symbolized by a blue triangle. Any relay station (RS) is represented by a red square and each
mobile terminal (MT) is depicted by a green circle.
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the access point is increased by
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(b) Splitting a nLOS connection
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raise the spectral efficiency of a
transmission.

Figure 2.2.: Relaying can help to increase coverage and spectral efficiency in a cellular
network.

obstacles. The performance gains in terms of spectral efficiency achieved by relaying
concepts are therefore higher then.

Example Let us illustrate this statement by a scenario as shown in Figure 2.2(b),
where a mobile terminal can choose between a two-hop line of sight (LOS) connection
and a single-hop nLOS connection to a given access point. We want to investigate this
scenario from the spectral efficiency point of view. For that purpose, let us consider a
simple free space propagation model to determine the received signal strength Pr(d)
as a function of the distance d between sender and transmitter for a given transmission
power Ps

Pr(d) := Ps

(

c

4πf

)2

·
1

dδ
, (2.1)

whereby the transmission frequency f = 5.3 GHz, the speed of light c = 3 · 108 m/s,
a fixed overall transmission power Ps = 200 mW, and the path loss coefficient δ = 2
for the LOS and δ = 4 for the nLOS case are taken into account. A measurement
campaign6 has shown that this simple model is reasonably accurate for transmissions
in the 5 GHz domain. We define the distance between the terminals to be d = 30 m.
In order to allow a fair comparison, we split the transmission power for the nLOS
connection into two equal parts of P ′

s = 100 mW for the first hop and the second hop
in the two-hop case, while the single-hop connection operates with Ps = 200 mW. A
corresponding calculation reveals that Pr,mh(30 m) = 2.25 · 10−9 W for both hops of

6A corresponding measurement campaign has been performed by Nokia Siemens Networks GmbH,
but results are not publicly available.
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the multi-hop connection and Pr,sh(42 m) = 1.25 · 10−12 W for the single-hop case. Ac-
cording to Shannon’s famous theorem, the resulting capacity of a link C is determined
by

C := B · log2

(

1 +
Pr

Pn

)

, (2.2)

where we assume a bandwidth B = 10 MHz and a noise power of Pn = 10−12 W.
In the two-hop case, the capacity of the overall link is determined by the minimum
of all links. The link capacity is equal on both links in the given scenario. The ap-
plication of Shannon’s capacity theorem shows that the capacity boundary for the
single-hop case is Csh = 11.7 MBit/s. However, the multi-hop capacity is given by
Cmh = 111.3 MBit/s. The huge performance difference is mainly due to the different
propagation conditions. Nevertheless, this example clearly illustrates, how relaying
may help to raise the spectral efficiency of a wireless network.

Summary It is important to record at this point that relaying can indeed increase
the spectral efficiency of a link connection and thus increase the capacity of a cell.
Performance gains are mostly achieved for spectrally inefficient links, which are di-
vided into two or even more links with good link conditions. This effect becomes even
more dominant with raising carrier frequency, as the risk for bad link constellations
increases due to heavier propagation path losses.

2.3.3. Capital and Operational Expenditures

Any financial investment of a company into fixed assets with the aim of generating
future profits is called Capital Expenditure (CAPEX). Concerning a mobile communi-
cation network, the technical infrastructure equipment itself, the deployment of this
equipment, and the planning process of the network are related to CAPEX. When in-
troducing a new technology, the necessary CAPEX for the start phase of the network
is of enormous importance for the feasibility of a technological investment.
According to the analyst report in [Bro04], a GSM base station has been sold for about
70000e around 2002. It can be purchased for around 10000e or even less money
today. Another source in [GLDS07] considers a WIMAX deployment scenario and
assumes around 110000e for purchase and allocation of a WIMAX base station. Simi-
larly, [Sch08] estimates 90000e for a 4x4 MIMO base station with 20 MHz bandwidth
and additional 30000e for the opening of a new site. It can be concluded from these
data that for any kind of cellular infrastructure network, a new site with latest-edge
technology equipment will roughly cost about 100000e. Let us consider an investing
provider, who wants to establish a new wireless communication network with suf-
ficient coverage in the 5 GHz frequency band. Obviously, the deployment of such a
network is practically infeasible concerning CAPEX from the economic point of view,
if coverage entirely with base stations shall be achieved. As the coverage area is de-
pendent on the square of the transmission range, the deployment costs to achieve
coverage increase disproportionately with decreasing transmission range. As relay
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stations are much cheaper than access points in terms of purchase costs as well as site
development, relay stations help to cut down CAPEX significantly [Pab04]. In con-
trast to access points or base stations, relay stations do not require any wired fiber
connection. A simple electricity supply to allow permanent power consumption is
sufficient. The usage of relay stations thus accelerates the network roll out phase and
makes it also cheaper.
Operational Expenditures (OPEX) include the ongoing costs related to the network’s
daily operation. Typical OPEX comprise the costs for maintenance and service of the
infrastructure, the rent of the wired backbone connection, expenses for power, and
last but not least rental costs for the site itself. According to [Sch08], a 200 MBit/s
fiber line to connect a base station causes monthly leasing costs of 1625e. [WIM04]
assumes yearly OPEX of base station equipment to amount to about 5% of its CAPEX.
It is clearly visible from these numbers that OPEX also play an important role in the
economic business model of an operator. The deployment of relay stations helps to
reduce operational costs, as — again — relay stations need not be wired by fiber to the
operator’s backbone. Imagine a scenario, where the network provider signs an agree-
ment with a city government. The agreement allows the potential deployment of relay
stations into public buildings and on street or traffic lights. An in-return allowance of
the operator guarantees additional funding for the city and therefore makes it attrac-
tive. The two-party contract between a government and a provider will also alleviate
the deployment in a city center in comparison to site-by-site rental deals with different
contractors. The rental costs per site are presumably small for this model compared
to today’s site costs of a base station. Simultaneously, the service staff of the network
provider could comparably quickly allocate a large number of relay stations almost
everywhere. Some access points will placed additionally at locations, where fiber
connections are already available. A first trial with IEEE 802.11 equipment has been
accomplished in the Wireless Silicon Valley project, where 45 wireless transmission
stations have been deployed on street lights and buildings in a test project [Fea07].

Summary To conclude, high CAPEX and OPEX result in high costs per bit for the
network operator. These costs have to be transfered to the subscribers in any reliable
business model. The attractiveness is therefore fairly low for both, the provider and
the customer. Cellular multi-hop networks are a technical concept to overcome these
economic hurdles by reducing CAPEX and OPEX. Costs are therefore kept at a consid-
erably low level. This makes the multi-hop network’s operation a beneficial business
for the provider, especially during the initial grow-up phase of the network.

2.3.4. Seamless Handover in Networks with Small Cell Size

Mobile users in a cellular network typically handover from one cell to another cell.
The frequency of these handovers depends on two issues, namely the cell diameter
and the user velocity. The handover frequency is thereby defined as the expected av-
erage number of handovers between two cells per second. On the one hand, the faster
the user moves around, the higher the resulting handover frequency will be. On the

18



2.3. The Design of Multi-Hop Networks — Some General Observations

other hand, a small cell diameter also results in a high handover frequency. An analyt-
ical analysis in [Emm05a] has established a relationship between cell size and required
overlapping coverage area in between neighboring base stations to perform a seam-
less handover. It is shown that the ratio between required overlapping coverage area
and overall cell area increases with raising handover frequency. An extended study of
[Emm05a] is published as technical report in [Emm05b]. While intuitively high veloc-
ities are related to a large number of handovers, the importance of the cell diameter
is not so obvious on the first view. Especially indoor, office, and urban scenarios turn
out to be related to high handover frequencies, surprisingly by far higher than high-
speed highway scenarios. Although the absolute amount of the required overlapping
area remains constant for a fixed user velocity, its relative fraction of the overall cell
area increases with decreasing cell size. The relative area, which has to be covered by
multiple access points just to enable seamless handover, related to the overall cover-
age area is therefore much larger for a network operating in the 5 GHz domain than
for the typical GSM frequency range.

Example Let us consider a car passenger driving at a low speed of 10 m/s through
a hot-spot cell with a radius of R = 50 m. Assuming a LOS channel and following
the assumptions of [Emm05b], the solution of the corresponding analytical model re-
sults in a required minimum overlapping range of 46% of the transmission radius R.
This means neighboring stations have to be placed in a mutual distance of d = 77 m,
if a seamless handover shall be performed. Figure 2.3(a) illustrates the scenario for
R = 50 m. Two base stations are located in a distance of 87.5 m. Although the trans-
mission ranges are overlapping and thus coverage is achieved in a static scenario, the
emerging density is not sufficient to enable a seamless handover for a user with a ve-
locity of 10 m/s moving from one cell to the other cell. This is simply due to the fact
that 87.5 m > 77 m and therefore the minimum overlapping range is not achieved. An
additional relay station is placed in the middle between both base stations in Figure
2.3(b). In doing so, the overlapping coverage range is increased to more than 100% of
the transmission radius. According to [Emm05b], the required minimum overlapping
is exceeded by far such that a seamless handover between all stations is possible in
this case.

Summary Summing up the consequences of a high carrier frequency, we can record
two major phenomena: A high carrier frequency will result in a small cell size and
therefore an increased number of transmission stations to achieve coverage in a way
that every location within the transmission area has sufficient signal strength. In addi-
tion to that, the small cell size increases the handover frequency in comparison to con-
ventional 2G or 3G networks. The analytical study in [Emm05b] has shown that the
handover area between two cells takes a larger percentage of the overall cell area, if a
seamless handover shall be performed. Consequently, a higher infrastructure density
is required. The use of relay stations can increase the infrastructure density in wire-
less networks and thus increases the overlapping area between neighboring stations.
For this reason, relay stations help to fulfill the coverage requirements for a seamless
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overlapping area

R

(a) Network topology with a mutual over-
lapping range of 25% of the cell radius
achieves coverage, but it is not sufficient
to allow a seamless handover.

overlapping area

R
R/4

(b) The extended network topology with
relay station results in a overlapping cov-
erage range of more than 100% of the
transmission radius such that a seam-
less handover is feasible according to
[Emm05b].

Figure 2.3.: Illustration of the handover problem due to lack of infrastructure density.

handover as presented in [Emm05b].

2.3.5. Capacity of Cellular Multi-Hop Networks

Expansion State of a Wireless Network

The capacity of a cellular network is mainly dependent on two extrinsic parameters:
the number of wireless infrastructure stations per area and the available bandwidth.
An increasing number of access points or base stations will typically enhance the ca-
pacity of a network. This due to the fact that the propagation path loss is the deter-
mining factor for the achievable channel capacity. Provided a fixed amount of signal
power, a higher infrastructure density reduces the average distance between trans-
mitter and receiver. Consequently, the expected path loss is smaller such that the
achievable link is increased. According to Shannon’s law, the capacity C of a channel
is limited by

C :=
B

r
log2(1 + γ(r)). (2.3)

In contrast to Equation (2.2), we assume this time that the bandwidth B = 200 MHz
is divided by the reuse factor r into subbands, which are assigned as transmission
resource to the base stations. Additionally, γ is not only subject to noise, but in a
cellular network primarily related to interference from other base stations.
Bandwidth is generally an extrinsic input factor, which is provided in terms of licenses
by government agencies. The overall amount of available bandwidth is thus an eco-
nomic factor depending on the business model and beyond technical scope. Any
increase of r will raise the signal to interference and noise ratio (SINR) of the trans-
mission signals. However, it will also decrease the available bandwidth per station,
as only a fixed overall bandwidth is available. The operator’s technical challenge is to
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maximize the capacity, implicitly given by the fraction log2(1+γ(r))
r

. Obviously, the opti-
mum choice is determined by a compromise between frequency reuse r and resulting
SINR γ(r).

Example Let us consider a network deployed on a Manhattan grid topology with a
building size of 75 m and a street width of 15 m. The expansion state e of a distinct
network is introduced as the percentage of crossings, which are covered by an access
point. Following this definition, the minimum expansion state emin equals to emin =
0% in the meaningless case, in which there is no access point deployed. In contrast,
the maximum expansion state emax amounts to emax = 100%, if exactly one access
point is located at each cross-way. This implies that access points are only deployed
at street crossings as proposed in [SWPI03]. Exemplary deployment scenarios for
e = 100% and e = 20% are illustrated in Figure 2.4(a) and Figure 2.4(d). Again, signal
propagation is determined by the free space formula according to Equation (2.1) with
the same parameter set as in Section 2.3.2. A corresponding SINR is calculated in
dependence on the interference power of surrounding stations P k

i by

γ =
Pr

Pn +
∑

k P
k
i

≈
Pr

∑

k P
k
i

(2.4)

under the assumption that Pn ≪
∑

k Pi,k. Four interfering stations in LOS and the
eight nearest stations in nLOS are taken into account for the interference calculation.
We want to determine the expected average capacity C̃ of a user link in such a network
in dependence on the expansion state and the reuse factor. For that purpose, the
coverage areaA of a cell is divided intoN grid elements ∆an as exemplarily illustrated
in Figure 2.5(a) for one cell in a network with expansion state e = 0.2. The coverage
area is limited to the road level, users within buildings are not considered. Cross-road
areas, which are covered from stations in both vertical LOS and horizontal LOS, are
always supplied by the station in horizontal LOS by definition. The maximum cell
range dmax is chosen to be half of the distance between neighboring stations in LOS
and depends on the expansion state. The expected link capacity C(∆an) is calculated
according to Equation (2.3) for each grid element ∆an. Subsequently, the averaged
link capacity is divided by the cell area A to obtain an area-specific capacity indicator:

C̃ =
1

A
·

1

N
·

∑

∆an ∈ A

C(∆an). (2.5)

The capacity has been evaluated for a set of reuse factors r ∈ {1; 2; 5} and expansion
states e ∈ {0.05; 0.1; 0.2; 0.5; 1.0}. The applied reuse patterns are shown for e = 1.0 in
Figure 2.4(a) - 2.4(c). Figure 2.7(a) indicates that the overall capacity increases almost
linearly in dependence on the expansion state. This obviously confirms that a higher
infrastructure density has positive effects on the network capacity. Figure 2.7(a) also
suggests that a small reuse factor r = 1 is favorable from the overall capacity perspec-
tive, even if users far away from the base station at the cell border are subject to very
high interference then.
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(a) Network with expansion state e = 1 and reuse
factor r = 1.

(b) Network with expansion state e = 1 and reuse
factor r = 2.

(c) Network with expansion state e = 1 and reuse
factor r = 5.

(d) Coverage area of an access point in a network
with expansion state e = 0.2.

(e) Coverage area of an access point extended by
four relay stations in a network with expansion
state e = 0.2

(f) Coverage area of an access point extended by
four relay stations in a network with expansion
state e = 0.1.

Figure 2.4.: Deployment scenarios with different expansion states and reuse factors.
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(b) The use of relay stations equalizes the natural
link capacity throughout the cell.

Figure 2.5.: Division of a cell into grid elements and illustration of the natural link
capacity within a cell.

Summary It is very important to emphasize at this point that the capacity of a wire-
less network can be increased — in theory — arbitrarily by raising the number of
access points or base stations correspondingly. It makes only sense to compare net-
works with a predefined and fixed access point density for this reason. Whenever
a relay station within the network is replaced by an access point, the capacity will
increase. Therefore, any comparison between networks with unequal access point
density is not meaningful. Additionally, one should keep in mind that small reuse
factors tend to maximize the average capacity of the network.

Reuse Partitioning with Relays

Let us continue the frequency reuse discussion and especially address the role of relay
stations within a network with small reuse factor. We have already seen that a reuse
factor r = 1 is beneficial from the capacity perspective such that it becomes under-
standable that full reuse r = 1 is intended in LTE networks for reasons of spectral
efficiency. Figure 2.6(a) shows an exemplary cellular network with reuse factor r = 1,
the users of which will most likely face severe interference at the cell boundary, at
least for full traffic load. Let us alternatively consider a cellular multi-hop network
as illustrated in Figure 2.6(b). Suppose the available transmission resources to be sep-
arated into four subsets. Each of these subsets is assigned exclusively to the access
point and the three relay stations. Interestingly, the network in Figure 2.6(b) uses the
same average amount of resources per cell area as the network in Figure 2.6(a), but
does avoid the interference problem at the cell boundary. The use of relays within the
cell enables a radio resource management strategy, which is commonly referred to as
reuse partitioning. Given this example, it becomes understandable that the use of re-
lay stations facilitates reuse partitioning strategies, as the relay deployment naturally
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(a) The figure shows a single-hop cellular
network with full frequency reuse in all
cells. Users at the cell borders will be sub-
ject to heavy interference from surround-
ing stations.

(b) The radio resource management di-
vides the overall resources into four parts
and assigns the resource subsets to differ-
ent cell areas. Relay stations help to apply
this strategy, which is commonly referred
to as reuse partitioning.

Figure 2.6.: The figures illustrate a single-hop and a multi-hop cellular network. While
both of them are equal in coverage and apply full frequency reuse in each
cell, only the single-hop network suffers from severe interference at the
cell border.

separates the cell into different areas.

The allocation of relay stations also helps to equalize the offered capacity over the cell
area. The user’s capacity demand is typically distributed over the whole cell area and
therefore independent on the distance to the access point. However, due to propaga-
tion path losses, the natural link capacity of users far away from the access point is
way smaller than the capacity of a user next to the access point as sketched in Figure
2.5(b). We obviously observe a mismatch between demand and offer. This mismatch
can only be partly compensated by corresponding MAC or PHY mechanisms to guar-
antee a minimum data rate support. It turns out that the concept of relaying also leads
to a more equal distribution of the natural link capacity as illustrated in Figure 2.5(b).

Summary We keep in mind that networks are generally intended to be operated at
small reuse factors. This is also the case for the LTE networks such that interference
problems and a general mismatch between demand and offer at the cell border are
a major challenge. The use of relay stations facilitates reuse partitioning strategies,
equalizes the capacity distribution throughout the cell area, and therefore helps to
offer steady service quality to users independently on their position.

24



2.3. The Design of Multi-Hop Networks — Some General Observations

0 0.2 0.4 0.6 0.8 1
0

50

100

150

200

250

expansion state

no
rm

al
iz

ed
 c

el
l c

ap
ac

ity
 [k

B
it/

s/
m

2 ]

reuse r=5
reuse r=2
reuse r=1

(a) The average capacity of a cellular infrastruc-
ture network increases with raising expansion
state e and decreasing reuse factor.

0 0.05 0.1 0.15 0.2 0.25
0

20

40

60

80

100

120

140

expansion state

no
rm

al
iz

ed
 c

el
l c

ap
ac

ity
 [k

B
it/

s/
m

2 ]

capacity boundary 

multi−hop         
(no interference) 

single−hop 

multi−hop          
(high interference)

(b) The average multi-hop capacity is in-
creased in comparison to the single-hop case
for good relay link conditions, but is de-
creased in case of strong interference.

Figure 2.7.: Illustration of the link capacity in a Manhattan grid topology.

Influence of Relay Link on the Network Capacity

We have used the preceding sections to explain, why cellular multi-hop networks are
a technical way to combine infrastructure density and costs in a reasonable fashion.
However, this cost advantage is associated with the disadvantage that additional re-
sources are required for the transmission between the access point and relay station.
This set of links is referred to as relay links in the following. The amount of neces-
sary resources for the relay link determines, whether the relay-enhanced cell provides
higher capacity than a corresponding single-hop cell with equal size. Interference is
thereby a major issue. If relay links suffer from strong interference, the achievable
physical data rate on the relay link is very small. Provided a fixed overall amount of
resources, the amount of remaining resources for user links is decreased to the extend,
to which the resources for the relay links are employed. The interesting question is
now, whether the relay-enhanced cell will indeed dispose of higher capacity. Alterna-
tively, the additional bandwidth requirement could even degrade the overall capacity
compared to the single-hop case. It now depends on the efficiency of the relay link
itself, whether the average overall capacity of the multi-hop cell is increased or even
decreased by the use of relay stations. Let us explain this issue again with an example.

Example We consider a single-hop infrastructure network with reuse factor r = 1 in
a Manhattan topology as reference for that purpose. Starting from this given infras-
tructure network, four relay stations are assigned to each access point. Relay stations
are placed northwards, southwards, eastwards, and westwards of the corresponding
access point on the grid. This infrastructure upgrade is performed exemplary for three
basic network topologies with e = 20%, e = 10%, and e = 5%. Two exemplary deploy-
ments for basic topologies with e = 20% and e = 10% are shown in Figure 2.4(e) and
Figure 2.4(f). We want to compare the average cell capacity for the single-hop and
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the multi-hop case and therefore evaluate the capacity according to Equation (2.5).
The evaluation results in Figure 2.7(b) indicate that the overall capacity of the multi-
hop network even decreases in comparison to the single-hop network. It is thereby
assumed that the multi-hop cell is distributed in five equal areas and the resources
are divided correspondingly. The analysis reveals that heavy mutual interference is a
major problem on the Manhattan topology, as the relay stations at the cross-roads are
subject to strong interference from surrounding stations. In a second step, we imagine
the relay links to be free of any interference and to only suffer from natural path loss
according to the free space propagation. Although this assumption seems to be rather
unrealistic on the first view, a combination of beamforming and smart scheduling can
create constellations, in which this assumption is reasonably justified. The user links
are not concerned by the new assumption and treated unalteredly. By neglecting inter-
ference on the relay links, the capacity is increased significantly and outperforms the
single-hop benchmark in Figure 2.7(b). Replacing all relay stations by access points,
a scenario is created, which defines a capacity boundary for the multi-hop network.
The higher infrastructure density theoretically allows the reduction of the reuse dis-
tance. Nevertheless, the upper boundary has been calculated for an unchanged reuse
distance, as otherwise a fair comparison between the relay-extended cellular network
and the single-hop network is infeasible. The capacity margin between the single-hop
capacity and the upper boundary visualizes the potential of relay-based networks.
The unfavorable capacity result for the high interference case illustrates possible dan-
gers of the relay approach and emphasizes the tremendous need for very efficient
relay link constellations.

Summary Summarizing the above section, the importance of the relay link within
the cellular multi-hop network has been pointed out. The relay link is clearly the
linchpin of the entire cellular multi-hop network. If the relay link conditions are good,
we observe capacity gains throughout the network. Otherwise, the capacity can be
even reduced in comparison to the single-hop case.

2.4. Architecture of a Cellular Multi-Hop Network

2.4.1. Cellular Multi-Hop as an Extension of LTE System
Architecture

The intended cellular multi-hop network architecture is an extension of the current
Long-Term Evolution (LTE) system architecture according to the specification of the
3GPP7 standardization working group [3GP08a]. While initially discussed within
LTE standardization groups, the use of relays has been currently removed from the
agenda. The only active working group dealing with the standardization of relay de-
vices is IEEE 802.16j relay task group. However, it is still foreseen to include relay
devices in future developments of the LTE standard. The road map is about 4-8 years

7Third Generation Partnership Project (3GPP)
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Figure 2.8.: The LTE system architecture with a relay-based multi-hop extension.
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from now on, i.e. 2012-2016. The system architecture of LTE as shown in Figure 2.8 in-
cludes two major components, namely access gateways (AGW) and enhanced nodeB
(ENB) devices. According to [EFK+06], the AGW node summarizes functionalities of
the Gateway General Packet Radio Service (GPRS) Support Node (GGSN), the Serv-
ing GPRS Support Node (SGSN), and the Radio Network Controller (RNC) as known
from the UMTS system architecture. The redesign of the UMTS protocol stack with
an aggregation of these nodes into a single node leads to reduced call setup times and
additionally saves development and purchase costs [EFK+06]. The ENB is in charge of
the connection mobility control and the radio resource management [Bar06]. There-
fore, the handover of a mobile terminal is accomplished by the mutual interaction
between two ENBs (see [BHKV07] and [RTR07]), which cause the AGW to redirect
the current data traffic from the source ENB to the destination ENB. As shown in Fig-
ure 2.9, the AGW sends out header compressed and ciphered user data. This data
is already prioritized according to predefined service classes. While processing the
queued packets, the ENB accounts for the service level. Lossless delivery is achieved
by an outer n-process stop-and-wait Automatic Repeat Request (ARQ) loop and a
Hybrid ARQ (HARQ) with subsequent PHY/ARQ interaction [Bar06].
The relay station in a cellular multi-hop network is intended to form a wireless ex-
tension of the current LTE architecture as sketched in Figure 2.8. The relay station
is supposed to act as an extension to the ENB and to forward the data in a wireless
multi-hop connection to the user terminal. The multi-hop connection requires an en-
hancement of the outer ARQ loop into a two-level scheme with an outer and several
inner ARQ loops as proposed in [WMLC05] or similarly in [Lot05]. The outer ARQ
loop is established between user terminal and ENB, while the inner ARQ loops mon-
itor the transmission hop-by-hop. In doing so, service quality is provided even for
multi-hop connections.

2.4.2. System Assumptions

As it is planned to enhance the LTE architecture in future by relay stations, one impor-
tant constraint of this thesis is the compliance to the LTE standard. Otherwise, there is
no realistic chance to apply the proposed ideas. The cellular multi-hop concept may
suggest some extensions and minor changes to LTE components, but shall not con-
cern the basic system architecture. In compliance with LTE, this work is subject to the
following system assumptions:

TDD-OFDMA The wireless devices are assumed to operate in half-duplex mode.
This means that devices cannot receive and transmit at the same time. Considering
relay stations as an extension of the cellular infrastructure, it is clear that the radio re-
sources of relay stations are primarily scheduled by the access point. The access point
in turn provides subsets of the frequency band to the relay stations. The same set of
transmission resources is thereby intended for reuse in all cells (r = 1). The overall
frequency band is typically divided in a periodic frame structure for that purpose.
The relay station may run its own scheduler within the distinct resource subset as
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Figure 2.10.: The picture shows a possible OFDMA frame structure as used in cellu-
lar multi-hop networks. Relay stations are assigned subframes in the
uplink frame of the access point (UL AP). Relay stations may use these
resources to schedule an independent subframe structure with downlink
phase (DL RS) and uplink phase (UL RS).

sketched in Figure 2.10. This requires the idea of a hierarchical radio resource manage-
ment scheme. An exemplary realization of a hierarchical radio resource management
for OFDMA systems in the single-hop case can be found in [RRE06]. The LTE spec-
ification defines OFDMA for the downlink transmission from the access point to the
mobile terminal and foresees Single Carrier Frequency Division Multiple Access (SC-
FDMA) for the uplink. As the physical layer is not focused in this work, we will rely
on a simplified FD-TDMA realization to model the OFDMA access scheme. OFDMA
systems at 5 GHz have been investigated by Michael Einhaus8 in [ESW07]. His con-
cepts concerning PHY and MAC complement the presented approaches in this thesis.

Single Interface Technology In contrast to some existing work, we assume that all
wireless devices must operate on a single interface. According to some manufactur-
ers, this is a major constraint for the economic saleability of a technology. It is very
important to differentiate the cellular multi-hop approach from existing approaches
based on microwave technology at this point. Some operators use microwave radio
to mutually connect base stations by wireless links. Microwave connections require
very reliable LOS links such that all base stations are mounted on exposed sites. The
exposed site and the very rigid channel requirements characterize the microwave con-
cept, in which the microwave technology is a substitute for a wired fiber connection.
Instead, the relay-based approach considers relay stations to be subordinated to one
distinct access point. Relay stations are placed on the street level. The resulting links
are supposed to be good, but not reliable enough to operate a microwave connection.
The laxer channel requirements and the subsequent higher flexibility in deployment
are major advantages of the relay concept. The single interface is also reflected in
significantly lower manufacturing costs. Therefore, both approaches are not directly
comparable, as the deployment requirements are different. However, please keep in

8Michael Einhaus and the author have collaborated within the Wireless Gigabit With Advanced Mul-
timedia Support (WIGWAM) project funded by the German Federal Ministry of Education and
Research.
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mind that a relay station can never be an adequate replacement of a base station. The
"in-band" relay link transmission will always occupy parts of the overall set of trans-
mission resources. Provided the expose site, the "out-band" microwave approach au-
tomatically outperforms the relay concept from the capacity point of view. From this
perspective, the relay concept is always economically motivated and differs in the
deployment requirements from the microwave approach.

Relay Device Beyond the LTE constraints, there are some assumptions to the re-
lay device itself. We require the relay station to dispose of layer 3 functionality. This
means that any relay device is able to receive, to decode, and finally to digitally pro-
cess an incoming data packet. The processing includes for instance the identification
of header structures and addresses. Devices with this type of capability are typi-
cally referred to as decode-and-forward devices [BL07]. This is a major difference
to amplify-and-forward devices, also known as repeaters. Repeaters can be used to
extend a base station’s coverage range and only accomplish non-intelligent retrans-
mission [RSW06]. This implies a restriction to simple layer 2 functionality. Advanced
multi-antenna transmission technologies are supposed to be available for the commu-
nication among wireless routers. Consequently, relay stations are equipped with more
than a single transmission antenna. The resulting antenna gain is a key factor to guar-
antee the efficiency of the relay link. In contrast, there are no antenna requirements to
mobile terminals such that there is no antenna gain assumed for the communication
toward the mobile terminals. Any interaction within the network has to be initiated
by a wireless router, as mobile terminals are not assigned transmission resources. This
typically corresponds to the rules of cellular networks. We specifically focus the 5 GHz
carrier frequency range. This choice has a major impact on the size of cells. The prin-
ciples of our work are not dependent on the frequency. However, it will be shown
that the cellular multi-hop concept becomes even more valuable and relevant for high
carrier frequencies.

2.5. Methodology

Three major methods have been used in this thesis to investigate cellular multi-hop
networks: graph theory, numerical optimization, and simulation. Let us give a short
overview about these methods, before we start in detail with the analysis.

2.5.1. Graph Theory

A Graph G = {V , E} is defined by a set of nodes Vi ∈ V and a set of edges ~ei ∈ E to
mutually interconnect the nodes. Graph theory is a mathematical method to explain
the properties of such graphs. In doing so, graph theory is a helpful tool to abstractly
describe, to analyze, and finally to solve problems in communication theory. Wireless
devices can be modeled by nodes, while edges describe link relationships between dif-
ferent devices. Thereby, any edge ~ei typically represents a noise-free channel, which
connects a single transmitter node with a corresponding receiver node. All network
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Table 2.1.: Frequently used graph-related notations.
description notation

node i Vi

set of nodes V
cardinality of the set of nodes V |V|

directed edge from V1 to V2 (V1, V2)
path from V1 to V3 via V2 {(V1, V2), (V2, V 3)}

edge i ~ei

set of edges E

set of outgoing edges of node Vi E (out)(Vi)

set of incoming edges of node Vi E (in)(Vi)

set of outgoing edges of the set of nodes V E (out)(V)

set of incoming edges of the set of nodes V E (in)(V)
edge capacity of edge i c(~ei)

allocated resources on edge i g(~ei)

operations are subject to a finite field of transmission symbols, i.e. the signal vec-
tors at both the transmitter and receiver nodes are elements of the same finite field
symbol alphabet. Siddharth Ray refers to such a channel as "finite field adder chan-
nel" [RMA03]. A path within the network is thereby defined as a set of concatenated
edges, where the head of one edge is tail of a subsequent edge.
According to the definitions in [Die97], the graph model of the wireless network is
characterized by several properties. All edges are directed such that each edge has a
tail symbolizing the transmitter and a head representing the receiver. Each directed
edge of the graph has an inverted correspondent edge. This underlies the assumption
that the wireless channel is symmetric. Due to the symmetry, the graph naturally
contains cycles. The wireless network is supposed to be connected at any time, i.e.
a path between any pair of the wireless terminals is always feasible. The resulting
graph is therefore connected.

2.5.2. Numerical Optimization

Since a few years, modern computer technology allows the solution of complex nu-
merical optimization problems. In the following, we will take a closer look on linear
optimization problems as a special class of optimization problems. A linear prob-

lem is defined by a set of constraints A~x = ~b, where A is a (m x n) matrix and ~b a
vector, both with constant coefficients. The vector ~x represents the set of optimiza-
tion variables. In dependence on these variables, we refer to the problem as lin-
ear optimization problem (LP) for a continuous set of variables xi, as integer linear
problem (ILP) for a set of discrete integer variables xi, and finally to a mixed integer
linear problem (MILP) for a set of partly discrete and partly integer variables. An
associated optimization objective is formulated by a linear function Ω = ~c T · ~x with
again constant coefficients ci. The overall problem statement therefore matches the
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following form:

optimize Ω = ~c T · ~x

subject to A~x = ~b.

The set of linear equations spans a convex polyeder. Any linear function is a con-
vex function. Each local optimum represents also a global optimum, whenever the
admissible region is convex, as stated by the Kuhn-Tucker conditions [KT51].

Simplex Algorithm Linear problems are typically solved by the simplex approach.
The simplex approach is based on the idea to determine a start solution and iteratively
improve this solution. We assume that the matrix of the linear problem is character-
ized by rank(A) = m ≤ n. Consequently, there is a (m x m) nonsingular submatrix

AB and a (m x n-m) matrix An such that A~x = ~b can be rewritten as AB~xb +An~xn = ~b.
A corresponding solution to A~x = ~b is therefore given by ~xB = A

−1
B
~b and ~xn = ~0. AB

is referred to as basis and (xb, xn) as basic solution. The idea of the simplex algorithm
consists in the initial determination and a subsequent reformulation of the basis, until
the optimum basis is found. Changes to the basis can be accomplished by a pivot
transformation. Provided that the objective is calculated by ~c T · ~x = ~c T

b · ~xb +~c T
n · ~xn,

it can be shown that the basis is optimum, if ~cbA
−1
b AN ≥ ~cn. For further details please

refer to [WN99] or related literature.

Branch-And-Bound Algorithm The simplex approach is not sufficient to solve large
problems due to the increasing complexity with raising number of variables. In this
case, the simplex approach can be combined with more sophisticated strategies to
split the original problem into feasible subproblems. The Branch-and-Bound algo-
rithm as proposed in [LD60] is one possible approach for these problems. The idea
of the Branch-and-Bound algorithm is to identify solvable subproblems and to con-
centrate on these subproblems first. This proceeding is referred to as branch step and
results in a recursive, tree-like problem structure. The second part is to calculate lower
and upper bounds for distinct vertices of the tree. If the lower bound of some tree ver-
tex surpasses the upper bound for another vertex, then the initial vertex needs not be
considered in the further calculation. It is impossible that this vertex contributes to the
optimum solution in this case and therefore can be omitted. The Branch-and-Bound
algorithm is especially useful for the solution of a MILP. Given the fact that an opti-
mization problem with discrete solution variables is bounded by the same problem
with continuous solution space, the relaxation to a continuous solution is a promis-
ing technique to step-by-step approach the discrete solution. Intelligent strategies are
characterized by the property that large parts of the original solution space are seg-
regated early by the branch and subsequent bound step. If applied successfully, only
a small part of the original space has to be considered. Numerical solver software
packages use this property and apply intelligent selection heuristics in order to even
solve complex problems successfully.
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2.5.3. Simulation

Simulation is a method to verify theoretical expectations with practical results. Simu-
lation can also be used as a proof of principle to illustrate the operation and efficiency
of a proposed algorithm in a network with realistic protocol stack. In this work, two
different simulation methods are used:

• graph-oriented approach: In order to understand the technical challenges and prob-
lems, graph-based models of the wireless network are developed. These models
are implemented with GRAPH [Gru07] and ILOG CPLEX [ILO07]. The graph-
oriented approach primarily serves as indicator of potential performance mar-
gins.

• protocol-oriented approach: In order to illustrate the feasibility of a distinct ap-
proach, a realistic protocol stack is implemented in the event-based network
simulator ns-2 [Fal00]. The proof of principle of the proposed solution approach
is the primary objective of this type of simulation. Apart, the protocol simulation
is suitable to characterize the trade-off between signaling efforts and subsequent
performance gains.

Graph-Oriented Approach Graph theory has been presented in Section 2.5.1 as a
tool to model wireless communication networks. We use the proprietary C++ library
GRAPH to implement the graph representation of the cellular networks. GRAPH al-
lows the object-oriented modeling of multi-layer graph structures and offers a C++
interface to the numerical solver software CPLEX. ILOG CPLEX is able to cope with
a MILP as described in Section 2.5.2. The exact solution strategy is a corporate se-
cret. However, it is known that the numerical solver is based on the principle of the
above described Branch-and-Bound algorithm. Provided the convergence of the op-
timization algorithm, CPLEX guarantees the optimality of the solution for any linear
problem statement. We use the combination of these two software libraries to calcu-
late optimum transport strategies in cellular networks.

Protocol-Oriented Approach The basis for later protocol simulations is the event-
based network simulator, version 2.27, (ns-2.27) as available at [Fal00]. The network
simulator is embedded in a simulation framework. The simulation process as sketched
in Figure 2.11 works as follows: The software tool ScenarioGenerator with graphical
user interface has been developed to create static scenarios and building descriptions
[Sei05]. This input information can be processed by CityProp 2.0 to calculate the con-
nectivity and to add mobility as described in Appendix A.1 to the static initial sce-
nario. CityProp 2.0 is an extended version of the software tool CityProp as proposed
in [GL04b]. The protocol stack of the wireless devices is created by a Tool Command
Language (TCL) configuration script, which links ns-2 specific C++ modules dynami-
cally. The simulation flow is steered by this configuration script. Accordingly, the TCL
script also feeds the topology and mobility information from the scenario files into the
simulator. Finally, an adjusted statistic module keeps record of the simulation process
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and traces concentrated simulation data. A visualization of the simulation process is
feasible a posteriori by the AdHocNam tool [Zöl03]. The evaluation of all simulations
includes a 10 s start-up phase, which is not accounted in the evaluation results. In
the following, plotted confidence intervals illustrate the 95% confidence level. The
confidence intervals underlie the assumption that the sample results are distributed
according to the student distribution.
A detailed description of the simulation tool is provided in Appendix A. At this point,
no more than a rough overview about the different components is given. The simula-
tion environment itself results from four models as sketched in Figure 2.12(b): a chan-
nel model based on the Friis free space propagation formula [Fri46], a traffic model
with a constant bit rate traffic generator, a mobility model according to the random
direction mobility model as proposed in [RMSM01], and finally the Manhattan grid
topology as obstacle model. The node itself is composed in a layered structure ac-
cording to the OSI protocol stack as shown in Figure 2.12(a). Starting from the PHY
layer bottom-up, any transmitted packet is received correctly, when a minimum signal
power and a minimum SINR requirement are surpassed. An optimum link adapta-
tion process without feedback and packet loss is accomplished by adjusting a packet’s
physical transmission data rate to the current received signal strength. The ns-2 MAC
module has been replaced by a generic component referred to as ZERO-MAC, which
models an optimum and collision-free, but capacity-restricted medium access. The
working principle of ZERO-MAC is very similar to a conventional Time Division Mul-
tiple Access (TDMA) MAC. A radio resource management unit to distribute transmis-
sion resources among all wireless devices is included, similarly as the Address Res-
olution Protocol (ARP), which is responsible for the mapping between layer 2 MAC
and layer 3 IP addresses. The network layer establishes Internet Protocol (IP) connec-
tivity and therefore disposes of the IPv4 protocol stack, the mobility extension Mobile
IPv4, and a supplementary routing and clustering unit. This unit is focused within
the following chapters, as it takes control about the logical connectivity within the
network. Finally, a User Datagram Protocol (UDP) client is located on top of the IP
layer and fed with input data by the traffic generator as virtual application.
The overall simulation model is not sufficient to get a detailed understanding of phys-
ical layer issues, especially concerning inter-channel and intra-channel interference,
correlation, and fading effects. This means that it is not possible to indicate symbol-
based delays and chunk-based scheduling schemes. The given model is detailed
enough to understand the characteristics of routing and handover issues, to deter-
mine signaling overhead, and to estimate the required average resource consump-
tion. It represents a reasonable trade-off between accuracy and complexity. Such a
compromise is typically necessary to make system level simulations feasible.
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Figure 2.11.: The overall simulation flow around the network simulator ns-2.
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3. Dynamic Cell Clustering in Cellular
Multi-Hop Networks

3.1. Introduction

Imagine a wireless infrastructure network to be given by a set of access points and
relay stations. In order to operate such a network as a cellular network, a method to
cluster access points and relay stations into multi-hop cells is required. This chapter
describes possible algorithms, whose basic idea is the dynamic accomplishment of
this clustering process in dependence on the current load situation. In doing so, the
clustering process fulfills two tasks: The clustering process assigns a relay station to
a corresponding access point. This process is also referred to as gateway discovery
in the literature. Additionally, the clustering process enables the balancing of traffic
load among different access points and is therefore a way to extend the capacity of the
multi-hop network.
The methodology is as follows: At first, related approaches from literature and state-
of-the-art techniques to solve this combined load balancing and gateway discovery
problem are presented. After that, a system model is created to describe the prob-
lem mathematically. The subsequent section compares a centralized and a distributed
solution to the problem. The later analysis also involves topology-related issues and
examines potential performance gains. Finally, a practical realization in a protocol
stack is presented and evaluated by simulation.

3.2. Motivation

Relay stations within a cellular multi-hop network are dependent on distinct access
points, as only access points dispose of wired connections to the backbone network.
The assignment of relay stations to access points can be accomplished in a manual
one-time gateway assignment at the beginning of the network operation. This ap-
proach is easy, but inflexible. Therefore, literature proposes dynamic gateway discov-
ery mechanisms for wireless access networks with access points and wireless ad hoc
devices. The challenge of gateway discovery consists in the exploration of mutual link
conditions and the subsequent establishment of a routing path from a relay station to
a distinct access point. The aggregation of wireless nodes around a privileged node is
also referred to as clustering process. Clustering typically results in the formation of a
local subnetwork. If relay stations are assigned to access points in a cellular network,
the created logical unit is a multi-hop cell.
Cellular networks are also characterized by the fact that different cells are often sub-
ject to unequal traffic loads. This is related to the natural issue that mobile users are
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not uniformly distributed on the coverage area in practice and have a time-dependent
traffic demand. Congestion situations may appear at locations of major public inter-
est, for instance sport events or festivals, but also conferences or airports. Typically,
a set of transmission resources is assigned to each cell. Due to the unbalanced traf-
fic load, resources may not be sufficient to support the traffic load in one cell, while
neighboring cells may still have left over remaining resources. A mechanism, which
balances the user load per cell in a way that all cells have about equal load, will ex-
tend the network’s capacity. Generally, load balancing is known as a technique to
distribute load among different components in a system such that all parts achieve
the same load level. In the following, load balancing is defined as a operation strat-
egy to distribute a given network-wide traffic load on different multi-hop cells about
equally.
We propose Dynamic Cell Clustering (DCC) as a joint solution to the gateway assign-
ment and load balancing task. The idea is to accomplish a dynamic assignment of
relay stations to access points. The assignment depends on the load situation and can
be changed during the network’s operation. As access point and relay stations form
a common multi-hop cell together, this assignment procedure represents a cell clus-
tering mechanism. The coverage range of a cell will change after each reassignment.
Any change in the coverage range of a cell generally also applies to the user load of
this cell. If the assignment is performed in an intelligent way, the average load per
cell can be equalized by this mechanism. As previously mentioned, this equalization
process is also known as load balancing. Dynamic Cell Clustering is therefore a tech-
nical approach, which offers a combined solution to the gateway assignment and load
balancing task in a cellular multi-hop network.
Let us consider a network with three cells A, B, and C as shown in Figure 3.1(a).
As illustrated, there is a relay station attached to the access point of cell A, while
the infrastructure in cell B and cell C consists of no more than access points. It is
also visible that there are three mobile terminals within the coverage range of cell
A. However, there is only a single terminal in cell B and no terminal at all in cell
C. This means that cell A has a by far higher traffic load than cell C as sketched in
Figure 3.1(c). It is obvious that a reassignment of the relay station from cell A to cell
C will reduce the coverage range of cell A and extend the coverage range of cell C.
Consequently, the maximum traffic load per cell will be decreased and the traffic load
per cell be equalized according to Figure 3.1(d). The final cellular structure after the
reassignment is depicted in Figure 3.1(b). The change in the coverage range is also
observable in this figure.
Dynamic Cell Clustering is not a substitute for some radio resource management en-
tity, but a complementary tool in addition to conventional radio resource manage-
ment schemes. Dynamic Cell Clustering is a process, which we could imagine to be
performed on an hourly basis, possibly also within minutes, but probably not on a
second scale or even beyond that. In doing so, Dynamic Cell Clustering can be con-
sidered as one component of a radio resource management tool kit, which acts on a
slower time scale than the conventional scheduler of the radio resource management
unit. Alternatively, Dynamic Cell Clustering can be interpreted as a handover proce-
dure of a relay station from one cell to another. Whenever a relay station is reassigned
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Figure 3.1.: Example network configuration before and after the reclustering process:
load is transfered from cell A to cell C.

from one cell to another cell, it is assumed that the relay station has to keep its at-
tached mobile terminals. Therefore, the proposal can be considered as a handover
approach in a hierarchically organized network. The handover is motivated by load
imbalances and takes place on an intermediate level of the network hierarchy, i.e. the
relay station level. The proposed Dynamic Cell Clustering mechanism is beneficial in
multiple regard. We will present these advantages in the subsequent sections.

Extension of Network Capacity It is known that access points run into danger to
become possible bottlenecks during the network’s operation. Bottlenecks may be cre-
ated in the fixed part of the network as well as on the air interface. While in former
times mainly the air interface has been considered as capacity limitation, this might
change in future high data rate mobile communication networks. Assuming wireless
transmission capacities in the gigabyte domain, the fixed line connection — today
mostly a rented DSL line — may indeed become a bottleneck for the network’s oper-
ation. This is not due to technical reasons, but due to economic issues, as the rental
fee is rate-dependent and costly. It is consequently very expensive in terms of opera-
tional costs to dimension network connections according to some possible peak load.
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Balancing the traffic among different cells is therefore an economically reasonable and
necessary issue to extend the capacity of future mobile networks. The overall capacity
of the network is raised in two cases, namely

• for a wireless bottleneck — if the wireless transmission resources of one cell are
not sufficient to support all the traffic within a cell. Relay stations allocate and
receive resource subsets from their corresponding access points. By assigning a
relay station to another access point, the resource demand at the original access
point is decreased.

• for a wired bottleneck — if the fixed line connection of a single access point is
not sufficient to carry the local peak traffic. Equalizing the traffic load among
different cells automatically balances the traffic among different backbone con-
nections.

For this reason, Dynamic Cell Clustering can help to extend the capacity of a cellular
multi-hop network. This is especially the case for unforeseen and temporary local
peak loads due to some external event. The traffic will be balanced by distributing the
traffic to surrounding cells then.

Deployment and Administration It has been already mentioned that CAPEX and
OPEX per wireless infrastructure router are key parameters for the economically suc-
cessful operation of a network. Dynamic Cell Clustering can reduce OPEX signifi-
cantly. This is especially important for a large number of infrastructure stations. As-
suming for instance an inner-city coverage area with a radius of 2 km and a trans-
mission range of a station of about 100 m, at least 400 stations are required to achieve
coverage. Technically, one GSM base station is sufficient to cover the 2 km radius,
although — for capacity reasons — the number of base stations is often higher. The
problem is that such a cellular multi-hop network cannot be planned and maintained
the same way as, e.g., a current UMTS or GSM network, where the number of stations
is by far less. Relay stations and access points shall be mounted and maintained by
service personnel without deeper technical expertise. It is very obvious that a sophisti-
cated cell planning process, as it is currently accomplished for GSM sites, is probably
unrealistic in case of a 5 GHz network with a tremendous number of access points
and relay stations. As already proposed, we assume a potential contract between a
cell phone network provider and the local public services company or city govern-
ment. In doing so, the city agrees that the network provider is allowed to place relay
stations for instance on traffic lights or street lighting. This in turn guarantees a con-
venient and permanent access to electricity for the transmission devices and a large
amount of potential sites with a single two-party contract. Accordingly, the service
staff of the network provider is able to allocate comparably quickly a large number
of relay stations practically anywhere. Additionally, some access points are deployed
at places, where fiber connections are easily available. Nevertheless, the deployment
process of relay stations shall be reduced to a simple installation and plug-in proce-
dure of electricity. This means that it is desirable to just have a self-configuring cell
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topology with autonomously acting relay stations. After being switched on, a relay
station is supposed to start an auto-configuration mode in order to get an assignment
to an existing cell of the network. This mechanism could be part of the Dynamic Cell
Clustering scheme. Therefore, Dynamic Cell Clustering does not only facilitate the de-
ployment of new networks, but also makes the administration and extension of these
networks easier.

Maintenance and Service It is already common practice in the operation of today’s
networks to switch off GSM and UMTS base stations from time to time for mainte-
nance purpose. Typically, the surrounding base stations are reconfigured to take over
the coverage range of the maintained station then. Given the large amount of sta-
tions, it is not clear, what to do with the attached relay stations in the maintenance
case of an access point in a cellular multi-hop network. The easiest — but probably
not the best — option is to simply switch off all of them. A more advanced, but also
more complex and laborious proceeding is realized by the manual reconfiguration of
surrounding stations in case of maintenance. The same solution applies in case of
a failure of one component and the corresponding reassignment of stations into the
regular network service, after the failure is fixed again. Due to the large amount of
stations, the risk of a failure of one device is by far higher than in today’s networks.
Dynamic Cell Clustering is a possible solution to the question, how to react on and to
ease these maintenance and failure scenarios. The clustering mechanism could help
to alleviate manual reconfiguration processes, as additional intelligence is added to
the network in order to enable automatic reconfiguration. To put the motivation in
short, Dynamic Cell Clustering shall be developed to enable the construction of cost-
efficient, resource-efficient, and flexible networks.

Open Issues of Dynamic Cell Clustering

It is not apparent, whether and how much Dynamic Cell Clustering will improve the
capacity of a specific cellular multi-hop network topology. There is a set of issues to
be investigated and answered for that purpose:

• How does the network topology influence Dynamic Cell Clustering? The inherent
ability of a network to balance its load depends on topology aspects like the
access point density and the mesh degree. We want to examine the relationship
between infrastructure topology and the options of the clustering algorithm to
accomplish load balancing. The results give advice for the greenfield planning
of such networks.

• How to determine and resolve an overload situation efficiently? A suitable measure to
characterize a load situation is necessary for that purpose. Additionally, appro-
priate criteria, how to start and execute the reconfiguration process have to be
defined.

• What will happen in case of dynamics in the network’s traffic load behavior? Network
dynamic is an important factor. Given the fact that the load changes very quickly
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within the network, the load distribution is a time-dependent quantity. For that
purpose, the success of the balancing approach depends heavily on its ability to
also deal with dynamic load changes.

• How can these tasks be accomplished in terms of a protocol stack? Getting a theoretical
solution to an idealized model of a process is one issue. However, it is a different
challenge to provide evidence that the proposed solution can be realized in a
real environment. The acquisition of characteristic parameters, the embedding
of corresponding components into the standard protocol stack, as well as the
reasonable exchange of protocol messages is thereby the central issue.

We want address these questions in the following and start with a review of related
approaches at first.

3.3. Related Work

Dynamic Cell Clustering is a new approach, which combines strategies from cellular
networks with strategies from multi-hop networks. A literature survey has identified
these two areas as key components of Dynamic Cell Clustering:

• load balancing as a strategy to increase capacity in cellular networks and

• clustering as a strategy to increase the efficiency of data transport in multi-hop
networks.

Dynamic Cell Clustering is a joint strategy, which introduces the variable assignment
of relay stations to access points in order to equalize inhomogeneous load distribu-
tions throughout cellular networks. Figure 3.2 shows that it is a concept, which com-
bines various elements of existing approaches.

3.3.1. Load Balancing in Cellular Networks

Load Balancing by Adjusting Coverage

Beamforming The first option to balance user load is to artificially either extend
or decrease the cell coverage range and thus to increase or to reduce the number of
subscribers within the transmission range. Several methods to artificially adjust the
cell size and coverage area are known from today’s cellular networks. An adapta-
tion of the cell coverage area can be achieved by mechanically turning antenna an-
gles [Bun99] and electronically by changing or focusing the antenna beam [Har02].
[SVY06] proposes an automated scheme to optimize the coverage of the cell for 3G net-
works. Assuming site locations like traffic lights and low-cost transmission devices,
beamforming and antenna tilting are most likely not applicable for router-to-terminal
connections in cellular multi-hop networks. Nevertheless, electronic beamforming
could be a reasonable approach to optimize the connectivity of the relay-based infras-
tructure network itself, for instance according to [SVY06], and thus become a valuable
supplement of Dynamic Cell Clustering.
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Figure 3.2.: Visualization of the Dynamic Cell Clustering strategy as a combination of
load balancing and clustering in a cellular multi-hop network.

Repeaters Repeaters can be used to extend a base station’s coverage range by am-
plifying incoming signals [RSW06]. Repeaters are also able to increase the capacity of
CDMA networks in hot-spot areas ([RE04] or [CYCWB01]). A very interesting pro-
posal in [LNBL05] suggests an "automatic on−off switching" of repeaters in depen-
dence on the traffic load situation. Although this approach does not intend any load
balancing between different stations, this proposal emphasizes another aspect, which
is also important in Dynamic Cell Clustering: According to [LNBL05], the cell area
and capacity of a single, relay-extended multi-hop cell can be adjusted dynamically
to the load by turning repeaters automatically on and off.

Load Balancing by Dynamic Resource Allocation

Dynamic resource allocation is the trial to adjust resources at any base station to
the network’s need and thus to equalize load differences at different base stations.
[KN96] provides an overview about different channel allocation schemes. It is gen-
erally distinguished between Fixed Channel Allocation (FCA) and Dynamic Channel
Allocation (DCA). Typically, FCA works well for networks with low traffic situation.
On the contrary, DCA performs efficiently for systems with moderate up to high load,
as the inflexible assignment of channels for FCA raises the blocking probability. The
future LTE architecture intends a full frequency reuse in each cell such that classical
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FCA and DCA mechanisms are not applicable anymore. However, the LTE standard
proposes mutual communication between adjacent base stations over the so-called x2
interface. This interface can be used to coordinate reuse partitioning strategies among
neighboring stations to prevent interference problems at the cell border and is there-
fore also suitable for the signaling of Dynamic Cell Clustering. Instead of shifting
resources between different cells, the Dynamic Cell Clustering approach is adjusting
the cell borders and consequently balancing the traffic between cells. The amount of
available resources per cell stays constant as foreseen by the LTE standard.

Dynamic User Load Balancing

Balancing by Ad Hoc Relaying [WQDT01] introduces a proposal, where mobile
terminals based on IEEE 802.11 technology are used as ad hoc relays to increase cov-
erage and capacity of a cellular network. This proposal is extended in [YTM+02] and
[YT04] in order to balance load between base stations of difference cells. Similarly,
[SLKS03] presents a load balancing approach for heterogeneous networks with inter-
working between different networks. The idea to transfer load by relaying from one
cell to another is also part of the Dynamic Cell Clustering mechanism. Fundamental
differences between [WQDT01] and Dynamic Cell Clustering are found in two as-
pects: By using fixed instead of ad hoc relays, the Dynamic Cell Clustering proposal
considers the load transfer as an integral, permanent, and reliable service component
of the ongoing network activity. Furthermore, access point and relay station oper-
ate with a single interface technology such that our proposal can be classified as load
transfer in a homogeneous network environment, while the scenario of [YT04] defines
a heterogeneous network environment.

Balancing by Load Migration [LHWS96] investigates load balancing strategies in
computing clusters, in which neighboring processors are mutually interconnected like
nodes in a network. [LHWS96] compares the results of locally operating heuristics
with the results of a central scheduler. The central scheduler is given by a queuing
system with a predefined number of service units. A central scheduler may thus
achieve some global load balancing goal as shown for instance in [NH85]. [LHWS96]
additionally presents a heuristic, in which a preassigned load distribution, the physi-
cal connectivity between neighboring processors, and the local load transfer between
neighbors are key elements. The problem formulation of [LHWS96] is therefore very
similar to the balancing task in a cellular multi-hop network. Interestingly, it is shown
that simple, local load balancing strategies, according to which tasks are just shifted to
a neighboring processor in case of overload, can indeed perform good global balanc-
ing results. An important observation is the dependence of the overall performance
on the connectivity of the processor network and on the variance of the load distribu-
tion.
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3.3.2. Clustering in Wireless Multi-Hop Networks

Ad Hoc Networks The main purpose of clustering in ad hoc networks is to reduce
signaling overhead by determining a speaker or so-called clusterhead of groups of
geographically concatenated nodes. One of the early contributions is the simple Dis-
tributed Mobility-Adaptive Clustering (DMAC) for ad hoc networks, which relies on
two messages types JOIN to join a cluster and CLUSTERHEAD to announce a clus-
terhead [Bas99]. The statistic properties of DMAC have been examined in [BF03] and
[Bet04a]. The efficiency of a clustering algorithm is characterized by cluster stability
or life time and membership time of a node within a cluster. The performance of clus-
tering algorithms is limited by the node density within the network. The interesting
issue is the simplicity and efficiency of this approach. We can keep this in mind for
the development of a corresponding protocol for cellular multi-hop networks. How-
ever, different from ad hoc networks, the cellular topology does not foresee equality
among the nodes, as access points and relay stations are local clusterheads by def-
inition. A numerical optimization of the cluster number and connectivity given a
predefined metric and using beamforming has been proposed in [HKV08]. Again,
such beamforming approaches could also optimize the connectivity of the wireless
infrastructure network instead of optimizing the number of clusters.

Mesh Networks Gateway discovery in mesh networks is a problem very similar
to the relay attachment to access points in cellular multi-hop networks. Terminol-
ogy distinguishes between so-called mesh points (= fixed relay stations, which do not
provide access to mobile terminals), mesh access points (= fixed relay stations with
access point functionality), and mesh portal points (= access points with wired back-
bone connection). IEEE 802.11s [IEE06a] [HMZ+07] proposes a Hybrid Wireless Mesh
Protocol (HWMP), which consists of two parts, namely a proactive component, as ex-
plicitly chosen mesh portal points advertise periodically their location to proactively
build up routing trees [Bah06], and a reactive component, which is a reactive routing
protocol. It is very similar to AODV [Bah07] and derived from the Cisco1 proprietary
Adaptive Wireless Path Protocol [Hör07]. The interesting aspect about this approach
is the tree-like structure, which is built from the mesh portals to other nodes and the
consideration of the physical data rate as routing metric in the Adaptive Wireless Path
Protocol.

3.3.3. Summary

We have shown that Dynamic Cell Clustering is an operational strategy for cellu-
lar multi-hop networks, which incorporates ideas as the variable adjustment of cell
ranges and the adaptation of user loads from existing proposals. Furthermore, we
have explained, why the shifting of transmission resources between cells is difficult
in future network architectures, and illustrated that Dynamic Cell Clustering will also

1Cisco Systems, Inc.
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help to deal with this issue. Additionally, we have seen that the idea to cluster net-
works dynamically and to build up tree structures around access points is related to
approaches from ad hoc and mesh networks. In the following, we want to examine
expected performance gains of Dynamic Cell Clustering in dependence on the net-
work topology and therefore start with the definition of an adequate graph-theoretical
model to describe cellular multi-hop networks.

3.4. A Conceptional Study of Feasibility and Impacts
of Dynamic Cell Clustering

3.4.1. System Model

Network Topology

Graph Let us develop a model to illustrate the impacts of the network topology
on potential clustering strategies for cellular multi-hop networks. For that purpose,
assume a graph G = (V , E , c) of a network topology with nodes V ∈ V , bidirectional
links symbolized by a set of two oncoming directed edges ~e ∈ E2, and corresponding
edge capacities c(~e). The overall set of graph nodes V is composed by a set of access
points VA ⊆ V and relay stations VR ⊆ V such that VA ∪ VR = V . A multi-hop cell
Cn = (Vn, En) is defined as a subgraph Cn ⊆ G. We assume that the maximum number
of cells N within the network equals to the number of access points

N := |VA|, (3.1)

as each access point defines its own cell. The set of nodes Vn belonging to the same
cell Cn is a joint set of a single access point VA ∈ VA and several attached relay sta-
tions VR ∈ VR. The set of cell edges En defines an inverse tree structure from all at-
tached relay stations to the access point as common root node. The clustering pro-
cess of the overall network into a set of cells {C1, . . . , CN} is defined by the subgraph
S = (V , Es, g):

S =
N
⋃

n=1

Cn ⊆ G (3.2)

and

Es =
N
⋃

n=1

En ⊆ E . (3.3)

A resource allocation g(~e) can be accomplished for each edge ~e ∈ E to enable the
transport of data. Naturally, the feasible resource allocation is bounded by the capac-

2The use of directed edges alleviates the mathematical examination. In contrast, we decided to rely on
undirected edges in the graphical illustration of this chapter to avoid confusion due to an enormous
number of edges in the figures.
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Figure 3.3.: Randomly meshed network topology with 16 nodes, mesh degree γ = 3,
and ρ = 3

16
.

ity constraints of the overall network graph G,
∀~e ∈ E :

0 ≤ g(~e) ≤ c(~e). (3.4)

We presume that any edge ~e ∈ Es is equipped with resources g(~e) > 0, as an edge
with g(~e) = 0 can not contribute to the solution of the clustering problem. Thus,
Es ⊆ E : g(e) > 0 ∀~e ∈ Es. While the initial graph G is connected, the subgraph S
consists of N partitions.

Mesh Degree Access points and relay stations are placed randomly on a plain Man-
hattan grid structure such that each node has eight neighbors, i.e. two horizontal,
two vertical, and four diagonal neighboring nodes as illustrated in Figure 3.3. The
node positions are defined by a set of coordinates (X,Y ) with X ∈ {1, . . . , Xmax} and
Y ∈ {1, . . . , Ymax}. The mesh degree γ of a network is defined by the following ex-
pression

γ :=
|E|

|V|
(3.5)

as the quotient of the number of edges and the number of all nodes. For that purpose,
bidirectional links described by a pair of edges are added at a random position in the
network graph, until the network reaches the predefined mesh degree. The maximum
mesh degree is constrained by the number of neighbors to γmax = 8.

Access Point Density The network topology is created randomly with the prob-
ability of a node to become access point being uniformly distributed. The network
graph is therefore given by a two-dimensional simulation grid structure with random
mesh links and random access point positions. There is also a lower bound for the
minimum mesh degree. This bound results from the requirement that all relay sta-
tions have to be connected to at least one access point. This lower bound is given
by
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γmin =
|Emin|

|V|
=

2 · |VR|

|VA| + |VR|
= 2 · (1 − ρ), (3.6)

as the minimum number of edges is two per relay station. Consequently, ρ defines the
access point density according to

ρ :=
|VA|

|VA| + |VR|
, (3.7)

as the ratio of access points to all stations.
Imagine a large network with many relay stations and only a single access point. The
access point density ρ → 0, while the minimum mesh degree γmin → 2 in this case.
This is explained by the fact that relay stations need at least one link, i.e. one outgoing
and one incoming edge, to connect to another station and thus to have an opportunity
to get access to an access point. For ρ = 1, there is no relay station at all. As access
points build up their own cells, this means that no additional wireless link is required
such that the minimum mesh degree γmin = 0 then.

Torus-shaped Simulation Grid Considering the described plain field scenario, there
is one major drawback, as access points and relay stations at the border of the simula-
tion grid area face less neighbors than nodes in the middle of the simulation field. This
phenomenon that simulation conditions are location-dependent is also known as bor-
der effect. To avoid any border effects, the two-dimensional network is extended to a
boundless three-dimensional network structure by folding the plain simulation grid
into a torus-like structure. This is achieved by a transformation of the plain field co-
ordinates (X,Y ) into a three-dimensional Cartesian system of coordinates (X ′, Y ′, Z ′).
For that purpose, the angles θ and ψ are defined as θ := X

Xmax
· 2π and ψ := Y

Ymax
· 2π

based on the original plain field coordinates. Afterwards, the following transforma-
tion is applied:





X ′

Y ′

Z ′



 =









(

K1 + K2 · cos(θ)
)

· cos(ψ)
(

K1 + K2 · cos(θ)
)

· sin(ψ)

K2 · sin(θ)









, (3.8)

whereby K1 and K2 are constant factors to define the overall radius of the torus itself
and the radius of the torus tube, respectively. An example topology, which will be
used as default configuration, is shown in Figure 3.4.

Traffic Model

Wireless infrastructure networks are deployed to provide service for mobile users,
which connect to the network in an unpredictable manner. The resulting traffic load
at the wireless router is therefore variable and represents the aggregated traffic of
connected users. As we consider only the infrastructure network at this point, we
refer to the envelope of user traffic at a distinct station when talking about traffic in
the following.
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Figure 3.4.: Torus-shaped example network topology with 360 nodes (Xmax = 10,
Ymax = 36), mesh degree γ = 4, and access point density ρ = 0.2.

Initial Traffic For that purpose, all access points and relay stations are assigned traf-
fic load values τ(V ) to represent the aggregated random user traffic. Let τ(V ) be a
uniformly distributed random variable with τ(V ) ∈ [0; τmax]. Subsequently, all traffic
values of access point and relay stations within a certain multi-hop cell Cn sum up to
the cell load parameter λn:
∀Cn = (Vn, En) ∈ G:

λn :=
∑

V ∈ Vn

τ(V ). (3.9)

Time-discrete Suite of Traffic Values Realistic communication networks are char-
acterized by the property that the traffic configuration is not static, but dynamic. Traf-
fic changes are caused by the mobility of users and time-dependent service requests
with limited duration. To map these dynamics, the traffic model is extended to a
time-discrete function τ(V, t), which provides traffic values in fixed time intervals ∆t
for a corresponding station V . τ(V, t) is calculated by a recursive relationship from
the initial random values. Let us therefore introduce another uniformly distributed
random variable η(t) ∈ [−ηmax; ηmax] with 0 ≤ ηmax ≤ 1. η(t) defines the percentage of
maximum traffic tmax, according to which the traffic load may change after an interval
∆t. Assuming a static network configuration, ηmax is chosen to be ηmax = 0 such that
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τ(V, t+ ∆t)=τ(t) + η(t) · τmax=τ(V, t) in the static case. Whenever the new traffic value
τ(V, t + ∆t) surpasses the maximum value τmax or underpasses 0, the result will be
bounded as well by these extreme values:

τ(V, t+ ∆t) :=







0 for τ(V, t) + η(t) · τmax ≤ 0
τmax for τ(V, t) + η(t) · τmax ≥ τmax

τ(V, t) + η(t) · τmax else.
(3.10)

This model corresponds to the idea that there are periodic measurement reports in a
real network, which update the network load status. The sequence of this measure-
ment reports is usually not a memoryless value chain, but a correlated sequence of
measurement values. This is due to the fact that the traffic does not originate from
a single user, but represents an aggregated traffic sum of several user loads. This
sum is typically less dynamic than a corresponding single user’s load. The change of
network load within a small time scale is therefore unlikely to be uncorrelated. The
degree of correlation is expressed by the choice of ηmax. For values close to zero, the
chain of traffic values is highly correlated, while the mutual correlation decreases for
larger values.

Frequency of Load Change Following the idea that the inertness of the network
is driven by these periodic measurement reports, the duration of ∆t depends on net-
work characteristics. In case of load changing only slowly, ∆t will be a large value. In
case of load changing very fast, ∆t will be considerably small. Let us take a look at
Figure 3.5, which shows the load configurations of two exemplary cells A and B within
a network with multiple cells. We can observe the periodic change of load λA(t) and
λB(t), which results from corresponding measurements reports after ∆t time units.
We assume the current load profile to be evaluated by some balance indicator, which
acts as a network-wide indicator for load inequalities at different cells. A high in-
dicator value expresses equality among all loads, while a small value characterizes
a network with high imbalances. The load changes are periodic in time, but unpre-
dictable in amplitude. As a consequence of resulting imbalances, the balance indicator
takes a hit every ∆t time units. Suppose that there is an algorithm, which performs
subsequent reassignments of relay stations from one cell to another cell in order to
increase the balance indicator. For instance after t = (2k+1) ·∆tswitch time units, some
change in the load profile of cell A and B is observed. The increase of load at cell A
equals to the decrease of load in cell B. This means that a reconfiguration of cell A
and B has been accomplished. The reconfiguration yields an increase of the balance
indicator.
Imagine the overall time interval to determine a local overload situation, to start the
reclustering process, and finally to reroute a relay station to another cell to be constant
and independent on the network dynamics. Let us assume this time interval to be
given by ∆tswitch as shown as well in Figure 3.5. If we suppose that reconfigurations
have to be executed sequentially, one after another, the inequation

∆t ≥ k · ∆tswitch (3.11)
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periodic change of load

maximum number of reconfiguration
trials k between subsequent load changes

yields increased balance indicator

Figure 3.5.: Sketch of the influencing parameters for load balancing and reconfigura-
tion in a network with dynamic traffic load.

determines the number of possible reconfigurations steps between two load changes.
Given a constant time interval ∆tswitch, ∆t can be characterized by the amount of relay
stations k ∈ N, which may accomplish subsequent reclustering trials, until the load
changes again. It is therefore possible to define a frequency of load change

fload :=
1

k
(3.12)

as the reciprocal value of the maximum number of feasible reconfigurations steps k
in the interval ∆t. This means that the frequency fload → 0, if k → ∞. This case
corresponds to a static configuration with the possibility of an infinite number of
reclustering steps to achieve the optimum clustering state. By definition, the worst
case is given by fload = 1, i.e. only a single station receives the opportunity to per-
form a reclustering trial, before the network load status changes again. It does not
make sense to allow higher frequencies fload ≥ 1, as it is obvious that reclustering
is not reasonable, if the load distribution changes much faster than the network can
react. Please keep in mind that the absolute values of ∆t and ∆tswitch do not matter.
The essential relationship between the network’s dynamic and its intrinsic ability for
self-reconfiguration is expressed by k.

Performance Evaluation Criterion

We have already addressed the need of a balance indicator, which makes a measurable
statement, whether a network is well-balanced or not. Load balancing is a well-known
problem for decades such that a large number of performance metrics exist. We have
chosen a corresponding definition of a balance index β as introduced in [JCH84]:
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β :=

(

N
∑

n=1

λn

)2

N ·
N
∑

n=1

λ2
n

. (3.13)

This balance index β has already been applied successfully to wireless access net-
works in [HHKV01] and [Sei05]. Please recall that λn is defined as the load of a cell
n. Referring to [JCH84], β is independent on the size, scale, and the metric of λ. To
illustrate these properties, let us consider a totally imbalanced load situation. Without
loss of generality, assume a tremendous overload lim

λ1→∞
in cell C1, while all other cells

C2, . . . , CN are free of any load: λ2, . . . , λN = 0. This leads to

lim
λ1→∞

β =

(

N
∑

n=1

λn

)2

N ·
N
∑

n=1

λ2
n

=
λ2

1

N · λ2
1

=
1

N
. (3.14)

The equation above reveals a lower bound for overload situations in dependence on
the number of cells N . Additionally, it illustrates that β approaches asymptotically
zero for an infinite number of cells. Given the other case of a fully balanced network
with λn = λmean for all n ∈ {1, ..., N} we obtain

β

∣

∣

∣

∣

∣

λn=λmean

=

(

N
∑

n=1

λn

)2

N ·

N
∑

n=1

λ2
n

=
(N · λmean)2

N ·N · λ2
mean

= 1. (3.15)

Thus, total balance implies β = 1, while high imbalance is expressed by β close to
1/N . It is possible that two different network configurations achieve the same balance
index. In this case, the configuration, which requires less wireless hops to supply all
relay stations, is preferable. Therefore, the required hop count of the configuration is
used as a secondary decision criterion.

3.4.2. Numerical Optimization based on Global Knowledge

Problem Formulation We want to determine an optimum solution to the clustering
process. Thereby, it is our intention to equalize the traffic load among all the cells.
For that purpose, the load deviation of a cell ∆λn is defined as absolute value of the

difference of a load λn of cell n and the average cell load λ̃
∀n ∈ {1, . . . , N} :

∆λn := |λn − λ̃|, (3.16)
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whereby the average cell load λ̃ is determined by

λ̃ :=
1

N

N
∑

n=1

λn. (3.17)

To describe the absolute value |(·)| by linear equations, it is enough to characterize
∆λn by its lower bound given by
∀n ∈ {1, . . . , N} :

∆λn ≥ λn − λ̃ (3.18)

and
∀n ∈ {1, . . . , N} :

∆λn ≥ λ̃− λn. (3.19)

The lower bound is sufficient, as a minimization of ∆λn is intended. The delta terms
are aggregated in the objective function Ωload, which describes the overall minimiza-
tion goal:

Ωload :=
N
∑

n=1

∆λn. (3.20)

We want to formulate the problem as a LP according to

minimize aggregated deviations of cell loads from average cell load
subject to

clustering constraints

and therefore look for a set of clustering constraints to describe and restrict the clus-
tering task mathematically.

Clustering Constraints We have already introduced the notion of a subgraph S =
(V , Es, g) to describe the clustered network. For that purpose, the resource allocation
on the outgoing edge of a relay station is defined by the load of the distinct station
and the sum of allocated resources on all incoming edges from other attached relay
stations:
∀V ∈ VR :

∑

~e ∈ E (out)(V )

g(~e) = τ(V ) +
∑

~e ∈ E (in)(V )

g(~e). (3.21)

The cell load λn of each multi-hop cell is determined accordingly at all access points:
∀Cn, VA ∈ Cn:

λn = τ(VA) +
∑

~e ∈ E (in)(VA)

g(~e). (3.22)
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Please recall that each relay station is connected in an inverse tree structure to exactly
one other relay station or an access point alternatively. This can be expressed in math-
ematical terms by
∀V ∈ VR :

∑

~e ∈ E (out)(V )

sgn{g(~e)} = 1, (3.23)

with sgn{·} known as the signum function. It is possible to bypass the signum func-
tion by a binary variable gh(~e) ∈ {0, 1} with
∀~e ∈ E :

gh(~e) · C ≥ g(~e) (3.24)

in order to keep a linear problem structure. Provided C as a large integer constant,
gh(~e) = 1 for all g(~e) 6= 0. The replacement of Equation (3.23) by
∀V ∈ VR :

∑

~e ∈ E (out)(V )

gh(~e) = 1 (3.25)

enables each relay station to connect to exactly a single, other station. In order to
assure that all relay stations are finally attached to access points and loops are avoided,
the overall load in the network is equated with the sum of all individual traffic loads
τ(V ):

∑

V ∈ V

τ(V )
!
=

N
∑

n=1

λn. (3.26)

The set of Equation (3.21) to Equation (3.26) defines the clustering process such that
each relay station is assigned to exactly one access point. Let us therefore summarize
the clustering task as MILP:
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minimize Ωload :=
N
∑

n=1

∆λn

subject to

λ̃ = 1
N

N
∑

n=1

λn

∀n ∈ {1, . . . , N} λn − λ̃ ≤ ∆λn

∀n ∈ {1, . . . , N} λ̃− λn ≤ ∆λn

∀V ∈ VR :
∑

~e∈E(out)(V )

g(~e) = τ(V ) +
∑

~e∈E(in)(V )

g(~e)

∀n ∈ {1, . . . , N}, VA ∈ Cn λn = τ(VA) +
∑

~e∈E(in)(VA)

g(~e)

∀~e ∈ E g(~e) ≤ c(~e)
∀~e ∈ E g(~e) ≤ gh(~e) · C

∀V ∈ VR

∑

~e∈E(out)(V )

gh(~e) = 1

∑

V ∈V

τ(V ) =
N
∑

n=1

λn

g(~e), λn,∆λn, λ̃ ∈ R
+
0 , gh(~e) ∈ {0; 1}.

This optimization problem can be solved by numerical solver software. However,
please take a note that the solution requires global topology knowledge and its com-
plexity depends on the overall node number |V|. These issues make the problem
difficult to handle, especially for large networks. We therefore want to develop an al-
ternate distributed solution based on local knowledge, before we present some eval-
uation results for both approaches.

3.4.3. Greedy Algorithm based on Local Knowledge

Greedy Concept The larger a network and the more nodes involved, the more dif-
ficult it is to determine an optimum solution with respect to clustering, routing, or
similar tasks. This due to the fact that the number of possible solutions is increasing
with each additional node. Consequently, the numerical approach is not applicable
anymore for networks with medium size (∼200 nodes) for reasons of complexity. We
therefore propose a greedy heuristic to replace the numerical optimization for large
networks. The advantage of this approach is its full scalability, independently on the
network size. In addition to that, the greedy algorithm is constructed in a way that
fast convergence and a good approximation to the optimum solution can be achieved
on the same time. Unfortunately, the closeness to the optimum solution is not granted,
even if probable. Typically, suboptimal solutions show up, whenever the heuristic is
caught in a local optimum and thus prevented from achieving a global optimum.
Heuristics like for instance simulated annealing prevent the process of getting stuck
by allowing the step backward to an inferior configuration. The probability of accept-
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(a) Connectivity of example network.
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(b) Logical start configuration determined by
greedy algorithm.
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(c) Start configuration after first initialization of
greedy algorithm.
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(d) Final configuration after convergence of
greedy algorithm.

Figure 3.6.: Plain field example network topology with 28 nodes and mesh degree
γ = 3.
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VA

Cl(VA)

Figure 3.7.: Local environment Cl(VA) of access point VA.

ing a worse configuration than the given one is referred to as temperature in simulated
annealing and decreases over time such that the solution is stabilized. We intention-
ally renounce such mechanisms in here, as the traffic load dynamics will automati-
cally get the algorithm back on track over time. A temporary suboptimal solution
will never result in a permanent state for that purpose and the greedy algorithm will
recover after some time. Fast convergence and especially stability are more important
criteria at this point.

Start Solution First of all, a start solution has to be found. In doing so, the list of
access points is taken. Subsequently, access point by access point, all outgoing links
are examined. If some outgoing link leads to a relay station and this relay station
is not assigned to any other access point yet, then the relay station is assigned to
the initial access point, using the distinct outgoing link. A corresponding illustration
of the topology after the initial assignment is given in Figure 3.6(c) for the physical
topology of Figure 3.6(a). In a second step, the list of all relay stations is examined
and in a similar way as previously, all outgoing links are checked. Whenever the link
leads to a station not yet assigned, the link is activated and the corresponding relay
station is assigned to the other relay station’s access point. This process is repeated
until all relay stations are assigned to an access point. Thus, a start solution is created.
The situation after the start-up phase looks like the scenario shown in Figure 3.6(b).

Step-by-step Improvement Subsequently, the start solution has to be improved
step by step. For that purpose, let us define Cl(VR) as the set of cells within the local
environment of relay station VR. The local environment is determined as the set of all
neighboring cells, which can be reached in a wireless single-hop transmission by the
relay station VR. Accordingly, the local environment of an access point VA is defined
as the set of all neighboring cells, which can be reached in a single-hop transmission
by the access point itself or any of its attached relay stations as sketched exemplarily
in Figure 3.7. Let us consider a relay station VR ∈ Cn, which is picked randomly from
the list of all relay stations. This station is supposed to find a cell Ck ∈ Cl(VR) in its
local environment, which fulfills
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λn

?
> λk + λthres + τ(VR). (3.27)

An estimation of the load of a neighboring cell Ck after a potential reclustering step
is given by the sum of λk and τ(VR). An artificial threshold λthres load is added to
stabilize the clustering process. Reclustering makes sense in all cases, where the es-
timation for the load of the target cell after reclustering is smaller than the current
cell load. This relationship is expressed by Equation (3.27). It is important to empha-
size that the inequality successfully prevents oscillations, as only an improved overall
load situation is accepted such that the reclustering process is naturally stopped at
some time. λthres can be considered as a kind of hysteresis value. Its amount defines
the sensitivity of the algorithm toward load imbalances. It helps to prevent network
reconfigurations with minor improvement with respect to the reduction of cell load.
The larger λthres is chosen, the less imbalances within the network will be detected
and the more stable the current network configuration will be. Various trials have
shown that the greedy algorithm with λthres = 0.2 · τmax converges faster, but its over-
all performance is limited, as not all options are checked. To illustrate the maximum
performance, λthres = 0 is assumed in the following.

It is the greedy algorithm’s final target to maximize the aggregated load deviation
from the average cell load. However, the aggregated sum can only be determined
with global network knowledge. Nevertheless, the greedy algorithm can optimize
the different summands locally. Therefore, the local maximization criterion is defined
by
Cn = (Vn, En), VR ∈ Vn :

Ωgr = max
Ck ∈ Cl(VR)

{λn − λk}. (3.28)

This equation chooses a distinct cell with maximum load difference among all neigh-
boring cells, which fulfill Equation (3.27). Afterwards, the relay station VR is assigned
to the new cell. In doing so, the cell load is decreased in the original cell and is in-
creased in the new cell such that the maximum cell load within the network is equal-
ized over time to an average value.

Successful Reclustering It is important to emphasize the difference between a
reclustering trial and a successful reclustering step. As mentioned initially, a relay
station randomly picked from the list of all stations will start the reclustering process.
The reclustering is successful, if and only if the relay station VR determines a potential
target cell Ck ∈ Cl(VR) such that Equation (3.27) is fulfilled. Otherwise, the reclustering
process remains a trial and is abandoned. Another station is chosen then to restart the
reclustering process.

We have presented a numerical approach and a heuristic to transfer an unorganized
set of access points and relay stations into a cellular multi-hop network. We will con-
tinue by an analysis, how the topology of a network impacts the performance of the
clustering process.

58



3.4. A Conceptional Study of Feasibility and Impacts of Dynamic Cell Clustering

0 2 4 6 8 10 12 14
0.85

0.9 

0.95

1   

number of reclustering steps

ba
la

nc
e 

in
de

x 
β

greedy heuristic      
numerical optimization

(a) Greedy algorithm with upper bound given by
numerical evaluation applied to plain field scenario.

greedy optimized
−30

−25

−20

−15

−10

−5

0

balancing mechanism

re
du

ct
io

n 
of

 m
ax

im
um

 lo
ad

 p
er

 c
el

l [
%

]

~ 6,8% 
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Figure 3.8.: Self-organization of cell clustering process in plain field example network
with 28 nodes.

3.4.4. Simulative Study

Self-organization of Cell Clustering

Recalling the initial example of Chapter 2, about 400 access points and relay stations
are required to cover a considerably small inner-city area of 2 km radius. It is fairly
obvious that the large number of stations arises the question, whether a centrally
managed network is feasible for the ease of network management and maintenance.
Thinking about WLAN technology, topology and frequency management is a decen-
tralized and self-organizing process, as the different access points detect mutual bea-
con signals to figure out a potential transmission channel with the least interference
possible. Recalling these issues, it is an interesting question to examine, whether self-
organization in a cellular clustering process is generally possible. For that purpose, let
us mutually compare the solution calculated by the numerical optimization provided
global knowledge about the load status with results of the greedy algorithm based
upon a local estimation of the load.
The analysis will be restricted to static scenarios at first, i.e. fload = 0. We address
a basic scenario with 6 access points and 22 relay stations as shown in Figure 3.6(a).
The results printed in Figure 3.8(a) indicate the mean values of 300 independent sim-
ulations with different traffic loads, whereby the traffic values are assigned uniformly
distributed random variables τ ∈ [0; 1]. The result of the numerical optimization can
be performed in a single, network-wide optimization step and serves as upper bound-
ary for the greedy algorithm’s result. In contrast to the numerical optimization, the
greedy algorithm requires several subsequent and distributed configuration steps to
optimize the balance index. About 6 - 8 reconfiguration steps on average are nec-
essary to balance the load near the optimum, before the process enters the zone of
saturation. Given the fact that there are 22 relay stations available, this means that a
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large percentage of all stations is involved in the reconfiguration process. Simulation
results have shown that every further reclustering step does not lead to any significant
performance gain after around 10 successful reclustering steps.
The analysis in Figure 3.8(b) shows that load balancing may indeed help to equalize
the load distribution in cellular multi-hop networks. For that purpose, we consider
the cell with maximum traffic load λmax within the network. The maximum traffic
load λmax is a parameter of special interest in practical networks, as this peak value
is interesting for network planning purpose and also represents a capacity limiting
factor. We therefore define λmax as the maximum of the loads λn of all cells Cn,

λmax := max
n∈{1,...,N}

{λn}. (3.29)

The major intention of the applied load balancing mechanism is an equal distribu-
tion of traffic load within the different cells of the network. Therefore, the normalized
change ∆λmax of the maximum load per cell before and after the reclustering process
is an indicator of practical relevance. For that purpose, the load λmax of the cell with
maximum load is evaluated before and after the application of the balancing mecha-
nism:

∆λmax :=
λ

(before)
max − λ

(after)
max

λ
(before)
max

. (3.30)

Please be aware of the fact that the cell with maximum load can differ before and
after the reclustering process. It is possible that the Dynamic Cell Clustering algo-
rithm causes changes to the load distribution in a way that the maximum load after
reclustering is determined by a completely different cell in the network.
According to Figure 3.8(b), the average load reduction of the maximum load per cell
is about 20% for the greedy algorithm and about 27% for the numerical optimization
in the example network. The analysis has shown even one case, where the numer-
ically evaluated maximum load per cell has been reduced by 56% compared to the
start configuration of the greedy algorithm. Nevertheless, it requires quite a num-
ber of reclustering steps (6 - 8) to achieve significant performance gains. Given the
comparably small network size (28 nodes), the number of required reclustering steps
appears high. However, the big advantage of the greedy algorithm is the fact that
it can be applied in a decentralized environment. The evaluation result is really as-
tonishing, as the start configuration is — as Figure 3.6(c) indicates — a very intuitive
setup. One might imagine the start configuration of the greedy algorithm as shown
in Figure 3.6(c) as a reasonable setup for a multi-hop network with fixed relay assign-
ment. Given the enourmous reduction in maximum load by Dynamic Cell Clustering,
the tremendous potential of this technique becomes visible.

Summary The results of this initial study can be summarized by two aspects: The
evaluation indicates that there is indeed a significant reduction of the maximum load
by Dynamic Cell Clustering such that the approach itself is promising. Furthermore,
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the greedy approach achieves good performance results in smaller networks in com-
parison to the numerical evaluation. Self-organization of the clustering process in
cellular networks seems to be possible according to these results. This is an important
issue, as the envisioned target network with about 400 nodes cannot be evaluated
numerically due to its complexity.

Mesh Degree

Imagine the situation of a network provider, who is willing to invest some money
in a cellular multi-hop infrastructure network. Clearly, a certain number of wireless
routers is unavoidably needed to achieve coverage. However, after a distinct cover-
age level is reached, further added infrastructure routers will result in a higher mesh
degree of the network topology without any increase in coverage. The higher mesh
degree in turn influences the inherent ability of load balancing within the network.
Please recall that the mesh degree of a network is defined as the average number of
outgoing links at the network nodes. It is presumable that the higher the mesh de-
gree, the more options in terms of routing paths will exist to attach a relay station to
a given access point. Consequently, there will be more variations to form different
sets of multi-hop cells and thus to distribute load within the different cells. The en-
trepreneur is now focused on the question, whether the expenses for the additional
infrastructure are justified for instance by a higher level of customer satisfaction or
some minor costs for example in minimizing the necessary peak capacities on rented
wired access lines. The higher costumer satisfaction as well as the minor costs could
result from an increased overall network capacity, simply due to an intelligent load
balancing mechanism, which avoids congestion and local bottlenecks efficiently.
We therefore want to take closer look on the question, whether a higher mesh degree
really helps to achieve better load balancing results. A torus network with 360 nodes
as exemplary illustrated in Figure 3.4 will serve as example network. The size of the
network implies that only the greedy algorithm is applicable. 30 different randomly
meshed network topologies with an access point density ρ = 0.2 are determined and
10 different traffic load distributions are assigned to each topology. In doing so, every
measurement point of the simulation results is based on 300 different simulations.
This procedure is repeated for a set of mesh degrees from γ = 2 up to γ = 8.
Figure 3.9(a) shows the evaluation results for the application of the greedy algorithm.
After the initialization procedure, we observe an initial performance gap of about 0.15
units between the topology with mesh degree γ = 2 and γ = 8. Recalling the start-up
procedure for the greedy algorithm, there is an initial assignment round, where relay
stations are subsequently attached to an arbitrary access point within the one-hop
neighborhood. The analysis shows that most relay stations are assigned to an access
point after the initial start-up procedure for a network with high mesh degree. The
remaining relay stations are recursively attached to other relay stations in a second
step. It turns out that the number of remaining relay stations for the second step
is much higher for networks with low mesh degree, as the chance of getting a direct
connection to an access point is simply smaller in this case. The risk of an unequal load
configuration becomes implicitly higher then, as each relay station assigned in the first
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round increases the likelihood of an access point to receive further relay stations in the
second round. Thus, the initial cellular assignment tends to become imbalanced with
decreasing mesh degree.
Similarly, it is observed that the level of optimization after many iterations of the
greedy algorithm is reduced by more than 20% for mesh degree γ = 2 in compari-
son to γ = 8. The explanation can be found — similar to the start configuration —
again in the lack of suitable link choices to optimize the cell configurations. It also im-
portant to point out that the simulations of Figure 3.9(a) reveal that a nearly optimum
performance can be achieved for high mesh degrees, as β is very close to its upper
boundary. It can be also seen that the performance gain by a relative increase of the
mesh degree decreases asymptotically for higher mesh degrees. While — as already
explained — the performance results are fairly poor for γ = 2, there is practically no
difference between the configuration for mesh degree γ = 5 up to γ = 8. This fact
appears reasonable, as once there are enough physical link options for logical routing
paths available (apparently γ ≥ 5 in the presented scenario), any additional physical
link will not make a contribution to broaden the variety of routing paths. Although
any physical link is very valuable to the network topology in the beginning, the im-
portance of a single link decreases intuitively with the overall number of links.

Summary The results of these simulations show that the application of Dynamic
Cell Clustering will only achieve significant performance gains in networks with a
mesh degree γ ≥ 3. This means that a corresponding average mesh degree shall be
ensured by the network deployment process, otherwise the application of Dynamic
Cell Clustering will only have minor effects.

Reduction of Maximum Load

The balance index β is a performance indicator, which is theoretically interesting due
to its properties as for instance scalability and comparability of different topologies.
However, it has been already mentioned that the practical change of the maximum
load per cell within the network as a direct consequence of the load balancing mech-
anism is of even greater relevance for a real network operator.
For these reasons, the maximum load per cell after balancing and the influence of the
mesh degree shall be investigated one more time in a torus network with 360 nodes.
Please take a look at Figure 3.9(b) for that purpose, which illustrates the impact of the
mesh degree on the maximum load per cell in the network. Given the same set of
simulations as presented above, it turns out that the maximum load per cell λmax is
decreased by 40% for γ = 8, which is a very substantial reduction. The performance
gains are only about 8% compared to otherwise 40% for a low mesh degree of γ = 2.
Thus, a very fundamental result for the design of those networks is the fact that a
mesh degree γ ≥ 3 would be desirable in order to achieve reasonable performance
gains of more than 25%. Please recall the fact that the small network example 3.8(b)
has also mesh degree γ = 3 and indicates performance gains of 20% for the greedy
strategy and 27% for the numerical optimization. A comparison reveals that results
are thus comparable and the approach seems to be scalable to large network sizes.
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(b) Percentage of average maximum traffic load af-
ter reclustering in comparison to initial state.

Figure 3.9.: Mesh degree as topologically defined performance boundary for load bal-
ancing in torus-shaped network topology with 360 nodes.

Summary To sum up, two major results have to be pointed out: On the one hand,
a minimum mesh degree (γ ≥ 3) is necessary to fulfill the topological prerequisites,
which enable the load balancing mechanism to result in significant performance gains.
On the other hand, the application of load balancing may reduce the maximum load
dramatically, i.e. 40% for high mesh degrees.

Access Point Density

Although it might sound superfluous to be mentioned, it is important to consider
the access point density of the network as a key parameter in the network planning
process. Access points play an important role in the establishment of a multi-hop
network, as the access points are wired with the backbone network and therefore act
as lifeline of the mobile communication network. Unfortunately, the wiring of the
access points is a costly business with twofold regard: Firstly, deployment costs are
fairly high due to the fact that the wire line has to be connected with the access point.
Secondly, the connections are also mirrored in monthly operational costs. Typically,
the capacity of the network is increased with raising access point density ρ. However,
the more dominant the access points are with respect to the overall number of nodes
in the network, the less flexible the network will behave toward load balancing. This
is related to the property that — by definition — each access point establishes its own
multi-hop cell such that the number of cells is therefore equal to the number of access
points.
According to the initial definition, the load in each multi-hop cell is given by the sum
of access point’s and relay stations’ traffic. Load balancing is infeasible in the extreme
case of ρ = 1, as all nodes of the network are access points. The load distribution is
strictly defined by the initial traffic values of the access points in this case. Given a
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fixed overall number of nodes, the average number of relay stations per multi-hop
cell is increasing, when decreasing ρ. This means in turn that the number of possible
cell variations will raise and so the probability of the balancing algorithm to distribute
load about equally will increase as well.

30 torus-shaped random network topologies with 360 nodes similar to Figure 3.4 have
been evaluated for different access point densities each. The average results for these
topologies are shown in Figure 3.10(a). This figure clearly illustrates that the balance
index β is constant for ρ = 1. The final value β = 0.75 corresponds to the theoretical
expectation value. Provided ρ = 1, the load value of each cell is given by the uni-
formly distributed random variable τ . For a large number of cells N , we receive:

β =

(

N
∑

n=1

λn

)2

N ·
N
∑

n=1

λ2
n

=

(

N
∑

n=1

λn

N

)2

N
∑

n=1

λ2
n

N

=
(E{τ})2

E{τ 2}
=

(

∫ 1

0

τdτ
)2

∫ 1

0

τ 2dτ

=
3

4
. (3.31)

The fact that the graph for ρ = 0.5 starts below the expectation value of the graph with
ρ = 1 is a consequence of the initialization phase of the greedy algorithm. It does not
take into account load and therefore may lead to severe imbalances, if only few relay
stations are available.

While ρ is decreasing, the performance curves approach the theoretical maximum
value β = 1. Given a density ρ = 0.1, which corresponds to an average of 9 relay
stations per access point, an optimum performance of β = 1 is almost achievable.
Thus, Figure 3.10(a) can be seen as illustration of the natural performance boundary
of the balancing algorithm for a fixed access point density. A good performance is
practically infeasible for very high access point densities, as the application of the
algorithm is limited by the topology in this case. A low density leaves plenty of room
for optimization instead.

Summary Please do not make the mistake to interpret this figure with respect to the
question, whether a low access point density is generally desirable or not. When con-
sidering load balancing, the access point density should be taken rather as an extrinsic
impact factor than a design parameter. Usually, a high access point density has major
advantages with respect to spatial reuse of resources and the overall network capacity,
which are not considered in this case. Nevertheless, a high access point density ρ also
limits the options and thus the benefit of balancing, which has to be emphasized at
this point. The access point density therefore implicitly defines an upper performance
boundary for the overall load distribution.
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Figure 3.10.: Influence of access point density and network size on load balancing in
torus-shaped random network topologies with γ = 4.

Scalability

It is difficult to determine the numerical optimum of the load balancing process for a
larger number of nodes. The example has pointed out that about 400 wireless routers
are a realistic number to achieve coverage in a city-center area. The scalability of the
load balancing approach for larger networks cannot be neglected therefore and plays
a key role for the practical applicability of the algorithm.

So let us consider a set of different example networks with increasing overall node
number as shown in Figure 3.10(b). Starting with a node number of 120 nodes, the
size is increased up to a maximum number of 720 nodes. As already shown mathe-
matically in Equation (3.14), the lower bound for the balance index β depends on the
number of cells N . This explains the decreasing start values for larger networks with
increased N . Nevertheless, the figure reveals a similar final performance indepen-
dently on the network size, although the gradient of the performance curves seriously
depends on the network size itself. The load balancing algorithm will converge faster
in small networks, while in larger networks more reconfiguration steps are necessary
to achieve the same performance. The result of final convergence is comparable for
all presented network scenarios, although the results for large network size seem to
be slightly worse. This might be partly explained by the fact that the chosen network
topology and traffic distribution are just random samples, which are subject to statis-
tical variations.

Summary The interesting and important message of this paragraph is given by the
statement that the balancing potential is scalable and almost independent on the net-
work size provided a fixed mesh degree.
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Effects of Dynamic Load Characteristics

While the convergence of the load balancing mechanism has been examined for a
static traffic load situation in the previous sections, the load profile is subject to dy-
namics in real networks such that a static load cannot be reasonably justified over a
longer period of time. For that purpose, any balancing mechanism with practical rel-
evance will definitively have to deal with the dynamic characteristics of the network
load. The dynamic in mobile communication networks is introduced by the mobility
of its users. Typically, users are equipped with mobile devices, which implies that
their location as well as the corresponding channel conditions are changing. On top,
users may have time-dependent demands, which create a large variety of scenarios.
A very common phenomenon is also the formation of groups. Due to some external
trigger, for instance a show event or also an accident, a large crowd meets at a very
small area. The traffic load will increase dramatically in this area, but only for a lim-
ited period of time. A good load balancing mechanism will take those effects into
account.

The previous sections have examined a load situation, where the greedy algorithm
has been offered an unlimited number of iterations to finally adapt to the optimum
load state of convergence. The question is now, what will happen, if the balancing
algorithm can only imperfectly converge, due to the dynamics of the traffic load. We
know from control theory that there are three major constellations, namely the state
of convergence, the state of non-convergence or chaotic behavior, and the state of
oscillation, where system oscillates periodically between different configurations. It is
obvious that there is nothing to be done from the technical point of view, whenever the
interval between two subsequent load changes is even higher than the period between
start and termination of a single reclustering step of one relay station from one cell to
another (fload ≥ 1). In this case, the dynamic of the system is definitely too high to
allow any reasonable adaptation such that the system will result in chaotic behavior.
The case of oscillation is impossible due to the design of the greedy strategy, as any
change in the network configuration without improvement is impossible.

In the following, we want to figure out the necessary number of reclustering steps
between two subsequent load changes, for which a stable — i.e. in this context also
balanced — network operation is feasible. For evaluation purpose, let us consider a
torus-shaped network topology with 360 nodes (γ = 4 and ρ = 0.2). A series of 10
different random topologies is investigated, where the load profile is changed in a
correlated suite of 50 load values per station. This means that subsequent load values
within the same series are correlated, while values of different series are statistically
independent.

Starting with Figure 3.11(a), a highly correlated suite of values (η = 0.05) is exam-
ined. The frequency of load change is varied from fload = 0.0 (= full convergence
between two subsequent load changes), over an intermediate frequency fload = 0.2 (=
five reclustering trials between two subsequent load changes) up to fload = 1.0 (= one
potential reclustering trial between two subsequent load changes). It can be observed
that the network configuration is stable in all three cases. While the best performance
is obviously achieved for fload = 0.0, it is also illustrated that the network configura-
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(a) Dynamic load change with η = 0.05.
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(b) Dynamic load change with η = 1.0.

Figure 3.11.: Influence of load dynamics on balancing performance in torus-shaped
random network topology with 360 nodes.

tion stabilizes and improves over time for the other two cases. The configuration for
fload = 0.2 has almost reached the optimum after 50 iterations. The positive tendency
is clearly visible for fload = 1.0 as well, nevertheless the network configuration is still
far away from the optimum case. The load balancing mechanism only proceeds fairly
slowly due to the high frequency of load changes.
Figure 3.11(b) illustrates that the achievable maximum balance index for fload = 0.0
is similar for η = 0.05 and η = 1.00. This means that the correlation between load
values does not matter, as long as the balancing mechanism can converge, which is
an expected result. The slight differences in the final values can be explained by sta-
tistical variations. Due to the different correlation factors in both cases, the optimum
balanced index for both sets of random sample sequences is not the same. It is also
visible that the variance of the final β value is much higher for η = 1.0. 10 simulations
are apparently not enough to get fully rid of those statistical side effects. Nevertheless,
Figure 3.11(b) reveals another important aspect: In cases, where the frequency of load
change is assumed fload = 1.0, a study of 50 changes of load iterations does not result
in any stabilization. In this case, the dynamic of the load is too fast for the balancing
mechanism such that the result is nothing else, but a statistical noise around an ex-
pectation value and no significant performance gains can be achieved. The results for
fload = 0.2 are slightly better, but all in all comparable to the results of fload = 1.0. To
avoid confusions, this graph is not printed, but one can assume it to be similar to the
graph of fload = 1.0.

Summary The very important result of this section is that small, periodical changes
on the network load (η ≤ 5%) do not impede the stable operation of the greedy load
balancing mechanism. It has been illustrated that the application of Dynamic Cell
Clustering results in performance gains and depends on fload and the random factor η.
While the amount of ηmax determines the maximum amount of the load change, fload
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limits the ability of the algorithm to recover again and to rebalance the network. The
necessary value of fload depends on the network size, as the number of nodes is related
to the inertness of the network. However, the diagrams illustrate that performance
gains can be achieved for reasonable values of η and fload. The results therefore verify
that the algorithm cannot only be applied to static networks, but can also deal with
dynamic network configurations.

3.5. Towards a Reasonable Protocol Stack

Dynamic Cell Clustering helps to reduce the maximum load per cell significantly in
cellular multi-hop networks. While the preceding sections are based on a graph-
theoretical and mathematical model, we want to get some practical insights, how
to include the presented ideas in a precise and practically feasible network protocol
stack.

3.5.1. Preliminary Thoughts on the Implementation

As generally known, the routing task is traditionally part of the network layer. The
clustering process can be considered as a special form of hierarchical routing, where a
relay station including all mobile terminals attached to this station are rerouted from
one cell to another cell. The clustering unit is ideally part of the routing unit in the
wireless device. Current network architectures range from highly centralized cellu-
lar networks up to self-organizing WLANs. Similarly, one could imagine different
organizational control units of the clustering process in dependence on the overall
network architectures. In detail, three major categories can be distinguished, namely

• a centralized clustering approach, where a central network management unit steers
the clustering process for the whole or at least a larger area of the network,

• a hybrid clustering approach, which means that for instance the access point as the
head of a local multi-hop cell organizes the cell configuration in exchange and
collaboration with neighboring cells, and finally

• a decentralized clustering approach, where each relay station acts independently
and tries to optimize the cell configuration by its non-selfish behavior.

The centralized approach involves global knowledge of the traffic situation within the
network, but allows global optimization of the cell clusters in return. In addition to
that, potential reassignments of relay stations can be performed in one network-wide
configuration step, while the hybrid or decentralized approach require several dis-
tributed optimization steps, until a final configuration is reached, which is considered
to be optimum by all nodes of the network. The big disadvantage of the centralized
approach in combination with numerical optimization is the complexity related to the
determination of the optimum solution. Indeed, complexity is increasing dramatically
for larger network size, so is the signaling overhead for the collection of up-to-date
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measurement reports. The centralized solution obviously guarantees a high level of
control in practical realizations of communication networks, especially if it comes to
mechanisms like call admission control to constrain or to temporarily limit the access
to the network. The hybrid as well as the decentralized approach involve distributed
responsibilities and are therefore scalable with the network size. Global optimization
is infeasible in these cases, simply due to lack of global knowledge. The optimiza-
tion process toward the optimized solution includes several local balancing steps and
therefore possibly does not lead to the global optimum. Nevertheless, the decentral-
ized solution involves a lot of flexibility and higher independence against failures, as
all units are acting autonomously.

3.5.2. Centralized Approach with Numerical Optimization

Let us first of all consider the centralized approach, where a central network man-
agement unit is assumed to be available in the wired core network. This could be
for example the access gateway node in the LTE network architecture, which acts as
centralized unit for a local set of base stations [EFK+06]. In this case, the central net-
work management unit is in charge of two major tasks, namely the surveillance of the
current load situation and the triggering of necessary reclustering procedures.

In order to get a current view on the load situation, the clustering unit of the central
unit has to demand periodically for load measurement reports to its corresponding
access points. For this reason, the central unit sends out requests ASK_LOAD to all
connected access points, in which the access points are pleased to hand in a load mea-
surement report. As shown in the message sequence chart of Figure 3.12(a), the ac-
cess points answer these measurement requests with a corresponding measurement
report CURR_LOAD, which includes information about the connectivity of attached
relay stations and the current traffic load situation. According to the LTE system ar-
chitecture, the base stations already receive periodical measurement reports from all
mobile terminals. In a similar way, this information is provided to the access points of
a cellular multi-hop network, as each access point has a radio resource management
unit, which is in charge of the distribution of radio resources to the access point and
all attached relay stations.

The central unit feeds all these input data into either the numerical optimization solver
program or operates the greedy algorithm with centralized knowledge, until an inter-
mediate or even optimum configuration is achieved. Whenever a reclustering process
is suggested, the central unit sends out a HANDOVER request message to the distinct
station. This message initiates a handover process of the corresponding relay station
to a station in another cell, which is defined in the HANDOVER request message it-
self. After receiving this message, the relay station tries to join the distinct target cell,
which is symbolized by a JOIN message. This process could look alike the Hiper-
LAN/2 association procedure [ETS02] or the similar LTE association procedure (see
[BHKV07]). Once the handover related steps like association and authentication are
finished and confirmed by a JOIN_ACK acknowledgment, the relay station leaves
the former cell by a LEAVE message. This message is in turn acknowledged by the
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corresponding access point again.

3.5.3. Decentralized and Hybrid Approach with Greedy Algorithm

While the approach presented in the previous section involves a centralized steering
unit, another approach working in a fully decentralized manner is illustrated in the
following. In this case, each relay station decides on its own, which cell to join such
that a self-organizing network architecture is established. Clearly, we cannot rely on
the numerical optimization algorithm in this case due to the lack of global knowledge.
But we can alternatively deal with the proposed greedy algorithm. The good news
about this concept is the fact that there is no single point of failure. This property turns
the approach into a very robust and failure-tolerant one. In principle, the proceeding
is similar to the centralized solution, but the decision is only taken by local and not by
global knowledge.

Again, in order to start a handover process, a situation of network imbalance has to
be recognized first of all. For that purpose, a relay station has to send out ASK_LOAD
queries to receive corresponding load reports CURR_LOAD from all cells with direct
connectivity to the station. This is also shown in the message sequence chart of Figure
3.12(b). The question, how to determine this corresponding station can be solved for
example by a randomly determined back-off timer similar to the IEEE 802.11 MAC.
The timer triggers the mentioned load report and thus starts a potential handover pro-
cedure. The correct choice of the back-off interval depends on the network dynamics
and is clearly out of focus at this point. After the load situation is investigated and
— eventually — the handover is performed, the station switches into back-off mode
again. A potential problem appears, whenever neighboring stations start the load in-
quiry at the same time. Although this probability is small, if the back-off interval is
chosen large enough, it makes sense to prevent that by locking a station, which re-
ceives an ASK_LOAD message for some time. Being locked means in this context that
the corresponding station is not allowed to either answer any other load inquires or
to start an inquiry on its own. Thus, the blocking effect of an ASK_LOAD message is
comparable to the function of a ready-to-send (RTS) message in the IEEE 802.11 stan-
dard and the CURR_LOAD message comparable to a clear-to-send (CTS) message.
The blocking time equals to the typical duration of a handover procedure plus some
guard interval. The clustering process can also be executed in a distributed manner
with simultaneous reconfigurations in different parts of the network as a consequence
of the application of the proposed scheme.

The relay station shows its willingness to enter a new cell by a corresponding JOIN
message. Received JOIN messages are forwarded to the access point, in case they are
received by a relay station. After a positive acknowledgment of the JOIN message is
received, the distinct relay station signals with a LEAVE message that it is connected
to another cell right now. Of course, the LEAVE message is acknowledged by the
former host access point. Any potential implementation requires an answer to the
question, whether an access point is allowed to prevent a relay station from joining
the new cell, i.e. to reject the JOIN request. Under the assumption that all stations act
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Figure 3.12.: Message sequence charts for centralized and decentralized reclustering
approaches.
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in a cooperative and constructive manner, this rejection mechanism makes no sense
and becomes obsolete.

Hybrid Mode The previously mentioned hybrid clustering mechanism is realized as
a combination of the centralized and the fully decentralized approach. In contrast to
the decentralized approach, the load detection is triggered by the access point only in
the hybrid mode. It can be therefore alternatively signaled over the wired backbone
network, as all access points are attached to that. Once a local overload is detected,
it is — similar to the centralized mechanism — not the central unit’s, but the access
point’s task to send out a handover message to the concerned relay station. The han-
dover itself is executed the same way as in the decentralized case such that the major
difference between decentralized and hybrid clustering is the additional handover
trigger by the access point.

Auto-configuration We have explicitly pointed out in Chapter 2 that the ease of
maintenance is a major issue in relay-based networks. Given the large amount sta-
tions, replacements due to technical failures or extensions of the given infrastructure
play an important role in the daily operation of the network. Whenever a station is
supposed to join the network, there is the question, how to embed the new station
in the regular network operation. The decentralized cell clustering algorithm can be
easily extended by some auto-configuration mode. The auto-configuration mode is
suited to enable for instance a relay station to automatically join the network. For
that purpose, a suitable link detection mechanism is needed, which scans for friendly
relay stations or access points within transmission range. Once the link topology is
explored, the relay station could join an existing cell with a simple JOIN message very
similar to the regular handover procedure in the decentralized clustering concept.
The proposed auto-configuration mechanism alleviates the deployment of new relay
stations and the maintenance of existing relay stations substantially.

3.5.4. Simulative Study

Implementation

In order to prove the general feasibility of the presented load balancing proposal, the
hybrid balancing approach has been implemented in a network environment with
real protocol stack. For that purpose, the routing unit of the network simulator as
explained in Appendix A has been extended by a clustering component to accomplish
the clustering process.

Mobile IP Routing in the backbone part of 3G networks from the SGSN to the GGSN
is performed by the GPRS Tunneling Protocol (GTP) [3GP07], which is responsible for
the routing from a central backbone node over the base station to the mobile terminal.
To operate a cellular multi-hop network, a similar mechanism to bind mobile termi-
nals to corresponding access points is needed. It is possible to therefore use Mobile IP,
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which is not directly comparable to GTP, but provides IP-based mobility to terminals
for instance in a WLAN. Each mobile terminal is assigned to a home agent by Mobile
IPv4. This home agent acts as permanent anchor point and reroutes the data traffic for
the mobile terminal to the foreign agent. The mobile terminal is temporarily attached
to these foreign agents, which represent the terminal’s current location. In order to
deal with multi-hop cells, Mobile IP has to be slightly changed. The standard Mo-
bile IPv4 is modified in a way that the relay stations forward the agent advertisement
messages of the access points to potential mobile terminals. Similarly, relay stations
forward the agent reply messages in the other direction from the mobile terminal back
to the access point. Each multi-hop cell can be considered as the coverage range of one
Mobile IP agent then, i.e. a relay station is not acting as an agent on its own. In do-
ing so, it is possible for the mobile terminals to perform inter-cell handovers between
different multi-hop cells. Thereby, it does not matter, whether the mobile terminal
is directly attached to an access point or indirectly over a relay station. Mobile IPv4
can be therefore used as inter-cell routing protocol to handle user mobility in cellular
multi-hop networks.

Topology The scenario is based on a Manhattan topology with four access points,
six relay stations and eight mobile terminals as shown in Figure 3.13. All access points
are connected by wire to a central node, which acts as a common source of constant
bit rate data streams to all mobile terminals. A proactive intra-cell routing protocol
WOSPF as presented in Chapter 4 is used in each multi-hop cell to explore the topol-
ogy and to establish the multi-hop routing paths. The clustering component is inte-
grated into the routing unit and takes traffic information from the intra-cell routing
protocol.

Discussion of Results

Start-up Phase Initially, the network traffic consists of only proactive routing and
Mobile IP traffic without any data traffic. At time t = 40 s a constant bit rate traffic (r =
100 kbyte/s) is sent from the central node to each mobile terminal. Figure 3.14 shows
that the balance index β decreases significantly after 40 s - 60 s. This is approximately
the time frame, which is needed to receive load measurement reports. These reports
are a precondition to evaluate the load situation and requested in a 10 s time interval.
Thus, it takes about 20 s, until the traffic situation is detected at the access points.
There is no scientific justification for the 10 s duration of the trigger. It is an arbitrary
value, which has been chosen for demonstration purpose and could be reduced to
smaller values. Nevertheless, the time trigger should not be chosen too small in a real
implementation, as in this case the subsequent overhead by frequent measurement
reports becomes large.

Clustering Phase An implemented timer function periodically calls the cluster-
ing unit and causes the access points to start a load inquiry process. Please take
note that the reclustering interval is by far smaller than the overall simulation time,
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(b) Configuration after t = 75 s.

Figure 3.13.: Effects of reclustering process in a Manhattan scenario.

∆tswitch ≪ T . As shown in Figure 3.14, access point (1) and (2) detect a local overload.
Therefore, these nodes try to assign one of their relay stations to another cell. This
is achieved by reassigning relay station (7) including mobile terminal (14) to access
point (4) and relay station (8) including mobile terminal (18) to access point (3) as in-
dicated in Figure 3.13. In doing so, the coverage range of access points (3) and (4) is
extended. Consequently, the load balancing causes the balance index to recover. In
contrast, the balance index stays at the low level for the simulation with fixed relay
station assignment. Please keep in mind that the balance index is calculated just for
the purpose of analysis from an artificial god perspective.

Shut-down Phase The traffic load is switched off at t = 160 s. The remaining traffic
is caused by fixed signaling traffic of the proactive routing protocol. The balance index
raises in both, the simulation with and without cell clustering. This is simply due
to the signaling traffic, as the distribution of the signaling traffic in absence of load
is even more equal than the balanced situation with load. For this reason, the cell
configuration remains constant and the balance index increases again toward the end
of the simulation.

Summary This section has shown in a prototypical implementation that Dynamic
Cell Clustering is indeed a suitable and also practically feasible mechanism to balance
load among different cells in a cellular multi-hop network. The proposed implemen-
tation carries a prototypical character, as the assignment of the mobile terminal via
Mobile IP to the access points is not an optimum replacement for GTP or similar proto-
cols. Therefore heavy handover delays in case of mobility are expected. Nevertheless,
the potential has been illustrated.

3.6. Conclusion

This chapter introduces a new cell clustering approach to balance load in cellular
multi-hop networks. The mechanism has been examined and derived in a graph-
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Figure 3.14.: Evaluation of the balance index β in a Manhattan example scenario.

theoretical model at first. Later on, a proposal for a prototypical implementation with
practical feasibility has been given and simulated with the network simulator ns-2.
The study has shown several major results: The most obvious, but probably also the
most important result is the proof of principle that Dynamic Cell Clustering can in-
deed reduce the maximum load per cell in a network significantly. Optimum results
can be achieved by numerical optimization, nevertheless the simple greedy heuristic
is already sufficient to obtain convincing results. The main consequence of this is that
a central entity to coordinate the clustering process is not necessarily needed. The
decentralized greedy strategy can be even applied, if the network’s load is dynamic.
In this case, the performance depends heavily on the frequency of the load changes
and the corresponding network size. In addition to these investigations about the bal-
ancing mechanism, some general statements about the topological requirements of a
network to enable load balancing have been accomplished. It has turned out that the
performance gain depends seriously on the mesh degree of the network and that a
minimum mesh degree γ ≥ 3 is recommended.
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4. Intra-Cell Routing in Cellular Multi-Hop
Networks

4.1. Introduction

While the previous chapter has shown several ways to cluster the infrastructure com-
ponents of the network into different multi-hop cells, the question, how to handle user
mobility within a single multi-hop cell, is not clear yet. The challenge is to assure that
the mobile terminals are connected to the infrastructure network permanently as well
as efficiently. The permanent connection is enabled by a suitable intra-cell handover
approach, which passes the terminals from one to another router. Efficiency implies a
resource-aware routing metric, which determines a routing path with small resource
efforts.

The first part of the following chapter explains the need for a corresponding intra-cell
routing protocol and takes a closer look at selected routing protocols for wired and
wireless networks. We investigate these protocols regarding their suitability to act as
intra-cell routing approach for multi-hop cells. Subsequently, we examine some ex-
emplary routing metrics. The intention is to figure out with a simple graph-theoretical
model, whether a more intelligent and therefore more complex routing strategy will
yield significant resource savings. The second part deals with the question, how to
realize such an intelligent routing protocol in practice. Thereby, the routing prob-
lem can be split into two subproblems, namely the topology exploration and the data
delivery. To begin with, we present a topology exploration mechanism to announce
local topology changes globally within the network. The consecutive data delivery
requires prior topology exploration and includes the addressing of routing paths. For
that purpose, we suggest a label switching scheme to realize the data delivery within
the multi-hop cell. The combined proposal for topology exploration and data delivery
represents a possible concept to enable intra-cell mobility in a single multi-hop cell.
Before explaining the approach in detail, let us firstly highlight the demand for such
an intra-cell routing protocol in the following.

4.2. Motivation

Joint Routing-Scheduling Problem Today’s cellular networks are single-hop net-
works, where the spectrally efficient transmission of signals from the base station to
the mobile terminal is of major interest. For that purpose, research in cellular net-
works is historically concentrated on efficient scheduling algorithms instead of rout-
ing issues. Scientific research has brought up many different scheduling approaches.
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Round robin scheduling and proportional fair scheduling are two prominent exam-
ples for such schedulers. An excellent overview can be found in [FL02]. While routing
is restricted to the wired part of today’s cellular networks, routing between wireless
stations is an integral part of cellular multi-hop networks. This means that routing,
especially choosing a resource-efficient path to the final destination, is equally impor-
tant to a spectrally efficient link transmission for each hop on that path. The devel-
opment of an intra-cell routing approach is therefore a major prerequisite to allow a
resource-efficient operation of the multi-hop cell.

Routing Metric Typically, there is more than one routing path to provide access for
a mobile terminal to the wired backbone network of the operator. It is not really clear,
how to choose the corresponding routing path, as there are several, contradicting opti-
mization goals. A very obvious solution to the problem is for instance the attachment
of the mobile terminal to the wireless router with the best incoming signal strength.
However, this might occur at a router with a dense traffic situation such that follow-
ing the strongest signal may lead to overload situations. Beyond signal strength and
traffic load level, there are also other parameters to consider as for example the avail-
able transmission resources, potential processing and transmission delays, the hop
number to the final destination, and also the related signaling overhead. The set of
physical parameters and the user requirements represent constraints to a general op-
timization problem, which the network provider is subject to. For this reason, the
network provider has to define an optimization objective or measure, which is gen-
erally referred to as routing metric. As the routing metric is the core of each routing
protocol, it is a very apparent motivation to figure out, how the choice of the routing
metric influences performance indicators such as spectral efficiency. A comprehensive
routing metric obviously demands high standards of measurement data and also of
computational complexity. The trade-off between the potential performance gain of a
metric and the subsequent signaling overhead of required measurement data is there-
fore a very interesting research objective from the network provider’s perspective.

Intra-Cell and Inter-Cell Handover Capability One key challenge of the routing
protocol is a design, which supports the mobility of the user terminals within the
multi-hop cell. Although mobility is restricted to typical inner-city velocities, i.e. a
speed range between 0 m/s and 20 m/s at the absolute maximum, the number of
expected intra-cell handovers is considerably high. This is related to the fact that the
transmission ranges of the wireless routers in the 5 GHz frequency band are small
compared to the ranges of GSM or UMTS base stations. Therefore, the realization of
intra-cell mobility between wireless routers of the same cell is a major challenge for
the routing protocol. This is particularly the case, as the compliance to the existing
LTE inter-cell handover scheme has to be guaranteed at the same time. This calls
for a proposal, in which a corresponding intra-cell handover is embedded in the LTE
inter-cell handover framework such that both schemes provide supplementary and
not substitutional mobility support.

78



4.3. Related Work

Quality of Service The provisioning of mobility support is one element in a set of
properties to characterize quality of service. Please recall quality of service as the
allocation of previously negotiated resources. Seen in this sense, it becomes under-
standable that quality of service can be provided more easily, if the access point is also
in charge of the cell-wide routing activities. An access point focused approach guar-
antees among other issues the local control of all connections by the access point and
enables the installation of a call admission control. Business models with premium
services like advanced voice or multimedia services will desperately rely on the ef-
ficient implementation of such policies, as costumers will only pay for real service
differentiation. Therefore, any routing protocol of practical relevance has to at least
notify the access point about ongoing routing activities, or even better has to provide a
fast access and control opportunity regarding the routing activities for access point re-
lated components such as call admission control. The compatibility to today’s cellular
networks is evidently hard to handle otherwise.
After these general comments about the demand for and the requirements to a distinct
intra-cell routing approach, we will take a look on selected existing routing protocols.
In doing so, we want to understand the assets and drawbacks of different routing
mechanisms.

4.3. Related Work

Certainly the easiest and not necessarily an inefficient way of routing is the definition
of a permanent or static routing table. We can find such examples in local area net-
works, where a fixed gateway is defined in a static routing table. Static routing how-
ever cannot deal with the dynamic challenges of a modern wireless communication
network, for instance with link breaks. Therefore, dynamic routing is the standard
approach in networks with dynamics as for example the Internet or mobile ad hoc
networks.
Historically, the problem of dynamic multi-hop routing firstly appeared in the wired
network domain. The most prominent representatives of routing protocols are Open
Shortest Path First (OSPF)[Moy98] and Border Gateway Protocol (BGP)[RL95][Cis06],
but also Multi-Path Label Switching (MPLS) [RVC01]. The major difference between
the wired and wireless link characteristics consists in the fact that wired links have
usually a fixed, constant bit rate, while wireless links can be allocated dynamically and
are subject to the instantaneous conditions of the wireless channel. Later on, the wire-
less community started research on ad hoc networks. Being a popular research topic,
especially in academics, a tremendous amount of routing protocols has been invented
over the last years in order to support multi-hop routes in ad hoc networks. Opti-
mized Link State Routing (OLSR) [JCL+01], Destination-Sequenced Distance Vector
Routing (DSDV) [PB94], Ad hoc On demand Distance Vector routing (AODV) [PR99],
and Dynamic Source Routing (DSR) [JMB01] are typically named as well-known ex-
amples for wireless ad hoc routing protocols.
We want to introduce some general concepts at this point, which characterize the
properties of a routing protocol: Literature primarily distinguishes proactive, reactive,
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and also hybrid combinations of routing protocols. Proactive routing involves the pe-
riodic and traffic-independent exploration of the network topology, as observed in
OLSR and OSPF. On the contrary, reactive routing is based on the philosophy to only
react by on demand trouble shooting, whenever new events like the initiation of a con-
nection or a link break occur. We can observe such a behavior for instance in AODV.
Routing protocols typically rely on link information, which results from the connec-
tivity of the network. Apart, there is also a large number of related approaches, which
use further information, for example geographical positions. We will concentrate on
purely link-based routing protocols in the subsequent sections.
There are different ways to communicate link conditions. Link state protocols (e.g.
OSPF and OLSR) publicly announce local link information between neighboring nodes
in the global network environment, while distance vector protocols (e.g. DSDV) only
provide a node’s distance to a final destination. The distribution of topology informa-
tion to all stations within the network is not necessarily required, as the corresponding
routing information can be included alternatively into the data packet header itself.
The distinct approach is known as source routing. Source routing works in a way that
any intermediate node just follows the guidelines in the packet header to determine
the next-hop destination. DSR is a well-known example for a source routing approach.
Label switching can be considered as a related approach, in which the address-based
path information is replaced by a suite of path-defining labels. Intermediate routers
use the attached labels and distinct switching tables to determine the next hop of an
incoming packet. Some important conceptional design issue is the hierarchy imposed
upon a network by the routing protocol. Addresses can cluster parts of the network
into subnetworks. Certain nodes can be elected as gateway nodes with special re-
sponsibilities. Hierarchical routing concepts are usually introduced to deal with large
networks, as otherwise the network architecture is not scalable. The corresponding
complement is flat routing, which is especially suited for smaller networks. Flat rout-
ing is characterized by the lack of hierarchies such that all nodes are equal from the
addressing point of view.
After this brief overview, we address the most prominent representatives of routing
protocols in the wired and wireless domain. It is the main objective to develop a clear
understanding of the major characteristics and steering parameters of those protocols.
Obviously, their potential suitability for the operation of a multi-hop cell is particu-
larly focused during this inspection.

4.3.1. Routing Protocols for Wired Networks

Open Shortest Path First

Open Shortest Path First (OSPF) [Moy98] is a proactive link state routing protocol,
which is widely deployed in the domain of fixed networks. The OSPF scheme con-
centrates on two main features: At first, neighborhood topology exploration is ac-
complished by a simple topology exploration protocol based on HELLO messages.
Secondly, the exchange of link state update messages represents an efficient mecha-
nism to globally exchange locally collected topology information among all routers
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within the same routing area. Although the basic working principle of OSPF is sim-
ple, the complexity of the protocol relies on its highly sophisticated details, which are
fixed in 37 RFC1 standards.

Topology Exploration According to OSPF’s basic functionality, a link connection
between two adjacent routers is established by the HELLO protocol. For that purpose,
routers regularly send out HELLO messages to all surrounding routers. Neighbor-
ing terminals answer the receipt of a HELLO message promptly by a corresponding
HELLO reply message. A network-wide defined expiration deadline causes a link
connection to time out after a certain period, once the mutual reception of HELLO
messages has stopped. The local topology information, which is gathered by HELLO
messages, is distributed in the network by the use of link state updates. Each link
state update includes information about incremental changes in the network topol-
ogy. As the link state update messages are flooded through the whole local area of
the network, each router’s link state database gets a synchronized view of the overall
network topology.

Traffic Engineering Based upon the link state database, each router calculates a
possible routing path to any other router in the same area. Typically, Dijkstra’s short-
est path algorithm [Dij59] or the more comprehensive Bellman-Ford [For56] algorithm
are applied to determine such a routing path. Congestion is supposed to "frequently
occur, when the shortest paths of multiple traffic streams converge on specific links"
[AMA+99]. For that purpose, traffic engineering is used to enable efficient and re-
liable network operations, while simultaneously optimizing the network resource
consumption [AMA+99]. The traffic engineering extension of OSPF is specified in
[KKY03]. The major improvement of this extension is the additional definition of
header fields, which allow bandwidth reservation in the link state update messages.
It has been shown in [FRT02] and [FT00] that optimum traffic engineering belongs
to the family of nondeterministic polynomial-time hard problems such that heuristics
are reasonable approaches toward the optimum solution of those problems.
All in all, OSPF represents a proactive link state protocol for wired networks. The
extensive efforts within OSPF to support traffic engineering turn this protocol into an
interesting study object for the processing of advanced routing metrics.

Multi-Path Label Switching

Multi-Path Label Switching (MPLS) [RVC01] is a packet transport mechanism, which
is especially useful for wide area fixed networks. MPLS allows a path-oriented packet
transport as an alternative to destination-based forwarding. MPLS thereby acts in
a regionally separated part of the overall network denoted as autonomous system.
The autonomous system has several interaction routers to other parts of the network.
Packets may enter the MPLS area at these routers, which are also named ingress
routers. Complementary, there are egress routers, at which packets may leave the

1Request For Comments (RFC)
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autonomous system. All routers within the autonomous system are called label-
switched routers. During their travel through the autonomous system, only the as-
signed labels of each packet are checked and processed to determine the further path.
Two different types of MPLS can be distinguished after [Law01] in dependence on the
protocol stack, namely

• a packet-based MPLS type, according to which the label routers have full header-
and content-decoding capability and can cope with layer 3 header information,
and

• a switch-based MPLS type, which provides label routers with only layer 2 func-
tionality and reduces forwarding to a switching process through the networks.

Label Distribution A label distribution protocol [ADF+01] is applied for the assign-
ment of labels. MPLS is a connection-oriented data transport approach, in which a
path is established before the first data packet is delivered. Typically, the path is
composed by the reservation of several labels for individual path segments. Label-
switched routers have local mapping tables for that purpose. The label is embed-
ded into a 4 byte MPLS header (see Figure C.1(a)), which is added at the ingress
router, evaluated at all intermediate routers, and finally removed at the egress router.
MPLS can be combined with resource reservation schemes as for instance the Re-
source Reservation Protocol (RSVP) [BZB+97] and its traffic engineering extensions
Resource Reservation Protocol - Traffic Engineering (RSVP-TE) [ABG+01] to fulfill
distinct quality of service criteria. It is an important aspect that MPLS cannot act
as a stand-alone routing protocol, but operates on top of an interior gateway protocol,
for instance OSPF [Law01].
There are two major observations to record at this place: Firstly, MPLS represents
an approach to provide connection-oriented transport services in a packet-oriented
network. Secondly, the assignment of labels is an efficient path-based signaling mech-
anism.

4.3.2. Routing Protocols for Wireless Networks

Optimized Link State Routing

Optimized Link State Routing (OLSR) [CJ03] is driven by the desire to develop a link
state protocol adjusted to the specific conditions of a mobile ad hoc network. For that
purpose, [JCL+01] has come up with a so-called multi-point relay approach. The au-
thors consider OLSR as an "optimized" link state protocol, which arises the question,
how a "non-optimized" link state protocol could look like. According to [JLMV01],
OSPF can be seen as a "non-optimized" link state protocol, as each node is equally
committed to the distribution of topology information around the network. The op-
timization procedure refers to the choice of special nodes within the network, the
multi-point relay nodes. The exchange of topology information throughout the net-
work is restricted to these relay nodes, which are chosen by a voting procedure known
as multi-point relay selection mechanism.
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chosen node

2−hop−node environment of chosen node

multi−point relay nodes of chosen node

Figure 4.1.: Each node choses distinct multi-point relay nodes to decrease the over-
head for flooding the network.

Multi-Point Relays The idea of using multi-point relay stations is related to the de-
velopment of the HIPERLAN/1 standard [ETS96]. The basic motivation behind relay
stations is the reduction of flooding overhead by choosing a subset of distinct for-
warding relay stations from the set of all nodes. Each node determines its own set of
multi-point relay stations in a way that the set covers all nodes, which are two hops
away [JCL+01] as exemplarily shown in Figure 4.1. In addition to that, the set is sup-
posed to be chosen in such a manner that the number of nodes included is minimum.
In doing so, a node will only forward a received flooding packet, if it has not received
the same packet before and if the node has been chosen as multi-point relay node by
the sending node. This mechanism guarantees a huge reduction in terms of signal-
ing overhead, as only a percentage of all nodes is taking part in the flooding process.
Nevertheless, due to the two-hop rule, it is still guaranteed that all nodes receive the
flooded message.

Topology Control OLSR uses a topology table — also referred to as intra-forwarding
database — to determine a possible routing path between two nodes. The topology
table is constructed from topology control (TC) messages. These messages are peri-
odically sent out by each multi-point relay node to announce the set of nodes, which
have chosen this distinct node as their multi-point relay. Topology control messages
are broadcast through the entire network. Clearly, this implies that multi-point relay
nodes only are allowed to generate topology control messages. The ensemble of all
received topology control messages will help each node to build its topology table.
It is understandable that the topology table is sufficient to calculate a potential route
between two arbitrary network nodes. This can be accomplished by iteratively con-
structing a backward chain of multi-point relay nodes, starting from the receiver node
back to the sender node.
To sum up, the major characteristic of OLSR consists in the fact that OLSR is a proac-
tive routing protocol, in which the signaling overhead is reduced by the choice of
distinct relay stations for the flooding operation. Another aspect to put on record is
the protocol operation with two important message types: a HELLO message for the
local topology exploration and a topology control message for the distribution of link
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state information around the network.

Ad Hoc On Demand Distance Vector Routing

Ad hoc On demand Distance Vector Routing (AODV) [PBRD03] is a reactive routing
protocol. This means that a routing path will be established, if and only if there is a
corresponding traffic demand. While proactive routing protocols will also generate
signaling overhead in the absence of any demand traffic, AODV signaling overhead
is always directly linked to a certain demand.

Path Establishment Whenever traffic demand occurs within the network, the source
node sends out a route request (RREQ) message, which is flooded through the net-
work. Each RREQ message contains a specific, incrementally increased destination
sequence number. Any intermediate node has to rebroadcast the RREQ to its other
neighboring nodes, if the sequence number of a received message is larger than a
cached destination sequence number to the same destination. Given the case that the
received sequence number is smaller or equal, this is a sign that the intermediate node
potentially knows a valid connection to the destination node. The intermediate node
is able to reply instantly to the request with a corresponding route reply (RREP) then.
The RREP is sent in a chain of unicast messages back to the initial source node of
the RREQ. The RREP moves along the inverse path, which has been generated by the
RREQ broadcast message. For that purpose, each node evaluates all information from
incoming signaling packets and stores this information in a local routing table. The
reverse path for RREP messages can be reconstructed from those tables.

Path Maintenance Although not included in the original protocol specification of
AODV [PR99], later publications in [PRDM01], [PRDM00], and the RFC specification
[PBRD03] propose a combination of time stamps and route error (RERR) messages to
prevent the network from permanent link failures. According to [PBRD03], a RERR
message is optionally either unicast or broadcast. A node transmits a RERR message
in case a link failure is detected during an active transmission, in case a data packet is
mislead and an appropriate route is not known to the node, or in case a RERR message
is received from another node. In addition to that, each entry in the routing table is
constrained by a life time field. Whenever a route is not used for a predefined period
of time, it will automatically expire. In order to keep track of the current link condi-
tions, nodes may optionally use one-hop reply messages in absence of other broadcast
packets as for instance RREQ messages. This special form of a RREP message is also
denominated as HELLO message.
The on demand philosophy distributes responsibilities locally and requires equal ef-
fort from each participant. This makes communication flexible and resistant to fail-
ures, which is an important characteristic, especially for networks with high node
mobility. One of the big advantages is that — as long a path is stable — there is
no additional signaling overhead, as ongoing communication will be used for the link
monitoring and path maintenance. However, AODV requires more time than a proac-
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Table 4.1.: Classification and comparison of different routing protocols.
type AODV OLSR OSPF

classification reactive proactive proactive
routing concept flat multi-point relaying hierarchical
topology route request HELLO message HELLO message
exploration (RREQ) message
update frequency on demand periodically periodically
topology route reply (RREP) topology control link state
announcement message message (TC) update message
error recognition route error (RERR) - error message

message
topology view local global global
scalability none partly (by clusters) full (by areas)
quality of difficult possible OSPF quality
service metric proposals available proposals available of service

e.g. [SBR04] e.g. [BMM07] extension

tive approach for the initial establishment of a connection, because only the proactive
approach provides ongoing network monitoring and permanently updated routing
tables. In addition to that, it is difficult to establish and maintain a global view and
common routing practice for the whole network, as each AODV node acts on its own,
independently from other nodes.

4.3.3. Summary

The most important attributes and properties of AODV, OLSR, and OSPF as presented
in the preceding sections are summarized in Table 4.1. MPLS is not considered in this
table, as MPLS is generally acting on top of another interior gateway protocol and
thus is not directly comparable. It has been shown that proactive protocols are char-
acterized by a beacon frequency, according to which bidirectional link connections
are maintained periodically. The accuracy of this topology exploration mechanism
raises with an increasing beacon frequency, but the signaling overhead does accord-
ingly. Therefore, proactive routing protocols yield large signaling overhead even in
static scenarios. There is a typical trade-off for that purpose between the accuracy of
the topology exploration and the signaling overhead, which proactive protocols are
subject to. Obviously, there is no beacon frequency in a reactive protocol. As a conse-
quence, the reactive protocol is free of signaling overhead in the static case. This also
implies that ongoing link state information is not available. For this reason, it is diffi-
cult for entities like the access point to preserve a consistent overview on permanent
network activities in this case.
Standard compliant proactive and reactive routing protocols evaluate the hop count
to determine the shortest path as routing path between two nodes. This underlies the
primary assumption that every further hop involves delay and represents a potential
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source of failure. Thus, the shortest path is assumed to be the fastest and the most
reliable connection at the same time. Apparently, this assumption is not always true.
A good example is given by the cellular multi-hop network itself, as for instance the
relay links are considered to be very reliable, while the links to the user terminals are
subject to mobility. The probability of a link break is therefore not equally distributed.
To reflect the network’s properties in a more realistic way, research develops more
complex routing metrics (see [SBR04] and [BMM07]) and includes exemplarily link
quality or user velocity as measurement parameters. The routing metric also impacts
the resource demand of a connection. The better the metric accounts for the topology,
the more efficiently a routing path can be established. For this reason, we want to
investigate the influence of the routing metric on the resource demand in the following
and therefore develop a corresponding graph model first of all.

4.4. Influence of Routing Metrics on Resource Demand

4.4.1. System Model

Assume a network topology to be defined by a directed graph G = (V , E , c) with nodes
Vi ∈ V , directed edges ~ei ∈ E , and edge-dependent capacities c(~e). The network graph
consists of a single access point VA, a set of relay stations VR, and mobile terminals VM

with {VA}∪VR∪VM = V . Each node Vi is assigned a geographical position in terms of
a set of coordinates Vi ↔ (XVi

, YVi
). Correspondingly, the Euclidean distance d(V1, V2)

between two nodes is defined as:

d(V1, V2) =
√

(XV1 −XV2)
2 + (YV1 − YV2)

2. (4.1)

Connectivity The question, whether two nodes are connected by an edge, depends
on the distance d(V1, V2), the distinct antenna gain factor a, and finally a predefined
threshold distance dmax. The distance dmax is the maximum communication range
of a transmission station with omnidirectional antennas at sender and receiver. This
value is primarily dependent on the transmission power and the channel conditions.
The antenna gain factor is related to hardware properties of the equipment. We there-
fore distinguish between router-to-router transmissions, for which we assign astatic,
and mobile-terminal-to-mobile-terminal transmissions, for which amob is taken into
account. Given this basic parameter set, two different link constellations are distin-
guished:
∀V1, V2 ∈ V :
∃~e = (V1, V2) ⇔







(I) ~e ∈ Emob : V1 ∈ VM ∧ V2 /∈ VM ∧
(

d(V1, V2) ≤ dmax · a
mob
)

(II) ~e ∈ Estatic : V1 /∈ VM ∧ V2 /∈ VM ∧
(

d(V1, V2) ≤ dmax · a
static

)

.

While the access point VA and the set of relay stations VR are fixed, the set of mobile
terminals VM is subject to mobility. There is an edge between a mobile terminal and
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a wireless router, if the mutual distance is smaller than the product of the threshold
distance dmax with the antenna gain factor. This set of edges is referred to as Emob.
Similarly, there is a subset of all edges E with quasi-static link connections Estatic. In
this case, the links are established between two wireless routers. The physical propa-
gation conditions are comparable, but a higher antenna gain is assumed for this con-
stellation. Inversely, the case of an edge connecting two mobile terminals is infeasible
by definition. Let us consider a piecewise linear link adaptation function fa to define
a relationship between the topological properties of a link ~e = (V1, V2) and a corre-
sponding physical data rate rphy(~e) = rphy(V1, V2):
∀~e ∈ E :

rphy(~e) := fa(d(V1, V2), a). (4.2)

The physical implications of the channel limit the capacity of a link such that the
physical data rate and the edge capacity are equivalent,
∀~e ∈ E :

c(~e)
!
= rphy(~e). (4.3)

Resource Efficiency Assume a subgraph S ⊆ G with S = (V , E , g) to provide the
solution of a unicast routing problem, whereby some data is routed from given source
nodes to distinct destination nodes. The routing process requires an edge-dependent
resource allocation g(~e). As S is a subgraph of G, the resource allocation g(~e) is con-
strained by the edge capacities,
∀~e ∈ E :

0 ≤ g(~e) ≤ c(~e). (4.4)

We define the ratio between allocated resources g(~e) and maximum available capacity
c(~e) as resource efficiency indicator ν(~e) for the resource consumption on a specific
link
∀~e ∈ E :

ν(~e) :=
g(~e)

c(~e)
. (4.5)

The efficiency indicator is bounded by ν(~e) ∈ [0.0; 1.0]. This relationship directly fol-
lows from the restriction in Equation (4.4). The indicator decreases with raising effi-
ciency. The most efficient realization does not require any resources at all, i.e. g(~e) = 0.
The most inefficient realization requires full capacity g(~e) = c(~e) and ν = 1.0. The
summation of all individual performance indicators ν(~e) to an aggregated value ν̃
provides information about the resource efficiency of the overall routing solution:

ν̃ =
∑

~e ∈ E

ν(~e) =
∑

~e ∈ E

g(~e)

c(~e)
. (4.6)

87



4. Intra-Cell Routing in Cellular Multi-Hop Networks

Let us explain this relationship with a short example. Assume a set of data connec-
tions with an envelope data rate of r = 9 MBit/s to be alternatively realized over
a two-hop connection with a capacity of c(~e1) = c(~e2) = 54 MBit/s each or a single-

hop connection with c(~e3) = 18 MBit/s. A mutual comparison of νth = g( ~e1)
c( ~e1)

+ g( ~e2)
c( ~e2)

=

2 · 9 MBit/s
54 MBit/s

= 1
3

and νsh = g( ~e3)
c( ~e3)

= 9 MBit/s
18 MBit/s

= 1
2

reveals that νth < νsh. Therefore, the

two-hop connection is considered to be more efficient than the single-hop connection
in this case. ν̃ is an important indicator to compare the different routing realizations
with respect to their individual resource consumption and will be used for evaluation
purpose.

Mobility Due to mobility, G and its physical properties change over time. We con-
sider a interval of T seconds. While the set of nodes V and the set of edges Estatic

remain unchanged, the set of dynamic edges Emob is time-dependent. We can describe
the topological changes by a series of time-discrete snapshot graphs Gt = (V , E t, ct),
whereby each graph is an instantaneous view of the topology at time t. The corre-
sponding time-dependent routing solution is again described by a subgraph St ⊆ Gt.
Consequently, we can also assign time-dependent values to the resource allocation
g(~e, t) and the capacity c(~e, t). The solution of the overall problem is thus given by a
comprehensive survey of all graphs Gt. For the investigation of the resource efficiency,
the summation of all individual edge-dependent indicators is consequently extended
to edge- and time-dependent indicators ν(~e, t). The resulting average value is given
by

ν̃avg =
1

T

∫ T

0

∑

~e ∈ E t

ν(~e, t)dt =
1

T

∫ T

0

∑

~e ∈ E t

g(~e, t)

c(~e, t)
dt

≈
1

T

∑

t ∈ T

∑

~e ∈ E t

g(~e, t)

c(~e, t)
· ∆t.

(4.7)

As it is impossible to solve the routing problem continuously, the integral can be ap-
proximated by a summation of time-discrete solutions. For that purpose, the overall
time T is divided into a set of equally spaced time intervals ∆t. We consider snapshot
views of the graph Gt at the beginning of each interval. The set of these moments is
given by T . The average resource efficiency of the time-dependent overall routing
problem is thus approximated by the term in Equation (4.7).

4.4.2. Optimum Solution to the Routing Problem

Flow Approach

Problem Formulation We want to develop a mathematical model to determine an
optimum solution to the routing problem. The routing task includes the problem, how
to assure a connection between source node and destination node for a given set of
traffic flows. For that purpose, we consider a set of data flows F with M = |F|. Each
flow fm ∈ F is heading from a source node V m

s to a destination node V m
d with a fixed
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rate rm. The set of source nodes is referred to as Vm
s . The overall flow is composed

of individual edge-dependent flow elements fm(~e). Any flow element is bound to a
directed edge and represents the transport of data such that negative flow elements
are physically impossible:
∀m ∈ {1, . . . ,M},∀~e ∈ E :

fm(~e) ≥ 0. (4.8)

Typically, the network topology allows different solutions to the routing problem. The
routing problem itself is described by a set of linear equations, which we refer to as
routing constraints. Apart, an operator-defined optimization criterion defines a dis-
tinct routing objective. In doing so, the problem itself can be formulated as LP

minimize routing objective
subject to

routing constraints.

As discussed previously, the scenario with mobile terminals is described by a series of
time-discrete snapshot graphs Gt. The routing problem is solved individually for each
graph. The corresponding solution of the routing problem is presented by a subgraph
St ⊆ Gt. For the clearness of presentation, we restrict our analysis to a single graph
G only and demonstrate a potential solution approach. The overall solution can be
determined by the repeated application of this approach to all graphs Gt.

Routing Constraints Under the assumption that each flow fm has to be routed, we
formulate a linear problem description based on a mathematical concept, which is
commonly known as flow approach. The flow approach is based on the assumption
that the equality of incoming and outgoing flows must hold at intermediate nodes.
Flows are created at source nodes and finally disappear at the corresponding destina-
tion nodes as sink. Starting at the source node V m

s , there must be a net outflow of rate
rm such that the difference between incoming and outgoing flows equals the rate,
∀m ∈ {1, . . . ,M},∀V m

s ∈ Vm
s :

∑

~e ∈ E (out)(V m
s )

fm(~e) −
∑

~e ∈ E (in)(V m
s )

fm(~e) = rm. (4.9)

For all intermediate nodes V ∈ V\{V m
s , V m

d }, which are neither source nor destination
node V m

d , the equilibrium of flows must be valid. According to the principle of flow
preservation, the sum of outgoing flows at each intermediate node must be equal to
the sum of incoming flows. In doing so, the amount of a distinct flow can neither be
artificially increased nor misleadingly decreased,
∀m ∈ {1, . . . ,M},∀V ∈ V\{V m

s , V m
d }:

∑

~e ∈ E (out)(V )

fm(~e) −
∑

~e ∈ E (in)(V )

fm(~e) = 0. (4.10)
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Accordingly, flows can only be created at the corresponding source. Subsequently,
flows are terminated at the destination terminal acting as sink. Additionally, we in-
troduce a binary auxiliary variable fm

h (~e) ∈ {0, 1} with
∀m ∈ {1, . . . ,M},∀~e ∈ E :

fm
h (~e) · C ≥ fm(~e), (4.11)

where C is a large integer constant. Consequently, fm
h (~e) = 1 for all fm(~e) 6= 0 and

fm
h (~e) is indifferent for fm(~e) = 0. We want to concentrate on single-path routing

such that we restrict the number of binary outflows fm
h (~e) to one flow per router at

maximum,
∀m ∈ {1, . . . ,M},∀V ∈ VR ∪ {VA} :

∑

~e ∈ E (out)(V )

fm
h (~e) ≤ 1. (4.12)

As the set of mobile terminals VM is not intended to act as wireless routers, outgoing
flows from any mobile terminal are generally prevented. The sole exception is given
by cases, in which a distinct mobile terminal VM acts as source node for a flow fm,
∀m ∈ {1, . . . ,M},∀VM ∈ VM\{V m

s } :

∑

~e ∈ E (out)(VM)

fm
h (~e) = 0. (4.13)

All the different flow elements on an edge sum up to the edge-dependent resource
allocation g(~e) as introduced in the previous section,
∀~e ∈ E :

g(~e) =
M
∑

m=1

fm(~e). (4.14)

Equation (4.9) to Equation (4.14) and the additional capacity restriction Equation (4.4)
represent a set of linear equations, which are referred to as routing constraints. The
given set of equations fully describes the routing approach. Potential resource alloca-
tion vectors fulfilling the set of equations are valid solutions to the routing problem.

Objective Function

A metric to measure the costs for the operator typically acts as objective function for
a distinct routing operation. Although most likely more than one solution to a given
routing problem exists, not all solutions are equally appealing to the network opera-
tor. The operator’s main objective is therefore put into a cost function. This function
can take into account for instance the hop count, the delay of a packet transmission,
the available physical data rate, processing delays, or the load status of the current
network configuration. As we have seen, any route assignment results in a corre-
sponding resource allocation, which can be measured by this cost function. By min-
imizing the distinct objective function, the route assignment follows the operator’s
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strategy and satisfies the defined optimization objective in the best feasible way. For
that purpose, let us take a look at possible routing strategies.

Minimum Hop Strategy Historically, simple metrics like the hop count originate
from the wired network domain, where link topologies are hardware-defined by fixed
wires. As processing at intermediate nodes is in most cases more critical than the
wired transmission, the binary accounting of a link connection between two devices
as one hop is a very intuitive issue. Under the assumption that the routing process is
performed on the network layer, this process is also logically separated from physical
layer information, following a strict layering principle. For that purpose, the choice
of a minimum hop metric Ωhop is one reasonable of the very limited set of options
on the network layer. Ωhop is a well-known metric, which is also applied in ad hoc
network routing protocols, for instance standard-compliant AODV. In wireless ad hoc
networks, links are generally unstable such that the risk of a link break increases with
each additional hop. In using the minimum hop metric, the risk of a link failure is
minimized in that respect. As only the last hop is subject to mobility in cellular multi-
hop networks, this advantage is not accounted for. Usually, minimizing the hop count
also minimizes the delay, although this is not generally valid. Thus, chances of a
routing path being stable and reliable are increased — under the assumption that
no knowledge about user velocity and user-specific propagation characteristics are
available — when applying the minimum hop metric. The corresponding objective
function is

Ωhop =
M
∑

m=1

∑

~e ∈ E

sgn{fm(~e)}, (4.15)

whereby sgn{·} represents the signum function. The signum function can be avoided
by the auxiliary variable fm

h (~e) such that the given minimization goal can be therefore
alternatively formulated by

Ωhop =
M
∑

m=1

∑

~e ∈ E

fm
h (~e). (4.16)

The summation accounts for all binary flow elements over all edges of the network
for all individual flows. Due to the linearity of the metric, the overall sum of hops is
minimum, if all individual flows are routed with a minimum number of hops.

Minimum Resource Strategy The second metric to be introduced is a metric Ωres,
which considers the required transmission resources. The resource indicator ν(~e) has
been introduced as an efficiency measure for the resources spent on a link. The sum-
mation of all individual measures ν(~e) allows a statement on the overall efficiency of
a routing solution:
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Ωres =
∑

~e ∈ E

ν(~e) =
∑

~e ∈ E

g(~e)

c(~e)
. (4.17)

While a small link capacity will lead to large individual summands, an additional
hop will increase the overall number of summands in the resource indicator sum. A
minimization of the given metric will therefore result in the most resource-efficient
transmission.

Best Connection Strategy Another metric Ωcon guarantees that a mobile terminal
will establish a connection to the wireless router with best signal strength. The impor-
tant difference between the previously presented metric Ωres and Ωcon is the property
that Ωcon takes only the last hop into account, while Ωres evaluates all links on the path
between access point and mobile terminal. The corresponding mathematical formu-
lation of Ωcon is given by
E(VM) = E (in)(VM) ∪ E (out)(VM) :

Ωcon =
∑

~e ∈ E(VM)

g(~e)

c(~e)
. (4.18)

Please recall that the idea behind Ωcon is close to the practice in today’s WLANs. Typ-
ically, users try to connect to the access point with best signal strength, which is a
reasonable approach from the terminal’s perspective without further knowledge.

Balancing Strategy The last proposal is a metric, which balances the resource allo-
cation of each wireless router:

Ωbal = max
V ∈ VR ∪ VA

∑

~e ∈ E (out)(V )

g(~e). (4.19)

For that purpose, the maximum resource allocation max(·) on the sum of outgoing
edges is determined at each router among the set of all wireless routers VR ∪ VA. This
metric is mainly based on the assumption that decreasing the maximum resource al-
location per router helps to avoid bottlenecks and will alleviate the spatial reuse of
frequency resources.

Routing MILP Let us sum up the presented routing problem. The overall problem
formulation includes
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Figure 4.2.: Multi-hop scenario with single access point, 8 relay stations, and — for
illustration purpose — only 10 mobile terminals.

minimize Ω = f(fm(~e), fm
h (~e))

subject to

∀m ∈ {1, . . . ,M},∀V m
s ∈ Vm

s :
∑

~e∈E(out)(V m
s )

fm(~e) −
∑

~e∈E(in)(V m
s )

fm(~e) = rm

∀m ∈ {1, . . . ,M},∀V ∈ V\{V m
s , V m

d } :
∑

~e∈E(out)(V )

fm(~e) −
∑

~e∈E(in)(V )

fm(~e) = 0

∀m ∈ {1, . . . ,M},∀~e ∈ E : fm
h (~e) · C ≥ fm(~e)

∀m ∈ {1, . . . ,M},∀V ∈ VR ∪ {VA} :
∑

~e∈E(out)(V )

fm
h (~e) ≤ 1

∀m ∈ {1, . . . ,M},∀VM ∈ VM\{V m
s } :

∑

~e∈E(out)(VM )

fm
h (~e) = 0

∀~e ∈ E :
M
∑

m=1

fm(~e) ≤ c(~e)

fm(~e) ∈ R
+
0 , f

m
h (~e) ∈ {0, 1},

where the objective function Ω is defined by one of the four presented metrics. A
solution of this MILP leads to a valid routing solution within the multi-hop cell. We
will examine and compare the different metrics in the following section.

4.4.3. Simulative Study

Imagine a simulation scenario as illustrated in Figure 4.2. The setup includes one ac-
cess point |VA| = 1, relay stations |VR| = 8, and mobile terminals |VM | = 30. Access
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point and relay stations are located in the middle of corresponding street crossings,
while mobile terminals move around randomly in the street tunnels. A mobile node
cannot enter the building area, its movement radius is restricted to the streets. Each
building has a block size of 120 m x 120 m, the street width is 60 m. Consequently,
the mutual distance between two routers is 180 m. Terminal nodes are uniformly dis-
tributed on the simulation area in the start configuration. An initial placement within
the buildings is not possible. The terminals move according to the random direction
mobility model as specified in Section A.1. Each terminal is assigned a triple vec-
tor of movement angle, speed, and duration. The movement duration is uniformly
distributed with a maximum duration tmax = 30 s, the movement speed is uniformly
distributed with a maximum user speed of vmax = 10 m/s. Five runs with indepen-
dent terminal movements and a duration of T = 250 s each have been performed to
get statistically meaningful results. The evaluation results represent average values
of these scenarios. The snapshot resolution is chosen to be ∆t = 10 ms. The default
transmission range of the wireless routers is R = 120 m and can be adjusted by vary-
ing the necessary received signal threshold. The maximum overlapping range in the
coverage area of two neighboring routers is thus 60 m on the connecting line of those
routers. The antenna gains for relay links between wireless routers are chosen in a
way that these links are operated at a maximum data rate of 54 MBit/s in the default
configuration. The link adaptation function is equivalent to Equation (A.6). Contrar-
ily, mobile devices are small low-cost terminals and therefore supposed to have no
antenna gain, i.e. amob = 1 on links between routers and mobile terminals. A constant
bit rate connection with rm = 16 kbit/s is established from the access point to each of
the 30 mobile terminals.
The absolute amount of required resources of a certain metric is not meaningful, as
this value can be scaled arbitrarily with different traffic loads. The interesting issue is
the relative comparison of the resource requirements for different metrics. The min-
imum resource strategy is therefore taken as 100% benchmark. The values of other
strategies are normalized accordingly.

Resource Efficiency

The efficient use of available transmission resources is a major issue in cellular net-
works. Imagine the case of a provider, who has spent billions into a license for a
frequency band. It is clearly understandable that the spectral efficiency of the cellular
network will influence the profitability of the investment. As soon a network oper-
ation mode with high efficiency is applied, the network’s operation will require less
resources to supply the same amount of subscribers such that the overall investment
costs will be reduced.
The spectral efficiency on a single link is mainly related to the physical layer condi-
tions. The spectral efficiency of a multi-hop network is also dependent on the routing
strategy. This is due to the fact that different strategies result in different routes. As the
links’ capacities are variable, some strategies will require more resources than other
strategies. The following simulations will illustrate this relationship. For that pur-
pose, the normalized value of the aggregated resource consumption ν̃ is calculated
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for different routing strategies.

Minimizing Resources As expected, the simulation results of Figure 4.3(a) reveal
that the minimum resource strategy uses the least amount of resources and thus de-
fines the 100% benchmark in the chart. More interestingly, it is shown that the mini-
mum hop strategy has comparable results for this scenario. This can be explained by
the limitation of the transmission range, due to which long-distance connections with
very small PHY modes are infeasible. These long-distance links are typical examples,
where a minimum hop strategy could potentially rely on a very inefficient one-hop
connection instead of a better two-hop connection. As these unfavorable constella-
tions are prevented by the physical layer, the routing unit is forced to establish a new
route as consequence of a physical link break. This link break is independent on the
routing strategy. Therefore, there is practically no difference between both strategies
in this scenario. The simulations also show that the best connection strategy requires
about 25% more resources than the comparable minimum resource strategy. This is
a very interesting result. Please keep in mind that a decision according to the best
connection strategy is taken for instance by today’s WLAN users, which simply try to
connect to the next hot spot access point with best signal quality. Even worse behaves
the load balancing strategy, where about 30% more resources are needed than for the
minimum resource strategy.

Load Balancing The advantages of the balancing strategy are illustrated in Figure
4.3(b). This result indicates that the minimum hop strategy tends to create a bottleneck
at the access point, as all feasible devices are connected in a one-hop connection to the
access point. The maximum resource consumption per router is decreased by the bal-
ancing strategy by about 20% compared to the minimum hop strategy and about 10%
to the minimum resource strategy. However, this decrease in maximum load is on-
going with an increase in overall load as shown in the previous figure. Nevertheless,
any decrease in the maximum amount of required resources may facilitate the spatial
reuse of frequency resources. We currently assume that resources cannot be reused
within the same cell such that potential savings due to spatial frequency reuse are not
accounted. From this perspective, there is no real advantage of intra-cell load balanc-
ing such that we will renounce on further investigations with the balancing strategy.
Interestingly, the minimum resource strategy and the best connection strategy have a
similar maximum resource consumption.

Summary These initial results indicate that the very easy minimum hop strategy
is indeed an efficient approach to operate a multi-hop cell, which is comparable to
the minimum resource strategy with optimum resource allocation, but leads to peak
loads around the access point. It is also shown that the probably most obvious ap-
proach from the user’s perspective, the best connection strategy increases the overall
resources significantly. Therefore, the application of this approach in a cellular multi-
hop network is not recommendable at all. Balancing the user load will help to reduce
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(a) Illustration of the overall resource consumption
for the different routing strategies.
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(b) Illustration of the maximum resource consump-
tion per router for the different routing strategies.

Figure 4.3.: The figures indicate that the choice of the routing strategies has serious
impact on the overall resource consumption and the maximum resource
consumption within the multi-hop cell.

the maximum load per router by about 10%. However, an increased overall resource
requirement has to be accepted in return for this peak load reduction.

Dependency on Relay Link

In the deployment and planning of a cellular multi-hop network, the links between
wireless routers are a technical key impact factor. The density of the infrastructure
network as well as the choice and the quality of the technical equipment influence the
link capacity of these wireless relay links. In order to get a better understanding of the
influence of these wireless backbone links, the relationship between relay link capac-
ities and the resulting overall resource consumption in the network is investigated in
the following. This analysis is motivated by the desire to emphasize the importance
of the topological design of the infrastructure network for the overall performance.

Antenna Gain In practice, the physical data rate of a relay link depends on the cho-
sen combination of forward error correction scheme and applicable PHY mode. The
optimum PHY mode is primarily dependent on the SINR. External impact factors as
for example user terminal velocity and the propagation characteristics of the environ-
ment may additionally influence the PHY mode choice. Furthermore, the properties
of the technical equipment itself impact the feasible data rate for fixed link conditions.
A very substantial parameter in this context is the antenna gain, a hardware-specific
characteristic of the wireless devices, which results from the number of physical an-
tenna elements. If we consider fixed and operator-owned access and relaying equip-
ment, one can imagine hardware with more than a simple omni-directional antenna
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element and thus higher antenna gains. Ultimately, this is also a question of invest-
ment costs, i.e. a higher investment will impact the technical quality of the individual
components. Exemplarily, assume the antenna gain to be variable. In practice, this
can be achieved by antenna equipment with variable sensitivity. Consequently, the
equipment enables the relay links to be operated at different physical data rates, al-
though transmission distance, transmission power, and the topology remain fixed.
The positioning of single antenna elements and the subsequent transmission angle
may provoke a similar change in the available link quality.

Relay Link as Design Parameter Figure 4.4(a) shows, what will happen, if the
physically feasible data rate of the relay links is — ceteris paribus — decreased due
to some extrinsic impact factor, e.g., equipment quality or positioning. In doing so,
the physically feasible data rates for the relay links vary between 12 MBit/s and 54
MBit/s, while link conditions to mobile terminals stay untouched per definition. Fig-
ure 4.4(a) illustrates that the overall resource consumption increases dramatically with
decreasing relay link capacity, independently on the applied routing strategy. Never-
theless, the best connection strategy leads to even worse results than the other strate-
gies. While the increase in overall resource consumption for large relay link data rates
(54 MBit/s) is about 20%, it is around 50% for small relay link data rates (12 MBit/s).
The reason for this behavior is obvious: The best connection strategy is totally un-
aware of the relay links. These links are not included in the optimization process, but
only the last hop links to mobile user terminals are considered. This is a very impor-
tant observation. The worse the rate on the relay link, the more important is a consid-
eration of the relay link topology in the optimization process. This explains the bad
performance of the best connection strategy. Any disregard of the path-dependent
overall resource consumption can increase the required overall resources by 50%, if
the link conditions on the relay link are far from optimum as seen in the case study
with rphy(~e) = 12 MBit/s on the relay links. As an extreme case, imagine a wireless
infrastructure network with unlimited capacity (rphy(~e) → ∞). This is by the way
comparable to a replacement of all relay stations by access points. In this case, the
relay link does not matter at all for the optimization process, as the required resources
tend to zero. A simple last-hop optimization with the best connection strategy is the
preferable strategy to apply then. For any intermediate scenario with finite relay link
capacities, the ratio in resource consumption between last hop links and relay links is
important. Both links should be equally considered in the optimization process, if the
relay link capacity is comparable to the last hop link capacity.

Summary There are two major results to point out: On the one hand, the above
presented results have shown that a simple last hop optimization according to the
best connection strategy can have disastrous consequences on the overall resource
consumption. On the other hand, the impact of the wireless relay links becomes less
important with increasing relay link capacity.
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(b) User velocity versus rerouting events.

Figure 4.4.: Resource consumption and rerouting events.

Overlapping Area of Coverage Ranges

A central aspect in the design of wireless networks is the size of the overlapping area
between the transmission ranges of two neighboring routers. Adaptive power assign-
ment at the transmitter or a variable detection threshold sensitivity at the receiver
will have direct impact on the maximum transmission range and consequently on the
overlapping area between neighboring routers. The following simulation results have
been achieved by varying the receiver threshold parameter in a way that the transmis-
sion range is ceteris paribus increased. We have omitted the best connection strategy,
as this strategy is indifferent to the extension of the coverage ranges.

The coverage overlapping factor ψ is defined as a relationship between the transmis-
sion radius and the distance between two routers:

ψ =
R1 +R2 − d

d
. (4.20)

The corresponding relationship is also illustrated in Figure 4.5(b). The amount of
overlapping area defines the region, where a user terminal can choose and handover
between different wireless routers. The overlapping factor is therefore an important
parameter for handover considerations. It also influences the physical link topology
and thus the options and the behavior of routing strategies, as the overall connectivity
of the network is increasing with raising the overlapping area.

The effect of an increased overlapping factor between different cells is shown in Fig-
ure 4.5(a). While the minimum hop strategy and the minimum resource strategy be-
have similarly for a small overlapping factor (ψ = 0.33), the difference in resource
consumption is increasing with raising overlapping degree. Given an overlapping
degree of ψ = 1.0, the minimum hop strategy leads to an increased resource con-
sumption of about 60% more resources, although the resource consumption for the
minimum resource strategy remains unchanged. This difference can be explained
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(b) Illustration of the coverage overlapping factor.

Figure 4.5.: The mutual overlapping coverage area between neighboring routers is an
important extrinsic impact factor on the efficiency of the routing strategy.

easily: Provided a small overlapping area, the number of potential routing paths is
small such that the chosen routing path is primarily imposed by physical link condi-
tions on the routing strategy. However, with raising overlapping factor, the margin
of the routing protocol increases with the number of possible routing paths. While
the minimum resource strategy still remains perfectly adjusted to the link conditions,
the minimum hop strategy tends to rely on very inefficient long-distance links and
thus wastes valuable resources. Recalling the analytical analysis of [Emm05b], a high
overlapping factor is essential for networks with small coverage ranges to guarantee
a seamless handover between different routers (see Chapter 2). The minimum hop
strategy is beyond doubt affiliated with an inefficient handling of resources then and
should be avoided from that perspective.

Summary The mutual dependency of the cell topology and the efficiency of the
routing strategy is pointed out by the presented results: If the network is planned in a
way that the overlapping coverage region is very small, an intelligent routing strategy
will have minor impact, as routing will be imposed and overruled by the physical link
conditions in most cases. If the network is constructed with huge mutual overlapping
areas between the neighboring routers, this constellation will alleviate the handover
process. The results imply that a suitable intelligent routing strategy is necessary to
save valuable transmission resources then.

Stability of Routing Path

Adapting the routing path perfectly according to the physical link conditions helps to
preserve transmission resources. However, one aspect of this permanent reconfigura-
tion should not be omitted: Frequent reroutings may cause additional overhead for
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signaling, association, and the related exchange of services parameters. Additionally,
any reconfiguration is a potential source for errors and failures such that link or route
breaks are alleviated. The stability of the routing path is therefore a very critical issue.
Two major sources, which cause a link connection to be rerouted, can be determined:

• mobility: As the users are considered to be mobile, there will be link breaks due
to the physical limitations of the coverage of a wireless router and due to the
natural characteristics of the wireless channel. If the mobile terminal is moving
from one to another router, the routing protocol is forced to reroute the data
connection accordingly, as a connection break-down is unavoidable otherwise.
Dynamics due to user mobility cannot be influenced by the choice of the routing
protocol, as all routing protocols are subject to these constraints in a similar way.

• resource allocation: Nevertheless, a rerouting of a data connection within the net-
work may also be reasonable apart from mobility and physical impacts. Dynam-
ics are also caused by changes of the traffic pattern within the coverage range of
a router. Two different situations have to be distinguished again, namely the
case, where rerouting is unavoidable, and the case, where rerouting is desirable
for optimization purpose. For any system operating below its capacity, rerout-
ing is only desirable, as it might save resources due to the routing process or
lead to another goal, for example a higher feasible data rate. This dynamic is a
direct consequence of the design and choice of the routing strategy. Some rout-
ing strategies result in a less efficient distribution of resources, but also cause
less reroutings in return. Other strategies are very resource-efficient, but related
to frequent rerouting processes. There is a trade-off between the optimum adap-
tation to the physical link conditions and the perfect matching of a routing goal
on the one hand and stability of the routing path on the other hand.

Every rerouting process does not only mean additional signal overhead caused by the
handover procedure itself, but permanent rerouting may also lead to instabilities in
the network. The worst case is defined by oscillations, where traffic is shifted back
and forth between two routers, like a bouncing ball. Typically, a hysteresis curve is
applied to prevent such oscillations. A hysteresis curve for a handover process defines
a considerably high threshold level to be surpassed, before the handover is triggered.
The immediate handover back becomes thus very unlikely. The numerically evalu-
ated routing strategies do not include any hysteresis curve on purpose. Only thus it is
possible to determine the optimum routing path and compare the different strategies
directly.
Clearly, it is interesting at this point to evaluate the relationship between the routing
strategy and corresponding number of intra-cell handover processes, especially as
there is no hysteresis curve included. Figure 4.4(b) illustrates the number of rerouting
processes in dependence on the routing strategy. It is shown that the pursuit of the
minimum hop strategy requires less reroutings than the minimum resource strategy.
The given figure indicates that the difference in rerouting processes depends on the
user velocity. While there is practically no difference for the scenario with low user
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velocity, the minimum resource strategy causes about 50% more reroutings for a cor-
responding scenario with higher average user velocity. This can be explained by the
fact that the minimum hop strategy is less sensitive to link conditions than the mini-
mum resource strategy. Changes of a link condition from one PHY mode to another
will not influence the hop count in any respect, but will affect the associated resource
allocation. The optimum route adaptation is paid by the price of reroutings for this
reason. One possible consequence of this result could be a separation of user groups
according to their speed. The optimum resource allocation is only performed for the
group of users with low speed, for instance users sitting in a cafe or walking users
in a pedestrian zone then. In contrast, a very stable routing configuration, e.g., the
minimum hop strategy, could be applied to users with higher mobility, e.g., persons
in cars.

Summary As a consequence to the given result, the minimum resource strategy can
be pursuit without any impact on the network stability for user terminals with low
velocity. In contrast, the minimum resource strategy has to be applied carefully in
scenarios with higher average speed, as frequent reroutings are a logical consequence
of this strategy.

4.5. Efficient Topology Exploration within a Multi-Hop
Cell

4.5.1. Topology Exploration Protocol WOSPF

Design Aspects

We have seen that the establishment of routing paths within a multi-hop cell is a cen-
tral element for the successful operation of a cellular multi-hop network. To enable
this operation, the following open issues with respect to intra-cell routing protocol
have to be answered:

• How should an intra-cell routing approach look like, which combines resource
efficiency in terms of signaling overhead and optimum route adaptation?

• How can a potential approach be included in the protocol stack of today’s wire-
less communication devices?

We want to investigate these questions and primarily address the issue, whether to
use a proactive or reactive routing solution.

Infrastructure and User Subnetwork The preceding studies have illustrated the
hybrid structure of the cellular multi-hop network topology. There are static devices
in the network, namely the access points and relay stations, and dynamic devices
like the mobile terminals. While the static part recalls principles known from fixed
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Figure 4.6.: The multi-hop cell can be divided hierarchically into a static infrastructure
network and a dynamic user subnetwork.

networks, the dynamic part carries characteristics similar to ad hoc networks. A rea-
sonable protocol solution has to deal with both, the fixed and ad hoc character of the
network, at the same time. Considering the cellular multi-hop network as hierarchi-
cal network architecture, it can be divided into two parts as shown in Figure 4.6: The
upper part includes those network entities, which face almost time invariant trans-
mission conditions, i.e. the links between wireless routers in the fixed infrastructure
part of the multi-hop cell. The network formed by these stations is considered to be
static at least on a minute-based time scale, as natural fading effects and other dy-
namic channel characteristics are not accounted for. This part is definitely not subject
to any mobility and establishes the upper or infrastructure subnetwork of the wireless
multi-hop network. The entities of the lower subnetwork, the mobile user terminals,
cannot guarantee any transmission conditions. Hence, the lower subnetwork is also
referred to as the dynamic user subnetwork.

Proactive Routing versus Reactive Routing It is possible to apply both, a proac-
tive as well as a reactive intra-cell routing approach. Even hybrid combinations and
in-between solutions are possible and also reasonable. Our analysis has shown that a
proactive protocol will be the best choice for the operation of a multi-hop cell. Let us
name two major reasons that have driven the decision to employ a proactive routing
protocol instead of a reactive approach:

• control aspect: As the denomination "reactive" implies, an extrinsic action causes
the reactive protocol to start its operation. This means being in a tight spot
and thus loosing some control. On the contrary, being proactive means act-
ing up to date, even ahead of time. A proactive routing protocol therefore al-
lows overview about the link connectivity and control of the logical connectiv-
ity within the network. Measurement data is collected periodically and can be
used for the customers benefit, whenever it is desired. This control aspect is a
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very important part of the philosophy of cellular networks, where a commercial
network operator is in charge of the network. The operator wants to provide
service guarantees and therefore needs to have all-time control of the network.
Employing a fully reactive protocol such as AODV in ad hoc networks or only
reactive components as the Hybrid Wireless Mesh Protocol [Bar06] in mesh net-
works means giving up some of the central control power to the client device
itself. This opens the door to potential misuse and restricts the administrative
options of the operator. Additionally, if we want to provide an intra-cell routing
solution, which is compliant to the existing LTE standard, it is hard to imagine
a reactive routing approach to meet these requirements. A proactive routing
protocol fits obviously better into the concept and need of a cellular network.

• resource efficiency: We have already seen that advanced routing metrics will help
to enhance the network’s capacity. Intelligent routing metrics make it possible
to determine optimized and resource-saving routing paths. These metrics also
allow us to find alternative routing paths in case of capacity bottlenecks. The
individual optimization of distinct routing paths is therefore embedded into the
overall optimization process. It has been shown in Chapter 3 that decentral-
ized approaches can also achieve good load balancing results. The performance
has turned out to be appealing in cases, where the intervals between major load
changes have been considerably small compared to the reconfiguration intervals
of the clustering algorithm. In contrast to the clustering process with bundled
user traffic at a relay station, the intra-cell routing process has to consider single
user connections. Due to the mobility of single users and their time-dependent
traffic demand, the resource requirement may change quickly. The required re-
action speed on load changes is consequently by far higher, as the intra-cell rout-
ing has to be operated on or even below a second’s scale. For that purpose, a
decentralized optimization with a reactive scheme is much more difficult.

The proactive routing approach enables a network operation, which is very efficient
from the spectrum’s perspective. As commonly known, license fees for spectrum al-
location are a major impact factor in the operator’s business model such that spectral
efficiency has always been a major theme in the development of cellular networks.
However, the proactive routing approach is associated with inefficiency, which is re-
lated to the required signaling overhead. In contrast, the reactive approach is charac-
terized by small signaling overhead, which in turn is paid by a higher price for the re-
source consumption for data transmissions. A fair comparison between proactive and
reactive routing is only feasible considering both, the user data and the signaling over-
head. For that purpose, the trade-off between proactive signaling and corresponding
routing efficiency will determine the overall benefit. We propose a proactive intra-cell
routing protocol in the following. In order to shows its efficiency, we will compare it
with the reactive AODV protocol later on.
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Figure 4.7.: The WOSPF routing protocol uses periodical HELLO and corresponding
HELLO reply packets to explore local link conditions. The link state infor-
mation is globally distributed within the cell by LSU messages.

Protocol Operation

A routing protocol is needed, which mirrors the hybrid position of cellular multi-hop
networks somewhere in between fixed and ad hoc networks. It thus seems reasonable
that the new protocol has traces of existing routing protocols from the ad hoc as well
as the fixed network domain. The following proposal can be considered as a simpli-
fied and modified protocol version of the existing OSPF scheme. The new protocol
is adjusted to the special demands of cellular multi-hop networks. It is referred to as
Wireless Open Shortest Path First (WOSPF), as it is a derivative of OSPF for wireless
multi-hop networks. The operation of WOSPF is restricted to the two major packet
types of OSPF, namely HELLO and Link State Updates (LSU) packets. While HELLO
packets are used to explore local link conditions between neighboring terminals, LSU
packets distribute the link state information among all routers within the network.
The operation is also illustrated in Figure 4.7.

HELLO Message The HELLO broadcast message signals the presence of a wireless
router to surrounding wireless routers and mobile terminals. Any incoming HELLO
message is confirmed by the recipient with a corresponding HELLO reply message.
The HELLO reply message is sent in unicast mode, as mobile terminals are not en-
abled to send broadcasts. The packet definition as shown in Figure C.4(a) has been
derived from the OSPF RFC 2328. In accordance with the original OSPF specification
(see Figure C.4(b)), the HELLO and HELLO reply packet definition includes a 32 bit
sender IP address, a gateway or access point IP address, and a 32 bit cell identifier. The
gateway IP address and the cell identifier are referred to as designated router and area
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ID in the original OSPF standard. The period between two subsequent HELLO pack-
ets is defined by a 16 bit beacon interval field. The beacon interval itself is determined
by the access point. By receiving HELLO packets from the access point, relay stations
are informed about the cell-specific beacon interval. All relay stations are supposed to
periodically send out HELLO packets themselves according to the beacon frequency.
The number of hops between a wireless router and the access point is signaled in the
priority field, whereby the access point is defined to have priority level zero. Each
additional hop increases the priority field by one. Each HELLO message includes a
given dead interval. This interval determines the period of time, after which a link
connection will expire, if no further HELLO reply message is received. Instead of a
dead interval, the HELLO reply message contains a connection ID. This field makes
it possible to distinguish different applications on the same terminal and thus allows
application-specific routing. This means that for example a voice connection could be
routed with a minimum hop metric to minimize the delay, while for instance a file
download is routed with a minimum resource metric. In practice, one could imagine
a mobile terminal to establish several connections to independent routers simultane-
ously. This is possible, as long as the different routers use orthogonal resources. A
time multiplex is thereby the easiest options from the technical perspective. In con-
trast to the original OSPF packet definition, the 12 byte authentication part is not in-
cluded. This is due to two reasons: On the one hand, security is out of focus of this
thesis, on the other hand the standard-compliant AODV packet does not include cor-
responding authentication fields either. The header has been adjusted therefore for a
fair comparison in terms of signaling overhead. Additionally, a neighbor list is sig-
naled in the original OSPF HELLO specification. This part has been removed as well,
as mobile terminals do not require this neighborhood information.

Link State Update Message The access point and relay stations extract the link
state information from local HELLO messages and collect it in a corresponding topol-
ogy table. The topology table consists of a set of topology entries as specified in Figure
C.2(a). Each topology entry includes source and target IP addresses of a link connec-
tion. Performance indicators as signal strength, SINR, delay, and other measurement
parameters are assigned a type of service (TOS) value and can be stored in a TOS met-
ric field. In the following, we want to concentrate on the PHY mode and hop count
as two independent performance indicators. This means that an entry is updated,
whenever the PHY mode on the distinct link changes. LSU messages are used to in-
crementally synchronize topology tables among all wireless routers. The incremental
update is necessary to reduce the signaling overhead. Each update includes link state
information of mobile terminals and their adjacent routers according to the specifi-
cation in Figure C.5(a). A typical problem known from the OSPF operation in fixed
networks is the signaling overhead, which increases polynomially with the size of the
network. The overhead results from the flooding of LSU messages through the entire
network. We therefore define two possible modes for the exchange of LSU messages:

• flooding mode: The LSU messages are flooded through the entire multi-hop cell
such that all routers share the same view on the cell topology. The signaling
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overhead caused by LSU messages increases polynomially in dependence on
the number of wireless routers.

• direct mode: The direct mode is a measure to reduce the polynomially increasing
signaling overhead due to LSU messages. The LSU messages are thereby only
sent and forwarded from each relay station to the access point. This approach
saves transmission resources, but limits the global topology knowledge to the
access point only. Terminal-to-terminal routing within the cell is only feasible
with support of the access point in this case. Nevertheless, this mode seems to be
an appropriate option, as direct communication between two terminals within
the same cell is not a frequent application scenario. We can assume that the
large majority of all connections passes through the access point to the backbone
network.

4.5.2. Inter-Layer Routing Support by MAC Layer

The previous section has proposed a proactive routing protocol with periodical HELLO
messages. The signaling overhead is presumably high in comparison to a reactive
protocol like AODV, especially if the system is parametrized in a way that the beacon
interval is small. However, a small beacon interval is advantageous, as it enables an
accurate tracing of the current topology due to the frequent updates. We therefore
want to take a look, whether cooperation with the MAC protocol can help to reduce
the signaling overhead. The results will show that a small signaling overhead and a
high beacon frequency are not necessarily two contradicting design goals.

Centralized MAC A centralized MAC is a common characteristic of today’s cellular
networks. The centralized MAC is characterized by the property that transmission
resources for multiple wireless user terminals are distributed by a central scheduling
entity, e.g., the access point. According to this definition, GSM with TDMA and IEEE
802.16 with OFDMA use centralized MAC protocols. We see the centralized MAC
in contrast to a distributed MAC scheme as for instance IEEE 802.11 with its Car-
rier Sense Multiple Access with Collision Avoidance (CSMA/CA) mechanism. Let
us recall the fact that cellular multi-hop networks are intended to be an extension of
the LTE standard and therefore supposed to be operated by a centralized MAC. The
envisioned MAC protocol could be similar to the IEEE 802.16 MAC frame structure
as presented in [EMSW02]. A potential TDD-OFDMA frame structure is illustrated in
Figure 4.8. This frame structure divides the transmission resource into periodic uplink
and downlink intervals. The wireless router broadcasts a preamble at the beginning
of each slot. This periodic beacon signal is required by the mobile terminals for physi-
cal layer synchronization purpose. The preamble is followed by two OFDM symbols,
which represent the Frame Control Header (FCH). The FCH defines size of the down-
link map (DL-MAP) and uplink map (UL-MAP). DL-MAP and UL-MAP include the
physical layer parameter set for the transmission of uplink bursts and the reception
of downlink bursts. The uplink slot also contains a separate ranging subchannel,
in which mobile terminals apply for corresponding uplink transmission resources.

106



4.5. Efficient Topology Exploration within a Multi-Hop Cell

These requests are not collision-free, as the access is organized in a contention-based
manner according to the slotted ALOHA principle with random back-off timer. Tak-
ing a closer look to the IEEE 802.16 standard, two major signaling channels for the
exchange of physical layer information can be identified:

• uplink signaling: Whenever a user terminal wants to get initial access to a wire-
less router, the terminal applies for transmission resources in the ranging sub-
channel with an initial range request (RNG-REQ) message. The inital RNG-REQ
message contains the subscriber station MAC address and a standard connec-
tion ID 0. The resources are granted by the wireless router in a correspond-
ing range response (RNG-RSP) message. The RNG-RSP includes a set of three
terminal-specific 16 bit connection IDs for network management messages. Fur-
ther connection IDs can be allocated for every application. In dependence on the
distinct service class, uplink resources are provided periodically or requested by
piggy-backed subheader messages following the regular MAC header of a pro-
tocol data unit in the uplink slot. Alternatively, the regular subranging channel
or particular so-called unicast, multicast, or broadcast polling channels can be
used for further bandwidth requests.

• downlink signaling: The corresponding downlink signaling is included in the DL-
MAP messages. These messages contain a 48 bit base station ID as well as fur-
ther physical layer related parameters.

One can imagine two similar methods for the distribution of transmission resources
among access point and relay stations within a multi-hop cell: a nested frame struc-
ture, where the relay station itself imposes a recursive frame structure within its as-
signed UL burst (depicted in Figure 2.10), and alternatively a parallelized frame struc-
ture, where the access point and the relay stations share resources in a TDM fashion
(see Figure A.4). It is assumed in both cases that the distribution of resources and thus
the overall frame structure is time-variant and defined by the access point according
to the current traffic demand.

Identifying Redundancies A detailed look to the DL-MAP, the ranging subchan-
nel, and especially the piggy-backed subheader add on reveals that the MAC layer
information contained in these messages is redundant to the information gathered
by the HELLO protocol mechanism in the network layer. We observe that the MAC
broadcast frame channel provides equal information to the HELLO message. Simi-
larly, the RNG-REQ message, or subsequent piggy-backed subheaders add ons con-
tain equivalent information to a HELLO reply message. The DL-MAP, RNG-REQ, and
piggy-backed requests are necessary and mandatory elements of the OFDMA MAC
protocol. Therefore, these messages are independent of the routing protocol and be-
yond any influence of the network layer.

Inter-Layer Information The available link information in the MAC layer can help
to reduce the signaling overhead of the topology exploration protocol on the network
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layer significantly. Using the Address Resolution Protocol, the router’s or the termi-
nal’s MAC address can be translated into a corresponding IP address. The individual
application-dependent connection ID is available anyway in the MAC frame pack-
ets. The source IP address, destination IP address, and the available PHY mode can
therefore be passed periodically from the MAC layer to the routing unit in the net-
work layer through a defined inter-layer MAC service interface2 as shown in Figure
4.9. The corresponding HELLO protocol on the network layer becomes therefore re-
dundant. In doing so, the protocol stack on layer 3 is reduced to LSU messages to be
exchanged between wireless routers. In the following, this shortened variant of the
WOSPF protocol is referred to as MAC-supported WOSPF. This measure decreases
the resulting signaling overhead dramatically, as will be shown in the next section.
Potential drawbacks of the presented solution shall not be omitted at this point: The
inter-layer exchange of information contradicts the strict layering principle, accord-
ing to which each layer provides independent functionalities for other layers. This ex-
change makes the architecture more complex and may complicate a redesign of the ar-
chitecture and functional system tests. This fact must be simply accepted from the ar-
chitectural perspective. Nevertheless, it is important to emphasize that the exchange
of information is unidirectional from the lower to the upper layer. Consequently, the
proposed operation does not involve cross-layer optimization with a closed-loop bidi-
rectional parameter exchange. Adjustments and modifications in the development
process are typically very difficult to handle for cross-layer optimized architectures.

Competitive Approach A comparable routing proposal for cellular multi-hop net-
works is made in [HYGC07]. This approach includes centralized and distributed rout-
ing schemes. In both cases, routing is restricted to the relay-extended infrastructure
topology and does not include mobile terminals. [HYGC07] suggests to exchange
connectivity and interference information by the IEEE 802.16 proprietary MSH-NCFG
message. The approach works for a centralized and distributed routing scheme. Al-
ternatively, the publication explains that REG-RSP messages can be used by the access
point to request the positions of relay stations. The location data is used in return to
calculate position-based interference patterns and connectivity matrices. The idea to
take advantage of OFDMA MAC-specific packet types for the exchange of connectiv-
ity information is similar in our proposal and in [HYGC07]. Nevertheless, [HYGC07]
is primarily focused on the static wireless infrastructure network. In contrast, our
work mainly intends to present an efficient routing scheme, which accounts for the
fixed infrastructure network and the dynamic user subnetwork about equally.

Application to IEEE 802.11 The application of the proposal to IEEE 802.11 WLAN
is indeed difficult. It is very important to point out that the presented idea does not
work together with a decentralized MAC solution. The IEEE 802.11 standard, which
is state of the art for today’s WLAN networks, foresees two MAC mechanisms, Point

2A similar MAC service interface is already defined in IEEE 802.15.3 [IEE06b]. Additionally, IEEE
802.21 wants to introduce a corresponding MAC service interface for the purpose of Media-
Independent Handover [LSP08].
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Coordination Function (PCF) and Distributed Coordination Function (DCF). The DCF
is based on the CSMA/CA MAC mechanism to share the wireless medium in a dis-
tributed manner. The DCF does not contain any beacon signals, which could be
mapped to the information of a HELLO message. The necessary information for the
inter-layer exchange is therefore not available on the MAC layer such that the MAC-
supported WOSPF is infeasible in this case. Most of today’s MAC implementations
are based on the DCF and the alternative PCF is often omitted. The PCF is a suitable
MAC mechanism for star-shaped topologies with a central coordinating access point.
The working principle of the PCF is very similar to the HiperLAN/2 MAC structure,
as periodic beaconing and a user feedback channel are included. The additionally
proposed inter-layer information exchange is feasible as well in this case. The basic
WOSPF protocol is independent on the MAC layer and can be combined with any
kind of MAC mechanism.

4.5.3. Simulative Study

Simulation Scenario

The proposed routing protocol has been implemented in a routing unit within the
simulation tool as specified in Appendix A. The topology is chosen again according
to Figure 4.2, which illustrates a single-cell environment with |VA| = 1 access point,
|VR| = 8 assigned relay stations, and |VM | = 30 mobile terminals. The communication
radius of the wireless routers is restricted to R = 120 m for router-to-terminal connec-
tions and R′ = 180 m for router-to-router connections. The antenna gains of routers
and mobile terminals are chosen accordingly. The mobile terminals are uniformly
distributed and move according to the random direction mobility model presented
in Section A.1. All simulations have been performed for five statistically indepen-
dent mobility scenarios with a duration of T = 300 s each. The presented results
are mean values of all simulations. The default values include a beacon frequency of
rhello = 1 s−1 and a maximum user speed of vmax = 10 m/s for 30 user terminals. The
traffic consists of constant bit rate applications with r = 16 kbit/s, which are trans-
mitted by UDP clients from the access point to each mobile terminal during the whole
simulation time. The presented simulation results include the proposed WOSPF pro-
tocol and the RFC-compliant implementation of AODV, AODV-UU of University of
Upsala [Wib02], for the purpose of comparison. Due to the physical layer restrictions
of the cellular network, broadcast messages from mobile terminals are only delivered
to the adjacent wireless routers, any mobile terminal-to-terminal communication is in-
feasible from the PHY perspective. Only thus is a fair comparison between the routing
protocols possible.

Discussion of Results

Mobility Figure 4.10 shows the relationship between signaling overhead and max-
imum user terminal speed. Two different protocol types are distinguished, namely
AODV and WOSPF. WOSPF itself is investigated in four different settings: standard
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WOSPF protocol and MAC-supported WOSPF with flooding mode and direct mode
each. It can be observed that the number of signaling packets and especially the sig-
naling overhead in terms of bytes per second is increasing with raising average user
velocity, which is a very obvious result. Changes in the network topology automat-
ically occur more often in an environment with higher mobility, which results in an
increased amount of necessary LSU messages to keep the topology tables incremen-
tally synchronized among each other. Thereby, the proactive topology exploration
protocol WOSPF in flooding mode produces by far more signaling overhead than the
corresponding reactive protocol AODV. It is also shown that enabling the direct mode
decreases the overhead significantly. This is due to the fact that the flooding mode
causes any change in the topology table to be flooded by LSU messages among all
routers. In contrast, the number of LSU messages is by far smaller in direct mode, as
the LSU signaling is restricted to the way back to the access point only. The signaling
overhead caused by HELLO messages is very dominant to the little signaling over-
head caused by LSU messages. Therefore, the slight increase in LSU-related signaling
overhead with raising user speed is almost invisible for WOSPF in direct mode. We
can identify dramatical savings in terms of overhead for the MAC-supported WOSPF.
This can be explained by the property of WOSPF that, provided a beacon frequency of
rhello = 1 s−1, the number of HELLO and corresponding HELLO reply packets repre-
sents the largest portion of the overhead. A very remarkable result is given by the fact
that the MAC-supported WOSPF in direct mode even causes smaller overhead than
AODV. On the first view, it seems to be quite unbelievable that a proactive protocol
can have less overhead than a reactive protocol. Nevertheless, this result is explained
by two major facts: The overhead-causing component of the proactive protocol, i.e.
the HELLO messages, is not required anymore, as link state information is provided
directly by the MAC layer. Additionally, the proactive protocol combines changes
in the link state information into bundled LSU messages and signals these messages
regularly one-way back to the access point. In contrast, the reactive protocol signals
detected link breaks back to the access point, which in return starts a new topology
exploration phase. The reactive protocol is therefore lacking the joint proceeding and
suffers from this back-and-forth signaling mechanism in case of a link break. The com-
bination of those issues explains the smaller overhead of the MAC-supported WOSPF
protocol compared to AODV.

Beacon Interval The beacon interval is typically the Achilles’ heel of proactive rout-
ing protocols. Generally, a small beacon interval guarantees a high accuracy of the link
state information, but also leads to tremendous signaling overhead. Figure 4.11 shows
that the MAC-supported WOSPF does not have this disadvantage. The slight increase
in signaling overhead for higher beacon frequencies, i.e. for smaller beacon intervals,
is caused by additional LSU messages, as we assume the exchange of inter-layer in-
formation to be accomplished in periodic intervals according to the beacon frequency.
The link tracing becomes more accurate with higher beacon frequency. The number
of required LSU messages to update the topology tables is increasing in consequence.
However, the impact of this effect is decreasing with raising beacon frequency. As
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soon as the beacon frequency is high enough to detect all topological changes, the
overhead remains constant. The simulated MAC mechanism is able to deliver new
inter-layer link state information feedback every 18 ms at maximum, which relates
to its frame duration (see Appendix A). Figure 4.11 impressively demonstrates that
the use of MAC link state information enables the proactive protocol to operate in an
economic manner, as the resulting signaling overhead is tremendous otherwise for
accurate beacon frequencies.

Node Number The results in Figure 4.12 indicate the increase in signaling packets
with raising node number to ascend much faster for AODV than for WOSPF. The ma-
jor difference between AODV and WOSPF is the uncoordinated manner, in which the
topology information is distributed by AODV, as each node acts independently on
other nodes in the reactive protocol. In case of AODV, the route request is distributed
around the whole multi-hop cell, each time the distinct last-hop link is broken. This is
part of the reactive routing philosophy. Relay stations thereby act as simple forward-
ing nodes. In contrast, WOSPF assigns more responsibility to the relay stations. Relay
stations gather local link state information and distribute updates in bundled packets
such that we can observe resulting savings due to this collected forwarding.

Summary In summary, the MAC-supported WOSPF routing protocol can combine
a high beacon frequency with small signaling overhead. However, this protocol asks
for a centralized MAC scheme like for instance OFDMA. Instead, the general WOSPF
protocol is independent on the MAC, but related to considerably high signaling over-
head. An interesting observation is given by the aspect that the proactive protocol is
not necessarily related to more overhead than a corresponding reactive protocol like
AODV, if redundancies with the MAC protocol are used efficiently. The presented
topology exploration protocol offers high accuracy and traceability of the current link
conditions within a multi-hop cell. In dependence on the chosen mode, i.e. direct or
flooding mode, this link state information is available at the access point only or at
all wireless router. The given protocol enables advanced routing strategies and traffic
engineering techniques. It is thus the basis for the addressing scheme proposed in the
next section.

4.6. Data Switching in a Multi-Hop Cell

4.6.1. Label Switching in Cellular Multi-Hop Networks

Design Aspects

A feasible topology exploration scheme to provide permanent knowledge about the
current multi-hop cell topology has been proposed in the previous section. Subse-
quently, we want to address the question, how to use this link state information to
efficiently transport data to its final destination. We thereby focus on two issues, the
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Figure 4.10.: User velocity versus signaling overhead.
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last hop

label−switched part of wireless network

wired access

Figure 4.13.: Separation of the multi-hop cell in a static label-switched subnetwork
and dynamic user subnetwork.

addressing and the intra-cell handover problem. A solution to the addressing prob-
lem has to provide a suitable way to include the transport path information in the data
packets. A solution to the handover problem has to guarantee the seamless handover
of mobile terminals between the different wireless routers of a multi-hop cell.
It has been shown that the multi-hop cell can be divided into an upper static subnet-
work and a lower dynamic network. Due to the static nature of the upper infrastruc-
ture network, principles known from the fixed network become applicable. For this
part of the network, an adjusted label switching approach will be presented, which is
related to MPLS in fixed networks. The static part will therefore be referred to as wire-
less label-switched network as shown in Figure 4.13. The access point is connected to
the wired part of the network by a wired access line, while the mobile terminals are
attached to the wireless routers by wireless links. These links are designated as last
hop links in Figure 4.13. In analogy to MPLS, this means from the architectural per-
spective that each access point and relay station can act as ingress and egress router,
respectively, for the label-switched network.

Label Switching Approach

Working Principle The choice of the next-hop destination is related to the address
of the final destination station for any routing mechanism. In contrast, switching is an
addressing mechanism, which assigns path-defining tags to fixed-length data packets.
The choice of the next-hop destination depends at any intermediate station on this
address tag [KS98]. Prominent examples for such tags are the Virtual Path Identifier
and Virtual Channel Identifier in the Asynchronous Transfer Mode (ATM) technology
[LB92] or the labels in MPLS. There are different categories of switching mechanisms,
cut-through switching and store-and-forward switching. The detection of the packet
header is sufficient in cut-through switching [KK80], before the packet is directly for-
warded to the next station. Intermediate buffering is therefore not necessary. Store-
and-forward switching includes the complete reception of an incoming packet, corre-
sponding compliance checks for its correctness, and intermediate buffering. Any layer
3 switching mechanism therefore belongs to the class of store-and-forward switching
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Table 4.2.: The label switching header is included in the data packet in between the
layer 3 and layer 2 header.

L2 LS L3 L3
header header header data

mechanisms. A corresponding MPLS protocol with switching functionality on layer
3 is also referred to as packet-based MPLS type in [Law01].
To establish data paths in a multi-hop cell, suppose a switching path to be defined
between any pair of wireless routers within the cell. In doing so, a subset of all feasible
paths can be chosen and assigned unique labels each. A label is added to each packet
header to define a switching path for the packet through the multi-hop cell. This
distinct label switching header is thus inserted before the layer 3 header as shown in
Table 4.2. In the downlink case, the label is added at the access point and detached
at the corresponding relay station, before the packet is finally transmitted from this
relay station to the mobile terminal. In the uplink case, the packet is sent from the
mobile terminal to the wireless router, where again a label is added. The packet travels
through the network along its switching path in accordance to the label. Provided the
case that the mobile terminal is directly attached to the access point, it is of course not
necessary to add any label.

Switching Path A switching table is available at each wireless router. The switching
table provides the relationship between a label and the corresponding IP address of
the next hop wireless router. The individual switching table of each wireless router
can be interpreted as a local piece of a network-wide jigsaw. Seen from the overall
perspective, the switching tables define a system of pre-configured paths through the
network. The switching table is assigned by the access point or optionally by another
higher-level instance in the wired access network. The switching table can be sig-
naled once initially remaining unchanged during further operation, but could be also
signaled and adjusted incrementally, entry by entry, during the operation of the net-
work. A set of signaling messages has been defined in [Reu06] to enable this exchange
of switching tables between access point and relay stations. The set of paths does not
necessarily contain all possible paths between two terminals in the network. Gener-
ally, it is sufficient to define a subset of all possible paths. Our proposal suggests an 8
bit label such that a set of 28 = 256 paths can be addressed within each cell. Thereby,
three different types of paths are distinguished:

• standard: An arbitrary number of standard paths leading from the access point
to any relay station and vice versa can be defined.

• signaling: A special path among all feasible paths from each relay station to the
access point is chosen to transmit signaling information. This path is especially
necessary in the initialization phase. It can be determined by auto-configuration
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from knowledge available in the local radio resource management entity or set
up by a higher-level instance.

• default: A default path can be defined and used for packets without any path
information to save transmission resources and overhead. There is one default
path from each wireless router to the access point. This path can be established
by auto-configuration, but also overruled and reset by the central assignment of
the higher-level instance. The advantage of such a default path is that uplink
packets could be forwarded without any signaling overhead.

Routing Table The switching table defines paths or path segments through the fixed
part of the wireless network. In contrast, the mobile terminal itself is registered in a
routing table at the corresponding wireless router. This routing table relates from the
routing protocol WOSPF and is therefore part of the topology exploration scheme.
Whenever a packet arrives at a router with its label indicating that the path ends, the
wireless router will take a look in its routing table to forward the packet directly to
the mobile client. If this is impossible for any reason, for instance some unpredictable
link break, the packet will be thrown away. Vice verse, each mobile terminal keeps a
routing entry with its current default wireless router.

Switching Policy A label is assigned to each data packet. The label consists of an
8 bit path identifier and a 3 bit service class assignment to support prioritized queu-
ing and scheduling at intermediate relay stations. The initial label is assigned at the
access point as ingress router with backbone connection. In a similar way as in IEEE
802.16, bandwidth guarantees for different service classes (unsolicited grant services,
real-time polling services, non-real-time polling service, best effort) are considered.
The assignment of the label is dependent on the switching policy, which could be for
example the result of a route optimization with advanced routing metrics as already
examined in the previous sections. Concerning the switching policy, two major sce-
narios are distinguished:

• terminal-oriented policy: In this case, the mobile terminal is registered in the rout-
ing table of the access point. The routing algorithm identifies a suitable path
and adds the corresponding path label to each incoming data packet. We could
imagine a corresponding uplink transmission on the reverse path. The label for
a path and the resulting reverse path could be related for example by a special
bit within the label to characterize uplink and downlink direction. Alternatively,
uplink packets can also be guided along the mentioned default path without any
label.

• application-oriented policy: As already presented, IEEE 802.16 foresees the distri-
bution of connection IDs as a response to an initial ranging request. Different
connection IDs are distributed to provide service guarantees for network man-
agement, signaling tasks, and applications. The connection IDs are typically
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subject to different service requirements. A single terminal is therefore regis-
tered with different connection IDs at the access point. It is thus possible to
switch different applications on different paths. For instance the minimum hop
path with small delay could be used for low-data rate voice services, while the
high data rate streaming services could be switched on a multi-hop connection
with high capacity.

The switching policy allows the transition from a terminal-oriented transport strategy
toward an application-oriented or service-oriented data transport strategy.

Compatibility to Cellular Systems Another issue is that the introduced label has
a fixed field header length. In contrast, possible source routing approaches typically
include a variable hop-dependent number of header bits. Thus, the header length is
either variable or characterized by the worst-case reservation of the maximum num-
ber of hops. As cellular networks have strong attitude toward efficiency and fixed
frame structures, the introduction of label-based signaling seems to be a suitable ap-
proach. In addition to that, the switching approach makes it possible to fully rely on
existing cellular architecture, especially for the inter-cell handover. Thus, the switch-
ing mechanism is a very essential component in the primary idea to develop cellular
multi-hop as an extension to existing cellular systems, not as a completely new sys-
tem.

4.6.2. Comparison between Cellular Multi-Hop Label Switching
and MPLS

Figure C.1(a) and C.1(b) compare the standard-compliant MPLS header with the cellu-
lar multi-hop label. It is visible that the amount of label-defining bits has been reduced
from 20 bits to 8 bits. This due to the fact that an address space of 256 potential paths
will be enough for single multi-hop cell. The 3 bits for the service differentiation have
been kept. However, the stack bit have been removed due to lack of necessity. Orig-
inally, the stack bit has been used to indicate the last header of a sequence of several
subsequent MPLS headers. Similarly, the time-to-life bit has been abandoned, as pro-
tection against loops due to wrong configuration or slow convergence of the routing
algorithm are not necessary either. The proposal keeps several elements, which are
typical for MPLS.
Let us first take a look at common characteristics: The use of labels to define path
segments through the network is essential to MPLS, the label header of the proposed
protocol is derived from the MPLS header. Neither MPLS nor the proposed multi-hop
label switching mechanism are intended to provide end-to-end connectivity between
a source and a corresponding destination node, but to guide a packet safely through a
pre-defined network segment. A packet enters the label switching zone at the ingress
router and leaves it at the egress router. Similarly, access point and relay stations act
as entry and leaving points for the switched network zone, while the last hop between
wireless router and mobile terminal is out of scope. Another common aspect of MPLS
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Table 4.3.: Comparison between MPLS and cellular multi-hop label switching.

MPLS cellular multi-hop label switching

ingress/egress router access point and all relay stations
label-switch router relay station
autonomous system multi-hop cell
connection-dependent path-dependent
label assignment label assignment
on demand label assignment predefined label assignment
multiple labels per path only one label per path possible

and the proposed protocol is the lack of ability to work as stand-alone routing protocol
independently from other supplementary protocols. While typically the Intermediate
System To Intermediate System Protocol (IS-IS) [ISO02] or OSPF are used to collect
topology data for MPLS in wired networks, the previously described WOSPF fulfills
this task in cellular multi-hop networks.
However, there are also some important differences to MPLS. During the establish-
ment of a MPLS connection, several labels are typically used to reserve a path with ex-
clusive use of transmission resources through the network between ingress and egress
router. Each of the labels reserves a path segment on the overall path. In contrast, we
only assign a single label to each path. According to MPLS, labels are uniquely as-
signed in a local environment for a limited time to a distinct data connection. Instead,
provided the presented proposal, the label is uniquely and permanently assigned to a
path within the multi-hop cell and not to a specific connection. This also means that
the task of resource reservation is not managed by the label switching mechanism, but
granted by the corresponding routing entity at the access point. Several connections
may share the same label, in case they are routed on the same path. The comparison
between MPLS and cellular multi-hop label switching is also summarized in Table
4.3. To conclude, the proposed label switching strategy shows several similarities to
MPLS, nevertheless it is a proprietary mechanism adjusted to the specific needs of a
multi-hop cell.

4.6.3. Intra-Cell Handover

The operation of a multi-hop cell requires a fast and efficient intra-cell handover mech-
anism. It is assumed that the handover is triggered by the access point as known from
cellular networks. The mobile terminal itself only submits measurement reports and
follows the instruction of the access point. Relay stations do not initiate any handover,
but are strictly dependent on the access point. Let us therefore sketch a principle
handover situation. The handover can be characterized by three different phases, as
illustrated in the message sequence chart of Figure 4.14:

• initiation phase: The topology exploration protocol makes sure that the access
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point receives regular measurement reports about the connectivity within the
multi-hop cell. If the access point decides to handover a mobile terminal from
one relay station to another relay station, the access point will trigger the mobile
terminal and therefore will send out a corresponding HANDOVER_COMMAND
message to the mobile terminal. This message also contains the address of the
target relay station.

• association & duplication phase: While the mobile terminal is preparing and ex-
ecuting the handover, the access point starts duplicating and multicasting the
ongoing data stream to both, the current relay station RS1 and the target relay
station RS2 in order to enable a seamless handover.

• completion phase: After having successfully completed the handover, the mobile
terminal informs the access point by a HANDOVER_COMPLETE message. This
is the sign for the access point to stop the transmission of the duplicated data
flow to the original relay station RS1. The access point confirms the completion
by a corresponding HANDOVER_CONFIRM message.

The successful transmission of the presented messages is assured by a corresponding
ARQ protocol. Potential timers preventing failures and causing retransmissions are
not depicted in this chart. The handover principle will not change, if the mobile termi-
nal changes its current link from or to the access point itself. The proposed handover
mechanism guarantees to the access point full control on the connectivity within the
whole cell.

Inter-Cell Handover The presented mechanism is fully compliant to the inter-cell
mechanism in LTE as described in [BHKV07] and [RTR07]. Any inter-cell handover
can thus be performed as proposed in [BHKV07] for LTE services. In principle, it is
also possible to extend the switching mechanism in a way that the access gateway
becomes part of the label switching area. This implies that the path mechanism is
extended to several multi-hop cells and thus inter-cell handovers can be performed
more easily. Nevertheless, this would require architectural changes in the LTE system.

Prototypical Implementation The described protocol has been prototypically im-
plemented on notebooks with Ubuntu Linux 6.06 and IEEE 802.11g WLAN interface,
provided by the D-Link DWL-G122 USB WLAN stick with the RT2501 USB open
source device driver. The software implementation included the proactive topology
exploration within a multi-hop cell, the label-switched addressing, a link quality de-
pendent routing metric, and graphical user interface for the illustration of routing
paths [Sch06]. Even if IEEE 802.11g is not comparable with cellular devices from the
PHY and MAC layer perspective, some single-user multi-hop field trials have been
accomplished successfully and demonstrated prototypically that the intended com-
bination of proactive topology exploration, numerical route optimization, and label-
switched addressing is indeed feasible and enables seamless intra-cell handover.
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Figure 4.14.: Intra-cell handover between two relay stations of a multi-hop cell.
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4.7. Conclusion

The major statement of the first part of this chapter is that a suitable routing metric
is unavoidable for the operation of a resource-efficient multi-hop network. An im-
portant result is given by the observation that the efficiency of the routing metric is
mainly dependent on the physical design of the network. While the impact of the
routing protocol is limited in networks with considerably small overlapping area be-
tween neighboring routers, the routing metric is a key parameter in networks with
large overlapping areas. Furthermore, it has been also illustrated that the efficiency
of the relay link is very essential for the overall resource demand within the network.
Another interesting aspect is pointed out by the results of the best connection strategy,
which may lead to significantly higher resource demand than other routing metrics.
The second part of this chapter has illustrated that a proactive protocol is not neces-
sarily related to more overhead than a reactive protocol. However, this fact mainly
depends on the design of the MAC protocol. While the proposed inter-layer com-
munication cannot be applied to network architectures with decentralized medium
access based on IEEE 802.11 DCF, it is very convenient to cellular-like network archi-
tectures with centrally scheduled medium access. The last part of this chapter has
shown, how label switching as known from the fixed network domain can be used as
efficient addressing mechanism in cellular multi-hop networks. It has been illustrated
that the proposed label switching mechanism is able to support application-specific
routing. Additionally, the overall architecture enables a fast intra-cell handover and
supports the LTE-proprietary inter-cell handover mechanism. To sum up, this chapter
has investigated the design and impact of wireless multi-hop routing protocols and
comes up with a suitable proposal for intra-cell routing in a relay-extended multi-hop
cell.
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5. Network Coding in Cellular Multi-Hop
Networks

5.1. Introduction

Network coding is a data transport technique, which has been discovered recently.
Scientific research has proved that network coding can achieve the multicast capacity
of wired and wireless networks. Research has shown that typically this is infeasible
with routing such that network coding is spectrally more efficient than routing, as it
requires less transmission resources to accomplish the same result.
We start our investigation with a short explanation of the graph-theoretical and math-
ematical models for network coding and take special interest in the difference between
network coding and routing. Network coding is known to perform especially well in
broadcast scenarios. For that purpose, we want to take a deeper look on the broadcast
case in the first part of this section. As the performance of network coding depends on
its inherent ability to distribute the information on various data paths, the number of
access points in the cellular multi-hop scenario is a key parameter for the efficiency of
the network coding approach. We present a result for the expected resource allocation
efforts in dependence on the access point density of the cellular multi-hop network.
In the second part, we concentrate again on unicast applications. As the general case
of arbitrary unicast traffic is evidently hard to handle, we comment on bidirectional
relaying and its feasibility in cellular multi-hop networks. Finally, we conclude with
a summary of the preceding insights.

5.2. Motivation

Network Coding for Broadcast Applications It has been pointed out in various
sections of this thesis that spectral efficiency is a valuable good in cellular networks.
A couple of years ago, network coding as a new data transport technique has been
brought up by [ACLY00]. Network coding helps to achieve savings in terms of trans-
mission resources. These gains can be primarily observed in multicast or broadcast
scenarios. The multicast scenario is characterized by a single node providing data
for a set of distinct destination nodes. An extension of the multicast scenario is the
broadcast scenario, in which a single node provides data for all other nodes in the
network. In the following, we will refer to a distribution of a data from a central node
to all access points and relay stations as broadcast. For simplicity reasons, mobile
terminals are not accounted for at this point. Potential broadcast applications in cel-
lular networks include user-related services like cell phone television, digital audio
broadcasts, the distribution of local news, and advertisement offers. The broadcast

123



5. Network Coding in Cellular Multi-Hop Networks

mechanism can alternatively be applied to administrative tasks such as the distribu-
tion of signaling or network state information to all wireless routers.

Network Coding for Unicast Applications The application of network coding is
also interesting for relaying purpose, where a pair of oncoming flows between two
nodes is relayed by one or several intermediate stations [WCK05a]. This scenario is
known from literature as bidirectional relaying and is a special case of the general uni-
cast scenario. Any joint downlink and uplink connection between an access point and
a mobile terminal is a potential use case for bidirectional relaying. Network coding
is not restricted to broadcast or bidirectional relaying scenarios, but can be applied to
any set of unicast demand flows. A corresponding mathematical problem formula-
tion is provided in [TRL+06] and [RTK06]. The challenge consists in the tremendous
computational effort, which makes it impossible to determine a solution for larger
scenarios. As apparently a great part of all realistic scenarios within a cellular multi-
hop network is covered by the broadcast and the bidirectional relaying case, we will
consider these cases only in the following. In doing so, we want to concentrate on
the question, whether network coding is a suitable feature for cellular multi-hop net-
works.

Butterfly Example Let us therefore consider a butterfly-shaped network (see Figure
5.1(a)) as an introductory example into network coding. This example is a popular il-
lustration of the network coding principle and has been brought up by important
literature sources as [ACLY00],[KM03], and [LYC03]. Assume a set of communication
devices to be represented by 6 nodes as shown in Figure 5.1(a)). The neighboring
nodes are connected by graph edges, whose capacities are restricted to the transmis-
sion of a single message each. In the following, node V1 as well as node V2 want send
two corresponding messages x1 and x2 to both, node V5 and node V6. For simplicity
reason, assume the messages x1 and x2 to be binary symbols in {0,1}. The situation
features a typical multicast example with two sources and two receivers each. It is a
possible approach to initiate a message x1 from node V1 to be transmitted as shown in
Figure 5.1(b). The message travels along two independent transmission paths {(V1,V5)}
and {(V1,V3),(V3,V4),(V4,V6)}. In addition to that, node V2 could simultaneously transmit
message x2 on edge (V2,V6). A further possibility to also transmit its message to node
V5 is unfortunately infeasible, as the connection over edge (V3,V4) is already blocked
by the transmission of message x1. An allocation of new capacities for all edges for
instance in a second time frame is imaginable. In doing so, node V2 could finally send
message x2 over {(V2,V3),(V3,V4),(V4,V5)} to node V5 (see Figure 5.1(c)). The described
approach fulfills all criteria of a typical routing approach: Intermediate nodes simply
forward data packets based on the final destination. However, intermediate nodes
do not change the content of a data packet in any respect. Accounting for all allo-
cated resources, the requirement sums up to eight transmission resources to realize
the proposed routing approach. It can be shown that network coding may arrange
the transmission in a more efficient manner. The corresponding illustration is shown
in Figure 5.1(d). Node V1 and node V2 send out simultaneously their messages on edge
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Figure 5.1.: Basic principle of network coding.

(V1,V3) and edge (V2,V3), respectively. Instead of forwarding the incoming messages
separately, node V3 forwards a combined message x1 ⊕ x2 to node V4. The exclusive-
or operation "⊕" represents the addition of two signals in a simplified mathematical
signal space, a Galois field GF(2). The encoded message is finally sent over edge
(V4,V5) and (V4,V6) to the receiver nodes. Given the fact that node V5 has already re-
ceived message x1 over edge (V1,V5), it can reconstruct x2 using x1 ⊕ x2 and x1. In
completely analog manner, node V6 reconstructs message x1. In doing so, network
coding allows the simultaneous transmission of messages x1 and x2. In comparison to
routing, the number of allocated resources is reduced by one to seven resources. This
example illustrates that network coding can increase the efficiency of data transmis-
sions in communication networks. Following this idea, we will examine, whether the
application of network coding is advantageous in cellular multi-hop scenarios.

5.3. Related Work

5.3.1. Wireless Multicast Graph Model

There is one property of the wireless transmission that becomes especially important
for network coding, namely the broadcast ability of the wireless medium. Only minor
attention has been paid to this fact, as no more than unicast applications have been
considered so far. For this reason, it has been fully sufficient to model the wireless
device as a simple graph node. However, the broadcast property is important for
any sort of multicast routing and especially for network coding. A graph-theoretical
model to describe the multicast property adequately is therefore required. Wu uses in
[WCZ+05] a representation of the wireless device by two graph nodes by introducing
a virtual transmitter node V s. The virtual transmitter node is attached to the core node
V c over a virtual edge as shown in Figure 5.2(a). According to [WCZ+05], the virtual
edge acts as an artificial bottleneck, which constrains the rate of the outgoing infor-
mation flow of the transmitter. Let us therefore compare an exemplary transmission
in the simple single-node graph model as shown in Figure 5.2(b) and the two-node
graph model in Figure 5.2(c). The capacity allocation as given in Figure 5.2(b) is suf-
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Figure 5.2.: Graph-theoretical model for unicast and multicast transmission.

ficient for three independent unicast transmissions, as each of the broadcast edges is
independent from the other ones. In contrast, the virtual edge of Figure 5.2(c) lim-
its the output capacity of V C

1 . The virtual edge allows the simultaneous broadcast
transmission of a single message from a transmitter to all surrounding nodes or al-
ternatively a single unicast transmission of one message from the transmitter to one
of the surrounding nodes. A simultaneous transmission of three messages as in the
model of Figure 5.2(b) is clearly infeasible. The set of resources on any of the virtual
edges and the broadcast edges represents physically a single transmission resource.
Although the broadcast transmission in Figure 5.2(c) requires four virtual resource
elements, the wireless medium is only blocked for one resource slot. For the investi-
gation of required resources, it is therefore sufficient to only account for the resource
elements of the virtual edge. Suppose a network to consist of N wireless devices. In
this case, the given graph model results in a set of core nodes Vc and virtual transmit-
ter nodes Vs with |Vs| = |Vc| = N . The graph-theoretical model includes |V| = 2 · N
nodes, whereby the set of overall nodes V is composed of V = Vs ∪ Vc.

5.3.2. Linear Network Coding Approach

Let a graph G = {V , E , c} define a network topology with nodes V ∈ V , edges ~e ∈ E ,
and corresponding edge capacities c(~e). Symbols of a finite field length are transmit-
ted on the edges. Assume demand functions to determine rate requirements between
source and destination nodes. Furthermore, suppose the symbols xi on the incoming
edges of a node to be mapped into symbols yj on the outgoing edges on a node,
∀V ∈ V :

yj = f(x1, . . . , xi) =
∑

~ei ∈ E (in)(V )

α(~ei) · xi(~ei). (5.1)

The combined set of edge functions and demand functions is referred to as network
code [DFZ05]. If the mapping is a linear relationship, the corresponding technique is
known as linear network coding. The solution is said to be scalar, if α(~ei) is a scalar
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variable. Linear network coding has been introduced some years ago in the pioneer-
ing work of Ahlswede [ACLY00]. Ahlswede has shown that the multicast capacity of a
network can be achieved by linear network coding and that this outperforms routing.
[LYC03] has additionally shown that there is a scalar linear solution for any solvable
multicast network given a sufficiently large finite field alphabet.
[WCZ+05] provides a mathematical model to describe the network coding problem by
a set of linear equations. We will mostly follow the notation of [WCZ+05] and briefly
sketch the corresponding approach. For that purpose, assume a multicast session
m ∈ {1, . . . ,M} ∈ N

+ from a source node V m
s ∈ V to a set of destination nodes

V m
dj

∈ V with j ∈ {1, . . . , J} ∈ N
+. The connection between the source node V m

s

and a destination node V m
dj

is established by a single flow fm
j and operated at rate

rm. Accordingly, the multicast session m between source and all destination nodes is
described by the set of all flows fm

j ∈ Fm. We suppose the flow fm
j to be created by a

set of flow elements fm
j (~e) with fm

j (~e) ≥ 0 ∀~e ∈ E .

Envelope Flow The individual flow elements fm
j (~e) of multicast session m are cov-

ered by an envelop flow, which is characterized by a resource requirement gm(~e),
∀m = {1, . . . ,M},∀j = {1, . . . , J},∀~e ∈ E :

0 ≤ fm
j (~e) ≤ gm(~e), (5.2)

or — described differently — gm(~e) is the maximum of all flow elements fm
j (~e),

∀m = {1, . . . ,M},∀~e ∈ E :

gm(~e) = max
j∈{1,...,J}

{fm
j (~e)}. (5.3)

Capacity Constraint According to the approach in [WCK05b], the individual re-
source allocation of each session gm(~e) adds up to an overall resource allocation g(~e).
The overall resource allocation is bounded by the overall capacity c(~e),
∀~e ∈ E :

g(~e) :=
M
∑

m=1

gm(~e) ≤ c(~e). (5.4)

Flow Preservation The multicast flows start at the corresponding source nodes V m
s .

We therefore observe a net flow of rate rm, which leaves the source nodes,
∀m ∈ {1, . . . ,M},∀j ∈ {1, . . . , J},∀V m

s ∈ V :

∑

~e ∈ E (out)(V m
s )

fm
j (~e) −

∑

~e ∈ E (in)(V m
s )

fm
j (~e) = rm. (5.5)

A basic physical law also known as law of flow preservation states that the amount
flow can only be changed at source node and destination node. For all intermediate
nodes, the flow can neither be increased nor be decreased. To keep the flow constant,
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the equality of incoming and outgoing flows is defined at all intermediate nodes:
∀m = {1, . . . ,M},∀j ∈ {1, . . . , J},∀V ∈ V\{V m

s , V m
dj
} :

∑

~e ∈ E (out)(V )

fm
j (~e) −

∑

~e ∈ E (in)(V )

fm
j (~e) = 0. (5.6)

Even if the arrival of the flow at the corresponding destination node is not assured
by a distinct equation, each flow will arrive at the destination node with rate rm. The
flow enters the network at the source node (see Equation (5.5)). Subsequently, the
flow remains constant at all intermediate nodes (see Equation (5.6)). Therefore, the
flow will intentionally arrive at the destination node.
The authors of [ACLY00] prove in their publication that the multicast capacity for
a linear network corresponds to the minimum of all possible maximum flows be-
tween source and each individual destination node. For that purpose, let us consider
a source-destination pair within a network graph with fixed capacities. The maxi-
mum flow for any source-destination pair is defined as the maximum possible flow
between source and destination, whereby no other destination node of the multicast
connection is considered. According to the min-cut max-flow theorem [EFS56], the
maximum flow between two nodes Vs and Vd of a network graph G(V , E) is deter-
mined by its minimum cut ρ(Vs, Vd). We define this cut as a separation of the nodes
into two subsets V1 ⊂ V and V2 ⊂ V such that Vs ∈ V1 and Vd ∈ V2 with V1 ∪ V2 = V
and V1 ∩ V2 = {}.
The capacity of a cut ρi is

c(ρi) :=
∑

~ecut = (V1, V2) : V1 ∈ V1 ∧ V2 ∈ V2

c(~ecut), (5.7)

which equals to sum capacity of all graph edges being crossed by the cut. It is known
from graph theory that the maximum number of different cuts ρi is bounded by

∣

∣

∣

⋃

i

{ρi}
∣

∣

∣ = 2|V|−2. (5.8)

The corresponding minimum cut ρ(Vs, Vd) is therefore defined as

ρ(Vs, Vd) := min
i
ρi (5.9)

and defines the capacity c(Vs, Vd) between source Vs and destination Vd, which is
equivalent to the feasible maximum flow. The Ford-Fulkerson algorithm [FF62] is
an appropriate algorithm to determine such a maximum flow. This maximum flow
procedure is repeated now for all source-destination node pairs of a single multicast
connection. The achievement of [ACLY00] is the proof that the multicast capacity of a
network is given by the minimum of all maximum flows:

c(Vs, (Vd1 , . . . , VdJ
)) := min

j∈{1,...,J}
c(Vs, Vdj

). (5.10)

The same work has also shown that this capacity can be achieved by linear network
coding.
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Figure 5.3.: Illustration of solution approach with example.

Example Let us illustrate the presented approach with an example and therefore
extend the initial butterfly example by the proposed graph-theoretical multicast node
model and by an additional source node V0, which is connected with node V1 and node
V3 over two edges ~e1 and ~e2 (see Figure 5.3(a)). The available capacity of all edges is
constrained by c = 1 transmission per time unit. A corresponding multi-cast problem
can be formulated with M = 1 and rate r = 2 transmissions per time unit, whereby
node V0 acts as source and node V5 and V6 are destination nodes. The problem formu-
lation corresponds to the previously mentioned example. The solution of the problem
with the above given notation leads to two separate subflows f1 to node V6 (see Figure
5.3(c)) and f2 to node V5 (see Figure 5.3(d)). The envelope flow g, which represents an
overall solution to the problem, results from Figure 5.3(b) as common maximum of
f1 and f2. Simultaneously, g is constrained by the capacity of the individual edges
and therefore underlies Equation (5.4). The additionally introduced data source V0 is
necessary to model the overall problem as multicast problem, as only thus network
coding according to the multi-cast capacity theorem of [ACLY00] is applicable.

5.3.3. Routing versus Network Coding

We have already seen an approach to describe network coding mathematically. In
the following, we want to investigate the relationship between network coding and
routing. It will be finally shown that minimum cost routing is a special case of the
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more general network coding approach. Minimum cost routing can performed in a
network graph, where each edge is assigned a constant edge weight or cost. The rout-
ing approach, which minimizes of the overall routing costs, is referred to as minimum
cost routing then. [WCK05b] proves that the problem of minimum cost routing is
equivalent to the problem of minimum energy routing in wireless networks, where
each transmission between two nodes is related to a fixed transmission power or —
more generally speaking — resource consumption. This also implies that the power
requirement has to be independent on interference, i.e. only the SNR but not an SINR
can be considered, as otherwise the power requirement is variable. The minimum
cost routing problem is equal to the determination of the maximum number of edge-
disjoint subgraphs S ⊆ G, which connect a given source node with the set of desti-
nation nodes. This problem is also referred to as Steiner tree packing problem in the
literature [JMS03]. Each of the subgraphs is defined by a tree structure and includes
a set of paths from the source node to all destination nodes. The number of potential
Steiner trees results from the set of all combinatoric possibilities for such paths. Under
the assumption that a minimum cost routing shall be determined, the corresponding
solution is described by exactly one Steiner tree, the so-called minimum cost Steiner
tree as shown by the proof in [WCK05b].
We have already seen that information can be distributed by network coding on an
arbitrary number of independent paths between source and destination node. The
edge-specific maximum resource allocation gm(~e) is therefore naturally enveloped by
the rate rm of a multicast:
∀m = {1, . . . ,M},∀~e ∈ E :

0 ≤ gm(~e) ≤ rm. (5.11)

A normalization of this equation leads to
∀m = {1, . . . ,M},∀~e ∈ E :

0 ≤
gm(~e)

rm
≤ 1, (5.12)

whereby we define
∀m = {1, . . . ,M},∀~e ∈ E :

ĝm(~e) :=
gm(~e)

rm
. (5.13)

The normalized resource allocation ĝm(~e) is a continuous variable ĝm(~e) ∈ R
+
0 and can

become arbitrarily small, when the number of independent source-destination paths
becomes large. We have previously mentioned that a corresponding minimum cost
routing solution consists of no more than a single Steiner tree. This is equivalent to
a single data path between source and each destination node. In order to prevent
the distribution of information on an arbitrary number of paths and to restrict it to a
single path, the additional constraint
∀m = {1, . . . ,M},∀~e ∈ E :

ĝm(~e) ∈ {0, 1}. (5.14)
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is sufficient. The resource elements ĝm(~e) are thus defined as binary values and each
resource element gm(~e) is either not allocated, e.g. zero, or large enough to host a
transmission with full data rate rm, e.g. one. As a consequence of this restriction, any
of the edge-disjoint data paths, which could potentially contribute to the solution,
achieves rate rm. Naturally, a minimization of the overall costs will lead to no more
than single data path. Any alternative path or path segment will be related to equal
or even higher costs, although the rate requirement is already fulfilled by the first
path. This will be prevented by the minimization process. Therefore, the additional
restriction of the linear network coding approach by Equation (5.14) leads to a tree
structure as solution of any minimum cost multicast routing problem, but does not
violate or restrict the optimality of this solution. The resource allocation for routing is
a subset of the corresponding allocation for network coding:

⋃

~e ∈ E : ĝm(~e) ∈ {0, 1}

{gm(~e)} ⊆
⋃

~e ∈ E : ĝm(~e) ∈ R
+
0

{gm(~e)}. (5.15)

The minimum cost routing solution is therefore a special case of the more general
network coding solution.

5.4. Minimum Energy Broadcast Transmission

Problem Formulation Imagine a provider, who wants to offer news and advertise-
ment channels to his subscribers and therefore needs to accomplish a broadcast trans-
mission from a central server in the backbone network to all wireless infrastructure
routers. The required amount of overall transmission resources for this broadcast is
of course essential for a quantification of the spectral efficiency of the transmission
processes in the network. A typical property of network coding is the distribution
of information on independent data paths from the source node to a distinct wireless
router. In contrast, minimum energy routing will rely on a single routing path. The
question now is, whether network coding can indeed save valuable transmission re-
sources. This process depends on the number of access points within the network,
because the access point density influences the number of independent paths to the
relay stations. We want to investigate the performance gains in terms of resource
savings of network coding in typical cellular multi-hop environments with variable
access point density. The final goal is to make a general statement for networks with
a distinct access point density, whether the application of network coding results in
significant performance gains or not. Let us therefore consider the following mini-
mization problems of the overall resource allocation

(L1) network coding (L2) routing
minimize overall resource allocation minimize overall resource allocation
subject to subject to

network coding constraints routing constraints
rate assignment rate assignment
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with a fixed data rate assignment r. The overall resource allocation G is given by the
sum of all resources, which are allocated on the corresponding virtual edges of the set
of core nodes Vc,

Vc =
⋃

V c ∈ V

V c :

G :=
1

|Vc|

∑

~e ∈ E (out)(Vc)

M
∑

m=1

gm(~e). (5.16)

As already mentioned, the physical resource allocation is exclusively given by the sum
of resources on the virtual edges, as any resource allocation on the broadcast edges is
physically related to a distinct virtual edge due to the broadcast ability of the wireless
medium. The simplified linear problem structure for a single broadcast sessionM = 1
is summarized by the following set of equations:

minimize G :=
1

|Vc|

∑

~e∈E(out)(Vc)

g(~e)

subject to
∀j ∈ {1, . . . , J},∀~e ∈ E : 0 ≤ fj(~e) ≤ g(~e)
∀~e ∈ E : g(~e) ≤ c(~e)

∀j ∈ {1, . . . , J} :
∑

~e∈E(out)(Vs)

fj(~e) −
∑

~e∈E(in)(Vs)

fj(~e) = r

∀j ∈ {1, . . . , J},∀V ∈ V\{Vs, Vdj
} :

∑

~e∈E(out)(V )

fj(~e) −
∑

~e∈E(in)(V )

fj(~e) = 0

fj(~e), g(~e) ∈ R
+
0

additional constraint for routing:

∀~e ∈ E : ĝ(~e) =
g(~e)

r
, ĝ(~e) ∈ {0, 1}.

Please take a note on the fact that the presented network coding problem is a LP,
while the routing problem represents a MILP. The complexity of the routing problem
is therefore much higher than the complexity of the network coding problem. We will
analyze both problems by an example scenario in the following.

Simulation Scenario Assume a cellular multi-hop network to be modeled by a ran-
domly meshed network topology with |Vc| = 62 stations, mesh degree γ = 3.7, and
c(~e) = 1 rate unit for all edges. The topology is deployed spherically as shown in Fig-
ure 5.4(a). A node in the center of the sphere is acting as source node and connected
to a variable, randomly chosen number of access points ρ · |Vc| among all nodes. Each
node has wireless links to some neighbor nodes and therefore may optionally transmit
in unicast or broadcast mode to its neighbors according to the given connectivity. For
this reason, we consider the wireless multicast graph model as presented in Section
5.3.1 for the subsequent simulations. As the resulting network graph is difficult to
sketch, we renounce on a corresponding illustration and refer to the simplified model
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in Figure 5.4(a). To begin with, a broadcast flow with fixed rate r = 1 rate unit is
distributed from the central node to the access points and all other relay stations. The
connections from the central source node to the access points are supposed to be fiber
and therefore not accounted in terms of resources. The given results represent the av-
erage values of a series of four simulations. Random topologies with variable access
point densities 0 < ρ ≤ 1 have been evaluated in each simulation.

Discussion of Results Figure 5.4(b) reveals that the number of allocated average
resources varies between G = 0 rate units per node and G = 0.35 rate units per node
in dependence on the transport scheme and the number of access points. It is very ob-
vious that no additional resources are required in case of all nodes being access points
(ρ = 1), i.e. G = 0 rate units per node for routing and network coding. There is few
possibility of distributing information on many different paths by network coding for
only few remaining relay nodes (0.6 ≤ ρ ≤ 1.0) such that routing also performs about
equally well in this case. However, once the number of access points is decreased,
network coding outperforms routing in terms of required resources by about 10% for
ρ = 0.2. The maximum performance gap equals about 20% for only a single access
point, i.e. ρ → 0. We can explain this observation by the ability of network coding
to distribute information on various data paths on its way to the destination. Net-
work coding can thus achieve synergy effects, which yield savings in transmission
resources. Figure 5.4(b) also shows some sample results of a Manhattan-like plain
field network with a regular deployment of 10 x 10 = 100 nodes. It turns out the re-
source demand per node for the application of network coding in the broadcast case
is higher in this case. This can be explained by border limitations, where the gain
by combining several flows is typically smaller in the border area of the simulation
grid compared to the spheric scenario. Due to complexity reasons — especially for
the routing evaluation with integer constraints — it is hard to choose a plain field sce-
nario in a way that those border effects are neglibible. This is the major motivation for
the spheric simulation.

Summary The presented results indicate that the use of network coding in wireless
multi-hop networks makes only sense in case of a high relay stations to access points
ratio. According to these results, we expect performance gains in terms of resource
savings of about 10% for an access point density ρ = 0.2, i.e. four relay stations per
access point on average. Typically, a performance gain around 10% is considered
to be significant from the technical perspective and justifies the introduction of new
technologies. Therefore, the application of network coding seems to be promising for
broadcast applications in cellular multi-hop networks.
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(a) Spheric example scenario with 57 relay nodes,
5 access points and one central backbone node.
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(b) Average resource allocation per node to enable
a rate r=1 rate unit broadcast to all nodes for rout-
ing and network coding.

Figure 5.4.: Spheric example scenario and evaluation results.

5.5. Network Coding in Bidirectional Relaying
Scenarios

It has been illustrated so far that network coding can achieve valuable resource sav-
ings in the broadcast case. A special application of networking coding is the bidi-
rectional relaying scenario, where two stations use an intermediate relay station in
between to mutually exchange data. The investigation of this case is especially inter-
esting in cellular multi-hop networks, as a set of a downlink and associated uplink
connection between a mobile terminal and a distinct access point fulfills all character-
istics of the bidirectional relaying scenario. In the simplest case, there is only one in-
termediate relay station in between source and destination terminal. This type of link
connectivity is described by a model, which is typically referred to as two-way relay
channel in the literature. The achievable performance mainly depends on three as-
sumptions, namely the intermediate device acting in half-duplex or full-duplex mode,
the connectivity model itself, and the question, whether the packet is decoded at the
intermediate node (decode-and-forward) or just amplified (amplified-and-forward).
The corresponding capacity theorems for the discrete memoryless relay channel pub-
lished in [CEG79] are the basis for most performance investigations. The general two-
way relaying model as shown in Figure 5.5(a) assumes the two outer stations within
mutual transmission range. This constellation enables diversity at the receiver, the ex-
ploitation of which is known as cooperative relaying. In contrast, a simplified relaying
model assumes both stations outside the mutual transmission range as illustrated in
Figure 5.5(b).

Network Coding for Symmetric Relaying Imagine a typical situation in a cellular
environment, where the coverage of an access point is extended by a relay station. A
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(a) Link connectivity for coop-
erative relaying.

(b) Simplified link connectivity
for bidirectional relaying.

(c) Example with relay acting
as coverage extension for access
point - mobile terminal connec-
tion.

Figure 5.5.: Connectivity models for simple relaying scenarios.

mobile terminal is connected to the relay station and establishes a connection to the
access point. We consider the case of the simple relaying model in Figure 5.5(b), where
the direct transmission is infeasible. It is obvious that collision-free routing requires
two transmissions per downlink message xd and further two transmissions per uplink
message xu. The bottleneck in this case is the relay station, which receives both mes-
sages and forwards them independently afterwards. Although the scenario includes
two unicast data flows, network coding can be applied to achieve performance gains
in this case. More generally speaking, this is possible for a symmetric pair of oncom-
ing streams over a chain of relay stations. [WCK05a] explains, how such a scenario
can be expressed by a multicast problem formulation. In practice, the intermediate re-
lay station can forward an encoded message xu ⊕ xd and thus save one transmission.
The encoded message can be decoded by the access point and the mobile terminal, as
alternatively xu or xd are known. A throughput analysis for the amplify-and-forward
scheme as well as for the decode-and-forward scheme is given in [PH06].

One of the major problems to this kind of encoded relaying is the property that up-
link and downlink traffic loads are typically asymmetric, i.e. the expected downlink
traffic is probably higher than the corresponding uplink traffic. Consequently, only
a part of the oncoming data flows can be encoded such that the performance gains
are restricted to the minimum of both, uplink and downlink traffic. Another even
more serious problem are asymmetric channel conditions. Let us therefore consider
the example of Figure 5.5(c), where the channel conditions between access point and
relay station are presumably much different from the conditions between relay station
and mobile terminal. While access point and mobile terminal can adjust their power
for the individual transmission to the relay station, the encoded message from the re-
lay station has to be transmitted obviously for both receiver stations with same power
level and PHY mode. Due to these implications, the application of network coding for
relaying purpose in cellular multi-hop networks is feasible, but even more favorable
in networks with about equal link conditions. The infrastructure part of the cellular
multi-hop network offers good conditions to this.

Analog Network Coding So far, network coding has been presented as a digital
processing technique, where incoming data flows are digitally combined and sepa-
rated again. However, ongoing research activities for instance in [ZLL06] have shown
that it is also possible to combine data flows in an analog manner. This analog net-
work coding or also known as physical layer network coding is a technique, where si-
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multaneously incoming transmission signals are added up physically at the receiver.
A spectral analysis for the half-duplex relay channel has been given in [RW05] and
later compared with routing in [KMG+07]. [KMG+07] has shown that network cod-
ing doubles the achievable throughput for transmissions at a considerably high SNR.
Typically this assumption holds in cellular systems with reliable communication links.
Another publication in [KGK07] has illustrated, how analog network coding can deal
with some lack of synchronization or frequency offsets. As the application of analog
network coding does not involve much signaling overhead, this technique seems to
be promising as well as applicable in practice as extension of bidirectional relaying.

Cooperative Relaying A performance analysis for the cooperative two-way relay
channel model in Figure 5.5(a) can be found in [LJS06]. This work assumes that the
incoming packets at the intermediate relay nodes are separately decoded and jointly
encoded afterward. Cooperative relaying is characterized by the property that the
destination node can also receive the transmission between sender and intermedi-
ate node. The encoded packet is transmitted again and the soft-information from
these two transmissions is used to make the decoding decision at the final receivers
more reliable. The major problem with this kind of technique is the question, how
to make this soft information applicable in a real multi-user scenario [DMS08]. Espe-
cially when many terminals are involved, the application of cooperative relaying goes
on with a loss of degrees of freedom in scheduling. This is due to the requirement that
exact knowledge about the scheduling is a prerequisite for the soft-combining of infor-
mation at the receiver. In other words, the receiver has to know, which transmissions
are intended to complement each other. It is not so easy to provide this information,
as we cannot assume that the final receiver is able to decode the header information
from the first transmission between sender and intermediate station. Though, even if
this scheme is very interesting from a theoretical point of view, cooperative relaying
is difficult to realize in a practical cellular multi-hop network.

Summary To sum up, the case of bidirectional relaying is an interesting application
to cellular multi-hop networks. Due to the joint transmission of uplink and downlink
by the relay station, the spectral efficiency of the data transmission is evidently in-
creased compared to the conventional multi-hop transmission scheme. There is huge
potential, especially for the technique of analog network coding. Nevertheless, there
are also practical hurdles in terms of signaling efforts for the multi-user case and
asymmetric link conditions, which may make the joint transmission difficult. Due
to its static link conditions, the infrastructure part of the cellular multi-hop network
seems to be especially suited for the application of network coding.

5.6. Conclusion

In this chapter, we have addressed network coding as a generalization of the rout-
ing concept and especially focused on the potential application of network coding to
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cellular multi-hop networks. We have identified two interesting fields of application,
namely the broadcast case and the case of bidirectional relaying. We were able to
show for the broadcast case that network coding indeed yields resource savings for
a broadcast transmission from a backbone node to all nodes of the wireless infras-
tructure network. The amount of savings depends on the access point density of the
network. This density shall not exceed ρ = 0.2 in order to obtain significant resource
savings of more than 10% in the given network with mesh degree γ = 3.7. We have
reached maximum savings of about 20% compared to routing in the example network
for the case, in which only a single access point has been deployed. In contrast, rout-
ing and network coding perform about equally well for access point densities ρ ≥ 0.8.
It is important to record at this point that the solution of the routing problem is by
far more complex than the solution of the corresponding network coding problem.
This relates to the issue that the routing problem is defined by a MILP, while network
coding is described by a conventional LP. As a direct consequence of the mathemati-
cal models, routing cannot outperform network coding, as the solution of the routing
problem is a constrained subset of the more general network coding solution. Apart
from the broadcast case, bidirectional relaying is especially interesting for the applica-
tion to cellular multi-hop networks, as each multi-hop connection between an access
point and a mobile terminal respresents a bidirectional relaying use case. Focusing on
bidirectional relaying, particularly the advanced scheme of analog network coding
emerges as a promising idea to additionally increase the spectral efficiency of cellu-
lar multi-hop communication. Finally, please take notice of the fact that the subject
of network coding is even larger and includes also further research areas such as for
instance random network coding, which have not been considered in this work.
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6.1. Results and Contribution

This thesis includes a comprehensive investigation into the operation of a cellular
multi-hop network. In Chapter 2, we have discussed arguments and possible obsta-
cles for the extension of cellular networks by relay stations. In Chapter 3, we have
presented Dynamic Cell Clustering as an approach to partition an unstructured wire-
less infrastructure network into multi-hop cells. In Chapter 4, we have developed
a routing protocol to enable intra-cell mobility within a multi-hop cell. Finally, we
have examined network coding as a promising data transport technique regarding its
application to cellular multi-hop networks in Chapter 5.

Reasons for the Relaying Concept Initially, we have outlined in Chapter 2 that
any use of relay stations is primarily economically motivated, as there is no technical
justification for the choice of a relay station instead of an access point. Relay stations
cannot replace access points adequately, as the relay links back to the access point
always consume valuable transmission resources such that a relay station cannot di-
rectly compete with an access point. Thus, the relay station remains either a cheap
substitute for an access point or a temporary placeholder in the start-up phase of the
network. Nevertheless, we have shown that given the strict economic constraints of
today’s network providers, the reduction of CAPEX and OPEX by the use of relay sta-
tions is a very valuable contribution. The deployment of relay stations is therefore a
technical approach for conventional cellular operators to compete against distributed
low-cost technologies as WLAN or mesh networks in an adequate and cost-efficient
manner.

Dynamic Cell Clustering Subsequently, we have presented Dynamic Cell Cluster-
ing as a concept to turn a set of access points and relay stations into a cellular net-
work. This strategy follows the idea of a dynamic clustering process, which depends
on the network’s current load state and thus combines clustering and load balanc-
ing. We have explained, how this mechanism helps to cut down CAPEX and OPEX
of a network operator. Moreover, we have investigated the clustering process in var-
ious example networks and have developed a numerical optimization approach and
a greedy heuristic for that purpose. Our results indicate that Dynamic Cell Cluster-
ing manages to balance the load efficiently in network topologies with a mesh degree
γ ≥ 3. The effect of balancing is also reflected in a significantly lower maximum load
per cell. It has been shown that this reduction corresponds to 20%-30% of the origi-
nal load on average, but can amount to more than 50% in some cases. It has turned
out that the greedy heuristic yields good performance results and can also deal with
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low to moderate network dynamics. Consequently, it is not necessary to include a
central instance for the clustering process. Instead, clustering can be accomplished
in a self-organizing and distributed fashion. Based upon these promising results, we
have developed a protocol stack for the centralized and the decentralized clustering
approach. A prototypical simulation result underscores that Dynamic Cell Clustering
is also practically feasible in cellular networks.

Intra-Cell Routing In Chapter 4, we have presented existing routing protocols from
the fixed and ad hoc network domain. To begin with, we have investigated these
protocols regarding their qualification as intra-cell routing approach in a multi-hop
cell. Subsequently, we have examined the effects of different routing metrics on the
resource demand and especially focused on the question, whether a simple hop count
is a sufficient path metric to deal with wireless multi-hop networks. It has been shown
that this minimum hop strategy can achieve good performance results, but tends to
the formation of bottlenecks. Additionally, we have illustrated that the efficiency of a
routing metric primarily depends on topological characteristics of the network. The
physical link conditions of the relay links and the overlapping transmission area be-
tween neighboring routers are thereby key parameters for choice of an adequate rout-
ing metric. In the next step, we have discussed the issue of proactive and reactive
routing. We have presented a proactive intra-cell routing approach and explained,
why the design of a routing protocol is strongly related to the MAC protocol. An inter-
layer exchange of link state information can that way reduce the signaling overhead
to a fraction of the original amount. Proactive routing is consequently not necessarily
related to higher overhead than reactive routing. In the following, we have comple-
mented the proactive topology exploration protocol with a label switching scheme
as suitable addressing mechanism for the data delivery within a multi-hop cell. The
given overall protocol stack provides users with intra-cell mobility and is compliant
to the current LTE inter-cell handover approach. The proposed protocol represents
therefore a suitable approach to handle intra-cell mobility in relay-extended cellular
networks.

Network Coding in Cellular Multi-Hop Networks Finally, we have investigated
network coding as a generalization of the routing concept and examined its applica-
bility to cellular multi-hop networks in Chapter 5. Our results indicate that network
coding yields resource savings in the broadcast case. Savings of about 10% or higher
are feasible for an access point density ρ ≤ 0.2. This corresponds to a required av-
erage amount of at least four relay stations per access point and thus is a realisitic
value. Performance gains of more than 10% are considered to be significant from
the technical perspective such that the application of network coding for broadcast
scenarios in cellular multi-hop networks is reasonable. Although network coding is
feasible in networks with larger access point densities, we have shown that its appli-
cation remains practically without impact on the performance compared to routing
then. Finally, we have considered the case of bidirectional relaying and discussed its
relevance for cellular multi-hop networks.
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6.2. Outlook

Paradigm of Self-Organization In future work, we could imagine an extension of
the principles of self-organization in the Dynamic Cell Clustering process. Especially
the direct interaction between the clustering unit and the radio resource management
unit should be investigated in detail to combine resource allocation and load balanc-
ing in cellular multi-hop networks. As also mentioned in the thesis, cell border areas
are a special challenge for any radio resource management. Therefore, it is addition-
ally necessary to examine the interaction between the intra-cell routing and the radio
resource management unit to extend the self-organization skills of the radio resource
management. A step into this direction is accomplished by Jan Ellenbeck in [EHB08].

Spectral Efficiency of the Relay Concept As pointed out within the thesis, the ef-
ficiency of the relay links is very important for the overall success of the relay-based
network. The special characteristic of the relay link implies that this link is typically
subject to worse propagation conditions than above roof top microwave connections.
However, better channel conditions than the links to regular mobile terminals are
definitely required, as otherwise the relaying advantage is absolutely questionable.
Obviously, this is a borderline scenario with chances for gains, but also with risks
of failure. It would be therefore very helpful and also important to examine a sin-
gle two-hop or multi-hop link connection with realistic and sophisticated ray-tracing
propagation models. This thesis can only give advice, how typical link conditions
should behave in order to get a benefit from the relay topology. A detailed channel
analysis can assess beyond that, whether the conditions of a realistic link scenario ful-
fill the outlined requirements. We therefore propose an investigation of the three main
constellations, namely the relay station positioned above roof top, the relay mounted
on the traffic light, and relay positioned randomly on street level.

Optimized Link Configuration Electronic beamforming can help to improve the
link conditions within the wireless infrastructure network. The definition of scanning
intervals and a coherent concept for the estimation of the angle of arrival are neces-
sary requirements. A subsequent, dynamic connectivity optimization of a randomly
meshed infrastructure topology is one interesting objective of research. The optimiza-
tion could be accomplished in a similar framework as presented by Christian Hart-
mann in [HKV08].

Hierarchical Handover The integration of GTP in the simulator could help to get
accurate values for the handover delay. It is a question of special interest to investigate
the real-time handover of a relay station including its attached mobile terminals from
one base station to another base station. The handover problem is also related to
security issues, which typically arise with the association and authentication process
of a terminal at a router. So-called hash chains could be applied to cipher step-by-step
the end-to-end links within the relay-extended multi-hop cell, as talks with Stephan
Eichler have shown. The hash chain mechanism is able to accelerate the intra-cell, but
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potentially also the inter-cell handover process. It is definitively worth looking on the
security requirements of such a system and finally developing a link-level simulator,
which performs a real-time intra-cell handover and real-time hierarchical inter-cell
handover including the required security features.

Summary To make a concluding overall statement, cellular multi-hop networks ap-
pear as a very promising network architecture to establish high-performance commu-
nication networks in densely populated areas. Relay stations potentially represent
the missing jigsaw piece to unify the architecture of mesh networks and cellular net-
works for the convergence into future high data rate networks. As illustrated in the
initial Figure 2.1, the relay technology is already an important component in the 4G
convergence process, where different approaches complement each other in order to
finally provide an overall set of services. The future development of the LTE standard
will primarily influence research on relay stations and determine, whether the cellular
relay technology will evolve from theoretical concepts into practical deployments.
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A.1. Environment Model

Mobility Model The set of mobile terminals VM is subject to mobility according to
the random direction mobility model developed in [RMSM01]. Research in [PLBV05]
has shown that the stationarity of the node and velocity distribution is a major re-
quirement to any mobility model, if statistically correct simulation results shall be
accomplished. The random direction mobility model foresees each node to choose a
random movement direction from θ ∈ [0, 2π] and a corresponding speed v ∈ [0, vmax].
Whenever a node touches the simulation boundary, a new speed and direction are
chosen. If the new direction leads outside the simulation area, the process of deter-
mining a direction is repeated, until a valid direction is found. The example in Figure
A.1 illustrates a potential movement of a user terminal. The terminal starts its move-
ment in direction θ1 at position X1 and travels with speed v1. Once the node reaches
the simulation boundary featured by the building wall at positionX2, the node choses
a new direction θ2 and speed v2, until it arrives at position X3. At position X3, direc-
tion and speed are updated anew, before the journey is continued. [Bet01] has shown
that such a model results in a uniform spatial node distribution. The simulation lasts
for an overall duration T . An additional travel duration t ∈ [0; tmax] with tmax ≪ T
is introduced to update a user’s speed from time to time. We have typically chosen
tmax = 0.1 · T for the simulations. The described mobility model results in a uniform
node and velocity distribution and is thus compliant with the demands to a perfect
simulation according to [PLBV05].

Channel Model An adjusted version of the free space propagation model [Fri46] is
taken into account for the calculation of the path loss between neighboring stations.
The channel model does not include any slow or fast fading, multi-path propagation,
or any other physical layer-related effects. The need for this simple model is founded
in the dramatic processing overhead, which more detailed channel models cause in
system level simulations. According to this simple transmission model, the received
signal power Pr(d) is dependent on the transmission power Ps and the distance d
between sender and transmitter:

Pr(d) = Ps · a ·
( c

4πf

)2 1

dδ
, (A.1)

whereby the carrier frequency f = 5.3 GHz and the speed of light c = 3 · 108 m/s are
considered. A path loss coefficient δ = 2 is used for LOS transmissions. Additionally,
we assume that for all transmissions in nLOS δ = 4 is sufficient to model the prop-
agation characteristics adequately. The differentiation between LOS and nLOS con-
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x 1

x 3

x 2

Figure A.1.: Illustration of a potential movement defined by the random direction mo-
bility model.

nections allows the provision for buildings and obstacles, which accounts for a more
realistic simulation environment. The antenna gain a is a multiplier, which depends
on the antenna characteristics of the sender and receiver device.

Traffic Model A constant bit rate traffic generator acts as source of defined data
flows. The traffic model is based on a given rate requirement r and a predefined fixed
packet length lp per data flow. The ratio of rate r and packet length lp describes the
required average packet rate rp:

rp :=
r

lp
. (A.2)

The inverse of the packet rate represents the average time interval between two sub-
sequent data packets:

Tp :=
1

rp

. (A.3)

A single data packet is transmitted periodically per time frame Tp, whereby its exact
transmission time is uniformly distributed within the interval. The transmission time
t(pk) of the kth packet pk is therefore calculated by

t(pk) := k · Tp + tk (A.4)

with the uniformly distributed random variable tk ∈ [0, Tp]. The average number of
packets across the overall simulation time therefore follows the intended data rate
requirement.

Obstacle Model We assume a city center with streets and buildings as suitable en-
vironment for the application of cellular multi-hop networks. We model this envi-
ronment by a regular Manhattan grid topology as suggested in [ETS98]. The scenario
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implies that mobile terminals cannot enter the buildings such that the simulation area
is bounded by the building walls and the border of the squared simulation grid.

A.2. Device Model

The wireless devices are realized according to the OSI reference model. The function-
ality of the single layers in the simulation model is implemented as follows:

Physical Layer The basic task of the physical layer model includes the transmission
and reception of data packets over the wireless channel. The correct reception of a
packet presumes two major prerequisites: First of all, the received signal power Pr

needs to outnumber a given minimum threshold power Pthres. Secondly, the SNR
has to reach a minimum level of γthres = 1.95 dB. The SNR of a received packet is
calculated as

γ = 10 log

(

Pr

Pn

)

. (A.5)

The data packets are transmitted with individual data rates, which are adapted to the
instantaneous link conditions. An optimum link adaptation process without feedback
is accomplished for that purpose. The available SNR is mapped to an achievable
physical data rate rphy by a corresponding link adaptation function:

rphy =















































54 MBit/s for γ ≥ 25 dB
36 MBit/s for 25 dB > γ ≥ 19 dB
27 MBit/s for 19 dB > γ ≥ 14 dB
18 MBit/s for 14 dB > γ ≥ 11 dB
12 MBit/s for 11 dB > γ ≥ 8 dB
9 MBit/s for 8 dB > γ ≥ 4 dB
6 MBit/s for 4 dB > γ ≥ 2 dB
0 MBit/s else.

(A.6)

By definition, broadcast packets are always transmitted in the lowest PHY mode, i.e.
at a rate of 6 MBit/s. As shown in Figure A.2, the given link adaptation function
results from a stepwise approximation of the envelope of a HiperLAN/2 link adap-
tation curve. This graph has been presented in [KJSMT01] and assumes LOS channel
conditions.

Link Layer ZERO-MAC, a simplified MAC module, has been developed in order
to perform system level simulations. Zero-MAC emulates a centralized MAC and re-
places the MAC at access points and relay stations by transmission queues for that
purpose. The MAC layer at mobile terminals is fully transparent, i.e. the packets
simply pass the MAC layer without further processing apart from a mandatory check
of the layer 2 header information. The queuing system provides one separate queue
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Figure A.2.: Stepwise approximation of the envelope of the HiperLAN/2 link adapta-
tion curve.
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Figure A.3.: Transmission queues are attached to access points and relay stations.
Each packet passes exactly one transmission queue, which models the
finite transmission capacity of the wireless medium and its optimum as-
signment.

to each wireless router. In doing so, any queue represents nothing else but an exclu-
sively assigned transmission resource or channel. ZERO-MAC acts optimum in a way
that the common transmission resource is shared without collisions. Incoming pack-
ets in the uplink or downlink direction are subsequently enqueued in a fixed number
of buffer slots. Packet losses may occur, once the buffer is overloaded. After be-
ing queued, the packets await the further processing. The queue is characterized by
a dynamic service time function, which subsequently processes and transmits each
packet within a specific service interval. This duration is given by the quotient of
packet length and the available physical data rate between sender and receiver. Con-
sequently, the process is very similar to a TDMA system, in which users are scheduled
sequentially request by request.

We distinguish between downlink and uplink transmission as shown in Figure A.3. In
the downlink case, a packet arriving from upper layers is enqueued in the transmis-
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A.2. Device Model
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Figure A.4.: The radio resource management unit assigns transmission resources ex-
clusively in a periodic superframe structure.

sion queue of the distinct access point or relay station. Once it is ready for transmis-
sion, it is sent down to the PHY layer and transmitted immediately over the wireless
channel as sketched in Figure A.3. At the receiver, the packet is only checked for
the correct header address information and handed on to the higher layers without
any specific processing. In the uplink case, the packet moves down the layers of the
mobile terminal, before being propagated on the wireless channel. Subsequently, the
packet arrives at the distinct access point or relay station. Again, the uplink packet
is enqueued at the MAC layer on the receiver side and will be received from higher
layers not until passing the transmission queue. The uplink case is also shown in Fig-
ure A.3. If two routers want to communicate mutually, the packet is always placed
in the transmitter’s queue, i.e. the transmitter allocates resources for the transmission
process. The packet consequently passes the MAC layer at the receiver node without
entering the MAC queue then.

A radio resource management unit allows the global allocation of resources and as-
sures the synchronization of all queues within the network. In doing so, the radio
resource management unit can block distinct transmission queues periodically and
impose a fixed frame structure on each router. Suppose the transmission medium to
be shared among all routers of a multi-hop cell in such a way that a distinct router
has exclusive medium access available at a certain instant of time. A corresponding
resource sharing could look like the medium access realization sketched in Figure
A.4, in which the transmission queues of access point and relay stations share the
medium equally. For that purpose, we assume a 2 ms frame duration and a peri-
odic superframe structure of (|VA| + |VR|) · 2 ms. Within the 2 ms frame duration, a
signaling overhead period of 178 µs is virtually reserved, which corresponds to the
typical administrative signaling overhead in the HiperLAN/2 MAC specification. In
consequence, each router may use the medium for uplink and downlink traffic during
2 ms - 0.178 ms = 1.288 ms per superframe interval. Apart from the MAC module and
the radio resource management entity, the ARP unit is embedded in the link layer to
resolve IP addresses into MAC addresses.
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A. Simulation Model

Network Layer and Application Layer The network layer includes a joint routing
and clustering unit to enable the data transport in a cellular multi-hop network. Addi-
tionally, the standard IPv4 protocol stack and the corresponding Mobile IPv4 mobility
framework are embedded. On top, a UDP client is established, which is connected to
the constant bit rate traffic generator.
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B. Parameter Setup — Overview

This section summarizes the simulation parameter setup:
γ mesh degree
η percentage of load change
ρ access point density
τ traffic load
Nsim number of simulations
Pn noise power
P thres

r threshold received power
Ps transmission power
T simulation duration
V number of nodes
VA number of access points
VR number of relay stations
VM number of mobile terminals
∆t approximation interval
amob antenna gain for mobile links
astat antenna gain for relay links
fload frequency of load change
lb grid block length
lp packet length
ls grid street width
r data rate
dmax maximum transmission range
rhello beacon frequency
vmax maximum user velocity

Table B.1.: Chapter 3.4. Dynamic Cell Clustering (graph model).

Figure Nsim |V| |VA| |VR| γ ρ fload η

3.8(a) 300 28 6 22 3 0.2 0.0 0.0
3.8(b) 300 28 6 22 3 0.2 0.0 0.0
3.9(a) 300 360 72 288 2-8 0.2 0.0 0.0
3.9(b) 300 360 72 288 2-8 0.2 0.0 0.0
3.10(a) 300 360 36-360 0-324 4 0.1-1.0 0.0 0.0
3.10(b) 1 120-720 24-144 96-576 4 0.2 0.0 0.0
3.11(a) 10 360 72 288 4 0.2 0.0-1.0 0.05
3.11(b) 10 360 72 288 4 0.2 0.0-1.0 1.0
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B. Parameter Setup — Overview

Table B.2.: Chapter 3.5. Dynamic Cell Clustering (ns-2 simulation).
Figure Nsim |V| |VA | |VR | T lb ls

3.14 1 12 4 8 200s 120m 60m
τ lp Ps Pn amob astat dmax P thres

r

100kbyte/s 512byte 0.281W 1·10−10W 1 162 90m 7·10−10W

Table B.3.: Chapter 4.4. routing metrics (general parameter setup).
Nsim |V| |VA| |VR| |VM| T ∆t lb ls vmax r

5 39 1 8 30 250s 10ms 120m 60m 10m/s 16kbit/s

Table B.4.: Chapter 4.4. routing metrics (individual parameter setup).
Figure Ps Pn amob astat dmax P thres

r

4.3(a) 0.281W 1 · 10−10W 1 162 120m 4 · 10−10W
4.3(b) 0.281W 1 · 10−10W 1 162 120m 4 · 10−10W
4.4(a) 0.281W 1 · 10−10W 1 {22;42;162} 120m 4 · 10−10W
4.5(a) 0.281W 1 · 10−10W 1 162 120m-180 m {1.76;2.5;4.0}·10−10W
4.4(b) 0.281W 1 · 10−10W 1 162 120m 4.0 · 10−10W

Table B.5.: Chapter 4.5. topology exploration (general parameter setup).
Ps Pn amob astat P thres

r

0.281W 1 · 10−10W 1 162 4 · 10−10W
T lb ls r lp

300s 120m 60m 16kbit/s 512byte

Table B.6.: Chapter 4.5. topology exploration (individual parameter setup).
Figure Nsim |V| |VA| |VR| |VM| vmax rhello

4.10 5 39 1 8 30 {3;10;20}m/s 1.0s−1

4.11 5 39 1 8 30 10m/s {0.1;1.0;10.0}s−1

4.12 5 {19;29;39} 1 8 {10,20,30} 10m/s 1.0s−1

Table B.7.: Chapter 5.4. network coding.
Figure Nsim |V| |VA| |VR| γ r

5.4(b) 4 62 1-62 0-61 3.7 1
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C. Packet Definitions
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(a) MPLS packet header format.
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(b) Cellular multi-hop LS header format.

Figure C.1.: MPLS header and cellular multi-hop label switching header.
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Figure C.2.: Topology table and routing table entry.
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(a) AODV packet format: route request.
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(b) AODV packet format: route error.
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(c) AODV packet format: route reply.

Figure C.3.: AODV packet format.
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C. Packet Definitions
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(a) WOSPF packet format: HELLO.

backup designated router
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packet length

router ID

area ID
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network mask

hello interval

au type

router priority

router dead interval
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...

(b) OSPF packet format: HELLO.

Figure C.4.: WOSPF and OSPF HELLO packet format.
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(a) WOSPF packet format: link state update.
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LS checksum length
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(b) OSPF packet format: link state update.

Figure C.5.: WOSPF and OSPF link state update packet format.
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D. Abbreviations

AGW Access Gateway

AODV Ad hoc On demand Distance Vector routing

AP access point

ARP Address Resolution Protocol

ARQ Automatic Repeat Request

ATM Asynchronous Transfer Mode

BGP Border Gateway Protocol

BS base station

CAPEX Capital Expenditure

CSMA/CA Carrier Sense Multiple Access with Collision Avoidance

CTS clear-to-send

DCA Dynamic Channel Allocation

DCC Dynamic Cell Clustering

DCF Distributed Coordination Function

DMAC Distributed Mobility-Adaptive Clustering

DL-MAP downlink map

DSDV Destination-Sequenced Distance Vector Routing

DSL Digital Subscriber Line

DSR Dynamic Source Routing

ENB Enhanced NodeB

FCA Fixed Channel Allocation

FCH Frame Control Header

GGSN Gateway GPRS Support Node
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D. Abbreviations

GPRS General Packet Radio Service

GSM Global System for Mobile Communications

GTP GPRS Tunneling Protocol

HARQ Hybrid ARQ

HiperLAN High Performance Radio Local Area Network

HSDPA High Speed Downlink Packet Access

HSUPA High Speed Uplink Packet Access

HWMP Hybrid Wireless Mesh Protocol

ILP integer linear problem

IS-IS Intermediate System To Intermediate System Protocol

IP Internet Protocol

LOS line of sight

LP linear optimization problem

LSU Link State Updates

LTE Long-Term Evolution

MAC Medium Access Control

MILP mixed integer linear problem

MPLS Multi-Path Label Switching

MT mobile terminal

nLOS non line of sight

OFDMA Orthogonal Frequency Division Multiple Access

OLSR Optimized Link State Routing

OPEX Operational Expenditures

OSPF Open Shortest Path First

PCF Point Coordination Function

RNC Radio Network Controller

RERR route error
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RNG-REQ range request

RNG-RSP range response

RREP route reply

RREQ route request

RS relay station

RSVP Resource Reservation Protocol

RSVP-TE Resource Reservation Protocol - Traffic Engineering

RTS ready-to-send

SC-FDMA Single Carrier Frequency Division Multiple Access

SGSN Serving GPRS Support Node

SINR signal to interference and noise ratio

TC topology control

TCL Tool Command Language

TDMA Time Division Multiple Access

TOS type of service

UDP User Datagram Protocol

UL-MAP uplink map

UMTS Universal Mobile Telecommunications System

VRP Vehicle Routing Problem

WIMAX Worldwide Interoperability for Microwave Access

WLAN Wireless Local Area Network

WOSPF Wireless Open Shortest Path First
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