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MAC Medium Access Control
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MTU Maximum Transmission Unit
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NGMN Next Generation Mobile Networks Alliance
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QoS Quality of Service

QoSMOS Quality of Service and MObility driven cognitive
radio Systems

QPSK Quaternary Phase Shift Keying

RF Radio Frequency
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SHDSL Single-Pair High-speed Digital Subscriber Line
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VoIP Voice over Internet Protocol
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(IEEE) 802.11 standards
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Introduction

Wireless cellular networks, also known as mobile networks are
not only wireless, but also include fixed links which connect
base stations to a mobile core or public internet network. These
fixed links that connect the cellular base stations to each other
and the core network are called backhaul links, which form the
backhaul network. This network is often overlooked. When in-
vestigating the performance of a cellular network, often only
the air interface is taken into account. While such calculations
were sufficiently accurate in earlier generation systems, in
modern networks, they lead to overestimation of the network
performance. In the first digital cellular networks, backhaul
links required predetermined data rates and latency was not an
issue; these networks were deployed with dedicated backhaul
links that had sufficient capacity. In contrast, when these net-
works were upgraded to newer generation radio technologies,
often the base stations were replaced while the backhaul links
were not. In such scenarios, it would often be the backhaul links
that limited the maximum data rates that could be offered. In
these later generations, the data rate demand of a fully loaded
base station depends on the radio conditions of the mobile
links. Consequently, costs can be saved if the backhaul is not
dimensioned to support the maximum theoretical radio capac-
ity, this limits the performance for only a fraction of the time.

Additionally, there are certain cases where backhaul is an es-
pecially critical issue, such as for femtocells and Coordinated
Multipoint (CoMP), as will be described in later chapters.
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1.1 Motivation

In the past few decades, one of the biggest technological ad-
vances has been mobile telecommunications. In the current
decade, “traditional” phones are being swiftly replaced with
smartphones. This shift to smartphones creates a huge demand
for mobile data connectivity. Mobile networks are also compet-
ing with fixed internet connections in terms of both cost and
data rates.

Cellular networks have evolved at an unprecedented speed.
Approximately every decade, a completely new Radio Access
Network (RAN) generation has appeared. This rapid develop-
ment has necessitated a wide range of research work. However,
one of the more neglected research topics is mobile backhaul.
Researching it requires extensive knowledge in both radio and
packet transport technologies.

The demand for ever higher mobile data rates will be satisfied
by a fifth generation standard, which has been promised for the
2020 Olympic Games in Tokyo; thereby continuing the trend
of ever increasing network capacities. 5G is currently a very
‘hot’ research topic. The appearance of 5G will most certainly
create more challenges for the backhaul; therefore, research in
mobile backhaul will likely increase in the next few years.

1.2 Scope

This dissertation only considers systems standardized by the
3rd Generation Partnership Project (3GPP). In the 2nd and 3rd

generation, multiple different standards were deployed. GSM,
standardized by the European Telecommunications Standards
Institute (ETSI), became the dominant 2nd generation standard
globally. 3GPP was founded with ETSI as a core organizational
partner to create a 3G standard called Universal Mobile Tele-
communications System (UMTS). UMTS has emerged as the
leading 3G standard.
The 4th generation 3GPP standard, namely, Long Term Evolu-
tion (LTE), did initially have competition in the form of World-
wide Interoperability for Microwave Access (WiMAX), also
known as IEEE 802.16, but it never posed a serious challenge.
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A WiMAX simulator was also implemented by the author in a
separate project, however, as this technology did not have a
lasting effect on the evolution of mobile networks, it is excluded
from this dissertation.

Currently, there is consensus that 5G will be standardized by
3GPP; organizations such as the Next Generation Mobile Net-
work Alliance (NGMN), and the Small Cell Forum create rec-
ommendations for 3GPP instead of competing standards.

This dissertation considers technology generations starting
from 3.5G and ending with 5G, which is to be standardized in
the future. 1G, such as Nordic Mobile Telephone (NMT), is ex-
cluded as it was analogue, not digital. 2G and basic 3G are not
elaborated, as they have predetermined backhaul capacity de-
mands; therefore, the issues investigated in this dissertation do
not arise.

All technologies are evaluated based on the offered user level
performance, in other words, the level of service that the users
can perceive.

1.3 Research Question and Methodology

Before the launch of any mobile network, network performance
cannot be measured. Therefore, simulations are vital to predict
the behaviour of such networks before deployment. All of the
described research was conducted before the wide scale deploy-
ment of the technology in question, and the technologies de-
scribed in later chapters are only to be deployed in the future.

The overall research question was to evaluate the user level
performance of mobile backhaul. The specific research ques-
tions always focused on a critical backhaul issue of the given
technology generation:

 For third generation systems, the possibility of
providing backhaul with arbitrary wired internet con-
nections, such as a Digital Subscriber Line (DSL).
Small cells with such backhaul are called femtocells.
The feasibility of the femtocell concept was investi-
gated. The specific research questions were whether a
differentiating scheduler was necessary, and whether
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clock synchronization is possible over the fixed inter-
net network. (Chapter 3)

 In evolved third generation, and early fourth genera-
tion networks, an analysis was conducted of the
transport efficiency of Voice over Internet Protocol
(VoIP). The goal was to find a more efficient method
of transporting VoIP packets on the backhaul. (Chap-
ter 4.1)

 For advanced fourth generation systems, the backhaul
requirements of Coordinated Multipoint (CoMP)
were studied. The question was to quantify the back-
haul latency and capacity requirements of coordinat-
ing the transmission of multiple base stations. (Chap-
ter 4.2)

 One of the research questions for fifth generation net-
works was to establish a framework for providing
Quality of Service (QoS) with only opportunistic spec-
trum use. (Chapter 5.1)

 Another goal for fifth generation systems was to find
a low cost backhaul architecture that can provide the
capacities necessary for millimetre-wave radio access
networks. For this, the feasibility and performance of
multi-hop backhaul was analysed. A specific research
question was whether the interference conditions per-
mit this multi-hop backhaul mesh to be in-band. The
option of combining in-band links with dedicated
links was also studied. A further point was the sensi-
tivity of the backhaul network to occasional link fail-
ures. Additionally, ultra-low latency requirements
were considered. (Chapter 5.2)

 The final question for fifth generation networks was
to quantify the probability of partial network discon-
nection due to rain fading in a backhaul mesh net-
work. (Chapter 5.3)

The research was based on simulations. For this, the author
of this dissertation had to implement specific functions, or
completely new simulators for the technology in question. For
the research presented in Chapter 3, the author had to imple-
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ment a femtocell simulator on an existing NS-2 simulation plat-
form used by Nokia. The work elaborated in Chapter 4 required
the implementation of adaptive bundling and multiplexing,
and Coordinated Multipoint (CoMP) on this same NS-2 simu-
lator platform. The research presented in Section 5.2 necessi-
tated the coding of a 5G simulator on the public NS-3 simula-
tion platform. The work exhibited in Section 5.3 was carried out
with its own simulator written by the author himself. In all of
these cases, implementing the simulator on the platform re-
quired far more work hours than evaluating the results.

1.4 Contribution and Results

This dissertation summarizes most of the author’s research
work carried out from 2007 to 2016. The coding of the neces-
sary simulator features, the running and processing of simula-
tions were conducted by the self-same author.

The results elaborated in this dissertation were used at the
time by the industry for the designing of the system in question,
as at the time, the specific topics had not yet been investigated
in such a manner from the backhaul point of view. However,
with the exception of the 5G research, the system concepts were
already defined at the time.

The main findings elaborated in this dissertation are:
 As discussed in Chapter 3, differentiated scheduling

has been found to be unavoidable in providing the ex-
pected QoS for femtocells. Furthermore, clock syn-
chronization over the internet network is also possible
only if a scheduler is available.

 As shown in Chapter 4.1, bundling and multiplexing
has been confirmed as a method to increase the
transport efficiency of VoIP packets. Moreover, two
novel, adaptive packet multiplexing algorithms were
invented to further enhance efficiency. The adaptive
algorithms were internationally patented [2].

 As described in Chapter 4.2, the backhaul require-
ments of inter-eNB CoMP have been evaluated. The
work directly led to the invention of a mechanism
which minimizes the backhaul requirements of inter-
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eNB CoMP. An international patent application has
been filed, and the patent for the proposed mecha-
nism is pending [3].

 As explained in Chapter 5.1, a framework for a cogni-
tive radio architecture has been developed.

 As elaborated in Chapter 5.2, a multi-hop, millimetre-
wave backhaul mesh network concept has been eval-
uated. From the study, it can be concluded that inter-
ference will be a manageable issue, and that in-band
multi-hop backhaul is feasible. The combination of
dedicated and in-band backhaul links has been
demonstrated to be efficient. It has also been proven
that occasional link failures on the backhaul mesh
cause minimal performance degradation provided
that appropriate rerouting algorithms are employed.
Furthermore, results show that ultra-low latency can
be guaranteed with differentiated scheduling.

 As presented in Chapter 5.3, it has been calculated
based on measurement data, that rain fading will
cause network failures in millimetre-wave backhaul
meshes in only the heaviest rainfalls.

1.5 Structure of Dissertation

The next five chapters of this dissertation are structured as fol-
lows. Each of the main chapters presents one or more of the
included publications.

Chapter 2 provides an introduction to the basic concepts of
mobile backhaul. Chapter 3 discusses femtocells for 3.5G net-
works, and shows that backhaul connectivity is a major issue
for femtocells. Chapter 4 describes backhaul technology tech-
niques for 3.75G, 3.9G and 4G. It discusses adaptive bundling
and multiplexing, followed by the backhaul requirements of
CoMP. Chapter 5 provides a description of possible 5G net-
works, including cognitive networks and millimetre-wave
multi-hop networks. It also investigates the probability of rain
fading disrupting 5G backhaul networks. Finally, Chapter 6
concludes the dissertation.
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2. Mobile backhaul

Wireless networks cannot operate without a wired infrastruc-
ture. The users in each wireless cell are served by a base station,
and the base stations require fixed data connections to the mo-
bile core. The transport networks serving mobile networks are
called mobile backhaul. It connects wireless base stations to ra-
dio network controllers, gateways and servers. This chapter
provides an overview of mobile backhaul and its architecture in
general by describing basic concepts and issues which will be
elaborated upon in further chapters.

As described by Metsälä and Salmelin [4], backhaul can be
divided into three tiers, the access, aggregation, and backbone
tier, see Figure 1. At the base station end of the backhaul net-
work, the so-called lower level, is the access tier. Characteristi-
cally, the access tier connects the base stations to the aggrega-
tion tier with the fewest possible, or close to fewest number of
links. Therefore, its topology is usually a tree, or it may have a
few additional links for redundancy. It is common for access
tier links to be fixed wireless microwave links due to their ease
of deployment. In contrast, the aggregation tier topology is
based more on rings, thus ensuring service even if a single link
fails. At the upper level, the backbone tier connects the aggre-
gation tier with the core nodes, and the core nodes with one an-
other. It is always comprised of very high capacity fibre-optic
rings.
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Figure 1. Backhaul network tiers.

2.1 Backhaul Costs

While it is evident that the majority of an operator’s cost is re-
lated to the mobile radio access network, nevertheless, the cost
efficiency of the backhaul network is business critical. Metsälä
and Salmelin [4] estimate that the backhaul share of the entire
network related costs is 10–40%, depending on the density of
the cellular network. 70–80% of the backhaul cost [4] is asso-
ciated with the access tier, due to the larger number of links,
and the least cost is associated with the backbone tier. Thus, the
cost and transport efficiency of the access tier is the primary
target of backhaul efficiency optimization. However, reliability
is more critical at the upper levels of the backhaul network as
an interruption in service affects a larger geographical area, and
more subscribers.

Since the dawn of cellular networks in the 1980s, cell sizes
have continuously decreased. In parallel, the cost of a base sta-
tion device itself has also dropped exponentially in accordance
with Moore’s law. The cost of deploying the base station and
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establishing a backhaul connection has decreased much less,
due to the associated labour and site costs. Future small cells
will require many more, short, high capacity backhaul links.
Additionally, as the average revenue per user continues to de-
cline while the number of base stations increases, the cost of
backhaul connectivity will also have to decrease.

Backhaul can either be owned by the operator, or leased. It is
the specific scenario that determines the preference. In the case
of leased backhaul, a specific service level agreement is neces-
sary which applies between the User-Network Interfaces
(UNI).  The capacity,  Quality  of  Service  (QoS)  and cost  of  the
leased lines depends on both the service level agreements and
the employed transport technology.

2.2 Dimensioning Backhaul

Adaptive modulation and coding was not featured in earlier
digital systems, such as 2G GSM, and 3G UMTS, also known as
Wideband Code Division Multiple Access (WCDMA). There-
fore, the total data rate of a fully loaded cell was predetermined
and independent of the radio channel conditions; it was
straightforward to determine the necessary capacities of the ac-
cess tier backhaul links. This was suited to circuit switched mo-
bile telephone service, which at first was the only service of-
fered. UMTS was initially designed to also offer mobile internet
access. However, after its standardization in 1999, it was real-
ized that the constant bit rate channels it offered were very in-
efficient for fluctuating data rate traffic, such as web browsing.
Furthermore, UMTS always employed Quaternary Phase Shift
Keying (QPSK) modulation, even if the radio channel condi-
tions would have allowed much higher order modulation and,
therefore, higher data rates. Subsequently, already in 2002,
High-Speed Downlink Packet Access (HSDPA) was standard-
ized, followed by High-Speed Uplink Packet Access (HSUPA)
in 2005. The combination of HSDPA and HSUPA has been
named High-Speed Packet Access (HSPA). They introduced
adaptive modulation and coding for the downlink (DL) and up-
link (UL) directions, respectively. Furthermore, they also intro-
duced fast scheduling, where the base station resets the data
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rate of every user every few milliseconds, instead of only at the
beginning of the connection. In parallel, Enhanced Data rates
for GSM Evolution (EDGE) was defined to allow adaptive mod-
ulation for GSM. Adaptive coding was already introduced to
GSM by General Packet Radio Service (GPRS).

Consequently, the data rate of a fully loaded base station de-
pends on its radio channels. It is unlikely that every User
Equipment (UE) attached to a base station has an ideal radio
channel, which would enable it to use the modulation and cod-
ing combination with the highest possible data rate. Therefore,
in order to minimize cost, the capacity of the backhaul connec-
tion serving a base station does not necessarily have to be as
much as the absolute maximum data rate of the cell. However,
it should be higher than the data rate of a fully loaded cell with
average radio conditions, as backhaul capacity costs less than
radio access spectrum. When multiple last mile backhaul links
are combined together at upper levels, the capacity require-
ment of the common links is also not trivial. It should be higher
than the sum of the data rates of the cells with average radio
conditions in busy hours, but may be lower than the sum of the
absolute maximum data rates. A reasonable guideline is to cal-
culate with the absolute maximum of one cell plus the average
full load of the other cells. This way the advertised maximum
data rate  is  possible  for  at  least  some of  the UEs most  of  the
time.

2.3 Backhaul Technologies

In the previous decade, the most common physical layer
backhaul link technologies were: Plesiochronous Digital Hier-
archy (PDH), Synchronous Optical Networking (SONET) /
Synchronous Digital Hierarchy (SDH); and for microwave
links, Time Division Multiplexing (TDM). Furthermore, Asyn-
chronous Transfer Mode (ATM) was the standard adopted by
UMTS for communication between the base stations and the
radio network controller (RNC). While these were previously
commonly used standards, they are currently being completely
replaced by Ethernet based technologies; by 2015, over three-
quarters of backhaul links were Ethernet based [4]. Ethernet
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has proven to be a very cost effective solution as its cost has
decreased due to its ubiquity, and it can be employed over mi-
crowave, copper and fibre-optic links. Though at first Ethernet
was only used for local area networks (LAN), to date, Carrier
Ethernet has become widespread for long distance data
transport. Multiprotocol Label Switching (MPLS) can be used
over Ethernet to replace Internet Protocol (IP) routing. While
earlier physical layer protocols were primarily designed for
transporting Circuit Switched (CS) traffic, the shift to Packet
Switched (PS) traffic has also favoured Ethernet.

Conventional telephone calls are transported more easily in a
CS network, as their data rate is mostly constant, and require a
given latency and maximum packet loss rate. However, packet-
based data traffic, such as Transmission Control Protocol (TCP)
or User Datagram Protocol (UDP) over IP, has far outgrown
conventional voice traffic. Transporting IP packets is efficient
only in a PS network; thus, since the introduction of GPRS,
there have been both CS and PS networks in parallel. However,
it would save cost to entirely eliminate the CS network, and to
have a fully IP-based network. Current PS networks offer far
lower latencies than those required by voice calls, thereby ena-
bling Voice over Internet Protocol (VoIP) to be used for regular
phone calls. VoIP fragments phone calls into packets and trans-
ports only packets. The shift to all-IP networks is a long-term
transition that is still in progress.

2.4 Backhaul Architecture Evolution

At the time GSM was standardized, in the late 1980s, hard-
ware for baseband digital processing was very expensive.
Therefore, moving the digital processing of many cells to a sin-
gle site saved cost; this node was called the Base Station Con-
troller (BSC), which served multiple base stations called Base
Transceiver Stations (BTS). The BSCs were connected to a Mo-
bile Switching Centre (MSC) in the core network. Afterwards,
as packet switched networking was added to GSM in the form
of GPRS, the CS traffic continues to be connected to the MSC.
However, in the PS domain, the RNCs are connected to a Serv-
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ing GPRS Support Node (SGSN), which is connected to a Gate-
way GPRS Support Node (GGSN). For a depiction of the archi-
tecture evolution, see Figure 2.

Figure 2. 3GPP architecture evolution, packet switched domain only.

UMTS continued to use this node structure [5], though the
base station was renamed to Node B, and the BSC was renamed
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to RNC; both nodes’ complexity increased. Shortly after the
standardization of UMTS, the issues with this concept became
evident. One of the key features of HSPA [6], fast scheduling,
could not be implemented at the RNC, as the signalling round
trip  time  (RTT)  between  the  Node  B  and  RNC  is  too  high.
Therefore, much of the Medium Access Control (MAC) func-
tionalities had to be moved from the RNC to the Node B. Due
to the fluctuating data rates of HSPA, flow control and conges-
tion control had to be implemented on the link between the
Node B and RNC, which is referred to as the Iub interface.

Later versions of HSPA changed this node structure [7][8]. In
the direct tunnelling, also known as one tunnel solution, the
user plane data traffic circumvents the SGSN and is trans-
ported directly between the RNC and GGSN. Control plane traf-
fic is routed via the SGSN as in previous versions. This direct
delivery decreases the latency of packet delivery between these
two nodes.

An alternative to the direct tunnelling architecture, intro-
duced in the same Release, number 7, is Internet HSPA (I-
HSPA), which introduces a flat architecture [8]. In this solu-
tion, not only does the data path bypass the SGSN, but the sep-
arate RNC node is also completely eliminated. All of the RNC
functionalities are moved to the Node B, essentially as if every
Node B would have its own RNC integrated into it. This greatly
simplifies the network, as the Iub interface is completely re-
moved. It also saves the cost of deploying RNCs, and makes the
network more resilient as there are no more RNC disconnec-
tions or failures. Furthermore, data packet traffic is more effi-
cient over the Iu interface to the GGSN than over the Iub, due
to less overhead. Latency is also significantly reduced as the
data path is not obstructed between the Node B and the gate-
way node. Additionally, it streamlines the transition to Long
Term Evolution (LTE) architectures.

LTE [9][10] has a similar structure as I-HSPA, with the dif-
ference that the Node B is called Evolved Node B (eNodeB) or
just eNB. Furthermore, instead of the SGSN, there is the Mo-
bility Management Entity (MME), and the gateway node is
called System Architecture Evolution Gateway (SAE-GW),
which is also known as the Serving Gateway (S-GW). The node
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structure of LTE has rendered it in some ways simpler and less
costly than legacy UMTS/HSPA, as there is no separate RNC
node.

A further twist in architectural development is the Cloud Ra-
dio Access Network (C-RAN) [11]. With it, the architectural
evolution has come full circle. In GSM, the equipment near the
antenna, the BTS, was relatively simple and most of the pro-
cessing was moved to a more central site, the BSC. In UMTS,
both the Node B and the RNC performed baseband processing.
In a C-RAN network, the device at the antenna is the simplest
possible and all of the processing is performed in a more central
node, the digital Baseband Unit (BBU). The difference between
the two concepts is that in a C-RAN network, the antennas are
connected to extremely simple Remote Radio Heads (RRH).
RRHs do not perform digital signal processing, they only con-
vert a sampled radio signal to the radio frequency. Alterna-
tively, with Radio over Fiber (RoF) technology, the RRH is es-
sentially just two amplifiers. The RRHs simply convert and for-
ward a data stream with insignificant delay. The RRHs form a
Distributed Antenna System (DAS). This architecture allows
digital baseband equipment cost savings and enhanced coordi-
nation among neighbouring cells. On the other hand, it requires
high capacity, low latency links between the BBU and the RRHs
which are not interrupted by routers, and in some cases, it ne-
cessitates fibre-optic cables. These links are called fronthaul
links, and they are not considered to be backhaul links.

The architecture of 5G networks has not yet been decided.
Chapter 5 will investigate a multi-hop backhaul architecture. It
is likely though, that 5G networks will continue the flat archi-
tecture concept and will have no RNC-like element between the
base stations and the core network. It is also possible that the
specific core network nodes will be replaced by virtual nodes.
As the backhaul architecture of 5G is expected to differ signifi-
cantly from that of 4G, further investigations in this field are
necessary, such as the research described in Chapter 5.
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2.5 Summary

Though often overlooked when planning mobile networks,
backhaul represents an increasing portion of total network
costs. Therefore, dimensioning backhaul is a business critical
issue. In contrast to 2G and 3G networks, it is not optimal in
3.5G and 4G networks to proportion access tier backhaul ca-
pacities to match the maximum air interface capacities.

Ethernet has become the dominant physical layer transport
technology, and is replacing all other standards. Fibre-optic
and copper cables continue to be used in conjunction with fixed
wireless links.

Backhaul architecture has changed every generation, with
every generation bringing about a different optimal level of
centralization. With the introduction of C-RAN, this progress
has come full circle. The architecture of 5G has not yet been
standardized, although multi-hop backhaul seems to be a likely
candidate.
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3. Femtocells for 3.5G

In the 1990s, mobile cellular telecommunications networks
were comprised of cells designed to cover large areas, as cover-
age was the foremost issue. As these systems attracted more us-
ers, network capacity became increasingly important. To im-
prove network capacity, the overlaying cell layout was comple-
mented with smaller cells that covered smaller, more fre-
quented areas, such as an office building or a shopping mall.
These smaller cells were named micro cells, and the large cells
were named macro cells. Subsequently, as mobile telecommu-
nication became more commonplace and even more capacity
was required, the term picocell was used to describe cells that
were even smaller than microcells. Macrocells, microcells and
picocells differed in cell size, but utilized similar backhaul solu-
tions. In the late 2000s, the word ‘femtocell’ had to be intro-
duced for the new architecture with a completely new form of
backhaul. With the further evolution and increased complexity
of cellular networks, the broad term ‘small cells' has become
common for referring to microcells, picocells, and femtocells.
Macrocells and small cells jointly comprise the architecture re-
ferred to as Heterogeneous Networks (HetNet).

In this chapter, an overview of 3G femtocells is presented, and
a series of femtocell backhaul simulations from 2007 is de-
scribed. The details of the research can be found in Publication
I: At the time of publication, the term in use was 3G femtocell,
but since the investigated technology is in fact HSDPA/HSUPA
instead of legacy UMTS, it is technically 3.5G, which currently
is a much more favoured term than 3G due to competitive rea-
sons.
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Publication I won  the  best  paper  award  at  the  ICT  Mobile
Summit in 2008, and its Hungarian language version won a
best paper award in the journal titled Híradástechnika [1].

3.1 Introduction to Femtocells

Deploying dedicated backhaul links has implied serious costs
for Telecom operators, who are always searching for lower cost
alternatives. One such alternative is to connect a base station
with already existing internet connections. Fixed wireline in-
ternet, such as Digital Subscriber Line (DSL), coaxial cable in-
ternet access, and fibre to the home are technologies that are
competing with broadband mobile internet. Despite this com-
petition, fixed internet connections can be used for the benefit
of mobile networks, as they are commercially available in very
many locations. The base station that uses an arbitrary internet
connection as backhaul is called a femto access point. It is also
known as an access point base station, a home base station, a
home node, a home cell base station, or for 3G systems only, a
3G home gateway. It is a small, low cost, low power, scaled
down version of  a  Node B.  The small  cell  it  serves  is  called a
femtocell, which typically covers a single home, or one floor of
an office building. It is designed to be typically used with a DSL
or coaxial cable connection as backhaul. If a location has a fi-
bre-optic internet access, the available bandwidth allows regu-
lar Node Bs to be connected, not only femto access points. As a
femtocell essentially enables mobile phone calls over a fixed in-
ternet connection, it is one of the concepts comprising fixed-
mobile convergence. Fixed-mobile convergence is the erosion
of differences between fixed and mobile networks.

To further decrease the cost of a femtocell, deployment cost
is also minimized by simplifying the deployment to a “plug and
play” approach. In this concept the installation of the femto ac-
cess point is simplified and cannot be more than plugging it
into an internet connection and a power outlet; it has to be self-
configuring. Thus, femto access points can be given to the end
users who install it for themselves. Many end users have their
own wired internet connections at home or at work, which they
can access much more easily than professionals from a telecom
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operator; furthermore, this implies no cost for the operator. On
the other hand, this does not allow for the planning of the posi-
tion of femtocells, in contrast to the careful planning of the po-
sitions of macrocells, microcells and picocells. It is necessary to
optimize the layout of macro-, micro- and picocells in order to
minimize inter-cell interference. This is not possible with arbi-
trarily placed femtocells, therefore, other approaches are
needed to cope with inter-cell interference. Allocating a sepa-
rate spectrum for femtocells would be prohibitively expensive
and spectrally inefficient. Therefore, the overlaying macrocell
layer and femtocells have to share the same frequency bands,
in other words, they are in-band.

While allowing a macro Node B to use a DSL connection as
backhaul would simplify macrocell deployment and save costs
for operators, many DSL links do not provide the Quality of
Service (QoS) required for a macro Node B. A macrocell re-
quires a high data rate, low latency reliable connection for
backhaul. While the downlink data rate of DSL connections is
often more than what is required to serve a macrocell, DSL data
rates are asymmetric. The uplink data rate may not be sufficient
for a macrocell, depending on the type of DSL connection and
the length of the DSL loop. Typically, an Asymmetric Digital
Subscriber Line (ADSL) uplink data rate is insufficient for a
macrocell, while a Very High Bit Rate Digital Subscriber Line
(VDSL) uplink rate is sufficient provided that the loop length is
short enough. Single-Pair High-speed Digital Subscriber Line
(SHDSL) is also insufficient in the downlink. In contrast, a
femtocell can provide satisfactory service even if its data rate is
severely limited by the backhaul connection. Additionally, DSL
may use interleaving which increases latency. Furthermore, a
DSL connection does not guarantee that its nominal maximum
data rate is always available. This topic was studied in Publica-
tion I for femtocells, and will be elaborated later on in this
chapter.

The main competitor technology of femtocells is in fact not
macro-, micro- or picocells, but Wi-Fi. Wi-Fi is the most com-
mon group of technologies for extending internet service from
a fixed internet subscription wirelessly over a short distance. It
is supported by every present day smartphone and laptop, is
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inexpensive, and can provide very fast data connections. The
service it provides is very similar to that of femtocells, with only
two key differences. One difference is that Wi-Fi does not ena-
ble conventional telephone calls. Thus, a user within Wi-Fi cov-
erage, but isolated from the mobile cellular network, will miss
any incoming calls and will not be able to initiate phone calls.
The other difference is that in the case of Wi-Fi, only the pro-
vider of the fixed internet connection can charge the subscriber
for the data service, while for a femtocell both the mobile oper-
ator and the fixed internet provider can charge the user. Both
differences make femtocells attractive to mobile network oper-
ators; however, subscribers might have to pay twice for their
data traffic.

3.2 Interference Issues

In the 21st century, people spend most of their time indoors,
which is the reason for indoor coverage being perhaps more im-
portant than outdoor coverage. However, providing ubiquitous
indoor coverage from outdoor macro Node Bs is challenging
due to the penetration losses radio signals experience when
propagating through walls, especially at higher frequencies.
While penetration loss poses a challenge for macrocells, it is
beneficial for femtocells [12]. Femto access points are designed
to be placed indoors and provide indoor coverage, as wired in-
ternet connections are usually available indoors. The penetra-
tion losses of building walls, therefore, separate femtocells
from the overlaying macro layer and decrease inter-cell inter-
ference. When planning macrocell layouts, it is challenging, if
at all possible to provide coverage inside every building. There
will  usually  be  buildings  at  the  edge  of  macrocells  in  which
there is no macro layer coverage, or only near the windows. Ar-
eas, such as basements or underground parking lots are even
more difficult to cover. While this does cause some users to be
extremely dissatisfied, deploying more macrocells to provide
coverage in every basement is prohibitively expensive. There-
fore, an important role of femtocells is to provide service inside
buildings that happen to be isolated from the macrocell layer.
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This offers both cost savings for the operators and higher cus-
tomer satisfaction.

While designing femtocells to be in-band with macrocells
does eliminate the need to procure new spectrum, it introduces
challenging interference issues. One important concept is to al-
low User Equipment (UEs) to freely hand over among
femtocells and macrocells [13][14]. This prevents an unassoci-
ated UE and femtocell from causing each other serious inter-
cell interference at very close proximities. However, from such
open access, it also follows that all of the UEs in the area of the
femtocell will add to its total data traffic, but the backhaul cost
of this is borne by the subscriber of the internet connection
used as femtocell backhaul. Thus, this is not possible in some
business models.

To mitigate interference, femtocells should operate at the
highest possible frequency. The higher penetration loss in-
creases the separation provided by the walls of buildings. Fur-
thermore, if the macro Node Bs operate at multiple frequencies,
it is possible that the macro coverage is continuous only at the
lower frequencies, as higher frequencies do not propagate as far
as from the same sites. At locations where there is only lower
frequency macro coverage, femtocells can operate at higher fre-
quencies without interfering with the macro layer. Addition-
ally, femto access points are more likely to be placed in such
locations.

Another important countermeasure against interference is to
limit the transmission power of femto access points [13][14].
Limiting this transmission power mitigates the interference
that femtocells can cause to macrocells in the downlink direc-
tion. This also limits the size of femtocells, and the necessary
transmission powers of UEs attached to femtocells. In turn, this
mitigates the uplink interference from femtocells to macrocells.

The typical maximum transmission power of a femto access
point is approximately 20 dBm [13][14]. This is even lower than
the maximum transmission power of a UE, which is 24 dBm.
As the femto access points have lower transmission powers
than macro Node Bs, the most expensive component, the RF
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circuitry, also costs less. While the price of commercially avail-
able femto access points is subject to change, it currently ranges
between 85€ and 200€ for private customers [15].

3.3 The Business Case for Femtocells

Though the cost of a femto access point is low, this cost is not
shared among many customers. A femtocell is designed to serve
only a few users, for example, those who work on the same of-
fice floor or live in the same apartment. Therefore, the revenue
from only a few customers, perhaps just a single customer, has
to cover the cost of a femto access point. In addition to this, the
customers may have to pay the cost of the increased traffic of
the fixed internet connection and the electricity consumption.
This is in contrast to macro Node Bs, which are designed to
serve a very large number of parallel connections. Additionally,
since only a fraction of the subscribers within a macrocell gen-
erate traffic at any given moment, the number of subscribers
that can be served within the area of a macrocell is far more.
Therefore, while the procurement, deployment and operation
of a macrocell costs the operator far more than a femtocell, a
network of femtocells is not necessarily the cost efficient alter-
native.

The business model for femtocells is less well defined than its
technology. There are multiple competing business models on
ways to finance femtocells. While it is clear that the fixed inter-
net connection, electricity, and premises has to be provided by
the mobile subscriber, the cost of the femto access point can be
covered by the subscriber or the mobile network operator. Sub-
scribers may wish to purchase femto access points if phone calls
in the femtocells are at a discount price. Even free calls are pos-
sible as femtocell traffic does not strain the macrocell network.
However, this shifts the business model of mobile operators
away from the very successful subscription based model, to a
model that receives revenue from femto access point sales. An
alternative of this business model is to charge a fixed monthly
fee for the use of femtocells. A completely different approach is
that the operator provides the femto access point for free if the
subscriber has no macrocell coverage at home or at work, in
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this case, the regular usage prices apply. This approach gener-
ates little extra revenue for the operators, as it only provides
service in more locations. However, it can greatly increase the
satisfaction of some users and prevent them from cancelling
their subscriptions. Due to the difficulties of providing macro-
cell coverage in every building, it is extremely expensive for op-
erators to deploy such a number of macro Node Bs that all users
would have satisfactory indoor coverage; handing out
femtocells costs far less. As an example, this is the current
model in Japan. A further possibility is to charge the users for
acquiring the femto access point and charging them for their
traffic in the femtocells. This means that subscribers have to
pay for the femto access point, the data traffic on the fixed in-
ternet connection, the traffic on the mobile link, and the elec-
tricity consumption of the femto access point; as well as per-
haps even a monthly fee for the femto access point. While sub-
scribers will be reluctant to pay for a femtocell on such terms,
they may be forced to comply, because none of the competing
mobile operators provide coverage in their homes or work-
places. While this business model will not lead to the wide-
spread use of femtocells, this business model is very beneficial
for mobile operators.

A further issue is whether only the subscribers who pay for
the femto access point may use the femtocell, or anyone within
the femtocell. In some of the aforementioned business cases, it
would decrease the operator’s revenue if more users could use
the femtocell with discounted prices or for free. This may lead
to some users not being allowed to hand over to a femtocell
even if they are very close to the femto access point. As previ-
ously mentioned, this would cause interference issues. Another
issue is that allowing any user to hand over to a femtocell will
generate additional data traffic on the fixed internet connec-
tion, and which may impose additional fees for its subscriber.

3.4 Femtocell Network Integration

As the backhaul links of femtocells are arbitrary internet con-
nections instead of secure, dedicated links, a completely new
architecture is necessary for connecting the femtocells to the
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core network. To ensure the security of the data sent over the
internet connection, additional security measures, such as In-
ternet Protocol Security (IPsec) has to be used, which adds sub-
stantial overhead. In order to enable femto access points from
multiple manufacturers to be used, the interface between the
femto access point and the core network has to be standardized.
The entire system architecture does not have to be redesigned
if an existing standard interface is repurposed.

One possible such interface is the Iub interface, which is orig-
inally intended to connect Node Bs with Radio Network Con-
trollers (RNC). In the architecture called Iub over IP, the femto
access points are connected over the internet to an RNC on the
core side, through an Iub interface. The primary issue with such
an architecture is that the RNC node controls many of the func-
tions of a Node B. If the latency of the link between these two
nodes is not guaranteed, or if there are packet losses, then com-
plications may arise for which the interface was originally not
designed to cope with. The delay between the two nodes may
also decrease performance. Additionally, while conventional
RNCs were proportioned to handle only a small number of
Node Bs, the number of femtocells that would need to be con-
trolled may be several orders of magnitude higher.

A different approach is the femto gateway model. This con-
cept is based on Internet High Speed Packet Access (I-HSPA),
which is also referred to as Evolved HSPA (eHSPA), HSPA+,
3.5G, or 3.75G, and is essentially an evolutionary step forward
from the HSPA architecture [7][8]. The term I-HSPA is used
for the solution from Nokia, which is the solution investigated
in this study. An I-HSPA Node B is responsible for both the
Node B and RNC functionalities; thus, the air interface of the
femto access point is controlled completely locally, without la-
tency issues. The femto access points are connected to a node
called a femto gateway through an Iu-IP interface, over the ar-
bitrary internet connection. The femto gateway provides a
standard Iu interface for the core network side, while acting as
a gateway for the traffic of tens of thousands of femto access
points. Due to these advantages, and its popularity with ven-
dors, it is the architecture considered in Publication I. The con-
sidered femto gateway topology is shown in Figure 3. It can be
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seen that the DSL line is shared between the femto access point
and conventional internet use, such as desktop computers or
laptops. The two competing traffic types are combined and split
at the Customer Premises Equipment (CPE) and the DSL ac-
cess multiplexer.

Figure 3. Femto gateway topology

3.5 Purpose of the Femtocell Simulations

At the time of the study, the main question was whether a DSL
line provides sufficient QoS in order to serve as backhaul for a
femtocell. A DSL line has a limited maximum data rate, an
added latency, and may drop packets. If a DSL connection uti-
lizes interleaving, it will add serious latency to the femtocell.
Thus, in the simulations, the interleaving on the DSL link was
considered to be disabled.

The problem of limited bandwidth is exacerbated due to the
packet overheads, especially the large IPsec overhead. In the
simulation setup, the voice calls, using Voice over Internet Pro-
tocol (VoIP), generated packets containing 32 bytes of user
data, corresponding to a data rate of 12.8 kb/s when not trans-
mitting only silence frames. The overhead from all the protocol
layers and IPsec inflates this size to such an extent that it can-
not fit into less than four Asynchronous Transfer Mode (ATM)
cells, which means that 4×53=212 bytes is reserved for a single
packet containing only 32 bytes of useful data. This corre-
sponds to a total data rate of 84.8 kb/s. While DSL connections
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have higher downlink speeds, many DSL connections only have
a 512 kb/s data rate available in the uplink, this implies that
such a DSL connection could support at best six parallel voice
calls. This strictly limits the number of simultaneous voice calls
one femtocell can serve.

However, the most serious issue is that the voice traffic from
the femtocell has to compete with other traffic sources for the
bandwidth on the DSL line. As conventional mobile phone call
support is the key distinguishing feature of femtocells com-
pared to Wi-Fi, its quality of service has to be guaranteed. The
quality of the voice calls may degrade when the data rate of the
DSL line is consumed and its buffers are filled by parallel con-
nections, especially TCP connections. These parallel connec-
tions may originate either from the fixed or mobile sources.
One of the focuses of the simulations was to study this perfor-
mance degradation.

The other investigated issue was whether it is possible to syn-
chronize the internal reference clocks of the femto access points
over the network with timing packets. For accurate time refer-
ence, femto access points cannot rely on Global Navigation Sat-
ellite Systems (GNSS), such as Global Positioning System
(GPS), as the weak signal from the satellites may not be availa-
ble to penetrate into the indoor location of the femtocell. While
macro Node Bs have very precise internal clocks for accurate
time and frequency reference, such a clock would have too high
a cost for a femtocell. It costs much less to install a simpler clock
in the femto access point, and to continuously synchronize it
with more accurate clocks over the data network with timing
packets [16][17]. The issue with this solution is that it is very
sensitive to packet delays, as packet jitter decreases the preci-
sion of the synchronization.

Scheduling Alternatives
While some connections, such as VoIP, are sensitive to packet
delays, other connections, such as TCP based ones, are not. Ad-
ditionally, voice calls are business critical as they are usually
billed at a higher price, and subscribers expect reliable voice
service. Thus, the quality of delay sensitive services can be im-
proved by employing a scheduler that differentiates different
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types of services. Differentiated Service Queuing (DSQ) assigns
delay sensitive packets a higher priority level at the scheduler,
providing them with prioritized access to the link, in this case
to the DSL line. High priority is assigned to control plane pack-
ets, timing packets, and VoIP packets, while the lowest priority
is assigned to TCP packets. However, DSQ is not always availa-
ble, especially since the DSL link’s endpoint, the customer
premises equipment is not originally designed to host
femtocells, and generally does not distinguish between the de-
vices attached to it, such as a femto access point. If DSQ is not
available at the DSL access multiplexer and CPE, then packets
have to be scheduled in a first-come first-served manner, which
is referred to as Best Effort (BE) queuing. The simulations com-
pared the user level performance of these two alternative
scheduling methods, in order to determine whether intelligent
scheduling is necessary. At the time of this study, while it was
suspected that a sophisticated scheduling mechanism would be
beneficial, its extent had not yet been quantized until then, and
this was a critical and unanswered question for the industry.

3.6 Simulation Results

Simulations considered scenarios where DSQ is available, in
addition to scenarios where only BE queuing is possible. Fur-
thermore, the delay variation of timing packets was also inves-
tigated.

For further details on the simulation settings, readers are re-
ferred to Publication I.

3.6.1 Voice Call Quality if DSQ is Available

The simulations revealed that if DSQ is available, then the qual-
ity of voice calls is unaffected by all other traffic types. As long
as the maximum number of voice calls that the DSL line can
support is not exceeded, the call quality depends only on the
proportion of dropped packets. This sensitivity to packet loss
was quantified with the help of Conversational Mean Opinion
Score (MOSc) [18], which is a quality of experience metric for
phone calls. It is a subjective rating from 1 to 5, where 5 is the
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best score. In the simulation, however, it is calculated with the
PESQ algorithm [19][20], considering packet delays and losses,
to attain an objective value equal to the expected average sub-
jective value. The MOSc values for voice call quality, according
to the ratio of dropped ATM cells on the DSL link, is shown in
Figure 4. As previously mentioned, one small voice packet can-
not fit into less than four ATM cells on the DSL link due to the
extreme overhead, the voice call is four times as sensitive to cell
losses due to the overhead. This is visible in Figure 4, which also
displays a purely hypothetical simulation case where the packet
overheads are omitted. In addition to the simulated values, a
theoretical maximum calculation is also presented which takes
into account only the limitations of the speech compression and
the packet drops.

Figure 4. Average MOSc according to cell loss probability on the DSL link, in
the case of DSQ

3.6.2 Voice Call Quality if only BE Queuing is Available

If DSQ is not available and BE queuing is used, then the quality
of voice calls also depends on the volume of competing data
traffic. The simulations described in I provided evidence that
all voice calls will be dissatisfactory if there is just a single TCP
based connection also transferred over the DSL line. For exam-
ple, in the traffic mix with four mobile voice calls and no other
connections, the MOSc of the voice calls is 4.06 and 4.08 for
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Downlink (DL) and Uplink (UL) directions, respectively, re-
gardless of the available bandwidth. This represents clearly au-
dible voice quality. In contrast, if there is just a single mobile
TCP data connection both in the uplink and downlink direction,
then voice quality is unacceptable. If the UL data rate of the
DSL line is 512 kb/s, then the MOSc in the UL direction will be
1.95-2.01, which indicates that the call is barely audible. If the
UL data rate is 1 Mb/s, then the voice call quality scores 2.77 on
the MOSc scale, which means the conversation is difficult to
understand. In the DL direction the situation is only better for
higher DL data rates. These values clearly indicate that satis-
factory QoS cannot be provided with BE queuing when the DSL
link also serves TCP traffic. This is due to the inherent nature
of TCP, as TCP increases its data rate until packets are dropped
from a buffer.

3.6.3 Jitter of Timing Packets

The investigation of the delay and jitter of timing synchroniza-
tion packets also considered both DSQ and BE scheduling. In
the case where DSQ is available, the timing packets that arrive
at the DSL link are always the first to be scheduled, as they have
the highest priority. Despite this, other traffic types do have an
effect on the end to end latency of the timing packets. If there
is a packet transmission already in progress when the timing
packet arrives, then the high priority timing packet cannot ac-
cess the DSL link immediately, and is buffered. The ongoing
packet transmission has to be completed, and only then will the
high priority packet be sent through the DSL link. While this
causes only a minor extra delay, it is completely random, there-
fore causing some jitter, and network synchronization is very
sensitive to this jitter.

Simulation results revealed that if there are no parallel TCP
or streaming connections active, then the end to end delay of
the timing packets will be very steady. If there are other active
high data rate applications, then the maximum delay can in-
crease by maximum 2.5 ms, and at least 95% of timing packets
will have less than 1 ms added delay in all investigated scenar-
ios. This is within the tolerance limit, according to Metsälä and
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Salmelin [2], who state that the packet jitter should be less than
5 ms. This assures us that clock synchronization over the net-
work is possible if DSQ is available, and timing packets are pri-
oritized.

On the other hand, if DSQ is not available, only BE queuing,
then timing packets may be excessively delayed, depending on
the length of the packet queue. When any data connection fully
loads the DSL link, then the delay of timing packets can in-
crease by several seconds. This clearly is several orders of mag-
nitude more than that which is tolerable for precise synchroni-
zation. Therefore, in the case of BE queuing, synchronization
over the backhaul network is only possible when the DSL link
is uncongested.

3.7 Summary

Femto access points are low cost Node Bs for providing indoor
coverage where there would otherwise be a coverage hole. They
can use any wired broadband internet connection for backhaul.
Femtocells can be considered to be a competitor to Wi-Fi, and
their advantage is that they also offer business critical mobile
phone service. Additionally, femtocells free users from switch-
ing access technologies when moving indoors.

At the time of this study, these simulations provided novel
and valuable results for the industry. They underlined the inef-
ficiency  of  VoIP,  which  would  be  the  key  selling  point  of
femtocells. The main conclusion that was drawn from these re-
sults is that DSQ scheduling is strictly necessary, which was not
trivial at the time. The reason for this is twofold. One reason is
that QoS for mobile phone calls can only be guaranteed with
DSQ, as otherwise anyone using the fixed home network or
femtocell will disrupt any phone call every time they click on a
new web page. The other reason is that precise internal clock
synchronization over the backhaul network is not possible
without DSQ if the backhaul link is not idle. This implies that a
more precise and therefore expensive internal reference clock
would be necessary.

Publications from this femtocell study received two best pa-
per awards.
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4. Improving Backhaul Effi-
ciency for 3.75G, 3.9G, and
4G

Generally, three main generations are distinguished for exist-
ing, digital mobile networks, namely 2G, 3G, and 4G. However,
the third generation includes a diverse set of different access
and backhaul technologies; therefore, more subtle generational
distinctions are also made. UMTS is specifically 3G, while 3.5G
refers to HSPA. 3.75G represents Evolved HSPA. Though 3.75G
is not a technical term, it has been used to market Evolved
HSPA systems to distinguish it from HSPA. From a technical
point of view, Evolved HSPA would also be classified as 3.5G,
however, this dissertation uses the term 3.75G as there is a sig-
nificant difference in the backhaul architecture. The Interna-
tional Telecommunication Union (ITU) Radiocommunication
Sector defined in 2008 requirements for what can be labelled
as 4G; these are the International Mobile Telecommunications-
Advanced (IMT-A) requirements. Long Term Evolution (LTE)
did not strictly meet all of these requirements; therefore, the
precise term for LTE is 3.9G. However, LTE was subsequently
allowed to be marketed as 4G, and technical literature has come
to refer to LTE as 4G. The IMT-A requirements are fully met by
Long Term Evolution Advanced (LTE-A); therefore, LTE-A is
genuinely 4G.

The air interfaces of 3.75G and 3.9G are incompatible, there
is a significant generational leap between them. In contrast,
their streamlined backhaul has the same architecture, enabling
a seamless generational transition. Therefore, the next chapter
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discusses the backhaul issues of 3.75G and 3.9G together. LTE-
A introduces Coordinated Multipoint (CoMP), which in turn in-
troduces completely new backhaul requirements; therefore,
LTE-A is discussed separately.

The following results are published in Publications II and III.
Publication III won best paper award at the European Wireless
Conference. Additionally, this work led to an accepted interna-
tional patent [2] and a pending international patent [3].

4.1 Improving Backhaul Efficiency for VoIP in 3.75G
and 3.9G

Over the past two decades, mobile networks have undergone a
major shift from Circuit Switched (CS) to Packet Switched (PS)
networks. 2G networks, such as GSM, were only designed for
telephone service. Therefore, they were circuit switched, as cir-
cuit switched architecture is well suited to the constantly low
data rate, delay sensitive voice connections. In contrast, inter-
net traffic, which is continuously growing in volume, requires
packet switched architectures. Supporting both a circuit and
packet switched infrastructure implies higher costs; thus, the
parallel circuit switched architecture is gradually being phased
out, and all telecommunication networks are moving towards
an all-IP structure. CS voice calls are being replaced by PS Voice
over Internet Protocol (VoIP) connections. In the past decades,
the data traffic volume of IP connections has been increasing at
an exponential rate; thus, voice traffic is only a small fraction
of all traffic and is declining further in comparison. Due to this,
the inefficiency of VoIP connections due to the large overheads
has not been the primary concern of the industry. However, this
does not mean that transport efficiency issues of VoIP should
be ignored, since voice traffic volume is not decreasing in abso-
lute terms.

As this section will describe, Publications II and III have pro-
posed methods with which the transport efficiency of VoIP con-
nections can be greatly increased, at the cost of a tolerable level
of additional VoIP packet delay. These proposed methods have
been patented internationally [2]. By saving bandwidth with
the presented methods, more voice connections can be served
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with limited capacity backhaul links, and freed bandwidth can
be used by other connection types.

The backhaul efficiency improving techniques presented in
this section are applied to both Evolved HSPA (eHSPA) and
Long Term Evolution (LTE) systems. eHSPA is referred to as I-
HSPA by Nokia, and is also known as HSPA.

4.1.1 The Large Overhead of VoIP Packets on the Back-
haul Network

The drawback of VoIP in mobile networks is the large overhead.
For an Adaptive Multi-Rate audio codec (AMR) with a bit rate
of 12.2 kbit/s, voice packets will have in the case of eHSPA
backhaul a bandwidth efficiency of 21% at best, and in the case
of LTE 15% at best. Note that 12.2 kbit/s is the data rate of the
best quality constant bit rate AMR codec standardized by
3GPP, lower bit rate AMR codecs will have the same overhead
with even less useful data, and thus even worse efficiency.

When there is speech to encode, an AMR codec generates one
packet every 20 ms, for the high quality 12.2 kbit/s rate this
packet is 32 bytes. On the other hand, during silent periods, the
codec generates only a 9 byte silence frame every 160 ms. These
silence packets are necessary in order for the receiver to be
aware that the connection has not been disconnected. While
they are generated less frequently, implying that the packet
overhead is also transmitted at a lower average data rate, the
transmitted information is in a sense only overhead. In a typical
telephone conversation, only one person speaks at a time, and
the dialogue alternates between the two speakers. From this it
follows that only silence frames are generated close to half of
the time in one direction.

In an eHSPA system, the data packets are transferred over the
backhaul links through the interface called the Gn user plane
interface or Gn-U. In the simulations, it is assumed that the
transport is Ethernet based. When the data packets are passed
through the protocol layers, the protocol layers add their own
header. Typically, prior to transmission through the Gn-U in-
terface, data packets are stacked with headers from the Real-
time Transport Protocol (RTP), User Datagram Protocol
(UDP), Internet Protocol (IP), GPRS Tunnelling Protocol user
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plane (GTP-U) layers, and then again from UDP and IP layers,
and finally the Ethernet layer. Assuming IP version four, the
total packet overhead is 118 bytes, see Table 1; this would be
even higher in the case of IP version six.

The protocol layers of an LTE S1 user plane interface are sim-
ilar, see Table 2. However, in our studies, it was assumed that
LTE would necessitate IPsec for data security, further adding
to the overhead. Thus, the total overhead increases to 188
bytes.

Table 1. Overhead calculation for eHSPA VoIP packets over the Gn-U inter-
face. 32 bytes of useful data is transferred with 106 bytes of packet overhead.
The useful data is 21% of the total, the overhead is 79%. The inter packet
gap is included in the Ethernet overhead.

Layer Overhead
(bytes)

Total size
(bytes)

AMR - 32
RTP 12 44
UDP 8 52
IPv4 20 72

GTP-U 12 84
UDP 8 92
IPv4 20 112

Ethernet 38 150

Table 2. Overhead calculation for LTE VoIP packets over the S1-U interface.
32 bytes of useful data is transferred with 188 bytes of packet overhead. The
useful data is ~15% of the total, the overhead is ~85%. The inter packet gap
is included in the Ethernet overhead. The IPsec overhead is an average
value.

Layer Overhead
(bytes)

Total size
(bytes)

AMR - 32
RTP 12 44
UDP 8 52
IPv4 20 72

GTP-U 12 84
UDP 8 92
IPv4 20 112

IPsec 66
(average value) 178

Ethernet 42 220

From the values it can be seen that fully IP based transport
was not designed for small VoIP packets. Most applications
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generate larger packets, TCP packets are typically close in size
to the maximum transmission unit. This enables much better
transport efficiency, as the similar overhead is a smaller frac-
tion of the larger total packet size. A typical Maximum Trans-
mission Unit (MTU) sized TCP packet in eHSPA includes only
10% overhead and in LTE 13% overhead.

4.1.2 Methods for Improving Backhaul Efficiency

The low efficiency of VoIP packet transport offers us the oppor-
tunity to reduce the physical layer bit rate to a fraction of the
original, as only a fraction of the transmitted data is useful in-
formation. Thus, if the capacities of backhaul links are limited,
the backhaul network can be enabled to support more VoIP
connections, and the freed link capacity can be used by other
traffic types.

Header Compression
One possible technique for decreasing overhead size is to com-
press the headers of consecutive packets that change only occa-
sionally during the lifetime of a connection. The full headers
can be sent only occasionally by the compressor at the sender
to the de-compressor at the receiver; otherwise, only the
changed fields are transmitted. This allows the 40 byte long
RTP/UDP/IP headers to be reduced to an average of 3 bytes.

In eHSPA and LTE networks header compression is per-
formed in the Packet Data Convergence Protocol (PDCP) layer
that either uses IP Header Compression [21] or Robust Header
Compression protocol [22]. The main issue is that since the
PDCP layer is located in the Node B and the UE, the header
compression is normally carried out only on the air interface
and is not extended to the backhaul.

Bundling and Multiplexing
The other possible technique is to aggregate multiple voice
packets into one aggregated frame instead of sending each one
separately. This way, multiple packets will have one shared set
of lower protocol layer headers. This aggregation scheme is re-
ferred to as bundling when multiple consecutive voice packets
of the same user are bundled into one frame, see Figure 5.
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When packets from multiple users are aggregated into one
frame, it is referred to as multiplexing, see Figure 6.

Figure 5. Concept of bundling, DL shown.

Figure 6. Concept of multiplexing, DL shown.

A typical voice codec, such as AMR, generates a small packet
every 20 ms during talk spurts. From a transport efficiency
point of view, it would be more efficient if the codec generated
larger packets at less frequent intervals. However, if, for exam-
ple, during a talk spurt, every second packet is deliberately de-
layed 20 ms, then pairs of packets can be sent simultaneously.
These synchronously sent packets can be bundled into a single,
larger frame for improved transport efficiency. If four packets
are bundled together, then every fourth packet is buffered for
60 ms, the two following packets are buffered 40 ms and
20 ms, and the last packet is not delayed. While bundling re-
duces the relative overhead of lower layers to a fraction of the
original value, it is clear that its drawback is the additional VoIP
packet delay. The number of bundled packets is limited by the
maximum allowed mouth-to-ear delay, which is 250ms, minus
the network end to end delay. This maximum mouth to ear de-
lay limit is necessary in order for the people in the phone call to
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immediately notice when the other person has started talking
and to not start talking simultaneously. If any voice packet ar-
rives at the receiver later than this, it is treated as a lost packet,
and the listening user experiences a very short service interrup-
tion. To satisfy the latency demands of some other traffic types,
current mobile networks tend to have much lower end-to-end
delays than this, even for long distance connections. If the net-
work latency is sufficiently low, bundling will not impair the
perceived speech quality.

Multiplexing is more efficient than bundling, as it allows the
packets of multiple VoIP connections on the same connection
path to be multiplexed together. Its efficiency depends on the
number of parallel VoIP connections; more connections allow
more packets to be multiplexed together and lower added
packet delays. In the typical use case, a multiplexing timer is
also employed to ensure that no packet is delayed more than a
pre-set limit. Upon the expiration of the timer the buffered
packets are multiplexed and sent out regardless of the number
of packets present, and the timer is restarted when the next
packet arrives. The maximum delays are in practice set to less
than 20 ms; therefore, all the multiplexed packets will be from
different connections. The amount of packets multiplexed into
one aggregated frame is limited not by the delay requirement
as in the case of bundling, instead by the size of the MTU, which
is 1500 bytes in the case of Ethernet. When there are many par-
allel VoIP connections, then the maximum number of packets
can be reached within a few milliseconds. In contrast, if there
is only one parallel VoIP connection, then multiplexing will of-
fer no efficiency gain.

Even higher transport efficiency can be achieved if multiplex-
ing is combined with header compression, thus the headers of
the higher protocol layers are compressed, while the overhead
from lower protocol layers is reduced by multiplexing.

The bundling and multiplexing investigated in the study was
performed at the base station and the gateway; in the case of
eHSPA, these nodes are called Node B and GGSN, while in the
case of LTE, they are called eNB and SAE-GW. To enable bun-
dling or multiplexing, additional capabilities have to be imple-
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mented in these nodes. Thus, aggregated frames are trans-
ported over the entire backhaul. It is not possible to extend
multiplexing to the other side of the core network or the air in-
terface, as packets for different connections will have different
sources and destinations. Bundling also cannot be extended to
the other side of the core network, because it cannot be guar-
anteed that the other end will support the bundling, as it is not
standardized. In contrast, bundling can be performed on the air
interface [23][24]. Header compression, bundling, or both on
the air interface can increase the number of voice calls that can
be served in a cell. In fact, if VoIP packets at the air interface
are congested and delayed, multiple VoIP packets will automat-
ically be transmitted together when a user is scheduled. If bun-
dling is employed on the air interface, then it can be continued
on the backhaul up to the gateway (or started from the gateway)
without any additional delay. This is an advantage of bundling
over multiplexing.

There are several standardized protocols for concatenating
multiple VoIP packets into a single frame. Any protocol that can
be used for multiplexing can also be used for bundling. The ef-
ficiency depends on which protocol layer the packet aggrega-
tion is performed in, since only the layers below that layer will
add a single header per aggregated frame. The VoIP protocol
stack of eHSPA is shown in Figure 7 and LTE in Figure 8. Pack-
ets can be bundled at the RTP layer according to RFC 4867
[25][26]. This is the most efficient bundling alternative; how-
ever, multiplexing at the RTP layer is not possible since the RTP
layer is located at the UE. Packets can be multiplexed at the
UDP  layer  according  to  3GPP  TS  29.414  [27]  and  TR  29.814
[28]. Multiplexing can also be achieved according to the TMux
[29] protocol, which can be implemented at the IP layer; hence,
this solution is referred to as IP layer multiplexing. Further-
more, multiplexing can also be implemented by adding a Point-
to-Point Protocol (PPP) [30] layer to enable PPP multiplexing
(PPPmux);  the  offered  bandwidth  gain  is  similar  to  that  of
TMux; therefore, it was not separately investigated.
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Figure 7. eHSPA protocol stack for VoIP.

Figure 8. LTE protocol stack for VoIP.

In eHSPA systems, due to the soft handover traffic in the up-
link direction, there is significant cross traffic between the
eHSPA Node Bs over the Iur interface. The load of this traffic
can also be reduced by applying multiplexing on the Iur inter-
face; this was also investigated in our simulations. As bundling
introduces higher extra delay, it is not feasible to apply bun-
dling on the Iur interface.

4.1.3 Performance of Bundling and Multiplexing in an
eHSPA Network

The performance of bundling and multiplexing for VoIP was in-
vestigated in an eHSPA system. For details on the simulation
setup, readers are referred to Publication II. In the investigated
scenario, the Node Bs were each served by a 2 Mbit/s backhaul
link that was a bottleneck. The transport efficiency increase due
to bundling can be seen in Figure 9, and multiplexing in Figure
10. In these figures, it can be seen that the load on the backhaul
links is less if bundling or multiplexing is used, as these tech-
niques decrease the redundant overhead. The most efficient
technique is RTP bundling, as it is performed at a higher pro-
tocol layer than the other methods, thus enabling more proto-
col headers to be shared.
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Figure 9. Average link usage if bundling is used, including a reference case
without bundling. The differences in throughput are the gains due to the
efficiency improvement. Simulated with 20 VoIP connections.

Figure 10. Average link usage if multiplexing is used, including a reference
case without multiplexing. The differences in throughput are the gains
due to the efficiency improvement. Simulated with 20 VoIP connections.

The simulations investigated the maximum number of con-
nections the bottleneck backhaul links can support. To evaluate
this, the quality of voice connections was calculated on the
MOSc scale [18][19][20]. When the bottleneck link becomes
congested, packets will be queued in the IP buffers, and some
of them will be dropped. This clearly disrupts the perceived
quality and the phone calls will become unintelligible. The
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voice quality on the MOSc scale is a good indicator of the max-
imum number of supported VoIP connections, and it also con-
siders the effect of the added delays. The simulations were re-
peated with different numbers of VoIP connections. The effect
of UDP level bundling is shown in Figure 11, the maximum
number of packets bundled together was simulated with differ-
ent values. While the transport is more efficient when more
packets are bundled together, the largest performance differ-
ence is between the cases with only two packets bundled to-
gether and no bundling at all. The effect of UDP level multiplex-
ing  is  shown  in  Figure  12.  In  this  case,  the  maximum  time  a
packet may be delayed was set to different values; the average
number of packets multiplexed together is proportional to this
parameter. It can be seen that multiplexing is far more effective
than bundling at the same protocol layer. Furthermore, when
the number of VoIP connections is sufficiently large to congest
a link, then the frequency of VoIP packet arrivals is also high;
therefore, a sufficient number of packets can be multiplexed to-
gether even in the case of a short maximum added delay. Figure
13 compares the efficiency of bundling performed at different
protocol layers. It is clear that the high level bundling per-
formed at the RTP layer is by far more efficient than bundling
performed at lower protocol layers. Figure 14 compares the ef-
ficiency of different multiplexing techniques, and reveals that
multiplexing performed at a higher layer is more efficient. Ad-
ditionally, multiplexing the soft handover traffic on the Iur in-
terface that connects Node Bs is also found to improve perfor-
mance.
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Figure 11. Voice quality according to the number of parallel VoIP connec-
tions on a 2 Mbit/s link when UDP level bundling is used. A reference
case without bundling is also shown. The backhaul link can support more
VoIP connections if bundling is used.

Figure 12. Voice quality according to the number of parallel VoIP connec-
tions on a 2 Mbit/s link when UDP level multiplexing is used. A reference
case without multiplexing is also shown. The backhaul link can support
more VoIP connections if multiplexing is used.
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Figure 13. Comparison of bundling performed at different protocol layers.
Voice qualities according to the number of parallel VoIP connections on
a 2 Mbit/s are shown. A reference case without bundling is also shown.
RTP bundling, performed at a higher protocol layer, enables the most
parallel connections.

Figure 14. Comparison of different multiplexing techniques. Multiplexing may
be applied only on the gateway–Node B interface, or also to soft hando-
ver traffic. Voice qualities according to the number of parallel VoIP con-
nections on a 2 Mbit/s are shown. A reference case without multiplexing
is also shown. The best performance is achieved by higher level multi-
plexing on both interfaces.

Based on these eHSPA results, it can be stated that while RTP
level bundling offers the highest bandwidth savings, the best
bandwidth–delay trade-off can be achieved with UDP level
multiplexing, especially if multiplexing is extended to traffic on
the Iur interface. VoIP consumes considerable bandwidth when
there are many parallel connections in parallel, thus in the most
relevant cases, multiplexing will be efficient even if the VoIP
packets are delayed for only a few milliseconds.
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4.1.4 Adaptive Multiplexing Methods

The efficiency of multiplexing with a certain protocol depends
on two parameters: the number of packets that are multiplexed
together, and the time these individual packets are delayed.
Generally, multiplexing more packets together results in higher
retention times; thus, there is a conflicting requirement. As
previously mentioned, the most common method for determin-
ing the number of packets to be multiplexed together is setting
a timer; this ensures that the maximum delay is limited. How-
ever, as our research has shown, this method is suboptimal. In
Publication III, superior algorithms have been proposed that
adapt to the VoIP traffic. These algorithms have also been pa-
tented [2].

Average Number Method
Let us assume that packets arrive independently and randomly
at the multiplexing entity, according to a Poisson process. In
this case, if, during its operation, the multiplexing entity waits
a further dt time for more packets to arrive, the number of ex-
pected new packet arrivals at the multiplexing entity is propor-
tional to dt. If there are n packets already waiting in the buffer
of the multiplexing entity, then a further retention of dt will
cause the n number of packets to be delayed by dt. Therefore,
the total retention time of all the packets is proportional to
∫ndt, and is the shaded area in Figure 15.
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Figure 15. Operation of the multiplexer in the case of the average number
based method.

The average number method proposed by the author states
that the multiplexer should delay the packets in its buffer
longer if there are fewer packets there, as this causes less total
packet delay. In contrast, it should send out the multiplexed
frame sooner if there are more packets queued in its buffer, as
in this case any further delay would cause more total packet de-
lay. The network operator should choose an average delay pa-
rameter; based on the observed traffic, the multiplexing entity
continuously calculates the average number of packets that ar-
rives in the specified time duration. When the number of pack-
ets buffered in the multiplexer reaches this average number of
expected packets, then the packets are to be multiplexed to-
gether and sent out. Although this method changes only mini-
mally the average time the multiplexer waits to assemble a
frame, the distribution of these delays will be such that individ-
ual packets will be delayed the least. As a further benefit, the
multiplexed frame is sent out immediately when the last packet
arrives, without any unnecessary waiting as in the case of the
timer-based method.
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Predictive Method
Another adaptive method, which the author has proven with
simulations to be efficient, utilises the inherent fact that the
packets of a VoIP connection arrive at regular intervals; in the
case of an AMR connection, a packet is generated periodically
every 20 ms. This method cannot be applied when this assump-
tion is not true. Based on the previous packet arrivals, the adap-
tive multiplexer can predict when future packets will arrive.
The predictive multiplexing algorithm keeps track of a timeline,
illustrated in Figure 16. Each time a speech frame arrives, the
predictive multiplexing algorithm assumes that in 20 ms an-
other packet will arrive, and marks the time slot on the timeline
that is 20ms from the moment of the arrival. This algorithm
also starts a timer when the first packet of a new frame arrives
at the multiplexer. However, instead of always waiting for the
timer to expire, the algorithm identifies the last marked time
slot on the timeline preceding the timer expiry, the transmis-
sion time is set to the end of this time slot. This means that if
there are no more packet arrivals expected before the expira-
tion of the timer, then there is no gain in waiting further, and
the frame is sent out earlier.

Figure 16. Principle of the predictive method.

Based upon their size, the algorithm can distinguish speech
packets from silence frames, which in the case of AMR coding
arrive every 160 ms. When a silence frame arrives, it is assumed
that the next silence frame will arrive in 160 ms.

Note that this prediction is not perfect; there can be jitter
which causes irregular packet arrivals, and voice connections
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keep changing their states between speech transmission and si-
lence frame sending. However, if the prediction of the algo-
rithm is false, then the only harm done is that the retention
time for one frame is a few milliseconds more than the optimal.

Stochastic Method
The third investigated method is a variant of the average

number method which uses a soft threshold for sending out the
multiplexed frame. If the number of buffered voice packets
reaches the target value, then the frame is sent out only with a
given probability p.

4.1.5 Evaluation of the Adaptive Algorithms in an LTE
Network

Similarly to the performance of VoIP bundling and multiplex-
ing, the performance of adaptive multiplexing algorithms has
been quantified. However, they were evaluated in an LTE sys-
tem. The backhaul architecture of eHSPA is designed to be
identical to that of LTE to enable a seamless evolutionary tran-
sition. Both eHSPA and LTE have an all-IP architecture that is
flat, there are no intermediary nodes between the Node
B/eNodeB and the gateway except for routers or switches.

The topology of the simulations is visualized in Figure 17. In
this topology, three eNodeBs are connected to a router which is
served by a 10 Mbit/s link, which is the bottleneck link. The
simulations were repeated with several different numbers of
VoIP users per eNodeB. For further details on the simulation
setup, readers are referred to Publication III. In the following,
only the DL direction is shown.
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Figure 17. LTE topology considered in the simulations, the protocol stack is
also shown.

In the simulations, the parameters of the adaptive algorithms
were set to values which corresponded to a similar average
number of packets multiplexed together, hence the bandwidth
gain of the different algorithms was similar. This enabled the
comparison of the efficiency of the algorithms by simply com-
paring the packet retention times, as presented in Figure 18. It
can be seen that the added delays of the average number and
predictive methods is lower than those of the static multiplex-
ing method. This is evidence that supports the claim that these
two adaptive multiplexing algorithms are superior to the com-
mon timer-based method, therefore proving them to be benefi-
cial innovations. The predictive method outperforms the aver-
age number method; however, it has to be noted that it is ap-
plicable only if the packets are generated periodically. Although
the stochastic method proposed by a co-author was interesting
to investigate, the results showed that it was a failure, as its per-
formance is worse than that of the static multiplexing method.
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Figure 18. Average multiplexing delay of the adaptive algorithms, according
to the number of parallel VoIP connections per eNodeB. The reference
case is the timer-based, static multiplexing. Note that the average num-
ber and predictive methods outperform the static multiplexing.

To clarify the benefit of the adaptive algorithms, the distribu-
tion of the delays experienced by packets is plotted in Figure 19.
An advantage of the average number method is that a signifi-
cant fraction of the packets is not delayed at all. When the last
packet that is necessary to reach the target number of packets
arrives, the multiplexed frame is sent out immediately, and the
last packet is not delayed at all. Its disadvantage is that some
packets will be delayed longer than the strict limit of the timer-
based method, when the average number of packets per multi-
plexed frame is the same. The retention times in the case of the
predictive method are consistently less than for the static,
timer-based method due to the predictive logic, which prevents
unnecessary delays. As the predictive method considers 1 ms
time slots, it delays many packets less than one millisecond,
which means that these packets are delayed only until the end
of the current time slot. This also means that no packets are
sent forward immediately.
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Figure 19. Cumulative density function of the multiplexing delay distribution
for 5 VoIP connections per eNodeB. Note that the average number and
predictive methods outperform the static multiplexing.

4.1.6 Summary

To summarise, bundling and multiplexing can save bandwidth
on the backhaul links. If networks are to shift to the all-IP ap-
proach, then circuit switched voice calls have to be replaced by
VoIP connections. Despite data traffic being an ever increasing
part of the total global traffic, the volume of conventional phone
call traffic is still growing [31]. VoIP is a very inefficient proto-
col due to the excessive packet overheads; therefore, there is an
opportunity to possibly even double its transport efficiency.

The primary advantage of this is that if the backhaul link has
insufficient capacity to serve as many VoIP connections as the
air interface enables, then with bundling or multiplexing, this
limitation can be overcome, and no new phone calls will be re-
jected due to the backhaul. While in most scenarios such an oc-
currence is rare due to the proper dimensioning of the backhaul
links, there may be some cases where backhaul capacity is lim-
ited. One such scenario is when at the site of a legacy base sta-
tion, a newer generation Node B is installed, and the backhaul
link is not upgraded. Another such scenario is the case of
femtocells. As seen in the previous chapter, femtocells may
have serious issues with the maximum number of phone calls
they can serve, and this problem can be solved with bundling
or multiplexing.
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A decrease in the physical layer data rate of VoIP connections
is beneficial even if their combined data rate is below the ca-
pacity of the backhaul. The capacity freed this way can be used
by other traffic types. Therefore, in its typical use case, bun-
dling and multiplexing increases the throughput of parallel
TCP connections.

Naturally, bundling and multiplexing have the drawback of
adding to the end-to-end delay of the network. An exception to
this is when multiple packets are already transmitted or re-
ceived synchronously over the air interface, such as when bun-
dling is used on the air interface [23][24]. The simulations have
provided evidence that supports that the added delay does not
cause any noticeable degradation of perceived voice quality. On
the contrary, when the backhaul link has insufficient capacity
to serve the VoIP connections, then bundling or multiplexing
improves the perceived voice quality. As has been described,
multiplexing causes less latency increase than bundling, there-
fore, based on the results, preferring multiplexing over bun-
dling is recommended.

The scientific novelties published in Publication III are  the
adaptive multiplexing algorithms. The two methods, which
have been named the ‘average number’ and ‘predictive
method’, offer better added delay to transport efficiency ratios
than basic, timer-based multiplexing. When the arrival of pack-
ets is periodical, as is the case for the currently used voice co-
decs, we recommend the use of the predictive method, other-
wise the average number method is recommended. When im-
plementing multiplexing on a backhaul network, implementing
one of these adaptive methods requires only a very slight effort.
The only operational cost of these algorithms is a slightly in-
creased calculation complexity. Therefore, when employing
multiplexing, the benefits of selecting an adaptive method far
outweighs its costs, even if the offered decrease in packet delay
compared to static multiplexing may not be noticed by the end
users.
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4.2 Coordinated Multipoint Backhaul for 4G

Long Term Evolution Advanced (LTE-A) is an enhancement of
LTE. It introduces several new key features, the most important
being carrier aggregation, relay nodes, new Multiple Input
Multiple Output (MIMO) options, and Coordinated Multipoint
(CoMP). While in LTE, one carrier can have at most 20 MHz of
bandwidth, carrier aggregation allows the use of up to five non-
contiguous carriers, for a total maximum bandwidth of
100 MHz. This offers far higher data rates, and therefore, LTE-
A meets all the IMT-Advanced requirements for 4G, thus being
appropriately called 4G. However, some operators now refer to
LTE-A as 4G+, though this is not a technical term. Relay nodes,
also known as self-backhauled evolved Node Bs (eNBs), do not
need separate backhaul, and provide increased coverage with
minimal deployment effort and cost. In contrast, CoMP intro-
duces new, very strict backhaul requirements, which this study
investigated in detail with simulations.

This section presents the different CoMP variants, their back-
haul requirements and a novel method to decrease the back-
haul requirements. The simulational studies also led to a valu-
able scientific improvement for which the international patent
is pending [3]. This section is based on an unpublished manu-
script, its submission to a scientific forum has been delayed.

4.2.1 Introduction to Coordinated Multipoint (CoMP)

To satisfy the ever-increasing user demand for bandwidth, the
continuous improvement of spectral efficiency is necessary.
While approaching the theoretical limits of channels within a
single-cell, attention has yet again turned towards mitigating
interference caused by neighbouring cells. In legacy cellular
networks, inter-cell interference has been regarded as an ever-
present limit on the overall capacity of the network. However,
Long Term Evolution Advanced (LTE-A) systems propose to
overcome this limitation by introducing a group of techniques
that offer to decrease, eliminate or possibly even harness inter-
cell interference by coordinating the operation of multiple sites.
This promising feature which includes different levels of coop-
eration is referred to as Coordinated Multipoint (CoMP), see
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Figure 20. DL CoMP is referred to as CoMP transmission, and
uplink UL CoMP is referred to as CoMP reception, though both
offer significant gains, the two impose different challenges and
require dedicated solutions. Since a user’s uplink signal inher-
ently reaches the receiver antennas of multiple cells, the partial
exploitation of this signal was already introduced in the soft
handover feature of third generation systems. Downlink CoMP
was first introduced in fourth generation LTE-A systems
[32][33], thereby imposing new challenges, including the re-
quirement for fast backhaul communication among cooperat-
ing transmission sites, which was the focus of the study.

Figure 20. CoMP technique categories

While the transmission of a single UE inherently reaches mul-
tiple eNBs in UL CoMP, DL CoMP necessitates multiple trans-
mitters to coordinate over the backhaul [34] prior to transmis-
sion. Additionally, DL CoMP introduces a requirement for
eNBs to have detailed and up to date Channel State Information
(CSI) [32] of the mobile channels. This CSI, and possibly even
user plane data has to be shared among transmitting nodes
over the backhaul. This imposes strict latency and capacity re-
quirements for the backhaul, which is not met in many LTE de-
ployments.

An overview of the different standardized topological scenar-
ios [33] is given by Lee et al. [35], see Figure 21.
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Figure 21. Intra-site, inter-site intra-eNB and inter-eNB CoMP scenarios.

If the cooperating cells are the sectors of the same eNB, then
it is referred to as intra-site CoMP. This scenario has no extra
backhaul requirements as it requires no communication among
different nodes; however, it fails to address the issue of inter-
ference at the cell edges between different sites, where spectral
efficiency is the worst.

If the antennas participating in the cooperative transmission
are at geographically separate locations, then it is referred to as
inter-site CoMP; it offers a huge potential in increasing cell
edge spectral efficiency. Though the cooperating transmitting
antennas may be at different sites, they do not necessarily be-
long to different eNBs. A scenario where one eNB controls mul-
tiple Remote Radio Heads (RRH, sometimes remote radio
units) forming a Distributed Antenna System (DAS) [36] is an
inter-site intra-eNB scenario. This eNB may also be referred
to as the baseband unit, baseband hotel, or equipment hotel.
The architecture can be called Cloud Radio Access Network (C-
RAN), or baseband pooling [37]. The RRHs may be low power
pico cells or high power macro cells. The low power RRHs may
each have different cell IDs or may share the same cell ID,
thereby in effect forming multiple small cooperating cells or
one large cell. This is a topology which is different from already
deployed legacy infrastructures. It requires high capacity con-
nections with guaranteed low latency between the eNB and the
RRHs, which are referred to as fronthaul. Such a topology eas-
ily enables any level of CoMP cooperation, as it is resolved
within a single eNB.
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Inter-site inter-eNB CoMP is the cooperation among indi-
vidual eNBs. This scenario offers improved cell edge perfor-
mance at possibly any cell edge since it could be used to coor-
dinate any neighbouring eNBs [39]. The eNBs are intercon-
nected with the X2 interface, which has no capacity or latency
guarantees [40]. CoMP demands low latency coordination,
therefore, its applicability is limited in legacy network topolo-
gies without dedicated solutions [34].

In the case of inter-eNB UL CoMP, the reception points are
not co-located; therefore, the received signals are sampled and
forwarded  to  a  single  Evolved  Node  B  (eNB).  This  implies  a
high data rate, thus requiring very high capacity links [38].
Diehm and Fettweis [41] quantify the negative impact of back-
haul signalling delay on the performance of the scheduling. The
combined decoding at the eNB is performed based on all of the
received signals. Since an UL Hybrid Automatic Retransmis-
sion Request (HARQ) retransmission has to occur strictly 8 ms
after the initial failed transmission, the necessity of a retrans-
mission has to be signalled back to the UE strictly 4 ms after
the initial failed transmission [42]. Whether a retransmission
is required can only be precisely determined after the combined
decoding. This unavoidably implies transporting large volumes
of data within a strict delay requirement. Consequently, either
the HARQ process has to be delayed or the applicability of UL
CoMP is limited in inter-eNB scenarios [38]. However, the in-
tention of the study was to show that inter-eNB DL CoMP does
not necessarily require the transfer of large amounts of data
within a strict time frame.

Since CSI describes the momentary conditions of fluctuating
channels, it applies only for a brief period. Therefore, in DL in-
ter-eNB cases, this CSI along with control plane information
has to be shared among the cooperating nodes via the backhaul
network with low latency. It is critical for the efficiency of CoMP
transmission that the CSI sharing procedure is completed
within a few milliseconds, or preferably within one Transmis-
sion Time Interval (TTI), which is 1 ms, as mentioned by Irmer
et al. [39] and described by Biermann et al. [34]. Cili et al. [43]
calculate that for a low mobility scenario the performance of the
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selected variant of CoMP starts degrading after 5 ms of CSI de-
lay, whereas in a high mobility scenario, CSI delays of over a
single millisecond cause severe degradation due to the short
channel coherence times. Furthermore, as described later on,
in some versions of DL CoMP, not only control plane signalling
but also the user plane data has to be synchronously available
for transmission at multiple nodes; this may imply a large vol-
ume of data traffic. The backhaul signalling procedure de-
scribed by Choi et al. [44] requires first CSI and then a large
amount  of  data  to  be  moved  over  the  X2  which  is  then  pro-
cessed within a single millisecond. Biermann et al. [45] de-
scribe the extent to which the topology of the backhaul links
limits feasibility.

4.2.2 DL CoMP Overview

As specified by 3GPP [33], the concept of CoMP transmission
includes three different levels of cooperation; these differ at the
level of the radio interface cooperation and amount of infor-
mation exchanged among the eNBs. These variants are de-
scribed in detail by Sawahashi et al. [46] and Lee et al. [47].
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Figure 22. CoMP alternatives: a) Coordinated Beamforming, b) Dynamic Cell
Selection, c) Joint Transmission.

Coordinated Scheduling / Coordinated Beamform-
ing (CS/CB) is the most basic form of CoMP, see Figure 22.
Coordinated scheduling is an optimized cross-cell scheduling
which coordinates the scheduling decisions of neighbouring
cells to decrease cross-cell interference. If the eNB has multiple
transmit antennas, it aims to avoid the collision of transmit
beams from neighbouring cells, and is referred to as coordi-
nated beamforming. CS/CB requires the exchange of only CSI
and scheduling information among the cooperating nodes, this
is only a few Mbit/s of traffic. Therefore, even in the case of in-
ter-eNB CoMP, the capacity requirement is usually within the
limits of the X2 interfaces of legacy deployments [38]. How-
ever, the latency requirement stated by Irmer et al. [39] and
Diehm and Fettweis [41] of a few milliseconds still limits its ap-
plicability.

Dynamic Cell Selection (DCS), also known as dynamic
transmission point selection, adapts the system to changing ra-
dio conditions; it always ensures that the cell with the best mo-
mentary radio conditions transmits to the UE (Figure 22). It is
a very fast switching of the transmitting cell, much faster than
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legacy handovers. For this, the DL user data also has to be ready
for transmission at multiple neighbouring cells, but it is only
transmitted from the cell with the most favourable radio chan-
nel. A variant of DCS which intends to decrease inter-cell inter-
ference is referred to as dynamic point blanking or dynamic
point muting. In this variant, the cell which is not selected to
transmit to a certain UE is also ordered not to transmit to any
other UE on the corresponding Physical Resource Blocks
(PRB).

Joint Transmission (JT) aims to harness what was previ-
ously regarded as harmful inter-cell interference (see Figure
22). Multiple neighbouring cells transmit the same DL user
data on the same PRBs synchronously. Not only is the received
signal strength at the UE antenna increased by the superposed
radio waves, but no harmful interference is generated by neigh-
bouring cells. The signals can be transmitted and combined
over the air non-coherently or coherently [32], where coherent
joint transmission offers more gain, but requires more accurate
CSI. A serious issue of inter-eNB JT, especially for coherent JT,
is that it requires accurate time and frequency synchronization
of the cooperating eNBs, this synchronization requirement is
described by Jungnickel et al. and Bladsjö et al. [49]; its impair-
ment effects are investigated by Manolakis et al. [50].

DCS and JP can be referred to by the common name Joint
Processing (JP). Both require the DL user data to be present
at multiple nodes. In the case of inter-eNB CoMP, this may pos-
sibly imply X2 traffic with multiple times the data rate of the S1
interface, which connects the gateway node and the eNBs. Such
a traffic volume may overload the backhaul network. In JP, all
the DL user data has to be precoded based on fresh CSI. This
implies a strict latency requirement, since the CSI, which is re-
ported in the UL to the serving eNB, has to be available at the
transmitting eNBs by the time of the synchronous transmis-
sion. Except if the alternative method proposed by Papado-
giannis et al. [51] is used where the UE reports CSI in the UL to
multiple eNBs simultaneously.
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4.2.3 Methods for Decreasing the Backhaul Load of Inter-
eNB DL CoMP

Due to the strictness of the backhaul demands of inter-eNB
CoMP, there are several approaches for decreasing the amount
of information that has to be exchanged.

Though inter-eNB CoMP is an effective method for increasing
cell edge spectral efficiency, there is a limit to the number of
cell edges where CoMP can be applied. Since cooperation is lim-
ited to cells within close proximity, the standard [32][33] spec-
ifies that neighbouring cells should be configured into clusters
called cooperating sets. This should be done considering the
position of the nodes, the geographic layout of the cells, and the
transport topology [34]. CoMP cooperation is allowed among
cells of the same cooperating set, but not between cells of two
different cooperating sets. The CSI reports sent by the UE con-
stitute a signalling overhead in the uplink, this overhead and its
possible mitigation is described by Papadogiannis et al. [52];
Jungnickel et al. [53] propose a method to reduce the CSI feed-
back overhead with frequency selectivity. To keep this CSI feed-
back overhead reasonably low, the UE should report the meas-
urements of only the best radio channels, not for all of the cells
in the cooperating set; this is also specified in the standard
[32][33]. This group of cells for which CSI is reported is the
measurement set, it is a subset of the cooperating set. As further
specified in the standard [32][33], in the case of JP, from
among these cells are selected the cells that participate in the
transmission to the UE; these cells form the transmission set.

The number of cell edges between different cooperating sets
is trivially less if larger sets are used. Larger cooperating sets
imply both higher maximum node to node backhaul latency,
and extra backhaul bandwidth consumed by CoMP. The
amount of information to be shared among the nodes increases
within a group according to the size of the group, additionally,
it also has to be forwarded to more nodes [38]. Although this
can be overcome with higher capacity backhaul links, it re-
mains challenging to guarantee that the backhaul latency re-
quirement is met by the furthest two communicating nodes;
therefore, the size of the cooperating sets has to be limited [34].
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One possibility to enable CoMP at every cell edge is to allow
overlapping cooperating sets, which implies overlapping cross-
cell scheduling decisions. To allow this, Zirwas and Mennerich
[54] propose that the radio resources should be divided among
several so-called cover shifts, thus each cooperating set sched-
ules only a fraction of the available PRBs; this is a variant of
fractional frequency reuse. Overlapping cooperating sets ena-
ble CoMP at every cell edge where there is a suitable transport
connection between the cooperating nodes, but the drawback
of this method is that it limits the scheduling mechanism to se-
lect from only a fraction of the radio resources. A different
method is proposed for enabling overlapping cooperating sets
by D. Hui [55], who determines precoding matrices according
to an iterative negotiation among eNBs.

An efficient solution to enable CoMP at every relevant cell
edge is for the system to adaptively group cells into cooperating
sets instead of grouping the cells during network planning and
configuration. This allocation should be based on the momen-
tary radio conditions and traffic demands of the UEs, also con-
sidering the backhaul limitations. Several adaptive algorithms
have been proposed. Marsh and Fettweis [38] provide a com-
prehensive summary of both non-overlapping and overlapping,
in addition to static and adaptive clustering. The optimal place-
ment of the controller node of the cooperating set is investi-
gated by Biermann et al. [56]. Biermann et al. [34] also investi-
gate the feasibility of cooperating set configurations according
to different backhaul network densities. Draxler et al. [57] and
Biermann et al. [58] propose a method to reconfigure the coop-
erating set allocation considering the bottlenecks in the back-
haul capacity. A self-organizing adaptive clustering method is
described by Weber et al. [59]. Choi et al. [60] present a proce-
dure that considers before every scheduling decision whether
the cooperating eNBs have enough backhaul capacity to be in-
cluded in the transmission set. Scalia et al. [61] propose that the
extent of cooperating sets should be limited considering the
backhaul network to decrease energy consumption. Choi et al.
[44] describe a possible backhaul signalling procedure for a dy-
namic wireless clustering procedure.
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Since JP aims to eliminate or harness inter-cell interference,
it is most beneficial where there is strong signal reception from
neighbouring  cells,  which  is  at  the  cell  edge  [38].  DCS  will
switch the transmitting cells only if the received signal strength
of one cell occasionally exceeds that of the other cell. When a
UE is in the middle of a cell, close to the transmitting node, then
JT offers very little gain. When all factors are taken into ac-
count, it can be concluded that CoMP JP should be applied only
to the cell edge UEs, and not to the cell centre UEs due to the
following reasons: the extra overhead imposed by the CSI feed-
back both on the air interface (and in the case of inter-eNB
CoMP also the backhaul), and also due to the inaccuracy of the
channel estimations.

Zhang et al. [62][63][64] describe a method with dynamic
switching between JP and CS/CB. Relieving the system of serv-
ing every UE with inter-eNB CoMP JP greatly decreases the ex-
tra backhaul load and the backhaul capacity requirement. Seifi
et al. [65] calculate that in the case of very limited backhaul ca-
pacity single cell transmission may be preferable in a two UE
scenario.

It is also possible to employ so-called rate splitting [66][67]
where the data stream of even a single user is divided between
JT and single cell transmission to scale down the backhaul load
of a single UE.

4.2.4 Data Sharing for CoMP JP

There are several possibilities for distributing the DL data in a
CoMP JP [68]. In the centralized, distributed antenna system
approach there is one centralized baseband unit (the eNB) and
multiple RRHs, all data is processed at the eNB. Such systems
are described by Heath et al. [36] and also by You et al. [69].
When the eNB performs coordinated scheduling and data pro-
cessing, it has all the necessary information, allowing optimal
decisions without the need for synchronizing data flows or co-
ordination information exchanges over the X2 interface. It does
not require significant changes to the LTE radio protocol stack;
the DL output of the lowest protocol layer, the physical layer is
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forwarded to the RRHs [70]; this is marked as “existing cen-
tralized solution” in Figure 23. However, this architecture has
the very serious drawback that regardless of CoMP, it requires
excessive bandwidth on the fronthaul connections. One
method to connect RRHs to the eNB is with the use of radio
over fibre where analogue signals are transmitted over a direct,
dedicated fibre-optic cable. The feasibility of this was demon-
strated by Diehm et al. [71] and in a field trial by Nagate et al.
[72]. Another option is with the digital sampling of the signal,
either in the time or frequency domain; one such standard is
Common Public Radio Interface (CPRI) sampling [73]. The
drawback of such methods is that the data rate of the sampled
data stream is multiple times the data rate of the original data
stream. Due to these very high capacity requirements, this data
can be transported only over fibre, gigabit Ethernet, or high ca-
pacity microwave links, and also require dedicated links that
guarantee low latency delivery. Thus, a centralized architecture
does enable CoMP without additional requirements; however,
even without CoMP, it demands backhaul topologies which are
different from already deployed legacy topologies [38].

Figure 23. Data flows in different CoMP architectures.
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using a distributed, inter-eNB architecture. Such an inter-eNB
approach was proven to be feasible in testbeds in Berlin and
Dresden [39]. The Dresden testbed is presented by Irmer et al.
[74], and described also by Holfeld et al. [75][76] and by Jung-
nickel et al. [77]. The field trials in Berlin are reported by Jung-
nickel et al. [78]. However, the critical issue with this distrib-
uted architecture is the coordination of data flows at the coop-
erating eNBs to ensure that different eNBs can transmit the
same data symbols on the same PRBs. In this approach, data is
received from the gateway over the S1 interface at the serving
eNB of each UE; the PDCP, RLC and MAC layer processing is
performed at this eNB. This processed, but not yet precoded
data is forwarded to the other cooperating eNBs over the X2
interface in addition to the necessary precoding matrices. The
cooperating eNBs receive this data from the serving eNB, per-
form the precoding, and transmit it synchronously. This is
marked as “existing distributed solution” in Figure 23. Oka-
mawari et al. [79] implemented a similar architecture in a real
system, where MAC Payload Data Units (PDU) are forwarded.

These distributed solutions require much less transport ca-
pacity than centralized inter-site intra-eNB architectures; the
amount of the forwarded data is of the same order of magnitude
as the DL user data received over the S1 [38]. During the critical
time frame—from the reception of the fresh CSI and the trans-
mission—not only is there control information exchange
among cooperating eNBs, but also large amounts of data is for-
warded over the X2 interface. If, due to some transient conges-
tion, this data arrives late, synchronous multipoint transmis-
sion fails and performance degrades. Legacy LTE backhaul net-
works in general lack the necessary capacity for this.

Another proposal to enable a distributed architecture is to
synchronize the data processing of the eNBs as proposed by
Jungnickel et al. [48]. This same proposal is also considered by
Brueck et al. [80]. According to this, the DL user data is sent to
every cooperating eNB before transmission, either by multi-
casting the data on the S1 interface from the gateway node to
every eNB, or by forwarding the data from the eNB that re-
ceived the data (the serving eNB of the corresponding UE) to
the other eNBs over the X2 interface. The PDCP, RLC, MAC and
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physical layers would have to process the data in a synchro-
nized manner to generate identical physical layer frames.
Though this method generates less backhaul traffic, the draw-
back of such an eNB synchronization is its high complexity.

Brueck et al. [81] briefly mention an option of storing the user
data in all transmission points; after this, only control infor-
mation is sent from a master node to slave nodes, but it also
states that it is outside the scope of the paper to investigate the
benefits of this approach and does not provide an enabling
method.

4.2.5 Splitting the Data and Control Traffic on the X2 In-
terface

The patent of the solution presented in this section is pending
at the time of writing this dissertation [3]. This solution is based
on the idea that as long as user data is queued at an eNB, then
its forwarding to another eNB is not delay critical. Therefore,
the proposed algorithm shares the user plane data among the
eNBs well before it is scheduled for transmission, while a copy
of it is waiting in queue at a congested air interface. Thus, dur-
ing the delay critical time frame—just prior to transmission—it
requires only a small amount of control plane data to be for-
warded. This allows the low data rate, delay critical signalling
and control traffic to be transported with higher priority, in
contrast to the bulk of the traffic which is tolerant to delays on
the X2. If only a small portion of the X2 traffic is sent with
higher priority, it is easy to ensure that this higher priority traf-
fic is not delayed due to congestion; thus, only the delay toler-
ant, lower priority traffic may experience congestion. This ena-
bles CoMP JT even in the case of limited backhaul capacity and
congestion on the X2 interface.

The main benefit of CoMP JT is its ability to increase the max-
imum throughput of the air interface. If the air interface is not
fully loaded, then CoMP JT is unnecessary. In contrast, when
the air interface is congested, then data packets experience
queuing delays at the eNBs, and the backhaul is not the bottle-
neck; this enables the use of the proposed CoMP JT algorithm.
While CoMP JT mitigates congestion on the air interface, it
generates an extra load on the backhaul. If, due to the improved
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air interface efficiency and additional backhaul load, the net-
work bottleneck is shifted to the backhaul, then the algorithm
can adapt to this and decrease the ratio of traffic that is sent
with CoMP, and find the optimal balance depending on the
available backhaul link capacities.

4.2.6 Technical description of the data sharing algorithm

Our solution does not require the complicated synchroniza-
tion of the RLC or MAC layers of the eNBs as described by Jung-
nickel et al. [48]. Instead, the cooperating eNBs simultaneously
generate the same transmission data based on previously
shared, identical information. When a serving eNB receives DL
user data, it performs PDCP layer processing (sequence num-
bering, header compression, integrity protection, and cipher-
ing) and adds the PDCP header to form a PDCP PDU. If there
is congestion on the air interface, these PDCP PDUs are imme-
diately forwarded to the other transmitting eNBs. This traffic
has a large volume, but it is not delay critical. When the other
transmitting eNBs receive these PDUs, they buffer them and
acknowledge them to the serving node. This provides an up-to-
date measurement of the X2 Round Trip Time (RTT). The sys-
tem considers that there is congestion on the air interface if this
RTT is less than the queuing delay at the PDCP layer. In this
case, the data exchange over the X2 will be completed by the
time the corresponding data will be scheduled for transmission.
Otherwise, if there is free air interface capacity (or if the ac-
knowledgment does not return in time), then the eNB reverts
back to single cell transmission, as the extra air interface capac-
ity offered by CoMP would not be utilized.

When the eNBs receive the measured CSI from the UEs they
serve, they immediately forward this CSI to the cooperating
eNBs in addition to any information necessary for scheduling,
including data queue lengths and scheduling metrics. This con-
trol plane signalling message is sent over the X2 with higher
priority than the bulk data for fast delivery. When each eNB re-
ceives this message from all the other eNBs in the cooperating
set, they perform a synchronous cross-cell pre-scheduling.
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Based on the same shared information, they synchronously al-
locate common radio resources (PRBs) to eNBs. These PRBs
can be assigned to single-cell transmission or CoMP transmis-
sion. Afterwards, each eNB performs proper scheduling, allo-
cating only those PRBs that were assigned to that eNB. For its
scheduled data, the eNB performs RLC layer processing (in-
cluding segmentation and concatenation, and adding of the
RLC header), MAC layer processing (including resource map-
ping and adding of the MAC header) and calculates the precod-
ing matrices based on the received cross-cell CSI. This pro-
cessing is done only at one eNB, which is the serving eNB of the
UE, hence, it does not require the synchronization of RLC and
MAC layers. Instead, the serving eNB gathers and forwards to
the other transmitting eNBs all the information necessary for
the replication of the generated MAC PDUs. This information
is the RLC and MAC headers, specific references to the seg-
ments of previously shared PDCP PDUs, and added control in-
formation. This is accompanied with the calculated precoding
matrices and the resource mapping information. Since this in-
formation does not contain the actual user data, only specific
references to it, this is a low number of bytes, therefore ena-
bling it to be forwarded in a single higher priority packet,
thereby ensuring timely delivery. When the other transmitting
eNBs receive this information, based on the previously received
PDCP PDUs, they can replicate identical MAC PDUs. This pro-
cess is marked as “proposed solution” in Figure 23. The opera-
tion of the physical layers is assumed to be synchronized, the
identical MAC PDUs are jointly transmitted after forward error
coding and precoding at a predetermined TTI. During the delay
critical time frame, this signalling protocol involves only one
message exchange over the X2 on both directions, the mini-
mum for duplex exchange and coordination, thus providing
maximum tolerance for the X2 delay (see Figure 24). Unlike in
the UL, in the DL direction the HARQ process can be delayed;
due to this, DL HARQ does not impose further delay require-
ments.
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Figure 24. Signalling procedure.

4.2.7 Further benefits of the proposed method

In this architecture, occasional queuing delays on the X2 in-
terface do not impair the CoMP operation, therefore, an adap-
tive algorithm can be employed that adjusts the data rate of the
CoMP traffic to the available bandwidth on the X2. The eNBs
have up-to-date measurements of the X2 RTT, therefore ena-
bling detection of congestion on the X2 interface. In this case,
the eNBs can intervene to decrease the volume of CoMP traffic.
As mentioned previously, the largest CoMP JT gains are offered
for the cell edge UEs, while UEs at the cell center have much
less to gain from CoMP JT. Thus considering that CSI feedback
is not ideal, and considering the overheads introduced by
CoMP JT, it is optimal to serve cell edge UEs jointly from mul-
tiple cells, while serving cell center UEs with single cell trans-
mission. The serving eNB should regularly select the transmit-
ting cells based on the received CSI and momentary traffic con-
ditions. When the eNB detects a transient congestion on the X2
interface, it should adaptively decrease the number of UEs
served with JT in order to resolve the X2 congestion, and
should only increase the number of UEs served with JT if the
X2 RTT is sufficiently low. The X2 RTT value should be kept
lower than the queuing delay at the PDCP buffer of the serving
eNB; in this case the data sharing procedure over the X2 will be
completed by the time the corresponding DL user data is sched-
uled.

Though the previous description explained the applicability
of JT, the same method can be applied to DCS, with the only
difference that even though the user data will be available at
multiple eNBs, only one of them will transmit to the UE.
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Though JT has better potential gains than DCS, in some sce-
narios, only DCS is applicable. DCS is not possible if the accu-
racy of the CSI feedback is insufficient, or the reference clocks
of the eNBs are not sufficiently accurate for the required level
of time or frequency synchronization.

4.2.8 Evaluation

The concept of the proposed procedure was conceived when the
author was implementing a CoMP simulator and performing
simulations on an NS-2 platform. The entire S1 and X2 protocol
stack, and functions necessary for simulating CoMP JT was im-
plemented in detail. This included the entire operation of the
GTP, UDP, IPv4 with IPsec, and Ethernet layers for the S1 user
plane interface; as well as the PDCP, RLC, MAC and physical
layers for the air interface. The simulated network topology
consisted of seven eNBs with three cells each. Cooperating sets
were statically allocated and were comprised of two or three
neighbouring cells. There were at most two hops between eNBs
in the same cooperating set. The backhaul links formed a tree
topology and their base delay was assumed to be 0.1 ms. The
last mile backhaul links were simulated with multiple data
rates. The simulated traffic was TCP file downloads.

The air interface was based on 3GPP TR 25.814 [82], with
2×10 MHz bandwidth. The mobility model was random walk
with inter-site handover procedures. The channel quality was
simulated separately for each user considering distance loss,
shadow fading, fast fading and penetration loss. Downlink in-
ter-cell interference was calculated from the propagation loss,
momentary transmit power, resource allocation of interfering
eNBs, and the CoMP mode of operation.

Two CoMP architecture alternatives were implemented, each
with detailed signalling exchanges over the backhaul network.
One alternative was based on literature
[39][74][75][76][77][78], where the precoding is distributed.
The other was the new X2 delay tolerant alternative proposed
by the author. In both alternatives, the synchronous transmis-
sion of data occurred 1 ms—one TTI—after the CSI was meas-
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ured; this imposed a strict time limit for the signalling proce-
dure on the backhaul. The HARQ mechanism was also updated
to support CoMP JT.

The results demonstrated that the proposed method can
achieve significant improvements in cell edge performance,
even if there is very limited backhaul capacity, as illustrated in
Figure 25. However, if ample backhaul capacity is available,
then the gain depends only on the technique used on the air
interface. The simulations proved that the proposed method is
superior to existing solutions when considering the backhaul
requirements. It was confirmed that it imposes far less strict
capacity and latency requirements on the backhaul, while ena-
bling larger cooperating sets.

Figure 25. Performance improvement of simulated methods, according to
the available backhaul capacity. The orange bars stand for a reference
case where CoMP JT is not used. The purple bars denote a reference
case where the precoding is distributed; in this case, system perfor-
mance is degraded due to the congested backhaul links. The red bars
represent the delay tolerant adaptive method described in this disserta-
tion. Note that the proposed method offers significant cell edge perfor-
mance improvement, even if the backhaul links have low capacities.

4.2.9 Summary

CoMP is a key feature of future LTE-A networks, as it increases
spectral efficiency. This chapter described the wide range of
possibilities to coordinate the DL transmission of multiple cells
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with CoMP. The backhaul requirements of CoMP vary on an
even broader scale. While intra-site CoMP has no backhaul re-
quirements at all, and CS/CB requires only the transfer of CSI,
the backhaul capacity requirements of JP may even be several
orders of magnitude higher than the air interface throughput.
In inter-site CoMP JP, the benefit of increased cell edge spec-
tral efficiency has to be weighed against the cost of upgrading
legacy backhaul networks to meet the capacity and latency de-
mands.

Therefore, a method has been proposed which separates the
delay critical messages from the bulk of the X2 traffic. It dis-
tributes the user data over the backhaul efficiently with mini-
mal overhead. It also enables inter-eNB CoMP JP over the X2
with no minimum backhaul capacity requirement as it adapts
to the available capacity. This alleviates the requirement of
costly upgrades or the redesigning of existing backhaul net-
works to enable CoMP JP; only simple software upgrades at the
eNBs are necessary. It requires low latency X2 links, as every
other version of inter-eNB CoMP. In contrast to other versions,
it keeps the information exchange sequence over the X2 as sim-
ple as possible (the time critical message traverses the X2 and
a reply is returned), and requires only that the X2 RTT be lower
than the fluctuation time of the air interface (which is unavoid-
able). Therefore, the proposed method maximises the delay tol-
erance of CoMP JP by as much as is theoretically possible. It is
a completely distributed architecture that is compatible with
any JP technique used on the air interface and with adaptive
clustering.
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5. Backhaul for 5G (Beyond 4G)

5G is a very broad term, it has not yet been specifically defined.
At the time the work was started on 5G, the term used for it was
‘Beyond 4G’; as in 2012, 4G was the marketed new generation
technology. Since then, almost everything new has been re-
ferred to as 5G. Amidst all  the confusion about the term, it is
already clear that 5G intends to cover a wide range of use cases,
some of which are not covered by current 4G technology. Each
of the previous mobile system generations had one main target
use case. 1G introduced mobile telephony, 2G improved mobile
telephony, 3G offered mobile internet, and 4G improved the
performance of mobile internet. Instead of having a single goal
in mind, 5G aims to be an architecture which is a symbiotic in-
tegration of multiple techniques in order to cover any possible
use case. 5G ambitiously aims to provide 10 000 times more
capacity, offer multi-gigabit data rates, connect 100 times more
devices, have less than 1 ms latency, and increase battery life to
up to ten years [83]. This would enable extremely broadband
mobile internet access, support for all devices comprising the
Internet of Things (IoT), and also guarantee reliable and low
latency service for cyber-physical systems. As the latency of 5G
radio access is comparable to the delay of nerve signals between
the brain and the hand, thus rendering it imperceivable, it is
referred to as ‘tactile internet’.

Therefore, to be specific, the topic of this chapter is ‘new ra-
dio’, which refers to the radio interface of 5G. The next three
sections focus on three aspects. One is cognitive radio, which
allows more efficient spectrum allocation. Another is multi-hop
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backhaul for millimetre wavelength mobile networks. And fi-
nally, the third is the sensitivity of millimetre-wave backhaul to
rain fading.

The results described in this chapter can also be found in Pub-
lications IV, V, and VI.

5.1 Cognitive Radio

The QoSMOS project [84], or “Quality of Service and MObility
driven cognitive radio Systems” project was an EU funded
Framework 7 Integrated Project; it began in 2010 and ran for
three years. It involved 14 industrial and academic partners
from across Europe and one from Japan. One of the academic
partners was the Budapest University of Technology and Eco-
nomics, on whose behalf the author participated in the work.
The objective of the project was to design a platform for spec-
trally efficient radio access for future Software-Defined Net-
works (SDN). One of the disseminations of the project was Pub-
lication IV, which presents the proposed architecture, with an
emphasis on QoS management.

5.1.1 Cognitive Radio and Television White Spaces

In recent years, spectrum shortage has emerged as a major
challenge for telecommunications. However, when measuring
spectrum occupancy, it can be seen that the majority of the ra-
dio spectrum is underutilized most of the time [85]. Therefore,
spectral efficiency can be multiplied with cognitive radios,
which intend to utilize momentarily unused spectrum. They ap-
ply dynamic spectrum management. Instead of being allocated
a certain frequency band, they monitor the radio spectrum at
their location, and always select unused frequency bands for
their operation. Software-defined radios provide the hardware
required for such a broadband operation. While cognitive ra-
dios offer to end the current spectrum shortage by offering
much more efficient spectrum utilization, it remains a chal-
lenge to correctly determine the momentarily available free
spectrum.
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While there are Industrial, Scientific and Medical (ISM) radio
frequency bands that any device may use, cognitive radios also
aim to operate in licenced bands where other devices have an
exclusive licence. The devices with the exclusive spectrum li-
cence are called the incumbent devices, or primary devices. The
cognitive radios without the exclusive licence are called the op-
portunistic, or secondary users. The users or operators of the
incumbent technology pay for their undisturbed operation in
their allocated spectrum. In contrast, the opportunistic, cogni-
tive users detect the activity of the incumbent users, and keep
selecting a frequency band where they are certain that they will
not interfere with the operation of the incumbent users; in
other words, they use only locally and momentarily vacant fre-
quency bands. For this, they lack an exclusive spectrum licence;
instead, they have a license to operate as secondary users. Re-
gardless of this, the primary users are charged for the spectrum.
This is a form of spectrum sharing, where the spectrum is
shared according to unequal terms.

There is a large amount of spectrum where this sharing can
be allowed. The most notable frequency band is the television
white space in the Very High Frequency (VHF) and lower Ultra
High Frequency (UHF) bands. Television broadcasting has
been allocated large swathes of very valuable spectrum. Ana-
logue television broadcasting is being replaced with digital
broadcasting; due to its efficiency, this has freed up a so-called
digital dividend which can be refarmed for other purposes. De-
spite this, television broadcasting still occupies more spectrum
than it utilises. Furthermore, television broadcasting is very
predictable, the television stations broadcast constantly at fixed
frequencies. This makes its spectrum ideal for cognitive radios.

5.1.2 Proposed System Concept and Use Cases

The QoSMOS project undertook the contradictory task of
providing QoS for opportunistic users. By definition, opportun-
istic users cannot be guaranteed the use of any frequency band;
therefore, it is possible that there is momentarily no available
frequency at all; this is the Achilles’ heel of any cognitive radio
network. Thus, it is challenging at best to promise guaranteed
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service quality. A further complicating factor was that the users
were considered to be mobile. It was envisioned that the pro-
posed cognitive system would be sufficiently intelligent and
sensitive to always find some appropriate spectrum.

A diverse set of use cases was defined. One scenario was the
cellular extension in whitespace. In this scenario, a cellular net-
work, such as LTE, could use the proposed cognitive function-
alities to occasionally use additional spectrum. One benefit of-
fered for cellular networks is the additional operating band-
width. Another benefit is that the cellular network would have
access to lower frequencies, such as bands allocated for televi-
sion. Radio propagation conditions are better at lower frequen-
cies. In rural areas, this increases the range of base stations and
extends coverage. Furthermore, due to the better penetration
capabilities, this mitigates indoor coverage holes.

Another use case scenario was the cognitive femtocell, which
is very similar to femtocells described in Chapter 3. The differ-
ence is that a cognitive capability can improve the performance
of the femtocell. The isolation provided by the penetration loss
of buildings ensures the availability of ample high frequency
spectrum. The cognitive femtocell principle could be used in
conjunction with both 3G/4G networks and Wi-Fi.

A third considered scenario was the cognitive ad-hoc net-
work. Such ad-hoc networks would typically be formed in the
case of events with many participants which are limited in du-
ration and area. Examples of this include reliable communica-
tion in case of a larger emergency, a network established for a
business meeting, and traffic offloading in the case of a large
crowd, such as a sporting event. The user devices would auto-
matically establish a mesh of device-to-device links to provide
service even in the most unexpected or demanding conditions.

5.1.3 Cognitive Management

In the proposed system, the core of the cognitive functionalities
is two entities: the Cognitive Manager for Spectrum Manage-
ment (CM-SM), and the Cognitive Manager for Resource Man-
agement (CM-RM). The CM-SM is responsible for keeping
track of the available spectrum. It acquires context information
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from regulatory databases, a common repository database, and
spectrum sensing measurements. The CM-RM is in charge of
allocating the available radio resources. Both entities provide
incumbent protection, thus it is implemented on two different
levels for maximum protection. Additionally, there is a separate
spectrum sensing entity.

Due to the multiple different use cases, the system has no uni-
form topology; instead, multiple different topologies are de-
fined. The nodes at which the entities are located also depends
on the scenario. Thus, entities such as the CM-SM, CM-RM,
and spectrum sensing entity may be implemented in different
types of nodes; and it is also possible that they are present in
multiple types of nodes in the same scenario. This is a form of
Network Function Virtualization (NFV), and software-defined
networks. The side of the air interface or backhaul on which
these critical functionalities should be implemented is not de-
termined. However, the architecture of the core network was
not considered in the project.

Therefore, the distinction between the air interface and back-
haul is blurred. While the cellular extension and cognitive
femtocell scenarios typically imply wired backhaul, the cogni-
tive ad-hoc network employs multiple hops of the air interface
to serve as backhaul, which connect directly to the core network
via a gateway.

Based on these aforementioned principles, an architecture
was designed to provide QoS with only opportunistic spectrum
access. While in theory it should accomplish this, the verifica-
tion of this was not part of the objectives. Further details can be
found in Publication IV and in the other disseminations of the
project [84].

5.1.4 Summary

This section presented the operating principle of a cognitive
radio system. Cognitive, dynamic spectrum access offers the re-
use of spectrum that has been exclusively licenced to another
technology, without interfering with the primary users. This
promises an increase of spectral efficiency, and the more wide-
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spread availability of more valuable lower frequencies. In addi-
tion to this, the goal of the work was to provide QoS guarantees
to all primary and secondary users.

5.2 Multi-hop Wireless Mesh Backhaul for 5G

Over the past decades, the volume of mobile traffic has been
increasing exponentially, and is expected to keep continuously
increasing [31]. To increase mobile broadband capacity 10 000
fold, 5G aims to increase spectral efficiency by a factor of ten,
available spectrum by a factor of twenty, and cell density by a
factor of fifty [86]. The spectrum allocated for cellular networks
has thus far been increasing incrementally. However, there is
ample free spectrum at very high frequencies, such as the so-
called millimetre wavelength (millimetre-wave) spectrum
above 30 GHz [88]. While millimetre-waves offer more band-
width than all of the spectrum below 6 GHz combined, they
were previously considered unsuitable to mobile networks.
This was proven incorrect when propagation measurements
[87] revealed that despite the minimal diffraction, millimetre-
waves can be used for mobile networks, allowing multi-gigabit
per second data rates.

Publication VI presents a concept for an ultra-dense multi-
hop millimetre-wave network. As this system incorporates a
new technological generation of air interface, and offers far su-
perior data rates than any current mobile system, it is a fifth
generation (5G) system in the truest sense. Using a simulator
written for this purpose, Publication VI demonstrates that the
user level performance of such a network is superior to that of
any current system. The efficiency of multi-hop backhaul is
elaborated. It shows that interference is less of an issue at such
frequencies. Furthermore, it also asserts that the effect of occa-
sional link outages is manageable. For further details on the
simulation setup, readers are referred to Publication VI.
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5.2.1 Millimetre-Wave Antennas

It is a common misconception that higher frequencies always
suffer greater free space attenuation. According to the Friis
transmission equation, the free space attenuation is:
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where Pt and Pr are the transmission and reception powers, re-
spectively, Gt and Gr are the transmitter and receiver antenna
gains, λ is the wavelength, and r is the distance between the an-
tennas. From this equation, it may be concluded that shorter
wavelengths correspond to less received signal power. How-
ever, this holds true only if the considered antennas gains are
constant, which is the case when omnidirectional or short di-
pole antennas are used. This is because at shorter wavelengths
the effective width of a dipole antenna is narrower, and the ef-
fective aperture area of an omnidirectional antenna is smaller.
If aperture antennas with fixed aperture sizes are considered,
then their gain is higher at higher frequencies:
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where A denotes the effective antenna aperture size. When sub-
stituting this into the previous formula, the free space path loss
in the case of aperture antennas is:
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where At and Ar are the effective aperture sizes of the transmit-
ter and receiver antennas, respectively. One conclusion that
can be drawn from this is that path loss is less at higher fre-
quencies if aperture antennas are used. Another conclusion is
that at very high frequencies, such as millimetre-waves, direc-
tional antennas are necessary to overcome link budget issues.
Fortunately, at such high frequencies, even very small sized an-
tennas can provide high gain. While aperture antennas can eas-
ily be used for fixed links, they are unsuited to mobile links. A
solution to this problem is the beamforming antenna.

Beamforming antennas are phase controlled antenna arrays,
which can be electronically steered to direct a narrow beam to-
wards even a moving target. Their gain depends on the number
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of antenna elements of which they are comprised. Their disad-
vantage is that they require either one radio frequency phase
shifter or a digital/analogue converter for every antenna ele-
ment; therefore, state of the art millimetre-wave beamforming
antennas suffer from cost and power consumption issues. How-
ever, as with all electronics, it is expected that over time their
cost will decrease, and their efficiency will increase. It is ex-
pected that even handsets will incorporate beamforming anten-
nas [89].

As an alternative to beamforming antennas, beam steering
lens antennas could also be used at Access Points (AP). Such
antennas are comprised of an array of antenna elements behind
a lens. Only one of the antenna elements is chosen for trans-
mission. The radio waves originating from that antenna ele-
ment are focused into a narrow beam by the lens. The direction
of the beam can be steered by selecting another antenna ele-
ment for transmission, which is located in a slightly different
position behind the lens. Similarly, a receiver antenna selects
one antenna element for reception. Such an antenna system is
low cost as it requires only one digital/analogue converter and
no phase shifters. Additionally, its gain only depends on the
size of the lens. Its drawback is that the angle range in which it
can steer its beam is limited.

5.2.2 Multi-Hop In-Band Backhaul

Despite the use of directional antennas, the maximum range of
millimetre-wave mobile links is expected to be short. Sulyman
et al. [90] estimate it will be 220 m, and MacCartney et al. [91]
expect it to be 200 m, in urban environments. This necessitates
small cell sizes and ultra-dense deployments, which in turn en-
ables even higher capacity. However, this limits millimetre-
wave 5G to urban scenarios; therefore, millimetre-wave net-
works will be complemented by another access technology op-
erating at lower frequencies, which will provide rural coverage.

Due to the very large number of millimetre-wave APs, their
cost and ease of deployment will be crucial. While the cost of
the AP device is expected to fall, the labour costs of deploying it
will remain a serious issue, as well as the costs of providing it
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with a backhaul connection. Laying down a fibre-optic cable in
every urban street would be prohibitively expensive. Conven-
tional wireless point-to-point links would require their aper-
ture antennas to be precisely aligned, and realigned every time
they are slightly nudged. Furthermore, they cannot be mounted
on masts that sway in the wind. A solution to these problems is
to provide wireless backhaul with beamforming antennas.

Since the mobile access links are served by highly directional
beamforming antennas, these same antennas can also be used
to establish backhaul links. Thus, since an AP will have multiple
sectors to provide omnidirectional coverage, the AP can estab-
lish backhaul links in any direction without being mechanically
aligned, and without the need for separate hardware for the
backhaul links. The backhaul links could also use the same fre-
quency as the mobile access links, in other words, they could be
in-band. APs could automatically establish such in-band wire-
less backhaul links among themselves. By allowing multiple
such hops for a backhaul connection, only a fraction of the ac-
cess points would require expensive fibre-optic connectivity.
Whether this in-band operation causes interference issues was
one of the focuses of the study, and will be elaborated in follow-
ing sections.

It would be very easy to deploy such a multi-hop, self-back-
hauled network where the APs essentially act as relay nodes. As
the cells would be small, the APs would be placed below rooftop
level, such as on lamp posts, traffic signs, and the sides of build-
ings. As they would not need a fixed backhaul connection, they
would only need to be connected to a source of electricity, such
as a solar panel, or the electricity cable inside a lamp post.

5.2.3 Millimetre-Wave Propagation

There are several issues with the radio propagation properties
of millimetre-waves. At such high frequencies, radio waves dif-
fract only minimally. Despite this, Non-Line Of Sight (NLOS)
radio links can be established over propagation paths where the
signal is reflected or scattered. Such links suffer from high path
losses and are limited to very short ranges. In urban environ-
ments, having Line Of Sight (LOS) to the AP is only probable if
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the distance to the AP is short; this is another factor that de-
creases cell sizes. Shadow fading is expected to be very high
[92]. Due to the narrow Fresnel zone combined with minimal
diffraction, millimetre-wave links are very easy to obstruct.
Even a human hand can block and disconnect a link to an AP.
The only possibility in case a link is blocked is to hand over the
UE to another AP. This will result in frequent handovers, and
necessitates somewhat overlapping cells. The interference is-
sues of overlapping cells will be mitigated by the directionality
of the UE antennas.

Due to the high penetration losses, it will be challenging to
provide indoor millimetre-wave coverage with outdoor APs, if
at all possible. Indoor coverage can be provided with indoor
APs, but even an indoor AP can provide coverage only for a lim-
ited area within a building.

To further increase the data rate of a radio link, spatial mul-
tiplexing—a form of Multiple Input Multiple Output (MIMO)—
can be used in combination with beamforming. However, this
implies further multiplying the number of antenna elements. A
more efficient technique is to employ dual-polarized antenna
arrays, where the beamforming antennas are comprised of a set
of horizontally polarized, and another set of vertically polarized
antenna elements. This enables communication over two par-
allel channels that are separated by polarization. This is possi-
ble due to the high cross-polarization discrimination [93][94].

5.2.4 Combining In-Band and Dedicated Backhaul Links

Combined mobile access and in-band multi-hop backhaul is a
very low cost solution, as the access and backhaul shares the
same spectrum, radio frequency (RF) devices and antennas.
However, it has the disadvantage that the backhaul and access
links compete with each other for radio resources. Thus, back-
haul links can only be allocated a fraction of the radio re-
sources, which proportionally decreases their capacity. In the
system considered in Publication VI, the network is Time Divi-
sion Duplex (TDD). In this TDD system, not only do the AP sec-
tors switch between serving DL and UL connections in a given
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time slot, but may additionally keep switching between allocat-
ing the time slots for access or backhaul. Thus, any backhaul
link is active during only half of the time slots at most, and
transmitting in one direction of the backhaul link in a quarter
of the time slots at most.

If separate RF devices and antennas are issued for backhaul
links, then such backhaul links do not need to share resources
with mobile access links. On the one hand, this increases the
capacity of both the wireless backhaul and access links. On the
other hand, it also greatly increases the cost of the device and
the deployment costs. Therefore, in the study presented in Pub-
lication VI, the possibility of combining in-band backhaul links
with dedicated backhaul links was considered. In the simula-
tions, a few selected in-band bottleneck links were replaced
with dedicated links. Results showed that this greatly increased
the system performance, while increasing the cost of the net-
work only proportionally to the number of dedicated links.

The study also included an option of increasing the number
of fibre-optic connections to the wireless network. In exchange
for the additional cost, this increases network capacity, as it dis-
tributes traffic more evenly on the network. Simulations re-
vealed that capacity increase of an additional fibre-optic link
from the core network to the wireless network is similar to the
capacity gain of replacing a few in-band links with dedicated
links. Therefore, it may be more cost-effective to combine in-
band links with dedicated links, instead of deploying multiple
fibre-optic links and only in-band links. A further effect of de-
ploying multiple fibre-optic connections is that the number of
wireless hops will also be reduced. The simulations revealed
that the performance of TCP connections is independent of the
number of wireless hops. This is due to the very short Trans-
mission Time Interval (TTI), which was 0.1 ms, and the possi-
bly very long queuing delays, which could reach up to several
hundred milliseconds.

5.2.5 Interference

One of the objectives of the simulations was to determine the
effect of interference in an in-band multi-hop network. The
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novelty of Publication VI is that while many studies have cal-
culated the level of interference for simple traffic models, our
study calculates interference while considering a realistic, TCP
based traffic model, combined with a multi-hop, in-band net-
work. When the purpose-built simulator calculates the interfer-
ence on every wireless link, in each time slot, it takes into ac-
count, the number of bytes of data transmitted on each individ-
ual interfering link in that time slot. Other considered details
include specific antenna patterns, transmission powers, geo-
metric distances, path losses, TDD scheduling, and angles of
azimuth. The system employed adaptive modulation. To always
select the appropriate modulation number and coding rate, a
sophisticated link adaptation algorithm was implemented,
which required an estimate of the interference of each link in
the next time slot. Based on the simulated performance, it was
found that it was efficient to estimate the interference level of
the next time slot to be equal to the maximum interference ob-
served in previous time slots.

The simulations were repeated with different beamforming
antenna configurations. The number of beamforming antenna
elements at the APs and UEs was varied, a higher number of
antenna elements corresponds to higher antenna gain and less
interference. It was considered that each user downloads one
file during the simulation, the size of this file was either 10 MB
or 100 MB. The base delay of the fibre-optic connection be-
tween the wireless network and the server on the core network
side was also simulated with different values. User level perfor-
mance results are shown in Figure 26, Figure 27, Figure 28, and
Figure 29.
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Figure 26. File download times according to different antenna array sizes,
which correspond to different in-band interference levels. Simulated with
10MB files. A hypothetical reference case without interference is also
shown. Note that downloads are quicker when larger antenna arrays are
used.

Figure 27. File download times according to different antenna array sizes,
which correspond to different in-band interference levels. Simulated with
100MB files. A hypothetical reference case without interference is also
shown. Note that downloads are quicker when larger antenna arrays are
used.
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Figure 28. Download goodputs according to different antenna array sizes,
which correspond to different in-band interference levels. Simulated with
10MB files. A hypothetical reference case without interference is also
shown. Note that download speeds are higher when larger antenna ar-
rays are used.

Figure 29. Download goodputs according to different antenna array sizes,
which correspond to different in-band interference levels. Simulated with
100MB files. A hypothetical reference case without interference is also
shown. Note that download speeds are higher when larger antenna ar-
rays are used, and that the system is more congested than in the case
with smaller file downloads.
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links, as there is excess link capacity when less loaded links se-
lect lower data rate modulation and coding. Since only a few
bottleneck links can be fully loaded, the interference in much of
the network has little impact on user level performance.

5.2.6 Link Outage

Millimetre-wave cells are expected to be small, and millimetre-
waves diffract only very slightly. Therefore, in dense urban ar-
eas, most millimetre-wave APs will not be placed above rooftop
level; instead, they will be placed in positions with a good view
of a street canyon, or on a corner covering two streets. An ideal
placement would be to deploy an AP on every second lamp post.
However, placing APs at lower heights increases the chance
that a moving object blocks a wireless link. This can cause com-
plete link failure due to the narrow Fresnel zones and inability
to diffract around the object. To counter this, APs can be orga-
nized into a partial mesh topology with redundant wireless
backhaul links. This allows traffic to be diverted to the remain-
ing links in case one backhaul link is blocked. This topology also
enables efficient AP to AP communication within the mesh for
fast handovers within the mesh; handovers are expected to be
frequent between millimetre-wave small cells.

The study also simulated the effect of a blockage on the wire-
less mesh. In the simulations, if no link is blocked, then packets
are routed on pre-calculated primary paths which have the
minimum number of hops. If a primary path is blocked, then a
pre-calculated secondary path is used, see Figure 30. However,
when the path is reselected, there may be some packets in
transit on the wireless mesh. In the simulations, two alterna-
tives are compared; in one, these packets are simply dropped
when they arrive at the blocked link. In the other, the in-transit
packets are also rerouted.
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Figure 30. Simulated topology with the occasionally blocked link. Normally,
packets are routed over the paths marked with solid arrows, but when
the link is blocked, then these packets are routed over the paths marked
with dashed arrows.

The simulator considered a worst case scenario for the
blocked link to evaluate the rerouting mechanisms. The link
was repeatedly available for one second, and then experienced
an outage for the following second. While this represents more
frequent outages than expected, it is useful as a reference worst
case scenario.

The simulated goodputs of the rerouted connections are
shown in Figure 31 and Figure 32. The results indicate that the
rerouting mechanism works as planned, and the remaining
wireless mesh links handle the rerouted traffic well; the user
level performance drop is close to the ratio of lost link capacity.
These results prove that the occasional loss and appearance of
a link does not cause serious problems, except for the decrease
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of the network capacity, assuming that every AP remains con-
nected. This justifies connecting the APs into a partial mesh to-
pology in order to ensure robustness.

In contrast, if multiple links fail simultaneously, some APs
may be disconnected. The only ways to avoid this are to in-
crease the connectivity of the partial mesh topology or deploy
more reliable links. However, it is less likely that multiple links
are blocked at the same time, unless the link failures are due to
heavy precipitation, as discussed in the following section.

Figure 31. Comparison of the goodputs of FTP downloads that are rerouted.
The investigated scenarios are: a reference case where all links are al-
ways available; a case where there are occasional blockages, and pack-
ets arriving at the blocked link are dropped; a case where there are oc-
casional blockages, and packets arriving at the blocked link are rerouted;
and a reference case where the link is always blocked. The downloaded
files are 10 MB in size.
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Figure 32. Comparison of the goodputs of FTP downloads that are rerouted.
The investigated scenarios are: a reference case where all links are al-
ways available; a case where there are occasional blockages, and pack-
ets arriving at the blocked link are dropped; a case where there are oc-
casional blockages, and packets arriving at the blocked link are rerouted;
and a reference case where the link is always blocked. The downloaded
files are 100 MB in size.

For further details on the simulations, readers are referred to
Publication VI.

5.2.7 Ultra-low latency applications

5G is expected to provide not only extremely high data rates,
but also to support applications which require ultra-low latency
packet delivery. Some Machine Type Communication (MTC),
or interactive real-time video applications may demand end-to-
end delays of no more than a few milliseconds. Internet service
offering such low latencies is often referred to as “tactile inter-
net” [95]. Ultra-low latency can only be guaranteed for traffic
that is scheduled with higher priority than bulk TCP traffic, as
the natural operation of TCP is to increase the connection data
rate until buffers are filled, which unavoidably introduces
queuing delays. The timely delivery of VoIP packets is not an
issue in 5G networks, as VoIP has far more lenient latency re-
quirements than the delay critical applications 5G is designed
to serve.

In the later phases of the simulations, in addition to TCP, ma-
chine type traffic was also considered. The simulated applica-
tion generated downlink UDP packets at regular intervals,
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which were scheduled at every node with strictly higher priority
than background TCP connections. The average end-to-end de-
lay of the machine type traffic is shown in Figure 33. Results
show that due to the strictly higher priority scheduling, the la-
tencies remain very low, thus revealing that the internet service
is tactile. Furthermore, these delays are mostly independent of
the volume of lower priority background traffic. This is due to
the large bandwidth; despite the short TTIs, multiple packets
can fit into a single time slot. Therefore, the second fragment of
a packet can be transmitted along with newly arrived higher
priority packets in the same time slot. However, in the rare case
that the high priority traffic in itself congests the network, QoS
collapses.

Figure 33. Average delay of machine type traffic according to the MTC
packet size and background traffic. The average downlink delay from the
router of the wireless mesh network gateway to the UE is shown. The
MTC traffic is scheduled with strictly higher priority than the background
FTP based file downloads. In this scenario, there are 20 MTC, and op-
tionally 20 FTP users. Each MTC user generates ten packets in every
millisecond.

5.2.8 Summary

Millimetre-wave cellular systems offer mobile broadband
speeds that were previously deemed unattainable. However,
due to the inherent challenges implied by such high frequen-
cies, a radically new approach is necessary. Beamforming an-
tennas have to be used at both the APs and the UEs to compen-
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sate for the unfavourable link budget. To overcome the cost is-
sues of the inherent cell size limitation, multi-hop in-band
backhaul mesh networks are a key enabler.

In the study presented in Publication VI, a packet-based sim-
ulator was implemented on the NS-3 simulator platform to
simulate user level performance in the case of a TCP-based traf-
fic model.

The simulations quantized the detrimental effect of interfer-
ence on user level performance. The remarkable result is that
even in the case of in-band backhaul, the effect of interference
is far less than that in previous generation systems. This is due
to the highly directed beamforming antennas. In most scenar-
ios, the system will be noise limited instead of interference lim-
ited.

While in-band backhaul links are low cost, and are very easy
to deploy, dedicated RF devices for backhaul links offer higher
capacities. The results presented in this paper show the benefits
of using a combination of the two techniques. A gradual taper-
ing of capacity is recommended from the fibre-optic link to the
edges of the mesh topology.

Due to the higher probabilities of a link being obstructed,
simulations also considered the occasional outage of a critical
link. Results prove that even in the worst case scenario, due to
the fast rerouting, the effect on TCP traffic is tolerable, as long
as only a single link is lost.

Furthermore, results also show that ultra-low end-to-end de-
lay can be guaranteed for delay critical traffic types provided
that their packets are scheduled with strictly higher priority.

In the future, we intend to study handovers within the mesh
network. Validating the simulation results by comparison to
real measurements will only be possible in a few years, as at the
time of writing, 5G has not yet been standardized.
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5.3 The Effect of Rain Fading on 5G Backhaul

While the study presented in the previous section investigated
the occasional loss of a single link on a millimetre-wave back-
haul mesh network, it did not consider the possibility of multi-
ple backhaul links failing simultaneously. The simultaneous
failure of backhaul links is possible due to bad weather. At such
frequencies, radio waves are susceptible to rain fading, which
includes sleet and snowfall. Fortunately, millimetre-waves can
propagate through fog, unlike free space optical links, which
are easily disconnected by fog.

While it is evident that the maximum capacity of a millimetre-
wave mesh network is decreased by heavy rain, it is crucial to
prevent the complete disconnection of APs and its associated
users from the core network.

The work described in Publication V determines the proba-
bility of the disconnection of a part of a millimetre-wave mesh
network due to precipitation. The calculation is based on both
simulations and measurement data.

5.3.1 Rain Fading Measurements

A rain attenuation measuring system has been operating in Bu-
dapest, Hungary, since 1997. Using this system, the authors of
Publication V have processed several years of measurement
data. This measurement data in Publication V has been used to
calculate the Complementary Cumulative Distribution Func-
tion (CCDF) of the precipitation attenuation on short millime-
tre-wave links, see Figure 34. The considered link is 200 m, op-
erates at 38 GHz, and is horizontally polarized. Note that these
results only apply to one specific continental climate.
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Figure 34. CCDF curve of the attenuation caused by rain calculated for a
200 m link in Budapest, considering the weather of years 2003 to 2007.

5.3.2 Rain Fading Simulations

In addition to measurement data, a simulator was also used.
The author implemented a simulator to calculate the probabil-
ity of a part of a mesh network being disconnected due to rain
fading. It calculated in dB/km the minimum rain attenuation
level required to disconnect a part of the backhaul mesh.

The simulator deployed semi-randomly a set of nodes on a
500 × 500 m area. One node, the wireless mesh network gate-
way, also known as the sink node, was placed in the middle of
the area. The wireless mesh network gateway was considered
to have a fibre-optic connection. After the random deployment,
the connectivity of the network was investigated. Two nodes
were considered to be able to establish a link if they were within
200 meters [91] of each other. It was ensured that every AP had
a topological path to the wireless mesh network gateway node.
After the topology was generated, the minimum rain attenua-
tion level that causes link failure was calculated for every wire-
less link. The link budget reserve of the wireless link was con-
sidered to be proportional to the difference of the link length
and maximum link length, as it was assumed that all wireless
links have the same transmission power and other parameters,
except for the link length. An AP was considered disconnected
from the network when due to the rain attenuation no topolog-
ical route remained between the AP and the wireless mesh net-
work gateway. The simulations were repeated 10 000 times,
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providing a ratio of the disconnected topologies, displayed in
Figure 35 and Figure 36.

Figure 35. Probability that a part of the simulated mesh network becomes
disconnected, in function of the rain attenuation, simulated with 10
nodes.

Figure 36. Probability that a part of the simulated mesh network becomes
disconnected, in function of the rain attenuation, simulated with 20
nodes.

5.3.3 Measurement Data Combined with Simulation Data

In the following step, the measurement data is combined with
the simulation data. The measurement data determined the
probability of a certain level of rain fading, and the simulation
data determined the probability of a partial network disconnec-
tion in the case of a certain level of rain fading. Therefore, the
probability of network disconnection can be calculated. The
network disconnection probabilities for the continental climate
are provided in Figure 37 and Figure 38.
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Figure 37. Probability that a part of the simulated mesh network graph be-
comes disconnected in function of the rain attenuation exceedance prob-
ability, simulated with 10 nodes.

Figure 38. Probability that a part of the simulated mesh network graph be-
comes disconnected in function of the rain attenuation exceedance prob-
ability, simulated with 20 nodes.

To clarify, Figure 37 reveals, for example, that one node is dis-
connected at least 10-2 part of the time—which corresponds to
3 days and 16 hours a year—in 20% of the random deploy-
ments. Five nodes, meaning half of the network, is discon-
nected for at least 10-3 part of the time—8 hours and 46 minutes
a year—in 9% of the random topologies. For example, as seen
in Figure 38, in a denser and thus more reliable 20 node sce-
nario, one node is disconnected at least 10-2 part of the time—3
days and 16 hours a year—in 7% of the random deployments.
Half the nodes in the network, in this case ten nodes, are dis-
connected at least 10-3 part of the time—8 hours and 46 minutes
a year—in only 6% of the random topologies.

For specific details, readers are referred to Publication V.
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5.3.4 Summary

This section used data from rain fading measurements span-
ning multiple years and combined then with a simulation case
study. From the results, it can be concluded, that though there
is a common belief that rain fading disrupts the reliability of
millimetre wavelengths, a partial mesh network remains fully
operational most of the time, even if resilience is provided only
by rerouting in the backhaul network. However, at high rain in-
tensities, the ratio of the disconnected nodes can be considera-
ble. It has to be noted, that these results are applicable to a con-
tinental climate, and are accurate only in Hungary, where the
measurements were located.

This same method has been used to calculate network discon-
nection probabilities in a tropical climate, using measurement
data from Malaysia. Preliminary results show that unlike the
conditions of a temperate climate, rain fading is a major issue
in a rainy, tropical climate that will pose serious challenges. We
plan to publish a paper on this topic in the near future.
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6. Conclusion and Discussion

Every research project presented in this dissertation consid-
ered the highest level of technological development at the time.
Since the work described in the first few chapters was con-
cluded, the technology has evolved and changed. In 2016, it can
be seen which technologies became popular and the mistakes
which were made in planning the following generation system.
Some technologies, which were originally planned to be ubiq-
uitous by this year, are still in the process of being gradually
deployed.

In contrast to the first few chapters, the success of wireless
technology generations described in the later chapters is still an
open question. The demand for ever higher wireless data rates
has been continuously growing in the past two decades, it is as-
sumed that it will continue. The argument behind this predic-
tion is that, if in the past, users were given a certain bandwidth,
they always found some way of consuming it all, though not
necessarily efficiently. As the average price that can be charged
for the delivery of a gigabyte of data or charged for a certain
data rate continuously decreases, the industry is forced to sell
in ever larger quantities to maintain its revenue. Developing
networks with higher data rates is in fact a means of decreasing
the so-called cost per bit. Due to this, it is highly likely that the
drive for higher data rates will continue for many more years,
enabling completely new applications.
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6.1 Conclusions from Deployed Technologies

Time has proven GSM to be an excellent standard. It has com-
peted with many other standards, and has become the most
popular telecommunications standard in the world. There are
approximately 8 billion [96] GSM compatible Subscriber Iden-
tity Module (SIM) cards in use today; this figure is more than
the population of the entire planet, as it includes Machine to
Machine (M2M) connections. All mobile phones that use later
generation 3GPP technologies also feature GSM. At the time,
its backhaul architecture which featured a BSC was a logical
choice, even if the concept has been superseded.

The UMTS backhaul architecture proved to be short-lived.
Just three years after the standardization of UMTS, the HSDPA
standard had to move important functionalities from the RNC
to the Node B. This functionality shift continued with HSUPA,
and the Iub interface became far more complicated than origi-
nally anticipated. The separate RNC node was abandoned in I-
HSPA and LTE, greatly simplifying these systems. On the one
hand, in the case of GSM, it was beneficial to design the BTS to
be as simple as possible, and move most functionalities to the
BSC, because this decreased the cost of the BTS. In the 1990s,
a BTS device itself was very expensive and many more BTSs
than BSCs had to be deployed. On the other hand, by the time
3G was deployed in the 2000s, due to the advance in computing
technology, digital baseband processing was much less of a cost
issue, which did not justify in retrospect a separate RNC node
and the additional complexity of having to standardize and de-
velop an Iub interface. In many countries, when UMTS was first
deployed, it was already the upgraded HSDPA version.

Femtocell deployment has proved to be easier when starting
deployment with the I-HSPA architecture. While the femtocell
concept has been incorporated into the popular “small cell”
umbrella term, it has not yet become ubiquitous, despite
femtocells being available in dozens of countries. One of the
major reasons behind this is not technical, instead thus far
there is no consensus on the business model; femtocells are
currently marketed according to all the possibilities described
in Chapter 3. It now seems that femtocells can be useful only in
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the specific scenario where there is a wired internet connection,
but no outdoor to indoor coverage anywhere within the cus-
tomer premises. The average data rate of fixed data connections
has also increased over the years; therefore, the maximum
number of voice calls that can be served is less of an issue.

VoIP has been spreading gradually. Many operators have
phased out their GSM CS core networks, with only GPRS re-
maining. Voice over LTE (VoLTE), which is all-IP, has spread
to only a handful of countries to date. In some LTE networks,
voice calls are simply dropped back to 3G or 2G, this is clearly
against the original design principles. The primary focus of the
industry currently is to provide reliable voice call service, while
the efficiency of the underlying technology is secondary, as
voice represents only a fraction of the total traffic, but generates
much revenue.

6.2 Discussion on the Adoption of Future Technol-
ogies

While the academic world has somewhat moved beyond re-
searching CoMP, and the technology principles are well de-
fined, the deployment of its more efficient versions is still a plan
for the future. Inter-eNB CoMP has not received much atten-
tion due to its demanding backhaul requirements. The inven-
tion described in Section 4.2 lessens precisely these strict re-
quirements. The version of CoMP that is under implementation
is inter-site intra-eNB CoMP. Inter-site intra-eNB CoMP is very
easy to implement in a C-RAN architecture. It is also one of the
driving forces behind the development of the C-RAN architec-
ture. C-RAN enables even the most efficient and complicated
form of CoMP, namely JT to be implemented without any syn-
chronization issues. On the one hand, a C-RAN structure de-
creases the total cost of the devices, as RRHs are far less expen-
sive than eNBs, and only a few BBUs are necessary. On the
other hand, the fronthaul link between the BBU and each RRH
is more expensive than a backhaul link. Thus, the extent to
which C-RAN will become popular, or the time of its deploy-
ment is still undetermined.
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Cognitive radio systems have already been promised a very
long time ago. However, due to the difficulties of perfect incum-
bent protection, the incumbent users and regulators are reluc-
tant to grant secondary access to expensive spectrum. Cognitive
radio is still researched in academia, and probably will be for
the next several years.

Millimetre-wave mobile communication has recently grown
to be a very hot research topic. Thus far, no technical obstacle
has emerged that could prevent deployment, but its overall cost
and efficiency remains a much investigated question. The ex-
tremely high capacities and data rates promised for 5G seems
possible only with either centimetre-wave massive MIMO or
millimetre-waves; therefore, there is a very serious demand for
this technology. Millimetre-wave multi-hop backhaul seems to
be the most convenient way of providing backhaul connectivity.
Without multi-hop backhaul, deploying access points at the re-
quired density seems excessively expensive; therefore, there
are currently very few opponents of multi-hop backhaul tech-
nology. In-band backhaul is one cost efficient option; it can
even be combined with the other option of dedicated devices
and spectrum, which can enable higher capacities.

Rain fading is currently not a major concern, even for milli-
metre-wave networks. This is also because new technologies
are often first deployed in temperate climates; in contrast, rain
fading is more of an issue in extremely rainy tropical climates.

In the next decade, the future of the mobile telecommunica-
tions industry will be undoubtedly determined by the success
of 5G. Hence, the shape of things to come after 5G remains pure
speculation.
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