
9HSTFMG*afcdhd+ 



Aalto University publication series 
DOCTORAL DISSERTATIONS 108/2013 

Interference Management Techniques 
for Cellular Wireless Communication 
Systems 

Pekka Jänis 

A doctoral dissertation completed for the degree of Doctor of 
Science (Technology) (Doctor of Philosophy) to be defended, with 
the permission of the Aalto University School of Electrical 
Engineering, at a public examination held at the lecture hall S1 of 
the school on 5 July 2013 at 12. 

Aalto University 
School of Electrical Engineering 
Department of Signal Processing and Acoustics 



Supervising professor 
Academy Prof. Visa Koivunen 
 
Thesis advisor 
Academy Prof. Visa Koivunen 
 
Preliminary examiners 
Prof. Petar Popovski, Aalborg University, Denmark 
Dr. Timo Roman, Renesas Mobile Europe Oy, Finland 
 
Opponents 
Prof. Constantinos Papadias, Athens Information Technology, Greece 
Prof. Gerald Matz, Technische Universität Wien, Austria 

Aalto University publication series 
DOCTORAL DISSERTATIONS 108/2013 
 
© Pekka Jänis 
 
ISBN 978-952-60-5237-3 (printed) 
ISBN 978-952-60-5238-0 (pdf) 
ISSN-L 1799-4934 
ISSN 1799-4934 (printed) 
ISSN 1799-4942 (pdf) 
http://urn.fi/URN:ISBN:978-952-60-5238-0 
 
Unigrafia Oy 
Helsinki 2013 
 
Finland 



Abstract 
Aalto University, P.O. Box 11000, FI-00076 Aalto  www.aalto.fi 

Author 
Pekka Jänis 
Name of the doctoral dissertation 
Interference Management Techniques for Cellular Wireless Communication Systems 
Publisher School of Electrical Engineering 
Unit Department of Signal Processing and Acoustics 

Series Aalto University publication series DOCTORAL DISSERTATIONS 108/2013 

Field of research Signal Processing for Communications 

Manuscript submitted 14 March 2013 Date of the defence 5 July 2013 

Permission to publish granted (date) 16 May 2013 Language English 

Monograph Article dissertation (summary + original articles) 

Abstract 
The growing demand for higher capacity wireless networks can be met by increasing the 

frequency bandwidth, spectral efficiency, and base station density. Flexible spectrum access, 
multiantenna, and multicarrier techniques are key enablers in satisfying the demand. In 
addition, automation of tasks related to network planning, optimization, interference 
management, and maintenance are needed in order to ensure cost-efficiency. Effective, 
dynamic, and automated interference management tailored for bursty and local data traffic 
plays a central role in the task. 

  
Adjacent channel interference (ACI) management is an enabler for flexible spectrum use and 

uncoordinated network deployments. In this thesis the impact of ACI in local area time division 
duplex (TDD) cellular systems is demonstrated. A method is proposed where the transmitters 
optimize their transmitted spectral shape on-line, such that constraints on ACI induced by 
power amplifier non-linearity are met. The proposed method increases the fairness among 
spectrum sharing transceivers when ACI is a limiting factor. 

  
A novel interference-aware scheduling technique is proposed and analyzed. The technique 

manages co-channel interference (CCI) in a decentralized fashion, relying on beacon messages 
sent by data receivers. It is demonstrated that the proposed technique is an enabler for fair 
spectrum sharing among operators, independent adaptation of uplink/downlink switching 
points in TDD networks, and it provides overall more fair and spectrally efficient wireless 
access. Especially, the technique is able to improve the cell-edge throughput tremendously. 

  
New services are emerging that generate local traffic among the users in addition to the data 

traffic between the users and the network. Such device-to-device (D2D) traffic is effectively  
served by direct transmissions. The thesis demonstrates the possibilities for allowing such 
direct D2D transmissions on a shared band together with the cellular communication. It is 
shown that interference management is needed in order to facilitate reliable and efficient 
shared band operation. For this purpose, three methods are proposed that provide interference 
aware power control, interference aware multiuser and multiband resource allocation, and 
interference avoiding spatial precoding. It is shown that enabling direct transmission itself 
provides most of the gains in system capacity, while the interference management schemes are 
more important in promoting fairness and reliability. 
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1. Introduction

1.1 Motivation

Wireless communication has witnessed a tremendous growth in the a-

mount of transmitted information as a result of mobile internet, new

wireless services, and smart phones. New radio access technologies (RAT)

facilitate providing new services and high data rate everywhere. In the

wireless communication systems the information is sent over radio fre-

quency bands that may be characterized by their carrier frequency, band-

width, propagation conditions, and interference conditions. The radio

spectrum is a common resource and hence the use of it is strictly regulated

by national governments and agencies like the International Telecommu-

nication Union (ITU). The regulation is needed to ensure that the differ-

ent systems may coexist without interfering with each other. The down-

side of such regulation is that spectrum allocations are rigid. Regulation

is done over large geographical areas and over long time periods, whereas

spectrum is accessed locally and over short time periods. The cost of ob-

taining new frequency bands to exclusive use is high. However, most of

the existing frequency allocations are not fully utilized [87, 127]. If the

rules of accessing radio spectrum would be more flexible such bands could

taken into secondary use locally. Such secondary use could coexist with

the system that is the primary user of the band if the interference among

the two is managed dynamically and locally. Thus, spectrum is not neces-

sarily a scarce resource, but obtaining exclusive rights to suitable bands

is very expensive.

As the usage of wireless systems keeps increasing at a rapid rate both

in terms of the data rate per user and in number of users, the wireless

systems need to be continuously developed further to keep up with capac-
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ity demand. The operators need to keep the cost per transmitted bit low

to ensure profitable business. In general, higher system capacity may be

achieved by improving the spectral efficiency, increasing the bandwidth,

and deploying more base stations. New frequency bands are searched for

in higher frequencies as well. However, these improvements come with a

cost. Higher spectral efficiency at the physical layer through e.g. use of

multiple antenna techniques and spectrally efficient waveforms increases

the cost of the devices. The same is true for increasing the bandwidth.

Supporting multiple frequency bands (also called carrier aggregation) in

a device requires careful RF design and is expensive. Limited availabil-

ity of new paired frequency bands hinders deployment of new frequency

division duplex (FDD) systems. Decreasing reuse factor means that the

interference among the reusing radio links increases. Therefore, more

intricate and complex interference management techniques for ensuring

reliability are needed. Finally, although essential, making the network

deployments denser is only feasible if the cost of base stations, network

planning, and the associated infrastructure is kept low. This calls for

automation of tasks related to network deployment, optimization, inter-

ference management, and maintenance. From the physical layer point of

view, dynamic methods that allow adapting to interference by avoiding,

suppressing, and coordinating it are central. This involves agile use of

different degrees of freedom and sources of diversity in the system.

An important consequence of the tendency toward denser network de-

ployments and smaller cells is that the number of users served by each cell

gets smaller. At the same time, the internet traffic consumed by smart-

phones and new services is more bursty than e.g. traditional voice traf-

fic. Moreover, new services are emerging that generate local data traffic

among users and machines connected wirelessly. This trend implies that

the spectrum demand becomes very local and intermittent, which is in

contrast with the spectrum needs of macrocellular base stations. Novel

methods for spectrum access and interference management are needed in

order to enable efficient and reliable wireless access in this scenario.

1.2 Scope

Supporting the growth of the wireless systems’ capacity demand requires

tremendous effort in all aspects of improving area spectral efficiency. In

this thesis the emphasis is on developing low level interference man-

12



Introduction

agement schemes for future cellular systems. The goal of such schemes

include higher spectral efficiency, lower frequency reuse factors, and re-

duced costs through lighter infrastructure and network planning.

Three different sub-topics in interference management considered in

this thesis. The first one is about managing adjacent channel interference

(ACI). The ACI manifests between radio systems that operate on adjacent

frequency bands. As such, ACI dictates the rules by which the frequency

bands may be allocated to different radio systems. In order to manage ACI

one has to consider e.g the locations of the devices, transmission powers,

resiliency toward interference, and properties of the RF transceivers. In

this respect, the goal is to investigate how ACI arises in wireless com-

munication systems, and how it could be managed in an on-line fashion.

Developments in this field could eventually enable more flexible utiliza-

tion of frequency bands (therefore, increased spectrum availability), re-

duced energy consumption, and increased flexibility in network deploy-

ments (therefore, reduced costs to the operators) to name a few.

The second sub-topic of the thesis is managing co-channel interference

(CCI). CCI is interference among transmissions occurring on the same

frequency band. The employed frequency reuse schemes dictate how close

the devices that reuse the frequency resource are to each other. In addi-

tion to this, other factors that influence CCI are transmit power control

schemes and multi-antenna techniques. An important trade-off involving

CCI management relates to ensuring high total system capacity (i.e. sum

rate), and on the other hand high fairness and reliability (i.e. individual

user’s instantaneous rate). The goal of the thesis is to develop techniques

that enable dense reuse of radio resources while still providing fair and

reliable access. This leads directly to higher system spectral efficiency

and therefore possibilities to serve more users over the same frequency

bands.

The third sub-topic of the thesis involves supporting direct device-to-

device (D2D) communication in a wireless system. Specifically, enabling

D2D (ad hoc) communication that reuses the same frequency bands as

the communication between user terminals and base stations (infrastruc-

ture) is considered. In such a scenario there arises strong interference

among the D2D and infrastructure communication links, which calls for

advanced interference management schemes. This sub-topic may be view-

ed as a special case of CCI management. Here, the goal of the thesis is to

investigate the opportunities for reusing the cellular frequency bands for

13
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D2D communication and to develop interference management schemes

that maximally exploit such opportunities. The D2D communication sce-

nario is becoming more and more important as new wireless services are

emerging that result in data traffic between devices that are located close

to each other. As the amount of such local data traffic becomes large,

supporting it in an efficient manner clearly improves the system capacity.

A cellular communication system is assumed throughout the thesis. The

research is not specific to a certain standard as a lot of the functionalities

in a cellular network are modeled in a simplified manner. Moreover, the

developed interference management schemes are partly rather disruptive

with respect to the current standards. However, the assumptions made on

the cellular system resemble e.g. the Evolved Universal Terrestrial Radio

Access (E-UTRA) system [2]. E-UTRA is referred to as LTE (Long Term

Evolution) in the sequel. In particular, the assumed physical layer is in-

tended to be functionally similar to that of LTE. The results may therefore

find applications in most emerging and current wireless systems. In ad-

dition, the thesis assumes a local area communication scenario as e.g. the

simulations are performed assuming an indoor propagation environment.

It may be further mentioned that system simulations play a central role in

this thesis in addition to the analytical results. Simulations are essential

in studying effects that manifest themselves in networks with multiple

base stations and terminals. Applying analytical tools may become too

tedious and impractical, or require oversimplification of large scale prob-

lems. In this respect the primary goal of the thesis is to develop solutions

of practical relevance, in addition to merely satisfying academic interest.

1.3 Contributions

This thesis provides an overview of different aspects of interference in lo-

cal area cellular systems. It proposes methods for performing low-level

management of different types of interference in such systems. The indi-

vidual contributions of the thesis are the following:

1. The manifestation of ACI among local area TDD cellular systems is

investigated.

2. A method for on-line optimization of the spectral shape of the transmit-

ted signal is proposed. The optimization aims at maximizing the desired
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link capacity under constraints on power amplifier induced ACI.

3. A novel multiple access technique that enables decentralized interfe-

rence-aware scheduling (IAS) is developed. The technique enables mak-

ing scheduling decisions that improve system-wide performance. The

convergence of IAS is proven analytically.

4. The benefits from spectrum sharing between two networks are demon-

strated. The spectrum sharing is facilitated through applying IAS for

interference management among the networks.

5. The performance of flexible TDD switching point in local area cellular

networks is characterized analytically and in system simulations. The

role of cross-link interference management in such a scenario is demon-

strated.

6. A power control based interference management method for D2D com-

munication reusing cellular uplink radio resources is developed.

7. An interference aware resource allocation method for D2D communica-

tion reusing cellular radio resources is developed.

8. An interference aware MIMO precoding technique for the scenario of

D2D communication reusing cellular downlink radio resources is devel-

oped.

1.4 Structure of the thesis and summary of the publications

This thesis consists of a compendium and eight original publications. First,

an overview of interference management in wireless networks is given in

Chapter 2. Then, Chapters 3, 4, and 5 deal with adjacent channel in-

terference, co-channel interference, and device-to-device communications,

respectively. The main contributions of the thesis are described as well.

Finally, Chapter 6 concludes the thesis.

In all of the original publications, except for sections 1, 2, 5, 6, and 7

in Publication VI, the author of this thesis has written the first draft,

and conducted all the simulations and the associated theoretical analysis.
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Also the simulation tools used in obtaining the system simulation results

have been developed mainly by the author of the thesis. The co-authors

have helped in writing of the publications and provided with ideas on the

proposed interference management schemes. In addition, in Publication

II, the measurements on the actual power amplifier are were carried out

by Mr. Markus Nentwig. The original publications are briefly summarized

as follows:

• Publication I investigates how ACI impacts to the SINR distributions

in local area TDD cellular systems. The paper assumes that the multi-

ple access is partly divided in frequency (i.e. FDMA, or OFDMA), and

that there are two networks operating on the same geographical area.

The paper presents simulation results on the uplink and downlink SINR

distributions in case the two networks deploy their base stations either

co-located or not, and for the cases when the networks are synchronous

or not. The paper concludes that the adjacent channel base station is

the most severe source of interference in such a scenario.

• Publication II proposes a technique where the devices optimize the spec-

tral shape of their transmitted signal such that the desired link capacity

is maximized and adjacent channel emissions are minimized. The pa-

per assumes that the dominant source of the adjacent channel leakage

is due to non-linearity of the power amplifier. The optimization is facili-

tated by fitting a polynomial model to the power amplifier AM/AM curve

and assuming that the driving signal is Gaussian. A numerical exam-

ple together with measurement results is given that demonstrates the

method in practice. The proposed approach may be considered as one

key component in a system that controls adjacent channel interference

in and on-line fashion instead of through specifications and regulations.

• Publication III proposes a multiple access (MAC) technique that is a

modification to the traditional frame based scheduled transmissions em-

ployed in cellular standards. The technique enhances the traditional

MAC with broadcast beacon messages that are transmitted from the

data receivers. The beacon messages contain information on the re-

ceived power levels and throughput, which enables making system level

optimal scheduling decisions. Hence decentralized and dynamic inter-

ference management is facilitated. The method is called interference
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aware scheduling (IAS). The paper proves that IAS is convergent by

using analytical tools. The impact of several non-idealities to the bea-

con transmissions is investigated as well. Extensive system simulations

are presented that show the tremendous potential from IAS. In the pro-

vided example, IAS is applied to the case where two operators serve

their users on the same geographical area on a shared frequency band.

It is shown that shared band operation is much more efficient than or-

thogonal band operation once interference awareness is incorporated to

the MAC.

• Publication IV investigates the performance of local area TDD systems

that employ flexible uplink/downlink switching points. In such systems

each base station may independently decide how to split the available

time slots between the uplink and downlink transmission. Such adap-

tation potentially doubles the peak data rates but at the same time may

induce harsh interference among the different link directions. The pa-

per presents theoretical analysis on the potential gains assuming a fi-

nite buffer traffic model. The analysis reveals that the throughput gain

is available regardless of the interference (that is, both in an isolated

link and in case of two interfering links). The practical throughput

gains are also demonstrated through system simulations, where both

non-interference aware scheduling and also IAS are applied. The pre-

liminary results presented in Publication IV are extended and studied

in more detail in Publication V. The paper concludes that the majority

of the throughput gain comes from simply enabling the flexible switch-

ing points. Interference management through IAS provides robustness,

reliability, and fairness to the system.

• Publication V is an extended version of Publication IV. While in Pub-

lication IV the UL and DL transmit power spectral densities were as-

sumed to be identical, in Publication V UL power control was assumed.

The paper demonstrates the impact of asymmetric transmit power in

UL and DL through system simulations. The packet delay statistics of

UL and DL show that selecting similar UL and DL transmit powers is

beneficial in flexible switching point TDD systems, especially if the in-

terference between the two link directions is not managed. Employing

IAS makes the system more tolerant toward asymmetric UL and DL

transmission powers.
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• Publication VI gives a high-level introduction to a wireless systemwhich

supports both cellular communication and also direct device-to-device

(D2D) communication on the same frequency band. The paper presents

system simulation results on the SINR distributions arising in such a

system. A method for interference aware power control is proposed for

the case when the D2D communication shares radio resources with the

uplink cellular transmissions. The paper also presents simulation re-

sults on how the optimal mode for D2D communication depends on the

location of the D2D pair in the cell. It is concluded that despite the po-

tentially harsh interference among the D2D and infrastructure commu-

nication, ample opportunities for reusing the radio resources between

the two communication types exist. In order to exploit these opportuni-

ties to the full, the system has to rely on careful and dynamic interfer-

ence management.

• Publication VII proposes to reduce the interference between the D2D

and infrastructure communication by exploiting multi-user diversity.

In the proposed method, the base station allocates the radio resources

within the cell such that the distances between the devices reusing the

same radio resource is maximized. In addition, a method for obtain-

ing the necessary knowledge on the interference links is proposed. The

method relies on measurements made by the D2D devices and it may be

facilitated without need for modifications to the legacy non-D2D devices.

The paper demonstrates through system simulations the benefits from

the proposed technique. It is concluded that the vast majority of system

capacity gain comes from simply allowing the direct D2D communica-

tion (instead of routing the traffic through the base station). Although

the additional gain from the interference aware resource allocation is

small in comparison, it is envisioned to have in practice a higher impact

on the reliability of the communication.

• Publication VIII deals with spatial domain techniques in suppressing

the interference among the D2D and infrastructure communication. A

technique for interference awareMIMO precoding of the downlink trans-

missions is proposed. The technique optimizes the downlink capacity

under the constraint of minimizing the interference toward the D2D re-

ceivers that are active on the same radio resource. The performance of

the technique is studied through system simulation. It is concluded that
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the additional gain from interference aware MIMO precoding is rather

small when looking at the total system capacity. However, the gain on

the number of usable D2D links is large. The paper assumes perfect

MIMO channel state information.

19



Introduction

20



2. Overview of interference
management

This chapter gives a short overview of interference management in wire-

less communication systems. The purpose is to highlight the overall meth-

ods and future trends in how wireless systems deal with interference. The

evolution from rigid and pre-planned interference management toward

flexible, dynamic, and autonomous spectrum access is considered to be a

key enabler in providing cost efficient and high data rate wireless access

in the future. In this section an overview of interference management

in wireless systems is given. References dealing with wireless systems

in general include [90, 119, 50]. One way to classify wireless systems is

based on the primary channel access method, that is, to contention based

and scheduled access. An example of a contention based system is the

802.11 wireless local area network (WLAN), whereas cellular systems,

such as 3GPP LTE are mostly scheduled. For an overwiev of interference

management in LTE, see e.g. [8]. The focus of this thesis is on scheduled

cellular wireless systems. The interference in wireless systems may be

classified into self interference, multiple access interference, co- and ad-

jacent channel interference, and coexistence interference. Each of these

interference types and the corresponding main management techniques

are briefly introduced in this section. The trends in interference manage-

ment are also shortly discussed.

2.1 Cellular systems

The main service in 1st (e.g. Nordic Mobile Telephone, NMT) and 2nd

generation (e.g. Global System for Mobile communications, GSM) cellular

systems was voice for wide coverage. However, with the increase of wire-

less broadband internet connections and mobile internet services and us-

age, data is currently consuming the most of the capacity [33]. For texts
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on the history of mobile telephony and wireless communication the reader

is referred to [37, 14].

In a circuit switched network, such as GSM, each connection (call) re-

serves a dedicated channel for its exclusive use. This suits voice transmis-

sion relatively well due to the static nature the connections and the delay

requirements of the voice traffic. However, circuit switched networks are

inefficient for data transmission since data traffic tends to be more bursty.

In a packet switched network the channels are shared among different

connections. The data is grouped into packets, and the channel sharing

is facilitated by statistical multiplexing, where base stations (BS) coor-

dinate the transmissions such that the data packets do not collide with

each other. An essential difference between circuit switched system and

a packet switched system is the time scale of this coordination: in circuit

switching it is done on the connection level whereas in packet switching

it is done on the packet level. This enables much more spectrally efficient

systems.

While the 1st generation cellular networks were designed for voice and

were exclusively circuit switched, the 2nd and, more prominently, 3rd

generation systems (e.g. Universal Mobile Telecommunications System,

UMTS) include a packet switched mode for data transmission, see e.g.

[61]. Furthermore, 4th generation cellular systems (e.g. Long Term Evo-

lution, LTE, and LTE Advanced, LTE-A) are exclusively packet switched

with both voice and data transmitted over the Internet Protocol (IP), see

e.g. [110].

2.2 Wireless local area networks

Wireless local area networks (WLAN) provide high speed data connec-

tions mainly over smaller areas such as office buildings, public spaces,

and at home. The IEEE 802.11 standards define a variety technologies

for WLAN, see [67]. Regarding interference management, the main differ-

ence between 802.11 and cellular systems is in the channel access method.

In 802.11, each node accesses the spectrum in a distributed manner by

first sensing if the channel is idle, and transmitting only when it is idle.

In order to prevent multiple nodes from starting a transmission simul-

taneously, and consequently interfering with each other, the duration of

the sensing phase of an idle channel is randomized. Thus interference is

avoided provided that the nodes can sense the busy channels with suffi-
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cient reliability. This contention based channel access called carrier sense

multiple access (CSMA) is efficient and has low latency when the num-

ber of contending transmitters is sufficiently low. Therefore it is suitable

for local area communication where there are only a few users under the

coverage area of an access point. On the other hand, the cellular systems

with scheduled access can handle better a large amount of users per base

station, and are more suitable for providing continuous coverage.

2.3 MIMO OFDMA

The physical layer in many current wireless systems is based on multicar-

rier modulation, in particular, orthogonal frequency division multiplexing

(OFDM) and orthogonal frequency division multiple access (OFDMA). For

instance, 3GPP LTE utilizes OFDMA and 802.11n OFDM. It is also likely

a key technology in the forthcoming wireless systems due to its inherent

benefits, see e.g. [57, 128, 115, 13]. A single carrier receiver has to cope

with inter-symbol interference in a frequency selective (i.e. time disper-

sive) channel using e.g. multiple tap equalizers. Multicarrier modulation

converts the wideband channel to a set of parallel narrowband channels

(subcarriers) experiencing flat fading. Hence, a single-tap equalizer is

sufficient per subcarrier, which simplifies the receiver design. In OFDM

the frequency band is divided to a large number of subcarriers which are

ideally orthogonal such that there is no intercarrier interference. Hence,

each subcarrier may be modulated independently which facilitates achiev-

ing rates closer to the frequency selective channel capacity. The conver-

sion between the parallel subcarriers and the serial time-domain sam-

ples is done via the fast Fourier transform (FFT), which is a computa-

tionally efficient algorithm for performing the discrete Fourier transform

(DFT). Furthermore, inter-symbol interference is eliminated by adding a

cyclic prefix to each OFDM symbol. Multicarrier systems are also suitable

for multiantenna transceiver techniques (multiple input multiple output,

MIMO) since a flat fading channel enables straightforward implementa-

tion of MIMO schemes [48]. The spatial degrees of freedom in a MIMO

system may be used for improving the capacity and/or link reliability

through a trade-off among spatial multiplexing, beamforming, and diver-

sity techniques [116, 133]. Despite the several benefits, OFDM has also

drawbacks – it requires accurate frequency synchronization, is sensitive

to Doppler spread, and has high peak to average power ratio (PAPR).
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Figure 2.1. An illustration of different interference types occuring in wireless systems.

2.4 Interference in wireless systems

The following interference types may be identified within and among dif-

ferent wireless systems

• Self interference, e.g. intersymbol interference (ISI)

• Multiple access interference (MAI)

• Co-channel interference (CCI)

• Adjacent channel interference (ACI)

• Coexistence interference (CEI)

Figure 2.1 illustrates the interference types. In this section, each of these

types is briefly presented. Dashed lines represent interference.

2.4.1 Self interference

Self interference includes interference that occurs among signals that

are transmitted from a single transmitter. The specific mechanism and

amount of self interference depends on the modulation type. For instance,

in OFDM there may be ICI among the subcarriers due to carrier frequency

offsets caused by oscillator mismatches, and the doppler effect and fast

fading caused by motion of the transceivers, see e.g. [114]. Another source
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of self interference is transceiver nonidealities, such as amplifier non-

linearity and IQ imbalance. ISI occurs in OFDM when the delay spread

of the channel exceeds the length of the cyclic prefix or guard interval,

and also when the receiver is not accurately enough time-synchronized

to the transmission. Interference between the UL and DL transmissions

in an FDD system may be also classified as self interference, as it occurs

among signals send on the same two-way connection. This interference is

mitigated by employing duplex filters. The interstream interference in a

multistream MIMO transmission may be also considered as a form of self

interference. In the simplest case of multistream transmission a sepa-

rate codeword is transmitted from each of the transmit antennas, see e.g.

[119]. The codewords then interfere with each other at the receiver, but

the interference may be mitigated through multi-antenna receiver pro-

cessing. The strength of the interstream interference depends on the rank

and eigenvalue spread of the MIMO channel. In principle, it is required

that there is a sufficient number of independent channels (significant sin-

gular values) for spatial multiplexing.

The impact of self interference is minimized by selecting the physical

layer numerology such that the operating conditions and implementation

technology are taken into account. These are also in part factors that

are device manufacturer dependent. Self interference mitigation involves

trading off between the cost and battery/power consumption of equipment,

bandwidth efficiency, and robustness to extreme operating conditions. For

example, short-range local area networks with limited mobility and wide

area networks supporting vehicular mobility pose different demands on

this respect.

2.4.2 Multiple access interference

Multiple access interference (MAI) is interference among the transmis-

sions from multiple radios utilizing the same frequency resources to a sin-

gle receiver. When multiple transmissions in cellular uplink take place si-

multaneously, they are interfering with each other. Even though the phys-

ical layer would allow orthogonal (in the time, frequency, code, or spatial

domain) multiple access in theory, orthogonality may not be maintained

in practice due to synchronization errors, RF circuitry non-idealities, and

the effects of wireless propagation channel.

Cellular systems employ several mechanisms in order to maintain suf-

ficient orthogonality in multiple access scenarios. Firstly, power control
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is essential. Since the terminals transmitting to the BS are distributed

over the cell area, there is a large variation in the pathloss between the

BS and the terminals. If all terminals would transmit with the same

power the difference of the received powers can be high enough for the

stronger signals to mask the weaker signals due to the limited dynamic

range of the receiver. A well-known example is the UL power control in

code division multiple access (CDMA) systems, which is essential to make

the CDMA uplink feasible [107]. Furthermore, various transmitter non-

idealties cause that perfect orthogonality cannot be maintained even if

the receiver would be ideal. In case of frequency division multiple access

(FDMA) and OFDMA, the power on the used sub-bands or sub-carriers

leaks also on the neighboring sub-bands. The ratio of the power transmit-

ted on the desired sub-band to the power transmitted on the adjacent sub-

band is called the adjacent channel power ratio (ACPR, usually given in

dB). The ACPR may easily be smaller than the range of the observed up-

link pathloss values (in dB) from the terminals to the BS. This means that

a FDMA UL needs to be power controlled. In CDMA systems the need

for uplink power control is even more critical due to non-orthogonality

of the spreading codes. For combating MAI in CDMA uplink, multiuser

detection (MUD) has been studied extensively in the past, see [6] for an

overview.

The uplink multiple access may have also a time domain multiple access

(TDMA) component whereby there may also be MAI in between consecu-

tive transmissions. The differences in the terminal to BS distances im-

plies that the propagation delay of the transmissions is different among

the terminals. This is compensated for by a so-called timing advance,

where the propagation delay is compensated by tuning the transmission

timing accordingly. The larger the cell radius is, the more timing advance

is needed, while in wireless local area networks (WLAN) this effect may

be largely neglected. The remaining time dispersion of the transmissions

is then handled by using a guard interval between the consequtive TDMA

time slots.

A more recent addition in wireless systems is spatial domain multiple

access (SDMA), which is supported in e.g. LTE [110]. In SDMA uplink,

several users transmit on the same time-frequency resources to the base

station (or to multiple base stations, as is the case in uplink coordinated

multipoint transmission, UL CoMP). When the base station is equipped

with a sufficient number of antennas the signals may be separated at the
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BS in spatial domain. The requirement is that the uplink channels for

each simultaneously transmitted symbol are linearly independent. This

technique is also called multiuser MIMO (MU-MIMO) or virtual MIMO

[110]. Depending on e.g. the accuracy of channel estimates, there will

be MAI among the MU-MIMO transmissions. MU-MIMO may also be

used in downlink, when the BS sends data to several users on the same

time-frequency resources. When the channel state is known at the trans-

mitter, the transmission may be precoded such that interference is min-

imized. The downlink transmission occurs through a broadcast channel,

and therefore this interference may be categorized as self interference. A

tutorial on MU-MIMO techniques can be found in [47].

2.4.3 Co-channel interference

Co-channel interference (CCI) is interference between links that reuse the

same frequency band (channel). In cellular systems this is also known as

intercell interference. In earlier cellular systems, up to 2nd generation

GSM, the impact of CCI is minimized by employing fixed frequency reuse

patterns. The cellular frequency reuse may be considered as the semi-

nal invention of the cellular wireless communication technology, which

dates back to 1945 and to United States Federal Communications Com-

mission (FCC) [37]. In a cellular network employing freqency reuse the

band is divided to a set of orthogonal channels. The number of orthogonal

channels is called the reuse factor of the system. Each cell is assigned

a single channel such that the distance between neighboring cells using

the same channel is maximized. Figure 2.2 illustrates cellular frequency

reuse with reuse factor equal to 7. High reuse factor leads to low CCI on

the expense of reduced bandwidth per BS. In order to enable higher peak

data rates and mean spectral efficiency, there has been a shift to a reuse

factor equal to 1 (that is, no fixed frequency reuse pattern) as a part of the

development of 3rd and 4th generation networks [61, 110]. Such network

is called a reuse-one network, and in it all cells may utilize the full sys-

tem bandwidth and the system becomes interference limited in terms of

its capacity.

Even though reuse-one networks provide higher average spectral effi-

ciency and maximize the peak spectral efficiency, they have also draw-

backs. The cell-edge users will experience very low SINR levels due to

the high amount of CCI. For example, LTE systems display a heavy tailed

SINR distribution. This is demonstrated in [16], where the 15 percent of
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Figure 2.2. An illustration of cellular frequency reuse on a hexagonal grid of cells with
reuse factor equal to 7. The number in each cell denotes the channel assigned
to that cell.

measured SINR values in a deployed LTE system in urban environment

fell below 0 dB (i.e., the received interference plus noise power exceeds

the received signal power). Depending on the scheduling principle, the

variance of the SINR distribution translates to either lower average spec-

trum efficiency (e.g. round robin scheduling) or reduced fairness (e.g. max

C/I scheduling). It is evident that CCI is the dominant factor limiting

the performance of reuse-one wireless data networks. Chapter 4 of this

thesis deals with CCI in local area cellular wireless communication sys-

tems. The problem of CCI between device-to-device (D2D) and cellular

communication links is addressed in Chapter 5 of this thesis.

2.4.4 Adjacent channel interference

Adjacent channel interference (ACI) is interference between links that

communicate geographically close to each other using neighboring fre-

quency bands. For instance, several network operators may deploy their

own networks in the same area and operate on frequency bands that are

close to each other. Hence, ACI needs to be taken into account in the

system specifications so that it will not hamper the system performance.

In practice, the minimum coupling loss between a transmitter and a re-

ceiver on adjacent bands may be estimated1 and the transceivers may be

1That is, the maximum foreseeable channel gain between a transmitter and a
receiver on adjacent bands
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designed such that ACI remains at a tolerable level. In order to do so the

transceivers must utilize adequate filtering on stop-bands. The needed

quality of the filters may be controlled by reserving a guard band between

the bands. Chapter 3 deals with ACI in more detail.

A related interference type to ACI is coexistence interference (CEI) which

occurs among heterogeneous radio access technologies. CEI may arise on

the same frequency band or between adjacent frequency bands. As an

example, the higher frequency digital TV bands are not used because of

GSM induced interference. Other examples include interference between

2nd generation and 3rd generation networks and interference between

different systems operating on the unlicenced bands. A straightforward

way of dealing with CEI is to take it into account in spectrum use reg-

ulations, network planning, and filtering in devices. However, in many

cases these approaches lead to inefficient spectrum use, more costly de-

vices, and/or higher operator expenditures. Flexible spectrum use and

cognitive radio technology provide an alternative approach [89]. An ex-

ample is wireless data networks utilizing the unused television bands

(TV white spaces). In that case the CEI may be minimized by channel

allocation based on the geolocation of the devices and database access

to spectrum occupancy information, or periodic sensing of the spectrum

[113]. Authorized shared access (ASA) is an example of such access, where

the spectrum use is licensed but dynamically controlled through an ASA

database/server [125]. Thorough understanding of propagation environ-

ment is important and also the possibility of asynchronity needs to be

taken into account in preventing CEI.

2.5 Evolution of interference management

Due to the nature of wireless propagation there is always interference

among links that operate on the same spectrum in the same geographi-

cal area. Therefore, every wireless system has to employ on interference

management in order to provide efficient and reliable communication,

guarantee fairness among the users, attain a good coverage, and reach

a high system capacity.

As the use of wireless systems is rapidly increasing it is not sufficient

to just increase point to point link capacity through wider bandwidths

and physical layer technologies such as MIMO. It is also necessary to in-

crease the base station density and, on the other hand, decrease the cap-
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ital and operational expenditures of the system, see e.g. [71]. These two

goals are conflicting as increasing the base station density is very expen-

sive. Therefore, cutting the operator costs is possible only through rely-

ing less on high performance RF, tedious network planning, and expen-

sive infrastructure and core network. This means that more autonomous

and distributed interference management and network functionalities are

needed.

An important trend in interference management has been that the re-

lated functionalities in the network are handled closer to the transceivers

themselves. The vast amount of research on wireless systems has pro-

duced numerous techniques that increase the system performance. The

implementation of more and more intricate transmission and reception

schemes has become possible as the processing power available at the

devices has increased. The development has been also fueled by the ad-

vances in the understanding and modeling of the propagation environ-

ment. The benefits of the development come from the increased areal

spectral efficiency as shorter and shorter spacing between the various

communication links can be accommodated. The spacing may be reduced

in different domains and considering different degrees of freedom, i.e. in

time, frequency, location, and spatial domain. In the time domain this

relates to, for example, the evolution from circuit switched networks to

packet switched networks, and trunking in general. In the frequency do-

main a notable advance has been the development of multicarrier sys-

tems. In location domain the transition to smaller cellular reuse factors

has become possible, all the way to reuse-one networks. Spatial domain

improvements are due to multiantenna techniques, which enable sharing

the frequency resources even within a cell by exploiting spatial diversity

and signal separation in the spatial domain. Code-domain may be men-

tioned here as well, since spread spectrum systems allow multiplexing

several UEs transmissions on the same frequency band through CDMA.

In the past, interference management has been carried out off-line. It

has required tedious network planning effort and has been centralized

by its nature. This approach has the benefits of being a robust and reli-

able approach. On the other hand, it is inflexible, time-consuming, costly,

and inefficient in spectrum usage. In the future interference manage-

ment becomes more and more dynamic, autonomous, and decentralized.

Opportunistic spectrum access enables higher and higher system spec-

tral efficiency. The spectrum use may be organized and negotiated among
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the devices themselves. The goal is that future wireless systems would

achieve high capacity, and at the same time, the deployment, operation,

and maintenance of the networks would become cheaper, simpler, and au-

tonomous.
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3. Adjacent channel interference

Adjacent channel interference (ACI) is interference that a wireless trans-

mitter emits on frequency bands outside the nominal band used for com-

munication. In practice, perfect orthogonality between transmissions oc-

curring on neighboring frequency bands can never be achieved, and some

level of ACI is inevitable due to e.g. non-idealities of the front-ends and

power amplifiers. Traditionally ACI is mitigated by taking it into account

in assigning frequency bands to different systems, in planning the de-

ployment of the BS, and by employing high quality RF electronics. The

common feature of these methods is that they are not adaptive. Therefore,

they have to be designed for the worst case scenario. This results in expen-

sive hardware, increased costs to the operators, and lost opportunities for

spectrum use. In the context of this thesis, the motivation for research on

ACI comes from the fact that denser, less coordinated BS deployments are

becoming necessary in order to support the wireless data traffic growth.

Pico- and femtocells are an example of such trend. Also more flexibility

in spectrum use is needed. This implies that traditional ACI mitigation

techniques may become inefficient and too costly to maintain as careful

network planning may not be possible. In this chapter adjacent channel

interference (ACI) is considered in more detail. The contributions of the

thesis concerning ACI management are presented as well. Publication I

demonstrates how ACI manifests itself in local area TDD networks, and

also characterizes the dominating interference types. The idea of manag-

ing the level of ACI at the transmitter in an online fashion is proposed in

Publication II.
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Figure 3.1. A possible interference scenario between different radio links. The receiver
(UE 1) may be blocked by the close-by transmitter (BS 2) on an adjacent
frequency band. On the right the PSDs of the received signals at UE 1 are
sketched. Depending on the node locations the interfering signal (dashed
line) can cause the SINR at UE 1 to drop to deep negative values.

3.1 The effect of ACI

There are essentially two mechanisms how ACI arises. First, any trans-

mitter that occupies nominally a certain frequency band also leaks energy

on frequencies adjacent to that band. These out of band emissions are

perceived as interference by other receivers. This effect may be quantified

by using the adjacent channel power ratio (ACPR), which is the ratio of

the power radiated on in-band frequencies to the power radiated on an

adjacent band. Specifically, for a transmitted signal y with a power spec-

tral density (PSD) Sy(f), which occupies the nominal band [flow, fhigh], the

ACPR for an adjacent band [f ′low, f
′
high] may be expressed by

ACPRdB = 10 log10

⎛
⎜⎝
∫ fhigh
flow

Sy(f)df∫ f ′
high

f ′
low

Sy(f)df

⎞
⎟⎠ . (3.1)

Secondly, signals that are outside the nominal frequency band generate

interference components on the in-band frequencies at the receiver. This

occurs due to aliasing in sampling the signal and other receiver non-

idealities. The ability of the receiver to cope with an out of band interferer

(adjacent channel signal) is determined by the adjacent channel sensitiv-

ity (ACS) and blocking characteristics of the receiver. Properties of the

receiver RF chain such as quality of channel selection filters, analogue

to digital converter bitwidth, and linearity of amplifiers and mixers con-

tribute to ACS characteristics.

The ACPR of a radio transmitter is determined by several factors. First

of all, the baseband signal needs to be filtered in order to suppress the

spectral leakage which occurs due to time domain truncation of the sym-
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bols, see e.g. [117]. For instance, a plain OFDMmodulated signal has sinc-

shape sidelobes to adjacent subcarriers after rectangular window in time

domain. In the case of OFDM the effect is typically controlled by leaving a

portion of subcarriers at the band edges unmodulated, and then filtering

the signal to suppress the discontinuities on the OFDM symbol bound-

aries [117]. Also windowing the signal in the frequency domain is possi-

ble where the subcarriers at the band edges are attenuated by multiplying

the signal with a window function [19]. Other techniques for mitigating

the sinc-leakage include insertion of cancellation subcarriers [18], forc-

ing continuity at the OFDM symbol boundaries by additive time domain

correction terms [122], time domain OFDM symbol extensions [85], and

more general (compared to windowing) subcarrier weighting [29], to name

a few. In more advanced approaches, the power allocation of the subcarri-

ers may be formulated as an optimization problem, see e.g. [10, 111, 9, 73].

This may be done, for instance, with the objective of maximizing the de-

sired user capacity while constraining the adjacent channel leakage. In

[10, 111, 9, 73] the out of band emissions are assumed to be defined by

the digital pulse shaping, hence assuming an ideal RF stage and amplifi-

cation. Similar optimization problem may be formulated also for the case

when the dominating factor of the ACPR is the PA non-linearity, which is

the approach in Publication II.

The digital baseband signal goes through several stages before the power

amplification. These include digital to analog conversion, IQ-modulation,

upconversion, pre-amplification, and filtering. In different transmitter

architectures the upconversion, i.e. mixing to carrier frequency, may be

performed in the digital or analogue domain, or by using their combina-

tion [43]. The non-idealities present in these stages contribute to the out

of band emissions. However, the most significant factor is usually consid-

ered to be the non-linearity of the power amplifier [117], which is the last

active component in the transmitter chain. A tutorial to power amplifier

(PA) design may be found in [106]. PA linearization is one technique that

may be used for suppressing the out of band emissions and also in-band

distortion. One effective linearization technique is predistortion, where

the signal is transformed prior to the PA with a function that approxi-

mates the inverse of the PA transfer function [106, 117]. Another factor

worth mentioning in this context is the high peak to average power ratio

(PAPR) of OFDM signals. In order to keep the distortion to the transmit-

ted signal at a tolerable level, a higher back-off must be applied to the
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Figure 3.2. Illustration of the output power spectral density after power amplifier non-
linearity. Red curve is the estimated PSD using the polynomial PA model and
an OFDM modulated input. Black dashed line is the analytical output PSD
assuming Gaussian input and polynomial PA model. Publication II, © 2009
IEEE.

power amplifier when the PAPR is high. Otherwise, the peaks of the sig-

nal get severely clipped which not only increases the ACI but also limits

the maximum achievable spectral efficiency due to inter-carrier interfer-

ence [69].

The power spectral density (PSD) of the transmitted signal may be char-

acterized assuming a polynomial power amplifier (PA) model and Gaus-

sian input signal [134]. Under these assumptions, the output PSD Sy(f)

after the PA non-linearity is a functionD of the input PSD Sx(f) as follows

[134]

Sy(f) = D (Sx(f))

=
K∑

m=0

α2m+1Sx(f)
�(m+1) � Sx(−f)�(m),

(3.2)

where Sx(f)
�(m) denotes m-fold convolution of the function Sx(f) with it-

self. The coefficients αi are obtained by fitting a polynomial model to PA

measurements. That is, the coefficients of the polynomial PA model and

the total transmit power determine αi. The convolution in frequency do-

main arises due to the polynomial model of the PA in time domain. E.g.

the third order intermodulation term corresponds to the term with m = 1

in equation (3.2). Figure 3.2 illustrates an example of the PSDs obtained

from fitting a 11th order polynomial to measured AM/AM characteristics

of a GaAs power amplifier at 2 GHz.
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Downlink slot
Uplink slot

Figure 3.3. Illustration of interference among crossed slots in TDD. The solid links depict
the data transmission, while the dashed lines depict interference from the
link on the top to the link on the bottom. On the left the allocation of the
slots in the frame to UL and DL transmission is shown and the different line
style depicts the four different interference types arising.

3.2 ACI in cellular networks

The ACI may limit link throughput when the interference source is lo-

cated considerably closer (or transmitting at much higher power) than

the desired signal source. A typical example is two operators serving the

same geographical area on adjacent frequency bands, see Figure 3.1. De-

pending on the relative location of the devices, the duplexing scheme, and

frequency allocations, the ACI may occur among the DL transmissions,

among the UL transmissions, or between the two. For instance, if the base

stations transmitting on adjacent bands are not colocated, the interfer-

ence among the DL and UL transmissions may be severe [59]. The inter-

ference between the UL and DL is called cross link interference, which is

a problem in time domain duplexing (TDD) systems. In particular, if TDD

transmission is employed and the base stations on adjacent bands are not

time synchronized, cross link ACI may become severe. The time slots of

a TDD frame that experience cross-link interference are called crossed

slots. Even though the adjacent channel base stations would be colocated,

the ACI from one BS’s DL transmission to the other BS’s UL reception in

the crossed slots will be severe. The interference in the crossed-slots is

illustrated in Figure 3.3.

ACI in crossed slots has been investigated in [59, 60, 54, 26]. Two key

factors contributing to how ACI impacts the system performance are the

synchronization between the operators and distances among the BSs op-

erating on the adjacent frequency bands [60]. The ACI between two oper-

ators has been studied in [59, 60] for TDD CDMA systems. The conclusion

is that in case the operators coordinate their network deployments such

that the BSs are colocated, it is essential that the DL and UL transmis-
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sions are synchronized. Otherwise the ACI from DL to UL transmissions

may render UL reception on crossed slots impossible. However, synchro-

nization was found to be unnecessary in case the BSs are not colocated.

The pdf of UL to UL ACI has been derived in [54] assuming perfect power

control. In the derivation, a single randomly located UE in a circular cell

is assumed. Unfortunately, even with these simplifying assumptions, the

pdf cannot be expressed in closed form and can be only evaluated through

numerical integration. There is a need to study the problem through sim-

ulations.

In a local area network with only a few users per cell, it would be bene-

ficial to adapt the time share allocated to UL and DL transmission in the

TDD frame according to the instantaneous traffic load. Such TDD sys-

tems are called flexible switching point systems. However, because the

traffic loads at different cells are typically independent, flexible switch-

ing point leads to different split of time slots to UL and DL transmission

in different cells. This causes ACI even among colocated and frame syn-

chronized BSs. The traditional way of preventing such situations from

happening is to enforce accurate synchronization and to disable UL/DL

frame structure adaptation. This is an example case where traditional

ways of ACI mitigation lead to inefficient resource use. However, if the

BSs would be aware of the adjacent channel receivers in the vicinity, the

presence of interference victims could be taken into account in the selec-

tion of a switching point. The co-channel interference (CCI) aspects of

flexible switching point TDD systems are addressed in Chapter 4 of the

thesis.

The impact of ACI in TDD FDMA cellular systems in a local area sce-

nario is studied in Publication I through static system simulations. In

contrast to a CDMA based system, in FDMA each UEs data transmis-

sion may be scheduled on non-overlapping subbands that together consti-

tute the system band. This is the case for instance in 3GPP LTE, where

OFDMA is employed in the DL and SC-FDMA (single carrier frequency

domain multiple access) in the UL, see e.g. [62]. The indoor scenario used

in the simulation studies consists of a grid of rooms over which the UEs

are randomly distributed, see Figure 3.4.

The results of Publication I show that the most detrimental interfer-

ence component is the DL to UL ACI when the BSs of the two operators

are colocated. Also DL to DL ACI may be severe when the BSs are in sep-

arate rooms and the receiving UE is close to the other operator BS. This
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Figure 3.4. ACI system simulation scenario. The triangles and circles represent the lo-
cations of own and adjacent channel operator access points, respectively, and
the black horizontal and vertical lines represent walls. The background color
displays the mean DL SINR as a function of location when the two networks
are synchronized. Publication I, © 2009 IEEE.

result is in agreement with the results in [60, 26] indicating that the ACI

poses severe problems also in local area scenarios with frequency divi-

sion multiple access. The situation is problematic in the sense that frame

synchronization in needed in case BSs are colocated, whereas having the

frames in opposing phases is beneficial if the BSs are well separated, see

Publication I. This observation suggests that the if the interference situ-

ation is taken into account in allocating time slots to different users’ UL

and DL transmissions, the existence of crossed slots may be actually ex-

ploited to the advantage of the system.

3.2.1 ACI mitigation

The effect of ACI may be mitigated to some extent at the interfered cell.

For instance, the receiver may be able to determine from an estimated in-

terference PSD that there is significant interference on only at the band

edge and/or in specific time instances, and then feed back such informa-

tion to the BS. The information could even be obtained implicitly through

the regular channel quality feedback from the UEs. The transmissions

to that receiver may be then scheduled on the resources that are not suf-

fering from interference. Moreover, with multiple spatially distributed

UEs, BS may be able to schedule transmissions in such a manner that no

receiver is impacted by severe ACI. This may be feasible because each re-

ceiver sees different interferers. Such interference aware allocation of the
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slots to the users is proposed in [26]. This reduces the ACI to some extent.

Note that LTE includes some support for measuring time domain compo-

nents for channel state information feedback. Two separate subframe

subsets may be configured to a UE, and the UE then measures and feeds

back two separate CSI messages to the BS. Such measurements could be

potentially utilized for detecting ACI conditions in an LTE system.

In case it is not possible to avoid the ACI by scheduling the transmission

to less interfered resources, it is still possible to at least partially sup-

press the interference in the spatial domain. This is feasible in receivers

equipped with multiple antennas. For example, subspace approach may

be employed if the covariance matrix of the received ACI component is not

of full rank and the signal subspace is different from the ACI subspace.

However, in practice this is possible only to a certain extent since the ac-

curacy of covariance estimation and receiver nonlinearities limit the ACI

suppression capability. Furthermore, non-linear interference cancellation

at the receiver is non-trivial to implement as the interference is actually

spectral leakage to the adjacent band, and therefore, a complicated func-

tion of the inband signal.

The demand for higher capacity in future networks requires to consider

flexible spectrum allocation, simpler infrastructure, and reduced network

planning. In such a scenario, techniques such as scheduling transmis-

sions to non-interfered resources and interference mitigation in multi-

antenna receivers may not be enough to mitigate the ACI to a tolerable

level. Also transmitter side interference awareness is needed to ensure

a high quality service. Additionally, seamless mobility and handover be-

tween different radio access technologies (RAT), such as LTE and WLAN,

could facilitate handing the connection over to a non-interfered RAT, if

available. From the radio physical layer point of view this is feasible since

a typical smartphone of today supports a large number of RATs.

3.3 Spectrum shaping

Controlling of the amount of ACI by adapting the signal waveform at the

transmitter in an online fashion is proposed in Publication II. Such adap-

tation could be facilitated by a signaling mechanism that allows the in-

terfered receiver to inform the adjacent band transmitter of its presence.

The transmitter has to then be able to predict its radiated power spectral

density (PSD). A method for predicting the PSD is introduced in [134], see
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equation (3.2). The method is applicable to OFDMmodulated signals that

possess approximately a Gaussian amplitude distribution.

In Publication II a method for optimizing the transmitted signal is pro-

posed assuming that the spectral leakage is dominated by PA nonlinear-

ity. The method optimizes the OFDM waveform such that constraints on

ACI levels are met and the capacity of inband signal is maximized. The

optimization problem is formulated imposing NC constraints on the out-

put PSD such that the nth constraint is a maximum power constraint pn
over the frequency rangeRn = [fn,low, fn,high). The problem of maximizing

the capacity under these NC constraints may be written as follows:

minimize over Sx(f): −
∫ 1

0
log2

(
1 +

h(f)Sx(f)

N0

)
df

subject to:
∫
Rn

D{Sx(f)} df < pn, n = 1, . . . , NC ,

(3.3)

where Sx(f) is the input PSD, h(f) is the frequency dependent channel

gain, N0 is the noise floor at the receiver, and the function D representing

the PA non-linearity is defined in equation (3.2). In this formulation the

frequency range is normalized such that the own desired frequency band

is within the [0, 1] interval.

The cost function in (3.3) is given for any type of PSD (a non-parametric

continuous function). In order to facilitate minimization using computa-

tional methods, it needs to be parametrized. A possible approach is to

approximate the PSD by discrete frequency bins, i.e sub-bands. In that

approach the integrals are replaced by sums over the sub-bands. The

normalized signal band of f ∈ [0, 1] is approximated by K frequency sam-

ples. The approximation corresponds to using a piecewise constant PSD

Sx(f) = Sx[k] when f ∈ [(k − 1)/K, k/K], i.e.

Sx[k] =

∫ k/K

f=(k−1)/K
Sx(f).

Consequently, the discrete version of the problem may be expressed as

minimize over Sx[k]: −
K∑
k=1

log2

(
1 +

h[k]Sx[k]

N0

)

subject to:
∑
k∈R′

n

D′{Sx[k]} < pn, n = 1, . . . , NC ,

(3.4)

where R′n are the sets of frequency bin indices that span over the con-

tinuous frequency intervals Rn. The transformation D′ is as in equation

(3.2) where the convolution integrals are taken as convolution sums for

the discretized PSD vector Sx[k].
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Note that neither the cost function nor the constraints are convex due

to the non-convexity of the PA distortion function D given in equation

(3.2). In order to illustrate the problem, an example spectrum shape was

derived in Publication II using a numerical routine for solving convex

optimization problems. A standard Matlab routine that implements se-

quential quadratic programming optimization algorithm, see e.g. [39, 96]

was employed. Therefore, a PSD found using this approach may repre-

sent local optimum. Further analysis of the optimization problem would

be needed in order to guarantee finding globally optimal solutions, e.g.

through determining the duality gap of the optimization problem [17].

Such characterization was not pursued in Publication II as the purpose of

the study was foremost to check the feasibility of the approach.

The method is tested by fitting a polynomial model to PAmeasurements,

and then optimizing the input PSD by imposing a single constraint, and

finally measuring the PSD at the PA output. The PA is driven with an

OFDM input approximating the gaussian input signal with the optimized

PSD. In the example a single ACI constraint is imposed where an extra 15

dB attenuation at a specific portion of the adjacent band is desired. This

constraint is met by tuning the input PSD using three different methods

as explained below. The capacity of the corresponding three signals is

compared to that of a reference signal where there is no extra ACI con-

straint, i.e. the optimized spectra are compared to a signal that does not

meet the required constraint on ACI emissions. In the example it is as-

sumed that the SNR at the receiver in the reference case is 10 dB. The

resulting PSDs are shown in Figure 3.5.

The first and most straightforward method for tuning the PSD is to em-

ploy back-off, i.e. adjust the output power while maintaining full band

transmission with flat inband spectrum. As shown in Publication II, in

this case the achieved capacity is reduced by about 50% compared to the

reference case of flat PSD with full output power (i.e. with the ACI con-

straint not active). By allowing also bandwidth reduction in addition to

the power adjustment, about 70% of the reference capacity was achieved.

In the best case of freely tuning the input PSD the achieved capacity

was 80% of the non-constrained reference capacity. However, it should

be noted that the freely tuned PSD was obtained by a naive application

of a standard iterative optimization algorithm to the non-convex problem.

Therefore, it is acknowledged that there may be other PSDs that satisfy

the ACI constraint equally well and at the same time yield higher signal
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Figure 3.5. Measured power spectral densities of the test signals. Trace (a) gives the PSD
without extra ACI constraint, while trace (b) meets the constraint by tuning
the output power. In trace (c) the output power and bandwidth are tuned
while trace (d) corresponds to the fully optimized PSD. The additional ACI
constraint was 15 dB extra attenuation at the interval [−6.75,−5.85] MHz
(corresponding to the normalized interval [−1.5,−1.3]), which is fulfilled with
all test signals, except the reference trace (a). Publication II, © 2009 IEEE.

capacity than the example presented here.

3.4 Discussion

In this chapter the adjacent channel interference in future wireless sys-

tems was considered. The contributions of the thesis concerning ACI

in original publications Publication I and Publication II were presented.

There are are several factors contributing to the way ACI manifests it-

self in future wireless systems. RF non-idealities continue to be an is-

sue in future systems due to the need for low equipment cost. On the

other hand, there is continuing pressure to reduce the network operating

and capital expenditures, which means e.g. less planning in deploying the

networks. This need is further emphasized by the shrinking cell sizes.

Moreover, very conservative approach designed for worst case ACI leads

to lower system spectral efficiency at the expense of robustness and re-

liability. Therefore, adaptive on-line interference management would be

beneficial in order to guarantee a high quality of service.

Relying on autonomous ACI management in the network leads to a more

complex solution. For example, it is likely that definition of new signaling

mechanisms is needed. It will be more demanding to design these more
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complex mechanisms such that robustness and reliability is maintained.

On the other hand, the deployment, infrastructure, and equipment costs

can be lower, and higher system spectral efficiency may be achieved. Fur-

thermore, less network planning is needed. As the devices have capability

to employ multiple RATs, the available multi-system diversity will also

increase the quality of service perceived by the end user.

Ideally the transmitters should be up to date and aware of the ACI they

are generating to nearby receivers. Once this awareness is obtained, the

transmitter may design its waveforms such that the ACI is sufficiently

suppressed. The work presented in Publication II may be considered as a

step toward that direction. Further work is needed in order to make the

proposed spectrum optimization method more practical. In many cases

the interference is unidirectional and the operators are competitors to

each other. Therefore, it is necessary to ensure that there is strong in-

centive for ACI management even among operators and network device

vendors. Furthermore, a feasible implementation requires defining and

dimensioning the associated signaling schemes.

In the optimization problem formulation of Publication II it is assumed

that the dominant cause of transmitted out of band signal energy (i.e.

spectral leakage) is the PA nonlinearity. As discussed in Section 3.1, the

signals have out of band energy also at base band due to discontinuities at

OFDM symbol boundaries. Various authors have considered the problem

of OFDM sidelobe suppression. However, the work in Publication II can be

related to the works [10, 111, 9, 73], where sidelobe suppression is formu-

lated as a constrained optimization problem. In both approaches the ob-

jective function is the inband capacity, while the assumed source of ACI is

different. When the PA is the dominant source of ACI, as assumed in Pub-

lication II, the optimization problem becomes tougher to solve due to the

more complex relationship between the input and output PSDs of the PA.

Nevertheless, no other on-line approaches to ACI constrained waveform

optimization in the case of PA dominated spectral leakage were found in

the open literature. Therefore, a thorough analysis of the optimization

problem is justified. The optimality of found solutions should be estab-

lished, and low complexity algorithms for finding suboptimal solutions

should be developed. Finally, it should be noted that it would be benefi-

cial to consider both PA non-linearity and base band waveform induced

spectral leakage simultaneously in the optimization.
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4. Co-channel interference

The topic of this chapter is co-channel interference (CCI) in cellular sys-

tems. CCI occurs among close-by links that utilize the same frequency

band. This starts to impact the performance whenever the received in-

terference power is significant compared to the desired signal power. Cel-

lular frequency reuse is a common method for CCI management. When

the neighboring cells utilize different channels, CCI is mitigated but si-

multaneously system spectral efficiency is reduced. However, more recent

wireless networks employ reuse factor 1 where all cells utilize the full

bandwidth allocated to the network. This allows to maximize the system

spectral efficiency but it also induces strong CCI. In this case, the SINR

observed at a user equipment depends heavily on its location relative to

the base stations. The varying SINR is then accommodated by adaptive

modulation and coding (AMC) so that users with a higher SINR receive a

higher throughput per available radio resource1. However, the cell edge

users observe relatively low performance in comparison to the users closer

to the BS. This example of channel sharing highlights the need for in-

terference awareness in radio resource allocation and transceiver algo-

rithms.

In general, the radio resources should be allocated to each transmission

such that the current situation among transceivers within the interfer-

ence range is taken into account. The interference aware scheduler (IAS)

proposed in Publication III enables such functionality. Two specific exam-

ple use cases for IAS were studied in Publication III, Publication IV, and

Publication V. The interference among networks operating on the same

band and on the same geographical area may be managed using the IAS.

As a second example, IAS may also manage interference between UL and

1Here, radio resource refers to a spatial stream transmitted during a specific
time interval on a specific frequency sub-band
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DL transmissions in a TDD system with flexible UL/DL switching point

is employed.

This chapter gives an overview of CCI management in cellular systems.

The contributions of the thesis related to CCI management of Publication

III, Publication IV, and Publication V are presented.

4.1 CCI management techniques

This section gives an overview of existing CCI management schemes.

These schemes along with the ones proposed in this Thesis are summa-

rized in Table 4.1. They are discussed in more detail in the following

subsections.

4.1.1 Frequency reuse

In general, high frequency reuse factor leads to more constant data rate

across the service area. In this case the throughput experienced by users

at different locations of the cell is similar, and the service rate distri-

bution of the system is said to be fair. However, this fairness comes at

the expense of lower mean data rate and sum capacity. By lowering the

reuse factor the system capacity (cell throughput) rises at the expense

of reduced fairness. A better trade-off between system capacity and fair-

ness may be achieved by generalizing the idea of cellular frequency reuse.

Fixed frequency reuse, where the total system bandwidth is split into N

equal bandwidth sub-bands, may be considered to be a special case of

windowed power spectral density (PSD). More specifically, fixed frequency

reuse involves defining N orthogonal and rectangular window functions

in frequency and assigning these to the cells such that the minimum dis-

tance between cells employing the same window is maximized. It is then

possible to consider also other types of PSD window functions. For in-

stance, the window functions may be adaptive, and not necessarily or-

thogonal (i.e. partially overlapping). Such schemes are called fractional

frequency reuse, soft frequency reuse, and/or enhanced frequency reuse

approaches in the literature. The references [81, 16] give an overview

of enhanced frequency reuse schemes. The goal of these schemes is to

achieve performance that is in between fixed frequency reuse and reuse-

1 systems. One may trade-off between cell-edge throughput and mean

throughput [16]. Analytical comparisons of fixed and fractional frequency
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reuse have been carried out in e.g. [86, 98]. It is shown that reuse-1

performs better than fixed frequency reuse in terms of sum-rate under

a scheduling scheme that gives equal throughput for the users [86]. How-

ever, enhanced frequency reuse may then not only improve the fairness

over the reuse-1 system, but also the sum-rate. The analysis is facilitated

by assuming that the BS are deployed according to a Poisson point process

in [98]. Enhanced frequency reuse schemes may be also utilized in order

to minimize the transmitted power, see for example [79, 80].

Another scenario where enhanced frequency reuse may be highly useful

is for interference management in heterogeneous networks. As an exam-

Table 4.1. CCI management schemes and their complexity and other properties at a
glance.

Scheme Compl. Notes / performance

Fixed frequency reuse low Fair, lower capacity

Enhanced frequency

reuse [81, 16]

low Trades off between fairness and

capacity

CSMA, RTS/CTS signal-

ing [75]

low Mitigates CCI, decentralized,

suboptimal resource reuse, poor

performance under congestion

TX beamforming [7] med. Null steering requires accurate

CSI

RX interference cancela-

tion [31]

med. Requires low interference rank,

multiple RX antennas (if linear)

AMC, hybrid ARQ, rate-

less coding [22, 25]

med. Adapting to CCI, no reduction of

CCI

Time domain resource

partitioning (LTE eICIC)

[83]

med. Does not generalize well, appli-

cable to e.g. load balancing in

heterogeneous networks

Network MIMO, CoMP

[123, 45, 65, 124]

high Expensive on infrastructure and

CSI overhead, centralized

Interference alignment

[20]

high High capacity, sensitive to exter-

nal interference, expensive on in-

frastructure and CSI overhead

Receiver beaconing with

scheduled access [99, 70],

Publication III

high Mitigates CCI, decentralized, op-

timizes resource reuse

47



Co-channel interference

ple, CCI management between macro- and femtocells of LTE-A networks

is proposed in [44]. Furthermore, LTE includes a time-domain resource

partitioning scheme called enhanced inter-cell interference coordination

(eICIC) for CCI management in heterogeneous networks [83]. eICIC is in

its principle similar to frequency reuse schemes, it is only applied in the

time-domain instead. More specifically, in eICIC, the LTE subframes are

split into two orthogonal subsets, and separate channel quality feedback

processes may be defined for the two sets. Typically, the macro cell is as-

signed one set, and the pico-cell layer another set. The macro cell may

then not schedule data transmission on the resources that the pico-cell

layer is utilizing. This way the coverage area of the pico-cell layer may be

expanded beyond what would be possible under the interference from the

macro-cells. This facilitates more balanced load among the macro- and

pico-cells.

4.1.2 MIMO techniques for CCI management

MIMO techniques for CCI mitigation have been an active area of study,

see e.g. [7, 31, 65, 16]. A variety of techniques have been proposed that

make different assumptions on the degree of cooperation among the trans-

mitters and transceiver capabilities. Transmit and receiver beamforming

reduces CCI to some extent [7]. The effect is most apparent in case of sin-

gle stream transmission, where the beamformers are designed such that

the multiple spatial channels combine coherently at the receiver. Since

the MIMO channels to the desired transmitter and interfering transmit-

ters may be assumed independent, the signal and interference subspaces

are typically not the same. This implies that the SINR improves on av-

erage when single stream beamforming is utilized. The drawback is that

the degrees of freedom of the MIMO channels are not necessarily opti-

mally used when single stream beamforming is employed. On the other

hand, employing spatial multiplexing diminishes the SINR gain.

Plain beamforming does not necessarily need any information on the in-

terference channels. If the channel toward interference victims is known

at the transmitter, transmit beamforming could also be used for reduc-

ing CCI by steering nulls toward interference victims. The challenge is

that null steering can be sensitive to imperfect channel state information

and hence may not be applicable in general. However, if the receiver has

knowledge on the spatial signature of the interference, it may be used

in the receiver design. Upon estimating the interference channel coeffi-
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cients (or spatial covariance matrix) it is possible to form, as an example,

a linear minimum mean square error (LMMSE) receiver that maximizes

the SINR when the interference is considered to be Gaussian distributed

[31]. Moreover, as the interfering co-channel signals are deterministic

and have a known structure, it is in some cases possible to employ more

sophisticated receivers that include multiuser detection stages (MUD),

and/or nonlinear interference cancellation techniques [6, 31].

More elaborate ways of dealing with CCI can be devised by considering

co-operation between transmitters. Such techniques have been investi-

gated in the literature under the name of network MIMO [123, 45, 65].

In network MIMO the interference-channel is transformed to a broadcast

channel by considering the co-operating transmitters as a single transmit-

ter. In principle the data traffic may be shared between multiple cooper-

ating transmitters, from which it is then coherently transmitted to the in-

tended receiver. In practice such cooperation is possible only if the trans-

mitters are connected to each other with a reliable, high bandwidth and

low latency link, such as fiber optical connection. In addition, accurate

frequency and timing synchronization is needed so that coherent trans-

mission is facilitated. Furthermore, the receivers need to measure the

interference channel state and feed back the information to the transmit-

ters. This all means that network MIMO is in practice limited to scenarios

with low mobility UEs. Other drawbacks of the schemes include increased

computational complexity and signaling requirements, and need for ac-

curate synchronization. Once these practical challenges are overcome,

network MIMO may obviously lead to large gains in system spectrum ef-

ficiency. Network MIMO is currently considered in the standardization of

e.g. LTE-A wireless systems in 3GPP, where it is termed coordinated mul-

tipoint transmission (CoMP) [1]. CoMP schemes with reduced signaling

requirements are also under consideration in 3GPP. For example, it may

be assumed that only the interference channel state, and not the data, is

shared between multiple transmitters. In that case the transmitters may,

for example, coordinate their scheduling decisions and choose precoding

vectors that minimize the impact of CCI. CoMP techniques for LTE-A sys-

tems have been investigated in e.g. [72, 108, 104].

In case the multiple transmitters can co-operate and jointly encode the

messages, the channel reduces to a broadcast channel in theory. The

capacity optimal transmission scheme is then called dirty paper coding

[30, 124, 74], which is a non-linear method. In dirty paper coding the
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transmitter first picks a codeword for the first user. Then, when choos-

ing the codeword for the second user, the interference caused to the sec-

ond user from the codeword intended to the first user is perfectly known.

The interference to the second user may be then pre-subtracted2 from the

transmitted signal such that it does not impact the capacity toward the

second user. The drawbacks of dirty paper coding are the need for ac-

curate channel state information at the transmitter side, and that it is

computationally a highly complex method.

4.1.3 Interference alignment

CCI has been also studied in a more theoretical framework. It is known

that parallel point-to-point, multiple access and broadcast channels are

separable in the sense that it is sufficient to separately encode the paral-

lel channels (e.g. subcarriers) to achieve the capacity [120, 121]. However,

the same is not true for the parallel K-user interference channels. In

K-user interference channels jointly encoding the messages to the par-

allel channels improves the capacity [21]. By the so called interference

alignment technique one can utilizeK/2 degrees of freedom in theK-user

fully connected interference channel. This means that in the high SNR

regime each user can achieve half the capacity that would be achievable

if no interference was present [20]. The result is rather theoretical in

the sense that it requires full knowledge of all channel coefficients (both

desired, and interference channel) and joint encoding over the parallel

channels. However, it is interesting since it essentially states that a broad

class of wireless networks are, in fact, not interference limited by nature.

The idea in interference alignment is that the transmitters must design

their signals over the parallel channels (fading in time, frequency, and/or

space) such that all interference signals are confined to a certain subspace

(i.e. aligned) at each receiver. At the same time the desired signal is de-

signed to arrive at the receivers in the complementary, interference free

subspace. The downside of such techniques is that in practice imperfect

channel state information limits the performance of this approach and the

signaling load can be high, see e.g. [51, 118]. Moreover, the interference

alignment schemes are rather sensitive to external interference and re-

quire high SNR to achieve the gains. This is a problem since the number

of links over which the interference alignment is applied is in practice by

2This is an oversimplification, the pre-subtraction involves more elaborate pro-
cessing.

50



Co-channel interference

necessity limited. Depending on e.g. SNR and channel state information

accuracy, employing orthogonal multiple access, beamforming, and spa-

tial multiplexing may outperform interference alignment in a practical

setting [97]. Also more simple schemes such as linear interference rejec-

tion receivers are likely to provide more robust performance gains given

the practical constraints.

While interference alignment provides a technique for obtaining capac-

ity gains in multiuser interference channels, the information theoretic

upper bound of the capacity of such channels has not been established so

far. Even the capacity of a two user interference channel remains an open

research problem, see e.g. [91].

4.1.4 Adapting to interference variation

Interference variation as a function of time is an important factor to be

considered in practical wireless network design. For instance, in power

controlled cellular uplink, significant interference variation is caused by

the time-varying scheduling decisions made at each BS. Adaptive modu-

lation and coding (AMC) schemes rely on feedback from the receiver about

the channel quality it experiences. In a frame based system, the receiver

measures the channel quality in a frame and feeds the measured infor-

mation back to the transmitter. The transmitter then chooses a modula-

tion and coding scheme (MCS) for the next frame accordingly. In essence,

the MCS that maximizes the expected throughput is chosen. If the in-

terference situation is constant, the transmitter may be more aggressive

in choosing the MCS. On the other hand, if the interference is varying a

lot from frame to frame, a more robust MCS should be chosen than the

instantaneous channel quality estimate indicates. The variation in the

interference power makes it more difficult to perform accurate link adap-

tation [24, 41]. The uncertainty in the channel quality may be accommo-

dated to some extent by using e.g. hybrid ARQ technique, where the trans-

mitter sends incremental information when the decoding at the receiver

fails, see e.g. [22]. Hybrid ARQ employed in current wireless systems is a

special case of rateless codes, also called Fountain codes. Rateless codes

do not rely on a priori knowledge of the channel quality at the transmit-

ter. Hence, they are inherently more robust in the face of interference

variation [25].
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4.2 Decentralized CCI management through receiver beaconing

A key problem in wireless systems is to determine the transmission sched-

ule, i.e. decide which radio resources are used by which transmitters and

receivers at any given time instance. Conventionally in cellular systems

this is performed at the scheduler located at the BS. It is responsible for

allocating the radio resources to both UL and DL transmissions of the

users connected to that BS. Channel dependent scheduling is facilitated

by measuring the channel quality toward each user in the cell. This way

the scheduler may optimize the own cell performance under the observed

interference situation. However, in order to make scheduling decisions

that improve the system performance as a whole, the scheduler must not

only know the channel quality to the own cell users, but also to users

connected to other cells within the interference range.

Fairness is an important property in measuring the system performance.

When fairness is not taken into account one may consider maximizing the

sum capacity of the system over all users. This is in many cases an easier

target to optimize. For instance, in order to maximize the per-cell capac-

ity, a BS should allocate all its resources to the user that has the highest

SINR in the cell. The highest SINR user may be determined by chan-

nel quality measurements and feedback. The sum capacity of a network

scales asymptotically as log(log(K)) with the number of usersK when the

number of BSs is held fixed [46]. It is shown in [46] that such scaling is

achievable using distributed schedulers and no inter-cell information ex-

change. However, in this case only the high SINR users close to the BS

would get scheduled, which would be an extremely unfair resource alloca-

tion.

Transmitter side interference awareness that enables fair and efficient

spectrum use can be obtained only if the receivers somehow signal their

presence to the devices in the vicinity. Otherwise, transmitters can only

sense the other transmitters and suboptimal transmission decisions will

be made due to the hidden/exposed node problem, see e.g. [132]. In 802.11

networks receiver signaling can be incorporated by utilizing the RTS/CTS

enhancement of the CSMA/CA MAC, [75]. The general principle is il-

lustrated in Figure 4.1, where there are two links active in each others

vicinity.

Current cellular systems do not include broadcast receiver signaling for

interference awareness. The concept has, however, received attention in
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Data Beacon Data

Figure 4.1. The principle of transmitter side interference awareness. In the link on the
left, the BS transmits first data or control message to the UE connected to it.
The data receiving UE on the left then transmits a broadcast beacon message
that is received by the BS on the right. The reception of the beacon enables
the BS on the right to schedule its data transmission to the UE on the right
such that the interference generated to the UE on the left is controlled.

the literature. A so called busy burst has been proposed for TDD cellu-

lar systems, see [100, 55, 99, 49]. The busy burst is a short period that

follows the data slots, during which the receivers sound the channel. Be-

fore attempting a transmission on a given radio resource, the transmitter

measures the received power level of the associated busy burst. If the

received busy burst power exceeds a predefined threshold level, transmis-

sion is not commenced. Otherwise, data is transmitted. Upon successful

reception of data, a busy burst is transmitted by the data receiver. As

the busy bursts enable sensing the receivers and the decision of using the

associated radio resource is based on the received busy bursts, the tech-

nique solves the hidden/exposed node problem. The concept resembles

the aforementioned CSMA/CA with RTS/CTS medium access protocol of

802.11 systems [67].

In the busy burst concept of [99] the receivers sound the channel af-

ter data reception. This way the medium may be reserved for a given

link so that other transmissions will not interfere with that connection as

long as the busy burst is transmitted. Thus, CCI is avoided although it

is not guaranteed that the operation results in improved system perfor-

mance in all cases. In order to make transmission decisions that increase

the overall system performance one has to incorporate information in the

receiver signaling. An example of such information is the so called inter-

ference price, see [70, 112, 109]. In that scheme the transmit powers of

each transmitter are taken as optimization variables in the problem of

maximizing the system utility. The system utility is the sum of all users

utilities. It is shown in [70] that optimization of the system utility in-

volves assigning each user an interference price. The interference prices

are defined as the derivative of each user’s utility with respect to the to-

tal received interference. The transmitters task is then to i) receive the

interference price information from the neighboring receivers, ii) weight
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the prices by the channel gain of the respective channels, iii) determine its

own transmit power that maximizes own utility minus the weighted sum

of interference prices, and iv) broadcast an updated interference price to

all neighbors for next round of transmit power updates. The conditions

under which this procedure converges are established in [70]. Unfortu-

nately, in the case of more than two risk averse users, convergence is not

guaranteed. Risk aversion means here that the users’ utility functions

are sufficiently concave, which is the case with e.g. rate utility (sum rate

system utility) and log rate utility (geometric mean system utility). The

algorithm may be modified by allowing the users update their transmit

powers in smaller steps. By choosing a small enough step size monotone

convergence to a local optimum is guaranteed also in the case of rate and

log rate utilities [112]. The drawback of having to apply a smaller step

size is that the convergence of the power allocations is slower, which is

likely to limit the performance gains achievable in practice under bursty

traffic.

If the spectrum is shared among different systems or devices that are

competing for the access to the medium, it is possible that selfish behav-

ior arises. In this case, there is a need for strategies that ensure that

devices comply with the spectrum sharing etiquette or protocol. This as-

pect of spectrum sharing is further discussed in e.g. [34]. For instance, in

the busy burst scheme, a device vendor might choose an artifically high

threshold level for busy burst detection. This would degrade the fairness

of the system and therefore methods for detecting devices that are not

compliant with the protocol are necessary.

4.2.1 Interference aware scheduler (IAS)

Another type of receiver signaling that enables interference awareness at

the transmitters is proposed in Publication III. In this scheme the re-

source allocation decisions made at the schedulers may be done in a way

that guarantees improved system performance. Compared to the busy

burst scheme of [99], CCI is not avoided altogether, but rather a certain

amount of CCI is allowed provided that the system utility is improved.

The aim of the scheme is related to the interference pricing of [70]. How-

ever, the approach differs from [70] in terms of the information broad-

casted. In the scheme of [70] the receivers broadcast the derivative of

their utility with respect to interference power. In the proposed scheme

the broadcast message is contains information that allows for the trans-
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Switching guard
5 us

OFDM symbol

Cyclic prefix

800 ns

1 ms
Subframe

Downlink/uplink data

15 bit IAS messages

multiplexed on 3 OFDMA symbols

Figure 4.2. An OFDMA/TDD frame structure supporting interference aware scheduling.
The overhead of the IA messages is roughly 10%.

mitters to make a system utility-wise optimal binary decision of whether

it is beneficial to use a certain resource or not. This binary decision is

a simple interference aware scheduling decision much like in the case of

busy burst MAC. However, it is guaranteed to improve the system utility.

The IAS scheme of Publication III is comprised of two key components.

First, the TDD frame structure is modified such that each data slot is ac-

companied with a short signaling period where the transmission direction

is reversed, see Figure 4.2. In this period the data receivers broadcast

short messages, called IA messages, that facilitate interference aware-

ness. Secondly, the scheduler implements a scheduling algorithm that

improves the system wide performance.

Three quantities are encoded to each IA message. Namely, the total

received interference power, the received signal power, and the average

throughput that the receiver is achieving. Consider now a specific trans-

mitter that has to make a decision of whether to transmit on a specific

resource or not. The conventional channel quality feedback contains a

quantized SINR estimate at the receiver, which allows the transmitter to

estimate what would be the throughput gained for its intended receiver

on that resource. The channel gains to each IA message transmitter (i.e.

data receiver) may be estimated from the received power of the IA mes-

sages exploiting the channel reciprocity and known transmit power. The

IA messages together with the estimated channel gains allows the trans-

mitter to estimate how much would the throughputs of the other receivers

in the vicinity degrade. Then it is a simple matter of forming a system

utility estimate based on the individual user utilities given that a trans-
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mission is made on the resource. The transmission decision is allowed

only if the system utility would improve. The system utility function may

be for instance the sum rate or the sum log-rate over the affected users.

The (system) utility change due to a specific scheduling decision is typi-

cally referred to as a scheduling metric. In the studies carried out in this

thesis, sum log-rate has been considered as the system utility. Thus, the

definition of the IAS scheduling metric μn,k,IA for n-th link being active on

k-th resource is

μn,k,IA =
1

|{m : m /∈ Ls}|+ 1

⎛
⎝log(T+

n,k) +
∑
m/∈Ls

log(Q+
mn,k)

⎞
⎠

− 1

|{m : m /∈ Ls}|+ 1

⎛
⎝log(T−n,k) +

∑
m/∈Ls

log(Q−mn,k)

⎞
⎠ ,

(4.1)

where T+
n,k is the resulting total throughput of link n given it is active

on resource k, T−n,k is the resulting total throughput of link n given it is

not active on resource k, Q+
mn,k contains the throughput values of other

cell links (indexed by m) if link n is active on resource k, and Q−mn,k con-

tains the throughput values of other cell links if there is no transmission

on resource k by any of the links in the set Ls (the set of links served

by scheduler s). Therefore, if the link m is active on resource k, the first

term of (4.1) gives the mean log-rate for the desired and interfered links.

Similarly, the second term gives the mean log-rate if the considered trans-

mitter is not active. The scheduler evaluates the metric for all links it is

scheduling and for all resources. The link and resource pair with the max-

imal metric is scheduled if the maximal metric is positive. If for a certain

resource all links have a negative scheduling metric, there shall not be a

transmission on that resource. Since in that case, the loss in interfered

links’ throughput would outweigh the gain in the throughput of the de-

sired link. The detailed description of these quantities along with the ex-

plicit description of IAS scheduling algorithm can be found in Publication

III.

In order for the scheme to converge to a stable transmission schedule in

a distributed implementation one needs to randomize the updates of the

scheduling decisions. Otherwise, two schedulers might keep on simulta-

neously altering their transmission schedules so that the system would

oscillate between two suboptimal states. A straightforward example of

such behavior is the case of two links and two resources where the inter-

ference channel gains are strong. Suppose that at time instance t1 both of

the links would be active on resource 1. The transmitters would sense the
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presence of other link receiver through the IA messages, and also would

estimate very good throughput on the unused resource. Therefore, they

would both decide to transmit on the resource 2 at time instance t2. In

the next time instance t3 they would switch back to resource 1, and so

forth, always reusing the same resource and experiencing harsh interfer-

ence. The way out of such a cyclic pattern is to randomize the schedul-

ing updates. A standard distributed scheme for this purpose is to allow

scheduling updates at each transmitter independently, with a probabil-

ity p less than one. Therefore, each scheduler keeps the preceding frame

transmission schedule with probability (1 − p), and updates the schedule

with probability p. As the decisions are independent, the system cannot

remain in a cyclic pattern indefinitely.

It is shown in Publication III that the transmit schedules converge to a

local optimum with probability one irrespective of the chosen system util-

ity function. The local optimum is such that no scheduler can alone make

a modification to its transmit schedule that would improve the system

utility. In addition to the proof given in Publication III, convergence may

be deduced by noting that IAS corresponds to a coordination game that

has a finite improvement path property [93]. Specifically, each scheduler

may be represented as a player, whose action space is formed by the pos-

sible transmission schedules to the users that the scheduler is serving.

Therefore, the action spaces are finite. Furthermore, the IA messages

enable the schedulers to observe the system utility. Thus, the utility func-

tion of each player is identical, and maps the actions of all schedulers

to the system utility. Such a game may be represented as an absorbing

Markov chain, and is therefore always convergent, see [93]. It should be

noted that there may be multiple absorbing states, each corresponding to

a different system utility. In other words, the distributed IAS may not

converge to a global optimum.

Practical implementation aspects of IAS

Developing a practical implementation of IAS requires trading off be-

tween various design criteria. A crucial part is to design reliable enough

IA message transmission with minimal overhead. All interference vic-

tims that are affected by the scheduling decisions at a certain transmitter

should be sensed reliably. Otherwise, the scheduling decisions will not be

optimal and fair spectrum access is not guaranteed. Moreover, the con-

vergence of IAS can not be guaranteed under unreliable IA messaging.
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However, several non-idealities of a practical implementation are consid-

ered in the system simulations of Publication III, including quantization

and decoding of the messages and non-orthogonality of the multiple access

employed in the IA message transmission.

In practice the estimation of the impact of a scheduling decision to the

throughput of desired and interfered links can be only approximate. For

instance, the ability of a receiver to measure absolute signal and inter-

ference power may be somewhat limited. Moreover, if the nodes employ

multiple antennas, the impact of transmit precoding and receiver process-

ing to the signal and interference power measurements needs to be taken

into account. Taking this into account in the transmitter (scheduler) side

is subject to speculation. These factors may make the practical IAS per-

formance worse.

A key design parameter that impacts the IA message overhead is the

granularity of the radio resource allocations. In principle, having a finer

granularity in the frequency domain allows to achieve closer to the maxi-

mum capacity of a frequency selective channel. Moreover, in a multiuser

network frequency selectivity may be exploited by allocating each user

the frequency resources where the channel quality is high. On the other

hand, having a short allocation in time domain enables low latency of the

physical layer and also faster convergence of IAS. In TDD systems the

granularity in time domain also determines how well the UL and DL ac-

cess time may be adjusted to the traffic load of the cell. Additionally, the

number of independent radio resources in a frame determines how many

users may be multiplexed to a frame, which also justifies fine granular-

ity. However, fine granularity resource allocation (small allocation unit)

has the drawback that the relative control signaling and IA message over-

head increases. Therefore a good trade-off among these goals needs to be

found for best system performance. That is, one has to minimize the sig-

naling overhead and at the same time provide low latency, high spectral

efficiency, and accommodate enough users per frame.

It is beneficial to schedule transmissions such that the interference does

not vary too much in consecutive frames. The randomized transmission

schedule updates that enable convergence of distributed implementation

of IAS naturally reduce the variance of interference somewhat. This is be-

cause the resource allocations is only allowed to change with a probability

less than one. However, if there are more users to be served than can be

accommodated to a single frame, the scheduler must serve different users
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in consecutive frames for fairness. This induces high variance of interfer-

ence, which slows down the convergence of IAS. A straightforward way

of dealing with the problem would be to use a finer resource granularity,

at the cost of a larger overhead. A more sophisticated solution is to form

clusters of links that share a common IA message. In case of downlink

communication, this means that the UEs need to be informed about the

common IA message, and then transmit it coherently.

4.3 CCI management for efficient radio resource sharing

In this section two cases are presented where CCI management using in-

terference aware scheduling enables efficient radio resource sharing. In

the first one described in Section 4.3.1, there are two networks operating

on the same geographical area, and the networks either employ orthog-

onal frequency bands or share the same wide frequency band. In the

second one in Section 4.3.2, a single TDD network is considered. There,

either fixed or adaptive switching point between the DL and UL frame

portions is employed in order to enhance effective user data rates under

varying UL/DL traffic load.

Let us assume that the radio links (transmitter-receiver pairs) operat-

ing on a certain geographical region are divided into groups based on e.g.

the network operator or link direction (uplink or downlink). For instance,

a group of links could be formed from those links that correspond to DL

transmission from a specific BS to the UEs that it serves. The links of

each group are allowed to transmit on a set of radio resources (in time-,

frequency-, and/or code-domain). Traditionally, the systems utilize fixed

and mutually orthogonal sets of radio resources for different groups of

links. Each operator utilizes its own frequency bands and the DL and

UL transmissions take place on separate resources. Furthermore, if the

neighboring cells are assigned separate frequency bands through a cellu-

lar frequency reuse scheme, the signal to co-channel interference ratio at

each receiver is guaranteed to be high.

Wireless systems are rarely fully loaded in practice. If observed at any

one time instance each group has a random amount of queued traffic.

Also, depending on the locations of the transmitters and the receivers it

may or may not be beneficial to allocate common resources to certain links.

The degree of interference coupling between the links dictates whether

higher throughputs are achieved by utilizing common or orthogonal re-
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sources. In case there are only a few active links in each group at any

time instance, allowing all groups to use all resources would not result in

excessive interference. This kind of resource sharing (also called trunk-

ing) increases the system capacity as well as the data rates perceived by

the users when the system is not fully loaded. The system is considered

not fully loaded when the arrival rate of data to the queues is smaller

than the maximum service rate offered by the system.

Obviously, the gain from resource sharing is higher when the variance

of traffic load in each group of links is high. The variance increases when

the traffic gets more bursty and when there are fewer links per group,

as in for example pico-cells. As an example, a wide area cellular system

serving voice traffic would not benefit much from resource sharing among

the operators. This is mainly because each cell serves a large number of

users. A large user base implies that the traffic load per cell tends to be

similar across neighboring cells and operators. If the users are uniformly

distributed over a continuous coverage area with homogeneous scattering

environment, the interference coupling between the different cells is sim-

ilar. However, local area networks exhibit a different scenario. Few users

per cell and bursty, dynamic, and non-stationary traffic means that there

is more opportunity to share radio resources.

4.3.1 Spectrum sharing among local area networks

The performance of spectrum sharing approach between two operators

that serve users on the same area is evaluated in system simulations in

Publication III. An indoor communication scenario is assumed where the

BSs are deployed on corridors. The UE throughput in three radio resource

sharing cases is investigated. In the first case the operators employ dis-

tinct, orthogonal frequency bands. In the second case the operators share

the frequency bands. A third case of BS sharing between the operators

was also simulated as a benchmark. That is, in the third case each UE

is allowed to connect to the closest BSs regardless of the operator, while

in the first two cases the closest BS may be from different operator and

therefore not available.

The results of the system simulations are presented in Figure 4.3. On

the right, Figure 4.3a, the DL and UL user throughput cdfs are presented

under the assumption of BS sharing. BS sharing means here that an open

subscriber group (OSG) is employed where the operators share hardware

and allow also other operators UEs access their base stations. Both a non-
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interference aware PF scheduler and IAS were simulated. In the OSG

case no severe CCI is arising because each UE is served by the closest

BS. The performance with the PF scheduler is typical for a reuse-1 sys-

tem where cell edge UEs (low percentiles of the cdf) experience rather low

throughput compared to the cell center UEs (high percentiles of the cdf).

In this case fairness is not very good but the outage probability is very

small. By employing IAS the performance of the cell edge UEs is improved

considerably. Two curves for the IAS are shown, where the better perfor-

mance represents ideal IAS. For the ideal IAS we assume no overhead,

perfect IA message transmission and no quantization of the IA message

content. The second curve represents the performance when several non-

idealities of a practical IAS implementation have been taken into account.

In particular, the overhead of 10%, quantized 15 bit IA messages, and 0

dB SINR threshold for IA message detection were assumed. The user

throughput gain from non-ideal IAS in the 5th percentile of the DL cdf is

roughly 1.5 fold, and in the UL roughly 2.5 fold compared to the PF sched-

uler. Also the median of the throughput cdf is increased by the IAS, while

the highest percentile throughputs are reduced. These results indicate

that IAS provides both higher median throughput and better fairness.

The more interesting case of spectrum sharing among operators with-

out BS sharing is presented in Figure 4.3b. When the hardware is not

shared between the operators so called closed subscriber groups (CSG)

are formed by the UEs each operator serves. In this case, the performance

achieved by the traditional approach of non-interference aware schedulers

on orthogonal bands may be compared to the shared band operation with

IAS. It can be seen that interference aware shared band operation gives

roughly 40% better median user throughput than orthogonal band de-

ployment with PF scheduling. Note especially that the gain in median

throughputs is not achieved at the expense of cell edge throughput. On

the contrary, the 5th percentile of the user throughput cdf is also improved

by a factor of 1.2 in the DL and by a factor of 2.6 fold in the UL.

The results indicate the high potential of more efficient spectrum shar-

ing between wireless networks with overlapping coverage area, even un-

der high traffic loads. Interference awareness at the MAC level is es-

sential to achieve the gain. If there is no interference awareness, the

shared band operation leads to severe outage and poor fairness, as can be

seen from the user throughput cdfs for the PF scheduler in Figure 4.3b.

Note that when the traffic load is low, the spectrum sharing essentially
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Figure 4.3. User throughput distributions in the scenario with 96 UEs and 32 BSs. The
figures on the left represent OSG network and the figures on the right rep-
resent 2 CSGs network. The largest gains from IAS are evident in the
lower percentiles of user throughput, while there is also gain in the median
throughput. The coverage of PF scheduler with two CSGs on shared band
is very poor with 20% DL outage. IAS is able to remedy the situation re-
markably. The ’PF, orth.’ curve represents the case of PF scheduler with the
2 CSGs on orthogonal bands, where it can be seen that just orthogonalizing
the band between the 2 CSGs and running a PF scheduler is a suboptimal
solution. Publication III.

doubles the perceived throughputs since the UEs are able to utilize the

full spectrum under low interference. In essence, interference awareness

enables spectrum sharing, which provides significantly higher peak data

rates under low load and also significantly higher median and cell edge

user throughput under high load.

4.3.2 Flexible UL/DL switching points

Consider now an example of radio resource sharing between UL and DL

of a TDD system in more detail. Flexible allocation of the radio resources

between the UL and DL communication is an advantage of TDD systems

over FDD [26]. However, if the switching point is adapted according to the

traffic load, a new type of interference arises that occurs among BSs and

also among UEs, see Figure 3.3. Such interference may be severe if the

interferer is close to the victim receiver. Moreover, in wide area networks
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the interference between BSs may be strong due to the high BS transmit

power and a high probability of a line of sight (LoS) connection between

the BSs [60]. This interference may reduce the gains from flexible switch-

ing points. In order to avoid severe intercell and interoperator interfer-

ence, it is usually recommended that the switching point between DL and

UL transmissions are synchronized across all cells and neighboring fre-

quency bands, see e.g. [60]. However, the switching point adaptation may

also be exploited when there is a more static asymmetry between the UL

and DL traffic loads. In such case, the network may be kept synchronized

while still adapting to long term traffic asymmetry [8, 78]. On the other

hand, in a local area data network the instantaneous traffic load may vary

significantly in the UL and DL directions due to the lower number of users

per cell. CCI management is then needed to enable more dynamic switch-

ing point adaptation [99, 126, 92, 68]. Interference among highly sector-

ized BSs may be managed by pairing the UL transmissions of a cell with

suitable DL transmissions in neighboring cells [68]. This is possible by co-

ordinating the pattern by which the neighboring BSs activate the sectors.

However, such a scheme requires more static configuration, which natu-

rally limits its applicability. Angular domain interference management is

addressed in [27, 126]. It can be argued that the feasibility of interference

suppression through precise null steering between BSs depends heavily

on the antenna configuration, propagation environment, and presence of

scatterers. A method for controlling user activity in crossed slots based on

pathloss thresholds toward the serving and neighboring cell base stations

is proposed in [92]. In another type of UL-DL interference management

the BSs allocate transmissions to either crossed slots or non-crossed slots

based on the observed interference state [53]. Such operation is further

enhanced by busy burst beacon signals transmitted from data receivers

in [99].

The throughput gain from flexible switching point can be studied an-

alytically by using the framework of balanced fair resource allocation of

[15] for simple scenarios. When the system is not fully loaded, a rele-

vant performance statistic is the effective user throughput. It is defined

as the mean user throughput over the time that the user has data in the

queue. It is shown in Publication IV and Publication V that the effective

user throughput can be theoretically doubled in a single cell and single

user system by enabling flexible UL/DL switching point. The effective

throughput doubles under very light load. However, when the load in-
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Figure 4.4. Effective throughput versus link load in system simulation of the flexi-
ble switching point TDD network. Compared to fixed switching point, the
gain from flexible switching point in low load is directly proportional to the
amount UL and DL subframes. In high load the gain vanishes. Interference-
aware scheduler supports higher loads and also provides gain from flexible
switching at higher load than PF scheduler. Publication IV, © 2011 IEEE.

creases, the gain from flexible switching point decreases. Also a two cell

system with a single user in each cell is analyzed in Publication IV. In this

second scenario the effective user throughput performance is studied un-

der low, moderate, and high interference coupling. In the low interference

case, it is beneficial for the two links to share the radio resources, while

in the high interference case using orthogonal time resources gives better

capacity. In the moderate interference case sharing the radio resources

between the UL and DL of the two links may be beneficial. This occurs

when the UL-DL coupling between the links is weaker than the UL-UL

and DL-DL coupling. The results demonstrate that if the interference can

be taken into account in the scheduling, the same system performance

gain can be expected as in the single link case. Furthermore, in the mod-

erate interference scenario, the load level at which the system saturates

can be even higher when flexible switching point is enabled. This is be-

cause the transmissions can be organized such that the UL and DL of the

two links utilize common instead of separate resources.

A simple theoretical performance analysis in Publication IV involves ab-

stracting various functionalities of the wireless network and a very small

scale scenario. In order to verify the gains in a more practical scenario,

system level simulations are needed. The effective user throughput ver-
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Mbps. Publication V, © 2012 Springer.

sus system load level is investigated in Publication IV and Publication

V through system simulation. In this study, a non-interference aware

proportional fair (PF) scheduler is compared to the interference aware

scheduler (IAS). The results are shown in Figure 4.4. As expected, the

effective throughput gain is proportional to the maximum UL/DL asym-

metry of the frame structure. In the simulated frame structure the first

slot out of 6 was always DL and the last slot UL while the rest can be

freely assigned to either direction. Interestingly, no loss in the system

performance due to flexible switching point and crossed slot interference

in the high system load regime is observed. When comparing the two

schedulers to each other, it can be seen that the IAS gives much better

fairness than the PF scheduler. This is evident in the 5-th percentile of

the effective user throughputs which reflects the cell edge performance.

The mean throughput is higher when the IAS is employed, except on very

low system loads. This means that the system is able to support higher

loads when the scheduler has interference awareness. This gain comes ir-

respective of whether flexible switching points are employed or not. More-

over, the region where there is a gain from flexible switching is extended

by the IAS.

In many scenarios it is possible that either the UL or DL starts to suf-

fer from crossed slot interference when the system load gets higher. A

prominent example is when the DL transmit power is higher than the

UL transmit power and there exists a strong LOS link between the BS.

This is demonstrated in simulations where the same fractional power

control scheme was applied in both link directions and the links among
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the BSs were all non line of sight (NLoS). Also, the link direction is not

distinguished in Figure 4.4. By mixing the link directions in the effec-

tive user throughput distribution, the difference in overall system perfor-

mance may be evaluated. In Publication V the effect of different DL and

UL power control strategies on the DL and UL packet delays is further

investigated. Here the DL transmits at a constant power, while UL em-

ploys full pathloss compensation via power control, i.e. the received SNR

at BS is constant for all links. The resulting UL packet delay distributions

shown in Figure 4.5. When the PF scheduler is employed, the UL packet

delay is increased when flexible switching point is enabled. This is due to

the high interference from DL transmissions in crossed slots, which effec-

tively prioritizes DL transmissions over the UL transmissions. However,

by using interference awareness in the scheduler, the UL packet delay

improves with flexible switching. It is notable that in the packet delay

domain, the gain from interference awareness is very high in the fourth

quartile, while the PF scheduler provides slightly lower delays in the very

lowest percentiles. The latter effect is due to the IA message overhead.

4.4 Discussion

In this chapter an overview of CCI management techniques was given.

The concept of receiver beaconing for transmit side interference aware-

ness was considered in detail. The novel IAS scheduler of Publication III

was presented, which constitutes a key contribution of the thesis.

Transmitter side interference awareness can be used in controlling the

CCI in wireless networks. This enables low level CCI management which

is beneficial in radio resource sharing scenarios in the face of severe CCI.

The proposed scheme was applied in two exemplary cases of resource

sharing in Publication III, Publication IV, and Publication V. The exam-

ples demonstrate the achievable gains from resource sharing and inter-

ference awareness in the related CCI management. Alternative solutions

to interference awareness in the literature include the busy burst scheme

of [99] and the broadcast interference price scheme of [70]. The advan-

tage of IAS over the busy burst scheme is that it allows making optimal

decisions on resource allocation in the sense of improving the system-wide

utility. Compared to the interference pricing, the IAS is more suitable for

practical implementation, especially in case of bursty traffic, since it does

not require slow adaptation of transmit powers. On the other hand, the
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signaling schemes employed by IAS are more demanding to implement

than in case of the busy burst scheme. Therefore, the IAS scheme devel-

oped in this thesis provides a relevant trade-off between the schemes of

[99] and [70]. Network MIMO and CoMP schemes may be also consid-

ered as competing solutions to the IAS. The key difference between such

schemes and IAS is that IAS provides decentralized CCI management,

while CoMP targets centralized inter-cell interference management. Con-

sequently, the scheme proposed in this thesis is more readily applicable

in a wider range of resource sharing scenarios. As an example, IAS could

find applications in interference management among cellular and D2D

transmissions. At the same time, a distributed scheme has its drawbacks

in that it requires time for convergence to suitable resource allocations.

Centralized CCI management can in principle adapt to changes in e.g.

the traffic load immediately.

All the above mentioned schemes provide link level CCI management

where individual receivers are taken into account in resource allocation

decisions. The enhanced frequency reuse schemes [81] can be interpreted

to be cell level CCI management methods. The cell level approach can

be more readily incorporated in current systems as it requires only minor

modifications to the standards. It may be also implemented with less sig-

naling overhead, and is therefore inherently more robust. However, link

level CCI management enables better performance than schemes that op-

erate on larger groups of links, as shown in Publication III, Publication

IV, and Publication V. It can also find a wider range of use cases.

There are still a number of open research problems in IAS implementa-

tion. To name a few, an extension of IAS to MIMO transceivers should be

developed. The same holds for a mechanism for forwarding IA messages

received by the UEs to the BS. Also the multiple access mechanism em-

ployed in IA message transmission should be investigated taking various

transceiver impairments into account. A careful analysis on the trade-off

between the impact of quantization error and signaling overhead remains

to be carried out. Nevertheless, the work in this thesis shows the poten-

tial of link level CCI management in providing efficient spectrum use and

dynamic radio resource sharing in a wide variety of scenarios relevant to

future wireless systems.
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5. Device-to-device underlay in cellular
systems

Local data traffic is an emerging traffic type that should be considered in

future wireless systems. An example is multimedia content distribution

among devices that are located close to each other, see e.g. [12]. Direct

device-to-device (D2D) transmissions provide an efficient way of serving

local traffic [64]. As an example, ad hoc wireless networks with contention

based access protocols on license exempt bands lend themselves naturally

to D2D transmissions. However, it may also be beneficial to support D2D

traffic in cellular networks. Interference management techniques that

enable sharing of radio resources among D2D and cellular transmissions

is the topic of this chapter. For a recent overview on D2D communication

in cellular systems see [103, chapter 9]. Aspects related to enabling D2D

communication specifically in LTE systems are investigated in [40]. It

is worth noting that recently a study item has been initiated in LTE to

consider standardization of D2D communication both for commercial and

public safety use [3].

The chapter deals with interference management for D2D connections

underlaying a cellular network. In particular, the case when the cellular

network allows the terminals to form direct D2D links that reuse the cel-

lular spectrum is investigated. This work is motivated by the fact that

enabling direct D2D links has potential to increase the system spectral

efficiency tremendously if local traffic is to be supported in the cellular

system. The operation on cellular TDD bands is especially attractive since

it may not require additional RF transceiver chains to the devices. How-

ever, the interference between the D2D underlay and the cellular links

has to be controlled so that the quality of service for the cellular links is

not compromised. Publication VI, Publication VII, and Publication VIII

deal with this problem. This chapter gives a brief overview of D2D com-

munication along with a literature review on interference management
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schemes for D2D. The contributions of the thesis related to interference

management between D2D and cellular links are then presented, which

be briefly summarized as follows:

• For the UL sharing case, a power control scheme that controls the inter-

ference from D2D transmitting UE to the UL receiving BS is proposed

in Publication VI. In that scheme the cellular UL power control mecha-

nism is utilized for controlling the interference.

• For both UL and DL resource sharing cases, an interference aware ra-

dio resource allocation scheme is proposed in Publication VII. In that

scheme the multiuser diversity that arises when there are multiple cel-

lular UEs and multiple D2D links in the cell is utilized. Specifically,

each cellular link is paired with a D2D link such that interference be-

tween the links that share the same radio resources is minimized.

• For the DL sharing case, an interference avoiding DL MIMO transmit

scheme is proposed in Publication VIII. In that scheme the BS employs

a beamformer that maximizes the DL capacity while steering a null to-

ward the D2D receiver.

5.1 D2D in wireless systems

License exempt bands provide a natural medium for D2D communication.

The operators owning the licensed bands do not have immediate incentive

for providing their spectrum for D2D use. The widely used interference

management methods on cellular networks are not readily applicable for

D2D connections. On the other hand, the predominant distributed and

contention based MAC architecture used on license exempt bands sup-

ports D2D communication well. For instance, the 802.11s standard for

mesh networking naturally supports D2D connections, see e.g. [36, 23].

Also other 802.11 standards [67] have specified ad-hoc modes whereby

the devices may establish a D2D connection without the presence of a

WLAN AP. Bluetooth is another technology for local D2D transmissions

that operates on the license exempt band [88]. A direct D2D transmis-

sion mode is also defined in Terrestrial Trunked Radio (TETRA), which is

a standard for wireless networks targeted mainly for governmental and
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Figure 5.1. Illustration of resource sharing between cellular and D2D links and the vir-
tual D2D link formed via the BS. Virtual D2Dmeans that the cellular UL and
DL channels are used for D2D traffic and the data packets may be redirected
at the BS to the receiver in the same cell. Interference between cellular and
D2D links is indicated by dashed arrows.

emergency use [35].

The cellular systems support transmissions between the terminals (user

equipment, UE) and the base stations (BS). Therefore, D2D traffic gets

routed through the BS and the backbone network if the network does not

provide support for D2D transmission. A virtual D2D connection may be

established by routing the traffic only through the BS. However, when

compared to direct D2D transmission, such operation leads in many cases

to higher delays and inefficient use of radio resources due to the fact that

it enforces relaying. Figure 5.1 illustrates the difference between a direct

and a virtual D2D transmission. There is no fundamental reason why

the direct D2D transmissions could not be supported within the cellular

network. The advantages of a D2D underlay in a cellular network when

compared to e.g. 802.11 and Bluetooth have been discussed in e.g. Publi-

cation VI. For instance, using the licensed frequency bands of the cellular

network for the D2D communication provides a controlled interference en-

vironment and hence in principle better reliability may be provided. Au-

tomated service discovery is possible by using the cellular connection for

advertising the local services. Encryption may be easily organized by dis-

tributing the keys over the cellular network. In principle, licensed bands

allow also a higher transmit power than license exempt bands, which

could be translated to longer D2D communication range. For instance,

public safety networks would benefit from the reliability of the licensed

spectrum and higher transmit power [40]. In addition, an obvious ad-

vantage of supporting the D2D transmission in a cellular system is that it

can complement other available radio access technologies supporting D2D

communication through interworking. Ideally, the D2D communication
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should be possible to be assigned flexibly to the best available spectrum

opportunity. For instance, while underutilized, the cellular UL resources

provide good opportunity for D2D operation. Otherwise, when the cellular

network is experiencing high load, the majority of data could be transmit-

ted using another radio access technology, e.g. via 802.11 WLAN. Even

in this case many of the D2D communication management tasks could be

performed with the aid of the cellular infrastructure. In addition to ca-

pacity improvement, another advantage of using local transmissions for

local traffic is that the transmission power may be reduced which leads

to better energy efficiency [4, 5]. For instance, D2D transmit power may

be minimized under a sum-rate constraint [42]. In that approach the goal

is to find the minimum transmit powers for the cellular and D2D link

such that the sum rate over the two links reaches a predetermined level.

Network architecture related aspects of D2D communication have been

inspected in e.g. [38, 28].

In a broader sense, secondary communication has been studied in the re-

search field of cognitive radio. A cognitive radio utilizes frequency bands

that are allocated to licensed users and services. Secondary use may be

allowed in order to exploit underutilized spectrum in time, frequency, or

location [89, 58, 132]. In the cognitive radio context D2D communica-

tion can be viewed as a secondary radio that opportunistically utilizes

the radio resources of the primary cellular links. According to [132], in a

cognitive spectrum underlay the secondary signal is spread over a wide

bandwidth so that the primary users see it as a slight increase in the

background noise and interference power. A cognitive overlay (also called

interweave) means that the secondary users detect vacant sub-bands and

time slots and use them in an opportunistic manner. The coexistence of

D2D transmissions on a cellular band is here termed an underlay mode,

which does not relate to the cognitive radio taxonomy of underlay and

overlay communication. In the work done in this thesis the assumption is

that the D2D devices are connected to the cellular network. The system

is centralized such that a cellular BS controls the transmissions and col-

lects information on spectrum utilization and interference within a cell.

Therefore, D2D communication as an underlay to the cellular system is

different from typical cognitive radio operation, where the devices them-

selves have to ensure that they do not cause interference to the primary

users.
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5.1.1 Improving the cellular service by D2D relaying

D2D communication may be employed even if there is no local traffic

present. It is possible to improve the cellular service by D2D relaying

of the cellular transmissions [82, 84, 63, 94, 38, 28, 101, 105]. For exam-

ple, higher system capacity may be achieved when UEs with good channel

conditions are used for relaying each others traffic to and from the BS, see

e.g. [82, 63]. Terminal assisted relaying has been considered also for the

case where the D2D and cellular links are using a different RAT, see e.g.

[84]. In general, the use of D2D and cellular links should be coordinated

by the BS in order to achieve performance gains [63]. Otherwise, the in-

efficiencies related to distributed coordination of D2D links leads to lower

throughput as compared to pure single hop system with BS coordination.

Coverage extension of the cellular service is another possible applica-

tion for D2D transmissions in the absence of local traffic. For example,

an ad-hoc GSM system is proposed in [94]. The goal is to increase the

coverage by using UEs with good link conditions for relaying traffic to

and from coverage holes. If the majority of traffic is in the downlink di-

rection, an FDD system may end up being congested in DL while the UL

band is under utilized. In this case a gain may be achieved from relaying

DL data to the cell edge UEs via UEs with better connection to the BS.

A mode where D2D pairs located on the cell edge communicate using an

contention based TDD MAC is proposed in [101]. The D2D transmission

takes place on otherwise underutilized FDD UL band. A D2D relaying

underlay utilizing the cellular FDD UL band may also facilitate more ef-

ficient content distribution in the cellular DL [105].

5.2 Interference management for the D2D underlay

D2D transmissions cause severe interference if they are allowed in the

proximity of cellular mode devices (either mobile terminals or base sta-

tions) and on the same time-frequency resources. Unless this interfer-

ence is carefully managed it will result in unacceptable degradation both

in cellular and D2D link qualities. The interference between the D2D and

cellular links is illustrated in Figure 5.1. When the D2D link is active

on a radio resource that is in use by a cellular UL transmission, interfer-

ence is induced from the UL transmitting UE to the D2D receiving UE.

Interference is also induced from the D2D transmitting UE to the cel-
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lular BS. Similarly, when the D2D transmission shares radio resources

with the cellular DL transmission, interference is induced from the cel-

lular BS to the D2D receiving UE. Also, interference is induced from the

D2D transmitting UE to the DL receiving UE. In both cases the BS may

allocate orthogonal resources to the D2D and UL transmissions so that

interference does not occur. This is straightforward, if the cellular UL or

DL band is not fully utilized. However, in this thesis the focus is on the

opportunities for D2D underlay communications in a fully loaded cellular

system.

Several methods for managing the interference between the cellular and

D2D devices have been proposed. These can be categorized to methods

that involve interference aware admission control, resource sharing mode

selection, power control, scheduling, and spatial (MIMO) processing. In

the following each of these areas is discussed.

5.2.1 Admission control and mode selection

A straight-forward way of managing the interference is to admit D2D com-

munication only on a limited set of resources when the traffic load on the

cellular links is low. When the cellular load is high, no resources are al-

located to D2D communication. Such kind of conservative policy requires

little signaling overhead and guarantees that the performance of the cel-

lular connections is not compromised. On the other hand, higher system

capacity is not achieved since local traffic may need to be transmitted us-

ing BS relaying when the network load is higher. This is the case if there

is no other radio access technology available for the D2D traffic.

In a more general sense, the RRM functionality at the BS needs to

choose a proper mode for the D2D transmission. The available options

are relaying through the BS, D2D link on dedicated resources, or D2D

link on shared resources together with a cellular UL or DL transmission.

The optimal mode for D2D communication is strongly dependent on the

node locations and D2D link distance, as is shown in Publication VI. On

the other hand, the results of [56] indicate that a simple mode selection

scheme is sufficient if the D2D link distance is short. Specifically, when

the D2D link distance is in the order of one hundredth of a cell radius,

it suffices to simply categorically enforce D2D mode transmission for the

D2D links. Otherwise, interference awareness in mode selection is crucial.

The work in [56] assumes a WCDMA system. A similar study is carried

out in [77], where D2D communication within small device clusters is con-
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sidered. In [130] the SINR distributions for D2D resource sharing with

cellular UL and DL have been derived as a function of the location of the

D2D terminals in an isolated cell. The propagation environment and the

relative locations of the cellular and D2D devices affect the SINR distribu-

tions. In some cases it is more favorable to employ UL sharing while other

cases favor DL sharing. This indicates that there is potential for perfor-

mance gains from interference awareness in selecting between DL and

UL sharing. Several studies show that interference aware mode selection

is able to provide reliable D2D and cellular link quality while maintain-

ing a large proportion of direct D2D transmissions and thus large system

capacity [32, 11, 40, 52].

5.2.2 Power control

Another simple interference management principle is to allow only very

low power D2D transmissions. This limits the range of the D2D links but

guarantees that the interference toward cellular links will remain at a tol-

erable level. The advantage of this approach is that it requires minimal

signaling. The low power D2D transmission mode could be naturally im-

plemented using wide-band transmission, e.g. through spread spectrum

modulation. The BS may, for instance, merely periodically broadcast the

current allowed D2D power level, and let the D2D communication take

place in an ad-hoc manner. An example of low power D2D underlay is

given in [105]. However, interference aware power control is needed in

case longer D2D transmission range is to be supported. The effectiveness

of ideal interference aware power control is demonstrated in [131].

In case the D2D transmission shares the radio resources with cellular

DL transmission the BS or the D2D transmitter should estimate the chan-

nel gain to the terminals receiving a DL transmission. This can be prob-

lematic due to the fact that there are several terminals that may be inter-

fered, depending on the scheduling decisions made at the BS. Also neigh-

boring cell terminals are impacted by the interference so that inter-BS

coordination would be needed. Furthermore, the signaling requirements

also increase. This is because the power control scheme needs to take

into account also the different received signal power at each DL receiver.

Therefore, accurate interference aware power control for D2D transmis-

sions sharing cellular DL radio resources becomes complicated.

The situation is different when D2D transmissions share cellular UL re-

sources. In this case, the interference is experienced at the BS no matter
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which cellular terminal is scheduled for UL transmission. Hence, power

control is easier to arrange. Also, the received signal power at the BS has

much narrower dynamic range when UL power control is employed for

the cellular transmissions. The BS may employ a mechanism similar to

the conventional UL power control in setting the D2D transmit power, as

proposed in Publication VI. The D2D transmit power may be controlled

by the same mechanism as the UL transmit power, but with a lower tar-

get received power level. It is also possible to increase the UL transmit

power to counter the extra interference from the D2D transmission. How-

ever, such UL power boosting in both the UL and the D2D transmit pow-

ers results in extra inter-cell interference. The added benefit from power

boosting is that the D2D transmission range may be extended.

The impact of D2D transmit power setting and the interference aware

power control was evaluated in static system simulations in Publication

VI. The simulation scenario was chosen to represent a local area indoor

network with 9 BSs, see Figure 5.2, and all radio resources are assumed

to be shared by one cellular transmission and one intracell D2D transmis-

sion. The results show that the proportion of D2D links that have SINR

greater than 0 dB can be more than doubled with interference aware

power control, while the degradation to the cellular links is held fixed.

It is noted that a similar power control mechanism for D2D transmis-

sions that share the resources with cellular UL transmission was pro-

posed in [76] independently from the work presented in this thesis. The

two power control schemes are formulated differently but define essen-

tially identical operation. Regarding the implementation, [76] suggest

that the D2D terminals determine the appropriate transmit power au-

tonomously by assuming that the power control parametrization is known

and the interference channel gain is estimated from the known BS trans-

mit power and received signal power measurements. In that case the

devices need to interrupt the D2D communication in order to perform the

measurements. In Publication VI the power control of both the D2D trans-

mitters and cellular UL transmitters is suggested to be performed by the

BS. This would give more control and freedom to the BS to manage the

interference but on the other hand it requires more signaling.

5.2.3 Multiuser scheduling

A more elaborate way of managing the interference between D2D and

cellular links is to let the BS manage the radio resource usage by schedul-
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Figure 5.2. The communication scenario used in the D2D simulations. The triangles
represent base stations, an the black horizontal and vertical lines represent
walls with 5 dB attenuation each. The shade of the background color corre-
sponds to DL SINR in case no D2D transmissions are present. Publications
VI–VIII, © 2009 IEEE.

ing decisions such that the impact of interference is minimized. The ex-

tent to which such schemes may be applied depends on the nature of the

channel state information (CSI) available at the BS. The CSI may be col-

lected through explicit channel sounding and measurements. Alterna-

tively the link qualities could be monitored under varying scheduling de-

cisions thereby implicitly learning the interference conditions. Also chan-

nel reciprocity may be exploited. In any case, interference aware RRM

is more readily feasible in local area scenarios with only a few users per

cell. In such a scenario the dimensionality of the problem is manageable

and excessive signaling may be avoided. In addition, it has been shown

that information on large scale propagation conditions including pathloss

and shadowing may be sufficient for achieving most of the gains [129].

The implementation becomes more feasible by ignoring fast fading and

frequency selectivity since there is significantly less large scale channel

data. On the other hand, in local area scenarios low mobility and short

delay spread are typically assumed, which reduces the CSI overhead. If

accurate channel state information is available, the frequency selectivity

of the channels may be considered as frequency diversity, which actually

improves the system capacity [32]. A more straightforward interference

management scheme is to allocate dedicated time-slots for D2D commu-

nication [12]. The BS may then act as a support node to the D2D links by

managing the radio resource use of the D2D links. The aim of the D2D

RRM in [12] is to maximize the D2D capacity through clustering the D2D

links close to each other, and then optimizing the frequency reuse among

the clusters.

A practical method for acquiring the CSI for interference aware mul-

tiuser scheduling is proposed in Publication VII. In that approach it
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is proposed that the D2D terminals perform interference measurements

during the cellular UL transmissions. Specifically, the D2D terminals

may listen to the BS control channels in order to identify the cellular UL

transmitters and the radio resources on which they transmit. The D2D

terminals measure the received power of the corresponding UL transmis-

sions, and further signal the measurement to the BS. A slight drawback

is that the devices need to interrupt data communication for the duration

of such measurements. Note that when the cellular UL is power con-

trolled, the power measurement by the D2D terminals does not directly

reflect the channel gain between the cellular terminal and the D2D ter-

minal. However, it is shown in Publication VII that such measurement is

actually highly useful. In case of resource sharing among cellular UL and

D2D, the measurement enables minimizing the maximum intracell inter-

ference to the D2D receiver. Similarly, in the DL case, the measurement

enables maximizing the minimum cellular DL SINR, assuming channel

reciprocity and that intracell D2D transmissions are the dominant in-

terference source. The performance gain in system simulation from the

scheme of Publication VII is illustrated in Figure 5.3. Enabling direct

D2D transmission instead of relaying the transmission through the BS

increases the median cell capacity roughly 2.3-fold when using random

resource allocation. In case of interference aware resource allocation the

gain rises to 2.5-fold. In this evaluation the signaling overhead of acquir-

ing the interference awareness has not been taken into account (i.e. it is

assumed that it is due to low mobility). The large capacity gain may be

explained by two factors. First, when the traffic is relayed through the BS,

the same data is transmitted twice, while in direct D2D communication

a single transmission is enough. Second, by allowing the D2D underlay

to reuse the cellular resources, the same resources may be used twice.

Therefore, it is apparent that the majority of the capacity increase from

direct D2D communication comes from enabling direct transmission it-

self. Interference management can be seen as a further improvement to

the concept. However, the interference awareness may prove more useful

in improving the reliability of the communication.

5.2.4 Spatial domain techniques

When the BSs and terminals are equipped withmultiantenna transceivers,

part of the interference may be mitigated in the spatial domain. Such

operation has been proposed for interference mitigation for cognitive ra-
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Figure 5.4. The interfering transmissions in the DL of a given cell. Publication VIII, ©
2009 IEEE.

dios in [95], where a secondary communication system employs null steer-

ing toward primary system transceivers. The spatial domain interference

suppression is possible both at the receiver and at the transmitter. Figure

5.4 illustrates the problem for the case where D2D communication shares

the cellular DL resources, as considered in Publication VIII.

Implementing the spatial processing at the receiver is more straight-

forward than at the transmitter1. The receiver may simply estimate the

interference covariance matrix and an LMMSE receiver may be designed.

Such a receiver suppresses interference effectively when the interference

covariance matrix does not have full rank. As an example, adding a sec-

ond antenna to the D2D receiver may double proportion of D2D links

with SINR greater than zero [102]. The result is obtained assuming re-

source sharing among cellular DL and D2D, and further assuming rank

one transmissions. Successive interference cancellation (SIC) may be also

1Here, receiver and transmitter may correspond to either terminals or base sta-
tions
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considered by modeling the interference as a deterministic signal. SIC

is actually not a spatial domain method in itself, but may be applied in

conjunction with LMMSE spatial receiver (although in principle, SIC is

possible even in the case of SISO channels). The use of SIC may theoret-

ically almost double the capacity of the system [66] when radio resources

are shared among cellular UL and D2D transmissions. The result is de-

rived in [66] by means of stochastic geometry. In [66] a simplified model

for SIC receivers is assumed where each interferer whose received power

exceeds the desired signal power by 2 dB may be canceled. However, the

SIC receiver requires in practice a lot of support in terms of e.g. signaling

of the modulation and coding scheme of the interfering transmission. The

LMMSE receiver does not require such support and is computationally

less complex as well.

Interference may be also avoided at the transmitter by interference a-

ware MIMO precoding. If accurate interference channel state information

is available at the transmitter, beamforming algorithms may be employed

to steer a null toward the interfered receiver and also maximize the gain

toward the intended receiver. Accurate estimates of the channel matri-

ces toward the D2D receiver and the intended DL receiver are needed for

such schemes. This can be facilitated through accurate receiver feedback.

Channel reciprocity may be utilized as well, if the D2D receiver is active

in the UL. A transmit precoder can be designed such that the DL capac-

ity is maximized under the constraint that a null is steered toward the

D2D receiver as proposed in Publication VIII. According to the system

simulations of Publication VIII, the median system capacity (sum of D2D

and DL capacities) may be improved roughly 15 %. The study assumes a

four antenna array at the BS, dual receive antenna terminals, and perfect

channel state information. This gain is similar in magnitude as the gain

from interference aware multiuser scheduling. However, when looking at

the D2D capacity improvement separately, it is roughly doubled resulting

in a much more balanced D2D and DL capacities. The selection of a cel-

lular UE and a D2D pair that are sharing the same subband was done

randomly in the evaluations. In case there are multiple DL receivers and

D2D pairs in the cell it is possible to use channel state information in the

selection of the DL receivers and D2D pairs. This is because choosing a

precoder that transmits to the null space of the D2D receiver does not in

general match fully with the signal space of the DL receiver. However, the

pairing of a D2D receiver and a DL receiver may be done such that the
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null space of the D2D receiver and the signal space of the DL receiver are

more separated to begin with. This would enhance the gains as the null

steering would then imply less penalty to the DL transmission.

5.3 Discussion

The concept of direct D2D communication underlay to cellular commu-

nication systems was treated in this chapter. The emphasis was on in-

terference management schemes for the case when the D2D communica-

tion reuses the cellular radio resources. The problem of co-channel in-

terference between the D2D underlay and cellular communication was

addressed with an assumption that the cellular communication has pri-

ority over the D2D communication. The opportunities for D2D under-

lay operation without compromising the cellular communication in a fully

loaded cellular system were investigated. The contributions of the thesis

related to D2D communication include interference aware D2D transmit

power control for resource sharing with cellular UL, interference aware

resource allocation, and interference aware MIMO precoding for the cel-

lular DL. The performance gains from proposed methods were evaluated

in a variety of simulations.

It can be inferred from Publication VI that the usable transmission

range for the D2D underlay will remain very small in case no dynamic

interference management is employed. This is because a very conserva-

tive approach has to be taken where the D2D transmission power has

to be set to a very low and fixed level so that the cellular transmissions

are not disturbed. The situation may be improved by adjusting the D2D

power according to the location of the D2D transmitter with respect to the

cellular interference victims. Such an interference management scheme

is straightforward to implement for resource sharing with the cellular UL

communication, as is shown in Publication VI. In Publication VII a higher

degree of interference awareness is considered where the channel gains

between cellular UEs and D2D terminals are taken into account in re-

source allocation. In that case the multiuser diversity can be exploited

leading to further improvement in the D2D link quality. As discussed in

Publication VII, acquiring the needed interference channel state informa-

tion can be feasible also in practice. Interference suppression or avoid-

ance in spatial domain provides yet another means of improving the link

quality. The specific case of interference avoiding precoding at the BS pro-

81



Device-to-device underlay in cellular systems

posed in Publication VIII has potential to significantly improve the D2D

link quality on common resources with the cellular DL. However, further

work is required to find out how much of the gain can be obtained in a

practical implementation. Additional work is needed to quantify the im-

pact of quantization error and latency of the channel state information

feedback related to the interference channel. This is justified by the fact

that steering a null toward a certain receiver is more sensitive to imper-

fect channel state information than steering the maximum power. Robust

algorithms for null steering should be considered, e.g. angular domain

methods. In this respect, the antenna array geometry and the spatial

channel properties (namely, the angular spread) are factors that impact

the efficiency and gains from null steering.

All of the proposed interference management schemes address intracell

interference. However, the intercell interference among a D2D pair in one

cell and the cellular transmission in another cell may also be significant.

Also the case when the terminals engaging in D2D communication are

not in the same cell poses a slightly different scenario. Assuming that the

use of radio resources is controlled by the base stations, interference man-

agement for the intercell case would need to utilize cooperation between

the base stations. In another approach, a distributed interference man-

agement scheme could be utilized. However, the UL based power control

scheme of Publication VI is applicable to the inter-cell interference case

also since it may be assumed that the D2D transmitter is associated to

the base station with the strongest link.

The proposed interference management methods may be compared to

other methods in the literature in terms of the role of the cellular net-

work in the D2D radio resource usage. In an extreme case, the network

may merely indicate a low transmission power to the D2D communica-

tion. If the interference from D2D communication is further randomized,

the two communication tiers may coexist but the resulting D2D transmis-

sion range is limited [56]. Next in the order of increasing network coor-

dination, one may consider allocating radio resources for clusters of D2D

devices [12], or a pair of devices. The specific mode selection schemes of

e.g. [129] assume even tighter network coordination. The interference

aware resource allocation scheme proposed in Publication VII takes the

control yet further, where each the interference is controlled among indi-

vidual cellular and D2D terminals by taking the interference into account

in the multi-band scheduling decisions. The spatial domain interference
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suppression scheme of Publication VIII may be seen as the other extreme

of the considered interference management techniques. In this classifica-

tion the different methods offer different trade-offs between the amount

of needed signaling / complexity and the resulting system level spectral

efficiency. The challenge of designing a practical D2D enabled cellular

system lies in obtaining the best trade-off between these aspects. It is

clear that several interference management techniques are needed in the

end to guarantee reliable operation of both communication modes. For

instance, the three interference management schemes proposed in this

thesis are complementary to each other, and could be therefore applied

jointly.
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6. Summary

Demand for high speed wireless access continues to grow due to increas-

ing usage of smart phones, mobile internet, and new wireless services.

In principle, the capacity of the wireless networks may be enhanced by

utilizing wider frequency bands, improving the spectral efficiency, and

increasing base station density. For example, flexible spectrum access,

multiantenna-, and multicarrier techniques provide solutions that tackle

the first two of these strategies. Increasing base station density in a cost

effective manner is facilitated by relying on lighter infrastructure and

automation of network deployment, planning, optimization, and mainte-

nance. As the cell sizes shrink, network deployments become less coor-

dinated, and data traffic becomes burstier and more local, it is necessary

to rely on automated and dynamic interference management techniques

in order to maintain high spectral efficiency and reliability. The tech-

niques and analysis contributed in this thesis provide solutions toward

these goals.

Adjacent channel interference (ACI) management is one enabler that

facilitates flexible spectrum use and reliability in face of uncoordinated

network deployments. In this thesis, the severity of ACI in local area

TDD cellular systems was investigated through system simulations. ACI

management is needed in order to ensure fairness in the spectrum use. A

method was proposed where the transmitters optimize their transmitted

spectral shape on-line, such that constraints on ACI induced by power

amplifier non-linearity are met. The proposed technique enables more

flexible spectrum use among operators and more relaxed RF requirements

at transceiver front-end, without compromising fairness and reliability.

An optimization problem was formulated for the case when PA non-

linearity is the dominant source of ACI. In a further study, also other

sources of ACI could be incorporated in the model. No detailed analysis
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of the optimization problem was carried out, which is a topic for further

research. In order to make on-line ACI management practical one would

also need to develop the associated signaling mechanisms. Detailed sys-

tem simulations could verify the effectiveness of the proposed ACI man-

agement in practice.

Co-channel interference (CCI) caused by increased spectrum reuse is

the most important factor limiting the performance of future wireless

networks. As the future systems need to extract as much capacity from

the limited spectrum, the distance between transceivers that potentially

use the same time/frequency resources is reducing. Maintaining relia-

bility and fairness among the users in a cost-effective manner is a non-

trivial task in the scenario. As a potential solution to the problem, a

novel interference-aware scheduling (IAS) technique was proposed and

analyzed in this thesis. The technique relies on so called reverse beacons,

which are messages broadcasted from the data receivers. The messages

contain information on the received power levels and throughput, which

enables managing co-channel interference (CCI) in an autonomous and

decentralized fashion. It was demonstrated that IAS enables spectrum

sharing between operators, independent adaptation of UL/DL switching

points in TDD networks, and provides overall more fair and spectrally

efficient wireless access. It was further shown that shared band opera-

tion among local area networks is much more efficient than orthogonal

band operation once interference awareness is incorporated to the MAC.

The gains from independent adaptation of UL/DL switching points were

demonstrated both analytically and in simulations.

Further research is needed on the IAS method and its performance.

Especially the trade-off between the achieved gains and the signaling

overhead should be carefully evaluated, taking realistic transceiver im-

pairments into account. This involves e.g. verifying the reliability of the

beacon messages in practice. The impact of quantization error and rate

prediction at the transmitter side should be studied in detail as well. Fur-

thermore, an efficient extension of IAS to MIMO transceivers should be

developed. In case MIMO transceivers are utilized, especially the trans-

mitter side rate prediction for the desired receiver and the interference

victims is likely to be an interesting and challenging problem.

New services are emerging that generate local traffic among the users,

and also among users and machines. Such Device-to-Device (D2D) traf-

fic is effectively served by direct transmissions among the devices. Al-
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though unlicensed band provides a natural medium for the D2D commu-

nication, the thesis demonstrates the potential in allowing such direct

D2D transmissions on a shared band together with the cellular commu-

nication. The licensed band operation could provide a more controlled

interference environment and a higher transmit power in comparison to

unlicensed band operation. However, the potentially strong interference

between the D2D and cellular links necessitates elaborate interference

management techniques in order to facilitate reliable and efficient shared

band operation. For this purpose, three methods are proposed that pro-

vide interference aware power control, interference aware multiuser and

multiband resource allocation, and interference avoiding MIMO precod-

ing. The proposed interference management techniques were shown to

increase the opportunities for direct D2D communication and improve the

system capacity.

The proposed techniques facilitate mitigating the interference among

the D2D and cellular links. However, in order to exploit the spectral op-

portunities to the full, one needs to utilize them in conjunction with other

interference management techniques proposed in the literature, such as

intelligent selection of the communication mode. The proposed techniques

rely on coordination from the cellular base stations. Moreover, only intra-

cell interference is managed. For example, extending the techniques to a

scenario where multiple cells are coordinating their transmissions (CoMP)

would provide means to tackle inter-cell interference. Finally, it should be

noted that even though the gains in system capacity are potentially very

high, it is inevitable that the resulting system is very complex. Trade-off

analysis taking into account the cost of related signaling overhead would

be beneficial to find out when the shared band operation is practically

feasible.

An interesting future research topic would be to investigate whether the

proposed concepts could be unified. This would enable completely decen-

tralized interference management among cellular communication links of

different operators and D2D links, taking both co-channel and adjacent

channel interference into account. The importance of such research is

emphasized by the interest in co-channel heterogeneous networks, where

base stations of different power classes operate on a common frequency

band. Note that the D2D and cellular communication scenario assumed

in this thesis corresponds to a heterogeneous network. In particular, the

applicability of IAS to heterogeneous networks should be assessed.
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100



Errata

Publication II

The second paragraph in Section III of the publication contains an error.

The effect of in-band distortion (EVM) cannot be captured in the proposed

method. The numerical examples in presented in the publication are not

affected by the error as the noise floor No was selected such that it domi-

nates over the in-band distortion. The level of the in-band distortion was

rougly -25 dBc, while the noise floor was at minimum set to -21 dBc. The

paragraph should read as follows:

Let us assume the objective is to maximize the in-band capacity assuming a

certain SNR at the receiver, g is chosen as

g(Sx(f)) = −
∫ 1

0

log2

(
1 +

h(f)Sx(f)

No

)
df, (7)

where h(f) is the channel gain at frequency f and N0 is the receiver noise floor.

Here we have assumed, without loss of generality, that the wanted signal is at

the frequency band f ∈ [0, 1].

In addition, the frequency range of [−3.375,−2.935] MHz in the caption

of Figure 4 is given wrong, and should read [−6.75,−5.85] MHz.
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