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Abstract

Spectrum access protocols have been proposed recently to provide flexible and efficient use

of the available bandwidth. Game theory has been applied to the analysis of the problem

to determine the most effective allocation of the users’ power over the bandwidth. However,

prior analysis has focussed on Shannon capacity as the utility function, even though it is

known that real signals do not, in general, meet the Gaussian distribution assumptions of that

metric. In a non-cooperative spectrum sharing environment, the Shannon capacity utility

function results in a water-filling solution. In this thesis, the suitability of the water-filling

solution is evaluated when using non-Gaussian signalling first in a frequency non-selective

environment to focus on the resource allocation problem and its outcomes. It is then extended

to a frequency selective environment to examine the proposed algorithm in a more realistic

wireless environment. It is shown in both scenarios that more effective resource allocation

can be achieved when the utility function takes into account the actual signal characteristics.

Further, it is demonstrated that higher rates can be achieved with lower transmitted power,

resulting in a smaller spectral footprint, which allows more efficient use of the spectrum

overall. Finally, future spectrum management is discussed where the waveform adaptation

is examined as an additional option to the well-known spectrum agility, rate and transmit

power adaptation when performing spectrum sharing.
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Chapter 1

Introduction

With the increasing demand for high data rates, unallocated spectrum has become scarce due

to current spectrum management policies, which are designed to avoid mutual interference

by limiting access to a spectrum band in the same geographical area. However, due to the

unprecedent development and deployment of bandwidth-intense delay-sensitive multimedia

devices (teleconferencing, distributed gaming, mobile video streaming), requirements for

wireless spectrum access capacity are increasing more and more. To obtain a licence for

unallocated spectrum, it has now become very expensive and can take years.

As a result, the discrepancy between the quasi-exponential growth of wireless bandwidth

demands and the very limited wireless spectrum resource is a crucial issue that must be

resolved in the near future to allow further development and deployment of new wireless

services and technologies. Some steps have been taken to remedy this situation. For example

the White House has established the Presidential Spectrum Policy Initiative and created

a multi-agency Federal Government Spectrum Task Force to direct efforts on interagency

initiatives to use spectrum more efficiently [1].

1.1 Literature Review

The present spectrum assignment policy leads itself to underutilization of the wireless spec-

trum resource. It has been shown through measurements that usage of licensed bands,

especially in the cellular and TV broadcast bands, remains highly sporadic both geograph-

ically and temporally [2]. To remedy this situation, the cognitive radio paradigm has been
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proposed in [3]. In [4], it is discussed how cognitive radios should be capable of sensing and

learning from their environment to optimize their decisions.

Through the cognitive paradigm term, dynamic spectrum access (DSA) and spectrum

sharing have been proposed as solutions to make the limited resource more accessible [5].

The term “cognitive radio” has several definitions due to different interpretations. However,

there is a common defining feature: it should be aware of its environment [4,6] and learn from

its observations. To allow the cognitive radio to get its “cognitive” quality, in other words

capable of learning from past decisions and observations and then improving its adaptation

to its environment, it must have the capacity of memorization to build the foundation of

“knowledge”. This brings the concept of the radio environment map (REM) [7, ch.11] from

where the cognitive radio could access information about its environment to complete its

own observations. The REM could be the vehicle for providing network support to cognitive

radio systems by providing information on:

• spectrum policies rules applicable to where the cognitive radio is located,

• geographical information such as:

– the location (x,y,z) for where the radio is now and for where it is heading,

– the environment (urban, sub-urban, mountains, sea, etc),

– current and expected pathloss and SNR,

– current and expected multipath delay profile expected,

– channel model to use,

• hidden nodes present in the neighbourhood,

• spectrum opportunities,

• usage patterns for primary (or licensed) users and cognitive users.

With or without the REM, the cognitive radio technology should enable the users to

process four main functions: spectrum sensing, spectrum management, spectrum sharing and

spectrum agility [4, 6].

Spectrum sensing is the process to access the knowledge of which portion of the spectrum

is available when the cognitive user operates on a licensed spectrum segment and when the
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spectrum segment is not available any more because of the presence of one or more primary

users. In DSA, the user opportunistically takes advantage of an available portion of the

spectrum band when it is unused by the licensed, or primary, user [5]. Moreover, the devices

that act as opportunistic users must be capable of sensing where are the available frequencies

(white spaces or spectrum holes). However, perfect knowledge of the spectrum holes is

actually impossible in a wireless environment because of several factors, namely the famous

hidden node problem due to shadowing, scattering effects and pathloss effect. Furthermore,

at low SNR, detection of the primary user may be missed. There has been shown to be

an SNR wall [8–10], which is the limit at which the receiver cannot distinguish between

noise and signal. The SNR wall is dependent on noise estimation accuracy [9, 10] and noise

quantization which provides robustness to the signal detection feature to a certain limit [9].

That said, acknowledging that perfect knowledge cannot be achieved, it is still possible

for the cognitive radio to learn enough information about its environment to make smart

decisions to access the spectrum hole opportunistically. This will imply a probability that

wrong decisions would eventually be taken. However, as the name states, the cognitive

sense of the cognitive radio should learn from its “mistakes” and improve its decision in the

future. Therefore, the cognitive radio should not rely only on spectrum sensing but also on

memorized information as per the REM concept.

The cognitive radios can gather the information on spectrum holes from their local infor-

mation (their own spectrum sensing capabilities) or from cooperative spectrum sensing [11].

Cooperative spectrum sensing could be done centrally [11] or distributively [12–14]. Cen-

trally will require a central scheduler and authority for the exchange of information about

spectrum sensing and this information will be stored centrally. Distributively implies that

the information is stored in a distributed manner (either locally at the cognitive radio or at

least at the local network for the cognitive radio) to speed up the spectrum sensing process.

As outlined in Figure 1.1, cooperative sensing provides a better performance for efficient use

of the spectrum holes due to the fact that some cognitive radios might be aware of primary

users that other cognitive radios might not be able to sense because of high channel atten-

uation or another situation. But cooperative spectrum sensing also involves more overhead

communications to share the information. Even distributed spectrum sensing solutions often

make the assumption that an underlay channel is available for cognitive radio to exchange the

spectrum sensing information [13]. Moreover, wrong decisions may also be taken by a cog-
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nitive radio based on information received from other cognitive radios; e.g.: false spectrum

sensing of a spectrum hole from another cognitive radio or outdated information [13].

Figure 1.1: Cooperative spectrum sensing under faded and shadowed environ-

ment [15, ch.1]

Based on a certain probability (false detection of the primary or licensed user versus

missed detection of the primary or licensed user), the cognitive radio must decide if it will

or will not access the detected spectrum hole. An aggressive probability will favour the

opportunity of using the white space (therefore it is more probable that there will be a missed

detection of primary user) and a more conservative behaviour will increase its likelihood

of leaving a spectrum hole empty. The white space might or might not be shared with

other cognitive devices. This policy must be decided in the implementation of the DSA

protocol [16, 17]. If it is not shared, then spectrum management is done on the principle of

mutual interference avoidance, which is in accordance with the actual spectrum management

allocation policies. Therefore, if it is not shared, the cognitive devices compete for the

spectrum segment, and if they win the competition, they will be the only ones allowed the

access until the primary or licensed user is detected or until they vacate it (when the user
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does not require it anymore, the channel gains are not good enough to sustain the quality of

service required by the user or under a protocol such as time limit determines that the user

must vacate the spectrum segment) [6].

Spectrum management provides the capability to find which channel is the best for trans-

mission based on the following considerations:

• mutual interference avoidance,

• quality of service (QoS) requirements, and

• seamless communications.

These could be affected by traffic congestion, temporal channel variations and user mo-

bility. A mechanism must be introduced to the cognitive radios to allow them to adapt at

their best advantages to these changes. Water-filling [18] and bit loading algorithms [19]

which are based on a greedy algorithm have been used to optimally select power allocation

for multi-carrier modulations on frequency selective channels.

Mutual interference avoidance is achieved using several techniques. On one hand, if

mutual interference is not tolerated there are two main techniques. First, the physical

separation specified by spectrum regulations and policies which allows only a sole source in

a specific spectrum segment in a specific geographical area. Second, the signal processing

techniques which allow multiple users with orthogonality separation such as: time division

multiple access (TDMA) which ensures orthogonality by allowing only one user at a time,

which is scheduled by a central authority; frequency division multiple acces (FDMA) which

ensures only one user on a portion of the available spectrum segment; and code division

multiple access (CDMA) which separates the multiple users by providing them with different

pseudo-random spreading codes. But all these above techniques have not by themselves the

flexibility of opportunistic spectrum sharing. One user might be given a share of the time in

TDMA but it might not be the best time for the user to transmit since the channel gains are

not to its advantage, it is also determined in time a priori and does not allow opportunistic

users. The same logical thinking applies to the CDMA and FDMA techniques. On the other

hand, if some mutual interference can be tolerated, then a noise temperature model [20] can

be introduced where the mutual interference will be detected as noise. As long as the mutual

interference is below a determined noise floor, the users in this spectrum segment will be

capable of operating and satisfying their QoS requirements.
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The quality of service requirements will determine the utility function that will be used

for a specific system to decide which channel is best for it. The utility function provides

the ability for a system to measure the reward/payoff it should obtain by selecting a specific

strategy (transmit power, spreading factor, modulation rate, channel selection). There exist

an infinite number of utility functions since the users are heterogeneous; e.g: delay critical

system, interference tolerant, etc.

The seamless communication consideration will take into account the system QoS require-

ments to decide when it should select another channel to transmit. A system can seldom

tolerate an abrupt interruption in the communication link but switching to another channel

increases the probability of a communication interruption. This increase in probability is

due to the fact that both receiver and transmitter must be aware of the new channel selec-

tion, which involves communications overhead, time to adequately choose the new channel,

handshake and handoff time. Careful thought must be given prior to changing the channel

for a specific user to allow appropriate time for spectrum handoff and handshake.

Spectrum sharing is the tool to coordinate access with other users. In other words, in

spectrum sharing users must deal with and take into account other users sharing the same

spectrum segment [16]. Spectrum sharing is well known for the unlicensed bands [21] which

were created to promote new technology development without the burden of acquiring a

spectrum licence. It has been very successful in meeting the goal of encouraging technology

innovation. However, the unlicensed spectrum bands may become the victim of their own

success since these bands now support a tremendous amount of new devices. Efficient algo-

rithms must be implemented to take full advantage of the spectrum resource in minimizing

the mutual interference.

There are several ways to share spectrum: the architecture could be either centralized

or decentralized, sharing could be horizontal (sharing among equals) or vertical (primary

and secondary user concepts), the spectrum allocation could be based on cooperative or

non-cooperative behaviour and the technique used for spectrum sharing could be overlay or

underlay [5].

Sharing among equals is horizontal sharing: all the devices have equal rights in sharing the

available spectrum. There is usually no concept of primary/secondary users. The unlicensed

bands are a good example [21]. It could also be when there is no primary user detected

and the secondary users share the available spectrum holes with equal rights. The available
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frequencies can be merged into a common spectrum pool from where, through a distributed

protocol, the users compete either cooperatively or non-cooperatively for the spectrum.

Primary and secondary concepts are vertical sharing: usually, there is no necessity to

create a spectrum pool. An agreement is in place to allow secondary users who must keep

below a certain value the interference generated to the primary users. Therefore, it is often

limited to low power transmission, hence short range transmission.

Cooperative spectrum sharing [17,22–24] considers the effect of the user’s communications

on other users’ communications. Interference measurements are shared among the users and

are considered by the spectrum allocation algorithm. Cooperative solutions could be either

centralized or decentralized [11].

In non-cooperative spectrum sharing [21, 22, 24–26], the users consider only their best

interests and do not take into account the interference generated by their action to the

other users. This kind of spectrum sharing (referred to as selfish) usually involves a reduced

spectrum footprint reutilization because of the selfish behaviour of the users. But alterna-

tively, minimal overhead communication exchanges between the users are required which is

an important tradeoff to consider in practical systems.

Cooperative and non-cooperative spectrum sharing have been compared in the literature

through their spectrum utilization, fairness and throughput [22–24, 27]. For both kinds of

spectrum sharing, the use of optimization min-max fairness criteria [27] and more specifically

game theory [11] have been recently studied for this resource allocation problem.

Game theory is a set of mathematical tools that is used to analyze the outcome of a

resource sharing conflict. It was first introduced in economics and then has been used

extensively in several areas such as socio-political science and biology. Recently, it has been

introduced to examine the outcome of resource allocation in the wireless network [17,22,28].

The users that will opportunistically take advantage of the available spectrum are most

likely selfish (aiming only to optimize their own performance) and rational (capable of strate-

gizing). They have conflicting objectives in competing for the limited resource (spectrum

segment). Therefore, the spectrum sharing problem can be modelled as a game [22, 26, 29].

The formal form of a game framework requires three main components:

• the set of users which are normally called players,

• the set of strategies for each user. In wireless resource allocation, it could be for example
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the set of possible transmit powers, modulation levels, spreading factors, channels

bands, and

• the set of reward/payoff given to the user when selecting a specific strategy.

For non-cooperative games where the users do not exchange information to influence

their decision on their next strategy, there must be a point for which the spectrum allocation

problem will converge. The point is referred to as an equilibrium. The Nash equilibrium is

usually used in the spectrum sharing non-cooperative game [22,25,26]. The Nash equilibrium

is defined as a point where a user has no incentive to change its strategy any more if all other

users are keeping the same strategy. The well-known water-filling algorithm for spectrum

sharing is a flavour of the non-cooperative game. The convergence to the Nash equilibrium

is often fast but on the other hand, due to the greedy behaviour of the users, often leads to

a sub-optimal solution [22–24].

A price-based spectrum management was proposed in [30], where the utility function of

the waterfilling algorithm is modified to take into account the price a user is ready to pay

to obtain a specific strategy. In this context [30], a higher price factor should prevent a

user from using a large amount of transmission power on a channel. The introduction of

the pricing factor forces the selfish users to work toward a social optimal solution. However,

the improvement in the outcome comes with the cost of an increased amount of information

exchanged in order to get the channel estimates of the interference paths with neighbouring

users.

In cooperative games, the users exchange information through an established protocol to

bargain an agreement on their parameters. One proposed solution is the Nash bargaining

solution [24, 31] which is completely different than the Nash equilibrium. Here, the users

agree a point of discord before the game, letting the others know the minimum outcome

they deem acceptable for their QoS requirements. If through the game they cannot strike a

bargain, then the outcome for every user will be the point of discord.

Game theory was used in [22] to compare the cooperative and non-cooperative approaches

in a distributed adaptive channel allocation. Two utility functions that measure the incentive

for a user to choose a specific channel were considered. The first utility function represents

the selfish behaviour and calculates the interference that will be measured at its receiver

if that channel is selected. The second utility function is based on the cooperative be-
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haviour of a user and takes into account the interference generated to the other users when

selecting a specific channel. To converge to a Nash equilibrium, a learning algorithm was

introduced. The results of [22] show that the non-cooperative behaviour brings a degraded

fairness among the users compared to the cooperative behaviour and a slightly worse per-

formance for the throughput. However, the exchange of communications required between

the non-cooperative users is significantly lower.

Spectrum overlay would allow a user to access opportunistically a portion of the spec-

trum that has not been used by the primary user or the licensed user. Therefore, minimal

interference is generated to the primary system. This was the original motivation for cogni-

tive radio [3]. The assumption made for this type of spectrum sharing technique is that the

cognitive users possess knowledge of the spectrum holes in space, time, or frequency when

the primary user (noncognitive user) is not using these holes. Simultaneous communications

on the same channel by both primary user and cognitive users are avoided and will happen

only in the event of a false spectral hole detection. The cognitive user’s transmit power

is limited by the capacity of its spectrum sensing capability [6]. An overlay example that

uses the OFDM-based cognitive radio system is presented in [32]. The opportunistic user

uses the OFDM waveform to notch the carriers on which a licensed user is transmitting,

reducing the mutual interference on the licensed user. As the main drawback of OFDM is its

high sidelobes that are interfering with the neighbouring bands, the authors in [32] present

techniques to mitigate this unwelcome effect.

Spectrum underlay would use advanced signal processing techniques to exploit spread

spectrum techniques such as direct sequence spread spectrum (DSSS), frequency hopping

and multiple access approaches such as code division multiple access (CDMA). Hence, the

interference generated by the user will be considered as noise by the primary system and

simultaneous communications on the same channel band of both primary users and cognitive

users is allowed as long as the cognitive radio does not create interference higher than a

certain noise floor. This brought the concept of the interference temperature model [33].

Spectrum agility provides the capability to change spectrum segment in a seamless manner

when the spectrum segment used is not available any more to the cognitive user (a primary

user has been detected, for example) or when the pathloss on this spectrum segment cannot

offer the required quality of service for this user.

A problem that is commonly considered is that the available spectrum is subdivided into
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N channels with different channel gains. In this problem, the users compete selfishly for their

share of the spectrum band by strategically allocating their total transmit power among the

N channels that can be either shared or not. In the problem of interest in this thesis, the N

channels are to be shared among the users.

When users share the same spectrum and try to transmit simultaneously on the same

frequency, it becomes an interference channel problem (IFC) as represented by Figure 1.2.

The capacity of the IFC has been an open problem for the last three decades because

it is not completely understood, but it has been researched in the literature for example

in [6, 21, 34, 35]. A nice survey of the Gaussian interference channel is provided in [6]. The

best known inner bound for the IFC capacity has been given in [35] but this is difficult to

work with. A looser bound is shown in [34] where the IFC capacity is bound to 1 bit/s/Hz.

In [21], it is argued that a more tractable inner bound than the one provided in [35] is

achieved by treating the received interference at the receiver as noise. The latter inner

bound will be used for the remainder of this thesis.

Tx1

Tx2

Rx1

Rx2

h11

h21

h12h22

Figure 1.2: The interference channel.
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1.2 Thesis Contributions

The main contribution of this thesis is to assess the effectiveness of the utility function

based on the Shannon capacity for non-Gaussian signalling for a non-cooperative spectrum

sharing environment. The non-cooperative spectrum sharing environment considered in this

thesis has N non-contiguous channels where two users determine the required transmit power

allocation over the N channels to maximize selfishly their sum rate. It is shown that the

proposed greedy algorithm can provide better performance when the utility function is based

on the knowledge of the signals characteristics. It is also shown in this thesis that not only

are higher rates achieved but also total transmit power is minimized, an important factor

for the reduction of mutual interference, reduction of spectral footprint, saving battery life

and allowing neighbourhood users to opportunistically access the spectrum. Furthermore,

it is demonstrated that when the channel attenuations change, the spectrum sharing users

can choose to adapt also their waveforms in addition to the rate adaptation, transmit power

adaptation and spectrum agility to meet their system’s QoS requirements.

1.3 Thesis organization

This thesis is organized as follows. Descriptions of the water-filling and greedy algorithms are

provided in Chapter 2. In Chapter 2, the system model is first presented for a narrowband

scenario in Section 2.2 and performance of the two algorithms are discussed and compared

in a flat Rayleigh fading environment to provide a comprehensive insight on their behaviours

and rate/transmit power allocation outcomes in Section 2.6. Based on the results presented

in Chapter 2, the work is then extended in a wideband environment simulated with multiple

Rayleigh fading paths. The system model for the wideband scenario is first presented in

Section 3.1 and the performance of the two algorithms in that environment are discussed

in Section 3.6. A discussion of future spectrum management is provided in Chapter 4 with

a study-case based on the results obtained in Chapter 3 and where waveform adaption is

proposed as a new option to the well-known spectrum agility and rate and transmit power

adaption while performing spectrum sharing. Conclusions are drawn and further work in

this area is discussed in Chapter 5.

11



Chapter 2

Frequency Non-Selective Environment

2.1 Problem definition

The spectrum sharing environment considered here consists of two users transmitting in the

same band in the same geographic area. The available spectrum is divided into N = 3

Rayleigh fading quasi-static channels of bandwidth Bc Hz. The problem for each user is to

allocate the total power, Ptot, among the channels to maximize their rates, while achieving a

specified target symbol error rate (SER). The total power available for each user is the same

and there is no cooperation between the users.

2.2 System model

There are two transmitter-receiver pairs operating in the same N channels. The received

signals at the two receivers on channel k are modelled as

y1(k)= Q1(k) + I1(k) + w1(k)

y2(k)= Q2(k) + I2(k) + w2(k) (2.1)

where yi is the received signal for user i and wi is the additive white Gaussian noise with

power spectral density N0. Qi(k) is the desired signal and Ii(k) is the interference at receiver

i. The transmitted signal from user i on channel k is xi(k), which has an average power of

Ex = E{|xi(k)|2} = 1 for i = 1, 2 and k = 1, . . . , N .
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The desired signal from transmitter i to receiver i on channel k is

Qi(k) =
√

Pi(k)hii(k)xi(k) (2.2)

with an average power Qi(k) = E{|Qi(k)|2} = Pi|hii(k)|2 where Pi(k) is the transmit power

allocated by user i on channel k.

The interfering signal arriving from transmitter j is

Ii(k) =
∑
j ̸=i

√
Pj(k)hij(k)xj(k) (2.3)

with an average power Ii(k) = E{|Ii(k)|2} =
∑

j ̸=i Pj|hij(k)|2.
The complex channel response from the transmitter of user j to the receiver of user i is

denoted hij. In this work, there are two users. For each realization, the direct path responses

h11(k) and h22(k) are drawn independently from the complex normal distribution CN (0, 1)

while the interfering path responses h12(k) and h21(k) are independent and distributed as

CN (0, β), where β is the cross-talk factor. It is also assumed that users have perfect channel

state knowledge and that they are able to measure the levels of noise and interference.

The target performance for the frequency non-selective fading channel case is a SER of

of 10−3.

2.2.1 Cross-talk β

Cross-talk β is the factor representing the strength of interference between the two users due

to the distance separating them (Figure 1.2). Increasing the value of β means in this case

that the two users get closer and have stronger interference effect while decreasing the value

of β has the reverse effect. The cross-talk β is defined as:

β =
E{|hij(k)|2}
E{|hii(k)|2}

(2.4)

The cross-talk β considered in this thesis is β 6 1. The main results in this thesis are

obtained for β = 0.1. The effects of changing β are discussed in Section 2.6.3 for the quasi-

static flat Rayleigh fading case and in Section 3.6.1 for the frequency selective environment.
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2.3 Waveforms

Two waveforms are considered in this thesis, the OFDM and the DSSS waveforms; these

waveforms will be further discussed in Section 2.3 for the frequency non-selective case and in

Section 3.1 for the frequency selective case. The OFDM and the DSSS waveforms are used

typically in a frequency selective environment. It is noted that the frequency non-selective

environment does not provide a realistic environment but it will prepare the stage for the

frequency selective case presented in Chapter 3.

The OFDM waveform uses U frequency tones on each spectrum sharing channel and the

modulation level it will transmit on each of these channels is selected by the resource allo-

cation algorithms discussed in Section 2.4. A simplified diagram of the OFDM transmission

over the N channels is shown in Figure 2.1. To avoid the requirement of continuous feedback

of the channel conditions, the same power and data rate are allocated on all U frequency

tones of one channel.

The spreading factor for the DSSS waveform each on spectrum sharing channel [36] is

selected by the resource allocation algorithms discussed in Section 2.4. A simplified diagram

of the DSSS transmission over the N channels is shown in Figure 2.2.

The OFDM and DSSS waveforms are used in two different scenarios in a frequency non-

selective environment and then in a frequency selective environment. It is assumed that both

users have perfect knowledge of the waveform used by the other user.

Scenario A will investigate the case of two different real signals adapted to their environ-

ment to maximize the rate - the OFDM user will choose to adaptively modify its modulation

level while the DSSS user will choose adaptively its spreading factor.

Scenario B will consider the case where the users use the same signalling, OFDM, and

both have the same strategy sets. Note that ‘user’ refers to the transmitter and receiver pair

together.

As in [37], in scenario A the case where one user uses DSSS signalling, while the other

uses OFDM is considered. However, in the current work, it is not assumed that a user is

designated as a primary spectrum lessee but rather, the users compete for access to the

spectrum.

User 1 transmits using OFDM and adjusts its modulation level depending on the received

power of the desired signal Q(k), the interference I(k) and the noise N0 that it measures
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Power allocation outcome for channels k=1...N
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Figure 2.1: OFDM transmission over N spectrum sharing channels.

on each of the N = 3 channels. The set of modulation level strategies is R1 = {BPSK,

QPSK, 8-PSK, 16-QAM, 64-QAM}. The OFDM signal has 200 frequency tones within the

bandwidth Bc and the ratio of the guard interval to the symbol duration is 0.184. The total

symbol rate obtained is then 0.816Bc sps on each channel.

The second user uses DSSS signalling with BPSK on each channel [36] and its set of

strategies is based on the spreading factor (SF): R2 = {SF = 1, 3, 7, 15}. The spreading is

achieved using a pseudo-random sequence, in this case, an m-sequence of order from 1 to

4. The DSSS signal is passed through a root raised-cosine filter with a rolloff factor of 0.22,

giving a data rate of 0.82Bc/SF sps per channel.

In scenario B, both users use OFDM signalling and have the same set of strategies as

explained for the OFDM user in scenario A. OFDM is typically used in the case where the
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Power allocation outcome for channels k=1...N

PDSSS(1), PDSSS(2), ..., PDSSS(N)

Data source Select spreading factor

Spread spectrum sequence

Wireless environment

Spread spectrum correlatorDecisionoutput bits

Channel 1

Channel 2

Channel N

.

.

.

Figure 2.2: DSSS transmission over N spectrum sharing channels.

user has only one tone per channel and maximizes its throughput by allocating power on the

tones that offer the smallest channel attenuations [38]. However, in this thesis work, OFDM

is thought of as a multicarrier OFDM modulation. In other words, OFDM has 200 frequency

tones per channel. DSSS is also thought of as a multicarrier DSSS modulation [36] where

independent DSSS signals are transmitted on each channel. Note that quasi-static flat-fading

channels are considered in this chapter, even though both OFDM and DSSS are generally

used for frequency selective fading channels. The flat-fading channel assumption reduces

the number of parameters required in the simulations, which will more easily reveal the

performance characteristics of the resource allocation algorithms. The work of this chapter
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will serve as the basis for the analysis in Chapter 3, where frequency selective channels will

be studied.

2.4 Allocation algorithms

In this section the algorithms used to allocate resources are described. The first is the well-

known iterative water-filling algorithm. A second algorithm is proposed, which takes into

account the characteristics of the real signal waveforms described in Section 2.3. This is a

greedy algorithm which is designed to allocate the user’s power in the most efficient way,

such that the target symbol error rate (SER) is achieved.

2.4.1 Iterative water-filling power allocation algorithm

When the users do not cooperate, the iterative water-filling algorithm is commonly used to

optimally allocate user power among the N available channels. With this algorithm, the

users will use the outcome of their utility functions, in this case, the Shannon capacity, to

modify their transmission parameters (power, modulation scheme, coding, etc.) to maximize

their sum rate [26].

The water-filling strategy has been long studied in the literature. Initially, the water-

filling algorithm was designed for a single pair of transmitter-receiver trying to maximize the

rate on multiple channels subject to a power constraint [39].

In [26], three types of water-filling are discussed: sequential, simultaneous and asyn-

chronous. The least complex version of water-filling is the sequential algorithm where all

users compete for the resource in a pre-defined order.

A sequential water-filling algorithm to distributively and optimally allocate the power for

two users in the Gaussian frequency selective interference channel has been studied in [18]

for the digital subscriber line. The users update their own information rates one after the

other in a predefined order (this is an example of the Gauss-Seidel scheme). To update

their information rate, each user performs the single-user water-filling solution sequentially

according to the interference generated by the other users. The interference created by the

other users is seen as additive (coloured) noise.

Although its low complexity and its distributed quality are appealing, a big disadvantage

of this simplified version is that with increasing number of users, the convergence to a Nash
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equilibrium tends to get very slow [26]. Another disadvantage for this water-filling version

is that it requires a central scheduler to determine the order of updating strategies.

The simultaneous water-filling technique has been proposed where the users select their

strategy at the same time. This is an example of a Jacobi scheme: the users update simul-

taneously their rate information with the single water-filling solution at each iteration based

on the interference generated by the other users in the previous iteration. This version of

water-filling resolves the slow convergence but it still requires some form of a central sched-

uler to synchronize the update timings. In a totally non-cooperative game, the requirement

of a central scheduler should be removed since it does imply some form of cooperation.

The asynchronous water-filling algorithm resolves both the slow convergence and the

requirement of central scheduler. In this water-filling version, each user still updates their

strategy with the single water-filling solution but there is no order predefined. Some users

can perform their updates more often than others. Furthermore, the users can update their

strategies based on outdated information on interference caused by others. More information

on this form of asynchronous principle involved in this version of water-filling can be found

in [40].

The assumption that the channel information on the direct path impulse response is

known at all users’ receivers is often made in the literature [18, 22, 26, 40]. This assumption

simplifies the scenarios and allows a reduction in the number of parameters to take into

account while studying the behaviour of an algorithm. However, in real systems, perfect

knowledge of the channel impulse is not possible as noise will always corrupt the estimate.

Moreover, the channel state information (CSI) received would have to be computed instanta-

neously to ensure an up-to-date equalization. Delays and modification of the CSI packets are

expected in wireless communication. Therefore systems require some level of robustness to

this kind of error to ensure a similar performance from a perfectly known environment to de-

graded conditions. Robust iterative water-filling has been explored in [25] to allow imperfect

CSI at both receivers on the direct path channel impulse of the interference channel.

Since in this thesis, there are only two users competing for their share of the spectrum,

there is no issue with the convergence being slow. It is also not a large issue for central

scheduling: in this case it could be pre-defined in the protocol that both parties must agree to

before starting the game. Furthermore, the assumption of perfect channel state information

is made to reduce the complexity of the studied problem and to get a better insight from
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the presented results. Because of these assumptions, the sequential version of water-filling

has been chosen for the purpose of this thesis and there is no requirement for a robust form

of water-filling.

Assuming Gaussian distributed signals, the maximum achievable rate for user i on channel

k is given by the Shannon capacity

Ri(k) = log2 (1 + Υi(k)) (2.5)

and the maximum sum rate for user i is

Ri =
N∑
k=1

log2 (1 + Υi(k)) (2.6)

where the SINR Υi(k) is defined as

Υi(k) ,
Qi(k)

N0Bc + Ii(k)
(2.7)

where N0 is the power spectral density over the channel bandwidth Bc Hz.

According to [26], to obtain a Nash equilibrium the water-filling solution profile of one user

must satisfy the water-filling solution of the other user. The water-filling power allocation

for user i on channel k is then

PWF
i (k) ,

(
µi −

N0Bc + Ii(k)

|hii(k)|2

)+

(2.8)

where µi is the water-filling level that satisfies
∑N

k=1 P
WF
i (k) = Ptot, and (a)+ = max(0, a).

From the transmit powers found in (2.8), the received power for user i on channel k is

calculated as Qi(k) = Pi(k)|hii(k)|2 and the interference power is Ii(k) =
∑

j ̸=i Pj(k)|hij(k)|2.
The water-filling algorithm for allocating resources is summarized as follows:

1. Initialization: set transmit powers PWF
i (k) = 1/N · Ptot

2. Iterations: repeat Nit times

(a) for user 1, compute the interference power I1(k) on each channel for k = 1, ...N

(b) sort channels in increasing order by their level of received interference plus noise

(c) initialize R1,max = 0

(d) repeat until convergence:

for k = N : −1 : 1 do:
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i. compute waterfill level µ for channels 1, . . . , k

ii. set PWF
1,temp(n) = 0 for n = k + 1, . . . , N

iii. compute PWF
1,temp(n) from (2.8)

iv. compute received power Q1,temp(n) for n = 1, . . . , k

v. compute rate R1,temp from Q1,temp(n) using (2.6) for n = 1, . . . , k

vi. if R1,temp > R1,max

• R1,max = R1,temp

• PWF
1 (n) = PWF

1,temp(n) for n = 1, . . . , N

(e) for user 2, compute the interference power I2(k) on each channel for k = 1, . . . , N

(f) repeat steps (b), (c), (d) for user 2

3. End

Then the maximum achievable rates using real signals can be found from the lookup

tables which will be discussed in Section 2.5.

2.4.2 Iterative greedy power allocation algorithm

Most of the literature on game theory for spectrum sharing uses the Shannon capacity as

a utility function [18, 25, 26, 39–41]. This necessitates that the following two assumptions

are made: Gaussian signalling and long codebooks (infinite length sequence of data infor-

mation) [6]. Gaussian signalling refers to the fact that theoretically the signal could take

on an indefinitely large number of different voltage levels, with each of them having a dif-

ferent meaning. To account for finite-order constellations, the gap approximation has been

proposed to deal with reduced rate expectations [26]. However, it was shown in the case of

multicarrier transmission that the water-filling solution is not optimal for realistic consid-

erations such as these [19]. In fact, the power allocation obtained using water-filling does

not maximize the data rate. As an alternative, a greedy algorithm was used in [19] using

a utility function that favours allocating transmit power on tones where it can increase the

rate in the most power efficient way.

A similar approach for the utility function in the spectrum sharing context was proposed

in [22], in which the authors consider coding with Gaussian signalling. The utility function

used in [22] will select a channel on which the receiver would achieve the greatest signal
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to interference ratio. In this thesis, the suitability of the water-filling utility function is

investigated for non-Gaussian signalling signals.

For non-Gaussian signalling, an iterative greedy algorithm, which aims to find a global

optimal solution by making locally optimal decisions, has been developed in this work. The

power allocation starts with zero power on every channel and then calculates which channel

will require the least transmit power to increase its data rate by one step in the rate strategy

set. The greedy algorithm continues in this manner until all the total power for the user has

been allocated to the N channels or until no more improvement can be made to the data

rate on all channels.

The greedy algorithm for allocating resources for real signals is summarized as follows:

1. Initialization:

(a) set transmit powers PGr
i (k) = 0 and rate strategies Ri(k) = 0, for i = 1, 2,

k = 1, .., N

(b) set remaining available power Prem = Ptot

2. Iterations: repeat Nit times

(a) for user 1, compute interference power I1(k) on each channel

(b) initialize PGr
1 (k) = 0, R1(k) = 0, k = 1, .., N

(c) repeat until convergence:

i. find ∆Q(k), increase in received power required to support increasing rate

strategy by one on channel k, k = 1, .., N , to achieve given SER, using look-

up table

ii. compute ∆P (k), increase in transmit power required to support increasing

rate strategy by one on channel k, k = 1, .., N

iii. find k̃ = argmink ∆P (k)

iv. if ∆P (k̃) < Prem:

• increase rate strategy on channel k̃:

R1(k̃) = R1(k̃) + 1

• increase transmit power on channel k̃:

PGr
1 (k̃) = PGr

1 (k̃) + ∆P (k̃)
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• set Prem = Prem −∆P (k̃)

(d) for user 2, compute interference I2(k) on each channel

(e) repeat step (b) and (c) for user 2

3. End

Simulations show that convergence for the greedy algorithm is typically achieved in six

to eight iterations. For the simulation results presented here, the number of iterations for

the competitive games has been chosen as Nit = 8. While the water-filling solution will

reach a Nash equilibrium [26], the greedy algorithm may not, in which case the allocations

will alternate between two different solutions until the maximum number of iterations has

been reached. A flow-chart of how the simulations were performed in Matlab for the power

resource allocation problem studied in this thesis is shown in Appendix A.

2.5 Symbol error rate

For scenario A, Monte Carlo simulations were performed for every modulation level strategy

for the OFDM signal, to determine the received power required to achieve a SER of 10−3 or

better in an AWGN channel over a range of interference levels created by the DSSS signal.

The same Monte Carlo simulations were performed for every spread factor strategy for the

DSSS signal with an OFDM interferer. A flow-chart on how the simulations were performed

in Matlab is shown and described in Appendix A.

The same Monte Carlo simulations were done for scenario B with an OFDM signal with

an OFDM interferer. These results were used to generate the lookup tables required in the

implementation of the algorithms described in Section 2.4 to determine the real rate obtained

with the power allocation for each user on each channel. Figures of the required received

power for a specific level of interference power are shown in Appendix B. The lookup tables

used in this thesis are given in Appendix B.

2.5.1 OFDM SER with a DSSS interferer

The BPSK OFDM user with a SF = 3 BPSK DSSS interferer SER curves for selected

signal-to-interference ratio (SIR) obtained in the simulations are shown in Figure 2.3. The
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selected SIRs shown in Figure 2.3 are 5 dB, 6 dB, 7 dB, 7.5 dB, 8.5 dB, 9 dB, 9.5 dB, 10 dB,

10.4 dB, 10.8 dB, 11 dB and 11.5 dB. Note that these simulations were done for each OFDM

constellation with the same SF = 3 BPSK DSSS interferer. From these results, SIRs were

obtained for the lookup table shown in Figure B.1. The performance may change slightly for

other DSSS spreading factors due to the repeated spreading sequence, however, simulations

suggest that theses differences are quite small, as demonstrated in Figure 2.4. Therefore in

this work, the interference effects of all spreading sequences are assumed to be equal.
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Figure 2.3: SER curves for the BPSK OFDM user with BPSK SF = 3 DSSS

interference in AWGN channel. The selected SIRs shown in this figure are 5 dB,

6 dB, 7 dB, 7.5 dB, 8.5 dB, 9 dB, 9.5 dB, 10 dB, 10.4 dB, 10.8 dB, 11 dB and

11.5 dB.

2.5.2 DSSS SER with OFDM interferer

The SER curves for a BPSK SF = 3 DSSS user with a BPSK OFDM interferer obtained in

the simulations are shown in Figure 2.5. The selected SIRs shown in Figure 2.5 are 0 dB,
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Figure 2.4: SER curves for the BPSK OFDM user with different spreading factor

BPSK DSSS interferer in AWGN channel.

3 dB, 5 dB, and 6 dB. Note that these simulations were done for each BPSK DSSS spreading

factor with the same BPSK OFDM interferer. From these results, SIRs were obtained for the

lookup table shown in Figure B.3. The performance may change slightly for other OFDM

constellations due to the OFDM constellation mapping, however, simulations suggest that

these difference are quite small (Figure 2.6, where simulations were done for SIRs= 3 dB,

7 dB and 10 dB). Therefore in this work, the interference effects of all OFDM constellations

are assumed to be equal.

2.5.3 OFDM SER with an OFDM interferer

The BPSK OFDM user with a BPSK OFDM interferer SER curves for selected SIR obtained

in the simulations are shown in Figure 2.7. The SIRs selected for Figure 2.7 are 5 dB, 6 dB,
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Figure 2.5: SER curves for the BPSK DSSS SF = 3 user with BPSK OFDM

interferer in AWGN channel. The selected SIRs shown in this figure are 0 dB, 3 dB,

5 dB, and 6 dB.

7 dB, 7.5 dB, 8.5 dB, 9 dB, 9.5 dB, 10 dB, 10.4 dB, 10.8 dB, 11 dB and 11.5 dB. Again,

the simulations for the lookup table have been done for every OFDM constellation with the

same BPSK OFDM interferer, making the same assumption that the interference created

by all OFDM constellations are equal based on simulations results presented in Figure 2.8.

From these results SIRs were obtained for the lookup table shown in Figure B.5.

2.6 Results

For both scenarios, the power allocation solution can be defined as the outcome of a game

theoretical problem. The users’ strategies are the amounts of transmit power they allocate

on each channel and their rewards are the rates at the target SER that they achieve at the

end of the game.
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Figure 2.6: SER curves for the BPSK SF = 3 DSSS user with different constellations

OFDM interference in AWGN channel. The selected SIRs shown in this figure are

3 dB, 7 dB and 10 dB.

2.6.1 Scenario A - Coexistence of DSSS and OFDM users

The resource allocation algorithms described in Section 2.4 have been applied to scenario A

given in Section 2.3 for two users and three quasi-static frequency non-selective Rayleigh

fading channels, for 10,000 different channel realizations at each SNR. The cross-talk factor

was β = 0.1.

The Shannon capacity, in bits/s/Hz, given by (2.5), was computed based on the typ-

ical assumption that the transmitted signals are Gaussian distributed. This is shown in

Figure 2.9, along with the rates obtained for real signals using the water-filling and greedy

algorithms to allocate resources.
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Figure 2.7: SER curves for the BPSK OFDM user with BPSK OFDM interference

in AWGN channel. The selected SIRs shown in this figure are 5 dB, 6 dB, 7 dB,

7.5 dB, 8.5 dB, 9 dB, 9.5 dB, 10 dB, 10.4 dB, 10.8 dB, 11 dB and 11.5 dB.

The most notable observation from Figure 2.9 is that both algorithms are not close to

the Shannon capacity. In fact, the OFDM user, which obtained higher rates compared to

both DSSS users for SNRs exceeding 10 dB, achieved less than half the rate predicted by

the Shannon capacity formula. This is expected as the assumption of Gaussian signalling

and long codewords is not met.

The second noticeable observation is that the water-filling algorithm does not provide

the optimal resource allocation for the real signals. The greedy algorithm, although not

necessarily optimal, achieves a higher sum rate for both users over the whole SNR range.

Both users reach a plateau when the SNR is high enough: for the DSSS user this occurs

at about 20 dB, while for OFDM it is in excess of 30 dB for the greedy algorithm and

at about 25 dB for the water-filling algorithm. This is explained by the set of data rate

strategies for each user: the set of strategies for the OFDM user includes modulation up to
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Figure 2.8: SER curves for the QPSK OFDM user with different contellations OFDM

interferer in AWGN channel.

64-QAM, giving a maximum data rate of 6 · (0.816)Bc sps per channel, whereas the DSSS

user is limited to a maximum of BPSK on each channel, with the strategy SF = 1, for a

maximum data rate of 0.82Bc sps per channel. At low average SNR, both solutions for DSSS

have a higher rate than for OFDM since DSSS is more robust to interference.

In the literature, there is a discussion of the use of SNR gaps to predict the outcome of

a constellation at a certain SNR while using the outcome of the Shannon capacity formula

as in [26]. For example, in Figure 2.9 at average SNR 10 dB, the Shannon capacity predicts

a rate of 2 bits/s/Hz. However OFDM users for both algorithms achieve only 0.5 bit/s/Hz

for the same average SNR. Both algorithms achieve 2 bits/s/Hz at an average SNR of 25 dB

which is 15 dB higher than predicted by Shannon capacity. Therefore, the SNR gap would be

used to scale down the Shannon capacity prediction to reflect more realistically the system
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Figure 2.9: Rates for different resource allocation algorithms, scenario A.

outcome at that average SNR or to provide the actual average SNR required by the system

to achieve the predicted rate. Up until average SNR 30 dB, an SNR gap can be estimated

for the water-filling OFDM at approximately 15 dB. However, at higher average SNR, it

is seen that the SNR gap would not be of any use since the rates achieved at that point

start to reach a plateau due to the system limitation. The same observation on the SNR

gap can be made for the greedy OFDM, but this time, the SNR gap could be used up to

an average SNR above 30 dB. For the DSSS users, it is observed that SNR gaps cannot

be estimated due to the limitation of the BPSK modulation, even though the rate strategy

includes different spreading factors.

The distribution of rates achieved over 10,000 Rayleigh-distributed frequency non-selective

channel realizations is shown in Figure 2.10 for an average SNR of 13 dB. The limitation of

the set of rate strategies is clear, as the maximum sum rate achievable for DSSS is Ri = 1.
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Thus, while the variance of the OFDM rates increases with average SNR in operational

range, the variance of the DSSS rates is limited.
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Figure 2.10: Cumulative frequency distribution of rates at 13 dB, scenario A.

To get further insight into the behaviour of both algorithms and to understand the impact

of their strategies, two games for a specific channel realization at an average SNR of 13 dB are

considered. The squared absolute channel coefficients for both users are given in Table 2.1,

where the OFDM user is denoted as user 1.

Figure 2.11 shows the power allocation for the two algorithms for this channel realization

and an average SNR of 13 dB. The overall bar height shows the total power allocated by

the user on each channel. In Figure 2.11(a) and (b), the dark colour shows the required

power to get the rate on every channel shown in the corresponding panels in Figure 2.12.

The pale colour shows how much of the allocated power on each channel is wasted, i.e., over

the required minimum for the rate it achieves at the target SER.
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Table 2.1: Squared absolute channel coefficients for resource allocation example.

k = 1 k = 2 k = 3

|h11(k)|2 0.57 5.26 1.37

|h12(k)|2 0.14 0.004 0.13

|h22(k)|2 1.4 0.4 2.46

|h21(k)|2 0.03 0.12 0.03

As the average SNR increases, more power is wasted, therefore more interference is created

to the other user which in turn needs more power to counter the interference. Thus, the

users do themselves mutual harm. Furthermore, with this kind of behaviour, other nearby

users are prevented from taking advantage of the same bandwidth. This contradicts the aim

of maximizing spectral usage.

It was shown in [42] that for two users, when the interference levels are high, the maximum

sum-rate cannot be achieved unless at most one channel is shared. This effect can be observed

in Figure 2.11(a) and (b) where only one channel is shared in the case of the water-filling

algorithm. The same behaviour does occur for the greedy algorithm, but it is observed that

the level of cross-talk required is much higher in the greedy case. Although the sum rates

achieved in this example are relatively high for both algorithms, the behaviour observed is

typical of most realizations.

As noted previously, the greedy algorithm allocates only the minimal power to achieve

each rate strategy. Therefore, there is unused power, Prem, at the end of the game. In this

example, 3.8 % of the total power remains for the OFDM user, and 7.5 % for the DSSS user.

In Figure 2.11, it can be seen that less transmit power is allocated to channel 3 by both

greedy users compared to both water-filling users, but the greedy OFDM user still achieves

a higher rate compared to the water-filling case on that channel, as shown in Figure 2.12.

This is again explained by the fact that having more power on a channel creates a higher

interference for the other user which consequently must increase its own power to get a

specific rate.

Figure 2.13 shows the percentages of total available power that are wasted or unused.

For the greedy case, only a small percentage of power for the OFDM user is wasted at
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(b) Water-filling DSSS
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Figure 2.11: Power allocated to each channel at average SNR 13 dB, scenario A

example.

SNRs above 10 dB while the DSSS user has no wasted power. This is due to the fact that

the greedy DSSS user makes the last move in this game. As explained in Section 2.4.2,

the greedy algorithm does not always reach an equilibrium. Therefore, the greedy DSSS

user may change its power allocation at the last iteration based on the last observed power

allocation of the greedy OFDM user, while the OFDM user based its power allocation on

the interference level of the previous iteration. If the OFDM user were last, the DSSS user

might have some wasted power while the OFDM user would have none. Simulations showed

that the total power wasted is similar, regardless of the order of the users.

The percentage of power wasted for the greedy algorithm increases with SNR because
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(c) Greedy OFDM
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Figure 2.12: Rate on each channel at average SNR 13 dB, scenario A example.

interference begins to dominate the noise. The actual wasted power remains constant after

reaching a peak at around 30 dB, resulting in a decreasing percentage.

It can be seen that for the greedy case, the unused power, Prem, decreases as the average

SNR increases, and then increases again at high SNR. For the DSSS user, this is explained

by the fact that at low average SNR, the greedy OFDM does not allocate any power because

it cannot achieve the target SER even at the lowest rate strategy, hence the DSSS user is, on

average, dealing only with noise and not interference. For the OFDM user, a similar effect

occurs at higher SNR when the DSSS user has achieved its maximum rate, with SF = 1

being selected in most realizations. At this point, the interference experienced by the OFDM

user remains unchanged, hence a decreasing percentage of total power is required to combat
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Figure 2.13: Power usage for different resource allocation algorithms, scenario A.

The distributions of the percentages of power that are wasted or unused, corresponding

to Figure 2.10, are shown in Figure 2.14. Note that in 75% of the 10,000 realizations, no

power is wasted using the greedy algorithm. This is because, in these cases, the greedy

algorithm has reached equilibrium. At this SNR, 13 dB, the distributions of unused power

are approximately the same for the OFDM and DSSS users: it is clear from Figure 2.13 that

as the SNR increases, the DSSS user allocates less of its power to achieve its maximum rate

and the unused portion increases.

Finally, note that power wasted by the water-filling solution is higher, in general, than the

unused power of the greedy algorithm. This is because the greedy algorithm uses its power

more efficiently as it does not create unnecessary interference on the available bandwidth.

As noted above, this also reduces the spectral footprint of this pair of users, allowing other
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Figure 2.14: Cumulative frequency distribution of power usage at 13 dB, scenario A.

users to access the spectrum nearby.

2.6.2 Scenario B - Coexistence of two OFDM users

In this scenario, both users use the OFDM modulation. This scenario provides a view of

the rate outcomes for the greedy algorithm compared to the water-filling algorithm when

both users have the exact same set of strategies. When comparing Figure 2.9 from the

previous scenario and Figure 2.15 with both users having OFDM as their modulation, it

is observed again that the water-filling algorithm reaches a plateau at high SNR. For the

greedy algorithm, the second user will reach a plateau eventually while the first user will get

a decrease in its rate. This is due to the greedy behaviour of the algorithm, the second user

has enough power to overcome the interference created by the first user and maximizes its

rate on the three channels. Then the first user becomes limited in its power allocation on
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the three channels since the interference is now so high it cannot obtain a reasonable QoS

at its rate. The water-filling algorithm has chosen at high SNR to apply a solution that is

equivalent to frequency division multiplexing (FDM), i.e. each channel supports only one

user, which resolved this issue and allows the users to reach a plateau. It will be shown

in Section 3.6.2 that the application of FDM at high SNR also resolved this issue with the

greedy algorithm while still minimizing the required transmit power.
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Figure 2.15: Rates for different resource allocation algorithms, scenario B.

Again, the greedy algorithm is capable of a higher performance (while still possibly sub-

optimal) than the water-filling in that region due to the unused power by both users. In

Figure 2.16, one will note that for every greedy user, a minimum of approximately 20% of

the user’s power is unused. The water-filling algorithm, in contrast, will waste 20% more

most of the time per user than the unused power in the greedy algorithm. For example, at

average SNR of 20 dB, the water-filling will waste 40% of the total power per user while the
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greedy algorithm will choose to save (not use) 20% of the total power per user. This might

be an important advantage when considering saving battery life, seamless communications,

mutual interference, and spectrum reuse.
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Figure 2.16: Power usage for different resource allocation algorithms, scenario B.

While comparing scenario A (Figure 2.14) and scenario B (Figure 2.17), it is seen that

for both scenarios the greedy algorithm still saves the same amount of power. It is noted

that in scenario B, 90% of the time there is no power wasted for the greedy algorithm while

in scenario A (Figure 2.14), it was only 75% of the time. Meanwhile, both water-filling

users in this scenario have the same amount of wasted power as the worst water-filling user

(the water-filling DSSS user) in scenario A (Figure 2.14). For example, 50% of the time

there is a waste for each water-filling user of 40% of the total power in this scenario while

in the previous scenario, the water-filling OFDM user had a 25% waste of its total power

50% of the time and the water-filling DSSS user had a 40% waste of its total power 50% of
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the time. This is explained by the fact that DSSS is more tolerant to mutual interference

due to its spreading sequence strategy and requires less transmit power to reach its highest

performance (due to the system modulation level limitation for DSSS set to BPSK in this

thesis; if higher constellations were allowed for DSSS, higher transmit power would then

be required). Therefore, adding more transmit power on that channel will only be wasted.

However, the OFDM user does require more transmit power to transmit information with

a higher constellation and it is less tolerant to mutual interference. Therefore, as shown

in Figure 2.17, both water-filling users in scenario B will require more transmit power to

combat the interference generated by the other user, which explains why there is less power

wasted.
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Figure 2.17: Cumulative frequency distribution of power usage at 13 dB, scenario B
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2.6.3 Effect of cross-talk β

Cross-talk β is the factor representing the strength of interference between the two users due

to the distance separating them. Increasing the value of β means in this case that the two

users get closer and have a stronger interference effect while decreasing the value of β has

the reverse effect.

For scenario A, in Figures 2.18, it is noted that as β decreases, the greedy OFDM out-

performs more and more the water-filling OFDM at all average SNRs. Similarly, the greedy

algorithm outperforms the water-filling for the DSSS user, except that at average SNR above

30 dB for β=0.01 (Figure 2.18 (a)), the greedy algorithm’s DSSS rate performance and the

water-filling rate performance converge to the same outcome. This is explained by the limi-

tation of the DSSS user to BSPK modulation. If the DSSS had in its strategy set the option

to increase also its modulation levels, it would be expected that the rate performance would

be increased.

For both scenarios, decreasing β increases the rates achieved by both users with both al-

gorithms. From Figure 2.18 (a) and (c) when β=0.01 increases to β=0.1, there is a decrease

in the rate performance for both iterative algorithms. This decrease in rate performance

has the same percentage for both algorithms. For example, Table 2.2 shows the rate ob-

tained for each user by both algorithms when β=0.01 (Figure 2.18 (a)) and when β=0.1

(Figure 2.18 (b)):

Table 2.2: Comparison of rate performance when β = 0.01 and β = 0.1 at average

SNR 15 dB.

β = 0.01 β = 0.1

Gr OFDM 1.4 bits/s/Hz 1.2 bits/s/Hz

Gr DSSS 0.7 bits/s/Hz 0.6 bits/s/Hz

WF OFDM 1.2 bits/s/Hz 1.0 bits/s/Hz

WF DSSS 0.6 bits/s/Hz 0.5 bits/s/Hz

As shown in Figure 2.22, the water-filling algorithm may achieve a higher rate than the

greedy algorithm as the interference level increases. The β at which this reversal takes places

depends on the SNR and the order of the strategy updating.
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For scenario A (Figure 2.20), it is noticed that the order of the user in the sequential

iterative greedy algorithm has a considerable effect when β is larger than 0.1. When the

OFDM user is first to play the sequential iterative greedy game, i.e., the DSSS user changes

its strategy last, therefore changing its power allocation. This decreases noticeably the rate

achieved by the greedy algorithm as shown in Figure 2.20 (a).

This is explained by the fact that when the cross-talk is small, i.e., the users are far

apart, the change in power allocation of the DSSS user has less effect on the rate achieved by

the OFDM user since the measured SINR at the OFDM receiver will be minimized by the

cross-talk β. For example, at β = 0.1 the interference perceived at the OFDM receiver will

be 10 dB lower than if β = 1, if β = 0.5, the interference perceived at the OFDM receiver

would then be 3 dB lower than if β = 1. Therefore, the OFDM user requires less transmit

power to combat the interference generated by the DSSS user and will be able to achieve a

high OFDM constellation. Even if it might not get the OFDM constellation it was aiming

for in its last iterative strategy selection, the OFDM user will most of the time be able to

get at least a lower rate at the end of the game when β ≤ 0.1. However, when β > 0.1, the

strategy selection for the OFDM user is smaller (due to the perceived interference at the

OFDM receiver, it is seldom possible to achieve the highest OFDM constellation) as it will

require more transmit power to combat the interference generated by the DSSS. Moreover,

when the DSSS user changes its strategy with a larger β, the amount of mutual interference

added by this change will require more transmit power from the OFDM user to combat

it. Therefore, due to the fact that the interference perceived at the OFDM receiver will be

much higher than predicted (effect of the cross-talk β with the last strategy updates of the

DSSS user) and the limited strategy space for the OFDM user when cross-talk β is large,

the transmit power selection will not be enough to support a BPSK signal.

In contrast, the DSSS user is less affected (Figure 2.18) because the power required

from one interference level to another requires a smaller differential in transmit power (Fig-

ure 2.19). If it calculates a rate for lower interference, even if the OFDM user changes its

power allocation strategy, it will be capable most of the time to get at least a lower rate with

a larger SF.

When the greedy OFDM user is second (Figure 2.20), it achieves a lower rate because it

is affected by the choice of the greedy DSSS user. As explained previously, when β > 0.1, it

will seldom get a constellation higher than QPSK. The rate provided by the power allocation
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for the greedy OFDM looks similar to that of the water-filling OFDM, just slightly below

most of the time, and a few times zero rate is obtained on the three channels while the

water-filling chooses a solution that is equivalent to FDM, i.e., each channel supports only

one user.

The rates achieved by the greedy DSSS user are better than those of the water-filling DSSS

user at lower SNR when β = 1 (Figure 2.20). However, at higher SNR, the greedy OFDM

can combat the interference generated by the greedy DSSS user by allocating more transmit

power, but then the greedy DSSS user has a decrease in its rate outcome (Figure 2.20).

It is noted that in Figure 2.18 when β = 1, the capacity sum rate for both users does not

converge when SNR is larger than 20 dB. The reason for the change in the capacity sum

rate convergence behaviour with β is not fully understood; further investigation in this area

would give more insight.

This investigation of the cross-talk effect mixed with the user order for updating their

strategies study illustrates the difficulty of having just a greedy algorithm without some form

of intelligence to recognize when convergence cannot be reached and to take the appropriate

actions to remedy that situation.

For scenario B, as per Figure 2.23, it is seen that the greedy algorithm rate achieved

outperforms more and more the water-filling achieved rates as β decreases. However as per

Figure 2.23(c), when the cross-talk gets stronger, β > 0.1, the second user in the greedy

algorithm is affected by the power allocation of the first user and it cannot obtain a rate

similar to the first user. It actually becomes worse than the water-filling second user at

average SNR above 25 dB. This explained by the selfish behaviour of the greedy algorithm:

the first user will selfishly maximize its rate objective since it can obtain high rates and its

power allocation creates an interference level for the second user which it cannot combat

with higher power allocation due to the limitation of the total power per user. Therefore,

the second user would have difficulty obtaining a higher constellation rate, even if it still had

power available. This is shown in Figures 2.24 (b) (β=0.1) and (c) (β=1) where the amount

of unused power for the second user increases drastically at average SNR above 30 dB.
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2.7 Conclusions

The iterative greedy algorithm, using power efficiency as a utility function to allocate power

over several channels, provides a higher rate than iterative water-filling using the Shannon

capacity for the real signals considered when the cross-talk is low to moderate. It is expected

that this observation would be extended to other real signals, and other rate strategies

based on parameters such as code rate. The greedy algorithm presented in this thesis will

require refinements for the convergence, especially for larger β, to avoid switching between

two solutions. The application of a solution equivalent to FDM at high SNR and high

interference could drastically improve the rate achieved of the proposed greedy algorithm,

as demonstrated in Section 3.6.2. These improvements, with the inclusion of some fairness

rules, could also resolve the lowest rate outcomes when the cross-talk β is large.

Furthermore, the greedy algorithm does not always allocate all the available power for

each user. This reduces the spectral footprint associated with the two users, thereby al-

lowing more additional users to access the spectrum in the same geographic area. This is

an important characteristic, which has been overlooked in previous work, as the concept of

spectrum sharing should go beyond the users in a specific game. Moreover, transmitting with

a lower provides the advantage to save battery life, an important concept for user system

that requires high mobility capability (small, light and portable).

The complexity of the greedy algorithm is dominated by the generation of the lookup

tables necessary to compute the resources required for each rate strategy. Although this

computation can be done off-line, a lower complexity solution may be preferred for real-

time implementation. Some of these lookup tables could be produced at the initial setup of

the system and further develop as the system, through some cognitive ability, observes its

environment and the outcome of its decisions.
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Figure 2.18: Effect of β on rate for Scenario A with OFDM user first.
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Figure 2.19: Effect of β on power allocation for Scenario A with OFDM user first.
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Figure 2.20: Rates achieved for Scenario A when the order of strategies updating is

reversed, β = 1.
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Figure 2.21: Power allocation for Scenario A when the order of strategies updating

is reversed, β = 1.
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Figure 2.22: Rates achieved for Scenario A when average SNR is 13 dB and β varies.
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Figure 2.23: Effect of β on rates for Scenario B.
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Figure 2.24: Effect of β on power allocation for Scenario B.
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Chapter 3

Frequency Selective Environment

This chapter will consider Rayleigh multipath fading channels to investigate and compare

the algorithms presented in Chapter 2.4 with a simplified wideband frequency selective envi-

ronment. Two real signals are considered, the OFDM and the DSSS signals used typically in

a frequency selective environment. This chapter will investigate a step further the material

studied in Chapter 2 to get a better insight on the spectrum resource allocation problem

before discussing spectrum management in Chapter 4.

3.1 System model

In the frequency selective scenario, the channel will be modelled using an M -tap delay line to

simulate a Rayleigh multipath environment. The desired signal at receiver i from transmitter

i on channel k at sampling instant nT is given by

Qi(k, nT ) = κii(k)
√

Pi(k)
M∑

m=1

hii(k, τm)xi(k, nT − τm) (3.1)

with an average power Qi(k, nT ) = E{|Qi(k, nT )|2} and the interfering signal arriving from

transmitter j is

Ii(k, nT ) = κij(k)
√

Pj(k)
M∑

m=1

hij(k, τm)xj(k, nT − τm) (3.2)

with an average power Ii(k, nT ) = E{|Ii(k, nT )|2}. Pi(k) is the transmit power allocated by

user i on channel k. The transmitted signal from user i on channel k is xi(k), which has an

average power of Ex = E{|xi(k)|2} = 1 for i = 1, 2 and k = 1, . . . , N . The complex channel
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response on the mth tap at delay τm, from the transmitter of user j to the receiver of user

i, is denoted hij(k, τm). The variance of this coefficient is given by αij(k,m). The scaling

factors κij(k) =
(∑M

m=1 αij(k,m)
)− 1

2
are used to normalize the average received powers.

The complex channel responses are assumed constant for the duration of each resource

allocation operation. For each realization, the direct path responses hii(k, τm) are drawn inde-

pendently from the complex normal distributions CN (0, αii(k,m)) for i = 1, 2, k = 1, . . . , N

and m = 1, . . . ,M . The interfering path responses hij(k, τm), i ̸= j, are independent and

distributed as CN (0, β ·αij(k,m)), where the cross-talk factor is β 6 1. As in the frequency

non-selective case, it is assumed that the users have perfect channel state knowledge and

that they are able to measure the levels of noise and interference.

The total received signals at the two receivers can then be modelled as:

y1(k, nT ) = Q1(k, nT ) + I1(k, nT ) + w1(k, nT ) (3.3)

y2(k, nT ) = Q2(k, nT ) + I2(k, nT ) + w2(k, nT )

where yi(k, nT ) is the received signal for user i at time nT on channel k, and wi(k, nT ) is

the additive white Gaussian noise with power spectral density N0. T is the sample interval

and n is the index number of the transmit symbols.

To reduce the number of degrees of freedom, the number of taps for the Rayleigh multi-

path channel is M = 3 and the time delays and variance are fixed over all the simulations. To

ensure that both modulations, OFDM and DSSS, are able to resolve the multipath (band-

with coherent and time coherent), the time delays are chosen to ensure they are smaller

than the symbol time Ts for the DSSS modulation (which is affected by the spreading) and

smaller than the guard interval for the OFDM modulation. The DSSS chip interval is 0.2 µs

and the smallest spreading factor for this scenario is SF = 15, therefore the shortest symbol

time is Ts = 15 · 0.2 µs= 3 µs. The guard interval for the OFDM lasts 9 µs. Based on

measurements results presented in [43], the tap time delays and variance have been chosen

as per Table 3.1.

It is noted that the channel model is not realistic as due to the nature of wireless channels,

delays and variance are expected to change over time (user mobility, channel variation and/or

wireless traffic fluctuations). It is also noted that both users in this model have the same

delays and variance, which will be rarely seen in a real environment. But the path delay and

variance values chosen are expected on average in a realistic environment for a conventional
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Table 3.1: Paths delays and variance for the frequency selective channel

τ0 τ1 τ2

Time Delay τ 0 1 µs 2.6 µs

Variance α 1 -10 dB -20 dB

channel as described in [43]. These assumptions are taken to simplify the problem and to

focus on gaining insight into the resource allocation problem.

3.2 Channel equalization for OFDM

Pilot symbols are normally introduced at regular intervals among the OFDM symbols to

calculate the channel variations and provide the right equalization prior to the symbol de-

tection/decision. In this thesis, it is assumed that the OFDM user has perfect knowledge

of the channel. Therefore, the pilot symbols are not simulated but are assumed to be taken

care of by a prior process.

Since addition of sinusoid with a delayed version of the sinusoid does not change the

frequency of the sinusoid (only the amplitude and phase are affected), the orthogonality

across subcarriers is not lost even in the presence of multipath. Therefore a simple one tap

equalization [44] is required to correct the amplitude and phase over the frequencies based

on the CSI:

Q̆i(k, fu) =
Yi(k, fu)

Hi(k, fu)
(3.4)

where Yi(k, fu) is the received signal impulse response at the OFDM receiver on tone u

for user i on channel k and is obtained from the discrete Fourier transform of yi(k, nT )

described in (3.3). Hi(k, fu) is the direct path channel frequency impulse response detected

by the CSI mechanism on tone u for user i on channel k and is given by the discrete the

Fourier transform of hii(k, nT ). The discrete Fourier transforms of yi(k, nT ) and hii(k, nT )

are obtained with (3.5) and (3.6).

Yi(k, fu) =
1√
U

U−1∑
n=0

yi(k, nT )e
−j2πnu

U for 0 ≤ u ≤ U − 1 (3.5)
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Hi(k, fu) =
1√
U

U−1∑
n=0

e
−j2πnu

U hii(k, nT ) for 0 ≤ u ≤ U − 1 (3.6)

where U is the number of OFDM tones.

3.3 Channel equalization for DSSS

The DSSS uses the rake receiver [45, ch.13] with three fingers which are assumed to be aligned

with the three strongest multipath signals received at the DSSS receiver. The rake receiver

uses maximum ratio combining (MRC) to combine all signals received prior to making a

decision on the received symbol. The rake MRC will ensure that more weight is given to the

strongest received signal. The combining of the received signal at the rake receiver can be

performed at the chip level and then the despreading of the received signal is done afterwards.

The combining can also be performed after each received signal has been despread by the

pseudo-noise random code (the m-sequence) which is called rake receiver symbol-combining

and shown in Figure 3.1.

For the DSSS waveform, the equation of the desired received signal of (3.1) is further

defined as:

Qi(k, nT ) = κii(k)
√

Pi(k)
M∑

m=1

hii(k, τm)
V∑

v=1

bi(n)a(n
Ts − v

Tc

− τm) (3.7)

where bi(n) is the nth information bit, V is the size of the spreading factor, Tc is the chip

time, Ts is the symbol duration for SF = V, V = {15, 31, 63, 127} and v is the index of the

pseudo-noise random spreading sequence. a(nTs−v
Tc

) is the pseudo-noise random m-sequence

where nTs−v
Tc

is an integer.

The rake MRC can be described as:

y̆i(k, nT ) =
M∑

m=1

h∗
ii(k, τm)

V∑
v=1

yi(k, nT − τm)a
∗(n

Ts − v

Tc

− τm) (3.8)

where M is the number of resolved multipath for the rake fingers. The path search and the

channel estimation h∗
ii(k, τm) are assumed to have been taken care of by a prior process and

are made available to the DSSS receiver prior to the descrambling of the received signal.

h∗
ii(k, τm) and a∗(nTs−v

Tc
− τm) are the complex conjugates of hii(k, τm) and a(n v

Tc
− τm),

respectively.
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Figure 3.1: Rake receiver with MRC at symbol-level.

3.4 Resource allocation algorithms

The resource allocation algorithms used in this thesis have been described in a general

format in Section 2.4. This section will redefine the equations provided in Section 2.4 to be

in accordance with the frequency selective model described in Section 3.1. A flow-chart of

how the simulations were performed in Matlab for the power resource allocation problem

studied in this thesis is shown in Appendix A.

3.4.1 Iterative water-filling algorithm

Assuming Gaussian distributed signals in a frequency selective environment, the maximum

achievable rate on channel k is given by the Shannon capacity equation [46]:

Ri(k) =
U−1∑
n=0

log2 (1 + Υi(k, fn)) i = 1, 2 (3.9)

and the maximum sum rate for user i is

Ri =
N∑
k=1

U−1∑
n=0

log2 (1 + Υi(k, fn)) i = 1, 2 (3.10)

where the SINR Υi(k, fn) on tone n for channel k is defined as

Υi(k, fn) ,
Qi(k, fn)

N0Bc + Ii(k, fn)
. (3.11)

with transmit power Pi(k) from (3.1) and (3.2) divided equally among the U tones. The

direct path channel attenuation on tone n, Hii(k, fn), and the interfering path channel at-
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tenuation on the same tone, Hij(k, fn), are obtained from the Fourier transforms of hii(k, τ)

and hij(k, τ) as defined in Section 3.1.

Therefore, the water-filling power allocation for the frequency selective environment is

defined as:

PWF
i (k) ,

(
µi −

N0Bc + Ii(k)∑U−1
n=0 |Hii(k, fn)|

2

)+

(3.12)

where µi is the water-filling level that satisfies
∑N

k=1 P
WF
i (k) = Ptot, (a)

+ = max(0, a), and

PWF
i (k) is divided equally among the tones. For the wideband case, the total received power

Qi(k) for user i on channel k is calculated as per (3.13), i.e,

Qi(k) = PWF
i (k)Ex

1

U

U−1∑
n=0

|Hii(k, fn)|2 k = 1, . . . , N (3.13)

3.4.2 Frequency selective greedy algorithm

The interference power Ii(k) for user i on channel k is calculated as described by (3.14):

Ii(k) =
∑
j ̸=i

PGr
j (k)Ex

1

U

U−1∑
n=0

|Hij(k, fn)|2 k = 1, . . . , N (3.14)

where PGr
j (k) is the transmit power allocated by the greedy algorithm of user j on channel

k. The interfering channel attenuation Hij(k, fn) and the average power Ex of the desired

signal xj are both described in Section 3.1.

The increased transmit power to provide the required received power Qi(k) of user i on

channel k calculated by the greedy algorithm is defined for the frequency selective environ-

ment as (3.15):

∆Pi(k) =
∆Qi(k)

1
U

∑U−1
n=0 |Hii(k, fn)|2

k = 1, . . . , N (3.15)

where Hii(k, fn) is the direct path channel attenuation on tone fn described in Section 3.1.

3.5 Symbol error rate curves simulations

For scenario A, Monte Carlo simulations were performed for every rate strategy for the

OFDM signal, to determine the received power required to achieve a SER of 10−2 or better

in the frequency selective channel described in Section 3.1 over a range of interference levels

created by the DSSS signal, and vice versa for OFDM interference on a DSSS signal. The
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chosen target SER for the frequency selective environment is larger than the frequency

non-selective environment due to the increase of simulations durations to obtain the signal

characteristics required for the greedy algorithm. The same Monte Carlo simulations were

performed for scenario B with an OFDM signal with an OFDM interferer. The Monte Carlo

simulations were done over 1000 channel realizations for each interference level. These results

were used to generate the lookup tables required in the implementation of the algorithms

described in Section 2.4 to determine the real rate obtained with the power allocation for

each user on each channel. The figures of the required received power for a specific level of

interference power are shown in Appendix B. The lookup tables used in this thesis are also

shown and described in Appendix B.

3.5.1 DSSS signal with an OFDM interferer SER curves

The SER curves for a BPSK SF = 15 DSSS user with a BPSK OFDM interferer obtained

in the simulations are shown in Figure 3.2. The selected SIR shown in Figure 3.2 are -3 dB,

-2.5 dB, -2 dB, and -1 dB. Note that these simulations were performed for each BPSK

DSSS spreading factor with the same BPSK OFDM interferer. As mentioned previously

in Section 2.5.2, the performance may change slightly for other OFDM constellations due

to the OFDM constellation mapping, however, simulations suggest that these difference are

quite small. Therefore in this work, the interference effects of all OFDM constellations are

assumed to be equal.

3.5.2 OFDM signal with a DSSS interferer SER curves

The SER curves for a BPSK OFDM user with a SF = 15 BPSK DSSS interferer in the

simulations are shown in Figure 3.3 for selected SIR obtained. The selected SIRs shown

in Figure 3.3 are 13 dB, 14 dB, 15 dB, and 16 dB. Note that these simulations were

performed for each OFDM constellation with the same spreading factor SF = 15 BPSK

DSSS interferer. As mentioned in Section 2.5.1, the performance may change slightly for

other DSSS spreading factors due to the repeated spreading sequence, however, simulations

suggest that these difference are quite small. Therefore in this work, the interference effects

of all spreading sequences are assumed to be equal.
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Figure 3.2: SER curves for BPSK SF = 15 DSSS with BPSK OFDM interference.

The selected SIRs shown in this figure are -3 dB, -2.5 dB, -2 dB, and -1 dB.

3.5.3 OFDM signal with OFDM interferer SER curves

The SER curves for a BPSK OFDM user with a BPSK OFDM interferer obtained in the sim-

ulations are shown in Figure 3.4 for selected SIR. The SIR selected for Figure 3.4 are 14 dB,

15 dB, 16 dB, 17 dB, 18 dB and 22 dB. Again, as mentioned previously in Section 2.5.3,

the simulations for the lookup table have been done for every OFDM constellation with the

same BPSK OFDM interferer, making the same assumption that the interference created by

all OFDM constellations are equal.

It is seen in Figure 3.5 that changing the delays of the multipath Rayleigh channel model

has a small impact on the SER curves. In Figure 3.5, the same SIR values were simulated

with the fixed delays described in Section 3.1 and with random delays which are smaller

than the guard interval of the OFDM waveform. In this model, the fixed delays provide a
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Figure 3.3: SER curves for BPSK OFDM with SF = 15 BPSK DSSS interference.

The selected SIRs shown in this figure are 13 dB, 14 dB, 15 dB, and 16 dB.

SER 10−2 with at a slightly lower SNR than the random delays, all differences appear to be

quite small. Further work would be required to investigate more precisely the impact of the

delays and power variance of the multipath channel on the greedy algorithm.

3.6 Results

As per Section 2.6, the same non-cooperative spectrum sharing resource allocation problem

over 3 channels of Bc Hz is considered with two users with the same total power Ptot. Each

channel is modelled as Rayleigh multipath fading with M = 3 multipaths. The simulations

were performed for both scenario A (coexistence of a DSSS user with an OFDM user) and

scenario B (coexistence of two OFDM users) for 10 000 different channel realizations. The
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Figure 3.4: SER curves for BPSK OFDM with BPSK OFDM interference. The

selected SIRs shown in this figure are 15 dB, 16 dB, 17 dB, 18 dB and 22 dB.

cross-talk β = 0.1 unless it is stated otherwise.

3.6.1 Scenario A - Coexistence of DSSS and OFDM users

In the results obtained for scenario A in Section 2.6.1, it was shown that at low SNR, DSSS

users obtained higher rates than OFDM users since they are more tolerant to interference.

From these results and from the SER curves in the wideband scenario discussed in Sec-

tions 3.5.1 and 3.5.2, it was expected that DSSS users would achieve higher rates than the

OFDM users below a certain SNR. In Figures 3.6 and 3.7, it is shown that both DSSS users

achieve higher rates than both OFDM users when the SNR is below 10 dB. Both algorithms

provide the same behaviour as per the narrowband scenario (Figure 2.9) but both users are

more limited in the outcome rates due to their strategy sets. The DSSS users are limited to
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Figure 3.5: SER curves for BPSK OFDM with BPSK OFDM interference for fixed

and random multipath delays

a BPSK modulation with the smallest spreading factor being SF = 15, giving a maximum

rate of 1/15 · (0.82)Bc sps per channel. The OFDM users are limited to 16-QAM as the

highest constellation achievable under that model, giving a maximum rate of 4 · (0.816)Bc

sps per channel.

The OFDM waveform requires more average SNR to combat the interference under the

frequency selective Rayleigh fading than under the frequency-flat Rayleigh fading. This is

shown in Figure 3.8 in which the greedy OFDM user needs a higher SNR to allocate power

on the channels compared to the frequency non-selective environment (Figure 2.13). Above

25 dB, the greedy OFDM is able to achieve higher constellations by allocating more power

into the channels, to which the greedy DSSS user reacts by choosing a higher SF to combat

the increased interference. The counter-action of the greedy DSSS user is shown by the slow

descent of the greedy DSSS rate curve above 25 dB in Figure 3.7 and the increased amount
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of unused power of the greedy DSSS user above 25 dB in Figure 3.8 which indicates that

only the highest SF strategy is available to the greedy DSSS user at that point.

When comparing Figure 2.13 and Figure 3.8, it is seen that the water-filling OFDM user

wasted much more of its power resource in the wideband scenario than in the narrowband

scenario. The smallest amount of wasted transmit power for the water-filling OFDM is 40%

in the frequency non-selective environment while it is 65% in the frequency selective envi-

ronment. This amount of transmit power does not provide for the user higher rates and has

a disadvantageous effect on battery life, spectral footprint and allowing other opportunis-

tic users access on the spectrum resource. However, this increase of the amount of wasted

transmit power is not as noticeable for the water-filling DSSS user since it is more tolerant

to the interference due to its different spreading factor strategy set.
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Figure 3.6: Rates for different resource allocation algorithms, scenario A.

The effect of the cross-talk β discussed in Section 2.6.3 is similar in the wideband scenario.
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Figure 3.7: Rates for different resource allocation algorithms, scenario A. Close-up

of Figure 3.6.

The order of the users is still important for the rate outcome of the greedy algorithm (see

Figure 3.9); it is better for a user to play second in the proposed greedy iterative resource

allocation algorithm if a solution equivalent to FDM is not applied. A demonstration of how

a FDM equivalent solution could improve the greedy algorithm is shown in Section 3.6.2.

3.6.2 Scenario B - Coexistence of two OFDM users

One observation about the rates achieved in scenario B in the wideband model (Figure 3.10)

is that the greedy OFDM user 1, the first user to play the iterative game, has a steep

descent above an SNR of 20 dB before reaching a plateau at 30 dB while this behaviour is not

observed in the frequency non-selective environment (Figure 2.15). It is observed, however, in

the frequency non-selective environment when the cross-talk β is increased (Figure 2.23(c)).
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Figure 3.8: Power usage for different resource allocation algorithms, scenario A.

This is explained by the increased interference caused by the change of strategy of the second

user. At high SNR, the second user is still able to achieve the higher constellations since

it has the required transmit power. But this addition of transmit power creates a larger

interference to the first user which it did not foresee. As discussed in Chapter 2, adding

‘intelligence’ in the greedy algorithm to observe when both users are switching back and

forth between two solutions might improve the rate achieved by the greedy algorithm. One

solution could be the application of a FDM equivalent solution at high SNR (in this case,

SNR above 20 dB). This is shown in Figure 3.12 where the first user is forced to use only

the first two channels while the second user is forced to use only the third channel. This

solution could be further improved in allowing the users to choose the channels based on

their attenuations while allowing only one user per channel when above a target SNR.

A second observation on Figure 3.10 is that once again the SNR gap cannot be usefully
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Figure 3.9: Rates achieved for Scenario A when average SNR is 13 dB and β varies.

applied to this scenario. For both algorithms, the slopes of the curves are almost constant

for an SNR below 15 dB. Above an SNR of 30 dB, the water-filling users reach a plateau;

the greedy users also reach a plateau with the first user having practically no achievable

rate and the second the maximal rate achievable under these conditions. Obviously, the

latter observation is changed when the FDM equivalent solution is applied at high SNR

(Figure 3.12); both users reach a plateau, the second greedy user reaches the same level as

the water-filling users while the first user has a higher achievable rate because it accesses

two channels compared to the single channel of the second user.

As discussed in Section 3.6.1, in comparing Figures 2.16 and 3.11, it is shown that the

water-filling algorithm wastes more transmit power in the frequency selective environment

and the greedy algorithm decreases the amount of unused transmit power due to the mul-

tipath effect. At high SNR, the greedy second user shows a larger decrease in the amount

of unused transmit power than the first user due to the increase of transmit power required

to achieve a higher constellation rate. This was not observed in the frequency non-selective

environment because at high SNR, both users could achieve the highest constellations which

requires, in the frequency non-selective environment, a smaller differential in transmit power

from one constellation to another constellation; therefore, the mutual interference gener-

ated by the last change in strategy of the second user has less impact on the rate outcome

of the first user in the frequency non-selective environment than in the frequency selective

environment.
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Figure 3.10: Rates for different resource allocation algorithms, scenario B.

While comparing Figure 3.11 without the prescribed FDM equivalent solution enforced

at high SNR; and Figure 3.13 where the FDM is enforced for high SNR above 20 dB, it

is observed that while the greedy algorithm achieves higher rate than the water-filling, less

transmit power is required in the enforced FDM equivalent solution.

3.7 Conclusion

Although not a realistic scenario because of the assumptions taken to simplify the problem

and focus on the greedy and water-filling algorithms’ behaviour, the wideband scenario

provides insight that in a frequency selective environment, the iterative greedy algorithm

still provides a higher rate than iterative water-filling using the Shannon capacity for the

real signals considered when the cross-talk β is low. The same conclusions as Section 2.7 can
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Figure 3.11: Power usage for different resource allocation algorithms, scenario B.

be drawn about the convergence of the greedy algorithm and the inclusion of fairness rules

to improve the rate outcome.

It has been also shown that similarly to Section 2.6, the greedy algorithm does not always

allocate all its transmit power, therefore reducing the mutual interference and reducing the

spectrum footprint. The same advantages mentioned in Section 2.7 about this feature also

apply with this scenario.
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at high SNR, scenario B.
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Figure 3.13: Power usage for different resource allocation algorithms when FDM is

applied at high SNR, scenario B.
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Chapter 4

Future Spectrum Management

In Chapters 2 and 3, two scenarios have been explored with the first having two users using

different waveforms and the second both of them using the same waveform. It has been

shown in this thesis that knowing the signal waveform and having a utility function that

takes into account the actual signal characteristics and the minimal transmit power required

achieves a higher rate outcome. However, only two waveforms have been explored in this

thesis: DSSS and OFDM. Other waveforms are used in real systems such as continuous phase

modulation (CPM) [47] and the hybrid use of both waveforms, OFDM-CDMA [37,48]. For

a more complete study, this work should be extended to other waveforms.

In this thesis, two channel models have been used, the Rayleigh flat-fading channel for

the frequency non-selective environment and the multipath Rayleigh fading channel for the

frequency selective environment. In the case of the multipath Rayleigh fading channel, the

number of paths, delays and fading variance have been fixed. Further work should analyze

the impact that other channel models (Rician for example), delays and fading variance have

on the greedy algorithm.

This thesis has studied the case of a two users sharing the same spectrum segments.

Based on the central limit theorem, it is expected that increasing the number of users on

the spectrum segment, the interference plus noise will more closely resemble additive white

Gaussian noise. The work of this thesis could be extended to study the behaviour of the

greedy algorithm when the number of spectrum sharing users increases to verify if the AWGN

hypothesis made above is realistic. Furthermore, the work of this thesis could be extended

to analyze the behaviour of the greedy algorithm when the users do not have the same
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limitation on transmit power.

The size of the database is not really an issue as the hardware required for the storage of

these databases is available as an enabling technology. Moreover, the cost of the hardware

will be much more lower and accessible than the cost of spectrum licence. However, building

databases that will contain lookup tables for all expected scenarios could be time-consuming,

although it only needs to be done once. The REM discussed in Section 1.1 could be the

network support providing these databases where initial lookup tables could be stored. As

mentioned in Section 1.1, the cognitive radios must be capable of observing their environment

and learning from these observations. Learning algorithms could take advantage of these

observations and complete the knowledge of the signal characteristics in building or modifying

the information in the lookup tables. Data mining techniques could be used by the cognitive

radio to recognize a pattern concerning the temporal, spatial and frequency characteristics

of the spectrum band in a geographical region. When a cognitive radio wants to access

a spectrum hole opportunistically, the signal characteristics lookup tables could be pre-

computed based on the patterns related to that spectrum hole before starting the resource

allocation algorithm.

Spectrum agility is a challenge and must be considered carefully. Most real systems

have seamless communications as a quality of service requirement. Prior to changing the

frequency, spectrum sensing must be done ahead of time to ensure a good quality decision

on the opportunistic use of the detected spectrum hole. The longer the spectrum sensing

is done, the more accurate it is on the probability of detecting spectrum holes and primary

users [12]. One must consider that while doing spectrum sensing, there is no transmission

on that channel, i.e., connectivity is broken temporarily, so a proper balance must be de-

termined in the allocation of spectrum sensing time and information transmission time. In

addition to spectrum sensing time, spectrum management as discussed in Section 1.1, i.e.,

spectrum quality analysis, must be done to compute which spectrum holes offer the best

channel conditions. Since the channel conditions are not static in a wireless environment,

the cognitive radio ideally have access to the REM to get the expected pathloss and channel

attenuations for this specific spectrum hole. This requires overhead communication, which

uses bandwidth and time. Furthermore, an agreement protocol must be exchanged between

the user receiver and user transmitter prior to switching frequency to allow proper handoff on

the vacating frequency and handshake on the new frequency. Therefore, switching frequency
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should be considered the last option; that is, it should only be considered when the channel

conditions no longer provide the level of QoS required by the system.

The work in this thesis suggests two other solutions before considering switching fre-

quency. The first is the use of non-contiguous spectrum holes [5]. Using non-contiguous

spectrum holes might increase the probability of getting seamless communications since dif-

ferent spectrum holes would not have the same pathloss. Also, if one of the non-contiguous

channels gradually provides decreasing QoS quality required by the user, the user could

gradually switch into the other non-contiguous channels until the QoS of that channel in-

creases again or until the user decides to drop it. The second solution is waveform adaption.

Rate and power can be modified adaptively to adjust to temporal changes in the character-

istics of the spectrum holes. Systems can also adapt to their environment by changing their

waveform.

To illustrate waveform adaptation, a basic scenario of two users sharing the same spec-

trum segment is proposed in Figure 4.1. Only one multipath Rayleigh fading channel is

considered and the parameters are the same as in Chapter 3. The two users share a spec-

trum segment of 5 MHz at 2 GHz (wavelength = 0.15 m) frequency bands. Each user keeps

its transmitter and receiver pair the same distance apart so an average SNR of 20 dB is

assumed. Also, the distance between the transmitter of user 1 and the receiver of user 2 is

the same as the distance between the transmitter of user 2 and the receiver of user 1. The

standard pathloss model is used to compute the received interference from transmitter j at

receiver i at distance d is defined as:

Ploss = Pj(
4π

λ
)2d−α (4.1)

where λ = 0.15m, d is the distance between transmitter i and the receiver j and α is the

pathloss exponent. The pathloss exponent used for this scenario is 3. The maximum distance

between transmitter i and receiver j is D = 1 km.

As demonstrated in Figure 4.1, when the distance d is equal to D = 1 km, both users

can use the OFDM waveform and achieve a QPSK constellation rate. As the distance d

reduces, both users are increasing first their transmit power to continue to transmit with a

QPSK OFDM rate. Then one user has to change its modulation level to BPSK OFDM; it

is noted that the power allocation of both users are adapted (decrease amount of transmit

power) to that user’s constellation change because it also adapts its transmit power. Again,
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as the distance d continues to decrease, both users increase incrementally their transmit

power until d = 460 m which becomes, in this scenario, a transition zone to change the

waveform of at least one user. Both users can decide to keep OFDM as their waveform and

the impact is that they have both to get the lowest OFDM constellation, i.e., BPSK, or

one user (dark blue user at distance d = 460 m in Figure 4.1) might switch to BPSK DSSS

waveform with a spreading factor SF = 15 which will allow the other user (pale blue user at

distance d = 460 m in Figure 4.1) to achieve QPSK OFDM. Then increase in transmit power

and change in OFDM constellation level is performed until the OFDM user reaches a point

where it must also adapt its waveform (pale blue user at distance d = 90 m in Figure 4.1).

The green line in Figure 4.1 demonstrates that for this scenario at d = 210 m, if both users

were transmitting all their transmit power, the OFDM user would not be able to continue

its communication any more on that channel unless it changes its waveform.

Spectrum sharing users may not have the same priority on the spectrum band. For ex-

ample: the primary or licensed user should have priority over opportunistic users. Other

priority levels might be considered such as military systems in an operational environment

or medical systems in an emergency situation. There may be also a social agreement pro-

tocol that an opportunistic user must adhere to before transmitting on the spectrum band.

Therefore, the utility function might be modified to reflect such a priority requirement. The

scenario illustrated for the waveform adaption can also be modified to incorporate priorities

which might force a user to adjust its waveform to minimize the mutual interference on a

higher priority user.

It has been suggested in the literature that a price-based utility function [30] may improve

the outcome of a non-cooperative game by approaching the Pareto optimal solution. The

Pareto optimal solution is described as an operational point where no further change in the

players’ strategies can improve at least one player’s outcome without decreasing the other

players’ outcomes [30]. It is slightly different from the Nash equilibrium where only one

user is trying to improve its outcome in changing its strategy while the others keep the

same strategy. In the Pareto optimal solution, more than one user can get their strategy

set changes as long as at least one user improves its outcome and none have their outcome

decreased. This has been shown for the iterative water-filling algorithm proposed in [30].

Future work could modify the greedy algorithm to include a price-based utility function and

compare the improvement with other price-based algorithms.
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Other algorithms for the spectrum resource allocation problem have explored the power

minimization utility function. It could be interesting to compare the throughput and power

allocation of the greedy algorithm with these. For effective spectrum management, power

control is important to minimize the effect of mutual interference, especially in the spectrum

sharing environment. The hardware may not be capable of adaptively adjusting its transmit

power; however a spectrum manager might provide access to a spectrum segment to a user

with the condition of a maximum transmit power.
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Figure 4.1: Spectrum management for two users sharing the same spectrum segment

versus the distance.
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Chapter 5

Conclusions

In this thesis, spectrum sharing resource allocation has been studied for a two user case.

Two algorithms with different utility functions have been presented and compared. The

first one is the well-known water-filling algorithm, which uses Shannon’s capacity formula

as its utility function to allocate transmit power on three different channels. The algorithm

proposed in this thesis is a greedy algorithm that uses knowledge of the signal characteristics

to adapt its rate while minimizing the power allocation on the three channels.

In Chapter 2, the two algorithms have been studied in a Rayleigh flat-fading channel. It

has been shown that both algorithms provide solutions far below that of Shannon’s formula,

even for a 10−3 SER target. It is expected that worse outcomes would be provided by both

algorithms if the SER target were below 10−3. The Shannon’s capacity requires long code-

books and Gaussian constellations. The waveforms studied in this thesis, OFDM and DSSS,

go against this assumption by being limited in their constellations and their bandwidth.

It has been also shown in Chapter 2 that while not always converging to an equilibrium,

the greedy algorithm provides higher rates than the water-filling solution except when the

cross-talk is strong. The higher rates obtained are due to the knowledge of the required

transmit power for a certain level of received power of an interfering signal. The fact that

the greedy algorithm minimized the transmit power on the channels reduced the mutual

interference to both users. The effect of the cross-talk when it is strong is partly due to the

non-convergence of the presented greedy algorithm.

Chapter 3 presents the frequency selective environment where the path fading and delays

have been fixed for the purpose of simplicity. The behaviour of both algorithms has been
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shown to be similar to that for the frequency non-selective environment.

Other than improved rate outcome provided by the greedy algorithm, the minimization of

transmit power on the channels is an important advantage provided by the greedy algorithm.

Minimizing transmit power on spectrum segments offers opportunities to others users to take

advantage of the surrounding spectrum holes, saving battery life and reducing the spectral

footprint.

Chapter 4 provides a discussion on future spectrum management challenges and some

leads for future research. Spectrum agility, rate adaptation and power minimization are

often discussed in literature but another solution could also include waveform adaptation.

Spectrum agility might be inevitable when channels do not provide the required quality of

service expected by a user’s system but it must be done carefully to avoid a discontinuity in

communication. Along with power minimization and rate adaptation, waveform adaptation

may avoid the necessity of switching frequency and provide the advantage of more time

to prepare the system if switching frequency is unavoidable. A scenario of a two-user case

sharing the same spectrum segment has been discussed in Chapter 4 to illustrate the different

options a user could have in its strategy set prior to switching into a different spectrum

segment.

5.1 Further work

Spectrum sharing is an exciting area that could provide solutions to the limited access

to spectrum resource induced by the present spectrum management policy. This thesis has

studied the spectrum resource allocation through a non-cooperative environment to minimize

the communications between users; an important feature often found in real systems. The

insight provided by this thesis could be further developed in several areas.

The transmit power allocation and rate strategy choice of the greedy algorithm might be

improved if refinements to the greedy algorithm were provided to recognize the symptoms of

non-convergence and remedy to this situation in taking the proper steps. Moreover, learning

algorithms could be added to the greedy algorithm to let it learn from its past decisions and

improve in the future its choice strategy. Furthermore, fairness rules could be studied to

modify the greedy algorithm to approach the Pareto optimal solution; this study will require

investigation also of the cost of the additional overhead communication between the users
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and compare it with the benefits obtained from the fairness rules.

This work could be modified to include additional spectrum sharing users and verify that

the interference plus noise seen by all users’ receivers will resemble additive white Gaussian

noise.

Further analysis under different channel models and without perfect CSI would allow a

deeper understanding of the impact the channel variations might have on the greedy algo-

rithm’s performance. This could be extended to be compared with other available spectrum

resource allocation algorithms other than the water-filling algorithm.

The work proposed in this thesis could be extended to other waveforms. This involves

prior knowledge of the signal characteristics before the spectrum resource allocation begins

which can be provided by a central spectrum management authority, the local cognitive

spectrum sensing and/or the REM. Further work could investigate the impact on all parties

involved if one or more users have the wrong information about other users’ signalling usage.

Spectrum agility is challenging; it requires overhead communication for knowledge spec-

trum holes and handoff/handshake between the receiver and transmitter. Waveform adapta-

tion could be further studied as it might be easier and preferable for the user than spectrum

agility. Moreover, as not all users might have the same priority on a spectrum segment or

require the same quality of service requirements, priority hierarchy can be implemented to

force a sharing user to change its waveform to minimize the mutual interference on a higher

priority user.
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Appendix A

Flow Charts

The simulations in this thesis were done in Matlab. The following flow charts show the

process on how the simulations were done for the lookup tables and for the non cooperative

spectrum resource sharing allocation algorithms. The initial transmit power for each rate

strategy was determined based on the simulation results obtained to that point.
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Init:

count_err = 0

Nb_err= 0
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Figure A.1: Flow chart for the lookup table simulations for each waveform for the

narrowband case.
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Figure A.2: Flow chart for the lookup table simulations for each waveform for the

wideband case.
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Figure A.3: Flow chart for the resource allocation algorithms.
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Appendix B

Lookup tables

This appendix provides the lookup tables used in this thesis for the greedy algorithm utility

function based on the signal characteristics. Each lookup table has been built through Monte

Carlo simulations in Matlab for each user rate strategy with different interferer power levels.

For the OFDM user, the set of rate strategies is based on the available modulation levels

given by R1 = {BPSK, QPSK, 8-PSK, 16-QAM, 64-QAM}. For the DSSS user, the set

of rate strategies is given by the choice of a spreading factor and defined as R2 = {SF =

1, 3, 7, 15} for the frequency non-selective environment and R2 = {SF = 15, 31, 63, 127} for

the frequency selective environment.

The lookup tables are built for an interference power I and a received signal power Q

compared to a noise power equal to unity. The value in the lookup tables provides for each

rate strategy the minimal required received power Q under a specific level of interference

I. For example, in Figure B.1 at a DSSS interferer power of 0 dBW, the OFDM user

could not obtain any achievable rate for received power below Q = 10 dBW. For the same

interferer, it could obtain a BPSK rate with a received transmit power above 10 dBW, a

QPSK rate for a received transmit power of 13.4 dBW, a 8-PSK rate for a received transmit

power of 18.8 dBW. This is further shown with the figures following the lookup tables (e.g.,

Figure B.2) where the region of an achievable rate is shown for a received transmit power

versus the interference power.
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Figure B.1: Lookup Table BPSK OFDM user with BPSK DSSS SF = 3 interferer

in AWGN channel. Received power Q required for each level of Interference I. Noise

power is equal to unity.
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Figure B.2: Achievable rate for BPSK OFDM user with BPSK DSSS SF = 3

interferer in AWGN channel. Received power Q required for each level of Interference

I. Noise power is equal to unity.
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Figure B.3: Lookup Table BPSK DSSS user with BPSK OFDM interferer in AWGN

channel. Received power Q required for each level of Interference I. Noise power is

equal to unity.
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Figure B.4: Achievable rate for BPSK DSSS user with BPSK OFDM interferer in

AWGN channel. Received power Q required for each level of Interference I. Noise

power is equal to unity.

85



Figure B.5: Lookup Table BPSK OFDM user with BPSK OFDM interference in

AWGN channel. Received power Q required for each level of Interference I. Noise is

equal to unity.
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Figure B.6: Achievable rate for BPSK OFDM user with BPSK OFDM interference

in AWGN channel. Received power Q required for each level of Interference I. Noise

is equal to unity.
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Figure B.7: Lookup Table BPSK OFDM user with BPSK DSSS SF = 15 interferer

for the frequency selective environment. Received power Q required for each level of

Interference I. Noise is equal to unity.
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Figure B.8: Achievable rate for BPSK OFDM user with BPSK DSSS SF = 15

interferer for the frequency selective environment. Received power Q required for

each level of Interference I. Noise is equal to unity.
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Figure B.9: Lookup Table BPSK DSSS SF = 15 user with BPSK OFDM interferer

for the frequency selective environment. Received power Q required for each level of

Interference I. Noise is equal to unity.
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Figure B.10: Achievable rate for BPSK DSSS SF = 15 user with BPSK OFDM

interferer for the frequency selective environment. Received power Q required for

each level of Interference I. Noise is equal to unity.
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Figure B.11: Lookup Table BPSK OFDM user with BPSK OFDM interferer for

the frequency selective environment. Received power Q required for each level of

Interference I. Noise is equal to unity.
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Figure B.12: Achievable rate for BPSK OFDM user with BPSK OFDM interferer

for the frequency selective environment. Received power Q required for each level of

Interference I. Noise is equal to unity.
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