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Abstract

Cognitive radio (CR) is an emerging technology that would improve spectrum

utilization by exploiting unused spectrum in dynamically changing environments.

We investigate the design of link adaptation algorithms (e.g., adaptive power and

bit loading) for orthogonal frequency division multiplexing (OFDM)-based CR

systems. Different power and bit loading schemes can be designed for CR users

which exploits the time varying nature of fading gains across the OFDM sub-

carriers. However, one of the challenges here is to ensure that the interference

caused to the primary users (PUs) remains below the target interference thresh-

old. Therefore, not only do we need to consider the fading gains, but also the

spectral distance of the subcarriers from the PU’s band.

In this thesis, we propose an optimal power loading algorithm, assuming that

the rate can be varied continuously, for an OFDM-based CR system. The down-

link transmission capacity of the CR user is thereby maximized, while the inter-

ference introduced to the PU remains within a tolerable range. We investigate

the case of discrete (or integer) rate adaptation. A sub-optimal scheme for inte-

ger bit loading is presented which approximates the optimalcontinuous rate value

to a nearest integer. Next, we propose schemes that maximizethe capacity of

CR users when only imperfect channel state information (CSI) is available at the

CR transmitter while guaranteeing the statistical interference constraint. Further,

we propose resource allocation schemes for a multiuser scenario where power is

loaded for CR users not only in the subcarriers where PU is notpresent (overlay

fashion) but also in the subcarriers where PU is present (underlay fashion). Fi-
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nally, for the scenarios where the link between CR source anddestination might

be weak and not reliable for communication, we employ relaysand propose relay

and power allocation schemes. Numerical results have been presented for all the

proposed algorithms.
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Chapter 1

Introduction

Radio spectrum is one of the most scarce and valuable resources for wireless com-

munications. Given this fact, new insights into the use of spectrum have chal-

lenged the traditional static spectrum allocation approach to the spectrum man-

agement. Actual measurements have shown that most of the allocated spectrum

is largely underutilized [1]. Spectrum-Policy Task Force appointed by Federal

Communications Commissions (FCC) has also reported similar views about the

underutilization of the allocated spectrum. Specifically,FCC has reported vast

temporal and geographic variations in the usage of allocated spectrum with uti-

lization ranging from fifteen to eighty five percent [2].

Spectral utilization can be improved significantly by giving opportunistic ac-

cess of the frequency bands instead of static spectrum allocation. According to

the opportunistic spectrum access policy, a group of potential users may use a fre-

quency or spectrum band for wireless communications provided that the legacy

users of this band are not deprived from the priority right touse the band. On the

other hand, development of the software-defined radio (SDR)technology [3] has

enabled a radio transceiver to perform its baseband processing functionalities e.g.,

modulation and demodulation using software and digital logic. The SDR, there-

fore, becomes the promising technology towards developingversatile wireless

transceivers which will have the capability of accessing different radio networks
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with different technologies. In order to facilitate opportunistic spectrum access,

this versatile transceiver needs to be spectrally aware. This motivates the design

of the cognitive radio (CR) technology [4]. The CR technology is an innovative

radio design philosophy and involves smartly sensing the swaths of spectrum and

then determining the transmission characteristics (e.g.,symbol rate, power, band-

width, latency) of a group of secondary users (SUs, also referred to as CR users)1

based on the behavior of the users to whom the spectrum has been licensed [5],

[6]. As such the CR has been proposed as a way to improve spectrum utilization

by exploiting unused spectrum in a dynamically changing environment.

However, in order to fully exploit the CR paradigm, it requires to design adap-

tive access technologies for the CR systems. Therefore, themain focus of the

wireless communication researchers community is to research and develop such

enabling adaptive radio access technologies. Before becoming the CR systems a

reality, it requires research in two major directions as outlined below.

• Spectrum Sensing:In order to identify and access a suitable portion of spec-

trum with a minimum interference to the legacy users i.e., the primary users

(PUs), the first critical design challenge is to monitor the activity levels of

the legacy users. This monitoring or sensing is very critical in the sense that

it needs to process a very wide bandwidth and reliably detectpresence of

PUs. Therefore, spectrum sensing techniques should have a very high sen-

sitivity, linearity, and dynamic range of the circuitry in the radio frequency

front-end. In order to achieve these goals, various digitalsignal processing

techniques, for example, matched filtering, energy detection, and cyclosta-

tionary feature detection have already been studied in the literature [7]. In

order to come up with an effective spectrum sensing algorithm, it requires to

consider the computational complexity, storage necessity, total search time

and the knowledge the CR has regarding the PU signal characteristics. Bur-

den on the signal processing techniques can be alleviated toa large extent

by using cooperative diversity between CR spectrum sensors[8]. Few CR

1Throughout this thesis, we user the terms SUs and CR users invariably.

2



spectrum sensors under independent fades can help in reducing individual

sensitivity requirements.

• Efficient Spectrum Utilization:Based on the information of available spec-

trum as determined by the sensing algorithms, the next challenging task is

to utilize the available spectrum in an efficient fashion by the SUs. As such

the transmission capacity of the SUs is maximized while the interference

introduced to the PUs remains within the tolerable range. Once an unused

or suitable portion of the licensed spectrum is identified bythe SUs, a num-

ber of challenging questions arises. One of these challenging questions is

that what would be the physical layer transmission parameters e.g., trans-

mission power and rate of SUs? As such the transmission capacity of the

SUs is maximized while the interference introduced to the PUs is main-

tained within a satisfactory level. Due to the great flexibility in dynamically

allocating the unused spectrum among the SUs as well as the easy analysis

of the spectral activity of the PUs [9], orthogonal frequency division mul-

tiplexing (OFDM) has already been recognized as a potentialtransmission

technology for the CR systems.

In this thesis we assume that spectrum sensing has been performed and the

spectrum band which are available for CR transmission are known. This thesis

focuses on exploring research challenges involved in the design of adaptive power

and bit loading algorithms for an OFDM based CR system. In such a system,

the SUs are considered to co-exist with the PUs by filling the unused portions of

the frequency band and using OFDM modulation at the air interface. We provide

some solutions to these challenging problems.
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1.1 Background

1.1.1 Opportunistic Spectrum Access Strategy: Overview

One of the most challenging problems of opportunistic spectrum sharing is the

successful co-existence of PUs and SUs in the same frequencyband. Several

strategies have been proposed in the literature for opportunistic spectrum access.

Examples of these strategies have been surveyed in [10] and they include the

spectrum pooling [9], the CR approach for usage of virtual unlicensed spectrum

(CORVUS) [1], the DARPA’s neXt Generation (XG) program [11,12], the IEEE

802.22 [13], the dynamic intelligent management of spectrum for ubiquitous mo-

bile network (DIMSUMnet) [14], the OFDM-based cognitive radio (OCRA) net-

work [15], the European dynamic radio for IP services in vehicular environments

(DRiVE) [16]. In spectrum pooling architecture, CR system is highly flexible as

in this manner, the spectrum bands, which are left idle by thelicensed users, can

be filled efficiently. The goal of this architecture is to overlay SUs on the existing

licensed users without requiring any changes to the licensed system and hence,

increase the spectrum utilization.

Spectrum Pooling

According to the spectrum pooling strategy of opportunistic spectrum sharing,

the SUs access a licensed frequency bands by filling the unused portion of the

spectrum without making any changes to the PUs’ system. The notion of spectrum

pooling was first introduced in [4]. Basically, the spectrumpooling represents the

idea of merging spectral ranges from different licensed owners (GPRS, UMTS,

military, emergency services, TV band, etc.) into a common pool. Then from this

common pool, unused spectrum can be assigned to the cognitive users. For an

example, the spectrum pooling strategy is shown in Fig. 1.1 where SUs co-exist

in the same band by filling the unused or idle portion of the PUs’ bands.

According to the spectrum pooling strategy, both SUs and PUsco-exist in the
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Figure 1.1: Coexistence of primary and cognitive users according to spec-
trum pooling strategy.

side by side band and their access technologies may be different. Therefore, the

mutual interference is the limiting factor for the performance of both networks.

Specifically, in [17] the authors have shown that using OFDM modulation causes

mutual interference between the PU and the CR users due to thenon-orthogonality

of the transmitted signals. The amount of interference introduced to the PU’s band

by a CR user’s subcarrier depends on the power allocated in that subcarrier as well

as the spectral distance between the subcarrier and the PU’sband. The authors

have also studied the effect of subcarriers’ nulling mechanism which reduces the

interference in the PU’s band.

The model presented in Fig. 1.1 is a generalized picture of coexistence of both

types of users according to the spectrum pooling strategy. According to the inter-

ference model presented in [17], we will see that a SU’s transmission in a given

unused portion of the spectrum produce higher interferenceto the adjacent PU’s

band. In other words, the interference introduced into a PU band is dominated by

the adjacent SUs’ transmission. Interference from the far apart SUs decays as the

distance increases. Therefore, if we consider only two dominant interferers, two
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Figure 1.2: Possible coexistence scenarios: Scenario 1.

possible co-existence scenarios; namely scenario 1 and scenario 2, can be imag-

ined as shown in Figs. 1.2, 1.3. Scenario 1 shows that the PUs may co-exist with

the SU(s) that are located in the middle of the PUs. In scenario 2, SUs access the

left and right side of the unused portion of the PUs band.

It is assumed that the frequency band (B1 andB2 in scenario 1, andB in

scenario 2) which has been occupied by the PU(s) is known (seeFigs. 1.2 and

1.3). The frequency band can be occupied by more than one PUs.The interfer-

ence introduced to the PUs is the limiting factor for the successful coexistence.

We assume that all the unused spectrum is used by a cognitive users which uses

OFDM modulation format at the air interface. One of the main advantages of us-

ing OFDM is the flexibility that it provides in allocating thespectrum. The other

advantage of using OFDM is that the FFT used in OFDM transmission can be

used for the analysis of the spectral activity of the licensed users. The available

bandwidth for CR transmission is divided intoN subcarriers,N/2 on each side

and each having a bandwidth of∆f.

Further it is assumed that the cognitive user does not have any knowledge

of the PUs’ access method whether it is also OFDM or not. If thePU also use

OFDM modulation and the SU has knowledge of it, their transmission could be
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Figure 1.3: Possible coexistence scenarios: Scenario 2.

made orthogonal. However, in practice PU might not be using OFDM and even

if it is using OFDM, it would be very difficult for CR user to know the required

parameters of PU in order to maintain orthogonality. Due to the coexistence of

primary and SUs in such fashion, there are two types of interference in the system

[17]. One is introduced by the PU into the CR user band and the other is intro-

duced by the cognitive user into the PU band as described below. The interference

introduced by the PU to the CR band acts as a noise and limits the capacity of

CR users. On the other hand, there would be limits imposed on the interference

introduced by CR user into the PU band and will act as a limiting factor in the

power allocation for CR users.

The literature review related to each of the research problems addressed in this

thesis will be presented separately in the relevant chapters itself.

1.2 Motivation and Objective of the Thesis
The motivation for this research stems from the need to efficiently utilize the spec-

trum available for CR transmission. Since different subcarriers in an OFDM sys-

tem may have different fading gains in a given channel access, use of the same
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modulation order in all subcarriers leads to an inefficient utilization of overall

spectrum [18]. Assuming that the channel state information(CSI) is available at

the transmitter, different power, bit or both power and bit loading schemes have

been proposed in literature. These loading schemes exploitthe time varying na-

ture of fading gains across the OFDM subcarriers in order to improve the overall

system performance. Different loading algorithms have different end goals [19].

One broad class of bit loading algorithms minimizes the transmit power while

attaining a fixed transmission rate as well as a given target bit error rate (BER)

(see, for example, [20], [21]). In another version of bit loading algorithms, er-

godic capacity is maximized at a fixed transmit power. All these algorithms have

maximized the transmission capacity of OFDM-based systemsand are useful for

conventional wireless networks where there is only one group of users i.e., PUs.

Since there is a mutual interference between the primary andthe SUs when both

type of users co-exist, use of the classical loading algorithms e.g., uniform power

but variable rate algorithm and water-filling algorithm forSU’s transmission may

result in higher mutual interference to the PU’s band. Hence, the design problem

is that given an interference threshold prescribed by the PUs, how much power

and how many bits should be loaded into each subcarrier such that the overall

transmission capacity of the CR user is maximized.

The broad objective of thesis is to develop thorough analytical modeling and

numerical analysis, dynamic resource allocation schemes for OFDM-based cog-

nitive radio systems such that the capacity of CR users can bemaximized while

interference introduced to the PU band is kept below a specified threshold. The

specific objectives of the thesis can be described as:

1.2.1 Adaptive Power Loading Algorithms

According to the classical power and bit loading schemes e.g., water-filling, more

power and bits should be loaded into the subcarrier which hashigher channel

gain. However, the amount of interference introduced by allowing transmission

in a SU’s subcarrier, depends on the location of the subcarrier with respect to
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the PU’s spectrum. From the interference point of view, morepower should be

loaded into a distant subcarrier. Therefore, it requires a judicious loading policy

which not only consider the fading gains of the subcarriers but also the spectral

distance of the subcarriers from the PU’s band. The authors in [22] have proposed

an unequal bit loading algorithm for a non-contiguous (NC)-OFDM-based CR

system. However, in this scheme uniform power allocation among the OFDM

subcarriers is used. In this thesis, we will see that use of uniform transmit power in

each subcarrier can significantly reduce the transmission capacity of the SU. The

power and bit loading algorithm for an OFDM-based CR system is formulated

as a constrained optimization problem. This optimization problem maximizes the

transmission capacity of the secondary subcarriers while keeping the interference

introduced to the PU below a specified threshold.

1.2.2 Discrete Bit Loading Algorithms

The study in Section 1.2.1 is based on the operating assumption that the transmis-

sion rate can be varied continuously. Most of the coding and modulation schemes

that are used in practice provide a discrete or integer transmission rate which has

led the researchers to develop discrete bit loading algorithms for OFDM-based

systems. In this context, a number of algorithms have been proposed in the liter-

ature. Examples of well-known algorithms include the Hughes-Hartogs [23] and

the Chow et al. [24] algorithms. These algorithms are not directly applicable

to an OFDM-based CR system as the interference they introduce to the adjacent

PU’s band may increase significantly. In this thesis, we propose a sub-optimal

scheme based on Lagrange formulation such that it minimizesthe interference

introduced to PU band while transmitting at a fixed data rate and BER. We also

propose schemes based on the modifications of Hughes-Hartogs [23] and Chow

et al. [24] algorithms such that rather than minimizing the transmitting power (as

required for the conventional scenario) they minimize the interference introduced

to the PUs (as required for the CR scenario) while keeping a fixed data rate and

BER.
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1.2.3 Power Allocation with Imperfect CSI

The study in previous sections is based on the assumption that perfect CSI is avail-

able at the CR transmitter. Specifically, the channel gains between CR transmitter

and CR receiver can be estimated at the CR transmitter through the feedback tech-

niques. However, the instantaneous channel gains between CR transmitter and PU

receiver is hard to estimate. Although by exploiting the pilot signals transmitted

by the PU user it is possible to estimate the statistics (distribution and the mean

value) of the channel fading gain. For such a scenario, the interference introduced

to the PU band can be guaranteed only in a statistical manner.In this thesis, we

propose schemes that maximize the capacity of CR users when only imperfect

CSI is available at the CR transmitter while guaranteeing the statistical interfer-

ence constraint.

1.2.4 Joint Overlay and Underlay Power Allocation Schemes

The study so far assumed that the CR power is only allocated inan overlay fashion

to the subcarriers where PU is not present and only mutual interference between

CR and PU is considered. However, power can also be loaded to subcarriers in an

underlay fashion to the subcarriers where PU is present and the co-channel inter-

ference will also have to be taken into consideration. In this thesis, we propose

resource allocation schemes for a multiuser scenario wherepower is loaded in a

joint overlay and underlay fashion while making sure that the total interference

introduced to the PU band remains below a threshold.

1.2.5 Relay and Power Allocation Schemes

CR systems may have a weak channel between CR source and CR destination and

reliable communication might not be possible as CR source can not transmit at a

very high power because of the limits on the interference that can be introduced to

the PU band. In such a scenario, relays can be employed to provide an alternative

path of communications as the data can be transmitted reliably at low transmission

10



power and hence, introducing less interference to the PU band. In this thesis, we

propose relays and power allocation schemes for OFDM-basedCR systems.

1.3 Thesis Outline
In chapter 2, we investigate an optimal power loading algorithm for an OFDM-

based CR system. The downlink transmission capacity of the CR user is thereby

maximized, while the interference introduced to the PU remains within a tolerable

range. We also propose two suboptimal loading algorithms that are less complex.

We also study the effect of a subcarrier nulling mechanism onthe performance

of the different algorithms under consideration. The performance of the optimal

and suboptimal schemes is compared with the performance of the classical power

loading algorithms, e.g., water-filling and uniform power but variable rate loading

schemes that are used for conventional OFDM-based systems.Presented numer-

ical results show that for a given interference threshold, the proposed optimal

scheme allows CR base station (BS) to transmit more power in order to achieve a

higher transmission rate than the classical loading algorithms. These results also

show that although the proposed suboptimal schemes have certain degradation in

performance compared to the optimal scheme, they outperform the classical load-

ing algorithms. We also present numerical results for nulling mechanism. Finally,

we investigate the effect of imperfect channel gain information at the transmitter.

In chapter 3, we explore the trade-offs between the data rateof an OFDM-

based CR system and the interference introduced to the PU’s band when both type

of users co-exist in side by side band. In order to minimize the interference to the

PU’s band, a suboptimal algorithm is proposed. We also propose two schemes

based on modifications in the existing discrete bit loading schemes namely the

Hughes-Hartogs [23] and Chow et al. [24] schemes. Numericalresults have been

presented.

In chapter 4, we develop an optimal power allocation algorithm for the OFDM-

based CR systems with statistical interference constraints imposed by different

PUs. A suboptimal algorithm with reduced complexity is alsoinvestigated. Pre-
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sented numerical results show that with our proposed optimal power allocation

scheme CR user can achieve significantly higher transmission capacity for given

power budget and interference constraints compared to the classical power allo-

cation schemes namely, uniform and water-filling power allocation schemes. The

sub-optimal scheme, which has same implementation complexity as the uniform

power loading scheme, achieves higher transmission capacity than the conven-

tional uniform power loading scheme. Water-filling scheme,which is optimal

power allocation for a conventional OFDM-based system and has higher imple-

mentation complexity, outperforms the sub-optimal scheme.

In chapter 5, we present findings of our study of joint overlayand under-

lay power allocation schemes for orthogonal frequency division multiple access

(OFDMA)-based multiuser CR system. In a departure from existing work in lit-

erature where power is allocated in either overlay only or underlay fashion, we

propose schemes which perform a joint allocation. Specifically, the total capacity

of CR is maximized while maintaining a total power budget andkeeping the in-

terference introduced to the PU band below a threshold. As the optimal schemes

may offer prohibitively high complexity, we also propose a faster, suboptimal

scheme. The results of simulations of the proposed joint overlay and underlay

allocation schemes show a significant gain in transmission capacity over classical

schemes which only transmit in either overlay or underlay fashion. Joint allo-

cation maintains its advantage over either overlay or underlay only scheme even

when implemented with a low-complexity suboptimal scheme as we empirically

found out after implementing further simulations.

In chapter 6, we investigate the relay and power allocation problem for OFDM-

based CR systems. We propose a method where the capacity of CRuser em-

ploying relays is maximized while total transmission poweris kept within a bud-

get and the interference introduced to the PU band is kept within a prescribed

threshold. The optimization problem is a mixed-integer problem, which is NP-

hard. Hence in this chapter, we have proposed three sub-optimal schemes. The

presented numerical results show that the performance of proposed suboptimal
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schemes is close to the optimal solution.

In chapter 7, we conclude the thesis by highlighting our contributions. We

also briefly suggest possible directions of future research.
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Chapter 2

Adaptive Power Loading for

OFDM-based Cognitive Radio

Systems1

2.1 Introduction
Cognitive radio (CR) has been proposed as a way to improve spectral efficiency

by exploiting unused spectrum in dynamically changing environments. The CR

design is an innovative radio design philosophy that involves smartly sensing the

swaths of spectrum and then determining the transmission characteristics (e.g.,

symbol rate, power, bandwidth, latency) of a group of secondary users (SU) based

on the behavior of the users to whom the spectrum has been licensed (referred

to as primary users (PUs)). Although opportunistic spectrum access would allow

1The papers based on the research work presented in this chapter have been published as:
Gaurav Bansal, Md. Jahangir Hossain, and Vijay K. Bhargava,“Adaptive Power Loading for
OFDM-based Cognitive Radio Systems”, inProceedings of IEEE International Conference on
Communications (ICC’07), pp. 5137-5142, Glasgow, Scotland, and Gaurav Bansal, Md. Jahangir
Hossain, and Vijay K. Bhargava, “Optimal and Suboptimal Power Allocation Schemes for OFDM-
Based Cognitive Radio Systems”, inIEEE Transactions on Wireless Communications,vol. 7, no.
11, pp. 4710-4718, Nov. 2008.
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CR users to identify and access available spectrum resources, one of the main

concerns is to utilize these available spectrum resources in an efficient manner.

Due to its great flexibility in dynamically allocating unused spectrum among

CR users, and the ease of analysis of the PU’s spectral activity [9], orthogonal

frequency division multiplexing (OFDM) has already been recognized in the lit-

erature as a potential transmission technology for CR systems. Since both CR

user and PU may exist in side-by-side bands yet have different access technolo-

gies, mutual interference is the limiting factor for performance of both networks.

Specifically, in [17] the authors have shown that using OFDM modulation causes

mutual interference between the PU and CR users due to the non-orthogonality of

the transmitted signals. The amount of interference introduced to the PU’s band

by a CR user’s subcarrier depends on the power allocated in that subcarrier as well

as the spectral distance between that particular subcarrier and the PU’s band.

In order to exploit the time-varying nature of fading gains across the OFDM

subcarriers, power loading algorithms have been proposed in the literature [18].

These algorithms maximize the transmission capacity of an OFDM-based conven-

tional wireless network where there is only one group of users, i.e., PUs. Since

there is mutual interference between CR user and PU when theyco-exist in side-

by-side bands, use of the classical loading algorithms e.g., uniform power but

variable rate and water-filling algorithms, for CR system may result in higher

mutual interference in the PUs’ band. We consider a CR downlink transmission

scenario where a CR transmitter/base station (BS) transmits information to a CR

user using the radio spectrum that is unoccupied by the PU. For such downlink

scenario interference introduced to the PUs is the limitingfactor, rather than the

transmit power of the CR user. In fact, such an interference-limited scenario limits

the transmit power as well as the achievable transmission rate of CR user. Hence,

the design problem is as follows. Given an interference threshold prescribed by

PUs, how much power should be transmitted into each OFDM subcarrier for a

given channel fading gain such that the total transmission rate of the CR user is

maximized?
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According to the classical power loading schemes, e.g., water-filling, more

power should be loaded into the subcarrier with the higher channel gain. How-

ever, the amount of interference introduced by allowing transmission in a CR

user’s subcarrier depends on the location of the subcarrierwith respect to the PU’s

spectrum. From the interference point of view, more power should be loaded into

a subcarrier that is far away from PU’s band. Therefore, a judicious loading policy

is required that not only considers the fading gain of the subcarrier but also the

spectral distance of the subcarrier from the PU’s band.

Motivated by the aforementioned challenging task and the interference model

studied in [17], in this chapter we propose an optimal power loading scheme using

the Lagrange formulation. This loading scheme maximizes the downlink trans-

mission capacity of the CR user while keeping the interference induced to the PUs

below a specified threshold. As the complexity of the optimalscheme can be high

for some applications, we also propose two suboptimal schemes. Our presented

simulation results demonstrate the strength of our proposed schemes compared

to the classical schemes for the CR scenario. Specifically, we show that our pro-

posed schemes can load more power into CR user band in order toachieve higher

transmission capacity for a given interference threshold as specified by the PUs’

network. In a related work in [22], Wyglinski has proposed anunequal bit loading

algorithm for a non-contiguous (NC)-OFDM-based CR system.In NC-OFDM-

based transmission systems, subcarriers, which could potentially interfere with

the transmission of other users have been proposed to deactivate. A combined

spectrum pooling and adaptive bit loading for CR OFDM based system has been

studied in [25] in order to improve the bit error rate (BER) ofCR system. In or-

der to minimize adjacent channel interference, a sidelobe suppression mechanism

has been proposed in [26]. An efficient multiuser water filling algorithm under

interference temperature constraints in the OFDMA-based CR networks has been

proposed for an uplink scenario in [27]. The authors in [17] have studied the effect

of the subcarrier’s nulling mechanism, which reduces the interference in the PU’s

band. By nulling the subcarriers that are adjacent to the PU band, more power
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can be loaded into far apart subcarriers for a given interference threshold. How-

ever, after nulling we cannot load any bits into the nearby subcarriers even when

they have very good channel gain. Hence, nulling presents a trade-off, which we

also study in this chapter. Specifically, we present the power profile of different

schemes under various nulling scenarios. Numerical results show that for a given

interference threshold, nulling of one adjacent subcarrier improves the achievable

transmission rate of suboptimal and classical schemes, while nulling of two or

more adjacent subcarriers may degrade their performance. Finally, we study the

effect of imperfect channel gain information at the CR transmitter.

The organization of this chapter is as follows. While Section 2.2 describes the

system model, Section 2.3 presents the problem formulationand the optimization

solution for power adaptation. In Section 2.4, we propose two low-complexity

suboptimal schemes. We compare performance of our proposedschemes with

that of the classical schemes and nulling mechanism in Section 2.5. Selected

numerical results are presented in Section 2.6. The effect of imperfect channel

gain information at the transmitter is studied in Section 2.7. Finally, Section 2.8

concludes the chapter.

2.2 System Model
For an example, a possible co-existence scenario of PUs’ radio and a CR user’s

radio in geographical location is shown in Fig. 2.1. In fact,there may be a number

of co-existence scenarios. For example, one scenario can beco-located scenario

where both primary receivers and CR receiver co-exist in same user’s device. For

example, in future generation laptops, multiple radios will exist in a given lap-

top and a medium access control (MAC) coordinator will co-ordinate their MAC

functionalities. One of these radios can be based on CR technology. The other

co-existence scenario can be closely-located scenario. Insuch scenario, different

radio receivers may exist in different users’ devices but these users can be closely

located.

In spectral domain, we consider the same side-by-side CR radio access model

17



Figure 2.1: Distribution of primary and CR users in the spatial domain.

as is assumed in [17]. Basically, it is assumed that the frequency bands of band-

width B1,B2, ...,BL, in Hz which have been occupied by the PU(s) 1,2, ...L, are

sensed by the CR system and known (see Fig. 2.2) to it. The unoccupied band

sensed by the CR system for possible transmission is locatedon each side of the

PU bands 1,2, ...L, as shown in Fig. 2.2.The available bandwidth for CR trans-

mission is divided intoN subcarrier based OFDM system. It is assumed that the
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Figure 2.2: Distribution of primary and CR users in the frequency domain.

bandwidth for each CR subcarrier is∆ f Hz. It is assumed that the access mecha-

nism/modulation format in PUs’ band is not known to the CR system.

In downlink transmission scenario shown in Fig. 2.1, in general, there are

three instantaneous fading gains: (1) between the CR user’stransmitter and CR

user’s receiver for theith subcarrier denoted ashss
i (it is assumed thathss

i ’s are

independent and identically distributed (i.i.d.)); (2) between the CR user’s trans-

mitter andl th PU receiver, denoted ashsp
l (assumed to be i.i.d.); and (3) between

the l th PU’s transmitter and the CR user’s receiver, denoted ashps
l (assumed to be

i.i.d.). We assume these instantaneous fading gains are perfectly known at the CR

user’s transmitter. Specifically, we assume that the CR user’s receiver can esti-

mate channel gainshss
i andhps

l and report to the CR transmitter. With co-located

scenario discussed earlier i.e., both primary and CR receivers are located in same

device and primary receiver can estimate the channelhsp
l which is reported to the

CR transmitter. On the other hand, if PU and CR receivers are located in different

devices, we assume that the CR transmitter can estimate the channel gainhsp
l from

the emitted signal from the PU ’s receiver.

Further, we note that for scenarios where perfect knowledgeof instantaneous
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channel gains is not available, the throughput obtained through proposed resource

allocation algorithm in this chapter will serve as an upper bound on the maxi-

mum achievable throughput. In Section 2.8, we will study thecase where the

instantaneous fading gains are not perfectly known at the CRtransmitter rather

the average fading gains of PUs are known at the CR transmitter.

The transmit power is adjusted in each CR user’s subcarrier.With an ideal

coding scheme, the transmission rate at theith carrier,Ri , for the transmit power,

Pi and channel fading gain,hss
i , is connected via the Shannon capacity formula,

and is given by

Ri(Pi,h
ss
i ) = ∆ f log2

(

1+
|hss

i |
2Pi

σ2+∑L
l=1J(l)i

)

, (2.1)

whereσ2 denotes the additive white Gaussian noise (AWGN) variance,andJ(l)i

denotes the interference introduced by thel th PU band into theith OFDM sub-

carrier. It is assumed that the interference introduced by PUs into the SUs can be

modeled as AWGN which may not be valid for low number of PUs. However, for

larger number of PUs, AWGN assumption is a good approximation.

As it is mentioned in [17] that due to the coexistence of PU andCR users

in side by side bands, there are two types of interference in the system. One is

introduced by the PUs into the CR user’s band, and the other isintroduced by the

CR user into the PUs’ band. In what follows, we provide brief description and

mathematical models for interference between CR user and PUs.

2.2.1 Interference Introduced by CR User’s Signal

Assuming an ideal Nyquist pulse, the power density spectrumof theith subcarrier

in the CR user band can be written as [17]

φi( f ) = PiTs

(
sinπ f Ts

π f Ts

)2

, (2.2)
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wherePi is the total transmit power in theith subcarrier andTs is the symbol

duration. Let us denote the interference introduced by theith subcarrier of CR to

the l th PU’s band asI (l)i (dil ,Pi). This interference is the integration of the power

density spectrum of theith subcarrier across thel th PU band, and can be written

as

I (l)i (dil ,Pi) =
∣
∣hsp

l

∣
∣2PiTs

∫ dil +Bl/2

dil−Bl/2

(
sinπ f Ts

π f Ts

)2

d f, (2.3)

wheredil represents the distance in frequency between theith subcarrier of the CR

user band and thel th PU band, andBl represents occupied bandwidth byl th PU.

2.2.2 Interference Introduced by PU’s Signal

The power density spectrum of the PU signal after M-fast Fourier transform (FFT)

processing can be expressed by the following expected valueof the periodogram

[17] :

E{IN(w)}=
1

2πM

∫ π

−π
φPU(e

jw)

(
sin(w−ψ)M/2
sin(w−ψ)/2

)2

dψ, (2.4)

wherew represents the frequency normalized to the sampling frequency andφPU(ejw)

is the power density spectrum of the PU signal. The PU signal has been taken

to be an elliptically filtered white noise process with an amplitude PPU [17].

The interference introduced by thel th PU signal to theith subcarrier, denoted

asJ(l)i (dil ,PPU), will be the integration of the power density spectrum of thePU

signal across theith subcarrier, and can be written as

J(l)i (dil ,PPU) =
∣
∣hps

l

∣
∣2
∫ dil +∆ f /2

dil −∆ f /2
E{IN(w)}dw. (2.5)

2.3 Optimal Scheme
Our objective is to maximize the total transmission rate of CR user while keeping

the instantaneous interference introduced to the PUs belowa certain threshold,
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expressing mathematically as,

C= max
Pi

N

∑
i=1

∆ f log2

(

1+
|hss

i |
2Pi

σ2+∑L
l=1J(l)i

)

, (2.6)

subject to,
L

∑
l=1

N

∑
i=1

I (l)i (dil ,Pi)≤ Ith, (2.7)

and

Pi ≥ 0, ∀i = 1,2, ...N, (2.8)

whereC denotes the transmission capacity of the CR user,N denotes the total

number of OFDM subcarriers,Ith denotes the total interference threshold pre-

scribed by theL PU bands,K(l)
i =

∣
∣hsp

l

∣
∣2Ts

∫ dil +Bl/2
dil −Bl/2

(
sinπ f Ts

π f Ts

)2
d f , and λ is a

finite deterministic value. It should be noted that we are solving the problem for a

single CR user.

Theorem: The total transmission capacity is maximized by

P∗
i = max

{

0,
1

λ ∑L
l=1K(l)

i

−
σ2+∑L

l=1J(l)i
∣
∣hss

i

∣
∣2

}

(2.9)

Proof: Considering the fact that maximization of a concave function is equiva-

lent to minimization of its negative value and introducing the Lagrange multiplier

λ for the inequality constraint in Eq. (2.7), and Lagrange multipliers µi for the

inequality constraint in Eq. (2.8), we can write the Karush-Kuhn-Tucker (KKT)
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conditions as [28]

P∗
i ≥ 0,

∀ i = 1,2, ..N
L

∑
l=1

N

∑
i=1

I (l)i (dil ,P
∗
i ) ≤ Ith,

µi ≥ 0,

∀ i = 1,2, ..N

µiP
∗
i = 0,

∀ i = 1,2, ..N

−
1

(

σ2+∑L
l=1 J(l)i

|hss
i |

2 +P∗
i

) −µi +λ
L

∑
l=1

∂ I (l)i

∂P∗
i

︸ ︷︷ ︸

K(l)
i

= 0,

∀ i = 1,2, ..N

(2.10)
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Now, we can eliminateµi from Eq. (2.10) and write the equation as follows,

P∗
i ≥ 0

∀ i = 1,2, ...N,
L

∑
l=1

N

∑
i=1

I (l)i (dil ,P
∗
i ) ≤ Ith,

−
P∗

i(

σ2+∑L
l=1J(l)i

|hss
i |

2 +P∗
i

) +λP∗
i

L

∑
l=1

K(l)
i = 0,

∀ i = 1,2, ...N,
1

(

σ2+∑L
l=1 J(l)i

|hss
i |

2 +P∗
i

)

∑L
l=1K(l)

i

≤ λ ,

∀ i = 1,2, ...N.

(2.11)

If λ < 1/

(

σ2+∑L
l=1 J(l)i

|hss
i |

2 ∑L
l=1K(l)

i

)

, this last condition in Eq. (2.11) can only hold

if P∗
i > 0 as∑L

l=1K(l)
i > 0, which by the third condition in Eq. (2.11) implies that

λ =1/

((

σ2+∑L
l=1 J(l)i

|hss
i |

2 +P∗
i

)

∑L
l=1K(l)

i

)

. Solving forP∗
i , we can writeP∗

i =1/
(

λ ∑L
l=1K(l)

i

)

−

(

σ2+∑L
l=1J(l)i

)

/ |hss
i |

2 . Now, if λ ≥ 1/

(

σ2+∑L
l=1 J(l)i

|hss
i |

2 ∑L
l=1K(l)

i

)

, thenP∗
i > 0, is

impossible, because it would imply

λ ≥ 1/

(

σ2+∑L
l=1 J(l)i

|hss
i |

2 ∑L
l=1K(l)

i

)

> 1/

((

σ2+∑L
l=1J(l)i

|hss
i |

2 +P∗
i

)

∑L
l=1K(l)

i

)

, which vi-

olates the third condition in Eq. (2.11) as the condition canbe written as,

P∗
i

L

∑
l=1

K(l)
i







λ −
1

(

σ2+∑L
l=1 J(l)i

|hss
i |

2 +P∗
i

)

∑L
l=1K(l)

i







= 0, ∀i = 1,2, ...N. (2.12)

Hence,P∗
i = 0 if λ ≥ 1/

(

σ2+∑L
l=1 J(l)i

|hss
i |

2 ∑L
l=1K(l)

i

)

. Therefore, we can write the
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optimal power profile as

P∗
i =

1

λ ∑L
l=1K(l)

i

−
σ2+∑L

l=1J(l)i
∣
∣hss

i

∣
∣2

if λ <
1

(

σ2+∑L
l=1 J(l)i

|hss
i |

2

)

∑L
l=1K(l)

i

= 0 if λ ≥
1

(

σ2+∑L
l=1 J(l)i

|hss
i |

2

)

∑L
l=1K(l)

i

(2.13)

or, more simply, can be written as following,

P∗
i = max

{

0,
1

λ ∑L
l=1K(l)

i

−
σ2+∑L

l=1J(l)i
∣
∣hss

i

∣
∣2

}

. (2.14)

Substituting Eq. (2.14) into Eq. (2.7) we can write

L

∑
l=1

N

∑
i=1

K(l)
i ×max

{

0,
1

λ ∑L
l=1K(l)

i

−
σ2+∑L

l=1J(l)i
∣
∣hss

i

∣
∣2

}

≤ Ith. (2.15)

Now as both left-hand side and right-hand side of Eq. (2.15) are positive values,

the maximum of left-hand side would be achieved when the right-hand side is

maximum. Hence, to maximize the capacity, i.e. to maximize the power, we solve

Eq. (2.15) at the boundary and it is written as,

L

∑
l=1

N

∑
i=1

K(l)
i ×max

{

0,
1

λ ∑L
l=1K(l)

i

−
σ2+∑L

l=1J(l)i
∣
∣hss

i

∣
∣2

}

= Ith. (2.16)

The lefthand side of Eq. (2.16) is a piecewise-linear increasing function of 1

λ ∑L
l=1 K(l)

i

,

with breakpoints at

(

σ2+∑L
l=1 J(l)i

|hss
i |

2

)

, and hence the equation has a unique solution

that is readily determined. Hence Proved.
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It is important to mention that the power allocation policy in Eq. 2.9 is in-

deed an waterfilling policy. However, the cutoff value for the channel gain or the

threshold for this waterfilling policy is weighted by the inverse of the interference

term∑L
l=1K(l)

i . Specifically, the policy suggests that more power should beallo-

cated to the subcarrier which has relatively better channelquality and is relatively

far away from the PU’s band.

2.4 Suboptimal Schemes
By using the above scheme, we can calculate the optimal powerallocation pol-

icy that maximizes the transmission capacity of the CR user while keeping the

interference introduced to the PUs below the specified threshold. However, sev-

eral iterations may be required in finding the value ofλ from Eq. (2.16) and the

complexity of the optimal scheme isO(N logN). It should be noted that the com-

plexity of the optimal scheme is not very high, but however there might be some

systems which have strict requirements on the complexity and hence, in the fol-

lowing section, we propose sub-optimal schemes based on heuristics that have a

complexity ofO(1).

Heuristic schemes proposed in this section are based on the fact that the inter-

ference introduced to a PU band by the CR user subcarrier increases as the spectral

distance between them decreases. If we ignore the second term (
σ2+∑L

l=1 J(l)i

|hss
i |

2 ) from

the power profile of Eq. (2.13), the power is inversely proportional to the param-

eter∑L
l=1K(l)

i , which depends on the spectral distance of theith subcarrier from

the PU band. As such, in order to reduce the interference to a particular PU band,

less power should be assigned to the subcarriers that are near to that PU band, and

more power should be assigned to the subcarriers that are farfrom the PU band.

There are two types of CR user bands as illustrated in Fig. 2.2. One is adjacent

only to one PU band (CR user band 1) and the other is surroundedby PU bands

on both sides (CR user band 2,3, ...,L). The allocation of less power to the nearby

subcarriers suggests that the power can be distributed likea single ladderprofile
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Figure 2.3: Power profile for suboptimal schemes.

in CR user band 1 and like astep ladderprofile in other CR user subcarriers

(2,3, ...,L), as shown in Fig. 2.3. The total transmit power is determined such that

the total interference introduced by all the subcarriers isequal to the interference

threshold. Based on the step size of the power profile, we propose two suboptimal

schemes as follows.

2.4.1 Scheme A

While allocating power using Scheme A for a particular CR user subcarrier, we

consider the effect only on the PU band where it causes the most amount of inter-

ference, i.e., the PU band to which it is closest. Power is distributed such that the

subcarriers that are adjacent to the PU bands are given powerP. Then we increase

the power byP as we move away from the PU bands. Hence, to subcarriers that

are adjacent to the PU bands we allocate powerP, to those that are right next to

them we allocate 2P, and so on. For proposing this scheme, without loss of gen-

erality we assume that each CR user band occupiesN
L ≥ 1 subcarriers. Hence, we
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can write the power profile as follows:

PA
i =

(
N
L
+1− i

)

P

∀i ∈

{

1,2, ...
N
L

}

=

(

i −
N
L

)

P

∀i ∈

{
N
L
+1, ...

⌈
3N
2L

⌉}

=

(
2N
L

+1− i

)

P

∀i ∈

{⌈
3N
2L

⌉

+1, ....,
2N
L

}

...

=

(

i −
(L−1)N

L

)

P

∀i ∈

{
(L−1)N

L
+1, ...

⌈
(2L−1)N

2L

⌉}

= (N+1− i)P

∀i ∈

{⌈
(2L−1)N

2L

⌉

+1, ....,N

}

(2.17)

We now need to findP. We can write,

N

∑
i=1

L

∑
l=1

K(l)
i Pi = Ith. (2.18)

From eq. (2.17) and eq. (2.18), we can write:

P=
Ith
x

(2.19)
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where

x =

N
L

∑
i=1

L

∑
l=1

K(l)
i

(
N
L
+1− i

)

+





d 3N
2L e

∑
i=N

L +1

L

∑
l=1

K(l)
i

(

i −
N
L

)

+

2N
L

∑
i=d 3N

2L e+1

L

∑
l=1

K(l)
i

(
2N
L

+1− i

)




+ · · ·

+






⌈
(2L−1)N

2L

⌉

∑
i= (L−1)N

L +1

L

∑
l=1

K(l)
i

(

i −
(L−1)N

L

)

+
N

∑
i=
⌈
(2L−1)N

2L

⌉

+1

L

∑
l=1

K(l)
i (N+1− i)




 (2.20)

2.4.2 Scheme B

In this scheme, the step size of the ladder is taken to be inversely proportional to

∑L
l=1K(l)

i . Hence, the power in theith subcarrier can be written as

PB
i = P/

L

∑
l=1

K(l)
i , (2.21)

whereP will be determined by the value ofIth, as follows. Eq. (2.18) will hold

in this case as well and by substituting Eq. (2.21) into Eq. (2.18) the power

allocation policy for scheme B,PB
i , can be expressed as

PB
i =

Ith

N∑L
l=1K(l)

i

. (2.22)
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In next section we describe classical schemes namely, uniform power loading and

waterfilling scheme, and nulling mechanism which we will useas benchmarks to

measure the performance of the proposed schemes.

2.5 Comparison with Classical Schemes and
Nulling Mechanism

The classical OFDM loading algorithms, the uniform power loading and water-

filling schemes, are suboptimal for such an interference limited scenario, as they

do not have constraints on interference.

2.5.1 Uniform Power Loading Scheme

In the uniform power loading scheme, uniform powerP is loaded into each sub-

carrier. In fact, the uniform power loading scheme is a special case of sub-optimal

scheme A, wherePA
i is assumed asP. Therefore, using Eq. (2.18) for a given

interference thresholdIth, the power allocated to theith subcarrier with uniform

power loadingPU
i can be easily expressed as

PU
i =

Ith

∑N
i=1∑L

l=1K(l)
i

. (2.23)

2.5.2 Waterfilling Scheme

For distributing power according to the waterfilling scheme, we first determine

the total power used by the uniform scheme(PU
Total) in transmitting at the given

interference threshold. Using this total power as the powerconstraint, the power
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profile for the waterfilling scheme can be written as [29]

PWF
i =

1
λ
−

σ2+∑L
l=1J(l)i

∣
∣hss

i

∣
∣2

if λ <
1

(

σ2+∑L
l=1 J(l)i

|hss
i |

2

)

= 0 if λ ≥
1

(

σ2+∑L
l=1J(l)i

|hss
i |

2

) (2.24)

or, more simply, asPWF
i = max

{

0, 1
λ −

σ2+∑L
l=1J(l)i

|hss
i |

2

}

. Now, the constantλ can be

calculated from the following:

N

∑
i=1

max

{

0,
1
λ
−

σ2+∑L
l=1J(l)i

∣
∣hss

i

∣
∣2

}

= PU
Total (2.25)

It should be noted that the interference introduced by the water-filling scheme will

not be equal toIth and can be written as

I WF =
L

∑
l=1

N

∑
i=1

K(l)
i PWF

i . (2.26)

2.5.3 Nulling Mechanism

In [17], the authors studied the effect of nulling the subcarriers and showed that

the interference introduced to the PU band can be reduced by nulling those sub-

carriers (i.e., allocating zero power) that are adjacent tothe PU band, since the

adjacent subcarriers produce the maximum amount of interference. This proce-

dure implies that for a given interference threshold, more power can be allocated

to the far apart subcarriers than to the neighboring subcarriers. Thus, one would

expect that a higher transmission rate can be achieved usingmore power. How-

ever, nulling the adjacent subcarriers loses frequency diversity, as the adjacent

subcarrier is assigned with zero power even when it has a verygood channel gain.
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Therefore, nulling creates a trade-off. Hence, here we study our proposed subop-

timal schemes namely Scheme A, and Scheme B, and classical uniform-loading

and water-filling scheme with the effect of nulling. It should be noted that we do

not study effect of nulling on the optimal scheme, as it is already optimal, and

automatically nulls the subcarriers that need to be nulled.

Here, we restrict ourselves to two cases of nulling, namely,the one-nulling

and two-nulling cases. By a “one-nulling” we mean that for each side of the PU

band, we null one subcarrier that is adjacent to it. Without loss of generality, we

assume that each CR user band occupiesN
L subcarriers. Hence, in Fig. 2.2 we null

2L−1 subcarriers, namely,

O∈

{(
N
L

)

,

(
N
L
+1

)

,

(
2N
L

)

,

(
2N
L

+1

)

, ....,(N)

}

. (2.27)

Similarly, in two-nulling, for each side of the PU band we null the two subcarriers

adjacent to it. Hence, for two-nulling in Fig. 2.2 we null 2(2L−1) subcarriers,

namely,

T ∈

{(
N
L
−1

)

,

(
N
L

)

,

(
N
L
+1

)

,

(
N
L
+2

)

,

(
2N
L

−1

)

,

(
2N
L

)

,

(
2N
L

+1

)

, ....,(N)

}

.

(2.28)

Now for studying the nulling mechanism, we load zero power inthe sub-

carriers in Eq. (2.27) or Eq. (2.28) for one and two nulling respectively. For

the remaining sub-carriers, we load powers according to thescheme under study,

such that the total interference introduced to the primary user band is equal to

Ith, and the power profile for the schemes can be derived accordingly. In the

following section, we present simulation results that compare the performances of

the various proposed schemes with the classical schemes andnulling mechanism

for the CR scenario.
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2.6 Numerical Results
In the numerical results presented in this section, we assume the values ofL and

N to be 4 and 20, respectively.2 We assume the value ofTs to be 4µ seconds.

Here we assume the values of∆ f to be 0.3125 MHz, which is same as subcarrier

frequency spacing in wireless local area network (LAN) standards [30], [31]. The

values ofB1, B2, B3, andB4 has been taken to be 1 MHz, 2 MHz, 5 MHz, and 10

MHz respectively. The value ofσ2 is assumed to be 10−3W. The value of ampli-

tudePPU is assumed to be 10. The channel gainshss
i , hsp

l , andhps
l is assumed to be

Rayleigh fading with an average channel power gain of 10dB. Since the channel

fading gains for different realizations of channel gain canbe different, an average

transmission capacity of 100,000 independent simulation runs is considered.

In Fig. 2.4, we plot the achievable transmission rate of the CR user versus

interference introduced to the PU band for different schemes under consideration.

From this figure, we observe that for a given interference threshold, the optimal

scheme achieves the highest transmission rate for CR users.We can also see

that the transmission rate that can be achieved using the sub-optimal schemes is

higher than that achieved by the classical uniform-power loading and water-filling

algorithms. It can also be observed that scheme B performs better than scheme A.

In Fig. 2.5, we present the transmit power of the CR user versus the inter-

ference introduced to the PU band for various schemes under consideration. We

can observe from Fig. 2.5 that the optimal scheme allows transmission of higher

power than the other schemes for a given interference threshold. The classical uni-

form power loading and water-filling schemes are able to loadthe least amount

of power and achieve lower transmission capacity for CR users, as they do not

judiciously take interference into account in their loading policy for a given inter-

ference threshold.

The transmission capacity of the CR user versus interference introduced to

2In practice the values ofL andN would be high, but for simplicity in the simulation analysis
we have assumed the values to be 4 and 20, respectively. Also,it should be noted that the trends
in the results presented in this chapter would still hold forother values ofL andN.
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Figure 2.4: Maximum transmitted data rate of CR user versus interference
introduced to the PU band by several schemes.
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Figure 2.5: Transmit power of CR user versus interference introduced tothe
PU band by several schemes.

35



the PU band is plotted for scheme A, scheme B, the classical uniform-loading

scheme and the classical water-filling scheme for various nulling scenarios in Fig.

2.6, Fig. 2.7, Fig. 2.8, and Fig. 2.9, respectively. For the sake of comparison,

we have also plotted the transmission capacity of the optimal scheme in Figs.

2.6, 2.7, 2.8, and 2.9. It can be observed from the figures thatafter nulling, the

performance of the suboptimal and classical schemes improves compared with the

no-nulling case. However, the optimal scheme still achieves the highest capacity

for a given interference threshold. Interestingly, it can be observed from Figs. 2.6,

2.7, 2.8, and 2.9 that for all the schemes, performance degrades for the two-nulling

case compared with the one-nulling case. This result is because of the tradeoff

between the interface that can be reduced by nulling additional subcarriers and

the capacity that can be achieved by keeping them active. From these selected

numerical results, it can be concluded that nulling additional subcarriers does not

always help to improve overall system performance. We did not consider further

nulling, as the associated performance degradation was checked via simulation.

2.7 Imperfect Channel-gain Information at the
Transmitter

In the numerical results presented in this section, we use the values ofL, N, Ts,

∆ f , B1, B2, B3, B4, σ2 andPPU supplied in Section 2.6. Further, the channel gains

hss
i , hsp

l , andhps
l are assumed to be Rayleigh fading with an average channel power

gain of 10dB. Now, we assume that the CR transmitter can know thehss
i exactly

as it can receive the feedback from CR receiver. But for some scenarios, e.g.,

closely-located scenario, it may not be possible for the CR transmitter to know the

instantaneous values ofhsp
l andhps

l . However, the average channel gains ofhsp
l

andhps
l can be predicted as they are closely located. Therefore, in this section, we

study the performance of various algorithms assuming that only average channel

gains ofhsp
l andhps

l are known at the CR user’s BS. It is important to mention

that in such case, interference constraint imposed to PUs ismet in an average

sense. We run our simulations for the scenario when CR transmitter only knows
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Figure 2.6: Maximum transmitted data rate of CR user versus interference
introduced to the PU band by Scheme A for various nulling scenarios.

37



3 3.5 4 4.5 5 5.5 6 6.5 7

x 10
−3

6

7

8

9

10

11

12

13

14

15

Interference introduced to the primary user band (in Watts)

M
ax

im
um

 tr
an

sm
itt

ed
 d

at
a 

ra
te

 o
f C

R
 u

se
rs

 (
in

 M
bp

s)

 

 

Optimal Scheme
Scheme B − Zero Nulling
Scheme B − One Nulling
Scheme B − Two Nulling

Figure 2.7: Maximum transmitted data rate of CR user versus interference
introduced to the PU band by Scheme B for various nulling scenarios.
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Figure 2.8: Maximum transmitted data rate of CR user versus interference
introduced to the PU band by the uniform-loading scheme for various
nulling scenarios.
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Figure 2.9: Maximum transmitted data rate of CR user versus interference
introduced to the PU band by the water-filling scheme for various
nulling scenarios.
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the average channel power gain ofhsp
l andhps

l . In Fig. 2.10, we have plotted

the transmission capacity of the CR user versus interference introduced to the

PU band for various schemes for the scenarios of perfect and imperfect channel

information at the transmitter. Again, we have presented the curve of average

transmission capacity for 100,000 simulation iterations.It can be observed from

Fig. 2.10, that performance degrades for the imperfect scenario. However, it

should be noted that even with the imperfect channel gain information at the CR

transmitter, proposed optimal and suboptimal schemes perform better than the

classical schemes.

2.8 Conclusions
In this chapter, we have developed an optimal power loading algorithm that max-

imizes the downlink transmission data rate of the CR user while the interference

introduced to the PU remains within a given limit. We have also proposed two

suboptimal power loading algorithms that have less complexity but can achieve a

performance close to the optimal one. Presented numerical results show that the

classical loading algorithms used for conventional wireless networks perform the

worst for the CR scenario among the schemes considered. We have also studied

the effect of nulling mechanisms on the performances of various schemes. Se-

lected numerical results have demonstrated that the optimal scheme performs the

best, and that the one-nulling case achieves better data rate performance than cases

with a greater number of nullings, as well as zero-nulling cases. Finally, we have

studied the case where the channel gain information is not perfectly known at the

CR transmitter and found that even in this case proposed schemes perform better

than the classical schemes.
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Figure 2.10: Maximum transmitted data rate of CR user versus average in-
terference introduced to the PU band when the channel gain isnot
perfectly known at the CR transmitter.
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Chapter 3

Discrete Bit Loading for

OFDM-based Cognitive Radio

Systems1

3.1 Introduction
Cognitive radio (CR) has been proposed as a way to improve spectrum efficiency

by giving opportunistic access of the frequency bands to a group of CR users for

whom the band has not been licensed. Although opportunisticspectrum access

would allow CR users to identify and access available spectrum resources, one

of the main concerns is to utilize the available spectrum resources in an efficient

manner. As such the interference introduced by the CR users to the primary users’

band is kept below a prescribed threshold determined by interference temperature

[6].

1The papers based on the research work presented in this chapter have been published as:
Gaurav Bansal, Md. Jahangir Hossain, and Vijay K. Bhargava,“Link Adaptation in OFDM-based
Cognitive Radio Systems”, inCognitive Radio Communications Networks, Springer-Verlag, pp.
189-212, 2007, and Gaurav Bansal, Md. Jahangir Hossain, andVijay K. Bhargava, “Discrete
bit loading for OFDM-based cognitive radio systems”, inProceedings of National Conference on
Communications (NCC’07), pp. 1104-1109, Jan. 2007, Kanpur, India.
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Due to great flexibility in dynamically allocating the unused spectrum among

the CR users as well as the easy analysis of the spectral activity of the primary

users [9], orthogonal frequency division multiplexing (OFDM) has already been

recognized in the literature as a potential transmission technology for the CR sys-

tems. Since both the secondary and primary users may exist inside by side band

and their access technologies may be different, the mutual interference is the lim-

iting factor for performance of both networks. Specifically, in [17] the authors

have shown that using OFDM modulation causes mutual interference between the

primary and the secondary users due to the non-orthogonality of the transmitted

signals. The amount of interference introduced to the primary user’s band by a

given subcarrier depends on the power allocated in that subcarrier as well as the

distance between the subcarrier and the primary user’s band.

In order to exploit the time varying nature of fading gains across the OFDM

subcarriers discrete bit loading algorithms have been proposed in literature [23],[24].

These algorithms have minimized the transmitted power of anOFDM system

while transmitting at a fixed data rate and at a fixed bit error rate (BER) and are

useful for conventional wireless networks where there is only one group of users

i.e., primary users. Since there is a mutual interference between CR and primary

users when both group of users co-exist in side by side band, the discrete bit load-

ing algorithms proposed for conventional systems e.g., [23],[24] results in higher

mutual interference to the primary users. Hence, the designgoal in CR system is

quite different problem as the interference to the primary users should be below

the given threshold. According to the classical discrete bit loading schemes e.g.,

[23] and [24], more power and bits should be loaded into the subcarrier which has

higher channel gain. However the amount of interference, introduced by allowing

secondary user’s transmission, in a given subcarrier depends on the location of

the subcarrier with respect to the primary user’s spectrum and from this point of

view, more power and hence, more bits should be loaded into a distant subcar-

rier. Therefore, it requires a judicious loading policy which not only considers the

fading gain on the subcarriers but also the distances of the subcarriers from the
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primary user band in order to minimize interference.

In this chapter, we propose a sub-optimal scheme namely scheme A, based

on Lagrange formulation such that it minimizes the interference introduced to the

primary users while transmitting at a fixed data rate and BER.Further, we propose

an optimal scheme namely scheme B by modifying the existing Hughes-Hartogs

algorithm [23] and a sub-optimal scheme namely scheme C by modifying Chow et

al. algorithm [24] such that rather than minimizing the transmitting power (as re-

quired for the conventional scenario), they minimizes the interference introduced

to the primary users (as required for the CR scenario) while keeping a fixed data

rate and BER. In all cases we assume that there is no constraint on transmit power.

This assumption is practical for CR radio system specially for downlink scenario

as the interference is the limiting factor. Simulation results show that the proposed

schemes A, B and C introduce less interference to the primaryuser band as com-

pared to existing Hughes-Hartogs and Chow et al. schemes fora specified data

rate and BER of CR users. Also, scheme A is of very low complexity as compared

to scheme B.

The organization of this chapter is as follows. In Section 3.2, we give the

system model. The optimization problem has been formulatedand solved in a sub-

optimal fashion in Section 3.3. Further in Section 3.4, we present the modification

in the existing optimal and suboptimal schemes. In Section 3.5, we give selected

numerical results. Finally, Section 3.6 concludes the chapter.

3.2 System Model
We consider the same side by side CR access model as assumed in[17]. Ba-

sically, it is assumed that the frequency band which has beenoccupied by the

primary users is known and the primary user band of bandwidthB is located in

the middle and the bandwidth available for secondary user transmission is located

on each side of primary user band as shown in Fig. 3.1. There can be more than

one primary user occupying the primary user band of bandwidth B. OFDM modu-

lation scheme is employed for the secondary users and the available bandwidth for
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secondary users is divided intoN subcarriers,N/2 on each side and each having

a bandwidth of∆f.

We assume that each subcarrier has a bandwidth that is much smaller than the

coherence bandwidth of the channel and that the instantaneous channel gains are

perfectly known at the transmitter. The transmit bits are adaptively loaded in each

subcarrier. Due to the coexistence of primary and secondaryusers in such fashion,

there are two types of interference in the system [17]. One isintroduced by the

primary user into the CR user band and the other is introducedby the cognitive

user into the primary user band as described below.

3.2.1 Interference Introduced by the Secondary User’s Signal

The power density spectrum of theith subcarrier in CR user band can be written

as [17]

φi( f ) = PiTs

(
sinπ f Ts

π f Ts

)2

, (3.1)

wherePi is the total transmit power emitted by theith subcarrier in CR user’s band

andTs is the symbol duration. The interference introduced by theith subcarrier to

the primary user band is the integration of the power densityspectrum of theith

subcarrier across the primary user band and can be written as

Ii(di ,Pi) = PiTs

∫ di+B/2

di−B/2

(
sinπ f Ts

π f Ts

)2

d f, (3.2)

wheredi represents the spectral distance between theith subcarrier of CR user

band and the primary user band.Ii(di,Pi) represents the interference introduced

by theith subcarrier for a transmit power,Pi into the primary user’s band.

3.2.2 Interference Introduced by the Primary User’s Signal

The power density spectrum of the primary user signal after the M-fast Fourier

transform (FFT) processing can be expressed by the following expected value of

46



the periodogram [17]

E{IN(w)}=
1

2πM

∫ π

−π
φPU(e

jw)

(
sin(w−ψ)M/2
sin(w−ψ)/2

)2

dψ, (3.3)

wherew represents the frequency normalized to the sampling frequency andφPU(ejw)

is the power density spectrum of the primary user signal. Primary user signal has

been taken as an elliptically filtered white noise process with an amplitudePPU

[17]. The interference introduced by the primary user signal to the ith subcarrier

will be the integration of the power density spectrum of the primary user signal

across theith subcarrier and can be written as

Ji(di ,PPU) =
∫ di+∆ f /2

di−∆ f /2
E{IN(w)}dw, (3.4)

whereJi(di,PPU) represents the interference introduced by the primary usersig-

nal into theith subcarrier of CR user’s band. For a large number of PUs this

interference introduced into a CR subcarrier can be assumedto be additive white

Gaussian noise (AWGN) from central limit theorem. Here, we assume a single

PU but in a practical system there would be lot of PUs interfering with the CR

subcarrier and hence, we assume the interferenceJi to be AWGN.

3.3 Proposed Scheme A
In this section, we propose a sub-optimal scheme which minimizes the interfer-

ence introduced to the primary user band while transmittingat a fixed data rate

and BER. We use Lagrange formulation for solving the optimization problem, but

as it is difficult to solve the combinatorial optimization weassume the rates to

be continuous and after the optimization we round them to integer numbers and
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Figure 3.1: Distribution of primary and secondary users

hence, the scheme is sub-optimal. It can be written mathematically as follows:

min
Ri∈R

N

∑
i=1

Ii(di,Pi(Ri)), (3.5)

s.t. :
N

∑
i=1

Ri = Rspec, (3.6)

BERi(Pi,Ri,hi)≤ BERspec, (3.7)

whereR = {0,1,2, · · ·} represents the integer transmission rate,N denotes the

total number of secondary users,Ri denotes the transmitted rate for theith subcar-

rier, BERi denotes the BER for theith subcarrier. From the assumption in Section

3.2.2. that the interferenceJi is AWGN, BER can be expressed as [32]

BERi = 0.2exp

[
−1.6Pih2

i

(σ2+Ji)(2Ri −1)

]

(3.8)
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andRspecandBERspecrespectively denotes the specified data rate and BER.

Now, from Eqs. (3.7) and (3.8) we can write,

Pi =
−1
1.6

(σ2+Ji)(2Ri −1)

h2
i

ln(5BERspec). (3.9)

Further, we definek(i) = ∂ Ii
∂Pi

and then, substituting Eq. (3.2) in Eq. (3.5) we can

write,

min
RiεR

N

∑
i=1

kiPi. (3.10)

By substituting Eq. (3.9) in Eq. (3.10) we can write,

min
RiεR

N

∑
i=1

−ki ln(5BERspec)

1.6
(σ2+Ji)(2Ri −1)

h2
i

. (3.11)

Now using, Lagrange optimization in Eq. (3.6) and Eq. (3.11), we can write

L =
N

∑
i=1

−ki ln(5BERspec)

1.6
(σ2+Ji)(2Ri −1)

h2
i

−λ (
N

∑
i=1

Ri −Rspec). (3.12)

For the moment, we do not confineRi to integers and now differentiating Eq.

(3.12) with respect toRi we can write,

∂L
∂Ri

=
−ki ln(5BERspec)

1.6
(σ2+Ji)(2Ri ln(2))

h2
i

−λ = 0. (3.13)

Now, from Eq. (3.13) we can write,

Ri = log2(λ )+ log2(
−1.6h2

i

ki ln(5BERspec)(σ2+Ji) ln(2)
). (3.14)

Substituting Eq. (3.14) into Eq. (3.6), we can write

log2(λ ) =
Rspec

N
+

1
N

N

∑
i=1

log2(
−ki ln(5BERspec)(σ2+Ji) ln(2)

1.6h2
i

). (3.15)
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Now, from Eq. (3.14) and Eq. (3.15), we can write

Ri =
Rspec

N
+

1
N

N

∑
i=1

log2(
−ki ln(5BERspec)(σ2+Ji) ln(2)

h2
i 1.6

)

+ log2(
−1.6h2

i

ki ln(5BERspec)(σ2+Ji) ln(2)
). (3.16)

If Ri in Eq. (3.16) comes out to be negative for some subcarriers, zero bit is

assigned to those particular subcarriers and we reiterate the whole scheme for

remaining subcarriers. Now, as ratesRi can only be integers, we roundRi to

nearest integerRqi and the round off error∆Ri = Ri − Rqi is determined. The

next part of the scheme is adopted from [24]. The sum∑N
i=1Rqi is calculated

and if it is larger (smaller) than theRspec, then the rate of the channel with the

smallest (largest)∆Ri is decremented (incremented). The algorithm stops when

∑N
i=1Rqi = Rspec.

3.4 Modifications in the Existing Schemes

3.4.1 Scheme B

The Hughes-Hartogs algorithm [23] incrementally allocates an integer number

of bits at the cost of high computational complexity. The algorithm works in a

manner such that bits are added successively to the subcarrier which will require

least amount of power for the specified BER. But for the CR scenario, the goal

is to minimize the interference introduced to the primary user’s band. Hence we

allocate the bits in a manner such that successively bits areadded to the subcarrier

which will introduce least amount of interference to the primary user band. The

modified algorithm works as follows

1. The subcarrier by which the interference introduced to the primary user

band will be least for the specified BER in assigning one more bit is searched.
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2. The bit is assigned to the subcarrier which introduces minimum interfer-

ence.

3. Keep on repeating till the given data rate is achieved.

It is obvious that the above algorithm requires extensive searching and hence

it is slow. However, it is optimal as the bits are loaded in a manner such that the

total interference will be minimized. Although the scheme Bis optimal, it is very

slow for practical applications as compared to scheme A which has a closed form

expression.

3.4.2 Scheme C

The Chow et al. algorithm [24] omits intensive sorting as it allocates rate among

the subcarriers according to the channel capacity approximation. The goal of the

algorithm is to minimize the transmitted power or to maximize the noise margin

given a data rate and a target BER, where noise margin (γmargin) is defined as the

amount of additional noise that can be tolerated, while still achieving the specified

BER. The algorithm can be described as follows [24]

1. Initializeγmargin = 0, IterateCount(number of iterations) = 0, UsedCar(total

number of subcarriers) = N andε(i)(energy of a particular subcarrier) = 1.

2. For∀i calculate

R(i) = log2(1+
SNR(i)

τ + γmargin
) (3.17)

whereτ is the SNR gap in the gap approximation [33].

R̂(i) = round[R(i)] (3.18)

where R̂(i) is an integer number of bits that are assigned to a particular

subcarrier.

di f f (i) = R(i)− R̂(i). (3.19)
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I f R̂(i) = 0,UsedCar=UsedCar−1. (3.20)

Now, if Rtotal = ∑N
i=1R̂(i) = 0, the algorithm is stopped.

3. If Rtotal 6= 0, the newγmargin is calculated according to:

γmargin= γmargin+10log10(2
Rtotal−Rspec

UsedCar ) (3.21)

whereRspecis the given data rate. Increment IterateCount by 1.

4. If Rtotal 6= Rspecand IterateCount< MaxCount(maximum number of al-

lowed iterations), let UsedCar = N and go to step 2, else go to step 5. It

should be noted that if the algorithm does not converge afterMaxCount

iterations, convergence is forced using step 5.

5. If Rtotal > Rspec, then one bit is subtracted from the subcarrier which has

the minimum diff(i) and it is repeated untilRtotal becomes equal toRspec.

On the other hand, ifRtotal < Rspec, then one bit is added to the subcarrier

which has the maximum diff(i) and it is repeated untilRtotal becomes equal

to Rspec.

6. Power of each subcarrier is adjusted such that the BER of each subcarrier

(here, we exclude the subcarriers which have been assigned 0bits) is equal

to the specified BER for the given bit allocationR̂(i).

Basically, the algorithm first finds the optimal system performance margin (in

steps 1 to 4), and then if the algorithm does not converges inMaxCountiterations,

forced convergence is imposed (in step 5) and finally, it adjusts the input energy

distribution.

Now, for the CR scenario we change the Eq. (3.17), so that the bits are allo-

cated more to the sub-carriers which are far from the primaryuser band, as they
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introduce less interference. We defineconst(i) as follows

const(i) = (1/k(i))/
N

∑
i=1

(1/k(i)). (3.22)

It should be noted that the subcarriers which are near to the primary user band

introduce more interference and hence, has a higher value ofk(i) as compared to

the subcarriers which are far from the primary user band. Forthe CR scenario, we

modify Eq. (3.17) as follows

R(i) = log2(1+
const(i)SNR(i)

τ + γmargin
). (3.23)

Hence, by introducingconst(i), we are allocating less bits to subcarriers which are

near to the primary user band as they produce more interference and more bits are

given to the subcarriers which are far from the primary user band as they produce

less interference. Rest of the algorithm remains same.

3.5 Numerical Results
In the numerical results presented in this section, we use the values ofTs to be

4µ seconds. We assume the values of∆ f to be 0.3125 MHz, which is same as

subcarrier frequency spacing in wireless local area network (LAN) standards [30],

[31]. The value of B has been taken to be 0.3125 MHz. Noise variance of 10−6W

is assumed. The channel fading power gainhi is assumed to be independent and

identically distributed (i.i.d.) Rayleigh faded with an average channel power gain

as 5dB. A specified BER of 10−7 is used and the value ofτ is taken to be 9.8dB

as in [24]. The value of amplitudePPU is assumed to be 1mW. The value of

MaxCountis taken to be 10. Further, we assume that there are 10 subcarriers for

CR users, 5 on each side of the PU band.2

In Fig. 3.2, we present the interference introduced to the primary user band

2In practice the value of total number of CR subcarriers wouldbe high, but for simplicity in
the simulation analysis we have assumed the value to be 10.
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versus given data rate plots for the proposed schemes A, B andC, and conven-

tional Hughes-Hartogs scheme and Chow et al. scheme. The plotted data rates

are average of 100,000 independent simulation runs. From Fig. 3.2, we observe

that for a given data rate existing Hughes-Hartogs and Chow et al. schemes in-

troduce more interference to the primary user band as compared to schemes A,

B and C. Scheme B is optimal and introduces the minimum interference to the

primary user band. Scheme A is sub-optimal and it introducesless interference

as compared to sub-optimal scheme C and same as optimal scheme A. It should

be noted that the sub-optimal scheme A has similar performance as the optimal

scheme B because the quantization error does not produce anyvisual degrada-

tion in the performance. Further in Fig. 3.2, we have marked the power values

for some selected data rates. We observe from these values that the conventional

optimal Hughes-Hartogs scheme, which minimizes the power,requires the least

power for a given data rate. Our proposed schemes A, B and C require higher

transmit power than the Hughes-Hartogs scheme as they assign more power to

the distant subcarriers compared to the nearest subcarriers in order to reduce the

interference to the primary user band.

3.6 Effect of Subcarriers Nulling Mechanism
In [17], the authors have studied the effect of nulling the subcarriers and have

shown that the interference introduced to the primary user band can be reduced

by nulling the subcarriers which are adjacent to the primaryuser band. The rea-

son behind it is that the adjacent subcarriers produce the maximum amount of

interference. It also implies that for a given capacity morepower will have to be

allocated to the remaining subcarriers, so that the target capacity can be achieved.

As a consequence one can expect that higher power needs to be allocated and

which might lead to higher interference. Therefore, nulling creates a trade-off.

Here we study the effect of nulling on the proposed scheme C, Hughes-Hartogs

scheme and Chow et al. scheme. It should be noted that schemesA and B per-

forms optimally and hence, nulling has no significance for these schemes.

54



30 35 40 45 50 55 60 65 70
0

0.5

1

1.5

2

2.5

3

3.5
x 10

−4

Given data rate (in bits)

In
te

rf
er

en
ce

 in
tr

od
uc

ed
 to

 th
e 

pr
im

ar
y 

us
er

 b
an

d 
(in

 W
at

ts
) Scheme B / Scheme A

Scheme C

Chow et al. scheme

Hughes et al. scheme

.0042
.0055

.0028

.0030

.0095 .0110

.0061

.0063

.0207
.0224

.0129
.0131

Power
Values
(in Watts)

Figure 3.2: Interference introduced to the primary user band versus given
data rate (BER = 10−7)

In Fig. 3.3, we plot the interference introduced to the primary user band vs.

given data rate plots for the proposed scheme C under variousnulling. Here, by

one nulling we mean that we null one subcarrier from each sides of the primary

user band that are nearest to it and similarly for higher values of nulling. Similar

results have been plotted in Figs. 3.4 and 3.5, for Hughes-Hartogs scheme and

Chow et al. scheme. In these plots we have also plotted the data rate of the optimal

scheme for sake of comparison. From Figs. 3.3, 3.4 and 3.5, wecan observe
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that in several data points after nulling the performance ofscheme C, Hughes-

Hartogs scheme and Chow et al. scheme improves as compared tono nulling, but

still the optimal scheme performs the best and transmits maximum data rate for a

given interference threshold. We did not consider more number of nulling as the

performance degrades and they have been checked via simulation. Also, from the

plots we observe that for most of the data points two nulling performs the worst.

It implies that after one nulling the more power that has beenallocated to the

remaining subcarriers dominates the reduction in interference due to the nulling

of adjacent subcarriers. In Figs. 3.3, 3.4 and 3.5, we have also presented the power

values used by the schemes under various nulling. The valuespresented can be

used as an important design parameter in designing OFDM-based cognitive radio

systems.

3.7 Conclusions
In this chapter we have studied the interference performance of the well-known

discrete bit loading algorithms when they are used for OFDM-based CR systems.

In order to minimize the interference to the primary user’s band, a suboptimal

algorithm has been proposed. We have also proposed two schemes based on mod-

ifications in the existing discrete bit loading schemes namely the Hughes-Hartogs

[23] and Chow et al. [24] schemes. Presented numerical results demonstrate the

strength of our proposed schemes.
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Figure 3.4: Interference introduced to the primary user band versus given
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Chapter 4

Adaptive Power Loading for

OFDM-based Cognitive Radio

Systems with Statistical Interference

Constraint1

4.1 Introduction
The utilization of valuable radio spectrum resource can be improved significantly

by using the cognitive radio (CR) technology [6]. Orthogonal frequency division

multiplexing (OFDM), because of its flexibility in allocating the spectrum, has

been recognized as an air interface technology for CR systems [9]. For exam-

ple, implementation details and some of the advantages of OFDM-based CR sys-

tems have been discussed in [22]. Because of the coexistenceof CR and primary

users in side-by-side bands, mutual interference between these users is the limit-

1A paper based on the research work presented in this chapter has been published as: Gaurav
Bansal, Md. Jahangir Hossain, and Vijay K. Bhargava, “Adaptive Power Loading for OFDM-based
Cognitive Radio Systems with Statistical Interference Constraint”, accepted inIEEE Transactions
on Wireless Communications, Feb., 2011.
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ing factor in order to achieve a good performance for CR systems [17]. Use of the

classical power allocation algorithms e.g., well known water-filling algorithm for

CR systems may result in higher interference to the primary user (PU) bands. In

[34], we proposed a power loading algorithm that maximize the downlink trans-

mission capacity of the CR user while keeping the total interference introduced

to different PU bands below a specified threshold. A distributed algorithm for

optimal resource allocation in orthogonal frequency division multiplexing access

(OFDMA)-based CR systems has been proposed in [35]. Severalother resource

allocation schemes for OFDM-based CR systems have been proposed in [36],

[37], [38], [39].

Most of the above mentioned works assumed that the instantaneous channel

qualities from the CR transmitter to both CR and PU receiversare known perfectly

at the CR transmitter. In general, when perfect channel state information (CSI) is

available at the CR transmitter, it can be exploited to increase the transmission

rate of CR users [40]. Further, it is shown in [41] that if the channel fading gain

between PU transmitter and PU receiver along with the channel gains between

CR transmitter to CR and PU receivers is known at the CR transmitter, a superior

power-control policy can be designed. However, it may not bea practical assump-

tion that the perfect CSI is known at the CR transmitter. In particular although

the fading gains among CR transmitter and its receiver can beknown at the CR

transmitter via feedback channel, it is difficult, if not impossible, to estimate the

instantaneous channel fading gains between CR transmitterand PU receivers. For

some scenarios, the CR transmitter can have information about the statistics of the

channel fading gain among the CR transmitter and the PU receivers. For example,

in [42], authors have argued that from the pilot signals transmitted by a PU, the

mean value of the random channel fading gain between a PU receiver and the CR

transmitter can be estimated.

In a recent work in [43] resource allocation algorithms havebeen proposed

for multiple input multiple output (MIMO) OFDM-based CR systems where im-

perfect CSI is assumed at the CR transmitter. However, the authors have as-
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sumed a bounded channel uncertainty model, where the channel estimation error

is bounded by some threshold. For such a bounded uncertaintymodel, interfer-

ence introduced to PU band has been guaranteed to be below a specified interfer-

ence threshold. Similar, bounded uncertainty model is usedin [44],[45]. Further,

in a recent work in [46], a statistical channel uncertainty model is assumed where

average interference introduced to the PU band is kept belowthe specified limit.

In this chapter, we propose a probabilistic interference model for OFDM-based

CR systems where channel fading gain can have any value (i.e., it is not bounded)

and interference is guaranteed in a statistical manner.

Following our earlier work in [34], there are three key contributions in this

chapter compared to the work in [34]. First, the proposed power allocation scheme

requires the knowledge of channel fading statistics2 instead of instantaneous chan-

nel fading gain among the CR transmitter and PU receivers. Tothis regard,

we have proposed a probabilistic model of interference threshold where inter-

ference can be guaranteed only in a statistical manner. Second, the considered

co-existence scenario in this chapter is more generalized than the one presented

in [34]. In particular, in the system model presented in thischapter, different PU

receivers may have different interference constraints. Assuch it provisions for

different quality of transmission for different PUs. Third, the presented model

also considers that the CR transmitter has a maximum transmit power limit. The

power limitation shows two regions in achievable capacity of the CR user; one is

power limited region and other is interference limited region.

As such the transmission capacity of CR user is maximized fordifferent statis-

tical interference constraints imposed by different PUs. We also propose a reduced

complexity suboptimal power allocation scheme. Our simulation results demon-

strate the strength of our proposed schemes compared to the classical schemes for

the CR scenario. Specifically, we show that the optimal scheme can load more

power into CR users’ OFDM sub-carriers’ in order to achieve higher transmis-

2We assume a non-line-of-sight (NLOS) propagation environment. So that the random ampli-
tude fading gain can be modeled as Rayleigh distributed and by statistics we refer to both Rayleigh
distribution and its mean value.
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sion capacity while keeping the interference below a given threshold with cer-

tain probability. The optimal scheme can achieve higher transmission capacity

than classical schemes. The suboptimal scheme which has same complexity as

uniform-loading scheme can achieve higher transmission capacity than the uni-

form power-loading based scheme. Water-filling scheme, which is optimal power

allocation for conventional OFDM-based systems and has higher complexity, out-

performs the sub-optimal scheme.

The organization of this chapter is as follows. While Section 4.2 describes the

system model, Section 4.3 presents the problem formulationand the optimal solu-

tion for power allocation over CR OFDM subcarriers. In Section 4.4, we propose

a low-complexity suboptimal scheme and present the classical schemes. Selected

numerical results and complexity analysis of proposed schemes is presented in

Section 4.5. Finally, Section 4.6 concludes the chapter.

4.2 System Model
In the frequency domain, we consider that CR user andL PU users co-exist in side-

by-side bands as depicted in Fig. 4.1 (similar co-existencemodel is used in [34]).

We assume that the bandwidth available to the CR user is divided intoN subcar-

riers with bandwidth∆ f Hz. TheL PUs are assumed to be occupying frequency

bands of bandwidthB1,B2, ...,BL, respectively. In spatial domain, depicted in Fig.

4.2, there are two types of channel gains (i)hss
i is the channel gain between CR

transmitter and the CR receiver inith OFDM subcarrier (it is assumed thathss
i ’s

are independent and identically distributed (i.i.d.)), and (ii) hsp
l is the channel gain

between the CR transmitter andl th (l = 1,2, · · · ,L) PU receiver (assumed to be

i.i.d.). We assume that the PU bands experience flat fading. We assume that the

instantaneous channel gainhss
i is known at the CR transmitter. However, it is as-

sumed that instead of instantaneous channel gainhsp
l , the distribution type and the

corresponding distribution parameters are known at CR transmitter.

For ideal modulation and coding scheme, the transmission rate of the CR user

in ith subcarrier,Ci is connected via Shannon formula and can be expressed as
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Figure 4.1: Co-existence of PU and CR users in the frequency domain.

[29]

Ci = ∆ f log2

(

1+
|hss

i |
2Pi

σ2+∑L
l=1J(l)i

)

(4.1)

wherePi is the power of the CR user in theith subcarrier,σ2 is the additive white

Gaussian noise (AWGN) variance andJ(l)i denotes the interference introduced

by l th PU transmitter in theith subcarrier of CR user. It is assumed that the

interferenceJ(l)i is AWGN. We assume that the CR receiver is a smart receiver

and the interference valueJ(l)i can be measured at the CR receiver and hence, is

known at the CR transmitter via a feedback channel. The interference introduced

by ith CR subcarrier transmission in thel th PU band can be expressed as [17],

[34],

I (l)i = Pi
∣
∣hsp

l

∣
∣2Ts

∫ dil +Bl/2

dil −Bl/2

(
sinπ f Ts

π f Ts

)2

d f (4.2)

whereTs is the symbol duration anddil represents the spectral distance between

the ith CR subcarrier andl th PU band.
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Figure 4.2: Co-existence of PU and CR users in the spatial domain.
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4.3 Problem Formulation and Optimal Power
Allocation

Our design goal is to find power values for each subcarrier,Pi (i = 1,2, · · · ,N)

for given instantaneous fading gainshss
i and the total transmit power budgetPT .

As such the total transmission capacity of CR user,C is maximized while the

probability that the total interference toL PU bands is kept below the thresholds

I (l)th (l = 1,2, · · · ,L) with the probability valuea or above. Mathematically, the

problem in our hand can be formulated as a constrained optimization problem as

follows,

C = max
Pi

∆ f
N

∑
i=1

log2

(

1+
|hss

i |
2Pi

σ2+∑L
l=1J(l)i

)

,(4.3)

subject to,

Pr.

(
N

∑
i=1

I (l)i (dil ,Pi)≤ I (l)th

)

≥ a, ∀l = 1,2, ...L, (4.4)

Pi ≥ 0, ∀i = 1,2, ...N, (4.5)

and,
N

∑
i=1

Pi ≤ PT . (4.6)

Now the probabilistic interference constraint in Eq. (4.4)for a flat channel

fading in l th PU band can be written as,

Pr.

(

∣
∣hsp

l

∣
∣2

N

∑
i=1

K(l)
i Pi ≤ I (l)th

)

≥ a, ∀l = 1,2, ...L, (4.7)

whereK(l)
i = Ts

∫ dil +Bl/2
dil −Bl/2

(
sinπ f Ts

π f Ts

)2
d f . Sincehsp

l is assumed to be Rayleigh dis-

tributed with a known parameterλl , the distribution of
∣
∣hsp

l

∣
∣2 corresponds to an

exponential distribution with the parameterλ 2
l . The constraint in Eq. (4.7) can be
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evaluated in closed form for the Rayleigh fading case as follows,

1−e
− 1

2λ2
l ∑N

i=1PiK
(l)
i

I (l)th
≥ a, ∀l = 1,2, ...L. (4.8)

After some mathematical manipulations, Eq. (4.8) can be written as

N

∑
i=1

PiK
(l)
i ≤

I (l)th

2λ 2
l (− ln(1−a))

∀l = 1,2, ...L. (4.9)

Theorem 1: The power profile for which the total transmission capacityin Eq.

(4.3) is maximized for the given constraints in Eqs. (4.5), (4.6), and (4.9), can be

written as,

P∗
i =

[

wi −
σ2+∑L

l=1J(l)i
∣
∣hss

i

∣
∣2

]+

∀i = 1,2, ..N, (4.10)

wherewi =
1

β+∑L
l=1γl K

(l)
i

andβ , andγl are deterministic Lagrange parameters.

Proof: We use the fact that minimization of negative value of the concave

function in Eq. (4.3) is equivalent to its maximization. Lagrange parametersγl ,

µi , andβ are introduced for the inequality constraints in Eqs. (4.5), (4.6), and

(4.9), respectively. The Karush-Kuhn-Tucker (KKT) conditions can be written as
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follows [28],

Pi ≥ 0, ∀i = 1,2, ..N, (4.11)
N

∑
i=1

Pi −PT ≤ 0, (4.12)

N

∑
i=1

PiK
(l)
i ≤

I (l)th

2λ 2
l (− ln(1−a))

,

∀l = 1,2, ...L (4.13)

µi ≥ 0, ∀i = 1,2, ..N, (4.14)

µiPi = 0, ∀i = 1,2, ..N, (4.15)

β ≥ 0, (4.16)

β

(
N

∑
i=1

Pi −PT

)

= 0, (4.17)

γl ≥ 0, ∀l = 1,2, ...L(4.18)

γl

(
N

∑
i=1

PiK
(l)
i −

I (l)th

2λ 2
l (− ln(1−a))

)

= 0, ∀l = 1,2, ...L (4.19)

−
1

(

σ2+∑L
l=1 J(l)i

|hss
i |

2 +Pi

) −µi +β +
L

∑
l=1

γlK
(l)
i = 0, ∀i = 1,2, ..N. (4.20)

Now we can eliminateµi , and can write Eqs. (4.14), (4.15), and (4.20) as follows,

1
(

σ2+∑L
l=1J(l)i

|hss
i |

2 +Pi

) ≤ β +
L

∑
l=1

γlK
(l)
i , ∀i = 1,2, ..N, (4.21)

Piβ −
Pi

(

σ2+∑L
l=1J(l)i

|hss
i |

2 +Pi

) + Pi

L

∑
l=1

γl K
(l)
i = 0, ∀i = 1,2, ..N, (4.22)
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If β +∑L
l=1 γlK

(l)
i < 1(

σ2+∑L
l=1J

(l)
i

|hss
i |

2

) , then Eq. (4.21) can only hold ifP∗
i > 0,

which by solving Eq. (4.22) gives,P∗
i = 1

β+∑L
l=1 γl K

(l)
i

−
σ2+∑L

l=1 J(l)i

|hss
i |

2 . On the other

hand, if β + ∑L
l=1γl K

(l)
i ≥ 1(

σ2+∑L
l=1J

(l)
i

|hss
i |

2

) then P∗
i > 0 is impossible, because it

would violate Eq. (4.22). Hence, the optimal power profile can be written as,

P∗
i =

[

wi −
σ2+∑L

l=1J(l)i
∣
∣hss

i

∣
∣2

]+

∀i = 1,2, ..N, (4.23)

wherewi =
1

β+∑L
l=1γl K

(l)
i

.

Solving for L+1 Lagrange parameters (β , andγl , l = 1,2, ...L) can be com-

putationally complex. The Newton’s method can be used to findthe Lagrange

parameters in a quadratic complexity [28]. The interior point method can also be

used to maximize the total transmission capacity in Eq. (4.3), given the constraints

in Eqs. (4.5), (4.6), and (4.9). The complexity using interior point method would

beO(N3). As the complexity of the proposed algorithm can be quite high, in what

follows, we propose a low-complexity sub-optimal scheme.

4.4 Suboptimal and Classical Power Loading
Schemes

In this section we propose a low complexity sub-optimal scheme. We also de-

scribe classical schemes namely; uniform loading scheme and water-filling scheme

which are used for conventional OFDM systems. It is important to mention that

classical schemes are also suboptimal in context of CR systems as they do not take

interference constraint into account.
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4.4.1 Newly Proposed Suboptimal Scheme

The power has to be assigned toN CR subcarriers such that the capacity of CR

users can be maximized while allL+1 constraints (total power constraint from

Eq. (4.6) andL interference constraints from Eq. (4.9)) are satisfied. Thecom-

plexity of the optimal scheme comes from the fact that theseL+ 1 constraints

have to be met simultaneously. In order to reduce such complexity, we follow a

two step procedure as follows. First, we keep only one of theL+1 constraints and

find power allocation in each subcarrier. Let us denote the power allocation value

for ith subcarrier whenjth ( j = 1,2, · · · ,L+1) constraint is kept byP j
i . It is im-

portant to mention that solving the optimization problem with only one constraint

is less complex and obviouslyP j
i is a suboptimal value. Since for a given subcar-

rier we will haveL+1 power allocation values corresponding to each constraint.

In the second step, for a given subcarrier the minimum ofL+ 1 power values

({P j
i }

L+1
j=1) is chosen. Therefore, all the constraints can be satisfied simultaneously

in a suboptimal fashion.

Specifically, to satisfyL interference constraints given in Eq. (4.9), power is

allocated according to ladder profile as in [34]. It is based on the heuristics, that

subcarriers closer to PU bands introduce more interferenceand hence, less power

should be allocated to these subcarriers. Power is allocated in each CR subcarrier

such that it is inversely proportional to the factorK(l)
i . It should be noted that

parameterK(l)
i depends on the spectral distance between CR subcarrier and the

PU band. The closer CR subcarrier is to PU band, higher is the value of K(l)
i

and hence, less power is allocated in that particular subcarrier. Power in theith

subcarrier because of thel th interference constraint is,

P(l)
i = P/K(l)

i ∀l = 1,2, ...L (4.24)

whereP can be calculated by assuming strict equality on thel th interference con-
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straint (I (l)th ) in Eq. (4.9) and can be written as,

P=
I (l)th

2Nλ 2
l ln 1

(1−a)

. (4.25)

In order to satisfy the power constraint given in Eq. (4.6), we assume that equal

power is allocated over all subcarriers, and correspondingpower profile for total

power constraint can be written as,

P(L+1)
i = PT/N. (4.26)

For every subcarrier we choose the power which is minimum among all L+1

power values and can be written as,

Psubopt
i = min{P(1)

i ,P(2)
i , ......,P(L+1)

i } ∀i = 1,2, ...N. (4.27)

By selecting the minimum power value fromL+1 power values (correspond-

ing to each ofL+ 1 constraints), all constraints are satisfied. However it may

happen that none of these constraint is met strictly. Hence finally, in order to max-

imize the capacity we scale the power profile (Psubopt
i ) until one of the constraints

is met strictly.

4.4.2 Uniform Loading Scheme

In uniform loading scheme, equal power is allocated to all subcarriers such that

all L+1 constraints in Eqs. (4.6), and, (4.9) can be satisfied. By assuming equal

power and solving Eq. (4.9) to satisfy the strict equality onl th interference con-

straint (I (l)th ), the corresponding power for theith subcarrier can be written as,

P(l)
i = P=

I (l)th

2∑N
i=1K(l)

i λ 2
l ln 1

(1−a)

∀l = 1,2, ...L. (4.28)
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The power allocation for constraint in Eq. (4.6) remains same as in Eq. (4.26).

The final power allocation to each subcarrier is done according to Eq. (4.27). It

should be noted that at least one of theseL+1 constraints will be met strictly and

hence, scaling of power value is not required.

4.4.3 Waterfilling Scheme

In water-filling scheme, we use the total power allocated by uniform loading

scheme as the power constraint. The power value forith subcarrier, denoted by

P(WF)
i , are obtained using the standard water-filling algorithm [29]. The power

values will satisfy the total power constraint given in Eq. (4.6), however we check

if the power values satisfy the interference constraints specified in Eq. (4.9). If a

particular interference constraint is not satisfied, we reduce the power in each sub-

carrierP(WF)
i such that the all interference constraints are satisfied. Also, if none

of these interference constraints is met strictly, the power valueP(WF)
i is increased

until one of these interference constraints is met strictly.

4.5 Numerical Results and Complexity of
Algorithms

In this section we present a numerical example where we assume that there are

three PU bands (L=3), and there are twenty eight OFDM subcarriers (N = 28) for

CR user.3 The value ofTs has been taken to be 4µ seconds. Here we assume the

values of∆ f to be 0.3125 MHz, which is same as subcarrier frequency spacing

in wireless local area network (LAN) standards [30], [31]. The values ofB1,

B2, andB3 have been assigned to be 1 MHz, 2 MHz, and 5 MHz respectively.

AWGN variance, (σ2) is equal to 10−10W and the channel gains are assumed to

be Rayleigh distribution with average channel power gains of hss
i , hsp

1 , hsp
2 , and

hsp
3 equal to -5dB, -3dB, -5dB, and -7dB respectively. The value of Jl

i is equal

3In practice the values ofL andN would be high, but for simplicity in the simulation analysis
we have assumed the values to be 3 and 28, respectively. It should be noted that the trends in the
results presented in this chapter would still hold for othervalues ofL andN.
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to 1×10−8W. The values ofI (1)th , and I (3)th have been assumed to be 1×10−6W,

and 5×10−6W. Simulations are run for 100,000 independent iterations to obtain

average transmitted data rate for different algorithms under consideration.

In Fig. 4.3, we plot the achievable maximum transmission rate for the CR user

versus the total power budget for various schemes. The valueof I (2)th has been fixed

to 2×10−6 W, and the value ofa has been considered to be 0.95. From this figure,

we observe that the optimal scheme is able to achieve the highest transmission

rate for a given power budget. Further, water-filling schemeoutperforms the sub-

optimal scheme which performs better than the uniform powerloading scheme. It

should be noted that as we increase the power budget for CR user, the interference

constraint becomes dominant and the transmission capacityof CR user does not

increase as the power budget increases. This is expected as in this region the CR

system operates in an interference limited scenario.

In Fig. 4.4, we plot the achievable transmitted data rate forthe CR user versus

interference threshold for second PU band, (I (2)th ) for all the schemes under consid-

eration. The value of total transmit power,PT has been assumed to be 5×10−5W.

Again, we observe that the optimal scheme achieves higher capacity than that of

other schemes. The water-filling scheme achieves higher capacity than the subop-

timal scheme. On the other hand, the suboptimal scheme achieves higher capacity

than the uniform scheme. The capacity versus interference threshold curve sat-

urates after a certain value ofI (2)th . The reason is that althoughI (2)th is relaxed by

increasing its value, other constraints (I (1)th , I (3)th , andPT) becomes dominant.

In Fig. 4.5, we plot achievable maximum transmitted data rate for the CR user

versus probabilitya. The values ofPT , andI (2)th , is assumed to be 5×10−5 W, and

2×10−6 W, respectively. As expected, we observe that the optimal scheme per-

forms better than the other schemes. Also, water-filling scheme outperforms the

suboptimal scheme and the suboptimal scheme has an improvedcapacity perfor-

mance compared to the uniform power loading scheme. It is observed from Fig.

4.5 that as expected as the value ofa increases, the achievable capacity of CR user

decreases for a given power budget and interference thresholds.
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Figure 4.3: Maximum transmitted data rate versus power budget (PT) for CR
users.

Complexities of various algorithms under consideration are presented in Table

I. It can be seen that the complexity of the proposed optimal scheme is higher

compared to other schemes. Our proposed suboptimal scheme which performs

better than the uniform loading scheme has a similar complexity. Water-filling

scheme has a higher complexity than both the uniform loadingscheme and the

proposed suboptimal scheme.

4.6 Conclusions
In this chapter, we have developed an optimal power allocation algorithm for

the orthogonal frequency division multiplexing (OFDM)-based CR system. In-

stead of instantaneous channel fading gain between the PU receiver and the CR

transmitter, the developed optimal power allocation scheme requires the fading
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Figure 4.4: Maximum transmitted data rate versus interference threshold for
2nd PU band (I (2)th ) for CR users.

Table 4.1: Complexity of different schemes

Scheme Complexity
Proposed optimal scheme O(N3)

Proposed suboptimal scheme O(L∗N)
Uniform Loading scheme O(L∗N)

Water-filling scheme O(L∗N∗ log(N))

statistics and parameters to be known at the CR transmitter.As such the trans-

mission rate of the CR user is maximized for a given power budget and different

probabilistic interference constraints imposed by different PU systems. We also

proposed and investigated performance of a low complexity suboptimal power al-

location scheme. Presented selected numerical results showed that our proposed
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Figure 4.5: Maximum transmitted data rate versus probability (a) with
which instantaneous interference introduced to the PU bandremains
below interference threshold (Ith) for CR users.

optimal power allocation achieves significantly higher transmission capacity for

CR user compared to the classical power allocation schemes namely, uniform and

water-filling power allocation schemes that is used for conventional OFDM-based

system. The suboptimal scheme achieved better performancethan the uniform

loading scheme.
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Chapter 5

Power allocation for multiuser

OFDMA-based Cognitive Radio

Systems with Joint Overlay and

Underlay Architecture 1

5.1 Introduction
In recent years, cognitive radio (CR) has been proposed as a technology to im-

prove the spectrum efficiency by giving an opportunistic access of the unused

spectrum to unlicensed users[6]. Most CR systems in the literature implement

orthogonal frequency division multiplexing (OFDM) as a modulation technology

because of its flexibility in allocating spectrum resources[9]. Under interference

temperature constraints, the total interference power at PU receivers limits the al-

lowed transmitting power at the CR receiver level. A CR transmitter may adapt

its power to the changing interference levels to PU receivers in order to maximize

1A paper based on the research work presented in this chapter is to be submitted as Gaurav
Bansal, Md. Jahangir Hossain, and Vijay K. Bhargava, “Powerallocation for multiuser OFDMA-
based Cognitive Radio Systems with Joint Overlay and Underlay Architecture”
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its capacity in an overlay fashion [34], [36]. In such schemes, power is only allo-

cated to frequency bands where primary user (PU) is not present and only mutual

interference between PU and CR users is considered. In [37] resource alloca-

tion algorithms have been proposed where power is loaded in an underlay fashion

(i.e. power is allocated to frequency bands where PU is already present and only

co-channel interference between PU and CR is considered).

A hybrid overlay and underlay cognitive radio model is proposed in [47] to

adapt coding and modulation to the interference that PU causes to CR but it does

not include the interference caused by power leakage from CRin overlay bands to

PU and arbitrarily fixes the underlay CR power, while it couldbe adapted to cur-

rent CR interference levels. Including these elements to the model makes adaptive

power allocation a critical factor in order to maximize the CR capacity. In [48],

a joint overlay-underlay two-switch model is presented that either transmits in

overlay or in underlay format.

Schemes which perform a joint power allocation employing both overlay and

underlay waveforms do not exist. By considering either pureoverlay or underlay

only power transmissions, the entire degrees of freedom arenot utilized. For

example, while allocating power in an overlay fashion, entire power is allocated in

overlay subcarriers (subcarriers where PU is not present).For a given interference

threshold, it might seem that overlay power allocation would be able to maximize

transmission capacity, as loading CR power in underlay subcarriers (subcarrier

where PU is present) introduces more interference to the PU band. However,

underlay subcarriers might have a very good channel qualityfor CR users. By

allocating power in overlay only fashion, underlay subcarriers can not be exploited

and hence, is not optimal.

In this chapter, we propose an optimal scheme for capacity maximization

which allocates power to entire bandwidth (i.e., both in overlay and underlay

fashion), while keeping the interference introduced to thePU bands within a pre-

scribed threshold, and keeping the total transmission power within a budget. As

the complexity of optimal scheme can be high, a suboptimal scheme has also been
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proposed. It is based on the heuristic that as underlay subcarriers introduce more

interference to the PU band, less power should be allocated to them. Also, we

have used an equal power profile for underlay subcarriers andladder-based power

profile for overlay subcarriers. Further, we have compared our proposed schemes

to schemes where power is allocated in either overlay or underlay only fashion

(classical schemes). Presented numerical results demonstrate that significant im-

provement in achievable capacity is achieved by loading power in a joint overlay

and underlay fashion, as compared to either overlay or underlay only.Further, we

present the power profile of the proposed optimal scheme, which shows that in-

deed transmission capacity is maximized when power is allocated jointly to both

overlay and underlay subcarriers.

The organization of the chapter is as follows. The system model is presented

in Section 5.2 and the problem in formulated in Section 5.3. An optimal scheme is

proposed in Section 5.4. In Section 5.5, we present a low-complexity sub-optimal

scheme. Classical schemes are presented in Section 5.6 and numerical results are

presented in Section 5.7. The chapter is concluded in Section 5.8.

5.2 System Model
We assume that using spectrum sensing, bands where spectrumholes are present

have been identified, and spectrum holes and PU exist in side-by-side band. One

possible co-existence scenario is depicted in Fig. 5.1, where spectrum holes are

labeled as CR bands. It is assumed that the M available bands are divided intoN

spectrum holes (or CR subcarriers) andL PU subcarriers, each of bandwidth∆ f

Hz. As shown in Fig. 5.1, the CR transmitter may allocate a portion of its total

power budgetPT in any number of overlay (CR) and underlay (PU) subcarriers.

We assume adownlink transmissionwhere base station is transmitting toK CR

users.

We assume the CR power transmission to be an ideal Nyquist pulse, and the
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Figure 5.1: Underlay and overlay power allocation

power density spectrum in thekth band can be written as,

φk( f ) = p(k)Ts

(
sinπ f Ts

π f Ts

)2

, (5.1)

whereTs is the symbol duration, andp(k) is the total power loaded in thekth

subcarrier.

If overlay power (pO) is loaded in overlay subcarriers (where PU is not present),

the overlay interference (iO(l)) introduced to thel th PU band can be expressed

as[34], [17]

iO(l) =
K

∑
u=1

N

∑
k=1

pO(u,k) |hSP(l)|
2Ts

∫ dkl+∆ f /2

dkl−∆ f /2

(
sinπ f Ts

π f Ts

)2

d f (5.2)

wherehSP(l) is the channel gain between CR base station and PU receiver in

the l th subcarrier,Ts is the symbol duration,dkl represents the spectral distance

between thekth CR subcarrier andl th PU band,pO(u,k) represents the overlay

power loaded by theuth user in thekth overlay band. We assume that the PU
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bands experience flat fading.

If additional underlay power (pU ) is loaded in underlay subcarriers (where PU

is present), the underlay interference (iU(l)) introduced to thel th PU band can be

expressed as

iU(l) =
K

∑
u=1

L

∑
m=1

pU (u,m) |hSP(l)|
2Ts

∫ dml+∆ f /2

dml−∆ f /2

(
sinπ f Ts

π f Ts

)2

d f (5.3)

wherepU (u,m) represents the underlay power loaded by theuth user in themth

underlay band.

The total interference introduced to thel th PU band can be written as

iPU(l) = iO(l)+ iU(l), (5.4)

which after reformulation can be written as,

iPU(u, l) = |hSP(l)|
2

K

∑
u=1

M

∑
k=1

ρ(u,k)p(u,k) fdist(dk,l ) (5.5)

whereρ(u,k) indicates which user is occupying a particular subcarrier.It can have

only value of either 0 or 1, as only one user can occupy a particular subcarrier. The

spectral distance factor 0≤ fdist(k, l)≤ 1 can be calculated as:

fdist(k, l) = Ts

∫ (k−l+1/2)∆ f

(k−l−1/2)∆ f

(
sinπ f Ts

π f Ts

)2

d f (5.6)

The capacities due to overlay transmission and underlay transmission have

been denoted byCU , andCO and can be expressed as,

CO = ∆ f
K

∑
u=1

N

∑
k=1

log

(

1+
|hSS(u,k)|2pO(u,k)

σ2+ j(k)

)

, (5.7)

CU = ∆ f
K

∑
u=1

L

∑
l=1

log

(

1+
|hSS(u, l)|2pU (u, l)

σ2+ j(l)

)

(5.8)
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wherehSS(u,k) are independent and identically distributed (i.i.d.) channel gains

between CR base station and theuth CR user in thekth subcarrier,σ2 denotes

the additive white Gaussian noise (AWGN) variance, andj(k) denotes the inter-

ference because of all PU bands into the CR transmission inkth subcarrier. We

assume interferencej(k) to be AWGN.

The total capacity of CR users can be written as

C=CO+CU (5.9)

which can be reformulated as,

C= ∆ f
K

∑
u=1

M

∑
k=1

ρ(u,k) log

(

1+
|hSS(u,k)|2p(u,k)

σ2+ j(k)

)

(5.10)

In this chapter, we assume that the channel gainhSS(u,k) between CR base sta-

tion and CR receivers can be estimated by the feedback between CR base station

and receivers, and is known perfectly at the CR base station.However, the chan-

nel gainhSP(l) between CR base station and PU receivers is not known perfectly

at the CR base station. In [42], the authors have argued that from the pilot signals

transmitted by PU user, mean and the distribution of the fading gains between CR

base station and PU receiver can be estimated. Hence, in thischapter we assume

that the CR base station knows the statistics (mean and the distribution) of the

channel gains between itself and the PU receivers.

5.3 Problem Formulation
The optimization problem is to maximize the transmission capacity ofK CR users

while keeping the total interference introduced to the PU band below a threshold

and total transmission power below a specified power constraint. Now, as we only

know the statistics of channel gainhSP(l), the interference can be guaranteed only

in a statistical manner, i.e., it can be guaranteed with any given probability (a or

above) that the interference introduced to the PU band remains below a specified
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interference threshold. The mathematical formulation of the optimization problem

is:

max
p(u,k),ρ(u,k)

K

∑
u=1

M

∑
k=1

ρ(u,k) log2

(

1+
|hss(u,k)|

2 p(u,k)
σ2+ j(k)

)

(5.11)

subject to,

Pr.

(

|hSP(l)|
2

K

∑
u=1

M

∑
k=1

ρ(u,k)p(u,k) fdist(dk,l )≤ I (l)th

)

> a for l = 1,2, · · · ,L,

(5.12)

p(u,k)≥ 0, for u= 1,2, · · · ,K, and k= 1,2, · · · ,M (5.13)

K

∑
u=1

M

∑
k=1

ρ(u,k)p(u,k)≤ PT , (5.14)

ρ(u,k) = {0,1} for u= 1,2, · · · ,K, and k= 1,2, · · · ,M (5.15)

K

∑
u=1

ρ(u,k) = 1 for k= 1,2, · · · ,M (5.16)

wherePr. denotes the probability andρ(u,k) indicates which user is occupying

a particular subcarrier. It can only have value of either 1 or0, as a particular

subcarrier can be occupied only be one user.

Now, assuminghSP(l) to be Rayleigh distributed with a known parameterλl ,

the distribution of|hSP(l)|
2 is exponential with the parameterλ 2

l . Hence, the

interference constraint in Eq. (5.12) can be written as,

1−e
−

I
(l)
th

2λ2
l ∑K

u=1 ∑M
k=1ρ(u,k)p(u,k) fdist(dk,l ) ≥ a, for l = 1,2, · · · ,L (5.17)

After mathematical manipulations, Eq. (5.17)can be rewritten as,

K

∑
u=1

M

∑
k=1

ρ(u,k)p(u,k) fdist(dk,l)≤
I (l)th

2λ 2
l (−ln(1−a))

, for l = 1,2, · · · ,L

(5.18)

It should be noted that the optimization problem for maximizing Eq. (5.11)
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given constraints in Eqs. (5.13), (5.14), (5.15), (5.16), and (5.18), is generally a

NP-hard problem, which is hard to solve optimally. However in this chapter. we

have assumed a downlink scenario and an optimal solution hasbeen proposed in

the next section.

5.4 Optimal Scheme
In this section we propose optimal solution for the optimization problem given in

Eqs. (5.11), (5.13), (5.14), (5.15), (5.16), and (5.18), bydecoupling the subcarrier

and power allocation. First, we propose a subcarrier allocation scheme and prove

that even after decoupling, the proposed solution would be optimal.

5.4.1 Subcarrier Allocation

Since the goal in Eq. (5.11) is to maximize capacity, we allocate a particular

subcarrier to a user with the highest signal to noise ratio (SNR) for that subcarrier.

Thusρ(u,k) = 1 for u= uk, or 0 otherwise, where

uk = argmax
u

|hss(u,k)|
2

σ2+ j(k)
, for k= 1,2, · · · ,M (5.19)

Theorem1: The decoupling of power and subcarrier allocation, performed by

allocating subcarrier according to Eq. (5.19) is optimal.

Proof: We will proveTheorem1by contradiction.

Lets assume that a optimal scheme exists where a userui with highest channel

gainhSS(ui,k) in the kth subcarrier and thekth subcarrier is not assigned to user

ui . Insteadkth subcarrier is assigned to useru j with channel gainhSS(u j ,k). Lets

assume that optimal powerp(u j ,k) is loaded. As it is a optimal schemep(u j ,k)

will satisfy constraints in Eqs. (5.13), (5.14), and (5.18).

Now, if we assign thekth subcarrier with same powerp(u j ,k) but to user

ui . The constraints in Eqs. (5.13), (5.14), and (5.18) will still be satisfied. But

capacity in Eq. (5.11) would be higher ashSS(ui ,k)> hSS(u j ,k). So, assigningkth
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subcarrier to useru j is not optimal. Hence, proved by contradiction.

5.4.2 Power Allocation

Now after performing subcarrier allocation, the optimization problem can be writ-

ten as:

max
p(u,k)

K

∑
u=1

∑
k∈Ωu

ρ(u,k) log2

(

1+
|hss(u,k)|

2 p(u,k)
σ2+ j(k)

)

(5.20)

subject to,

K

∑
u=1

∑
k∈Ωu

p(u,k) fdist(dk,l )≤
I (l)th

2λ 2
l (−ln(1−a))

, for l = 1,2, · · · ,L (5.21)

p(u,k)≥ 0, for u= 1,2, · · · ,K, and k∈ Ωu (5.22)

K

∑
u=1

∑
k∈Ωu

p(u,k)≤ PT , (5.23)

whereΩu is the set of subcarriers assigned to useru by performing subcarrier

allocation according to Eq. (5.19).

The optimization problem specified in Eqs. (5.20), (5.21), (5.22), and (5.23),

is convex inp(u,k). We define a setS1 such that,p(u,k) ∈ S1 = {p(u,k) ≥

0;∀ u,k ∈ Ωu}. Introducing Lagrangian coefficientsαl , andγ, corresponding to

constraints in Eqs. (5.21), and (5.23), respectively, the Lagrangian over setS1 can

be written as:

` =
K

∑
u=1

∑
k∈Ωu

log2

(

1+
|hss(u,k)|

2 p(u,k)
σ2+ j(k)

)

(5.24)

+
L

∑
l=1

αl

(

I (l)th

2λ 2(l)(−ln(1−a))
−

K

∑
u=1

∑
k∈Ωu

p(u,k) fdist(dk,l )

)

+ γ

(

PT −
K

∑
u=1

∑
k∈Ωu

p(u,k)

)
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The Karush-Kuhn-Tucker (KKT) conditions [28] can be written as:

|hss(u,k)|
2

σ2+ j(k)+ |hss(u,k)|
2 p(u,k)

−αl fdist(dk,l)− γ = 0 (5.25)

αl

(

I (l)th

2λ 2(l)(−ln(1−a))
−

K

∑
u=1

∑
k∈Ωu

p(u,k) fdist(dk,l)

)

= 0 for l = 1,2, · · · ,L

(5.26)

γ

(

PT −
K

∑
u=1

∑
k∈Ωu

p(u,k)

)

= 0 (5.27)

αl ≥ 0 for l = 1,2, · · · ,L (5.28)

γ ≥ 0 (5.29)

From Eq. (5.25), the power profile can be written as:

p(u,k) =

[

1
αl fdist(dk,l)+ γ

−
σ2+ j(k)

|hss(u,k)|
2

]+

(5.30)

As the optimization problem in hand is a convex problem, the Lagrange coeffi-

cientsαl andγ in Eq. (5.30) can be calculated using Newton’s method or interior

point method such that the KKT conditions in the Eqs. (5.26),(5.27), (5.28) and

(5.29) are satisfied. As the Lagrange parameters need to be computed, the com-

plexity of optimal scheme can be high. Hence, in the next scheme we propose a

low-complexity suboptimal scheme.

5.5 Suboptimal Scheme
In the optimal scheme proposed in the previous section it hasbeen shown that

decoupling subcarrier and power allocation is optimal. However, the scheme can

be computationally complex because of the proposed optimalpower allocation

technique employed in the optimal scheme. The complexity ofsubcarrier alloca-

tion scheme isO(KM), but the complexity of power allocation technique would
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be exponential.

In the suboptimal scheme proposed in this section, we first allocate subcarriers

according to Eq. (5.19). Now, we propose a suboptimal power allocation such

that the complexity is lower than exponential. Based on the heuristic that the

underlay subcarriers introduce more total interference tothe PU band compared to

the overlay subcarriers, we allocate less power to underlaysubcarriers compared

to overlay subcarriers.

PUCR CR CR CR CRPU CR PU PU

Overlay Ladder Scheme

Underlay Constant Power

Figure 5.2: Power profile for suboptimal scheme

We allocate equal low power to all the underlay subcarriers.The power is

loaded in the overlay subcarriers in a ladder profile, as in [34], which is based

on the heuristic that the subcarriers which are closer to PU band introduce more

interference to the PU band and hence are allocated less power. The power profile

for the suboptimal scheme is depicted in Fig. 5.2.

The power profile for underlay subcarriers which are all allocated equal power

can be expressed as,

pU(l) = Punderlay ∀ l ∈ {1,2, ...L} (5.31)
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The overlay subcarriers are allocated power in a ladder fashion where step size of

the ladder is constant. Basically, we allocatePoverlay power to the subcarriers ad-

jacent to PU band, then we allocate 2Poverlaypower to the subcarriers that are right

next to them, and so on. Mathematically, the power profile foroverlay subcarriers

can be expressed as,

pO(k) = Poverlay∗ i ∀ k∈ {1,2, ...N} (5.32)

Now, we introduce a design factorx by which underlay power is less than the

overlay subcarrier and can be expressed as,

Poverlay= x∗Punderlay ∀ l ∈ {1,2, ...L} (5.33)

The factorx is empirically determined in the simulations. Now, the power

profile can be determined if the value ofPunderlayis known. The values ofPunderlay

is determined such that both total power budget in Eq. (5.23)andL interference

threshold constraints in Eq. 5.21 can be met at the same time.Basically,L+1

values ofPunderlay, which satisfy the total power constraint andL interference

thresholds are determined. The value which is minimum is chosen as it will satisfy

all the constraints.

Without loss of generality, we can group overlay and underlay subcarriers such

that the firstL subcarriers are underlay subcarriers and remainingN subcarriers are

overlay subcarriers. The power profile which will satisfy the total power constraint

can be written as:

P(1)
underlay∗L+x∗P(1)

underlay∗
N

∑
i=1

i = PT (5.34)

Now, from Eq. 5.34, the value ofP(1)
underlaycan be calculated as:

P(1)
underlay= PT/(L+x∗N ∗ (N+1)/2) (5.35)
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The power profile (denoted byP(l+1)
underlay) which will satisfy thel th interference

constraint in Eq. 5.21 can be written as:

P(l+1)
underlay∗

L

∑
k=1

fdist(dk,l)+x∗P(l+1)
underlay∗(

N+L

∑
k=L+1

fdist(dk,l)∗(k−L))=
I (l)th

2λ 2
l (−ln(1−a))

(5.36)

Now, from Eq. 5.36, the value ofP(l)
underlaycan be calculated as:

P(l+1)
underlay=

I (l)th

2λ 2
l (−ln(1−a))∗ (∑L

k=1 fdist(dk,l)+x∗∑N+L
k=L+1 fdist(dk,l)∗ (k−L))

(5.37)

Finally, the value ofPunderlaywould be chosen as:

Punderlay= min{P(1)
underlay,P

(2)
underlay, ....,P

(L+1)
underlay} (5.38)

5.6 Classical Schemes
In this section, we propose overlay only and underlay only schemes for compari-

son to our proposed optimal and suboptimal schemes.

5.6.1 Overlay Only Scheme

In overlay only scheme, we allocate power in an optimal fashion, but only in

overlay subcarriers. Basically, all the power is allocatedto N overlay (CR) sub-

carriers, andL underlay (PU) subcarriers are nulled (assigned zero power). The

power is allocated in overlay subcarriers such that the total transmission capacity

is maximized, while maintaining total power budget constraint and keeping the

total interference introduced to the PU band below a specified threshold. Specifi-

cally, the power profile for overlay only scheme (pOO) is obtained by solving the

following optimization problem:

max
pOO

CO (5.39)
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subject to,

Pr(iO(l)≤ I (l)th )> a for l = 1,2, · · · ,L (5.40)

pOO(u, i)≥ 0 for u= 1,2, · · · ,K and i = 1,2, · · · ,N (5.41)

K

∑
u=1

N

∑
i=1

pOO(u, i)≤ PT (5.42)

whereiO(l) andCO are defined in Eqs. (5.2) and (5.7) respectively.

Now the subcarriers are allocated to CR users according to Eq. (5.19) but only

to N overlay subcarriers and can be written as,

ui = argmax
u

|hSS(u, i)|
2

σ2+ j(i)
, for i = 1,2, · · · ,N (5.43)

The power allocation can be determined using optimal schemeand the corre-

sponding power profile can be written as,

pOO(u, i) =

[

1

αOO
l fdist(di,l)+ γOO

−
σ2+ j(i)

|hSS(i)|
2

]+

(5.44)

where Lagrange coefficientsαOO
l andγOO are determined such that constraint in

Eqs. (5.40), (5.41), and (5.42) are satisfied.

5.6.2 Underlay Only Scheme

Similarly, in underlay only scheme, we allocate power in an optimal fashion, but

only in underlay subcarriers. All the power is allocated toL underlay (PU) sub-

carriers andN overlay (CR) subcarriers are nulled. The power profile for underlay

only scheme (pUO) is obtained by solving the following optimization problem:

max
pUO

CU (5.45)

subject to,

Pr(iU(l)≤ I (l)th )> a for l = 1,2, · · · ,L (5.46)
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pUO(u, i)≥ 0 for u= 1,2, · · · ,K and i = 1,2, · · · ,L (5.47)

K

∑
u=1

L

∑
i=1

pUO(u, i)≤ PT (5.48)

whereiU(l) andCU are defined in Eqs. (5.3) and (5.8) respectively.

The subcarriers are allocated to CR users according to Eq. (5.19) but only to

L underlay subcarriers,

ui = argmax
u

|hSS(u, i)|
2

σ2+ j(i)
, for i = 1,2, · · · ,L (5.49)

The power allocation can be determined using optimal schemeand the corre-

sponding power profile,

pUO(u, i) =

[

1

αUO
l fdist(di,l)+ γUO

−
σ2+ j(i)

|hSS(i)|
2

]+

(5.50)

where Lagrange coefficientsαUO
l andγUO are determined such that constraint in

Eqs. (5.46), (5.47), and (5.48) are satisfied.

5.7 Numerical Results
The values ofTs has been taken to be 4µseconds. Here we assume the values of

∆ f to be 0.3125 MHz, which is same as subcarrier frequency spacing in wireless

local area network (LAN) standards [30], [31]. The values ofL andN have been

assumed to be 8 each. The value of total number of usersK have been assumed

to be 4. 2 Noise variance (σ2) has been taken to be 10−8W. The value of inter-

ferencej(k), has been generated randomly with a mean of 1×10−8 W. The value

of probability (a) with which the interference introduced to the PU band remains

belowIth has been taken to be 0.95. The channel gainhSS(u,k) has been assumed

2In practice the values ofL, N andK would be high, but for simplicity in the simulation analysis
we have assumed the values to be 8, 8 and 4 respectively. Also,it should be noted that the trends
in the results presented in this chapter would still hold forother values ofL, N andK.
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to be Rayleigh distributed with a mean of -10dB The mean (λl ) of the channel

gainshSP(1), hSP(2) , hSP(3) , hSP(4) , hSP(5) , hSP(6) , hSP(7) , andhSP(8), have

been assumed to be -5dB, -7dB, -10dB, -5dB, -7dB, -10dB, -5dB, and -7dB, re-

spectively. For the suboptimal scheme, our simulation empirically showed 4 to be

the best value for the factorx.

First, we fix the value ofI (l)th , for every l , to be 1×10−5 Watts and in Fig.

5.3, we plot the maximum achievable capacity versus total power budget for pro-

posed optimal scheme, suboptimal scheme, overlay only scheme and underlay

only scheme. From Fig. 5.3, it can be observed that the proposed optimal scheme

achieves significantly higher transmission capacity compared to suboptimal, over-

lay and underlay only schemes. It can also be observed that even proposed low-

complexity suboptimal scheme outperforms overlay and underlay only scheme.

In Fig. 5.4, we plot the total transmitted power for various schemes. A very in-

teresting point can be noted that when the power budget is greater than 1×10−3

Watts, overlay only scheme loads more power than optimal scheme in CR sub-

carriers. Hence, the proposed optimal scheme not only loads more capacity but

also achieves it while using less power.At higher power budget (greater than

1×10−3 Watts), the interference constraint becomes the boundary constraint and

there is more power available to load. But overlay only scheme is not able to load

the power judiciously, as it does not use the entire degrees of freedom available

by loading power in all the subcarriers (overlay as well as underlay subcarriers)

and hence end up using more transmission power while achieving less capacity.

It should also be noted that the proposed suboptimal scheme needs significantly

lower power as compared to overlay only scheme while it achieves higher capac-

ity.

Further in Fig. 5.5, we fix the total power budget to 1×10−3 Watts and plot the

maximum achievable capacity versus interference threshold for the proposed opti-

mal scheme, suboptimal scheme, overlay only scheme and underlay only scheme.

Again it can be seen from Fig. 5.5, that proposed optimal and suboptimal schemes

outperform both overlay and underlay only schemes. It should be noted that for
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Figure 5.3: Total transmitted rate versus total power budget for various
schemes
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Figure 5.4: Total transmitted power versus total power budget for various
schemes
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higher interference threshold (greater than 4×10−5 Watts) overlay and underlay

scheme achieves the same capacity. As for higher values of interference thresh-

old, total power constraint (set to 1×10−3 Watts) becomes the limiting constraint.

Both overlay and underlay only schemes has same degrees of freedom, as they can

both load power in 8 (N = L =8) subcarriers, they both perform the same. However,

optimal and suboptimal scheme can load power into 16 (N+L = 16) subcarriers

and hence, achieves higher capacity. In Fig. 5.6, we plot thetotal transmitted

power for various schemes. It can be noted that for higher interference threshold

total power constraint becomes the boundary constraint andall scheme loads same

total power in subcarriers.

In Fig. 5.7, we have plotted the power profile for various proposed schemes

depicting the power that has been loaded into various subcarriers. We have fixed

the values ofI (l)th to be 1×10−6 Watts and total power budget to 10×10−3 Watts

(these values are chosen such that total power budget is veryhigh and interference

constraint is acting as the boundary constraint). Further,for this simulation we

have taken the mean (λl ) of the channel gainshSP(l) for everyl to be -10dB (when

we take different values of the mean(λl ) for various PU users, bands with higher

mean values are assigned lower power as they introduce more interference. Hence,

power profile varies with it. Here, we want to study how various schemes load

power irrespective of the differences of the channel gain and hence, we assumes

the same value for alll . In Fig. 5.9, we will study the case when the mean value

(λl ) is different for different PU bands.) Now, from Fig. 5.7, itcan be seen that

overlay and underlay only schemes loads power only in overlay and underlay only

subcarriers. The proposed optimal and suboptimal scheme loads power in every

subcarrier. Also, as the interference constraint is the boundary constraint, less

power is allocated to underlay subcarriers as they introduce higher interference to

the PU band.

In Fig. 5.8, we have changed the values ofI (l)th to be 1×10−4 Watts and total

power budget to 1×10−4 Watts (these values are chosen such that the interference

threshold is high and total power constraint is acting as theboundary constraint).
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schemes
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Figure 5.6: Total transmitted power versus interference threshold forvarious
schemes
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Figure 5.7: Power profile for various schemes forI (l)th = 1×10−6 Watts and
total power budget= 10×10−3 Watts

Here, we observe that overlay only allocated the same power 1.25×10−5 Watts

(1.25×10−5 Watts∗ 8 = 1×10−4 Watts) in every overlay subcarrier. Underlay

only scheme has also loaded 1.25×10−5 Watts in every underlay subcarrier. The

reason is that as the interference threshold is very high, underlay and overlay

subcarriers are similar. The proposed optimal scheme loads.625×10−5 Watts

(.625×10−5 Watts∗ 16= 1×10−4 Watts) in every subcarrier. Because of the di-

versity gain obtained by loading power in 16 (N+L) subcarriers, optimal scheme

achieves higher capacity for same power budget.
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Figure 5.8: Power profile for various schemes forI (l)th = 1×10−4 Watts and
total power budget= 1×10−4 Watts

In Fig. 5.9, we have fixed the values ofI (l)th to be 1×10−6 Watts and total

power budget to 10×10−3 Watts. Now, the mean (λl ) of the channel gainshSP(1),

hSP(2) , hSP(3) , hSP(4) , hSP(5) , hSP(6) , hSP(7) , andhSP(8), have been assumed

to be -5dB, -7dB, -10dB, -5dB, -10dB, -10dB, -7dB, and -5dB, respectively. We

can observe from the Fig. 5.9, that more power is loaded into the bands with low

values of mean (λl ). Like in subcarrier 5 the mean is -10dB and hence, more

power in both underlay only and optimal scheme is loaded. However, suboptimal

scheme loads same power in all underlay subcarriers and hence, same power does

not increase with change in the values of the mean (λl ).
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Figure 5.9: Power profile for various schemes forI (l)th = 1×10−6 Watts and
total power budget= 10×10−3 Watts but for different values ofλl

Further, in Fig. 5.10, we fix the values ofI (l)th to be 1×10−5 Watts and total

power budget to 1×10−3 Watts. We change the number of CR users from 1 to

10. It can be seen from Fig. 5.10, that the capacity obtained by various schemes

increase as the number of CR users increase. As base station assigns subcarrier to

a user with highest channel gain, increase in number of usersincreases diversity

and hence, capacity increases. In Fig. 5.11, we vary the values of probability

(a) with which the interference introduced to the PU band has toremain below

Ith. It can be seen that fora = 1, the capacity is 0, as it is not possible that with
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probability 1 instantaneous interference remains belowIth. The capacity obtained

increases as we decrease the value ofa. It should be noted that for sufficiently

high values ofa, significant capacity can be obtained (like ata = 0.95, capacity of

1×107 bps can be achieved).
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Figure 5.10: Total transmitted rate versus number of CR users for various
schemes
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Figure 5.11: Total transmitted rate versus probability (a) with which instan-
taneous interference introduced to the PU band remains below inter-
ference threshold (Ith) for various schemes
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5.8 Conclusions
In this chapter, we have proposed two schemes employing joint overlay and un-

derlay power allocation for OFDM-based CR systems. The firstscheme is an

optimal scheme. It is based on Lagrange formulation that maximizes the down-

link capacity of CR users, while maintaining a total power budget and keeping

the interference introduced to the PU band below a threshold. The second scheme

is a suboptimal scheme which provides a low complexity alternative to the first

one, but nevertheless, performs comparably with the proposed optimal scheme.

Both schemes significantly outperform classical schemes (overlay only or under-

lay only schemes), as we demonstrated numerically using simulations. Compar-

ison of the complexity of various schemes shows that the proposed suboptimal

scheme provides the aforementioned advantage in performance at a far lower cost.
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Chapter 6

Relay and Power Allocation

Schemes for OFDM-based Cognitive

Radio Systems1

6.1 Introduction
Cognitive radio (CR) has been proposed as a technology to improve the spectrum

efficiency by opportunistically using unused licensed spectrum of a primary user

(PU) [6]. In literature, orthogonal frequency division multiplexing (OFDM) has

been recognized as a potential transmission technique for CR systems [6], [9].

However, in OFDM-based CR systems, even with near-perfect spectrum sensing,

secondary users (SU) can produce significant interference to PUs operating in the

adjacent bands and vice-a-versa. In [34], power allocationschemes have been

proposed which maximize the capacity of CR user while keeping the interference

introduced to the PU operating in these adjacent bands belowa specified threshold.

Nevertheless, for the case when CR systems have a weak channel between

1A paper based on the research work presented in this chapter has been submitted as: Dinesh
Bharadia, Gaurav Bansal, Praveen Kaligineedi, and Vijay K.Bhargava, “Relay and Power Alloca-
tion Schemes for OFDM-based Cognitive Radio Systems” underminor revision in a journal.
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source and destination, reliable communication might not be possible because

the CR users can not transmit at high power as they might introduce unacceptable

interference to PU in the adjacent bands. Therefore, the direct link of transmission

between source and destination might not always be available [49], [50]. Instead,

cooperative communications can be used to generate an alternative path between

source and destination via relays and diversity can be achieved [51]. Also, using

cooperative communications the data can be reliably transmitted by using lower

power and hence, reducing the interference introduced to the PU band.

Cooperative transmission techniques have been proposed for direct sequence

ultra wide-band (DS-UWB) based CR systems in [52] with the aim of avoiding

interference to a PU present in the same band and maximizing the signal to noise

ratio (SNR) at the destination. In this chapter, an OFDM based CR system is

considered in which the channel between the source and destination is under a

deep fade and hence, a direct link is not available. Therefore, the source transmits

to the destination via CR based relays. Decode and forward (DF) relays which

decode the transmitted signal and retransmit it to the destination are considered.

For such a system, we investigate relay and power allocationschemes such that the

Shannon capacity is maximized while taking into consideration the interference

caused to the PUs in the adjacent bands as well as the total power consumed

for transmission. We show that joint relay and power allocation is a mixed-integer

optimization problem which is highly complex to solve. Hence, in this chapter, we

solve the problem in two steps: We first allocate relays to sub-carriers assuming

equal power allocation and then power is allocated to each relay. We explore

both optimal and sub-optimal schemes for relay and power allocation. Further,

numerical results are presented which shows the strength ofproposed schemes.

The organization of the chapter is as follows. The system model is described

in Section 6.2. The optimization problem and the proposed suboptimal schemes

are presented in Section 6.3. In Section 6.4, the numerical results are discussed

and finally the conclusions are drawn in Section 6.5.
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6.2 System Model
We consider OFDM-based CR system with relays in the network as shown in Fig.

6.1. We assume that the channel between CR source (S) and CR destination (D)

is weak and that the direct link does not exist between S and D,as shown in Fig.

6.1 with a dotted line. Here, we assume that spectrum sensinghas been performed

and the source and the relays have the knowledge of the bands available for trans-

mission. Further, we assume that there areK relays andN CR subcarriers in the

network. The relays{Rk}
K
k=1 are perfectly synchronized in time and frequency

domain. Lethi
Sk andhi

kD denote the instantaneous channel gains ofith subcarrier

for CR user from S to relayRk and from relayRk to D, respectively.hl
SP andhl

kP

denote the instantaneous channel gains between S and thel th PU receiver, and

betweenRk and thel th PU receiver, respectively.

We assume that a feedback channel exists between S and relays, and between

relays and D. Hence, the knowledge of instantaneous channelgainshi
Sk andhi

kD

through conventional techniques of estimation and feedback has been assumed.

Further, we assume that CR network has a perfect knowledge ofchannel state

information between PU and itself [34], [53], [39]. Therefore, channel gainshl
SP

andhl
kP are assumed to be known at S (CR source) and CR relays respectively.

These channel gains can be obtained by estimating the received signal power from

primary terminal and assuming the channel reciprocity. However, it should be

noted that the relay and power allocation schemes proposed in this work can be

easily extended to a scenario where only the statistics of channel fading instead

of perfect channel gains are known. For such a scenario, interference introduced

to PU band can be guaranteed in a statistical manner, i.e., itcan be guaranteed

with any given probability that the interference introduced to the PU band always

remains below interference threshold. Following the work in [54], it can be shown

that when channel fading statistics follow a Rayleigh distribution, the interference

constraint still remains linear and convex optimization techniques proposed in the

next section will still be applicable.

In spectral domain, side-by-side access model has been considered as in [34].
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Figure 6.1: System model

It is assumed that there areL PU bands, withl th PU having a bandwidthBl . The

remaining unused spectrum is divided amongN subcarriers each with bandwidth

∆ f . In first time slot, S transmits information toRk on ith subcarrier with power

Pi
Sk and in the second time slot,Rk transmits information to D onith subcarrier

with powerPi
kD. Shannon capacity ofith subcarrier is given by

Ci
Sk= ∆ f log2

(

1+
|hi

Sk|
2Pi

Sk

σ2
k +∑L

l=1Jl
ik

)

, (6.1)

Ci
kD = ∆ f log2

(

1+
|hi

kD|
2Pi

kD

σ2+∑L
l=1Jl

i

)

(6.2)
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whereCi
SkandCi

kD represent capacity of the channels between S toRk andRk to D,

respectively.σ2
k andσ2 are assumed to be the variance of additive white Gaussian

noise (AWGN) atRk and D, respectively. The interference introduced by thel th

PU to Rk and D on theith subcarrier are denoted byJl
ik andJl

i respectively. We

assume PU interferenceJl
ik andJl

i to be AWGN and it it assumed that interferences

can be measured by the CR network [34].

The interference introduced to PU band by CR transmission isas follows [17],

[34]

ISPU=
L

∑
l=1

N

∑
i=1

K

∑
k=1

ρ i
k|h

l
SP|

2Pi
SkTsG

l
i , (6.3)

IRPU =
L

∑
l=1

N

∑
i=1

K

∑
k=1

ρ i
k|h

l
kP|

2Pi
kDTsG

l
i (6.4)

whereGl
i =

∫ dil +Bl/2
dil−Bl/2

(
sinπ f Ts

π f Ts

)2
d f , dil represents the spectral distance between

theith CR subcarrier and thel th PU band,Ts is the symbol duration,ρ i
k is a binary

decision variable which indicatesith subcarrier is allocated toRk, ISPU andIRPU

represent total interference introduced to the PU band by transmission from S to

all relays, and by transmission from all relays to D, respectively.

6.3 Problem Formulation and Proposed Schemes
The optimization problem can be expressed as follows,

max
ρ i

k,P
i
sk,P

i
kD

N

∑
i=1

K

∑
k=1

ρ i
kmin

{
Ci

Sk,C
i
kD

}
(6.5)
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subject to,

ISPU≤ Ith,

IRPU ≤ Ith,
K

∑
k=1

ρ i
k = 1, ∀i

ρ i
k ∈ {0,1}, ∀k, i.

Pi
Sk≥ 0, Pi

kD ≥ 0, ∀k, i,

N

∑
i=1

K

∑
k=1

ρ i
k

(
Pi

sk+Pi
kD

)
≤ PT , (6.6)

wherePT is the maximum total power that can be used for transmission,Ith is the

maximum allowed interference to the PU band.

We use an approach similar to [55] to solve Eq. (6.5). It can beshown that the

minimum of the capacities in the objective function in Eq. (6.5) is maximized if

the SNR at both relay and D are equal for the given total power constraint [56].

Therefore,
|hi

Sk|
2Pi

Sk

σ2
k +∑L

l=1Jl
ik

=
|hi

kD|
2Pi

kD

σ2+∑L
l=1Jl

i

(6.7)

Using Eq. (6.7), the optimization problem in Eqs. (6.5), (6.6) can be reformulated

as

min
ρ i

k,P
i
k

N

∑
i=1

K

∑
k=1

−ρ i
k

{
∆ f log2(1+η i

kP
i
k)
}

(6.8)
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subject to,

L

∑
l=1

N

∑
i=1

K

∑
k=1

ρ i
kB

l
ikPi

k ≤ Ith

L

∑
l=1

N

∑
i=1

K

∑
k=1

ρ i
kA

l
ikPi

k ≤ Ith

N

∑
i=1

K

∑
k=1

ρ i
kP

i
k ≤ PT

K

∑
k=1

ρ i
k = 1 ∀i

Pi
k ≥ 0, ∀k, i,

ρ i
k ∈ {0,1}, ∀k, i. (6.9)

wherePi
k=Pi

Sk+Pi
kD,e

i
k=

|hi
Sk|

2

σ2
k+∑L

l=1 Jl
ik
,di

k=
|hi

kD|
2

σ2+∑L
l=1 Jl

i
,η i

k=
ei

kdi
k

ei
k+di

k
,Bl

ik = |hl
SP|

2 di
k

ei
k+di

k
TsGl

i ,A
l
ik =

|hl
kP|

2 ei
k

ei
k+di

k
TsGl

i

The optimization problem in Eq. (6.8), given the constraints in Eq. (6.9), is

a mixed integer optimization problem and isNP-hard. Hence, in this chapter we

propose sub-optimal schemes. The optimization problem is solved in two steps.

First while assuming equal power allocation, we sub-optimally assign a relay to

each subcarrier and then we optimally allocate the power to the relays for the

assigned subcarriers.

6.3.1 Relay Allocation

In this subsection, we consider relay assignment techniques assuming equal power

allocation to all subcarriers (i.e.Pi
k = PT/N). Optimal relay assignment requires

solving a discrete optimization problem which isNP-hard. Therefore, we pro-

pose three low-complexity suboptimal schemes to allocate relays to subcarriers as

follows.
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Scheme A

In this scheme, the integrality constraint onρ i
k is relaxed (ρ i

k can have any real

value between 0 and 1) which makes the problem in Eqs. (6.8), (6.9) a linear

continuous optimization problem. Further while allocating equal power to all

subcarriers (Pi
k=PT/N), interference constraints (ISPU≤ Ith, andIRPU≤ Ith) might

not satisfy. Hence, we relax∑K
k=1 ρ i

k = 1 constraint to∑K
k=1 ρ i

k ≤ 1, so that a

feasible solution is guaranteed. After solving this linearprogram (LP) forρ i
k, the

relayRk with highestρ i
k is assigned to theith subcarrier.

Hence,KA which denotes the relay allocated to theith subcarrier using Scheme

A can be written as,

KA(i) = argmax
k

ρ i
k ∀i (6.10)

whereρ i
k is calculated as described above. The complexity of this algorithm is

O(K3N3) as it involves solving a LP.

Scheme B

The previous scheme used linear programming to allocate therelay to a particular

subcarrier. Here we reformulate the objective function in Eq. (6.8) as follows,

min
ρ i

k,P
i
k

N

∑
i=1

K

∑
k=1

−∆ f log2(1+ρ i
kη i

kP
i
k) (6.11)

The reformulated objective function in Eq. (6.11) is equivalent to the one in Eq.

(6.8), for binary values ofρ i
k. While allocating equal power to all subcarriers,

we use the reformulated objective function to propose a sub-optimal closed form

solution forρ i
k.

Relaxing the integrality constraint onρ i
k makes the reformulated problem con-

vex. As in Scheme A, we relax∑K
k=1 ρ i

k = 1 constraint to∑K
k=1 ρ i

k ≤ 1. Now, the
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convex problem in Eq. (6.11) is as follows,

min
ρ i

k

N

∑
i=1

K

∑
k=1

−
{

∆ f log2(1+ρ i
kξ i

k)
}

(6.12)

subject to,

L

∑
l=1

N

∑
i=1

K

∑
k=1

ρ i
kB

l
ikPT ≤ NIth

L

∑
l=1

N

∑
i=1

K

∑
k=1

ρ i
kA

l
ikPT ≤ NIth

K

∑
k=1

ρ i
k ≤ 1 ∀i

ρ i
k ∈ (0,1], ∀k, i. (6.13)

whereξ i
k =

η i
kPT
N .

The above optimization problem described in Eqs. (6.12), and (6.13) is a con-

vex optimization problem and applying Karush-Kuhn-Tucker(KKT) conditions

[28], closed form solution is obtained as follows,

ρ i
k = max

{

0,
∆ f

λ1
(

∑L
l=1Bl

ikPT
)
+λ2

(

∑L
l=1Al

ikPT
)
+νi

−
1

ξ i
k

}

(6.14)

whereλ1≥ 0,λ2≥ 0, andνi ≥ 0∀i, are deterministic Lagrange parameters, which
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are determined using following equations:

νi

(
K

∑
k=1

ρ i
k−1

)

= 0 ∀i, (6.15)

λ1

{
L

∑
l=1

N

∑
i=1

K

∑
k=1

ρ i
kB

l
ikPT −NIth

}

= 0 (6.16)

λ2

{
L

∑
l=1

N

∑
i=1

K

∑
k=1

ρ i
kA

l
ikPT −NIth

}

= 0 (6.17)

Now, KB which denotes the relay allocated to theith subcarrier using Scheme

B can be written as,

KB(i) = argmax
k

ρ i
k ∀i (6.18)

whereρ i
k is calculated using Scheme B. The complexity of the above proposed

scheme isO(K3N3) as it involves solving linear system of equations, Eqs. (15)-

(17). Further motivated by the closed form solution ofρ i
k obtained in Eq. (6.14),

we propose a low-complexity heuristic scheme in next section.

Scheme C

We propose a heuristic scheme for assignment of subcarriersfor relays based on

Eq. (6.14).ξ i
k is the effective signal to interference-plus-noise ratio (SINR) when

relayRk is assigned to theith subcarrier,∑L
l=1Bl

ik is proportional to the cumulative

interference introduced by the CR source S to the PU bands, and ∑L
l=1Al

ik is pro-

portional to the cumulative interference introduced by relay Rk to the PU bands.

Hence, we propose a heuristic scheme whereρ i
k are assigned as follows,

ρ i
k =

ξ i
k

∑L
l=1Bl

ik +∑L
l=1Al

ik

. (6.19)

ρ i
k in the above equation represents the ratio of the channel gain for the transmis-

sion between S and D, using relayk for subcarrieri to the interference caused to
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the PU by this transmission. Intuitively, highρ i
k would imply that the relayk can

give better throughput (higher channel gain) at lower interference to the PU band

over theith subcarrier. Therefore, the relayRk with maximumρ i
k is allocated to

the ith subcarrier. Hence,

KC(i) = argmax
k

ρ i
k ∀i (6.20)

whereρ i
k is calculated using Scheme C. The computational complexityof this

heuristic scheme inO(KN). After allocating relays to subcarriers, in the next

section we propose a method for power allocation to the subcarriers.

6.3.2 Power Allocation

Now, for a given allocation of relay to the subcarriers, denoted byK(i) (which

could beKA(i), KB(i), or KC(i)), the optimization problem in Eq. (6.8) given the

constraints in Eq. (6.9) can be rewritten as,

max
Pi

K(i)

N

∑
i=1

∆ f log2(1+η i
K(i)P

i
K(i)) (6.21)

subject to,

L

∑
l=1

N

∑
i=1

Bl
iK(i)P

i
K(i) ≤ Ith,

L

∑
l=1

N

∑
i=1

Al
iK(i)P

i
K(i) ≤ Ith

N

∑
i=1

Pi
K(i) ≤ PT ,

Pi
K(i) ≥ 0, ∀i, (6.22)

This is a convex optimization problem with linear constraints and can be solved

by using KKT conditions. The closed form solution is as follows,
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Pi
K(i) = max

{

0,
∆ f

λ4{∑L
l=1Bl

iK(i)}+λ5{∑L
l=1Al

iK(i)}+λ6
−

1

η i
K(i)

}

(6.23)

whereλ4 ≥ 0, λ5 ≥ 0 andλ6 ≥ 0 are deterministic Lagrange parameters, which

are determined using following equations:

λ6

(
N

∑
i=1

Pi
K(i)−PT

)

= 0, (6.24)

λ4

{
L

∑
l=1

N

∑
i=1

Bl
iK(i)P

i
K(i)− Ith

}

= 0 (6.25)

λ5

{
L

∑
l=1

N

∑
i=1

Al
iK(i)P

i
K(i)− Ith

}

= 0 (6.26)

The computational complexity involved in assigning power to the subcarriers

is O(N3).

6.3.3 Optimal Solution

For assessing the numerical strength of our proposed scheme, we propose an op-

timal solution which is obtained by exhaustive search and hence has a very high

complexity. Specifically, all possible combinations of allocating relays to sub-

carriers are considered, and for a given relay allocation power is allocated in a

optimal fashion i.e., the allocation which maximizes the capacity for given inter-

ference and total power constraint is chosen. The optimal solution requires an

exhaustive search, and hence the complexity of optimal solution is O(KN.N3).
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6.4 Numerical Results
The values ofL andN are chosen to be 2 and 6, respectively.2 The simula-

tion model is shown in Fig. 6.2. Here we assume the values of∆ f to be 0.3125

MHz, which is same as subcarrier frequency spacing in wireless local area net-

work (LAN) standards [30], [31]. The values ofB1, andB2 are assumed to be 1

MHz, and 2 MHz, respectively. The values ofσ2, σ2
k are assumed to be equal

to 10−3 W. The values of interferencesJl
i , Jl

ik has been taken to be 10−6 W. The

channel gainshl
kP, hl

SP, hi
Sk, hi

kD follow Rayleigh fading with a mean power gain

of −10 dB. The maximum total power (PT) is assumed to be 10−3 W. The sim-

ulations have been conducted for 10000 iterations, so that we can obtain average

capacity values for various schemes under consideration.

Figure 6.2: PU and CR user distribution in frequency domain

In Fig. 6.3, we plot capacity obtained by CR users under different schemes

versus the interference threshold to PU (Ith), in a CR system with three relays. We

have also plotted the results of the optimal solution. It canbe observed in Fig.

6.3, that Scheme A and Scheme B perform similar and, are very close to optimal

scheme. We can also observe that Scheme C performs a bit worsethan the other

schemes. However, note that Scheme C is based on heuristics and has a relatively

2In practice the values ofL andN would be high, but for simplicity in the simulation analysis
we have assumed the values to be 2 and 6, respectively. Also, it should be noted that the trends in
the results presented in this chapter would still hold for other values ofL andN.
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low computational complexity.

In Fig. 6.4, we compare capacity obtained by CR users under different schemes

with increasing number of relays but keeping interference threshold (Ith) constant

to 10−6 W. We observe that as the number of relay increases, the performance of

the proposed sub-optimal schemes decrease as compared to the optimal solution.
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Figure 6.3: Capacity of CR users versus interference threshold (Ith) for a
fixed number (3) of relays.

117



2 3 4 5 6
0.1

0.11

0.12

0.13

0.14

0.15

0.16

0.17

0.18

0.19

0.2
Capacity Versus Relay taking Ith=10−6

Relays

C
ap

ac
ity

 

 

 

Optimal Solution
Scheme A
Scheme B
Scheme C

On Y axis capacity
is normalized by ∆f
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6.5 Conclusions
In this chapter, we have presented relay and power allocation schemes for OFDM-

based CR systems. The capacity of CR user is maximized in a relaying environ-

ment. The constraints on total transmission power and interference introduced

to the PU band have been taken into account. The problem is a mixed-integer

optimization problem and hence, an analytical optimal solution is hard to find.

In this chapter, we have proposed three suboptimal relay andpower allocation

techniques. Complexity analysis and numerical results arepresented.
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Chapter 7

Conclusions and Future Research

Directions

7.1 Conclusions
In this thesis, we have developed various dynamic resource allocation schemes

for OFDM-based CR systems. We have made following six major contributions

in this dissertation.

First, we have developed an optimal power loading algorithmthat maximizes

the downlink transmission data rate of the CR user while the interference intro-

duced to the PU remains within a given limit. We have also proposed two sub-

optimal power loading algorithms that have less complexitybut can achieve a

performance close to the optimal one. Presented numerical results show that the

classical loading algorithms used for conventional wireless networks perform the

worst for the CR scenario among the schemes considered. We have also studied

the effect of nulling mechanisms on the performances of various schemes. Se-

lected numerical results have demonstrated that the optimal scheme performs the

best, and that the one-nulling case achieves better data rate performance than cases

with a greater number of nullings, as well as zero-nulling cases. Finally, we have

studied the case where the channel gain information is not perfectly known at the
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CR transmitter and found that even in this case proposed schemes perform better

than the classical schemes. The work has been published in [57], [34].

Second, we have studied the interference performance of thewell-known dis-

crete bit loading algorithms when they are used for OFDM-based CR systems.

In order to minimize the interference to the primary user’s band, a suboptimal

algorithm has been proposed. We have also proposed two schemes based on mod-

ifications in the existing discrete bit loading schemes namely the Hughes-Hartogs

[23] and Chow et al. [24] schemes. Presented numerical results demonstrate the

strength of our proposed schemes. The work has been published in [58], [59].

Third, we have developed an optimal power allocation algorithm for the OFDM-

based CR system. Instead of instantaneous channel fading gain between the PU

receiver and the CR transmitter, the developed optimal power allocation scheme

requires the fading statistics and parameters to be known atthe CR transmitter. As

such the transmission rate of the CR user is maximized for a given power budget

and different probabilistic interference constraints imposed by different PU sys-

tems. We also proposed and investigated performance of a lowcomplexity subop-

timal power allocation scheme. Presented selected numerical results showed that

our proposed optimal power allocation achieves significantly higher transmission

capacity for CR user compared to the classical power allocation schemes namely,

uniform and water-filling power allocation schemes that is used for conventional

OFDM-based system. The suboptimal scheme achieved better performance than

the uniform loading scheme. The work has been published as [60] and the jounral

version is to be submitted as [54].

Fourth, we have proposed two schemes employing joint overlay and underlay

power allocation for OFDMA-based CR systems. The first scheme is an opti-

mal scheme. It is based on Lagrange formulation that maximizes the downlink

capacity of CR users, while maintaining a total power budgetand keeping the

interference introduced to the PU band below a threshold. The second scheme

is a suboptimal scheme which provides a low complexity alternative to the first

one, but nevertheless, performs comparably with the proposed optimal scheme.
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Both schemes significantly outperform classical schemes (overlay only or under-

lay only schemes), as we demonstrated numerically using simulations. The work

is under preparation to be submitted as [61].

Finally, we have presented relay and power allocation schemes for OFDM-

based CR systems. The capacity of CR user is maximized in a relaying environ-

ment. The constraints on total transmission power and interference introduced to

the PU band have been taken into account. The problem is a mixed-integer op-

timization problem and hence, an analytical optimal solution is hard to find. In

this chapter, we have proposed three suboptimal relay and power allocation tech-

niques. Complexity analysis and numerical results are presented. The work has

been submitted for publication as [62].

7.2 Future Work and Work in Progress
The research conducted in this thesis have given rise to manychallenging and

interesting problems. Our current works are addressing various of these problems.

A brief description of some of these issues is as follows.

7.2.1 Power Allocation Schemes for OFDM-based CR
Systems with Imperfect Sensing

One of the important tasks of CR user is to reliably detect theavailable spectrum.

In this thesis, we assumed perfect spectrum sensing. However, as CR employs

sensing mechanism to determine the presence of PU, there might be an error in the

detection of PU. The probability of missed detection would determine the amount

of interference caused to the PU by the CR system. The probability of false alarm

would determine the throughput of the CR system. Recently, some work has been

done in [63], [64], where resource allocation schemes have been designed while

incorporating the interference due to errors in spectrum sensing but the mutual

interference considered in this thesis (which exist even CRand PU are in side-by-

side bands) have not been considered. An interesting futureresearch would be to
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take not only the mutual interference but also the interference introduced due to

errors in spectrum sensing into account. Dynamic resource allocation algorithms

needs to be designed for such a system model.

7.2.2 Cross Layer Design of OFDM-based CR Systems

Cross-layer design can be a very useful tool for efficient utilization of resources

available in wireless networks [65]. How efficiently can thephysical layer func-

tionalities (e.g. spectrum sensing, channel quality etc.)interact with the upper-

layer MAC, network and transport-layer protocols like scheduling, routing and

rate control, can play a very crucial part in achieving higher spectrum efficiency.

The work conducted in this thesis (power control) for CR systems can be extended

to optimization across various layers. Specifically, cross-layer schemes can be de-

vised that will allow joint optimization of some or all of thefollowing parameters:

power allocation, (physical layer attributes), routing (MAC layer attribute), and

rate (transport layer attribute) while making sure that theinterference introduced

to the PU bands remains below a specified threshold.

7.2.3 Resource Allocation Schemes for Cooperative Relaying
for CR Networks

The work conduced in Chapter 6 of this thesis assumes dedicated relays employed

for achieving the diversity gain. However, recently cooperative relaying has been

proposed to improve spectrum diversity in CR networks [66],where CR users

can act as a relay for each other. Large benefits in terms of improving efficiency

and fairness of resource sharing can be gained by cooperation among CR nodes.

Specifically, some CR users because of their low traffic demand do not need to

use the entire available bandwidth (spectrum holes). However, they can improve

spectrum efficiency by acting as relays for the CR user’s who have high traffic

demand but low available bandwidth. For such a network resource (relay, power

etc.) allocation algorithms need to be designed. The work conducted in Chapter

6 of the thesis can be extended to design dynamic resource allocation algorithms
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for cooperative relaying for CR networks.
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