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           “A pessimist sees the difficulty in every 

opportunity; an optimist sees the opportunity in every difficulty.” 

Winston Churchill  
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Abstract 
The growth of wireless applications and the emerging technologies require more 
efficient management of frequency spectrum. Adaptive resource allocation (i.e. 
transmission power and transmission rate) and opportunistic spectrum sharing are two 
key techniques with enormous potential to enhance the efficient utilization of the 
precious bandwidth and optimizing the performance. Adaptive algorithms are a vital 
feature of radio resource management (RRM) in third generation (3G) communication 
systems, and cognitive radio (CR) is a valuable technique with tremendous potential for 
improving the utilization of the radio spectrum. On the other hand, transition from the 
current 3G cellular communication systems to the fourth generation (4G) would happen 
gradually and take several years. During this period, both 3G and 4G technologies are 
expected to co-exist, and the aforementioned CR technology and adaptation techniques 
are suitable candidates to be used by service providers for achieving higher data rates in 
the future heterogeneous networks. In this thesis, novel adaptive transmission algorithms 
will be developed for shared-spectrum CR networks in the context of direct-sequence 
code division multiple access (DS-CDMA).  

This thesis makes several contributions. First, adaptive transmission is integrated 
into spectrum sharing problem. The joint optimization of power and rate is investigated, 
where optimality is in the sense of maximizing the average spectral efficiency of the 
reference cognitive user (CU). A closed-form solution for the optimal outer loop power 
control target signal-to-noise ratio (SNR-target) of the reference CU is derived. The 
optimization is conducted when the reference CU is using interference-limited 
opportunistic spectrum access (IL-OSA) technique for utilizing the primary spectrum 
simultaneously with the primary users. The proposed optimization algorithm’s 
performance is analyzed for a case, wherein the reference CU exploits the licensed 
spectrum subject to non-violation of the average and the peak received-interference 
constraints. Moreover, the evaluation is extended for more reliable scenario with better 
performance, wherein the imposed peak-interference constraint is dynamically set as a 
function of the number of active primary and cognitive users that exploit the licensed 
frequency band. 

Second, a shared-spectrum CR system is considered and the reference CU’s total 
average spectral efficiency is derived when it uses access-bounded opportunistic 
spectrum access (AB-OSA) for exploiting the primary spectrum. The gain that can be 
attained by using a CR technology is highlighted and the reference CU performance is 
investigated subject to average transmit power constraints. 

Finally, a novel access technique is proposed to overcome the AB-OSA limitation 
in CDMA/CDMA, CR networks. This method is referred to as access-bounded-
interference-limited opportunistic spectrum access (AB-IL-OSA). This novel access 
strategy incorporates a mixed access- and interference- limited spectrum access strategy 
through spectrum sensing, to maximize the achievable spectral efficiency of the CUs. 

Various OSA strategies were proposed for CDMA-based CR networks to achieve 
a balance between the full exploitation of the primary spectrum and the inflicted 
interference on the primary service.  
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Chapter 1 
1. Introduction 
Wireless communication has experienced significant expansion since the early 1980s 

and it is now the fastest growing section of the communication industry. This is mostly 

due to the fact that wireless communication is one of the best means of addressing the 

accelerating demands for instant and extensive access to information. Wireless 

communication has also revolutionized the dynamics of the working environment and 

workforce mobility because people are no longer tethered to a fixed location or formal 

work-based environment. Research and development in this field in the past decade has 

made it possible for people to experience a very high data rate and reliable wireless 

communication. However, wireless communication poses specific challenges. In 

wireless communication networks, the characteristics of the channel appear to change 

randomly with time and frequency and these in conjunction with user mobility, making 

radio-resource allocation a difficult task. Moreover, the growth of wireless applications 

and multimedia services in current and future heterogeneous networks will require more 

efficient management of the radio frequency spectrum. In addition, the radio spectrum, 

as a precious limited resource, must be allocated to-wide range of networks and this has 

caused the frequency-allocation table for wireless services to become saturated. To 

tackle the aforementioned problems, it is vital to develop transmission and spectrum-

sharing methods for improving efficient utilization of available radio resources. In 

shared-spectrum environments, the under-utilized parts of the spectrum can be exploited 

by other networks users. The main focus of this thesis is on adaptation of transmission 

parameters with the aim of improving performance and reducing the cost of each 

correctly delivered information bit, in a shared-spectrum environment.  
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Prior to highlighting the aim of this thesis and reviewing its objectives and 

contributions, this chapter introduces the area of research by stating the fundamentals of 

cellular wireless systems, radio resource management, adaptive resource allocation and 

cognitive radio technology. 

1.1 Cellular Mobile Networks 

A cellular network consists of a number of fixed base-stations (BSs) arranged to provide 

coverage of mobile users as long as they are within the operating range of the BS. The 

total geographic region in cellular systems is divided based on the operating range of a 

BS into small segments, called cells and each mobile user communicates with the closest 

BSs. Each mobile user is assigned with a radio channel for communicating with the BS. 

The BSs in a given area are connected to base-station controllers (BSCs), and BSCs are 

connected to a mobile switching centre (MSC) by high-speed wire connections or 

microwave links, and finally the MSC is connected to the public switched telephone 

network (PSTN). A technique called handover is employed for avoiding call interruption 

or termination when a mobile user moves from one cell to another by switching the 

serving BS. The wireless link from a BS to the mobile users is called the downlink and 

the link from the users to a BS is called the uplink. In addition, system resources can be 

simultaneously separated between the uplink and downlink based on two basic 

strategies, frequency division duplex (FDD) and time division duplex (TDD). In FDD 

each mobile user is provided with two separate radio transmission frequency channels 

for uplink and downlink communications, and TDD uses a single radio channel but the 

uplink and downlink transmissions shared in this channel in time.  

1.2 Multiple Access Principles  

Frequency spectrum is a naturally limited resource and one solution to overcome the 

scarcity of this limited commodity in wireless systems is to share resources among users 

in cellular systems to accommodate several mobile users simultaneously and achieve 
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higher user capacity. Radio resources sharing among mobile users can be done by 

employing one of number of multiple-access techniques. In principle, there are three 

basic methods to divide the allocated Radio resources into many channels and then 

assign these channels to different users: frequency, time or code. These methods are 

addressed by three multiple access techniques, that is, frequency division multiple access 

(FDMA), time division multiple access (TDMA) and code division multiple access 

(CDMA).  

In FDMA, the radio spectrum is divided into non-overlapping orthogonal 

frequency band, and each user is assigned a different frequency band for transmission. 

The concept of FDMA is shown in Fig. 1.1. The guard channels are considered between 

two adjacent frequency bands to compensate for imperfect filters and adjacent channel 

interference. In FDMA, users cannot share the frequency band at the same time and also 

a single user cannot use multiple channels for transmission. These, along with 

inefficiency caused by wasting some parts of the spectrum by assigning guard channels 

are the main disadvantages of FDMA. 

 

Figure 1.1: Frequency division multiple access (FDMA) 
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TDMA splits the transmission time into several time slots, where each slot is only 

allocated to one user at a time. In TDMA, a frequency band can be efficiently utilized by 

multiple users as each user uses different time slot for transmission. The second 

generation digital cellular networks such as Global Systems for Mobile Communications 

(GSM) [54], introduced in the late 1980s, pioneered TDMA. Fig. 1.2 displays the 

structure of TDMA. The main advantage of TDMA is that assigning a single user with 

multiple channels is simple and can be done by allocating multiple timeslots. A major 

difficulty of TDMA is the needs for synchronization among all users. Furthermore, it 

requires guard times between time slots to cope with synchronizations errors and 

minimize transmission time delay. 

 

Figure 1.2: Time division multiple access (TDMA) 

 

In CDMA, each user is assigned with a spreading code and the information signals 

of that user are modulated by the selected spreading code. Consequently, multiple users 

can share a common channel in frequency and time, as shown in Fig. 1.3. A CDMA 
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system is based on spectrum-spread technology, which is a family of technologies 

originally devised for military communications in the 1950s [73]. In CDMA, the 

narrowband message signal is multiplied by a very large bandwidth signal called the 

spreading signal. CDMA can also support a high number of users proportional to the 

spreading factor. The ratio between transmission bandwidth (spread signal) and original 

bandwidth (bandwidth before spreading) is called the spreading factor (also referred to 

as spreading gain). A CDMA scheme also requires power control to compensate for the 

near-far effects, whereby received signal at the BS from far-away users could be masked 

by a signal from users close to the BS.  

 

Figure 1.3: Code division multiple access (CDMA) 

 

The most common form of CDMA is multiuser spread spectrum with either direct-

sequence (DS) or frequency-hopping (FH) [21]. In DS-CDMA, the user data signal is 

multiplied by a unique pseudo-noise (PN) spreading code sequence. At the receiver, the 

received signal is despreaded by correlating it with a spreading sequence identical to and 

in synchronization with the sequence used at the transmitter for spreading the signal. In 
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FH-CDMA, the radio signal frequency band is changed by using a pseudorandom 

sequence across a broad frequency band in a random fashion. The carriers are hoping 

from one frequency to another in predetermined but pseudorandom manner. The 

pseudorandom spreading sequence is known to both the transmitter and the receiver. 

Wideband CDMA [3,14,48] (WCDMA), a major third generation (3G) radio 

access, employs DS-CDMA as a multiple access technique and requires a minimum 

spectrum allocation of 5 MHz. WCDMA can support a large number of mobile users 

with high data rates. The first commercial WCDMA network was launched in 2001 by 

NTT DoCoMo in Japan. 

1.3 Capacity and Spectral Efficiency 

Information theory was founded by Claude Shannon in late 1940s to discriminate the 

limits of reliable communication. The capacity of the channel is defined as the 

maximum amount of data that can be transmitted over a wireless channel with arbitrarily 

small error probability. His mathematical model was based on the notion of the mutual 

information between the input and output of the wireless channel, maximized over all 

possible input distributions. The capacity of CDMA systems is limited by interference 

[20]. The number of active users in CDMA systems is limited by multiple access 

interference (MAI) or multi user interference (MUI).  

The amount of data bits that can be successfully transmitted over a given 

frequency spectrum is called spectral efficiency. It can be used to measure the capability 

of the network to efficiently utilize dedicated limited bandwidth. Spectral efficiency is 

measured in terms of spatial traffic density per unit bandwidth [79]. The link spectral 

efficiency in cellular wireless systems is measured in Erlangs per Hertz per cell 

(Erlangs/Hz/cell) or bits per second per Hertz per cell (bit/s/Hz/cell). This thesis 

concentrates on maximizing spectral efficiency of the cognitive network by employing 

adaptive resource allocation techniques in the presence of Quality of Service (QoS) 

requirements. 
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1.4 Radio Resource Management 

Due to the limited availability of wireless radio resources, it is essential to adopt a 

strategy for maximizing spectral efficiency of a system by allocating these resources to 

users for delivering the best QoS at the lowest cost. Radio resource management (RRM) 

algorithms and strategies are employed to increase spectrum efficiency by controlling 

parameters such as transmit power, data rate, handover criteria and scheduling. 

Therefore, the objective of RRM is to improve efficient utilization of bandwidth by 

increasing spectral efficiency under pre-set grade of service (GoS) constraint. Scarcity of 

frequency spectrum and increasing demand for high data rates have made RRM an area 

of active research. The focus of this thesis is on transmission power control and 

transmission rate control mechanisms in shared-spectrum wireless communication 

networks.  

1.4.1  Transmission Power Control 

Interference imposed on mobile can significantly degrade mobile communications 

performance. Power control is adopted by wireless systems to minimize the interference 

level in the air interface and to provide the required QoS for all mobile users. From the 

point of any cellular network, accurate power control is helpful for minimizing the 

interference level while optimizing spectral efficiency of mobile users. In power control 

techniques, transmit power is assigned to each user in a way that satisfies their QoS 

requirements while transmitting with the least amount of power. Consequently, transmit 

power can reduce consumption of the limited energy available in the battery of a 

portable device. Power control is mainly used in uplink transmissions as the BS has 

continuous access to power from the mains outlet. The user capacity in DS-CDMA is 

adversely affected by the near-far problem, thus accurate and tight power control of all 

mobile users in the system is an essential and an added challenge for transceiver design. 

In general, in narrowband and in wideband CDMA there are two different power 

control techniques, i.e. open loop power control and closed loop power control. The 
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former is used to provide a coarse initial power setting of the mobile station at the 

beginning of a connection. The latter commands the mobile station to use a transmit 

power proportional to the inverse of the received power. The closed loop power control 

is a combination of fast inner loop power control and outer loop power control. Power 

control strategy is used in uplink communication for minimizing the uplink power of all 

mobile users and balancing the signal-to-interference ratio (SIR) of mobile users 

obtained at the BS.  

The fast inner loop is done based on the level of received SIR. The base station 

performs frequent estimates of the received SIR and compares them with a target SIR. If 

the measured received SIR is lower than the SIR-target value, a command will be sent to 

the mobile user by the BS to transmit at higher power; if it is too high, the mobile user 

will be commanded to decrease its transmit power. Thus, the effect of this type of 

control is that the received power is maintained constant for all condition of the channel 

so as to achieve the SIR-target. In WCDMA the power control step-size is usually fixed 

at 1 dB [27]. 

A SIR-target is set by the outer loop power control to meet the QoS requirements 

and used by inner loop power control. Practically, outer loop power control is used to 

provide the required transmission quality, which is generally defined in terms of the bit 

error rate (BER) or block error rate (BLER), by accurately setting the SIR-target. The 

general algorithm of the outer loop power control is illustrated in Fig 1.4. The outer loop 

power control is also known as slow closed loop power control as its execution 

frequency in WCDMA is 10-100 Hz, whereas, fast inner loop is executed at 1500 Hz. 

This thesis focus is on inner loop and outer loop power control strategies. 

There is close relation between SIR and effective transmission rate that makes 

power control a practical technique for altering data rates.  Such a connection develops 

an interest in studying transmission power control and transmission rate control jointly.   
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Figure 1.4: Outer loop power control algorithm 

 

1.4.2  Transmission Rate Control 

Future heterogeneous networks are expected to support traffic with diverse bandwidth 

and it is necessary to perform multiple-rate transmission. This makes transmission 

power control a complex task.  One possible method for assigning data rates to mobile 

users is to relate data rates to SIR-target. It can be assumed that there is an access to 

infinite number of SIRs and transmission rates resulting in a continuous relation between 

them. Otherwise, if instead the number is limited the relationship is discrete. In DS-

CDMA systems, a trade-off between transmitting date with lowest possible power and 

achieving a highest data rate must be attained. Therefore, the SIR-target is raised to 

maximum allowed by the power constraint with the intention of obtaining higher data 

rate and satisfies a pre-set error probability. The main objective of this thesis is 

designing an algorithm for assigning the best SIR-target and rate to mobile users in a 

cognitive radio (CR) environment. 

Due to fluctuations in wireless radio channels it is necessary to use adaptive-rate 

transmission methods, with the intention of improving utilization of transmission 

resources by adapting transmission parameters to channel states. One scheme for 
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adaptive-rate transmission implementation is to use variable spreading factor, whereby 

users dynamically vary their bit durations over a fixed rate chip sequence.   

1.5 Adaptive Resource Allocation 

The premise of using information of channel characteristics at the transmitter to improve 

performance of communication systems has been around since at least 1968 [25]. The 

main concept is to estimate the channel at the receiver and exploit this estimated 

information at the transmitter to adjust transmission parameters in order to maximize 

communication performance. The BS estimates the channel gains for all users and 

selects the users allowed to transmit in each time interval based on the quality of 

previously received signals or reference signal transmitted in advanced. However, 

channel estimation errors occur due to noisy estimation in the receiver or channels 

variation after it has been estimated. Consequently, due to a lack of good channel 

estimation as well as hardware constraints, this technique could not be implemented in 

the early days of its introduction. However, as technology evolved these issues became 

less constraining, resulting in a revived interest in adaptive resource allocation methods 

for 3G wireless systems [34, 60, 69, 87]. Practically, adaptive resource allocation 

techniques can be used to enhance spectral efficiency by adaptively varying one or 

combination of rate, power, code and error probability. In section 2.1, various adaptive 

resource allocation methods in non-shared spectrum CDMA systems are reviewed.  

1.6 Cognitive Radio Technology 

Spectrum is naturally a limited and finite resource in wireless technology and one that is 

regulated by government agencies such as the Federal Communication Commission 

(FCC) in the United States [77]. Most of today’s wireless radio communication systems 

require precise protection against interference from other radio systems. Consequently, 

frequency bands are exclusively and entirely licensed to users with obligatory and 

detailed guidelines. However, such an approach and policies in conjunction with 
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accelerating spectrum-access demand have lead to a shortage of available spectrum. 

However, the existing radio regulatory regime is too complex to handle the increasingly 

dynamic nature of emerging wireless applications. In fact, the chart of allocated 

frequency band shows that there is nearly no spectrum available to offer to future 

networks [77]. Dynamic spectrum access refers to the time-varying, flexible utilization 

of the parts of the radio frequency band under restrictions set by regulators. CR 

technologies together with dynamic spectrum access attempt to overcome the problem of 

spectrum scarcity. The term CR was first introduced by J. Mitola in [53] as an advanced 

version of software radio. “CR is an intelligent wireless communication technology that 

is aware of its surrounding environment (i.e. its outside world), and uses the 

methodology of understanding-by-building to learn from the environment and adapt its 

internal states to statistical variations in the incoming radio frequency stimuli by making 

corresponding changes in certain operating parameters such as transmit power and 

modulation strategy in real time [26]”. The concept of CR technology is inspired by the 

Defence Advanced Research Project Agency (DARPA) Next Generation 

Communication (XG) program [9]. The potential gain of CR technologies is higher 

utilization of infrequently used spectrum. Dynamic spectrum access and spectrum 

sharing are two main tools that help regulators to improve efficient utilization of 

frequency bandwidth. 

In CR technologies primary (licensed) spectrum can be exploited by cognitive 

(secondary) users (CUs) when it is not being used by primary (license holding) users or 

it can be used simultaneously as long as CUs activity does not cause unacceptable 

interference to licensed users. Primary users operate with higher priority over CUs, as 

they are spectrum license holders and have paid a fee for the bandwidth, and their 

performance should not be degraded by the operation of CUs. CR aims at maximizing 

efficient utilization of limited frequency spectrum while accommodating the increasing 

number of services and applications in wireless networks. In CR technologies, the 

unused part of the frequency band is identified by the CUs and utilized in and intelligent 

way based on spectrum observation. Such an unused part of the spectrum is called 
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spectrum opportunity, as shown in Fig 1.4. CR techniques provide the capability to use 

or share the wireless frequency band in an opportunistic manner. Opportunistic 

Spectrum Access (OSA) refers to CR technique that allows the CUs to dynamically 

detect and exploit the part of primary spectrum that is either not-utilized or under-

utilized. The aim of employing OSA in spectrum sharing is to enhance the utilization of 

the allocated frequency band whilst satisfying primary users’ QoS requirements.  

Figure 1.5: Spectrum opportunities in shared-spectrum environment 

 

System designers currently face two contradictory challenges in the spectrum 

sharing problem. The first is to guarantee the signal quality of primary users as licensed 

users and the second is to maximize the throughput of CUs. The former implies 

considering a very low transmit power for CUs, whereas the latter requires a high power 

allocated to CUs, which can result in a violation of QoS requirements for licensed users. 

The main focus of this thesis is on achieving a trade-off between the two aforementioned 

requirements of CR environments. In section 2.2, a number of schemes developed so far 

for improving the capacity of the CUs and schemes for minimizing their interference on 

primary users are reviewed.  
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1.6.1  Interference Temperature 

Interference temperature is proposed to control the sources of interference in a radio 

environment. The specification of an interference-temperature limit provides a worst-

case characterization of the radio frequency environment in a particular frequency band 

and in a particular geographic location. In CR environments, interference temperature at 

a primary receiver antenna provides a measure for acceptable level of interference 

(caused by the operation of un-licensed users) in the primary frequency band of interest. 

Transmission of CUs in the primary frequency spectrum is considered to be harmful if it 

increases the noise floor above the interference-temperature limit. Interference-

temperature limit is set by the primary network in order to satisfy QoS requirements of 

its own users. The opportunistic transmission behaviour of the cognitive networks 

imposes unique challenges for their coexistence with primary networks and QoS 

provisioning of carried services. The cognitive network access to the idle part of the 

primary spectrum can be categorized into two schemes based on the level of acceptable 

interference temperature, access-bounded OSA and interference-limited OSA. The 

former implies no level of interference, caused by the operation of the CUs, can be 

tolerated by the primary network and that CUs are only allowed to transmit data over the 

licensed frequency when it is idle. The latter indicates that the licensed frequency band 

can be simultaneously utilized by both primary and cognitive users subject to non-

violation of the acceptable level of interference set by the primary network. In 

interference–limited-OSA (IL-OSA), the primary network checks the interference 

caused by the activity of CUs and stops their transmission when interference exceeds the 

pre-set limit; whereas, in access-bound-OSA (AB-OSA), CUs can only utilize shared-

spectrum when it is not being used by the primary users. Therefore, CUs should detect 

spectrum opportunity in frequency, time or even code, by observing the licensed 

spectrum. An availability of spectrum opportunity can be obtained from spectrum 

sensing.  



                                                                                                        Chapter 1. Introduction  

28 

 

1.7 Thesis Aim and Organizations  

The main aim of this thesis is to enhance the efficient utilization of the spectrum as it is 

a limited precious resource. Therefore, this thesis integrates adaptive resource allocation 

techniques into a shared-spectrum problem. This thesis concentrates on RRM techniques 

for maximizing cognitive network spectral efficiency by means of exploiting the 

flexibility of OSA and adaptive transmission techniques. Therefore, the aim is to 

develop resource allocation algorithms for enhancing the performance of the CUs that 

utilize the licensed spectrum. There is consideration of multi-user DS-CDMA primary 

and cognitive networks and investigation of the performance for the uplink transmission. 

Investigations concentrate on physical (PHY) layer resource allocation. This thesis is 

organized as follows: 

In Chapter 2, relevant studies undertaken in the field of adaptive resource 

allocation and spectrum sharing are reviewed. Each of this works has, to some extent, 

inspired this PhD research. A description of a number of adaptive resource allocation 

schemes in non-shared spectrum environment is developed. This is followed by a review 

of a number of methods for improving the utilization of the radio spectrum in a shared-

spectrum environment.   

Chapter 3 makes several contributions. Shared-spectrum system is considered 

where both primary and cognitive networks use CDMA technology for data 

transmission. A CR technology is used by the CUs to exploit part of the primary air 

interface resources subject to non-violation of QoS requirements of the primary network. 

Considerable gain can be achieved in CUs’ throughput by allowing them to share the 

licensed bandwidth with primary users. This gain is further enhanced by using joint 

optimization of closed loop power control and rate control. A closed-form expression is 

obtained for the CUs’ optimal outer loop signal-to-noise-ratio- (SNR-) target. The main 

goal of this chapter is to maximize the average spectral efficiency of the CUs and 

simultaneously keep the interference introduced by their operation below the threshold 

set by the primary network. The IL-OSA system is considered; hence CUs can exploit 
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the licensed spectrum concurrently used by the primary users subject to compliance with 

the interference threshold. The system performance is investigated under the peak and 

average received-interference and under Nakagami-݉ frequency-selective fading 

channel. A novel technique is introduced for adapting the level of acceptable peak 

threshold to the number of active users (primary and cognitive) in the primary network. 

This chapter is partly based on [49] and [50]. 

In Chapter 4, a method is introduced for the optimization of the CUs spectral 

efficiency, based on the activity of the primary users. In this chapter AB-OSA system is 

considered thus and the primary network does not tolerate any interference from the 

CUs. Therefore, CUs are only allowed to transmit data over the shared frequency band 

when the activity of the primary network is lower than the pre-set threshold. CUs thus 

utilize the cognitive network frequency band and seek an opportunity to exploit the 

primary bandwidth by using the spectrum-sensing technique. The main goal is to 

determine the gain that can be achieved by employing OSA technique in the CR 

environment. The average spectral efficiency of the reference CU that uses a joint 

optimization of the close loop power control and spreading factor are studied. The idea 

for the work in this chapter stems from [51].  

In Chapter 5, a novel method is proposed that exploits a combination of AB- and 

IL-OSA (AB-IL-OSA) schemes to guarantee QoS requirements of the primary network, 

and simultaneously adaptive transmission is used to enhance achievable spectral 

efficiency of the CUs. In CDMA/CDMA share-spectrum system, primary resources are 

shared both in time and frequency. The proposed scheme can meet the tightest QoS 

requirements of the primary network at any time. This can be done by stopping CUs 

transmission when the primary network becomes saturated and keeping the level of CUs 

interference below the pre-set limit. The research in this chapter leads to [52].  
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Chapter 2 

2. Relevant Previous and Parallel Works 
The main research focus in the spectrum sharing communication area is on maximizing 

the CUs’ capacity and minimizing the interference inflicted on the primary users. The 

CUs’ throughput optimization is mainly done by utilizing adaptive resource allocation 

techniques while different access protocols are used by the CUs for limiting the 

interference received at the primary network. Adaptive transmission in CDMA systems 

involves varying either one or a combination of transmission power, modulation level, 

processing gain, chip rate, number of spreading code and coding scheme or rate, with the 

aim of maximizing the efficient utilization of limited bandwidth. Therefore, the overall 

design objective of CR systems is to maximize efficient utilization of the frequency 

spectrum and CUs’ throughput while protecting primary users from the interference 

caused by the operation of CUs in shared bandwidth. To satisfy the transmission 

requirements of current and future heterogeneous systems, efficient adaption algorithms 

are essential in the CR environments.  

The emphases of this thesis are maximizing the CUs’ spectral efficiency and 

minimizing the amount of interference caused to the primary network receiver. The 

optimization of the CUs’ spectral efficiency is done by exploiting the joint optimization 

of power and rate technique and interference limitation is done by using different OSA 

techniques. The rest of this chapter is structured as follows. First, the literature behind 

adaptive transmission techniques mainly in non-shared-spectrum systems is outlined. 

Second, relevant previous and parallel works in shared-spectrum CR environments is 
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reviewed. As the research in these areas has been extensive, only the most relevant work 

is touched up throughout this chapter.   

2.1 Adaptive Transmission Techniques 

The importance of efficient power control algorithms for solving the near-far problem 

and to enhance capacity has been widely addressed in [19, 84, 85]. The following 

paragraphs review some of the work done in the area of fixed-transmission-rate power 

control.  

Early work on quality based power control was performed by Bock and Ebstein 

[11] in 1964. They formulated the power assignment problem as a linear programming 

problem. The problem of SIR-balancing for spread spectrum systems without 

background noise was considered by Alavi and Nettleton [4], and they showed a 

significant improvement in capacity. Knopp and Humblet [42] developed a power 

control scheme that maximizes sum capacity of the uplink channel in single-cell 

multiuser communication with arbitrary fading statics. Moreover, Holtzman showed that 

power control for certain user is waterfiling in time [28], i.e., more power is allocated for 

a fraction of time that condition of the channel is good (the received power is high) and 

less when the channel condition is poor.  

Authors in [88] analyzed the performance of the multimedia CDMA network that 

support voice and data traffics each having different data rate and packet error rate 

(PER) requirements. In multimedia systems, the power control method is used not only 

for solving the conventional near-far problem, but also the near-far effect caused by the 

natural dissimilarity (such as data rate and PER) between different traffics being 

transmitted through the same channel. Kumar et al. [44] proposed an algorithm for 

power control based on the BER measurements requirements rather than SIR 

measurements. The objective of their proposed algorithm was to achieve a pre-set BER 

with minimum possible transmission power and it does not need any explicit knowledge 

about the relationship between the BER and the SIR. Their proposal algorithm just uses 
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the general expression,  ܴ ൌ expሺെܴܵܫሻ/2, which is encountered in digital 

communication for high SIR scenarios. 

Most of the proceeding power control algorithms in the literature are constructed 

under the assumption of perfect power control, i.e. considering that the BS can maintain 

the received power such that the received SIRs are constant. However, in practice, 

fading environments cause a number of limitations such as power control errors and 

implies imperfect power control [2, 23, 65, 70, 71], and the received SIR of each user 

becomes a random variable, therefore, complicating the task. Randomised nature of the 

received SIRs in fading environments was examined by Hashem and Sousa [24] and Shu 

and Niu [74]. In multimedia communication systems, another source of randomness of 

SIRs is the burstiness of traffic, therefore, the number of active users must be considered 

as a random variable [39, 45, 62, 74]. 

By far, most of the above work consider only the inner loop power control issues 

in their proposed SIR-balancing algorithms and outer loop power control is usually 

neglected, by assuming a constant SIR-target[23, 59, 76], or perfect estimation of the 

SIR [89]. However, for improving the spectral efficiency and the system throughput the 

SIR-target must be adapted to the channel state in fading environments. A number of 

works examine the performance enhancement achieved by using the optimal outer loop 

power control [7, 35, 43, 58].  

In wireless communications, transmission power and transmission rate are two 

important resources which should be well controlled to achieve different objectives such 

as reducing total transmitting power and increasing the system total throughput. It is 

advantageous to associates the transmission rate control with transmission power control 

as they are both related to the SIR. The early studies on adaptation of transmit power and 

rate to channel fading conditions was done by Hayes [25] in 1968.  

Goldsmith and Varaiya [22] considered a fading channel and determined the 

capacity with an average power constraint by applying waterfilling in the time domain 

for power and rate. Their results confirm the common observation that allocating 

resources to good channel maximises total system throughput. They proved that for 
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independent and identically distributed (i.i.d) channel fading, adaptation at both the 

transmitter and the receiver does not enhance the capacity or decrease the coding 

complexity comparing to the system that uses adaptation at the receiver only. They also 

considered channel inversion and truncated channel inversion suboptimal adaptation 

schemes, which adapt the transmit power but keep the transmission rate constant.  

The transmit power is adjusted to invert the channel power gain in the total 

channel inversion policy, for example, for a gain of ݃ሺݐሻ, the transmit power is adjusted 

to ߪ/݃ሺݐሻ, where ߪ is the target received power [19, 22, 85]. However, it can exhibit a 

large capacity penalty in extreme fading environments, where a large transmit power is 

needed. The truncated channel inversion policy, however, compensates for a fading 

above a pre-set cut-off threshold. The truncated channel inversion policy combines the 

advantages of waterfilling and channel inversion schemes by stopping the transmission 

of inferior channels. Kim and Goldsmith [40] and Kim and Lee [41] analyzed the 

performance of the truncated channel inversion strategy. Authors in [40] showed a gain 

both in the maximum capacity and the power relative to the conventional policy. Their 

work confirms that truncated channel inversion is the most effective policy for channels 

with large power fluctuations or large amount of background noise. 

Authors in [72] and Ramakrishna and Holtzman [68] used adaptive spreading 

factor and transmission power control subject to minimum transmission rate, maximum 

average transmission power and SIR-target constraints. The authors in the former 

reference considered a dual-class CDMA system and proposed a scheme for maximizing 

the uplink channel throughput, where one of the classes is delay-sensitive and needs 

only a constant bit rate, while the other class is delay-tolerant and aims to have a larger 

variable bit rates. In their proposed scheme, no constraint is imposed on the peak 

transmit power of users and their scheme achieved a considerable gain while the delay 

requirements of all user is satisfied. Yang and Hanzo [91] proposed a scheme that uses a 

variable spreading factor for adapting transmission rate to the level of MAI. They 

considered constraints on average transmit power and BER, and their proposed scheme 

enhanced the system throughput by up to 40%. 



                                                       Chapter 2. Relevant and Previous and Parallel Works 

34 

 

Jafar and Goldsmith [29] proposed an adaptive rate and power control algorithm 

for maximizing the throughput in a multirate CDMA system. They showed that the 

optimal spectral efficiency can be attained if a user transmits only when all users with a 

better channel are transmitting at their maximum rate. The authors used a discrete set of 

rates and their results confirm that the optimal average throughput does not increase 

significantly if more rates are available for a fixed range of rates. The extension to 

continuous-rate adaptation was done in [30]. Here, the QoS constraints are neglected and 

the throughput upper bound is derived. Their numerical results confirm that the 

throughput of the optimum rate and power adaptation scheme is very close to an 

adaptive-rate with fixed transmit power scheme. On the other hand, the optimum power 

adaptation scheme with fixed-rate yields considerably lower throughput.  

This thesis proposes an adaptive resource allocation technique for maximizing the 

cognitive network throughput in shared-spectrum environments. The proposed scheme 

involves joint optimization of power and rate control using variable spreading factor. 

The next section reviews the most relevant previous and parallel work in the area of CR. 

2.2 Cognitive Radio 

The basic components of OSA in shared-spectrum systems are opportunity detection, 

spectrum opportunity utilization and regulatory policy. The opportunity detection 

module is responsible for monitoring the primary frequency band and identifying the un-

utilized or idle parts of the primary licensed frequency band. The spectrum utilization 

module is in charge of deciding how to transmit the data over the primary spectrum to 

maximize the CUs’ throughput, based on access technique used by the CUs. The 

regulatory policy defines the basic protocols for the CUs to ensure that their operation 

does not violate the primary users’ QoS requirements. 

The performance in cognitive communication networks depends on careful 

resource allocations such as bandwidth allocation and transmission power control. 

Asghari and Aissa [5] proposed an optimal time-sharing and power allocation policy to 
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maximize the achievable capacity of fading CR broadcast channels. Authors in [55] 

considered a shared-spectrum CR system and obtained the optimal power allocation 

strategies to achieve the channel capacity, and derived closed-form expression for the 

capacity metrics under Rayleigh fading. Authors in [81] proposed an adaptive-power-

control scheme for a CR system in Rayleigh fading channel. They showed that the CUs’ 

throughput is maximized by maintaining a constant output power at the cognitive 

network receiver using power adaptation at the cognitive network transmitters. Da and 

Ko in [13] proposed an algorithm for improving the efficient radio resources allocation 

in CR systems. Their proposed solutions are partial distributed algorithms that can 

dynamically allocate resources to the CUs so the capacity of the cognitive network can 

be maximized. The authors in [12], [32] and [93] focused on the problem of maximizing 

the utilization of the spectrum opportunities in CR networks with multiple potential 

channels and developed an optimal strategy for OSA. Srinivasa and Jafar [78] 

characterized a trade-off between system sum throughput (both primary and cognitive 

networks) maximization and primary user interference minimization and identified the 

optimal amount of spectrum sharing that maximizes the total system throughput.  

Interference is one of the biggest challenges to overcome when considering CR 

networks. To a great extent, two main OSA access techniques are used in the literature; 

IL-OSA or underlay and AB-OSA or overlay. In IL-OSA scheme the CUs could 

concurrently access the primary radio spectrum even during the presence of the primary 

users, provided that the activities of the CUs do not cause intolerable interference (or 

harmful interference) towards the primary users [26, 47, 90]. In AB-OSA, the CUs could 

use that primary bandwidth during the absence of the primary users [47]. Authors in [31] 

proposed a protocol in which the CUs listen to the wireless channel to determine which 

part of the licensed spectrum is unused so as to adapt their signal to fill the unused 

spectrum domain.   

In AB-OSA technique, the CUs should check the availability of primary frequency 

band and only utilize it when it is un-utilized. The authors in [61] and [80] characterized 

the channel availability by a two-state Markov chain. Although being very simple, this 
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model is able to capture the temporal characteristics of the channel availability in an 

OSA system. However, Zhou and LI [94] used the probabilistic information of channel 

availability obtained from spectrum sensing to assist resource allocation in CR networks, 

which exploits the flexibility of OSA and has better performance compared with 

conventional approaches based on the hard decisions on channel availability. Motivated 

by the concept of spectrum sensing, the authors in [46] studied the trade-off between 

channel sensing and the CUs’ throughput considering the Shannon capacity as the 

throughput metric. They formulated an optimization problem and identified the optimal 

sensing time which leads the highest throughput for the CUs while providing sufficient 

protection in terms of interference to the primary users.   

Information about the availability of the channel may be obtained through either 

local or cooperative spectrum sensing. Authors in [63], designed a power allocation 

strategy for maximizing data rate of the CUs using both cooperative and non-

cooperative spectrum sensing. Better performance was achieved by using a cooperative 

spectrum sensing in comparison to a system that uses non-cooperative spectrum sensing. 

Ghasemi and Sousa [16] analyzed the performance of cooperative spectrum sensing in 

fading environments and studied the effect of collaboration between the CUs in the 

shared-spectrum environment. They showed a significant performance enhancement can 

be achieved by using cooperative spectrum sensing. Authors in [17] analyzed the 

performance of spectrum-sensing radios under channel fading. They proved that due to 

uncertainty resulting from fading, local spectrum sensing alone may not be adequate to 

meet performance requirements. Therefore, to remedy this uncertainty they also focused 

on the cooperation among CUs and the trade-off between local processing and 

cooperation in order to optimize the shared-spectrum exploitation. 

In IL-OSA access scheme, the CUs can utilize the primary radio frequency subject 

to interference constraint specifies the maximum interference power level. Interference 

or received-power constraints are set to satisfy the QoS and GoS requirements of the 

primary users. Consequently, the CUs should keep the interference, caused by their 

operation in the primary frequency band, inflicted on the primary receiver below the 
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interference threshold. Authors in [18] proposed an IL-OSA system and investigated the 

capacity gains offered by this dynamic spectrum sharing approach when channels vary 

due to fading.  In their proposed system, the CUs take advantage of the fading 

environment by opportunistically transmitting with high power when their signal, as 

received by the receiver of primary network, is deeply faded. Authors in [8] studied the 

impact of interference threshold constraint on the achievable capacity of the CUs. In [6], 

Asghari and Aissa, studied two adaptation policies at the CUs’ transmitter in a CR 

system under constraint on average interference caused at the primary receiver over 

Rayleigh fading channels, one of which is variable power and the other is variable rate 

and power. 

By far, most of the research in literature, focused on maximizing the CUs’ 

throughput in IL-OSA systems subject to the average received-interference constraint. 

Therefore, there has not been much attention paid to the CUs’ capacity subject to both 

average and peak received-interference constraints, although its importance has been 

known for decades [75]. Practically, considering an average received-interference is 

reasonable when the primary users’ QoS is determined by average SNR; however, in 

many situations the primary users’ QoS would be limited by the instantaneous SNR at 

the receiver which renders a peak interference constraint more appropriate. Limiting the 

CUs’ transmit power by considering a more restrictive peak received-interference is a 

better option from the perspective of protecting the primary users. However, such a 

constraint has less flexibility for dynamically allocating transmit powers over different 

fading states compared to the average received-interference and consequently reduce the 

CUs’ capacity. Hence, a trade-off can be achieved by considering joint average and peak 

received-interference constraints.  

Considering a joint peak and average constraints can practically guarantee the QoS 

requirements of the primary users at any instant, and in addition to allowing the CUs to 

transmit at higher power when it is tolerable by the primary users. Authors in [36] 

derived the ergodic capacity of discreet-time fading channel with additive Gaussian 

noise subject to both peak and average received-power constraints. Musavian and Aissa 
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[56] proposed a CR system that the CUs can utilize the primary frequency band 

simultaneously with the primary users subject to non-violation of the peak and average 

received-power at the primary receiver. They derived the maximum capacity of the 

Rayleigh flat-fading channel by optimizing transmission power. They showed that even 

on a strict peak threshold constraint setting, the loss in capacity is not significant when a 

constraint on the peak received-power is applied on top of the average received-power 

constraint.  

IL-OSA and AB-OSA strategies are compared in [37] and [92]. Results in [92] 

indicate that in the presence of primary users, interference temperature constraint limits 

the network capacity in the AB-OSA strategy more than its IL-OSA capacity 

counterpart. Authors in [38] analyzed the achievable capacity of the CUs which employ 

OSA access strategy over a fading environment based on the primary users’ activity. In 

their proposed AB-OSA scheme, the fraction of time during which the CUs can utilize 

the primary frequency band is limited based on the activity of the primary users; 

whereas in IL-OSA the primary network activity reflects itself in the interference 

threshold level. They showed a higher capacity can be achieved by using the IL-OSA 

strategy when a high number of primary users utilize the licensed frequency band. They 

also showed that the activity of the primary users has a great impact on the CUs’ 

throughput, so less active primary network results in more achievable capacity for the 

CUs. 
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Chapter 3 

3. Power and Rate Optimization in 

Shared-Spectrum CDMA Networks  

3.1 Contributions 

At this point, the contributions of this chapter are highlighted. This chapter will develop: 

• A new adaptive transmission scheme in shared-spectrum CR networks. 

• Enhancement in the achieved gain in CUs’ throughputs, which is attained by 

using the CR technology, through jointly optimizing the rate and SNR-target of 

the reference CU. 

• A method for satisfying the primary network QoS by considering a limit on peak 

and average received-interference.   

• An optimal trade-off between CUs’ throughput and QoS of primary user by 

dynamically setting of the peak threshold according to the number of active users 

in the primary network. 

• A comparison between systems that use a non-optimal SNR-target and the 

system that uses the proposed joint optimization scheme. 

In parallel, under total channel inversion power adaptation policy, it derived: 

• A closed-form solution for the optimal SNR-target, using the matched-filter 

detector. 

• The optimal spreading factor for transmission, using the matched-filter detector. 
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• A maximum average spectral efficiency of the reference CU, for a case that its 

transmission power is limited by average received-interference. 

• A closed-form expression for the maximum average spectral efficiency of the 

reference CU, considering both peak and average received-interference 

constraints under Rayleigh fading conditions and for a case that Nakagami index 

is ݉ ൌ 2. 

• A closed-form expression for the maximum average spectral efficiency of the 

reference CU, for a case that the peak interference threshold is set dynamically 

based on the number of active users in the primary network. 

3.2 Introduction 

In this chapter, a novel technique is introduced for enhancing the efficient utilization of 

the bandwidth in shared-spectrum CDMA networks. The proposed CR network consists 

of two adjacent conventional DS-CDMA cells, where CUs exploit the primary licensed 

spectrum subject to not violating the average and the peak received-interference 

constraints imposed by the primary network. The proposed scheme exploits joint 

optimization of outer loop power control SNR-target and transmission rate control using 

variable spreading factors, towards enhancing average spectral efficiency of the 

cognitive network. The results are extended to the scenario that the maximum tolerable 

(peak) received-interference is set dynamically based upon the number of active primary 

users and cognitive users that exploit the primary frequency band.  

In this work, a novel adaptive resource allocation technique is integrated into the 

spectrum sharing problem in CDMA systems. The main goal is to maximize the average 

spectral efficiency of the CUs while minimizing the interference inflicted on the primary 

users. The proposed adaptive transmission technique provides the optimization of rate 

control jointly with closed loop power control.  Closed loop power control is carried out 

through outer-loop and inner-loop schemes, where the fast inner loop power control 

aims to reach the SNR-target which is set by the outer loop power control, in order to 
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preserve the objective communication quality set in the system design. For a given BER-

target, the optimum SNR-target of the reference CU is formulated as a function of the 

number of active primary and cognitive users. To achieve the SNR-target the 

transmission rate of the reference CU is adapted to channel conditions using variable 

spreading factors. These, in conjunction with transmit power adaptation in the inner loop 

of the CU, lead to a higher achievable spectral efficiency. Hence, the maximum average 

spectral efficiency is found subject to average received-interference limit caused by the 

activity of the reference CU at the receiver of the primary network. Subsequently, the 

performance of the proposed system subject to both average and peak received-

interference limits is analyzed.  

The performance of the proposed scheme is evaluated over Nakagami-݉ 

frequency-selective fading channels with conventional matched-filter detection, under 

total and truncated channel inversion policies, explained in the next section, in the inner 

loop. The Nakagami-݉ distribution spans a range of environments and often gives the 

best fit to land-mobile and indoor-mobile propagation environments [57]. As ݉, the 

Nakagami fading parameter rises, the severity of fading decreases. A novel aspect of this 

investigation is to analyze the case where the imposed peak-interference constraint is set 

as a function of the number of active primary and cognitive users that exploit the 

licensed frequency band.  

Considering such a scenario can make the proposed system more reliable by 

guarantying the QoS requirements of the primary users without the need for 

conservatively imposing low transmit power limits on the CUs. Moreover, by 

dynamically setting a peak received-interference temperature the following two factors 

can be ensured. First, the CUs are allowed to transmit at higher power and consequently 

achieve a higher average spectral efficiency when small number of active users exploits 

the licensed spectrum. Second, the use of the primary spectrum by CUs would be limited 

when a higher number of primary users communicates in the primary network to ensure 

that the interference, caused by operation of the CUs, does not exceed the threshold set 

by the primary network during the busy period.  
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It will be demonstrated in this chapter that by utilizing the licensed frequency band 

in a shared manner, higher average spectral efficiency can be achieved for the CUs 

without degrading the primary user’s performance. It is also shown that under typical 

conditions the proposed optimization technique improves the reference CU’s average 

spectral efficiency relative to a system that uses power and rate control but does not 

exploit outer loop SNR-targets, especially in low SNRs. 

The remainder of this chapter is organized as follows. Section 3.3 presents the 

system model. Section 3.4 provides the definition of spectral efficiency and the 

considered optimization problem. Section 3.5 analyzes the proposed joint optimization 

method under average received-interference constraint. The average spectral efficiency 

of the reference CU under joint peak and average received-interference constraints is 

derived in closed form in section 3.6. The effect of variable interference temperature on 

the average spectral efficiency of the CU is evaluated in section 3.7. Numerical results 

for the performance and the gain achieved through the proposed scheme is evaluated and 

depicted in section 3.8 and, finally, achievements of this chapter are summarized in 3.9.   

3.3 System Model 

Suppose ݊ሺݐሻ active CUs exploiting communication opportunities within a licensed 

primary band at time ݐ where, 1 ≤  ݊ሺݐሻ ≤  ݊௠௔௫ and ݊௠௔௫ is the maximum number of 

CUs allowed to make use of the primary spectrum at any given moment. Here the CUs 

term refers to the users that exploiting the frequency belong to the primary network and 

not all the users in the cognitive (secondary) network. It is also assumed that ݇ሺݐሻ, 1 ≤ 

 ݇ሺݐሻ ≤  ݇௠௔௫,  is the number of the primary mobile users at time ݐ where ݇௠௔௫ is the 

maximum number of primary users permitted to transmit data at any time.  ݇௠௔௫ in 

general is set by the network dynamically based on load control mechanisms. Both 

primary and cognitive users are transmitting data in the reverse link of the multiuser 

direct-sequence (DS-) CDMA cellular radio system. The aim is to maximize the average 

spectral efficiency of a reference CU and the rest of the cognitive and the primary users 



               Chapter 3. Power and Rate Optimization in Shared-Spectrum CDMA Networks 

 

43 

 

are treated as MAI. Binary phase shift keying (BPSK) modulation is used and the 

modulated data is transmitted to the cognitive network base station over a frequency-

selective fading channel.  

The signal of both primary and cognitive users is spread over a bandwidth ܤ by 

spreading factor ܰሺ݇ሺݐሻ, ݊ሺݐሻ; ௕ܲሻ, where ௕ܲ  indicates the target bit error probability for 

both primary and cognitive users. Let ݃ሺ௖೔௣ሻೕሺݐሻ and ݃ሺ௖೔௖ሻೕሺݐሻ denote the frequency-

selective channel gain between the cognitive transmitter ݅ and the primary receiver and 

the one between the cognitive transmitter ݅ and the cognitive receiver at time ݐ 

respectively, where ݆ ൌ 1, . . ,  ௣ is the number of paths. The knowledge ofܮ ௣ andܮ

݃ሺ௖೔௣ሻೕ
ሺݐሻ and ݃ሺ௖೔ሻೕ

ሺݐሻ is assumed to be available at the cognitive transmitter and 

receiver. The information about ݃ሺ௖೔௣ሻೕ
ሺݐሻ and ݃ሺ௖೔௖ሻೕ

ሺݐሻ can be made available by a 

band manager that mediates between the primary and cognitive users [6], [64], or can be 

directly fed back from the primary’s receiver to the CUs as introduced in [33], which 

provides an opportunity for the primary and cognitive users to collaborate and exchange 

the channel state information (CSI). In this work, average spectral efficiency of the 

reference CU in the presence of ݇ primary users and ݊ CUs is investigated. Therefore, 

the channel gain between the reference CU and the primary receiver is denoted as 

݃ሺ௖௣ሻೕሺݐሻ and the channel gain between the reference CU transmitter and the cognitive 

receiver is signified by ݃ሺ௖ሻೕ
ሺݐሻ. 

Throughout the transmission zero-mean additive white Gaussian noise (AWGN), 

෤݊ሺtሻ, with a two-sided power spectral density of ଴ܰ 2⁄ , is added to the signal. Hence, 

using Nyquist data pulses, 

ܤ ൌ  
1

௖ܶ௛௜௣
 ,   

ሺ3.3.1ሻ 

where  
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௖ܶ௛௜௣ ൌ ௕ܶ

ܰሺ݇ሺݐሻ, ݊ሺݐሻ; ௕ܲሻ , 

ሺ3.3.2ሻ 

is the chip duration, and ௕ܶ is the bit duration. Given the transmit power of the ݅-th CU 

is set to ܵҧ௜, the instantaneous received SNR of the ݅-th CU at the output of the maximal 

ratio combining (MRC) combiner of the cognitive receiver can be written as [27]  

௖೔ߛ
ሺݐሻ ൌ

ܵҧ௜  ∑ ቚ݃ሺ௖೔ሻೕ
ሺݐሻ ቚ

ଶ௅೛
௝ୀଵ   

଴ܰܤ
 . 

ሺ3.3.3ሻ 
Near-far effect has a considerable impact on CDMA systems, and is commonly 

controlled by applying dynamic power adjustment schemes so that all users have the 

same received SNR at the base station. Subsequently, it is assumed that the centralized 

power control scheme is used in both primary and cognitive networks, hence the 

subscript ݅ is removed and the average spectral efficiency of the reference CU is derived. 

Also, the total channel power gain between the cognitive transmitters at the output of the 

MRC combiner of the primary receiver is set by  

ห݃௖௣ሺݐሻหଶ ൌ ෍ ቚ݃௖௣ೕ
ሺݐሻቚ

ଶ
.

௅೛

௝ୀଵ

   

ሺ3.3.4ሻ 

Fig. 3.1 shows the schematic diagram of the considered CR system. For brevity 

and also because  ߛ௖ሺݐሻ and ݃௖௣ሺݐሻ are assumed to be stationary processes, the notion of 

time ݐ is omitted in the rest of this chapter. With the aim of maximizing the average 

spectral efficiency, the SNR-target, ߪሺ݇, ݊; ௕ܲሻ, is set in the outer loop based on the 

number of active primary and cognitive users for a given target probability of bit error 

rate, ௕ܲ. The appropriate spreading factor is chosen and the transmit power of the 

reference CU is adapted to the received SNR at the cognitive receiver, ߛ௖, in order to 

attain the SNR-target, ߪሺ݇, ݊; ௕ܲሻ. In the remainder of this work the SNR-target, 
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transmission power, variable spreading factor and average spectral efficiency are all 

calculated for the reference CU. 

 

Figure 3.1: System model  

 

Throughout this chapter, both total and truncated channel inversion policies are 

examined. According to the total channel inversion policy [22] 

 

 
ܵሺߛ௖, ݇, ݊ሻ

ܵҧ 
ൌ

,ሺ݇ߪ ݊; ௕ܲሻ
௖ߛ 

, 

ሺ3.3.5ሻ 
where ܵሺߛ௖, ݇, ݊ሻ denotes the transmit power of the reference CU. In the truncated 

channel inversion, transmission is stopped when the channel condition forces the SNR 

below a given threshold, ߛ௖ି்௛. 

ܵሺߛ௖, ݇, ݊ሻ
ܵҧ 

ൌ ቐ
,ሺ݇ߪ ݊; ௕ܲሻ

௖ߛ 
௖ߛ        ൐ ௖ି்௛ߛ

௖ߛ                         0 ൑ .௖ି்௛ߛ
   

ሺ3.3.6ሻ 
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3.4 Spectral Efficiency and Optimization Problem 

Definition  

As mentioned in the previous section, the intention is to show that the proposed scheme 

can improve the average spectral efficiency of the reference CU subject to average and 

peak received-interference. Assuming  ݃௖௣ ,  ௖, ݇ and ݊ are independent randomߛ

variables at each instant and their probability density functions are denoted as 

݂ீ ൫݃௖௣൯,  Γ݂ሺߛ௖ሻ, ݄ሺ݇ሻ and ݎሺ݊ሻ, respectively. Moreover, let ܧ௫,௬ሾ. ሿ denotes expectation 

with respect to ݔ and y.  

Evoking ܰሺ݇, ݊; ௕ܲሻ represents the number of chips per bit, the average spectral 

efficiency of the reference CU, i.e. data rate, ܴ, per unit bandwidth, ܤ, is defined as: 

ܴ
ܤ ൌ ௖ܰ௛௜௣

ܤ ௞,௡ܧ ൤
1

ܰሺ݇, ݊; ௕ܲሻ൨,         ܾ݅ݏݐ ݏ ⁄⁄,ݖܪ  

ሺ3.4.1ሻ 

where ௖ܰ௛௜௣ is the number of chips per unit time.  

Hence, since ݇ and ݊ are practically independent random variables, it can be assumed 

that ௑ܲ,௒ሺݔ, ሻݕ ൌ ௑ܲሺݔሻ ௒ܲሺݕሻ. Therefore, the average spectral efficiency can be 

expressed as: 

ܴ
ܤ

ൌ ௖ܰ௛௜௣

ܤ ෍ ෍
1

ܰሺ݇, ݊; ௕ܲሻ

 ௞೘ೌೣ

௞ୀଵ

ሺ݊ሻ݄ሺ݇ሻݎ
௡೘ೌೣ

௡ୀଵ

ݏݐܾ݅        , ݏ ⁄⁄ݖܪ . 

ሺ3.4.2ሻ 

The constraint in relation to the average received-interference caused by the 

activity of the reference CU on the primary receiver can be written as 

෍ ෍ න ห݃௖௣หଶ ܵሺߛ௖, ݇, ݊ሻݎሺ݊ሻ݄ሺ݇ሻ݂ீ ൫݃௖௣൯ Γ݂ሺߛ௖ሻ
∞

௚೎೛,ఊ೎

 ௞೘ೌೣ

௞ୀଵ

 ௡೘ೌೣ

௡ୀଵ

݀݃௖௣ ݀ߛ௖ ൑  ܳୟ୴୥, 

ሺ3.4.3ሻ 

where ܳୟ୴୥ is the acceptable average interference at the receiver of  the primary users.  
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Using the channel inversion policy expressed in (3.3.5), the maximum of the 

following objective function can be found as: 

max
.ሺߪ , . ሻ                             

ܴ
ܤ ൌ ௖ܰ௛௜௣

ܤ ෍ ෍
1

ܰሺ݇, ݊; ௕ܲሻ

 ௞೘ೌೣ

௞ୀଵ

,ሺ݊ሻ݄ሺ݇ሻݎ
௡೘ೌೣ

௡ୀଵ

 

ሺ3.4.4ሻ 

subject to: 

෍ ෍ න ห݃௖௣หଶ  
,ሺ݇ߪ ݊; ௕ܲሻ

௖ߛ
ሺ݊ሻ݄ሺ݇ሻ݂ீݎ ൫݃௖௣൯ Γ݂ሺߛ௖ሻ݀ߛ௖݀݃௖௣ ൑

ܳୟ୴୥

ܵҧ 
.

∞

௚೎೛,ఊ೎

 ௞೘ೌೣ

௞ୀଵ

 ௡೘ೌೣ

௡ୀଵ

 

ሺ3.4.5ሻ 

The Lagrangian optimization method is used to derive the optimum SNR-target. The 

following equation shows the corresponding Lagrangian function: 

.ሺߪሺܮ , . ሻ, ߮ሻ ൌ ௖ܰ௛௜௣

ܤ ෍ ෍
1

ܰሺ݇, ݊; ௕ܲሻ

 ௞೘ೌೣ

௞ୀଵ

ሺ݊ሻ݄ሺ݇ሻݎ
௡೘ೌೣ

௡ୀଵ

 

൅߮ ෍ ෍ න ห݃௖௣หଶ  
,ሺ݇ߪ ݊; ௕ܲሻ

௖ߛ 
ሺ݊ሻ݄ሺ݇ሻ݂ீݎ ൫݃௖௣൯ Γ݂ሺߛ௖ሻ݀ߛ௖݀݃௖௣ െ

ܳୟ୴୥

ܵҧ 
 ,

∞

௚೎೛,ఊೞ

 ௞೘ೌೣ

௞ୀଵ

 ௡೘ೌೣ

௡ୀଵ

 

ሺ3.4.6ሻ 

where ߮ represent the Lagrangian multiplier. 

In the following section the optimum SNR-target and the maximum average spectral 

efficiency of the reference CU are derived for a case that the reference CU transmission 

is limited by average received-interference constraint. 
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3.5 Optimal SNR-target Under Average Received-

Interference Constraint 

Under multipath fading, the SNR at the output of the cognitive receiver’s matched-filter 

detector can be approximated as [15,67]: 

  ܴܵܰ ൌ ቊ
,௣ܮ൫ݍ ൯ߜ െ 1
2ܰሺ݇, ݊; ௕ܲሻ ൅

ሺ݇ ൅ ݊ሻݍ൫ܮ௣, ൯ߜ
3ܰሺ݇, ݊; ௕ܲሻ ൅ ଴ܰ

ቋߗ௕ܧ2
ିଵ

, 

ሺ3.5.1ሻ 

where ܧ௕ represents the bit energy of the reference CU and ߗ is the path strength. 

Parameter ݍ൫ܮ௣,  ൯ in (3.5.1) is a function of the total number of paths received from theߜ

reference user, ܮ௣, and the rate of exponential decay of multipath intensity profile (MIP), 

denoted by [15] ߜ. With proper scaling of the average transmit power of the reference 

CU in (3.4.3), it can be assumed that ߗ ൌ 1. Given that the adaptive noise is zero-mean 

Gaussian process it can be shown that approximately ܴܧܤ ൌ  ܳ൫√ܴܵܰ ൯, where 

ܳ ሺߚሻ ଵ
√ଶగ ׬ ݁ି௨మ ଶ⁄ఉ

଴ ଴ܰ ߗ௕ܧ ,Hence, in the adaptive transmission case .[66] ݑ݀ 2⁄⁄  may 

be replaced by the outer loop optimum SNR-target, ߪሺ݇, ݊; ௕ܲሻ, which in this section is 

set and adjusted based on the number of active primary and cognitive users. For this 

system the probability of instantaneous bit error rate as a function of the spreading factor 

can be determined by the following equation 

ܴܧܤ ൌ ܳ ൮ඨቊ
,݌ܮ൫ݍ ൯ߜ െ 1
2ܰሺ݇, ݊; ܾܲሻ ൅

ሺ݇ ൅ ݊ሻݍ൫݌ܮ, ൯ߜ
3ܰሺ݇, ݊; ܾܲሻ ൅ 1

,ሺ݇ߪ ݊; ܾܲሻቋ
െ1

൲. 

ሺ3.5.2ሻ 

Using the ܴܧܤ expression in (3.5.2), the approximation ܳሺݔሻ ൑ 0.5݁ି௫మ ଶ⁄  [82], and 

considering that the worst case scenario of ܴܧܤ is when it takes the maximum value of 

the target probability of bit error, ௕ܲ ൌ  the deduction is ,ܴܧܤ
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௕ܲ ൌ
1
2

 ൈ  exp ൝െ
1
2 ቈ

,௣ܮ൫ݍ ൯ߜ െ 1
2ܰሺ݇, ݊; ௕ܲሻ ൅

ሺ݇ ൅ ݊ሻݍ൫ܮ௣, ൯ߜ
3ܰሺ݇, ݊; ௕ܲሻ ൅

1
,ሺ݇ߪ ݊; ௕ܲሻ቉

ିଵ

ൡ. 

ሺ3.5.3ሻ 

Hence, the spreading factor for a matched-filter-based receiver is derived as:  

ܰሺ݇, ݊; ௕ܲሻ ൌ
െ ln 2 ௕ܲߪሺ݇, ݊; ௕ܲሻ ,ሺ݇ߔ ݊ሻ

6ln 2 ௕ܲ ൅ ,ሺ݇ߪ3 ݊; ௕ܲሻ  ,    

ሺ3.5.4ሻ 

where  

,ሺ݇ߔ ݊ሻ ൌ ൣ3൫ݍ൫ܮ௣, ൯ߜ െ 1൯ ൅ 2ሺ݇ ൅ ݊ሻݍ൫ܮ௣,  .൯൧ߜ

ሺ3.5.5ሻ 

By replacing (3.5.4) into (3.4.6), the Lagrangian equation can be written as  

.ሺߪሺܮ , . ሻ, ߮ሻ ൌ ௖ܰ௛௜௣

ܤ ෍ ෍
6ln 2 ௕ܲ ൅ ,ሺ݇ߪ3 ݊; ௕ܲሻ

െ ln 2 ௕ܲߪሺ݇, ݊; ௕ܲሻ ,ሺ݇ߔ ݊ሻ

 ௞೘ೌೣ

௞ୀଵ

ሺ݊ሻ݄ሺ݇ሻݎ
௡೘ೌೣ

௡ୀଵ

 

൅߮ ෍ ෍ න ห݃௖௣หଶ  
,ሺ݇ߪ ݊; ௕ܲሻ

௖ߛ 
ሺ݊ሻ݄ሺ݇ሻ݂ீݎ ൫݃௖௣൯ Γ݂ሺߛ௖ሻ݀ߛ௖݀݃௖௣ െ

ܳୟ୴୥

ܵҧ 
 .

∞

௚೎೛,ఊ೎

 ௞೘ೌೣ

௞ୀଵ

 ௡೘ೌೣ

௡ୀଵ

 

ሺ3.5.6ሻ 

The concavity condition of the above Lagrangian equation is proved in Appendix A. 

Taking derivative of ܮሺߪሺ. , . ሻ, ߮ሻ with respect to ߪሺ݇, ݊; ௕ܲሻ and setting the result equal 

to zero, the optimal outer loop SNR-target of the reference CU for the matched filter 

detector can be derived as 

,ሺ݇ߪ ݊; ௕ܲሻ ൌ ඨ
െ6 ௖ܰ௛௜௣

,ሺ݇ߔܤ ݊ሻ߮ܧሾ1 ⁄௖ߛ  ሿܧ ቂห݃௖௣หଶቃ
. 

ሺ3.5.7ሻ 
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The above equation shows the optimal SNR-target as a function of the number of active 

primary and cognitive users, ݇ and ݊, respectively, where ߮ depends on the distribution 

of ݇ and ݊, ݄ሺ݇ሻ and ݎሺ݊ሻ, respectively. In cellular systems the number of active user in 

the cell is typically modelled by a Poisson random variable. Therefore, the pdf of ݇ and 

݊ are respectively given by 

݄ሺ݇ሻ ൌ ݁ିఒ೛ µ೛ൗ ቀߣ௣ µ௣ൗ ቁ
௞

݇! , 

 ሺ3.5.8ሻ 

and 

ሺ݊ሻݎ  ൌ ݁ିఒ೎ µ೎⁄ ൫ߣ௖ µ௖⁄ ൯௡

݊! ,  

ሺ3.5.9ሻ 

where ߣ௣, is the rate of arrival of primary mobile users, ߣ௖ is CUs’ arrival rate, 1  µ௣ൗ , is 

the average service time for primary users and 1  µ௖⁄  is CUs’ average service time [10, 

86]. Replacing (3.5.7), (3.5.8) and (3.5.9) into the average received-interference 

constraint in (3.4.5), the following inequality is found: 

෍ ෍ න ห݃௖௣หଶ  
1

௖ߛ 
ඨ

െ6 ௖ܰ௛௜௣

,ሺ݇ߔܤ ݊ሻ߮ܧሾ1 ⁄௖ߛ  ሿܧ ቂห݃௖௣หଶቃ
 

∞

௚೎೛,ఊ೎

 ௞೘ೌೣ

௞ୀଵ

 ௡೘ೌೣ

௡ୀଵ

ൈ ሺ݊ሻ݄ሺ݇ሻ݂ீݎ ൫݃௖௣൯ Γ݂ሺߛ௖ሻ݀ߛ௖݀݃௖௣ ൏
ܳୟ୴୥

ܵҧ 
.

 

ሺ3.5.10ሻ 

Using the active constraint from (3.5.10), and the Kuhn-Tucker constraint qualification 

[83], the optimum value of the Lagrangian multiplier, ߮ is obtained as 

߮ ൌ
െ6 ௖ܰ௛௜௣ሺܵҧ ሻଶ

ୟ୴୥ܳܤ
ଶ ଶ݁ିଶቀఒ೛ߞ µ೛ൗ ାఒ೎ µ೎⁄ ቁܧሾ1 ⁄௖ߛ  ሿܧ ቂห݃௖௣หଶቃ, 

ሺ3.5.11ሻ 
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where  

ߞ ൌ ෍ ෍
1

ඥߔሺ݇, ݊ሻ

௞೘ೌೣ

௞ୀଵ

௡೘ೌೣ

௡ୀଵ

ቀߣ௣ µ௣ൗ ቁ
௞

݇!
൫ߣ௖ µ௖⁄ ൯௡

݊!
 . 

ሺ3.5.12ሻ 

Subsequently, by replacing (3.5.4) into (3.4.2) and replacing the spreading factor with its 

optimal value (a function of number of active primary and cognitive users and BER-

target), the average spectral efficiency can be computed as 

ܴ
ܤ

ൌ
െ3 ௖ܰ௛௜௣

ܤ
 ݁ିቀఒ೛ µ೛ൗ ାఒ೎ µ೎⁄ ቁ ቌ

ߖ
ln 2 ௕ܲ

൅
ሾ1ܧଶܵҧߞ2 ⁄௖ߛ ሿܧ ቂห݃௖௣หଶ

ቃ
ܳୟ୴୥

݁ିቀఒ೛ µ೛ൗ ାఒ೎ µ೎⁄ ቁቍ, 

ሺ3.5.13ሻ 

where 

ߖ ൌ ෍ ෍
1

,ሺ݇ߔ ݊ሻ

௞೘ೌೣ

௞ୀଵ

௡೘ೌೣ

௡ୀଵ

ቀߣ௣ µ௣ൗ ቁ
௞

݇!
൫ߣ௖ µ௖⁄ ൯௡

݊! . 

ሺ3.5.14ሻ 

Equation (3.5.14) presents the reference CU average spectral efficiency when the total 

channel inversion policy is used, i.e. (3.3.5). For the case that truncated channel 

inversion (݅ܿݐ) policy is practiced, i.e. (3.3.6), the average spectral efficiency of the 

reference CU, can be evaluated as 

൬
ܴ
൰ܤ

௧௖௜

ൌ
െ3 ௖ܰ௛௜௣

ܤ ௖ߛሺ݌  ൐ ௖ି்௛ሻ݁ିቀఒ೛ߛ µ೛ൗ ାఒ೎ µ೎⁄ ቁ 

ൈ ቌ
ߖ

ln 2 ௕ܲ
൅

ሾ1ܧ2 ⁄௖ߛ  ሿఊ೎ష೅೓ܧ ቂห݃௖௣หଶቃ ଶܵҧߞ

ܳୟ୴୥
݁ିቀఒ೛ µ೛ൗ ାఒ೎ µ೎⁄ ቁቍ, 

ሺ3.5.15ሻ 

where 



               Chapter 3. Power and Rate Optimization in Shared-Spectrum CDMA Networks 

 

52 

 

ሾ1ܧ ⁄௖ߛ  ሿఊ೎ష೅೓ ൌ න
1
௖ߛ
1

ஶ

ఊ೎ష೅೓
Γ݂ሺߛ௖ሻ ݀ߛ௖, 

ሺ3.5.16ሻ 

and ݌ሺ ߛ௖ ൐  ௖ି்௛ሻ specifies the probability that the SNR is more than the thresholdߛ 

value,  ߛ௖ି்௛. Therefore, ݌ሺ ߛ௖ ൐  ௖ି்௛ሻ indicates the channel conditions under whichߛ 

transmission can be performed and the reference CU can operate. For truncated channel 

inversion, the SNR-target is determined by 

௢௣௧ߪ
௧௖௜ ሺ݇, ݊; ௕ܲሻ ൌ ඨ

െ6 ௖ܰ௛௜௣

,ሺ݇ߔܤ ݊ሻ߮௧௖௜ ܧሾ1 ⁄௖ߛ  ሿఊ೎ష೅೓ܧ ቂห݃௖௣หଶቃ
, 

 ሺ3.5.17ሻ 

where 

߮௧௖௜ ൌ
െ6 ௖ܰ௛௜௣ሺܵҧ ሻଶ ܧሾ1 ⁄௖ߛ  ሿఊ೎ష೅೓ܧ ቂห݃௖௣หଶቃ ݁ିଶቀఒ೛ µ೛ൗ ାఒ೎ µ೎⁄ ቁߞଶ

ୟ୴୥ܳܤ
ଶ . 

ሺ3.5.18ሻ 

3.6 Peak and Average Received-Interference   

This section investigates the maximum achievable average spectral efficiency of the 

reference CU under joint peak and average received-interference constraints at the 

receiver of the primary network. Similar to the scenario in Section 3.4, operation of the 

primary receiver necessitates that the average interference originated from the reference 

CU be kept below a pre-set limit. Also at the same time, the peak received-interference 

by the primary receiver should be limited as it does not tolerate interference higher than 

a certain threshold at any time during the transmission of the reference CU. The 

motivation of this analysis comes from the fact that there is also a peak interference 

limitation in practical communication systems, so that the primary users’ QoS 

requirements are always guaranteed at any given time. Therefore, to avoid reducing the 
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performance of the primary users at any instant, the peak received-interference imposed 

on the primary receivers as a result of the transmission performed by the reference CU is 

also limited.  

Therefore, in this section, by using the same joint optimization technique as in 

section 3.5, the maximum average spectral efficiency of the reference CU subject to pre-

defined limits on both average and peak received-interferences is assessed. Hence, 

denoting the average and peak received-interference values by ܳୟ୴୥ and ܳ୮ୣୟ୩, 

respectively, the optimization problem can be written as:  

max
.ሺߪ , . ሻ            

ܴ
ܤ ൌ ௖ܰ௛௜௣

ܤ ෍ ෍
1

ܰሺ݇, ݊; ௕ܲሻ

 ௞೘ೌೣ

௞ୀଵ

ሺ݊ሻ݄ሺ݇ሻݎ
௡೘ೌೣ

௡ୀଵ

, 

ሺ3.6.1ሻ 

subject to: 

෍ ෍ න ห݃௖௣หଶ ܵሺߛ௖, ݇, ݊ሻݎሺ݊ሻ݄ሺ݇ሻ݂ீ ൫݃௖௣൯ ୻݂ሺߛ௖ሻ݀ߛ௖݀݃௖௣ ൏
ܳୟ୴୥

ܵҧ 
,

ஶ

௚೎೛,ఊ೎

 ௞೘ೌೣ

௞ୀଵ

 ௡೘ೌೣ

௡ୀଵ

 

ሺ3.6.2ሻ 

and 

 ห݃௖௣หଶ ܵሺߛ௖, ݇, ݊ሻ ൑  Q୮ୣୟ୩. 

ሺ3.6.3ሻ 

By using the same approach as in section 3.5, the above convex optimization 

problem is solved using Lagrangian method. The respective optimum SNR-target is 

calculated as 
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,ሺ݇ߪ ݊; ௕ܲሻ ൌ

ە
ۖ
ۖ
۔

ۖ
ۖ
ۓ

ඨ
െ6 ௖ܰ௛௜௣

,ሺ݇ߔܤ ݊ሻ߮ܧሾ1 ⁄௖ߛ  ሿܧ ቂห݃௖௣หଶቃ
      

ห݃௖௣หଶ

 ௖ߛ
൒  

ܳ௣௘௔௞

 ܵҧ ,

1
1

   
௖ܳ௣௘௔௞ߛ

 ห݃௖௣หଶܵҧ
                                             

ห݃௖௣หଶ

 ௖ߛ
൑  

ܳ௣௘௔௞

 ܵҧ .

 

ሺ3.6.4ሻ 

As can be seen from (3.6.4), the reference CU benefits from the weak link between its 

transmitter and the receiver of primary network and transmit at higher rate. However this 

transmission is limited by ൫ߛ௖ܳ௣௘௔௞൯ ቀห݃௖௣หଶܵҧቁൗ  to satisfy the peak received-interference 

constraint set by the primary network.  

A practical fading model in wireless communications is Nakagami distribution 

which better fits a wide range of empirical data by adjusting a single fading parameter, 

݉. In this case, ߛ௖ is Gamma-distributed [57]: 

௖ሻߛ୻ሺ݌ ൌ
1

Γሺmሻ ൬
݉

௖ሿ൰ߛሾܧ
௠

௖ߛ
ሺ௠ିଵሻ݁

ି௠ఊ೎
ாሾఊ೎ሿ ௖ߛ     ൒ 0, 

ሺ3.6.5ሻ 

where Γሺαሻ is the Gamma function, given as  Γሺαሻ ൌ ׬ ,ݐ஑ିଵ݁ି௧݀ݐ α ൐ 0ஶ
଴ . Evoking 

that ห݃௖௣หଶ
 is the channel power gain between the cognitive transmitter and the receiver 

of the primary network, (interference channel), the Interference power-to-Noise-Ratio 

(INR) can be defined as  

௖௣ߛ ൌ
ܵҧ ห݃௖௣ หଶ  

଴ܰܤ . 

ሺ3.6.6ሻ 

Both ߛ௖௣ and ห݃௖௣ หଶ
 are Gamma-distributed and the distribution of ߛ௖௣ is given by 
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௖௣൯ߛ୻൫݌ ൌ
1

Γሺmሻ ቆ
݉

௖௣൧ߛൣܧ
ቇ

௠

௖௣ߛ
ሺ௠ିଵሻ݁

ି௠ఊ೎೛
ாൣఊ೎೛൧ ௖௣ߛ     ൒ 0. 

ሺ3.6.7ሻ 

Now, let ݒ denotes a random variable, where ݒ ൌ ห௚೎೛หమ

ఊ೎ 
. Then, by recalling that the 

distribution of the ratio between two Gamma distributed random variables with 

parameters ߙଵ and ߙଶ is a Beta prime distribution with parameters ߙଵ and ߙଶ  [56],[18], 

the distribution of the random variable ݒ for a case that both channels, ݃௖ and ݃௖௣, have 

the same Nakagami fading parameter, ݉  can be found as 

௏݂ሺݒሻ ൌ
௠ିଵݒ

,ሺ݉ߚ ݉ሻሺݒ ൅ 1ሻଶ௠ 

ሺ3.6.8ሻ 

where ߚሺߙଵ,  ଶሻ is the beta function defined asߙ

,ଵߙሺߚ ଶሻߙ ൌ
ΓሺߙଵሻΓሺߙଶሻ
Γሺߙଵ ൅ ଶሻߙ  

ሺ3.6.9ሻ 

Hence, the total average spectral efficiency of the reference CU from (3.6.4) and (3.6.8) 

can be calculated as:  

ܴ
ܤ ൌ න ൬

ܴ
 ൰ܤ

ொ೛೐ೌೖ
 ௌҧ

଴

௠ିଵݒ

,ሺ݉ߚ ݉ሻሺݒ ൅ 1ሻଶ௠ ݒ݀ ൅ න ൬
ܴ
 ൰ܤ

ஶ

ொ೛೐ೌೖ
 ௌҧ

௠ିଵݒ

,ሺ݉ߚ ݉ሻሺݒ ൅ 1ሻଶ௠  .ݒ݀

ሺ3.6.10ሻ 

For general  ݉, there is not a simple closed-form expression for average spectral 

efficiency, hence should be calculated numerically. However, for  ݉ ൌ 1, Rayleigh 

fading, and for ݉ ൌ 2, exact closed form expressions can be obtained for the average 

spectral efficiency. By inserting the optimal value of ߪሺ݇, ݊; ௕ܲሻ in (3.6.10) closed form 
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expressions can be found for the average spectral efficiency of the reference CU when 

joint optimization of rate control and outer loop power control technique is used under 

peak and average received-interference constraints and under Rayleigh fading channel 

conditions, as: 

ܴ
ܤ ൌ

߸ሿܵҧݒሾܧଶߞ2
߯ܳୟ୴୥

 ݁ି൫ఒ೛ ஜ೛⁄ ାఒ೎ ஜ೎⁄ ൯ ൅
߸ߖ

ln 2 ௕ܲ
 

൅
2ܵҧߖ߸
ܳ௣௘௔௞

 ൬lnሺ߯ሻ ൅ ൬
1
߯൰ െ 1൰, 

ሺ3.6.11ሻ 

where  

߸ ൌ
െ3 ௖ܰ௛௜௣

ܤ ݁ି൫ఒ೛ ஜ೛⁄ ାఒ೎ ஜ೎⁄ ൯ , 

ሺ3.6.12ሻ 

and  

߯ ൌ ൬
ܳ௣௘௔௞

 ܵҧ ൅ 1൰. 

ሺ3.6.13ሻ 

Also for a case that ݉ ൌ 2, after some manipulation the following closed form 

expression can be found for (3.6.10) 

ܴ
ܤ

ൌ
߸ߖ6
ln 2 ௕ܲ

െ
߸ሿܵҧݒሾܧଶߞ12

߯ଶܳୟ୴୥
݁ି൫ఒ೛ ஜ೛⁄ ାఒ೎ ஜ೎⁄ ൯ ൬

2 െ 3߯
6߯

൰

൅
12ܵҧߖ߸
ܳ௣௘௔௞

൤
1
߯ ൬െ1 ൅

1
߯ െ

1
3ሺ߯ሻଶ൰ ൅ 1

3ൗ ൨. 

ሺ3.6.14ሻ 
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3.7 Variable Interference Temperature  

In this section the aim is to derive an expression for the spectral efficiency of the 

reference CU where the acceptable value of the CUs’ peak interference on the primary 

receiver is set dynamically as a function of the number of active users using the primary 

frequency spectrum:  

 ܳ௣௘௔௞ ൌ ܳ௣௘௔௞ሺ݇, ݊ሻ.  

ሺ3.7.1ሻ 

This assumption has a simple practical explanation. Since all the primary and cognitive 

users exploit the same spectral bandwidth, they interfere with each other. This intra-

interference should be taken into account in setting of the acceptable peak interference 

on the licensed users. In static setting of the threshold two contradictory requirements 

should be considered. The first is to guarantee the SNR quality of the primary users as 

the licensed users, and the second is to maximize the throughput of the CUs. The former 

implies a very low peak interference temperature, i.e. setting the threshold 

conservatively, whereas the latter requires a high value of peak interference threshold, 

which can result in violation of QoS requirements of the licensed users at some instance 

of time.  

A trade-off can be achieved by dynamically adapting the peak interference 

temperature to the number of all active users (primary plus cognitive) that exploit 

primary frequency band in such a way that the maximum possible throughput is 

provided to the CUs, whilst the quality of the primary users is guaranteed. Hence, the 

peak interference threshold should decrease with an increase in the number of active 

users in the primary network. From the CU’s point of view, the base-station and radio 

network controller (RNC) routinely react to the number of active users in the primary 

network by changing the value of the peak interference limit. Consequently, the 

cognitive base-station sends commands to lower the transmission power as the licensed 

service gets more saturated. In other words, by listening to the power control commands, 
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the reference CU is able to adjust its transmission power such that less interference is 

imposed on the primary users when the number of active users in the primary network 

increases.  

Although allowing less transmit power to the CUs would not be desirable from 

the CU’s perspective, but as it will be shown in the numerical results, the QoS of 

primary users will be guaranteed whilst the CUs’ throughput is increased compared to 

static conservative threshold-setting. The respective optimization problem can be 

presented as follows                                                                                                                                     

max
.ሺߪ , . ሻ          

ܴ
ܤ

ൌ ௖ܰ௛௜௣

ܰሺ݇, ݊; ௕ܲሻܤ
, 

ሺ3.7.2ሻ 

subject to: 

න ݃௖௣  
,ሺ݇ߪ ݊; ௕ܲሻ

௖ߛ 
݂ீ ൫݃௖௣൯ ୻݂ሺߛ௖ሻ݀݃௖௣ ݀ߛ௖

ஶ

௚೎೛,ఊೞ

൑  
ܳ௔௩௚

ܵҧ 
, 

ሺ3.7.3ሻ 

and  

ห݃௖௣หଶ  
,ሺ݇ߪ ݊; ௕ܲሻ

௖ߛ 
൑  

ܳ௣௘௔௞ሺ݇, ݊ሻ
ܵҧ 

. 

ሺ3.7.4ሻ 

Using Lagrangian optimization method, the maximum spectral efficiency of the 

reference CU is found as a function of the number of active users in the primary 

network. The corresponding maximum throughput under Nakagami fading conditions 

with ݉ ൌ 2, can be obtained as: 
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ܴ
ܤ

ሺ݇, ݊ሻ ൌ
߸ߖ6
ln 2 ௕ܲ

െ
12߸ܵҧܧሾݒሿߞଶ

ܳୟ୴୥
݁ି൫ఒ೛ ஜ೛⁄ ାఒ೎ ஜ೎⁄ ൯ ൬

2 െ 3߯
6߯ ൰

െ
12ܵҧߖ߸

ܳ௣௘௔௞ሺ݇, ݊ሻ ൤
1
߯ ൬െ1 ൅

1
߯ െ

1
3ሺ߯ሻଶ൰ െ 1

3ൗ ൨, 

 ሺ3.7.5ሻ 

where  

߯ ൌ ቆ
ܳ௣௘௔௞ሺ݇, ݊ሻ

 ܵҧ ൅ 1ቇ. 

ሺ3.7.6ሻ 

3.8 Performance Results 

This section numerically illustrates the performance of the shared-spectrum joint-

optimization method and examines its advantages and limitations compared to the 

variable spreading factor system which does not make use of the optimum out loop 

SNR-target. Both flat fading (ܮ௣ ൌ 1) and multipath fading ሺܮ௣ ൒ 1ሻ conditions are 

examined in this section. The system that does not exploit SNR-target in the outer loop 

would not select the best spreading factor in terms of average spectral efficiency 

maximization and hereafter referred to as non-optimized system. Hence, it is assumed in 

the non-optimized system the SNR-target is kept constant and is equal 

to ܵҧ ቀܳୟ୴୥ܧ ቂห݃௖௣หଶ
ቃ ሾ1ܧ ⁄௖ߛ ሿቁൗ . A continues-rate spreading factor adaptation has been 

considered. Therefore, results serve as upper bounds for the achievable throughput of 

CUs. In the numerical results, maximum number of the primary users is set to ݇௠௔௫ ൌ

70, maximum number of the CUs seeking the opportunity to exploit the primary 

frequency band is set to ݊௠௔௫ ൌ 15, channel bandwidth is ܤ ൌ 5 MHz, and chip rate is 

௖ܰ௛௜௣ ൌ 3.84 Mcps. Also it is assumed that ܵҧ ൌ 0.25 Watt and ଴ܰ ൌ െ174 dBm/Hz. 

In the inner loop, transmit power is adapted to ߛ௖ through the total or truncated 

channel inversion policies. For the case of channel inversion policy and with ൒ 2 : 
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ሾ1ܧ ⁄௖ߛ  ሿ ൌ
݉

ሺ݉ െ 1ሻܧሾߛ௖ሿ . 

ሺ3.8.1ሻ 

Also when the truncated channel inversion policy is used in the inner loop, ܧሾ1 ⁄௖ߛ  ሿ is 

replaced with ܧሾ1 ⁄௖ߛ  ሿఊ೎ష೅೓ : 

ሾ1ܧ ⁄௖ߛ  ሿఊ೎ష೅೓ ൌ
݉Γ ൬m െ 1, ௖ି்௛ߛ݉

௖ሿߛሾܧ ൰

௖ሿሺ݉ߛሾܧ െ 1ሻ!  , 

ሺ3.8.2ሻ 

where Γሺα, ,ሻ is defined as Γሺαߚ ሻߚ ൌ ׬ ,ݐ஑ିଵ݁ି௧݀ݐ α ൐ 0ஶ
ఉ  [1]. 

Furthermore, when truncated channel inversion is in use, ݌ሺߛ௖ ൐  ௖ି்௛ሻ, is computed byߛ

௖ߛ ሺ݌ ൐ ௖ି்௛ሻߛ ൌ
߁݉ ൬݉,

ఊ೎ష೅೓ߛ݉
௖ሿߛሾܧ ൰

ሺ݉ െ 1ሻ!
,   

ሺ3.8.3ሻ 

which, for ݉ ൌ 1, is equal to  ݁ఊ೎ష೅೓  ாሾఊ೎ሿ⁄ . Therefore, the outage probability under 

Rayleigh fading is calculated by 

௖ߛሺ݌ ൐ ௖ି்௛ሻߛ ൌ 1 െ ݁ఊ೎ష೅೓ ாሾఊ೎ሿ⁄ . 

ሺ3.8.4ሻ 

In the proposed shared-spectrum system, the cognitive  (secondary) network is 

saturated and the QoS of its users may be reduced by offering service to the new users, 

so the cognitive base station seeks permission from the adjacent cell’s base station  

(primary network) to allow the CUs to exploit its frequency band during the busy time 

period. Therefore, the under-utilized part of the primary spectrum is shared with the 

cognitive network and utilized by the CUs.  
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Figure 3.2: Average spectral efficiency of the reference CU for various INR values, for 
different number of paths; ߣ௣ ൌ 0.50 , μ௣ ൌ 0.006, ௖ߣ  ൌ 0.12 ,  μ௖ ൌ 0.018, ݉ ൌ 2,

௕ܲ ൌ 10ିସ, ߜ ൌ 0, ܳୟ୴୥=10 ଴ܰܤ, ௖ሿߛሾܧ ൌ  .ܤ25݀

 
In Fig. 3.2 the impact of the INR on the maximum average spectral efficiency of 

the reference CU is studied, and the figure plots the average spectral efficiency versus 

 ௖௣൧ for different number of paths. The figure shows that, the average spectralߛൣܧ

efficiency decreases sharply by increasing the interference caused by the activity of the 

reference CU. The reason for such a severe decline is that the primary network limits the 

access of the reference CU to the primary resources by applying the constraint on the 

average received-interference caused by its operation. As illustrated by Fig. 3.2, the 

proposed optimization scheme provides a significant improvement in the average 

spectral efficiency, particularly in the higher average ߛൣܧ௖௣൧ region. The plausible 
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explanation for the attained enhancement is that in the proposed scheme the SNR-target 

is set to its optimal value according to the channel conditions by the outer loop power 

control. Then, for achieving such SNR-target the transmission rate of the reference CU 

is adapted to the channel condition by using the optimum variable spreading factor. On 

the other hand, the non-optimized system is using the non-optimal SNR-target that can 

result in a waste of system resources. In addition, increasing the number of paths lowers 

the achievable average spectral efficiency as larger variable spreading factors would be 

required. 

 
Figure 3.3: Average spectral efficiency of the reference CU for the different number of 
paths;  ߣ௣ ൌ 0.50,  μ௣ ൌ 0.006, ௖ߣ  ൌ 0.12 ,  μ௖ ൌ 0.018, ݉ ൌ 2, ௕ܲ ൌ 10ିସ, ߜ ൌ 0,
ܳୟ୴୥=10 ଴ܰܤ, ௖௣൧ߛൣܧ ൌ  .ܤ10݀
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Fig. 3.4 plots average spectral efficiency for various BER-targets, ௕ܲ, values when 

௣ܮ ൌ 2. Two points can be clearly observed. First is the improvement attained by using 

the joint-optimization scheme specifically for lower values of ܧሾߛ௖ሿ. The second is that 

using tighter values for BER-target will result in lower average spectral efficiency. This 

occurs because with higher BER-target values the outage condition is limited and thus 

the average transmission rate over all channel conditions improves. For instance, a 

nearly 59% rise in bits/s/Hz is attainable at  ܧሾߛ௖ሿ ൌ  by changing the target BER ܤ30݀

from 10ିଷ to 10ିଶ. 

 
Figure 3.4: Average spectral efficiency of the reference CU for various BER-targets 
scenarios; ܮ௣ ൌ 2, ௣ߣ ൌ 0.50 , μ௣ ൌ 0.006, ௖ߣ  ൌ 0.18 , μ௖ ൌ 0.012, ݉ ൌ 4, ߜ ൌ 0,
ܳୟ୴୥=10 ଴ܰܤ, ௖௣൧ߛൣܧ ൌ  .ܤ10݀
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In Fig. 3.5 the optimal and non-optimal average spectral efficiency values are 

displayed for different levels of the acceptable average received-interference 

threshold, ܳୟ୴୥, for the truncated channel inversion policy. It is observable that a higher 

average received-interference limit (looser QoS constraint) results in larger average 

spectral efficiency. This would be expected, as a higher average spectral efficiency can 

be achieved when the primary receiver can tolerate more interference from the reference 

CU. It is also shown that the achievable gain that can be attained by using the proposed 

optimization scheme is considerably more when the lower threshold level is set for ܳୟ୴୥. 

 
Figure 3.5: Comparison of optimized average spectral efficiency with non-optimized 
average spectral efficiency for different ܳ values; ܮ௣ ൌ 1, ௣ߣ ൌ 0.50 ,  μ௣ ൌ 0.006,
௖ߣ ൌ 0.12 ,  μ௖ ൌ 0.014, ݉ ൌ 1, ߜ ൌ 0, ଴ߛ ൌ 3dB,  ௕ܲ ൌ 10ିସ, ௖௣൧ߛൣܧ ൌ  .ܤ10݀
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Fig. 3.6 illustrates the alteration of the average spectral efficiency with increasing 

traffic load of both the primary and cognitive users,  ߣ௣ μ௣⁄  and ߣ௖ μ௖⁄ , respectively, for 

the optimized scheme. As the number of active primary and cognitive users increases, 

average spectral efficiency decreases. The principal reason is higher MAI in the primary 

network that forces reduction in transmission rate of the reference CU with the aim of 

satisfying primary users’ QoS constraint. It can also be seen that by raising ܧሾߛ௖ሿ, 

average spectral efficiency rises as well. Predictably, increasing the number of paths 

would reduce the average spectral efficiency. 

 
Figure 3.6: Average spectral efficiency of optimized scheme for range of primary and 
cognitive network traffic load, ߣ௣ µ௣ൗ ൌ ௖ߣ µ௖⁄  and different number of paths; ݉ ൌ
2,  ௕ܲ ൌ 10ିସ, ߜ ൌ 0, ܳୟ୴୥=100 ଴ܰܤ, ௖௣൧ߛൣܧ ൌ  .ܤ10݀
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Fig. 3.7 demonstrates the achievable average spectral efficiency versus the average 

received-interference threshold, ܳୟ୴୥, for the optimized system. From Fig. 3.7 it is 

evident that although imposing more relaxed ܳୟ୴୥ yields higher average spectral 

efficiency values but it also increases the possibility of violating the primary users’ QoS 

requirements. Apart from the considerable gain that can be achieved by increasing the 

reference CU’s SNR, it can be seen that for a given received average power, ܧሾߛ௖ሿ, 

increasing the number of paths can significantly reduce the performance of the reference 

CU. The figure also shows that the average spectral efficiency significantly increases by 

employing the proposed joint optimization scheme especially in the lower average 

received-interference threshold region. 

 
Figure 3.7: Average spectral efficiency of the optimized scheme for different values of ܳ 
and various numbers of paths;  ߣ௣ ൌ 0.525 ,   μ௣ ൌ 0.006, ௖ߣ ൌ 0.12 , μ௖ ൌ 0.014,
݉ ൌ 1, ߜ ൌ 0,  ௕ܲ ൌ 10ିସ, ଴ߛ ൌ 3dB, ௖௣൧ߛൣܧ ൌ  .ܤ10݀
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Fig. 3.8 presents the plots for the average spectral efficiency under truncated 

channel inversion policy with peak and average received-interference constraints for 

different number of paths. In particular, the average spectral efficiency of the proposed 

optimized scheme is studied for various SNR levels of the reference CU and for 

different values of ߩ ൌ ொ౦౛౗ౡ

ொ౗౬ౝ
.  

For having a viable comparison with the previous scenario that only a constraint 

on the average received-interference is assumed, ߛൣܧ௖௣൧ is kept constant and the 

maximum average spectral efficiency is plotted versus ܧሾߛ௖ሿ. Also, for comparison 

purpose, a result for the case where the average received-interference constraint is 

considered is also provided. Fig. 3.8 shows that, as ߩ increases the average spectral 

efficiency curves converge towards the case with no peak constraint. The reason is that 

under the less restricted ܳ௣௘௔௞ threshold setting, the reference CU can transmit with 

higher power and as a result higher average spectral efficiency can be achieved. 

However, also it should be considered that applying a less restricted ܳ௣௘௔௞ threshold 

could also result in more chance of degrading the performance of the primary users. 

Fig. 3.9 demonstrates an example of the scenario of section 3.7 with adaptive 

threshold setting. It illustrates the ratio of the reference CU transmitter interference to 

the reference primary receiver for different values of the number of active users in the 

primary network. In the adaptive-ܳ௣௘௔௞ scheme, ܳ௣௘௔௞ሺ݇, ݊ሻ, defines the maximum 

allowed interference on the reference primary receiver and it is considered as a staircase 

function. The width of each interval is given by  ሺ௞ା௡ሻ
௟

  where ݈ is the range of users 

associated to the same threshold. The value of ݈ is set to 5, and for each interval a 

constant threshold is set.  

As can be seen, the interference threshold is lowered as the number of active 

user’s increases. As demonstrated in Fig. 3.9, in the adaptive-ܳ௣௘௔௞ scheme the 

ܳ௣௘௔௞ሺ݇, ݊ሻ decreases as the number of active users in the primary network increases. 

Hence, it provides an opportunity for the reference CU to achieve a higher average 
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spectral efficiency when lower numbers of users exploit the primary spectrum compared 

to the case that the threshold value is set statically. On the other hand, by setting the 

tolerable peak received-interference value as a function of active users, the QoS of 

primary users can be guaranteed at all time. This can be successfully achieved by 

changing the threshold value to the lowest possible value, ܳ௣௘௔௞ሺ݇, ݊ሻ ൌ ܳ௔௩௚, and not 

allowing it to degrade the signal quality of the primary users during the busy period.  

 

Figure 3.8: Average spectral efficiency of the reference CU under the peak and the 
average received-interference constraints for different number of paths and different 
values of ߩ ൌ ܳ୮ୣୟ୩ ܳୟ୴୥⁄ ௣ߣ ; ൌ 0.44 ,  μ௣ ൌ 0.006, ௖ߣ  ൌ 0.12 , μ௖ ൌ 0.014, ݉ ൌ
1, ଴ߛ  ൌ 3dB, ߜ ൌ 0, ܳୟ୴୥=10 ଴ܰܤ,  ௕ܲ ൌ 10ିସ, ௖௣൧ߛൣܧ ൌ  ,ܤ10݀
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Figure 3.9: Maximum peak received-interference threshold value of the reference CU 
versus maximum number of active user in the primary network.   
 

Fig. 3.10 presents the average spectral efficiency of the reference CU for various 

settings of the peak received-interference threshold and different number of paths. This 

confirms that a considerable gain can be achieved by setting the ܳ௣௘௔௞ dynamically 

according to the number of active users in the primary network comparing to the 

scenario when the ܳ௣௘௔௞ is set conservatively. Two static threshold scenarios are 

considered along with the proposed adaptive threshold scheme based on settings of Fig. 

3.9. It is assumed that 20% of the active users in the primary network are the CUs and 

the rest are the primary users. Due to limitation of the maximum allowed transmit power 

in the adaptive-ܳ௣௘௔௞ scenario, higher average spectral efficiency, can be attained with 

the Relaxed-ܳ௣௘௔௞ compared to the adaptive-ܳ௣௘௔௞ at the expense of increasing the 

chance of violating the primary users’ QoS. By adapting the maximum allowed 

interference limit the amount of interference that the reference CU may impose on the 
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primary network decreases by increasing the number of active users. Although the 

primary users’ QoS requirements can be always assured by using the Conservative-

ܳ௣௘௔௞, however the reference CU’s average spectral efficiency would be severely 

degraded. A trade-off can be attained between the primary users’ QoS and the cognitive 

users’ average spectral efficiency by using the proposed adaptive-ܳ௣௘௔௞ scheme. 

Therefore, in brief, although average spectral efficiency in the adaptive-ܳ௣௘௔௞ scheme 

may be lower compared to the Relaxed-ܳ௣௘௔௞ case, but adaptive-ܳ௣௘௔௞ scheme can 

assure that QoS of the primary service is always guaranteed at each interval and 

simultaneously result in a better average spectral efficiency for the CU compared to the 

conservative setting scenario. This can be seen by comparing the adaptive-ܳ௣௘௔௞ curves 

with those corresponding to Conservative-ܳ௣௘௔௞.   

 
Figure 3.10: Average spectral efficiency for adaptive and non-adaptive maximum 
tolerable interference scenarios for different number of paths;  ߣ௣ ൌ 0.50,   μ௣ ൌ 0.006,
௖ߣ ൌ 0.12, μ௖ ൌ 0.014, ݉ ൌ 2, ߜ ൌ 0,  ௕ܲ ൌ 10ିସ, ௖௣൧ߛൣܧ ൌ ,ܤ10݀ ܳୟ୴୥=10 ଴ܰܤ. 
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3.9 Summary 

A shared-spectrum system is considered and the spectral efficiency of the reference CU 

under joint optimization of the outer loop SNR-target and variable spreading factor with 

constraints on the peak and the average received-interference on the primary receiver is 

assessed. The scheme was analyzed for a frequency-selective channel with MRC 

coherent RAKE receiver. It was shown that for lower SNR values the proposed scheme 

attained a considerable gain compared to the non-optimized SNR-target case. In 

addition, heavy traffic loads can hugely reduce system performance and average spectral 

efficiency falls sharply as traffic load increases.  Furthermore, the average spectral 

efficiency of the reference CU was determined under the joint peak and average 

receiver-interference constraints. Numerical results shows that although applying the 

peak constraint on top of the average received-interference constraint may reduce the 

performance of the reference CU but it can guarantee that the quality of primary signals 

is not degraded at any time. The case is also investigated where the maximum acceptable 

peak received-interference caused by the performance of the reference CU on the 

licensed users is dynamically set, based on the number of active users in the primary 

network. It was shown that this scheme is a useful trade-off between QoS of the primary 

service and the CU’s throughput. In particular, the proposed scheme introduced a 

significant gain in system throughput at lower SNRs by using the joint-optimization of 

outer loop control, rate control and variable interference temperature in the spectrum 

sharing wireless systems. 
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Chapter 4 

4. Impact of Primary Users Activity on 

the CUs’ Average Spectral Efficiency  

4.1 Contributions 

At this point, the contributions of this chapter are summarized. This chapter will 

develop: 

• Maximum total average spectral efficiency of the reference CU that uses the AB-

OSA technique for utilizing the primary spectrum. 

• An evaluation of the achievable gain in the CUs’ throughput, which is attained 

by using the CR technology. 

• A comparison between non-shared-spectrum ( ூܲ ൌ 0) and shared-spectrum 

( ூܲ ൌ 1) systems. 

• An evaluation of the impact of the primary network on the reference CU’s 

throughput. 

• A comparison between systems that use a non-optimal SNR-target and the 

system that uses the proposed joint optimization scheme. 

In parallel, under total channel inversion power adaptation policy, this chapter derived: 

• A closed-form solution for the optimal SNR-target (for both cognitive and 

primary networks), using the matched-filter detector. 
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• The optimal spreading factor for transmission for both networks, using the 

matched-filter detector. 

4.2 Introduction 

In Chapter 3, an algorithm is proposed for maximizing the CUs’ throughput when the 

primary spectrum is being used concurrently by both primary and cognitive networks. 

Another most common access technique in CR networks is AB-OSA. In this access 

method, the primary network does not accept any inference from the CUs, therefore, the 

CUs are only allowed to conduct transmission in the circumstances in which the primary 

spectrum is not being used by the primary users. In this chapter the performance of the 

novel joint optimization technique that proposed in Chapter 3 is further analyzed for the 

scenario that the CUs are using the AB-OSA technique for utilizing the shared primary 

spectrum. 

It is assumed that the cognitive network is monitoring the primary spectrum and 

exploits the primary frequency band when the number of active primary users is below 

the pre-set threshold; the primary spectrum is under-utilized. The CUs are using the 

cognitive network resources for transmitting data for a period of time that the activity of 

the primary network is higher than pre-defined limit. In this chapter, the spectrum is 

called idle in the period of time that the primary spectrum is under-utilized and for a 

fraction of time during which the number of active primary users is more than the pre-set 

limit, the licensed primary spectrum is referred to as busy. The CUs can utilize the 

cognitive spectrum subject to average transmit power and BER constraints set by the 

cognitive network. Likewise, the CUs exploit the primary bandwidth, when it is idle, 

subject to average transmit power and BER limits set by the primary network. The aim 

is to maximize the total throughput of the CUs subject to aforementioned constraints. 

Another goal is to evaluate the gain that the CUs can achieve by being able to share the 

licensed primary spectrum with the primary users. Specifically, this chapter numerically 

illustrates the achievable gain in CU’s throughputs which is attained by employing the 

CR technology.  
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Same as the previous chapter, the average spectral efficiency is calculated for a 

reference CU. In the proposed CR system, the outer loop SNR-target and transmission 

rate of the reference CU are adapted to BER where total channel inversion policy is 

exploited for the inner-loop power control. Such an adaptation is done with respect to 

the number of active primary users for a certain period of time that the primary spectrum 

is available to the reference CU. Likewise, outer loop SNR-target is found based on the 

number of active CUs when the primary licensed frequency band is busy and the 

reference CU is utilizing the cognitive service frequency band. Moreover, the impact of 

the primary network’s activity on the reference CU’s spectral efficiency is investigated 

and it is highlighted that lower level of activity in the primary network results in higher 

gain in the reference CU’s throughput. The performance of the proposed joint-

optimization scheme is analyzed over Nakagami-݉ frequency-selective fading channels 

with conventional matched-filter detection, for the total channel inversion policy in the 

inner loop.  

The reminder of this chapter is organized as follows: Section 4.3 presents system 

and channel models and parameters used throughout the chapter. Section 4.4 explains 

the spectrum sensing algorithm used in this work. Section 4.5 provides the formulation 

of average spectral efficiency of the reference CU optimization problem. Section 4.6 

covers the derivation of the average spectral efficiency of the reference CU subject to 

specified constraints. Finally, the chapter is concluded in section 4.7. 

4.3 System Overview 

Suppose ݊ሺݐሻ, 1 ≤  ݊ሺݐሻ ≤  ݊௠௔௫, is the number of active CUs, utilize the frequency band 

allocated to the cognitive network at any given time, ݐ, where ݊௠௔௫ is the maximum 

number of the CUs allowed to transmit data. It is worth to mention that, unlike the 

previous chapter that the CUs’ term was referred to the cognitive users that utilize the 

primary frequency band, in this chapter the term CUs is referred to all the active 

cognitive users in the cognitive network. It is also assumed that ݇ሺݐሻ, 1 ≤  ݇ሺݐሻ ≤  ݇௠௔௫, 
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is the number of primary mobile users at time ݐ where ݇௠௔௫ is the maximum number of 

primary users permitted to communicate data at any given moment. Fig.4.1 shows the 

schematic diagram of the shared-spectrum system, for a fraction of time that the 

reference CU is permitted to utilize the idle primary frequency band. Both primary and 

cognitive users are transmitting data in the reverse link of the multiuser DS-CDMA 

cellular radio system. The aim here is to drive the average spectral efficiency of the 

reference CU and only the active primary users are regarded as MAI when primary 

frequency band is being used by reference CU for transmission. Similarly for a fraction 

of time that the reference CU exploits cognitive spectrum, only the other CUs are 

considered as MAI. BPSK modulation is used and the modulated data is transmitted to 

the base station of cognitive network over a frequency-selective fading channel.  

The signal of the reference CU is spread over a bandwidth ܤ by spreading factor, 

௖ܰ,௙೛ ቀ݇; ௖,௙೛ܴܧܤ
௧ ቁ, when the primary frequency band is being used by the reference CU 

where ܴܧܤ௖,௙೛
௧  indicates the target bit error rate probability for the primary network. 

Also, the reference CU signal is spread over bandwidth ܤ by spreading factor 

௖ܰ,௙೎൫݊; ௖,௙೎ܴܧܤ
௧ ൯, when the frequency band belongs to the cognitive service is being 

exploited, where ܴܧܤ௖,௙೎
௧  is the target bit error rate probability for the CUs. During the 

transmission zero-mean AWGN, ෤݊ሺtሻ, with a two-sided power spectral density of  ଴ܰ 2⁄  

is added to the signal. 

It is assumed for a fraction of time that the reference CU uses the primary 

frequency band, the frequency-selective channels between the reference CU transmitter 

and the cognitive receiver and channel between the reference CU transmitter and the 

primary receiver are ݃௖௝,௙೛ሺݐሻ and  ݃௖௣௝,௙೛ሺݐሻ, respectively, with ܮ௣ paths, where 

݆ ൌ 1, . . ,  Channel gains between the reference CU transmitter and the .ݐ ௣ at timeܮ

cognitive receivers when data is transmitted over cognitive frequency band over ݆-th 

path is denoted as ݃௖௝,௙೎ሺݐሻ, where ݆ ൌ 1, . . ,  ሻݐሻ and ݃௖௝,௙೎ሺݐ௣. The knowledge of ݃௖௝,௙೛ሺܮ

is assumed to be available at the cognitive transmitter through CSI. 
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Figure 4.1: System model. 

 

The instantaneous received SNR of the reference CU at the output of the MRC 

combiner of the cognitive receiver when the primary frequency band is used for 

communication is set by  

ሻݐ௖,௙೛ሺߛ ൌ
ܵҧ ௖,௙೛ ∑ ቚ݃௖௝,௙೛ሺݐሻቚ

ଶ௅೛
௝ୀଵ  

଴ܰܤ ,   

ሺ4.3.1ሻ 

where ܵҧ ௖,௙೛ denotes the average transmit signal power of the reference CU when the 

primary spectrum is used for transmission. 

Also the received SNR of the reference CU when it exploits the cognitive network 

spectrum is given by 

ሻݐ௖,௙೎ሺߛ ൌ
ܵҧ ௖,௙೎ ∑ ห݃௖௝,௙೎ሺݐሻหଶ௅೛

௝ୀଵ  

଴ܰܤ ,  

ሺ4.3.2ሻ 
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where ܵҧ ௖,௙೎ denotes the average transmit power of the reference CU when data is 

transmitted over the cognitive network spectrum. 

The notion of time ݐ is omitted in the rest of this chapter because  ߛ௖,௙೛ሺݐሻ and 

 ሻ are assumed to be stationary. The aim is to set the SNR-target, using the outerݐ௖,௙೎ሺߛ

loop power control, appropriated to the number of active primary and cognitive users 

and the target probability of bit error rate to its optimal value. For instance when the 

reference CU is transmitting data over the primary frequency band, SNR-target, 

௖,௙೛ߪ ቀ݇; ௖,௙೛ܴܧܤ
௧ ቁ, is set based on the number of active primary users and ܴܧܤ௖,௙೛

௧ . 

Subsequently, adapted spreading factor is chosen in the inner loop in order to attain 

SNR-target, consequently this provides maximal spectral efficiency for the system. 

Same is done when the reference CU is using the cognitive network resources for 

transmitting data, and its SNR-target, ߪ௖,௙೎൫݊; ௖,௙೎ܴܧܤ
௧ ൯, is set with respect to the number 

of active CUs and ܴܧܤ௖,௙೎
௧ . Transmit power,  ܵ௖,௙೛ ቀߛ௖,௙೛, ݇ቁ, adapted to number of active 

primary users in the primary service and the received SNR, in the inner loop with the 

intention of achieving ߪ௖,௙೛ ቀ݇; ௖,௙೛ܴܧܤ
௧ ቁ, through the total channel inversion policy 

 
ܵ௖,௙೛ ቀߛ௖,௙೛, ݇ቁ

ܵҧ ௖,௙೛

ൌ
௖,௙೛ߪ ቀ݇; ௖,௙೛ܴܧܤ

௧ ቁ
௖,௙೛ߛ 

,   

ሺ4.3.3ሻ 

Also when the cognitive frequency band is used for transmission, transmit 

power,  ܵ௖,௙೎൫ߛ௖,௙೎, ݊൯, adapted to the number of active CUs and the total channel 

inversion policy is defined by 

ܵ௖,௙೎൫ߛ௖,௙೎, ݊൯
ܵҧ ௖,௙೎

ൌ
;௖,௙೎൫݊ߪ ௖,௙೎ܴܧܤ

௧ ൯
௖,௙೎ߛ 

, 

ሺ4.3.4ሻ 
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4.4 Spectrum Sensing 

The reference CU is seeking for an opportunity to utilize the frequency band licensed to 

the primary users. However, the reference CU is only allowed to transmit data over the 

shared-spectrum when the number of active users in the primary network is below the 

pre-set threshold,  ݇௟௜௠௜௧. Consequently, the reference CU should perform channel 

estimation that can be carried out through spectrum sensing for accessing the under-

utilized part of the wireless frequency band. It is assumed that the spectrum sensing 

mechanism is perfect and the probabilities of miss-detection and false-alarm are zero. 

The received signal ݕሺݐሻ at the reference CU receiver is given by 

ሻݐሺݕ ൌ ሻݐ௣ሺ݌߮ ൅ ෤݊ሺtሻ, 

ሺ4.4.1ሻ 

where ߮ represents the status of the primary network with respect to ݇௟௜௠௜௧, ݌௣ሺݐሻ 

denotes the received licensed signal and ෤݊ሺtሻ indicates the additive noise at the receiver 

side of the channel which is used by the reference CU for spectrum sensing respectively. 

Two possible conditions considered for ߮ can be written as, ߮ =1, when the number of 

users that exploit the primary frequency band is more than the pre-defined limit, the 

primary frequency band is busy, and ߮ =0 for otherwise. 

The detection of the status of the primary network with respect to ݇௟௜௠௜௧, can be 

formulated as a binary hypothesis testing problem 

ቐ
࣢௣଴:              ߮ ൌ 0,

1
࣢௣ଵ:              ߮ ൌ  1,

 

ሺ4.4.2ሻ 

where ࣢௣଴ and ࣢௣ଵ represent the hypotheses corresponding to the primary spectrum 

being idle or busy, respectively. A spectrum sensing technique is employed by the 

reference CU to observe the received signal and decide on the two hypotheses, ࣢௣଴ and 

࣢௣ଵ. 



     Chapter 4. Impact of Primary Users Activity on the CUs’ Average Spectral Efficiency 

79 

 

In the cooperative spectrum sensing method, all the CUs send the gathered sensing 

information to the combining user (Fusion) and it decides if the monitored channel can 

be utilized or not. Local information of the licensed primary channel availability attained 

by CUs is sent to the combining user through the dedicated control channel. In this work 

t is assumed that the reference CU only collects and combines the sensing information 

from the nearby cognitive users. Let Ω ೎் represents the sensing information about the 

primary channel collected by the reference CU transmitter and Ωோ೎ indicates sensing 

information collected by the reference CU receiver. According to the Bayesian theorem, 

the conditional probability that the primary network spectrum being idle, ூܲ, is given by 

[94] 

ூܲ ൌ  ܲ൫࣢௣଴หΩோ೎൯ ൌ
ܲ൫Ωோ೎ห࣢௣଴൯ כ ܲ൫࣢௣଴൯

ܲ൫Ωோ೎ห࣢௣ଵ൯ כ ܲ൫࣢௣ଵ൯ ൅ ܲ൫Ωோ೎ห࣢௣଴൯ כ ܲ൫࣢௣଴൯
, 

 ሺ4.4.3ሻ 

where ܲ൫࣢௣଴൯ and ܲ൫࣢௣ଵ൯ are the stable probabilities that the primary spectrum is idle 

or busy, respectively; ܲ൫Ωோ೎ห࣢௣଴൯ and ܲ൫Ωோ೎ห࣢௣ଵ൯ are the conditional probabilities 

that the sensing information, Ωோ೎, is  given when the primary spectrum signal is idle or 

busy, respectively. 

Furthermore, the conditional probability given that the primary spectrum being busy, ஻ܲ, 

is set by 

 

஻ܲ ൌ ܲ൫࣢௣ଵหΩ ೎்൯ ൌ
ܲ൫Ω ೎்ห࣢௣ଵ൯ כ ܲ൫࣢௣ଵ൯

ܲ൫Ω ೎்ห࣢௣ଵ൯ כ ܲ൫࣢௣ଵ൯ ൅ ܲ൫Ω ೎்ห࣢௣଴൯ כ ܲ൫࣢௣଴൯
 , 

ሺ4.4.4ሻ 

where ܲ൫Ω ೎்ห࣢௣଴൯ and ܲ൫Ω ೎்ห࣢௣ଵ൯, are the conditional probabilities that the sensing 

information, Ω ೎், is given when the primary bandwidth is under-utilized or busy, 

respectively. The conditional probabilities ܲ൫Ωோ೎ห࣢௣଴൯, ܲ൫Ωோ೎ห࣢௣ଵ൯, ܲ൫Ω ೎்ห࣢௣଴൯ and 

ܲ൫Ω ೎்ห࣢௣ଵ൯ can be found from the collected sensing information using the method in 

[95]. Information of ܲ൫࣢௣ଵ൯ and ܲ൫࣢௣଴൯ can be acquired through successive spectrum 
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sensing of the primary users’ activity. 

4.5 Optimization Problem Formulation  

In this section the joint SNR-target and spreading factor optimization of the reference 

CU is formulated. The goal is to find the optimal SNR-target and consequently the 

optimum variable spreading factor with respect to the number of active primary and 

cognitive users and subsequently use it to maximize the average spectral efficiency. This 

problem can be formulated as: 

max
݂ܿ,ܿߪ

ሺ. ሻ, ݌݂,ܿߪ
ሺ. ሻ                        

ܴ
ܤ ൌ ூܲ

௖ܰ௛௜௣

ܤ ෍
1

௖ܰ,௙೛ ቀ݇; ௖,௙೛ܴܧܤ
௧ ቁ

 ௞೘ೌೣ

௞ୀଵ

݄ሺ݇ሻ 

       ൅ ஻ܲ
௖ܰ௛௜௣

ܤ ෍
1

௖ܰ,௙೎ሺ݊; ௖,௙೎ܴܧܤ
௧ ሻ

ሺ݊ሻݎ
 ௡೘ೌೣ

௡ୀଶ

, 

subject to 

          ෍ න ܵ௖,௙೛ ቀߛ௖,௙೛, ݇ቁ ݄ሺ݇ሻ ୻݂ ቀߛ௖,௙೛ቁ ௖,௙೛ߛ݀ ൑  ܵҧ ௖,௙೛,
ଵ

 ఊ೎,೑೛

௞೗೔೘೔೟

௞ୀଵ

 

and 

෍ න ܵ௖,௙೎൫ߛ௖,௙೎, ݊൯ݎሺ݊ሻ ୻݂൫ߛ௖,௙೎൯݀ߛ௖,௙೎ ൑  ܵҧ ௖,௙೎

ଵ

 ఊ೎,೑೎

௡೘ೌೣ

௡ୀଶ

 ,     

ሺ4.5.1ሻ 

where ܴ
ൗܤ  denotes the total average spectral efficiency of the reference CU (average 

spectral efficiency of a fraction of time that it utilizes the primary spectrum plus the 

average spectral efficiency when it exploits the cognitive network bandwidth), ௖ܰ௛௜௣ is 

the number of chips per unit time and ݄ሺ݇ሻ and ݎሺ݊ሻ are the distribution of ݇ and ݊, 

respectively. The Lagrangian of this problem can be created  
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ܮ ቀߪ௖,௙೎ሺ. ሻ, .௖,௙೛ሺߪ ሻ, ,ଵߠ ଶቁߠ ൌ 

ூܲ
௖ܰ௛௜௣

ܤ ෍
1

௖ܰ,௙೛ሺ݇; ௖,௙೛ܴܧܤ
௧ ሻ

 ௞೘ೌೣ

௞ୀଵ

݄ሺ݇ሻ ൅ ஻ܲ
௖ܰ௛௜௣

ܤ ෍
1

௖ܰ,௙೎ሺ݊; ௖,௙೎ܴܧܤ
௧ ሻ

ሺ݊ሻݎ
 ௡೘ೌೣ

௡ୀଶ

 

൅ ߠଵ ൮ ෍ න
௖,௙೛ߪ ቀ݇; ௖,௙೛ܴܧܤ

௧ ቁ
௖,௙೛ߛ 

݄ሺ݇ሻ ୻݂ ቀߛ௖,௙೛ቁ ௖,௙೛ߛ݀ െ 1
ଵ

 ఊ೎,೑೛

௞೘ೌೣ

௞ୀଵ

൲ 

൅ ߠଶ ቌ ෍ න
௖,௙೎ܴܧܤ௖,௙೎൫ߪ

௧ ൯
௖,௙೎ߛ 

ሺ݊ሻݎ ୻݂൫ߛ௖,௙೎൯݀ߛ௖,௙೎ െ 1
ଵ

 ఊ೎,೑೎

௡೘ೌೣ

௡ୀଶ

ቍ, 

ሺ4.5.2ሻ 

to obtain the optimal value of ߪ௖,௙೛ ቀ݇; ௖,௙೛ܴܧܤ
௧ ቁ and ߪ௖,௙೎൫݊; ௖,௙೎ܴܧܤ

௧ ൯, where  ߠଵ  and 

 .ଶ represent the Lagrangian multipliersߠ

4.6 Adaptive SNR-target and Spreading Factor 

The SNR at the output of the cognitive receiver matched-filter detector when the 

primary frequency band is being used by the reference CU, can be approximated as: 

ܴܵܰ௖,௙೛ ൌ ቐ
,௣ܮ௖,௙೛൫ݍ ൯ߜ െ 1

2 ௖ܰ,௙೛ ቀ݇; ௖,௙೛ܴܧܤ
௧ ቁ

൅
,௣ܮ௖,௙೛൫ݍ݇ ൯ߜ

3 ௖ܰ,௙೛ ቀ݇; ௖,௙೛ܴܧܤ
௧ ቁ

൅ ଴ܰ

௖,௙೛ߌ௕ܧ2

ቑ

ିଵ

,    

ሺ4.6.1ሻ 

where  ߌ௖,௙೛ is the path strength of ݃௖,௙೛, ܧ௕ represents the bit energy and the parameter 

,௣ܮ௖,௙೛൫ݍ  ,൯ is a function of the total number of paths received from the reference userߜ

denoted by ܮ௣, and the rate of exponential decay of MIP, is denoted by ߜ.  

The SNR is given by (4.6.2) when the cognitive network spectrum is utilized by the 

reference CU. 
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ܴܵܰ௖,௙೎ ൌ ቊ
,௣ܮ௖,௙೎൫ݍ ൯ߜ െ 1

2 ௖ܰ,௙೎൫݊; ௖,௙೎ܴܧܤ
௧ ൯

൅
ሺ݊ െ 1ሻݍ௖,௙೎൫ܮ௣, ൯ߜ
3 ௖ܰ,௙೎൫݊; ௖,௙೎ܴܧܤ

௧ ൯
൅ ଴ܰ

௖,௙೎ߌ௕ܧ2

ቋ
ିଵ

, 

ሺ4.6.2ሻ 

where  ߌ௖,௙೎  is the path strength of ݃௖,௙೎ and the parameter ݍ௖,௙೎൫ܮ௣,  ൯ is a function of theߜ

total number of paths received from the reference user.  

With proper scaling of the average transmit power of the reference CU, it can be 

assumed that  ߌ௖,௙೛ ൌ ௖,௙೎ߌ ൌ 1. Using the same method explained in Chapter 3, the 

spreading factor for a matched-filter-based receiver when the primary frequency band is 

used by reference CU for transmission is derived as:  

௖ܰ,௙೛ ቀ݇; ௖,௙೛ܴܧܤ
௧ ቁ ൌ

െ ln ቀ2ܴܧܤ௖,௙೛
௧ ቁ ௖,௙೛ߪ ቀ݇; ௖,௙೛ܴܧܤ

௧ ቁ ௖,௙೛ߔ

6ln ቀ2ܴܧܤ௖,௙೛
௧ ቁ ൅ ௖,௙೛ߪ3 ቀ݇; ௖,௙೛ܴܧܤ

௧ ቁ
  ,  

ሺ4.6.3ሻ 

where 

௖,௙೛ߔ ൌ 3 ቀݍ௖,௙೛൫ܮ௣, ൯ߜ െ 1ቁ ൅ 2 ቂ݇ݍ௖,௙೛൫ܮ௣,  . ൯ቃߜ

ሺ4.6.4ሻ 

Moreover, for a fraction of time that reference CU exploits the cognitive spectrum for 

data transmitting, the spreading factor is set by  

௖ܰ,௙೎൫݊; ௖,௙೎ܴܧܤ
௧ ൯ ൌ

െ ln൫2ܴܧܤ௖,௙೎
௧ ൯ ߪ௖,௙೎൫݊; ௖,௙೎ܴܧܤ

௧ ൯ ௖,௙೎ߔ

6ln൫2ܴܧܤ௖,௙೎
௧ ൯ ൅ ;௖,௙೎൫݊ߪ3 ௖,௙೎ܴܧܤ

௧ ൯
 , 

ሺ4.6.5ሻ 

where 

௖,௙೎ߔ ൌ 3൫ݍ௖,௙೎൫ܮ௣, ൯ߜ െ 1൯ ൅ 2ൣሺ݊ െ 1ሻݍ௖,௙೎൫ܮ௣,     .൯൧ߜ

ሺ4.6.6ሻ 
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By setting the result of derivation of ܮ ቀߪ௖,௙೎ሺ. ሻ, .௖,௙೛ሺߪ ሻ, ,ଵߠ  ଶቁ with respect toߠ

௖,௙೛ߪ ቀ݇; ௖,௙೛ܴܧܤ
௧ ቁ equal to zero, the optimal outer loop SNR-target for the matched filter 

detector when the primary frequency band is used by the reference CU can be derived as 

௖,௙೛ߪ ቀ݇; ௖,௙೛ܴܧܤ
௧ ቁ ൌ ඨ

െ ூܲ6 ௖ܰ௛௜௣

ܧଵߠ ቂ1 ௖,௙೛ൗߛ  ቃ ܤ௖,௙೛ߔ
. 

ሺ4.6.7ሻ 

Also by solving  ߲ܮ ߲⁄ .௖,௙೎ሺߪ ሻ ൌ 0, the optimum SNR-target for a fraction of time that 

the reference CU is utilizing the cognitive spectrum can be derived as 

;௖,௙೎൫݊ߪ ௖,௙೎ܴܧܤ
௧ ൯ ൌ ඨ

െ ஻ܲ6 ௖ܰ௛௜௣

1ൣܧଶߠ ⁄௖,௙೎ߛ  ൧ߔ௖,௙೎ܤ
, 

ሺ4.6.8ሻ 

where ߠଵ and  ߠଶ depend on the distribution of ݇ and ݊, ݄ሺ݇ሻ and ݎሺ݊ሻ, respectively. It is 

assumed that the numbers of active primary and cognitive users in the cell are modelled 

as a Poisson random variable, with the same pdfs as used in Chapter 3.  

The optimal outer loop SNR-target of (4.6.7) and (4.6.8) can be applied in (4.6.3) 

and (4.6.5), respectively, to calculate the optimal ௖ܰ,௙೛ ቀ݇; ௖,௙೛ܴܧܤ
௧ ቁ and 

௖ܰ,௙೎൫݊; ௖,௙೎ܴܧܤ
௧ ൯, respectively. Consequently, by substituting the optimal value of 

variable spreading factor into objective function in (4.5.1), the maximum total 

achievable average spectral efficiency of the reference CU is obtained as  

ܴ
ܤ

ൌ െ
3 ூܲ ௖ܰ௛௜௣

ܤ
݁ିఒ೛ ஜ೛⁄ ቌ

௖,௙೛ߖ

ln ቀ2ܴܧܤ௖,௙೛
௧ ቁ

൅ ௖,௙೛ߞ2
ଶܧ ቂ1 ௖,௙೛ൗߛ  ቃ ݁ିఒ೛ ஜ೛⁄ ቍ 

െ
3 ஻ܲ ௖ܰ௛௜௣

ܤ ݁ିఒ೎ ஜ೎⁄ ቆ
௖,௙೎ߖ

ln൫2ܴܧܤ௖,௙೎
௧ ൯

൅ ௖,௙೎ߞ2
ଶ1ൣܧ ⁄௖,௙೎ߛ  ൧݁ିఒ೎ ஜ೎⁄ ቇ  , 

ሺ4.6.9ሻ 
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where  

௖,௙೛ߞ ൌ ෍
1

ටߔ௖,௙೛

൫ߣ௣ μ௣⁄ ൯௞

݇!

௞೘ೌೣ

௞ୀଵ

 , 

ሺ4.6.10ሻ 

௖,௙೎ߞ ൌ ෍
1

ඥߔ௖,௙೎

ሺߣ௖ μ௖⁄ ሻ௡

݊! .
௡೘ೌೣ

௡ୀଶ

 

ሺ4.6.11ሻ 

௖,௙೛ߖ ൌ ෍
1

௖,௙೛ߔ

൫ߣ௣ μ௣⁄ ൯௞

݇!

௞೘ೌೣ

௞ୀଵ

 ,  

ሺ4.6.12ሻ 

and 

௖,௙೎ߖ ൌ ෍
1

௖,௙೎ߔ

ሺߣ௖ μ௖⁄ ሻ௡

݊!

௡೘ೌೣ

௡ୀଶ

 .   

ሺ4.6.13ሻ 

4.7 Numerical Results 

This section evaluates the performance of the system that uses the AB-OSA technique to 

utilize the primary spectrum and employs the proposed joint-optimization scheme. The 

numerical results are displayed under flat fading (ܮ௣ ൌ 1) and multipath fading ሺܮ௣ ൒

1ሻ conditions. The performance of the proposed joint-optimization method compared to 

the variable spreading factor system, which does not make use of the optimum SNR 

target in the outer loop. The latter is referred to as non-optimized system and in this 

system the SNR-target when the primary spectrum is idle and busy is kept constant: 

௖,௙೛ߪ ൌ  1 ܧ  ቂ1 ௖,௙೛ൗߛ  ቃൗ  and ߪ௖,௙೎ ൌ 1 1ൣܧ  ⁄௖,௙೎ߛ  ൧⁄ , respectively. To achieve a 
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commensurate assessment of both systems, it is assumed that both the optimized and the 

non-optimized systems have the same average transmit power and instantaneous SNR 

for both primary and cognitive users. Although different sensing information at the 

reference CU transmitter and receiver may be collected, but without loss of generality 

and by assuming a perfect channel sensing, it is considered that ஻ܲ ൌ 1 െ ூܲ. 

Throughout the evaluation, the maximum number of primary and cognitive users is set 

to  ݇௠௔௫ ൌ 30 and ݊௠௔௫ ൌ 70 respectively, and also  ݇௟௜௠௜௧ ൌ 15. Also it is assumed 

that channel bandwidth is ܤ ൌ 5 MHz, chip rate is ௖ܰ௛௜௣ ൌ 3.84 Mcps, ܵҧ ൌ 0.25 Watt 

and ଴ܰ ൌ െ174 dBm/Hz.  

Fig 4.2 illustrates the attainable gain in the reference CU throughput by using the 

CR technology. Two different scenarios are considered. In the first scenario, it is 

assumed that the primary spectrum is always busy,  ூܲ ൌ 0, and the reference CU can 

only utilize the cognitive bandwidth, this scenario is called a non-shared-spectrum case. 

In the second scenario, the primary frequency band is always under-utilized, ூܲ ൌ 1; 

therefore the reference CU only uses the primary bandwidth for transmitting data. The 

latter is referred to as a shared-spectrum scheme. The figure shows that significant gain 

can be achieved in the average spectral efficiency of the reference CU by employing the 

CR technology. For instance, at ߛൣܧ௖,௙೎൧ ൌ ܧ ቂߛ௖,௙೛ቃ = 35 dB, the average spectral 

efficiency decreases by nearly 90% by changing ூܲ ൌ 1 to ூܲ ൌ 0. The reasonable 

explanation for this loss is that for a case that ூܲ ൌ 0, the reference CU is only allowed 

to utilize the cognitive spectrum, and the cognitive network is saturated so the resulting 

MAI causes a severe degradation is the reference CU performance. Whereas, it would 

experience a much better performance during a time that it exploits the primary 

spectrum as lower number of users communicating in the primary cell and therefore 

lower MAI is generated. In addition, it is observed that the joint-optimization methods 

can also enhance the efficient utilization of the bandwidth. A significant improvement in 

the reference CU’s average spectral efficiency is achieved particularly in the lower 

average SNRs region. 
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Figure 4.2: Optimized and non-optimized average spectral efficiency for shared and 
non-shared spectrum systems, when ߣ௣ ൌ 0.4 ,  μ௣ ൌ 0.0085, ௖ߣ  ൌ 0.8 ,  μ௖ ൌ 0.01,
݉ ൌ 2, ߜ ൌ 0, ௖,௙೛ܴܧܤ

௧ ൌ 10ିସ, ௖,௙೎ܴܧܤ
௧ ൌ 10ିସ.   

 
In Fig. 4.3 the optimal and the non-optimal average spectral efficiency values are 

demonstrated for various numbers of paths. It is evident that the significant enhancement 

in the spectral efficiency occurs by using the proposed joint-optimization scheme mainly 

in the lower average SNR region. Furthermore, a higher number of paths require a larger 

spreading factor and this subsequently results in a smaller average spectral efficiency. 

The BER-target of both primary and cognitive networks is set to 10ିସ to maintain the 

communication quality for typical service.  
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Figure 4.3: Average spectral efficiency of the reference CU for different number of 
paths, when ߣ௣ ൌ 0.30 ,  μ௣ ൌ 0.009, ௖ߣ  ൌ 0.44 ,  μ௖ ൌ 0.0064, ݉ ൌ 2, ௖,௙೛ܴܧܤ

௧ ൌ
௖,௙೎ܴܧܤ

௧ ൌ 10ିସ, ߜ ൌ 0. 

 

Fig. 4.4 illustrates the achievable average spectral efficiency of the reference CU 

for the optimized and the non-optimized scenario for different values of the probability 

of the primary channel is being available to the reference CU for transmitting data ( 

primary spectrum being idle), ூܲ. It is observable that the average spectral efficiency is 

significantly enhanced by increasing the probability that the licensed primary signal is 

accessible to the reference CU. Additionally, it is observed that the proposed 

optimization scheme always outperforms the non-optimal transmissions. 
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Figure 4.4: Average spectral efficiency of the reference CU for different value of ூܲ, 
when ߣ௣ ൌ 0.36 , μ௣ ൌ 0.009, ௖ߣ  ൌ 0.59 ,  μ௖ ൌ 0.003, ݉ ൌ 2, ௖,௙೛ܴܧܤ

௧ ൌ 10ିସ,
௖,௙೎ܴܧܤ

௧ ൌ 10ିସ, ߜ ൌ 0. 

 
In Fig. 4.5, the average spectral efficiency is plotted for a range of ூܲ. As the 

probability of the primary network being idle rises, so does the achievable total average 

spectral efficiency of the reference CU. The figure shows the average spectral efficiency 

of the reference CU for different values of average SNR for both the optimized and the 

non-optimized scenarios. Apart from the improvement achieved by the joint-

optimization scheme, it is observed that increasing the probability that the number of 

active primary users is less than threshold, primary spectrum being idle, causes a 

considerable gain in the value of average spectral efficiency. 
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Figure 4.5: Average spectral efficiency of the optimized and the non-optimized systems 
for various numbers of paths, vs. conditional probability that the primary signal is idle, 
when ߣ௣ ൌ 0.40 , μ௣ ൌ 0.009, ௖ߣ  ൌ 0.8 , μ௖ ൌ 0.0064, ݉ ൌ 2, ௖,௙೛ܴܧܤ

௧ ൌ ௖,௙೎ܴܧܤ
௧ ൌ

10ିସ, ߜ ൌ 0. 
 

Finally, Fig. 4.6 demonstrates the average spectral efficiency for various BER-

targets, ܴܧܤ௖,௙೛
௧ and ܴܧܤ௖,௙೎

௧ , and different values of ூܲ, when the number of paths set to 

2, for both the optimized and the non-optimized scenarios. It is observed that the 

average spectral efficiency of the optimized method converges to that of the non-

optimized method in higher region of SNR. As a result, the proposed method is effective 

mostly in the lower SNR region. In addition to the gains achieved by the proposed 

optimized scheme over the non-optimized one, a more relaxed BER-target yields higher 

average spectral efficiency.  
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Figure 4.6: Optimized and non-optimized average spectral efficiency for different BER 
and ூܲ values, when ܮ௣ ൌ 2, ௣ߣ ൌ 0.3 ,  μ௣ ൌ 0.009, ௖ߣ  ൌ 0.30 , μ௖ ൌ 0.0064, ݉ ൌ 2,
ߜ ൌ 0.   

4.8 Summary 

This chapter analyzed the joint-optimization scheme proposed in Chapter 3, for a 

scenario that the CUs are using AB-OSA technique for exploiting the primary frequency 

band. Particularly a multi-user cognitive service that exploits the aforementioned joint-

optimization technique is considered and the proposed scheme performance is evaluated 

when a matched-filter detector is used in the receiver of the reference CU. Such a CR 

service utilizes the primary spectrum when it is idle, under-utilized, and the reference 

CU collects the information about the availability of the primary frequency band through 

spectrum sensing. Therefore, the CUs utilize the primary spectrum when the number of 

active primary users is below the pre-defined threshold. During the fraction of time that 
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the reference CU is not permitted to access the primary frequency band, it would use the 

cognitive network spectrum for transmitting data. The spectral efficiency of the 

proposed scheme is compared to a system that does not use optimal SNR-target. A 

considerable gain was demonstrated by using the proposed optimization technique 

mainly in the lower region of SNR. Also, it was shown in the numerical section that 

reference CU performance is significantly improved by using the shared-spectrum 

scheme, comparing to non-shared-spectrum case. Obtained results also show that as a 

more relaxed BER-target is used, more average spectral efficiency is attained. 
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Chapter 5 

5. Probabilistic Optimization of Share-
Spectrum CR Networks 

5.1 Contributions 

This chapter will develop: 

• A novel access strategy (AB-IL-OSA) for CDMA/CDMA shared-spectrum CR 

networks that achieved a trade-off between the primary network’s QoS 

requirements and the cognitive network’s throughput. 

The following derivations were made for total power adaptation policy: 

• A closed-form solution for the average spectral efficiency of the reference CU 

under the frequency-selective Rayleigh multipath fading channel conditions. 

• A closed-from solution for the reference CU’s optimal SNR-target subject to 

both the average and the peak received-interference constraints. 

5.2 Introduction 

Chapter 3 and 4 of this thesis evaluate the performance of the CUs when they utilize the 

primary spectrum using IL-OSA and AB-OSA, respectively. Although, using each of 

these access strategies, as numerically illustrated in previous chapters, can improve the 

CUs’ achievable throughput, but the optimal performance cannot be achieved due to a 

number of limitations and challenges that results in missing the spectrum opportunities. 

For instance, in AB-OSA strategy, the CUs transmission is stopped when the primary 
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spectrum is busy, therefore the CUs are missing some sharing opportunities which are 

due to the interference tolerability of the primary network. Similarly, the CUs’ 

throughput is reduced in IL-OSA technique, as a result of implied interference constraint 

that restricts transmission power of the CUs even during the idle periods. Therefore, it is 

significantly important to find new access strategies to address those aforementioned 

issues.  

Some of the recent works in this domain was reviewed in Chapter 2. However, 

based on the used radio access technology, some other issues should also be addressed 

when each of those aforementioned access strategies is used. For example, the QoS 

requirements of the primary users would not be satisfied at each instant when DS-

CDMA air interface technology is used in AB-OSA systems. In the CDMA/CDMA 

shared spectrum CR systems, by using AB-OSA strategy, the CUs’ operation in the 

primary bandwidth during the time that the primary spectrum is idle, may violate the 

QoS conditions of the primary users and degrade their performance. This is due to the 

fact that in CDMA/CDMA, CR system, even for a fraction of time that the primary 

bandwidth is assumed idle by the reference CU, there are still a number of active 

primary users in the primary cell, which their QoS requirements should be satisfied.  

This chapter proposes a novel access strategy to address the aforementioned 

limitation issue of AB-OSA technique. This novel access strategy is referred to as an 

Access Bounded and Interference Limited OSA (AB-IL-OSA). In AB-IL-OSA systems, 

the duration of the time that the CUs is permitted to utilize the licensed spectrum is 

limited based on the activity of the primary network. The CUs can transmit data over the 

primary frequency band when the number of active users (active primary users plus 

other CUs exploiting the primary frequency band,) is below a pre-defined limit. 

Simultaneously, the MAI caused by the performance of the CUs in the primary network 

frequency band should also be limited, so the operation of the CUs is restricted based on 

the amount of interference caused by the CU’s activity on the primary receiver. 

Although using the AB-IL-OSA scheme may downgrade the performance of the CUs 

but attention should be always paid to this point that the primary frequency band is 
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allocated to the primary users and their QoS provisioning should not be degraded by the 

CUs’ operation. Therefore, using the proposed scheme guarantees the QoS requirements 

of the primary users at each instant by stopping the CUs’ operation during the busy 

periods and by checking that the CUs’ interference remains below the tolerable level 

when the primary network is under-utilized. In this chapter, using the proposed joint 

optimization scheme in Chapter 3, the average spectral efficiency of the CUs is 

investigated under the joint peak and average received-interference threshold 

constraints, where the spectrum sensing technique is used to exploit OSA flexibility. The 

performance of the reference CU is investigated in a multi-user CR system where 

CDMA technology is used by the primary and cognitive users for transmitting data over 

the shared frequency spectrum under the frequency-selective Rayleigh multipath fading 

channel conditions. 

This chapter uses same assumption and parameters expressed in the Chapter 3 

and 4, therefore, it does not include procedures and approaches of deriving the 

previously mentioned parameters and algorithm and only the final outcomes are 

mentioned in this chapter.  

The rest of this chapter is structured as follows: Section 5.3 describes the system 

model and operation assumptions. Section 5.4 analyzes the CUs’ average spectral 

efficiency when AB-IL-OSA technique is used for accessing the primary spectrum. 

Section 5.5 discusses the numerical results. Finally, section 5.6 summarizes the chapter. 

5.3 System Model 

A CR system with ݇ሺݐሻ, 1 ≤ ݇ሺݐሻ ≤ ݇௠௔௫, active primary users and ݊ሺݐሻ, 1 ≤ ݊ሺݐሻ 

≤ ݊௠௔௫ active CUs that exploit the primary frequency band at time ݐ is considered, 

where ݇௠௔௫ and  ݊௠௔௫  respectively represent the maximum number of primary and 

cognitive user at any given time respectively. The cognitive and primary users transmit 

data over the reverse link of multiuser DS-CDMA cellular radio system. The signal of 

both primary and cognitive users is spread over a bandwidth ܤ by spreading 
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factor  ܰሺ݇ሺݐሻ, ݊ሺݐሻ; ௕ܲሻ, where  ௕ܲ  indicates the target bit error rate for both primary 

and cognitive users. Zero-mean AWGN, ݊ሺݐሻ, with a two-sided power spectral density 

of ଴ܰ 2⁄ , is added to the BPSK-modulated signal. An ܮ௣-path time-varying fading 

channel with stationary channel gains ݃ሺ௣೔௣ሻೕ
ሺݐሻ, ݃ሺ௣೔௖ሻೕ

ሺݐሻ, ݃ሺ௖೔௖ሻೕ
ሺݐሻ, and ݃ሺ௖೔௣ሻೕ

ሺݐሻ, 

between the primary transmitter-݅ and the primary receiver, the primary transmitter-݅  

and the cognitive receiver, and between the cognitive transmitter-݅ and the cognitive 

receiver, and between the cognitive transmitter-݅ and the primary receiver, are assumed 

over path-݆ at time ݐ, respectively, where ݆ ൌ 1, . . ,  ௣. We assume that a centralizedܮ

power control mechanism is employed in both primary and cognitive networks. Here, 

the average spectral efficiency of the reference CU in the presence of ݇ primary users 

and ݊ cognitive users is studied. The stationary channel gains, over path-݆ at time ݐ, 

between the reference CU’s transmitter and the primary receiver, and between the 

reference CU’s transmitter and the cognitive receiver, respectively, are denoted by 

݃ሺ௖௣ሻೕ
ሺݐሻ, ݃ሺ௖ሻೕ

ሺݐሻ.  

 

Figure 5.1: System model. 
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Fig. 5.1 depicts the schematic diagram of the opportunistic spectrum sharing 

scenario. For simplicity, only single paths are drawn. The instantaneous received SNR of 

the reference CU at the output of the MRC combiner at the cognitive receiver can be 

written as  

ሻݐ௖ሺߛ ൌ
ܵҧ  ∑ ቚ݃ሺ௖ሻೕ

ሺݐሻ ቚ
ଶ௅೛

௝ୀଵ   

଴ܰܤ
 , 

ሺ5.3.1ሻ 

where ܵҧ denotes the average transmit power of reference CU. Also, ห݃௖௣ሺݐሻหଶ ൌ

∑ ቚ݃௖௣ೕ
ሺݐሻቚ

ଶ௅೛
௝ୀଵ  is defined as the total channel power gain between the cognitive 

transmitter and the output of MRC combiner at the primary receiver.  

The notion of time ݐ is omitted in the rest of this chapter because  ߛ௖ሺݐሻ and ݃௖௣ሺݐሻ 

are assumed to be stationary. In the outer loop, the SNR-target, ߪሺ݇, ݊; ௕ܲሻ, is set based 

on the number of active primary and cognitive users and  ௕ܲ. In order to attain the SNR-

target the transmit power of the reference CU, ܵሺߛ௖, ݇, ݊ሻ, is adapted to the received 

SNR, ߛ௖, and the number of users utilizing the primary frequency band, through the 

channel inversion policy  

ܵሺߛ௖, ݇, ݊ሻ
ܵҧ ൌ

,ሺ݇ߪ ݊; ௕ܲሻ
௖ߛ

. 

ሺ5.3.2ሻ 

5.4 Adaptive Transmission  

The reference CU operation in the primary frequency spectrum should not degrade the 

performance of the primary users or violate their QoS requirements. Consequently, the 

reference CU is only allowed to exploit the primary frequency band when it is under-

utilized which is defined here as the period of time that the number of active users 

(active primary users plus active CUs) in the primary network is below the pre-set 

limit,  ݈௟௜௠௜௧. However, even during this fraction of time, as the primary CDMA users are 
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sharing a single frequency carrier, there are still some active primary users, which the 

transmission pertaining to the reference CU should not harm their signal quality at the 

receiver of the primary network. Accordingly, constraints are imposed on both average 

and peak received-interferences power inflicted on the primary receiver by the activity 

of the reference CU.   

Suppose ݇௟௜௠௜௧ and ݊௟௜௠௜௧ indicate the maximum number of active primary and 

cognitive users respectively during the time that primary network is under-utilized. This 

chapter uses the same spectrum sensing algorithm that expressed in Chapter 4 with only 

this difference that the reference CU is allowed to utilize the primary spectrum if total 

number of active users (݇௟௜௠௜௧ ൅ ݊௟௜௠௜௧) in the primary cell is lower that pre-set 

threshold, ݈௟௜௠௜௧. The average received-interference and the peak received-interference 

constraints are respectively defined as  

෍ ෍ න ݃௖௣ܵ௖ሺߛ௖, ݇, ݊ሻ
ଵ

 ఊ೎,௚೎೛

௞೗೔೘೔೟

௞ୀଵ

௡೗೔೘೔೟

௡ୀଵ

ሺ݊ሻ݄ሺ݇ሻ݂ீݎ ൫݃௖௣൯ ୻݂ሺߛ௖ሻ݀݃௖௣ ݀ߛ௖ ൑  ܳ௔௩௚, 

   and 

݃௖௣ܵ௖ሺߛ௖, ݇, ݊ሻ ൑  ܳ௣௘௔௞ ,  

ሺ5.4.1ሻ 

where ܳ௔௩௚ and  ܳ௣௘௔௞ denote the average and peak received-interference values 

respectively.  

The goal is to find the optimal value of SNR-target by using outer loop power 

control, and then achieve it by choosing the most suitable spreading factor for 

transmission. This will thus maximize the average spectral efficiency of the reference 

CU. Hence, the maximum average spectral efficiency of the reference CU, i.e. data 

rate, ܴ, per unit bandwidth, ܤ, would be the solution to the following problem: 

 
ܴ
ܤ ൌ     

max
.ሺߪ , . ሻ              ூܲ ௖ܰ௛௜௣

ܤ ௞,௡ܧ ൤
1

ܰሺ݇, ݊; ௕ܲሻ൨,   

subject to 
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෍ ෍ න ݃௖௣
,ሺ݇ߪ ݊; ௕ܲሻ

௖ߛ 

ଵ

 ఊ೎,௚೎೛

௞೗೔೘೔೟

௞ୀଵ

௡೗೔೘೔೟

௡ୀଵ

ሺ݊ሻ݄ሺ݇ሻ݂ீݎ ൫݃௖௣൯ ୻݂ሺߛ௖ሻ݀݃௖௣ ݀ߛ௖ ൑  
ܳ௔௩௚

ܵҧ , 

and 

݃௖௣
,ሺ݇ߪ ݊; ௕ܲሻ

௖ߛ 
൑  ܳ௣௘௔௞,           

ሺ5.4.2ሻ 

where ௖ܰ௛௜௣ is the number of chips per unit time, ூܲ is the conditional probability that 

the primary network spectrum being idle and ܰሺ݇, ݊; ௕ܲሻ is the spreading factor for 

matched-filter-based receiver as derived in Chapter 3. To find the maximum average 

spectral efficiency of the reference CU, the Lagrangian function is created and by 

adopting the similar approach used in Chapter 3, the optimal SNR-target can be found as 

,ሺ݇ߪ ݊; ௕ܲሻ ൌ

ە
ۖ
۔

ۖ
ඨۓ

െ6 ூܲ ௖ܰ௛௜௣

,ሺ݇ߔߠܤ ݊ሻܧሾݒሿ ݒ       ൒  
ܳ௣௘௔௞

 ܵҧ ,
 

ܳ௣௘௔௞

ҧܵݒ  ݒ                             ൑  
ܳ௣௘௔௞

 ܵҧ ,

 

ሺ5.4.3ሻ 

where ߠ is the Lagrangian multiplier, ߔሺ݇, ݊ሻ ൌ ൣ3൫ݍ൫ܮ௣, ൯ߜ െ 1൯ ൅ 2ሺ݇ ൅ ݊ሻݍ൫ܮ௣,  ൯൧ߜ

and ݒ ൌ ห݃௖௣หଶ ௖ൗߛ . Recalling that the distribution of the ratio between two Gamma 

distributed random variables with parameters ߙଵ and ߙଶ is a Beta prime distribution with 

parameters ߙଵ and ߙଶ, the distribution of ݒ can be written as: 

௏݂ሺݒሻ ൌ
1

 ሺݒ ൅ 1ሻଶ . 

ሺ5.4.4ሻ 

Suppose that the number of active primary and cognitive users in the cell is Poisson 

random variables and by using the same pdfs used in Chapter 3, a closed-form 

expression for the maximum average spectral efficiency can be derived by averaging of 
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ܴ ⁄ܤ  over all values of  ݒ, ( the optimal value of Lagrangian multiplier and optimum 

spreading factor are found by adopting a similar approach used in Chapter 3.) 

൬
ܴ
൰ܤ

௠௔௫
ൌ

െ3 ூܲ ௖ܰ௛௜௣

ܤ ݁ି൫ఒ೛ ஜ೛⁄ ାఒ೎ ஜ೎⁄ ൯  ቈ
ҧܵߞሿݒሾܧ௟௜௠௜௧ߞ2

߯ܳୟ୴୥
 ݁ି൫ఒ೛ ஜ೛⁄ ାఒ೎ ஜ೎⁄ ൯ ൅

ߖ
݈݊ 2 ௕ܲ

൅
2ܵҧߖ

ܳ௣௘௔௞
 ൬݈݊ሺ߯ሻ ൅ ൬

1
߯൰ െ 1൰቉, 

ሺ5.4.5ሻ 

where  

ߞ ൌ ෍ ෍
1

ඥߔሺ݇, ݊ሻ

௞೘ೌೣ

௞ୀଵ

௡೘ೌೣ

௡ୀଵ

൫ߣ௣ μ௣⁄ ൯௞

݇!
ሺߣ௖ μ௖⁄ ሻ௡

݊! ,   

ሺ5.4.6ሻ 

 

௟௜௠௜௧ߞ ൌ ෍ ෍
1

ඥߔሺ݇, ݊ሻ

௞೗೔೘೔೟

௞ୀଵ

௡೗೔೘೔೟

௡ୀଵ

൫ߣ௣ μ௣⁄ ൯௞

݇!
ሺߣ௖ μ௖⁄ ሻ௡

݊! , 

ሺ5.4.7ሻ 

 

ߖ ൌ ෍ ෍
1

,ሺ݇ߔ ݊ሻ

௞೘ೌೣ

௞ୀଵ

௡೘ೌೣ

௡ୀଵ

൫ߣ௣ μ௣⁄ ൯௞

݇!
ሺߣ௖ μ௖⁄ ሻ௡

݊!
,  

ሺ5.4.8ሻ 

and  

߯ ൌ ൬
ܳ௣௘௔௞

 ܵҧ ൅ 1൰.  

ሺ5.4.9ሻ 
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5.5 Performance Evaluation and Numerical Results 

In this section, performance of the proposed joint optimization scheme is 

numerically assessed and compared to the system that does not make use of the optimum 

SNR target in the outer loop which is referred to as a non-optimized system. Hence it is 

assumed that in the non-optimized system the SNR-target is kept constant through the 

expression ߪ ൌ ܵҧ ܳୟ୴୥ܧ ቂห݃௖௣หଶ
ቃ ሾ1ܧ ⁄௖ߛ ሿൗ . Furthermore, the system throughput under 

AB-IL-OSA strategy is compared to the system that uses AB-OSA technique for 

utilizing the primary frequency bandwidth, to evaluate the cost of reducing the 

probability of violating the primary network QoS requirements. Throughout the 

evaluation, the maximum number of primary and cognitive users is set to  ݇௠௔௫ ൌ 50 

and ݊௠௔௫ ൌ 15 respectively and ݇௟௜௠௜௧ ൌ25 and ݊௟௜௠௜௧=5. Also it is assumed that 

channel bandwidth is ܤ ൌ 5 MHz, chip rate is ௖ܰ௛௜௣ ൌ 3.84 Mcps, ܵҧ ൌ 0.25 Watt, 

ܳୟ୴୥=10 ଴ܰܤ and ଴ܰ ൌ െ174 dBm/Hz. 

First, performance of the proposed optimization scheme when it utilizes the 

primary spectrum using the AB-IL-OSA strategy is compared to the non-optimized 

system for various scenarios such as, different number of paths, different value of  ߩ and 

different value of probability of the primary spectrum being idle. Then, its performance 

is plotted against the system that exploits AB-OSA strategy (proposed in Chapter 4) for 

accessing the primary network’s spectrum. 

Fig. 5.2 demonstrates the achievable spectral efficiency of the reference CU using 

the proposed joint-optimization scheme and the non-optimized method, for different 

number of paths. From Fig. 5.2, it is evident that the joint-optimization method provides 

substantial enhancement, mainly in the higher SNR region. Also increasing the number 

of paths results in lower average spectral efficiency.  
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Figure 5.2: Optimized and non-optimized average spectral efficiency the reference CU 
for the different number of paths, when ߩ ൌ 2, ூܲ = 0.7, ௕ܲ ൌ 10ିସ, ௣ߣ ൌ 0.2 , μ௣ ൌ
0.006, ௖ߣ ൌ 0.18 ,  μ௖ ൌ 0.08. 

 

In Fig. 5.3, the optimized and the non-optimized average spectral efficiency of the 

reference CU is plotted for various values of ߩ ൌ ܳ୮ୣୟ୩ ܳୟ୴୥⁄ . Apart from the significant 

gain achieved by employing the joint optimization scheme, the figure shows by 

increasing the valued of ߩ higher average spectral efficiency can be achieved at the cost 

of increasing the chance of violating the primary users’ QoS. For example, at ܧሾݒሿ ൌ

െ10 dB, the reference CU’s average spectral efficiency increases by 53% by changing 

the value of  ߩ ൌ 2 to a less strict value of ߩ ൌ 4.  
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Figure 5.3: Optimized and non-optimized average spectral efficiency for different values 
of ߩ ൌ ܳpeak ܳavgൗ , when ܮ௣ ൌ 1, ூܲ ൌ 0.7, ௕ܲ ൌ 10ିସ, ௣ߣ ൌ 0.2 , μ௣ ൌ 0.006, ௖ߣ ൌ
0.18 , μ௖ ൌ 0.08. 
 

Fig. 5.4 illustrates the average spectral efficiency of the reference CU versus the 

probability of the primary network being under-utilized, ூܲ, for different values of ߩ and 

different paths, for both the optimized and the non-optimized scenarios. It is observed 

that increasing ூܲ and less tight  ܳ௣௘௔௞ constraint results in a gain in the average spectral 

efficiency. The reason for such a gain is that both aforementioned constraints are 

imposed by the primary network to guarantee the active primary users QoS. In this 

chapter, the reference CU’s average spectral efficiency is calculated only for a fraction 

of time that it utilizes the primary spectrum, whereas, in Chapter 4, the total average 

spectral efficiency of the reference CU is derived, (for period of time that it exploits the 

primary spectrum plus the fraction of time that it uses the cognitive network resources 

for transmission). This is a reason for small throughput gain when ூܲ ൌ 0 in Fig. 4.5. 
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Figure 5.4: Average spectral efficiency of the optimized and the non-optimized systems 
for various numbers of paths, vs. conditional probability that the primary network is idle, 
when ܧሾݒሿ ൌ െ7 ݀ߣ  .ܤ௣ ൌ 0.2 , μ௣ ൌ 0.006, ௖ߣ  ൌ 0.18 , μ௖ ൌ 0.08, ௕ܲ ൌ 10ିସ. 

 

Finally, the Fig. 5.5 shows the reference CU’s average spectral efficiency under 

AB-OSA and AB-IL-OSA access strategies. It is observed, a better performance is 

achieved by using AB-OSA technique at the cost of increasing the probability of the 

primary network QoS violation. A good trade-off can be achieved between maintaining 

the primary users’ QoS (which is vital in the CDMA/CDMA shared-spectrum CR 

networks as explained in the Introduction section of this chapter) and the CUs’ 

throughput by using the AB-IL-OSA technique. It also, verified that under less strict 

interference threshold setting the throughput plots converge towards the case that AB-

OSA technique is used.  
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Figure 5.5: Average spectral efficiency under AB-OSA and AB-IL-OSA strategies, 
when ܮ௣ ൌ 1, ூܲ ൌ 0.7, ௕ܲ ൌ 10ିସ, ௣ߣ ൌ 0.28 , μ௣ ൌ 0.009, ௖ߣ ൌ 0.18 , μ௖ ൌ 0.08,
௖௣൧ߛൣܧ ൌ  .ܤ10݀
 

5.6 Summary  

This chapter introduced a novel access strategy for the CDMA/CDMA shared-spectrum 

CR network that can achieve a trade-off between the primary network’s QoS and 

cognitive network performance. It was shown that using the proposed optimization 

technique in Chapter 3, can enhance the reference CU’s throughput when in utilizes the 

primary spectrum using the AB-IL-OSA. In the proposed access strategy, the reference 

CU access to the primary network’s resources is limited based on the activity of the 

primary users, and also the constraints are set on both the average and the peak received-
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interferences, inflicted on the primary network, to guarantee the QoS requirements of the 

primary users. It was shown that the proposed optimization technique can improve the 

performance of the RCU without harming the primary users QoS, especially when the 

channel between the RCU’s transmitter and the receiver of the primary network is 

weakened. Throughput performance and improvements achieved relative to the non-

optimized system were also demonstrated for various number of paths and different 

values of ߩ. 

Next chapter concludes this thesis along with discussions concerning possibilities 

of future works. 
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Chapter 6 
6.1 Conclusions 

Radio resource management (RRM) is of paramount importance in the design of shared-

spectrum CR wireless communications systems. This thesis has developed new resource 

allocation schemes in CR networks based on adaptive transmission power and 

transmission rate, two vital issues concerning RRM. With regard to sharing the spectrum 

between the primary and cognitive users, the system performance was investigated 

under different spectrum access strategies. Concerning the power allocation, the focus 

was on closed loop power control, which is composed of inner loop and outer loop 

power control. In relation to the transmission rate management, the use of variable 

spreading factors was employed. The goal was to develop the novel adaptive 

transmission techniques for the uplink of CDMA/CDMA spectrum sharing in order to 

enhance the average spectral efficiency of the reference CU. This technique is devised 

under different spectrum access strategies, namely, IL-OSA, AB-OSA and AB-IL-OSA. 

The aim was to accomplish the aforementioned goal in the presence of transmitter 

constraints, such as the CUs’ power, as well as QoS requirements of both primary and 

cognitive networks, i.e., BER. 

 In Chapter 2, initially a review of various fixed and adaptive transmission rate 

techniques as well as classic power allocation schemes in non-shared spectrum 

environment were presented. There was also a discussion of different access strategies 

and adaptive resource allocation techniques in shared-spectrum CR networks. 

 In Chapter 3, a new adaptive transmission scheme was developed that involves 

the joint optimization of closed loop power control and transmission rate control.        
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IL-OSA strategy was used by the CUs for accessing the shared-spectrum; therefore, the 

interference caused by their operation in the primary spectrum was limited by imposing 

constraints on the average and the peak received-interference. Conventional matched-

filter detector was considered in the receiver of both primary and cognitive networks and 

a closed-form solution was derived for the optimal outer loop SNR-target in terms of the 

number active cognitive and primary users in the primary cell. Consequently, the joint 

optimization of optimal SNR-target and variable spreading factor of the reference CU 

was analyzed. Channel inversion adaptation strategies were used in the inner loop power 

control, where both total and truncated policies were studied. A closed-form expression 

was derived for the CUs’ optimal spreading factor in terms of BER-target and the 

optimal SNR-target. The reference CU’s achievable average spectral efficiency gain was 

compared to a similar system that does not use the optimal SNR-target in the outer loop. 

In addition, an optimal trade-off between the reference CU’s throughput and QoS of the 

primary users were obtained by dynamically setting of the peak threshold according to 

the number of active users in the primary network.  

 The proposed scheme achieved a significant enhancement in the average spectral 

efficiency of the reference CU mainly in the lower region of the SNRs (typically 10-

25dB). The gains, however, diminished as the SNR was increased further. The impact of 

the INR on the maximum average spectral efficiency of the reference CU was studied. It 

was shown that imposing less strict BER-targets can considerably lift the spectral 

efficiency. The experimental results showed that higher number of paths results in 

smaller average spectral efficiency. Effect of both networks’ higher traffic load on the 

average spectral efficiency of the reference CU was analyzed. 

The proposed system performance was evaluated for different levels of the 

acceptable average received-interference threshold and it was observed that a higher 

average interference limit results in larger average spectral efficiency. The peak 

interference threshold was imposed on top of the average received-interference 

constraint to reduce the chance of the primary network’s QoS violation. It was shown 

that the reference CU can achieve a higher average spectral efficiency under a less 
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restrict peak received-interference threshold setting. The numerical results confirmed 

that dynamically adapting the peak interference temperature to the number of active 

users in the primary network can improve the performance of the proposed system. It 

was shown by using the aforementioned dynamic setting the reference CU’s throughput 

increased compared to static conservative threshold-setting. 

In Chapter 4, the proposed joint optimization of physical layer closed loop power 

control and rate control as in Chapter 3 was further analyzed for a scenario that the CUs 

use AB-OSA strategy for utilizing the primary frequency band. The total average 

spectral efficiency of the reference CU was derived subject to average transmits power 

and BER constraints. It was shown that allowing the reference CU to exploit the idle 

spectrum, by employing the CR technology, can significantly enhance its total 

throughput. Effect of higher probability of primary spectrum availability on the 

achievable average spectral efficiency of the reference CU was investigated. This was 

verified by numerical results and it was shown that allowing the reference CU to exploit 

the primary frequency band for more fraction of time can enhance its total throughput. 

On the other hand, during a fraction of time that the reference CU is not permitted to 

exploit the licensed primary spectrum, lower average spectral efficiency is attained as a 

result of high MAI in the cognitive network. 

In Chapter 5, a novel access strategy was proposed to overcome the AB-OSA 

technique limitation. It was shown, AB-IL-OSA can perfectly suit the CDMA/CDMA 

spectrum sharing system requirements, as it can satisfy the primary network’s QoS 

provisioning at all time, even during a fraction of time that it is assumed idle by the CUs. 

A closed-form expression was derived for the reference CU average spectral efficiency 

subject to joint average and peak received-interference constraints under the frequency-

selective Rayleigh multipath fading channel conditions. The numerical results confirmed 

that the system can achieve a substantial gain with respect to the non-optimized systems. 
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6.2 Future Works  

A number of potential advancement and development can be made to the proposed 

algorithms in this thesis. The following are a few additional ideas to be examined, with 

the purpose of promoting future work on these algorithms.   

It would be beneficial and more practical to extend the proposed optimization 

algorithm into a shared-spectrum heterogeneous system. It is expected that the 3G and 

the 4G system to co-exist before the transition to 4G network is fully completed. 

Therefore, another challenge would be to examine the performance of the proposed joint 

optimization scheme in a OFDM/CDMA heterogeneous system (the primary network 

make use of Orthogonal Frequency Division Multiplexing (OFDM) and the cognitive 

network utilize Direct Sequence Code Division Multiple Access (DS-CDMA)). In 

addition, the achievable gain under different access strategies can be investigated in such 

a heterogeneous network.  

Also, an issue of practical importance would be to extend the developed 

algorithms to the case of multiple-cell environment. To this end, the problem of cell 

membership needs to be investigated since the CUs should join the network that offers 

them a better service with less strict constraint. The collaborative multi-cell spectrum 

sharing network can be considered that allows the base-stations (BSs) to collaborate and 

communicate with each other to decide which network’s resources can be utilized by the 

CUs for achieving the optimal performance. 

 With regard to optimization scheme developed in Chapter 3, another challenge 

could be to jointly control two or more of the available transmission parameters across 

different layers of a wireless systems in an attempt to enhance the performance. These 

cross-layer models try to improve system throughput while satisfying one or more of the 

quality of service (QoS). One scenario that could be an interesting research topic is to 

propose a shared-spectrum system that incorporates the joint optimization of power and 

rate at the physical layer and error control at the data link layer.  
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The assumption of perfect channel state information (CSI) available at 

transmitter or receiver of the CUs which was considered throughout this thesis may not 

hold true, therefore the impact of CSI imperfection on the performance of the proposed 

scheme should be investigated. One practical assumption can be, instead of considering 

perfect knowledge of the link between the CU’s transmitter and the primary receiver is 

available to receiver, it can be assumed that the CUs are provided with only partial 

information of the link.  

It is also interesting to include the probability of miss-detection and the false-

alarm in the spectrum sharing system design instead of assuming a perfect spectrum 

sensing mechanisms, which is not practical. Therefore, impact of inaccurate spectrum 

sensing should be considered in the spectrum sharing problem as miss-detection incident 

and the collision between the primary and the cognitive network transmissions can 

potentially degrade the primary network performance.  

Another undertaking would be examine the performance of the proposed joint 

optimization scheme in this thesis for other linear and/or non-linear multiuser detectors, 

and to observe if they exhibit similar gain.   

Finally, it would be beneficial to generalize the optimization algorithm 

developed in this thesis for single-class systems to a multiple-class system. The reason is 

the various different classes that co-exist in current and future networks. For instance, a 

spectrum sharing system can be designed to support both real-time and non-real time 

services. The real-time services need low end-to-end delay and limited time variations 

between successive packets and can manage a higher error rates. In contrast, non-real 

time services such as web browsing or email require low BER but are insensitive to 

delays. The performance when voice users transmit at fixed-rate while the rate of data 

users varies could be scrutinized as a scenario appeals to practical network. 
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Appendix A 

Proof of concavity for optimization problem (3.5.6) 

 

In order to prove that the objective function in optimization problems (3.5.6) is concave 

in ߪሺ݇, ݊ሻ for all ݇ ൌ 1, … ,  ݇௠௔௫ and ൌ 1, … ,  ݊௠௔௫, the second derivative of  ோ
஻

  with 

respect to ߪሺ݇, ݊ሻ is derived. 

 

݀ଶ ܴ
ܤ

݀ଶߪሺ݇, ݊ሻ ൌ
12 ௖ܰ௛௜௣

ܤ ෍ ෍ ሺ݊ሻ݄ሺ݇ሻݎ
1

,ሺ݇ߪ ݊ሻଷߔሺ݇, ݊ሻ

 ௞೘ೌೣ

௞ୀଵ

 ௡೘ೌೣ

௡ୀଵ

  

݇ ൌ 1, … ,  ݇௠௔௫ and ݊ ൌ 1, … ,  ݊௠௔௫. 

                                              (A.1) 

From (3.5.7) and (3.5.11), ߪሺ݇, ݊ሻ is always a non-negative real value. Also ߔሺ݇, ݊ሻ is 

always a non-negative value. In addition, it is assumed that the number of active primary 

and cognitive users in the cell is a Poisson random variable. Also ௖ܰ௛௜௣ and ܤ are also 

real and non- negative values. Therefore  
ௗమೃ

ಳ
ௗమఙሺ௞,௡ሻ ൏ 0, for 1 ൑ ݇ ൑  ݇௠௔௫  and 1 ൑ ݊ ൑

 ݊௠௔௫, and the objective function in (3.4.6) is concave. Also, the constraint in (3.5.6) is 

affine in ߪሺ݇, ݊ሻ  for ݇ ൌ 1, … ,  ݇௠௔௫ and ݊ ൌ 1, … ,  ݊௠௔௫. Therefore conditions for 

applying Lagrangian method for optimization problem (3.5.6) are fulfilled. 
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