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ABSTRACT 

OPTIMAL RESOURCE ALLOCATION FOR VIDEO 

STREAMING OVER COGNITIVE RADIO NETWORK VIA 

GEOMETRIC PROGRAMMING 

© Bo Guan 

Master of Applied Science, Electrical and Computer Engineering, 

Ryerson University, Toronto, Canada, 2012 

 

Cognitive Radio (CR) is a new paradigm in wireless communications to enhance 

utilization of limited spectrum resources. In the cognitive radio networks, each secondary 

user can use wireless channels for data transmission to improve the spectrum utilization. 

This thesis focus on the resource allocation problem for video streaming over cognitive 

radio networks, where secondary users and primary users transmit data simultaneously in 

a common frequency band. Respectively, we investigate CR in both single channel and 

multiple channels scenarios for single-layered and multi-layered streaming video, which 

is encoded into multiple layers delivered over a separate channel. Moreover, the source 

rate, the transmission rate, and the transmission power at each video session in each 

channel are jointly optimized to provide Quality of Service (QoS) guarantee to all video 

sessions in the secondary network. The optimization problem is formulated into a 

Geometric Programming (GP) problem, which can be solved efficiently. In the 

simulations, we demonstrate that the proposed scheme can achieve a lower Packet Loss 

Rate (PLR) and queuing delay, thus leading to a higher video quality for the video 

streaming sessions, compared to the uniform scheme.  
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Chapter 1 

Introduction 

 

1.1 Background Study 

1.1.1 Cognitive Radio 

THE need to wirelessly share high-quality multimedia content is driving the need for 

ever-increasing wireless transport capacity, which is, however, limited by the scarcity of 

the available radio spectrum. The current wireless networks follow a static spectrum 

assignment strategy where radio spectrum are allocated to license holders for exclusive 

usage privileges on a long-term basis for large geographical regions. With the increase in 

spectrum demand, this strategy has been challenged by the problem of spectrum scarcity, 

which makes the radio spectrum one of the most heavily regulated and expensive natural 

resources around the world. Achieving high spectrum utilization is, therefore, one of the 

most critical research objectives in designing wireless communication systems today. In 

fact, as discussed in a report by Federal Communication Commission (FCC) on spectrum 

usage, the spectrum utilization varies from 15% to 85%, depending on the geographical 
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area [1].The limited available spectrum and inefficient spectrum utilization necessitate a 

new mechanism to exploit the existing spectrum in an opportunistic manner. 

Consequently, Cognitive Radio (CR) is proposed to solve this inefficiency problem in 

spectrum usage [2, 3].  

Cognitive radio is a new paradigm in wireless communication which can change its 

transmission parameters based on what it learns from the environment in which it 

operates [4]. It is defined as a radio that is able to utilize available side information, in a 

decentralized paradigm, in order to efficiently use the radio spectrum left unused by 

licensed systems. Opportunistic users (referred to secondary users in this thesis) may 

dynamically select best available channels, and adapt their transmission parameters to 

avoid harmful interference between contending users. Furthermore, Medium Access 

Control (MAC) protocols exploit sensing stimuli to build up a spectrum opportunity map 

(cognitive sensing). It has an important role in four major cognitive radio functions: 

spectrum mobility, channel sensing, resource allocation, and spectrum sharing [2]. CR 

techniques exploit spectrum opportunities in space, time, and frequency while protecting 

users of the primary networks from excessive interference due to spectrum access from 

the users of secondary networks [5].  
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The spectrum utilization techniques in cognitive radio networks can be classified into 

two classes: spectrum overlay and spectrum underlay [6, 7]. In the spectrum overlay 

scheme, secondary users are only allowed to access the spectrum channels of the primary 

network that are not being used by primary users. In the spectrum underlay scheme, 

primary users and secondary users can transmit data simultaneously over the same 

channel as long as the aggregated interference to the primary user generated by secondary 

users are below an acceptable threshold [8]. Compared to spectrum overlay, the 

advantage of spectrum underlay is that the secondary users can directly access the 

licensed spectrum without considering the behaviors of the primary users. In the 

spectrum underlay scheme, the transmission power and transmission rate of each 

secondary user become critically important in order to guarantee the interference to the 

primary network below an acceptable threshold. 

1.1.2 Wireless Video Streaming  

The past few years have seen a proliferation use of various multimedia applications 

over wired packet networks, such as interactive voice communications (Voice over 

Internet Protocol (VoIP)), multimedia messaging, video conferencing, live TV 

broadcasting and on-demand multimedia streaming, e.g., Youtube, Hulu, NetFlix. In the 
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meantime, the rapid diffusion of wireless devices in the past years, such as iPad, iPod, 

iPhone, is increasingly propelling the shift of users toward wireless technologies.  

From a communication point of view, wireless video streaming can be further divided 

into two classes: 

1. Live video streaming, such as TV broadcasting; 

2. On-demand streaming, also called video-on-demand (VoD), such as remote 

education, Youtube. 

The major difference between the two groups is that the latter requires some form of 

interactions between the source and end hosts [9]. In specific, in the first group, the video 

packets are delivered one way from the source to destinations. All the users subscribed to 

the service receive the same media content and process the playback at the same time. 

The latter group, however, allows users to select different media contents from a rich 

media database and interactively control the playback. With more flexibility rendered to 

users, of the many applications of distributed media streaming systems, VoD has much 

appeal. 

With different characteristics of media service, the QoS provision schemes for the two 

different media applications are also diverse. The live streaming service requires 

minimum start-up delay to ensure the instant information delivery from the source. In this 
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case, the media buffer is kept small to reduce the latency of start-up; therefore, the media 

traffic requires static throughput support with persistent guaranteed data rate. The on-

demand media streaming, however, can tolerate a fairly long start-up delay compared 

with the live streaming service, as long as the media can be smoothly played without 

interruptions. In other words, the buffer plays an important role now and how to make 

use of the playback buffer in network resource allocation becomes critical. With 

abundant buffer storage, the users are resilient to the network dynamics which could 

benefit the resource allocation. Moreover, it is important to note that the video-on-

demand allows users to arbitrarily select the position of media playback. Once the user 

switches to a new playback position, its previous buffer contents become useless and new 

content must be pulled immediately via the network. This may require intensive network 

resource in a short period. 

1.2 Problems and Objectives  

 Driven by the ever-growing demand of wireless multimedia services and increasing 

importance of CR networks in wireless communication, in this thesis, we will focus on 

the problem of resource allocation, which is employed to provide reliable video 

streaming service to secondary users according to QoS requests. We first explore one 



6 

 

basic single channel CR network model based on Code Division Multiple Access 

(CDMA) technology, and investigate QoS provisioning for secondary video streaming 

session. In addition, we expanded it into a more sophisticated scenario – multi-layered 

video streaming over multi-channel CR network, and demonstrated that the issued 

methodology could provide convincing multimedia streaming quality. The proposed 

methods can expand the potential value-added service for ISPs, such as video 

conferencing, TV broadcasting and wireless on-demand multimedia streaming [5, 10, 11]. 

Moreover, because of the unique feature of CR networks and specific QoS 

requirements of video streaming services, existing scheme designed for video streaming 

over traditional networks could not be easily extended, and we indicate our specific key 

research objectives of this work as follows. 

1. QoS Provisioning for Secondary Users. The QoS supports depend on the resource 

allocation at each user and in each channel, which is a nontrivial task. The secondary 

users need to carefully select their transmission power and transmission rate to 

guarantee that they do not generate an unacceptable interference to the primary users. 

In this work, we present the QoS metrics, the Packet Loss Rate (PLR) for the 

congestion PLR due to the queue overflow, the transmission errors, and Queuing 



7 

 

Delay (QD), which is defined as the duration from the time when packet arrives in 

the queuing system to the time when the packet leaves the queuing system. 

2. Interferences among Secondary Users. The interferences among the users may 

corrupt the video packets, thus degrading the video quality. Existing methods for 

solving this interference problem leave uncertainties and difficulties in practice for 

the cognitive radio applications. We try to solve such interference problems in 

spectrum underlay cognitive radio networks. 

3. Resource Allocation for Secondary User. The resource allocation to the secondary 

user needs to be controlled appropriately to guarantee undisturbed operation of 

primary users. We formulate this resource allocation problem into a Geometric 

Programming (GP) problem, which can be solved efficiently. 

1.3 Technical Challenges and Related Work 

Although wireless networks provide a low-cost and flexible infrastructure to 

multimedia applications, this infrastructure is unreliable and provides dynamically 

varying resources with only limited QoS support. Moreover, media streaming 

applications, such as TV broadcasting, have especial stringent QoS requirements 

compared with genetic data communications [13]. In particular for cognitive radio 
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networks, media traffic is characterized by strong time sensitivity and inelastic bandwidth 

requirement. It is challenging to provide QoS guarantee for video streaming over 

designated spectrum underlay cognitive radio networks.  

The emerging high-speed wireless access technologies and the requirements of 

different wireless applications are expected to create a huge demand on spectral resources 

in the next generation wireless communication systems. Due to the rapidly increasing 

demand of multimedia application over wireless networks, video streaming services have 

become an urgent problem attracting significant efforts among various research 

communities, from networking society to signal processing society. Meanwhile, CDMA 

has been adopted as multiple access technology for 3G and beyond due to its advantages 

such as universal frequency reuse, soft handoff, inherent diversity, and high spectrum 

efficiency [12]. Multimedia services over IP-based CDMA wireless networks will be one 

of the key applications in cognitive radio field. 

Resource allocation in single-channel spectrum underlay cognitive radio networks was 

investigated in [14]. Video streaming over cognitive radio networks was investigated in 

[16-17]. In [16], Hu et al. adopted scalable videos to accommodate heterogeneous 

channel availabilities and dynamic network conditions in spectrum overlay cognitive 

radio networks. In [17], Li et al. optimally allocated the channels to maximize the overall 
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network throughput while providing users with the smooth video playback. In this thesis, 

we optimized the resource allocation to provide QoS guarantee for video streaming over 

single-channel cognitive radio networks. Furthermore, we introduced the detail 

methodology in the following chapters, and also bring along with the multi-layer video 

streaming over multi-channel cognitive radio, for more practical network scenarios. 

Many milestones, both regulation and technical, have been reached in opening 

spectrum for more flexible and efficient use, and this trend will continue. CR technology 

plays a significant role in making the best use of scarce spectrum to support fast growing 

demand for wireless applications, ranging among Wireless IPTV (in which TV 

programming is transmitted to smart terminals), Vehicle Asset Tracking and Control, 

Smart Grid for utilities, transportation and private companies, which are all applications 

or consumer of these services [9]. Starting with the lowest hanging fruit, wireless 

providers now see a market in niche areas that need more flexibility in radio spectrum. 

For example, TerraStar [9] is a satellite communications company that has recently 

launched a mobile product that combines satellite and cellular communication onto one 

smart phone, built with Software Define Radios (SDR) that will enable both types of 

communications. Potential market for these versatile phones is outdoor enthusiasts, local 

emergency first responders, and transportation companies [9]. As mentioned above the 
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opportunities for agile radio technologies like cognitive radio systems are directly linked 

to the growing market for wireless data transmission as 3G applications grow to 4G. 

1.4 Thesis Contributions 

Our work consists of the resource allocation problem for video streaming over 

cognitive radio networks. Motivated by the aforementioned challenges in this field, the 

proposed work aims to provide QoS guarantee for video streaming over multi-channel 

spectrum underlay cognitive radio networks by optimizing the resource allocation using 

geometric programming method. We jointly optimize the source rate, the transmission 

rate, and the transmission power at each video session to provide QoS guarantee to all 

video sessions in the secondary network. It is expected to benefit the advancement of 

next generation wireless communication technologies and the applications in 

communication and information technology. The presented methods can be applied into 

many applications, such as VOD, video conferencing, IPTV. 

1.5 Thesis Organization 

This thesis is proposed of five chapters and the rest of this thesis is organized as 

follows: 



11 

 

Chapter 2: Background, reviews the background and related works reported in the 

literatures for cognitive radio network and video streaming. 

Chapter 3: Single Layer Video Streaming over Spectrum Underlay CR Networks, 

conducts a QoS optimization method using Geometric Programming for video streaming 

over spectrum underlay cognitive radio. Chapter 3 presents the work for the single layer 

video streaming over spectrum underlay CR networks. 

Chapter 4: Multi-Layered Video Streaming over Multi-Channel CR Networks, discusses 

a more sophisticated scenario, based on the model in Chapter 3. The multi-layered video 

streaming over multi-channel cognitive radio network is studied to find a more efficient 

way of utilizing resource for secondary users with multi-channel cognitive radio. 

Chapter 5: Conclusions and Future Work, discusses the results from our experiment and 

summarizes the contributions of this work. Future works are also presented.  

 



12 

 

Chapter 2 

Background  

 

WITH the emerging high-speed wireless access technologies, the requirements of 

different wireless applications are expected to create a huge demand on spectral resources 

in the next generation wireless systems. Achieving high spectrum utilization is, therefore, 

one of the most critical research objectives in designing wireless communication systems 

today. Therefore, there is an increasing interest in developing efficient methods for 

spectrum management and sharing. Cognitive Radio (CR) is a new paradigm in wireless 

communications to enhance utilization of limited spectrum resources. The main idea 

contained in CR technology is that the SU can exploit temporarily and local available 

licensed spectrum and adapt its radio parameter to opportunistically communicate over 

the spectrum. As to the detail of the methodologies for cognitive radio, it will be 

introduced in this chapter.  

2.1 Cognitive Radio Networks 
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Cognitive radio technology is a key technology that enables next generation network to 

use spectrum in a dynamic manner. The CR, which was first proposed by Mitola in 1999 

[20], is a promising approach to achieve dynamic spectrum sharing [5]. The term, 

cognitive radio, can formally be defined as follows [4]: “A Cognitive Radio is a radio that 

can change its transmitter parameters based on interaction with the environment in which 

it operates.” From this definition, two main characteristics of the cognitive radio can be 

defined [5, 21]: first conception, Cognitive capability refers to the ability of the radio 

technology to capture or sense the information from its radio environment. This 

capability cannot simply be realized by monitoring the power in some frequency band of 

interest but more sophisticated techniques are required in order to capture the temporal 

and spatial variations in the radio environment and avoid interference to other users. 

Through this capability, the portions of the spectrum that are unused at a specific time or 

location can be identified. Consequently, the best spectrum and appropriate operating 

parameters can be selected. Second conception, Reconfigurability enables the radio to be 

dynamically programmed according to the radio environment. More specifically, the 

cognitive radio can be programmed to transmit and receive on a variety of frequencies 

and to use different transmission access technologies supported by its hardware design. 
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The objective of the cognitive radio is to exploit the best available spectrum through 

cognitive capability and reconfigurability as described before. Since most of the spectrum 

is already assigned, the most important challenge is to share the licensed spectrum 

without interfering with the transmission of other licensed users. The cognitive radio 

enables the usage of temporally unused spectrum, which is referred to as white space [4]. 

If a licensed user further uses this band, the cognitive radio moves to another spectrum 

hole or stays in the same band, altering its transmission power level or modulation 

scheme to avoid interference. In [22], opportunistic networks are divided, according to 

the type of infrastructure, in centralized and distributed networks. Centralized networks 

are then classified depending on whether the Access Point controller takes part in data 

transmission among the secondary users. If the controller doesn’t take over the SUs’ 

transmission, it will be classified as the decentralized scheme. Then decentralized 

networks are classified according to how signaling and channel negotiation are managed 

by the network. It is defined as a radio that is able to utilize available side information, in 

a decentralized paradigm, in order to efficiently use the radio spectrum left unused by 

licensed systems. CR techniques exploit spectrum opportunities in space, time, frequency，

while protecting users of the primary network from excessive interference due to 

spectrum access from the users of secondary networks. 
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 In this first place, the CR techniques deal with the underlay and overlay operation of 

cognitive radios. On the one hand, the underlay paradigm mandates that concurrent 

primary and secondary transmissions may occur as long as the aggregated interference 

generated by the SUs is below some acceptable threshold [20]. On the other hand, the 

overlay paradigm allows the coexistence of simultaneous primary and secondary 

communications in the same frequency channel, as long as the SUs somehow facilitate 

transmission of the PUs, for example by means of advanced coding or cooperative 

techniques. In particular, in a cooperative scenario the SUs could decide to assign part of 

their power to their own secondary communications and the remaining power to relay the 

PUs’ transmission [5]. Recent research focus on the hybrid CR system where underlay 

and overlay CR approaches are combined. Several methods proposed on occasional 

switches from an overlay CR mode to an underlay CR mode enable to maximize the 

average throughput of a secondary network and stable transmission of a secondary user. 

2.2 Spectrum Underlay versus Spectrum Overlay 

2.2.1 Spectrum Underlay CR 

In spectrum underlay secondary users are allowed to transmit their data in the licensed 

spectrum band when primary users are also transmitting. The interference temperature 
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model is imposed on secondary users’ transmission power so that the interference at a 

primary user’s receiver is within the interference temperature limit and primary users can 

deliver their packet to the receiver successfully. Spread spectrum techniques are usually 

adopted by secondary users to fully utilize the wide range of spectrum. However, due to 

the constraints on transmission power, secondary users can only achieve short-range 

communication. If primary users transmit data all the time in a constant mode, spectrum 

underlay does not require secondary users to perform spectrum detection to find available 

spectrum band. 

In the spectrum overlay paradigm, secondary users are only allowed to access 

spectrum resources (i.e., channels) owned by the primary network provider if these 

channels are not being used by primary users. Here, spectrum sensing needs to be 

performed to avoid possible collision with primary users [1], [12]. Given that the 

spectrum opportunities are detected by a spectrum sensing technique, it is important to 

coordinate the spectrum sharing among secondary users in such a way that different 

design objectives can be achieved. Centralized architectures for spectrum sensing and 

sharing in cognitive wireless networks were proposed in [6] and [7]. In general, a 

medium access control (MAC) layer protocol with sensing capability is important to 
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perform fair resource allocation among secondary users while avoiding collision with 

primary users. 

In an underlay system, regulated spectral masks impose stringent limits on radiated 

power as a function of frequency, and perhaps location. Radios coexist in the same band 

with primary licensees, but are regulated to cause interference below prescribed limits. 

For example, a low-powered radio could coexist in the same frequency channel with a 

high-powered broadcast radio. Because of the power limitation, underlay radios (UR) 

must spread their signals across large bandwidths, and/or operate at relatively low rates. 

The underlay approach imposes severe constraints on the transmission power of 

secondary users so that they operate below the noise floor of primary users. By spreading 

transmitted signals over a wide frequency band (UWB), secondary users can potentially 

achieve short-range high data rate with extremely low transmission power. Based on a 

worst-case assumption that primary users transmit all the time, this approach does not 

rely on detection and exploitation of spectrum white space. 

2.2.2 Spectrum Overlay CR 

Spectrum overlay is also referred to as opportunistic spectrum access. Unlike spectrum 

underlay, secondary users in spectrum overlay will only use the licensed spectrum when 

primary users are not transmitting, so there is no interference temperature limit imposed 
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on secondary users’ transmission. Instead, secondary users need to sense the licensed 

frequency band and detect the spectrum white space, in order to avoid harmful 

interference to primary users. 

For the spectrum underlay paradigm, it is required that an interference limit 

corresponding to an interference temperature level be maintained at receiving points of 

the primary network. A graph-theoretic model for spectrum sharing/access among 

secondary users was proposed in [8] where different objective functions were 

investigated. In [9], the channel allocation problem was formulated using game theory. 

Here, the proposed utility functions capture the interference perceived by one user on 

each channel and/or the interference this user creates to its neighboring users. In these 

papers, primary users were not explicitly protected from interference due to spectrum 

access by secondary users. In [13], a heuristic based channel and power allocation 

algorithm was proposed where interference constraints for primary users were considered. 

However, how good the performance of the proposed algorithm compared to the optimal 

solution was not known. In [14], a user removal algorithm based on the treepruning 

algorithm was proposed so that QoS constraints for secondary users and interference 

temperature constraints for primary users are satisfied. The proposed removal algorithm 

is, however, computationally extensive. 
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In the spectrum overlay paradigm, secondary users are only allowed to access 

spectrum resources (i.e., channels) owned by the primary network provider if these 

channels are not being used by primary users. Here, spectrum sensing needs to be 

performed to avoid possible collision with primary users [27, 28]. Given that the 

spectrum opportunities are detected by a spectrum sensing technique, it is important to 

coordinate the spectrum sharing among secondary users in such a way that different 

design objectives can be achieved. Centralized architectures for spectrum sensing and 

sharing in cognitive wireless networks were proposed in [29, 30]. In general, a MAC 

layer protocol with sensing capability is important to perform fair resource allocation 

among secondary users while avoiding collision with primary users. 

Spectrum overlay can be applied in either temporal or spatial domain [31]. In the 

former, secondary users aim to exploit temporal spectrum opportunities resulting from 

the burst traffic of primary users. In the latter, secondary users aim to exploit frequency 

bands that are not used by primary users in a particular geographic area. A typical 

application is the reuse of certain TV-bands that are not used for TV broadcast in a 

particular region. In the TV broadcast system, TV-bands assigned to adjacent regions are 

different to avoid co-site interference. This results in unused frequency bands varying 

over space. In general, spectrum opportunities vary in both temporal and spatial domains. 
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It is often assumed in the literature that one variation is at a much slower scale than the 

other. 

Initial attempts at addressing the identification and exploitation of temporal spectrum 

opportunities that also vary in space can be found in [37]. For an extended overview of 

challenges and recent developments in spectrum overlay, readers are referred to [34]. 

2.3 Video Streaming over Cognitive Radio 

Streaming video is multimedia that is constantly received by and presented to an end-

user while being delivered by a streaming provider [48]. The name refers to the delivery 

method of the medium rather than to the medium itself. The distinction is usually applied 

to media that are distributed over telecommunications networks, as most other delivery 

systems are either inherently streaming (e.g., radio, television) or inherently non-

streaming (e.g., books, video cassettes, audio CDs). Internet television is a commonly 

streamed medium. Streaming media can be something else other than video and audio. 

Live closed captioning and stock tickers are considered streaming text, as is Real-Time 

Text. Live streaming, delivering live over the Internet, involves a camera for the media, 

an encoder to digitize the content, a media publisher, and a content delivery network to 

distribute and deliver the content. 
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Designing a network protocol to support streaming video raises many issues, such as: 

1. Datagram protocols, such as the User Datagram Protocol (UDP), send the video 

stream as a series of small packets. This is simple and efficient; however, there is no 

mechanism within the protocol to guarantee delivery. It is up to the receiving application 

to detect loss or corruption and recover data using error correction techniques. If data is 

lost, the stream may suffer a dropout. 

2. The Real-time Streaming Protocol (RTSP), Real-time Transport Protocol (RTP) 

and the Real-time Transport Control Protocol (RTCP) were specifically designed to 

stream media over networks. RTSP runs over a variety of transport protocols, while the 

latter two are built on top of UDP. HTTP adaptive bitrate streaming, which is based on 

HTTP progressive download, but contrary to the previous approach, here the files are 

very small, so that they can be compared to the streaming of packets, much like the case 

of using RTSP and RTP [49]. 

3. Reliable protocols, such as the Transmission Control Protocol (TCP), guarantee 

correct delivery of each bit in the media stream. However, they accomplish this with a 

system of timeouts and retries, which makes them more complex to implement. It also 

means that when there is data loss on the network, the media stream stalls while the 

protocol handlers detect the loss and retransmit the missing data. Clients can minimize 
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this effect by buffering data for display. While delay due to buffering is acceptable in 

video on demand scenarios, users of interactive applications such as video conferencing 

will experience a loss of fidelity if the delay that buffering contributes to exceeds 200ms 

[50]. 

4. Unicast protocols send a separate copy of the media stream from the server to 

each recipient. Unicast is the norm for most Internet connections, but does not scale well 

when many users want to view the same television program concurrently. 

5. Multicast protocols were developed to reduce the data replication (and consequent 

server/network loads) that occurs when many recipients receive unicast content streams 

independently. These protocols send a single stream from the source to a group of 

recipients. Depending on the network infrastructure and type, multicast transmission may 

or may not be feasible. One potential disadvantage of multicasting is the loss of video on 

demand functionality. Continuous streaming of radio or television material usually 

precludes the recipient's ability to control playback. However, this problem can be 

mitigated by elements such as caching servers, digital set-top boxes, and buffered media 

players. IP Multicast provides a means to send a single media stream to a group of 

recipients on a computer network. A multicast protocol, usually Internet Group 
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Management Protocol, is used to manage delivery of multicast streams to the groups of 

recipients on a LAN. 

6. Peer-to-peer (P2P) protocols arrange for prerecorded streams to be sent between 

computers. This prevents the server and its network connections from becoming a 

bottleneck. However, it raises technical, performance, quality, and business issues. 

Compared with the data transfer applications, video streaming like VoD is 

characterized by the strong time sensitivity and inelastic bandwidth requirements. The 

video packets must be downloaded and available at the video decoder before their 

playback time to allow a continuous video reconstruction. Nevertheless, the CR networks 

are typically highly dynamic which poses significant challenges to the smooth video 

streaming. Specifically, in CR networks, primary users (PUs) normally behave in a purely 

random and unpredictable fashion, making the channel spectrum opportunities for 

secondary users (SUs) highly variable. Coupled with the dynamic channel status and 

internal transmission contentions among themselves, the download throughput of SUs is 

extraordinarily turbulent and intensely changing all the time, which severely affects the 

quality of the video play-out. 

Video streaming over cognitive radio networks was investigated in [5, 10, 11]. There is 

extensive literature striving to provision guaranteed QoS [38] to users in the dynamic CR 
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networks. In [39], it describes a live video streaming system over the infrastructure-based 

CR networks, in which multiple video flows are delivered to different groups of users. To 

provide high-quality video streaming with a low video distortion, authors propose a 

cross-layer optimization scheme which jointly considers coding rate, channel selection 

and channel sharing. In [5], Hu et al. adopted scalable videos to accommodate 

heterogeneous channel availabilities and dynamic network conditions in spectrum 

overlay cognitive radio networks. In [6], Li et al. optimally allocated the channels to 

maximize the overall network throughput while providing users with the smooth video 

playback. In our previous work [7], we optimized the resource allocation to provide QoS 

guarantee for video streaming over single-channel cognitive radio networks. 

2.4 Geometric Programming 

A geometric program (GP) is a type of mathematical optimization problem 

characterized by objective and constraint functions that have a special form [40]. The 

importance of GPs comes from two relatively recent developments: first, new solution 

methods can solve even large-scale GPs extremely efficiently and reliably; second, a 

number of practical problems, particularly in electrical circuit design, have recently been 

found to be equivalent to (or well approximated by) GPs. Putting these two together, we 
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get effective solutions for the practical problems. GP is a class of nonlinear optimization 

with many useful theoretical and computational properties. GP substantially broadens the 

scope of Linear Programming (LP) applications, and is naturally suited to model several 

types of important nonlinear systems in science and engineering. 

2.4.1 Monomial and Posynomial Functions 

There are two equivalent forms of GP: standard form and convex form. The first is a 

constrained optimization of a type of function called posynomial, and the second form is 

obtained from the first through a logarithmic change of variable. Standard form GP is 

often used in network resource allocation problems, and convex form GP in problems 

based on stochastic models such as information theoretic problems. Next before defining 

the two forms, we first introduce the concepts of monomial and posynomial. 

Definition 1 (monomial): A function        is a monomial if it has the following 

expression [40] 

 ( )     
 ( )  

 ( )    
 ( )      (1) 

where the multiplicative constants      and the exponential constants  ( )      

        

Definition 2 (posynomial): A function         is a posynomial if it is a sum of 

monomial, as the following below [40] 



26 

 

                  ( )  ∑     
  
( )

  
  
( )

   
  
( )

 
        (2) 

Where    , m=1,2,…M are nonnegative and   
( )
  , j=1,2,…n, m=1,2,…M. 

2.4.2 Standard Form Geometric Program 

Standard GP is the optimization problem with posynomial objective function and 

constraints including posynomial inequalities with upper bound and monomial equalities. 

A geometric program is an optimization problem of the form 

                Minimize     ( )       

Subject to    ( )                     (3) 

    ( )                  

where   ( )   ( ) are monomial and posynomial defined in (1) and (2), respectively:   ( ) 

are posynomial functions,   ( ) are monomials, and x are the optimization variables. 

(There is an implicit constraint that the variables are positive, i.e., x > 0.) We refer to the 

problem (3) as a geometric program in standard form. In a standard form GP, the 

objective must be posynomial (and it must be minimized); the equality constraints can 

only have the form of a monomial equal to one, and the inequality constraints can only 

have the form of a posynomial less than or equal to one. We can switch the sign of any of 

the exponents in any monomial term in the objective or constraint functions, and still 
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have a GP. But if we change the sign of any of the coefficients, or change any of the 

additions to subtractions, the resulting problem is not a GP. 
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Chapter 3 

Single Layer Video Streaming over 

Spectrum Underlay CR Networks 

 

IN this chapter, we investigate the resource allocation problem for single layer video 

streaming over spectrum underlay cognitive wireless networks. Specifically, we jointly 

optimize the source rate, the transmission rate, and the transmission power at each 

secondary video session to provide Quality of Service (QoS) guarantee to the delivery of 

video streams. The optimization problem is formulated into a Geometric Programming 

(GP), which can be solved efficiently.  

3.1 Problem Statement 

We investigate the resource allocation problem for video streaming over spectrum 

underlay cognitive radio networks where secondary users and primary users transmit data 

simultaneously in a common frequency band. It is challenging to obtain a high quality for 

video streaming over spectrum underlay cognitive radio networks. First, the secondary 

users need to carefully select their transmission power and transmission rate to guarantee 
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that they do not generate an unacceptable interference to the primary users.  Second, the 

secondary users suffer from the interferences from both the primary users and the other 

secondary users, which may corrupt the video packets. We formulate the resource 

allocation problem into an optimization problem, which jointly optimizes the source rate, 

the transmission rate, and the transmission power at each secondary session to provide 

QoS guarantee to the video streaming sessions. This problem is then turned into an 

optimal GP problem. 

3.2 System Models 

3.2.1 Network Topology 

We consider the hierarchical spectrum sharing problem in a spectrum underlay 

cognitive wireless network where several secondary users and primary users transmit 

data in a common frequency band (e.g., as in a CDMA-based wireless network) [41]. A 

communication session is established between a pair of users who wish to communicate 

with each other. The communication sessions between the primary users are referred to as 

primary sessions, and the communication sessions between the secondary users are 

referred to as secondary sessions. The transmission setting considered in this thesis is 

illustrated in Figure 3.1. The set of primary sessions is denoted by M, and the set of the 
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secondary sessions is denoted by N. In this work, we assume that all the secondary 

sessions in the set N are video streaming sessions and they are all single-hop sessions.  

 

Figure 3.1 Illustration of a spectrum underlay cognitive radio network 

Simultaneous communications of primary sessions and secondary sessions will 

interfere with each other. We will optimize the resource allocation to guarantee that: 1) 

the interference received at the receiving nodes of the primary sessions should be below 

an acceptable level, and 2) the secondary sessions (e.g., video streaming sessions) should 

meet the QoS requirements. 

3.2.2 Queuing Model 

Each secondary session consists of a sender and a receiver. The sender captures and 

encodes the live video, and then transmits the compressed stream to the receiver. The 
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block diagram of the sender of the secondary session m (    ) is shown in Figure 3.2 

An M/M/1 queuing system [42] is used to buffer the compressed video streams before 

they are transmitted to the receiver via the wireless channel. The compressed video 

packets enter the M/M/1 queue at a source rate  . The video packets are scheduled based 

on First-In-First-Out (FIFO) order, and are transmitted to the receiver at the transmission 

rate     with the transmission power    

 

Figure 3.2 Block diagram of the sender of a secondary session 

Let    denote the average packet length at the sender of the secondary session m.  The 

packet arrival rate    to the M/M/1 queue is given by        , and the packet 

departure rate out of the M/M/1 queue is given by        . The M/M/1 queue needs 

to satisfy the follow condition in order to be stable [42]: 

                     (4) 

where M is the set of the secondary sessions. 

In the M/M/1 queuing system, the tail probability is defined as the probability that the 

number of packets in the system is larger than a threshold    [42]. Let the threshold    
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represent the length of the queue at the secondary session m. The tail probability 

represents the packet drop probability due to queue overflow. The tail probability   
  at 

the secondary session m is given by [42] 

  
    (     )  (

  

  
)
(    )

             (5) 

where    is a random variable representing the number of the packets in the M/M/1 

queuing system of secondary session m. 

3.2.3 CDMA Model 

In the transmission setting as shown in Figure 3.1, multiple primary sessions and 

secondary sessions share the common channel using CDMA technology.  

In the CDMA model, the spread-spectrum bandwidth is denoted by W, the power 

spectrum density of the Additive White Gaussian Noise (AWGN) is denoted by   . The 

channel gain from the sender of link j to the receiver of link m is denoted by    . The 

received Bit-Energy-to-Interference-Density Ratio (BEIDR) at the receiver of the 

secondary session m is denoted by   , which is given by [43] 

   (
 

  
) (

     

 (∑       ∑      )              
)      ,                  (6) 

where   is the orthogonally factor representing Multiple Access Interference (MAI) from 

the imperfect orthogonal spreading codes. 
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We assume Binary Phase Shift Keying (BPSK) modulation is used in the CDMA 

system. The Bit Error Rate (BER) at the secondary session m is given by 

    (√   )                   (7) 

where  ( ) is a Q-function [44]. 

If a packet is received in error, it will be dropped at the receiver. We assume that the 

bit errors occur independently in a packet. Therefore the Packet Loss Rate (PLR) due to 

transmission errors at the secondary session m is then given by 

                 
    (    )

                 (8) 

where    is the number of bits for the packet at the secondary session m. 

3.2.4 QoS Metrics 

We examine two QoS metrics, the PLR and the queuing delay, at each secondary 

session. The PLR consists of the congestion PLR    
  due to queue overflow and the 

transmission PLR   
  due to transmission errors. The PLR of the packets at the secondary 

session m, denoted by   
   , is given by 

       
      (    

 )(    
 )              (9) 

    (  (
  

  
)
(    )

) (   (√   ))
  
               

                           .   
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The queuing delay of a packet is defined as the duration from the time when packet 

arrives in the M/M/1 queuing system to the time when the packet leaves the M/M/1 

queuing system. In the M/M/1 queuing model, the queuing delay   of the packets at the 

secondary session m is given by [42] 

   
   ⁄

      ⁄
 ,                       (10) 

3.3 Optimal Resource Allocation 

3.3.1 Problem Formulation 

We optimize the resource allocation to provide QoS guarantee for video streaming at 

the secondary sessions, while guaranteeing that the interference from the secondary 

sessions to the primary sessions should be lower than the tolerable threshold. 

The quality of the encoded video at the secondary session m is higher if the source rate 

Sm is higher, or equivalently the reciprocal of the source rate, 1/ Sm, is lower. Therefore, 

we set the objective of the resource optimization problem to minimize the weighted sum 

of the reciprocals of the source rates of all secondary sessions, mathematically expressed 

by      ∑
  

  
   , where   denotes the quality weight for the secondary session m, and 

∑        . We can enable quality differentiation among the video sessions in the set 
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M by assigning different quality weights. The video session with a higher quality weight 

can be allocated a higher source rate, thus leading to a higher video quality.  

The resource optimization problem can be stated as: to minimize the weighted sum of 

the reciprocals of the source rates of all secondary sessions, by optimizing the source rate, 

the transmission rate, and the transmission power at each secondary session, subject to 

the power constraints, the requirements of the congestion PLR, the transmission BER, 

and tolerable interference at the primary receiving points, respectively. Mathematically, 

the problem is formulated as follows. 
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        (     )  ∑
  

  
                       (11) 

subject to      (√   )      ,           

   (
 

  
) (

     

 (∑       ∑      )              
) ,        , 

       ⁄  ,                         

       ⁄  ,                          

(
  

  
)
(    )

     ,          , 

      ,              

 ∑             ,               

          ,              

     ,                           

    ,           , 

where   is the vector of the source rates of all secondary sessions,   is the vector of the 

transmission rates of all secondary sessions,   is the vector of the transmission powers of 

all secondary sessions,     is the threshold of BER,      is the threshold of congestion 

PLR,      is the maximum transmission power at the secondary session, and     is the 

interference threshold tolerable by the receiving point of the primary session k. 

Q function is a monotonically decreasing function. Therefore we can convert the 

constraints,  (√   )      and    (
 

  
) (

     

 (∑       ∑      )              
) , in the 
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optimization problem (11), to an equivalent form 

(
 

  
) (

     

 (∑       ∑      )              
)  

(   (   ))
 

 
where    ( )  is the inverse Q-

function [44]. After the conversion, the optimization problem (12) is changed to the 

following equivalent form: 

        (     )  ∑
  

  
                                 (12) 

subject to  (
 

  
) (

     

 (∑       ∑      )              
)  
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 ,        

       ⁄  ,                        
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    (
  

  
)
(    )

     ,         , 

            ,              

    ∑             ,          

              ,              

             ,                          

         ,          . 

Let      
(   (   ))

 

 
  represent the threshold of the received BEIDR. If the received 

BEIDR at the receiver of a secondary session is larger than     , the BER of the 

secondary session will be less than    . 
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In the optimization problem (12), the first constraint 

 (
 

  
) (

     

 (∑       ∑      )              
)  

(   (  h))
 

 
  , requires the received BEIDR at 

the receiver of the secondary session m to be no less than the threshold   h . The second 

constraint,        ⁄  , represents packet departure rate out of the M/M/1 queue. The 

third constraint,        ⁄  , represents packet arrival rate to the M/M/1 queue. The 

fourth constraint, (
  

  
)
(    )

    , requires that the packets at the secondary session m 

have a congestion PLR no larger than the threshold   h. The fifth constraint,       , 

requires that the packet arrival rate should be no larger than the packet departure rate at 

the sender of the secondary session m in order to maintain a stable M/M/1 queuing 

system. 

3.3.2 Optimal Solution 

We convert the first constraint,  (
 

  
) (

     

 (∑       ∑      )              
)  

(   (   ))
 

 
, 

in the optimization problem (13), to an equivalent form  
      

      
∑              

     ( ∑             )

      
  . The constraint (

  

  
)
(    )

    is equivalent 

to    
  (

  

  
)
(    )

  . The constraint,     , is equivalent to   (  )
     . The 

constraint, ∑            , is equivalent to   
   ∑             Therefore, the 

optimization problem (12) is then converted to the following equivalent form: 

        (     )  ∑
  

  
                                     (13) 
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subject to    
      

      
∑       

     ( ∑             )

      
         ,       

   
  (

  

  
)
(    )

   ,            

  (  )
    ,             

            
   ∑            ,           

          ,              

     ,                           

    ,           . 

In the optimization problem (13), the objective function and the left side of the first 

constraint are polynomials [45], the left sides of the second, third, and fourth constraints 

are monomials [45]. Therefore the optimization problem is a geometric programming 

problem [45].  The GP problem can be converted to a convex optimization problem based 

on a logarithmic change of variables and a logarithmic transformation of the objective 

and constraint functions [45]. The convex optimization problem can be then solved 

efficiently using the interior-point methods [46]. 

The proposed resource optimization algorithm can be performed by the base station. In 

the initialization stage, the parameters ( , ,   ) are obtained by the base station, the 

parameters (   ,    ,    ) are set by the administrator, the parameters (  ,      ) are 

provided by the sender of the secondary session m, the parameters (  ,   ) are provided 
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by the sender of the primary session k. The base station collects the parameters, computes 

the optimal source rate, transmission rate, and transmission power for each secondary 

session by solving the optimization problem (13), and then feeds them back to the sender 

of each secondary session, respectively. The sender of each secondary session performs 

video streaming using the optimal source rate, transmission rate, and transmission power. 

3.4 Simulations 

3.4.1 Simulation Setting 

We consider a circle area of the CDMA wireless network, which consists of one base 

station, one primary user, and 4 secondary users. The network setting is shown in Figure. 

3.1. The radius of the circle area is 1000 m. The base station is located at the centre, 

while the primary and secondary users are randomly placed inside the circle area. We 

assume that there are one primary session and two secondary sessions. The primary 

session is the uplink connectivity from a primary user to the base station. The two 

secondary sessions are all single-hop video streaming sessions.  

In CDMA model, we set the channel bandwidth W=10 MHz, the orthogonally factor 

 =0.1, and the noise power spectrum density   =       W/Hz. The maximum 

transmission power is set to 1.0 W for all secondary sessions. The channel gain from the 
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sender of link j to the receiver of link m is given by       
    

 ⁄ , where    is the 

distance from the sender of link j to the receiver of link m. We set the interference 

threshold at the primary receiving point to     W. The transmission power at the 

primary user is set to 0.5 W. In the M/M/1 queuing model, we set the average packet 

length to 1000 bits, and the queue length to 20 packets, for all secondary sessions. In the 

setting of QoS thresholds, we set the threshold of transmission BER       
  , the 

threshold of congestion PLR     0.01. At each video session, the Foreman CIF 

sequence is encoded using Joint Scalable Video Model (JSVM) video codec [47]. 

We compare the performances for each secondary session between the proposed 

scheme, in which the source rate, the transmission rate, and the transmission power for 

each secondary session are optimized by solving the optimization problem (14), and the 

uniform scheme, in which the source rate, the transmission rate, and the transmission 

power are uniformly allocated in two secondary sessions, respectively. In order for fair 

comparison, the resources consumed in the two schemes are set to the same. In other 

words, the sum of the source rates, the sum of the transmission rates, and the sum of the 

transmission powers, of the two secondary sessions, are all equal in the two schemes. 

3.4.2 Simulation Results 
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The comparison of the PLR between the two schemes is shown in Figure 3.3. The 

proposed scheme achieves the same PLR 1.1% in both secondary sessions. The proposed 

scheme provides PLR guarantee to all video sessions by optimally utilizing the resources. 

On the other hand, the uniform scheme does not allocate the resources appropriately, thus 

causing a high PLR at the secondary session 1. 

 
Figure 3.3 Comparison of PLR between the proposed scheme and uniform scheme 

 

Figure 3.4 Comparison of queuing delay between the proposed scheme and the uniform scheme 
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The comparison of the queuing delay between the two schemes is shown in Figure 3.4. 

The queuing delay in both sessions in the proposed scheme is 10.61 ms, which is much 

lower than that in the uniform scheme. The proposed scheme can provide queuing delay 

guarantee to the delay-sensitive video streaming sessions. 

The comparison of frame PSNR of the Foreman Common Intermediate Format (CIF) 

sequence between the proposed scheme and the uniform scheme is shown in Figure 3.5. 

We do not use any error concealment at the video decoder. Due to the encoding 

dependency, a lost frame will cause the remaining frames in the same Group of Pictures 

(GOP) undecodable, which is called error propagation. The Peak Signal to Noise Ratio 

(PSNR) comparison for the secondary session 1 is shown in Figure 3.5(a), from which we 

can see much more undecodable frames in the uniform scheme than those in the proposed 

scheme. This is due to a much higher PLR in the uniform scheme than that in the 

proposed scheme. The average PSNR in the secondary session 1 is 36.506 dB in the 

proposed scheme, and 30.368 dB in the uniform scheme, respectively. The PSNR 

comparison for the secondary session 2 is shown in Figure 3.5(b). The proposed scheme 

and the uniforms scheme have a close source rate and a close PLR in the secondary 

session 2. Therefore, they have a similar average PSNR. The average PSNR in the 
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secondary session 2 is 36.994 dB in the proposed scheme, and 36.250 dB in the uniform 

scheme, respectively.   

 

Figure 3.5 Comparison of frame PSNR of Forman CIF sequence between the proposed scheme and the 

uniform scheme: (a) secondary session 1, and (b) secondary session 2 

We show the impact of the quality weight in Figure 3.6. The sum of the quality 

weights of the two secondary sessions is equal to 1. When the quality weight of the 

secondary session 1 is increased from 0.05 to 0.95, the optimal source rate of the 

secondary session 1 is increased from 144.5 Kbps to 585.9 Kbps, while the optimal 

source rate of the secondary session 2 is decreased from 615.5 Kbps to 201.5 Kbps, as 

shown in Figure 3.6. A higher source rate leads to a higher quality of the encoded video. 
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Therefore, the video quality of a video session can be adjusted by changing the 

corresponding quality weight. 

 
Figure 3.6 Variation of video source rates with the quality weight of secondary session 1 

 

3.5 Chapter Summary 

In this chapter, we optimized the resource allocation to provide QoS guarantee for 

video streaming over spectrum underlay cognitive radio networks. Specifically, we 

formulated the resource allocation problem into an optimization problem, which jointly 

optimizes the source rate, the transmission rate, and the transmission power at each 

secondary session to minimize the weighted sum of the reciprocals of the source rates of 

all secondary sessions. The optimization problem is formulated into a GP problem, which 

can be converted to a convex optimization problem and then be solved efficiently. In the 

simulations, we demonstrated that the proposed scheme can provide QoS guarantee, thus 
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achieving a higher video quality for the video streaming sessions, compared to the 

uniform scheme. 
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Chapter 4 

Multi-Layered Video Streaming over 

Multi-Channel CR Networks 

 

IN multi-channel cognitive radio networks, each secondary user can use multiple 

channels for data transmission to improve the spectrum utilization. In this chapter, we 

investigate the resource allocation problem for multi-layered video streaming over multi-

channel cognitive radio networks. The video is encoded into multiple layers, each of 

which is delivered over a separate channel. Moreover, we jointly optimize the source rate, 

the transmission rate, and the transmission power at each video session in each channel to 

provide Quality of Service (QoS) guarantee to all video sessions in the secondary 

network.  

4.1 Problem Statement 

We investigate the resource allocation problem for multi-layered video streaming over 

multi-channel cognitive radio networks. It is challenging to provide QoS guarantee for 

video streaming over multi-channel spectrum underlay cognitive radio networks. First, 

the QoS supports depend on the resource allocation at each user and in each channel, 
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which is a nontrivial task. Second, the interferences among the users may corrupt the 

video packets, thus degrading the video quality. Third, the resource allocation to the 

secondary users needs to be controlled appropriately to guarantee undisturbed operation 

of primary users. In this scheme, the video is encoded into multiple layers, each of which 

is delivered over a separate channel. Moreover, we jointly optimize the source rate, the 

transmission rate, and the transmission power at each video session in each channel to 

provide QoS guarantee to all video sessions in the secondary network. The optimization 

problem is formulated into a Geometric Programming (GP) problem, which can be 

solved efficiently. 

4.2 Multi-Channel CR System Models 

4.2.1 Network Topology 

We consider video streaming over multi-channel spectrum underlay cognitive radio 

networks. The set of the secondary sessions is denoted by M, and the set of the primary 

sessions is denoted by K. We assume that all the secondary sessions in the set M are 

single-hop video streaming sessions. The set of the available channels is denoted by N. 

The set of the video layers for a video is denoted by H. Each video streaming session can 

use multiple channels in the channel set N.  
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Figure 4.1 Illustration of multi-layered video streaming over multi-channel cognitive radio networks 

To better describe the proposed approach, we set H= N= {1, 2}, which means that the 

number of the layers for a video and the number of the available channels are both set to 

2. The video is encoded into a Base Layer (BL) and an Enhancement Layer (EL). We 

employ a channel selection scheme as follows. All the video sessions in the set M is 

ordered based on the start time. The video sessions with an odd order, called odd video 

sessions, choose channel 1 to deliver the base layer and channel 2 to deliver the 

enhancement layer. The video sessions with an even order, called even video sessions, 

choose channel 1 to deliver the enhancement layer and channel 2 to deliver the base layer. 
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resource than the enhancement layer. The employed channel selection scheme balances 

the number of the BLs and ELs across channels, thus balancing the resource allocation. 

Figure 4.1 illustrates the scenario of multi-layered video streaming over multi-channel 

cognitive radio networks. Though we study the specific scenario with two video layers 

and two channels in this thesis, the proposed approach can be easily applied to the 

generic scenario with a larger number of video layers and channels.   

4.2.2 Rate Distortion Model for Layered Video 

A video is encoded to a base layer and an enhancement layer. The rate distortion 

relationship of video m is modeled by 

   (
   

   
  
    )

 

   
  
                                     (14) 

where   is the encoding distortion of video m,    is the bit rate of the base layer of 

video m,     is the bit rate of the enhancement layer of video m, and    ,    ,     and 

   are the model parameters. The bit rates and the model parameters in Equation (14) are 

all positive real number. The model parameters can be found using the data fitting 

technique. 
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Table 4.1 Comparison between actual distortion and estimated distortion for FORMAN CIF sequence 

 

We use Joint Scalable Video Model (JSVM) codec [7] to encode the Foreman CIF 

sequence to get three sets of bit rates and distortions, with which we find the model 

parameters by minimizing the mean absolute error between the estimated distortion and 

the actual distortion. The obtained model parameters for Foreman CIF sequence are: 

   =6329.3,    =4119.8,   =0.90, and   =0.90. The comparison between actual 

distortion and estimated distortion is given in Table 4.1. The mean absolute error 

obtained from Table I is 0.8947, which demonstrates that Equation (1) can closely 

represent the actual rate distortion relationship.  

4.2.3 Queuing Model 

At video session m, the sender encodes the video into a base layer and an enhancement 

layer, each of which is buffered in an independent M/M/1 queue [42] before transmitted 

to the receiver over a separate channel. Let     denote the average length of the packets, 

    denote the source rate,     denote the transmission rate, at video session m in 

channel n. The packet arrival rate  to the M/M/1 queue at video session m in channel n is 

Bit Rate of Base Layer [Kbps] 170.896 138.496 109.567

Bit Rate of Enhancement Layer [Kbps] 453.232 361.416 284.928

Actual Distortion 16.081 20.817 27.673

Estimated Distortion 17.009 20.916 26.016
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given by            , and the packet departure rate out of the M/M/1 queue at video 

session m in channel n is given by            . The M/M/1 queue needs to satisfy 

the follow condition in order to be stable [42]:                  . 

We use tail probability of M/M/1 queuing system to represent the congestion PLR. Let 

the threshold     represent the buffer length at video session m in channel n. The tail 

probability    
  at video session m in channel n is given by [42] 

    
    (       )  (

   

   
)
(     )

               (15) 

where     is a random variable representing the number of the packets in the M/M/1 

queuing system at video session m in channel n. 

4.2.4 Transmission Model 

For video streaming over multi-channel cognitive radio networks, multiple video 

sessions share the resource in an individual channel. We assume that each channel has the 

same bandwidth denoted by W. The power spectrum density of the Additive White 

Gaussian Noise (AWGN) is denoted by   . The channel gain from the sender of link j to 

the receiver of link m is denoted by    . The received Bit-Energy-to-Interference-Density 

Ratio (BEIDR) at the receiver of the video session m in channel n is denoted by    , 

which is given by [9] 

    (
 

   
) (

      

 (∑        ∑       )              
)      ,                      (16) 
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where      is the transmission power at video session m in channel n, and   is the 

orthogonal factor representing Multiple Access Interference (MAI) from the imperfect 

orthogonal spreading codes.  

We assume Binary Phase Shift Keying (BPSK) modulation is used in the transmission 

system. The Bit Error Rate (BER) at video session m in channel n is given by     

 (√    ) where  ( ) is a Q-function. 

The Packet Loss Rate (PLR) due to transmission errors at video session m in channel n 

is given by    
    (     )

   , where     is the number of bits of the packet at 

video session m in channel n. 

The overall PLR consists of two components: 1) the congestion PLR due to queue 

overflow, and 2) the transmission PLR due to transmission errors. The overall PLR at 

video session m in channel n is given by    
      (     

 )(     
 )  

4.3 Optimal Resource Allocation 

4.3.1 Problem Formulation 

We optimize the resource allocation to provide QoS guarantee to the video sessions in 

the secondary network, while protecting the primary users against the excessive 

interference from the secondary users. The resource optimization problem can be stated 
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as to minimize the sum of the encoding distortions of all video sessions by optimizing the 

source rate, the transmission rate, and the transmission power of each video session in 

each channel, subject to the power constraints, the requirements of the congestion PLR, 

the transmission BER, and tolerable interference at the primary receiving points, 

respectively. Mathematically, the problem is formulated as follows. 
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In the optimization problem (17),     and     represent the source rates of the base 

layer and the enhancement layer, respectively, at video session m, the subscripts b and e 

represent the channel no., which can  be either 1 or 2, depending on the channel 

assignment for the video session m.    
( )

 is the threshold of BER. If the base layer is 

delivered over the channel, z is set to 1, if the enhancement layer is delivered over the 

channel, z is set to 2. The same setting is applied for the superscript in     
( )
  the threshold 

of congestion PLR. Since the base layer requires a more stringent QoS than the 
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enhancement layer, we set    
( )
    

( )
 and    

( )
    

( )
       is the maximum 

transmission power for all video sessions, and     is the interference threshold tolerable 

by the receiving point of the primary session k. 

4.3.2 Optimal Solution  

The optimization problem (17) can be converted to the following equivalent problem: 

          ∑ (
   

   
  
    )

 

   
                            (18) 
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where     
 

 
(   (   

( )
)) , in which    ( ) is the inverse Q-function . 

The optimization problem (5) is a GP problem [45]. The GP problem can be 

transformed to a convex optimization problem based on a logarithmic change of variables 

and a logarithmic transformation of the objective and constraint functions [45]. The 
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convex optimization problem can be then solved efficiently using the interior-point 

methods [46]. 

4.4 Simulations 

4.4.1 Simulation Setting 

We consider a wireless network with two orthogonal channels. The network 

deployment is shown in Figure 4.1. The radius of the circle area is 1500 m. The base 

station is located at the center, while the primary and secondary users are randomly 

placed inside the circle area. We assume that there are one primary session and two 

secondary sessions. The primary session is the uplink connectivity from a primary user to 

the base station. The two secondary sessions are all single-hop video streaming sessions. 

Each video session consists of a base layer stream and an enhancement layer stream, each 

of which is delivered over a separate channel. We set the channel bandwidth W=10 MHz, 

the orthogonal factor  =0.1, and the noise power spectrum density   =      W/Hz. The 

maximum transmission power is set to 1.0 W. The channel gain from the sender of link j 

to the receiver of link m is given by       
    

 ⁄ , where    is the distance from the 

sender of link j to the receiver of link m. We set the interference threshold at the primary 

receiving point to     W. The transmission power at the primary user is set to 0.5 W. In 
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the M/M/1 queuing model, we set the average packet length to 1000 bits, and the buffer 

length to 20 packets, for all video sessions. We set the BER threshold    
( )
      for the 

base layer, and     
( )
        for the enhancement layer. We set the threshold of 

congestion PLR    
( )
 0.004 for the base layer, and    

( )
 0.03 for the enhancement 

layer. At each video session, the Foreman CIF sequence is encoded using JSVM video 

codec [47]. 

4.4.2 Simulation Results 

We compare the performance between the optimal scheme, in which the source rate, 

the transmission rate, and the transmission power for each video session are optimized by 

solving the optimization problem (5), and the equal scheme, in which the source rate, the 

transmission rate, and the transmission power are equally allocated in two video sessions 

in each channel, respectively. In order for fair comparison, the total amount of resources 

in the two schemes is set to be equal. 
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Figure 4.2 Comparison of PLR between the optimal scheme and the equal scheme: (a) video session 1, and 

(b) video session 2 

The PLR comparison between the two schemes is shown in Figure 4.2. The proposed 

optimal scheme achieves the low PLRs, 0.49% for the base layer and 3.48% for the 

enhancement layer, respectively, in both video sessions. The proposed scheme provides 

PLR guarantee to all video sessions by optimally utilizing the resource. On the other hand, 

the equal scheme does not allocate the resource appropriately, thus causing much higher 

PLRs in video session 1. 
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Figure 4.3 Comparison of frame PSNR of Forman CIF sequence between the optimal scheme and equal 

scheme: (a) video session 1, and (b) video session 2 

The comparison of Peak Signal-to-Noise Ratio (PSNR) of the Foreman CIF sequence 

in the two video sessions between the proposed optimal scheme and the equal scheme is 

shown in Figure 4.3. We do not use any error concealment at the video decoder. The 

PSNR comparison for video session 1 is shown in Figure 4.3(a), from which we can see 

much more undecodable frames in the equal scheme than those in the optimal scheme. 

This is due to much higher PLRs in the equal scheme. The average PSNR for video 

session 1 is 31.133 dB in the proposed optimal scheme and 21.793 dB in the equal 

scheme, respectively. The PSNR comparison for video session 2 is shown in Figure 

4.3(b). The proposed optimal scheme has higher source rates for both base layer and 

enhancement layer, and a lower PLR for base layer, thus obtaining an average PSNR of 
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34.098 dB for video session 2, compared to the average PSNR of 31.193 dB in the equal 

scheme.   

4.5 Chapter Summary 

In this chapter, we investigated the resource allocation problem for multi-layered video 

streaming over multi-channel cognitive radio networks. Specifically, we jointly 

optimized the source rate, the transmission rate, and the transmission power at each video 

session in each channel to provide QoS guarantee to all video sessions in the secondary 

network. The resource allocation problem is formulated into a GP problem, which can be 

solved efficiently. In the simulations, we demonstrated that the proposed optimal scheme 

can achieve a lower average PLR, thus leading to a higher average PSNR compared to 

the equal scheme.   
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Chapter 5 

Conclusion and Future Work 

 

5.1 Conclusion 

Cognitive radio networks will provide reliable wireless service to mobile users via 

heterogeneous wireless architectures and dynamic spectrum access techniques. The 

Quality of Service (QoS) for cognitive radio (CR) networks is an important problem but 

has received relatively limited attention from the CR community. In this thesis, we 

propose to efficiently provision the network resource among secondary users according 

to their QoS requirement for specific multimedia services. To the end, we develop an 

optimal resource allocation framework for video streaming over the spectrum underlay 

cognitive radio network. The proposed framework optimizes the secondary users’ 

resource allocation for video streaming service in terms of the tolerance to the network 

dynamics. We investigate the resource allocation problem for both single layered and 

multi-layered video streaming over single channel and multi-channel cognitive radio 

networks respectively. Specifically, we jointly optimize the source rate, the transmission 
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rate, and the transmission power at each video session in each channel to provide QoS 

guarantee to all video sessions in the secondary network. The resource allocation problem 

is formulated into a GP problem, which can be solved efficiently. In the simulations, we 

demonstrate that the proposed optimal scheme can achieve a lower average PLR, thus 

leading to a higher average PSNR compared to the equal scheme. 

7.2 Future Work 

For the future work, we intend to further investigate the CR video streaming system in 

multi-hop CR resource allocation optimization: the current framework is based on the 

single-hop CR architecture. However, such system is not compatible to cover the service 

for the larger scale network, such as Metropolitan Area Networks. In the future, we 

intend to device the multi-hop CR resource allocation scheme by allowing secondary 

users to distributedly select path to transmit according to their QoS requirements. 

Without the single-hop barrier, the resulting resource allocation scheme would thus be 

more flexible and scalable. 
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