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Abstract 

In cognitive radio (CR) networks, the perceived reduction of application layer quality 

of service (QoS), such as multimedia distortion, by secondary users may impede the 

success of CR technologies. Most previous work in CR networks ignores application 

layer QoS. In this thesis we take an integrated cross-layer design approach to jointly 

optimize multimedia intra-refresh rate, an application layer parameter, together with 

access strategy, and spectrum sensing for multimedia transmission in a CR system 

with time varying wireless channels. Primary network usage and channel gain are 

modeled as a finite state Markov process. With sensor sensing and channel state 

information (CSI) errors, the system state cannot be directly observed. We formulate 

the whole system as a partially observable Markov decision process (POMDP). A 

low complexity dynamic programming framework is presented to obtain the optimal 

policy. Numerical results show the effectiveness of the proposed scheme. 
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Chapter 1 

Introduction 

1.1 O v e r v i e w a n d M o t i v a t i o n 

Recent widespread acceptance of wireless applications has triggered a huge demand 

for radio spectrum. For many years radio spectrum has been assigned to licensed 

(primary) users. Most of the time, some frequency bands in the radio spectrum 

remain largely unoccupied by primary users. Spectrum usage measurements by the 

Federal Communications Commission (FCC) Spectrum Policy Task Force [2] shows 

that at any given time and location, most of the spectrum is actually idle. That is, 

the spectrum shortage results from the spectrum management policy not the actual 

physical scarcity of usable spectrum. Cognitive radio (CR), which has been introduced 

in [3], is considered as an enabling technology that allows unlicensed (secondary) 

users to operate in licensed spectrum bands. This can help overcome the lack of 

available spectrum in wireless communications. A CR device is capable of sensing its 

surrounding environment and adapting its internal states by making corresponding 

changes in certain operating parameters in real-time for reliable and spectrally efficient 

communication [4]. The FCC in the United States and the NeXt Generation program 



1 Introduction 2 

of the Defense Advanced Research Project Agency (DARPA) aim to redistribute 

allocated spectrum dynamically [5,6]. 

Although much work has been done in CR networks, most previous work considers 

maximizing the throughput of secondary users as one of the most important design 

criteria. As a consequence, other QoS measures for secondary users, such as distortion 

for multimedia applications, are mostly ignored in the literature. However, recent 

work in cross-layer design shows that maximizing throughput does not necessarily 

benefit QoS at application layer for some multimedia applications, such as video [7,8]. 

From a user's point of view, QoS at application layer is more important than at other 

layers. Moreover, CR-based services for secondary users would have a strictly lower 

QoS than radio services that enjoy guaranteed spectrum access [9]. Therefore, if 

the application layer QoS is not carefully considered in CR networks, the perceived 

reduction in QoS associated with CR may impede the success of CR technologies. 

Multimedia applications such as video telephony, conferencing, and video surveil

lance are being targeted for wireless networks, including CR networks. Lossy video 

compression standards, such as MPEG4 and H.264, exploit the spatial and tempo

ral redundancy in video streams to reduce the required bandwidth to transmit video. 

Compressed video comprises of intra- and inter-coded frames. The intra-refresh rate is 

an important application layer parameter to improve error resilience [10]. Adaptively 

adjusting the intra-refresh rate for online video encoding applications, can combat the 

time varying wireless channels available to secondary users in CR networks. 

Cross-layer wireless multimedia transmission, where parameter optimization is 

considered jointly across Open Systems Interconnection (OSI) layers, has been well 

studied in the literature. Recent work shows promising improvement to video QoS by 

considering resource management, adaptation, and protection strategies available at 

the physical, medium access control (MAC), and network/transport layers in conjunc-
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tion with multimedia compression and streaming algorithms. Although cross-layer 

design techniques for wireless multimedia transmission exist in the literature, little 

work investigates channel adaptive multimedia transmission over a cognitive radio 

network. 

Therefore the motivation of this thesis is to investigate cross-layer multimedia 

transmission over CR networks. 

1.2 Thesis Contributions 

We propose a cross-layer scheme to maximize application layer QoS for multimedia 

transmission over cognitive radio networks. Based on the sensed channel condition, 

secondary users can adapt the intra-refresh rate at application layer, in addition to 

parameters at other layers. Some distinct features of the proposed scheme are as 

follows. 

• For secondary users in CR networks, channel selection for spectrum sensing, ac

cess decision, and intra refreshing rate are determined concurrently to maximize 

the QoS at application layer (i.e., minimize distortion for video applications). 

• Unlike previous work [11-13], that use channel availability to make the sec

ondary user channel access decision, in this thesis, channel state information 

(CSI) (channel gain) is also used by secondary users to help make the optimal 

decision to maximize the application layer QoS. 

• Primary network usage and channel gain are modeled as a finite state Markov 

process. With channel sensing and CSI errors, the state cannot be directly 

observed. We formulate the whole system as a partially observable Markov de

cision process (POMDP) [14]. The optimal policy can be obtained by solving the 

POMDP with dynamic programming-based hidden Markov model algorithms. 
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• Using numerical examples, we show that application layer parameters have sig

nificant impact on the QoS perceived by secondary users in CR networks. We 

also show that application layer QoS can be improved significantly if the in

tra refreshing rate is adapted together with parameters at low layers, such as 

spectrum sensing. This study reveals a number of interesting observations and 

provides insights into the design and optimization of CR networks from a cross-

layer perspective. 

A paper based on part of this work has been submitted to the IEEE International 

Conference on Communications (ICC): 

• S. Ali and F. R. Yu, "Cross-Layer Multimedia Transmission Over Cognitive 

Radio Networks", submitted to ICC'08, Beijing, China. 

Another paper based on part of this work has been submitted to IEEE Transactions 

on Wireless Communications: 

• S. Ali and F. R. Yu, "Cross-Layer Multimedia Transmission Over Cognitive 

Radio Networks", submitted to IEEE Trans, on Wireless Commun. 

1.3 Thesis Structure 

The structure of this thesis is as follows. Chapter 2 presents the background for this 

thesis, and summarizes the state-of-the-art in cognitive radio, rate-distortion model

ing, and cross-layer wireless transmission. Chapter 3 describes the POMDP problem 

and solving algorithms. The policy and value function of POMDP are also described in 

this chapter. Our proposed cross-layer multimedia transmission scheme for cognitive 

radio networks is illustrated in Chapter 4. Chapter 5 shows the numerical examples 

of our proposed scheme. Finally, Chapter 6 summarizes this thesis's contribution and 

provides further work directions. 
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Chapter 2 

Research Background 

2.1 Cognitive Radio 

Cognitive Radio (CR), first introduced by Mitola in [3], is defined as an intelligent 

wireless communication system with environment awareness that is able to learn and 

adapt to statistical variations in the input stimuli. The main goals for CR is to 

provide time and location agnostic reliable communication and to provide an efficient 

utilization of the radio spectrum. As a result, CR has been presented as a solution 

to address the shortage of available radio spectrum. Adding spectrum intelligence 

into a wireless network is a challenging task and researchers have presented various 

approaches in the body of literature. The purpose of this section is to give an overview 

of CR concepts, applications, and state-of-the-art. 

A more rigorous definition of CR is provided by Haykin who defines CR as 

[4], "cognitive radio is an intelligent wireless communication system that is aware 

of its surrounding environment (i.e. 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 RF stimuli by making corresponding changes 



2 Research Background 6 

in certain operating parameters (e.g. transmit power, carrier frequency, and modula

tion strategy) in real-time, with two primary objectives in mind: 

• highly reliable communications whenever and wherever needed; 

• efficient utilization of the radio spectrum." 

Parameter adaptation can be based on several factors such as radio spectrum avail

ability, channel bandwidth and gain, primary user behavior, and QoS requirements. 

To build highly reliable communication, a secondary user must limit interference with 

primary users. 

Software defined radio (SDR) is an enabling technology allowing a wireless node 

to tune to any frequency band and receive any modulation across a large frequency 

spectrum [15]. CR builds on SDR by adding a cognitive function, where a device 

is capable of thinking, reasoning, or remembering, to drive the radio controller. Al

though CR can refer to every possible parameter observable to a wireless node, we 

will only consider the radio frequency spectrum. 

2.1.1 Dynamic Spectrum Access 

One important application of CR is dynamic spectrum access (DSA) and an excellent 

literature survey can be found in [1]. The authors develop a taxonomy for the different 

DSA strategies available in the literature and is used throughout this section. DSA 

strategies can be broadly categorized under three models: 

• Dynamic Exclusive Use Model 

• Open Sharing Model 

• Hierarchical Access Model 
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The dynamic exclusive use model is a variation of the existing spectrum regulation 

policy where spectrum is licensed for exclusive use. The difference is in the flexibil

ity in how the spectrum is licensed to users. Spectrum property rights [16] allows 

spectrum owners to sell or trade spectrum and to freely choose technology. Dynamic 

spectrum allocation exploits the spatial and temporal traffic statistics to provision 

exclusive spectrum use [17]. Although similar to the current model, dynamic spec

trum allocation occurs at a much faster time scale than the current static spectrum 

allocation strategy. 

While dynamic exclusive use model provides exclusive spectrum allocation, the 

open sharing model allows open sharing among peer users to manage a spectral region. 

One example of open sharing is WiFi where devices share the unlicensed industrial, 

scientific, and medical (ISM) radio band. Two types of spectrum sharing strategies 

have been investigated (1) centralized [18,19] and (2) distributed [20-22]. 

With the hierarchical access model, licensed spectrum is opened to secondary users 

under the condition that secondary users do not interfere with primary users beyond 

a certain probability of collision or interference temperature. Spectrum underlay 

and overlay are two strategies allowing the coexistence of primary and secondary 

users. Underlay refers to the approach where the transmission power of secondary 

users is limited to be less than the noise floor of primary users. Ultra-wideband is 

one example of an underlay strategy. Overlay does not limit the transmit power 

of secondary users but imposes restrictions on when and where secondary users can 

transmit. Secondary users can exploit spatial and temporal spectrum white space 

in a nonintrusive manner. The overlay method is the DSA strategy envisioned by 

Mitola [3] and is the strategy used in our proposed scheme. The hierarchical access 

model is likely the most compatible with the current spectrum management policies 

and provides better spectrum efficiency in the licensed bands. 
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Our proposed scheme falls in the spectrum overlay hierarchical access model clas

sification. Thus the remainder of this section will focus on concepts and review the 

state-of-the-art for this class of DSA. 

Spectrum Sensing and Opportunity Identification 

Spectrum sensing and opportunity identification are essential for spectrum overlay 

systems. Given a system with a set of channels, where a channel can refer to a fre

quency band, spreading codes in a CDMA network, or a set of tones in an orthogonal 

frequency division multiplexing (OFDM) system, a secondary CR device will need 

to sense the channel and identify transmission opportunities. With spectrum sensing 

error, spatial spectral differences at the transmitter and receiver, and limited interfer

ence tolerance with primary users, spectrum sensing and opportunity identification 

are challenging tasks and have received much attention in the body of literature. 

A channel opportunity occurs when two secondary users can communicate success

fully while limiting interference with primary users below an interference threshold 

defined by the regulatory policy. For a pair of secondary devices, the spectral envi

ronment at the transmitter may be different than at the receiver. Thus a spectrum 

opportunity depends not only on the transmitter location but on the receiver loca

tion as well [23]. Note that spectrum opportunity is determined by the activities of 

primary users rather than secondary users [23]. In a system with multiple secondary 

users, collisions among secondary users do not disqualify spectrum opportunities. 

The level of interference with primary users is defined using two parameters: (1) 

interference power level, r\ and (2) maximum probability £ that the interference level 

at an active primary receiver may exceed r\ [1]. The first parameter, 77, is essentially 

the noise floor for primary users where only interference power above rj results in a 

collision. The second parameter, (, is the maximum allowable collision probability. 
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Practical spectrum sensors will have sensing error thus collisions with primary users 

are inevitable. The work in [23] discusses a cautionary aspect regarding the definition 

of collision probability. The probability of collision could be defined as: 

• joint probability that both primary and secondary users access the channel 

• conditional probability that a secondary user transmits given that the channel 

is occupied by primary users 

The drawback with the joint probability is that it includes the traffic statistic of 

primary users into the interference constraint. That is, primary users traffic statistics 

influence the level of interference protection. 

In addition to whether a joint or conditional probability is used in the probability 

of collision definition, how the constraint is imposed may also influence the level of 

interference protection. For example, the following methods could be used to impose 

the probability of collision constraint [23]: 

• the constraint is imposed in each slot over each channel 

• the constraint is averaged over a set of channels and a long period of time 

Applying the constraint in each slot over each channel offers a specific level of protec

tion to primary users no matter when and over which channel they transmit. On the 

other hand, using an average constraint offers unpredictable protection when primary 

users have bursty arrivals of short messages and varies for different primary users 

depending on their traffic statistics. 

Given the benefits presented here, our proposed scheme uses a probability of col

lision constraint based on the conditional probability that a secondary user transmits 

given that the channel is occupied by primary users and impose this limit in each slot 

over each channel. 
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Due to spatial spectrum differences, opportunity detection must be performed 

jointly at the transmitter and receiver [1]. One approach presented in [11], a secondary 

transmitter first detects the receiving activities of primary users in its surroundings. If 

the channel is available, that is there are no primary receivers nearby, the transmitter-

receiver pair exchange a request-to-send (RTS) and clear-to-send (CTS) handshake 

analogous to WiFi communication. As described in [11], this method facilitates 

opportunity detection, addresses contention among secondary users, and mitigates 

the hidden/exposed terminal problem. 

Without cooperation from primary users, detecting primary receivers is a difficult 

task. Secondary transmitters can detect primary receivers by exploiting the local os

cillator leakage power emitted by the RF front end of primary receivers [24]. This 

approach is limited by short detection range and long detection time [1]. An alterna

tive approach is to detect primary transmitters as opposed to primary receivers. A 

secondary transmitter can detect an available channel if there are no primary transmit

ters within a distance of Rp + rtx where Rp denotes the transmission range of primary 

users and rtx denotes the transmission range of the secondary transmitter [1]. A de

tection range of Rp + rtx is a conservative measure and can be adjusted to tradeoff 

secondary user throughput for interference with primary users. Fig. 2.1 shows the 

approach where the problem of detecting primary receivers is transformed to that 

of detecting primary transmitters. As can be seen, the secondary transmitter may 

overlook opportunities when primary users X and Y are active despite the primary 

receivers being outside the secondary users transmission range. 

Three classical techniques can be used to detect primary transmitters [25]: 

• matched filter 

• energy detector (radiometer) 
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P<V^ 

Primary Receiver 

Primary Transmitter 

Fig. 2.1 Spectrum Opportunity Detection. 

• cyclostationary feature detector. 

A matched filter performs coherent detection but requires synchronization and 

apriori knowledge of primary users signaling. A noncoherent energy detector requires 

basic information of primary users' signal characteristics but suffers from long de

tection time. A cyclostationary feature detector can improve energy detector perfor

mance by exploiting inherent periodicity in the primary users' signal [26]. The limi

tations of using these techniques to detect primary transmitters is discussed in [27]. 
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Cooperative spectrum sensing, where secondary users exchange sensing information 

over a control channel, has been presented in [12,13,25,28,29]. These cooperative sens

ing methods suffer from an overhead associated with sensing information exchange, 

the need for a control channel, and slow response to spectrum changes [1]. 

A spectrum opportunity detector will perform a binary hypotheses test, where the 

hypothesis Tio indicates the absence of primary users (an opportunity), and the hy

pothesis 7ii indicates the presence of a primary user. A Neyman-Pearson or Bayesian 

criterion could be used however it is shown in [30] that an energy detector, which is 

used in our proposed scheme, is optimal under the Neyman-Pearson criterion. Practi

cal sensors will have sensing error. A false alarm occurs when the detector hypothesis 

is TCi but in actuality there are no primary users. A miss detection occurs when the 

detector hypothesis is HQ when in actuality a primary user signal is present. Let e 

and 6 represent the probability of false alarm and miss detection respectively. The 

receiver operating characteristic (ROC) curve is used to represent the performance of 

the detector as shown in Fig. 2.2 and displays the tradeoff between the probability of 

false alarm, e, and the probability of miss detection, S. Decreasing e results in an in

crease in S. Selecting the appropriate sensor operating point should limit interference 

with primary users without being overly conservative to secondary users [31]. 

While practical sensors are bound to sensing error, due to hardware limitations 

practical CRs are limited in the number of channels that can be simultaneously sensed. 

The authors in [11,32] develop a sensing strategy that achieves the optimal tradeoff 

between gaining immediate access in the current time slot and gaining system state 

information for future use. They formulate the optimal sensing strategy in the frame

work of a partially observable Markov decision process (POMDP) and show that the 

throughput of secondary users is significantly improved by employing this sensing 

strategy. 
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Fig. 2.2 Receiver Operating Curve [1]. 

The efficacy of the spectrum sensing strategy requires accurate statistical models 

of spectrum occupancy. Spectrum monitoring testbeds and cognitive radio prototypes 

are being developed by academia and industry [1]. 

Opportunity Exploitation 

Once spectrum opportunities have been identified, a secondary user must determine 

how to exploit them. Thus a secondary user requires an access strategy. The access 

strategy is complicated in the presence of sensing errors and must consider the operat

ing characteristics of the spectrum sensor [1]. For example, with a high miss detection 

probability the access strategy should be conservative to avoid collisions with primary 

users. If the sensor operating point has a high probability of false alarms then a more 

aggressive access strategy should be employed to improve spectrum opportunity uti

lization. The authors in [31] develop an optimal access and sensing strategy using 

a POMDP framework. The authors find that the optimal joint design of spectrum 

detector, sensing, and access strategies requires that the detector be designed under 

the Neyman-Pearson criterion and operate at the transition point S* — £ where 5* 

<[ "•-• •••'*• - p j ^ ^ : :•: .. ::,;. 

0.1 0.2 0.3 0.4 0.5 0.8 0.7 0.8 0.9 
: Probability of False Alarm e •,•—::,:'. 
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denotes the optimal operating point. The optimal access strategy is to trust the de

tector, access if the channel is sensed to be available and do not access if the channel 

is sensed to be busy. By employing this scheme we have an optimal sensor operating 

point and access strategy that respects the spectrum policy probability of collision 

constraint. 

Opportunities may not present themselves over contiguous frequency bands. Mod

ulation using OFDM is useful to exploit these spectral holes [33-35]. The subcarrier 

structure of OFDM can be reconfigured for efficient usage of spectral holes. However 

the subcarrier spacing and symbol interval need to match with the spectral and tem

poral duration of spectrum opportunities [34]. Signal truncation in the time domain 

results in cross-channel spectrum leakage in the frequency domain. The spectral 

leakage coupled with nonlinearity of the transmitter's power amplifier needs to be 

controlled to ensure nonintrusive communication with primary users. The impact 

of nulled subcarriers on the peak-to-average-power ratio of the transmitted OFDM 

signal also requires careful study. 

Spectrum opportunities are not limited to the spatial domain. Approaches such 

as [11,36,37] exploit spectrum opportunities during the idle periods remaining between 

the primary users' packet transmissions. The amount of white space is a function of 

traffic characteristics and typical wireless applications are shown to have sufficient 

temporal opportunities [36,38]. 

Cooperative Spectrum Sharing 

Various cooperative spectrum sharing schemes among secondary users have been in

vestigated. One application of cognitive radio is to exploit locally unused TV broad

cast frequency bands. With this application, mainly spatial spectrum opportunity 

sharing among secondary users have been investigated [37,39,40]. Since spectrum 
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opportunity is relatively static at a particular location, real-time opportunity identi

fication is not critical. 

One approach for spatial opportunity allocation is graph coloring [39,40]. Sec

ondary users form the verticies in a graph. Edges between these verticies indicate 

two interfering users. The graph coloring problem is to color the verticies giving a 

different color to verticies that are connected along an edge. The goal is to obtain a 

color assignment that maximizes a given utility function. Suboptimal centralized and 

distributed approaches are presented in [39,40]. 

Game theory is another approach to spectrum sharing. An excellent overview 

of game theoretical dynamic spectrum sharing from an analysis of network users' 

behaviors, efficient dynamic distributed design, and optimality analysis is presented 

in [41]. Since CR devices make intelligent decisions on spectrum usage, game theory 

provides a useful analysis tool to study the intelligent behaviors and interactions of 

network users (cooperative, selfish, or malicious). Game theory provides a model 

of strategic interactions among agents by using formalized incentive structures and 

derives equilibrium criteria for optimality studies. In the context of dynamic spectrum 

sharing, game theory models sharing among network users (primary and secondary 

users) as games and facilitates network users' behaviors and actions to be analyzed 

in a formalized game structure. 

Frequency Hopping Synchronization 

A secondary transmitter and receiver must tune to the same channel for success

ful communication. Maintaining synchronized frequency hopping in non-centralized 

opportunistic spectrum access is an interesting problem. The problem is further 

complicated by spectrum sensing errors and different spectral environments at the 

transmitter and receiver. 
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The authors in [31] use the information state in a POMDP framework to maintain 

frequency synchronization. Given that spectrum observations could be different at the 

transmitter and the receiver, the information state is updated by only using common 

information available to both the transmitter and receiver. 

A dynamic frequency hopping scheme is presented in [42] for IEEE 802.22 wireless 

regional area networks, which is an emerging standard based on CR technologies. In 

this work the authors assume spectrum sensing and data transmission occur simul

taneously and propose coordinated communication over dynamic frequency hopping 

communities. 

2.2 Rate-Distort ion (R-D) Model for Mult imedia 

Applications 

Multimedia applications such as streaming video, multi-party video sessions, interac

tive entertainment, multimedia instant messaging, and push-to-talk communication 

are being targeted for mobile and wireless applications. Online encoding applications 

such as video telephony, conferencing, and video surveillance can adaptively change 

encoding parameters to adjust to varying bandwidth and error conditions of the under

lying wireless network. To facilitate the study of this technique we require an accurate 

model to measure the performance of the adaptive transmission scheme. Although 

the term multimedia refers to media types such as video and audio, the focus of this 

thesis is on video transmission, thus multimedia and video are used interchangeably 

throughout this thesis. The purpose of this section is to present fundamental concepts 

on video compression and rate-distortion modeling relevant to the understanding of 

the proposed scheme. 
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Fig. 2.3 Video transmission scheme. 

2.2.1 Overview of the Multimedia Communication System 

A typical video transmission scheme is shown in Fig. 2.3 which comprises of three 

components: (i) video encoder (ii) error control channel (hi) video decoder. Video is 

compressed at the video encoder to meet a target encoding bit rate, Rs. The tradeoff 

between encoding rate and distortion is modeled at the video encoder. Forward error 

correction is used to reduce the packet loss rate, p, over a lossy wireless channel with 

limited bit rate, Rc, at the error control channel. Error detection and concealment 

strategies are employed at the video decoder to mitigate error propagation due to 

channel errors. The variable intra refresh rate, (3 and FEC rate, r can be adjusted 

for error resilience and protection respectively. Note that the model presented in Fig. 

2.3 does not provide a comprehensive view of all parameters that can be optimized 

for video transmission however it successfully captures the parameters relevant to our 

work. The total distortion D is the sum of source distortion Ds and channel distortion 

A, 

Wireless channels have limited bandwidth and are error-prone. Highly efficient 

coding algorithms such as H.264 and MPEG4 can compress video to reduce the re

quired bandwidth for the video stream. Rate control is used in video coding to control 

the video encoder output bit rate based on various conditions to improve video qual

ity [43,44]. For example, the main tasks of MPEG4 object-based video coding are 

(1) to determine how many bits are assigned to each video object in the scene and 
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(2) to adjust the quantization parameter to accurately achieve the target coding bit 

rate [45]. In previous work, rate and distortion are treated as two separate parameters 

based on the quantization parameter, percentage of zeros among DCT coefficients, or 

intra-refresh rate [10,45,46]. 

Video Encoder 

The video encoder uses lossy video compression techniques to compress the video to 

meet a target bit rate. Motion-compensated DCT-based video coding forms the basis 

of the recent and highly efficient video coding standards, H.264 and MPEG-4 . 

Frames to be compressed are divided into macroblocks (MB). A MB comprises of 

a block of pixels (luma and chroma samples). The video is then compressed into I-, 

P-, and B-frames. I-frames, or intra-coded frames, compress raw frames by removing 

the spacial redundancy indistinguishable by the eye. P- and B-frames, also known as 

inter-frames, significantly enhance compression by removing the temporal redundancy 

in the video stream. 

The standard video coding process consists of motion compensation, discrete co

sine transform (DCT), quantization, and coding as shown in Fig. 2.4. Motion estima

tion and compensation is used to remove the temporal redundancies between frames. 

In a video sequence, the image in successive frames may be very similar. Motion 

compensation uses prediction, where a prediction error is coded together with MB 

motion vectors, to transmit the residual image, significantly improving the compres

sion of the video sequence. Prediction frames can be forward-predicted, P-frames, or 

bidirectionally predicted, B-frames, and rely on reference frames to reconstruct the 

image. In contrast, I-frames do not rely on reference frames however require more 

bits to code. 

DCT is a technique used in MPEG-4 and H.264 for data compression. Analogous 
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Fig. 2.4 DCT-based Video Encoder Block Diagram. 

to a Fourier Transform, DCT converts pixels into a set of frequencies which are then 

quantized. The quantization stepsize, q, for the DCT-coefficients can be adjusted to 

achieve a target bit rate [47]. This forms a fundamental tradeoff between rate and 

distortion. In [43, 44] the rate R and distortion D are treated as functions of the 

quantization parameter q. Simple and more accurate R-D analysis is to treat R and 

D as functions of p where p denotes the percentage of zeros among the quantized 

DCT coefficients [45]. 

Variable length coding (VLC) is a reversible procedure for entropy coding that 

assigns shorter bit strings to symbols expected to be more frequent and longer bit 

strings to symbols expected to be less frequent [47]. 

Error Resilience and Protection 

Wireless channels have limited bandwidth and are error prone. The video encoder can 

compress video to meet the available bit rate of the channel, however this compressed 

video is vulnerable to channel errors [46,48]. Error control and in t ra -update of MBs are 

two effective approaches for error resilience and protection [46,48-50]. Forward error 
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Fig. 2.5 Spatial and temporal error propagation. 

correction (FEC) [10,46], packet retransmission [51], or a hybrid of the two [52-54] 

are common error control techniques that add controlled redundancy information 

to mitigate channel errors. Intra-update of MBs, also known as intra refreshing, is 

another way to mitigate error propagation. Intra frames do not depend on other 

frames that could have been corrupted by channel errors. On the other hand, inter-

coded MBs rely on information in other frames. Thus even if an inter-coded MB is 

received and decoded successfully, error from previous frames may still propagate to 

the current frame along the motion-compensation path [48,49,55]. An example of 

spatial and temporal domain error propagation is shown in Fig 2.5 showing how a 

single bit error can propagate during the decompression process. 

Increased error resilience comes at the cost of higher bandwidth consumption. The 

increased vulnerability of compressed video [46,48] makes error resilience at the video 

encoder essential. Intra update, also called intra-refreshing, of MBs is one approach 

for video error resilience and protection [10,46,48-50]. An intra coded MB does 

not need information from previous frames which may have already been corrupted 

by channel errors. This makes intra coded MBs an effective way to mitigate error 

propagation. 

Channel coding using FEC schemes such as Reed-Soloman (RS) codes [56] is a 
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commonly used strategy to mitigate channel errors. Assigning more bits to channel 

coding can correct more bit errors. However since the channel has a limited bit 

rate, increasing channel coding will result in less available bits for the source encoder 

resulting in an increased source coding distortion [10]. Thus there is a tradeoff between 

the bit allocation for source coding and channel coding and several joint source-channel 

coding strategies have been presented in the literature [10,46]. 

The pattern of channel errors can also impact the total distortion. The work 

in [46, 57] analyzes the affect burst length has on video distortion and shows that 

larger burst lengths increases distortion compared to random bit errors. Interleaving 

is a common technique used to spread bursts of bit errors. Some R-D models such 

as [46] take into account the burst length and show that interleaving can be used 

to reduce the effective burst length resulting in reduced distortion. Other work such 

as [10] assumes sufficient interleaving is employed such that the assumption of a binary 

symmetric channel (BSC) holds. 

Video Decoder 

The video decoder will attempt to reconstruct the original video sequence. Post pro

cessing error concealment refers to operations at the decoder to recover the damaged 

areas based on characteristics of image and video signals. An excellent overview of 

error control and concealment for video communications is available in [58] and is 

used in the preparation of this section. 

Random errors caused by the wireless channel can cause bit inversion, bit inser

tion, and bit deletion. With variable length coding (VLC), random bit errors can 

desynchronize the coded information resulting in the loss of the remaining bits until 

the next synchronization word appears. 

Error detection can be done using sequence numbers at the packet level, using FEC 
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channel coding, or using the video decoder [58]. Video decoder error detection can 

use differences of pixel values between two neighboring lines in pulse code modulation 

(PCM) and differential (D)PCM coding [59,60], examining the difference between 

the boundary pixels in a block and its four neighbor blocks [61], invalid VLC code 

words, or syntax errors in the embedded bit stream [58]. 

As discussed before there are typically two coding modes at the MB level, intra-

coding and inter-coding. In intra-mode, each block is transformed using block DCT 

and the DCT coefficients are quantized and coded whereas in inter-mode a motion 

vector and the DCT coefficients of the prediction error block are quantized and coded. 

If coded MBs are packetized in an interleaved manner, then damaged MBs due to 

channel errors are usually surrounded by correctly received MBs [58]. Postprocessing 

error concealment strategies at the video decoder make use of the correlation between 

a damaged MB and its adjacent MBs in the same frame and/or the previous frame. 

One simple method is to exploit the temporal correlation in video signals by replacing 

a damaged MB with the spatially corresponding MB in the previous frame [58]. Due to 

its simplicity, our proposed scheme assumes this error concealment strategy. Improved 

performance can be achieved by replacing damaged MBs with the block specified by 

the motion vector provided that motion information is available [62]. Other error 

concealment schemes include 

• Maximally smooth recovery - missing DCT coefficients are estimated by mini

mizing a measure of spatial and temporal variation between adjacent pixels be

tween this block and the spatially and temporally neighboring blocks [58,63-65]. 

• Projection onto Convex Sets (POCS), where a recovered block is required to 

have a limited bandwidth either isotropically or along a particular direction [66] 

• Interpolation in the spatial and frequency domain where lost coefficients in a 
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damaged block are interpolated with neighboring blocks [67-69]. 

Quality Assessment Metric 

Distortion is a metric commonly used to measure QoS in multimedia applications. 

Assigning a numerical value to the quality of an image or video facilitates easy 

comparison of different schemes. Care should be taken when using the distortion 

as different methods in computing distortion appear in the literature and the peak 

signal-to-reconstructed image ratio (PSNR) does not equate with human subjective 

perception. 

Mean-square-error (MSE) and peak signal-to-reconstructed image (PSNR) are 

the most commonly used quality metrics to evaluate video system performance. They 

can be computed mathematically based on the amount of errors in the processed video 

and video coding algorithms. Although mathematically easy to compute, these meth

ods weigh all errors equally and do not necessarily correlate with human perceived 

degradations [70,71]. Objective quality assessment metrics that include the human 

visual system (HVS) have been presented in [70,72-75]. Due to the simplicity in 

computation, this thesis uses MSE/PSNR to measure video quality. 

The MSE is given by 

MSE = m*Az£Ml, (2A) 

where F(i,j) denotes the NxN pixels of the original image and F(i,j) denotes the 

NxN pixels of the reconstructed image of F(i,j) after decoding, channel errors, and 

encoding. Some authors use the formula 
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USE^UF(iJ)-F(h])]\ {22) 

The root mean square error (RMSE) is the square root of the MSE, RMSE = 

\/MSE. The PSNR in decibels (dB) is computed using 

PSNR = 2 0 . o g l 0 ( i ^ ) . (2.3) 

Other definitions of PSNR use 

PSNR = 201og l„( |gY (2.4) 

MSE/PSNR are used to make relative comparisons to study different video com

pression and transmission schemes which can be obtained with consistent use of 

MSE/PSNR distortion definitions. 

2.2.2 Adaptive Mode Selection 

Adaptively changing the intra refresh rate of MBs is an effective way to improve 

error resilience and protection. The authors in [10] present a R-D model for DCT-

based video coding incorporating the MB intra refreshing rate. This model facilitates 

distortion estimation for a particular intra refresh rate, bit rate, and channel packet 

loss ratio. 

Although inter coding of MBs has better R-D performance, channel error propaga

tion has a severe impact on video quality. The MB coding mode needs to tradeoff R-D 
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performance for error resilience. Let (3 denote the intra refreshing rate, the percentage 

of MBs coded with intra mode. j3 can be then selected to maximize the overall picture 

quality at the receiver end for a given transmission channel condition. 

Let Rs and Rc denote the source and channel coding bit rates respectively. Let 

D denote the MSE overall picture distortion at the receiver end. There are two 

major types of distortion in an end-to-end wireless system: (1) quantization distortion 

introduced in source coding, Ds and (2) distortion caused by channel errors, Dc. Ds 

and Dc denote the "source distortion" and "channel distortion" respectively. Source 

distortion is the MSE between the original frame and the reconstructed frame at the 

encoder. Channel distortion is the MSE between the decoded video frame at the 

receiver and the reconstructed frame at the encoder. It is shown in [10,46] that the 

source and channel distortion are additive to give the total end-to-end distortion, 

D = DS + Dc. 

Determining a source distortion model with adaptive intra-refreshing is a difficult 

task. R-D models have been presented in the literature based on the quantization 

parameter, q, or the percentage of zeros among quantized DCT coefficients, p. How

ever, incorporating the intra refresh rate will cause changes to the input data to the 

quantizer and the entropy encoder. 

Determining a channel distortion model must consider the complex error propa

gation in the video decoding loopback caused by inter coding. For real-time adaptive 

video transmission, a low complexity channel distortion estimate is required. 

Increasing j3, by definition, leads to more intra coded MBs resulting in a larger 

average coding bit rate. Thus for a given coding bit rate, Rs, the source distortion 

Ds also increases with (3. Using extensive simulation, the authors in [10] find that the 

source distortion follows the quadratic approximation 
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DS(RS, (3) = DS{RS, 0) + 0(1 - A + XP)[D,(Ra, 1) - DS(RS, 0)], (2.5) 

where A is a constant depending on specific characteristics of the video sequence. To 

estimate DS(RS, (3), we need to estimate the R-D functions of the current frame at the 

all intra- and inter-modes. Determining DS(RS, 1) and Ds(Rs,0) can be done using 

the R-D model without adaptive mode selection as presented in [10]. 

At the receiver end, when a corrupted codeword in the bit stream cannot be 

decoded, the entropy decoder will jump to the next packet starting with a resynchro-

nization mark skipping all intermediate bits. An accurate channel distortion model 

must consider the complex error propagation in video decoding, varying characteris

tics of the input video data, specific channel conditions, complex data representation 

and coding scheme employed by the video encoder, sophisticated error resilience and 

concealment methods, the operation mechanism of the video decoder, and the random 

nature of the bit errors. 

A simple yet effective error concealment scheme is assumed where in the event of an 

error the decoder copies the MB at the same location from the previous decoded frame. 

Let p denote the packet-loss ratio. Assuming each packet contains the same number 

of MBs (or pixels), then the loss ratio of a pixel is also p [48]. Let F(n,i) denote 

the original value of pixel i in the nth video frame, and F(n, i) be the corresponding 

reconstruction value in the feedback loop at the encoder. Let F(n,i) denote the 

reconstruction value at the receiver end. Due to the randomness of bit errors, F(n, i) 

is actually a random variable. The expected picture distortion at the receiver end is 

given by 
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D(n) = E{[F(n, i) - F(n, i)}2} (2.6) 

where .E{x(n, i)} denotes the average (over all pixels) expected value of the random 

variable x(n,i). The source and channel distortion is given by 

Ds(n) = E{[F(n,i)-F(n,i)}2}, (2.7) 

Dc(n) = E{[F(n, i) - F(n, i)}2} (2.8) 

respectively. If Ds(n) and Dc(n) are uncorrelated then 

D{n) = Ds{n) + Dc{n). (2.9) 

Using a statistical analysis of channel distortion, the channel distortion model is 

given by 

Dc(n) = ((l-(3)(l-p)b + p)Dc(n - 1) + paFd(n, n - 1) (2.10) 

where p is the packet loss rate, b is a constant describing motion randomness of 

the Video Scene, a is the energy loss ratio of the encoder filter, n is the nth video 

frame, and Fj, is the MSE between original frames n and n — 1. Note that this model 

assumes a random BSC or that bursty errors are converted into random errors with 

pre-interleaving [76]. 
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The average channel distortion over several frames is given by 

^-(ir^)te)^(»-»-m <2-») 
where E[Fd(n, n — 1)] is the average value of the frame difference Fd(n, n — 1) over T 

slots. Note that Dc is asymptotically related to the packet loss. 

(5 can be selected to minimize the overall distortion D{n) = Ds(n) + Dc(n). Once 

the optimal intra refreshing rate j3 is determined, L = /3M MBs are selected to 

be intra coded, where M is the total number of MBs. MBs are selected randomly 

since at the decoder the previous frame is a random variable due to the randomness 

of channel errors. All R-D computations and optimizations should be handled in a 

statistical sense. That is, the developed R-D model for adaptive intra refresh is based 

on the behavior of the whole frame/video as opposed to specific characteristics of each 

individual MB. 

2.3 Cross-layer Wireless Multimedia Transmission 

Cross-layer wireless multimedia transmission, where parameter optimization is con

sidered jointly across OSI layers, shows promising performance gain for wireless multi

media transmission. The purpose of this section is to provide background information 

on the cross-layer design approach. 

The authors in [7,8] formalize the cross-layer problem, discuss its challenges, and 

present several possible solutions. Cross-layer design (CLD) is a concept that opti

mally allocates resources and adapts to dynamically changing environments by op

timizing communication across traditional layer boundaries [8]. Traditional network 

design uses a stack of layers and designs them in isolation, such as the OSI stack. 
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This layered approach has been widely used and has contributed to the prolifera

tion of the Internet [77]. However, this approach is no longer adequate to meet the 

challenges of next generation mobile systems [8]. Particularly wireless multimedia 

communications due to the time varying transmission characteristics of the wireless 

channel and the dynamic QoS requirements of the application layer. In the layered 

approach, resource management, adaptation, and protection strategies available at 

the lower layers of the stack such as the physical (PHY), medium access control 

(MAC) , and network/transport layers, are optimized without explicitly considering 

the specific characteristics of the multimedia application layer. Similarly, multimedia 

compression and streaming algorithms do not consider the mechanisms provided by 

the lower layers for error protection, scheduling, resource management, etc. However 

a network that adapts to physical layer dynamics to drive application layer QoS is 

able to maintain optimal allocation of resources. 

CLD techniques can be classified based on the order in which cross-layer optimiza

tion is performed [7]. 

• Top-down approach. The higher-layer protocols optimize their parameters and 

the strategies at the next lower layer. For example, the application layer could 

optimize MAC parameters and strategies, and the MAC could select the opti

mum PHY layer modulation scheme. 

• Bottom-Up approach. The lower layers try to insulate the higher layers from 

losses and bandwidth variations. This solution is not optimal for multimedia 

transmission due to delay and throughput reduction. 

• Application-centric approach. The application layer optimizes the lower layer 

parameters one at a time in a bottom-up or top-down manner. The drawback 

of this approach is that the application layer operates at slower timescales and 
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coarser data granularity than the lower layers and is unable to instantaneously 

adapt the lower layer parameters for optimal performance. 

• MAC-centric approach. The application layer passes traffic information and 

requirements to the MAC. In turn, the MAC decides which application layer 

packets/flows should be transmitted and at what QoS level. The MAC also 

decides the PHY layer parameters based on channel information. In this ap

proach, the MAC layer is unable to adapt source channel coding trade-offs given 

the time-varying channel conditions and multimedia requirements. 

• Integrated approach. Strategies are determined jointly. However, exhaustively 

trying all possible strategies and their parameters in order to choose the optimal 

composite strategy is complex. One possible solution to solve this complex cross-

layer optimization problem is to use learning techniques. 

2.4 Related Work 

2.4.1 Some work in Dynamic Spectrum Access 

The work in [31] is closely related to our proposed scheme as it considers spectrum 

sensor design, access strategy, and channel sensing strategy jointly for opportunistic 

spectrum access. The authors explicitly consider spectrum sensing errors and propose 

a solution to the frequency hopping synchronization problem. The joint design is for

mulated under the framework of a POMDP. One of the key contributions in this paper 

is that they develop a separation principle which significantly simplifies computing 

the solution for the joint design. They also show that channel correlation can be ex

ploited at the physical layer to significantly improve throughput. The solution to the 

POMDP has exponential complexity with respect to the number of channels. When 
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the number of channels is large, searching for the optimal policy becomes impractical. 

The authors in [ll] extend this work by obtaining a sufficient statistic whose dimen

sion grows linearly instead of exponentially with the number of channels. Based on 

this reduced-dimension sufficient statistic, a suboptimal greedy approach is proposed 

to maximize per slot throughput. These approaches aim to maximize throughput and 

do not consider application layer QoS. 

Other work in DSA has been presented as well. The benefits of cooperation in 

CR are illustrated in [12] and [13] for two user networks and multiple user networks, 

respectively. A dynamic frequency hopping scheme is presented in [42] for IEEE 

802.22 wireless regional area networks, which is an emerging standard based on CR 

technologies. In [78], the authors present a game theoretical dynamic spectrum shar

ing framework for analysis of network users' behaviors, efficient dynamic distributed 

design, and optimality analysis. Other game theoretic DSA methods are presented 

in [21,79]. The authors in [36] exploit channel availability in the time domain and 

demonstrate the throughput performance for a Bluetooth/WLAN system. Spectrum 

opportunity is also exploited in the time domain in [37] where the authors present an 

ad hoc secondary MAC protocol to facilitate DSA. 

2.4.2 Some work in cross-layer multimedia wireless transmission 

Various channel adaptive distortion driven cross-layer transmission strategies have 

been explored [80-83]. Within a rate-distortion framework source coding, retransmis

sion, and adaptive modulation parameters are jointly considered for video summary 

in [80]. The authors in [81] investigate a classification based system where the opti

mal cross-layer strategy for various video and channel conditions are computed offline 

thereby reducing the transmission-time complexity of the compression and transmis

sion strategy. The authors in [82] take a cross-layer approach to allocate power level, 
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source coding rate, and channel coding rate delivering basic and enhanced QoS levels 

for distant and near receivers in a CDMA network respectively. In [83] multimedia 

adaptation is implemented at two different time scales, a macro time scale at the 

application layer and a micro time scale at the MAC layer. Although cross-layer de

sign techniques for wireless multimedia transmission exist in the literature, little work 

investigates channel adaptive multimedia transmission over a cognitive radio network. 
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2.5 Summary 

In this chapter we introduced cognitive radio, dynamic spectrum access, video trans

mission, and cross-layer design. Cognitive radio is a fairly new concept and is used 

to address the drawbacks in the current licensed spectrum management policy. Spec

trum underlay and overlay dynamic spectrum access allows secondary users to utilize 

spectrum opportunities while limiting interference with primary users. The improved 

spectral efficiency makes spectrum overlay DSA an exciting area for research. The 

basics of DCT-based video coding, transmission, and decoding is presented. Intra 

refreshing can be used to improve error resilience by reducing error propagation along 

the motion compensation path. The existing layered architecture is inadequate to 

meet the time varying channel condition and application requirements in multimedia 

wireless transmission. Cross-layer QoS driven channel adaptive schemes have proven 

to significantly improve application layer QoS. Little work has been done to investigate 

cross-layer multimedia transmission over cognitive networks. 
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Chapter 3 

MDP and P O M D P 

Decision making is the cognitive process leading to the selection of a course of action 

among variations. People make decisions everyday however it is often difficult to 

automate the decision making process. One way to automate the decision making 

process is to provide a model of the dynamics of the domain in which the machine 

will be making decisions. A reward structure can be used to motivate immediate 

decision which will maximize future reward. Markov decision process (MDP) and 

partially observable Markov decision process (POMDP) are tools that aid in this 

type of automated decision making. An excellent overview of MDP and POMDP is 

presented in [14,84] and is used in the generation of this section. 

3.1 Markov Decision Process 

3.1.1 M D P Model 

The MDP model comprises of a finite set of states, a finite set of actions, and a reward 

structure denned for each state-action pair. Fig. 3.1 shows an example of a Markov 

decision process. It is assumed that the agent, the automated process that has to 
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Fig. 3.1 Markov Decision Process. 

make decisions, can be in one state at any given time. Actions are the things the 

agent can do. Associated with each action is an immediate reward. The effectiveness 

of an action depends on the state the agent is in thus an immediate reward is assigned 

for each combination of states and actions. 

An MDP is a quadruple, < S,A,V,TZ > where S denotes a finite set of states 

with state i denoted by s,, A denotes a finite set of actions with action i denoted by 

di, V denotes the transition probabilities for each action in each state, and 7Z denotes 

the reward structure. p°- represents the probability of transitioning from state i to 

state j if the agent performs action a. r^ represents the immediate reward the agent 

will acquire if it performs action a while in state s, and moves to state Sj. The 

expected rewards, the reward expected to be received on average in the long term, is 

represented by 

j 
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That is, the expected reward is the weighted sum of rewards over all possible next 

states. 

3.1.2 Policies 

A policy tells the agent what action to execute. It can be a function or a mapping and 

typically depends upon the state the agent is in. Policies can be either deterministic 

or stochastic. Deterministic policies specify a single action to take in each state 

whereas stochastic policies specify a number of possible actions to execute in each 

state. Policies can be further categorized as stationary or non-stationary. A stationary 

policy only depends on the state of the agent and/or environment and is independent 

of time. In contrast, a non-stationary policy is dependent on time, where the action 

taken depends on when the policy will be used. A memoryless policy is one that uses 

no history when choosing an action. A £>memory policy chooses actions based on the 

last k pieces of the agent's history. The policy, fa, is a complete mapping from all 

states to actions, fa : S —> A. The action specified by the policy for state s, is fa(si). 

3.1.3 Hor izon 

Horizon refers to the number of decisions the agent needs to make and can be either 

finite or infinite. A finite A;-horizon problem is a problem where the agent will make 

decisions for k time steps. The lifetime or size of the horizon is the period of k time 

steps. Finite horizon problems can have deterministic non-stationary policies, where 

a different policy exists for each time step. 

An infinite horizon problem is a problem where the lifetime of the agent is un

known. Solving the optimal policy for the infinite horizon class of problems requires 

the addition of a discount factor such that distant future rewards are discounted more 

than rewards closer to the present time. The solution to infinite horizon problems 
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result in stationary policies. 

3.1.4 Policies in M D P s 

The value function is a metric used to measure the usefulness of a policy. Let the 

value function, V^'(s;) be the expected reward that the agent can accumulate in its 

lifetime if it executes policy // = {yu0, y"i, •••l^t} f° r t steps. If the agent is in state s, 

then there are t steps where the agent needs to make decisions given that it executes 

actions according to the policy /iTO at time m. The value function is determined by 

vr(si) = Epi?wWM+/ ? v£r l&)]- (3-2) 
3 

The reward for moving to a state is the immediate reward received for the current 

action, current state, and next state, r^s , plus the value of state Sj with one less step 

remaining, V^{X(SJ). The value function of the next step is discounted by /? which 

is needed for infinite horizon problems. In the case of undiscounted finite horizon 

problems f3 = 1. To solve the infinite horizon case, the value function must converge 

thus requiring 0 < (3 < 1. 

The value function is used to determine the usefulness of a policy and is ultimately 

used to solve for the optimal policy. Optimality is considered with respect to the value 

of the state-action pairs which are derived from the reward structure. Let / / denote 

the optimal policy and Vt* denote the associated value function. An optimal policy is 

one where, for all state, Sj, and all other policies, /i, V11* (s^ > Vfl(si). Finding fi* is 

a non-trivial task. 
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3.2 Partially Observable Markov Decision Process 

Partially Observable Markov Decision Processes (POMDP) are similar to MDP ex

cept the underlying state of the system cannot be directly observed. However, with 

knowledge of the system dynamics the current system state can be inferred based on 

actions, observations, and rewards. 

3.2.1 P O M D P Model 

A POMDP is defined by a hextuple, < S,A,V,Q,B,n >. Similar to the MDP 

model, S denotes a finite set of states with state i denoted by Sj, A. denotes a finite 

set of actions with action i denoted by a;, V denotes the transition probabilities for 

each action in each state, and TZ denotes the reward structure. However the main 

difference between the POMDP and MDP model is the addition of the finite set of 

observations, 0 , and the observation model, B. Let observation i be denoted by (9;. 

The agent cannot directly observe the underlying Markov process. Let ba-6 denote the 

probability that the agent observes 6 when it is in state Sj at time t and when the last 

action (at t — 1) was a. The immediate rewards, r?-e, denotes the immediate reward 

received at time t + 1 for performing action a in state Sj at time t, moving to state Sj at 

time t + 1, and making observation 6. Fig. 3.2 shows the Markovian dynamics where 

observations are made after an action is taken. Equivalently, observations could have 

been taken before actions. 

Let qf denote the immediate reward of performing action a in state i 

Q? = X > » 0 . (3-3) 
3,0 

which is the immediate rewards, r" e , weighted by the transition and observation 
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Fig. 3.2 POMDP Dynamic Model. 

probabilities for the different actions and observations. 

3.2.2 Information State 

In the MDP model, the optimal policy was found by mapping states to actions. How

ever in the POMDP case, the system state is not directly known but the agent can 

use observations to learn the most likely state it is in. Depending on the observation 

model, directly using the observations can result in a poor estimate of the current sys

tem state. The information state, also known as the belief vector, aids in determining 

the most likely state the system is in by storing all previous actions and observations 

in a summary statistic. 

The information state is a probability distribution over the state space. Let 7r* = 

{7TQ, 7rJ,..., 7rL} denote the information space where 151 is the number of states in the 

model and TT\ represents the probability that we are currently in state s$ at time t. As 

will be shown later, knowledge of the system dynamics, the transition probabilities, 

o 
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must be known in order to maintain an information state. 

The information state is updated after each action and observation with the ap

plication of Bayes' rule: 

j V TVtT)aba ' *• ' 
l^ij "iPijujO 

The resulting information state is a vector of probabilities computed using the 

above formula. The information transformation function is given by 

TT^1 = Ttf\a,0). (3.5) 

It is shown in [85] that the information state is a sufficient statistic for the past 

history of observations. That is, at any given time the information state represents 

all previous actions and observations. 

3.2.3 Policies for P O M D P s 

In the MDP model a policy is a mapping from states to actions. However since the 

state is not known in the POMDP model, the policy maps the information states into 

actions. There is an infinite number of information states, since it is a probability 

distribution over all states, and storing the policy or value function in the form of 

tables, as can be done with the MDP model, is not feasible. 

To solve for the policy the value function must be known. The basic form of the 

value function is similar to the MDP case except 

• we must take the weighted average of all the states based on the information 
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0 1 

Fig. 3.3 Value function drawn over information space. 

state 

• we need to consider the weighted average value over all observations 

• we need to consider the value for the next step based on the current information 

state, action, and observation. 

The maximum value function for all actions is given by 

Vt* (TT) — max E *' £*& E h*e (r?je + tT-iPVIa, 6)]) 
* j 

(3.6) 

Simplified using the substitution for qf the value function becomes 

Vt*(ir) = max J ] ^ + E * * « W - i P V K e)\-

The value function drawn over the information state is shown in Fig. 3.3. 

(3.7) 
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Fig. 3.4 PWLC Value Function. 

An important property of the value function is that Vt* (ir) is piecewise linear and 

convex (PWLC) [85] and can be written simply as 

VT(7r) = m a x J > a t * ( i ) , (3.8) 
i 

for some set of vectors a^(t) = {a®(t), aj(t),...}. The set of a-vectors represents the 

coefficients of one of the linear pieces of a piecewise linear function. These piecewise 

linear functions can represent the value functions for each step in the finite horizon 

POMDP problem. 

In Fig. 3.4, the value function is represented with the upper surface of 3 vectors 

a?i, a2, a3. For 3 or more states, the value function can be represented with a hyper-

plane through the information space and each hyper-plane can be represented with a 

vector of coefficients. 

The value function is the dot product between the information state and the a-

vectors 
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2_]ai7ri = a07To + aiTCi + ... + a\s\n\s\- (3.9) 
i 

At each time instant there is a set of a-vectors and each vector has a corresponding 

action. We only need to find the vector that has the highest dot product with the 

information state to determine what action to take. 

For infinite horizon problems the value function is represented by 

V7(TT) = max £*•,(£ + / ? X > ^ A V 7 - i P ^ M ) L 0 < 0 < 1. (3.10) 
i i,j,0 

Unlike finite horizon POMDP problems, the value function for infinite horizon 

POMDP problems are not necessarily piecewise linear [86]. In practice, non-linear 

value functions can be approximated with a piecewise linear function as closely as 

possible. Despite the uncertainty with a non-linear value function, it is shown in [86] 

that the value function is always convex. 

3.3 Algorithms Overview 

Various linear programming based algorithms have been presented to solve finite hori

zon POMDPs. These include 

• Monahan's algorithm [87]: This intuitive and simple algorithm can only be used 

to solve problems with a small number of states. 

• Sondik's algorithm [85,86]: Sondik made a breakthrough in finding the opti

mal policy for general POMDP problems and all algorithms that followed are 
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derivations of Sondik's algorithm. 

• Cheng's algorithm [88]: Cheng's Linear Support algorithm uses successive ap

proximations of the value function to converge on the optimal value function by 

comparing the current approximation with the optimal value function at a set 

of points. This requires the use of an algorithm for finding all the corner points 

of the regions resulting in poor running times. 

• Witness algorithm [14]: The witness algorithm is similar to Cheng's Linear 

Support algorithm except instead of having to discover all of the corner points 

of a region, a linear program finds points where the approximation differs from 

the optimal value function. This algorithm has better running times compared 

to Cheng's algorithm. 

• Incremental pruning algorithm [89]: Incremental pruning combines elements of 

Monahan's enumeration and the witness algorithms. Similar to the witness 

algorithm, it considers constructing sets of vectors for each action individually 

and then focusing on each action one observation at a time. 
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3.4 Summary 

In this chapter we presented the Markov decision process model which can be formu

lated as a quadruple < S,A,V,1Z>. Unlike MDP, in the partially observable Markov 

decision process model the underlying system state cannot be directly observed and 

the model can be formulated as a hextuple < S, A, V, 6 , B, 1Z >. A discrete POMDP 

can be converted to a continuous MDP by using an information space. The value 

function for a POMDP is piecewise linear and convex (PWLC) and this property is 

exploited to solve POMDP problems. A brief overview of common algorithms to solve 

POMDP problems was also presented in this chapter. 
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Chapter 4 

Proposed Multimedia Transmission 

over Cognitive Radio Networks 

4.1 Overview 

In this section we investigate a hierarchical access spectrum overlay DSA CR sys

tem. An integrated CLD approach is used to adaptively select the intra-refresh rate 

to minimize distortion with time varying wireless channels. We consider practical 

implementations by considering spectrum sensor error, CSI error, and hardware re

strictions on the number of channels that can be sensed simultaneously. Both spectral 

and temporal opportunities will be exploited. 

4.2 System Model 

Consider a spectrum that consists of N channels, each with bandwidth W(n), 1 < 

n < N. These N channels are licensed to primary users. Time is divided into slots of 

equal length T. Slot k refers to the discrete time period [kT, (k + 1)T]. 

When the slot is not in use by primary users, it will be comprised of AWGN noise 
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Fig. 4.1 Finite State Markov Channel with primary network usage. 

and fading. The fading process and primary usage for a channel can be represented by 

a stationary and ergodic S-state Markov chain as shown in Fig. 4.1. Let i and 7 denote 

the instantaneous channel state and fading gain, respectively. When the channel is in 

state i, the quantized fading gain is 7^ where 7; < 7 < j i + \ , 1 < i < S — 1. When the 

channel is in state i = S, the channel is in use by the primary network. We assume 

that the phase of the channel attenuation can be perfectly estimated and removed 

at the receiver. The S'-state Markov channel model is completely described by its 

stationary distribution of each channel state i, denoted by p(i), and the probability 

of transitioning from state i into state j after each time slot, denoted by {Pij}, 

l<i,j<S. 

In general, a finite state Markov channel (FSMC) model is constructed for a par

ticular fading distribution by first partitioning the range of the fading gain into a 

finite number of sections. Then each section of the gain value corresponds to a state 

in the Markov chain. The application of FSMC to model Rayleigh channels has been 

well studied in [90,91]. Given knowledge of the fading process and primary network 

usage, the stationary distribution p(i) as well as channel state transition probabilities 

{Pij} can be derived. Once a channel gain has been determined for states 1,2,..., 

8-1, the packet loss ratio is determined for each state based on the modulation and 

channel coding schemes. The intra refreshing rate that minimizes the total distortion 
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Fig. 4.2 The slot structure. 

for each state can then be calculated using the Rate-Distortion model. 

In the system, transmission time is divided into slots. The structure of each slot 

is shown in Fig. 4.2. At the beginning of a slot, the transmitter of secondary users 

will select a set of channels to sense. Based on the sensing outcome, the transmitter 

will decide whether or not to access a channel. If the transmitter decides to access a 

channel, some application layer parameters will be selected and the video content will 

be transmitted. At the end of the slot, the receiver will acknowledge the transfer by 

sending the perceived channel gain back to the transmitter. We will assume a system 

for real-time multimedia applications where packets are discarded if a primary user 

is using the slot or if the channel is not accessed. The system block diagram showing 

video transmission between two secondary users is shown in Fig. 4.3. 

Source distortion Channel distortion Distortion = 
Source distortion 

+ Channel distortion 

Source 
Video 

Transmitter: 
Intra refreshing rate selection ((?*) 

Channel selection for spectrum sensing (as) 
: Channel access decision (aa) 

Spectrum sensor design (s, 5) 

i 

Channel information Q 

-

0 

Cognitive radio channels: 
;•. Primary usage 

Fading 
y .:• • : 

1 ' 

Receiver 

Decoded 
Video 

Fig. 4.3 The block diagram of multimedia transmission over cognitive radio net
works. 
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4.3 Rate-Distortion (R-D) Model for Multimedia 

Applications 

We adaptively select a video encoding parameter, the intra-refresh rate, based on 

channel condition to minimize distortion. We will use the DCT-based rate-distortion 

model described in [10] in our study. The R-D model facilitates adaptive intra-mode 

selection and joint source-channel rate control. 

The total end-to-end distortion comprises of Ds, the quantization distortion in

troduced by the lossy video encoder to meet a target bit rate, and Dc, the distortion 

resulting from channel errors. For DCT-based video coding, intra coding of a MB or a 

frame usually requires more bits than inter coding since inter coding removes the tem

poral redundancy between two neighboring frames. Let /3 be the intra refreshing rate, 

the percentage of MBs coded with intra mode. Inter coding of MBs has much better 

R-D performance than intra mode. Decreasing the intra refreshing rate decreases the 

source distortion for a target bit rate. However inter coding relies on information in 

previous frames. Packet losses due to channel errors result in error propagation along 

the motion-compensation path until the next intra coded MB is received. Increasing 

the intra refreshing rate decreases the channel distortion. Thus we have a tradeoff be

tween source and channel distortion when selecting the intra refreshing rate. We aim 

to find the optimal f3 to minimize the total end-to-end distortion given the channel 

bandwidth and packet loss ratio. 

The source distortion is given by 

DS{RS, (3) = Da(Rai 0) + 0(1 - rj + VP)[Da(Ra, 1) - Da{Ra, 0)], (4.1) 

where Rs denotes the source coding rate, j3 is the intra refreshing rate, and r] is 
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a constant based on the video sequence. Ds(Rs,0) and Da(Rs,l) denotes the time 

average all inter- and intra-mode selection for all frames over K time slots. 

j K j Mk 

fc=l k m=l 

-, K 1 Mk 

DS(RS, 1) = - £ — J2 Ds(Rs, 1, m), (4.3) 
fe=l m = l 

where M^ is the number of inter/intra frames in time slot k. The average channel 

distortion for each time slot is given by 

where p is the packet loss rate, b is a constant describing motion randomness of the 

video scene, a is the energy loss ratio of the encoder filter, and E[Fa(m, m — 1)] is 

the average value of the frame difference Fd(m,m — 1) over K slots. We will use the 

same error concealment strategy and packet loss ratio derivation as described in [10]. 

The total average distortion is given by 

D(Rs,p,p) = Ds(Rs,p) + Dc(p,(3). (4.5) 

The optimum (3* is then selected to minimize the total distortion. 

/?* = argmin£>(i?s,p,/3). (4.6) 
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4.4 Solving the Mult imedia Transmission over Cognitive 

Radio Networks Problem 

In CR networks with multimedia applications, we need to determine the optimal pol

icy for channel sensing selection, sensor operating point, access decision, and intra 

refreshing rate to minimize application layer distortion subject to the system proba

bility of collision. With channel sensing and CSI errors, the system state cannot be 

directly observed. We formulate the whole system as a partially observable Markov 

decision process (POMDP). Deriving a single POMDP formulation for all policies 

under the probability of collision constraint would result in a constrained POMDP. 

However, constrained POMDPs require randomized policies to achieve optimality, 

which is often intractable. Therefore, we use the separation principle in [31] for the 

sensor operating point and the access decision. The spectrum sensor operating point 

is set such that 5 = (, where 5 is the probability of miss detection of the busy channel 

used by primary users and £ is the required probability of collision. 

The sequence of operations in a slot is shown in Fig. 4.4. At the beginning of 

the slot, the system transitions to a new state. Using a POMDP derived policy, a 

channel is selected for spectrum sensing. An access decision is then made based on the 

sensing observation. Using the belief of the channel state, an intra refreshing rate is 

selected. The receiver acknowledges the transfer by sending the quantized perceived 

channel gain back to the secondary transmitter. The immediate cost for the time slot 

is derived based on the previous operations in the slot. 

The system can be formulated as a POMDP with states, actions, transition prob

abilities, observations, and cost structures as follows. 
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Fig. 4.4 Sequence of operations in a slot. 

4.4.1 State Space, Transition Probabilities and Observation Space 

The system state is given by the network usage of primary users and channel state 

information. Let {X(n)} denote an S-state Markov chain for channel n , I ( n ) e X = 

{ei,e2, ...,es-i,es}, where e* denotes the S'-dimensional unit vector with 1 in the ith 

position and zeros elsewhere. The system with N channels is modeled as a discrete-

time homogeneous Markov process with SN states. The system state in time slot k 

isgivenbyV f e = [Xfc(l),...,Xfe(iV)]. 

To simplify the presentation, we consider a system with a single channel in the 

formulation. It is straightforward to extend the formulation to include multiple chan

nels which is considered in our simulations. For the system with a single channel, 

T4 = Xk- The transition probabilities of the system state are given by the S x S 

matrix A. We assume the transition probabilities are known based on network usage 

and channel fading characteristics. 

The observation available to the secondary transmitter and receiver is the sensed 

channel and channel gain acknowledgment, Yk 6 Y, where 

Y = {7!, ...,75_i, 7s (The channel is used by primary users)} and 7, < 7^, Vi < j . 

The spectrum sensor observation, 0(A;) € {O(busy), l(idle)}, may be different at 

the transmitter and receiver. If the transmitter and receiver use the same observa

tions to derive the information state (described in the following Subsection), then the 
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information state can be used to maintain frequency hopping synchronization [31]. 

Thus the information state will be updated with Y^ and will not include the spectrum 

sensor observation. 

Let B(y, x, a) = Pr{y\x, a} denote the conditional probability of observing y given 

that the system state is in state x and composite action a was taken. 

B(y,x,a)= { 

Pce(x,v(y))(l-e), iiy^-fs,x^es, 

e, if y = Is, x ^ es 

0, if y ^ 75, x = es 

1, iiy = js,x = es 

(4.7) 

where e is the probability of miss detection of the idle channel and v(y) = i, 1 < i < S 

given y = 7J. When the channel is available and accessed, the probability of channel 

estimate by the receiver is given by Pce(x, v(y)) . 

Using the work from Hoang and Motani [92], we assume the channel estimation 

error has a Gaussian distribution with zero mean and a2 variance. At a particular 

time and channel, the estimated channel gain is 

7 = 7J + w, (4.8) 

where 7» is the actual channel gain and w is a Gaussian random variable with zero 

mean and a2 variance. The receiver then quantizes the channel gain to the nearest 
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possible value. The probability that 7 is closest to jj is given by 

Pce(i,j)={ 

erf(^±^)_erf( 

i + ̂ Hs?*) 
1 OT.f /^7S-2+7S- l -27» 
1 CTI V 2V2a 

2V2a 

0, 

if j = ei 

if j = e s_i 

if J = e s 

(4.9) 

where erf() denotes the error function. 

4.4.2 Information State 

Information state is an important concept in POMDP. We will refer to a probability 

distribution over states as the information state and the entire probability space (the 

set of all possible probability distributions) as the information space. The information 

spaces for 2-state and 3-state systems are shown in Fig. 4.5. For a system with two 

states, its information space is a one-dimension line. The distance from the right end 

is the first component 7r(l) and the distance from the left end is the second component 

7r(2). For the system with 3 states, its information space is a two-dimension triangle. 

The value of a point in the information space can be obtained from the perpendicular 

distance from the sides of the triangle. An information state is a sufficient statistic 

for the decision and observation history. 

4.4.3 Action Space 

Due to hardware limitations, we will assume that a secondary user is equipped with a 

single Neyman-Pearson energy detector and can only sense L = 1 channel at each time 

instant. In each slot k, the secondary user needs to decide whether or not to sense, 

determine which sensor operating point on the Receiver Operating Curve (ROC) curve 

to use, whether to access the channel, and which quantized intra refreshing rate to 
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Fig. 4.5 Information state in POMDP. 

use. Thus the action space consists of four parts: a channel selection decision as(k) G 

{0(no sense), l(sense)}, a spectrum sensor design (t(k),5(k)) E Ae$ where Ae$ are 

valid points on the ROC curve, an access decision aa(k) G {0(no access), 1 (access)}, 

and an intra refreshing rate (3(k) G Ap. The composite action in slot k is denoted by 

ak = {as(k), (e(fc), S(k)), aa(k),P(k)} G ({0,1}, At5, {0,1}, A„). (4.10) 

Due to sensing and channel estimation errors, a secondary user cannot directly 

observe the true system state. It can infer the system state from its decision and 

observation history encapsulated by the information state. Information state -Kk = 

{Ax(fc)}xex € II(X) where Xx(k) G [0,1] denotes the conditional probability (given 

decision and observation history) that the system state is in x G X at the beginning 

of slot k prior to state transition. II(X) = {Aa!(fc) G [0,1], 52aex ^ = 1} denotes the 

information space that includes all possible probability mass functions on the state 
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space X. 

At the end of the time slot, the transmitter receives observation Yk. The informa

tion state is then updated using Bayes' rule before state transition 

SXGX Sx 'ex ^x'(k)Ax^xB(yk, xk, ak) 

Given information vector irk the distribution of the system state Xk in slot A; after 

state transition is then given by 

Pv{Xk = x} = ] T \x,(k)Ax,,x Vx e X. (4.12) 
x'ex 

4.4.4 Cost and Policy 

From a user's point of view, QoS at application layer is more important than at 

other layers. Therefore, we model multimedia distortion as the immediate cost in our 

scheme. The immediate cost in time slot k is defined as 

Ck = D{R,p(xk,ak),p(k)), (4.13) 

where R is the target bit rate and p(xk,ak) denotes the packet loss ratio when the 

system is in state xk and composite action ak is taken in time slot k. We assume 

aa{k) = 0(no access) is the equivalent to 100% packet loss. 

The expected total cost of the POMDP represents the overall distortion for a video 

sequence transmitted over K slots and can be expressed as 

Jfj, — ^{fis,^a,^a,fip} 

K 

Y,D{R,p{xk,ak),(3{k)) 
fc=i 

(4.14) 
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where E{^iMe<Si^0iA,^} indicates the expectation given that policies /xs, fi£g, /j.a,^0 are 

employed. 

A channel sensing policy JJLS specifies a channel to sense, as. A sensor operating 

policy fies specifies a spectrum sensor design (e, 6) € At$ based on the system tolerable 

probability of collision, (. An access policy \ia specifies the access decision aa € {0,1}. 

An intra refreshing policy up specifies the intra refreshing decision (3 £ A^ based on 

the current information state Ttk. 

4.4.5 Objective and Constraint 

We aim to develop the joint design of an optimal policy for multimedia transmission 

over CR networks, {fx*,/J,*5,//*,^}, that minimizes the expected total distortion in 

K slots under the collision constraint Pc. 

f ik ik -k 3k "1 

arg min E{/1,i/le4i/io>w} 

subject to 

Pc(k) = Pi{aa(k) = l\Xk = es}<(,VkEK. (4.16) 

4.4.6 Value Function 

Let Jfe(7r) be the value function that represents the minimum expected cost that can 

be obtained starting from slot k (1 < k < K) given information state 7rfc at the 

beginning of slot k. Given that the secondary user takes action ak and observes 

acknowledgment Yk = yk, the cost that can be accumulated starting from slot A; 

consists of the immediate cost Ck = D(R, p(xk, ak), (3(k)) and the minimum expected 

future cost Jfc+i(7r + 1). 7rfc+i = {K(k + l)}xex - U(irk\ak,yk), which represents 

the updated knowledge of system state after incorporating the action ak and the 

K 

J2D(R,p(xk,ak),/3(k)) 
,fc=i 

(4.15) 
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acknowledgment yk in slot k. The sensing policy is then given by 

es 

Jfe(7Tfc) = m i n y " Y] ^x>{k)Ax',x y]B(yk,j,ak)[D(R,p(xk,ak),p(k)) 
xGX x'GX j=ei 

+Jk+l(U{irk\ak,yk))],l< k<K-\ (4.17) 

JK(KK) = miny^y] \x,(K)Ax,tX 
aeA 

X] B(yKJ, aK)D(R,p(xK, aK),f3(K)) (4.18) 

U=ei 

The value function of an unconstrained POMDP with finite action space is piecewise-

linear convex and can be solved using linear programming techniques [85]. An excel

lent overview of computationally efficient algorithms are given in [14] and can be used 

to solve for the optimum sensing policy. 

4.4.7 Intra Refreshing Strategy 

For a selected channel, the optimum (5 selected corresponds to the most likely available 

state based on 7rfc. Due to the asymptotic nature of the channel distortion, a busy 

or unaccessed channel has infinite distortion. In this case, f3 has no influence on the 

total distortion. If the most likely state based on ivk corresponds to a busy state then 

the optimum (3 is to select a f3 corresponding to the most likely available state. That 

way if the information state suggests the channel is busy but in reality it is available 

then a /? has been selected that will minimize the effect of this error. 

4.5 Summary 

In this chapter we propose a wireless multimedia transmission scheme over CR. Intra-

refresh rate, channel selection, channel access, and spectrum sensor strategies are 

determined concurrently under the framework of a POMDP. A low complexity scheme 
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has been proposed. The intra-refresh rate is selected based on the most likely state 

indicated by the information state. By employing the separation principle [31], myopic 

polices for the access and sensor operating point are derived based on the probability 

of collision constraint. Only the channel selection policy requires solving a POMDP. 
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Chapter 5 

Simulation Results 

In this section, we illustrate the performance of the proposed scheme by numerical 

examples. We consider the system performance in the following four cases: (1) using 

perfect knowledge of the system thus making optimal decisions, which is the best 

case possible, (2) making decisions based on the most likely state indicated by the 

information state, which is our proposed scheme, (3) making decisions solely based 

on the channel gain provided in the last acknowledgment, and (4) using a constant 

(3, which represents existing schemes that do not consider application layer QoS. Our 

goal is to compare the distortion of different schemes as opposed to determining the 

absolute distortion. We use an average distortion metric that refers to the average 

distortion over the time slots when the channel is available and accessed. We first 

consider a system with one channel in Subsections 5.2. Then, we consider a system 

with two channels in Subsections 5.3. 

5.1 Selection of Rate-Distortion Parameters 

We use the rate-distortion model in equation 4.5 in our simulations. Building an 

adaptive intra-refresh encoder is a non-trivial task and is beyond the scope of this 
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work. Video rate-distortion parameters, Ds(Rs,0), Ds(Rs, 1), rj, E[Fd(m:m — 1)], a, 

and b, are arbitrarily selected and remain constant for the duration of the simula

tion. Various rules were used in parameter generation to generate feasible results. 

Ds(Rs,0) > 0, Ds(Rs,l) > 0, Dc(p,P) > 0, 0 < /3 < 1, 0 < p < 1, 0 < a < 1, 

b > 0, E[Fd(m,m — 1)] > 0, DS(RS,1) > Ds(Rs,0). By using these rules we gen

erated the following parameters that were used for all simulations. Ds(Rs,0) = 74. 

DS(RS, 1) = 124. T] = 1.4. a = 0.01. b = 1.0. E[Fd(m, m - 1)] = 100. 

5.2 One Channel Scenario 

5.2.1 Performance Improvement 

Fig. 5.1 shows the distortion of different schemes. The number of states refers to 

5—1 quantized channel gains and one busy channel state. For simplicity we derive a 

transition matrix based on the probability that any available state stays in the same 

state, Pr{Xfc+i = v\Xk = v}, the probability of transitioning from an available state to 

a busy state, Pr{Xk+i = z\Xk = v}, and the probability of a busy state staying busy, 

Pr{Xfc+i = z\Xk = z}, where v G {ei,e2, ...,es-i} and z = es indicate available and 

busy states, respectively. The following parameter values are used in this example. 

Pv{Xk+1 = v\Xk = v} = 0.85, Pr{Xk+1 = z\Xk = v} = 0.05, Pr{Xk+1 = z\Xk = 

z] = 0.1, e = 0.6, a = 0.1. From Fig. 5.1, we can see that when perfect knowledge 

of the channel state is available, perfect decisions can be made for each time slot 

thus method (1) has the lowest average distortion. The more realistic cases occur in 

the presence of sensing and CSI errors. Our proposed method (i.e., method 2) uses 

the information state to select the most likely optimal decisions. This method tracks 

the ideal case fairly closely. Both method 3 and method 4 have worse performance 

compared to the proposed scheme. This illustrates the performance improvement of 
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Fig. 5.1 Average distortion vs. the number of states in different schemes. 

the proposed scheme over existing schemes. In addition, we also notice that using 

a constant (3 (i.e., method 4) can be worse than making decisions based solely on 

the previous acknowledgment (i.e., method 3), which shows the need to consider 

application layer parameters and application QoS. 

5.2.2 Effects of the Parameters in the State Transition Matrix 

We evaluate how the parameters in the transition matrix affect the average distortion. 

The transition matrix can be selected based on channel fading and primary usage. 

We ignore quantization errors caused by the limited number of s tates and assume 

the actual channel gain matches the state channel gain. Fig. 5.2 and Fig. 5.3 show 

I ^ O 

120 

1 AC 
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the numerical results across Pr-fX^+i = v\X^ = v} and Pr{Xfc+i = z\Xk = v}, 

respectively. In Fig. 5.2, there are 5 states, e = 0.6. Pr{Xk+i = z\Xk = v} = 0.05. 

This example demonstrates the cognitive nature of the system. Our proposed method 

(i.e., method 2) approaches the method of using perfect knowledge of the channel state 

as Pr{X fc+1 = v\Xk = v} approaches 1. That is, the performance improves as the 

system dynamics slows down since it is easier to predict the actual system state. 5 

states are used in Fig. 5.3. e = 0.6. Pr{Xfc+i = v\Xk = v} = 0.50. From this 

figure, we can see that Pr{Xfc+1 = z\Xk — v} has little impact to the performance of 

the proposed method. The reason for this observation is that increasing Pr{Xfc+i = 

z\Xk = v} will increase the likelihood the system transitions to the busy state, which 

has little affect on the average distortion when the channel is available and accessed. 

5.2.3 Effects of the Parameters in the Observation Matrix 

The observation matrix is derived from the sensor operating point, e, and the standard 

deviation of the receiver channel estimation error, a. Fig. 5.4 and Fig. 5.5 show how 

a and e affect the average distortion. The following parameters are used in Fig. 

5.4. There are 5 states, e = 0.6, Pr{X fc+1 = v\Xk = v} = 0.85, and Pr{Xfc+1 = 

z\Xk = v} — 0.05. We can see from Fig. 5.4, as the receiver estimation degrades, the 

acknowledgment provides less information on the actual channel gain and the average 

distortion of our method increases, e and S are related based on the sensor ROC, and 

adjusting e implies a change to the system probability of collision requirement. In Fig. 

5.5, Pr{Xfc+1 = v\Xk = v} = 0.85, Pr{X fc+1 = z\Xk = v} = 0.05, and a = 0.1. This 

figure shows that the average distortion increases as the probability of false alarm 

increases. 

These numerical results demonstrate some interesting trends in the design and 

optimization of CR networks from a cross-layer design perspective. Adaptively ad-
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Fig. 5.2 Average distortion vs. state transition matrix parameters (Case I: The 
probability of staying in the same state). 

justing the intra-refresh rate to accommodate time varying wireless channels is an 

effective way to reduce distortion. By using all previous actions and observations we 

can build an information state that becomes more accurate over time. Performance 

of using the information state to select the intra-refresh rate improves as the system 

dynamics slows down. In a CR environment the MAC access strategy is derived from 

the accuracy of the spectrum sensor. The total distortion is limited to the availability 

of the channel. Distortion performance will degrade if primary usage increases or a 

very low system tolerable probability of collision is required. 
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Fig. 5.3 Average distortion vs. state transition matrix parameters (Case II: The 
probability of transitioning to the busy state). 

5.3 Two Channel Scenario 

In this case we explore a AT = 2 channel with 5 = 3 states per channel system to 

evaluate the performance of the channel selection policy. We will use a spectrum 

utilization (SU) metric to evaluate the sensor policy performance. SU represents the 

percentage of time slots where an available channel was selected for sensing. SU is an 

important parameter when evaluating video QoS. The channel distortion is infinite 

when a channel is busy or not accessed. Improving the SU will reduce the percentage of 

time slots where a busy channel was selected for sensing thus improving the application 

layer QoS. The application layer QoS is improved using a two step process. First we 
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Fig. 5.4 Average distortion vs. observation matrix parameters (Case I: Receiver 
channel estimation standard deviation, <x). 

select a channel to maximize SU thus reducing the large distortion introduced when 

the channel is unavailable. Second for an available and accessed channel, we select 

the intra-refresh rate to minimize distortion for a particular channel gain. 

The two channels, channel 1 and channel 2, are simulated having the same number 

of states (i.e. quantized channel gains) and observation probabilities but asymmetric 

transition probabilities. Channel 2 will have a higher primary usage than channel 

1. Based on previous observations, actions, and the POMDP derived policy the 

secondary transmitter/receiver pair dynamically selects the channel that will most 

likely maximize application layer QoS. 
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Fig. 5.5 Average distortion vs. observation matrix parameters (Case II: Sensor 
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Fig. 5.7 Two Channel Scenario: Spectrum Utilization vs. channel 1 state tran
sition matrix parameters (Case I: The probability of staying in the busy state). 

We evaluate SU and average distortion performance for three cases (1) POMDP 

channel selection, which is our proposed scheme, (2) randomly selecting channel 1 or 

2 and using a constant /3 = 0.1, which represents a non-adaptive scheme, and (3) 

using perfect knowledge of the system state, which represents the ideal case. 

5.3.1 The Affect of Transition Matrix on Channel Selection Policy 

SU performance with varying transition matrix parameters is shown in Fig. 5.7 and 

Fig. 5.8. In both plots we only vary the transition matrix parameters of channel 

1. Both channels have equal observation matrix parameters e1 = e2 = 0.62 and 
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Fig. 5.8 Two Channel Scenario: Spectrum Utilization vs. channel 1 state tran
sition matrix parameters (Case II: The probability of transitioning to the busy 
state). 

a1 = a2 = 0.1. 

In Fig. 5.7 we vary the probability channel 1 stays busy, Pv{Xl+1 = z\X\ = z). 

Pv{Xl+1 = z\Xl = v} = 0.2. Pr{Xf+1 = z\X\ = z] = 0.8. Pr{Xfc
2

+1 = z\X\ = 

v) = 0.6. In Fig. 5.8 we vary the probability channel 1 transitions to the busy state, 

P r i X ^ = z\X\ = v}. Pr{Xl+1 = z\X\ = z} = 0.4. P r{X | + 1 = z\X\ = z) = 0.8. 

Pr{X 2
+ 1 = z\X\ = v} = 0.6. 

In both cases, the SU utilization of our scheme is greater than the non-adaptive 

scheme. Our proposed scheme senses the surrounding environment to learn and adapt 

channel selection. However it takes several time slots for the policy to learn the system 
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Fig. 5.9 Two Channel Scenario: Average distortion vs. channel 1 state transition 
matrix parameters (Case I: The probability of staying in the busy state). 

state thus the performance of our scheme improves with slower transition dynamics. 

That is, our scheme approaches the perfect case as Pr{Xl+1 = z\X\ = v} approaches 0 

as is shown in Fig. 5.8. Our scheme provides closer to optimal performance when there 

is a large difference in channel availability between the two channels as it becomes 

easier to distinguish the better channel. This is demonstrated in Fig. 5.7 where the 

performance of our scheme is more optimal at low Pr{X^+1 = z\X\ = z} relative 

to Pr{X| + 1 = z\X% •= z}. In Fig. 5.9 and 5.10, we show the average distortion 

for the probability channel 1 stays busy and the probability channel 1 transitions to 

the busy state respectively. The average distortion of our scheme is better than the 
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Fig. 5.10 Two Channel Scenario: Average distortion vs. channel 1 state tran
sition matrix parameters (Case II: The probability of transitioning to the busy 
state). 

non-adaptive scheme. Transition matrix parameters have little affect to the average 

distortion. Our scheme outperforms the non-adaptive scheme because our scheme will 

select the channel with the better channel gain and adapt the intra refreshing rate for 

the selected channel. 

5.3.2 The Affect of Observation Matrix on Channel Selection Policy 

SU with varying sensor operating point is shown in Fig. 5.11 and 5.12. In both 

cases, Pr{Xl+1 = z\X\ = z) = 0.4. Pv{X£+1 = z\X\ = v} = 0.15. P r { X | + 1 = 

z\X% — z) = 0.6. P r{X | + 1 = z\X\ = v} = 0.2. Observation parameters are derived 
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Fig. 5.11 Two Channel Scenario: Spectrum Utilization vs. channel 1 observation 
matrix parameters (Case I: Sensor operating point, e). 

by operating characteristics of the secondary users and are not likely to be different 

for each channel. Thus both channels are simulated with symmetrical observation 

parameters, e1 = e2 = e and a1 = a1 = a. In Fig. 5.11 we vary the spectrum 

operating point e, and in Fig. 5.12 we vary the receiver channel estimation error a. 

In Fig. 5.13 and 5.14 we show the average distortion with varying e and a respec

tively. 

The observation parameters are shown to have little affect on the SU and average 

distortion performance of our proposed scheme. 
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Fig. 5.12 Two Channel Scenario: Spectrum Utilization vs. channel 1 observation 
matrix parameters (Case II: Receiver channel estimation standard deviation, a). 

5.4 Summary 

In this chapter we presented numerical results of our proposed scheme. A single 

channel scenario is first presented to demonstrate the average distortion performance 

improvement by employing an adaptive intra-refresh strategy. When the channel is 

available, adapting the intra-refresh rate based on the channel gain shows a significant 

reduction in average distortion relative to non-adaptive schemes. The effect transition 

and observation matrix parameters have on average distortion was also presented in 

this chapter. 

A two channel scenario was simulated to demonstrate the channel selection and 
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Fig. 5.13 Two Channel Scenario: Average distortion vs. channel 1 observation 
matrix parameters (Case I: Sensor operating point, e). 

adaptive intra-refresh rate scheme. Our channel selection scheme improves the spec

trum utilization relative to a random channel selection scheme. The average distortion 

with our channel selection and intra-refresh rate scheme is lower relative to a non-

adaptive random channel selection scheme. 
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Chapter 6 

Conclusions and Future Work 

6.1 Conclusions 

In this thesis, a cross-layer multimedia transmission scheme was developed for cogni

tive radio. We investigated a hierarchical access spectrum overlay DSA CR system. 

An integrated CLD approach was used to adaptively select the intra-refresh rate to 

minimize distortion along with channel availability, channel gain, collision constraint, 

spectrum sensor design, and access strategy. We considered practical implementa

tions by considering spectrum sensor error, CSI error, and hardware restrictions on 

the number of channels that can be sensed simultaneously. Our scheme is able to 

exploit both spectral and temporal opportunities. 

To complete this study, we make the following concluding remarks. 

• The problem of multimedia transmission over CR networks can be solved by em

ploying an integrated CLD technique. An application layer QoS driven, channel 

adaptive scheme can significantly improve spectrum utilization and average dis

tortion. 

• The intra-refresh rate is an important application layer parameter to improve 
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error resilience when the channel is available and accessed. Due to the asymp

totic nature of the channel distortion, the intra-refresh rate has little affect on 

distortion when the channel is unavailable or not accessed. 

• With spectrum sensing and CSI error, the underlying system cannot be directly 

observed. The state of the system can be inferred from previous observations and 

actions. By formulating the entire system as a POMDP, the channel selection, 

access decision, spectrum sensor, and intra-refresh policies can be determined 

concurrently in the presence of sensing and CSI error. 

• Solving a constrained POMDP requires randomized policies which is often in

tractable. It is also computationally prohibitive to solve unconstrained POMDPs 

with a large number of states. The number of states grows exponentially with 

the number of channels. By using a separation principle, myopic polices can be 

determined for the access and spectrum sensor policies. The information state 

can be used directly for the intra-refresh policy. The POMDP policy for chan

nel selection can be computed offline. Employing these approaches significantly 

reduces the run-time computational complexity. 

• With hardware limitations, not all channels can be sensed simultaneously. The 

channel selection policy allows the most likely available channel to be sensed 

which improves spectrum utilization relative to a random channel selection pol

icy. 

• The work presented in this thesis has limitations. The adaptive transmission 

scheme can only be used with peer to peer communication and does not sup

port multicast scenarios as the channel conditions to each end point may be 

different. Solving POMDP problems becomes computationally prohibitive with 
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a large number of states. The number of states in our proposed scheme increases 

exponentially with the number of channels thus the computational complexity 

limits the number of channels that can be exploited. However researchers are 

investigating new methods to solve large scale POMDPs. The POMDP formula

tion requires a model of the transition and observation probabilities which may 

not be known. Reinforcement learning techniques can be employed to learn the 

models over time. 

• The success of multimedia applications over CR networks will be limited in 

environments with high primary usage and/or a very low probability of collision 

required by the spectrum policy. 

6.2 Future Research 

CR and multimedia are two interesting and important fields of research. As such, 

they are both hot research areas. Future work can be done from several aspects. 

• Future work could consider other QoS at the application layer. 

• The work in this thesis can be readily extended to include joint source-channel 

coding, more channels, and channels with varying bit rate. More than one chan

nel can be selected for channel sensing and channel correlation can be exploited 

to improve sensing while maximizing application layer QoS. 

• Extending this work to include multiple secondary users using cooperative spec

trum sharing techniques would be needed for a complete CR system. 



79 

References 

[1] Q. Zhao and B. M. Sadler, "A survey of dynamic spectrum access," IEEE Signal 

Process. Mag., vol. 24, no. 3, pp. 79-89, 2007. 

[2] FCC, "Report from the spectrum policy task force," 

http://www.fcc.gov/sptf/reports.html, Nov. 2002. 

[3] J. Mitola, "Cognitive radio: An integrated agent architecture for software de

fined radio," Ph.D. dissertation, Royal Inst. Technol. (KTH), Stockholm, Swe

den, 2000. 

[4] S. Haykin, "Cognitive radio: Brain-empowered wireless communications," IEEE 

J. Selected Areas Commun., vol. 23, no. 2, pp. 201-220, Feb. 2005. 

[5] DARPA XG WG, "The xg architectural framework vl.O," 2003. 

[6] , "The xg vision rfc v2.0," 2004. 

[7] M. Van Der Schaar and N. Sai, Shankar, "Cross-layer wireless multimedia trans

mission: challenges, principles, and new paradigms," IEEE Wireless Comm., 

vol. 12, no. 4, pp. 50-58, Aug. 2005. 

[8] S. Khan, Y. Peng, E. Steinbach, M. Sgroi, and W. Kellerer, "Application-driven 

cross-layer optimization for video streaming over wireless networks," IEEE Com

mun. Mag., vol. 44, no. 1, pp. 122-130, Jan. 2006. 

http://www.fcc.gov/sptf/reports.html


References 80 

[9] J. M. Chapin and W. H. Lehr, "The path to market success for dynamic spectrum 

access technology," IEEE Commun. Mag., vol. 45, pp. 96-103, May 2007. 

[10] Z. He, J. Cai, and C. W. Chen, "Joint source channel rate-distortion analysis for 

adaptive mode selection and rate control in wireless video coding," IEEE Trans. 

Circuits Syst. Video Technol, vol. 12, no. 6, pp. 511-523, Jun. 2002. 

[11] Q. Zhao, L. Tong, A. Swami, and Y. Chen, "Decentralized cognitive MAC for 

opportunistic spectrum access in ad hoc networks: A POMDP framework," IEEE 

J. Selected Areas Commun., vol. 25, no. 3, pp. 589-600, Apr. 2007. 

[12] G. Ganesan and Y. Li, "Cooperative spectrum sensing in cognitive radio, part I: 

two user networks," IEEE Trans. Wireless Commun., vol. 6, no. 6, pp. 2204-2213, 

June 2007. 

[13] , "Cooperative spectrum sensing in cognitive radio - part II: multiuser net

works," IEEE Trans. Wireless Commun., vol. 6, no. 6, pp. 2214-2222, June 2007. 

[14] A. R. Cassandra, "Exact and approximate algorithms for partially observed 

markov decision process," Ph.D. dissertation, Brown University, 1998. 

[15] J. Mitola, "The software radio architecture," IEEE Commun. Mag., vol. 33, no. 5, 

pp. 26-38, May 1995. 

[16] D. N. Hatfield and P. J. Weiser, "Property rights in spectrum: taking the next 

step," in Proc. IEEE Int. Symp. on New Frontiers in Dynamic Spectrum Access 

Networks, Nov. 2005, pp. 43-55. 

[17] L. Xu, R. Tonjes, T. Paila, W. Hansmann, M. Frank, and M. Albrecht, "DRiVE-

ing to the internet: Dynamic radio for IP services in vehicular environments," in 

Proc. IEEE Conf. on Local Computer Networks, Nov. 2000, pp. 281-289. 



References 81 

[18] C. Raman, R. D. Yates, and N. B. Mandayam, "Scheduling variable rate links 

via a spectrum server," in Proc. IEEE Int. Symp. on New Frontiers in Dynamic 

Spectrum Access Networks, Nov. 2005, pp. 110-118. 

[19] O. Ileri, D. Samardzija, T. Sizer, and N. B. Mandayam, "Demand responsive 

pricing and competitive spectrum allocation via a spectrum server," in Proc. 

IEEE Int. Symp. on New Frontiers in Dynamic Spectrum Access Networks, Nov. 

2005, pp. 194-202. 

[20] S. T. Chung, S. J. Kim, J. Lee, and J. M. Cioffi, "A game-theoretic approach to 

power allocation in frequency-selective gaussian interference channels," in Proc. 

IEEE Int. Symp. on Information Theory, Jun./Jul. 2003, pp. 316-316. 

[21] R. Etkin, A. Parekh, and D. Tse, "Spectrum sharing for unlicensed bands," IEEE 

J. Sel. Areas Commun., vol. 25, no. 3, pp. 517-528, Apr. 2007. 

[22] J. Huang, R. A. Berry, and M. L. Honig, "Spectrum sharing with distributed 

interference compensation," in Proc. IEEE Int. Symp. on New Frontiers in Dy

namic Spectrum Access Networks, Nov. 2005, pp. 88-93. 

[23] Q. Zhao, "Spectrum opportunity and interference constraint in opportunistic 

spectrum access," in Proc. IEEE Int. Conf. on Acoustics, Speech and Signal 

Processing, vol. 3, Apr. 2007. 

[24] B. Wild and K. Ramchandran, "Detecting primary receivers for cognitive radio 

applications," in Proc. IEEE Int. Symp. on New Frontiers in Dynamic Spectrum 

Access Networks, Nov. 2005, pp. 124-130. 



References 82 

[25] D. Cabric, S. M. Mishra, and R. W. Brodersen, "Implementation issues in spec

trum sensing for cognitive radios," in Proc. Asilomar Conf. on Signals, Systems 

and Computers, vol. 1, Nov. 2004, pp. 772-776. 

[26] W. A. Gardner, "Signal interception: a unifying theoretical framework for feature 

detection," IEEE Trans. Commun., vol. 36, no. 8, pp. 897-906, Aug. 1988. 

[27] A. Sahai, N. Hoven, and R. Tandra, "Some fundamental limits on cognitive 

radio," in Proc. Allerton Conf. Communication, Control, Computing, Oct. 2004. 

[28] A. Ghasemi and E. S. Sousa, "Collaborative spectrum sensing for opportunistic 

access in fading environments," in Proc. IEEE Int. Symp. on New Frontiers in 

Dynamic Spectrum Access Networks, Nov. 2005, pp. 131-136. 

[29] S. M. Mishra, A. Sahai, and R. W. Brodersen, "Cooperative sensing among 

cognitive radios," in Proc. IEEE Int. Conf. on Commun., vol. 4, Jun. 2006, pp. 

1658-1663. 

[30] H. L. V. Trees, Detection, Estimation, and Modulation Theory, Part I. Wiley-

Interscience, Sept. 2001. 

[31] Y. Chen, Q. Zhao, and A. Swami, "Joint design and separation principle 

for opportunistic spectrum access in the presence of sensing errors," IEEE 

Trans. Inf. Theory, Feb. 2007, submitted for publication. [Online]. Available: 

http://arxiv.org/PScache/cs/pdf/0702/0702158.pdf 

[32] Q. Zhao, L. Tong, and A. Swami, "Decentralized cognitive mac for dynamic spec

trum access," in Proc. IEEE Int. Symp. on New Frontiers in Dynamic Spectrum 

Access Networks, Nov. 2005, pp. 224-232. 

http://arxiv.org/PScache/cs/pdf/0702/0702158.pdf


References 83 

[33] T. A. Weiss and F. K. Jondral, "Spectrum pooling: an innovative strategy for 

the enhancement of spectrum efficiency," IEEE Commun. Mag., vol. 42, no. 3, 

pp. 8-14, Mar. 2004. 

[34] U. Berthold and F. K. Jondral, "Guidelines for designing OFDM overlay sys

tems," in Proc. IEEE Int. Symp. on New Frontiers in Dynamic Spectrum Access 

Networks, Nov. 2005, pp. 626-629. 

[35] H. Tang, "Some physical layer issues of wide-band cognitive radio systems," in 

Proc. IEEE Int. Symp. on New Frontiers in Dynamic Spectrum Access Networks, 

Nov. 2005, pp. 151-159. 

[36] S. Geirhofer, L. Tong, and B. M. Sadler, "Cognitive radios for dynamic spectrum 

access - dynamic spectrum access in the time domain: Modeling and exploiting 

white space," in IEEE Commun. Mag., vol. 45, no. 5, May 2007, pp. 66-72. 

[37] P. Papadimitratos, S. Sankaranarayanan, and A. Mishra, "A bandwidth shar

ing approach to improve licensed spectrum utilization," IEEE Commun. Mag., 

vol. 43, no. 12, Dec. 2005. 

[38] S. Geirhofer, L. Tong, and B. M. Sadler, "A measurement-based model for dy

namic spectrum access in WLAN channels," in Proc. Military Commun. Conf., 

Oct. 2006, pp. 1-7. 

[39] H. Zheng and C. Peng, "Collaboration and fairness in opportunistic spectrum 

access," in Proc. IEEE Int. Conf. on Commun., vol. 5, May 2005, pp. 3132-

3136. 



References 84 

[40] W. Wang and X. Liu, "List-coloring based channel allocation for open-spectrum 

wireless networks," in Proc. IEEE Veh. Technol. Conf., vol. 1, Sep. 2005, pp. 

690-694. 

[41] Z. Ji and K. J. R. Liu, "Cognitive radios for dynamic spectrum access - dynamic 

spectrum sharing: A game theoretical overview," IEEE Commun. Magazine, 

vol. 45, no. 5, pp. 88-94, May 2007. 

[42] W. Hu, D. Willkomm, G. Vlantis, M. Gerla, and A. Wolisz, "Dynamic frequency 

hopping communities for efficient IEEE 802.22 operation," IEEE Commun. Mag., 

vol. 45, no. 5, pp. 80-87, May 2007. 

[43] H.-J. Lee, T. Chiang, and Y.-Q. Zhang, "Scalable rate control for MPEG-4 

video," IEEE Trans. Circuits Syst. Video Technol, vol. 10, no. 6, pp. 878-894, 

Sep. 2000. 

[44] J. Ribas-Corbera and S. Lei, "Rate control in DCT video coding for low-delay 

communications," IEEE Trans. Circuits Syst. Video Technol, vol. 9, no. 1, pp. 

172-185, Feb. 1999. 

[45] Z. He, Y. K. Kim, and S. K. Mitra, "Object-level bit allocation and scalable 

rate control for MPEG-4 video coding," in Proc. of Workshop and Exhibition on 

MPEG-4, Jun. 2001, pp. 63-66. 

[46] K. Stuhlmuller, N. Farber, M. Link, and B. Girod, "Analysis of video transmission 

over lossy channels," IEEE J. Sel Areas Commun., vol. 18, no. 6, pp. 1012-1032, 

Jun. 2000. 

[47] T. Sikora, "The mpeg-4 video standard verification model," IEEE Trans. Circuits 

Syst. Video Technol, vol. 7, pp. 19-31, Feb 1997. 



References 85 

[48] R. Zhang, S. L. Regunathan, and K. Rose, "Video coding with optimal 

inter/intra-mode switching for packet loss resilience," IEEE J. Sel. Areas Com

mun., vol. 18, no. 6, pp. 966-976, Jun. 2000. 

[49] G. Cote, S. Shirani, and F. Kossentini, "Optimal mode selection and synchro

nization for robust video communications over error-prone networks," IEEE J. 

Sel. Areas Commun., vol. 18, no. 6, pp. 952-965, Jun. 2000. 

[50] J. Y. Liao and J. Villasenor, "Adaptive intra block update for robust transmission 

of H.263," IEEE Trans. Circuits Syst. Video TechnoL, vol. 10, no. 1, pp. 30-35, 

Feb. 2000. 

[51] A. C. Begen and Y. Altunbasak, "An adaptive media-aware retransmission time

out estimation method for low-delay packet video," IEEE Trans. Multimedia, 

vol. 9, no. 2, pp. 332-347, Feb. 2007. 

[52] J. Chakareski and P. A. Chou, "Application layer error-correction coding for 

rate-distortion optimized streaming to wireless clients," IEEE Trans. Commun., 

vol. 52, no. 10, pp. 1675-1687, Oct. 2004. 

[53] J. Hagenauer, "Rate-compatible punctured convolutional codes (RCPC codes) 

and their applications," IEEE Trans. Commun., vol. 36, no. 4, pp. 389-400, Apr. 

1988. 

[54] J. Costello, D. J., J. Hagenauer, H. Imai, and S. B. Wicker, "Applications of 

error-control coding," IEEE Trans. Inf. Theory, vol. 44, no. 6, pp. 2531-2560, 

Oct. 1998. 



References 86 

[55] P. Haskell and D. Messerschmitt, "Resynchronization of motion compensated 

video affected by ATM cell loss," in Proc. IEEE Int. Conf. on Acoustics, Speech, 

and Signal Processing, vol. 3, Mar. 1992, pp. 545-548. 

[56] I. S. Reed and G. Solomon, "Polynomial codes over certain finite fields," J. Soc. 

Indust. Appl. Math., June 1960. 

[57] Y. J. Liang, J. G. Apostolopoulos, and B. Girod, "Analysis of packet loss for 

compressed video: does burst-length matter?" in Proc. IEEE Int. Conf. on 

Acoustics, Speech, and Signal Processing, vol. 5, 2003, pp. 684-7. 

[58] Y. Wang and Q.-F. Zhu, "Error control and concealment for video communica

tion: a review," Proc. IEEE, vol. 86, no. 5, pp. 974-997, May 1998. 

[59] K. Ngan and R. Steele, "Enhancement of PCM and DPCM images corrupted by 

transmission errors," IEEE Trans. Commun., vol. 30, pp. 257-265, Jan. 1982. 

[60] K. M. Rose and A. Heiman, "Enhancement of one-dimensional variable-length 

DPCM images corrupted by transmission errors," IEEE Trans. Commun., 

vol. 37, no. 4, pp. 373-379, Apr. 1989. 

[61] O. Mitchell and A. Tabatabai, "Channel error recovery for transform image cod

ing," IEEE Trans. Commun., vol. 29, no. 12, pp. 1754-1762, Dec. 1981. 

[62] M. Ghanbari and V. Seferidis, "Cell-loss concealment in ATM video codecs," 

IEEE Trans. Circuits Syst. Video TechnoL, vol. 3, no. 3, pp. 238-247, Jun. 1993. 

[63] Y. Wang, Q. F. Zhu, and L. Shaw, "Maximally smooth image recovery in trans

form coding," IEEE Trans. Commun., vol. 41, no. 10, pp. 1544-1551, Oct. 1993. 



References 87 

[64] Q. F. Zhu, Y. Wang, and L. Shaw, "Coding and cell-loss recovery in DCT-based 

packet video," IEEE Trans. Circuits Syst. Video TechnoL, vol. 3, no. 3, pp. 248-

258, Jun. 1993. 

[65] W. Kwok and H. Sun, "Multi-directional interpolation for spatial error conceal

ment," IEEE Trans. Consum. Electron., vol. 39, no. 3, pp. 455-460, Aug. 1993. 

[66] H. Sun and W. Kwok, "Concealment of damaged block transform coded images 

using projections onto convex sets," IEEE Trans. Image Process., vol. 4, no. 4, 

pp. 470-477, Apr. 1995. 

[67] S. S. Hemami and T. H. Y. Meng, "Transform coded image reconstruction ex

ploiting interblock correlation," IEEE Trans. Image Process., vol. 4, no. 7, pp. 

1023-1027, Jul. 1995. 

[68] S. Aign and K. Fazel, "Temporal and spatial error concealment techniques for 

hierarchical MPEG-2 video codec," in Proc. IEEE Int. Conf. on Commun., vol. 3, 

Jun. 1995, pp. 1778-1783. 

[69] H. Sun, K. Challapali, and J. Zdepski, "Error concealment in digital simulcast 

AD-HDTV decoder," IEEE Trans. Consum. Electron., vol. 38, no. 3, pp. 108-

118, Aug. 1992. 

[70] Z. Wang, A. C. Bovik, H. R. Sheikh, and E. P. Simoncelli, "Image quality assess

ment: from error visibility to structural similarity," IEEE Trans. Image Process., 

vol. 13, no. 4, pp. 600-612, Apr. 2004. 

[71] Z. Wang, A. C. Bovik, and L. Lu, "Why is image quality assessment so difficult?" 

in Proc. IEEE Int. Conf. on Acoustics, Speech, and Signal Processing, vol. 4, May 

2002. 



References 88 

[72] D. C. Lin and P. M. Chau, "Objective human visual system based video quality 

assessment metric for low bit-rate video communication systems," in IEEE 8th 

Workshop on Multimedia Signal Processing, Oct. 2006, pp. 320-323. 

[73] J. Guo, M. Van Dyke-Lewis, and H. R. Myler, "Gabor difference analysis of 

digital video quality," IEEE Trans. Broadcast, vol. 50, no. 3, pp. 302-311, Sep. 

2004. 

[74] M. H. Pinson and S. Wolf, "A new standardized method for objectively measuring 

video quality," IEEE Trans. Broadcast, vol. 50, no. 3, pp. 312-322, Sep. 2004. 

[75] J. Li, G. Chen, and Z. Chi, "A fuzzy image metric with application to fractal 

coding," IEEE Trans. Image Process., vol. 11, no. 6, pp. 636-643, Jun. 2002. 

[76] B. Girod and N. Farber, Wireless video. New York: Marcel Dekker, Inc., 2000, 

in Compressed Video Over Networks. 

[77] V. Kawadia and P. R. Kumar, "A cautionary perspective on cross-layer design," 

IEEE Wireless Commun., vol. 12, no. 1, pp. 3-11, Feb. 2005. 

[78] Z. Ji and K. J. R. Liu, "Dynamic spectrum sharing: a game theoretical overview," 

IEEE Commun. Mag., vol. 45, no. 5, pp. 88-94, May 2007. 

[79] D. Zhang and Z. Tian, "Adaptive games for agile spectrum access based on 

extended kalman filtering," IEEE J. Sel. Topics Signal Process., vol. 1, no. 1, pp. 

79-90, Jun. 2007. 

[80] D. Wu, S. Ci, and H. Wang, "Cross-layer optimization for video summary trans

mission over wireless networks," IEEE J. Sel. Areas Commun., vol. 25, no. 4, pp. 

841-850, May 2007. 



References 89 

[81] M. Van Der Schaar, D. S. Turaga, and R. Wong, "Classification-based system 

for cross-layer optimized wireless video transmission," IEEE Trans. Multimedia, 

vol. 8, no. 5, pp. 1082-1095, Oct. 2006. 

[82] Y. S. Chan, J. W. Modestino, Q. Qu, and X. Fan, "An end-to-end embedded 

approach for multicast/broadcast of scalable video over multiuser CDMA wireless 

networks," IEEE Trans. Multimedia, vol. 9, no. 3, pp. 655-667, Apr. 2007. 

[83] C. H. Foh, Y. Zhang, Z. Ni, J. Cai, and K. N. Ngan, "Optimized cross-layer 

design for scalable video transmission over the IEEE 802.lie networks," IEEE 

Trans. Circuits Syst. Video Technol., 2007, accepted for future publication. 

[84] A. Cassandra, "Tony's POMDP page," 

http://www.cs.brown.edu/research/ai/pomdp/index.html. 

[85] R. Smallwood and E. Sondik, "Optimal control of partially observable Markov 

processes over a finite horizon," Operations Research, vol. 21, pp. 1071-1088, 

1973. 

[86] E. J. Sondik, "The optimal control of partially observable markov processes," 

Ph.D. dissertation, Standford University, Standford, California, 1971. 

[87] G. Monahan, "A survey of partially observable Markov decision processes: theory, 

models and algorithms," Management Science, vol. 28, no. 1, January 1982. 

[88] H. Cheng, "Algorithms for partially observable markov decision processes," Ph.D. 

dissertation, University of British Columbia, British Columbia, Canada, 1988. 

[89] N. L. Zhang and W. Liu, "Planning in stochastic domains: Problem characteris

tics and approximation," 1996, technical Report HKUSTCS96-31. 

http://www.cs.brown.edu/research/ai/pomdp/index.html


References 90 

[90] H. Tong and T. Brown, "Adaptive call admission control under quality of service 

constraints: a reinforcement learning solution," IEEE J. Selected Areas Com-

mun., vol. 18, no. 2, pp. 209-221, 2000. 

[91] P. Bergamo, D. Maniezzo, A. Giovanardi, G. Mazini, and M. Zorzi, "Improved 

markov model for rayleigh fading envelope," Electronics Letters, vol. 38, pp. 477-

478, May 2002. 

[92] A. T. Hoang and M. Motani, "Buffer and channel adaptive transmission over 

fading channels with imperfect channel state information," in Proc. IEEE 

WCNC'04, vol. 3, Mar. 2004. 



Appendix A: MATLAB Programs 

A.l Single Channel Scenario 

A. 1.1 Trans i t ion and Observa t ion M a t r i x Gene ra t ion 

"/Matrix Generat ion: genera te T, quant ized p , 
%beta_opt, 0, and D_matrix m a t r i c i e s 

d i s p C ' ) 
d i s p C Generating Matrix Da ta ' ) 
"/Build quant ized p 
"/The length of p i s MUM_STATES-1 
p_tmp = zeros(1,NUM_STATES-1); 
for p_index=l:NUM_STATES-l 

p_tmp(l ,p_index) = ((p_index-l)/(NUM_STATES-2))*P_B0UND; 
end 
"/set lowest p to nonzero value otherwise gamma goes to inf 
p_tmp(l,l) = P_MIN; 
p_len = length(p_tmp); 
p = zeros(1,p_len); 
p_indexl = NUM.STATES-1; 
p_index2 = 1; 
"/reverse p_tmp and store in p 
while (p_indexl >= 1) 

p(:,p_index2) = p_tmp(:,p_indexl); 
p_indexl = p_indexl - 1; 
p_index2 = p_index2 + 1; 

end 

"/Generate the optimum beta for quantized p 
beta_opt = zeros(1,NUM.STATES); 
beta_tmp = 0.01:0.01:0.99; 
Ds = Ds_0 + ... 

beta_tmp.*(l-lambda + ... 
lambda.*beta_tmp) ... 



A p p e n d i x A: Lists of M A T L A B P r o g r a m s 

.* (Ds_l - Ds_0); 
terml = a . / (1 - b + b .* beta_tmp); 

for p_index=l:NUM.STATES 

if (p.index < NUM.STATES) 
p_tmp = p(:, p_index); 

else 
p_tmp = P_MAX; 

end 
term2 = p_tmp / (1 - p_tmp); 
Dc = terml .* term2 .* Fd; 
[X,Y] = minCDs + Dc,[],2); 
beta_opt(:,p_index) = beta_tmp(l,Y); 

end 

°/0Calculate observation matrix based on SNR and Pee 

°/0p = 1 - (1-Pb)"l, determine Pb (Prob bit error) 
for p_index = 1:length(p) 

Pb = l-(l-p(:,p_index))~(l/PKT_LEN); 
°/0Determine SNR requ i red for t h i s Pb assuming 
°/0binary modulation. Pb = qfunc(sqrt(gamma)) 
gamma(:,p_index) = (qfuncinv(Pb)) ."2; 

end 

%Determine Pce(s,k) (CSI error). Rows are s, columns k 
den = 2 * sqrt(2) * STD; 
for k = 1:NUM_STATES-1 

for s = 1:NUM_STATES-1 
if (s == 1) 

Pce(s,k) = 0.5 * (1 + erf((gamma(:,s)... 
+ gamma(:,s+l) - 2*gamma(:,k))/den)); 

elseif (s == NUM_STATES-1) 
Pce(s,k) = 0.5 * (1 - erf((gamma(:,s-l)... 

+ gamma(:,s) - 2*gamma(:,k))/den)); 
else 

Pce(s,k) = 0.5 * erf((gamma(:,s) + ... 
gamma(:,s+l) - 2*gamma(:,k))/den) - ... 
0.5 * erf((gamma(:,s) + gamma(:,s-l) - . 
2*gamma(:,k))/den); 

end 
end 
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end 

°/0Calculate Observation Matrix Rows are s, columns k 
for s = 1:NUM_STATES 

for k = 1:NUM_STATES 
if (s < NUM.STATES) 

if (k < NUM.STATES) 
0(s,k) = Pce(s,k) * (l-epsilon); 

else 
0(s,k) = epsilon; 

end 
else 

if (k < NUM.STATES) 
0(s,k) = 0; 

else 
O(s.k) = 1; 

end 
end 

end 
end 

"/Calculate Reward Matrix Rows are Beta columns are state 
for beta.index = 1:NUM.STATES 

for s = 1:NUM.STATES 
if (s < NUM.STATES) 

p.tmp = p(:, s); 
else 

p.tmp = P.MAX; 
end 

Ds = Ds_0 + ... 
beta_opt(:,beta_index). *(l-lambda + ... 
lambda.*beta_opt(:,beta_index)) ... 
.* (Ds.l - Ds_0); 

terml = a ./ (1 - b + b .* beta_opt(:,beta_index)); 
term2 = p.tmp / (1 - p.tmp); 
Dc = terml .* term2 .* Fd; 
D(beta_index, s) = Ds + Dc; 

end 
end 

'/Calculate constant beta matrix 
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for s=l:NUM_STATES 
if (s < NUM.STATES) 

p_tmp = p(:, s); 
else 

p_tmp = P.MAX; 
end 
Ds = Ds_0 + ... 

CONST_BETA.*(l-lambda + ... 
lambda.*CONST_BETA) ... 
.* (Ds_l - Ds_0); 

terml = a ./ (1 - b + b .* CONST_BETA); 
term2 = p_tmp / (1 - p_tmp); 
Dc = terml .* term2 .* Fd; 
D_C0NSTANT(1, s) = Ds + Dc; 

end 

"/(Calculate Transition Matrix, totally arbitrary 
for s = 1:NUM_STATES 

for k = 1:NUM_STATES 
if (s < NUM.STATES) 

if (s == k) 
T(s,k) = DWELL(1,DWELL_INDEX); 

elseif (k < NUM_STATES) 
T(s,k) = (1-DWELL(1,DWELL_INDEX)-PRI.USAGE) / ... 

(NUM.STATES-2); 
else 

T(s,k) = PRI.USAGE; 
end 

else 
if (s == k) 

T(s,k) = PRI.STAY.USED; 
else 

T(s,k) = (1-PRI_STAY_USED) / (NUM.STATES-1); 
end 

end 
end 

end 

A.1.2 State Vector Generation 

°/oState vector generation. State is the zero-based state number 

t.slots = 1:1:NUM_T_SL0TS; 
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s t a t e ( : , 1 ) = START_STATE; 
for i=l : length( t_s lo ts ) 

x = rand( l ) ; 
cur_state = s t a t e ( : , i ) + l ; 

LEVEL_LB = zeros(1,NUM_STATES); 

LEVEL_UB = zeros(1,NUM_STATES); 

for i2 = 1:NUM_STATES-1 

LEVEL_LB(:,i2+l) = LEVEL_LB(:,i2)+T(cur_state,i2); 

end 

LEVEL_UB(:,NUM_STATES) = 1; 

for ±2 = 1:NUM_STATES-1 

LEVEL_UB(:,NUM_STATES-i2) = LEVEL_UB(:,NUM_STATES-i2+l)- ... 

T(cur_state,NUM_STATES-i2+l); 

end 

for i2 = 1:NUM_STATES 

if ( (x >= LEVEL_LB(:,i2)) && (x < LEVEL_UB(:,i2)) ) 

state(:,i+l) = i2-l; 

end 

end 

end 

%Directly use observation matrix to generate errored 

°/0view of the system state at each time slot 

%This is essentially a vector of acknowledgements. Note 

%that ACKs happen at the end of the time slot, so you need to 

'/oUSE this information for decisions at the beginning of 

%the next time slot. That is, error_state is time aligned 

%with state vector but represents information AFTER transmission. 

error_state = zeros(1,NUM_T_SLOTS); 

error_state(l,l) = START_STATE; 

for i=l:NUM_T_SLOTS 

' /Calculate our be l i e f of the s t a t e 
x = r a n d ( l ) ; 
cu r_s t a t e = s t a t e ( : , i ) + l ; 
LEVEL_LB = zeros(1,NUM_STATES); 
LEVELJJB = zeros(1,NUM_STATES); 
for i2 = 1:NUM_STATES-1 

LEVEL_LB(:,i2+l) = LEVEL_LB(:, i2)+0(cur_state, i2); 
end 
LEVEL_UB(:,NUM_STATES) = 1; 



Appendix A: Lists of MATLAB Programs 96 

for i2 = 1:NUM_STATES-1 

LEVEL_UB(:,NUM_STATES-i2) = LEVEL_UB(:,NUM_STATES-i2+l)- ... 

0(cur_state,NUM_STATES-i2+l); 

end 

for i2 = 1:NUM_STATES 

if ( (x >= LEVEL_LB(:,i2)) && (x < LEVEL_UB(:,i2)) ) 

error_state(:,i) = i2-l; 

end 

end 

end 

%0ur belief state is independent of action thus we 

factually calculate the belief vector based solely 

'/,on T and 0. The ACKs in error_state occurred at the 

°/0end of the time slot. So belief vector represents 

%the belief information at the end of the time slot. 
0/0updated_belief is the information assuming another 

%transition took place and should only be used starting from 

°/0time slot 2. It represents information at the beginning of a slot 

°/0Give the belief a head start by assuming it knows the 

/^starting system state, 

init.belief = zeros(1,NUM_STATES); 

init_belief(l,START_STATE+l) = l; 

belief_t = zeros(NUM_T_SLOTS, NUM.STATES); 

belief_t(l,:) = init_belief; 

tmp_belief = zeros(1,NUM_STATES); 

for i=i:length(t_slots) 

for s=l:NUM_STATES 

if (i == 1) 

tmp_belief = init_belief; 

else 

tmp.belief = belief_t(i-l,:); 

end 

%k is s' in belief update formula 

sum_num = 0; 

for k=l:NUM_STATES 

sum.num = sum_num + ... 

tmp_belief(l,k)*T(k,s)*0(s,error_state(:,i)+l); 
end 
sum.den = 0; 
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for s2=l:NUM_STATES 
for k2=l:NUM_STATES 

sum_den = sum_den + ... 
tmp.belief(l,k2)*T(k2,s2)* ... 
0 (s2,error_state(:,i)+1); 

end 
end 
belief_t(i,s) = sum_num / sum_den; 

end 
end 

update_belief = zeros(NUM_T_SLOTS,NUM.STATES); 
update_belief(1,:) = init_belief; 
for i .= 2:NUM_T_SLOTS 

for s=l:NUM_STATES 
sum = 0 ; 
for k=l:NUM_STATES 

sum = sum + (belief_t(i-l,k) * T(k,s)); 
end 
update_belief(i,s) = sum; 

end 
end 

A.2 Two Channel Scenario 

A.2.1 Transition Matrix Generation 

"/Transition matrix generator 
"/.Creates a T0TAL_STATES X T0TAL_STATES transition 
"/matrix for two uncorrelated channels. Simulates 
"/the two channels separately and then computes the matrix. 

"/Calculate Reference Transition Matrix, totally arbitrary 
"/This is the transition matrix for a single channel 
CH1_REF_T = zeros(NUM.STATES, NUM_STATES); 
for s = 1:NUM_STATES 

for k = 1:NUM_STATES 
if (s < MUM_STATES) 

if (s == k) 
CHl_REF_T(s,k) = (1-CH1_PRI.USAGE)*CH1_DWELL; 

elseif (k < NUM.STATES) 
x = (1-CH1_PRI_USAGE)*CH1_DWELL; 
CHl_REF_T(s,k) = (l-x-CHl_PRI_USAGE) / ... 
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(NUM_STATES-2); 

else 
CHl_REF_T(s,k) = CH1_PRI_USAGE; 

end 
else 

if (s == k) 
CHl_REF_T(s,k) = CH1_PRI_STAY_USED(1,DWELL_INDEX); 

else 
CHl_REF_T(s,k) = (1-CH1_PRI_STAY_USED(1,DWELL_INDEX)) 

/ (NUM_STATES-1); 
end 

end 
if (CHl_REF_T(s,k) < 0) 

error('trans_gen: Invalid channel 1 ref T element'); 
end 

end 
end 

CH2_REF_T = zeros(NUM_STATES, NUM_STATES); 

for s = 1:NUM_STATES 
for k = 1:NUM_STATES 

if (s < NUM_STATES) 
if (s == k) 

CH2_REF_T(s,k) = (1-CH2_PRI_USAGE)*CH2_DWELL; 
elseif (k < NUM_STATES) 

x = (1-CH2_PRI_USAGE)*CH2_DWELL; 
CH2_REF_T(s,k) = (l-x-CH2_PRI_USAGE) / ... 

(NUM_STATES-2); 
else 

CH2_REF_T(s,k) = CH2_PRI_USAGE; 
end 

else 

if (s == k) 
CH2_REF_T(s,k) = CH2_PRI_STAY_USED; 

else 
CH2_REF_T(s,k) = (1-CH2_PRI_STAY_USED) / ... 

(NUM_STATES-1); 
end 

end 
if (CH2_REF_T(s,k) < 0) 

error Otrans_gen: Invalid channel 2 ref T element'); 
end 

end 
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end 

t.slots = 1:1:TRANS_GEN_SL0TS; 
%trans_state stores the individual channel transitions into a 
7„NUM_CHANNELS x TIME SLOTS matrix. Below, the two channels are 
"/̂ modelled as transitioning independently (i.e. use their own rand 
"/(generator. 
trans.state = zeros(NUM_CHANNELS, TRANS_GEN_SLOTS); 
trans_state(:,1) = START_STATE; 
for i=l:length(t_slots) 

x = rand(l); 
cur_state = trans_state(l,i)+l; 

LEVEL_LB = zeros(1,NUM.STATES); 
LEVEL_UB = zeros(1,NUM_STATES); 
for i2 = 1:NUM_STATES-1 

LEVEL_LB(:,i2+l) = LEVEL_LB(:,i2)+CHl_REF_T(cur_state,i2); 
end 
LEVEL_UB(:,NUM_STATES) = 1; 
for i2 = 1:NUM_STATES-1 

LEVEL_UB(:,NUM_STATES-i2) = LEVEL_UB(:,NUM_STATES-i2+l) -. . 
CHl_REF_T(cur_state,NUM_STATES-i2+l); 

end 

for i2 = 1:NUM_STATES 
if ( (x >= LEVEL_LB(:,i2)) && (x < LEVEL_UB(:,i2)) ) 

trans_state(l,i+l) = i2-l; 
end 

end 
end 
for i=l:length(t_slots) 

x = rand(l); 
cur_state = trans_state(2,i)+l; 

LEVEL_LB = zeros(1,NUM_STATES); 
LEVELJJB = zeros(l.NUM.STATES); 
for i2 = 1:NUM_STATES-1 

LEVEL_LB(:,i2+l) = LEVEL_LB(:,i2)+CH2_REF_T(cur_state,i2); 
end 
LEVELJJB(:,NUM_STATES) = 1; 
for i2 = 1:NUM_STATES-1 

LEVELJJB(:,NUM_STATES-i2) = LEVEL JJB(:,NUM_STATES-i2+l)-... 
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CH2_REF_T(cur_state,NUM_STATES-i2+l); 

end 

for i2 = 1:NUM_STATES 
if ( (x >= LEVEL_LB(:,i2)) && (x < LEVEL_UB(:,i2)) ) 

trans_state(2,i+l) = i2-l; 
end 

end 
end 

mapped_state = zeros(1,TRANS_GEN_SLOTS); 
for i=l:TRAMS_GEN_SLOTS 

%search for unique state 
mapped_state(i,i) = ... 

find( (map_table(:,1) == trans_state(l,i)) & ... 
(map_table(:,2) == trans_state(2,i)) ); 

end 

"/Calculate the transition matrix 
T = zeros(TOTAL_STATES, TOTAL.STATES); 
for cur_state=l:TOTAL_STATES 

for next_state=1:TOTAL_STATES 
count = 0; 
for t_slots=l:TRANS_GEN_SLOTS-l 

if ((mapped_state(l,t_slots) == cur_state) && ... 
(mapped_state(l,t_slots+l) == next_state)) 
count = count + 1; 

end 
end 

N = find(mapped_state(l,l:TRANS_GEN_SLOTS-l) == cur_state); 
if (length(N) == 0) 

T(cur_state,next_state) = 0; 
else 

T(cur_state,next_state) = count / length(N); 
end 

end 
end 

%Fudge transition matrix to sum to 1 
T = roundn(T,-5); 
for i=l:TOTAL STATES 
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sum = 0; 

for k=l:TOTAL_STATES 
if (T(i,k) < 0) 

dispC WARNING: Transition Matrix Element is less than 0\n'); 
end 
sum = sum + T (i, k) ; 

end 
if (sum < 1) 

fudge = 1 - sum; 
for k=l:TOTAL_STATES 

if ( (T(i,k) > 0) & ... 
((l-T(i.k)) > fudge) ) 
T(i,k) = T(i,k)+fudge; 
break; 

end 
end 

elseif (sum > 1) 
fudge = sum - 1; 

for k=l:TOTAL_STATES 
if ( (T(i.k) > fudge) ) 

T(i,k) = T(i,k)-fudge; 
break; 

end 
end 

end 
end 

T_ARRAY(DWELL_INDEX,:,:) = T; 

A.2.2 P O M D P M a t r i x Genera t ion 

'/oPOMDP Matrix Generation: generate T, quantized p , 
%beta_opt, 0, and D_matrix matr ixes t o be used with 
°/0pomdp_solve 

dispC ') 
dispC Generating POMDP Matrix Data') 
"/.select NUM.STATES for p except 0 and 1 
%The length of p is NUM_STATES-1 
p_tmp = 0:1/(NUM_STATES):1; 
p_len = length(p_tmp); 
p = zeros(1,p_len-2); 
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for p_index=2:p_len-l 
p(:,p_len-p_index) = p_tmp(:,p_index); 

end 

"/Generate the optimum beta for quantized p 
beta_opt = zeros(1,NUM_STATES); 
beta_tmp = 0.01:0.01:0.99; 
Ds = Ds_0 + ... 

beta_tmp.*(l-lambda + ... 
lambda.*beta_tmp) ... 
.* (Ds_l - Ds_0); 

terml = a . / ( l - b + b . * beta_tmp); 

for p_index=l:NUM_STATES 
if (p.index < NUM.STATES) 

p_tmp = p(:, p_index); 
else 

p_tmp = P_MAX; 
end 
term2 = p_tmp / (1 - p_tmp); 
Dc = terml .* term2 .* Fd; 
[X,Y] = min(Ds + Dc, [] ,2); 
beta_opt(:,p_index) = beta_tmp(1,Y); 

end 

70Calculate observation matrix based on SNR and Pee 

%p = 1 - (1-Pb)~l, determine Pb (Prob bit error) 
for p_index = 1:length(p) 

Pb = l-(l-p(:,p_index))~(l/PKT_LEN); 
"/.Determine SNR requ i red for t h i s Pb assuming 
'/.binary modulation. Pb = qfunc(sqrt(gamma)) 
gamma(:,p_index) = (qfuncinv(Pb)) ."2 ; 

end 

"/.Determine Pce(s .k) (CSI e r r o r ) . Rows are s , columns k 
den = 2 * s q r t ( 2 ) * STD; 
for k = 1:MUM_STATES-1 

for s = 1:NUM_STATES-1 
if (s == 1) 

Pce(s ,k) = 0.5 * (1 + e r f ( ( g a m m a ( : , s ) . . . 
+ gamma(:,s+l) - 2*gamma(: ,k))/den)); 
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e l s e i f (s == MUM_STATES-1) 
Pce(s ,k ) = 0.5 * (1 - e r f ( ( g a m m a ( : , s - l ) . . . 

+ gamma(:,s) - 2*gamma(: ,k)) /den)) ; 
e l s e 

Pce(s ,k ) = 0.5 * erf((gamma(: ,s) + gamma(:,s+l) - . . . 
2*gamma(:,k))/den) - . . . 
0 .5 * erf ( (gamma(: ,s) + gamma(: ,s- l) - . . . 
2*gamma(: ,k))/den); 

end 
end 

end 

' /Calculate Observation Matrix Rows are s , columns k 
for s = 1:NUM_STATES 

for k = 1:NUM_STATES. 
i f (s < NUM_STATES) 

if (k < NUM_STATES) 
0 ( s , k ) = Pce(s ,k ) * ( l - e p s i l o n ) ; 

e l s e 
0(s,k) = epsilon; 

end 

else 

if (k < NUM.STATES) 

0(s,k) = 0; 

else 

0(s,k) = 1; 

end 

end 

end 

end 

"/Calculate composite observation matrix 

'/.There are NUM_CHANNELS*NUM_STATES possible 

"/observations. There are NUM_CHANNELS possible 

"/actions. We really have a different obersvation 

'/matrix for each action. There are T0TAL_STATES possible 

"/however the obs matrix breaks down like this: 

"/for the channel not accessed, the prob of observation 

"/is 0. For the channel accessed, the observation 

"/matrix is 0. 

"/Cols are observations, 3 per state. Rows are states. 

0_1 = zeros(T0TAL_STATES, NUM_CHANNELS*NUM_STATES); 
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0_2 = zeros(TOTAL.STATES, NUM_CHANNELS*NUM_STATES); 
for s=l:TOTAL_STATES 

for k=l:NUM_STATES 
0_ l ( s , k ) = 0 ( m a p _ t a b l e ( s , l ) + l , k ) ; 

end 
for k=NUM_STATES+l :NUM_CHAMELS*NUM_STATES 

0_2(s,k) = 0(map_table(s,2)+l,k-NUM_STATES); 
end 

end 

"/Calculate Reward Matrix Rows are Beta columns are state 
%We need a deterministic reward structure for the POMDP 
%but we also need a reward matrix for the simulation. 
°/0For the POMDP, we need an action dependent reward where 
°/„we assume optimum beta decision will be made afterwards. 

for beta.index = 1:NUM_STATES 
for s = 1:NUM_STATES 

if (s < NUM_STATES) 
p_tmp = p(:, s); 

else 
p_tmp = P_MAX; 

end 

Ds = Ds_0 + ... 
beta_opt(:,beta_index).*(l-lambda + ... 
lambda.*beta_opt(:,beta_index)) ... 
.* (Ds_l - Ds_0); 

terml = a . / ( l - b + b . * beta_opt(:,beta_index)); 
term2 = p_tmp / (1 - p_tmp); 
Dc = terml .* term2 .* Fd; 
D(beta_index, s) = Ds + Dc; 

end 
end 

"/Calculate the PODMP Distortion. 

%Rows are each state, cols are actions 
"/optimal decisions are along the diagonal of D 
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for k = 1:NUM_CHANNELS 

for s = 1:T0TAL_STATES 
D_P0MDP(s,k) = D(map_table(s,k)+l,map_table(s,k)+l); 

end 
end 

%Calculate constant beta matrix 
for s=l:NUM_STATES 

if (s < NUM_STATES) 
p_tmp = p(:, s); 

else 
p_tmp = P_MAX; 

end 
Ds = Ds_0 + ... 

CONST_BETA.*(i-iambda + ... 
lambda.*C0NST_BETA) ... 
.* (Ds_l - Ds_0); 

terml = a . / ( l - b + b . * CONST_BETA); 
term2 = p_tmp / (1 - p_tmp); 
Dc = terml .* term2 .* Fd; 
D_C0NSTANT(1, s) = Ds + Dc; 

end 

A.2.3 State Vector Generation 

'/.State vector generation. State is the zero-based state number 

t_slots = 1:1:NUM_T_SL0TS; 
state(:,1) = START.STATE; 
for i=l:length(t_slots) 

x = rand(l); 
cur_state = state(:,i)+l; 

LEVEL.LB = zeros(1,T0TAL_STATES); 
LEVEL_UB = zeros(1,T0TAL_STATES); 
for i2 = 1:T0TAL_STATES-1 

LEVEL_LB(:,i2+l) = LEVEL_LB(:,i2)+T(cur_state,i2); 
end 
LEVEL_UB(:,TOTAL_STATES) = 1 ; 
for i2 = 1:T0TAL_STATES-1 

LEVEL_UB(:,T0TAL_STATES-i2) = LEVEL_UB(:,T0TAL_STATES-i2+l)-... 
T(cur_state,T0TAL_STATES-i2+l); 

end 
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for i2 = 1:T0TAL_STATES 

if ( (x >= LEVEL_LB(:,i2)) && (x < LEVEL_UB(:,i2)) ) 

state(:,i+l) = i2-l; 

end 

end 

end 

A.2.4 System Simulation 

'/.Simulate system. For a state vector, select a channel based 

70on POMDP value function and belief. Select optimum beta 

°/0based on belief. Get acknowledge based on observation matrix, 

"/.update belief vector based on acknowledge. 

"/The ACKs in error_state occurred at the 

"/end of the time slot. So belief vector represents 

"/the belief information at the end of the time slot. 

70updated_belief is the information assuming another 

"/transition took place and should only be used starting from 

"/time slot 2. It represents information at the beginning of a slot 

"/Give the belief a head start by assuming it knows the 

"/starting system state. 

init.belief = zeros(1,T0TAL_STATES); 

init_belief(l,START_STATE+l) = 1; 

belief_t = zeros(MUM_T_SLOTS, TOTAL_STATES); 

belief_t(1,:) = init_belief; 

tmp_belief = zeros(1,TOTAL_STATES); 

for i=l : length( t_slots) 
"/Iterate the f in i t e POMDP solution over and over 
load_value_vector; 

if (i == 1) 
tmp_belief = init_belief; 

else 

tmp_belief = belief_t(i-l,:); 

end 

"/.Calculate action based on belief 

[VALUE_R(DWS, VALUE_COLS] = size (value); 

for col=l:VALUE_COLS 
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sum = 0; 

for row=2:VALUE_R0WS 

sum = sum + (value(row,col) * tmp_belief(l,row-l)); 

end 

dot_product(:,col) = sum; 

end 

[dummy, max_dot] = max(dot_product(1,1:VALUE_C0LS)); 

action(:,i) = value(1,max_dot); 

°/0For this action, determine optimum beta based on belief 

%Always use the maximum available state, thus we need to 

°/0manually calculate the ch_likely_state (i.e. this is essentially 

°/„the beta used. 

max_tmp = 0; 

for comp_state=l:TOTAL_STATES 

ch_state = map_table(comp_state,action(:,i)+l); 

if (ch.state < (NUM_STATES-1)) 

if (tmp_belief(l,comp_state) > max_tmp) 

max_tmp = tmp_belief(l,comp_state); 

ch_likely_state = ch_state; 

end 

end 

end 

%Actual channel state used to calculate the distortion 

ch_state = map_table(state(l,i)+l,action(:,i)+l); 

P0MDP_D(:,i) = D(ch_likely_state+l, ch_state+l); 

%Get an ACK: 

get_ack; 

%Based on ACK and transition, update belief vector 

update_belief; 

end 

A.2.5 Get Acknowledgement 

^Generate ack based on the current s t a te , observation matrix 
°/0and action 

x = rand( l ) ; 
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cur_state = state(:,i)+l; 
LEVEL_LB = zeros(1,T0TAL_STATES); 
LEVELJJB = zeros(1,T0TAL_STATES); 
if (action(:, i) == 0) 

num_obs = NUM_CHANNELS*NUM_STATES; 
for i2 = l:num_obs-l 

LEVEL_LB(:,i2+l) = LEVEL_LB(:,i2)+0_l(cur_state,i2); 
end 
LEVEL JJB(:,num_obs) = 1; 
for i2 = l:num_obs-l 

LEVEL JJB(:,num_obs-i2) = LEVEL_UB(:,num_obs-i2+l)- .. 
0_l(cur_state,num_obs-i2+l); 

end 
for i2 = l:num_obs 

if ( (x >= LEVEL_LB(:,i2)) && (x < LEVEL JJB(:,i2)) ) 
ack(:, i) = i2-l; 

end 
end 

end 
if (action(:,i) == 1) 

num_obs = NUM_CHANNELS*NUM_STATES; 
for i2 = l:num_obs-l 

LEVEL JLB(:,i2+l) = LEVEL_LB(:)i2)+0_2(cur_state,i2); 
end 
LEVEL_UB(:,num_obs) = 1; 
for i2 = l:num_obs-l 

LEVEL JJB(:,num_obs-i2) = LEVELJJB(:,num_obs-i2+l)- .., 
0_2(cur_state,num_obs-i2+l); 

end 
for i2 = l:num_obs 

if ( (x >= LEVEL_LB(:,i2)) && (x < LEVELJJB(:,i2)) ) 
a c k ( : , i ) = i 2 - l ; 

end 
end 

end 

A.2.6 U p d a t e Informat ion S t a t e 

2 

%Update per channel belief vector and composite belief vector 
%This is done at the end of time slot i, thus the result is 
%stored in i+1. 
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if (action(:, i) == 0) 
for s=l:TOTAL_STATES 

%k is s' in belief update formula 
sum_num = 0; 
for k=l:TOTAL_STATES 

sum_num = sum_num + . . . 
tmp_belief(l,k)*T(k,s)*0_l(s,ack(:,i)+l); 

end 
sum_den = 0; 
for s2=l:T0TAL_STATES 

for k2=l:T0TAL_STATES 
sum_den = sum_den + . . . 

tmp_belief(l,k2)*T(k2,s2)*0_l(s2,ack(:,i)+l); 
end 

end 
belief_t(i,s) = sum_num / sum_den; 

end 
end 

if (action(:,i) == 1) 
for s=l:TOTAL_STATES 

°/0k is s' in belief update formula 
sum_num = 0; 
for k=l:T0TAL_STATES 

sum_num = sum_num + ... 
tmp_belief(1,k)*T(k, s)*0_2(s,ack(:,i)+1); 

end 
sum_den = 0; 
for s2=l:T0TAL_STATES 

for k2=l:T0TAL_STATES 
sum_den = sum_den + ... 

tmp_belief(l,k2)*T(k2,s2)*0_2(s2,ack(:,i)+l); 
end 

end 
belief_t(i,s) = sum_num / sum_den; 

end 
end 

%We know that the system is going to do a transition next. 
%Update with that transition, 
for s=l:T0TAL_STATES 
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sum = 0; 
for k=l:TOTAL_STATES 

sum = sum + (belief_t(i,k) * T(k,s)); 
end 
post_trans_t(i,s) = sum; 

end 

belief_t(i,:) = post_trans_t(i,:); 



I l l 

Appendix B: P O M D P Files 

B. l Example P O M D P File for Two Channel Scenario 

#Matlab Generated POMDP file 
discount: 0.95 
values: reward 
states: 9 
actions: 2 
observations: 6 

T: 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0, 

: * 
.112590 
,078000 
.046680 
.073610 
.046380 
,033130 
.093830 
.062150 
.040250 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

,070880 
.112220 
.048880 
.049930 
.071440 
.033900 
.066210 
.087410 
.042260 

0, 
0, 
0, 
0, 
0, 
0. 
0, 
0, 
0, 

.297690 

.280340 

.384820 

.183010 

.196020 

.253840 

.239240 

. 240480 

.318980 

0. 
0. 
0, 
0, 
0, 
0. 
0. 
0, 
0, 

.081810 

.053520 

.031800 

.116570 

.075820 

.046810 

.089360 

.063330 

.043130 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

.048000 

.082370 

.033330 

.075990 

.116220 
,047910 
.052800 
,101010 
.038790 

0, 
0, 
0, 
0, 
0, 
0. 
0. 
0. 
0. 

.191580 

.193390 

.256600 

.307540 

.293330 

.385390 

.246950 

.244370 

.308700 

0, 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

.050220 

.030440 

.019420 

.042970 

.031440 

.018430 
, 055240 
, 034580 
.021830 

0 
0 
0 
0 
0 
0. 
0. 
0. 
0. 

.030580 

.047950 

.020760 

.032620 

.049150 

.021360 

.033710 

.049340 

.019960 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

.116650 

.121770 

.157710 

.117760 
,120200 
,159230 
,122660 
,117330 
166100 

0; 
0. 
0. 
0. 
0, 
0, 
0, 
0, 
0. 
0. 

: 0 
,380000 
,380000 
.380000 
.000000 
.000000 
.000000 
.000000 
.000000 
.000000 

0. 
0. 
0, 
0, 
0, 
0 
0 
0, 
0, 

.000000 
,000000 
.000000 
.380000 
.380000 
.380000 
.000000 
.000000 
.000000 

0. 
0, 
0, 
0, 
0 
0 
1 
1, 
1, 

.620000 

.620000 

.620000 

.620000 

.620000 

.620000 

.000000 

.000000 

.000000 

0. 
0, 
0, 
0, 
0, 
0, 
0, 
0, 
0, 

.000000 

.000000 

.000000 
,000000 
.000000 
.000000 
.000000 
.000000 
.000000 

0. 
0. 
0. 
0. 
0, 
0, 
0, 
0. 
0. 

.000000 

.000000 
,000000 
.000000 
.000000 
.000000 
.000000 
.000000 
.000000 

0, 
0, 
0, 
0, 
0, 
0, 
0, 
0, 
0, 

.000000 

.000000 

.000000 

.000000 

.000000 

.000000 

.000000 

.000000 

.000000 



Appendix B: Lists of P O M D P Files 112 

0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

R 
R 
R 
R 
R 
R 
R 
R 
R 

R 
R 
R 
R 
R 
R 
R 
R 
R 

1 
000000 0.000000 

000000 0.000000 
000000 0.000000 
000000 0.000000 
000000 0.000000 
000000 0.000000 
000000 0.000000 
000000 0.000000 
000000 0.000000 

0 
0 
0 
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