WIRELESS BROADCAST SERVICES

BY NANYAN JIANG

A thesis submitted to the Graduate School—New Brunswick Rutgers, The State University of New Jersey in partial fulfillment of the requirements for the degree of Master of Science Graduate Program in Electrical and Computer Engineering Written under the direction of Professor Roy D. Yates and approved by

New Brunswick, New Jersey October, 2002

ABSTRACT OF THE THESIS

Wireless Broadcast Services

by Nanyan Jiang Thesis Director: Professor Roy D. Yates

In a mobile wireless communication network, broadcast signaling can be transmitted to multiple (two or more) receivers simultaneously. We define a coverage measure for broadcast transmission that counts both the data rate achievable by each user and the number of users receiving such data rate successfully under desired QoS requirements. We study a broadcast system with two QoS levels: common information received by all users, and additional information that can be decoded successfully by users with good channels. Broadcast power is allocated between these two subchannels. We examine the broadcast coverage from both an information theoretic perspective, as well as its implementation in a CDMA system. Depending on system constraints, we identify optimal power allocation policies. We show that for cellular CDMA systems, the moderate bit rate broadcast video may be practical.

Acknowledgements

My thesis advisor, Professor Roy D. Yates, has my sincerest gratitude, for both this thesis and my personal development. I have benefited greatly from his guidance and insight. I highly appreciate his continued support through my graduate studies, and interest in my research. His constructive criticism and detailed comments have greatly improved my technical writing and oral presentation.

I would like to express my thanks to Professor Narayan Mandayam, Professor Christopher Rose for accessing my work, participating my thesis committee, and for the invaluable comments and insights, without which it would not be complete. I would especially like to thank Professor Predrag Spasojevic, who took his time to listen to me and gave me very useful suggestions.

I am very thankful for the many friends and officemates I have known in WINLAB. A special word of thanks to Jianghong Luo, Lang Lin, Nan Feng and Dr. Siun-Chuon Mau for many useful discussions about my research problem.

Dedication

To my mom and dad

Table of Contents

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ii Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii Dedication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 1.1. Channel Attenuation Model . . . . . . . . . . . . . . . . . . . . . . . . . 3 1.2. Coverage Distance and Number of Users . . . . . . . . . . . . . . . . . . 5 1.3. Cellular Broadcast Transmission and its Measure . . . . . . . . . . . . . 6 1.4. Outline of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2. Single Rate Coverage for Cellular Broadcast . . . . . . . . . . . . . . . 10 2.1. Objective Function for Single Rate Coverage . . . . . . . . . . . . . . . 10 2.2. Analysis of Single Rate Coverage . . . . . . . . . . . . . . . . . . . . . . 11 2.3. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3. Dual Rate Broadcast:

An Information Theoretic Perspective . . . . . . . . . . . . . . . . . . . . . 19 3.1. Broadcast Channels: an Information Theoretic Review . . . . . . . . . . 20

3.1.1. Degraded Broadcast Channel (DBC) . . . . . . . . . . . . . . . . 21 3.1.2. An Example . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 Comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26 3.2. Proposed Broadcast System Structure . . . . . . . . . . . . . . . . . . . 27 3.2.1. System Structure for Dual Rate Broadcast . . . . . . . . . . . . 27 3.3. Objective Functions for Cellular Broadcast . . . . . . . . . . . . . . . . 29 3.3.1. Coverage Function for Dual Rate Broadcast Channel . . . . . . . 29 3.3.2. Optimization Problems . . . . . . . . . . . . . . . . . . . . . . . 31 3.4. Quality of Cellular Broadcast Services: Analysis and Results . . . . . . 32 3.5. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4. Dual Rate Broadcast in a Single-cell CDMA System . . . . . . . . . . 39 4.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40 4.2. System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 4.2.1. A CDMA signal model . . . . . . . . . . . . . . . . . . . . . . . . 42 4.3. Maximum Coverage Problem in a Single-cell CDMA System . . . . . . . 51 4.3.1. Power Allocation for Orthogonal Channels . . . . . . . . . . . . . 51 4.3.2. Power Allocation for Correlated Channels . . . . . . . . . . . . . 52 4.4. Numerical Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 4.5. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5. Video Broadcast in a Multi-cell CDMA System . . . . . . . . . . . . . 61 5.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62 5.2. System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.2.1. Video Traffic Model . . . . . . . . . . . . . . . . . . . . . . . . . 64 5.2.2. Signal Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 5.2.3. Interference Model . . . . . . . . . . . . . . . . . . . . . . . . . . 67 5.3. Forward Link Capacity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68 5.3.1. Voice Service . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68 5.3.2. Video Channel . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71 5.4. Numerical Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73 5.5. Video Broadcast: A Cost Estimate . . . . . . . . . . . . . . . . . . . . . 79 5.5.1. Bandwidth Cost . . . . . . . . . . . . . . . . . . . . . . . . . . . 79 5.5.2. Number of Video Users Needed . . . . . . . . . . . . . . . . . . . 80 5.6. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

6. Summary and Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . 85 6.1. Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

Appendix A. Proofs for the Functions of Single and Dual Rate Coverage 88 A.1. Second Derivative of Single Coverage Function . . . . . . . . . . . . . . 88 A.2. Properties of g(Q_1) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89 A.3. Properties of Dual Rate Broadcast Coverage . . . . . . . . . . . . . . . . 92 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

List of Tables

2.1. Typical optimum received SNR q^∗ for β = 2.5, 3, 4, 5, 6 for single rate coverage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 2.2. Parameters for a single rate broadcast with Lee’s model . . . . . . . . . 16 4.1. Optimal coverage for correlated channels and orthogonal channels . . . . 59 4.2. Coverage for correlated channels and orthogonal channels. When α = 0, power is only allocated to the base QoS subchannel. The corresponding coverage is 6.40 × 10^4. P_b = 1.28 × 10^5. . . . . . . . . . . . . . . . . . . 59

List of Figures

1.1. Illustration of multiple data rates r_k decoded successfully within corresponding coverage distances d_k (k = 1, 2, 3, ..., K) . . . . . . . . . . . . . 3 2.1. Solutions of function f(q) = (2(1 + q)/q) log(1 + q) = β for β = 3, 4, 5, 6 13 2.2. Coverage for single rate cellular broadcast: U_1 optimized over coverage distance d_0. Numerical parameters are listed in Table 2.2. . . . . . . . . 14 2.3. Properties of single rate cellular broadcast with different path loss attenuation. Numerical parameters are listed in Table 2.2. . . . . . . . . . . . 15 3.1. Broadcast channel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 3.2. An example of a degraded Gaussian broadcast channel with two receivers 23 3.3. An equivalent degraded Gaussian broadcast channel with two receivers . 24 3.4. The degraded Gaussian broadcast channel . . . . . . . . . . . . . . . . . 25 3.5. Capacity region for degraded Gaussian broadcast channel . . . . . . . . 27 3.6. Proposed broadcast system structure . . . . . . . . . . . . . . . . . . . . 28 3.7. Channel attenuation with different distance from base station to mobile users . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28 3.8. Decoding structure for users with good or bad channel conditions: h_A < h_B 29 3.9. Optimal boundary SNR with respect to power allocation policy α, with superposition coding and interference cancelation, P_b = 20 dB at 1 mile 34

3.10. Coverage distance for broadcast with common and additional information, with superposition coding and interference cancelation, P_b = 20 dB at 1 mile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35 3.11. Optimal common and additional data rate with respect to power allocation policy α, with superposition coding and interference cancelation, P_b = 20 dB at 1 mile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36 3.12. Dual rate cellular broadcast coverage with superposition coding and interference cancelation, P_b = 20 dB at 1 mile . . . . . . . . . . . . . . . 37 4.1. A proposed dual rate CDMA system . . . . . . . . . . . . . . . . . . . . 41 4.2. Data stream during time interval T_1 and T_2 . . . . . . . . . . . . . . . . 44 4.3. Power allocation in terms of dual rate ratio and the required SIR ratio.

β = 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 4.4. Coverage in terms of dual rate ratio and the required SIR ratio. β = 4 . 56 4.5. Dual rate broadcast in a single cell CDMA system – correlated subchannels with matched filter detector . . . . . . . . . . . . . . . . . . . . . . 57 5.1. The illustration of transmit diversity scheme with Maximal Ratio Combiner (MRC) between two base stations . . . . . . . . . . . . . . . . . . 63 5.2. An example of the video traffic model . . . . . . . . . . . . . . . . . . . 64 5.3. Cell configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70 5.4. Forward link voice user Erlang capacity with number of video channels . 74 5.5. Erlang capacity with the power allocated to voice users. Pilot signaling occupies 20% base station power . . . . . . . . . . . . . . . . . . . . . . 75 5.6. Power allocation ratio per video channel with MRC and selection diversity 76

5.7. The maximum number of video channels that can be supported with and without transmit diversity . . . . . . . . . . . . . . . . . . . . . . . . . . 77 5.8. Relation of video outage and Erlang for voice service . . . . . . . . . . 78 5.9. Power portion for base and enhanced video channel with MRC transmit diversity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79 5.10. Video broadcast with two layered video stream: Erlang capacity vs. base and enhanced layer video outage . . . . . . . . . . . . . . . . . . . . . . 80 5.11. Video broadcast: A cost estimate example (I). Amount of reduced Erlangs vs. outage and the number of video users needed within coverage area vs. outage. Parameters: voice cost per Erlang: c_a = $3.00/hour, and video cost per channel c_v = $0.60/hour for a video receiver . . . . . 81 5.12. Video broadcast: A cost estimate for a two layer video system . . . . . . 84 A.1. Optimum solution of Q^∗_1(α, β) for two rate broadcast. β = 4 . . . . . . . 92

Chapter 1 Introduction

Nowadays, wireless networks can provide many kinds of services to satisfy different customer demands [12, 41]. Voice services are delivered by a cellular phone. Short messages, such as stock market price quotations, can be downloaded to a Personal Digital Assistant (PDA). In the foreseeable future, surfing the Internet with a mobile computer will be widespread. Furthermore, higher date rate services are expected to be supported in future wireless networks.

An example of a future high data rate service is broadcast video transmission. While traveling, one could enjoy a favorite television channel, video program, or travel information, such as a road map. Such public information can be broadcast by a collection of base stations over a cellular system to a population of subscribers. Since these mobile wireless multimedia services will employ much greater radio bandwidth and higher transmission power, the efficient utilization of limited radio resources becomes increasingly important [4, 16, 17, 21, 22].

This thesis examines the cellular broadcast which can benefit a group of users within a given coverage area. Over time, a mobile user can experience great variation in the state of wireless channel. We may observe variations in the multipath fading, the path loss via distance attenuation, the shadowing by obstacles, and the interference from other users [32]. It is possible to serve a large number of subscribers by using high transmission power. If a broadcast strategy is used to transmit the same information to all users, a conventional approach will attempt to guarantee that every user within a given coverage area can receive the required QoS by limiting the transmission data rate to the channel capability of the worst user. However, a conventional broadcast strategy ignores the underutilization of better channels with higher channel capacity [27, 28].

In order to take advantage of the higher capacity of the better channels, we can provide a certain data rate to all users, while sending extra information to users with better channel conditions [6, 9, 10]. Each mobile terminal can determine how much information to decode according to its channel conditions. When the channel conditions are poor, a user will try to demodulate only a common information channel. When the user experiences a better channel state, she will decode extra bits, as well as the common information.

Some natural questions arise. What is a proper metric to evaluate broadcast throughput? What are the properties of a conventional single rate broadcast system under such a measure? What does information theory tell about the amount of information received successfully by a dual rate broadcast strategy with common and additional information? How can we implement such a strategy in a practical wireless system? What is the cost in radio resources to add a broadcast channel to a modern Code Division Multiple Access (CDMA) system? In answering these fundamental questions, we divide the thesis into four parts. The first develops the properties of single rate broadcast coverage and defines a coverage metric for broadcast throughput. The second addresses information theoretic aspects of a dual rate broadcast system. The third examines the practical spread spectrum CDMA implementation. The fourth elaborates on providing video broadcast service in a multi-cell CDMA system that already

Figure 1.1: Illustration of multiple data rates r_k decoded successfully within corresponding coverage distances d_k (k = 1, 2, 3, ..., K) supports voice service.

In the following sections, we give a short description of basic models and definitions addressed in this thesis. The outline of the thesis is given at the end of this chapter.

1.1 Channel Attenuation Model In the downlink of a cellular system, public data or multimedia services can be multicast or broadcast from base station to mobile users within coverage area. In chapters 2, 3 and 4, we will restrict our attention to a single cell system with spatially uniform distributed users, as illustrated in Figure 1.1. In such a system, a broadcast session designed with multiple quality of service levels, for example, different data rates r_k (k = 1, 2, ..), can reach users with varying quality of radio links.

We consider a signal propagation model that includes large scale geographic fading and deterministic path loss attenuation. In both analysis and numerical examples, we use such a path loss model, for example [20, 32], to define the average received power as a function of distance and transmission power. For an arbitrary transmitter and receiver separation distance d^′, the average large scale path gain h(d^′) is

h(d^′) = H_g � δ d^′

�_β , d^′ ≥ δ. (1.1)

In equation (1.1), δ is close-in reference distance, beyond which users should always be in the far field of the antenna so that near-field effects do not alter the reference path loss [32]. For example, in cellular systems with large coverage areas, reference distance of δ = 1 km are commonly used, while in microcell systems, much smaller distances, for example, 100 m or 1 m, are used [32]. The path loss attenuation exponent β indicates the rate at which the path loss increases with distance δ. The value of β depends on the specific propagation environment. For instance, in a free space β = 2, while in cellular systems, values of β between 3 ≪ β ≪ 4 are typical. The gain factor H_g is determined by the height of transmitter and receiver antennas and other fixed elements.

If the transmission power is P_t, the received power at distance δ will be

P_r(δ) = h(δ)P_t = H_gP_t. (1.2)

The received power at distance d^′ becomes:

P_r(d^′) = h(d^′)P_t =

H_gP_t (d^′/δ)^β = P_r(δ) (d^′/δ)^β

. (1.3)

We will let

P_b = P_r(δ)/N_0W (1.4) denote the received SNR at the reference distance δ. And N_0 is the noise power density, W is the signal bandwidth. In addition, let d = d^′/δ denote the normalized distance from a mobile to the base station. From equation (1.3), the average received SNR P^′ is

P^′ =

P_b d^β

. (1.5)

We note that in equation (1.5) that both P_b and d are unitless quantities. For convenient, we will often refer to P_b and P^′ as normalized transmit power and received power respectively.

1.2 Coverage Distance and Number of Users We assume that the distribution of users in a cellular system is given by a spatially uniform Poisson process with ρ users per unit area. We assume that distances are measured in units of the reference distance δ.

For a given data rate r_k, we define the coverage distance d_k as the largest distance from a base station, where data at rate r_k can still be received successfully. A coverage area includes all the users who can successfully receive that data rate. In a cellular system with a path loss model, users located at the same distance to the base station experience the same attenuation. In this case, within the coverage area of radius d_k, the expected number of users is

N(d_k) = ρπd^2_k. (1.6)

For users who are even closer to base station, a higher data rate r_{k+i} (i > 0), may be able to be successfully decoded. The expected number of users who can merely successfully receive data at rate r_k is

N_k = ρπ(d^2_k − d^2_{k+1}), d_{k+1} ≤ d_k. (1.7)

Figure 1.1 illustrates a single cell system with multiple circular coverage areas associated with broadcast service at different data rates.

In the presence of shadow fading, not all users within a nominal coverage area can receive the signals at the desired data rate. A more general definition for coverage area is the region where at least certain percentage (for example, 90%) of users within that region can receive signals with required data rate. With this definition, our results would become more complicated but with little additional insight. Thus, we consider the path loss attenuation model in chapters 2, 3 and 4 to characterize the fundamental properties of multiple rate broadcast transmission. We do consider shadowing when we examine the behavior of wireless broadcast services in a multi-cell CDMA system in chapter 5.

1.3 Cellular Broadcast Transmission and its Measure The radio resource management (RRM) problem is to make use of limited system resources, such as power and bandwidth, to support higher data rates. The downlink of a cellular system can support both individual user services and broadcast services. The network resources can be allocated among individual users, by using power control and rate adaptation, as in the proposed WCDMA system [1, 2, 25]. For an individual user, the user’s objective is to receive a desired data rate reliably. For a collection of individuals, the system tries to satisfy all users’ requirements. Usually, for given desired rates, the base station tries to minimize the transmission powers to achieve those rates. This differs from the RRM problem for a broadcast service because the same information is intended for all users, while users still experience different channel states.

In this work, we will develop measures to describe the throughput and performance of such a cellular broadcast system. It is common sense that the value of a broadcast service should be proportional to the number of subscribers. If the total investment for a broadcast service is fixed, increasing the number of subscribers will reduce the cost per user. Therefore, a performance measure for broadcast transmission should include the achievable data rate of each user with required QoS, and the number of users receiving such data rate [35]. For a single cell scenario, we measure performance by the coverage:

Definition 1 The coverage is the expected total number of information bits received per second by all users within the broadcast coverage areas.

The system supports K levels of data rates {r_1, r_2, ..., r_K }, where r_k ≤ r_{k+1}. That is, r_1 is the lowest data rate providing a basic broadcast service, and r_K is the highest data rate, corresponding to the best possible QoS. We can express the coverage in the form

U = K� k=1 N_kr_k. (1.8)

where, N_k is the expected number of users receiving data rate r_k.

The definition of coverage captures the tradeoffs between achievable data rates of the users and the number of users receiving those rates. It can be expected that coverage as one of the RRM functions will impact the overall system efficiency and the operator infrastructure cost.

In a single cell system with path loss model, the expected number of users N_k is given by equation (1.7). Let r_k − r_{k−1} = R_k for k = 2, 3, ...K, r_1 = R_1, and r_0 = 0. By applying equation (1.7) in equation (1.8), we obtain:

U = ρπ

K−1� k=1 (d^2_k − d^2_{k+1})r_k + ρπd^2_K r_K , (1.9) = ρπ K� k=1 d^2_k(r_k − r_{k−1}), (1.10) = ρπ K� k=1 d^2_kR_k. (1.11)

Therefore, for a path loss model, in a single cell broadcast system with K data rate levels, the coverage is a function of coverage distance d_k and R_k for k = 1, 2, ...K.

Users beyond coverage distance d_1 cannot decode any data rate reliably. Users between coverage distance d_1 and d_2 can only successfully decode data at the lowest rate r_1. Users between coverage distance d_2 and d_3 have better channel conditions and can successfully receive the higher data rate r_2, by decoding data rate r_1 first. Users between coverage distance d_k and d_{k+1} can decode at rate r_k by decoding r_1, ... r_{kj} − r_{kj −1}, r_k − r_{k−1} step by step. Therefore, if broadcast can send out data with differential QoS levels, users closer to the base station can exploit their better channel capabilities by decoding more information within the same broadcast transmission.

Note that adding the higher data rates to the broadcast system brings additional interference to the lower rate users, as the additional information cannot be utilized by the worse case users. Since the dual rate strategy captures the key characteristics of the multiple rate broadcast system, we compare the dual rate system to single rate broadcast in chapters 2, 3, and 4 of the thesis. The outline of the thesis is as follows.

1.4 Outline of the Thesis In this work, we examine the performance of multiple QoS broadcast. In chapter 2, we first investigate the properties of single rate broadcast coverage. In chapter 3, information theoretic results characterizing broadcast capacity are reviewed first. We then propose dual rate broadcast strategies with corresponding coverage areas. Analytical results to optimize broadcast coverage are derived from an information theoretic perspective. In chapter 4, the implementation of the dual rate cellular broadcast with different data rates and SIR requirements is dicussed for a CDMA system. Broadcast coverage is maximized by optimal choice of power allocation policy and associated coverage areas. In chapter 5, we consider the video broadcast with transmit diversity in the presence of voice service in a multi-cell CDMA system. We examine the cost of adding one video broadcast channel to the system. Finally, we summarize results and give conclusions in chapter 6.

Chapter 2 Single Rate Coverage for Cellular Broadcast

In a conventional cellular broadcast system, path loss dictates that the broadcast data rate should be received reliably by the most distant user within a coverage area. Users closer to base station with better channel conditions still obtain the same information as the worst case user.

In this chapter, we examine the broadcast coverage metric defined in chapter 1 for single rate broadcast. According to equation (1.11), for K = 1, the single rate broadcast coverage U_1 is

U_1 = ρπd^2_0R_0, (2.1)

where d_0 is the normalized broadcast coverage distance for users receiving the common data rate R_0. We also investigate the coverage in terms of the normalized transmission power P_b.

2.1 Objective Function for Single Rate Coverage For a single cell path loss model, the broadcast capacity is the maximum data rate received reliably by the most distant user within the coverage area. The achievable information theoretic broadcast data rate is:

R_0 = 1 2 log � 1 + P_b d^β_0 � . (2.2)

Let q = P_b/d^β_0 represent the boundary SNR at coverage distance d_0. Then, the data

rate becomes a function of the boundary SNR q:

R_0(q, β) = 1 2 log (1 + q) . (2.3)

Given transmission power P_b and path loss exponent β, the coverage distance d_0 as a

function of the boundary SNR q is

d_0 = � P_b q �_{1/β}

. (2.4)

Replacing R_0 and d_0 in equation (2.1) by (2.3) and (2.4), we obtain the coverage as a

function of boundary SNR q:

U_1(q, β) = ρπ(P_b/q)^{2/β}R_0(q, β), (2.5)

= ρπ

(P_b/q)^{2/β} 2 log(1 + q). (2.6)

Our objective is to maximize single rate coverage U_1 over q.

2.2 Analysis of Single Rate Coverage

By investigating the objective function of U_1(q, β), we see that when the boundary

SNR q approaches infinity, the coverage approaches zero; when the boundary SNR q tends to zero, the single rate coverage also goes to zero. That is for very high q, too few users are covered and the single rate coverage will approach zero, even though the information rate received by a very close user would be very high. For very low q, the coverage region tends to infinity, but a very low information rate would be transmitted to every user in order to match the channel capability of the most distant user. Both cases will result in inefficient coverage and therefore should be avoided. We can expect that there exists optimal coverage and corresponding coverage area.

By using standard optimization methods, the objective function (2.6) of single rate coverage can be maximized with respect to q. The first derivative of U_1(q, β) is:

∂U_1(q, β) ∂q = ρπ

P^{2/β}_b 2 q^{− 2β} � 1 1 + q − 2 β ln(1 + q) q � (2.7)

In order to obtain the optimum point q^∗, let the first derivative of the objective function be zero at q = q^∗, yielding:

2(1 + q^∗) q^∗ ln(1 + q^∗) = β (2.8)

Let

f(q) =

2(1 + q) q ln(1 + q). (2.9)

We observe that for q > 0, f(q) is a continuous monotonic increasing function, such

Figure 2.1: Solutions of function f(q) = (2(1 + q)/q) log(1 + q) = β for β = 3, 4, 5, 6

Table 2.1: Typical optimum received SNR q^∗ for β = 2.5, 3, 4, 5, 6 for single rate coverage β 2.5 3 3.5 4 4.5 5 5.5 6 q^∗ (dB) -2.29 1.15 3.94 5.93 7.65 9.21 10.62 12.00

that

lim_{q→0} f(q) = 2, (2.10) lim_{q→∞} f(q) = ∞. (2.11)

Thus, for any β > 2, f(q) = β has a unique solution at q = q^∗ > 0 as shown in Figure 2.1. The solution of equation (2.8) grows monotonically with β, as shown in Figure 2.3. Physically, q^∗ is the boundary SNR at the coverage distance d^∗_0 that maximizes the single rate coverage for given transmission power P_b. We give the typical

Figure 2.2: Coverage for single rate cellular broadcast: U_1 optimized over coverage distance d_0. Numerical parameters are listed in Table 2.2.

boundary SNR q^∗ at optimal coverage distance for β = 2.5, 3, . . . , 6 in Table 2.1. As β → 2, q^∗ → 0 (−∞ dB). At β = 2, our model breaks down. In this case, it is straightforward to show the expected total received power over all users infinity as β = 2, which is impossible since transmit power is finite. In the following, we restrict our analysis to the case β > 2, which includes typical values of β in the range of 3 to 4.

In Appendix A.1, we show that the second derivative of U_1(q, β) with respect to q is less than zero at q^∗. Thus, U_1(q, β) has maximum value at q^∗. Since q^∗ is the unique solution, the local maximum is also the global maximum for q ≥ 0. From equation (2.8), we can see that the optimum boundary SNR q^∗ depends on the path loss parameter β, but is independent of the transmission power P_b. From f(q^∗) = β, we can view

q^∗ = q^∗(β), (2.12)

Figure 2.3: Properties of single rate cellular broadcast with different path loss attenuation. Numerical parameters are listed in Table 2.2.

the optimum boundary SNR q^∗ is a function of path loss attenuation β. Thus, for β > 2, the optimum single rate coverage defined by q^∗(β) at the coverage boundary is:

U_1(q^∗, β) = U^∗_1 (β) = ρπP^{2/β}_b log(1 + q^∗(β)) 2(q^∗(β))^{2/β}

, (2.13)

with corresponding coverage distance d^∗_0:

d^∗_0 = (P_b/q^∗)^{1/β} . (2.14)

We point out one property of d^β_0 for β > 2. Given d_0, when d_0 > 1, d^β_0 is an increasing function of β; when d_0 < 1, d^β_0 is a decreasing function of β. It is reasonable for the received signal strength to be a decreasing function of the proper path loss exponent β. Thus, we assume that the distance d_0 between the base station and the

Table 2.2: Parameters for a single rate broadcast with Lee’s model β path loss exponent 4 P_t Transmitted power 1W h_1 BS antenna height 100 feet h_2 MS antenna height 5 feet W Bandwidth 3.84MHz N_0 Noise spectral density -165dBm ρ User density per mile square 3.2 × 10^4

mobile terminal is greater than one. That is, d^β_0 increases with β.

With the increase of transmission power, the coverage distance will increase in order to maintain the same associated boundary SNR q^∗. That means the coverage distance is proportional to the transmission power by satisfying q^∗ = P_b/d^∗_0^β. Therefore, given β, U_1(q^∗, β) in equation (2.13) and d^∗_0 in (2.14) will increase with P_b. The larger the transmission power is, the larger the coverage distance is, therefore, the larger the single rate coverage is.

For a numerical example, the parameters are listed in Table 2.2. When G_t = G_m = 0dB, β = 4, δ = 1 mi, we apply Lee’s model [20] for calculating the received power:

P_r(δ) = P_t − 156 − 40 log δ + 20 log h_1 + 10 log h_2 + G_t + G_m. (2.15)

Thus, for P_b = P_r(δ)/N_0W , we obtain P_b = 20 dB. The optimum coverage distance according to equation (2.14) is 2.27 miles. The corresponding boundary SNR q^∗ is 5.93dB, shown in Figure 2.2.

We now examine coverage as a function of path loss exponent β. First, we assume that the normalized transmission power P_b referenced to distance δ is the same for varying path loss attenuation β.

Theorem 1 U^∗_1 (β) is a decreasing function of β.

Proof: Assume that β_1 < β_2. Let the d^∗_{0i} be the coverage distance for U^∗(β_i) (i =

1, 2). Equation (2.13) implies that

U^∗_1 (β_1) = U_1(d^∗_{01}, β_1) ≥ U_1(d̂_{01}, β_1). (2.16)

for all d̂_{01}. Choose d̂_{01} such that

P_b d̂^{β1}_{01} = P_b (d^∗_{02})^{β2}

. (2.17)

Since β_1 < β_2 and coverage distances are greater than 1, we obtain that d̂_{01} > d^∗_{02}.

Thus

U_1(d̂_{01}, β_1) = ρπ d̂2_{01} 2 log � �1 + P^b (d̂_{01})^{β1} � �

= ρπ d̂2_{01} 2 log � 1 + P_b (d^∗_{02})^{β2} �

≥ ρπ d^∗_{02}^2 2 log � 1 + P_b (d^∗_{02})^{β2} �

= U_1(d^∗_{02}, β_2)

= U^∗_1 (β_2) (2.18)

According to inequalities (2.16) and (2.18), we can conclude that U^∗_1 (β_1) ≥ U^∗_1 (β_2).

In short, as the path loss factor β increases, the optimum coverage area diminishes

faster than the increase of the associated optimum data rate as shown in Figure 2.3.

That is, when the environment experiences larger path loss attenuation, we shrink the coverage area and increase the data rate in order to obtain the optimum single rate coverage.

2.3 Summary As a measure of broadcast service, coverage accounts for the tradeoff between achievable data rate per user and the number of users receiving that rate successfully. Suppose the transmission power is fixed. Both too large coverage radius or too small coverage radius yields poor coverage.

In this chapter, we derived the optimization problem for a single rate cellular broadcast system. We found that the coverage is optimized by a unique coverage distance at which the optimal boundary SNR is achieved, independent of transmission power. A consequence is that single rate broadcast coverage is monotonically increasing with transmission power. Lastly, for given transmission power, the optimum single rate coverage is a decreasing function of the path loss attenuation β.

Chapter 3 Dual Rate Broadcast:

An Information Theoretic Perspective

In this chapter, we first review the application of Shannon network information theory [10, 13] to a broadcast system with one sender and many receivers. We are interested in whether adding additional information can benefit the service provider by sacrificing some part of users’ capability to obtain common information. In particular, we examine the performance of a broadcast system with two QoS levels from an information theoretic point of view.

In such a dual rate broadcast system, power is allocated between common and additional information. The coverage depends on both achievable data rates and the corresponding number of users receiving those rates. Our objective is to find the optimal power allocation and the associated coverage area to maximize the broadcast coverage. The properties of such a system will be shown through analysis and numerical examples.

In section 3.2, we describe the structure of a dual rate broadcast system. In section 3.3, we develop a coverage objective function to characterize the cellular broadcast. In section 3.4, the properties of optimal coverage are analyzed with numerical results for basic and enhanced coverage distances. Conclusions for this chapter are summarized in section 3.5.

Figure 3.1: Broadcast channel 3.1 Broadcast Channels: an Information Theoretic Review The broadcast channel [9, 10] is a communication channel in which there is one sender and two or more receivers, as illustrated in Figure 3.1. Note that, X is the transmitted signal, Y_i is the received signal, and Ŵ_i is the decoded signal from Y_i for user i.

Definition 2 A broadcast channel consists of an input alphabet X and two output alphabets Y_1 and Y_2 and a probability transition function p(y_1, y_2|x). The broadcast channel will be said to be memoryless if for sequences of n inputs y^n_k = y_{k1}, y_{k2}...y_{kn}, p(y^n_1 , y^n_2 |x^n) =

�_n

i=1 p(y_{1i}, y_{2i}|x_i).

The basic problem is to find the set of rates simultaneously achievable for reliable communication. The problem we consider in this thesis is a specific case. For instance, a video broadcast is normally intended for a group of users, and the same information is sent to everybody. The maximum achievable common information rate is

C = max_{P (x)} min_i I(X; Y_i) (3.1)

Since C may be less than the capacity of the better channels, we may wish to transmit in such a way that the receivers with better channels can decode extra information in order to produce a better picture or sound. At the same time, all receivers should continue to receive a basic information rate. The methods to accomplish this will be explained in the discussion of the broadcast channel.

First we will present some background information about Gaussian broadcast channels.

3.1.1 Degraded Broadcast Channel (DBC) Definition 3 A broadcast channel is said to be physically degraded if p(y_1, y_2|x) = p(y_2|x)p(y_1|y_2).

Since we can always write p(y_1, y_2|x) = p(y_2|x)p(y_1|y_2, x), we observe that a broadcast channel is physically degraded if p(y_1|y_2, x) = p(y_1|y_2). That is, given Y_2, random variables Y_1 and X are independent. Therefore, for a degraded broadcast channel, random variables X, Y_1 and Y_2 can be represented by a Markov chain X → Y_2 → Y_1. Such Markov chain with the degraded broadcast channel has the transition probabilities p(y_2|x) from X to Y_2 and p(y_1|y_2) from Y_2 to Y_1.

Note that the capacity region of a degraded broadcast channel depends only on the conditional marginal distributions. In the following discussion, we will assume that the channel is physically degraded. Suppose that independent information is sent over a degraded broadcast channel at rate R_1 to Y_1 and rate R_2 to Y_2. We have the following theorems [10].

Theorem 2 The capacity region of the degraded broadcast channel X → Y_2 → Y_1 is the convex hull of the closure of all (R_1, R_2) satisfying

R_1 ≤ I(V ; Y_1) (3.2) R_2 ≤ I(X; Y_2|V ) (3.3) for some joint distribution p(v)p(x|v)p(y_1, y_2|x), where the auxiliary random variable V has its cardinality bounded as follows |V | ≤ {|X|, |Y_1|, |Y_2|}.

Assume that superposition coding is used for the broadcast channel. The auxiliary random variable V will serve as a cloud center that can be distinguished by both receiver Y_1 and Y_2. Each cloud consists of 2^{nR2} codewords X^n distinguishable by the receiver Y_2. The worst receiver can only see the clouds, while the better receiver can see the individual codewords within the clouds. Interested readers can refer to the Cover and Thomas text [10] to see the proof.

In the case of a degraded broadcast channel, the better receiver can always decode all the information that is sent to the worst channel. Thus common information with rate R_0 designed for worst receiver can be decoded by better receivers. Hence we have the following theorem:

Theorem 3 If the rate pair (R_1, R_2) is achievable for a degraded broadcast channel, the rate triple (R_0, R_1 − R_0, R_2) is achievable for the channel with common information rate R_0, provided that R_0 < R_1.

The data rate R_1 − R_0 is the individual rate achieved by the worse channel, in addition to common information with rate R_0. For a degraded channel, information with rate R_0 can also be decoded by the better receiver, as well as the information with rate R_2. In fact, when R_1 = R_0, the worse user can only decode common information R_1, while better receiver can decode additional information with rate R_2, as well as R_1.

We will give an example of how to make use of the common and additional information for a broadcast strategy over a Gaussian channel.

-
-

√ h_1 √ h_2

-
-

¯˘˚ˇ
¯˘˚ˇ

       -
       -

  ?

  6

X

Z_1

Z_2

Y_1

Y_2

Figure 3.2: An example of a degraded Gaussian broadcast channel with two receivers 3.1.2 An Example For a broadcast system, the transmitter regards the Gaussian channels of the receivers as degraded broadcast channels (DBC) where each noise variance level is associated with a receiver in the DBC. Let us consider an example of a Gaussian broadcast channel with two receivers depicted in Figure 3.2. Suppose there are two receivers for the same broadcast information transmission over Gaussian channel. The received signal at receivers 1 and 2 are

Y_1 = � h_1X + Z_1, (3.4) Y_2 = � h_2X + Z_2. (3.5)

We assume the Gaussian noise variables Z_1 and Z_2 have the same noise variance N_0. When h_1 < h_2, channel 1 is worse than channel 2.

The channel gains h_1, h_2 may describe path loss, Rayleigh fading, or shadow fading. In our subsequent analysis, we focus on a path loss model, where channel gains are inversely proportional to d^β_i where d_i is the distance from the transmitter i. That

-
-

¯˘˚ˇ
¯˘˚ˇ

       -
       -

  ?

  6

X

Z^′_1

Z^′_2

Y^′_1

Y^′_2

Figure 3.3: An equivalent degraded Gaussian broadcast channel with two receivers means, users closer to the base station have higher channel gains and therefore better channels.

For a slowly time-varying broadcast channel, we can obtain an equivalent channel model with the same channel gain but different noise variance, which is shown in Figure 3.3.

Dividing by √ h_1 and √ h_2 respectively of the equations (3.4), (3.5), we have

Y^′_1 = X + Z^′_1, (3.6) Y^′_2 = X + Z^′_2. (3.7)

The variance of Z^′_i is N_i = N_0/h_i.

In our example, the poor channel 1 can be considered as the degraded channel of the good channel 2. Since h_1 < h_2 implies N_1 > N_2, we can represent the system by:

Y^′_2 = X + Z^′_2, (3.8) Y^′_1 = Y^′_2 + Z^{′′}_1 , (3.9)

-¯˘˚ˇ^-¯˘˚ˇ^-

  ? ?

X

Z^′_2 Z^{′′}_1 Y^′_1

Figure 3.4: The degraded Gaussian broadcast channel as shown in Figure 3.4. Note that in equations (3.8) and (3.9), Z^′_2 ∼ N(0, N_2) and Z^{′′}_1 ∼ N(0, N_1 − N_2).

We use P to denote the power of the broadcast transmitter X. The received SNR for user i (i = 1, 2) is:

Q_i = P N_i

. (3.10)

For an arbitrary constant α ∈ [0, 1], the received SIR for common information is

γ_1 =

(1 − α)P αP + N_1 = (1 − α)Q_1 αQ_1 + 1

. (3.11)

After decoding and subtracting common information, the received SIR for additional information is:

γ_2 = αP N_2

= αQ_2. (3.12)

Then, the capacity region of this channel is given [9] by

R_2 < C(γ_2), (3.13) R_1 < C(γ_1). (3.14) where, N_1 > N_2 and C(γ_i) = 1/2 log(1 + γ_i) denotes the Shannon capacity.

To encode the messages, the transmitter generates two code books, one with power (1 − α)P_b at rate R_1, and another with power αP_b at rate R_2. The transmitter sends the combined index of i ∈ {1, 2, 3, ..., 2^{nR1} } and j ∈ {1, 2, 3, ..., 2^{nR2} } from two code books to Y_1 and Y_2.

Receiver 1 can decode data stream at rate R_1 reliably by treating data with rate R_2 as interference. The effective signal to noise ratio is ᾱP_b/(αP_b + N_1).

The good receiver Y_2 can decode data stream at rate R_1 reliably because of its lower noise variance N_2. By subtracting the decoded signal X̂_1 from Y_2, it can decode data with rate R_2 reliably. The effective signal to noise after the clearance of data rate R_1 is αP_b/N_2. We emphasize that data stream of rate R_2 can be decoded reliably by receiver 2, but not by receiver 1. The total data rate received reliably by receiver 1 is R_1, while the total data rate received reliably by receiver 2 is R_1 + R_2.

Comparison Broadcast transmission power is allocated between common and additional information. Power allocation policy α is the proportion of total transmission power assigned to additional information data stream with rate R_2. In Figure 3.5, points a, b are two achievable data rate pairs on the boundary of the capacity region. Compared to point a, the power allocation policy at point b will result in a higher additional information rate but a lower common information rate. On the other hand, the power allocation policy at point a will allow higher common information rate. A natural question is which power allocation policy is preferred.

We first describe the structure of a dual rate broadcast system. We, then, formulate

Figure 3.5: Capacity region for degraded Gaussian broadcast channel a coverage objective to address this problem.

3.2 Proposed Broadcast System Structure In order to make use of heterogeneous link capabilities, it may be desirable to provide two or more quality of service levels within one broadcast transmission. Our challenge is to determine the benefit of multiple levels in a broadcast system.

3.2.1 System Structure for Dual Rate Broadcast In a two QoS level broadcast system, the transmitter generates common and additional information at rates pair (R_1, R_2) with powers P_2 = αP_b and P_1 = (1 − α)P_b, respectively. Then common and additional information data are encoded, multiplexed, and then transmitted over the channel, as illustrated in Figure 3.6.

With a path loss model, users closer to the base station, such as user B in Figure 3.7, have smaller channel attenuation, thus, they have good channel conditions. Users

Figure 3.6: Proposed broadcast system structure

Figure 3.7: Channel attenuation with different distance from base station to mobile users farther from base station, such as user A, have much larger channel attenuation, thus, they are users with worse channel conditions. The worst case user A can merely satisfy the SIR requirement for common information, since her received SIR for additional information is less then its associated SIR requirement. So user A only decodes common information. The additional information can only act as interference to user A.

The good user B first decodes common information, which can be accomplished because of its relatively lower noise variance. She subtracts this common information

Figure 3.8: Decoding structure for users with good or bad channel conditions: h_A < h_B from the received signal and feeds this signal to the additional information decoder as shown in Figure 3.8. Since she can satisfy the target SIR requirement for additional information, she can decode the additional information successfully. Therefore, user B can achieve enhanced quality of broadcast service.

3.3 Objective Functions for Cellular Broadcast According to the broadcast transmission strategy proposed in Section 3.2, power P_b is partitioned between common and additional information streams as (1 − α)P_b and αP_b, where, α ∈ [0, 1] defines the power allocation policy. We examine the performance of such a dual rate broadcast system with superposition coding and successive decoding [10]. We also compare it to single rate broadcast. First, the objective function for broadcast with successive decoding is formulated.

3.3.1 Coverage Function for Dual Rate Broadcast Channel For the degraded broadcast channel described in Section 3.1, additional information is treated as interference to common information. We assume coverage distances d_1 > d_2. According to equation (3.10), the received SNR Q_i (i = 1, 2) at the associated coverage distances d_i with path loss attenuation is

Q_i = P N_i = P h_i N_0

= P_bd^{−β}_i . (3.15)

Assume that user 1 is at the boundary of basic coverage, and user 2 at distance d_2 < d_1 is at the edge of the enhanced coverage. Then, the respective coverage distances d_1 and d_2 can be written as functions of Q_1 and Q_2 as

d_1 = (P_b/Q_1)^{1/β} , (3.16) d_2 = (P_b/Q_2)^{1/β} . (3.17)

Analogous to equation (3.11), the received SIR for common information at the basic coverage distance d_1 is:

γ_1 =

(1 − α)P_b/d^β_1 1 + αP_b/d^β_1 = (1 − α)Q_1 1 + αQ_1

. (3.18)

Similarly, as in equation (3.12), the SIR for the additional information is at the enhanced coverage distance d_2 is:

γ_2 = αP_b d^β_2

= αQ_2. (3.19)

We can see that γ_1 and γ_2 are functions of α, Q_1 and Q_2.

Then, the data rate R_1 for users within d_1, and additional information with rate R_2 achievable by users within d_2 are:

R_1 = 1 2 log (1 + γ_1) (3.20)

R_2 = 1 2 log (1 + γ_2) , (3.21)

which can also be considered as functions of α, Q_1 and Q_2.

From equation (1.11), for K = 2, the dual rate broadcast coverage is:

U_2 = ρπ(d^2_1R_1 + d^2R_2). (3.22)

From equations (3.20), (3.21) and (3.18), (3.19), we can express R_1 and R_2 as

functions of α, Q_1 and Q_2,

R_1(α, Q_1) = 1 2 log � 1 + (1 − α)Q_1 1 + αQ_1 � , (3.23)

R_2(α, Q_2) = 1 2 log(1 + αQ_2). (3.24)

By applying d_1, d_2, R_1 and R_2 in equations (3.16), (3.17), (3.20) and (3.21), the dual

rate coverage can be expressed as the function of α, Q_1 and Q_2:

U_2(α, Q_1, Q_2) = ρπP^{2/β}_b � Q^{−2/β}_1 R_1(α, Q_1) + Q^{−2/β}_2 R_2(α, Q_2) � . (3.25)

3.3.2 Optimization Problems

From the objective function U_2 of equation (3.25), we observe that the transmission

power P_b, power allocation policy α, basic and enhanced rate boundary SNR Q_1 and

Q_2 at coverage distances d_1 and d_2, and path loss parameter β define the broadcast coverage. Given transmission power P_b and path loss exponent β, the optimization problem is to maximize the broadcast system coverage:

U^∗_2 (β) = max_{α,Q1,Q2} U_2(α, Q_1, Q_2), (3.26)

From function (3.25), we note that the optimization of the broadcast coverage over α, Q_1, Q_2 is independent of the transmission power P_b. That is, the optimum α^∗, Q^∗_1, Q^∗_2 remain the same for different P_b, given β. Thus the expression of objective functions in terms of Q_1, Q_2 reveal the characteristics of optimum coverage, which is achieved at the coverage distance where the received SNRs are Q^∗_1 and Q^∗_2. The actual value of optimal broadcast coverage is proportional to P^{2/β}_b .

We will use the variables Q_1 and Q_2, instead of d_1 and d_2, to analyze the properties of coverage with numerical results in the following sections. When necessary, we will go back to coverage distance d_1 and d_2 to understand the properties of corresponding coverage areas.

3.4 Quality of Cellular Broadcast Services: Analysis and Results From equation (3.25), we observe that the cellular broadcast coverage U_2(α, Q_1, Q_2) is composed of basic coverage U_{21}(α, Q_1) and enhanced coverage U_{22}(α, Q_2):

U_2(α, Q_1, Q_2) = U_{21}(α, Q_1) + U_{22}(α, Q_2), (3.27) where

U_{21}(α, Q_1) = ρπ

P^{2/β}_b 2 Q^{−2/β}_1 log � 1 + (1 − α)Q_1 1 + αQ_1 � , (3.28)

U_{22}(α, Q_2) = ρπ

P^{2/β}_b 2 Q^{−2/β}_2 log (1 + αQ_1) . (3.29)

Given a power allocation policy α, the two components can be optimized independently,

since

∂U_2(α, Q_1, Q_2) ∂Q_1 = ∂U_{21}(α, Q_1) ∂Q_1

, (3.30)

∂U_2(α, Q_1, Q_2) ∂Q_2 = ∂U_{22}(α, Q_2) ∂Q_2

. (3.31)

We take the first derivative of function (3.25) or (3.28) with respect to Q_1:

∂U_2(α, Q_1, Q_2)

∂Q_1

= ρπ

P^{2/β}_b Q^{−2/β−1} 1 2 � (1 − α)Q_1 (1 + Q_1)(1 + αQ_1) − 2 β log � 1 + Q_1 1 + αQ_1 � . (3.32)

In order to get optimum point, we set the derivative at Q_1 = Q^∗_1 to zero, yielding,

2(1 + Q^∗_1)(1 + αQ^∗_1) (1 − α)Q^∗_1 log � 1 + Q^∗_1 1 + αQ^∗_1 � = β. (3.33)

Let

g(Q^∗_1) =

2(1 + Q^∗_1)(1 + αQ^∗_1) (1 − α)Q^∗_1 log � 1 + Q^∗_1 1 + αQ^∗_1 � . (3.34)

For fixed α, we verify in Appendix A.2 that g(Q^∗_1) is monotonically increasing with Q^∗_1.

Thus we can obtain a unique solution Q^∗_1(α, β) for equation (3.33). For fixed β, we

Figure 3.9: Optimal boundary SNR with respect to power allocation policy α, with superposition coding and interference cancelation, P_b = 20 dB at 1 mile show in Appendix A.3 that Q^∗_1(α, β) is a decreasing function of α.

The first derivative of U_2(α, Q_1, Q_2) in equation (3.25) in terms of Q_2 is:

∂U_2(α, Q_1, Q_2) ∂Q_2

= ρπ

P^{2/β}_b 2 Q^{−2/β−1} 2 � αQ_2 1 + αQ_2

− log(1 + αQ_2) � . (3.35)

Setting equation (3.35) to zero, yields the solution:

Q^∗_2(α, β) = q^∗(β)/α, (3.36)

where q^∗(β) is defined in equation (2.12) in the context of single rate broadcast coverage. Effectively, once the common information is decoded and subtracted, the additional information is transmitted through a clear channel with SNR αQ_2, just as in a single rate broadcast system. Thus, given β, it is easy to see that Q^∗_2(α, β) is a decreasing function of α.

Figure 3.10: Coverage distance for broadcast with common and additional information, with superposition coding and interference cancelation, P_b = 20 dB at 1 mile

Given a power allocation policy α, the optimum basic and enhanced coverage

U^∗_{21}(α, β), U^∗_{22}(α, β) are the functions of Q^∗_1(α, β) and Q^∗_2(α, β):

U^∗_{21}(α, β) = ρπ

P^{2/β}_b 2 Q^− 2 β 1 log � 1 + Q^∗_1(α, β) 1 + αQ^∗_1(α, β) � , (3.37)

U^∗_{22}(α, β) = ρπ

P^{2/β}_b 2 � q^∗(β) α �_{−2/β}

log (1 + q^∗(β)) . (3.38)

By summing equations (3.37) and (3.38), we obtain the overall coverage U^∗_2 (α, β):

U^∗_2 (α, β) = U^∗_{21}(α, β) + U^∗_{22}(α, β). (3.39)

which is a function of Q^∗_1(α, β) and Q^∗_2(α, β).

Finally, by optimizing U^∗_2 (α, β) over α, we obtain an optimal policy,

U^∗_2 (α^∗) = max_α U^∗_2 (α, β). (3.40)

Figure 3.11: Optimal common and additional data rate with respect to power allocation policy α, with superposition coding and interference cancelation, P_b = 20 dB at 1 mile This optimal policy has the following properties:

• Optimum boundary SNRs As shown in Figure 3.9, the boundary SNR, Q^∗_1 at the optimum basic coverage distance is a decreasing function of α. The boundary SNR, Q^∗_2 at the optimum enhanced coverage distance is also a decreasing function of α. We also find in Appendix A.3 that Q^∗_2 > q^∗ > Q^∗_1, for 0 < α < 1.

• Basic and enhanced coverage areas The basic coverage distance d^∗_1 and enhanced coverage distance d^∗_2 will increase with α as shown in Figure 3.10. In addition, Q^∗_1 < q^∗ < Q^∗_2 implies d^∗_1 > d^∗_0 > d^∗_2.

• Common and additional rates In Figure 3.11, the additional information rate is a constant for 0 < α < 1. The common information rate will decrease as less power is assigned to it and there is more interference from additional information; see Appendix A.3.

Figure 3.12: Dual rate cellular broadcast coverage with superposition coding and interference cancelation, P_b = 20 dB at 1 mile

• Basic and enhanced rate coverage The larger the proportion of power allocated to common information, the greater the associated optimum basic coverage in terms of α is, as shown in Figure 3.12. Proof can be found in Appendix A.3. The reason is that the decrease of achievable common information rate overwhelms the increase of corresponding coverage area, as α grows. The enhanced coverage distance will decrease with α in order to maintain the same optimum additional data rate for different α: q^∗ = αQ^∗_1. Thus, the optimum enhanced coverage will decrease with α.

• Optimum coverage with respect to α, d_1 (or Q_1) and d_2 (or Q_2) There exist α, d_1 and d_2, to maximize the broadcast coverage U_d as shown in Figure 3.12. From the same parameters shown in Table 2.2, the optimum coverage is: 6.64×10^5 bits/sec/Hz, which has 11% coverage enhancement compared to a single rate cellular broadcast system shown in Figure 2.2. The optimum power allocation policy α^∗ is 0.10. The corresponding basic and enhanced coverage distances are 2.54 miles and 1.27 miles, respectively. Thus, within whole coverage area, 25% of the supported users can receive enhanced quality of service.

3.5 Summary In this chapter, we derived the optimization problem for a dual rate cellular broadcast system. The concepts of the basic and enhanced quality of broadcast service with corresponding coverage areas are introduced. The SNR at the optimal basic and enhanced coverage distances are independent of transmission power. There exists an optimal power allocation α with the corresponding basic and enhanced coverage areas to maximize broadcast coverage. We also derived the gain of dual rate coverage over single rate coverage to give the additional insight to the tradeoff of resources.

We sacrifice some part of the basic coverage by letting users closer to base station to get some additional information. For example, by diminishing the basic coverage area, we can provide additional information to a smaller coverage area closer to base station, where users can receive extra information, in addition to common information. Our motivation to consider this possibility is that if the network revenue is proportional to the total received data rates, then revenue might be increased when additional information is added by sacrificing the coverage area with a lower common information rate. Thus, we have observed that the overall coverage could be increased by proper power allocation between common and additional information with associated coverage areas. However, as we see in Figure 3.12, the improvement in coverage is small in the neighborhood of 10%.

Chapter 4 Dual Rate Broadcast in a Single-cell CDMA System

The previous chapters discuss an information theoretic model of a cellular broadcast channel. Coverage is optimized over the choice of basic and enhanced coverage areas. In this chapter, we explore the cellular broadcast strategies providing two QoS levels in a practical CDMA system.

In an information theoretic model, error free communication is assumed when the data rate is less than the channel capacity [10]. In a practical system, channel errors cannot be completely avoided. In this case, we define the achievable data rate as the transmission data rate that can be successfully decoded with a desired BER. As in earlier chapters, the coverage is the sum of products of the achievable data rates and the expected number of users in the corresponding coverage areas.

The objective of this chapter is to find the coverage of different power allocation policies. We compare the optimum power allocation policies and corresponding coverage to other schemes in terms of SIR requirements and data rate ratio in a CDMA system.

This chapter is organized as follows. In Section 4.1, we propose to implement the two QoS level broadcast in a CDMA system. In Section 4.2, a physical model describing CDMA signals is defined. In Section 4.3, coverage optimization is analyzed. Numerical results for dual rate broadcast coverage are shown and discussed in Section 4.4. In Section 4.5, the results are summarized and conclusions are given.

4.1 Introduction With the introduction of the IS-95 CDMA standard [5], commercial wireless systems with spread spectrum technology have become common. The third generation (3G) wireless systems [1, 2] are designed to support high rate multimedia services, as well as conventional low rate voice service. A CDMA system with code multiplexing provides a natural way to encode different parts of an information stream with different spreading sequences.

In this chapter, we consider the efficient use of the downlink radio resources by exploiting wireless broadcast services. In particular, we elaborate on the coverage for the downlink transmission of wireless real-time streams in a Direct Sequence CDMA (DS-CDMA) system. The value of the service will depend on the number of users receiving quality-based streams in addition to the data rates of those streams. The main focus herein is to offer a multiple rate [23, 30, 33] data stream with maximum overall coverage.

To simplify the analysis and develop an understanding of basic properties, we consider a dual rate CDMA system [14, 31, 34, 36] with two data rates. In such a system, transmit power is allocated between common and additional information subchannels.

The objective of this chapter is to find the coverage of different power allocation policies. The same coverage distance scheme must allocate proper power to two subchannels such that the coverage distances are the same for both subchannels of a stream. The rate ratio scheme is to assign power proportional to the rates between two subchannels. We compare the optimum coverage to the coverages for the same coverage distance scheme and rate ratio scheme in terms of target SIR ratio and data rate ratio.

-
-

Encoder 1

Encoder 2

-
-

Interleaver

Interleaver

-
-

¯˘˚ˇ
¯˘˚ˇ^�

  �@@
 �@@

       -
       -

� -

-

-

Common Information

Additional Information

?

6

Broadcast stream

R_1

R_2

(1 − α)P_b

αP_b

R_1/l_1

R_2/l_2

R_1/l_1

R_2/l_2

P N_1

P N_2

R_1L_1/l_1

R_2L_2/l_2

Figure 4.1: A proposed dual rate CDMA system

4.2 System Model

We study the broadcast coverage of a dual rate CDMA system as shown in Figure 4.1. Common information is transmitted on subchannel 1 and additional information is transmitted on subchannel 2. Let R_j denote the information data rate, l_j the channel coding rate, and L_j the spreading factor of subchannel j. Since the subchannels occupy the same bandwidth W , they satisfy:

W = R_1L_1 l_1 = R_2L_2 l_2

. (4.1)

We also assume that the CDMA chip rate is equal to the system bandwidth W [7].

If the transmitted signals remain orthogonal at the receivers, there is no interference from the other subchannels, and matched filtering is optimal in this case. If there is interference from other broadcast subchannels, we can use the ordinary matched filter decoder, although it will be suboptimal.

4.2.1 A CDMA signal model We consider only the behavior of one broadcast channel in a single cell wireless system. Other broadcast channels and non-broadcast channels are approximated by a white Gaussian interference process. We assume each user’s channel is only characterized by its distance-based path loss. We also assume a spatially uniform density of users on the plane. We consider a baseband DS-CDMA system model supporting a two data rate broadcast with a coherent BPSK modulation format.

In a data frame of interest, let K_j be the number of data symbols per frame and T_j the symbol duration corresponding to subchannel j (j = 1, 2). Thus, for the same frame length, K_1T_1 = K_2T_2. Without loss of generality, we assume that T_1 ≤ T_2. The received amplitude of subchannel j for users at coverage distance d_i is � α_j P_bh_iT_j where α_j is the power ratio to subchannel j. The channel gain h_i is proportional to distance attenuation d^{−β}_i . We assume that the broadcast power P_b is normalized by the actual receiver noise variance. Thus, the normalized one sided power spectral density of white Gaussian noise n_i(t) is 1.

We consider the received signal over one symbol interval T_j of subchannel j. The symbol stream of subchannel j is spread using the signature s_j(t). We assume s_j(t) is a random sequence:

s_j(t) = 1 � L_j

L_j −1� k=0 c_{jk}p_c(t − kT_c), (4.2)

where c_{jk} is a binary sequence element taking on values ±1 equiprobably and T_c is the chip interval satisfying T_c = 1/W = T_j/L_j . The direct waveform p_c(t) satisfies [38]:

R_p(nT_c) =

�_∞ −∞ p_c(t)p_c(t − nT_c)dt = � � � � � 1 n = 0, 0 n = ±1, ±2, ...

(4.3)

where R_p(nT_c) is the autocorrelation of p_c(t).

Then, the random sequence s_j(t) has unit power �_{Tj} 0 s^2_j (t)dt = 1. (4.4)

We use a chip synchronous model for analytic simplicity. First, we consider the demodulation of the signal on subchannel 1, shown in Figure 4.2. Because we intend to demodulate the signal on subchannel 1, we only focus on the spread signature s_2(t) that is transmitted during time interval [0, T_1). Without loss of generality, we assume that over [0, T_1), stream 2 sends a single bit b_2 with signature s_2(t). Over one symbol interval [0, T_1), the broadcast waveform received by a given user at coverage distance d_i is

r_i(t) = � α_1P_bh_iT_1b_1s_1(t) + � α_2P_bh_iT_2b_2s_2(t) + n_i(t). (4.5)

It is possible with undesirable time offsets for subchannel 2 to have multiple symbols transmitted within time interval [0, T_1). However, the overlap of symbols of subchannel 2 within [0, T_1) will not destroy the properties of the average interference power, as we will see later.

When the received waveform is passed through a filter, matched to the signature

6
                              -

+1

−1 t T_2 = MT_1

T_1 2T_1 b_1(t) Subchannel 1

+1

−1 t

T_2 = MT_1

T_1 2T_1 s_1(t)6

-

+1

−1 t T_2 2T_2 b_2(t) Subchannel 2

6
                              -

+.25

−.25 t T_2 2T_2 s_2(t)6

-

Figure 4.2: Data stream during time interval T_1 and T_2

waveform s_1(t) of subchannel 1, the filter output is

y_{i1} (t) =

�_{T1} 0 r_i(t)s_1(t)dt (4.6) = � α_1P_bh_iT_1b_1

�_{T1} 0 s_1(t)s_1(t)dt, + � α_2P_bh_iT_2b_2

�_{T1} 0 s_2(t)s_1(t)dt +

�_{T1} 0 n_i(t)s_1(t)dt. (4.7) = � α_1P_bh_iT_1b_1 + � α_2P_bh_iT_2ρ_{12}b_2 + n_{i1} . (4.8) where

ρ_{12} =

�_{T1} 0 s_1(t)s_2(t)dt (4.9) = 1 √ L_1L_2

�_{T1} 0 � � L_1−1� k=0 c_{1k}p_c(t − kT_c) � � � � L_1−1� l=0 c_{2l}p_c(t − lT_c) � � dt (4.10)

= 1 √ L_1L_2

L_1−1� k=0 L_1−1� l=0 c_{1k}c_{2l}R_p((l − k)T_c) (4.11)

= 1 √ L_1L_2

L_1−1� k=0 c_{1k}c_{2k} (4.12)

denotes the crosscorrelation. Note that the number of chips of subchannel 2 within

T_1 is also L_1. Because c_{1k} and c_{2l} are independent binary variables taking on ±1

equiprobably, the mean of the crosscorrelation is

E[ρ_{12}] = 0 (4.13)

and the variance of the crosscorrelation ρ_{12} is

Var[ρ_{12}] = 1 L_1L_2

L_1−1� k=0 Var[c_{1k}c_{2k}] = 1 L_2

. (4.14)

In addition, the noise term n_{i1} =

�_{T1} 0 n_i(t)s_1(t)dt has zero mean and variance 1.

The symbol energy of the expected useful signal from subchannel 1 is α_1P_bh_iT_1.

The variance of interference from subchannel 2 is

I_{12} = Var[( � α_2P_bh_iT_2ρ_{12})] (4.15)

= α_2P_bh_iT_2{Var[ρ_{12}]} (4.16)

= α_2P_bh_iT_2/L_2 = α_2P_bh_i/W (4.17)

The effective interference and noise variance at the output of matched filter is:

Z_{12} = 1 + I_{12} (4.18)

Note that, the second term is the interference from other subchannels, which does not exist when two subchannels are still orthogonal at the receiver.

Combining (4.8) and (4.14), the signal to interference and noise ratio γ_{s1} , of subchannel 1 for users with channel gains h_i = d^{−β}_i is

γ_{s1} = α_1P_bd^{−β}_i T_1 1 + α_2P_bd^{−β}_i /W

. (4.19)

Now, we consider the demodulation of signals on subchannel 2. Assume T_2 = MT_1, where M is a positive integer. We observe the time duration T_2, within which the interference from subchannel 1 includes several symbols b_{1m}, (m = 1, 2, ..., M), as shown in Figure 4.2. For convenience, we rewrite the received signal as,

r_i(t) = � α_2P_bh_iT_2b_2s_2(t) + � α_1P_bh_iT_1 M� m=1 b_{1m}s_1(t − mT_1) + n_i(t). (4.20) From equation (4.20), we can intuitively think of the received signals r_i(t) as the sum of multiple channels with signals √ α_1P_bh_iT_1b_{1m}s_1(t − mT_1). The output of the matched filter with the signature waveform s_2(t) is:

y_{i2} (t) = � α_2P_bh_iT_2b_2 + � α_1P_bh_iT_1 M� m=1 b_{1m}ρ^{(m)}_{12} + n_{i2} (4.21)

where, the noise component n_{i2} has zero mean and variance 1. Parallel to the analysis of ρ_{12}, the crosscorrelation ρ^{(m)}_{12} has the analogous properties as ρ_{12} in equations (4.13) and (4.14). In particular,

E � ρ^{(m)}_{12} � = 0, (4.22) Var � ρ^{(m)}_{12} � = 1 L_2 m = 1, 2, ...M. (4.23)

The symbol energy of the expected useful signal from subchannel 2 is α_2P_bh_iT_2. By applying T_2 = MT_1 and L_2/L_1 = M, and noting that b_{1m} and ρ^{(m)}_{12} are independent identically distributed sequence in m, the variance of interference from subchannel 1 at the output of matched filter s_2(t) is

I_{21} = Var � � α_1P_bh_iT_1 M� m=1 b_{1m}(ρ^{(m)}_{12} ) � (4.24) = α_1P_bh_iT_1 M� m=1 � Var[b_{1m}ρ^{(k)}_{12} ] � (4.25) = α_1P_bh_iT_1 M L_2

= α_1P_bh_i/W (4.26)

The analysis of interference energy I_{21} implies that the overlap of symbols of subchannel 2 within T_1 does not change the variance of interference from subchannel 2. The underlying assumption is the independent symbols b_k and chips c_k taking on ±1 equiprobably with chip synchronous demodulation. We can safely conclude that for a dual rate CDMA system, with random spreading sequence, the interference power from subchannel j is α_j P_bh_iT_j /L_j = α_j P_bh_i/W .

Assuming that the interference is white and is treated as noise, the effective interference and noise variance from subchannel 1 is:

Z_{21} = 1 + I_{21}. (4.27)

Thus, from equation (4.20), the symbol energy to interference and noise ratio of subchannel 2 γ_{s2} for users with channel gains h_i = d^{−β}_i is:

γ_{s2} = α_2P_bd^{−β}_i L_2/W 1 + α_1P_bd^{−β}_i /W

. (4.28)

We are interested in the bit energy to noise ratio at the output of Viterbi decoder for the desired bit error rate (BER). The relation of bit energy to noise ratio γ_{bj} and symbol energy to noise ratio γ_{sj} is γ_{sj} /l_j = γ_{bj} . Since the power of a broadcast stream is allocated between two subchannels, that is α_1 + α_2 = 1, we can assume that the power allocated to subchannel 2 is α = α_2 and to subchannel 1 is (1 − α) = α_1. In order to satisfy desired BER, the bit energy to noise ratio should be greater than target SIRs, γ^t_j at coverage distances d_1 and d_2:

γ_{b1} =

(1 − α)P_bd^{−β}_1 L_1/(l_1W ) 1 + αP_bd^{−β}_1 /W

≥ γ^t_1, (4.29) γ_{b2} = αP_bd^{−β}_2 L_2/(l_2W ) 1 + (1 − α)P_bd^{−β}_2 /W

≥ γ^t_2. (4.30)

At the maximum coverage distance d_i, we have γ_{bj} = γ^t_j. By applying R_j = l_j W/L_j, we obtain:

d^∗_1(α) = � (1 − α)P_b γ^t_1R_1 − αP_b W �_{1/β} , (4.31)

d^∗_2(α) = � αP_b γ^t_2R_2 − (1 − α)P_b W �_{1/β} . (4.32)

In equation (4.31), the second term αP_b/W is the result of interference from subchannel

2 and reduces the range d^∗_1(α) of subchannel 2. Similarly, in equation(4.32), (1−α)P_b/W

is the result of interference from subchannel 1 on subchannel 2. Thus, the second term

P_b/W in each of the above equations are the interference from the other broadcast

subchannel when it applies. When the two channels are orthogonal to each other, the

coverage distance are enlarged to

d^∗_1(α) = � (1 − α)P_b γ^t_1R_1

�_{1/β}

, (4.33)

d^∗_2(α) = � αP_b γ^t_2R_2

�_{1/β} . (4.34)

Let

ω_j = W/γ^t_jR_j , j = 1, 2 (4.35)

A_0 = P_b/W. (4.36)

where, ω_j can be interpreted as the gain of overall processing factor over the target

SIR; A_0 is the normalized transmitted chip energy. Then, the coverage distances in equations (4.31) (4.32) become:

d^∗_1(α) = A^{1/β}_0 [(1 − α)ω_1 − α]^{1/β} , (4.37) d^∗_2(α) = A^{1/β}_0 [αω_2 − (1 − α)]^{1/β} . (4.38)

It can be seen that the region of power allocation policies α resulting in feasible coverage areas for subchannels 1 and 2 are:

α ≤ ω_1 (ω_1 + 1)

= α^′, (4.39) α ≥ 1 (ω_2 + 1)

= α^{′′}. (4.40)

When α ≥ α^′, subchannel 1 becomes infeasible. When α ≤ α^{′′}, subchannel 2 becomes infeasible. We note that α^{′′} ≤ α^′ if and only if

ω_1ω_2 ≥ 1, (4.41)

or equivalently,

γ^t_1γ^t_2 ≥

W^2 R_1R_2

. (4.42)

In this case, subchannel 1 and subchannel 2 will both have the feasible coverage areas simultaneously for α^{′′} ≤ α ≤ α^′. In fact, simultaneous coverage areas can often be achieved, since the inequality (4.41) can be satisfied in most of the cases for moderately large spreading bandwidth W .

4.3 Maximum Coverage Problem in a Single-cell CDMA System

4.3.1 Power Allocation for Orthogonal Channels

With different power allocation policy, the coverage distances, as well as the overall

coverage, vary. The coverage function is

U_2(α) = ρπ � d^2_1(α)R_1 + d^2(α)R_2 � (4.43)

= ρπ � (1 − α)P_b

γ^t_1R_1

�_{2/β} R_1 + � αP_b γ^t_2R_2

�_{2/β} R_2 � (4.44)

= ρπP^{2/β}_b � (1 − α)^{2/β} (γ^t_1)^{−2/β} R^{(1−2/β)}_1 + α^{2/β} (γ^t_2)^{−2/β} R^{(1−2/β)}_2 � . (4.45)

The coverage in equation (4.45) is specified in terms of power allocation policies over

the service requirements γ^t_1, γ^t_2 and data rates R_1, R_2. One possible power allocation

strategy is to assign power in proportion to the channel data rates. That is, α/(1−α) ∝

R_2/R_1. Another way would be to allocate more power to the channel with the lower

SIR requirement because more users can be covered by the same power. In terms of

maximizing U_2(α), the optimal solution satisfies

α^∗ 1 − α^∗ = � γ^t_1 γ^t_2

�_{2/(β−2)} � R_2 R_1 � . (4.46) = � ω_2 ω_1

�_{2/(β−2)}� R_2 R_1

�_{β/(β−2)} (4.47)

The optimal allocation policy is proportional to R_2/R_1 and (γ^t_1/γ^t_2)^{2/(β−2)}. When β = 2,

the objective function in equation (4.45) becomes

U_2(α) = ρπP^{2/β}_b � 1 γ^t_1 + � 1 γ^t_2 − 1 γ^t_1 � α � . (4.48)

The result of U_2(α) in equation (4.48) is impacted only by target SIR and is independent of the data rates R_1 and R_2. It is easy to see that for β = 2, when γ^t_1 < γ^t_2, U_2(α) is a decreasing function with α. Thus, α = 0 yields the best coverage. Similarly, if γ^t_1 > γ^t_2, α = 1 yields the best coverage. That is, for β = 2, power should be only allocated to the subchannel with the lower SIR requirement in order to achieve the maximum coverage.

When both subchannels have a feasible solution, substituting α in equation (4.45) by solution in equation (4.47), the optimal coverage is

U_2(α^∗) = ρπP^{2/β}_b � R_1(γ^t_1)^{2/(2−β)} + R_2(γ^t_2)^{2/(2−β)}

�_{(β−2)/β} (4.49) = ρπA^{2/β}_0 � ω^{2/(β−2)}

1 R^{β/(β−2)}

1 + ω^{2/(β−2)}

2 R^{β/(β−2)} 2 �_{(β−2)/β} (4.50)

It is later shown in numerical results that for 1/(1 + ω_2) < α < 1 − 1/(1 + ω_1), and ω_1, ω_2 ≫ 1, the optimal point for orthogonal channels is similar to that for the correlated channels.

4.3.2 Power Allocation for Correlated Channels Consider the problem of finding the power allocation policy that maximize the overall broadcast coverage for the correlated channels in a CDMA system:

max_α U_2(α) = max_α ρπA^{2/β}_0 [[(1 − α)ω_1 − α]^{2/β}R_1 + [αω_2 − (1 − α)]^{2/β} R_2]. (4.51)

In order to obtain the optimal solution of equation (4.51), we set the first derivative of coverage U_2(α) over α to zero:

∂U_2(α) ∂α = ρπA^{2/β}_0 � − 2 β (ω_1 + 1)(ω_1 − (ω_1 + 1)α)^{2/β−1}R_1 + 2 β (ω_2 + 1)((ω_2 + 1)α − 1)^{2/β−1}R_2 � = 0. (4.52)

The solution α^∗ to the above equation must satisfy

ω_1 − (ω_1 + 1)α^∗ (ω_2 + 1)α^∗ − 1 = � (ω_2 + 1)R_2 (ω_1 + 1)R_1

�_{β/(2−β)}

. (4.53)

This implies

α^∗ =

ω_1 (ω_1+1) (ω2 + 1)

2/(β−2)Rβ/(β−2)

2 +^1_{ω2+1} (ω_1 + 1)^{2/(β−2)}R^{β/(β−2)}_1

(ω_1 + 1)^{2/(β−2)}R^{β/(β−2)}_1 + (ω_2 + 1)^{2/(β−2)}R^{β/(β−2)}_2 . (4.54)

The important observation from the above optimal solution is that the optimal power

policy α^∗ depends on dual data rates and ω_1, ω_2, which are the ratio of processing

gains to target SIR. Combining (4.51) and (4.54), the corresponding optimum dual

rate broadcast coverage of a CDMA system is

U^∗_2 = � ω_1ω_2 − 1 (ω_1 + 1)(ω_2 + 1)

�_{2/β}

× ρπA^{2/β}_0 � (ω_1 + 1)^{2/(β−2)}R^{β/(β−2)}_1 + (ω_2 + 1)^{2/(β−2)}R^{β/(β−2)}_2

�_{(β−2)/β} (4.55)

Note that the optimum solution is symmetric and is obtained when the two subchannels

are both feasible. Compared to the optimum coverage for orthogonal subchannels in

equation (4.50), the primary reduction in coverage is due to the first term in equation

(4.55). Since for ω_j ≫ 1, ω_j + 1 ≃ ω_j, the second term in equation (4.55) are similar to that in equation (4.50) (j = 1, 2). If for some power allocation policy, one of the

subchannels is not feasible, the whole power can be allocated to the other. In that case,

the conventional single rate broadcast will be employed.

4.4 Numerical Results

The numerical examples of the dual rate broadcast coverage are presented for a single

cell CDMA system in this section. For the numerical examples, bandwidth W = 3.84

MHz with BPSK modulation on both subchannels are assumed.

We compare the optimal coverage strategy to the coverage of two other power allo-

cation schemes for orthogonal subchannels first:

(A) Rate ratio scheme: power allocation between two subchannels are proportional to

data rate ratio. That is, α_A/(1 − α_A) = R_2/R_1. The corresponding coverage is

U_2(α = α_A) = ρπP^{2/β}_b γ^{−2/β}_1 R^{1−2/β}_1 × � 1 + R_2 R_1

�_{−2/β} � �1 + � R_2 R_1 � � γ^t_2 γ^t_1

�_{−2/β} � � . (4.56)

(B) Dual rate same coverage distance scheme: same coverage distances for both base

and enhanced QoS subchannels. That is, d_1(α_B ) = d_2(α_B ). This implies, α_B /(1−

α_B ) = (γ^t_2/γ^t_1)(R_2/R_1). The corresponding coverage is

U_2 (α = α_B ) = ρπP^{2/β}_b γ^{−2/β}_1 R^{1−2/β}_1 × � 1 + � R_2 R_1 � � γ^t_2 γ^t_1

�_{−2/β} � 1 + R_2 R_1 � . (4.57)

According to the optimal coverage power allocation α^∗/(1−α^∗) = (γ^t_1/γ^t_2)^{2/(β−2)}R_2/R_1,

Figure 4.3: Power allocation in terms of dual rate ratio and the required SIR ratio. β = 4 the optimal coverage can be rewritten from equation (4.50) as

U_2 (α = α^∗) = ρπP^{2/β}_b γ^{−2/β}_1 R^{1−2/β}_1 × � �1 + R^2 R_1 � γ^t_2 γ^t_1

�_{2/(2−β)}� � 1−2/β

. (4.58)

The first term ρπP^{2/β}_b γ^{−2/β}_1 R^{1−2/β}_1 of the above coverages in equations (4.56), (4.57) and (4.58) is also the coverage when all power allocated to the first subchannel. In the numerical examples, the coverage is normalized by the first term, then, the relative coverage is the second term and is shown in terms of rate ratio and SIR requirement ratio in Figure 4.4.

The numerical example parameters are • Required SIR ratio (γ^t_2/γ^t_1) is 1, 2, or 8; • Dual rate ratio (R_2/R_1) is 1/8, 1/4, 1/2, 1, 2, 4, 8;

In Figure 4.3, the power allocation policies are shown for different SIR ratio γ^t_2/γ^t_1

Figure 4.4: Coverage in terms of dual rate ratio and the required SIR ratio. β = 4 in terms of moderate data rate ratio R_2/R_1 with β = 4. From Figure 4.4, we find 1. With the increase of the difference between the SIR requirements, such as γ^t_2/γ^t_1 = 8, the optimal coverage has an obvious advantage over the same coverage distance scheme.

2. The optimum coverage scheme is to allocate more power to the subchannel with the lower SIR requirement and higher data rate according to equation (4.46).

3. When the SIR requirements are the same for two subchannels, the rate ratio scheme can be used for optimum coverage scheduling.

When R_2/R_1 is large (or small) enough, the coverage with schemes A and B will approach the optimum coverage. Given γ^t_2/γ^t_1, the relative optimum coverage will increase with the increase of R_2/R_1. We also note that the schemes A and B have minimum coverage with certain R_2/R_1. We need to choose α carefully for moderate R_2/R_1 in order to achieve better coverage when the difference between SIR requirements

(a) Coverage vs. power allocation (b) Coverage distance vs. power allocation

Figure 4.5: Dual rate broadcast in a single cell CDMA system – correlated subchannels with matched filter detector is large.

We discuss the power allocation with coverage for correlated subchannels with matched filter detection next. In Figure 4.5, the broadcast coverage and coverage distances are shown as a function of α with matched filter detectors. The coverage distance for only transmitting common information is normalized to 1. The product of users density ρ and π is also normalized as 1. We consider the QoS requirements for broadcast sources as:

• 64Kbps base QoS subchannel with the required E_b/I_0 of 3dB; • 64Kbps, 128Kbps or 32Kbps enhanced QoS subchannel with the required E_b/I_0 of 5dB.

In Figure 4.5, we observe that, when α = 0, power is only allocated to the base subchannel, the coverage distance is 1 and the overall coverage is 6.4 × 10^4. If power is distributed according to the rate ratio between two subchannels (here, α = 64kbps/64kbps =

0.5), the actual base and enhanced coverage distances are 0.70 and 0.54 respectively. The overall coverage is 7.95 × 10^4.

In Figure 4.5(a), the optimum coverage is 8.0×10^4 with base and enhanced coverage distances as 0.76 and 0.49 respectively. The corresponding optimum power allocated to base information is 59%. That is, by choosing the optimum power allocation policy, the overall coverage can be improved by approximately 25% compared to only providing base channel to mobile subscribers.

We note that in Figure 4.5(a), when too little power is allocated to the enhanced subchannel, no feasible enhanced coverage distance exists, as a result of the combination of high interference from base subchannel and low power on the enhanced QoS subchannel.

In Table 4.2, the overall coverage for data rate ratio power allocation (scheme A), same coverage distances scheme (Scheme B) and the optimum power policy are close to each other. This is due to the fact that the coverage for opitum coverage and suboptimal coverage with schemes A and B are close to each other when the required SIR on two subchannels are not so different as long as ω_1, ω_2 ≫ 1. It is illustrated clearly in Figure 4.5(a), that the overall coverage changes slowly when the power allocation policies are around the optimum point. That is, the optimum coverage is not very sensitive to α in this example.

It can be expected that if the received signal can still maintain orthogonal, the overall coverage is better than the case of the correlated subchannels. The optimum power allocation policies with respect to these two cases are listed in Table 4.2. They are so close to each other, due to the large ω_1, ω_2. The features of power allocation policies discussed for the orthogonal subchannels can also be applied to the correlated

Table 4.1: Optimal coverage for correlated channels and orthogonal channels Received Signals (1 − α, α) (d_1, d_2) U^∗ ×10^4 Correlated (0.59, 0.41) (0.76, 0.49) 8.00 Orthogonal (0.61, 0.39) (0.78, 0.50) 8.18

Table 4.2: Coverage for correlated channels and orthogonal channels. When α = 0, power is only allocated to the base QoS subchannel. The corresponding coverage is 6.40 × 10^4. P_b = 1.28 × 10^5. Coverage ×10^4 System Parameter Received signals Schemes A B Optimum γ^t_2 = 5 dB Correlated 7.95 7.82 8.00 R_2/R_1 = 1 Orthogonal 8.13 7.97 8.18

subchannels as long as ω_1, ω_2 ≫ 1.

4.5 Summary In this chapter, we proposed practical schemes to transmit common and additional information with code multiplexing in a CDMA system to achieve two QoS level broadcast. Users with better channels can decode signals from both common and additional information subchannels by satisfying associated SIR requirements. Users with worse channel can only decode common information from one broadcast subchannel to achieve basic QoS.

At the mobile receiver, the signals from the dual rate broadcast subchannels transmitted orthogonally, can remain or lose the orthogonal properties due to the different radio link situations. Matched filter detection can be used at the receiver. We found the optimal power allocation policy and the associated coverage areas to maximize broadcast coverage for given SIR requirements and data rates. The corresponding coverage strikes a balance between data rate achievable by each user and the number of users who can receive that rate with the required SIR. The optimal power allocation policy merits for large difference between SIR requirements.

Chapter 5 Video Broadcast in a Multi-cell CDMA System

In chapter 4, we discussed the broadcast coverage with respect to power allocation ratio in a single cell scenario. The underlying assumption is that all signals come only from an isolated base station. In a seamless network infrastructure, multiple cells are neighbors and interference from neighboring base stations is unavoidable.

In this chapter, we consider a multi-cell CDMA system with video broadcast service in addition to voice service. We define voice capacity as the maximum Erlangs of voice traffic that can be supported in a power controlled integrated voice and video CDMA system [8]. The video stream is broadcast from multiple base stations. Therefore, transmit signals from multiple base stations can be utilized to improve performance. By examining the tradeoff of forward link capacity between voice and video services, we analyze the cost of adding the video channel into a cellular system.

This chapter is organized as follows. The system model and interference model for voice and video traffic are described in Section 5.2. Forward link outage probability, Erlang capacity and video power allocation are derived in Section 5.3. Our derivation for voice outage follows the approach of [39] by considering the video and pilot signaling as constant interference. Numerical results are presented in Section 5.4. The cost of video broadcast is discussed in Section 5.5. In section 5.6, a brief summary is given.

5.1 Introduction Multiple antennas are an important means to improve the performance of wireless systems. It is widely understood that a system with multiple transmit and receive antennas (MIMO) can achieve much higher spectral efficiency than that of a conventional single antenna system [24]. Recent research on multiple antenna channels, including the study of the channel capacity [11], the fundamental tradeoff of diversity and multiplexing to achieve multiple antenna channel capacity [43], and the design of communication schemes [3, 18, 19], demonstrates a great improvement of performance. In this chapter, we consider a cellular system supporting video broadcast in addition to voice services. In particular, we evaluate the system performance by utilizing transmit diversity in a forward link wideband CDMA system.

For a broadcast video service, the same video streams are broadcast from multiple base stations. Since the antennas from different base stations are subject to uncorrelated fading, transmit diversity can be achieved. Therefore, video broadcast can utilize the natural transmit diversity provided by adjacent base stations to improve the performance or increase system capacity. This kind of diversity is also called macrodiverisity [37]. For example, when the best signal from one of the base stations is chosen to decode, selective macrodiversity is utilized to significantly improve the performance for users at the boundary of the cell [37]. Under Maximal Ratio Combining (MRC) of two or more signals from adjacent base stations, as shown in Figure 5.1, even better performance can be expected under severe shadowing.

For traditional voice service, soft handoff, which is a form of macrodiversity, is used to extend CDMA capacity [15, 40]. By introducing video service into a cellular CDMA

Figure 5.1: The illustration of transmit diversity scheme with Maximal Ratio Combiner (MRC) between two base stations system, service providers are concerned about how much voice capacity decreases and how much it will cost. We evaluate the reduction in Erlang capacity for providing a video channel with respect to different video service outage requirements. With these statistics, we characterize the economic feasibility of video broadcast.

5.2 System Model In a wideband CDMA cellular system, two classes of services are supported. Power control is applied to voice users in order to properly convey information with just enough energy. Therefore, the interference to other users is no more than necessary. When voice users are approaching the cell boundary, soft handoff is initialized to reduce the required margin or increase the cell capacity. For video service, the streams are broadcast from multiple base stations. For the reception of video channels, multiple base station signals can be combined to improve performance. Therefore, transmit

Figure 5.2: An example of the video traffic model diversity can be utilized by the video service.

5.2.1 Video Traffic Model In our scenario, raw video data is compressed to a much lower data rate using a video encoding standard, such as H.263 [29]. Since video broadcast cannot track all users’ channel states, the source has fixed or less frequently changed coders for broadcast service. With the help of channel coding, it is reported [26] that low channel coding rates (such as 8/16) with the E_b/I_0 requirement as 3 to 4 dB can achieve relatively good quality. An example of the video traffic model is shown in Figure 5.2.

We also assume that both the transmitter and the receiver have enough buffer space to store the variable rate video data. In this case, we can approximately assume that constant rate traffic is transmitted across the radio channels. This implies that the video traffic interference to the voice service is just like the interference from pilot channels to voice users despite the much higher rate.

We need to find the transmitted power ratio for one video channel. The consequent reduction in Erlang capacity for voice service by adding a video channel into a CDMA system is evaluated by Monte Carlo simulation in the following sections.

5.2.2 Signal Model Voice service and video broadcast service can be simultaneously supported by a Wideband CDMA system. Assume there are K^a_j voice users in the cell j, where K^a_j are Poisson distributed random variable. Note that we use the subscript “a” as in “audio” for the variables characterizing the voice service. And there are K^v_j video channels supported by base station j. Mobile subscribers are uniformly spread over all cells.

We assume that the total transmit power P_b from each base station is the same. The portion ψ^a_j P_b of transmit power is allocated to voice service in base station j. The portion ψ^a_j ϕ^a_{ji}P_b of transmit power is allocated from base station j to mobile user i according to the voice user position and its current fading state. The portion ψ^v_j P_b of transmit power is assigned to video service in base station j. Video channel k is transmitted with ψ^v_j ϕ^v_{jk}P_b of total power to cover the service area with certain outage e.g. 0.1%, 1%, 10%, . . . or 90%. The power ratio allocated to the pilot channel from base station j is ψ^{pilot}_j and satisfies:

ψ^{pilot}_j = 1 − ψ^a_j − ψ^v_j . (5.1)

Then, the transmit signal from the base station j is:

x_j(t) =

K^a_j�

i=1 V^a_{ji} � ψ^a_j ϕ^a_{ji}P_bs^a_{ji}(t) +

K^v_k�

k=1 � ψ^v_j ϕ^v_{jk}P_bs^v_{jk}(t) + � ψ^{pilot}_j P_bs^{pilot}_j (t), (5.2) where s^a_{ji}(t), s^v_{jk}(t) and s^{pilot}_j (t) are the unit power signals for voice, video services and pilot respectively.

The activity of voice users is modelled as independent binary random variables with probability distribution:

ρ = P_r(V^a_{ji} = 1) = 1 − P_r(V^a_{ji} = 0), ∀i, j. (5.3)

Here, ρ denotes the activity factor for voice service. When V^a_{ji} = 1, voice user i is in the

active state and transmits at rate R^a, while for V^a_{ji} = 0, voice user i does not transmit.

We consider a baseband DS-CDMA system model supporting such two QoS level

services and using a coherent BPSK modulation format. Each user’s channel is only

characterized by large scale shadow fading along with its distance-based path loss. In

cell j, the resulting received baseband signals for voice user i is

r^{(j)}_i (t) = V^a_{ji} � ψ^a_j ϕ^a_{ji}S_{Rji} s^a_{ji}(t) + � � K^a_j�

q≠i

V^a_{jq} � ψ^a_j ϕ^a_{jq}S_{Rji} s^a_{jq}(t) +

K^v_j�

k=1 � ψ^v_j ϕ^v_{jk}S_{Rji} s^v_{jk}(t) � �

+ J� l≠j

� � K^a_l�

q=1 V^a_{lq} � ψ^a_l ϕ^a_{lq}S_{Rli} s^a_{lq}(t) +

K^v_l�

k=1 � ψ^v_l ϕ^v_{lk}S_{Rli} s^v_{lk}(t) � �

+ J� l=1 � ψ^{pilot}_j S_{Rli} s^{pilot}_j (t) + n_{ji}(t). (5.4)

Here, the normalized total received power S_{Rji} from base station j to mobile user i is

given by

S_{Rji} = P_br^{−m}_{ji} 10^{ζji} /10, (5.5)

where r_{ji} is the distance between base station j mobile station i; m is the path loss

attenuation exponent; and ζ_{ji} is Gaussian random variable with variance in the range

of 2dB to 14dB.

In equation (5.4), the first term is the desired voice signal for user i in base station j. The second term is the interference from voice and video channels other than voice channel i in the local cell. The third term is voice and video interference from other cells. The fourth term is the interference from pilot channels and the last is the thermal noise modeled as white Gaussian process with the normalized one sided power spectral density N_0. The number of base stations in the system is J.

5.2.3 Interference Model Due to the multipath transmission, orthogonal transmit signals become interference at the receiver. Without loss of generality, we only need to consider the interference characteristics for user i at base station 1. Thus, for simplicity, we drop subscript 1 from the notations, such that the power allocated to voice and video services are ψ^a = ψ^a_1 and ψ^v = ψ^v_1 respectively. We use V^a_i to represent V^a_{ji}. And we use ϕ^a_i to represent ϕ^a_{1i} and ϕ^v_k for ϕ^v_{1k}; K^a and K^v represent K^a_1 and K^v_1 respectively.

For voice user i and video user decoding video channel k, the same-cell interference in cell 1 is given by

I^a_{sc} = (1 − ψ^aϕ^a_i )S_{R1i} , (5.6) I^v_{sc} = (1 − ψ^vϕ^v_k)S_{R1i} . (5.7)

respectively. The other-cell interference from the adjacent base stations is

I_{oc} = J� j=2 S_{Rji} . (5.8)

5.3 Forward Link Capacity

5.3.1 Voice Service

In this section, we derive the forward-link outage probability and evaluate the capac-

ity [39]. The received E_b/I_0 at the MS for the decoding of voice service, when the voice

activity is on, is given by

γ^a_i = W R^a ψ^aϕ^a_i S_{R1i} ( �_J

j=2 S_{Rji} + (1 − ψ^aϕ^a_i )S_{R1i} + N_0W )

, (5.9)

where R^a is the voice data rate, W is the spreading bandwidth.

It is reasonable to assume that ψ^aϕ^a_i is much less than 1. We also assume that the

background noise will be negligible compared to the total signal power received from

all base stations. Thus, we can drop N_0W in equation (5.9). In this case, the received

E_b/I_0 can be approximated as

γ_i^a = W R^a ψ^aϕ^a_i S_{R1i} �_J

j=1 S_{Rji}

. (5.10)

Now suppose all voice users in the cell are allocated the same E_b/I_0. Then with

γ^a_i = (E_b/I_0)^a for all i, we can obtain the relative power allocation for the ith user,

ϕ^a_i =

(E_b/I_0)^a ψ^a(W/R^a) � �1 + J� j=2 S_{Rji} /S_{R1i} � � . (5.11)

We note that the ϕ^a_i have the constraint that

K^a� i=1 V^a_i ϕ^a_i < 1. (5.12)

When (5.12) is not satisfied, an outage occurs. The outage probability is

P_{out} = P_r

�_{Ka} � i=1 V^a_i ϕ^a_i > 1 � (5.13)

= P_r � � K^a� i=1 V^a_i � �1 + J� j=2 S_{Rji} /S_{R1i} � � > ψ^a(W/R^a)

(E_b/I_0)^a � � . (5.14)

Defining

Y_i = J� j=2 S_{Rji} /S_{R1i} , (5.15)

the Y_i is a random variable as the ratio of total interference from other base stations to

the signal strength from local base station. The Y_i vary with path loss and shadowing.

We define

M^a_0 =

W/R^a (E_b/I_0)^a

. (5.16)

Then,

P_{out} = P_r

�_{Ka} � i=1 V^a_i (1 + Y_i) − ψ^aM^a_0 > 0 � . (5.17)

From the Chernoff bound [42], we have such that for any s > 0,

P_{out} ≤ e^{−sψaM a0} E � exp �_{Ka} � i=1 sV^a_i (1 + Y_i) � . (5.18)

Taking the expectations with respect to K^a, V^a_i and Y_i (mutually independent), we

Figure 5.3: Cell configuration

have

P_{out} ≤ min_{s≥0} e^{−sψaM a0} E_KaΠ^{Ka}_{i=1}E_V a_i E_{Yi} e^{svi(1+Yi)} (5.19)

= min_{s≥0} e^{−sψaM a0} E_Ka � ρE_Y � e^{s(1+Y )} � + (1 − ρ)

�_Ka (5.20)

= min_{s≥0} e^{−sψaM a0} ∞� K^a=0

[λ/μ(1 + g)]^{Ka} e^{−λ/μ(1+g)} K^a! � ρe^sE_Y [e^{sY} ] + (1 − ρ)

�_Ka (5.21)

= min_{s≥0} exp � ρ(λ/μ)(1 + g) � e^sE_Y [e^{sY} ] − 1 � − sψ^aM^a_0 � (5.22)

where E_y[·] denotes expectation on random variable Y and λ/μ = E[K^a] is the average

number of voice users.

When MSs are at the boundary of the cell, they will communicate with multiple

adjacent base stations to implement soft handoff. By utilizing macrodiversity, the total

transmit power for a mobile voice user decreases [37]. On the other hand, soft handoff

utilize more resources, such as code sequences, available channels, than users who only

connect to its local base station [18]. We assume that the fraction g < 1 of all the MSs are in soft handoff, and both BSs involved in soft handoff allocate essentially the same fraction of power to that MS. If the supported average Erlangs in one cell is λ/μ, the effective Erlangs supported by each cell becomes (λ/μ)(1 + g) [39].

The Chernoff bound on the outage probability in equation (5.22) can be obtained by evaluating the distribution of Y by Monte Carlo simulation. We will assume only interference from base stations within the two rings of a given cell, (thus, J = 19 including the given base station) as shown in Figure 5.3. The variable Y_i will depend on the position of the ith user, which is uniformly distributed in space. Thus, the distribution is averaged over all positions in the cell. However, by symmetry, it is only necessary to perform simulations over 30^o right shaded triangle as shown in Figure 5.3. About 1550 equally spaced points on the shaded triangle are simulated and for each point we perform 100 trials. The Monte Carlo estimate of E_Y [e^{sY} ] is substituted into equation (5.22).

5.3.2 Video Channel Assuming total power ratio allocated to video channels are the same, the received E_b/I_0 at the ith MS to decode the video channel k is given by

γ^v_i = W R^v_k ψ^vϕ^v_{1k}S_{R1i} �_J j=2 S_{Rji} + (1 − ψ^v ϕ^v_{1k})S_{R1i} + N_0W

(5.23)

where R^v_k is video data rate for channel k. Defining

M^v_k =

W/R^v_k (E_b/I_0)^v_k

(5.24) where (E_b/I_0)^v_k is the required SIR for the successful decoding of video channel k. Thus,

the received SIR should satisfy γ^v_i ≥ (E_b/I_0)^v_k. When γ^v_i < (E_b/I_0)^v_k, outage will occur.

Therefore, the power ratio allocated to a video channel should satisfy the following

inequality with the required outage P_o,

P_{out} = P_r(γ^v_i < (E_b/I_0)^v_k) (5.25)

= P_r � � J� j=2 S_{Rji} S_{R1i}

> ψ^vϕ^v_{1k}M^v_k − 1 � � < P_o (5.26)

where

S_{R1i} = max_j S_{Rji} (5.27)

if the selection diversity is used.

If transmit diversity with MRC is applied, we can evaluate the performance by

utilizing the energy from the two most favorite base stations. If perfect MRC is assumed,

γ^v_i can be represented in terms of the sum of SIR of the same signal from adjacent base

stations,

γ^v_i = W R^v_k � ψ^vϕ^v_{1k} Y_{1i} + 1 + N_0W/S_{R1i} + ψ^vϕ^v_{2k} Y_{2i} + 1 + N_0W/S_{R2i} � , (5.28)

where,

Y_{1i} = J� j=2 S_{Rji} /S_{R1i} , (5.29)

Y_{2i} = J� j=1 j≠2

S_{Rji} /S_{R2i} . (5.30)

Here, S_{Rji} (j = 1, 2) represent the two best base station signals.

Thus, the power ratio ϕ^v_{1k} and ϕ^v_{2k} to the video channel k should satisfy the following inequality with the required outage:

P_{out} = P_r � ψ^v ϕ^v_{1k} Y_{1i} + 1 + N_0W/S_{R1i} + ψ^v ϕ^v_{2k} Y_{2i} + 1 + N_0W/S_{R2i}

< 1/M^v_k � < P_o.(5.31)

Assume the same portion of power is allocated to the same video broadcast channel from different base stations, then ϕ^v_{1k} = ϕ^v_{2k}. The fraction of power ψ^v ϕ^v_{1k} allocated to one video channel is evaluated by Monte Carlo simulation. We also assume that only interference from base stations within the two rings of a given cell (J = 19) are counted. The variables Y_{1i} and Y_{2i} depend on the position of the ith user, which are uniformly distributed. We collect the statistics of 1550 equally spaced users on the shaded triangle with 100 trials each point. The Monte Carlo estimate of ψ^v ϕ^v_{1k} is shown in Figure 5.6.

The system can also support a two-layered video stream, which is transmitted on code multiplexing CDMA subchannels as discussed in chapter 4. The power portion for either subchannel can be derived and evaluated from (5.31) with different M^v_k in equation (5.24), which includes system parameters, such as the required SIR and the data rates.

5.4 Numerical Results The numerical examples of the reduction in Erlang capacity by adding one video channel into the system are presented in this section. Particularly, we show the forward link Erlang capacity of the third generation CDMA system. The system can support any Erlang set that keeps the outage probability at a target level.

Figure 5.4: Forward link voice user Erlang capacity with number of video channels For the numerical examples, path loss exponent m = 4, target outage is 0.01 for voice users, soft handoff fraction g = 0.3, and a fraction of power for pilot signaling 0.2 are assumed. In Figure 5.4, a forward link Erlang capacity of a WCDMA (chip rate = 3.84 Mc/s) system is shown for the standard deviation of lognormal shadow fading 8 dB with perfect power control. We consider two classes of traffic sources:

• 8kb/s voice service with the required E_b/I_0 of 5dB and voice activity factor ρ = 0.5;

• 64kb/s video channel with the required E_b/I_0 of 3dB and the outage of video service within a hexogan cell is 0.1%, 1% or 10%.

Typically, the required E_b/I_0 depends on the system operating conditions, including vehicular speed and link level parameters. The system can support any Erlang capacity and number of video channels below the line shown in Figure 5.4. For example, without video channels, the supported voice Erlangs are approximately 80. By adding one video broadcast channel into the system, 6.2 Erlangs are sacrificed for video outage

(a) Erlang capacity (b) Corresponding Chernoff bound parameter: s

Figure 5.5: Erlang capacity with the power allocated to voice users. Pilot signaling occupies 20% base station power 10% and 7.8 Erlangs for 1% video outage. We see that the system can support more calls with higher video service outage 10% than that of low outage 1%. This can be easily explained by Figure 5.6, which illustrates the power portion per video channel needed regarding different video service outage. With higher outage rate 10%, the power portion per video channel is less than that with small outage 1%. Thus, more power can be utilized by voice users, therefore, supporting more voice traffic.

In Figure 5.5(a), a forward link Erlang capacity is shown with different portion of power allocated to such voice service. It is approximately that 15.7 effective Erlangs are supported by 10% total power. The total average voice rates supported by 10% power is about 8 × 15.7 = 125Kbps. The Erlang with soft handoff is suppressed by 1/(1 + g) to 12 Erlang, therefore the total average voice rates supported is 96Kbps. The corresponding Chenoff bound parameter s which minimize the outage for different power allocation is shown in Figure 5.5(b).

In Figure 5.6, power portion per video channel and total number of video channels supported by the system are shown with respect to video service outage. The outage can

Figure 5.6: Power allocation ratio per video channel with MRC and selection diversity be understood as the actual percentage of service area not covered by video broadcast. For video service with 1% outage, the power allocation per video channel with 64 Kbps rate is around 6.5% total power with MRC transmit diveristy, which instead can support 7.8 Erlang or 62 Kpbs voice data rate. With selection diversity, the power portion per video channel is 11.2% which can support 13.5 Erlang or 108 Kbps.

We also note that for voice users, power is allocated to maintain the received SIR as small as possible but above the target SIR wherever the voice user locates. On the other hand, power assigned to video channels is to maintain the whole coverage area with certain outage by letting closer users achieve higher SIR than necessary.

It is obvious from Figure 5.7, that the utilization of transmit diversity to cover the users close to the boundary of the cell is critical for the achievement of much better performance. Without any diversity, user close to the boundary would not be able to receive satisfied service, outage would occur. In other words, without transmit diversity, the actual coverage area will shrink. With selection diversity, in order to cover almost

Figure 5.7: The maximum number of video channels that can be supported with and without transmit diversity the whole coverage area (i.e. 0.1% outage), approximately 12.1% of total power is needed. With MRC receiver, the needed power reduces to 6.8%. When larger outage is allowed, the gain for transmit diversity over without any diversity becomes negligible. In Figure 5.7, when outage is greater than 0.5%, the required power without diversity is similar to that with selection diversity. We note that the gain of MRC transmit diversity over selection diversity will decrease as the video outage increases.

In Figures 5.8, the relation between the voice Erlang capacity and the video outage with selection diversity and MRC diversity are presented. It clearly demonstrates that the Erlang capacity increases with the video service outage probability.

In Figure 5.9, power allocation of a two layered video channel is shown with respect to different service outage for lognormal shadow fading with standard deviation 8dB. The system is considered with the following parameters:

• 8kb/s voice service with the required E_b/I_0 of 5dB and voice activity factor ρ = 0.5;

Figure 5.8: Relation of video outage and Erlang for voice service • 64kb/s base video subchannel with the required E_b/I_0 of 3dB and the outage P^b_{out} ∈ (0.01%, 90%);

• 64kb/s enchanced video subchannel with the required E_b/I_0 of 5dB and the video service outage P^e_{out} ∈ (0.01%, 90%). Users who receive the enhanced subchannel should already decode the base subchannel successfully.

For a successful two-layered video stream transmission, the outage P^b_{out} of base layer video should be no more than the outage P^e_{out} of enhanced layer video subchannel as shown in Figure 5.10. Given the same outage, the power portion required for the enhanced subchannel is more than that for the base subchannel. That is, due to the higher requirement SIR for the enhanced layer, only users closer to base station can receive it successfully.

In Figure 5.10, the system can support any Erlang sets below the three-dimensional surface. It is apparent that the Erlang capacity for voice users increases as the outage for base and enhanced layer video substreams goes up. Note that the feasible part of

Figure 5.9: Power portion for base and enhanced video channel with MRC transmit diversity the graph is the region when P^b_{out} < P^e_{out}.

5.5 Video Broadcast: A Cost Estimate 5.5.1 Bandwidth Cost For 3G network operators, the cost of providing video broadcast service by sacrificing the voice capacity is an important issue. Globally, cellular operators seem to need to generate at least 5 cents per minute (c_a) over all subscribers and call minutes in order to sustain their operations. With the data rate of cellular voice calls averaging about 5kbps with voice activity, it is apparent that the retail price for one kilobit bandwidth per minute is one cent.

Video broadcast, like voice, is a “real-time” service that is intolerant of delay. For example, consider a video channel with a gross rate of 64kbps. At one cent per kbps, the video channel would retail for $0.64 per minute.

This calculation shows what an operator must charge simply to maintain its operating profit margin. It assumes that 3G infrastructure capacity costs the same on a

Figure 5.10: Video broadcast with two layered video stream: Erlang capacity vs. base and enhanced layer video outage per-kbps basis as existing infrasture, which seems rather optimistic.

On the other hand, from the Figure 5.11, with 10% overall video service outage, adding one video channel will eliminate roughly 6.1 Erlangs. Then, 30.5 cents per minute of video service per channel should be charged. With higher video service outage, the cost per video channel is proportionally lower. The associated cost is also shown in Figure 5.11.

5.5.2 Number of Video Users Needed From the subscriber point of view, a customer may want to subscribe to video service when the cost for a video channel is 1 cent/minute or c_v = $0.60/hour. The overall system profit margin for a reduction of 6.1 Erlangs is calculated as $18.3 per hour (from 0.05 × 6.1 × 60) for 10% video outage. That means about 31 users (this is calculated from 18.3/0.6 = 31) are needed to turn on video channel in order to maintain the profit. This is not impossible and actually may be quite reasonable in a dense urban areas such

Figure 5.11: Video broadcast: A cost estimate example (I). Amount of reduced Erlangs vs. outage and the number of video users needed within coverage area vs. outage. Parameters: voice cost per Erlang: c_a = $3.00/hour, and video cost per channel c_v = $0.60/hour for a video receiver as New York City or Tokyo.

Moreover, if the advertisement on public TV channels are also introduced to cellular video service, the customer cost can be further reduced. Therefore more users will be attracted to use video service by even lower cost.

If Δ is the reduction in voice Erlangs when introducing a video broadcast channel with outage P_{out} to the system, the number of video users needed N_v must satify c_vN_v = c_aΔ to sustain the same revenue. That is,

N_v = c_aΔ(λ/μ) c_v

. (5.32)

It is apparent that the number of video users increases with the decreasing of video outage as shown in Figure 5.11.

In Figure 5.12, the video broadcast cost of the two layered video streams is shown with two charge plans:

• Plan 1: Users who receive both base rate and enhanced rate video service pay the same as those who only receive base rate videos. The underlying assumption is that video users are randomly located and everyone has the same probability to receive either both substreams or only the base rate substream. We assume that subscribers who only receive base rate service pay c^b_v per hour and subscribers who receive both substreams pay c^e_v for the cost of the service. For numerical results, we consider c^b_v = c^e_v = $0.60.

• Plan 2: Users who can receive enhanced layer service pay double as those only receive base video service. In this charge plan, users who locate within enhanced QoS coverage region can still choose whether to turn on the high quality video mode, and therefore to pay more. For a numerical example, we consider c^e_v = $1.20 and c^b_v = $0.60.

We assume that the video outage for base and enhanced QoS substream are P^b_{out} and P^e_{out} respectively. If Δ is the reduction in voice Erlangs when a two layered video channel is addede to the system, the numbers of video users needed must satisfty N_c[c^b_vu^b_v + c^e_vu^e_v] = c_aΔ. Here, u^b_v = [(1 − P^b_{out}) − (1 − P^e_{out})]/(1 − P^b_{out}) is the portion of video users only receiving base rate substrea, and u^e_v = (1 − P^e_{out})/(1 − P^b_{out}) is the portion of video users receiving both base and enhanced QoS substreams. The number of video users N_v, then, are calculated for the above charge plans by:

N_v = c_aΔ(λ/μ) c^b_v[(1 − P^b_{out}) − (1 − P^e_{out})]/(1 − P^b_{out}) + c^e_v(1 − P^e_{out})/(1 − P^b_{out}) , (5.33) and shown in Figure 5.12.

5.6 Conclusion In this chapter, we derived the reduction in Erlang capacity in the forward link CDMA system by adding one video broadcast channel. By using Monte Carlo simulation, the Erlang capacity of voice service and power ratio per video channel with different video outage are shown with numerical examples. The cost of introducing one video broadcast channel was analyzed in terms of bandwidth cost and the number of video users needed in the system to sustain the same revenue. We showed that by requiring acceptable cost of one video channel, the number of video users needed within video service area will decrease as the outage increases. The needed potential video users are less than 45 users/cell, which may be reasonable for cellular systems around shopping malls, transport stations and cities. Therefore, for a reasonable required number of video users in the cellular system, the service provider can benefit by providing video broadcast service to their end users.

(a) Plan 1: users pay the same

(b) Plan 2: users receive enhanced QoS video service pay double

Figure 5.12: Video broadcast: A cost estimate for a two layer video system

Chapter 6 Summary and Conclusion

In this thesis, we first developed measures to describe the cost of the wireless broadcast services. We started with the consideration that broadcast data rate is limited by the worst case user within coverage area and the value of a broadcast service should be proportional to the number of subscribers. Therefore, we defined a coverage measure for broadcast transmission by counting both the data rate achievable by each user and the number of users who can receive such data rate successfully. We then analyzed the dual rate broadcast coverage from an information theoretic aspect in Chapter 3. We have proposed and discussed the implementation of dual rate broadcast in a WCDMA system in Chapter 4. Our objective is to maximize the coverage with respect to power allocation and coverage areas in a single cell cellular system. A more realistic model of adding wireless broadcast service in multi-cell systems is discussed in Chapter 5. We address how many Erlangs of voice capacity will be sacrificed by adding a video broadcast channel into system. The cost is computed to decide the reasonable strategy to the successful service expansion.

In Chapter 2, we discuss the single rate broadcast coverage. Neither too large nor too small coverage area is favorable for single rate coverage. A large coverage area results in low transmission data rate, while the higher rate leads to small number of users to be covered. Our objective is to find a balance between achievable broadcast data rate and the number of users within coverage area with desired QoS requirements. We observed that the single rate coverage depends only on the boundary SNR. We found that coverage is optimized with the unique coverage distance at which the boundary SNR is achieved independently of transmission power.

In Chapter 3, we considered a dual rate broadcast system, in which common information is received by all users, while additional information can be decoded successfully by users with good channels. We found that the optimal boundary SNRs to achieve maximal dual rate coverage are independent of transmission power. By diminishing the basic coverage area, we can provide additional information to a smaller coverage area closer to the base station, to achieve better coverage. Our motivation to consider this possibility is that if the network revenue is proportional to the total received data rates, then revenue might be increased when additional information is added by sacrificing the coverage area with a lower common information rate.

In Chapter 4, by investigating a practical system, we proposed to multiplex common and additional information in a WCDMA system. We found that the optimum power allocation policy is to allocate more power to the subchannel with higher data rate and lower SIR requirement. For a practical system, we also considered the feasible coverage areas with different power allocation policies. When only one of the coverage areas is feasible for broadcast transmission, we can either switch back to single rate broadcast, or just waste a little power for infeasible subchannel to simplify resource control.

In Chapter 5, we derived the voice Erlang capacity in a CDMA system. We identified the reduction in Erlang when a video broadcast channel with certain outage is introduced into the system with and without transmit diversity. By assuming the acceptable cost for receiving a video channel, we obtained the reasonable required number of video users in order to maintain the service provider’s margin profit. We concluded that, by using transmit diversity for video broadcast channel and the consideration of video user market, the wireless services can be profitable by including video broadcast into 3G wireless systems.

6.1 Future Work This thesis introduces a broadcast coverage measure to analyze wireless broadcast services both from an information theoretic view and also for implementation in a WCDMA system. We established the characteristics of single and dual rate broadcast transmission under the coverage measure, which captures the efficiency of the wireless broadcast. The scope of the system was however restricted to the cellular system with fixed positions of base stations. Future work can evaluate MAC and network layer algorithms for efficient broadcast in a wireless multi-hop ad hoc network. This would lead to efficient broadcast strategies in low energy wireless systems. For example, automatic repeat request (ARQ) protocols may offer some benefits for unreliable wireless links. The efficient retransmission schemes in a multi-hop ad hoc network may also be of interest.

Appendix A

Proofs for the Functions of Single and Dual Rate Coverage

A.1 Second Derivative of Single Coverage Function

The second derivative of the single rate coverage U_1(q, β) in equation (2.6) is

∂U^2_1 (q, β) ∂q^2

= ρπ

P^{2/β}_b 2 (− 2 β − 1)q^{(−2/β−2)} � q 1 + q − 2 β log(1 + q) �

+ρπ P^{2/β}_b 2 q^{(−2/β−1)} 1 + q � 1 1 + q − 2 β � (A.1)

The first term at the right hand side of equation (A.1) is equal to zero at q = q^∗, where

q^∗ is the solution to let the first derivative of U_1(q, β) in equation (2.7) be zero. Since

at q = q^∗, we have

1 1 + q = 2 β log(1 + q) q . (A.2)

Let the second term of equation (A.1) be represented by w(q). Replace q/(1 + q) by

equation (A.2), w(q) can be written as

w(q) = ρπ

P^{2/β}_b 2 q^{(−2/β−1)} 1 + q 2 β � log(1 + q) q − 1 � . (A.3)

It is easy to show that ln(1+q)/q is a decreasing function for q > 0. Since lim_{q→0} ln(1+

q)/q = 1, for q > 0

log(1 + q) q < 1. (A.4)

Thus, the second term of equation w(q) is less than zero. Therefore, the second deriva-

tive of U_1(q, β) is

∂U^2_1 (q, β)

∂q^2 � � �_{q=q∗} < 0. (A.5)

The single rate coverage can be maximized at q = q^∗.

A.2 Properties of g(Q_1)

Given 0 < α < 1,

g(Q_1) =

2(1 + Q_1)(1 + αQ_1) (1 − α)Q_1 log � 1 + (1 − α)Q_1 1 + αQ_1 � , (A.6)

is monotonically increasing in terms of Q_1 > 0, and

lim_{Q1→0} g(Q_1) = 2, (A.7) lim Q_1→+∞

g(Q_1) = +∞. (A.8)

Proof:

Let

A(Q_1) = 2(1 + Q_1)(1 + αQ_1) log � 1 + Q_1 1 + αQ_1 � , (A.9)

B(Q_1) = (1 − α)Q_1. (A.10)

We have the first derivative of A(Q_1) and B(Q_1) as:

A^′(Q_1) = 2(1 + αQ_1 + α + αQ_1) log � 1 + Q_1 1 + αQ_1 � + 2(1 − α), (A.11)

B^′(Q_1) = 1 − α. (A.12)

The limitation of A^′(Q_1) when Q_1 approaches zero is:

lim_{Q1→0} A^′(Q_1) = 2(1 − α). (A.13)

Then,

lim_{Q1→0} g(Q_1) = lim_{Q1→0}

A(Q_1) B(Q_1)

= lim_{Q1→0}

A^′(Q_1) B^′(Q_1)

= lim_{Q1→0}

2(1 − α) 1 − α

= 2. (A.14)

Similarly,

lim Q_1→∞

A^′(Q_1) = +∞. (A.15)

We obtain

lim Q_1→+∞

g(Q_1) = +∞. (A.16)

The first derivative of g(Q_1):

∂g(Q_1) ∂Q_1 = A^′(Q_1)B(Q_1) − A(Q_1)B^′(Q_1)

B^2(Q_1)

. (A.17)

Then,

∂g(Q_1) ∂Q_1 = 2[(αQ^2_1 − 1) log

�_{1+Q1}

1+αQ_1 � + (1 − α)Q_1] (1 − α)Q^2_1

. (A.18)

Assume that,

h(Q_1) = (αQ^2_1 − 1) log � 1 + Q_1 1 + αQ_1 � + (1 − α)Q_1. (A.19)

Since

h^′(Q_1) = 2αQ_1 log � 1 + Q_1 1 + αQ_1 � + 2αQ^2_1 + Q_1 + αQ_1 (1 + Q_1)(1 + αQ_1)

> 0, (A.20)

then h(Q_1) is an increasing function. Since

lim_{Q1→0} h(Q_1) = 0, (A.21) lim Q_1→∞

h(Q_1) = +∞, (A.22)

then h(Q_1) > 0 for Q_1 > 0. Thus, the first derivative of g(Q_1) is greater than 0.

Therefore, g(Q_1) is monotonically increasing for Q_1 > 0.

Figure A.1: Optimum solution of Q^∗_1(α, β) for two rate broadcast. β = 4

A.3 Properties of Dual Rate Broadcast Coverage

Let

f_1(α, Q_1) = 2 β log(1 + αQ_1) − αQ_1 1 + αQ_1

, (A.23)

the second term at the right hand side of equation (3.32) can be rewritten as:

f_1(α, Q_1) − f_1(1, Q_1) = � 2 β log(1 + αQ_1) − αQ_1 1 + αQ_1 � − � 2 β log(1 + Q_1) −

Q_1 1 + Q_1 � . (A.24)

In order to get the optimum point for given α, the above equation should be set to zero,

we have

f_1(α, Q_1) = f_1(1, Q_1). (A.25)

Figure A.1 illustrates the function f(1, Q_1) and f(α, Q_1) in terms of Q_1 with different α. The solution of equation (A.25) is Q_1 = Q^∗_1(α), which is at the intersection of function f(1, Q_1) and f(α, Q_1). It can be observed from Figure A.1 that the less the α, the larger the received SNR Q^∗_1(α, β) is.

The value Q_1 > 0 of intersection of f_1(1, Q_1) = 0 is the received optimum SNR q^∗ for single rate broadcast. The value Q_1 > 0 at the intersection of f_1(1, β = 4) = f_1(α, Q_1) is the optimum SNR Q^∗_1(α, β) at the basic coverage distance. And the value Q_1 > 0 at the intersection of f_1(α, Q_1) = 0 is the optimum SNR Q^∗_2(α, β) at the enhanced coverage distance. It can also be observed from Figure A.1 that Q^∗_2(α, β) > q^∗ > Q^∗_1(α, β).

Given path loss attenuation β, it is easy to prove that f_1(1, αQ^∗_1) = f_1(Q^∗_1, α). And the greater the α, the greater αQ^∗_1 is. Combined with the fact that the greater the α, the less the Q^∗_1, the common information rate:

R^∗_1 = 1 2 log � 1 + Q^∗_1 1 + αQ^∗_1 � , (A.26)

will decrease with increasing α.

The basic coverage can be written in terms of Q^∗_1 as:

U_{21}(α) = ρπ

P^{2/β}_b 2 log � 1 + Q^∗_1 1 + αQ^∗_1

�_Q∗_1^{− 2}β (A.27)

Let

J(α, Q_1) = � 1 + Q_1(α) 1 + αQ_1(α)

�_{Q1(α)}^{− 2}β . (A.28)

Assume that Q^∗_1(α_1) and Q^∗_1(α_2) are optimum received SNR for α_1 and α_2 respectively, and α_1 < α_2. Let Q_1(α_1) = Q^∗_1(α_2), we have,

J(α_1, Q^∗_1(α_1)) = � 1 + Q^∗_1(α_1) 1 + α_1Q^∗_1(α_1)

�_Q∗_{1(α1 )}^{− 2}β (A.29)

≥ � 1 + Q_1(α_1) 1 + α_1Q_1(α_1)

�_{Q1(α1)}^{− 2}β (A.30)

= � 1 + Q^∗_1(α_2) 1 + α_1Q^∗_1(α_2)

�_Q∗_{1(α2 )}^{− 2}β (A.31)

≥ � 1 + Q^∗_1(α_2) 1 + α_2Q^∗_1(α_2)

�_Q∗_{1(α2 )}^{− 2}β (A.32)

= J(α_2, Q^∗_1(α_2)). (A.33)

Since log function is an increasing fuction, we conclude that

ρπ P^{2/β}_b 2 log(J(α_1, Q^∗_1(α_1))) ≥ ρπ

P^{2/β}_b 2 log(J(α_2, Q^∗_2(α_2))). (A.34)

That means U_{21}(α_1) ≥ U_{21}(α_2). That is, U_{21}(α) is an decreasing function with α.

References

[1] 3GPP. Technical Specification Group Radio Access Network; Multiplexing and channel coding (FDD). 3G TS 25.212 version 5.0.0, 2002. ftp://ftp.3gpp.org/specs/archive/25 series/25.212.

[2] 3GPP. Technical Specification Group Radio Access Network; Spreading and modulation (FDD). 3G TS 25.213 version 5.0.0, 2002. ftp://ftp.3gpp.org/specs/archive/25 series/25.213.

[3] S. M. Alamouti. A Simple Transmit Diversity Technique for Wireless Communications. IEEE Journal of Selected Areas in Communications, 16(8):1451–1458, October 1998.

[4] M. S. Alouini and A. J. Goldsmith. Adaptive modulation over Nakagami fading channels. Wireless Personal Communications, Kluwer Academic Publishers, Netherlands, 13(1–2):119–143, May 2000.

[5] EIA/TIA-95 Rev. B. Mobile Station-Base Station Compatibility Standard for Dual-Mode Wideband Spectrum Cellular System. 1997.

[6] Patrick P. Bergmans and Thomas M. Cover. Cooperative Broadcasting. IEEE Transactions on Information Theory, 20(5):317–324, May 1974.

[7] Ezio Biglieri, Giuseppe Caire, and Giorgio Taricco. CDMA System Design Through Asymptotic Analysis. IEEE Transactions on Communications, 48(11):1882–1896, November 2000.

[8] Wan Choi and Jin Young Kim. Forward-Link Capacity of a DS/CDMA System with Mixed Multirate Sources. IEEE Transactions on Vehicular Technology, 50(3):737 – 749, May 2001.

[9] Thomas M. Cover. Broadcast Channels. IEEE Transactions on Information Theory, 18(1):2–14, January 1972.

[10] Thomas M. Cover and Joy A. Thomas. Information Theory. John Wiley and Sons, Inc., New York, 1991.

[11] G. Foschini and M. Gans. On Limits of Wireless Communications in a Fading Environment when using Multiple Antennas. Wireless Personal Communications, Kluwer Academic Publishers, Netherlands, 6(3):311 – 335, March 1998.

[12] R.H. Frenkiel, B.R. Badrinath, J. Borras, and R. D. Yates. The infostations challenge: Balancing cost and ubiquity in delivering wireless data. IEEE Personal Communications, 7(2):66–71, April 2000.

[13] A. A. El Gamal. Capacity of The Product and Sum of Two Unmatched Broadcast Channels. Problems of Information Transmission, 16(1):1–16, January 1980.

[14] H. Gharavi and S. Alamouti. Multipriority Video Transmission for Third- Generation Wireless Communication Systems. Proceedings of the IEEE, 87(10):1751–1763, October 1999.

[15] K. S. Gilhousen, I. M. Jacobs, R. Padovani, A. J. Viterbi, Jr. L. A. Weaver, and C. E. Wheatley. On the capacity of a Cellular CDMA System. IEEE Transactions on Vehicular Technology, 40(2):303–312, May 1991.

[16] Andrea Goldsmith. The Capacity of Downlink Fading Channels with Variable Rate and Power. IEEE Transactions on Vehicular Technology, 46(3):569–580, August 1997.

[17] S.B. Hanly and D.N. Tse. Power Control and Capacity of Spread Spectrum Wireless Networks. Automatica, 35(12):1987–2012, 1999.

[18] B. Hochwald, T. L. Marzetta, and C. B. Papadias. A Transmitter Diversity Scheme for Wideband CDMA Systems Based on Space-Time Spreading. IEEE Journal of Selected Areas in Communications, 19(1):48 – 60, January 2001.

[19] Howard Huang, Harish Viswanathan, and G. J. Foschini. Achieving High Data Rates in CDMA Systems Using BLAST Techniques. Global Telecommunications Conference, pages 2316 – 2320, May 1999.

[20] William C. Y. Lee. Mobile Cellular Telecommunications: Analog and Digital Systems. McGraw-Hill, Inc., New York, 1995.

[21] Lifang Li and Andrea Goldsmith. Capacity and Optimal Resource Allocation for Fading Broadcast Channels: Part I: Ergodic Capacity. IEEE Transactions on Information Theory, 47(3):1083–1102, March 2001.

[22] Lifang Li and Andrea Goldsmith. Capacity and Optimal Resource Allocation for Fading Broadcast Channels: Part II: Outage Capacity. IEEE Transactions on Information Theory, 47(3):1103–1127, March 2001.

[23] M. Mirhakkak, N. Schult, and D. Thomson. Dynamic bandwidth management and adaptive applications for a variable bandwidth wireless environment. IEEE Journal on Selected Areas in Communications, 19(10):1984–1997, October 2001.

[24] Ross D. Murch and Khaled Ben Letaief. Antenna Systems for Broadband Wireless Access. IEEE Communications Magazine, 40(4):76 – 83, April 2002.

[25] Sanjiv Nanda, Krishna Balachandran, and Sarath Kumar. Adaptation Techniques in Wireless Packet Data Services. IEEE Communications Magazine, 38(1):54–64, January 2000.

[26] Y. Pei and J.W. Modestino. Multi-layered video transmission over wireless channels using and adaptive modulation and coding scheme. Proceedings of International Conference on Image Processing, 2:1009–1012, January 2001.

[27] Michael B. Pursley and John M. Shea. Multimedia Multicast Wireless Communications with Phase-Shift-Key Modulation and Convolutional Coding. IEEE Journal of Selected Areas in Communications, 17(11):1999–2010, November 1999.

[28] Michael B. Pursley and John M. Shea. Nonuniform Phase-Shift-Key Modulation for Multimedia Multicast Transmission in Mobile Wireless Networks. IEEE Journal of Selected Areas in Communications, 17(5):774–783, May 1999.

[29] Leiming Qian, Douglas L Jones, Kannan Ramchandran, and Swaroop Appadwedula. A general jount source-channel matching method for wireless video transmission. Data Compression Conference, 1999. Proceedings. DCC ’99, pages 414– 423, 1999.

[30] Xiaoxin Qiu and Kapil Chawla. On the Performance of Adaptive Modulation in Cellular Systems. IEEE Transactions on Communications, 47(6):884–895, June 1999.

[31] Sudhir Ramakrishna and Jack M. Holtzman. A Scheme for Throughput Maximization in a Dual-Class CDMA System. Technical Report WINLAB-TR-152, WINLAB, Rutgers Univeristy, 1997.

[32] Theodore S. Rappaport. Wireless Communications Principles and Practice.

Prentice-Hall, Inc., Boston, 1996.

[33] Martyn J. Riley and Lain E. G. Richardson. Digital Video Communications.

Artech House, Inc., Norwood, MA, 1997.

[34] Masoud Sajadieh, Frank R. Kschischang, and Alberto Leon-Garcia. Modulation- Assisted Unequal Error Protection over the Fading Channel. IEEE Transactions on Vehicular Technology, 47(3):900–908, August 1998.

[35] Ashwin Sampath, P. Sarath Kumar, and Jack M. Holtzman. Power Control and Resource Management for a Multimedia CDMA Wireless System. Technical Report WINLAB-TR-104, WINLAB, Rutgers University, 1995.

[36] Mohammad Saquib, Roy Yates, and Narayan Mandayam. Decorrelating Detectors for a Dual Rate Synchronous DS/CDMA System. Wireless Personal Communications, Kluwer Academic Publishers, Netherlands , 9(3):197–216, 1998.

[37] Gordon J. Stüber. Principles of Mobile Communications. Kluwer Academic Publishers, Boston, 1996.

[38] S. Verdu. Multiuser Detection. Cambridge University Press, New York, 1998.

[39] Andrew J. Viterbi. CDMA: Principles of Spread Spectrum Communication.

Addison-Wesley Longman Inc., Reading, 1995.

[40] Andrew J. Viterbi, Audrey M. Viterbi, Klein S. Gilhousen, and Ephraim Zehavi.

Soft handoff extends CDMA cell coverage and increases reverse link capacity. IEEE Journal on Selected Areas in Communications, 12(8):1281–1288, October 1994.

[41] R. D. Yates and N. B. Mandayam. Challeges in Low-cost Wireless Data Transmission. IEEE Signal Processing Magazine, 17(3):93–102, May 2000.

[42] Roy D. Yates and David J. Goodman. Probability and Stochastic Processes: A Friendly Introduction for Electrical and Computer Engineers. John Wiley and Sons, Inc., New York, 1998.

[43] Lizhong Zheng and D.N.C. Tse. Diversity and Multiplexing: A Fundamental Tradeoff in Multiple Antenna Channels. submitted to IEEE Transactions on Information Theory, January 2002.