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Abstract

With the rapid deployment of the Internet and mobile devices in recent years, people

have increasing traffic demands on wireless networks. However, due to the broadcast

nature of wireless communications, and the limited wireless spectrum, it is a challeng-

ing problem to improve the performance of the wireless systems. In the thesis, we focus

on the routing / scheduling algorithms and the analytical models for the following two

important networking technologies that could increase the system throughput greatly:

collaborative relay and Multiple-Input Multiple-Output (MIMO).

Collaborative relay is a promising idea in WLAN that could increase the system

throughput significantly. It enables high data rate clients to relay traffic for the low data

rate clients for better system performance. An important issue of collaborative relay is

to decide when a client’s traffic should be relayed and who relays it. In the thesis, we

present a routing algorithm and a corresponding distributed protocol that enable multi-

hop collaborative relay in WLAN systems. This routing algorithm helps to increase

the system performance while preserving the throughput fairness among the clients. It

also helps to solve the performance anomaly problem in WLAN systems efficiently.

We also propose a performance analytical model and a refined routing algorithm of

collaborative relay. The proposed analytical model takes the contention overhead into

consideration, and is thus more accurate than the existing models, which enables us to

make a better decision on relay topology. We further extend the idea of collaborative

relay into a carry-and-forward algorithm for traffic routing and scheduling in vehicle

networks. This algorithm takes advantage of regular vehicle movements and enables
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the delay-tolerate traffic to be delivered at a specific time point with highest delivery

efficiency.

MIMO is a powerful physical layer technology that could increase the link capacity

greatly. There are two transmission strategies in MIMO networks, spatial multiplexing

(SM) and interference cancellation (IC). SM allows multiple independent data streams

to be transmitted over the same link simultaneously by multiple pairs of transmitting /

receiving antennas. IC enables a receiving node to use its antennas to suppress the sig-

nals from interfering sources, and thus the intended signals can be received even in the

presence of interferences. Proper control the use of SM and IC transmission strategies

on MIMO links can help to increase the performance greatly. In the thesis, we propose

a stream scheduling algorithm for multi-hop MIMO systems. The proposed algorithm

enables the more data streams to be transmitted simultaneously through asymmetric

MIMO links. We also present a joint routing and scheduling algorithm for MIMO sys-

tems to take the advantage of concurrent transmissions. This algorithm dynamically

route the traffic through multiple interfering links using the IC transmission strategy for

better transmission efficiency, and thus could improve the system throughput signifi-

cantly.



Contents

1 Introduction 1

1.1 Collaborative Relay in WLAN Systems . . . . . . . . . . . . . . . . . 1

1.1.1 The Performance Anomaly Problem . . . . . . . . . . . . . . . 1

1.1.2 Multi-hop Relay in WLAN Systems . . . . . . . . . . . . . . . 3

1.1.3 Performance analysis of Collaborative Relay Network . . . . . 5

1.1.4 Carry-and-forward Relay in Vehicle Networks . . . . . . . . . 6

1.2 Routing and Scheduling in MIMO Systems . . . . . . . . . . . . . . . 8

1.2.1 Stream Scheduling in MIMO Systems . . . . . . . . . . . . . . 9

1.2.2 Multi-path Routing in MIMO Systems . . . . . . . . . . . . . . 10

1.3 Contributions of the thesis . . . . . . . . . . . . . . . . . . . . . . . . 12

1.4 Thesis Organization . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2 Collaborative Relay in WLAN systems 15

2.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2.1 System Configuration . . . . . . . . . . . . . . . . . . . . . . 17

2.2.2 Performance Anomaly Problem . . . . . . . . . . . . . . . . . 18

2.2.3 The Collaborative Relay Network . . . . . . . . . . . . . . . . 18

2.3 Centralized Collaborative Relay Algorithm . . . . . . . . . . . . . . . 19

2.3.1 Packet Transmission Time and Network Efficiency . . . . . . . 19

2.3.2 Centralized Collaborative Relay Algorithm . . . . . . . . . . . 21



vi Contents

2.4 A Distributed Collaborative Relay Protocol . . . . . . . . . . . . . . . 23

2.4.1 The Arrival of A New Client . . . . . . . . . . . . . . . . . . . 23

2.4.2 The Leaving of A Current Client . . . . . . . . . . . . . . . . . 24

2.5 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3 Performance Analysis of Collaborative Relay 31

3.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.2 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.2.1 MAC Layer and the Timeslots . . . . . . . . . . . . . . . . . . 33

3.2.2 Traffic Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.3 Throughput Analysis for Collaborative Relay Network . . . . . . . . . 36

3.3.1 Basic Conditions for Client Relay . . . . . . . . . . . . . . . . 36

3.3.2 Network Throughput for the Heterogeneous Traffic . . . . . . . 39

3.3.3 Calculation of tB, tS, and tF . . . . . . . . . . . . . . . . . . . . 41

3.3.4 Calculation of p[Ti] . . . . . . . . . . . . . . . . . . . . . . . . 43

3.4 Algorithm for Collaborative Relay Networks . . . . . . . . . . . . . . . 47

3.5 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.5.1 Simulation Results for Analytical Model . . . . . . . . . . . . 49

3.5.2 Algorithm for Collaborative Relay Network . . . . . . . . . . . 52

3.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4 Carry-and-forward Relay in Vehicle Networks 57

4.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.2 System Model and Problem Statement . . . . . . . . . . . . . . . . . . 59

4.3 A General System Structure for Vehicle Networks . . . . . . . . . . . . 61

4.3.1 Real-time Traffic Delivery . . . . . . . . . . . . . . . . . . . . 61

4.3.2 Delay-tolerant Traffic Delivery . . . . . . . . . . . . . . . . . . 63



Contents vii

4.4 Analytical Model for Delivery of Real-time Traffic and Delay Tolerant

Traffic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.4.1 Throughput of Real-time Traffic . . . . . . . . . . . . . . . . . 67

4.4.2 Throughput of Delay-tolerant Traffic . . . . . . . . . . . . . . . 69

4.4.3 Total Throughput . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.4.4 Delay Bound Analysis of Delay-tolerant Traffic . . . . . . . . . 73

4.5 Planning Algorithm for Optimal AP Placement . . . . . . . . . . . . . 76

4.5.1 The Bounds of dS . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.5.2 Binary Search of dS . . . . . . . . . . . . . . . . . . . . . . . . 77

4.6 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.6.1 Average Throughput . . . . . . . . . . . . . . . . . . . . . . . 78

4.6.2 Throughput Distribution . . . . . . . . . . . . . . . . . . . . . 79

4.6.3 Selection of ρ . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5 Stream Scheduling in MIMO Systems 83

5.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.2 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

5.2.1 TDMA Scheduling Problem . . . . . . . . . . . . . . . . . . . 86

5.2.2 MIMO Constraints on Streams . . . . . . . . . . . . . . . . . . 87

5.2.3 Traffic Demand Constraint . . . . . . . . . . . . . . . . . . . . 89

5.3 The SSPA-1 Problem . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5.3.1 MIMO Constraints on Nodes and Streams . . . . . . . . . . . . 90

5.3.2 A Flow Graph for SSPA-1 . . . . . . . . . . . . . . . . . . . . 91

5.4 A Heuristic Method to the SSPA-1 Problem . . . . . . . . . . . . . . . 95

5.4.1 Fixed Charge Network Flow Problem . . . . . . . . . . . . . . 95

5.4.2 Dynamic Slope Scaling . . . . . . . . . . . . . . . . . . . . . . 95

5.4.3 Generation of the Initial Solution . . . . . . . . . . . . . . . . 96



viii Contents

5.4.4 Iterative Updating Scheme . . . . . . . . . . . . . . . . . . . . 97

5.4.5 Termination Condition . . . . . . . . . . . . . . . . . . . . . . 98

5.5 The Algorithm for SSPA . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.6 Performance Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.6.1 Performance on Symmetric MIMO Links . . . . . . . . . . . . 101

5.6.2 Performance on Asymmetric MIMO Links . . . . . . . . . . . 103

5.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

6 Joint Routing and Scheduling in MIMO Systems 107

6.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

6.2 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

6.2.1 MIMO Constraints on Nodes . . . . . . . . . . . . . . . . . . . 109

6.2.2 Routing Constraint . . . . . . . . . . . . . . . . . . . . . . . . 111

6.2.3 Traffic Constraint . . . . . . . . . . . . . . . . . . . . . . . . . 111

6.3 Column Generation based Routing and Scheduling in MIMO Networks 112

6.4 Online Routing and Scheduling in MIMO Networks . . . . . . . . . . . 114

6.4.1 Multi-path Routing and Scheduling . . . . . . . . . . . . . . . 115

6.4.2 Cost Estimation . . . . . . . . . . . . . . . . . . . . . . . . . . 117

6.5 Performance Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . 119

6.5.1 Performance in Small Scale Networks . . . . . . . . . . . . . . 120

6.5.2 Large Scale Networks . . . . . . . . . . . . . . . . . . . . . . 123

6.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

7 Conclusion 127

Bibliography 129

Publications 137


