Signal Processing for Distributed
Nodes in Smart Networks

Wayes Tushar

Australian
. & National

=23 University

A thesis submitted for the degree of
Doctor of Philosophy of
The Australian National University.

December 2012



(© Wayes Tushar 2012



Except where otherwise indicated, this thesis is my own original work.

Wayes Tushar
December 19, 2012

ii



Preface

This thesis has been submitted to the College of Engineering and Computer Science of The
Australian National University (ANU) in fulfillment of the requirement for the degree of
Doctor of Philosophy (Ph.D.). The studies were carried out over a period of three years
and eight months, from April 2009 to December 2012. The research was funded by Na-
tional ICT Australia (NICTA) through NICTA tuition fee scholarship, NICTA Ph.D. schol-
arship, NICTA Ph.D. supplementary scholarship, and NICTA Ph.D. assignment scholar-
ship. My supervisors have been Dr. David B. Smith, Dr. Jian A. Zhang, Dr. Tharaka A.
Lamahewa, and Dr. Thushara D. Abhayapala.

Dedication

This thesis is dedicated to my mother Mrs. Shahana Ferdous.

Acknowledgement

I am ever grateful to almighty Allah for his blessings, and for having made this work
possible.

I would like to acknowledge many people and collaborators who inspired and helped
me during the course of my work. Firstly, I am thankful to my supervisors Dr. David
B. Smith and Dr. Jian A. Zhang and to all my advisors for their guidance and support
from the initial to the final stage of this work. I truly thank all of them for giving me
the opportunity to do my work under their supervision and always giving persistent
support.

My sincere appreciation to Prof. H. Vincent Poor at Princeton University, NJ, USA for
his original involvement in my work. He is truly a spring of ideas and inspiration, which
exceptionally enhanced my motivation for research and enrich my growth as a researcher.
Further, I owe my deepest gratitude to Prof. Walid Saad at the University of Miami, FL,
USA for his tremendous efforts and invaluable assistance throughout the work done in
this thesis. Without his guidance and broad technical expertise this dissertation would
not have been possible. Furthermore, my thanks also extend to Prof. Sylvie Thiebaux
and Dr. Salman Durrani at ANU; Prof. Lalitha Sankar at Arizona State University, AZ,
USA; Dr. Glenn Platt at CSIRO, New Castle, Australia; and Prof. Pascal Van Hentenryck
at University of Melbourne, VIC, Australia for their valuable participation, comments and
inspiration throughout my research work.

I am greatly thankful to my colleagues and friends from ANU and NICTA: Dr. Tofaz-
zal Hossain, Mr. Rifat Shahriyar, Mr. Fazlul Hasan Siddiqui, Mr. Mohsin Ali, Ms. Gayatri
Chaganti, Ms. Farhana Bashar, Ms. Sejuty Rahman, Mr. Jackson Wang, Mr. Zubair Khalid
and Dr. Ali Arshad Nasir. I am really fortunate to have met up, discussed and worked

iv



with them during my Ph.D. journey. I also owe my gratitude to my relatives and friends
Mr. Kafsat Taiyus, Ms. Bedoura Ferdous, Dr. Rakib Ahmed, Dr. Masud Rahman, Mr.
Khaled Hassan, Mr. Lutful Kibria, Mr. Rubaiyat Islam, Mr. Adnan Hossain Mirza, Mr.
Iftekhar Alam Ishhaq, Ms. Tanzina Anis, Ms. Presila Israt, Ms. Shakila Khan Rumi and
Ms. Ashika Basher for their constant support towards the accomplishment of my degree.

Last, but certainly not the least, I would like to acknowledge the commitment, sac-
rifice and support of my parents Mr. Abdul Gafur and Mrs. Shahana Ferdous, and my
sister Ms. Rayhana Ferdous, who have always motivated and inspired me. In reality, this
thesis is also a result of their contributions. Finally, I am also thankful to my beloved wife
Ms. Tasnim Ferdous for her mental support at the final stage of this thesis.

Wayes Tushar



Abstract

With increasing environmental concern for energy conservation and mitigating climate
change, next generation smart networks are bound to provide improved performance in
terms of security, reliability, and energy efficiency. For instance, future smart networks
will work in highly complex and dynamic environments and will have distributed nodes
that need to interact with each other and may also interact with an energy provider in
order to improve their performance. In this context, advanced signal processing tools
such as game theory and distributed transmit beamforming can yield tremendous per-
formance gains in terms of energy efficiency for demand management and signal trans-
mission in smart networks.

The central theme of this dissertation is the modeling of energy usage behavior of self-
seeking distributed nodes in smart networks. The thesis mainly looks into two key areas
of smart networks: 1) smart grid networks and 2) wireless sensor networks, and contains:
an analytical framework of the economics of electric vehicle charging in smart grids in
an energy constrained environment; a study of a consumer-centric energy management
scheme for encouraging the consumers in a smart grid to voluntarily take part in en-
ergy management; an outage management scheme for efficiently curtailing energy from
the consumers in smart grids in the event of a power outage; a comprehensive study of
power control of sensors in a wireless sensor network using game theory and distributed
transmit beamforming; and finally, an energy aware distributed transmit beamfoming
technique for long distance signal transmission in a wireless sensor network.

This thesis addresses the challenges of modeling the energy usage behavior of dis-
tributed nodes through studying the propriety of energy users in smart networks, 1) by
capturing the interactions between the energy users and energy provider in smart grids
using non-cooperative Stackelberg and generalized Nash games, and showing that the so-
cially optimal energy management for users can be achieved at the solution of the games,
and 2) by studying the power control of sensors in wireless sensor networks, using a non-
cooperative Nash game and distributed transmit beamforming that demonstrates signif-
icant transmit energy savings for the sensors. To foster energy efficient transmission, the
thesis also studies a distributed transmit beamforming technique that does not require
any channel state information for long distance signal transmission in sensor networks.

The contributions of this dissertation are enhanced by proposing suitable system mod-
els and appropriate signal processing techniques. These models and techniques can cap-
ture the different cost-benefit tradeoffs that exist in these networks. All the proposed
schemes in this dissertation are shown to have significant performance improvement
when compared with existing solutions. The work in this thesis demonstrates that mod-
eling power usage behavior of distributed nodes in smart networks is both possible and
beneficial for increasing the energy efficiency of these networks.
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