STRATEGIES FOR UNINTERRUPTED
WIRELESS COMMUNICATION NETWORK
WITH COOPERATIVE
RF ENERGY HARVESTING NODES

DEEPAK MISHRA

Department of Electrical Engineering
Indian Institute of Technology Delhi
August 2017



©Indian Institute of Technology Delhi (IITD), New Delhi, 2017



STRATEGIES FOR UNINTERRUPTED
WIRELESS COMMUNICATION NETWORK
WITH COOPERATIVE
RF ENERGY HARVESTING NODES

by

DEEPAK MISHRA

Department of Electrical Engineering

Submitted
in fulfillment of the requirements of the degree of Doctor of Philosophy

to the

Indian Institute of Technology Delhi
August 2017



Certificate

This is to certify that the dissertation entitled Strategies for Uninterrupted Wireless
Communication Network with Cooperative RF Energy Harvesting Nodes, submitted
by Mr. Deepak Mishra, a Research Scholar, in the Department of Electrical Engineer-
ing, Indian Institute of Technology Delhi, New Delhi, India, for the award of the degree of
Doctor of Philosophy, is a record of an original research work carried out by him under
my supervision and guidance. The dissertation fulfills all requirements as per the regula-
tions of this Institute and in my opinion has reached the standard needed for submission.
Neither this dissertation nor any part of it has been submitted for any degree or academic

award elsewhere.

Prof. Swades De

(Supervisor)

Department of Electrical Engineering
Indian Institute of Technology Delhi
New Delhi, 110016, India.



Acknowledgements

First of all, I would like to thank my supervisor Prof. Swades De for his guidance and en-
couragement which I received throughout my dissertation research journey. I am thankful
to him for giving me the counsel and for painstakingly reading my reports. Without his
invaluable advice and support it would not have been possible for me to complete this

dissertation.

I take this opportunity to express my sincere thanks to Prof. Indra Narayan Kar, Prof.
Shouri Chatterjee, and Prof. Kolin Paul for their valuable feedback during my end se-
mester presentations. I would like to thank Prof. Kaushik R. Chowdhury, Prof. Wendi
Heinzelman, Prof. Stefano Basagni, Prof. Soumya Jana, Dr. Dilip Krishnaswamy, and
Dr. George C. Alexandropoulos for their valuable discussions and suggestions for impro-

ving my research work.

I would like to thank all my fellow researchers of the Computer Networks Research
Group, who made this journey a memorable one. Further, I would like to extend them my

best wishes for their future endeavors.

I would also like to thank Department of Science and Technology (DST) and P.G. Section
of IIT Delhi for their International travel grant support for attending IEEE Consumer
Communications and Networking Conference 2016 and IEEE International Conference
on Communications 2016. Also, I would like to thank IBM Research India and Indo
French Centre for Promotion of Advanced Research (IFCPAR/CEFIPRA) for granting

me research fellowships to carry out my dissertation research.

I express my heartfelt thanks to my parents who have been a constant source of inspira-
tion to me all along and their encouraging words made this endeavor possible. Finally,
I would like to thank my family, friends, and all others whose names are not mentioned

here but have helped me to accomplish this work.

Deepak Mishra



Abstract

Substantial benefits can be reaped with use of Wireless Sensor Networks (WSNs)
technology in many applications. However, a wireless sensor node is energy constrained
due to its limited battery size. Recently, radio frequency (RF) energy harvesting (EH) has
emerged as a potential method for the proactive energy replenishment of wireless devices
in Internet-of-Things (IoT). Unlike other EH techniques that depend on the environment,
RF-EH can be predictable or on-demand, and as such it is better suited for supporting
quality-of-service-based applications. However, RF-EH efficiency is scarce due to wi-
reless propagation losses, low rectification efficiency and receiver sensitivity. Thus, this
dissertation aims at enhancing the RF-EH efficiency by proposing innovative communi-
cations and systems level schemes by investigating cross-layer research areas like circuits

and systems, wireless RF prorogation, communication theory, and network protocols.

To analyze the practical efficacy of RF energy transfer (ET) technology, the first part
of dissertation introduces a novel theoretical framework for analyzing RF charging beha-
vior and deriving RF charging time distribution for a given residual voltage distribution.
The analytical model is validated through hardware experiments and simulations. The
proposed circuit model is then extended to characterize the renewable energy cycle in RF-
EH sensor nodes by investigating the stored energy evolution for practical supercapacitor
models. RF charging time and node lifetime expressions are derived for different super-
capacitor models. Also, an experimentally verified novel duality principle is proposed to
relate RF charging and sensor node’s loading times. Further, using a generic simulation
model for characterizing the complicated supercapacitor models, the effect of practical

rechargeability constraints on sustainable network size is accurately investigated.

The second part presents experimental demonstration for the first time the proof-of-
concept of novel “packetized" energy communication schemes, like multi-hop RFET,
multi-path energy routing (MPER), and cooperative energy relaying that enable and en-
hance the usefulness of RF-EH communication networks. MPER helps improve RF-EH
efficiency by first collecting the dispersed or dissipated RF energy transmitted by the RF
source with the help of energy routers, and then directing it to the desired sensor node
via paths other than the direct single hop path. To maximize the RF-ET efficiency in a
two-hop scenario, a novel optimization model is proposed to determine the optimal relay
placement (ORP) on a 2-D Euclidean plane. The tradeoff between energy scavenged and

energy delivered to the target node is investigated and distributed energy beamforming



techniques are incorporated to enhance the end-to-end RF-ET efficiency. Simulation and
experimental results illustrate that ORP provides significant energy saving over arbitrary
relay positions. To further enhance the efficiency of multihop RF-ET, a novel no-impact
to line-of-sight model for RP is proposed along with a piecewise linear approximation for
harvested-received power characteristics to gain analytical insights on ORP.

Integration of ET and information transfer (IT) is a promising solution for realiza-
tion of advanced self-sustainable architectures like wireless powered communication net-
works (WPCNs) and simultaneous wireless information and power transfer (SWIPT).
However as the performance of WPCN and SWIPT is bottlenecked by low RF-ET effi-
ciency, novel optimized RF-EH communication protocols are proposed in the third part
to bridge the gap between ET and IT efficiency. Here first, the joint optimization of
power allocation, relay placement, and power splitting ratio is carried out to minimize
outage probability at RF-EH destination in relay-assisted SWIPT for both with and wit-
hout availability of direct link. Generalized convexity of the outage minimization problem
is proved and global-optimal solutions are obtained for the Rician fading channel. Next,
a novel relay-powered cooperative RF-EH network model, called RPCN, is proposed to
overcome the shortcomings of conventional WPCN. Closed-form expressions for outage
probability and ergodic capacity are derived. Optimal time allocation for maximizing
delay-constrained throughput in RPCN is also investigated. Lastly, a novel integrated
information and energy relaying protocol is proposed to address the doubly-near-far pro-
blem in WPCN by efficiently utilizing the harvested energy of the relay for energy re-
laying or/and information relaying. Considering Rician fading, closed-form expressions
are derived for the mean harvested power at EH information source and outage proba-
bility for decode-and-forward relaying with maximal-ratio-combining at hybrid access
point (HAP). Analytical insights on optimal relaying mode along with global-optimal
utilization of harvested energy at relay are also provided to fill the existing research gap.

In the last part, to address the needs of advanced RF-EH communications in IoT and
5G networks, a novel integrated information relay and energy supply model is presented.
This proposal jointly optimizes the throughput performance of WPCN and SWIPT over
Rician channels by efficiently allocating the time for ET and IT while effectively posi-
tioning the relay. Tight closed-form approximations for the global-optimal solutions are
also derived. Finally, to maximize the sum-throughput in RF-powered device-to-device
communications, a novel optimized HAP-controlled transmission protocol is proposed

for the harvested energy-aware joint mode selection and time allocation for ET and IT.
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