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Abstract

In this thesis, the RF energy harvesting technique is studied in the cooperative

wireless network, and different optimization studies are investigated. First, an

energy-efficient optimization is considered in the cooperative system with the time

switching relaying and power splitting relaying protocols. Then, a security issue in the

cooperative network with energy harvesting is proposed, in which the optimization

problem is designed to maximize the secrecy rate. We also consider the application of

energy harvesting in the full-duplex relaying network with a self-energy recycling

protocol. Finally, the energy harvesting is studied in the full-duplex cooperative

cognitive radio network. The system performance of all studies is verified in the thesis

with MATLAB simulation results.
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Chapter 1

Introduction

1.1 An Overview of Wireless Energy Harvesting

Since the 1890s, Nikola Tesla proposed that the energy can be transmitted over the
wireless channel. This idea was initially assumed to transfer wireless power in a long
distance and to support high power electronic devices. However, there were some
practical issues to achieve the wireless power transfer at that time. The major
difficulty was the low energy efficiency, which means that the energy harvester could
only collect small power despite the large power transmitted at the source of energy.
Also, at that time, the circuit required more power to supply. The concern regarding
health was also another reason. Therefore, the wireless power transfer did not draw
much attention until recently.

There is an emerging technique to convert the RF signal into energy, which is the



RF energy harvesting technology [1]. This method can be used for wirelessly

powering the communication network. In the present-day wireless communication

network, due to the development of the silicon technology reducing the power

requirement for electronic devices, there is a rising number of low-powered devices

used, which can be wirelessly powered by the RF energy harvesting technique. In [2],

a low-powered temperature meter was wirelessly charged by RF signals transmitted

from the TV station. Cellular networks and WSNs have been widely applied, in which

the battery conventionally powers the wireless node. In the energy-constrained

network, the battery usage has a threshold, which leads to that the communication

performance is confined. Under some circumstances, replacing batteries is costly and

inconvenient, such as the power supply in a large-scale WSN, or even impossible in

some environment, such as embedded medical devices and toxic surroundings.

However, for the RF energy harvesting network, the communication node can be

wirelessly powered by the radio environment. Therefore, many energy-constrained

networks can benefit from the RF energy harvesting technique, such as the wireless

sensor network and the embedded body system. In [3], the authors proposed a sensor



network wirelessly powered by the radio environment. In [4], the authors presented a

wireless RF-powered body network for the medical purpose. With the increasing

number of the RF energy harvesting application, the RF energy harvesting technique

also attracts the interest from the industry. The international standard related to the RF

energy harvesting was established by the Wireless Power Consortium. Some

experiments for applying RF energy harvesting were held [5]. The RF energy

harvesting can be used in wireless devices for harvesting energy from the radio

environment and can also be used in power transfer from energy sources to wireless

devices.

The radio signal with the frequency range from 3 KHz to 300 GHz is used in RF

energy harvesting. The RF power transfer is implemented by modulating signals on

the amplitude and phase of RF waves. Due to that the RF power transfer can be

achieved in the long-distance case and the broadcasting property of microwave, the

RF energy harvesting technique is suitable for wirelessly charging a group of

communication nodes deployed in a wide area, such as RFID application and sensors.

The strength of RF energy-carrying signal is attenuated by 20 dB per decade of the



distance. In [1], The authors experimented that the RF energy harvesting technique

has a decent, efficient performance in its effective range. In [6], the authors proposed

that the MIMO technique can improve the RF energy harvesting efficiency.

The RF energy harvesting can be used in wireless communication networks to

improve the system performance. With this new technique, an enormous amount of

studies regarding the energy harvesting used in the traditional communication system

have arisen. In particular, the beamforming and antenna techniques are considered for

the energy propagation loss issue. In [7], the author used an RF power source

operating at 2.45 GHz and 270 W to wirelessly charge a small hovering aircraft at 50

feet altitude. In [8], the authors presented that with the 2.7 GW transmitted power at a

satellite in space, the power efficiency can be achieved 45% at the received antenna

array located on the earth. Recently, some RF energy harvesting studies are having

begun to be considered in mobile networks [9], [10]. In [9], an RF energy harvesting

wireless network was proposed to be deployed in an uplink cellular network. A

harvest-then-transmit protocol was proposed in [10] for a wireless broadcasting

network. An increasing number of beamforming techniques are studied for the RF



energy harvesting application [11].

The RF wireless energy harvesting technology has drawn the attraction from the

both industry and academic field. In the industry field, the RF energy harvesting can

be used in many areas, such as WSNs, medical field, RFID and a large range of

electronic devices. The RF energy harvesting is promising to change the way how

electronic devices use power and is going to change people’s life. In the academic

field, there are a large number of researches regarding the RF energy harvesting that

have been emerged. If we want to deploy the new energy harvesting node in

communication networks, the traditional networks will have some changes, which

gives a new perspective for researches to rethink the design of communication

networks. Motivated by this, we study the energy harvesting technique for the wireless

cooperative network in the thesis.

1.2 Contributions

In this thesis, we use the wireless energy harvesting technique in the traditional AF or
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DF cooperative network. Regarding the energy efficiency, the algorithm is presented
to find closed form solutions in the cooperative system with energy harvesting. For
security issue, the energy harvesting is considered in a secure communication network
and proposed approach is used to solve the secure beamforming optimization problem.
Furthermore, the energy harvesting is deployed in the full-duplex cooperative network,
and we address the beamforming optimization problem to maximize the achievable
rate. Finally, we design a beamforming optimization for the full-duplex cooperative

cognitive radio network with energy harvesting.

1.3 Publications Arising From This Research

1. S. Hu, Z. Ding and X. Cao, “Energy-efficient optimization in cooperative networks
with wireless information and power transfer,” in CHINACOM 2015, Shanghai,

People’s Republic of China, Aug. 2015.

2. S. Hu, Z. Ding, Q. Ni, W. Yu and Z. Song, “Energy efficiency in energy harvesting
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cooperative networks with self-energy recycling,” in Computer Aided Modelling and

Design of Communication Links and Networks (CAMAD), 2015 IEEE 20th

International Workshop on, Guildford, Sept. 2015, pp. 59-63.

3. S. Hu and Z. Ding, “Secure communication in cooperative network with wireless

information and power transfer,” IET Signal Processing, vol. 9, no. 9, pp. 663-669,

Oct. 2015.

4. S. Hu, Z. Ding and Q. Ni, “Beamforming optimization in energy harvesting

cooperative full-duplex networks with self-energy recycling protocol,” IET

Communications, vol. 10, no. 7, pp. 848-835, May 2016.

5. S. Hu, Z. Ding, Q. Ni and Y. Yuan, “Beamforming optimization for full-duplex

cooperative cognitive radio networks,” in 2016 IEEE 17th International Workshop on

Signal Processing Advances in Wireless Communications (SPAWC).



1.4 Outline of the Thesis

This thesis is organized as follows: Chapter 2 discusses the background of wireless

energy harvesting. The architecture of energy harvesting network, the energy

harvesting technique, and its applications will be introduced. Besides, SWIPT will

also be introduced, and related literature review will be given in chapter 2. Chapter 3

presents an algorithm to solve the energy-efficient optimization problem with the time

switching relaying and power splitting relaying protocols. Chapter 4 studies the

security issue in the energy harvesting cooperative network. Chapter 5 investigates the

beamforming optimization problem in the full-duplex energy harvesting cooperative

network, and a self-energy recycling protocol is introduced. In chapter 6, we study the

beamforming optimization for the full-duplex cooperative cognitive radio network.



Chapter 2

Background

2.1 Architecture of Wireless Energy Harvesting Network

The architecture of RF energy harvesting network typically consists of three
components. As shown in Fig. (2.1), the components are the information gateway, the
RF power source, and the network node. The information gateway can be considered as
the base station, the router or the relay in the communication network. The RF power
source is capable of transmitting the dedicated energy-bearing signal to power the
network node. The network node is the receiver. In the practical operation, the receiver
harvests the energy-bearing signal to support it receiving the information-bearing signal
transmitted from the information gateway. In some RF energy harvesting network

architectures, the information gateway and the RF power source can be the same one.



Information
gateway

Network node

Fowar source

Figure 2.1: General architecture of the RF energy harvesting network.

In Fig. (2.2), the architecture of the network node is presented. In order to harvest

the RF signal to convert it into the power, the network node should have an

application operating network functions, a microcontroller processing the data from

the application, an information transceiver for transmitting and receiving the

information-bearing signal, a RF energy receiver harvesting the RF energy-bearing

signal, a power management module deciding how to handle the collected energy and

a battery for storing the redundant energy. For the power management module, it can

use two protocols to manage the energy, i.e., harvest-use and harvest-store-use. The

10



harvest-use protocol is that the harvested power is immediately used to support the

communication. In this protocol, the collected power should be always greater than

the power requirement of the network node. Otherwise, the network node cannot

operate. In the harvest-store-use protocol, the battery stores the harvested power. If the

currently harvested power is smaller than the power requirement of the network node,

the battery can provide the power that has been stored before to support the

communication.

Energy oWET
= - Battery - L Porer
recelver . mEnagement
Information . N .
- | Microcontroller |- Application

transceiver

Figure 2.2: The architecture of the RF energy harvesting network node.

In the network node, the RF energy receiver is the part that collects the RF signal

11



and converts it into electricity. The RF energy receiver is composed of an antenna

module, an impedance matching, a voltage multiplier and a capacitor [12]. The

antenna module is capable of operating on various frequency bands to make the RF

energy receiver harvest multiple power sources. The impedance matching is placed

between the antenna module and the voltage multiplier to maximize the power transfer.

The rectifier is the device for converting AC into DC. The capacitor delivers the

converted power to the load. The architecture of the RF energy receiver is presented in

Fig. (2.3).
iF DC
input i output
Impendence w| Rectifier | Capacitor —— =

matching

Figure 2.3: The architecture of the RF energy receiver.

2.2 Wireless Energy Harvesting Technique

12



For the RF energy harvesting, the harvested power can be calculated by Friis equation
[1], which depends on the transmitted power, the wavelength, and the distance. The
received power can be expressed by
PrGr
— 2 2.1
Pg = cos ¢47TR2A€' (2.1)

where cos¢ is the polarization loss factor, Py is the transmitted power, G; is the

transmitted antenna gain, R is the distance between antennas and A, is the effective

lzGR
4m

antenna area. A4, =

where A is the wavelength and Gy is the received antenna

gain. The RF energy harvesting also has the distinctive properties compared the other

energy harvesting methods, such as solar, wind, geothermal and vibrations.

Renewable energy sources from nature are uncontrollable, hence the renewable

energy harvesting does not ensure the QoS requirement. The RF energy harvesting

technique overcomes the above limitation, and it uses a power source to broadcasting

constant energy-bearing signal, and the transmitted power is controllable. The RF

energy harvesting can be used in communication networks to charge remotely mobile

devices. Due that the amount of harvested power depends on the distance, different

energy harvesters placed in various locations have the obvious distinction of harvested

13



power. The most significant difference between the RF energy harvesting and other

energy harvesting methods is that the RF energy harvesting can produce the stable

power to the surrounding. Nevertheless, other energy harvesting methods are

uncontrollable, passive to generate power. Hence, the RF energy harvesting is

extremely suitable for the present-day communication network.

There are two kinds of power sources used in the RF energy harvesting, the

dedicated source, and the ambient source. The dedicated power source uses directive

antennas to meet the QoS requirement in the network with the constant transmitted

power. The commercial application of the dedicated power source is the Powercaster

[13] which operates at 915 MHz with 1 W or 3 W transmitted power. Due to the

health and safety of human beings, there are some limitations regarding the output

power of the dedicated RF power source, such as the FCC and the ISM regulation. For

instance, the limitation of the output power is 4 W in the 900 MHz band. To meet

mobile applications’ QoS requirements, the dedicated power source is an appropriate

method to satisfy that, because the dedicated power source can be fully configured. In

[14], [15] and [16], the authors researched different power transfer schemes with the

14



mobile power source in WSNs. The ambient source is the RF signal that has been
transmitted in the wireless channel. The RF energy harvester can opportunistically
collect the ambient RF signal to charge itself. Some ambient RF signals could be
harvested as power, such as the cell phone base station and the signal broadcasted
from TV or radio towers. In [17], the authors analyzed the system performance of a
sensor wirelessly powered by the ambient power source. In [18], the authors proposed
a cognitive radio network model, in which the secondary user can collect RF signal

transmitted from the primary user to power itself for the further use.

2.3 Applications of Wireless Energy Harvesting

A typical application of RF energy harvesting is WSNs. Deploying the RF energy
harvesting in the WSN can be used as the power supply for the sensor node. In [3], a
WSN is wirelessly charged by the ambient power source. The WSN powered by RF
signals in the relaying network was presented in [19], [20], and [21].

Besides, the RF energy harvesting can also be used in the medical field. The node

15



with the medical purpose can be embedded in the human body, and the RF signal can

be used for charging it. The RF energy harvesting technique results in the battery-free

design for the circuit. In [4], an integrated circuit with the energy harvesting function

was proposed, which can be applied in medical body sensors.

The RF energy harvesting technique is useful for RFID used in identification,

tracking and inventory management [22]. Compared the traditional RFID tag, the tag

with the energy harvester has the longer lifetime and the farther range. The RFID tag

with the energy harvester can collect power and operate actively, which can process

data and manage power [23].

The RF energy harvesting can also be used to power many wireless devices used

in our daily life, such as wearable devices, electronic devices. In [24], a proposed

circuit can be applied in mobile devices to harvest the ambient RF signal to supply

devices operating.

2.4 Wireless Information and Power Transfer

16



The network node in the RF energy harvesting network has the information receiver

and the energy receiver. Theoretically, it can collect energy and process information

simultaneously. The RF signal can carry both information and energy, so the network

node with the RF energy harvester can receive both information and power from the

same RF waveform, which is referred as SWIPT and was firstly proposed in [25].

SWIPT is that the network node uses the same antenna module to perform the

information reception and the energy harvesting. For instance, the wireless body

sensor can be powered by the control signal. SWIPT achieves more efficient spectrum

usage than that information and energy are transmitted in orthogonal time or

frequency channels [6], [26]. SWIPT can be used in many scenarios with low-power

electronic devices. The ideal receiver is capable of harvesting energy and receiving

information from the same RF signal. Some works considered the ideal receiver to

analyze the upper bound of the performance [25], [27], [28], [29].

However, the existing circuit cannot support simultaneously processing the

information reception and the energy harvesting. The information reception and the

energy harvesting cannot be operated on the same signal. Because the power

17



sensitivities of the information reception and the energy harvesting are different [6].
During the information receiving processing, the energy in the RF signal will be lost.

Hence, to design a practical implementation for SWIPT becomes a new research field.

2.4.1 Separated Structure

The separated structure is introduced in [6], in which the information reception
and the energy harvester use different sets of the antenna. Their antennas receive the
same RF signal. The structure is presented in Fig. (2.4). The separated structure can
concurrently receive information and harvest energy. The separated structure is also
referred as the antenna switching. MIMO technique could improve the performance
for both the data reception and the energy harvesting with the antenna switching. For
example, there are N antennas in total, in which L antennas serve the information
reception, and (N — L) antennas serve the energy harvester. In [6], multiple antennas
were equipped with the either the information reception or the energy harvester, which

significantly reduces the system complexity and is easy to implement. In [30], a low

18



complexity antenna switching was used at a relay node to achieve harvesting energy

and decoding information. In the energy harvesting with the separated structure, the

resource allocation can be performed at the power source when the CSl is available.

-
Energy
receiver
Information
receiver
-

Figure 2.4: Separated receiver structure.
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2.4.2 Time Switching and Power Splitting

Energy
receiver

Time
switching

Information

: receiver

Figure 2.5: Time switching structure.

In [6], the authors proposed a co-located structure to achieve receiving

information and harvesting energy for the network node in the RF energy harvesting

network. The energy harvester and the information receiver can use the same antenna

in the co-located structure. Compared to the separated structure, the co-located design

simplifies the system complexity. There are two practical structures proposed, i.e.,
20



time switching and power splitting. According to the time switching, the energy

harvesting node switches between collecting power and receiving information during

different time allocations. The structure of the time switching is showed in Fig. (2.5).

When the energy harvester collects power, the harvested energy can be expressed as

Pen = nP¢|hI%, (2.2)

where 7n is the energy conversion coefficient, P, is the transmitted power at the

power source, and h is the channel gain between the transmitter and the receiver.

When the information receiver operates, the information rate can be expressed as

R=(1-a)Wlog (1 + Pt(|;l21|2>’ (2.3)
where a is the time switching coefficient that the duration of receiving energy at the
receiver while 1 — a represents the duration of receiving information at the receiver,
W is the bandwidth and o is the standard deviation of noise. The time switching
allocation can be jointly optimized with the transmitted signal in different
communication networks. The time switching requires accurate scheduling for the

information and the energy. For the power splitting, the received RF signal is split into

two streams, one is for the information reception, and the other one is for the energy
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harvesting [31], [32]. The structure of the power splitting is illustrated in Fig. (2.6).

The harvested power in the power splitting is

Pep = int|h|2' (2-4)

where p is the power splitting coefficient deciding the fraction of RF signals used for

the energy harvesting receiver, p € [0, 1]. So the information rate can be expressed as

(2.5)

1 — p)P;|h|?
R=W10g<1+ (1 —p)P|h| >’

d?2+ (1—p)oj

where g/ is the processing noise. A tradeoff between the information rate and the
harvested power can be analyzed by optimizing the p. The power splitting processes
the information and the energy in one-time slot, so it achieves instantaneous SWIPT.
It is noted that the power splitting structure has more complex practical

implementation than the time switching structure.
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Figure 2.6: Power splitting structure.

2.4.3 Integrated Structure

In [26], the integrated structure was proposed, in which the information reception
and the energy harvesting are implemented at the rectifier. The architecture is showed
in Fig. (2.7). It is important to note that at the RF flow controller in the integrated
structure, a time switching and a power splitting can be applied. When the circuit

power consumption is considered as negligible compared to the signal power, the
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co-located structure outperforms the integrated structure at the low harvested energy

region [26].

Low-pass | RF flow

Diode — | . I Battery
filter "| controller ;

Analog-to
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converter

Figure 2.7: Integrated receiver structure.

To achieve efficient SWIPT, the design of communication networks should be

changed. It was common to use the information rate to evaluate the reliability of the

communication. But in the wireless energy harvesting network, the amount of

harvested power becomes a parameter as important as the information rate. The

channel fading and the interference have a significant impact on the system

performance. The channel fading causes the degradation for the information reception

and the energy harvesting in SWIPT. The interference attenuates the information
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reception but is beneficial to the energy harvesting. In [33], the authors optimized the
average data rate with the time switching structure under an average energy harvesting
constraint in the interference fading channel. The authors in [34] also analyzed the

power splitting in the fading channel.

2.5 Literature Review for SWIPT

2.5.1 Energy Harvesting Protocols

The energy harvesting protocol design is an important issue in the wireless energy
harvesting network, in which the information receiver and the energy harvesting
intends to use the same single antenna or multiple antennas. To meet QoS
requirements, various tradeoffs are analyzed in the physical layer regarding the energy
harvesting protocol. Scores of works considered the time switching and the power
splitting protocol. The time switching is scheduling the arrival of information and

energy in different time slots. The power splitting is dividing the received signal to
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serve respectively the information receiver and the energy harvester.

Many researches regarding the energy harvesting protocol study were based on the

point-to-point SISO system. In [6], [26], [34] and [35], the authors considered the

energy harvesting in the fading channel. In [33], [36] and [37], the co-channel

interference was involved in the wireless energy harvesting network study. In [6], the

time switching was analyzed with the fixed transmitter power constraint or the

flexibly transmitted power constraint; A uniform power splitting was also used in the

receiver design, in which all antennas deployed the same power splitting ratio; The

antenna switch employed in this paper implemented two groups of antenna to perform

harvesting energy and receiving information; The achievable rate-energy regions for

different energy harvesting protocols were illustrated.

A dynamic power splitting was proposed in [26], in which the receiver used

dynamic ratio for the power splitting protocol. A unique scenario for the dynamic

power splitting was demonstrated in this paper, i.e., the on-off power splitting. In the

on mode, the receiver used the power splitting, in the off mode, the receiver only

performed the energy harvesting. It is noted in this paper that when the circuit
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consumption was considered in the system design, the on-off power splitting

outperformed the power splitting.

In [35], it is proposed that the training assisted the power splitting receiver to

improve the system performance. In the transmission phase, the transmitter was in the

training phase and the information phase. The receiver used different power splitting

ratios for the training phase and the information phase to achieve the better

information rate. A non-adaptive and an adaptive power splitting were used in this

paper. For the non-adaptive power splitting, the power splitting ratio was fixed. For

the adaptive power splitting, the power splitting was changeable. It is proved that the

adaptive power splitting outperformed the non-adaptive power splitting.

The wireless energy harvesting network with time-varying co-channel

interferences in the fading channel was studied in [33]. According to the instantaneous

CSI, an opportunistic time switching was used to estimate the system performance in

delay-tolerant and delay-limited networks. Also, a joint optimization of the

transmitted power and the receiver protocol was investigated. It is proposed that the

receiver could either harvest energy or receive information according to the fading
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channel information. Another result was that to achieve better system performance in

the fading channel, it was reasonable to allocate the best channel gains for energy

harvesting.

The power splitting was employed in both SISO and SIMO fading contexts [34].

In this paper, the authors proposed that if the fading channel gain surpassing the

particular value, the receiver should perform power splitting according to a fixed

coefficient, otherwise, the receiver only performed the information reception. The

authors also proposed that a power splitting method was used in an SIMO model, in

which a uniform power splitting method helped the system achieving the optimal

performance.

A spectral efficient optimization problem was proposed in an OFDM system with

the fading channel [36]. The problem of maximizing the spectral efficiency with the

constraint of transmitted power and energy harvesting coefficient was non-convex. A

convex technique was used in the paper, and the energy harvesting coefficient was

found by the full search. Two low complexity algorithms were used to optimize the

complexity. The same authors in [37] studied the energy efficiency problem. The
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original problem to maximize the energy efficiency was also non-convex. An iterative

algorithm was employed to solve the problem in the paper, and the algorithm could be

guaranteed to converge to an optimal solution.

Some papers considered the wireless energy harvesting network in the SISO

broadcasting model [32], [38]. In [32], a joint optimization problem of transmitted

power allocation, sub-carrier allocation and energy harvesting coefficient was

proposed for an OFDM network. The non-convex problem was solved by using

fractional programming and iterative algorithm. In [38], the energy harvesting

protocol was considered with TDMA and OFDM. The objective function in this paper

was to maximize the sum-rate for all receivers with constraints of transmitted power

and harvested energy. A TDMA-based and an OFDM-based transmission designs

were proposed in the article.

In the above mentioned papers, the energy harvesting protocols are mainly

investigated in single antenna communication network models. Some researchers

studied the energy harvesting protocols in the fading channel to find an optimal

energy harvesting coefficient, which improves the system performance for the
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wireless energy harvesting network. However, some researcher pointed out that the
single-antenna node could not achieve the high energy transfer efficiency, hence, there
are other papers studying the energy harvesting technique in the multi-antenna
network, in which the multi-antenna network could provide the better system
performance than the single-antenna network. In the next subsection, some papers

regarding the energy harvesting study in the multi-antenna network will be discussed.

2.5.2 Energy Harvesting for Multi-Antenna Network

2.5.2.1 Beamforming Design for Resource Allocation

There is a major challenge regarding the wireless energy harvesting, which is the
degradation of energy according to the transmission distance. The single-antenna
network with the energy harvesting node transmits power via omnidirectional
emission due to the broadcasting nature of the wireless communication. In this

situation, the multi-antenna can assist the transfer of energy. The multi-antenna
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transmitter produces more transmitted power for energy harvesters than the single

antenna transmitter. Also, the beamforming technique can improve the energy transfer

efficiency for SWIPT [39] and has been considered as a potential way to practically

implement the energy harvesting [8], [40], [41]. In the wireless energy harvesting

network, the beamforming design is used to delivery information and energy from a

transmitter to several receiver nodes. It is showed in Fig. (2.8) regarding a

multi-antenna SWIPT network.
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Figure 2.8: System model for multi-antenna SWIPT network.

The idea of using beamforming in the wireless energy harvesting network had

been firstly arisen in [6], in which the multi-antenna transmitter employed the

beamforming to delivery information for a multi-antenna information reception and to
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transfer power for a multi-antenna energy harvester. In [39], the beamforming

technique was deployed to improve the energy efficiency of the MIMO network. A

joint optimization problem regarding the transmitted power and the energy harvesting

coefficient was solved. The study in [42] was to optimize the harvested power with

the constraint of information rate, in which the non-convex problem was solved by the

semidefinite relaxation and the solution was theoretically proved as always rank-one.

The MISO model for SWIPT network with multiple information receivers and

energy harvesters was studied in [43] and [44]. A problem designed to optimize the

harvested energy for energy harvesting nodes with constraints of each SINR for

information receivers and the total available power was proposed in [43]. A standard

interior-point method was used to solve this problem. In [44], the total harvested

energy was maximized for energy harvesters with the constraint of QoS requirements

for each information receiver.

In [45], the authors proposed to use multiple power splitting receivers instead of

multiple separated information receivers and energy harvesters in the MISO network.

A joint optimization problem of the transmitted beamforming and the power splitting
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coefficient was proposed, and it was solved via the semidefinite relaxation.
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Figure 2.9: The co-channel interference SWIPT network.

The scenario of the co-channel interference was considered in SWIPT. The multi
transmitter-receiver pairs are significant for SWIPT; its structure can be showed in Fig.
(2.9). The multi-nodes share the spectrum. This case is different from the single

transmitter-receiver pair, in which information and interference signals co-exist in
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channels. Interference collaboration has become a challenge for SWIPT. An antenna

selection technique and interference management were introduced in [46], it was

proved that interference signals was used to be considered as harmful for

communications but became useful in wireless energy harvesting networks. A

diagonalization block precoding was used in [47], in which receivers switched

between the information reception and the energy harvester to improve the system

performance. In [48], a beamforming optimization problem was designed in a MISO

network with multiple transmitter-receiver pairs. Different beamforming designs were

used in this paper, and a joint optimization of the beamforming and the power splitting

coefficient was solved via semidefinite relaxation. Moreover, an adaptive

beamforming design was proposed in this paper. In [49] and [50], the authors studied

SWIPT in MIMO model with the co-channel interference. The scenario of two

transmitter-receiver pairs was considered in [49], in which receivers used the time

switching structure. The information rate was analyzed by an iterative water-filling

method. In [50], the research in [49] was extended to a k-user multiple

transmitter-receiver pairs network. Beamforming designs were proposed in this paper,

35



and the rate-energy region was also analyzed. A non-convex optimization was solved
by proposed iterative algorithm.

The authors proposed a multi-point network with SWIPT in [51], in which a
central processor assisted the transmission between transmitters and multi-point nodes.
A non-convex optimization problem of minimizing the available power with
constraints of QoS requirements for information receptions and minimum harvested
energy for energy collectors was solved by a proposed suboptimal iterative algorithm.

In the above mentioned papers, the beamforming technique was studied in the
energy harvesting multi-antenna network. It is proved that the beamforming technique
can improve the system performance with SWIPT. Some beamforming optimization
problems were proposed in the above papers and their optimal solution were found. In
the next subsection, some researchers focused on the beamforming studies regarding

the security problem with SWIPT.

2.5.2.2 Beamforming Design for Secure Communication
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Some studies focused on the secure issue regarding the wireless energy harvesting

network, and beamforming could also be used in secure communication networks for

SWIPT. The authors studied two optimization problems in [52], one was maximizing

the secrecy rate with the constraint of minimum harvested energy, another was

maximizing the harvested energy with the constraint of secrecy rate. The proposed

problems were non-convex, and the authors used the one-dimension method and the

semidefinite relaxation to solve problems. In [31], the authors used the artificial noise

to improve the system performance from the security’s perspective. The proposed

problem in this paper was to minimize the transmitted power with the constraint of

information rate.

The authors considered a secure issue for a TDMA-based broadcasting network

with multiple information receiver and eavesdroppers. A semidefinite relaxation

algorithm was used to solve the power allocation with the consideration of QoS.

In [53], a three nodes MIMO network was used to study the secure issue, in which

the energy harvester was malicious to hear information. The original non-convex

beamforming optimization problem was intended to maximize the secrecy rate with
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constraints of transmitted power and minimum harvested energy. An inexact block
coordinate descent algorithm was proposed in the paper for this issue.

The secure issue was considered in a cognitive radio network with SWIPT [54]. In
the proposed network, the authors optimized the energy harvesting efficient and the
transmitted power via the semidefinite relaxation. Two suboptimal algorithms were
also proposed in the paper.

In the above mentioned papers, the secure issue in the wireless energy harvesting
multi-antenna network was considered. So far, we have reviewed some literatures
regarding the energy harvesting in the point-to-point communication network. To
practically implement the energy harvesting in the communication network, the fading
and attenuation problems should be overcome. Some researchers pointed out that the
cooperative network could improve the system performance for the energy harvesting
network by deploying the relay node in the network. In the next subsection, some

studies regarding the cooperative network will be introduced.

2.5.3 Cooperative Relaying Network
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2.5.3.1 Introduction of Conventional Relaying Network

For the point-to-point communication network, the channel state between nodes
cannot be guaranteed to support the continuous communication due to the multipath
fading. In the cooperative relaying network, the source node communicates with the
destination node through the relay node. The diversity in the cooperative network is
improved [55], because the additional paths are provided for the reception. Each node
in the cooperative network has a closer distance as the transmission is split into
several phases, therefore the pathloss impact becomes slighter. The source-destination
transmission is reliable with the assist of the relay node. The relay node uses different
relaying protocols to assist the cooperative network transmission. In the thesis, the
works are mainly based on the AF and DF protocol, therefore these two protocols will
be discussed here.

The AF relaying protocol was firstly proposed in [56]. In the AF protocol, the
relay node amplifies the received signal from the source node and then transmits it to

the destination node. If the relay node has the minimal computing power, the AF
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protocol is the ideal and straightforward way to deploy in the cooperative network.

The DF relaying protocol is another common protocol used at the relay node. In
this protocol, the relay node detects the signal from the source node and then transmits
it to the destination node. If the relay node has the enough computing power, it can
employ the error correcting code to correct the received bit error [57].

As the cooperative relaying network could overcome fading to increase the
transmission efficiency and reliability, this network is suitable for the wireless energy
harvesting network. In the thesis, the energy harvesting technique is studied in the
wireless cooperative network. In the next subsection, some researches regarding the

wireless energy harvesting cooperative network will be discussed.

2.5.3.2 Relaying Protocols with Energy Harvesting

The cooperative relaying network is promising to implement practically the wireless
energy harvesting because it is powerful to improve the system performance in

communications. In the wireless energy harvesting network, the relay node can be
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powered by signals. For instance, a source node is willing to communicate to a

destination node with the help of a relay node. The relay node has a limited battery to

support the transmission. If the relay node can wirelessly harvest energy, the relay

node can have enough power to support the transmission. Also, the relay node can

assist the communication to overcome fading and attenuation. Hence, the energy

harvesting relay can improve the transmission reliability.

The design of the cooperative relaying network with energy harvesting is different

from it without energy harvesting. The deployment of energy harvesting node should

be considered in the cooperative relaying network. Typically, there are three nodes in

the cooperative relaying network, which are the source node, the relay node, and the

destination node. The relay node deliveries information from the source node to the

destination node. Energy harvesting can be deployed on one node or multiple nodes in

the cooperative relaying network. Some cooperative schemes have been widely used

for nowadays applications, such as AF and DF. The authors in [58] proposed that DF

relaying scheme be more practical to implement for SWIPT.

In [59], the authors employed the time switching in the cooperative relaying
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network. In proposed network, the relay node used remaining power to delivery

information. The outage probability of the relay node was obtained in a close form.

The multi-antenna is important for the cooperative relaying network with energy

harvesting. In [30], an MIMO relaying was considered with energy harvesting. A

dynamic antenna switching was deployed to allocate sets of the antenna to perform

information receiving or energy harvesting according to CSI. The outage probability

was analyzed in the paper.

The authors in [60] proposed the time switching based relaying protocol and the

power splitting based relaying protocol for the wireless cooperative relaying network

using AF. Capacities and outage probabilities for two proposed protocols were

analyzed in the paper. The same authors proposed an adaptive time switching protocol

for AF and DF wireless cooperative relaying network [61]. The duration for

harvesting energy was dynamically changed according to CSI. The achievable

throughput was analyzed. The concern of user scheduling was proposed in [62], the

max-min selection criterion and an optimal strategy for DF relaying network were

investigated.
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In this subsection, the papers about the wireless energy harvesting network are
discussed. From those papers, it can be seen that the cooperative relaying network
could improve the system performance with SWIPT. In the next subsection, some
resource allocation problems in the energy harvesting relaying network will be

introduced.

2.5.3.3 Resource Allocation for Energy Harvesting Relaying

Network

Resource allocation algorithms is another research area for the wireless energy
harvesting cooperative relaying network. The authors in [63] studied the resource
allocation in multiple transmitter-receiver pairs DF relaying network. The relay node
was able to harvest power and assist the transmission. The usage of harvested power
in the relay node was optimized for each transmitter-receiver pair.

In [64], the model used was that multiple sources transmitted information to one

destination with the help of one relay. The sources and the relay were able to harvest
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power. A joint resource allocation and energy harvesting problem was proposed to

maximize the sum rate, and an iterative algorithm solved the problem. Also, an energy

cooperation model for the two-way relaying network was analyzed in [65].

Some works focus on the application of SWIPT for the two-way cooperative

relaying network. In [66], a two-way cooperative relaying network with energy

harvesting was considered. In fading channels, the relay node assisted two nodes to

exchange information and the power splitting was employed in the paper. In [67], two

single-antenna nodes wirelessly powered by multiple single-antenna relay nodes

shared information. The sum rate of all nodes was optimized with constraints of

transmitted power and harvested energy. The work in [68] studied a robust

optimization problem for the two-way cooperative relaying network. The semidefinite

relaxation, S-procedure, and successive convex approximation were used in the paper

to obtain the optimal solution.

In this subsection, some resource allocation algorithms are discussed regarding the

wireless energy harvesting cooperative network and some methods to find the optimal

solution are introduced. Based on the above researches, the works in this thesis are
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mainly focused on the resource allocation algorithm for the wireless energy harvesting

cooperative network. In the next chapter, these works will be introduced.

2.6 Chapter Summary

This chapter provides a background of wireless energy harvesting. The architecture of
wireless energy harvesting network is introduced. Some wireless energy harvesting
techniques and applications are explained. Also, the concept of SWIPT and different
SWIPT receiver structures are discussed in detail. Literature reviews regarding

SWIPT are also provided in this chapter.
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Chapter 3

Energy-Efficient Optimization in Cooperative Networks

with Wireless Information and Power Transfer

3.1 Introduction

The concept of energy efficiency (bit-per-Joule) in the wireless communication has
drawn much attention in industry and academia fields [69], [70], [71]. For the wireless
energy-constrained network, the energy-efficient design is a significant issue [72],
[73], [74]. Improving the energy efficiency can ensure that the wireless
communication system utilizes energy in a more environment-friendly way.

In the chapter, a DF cooperative relaying network is considered, in which the
energy harvesting relay is wirelessly powered by RF signals transmitted from the
source node and then uses the harvested energy to support the relay transmission. The
energy-efficient maximization problem in the cooperative wireless network is

considered. The energy-efficient maximization problem is a ratio of the channel
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capacity and overall power consumption in the block time. Notably, two
energy-efficient maximization problems are formulated in this chapter based on the
time switching relaying protocol and the power splitting relaying protocol,
respectively. However, original formulated maximization problems are not in a
standard convex form, which is not solvable. In this situation, the nonlinear fractional
programming is useful to reconstruct proposed problems into a convex form. After the
transformation, the Lagrange multiplier method and the gradient method are used to
solve problems. The simulation results are also presented in the chapter to verify the

effectiveness of proposed method.

3.2 System Model

The considered wireless cooperative network includes one source-destination pair and
one relay. Each node in the network is equipped with a single antenna. There is no
direct link between the source node and the destination node, i.e., the source node

communicates with the destination node via an energy harvesting relay. The
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source-to-relay channel and the relay-to-destination channel are modeled as

quasi-static block fading channels. The channel gains are denoted as h and g. The

distances from the source to the relay and from the relay to the destination are denoted

by d; and d,, respectively. The considered network is demonstrated in Fig. (3.1).

The prefect channel state information is assumed available at the destination node.

The energy harvesting relay can harvest energy from the source node and utilize the

energy to relay the source information and this assumption is used in [60]. The battery

capacity of the energy harvesting relay is assumed as infinite. The DF scheme is

employed in the cooperative network. The two relaying protocols for energy

harvesting are considered in this paper. Detailed analyzes regarding the time

switching-based relaying protocol and the power splitting-based relaying protocol are

given in the following sections. Assuming that at the relay, the power consumed to

process the harvested energy is negligible, when compared to the power used in

transmitting information to the destination.

48



T Ak T

]
=

Figure 3.1: System model for the relay node assisting communication between the

source node and the destination node.

3.3 Energy-Efficient Optimization based on Time Switching

Relaying Protocol

In this section, the energy-efficient optimization is discussed with the time switching
relaying protocol. The transmission model with the time switching relaying protocol

and the corresponding optimization problem are given as follows.

3.3.1 Time Switching Relaying Protocol
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The whole transmission process is operated in the block time, denoted by T. The
information transmission process is split into three phases. In the first phase, the
source node transmits RF signals to power the energy harvesting relay node for «
time, 0 < a < 1. During the rest of the block time (1 — «), the information is

transmitted from the source node to the relay node and then to the destination node.

3.3.2 System Transmission Model

The energy harvesting relay first harvests the energy from the source and then detects
the transmitted signal from the source. The received signal at the relay can be

expressed as

1

T

where d; is the distance between the source node and the relay node, m is the path

JPshs +n,, (3.1)

loss exponent, P, is the transmitted power, h is the channel gain from the source
node to the relay node which is modeled as quasi-static block-fading and frequency

non-selective parameters, the channel is unchanged in the block time and independent
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and identically distributed from one block to the next block, following a Rayleigh
distribution, and s is the normalized transmitted signal with the unit power. n, is
the sum of the baseband AWGN from the receiving antenna and the sampled AWGN
from the RF band to baseband conversion [60], following CNV (0, 62).

The energy harvesting relay harvests energy from the source in a time, in which

the harvested energy is given by

P.|h|? 4+ d"*c?
E=77( A ld;n 1 T)aT,

3.2)
where n is the energy conversion efficiency coefficient at the relay node.

We assume that the energy harvesting relay is operated with the DF protocol, and
it can decode the source information successfully. The received signal at the

destination is given by

1

T

where d, is the distance from the relay to the destination, B. is the power

\/Frgs + ngy, (3.3

transmitted from the relay; g is the channel gain between the relay and the
destination which is also modeled as quasi-static block-fading and frequency

non-selective parameters, the channel is stable in the block time and independent and
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identically distributed from one block to the next block, following a Rayleigh

distribution. n, is the sum of the AWGN from the receiving antenna and the noise

from the conversion, following CN (0, c2).

According to the time switching relaying protocol, the relay uses the harvested

energy in a time to forward the re-encoded information to the destination in the rest

of the time. The transmitted power at the relay can be expressed as

_ 2n(&lhI? +dT'of)a

r Aitdl-a) 34)

In the case of the cooperative network using DF protocol without the direct link
between the source node and the destination node, the channel capacity with the time
switching relaying protocol can be calculated as

C™ = min(CL3, CL), (3.5)
where CI3 and CE3 are channel capacities from the source to the relay and from the
relay to the destination, respectively. Based on the time switching energy harvesting

relaying protocol, CI3 and CZ; can be expressed as

1—a P.|h|?
cls = —— log; (1 + 615%2)' (3.6)

1 ¥r

and
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1- 2n(Pg|h|? + di*af)|g|?
CTS _ a10g2< 77( Sl I 1 O-r)lgl (l>' (37)

v ditd (1 — a)og

where ¢ and o3 are variances of n, and ng.

3.3.3 Problem Formulation

In this subsection, we consider the ratio between the system channel capacity and the
overall power consumption in one transmission block time, which is the expression of
the energy efficiency. It is assumed that each node has a constant circuit power
consumption for signal processing, which is independent of the power used for
transmitting signal. We denote P;, P, and P; by the consumed circuit power in the
source, the relay, and the destination, respectively.

In the time switching relaying protocol, nodes are activated in the allocated time
slot. The source node operates during the energy transfer time and information
delivering to the relay node. The relay node operates for the whole transmission block.
The destination node operates during the information being transmitted from the relay

to itself. So the total consumed energy with the time switching relaying protocol in
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this cooperative wireless network is given by

+ a
2

1 1- 1+
ECTS=P1( >T+P2T+P3< O()T+PS< O(>T, (3.8)

2 2
This work aims to maximize the energy efficiency in the considered model. The
energy efficiency can be expressed as the ratio of the channel capacity and the total

consumed power. With the time switching relaying protocol, the optimization problem

IS given by

CTS
Fea ETS
s.t.C1: P, < PM%*,
C2: P. = pmin,
€3:C™ = cmm,
C4:P, >0,
(5:0<a<1. (3.9)
where the predefined variable P"%* is the maximum transmitted power limitation at
the source. P™" is the minimum power requirement at the relay to forward the

information to the destination. C™™" is the minimum required channel capacity to

meet the QoS criterion.
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One can easily verify that the proposed problem above is not a convex
optimization problem because the objective function is a ratio of the channel capacity
and total consumed power. The solution of this formulated problem is given in

following sections.

3.4 Energy-Efficient Optimization based on Power Splitting

Relaying Protocol

In this section, we focus on energy-efficient optimization based on the power
splitting-based relaying protocol. The transmission model with power splitting

relaying protocol and the optimization problem are given as follows.

3.4.1 Power Splitting Relaying Protocol

In the cooperative wireless network with the power splitting relay, one transmission

block is split into two phases. At the end of the first phase, the power splitting relay
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receives observations with the transmitted power P, from the source and then splits it
into two streams. One part of the power pP; is the harvested energy for the next
phase transmission. The rest of power (1 — p)P; is used for information decoding

procedure at the relay.

3.4.2 System Transmission Model

The energy harvesting relay receives the power and the information in the first phase.

The received signal is given by

1
Yr = W\/ (1= p)Fshs +n,, (3.10)
1

where d7*, m, h and s are defined as same as them in the last section. n, =
J(@ = p)nd +n¢, the baseband AWGN n¢ is reduced by the power splitting
receiver and ng is the noise from the conversion.

The relay harvests energy from the source in the first phase, in which the

harvested energy can be expressed as

_np(Blhl> + o) T

E
ar 2

(3.11)
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where 7 is the energy conversion coefficient at the relay.

The considered model is operated under the DF mode, and it is assumed that the

relay can decode the source information successfully. The received signal at the

destination can be expressed as

1
Ya = ﬁﬁgs + ng,

where d7, B., g and n, are defined as same as them in the last section.

(3.12)

In the power splitting relaying protocol, the relay utilizes the harvested energy to

assist the next transmission phase. The transmitted power of the relay is given by

_np(B|hl* + o7)

P, ar ,

The channel capacity in this model can be calculated as
CPS = min(CE3, CE),

where

1 (1 - p)R|n|?
C§g=§10g2<1+dm—o_; ’
1 9r

and

np(Ps|h|? +aﬁ)|glz>

CPS:llog 1+
kD ™5 62 dmd o2

where ¢? and o2 are variances of n, and ng, respectively.
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3.4.3 Problem Formulation

To formulate the energy efficiency maximization problem with the power splitting
relaying protocol, we first find the overall energy consumption as follows.

EPS =%P1T+P2T+%P3T+%PST, (3.17)
where P;, P, and P; are the constant circuit power consumption at the source node,
the relay node, and the destination node, respectively.

The energy efficiency maximization problem with the power splitting relaying

protocol can be expressed as

CPS

max
PS',D EéJS
s.t.C1: P, < pmax,
C2:P. > pmin,
C3: CPS > cmin

C4:P, >0,

C5:0<p<1. (3.18)
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where P™%* is the maximum transmitted power at the source. ™" is the minimum
power requirement at the relay to forward the information to the destination. C™" is
the minimum required channel capacity with a targeted QoS.

This problem is also not a convex problem. In the next section, we analyze the

solution to solve these optimization problems.

3.5 Solution of Formulated Optimization Problems

The two proposed problems are not in the standard convex form. However, the
problem can be transformed by exploring the properties of the nonlinear fractional
programming. According to the parametric method, we introduce a new variable g*
to denote the optimum energy efficiency for proposed problems, which is the ratio of

channel capacity C and power consumption E.. g* can be expressed as

S

= i

q
= max — (3.19)

Pg Ec'

By introducing the property of nonlinear fractional programming, the objective
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functions of the problem (3.8) and (3.18) can be transformed into a subtractive form,

which is equivalent to its original one [69]. Hence, the reformulated parametric

problems can be expressed as

max CT5 — q;EIS
Psa

s.t.C1: P, < pmax,

C2: P. = pmin,

C3: CTS > cmin,

C4:P, > 0,

C5:0<a<l. (3.20)

and

max CPS — q;EPS
PS'.D

s.t.C1: P, < POX,

C2: P. > pmin,

C3: CPS > cmin,

C4:P, >0,
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C5:0<p<1. (3.21)

cPSps.p")
EES(Ps.p*)’

cTS(p¢,a")

where q; = TS ey

and q; = which represent the optimal maximum of
energy efficiency in the cooperative network with different energy harvesting relaying

protocols. Here we have the theorem to show the relationship between the transformed

problem and the original problem.

Theorem 1. The optimum energy efficiency g* :,C?:: maxE£ if and only if g*

c Pg c

satisfies
n},?x C—q'E;
=C"—q'E;
=0, (3.22)
Proof. Please refer to [75]. ]

Based on the above theorem, two transformed problems and original proposed

problems have the same optimal solution. Therefore, we can find solutions via solving

the transformed problem.
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It is worthy to point out that it is still challenging to solve these two problems
directly. Particularly the time switching coefficient @ and power splitting coefficient
p in the objective function result in the problem being not convex. To tackle this
difficulty, we apply alternative approaches and obtain the optimum solution of one
parameter while fixing the others. After all possible optimum value of energy
efficiency are obtained, we select the best performance with its corresponding « and

(cTS-q;EXS)

2 2¢~PS_,*PS
p. It can be confirmed that 2 <0 and L& _—%Fe)

32p 37h, < 0. Therefore, the

two transformed problems are convex and can be solved by its Lagrange dual problem
due to the strong duality existing in it.
The Lagrange functions of (3.20) and (3.21) are given by
L(B, A, P, a) = C™° — qiEC° — B(P, — ™)
—A(P™n" — ) — p(Cc™n — CT5), (3.23)
and
LB, A u P, p) = C™° — q3EL° — B(P — A™™)
—A(P™" — B.) — u(Cc™n — CP), (3.24)

respectively, where >0, 1>0 and u>0 are the Lagrange multipliers
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corresponding constraints C1, C2 and C3 in the problems in (3.20) and (3.21). The

dual problems can by expressed by

Brﬂg msaxL(B A, P, a), (3.25)
and
ﬁr?LEO rlralsax L(B, A u P, p), (3.26)

respectively. The dual problems are solved by updating solutions of the transmitted

power with Lagrange multipliers.

c"S-qiELS

According to KKT conditions with 2 5

= 0, the optimum value of P, in

the cooperative network with the time switching relaying protocol can be obtained as

+

A+wd-a d"g?
" 21 2( + _AZn(IhIZ + arz)a) - |1h|2 : (3.27)
n2(p+aqa =)

or

A+wd-a) d*d3'(1 — a)og

2n(|h|? + az)a) ~ 2n(|R)? + 02)|gl2al

P, =
: 1 d*(1 - a)

(3.28)

There are two formulas because that different selection of « leads to use different

formulas to calculate the channel capacity in the DF protocol. Specifically, if CI3 <

cLs, the optimum value of transmitted power is calculated by (3.27). If not, the
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. . . . cPS—qiEPS
optimum value of transmitted power is calculated by (3.28). By setting — =

0, the value of P, in the cooperative network with the power splitting relaying

protocol can be obtained by the following equations.

(14w dl'c?

F= TGP ial a-parsen| 2
21n2(,8+7q2—/1d—mr) r
1
or
+

1+ d™do?

P, = (1+u) L %2 9a (3.30)

2 Y 2 2 2|

2 1n 2 (ﬁ +%q2 _ Anp(lhclim+ Ur)) np(lh|? + oP)lgl
1

If CES < CFS, the optimum value of transmitted power is calculated by (3.29). If not,

the optimum value of transmitted power is calculated by (3.30).

Then, the gradient method is employed in the iteration algorithm to update g, 1

and u, which are given by

B+ 1) = [B(n) — pp(Pmex — P]", (3.31)
A+ 1) = [A(n) — (B — B, (3.32)
un+ 1) = [u(m) — P, (C™S or €PS — cmim)]”, (3.33)

where 1z, ¥, and i, are positive step sizes. n is the iteration index. With these

updated Lagrange multipliers and fixed a or p, the optimum energy efficiency can
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be obtained. Then we use another choice of a or p until all possible optimum

energy efficiency are obtained. The algorithm is proposed as follows

Table 3.1: Energy-Efficient Optimization Iteration Algorithm

Outer layer algorithm:

1. Initialize the energy harvesting coefficient @ or p, then perform the inner layer
algorithm.

2. Choose another value of a or p to perform the inner layer algorithm until all
optimal energy efficiency solutions are obtained. Then the best performance is the
optimal solution.

Inner layer algorithm:

1. Initialize the q*, Lagrange multipliers B, Aand u, the maximum tolerance e.

2. Calculate P, inone of (3.27) to (3.30).

3. Use (3.31) to (3.33) to update the B, A and u in the iteration procedure.

*

4. If C—q*E, > €, thenset q* = £ And repeat step 2 to 3, if C — q*E, < €, the

E¢

optimum P, and gq* are obtained with the selective a or p.
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From the proposed algorithm, transformed parametric problems can be solved by

the Lagrange multiplier method. According to [75], the algorithm will always

converge if the optimization problem with the objective function in subtractive from

can be solved. The convergence of the optimum g* in parametric problems is

guaranteed and please refer to appendix for the proof.

Proof. Please refer to Appendix. ]

3.6 Numerical Results

In this section, simulation results are provided to evaluate the performance of the

proposed energy-efficient optimization algorithm. The distance from the source to the

relay and the relay to the destination are 1.5 m with the path loss exponent m = 2.

The antenna noise variance and conversion noise variance are equal to 0.001, i.e.

o2 = g2 = 0.001. The energy harvesting coefficient is set as 1. The circuit-consumed

power at the source, the relay, and the destination is all set to 0.1 Joule/sec. The
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maximum transmitted power is 1 Joule/sec, the minimum harvested power is 0.5

Joule/sec, and the minimum required channel capacity is 1 bits/sec/Hz. The mean

values of the exponential random variables |h|? and |g|? are set to 1. Simulation

results were averaged over 1000 independent trials. In Fig. (3.2), the convergence of

the proposed algorithm for the energy-efficient maximization problem in the

cooperative network with the time switching relaying protocol and power splitting

relaying protocol is shown, where the energy efficiency for the case without

optimization is also provided as a benchmark. As can be seen from the figure, the

proposed algorithm with the time switching relaying protocol and the power splitting

relaying protocol converges within five iterations. The concavity of problems can be

guaranteed. Since the proposed algorithm always converges, the optimum energy

efficiency can be obtained by using the proposed algorithm. The Fig. (3.2) also

presents the performance of the algorithm for the time switching relaying and power

splitting relaying protocol with the value of a=0.3 and p=0.5. In this

circumstance, the proposed algorithm with power splitting relaying protocol has better

optimum energy efficiency. To facilitate a better performance evaluation, energy
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efficiency without optimization in the time switching relaying model and power

splitting relaying model are also provided. The value of energy efficiency without the

proposed algorithm is obtained with the maximum allowed transmitted power. It is

evident that the energy efficiency cannot outperform the proposed algorithm. The

reason for this performance gain is following. The energy efficiency is the ratio of the

channel capacity and the overall power consumption. The proposed algorithm

maximizes the energy efficiency and its optimal solution is obtained with the suitable

power. The schemes without optimization use the maximal power to transmit

information to achieve a lager channel capacity, but form the energy efficiency’s

perspective, the system consumes more power to decrease the energy efficiency. The

proposed algorithm guarantees that better energy efficiency can be achieved.
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Figure 3.2: The performance of proposed algorithm with the time switching relaying

protocol and the power splitting relaying protocol.
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Figure 3.3: Energy efficiency optimization for the time switching relaying protocol

with different parameters.

Fig. (3.3) and Fig. (3.4) illustrate performances of system energy-efficient

maximization with various noise variances and distances based on the time switching

relaying and power splitting relaying protocol. As can be seen from pictures, the

energy efficiency is deteriorated by the increasing noise variances and distances. The

reason is that when noise variances and distances increase, the channel capacity will

reduce and then lead to the decrease of energy efficiency.
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Figure 3.4: Energy efficiency optimization for the power splitting relaying protocol

with different parameters.
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Figure 3.5: Energy efficiency for energy harvesting protocols versus distances.

In Fig. (3.5), the system performances with two energy harvesting protocols

versus distances are given. It can be seen that the energy efficiency is decreased when

the distance becomes larger. In the wireless energy harvesting network, the increase of

distance results in that harvesting energy becomes more difficult. If the relay node

cannot harvest enough energy, then it does not have enough power to achieve the

maximal the energy efficiency.
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3.7 Chapter Summary

This chapter proposed feasible solutions for the maximization of energy efficiency in
cooperative wireless networks based on the time switching relaying protocol and
power splitting relaying protocol. The original problem is first transformed to the
convex form by using nonlinear fractional programming and then is solved by
applying the Lagrange multiplier method. Simulation results confirm the energy
efficiency of the proposed algorithm in the considered model. The trade-off between
energy efficiency and system parameters is also analyzed in the section of numerical

result.
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Chapter 4

Secure  Communication in Cooperative Networks with

Wireless Information and Power Transfer

4.1 Introduction

For the communication network, the issue of security for wireless information and
power transfer is also important, where the passive eavesdropper can potentially
intercept the source transmission due to the openness of wireless channels. There are
many existing works regarding the general physical layer security [76], [77], [78]. In
[76], the overhearing channel can be considered as a degraded one to receive the
information and multiple antennas were used in secure communication systems, where
the secrecy capacity is optimized by carefully designing beamforming. Based on the
study for secrecy rates in SISO fading channels [79], researchers optimized the secure
problem in MISO and MIMO systems [80], [81]. Since the wireless relaying network

can enhance the spectrum efficiency and the physical layer security, the secure
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optimization in cooperative networks has been studied in [82]. The cooperative

beamforming optimization problem was studied in [83], [84], [85], in which relays use

AF and DF strategies to transmit confidential messages to legitimate receivers.

In this chapter, we study the secrecy rate maximization in the AF wireless

cooperative network with an energy harvesting relay. The authors in [86], [52], [87]

studied the secure issue with simultaneous wireless information and power transfer for

MISO broadcast channels. The secure beamforming at the relay studied in [88]

proposed an iterative algorithm to solve the optimization problem. Motivated by these

works above, we consider the secure issue in a cooperative wireless network in which

the energy harvesting relay harvests energy from RF signals transmitted by the source

and then assist the source in delivering its information to the destination. We

formulate the problem of maximizing the secrecy rate subject to the transmitted power

constraint based on the two different energy harvesting strategies, i.e. the power

splitting relaying protocol and time switching relaying protocol. We solve these

problems by using the SDP relaxation approach and 1-D optimization over the

coefficients of energy harvesting protocols.
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4.2 System Model

Consider a wireless cooperative relaying network consisting of one source node, one
relay node, one destination node and one eavesdropper node. Except that the relay
node which has N antennas, all other nodes are equipped with a single antenna. We
assume that there is no direct link between the source, and the
eavesdropper/destination, i.e. the N-antenna energy harvesting relay transmits the
source data to the destination node while preventing the eavesdropper from
intercepting source messages. The perfect channel state information is assumed
available at the relay node. It may be feasible for the scenario that the eavesdropper is
also a user in the network but is malicious to overhear the messages from other users.

The considered network is demonstrated in Fig. (4.1).
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N Desztination

Source . Eelay

Bavesdiopper

Figure 4.1: System model for energy harvesting cooperative network with one

source-destination pair and one eavesdropper.

The energy harvesting relay can harvest energy from RF signals transmitted by the

source node and utilize the energy as the transmitted power to forward the source

information. In this chapter, we assume the relay node has an initial power and further

collects power from the source node to relay the information; therefore the energy

harvesting technique can further improve the performance [89]. The battery capacity

of the energy harvesting relay is assumed as infinite. The AF scheme is considered in

the cooperative network. The two relaying protocols for energy harvesting are
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considered in the chapter. A detailed analysis based on the time switching relaying
protocol and the power splitting relaying protocol are given in the following two
sections, respectively. It is assumed that the power consumed in the transmission
circuit at the relay is negligible when it is compared to the transmission power used

for sending the source data to the destination.

4.3 Secrecy Rate Maximization based on Power Splitting

Relaying Protocol

In this section, we study secrecy rate maximization based on the power splitting
relaying protocol. The transmission scheme with power splitting relaying protocol and

the corresponding optimization problem are given as follows.

4.3.1 System Transmission Model and Problem Statement

The energy harvesting relay harvests energy and detects the transmitted signal from
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the source in the first phase. The received signal at the relay can be express as

V= \/Ehrs +n,, (4.1)
where P, is the transmitted power at the source node, h, € CN*! denotes the
channel vector between the source node and the relay node, s is the transmitted data
from the source node with £(|s|?) = 1, n, is the additive complex Gaussian noise
vector at the relay node following CNV (0, 21y).

Because the power splitting protocol is applied at the relay node, the observation
is split into two streams: one is for the energy harvesting, and the other one is for
information decoding, respectively. It results in the following received signal for the
information decoder.

y? = [pPh,s + \[pn, + n,, (4.2)
where n, is the additive complex Gaussian noise vector due to the RF to baseband
conversion following €NV (0,021y). At the same time, the energy harvesting relay
harvests energy from the source, the signal for energy harvesting is given by

yit =y (1 - p)Rhs+y(1-p)n, (4.3)

Therefore, the amount of the harvested energy is
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_ n(1 = p)(Bllh|I? + a2)T (4.4)

E )
2

where 7 is the energy conversion efficiency coefficient at the relay. The relay node
has an initial energy E and further harvests energy. Therefore, after the relay is
wirelessly powered by the source with the power splitting relaying protocol, the total
available transmit power at the relay node is expressed as
B =n(1 - p)(BllhI* + 02) + Ef™, (4.5)
Since the energy harvesting relay is operated with the AF protocol, upon receiving
the signal, the relay processes the signal by the relay precoding. The signal transmitted
at the relay node is given by
x, = \[pRWh,s + [pWn, + Wn,, (4.6)
where W € CV*V is the precoding matrix, it contains the amplification factor and
also the transmitted power. The power of x,. at the relay node is
B = pPlWh.|I? + pa? W1 + o2 W%, (4.7)
Then the received signal at the destination node in the second phase is given by
Ya = /pPshy Whys + Jphy Wn, + hy Wn, + ng, (4.8)

where h; € CV*! denotes the channel vector between the relay node and the
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destination node and n, is the additive Gaussian noise at the destination following
CN (0,052). Similarly, the received signal at the eavesdropper can be written as
Ye = +/pPsh, Whys + \[ph,"Wn, + h,"Wn, +n,, (4.9)

where h, € CN*1 denotes the channel vector between the relay node and the
destination node, and n, is the additive Gaussian noise at the destination following
CN(0,02).

According to the aforementioned signal model, the received SNRs at the
destination node and the eavesdropper node are

P.|h, " Wh,|’
NR, = PR |ha Wh| (4.10)

pa2||h W + 02| W] + o2

and

pP|hWh,|

SNR, = — — , (4.11)
paﬁ”he W|| + 0C2||he W|| + a?
respectively.
The achievable secrecy rate can be presented as
1 1 *
Rs = |5logz(1+ SNRy) — 5loga(1 + SNR,)| | (4.12)

In this chapter, we formulate the problem for maximizing the secrecy rate subject

to the transmitted power constraint at the relay node via jointly optimizing relay
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precoding and the power splitting coefficient. Particularly, the addressed optimization
problem is formulated as follows
W
s.t.C1: B, < p™aX,

C2:0<p<1. (4.13)
It is obvious that the problem stated above is not a standard convex problem because
the objective function is non-concave and the power splitting coefficient results in the
problem being not convex. In the next subsection, we find the solution to this
problem.

It is noted that in the C1, the transmitted power at the relay node may not use the
total available power from the energy harvesting and this may results in that there will
be the leftover of energy at the relay node stored for the next block time. However, in
the simulation, the relay node always uses the total available at the relay node to
maximize the secrecy rate, so the above concern does not exist in this optimization

problem.
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4.3.2 The Optimal Solution

In this subsection, we proposed an optimal solution based on SDP relaxation. Firstly
we introduce a new variable y, to represent the predefined threshold for the
eavesdropper’s SNR. y, denotes the maximum tolerable SINR at the eavesdropper,
which is practically much less than the SINR at the desired destination node to ensure
the secure communication. After we introduce y,, if the transformed problem is
solvable, it is guaranteed that the secrecy capacity is larger than 0. Although y, is not
the optimization variable in our problem, the optimal solution of the transformed
problem is close to the original problem if the value of y, is suitable. The original

problem is reformulated as follows:

max SNR,
W.p

5.t.C1:SNR, < ,,
C2: P, < pmax,
C3:0<p<1. (4.14)

The new obtained problem is still not a convex problem. We further transform the
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objective function as follows:

pPhd" Wh,|

SNRyq = — T,
pa2||h W + o2||h W] + 02

WHQaIW

wHQgw +

where w = vec(W) and
Qa1 = pP(h "™ @ (ha'hy"),

Qaz = (potIy + a21y) @ (hy"hy"),

The above transform is obtained by using the rule as follows [90]

Tr(ABCD) = (vec(D"))T(CT ® A)vec(B),

Then we transform the SNR of the eavesdropper constraint as

pP|h, Wh,|’

SNR, = — ——
poZ||he W|" + 02||he W||" + 02

H
w Qpw

whHQp,w + o2

where
Qb1 = PP (A1) ® (he'he'),
Quz = (po?Iy + 0ZIy) ® (he'R."),
The transmitted power constraint can be rewritten as

B = pFlWhe||I? + po? [WII* + o2 IW]|?,
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=wiQ.w,
where
Qc = (pPheh,™ + patly + oZ1y) ® Iy, (4.23)
Define a new variable X = ww', the optimization problem can be reformulated

as

Tr(QaIX)
max >
X200 Tr(Qq2X) + 0

Tr(Qp1X) -
2 = Ye'
Tr(Qp2X) + 0§

s.t.C1:

C2:Tr(Q.X) < PMmax,

C3:0<p<1],

C4:Rank(X) = 1. (4.24)
It can be seen that the rank-one constraint makes the problem still difficult to solve.

Therefore, we drop the rank-one constraint and a SDP problem can be obtained as

Tr(Qa1X)
max >
X200 Tr(Qgq2X) + 0

S.t.C1: Tr(Qp12X) < 02,

C2: Tr(Q.X) < PMo*,

€3:0<p<1. (4.25)
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where Qp12 = iQm — Qp2. It is worthy to point out that it is still challenging to
solve this problem directly, mainly due to the power splitting coefficient in the
problem, which renders the joint optimization problem unsolvable. To tackle this
difficulty, we perform 1-D optimization over the power splitting coefficient. Then we
can select the best performance among those possible choices of the power splitting
coefficient. If the value of p is set, the problem can be treated as a quasi-convex SDP
problem. Instead of employing the bisection search approach, we use the

Charnes-Cooper transformation [91] to solve it. Specifically, we define a new variable
! ~ and let X = tX. The problem can be recast as follows

t=———
Tr(QazX)+0g

T X
[nax 7(Qa1X)

5.t.C1: Tr(QuX) + ta? =1,
C2: Tr(Qp12X) < ta?,
C3:Tr(Q.X) < tPme*, (4.26)
Then the problem is a standard SDP problem, and one can efficiently find its

global optimal solution via available solvers [92]. The optimal solution is supposed as

*

X*, t*. Then the optimal solution of X denoted by X* is obtained by X* = )tL f
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the rank of X* is one, w is exactly calculated via the eigenvalue decomposition.

Otherwise, we can employ the following theorem which is obtained from the result in

[93] to obtain the rank-one solution.

Theorem 1. For a matrix X* which has a higher rank, the rank-one solution can be

acquired via the follow procedure.

Table 4.1: SBP rank reduction procedure

1. Decompose X* as X* = VVH with V € CV**" where r is the rank of X*.

2. Find a nonzero r X r Hermitian matrix M to satisfy the equations as follows
Tr(VEQuVM) = 0, Tr(VHQu1,VM) =0 and Tr(VEQ.VM) = 0.

3. Evaluate all eigenvalues A4,,4, ... A, for matrix M and define |A|=
max{|A4|, |1,| ... |A,|}, where |A| represents the modulus of A.

4. Update matrix X* =V (I, — %M)V”. If X* still has the higher rank, we repeat the

step 1-3 until the rank of X* is one.

Proof. The proof steps are similar to the ones in [93], [94]. Since there are three linear
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equations in Step 2, we can always find a nonzero solution M if r2 > 3. It is can be
found that the rank of X* is reduced at least one by performing one iteration. And the
updated X* in step 4 satisfies equations in step 2, which is also a solution for the SDP
problem, i.e. the updated X* can achieve the same value of the objective function for
our transformed problem but with the lower rank. We can finally acquire a rank-one

solution by repeating the procedure. The proof is completed. ]

Remark 1. In step 2 of Theorem 1, we need to solve an undetermined system of linear
equations to find M. There are three equations and r2 real-valued unknowns. If
r? > 3, then it can be found a nonzero solution for linear equations. We can rewrite

the system of linear equations into the form Ax = 0, where A € R3** and x € R™".
The matrix A is the combination of the matrix VH#Q,,V, V7 Qp2V and VEQ, V.
Then finding a nonzero x is equal to finding the null space of A. Recall that M €

R™ T, after reshaping x, M is obtained.

Remark 2. The rank of X* will be reduced at least one by performing Theorem 1 one
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time. The number of iterations depends on the initial rank of X*. For example, if the

initial rank of X* is 9, at worst we need to perform Theorem 1 eight times.

4.4 Secrecy Rate Maximization based on Time Switching

Relaying Protocol

In this section, we study the secrecy rate maximization problem on the basis of time
switching relaying protocol. The transmission model with the time switching relaying

protocol and the corresponding optimization problem are given as follows.

4.4.1 System Transmission Model and Problem Statement

The received signal at the relay can be expressed as follows

Yr = \/Fshrs +n, +n (4.27)
where P;, h,, s, n, and n, have the same definition as previously.

The relay harvests energy from RF signals sent by the source for a time, and the
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amount of the harvested energy is given by

E =na(Fllh|I* + 07T, (4.28)

The total available transmit power at the relay is then expressed as follows

_ 2na (Bl I? + 0?)

Pmax
r 1-—«a

+ B, (4.29)
Since the energy harvesting relay is operated with the AF protocol, the signal
transmitted by the relay node can be written as follows
X, = \/FSWhrs +Wn, +Wn,, (4.30)
The relay transmission power is given by
B = Pl[Wh.||> + oZ [W]* + a2 IW]?, (4.31)
Then the received signal at the destination node is given by
Va = /Pha Whys + hy'Wn, + hy' Wn, + ng, (4.32)
Similarly, the received signal at the eavesdropper can be written as follows
Ye = \/Pshe' Whys + h,”Wn, + h,”Wn_ + n,, (4.33)
According to the described signal model, the received SNRs at the destination
node and the eavesdropper node are
Plhd Wh,|’

= , (4.34)
“ o2lh W + 02| W + o2
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and

P|n,Wh,|’
oz||hSW| + o2||h W + 02

SNR, = (4.35)

respectively. The achievable secrecy rate with the time switching relaying protocol

can be expressed as

+

l1—«a 1—«a
log,(1+ SNR,)| , (4.36)

Rg = > log,(1 + SNRy) —

We formulate the problem of maximizing the secrecy rate subject to the
transmitted power constraint at the relay node, via jointly optimizing relay precoding
and the time switching coefficient. The optimization problem is formulated as follows

e h
s.t.C1: P. < pmax,
C2:0<a<1. (4.37)
This problem is in a form similar to the one proposed in the previous section, and also
not a standard convex problem. We can perform similar transform steps to make the

problem solvable.
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4.4.2. The Optimal Solution

Firstly we introduce a new variable y, to represent the predefined threshold for the
eavesdropper’s SNR and reformulate the original problem as follows
s SVRa
s.t.C1: SNR, < y,,
C2: P. < pmex,
C3:0<a <. (4.37)

Then we further transform the objective function as follows

By|hy " Wh,|
SNRd = T 7 T 7 )
o?||ha™W|” + o2||h W + o2
H
S Quw (4.38)
W7 QW + 0
where
Qa1 = P(heh,™)" ® (ha'ha"), (4.39)
Qaz = (67Iy + 021y) ® (ha'ha'), (4.40)
The SNR of the eavesdropper constraint is given by
Pk, Wh,|’
SNR, = o (4.41)

° a2 w| + o2|hS W + 02
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H
w QpWw

whHQp,w + o2

where
Qb1 = Ps(he )T ® (RR,"), (4.42)
Qb2 = (07 1y + 021y) ® (h'h,), (4.43)
The transmitted power constraint can be rewritten as follows
B = BlWh.|? + oZ W] + o2 IW]I?,
=wiQ.w, (4.44)
where
Qc = (Bheh," + 621y + 2 1y) ® Iy, (4.45)

Define X = ww!!, and the optimization problem can be reformulated as follows

Tr(Qa1X)
max 2
x>0aTr(Qq2X) + 0

Tr X
s.t.C1: @X) Ve
Tr(Qp2X) + 0

C2: Tr(Q.X) < Pmo*,

(3:0<a<1,

C4:Rank(X) = 1. (4.46)

We drop the rank-one constraint and a SDP problem can be obtained as follows
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TT'(Qa1X)
max
X202 Tr(Qg2X) + 0

5.t.C1: Tr(Qp12X) < 02,

C2:Tr(Q.X) < Pmex,
C3:0<a< 1. (4.47)
where Qpq12 = iQm — Qp2. The time switching coefficient is still a challenge to be
optimized. We again perform 1-D optimization over the time switching coefficient. If

the value of « is set, the problem can be treated as a quasi-convex SDP problem. We

1

also use the Charnes-Cooper transformation. Define a new variable t = ———
Tr(Qa2X)+0j

and let X = tX. The problem can be recast as follows

T X
[nax 7(Qa1X)

5.t.C1: Tr(QuX) + ta? =1,
C2: Tr(Qp12X) < ta?,
C3:Tr(Q.X) < tPme*, (4.48)
Then the problem is solvable like the problem with power splitting relaying
protocol. The optimal solution is denoted by X*, t*. Then the solution of X denoted

by X* is obtained by X* =§ . If the rank of X* is not one, we can employ
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Theorem 1 to obtain the rank-one solution.

4.5 Numerical Results

In this section, simulation results are provided to evaluate the performance of the

proposed secrecy rate optimization solution. The number of antenna is 3. We use the

TGn path loss model with the directional transceiver antenna gain of 10 dBi. The

distance between each node is set as 10 m. The carrier frequency is 470 MHz, which

is accorded with the IEEE 802.11af Wi-Fi parameters [95]. The noise variance is

assumed as o2 = 02 = 07 = 62 = 0 = —25 dBm. The initial power at the relay

node is 10 dBm. The energy conversion efficient is 0.8. The channel vectors are

randomly generated from independent and identically distributed Rayleigh Rician

random variables with Rician factor 6dB. The maximum SNR tolerance for the

eavesdropper is assumed as —10 dB. Simulation results were averaged over 1000

independent trials.
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Figure 4.2: Secrecy rate versus transmitted power at the source node for the proposed

schemes with energy harvesting protocols.

In Fig. (4.2), the secrecy rates achieved by different secure transmission schemes

versus the transmitted power of the source are plotted. The results for power splitting

relaying and time switching relaying schemes are obtained with its optimal energy

harvesting coefficient, p = 0.5 and a = 0.3. It can be seen that curves of secrecy

rates for the two proposed energy harvesting schemes are monotonically

non-decreasing functions of the transmitted power because the higher transmitted
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power results in more available power at the relay for the relay-destination

transmission. The proposed scheme with power splitting relaying protocol

outperforms that with the time switching relaying protocol. For comparison, Fig. (4.2)

also presents the performance for non-energy harvesting cooperative networks. In the

non-energy harvesting scheme, the relay node only uses its initial power to relay the

information. It can be observed that performances of two energy harvesting schemes

and the non-energy scheme are close in the low source power region. This is because

that if the transmitted power at the source node is small, the energy harvesting relay

can not collect much power to improve the system performance. However, if the

source transmitted power is large enough, the energy harvesting schemes can

obviously outperform the non-energy harvesting scheme. The secrecy rate in the

non-energy harvesting scheme is limited by the relay power and can not further be

improved with the increased source power. From the figure, we can see that the energy

harvesting relaying schemes have better performance than the non-energy harvesting

scheme, which demonstrates that energy harvesting relay schemes can improve the

secrecy rate in a resource-limited relay network context.
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Figure 4.3: Secrecy rate versus transmitted power at the source node for the power

splitting relaying protocol with different choices of system parameters.
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Figure 4.4: Secrecy rate versus transmitted power at the source node for the time

switching relaying protocol with different choices of system parameters.

In Fig. (4.3) and Fig. (4.4), we present the secrecy rate versus the transmitted

power for the proposed scheme with power splitting relaying and time switching

relaying protocols by using different system parameters. It can be seen from the figure

that the secrecy rates achieved by these two protocols improve with the increased

number of the antenna and are degraded with the increase of the distance between

each node. This is attributed to the fact that the relay could exploit the array gain to
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achieve better performance with more antennas, and the longer distance makes
channel attenuation larger in turns resulting in, the worse performance of relay

networks.

4.6 Chapter Summary

In this chapter, we formulated the secrecy rate maximization in an AF relay network
with power splitting relaying and time switching relaying energy harvesting protocols
while taking into account relay precoding and the energy harvesting coefficient. The
optimal solution was found by applying the SDP relaxation approach and 1-D
optimization. Simulation results illustrated the energy harvesting relaying schemes
could enhance the secrecy rate in a resource-limited relay network and analyzed the

trade-off between the secrecy rate and system parameters.
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Chapter 5

Beamforming  Optimization in  Energy Harvesting
Cooperative Full-Duplex Networks with Self-Energy

Recycling Protocol

5.1 Introduction

Many works regarding the energy harvesting cooperative network considered the
half-duplex network model; however, the full-duplex model is another research
interest in the wireless energy harvesting study. The authors in [96], [97] studied the
full-duplex wireless powered network with the time switching protocol. Due to the
full-duplex structure, the node could transmit energy and receive information
simultaneously. The authors in [98] proposed a self-energy recycling protocol. In [98],
a full-duplex energy harvesting relay node is equipped with two groups of the antenna.

In the first transmission phase, the relay node uses its receiving antenna to receive the
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information from the source node. In the second transmission phase, the relay node

uses its receiving antenna to collect the power transmitted from the source node and

uses its transmission antennas to send the information to the destination node. During

the second phase, the energy harvesting relay not only collects the power from the

source node but also recycles part of its transmitted power from its loop-back channel.

The authors in [98] set up this self-energy recycling protocol in a MISO relaying

channel.

Motivated by this, we study the beamforming optimization problem based on the

self-energy recycling relaying protocol in a cooperative wireless network. We

modeled a wireless energy harvesting cooperative network with a self-energy

recycling relay. The relay node is equipped two groups of the antenna, so it is capable

of collecting the information or energy and relaying the information simultaneously.

In this model, we formulated the beamforming optimization problem for maximizing

the achievable rate subject to the available transmitted power at the relay node and we

used the SDP relaxation approach to solve it. To highlight the advantage of the

self-energy recycling scheme, we also provided the solution for the beamforming
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optimization problem with the time switching relaying protocol and the power
splitting relaying protocol. Simulation results are provided to verify that the
self-energy recycling relaying protocol achieves an obvious rate gain compared to the
time switching relaying protocol or power splitting relaying protocol. The trade-off

between the achievable rate and system parameters is also analyzed.

5.2 System Model

The cooperative wireless network considered here includes one source-destination
pair and one energy harvesting relay. The source node and the destination node are
equipped one antenna respectively. The relay node has two groups of the RF chains;
one is used for the information transmission while the other one is used for receiving.
The number of transmission antennas N, and the number of receiving antennas N,
are the same, i.e. N, = N, = N. We assume that there is no direct link between the
source node and the destination node, i.e. the source node intends to transmit the

message to the destination node with the assist of the relay node. Channels are

103



modeled as quasi-static block fading channels. The perfect channel state information

is available at the relay node. The considered network is illustrated in Fig. (5.1).

AL

Source Relar

Destination

;
&

Tl

Figure 5.1: System model for energy harvesting cooperative network with self-energy

recycling protocol.

The energy harvesting relay is solely powered by the source. It can harvest energy

from the source node and utilize the energy to relay the source information. This

assumption is used in [60]. The battery capacity of the energy harvesting relay is

assumed as infinite. The AF scheme is employed in the cooperative network. A new

energy harvesting protocol with self-energy recycling relay is considered in this

chapter. The detailed analysis based on this protocol is given in the following sections.
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We also assume that the relay node itself has the limited power to support its circuitry
power consumption; however, the relay node does not use its power to relay the
information. Therefore, the relay node needs to be wirelessly powered by the source

node.

5.3 Beamforming with Self-Energy Recycling Relay

In this section, we study the relay beamforming optimization problem in the

self-energy recycling relaying network. The transmission model is given as follows.

5.3.1 Relay Protocol and Transmission Model

The whole transmission process is operated in the block time, denoted by T. The
information transmission process is split into two phases. In the first phase, the source
transmits information to the relay for g time, and relay uses its receiving antennas to

receive information. In the second phase, the source node transmits RF signals to
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power the energy harvesting relay and the relay sends the amplified information to the
destination. The energy harvesting relay is equipped with one group of the
transmission antenna and one group of receiving antenna. The receiving antennas at
the relay node harvest energy and use the harvested energy to assist transmission
antennas to relay information. It is noted that the full-duplex relay node needs some
time to harvest energy and then relay information, therefore there is delay between
these two procedures. However the delay could be very small and is ignored in this
work.

The energy harvesting relay first receives the information from the source node
with its receiving antennas. The received signal at the relay can be expressed as

i = JPhoxs + 1, (5.1)

where P, is the transmitted power, h, € CV*1 is the channel vector from the source
to receiving antennas of the relay, and x, is the transmitted data from the source node
with E(Jx5]?) = 1 and n,, is the additive complex Gaussian noise vector at the
relay node following GV (0,02 1y).

Since the energy harvesting relay is operated with the AF protocol, upon receiving
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the signal, the relay processes the signal by the relay precoding. The signal transmitted
by the relay node is given by
X, = \/EWhrxs +Wn,4, (5.2)
where W € C¥*V s the precoding matrix. The power of the transmitted signal from
the relay is
B = Pl[Wh,|I> + ¢/ W%, (5.3)
In the second phase, the relay uses its transmission antennas to relay the
information to the destination node. The received signal at the destination is given by
Ya = Pshg"Whyx + hg"Wn 4 +ng, (5.4)
where hy; € CV*1 is the channel vector between the transmission antennas of the
relay and the destination node and n, is additive Gaussian noise at the destination
following CNV'(0,02). Concurrently, the energy harvesting relay is wirelessly
powered by the source node with the dedicated energy-bearing signal. The received
signal at the relay is
¥ = \Phexe + Hyxy + 1y,

= \/Fshrxe + \/FerWhrxs + Hrwnrl + Nn,y, (5-5)
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where x, is the transmitted signal from the source node with £(|x.|?) =1, H, €
CN*N js the channel matrix of the loop channel at the relay node and n,, is the
received additive complex Gaussian noise vector following CN (0, 0%1y). The relay
node not only collects energy from the source node but also recycles part of its
transmitted power due to its two groups of antennas being activated at the same time.
Unlike the other full-duplex relaying studies, the relay node employs interference
cancellation techniques to eliminate the loop-back interference signal. In the energy
harvesting cooperative relaying network, the loop-back signal can be reused at the
relay as the transmitted power. The amount of the harvested energy is given by
nT
E= 7(Psllhrll2 + BIHWh,|I> + o2, |H W + o), (5.6)
where 1 is the energy conversion efficiency coefficient at the relay. Then the total
available transmitted power at the relay node is T% which can be expressed as
Be* = n(Rllh1? + RN HWh|I? + o4 | HWII? + o), (5.7)
According to the aforementioned signal model, the received SNR at the
destination node is
By Wh,|’

SNR,; = , (5.8)
o2 |had " W||" + o2
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The achievable rate can be presented as

1
R = Elogz(l + SNRy), (5.9)

5.3.2 Problem Formulation and Beamforming Design

In this section, we consider the beamforming optimization problem for the considered
network. We formulate the problem to maximize the achievable rate subject to the
transmitted power constraint at the relay node. Particularly, the addressed

optimization problem is formulated as follows

max R
w

s.t. P, < B, (5.10)

It is noted that in the constraint, the transmitted power at the relay node may not
use the total available power from the energy harvesting and this may results in that
there will be the leftover of energy at the relay node stored for the next block time.
However, in the simulation, the relay node always uses the total available at the relay

node to maximize the objective function, so the above concern does not exist in this
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optimization problem.
It is evident that the problem stated above is not a standard convex problem. Then,
we proposed an optimal solution based on SDP relaxation. By using the monotonicity,

the original problem can be expressed as

PslhdHWhrl2

Vo2 I Wl + o2

s.t. B|[Wh,||? + o4 [[W]|?

< n(Bllh |1 + Bl HWh, > + o/, [|[H,WI? + 07).  (5.11)

The beamforming matrix in our considered network can be decomposed as W =

ww, . w, € CV*1 is the transmission beamforming vector at the relay node. w, €

CN*1 is the receiving beamforming vector with |w,|| = 1. We further choose the

hy

Al

structure of the receiving beamforming as ||w,|| = , this MRC structure can

strengthen the received signal or power and it is widely used [69], [99]. Therefore, the

problem can be further expressed as

RAlha"wi I, b |2

Wi o |hg"we| + o3

s.t.Pllwell?lw, " hel? + o llwll?

< n(Bllh 1> + Pl Hw, 121w, Ry |2 + o2 | HowlI? + 0). (5.12)
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The above problem has one variable w,. Here we can find that the objective
function in the above problem is an increasing function in |hdHWt| . By using the
monotonicity again, the problem can be simplified as

H 2
max|hd wt|
Wi
s.t. ([lwell? = |Hywell*m) (Ps|lw, T hy | + o)
< 0P|k 1> + nop,. (5.13)

The transformed problem is a quadratic form and we employ SDP relaxation to

solve it. Define a new variable X = w,w,!, the optimization problem can be

reformulated as

max Tr(Q1X)

s.t.Rank(X) =1,

nB|lh|I? + no,

Tr X) < .
(@2X) = P Wi ? + of,

(5.14)

where Q = hyh,"”, Q, =1—nH,"H,.
It can be seen that the rank-one constraint makes the problem still difficult to solve.

Therefore, we drop the rank-one constraint, and a SDP problem can be obtained as
max Tr(Q1X)
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kbl + o7,
Plw:hy|? + 07y

s.t.Tr(Q2X) < (5.15)

Then the problem is a standard SDP problem, and one can efficiently find its
global optimal solution via available solvers [92]. If the rank of X* is one, w; is
exactly computed via eigenvalue decomposition. Otherwise, we can use the SBP rank

reduction theorem which is obtained from the result in [93] to obtain the rank-one

solution.

5.4 Beamforming with Time Switching Relaying Protocol

In this section, we study the beamforming optimization based on the time switching
relaying protocol as a benchmark. Compared with to time switching relaying protocol,
the self-energy recycling protocol does not need to allocate dedicated time slot for the
energy transmission, thus has the potential to improve the throughput. The energy
harvesting relay in time switching relaying protocol operates in half-duplex mode. The
transmission model with the time switching relaying protocol and the corresponding

optimization problem are given as follows.
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5.4.1 Time Switching Relaying Protocol and Transmission

Model

In the time-switching relaying protocol, the information transmission process is split
into three phases. In the first phase, the source transmits RF signals to power the
energy harvesting relay for aT, where T denotes the duration of one block and 0 <
a < 1. During the rest of the block time (1 — a)T, the information is transmitted
from the source to the relay and then the relay will use the harvested energy to deliver
the source information the destination.
The energy harvesting relay harvests the energy in the first phase. The received
signal at the relay can be expressed as follows
Yy = JBhx + ny3, (5.16)
where P, is the transmitted power at the source node, h, € C¥*1 denotes the
channel vector the between the source node and the relay node, x, is the dedicated

energy-bearing signal from the source node with £(|x.|?) =1 and n,s is the
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additive complex Gaussian noise vector at the relay node following CNV (0, a51y).

The relay harvests energy from the RF signal sent by the source for a time, and

the amount of the harvested energy is given by

E = na(Fllh|I? + 0)T, (5.17)

where 7 is the energy conversion efficiency coefficient at the relay. Therefore, the

total available transmitted power at the relay is then expressed as follows

2na(Bllh. |1 + 05)

pmax —
r 1—a

(5.18)

)

After the energy transmission, the received information from the source node to
the relay node can be expressed as
y, = \/Ehrxs +n,.4+n, (5.19)
where x, is the dedicated information-bearing signal from the source node with
E(|x5]*) =1, n,, is the additive complex Gaussian noise vector at the relay node
following CNV'(0,02%1y) and n, is the additive complex Gaussian noise vector due
to the RF to baseband conversion following CNV (0, 621y).
Since the energy harvesting relay is operated with the AF protocol, the signal

transmitted by the relay node can be written as follows
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x, = [BWhxs + Wn,, + Wn,, (5.20)
where W € CN*VN s the precoding matrix.
The relay transmission power is given by
B = RlIWh.|I? + a4, IIW1I* + oZIW]]?, (5.21)
Then the received signal at the destination node is given by
Va = [Pshg"Whyx, + hg"Wny + hy"Wn, +ng, (5.22)
where hg € CV*! denotes the channel vector between the relay node and the
destination node and n, is the additive Gaussian noise at the destination following
CN(0,02).
According to the described signal model, the received SNR at the destination node
Plhd ' Wh,|’

SNR, = : (5.23)
W + 02| ha W + o2

The achievable rate can be expressed as

a
> log,(1 + SNRy), (5.24)

R =

5.4.2 Problem Formulation and Beamforming Design
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We formulate the beamforming optimization problem of maximizing the achievable
rate subject to the transmitted power constraint at the relay node. The optimization
problem is formulated as follows
Wk
s.t.B. < B, (5.25)
This problem is in a form similar to the one proposed in the previous section and
is also not a standard convex problem. By using the monotonicity, the problem can be

expressed by
PS | hdHWhr | :
W 2 Hyrl12 21ln Hw |12 2
« o2l W + o2|hg" W||" + 3

2na(Bllh1? + 05)

s.t. BlIWh|I? + a4 IWII? + Z|IW]|? < T (5.26)
For the problem above, we first transform the objective function as
H 2
R?lhd Whrl
SNRd = H 7 7 > )
o |ln Wl + o2l|hg W] + o
P.wHhhfw

= , (5.27)

o2 wHH H"w + oc2wHH H,"w + ¢

where w =vec(W), h=h,"®h,; and H,; = IQh,;. The above transform is

obtained by using the rule as follows [100]
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vec(ABC) = (CT@A)vec(B), (5.28)
The transmitted power constraint can be rewritten as
B = RlIWh.|I? + a4, IIW1I* + oZIW]]?,
= PWlH,H,"w + o2, wiw + o2wlw, (5.29)
where H, = h,"®I.

Define a new variable = ww!’ | the optimization problem can be reformulated as

max Tr(Q1X)
x>0,a Tr(Q2X) + o2

s.t.Rank(X) =1,

0<ac<l,

2na(Bllh,|I* + of5)
1—a '

Tr(Q3X) < (5.30)
where Q; = P,hh?, Q, = (¢4 + 02)H,H," and Q3 = P,H,H," + 631 + oI

It is worthy to point out that it is still challenging to solve this problem directly,
mainly due to the rank one constraint and the time switching coefficient in the
problem, which renders the optimization problem non-convex. To tackle these

difficulties, we can drop the rank one constraint. Then we can perform the full search

on the time-switching coefficient. Specifically, for a given time-switching coefficient,
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the optimal relay beamforming matrix can be efficiently obtained. We perform a full
search on the time-switching coefficient, then solve the problem with all possible
value of the time-switching coefficient. In practice, we can discretize the range of the
time-switching coefficient into M > 1 equally spaced intervals with an interval
width of % for facilitating the full search. After we obtain all achievable SNR value,
we can select the best among those possible choices of the time-switching coefficient.
Once the value of « is fixed, the problem can be treated as a quasi-convex SDP
problem, where we drop the rank one constraint. Instead of employing the bisection
search approach, we use the Charnes-Cooper transformation [91] to solve it.

= and let X = tX. The problem

Specifically, we define a new variable t = ——
Tr(Qz2X)+og

can be recast as follows

max Tr(Q,X)

X>0,t
s.t.Tr(Q.X) + ta? =1,

2tna(FllhI* + 05)

- (5.31)

Tr(Q3X) <

Then the problem is solvable like the problem with the self-energy recycling relaying

protocol. The optimal solution is denoted by X*, t*. Then the solution of X denoted
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by X* is obtained by X* = );L If the rank of X* is not one, we can also use the SBP
rank reduction theorem to obtain the rank-one solution.

It is necessary to mention that we can also use the power splitting relaying
protocol as another benchmark scheme compared with the self-energy recycling
scheme. The power splitting relaying protocol can be referred as [60]. Our method to
optimize the beamforming with the time switching relaying protocol is easily
extended to the same optimization problem based on the power splitting relaying
protocol. Hence, we omit its detailed procedure here, and we provide its simulation

result in the next section.

5.5 Numerical Results

In this section, simulation results are provided to evaluate the performance of the
proposed beamforming optimization solution. The number of antenna is 3. We use the
TGn path loss model [101]. The loop channel path loss is —15 dB [102]. The distance

between each node is set as 10 m. The system bandwidth is 200 kHz. The carrier
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frequency is 470 MHz, which is accorded with the IEEE 802.11af Wi-Fi parameters
[95]. The channel vectors are randomly generated from independent and identically
distributed Rayleigh Rician random variables with Rician factor 6dB. The noise
variance is assumed as ¢4 = 02 = 04 = 0% = 02 = 05 = —25 dBm. The energy
conversion efficient is 0.8. Simulation results were averaged over 1000 independent

trials.
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Figure 5.2: Achievable rate versus transmitted power at the source node for different

energy harvesting protocols.
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In Fig. (5.2), the achievable rates achieved by different energy harvesting

protocols versus the transmitted power of the source are plotted. The result for the

self-energy recycling protocol is demonstrated and the results for the time switching

relaying protocol and the power splitting relaying protocol are also shown as

benchmarks. The results for time switching relaying and power splitting relaying

protocols are obtained with their optimal energy harvesting coefficient. It can be seen

that curves of the achievable rate for these energy harvesting protocols are

monotonically non-decreasing functions of the transmitted power because the higher

transmitted power results in more available power at the relay for the relay-destination

transmission. The self-energy recycling scheme outperforms the time switching

relaying and power splitting relaying protocols. This is because that the full-duplex

structure relay used in the self-energy recycling relaying protocol not only harvests

the power transmitted from the source node but also recycles the part of transmitted

power at the relay node. Compared to the time switching relaying and power splitting

relaying protocols, the self-energy harvesting protocol achieves an obvious rate gain.
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The self-energy recycling protocol has better performance than the other energy

harvesting protocols.
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Figure 5.3: Achievable rate versus transmitted power at the source node for the

self-energy recycling relaying protocol with different loop channel path loss.

In Fig. (5.3), the performances of the self-energy recycling protocol with different

loop channel path loss are presented. From the figure, we can see that the system

performance with the path loss —15 dB is better than that with the path loss —5 dB or

—25 dB. This is due to that if the path loss is smaller, the energy harvesting relay
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cannot recycle more power in the second transmission phase, which leads to the

available transmitted power at the relay node is smaller. However, if the loop channel

path loss is too large, it will deteriorate the system performance, even though the relay

can harvest more power.
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Figure 5.4: Performance comparison of the self-energy recycling protocol with

different numbers of antenna.
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Figure 5.5: Performance comparison of the self-energy recycling protocol with

different numbers of distances.

In Fig. (5.4) and Fig. (5.5), we present the achievable rate versus the transmitted

power for the self-energy recycling relaying protocol with different system parameters.

It can be seen from the figure that the achievable rate improves with the increased

number of the antenna and is degraded with the increase of the distance between each

node. This is attributed to the fact that the relay could exploit the array gain to achieve

better performance with more antennas, and the longer distance makes channel

124



attenuation larger in turns resulting in, the worse performance of relay networks.

5.6 Chapter Summary

In this paper, we formulated the beamforming optimization problem in an AF relay
network based on the self-energy recycling relaying protocol. We proposed a
SDP-based solution to obtain the optimal solution for the proposed problem. To
demonstrate the advantage of the self-energy recycling relaying protocol, we also used
the SDP relaxation and the full search to solve the beamforming optimization problem
with the time switching relaying protocol and power splitting relaying protocol.
Simulation results illustrated that the self-energy recycling relaying protocol can
improve the achievable rate compared to other energy harvesting protocols. The
trade-off between the achievable rate and system parameters is also provided in the

chapter.
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Chapter 6

Beamforming Optimization for Full-Duplex Cooperative
Cognitive Radio Networks with Self-Energy Recycling

Protocol

6.1 Introduction

The cooperation between the primary system and the secondary system in a cognitive
radio network was illustrated to improve the spectrum efficiency [103], [104], [105],
[106], [107], [108], [109]. When the PU’s rate requirement can not be met, the
secondary system assists in relaying the primary information for the PU and also uses
the primary spectrum. Hence the primary system and the secondary system both
benefit from the cooperation. In [106] and [107], a three phase transmission protocol
was proposed. Specifically, in phase 1 and phase 2, the ST receives the primary

information and then forwards to the PU. In phase 3, the ST sends its information to
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the SU. In [103], [108] and [109], multiple antennas was employed at the ST, in which

the cooperation requires two phase. In phase 1, the ST listens to the primary

information. In phase 2, the ST both forwards the primary information and its

information. However, many works only considered the cooperation between the

primary system and the secondary system regarding the information level. From a

practical perspective, if the ST is willing to assist the primary transmission but faces a

problem that its energy can not support the information cooperation, the information

cooperation will not be completed. To solve this problem, we introduce the emerging

wireless energy harvesting technology into the cooperative cognitive radio network.

In this chapter, we study the beamforming optimization problem based on the

self-energy recycling relaying protocol in a cooperative cognitive radio network. We

modeled a wireless energy harvesting cooperative cognitive radio network with a

self-energy recycling relay. The ST is equipped two groups of the antenna, so it is

capable of collecting the information or energy and relaying the information

simultaneously. In this model, we formulated the beamforming optimization problem

for maximizing the achievable SU’s rate subject to the available transmitted power at
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the ST and the minimum PU’s rate. We used the SDP relaxation approach to solving it.
To highlight the advantage of the self-energy recycling scheme, we also provided the
solution for the beamforming optimization problem with the power splitting relaying
protocol. Simulation results are provided to verify that the self-energy recycling
relaying protocol achieves an obvious rate gain compared to the power splitting
relaying protocol. The trade-off between the achievable rate and system parameters is

also analyzed.

6.2 System Model

The cognitive relay network considered in the chapter includes a primary system and a
secondary system. The secondary system consists of a secondary transmitter-receiver
pair. The primary system has a primary transmitter-receiver pair, which intends to
communicate in a licensed frequency band. We assume that the link between the PT
and PU is affected with the deep fading or shadowing effects, hence to meet the

primary system’s rate requirement, the ST assists in relaying the primary system’s
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information. The ST is an energy harvesting node [60], which has an initial energy and

further harvests energy from the PT. The ST receives the PT’s information and energy;

it uses the harvested energy together with its energy to transmit the information to the

SU and to assist the primary system. The battery capacity of the ST is assumed as

infinite. The AF scheme is employed at the ST node. A self-energy recycling protocol

is employed at the energy harvesting node. The detailed analysis based on this

protocol is given in the following section.

Except the ST, all nodes are equipped one antenna. The ST has two groups of RF

chains; one is used for transmitting while the other one is used for receiving. The

number of transmission antennas N, and the number of receiving antennas N, are

same, i.e. N; = N,. = N. The perfect channel state information is assumed available at

the ST. Channels are modeled as quasi-static block fading channels. The considered

model is illustrated in Fig. (6.1).
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Figure 6.1: System model for full-duplex cooperative cognitive radio network with

self-energy recycling protocol.

6.3 Beamforming with Self-Energy Recycling Protocol

In this section, we introduce the self-energy recycling protocol and study the

beamforming optimization problem for the cooperative cognitive network.

6.3.1 Self-Energy Recycling Protocol and Transmission
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Model

The PT broadcasts the information firstly. The ST receives the information from the
PT with its receiving antenna. The received information can be expressed as

y} = \/Phx, + 1y, (6.1)
where P, is the transmitted power at the PT, h € C¥** is the channel vector from
the PT to receiving antennas of the ST, and x,, is the transmitted information from
the PT with & (|xp|2) =1 and n,, isthe additive complex Gaussian noise vector at
the ST following GV (0,02 1y). In the same time, the received information at the PU
can be expressed as

Vp = \/thpxp + Ny, (6.2)
where h,, is the channel between the PT and PU, n,, is the additive complex
Gaussian noise vector at the PU following CV'(0, o;,).

After the ST receives the information from the PT, it amplifies the received

information with the precoding. The ST superimposes the amplified information for

the PU and its information with the cognitive beamforming vector for the SU. The
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superimposable information can be expressed as
X, = \/Fpthp + Wn,1 + wx,, (6.3)
where W € CV*V s the precoding matrix, wg € C¥>*1 is the cognitive beamforming
vector and x, is the information for the PU with £(|x,|?) = 1.
The power of the transmitted signal at the ST is
B = BIIWhII? + o4 W% + llwsll?, (6.4)
In the second phase, the ST uses its transmission antennas to relay the information
for the PU and SU. The received signal at the PU is given by
Vp = \/P_pngthp + 9,"Wn, 1 + g, wexs 4+ ny,, (6.5)
where g, € CN*1 is the channel vector between transmission antennas of the ST and
the PU and n,, is additive Gaussian noise at the destination following CV'(0, 6,5,).
The received signal at the SU is given by
Vs = Bogs"Whxy, + g"Wnyy + g5 'wex + 1, (6.6)
where g € C¥*1 is the channel vector between transmission antennas of the ST and
the PU and n, is additive Gaussian noise at the destination following G (0,52).

Concurrently, the ST is wirelessly powered by the PT with the dedicated energy-
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bearing signal. The received signal at the ST is
yZ = \[Phx, + Hx, + 1y,
= /P,hx, + P, H,Whx, + HWn,q + Hwx; + n,,,  (6.7)
where x, is the transmitted signal from the PT with £(|x,|?) =1, H, € CN*V s
the channel matrix of the loop channel at the ST and n,, is the received additive
complex Gaussian noise vector following CN'(0,0%1y). The ST not only harvests
energy from the PT but also recycles part of its transmitted power due to its two
groups of the antenna being activated at the same time. Unlike the other full-duplex
structure studies, the full-duplex node uses interference cancellation techniques to
eliminate the loop-back interference signal. In energy harvesting networks, the
loop-back signal can be reused at the energy harvesting node as a part of transmitted
power. The amount of the harvested energy at the ST is given by
E= g(PpIIhII2 + B IH,WhI? + o2, | H,WI* + |Hywll?
+ arzz), (6.8)
where n is the energy conversion efficiency coefficient at the ST. Then the total
E

available transmitted power at the ST is /2 which can be expressed as
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Pmax = (BRI + By | H,WhI|? + o2, || H,WI||? + || H,w|?
+ 0'7?2) + Eﬁni;

where E s the initial energy at the ST.

(6.9)

According to the signal as mentioned earlier model and applying the MRC

strategy to y, and y7. The received SINR at the PU is the sum of two channel uses,

itis

2 2
Pplhpl PplngWhl

2

SINR, = : —
B Ghllay W+ gy il +

The achievable rate of the PU can be presented as

1
Ry = 51ogz(1+ SINRy),

The received SINR at the SU is

CINR. = |97 wil?
* Plgs"Wh|? + o | g W2 + 0

The achievable rate of the SU can be presented as

1
R = Elogz(l + SINRy),

6.3.2 Problem Formulation and Beamforming Design
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In this section, we discuss the beamforming optimization in the considered cognitive
network. Our objective is to maximize the SU’s rate subject to the PU rate and
transmitted power constraint by jointly optimizing the precoding and the cognitive
beamforming. Particularly the addressed optimization problem is formulated as

follows

max R
W,wg

S.t.Ry 21,

P. < pmex, (6.14)
where 7, is the minimum rate requirement for the PU. It is obvious that the problem
stated above is not a standard convex problem. Then, we proposed an optimal solution
based on SDP relaxation. By using the monotonicity, the original problem can be

expressed as

. lgsTwsl?
wWws P,|gs"Wh|? + 62 llgs" W% + o2

2 2
_Pplhpl Pp|9pHWh|

Ss.t 2 5 ° 2 o 2 2
p1 Urlllgp wi +|gp w|" + o

21,
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PIIWhI|1? + a4 W% + llwgll?
< n(BIIRII? + PIIHWh||? + o2 || H,W||?

+ | H,will? + 62) + B™. (6.15)

In the above problem, the precoding matrix W can be characterized as W =
w,h. It can be proved this structure is the optimal structure of W [103]. This
structure amplifies the received signal from the PT employing h*’ to produce a noisy
version of the primary information and forward the information with the beamforming
w,. It also simplifies the above problem. Therefore, the problem can be further

expressed as

lgs"wgl?
max

2
WoWs (P, (|14 + o2 |h]12)| g5 Hw,|” + o2

s.t.(BlIRI* = 02 IRI12) g, wy | = 1l gy Wl = o,
(BollRl* + oz lRIZ) ([wyl” = nllHwy||7) + w2

— nllHwll* < nPlIRII? +noy + B (6.16)

2
Pplhp
2

where Ty =T —
Op1

- . Define a new variable X = w,w," and Y = waw,", the

optimization problem can be reformulated as

max Tr(Q1X)
x=0Y>0Tr(Q,X) + a2
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s.t.Tr(Q3X) — Tr(Q4Y) = 7,07,

Tr(QsX) + Tr(QeY) < nh,llhll* +naf, + B,

Rank(X) =1,

Rank(Y) = 1. (6.17)
where Q1 = gsg9s" . Q2= (BIAl*+cAlhl?)gsgs" . Q3= (BlAl* -
notillhl?)g,9,", Qs =1,8,9,", Qs = (BIIRII* + o2 1IRII*)(1 — nH,"H,) and
Qs =1 —nH,"H,.

It can be seen that the rank-one constraint makes the problem still difficult to solve.
Therefore, we drop the rank-one constraint and then the above problem is a
quasi-convex problem because that the problem’s objective function has a fractional
structure. Instead of employing the bisection search approach, we use the
Charnes-Cooper transformation [91] to solve it. Specifically, we define a new variable

1

t =————— andlet X =tX, Y = tY. The problem can be recast as follows
Tr(Q2X)+os

max Tr(Q,Y
X=0Y>0 (Ql)

s.t.Tr(Q2.X) + to? =1,

Tr(Q3X) — Tr(Q4Y) = tr,02,
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Tr(QsX) + Tr(QeY) < PR + tno?, + tA™. (6.18)
Then the problem is a standard SDP problem, and one can efficiently find its

optimal solution via available solvers [92]. The optimal solution is denoted by X*, ¥*

23

and t*. Then the solution of X denoted by X* is obtained by X* =f— and the

x

=t

solution of Y denoted by Y* is obtained by Y* = _ If X* and Y* are rank one,

*

~

w, and wy can be exactly computed via eigenvalue decomposition. Otherwise, we

can use the SBP rank reduction theorem which is obtained from the result in [93] to

obtain the rank-one solution.

It is necessary to mention that we can use the power splitting relaying protocol as

the benchmark scheme compared with the self-energy recycling scheme. Our method

to optimize the beamforming with the self-energy recycling protocol is easily

extended to the power splitting relaying protocol. Hence, we omit its detailed

procedure here, and we provide its simulation result in the next section.

6.4 Numerical Results
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In this section, simulation results are provided to evaluate the performance of the
proposed beamforming optimization solution. The number of antenna is 3. We use the
TGn path loss model [101]. The loop channel path loss is —15 dB [102]. The channel
vectors are randomly generated from independent and identically distributed Rayleigh
Rician random variables with Rician factor 6dB. The initial power at the ST is 10
dBm. The minimum requirement rate of the PU is 3 bps/Hz. The distance between
each node is set as 10 m. The system bandwidth is 200 kHz. The carrier frequency is
470 MHz, which is accorded with the IEEE 802.11af Wi-Fi parameters [95]. The
noise variance is assumed as o7 = o/, = 054 = 0, = 0Z = —25 dBm. The energy

conversion efficient is 0.8. Simulation results were averaged over 1000 independent

trials.
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Figure 6.2: Achievable SU’s rate versus transmitted power at the PT for different

energy harvesting protocols.

In Fig. (6.2), the achievable SU’s rate achieved by different energy harvesting

protocols versus the transmitted power at the PT are plotted. The result for the

self-energy recycling protocol is demonstrated and the result for the power splitting

relaying protocol are also shown as benchmarks. The result for the power splitting

relaying protocol is obtained with their optimal energy harvesting coefficient. It can

be seen that curves of achievable SU’s rate for these energy harvesting protocols are
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monotonically non-decreasing functions of the transmitted power at the PT because

the higher transmitted power results in more available power at the ST for the

broadcasting transmission. The self-energy recycling protocol outperforms the power

splitting relaying protocol. This is because that the full-duplex structure used in the

self-energy recycling relaying protocol not only harvests the power transmitted from

the PT but also recycles the part of transmitted power at the ST. Compared to the

power splitting relaying protocol, the self-energy harvesting protocol achieves an

obvious rate gain. The self-energy recycling protocol has better performance than the

other energy harvesting protocol.
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recycling relaying protocol with different numbers of antenna.
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Figure 6.4: Achievable SU’s rate versus transmitted power at the PT for self-energy

recycling relaying protocol with different distances.

In Fig. (6.3) and Fig. (6.4), we present the achievable SU’s rate versus the

transmitted power at the PT for the self-energy recycling relaying protocol with

different system parameters. It can be seen from the figure that the achievable SU’s

rate improves with the increased number of the antenna and is degraded with the

increase of the distance between each node. This is attributed to the fact that the ST

could exploit the array gain to achieve better performance with more antennas, and the
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longer distance makes channel attenuation larger in turns resulting in, the worse

performance.

6.5 Chapter Summary

In this chapter, we formulated the beamforming optimization problem in a cooperative
cognitive radio network based on the self-energy recycling relaying protocol. We
proposed a SDP-based solution to obtain the optimal solution for the proposed
problem. To demonstrate the advantage of the self-energy recycling relaying protocol,
we also used the SDP relaxation and 1-D optimization to solve the beamforming
optimization problem the power splitting relaying protocol. Simulation results
illustrated that the self-energy recycling relaying protocol could improve the
achievable SU’s rate compared to the power splitting relaying protocol. The trade-off

between the achievable SU’s rate and system parameters is also provided.
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Chapter 7

Conclusion and Future Works

7.1 Conclusion

In this thesis, the wireless energy harvesting technique and some optimization studies
regarding applications of the wireless energy harvesting in different communication
networks are investigated. For optimization problems proposed in the thesis, we
develop mathematical algorithms to find optimal solutions, and simulation results are
provided to verify the effectiveness of solutions.

In the first Chapter, an overview of wireless energy harvesting is introduced. In the
past, the initial idea of wireless energy harvesting was not practical to implement due
to the low energy efficiency. Recently, the development of circuit technology and an
increasing number of the low-powered electronic device make the wireless energy

harvesting attracts more and more attention from both academic and industry fields.
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In Chapter 2, the background of wireless energy harvesting is presented. The

architecture of wireless energy harvesting network, the introduction of the different

power source and practical applications of wireless energy harvesting are discussed.

Also, an important energy harvesting technique used in communication networks is

introduced, which refers as SWIPT. SWIPT is that the network node uses the same

antenna module to perform receiving information and harvesting energy. Nevertheless,

due that the existing circuit has some practical issues to simultaneously processing the

information reception and energy harvesting, some structures of the communication

network node are proposed to achieve the practical implementation of SWIPT.

Chapter 3 focused on an energy-efficient optimization in the cooperative network

with wireless information and power transfer. The energy harvesting technique is used

at the relay node in a DF cooperative network. Based on the time switching relaying

protocol and power splitting relaying protocol, optimization problems of energy

efficiency are formulated. The formulated problems can be re-constructed into a

convex form by using the nonlinear fractional programming, to which closed form

solutions can be found by using the Lagrange multiplier method. Simulation results
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are presented in this chapter to verify the effectiveness of this solution.

In chapter 4, the secure communication in the cooperative network with wireless

information and power transfer is discussed. The secure communication issue is

considered in an AF cooperative network with an energy harvesting relay node. Based

on the time switching relaying protocol and power splitting relaying protocol, the

problem for maximizing the secrecy rate subject to the transmitted power and energy

harvesting coefficient is proposed. To find the optimal solution, SDP relaxation, and

1-D optimization are used. Simulation results are presented to show the system

performance for two energy harvesting protocols.

A self-energy recycling protocol is proposed in chapter 5. Based on this energy

harvesting protocol, we study the beamforming optimization problem in an energy

harvesting cooperative full-duplex network. The problem is to maximize the

achievable rate subject to the available transmitted power at the relay node. The SDP

method is used to solve the problem. For comparison, we also propose a beamforming

optimization problem based on the time switching relaying protocol. The self-energy

recycling protocol can achieve a significant rate gain compared to the other energy
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harvesting protocol.

In chapter 6, we use the self-energy recycling protocol in a full-duplex cooperative

cognitive radio network. In considered network, the channel of the primary system is

affected with deep fading or shadowing effects, the ST harvests energy from the PT

and assists the primary information transmission. The ST has a full-duplex structure

and employs the self-energy recycling protocol. The problem aims to maximize the

achievable SU’s rate subject to the available transmitted power at the ST and

minimum rate requirement for the PU. The system performance with the self-energy

recycling protocol is compared to it with the other energy harvesting protocol in the

simulation.

7.2 Future Works

It is recommended that further research be undertaken in the following areas:

For the energy efficiency study in the wireless energy harvesting network, it is

potential to extend the work in the thesis into the more complex communication
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network with SWIPT, such as multi-user relaying network with AF or DF relaying

protocol. And it is excited to study the energy efficiency algorithm with the convex

optimization in the multi-antenna network with energy harvesting, such as MIMO or

MISO.

For the secure communication with SWIPT, it is possible to extend the SDP

method into the MIMO network. And it is also interesting to study the more complex

security issue with energy harvesting, such as the network with jammers or the

untrusted relay node. The convex technique for the secure issue can also be

investigated more in the future.

In the full-duplex network model, there will be more interesting problem. The

full-duplex structure provides the self-recycling energy harvesting protocol compared

to the half-duplex model, which brings more different resource allocation convex

problems that could be optimized in many communication networks.
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Appendix

In the appendix, the convergence of proposed algorithm in Chapter 3 regarding

transformed parametric problems is proved. First of all, we introduce two lemmas.

Lemma 1. The object function C — g*E, is a monotonic decreasing function of q".
Proof. Given two power allocation results in P, and P, with their corresponding

energy efficiency q, and q,. We define q; > q;, then we have

max C — q,E.

Py
= C(Psb) - quc(Psb)
> C(Rsa) - quC(PSa)

= C(Psa) - quc(Psa)

= max C — q,E,, -

Ps
Lemma 2. There is an energy efficiency solution g* toensure C —q*E,. = 0.

Proof. It can be proved that the objective function is continuous in g*. If g* is plus

infinity, the value of the objective function is minus infinity and vice-versa. Hence,
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thereisa q* tolet C — gq*E, = 0. |

With the above lemmas, we can prove the convergence of the transformed

parametric problem. We denote P, and g, as the energy efficiency policy in the

C(Psn)

. Then we have
EC(PSn)

n-th iteration. Recall that in the algorithm, q,,; =

C(Psn) - q‘;klEC (Psn)

= q;ft+1Ec(Psn) - q;Ec(Psn)

= (qn+1 — @ E(Pen),

where E.(P,) Iis greater than 0, therefore, q;.1 —qn =0, The g, Iis

non-decreasing in the iterative process. In Lemma 1, the objective function is

monotonically decreasing in g, and g, is non-decreasing in the iteration. Therefore,

the objective function is non-increasing in the iteration. In Lemma 2, the optimum

energy efficiency converges when C —q*E. = 0. If the iteration index is large

enough, C — gq*E, will equal to 0. Moreover, the optimal energy efficiency will be

obtained.
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