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Summary

The novel resource allocation for simultaneous wireless information and power transfer (SWIPT)
is presented as a means of not only helping to communicate and access information with increas-
ing efficiency in the next generation of mobile data networks, but also contributing to minimizing
a network’s overall power consumption by providing a green energy source. First, a unique archi-
tecture is proposed that harvests energy from an access point (AP) without the receiver needing
a splitter. In the proposed system model, a portion of the spectrum is used for information
decoding (ID) while the remaining portion is exploited for energy harvesting (EH) in an or-
thogonal frequency division multiple access (OFDMA) network. To investigate the performance
gain, an optimization problem is formulated that maximizes the harvested energy of a multi-user
single-cell OFDMA downlink (DL) network with SWIPT and also satisfies a minimum data-rate
requirement for all users. A locally optimal solution for the underlying problem, which is essen-
tially non-convex due to the coupling of the integer variable, is obtained by using optimization
tools. Second, the proposed system model is improved in order to investigate the resource alloca-
tion problem of needing to maximize throughput based on the separated receiver architecture in
an OFDMA multi-user multi-cell system that uses SWIPT. The resulting problem, which jointly
optimizes the subcarrier assignment and power allocation, is a mixed-integer non-linear problem
(MINLP) that is difficult to solve. Third, a state-of-the-art harvesting technique at the receiver
that is based on receiver antenna selection with a co-located architecture is explored to optimize
the energy efficiency (EE) of a SWIPT-enabled multi-cell multi-user OFDMA network. This is
referred to as a “generalized antenna-switching technique”. Extensive simulation demonstrates
the superiority of the proposed methodologies and presents interesting results.

Keywords
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“Invention is the most important product of man’s creative
brain. The ultimate purpose is the complete mastery of mind
over the material world, the harnessing of human nature to

human needs.”

— Nikola Tesla

Introduction

Wireless communication is a broad and dynamic field that is enjoying the rapid development of
new technologies needed to cope with the massive growth in the number of wireless communi-
cation devices and many practical applications. In the past few decades, wireless networks and
communication devices have become an indispensable part of modern life. The next generation of
wireless networks (called “fifth generation” (5G) by the standardization community) is designed
to communicate and access information more efficiently. 5G is being deployed to provide high
data-rates for mobile users, massive internet of things (IoT) applications, device-to-device (D2D)
communications, and low latency or extreme real-time tactile communications with high avail-
ability based on real-time immediate interactions. High data-rate access is extremely important,
but the huge amount of power consumed by modern communication applications and networks
is a major factor in global warming. This has inspired the notion of green and sustainable radio
communication. New wireless ecosystems and data networks supporting higher system through-
put with greater energy efficiency are needed. At the same time, they must provide a variety
of services such as wireless power transfer, mobile node positioning, cooperative sensing of the

surrounding environment, and distributed processing of wireless audio and video signals.
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In this regard, a series of procedures, specifications, requirements, and constraints concerning the
delivery of each of these services is accomplished through gradual design. At best, this leads to
ad-hoc treatment of just one of the many services because the lack of structure causes the wireless
infrastructure to be poorly managed. In contrast, a unique shared infrastructure provides plenty
of room to holistically analyze and more systematically design the complete wireless ecosystem
and optimize a multi-service wireless network. This systematic approach to multi-service wireless
networks is called “X-service design”. 1In it, all the services and (computational and radio)

resources are optimized adaptively and controlled cooperatively.

Today’s cellular networks with approximately 6 million macro-cells worldwide consume a peak
rate of almost 12 billion watts — the majority of the world’s wireless information and communica-
tion technology (ICT) power consumption [I]. How can we reduce this enormous consumption of
power? By remembering Nikola Tesla’s late-nineteenth-century dream of a “wirelessly powered
world”. Radio signals convey power and can potentially also be used to deliver energy to remote
devices. Tesla’s seemingly far-fetched idea has recently triggered interest in wireless power trans-
fer (WPT), which when coupled with information transfer is referred to as simultaneous wireless
information and power transfer (SWIPT) [2]. WPT can be a by-product of wireless data transfer
(WDT) networks in which devices capture ambient power, and thus contribute to minimizing a
network’s overall power consumption using green energy. This partially responds to the urgent
question, although it is far from an ideal answer. If a certain quality of power transfer must
be secured, base stations (BSs) can play an active role in power delivery and reserve part or all
of their resources for this specific objective of reducing a network’s overall power consumption.

This is one example of positioning services [3].

Let’s think for a moment of a hypothetical meeting of the minds between Claude Shannon, the
father of information theory, and Nikola Tesla. Tesla tried to build a circuit to deliver power to
a load wirelessly, Shannon wanted to use such a circuit just for sending information [4]. Path
loss, energy harvester sensitivities that require a significant signal level, and the limits of radio
transmit power mean that WPT can be effective only over distances like those found in ultra-
dense networks [5]. Thus, network densification could be a point of convergence for positioning,
WPT, and WDT networks — with the ultimate goal that could be described as “zero RF power”
SWIPT-enabled networks. This is where Shannon meets Tesla.

1.1 The Architecture of an RF Energy Harvesting Network

Wireless communication systems equipped with energy harvesting (EH) receivers have increas-
ingly been attracting attention [6]. A radio frequency (RF) EH device has a sustainable power
supply from a radio environment that provides harvestable energy from RF signals for infor-

mation processing and transmission. A practical example of this is wireless sensor networks

JFEMJ Chapter 1. Introduction



1.1. The Architecture of an RF Energy Harvesting Network 3

(WSNSs), in which ambient energy is converted to electrical energy via an EH device — not only
to enable a long period of operation in WSNs but also as an alternative to replacing the bat-
tery [7]. However, traditional EH devices may not be appropriate for many applications due to
their complex mechanical constraints such as form factor and cost, and they may not always
be available in indoor environments. Moreover, conventional EH approaches usually depend on
renewable energy sources like solar, tide, wind, thermal, geothermal, and vibrations, which are
usually unpredictable and hard to control [8]. Hence, proactive WPT as an EH method that
only needs an RF EH circuit and has low cost and small form factor should be considered when
studying how to jointly design WPT and WDT in a SWIPT-enabled network [9} [10].

In fact, WPT presents a viable solution for facilitating sustainable communication networks
serving energy-limited communication devices in which wireless devices can communicate through
electromagnetic waves in the RF band. In an RF energy harvesting mode, the range from 3kHz
to as high as 300GHz is designated for radio signals to carry energy as electromagnetic radiation.
Thus, by recalling that the RF signals carry both information and energy, RF energy radiated

by the transmitter(s) can be recycled at the receivers to prolong the network’s lifetime [11].

In order to be able to harvest energy from an RF source, a general network architecture aided
with a means of harvesting modules must be present. Figure , which was adapted directly
from [12], illustrates the block diagram of a network equipped with an RF EH device. As can be
seen in figure , the application module provides the data to be processed by a low-power
microcontroller, while the low-power transceiver is employed to either transmit the processed
information or to receive data for further processing. The next major component in figure
is the RF energy harvester that collects RF signals and converts them into electricity. The
converted signal then goes to a power management module, which either stores the electricity
obtained from the RF energy harvester in an energy storage device, such as a rechargeable
battery, thus helping the users to save excess energy for future use (harvest-store-use mode), or

uses it directly to transmit information without saving the energy (harvest-user mode) [13].

Figure illustrates an RF harvester device with input from an RF antenna, an impedance
matching circuit, a voltage multiplier, and a capacitor to create the output. It is worth mention-
ing that an RF energy harvester typically operates over a range of frequencies: The RF antenna
that provides input to an RF EH unit can be designed to work on either single or multiple fre-
quency bands, facilitating the energy harvesting from single or multiple sources at the same time.
To maximize the power transferred from the antenna to the voltage multiplier, an impedance
matching in the form of a resonator circuit operating at the designed frequency, is utilized. Fig-
ure shows the diodes of the rectifying circuit that are the main component of the voltage
multiplier that converts RF signals into direct current (DC) voltage levels that can be used to
load an electronic circuit, where the capacitor ensures that the energy generated is smoothly

delivered to the load [14] [15] [16l [I7]. Since RF signals carry both energy and information, an RF

Chapter 1. Introduction JFMJ
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Figure 1.1: The block diagram of an energy harvesting device [10].

energy harvesting device like that shown in figure ([1.1)), could theoretically also simultaneously
perform information decoding from the same RF signal input using the same antenna or antenna
array. This concept has been defined as SWIPT.

1.2 Energy Harvesting Modes

Future generation wireless networks not only have limited spectrum resources but also must
operate with low-power batteries. Recently, energy-efficient communication systems, or “green
radios”, have been increasingly attracting attention from the research community due to their
ability to improve system performance while simultaneously diminishing the energy consumption
of the communication devices [I8]. Reducing wireless network energy consumption is not only

essential for prolonging battery lives but also crucial for the environment.

Although ICT is to blame for more than 2 percent of CO2 emissions worldwide, it also presents

JEMJ Chapter 1. Introduction



1.2. Energy Harvesting Modes 5

solutions for drastically diminishing the remaining 98 percent of COg emissions [19]. To signif-
icantly minimize ICTS’ carbon footprint and environmental impact, we need new and efficient
communication techniques [20]. In recent literature, energy efficiency (EE), which measures the
number of bits communicated per unit of energy consumed (bits/joules delivered to the receivers),
has emerged as the performance metric to evaluate a communication system’s energy consump-
tion and guarantee green communication [21], 22]. However, today’s galloping development of
wireless communication technologies is increasing energy consumption and carbon emissions full
tilt, further aggravating environmental concerns. According to [23], the percentage of global car-
bon emissions due to ICTs is estimated to reach 5 percent by the end of 2020, and the situation
will only be exacerbated in coming years with the arrival of beyond 5G- and sixth generation
(6G)-enabled networks.

In this regard, networks that harvest energy can definitely decrease the carbon consumption of
high data-rate wireless systems by exploiting energy from the environment [24]. In communi-
cation devices, energy harvested from RF signals is a random parameter that depends on the
channel fading coefficients using circuitry like that discussed in the previous section |4}, 25]. Wire-
less communication energy harvesting by means of an RF EH device can be explored in a variety
of ways, among which, the three most common configurations — WPT, WPCN, WPBC, and
SWIPT — will be discussed below.

1.2.1 WPT

As shown in figure in this model, RF energy is transferred in the downlink (DL) direction.
A WPT-enabled network includes a transmitter connected to the main power system, such as
a base station (BS) or an access point (AP), that supplies power to an electrical component
(or a portion of a circuit that consumes electrical power) without any wired interconnections.
The WPT-enabled network uses electromagnetic waves in the surrounding environment that can
be obtained from near-field (non-radiative) or far-field (radiative) regions to power electrical
components [26]. In general, near-field techniques do not support the mobility of an energy
harvesting device. Therefore, it is preferable to transfer information through a far-field RF band
in which the distance is much greater than the diameter of the transmit antenna, instead of
using methods such as inductive coupling, capacitive coupling, or magnetic resonant coupling for

a near-field that corresponds to the area of just one wavelength of the transmitting antenna [27].

WPT-enabled RF signals are anticipated to engender lots of applications and opportunities by
providing cost-efficient, predictable, dedicated, on-demand, perpetual, and reliable energy sup-
plies to energy-constrained wireless networks, where no wires, contacts, or batteries are needed.
Numerous research activities are laying the groundwork for the future of wireless networking that

transcends conventional communication-centric transmission. For instance, the authors in [25]
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Figure 1.2: The WPT system model.

proposed a randomly deployed power-beacon-based hybrid cellular network that wirelessly pow-
ers mobile users as they recharge their devices. In [28], the total outage probability of an ad-hoc
network overlaid with power-beacon was analyzed. The authors employed the stochastic geome-
try method in a harvest-store-use mode to study network performance in terms of the power and
channel outage probability. In [29], multi-user multiple-input multiple-output (MIMO) WPT
was considered with a new channel learning method that requires only one feedback bit from
each EH receiver to the power transmitter per feedback interval. The power transmitter uses
the feedback information to coordinate the transmit beamforming in subsequent training inter-
vals and concurrently obtains updated estimates of the MIMO channels to different EH users
by solving an optimization problem. Building on that, [30] presented an adaptive directional
WPT methodology for prolonging the lifetime of a WSN by offering a sustainable power supply
to the distributed sensor nodes. Although today’s wireless networks were designed solely for
communication purposes, with their adoption of new technologies, they are evolving toward 6G.
Nonetheless, WPT development is still in its infancy and has not even entered its first gener-
ation: No single standard has yet been released on far-field WPT. The WPT framework will
be particularly suitable for future wireless networks with ubiquitous and autonomous low-power

and energy-limited devices, massive [oT connections, and D2D communications.
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1.2. Energy Harvesting Modes 7

1.2.2 WPCN

Wirelessly powered communication networking (WPCN) is a new networking paradigm in which
batteries for wireless communication devices can be remotely provisioned through microwave
WPT technology. Figure shows WPCN approach of transferring energy in the downlink
(DL) direction while information is communicated in the uplink (UL) direction. The receiver is a
low-power device that harvests energy in the DL, and then uses the harvested energy to transfer
data in the UL. WPCN can effectively reduce cost and enhance communication performance
by eliminating the battery charge limit. In addition, WPCN enjoys full control over its power
transfer: Transmit power waveforms can be adjusted to provide a permanent energy supply under

varying physical conditions and service requirements [31].

WPCN is intended to strike a balance between energy supply limitations and data transmission
in order to optimize communication network performance. WPCN could be suitable for a variety
of low-power applications (up to several milliwatts) such as wireless sensor WSNs, IoT, and RF
Identification (RFID) networks. WPCN enables low-power applications to operate longer while
actively transmitting at much larger data-rates and from a greater distance than conventional

backscatter-based communications [32].

q
q
q
q
q
A
q

—— 5 Information Link
—— > Power Transfer Link

Figure 1.3: The WPCN system model.
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WPCNs promise to significantly enhance performance, but building an efficient WPCN is chal-
lenging. In [33], the authors considered a hybrid AP based on the harvest-store-use mode with
a constant power supply coordinating the wireless energy transmissions in the DL direction to
a set of distributed users that have no other energy sources. Once the users have harvested
enough energy, they send their independent information signals to the hybrid AP in the UL
direction using time-division-multiple-access (TDMA). Because of WPCN’s distance-dependent
signal attenuation in both the DL WPT and the UL WDT, a user who is far from the hybrid
AP receives less wireless energy than a user who is closer to the DL communication. In order
to have reliable information transmission, the distant user must transmit more power in the UL
direction. This phenomenon is known as the doubly near-far problem. [34] studied an optimal
resource allocation policy in which WPCN had simultaneous WPT in the DL and WDT in the
UL. They addressed the doubly near-far problem in which the hybrid AP operates in full-duplex.
The authors in [35] considered multiple-input single-output (MISO) WPCN, in which the single-
antenna users harvest energy from a multi-antenna AP in DL direction and then retransmit
information to the AP in the UL direction — using the TDMA or the spatial division multiple
access (SDMA) technique. With multiple antennas, the AP can utilize energy beamforming in
the DL and employ the multiplexing-gain or receive beamforming-gain in the UL direction [36].
In addition to all these techniques in various directions of research, WPCNs continue to present

new research problems for future applications.

1.2.3 WPBC

Although WPT and WPCN offer many advantages, these EH schemes still face critical lim-
itations when adopted in low-power low-cost networks, such as WSN, RFID, IoT, and D2D
applications. On one hand, in WPTs, users only harvest energy with no RF data transmission or
reception, whereas in WPCNs, users may need lots of time to harvest the RF energy needed for
data transmission, which limits the system’s performance. To overcome these deficiencies, wire-
lessly powered backscatter communication (WPBC) networks, also known as ambient backscatter
communication systems (ABCSs), are proposed as an alternative that can significantly improve
network performance. This innovative technique facilitates ubiquitous communication: Devices
can interact among themselves at unprecedented scales and in previously inaccessible locations
by using existing ambient RF signals, rather than generating their own radio waves [37]. In
WPBCs, energy is transferred to a tag in the DL direction, and information is transferred to a
reader in the UL direction, as shown in figure . More specifically, the information on a tag
(a tagged object) is communicated to a nearby reader (e.g., an RFID reader) via backscatter
modulation (tag-to-reader UL). Since tags do not require oscillators to generate carrier signals
and do not have any dedicated power infrastructure, backscatter communications — a passive
method of communication — benefit from much less power consumption than conventional radio

communications.
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Figure 1.4: The WPBC system model, where the backscatter modulation on a tag is used to
reflect and modulate the incoming RF signal in order to communicate with a reader (e.g., a

wireless router).

Quite a lot of research has been conducted on the topic of WPBC networks. In [38], optimal
resource allocation for the WPBC is investigated, where energy-constrained users harvest energy
from RF signals transmitted by a multi-antenna source to power their future active wireless infor-
mation backscatter transmission to an AP. A theoretical trade-off in WPBC networks — between
the reliability of the backscatter communication and the harvested energy at the tag, measured
in terms of signal-to-noise ratio (SNR) at the reader — was studied in [39]. The authors in [40]
proposed a novel network architecture that enables D2D communication to be modeled as a
WPBC. In [41], the authors aimed to integrate the WPBC and RFIDs to study perceptions of
power and spectral efficiency with respect to energy constraints. They did this by deriving the
diversity-multiplexing trade-off for RFID MIMO channels. Notwithstanding the progress gained
through implementing WPBC networks, diverse issues such as security, reliability, the data-rate
of communications, and the development of a global standard still need to be addressed. That

is beyond the scope of this thesis.
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1.2.4 SWIPT

Because RF signals can simultaneously carry information and energy, an intriguing new research
domain has recently developed from multiple WPT technologies. What is called a simultaneous
wireless information and power transfer (SWIPT) is a promising technique for wireless commu-
nication systems [8]. The SWIPT paradigm enables energy-constrained wireless user equipments
(UEs) to harvest energy and process the information simultaneously by utilizing RF signals
transmitted from a BS, mobile BS (e.g., a drone), or AP. In this model, energy and information
signals are simultaneously transferred in the DL direction from one or multiple BSs or APs to one
or multiple receivers for simultaneous information decoding (ID) and energy harvesting (EH).
The ideal receiver for enabling SWIPT has circuitry to perform ID and EH at the same time [2],

rather than two dissimilar types of circuitry to perform EH and ID separately at the receiver [42].

It is also worth noting that performing EH and ID operations at the same time does not neces-
sarily mean that these operations are carried out on the same received signal: That is practically
impossible since the information content of the RF domain signals would be entirely destroyed
by harvesting energy on the signals. Furthermore, a single antenna receiver may not be able to
create a reliable energy supply due to its limited resources for collecting energy. Enabling SWIPT
requires using separate antennas for both the EH and ID receivers, or splitting the received RF

signal into two separate parts, one for EH and the other for ID operations, by using a splitter.

EH and ID receivers for enabling SWIPT can be classified into two broad architectural categories:
separated or co-located receiver. In a separated architecture, as shown in figure , the EH and
ID receivers are two distinct devices with separate antennas that experience different channels
from the transmitter. The EH receiver is a low-power device capable of harvesting energy and
the ID receiver is only able to process data. Since the ability to harvest energy deteriorates
with distance, EH receivers ought to be closer to the BS or AP than ID receivers (which have
to be spatially separated). This explains why an inner radius and outer radius are used to
distinguish between EH and ID receivers in figure(L.5). On the other hand, with co-located
SWIPT architecture, each receiver gets identical channels from the transmitter and is a low-

power device that can perform EH and ID at the same time, as illustrated in figure (1.6).

Three practical approaches to designing co-located receiver architecture for SWIPT are time
switching (TS), power splitting (PS), and antenna switching (AS). The EH and ID receivers
share the same antennas to realize the co-located receiver architecture, as shown in figure .
The receiver in the TS approach in figure includes an EH module, an ID module, and
a switch to periodically adjust the receiving antenna for particular operations. The receiver
switches between EH and ID modes based on a pre-defined, but optimizable, time factor or
TS sequence. The T'S approach necessitates careful information/energy scheduling and accurate
time perception. In the PS approach in figure , the receiver divides the received signal into

two streams of different power levels for EH and ID operations based on an optimizable PS ratio.
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Figure 1.5: The separated SWIPT system model.
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Figure 1.6: The co-located SWIPT system model.
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(a) Separated receiver architecture.
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(b) Time switching (TS) approach to realize co-located SWIPT architecture.
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(c) Power splitting (PS) approach to realize co-located SWIPT architecture.
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(d) Antenna switching (AS) approach to realize co-located SWIPT architecture.

Figure 1.7: Integrated receiver architecture designs for SWIPT.
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Finally, figure shows how the receiver is equipped with independent antennas for EH and
ID operations in the antenna switching (AS) approach to enable SWIPT by means of a low
complexity AS algorithm. In general, an antenna array is configured at the receiver end to take
advantage of spatial multiplexing which divides the antennas into two subsets for EH and ID
operations. One subset of antennas operates on the EH mode while the rest executes the ID
operation. It should be stressed that the AS approach is somewhat easier and more suitable for
practical SWIPT architecture designs than the T'S and PS approaches [43]. In addition, the AS

approach can be similarly adopted to optimize the separated receiver architecture as shown in

figure (L7a) ]

1.3 A SWIPT Literature Review

In this section, we review some of the relevant work in literature on SWIPT, including multi-
carrier SWIPT systems, SWIPT in cognitive radio networks, cooperative relaying in SWIPT
networks, and multiple antenna communication in SWIPT systems. All the application areas
associated with SWIPT apply the far-field WPT technique for transferring power within com-

munication systems.

1.3.1 Multi-Carrier SWIPT Systems

The basic idea of multi-carrier modulation is to divide the transmitted bitstream into several
smaller blocks, each containing the original bitstream, that are sent over many different subcar-
riers. Under ideal propagation conditions, the subcarriers are orthogonal. In order to alleviate
the effect of inter-symbol interference (ISI) on each subcarrier, each subcarrier should have a
bandwidth lower than the channel coherence bandwidth in a multi-carrier network. Orthogonal
frequency division multiplexing (OFDM) is one of the well-established, discrete implementations
of a multi-carrier scheme for high data-rate wireless communications that is embraced in various
standards such as IEEE 802.11a/g/n, IEEE 802.15 ultrawideband, WiMAX, and 3GPP-Long
Term Evolution (LTE). This stimulated us to study how SWIPT can manage high date-rate

interference-free communication in multi-carrier-based systems.

In this regard, [4] investigated SWIPT over a single-user OFDM channel in order to obtain
the optimal trade-off between the achievable data-rate and the transferred power given a specific
total available power. The authors studied a power allocation algorithm design assuming that the
receiver is capable of using one received signal to simultaneously perform EH and ID operations.
A heuristic algorithm was proposed in [45] in a study of resource allocation policies for maximizing
the harvested energy for a single user in an OFDM SWIPT system. In [46], the EE optimization
problem for OFDM-based 5G wireless networks with SWIPT was studied, with subcarrier and
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power allocation jointly optimized to maximize the system EE for single-user and multi-user cases
using the Dinkelbach iterative and the Lagrange dual methods. The authors in [47] investigated
the sum data-rate maximization problem in a multi-user OFDM system with SWIPT capability
that allows the user to either perform an ID operation when it is active (served by the transmitter)
or to be in an EH mode when it is idle — but not simultaneously. In order to realize SWIPT in
a broadband system with transmit beamforming and PS-receiver architecture, [48] presented a
novel strategy for designing power control algorithms for both single-user and multi-user OFDM
systems: These exploit channel diversity to concurrently enhance throughput and WPT efficiency
in DL and UL directions with variable and fixed coding rates. In [49], the weighted sum data-
rate optimization problem was studied taking into account T'S and PS approaches in a co-located
architecture. In [49)], the optimal design for SWIPT in DL OFDM systems was investigated with
users performing EH and ID operations on the same signals received from a fixed AP. Studying
a system model very similar to that in [49], the authors of [50] sought to minimize the fraction of

all users’ outage when constrained by both minimum harvest energy and total transmit power.

Two types of multiple access schemes — time division multiple access (TDMA) and orthogo-
nal frequency division multiple access (OFDMA) — are studied for transmitting information in
SWIPT networks in particular. TDMA permits several users to share the same frequency chan-
nel by dividing the signal into different non-overlapping time slots. Since TDMA occupies the
entire available bandwidth, ISI mitigation techniques are required to handle interference. On
the other hand, OFDMA technology is a promising solution for effectively dividing the available
bandwidth into orthogonal sub-channels so they can be flexibly allocated among existing users.
Although in OFDMA based networks, “intra-cell” interference does not exist, “inter-cell” interfer-
ence arising from neighboring cells deteriorates the OFDMA networks’ overall performance. In
this respect, resource allocation is highly significant in TDMA /OFDMA-based SWIPT cellular
wireless networks: It mitigates the effect of interference with respect to limited bandwidth, strin-
gent power constraints, and the growing demand for wireless communication services. In [49],
both TDMA and OFDMA were examined for information transmission. For TDMA-based infor-
mation transmission, each user applies TS so that the ID operation is used throughout the user’s
scheduled information time slot and the EH operation is applied in all other time slots. For the
OFDMA-based transmission strategy, authors assumed that the PS approach was employed at
each receiver with all subcarriers sharing the same PS ratio at each receiver. These transmission
scenarios were employed to address the problem of maximizing the weighted sum data-rate for
all users by varying the power allocation in time and/or frequency and also the T'S/PS ratios,
subject to satisfying a maximum transmit power allowance and a minimum harvested energy
constraint for each user. Following Dinkelbach’s method, the authors in [51] investigated the se-
crecy EE maximization problem by proposing power allocation and PS optimization algorithms
in an OFDMA SWIPT network with two users, where each user uses the PS receiver approach
to enable SWIPT. The resource allocation algorithm design for EE optimization was studied in

[52], in which an EE maximization problem jointly optimizes subcarrier and power allocation as
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well as the PS ratios of PS hybrid receivers in an OFDMA system with SWIPT. The underlying
problem in [52], which can be solved iteratively using the Dinkelback algorithm, was expressed
as a non-convex optimization problem that had to take into account the maximum transmit
power, the receivers’ minimum amount of EH power, and the minimum data-rate requirements
of both delay constrained services and the network. Multi-carrier SWIPT is flourishing, with

many exciting research directions yet to be explored.

1.3.2 SWIPT in Cognitive Radio Networks

Radio spectrum underutilization results from conventional spectrum allocation with a cognitive
radio network (CRN) introduced to enable highly reliable and efficient opportunistic spectrum
access while increasing the number of wireless devices. CRN allows secondary users to operate in
the frequency bands allocated to primary users, as long as they cause no harmful uncontrollable
interference to primary users [53]. OFDMA technology combined with a CRN can help allocate
radio resources to secondary users more efficiently because it supports gained spectrum 