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ABSTRACT

Information Harvesting: Leveraging Wireless Power Transfer for
Next-Generation Communication Frameworks
Mehmet Ertug Pihtih
Master of Science in Electrical and Electronics Engineering
July 4, 2024

As wireless information transmission (WIT) progresses into its sixth generation
(6G), the challenge of sustaining terminal operations with limited batteries for
Internet-of-things (IoT) platforms arises. Wireless power transfer (WPT) emerges
as a solution, empowering battery-less infrastructures and enabling nodes to harvest
energy for sustainable operations. The integration of WPT with WIT mechanisms
becomes crucial to mitigate the need for battery replacements while ensuring se-
cure and reliable communication. A novel protocol, Information Harvesting (IH),
amalgamates WIT and WPT through index modulation (IM) techniques atop the
existing far-field WPT mechanism to address challenges in wireless information and
power transfer (WIPT).

Moreover, innovative modes of information and power transfer are explored to
meet the rising demand for energy and spectrum resources in next-generation IoT
systems. One potential solution involves harnessing the active transmission ca-
pability of devices to facilitate data transmission and wireless energy harvesting
(WEH) for backscatter communication (BC), forming a symbiotic radio (SR) envi-
ronment. Furthermore, incorporating reconfigurable intelligent surfaces (RISs) into
the SR environment enhances the reliability of backscatter communication, reinforc-
ing symbiotic relationships between active and passive devices. This thesis explores
novel and synergistic methods for coordinating WPT and WIT in next-generation
communication systems through state-of-the-art technologies.

In Chapter 3, a unified framework for index modulation (IM)-based IH mech-
anisms is presented, evaluating their energy harvesting capability, bit error rate
(BER), and ergodic secrecy rate (ESR) performance for diverse IM schemes. The
findings indicate significant potential in facilitating reliable data communication

within existing far-field WPT systems, underscoring promising refinements in green
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and secure communication paradigms for next-generation IoT wireless networks.

Chapter 4 introduces a new IH mechanism atop the orthogonal frequency-division
multiplexing (OFDM)-based far-field WPT mechanism, investigating its benefits in
terms of harvested energy, achievable rates, and reliability.

Finally, Chapter 5 presents a novel SR system, where a standalone RIS sustains
its functions through WEH based on a low-power RIS structure. Mutualistic symbio-
sis is established by utilizing a signal conveyed by the primary transmitter (PTx) to
assist ongoing transmissions and convey information to the primary receiver (PRx).
The PTx employs time index modulation (TIM) to transmit information to the PRx
and power to the RIS and energy harvester (EH). A log-likelihood ratio (LLR)-based
detector is presented to address challenges in the TIM scheme. The performance of
the proposed scheme is investigated in terms of harvested direct current (DC) power
at the RIS and EH, as well as the BER at the PRx.



OZETCE

Bilgi Toplama: Gelecek Nesil ileti§im Sistemleri igin Kablosuz Giig
Transferini Kullanma
Mehmet Ertug Pihtih
Elektrik ve Elektronik Miihendisligi, Yiiksek Lisans
4 Temmuz 2024

Kablosuz bilgi iletimi (WIT), altinci nesline (6G) dogru ilerledikge, nesnelerin inter-
neti (IoT) platformlar: igin sinirh bataryalarla terminal iglemlerini siirdiirme zorlugunu
ortaya ¢ikarmaktadir. Kablosuz giig transferi (WPT), bataryasiz altyapilar giiclendirerek
ve kablosuz cihazlarin enerji hasatlamasina olanak taniyarak siirdiiriilebilir iglemler
icin bir ¢oziim olarak ortaya ¢ikar. WPT 'nin WIT mekanizmalar ile entegrasyonu,
glivenilir ve giivenli iletigimi saglarken batarya degisim ihtiyacini azaltmak i¢in hay-
ati 6neme sahiptir. Yeni bir protokol olan Bilgi hasatlama (IH), kablosuz bilgi ve giig
transferindeki (WIPT) zorluklar1 ele almak i¢in mevcut uzak alan WPT mekaniz-
masinin iizerine indis modiilasyonu (IM) tekniklerini uygulayarak WIT ve WPTyi
birlestirir.

Ayrica, enerji ve spektrum kaynaklarina olan artan talebi kargilamak i¢in yeni-
likci bilgi ve gli¢ transferi modlar1 aragtirilmaktadir. Potansiyel ¢oziimlerden biri,
cihazlarin aktif iletim yetenegini kullanarak veri iletimini ve geri yansima iletisimi
icin kablosuz enerji hasatlama (WEH) saglayarak bir simbiyotik radyo (SR) ortam
olugturmaktir. Ek olarak, uyarlanabilir akilli yiizeyleri (RIS’ler) SR ortamina en-
tegre etmek geri yansima iletigiminin giivenilirligini artirir ve aktif ve pasif cihazlar
arasindaki simbiyotik iligkileri giiclendirir. Bu tez, gelecek nesil iletigim sistemlerinde
WPT ve WIT koordinasyonu igin yeni ve sinerjik yontemleri aragtirmaktadir.

Ugﬁncii Bolumde, IM tabanh IH mekanizmalari igin birlegtirilmis bir yap1 sunulmusg
ve gesitli IM gemalar: i¢in enerji toplama yetenekleri, bit hata oranlar1 (BER) ve
ergodik gizlilik oram (ESR) performanslar1 degerlendirilmistir. Bulgular, mevcut
uzak alan WP'T sistemleri i¢ginde gilivenilir veri iletimini kolaylagtirma potansiyelinin
onemli oldugunu gosterirken, gelecek nesil IoT kablosuz aglari i¢in yesil ve glivenli
iletigim paradigmalarinda umut verici iyilegtirmeleri vurgular.

Doérdincii Boliim, dikey frekans bolmeli goklama (OFDM) tabanli uzak alan
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WPT mekanizmasinin iizerine yeni bir [H mekanizmasi tanitirken, bu mekanizmanin
hasatlanan enerji, ulagilabilir hizlar ve giivenilirlik agisindan faydalarini aragtirmaktadir.
Son olarak, Beginci Boliim, bir bagimsiz RIS’in diigiik giiglii bir RIS yapist
tizerinden WEH’ye dayali olarak islevlerini siirdiirdiigii yeni bir SR sistemi sunar.
Kargilikh simbiyoz, birincil verici (PTx) tarafindan iletilen bir sinyalin siirekli iletilen
iletimlere yardimei olmak ve birincil aliciya (PRx) bilgi aktarmak igin kullamlmasiyla
kurulur. PTx, bilgiyi PRx’e ve RIS’e iletim i¢in zaman indisi modiilasyonu (TIM)
kullanirken, RIS ve enerji toplayiciya (EH) gii¢ saglamaktadir. TIM semasindaki
zorluklar1 ele almak icin bir log-olasilik oranmi (LLR) tabanli dedektor sunulmak-
tadir. Son olarak, onerilen semanm RIS ve EH’de hasatlanan direkt akim (DC)

glicii ile PRx’de BER agisindan performansi aragtirilmigtir.
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Chapter 1

INTRODUCTION

In the sixth generation (6G) era, Internet-of-things (IoT) platforms are required
to support a massive number of devices and to tackle energy demands in addition to
existing challenges in data transmission. In this respect, existing discussions in stan-
dardization frameworks are underway in ambient IoT scenarios [Zhang and Long,
2022], where IoT devices are able to harvest ambient energy from external sources.
In this direction, zero-power communication technology [Naser et al., 2023| has been
emerged as the next logical step in future networks and promises information trans-
mission where its energy is harvested from surrounding radio frequency (RF) energy,
thus reducing the need for replacing batteries [Liu et al., 2022]. To reach greater
sustainability and environmentally friendly architectures, the synergistic integration
of various frameworks connecting energy harvesting with communication infrastruc-
ture appears to be an inevitable development in the near future.

In RF energy harvesting systems, the concept of wireless-powered communication
networks (WPCN) was initially introduced to reduce the operational burden asso-
ciated with battery replacement/recharging [Bi et al., 2016]. In WPCN, network
elements first harvest energy from signals transmitted by RF energy sources and
then utilize this harvested energy for their upcoming communication periods. Over
the last decade, the concept has evolved to include data communication within wire-
less power transfer, known as simultaneous wireless information and power transfer
(SWIPT) for RF-based mechanisms [Ponnimbaduge Perera et al., 2018]. More re-
cently, a similar approach has been introduced for optical-based systems, termed
simultaneous light information and power transfer (SLIPT) [Uysal et al., 2021].

In these systems, the power and information components are primarily separated
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across different domains: the power domain (power splitting), time domain (time
switching), and space domain (antenna splitting) [Liu et al., 2016]. This separation
introduces a trade-off between information transfer and energy transfer, dependent
on the design preferences for data and power transmission, as extensively investi-
gated in existing literature [Amarasuriya et al., 2016]. SWIPT studies are also found
in commercial RFID systems, particularly in communication from reader to RFID
tags [Paolini et al., 2022]. Furthermore, the SWIPT mechanism has been extended
into multi-user scenarios, known as multi-user (MU)-SWIPT, where a multi-antenna
transmitter simultaneously transmits wireless information and energy through spa-
tial multiplexing to multiple single-antenna receivers [Xu et al., 2014].

It is essential to consider that most devices are simple nodes, i.e., RedCap devices
[Veedu et al., 2022], operating at a level of several kbps with limited computational
capabilities. For these devices, the SWIPT mechanism might be impractical in real-
world scenarios due to distinct device requirements, particularly in ensuring secure
data transmission alongside a far-field wireless power transfer (WPT) mechanism in
simple devices. The findings in [Xu and Zhu, 2019] illustrate a significant drop in
power transfer efficiency over transmission distance in such systems when incorporat-
ing security enhancements for information transmission into the design. In response
to this limitation, a distributed antenna-based SWIPT protocol was proposed in
[Huang et al., 2018]. Additionally, in [Krikidis and Psomas, 2019], information bits
are embedded in the tone index of multi-sine waveforms as an alternative solution.
Another approach involves creating a modulation signal within a vacant resource
block of communication in an orthogonal frequency division multiplexing (OFDM)
block, as introduced in [Nakamoto et al., 2022].

Accordingly, there is a demand for further solutions to prevent the potential in-
terception of confidential information by unintended users. While conventional en-
cryption techniques prove valuable in many instances for securing data transmission,
there are specific use cases or protocols where implementing additional encryption is
not feasible [Wang et al., 2019]. In this aspect, artificial noise (AN)-based physical
layer security (PLS) techniques [Goel and Negi, 2008] turned into a powerful tool

due to its ability to generate orthogonal noise through the channel state information
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Figure 1.1: The design aspects of (a) SWIPT and (b) Information Harvesting [Ilter
et al., 2022b] mechanisms which show how data and power parts are integrated

together.

between the transmitter and intended receiver. Considering its advantages against
eavesdropping, the AN technique has been applied to multiple-input single-output
(MISO) [Lv et al., 2018] and multiple-input multiple-output (MIMO) systems [Gu
et al., 2019].

To address the efficiency losses in power transfer and to handle implementation
concerns arising from differing sensitivities between the energy harvester and the
data recipient, an alternative approach was proposed in [Ilter et al., 2022b]. This
novel scheme, Information Harvesting (IH), presented in Chapter 3, enables infor-
mation transfer without disrupting the ongoing far-field WPT mechanism between
the power transmitter and the energy harvester. Figure 1.1 compares the IH mech-
anism with SWIPT and depicts how the TH technique utilizes the existing far-field
WPT mechanism to enable WIT through dedicated WPT waveforms. In the IH
mechanism, WIT is achieved by injecting information into the indices of transmit-
ter entities using index modulation (IM) schemes. This strategy contrasts with the

SWIPT approach, which either employs different signaling schemes at the trans-
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mitter side or splits the received signal into various domains to deliver information
and power to the intended receiving ends. Notably, the IH mechanism does not
divide signals into different domains; instead, it distributes the total power among
the active transmit antennas through the distinctive feature of IM schemes. This
characteristic makes the IH mechanism adequate for extending the service area of
the far-field WPT mechanism, overcoming the power transmission range challenge,
which is a common limitation in SWIPT systems. Another superiority of the IM-
based IH lies in its reduced pilot overhead since the MU-SWIPT system necessitates
the channel state information (CSI) of both the information receiver (IR) and the
energy harvester (EH) links. In contrast, the TH systems do not require CSI of the
EH link, potentially leading to a reduced pilot overhead for channel estimation. The
generalized space shift keying (GSSK)-based IH mechanism and its performance in
terms of secrecy capacity and average harvested power was first investigated in [Ilter
et al., 2022a]. Then, [Ilter et al., 2023] introduced a new IH mechanism that relies
on quadrature spatial modulation (QSM).

Earlier far-field WPT studies did not integrate OFDM-based solutions since they
were mainly limited to strong, non-dispersive, short-range channels. Then, consid-
ering its high peak-to-average-power ratio (PAPR) characteristics resulting in high
energy conversion efficiency [Boaventura et al., 2015], OFDM-based wireless power
transfer was investigated in [Nasir et al., 2020, Nasir et al., 2022]. Within this direc-
tion, [Nakamoto et al., 2022] considered a joint information and power transmission
mechanism where Zadoff-Chu sequences are adopted as WPT signals due to their
small PAPR value under OFDM transmission. In the context of OFDM-SWIPT
systems, a hybrid time switching/power-splitting scheme was proposed in [El Shafie
et al., 2017], where a cyclic prefix was utilized for generating artificial noise as well
as for energizing the legitimate receiver. Also, [Buckley and Heath, 2021] introduced
a novel architecture to extract the cyclic prefix (CP) of the signal for energy har-
vesting and selectively harvest a fraction of the received signal to increase energy
capability.

Motivated by the existing interest on OFDM-based power transfer, Chapter 4 in-
troduces the implementation of TH concept [Ilter et al., 2022b] into an OFDM-based
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far-field power transfer mechanism after utilizing OFDM with index modulation
(OFDM-IM) structure. To do so, a novel data transmission mechanism on top of
OFDM-based far-field power transmitter has been implemented, where information
transmission is carried out through an active OFDM subcarrier set that emits WPT
waveforms. The benefits of the proposed mechanisms are investigated from the en-
ergy harvester’s and information receiver’s perspectives in terms of harvested energy
amount, achievable rate, and error performance, respectively. Besides, dual-mode
OFDM-based IH is also introduced where all subcarriers are active with two differ-
ent waveforms. The presented results validates the superiority of the OFDM-based
[H in energy harvesting capability compared to a time splitting (TS)-based SWIPT
mechanism [Buckley and Heath, 2021] where some parts of the data frame have
been used for energy harvesting in addition to the cyclic prefix. In this respect, the
presented results highlight the substantial potential of OFDM-based ITH mechanism
for enabling data communication in far-field power transfer scenarios.

The integration of wireless energy harvesting (WEH) into future IoT architec-
tures is increasingly vital as the coexistence between cellular and IoT devices de-
mands additional energy resources to support the growing number of connected
devices. In order to address rising demand, symbiotic relationships among cellular
and IoT devices have been discovered, whereby the passive transmission capabilities
of ToT devices leverage the power and spectrum resources of active transmission
technology used by cellular devices. The concept, known as symbiotic radio (SR),
has been introduced to enable energy- and spectrum-efficient communications within
the network [Liang et al., 2020].

Similar to SR, IoT devices can utilize ambient backscatter communications (AmBC)
by leveraging existing ambient RF signals in the environment. However, AmBC suf-
fers from direct link interference from surrounding ambient RF signals, which limits
detection performance at the target receiver [Long et al., 2020]. Contrary to AmBC,
the SR concept forms a novel architecture in which active and passive systems rely on
mutualistic communication through joint decoding at the receiver and an additional
link provided by a backscatter device (BD) rather than parasitic communication,

which is a drawback of AmBC [Liang et al., 2020]. In the SR framework, the pri-
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mary transmitter (PTx) shares its energy and spectrum resources with the secondary
transmitter (STx). Meanwhile, STx operates as a passive device that also transmits
its information to primary receiver (PRx) by manipulating the resources of PTx. To
establish mutualistic symbiosis, the PTx maintains a higher transmission rate than
the PRx, which means the symbol duration of the STx is longer than that of PTx
[Long et al., 2020]. In [Zhang and Long, 2022], the authors reveal that the mutual-
istic condition depends on the average strength of direct and backscatter links, and
[Liang et al., 2020] mentions that the backscatter link can be improved by utilizing
reconfigurable intelligent surfaces (RISs). The RIS-aided SR system has recently
introduced in [Yang et al., 2024], where the RIS performs two functions simultane-
ously: assisting PTx transmission and transmitting its information by orchestrating
the phase shifts on the incident signals.

Specifically, RISs are passive devices consisting of N unit cells (UCs) that op-
erate as reflectors to manipulate the wireless channel by tuning the phase of the
reflected signal [Basar et al., 2019]. RIS UCs are tunable devices equipped with PIN
diodes, varactors, and RF switches, that control the wireless medium and enable the
reflection function. Nevertheless, UCs can also be operated as absorbers for WEH
on the RIS. In [Petrou and Georgiou, 2022], a novel RIS controller architecture,
called integrated architecture, is discussed to form a low-power RIS setup. Based on
this integrated architecture, WEH protocols for self-sustainable operations are ex-
plored in [Ntontin et al., 2024], assuming perfect absorbers with no reflected signals
caused by the RIS. To achieve a self-sustainable architecture, the harvested direct
current (DC) power on the RIS should be at least equal to its total power consump-
tion. Although the integrated architecture provides lower power consumption than
conventional RIS controllers, the type of UCs can make self-sustainable operations
infeasible if varactor-based UCs are employed, as they are driven by power-hungry
digital-to-analog converters (DACs). The authors examined the power consumption
of various UCs and claimed that it is possible to design an RF switch-based RIS
without DACs [Wang et al., 2024]. An RF switch-based RIS prototype was designed,
demonstrating that by connecting one port of the RF switch to the absorber, WEH
can be achieved on RIS [Rossanese et al., 2022].
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IM can map information bits by altering the on/off status of transmission enti-
ties in a communication system, such as transmit antennas and subcarriers [Basar
et al., 2017]. This distinctive feature enables the integrated transfer of power and
information by means of IM. To facilitate data transfer and wireless energy harvest-
ing (WEH) efficiently, a time index modulation (TIM) technique that employs time
slots to convey additional information is presented in [Zhao et al., 2023]. In [Basar
et al., 2013], an orthogonal frequency division multiplexing (OFDM)-IM scheme
is proposed by inactivating some subcarriers, and its performance under the low-
complexity log-likelihood ratio (LLR) detector is investigated. Furthermore, [Mao
et al., 2016] presents a dual-mode OFDM-IM system by replacing inactive subcarri-
ers with a different constellation set from those used in active ones. Building upon
the concept introduced in [Ilter et al., 2022b], a novel OFDM-based information
harvesting concept is proposed in [Ilter et al., 2024], where OFDM-IM is applied
to an ongoing wireless power transfer mechanism. [Lin et al., 2021] proposes an
RIS-based IM scheme in which the indices of the activated group of RIS UCs are
utilized to convey environmental data collected by RIS. To prevent power loss caused
by inactivating a group of RIS UCs, partitioning the RIS UCs into two orthogonal
groups is proposed in [Lin et al., 2022].

1.1 Contributions

Chapter 3 presents the IH architecture within a unified framework, encompassing
a variety of IM techniques. Our investigation focuses on evaluating the feasibility
of these techniques and establishing unified performance criteria. We conduct a
comprehensive evaluation of IM-based TH mechanisms, considering both space shift
keying-based techniques with no modulated symbol and spatial modulation ones.
Rather than concentrating solely on specific performance metrics, we introduce a
more comprehensive approach to performance evaluation, analyzing various IM-
based TH mechanisms in terms of their energy harvesting capability, bit error rate,
and ergodic secrecy rate to offer valuable insights. Additionally, we introduce a

unified framework to calculate the theoretical error performance of the proposed
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schemes. The simulated results are validated using analytical expressions for the
BER of the proposed IM-based IH mechanisms. We demonstrate the advantages of
IM-based TH mechanisms, particularly for far-field WPT range, compared to existing
SWIPT mechanisms, along with other practical advantages.

In Chapter 4, we implement the IH concept [Ilter et al., 2022b] into an OFDM-
based far-field power transfer mechanism using OFDM-IM structure. We propose
a novel data transmission mechanism on top of an OFDM-based far-field power
transmitter, where information transmission occurs through an active OFDM sub-
carrier set emitting WPT waveforms. We investigate the benefits of the proposed
mechanisms from the perspectives of the energy harvester and the information re-
ceiver in terms of harvested energy amount, achievable rate, and error performance,
respectively. Furthermore, we introduce dual-mode OFDM-based TH, where all sub-
carriers are active with two different waveforms. Our results validate the superiority
of OFDM-based IH in energy harvesting capability compared to a T'S-based SWIPT
mechanism [Buckley and Heath, 2021]. We highlight the substantial potential of the
OFDM-based TH mechanism for enabling data communication in far-field power
transfer scenarios.

Chapter 5 presents a novel TIM-driven SR environment empowered by a stan-
dalone RIS architecture. This architecture utilizes an integrated controller to reduce
the power consumption of the RIS and employs 2-bit resolution RF switches as UCs
to eliminate power-hungry DACs, promoting sustained functionality through WEH.
Consequently, the RIS operates as a BD in the SR environment by applying WEH
initially, assisting the PTx transmission strategy, and conveying RIS information by
inducing phase shifts selected from a discrete set. Additionally, PTx implements
the TIM scheme to power the RIS and EH while ensuring reliable communication
with the PRx. We propose an log-likelihood ratio (LLR)-based detector tailored for
the TIM-based SR scheme within our framework to address decoding challenges.

As a result, this thesis and the corresponding works aim to present novel sys-
tem designs for future wireless communication systems that utilize wireless power
transfer to achieve greater sustainability through 6G. This thesis illustrates that

combining emerging paradigms of next-generation communication systems with RF
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energy harvesting addresses the rising power demands, especially for IoT networks,
as these simple devices will be deployed everywhere for more intelligent operations in
the near future. Even though they are not sophisticated, IoT connectivity demands
reliable and sustainable communications, and this thesis presents the potential to
meet the requirements for ubiquitous connectivity.

This thesis has contributed to the existing literature with three journal papers:
"Index Modulation-based Information Harvesting for Far-Field RF Power Transfer,”
published in IEEE Transactions on Wireless Communications; "OFDM-based Infor-
mation Harvesting,” published in IEEE Communications Letters; and ”Time Index
Modulation-Driven Standalone RIS Mechanism for Symbiotic Radio,” submitted to
IEEE Internet of Things Journal.

1.2 Notations

Italic letters o denote scalar values, while lowercase x and uppercase X in bold-
face represent vectors and matrices, respectively. The superscripts ()7 and (-)¥
denote the transpose and the Hermitian transpose operations, respectively. Z-, ||,
and ||-|| denote the angle, absolute value, and the norm of a vector/matrix, respec-
tively. log,(-) represents the logarithm with base a. The operator E[-] indicates
averaging /statistical expectation, and Ex[] is the statistical expectation with re-
spect to the random variable z. Pr(-) represents the probability of an event. [-]
and [-] denote the ceil and floor operations, respectively. The symbol j represents
the imaginary unit /—1, while I and @ denote a complex symbol’s in-phase and
quadrature parts, respectively. CN'(u,o?) represents a circularly symmetric com-
plex Gaussian (CSCG) random variable with mean g and variance 0. The set of
complex matrices of dimensions m x n is denoted by C™*™, the set of non-negative
integers of dimensions m x n is denoted by N"*" and Z* denotes the set of integers
greater than zero. The binomial coefficient is denoted by C'(n, k). The 0,,«,, denotes
the all-zero matrix of size n x m. Q(x) represents the Q-function. R{-} and I{-}

denote the real and imaginary parts, respectively.
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Chapter 2

EMERGING TECHNOLOGIES FOR FUTURE
WIRELESS COMMUNICATION SYSTEMS

This chapter presents a literature review and highlights some fundamental as-
pects of promising technologies for future wireless communication architectures.
First, wireless power transfer (WPT) is introduced, and a nonlinear rectenna model
is explained. Subsequently, index modulation (IM), backscatter communication

(BC), and reconfigurable intelligent surfaces (RIS) are discussed.

2.1 Wireless Power Transfer

The origin of WPT can be traced back to the seminal work of N. Tesla [Tesla, 1904].
His idea was based on radiating the energy through a medium (i.e., air) with the help
of antenna elements. Nowadays, the WPT has been extensively studied for RF sig-
nals [Valenta and Durgin, 2014, Gu et al., 2021] and for visible light communications
[Pan et al., 2019], which is an emerging 6G paradigm. The WPT can be broadly
classified into two primary categories: near-field and far-field. Near-field WPT in-
volves power transfer over short distances through magnetic fields using inductive
coupling or electric fields between the energy harvester and the power transmit-
ter, which is beyond the scope of this thesis. On the other hand, far-field WPT
leverages dedicated or ambient RF signals in the surrounding indoor or outdoor
environment. Ambient WPT results from existing RF transmission and is coupled
with backscattering techniques. Far-field WPT serves as an advantageous and sus-
tainable power source for longer ranges [Clerckx et al., 2018]. In this aspect, the
far-field WPT introduces viable solutions to tackle the battery depletion problem
for wireless nodes/devices since RF energy harvesting allows wireless nodes to scav-

enge energy from the environment without tethering to electricity grids or requiring
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Figure 2.1: A single diode rectenna model.

battery replacement, particularly in hazardous and inaccessible environments [Ku
et al., 2016]. Thus, WPT is an emerging technology for various applications, includ-
ing remote environmental monitoring, consumer electronics, biomedical implants,
building/home automation, and logistics solutions [Leemput et al., 2023].

In the far-field RF power transfer, one of the crucial focuses has been enhancing
the RF-to-DC conversion efficiency of a rectenna, a combination of a rectifier and
an antenna, serving as a key element in energy harvesting systems. Accordingly,
developing efficient rectennas has been a longstanding focus in the literature [Clerckx
et al., 2018]. These investigations have highlighted the significance of tailoring
rectenna designs to match precise operating frequencies and input power levels,
thus posing a significant challenge due to the inherent nonlinear characteristics in
practical rectenna implementations [Costanzo and Masotti, 2016].

In Fig. 2.1, a single diode rectenna model is depicted. Therein, a matching
network is used for matching the antenna impedance to the input impedance of
the rectifier. Subsequently, the rectenna first harvests ambient energy, then recti-
fies and filters it. The scavenged DC power then either powers a low-power device
directly or is stored in a super-capacitor or battery. Assuming that all signaling
schemes used in WPT are normalized to the same average power, the harvested DC
power should be the same for all. However, it has been shown that the efficiency
of RF energy harvesting also depends on the choice of a selected WPT waveform
at the power transmitter, in addition to rectenna design [Clerckx et al., 2019]. For
instance, it has been demonstrated that deploying multitone waveforms enhances

the efficiency of RF-to-DC conversion, thereby increasing the output DC power in
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Figure 2.2: Response of various signaling schemes to the nonlinear rectenna model.

flat-fading channels [Shen and Clerckx, 2021b]. Aside from grid-based and lattice-
based constellations used in conventional communication systems where low PAPR
is typically desired due to nonlinearity in power amplifiers, real Gaussian (RG) sig-
nals, flash signaling, and linear frequency-modulated signals are preferred in earlier
far-field power harvesting mechanisms [Clerckx et al., 2018] at the cost of higher
complexity and power consumption in the transmitter due to their higher PAPR.
Interestingly, the effects of different modulation techniques, such as amplitude shift
keying (ASK), quadrature amplitude modulation (QAM), phase-shift keying (PSK),
and frequency shift keying (FSK) on battery charging time, are measured and the-
oretically analyzed in [Cansiz et al., 2020].

The nonlinear characteristic of the rectenna is analyzed in [Clerckx et al., 2019
by examining the impact of various signaling schemes on RF energy harvesting
using the Taylor series expansion of the diode characteristic function, which can be

expressed as follows:

Zae = kR Elly(0)°] + ka RLE(ly (1) '] - (2.1)
hne?;rr part nonlin;;r part

where ko and k4 represent the rectifier-dependent parameters, and R,,; denotes the
antenna impedance.

Although the average power is assumed to be the same for all types of waveforms,
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their response to (2.1) varies due to the fourth-order moment, which accounts for
nonlinearity [Clerckx et al., 2019]. Fig. 2.2 illustrates the response of different
signaling schemes to the nonlinear rectenna model. First, comparing PSK with
QAM, it can be observed that the performance of QAM is better than PSK since it
induces amplitude fluctuations that boost the RF-to-DC conversion efficiency of the
nonlinear rectenna. There is a performance gap between conventional modulations
used for communications, such as BPSK, QAM, and Circularly Symmetric Complex
Gaussian (CSCG), and waveforms designed for WPT, such as RG and multitone
signals with parameter N, which refers to the number of tones. These waveforms
are characterized by a high PAPR. It is important to note that multitone signals
are deterministic and, therefore, unsuitable for WIT, though their energy harvesting

performance outperforms that of conventional modulations [Kim et al., 2020].

2.2 Index Modulation

Spatial modulation (SM) was first proposed in the inspiring work by R. Mesleh
[Mesleh et al., 2008]. The idea behind SM is to create a novel domain called the
spatial domain to convey additional information bits by altering the on/off status of
the transmit antennas. Inactivating transmit antennas of communication systems
brings advantages such as increased energy efficiency and reduced decoding overhead
due to the sparse nature of the transmit vector [Basar et al., 2017]. This distinctive
feature has subsequently been applied to various entities of a communication system.
Inspired by SM, [Basar et al., 2013] transmits additional bits by inactivating some
OFDM subcarriers. [Li et al., 2016] introduced a novel scheme called virtual spatial
modulation (VSM), utilizing virtual parallel channels to send index modulation (IM)
bits. Additionally, time index modulation, presented in Zhao et al. [Zhao et al.,
2023], indexes the transmission order of M-ary modulated symbols in a block that
spans L time durations for integrated energy and data transfer.

Now, we briefly introduce the working principle of a variant of SM called quadra-
ture spatial modulation (QSM). Moreover, this thesis investigates many IM tech-

niques, and novel system models are presented.
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Let both the modulation order M and the number of transmit antennas Nt be
4. Assuming the bit sequence |1 0 0 1 1 0| is to be transmitted. In quadra-
ture spatial modulation (QSM), the first log, (M) bits select the symbol x from the
QAM/PSK constellation diagram, corresponding to (—1 + j) in a 4-QAM constel-
lation. The selected symbol is then divided into its real (zg) and imaginary (zg)
parts. One transmit antenna is used to transmit the real part, xy, of the sym-
bol, while another transmit antenna is utilized to transmit the imaginary part, xg
[Mesleh et al., 2015]. Subsequently, the real part is determined by the first log,(Nr)
bit sequence [() 1], corresponding to the antenna index 7 = 2, and the imaginary
part is determined by the last log,(Nr) bit sequence [1 ()}, corresponding to the
antenna index i = 3. The resulting vector can be expressed as the sum of two

transmit vectors, which is given by:
T T T
S =8y +8Sg = [O -1 0 0} + [0 0 j 0] = [0 -1 3 0} (2.2)

Subsequently, the signal is transmitted over the channel H € CN#*N7  where Nj is
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the number of receive antennas. The received signal can be expressed as follows:
y = Hs+n =H(sp +sg) + n = h;,z3 + jh; x5 +n, (2.3)

where n is the additive white Gaussian noise (AWGN) sample vector, which has a
row length of Np and E[|z|?] = 1. Tt is worth mentioning that indexing antennas
means selecting the columns of the channel matrix H to send IM bits, with the
columns of H acting as random constellation points [Jeganathan et al., 2008], which
is also depicted in Fig. 2.3. Moreover, QSM can work only for Ny being a power of
two integers, similar to SM [Mesleh et al., 2015].

Assuming the perfect CSI is available at the receiver, the indices of antennas
as well as the real and imaginary parts of the symbols can be estimated using the
maximum likelihood (ML) detector by minimizing the following metric,

(i fasmda) = arg, min_[ly = (hugarn + hiy3)|- 24

TRHISHTR TS

Moreover, the diversity gain of the QSM system is directly related to the number

of receive antennas and is equal to Ni [Mesleh et al., 2015].

2.3 Backscatter Communication and Symbiotic Radio

A transmission strategy of backscatter communications (BC) exploits the RF sig-
nals in the environment to convey information by means of reflection modulation.
Thus, the backscatter transmitter uses the received signal sent by dedicated or non-
dedicated sources without generating any RF signal for communication such that a
BC transmitter does not require active RF components. Reflection modulation is
achieved by tuning the antenna impedance to embed information into the received
signal. Specifically, the backscatter transmitter embeds its information on RF sig-
nals by altering the states of the load impedance of the antenna, which is called
load modulation [Van Huynh et al., 2018]. The reflection coefficient of the antenna
is given by

 LLi— 2,
B ZL,i + Za’

a;

(2.5)
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where Z, is the antenna impedance, and ¢ = 1,2 represents the switch state. Two
states called absorbing and reflecting states can be utilized at the backscatter trans-
mitter by switching between two loads, Zr; and Z1 2. In the absorbing state, i.e.,
impedance matching, RF signals are absorbed, and this state represents bit 0.
Correspondingly, the received signal power at the receiver is P. In the reflecting
state, i.e., impedance mismatching, the RF signals are reflected, and this state rep-
resents bit ’1’. Correspondingly, the received signal power at the receiver is |1+ «|*P
[Van Huynh et al., 2018].

The first variant of BC is known as monostatic backscatter communication
(MsBC). Its origin goes back to World War IT when radar transmitted an RF signal,
and the backscatter from an oncoming airplane was used to identify it as ”friend
or foe” [Wang et al., 2016]. Currently, MsBC can be found in RFID devices. A
conventional RFID system consists of a reader and a tag. The reader generates an
RF signal through its RF source, and the tag first harvests energy, then modulates
the received signal and reflects it to the reader [Boyer and Roy, 2014]. Since the
same RF signal is first transmitted to the tag and reflected to the reader, this system
suffers from round-trip path loss, which limits the range of communication. Thus,
MsBC is mainly used for short-range RFID applications.

To overcome the limits of MsBC, bistatic backscatter communication (BsBC)
has been proposed [Kimionis et al., 2014], where the RF source is separated from
the reader to increase the range of BC. In BsBC, the tag harvests energy from the
signal transmitted by the RF source; subsequently, it modulates the signal in a
backscatter manner to send it to the reader. Since the RF source is separated, the
power consumption, size, and complexity of the reader are less than those of MsBC.
Moreover, by placing RF sources in close proximity to the tag, the path loss can be
reduced significantly [Van Huynh et al., 2018].

The idea of replacing dedicated RF sources with ambient RF sources has led
to the discovery of a novel BC scheme called ambient backscatter communication
(AmBC) [Liu et al., 2013]. Exploiting ambient RF signals for BC, such as FM base
stations, cellular, and Wi-Fi, offers significant advantages in terms of the deploy-

ment cost of RF sources as in BsBC and spectrum resources [Van Huynh et al.,
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2018]. However, exploiting modulated signals in AmBC causes severe direct link
interference by ambient RF sources, which limits the detection performance of BC
[Liang et al., 2020].

The symbiotic radio (SR), also known as cooperative AmBC, is introduced in
[Liang et al., 2020] to address the limitations of AmBC. The term symbiotic describes
the cooperative association among wireless devices. While AmBC typically involves
interfering spectrum sharing, the SR concept aims for mutualistic spectrum sharing.
Thus, SR establishes a cooperative relationship rather than a parasitic one found in
AmBC. To achieve this, the ambient RF source, known as the primary transmitter
(PTx), collaborates with a backscatter device (BD) called the secondary transmitter
(STx). Initially, PTx shares its spectrum and energy resources with STx, which then
exploits these resources. Subsequently, STx sends its information by modulating the
signal with a reflection coefficient while enhancing the signal of PTx. Ultimately,
highly reliable BC is achieved at the target receiver, the primary receiver (PRx),
through joint decoding of information from both PTx and STx [Long et al., 2020].

2.4 Reconfigurable Intelligent Surfaces

The wireless medium presents significant challenges to communication signals. En-
ergy loss occurs due to material absorption and free-space propagation. Most impor-
tantly, these signals are subject to multipath effects caused by scattering, diffraction,
and reflection, which yield constructive or destructive interference at the received
signal. Therefore, multiple copies of the signal can arrive at the receiver in different
phases, and the highly probabilistic nature of the wireless channel can degrade com-
munication. To mitigate these challenges, RISs are emerging as a promising solution
by tailoring the unknown wireless channel. RISs comprise N reflectors, known as
elements or unit cells (UCs), capable of coherently aligning the phase of the reflected
signals to change a random wireless channel into a deterministic one [Basar et al.,
2019].

Since passive RIS architectures do not employ active elements, their power con-

sumption is lower than that of relays. The power consumption of RIS includes the
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power required by its controller, the type of UCs, and the UC drive mechanism.
In [Wang et al., 2024], the power consumption model for various RIS structures
that employ PIN diodes, varactors, and RF switches is derived, indicating that dif-
ferent RIS structures exhibit varying power consumption characteristics. The idea
of replacing bulky and power-consuming conventional RIS controllers with a novel,
very low-power mechanism called integrated architecture, in which each controller
in the integrated architecture can control only a few UCs, is proposed in [Petrou
and Georgiou, 2022].

Utilizing RIS elements as absorbers instead of reflectors to enable RF energy har-
vesting on RIS is presented in [Abadal et al., 2020]. Moreover, [Petrou et al., 2018]
has demonstrated that both reflection and absorption functions can be achieved at
the same RIS. Based on the integrated architecture, authors investigated an au-
tonomous RIS that can sustain its operations through wireless energy harvesting
(WEH) in [Ntontin et al., 2023] by changing the reflection function of UCs into an
absorbing state. [Tyrovolas et al., 2023] presents three energy harvesting protocols
for RIS: element splitting, time switching, and power splitting, theoretically vali-
dating joint energy-data rate outage probability for base station (BS)-side RIS and
user equipment (UE)-side RIS. The work [Ntontin et al., 2024] depicted that static
power consumption, which is caused by the digital-to-analog converters (DACs) in
varactor-based RIS, can dominate the dynamic power consumption caused by UC
reconfiguration and make the perpetual condition challenging. In [Rossanese et al.,
2022], an RF switch-based RIS prototype is presented, claiming that one port of the
RF switch can be connected to an absorber in order to enable WEH on RIS. Con-
sequently, the literature suggests that RIS can operate in a self-sustainable manner
by utilizing strategies that achieve low power consumption and enable WEH while

re-engineering the wireless medium.
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Chapter 3

INDEX MODULATION-BASED INFORMATION
HARVESTING FOR FAR-FIELD RF POWER
TRANSFER

This chapter presents the general structure of the IM-based IH model. Various
implementations in the power transmitter based on the choice of IM technique are
discussed. Additionally, we investigate how the energy harvester and information
receiver operate according to the selected IM technique. A unified error performance
analysis is provided by deriving the average bit error rate (ABER) in both the IR
and the eavesdropper (Eve). Furthermore, an ergodic capacity analysis is conducted
to emphasize the effectiveness of the proposed scheme against illegitimate receivers.
The feasibility of the IM-based IH mechanism is investigated through extensive

simulation results and validation of the analysis.

3.1 IM-based Information Harvesting Model

The block diagram of the IM-based IH mechanism is illustrated in Fig. 3.1, where
the EH and the IR are located within the service area of the wireless power trans-
mitter (WPTx) node, along with a potential malicious node, Eve. In the initial
phase, assuming successful identification and synchronization between WPTx and
an EH device, WPTx, equipped with a total of Ny transmit antennas, serves as the
transmitting node responsible for sending multitone WP'T waveforms across N dis-
tinct subbands into the service area for RF energy harvesting. When an IR device
enters the service area, WPTx aims to transmit available information blocks to the
IR. This is achieved by mapping the information blocks into vectors corresponding
to active transmit antennas, a process called information seeding. Meanwhile, the

EH device, equipped with Ngg receive antennas, conducts recharging operations



Chapter 3: Index Modulation-based Information Harvesting for Far-Field RF Power
Transfer 20

without any disruption. Notably, when the IR device enters the service area, there
already exists a far-field WPT mechanism facilitated by a wireless link denoted as
Gpy € CNenxNrxN

Subsequently, upon deployment, the IR device, which is equipped with Nig re-
ceive antennas, initiates an information seeding cycle. This initiation is performed
by transmitting a request-for-information (RFI) signal over a dedicated link rep-
resented by Hyg € CNr*NtxN — The RFI signal may also include configuration
parameters on the information seeding cycle, such as the frequency of changing the
transmitting entity based on the required data rate within the IR and the necessity
for additional PLS protocols [Ilter et al., 2022b]. Then, the information seeding pro-
cess is initiated upon detecting the RFI signal at the WPTx. During this phase, the
IR aims to capture variations resulting from the activation of various transmit an-
tenna sets, which are determined by the information bits. This process is referred to
as information harvesting. Importantly, it was demonstrated in [Ilter et al., 2022b]
that activating more transmit antennas in WPTx during the power transfer period
reduces the probability of detecting information seeding activity by devices located
even in close proximity to the EH.

The channel entries are assumed to be independent and identically distributed
(i.i.d.) according to CN (0, 1). Note that the channels between the WPTx and other
network elements in Fig. 3.1 are assumed to be stationary, so the time dependency
of the channel coefficients is emitted from the channel coefficient and weight factors

in the rest of this chapter.

3.1.1 FEH: Energy harvesting

During the period when the WPTx emits power transfer waveforms into a service
area (regardless of the activation of information seeding cycle), the EH converts the
received RF signal into DC output power thanks to its rectennas. Particularly, the
EH consists of a receive antenna chain along with Ngy receive antennas, battery
charging unit, and battery. Herein, the battery charging unit is configured to estab-

lish a link between the receive antenna chain and battery, wherein the manner in



Chapter 3: Index Modulation-based Information Harvesting for Far-Field RF Power
Transfer 21

4n N

1eusiS LIy

Information Seeding

WPTx

Figure 3.1: The block diagram of the IM-based TH mechanism where the WPTx
serves EH while sending its information to the IR by utilizing IM techniques with

the existence of Eve in a service area.

which power is transferred from the wireless power transceiver is controlled accord-
ing to the parameters and/or state information assigned by the power management
unit [Iter et al., 2023].

The EH device operates in two stages: firstly, the received RF power is converted
into DC power using rectennas. Note that due to the nature of the wireless medium,
there exists a fraction of time where the rectenna cannot perform harvesting since
input RF power lies below certain RF power that is called as rectenna sensitivity
and after certain received signal power level at harvester, rectenna saturation power,
the harvested energy stays constant as shown in [Alevizos and Bletsas, 2018]. After
considering these practicalities as in [Clerckx et al., 2022], the output DC power for
rectenna ¢ can be formulated as a function of the received RF signal, which is,

2
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where P! is the received input power during coherence period t, P! = El|y (¢) |*], Tin
refers the harvester sensitivity, ['s,; denotes the saturation level, 5, and [, are the
parameters of the nonlinear rectifier model. Then, the outputs of all rectennas are
aggregated to obtain the cumulative harvested DC power at the combiner’s output.
This technique is referred to as DC combining, as discussed in [Clerckx et al., 2022].
Then, the total DC output power can be obtained from Zf]V:EIH Vzuq/ R where Ry
refers to the resistive load used to determine the output DC power.

In the nonlinear rectenna model, the calculation of the harvested DC power is
not straightforward. For this purpose, [Clerckx and Bayguzina, 2016] introduced a
new technique where Taylor series expansion was applied into the nonlinear diode
model. This approach provides insight into how the choices of the signal modulation
or the input distributions affect the energy harvesting capability along with the
configuration of the rectenna. Inspired from it the energy harvesting capability
relates with a variable of zpc which establishes a direct connection with (3.1) and
reflects the harvested power when the signal operates within the bounds of the

linear and saturation regions. Mathematically, zp¢ is formulated as [Clerckx and

Bayguzina, 2016]
e = ke RanE[ly(t)]*] + ka R E[ly (0[], (3.2)

where ko and k4 represent the rectifier-dependent parameters, and R, denotes
the antenna impedance. In a steady-state response, an ideal rectifier maintains a
constant output voltage over time, and the level of this output voltage depends on
the peaks of the input voltage. Therefore, zpc can be improved as the number of
subbands increases in the emitted waveform from the WPTx. This enhancement is
particularly associated with the generation of larger peaks facilitated by multitone
signals despite their average power being equivalent to that of continuous wave
(CW) signals. The impact of multitone signals, which results in the generation of
larger peaks, leads to a higher PAPR. Consequently, higher PAPR enhances the
efficiency of the RF-to-DC conversion process in the nonlinear rectifier, contributing
to an improved energy harvesting capability. In this respect, (3.2) demonstrates

a positive correlation with PAPR, suggesting that modulation schemes or input
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distributions characterized by higher PAPR values offer advantages to the nonlinear

rectenna model [Kim et al., 2020].

3.1.2 WPTx: Information seeding

In this subsection, we discuss the integration of different IM schemes into IH mecha-
nism along with detailed description of the information seeding cycle. IM represents
a unique approach to information transmission, achieved by selectively activating
specific elements for conveying information. When information seeding is initiated
in WPTx alongside the specified IM scheme, the resulting set of waveforms emitted
from the N, activated WPTx antennas, obtained by combining an IM waveform at

the WPTXx, is as follows:

s= |5 o g ) sn ()

/—Na 9 /—Na /—Na )

at a given time instant ¢. Hereby, s,,(t) is directly associated with the selection of

,0,....,0, (3.3)

the WPT waveform, m € {1,..., Nr}. For instance, when employing a multitone

signal with IV distinct subbands, the expression for s,,(¢) can be formulated as:

Sm(t) = 3‘%{ i wmmeﬂ”f“t}. (3.4)

Hereby, N represents the number of subbands of multitone WPT signals, and f,
denotes the center frequency of the nth subband waveform. More specifically,
Wnm = an,meje"vm where a,, ., and 6, ,, are the nth subband amplitude and phase
components of baseband WPT signal and these values are based on the chosen IM
scheme. Subsequently, the received passband signal at the IR, without the additive
white Gaussian noise (AWGN) term, can be expressed mathematically, as given in

[Clerckx and Bayguzina, 2016],

N
YIR(t) - §R{ Z GEH,anejQant}y (35)

n=1
where Ggp,, is the channel between WPTx and IR for nth subband and w,, =
(Wit -+ wang T, where the power of w,,, denoted as A\2/N (i.e., Elw/w,] = A\2/N

), is arranged in accordance with the values of N and N,.
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GSSK/SSK-based TH

In the TH mechanism based on GSSK, the available information bits are exclusively
mapped into a transmit antenna vector, determining the number of active transmit
antennas denoted as V,, with the constraint N, < Np [Jeganathan et al., 2008],
when N, = 1, it simplifies to the SSK-based IH mechanism. The number of in-
formation bits that can be mapped into the transmit antenna indices for GSSK

modulation is given by:

NGssK = {logQ (%Z)J 7 (3.6)

where |- ]| indicates floor operation. Under this assumption, the emitted WPT wave-
form does not contain any information components itself; instead, the antennas
simply emit power transfer waveforms to the service area. From the EH perspec-
tive, there is no difference in the GSSK/SSK-based IH mechanism, as no signal
modulation is employed, leading to a,,,,, = 1 and 6, ,, = 0. Note that L = 27 differ-
ent active antenna combinations exist when N, antennas are active out of total Ny

transmit antennas, which is equal to the cardinality of the GSSK codebook.

GSM/SM-based IH

In the case of GSM-based TH, WPTx begins embedding information within the emit-
ted symbol. This differs from the SSK-based techniques mentioned earlier, where
only unmodulated WPT waveforms exist. Consequently, the number of transmitted

information bits can be expressed as:

NasM = {10{;2 (]X[TM +log, (M), (3.7)

where M represents the modulation order of M-QAM constellation used in the
WPTx. In the GSM-based IH mechanism, a,,, and 0, ,, should be configured
according to the employed M-QAM. For instance, in case of 4-QAM is utilized for
GSM/SM-based IH mechanism, the a,,,, and 6, ,, values can be set to {V2, Tr/4}

for a bit sequence of [01] in addition to the bits mapped into active antenna indices.
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GQSSK/QSSK-based IH

Quadrature-based implementations require additional signal processing before trans-
mission to the information seeding stage. The transmitted symbols are decomposed
into in-phase and quadrature components, resulting in two transmit antenna vec-
tors. The first transmit antenna vector corresponds to the real part of a wireless
power symbol, while the second corresponds to the imaginary part [Mesleh et al.,

2015]. Therefore the number of information bits increases to

NGQSSK = 27)GSSK- (3.8)

Assuming s,, (t) is a complex WPT signal, and its the real part, ®{s,, (t)}, and its
imaginary part, S{s,, ()}, are transmitted separately through the different antennas
over cosine and sine carriers respectively [Mesleh et al., 2015]. In the GQSSK/QSSK-
based IH mechanism, the transmitted symbol is fixed and equal to (1 + j). Conse-
quently, the corresponding a, ,, and 6, ,, values are {V2,m/4}.

GQSM/QSM-based IH

Similar to (3.7), now WPT signal carries the modulated symbol from M-ary con-
stellation, and the real part modulates the in-phase part of the carrier, whereas the
imaginary part modulates the quadrature component of the carrier signal. Then,
the spectral efficiency of GQSM is given by

nagsy = 2 {bgg (%TM + log, (M) . (3.9)

a

Without loss of generality, a,, ,, and 6, ,, values are drawn from M —QAM constel-

lation points.

AN generation

AN is intentionally generated to safeguard against information leakage across the
communication channel connecting WPTx and a potential Eve and is characterized
by the channel matrix Ggye € CVeveXN1XN  Provided Eve possesses knowledge of

the mapping rule utilized by the IM schemes, it could intercept the information
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transmission between WPTx and IR, thus being capable of conducting information
harvesting. The primary objective of introducing this deliberately produced inter-
ference is to enhance the robustness of the PLS within the system to combat Eve,
preventing it from decoding the information intended for IR.

For the AN generation, it is assumed that the IR has Nig receive antennas such
that Nijg < Np. Then, the singular value decomposition (SVD) can be implemented
through each subband such that Hig, = UnAan where Hig ,, is a Nig X Np
channel matrix with r = rank (H,) and V,, = [vivi ... vIvi .. v} ] includes
the nullspaces of Hyg,, which are V ,, = [VZ} SR .V}(,T}. Then, the AN waveform

can be expressed as

Ny

i=r41

Herein, (3.10) is the jamming signal obtained from i.i.d. Gaussian distribution,
u; ~ CN(0,)?) along with Zfitrﬂéf = 1. Since Hg, - V., = 0 holds, the
generated AN on top of the existing WPT waveform does not affect on the received
signal in IR while it leads to additional jamming power in Eve side due to Ggye, -
Vi, # 0. Given that AN is generated based on the link between WPTx and IR, it
also contributes to additional jamming power on the EH side; hence, Ggup - V1, #
0. Later, we will provide comprehensive insights into how this interference also plays
a pivotal role in boosting the system’s energy harvesting capability.

As a result, the AN-added received passband waveform at the EH can be ex-

pressed as

N
YEH = % {Z GEH,n [Wn€j27rf"t + Eneﬂﬂflt} } . (311)
n=1

Herein, the AN waveform aligns with the frequency of the first subband, fi, and its
power defined as A2/N for nth subband (i.e., E[gfe,] = A2/N). In (3.11), AWGN
term is omitted, assuming that the antenna noise is negligible and not substantial

enough to be harvested.
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3.1.3 IR: Information harvesting

The primary objective of the IH mechanism is to extract information from the
received WPT-IM waveform. To conduct this, the IR leverages both the mapping
rule employed by the IM scheme and the CSI of the WPT-IR link. While energy can
be directly harvested from the received RF signal, the IR must acquire the baseband
version of the received signal for a specific subband n. Following downconversion
and filtering processes, the resulting baseband signal at the IR is mathematically

expressed as described in [Clerckx et al., 2019

Yirn = HignXpn + Zig 0. (3.12)

Here, x,, includes the WPT-IM waveform w,, along with the AN waveform €,, such
that x,, = w,, +€&,. In (3.12) zg , € CNmx1 denotes the noise vector, where its each
element z1r ,, ~ CA (0,02) has a zero mean and a variance o2 for the nth subband.
Consequently, the total received baseband signal at the IR can be represented as:

N
YiR = Z [Hir,nXn + Z1Rn) - (3.13)

n=1
The IR employs an ML detector to estimate transmitted bits from the WPT-IM
waveform. Since various IM techniques can be employed for conveying information,
the resulting ML representations vary based on the utilized IM scheme. Conse-

quently, the optimum ML decoder representations are provided separately below.

GSSK/SSK-based IH

The GSSK technique involves selecting specific columns from each subband com-
ponent of the channel matrix, Hig ,, to transmit information bits. Accordingly, the
product Hig ,x, yields the term hiy ,,, which corresponds to the channel coefficient
set of the [th GSSK codebook out of L possible combinations in total. It is worth
noting that in the case of SSK, only a single column of Hig ,, is chosen. Therefore,
for mechanisms based on GSSK/SSK, the ML detector is designed to estimate the

transmit antenna indices when given the value of N,. The ML procedure can be
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implemented as follows:

N

Ik = i . —hi |1 3.14
IR ir{glmlLr;;HyIR | (3.14)

Here, ZIR represents the estimated antenna index.

GSM/SM-based IH

GSM/SM schemes differ from GSSK/SSK ones through the use of signal modula-
tion, specifically M-QAM, to enhance spectral efficiency. In cases where the WPT

waveform includes a modulated symbol, (3.14) can be rewritten as follows:

N
IR, @) = i “hl, Wl 3.15
(I, ) le{%l,ﬂ.%g}few ; HYIR,n IR’RWH ( )

Here, w,, ,, representation in (3.4) simplifies to a w as IM schemes transmit identical
symbols from N, active antennas across all subbands. Thus, w = ae’® represents
a symbol selected from an M-QAM constellation, v, and @ is decoded transmitted

symbol.

GQSSK/QSSK-based IH

Similar to the GSSK/SSK-based mechanism, the ML detector only needs to estimate
the active antenna indices without performing symbol decoding. The distinction is
that QSSK scheme activates two antennas at a time to convey quadrature com-
ponents, whereas GQSSK might activate more than two antennas. Hence, the ML

detector should jointly estimate in-phase and quadrature components, and it is given

by

N
2
S . R, RN
<ZEERJIR> = argin E HYIR,n - [hIR,n +]hIR,n] ‘ : (3.16)
R, S,1
hig hig n=1

Herein, h?ﬁl and h;‘\}’{l correspond to the [th potential codebook channel coefficient
set of the WPTx-IR link out of L candidates for real part and imaginary part
transmission, respectively. (l?%{, ZA;‘\‘R> refers the estimated indices of active transmit

antennas at the IR. For a toy example, (l}%, Z?R) = ([110], [011]) implies the 1st and
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2nd transmit antennas are active for the real part and 2nd and 3rd for the imaginary

part, respectively.

GQSM/QSM-based IH

GQSM/QSM augments QSSK/GQSSK techniques by incorporating M-QAM con-
stellation symbols to transmit quadrature components, separately containing the
in-phase and quadrature part of the M-QAM symbol. If the WPT-IM waveform
contains a modulated symbol, (3.16) can be rewritten as follows:
2
<lIR,lIR,dJ> = argmin Z HyIR” - [hﬁ,fﬂﬂ%{w} —I—jhﬁ,fn {w}] H , (3.17)
hI%Rl7hI\;{ln n=1
le{1,...,.L},wey

where w is a decoded transmitted symbol whose real and imaginary parts are carried

by different active transmit antennas.

3.2 Error Performance Analysis

In this section, average bit error rates (ABER) at the IR and the Eve are calculated,

respectively.

3.2.1 ABER of Information receiver

The conditional pairwise error probability (CPEP) of deciding on a baseband IM
codebook x, in the case of that z; transmitted under ML detection can be calculated

by [Mesleh et al., 2015]

P(mj — T | HIR) =

2 2

N
; k

E Hig» (W,Jl - Wn) +zrn|| [Hir| =
n=1

N N 2

H
P 2R E IR,n (hIR nWi — IR nwk E IR n% hig nwk) Hig
n=1 n=1

AL S [
o) ' —"2}%121“ = 9(\m)- (3.18)
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Herein, @%E)ﬂ. is defined as @%ﬁ)’i = (h%{nviw? — hiﬁf’{lfnviw,?) + (hyy, w3 — h;‘%’fmw%).
Note that (3.18) introduces a generalized CPEP expression, and it can be utilized
for calculating the different types of the IM schemes, ranging from the ones that
do not employ modulated symbols to the ones that also carry a set of modulated

symbols. The corresponding expressions for @%g) are presented in Table 3.1.

IM schemes with one active Tz per index

To begin with, CIDQ can be simplified for the SSK and GSSK schemes by considering

ij =Wl = wj% = w =1, and for the QSSK and GQSSK schemes by considering

wg‘\: =w) =1 and w;‘-\’ = w? = j. This simplification is applicable to the IM schemes

that do not employ signal modulation, namely SSK, GSSK, QSSK, and GQSSK.

IM schemes with one multiple Tx per index

In the case of generalized IM schemes, that are GSSK, GSM, GQSSK, and GQSM,
that simultaneously activate multiple antennas instead of single one, the correspond-
ing effective channel columns h{f{fm and hff{fn’i are considered in the ABER calcu-
lation since it represents the summation of the columns corresponding to active

transmit antennas in the channel matrix of Hig.

Table 3.1: CORRESPONDING @) EXPRESSIONS FOR THE USED IM
SCHEMES.

IM Scheme 3\
SSK (hig ., — h{cR,n,i)
R.j Rk S 3k
QSSK (hig,; — hygy, ) +i(hy, —hig' )
SN{ (h%R,nsz - h{CR,n,iwk?)
Ri R RE R SV Sk ¢
QSM (hIR],rz,iwj - hIR,n,iwk )+ (hIR],n,in - hIR,n,iwlg )
GSSK (b, — Dyl )
GQSSK (i — ke y | j(ppen ke
IR, n,i IR, n,i J IR,n,i IR,n,i
GSM (hﬁ{f,nzwj - hffe{f,rn,iwk)
R,Je R,ke Sjett Skett, &
GQSM (hIR{nffiw? - hIR,n(fiwlz? ) + (hfcR]nfin - hI\XR,nf,fiwk)
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IM schemes with modulated symbol

If there is signal modulation involved, w is drawn from M-QAM contellation points
on top of antenna indices for SM, GSM, QSM, and GQSM schemes.
Then, (3.18) implies that yig follows a central chi-square distribution with 2N

IR _

|2, Herein, It =

degrees of freedom and it can be written as yg = SO |u/)
SN (g ows — hlgnrwik)/ /202 represents the rth element of @™ which has a
row length of Nig.

Remark 1: Assuming that w; and wy, are drawn from real constellation points and
equal to 1, such that yg reduces to yig = S0 (83 |Ag . — A, ?/202). Since
there is a constraint on transmit power L0 ||w,|> < Pr, and A\? is distributed
equally among the elements of w,, introducing more subbands has no effect on
|h’IRnr thﬂn’r|. Nonetheless, increasing the number of subbands, N, scales the
numerator term of yg by 1/(2X%_,02). Hence, an increase in N negatively affects

the performance of the IH mechanism.

The average PEP, P(x; — ), is written as follows|Di Renzo and Haas, 2010]:

Nig—1 _ .
P(z; = z,) = €M Y A _HZ -, (3.19)

i=0 7

where £ = (1 — /(7/2)/(1+1/2))/2 and v represents the mean value of v/* as
detailed in [Mesleh et al., 2015]. After applying (3.19) and utilizing the well-known
union bound expression, the generalized ABER expression for the IM-based IH mech-
anism can be calculated as follows:
ABER = —— Z Z P(zx; — x), (3.20)
] 1 k#£j=1
where €(j, k) is the number of erroneous bits when a codeword . is decoded at the

IR when z; is transmitted at the WPTx.

3.2.2 ABER of Favesdropper

In this subsection, the ABER expression at the Eve is investigated, and the results
herein can be utilized for evaluating a potential case where the EH acts in a mali-

cious role such that EH tries to intercept information transmission intended for an
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information receiver for a given service area. To begin with, similar to (3.18), the

conditional PEP expression for Eve can be expressed as follows:

P(l’j — Ty | GEve) =

N 2

Z ‘Ijn (GEve,nsn + ZEve,n)

n=1

(3.21)
2
GEve

GEve n W - W ) + GEve n€n + ZEve n:|

(n) R.j R R,k R S.j 3
The expression @Evez is defined as @Evel = (Frveni¥i = Irveni¥h) T (Imveni®; —

gg;eymw,j), and it is obtained after applying the whitening transformation. The
term V¥, = 0,Cc 1/2 represents the whitening transformation matrix, where C, is

the covariance matrix of the interference plus noise term at Eve, given by:

A2 ali
Ce = mGEve,n (Z Vz VZ ) GEven + O' I (322)

Note that the power of ¥, needs to be arranged based on the total number of
available subbands and after multiplying ¥,, with given WPT-IM waveforms, (3.21)

reduces to
X T P
P(z; — 2y | Grye) = el TBvel | () 3.23
Herein, gy = Eiv Eve|uEve|2 shows the similar characteristics with g given in (3.18)

and the parameter v2° = SN (gl w; — gk wi)/\/202 + 2)2 signifies the r-
th element of the vector &JSEHVQ, which has a row length of Ngy.. In this regard, the

selection of ¢' should be aligned with the selected IM schemes for information

Eve
harvesting, as in the selection of @IR). Then, the calculation of the ABER at the
Eve can be obtained after substituting (3.23) into (3.20).

Remark 2: Obeying the same constraint on Pr and following the assumption
that w; and wy, are drawn from real constellation points and equal to 1, ygye reduces
t0 Yeve = Sr® (S0 [ Ghvens — Ihvenrl?/ (202 +2A2)). Therefore, the numerator

term of gy is scaled by a factor of 1/ (2EN 102 + 2/\2) which means that increasing

N will lower the performance of Eve. As the SNR increases, and given that Py is
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constant, A2 will progressively dominate over o2, especially when \2 > YN o2 re-

sulting in performance saturation, leading to identical performance across all values

of N.

3.3 Ergodic Secrecy Rate Analysis

In this section, we provide a generalized analytical framework of the ergodic secrecy
rate for the proposed IM-based information harvesting schemes.

To do so, the GQSSK-based ITH mechanism was considered. In this respect, each
transmit antenna set for the real and the imaginary parts is selected with the same
probability, 1/L. Then, the received signal at the IR through N band, yr, obeys
the following distribution [Huang et al., 2017]

||1‘1RH2

| L L
p(ym) = =72 Z Z 52¢ . (3.24)
j=1 k=1 Tn

Here, rig = yir — hi/R{w} — jh*S{w} for a transmitted WPT signal, w. Then,
the mutual information, Zig (rir), can be expressed in (3.26), which is a special case

of [Eq. (14), [Huang et al., 2017]]. Therein, d;';* is defined as:
a7 = BEER(0) + h S )~ hER() - by (e} (3.25)

where hfg is the effective channel after incorporating only active transmit antenna

set at the IR such that his™ =hb! + ...+ hiNe [Wei et al., 2015].

Tir (y1r) = log, (L2)

2 2
| Lk L L ‘dﬁf +zig| - ‘ZIR (3.26)
32D B floga | DD e -
l1=112=1 ri=1rqo=1
Trve (YEve> = log, (LZ)
2 2
6;117;;2 + Zgve| ~ ‘ZEve (327)

L L L L
T9 z : E ZEve ]'ng : : § : 6_ o?
ri=1ro=1

l1=11=1
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Similar to (3.24), the received signal at the Eve obeys the following distribution
[Huang et al., 2017]

1 K HrEven2
PYie) =750 D>, — MQ . (3.28)

7=1 k=1

Therein, ree = yir — ghoR{w} — jgptS{w}. After accounting for the existence
of the AN at the Eve side, the mutual information at Eve, Zgye (rgve), iS given in
(3.27), which is a special case of [Eq. (15), [Huang et al., 2017]]. Here, zgy, is the

T2

Gaussian noise at the Eve and 6}"11 1, can be expressed as:

1

1 1
5y = CF (R R{w) + jeme ${w}) —CF (g R{w} — jgpir= 3{w})

(3.29)

where gl is the effective channel.

Note that the channel between the WPTx and the IR relies on GQSSK-based
modulated antenna indices, so the capacity analysis deducts into a capacity analysis
for the discrete-input continuous-output memoryless channel (DCMC) [Singh et al.,
2021], and it might be not straightforward to obtain the closed-form analysis in most

cases. In this respect, the secrecy rate of IR can be expressed as [Wei et al., 2015]

Rir = max{0, Zir (Y1r) — Zeve (YEw)}> (3.30)

Note that positive secrecy from (3.30) implies communication opportunity on top
of the existing WPT mechanism, even if some information can be leaked to Eve in
the service area.

For the other IM schemes given in Section II.B, the ergodic secrecy rates can
be obtained from (3.30) after modifying (3.26) and (3.27) where L? results in ex-
ploiting two different active antenna sets for real and imaginary parts of the emitted
waveforms where L is the number of available antenna combinations for each part.
For instance, in the case of GQSM/QSM-based IH, the summation limits should
be replaced with L — LM where M is the modulation order and w seen in (3.25)
becomes a variable of the summation indices rather than constant waveform such

that Wiy -
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For GQSSK/SSK schemes, the secrecy calculation requires one effective channel
definition without dividing real and imaginary parts so the definition of rig in (3.24)

is reformulated as rir y = YR — hjw [Wei et al., 2015] which results in

Tir (y1r) = log, (L)

I
L L Hdlf +zmr

- % Z E ZIR 10g2 Z € &

l1=1 la=1

2 2

’ZIR,n

(3.31)

A similar approach is functional when considering the scenario involving Eve, where

its mutual information can be expressed as follows:

IEve (YEve> : IOgQ (L)

2 2

[
L L ‘gli + ZEve ’ZEve

1Y B flon [ e A

(3.32)

Herein, déf and ggf correspond to the channel distances between mqth and msyth
antenna index combinations at the IR and the Eve for the nth subband, where N,
antennas out of Np are active such that dﬁ = hy, o —hy, e and gﬁf = 81, off — Bl off
respectively. For GSM /SM-based IH, the summation limits should be replaced with
L — LM where M is the modulation order, the calculation of dﬁf takes into account

w as in [Wei et al., 2015].

3.4 Numerical Results

In this section, we explore the feasibility of IM-based IH schemes in terms of their
energy harvesting capability, bit error rate (BER), and ergodic secrecy rate (ESR)
performances under various system setups where multitone signals are utilized for
far-field WPT transmissions. The comparison involves diverse IM schemes, including
GSSK with Ny = 24, GSM with Ny = 8, and 16-QAM, SM with Ny = 16, and
16-QAM, as well as SM with Ny = 64 and 4-QAM. Also, QSM with Ny = 8 and
4-QAM, QSSK with Np = 16, GQSM with Ny = 5 and 4-QAM, and GQSSK with
Np = 7 and 4-QAM. Note that all IM schemes share a common spectral efficiency
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of n = 8, and in all scenarios, N, and Ngy are set to 2 and 4, respectively. The
channels between WPTx and EH, as well as between WPTx and IR, are assumed to
be Rayleigh fading channels. Considering that the EH’s energy scavenging ability
is directly impacted by the distance between the transmitter and receiver [Zhou
et al., 2013], we utilize the following path loss model: 35.3 + 37.61og;,(d), where d
represents the distance between WPTx and EH. The EH is assumed to consist of
Ngn pairs of receive antennas and rectennas, with perfect matching and an ideal
low-pass filter assumed in rectennas.

In order to limit the maximum effective isotropic radiated power (EIRP) as
specified in FCC Title 47, Part 15 regulations [Federal Commun. Comm., 2016],
the total transmit power is considered as Pr = 36 dBm at the WPTx. The total
transmit power, Pr, is divided into AN and IM parts based on the power allocation
factor p (0 < p < 1). Mainly, A2 = pPp represents the transmit power of the AN
waveform, and A2 = (1 — p) Pr represents the transmit power of the IM waveform.
Consequently, as p increases, the transmit power allocated for the IM waveform
decreases, and that of the AN waveform increases.

The WPTx emits multitone IM waveforms where the available power is equally
distributed among N, active transmit antennas, whereas the generated AN is emit-
ted from all antennas. Multitone signals with a bandwidth B are defined by the
expression (n — 1)Afy, where A fy represents the inter-carrier frequency spacing,

set at 1 kHz and is employed in simulations The frequency of the first subband, fi, is

Table 3.2: SIMULATION PARAMETERS USED IN IM-based IH.

Parameter Value Reference
ka, ky 0.0034, 0.3829 [Kim et al., 2020]
d [1,6] -
Path-loss model | 35.3 4+ 37.61logy(d) | [Iter et al., 2022a]
Rant 50 [Kim et al., 2020]
Pr 36 dBm -

N {1,3,5} -
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set at 100 kHz, while the subsequent subbands adhere to the frequency relationship
fn=fi+Afn. Note that WPT waveforms do not rely on CSI, although the CSI of
the WPTx-IR link is available at the transmitter and is utilized in generating the
AN. The simulation parameters regarding WPTx are provided in Table 3.2.

We compare our simulation results with two benchmark schemes: MU-SWIPT
[Xu et al., 2014] and Time Switching (TS)-SWIPT [Kang et al., 2020]. In both
settings, Ny = 6 transmit antennas are assumed for TS-SWIPT and MU-SWIPT.
In MU-SWIPT, matched filtering (MF) [Kim et al., 2020] is employed for the AP-IR
and AP-ER links, each with a single receive antenna (Njg = 1) at both the IR and
EH. On the other hand, TS-SWIPT has Nig = 4 for both the IR and EH, utilizing
DC combining at the EH. In both settings, M-QAM is used for information signals,
and RG signals are employed for energy signals. For the MU-SWIPT case, a% of
the power is allocated to information transfer, while for the TS-SWIPT case, 0% of

the transmitted symbol frame is allocated to information transfer.

3.4.1 Energy harvesting capability

In this subsection, we investigated the benefits of the IM-based ITH mechanism at the
EH and present a comparative analysis that exhaustively evaluates energy harvest-
ing capabilities for different NV values and varying p parameters. Figs. 3.2 and 3.3
illustrate that AN significantly affects the energy harvesting capability of the IH sys-
tem since AN introduces interference on the EH end while facilitating secure WIT by
disrupting Eve’s signal. As the power allocation factor, p, increases, EH experiences
more interference, which is advantageous for RF energy harvesting. Thus, higher p
values contribute to improved energy harvesting capability across all IM schemes.
As a result, the IH mechanism strategically enhances the system’s energy harvest-
ing capability while providing secure WIPT through the incorporation of AN. It is
noteworthy that all IM schemes exhibit nearly identical results in the case of CW
signals (N = 1) for RF energy harvesting since the constant envelope characteristics
of CW signals and also modulation schemes such as 4-QAM/PSK are not benefi-

cial for energy harvesting with the utilized nonlinear rectifier model [Clerckx et al.,
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Figure 3.2: The energy harvesting capability (2pc) comparison of SM schemes with
n = 8 for different N values with respect to varying power allocation factors, the

EH is located at d = 1.5m from the WPTx.

2022]. To illustrate the impact of higher-order modulation schemes on the rectifier’s
nonlinearity, Fig. 3.2 compares SM schemes utilizing 4-QAM and 16-QAM. It is ob-
served that 16-QAM outperforms 4-QAM in terms of energy harvesting capability
due to higher M values inducing amplitude fluctuations, thereby improving the ef-
ficiency of RF-to-DC conversion within the rectifier [Clerckx and Bayguzina, 2016].
Therefore, the modulation type impacts the system’s energy harvesting capability
[Cansiz et al., 2020].

Moreover, the comparison between Figs. 3.2 and 3.3 demonstrate that intro-
ducing multitone signals, coupled with IM schemes, enhances the energy harvesting
capability across all IM schemes. As N increases, IM schemes exhibit distinct char-
acteristics. The best performance results are acquired by IM schemes that activate
more than one antenna at a time and also select w,, values from the M-QAM con-
stellations. Since IM schemes activate more antennas than those activating one

antenna at a time to convey information, they achieve the same spectral efficiency
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Figure 3.3: The energy harvesting capability (zpc) comparison of QSM schemes
with n = 8 for different N values with respect to varying power allocation factors,

the EH is located at d = 1.5m from the WPTx.

with a reduced total number of antennas, such as GQSM and GSSK. Thus, dividing
A2 among fewer antennas is profitable to leverage the strategic advantages of AN
in terms of energy harvesting capability. Nonetheless, from the information har-
vesting perspective, increasing the total number of transmit antennas enhances the
spectral efficiency of the IH system, allowing the transmission of more information.
Comparison with Benchmark Schemes: We compare the best and worst cases of
the TH mechanism, namely GQSM and SSK, with benchmark schemes in Fig. 3.4
so as to highlight the advantages of the IH mechanism in terms of far-field WPT
range. We assume that 70% of the power is allocated for energy harvesting in the
MU-SWIPT case, and 70% of the transmitted frame is allocated for energy harvest-
ing in the TS-SWIPT case. The IH system consistently outperforms the considered
benchmark schemes, particularly in the scenario with N = 5, as the parameters d
and p increase. Even when N = 1, the IH mechanism demonstrates its superiority

against benchmark schemes, except in the case where p exceeds 0.6 for SSK. It is



Chapter 3: Index Modulation-based Information Harvesting for Far-Field RF Power
Transfer 40

—e—GOSM b % L4QANM N =1
4l e CIOSM 5o 4 AQAM N = 5

o MUSWIPT 6+ 1 HQAM RG
o TS-SWIPT 6 x 4 64QAM RG

1 G 4 N =5
A MUSWIPT 6 x 1 GAQAM G
—=—T§ SWIPT 6 x 4 640AM RG

Energy Tarvesting Capabilily [inA]
Energy TMarvesting Capabilily [imnA]

Figure 3.4: Comparison of the energy harvesting capability (zpc) for the IH mecha-
nism (a) GQSM and (b) SSK with benchmark schemes across varying distances and

power allocation factors.

important to note that allocating 70% of the resources for RF energy harvesting is
generally unfeasible for SWIPT systems, which prioritize allocating most resources
to WIT rather than WPT), as presented in [Zhou et al., 2013]. Despite this generous
allocation, the TH system underscores its superiority in terms of range and energy
harvesting capability. Notably, the IH mechanism adeptly leverages the benefits of
AN, resulting in a secure and more efficient WPT mechanism through the use of IM
techniques.

Furthermore, in the MU-SWIPT system, allocating Pr between information and
energy signals is required, with both transmitted across all the transmit anten-

nas. Additionally, deploying MF demands an equivalent number of RF chains to
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Table 3.3: RECEIVED POWER for TH and SWIPT.

Approx. d at received signal strength
WIPT Mechansim

—5dBm —10 dBm —20 dBm
Information N =1 1.2m 1.4m 1.8m
Harvesting N =5 1.5m 1.8m 2.3m
MU-SWIPT  70% 1.0m 1.1m 1.5m
TS-SWIPT  70% 1.1m 1.2m 1.6m

the number of transmit antennas, leading to increased power consumption at the
transmitter. Meanwhile, the power consumption of the IH mechanism remains un-
affected by the total number of antennas. Therefore, fewer RF chains are sufficient
to capitalize on the benefits of IM schemes, contributing to a simpler and more
power-efficient transmitter design [Basar et al., 2017]. In Table 3.3, we assess our
system under average received signal strength constraints of {—5, —10, —20} dBm
to provide practical insights into the IH mechanism concerning rectenna sensitivity
[Kim et al., 2019], [Ayir and Riihonen, 2023]. The evaluation is based on identical
setups depicted in Fig. 5(a) at p = 0.4. Our findings reveal that as N increases, the
IH mechanism extends the range at the specified received signal strengths. Addi-
tionally, within these distances, the energy harvesting capability illustrated in Fig.
5(a) outperforms benchmarks, except in the case where the MU-SWIPT method

outperforms the IH mechanism for N = 1.

3.4.2  Error performance

In this subsection, we investigate the BER performance of the proposed IM-based
IH mechanism and present numerical results to support its merits. The BER of
the IH mechanism for all IM schemes is plotted in Figs. 3.5 and 3.6 to illustrate
the impact of multitone signals on information harvesting performance. Within the
IH mechanism, N distinct subbands experience the same channel gains between
the WPTx and IR, with AWGN added to those subbands per receive antenna.

Consequently, the increase in N results in more noise in the received signal vector,
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Figure 3.5: The ABER comparison at the IR for SM schemes with n = 8, p = 0.2

and for varying N parameters.

detrimentally affecting the information-decoding process. Simulation results are
validated with analytical results provided in (3.20) for the IR. As expected, the
analytical curves coincide with simulation results as Pr/Np increases. The BER
of each IM scheme for single subband transmission is approximately 5 dB better
than in the case where N = 3. Thus, there is a non-trivial tradeoff between the
zpc and the BER performance of the IH architecture.  Figs. 3.5 and 3.6 also
illustrate that best performance results are achieved when all bits are modulated
in the spatial domain, particularly SSK and QSSK consistently exhibit superior
results compared to the others. Thus, increasing the number of modulated bits in
the spatial domain generally enhances the performance of IM schemes. Nonetheless,
generalized variants of these techniques, such as GSSK, GQSM, and GQSSK, yield
inferior outcomes due to the fact that generalized IM techniques introduce spatial
correlation in the spatial domain, adversely affecting the IH system’s performance
in the end.

Comparison with Benchmark Schemes: In Fig. 3.7, we compare the BER per-
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Figure 3.6: The ABER comparison at the IR for QSM schemes with n =8, p = 0.2

and for varying N parameters.

formance of the IH mechanism, using SSK, QSSK, GSM, and GQSM techniques,
against benchmark schemes that utilize 64-QAM and 256-QAM for WIT. For the
MU-SWIPT and TS-SWIPT cases, 70% of the power and the transmitted frame are
assigned for WIT, respectively. In the case of N = 1, the IH mechanism outper-
forms benchmarks across all IM schemes, except in the TS-SWIPT 64-QAM scenario
against GSM. Noteworthy is the superior performance of QSSK over the MU-SWIPT
64-QAM case when N = 3. Remarkably, the spectral efficiency of the 64-QAM case
for both benchmark schemes is only half that of the IM schemes. When the spectral
efficiency of the benchmark schemes aligns with that of the IM schemes, the IH
mechanism demonstrates superior BER results for N = 3 and N = 5 compared to
the MU-SWIPT 256-QAM case. However, the results are almost identical for GSM,
while the TS-SWIPT case outperforms GSM and GQSM when N = 5. Unlike the
close BER performance of the IH mechanism to the TS-SWIPT case for N = 3
and N = 5, the IH mechanism reveals significant energy harvesting capability in the

identical setup. Hence, the IH mechanism’s superiority is attributed to its utilization
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Figure 3.7: The comparison of ABER among benchmark schemes with the IH mech-
anism: (a) QSSK and GQSM, and (b) SSK and GSM, where n = 8, p = 0.2, and

varying N values.

of the antenna domain for conveying information, setting it apart from benchmark
schemes. Consequently, the IH mechanism can establish a reliable communication
channel with the contribution of IM schemes without disrupting the ongoing far-field
WPT mechanism.

The impact of AN on Eve’s BER performance is explored in Fig. 3.8, including
the use of GSSK with Ny = 7, GSM with Ny = 4, and 4-QAM, QSSK with
Np =4, as well as GQSSK with Ny = 4 schemes where N = {1,3,5}. Analytical
curves become more precise as the Pr/Ny increases. The simulation and analytical
curves closely align in the high Pr/Ny range, particularly when it exceeds 5 dB.
Fig. 3.8 illustrates that the introduction of AN on larger subbands significantly

disrupts Eve’s ability to decode the transmitted data, resulting in a substantial
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Figure 3.8: The ABER comparison of Eve for (a) GSSK, (b) GSM, (c) QSSK, and
(d) GQSSK with n =4, p = 0.025, and varying values of the parameter N.

deterioration in Eve’s BER performance, which accounts for the protective effect of

the TH mechanism against eavesdropping attempts.

3.4.3 Secrecy analysis

Now, we investigate the ESR of the proposed IM-based TH schemes, including GSSK,
QSSK, QSM, and GQSM, where Ny =4, N, = 2, Nig = 2, and 4-QAM is utilized
when necessary, resulting in varying spectral efficiencies among the IM schemes with
p set to 0.2 and 0.6, respectively. Figs. 3.9a and 3.9b reveal that for p = 0.2, the
GSM scheme provides higher secrecy compared to the others, while for p = 0.6,
QSSK outperforms all the schemes at low Pr/N, values with the expense of higher
decoding complexity. In the high Pr/Ny region, the GQSM scheme yields the best
performance.

Comparison with Benchmark Schemes: In Figs. 3.9(a) and 3.9(b), ESR results



Chapter 3: Index Modulation-based Information Harvesting for Far-Field RF Power
Transfer 46

Ergodic Secrecy Rate [b/s/Hz]

—=§-= MU-SWIPT 16QAM
n I n n n n

0 5 10 15 20
Pr/Ny [dB]
(a)
51 T
s -
~ F
=
= [
)
= L
2.4 —
N o - - ™ ™ @ @
L —3 - W had ol bl
é ///
oAy e
wab ',0',/ -
2] Lox
5} Sy
2 v
Q2 .'6,' —
2k A ]
3 s i
&0 V. s A £ ———¢ 4
) Parla ——GSSK — w — TS-SWIPT 16QAM]| ]
167 —QSSK o0 N=1 H
asM 4 N=3 -
——GQSM o N=5
—-§-~ MU-SWIPT 16QAM
o o T O S T S S N N S M T ST S S |
0 5 10 15 20
Pr/Ny [dB]

Figure 3.9: The ESR comparison of the IH mechanism with benchmark schemes (a)

p = 0.2 and (b) p = 0.6, with varying N values.

are also compared with benchmark schemes, where Ny = 4, Nijg = 1 for MU-
SWIPT, and Nig = 2 for TS-SWIPT, both employing 16-QAM. In MU-SWIPT
and TS-SWIPT cases, 70% of the power and the transmitted frame are allocated
for WIT, respectively. In scenarios where N = 3 and N = 5, benchmark schemes
initially exhibit better results compared to the IH mechanism at low Pr/Ny values.
However, as Pr/N, increases, ESR saturates for all cases, and the results become
indistinguishable after reaching specific Pr/N, values except for the GQSM scheme,
which persists in outperforming benchmarks. Moreover, allocating additional power

to generate AN proves crucial in enhancing the secrecy performance of the IH mech-
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anism, effectively preventing Eve from detecting injected data during information
seeding. Additionally, the ESR performance of the IH mechanism is negatively
influenced by an increasing number of subbands.

It is worth mentioning that the IH mechanism demands an ongoing WPT mech-
anism and Ngi > 1 to achieve reliable WIT, as the information bits are injected
into multitone waveforms through IM schemes. In contrast, the SWIPT systems
can achieve WPT and WIT functions separately without relying on each other, and
reliable communication can be achieved with Ng = 1 [Ponnimbaduge Perera et al.,
2018]. While opting for a higher number of subbands is advantageous for wireless
power transmission, it is essential to carefully consider the cumulative impact of
channel effects and Gaussian noise on the receiver side since these factors could
degrade overall system performance, particularly in terms of WIT. Furthermore,
an increased N parameter of multitone signals induces high PAPR characteristics,
which result in unwanted amplitude distortion in the transmit signal [Park et al.,
2021] such that a proper transmitter design for the IH mechanism is needed while

it is likely to design a SWIPT system which is not based on multitone signals.
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Chapter 4

OFDM-BASED INFORMATION HARVESTING

This chapter delves into a novel IH mechanism integrated with an OFDM-based
far-field wireless power transfer system. The advantages of this proposed ITH mech-

anism are explored in terms of harvested energy, achievable rate, and reliability.

4.1 OFDM-based IH System

Fig.4.1 represents a typical implementation of the OFDM-based TH mechanism.
Herein, the WPTx serves as a module supplying far-field power transfer to the EHs
along with embedding the information in a choice of active subcarrier set, so-called
information seeding, while IRs designed for decoding the information out of emitted
WPT signal, so called information harvesting in [Ilter et al., 2022b]. Note that the
IR and EH are not necessarily separate devices, so the IR can act as an EH device
provided that it is in the WPT service area and the details regarding each module

of the implementation will be described in the following subsections.

4.1.1 OFDM-based WPT transmission

In the considered scenario, the WPT mechanism is assumed to operate over a
frequency-selective Rayleigh fading channel. The WPT transmitter emits OFDM
waveforms where Nppr is the number of OFDM subcarriers, in other words, the size
of the fast Fourier transform (FFT). Each OFDM block is divided into G subblocks,
G = Nppr/N, and the localized subcarrier grouping is applied to N subcarriers in
each subblock as in [Wen et al., 2016]. Unlike the conventional OFDM approach,
the proposed TH mechanism considers only a subgroup of active subcarrier indices.
The mapping operation is then performed for the indices of the active subcarriers,

K in a considered subblock as in [Wen et al., 2016], so the available information
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Figure 4.1: The block diagram of OFDM-based IH when both EH and IR exist in

the service area.

block is mapped into an active subcarrier set such that K < N. It was known that
the maximum number of information bits per channel use, spectral efficiency, n, can

be mapped into the active subcarrier set indices can be expressed as:

e ()

Under this assumption, even if the emitted OFDM waveform does not have any
information component itself, the information can be carried inside the indices of
the corresponding active subcarrier set out of L = 27 possibilities.

Particularly, the gth OFDM subblock can be expressed asx9 = [29 (1), ..., 29 (N)]
where 29 (i) is the emitted WPT signal corresponding to ¢th subcarriers when it is
active. For an inactive subcarrier, z (i) = 0 holds for i € {1,..., N}. For the WPT
signal, Zadoff-Chu sequences [Nakamoto et al., 2022] and RG signals [Kim et al.,
2020] are used in K active subcarriers. For the first one, the amplitude is constant,
and the phase is expressed by [Nakamoto et al., 2022]

Mygi(i + 1
szexp(—j%w>, i=0,1,..., Ny, (4.2)

where My indicates the Zadoff-Chu sequence root index, and Nyc indicates the
Zadoff-Chu sequence length, which is K times the number of the OFDM subblock.
It was shown in [Nakamoto et al., 2022] that employing Zadoff-Chu sequences results
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in higher rectification efficiency and lower PAPR than M-QAM and CW for high
input power region.
Then, the OFDM subblock is processed by the inverse FF'T algorithm where the

output is the time-domain version of x such that giving Ngpr time samples is given

by,

x7 = IFFT { [xl, o ,XG} II\{fFFTX' (4.3)

N
= \/_EW

Herein, Wy, is the discrete Fourier transform (DFT) matrix such that
WHoe Wi = NevrIngg, where Iy, is the identity matrix with the dimension
of Ngpr X Nppr. Then, the cyclic prefix (CP) samples with length of P can be added
at the beginning of x7. Finally, after parallel to serial (P/S) and digital-to-analog
conversion, the OFDM waveform is transmitted from the WPT.

The channel between the WPT-EH is considered a slowly time-varying multi-
path Rayleigh fading channel where a channel impulse response can be expressed
as hy = [hr(1),...,hr (v)] where v is the number of channel taps and each tap
is modelled as circularly symmetric complex Gaussian random variables, hr (i) ~
CN(0,02) and Y 0% = 1 along with P > v. Then, the equivalent frequency domain

input-output relationship of the considered OFDM scheme can be expressed as
yp (1) = hp (i) 2 (i) + wr (i), (4.4)

where y=1 (i), hp (i) and wp (1) are the CP-contained received signals at the EH, the
channel fading coefficients which can be formulated as hy (i) = 3 hy (v) 270D ©=1)/Neer
and the noise samples in the frequency domain, respectively. The distribution of wg
is CN (0, Ny r), and its variance in frequency domain relates with noise variance in
the time domain such that Ny p = KNy r/N.

For a more spectrally efficient design, the unused subcarriers in the proposed
IH mechanism can be utilized for transmitting a set of symbols selected from a
different constellation as in dual-mode OFDM mechanism [Mao et al., 2016]. In
this case, K subcarriers emit the WPT signal and the remaining N — K subcarriers
can be reserved for modulated symbols where the modulation order of the selected

constellation is M.
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4.1.2  Decoding at the IR

Similar to the WPT-EH link, the WPT-IR link is modeled with a slowly time-
varying multipath Rayleigh channel denoted as gr. The goal of the IR is to retrieve
the information that was mapped into active transmit indices from the received
OFDM waveform so the IR can decode the information bits. To do so, the IR first
removes the appended CP from the received signal and then implements a decoding
mechanism to estimate the active subcarrier index set used in the WPT for a given
OFDM subblocks. Herein, two different detection algorithms can be implemented

based on the implementation complexity constraint in the IR:

Mazimum Likelihood (ML) decoding

The ML detector considers all possible active subcarrier index combinations for a
given OFDM subblock so it aims to find an active subcarrier set, iIR, out of L

possibilities which minimizes the following metric:
Lip = arg min||y — & px|. (4.5)

Herein, y'} is the received signal vector, g, r corresponds to [th possible channel
coefficients set in the frequency domain, and x = [z1,0,...,2k,0] is the WPT
signal in the frequency domain where zero entries correspond to inactive subcarrier.
It can be easily shown that the total computational complexity of the ML detector
in (4.7), in terms of complex multiplications, is O (LK k) per subblock. Considering

this, the ML detector becomes impractical for larger values of N and K.

Log-Likelihood Ratio (LLR) decoding

ML decoding brings considerable computational complexity since all possible active
subcarrier sets are considered for a given { N, K} so it makes the proposed OFDM-
based IH practical for only limited scenarios. Alternatively, the LLR detector carries
out the logarithm of the ratio of a posteriori probabilities by estimating the status
of lth subcarrier as being idle or active individually. Then, the decision metric for

[th subcarrier can be formulated as \; = In (Pr (A;)/Pr (f_ll)), where A; represents
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a case where the [-th subcarrier is active while 4; does idle and using [(12), [Basar
et al., 2013]] \; can be formulated as
M=K —In(N— K)—i—M—i—lni <exp (—L\yF (1) = gr (1) kaP))
No,r No,r ’ ’

’ k=1

(4.6)
where xp ), corresponds to kth WPT signal where the total WPT signal set consists
of K symbols. To eliminate the cases of decoding a catastrophic set in the IR, re-
sulting from log, (%) > 7 and the LLR decoder considers each subcarrier detection
individually, once (4.6) is calculated for all subcarriers, the LLR, detector can esti-
mate active subcarrier after L possibilities are taken into consideration in the IR as

in the following:

lig = arg max Z Al (4.7)

ij,lel

The computational complexity of the LLR detector in (4.7), in terms of complex
multiplications, is O (K') per subcarrier is the same as that of the classical OFDM

detector.

4.2 Performance Metrics

In this section, the performance metrics used in the evaluation of the proposed

scheme from energy harvesting and data communication aspects wil be described.

4.2.1 Energy harvesting capability

Once the WPT transmits power transfer waveforms into a service area, the EH is
expected to convert the received RF waveforms into DC output power through a
rectenna. The rectenna’s output DC power, under perfect matching and an ideal

low-pass filter, is directly related to the quantity given in (3.2).

4.2.2  Error performance

Now, the reliability of OFDM-based IH mechanism is investigated in terms of the
bit error rate at the IR. To do so, the pairwise error probability (PEP), which
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considers the error event resulting from an inaccurately decoded active subcarrier
set corresponding to the correct one, is considered. At this point, the channel
coefficients in frequency domain can be expressed in terms of time domain channel
coefficients such that gz = W y,..g%, where g¥. is the zero-padded version of g;. Tt
was known that the Fourier transform of a Gaussian vector gives another Gaussian
vector but the elements of g is no longer uncorrelated. The correlation matrix of
gr is expressed as K = Eg,. [gFgﬂ and because K is a Hermitian Toeplitz, the
PEP for a single block can determine the overall PEP performance [Basar et al.,
2013] and the unconditional PEP (UPEP) of the OFDM-based IH scheme can be
obtained from

1/12 N 1/4
det (I, + 1 K A) - (I, + KLA)’

along with ¢; = 1/ (4Nor), ¢ = 1/ (3Nor), and A = (xp—Xp) [Basar et al.,

PEPXF *))A{F =

(4.8)

2013]. Herein, K,, is a n x n submatrix centered along the main diagonal of the

matrix of K. Then, average bit error rate (ABER) is bounded by

L L
Z Z 217 22) PEPXF711—>XF712 ) (49)

io=1,i1#i2

:;I»—‘
hl

where Ny, (i1, i2) is the number of erroneous bits resulting from decoding active carrier

set, i, when 7 is transmitted.

4.2.8  Achievable rate

While BER analysis is insightful for assessing the error reliability of the OFDM-
based TH mechanism, achievable rate analysis can truly unveil its potential and

discover the maximum information transmission capacity. To do so, the achievable

rate of OFDM-based IH mechanism can be expressed as [Wen et al., 2016]

L
Rorpmon = logjv(L) (10g2 ( - ﬁ Z
= (4.10)
]EgF WE [lOgQ <2N IWF‘ + ZH€ wF gF( )))] 5
I'=1 i=1

where perfect CSI at the information receiver is assumed and € (-,-) is defined in

leq.(13), [Wen et al., 2016]].
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Figure 4.2: Energy harvesting capability (zpc) when the EH is located at d = 5m

with respect to varying power budget values, Pr/Nj.

4.3 Numerical Results

Now, the performance of the proposed OFDM-based TH mechanism is evaluated in
terms of energy harvesting capability, achievable rate, and BER over different (/V, K)
values. To demonstrate its superiority, classical OFDM and TS-SWIPT mechanism
[Buckley and Heath, 2021] was used as a baseline where P denotes the number of
extra subcarriers taken from the OFDM data frame for energy harvesting. In the
EH, the pair of {ko, k4} is considered as {0.0034,0.3829}, Ran is set to 5082 [Kim
et al., 2020]. For the WPT signal, since the information is only conveyed through the
indices of the active subcarrier set, the Zadoff-Chu sequences which have a smaller
PAPR are preferred where Mzc = 13 in (4.2).

To start with, Fig. 4.2 illustrates the energy harvesting capability of the consid-
ered cases. The channels between the WPT and the EH are modeled with Rayleigh
fading along with v = 10 taps and the following path-loss model is considered;
PL[dB] = 35.3 + 37.6log,, (d), where d is the distance between the WPT and an

EH in meters. In order to keep the same maximum achievable spectral efficiency,
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Figure 4.3: Achievable rate comparison of the proposed OFDM-based IH mecha-
nisms deploying Zadoff-Chu and real Gaussian WPT waveform with classical OFDM
and TS-SWIPT [Buckley and Heath, 2021] with respect to varying power budget
values, Pr/Ny.

which is 7 for OFDM-IM scheme and log, (M) for TS-SWIPT and classical OFDM
ones, the transmitter deploys the following setting for corresponding case: N = 4,
K ={1,2} and QAM modulation for those simulations. It can be clearly seen that
the proposed OFDM-IH scheme outperforms classical OFDM and T'S-SWIPT mech-
anisms by utilizing its advantage of being a far-field power transfer mechanism along
with WPT waveform, whereas there is negligible difference between Zadoff-Chu and
RG signaling. As expected, higher P values result in more harvested energy, but it is
still far from the classical OFDM mechanism where all symbols are used for energy
harvesting. Then, the achievable rates of the considered scenarios are plotted in
Fig. 4.3. Due to its constant amplitude, the Zadoff-Chu outperforms RG signaling
from a communication perspective, and while the achievable rate of OFDM-IM is
worse under lower power budget, it converges to the classical OFDM achievable rate
as higher power for both signaling schemes.

Now, the quality of the bits transmitted over the indices of the active OFDM
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Figure 4.4: (a) BER results of the proposed OFDM-based IH mechanism, (b) BER
results and the energy harvesting capability (zpc) of the proposed dual-mode TH

mechanism along with given N and K values over varying power budget values

Pr/Ny at the IR.

subcarrier set is investigated in terms of BER in Fig. 4.4(a) where v = 4 is assumed.
Herein, the calculation of the BER lies in comparing the transmit active subcarrier
set vector and the estimated one at the IR and Gray-coded index mapping is used.
Initially, the curves validate the tightness of the BER expression for higher Pr/Nj
values. Considering its practicality, LLR decoding is considered for all cases. It can
be seen that a less active subcarrier during OFDM subblock transmission introduces
better reliability.

Furthermore, in order to show the feasibility of dual-mode OFDM-based IH, two
different schemes are considered for the choice of dual mode constellation. Scheme
1 deploys QAM constellation for N — K subcarriers, inactive ones in previous cases,
in each OFDM symbol. In Scheme 2, N — K subcarriers are mapped into Zadoff-
Chu sequences with different Mz values, Myc = 9 for N — K subcarriers, given in
(4.2) where it is assumed that two different Mz values are known a priori at the
IR. Fig. 4.4(b) illustrates that the dual-mode OFDM-based IH sacrifices reliability,
whereas energy harvesting capability has been improved considerably. As expected,

deploying two different Zadoff-Chu sequences in Scheme 2 outperforms Scheme 1

where QAM is selected.
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Chapter 5

TIME INDEX MODULATION-DRIVEN STANDALONE
RIS MECHANISM FOR SYMBIOTIC RADIO

This chapter introduces an SR environment where an RIS functions as an BD
while maintaining its operations through WEH. The practical rectenna, constant-
linear-constant (CLC) model is examined for the standalone RIS architecture and
the EH. Additionally, the PTx utilizes the TIM strategy to transmit power and infor-
mation to the receiving ends. An LLR-based detector is proposed for the TIM-driven
SR scheme, and the performance metrics of the proposed scheme are investigated in

terms of BER at the PRx and harvested DC power at the standalone RIS and EH.

5.1 Symbiotic Radio Model

In the proposed scheme, the primary system, which consists of a single antenna
PTx and an My antenna PRx, relies on active RF transmission technology. The
secondary system comprises a standalone RIS with N = N; + Ny + N3 UCs and
a single antenna EH, both of which are passive IoT devices. These passive IoT
devices harness the power and spectrum resources of the primary system to sustain
their operations such that the primary and secondary systems rely on symbiotic
relationships [Liang et al., 2020]. In Fig. 5.1, PTx leverages the TIM technique to
send information to the PRx and power to the EH through the direct link and the
link empowered by RIS. Therein, the RIS is partitioned into three groups: the first
group, with N7 UCs, assists the PTx transmission; the second group uses N, UCs as
absorbers to ensure the RIS’s self-sustainability through WEH by exploiting the PTx
signal; and N3 UCs in the third group are dedicated to conveying the RIS information
by inducing phase shifts in the reflected signal. The PTx-RIS and RIS-PRx channels
are defined as h, £ [hr,l,hm,hr,g]T € CV* and Gy 2 [Gyy, Gya, Ggs) € CNRXN
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Figure 5.1: System model of TIM-driven RIS-SR scheme.

respectively, where subscripts [ = {1,2,3} associated with the RIS groups with
{N1, N3, N3} UCs. All links follow the Rician channel model, and v-th entry of
PTx-PRx, and (v,n)-th entry of RIS-PRx link can be written as:

(\/ p+1hdLoS+“ p+1 dNLoS) (5.1)
(\/ +1gdLoS \/ +1ngLoS> (5.2)

where v € {1,2,..., Mg} and n € {1,2,...,N}. Herein, v, and k, > 0 for p €
{hq, ga} represent the path loss and the Rician factors, respectively. The terms
haLos, and g, g are the deterministic line-of-sight (LoS) components with [hg | 5| =
|9aTos] = 1 and A xpes, and gg'\p,.s represent non-LoS components in which each
entry is independent and identically distributed (i.i.d.) according to CN (0,1). The
definitions of the remaining channels follow similar principles and can be derived

analogously.

5.1.1  Primary transmaission model

The PTx utilizes the TIM scheme to convey information to the PRx and power to
the EH over direct and RIS links. Hence, the PTx also sends bits by indexing infor-

mation and power transmission stages into distinct time slots, allowing deterministic
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power signals to participate in information transmission. Thus, there is an ongoing

information transmission even when the PTx switches to a power stage.

Information Stage

In the information stage, L information signals z; € M with a power of Py, are drawn
from M-PSK/QAM constellation points, where M = {x; : 1 <i < M}. Therefore,
Nm = Llogy (M) bits can be sent over the total block length. By leveraging TIM to
alter the transmission ordering of the L information signals, r = C(K, L) distinct
mappings of L information signals can be achieved. Thus, additional 7, = [log,(r)]
bits are conveyed, such that n = n,,+n, bits are transmitted over one block duration
that spans K transmission stages.

According to 7, bits, the time indices of L information signals are chosen from

the set for each block duration, which is given by

T:{t1 ty ... tgnr}, (5.3)

in which there are 27 possible legitimate time-index selections out of r. After de-

ciding on t, € Z*, where a € {1,2,...,2™"}, the time-index vector is defined as
T

Te, = [7-1 Ty ... TK:| € NEX1and 7 is set to 1 at every information transmis-

sion stage, where k =1,2,... K.

Power Stage

The remaining (K — L) time slots are used for deterministic power signal w = wr+jwg
with a power of |w|> = Py, where Py > Pp, and 7, is set to 0 at each power
transmission stage.

By following the construction of T4, the n,, bits are mapped to the M-PSK/QAM
symbols, where each symbol carries 7,,/L bits. The mapping is done considering

the legitimate signal set S, which has a length of M* and is defined as follows:

Sz{xl Xy Xz -- XML}‘ (5.4)

Therein, x, € S, where n € {1,2,..., MY}, represents a vector of length L,

T
Xp = [m?l xly e x;‘L] in which, P;, = E[|z;|?] is normalized to unit power.
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Figure 5.2: PTx transmission strategy.

Consequently, the elements of x,, namely the symbols, are mapped into the time
slots based on T, to initialize the transmission stage. Accordingly, the signal
sk € {S,w} is transmitted at each time instant k.

In Fig. 5.2, the transmission strategy of PTx is illustrated for K = 6 and
L = 3. The total block duration is assumed to be less than the channel coherence
time, ensuring that the channel coefficients remain unchanged for a block of length
K, though they might change from one block to another. Herein, PTx alternates
between information and power stages accordingtoT¢, =1 0 1 0 0 1|, where
t, = [1 3 6}, indicating that the locations of the information and power stages

in time domain carry additional information bits.

5.1.2 RIS Absorption Function and WEH

The absorbing function of UCs enables RIS operations through WEH without requir-
ing an external battery or power grid. Hence, RF energy harvesting on the RIS can
be achieved through RF switches since they can act as both reflectors and absorbers
[Wang et al., 2024]. Accordingly, RF switches are utilized in RIS as UCs, with N,
UCs serving as perfect absorbers and the remaining N — Ny UCs functioning as per-
fect reflectors. The RF switch allocates one output port for an impedance-matching
component, which absorbs the energy of incoming signals instead of reflecting them.
The absorbed signals are fed to the RF combining network, which combines the sig-
nals in the RF domain [Shen and Clerckx, 2021a] and outputs them to the nonlinear

rectenna as input for obtaining harvested DC power such that the rectenna’s input
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at time instant & is mathematically given by

No
E n2
h,,,72$k;

no=N1+1

2

Qr = (5.5)

The constant-linear-constant (CLC) model is employed to capture the practical
characteristics of a rectenna, including turn-on sensitivity and saturation. [Moon
et al., 2021]. In the CLC rectenna model, the harvested DC power, Ppc(Q) is

expressed as follows:

(

07 Qk S [O;Pon)
Poc(Qk) = { p(Qk = Pon)s  Qk € [Pon, Prat) - (5.6)

p(Psat - ,Pon)y Qk € [Psat7 OO)

\
Here, p denotes the WEH efficiency, and Qj represents the input power to the
rectifier at time instant k. The turn-on sensitivity P, is the minimum received DC
power required to activate the rectenna for RF-to-DC conversion. Saturation occurs
when the rectenna reaches its maximum power harvesting capacity. The maximum
harvested DC power is expressed as Prax = 1(Psat — Pon). Since the input power of
the rectifier circuit varies depending on the specific application, Ps,y and P, should
be adjusted according to the input power level. When the input power to the rectifier
circuit is high, increasing P,y can optimize the benefits of the high input power.
Due to the fact that the RIS relies on WEH through its /N, absorbers to serve
its functions, the harvested DC power Ppc(QEY) should be sufficient to maintain
the total power consumption of the RIS. The total power consumption required
to operate the RIS consists of two parts: the static power consumption caused by
the RIS controller and the dynamic power consumption generated by the RIS UCs.

Therefore, the total power consumption modeling of RIS can be expressed as follows:
PRIS = Pstc + den (57)

where Py, and Py, refer to the static and dynamic power consumption of RIS,
respectively. Py, consists of the power consumption of the control board, P.p,, which

has a constant value, and the power consumption of the drive circuits, Py, which
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varies with the type of UC driving mechanism. Therefore, various UCs, such as var-
actors and RF switches, exhibit distinct power consumption characteristics [Petrou
and Georgiou, 2022]. Since varactor-based UCs require power-hungry DACs to
achieve continuous phase shifts, they lead to increased static power consumption.
As N increases, Py tends to dominate Pyy,, making the self-sustainable condition
challenging [Ntontin et al., 2024]. To accomplish a standalone RIS architecture,
one can utilize RF switches directly driven by RIS controllers without DACs [Wang
et al., 2024]. Additionally, an integrated architecture for the RIS controller is a
favorable approach to constructing a standalone RIS, as it consumes very low power
during static conditions compared to conventional RIS controllers [Petrou and Geor-
giou, 2022]. Thus, RF switches combined with an integrated architecture could offer
a potential solution to meet the standalone RIS condition despite the discrete phase
shift capability of RIS compared to the continuous phase shifts provided by varactor-
based UCs. The power consumption of the integrated architecture for varactors and

RF switches is given by, respectively,

[N/Ne| Peb + N (2Pary + Poaractor) ,  for varactor
PRIS = ) (58)

[N/Nev| Pe + N Prgiten, for RF switch

where Ny, is the number of UCs controlled by one RIS controller, and Py, €
{ Pswitch, Praractor - The condition that verifies the standalone RIS operation can be

given as follows:

K

1

174 E Poc(Q®) > Pris, (5.9)
=1

which implies that the average harvested DC power over a block of length K should

be at least equal to or greater than the power consumption of the RIS.

5.1.3 RIS-enabled passive transmission model

During the information stage, the RIS performs two functions: it assists PTx trans-
mission using N; UCs and transmits RIS information through N3 UCs by apply-
ing a phase shift to the signal. Since RF switches are utilized, they can induce

discrete phase shifts based on the b-bit resolution from a discrete set, i.e., ¢ €
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J ={0,2n/B,...,(B — 1)n/B}, where ¢, represents the common phase shift within
the I-th group. The RIS can generate B = 2° — 1 different phase shift levels, as one
output port of the RF switches is dedicated to an absorber. Once designed, these
phase shifts remain invariant across all channel realizations in the RF switch-based
RIS architecture. If a 2-bit resolution RF switch is employed, the possible phase

shifts can be expressed as follows:

we{s 6 ) (5.10)

Considering the discrete set in (5.10), in the power stage, the RIS UCs configure
the phases of N — Ny = N;+ Ny UCs to ¢, for power transmission. In the information
stage, the RIS selects phase shifts from the set J’, where J' = {Qc 1<e< J},
to represent one bit of information based on the two possible phase options 0. €
{¢1, ¢2}; therefore, the modulation order of RIS information is J = 2. The first
group of N7 UCs can alter their phase shifts at each information transmission slot
by selecting the closest phase from the set 7' to assist PTx transmission. Meanwhile,
to achieve mutualistic SR [Liang et al., 2020], the RIS aligns the third group of N3
UCs to an invariant phase shift across L information slots during a block of length K.
Therefore, the symbol period of RIS information is larger than that of PTx, provided
that L > 1, and the parameter 6 = L represents the spreading gain that affects the
mutualistic symbiosis, and increasing ¢ improves the detection performance of RIS
information at PRx [Zhang and Long, 2022].

Let ¢; = 3,e77% denote the reflect beamforming coefficient at the I-th RIS group
in which g; € [0,1] is the common reflection amplitude within the [-th group and
v, = [qpl Py wS}T denote the reflection vector. The received signal at PRx at

time instant k is written as:

Ny N3
yvi = hgs, + Z ggfle_mlhf’llsk + Z ggf’ge_”’lhf’%sk + Zj,. (5.11)
ni=1 n3=Na+1

Herein, the reflection amplitudes are fixed to §; = 1 for the first and third groups
to maximize the reflected power, while Sy = 0 since the second group absorbs the
signal such that ¢, = 0. Additionally, z;, € C™®r*! denotes the additive white

Gaussian noise (AWGN) sample vector, where each element 2z, ~ CN (0, 0?) has a
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2 added to the signal at each information stage. Defin-

zero mean and variance o
ing f £ |G, h,; G,oh,y G,sh,s| € CY**3 as PTx-RIS-PRx cascaded channel

matrix, the (5.11) can be rewritten as:
Yi = hgsp + E£Wrsy, + 2. (5.12)
Similarly, the received signal at EH is given by
€k = hesy + vW sy, (5.13)

where v £ |h, g1 hysgco hpsg.s| € CY denotes the PTx-RIS-EH cascaded
channel matrix and AWGN term is omitted since it is too low to be harvested.
Therein, Qg = |ex|? is input for the CLC rectenna defined in (5.6) and the average
harvested DC power can be calculated by putting QFH into (5.9).

The cascaded channel of the PTx-RIS-PRx (EH) links can be estimated using
the method in [Jensen and De Carvalho, 2020]. Subsequently, we assume that PTx
perfectly knows the cascaded channel and direct link channel. Therefore, PTx can
transmit the phase knowledge and the corresponding transmission stage to the RIS
prior to each transmission by determining the phase shift of the first group through
Y1 = argming c 770, — E[(£LG,1h,.1 + Zhg)]|*. Accordingly, the RIS sets the phase
of N7 UCs and arranges the phase of N3 UCs at time instant k.

5.2 SR-based Decoder

The PRx task involves jointly estimating the time-index vector 7, as well as the
information of PTx and RIS by considering all possible time-index selections and
corresponding symbols from the sets S and J’, respectively. To do so, PRx employs

a maximum likelihood (ML) detector and minimizes the following metric:

L
(f'ta,fin,%) = arg min > Ny — hasy, + £8s ]|, (5.14)
t;LeT k=1
P3eJ’

Since the ML detector searches for all possible mapping rules and the corre-

sponding symbols, the decoding complexity increases as K, L, and M grow. The
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Algorithm 1: LLR-Based Detector for TIM
ReqUire: Yk, hda fa Aca Q; j/v M7 027 K7 L

Ensure : 9, is the LLR of k-th time instant
1 for k=1 to K do

2 A; = = Sllyr — hazy + fA 242

3 | A, = —|lyx — haw + fQu|?

4 forc=1 to J do

5 for i =2 to M do

6 & = — 25 |lyk — haz; + fA ;||

7 & = max {A;, &1} + In(1 4+ exp(—|& — Ay]))
8 A; =&

9 end
10 end
11 | 9y =In(L?) —In((K — L)?)+ A; — A,

12 end

13 return 9

computational complexity of the ML detector is approximately O (2™ JM¥) in terms
of complex multiplications. Therefore, we propose an LLR-based detector for our
scheme to reduce the decoding complexity while maintaining the reliability of de-
coding at PRx.

Let us define two vectors for the information and power stages from W, to
ease the exposition. To describe the power stage, we can represent W as 2 =
[e—jqbp 0 e 7% |, and for the information stage, A, = |:1/}1 0 00] Now, we can
write the expression representing the logarithm ratio of the a posteriori probabilities
of the symbols, taking into account that their values may indicate the selection of

either information or power signal. The expression is as follows:

ﬁk —In (chzl Zi\il Pr (Sk = xiaw:i = ‘96 ‘ Yk>> ) (515)

Pr(sp = w,v¥3 = ¢, | y&)

A higher value of ¥y in (5.15) indicates a higher likelihood of information being
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Algorithm 2: Mapping Rule-aided Info. Slot Selection
Require: ¢, T, n,, K, L

Ensure : t, belongs to the legitimate set 7 and t!, is the ¢-th element of t,.
19 =19
2 b = 09141
3 for a =1 to 2" do

4 if L > 1 then

5 for .=1 to L do
6 a =t

7 b, +=19,

8 end

9 end

10 else if L = 1 then

11 a=t,
12 b, =19,
13 end

14 end

15 t, = arg max, {b,}

16 return Ty,

transmitted at time instant k. Applying Bayes’ formula, with M, Pr (s}, = 2;) =
Y Pr(sy=0.) = L/K and Pr(s;, = w) = Pr(¢3 = ¢,) = (K — L)/K, (5.15) can

be expanded as:

J M
1
I =1n (Z ZGXP (‘;H}’k — hgz; +fAc=’17i||2>)

c=1 i=1

—In (exp (—[lyx — hgw + fQw[]*)) +1In (L*) —In ((K — L)*).  (5.16)

Then, recursion initializes with A; = —%H}% — hyz; + fA174]]?. To avoid
numerical overflow, we utilize the following identity: In (651 +ef 4 e§X) =
In (e + %) = max {A;, &} + In (1 4+ e71&2) [Basar et al., 2013] at each itera-
tion in which &, = ||yx — hax; + £A;2;]|* by setting ¢ = 1 to J and i = 2 to M. Since
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Table 5.1: MAPPING RULE of 7, for K =4 and L = 2.

o] | 7]
o ot o] =l g
o (oo =l
0 o] |ufd
o |t o] =l g
< b
X o]
there is one possible power signal once A, = —||y), — hgw + £Qw||? is evaluated and

keep the same for each iteration. Afterward, LLR value is obtained by Algorithm 1

for each time instant k and they are collected in a vector which is given by

Finally, the receiver decides on the time indices of L information slots t, based
on maximum LLR values with the aid of ¥ and estimates 7¢_. It can be seen that
the proposed LLR detector simplifies decoding complexity to around O(K(JM +1))
in terms of complex multiplications.

The mapping rule for (K = 4,L = 2) is demonstrated in Table 5.1. When
selecting (4,2), there are 6 possible mappings. Nevertheless, only ollog2(6)] — 4
legitimate mappings can be chosen, as there are four possible bit combinations.
Therefore, it is likely to decide on an illegitimate set with Algorithm 1.

Assuming that L is the number of estimated information slots in Tt,,, 11 cases
where L > L or L < L, or even when L= L, the receiver can detect T¢o, which is
not specified in the mapping rule, such that the detection process will fail. Thus, we
present an LLR detector that operates in cooperation with the mapping rule to pre-
vent the detection of illegitimate sets. Hence, regarding the potential scenario where
the PRx might choose Ty, that does not belong to the mapping rule, Algorithm 2 is

provided to compute the maximum LLR sum for determining time-indices t, from



Chapter 5: Time Index Modulation-Driven Standalone RIS Mechanism for Symbiotic
Radio 68

legitimate set T [Basar et al., 2013]. Ultimately, to estimate (f(n,@@g) for selected
time instants (information slots), the receiver applies an ML detector, which can be

expressed as:

L

A\ : B 2
(R0 ) = arg min Y [ya — hase + E@asal|* (5.18)
Yseg’ a=1

where yg, Sqo, ¥, corresponds to the estimated time indices in 7y, computed by

Algorithm 2.

5.3 Numerical Results

In this section, we evaluate the performance of our proposed scheme in terms of
average harvested DC power and bit error rate (BER). For all channels, a Rician
factor k, = 5 is considered, and the 3GPP Indoor hotspot (InH) path loss model is

employed, which is expressed as follows [3GPP, 2010]:

vy(d) = 32.8 4 16.91og,(d) + 201og,,(f), (5.19)

where f is the carrier frequency, and d refers to the distance, with d € {5, 10, 14} for
the PTx-RIS, RIS-PRx (EH), and PTx-RIS-PRx (EH) links, respectively. Unless
otherwise specified, 4-QAM is employed at PTx, and Mg = 4, and N; = 60 are used
in the simulations. The simulation parameters are presented in Table 5.2.

We aim to demonstrate the proposed standalone RIS architecture in terms of av-

erage harvested DC power and the number of N, UCs required to meet the condition

Table 5.2: SIMULATION PARAMETERS

‘ Parameter ‘ Value ‘

Pr, Py 30 dBm, 34 dBm

PTx
f 2 GHz

N, N 256, 4

RIS Pay, Pagn 50 uW , 40 uW [Petrou and Georgiou, 2022]
Puyitehy Praractor | LW [Rossanese et al., 2022], 0 W [Wang et al., 2024]
0y Pons Psat 0.75, 150 pW, 70 mW

‘ EH ‘ 0y Pons Psat 0.75, 50 pW, 0.1 mW
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Figure 5.3: Average harvested DC power (5.5) with respect to Ny UCs for (a)
standalone RIS and (b) EH.

(5.9). Fig. 5.3(a) indicates that the minimum number of Ny UCs required for a stan-
dalone RIS architecture is approximately two times fewer for RF switches compared
to varactors. This difference arises as varactors are driven by power-hungry DACs
that make accomplishing a standalone operation challenging, resulting in roughly 8
dB more power consumption than RF switches. As expected, reserving more time
slots for the power stage in the TIM scheme increases the average harvested DC
power, as illustrated in Figs. 5.3(a) and 5.3(b). Importantly, around Ny = 140, the
CLC rectenna reaches saturation region for all TIM schemes. Herein, it is crucial to

mention the parameters of the CLC rectenna model can be reconfigured according
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Bit Error Rate of PTx

15

DL SNR [dB]

Figure 5.4: BER comparison of PTx with benchmark schemes with respect to DL
SNR.

to Ny UCs to leverage the benefits effectively. Furthermore, allocating more N,
UCs at the RIS reduces the average harvested DC power at the EH, as the total
number of reflectors, which is N — Ny UCs, decreases. Since Ny = 35 satisfies the
standalone condition (5.9) for all schemes in Fig. 5.3(a), we exploit this in our sim-
ulations to ensure that RIS performs its functions by WEH in the SR environment.

In Figs. 5.4 and 5.5, we demonstrate the BER performance of our scheme for
ML and LLR detectors with respect to direct link (DL) signal-to-noise ratio (SNR),
ypL = vn,(d)/o?. Tt can be observed from Figs. 5.4 and 5.5 that BER performances
of the ML and LLR detectors align with one another. However, the LLR detec-
tor reduces the complexity by approximately 86% compared to the ML detector in
terms of complex multiplications, considering the TIM (8,2) scheme. Additionally,
based on the setup in [Yang et al., 2024], we compare our scheme with benchmarks.

We assume that the benchmark schemes maintain RIS information unchanged for L
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Bit Error Rate of RIS

DL SNR [dB]

Figure 5.5: BER comparison of RIS with benchmark schemes with respect to DL
SNR.

information slots for a block size of K = 8, without utilizing TIM at the PTx. Thus,
the benchmark schemes convey 7, = Llog,(M) bits and (K — L) power signals in
a given block. In Fig. 5.4, the benchmark scheme B.2 outperforms our proposed
scheme. Nevertheless, when considering the (8,2) case, since our scheme exploits
six time slots for power transfer while the benchmark B.2 uses four time slots, the
average harvested DC power in a block size of K should be higher than that of B.2.
If the benchmark utilizes six time slots (B.1) for power transfer, all TIM schemes
show their superiority against it. Thus, modulating bits in the time domain rather
than the signal domain enhances the BER performance of the SR system. In Fig.
5.5, the proposed scheme outperforms benchmark B.1 in terms of BER of RIS in-
formation. Despite B.3 having a spreading gain four times that of the TIM (8, 1)
case, their performances are close due to the fact that PTx and RIS information are

coupled. Therefore, increasing the modulation order M of PTx has a detrimental
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Figure 5.6: BER comparison of PTx and RIS for various TIM schemes with varying
Py.

impact on RIS information. Additionally, as the DL SNR increases, the BER of B.2
and TIM (8,4) cases become indistinguishable. Moreover, the BER performance of
the RIS improves with increasing spreading gain 9, which also enhances the BER of
PTx in the high SNR region, as observed in Fig. 5.4.

To emphasize the effect of Py on decoding performance in the LRR detector,
the BER for PTx and RIS information is plotted in Fig. 5.6 with vp;, = 10 dB. As
Py increases, the distinction between information and power stages becomes more
accurate, leading to a better estimation of time-index bits in the LLR detector. In-
terestingly, the impact of Py on the BER of RIS information is highly coupled with
the spreading factor 6. Therefore, as § improves, increasing Py becomes more mean-
ingful for achieving better BER performance. Furthermore, the BER of PTx and
RIS information saturates after a specific SNR value in all TIM schemes, indicating

that further increasing Py will not affect decoding performance.
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Chapter 6

CONCLUSION

The massive connections of simple nodes present significant challenges to the
communication infrastructure as we move towards 6G technology. Establishing sus-
tainable, green, and secure communication accounts for providing synergistic ways
of delivering information and power to IoT devices. Chapter 3 presents a compre-
hensive framework for the IH mechanism, leveraging existing far-field WPT mecha-
nisms to enable wireless communication through exploiting diverse IM techniques.
The presented simulations and analytical derivations underline the advantages of
IM-based TH mechanisms, particularly in terms of energy harvesting capabilities at
the EH and the reliability and secrecy of the communication at the IR. In this re-
spect, the results reveal that the IH mechanism can extend the far-field WPT range
and energy harvesting capability while ensuring secure and reliable WIT through ef-
ficient transmitter design by harnessing the amalgamation of multitone signals with
IM techniques. In summary, the IH mechanism holds significant potential for IoT
devices in the 6G era by introducing a novel communication channel atop existing
WPT mechanisms.

In Chapter 4, Information Harvesting concept has been applied to OFDM-based
far-field power transfer systems. The simulation results verify that OFDM-based IH
can boost energy harvesting capability at the EH, and while the achievable rate may
not match its energy harvesting superiority compared to its counterparts, it provides
comparable performance when the power budget is relaxed. Furthermore, dual-
mode OFDM introduces some sacrifice in terms of reliability along with enhanced
energy harvesting capability compared to the proposed one. Following the presented
results, it becomes apparent that OFDM-based IH has the potential to serve as an
alternative approach in the establishment of carbon-free communication platform in

future networks.



Chapter 6: Conclusion 74

The coexistence of cellular and IoT devices in next-generation communication
frameworks becomes more power and bandwidth-hungry as the number of connected
devices increases. Therefore, delivering power and information in a mutualistic man-
ner is of paramount importance for designing next-generation networks. Chapter 5
presents a novel low-power, standalone RIS architecture that serves as a BD in an SR
environment. In this setup, the PTx utilizes a TIM scheme to transfer information
to the PRx and power to the RIS and EH, respectively. We propose an LLR-based
detector to reduce computational complexity at the PRx and investigate the pro-
posed scheme in terms of average harvested DC power and BER performance while
ensuring the necessary conditions for being a standalone RIS. Our results demon-
strate that a standalone RIS can establish a mutualistic symbiosis with the PTx,
and the proposed system can achieve reliable communication while incorporating
power transfer into its transmission strategy without demanding additional power
resources.

Consequently, these studies demonstrate the novel and synergistic implementa-
tion of information and power transfer mechanisms through emerging technologies
for the next-generation frameworks. Deploying RF energy harvesting is a longstand-
ing challenge, and novel ways are required to investigate the relationship between
WPT and WIT. Future works can include innovative WPT-suitable modulation de-
signs and proper channel modeling of wireless communication systems that employ

RF energy harvesting to power devices or even enable zero-power devices.
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