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Abstract

The Internet of Things (IoT) envisions a global wireless network where trillions
of wireless sensors are connected via the Internet, generating data from a diverse
range of applications. Wireless standards such as 5G and beyond will underpin the
growth in the ubiquitous deployment of IoT devices. To make such deployments
feasible, there is a need for sustainable batteryless energy sources. One promising
technology aiming to provide both power and data transfer is Simultaneous Wireless

Information and Power Transfer (SWIPT).

SWIPT provides an energy-efficient solution by exploiting the same communication
signal for data transfer as well as Wireless Power Transfer (WPT). The transferred
output power to the sensor is not only a function of received signal power but also
of the received signal shape. Therefore, high peak-to-average power ratio (PAPR)
waveforms came into the picture to increase WPT. However, these high PAPR
waveforms deteriorate the Wireless Information Transfer (WIT) performance due to
the saturation of the non-linear amplifier at the transmitter, and the transmission
of data over these waveforms reduces WPT. Therefore, it is necessary to design
waveforms to maximize the trade-off between the information rate and extracted

power at the receiver.

This thesis aims to design modulated waveforms carrying information while simul-
taneously maximizing the output power. A Multitone PSK waveform has been
proposed for the rectifier-receiver so that information detection is possible with only

a rectifier reducing the overall power consumption at the sensor node. A rectifier



circuitry with an optimum power conversion efficiency over a required bandwidth is
designed and fabricated. The SWIPT performance of the designed waveform signal

is studied with the measurements.

Next, a Multitone ASK waveform is proposed by transmitting information in tones’
amplitude levels. The WPT and WIT performances of the waveform are analyzed.
The performance of the designed signal with the symbol level and the effect of

different distributions for symbol levels is analyzed for increasing WP'T performance.

Finally, a combined Multitone QAM is proposed by using both phases and ampli-
tudes for information transfer offering a higher data rate. QAM symbol constellation
is redesigned and two asymmetric QAM constellations are introduced to enhance

the WPT performance of the system due to varying amplitudes.

The designed waveforms offer the benefit of reducing the overall power consumption

at the sensor nodes for future SWIPT-enabled IoT WSNs.

KEYWORDS: Amplitude shift keying (ASK); Baseband; Batteries; Data transfer;
Information decoding; Energy harvesting; Envelope detector; Integrated information-
energy receiver; Internet of things; Local oscillator; Low-power electronics; Multi-
tone; Microwave devices; Modulation technique; OFDM; Peak to average power
ratio; Phase shift keying (PSK); Quadrature amplitude modulation (QAM); Radio
frequency; Receiver architecture; Receivers; Rectifiers; Sensors; Signal design; Si-
multaneous wireless information and power transfer (SWIPT); Symbols; Waveform
design; Wireless communication; Wireless power transfer (WPT); Wireless sensor

networks
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Beknopte Samenvatting

Internet der dingen (IoT) voorziet een wereldwijd draadloos netwerk waarin biljoe-
nen draadloze sensoren via internet zijn verbonden en gegevens genereren uit een
breed scala aan toepassingen. Draadloze standaarden zoals 5G en hoger zullen
de groei van de alomtegenwoordige inzet van loT-apparaten ondersteunen. Om
dergelijke toepassingen mogelijk te maken is er behoefte aan duurzame batterijloze
energiebronnen. Een veelbelovende technologie die zowel stroom als gegevensover-

dracht wil bieden, is gelijktijdige draadloze informatie en vermogenoverdracht (SWIPT).

SWIPT biedt een energiezuinige oplossing door hetzelfde communicatiesignaal te
benutten voor gegevensoverdracht en draadloze vermogenoverdracht (WPT). Het
overgedragen uitgangsvermogen naar de sensor is niet alleen een functie van het
ontvangen signaalvermogen, maar ook van de ontvangen signaalvorm. Daarom kwa-
men golfvormen met een hoge piek-tot-gemiddelde vermogensverhouding (PAPR) in
beeld om de WPT te verhogen. Deze hoge PAPR-golfvormen verslechteren echter de
prestaties van de draadloze informatie overdracht (WIT) als gevolg van de verzadig-
ing van de niet-lineaire versterker bij de zender, en de overdracht van gegevens via
deze golfvormen vermindert de WPT. Daarom is het noodzakelijk om golfvormen
te ontwerpen om de wisselwerking tussen de informatiesnelheid en het onttrokken

vermogen bij de ontvanger te maximaliseren.

Dit proefschrift heeft tot doel gemoduleerde golfvormen te ontwerpen die informatie
dragen en tegelijkertijd het uitgangsvermogen maximaliseren. Voor de gelijkrichter-

ontvanger is een meertonige PSK-golfvorm voorgesteld, zodat informatiedetectie

Xii



mogelijk is met alleen een gelijkrichter, waardoor het totale energieverbruik bij het
sensorknooppunt wordt verminderd. Er wordt een gelijkrichterschakeling met een
optimale efficiéntie van de energieomzetting over een vereiste bandbreedte ontworpen
en vervaardigd. Met de metingen wordt de SWIPT-prestatie van het ontworpen

golfvormsignaal bestudeerd.

Vervolgens wordt een Multitone ASK-golfvorm voorgesteld door informatie in de
amplitudeniveaus van de tonen te verzenden. De WPT- en WIT-prestaties van
de golfvorm worden geanalyseerd. De prestaties van het ontworpen signaal met
het symboolniveau en het effect van verschillende distributies voor symboolniveaus

worden geanalyseerd om de WPT-prestaties te verbeteren.

Ten slotte wordt een gecombineerde Multitone QAM voorgesteld door zowel fasen
als amplitudes te gebruiken voor informatieoverdracht, wat een hogere datasnelheid
oplevert. De QAM-symboolconstellatie is opnieuw ontworpen en er zijn twee asym-
metrische QAM-constellaties geintroduceerd om de WPT-prestaties van het systeem

te verbeteren vanwege variérende amplitudes.

De ontworpen golfvormen bieden het voordeel dat ze het totale energieverbruik op de

sensorknooppunten voor toekomstige SWIPT-compatibele IoT WSN’s verminderen.
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Chapter 1

Introduction

A revolution in wireless communication occurred in 1990s which completely trans-
formed the earlier way how people communicated. An era of advancements in digital
wireless communications started which provided mobility to telephones and the free-
dom from wires. Since then, wireless information technology has been constantly
evolving for decades in the pursuit of higher and higher spectral efficiency and cur-
rently moving towards its sixth generation (6G). However, communication devices’
freedom from power cords/ batteries is still in its infancy and we have not even
achieved a first generation for far-field wireless power transfer (WPT). This thesis
investigates wireless communication and power transfer technology moving towards

a standard for simultaneous wireless information and power transfer (SWIPT).

In this chapter, the motivation for this thesis is discussed, followed by an exploration
of the challenges and research objectives. Subsequently, the original contributions
of this research work are summarized, followed by a discussion of the thesis outline.

Finally, a list of publications resulting from this research study is presented.

1.1 Motivation

The Internet of Things (IoT) envisions a global wireless network where trillions of

wireless sensors are connected via the Internet and communicate with each other
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sharing data for various applications in defense, biomedical implants, vehicular com-
munications, home automation, agriculture, smart cities, etc [1-4]. The development
of 5G, 6G, and beyond international wireless communication standards for higher
data rates with low latency networks over the fourth generation (4G) will see the
rise of this enormous IoT wireless sensor network (WSN) of low-power wireless sen-

sors [5].

In addition to providing a robust connection between these large networks of wireless
sensors, a sustainable and reliable energy source for these sensors is also required.
As technology becomes smaller and mobility becomes more important to consumers,
energy supply through wired connections becomes infeasible due to a large number
of sensors. Another traditional way is to use built-in batteries for sensors. However,
this traditional way is quite challenging for low-power WSNs as these batteries have
a limited lifespan and large amounts of energy-consuming applications may quickly
drain these batteries, and it becomes difficult to replace these batteries frequently.
Also, these replaceable batteries would produce huge amounts of e-waste. Future
technologies need to be developed while having a minimal contribution to global
warming and climate change. Therefore, a more energy-efficient green solution needs
to be provided to protect the environment and minimize the carbon footprint while

using the large WSN infrastructure.

Energy harvesting provides a promising solution for charging these low-power elec-
tronic devices. Energy harvesting for these small sensors may be possible through
many ambient environmental sources such as wind, solar, thermal, vibration, and
the present radio frequencies. However, these ambient sources depend upon the
available environmental conditions and may change frequently. Therefore, a more
reliable and sustainable way is to have a dedicated radio frequency (RF) power
transmitter for these sensors which is called wireless power transfer (WPT). For
users with a small distance, WPT can be provided by capacitive, inductive, or mag-
netic resonance [6,7]. For WSNs having low-power sensors spread over a wider area,

radiative far-field WPT using the RF signals provides a viable solution for remote




Chapter 1. Introduction 1.1. Motivation

- = —p |nformation Flow

z>
= = =» Energy Flow 2] E
LBJ@ T -7 X
° “ ,’/< L AN
-~ / AT
—
~~ﬁ.."((\g’// \\\\
\ sy 4
Z LR
7 AN -§.~ >
/7 /7 ~
\ A\
N /7 7 N
v, A
; »

©B

E o
y
y

4
5
=

Fig. 1.1. A simultaneous wireless information and power transfer system model.

charging [8,9]. However, the transmitted power needs to be carefully controlled to
minimize the health risks to the ecosystem, for avoiding interference in adjacent

frequency bands, and also to allow spectrum reuse.

In the real-world scenario, deploying base stations (BSs) solely for transferring wire-
less power to sensors for RE WPT is not practical and does not use the resources
efficiently. Therefore, the already existing infrastructure for wireless information
communication can be utilized for the feasibility of WPT technology which would
also be helpful from the environmental perspective. As IoT devices are embedded
in Wireless Sensor Networks (WSNs) and communicate with a Base Station (BS),
the logical step is to have the BS transmit both power and information wirelessly
to the IoT devices using the same Radio Frequency (RF) signal, as demonstrated in
Fig. 1.1, while the sensor node performs information detection and energy harvesting
operations over the same RF signal. This approach has been termed simultaneous
wireless information and power transfer (SWIPT), from Wireless Information Trans-
fer (WIT) and Wireless Power Transfer (WPT). In WIT, a signal is utilized only for
information transmission, whereas in WPT, the signal is used only to deliver power

to the node. SWIPT provides a bridge between these two technologies by exploiting
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Fig. 1.2. Base station transmitting to a sensor node consisting of a rectifier, PMU
(power management unit), storage unit for power extraction, and backscattering for
information transfer from the received signal.

the same signal to provide both information and power to IoT devices.

In this thesis, the focus has been on downlink WIT only. The IoT sensor node would
typically send sensed data to the BS, using backscattering or another approach,
representing uplink WIT. Further, as seen in Fig. 1.2, there has to be a power
management unit between the information receiver and power storage unit, which
consumes very low power levels [10]. However, this is considered as part of the power

storage system in order to keep the receiver architecture representation simple.

In addition to signal coverage, it is essential to take into account the IoT node ar-
chitecture. Prior to SWIPT, receiver structures were being studied separately either
for wireless communication purposes only or for energy harvesting purposes only,
whereas now these operations need to be performed on the same signal at the IoT
node side. Therefore, the problem of integrating these two processes in an efficient
manner arises [11]. Initially, in 2013, two types of receiver setups were introduced as
shown in (a) a separated information-energy receiver architecture where the signal
is divided between two streams, one for information decoding and the other for en-
ergy harvesting. Various signal-splitting techniques can be considered, such as time
switching (T'S) and power splitting (PS); (b) an integrated information-energy re-
ceiver where signal splitting is performed only after passing the whole signal through

the rectifying circuit (i.e., no RF mixer is required at the receiver [12]).

For both SWIPT architectures, there is a trade-off between the achievable informa-
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tion rate and the amount of harvested power, as both metrics cannot be maximized
simultaneously [12]. Further, the use of an energy harvester (rectifying circuitry con-
sisting of diodes) at the receiver introduces non-linearity into the SWIPT system,
and this non-linearity significantly affects the power conversion efficiency (PCE)
performance at the output [13]. Earlier, most of the research related to WPT and
SWIPT was focused on characterizing the rate-energy tradeoff assuming the linear
energy harvester model. However, these findings have been shown as an overesti-
mated performance when the realistic non-linear model energy harvester model is
considered. Due to the non-linearity, the output power is not only a function of
received signal power but also of the received signal shape. For example, a wave-
form having a higher peak-to-average power ratio (PAPR) with the same average
input power is able to turn on the diode earlier, resulting in an increased PCE at

the output [13, 14].

However, these high PAPR waveforms deteriorate the WIT performance because of
the saturation of the non-linear amplifier at the transmitter. From a SWIPT system
perspective, the performance of both the WIT and the WPT is important and it
is therefore necessary to maximize the rate-energy trade-off at the receiver. Thus,
for a complete SWIPT system, we need to co-design not only the transmitter and
receiver hardware but also the transmitted waveform for a particular type of IoT

node architecture to enhance the SWIPT performance.

Integrated information-energy receiver architecture consists of passive elements whereas
a separated receiver architecture contains an RF mixer (active component) in addi-
tion to the passive components consuming higher power for signal processing com-
pared to the separated one. Therefore, in this research, the main focus would be on
designing efficient modulation techniques for the integrated type of receiver archi-
tecture where information demodulation would occur in the baseband. The research
in this area has been limited to the basic low-bit rate schemes which are quite far
from the practical requirements such as Orthogonal Frequency Division Multiplex-

ing (OFDM). This research would provide a step closer to the high data rate while
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simultaneously meeting the power demands of WSNs.

1.2 Scope of the PhD Thesis

1.2.1 Aim

To design efficient modulated transmission schemes optimized for an IoT receiver
architecture so that the strongly energy-constrained IoT node can receive both in-

formation and power efficiently for SWIPT systems.

1.2.2 Challenges and Research Questions

In the area of SWIPT, for the past few years, the research has mainly focused on
maximizing the rate-energy trade-off for a separated information-energy receiver
architecture. This type of architecture provides better results from an information
transfer perspective as conventional standard modulation transmission schemes can
be utilized. However, considering the overall power consumption of the circuit, this
is not a reliable and practical solution. Hence, recently, an integrated information-
energy rectifier receiver architecture has emerged as a more practical solution. This
architecture allows power, as well as information, to be retrieved from the same
rectified baseband signal without the need for a mixer. Based on the conducted

literature review, a few limitations are highlighted below:

o Till now, most of the modulation schemes designed for integrated receivers are
suitable only for short distances and low bit-rate systems. Therefore, there is
a requirement for more practical schemes closer to OFDM which can provide

a higher data rate.

« For integrated information-energy receivers, transmission of information over
the same signal used for WPT also affects the WPT performance and a trade-

off exists between WIT and WPT performances.

o WPT performance decreases for the signal where information is embedded in
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amplitude levels because of an increase in IMs amplitude level.

o It has been seen that the non-linearity of the rectifier improves the WPT per-
formance with the use of multisine but ‘how this non-linearity can be exploited

from the information reception perspective’ is still a question.

The following key issues are identified as the research gaps which would be addressed

in this study:

1. How can the effect of WIT over the WPT be minimized to improve rate-energy
trade-off while still utilizing the same communication signal for both WPT and

WIT with high data rates for integrated information-energy receivers?

2. How the information can be encoded in multitone phases for lower ripples in
received DC voltage while also having a higher data rate resulting in enhanced

rate-energy trade-off?

3. How can the multitone amplitude levels be utilized for information while hav-

ing a minimum impact on WPT performance?

4. How can the tone amplitude levels together with phase modulation be utilized
for WIT resulting in a higher data rate and having a minimum impact on

WPT performance?

5. How can the symbol constellation range for the proposed modulation trans-

mission schemes be increased by exploiting the non-linearity of the rectifier?

1.3 Contributions

This Ph.D. thesis research work results in three main contributions. All of these con-
tribute to the design of modulated transmission schemes for integrated information-
energy receiver architecture SWIPT systems. These communication techniques
lower the power consumption at the sensor nodes by removing mixers and local

oscillators earlier needed for information detection and moving towards more prac-
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tically feasible SWIPT systems.

The answers to the earlier mentioned five research questions are contributed in this

research work.

1.3.1 Contribution 1: Multitone PSK modulated waveform

design for SWIPT

For integrated information-energy receiver SWIPT architecture, a novel multitone
PSK transmission scheme has been proposed for simultaneous information detec-
tion with only a rectifier reducing the power consumption at the sensor node. The
rectifier is used to extract the power as well as downconvert the information. WPT
performance and WIT performance of the designed communication signal over recti-
fier circuitry are studied. A suitable rectifier circuitry is fabricated and the SWIPT

performance is verified with the measurements.

Research question 1 is addressed by proposing the transmission of (N — 1) symbols
over an N —tone multitone signal which can be closely related to the standard OFDM
used for WIT. Measurements confirm that it is possible to transmit the informa-
tion in the form of tones’ phases and detect using just a simple rectifier. Research
question 2 is addressed by showing that the information transmission in terms of
tones’ phases does not affect the WPT performance and results in the maximum
power efficiency of the rectifier. This makes the WPT performance independent of
WIT performance. Therefore, it is possible to attain a high PCE while simulta-
neously transmitting an increased data rate for the sensor networks. Performance
of the waveform according to various key parameters such as phase range, number
of tones, and modulation order is studied. In addition, a multitone PSK signal is
shown to improve the end-to-end SWIPT performance by reducing the chances of
saturation of the transmitter power amplifier. The research work is discussed in

Chapter 3, concluded in Chapter 6, and published in [15].
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1.3.2 Contribution 2: Multitone ASK modulated waveform

design for SWIPT

Multitone PSK offers the advantage of a minimum effect of information transfer over
WPT performance. However, transmitting information in tones’ amplitude levels
offers the benefit of a simpler transmitter circuitry compared to the one required for
transmitting information in tones’ phases as in the latter case, phase synchronization
is more critical. Therefore, a novel multitone ASK transmission scheme for an
integrated information-energy receiver SWIPT architecture has also been proposed
where information is embedded by varying the tones’ power levels of the multitone

signal.

Research question 1 is addressed by proposing the transmission of (N — 1) symbols
over an N—tone multitone signal to increase the data rate. The effect of varying
average power of transmitted signal with the varying information patterns is eval-
uated. The WPT and WIT performances of the proposed transmission scheme are
analyzed in terms of PCE and bit error rate (BER), respectively. Further, the ef-
fect of different distributions for symbol levels for a modulation order due to the
non-linearity of the rectifier circuitry is observed. For research question 3, the per-
formance of the designed transmitted signal with a minimum level of symbols is
analyzed for increasing WPT performance. Multitone ASK communication scheme
can perform better for noisy and mobile channel environments compared to multi-
tone PSK. Therefore, the desired SWIPT transmission signal scheme can be chosen
depending on the present environmental conditions requirements. The research work

is discussed in Chapter 4, concluded in Chapter 6, and published in [16].

1.3.3 Contribution 3: Multitone QAM modulated waveform

design for SWIPT

Multitone PSK and Multitone ASK transmission schemes exploit a multitone sig-
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nal’s either phases or amplitudes, respectively, one at a time. However, the usage
of both phases and amplitudes together for information transfer offers a higher
data rate. Therefore, a combined Multitone QAM is proposed by exploiting the
non-linearity of the receiver-rectifier, and both amplitudes and phases are used for
information transfer offering an advantage of a higher degree of freedom to opti-
mize WPT and WIT performances. Research Question 4 has been addressed by
Multitone QAM by transmitting a higher number of bits per multitone stream by

exploiting both amplitudes and phases for information symbols.

The effect of orientation of QAM symbol constellation has been analysed over the
PAPR of the designed waveform. Further, variations of magnitudes of the different
symbols of the QAM constellation have been shown to affect WPT performance
significantly. Therefore, two asymmetric QAM constellation designs, asymmetric
expanded QAM constellation and asymmetric compressed QAM constellation, are
proposed to enhance WPT performance according to the application-specific re-
quirement, such as whether a higher level of minimum continuous power transfer
is critical or if a high-power transfer in short bursts is preferred for the SWIPT’s
operation. Research Question 5 has been addressed by the proposed asymmetric
QAM constellation by locating symbols closer to each other. Therefore, a higher
modulation order for a higher information rate can be used with the same WPT per-
formance. It has been shown that WPT and WIT performances can be enhanced
according to the IoT node’s requirements by varying the transmission probabilities
of inner symbols and outer symbols of the QAM constellation. The research work

is discussed in Chapter 5, concluded in Chapter 6, and published in [17].

1.4 Publications

1. Prerna Dhull, Andrea P. Guevara, Maral Ansari, Sofie Pollin, Negin Shariati
and Dominique Schreurs, “Internet of Things Networks: Enabling Simultane-

ous Wireless Information and Power Transfer,” IEFEE Microwave Magazine,
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vol. 23, no. 3, pp. 39-54, March 2022, doi: 10.1109/MMM.2021.3130710.

2. Prerna Dhull, Dominique Schreurs, Giacomo Paolini, Alessandra Costanzo,
Mehran Abolhasan and Negin Shariati, “Multitone PSK Modulation Design
for Simultaneous Wireless Information and Power Transfer,” IEEE Transac-
tions on Microwave Theory and Techniques, vol. 72, no. 1, pp. 446-460, Jan.
2024, doi: 10.1109/TMTT.2023.3294008.

3. Steven Claessens, Prerna Dhull, Dominique Schreurs and Sofie Pollin, “WiL.O-
OFDM Transmission Scheme for Simultaneous Wireless Information and Power

Transfer,” IEEE Open Journal of the Communications Society, vol. 5, pp.
6261-6278, 2024, doi: 10.1109/0JCOMS.2024.3467680.

4. Prerna Dhull, Dominique Schreurs, Sofie Pollin, Mehran Abolhasan and
Negin Shariati, “Multitone ASK Waveform Design for Simultaneous Wire-
less Information and Power Transfer,” IEEE Access, 2024, doi: 10.1109/AC-
CESS.2024.3519316 (early access).

5. Prerna Dhull, Negin Shariati, Sofie Pollin, Mehran Abolhasan and Do-
minique Schreurs, “Multitone QAM Modulation Design for Simultaneous Wire-
less Information and Power Transfer,” IEEE Access, 2024, doi: 10.1109/AC-
CESS.2024.3520104 (early access).

1.5 Thesis Outline

This doctoral thesis has been organized into six chapters.

Chapter 1 presents an overview of the research area regarding SWIPT, the mo-
tivation of the Ph.D. thesis, identifies the challenges and research problems, and

highlights the main contributions with their significance.

Chapter 2 presents a background of WPT and SWIPT research and its challenges.
Waveforms for WPT and their key parameters affecting WPT are discussed. This

is followed by a discussion of modulated waveforms consisting of information as
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well as power. Waveforms for both SWIPT receiver architectures: a separated
information-energy receiver architecture and an integrated information-energy re-
ceiver architecture, are discussed. Further, the effect of input distribution of trans-
mitting information over SWIPT performance is discussed. In the end, the existing
transmission schemes for different receiver architectures are compared in Table 2.2,

Table 2.3, and Table 2.4.

Chapter 3 presents a multitone PSK SWIPT transmission scheme for an integrated
information-energy receiver architecture. Multitone signal parameters such as fre-
quency spacings and tones’ phases are designed accordingly to increase the waveform
PAPR. WPT performance and WIT performance for SWIPT are measured with the
attained power conversion efficiency and bit-error rate at the rectifier output. Per-
formance of the waveform according to various key parameters such as phase range,
number of tones, and modulation order is studied from both WIT and WPT per-
spectives for the overall SWIPT performance of a system. A comparison of the
proposed multitone PSK communication scheme with the existing schemes is pre-

sented in Table 3.1.

Chapter 4 proposes a novel multitone ASK transmission scheme for an integrated
information and energy receiver SWIPT architecture. The effect of varying in-
formation patterns resulting in the variation of the average power of transmitted
signal is evaluated. The WPT and WIT performances of the proposed transmission
scheme are analyzed in terms of PCE and BER, respectively. The performance of
the designed transmitted signal with the minimum level of the symbols is analyzed.
Further, the effect of different distributions for symbol levels for a modulation order

due to the non-linearity of the rectifier circuitry is observed.

Chapter 5 probes into the utilization of both amplitude and phase of a multitone
signal for information transfer while simultaneously transferring power with an in-
tegrated information and energy receiver SWIPT architecture. The effect of symbol

constellation orientation over the PAPR of the designed waveform is studied. Two

12
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asymmetric QAM constellation designs have been proposed to enhance the power
transfer performance according to the transmission probabilities of the inner symbols
and outer symbols of the QAM constellation. It has been shown that it is necessary
to redesign the QAM constellation to exploit the non-linearity of the rectifier for the

performance requirement of the SWIPT system.

Chapter 6 provides the conclusion of this Ph.D. thesis, highlighting the summary
of contributions in this research work, and further, discusses some possible future
research avenues for standardizing the SWIPT waveforms for future IoT networks

and designing efficient SWIPT systems in the future.

13



Chapter 2

Literature Review

In this chapter, a review of waveforms for WPT and SWIPT technologies is pre-
sented. The literature about modulated waveforms for both SWIPT receiver ar-
chitectures: a separated information-energy receiver architecture and an integrated
information-energy receiver architecture, is discussed. Afterward, a brief compar-
ison of existing transmission schemes is performed. This chapter also consists of

some of the author’s work published [18]:

e Prerna Dhull, Andrea P. Guevara, Maral Ansari, Sofie Pollin, Negin Shariati
and Dominique Schreurs, “Internet of Things Networks: Enabling Simultane-

ous Wireless Information and Power Transfer,” IEEE Microwave Magazine,

vol. 23, no. 3, pp. 39-54, March 2022, doi: 10.1109/MMM.2021.3130710.

2.1 Background

2.1.1 WPT and SWIPT

Energy harvesting (EH) is a method of using the surrounding waste energy present
in the ambient sources such as heat, wind, RF signal, etc., to match up the power
requirement of a system. However, environmental conditions are not stationary for

a long time duration making EH from ambient sources unreliable. Installing a fully
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Fig. 2.1. Rectenna block diagram.

controlled dedicated power source for the nodes present in the communication net-
work can solve this problem which is known as wireless power transfer (WPT) [19].
Depending upon the applications, WPT may be near-field (short distance) and
far-field (long distance) [20]. Near-field WPT using inductive resonant coupling is
mostly suitable for the indoor environment. However, in a communication network,
the distance between the node and the base station is a critical factor. Therefore,

prospects of far-field WPT need to be explored [21-24].

Rectenna is the basic element of the RF energy harvester circuit at the receiver.
Fig. 2.1 illustrates the basic rectenna components consisting of an antenna, an
impedance matching network, a rectifier, and a low pass filter (LPF). The per-
formance of a rectenna is often measured by its RF-DC conversion capability 7s,

defined as

2
Pr,dc V;,dc

= nde _ Trde 2.1
G Pr,rf Pr,rfR ( )

where P, ;¢ represents received input RF power at the antenna terminals, P, 4. repre-

sents received DC power at the load after rectenna, V; 4. is the output DC voltage,

and R is the output load.

In wireless information transfer (WIT), a signal is only utilized for information
transmission whereas in WP'T, the signal is only used to deliver power to the node.
Simultaneous wireless information and power transfer (SWIPT) provides a bridge
between these two technologies by exploiting the same signal for providing infor-
mation as well as power to the system. The idea of a signal carrying information
and power simultaneously in additive white Gaussian noise (AWGN) channel is

firstly introduced in [8] and then further extended to an AWGN channel under the
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Fig. 2.2. Separated information and energy receiver architecture for SWIPT.
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Fig. 2.3. Integrated information and energy receiver architecture for SWIPT.

transmitted power constraints in [25]. It is shown that a trade-off exists between
achievable rate and the amount of energy harvested and both can not be maximized
simultaneously. Further, it is also shown that energy harvesters can not be directly
used as information decoders, giving rise to the research problem of integrating these

two processes [11].

In 2013, Zhang proposed two types of receiver setups— separated information energy
receiver architecture (Fig. 2.2) and integrated information energy receiver architec-
ture (Fig. 2.3) [12]. In the former one, the signal is divided among two streams,
one for information decoding and the other for energy harvesting before passing the
signal to the energy harvester, and for this, various signal splitting schemes such
as time switching (TS), power splitting (PS), and antenna switching have been in-
troduced [26]. In the case of an integrated information energy receiver, the signal
splitter is used only after passing the whole signal through the rectifying circuit,
and a non-coherent detection is performed, i.e., no mixer is needed at the receiver.

Therefore, the energy consumed by the integrated receiver structure is far less than
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that for the separated structure case.

2.1.2 Non-linear Energy Harvester Model

A communication system consists of a transmitter, a channel, and a receiver, as
shown in Fig. 2.4. The overall efficiency of a WPT system can be defined in terms

of the individual efficiency of these systems as [27]

Pt,rf Pr,rf Pr7dc
X X s
-Pt,dc Pt,rf Pr,rf

n=M112.03 = (2.2)

where 71, 12, and n3 represents DC-RF PCE, RF-RF PCE, and RF-DC PCE. These
efficiencies can be maximized separately by using an efficient power amplifier (PA),
proper signal design according to channel conditions, and an efficient rectenna de-
sign, respectively. In earlier research, the problem of maximizing the overall PCE of
the system referred to improve 7y, 12, and 13 independent to each other. This was
possible only when EH model was considered as a linear function of input signal
power for making analytical solution much easier [28-32]. For such type of linear

EH model, n3 becomes constant and the received power is calculated as

Pr,dc =13 X Pr,rf' (23)

In reality, the rectenna present at the receiver consists of a diode which introduces
non-linearity in 73. A non-linear energy harvesting rectifier receiver model is de-
picted in Fig. 2.5. PCE found by (2.3) does not relate with the practically achievable
value. Hence a study of non-linear characteristics of the diode model was needed.
Based on the logistic function, a non-linear EH model is also introduced in [33]. Fur-

ther, a quadratic non-linear model having convex properties with input power [34]
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Fig. 2.5. A non-linear energy harvesting rectifier receiver model.

is compared with the linear models and is found to be closer to the practical mea-
surements. In short, here in [33,34], PCE non-linearity is characterized by input

power variation.

Rate-energy trade-off for SWIPT considering a non-linear energy harvester is calcu-
lated in [35] and found that for PS scheme, the declining rate of maximum energy
harvested with the increasing rate is higher compared to TS, where the declining
rate remains almost constant. Furthermore, the performances of non-linear energy
harvester model with the various signal splitting schemes are evaluated and com-

pared [36].

Another model is introduced in [37,38] where an analytical diode model using Taylor
series expansion is considered. Received power zpc for the received signal z(t) at

the output is derived as

we= Y kExt)] (2.4)

1=even,1>2
where k; are the non-linearity coefficients and E{.} refers to the expected value of

{.}. After truncating (2.4) at no = 2, zpc can be represented by
zpe = ko B[z (t)?). (2.5)

This is the linear model of the rectifier as ko is constant and zpc is solely dependent
upon input signal power E[z(t)’]. Now, truncating (2.4) at a higher order term, for

instance ng = 4, zpc can be represented by

zpe = kaBlz(t)?] + kElz(t)). (2.6)
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(2.6) represents the non-linear model of the rectifier as now zpc not only depends
upon the input signal power E[z(¢)?] but also upon the E[z(¢)"] which is also deter-
mined by the input signal shape. Hence, the problem of maximizing 7,13 can not

be solved by maximizing only 7, and keeping 73 constant.

In the case of SWIPT, the effect of non-linearity on the information rate also needs
to be considered. In [39,40], it is mentioned that although the Shannon Capacity
theorem provides the limit for the linear channels, it is still possible to achieve
higher capacity for non-linear channels. Therefore, non-linearity is beneficial for

power transfer as well as information transfer.

2.2 Waveforms for WPT and SWIPT

Most of the research related to the WPT and SWIPT system considered a linear
energy harvester model [12,28]. Enhancement of overall system performance focused
on the improvement of 7y, 172, and 73 individually. However, PCE is a non-linear
function of input power because of the presence of a diode in the rectifying circuit.
Therefore, the output voltage is not only a function of the input voltage level but
also depends upon the shape of the input waveform [14,41]. Therefore, the effect
of signal shape on all three efficiencies needs to be studied. 7; is influenced by the
distortion introduced by the signal at the power amplifier, 7 is a function of channel
state as well as input signal, and 73 is a function of input signal shape, power, and

rectenna design.

In WPT systems, the threshold voltage of the diode present in the rectenna imposes
a requirement for the minimum input voltage for turning on the diode [13]. This
problem can be solved by raising the peak voltage levels in the input waveforms [42].
This is where high Peak to Average Power Ratio (PAPR) signals come into the

picture. For a signal PAPR can be defined as

PAPR = 10log (%) (2.7)
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Fig. 2.6. Impulsive wireless power transmission with the same average power P,,.

where z(t) is the time-domain representation of the signal.

For information transmission in communication systems, high PAPR signals are not
preferred as they introduce distortions at the power amplifier of the transmitter
because of their higher peak voltage. But schottky diodes’ threshold voltage can
easily be overcome by these high PAPR signals to have relatively higher available
voltage levels for the shorter duration for the same average power. Therefore, the
same PCE level can be achieved even at the lower input power by utilizing PAPR
signals. Although high PAPR offers the benefit of an increased output PCE, large
bandwidth of the multitone signal would result in lower RF input matching efficiency.
Therefore, receiving circuitry would be required to be designed for a large input RF

matching bandwidth.

2.2.1 Impulsive Wireless Power Transmission

One way to take advantage of high PAPR is by using intermittent transmission. In
[43], RFID read range capability and power efficiency are improved by transmitting a
waveform where power is concentrated within a shorter duration, which means power
is transmitted only for a while and not for the whole time duration. Intermittent
waveform is generated by multiplying a square pulse by the continuous waveform.
Here, the distance between the reader and the tag is increased by using the same
amount of transmitted average power by increasing PCE as the activation of the

diode is achieved at a relatively lower input power.
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Further, in [44-47], another method to increase the PAPR, impulsive transmission of
the signal power is introduced for PCE enhancement. Here, the duty cycle of a pulse
waveform is reduced resulting in a higher voltage level for a short duration with the
same average power P, as shown in Fig. 2.6. As the duty cycle is decreased from
1 to 0.5 for the same input power level, higher voltage levels are available for the
shorter duration which can easily turn on the rectifying component. However, signal
representations in the time domain and frequency domain have a reverse relation-
ship. A reduction of the duty cycle in the time domain has the effect of converting
a narrow-band spectrum to a wide-band spectrum in the frequency domain and this
large bandwidth signal would impose some limitations on the matching network [47].
The reason for this is if the same matching network is used for this wide-band spec-
trum, most of the energy will be filtered out. Hence, PCE would start declining if
the duty cycle is further reduced. This can be overcome by the use of a wide-band

matching network.

In [48], it is shown that signals having high PAPR or having lower duty cycle increase
PCE only up to a certain point after which the diode breakdown voltage starts
dominating, and in consequence, the PCE starts approaching zero. Further, a similar
effect is observed by increasing the input power greater than 10 dBm where higher

input powers result in lower PCE.

2.2.2 Spatial Power Combining

High PAPR signals offer the advantage of high transferred power at the receiver but
simultaneously these signals suffer from distortion, spectrum regrowth, etc., at the
transmitter because of the signal clipping by the power amplifier [49,50]. Spatial
power combining provides a way to receive high PAPR signals at the receiver while
minimizing the distortion at the transmitter. In this, tones of multitone signal are
amplified individually and transmitted by the separate antennas. These tones are
received as a combined high PAPR multisine signal by the single antenna at the

receiver. However, this approach becomes inefficient with the increasing number of
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tones as each tone uses a separate power amplifier at the receiver.

2.2.3 Multitone Transmission

High PAPR signals offer the advantage of increased PCE in WPT systems by ex-
ploiting non-linear characteristics of the diode. Hence, different waveform shapes
are designed to make it have high PAPR. One such method is to use a signal having

multiple tones instead of a single tone [13] as
PAPR x N (2.8)

where N is the number of tones. A basic polynomial model of diode behavior is
studied similar to Taylor series polynomial as previously mentioned. As it was seen
from (2.6) only even order terms contribute to the output DC power, therefore
the diode DC output voltage y(t) can be written in terms of input voltage z(t) =
Acos(2m fit + ¢) as

A%k 3AY
Ypc = 5 2 4 3 &3 (2.9)

In (2.9), only second-order and fourth-order harmonics are represented. There would
also be an impact of higher-order harmonics on DC. However, it would be signifi-

cantly smaller compared to second-order harmonics [51].

Now if y(t) is a multitone with N = 4 having equal amplitudes, i.e., A; = Ay =
A3 = Ay = B = A/2, phases ¢q, having tone phases ¢9, ¢3, and ¢4, and having
an equal spacing between tones such as fi, fo = fi + Af, f3 = fi + 2Af, and

fi=f1+3Af, then z(t) can be represented as

x(t) = Bcos(2m fit + ¢1) + B cos(27 fol + o) + B cos(27 fst + ¢3) + B cos(2m fat + ¢4).
(2.10)
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The output DC voltage after filtering out all the frequency components would be

AB%k 21B*k 3Bk 3Bk
Yo = — L 5 e 5 1 cos(2¢3 — o — ¢4) + 5 1 cos(p1 + 3 — 2¢9)+
3B*ky cos(¢p1 — d2 — 3 + ¢u).

(2.11)

By comparing (2.9) and (2.11), it can be seen that a multitone signal enhances the
amount of DC voltage at the receiver and it can further be increased by increasing
the number of tones. Besides the effect of N on the output DC voltage, the effect
of phases of individual tones can also be seen from (2.11). Alignment of the tone

phases, i.e., 91 = ¢ = @3 = ¢4 = 0 also enhances the rectified voltage level.

In [42,52-54], few other high PAPR waveforms having time-varying envelope, such
as a chaotic signal, harmonically spaced multisine, Orthogonal Frequency Division
Multiplexing (OFDM), modulated waveform, white noise, radar waveforms are intro-
duced and shown that indeed, these waveforms are able to cross the diode threshold
with much lower average input power compared to a single tone continuous wave.
One other way of using multisine for WPT is using multisine with harmonically
spaced tones to enhance RF-DC efficiency [55]. Harmonic-spaced multisine wave-
forms exhibit asymmetrical behavior having lower negative amplitude peaks and
higher positive amplitude peaks. Therefore, Harmonic spaced multisine performs

better when the breakdown region is in focus.

As the rectifier exhibits the non-linearity due to the presence of diodes, different
tones present in the multisine signal would undergo intermodulation resulting into
different frequency components. The presence of these intermodulations would affect
the output DC voltage level and WPT efficiency [56]. There are several parameters
related to the multitone such as tone spacing, bandwidth, etc., that can influence the
amount and the magnitude of these intermodulations, a few of these are highlighted

below:
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2.2.3.1 Tone Separation

The rectifier output voltage also contains some ripple voltage due to intermodulation
between the different tones in addition to the required DC voltage [57]. The lower
the magnitude of this ripple voltage, the better would be the PCE. In a multisine
signal, the peak occurrence rate is inversely proportional to Af (frequency spacing
between tones), such as the time period T" of the signal T'= 1/Af. If the distance
between peaks of the time-varying signal is too large, then the capacitor would have
a longer time duration to get discharged. Therefore, Af is kept at maximum for the
higher average DC output voltage. In a consequence of this, another constraint of
having a wider bandwidth would be imposed on the matched filter. In addition, an
output filter with a higher time constant (7) needs to be used for further minimizing

the voltage ripples [57].

2.2.3.2 Number of Tones

In general, as the number of tones increases, the PCE increases as shown in (2.11)
but only up to a certain optimum N, above this optimum value of N, the PCE
starts to show a downward trend [58]. There are two reasons for this: first, as signal
bandwidth BW is a function of N such as BW = (N —1) x Af, circuit mismatching

increases with the increasing NV resulting in a reduction in the PCE.

Second, in [58], the probability density function (PDF) of the instantaneous available
amplitude levels at the diode input is studied. Although PAPR increases with the
increase in N, the probability of occurrence of high amplitude level reduces for the
same average input power signal. Consequently, there would be frequent cases where
the instantaneous amplitude would not turn on the diode. Therefore, N should be

chosen as an optimum value after considering the above-mentioned factors.

2.2.3.3 Phase

As shown by (2.11), the magnitude of DC voltage is a function of phases of different

tones. Therefore, to maximize the output DC voltage and enhance PCE, all tones
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must be aligned i.e. ¢; = ¢s..... = ¢y = 0 [13].

2.2.3.4 Input Power Range

Multisine waveforms perform better compared to single-tone waveforms in the ultra-
low power range. However, the output DC voltage is always lower than that in the
case of a single sine wave for the medium power range [59-61]. The reason for this is
the inductive effect of the LPF which resists the relatively sudden change in current
because of relatively higher peak voltage at the diode. Thus, a multitone waveform
is beneficial only in the ultra-low power range and if multisine waveform needs to
be used at the medium level, more diodes can be used in the rectifier circuit to raise

the Vip level [59].

2.2.3.5 Low-pass RC Filter Cut-off Frequency ( fcutof)

It has been previously discussed that tone separation (Af) affects the PCE at the
output. In [56], the effect of filter bandwidth is also taken into consideration by
introducing a ratio Af/ feutorr- It is shown that if Af/ feutore is too large, then most
of the signal would be filtered out by the low-pass filter, and on the other hand,
if Af/ feutosr is too small, then the peak repetition frequency in time-domain would
be too large resulting into excessive ripples. Therefore, an optimum value of the

Af/ feutort needs to be selected for the required WPT efficiency.

2.2.3.6 Effect of Load

There exist different optimum load values for the maximum achievable PCE for a
time-varying multisine [62]. It has been shown that although optimal load shifts to a
larger value as the PAPR of the multitone signal increases, this optimum load value
reduces as the input signal power increases. Therefore, there exists a range of an op-
timum load for a particular input power and number of tones for maximum RF-DC
efficiency. In [63], it is shown that although multitone signals do not increase PCE

with higher PAPR after a certain limit these signals provide higher output voltage
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and peak efficiency over a wider load range, i.e., RF-DC efficiency reduces but DC-
DC efficiency increases, further eliminating the need of a voltage booster for the
system. At high input power, the PCE reduces due to the diode’s early breakdown.
A reconfigurable rectifier having high breakdown voltage and low threshold voltage
is proposed in [64]. Table 2.1 highlights the effect of the above-discussed various

parameters on wireless power transfer.

Table 2.1: Effect of various multisine parameters on wireless power transfer.

Multitone Ripple Band-
Ref. WPT
Parameter Voltage width
Increases upto a max-
N Increases Increases
[58] imum then decreases
Af Decreases Increases Increases
[57]
Increases for low
power range and
Input power Increases -
[59] decreases for medium
power range
feutoft Increases Decreases -
[56]

2.2.4 Modulated Waveform

Modulated waveforms result in lower power efficiency at the rectifier compared to
a multisine waveforms because of the increased ripples in the output voltage [65].
However, in a SWIPT system where both information transmission and power trans-
mission are required, these additional ripples can be exploited from the information
perspective. There are several parameters related to the modulated waveform that

can affect the energy harvester’s performance and these can be chosen according to

26



Chapter 2. Literature Review 2.2. Waveforms for WPT and SWIPT

the communication system requirement such as whether the power transfer or infor-
mation transfer is critical for the system. Some of these parameters are mentioned

below:

2.2.4.1 Modulation Scheme

In [65] and [66], performances of the different modulated waveforms such as FSK,
QPSK, QAM are compared with continuous waveforms (CW). A decline in PCE
is observed when an FSK signal is used for WPT instead of the CW signal. The
reason for this is: that when a multiple tone signal is passed through the rectifier,
mixing of the different frequency components occurs resulting in intermodulations

at the output because of the non-linear characteristics of the diode.

QPSK and QAM waveforms also result in lower PCE compared to CW waveforms.
As in QPSK and QAM, information is encoded in amplitude as well as phase. Be-
cause of different phases for different symbols, there exists phase discontinuity among
QPSK and QAM waveforms thus, the diode does not turn on and turn off cyclically.
For a particular symbol rate, QPSK gives a better PCE compared to 16-QAM as in
the case of QPSK, information is embedded only in the phase of the signal keeping
amplitude level constant whereas, in the case of QAM, information is embedded in
amplitude as well as phase. Therefore, for QAM more ripple voltage is generated at

the rectifier output further lowering the PCE.

2.2.4.2 Bit rate

PCE is more dependent on PAPR when the symbol rate is high [67] and PAPR
reduces with the increasing symbol rate. Degradation in QAM PAPR is more than

QPSK when the bit-rate is increased.

2.2.4.3 Modulation Order

Error vector magnitude (EVM) doesn’t get affected for PSK by increasing the mod-

ulation order resulting in the same PCE [68]. However, for QAM, as the modulation
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order is increased, the difference between the power of the innermost symbol and
the outermost symbol increases. While transmitting information in the worst-case
scenario, if these lowest and highest power symbols occur consecutively, high voltage

ripples are induced in the output voltage decreasing the overall PCE.

2.3 Modulation Techniques for SWIPT

In 2013, the idea of a single-tone energy modulation was introduced [12] where infor-
mation symbols can be transmitted using different energy levels and the detection
at the receiver is performed by identifying different received energy levels for the
corresponding symbols [12]. This is the simplest information transmission method
for integrated receivers. However, it does not take advantage of the previously dis-
cussed multi-tone carrier to enhance the power transfer. Recently, a research area for
designing practical efficient modulation schemes while taking all the above factors
into consideration, emerged. In [69], a simple multi-antenna environment for energy
as well as information is introduced where information is encoded in the antenna
patterns not on the RF wave. Therefore, this low-complexity structure can be used

for separated as well as integrated receiver architectures.

It has been shown that high PAPR signals play a major role in WPT systems by
significantly improving wireless power transmission efficiency. A simple model for us-
ing high PAPR OFDM signal for power transfer is introduced in [70], where OFDM
subcarriers are divided into two parts, one for information transfer and another
for energy transfer as shown in Fig. 2.7. This is achieved by using well-designed
bandpass filters (BPFs), and therefore eliminating the need for power splitting or
time switching at the receiver [71]. It is possible to harvest 18 mW for 4 bps/Hz
from the transmitted signal power of 1 W using this OFDM subcarrier splitting
technique. However, here, the required BPFs need to be really sharp to support an
OFDM signal having smaller sub-carrier frequencies. This increases the computa-

tional complexity at the receiver because of the increased Discrete Fourier Transform

28



Chapter 2. Literature Review 2.3. Modulation Techniques for SWIPT

OFDM subcarriers i W Lovspzcs | B POCEr
——— ZE BPF || Diode Filter storage
InformatmnH | H | |Energy | INo TS/PS
, BPF |l Inform.atlon
f Receiver

Fig. 2.7. OFDM frequency spectrum and corresponding receiver architecture.
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Fig. 2.8. Frequency spectra of multisine superimposed upon the OFDM information
signal and corresponding receiver architecture.

(DET) length [72]; consequently, increasing the power consumption at the receiver.
Therefore, it is necessary to monitor the signal processing power consumption at

the receiver in order to check the feasibility of this scheme.

An alternative, tailored for the PS configuration, is to superimpose an additional
multisine on the OFDM waveform, as illustrated in Fig. 2.8, to further enhance its
PAPR [73]. For a 20 dB SNR, information and power performance of 1 bit/s/Hz and
around 1.8 pA current can be attained for the combination of OFDM and 16-tone
deterministic multitone. Although the only modification needed in this receiver
architecture is the incorporation of cancellation of this multisine waveform, the
drawback of this approach is that the receiver’s analog-to-digital-converter (ADC)
may suffer from saturation when the power signal level is relatively higher than the

information signal.

N ] _
OFDM Symbol *| Energy Receiver
CP Information i =
T} No TS/PS/FS
Power signal R Existing OFDM
Receiver

Fig. 2.9. CP-OFDM information symbol superimposed on the rectangular pulse
power signal.
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Another way to capitalize on the high PAPR OFDM signal for energy harvesting is
to exploit its redundant cyclic prefix (CP), as shown in Fig. 2.9. In this approach, a
high PAPR rectangular pulse for power transfer can be superimposed on the CP of
the OFDM information signal [74]. As the cyclic prefix is discarded for information
decoding, no modification is required in the information receiver, and a voltage 1.4 V
can be harvested in a —15 dB SNR environment. However, proper functioning of this
signal requires optimization of the rectangular pulse width to minimize interference
with the information part of the signal. Another approach for using the redundant
CP for power transfer is proposed in [75]. Here, instead of transmitting a separate
power signal over the OFDM signal, some portion of the information part is utilized
for energy harvesting in addition to CP, and the length of this used information
part for energy harvesting is optimized according to the energy requirement at the

receiver.

In [76], directly superimposing a transmitting DC signal over the OFDM signal to
make an OFDM-DC signal is proposed. In such a case, the power can be directly
transferred in DC, in addition to the OFDM information signal. It is able to have
2 mW power and a symbol error rate (SER) of 107! for 10 dB SNR with 2 bits/chan-
nel of the quadrature-phase-shift-keying (QPSK) OFDM-DC signal. This technique
offers the advantage of the elimination of non-linear rectifying components at the
receiver, which saturates the PCE in rectifier-based schemes, and a low-pass fil-
ter is sufficient for power conversion. However, the drawback of this transmission
technique is that it requires a complete redesign of the transmitter and receiver

architectures.

The performance analysis of the above-discussed transmission designs is summarized
and compared in Table 2.2, in terms of their advantages, disadvantages, achievable
information transfer rate, and harvested energy under different received power levels
and SNR scenarios. Note that a separated information-energy receiver architecture
offers the advantage of transmitting the information using an OFDM signal, as

the portion of the signal being utilized for power delivery can be separated from
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Table 2.2: Transmission designs for separated information-energy receiver architec-

ture.

Transmission Advantages Drawbacks Information Rate
Approach and Energy
OFDM fre- 4 bps/Hz and 18 mW

re No power split- | o Well-designed ps/ z_an -
quency spec- . . for SNR = 50 dB.
trum split- ting or  time BPF needed.
. switching needed. | o Linear energy
ting [71]
harvester model
considered.
Multisi - 1.8 pA for 1 bit/s/H
[ ot Higher PAPR. o Saturation of nA for 1 bit/s/Hz

perimposed on

ADC may occur.

for SNR = 20 dB.

the  rectangular
pulse.

OFDM [73]

Rect | 14V i t
ectangtiar No modification | ¢ Interference intro- . (mffaLleum) &
pulse super- ] ) ) i received input power

. in information duced according
imposed on J ] b dth of of -15 dBm.
CP-OFDM [74] etection. to the width o

Partial usage of
information part

No modification

o Optimization

~38% PCE for 2 bit-

s/subcarrier channel

LPF is sufficient
to extract the
DC.

of OFDM [75] in information needed for min- for SNR = 20 dB
detection. imum usage of '
information part
for sufficient har-
vested energy.
OFDM-DC  sig- o 2 mW and SER =
nal [76] Rectifying com- | e Complete e | 101 with 2 bit-
ponents such as design of trans- _
) i s/channel at SNR =
diodes are not mitter and 10 dB
required. receiver. '
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Fig. 2.10. Frequency spectrum of unmodulated power signal superimposed on mod-
ulated information signal.

the information signal with the help of distinguishing the information and power
frequency bands. After the separation of the information and power signals, infor-
mation processing can be performed as usual. However, this would not be efficient
in a practical SWIPT system, as the power required for OFDM signal processing is
quite high. Therefore, it is necessary to consider a practical SWIPT scenario where
the transmitter and receiver power consumption is also considered. In this direction,
the idea of using an integrated information-energy receiver architecture to reduce

receiver power consumption is discussed in the next section.

Furthermore, in [77], a transmission approach is developed from a transmitter per-
spective. Here, instead of focusing on RF-DC efficiency at the receiver, the DC-RF
efficiency at the transmitter is improved. Hence, a low PAPR signal is designed
by superimposing a high-power unmodulated continuous wave power signal on the
modulated signal, as shown in Fig. 2.10. In this way, interference between the infor-
mation and energy signals is minimized by allocating power to the narrowband and
information to the wider band. This idea might be feasible in practical scenarios
where the power signal generally needs to have much higher power compared to the

information signal (i.e., 0 dBm for power and -100 dBm for information).

2.3.1 PAPR Based Detection

One way of utilizing high PAPR multitone signals for SWIPT systems is to design
the multitone waveform with different PAPR levels for each symbol [78]. Although

the architecture has a separate information path and energy path, it can be seen
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Fig. 2.11. PAPR-based waveform for (a) N = 4, (b) N = 8, and its (c) receiver
architecture.

that information decoding is performed from the same rectified signal without any
signal-splitting scheme as shown in Fig. 2.11. Multiple PAPR levels are produced
by varying the number of tones or by varying the tone spacing. Here, the PAPR
level is indirectly represented by the number of tones NV as PAPR increases with the
increase in N and the maximum PAPR = 2N is achieved by uniformly allocating

the power among all tones and by having the same phase.

A data rate of 0.5 Mbps with 1072 BER and a DC output 3.5 times higher compared
to a single tone carrier can be achieved for a 30 dB SNR. For this, matched filtering
is performed to achieve maximum PAPR for phase alignment amplitude matching.
Although the frequency spacing A f is kept constant for simpler analysis, the overall
signal bandwidth varies for the different symbols. Therefore, the performance of
the signal under frequency flat and frequency selective channels are studied and it

is shown that no channel estimation is needed as was required in [12].
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Fig. 2.12. Dual mode SWIPT system block diagram.

2.3.1.1 Dual Mode Adaptive SWIPT System

It has been discussed in Section 2.2.3.4 that multi-tone signals enhance PCE only in
the ultra-low power region, whereas at high or medium power levels, a single-tone
signal outperforms multi-tone signals because the diode enters into saturation re-
gion at high input power [79]. Therefore, in [80], a dual-mode adaptive system (Fig.
2.12) is introduced to increase the operational power range by switching between
the information paths for single tone and multitone according to the received input
power. A power management and information decoding module is used to measure
the received power level and then further, the mode is switched between the appro-
priate information path according to the received feedback signal, i.e., energy-based
information path for high received power and PAPR path for low received power.
In [81], the input signal is split in the time domain for the energy path and the
chosen information path, whereas, in [80], power splitting is employed for signal

splitting.

2.3.1.2 Tone-index Modulation

In [78], every different symbol requires to be transmitted with different bandwidth,
and fading characteristics need to be analyzed. On the contrary, another tone-
index-based method is proposed in [82] where frequency spacing between tones

gets adjusted for each symbol and the resulting multitone signal bandwidth for
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all the transmitting symbols is constant. Additionally, the tone-index demodulation
method provides additional benefit over the simple PAPR-based method when low
SNR transmission is considered. For this tone-index modulation method, investiga-
tion of appropriate tone spacing, number of tones, and bandwidth under practical

frequency selective channels is needed in the future.

2.3.2 Amplitude Based Detection

Generally, most of the research problems for enhanced PCE in WPT systems revolve
around the problem of reducing ripple voltage present in the output voltage with
required DC voltage. However, having some amount of ripples may lead to the

successful decoding of information using the same rectifier model resulting in a

trade-off between WIT and WPT.

2.3.2.1 Biased ASK

A system model where information is transmitted through a single tone but with
varying amplitudes for various symbols i.e. M-ary ASK is introduced [83,84]. The
same hardware (envelope detector) is used for information as well as energy. In
general ASK, the minimum amplitude is considered as 0 thus, when a symbol having
zero energy is being transmitted the receiver just sits idle and is not able to harvest
any energy. Here, in [83], a constant bias is added to M-ary ASK as shown in
Fig. 2.13, assigning a minimum amplitude to all the symbols to ensure a minimal
continuous power transmission to the receiver irrespective of the symbol. Using this
modulation method, 0.13 V voltage (depending on the rectifier) and a quite low

BER of 10™* can be achieved for a received input power of —20 dBm.

As in Fig. 2.13, A; is varied between A, (minimum amplitude) and A« (maxi-
mum amplitude). The worst case scenario for WPT is when the uppermost symbol
(Amax) is followed by the lowermost symbol (A,i,) for the information [84]. In this
case, for proper WIT decoding, the detector has to follow the envelope such that

the capacitor needs to be discharged from maximum to minimum within a symbol
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Fig. 2.13. Biased 4-ASK with increasing minimum symbol power.

period. This maximum voltage change would induce the ripple voltage. An up-

per limit for fiato = % is calculated for the proper information decoding where

fsymbor is the symbol rate and output feuos is the filter cut-oft frequency.

It is observed that WPT performance improves with the increase in Fj.o O Aratio a8
the ripple voltage reduces. However, in this case, the power applied to the matched
region is reduced, resulting in a decrease in WIT performance. Therefore, a trade-
off between WIT and WPT performance exists depending upon Fj.i,. Also, this
transmission technique uses only a single tone for generating amplitude variations,
which degrades the PCE and does not make use of a high PAPR multitone signal. A
further step towards two-dimensional signaling by combining biased-ASK [84] and
PAPR-based detection [78,85] has also been explored in [86] where two separate
paths for information detection one from the amplitude and another from the number

of tones present in the signal are provided.

2.3.2.2 Ratio ASK

In the previously discussed biased ASK modulation, only a single tone is used for the
transmission, while it has been shown that multitone outperforms the single tone in
the case of WPT. Thus, exploring the possibility of baseband modulations such as
ASK using multitone signals would move the system closer to a practically efficient
system. A modulation technique that does use a multitone signal is introduced
in [87,88]. Instead of embedding information directly in the amplitudes of the

tones, a model is proposed where the information is embedded in the ratios of the
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Fig. 2.14. Dual ASK SWIPT system with two half-wave rectifiers.

amplitudes of the different tones rather than in the amplitudes themselves. The

transmitted signal is considered as

N
sit) = Ai; Y _cos(2mfit + ¢;), (2.12)
=1
where s;(t) denotes i symbol having tones of A;1, A ..... , A; y amplitudes.

Although having information in amplitude ratios offers the advantage of making
the system independent of transmission distance while providing a 48% PCE for a
received signal power of —10 dBm, the drawback of this technique is that it is not
suitable for a large N. As in [88], information is in the ratio of A; and Ay, A; and
Aj need to be found and it is done by measuring direct current (DC) and alternating
current (AC) voltage at the output to relate it back to A; and Ay. Therefore, as N
increases, a complete solution of the non-linear equation to find A; and A, becomes

complicated.

Recently, a new integrated receiver architecture using two half-wave rectifiers is
introduced, as shown in Fig. 2.14. To further increase the data transmission capacity
of the integrated receiver architecture by having a higher degree of freedom for signal
amplitudes [89]. By moving from simple energy modulation [12] to biased-ASK [84],
output DC voltage is enhanced at the cost of the BER performance. Therefore, an
approach for increasing the amplitude range is introduced in Fig. 2.14 where two
amplitudes are generated by the rectifiers; one positive voltage v, and one negative

voltage v, and both of these amplitudes are utilized for generating the modulation
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symbols [89]. Two possible proposed encoding methods are:

1. Amplitude difference shift keying (ADSK):
DC signal with amplitude difference of positive and negative rectifier is calcu-

lated for information decoding such as
Ve = Up — Up (213)

As v, is positive and v, is negative so, the achievable range of v, is higher
than that for the single half-wave rectifier resulting in a wider constellation

range available for the amplitudes.

2. Amplitude ratio shift keying (ARSK):
In this case, the ratio of v, to the v, is calculated for decoding the appropriate
information symbol.

Up
c = — 2.14
V4 . ( )

By using Monte-Carlo simulation, it is shown that ADSK provides better BER com-
pared to both PEM and Biased-ASK. However, the ARSK scheme results in lower
BER compared to PEM as here, only linearly spaced ratio v,/v, values are con-
sidered. BER for non-linearly spaced ratios may be the future research problem to
achieve better BER performance as was achieved in [88]. Also here, only the DC sig-
nal is exploited for information decoding, further, different constellation techniques

can be studied by the use of more parameters such as frequency spacing and phase.

2.3.3 Frequency Based Detection

Nonetheless, amplitude variations in the multitone waveform have benefits in terms
of data rate (i.e., with the increase of modulation order) for a SWIPT system, but
these variations impose a limit on achievable WPT due to the presence of ripples in
the output voltage that degrade the WPT performance [84,87,88]. Therefore, the

ideal waveform for a SWIPT system would entail minimal variations in the envelope,
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Fig. 2.15. Multitone FSK waveform and receiver architecture.

with the stream of information symbols having a minimum effect on the WPT.

2.3.3.1 Non-cohrent Mutitone FSK

Consequently, a multitone frequency-shift keying (FSK) is proposed in order to
reduce the mutual impact of the WPT and WIT on each other [90]. Here, informa-
tion is transmitted by varying the frequency differences between the tones. Firstly, a
two-tone model is recognized [91] where only one tone separation is available for the
information transmission. By varying this frequency separation between the tones,
it is possible to have intermodulation components at the different frequency values

for the different symbols.

For the detection of the signal, the receiver architecture shown in Fig. 2.15 is em-
ployed where a Fast Fourier Transform (FFT) block is added to observe the signal
in the frequency domain. For each symbol, there exists a particular Af and the
bin detector identifies the frequency corresponding to the highest amplitude which
would be Af for a particular symbol. Therefore, f.uofr of the low-pass filter also
plays a major role. Further in [90], this idea is extended to the multitone FSK with

the transmitted signal as

Sin(t) = Z cos(2m f;t). (2.15)

Two multitone FSK schemes are proposed: uniform multitone FSK and non-uniform
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Fig. 2.16. Symbol construction for uniform multitone FSK with tone N = 3 and
modulation order M = 4.
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Fig. 2.17. Symbol construction for non-uniform multitone FSK with tone N = 3
and modulation order M = 4.

multitone FSK. Fig. 2.16 represents the model of uniform multitone FSK where the

neighboring tones are separated by the multiple of Af.

In this simple case of multitone FSK, N and M are increased with the equal Af
among tones. Thus, the system is not spectrally efficient for a large modulation or-
der. A 0.55 V output voltage can be attained, which is higher than the amplitude-
based biased-ASK waveform. However, SER performance degrades to 1072 com-
pared to 10~* for biased-ASK. Hence, a non-uniform multitone FSK with unequal
frequency spacing is introduced to make the SWIPT system more bandwidth effi-

cient as shown in Fig. 2.17. Although the non-uniform multitone FSK fully exploits
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the spectrum, the WPT efficiency declines as the bandwidth is not optimally filled
with the tones. Uniform FSK provides a higher PAPR signal resulting in higher
WPT efficiency and non-uniform FSK provides higher throughput. The above-
mentioned FSK schemes pose the advantage of providing a higher symbol rate with

less variation in the output power.

Furthermore, decoding at the receiver can be performed by evaluating multitone
PAPR levels with the changing frequency spacings to lower the power consumption
at the receiver [92] instead of using FFT operation for identifying the strongest

baseband signal.

2.3.3.2 ASK-OFDM

Biased ASK and multitone FSK are combined to provide a biased OFDM scheme
moving closer to full OFDM transmission [93]. As discussed earlier, biased-ASK
is an energy-efficient scheme where each symbol carries some minimum amount of
energy. Here, an idea of transmission of modulated information over each tone is
proposed. The first tone amplitude is kept constant and the information is encoded
in the amplitudes of the remaining N — 1 tones relative to the first tone with the

help of ratio . The received ASK-OFDM signal is given by

=2

—1
s(t) =sin(2nft) +7r Y a,cos2n(f. +nAf)t) (2.16)
1

3
Il

where f. is the reference frequency, a, is the biased amplitude level, and r is the

maximal amplitude (0 < r < 1) and defined by the modulation order.

It has been discussed that the diode produces intermodulation frequency compo-
nents, so after passing the signal in (2.16) through the rectifier, various baseband
intermodulation components at Af, 2Af, -+, (N — 1)Af will be present at the
output and all other intermodulation would get filtered out by the low-pass filter.
For the information decoding, a,, needs to be calculated for a particular tone. This

is done by the use of a reference tone at f. keeping its amplitude higher than the
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rest of the tones. For example, there will be many intermodulations at Af as all
consecutive tones are separated by the same frequency but the tone closer to f.
would produce higher amplitude compared to the rest of the tones because all other
intermodulations would result in 72 which is always lower than r. Similarly, for
frequency spacing of 2Af, the next tone would generate the highest amplitude.
Therefore, in this way, N — 1 information symbols can be detected by the N — 1
available frequency spacings with respect to f.. r should be the maximum for the
WPT keeping in mind acceptable BER for information transmission. Thus, in [93],

the upper limit for r is also analyzed with increasing N.

The various advantages, disadvantages, and performance analysis of the integrated
information-energy receiver architecture-based transmission approaches are summa-
rized in Table 2.3. It can be observed that in most of the transmission approaches
and for both the receiver architectures, the PCE is enhanced by giving the trans-
mitted signal a higher PAPR by means of a multitone signal. This is similar to the
case of the separated information-energy receiver architecture where a high PAPR
OFDM signal is used. Indeed, high PAPR signals offer the advantage of increased
power transfer performance. However, these high PAPR signals may saturate the
non-linear amplifier at the transmitter and subsequently degrade the information
transfer performance [94]. Therefore, a complete transmitter-receiver system anal-
ysis is required to attain the actual PCE and information transfer performance of

these SWIPT transmission schemes.

2.4 Input Distribution

In a SWIPT system, it is required to study optimal operating points to improve
rate-energy trade-off characteristics for simultaneous information and energy flow.
There exist various sections involved in the measurement of the performance of
the whole SWIPT system, such as transmitter distortion, channel performance,

hardware design, types of waveform transmitted, etc. One such parameter is the
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Table 2.3: Transmission designs for integrated information-energy receiver architec-

ture.
Transmission Advantages Disadvantages Information and
Approach Power
PAPR based |78 0.5 Mb d DC
ased [T8] 1 i pAPR . Performs  well bs - and,
: of 3.5 times higher
only for  high .
compared to the sin-
SNR. 1 or ot s
. Tnout  matching | B¢ CArHer input sig-
e & | nal for 30 dB SNR.
network for a
large BW.
PAPR based . 0.5pA and BER =
Good perfor- | « Non-uniform fre- 10! for —10 dB in-

with fixed signal
BW [82]

mance for high
SNR as well as
low SNR.

quency spacings.

put power.

Biased-ASK [84]

1074 BER and

tional range.

considered.

Each symbgl has | e Single tone is 013 V at —20 dBm
some  minimum used. .
received power, for
enetgy- SNR = 18 dB.
Amplitud - 48% PCE f -
D e e Independent  of | « Analysis only for - or e
tio [88] o _ : ceived  power  of
transmission dis- the multitone
. —10 dBm.
tance. with a smaller
number of tones.
Multitone- L 1 p . SER = 1072 and
FSK [90] essened enve- | « Power consuming | o se v g1 peceived
lope variations. FFT needed.
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assumed input distribution at the transmitter side.

In most practical systems, signals are chosen from some group of fixed constellation
points such as PSK, QAM. The effect of finite input alphabet signal instead of
Gaussian distributed input signal is analyzed on the performance of the point-to-
point single user and multi-user SWIPT system model and it is found out that the
system does not follow the aforementioned rate-energy trade-off and offers a much
lower performance [95]. However, assigning non-uniform probabilities to these input
signals is shown to have enhanced rate-energy trade-off and the performance can
be optimized with the power splitting factor between the energy signal and the

information signal of the receiver architecture.

In [96], rate-energy regions of Gaussian input and discrete input are compared and
it is observed that Gaussian input gives maximized region. The reason for this
is that in the case of Gaussian input, information increases indefinitely with the
increasing SNR whereas for the finite input signal, information gets saturated to a
particular value. Thus, the difference between the performances of these two is larger
in the case of high SNR compared to low SNR situations. However, this difference
can be reduced by increasing the modulation order M. Furthermore, in [97] also,
Gaussian input signals under different transmit power conditions are shown to have
overestimated rate-energy region which is not possible to achieve with the finite

input set.

Although all the above work focuses on more practical signal design, the energy
harvester model is considered to be a linear model which is not practically possible.
Some work with the asymmetric modulation for the case of a non-linear energy

harvester model has been already explored as below.

2.4.1 Asymmetric Modulation

It is shown that the capacity of AWGN channel with non-linear energy harvester

is independent of the delivered power constraint for single carrier transmission [98,
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99]. In other words, AWGN channel capacity with the transmitter average power
constraint and the delivered power constraint depends only upon the transmitter
average power constraint when the non-linear energy harvester model is considered.
Furthermore, capacity-power regions with zero mean and non-zero mean Gaussian
OFDM transmission for separated receiver architecture are evaluated and compared
[100,101]. In these, it is found that non-zero mean Gaussian input attains a larger
capacity-power region compared to its zero-mean counterpart and this region can
further be expanded by optimizing the asymmetric power distribution among the

complex subchannels.

Recently, a signal splitting scheme has been designed for a separated information
and energy receiver architecture. Here in [102], instead of a power splitting scheme
where all the symbols are used for information transfer (IT) and EH, constellation
points are divided into two parts one solely for I'T and the other ones solely for the
EH and assumed that the receiver already knows the position of I'T and EH symbols
in the signal stream. A Hybrid Constellation Shaping Scheme (HCS) is used for

non-equidistant and non-uniform constellation point design.

For 4-QAM, outer symbols are selected for energy harvesting because of having the
largest symbol energy (the distance between the constellation point and the center)
and all the remaining 12 symbols are used for the information transfer. HCS makes
the constellations such that overall system energy remains the same. Therefore,
EH symbols are moved farther for the increased energy transferred per symbol, and
consequently, IT symbols move closer to the center. Besides using two separate
streams for IT and EH, [102] also makes use of non-uniform symbol distribution by
assigning more symbols to the I'T and it is shown that this scheme provides better

performance compared to previously used power splitting scheme for energy transfer.

The above modulation design method can be implemented in any modulation scheme.
However, here in [102] only the linear energy harvester model is discussed. The use

of asymmetricity in the constellation design is further discussed in [103,104].
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As discussed in [13], multisine waveforms with zero phase difference among tones
provide maximum power transfer. However, deviating from the same phase condition
opens up the possibility of transmission of information using phase. In [103,104],
rate-energy trade-off region for asymmetric M-PSK multisine modulation scheme
for separated information and energy receiver architecture is shown to be enhanced

compared to the uniformly distributed equally spaced M-PSK.

The received signal z(t) for such a modulation scheme is given by

N-1
z(t) = % > " cos(2m fut + ¢n) (2.17)

n=0

where ¢,, ~ [—0, 0] are uniformly distributed random phases with § < 7. It is shown
that 6 = 0 provides the maximum power transfer case due to the formation of in-
phase multisine and 0 = 7 provides the benefit of information transfer with the

modulated multi-carrier signal [105].

It has also been demonstrated that harvested power is not only depending on the
value but also on the probability masses of symbols. It is shown that there exist two
different probability distribution scenarios for the desired information rate and for
the desired harvested energy. Wider phase distribution is required for the informa-
tion transfer, i.e., high probabilities should be assigned to the outermost symbols for
the wider decision regions resulting in lower BER. However, from the power transfer
perspective, a narrower phase distribution with high probabilities to the innermost
symbols to make the signal closer to the deterministic in-phase multisine transmis-
sion would be helpful. Therefore, it can be seen that irrespective of the application
as information transfer or power transfer, asymmetric probability distribution is fa-
vorable. In short, the achieved information rate and harvested energy depend not
only on the number of subcarriers N and modulation order M but also on the phase

range and the probability masses of the symbols.
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2.4.2 Constellation Rotation

In [106], a non-orthogonal multiple access (NOMA) downlink transmission where
different transmit power is assigned to different users is considered. The transmitted
signals to these users are combined with each other. As this combination can be
constructive or destructive at the receiver, a constellation rotation is performed in a
multi-user NOMA system to increase the minimum distance between the symbols to
improve BER. Further, this is extended to the improved power transfer in a multi-
user NOMA-supported SWIPT system [107]. While designing the constellation, it
should also be considered how many symbols have higher voltages than the diode
threshold voltage Vi, [108]. For example, 16-PAM may outperform 16-PSK for high
Vin, but at low Viy,, 16-PSK would provide more harvested energy as all the symbols
are able to cross the V;;, level. Therefore, a higher order modulation performs better

for WPT as more symbols are able to overcome threshold voltage [108].

In [107], a two-user system is considered, and symbol s; from user 1 and s, from user
2 are combined resulting in symbol s = s;+55. As|s1+82]? < [s1]*+|s2|>. The power
carried by symbol s may be less than that of the s; and sy and the worst case would
be when s; and s, have the opposite phases and form destructive superposition.
For the solution of this problem, here in [107], a rotation angle  is inserted in the
constellation such as s; = |s;]e’?. This rotation angle is optimized for maximum
energy transfer with the required information rate such that decision regions can
still be distinguished. The effect of such rotation in other modulation schemes
and for an integrated receiver architecture can be the future research direction. A
joint constellation rotation modulator and energy interleaver are designed for the

constructive superposition of symbols in the power domain [109].
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Table 2.4: Summary of existing modulation methods for integrated information-
energy receiver architecture.

Receiver
Modulation EH
Ref. architec- Characteristics
Method Model
ture
Energy modulation | Integrated | Linear - Easiest ID using integrated re-
= ceiver.
- Not taking advantage of multi-
tone carriers to enhance the
power transfer.
Multisine superim-
posed over OFDM | Separated Non-linear | - Power signal cancellation re-
7] signal quired for ID.
- Saturation of ADC may occur.
Rectangular pulse
superimposed over | Separated Linear - No power signal cancellation
4 OFDM cyclic prefix needed.
- No modification in ID.
- Interference is introduced ac-
cording to the width of the rect-
angular pulse.
- OFDM-DC signal | — - Rectifying components such as

diodes are not required.
- LPF is sufficient to extract the

DC.
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PAPR based Integrated | Non-linear | - Equal tone spacings resulting
7 into unequal signal bandwidths
for the distinct symbols.
- Performs well only for high
SNR.
Dual mode recep-
[80] | Separated | Non-linear | - Dual mode detection for low
81] Hen power and high power signals. -
Increased operational range.
PAPR based hav-
Integrated | Non-linear | - Unequal tone spacings for the
[82] | ing fixed signal BW
distinct symbols.
- Good performance for high SNR
as well as low SNR.
Biased-ASK Integrated | Non-linear | - Each symbol having some mini-
4 mum energy.
[88], | ADSK, ARSK Integrated | Non-linear | - Only DC power is considered.
[89] - Increased operational range
with the use of two half-rectifier.
0] Multitone-FSK Integrated | Non-linear | - No envelope variations.

- Reduced impact of large WPT
on WIT.

- High symbol rate
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ASK-OFDM Integrated | Non-linear | - Practical OFDM transmission is
[93]
feasible.
- Higher data rate.
Aymmetric PSK Separated | Non-linear | - Enhanced rate-energy trade-off
[104]

compared to symmetric PSK.

- Higher data rate.

2.5 Conclusion

The discussed transmission waveforms and the corresponding receiver architectures

are still far from practical SWIPT systems. Some of the reasons are: (i) OFDM sig-

nal waveforms utilizing a separated receiver architecture consume significant power

for signal processing at the receiver, (ii) the effect of WIT over WPT is still sig-

nificant for the modulation methods used for an integrated information-energy ar-

chitecture due to the presence of ripples at the output, (iii) moving toward more

practical SWIPT systems, the constellation range needs to be increased so that the

transmission can support higher modulation orders for increasing information rates,

and (iv) an end-to-end performance analysis including the transmitter performance

for a particular waveform is required.
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Chapter 3

Multitone PSK

This chapter contributes to the design of a Multitone PSK waveform transmission
scheme for an integrated information-energy receiver, and WIT and WPT perfor-
mances are evaluated. All simulation results are verified by performing measure-
ments over the designed rectifier-receiver circuitry. Contributions in this chapter

include the author’s publication [15]:

e Prerna Dhull, Dominique Schreurs, Giacomo Paolini, Alessandra Costanzo,
Mehran Abolhasan and Negin Shariati, “Multitone PSK Modulation Design
for Simultaneous Wireless Information and Power Transfer,” IEEE Transac-
tions on Microwave Theory and Techniques, vol. 72, no. 1, pp. 446-460, Jan.
2024, doi: 10.1109/TMTT.2023.3294008.

3.1 Introduction

Radio frequency (RF) signals carry information as well as energy. Simultaneous
wireless information and power transfer (SWIPT), which is a combination of wire-
less information transfer (WIT) and wireless power transfer (WPT), has recently
gained prominence in making small Internet-of-Things (IoT) devices battery inde-
pendent [18]. However, till now, most of the SWIPT research treats WIT and WPT

performances separately, and either only WIT performance or only WPT perfor-
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mance is improved [110,111].

Recently, high peak to average power ratio (PAPR) signals have been shown to
increase power conversion efficiency (PCE) in low-power WPT systems by exploiting
the non-linear characteristics of the rectifying circuitry [42]. A multitone waveform
is one of such high PAPR waveforms [13,112,113]. Several parameters such as tone
separations, number of tones, input power range, bandwidth (BW), output filter
cut-off frequency, output load, etc., have been shown to affect the achievable PCE
at the output [56-59,62,68,114-116].

From an architecture perspective, most of the SWIPT research mainly revolves
around a separated information and energy receiver architecture where the main
focus is upon the distribution of the received power between information and en-
ergy paths according to a power utilization ratio, to optimize the SWIPT receiver
performance [110]. Several techniques such as time-switching, power splitting, and
frequency-splitting have been introduced to use the received signal in separate infor-
mation and energy paths [117,118]. Recently, a symbol-splitting technique has also
been introduced for splitting the information and the carrier having no information,
with the help of a coupler’s isolation port to divide the received signal between infor-
mation and power components in a better way for power transfer [119]. However, in
such an architecture, the information is transmitted using conventional modulation
techniques and the information detection is performed using conventional methods
involving a local oscillator through a separate information path which involves in-

creased power consumption for information detection at the receiver.

Therefore, an integrated information and energy receiver architecture as shown in
Fig. 3.1 has been proposed where the same rectified output signal is used for in-
formation decoding as well as power extraction [12]. In this work, this integrated
information and energy receiver architecture is utilized. In fact, its main advantage
is the reduction of the overall energy consumption at the receiver compared to the

separated information and energy receiver architecture, by the removal of the RF
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local oscillator needed for information detection. However, in this case, conventional
information transmission techniques cannot be utilized. Therefore, new transmis-
sion methods are required to be proposed for integrated information and energy

receiver architectures.

To address this, a simple energy modulation scheme of transmitting symbols through
different energy levels of a single-tone waveform for integrated receiver architecture
is introduced [12]. To further increase the available constellation range for the energy
symbols, an integrated receiver architecture model consisting of two half-wave rec-
tifiers instead of having only one rectifier is proposed [89]. Two half-wave rectifiers
are utilized with two amplitudes at the output, one positive and one negative. Fur-
ther, information is encoded in the PAPR levels of multitone signals to enhance the
WPT performance in [78], and its extended work demonstrated that non-uniformly
spaced multitone signals with fixed BW perform better in case of low SNR trans-
mission scenarios compared to uniformly spaced multitone with varying BW [82].
Although [12, 78,82, 89| introduced new SWIPT transmission techniques for the
integrated receiver architecture, their performance has not been verified through
measurements. Another way of encoding the information is the use of pulse position

modulation which also helps in increasing PAPR to boost harvested power [120].

The non-linearity of the rectifier causes intermodulations among multitone frequency
components, resulting in the presence of ripples in the output voltage. A biased
amplitude-shift-keying (ASK) waveform has been designed utilizing an integrated
information-energy receiver architecture where each symbol carries some minimum
energy for continuous energy harvesting at the receiver [84]. Further, a way of
embedding information in amplitude ratios of individual tones of a multitone sig-
nal is introduced to make this amplitude-based information transfer immune to the
transmission distance [88]. Another multitone amplitude transmission scheme has
been introduced, utilizing two-dimensional signalling in terms of subcarrier ampli-
tudes and the number of subcarriers [86]. The information is decoded from two

separate paths with the help of current intensity and PAPR level. However, for
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such amplitude-based modulations, there should be a sufficient distinction in ripple
voltage to identify the information symbols. Therefore, the PCE varies significantly
depending upon the transmitted symbols, resulting in a significant dependence of
WPT upon WIT transmission and, hence, limiting the number of tones and modu-

lation order for proper SWIPT performance.

Amplitude variations offer an advantage for WIT, but in integrated receiver SWIPT
systems, it is required to minimize the effect of WIT over WPT. To minimize these
ripples, a multitone frequency shift keying (FSK) scheme is introduced, where the
tones’ frequency spacings are varied according to the transmitted information, and
information decoding is performed by Fast Fourier Transform (FFT) [90]. Another
way of decoding information from multitone FSK is considering the fact that multi-
tone with different frequency spacings result in different PAPR levels, which further
helps in reducing the receiver power consumption by the removal of FFT [92]. A
way of utilizing the phase of 2-tone signal is introduced in [88]. However, in this
work, the method of information decoding is performed by analyzing the DC and
AC components at the output. This way of information transmission and reception
becomes very complex even with a signal of three tones. Therefore, the proposed
method in [88] is not suitable for an OFDM-type communication where multiple
symbols can be transmitted over the same signal. Also, it does not analyze its WIT
performance as the focus is solely on WPT performance. A comparison among
the existing transmission schemes for separated information and energy receiver
architecture and integrated information and energy receiver architecture has been

performed in Table 3 and Table 4 of [18], respectively.

In this chapter, a novel multitone phase shift keying (PSK) modulation scheme for
the integrated information and energy receiver architecture is introduced. Power
transfer, as well as information detection, is performed over the rectified signal.
Information is transmitted in the phase differences between consecutive tones of
multitone RF signal, and the information decoding at the receiver is performed

by observing the phases of corresponding baseband tones of the rectified signal.
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Figure-of merits considered for analyzing WPT and WIT performances are PCE and
bit-error-rate (BER), respectively. The effect of the chosen symbols constellation,
modulation order, and the number of tones over signal PAPR, PCE, and BER are
observed, showing a requirement for an optimum design of symbol phases. Further,
the simulation results are verified by measurements with a designed receiver rectifier

circuitry.

The main advantage of the proposed multitone PSK scheme is the transmission of
(N —1) symbols over an N —tone multitone signal which can be closely related to the
standard OFDM used for WIT. This entire SWIPT transmission is performed using
a simple receiver rectifier circuitry having low power consumption, as information
detection does not require an RF local oscillator. Furthermore, the effect of WIT
on the WPT performance of a SWIPT system has been reduced with the help of
information transmission in the form of the tones’ phases instead of amplitudes of
the multitone signal. In addition, a multitone PSK signal improves the end-to-end
SWIPT performance by reducing the chances of saturation of the transmitter power
amplifier. Table. 3.1 in Section 3.5 compares the proposed multitone PSK with
the existing transmission schemes for integrated information and energy receiver

architecture.

This chapter is organized as follows. Section 3.2 introduces the theoretical model
of a multitone PSK signal design with non-uniform spaced tones. Section 3.3 il-
lustrates the relationship between the chosen phase range for symbol constellation
and the multitone PSK signal PAPR. Next, in Section 3.4, the rectifier design and
measurement setup used for simulations and measurements are presented. Then,
the modulation scheme impact on WIT and WPT performances of the SWIPT sys-
tem is analyzed in Section 3.5. Further, the obtained results are verified with the

measurements. In the end, a conclusion is drawn in Section 3.6.
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RFinput| Matching | Rectifier Low-pass |Baseband
x(t) | Network Filter  [output y(t)

Fig. 3.1. SWIPT integrated receiver rectifier.
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Fig. 3.2. 5-tone multitone PSK RF input signal spectrum X (f) centered around
carrier frequency f, = 2.45 GHz and rectified baseband output spectrum Y (f)
consisting of IM frequency tones (in MHz) used for information decoding (colored)
and extra IM components (black).

3.2 Signal Model

The system model is illustrated in Fig. 3.1 and Fig. 3.2 where the multitone PSK
RF signal x(t) is passed through the rectifier circuitry consisting of an input match-
ing network, diodes, and an RC-LPF for both WIT and WPT. z(t) consists of N
frequency tones at the centre frequency f. of 2.45 GHz. After passing through
the rectifier, z(t) results in the baseband output signal y(t). y(¢) is used for both
power transfer as well as information decoding. Complete y(t) is used for WPT
while information is decoded from phases of some of the baseband tones as shown

in Fig. 3.2.

The modulation scheme is designed by making use of the non-linearity of the rectifier.
The idea of the multitone PSK comes from the fact that an N-tones multitone signal
passing through the rectifier results in intermodulation frequency components of

2nd

various orders with the dominant order intermodulation (IMjy) component at

the rectifier output.

IMss are generated by the mixing between two tones of N-tones multitone. In this

chapter, information is transmitted as phases of IMss between consecutive tones.
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The transmitted signal z(t) can be considered as

z(t) = Re{AZej(Qﬂf"H‘b")}, (3.1)

n=1

where A and ¢,, represent the amplitude and phase of the n* tone frequency f,,
respectively. In order to see the intermodulation behavior, a case of 3-tones with
N =3 in (3.1) can be considered. After transmitting the 3-tone multitone through
the model of Fig. 3.1, the filtered output signal y(¢) consists of dc and a combination
of baseband intermodulation frequency components. All the harmonics and odd-
order intermodulation components are filtered out by the LPF as all these frequencies
would be at RF frequencies. Among baseband tones, IMs would be dominating
compared to 4" order, 6 order, - - -, etc., frequency components [51]. Therefore,

y(t) can be represented in terms of dc and IMss as

y(t) = dc+ Ay cos (2m(fa — fi)t + d2 — ¢1) + Az cos (27 (fs — fa)t + ¢3 — d2) +

Ascos (2r(fs — fu)t + o35 —¢1), (3.2)

where A;, As and Aj represent the amplitudes of IMy at (fo — f1), (fs — f2), and
(f3 — f1), respectively. In this chapter, the signal is designed in such a way that
the information is in the form of phases of IMy between consecutive tones only,
ie, (fo— f1),(fs — f2), -, (fn — fv—1) tones phases would carry the information.
In this way, it is possible to transmit (N — 1) information symbols over N-tone
multi-carrier signal as shown in Fig. 3.2. The 5-tone multitone PSK RF signal
x(t) results in a baseband signal consisting of various intermodulation frequency
components of which four IMs frequency components generated by intermodulations
between consecutive frequencies are used for phases information detection. However,
multitone frequency spacings (Af,) and ¢, are required to be properly designed to
make this multitone PSK signal feasible. Thus, the required constraints related
to multitone PSK frequencies and phases are discussed in Sections 3.2.1 and 3.2.2,

respectively.
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3.2.1 Multitone PSK Frequencies

In order to transmit (N — 1) symbols with only a single transmission of multitone
signal, f,,’s are chosen in such a way that (N —1) IMss between consecutive frequen-
cies do not overlap each other and also do not coincide with other non-consecutive
IMgs. This results in unique (N — 1) desired baseband frequencies at the output,
and the information symbols are decoded by observing phases of these IM;. There-
fore, multitone f,,’s can not be uniformly spaced in (3.1), and require an appropriate

selection of Af,,.

The n” tone frequency of multitone PSK signal can be represented by

fo=tar+Af, n=23,-- N (3.3)

where Af,_; refers to frequency spacing between n'* and (n — 1) tone. Af, ; #
Af,Vn=23--- N to distinguish the desired (N — 1) IMys generated by consec-

utive frequencies of multitone PSK signal and must satisfy

Afpy & U x AF;, ¥ n = 23,---,N and i = 1,2,---,n — 1 (3.4)

condition where U; represents an upper triangular matrix of order ¢ x i having

non-zero elements as 1

111 1)
01 1 1

u=1o01 --- 1/, (3.5)
0 00 1

and AF; is a column vector as
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Afi
Afa

Afi

Here, multitone PSK is considered to be centered around center frequency f., and
A fy is assumed to be the greatest common divisor (GCD) among f,s. Appropriate
fn’s can be determined by Algorithm 1. A BW spreading factor r is used to have
the signal with minimum BW (r = 0) and wider BW (r > 0) for a particular N.
Hence, overall signal BW not only is a factor of N but also depends upon the chosen
values of GCD and r. For example, for N = 5, f. = 2.45 GHz, GCD = 1 MHz,
and r = 0, Af,s would be 1 MHz, 2 MHz, 4 MHz, and 5 MHz from Algorithm 1.
Therefore, the corresponding multitone PSK signal x(¢) would be having tones at
2.444 GHz, 2.445 GHz, 2.447 GHz, 2.451 GHz, and 2.456 GHz. After passing
this multitone PSK signal through the rectifier, baseband signal having various IM
frequency components spaced at minimum 1 MHz apart are generated as GCD =
1 MHz. Four IM frequency tones at 1 MHz, 2 MHz, 4 MHz, and 5 MHz are utilized

for information detection.

Af,, increases with an increase in GCD or r, which is helpful from WIT perspective.
The reason for this is that it is relatively easier to identify the required wider-spaced
baseband tones at the output. However, the rectifier’s matched BW and LPF’s cut-
off frequency (feutorr) imposes a limit over allowable multitone N, GCD, and r for

proper WPT.
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Algorithm 1 Multitone PSK Frequencies
Input: f.,N,GCD,r
Output: Af,, BW, f,
Initialisation : ki =1,1=1,c=1
1: Afl = k?l X GCD, Afl = GCD
LOOP Process
forn=2to N —1do
K = all combinations of k, =U; x kj_y V j={1,2,--- ,n—1}
while (i € K) do
i = Z + k’l + T
end while
k,=1;1=1;Af, =k, x GCD
end for
BW = 35 A,
Symmetrically align frequencies around f,
: return

—_ =
= O

3.2.2 Multitone PSK Phases

From (3.2), it can be observed that the output baseband tones’ phases are phase
differences between the corresponding multitone frequencies. Therefore, in multitone
PSK, symbols are encoded as the phase differences of the consecutive tones. Hence,
n!" tone phase ¢, can be represented in terms of transmitted information symbols

as

n—1
$n= ¢i+su-1, n=23- N (3.7)
=1

with the assumption of the first tone phase, ¢; = 0. In (3.7), s,_; represents the

information symbol, transmitted as the difference between ¢, and ¢, _;.

Let ¢, and ®, be the lower and upper bound of the symbols constellation such
that ®, — ®, = d, where ¢ is defined as a considered phase range to allocate the
information symbols within this range as shown in Fig. 3.3(a). Thus, the available
information symbols set S containing M symbols can be defined as

S:{@+@m—ni%,v m:LZ~wM}, (3.8)

in terms of 0 and modulation order M. Transmitted (N — 1) information symbols
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Fig. 3.3. Multitone PSK tone phase constellation for n'* tone, (a) n = 2, (b) n = 3,
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over an N-tone multitone PSK signal would belong to this available information

symbols set S.

Assuming the symbols to be equidistant and symmetric to z-axis, i.e., &, = —§/2,

(3.8) can be rewritten as

S:{(Qm—M—l)%, % m:1,2,---,M}. (3.9)

Therefore, for 6 = [-90°,90°] and M = 4, available symbol phases set S would
be 67.5°, 22.5°, —22.5°, and —67.5°, as shown in Fig. 3.3(a). Each symbol carries
log, M bits.

Actual possible individual tone phases ¢,, are different from the chosen transmitted
symbol from S, as each tone has different choices for its phase as seen in (3.7),
varying according to 0 and M. As ¢, is assumed to be zero, from (3.7), fo can have
its phase ¢, as

¢ €8, (3.10)

and depicted in Fig. 3.3(a) for M = 4 and § = [-90°,90°]. Further, from (3.7), ¢3

can be seen as a combination of two symbols as
¢3€{Si+8j, V i,j:1,2,"',M}, (311)

where s; and s; are symbols from A constellation points defined by (3.9). (3.11)

can be rewritten as
o ) .
o3 € (2+]—M—1)M, vV i,7=12,--- M (3.12)

resulting in (2M — 1) available phases for ¢3 shown in Fig. 3.3(b), as (i+j) varies be-
tween [2,2M]. Generalizing, f,, has ((n — 1)M — n — 2) phase combinations varying
between [—(n — 1)(M —1)5%-, (n — 1)(M — 1)52-].

2M°

However, as seen in Fig. 3.3, these obtained phase combinations are not all dif-
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ferent from each other as phases are overall restricted to lie within the interval of
[—180°,180°]. Therefore, phase combinations of (3.7) start repeating itself after a

particular n'* tone satisfying
5 [e]

and converge to maximum total available tone phases choices of (360°/(6/M)). Fig.
3.3, Fig. 3.4, and Fig. 3.5 illustrate this phase combining behaviour for ¢ as
[—90°,90°], [—45°,45°], and [—180°, 180°], respectively for M = 4. Tt can be ob-
served that for a particular M, the smaller the §, the larger is the n'* tone after
which the tones would be able to have phases distributed in the whole [—180°, 180°]
interval. This comparison can be analysed by observing Fig. 3.3(c), Fig. 3.4(d), and
Fig. 3.5(b) where phase constellation points start overlapping each other after 4",
7th and 3¢ tone for § as [—90°,90°], [—45°,45°], and [—180°, 180°], respectively, for
M = 4.

3.3 Multitone PSK Phase distribution and PAPR

In multitone PSK, as the information is being transmitted in the phases, it is im-
portant to analyze the effect of these introduced phases on the WIT and WPT
performances of the SWIPT system. Although a multitone signal having all its
phases aligned performs best for WPT [13], the introduction of phases provides the
benefit of transmitting the information to realize a SWIPT operation. Therefore,
we need to analyze the extent up to which ¢,,’s of multitone PSK affect WPT per-
formance. Here, in this section, the effect of phases over the signal PAPR is studied

which is one of the figures of merits for WPT performance evaluation [22].

In this chapter, symbol constellations are assumed to be symmetric along the x-axis
as discussed in Section 3.2.2. In this way, a multitone signal would have a higher
probability of having phases closer to zero which is beneficial for WPT, as described

in further discussion.
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Fig. 3.6. Irwin-Hall Probability density function (PDF) for a random variable ¢ with
increasing n.

Let S defined by (3.9) be uniformly distributed between [—§/2,9/2], i.e., equiprob-
able symbols with mean 0 and variance §%/12. From (3.7), phase of an n'* tone can
be seen as the sum of (n — 1) symbol phases. Thus, the probability density function
(PDF) of ¢,, can be evaluated by convolving the (n —1) uniformly distributed PDFs.
Convolution of uniform distribution PDFs can be defined by an Irwin-Hall distribu-
tion [121]. The Irwin-Hall distribution is the continuous probability distribution for
the sum of n independent and identically distributed random variables. The PDF
for Irwin-Hall distribution for a random variable ¢t with 0 < ¢ < n can be represented

by
sleim) = ot S - () e e (3.14)

i=0
Fig. 3.6 represents the convolution of n uniformly distributed PDFs as a function

of a random variable ¢t. Therefore, the PDF of ¢,, follows an Irwin-Hall distribution

ranging from [—(n — 1)§/2, (n — 1)§/2] with mean 0 and variance n x §%/12.

It is well known that the Irwin-Hall distribution closely resembles the Gaussian

distribution as n increases [121]. Fig. 3.7(a) illustrates the comparison between the
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n=4,(e)n=>5 f)n==6,(g) n=7,and (h) n =8.
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Irwin-Hall distribution and Gaussian distribution for n = 1 distribution which are
quite distinct from each other. Fig. 3.7(b) compares the Irwin-Hall distribution for
n = 2, i.e., the convolution of two uniform distribution functions and the respective
Gaussian distribution. Similarly, Fig. 3.7(h) compares the Irwin-Hall distribution for
n = 8, i.e., the convolution of 8 uniform distribution functions and the corresponding
Gaussian distribution which are quite similar to each other. It can be seen that
Irwin-Hall distribution approached Gaussian distribution as n increases. Gaussian
distribution implies that there would be a higher probability of occurrence of tones

phases closer to zero with the increased number of tones, as seen in Fig. 3.11(b).

However, as discussed in the previous section, the constellation points for a ¢,, start
repeating themselves after a particular n due to [—180°, 180°] constraint. Fig. 3.8,
Fig. 3.9, and Fig. 3.10 shows the Irwin-Hall PDF for 6 = [-45°,45°], 6 = [-90°, 90°],
and 0 = [—180° 180°]. As phases can lie within the range of [—180° 180°], these
result into Fig. 3.11, Fig. 3.12, and Fig. 3.13. Therefore, all tone phases ¢,, do not

follow Gaussian distribution, and the overall PDF can be found by applying

Pr(z) = i Pr(2nk + z), (3.15)

k=—o00
over obtained phases, where Pr(z) represents the probability at .

Fig. 3.11 illustrates the PDF behaviour of ¢o, ¢4, ¢s, and ¢y for 6 = [—45°,45°].
It can be seen that PDF for ¢ and ¢, closely resembles Irwin-Hall distribution,
whereas PDF for n > 7 starts getting modified as the probability of having phases
closer to 180° increases. As n increases, more and more phases combinations would
occur farther from zero phases moving towards uniform distribution PDF as shown
in Fig. 3.11(d). The n'* tone of multitone PSK, after which PDF starts following
uniform distribution, depends on the choice of §. From Fig. 3.12, we can see that
the PDF of ¢, starts moving towards uniform distribution at a faster rate for § =
[—90°,90°] compared to 6 = [—45°,45°] (Fig. 3.11(f)), and a uniform distribution
is achieved for N = 16. Further, Fig. 3.13 illustrates PDF for § = [—180°, 180°]
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where all multitone PSK phases follow uniform PDFs. Therefore, the larger the 4,
sooner the all ¢,,’s start following uniform distribution. In uniform distribution, the
probability of having a larger phase (closer to 180°) is equal to the probability of
having a 0° phase which would affect the transmitted signal PAPR and the obtained

PCE at the output as discussed further.

PAPR for z(t) can be obtained from

max{|z(t)[*}

T/2 ’
%f—T//2 z?(t)dt

PAPR = (3.16)
where T is time-period of waveform z(¢). For an N-tone multitone signal, a max-
imum PAPR of 2N can be attained by aligning all the phases [78]. However,
phases are not aligned for the multitone PSK signal as information is needed to
be passed in multitone phases. The PAPR for multitone PSK with varying N is
shown in Fig. 3.14. PAPR for each point, for example PAPR for N = 6, M = 4,
d = [-90°,90°], is obtained by analysing 1000 transmitted multitone waveforms
x(t). Firstly, for each transmitted waveform z(t), random binary information data
are encoded according to the available symbol set S from (3.9). Then, x(t) tones’
phases are modified accordingly from (3.7). The average input power level is set
at —10 dBm for all the transmitted waveforms so that only the effect of the tones’
phases can be observed. The average of these 1000 obtained PAPR levels is consid-
ered to provide a PAPR value for a single case. Three cases of phase range § are
considered to analyze the phase distribution effect over the multitone signal PAPR

with an increasing number of tones.

It can be seen that multitone PSK input PAPR is lower compared to multitone hav-
ing all ¢, = 0, as expected. Further, as N is increased for the multitone waveform,
the PAPR for a phase range gets saturated to the maximum obtained PAPR. As
N for multitone PSK is increased, uniform distribution starts dominating for most
of the ¢,, i.e., all phase combinations having equal probability. This means that

now, even phases that are closer to 180° have the same probability of occurrence as
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Fig. 3.13. Probability density function (PDF) for n'* tone of multitone PSK for (a)
n =2 and (b) n =3 for § = [-180°, 180°].

phases closer to 0°. Therefore, the overall PAPR reduces and saturates to a maxi-
mum upper value for a particular M and . It can also be seen that multitone PSK
PAPR saturates earlier for larger 6, i.e., § = [—180°, 180°], resulting in the lowest
PAPR, because ¢, starts following uniform distribution for all n > 2 for the case of

maximum 0 = [—180°, 180°].

Multitone signals are already being used for WPT transfer for quite some time.
However, high PAPR signals deteriorate the overall end-to-end practical system
performance as these signals may drive the transmitter amplifier into saturation.
However, the PAPR of the transmitted multitone PSK signal is not increasing lin-
early with N. Therefore, the transmission of information in terms of tones’ phases

offers an additional advantage of improving the overall SWIPT system performance.

3.4 Receiver Model

The simple rectifier model consisting of a matching network and diode circuitry
followed by an LPF is designed. Further, the rectifier is fabricated and all multitone

PSK simulation results are verified by the measurement results.
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Fig. 3.15. Rectifier simulation model for SWIPT for a matched BW of 100 MHz
with C; = 1 pF, two Schottky diodes (Skyworks SMS7630-079LF), and a LPF
(Cous = 0.1 pF and Rjpaq = 4.4 kQ).

74



Chapter 3. Multitone PSK 3.4. Receiver Model

3.4.1 Rectifier Design

A rectifier model depicted in Fig. 3.15 is designed solely to demonstrate the feasibility
of the proposed multitone PSK for SWIPT operation and the topology is inspired
from [122]. The topology consists of an input matching network with C; = 1 pF, two
Schottky diodes (Skyworks SMS7630-079LF), and a LPF (Cyy = 0.1 pF and Rjpaq =
4.4 kQ2). The rectifier has been designed to maximize the PCE for comparatively
larger matched BW of around 100 MHz centered on 2.45 GHz in terms of reflection
coefficient (S11) by the use of Cy, stub lengths, transmission lines lengths, and,
Rioaq- This is required to make multitone PSK possible with larger NV to increase
the throughput, i.e., for the WIT performance of the SWIPT system. In short, the

rectifier model has been designed keeping in mind WPT as well as WIT.

In the rectifier design, the LPF cut-off frequency is selected in such a way that
all the harmonics are filtered out by the LPF, while simultaneously it should have
sufficient BW to pass the relevant IMs baseband information tones. Therefore, the
rectifier is designed to have a larger LPF BW than the highest relevant IM, frequency
component, but smaller than the RF fundamental tones. For all the simulation and
measurement results, GCD and N for the multitone PSK signal are selected in such

a way that the resulting signal would have a BW smaller than the RF BW.

The WIT and WPT performances of the multitone PSK signals have been measured
in terms of achievable PCE and BER, respectively, in order to analyze the overall

SWIPT performance. The PCE at the output can be defined as

| Ydc | 2 /Rload

PCE =
Pi

x 100, (3.17)

in terms of the transmitted average power P, of z(¢) and dc voltage yq. of the re-
ceived signal y(t). The PCE at the rectifier output varies according to the multitone
PSK signal PAPR.
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Fig. 3.16. (a) Fabricated integrated receiver rectifier and (b) Measurement setup
with VSG R&S SMW200A, power splitter, rectifier, and oscilloscope R&S RT02044.
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3.4.2 Measurement Setup

The designed rectifier is fabricated on RO4350B substrate having dielectric con-
stant as 3.66, loss tangent as 0.0031, and thickness of 0.762 mm and is shown in
Fig. 3.16(a). The measurements are performed using the setup shown in Fig. 3.16(b).
The transmitter and receiver are connected through the cabled connections. The
modulated multitone PSK signals are generated using a vector signal generator
(VSG) (R&S SMW200A). Further, the signal is divided into two streams using
a power splitter. One stream is directly fed to the Oscilloscope (R&S RT02044
Channel 1), which is considered as the transmitted multitone signal reference from
VSG as the multitone PSK signal power has been reduced after passing through
the power splitter. The other stream is passed through the rectifier and fed to the
Oscilloscope Channel 2. Calibration for different cable lengths is performed before
comparing the transmitted and the received signal from the oscilloscope for power
and information analysis. As the information is in the phases of spectral compo-
nents, a spectrum analyzer does not meet the requirement for information decoding.
Therefore, an oscilloscope is used for the measurements. For the received signal, the
input impedance of the oscilloscope has been set at a 1 M) value to minimize its
effect over the rectifier’s output impedance. This is performed to keep the measured

performance similar to the simulated performance.

The Multitone PSK signals z(¢) with varying parameters P,, M, N, ¢, and GCD
are generated, and the demodulated signals y(¢) are analyzed for the SWIPT per-
formance in terms of attained PCE and BER. The effect of § over the transmitted
signal PAPR as discussed in Section 3.3 is verified by the measured PAPR over the
Oscilloscope Channel 1 output and illustrated in Fig. 3.17. The Multitone PSK
signal streams are generated for each N for each different allocated symbol phase
range, similar to the simulation analysis in Section 3.3. It can be seen that the
narrower the transmitted symbols’ phase range, the better would be the WPT per-
formance of the designed scheme as observed in simulated results in Fig. 3.14. It

can be seen that the curves in Fig. 3.17 are not smooth as are in Fig. 3.14. The
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Fig. 3.17. Measured multitone PSK PAPR with varying N for M = 4, GCD =
1 MHz, and 50 multitone streams for each N and §.

reason for this is that measured PAPR is evaluated for 50 multitone streams whereas
simulated PAPR is evaluated for 1000 multitone streams. Due to the time taken in
transmission of multiple information-encoded waveforms, fewer waveforms are con-
sidered for measurements. However, measured PAPR would be similar to Fig. 3.14

when evaluated for a large number of multitone streams.

Here, over-the-air measurements with a receiving antenna are not considered. In-
deed, the received input power decreases with the transmission distance, which
would affect the end-to-end power efficiency. To evaluate the over-the-air perfor-
mance of the proposed scheme with distance, the effect of the channel would be
required to be modeled and investigated. Accordingly, appropriate coding schemes
would be utilized for performance enhancement. The focus of this thesis has been
to show the feasibility of the proposed transmission scheme and over-the-air mea-

surements are considered as a part of future work.
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3.5 Performance Analysis of Multitone PSK

To analyze the SWIPT performance of the multitone PSK, PCE, and BER are used
as figures of merit for WPT and WIT performances, respectively. Multitone stream
frequencies and phases are designed as discussed in Section 3.2.1 and Section 3.2.2.
For example, for N = 6, GCD = 1 MHz, frequency spacings between consecutive
tones are obtained as 1 MHz, 2 MHz, 4 MHz, 5 MHz, and 8 MHz from Algorithm 1.
x(t) would result into multitones having tones at 2.44 GHz, 2.441 GHz, 2.443 GHz,
2.447 GHz, 2.452 GHz, and 2.46 GHz. The time-domain transmitted waveform x(t)
and the corresponding received waveform y(t) measured by the oscilloscope for the

case of all tones’ phases aligned and P, = —16 dBm, are illustrated in Fig. 3.18(a).

The phases of these tones would get modified according to the transmitted bit
patterns in each multitone stream. For example, for M = 4 and § = [—180°, 180°]
in the above case with a transmitted bit stream of 1001010 10 0, the 6 tones
phases would be 0°, —45° 90°, —135°, 0°, and 45° by utilizing Fig. 3.5(a), (3.7),
and (3.9). The symbols are encoded using the gray coding scheme to minimize the
BER [121] as shown in Fig. 3.5(a). The corresponding transmitted waveform x(¢)
and received waveform y(¢) measured by the oscilloscope are shown in Fig. 3.18(b).
Another example of measured z(t) and y(t) with their respective frequency spectrum

X(f) and Y (f) with random bit stream pattern, is illustrated in Fig. 3.18(c).

PCE and BER are analyzed by obtaining the rectifier output time-domain waveform
y(t). Fig. 3.19 shows the obtained simulated PCE for a multitone PSK with N = 6,
M =4, GCD =1 MHz, r = 0 for 100 transmitted multitone streams, i.e., 1000 bits.
From Algorithm 1, BW of such signal is 20 MHz which is under the designed rectifier
BW range. Hundreds of multitone streams for each scenario are transmitted where
each time their phases are encoded according to a random information bit pattern.
It can be seen that the PCE is maximum for the aligned phases and decreases with
increased ¢, as observed in the case of PAPR as well. Maximum attained PCE

at P, = 0 dBm, falls by around 3% when § is increased from 0° to [—180°, 180°],

80



Chapter 3. Multitone PSK 3.5. Performance Analysis of Multitone PSK

40 1 T T
— =0
— =0 = [—45°,45°]
30l = [-90°, 90°]
—_——f —
S
= 20}
@)
¥
10
o
O L L L
-30 -20 -10 0 10

P, (dBm)

Fig. 3.19. Simulated PCE for multitone PSK centred around 2.45 GHz with N =5,
GCD =1 MHz, and M = 4 for 100 multitone streams, i.e., 1000 bits.
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Fig. 3.20. Measured PCE for multitone PSK with N = 6, GCD = 1 MHz, and
M = 4 for 100 multitone streams, i.e., 1000 bits.
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implying that simultaneous transmission of information in terms of multitone phases
with the help of multitone PSK costs only around 3% of WPT performance when a

WPT multitone signal is replaced by a multitone PSK signal for SWIPT transfer.

Here, the peak PCE of the rectifier has been reduced somewhat to have a larger
low-pass filter BW to simultaneously receive the DC signal for WPT as well as the
baseband signal which contains the information, compared to conventional rectifiers
that are utilized solely for WPT path (for separated information and energy receiver
architecture). It is possible to design a rectifier to have 60% PCE but with only
0.5 MHz LPF BW [122]. On the other hand, a larger LPF BW is required to
accommodate baseband tones carrying the information. Therefore, enabling the
transmission of information is at the cost of some reduction in power conversion
efficiency. Overall, it is well known that a trade-off exists between WPT performance
and WIT performance in the case of an integrated information and energy receiver
architecture [12]. However, the overall system efficiency is increased as we are able
to receive power while decoding information using the same rectifier, hence removing
the need for additional downconversion electronics at the receiver. It is undoubtedly
a low-cost solution, compared to others considered, without affecting the correct

demodulation of the data.

The simulated results are further verified through measurements over the designed
rectifier from Oscilloscope Channel 2 (measured y(t)). Measurements are performed
till the highest average power of —6 dBm. The reason for this is to keep the working
of diode safe and accurate as with higher average power signals, diode may go into
breakdown region. Fig. 3.20 illustrates PCE for N = 6, M = 4, GCD = 1 MHz,
r = 0, and BW = 20 MHz for 100 transmitted multitone streams, i.e., 1000 bits
stream over an input power range of around —27 dBm to —6 dBm. For the case of
—6 dBm transmitted power, it is possible to receive —10 dBm power which results
in PCE of 38%. Less variation in PCE in accordance with § is an advantage of
the proposed multitone PSK scheme. In the earlier amplitude-based modulation

schemes, information transfer through amplitudes results in varying ripple voltage
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at the output with varying symbol patterns. As the information is in phases for
multitone PSK, only the tones’ phases change for different transmitted bit stream
patterns, while keeping their amplitudes constant. Therefore, the output voltage
does not change much with the information transfer which is a beneficial point
from the WPT perspective making power transfer performance less dependent upon

information transfer for SWIPT systems.

To analyze the BER of multitone PSK, the time-domain output waveform y(¢) of
the rectifier is further processed in MATLAB in the frequency-domain, to extract
the phase information from the relevant baseband tones. For BER calculation of
one scenario, hundreds of such multitone streams are transmitted where each time
their phases are encoded according to a random information bit pattern as discussed
above. From the rectified waveforms, phases of relevant baseband tones are obtained.
For example, in the above-mentioned case, phases of baseband tones present at
1 MHz, 2 MHz, 4 MHz, 5 MHz, and 8 MHz in the rectified y(t) are extracted.
Further, these extracted phases are decoded into a bit pattern according to an

assigned phase margin for the symbols as

)
Ph in =4+—. 1
ase margin i (3.18)

Then, the obtained bit patterns for hundreds of waveforms are compared with the

transmitted bit patterns for BER calculation.

Simulated BER for multitone PSK signal transmission of 1000 bits with N = 6,
M =4, GCD =1 MHz, r = 0 is shown in Fig. 3.21. As the same baseband signal
which is obtained from AC-DC conversion circuitry, is being used for information as
well as power, the rectifier’s non-linearity introduces phase distortion in information

detection.

It can be seen that the BER is lowest for 6 = [—180° 180°] and it is possible to
have 0 BER using multitone PSK for power levels lower than —15 dBm. BER

increases with the decrease in §, and it is the highest for § = [-45° 45°] as allowable
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Fig. 3.21. Simulated BER using multitone PSK with N =6, M =4, GCD = 1 MHz,
r =0, and for 100 multitone streams, i.e., 1000 bits.
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Fig. 3.22. Measured BER using multitone PSK with N =6, M = 4, GCD = 1 MHz,
r =0, and for 100 multitone streams, i.e., 1000 bits.
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Fig. 3.23. Symbols constellations at baseband tone of 1 MHz for N = 6, M = 4,
§ = [—180°, 180°], received input power (a) P, = —21 dBm, (b) P, = —16 dBm,
(¢) Pp, = —11 dBm, and (d) P, = —6 dBm for 100 multitone streams, i.e., 500
symbols.

phase margin for correct symbol detection reduces to a narrower £11.25° with the
decreasing 0 = [—45°,45°] compared to a phase margin of £45° for 6 = [—180°, 180°].
Furthermore, BER increases with increasing input power above a certain power
level due to the presence of nonlinearities (diodes) in the circuit, causing AM-PM

distortion and thus negatively impacting the BER [51].

The simulated results are verified by the performed measurements shown in Fig 3.22.
The increase in the BER with the decreasing ¢ is clearly visible in the measured

results. However, the measured BER is slightly higher than the simulated results.
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Fig. 3.24. Simulated PCE using multitone PSK with N = 3, GCD = 1 MHzg,
d = [—180°,180°], r = 0, and 100 multitone streams for different M.

Harmonics can reflect back to the diode, and this can influence the BER. The
impact of these reflected harmonics and the inter-frequency interference that may
lie on desired information symbols increases with increasing input power. Therefore,
the BER increases with increasing input power. Measured symbol constellations for
N =6, M =4, 6 =[-180° 180°], and 1 MHz baseband tone, for different received
input power levels (a) P, = —21 dBm, (b) P, = —16 dBm, (c¢) P, = —11 dBm,
and (d) P, = —6 dBm are illustrated in Fig. 3.23 for 100 multitone streams, i.e.,
500 symbols. The ideal normalized symbol constellation is depicted in orange, and
the normalized measured symbol constellations are illustrated in blue. It can be
observed that phase distortion increases as input power increases. However, a low
power range (below 0 dBm) is of main interest for SWIPT applications, and the effect
of these factors on BER is limited at low power levels. Compensation techniques
such as pre-compensation at the transmitter or post-compensation at the receiver

can be introduced to reduce the AM-PM distortion.

Further, the effect of various M over the PCE and BER performances is analyzed.
Fig. 3.24 shows PCE for N = 3, GCD =1 MHz, r = 0, § = [—180°,180°], and 100

multitone streams for M = 2, 4, and 8. It is observed that the PCE does not change
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Fig. 3.25. Simulated BER using multitone PSK with N = 3, GCD = 1 MHz,

d = [—180°,180°], r = 0, and 100 multitone streams for different M.
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Fig. 3.26. Measured BER using multitone PSK with N = 3, GCD = 1 MHzg,
d = [-180°,180°], P, = —6 dBm, r = 0, and 100 multitone streams for M = 2,

M =4, and M = 8.
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Fig. 3.27. Measured PCE using multitone PSK with M = 4, GCD = 1 MHzg,
d = [-180°,180°], Py, = —6 dBm, r = 0, and 100 multitone streams for N = 3,
N =4, N =5, and N =6.

significantly with the increased modulation order M for N = 3. As M increases
from M = 2 to M = 8, PCE increases only slightly. The reason is that now, the
same symbol phase range is divided among a larger number of available symbols
for the case of M = 8 and the tone phases would be closer to zero. Although this
effect would be more visible for a larger N, the PCE does not vary much with M

compared to WIT performance.

Fig. 3.25 represents the simulated BER for N = 3, GCD = 1 MHz, » = 0,
d = [—180°,180°], and 100 multitone streams for each M = 2, 4, and 8. The corre-
sponding measured BER performance for N = 3, GCD = 1 MHz, 6 = [-180°, 180°],
and P, = —6 dBm at the rectifier input with 100 multitone PSK streams for vari-
ous M is shown in Fig. 3.26. It can be observed that it is possible to attain 0 BER
with the lowest M = 2. However, the BER increases from 0 to around 0.05 for
M = 4 with the increase of just 1 bit/symbol as now, we are dividing the same §
region within the increased M symbol constellation points (each with log, M bits).
Therefore, the phase margin per individual symbol from (3.18) reduces from +90°

for M = 2 to £45° M = 4 for the correct detection at the output.

88



Chapter 3. Multitone PSK 3.5. Performance Analysis of Multitone PSK

0.1 r r r :

-4(2 -— -N fr !’
S 008F N = !
48 _--N = 6 'I
£ 0.06 1 ]
& /
S 1; )
5 I
o 0.04} I' IE
:‘i ’
a /il
o 0.02 I' 1
€2 LA |
M /

() T S RS ST AN A—

-40 -30 -20 -10 0 10

P,, (dBm)

Fig. 3.28. Simulated BER using multitone PSK with M = 4, GCD = 1 MHzg,
d = [—180°,180°], P, = —6 dBm, r = 0, and 100 multitone streams for N = 3,
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d = [—180°,180°], P, = —6 dBm, r = 0, and 100 multitone streams for N = 3,
N =4, N =5 and N =6.
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Table. 3.1 compares the proposed multitone PSK with the existing transmission
schemes for an integrated information and energy receiver architecture. Further, to
analyse PCE and BER performances with varying N, 100 multitone PSK streams
with M = 4, GCD = 1 MHz, 6 = [—180° 180°] for each case of N = 3, N = 4,
N =5, and N = 6 are recorded. Fig. 3.27 illustrates the PCE behaviour with
varying N for P, = —6 dBm. It is observed that the PCE reduces slightly with
increasing N. The reason for this is that now, more tones with misaligned phases
have been included. Also, now, the multitone PSK signal BW increases with the
increased N. For example, a 6-tone multitone PSK signal has a BW of 20 MHz,
whereas a 5-tone signal has 12 MHz. Therefore, now for N = 6, the required 5
intermodulation tone at 8 MHz has lower amplitude due to the effect of LPF. Here,
the impact of N on PCE is evaluated for P, = —6 dBm as measurements are
performed to the highest power level of —6 dBm to keep the operation of the diode
safe. Also, as the output PCE is maximum for —6 dBm, this region is of main

interest for the SWIPT applications.
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Table 3.1: Transmission strategies for integrated information and energy receiver architecture.

Transmis- Advantages Limitations Power Performance Information
sion Performance
Approach
PAPR - High PAPR. - Rectifier’s RF BW and out- | - DC of 3.5 times higher | - BER = 1072 for
based  [78, put filter BW increase with | compared to the single | 30 dB average received
82] increasing modulation order. | carrier input signal for | SNR [78].
- 1 information symbol per a | 30 dB average received | - BER = 107! for

single multitone signal.

SNR [78].

- 0.5 pA for —10 dB input
power [82].

- Measurements are not

performed.

—10 dB input power [82].
- Measurements are not

performed.
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Biased- - Each symbol has some minimum | - Single tone is used instead | - 0.13 V for M = 2, |- 1072 BER for M = 2,
ASK [84] energy. of a multitone signal. Avatio = 0.5, and 20 dB | A,uo = 0.5, and SNR =
- 1 information symbol per a | SNR. 20 dB.
single multitone signal.
- Modulation order limited by
ripple voltage.
Amplitude - Independent of transmission dis- | - Information detection is | - 48% PCE for total in- | - WIT performance such
ratio [88] tance. possible only for the multi- | put power of —10 dBm | as EVM or BER is not

tone with a small number of
tones.

- Modulation order limited by
ripple voltage.

- 1 information symbol per a

single multitone signal.

for tones power ratio r =

1/6.

analyzed.
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ADSK, - Increased operational constella- | - Modulation order limited by | - 0.1 pW at —15 dBm in- | - 107! BER for M = 4,
ARSK [89] tion range. ripple voltage. put power. and SNR = 20 dB.
- 1 information symbol per a | - Measurements are not | - Measurements are not
single multitone signal. performed. performed.
Multitone- - Lessened envelope variations. - Rectifier’s RF BW and out- | - 0.3 V for input power of | - SER = 0.05 for M = 4,
FSK [90] - Reduced impact of WIT on | put filter BW increase with | —5 dBm. r = 0.5, and input power

WPT.

increasing modulation order.
- 1 information symbol per a

single multitone signal.

of 0 dBm.
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Proposed
multitone
PSK in this

work

- Transmission of (N —1) symbols
over an N —tone multitone signal.
- OFDM-type communication for
WIT.

- Lower ripples with information
embedding in tones’ phases.

- Modulation order independent
of ripple voltage.

- RF matched BW and output fil-
ter BW independent of modula-
tion order.

- Avoid saturation of the trans-
mitter power amplifier for end-to-

end SWIPT performance.

- RF matched BW and out-
put filter BW increases with

an increasing number of tones

N.

- 38% PCE for N
3, M = 4, ¢

[—180°, 180°], and P, =

—6 dBm.

- BER of 0 for M = 2,
and BER = 0.047 for
M = 4 with N = 3,
d = [—180°, 180°], and

P, = —6 dBm.
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3.5. Performance Analysis of Multitone PSK

Table 3.2: SWIPT performance for Multitone PSK with various parameters.

Performance PCE BER
Parameters
Decreases Decreases
slightly (~ 3% )
hen o0 is (10 for
Phase range, 6 v d = [-90°,90°
increased _3
from 0°  to to 10 for
—180°, 1807). [—180°, 180°)).
Modulation order, | does not Increases (0 for
M I L M = 2 to 0.05
change much. for M — 4).
Decreases Increases
Number of Tones, | slightly (~ 2% | (0.047 for
N from N =3 to| N =3 to0.075
N =6). for N = 6).

Fig. 3.28 shows the simulated BER behavior with the varying N and the correspond-
ing measurement results for P, = —6 dBm are shown in Fig. 3.29. BER increases
with the increased N. This is due to the increased signal BW as now, there is more
probability of having phase error with the lower amplitudes of the desired baseband
tones. The effect of an increase in the above-discussed parameters such as §, M,

and N over WIT and WPT performances is listed in Table 3.2.

Here, in this scheme, we can transmit (N — 1) symbols over an N-tone signal.

Therefore, the throughput can be defined by

(N —1).logy, M
Tpsk

T, =

, (3.19)

where Tpgk is the time period of the multitone PSK signal. From (3.19), it can
be seen that the chosen 6 does not affect the system throughput. However, an
appropriate GCD would be needed for the required throughput as it affects Tpgk.
The larger the GCD, the smaller would be the Tpgk, and in turn, the higher would
be the throughput. However, BER increases with the increase in GCD because now,

the multitone PSK signal has a larger BW, and matched circuit BW limits the BER

performance.
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Multitone PSK signal is designed for information detection using only one rectifier
while simultaneously utilizing the signal power. Multitone PSK signal can also be
used for low-power signal communications as an information transmission scheme,
but with low PCE. However, it still helps with improving end-to-end power effi-
ciency as information reception is performed by only one rectifier. This can be a
potential application in heterogeneous networks where nearby users utilize the signal
for wireless power transmission and far-away users utilize it for wireless information

transmission.

3.6 Conclusion

In this chapter, a novel multitone PSK transmission scheme for integrated receiver
SWIPT architecture with low power consumption is proposed. Information is en-
coded in terms of phase differences of consecutive tones of the multitone signal.
(N — 1) symbols are transmitted over a single stream of N-tone multitone PSK
signal. The WPT and WIT performances of the proposed transmission scheme are
analyzed in terms of PCE and BER, respectively. The main advantage of encoding
the information in tone phases instead of tone amplitudes is the lesser variation
in the output ripple voltage. Therefore, increasing the modulation order mainly af-
fects WIT performance only while keeping the WPT performance approximately the
same, which is a benefit from the SWIPT perspective. A suitable rectifier circuitry
is fabricated and all the simulation results are verified with the measurements. The
effect of various signal designing parameters, such as allocated phase range, mod-
ulation order, and the number of tones, is analyzed from both WIT and WPT

perspectives for the overall SWIPT performance of a system.

Transmitting information in tones’ phases requires a relatively complex transmitter
and proper phase synchronization. In the case of practical and time-varying scenar-
ios, phase distortion would be significant. Therefore, additional algorithms would

be required for managing the distortion. Amplitude-based SWIPT transmission
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schemes result in larger ripples in WPT performance while simultaneously offering

the benefit of better performance in noisy atmospheres.

97



Chapter 4

Multitone ASK

This chapter contributes to the design of a Multitone ASK transmission signal
scheme for an integrated information-energy receiver where information is trans-
mitted using the tones’” amplitudes. WIT and WPT performances at the receiver

are evaluated. The contributions in this chapter are based on the author’s paper [16]:

e Prerna Dhull, Dominique Schreurs, Sofie Pollin, Mehran Abolhasan and
Negin Shariati, “Multitone ASK Waveform Design for Simultaneous Wire-
less Information and Power Transfer,” IEEE Access, 2024, doi: 10.1109/AC-
CESS.2024.3519316 (early access).

4.1 Introduction

Internet of Things (IoT) envisions a global wireless network where trillions of wire-
less sensors are connected via the Internet and generate data from a diverse range of
applications in biomedical implants, vehicular communications, home automation,
etc. Wireless standards such as 5G and beyond will underpin the growth in the
ubiquitous deployment of IoT devices [4]. To make such deployments feasible, there
is a need for sustainable batteryless energy sources. One promising technology aim-
ing to provide both power and data transfer is Simultaneous Wireless Information

and Power Transfer (SWIPT). SWIPT provides an energy-efficient green solution
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by exploiting the same communication signal for data transfer as well as Wireless

Power Transfer (WPT) [110].

At the receiver, SWIPT operation can be achieved by two types of receiver architec-
tures: separated information-energy receiver architecture with two separate paths
for information detection and power extraction and integrated information-energy
receiver architecture utilizing a rectifier circuitry for power transfer as well as in-
formation detection [38,118,123,124]. In the separated information-energy receiver
architecture, information demodulation is performed using conventional techniques
with a local oscillator and mixer. High-frequency RF components consume a high
amount of power. For example, the power consumption of a full ultra-low-power re-
ceiver is 3.8 mW, out of which the local oscillator consumes 28% of the total power

consumption, and 9% is consumed by the mixer [125-127].

The latter integrated information-energy receiver architecture offers the advantage
of removing the local oscillator for information detection from the receiver circuitry
and reduces the overall power consumption for signal processing [12,18,89]. However,
conventional communication signals cannot be used for information detection at the
rectifier output. Therefore, new communication signals are required to be designed

for such an integrated information-energy receiver architecture.

Initially, for an integrated information-energy receiver architecture, a simple energy
modulation scheme using a single-tone waveform, transmitting information symbols
by varying the energy levels of the waveform, is introduced [12]. In [89], a double
half-wave rectifier is utilized to extend the voltage region for amplitude symbols.
A biased amplitude-shift-keying (ASK) transmission scheme has been introduced
where each symbol carries some minimum energy to attain a continuous minimum
power transfer with the information transfer [84]. However, in all these transmission
schemes for integrated information-energy receiver architecture, only a single-tone
signal is utilized, and a complex case of OFDM, where multiple symbols over multiple

tones are transmitted, is not considered.
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From the WPT perspective, higher peak-to-average-power ratio (PAPR) waveforms
such as multitone signals perform better than a single-tone waveform, delivering
higher power conversion efficiency (PCE) at the rectifier output [56, 62, 113-116,
128, 129]. Utilizing the PAPR of the multitone signal by varying the number of
tones according to the transmitted information has been proposed in [78]. Further,
a non-uniformly spaced multitone waveform utilizing PAPR has also been shown to
perform better in the case of low signal-to-noise ratio scenarios [82]. A multitone
transmission method by transmitting information in the ratios of tones” amplitudes
has been introduced in [88], which helps make the communication signal immune to
the transmission distance. However, information detection at the receiver is feasible
for only two or three tones and becomes complicated and impractical for more than

the 3-tone multitone signal.

A frequency-based information detection has been introduced in [90] to minimize
the ripples at the rectifier output. Information is transferred by varying the fre-
quency spacing between the tones of the multitone frequency-shift-keying (FSK)
signal according to transmitted symbols. Another way of information detection for
the multitone FSK has also been proposed by measuring the output PAPR lev-
els [92]. A Multitone phase-shift-keying (PSK) waveform scheme utilizing the tones’
phases for information transmission with the higher transmission output data rate
has been introduced in [15]. Ripples in the output voltage have been reduced by
utilizing the phases for information symbols transmission. However, complex trans-
mitters would be required to modify multiple-tone phases for information transmis-
sion. Also, phase-based information transmission is more susceptible to noisy and
fading environments compared to amplitude-based modulations [130-132]. There-
fore, it is necessary to develop amplitude-based transmission schemes for the SWIPT

integrated receiver architecture shown in Fig. 4.1.

In this chapter, a novel Multitone ASK transmission scheme for an integrated
information-energy receiver architecture is proposed. The signal is designed in such

a way that the non-linearity of the rectifier is utilized for information detection.
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The information detection and power transfer are performed from the same rectified
signal. Information is transmitted by varying the amplitudes of tones at the trans-
mitter, and the information detection is performed by analyzing the magnitudes of
the corresponding relevant baseband tones at the rectifier output. PCE and bit-
error-rate (BER) are used to investigate WPT and wireless information transfer
(WIT) performances, respectively. The effect of the chosen minimum energy level
of the symbols, number of tones, and symbols’ amplitude distribution over signal

PAPR, output PCE, and BER is analyzed.

The advantage of the proposed Multitone ASK transmission scheme is its infor-
mation detection via exploiting the intermodulation process of the same rectifier
circuitry, which eliminates the need for a local oscillator and reduces the overall
power consumption of the SWIPT system. In this work, it is possible to trans-
mit (N — 1) symbols over an N-tone multitone signal, providing a conventional
OFDM-type communication for the integrated information-energy receiver architec-
ture. Therefore, a higher data rate is achieved without increasing the bandwidth by
using the same multitone signal earlier used for WPT solely. In this work, only the
individual tones’ power level would be modified according to the transmitted data

stream, resulting in a simple transmitter.

This chapter is organized as follows. Section 4.2 introduces the theoretical model
of designing a Multitone ASK signal and analyses the effect of different information
streams versus varying average signal power with the non-linearity of the rectifier.
Next, Section 4.3 discusses the effect of the symbol levels’ distribution over the PCE
in terms of achievable signal PAPR. Then, the WPT and WIT performances of
the SWIPT system with the Multitone ASK transmission scheme are analyzed in

Section 4.4. In the end, a conclusion is drawn in Section 4.5.
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Fig. 4.1. Integrated receiver rectifier for SWIPT.

4.2 Signal Model

An integrated information-energy rectifier receiver is illustrated in Fig. 4.1 consisting
of an input matching network, diodes rectifier, and a resistor-capacitance low-pass-
filter (RC-LPF). Here, the same rectifier receiver is used for both WPT and WIT.
Received Multitone ASK signal z(t) centered around frequency f. = 2.45 GHz is
passed through the rectifier receiver, resulting in a baseband signal y(t) which is uti-

lized not only for power transfer but also for decoding the transmitted information.

The transmitted Multitone ASK signal spectrum X (f) and the corresponding recti-
fied baseband output signal spectrum Y (f) are shown in Fig. 4.2. The information
is embedded in the amplitudes of tones of the N-tone multitone RF signal. Informa-
tion is encoded in the multitone RF signal in such a way that the non-linearity of the
rectifier is utilized to extract the information from the baseband signal y(t) at the
output. The N-tones multitone signal, after passing through the rectifier, results in
a baseband signal consisting of various intermodulation (IM) frequency components
of various orders as a result of mixing between various tones of the multitone signal.

2nd

However, order intermodulation frequency components (IMs) dominates at the

receiver output [51].

Here, information is transmitted as amplitudes of tones of a multitone signal, and
after rectification, information is decoded from the second-order intermodulation fre-
quency components, IMss between consecutive tones. A reference N-tone multitone

signal r(t) with an average signal power of P,, is considered as

r(t) = Re{z 1/ %ej(zﬂfm}. (4.1)
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Fig. 4.2. Four-tone Multitone ASK RF signal spectrum X (f) centered around fre-
quency f. and rectified baseband output spectrum Y (f) consisting of intermodula-
tions frequency tones (in MHz) carrying information (colored) and extra intermod-
ulations components (black).

The transmitted Multitone ASK signal x(t) is generated by embedding the informa-

tion symbols over the reference signal r(¢) and can be considered as

N
[20, P
1’(t) = Re{z —"j\; BJ(Qant)} (42)
n=1

where [, , denotes the transmitted information level over the n'" tone frequency
fn. Here, n'* tone of r(t) are modified by the transmitted information symbol level

l

For an amplitude modulation order of L, [ is chosen from the available

Sn—1° Sn—1

information symbol set (S) consisting of L levels Iy, ly, - - -, [;. Here, phases of the

transmitted tones are considered zero.

At the rectifier output, the information is decoded from the amplitudes of the rele-
vant baseband tones in the MHz frequency range, as shown in Fig. 4.2. The filtered
baseband output consists of dc and the accumulation of several intermodulation
frequency components. However, the filtered output y(t) consists of only dc and
even order 4" order, 6! order, - -, etc., frequency components. All the odd-order
intermodulation components 3" order, 5 order, - - -, etc., are filtered out by LPF
as all these IM frequency components lie in the RF frequency range. Among even
order frequency components, IM, would be dominating compared to 4 order, 6"

order, - - -, etc., frequency components [51].

For example, after passing a 3-tone Multitone ASK signal z(t) from (4.2) through

the rectifier receiver model depicted in Fig. 4.1, the obtained baseband rectifier
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output y(t) can be represented as a combination of dc and the dominant IMys as

y(t) = dc+ Aj cos (2m(fo — f1)t) + Az cos (27 (f3 — fo)t) + Agcos (27 (fs — f1)t),
(4.3)

where Ay, Ay, and Aj represent the amplitudes of IMy at (fo — f1), (f3 — f2),
and (fs3 — fi), respectively. Here, the baseband tones amplitudes are related to
the corresponding intermodulating tones’ amplitudes of multitone RF signal. The
baseband tone amplitude corresponds to the product of the intermodulating tones,
ie., Ay o< lgls,, Ay o< lgls,, and Ag o I, 1, as Ay, Ay, and As are amplitudes of
intermodulation frequency component between f; and fs, fo and f3, and f; and f3,

respectively.

In this chapter, (N — 1) information symbols are transmitted over a single N-
tone multitone signal. The Multitone ASK signal is designed in such a way that
the information is in amplitude levels of IMy between consecutive tones only, i.e.,
(fa=f1), (fs—f2), -+, (fnv — fn—1) tones amplitudes would carry the information
as shown in Fig. 4.2. In Fig. 4.2, 4-tone signal is depicted where the first tone is
kept constant, and the other three tones’” amplitudes are modified according to the
transmitted information symbols from the available symbol set S. The baseband
output signal spectrum Y'(f) contains various intermodulation frequency compo-
nents. However, the three information symbols are decoded from the corresponding
intermodulation frequency components, (fo— f1), (fs— f2), and (fs — f3) as depicted

in colour in Fig. 4.2.

To make a simultaneous transmission of these (N — 1) information symbols possible
over a single N-tone multitone signal, f,’s are chosen in a particular way such that
(N — 1) IMss between consecutive frequencies do not overlap each other and also
do not coincide with other non-consecutive IMss. This is done to obtain a unique
(N — 1) desired baseband frequencies at the output. This results in asymmetrically

spaced tones around the center frequency of 2.45 GHz instead of general equally
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spaced tones of a multitone signal. Here, these frequencies f,s are obtained using

the algorithm used in [15].
For an N-tone Multitone ASK signal from (4.2), average power of the transmitted
signal after embedding (N — 1) information symbols would be

P

Pavg: N

(lSO + l81 + l52 +eee ZSN—1)7 (4'4)

and should satisfy

in

A7 (oo +loy + Loy + -+ Loy ) < P (4.5)

Assuming the first tone amplitude is constant equal to P,,/N, i.e., l5, be equal to 1,
(4.4) results into

lsy +lsy+- -+, <N—-L (4.6)

There exists a condition over the possible maximum information symbol level {7, so
that it is feasible to transmit all (N — 1) symbols to be the maximum [; simultane-

ously. Therefore, from (4.6), [, must satisfy

(N —1)i, <N -1, (4.7)

Ip <1. (4.8)

As the information is being transmitted through the tones’ amplitudes, the average
power of the transmitted multitone signal keeps changing with the transmitted in-
formation patterns. For a particular available average power P,, at the transmitter,
the maximum average power of the transmitted signal after embedding information
in multitone signal’s tones is Paygmax = Fin When all the transmitted information
symbols are chosen to be the maximum levels [, = 1. Similarly, the average power

of the transmitted signal would be minimal when all the transmitted information
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levels are chosen to be the lowest information level [y,

s

Pavg,min - (1 + (N — 1)l1> ]\1; (49)

For the L information symbols, the average symbol power would be
1
Psymiavg - E Z lz (410)

Let the information levels be linearly distributed between [;, and [, for a mod-
ulation order L. Thus, the available L information symbol levels can be defined

as

lmax_lmin .
lzzlmm—F(Z—l)ﬁ, A 221,2,"' ,L. (411)

For example, for L. = 4, [,,;, = 0.1, and [,,,,x = 1, available symbol levels set S would

be having information levels as 0.1, 0.4, 0.7, and 1.

For an N-tone multitone signal carrying (N — 1) information symbols with a mod-
ulation order L, LV~ different patterns of the transmitted symbols are possible,
which is also similar to different possible patterns of (N — 1)log, L bits over the
N-tone multitone signal, and can also be represented by 2(V-Deg: L different in-
formation bits patterns. Different information patterns over the multitone signal
may still result in the same average signal power of the transmitted stream. For
example, from (4.4), the multitone signal average power for a 4-tone signal with
[0.1 0.4 0.7] information stream is similar to a signal having [0.4 0.7 0.1] informa-

tion stream. Therefore, out of these L¥~! different multitone streams information

patterns, the total possible different transmitted power levels would be (N;\;ffz)

The mean of these different average powers of the transmitted multitone streams,

P, as a result of different information symbol combinations and from (4.4)

vg ’ mean
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can be represented as

p 1 ("FE2) /N p
Pavg|mean = W + W (Z l&ﬁﬁ) (412)

where [, represents ™ symbol I,, in the j® possible combination of transmitted

N+L-2

N ) different combinations of information sequence over a

power levels. These (
single multitone stream can further be reduced depending upon L and the amplitude
distribution between [;, and l,.x due to further overlapping among the average

signal power.

For linearly distributed information symbol levels, the average signal power of a

single N-tone signal can be rewritten from (4.4) and (4.11) as

P

Pavg:W

N—-1
lmax_lmin .
14+(N—=1)ly g'—N—l _— 1,2,---, L
+( )lm1n+{ in ( )} I -1 ]72116{77 ) }

(4.13)

For a 3-tone signal, the average signal power F,, of the transmitted signal from
(4.4) and (4.13) is Puyyg = (1 + 15, +1,,) P/ N with first tone power to be constant

as Pp/N and [, to be 1, and can also be represented as

Pin . . lmax_lmin .o
Pan|N:3:W{1+2lmin+<z+]_2)ﬁ}’ 2,36{1,2,~~~,L}. (414)

In (4.14), (14 7) for 4,5 € {1,2,---, L} results in (2L — 1) different mutually exclu-

(N=1) — 16 different patterns of transmitted

sive values. Table 4.1 represents the L
information symbols s, and [5, for N = 3, L = 4, lnn = 0.1, and [ = 1.
However, it can be seen that for these 16 different patterns, the factor (ls, + Is,)
affecting average signal power P, results in a set of only seven different val-
ues {0.2,0.5,0.8,1.1,1.4,1.7,2} from (4.14), for information embedded multitone

stream. Table 4.2 represents a few of 64 possible combinations for N = 4 with

L =4, lh, = 0.1, and [, = 1. Here in Table 4.1 and Table 4.2, transmitted
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Table 4.1: Different patterns of (N — 1) transmitted symbols for Multitone ASK
with N =3, L =4, and [,,;, = 0.1.

l31 l32 (lsl + lsz) l80l81 l81l82
0.1 | 0.1 01 | 0.01
04 | 0.1 [0.5) 0.4 | 0.04
0.1 [ 04 \0.5/ 0.1 | 0.04
0.7 | 01 /0.8, 0.7 | 0.07
0.1 | 0.7 (0.8 0.1 | 0.07
04 [ 04 0.8/ 04 | 0.16
1 |01 1.1 1 0.1
07 | 04 | [11] 0.7 | 0.28
0.1 | 1 |11 0.L [ 0.1
04 | 0.7 \1.1/ 04 | 0.28
1 [ 04 Ry 1 0.4
04 [ 1 (14 04 | 04
0.7 | 0.7 \1.4/ 0.7 | 0.49
0.7 | 1 [1.7) 07 | 07
1 |07 \L.7/ 0.7
1 1 (2) 1

symbol sequences are arranged in such a way that symbol sequence patterns re-
sulting in the same average power of the transmitted multitone stream are being
put together. The resulting same average signal power for different symbol patterns
is highlighted by grouping these in red. By generalizing for an N-tone multitone
signal, there exist (N — 1)L — (N — 2) different transmitted average signal powers

for the different patterns of (N — 1) transmitted symbols Iy, I, - ,1 with the

) VSN -1

factor of (Is, + s, + -+ -+ 1sy_,) from (4.4), lying between [(N — 1)lmin, (N — 1)lnax]-

From (4.3), it can be seen that relevant baseband intermodulation tones amplitudes
at Af, are proportional to the product of transmitted symbols at n'* and (n +
1)t tone. For example, amplitudes of relevant baseband intermodulation tones at
Afy and Afy are proportional to Iy ls, and 5 [s,, respectively. Table 4.1 highlights
relevant information carrying products Iz 05, for Af; and [, 1, for Afy for N =
3 with 16 possible different transmitted symbols patterns. Table 4.2 highlights
relevant information carrying products [5,ls, for Afy, l5, s, for Afs, Iy, ls, for Afs for
N = 4 with a few of 64 possible different transmitted symbols patterns. It can be

seen that the signals with the same average transmitted signal power but having a
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Table 4.2: Different patterns of (N — 1) transmitted symbols for Multitone ASK
with N =4, L =4, and [,,;, = 0.1.

lSl l82 l83 (lsl +l82 +l83) lsolsl l31l32 l82l83
01 ] 01 | 0.1 01 | 0.01 | 0.01
04 | 0.1 | 0.1 /0.6\ 0.4 | 0.04 | 0.01
01 [ 0401 0.6 0.1 | 0.04 | 0.04
0101 04 0.6/ 0.1 | 0.01 | 0.04
07 [ 01 ] 01 0.9, 0.7 | 007 | 0.01
04 | 04 | 01 [0.9) 04 | 0.16 | 0.04
01 [ 07 ] 01 0.9 ] 0.1 | 0.07 | 0.07
04 | 0.1 | 04 109 ] 04 | 0.04 | 0.04
0.1 | 04 | 04 109/ 0.1 [ 0.04 [ 0.16
0.1 ] 0107 0.9 0.1 | 0.01 | 0.07

different sequence of symbol streams result in different variations in output baseband
amplitudes. The reason for this is the non-linearity of the rectifier circuitry, where

the baseband output tones magnitudes are a result of intermodulations among tones.

Due to the non-linearity of the rectifier, all baseband tones do not reflect the changes
according to the varying signal average power P,,, while changing the symbol stream.
For example, Fig. 4.3 shows the magnitude behavior of the first baseband output
tone (Afy) at 1 MHz for varying information symbols pattern for a 3-tone Multitone
ASK centred around 2.45 GHz with L = 2 and [,;, = 0.1. Multitone ASK signal
frequencies are selected using the Algorithm 1 of [15]. As the modulation order
L is 2, the transmitted symbols can be either 0.1 or 1, and four different symbol
patterns are possible over a 3-tone Multitone ASK signal. These different patterns
are divided between two cases of symbol streams, [0.1 l5,] and [1 I,]. The symbol [,
transmitted over the third tone f3 can switch between 0.1 and 1. It can be seen that
although the transmitted signal average power, P,, increases with the changing

symbol [, from 0.1 to 1, the magnitude of the first baseband tone reduces.

Fig. 4.4 and Fig. 4.5 illustrate the magnitude behavior of the relevant two baseband
tones carrying information at Af; = 1 MHz and Afs = 2 MHz, respectively, for a
3-tone Multitone ASK signal with a modulation order of L = 4 and [,,;;, = 0.1. Here,

the 16 possible symbol patterns are divided among four cases. For example, the blue
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Fig. 4.3. Magnitude variation of first baseband tone (Af; = 1 MHz) for Multitone
ASK centered around 2.45 GHz with N = 3, L = 2, and [,;, = 0.1 for different
information symbol patterns over multitone streams by varying symbol [, .
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Fig. 4.4. Magnitude variation of first baseband tone (Af; = 1 MHz) for Multitone
ASK centered around 2.45 GHz with N = 3, L = 4, and [,;, = 0.1 for different
information symbol patterns over multitone streams by varying symbol [, .
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Fig. 4.5. Magnitude variation of second baseband tone (A fy = 2 MHz) for Multitone
ASK centered around 2.45 GHz with N = 3, L = 4, and [,;, = 0.1 for different
information symbol patterns over multitone streams by varying symbol [, .

curve [0.1 [,,] represents the multitone streams with a constant transmitted symbol
ls, as 0.1 over f5 and varying the transmitted symbol level [, over f35 among 0.1, 0.4,
0.7, and 1. Similarly, other cases are simulated where [;, are considered constant
as [0.4], [0.7], and [1] and only [y, is varied. From Fig. 4.4, it can be seen that the
magnitude of the baseband tone at 1 MHz (A f;) reduces for the multitone streams
when the symbol [, over the third transmitted tone f5 increases in the order of 0.1,

0.4, 0.7, and 1 despite the increase in transmitted signal average power from (4.4).

However, the magnitude of the baseband tone A f; at 2 MHz increases with the in-
creasing symbol level of [, as seen in Fig. 4.5 for all cases of transmitted multitone
streams. It shows that the different baseband tones undergo different variations
when the overall average power of the transmitted signal changes while the trans-
mitted symbols change. Therefore, a comparison among the obtained magnitude
levels of the baseband tones at the rectifier output for the different cases of trans-
mitted symbol streams having different transmitted average power is not feasible
due to the non-linearity of the rectifier. The baseband tones at the output reflect
the changes in the symbol amplitudes only when the transmitted symbols result in

the multitone streams having the same average signal power, P,y,.
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4.3 Amplitude Levels Distribution and PAPR

In the proposed Multitone ASK transmission scheme, the information is being trans-
mitted through the varying amplitudes of tones. The reference multitone signal 7(t)
is changed to Multitone ASK signal z(t) by varying the amplitudes as in (4.2) to
make the SWIPT transfer feasible. The average power P, of the reference signal r()
is reduced to average signal power P, for x(t). P,y depends upon the magnitudes
of the transmitted information symbols from (4.4). Therefore, it is important to an-
alyze the effect of tones’s varying amplitudes on the WIT and WPT performances
of the SWIPT system. PAPR is one such merit to analyze the signal’s WPT per-
formance. From the WPT perspective, a multitone without the information would
result in the highest PAPR. However, varying tones’ amplitudes provide the benefit
of WIT in addition to WPT.

PAPR for a signal z(t) can be represented by

2
pAPR — [heak _ max{jz(t )| } (4.15)
P T fTT/iQ

where T denotes the time-period of waveform z(t). The peak power of the Multitone

ASK signal in (4.2) can be represented as

\/ so+ s1+ 52+"'+\/ZSN—1

From (4.15), (4.16), and (4.4), PAPR of a Multitone ASK signal can be represented

2
1n

(4.16)

peak

in terms of transmitted information symbols levels /s as

2

2 ‘Zi\il V lSz‘—1
N
=1 lSz‘—1

PAPR =

(4.17)

By keeping the first tone’s power level constant, i.e., [, = 1, the PAPR of a Multi-
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tone ASK signal would be

2114+ \/ls, + /Isy + -+ + /15
PAPR = | - Z e 1‘ (4.18)
LAy gy 4+ loy,

For all symbols having equal probability of transmission, the mean PAPR across

multitone streams, PAPR| having transmission of different combinations of in-

mean’

formation symbols can be represented by

PAPR 2tV -z Z”\/_ 4.19
e = (VIS (1.9

From (4.19), it can be seen that a maximum PAPR of 2N can be achieved when all

the transmitted symbols are chosen as the highest available information level,

PAPR|,. = PAPR|, , =2N. (4.20)

max

Similarly, signal PAPR would be lowest when the transmitted symbols are chosen

as the lowest available information level, [y,

21+ (N — )V in|?

PAPR| . =
R|m1n 1 + (N o 1)lmin

(4.21)

Symbol levels are distributed between [,;, and l,., = 1. Therefore, it is important
to analyze the effect of the chosen [,;, over the WPT and WIT performance. For lin-
early distributed information symbols defined in (4.11), (4.19) can be approximated

as
2(N—1)(L—1) L— zmm 3/2
14 AL [ (Lot

rnm)

PAPR =
1+ (V1) (_1+;mm)

(4.22)

Fig. 4.6 illustrates the analytical mean PAPR variation of 100 streams of 6-tone
Multitone ASK signal with increasing [y, by (4.22) for multiple modulation orders.

It can be seen that as the minimum assigned level to a symbol is increased, PAPR
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Fig. 4.6. Analytical PAPR for Multitone ASK centred around 2.45 GHz with N = 6
and linearly distributed amplitudes with variation in l,.
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Fig. 4.7. Simulated PAPR for Multitone ASK centred around 2.45 GHz with N = 6
and linearly distributed amplitudes with variation in [,,;, for 100 multitone streams.
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increases, and after a certain level, PAPR converges to the maximum attained value
of 2N, similar to the case of a signal having all tones of equal power with the average
signal power of Py, [13,78]. Further, simulated PAPR variation of 6-tone Multitone
ASK with [;, for 100 multitone streams is shown in Fig. 4.7. Fig. 4.7 illustrates
that as [, is increased, the PAPR is also increased, which indicates that the WPT
performance of the signal is also improved. However, from a WIT perspective, this
would minimize the difference between the received symbols’ magnitude over the

output baseband tones worsening the WIT performance.

Also, it can be seen from Fig. 4.6 and Fig. 4.7 that as the modulation order L
is increased, PAPR increases which implies that having a larger modulation order
benefits the WPT performance. However, with the larger modulation order, L, it
would be difficult to distinguish the different symbol levels. Therefore, there exists
a trade-off for [.;, selection as well as L selection for designing a Multitone ASK

signal from WPT and WIT perspective for SWIPT operation.

Due to the presence of non-linearity in the rectifier, it is important to analyze the
effect of non-linearly distributed amplitudes between [,,;, and [, on the WPT and
WIT performances. Let gf., be the growth factor for exponentially distributed

amplitude levels for a modulation order of L, which can be represented as

gfexp = (lmax/lmin>1/(L_1)- (423)

Therefore, exponentially distributed amplitude levels /;|ex, can be defined as

Loy = ming foq", V. i=1,2,.. L. (4.24)

Similarly, for a logarithmic growth factor gf,,, logarithmically distributed ampli-
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Fig. 4.8. Linearly distributed, exponentially distributed, and logarithmically dis-
tributed symbols with ¢gf = 10 for l,,;, = 0.1 and L = 4.

tude levels [;| log Can be defined as

l Imi
A ) gflé"a" —gfl‘;““ .
liliog = 1oggp, {gf{;“gm +(i—1) ( gL — 5 , V i=1,2,..,L. (4.25)

Linearly distributed, exponentially distributed, and logarithmically distributed sym-
bol levels between [,,,;, = 0.1 and [, = 1 for L = 4 are shown in Fig. 4.8. PAPR for
exponential and logarithmically distributed amplitude levels, PAPR, and PAPR,
are shown in Fig. 4.9 and Fig. 4.10, respectively. It can be observed that exponen-
tially distributed amplitude levels result in the lowest PAPR whereas logarithmically

distributed amplitude levels result in the highest PAPR for a particular [,;,.
PAPRexp < PAPRjinear < PAPRoq (4.26)

The reason for this is the resulting average Multitone ASK signal average power
which is higher for the logarithmic distributed levels compared to linearly distributed
levels whereas exponential distributed symbol levels result in the Multitone ASK
signals with a lower average power. A comparison of 6-tone Multitone ASK signal

PAPR for different distributions of information symbol levels with L = 4 are shown
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Fig. 4.9. PAPR for Multitone ASK centred around 2.45 GHz with N = 6 and
exponentially distributed amplitudes with variation in l,,;, for 100 multitone streams.

in Fig. 4.11. Tt can be seen that logarithmic amplitude level distribution is beneficial

compared to linearly distributed amplitudes from WPT perspective.

However, WIT performance will be worse for logarithmically distributed levels com-
pared to linearly distributed levels. This can be observed from the analysis of
the magnitude of the obtained baseband output tones at the rectifier output when
transmitted symbols levels are logarithmically distributed in Fig. 4.12, Fig. 4.13,
and Fig. 4.14. Fig. 4.12 illustrates the behavior of output baseband tone Af; for
the 3-tone Multitone ASK signal for L = 2 and l,,;, = 0.1. As L = 2, there are only
two possible symbols 0.1 and 1 which is similar to the case of linear distribution in
Fig. 4.3. Therefore, for the modulation order L of 2, symbol distribution does not
provide any advantage and the only way to increase the WPT performance is to

increase lyiy,.

Fig. 4.13 and Fig. 4.14 shows the magnitudes of A f; and A f,, respectively, for the
3-tone Multitone ASK signal for L = 4 and [,;, = 0.1. It can be seen that the
magnitude of output baseband tones gets compressed when higher symbol levels
are transmitted, compared to the linear distribution case of Fig. 4.4 and Fig. 4.5.

This results in lower WIT performance compared to the case of symbols’ linear
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Fig. 4.10. PAPR for 6-tone Multitone ASK centred around 2.45 GHz with logarith-
mic amplitudes (¢gf = 10) with variation in [;, for 100 multitone streams.
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Fig. 4.11. PAPR for 6-tone Multitone ASK centered around 2.45 GHz with linearly
distributed, expoentially distributed, and logarithmically distributed levels (¢gf =
10) with variation in l,;, and L = 4 for 100 multitone streams.
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Fig. 4.12. Magnitude variation of first baseband tone (A f; = 1 MHz) for Multitone
ASK centred around 2.45 GHz with N = 3, L = 2, and l,;, = 0.1 for different
patterns of logarithmically distributed information symbol over multitone streams
by varying symbol [,.

distribution. Therefore, there exists a trade-off between WIT performance and

WPT performance for the selection of the transmitted symbol distribution.

SWIPT system with desired WIT and WPT performances can be designed by an
appropriate selection of minimum symbol level [,,,;, and symbol distribution. If WIT
performance is of more importance, lower [,;, can be chosen while optimizing the
symbol distribution for the required WPT performance. On the other hand, if WPT
performance is of more importance, higher /,,;;, can be chosen to the maximum WPT

performance of the receiver.

4.4 Performance Analysis of Multitone ASK

This section investigates the SWIPT performance of the designed Multitone ASK
transmission scheme. To do this, the WPT and WIT performances are investigated
using PCE and BER performance metrics. WPT and WIT performances of the
designed Multitone ASK signal are evaluated on an information-energy rectifier-

receiver model. The rectifier-receiver model consists of the input matching network
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Fig. 4.13. Magnitude variation of first baseband tone (Af; = 1 MHz) for Multitone
ASK centred around 2.45 GHz with N = 3, L = 4, and [,;, = 0.1 for different
patterns of logarithmically distributed information symbol over multitone streams
by varying symbol [,.
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Fig. 4.14. Magnitude variation of second baseband tone (Af, = 2 MHz) for Multi-
tone ASK centred around 2.45 GHz with N =3, L =4, and [,,;, = 0.1 for different
patterns of logarithmically distributed information symbol over multitone streams
by varying symbol [,.
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with stubs and an input capacitance, a voltage doubler with two Skyworks SMS7630-
079LF Schottky diodes, and an RC-LPF with an output capacitance and output load
Rioaq.- The model, implemented in Keysight ADS, corresponds to the physical design
reported in [15], in which this rectifier model has been verified with measurements.
In this chapter, all Multitone ASK results are obtained by interfacing MATLAB
with this Keysight ADS rectifier receiver model to have simulation results close to

measurements.

Multitone ASK tone frequencies are selected as discussed in [15]. For example,
tone frequencies for a multitone signal centered around 2.45 GHz results in 2.446
GHz, 2.447 GHz, 2.449 GHz, and 2.453 GHz for N = 4 and greatest-common-divisor
GCD = 1 MHz from [15]. Figure 4.15 illustrates the 4-tone Multitone ASK waveform
x(t) centered around 2.45 GHz having all tones power equal and maximum for a data
transfer of [1 010 1 0] at P, = 0 dBm. The symbol encoding is performed by gray
coding for a minimal bit error [121]. Therefore, tones carry the information symbols
ls,, ls,, and [, as the maximum [1 1 1]. In such a case, Multitone ASK carries a
maximum transmitted average signal power of P,,. Multitone ASK waveform with
transmitted symbols of maximum level [,.. result in Fig. 4.15 regardless of the

symbol distribution.

Fig. 4.16 illustrates the 4-tone Multitone ASK waveform when six information bits
[0000 0 0] are transferred over the multitone stream with l,,;, = 0.1 and L = 4.
As the transmitted symbols for this case are [0.1 0.1 0.1], i.e., three transmitted
symbols are lowest amplitude level [y = 0.1, the transmitted average signal power
P,yg is the lowest, which is also represented in (4.9) by Paygmin. Fig 4.17 shows the
Multitone ASK for the same [0 0 0 0 0 0] information stream with the increased
minimum symbol level [,;, = 0.5. As can be seen, it carries a higher average signal

power in comparison to Fig. 4.16, which would be helpful from WPT perspective.

Further, transmitted 4-tone Multitone ASK waveform z(t) for a data transfer of

00110 1] is shown in Fig. 4.18 with the corresponding [;s as [0.1 0.7 0.4] with

121



Chapter 4. Multitone ASK 4.4. Performance Analysis of Multitone ASK

0.5

0.25
3
$ 0
=
S

0.25 ]

0.5 : : :

0 0.5 1 1.5 2
Time (us)

Fig. 4.15. 4-tone Multitone ASK waveform x(t) centred around 2.45 GHz having all
tones power equal and maximum for a data transfer of [1 01 0 1 0].

L =4, ln = 0.1, and P, = 0 dBm. Similarly, a Multitone ASK waveform with
a larger number of tones N = 6 carrying a higher number of 10 information bits
[0111101010]isshown in Fig. 4.19 for L = 4, l;y;, = 0.3, and P, = 0 dBm.
Hundreds of such multitone streams are transmitted to evaluate WPT and WIT
performances for a particular minimum symbol level [,;,, the number of tones /V,
and input power P, by varying the tones’ amplitudes according to the transmitted

information patterns.

PCE of the obtained time-domain output waveform y() in terms of Py, received

output dc power yq., and output load Rj,.q of RC-LPF can be represented as

[Yacl”/ Riona

PCE =
Pavg

x 100. (4.27)
Fig. 4.20 shows the achieved simulated PCE for 4-tone Multitone ASK transmission
signals with L = 4 and multiple cases of the minimum information level [,,;, of 0.1,
0.3, 0.5, and 0.7. Here, the PCE is analyzed for 600 Multitone ASK streams, i.e.,

for a data transfer of 3600 bits. It can be observed that the PCE is maximum when

no information is being transferred over a multitone signal, i.e., when the signal
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Fig. 4.16. 4-tone Multitone ASK waveform z(¢) centred around 2.45 GHz for [, =
0.1 and L =4 for a data transfer of [0 0 0 0 0 0].
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Fig. 4.17. 4-tone Multitone ASK waveform x(t) centred around 2.45 GHz for Iy, =
0.5 and L = 4 for a data transfer of [0 0 0 0 0 0].
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Fig. 4.18. 4-tone Multitone ASK waveform z(¢) centred around 2.45 GHz for [, =
0.1 and L = 4 for a data transfer of [0 01 1 0 1].
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Fig. 4.19. 6-tone Multitone ASK waveform x(t) centred around 2.45 GHz for [,
0.3 and L =4 for a data transfer of [0 1111010 1 0].
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Fig. 4.20. PCE for 4-tone Multitone ASK centred around 2.45 GHz with L = 4
for 600 multitone streams, i.e., 3600 bits data transfer for l,;, = 0.1, [, = 0.3,
Imin = 0.5, and [, = 0.7.

is solely being used for WPT transfer. The input power levels P, are considered
to be in the range of —20 dBm to 10 dBm. For a 4-tone Multitone ASK with
P,, = 0 dBm, an output power of —4 dBm is received when no information is being
transferred. PCE further reduces with the inclusion of WIT transmission according
to the selected [, level. For P, = 0 dBm and l,;, = 0.5, an output power
of —4.33 dBm is received. Therefore, a full SWIPT operation with the inclusion of
WIT transfer in addition to WPT transfer reduces the overall system PCE. However,
a full SWIPT communication provides an additional advantage of data transfer over
the same transmitted communication signal while extracting the signal power for

signal processing usages at the receiver.

From Fig. 4.20, it can be seen that as [;, increases from 0.1 to 0.7, PCE increases
towards the maximum attainable levels. This is due to the increment of the average
signal power of the Multitone ASK signal as well as the increment in PAPR levels as
discussed in Section 4.2 and Section 4.3. PCE variation for 4-tone Multitone ASK
for L = 4 and P, = 0 dBm with the increase in minimum symbol level [,;, is also
shown in Fig. 4.21 where the PCE is increasing linearly with the increase in the

minimum symbol level. Therefore, the system WPT performance can be increased
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Fig. 4.21. PCE for 4-tone Multitone ASK centred around 2.45 GHz with L = 4 and
P, = 0 dBm for 600 multitone streams, i.e., 1800 symbols with the variation in .

by choosing an increased minimum symbol level [,;,.

The PCE for a Multitone ASK signal consisting of different numbers of tones is
shown in Fig. 4.22. Multitone ASK signals with minimum symbol levels of [,;, = 0.1
and L = 4 with the 600 multitone streams transmission of 3-tones, 4-tones, and 6-
tones are compared. It can be observed that the PCE reduces slightly with the
increase in the number of tones. This is due to the LPF at the rectifier output.
With the increase in the number of tones, now the relevant baseband tones at the
output lie in a wider band. Therefore, the relevant tones for Multitone ASK having
a higher number of tones face higher attenuation due to the output bandwidth.
PCE reduces slightly by around 2.5% from N = 3 to N = 6. Therefore, to operate
a Multitone ASK signal with a larger number of tones for higher throughput, it is

required to design the rectifier with a larger output bandwidth.

To analyze WIT performance, the BER is calculated from the rectified output y(t).
Obtained magnitudes of relevant baseband tones are analyzed. For example, for
a 4-tone Multitone ASK signal having tones at 2.446 GHz, 2.447 GHz, 2.449 GHz,
and 2.453 GHz centred around 2.45 GHz, the relevant baseband tones containing the

transmitted information will be present at 1 MHz, 2 MHz, and 4 MHz and for a 6-
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Fig. 4.22. PCE for Multitone ASK centred around 2.45 GHz with [,;, = 0.1 and
L = 4 for 600 multitone streams for N =3, N =4, and N = 6.
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Fig. 4.23. BER for Multitone ASK centred around 2.45 GHz with N = 6, l,,;, = 0.1,
and L = 4 for 600 multitone streams, i.e., 3000 symbols.
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tone Multitone ASK signal, the relevant baseband tones containing the transmitted

information will be present at 1 MHz, 2 MHz, 4 MHz, 5 MHz, and 8 MHz.

Fig. 4.23 illustrates the BER for a 4-tone and 6-tone Multitone ASK signals with a
modulation order of L = 4 and minimum symbol level [,;, = 0.1 by transmitting
hundreds of information streams. It can be seen that the BER increases with an
increase in input power, and the increase in BER becomes significantly higher for
power levels larger than 0 dBm. The reason for this is amplitude-to-amplitude
(AM-AM) distortion due to the nonlinearity of the rectifier circuitry. However,
the focus of SWIPT applications is more on lower-power regions for low-power IoT
devices for which our transmission scheme works properly. To further enhance the
performance, encoding schemes and pre-compensation techniques at the transmitter

can be utilized.

From Fig. 4.23, it can also be observed that BER increases significantly from 4-
tone Multitone ASK to 6-tone Multitone ASK. For a 4-tone signal, it is possible to
have a good WIT performance with a negligible BER in the desired power region
(Pn < 0 dBm), and it increases significantly above 0 dBm. For N = 6, larger
BER is observed even for lower input power regions. The reason for this is the
output bandwidth of the rectifier, which distorts the now wider desired baseband
tones compared to a few narrower baseband tones for Multitone ASK with a smaller

number of tones.

In the chapter, the trade-off between WPT and WIT performances is discussed in
terms of various parameters, such as allocated minimum symbol level [,,;,, symbol
distribution, modulation order L, number of tones N. This trade-off can be utilized
according to the low-power sensor application being used. For example, if the low-
power sensor is not communicating the data and is sitting idle, this time can be
utilized to charge the sensor fully. In the case of Multitone ASK, this can be done
by raising the minimum symbol level l,,;,. On the other hand, if the low-power sensor

is transmitting crucial data, then WIT performance is of main concern. In this case,
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a lower level of [, is used. Both WPT and WIT can be achieved simultaneously.
However, boundary conditions for the operation would depend upon the low-power

sensor application requirements.

4.5 Conclusion

In this chapter, a novel Multitone ASK transmission scheme for an integrated in-
formation and energy receiver SWIPT architecture has been proposed. The main
advantage is the reduction in power consumption at the receiver by removing the
local oscillator, which results in overall increased power performance. Information is
embedded by varying the tones’ power levels of the multitone signal. The data rate
is increased by transmitting (N — 1) symbols over a single N-tone Multitone ASK
signal stream. The effect of varying average power of the transmitted signal with the
varying information patterns is evaluated. The WPT and WIT performances of the
proposed transmission scheme are analyzed in terms of PCE and BER, respectively,
and a trade-off between WPT and WIT performances is discussed. WPT perfor-
mance of the designed transmitted signal has been shown to improve with increasing
the minimum level of the symbols, which has approached the maximum power effi-
ciency of the designed rectifier. Although logarithmically distributed symbols have
been shown to improve WPT compared to linearly distributed symbols in terms of
signal PAPR due to the non-linearity of the rectifier circuitry, linearly distributed
symbols result in better WIT performance. It is possible to attain a very low bit

error rate with a low transmitted signal power.

Transmitting information in tones’ amplitude levels offers the benefit of a simpler
transmitter circuitry compared to the one required for transmitting information in
tones’ phases, as in the latter case, phase synchronization is more critical. Therefore,
the SWIPT transmission signal scheme should be chosen depending on the present
environmental conditions. In Chapter 5, a hybrid of multitone ASK and multitone

PSK is utilized to further increase the information data rate.
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Chapter 5

Multitone QAM

This chapter contributes to the design of a Multitone QAM transmission scheme
for an integrated information-energy receiver, by utilizing both the amplitudes and
phases of a multitone signal for carrying the information. WPT performance of
the scheme is studied, and the effect of QAM constellation design on SWIPT per-
formance is analyzed. The contributions in this chapter are based on the author’s

paper [17]:

e Prerna Dhull, Negin Shariati, Sofie Pollin, Mehran Abolhasan and Do-
minique Schreurs, “Multitone QAM Modulation Design for Simultaneous Wire-
less Information and Power Transfer,” IEEE Access, 2024, doi: 10.1109/AC-
CESS.2024.3520104 (early access).

5.1 Introduction

The applications of the Internet of Things (IoT) with enhanced sensing capabili-
ties have been expanding to a diverse range of domains such as agriculture, smart
cities, transportation, wearable devices, and homes [4]. The rapid surge of IoT de-
vices has raised the challenge of periodically charging/replacing batteries. Far-field
radio-frequency (RF) wireless power transfer (WPT) offers a promising solution for

reducing the reliance of sensors on batteries [133]. Simultaneous wireless informa-
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tion and power transfer (SWIPT) integrates far-field WPT with wireless information
transfer (WIT) and provides an energy-efficient solution by exploiting the same com-

munication signal for power transfer earlier used for data transfer solely [18,110].

In the integrated SWIPT architecture, conventional communication signals are not
possible to be used for information decoding after rectification through diodes.
Therefore, new communication signals need to be proposed for an integrated recep-
tion of power and information at the rectifier output. Research has been conducted
to improve the rectifier’s power conversion efficiency (PCE) [21,115]. It has been
shown that due to the non-linearity introduced by the rectifier, the rectifier output
DC power is not only a function of received signal power and rectenna design but
also is a function of the received signal’s shape [38,42,120]. High peak-to-average-
power ratio (PAPR) waveforms have been shown to exploit this non-linearity to

improve the harvested DC power [37,134].

A single-tone modulation signal for integrated architecture is introduced in [12],
where information symbols are transmitted with different energy levels through a
rectifier. Pulse-position modulation for integrated receivers has been introduced
in [120]. In [78,82], the authors present methods which utilize multitone signals
for higher PAPR. Information symbols are transmitted by varying the number of
tones and frequency spacing between tones based on the transmitted information,
which results in varying signal PAPR. A two-dimensional signaling scheme with
subcarrier number component and amplitude component is introduced in [86], where
information is transmitted in signal PAPR variation due to varying numbers of

subcarriers and amplitudes of subcarriers.

An amplitude-based biased-ASK is introduced where a minimum non-zero ampli-
tude is transmitted to avoid periods of zero energy harvesting [84]. A dual ASK
scheme for a double half-wave rectifier is proposed, having a higher degree of free-
dom for signal amplitudes’ constellation range, increasing the information rate [89)].

Recently, a customized on-off keying scheme for Terahertz imaging with simultane-
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ous information and power transfer with the help of an integrated receiver has been
proposed in [135]. However, a single-tone communication signal does not benefit the
high PAPR signals for improved energy harvesting. A modulation technique that
uses a multitone signal is introduced in [88] where a model of embedding informa-
tion in the ratios of the amplitudes of the different tones is proposed rather than in
the amplitudes directly. Although it offers the advantage of making the system less
dependent on transmission distance, the drawback of this technique is that it is not

suitable for more than a three-tone signal.

Amplitude variations impose a limit on achievable WPT due to the presence of
ripples in the output voltage that degrade the WPT performance [84,88,136]. Mul-
titone FSK has been introduced in [90,92] where information symbols are transmit-
ted through rectifier by varying frequency spacings among tones, and a Fast Fourier
transform (FFT) is used for information decoding. A Multitone PSK modulation
technique is introduced in [15] where tones’s phases are used for transmitting mul-
tiple symbols over a single multitone transmission. It is shown that for Multitone
PSK, the output PCE does not vary much with information transmission as was the

case with amplitude-based schemes.

Although Multitone PSK offers the advantage of minimizing the effect of informa-
tion transfer over the SWIPT system’s power performance compared to amplitude-
based schemes, amplitude-based schemes are beneficial in the case of a noisy chan-
nel [130-132]. Till now, either the multitone signal amplitudes or only the multi-
tone signal phases have been exploited for information transfer through integrated
receiver architecture. An ideal waveform for a SWIPT system would entail minimal
variations in the envelope, with the stream of information symbols having an ap-
proximately stable WPT while also having a good data transfer rate. Therefore, a
higher data rate can be achieved by the simultaneous usage of both amplitudes and

phases of the multitone signal for information transfer.

This chapter presents the design of a novel multitone quadrature amplitude modu-
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lation (QAM) transmission scheme utilizing multitone signal’s amplitudes, phases,
and number of tones for the integrated information-energy SWIPT receiver architec-
ture. Both amplitudes and phases of tones are utilized for information transmission.
Power transfer and data reception are performed from the same rectified output
signal. The impact of QAM symbol constellation on the PAPR of the designed mul-
titone waveform is studied. Further, a redesign of QAM symbol constellations for a
more stable output PCE is proposed to minimize the difference between the achiev-
able PCE of the rectifier for different transferred symbols. In particular, asymmet-
ric expanded QAM constellation and asymmetric compressed QAM constellation are
proposed to allow trade-offs of application-specific demands such as power demands,
symbol error rate, and data rate. Further, probabilities of transmission probabilities

of inner symbols and outer symbols can be varied to enhance the performance.

Multitone QAM offers the advantage of a higher degree of freedom to optimize
PCE, information rate, and symbol error rate by utilizing amplitudes, phases, and
number of tones. It is possible to transmit (N — 1) symbols over a single stream
of an N-tone Multitone QAM signal resulting in an OFDM-type communication
with non-uniform frequency spacings for the integrated information-energy receiver
where RF to baseband conversion is performed with a simple rectifier circuitry,
removing the need for a local oscillator at the receiver. It is shown that due to
the non-linearity of the rectifier, it is important to redesign the QAM constellation
according to the application-specific requirements, such as such as whether a higher
level of minimum continuous power transfer is critical or if a high-power transfer in

short bursts is preferred for the SWIPT’s operation.

This chapter is organized as follows. Section 5.2 introduces the theoretical design
of a multitone QAM signal and analyses the effect of symbol constellation over
the resulting PAPR of the designed waveform. Next, section 5.3.1 discusses the
proposed redesigned asymmetric QAM constellations. Then, the performance of
the proposed multitone QAM signal and proposed asymmetric QAM constellation

designs are analysed in Section 5.4. In the end, a conclusion is drawn in Section 5.5.
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Fig. 5.1. Integrated information-energy receiver rectifier for SWIPT.
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Fig. 5.2. Four-tone multitone QAM RF signal frequency spectrum X (f) centered
around frequency f. = 2.45 GHz and rectified baseband output spectrum Y(f)
consisting of de, IM frequency tones used for information decoding (colored), and
extra IM components (black).

5.2 Signal Model

The integrated rectifier-receiver illustrated in Fig. 5.1 consisting of an input match-
ing network, rectifier diodes, and a resistance-capacitance (RC)-low-pass filter (LPF)
is utilized for both WPT and WIT simultaneously. Multitone QAM signal z(t) is
designed using an N-tone multitone signal and modifying the tones” amplitudes and
phases according to the transmitted QAM information symbols. x(t) is designed
around the center frequency f. of 2.45 GHz. The received signal z(t) is passed
through the rectifier, and subsequently, the baseband rectified signal output y(t) is

used for both power transfer and information decoding.

5.2.1 Signal Design

An N-tone reference signal r(t) with an average power of P, is considered as

r(t) = Re {i \/ 2—]}\);116j(2”f"t)} : (5.1)
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(N —1) information symbols are transmitted over an N-tone multitone QAM signal.
The N-tones multitone signal with non-uniform frequency spacings is used to utilize
the non-linearity of the rectifier. QAM information is transmitted in amplitudes
and phases of the tones of the multitone signal r(¢). The transmitted multitone
QAM signal x(t) after modifying the tones’ amplitudes and phases of 7(t) in (5.1)

according to the transmitted information, can be represented as

max

2|3n 1| P oI @ fnttd
TIntron ) (5.2)
e 3 R

where each n'* tone of r(t) has been modified to include the transmitted informa-

tion symbol s, 1. |s] represents the maximum available magnitude among M

max
information symbols, i.e., [s ;7 /37]- The first tone is considered constant, with s,
being 1. In this way, (N — 1) symbols are transmitted over a single multitone trans-
mission. Information symbols s, are selected from the available information set S

of M QAM symbols for the modulation order of M. The M information symbols

can be represented as
Sik = |sikle’®, ¥V oik={1,2,--- ,VM}. (5.3)

Information is transmitted through the amplitudes and phases of the tones of the
multitone QAM signal as represented in (5.2). (N — 1) information symbols are
transmitted with a single stream of N-tone multitone QAM signal. For each n tone,
Sp—1 and ¢, of (5.2) are modified according to the chosen transmitted information

symbol s; ;. from set S of (5.3).

The spectra of the multitone QAM signal X (f) and the rectified baseband output
signal Y(f) are shown in Fig. 5.2. The essence is a block of N tones with non-uniform
frequency spacing so that the intermodulation frequencies of the different tones can
be found at different frequencies. N-tones multitone QAM signal is designed to
carry (N —1) information symbols. The information is transmitted through both the

tones’ amplitudes and phases. The non-linearity of the rectifier is utilized to extract
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the transmitted information from the baseband signal y(t) at the rectifier output.
Due to the non-linearity of the rectifier, an N-tone multitone signal, after passing
through the rectifier, produces a baseband signal that includes intermodulation (IM)
frequency components of various orders, resulting from the mixing of the different
tones in the multitone QAM signal [137]. These IM frequency components result in

ripple voltage at the rectifier output in addition to the required output DC.

Although the presence of ripple voltage is not efficient for wireless power transfer,
these ripples can be used for wireless information transfer and decoding through
the same rectifier-receiver, lowering the power consumption for signal processing
at the receiver. Therefore, the rectifier’s non-linearity is exploited to bring the
information down to the baseband at the receiver. The signal is designed so that the
information resides in the intermodulation products present at baseband frequencies

in the output of the integrated rectifier-receiver.

Among IM frequency components of various orders produced at the rectifier output
due to mixing among the tones of the multitone QAM signal, the second-order inter-
modulation (IMs) frequency components dominate at the receiver output compared
to higher-order IM components [51]. The second-order IM frequency components
are the result of mixing between two tones of a multitone QAM signal. In our work,
we encode information in a multitone QAM signal in such a way that information at
the rectifier output would be extracted from the IM, frequency components between
consecutive frequency tones. For this, multitone QAM signal tones’ frequencies are
designed in such a way that these desired IM5 do not overlap with each other. Hence,

Algorithm 1 of [15] is used to design such an unequal-spaced multitone signal.

The rectified baseband output y(¢) consists of dc and several intermodulation fre-
quency components due to the rectifier’s non-linearity. However, all the odd order
374 order, 5" order, - - -, etc., intermodulation frequency components lie in the GHz
frequency range, and all the even order 4" order, 6" order, - - -, etc., intermodula-

tion frequency components lie in the baseband frequency range. All the odd-order
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intermodulation frequency components are filtered out by the LPF, and y(t) con-
sists of only dc and even-order intermodulation frequency components. Therefore,
as a result of LPF after diodes at the output, y(t) results in a baseband signal con-
sisting of only dc and intermodulation frequency components in the MHz frequency
range. Furthermore, second-order IM frequency components dominate among these

even-order intermodulation frequency components [51].

For example, from (5.2), x(¢) for a three-tone signal can be represented by

2ls Pin 2|s IDin
o(t) = 4| ﬁ cos(2m fit + ¢o) + 4 | ﬁ cos(27 fot + &)+

2’52|Pin
Nls|

cos(2m fst + @) (5.4)

max

The signal (5.4) after passing through the rectifier results in rectified baseband signal
y(t) consisting of dc and three second-order IM frequency components among tones

as

y(t) oc de + / |so||sl|]\[2|jin cos(2m(fo — f1)t + &1 — o)+

Vsl 2L

max

cos(2m(fs — fo)t + P2 — P1)+

STl =20 cos(2( fs — fi)t + bs — do) (5.5)

N8| o

Here, (N — 1) information symbols are considered to be transmitted over an N-tone
multitone signal. The first tone f; is assumed to be transmitted with a constant
amplitude of \/m and phase 0°, i.e., |so] = 1 and ¢y = 0°. The multitone
signal is designed in such a way that (V — 1) intermodulation baseband tones as a
result of consecutive frequency tones would consist of (N — 1) information symbols
at the rectifier output, i.e., (fo — f1), (fs — f2), -+, (fy — fv_1) baseband tones
amplitudes would carry the information as shown in Fig. 5.2. A 4-tone multitone
signal is depicted in Fig. 5.2 with the first tone having constant amplitude and phase,

and three information symbols from the available symbol set S are transmitted over
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Fig. 5.3. Symbol constellation for multitone QAM with modulation order of M = 16.

the other three tones of x(t). SWIPT is achieved at the output by both WIT and
WPT from the same rectified signal. The whole output baseband signal is utilized
for power transfer, whereas three information symbols are decoded by analysing the
three relevant baseband tones (fo — f1), (f3 — f2), and (fy — f3)’ magnitudes and

phases as shown in Fig. 5.2.

To ensure that the (N —1) desired baseband tones at the rectifier output are distinct,
the N-tone multitone signal is designed so that the second-order intermodulation
IM; frequency components between consecutive tones do not overlap. Specifically,
the baseband tones (fo — f1), (f3— f2), -+ (fx — fn—1) should be distinct from one
another and also these (N — 1) baseband tones should not coincide with any other
non-consecutive IMss. Therefore, to make SWIPT feasible with only a rectifier-
receiver, the N-tone multitone signal does not consist of equally spaced tones around
the central frequency of 2.45 GHz and needs to have unequal frequency spacings

between tones. We proposed an algorithm to design this frequency spacing in [15].
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Here, Algorithm 1 from [15] is used to define the tone frequencies of the multitone

QAM signal.

QAM constellation for a modulation order of M = 16 is shown in Fig. 5.3. M-
ary QAM can be considered as a combination of two v/ M-ary Pulse Amplitude
Modulation (PAM) with a quadrature phase difference between them [121]. Let b;

denote the PAM constellation with v/ M symbols represented as

bi:—(\/ﬂ—1)+(i—1)@, Vi={1,2,--- ,VM}. (5.6)

Then, the QAM symbols can be represented as a combination of two PAM symbols
constellations as

Si,k:bi+jbk7 Viak:{1727"'7VM} (57)

resulting in M symbols and depicted in Fig. 5.3. Further, QAM symbols are nor-
malized with respect to the maximum available magnitude of symbols |s 7 /37| and
can be represented as

.+ jb .+ jb
op = bde bt gk~ 2. VI (5.8)

ENGT¥¥irl Vo + by

After normalization, the maximum available magnitude among M information sym-
bols s, 37 a7 would be 1 in all symbol constellations. (N — 1) symbols in (5.2) are
chosen from the available normalized information symbol set (S) in (5.8) consisting

of M symbols s11, 512, ***, 8,37 var-

5.2.2 PAPR Analysis

In the proposed multitone QAM transmission scheme, the reference multitone signal
r(t) is modified to multitone QAM signal z(t) by varying the tones’ amplitudes and
phases as in (5.2) to make the WIT possible in addition to WPT. The resulting
average power of the transmitted SWIPT signal, P,.g, after embedding information

becomes lower than Py, i.e., Poyg < P, Therefore, it is important to analyze the
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effect of WIT with QAM symbols on the WPT performance of the SWIPT system.
Here, PAPR is considered as a figure of merit for evaluating WPT performance as
high PAPR waveforms result in higher harvested energy [42]. For electronics systems
designed only for WPT, r(t) would achieve maximum PAPR and the corresponding
maximum PCE as no information is being transmitted. However, it is necessary
to compromise a little with the WPT performance to design signals for SWIPT
systems for additional usage of resources. The channel is considered ideal, i.e., there
is no signal distortion between transmitter and receiver, and the performance of the

designed signal z(t) is analysed.

PAPR for a signal z(t) can be represented by

Poeax _ maz{|a(t)]*}

- T/2 ’
Fave T f—T/Q z?(t)dt

PAPR =

(5.9)

where T' denotes the time-period of waveform z(t). The peak power of a multitone

QAM signal in (5.2) can be represented as

2

2-Pin S SN_
Peax = 1+ # cospr + -+ M coS PN _1 (5.10)
N ENvirl ENvlirl
The average power of multitone QAM signal, P,,, can be represented as
P S SN—
Pag = = T B L 1 (5.11)
N |sar. vl ENvlirl

Therefore, from (5.9), (5.10), and (5.11), the PAPR for the multitone QAM signal

z(t) in terms of (N — 1) transmitted symbols can be represented as

2 ‘w/’S\/M’\/M’ + /|s1|cospr + -+ \/[sn-1| cos pn_1
PAPR =

|3\/M,\/M| + |s1] + |s2| + -+ |sn—1]

2

(5.12)

The mean PAPR across the multitone signal streams with QAM streams can be
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Fig. 5.4. Rotated symbols constellations for QAM multitone for a modulation order
of M = 16 with a phase shift of 45°.
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Fig. 5.6. Multitone QAM signal PAPR with conventional QAM symbols constella-
tion and the QAM symbols constellation rotated with 45°.

represented as

2

2 ’ V |S|max Cos ¢1 + (%) Zi\il V |SZ| COS gbz

- - M
e yslmax + (%) Zi:l ’SZ’

PAPR| (5.13)

It can be seen that the effect of symbol phases, in addition to symbol magnitudes,
also plays a role in determining the signal PAPR. It is well known that multitone
signals with tones’ phases zero result in the highest PAPR [13]. Therefore, sym-
bol constellations can be modified to maximize the multitone QAM signal PAPR.
Fig. 5.4 illustrates a rotated symbol constellation for the 16-QAM symbol in Fig. 5.3
such that now, symbols with maximum magnitudes have zero phases. The average
symbol energy remains the same as the rotation of symbols does not change the
overall average symbols energy [121]. Fig. 5.5(a) and Fig. 5.5(b) illustrate the nor-

malized 16-QAM constellation without and with phase rotation, respectively.

Variation in PAPR of transmitted waveform z(¢) with the number of tones N is
illustrated in Fig. 5.6. It can be seen that with the phase shifting of the symbols’
constellation, it is possible to achieve the maximum possible PAPR of 2N for the

transmission of symbols carrying the highest energy. Therefore, by modifying only
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the phases of the symbols constellation, PAPR improves. However, the magnitudes
of individual symbols remain the same. For further improvement in signal PAPR
and in-turn output PCE, it is necessary to observe the effect of variations in symbols’

magnitudes.

5.3 Asymmetric QAM Constellation

In SWIPT communication, WPT performance is reduced because of the simulta-
neous WIT transfer. Due to information transfer over the same signal for SWIPT,
the overall average power of the signal stream varies and the PCE at the output
is lower compared to the achievable PCE for the case of a solely WPT. Therefore,
it becomes important to look for ways to maximize the output PCE while having

simultaneous information symbols transmission.

Conventional QAM symbols constellation and the rotated QAM constellation dis-
cussed in the previous section, are symmetric in magnitude and do not consider
the non-linearity of the rectifier. Such symmetric symbol constellations do not per-
form efficiently for power delivery at the rectifier output due to the non-linearity
of the rectifier. Therefore, asymmetric QAM constellations need to be designed to
achieve maximum PCE while simultaneously having good information detection at

the rectifier output.

5.3.1 QAM Constellation Redesign

To design an asymmetric v M-PAM constellation B, 47 from a symmetric v M-
PAM constellation B, 77, a multiplication factor AB_ 7 is evaluated. Let B, 57 be
a square v M x v/ M matrix having the symmetric v M-PAM constellation symbols
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from (5.6) and B, 37 can be represented as

b 0 0 --- O
0 b 0 --- O
0 0 0 -+ by

Let a and S be considered as parameters to convert the symmetric symbol constel-
lation to an asymmetric constellation. « is considered to redesign the M /4 inner
constellation points for QAM, i.e., s39, S2.3, S32, and s33 for M = 16 whereas 3 is
considered to redesign the remaining 3M /4 outer constellation points to result in
an overall asymmetric QAM symbol constellation. Let a, 57 be a @ x 1 column

vector consisting of the parameter « as

am = (515)

and B, 57 be a @ x 1 column vector consisting of the parameter 3 as
5
Byai = E (5.16)
_/B_
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Then the v M X 1 column vector AB_ 37 can be used for designing asymmetric
VvV M-PAM constellation and by (5.15) and (5.16), can be defined as

By
AB 5 = |aymy| - (5.17)

By

From (5.14) and (5.17), the redesigned asymmetric v M-PAM constellation can be

obtained as

Basym,m = Bm X AB\/M (518)

Further, v/ M-PAM constellation in (5.18) can be used to design asymmetric QAM

symbol constellation.

5.3.2 Expanded Multitone QAM symbols constellations

a modifies the M /4 inner symbols and S modifies the 3M /4 outer symbols. In the
case of the increased symbol energy for outer symbols, § needs to be greater than
1. For this, a would be lower than 1 considering the same overall average symbol
energy. The resulting modified symbol constellation would be expanded compared
to the conventional QAM constellation. Here, all symbol phases are considered the

same as the conventional constellation without redesign.

Let a, and [, be the modified parameters for expanded constellation symbols i.e.,
the increased maximum available energy of the outer symbols. For a, < 1, [,
for a modified symbol constellation with the same average symbol energy can be

represented as
5, = 4425+
’ 3+2v5

Fig. 5.7(a) illustrates a modified expanded constellation where inner M /4 symbols

(5.19)

are compressed and outer 3M /4 outer symbols are expanded.

Multitone QAM symbol constellations with M = 16 for different cases of a, = 0.9,
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Fig. 5.7. (a) Modified expanded Multitone QAM symbols constellations with o, <1
(blue starred) and (b) Modified compressed Multitone QAM symbols constellations
with 5. < 1 (blue starred) with respect to conventional Multitone QAM symbols
constellations (orange dots) for M = 16.

146



Chapter 5. Multitone QAM 5.3. Asymmetric QAM Constellation

a, = 0.7, @, = 0.5, and a, = 0.3 using (5.17) and (5.18) are shown in Fig. 5.8. It
can be seen that as the a is reduced S, increases. The amount with which the inner
symbols are compressed is higher than the amount with which outer symbols are ex-
panded as M /4 symbols compression is balanced by the expansion of 30 /4 symbols
for the same average symbol constellation energy. The proposed expanded QAM
constellation design is applicable for all modulation orders, for example, Fig. 5.9(a)
illustrates a modified expanded constellation for M = 64 where inner M /4 symbols,
i.e., 16 symbols are compressed, and the outer 3M /4 symbols, i.e., 48 symbols are

expanded.

5.3.3 Compressed Multitone QAM symbols constellations

If the minimum available symbol energy is increased, the outer symbols’ energy
would be decreased for the same average symbol energy of the constellation, resulting
in an overall compressed symbol constellation. Let . be the compression factor for
outer 3M /4 symbols, then o, be the factor for inner M /4 symbols can be represented
by

ac = (4+2V5) — 2+ V5)B.. (5.20)

Fig. 5.7(b) illustrates a modified compressed constellation where inner M /4 symbols
are expanded, i.e., minimum symbol magnitude increased and outer 3M /4 symbols
are compressed, i.e., maximum available symbol magnitude decreased. As the outer
symbols are compressed resulting in the expanded inner symbols for the same average
symbol constellation energy, there must be a compression limit so that the inner
symbols’ magnitudes do not replace the outer symbols and the limit over . can be
represented as

% <B <1 (5.21)
Multitone QAM symbol constellations with M = 16 for different cases of S. = 0.88,
Be = 0.9, B = 0.92, and S, = 0.96 using (5.17) and (5.18) are shown in Fig. 5.10. It

can be seen that as the [, is reduced, a, increases, resulting in a higher minimum
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Fig. 5.8. Multitone QAM expanded symbols constellations for (a) a, = 0.9, (b)
a, = 0.7, (¢) @ = 0.5, and (d) o, = 0.3, for M = 16.
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available symbol energy. As 3M /4 outer symbols compression is balanced by the
expansion of M /4 inner symbols for the same average symbol constellation energy,
inner symbols energy increases with a larger amount compared to the decrease in
the outer symbol energy and can be observed by Fig. 5.10(d) for 8. = 0.88. The
proposed compressed QAM constellation design is applicable for all modulation
orders, for example, Fig. 5.9(b) illustrates a modified compressed constellation for
M = 64 where inner M /4 symbols, i.e., 16 symbols are expanded, and the outer

3M /4 symbols, i.e., 48 symbols are compressed.

5.4 Performance Analysis of Multitone QAM

Utilization of the same RF signal for information transfer, in addition to the power
transfer, somewhat reduces the transferred power at the rectifier output. However, it
offers an additional benefit of transferring the data as well as power simultaneously.
Here, power conversion efficiency is considered as a metric for measuring the WPT
performance of the designed Multitone QAM signal. Performance of the designed
Multitone QAM signal is evaluated over an information-energy rectifier receiver
model depicted in Fig. 5.1. The rectifier model is implemented in Keysight ADS

and was experimentally validated by measurements in the paper [15].

The rectifier-receiver model consists of the input matching network with stubs and
an input capacitance of 0.1 pF, two Skyworks SMS7630-079LF Schottky diodes,
and an RC-LPF with an output capacitance of 0.1 pF and output load of Rjs.q =
4.4 kQ. For SWIPT, the rectifier-receiver model needs to be designed from both
wireless power transfer and wireless information transfer perspectives. The rectifier
is required to have maximum PCE over a large bandwidth to make the transmission
of multitone signal with a large number of tones feasible for an increased throughput
for wireless information transfer performance of the SWIPT system. Here, the
rectifier is designed to maximize PCE over a large matched bandwidth of around

100 MHz. This is achieved by optimizing PCE and reflection coefficient with the
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Fig. 5.9. (a) Modified expanded Multitone QAM symbols constellations with o, <1
(blue starred) and (b) Modified compressed Multitone QAM symbols constellations
with S, < 1 (blue starred) with respect to conventional Multitone QAM symbols
constellations (orange dots) for M = 64.
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Fig. 5.10. Multitone QAM symbols constellations for (a) 8. = 0.96, (b) 8. = 0.92,
(c) Be = 0.9, and (d) 3. = 0.88, for M = 16.
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help of stub lengths, input capacitance, and output load Rj,q. Also, LPF is designed
to filter out fundamental tones and all the harmonics while simultaneously having
a sufficiently large bandwidth to pass the second-order baseband intermodulation
frequency components IMss used for information decoding at the receiver. Load
resistance is selected according to this, and it is considered to be a fixed value. WIT
performance deteriorates if the LPF cutoff frequency is selected too narrow as now,

relevant baseband tones carrying information would suffer attenuation.

Multitone QAM tone frequencies are selected as asymmetrically spaced tones as
discussed in [15]. For example, tone frequencies for a 6-tone Multitone QAM signal
centered around 2.45 GHz results in 2.440 GHz, 2.441 GHz, 2.443 GHz, 2.447 GHz,
2.452 GHz, and 2.460 GHz with a Greatest commom divisor, GCD = 1 MHz from
Algorithm 1 of [15]. The PCE at the rectifier output from Fig. 5.1 in terms of
rectified signal DC power yq. of y(t), output load Rjpaq of RC-LPF, and resulting

average power P,y of transmitted signal can be represented by

[Yacl”/ Riona

avg

PCE = x 100. (5.22)

All multitone QAM results are obtained with the help of Keysight ADS rectifier
receiver model and MATLAB. The multitone QAM signal is designed to have a
bandwidth smaller than the RF matching bandwidth of the rectifier-receiver model.
In this transmission scheme, (N — 1) information symbols are transmitted over a

single N-tone multitone signal. Therefore, throughput can be represented as

(N —1) x log, M
Toam

Throughput = : (5.23)

where Tan is the time period of the Multitone QAM signal. Here, the effect of
transmission distance on transmission efficiency has not been considered. The focus
of the work has been the proposal of a Multitone QAM transmission scheme for

SWIPT where both wireless power transfer and wireless information transfer are
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performed on the same rectified signal through the integrated information-energy
rectifier receiver. To evaluate the over-the-air performance of the proposed scheme
with distance, the effect of the channel would require to be considered. This can
be investigated in future work for further performance evaluation. Accordingly,

appropriate coding schemes can be utilized for performance enhancement.

Fig. 5.11 illustrates the output PCE variation with the average input power P, for
two cases: when the 6-tone multitone signal is solely used for power transfer and
when the 16-QAM 6-tone multitone signal is used to carry the information data
of 1750 information symbols, i.e., 7000 bits with a transmission rate of 20 Mbps
in addition to power transfer simultaneously. The transmission rate of 20 Mbps
is evaluated from (5.23) for N = 6, M = 16, and GCD = 1 MHz resulting in
Toam = lnsec. The performance is evaluated for 350 multitone streams, i.e., 1750
information symbols, i.e., 7000 bits. For low-input power levels, the signal’s power
conversion efficiency is quite low as the signal is not able to cross the diode’s thresh-
old voltage. Subsequently, PCE further increases with increasing input power levels
and starts decreasing after a certain input power level (in our case P, = 0 dBm).
The output PCE performance is input power dependent, but the aim is to use the
rectifier in the most optimal input power range to maximize PCE. Our modulated
Multitone QAM waveform brings an additional degree of freedom to tailor PCE and
BER. Multitone QAM allows the tuning of PCE and information rate as a function
of the input power level to help overcome this fundamental limitation of WPT. For
example, for low input powers, it is possible to select a waveform by varying different

parameters that improve PCE more compared to the information transfer rate.

It can be seen that the maximum achievable PCE has been reduced for the Multitone
QAM SWIPT signal compared to the obtained PCE for the RF signal for WPT
transfer only. Therefore, the simultaneous flow of information over the multitone
signal results in a slightly lower power efficiency, resulting in a trade-off between
WPT performance and WIT performance for the overall SWIPT performance of

the signal.
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Fig. 5.11. PCE for a 6-tone multitone signal without information data and with a
16-QAM simultaneous information flow with a transmission rate of 20 Mbps varying
with average input power P,.

The attainable output PCE is affected by the transmitted information symbols mag-
nitudes variations of different tones of the multitone signal. For M-QAM informa-
tion transfer, M information symbols have different magnitudes. Consequently, the
average power of the transmitted Multitone QAM signal depends upon the trans-
mitted information symbols. The WPT performance of the system would be higher
when the outer 3M /4 information symbols with higher magnitudes are transmitted
compared to the cases where the inner M /4 information symbols are transmitted.
Therefore, it is necessary to minimize the difference between the achievable PCE of
the rectifier for different transferred symbols. For this, a redesigning of QAM symbol

constellations for a more stable output PCE is required, as discussed in Section 5.3.

Fig. 5.12 shows the achievable PCE for a 6-tone multitone signal at P, = 0 dBm
when the outer 3M /4 information symbols are transmitted using asymmetric ex-
panded 16-QAM symbol constellation with a transmission rate of 20 Mbps as dis-
cussed in Section 5.3.2. It can be seen that a PCE of a maximum of 37.7% can
be achieved when no information is being transmitted over the RF multitone sig-
nal. This maximum possible efficiency of the rectifier depends upon the designed

rectifier circuitry and may further be increased with an improved structure. With
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Fig. 5.12. PCE comparison for 6-tone multitone signal with no information flow, us-
ing conventional QAM, and the asymmetric expanded QAM symbols constellations
for outer symbols with M = 16 with a transmission rate of 20 Mbps and average
input power P, = 0 dBm.

the transmission of the outer 3M /4 symbols of the conventional symmetric QAM
symbols constellation, a maximum of 35.9% PCE can be achieved. This attainable
power efficiency for the outer 3M /4 higher magnitudes can be increased by the
asymmetric expanded 16-QAM symbol constellation of Fig. 5.7(a). In Fig. 5.12, it
can be seen that PCE performance for outer symbols increases with the reduction
in a,. The reason for this is the increased possible higher magnitudes for 3M /4
symbols with the reduction in «,. It can also be observed that with decreasing a.,
obtained PCE can be higher compared to the case of multitone signal r(¢) where no
information is transmitted. This is due to the increased magnitude of outer symbols

as a, decreases.

Similarly, Fig. 5.13 illustrates a comparison of achievable PCE for a 6-tone multitone
signal at P, = 0 dBm where the inner M /4 information symbols are transmitted
using 16-QAM asymmetric symbol constellation with a transmission rate of 20 Mbps.
It can be seen that WPT performance reduces from 37.7% to 15.31% when the inner
information symbols of the conventional symmetric QAM symbol constellation of

Fig. 5.5(a) are transmitted. The usage of asymmetric QAM constellation further
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Fig. 5.13. PCE comparison for a 6-tone multitone signal with no information flow,
using conventional QAM, and the asymmetric expanded QAM symbols constella-
tions for inner symbols with M = 16 with a transmission rate of 20 Mbps and
average input power P, = 0 dBm.

reduces the WPT performance for the inner M /4 symbols as transmitted magnitudes
reduce with the reduced a, and are maximum when «, = 1, i.e., for conventional
QAM. Therefore, SWIPT system performance can be improved with the help of
an expanded symbols constellations when the outer 3M /4 symbols having larger
magnitudes have a higher probability of transmission compared to the M /4 inner
symbols. From the WIT perspective, as a, reduces, the probability of detection error
for the inner M /4 symbols decreases due to the lower distance between inner symbols
as shown in Fig. 5.8(c). However, for the outer 3M /4 symbols, the probability of
error reduces with the reduction in «, because of the increased distance between
outer symbols. For the case of a very low «., increased detection error for inner
symbols can be compensated with additional support vector machine (SVM) data

classification and detection techniques [138].

Further, Fig. 5.14 compares the PCE performance of a 6-tone multitone QAM signal
with a transmission rate of 20 Mbps using asymmetric compressed 16-QAM constel-
lation (depicted in Fig. 5.7(b)) with conventional symmetric QAM constellation, and

with no information flow at P, = 0 dBm. It can be seen that PCE performance for
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Fig. 5.14. PCE comparison for a 6-tone multitone signal with no information flow,
using conventional QAM, and the asymmetric compressed QAM symbols constel-
lations for outer symbols with M = 16 with a transmission rate of 20 Mbps and
average input power P, = 0 dBm.

outer 3M /4 symbols reduces slightly with the reduction in compression parameter
B. and is maximum [, = 1 for the conventional QAM constellation, i.e., from 36%
for conventional 16-QAM to 32.4% for compressed 16-QAM for 5. = 0.88. However,
PCE performance for inner M /4 symbols improves to around 24.5% for 3. = 0.88
compared to 15.31% for the conventional QAM as shown in Fig. 5.15. Therefore,
for the case of the asymmetric compressed constellation, minimum power transfer
using a multitone QAM signal can be increased with a small compromise in terms of
maximal achievable PCE. 3. maybe selected close to the lowest possible values rep-
resented by (5.21) for the applications where minimum transferred power is of main
concern. In such a case, WIT performance may get worse as symbols are now very
close to each other, as shown in Fig. 5.10(d). Additional SVM-based classification

and detection techniques can be utilized to improve the WIT performance [138].

From the WIT perspective, as a, reduces, the probability of detection error for the
inner M /4 symbols decreases due to the lower distance between inner symbols as
shown in Fig. 5.8(c). However, for the outer 3M /4 symbols, the probability of error

reduces with the reduction in «, because of the increased distance between outer

157



Chapter 5. Multitone QAM 5.4. Performance Analysis of Multitone QAM

40 T T T T T
35} -
== Asymmetric QAM
-«3¢ - Conventional QAM
_30¢ No data 1
S
m 25 1
g
20 + -
15k S ORI TT I LT Y S PV i
10 : : : : :
0.86 0.88 0.9 092 094 096 0.98

Be

Fig. 5.15. PCE comparison for a 6-tone multitone signal with no information flow,
using conventional QAM, and the asymmetric compressed QAM symbols constel-
lations for inner symbols with M = 16 with a transmission rate of 20 Mbps and
average input power P, = 0 dBm.

symbols. For the case of a very low a,, increased detection error for inner symbols
can be compensated with additional detection techniques such as support vector
machine (SVM) detection. Therefore, the impact of information transfer on PCE
can be reduced by using the asymmetric symbol constellation at the cost of a higher

symbol error rate.

Further, an optimum value of a, or £, can be selected depending on the probabilities
of the transmission of the inner and outer symbols and depending upon the desired
SWIPT performance. Till now, QAM constellations consist of symbols having equal
probability. To observe the utilization of a, and f., a non-uniform probability distri-
bution among inner and outer symbols is considered. Let inner M /4 symbols have
the probability of occurrence Pr(siner). Then, the outer 3M /4 symbols probability

Pr(souter) can be calculated as

4 — MPr Sinner
Pr(Souer) = : M( ). (5.24)
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Fig. 5.16. PCE comparison for a 6-tone multitone signal with 16-QAM expanded
constellation (a, = 0.7) and compressed constellation (5. = 0.92) for Pr(sijpper) = p
for a transmission rate of 20 Mbps.

Fig. 5.16 illustrates the variation in the output PCE for 6-tone multitone QAM
signal with the expanded QAM symbols as well as for the compressed QAM for
unequal probabilities between inner and outer symbols. It can also be seen that
the minimum level of power transfer can be increased by the usage of compressed
QAM symbols. For example, 5. = 0.92 performs better than o, = 0.7 when inner
symbols probability Pr(simmer) = p is also significant. Further, it can be observed that
the maximum possible power transfer can be increased by the use of the expanded
symbol constellation, i.e., a, = 0.7 performs better than the case of 5. = 0.92 for

the maximum possible power transfer.

Expanded asymmetric constellation provides enhanced WIT performance compared
to compressed asymmetric constellations due to the increased distance between the
symbols in the former case. Therefore, a compromise over system WPT performance
is made with a multitone QAM signal. However, it provides an additional benefit
of information transmission using the same resources. An expanded or compressed
information symbols constellation can be utilized according to a desired WPT and

WIT performance.

159



Chapter 5. Multitone QAM 5.5. Conclusion

For different application demands, different transmission scenarios under these asym-
metric constellations can be selected. For example, it is possible to have an output
PCE close to the maximum possible PCE of the rectifier for the outer 3M /4 symbols
with the help of an expanded symbol constellation which improves the information
rate or number of bits per symbol (Fig. 5.12), i.e., it is possible to achieve maximum
PCE while simultaneously transferring a data rate of 20 Mbps for a 6-tone multi-
tone signal, but this is only possible with low symbol error rate at very high received
signal powers. Asymmetric compressed QAM symbol constellation helps to increase
the minimum transferred power level with the same data rate of 20 Mbps for a 6-tone
multitone signal (Fig. 5.15) but would result in a higher symbol error rate. There-
fore, the trade-off between the symbol error rate, modulation order (data rate), and

power demands can be utilized according to the application’s specific demands.

Furthermore, probabilities of symbol transmission (innerM /4 symbols and outer
3M /4 symbols) can be varied to enhance the performance. Parameters can be
selected based on the IoT device’s operating conditions, such as whether consistent
minimum power transfer is critical or if a high-power transfer in short bursts is

preferred for the SWIPT’s operation.

5.5 Conclusion

In this chapter, a novel Multitone QAM transmission scheme for an integrated
information-energy SWIPT architecture has been proposed. Both amplitudes and
phases of tones of the multitone signal are utilized for the information encoding,
resulting in a higher data rate. Multiple symbols are transmitted simultaneously
over a single stream of N-tone multitone QAM signal resulting in an OFDM-type
communication. The effect of orientation of the QAM symbol constellation has been
analyzed over the PAPR of the designed waveform. Further, varying magnitudes of
the QAM symbols constellation have been shown to affect WPT performance signifi-

cantly. Two asymmetric QAM constellation designs, expanded symbol constellation
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and compressed symbol constellation, are proposed to enhance the power transfer
performance according to the transmission probabilities of the inner symbols and
outer symbols of the QAM constellation. It has been shown that it is important
to design the QAM constellation properly according to the application-specific re-

quirements of the IoT devices of the SWIPT system.
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Conclusions and

Recommendations for Future

Work

SWIPT is a promising future technology for charging sensors for self-sustainable
networks. Replaceable batteries are not a feasible solution from the sensor’s size
perspective, sensor network size perspective, as well as from an environmentally
friendly perspective. Therefore, exploiting available energy in RF signals can serve
as a potential solution to meet the energy demands for the signal processing at the

sensor nodes.

The existing transmission waveforms and the corresponding receiver architectures
are still far from practical SWIPT systems. Some of the reasons are: (i) OFDM sig-
nal waveforms utilizing a separated receiver architecture consume significant power
for signal processing at the receiver, (ii) the effect of WIT over WPT is still sig-
nificant for the modulation methods used for an integrated information-energy ar-
chitecture due to the presence of ripples at the output, (iii) moving toward more
practical SWIPT systems, the constellation range needs to be increased so that the

transmission can support higher modulation orders for increasing information rates,
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and (iv) an end-to-end performance analysis including the transmitter performance

for a particular waveform is required.

This Ph.D. thesis proposes novel modulated waveform designs to make simultaneous
WIT and WPT operation possible at the sensor nodes. The transmission waveforms
are designed in such a way that the overall power consumption is reduced at the
sensor nodes by utilizing just a simple rectifier receiver circuitry not only for power
transfer but also for information decoding purposes at the sensor node. Multi-
ple transmission waveforms such as phase-based Multitone PSK, amplitude-based
Multitone ASK, and a combination of amplitudes and phases Multitone QAM are

proposed in this thesis.

6.1 Conclusions

A Multitone PSK transmission waveform has been designed to increase the data
rate by transmitting (N — 1) symbols over an N—tone multitone signal which can
be closely related to the non-uniformly spaced OFDM. It has been demonstrated
that information transmission through phases does not reduce the overall PCE, and
it is possible to have output power efficiency equivalent to the peak efficiency of the
designed rectifier. Therefore, the effect of information transmission over the system
WPT efficiency has been minimized with the Multione PSK waveform. Information
transmission with a wider phase range results in a lower signal PAPR, which is
beneficial from the transmitter’s perspective because it reduces the probability of
saturating the power amplifier. From an information decoding perspective, a wider
phase range with wider phase margins for information detection provides better
BER performance at the sensor node, whereas a narrower phase range provides
higher PCE. However, it has been shown that PCE reduces only about 3% with
a wider phase range. Therefore, Multitone PSK has been shown to improve the

end-to-end SWIPT performance by maximizing the rate-energy region.

Next, an N-tone Multitone ASK transmission signal scheme is proposed by utiliz-
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ing the non-linearity of integrated information-energy rectifier receiver architecture.
The data rate is increased by transmitting (N — 1) symbols over a single N-tone
Multitone ASK signal stream. Information transmission results in a variation of
the average power of the transmitted signal according to the transmitted infor-
mation patterns affecting the attainable PCE. WPT performance of the designed
transmitted signal has been shown to improve with increasing the minimum level
of the symbols approaching the maximum possible power efficiency of the rectifier.
However, BER increases with the decrease in amplitude margins. Logarithmically
distributed symbols have been shown to improve WPT compared to linearly dis-
tributed symbols due to the non-linearity of the rectifier circuitry, whereas linearly
distributed symbols result in better WIT performance. It is possible to attain a

good WIT performance with a low transmitted signal power.

In the case of Multitone ASK, transmitting information in tones’ amplitude levels
offers the benefit of a simpler transmitter circuitry compared to the case of Multi-
tone PSK, where information is transmitted through tones’ phases, making phase
synchronization more critical for WIT. Therefore, the desired SWIPT transmission
signal scheme can be chosen depending on the requirements of the existing environ-

mental conditions.

Then, an N-tone Multitone QAM transmission waveform carrying (N — 1) infor-
mation symbols, is proposed for an integrated information-energy receiver. The
multitone QAM signal is designed by exploiting the non-linearity of the receiver-
rectifier, and both amplitudes and phases are used for information transfer offering
an advantage of a higher degree of freedom to optimize WPT and WIT perfor-
mances. It is shown that the power performance of the designed waveform varies
with the orientation of the symbol constellation. Two asymmetric QAM constella-
tion designs, expanded symbol constellation and compressed symbol constellation,
are proposed to enhance WPT performance according to the application-specific
requirement, such as whether a higher level of minimum continuous power transfer

is critical or if a high-power transfer in short bursts is preferred for the SWIPT’s
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operation. It has been shown that WPT and WIT performances can be enhanced
according to the IoT node’s requirements by varying the transmission probabilities

of inner symbols and outer symbols of the QAM constellation.

6.2 Recommendations & Future Works

This thesis proposes novel communication waveforms for SWIPT systems with inte-
grated information-energy receiver rectifiers to minimize overall power consumption.
However, the SWIPT performance of the above-proposed techniques can also be an-
alyzed for other receiver architectures. The SWIPT research combining wireless
communication and energy harvesting is a very vast area and an attractive research
area for future wireless technologies. Some of the future research directions specifi-

cally for the research work presented in this Ph.D. thesis are highlighted as follows:

e Multiuser SWIPT Design In this Ph.D. thesis, waveforms are designed and
their SWIPT performances are analyzed considering only single-user systems.
However, practical WSNs are more complicated consisting of multiple sensor
nodes. Therefore, the area of multiple access schemes for a multiuser SWIPT
system still needs to be explored. Multiple access schemes utilizing the pro-
posed transmission strategies would be needed to maximize the sum rate over
all the users with a minimum energy constraint to optimize WIT performance
and to maximize the PCE over all the users with a minimum information rate
constraint to optimize WPT performance for overall SWIPT performance of

IoT network.

e Multiuser Heterogeous SWIPT System In a SWIPT-enabled WSN, dif-
ferent sensor nodes may be running different applications and now communi-
cation signals need to fulfill the different information and energy requirements
of multiple sensors at the same time. Therefore, transmission strategies for
multiple heterogeneous users need to be designed to maximize the informa-

tion rate for data priority users and power transmission efficiency for energy-
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harvesting priority users. An optimal resource management would require
to be considered according to the available environmental conditions such as
near-far scenarios. Beamforming techniques would be required to enhance the

performance of the whole network.

e Multi-mode SWIPT Receiver Different SWIPT waveforms have different
advantages and disadvantages in terms of transferred power and information
rate and different sensor nodes have different data and energy requirements.
A multi-mode receivers can be designed to receive different types of waveforms
and the receiver would be able to switch between the modes according to the
application. SWIPT system would further be optimized by combining these
modes. The transmitter would need to be redesigned accordingly which would

be able to switch between multiple waveforms.

« High PAPR Waveforms Multisine waveforms have been shown to perform
better in terms of power transfer. In this thesis, high PAPR multisine wave-
forms are modulated to maximize the information rate as well as PCE. De-
signing and optimizing other high PAPR signals for a co-existence of energy
harvesting and communication signals for SWIPT systems can be an interest-

ing area of future research.

e Channel Impact on Waveforms The proposed modulated waveforms ex-
ploit amplitudes and phases of asymmetrically spaced multiple tones around
a center frequency. For frequency selective channels and under multipath fad-
ing scenarios, phase distortion would occur and different tones would undergo
different attenuation. Therefore, effect of channel over WPT and WIT per-
formances need to be studied more on the designed SWIPT waveforms and

further optimized according to the channel conditions.
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