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Doctor of Philosophy

Optimal Rectenna Design for

Textile, Flexible, and Printed Radio Frequency Energy Harvesting
by Mahmoud Ashraf Hassan Wagih Mohamed

The growing energy demands of the Internet of Things (IoT) highlight the need for
battery-free methods to remotely power pervasive [oT devices. Emerging electronics fab-
rication techniques such as electronic textiles (e-textiles) and additive manufacturing can
be utilized to realize low-cost Radio Frequency (RF) components. Far-field propagation
of radio waves enables the remote delivery of power using rectifying-antennas (rectennas).
Rectennas emerged in the 1950s for drone-powering, and more recently for harvesting
ambient RF power and for wireless-powering [oT networks. Optimizing a rectenna is a
multi-variate problem imposing constraints on the materials, fabrication process and size
of the rectenna. This work investigates and optimizes different rectenna architectures
for wearable and flexible electronics, achieving Power Conversion Efficiencies (PCEs)

surpassing State-of-the-Art (SoA) rectennas of higher complexity.

Rectennas are proposed based on 50 2 matching networks and matching network-
elimination, showing that material properties do not hinder high-PCE rectennas.
Antenna-rectifier co-design is proposed as an antenna-based solution for simultane-
ous wireless information and power transfer (SWIPT), demonstrating high PCE and
uncompromised off-body radiation properties. The scalability of low-cost textile-based
rectennas for millimeter-wave (mmWave) bands is then demonstrated through a novel
broadband microstrip antenna design and analytical analysis showing up to an order
of magnitude performance gains at mmWave bands compared to Ultra High Frequency
(UHF) bands. The first implementation of a textile-based mmWave rectenna is presented
based on a novel broadband antenna with high efficiency based on a compact radiator.
At UHF, the proposed design methodologies are applied to two application-oriented
implementations. Firstly: an e-textile coplanar waveguide thin and flexible rectenna
integrated with a textile supercapacitor is presented, showing the highest reported end-
to-end efficiency; secondly: a compact rectenna is proposed for low-resolution printing,
representing the first meshed co-designed rectenna and showing PCE-improvements over
SoA while having the lowest complexity. It is concluded that rectennas can be demon-
strated with SoA PCEs using low-cost materials and components, presenting RF energy

harvesting as a highly-practical solution for powering future IoT.
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Chapter 1

Introduction

“The economic transmission of power without wires is of

all-surpassing tmportance to man”
— Nikola Tesla [1],

The Internet of Things (IoT) market has undergone major growth, with predictions
of reaching a trillion connected devices by 2035, contributing significantly to the global
gross domestic product (GDP) [2]. Multiple design challenges, such as deployment cost,
sustainability, and the utilization of existing infrastructure to support the wide-scale
deployment of distributed data acquisition nodes, as well as enabling edge computing
remain unsolved. Remote-powering of IoT nodes can be achieved through Wireless Power
Transmission (WPT) and Radio Frequency Energy Harvesting (RFEH). First proposed
as a mean of transferring power using the high-voltage Tesla coils by Nikola Tesla [1],
WPT evolved to employ non-coupled radiative means to transfer power using radio waves
[3]. Wireless Power Transmission (WPT) can take place simultaneously with information
transmission at RF bands, regardless of the transmission medium [4]; power can be
extracted from wireless communication systems using detector-like circuitry focusing on
maximizing the PCE as opposed to preserving and amplifying the signal for high receiver

sensitivity.

WPT was first proposed by Tesla in the 1900s as a mean of transferring thousands
of horse-power [1]. Commercial WPT evolved into using near-field non-radiative power
transfer for consumer electronics wireless charging, and radiative far-field WPT for Radio
Frequency Identification (RFID) at the Ultra-high Frequency (UHF) bands [5]. Contra-
dicting the well-known assumption that free-space propagation losses are proportional to
the square of distance, multiple research efforts were devoted to realizing lower-loss RF
wireless links using reflectors, waveguides and finally, phased arrays [3|. In his review,

W. C. Brown described the assumption that power density always decreased with the

1
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square of the distance as a “widespread but incorrect assumption” [3]. His conclusions
were backed by the WPT efficiency, 72 in (1.1), approaching 100% by the mean of a
beam guided using lenses and reflecting mirrors in 1961 [3]. Furthermore, the practical
demonstration of RF-powered drones in the 1960s, with end-to-end efficiencies around
14% over tens of meters, acted as a confirmation that high-power RF power transfer is

not limited in range or efficiency [3].

1.1 Rectennas: A Power Source for Unobtrusive IoT

To receive the RF power, a rectifying antenna (rectenna) is required to convert the RF
Electro-Magnetic (EM) waves to steady DC power. In its simplest form, a rectenna is
composed of an EM resonator: an antenna, and a rectifying element: a diode. Rectennas
are highly-scalable for different power levels, from nano-watts to watts of RF power, and
for different frequency bands, from the lower UHF bands to Milli-Meter Wave (mmWave),
sub-THz, and up to optical frequencies [6]. Therefore, rectennas can be utilized for a
variety of applications and can be scaled to different frequency bands based on the appli-
cation. Since their early emergence in the 1950s, rectennas have re-attracted significant
research interest with the emergence of “Energy Harvesting (EH)” as a mean of powering
electronic devices. Fig. 1.1 shows the number of research papers published, indexed in
IEEEXplore, investigating rectennas, showing an increased interest since the rise of EH

for battery-free electronics in the 2000s.
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FIGURE 1.1: The number of research papers published on rectennas, indexed in IEE-
EXplore, showing the increased research interest.

Nowadays, the wide-scale deployment of RF base-stations in areas with high popula-

tion density makes a significant amount of EM power available in air. In an EH context,
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the available radio waves, microwaves, and in future networks: mmWaves, may be “re-
cycled” and converted to Direct Current (DC) power. Hence, a low-power device can
sustain operation or recharge its battery using the available energy. WPT and Simultane-
ous Wireless Information and Power Transfer (SWIPT) using a range of power-optimized
algorithms and transceiver architectures are increasingly presented as enablers of future
wireless networks |7,8|. Future “RFEH networks” are broadly defined as networks uti-
lizing a dedicated RF transmitter to power multiple nodes or devices, using rectennas,
transmitting power-specific wave-forms or information and power using the same wave

using SWIPT [7].

In order to describe the focus points of this work, the power-conversion stages in an
RFEH system need to be outlined. When harvesting energy from existing sources or
a dedicated RF power transmitter, multiple uncontrollable factors affect the available
power density. To illustrate, the transmitted power level and propagation channel can
significantly change the available power density by orders of magnitude. Furthermore,
the Equivalent Isotropically Radiated Power (EIRP) of the transmitter is limited by
regulatory bodies such as the Federal Communication Commission (FCC) and the Office
of Communications (Ofcom). On the other hand, the receiving antenna, the rectifier,
and the rest of the RF-powered node can be designed to maximize the power reception
and conversion for certain operation conditions, such as the RF power level, the incident
wave’s properties (direction and polarization), as well as the desired output impedance,
voltage sensitivity, and RF-DC efficiency. Fig. 1.2 shows the architecture of a typical
RFEH system.
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FIGURE 1.2: System architecture of a RFEH wireless node, showing the power sources
and conversion stages, as well as commonly reported implementations.

In a wireless-powered network, the end-to-end DC efficiency from the transmitter to
the load needs to be considered. To put RF-powered networks in a more standardized

form, Clerckx et al. discussed the need for a wireless power 1G concept [9], where the
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end-to-end efficiency 7 is defined as

_ Prr Prr-rx Ppc Ppc—Load

= x —eRA x X — oAl (1.1)
Ppc Prr_1x Prp Ppc_rx
N——~ N—_—— N~ N—a

m: PA n2: Channel+gains n3: Rectenna na: DC PowerManagement

Linking (1.1) to Fig. 1.2, point (a) shows the RF plane wave that is available to be
received by the rectenna, Prp_grx, where the power at point (b) can be approximated
using a propagation model and the transmitter and receiver gains. The rectenna’s PCE
(n3) is the ratio of the rectified DC power delivered to a resistive load, at (d), to the
received RF power, at (b). Finally, the power delivered to the active load (e), i.e. a
microprocessor or a sensor node, is the final parameter in the system, which can be con-
sidered to calculate the end-to-end DC to DC efficiency. At a system and application
level, performance metrics such as the sensor node active time and the number of trans-
mitted and received data packets can be utilized to evaluate the overall functionality of

the RF-powered node.

In the earliest rectenna experiments by W. C. Brown at Raytheon Company for RF-
powered drones, the DC end-to-end efficiency exceeded 13% [3]. Techniques such as
beamforming using real-time electrically-steerable antenna arrays can be utilized to over-
come the bottle-neck of the system: propagation losses |9]. From a receiver’s point of
view, the antenna’s radiation properties determine how much power is received from an
incident plane-wave, and the rectifier’s impedance matching determines the percentage
of power absorbed or reflected back. Brown’s rectennas were formed of large highly-
directive antenna arrays, with rectifier diodes designed to approach “near-unity” efficien-

cies at power levels in the order of 10 W, to be able to sufficiently power drones.

Whether a rectenna is to receive power from a dedicated transmitter or recycle ambient
RF power, a key performance metric that needs to be maximized is the RF to DC Power
Conversion Efficiency (PCE). This is a direct function of the rectifying diode and its
source and load impedances. Moreover, certain antenna parameters such as the peak
gain, beamwidth, and polarization can be regarded as a Figure of Merit (FoM) based
on the application and the WPT medium, affecting the power conversion from a to
b in Fig. 1.2. The DC circuitry, from point d in Fig. 1.2, can be considered as an
equivalent circuit of a certain impedance. This impedance could then be utilized in
the rectenna design. Alternatively the power management circuitry could be designed
according to the optimal load impedance of the rectenna. Thus, designing a rectenna
achieving the maximum RF to DC PCE is crucial to enabling RF-powered wearable and

flexible electronics and is the main objective of this research.
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1.2 Textile, Printed and Flexible RF Electronics

To enable the low-cost pervasive distributed IoT networks to benefit from the advances
in WPT and RFEH, rectennas need to be fabricated using a variety of low-cost meth-
ods, on common materials such as polymers, textiles, and paper. Such materials were
not intended as a substrate for RF system and posses undesirable dielectric properties
such as high dielectric losses. Moreover, rectennas may need to be flexible, conformable,
integrated in compact or transparent structures, or wearable, operating in proximity of
human tissue. Therefore, powering the next generation of low-cost Internet of Every-
thing (IoE) devices using rectennas is subject to being able to design high-performance

rectennas within the material and packaging limitations.

Recent advances in flexible and printed RF front-ends and antennas can be exploited to
fabricate low-cost rectennas. For example, different additive manufacturing techniques
such as inkjet, 3D, screen, and dispenser printing have been used to print antennas
on a variety of substrates [10]. Additive manufacturing allows rapid prototyping and
reducing the fabrication costs compared to standard photolithography, as well as enables

fabrication of circuits on unusual substrates.

RF electronic textiles (e-textiles) have been widely investigated for wearable applica-
tions, with recent fully-textile antenna implementations achieving radiation efficiencies
approaching their rigid counterparts [11|. Textile-based antennas allow unobtrusive inte-
gration of antennas in garments and wearables. Compared to being limited to a compact
footprint in a device such as commercial wearable smart-watches and glasses, textile
antennas can utilize the garments large area to improve the antennas’ performance in

terms of gain and bandwidth.

The key challenge in flexible, wearable and low-cost antenna design, is the trade-off
between the material choice, desired form-factor, and antenna performance. Despite
the breadth of literature on textile, flexible, and transparent antennas, textile antenna
designs are still limited to thicker substrates, with limitations on their bandwidth or
radiation efficiency. Moreover, textile-based and flexible rectennas have consistently pro-
duced a lower PCE compared to their rigid counterparts, owing to their lossy substrates.
Therefore, research into high-efficiency rectennas fabricated using flexible and wearable

low-cost materials is essential to enable efficient RF-powered IoT [12].

1.3 Summary of This Work

In this thesis, novel antenna designs, matching networks, and adaptations of exist-
ing techniques for efficient textile-based and flexible rectennas are proposed to enable
full adoption of RFEH and WPT in future IoE. Different flexible and textile-based RF
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electronics fabrication techniques are utilized to realize rectennas specifically-designed to
achieve the maximum PCE, compared to prior art, despite being implemented using low-
cost materials. Multiple rectenna topologies are investigated to demonstrate flexible and
textile-based rectennas, achieving significant PCE improvements over State-of-the-Art

(SoA) rectennas while maintaining the lowest overall system complexity.

From the rectenna design perspective adopted in this work, “RFEH” is defined broadly
as any effort to scavenge DC power from an incident plane-wave, in the far-field region of
a transmitter. When the transmitter is a radio source not designed specifically for WPT,

such as smartphones or cellular base-stations, the term “Ambient RFEH” is used [13].

1.3.1 Research Objectives

The endeavor to realize high-efficiency rectennas for wearable applications and low-cost

unobtrusive IoT and IoE devices can be summarized in the following research objectives:

1. Being able to design rectifiers on unusual and low-cost materials with high-PCEs
(>50%) and sufficient DC potential (330 mV [14]) to power off-the-shelf devices,
from sub-uW /cm? power densities at UHF bands;

2. Demonstrating the feasibility of using low-cost flexible and textile-based rectennas
as DC power supplies at mmWave bands (beyond 20 GHz), for wireless networks
beyond 5G;

3. Showing the scalability of the developed rectenna design methodologies to vari-
ous fabrication methods and packaging requirements based on application-specific

rectenna designs.

The next section introduces the structure of this thesis, and outlines how each chapter

proposes new solutions to achieve these research objectives.

1.3.2 Research Challenges

Hindering the adoption of rectennas as power supplies for wearable, printed, and
flexible IoE devices are several research challenges which are addressed in this thesis.

The key research challenges can be summarized as:

1. Low sensitivity of existing flexible rectennas: rectennas need to efficiently harvest
sub-pW /em? radiation to enable long range WPT or ambient RFEH;

2. Material-induced losses: the undesirable conductive and dielectric properties (tand)
of low-cost conductors and substrates limit their suitability for RF applications,

especially in the mmWave spectrum,;
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3. Low-resolution manufacturing: antennas need to be designed to match the low res-
olution of commercial additive manufacturing and e-textiles, especially at mmWave

frequencies where the features are under 1 mm;

4. Human proximity effects: antennas operating in vicinity of the body need to over-

come R{e, }-induced detuning and I{e, }-induced absorption.

1.3.3 Thesis Structure and Contributions

This thesis follows a systematic structure of designing and optimizing rectennas for
textile-based and flexible printed electronics using different rectenna topologies, as shown
in Fig. 1.3. The arrows in Fig. 1.3 indicate where a method or a technique introduced
or developed in the previous chapter is adapted and extended. The publications arising

from each chapter, listed in the following section, are referenced in Fig. 1.3.

Chapter 1. Introduction

l

Chapter 2. A Review of Rectennas
& RFEH |[J-6, J-7|

i
Chapter 3. Rectenna Theory |[J-6]
i

Design for High Efficiency:
Optimizing Rectenna Topologies

Frequency Scaling of Low-Cost Rectennas:
mmWave Energy Harvesting

Chapter 4. 50Q antenna + matching
network for wearable RFEH [J-4, C-2]

Chapter 6. Wearable mmWave energy
harvesting |J-14]

Chapter 5. Antenna-rectifier co-design
and SWIPT [C-1, C-3, J-1] T i
Chapter 7: Textile-based broadband
mmWave rectenna [J-5]

Packaging and Integration-Oriented
Rectenna Design

Chapter 8. Rectenna filament integration
with a textile supercapacitor [J-2, C-5]

Chapter 9. Printed meshed rectenna for
additive manufacturing [J-3|

Chapter 10. Conclusions, summary of contributions, suggested future work

FIGURE 1.3: Structure of the thesis.

In Chapter 2, a literature review is presented, spanning the full breadth of rectenna
design. An in-depth categorization of rectennas based on their bandwidth and radia-

tion properties is presented in Section 2.4, and published in [15], followed by a review
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of mmWave rectennas in Section 2.8, and published in [12]. Chapter 3 follows by pre-
senting an overview of the theoretical fundamentals of antenna design, rectification, and
impedance matching, governing the operation of rectennas, and presents a range of guide-

lines which are then followed in the practical rectenna development.

Chapter 4 explores the most common rectenna topology, a 50 {2 antenna with a match-
ing network, and proposes a textile wearable rectenna with SoA PCE from sub-zW /cm?
power densities, concluding that lossy textile substrates do not hinder high-PCE rec-
tification. In Chapter 5, antenna-rectifier co-design is explored to mitigate the losses
of lumped components by eliminating the impedance matching network, and is then
proposed as an antenna-based solution for SWIPT, based on a high-isolation dual-port
microstrip antenna. Both chapters show how the first research objective of this work can

be achieved using low-cost materials for wearable applications.

In Chapters 6 and 7, the second research objective of enabling mmWave EH using low-
cost textile rectennas is investigated. Wearable mmWave EH is analyzed and a broadband
microstrip antenna is proposed and a wireless-powered mmWave network is evaluated
analytically showing the potential for up to an order of magnitude performance gains
over UHF harvesting. In Chapter 7, the first implementation of a broadband rectenna
operating between 20 and 26.5 GHz (the K-band) is proposed based on a novel off-body
antenna design, representing the first mmWave antenna designed specifically for lossy

substrates such as textiles.

Chapters 8 and 9 fulfill the third research objective of this thesis, showing the scal-
ability of the rectenna design methodologies optimized in Chapters 4 and 5, in two
application-oriented demonstrators. Firstly, a high-voltage thin and flexible Coplanar-
Waveguide (CPW) rectenna is proposed for concealed e-textiles, and demonstrated di-
rectly charging a textile supercapacitor with the highest end-to-end charging efficiency
compared to all reported energy harvesters. In Chapter 9, a compact high-impedance
antenna is proposed for co-designed rectennas, limited to low-resolution additive man-
ufacturing. Meshing of the antenna is investigated for applications requiring optical
transparency, demonstrating high-PCE for various mesh densities. Both chapters show
that high-PCE rectennas are not limited by the dielectric or conductor used, and can
be realized using a range of fabrication techniques and integrated with other flexible
components. The thesis is finally concluded in Chapter 10, summarizing the research

findings and contribution, and suggesting new research directions enabled by this work.

1.4 List of Publications

The following publications have been produced based on the material and contribu-
tions in this thesis, in addition to work on wireless power transfer, energy harvesting,

and wearable antennas carried out during the candidature period. Publications J-8. and
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C-1., cited in different parts of this thesis, are included in Appendix A. The publications

arising from the work described in the thesis’ chapters are cited in the introduction of

each respective chapter.

Journal Papers:
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J-10.

Mahmoud Wagih, Geoffrey S. Hilton, Alex S. Weddell, Steve Beeby "Dual-Band
Dual-Mode Textile Antenna/Rectenna for Simultaneous Wireless Information and
Power Transfer (SWIPT)" IEEE Transactions on Antennas and Propagation, 2021.
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"RF-Powered Wearable Energy Harvesting and Storage Module based on E-Textile
Coplanar Waveguide Rectenna and Supercapacitor" IEEE Open Journal of Anten-
nas and Propagation, 2021.
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Direct-Write Printed Rectenna Optimized for Additive Manufacturing" IEEE Open
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Mahmoud Wagih, Alex S. Weddell, Steve Beeby "Omnidirectional Dual-
Polarized Low-Profile Textile Rectenna with over 50% Efficiency for Sub-pW /cm?
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2020.
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Millimeter-Wave Textile-Based Flexible Rectenna for Wearable Energy Harvesting"
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Chapter 2

Rectennas and RFEH: A Review

2.1 Introduction

In this chapter, background literature, spanning the RFEH system discussed in Chap-
ter 1 is reviewed. The early beginnings of WPT using rectennas is reviewed in Section
2.2, followed by the work on ambient RFEH and existing power sources in Section 2.3.
Section 2.4 then reviews and categorizes antenna design form an impedance matching and
bandwidth, radiation properties, and polarization perspectives using standard antenna
parameters as FoM in rectenna design for both RFEH and WPT, these sections have
been published in [15]|. Textile-based and wearable antenna design is reviewed in Section
2.5. Rectifiers, devices and architectures for efficient RF-DC conversion are reviewed in
Section 2.6. mmWave-specific WPT and EH techniques and challenges are reviewed in
Section 2.8, published in [12]. Finally, concluding remarks and a summary are provided

in Section 2.9.

2.2 WPT and RFEH: The History and Motivation

N. Tesla proposed WPT in the 1900s as a mean of transferring thousands of horse-
power [1]. The term “rectenna”, describing an antenna connected to a rectifier for har-
vesting Radio Frequency (RF) power, emerged in the 1950s for powering autonomous
drones [3], and later for space power beaming [16]. Long-range RF and microwave
WPT has been hindered by the spherical spreading of RF radiation in free space. Thus,
commercial WPT has been mostly limited to near-field non-radiative power transfer for
wireless consumer electronics charging [5]. Radiative UHF Radio Frequency Identifica-
tion (RFID) represents the only pervasive application where rectennas have been utilized

in an unobtrusive manner [17]. RFID tags are a unique case of rectennas where RFID
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TABLE 2.1:

Power

Conversion Stages in a RFEH System, and Existing Literature
Surveys Covering Each Component

’ Conversion stage

Power source

‘ Focus element

Literature surveys

a-b Radiated RF plane | Antenna radiation | This survey
wave characteristics
b-c RF guided wave Antenna and | This survey, 2013
matching network | [20], 2018 [22], 2019
bandwidth [24]
c-d Z-matched RF | Rectifier topology | 2013 [20], 2014 [17],
wave and technology 2016 [23], 2018 [22]
d Unregulated ~ DC | Power management | 2015 [21], 2016 [23]
power circuitry
e Regulated DC | Load, network ar- | 2013 [20], 2014 [7]
power chitecture

antennas are often described purely as antenna and not rectennas [18,19], with the rec-
tifier concealed on a Complementary Metal Oxide Semiconductor (CMOS) Integrated

Circuit (IC), as discussed in more detail in Section 2.4.4.2.

As the power consumption of semiconductor devices and wireless sensor nodes con-
tinuously scales down, it became more feasible to power sensors using ambient RFEH,
or using distributed low-power omnidirectional transmitters [7,20]. An ultra-low power
wireless-powered system is typically composed of the RF-harvesting front-end, DC power

and storage management, and a low-power microprocessor and transceiver.

Fig. 1.2 shows the architecture of an RF-powered IoT node, and the commonly re-
ported implementations of the RF front-end. The end-to-end efficiency of a wireless-
powered system, is dependent on the performance of individual components: the an-
tenna, rectifier and power management circuit. Multiple literature surveys have been
carried out focusing on different components of the system. Table 2.1 outlines the power
conversion stages, the key component for efficient power conversion, and the relevant
literature surveys focusing on each part. Recent surveys focused on the power con-
version techniques [17,20, 21|, rectifier topologies [21,22], or RFEH from a networking
perceptive [7,23]. However, antenna design for RFEH has not been considered as a key
parameter in reported reviews. While some surveys considered the antenna’s bandwidth
and efficiency from a holistic perspective, or specific antenna designs for niche applica-
tions such as miniaturized or wearable antennas [22,24], no detailed analysis has been

presented on the impact of certain antenna parameters on the power reception and PCE.

2.3 Ambient RF Power

Wireless communication infrastructure has been widely deployed in urban and subur-

ban environments, producing a considerable amount of RF power, previously described
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as electro-pollution [25], making it attractive for energy harvesting as a result of being
widely-deployed, and more predictable than environmental energy harvesting sources.
In this section, a review of the different mobile and stationary power sources previously
utilized for RFEH is presented.

2.3.1 Base-station RF Power Density Surveys

Cellular networks [26], Amplitude Modulation (AM) radio broadcast [27,28|, Digtial
Telivision (DTV) broadcast [29], and Wireless Local Area Network (WLAN) [11], are
examples of the available RF power sources in urban environments. Broadband surveys of
available RF power were performed in London, United Kingdom [13], Shunde, China [30],
in addition to an indoor survey in an office environment [31,32]|. To add, surveys of

specific bands, such as DTV, have also been presented [29].

The measurement approach can be summarized in measuring the Power Spectral Den-
sity (PSD) over the frequency band of interest, commonly the full UHF spectrum, using a
broadband antenna [13,31,32]. Fig. 2.1 shows a good agreement between the PSDs mea-
sured in different locations for the Global System for Mobile (GSM) bands, additional
ambient power peaks have can be observed with the introduction of 4G/LTE (Europe)
and CDMA (China) around 800 MHz and 2.65 GHz. Only in [13], a more detailed
measurement approach has been discussed; the approach used in measuring Specific Ab-
sorption Rate (SAR) and exposure has been used where the measurements are performed
in different directions while retaining the maximum value, while repeating the frequency
sweeps within a time-frame. Furthermore, while [30,33] took place in urban districts, [13]
extends the survey to cover semi-urban locations with more than 270 measurement spots

around London suburbs.
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FIGURE 2.1: Reported measured PSDs in: (a) outdoor, London, UK, 2012 (before 4G
deployment) (reproduced from [13], ©IEEE 2013); (b) Outdoor, Liverpool, UK, 2015,
(reproduced from [33], ©IEEE 2016); (c) Outdoor, Shunde, China, 2015. (reproduced

from [30], ©IEEE 2015)

By observing the single channel PSDs, it can be concluded that no single ambient

frequency can be utilized for power conversion using SoA rectifiers [21], as the power can

be lower than —40 dBm. However, when combining multi-band power, —15 dBm was
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measured on a power meter in [33] using a frequency-independent antenna covering the
spectrum in Fig. 2.1-C. Hence, the reported PCE in [33,34] focused on Prx=—15 dBm
described by Song et. al. as “ambient power level”. From Fig. 2.1-a, it can be seen that
a rectenna needs to have a sensitivity better than —30 dBm/cm? (S <1 pW /cm?), to

harvest ambient signals, as outlined in the research objectives of this thesis.

While some spectral surveys reported averaging over a short period of time (<1 minute)
[13,31], none of the surveys considered the impact of low-network activity periods such
as weekends or nigh-time on the available power density. In [35], it was shown that the
network activity varies significantly overtime as observed in Fig. 2.2. It can be predicted
that the available base-station power varies depending on the network activity [36]. For
example, at night or on weekends, for a varying load network, the traffic could decline
by over 80% implying that the harvested energy will decrease during these time-periods.
Therefore, despite ambient RFEH being described as a time-invariant energy resource,

this is only true in a network that maintains a certain level of traffic over time.
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FIGURE 2.2: Normalized network activity of a high-load (top), varying load (middle),
and low-load (bottom) network over a three week period in California, USA (reproduced
from [35], ©IEEE 2008)

Complete systems were reported functioning off recycled ambient RF power from base-
stations including cellular networks [13|, DTV [29], and FM radio broadcast [37]. [13]
relied on harvesting the power from all frequency bands shown in Fig. 2.1-b. How-
ever, the —29 dBm quoted sensitivity reported by Pinuela et al. [13] was questioned
by Bito et al. [14], where —29 dBm is lower than the power threshold required for the
Power Management Integrated Circuit (PMIC) used for cold-start, even when excluding

the rectification losses. This could imply a higher actual PSD when the measurements
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were performed in [13]. In addition to RFEH, FM radio broadcast waves were used for
low-power backscattering communications, as far as 34.5 km from the base-station [38].
Nevertheless, the system was powered using a flexible solar cell, as the RF power density
is too low for a rectenna, where the more recently reported FM harvester had a range of
up to 6.5 km away from the base-station [37]. In [39], it was stated that ambient RFEH
is becoming increasingly difficult with the reduced RF emissions from cellular networks,
owing to the adoption of more energy-efficient transmitters as opposed to continuously
radiating power in an omnidirectional manner. Therefore, Okba et al. suggested that
WPT using dedicated transmitters is used instead, which enables more energy-efficient

communications within an IoT network [39].

The most recent and the most extensive survey of ambient RF power, its applicability
fo low-power computing, as well as the possibility of converting it to DC using SoA
rectennas was presented in [40]. Gu et al. performed a survey of the UHF spectrum in
Montreal, covering varying locations and times, as observed in Fig. 2.3. The PSD in [40]

closely follows the previously reported PSDs, some of which are shown in Fig. 2.1
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FIGURE 2.3: Measured RF power in Montreal, 2020, showing the spatial variation in
GSM900 power (a) and time variations of all bands in the UHF spectrum (b) [40],
(©IEEE 2008)

In Fig. 2.3-a, it can be observed that the ambient GSM900 power exceeds —20 dBm
in most outdoor locations in the survey, a power level at which several SoA rectennas
can operate. For example, the flexible dipole rectenna proposed in Chapter 5 was quoted
in [40] owing to its highest PCE at —20 dBm. In [40], it was also shown that the
energy/computation in CMOS nodes smaller than 180 nm can be powered based on the
DC power output of SoA rectennas based on the measured RF power levels. However,
the DC voltage output of rectennas still remains a bottleneck where most high-PCE
rectennas do not produce enough DC potential for the CMOS logic to operate.
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2.3.2 Mobile Power Sources

An alternative approach to harvest ambient power is to harvest from mobile transmit-
ters, such as mobile-phones [41], or license-free sources [42,43|. Harvesting from mobile
devices has been studied in the context of on-body RF harvesters, due to the signifi-
cantly lower distance between the power source and the harvester, pushing the available
power to levels above 0 dBm. Prpr—1.88 dBm was measured using a smart-lens flexible
dipole (of —28 dB on-eye gain) at 18 cm from a smartphone [41]. In [44], it was shown
that harvesting from the GSM up-link band in an indoor busy environment, such as a

commuter train, can outperform harvesting from the down-link by multiple times.

In [42], 3D EM field simulation was used to estimate the electric and magnetic (E-
and H-) near-fields power from a long-range two-way radio for a wrist-wearable. The
simulation has been validated through measurements using E- and H-probes as shown in
Fig. 2.4. In, [43] the proposed multi-band rectenna is demonstrated at 2.4 GHz using the
near-field radiation leaking from a microwave-oven, as well as in contact with a ringing

mobile phone.
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FIGURE 2.4: Simulation and measurement of available near E- an H- field from a 433
MHz radio on-body: (a) 3D EM simulated E- and H- fields; (b) testing setup; (c)
measured RF power at different distances (reproduced from [14|, ©IEEE 2017).

Studies harvesting from mobile have focused on GSM, due to the higher achievable
PCE around 900 MHz |21], and due to the higher available power from GSM compared to
3G calls. While [45] studied the effect on different waveforms to improve the PCE there
has been no report on the effect of harvesting from different communication protocols

relating the efficiency to specific protocols.
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2.4 Antenna Design from an RFEH Perspective

2.4.1 Bandwidth and Matching in Rectennas:
A Non-50 2 RF Network

For a rectenna to receive power and rectify it efficiently, an impedance match be-
tween the antenna’s impedance and the rectifier is crucial to prevent the power from
being reflected back to air. The standardization of the characteristic impedance to
the 5002 constant has been derived as a compromise between attenuation and power-
handling in the early-days of microwave engineering [46]. In antennas, the impedance
bandwidth, is defined as the range of frequencies where the reflected power is less than
10% (S11 < —10 dB). This has been traditionally referenced to a 50 € source, due to
the fact that a Low-Noise Amplifier (LNA), a Power Amplifiers (PA), or a detector are
conventionally designed with 50 2 input impedance matching, integrated on the Radio
Frequency Integrated Circuit (RFIC).

In rectennas, where the antenna’s output is fed directly into a rectifier, the non-
linearity of the diode results in a highly-varying input impedance, with a dominant
capacitive component [33,47]. Assuming a 50 {2 antenna is used, the main challenge
lies in designing an additional RF matching-network to transform the input impedance
to the rectifier’s at the frequencies of interest, and optimizing it for a certain power
level. In this case, an end-to-end impedance bandwidth is required to ensure efficient
RF to DC conversion. Thus, although an antenna could achieve a theoretical infinite
or ultra-broad bandwidth using periodic elements or self-complementary geometry, the

rectenna’s bandwidth will be bottle-necked by the rectifier’s matching network.

Multiple rectenna topologies have been presented to maximize the power transfer
between the antenna and the rectifier, through minimizing reflection, for single- and
multi-band harvesting or WPT. Figure 2.5 shows a summary of the reported rectenna
topologies categorized by their impedance matching architectures. Examples of high
performance rectennas, in terms of end-to-end bandwidth (the FoM in this case), from

each category are compared in Appendix B in Table B.1.

While WPT from a dedicated feed and ambient RFEH are distinct rectenna appli-
cations, from a bandwidth perspective, achieving an end-to-end match between the an-
tenna, the rectifier and the load is fundamental to achieving high PCE. Nevertheless,
WPT rectennas have been more focused on achieving a higher-Q) match (lower Sii) to
improve the single-tone PCE for certain power levels (topologies a, e and f), hence, in
single-tone WPT may not be a FoM on its own. However, a broad bandwidth in single-
tone WPT improves the systems immunity to detuning, fabrication imperfections and
packaging parasitics. On the other hand, RFEH rectennas have prioritized multi-band
operation, due to the often low PSD in single bands, falling into topologies b-d and g.
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FIGURE 2.5: Rectenna topologies from a bandwidth and impedance matching per-
spective. (a): Single band rectenna with standard antenna. (b): Multi-band rectenna
(formed of multiple mutually coupled antennas) with one rectifier and matching net-
work per band. (c): Broadband rectenna with multiple RF-ports and separate matching
networks for each band. (d): Broadband rectenna with a broadband antenna and a
broadband matching network. (e): Single band rectenna using an electrically small
antenna directly matched to the rectifier. (f): Single band electrically large antenna
with complex impedance to conjugate the rectifier. (g): Broadband rectenna with
complex impedance to conjugate the rectifier over a range of frequencies. The dashed
line represents the measurement plane where a S1; < —10 dB bandwidth needs to be
maintained.

2.4.2 50 () Rectennas
2.4.2.1 Single-Band 50 (2 Antennas in Rectennas

Antenna design for 50 € single band rectennas (topology A) has been based mostly
on standard antenna designs, such as a Linearly-Polarised (LP) or a Circularly Polarised
(CP) radiator patch over a ground plane [11,48-51], dipole antennas [13,52] and inverted-
F monopoles [53-56]. Differential single-band rectennas have been based on multiple
antenna elements configured as an array with DC combining [48], or hybrid DC and RF
combining of multiple patch elements [57]. The effect of size reduction on the rectenna’s
PCE has been discussed in [39].
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As many of the presented 50 {2 antennas are single band, which meets the requirements
of single-tone WPT, when ambient multi-band RFEH is sought, multiple single-band an-
tennas have been combined to form multi-band rectennas with suppressed mutual cou-
pling (topology B) [13,53], with independent DC combining, after the power management
circuit stage, making it entirely isolated from the RF harvesting and conversion circuit,
requiring multiple power management circuits for each bands, which may decrease the

efficiency of the boost converters [11], due to the low DC power from individual bands.

2.4.2.2 Multi- and Broad-band RFEH Antennas

Ambient RFEH is usually associated with multi-band harvesting, thus, multiple meth-
ods of improving the bandwidth of standard antenna designs, or methods of forming dual
or triple-band antenna arrays have been presented. In this section, bespoke antenna de-
sign for RFEH is reviewed, along with classic multi-band antennas with the potential of
being employed as rectennas. In this context, the terms “multi-band” and “broadband”
antennas are differentiated through the continuity of their bandwidth (S11 < —10dB)

outside the bands of interest.

CPW monopoles, occupying smaller areas than their microstrip patch antenna coun-
terpart at the same frequency, and producing a LP or a CP wave, are commonly used in
broadband ambient rectennas [58-60]. A reflector plane can be used for increased isola-
tion, and improved gain resulting in a similar radiation pattern to patch antennas [60].
Slotted-CPW antennas were used to improve the impedance-bandwidth across multiple
bands such as the 1.8-2.7 GHz [59] or 1-3 GHz [58,61].

Slot rectennas, with aperture-proximity feed were designed to have increased band-
width, as well as multiple proximity feeds for different rectifiers and matching networks
targeting different bands. [43,62,63|. Patch rectennas have also been presented for dual-
band operation using asymmetric corner trimming resulting in dual-resonance [63|. Fig-

ure 2.6 shows some of the reported multi-band antennas utilizing more than one band-

width improvement technique.
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FIGURE 2.6: Multi-band UHF RFEH antennas: (left) triple band antenna with a

lumped inductor and three radiator elements (reproduced from [64], ©IEEE 2013);

(center) triple band slotted patch (reproduced from [43], ©IEEE 2018); (right) L-
probe-fed dual-band patch (reproduced from [65], ©IEEE 2017)



22 Chapter 2 Rectennas and RFEH: A Review

Conventional broadband antenna designs, including frequency-independent antennas,
have been used in ambient RFEH as well as proposed for mmWave applications [66].
Spiral antennas: a single element textile rectenna with a single band matching network
[67], a spiral array [68], and a log-periodic antenna [33] have been presented. A triangular
spiral antenna has also been presented for harvesting energy from 1-3 GHz [69]. A
spiral antenna, with unfolded dipole ends was presented for dual-band operation at 900
MHz and the Ultra-Wide Band (UWB) (3-5 GHz) bands [70]. Ref. [71] presents triple
band operation using a multi-port rectenna formed of an array of “pixel” elements, with
DC combining, with the “pixel” connections optimized through simulation to tune the

antenna, the “pixel” rectenna has been compared to A/4 monopoles .

2.4.3 Antenna-Rectifier Impedance Matching

Matching the 50 2 antenna to a non-linear rectifier presents a challenge due to the
wide variation in its input impedance with frequency. In topologies A and B (Fig. 2.5), a
common matching network topology is LC matching using lumped components [72, 73],
however, the fractional bandwidth is typically lower than most communication bands [13].
Single band stub matching has been commonly used at sub-6 GHz microwave [11,71,74]
as well as at mmWave bands [75, 76|, usually paired with RF-short quarter-wave stubs
at the fundamental frequency and the 2"? harmonic. Therefore, the reported mmWave
rectennas have inherently narrow band due to their PCE bandwidth being bottle-necked
by the harmonic rejection at the outuput, which makes them specific to single-tone WPT
applications in the 24 GHz license-free band. A comparison of lumped and distributed
stub matching has been reported in order to numerically defining a maximum PCE of a

rectenna [77].

Rectennas in topologies C and D have been presented with more complex matching
networks. Full-distributed-line matching networks have been presented for broadband
operation [78,79], with an RF-block-DC-short (DC-pass filter) at the output port [26]
or a DC-block capacitor acting as a return path for the diode’s harmonics [65]. Rec-
tifier components, such as capacitors in a voltage doubler, have been replaced in [7§]
by Printed Circuit Board (PCB) interdigitated capacitors, synthesized using commer-
cial Electronics Design Automation (EDA) tools. Other reported broadband rectenna
matching networks combine lumped components, for matching the lower frequencies, and
distributed elements for creating RF shorts at the input [80]. Varying the load’s observed
input impedance by the source, known as source-pull technique, has been utilized to de-
sign a broadband rectifier of 57% fractional bandwidth (1.25 to 2.25 GHz) with up to
10% higher PCE compared to a lumped or distributed line matching network [81]. While
matching networks have commonly been designed to match the antenna across its full
50 Q bandwidth, in [67,82] broadband antennas have been connected to narrow-band

rectifiers. Hybrid lumped and distributed elements matching networks have been widely
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used in topologies C and D [33,43,65,80], avoiding complex structures such as interdig-
itated capacitors which require more accurate modeling and fabrication than standard

microstrip lines.

The input power to the rectifier affects the input impedance due to the diodes’ non-
linearity. Therefore, rectennas have been designed to maximize the PCE for specific
input power levels as well as load impedances [11,71]. In [33|, the matching network for
the six-band rectenna, following topology C, has been designed to match the rectifier at
power levels from —30 dBm to —10 dBm and for loads between 1 and 100 k2, based
on a complementary conjugate resistance compression network. Moreover, as a result
of the predominately capacitive high impedance of the diodes at sub-3 GHz frequencies,
broadband rectennas without matching networks [34, 83, 84], or minimized simplified
matching circuits [85], focused on Prp > 0 dBm, and frequencies higher than 1 GHz
[84-87] due to the lower capacitive impedance of the diode enabling a good match with

the antenna, avoiding designing antennas with input reactance >1000 €.

Adaptive, or reconfigurable, impedance matching has been presented in CMOS recten-
nas, where the matching network is formed of an on-chip capacitor bank and induc-
tors [88]. Static CMOS matching networks have also been presented for standard 50
antennas [88| as well as co-designed antennas [89,90]. In [91], a passive CMOS power-
detector has been used to control the switches directing the antenna’s output to different
rectifiers and matching networks based on the available power. A design-time reconfig-
urable matching network has been presented using lumped adjustable capacitors, tuned
by trimming while measuring the input impedance using a Vector Network Analyser
(VNA) [92]. On-board switches, controlled by an external micro-controller, were utilized
in [93] to tune the on-PCB matching network capacitors at 900 MHz, demonstrating
up to 10% performance improvement. In a reconfigurable microstrip matching network,
a Field-Effect Transistor (FET) switch has been used to tune matching stubs for dual-

frequency operation [94].

2.4.4 Antenna and Rectifier Co-design

Rectennas following topologies E-G in figure 2.5 are characterized by the antenna’s
direct match to the rectifier, instead of the 50 € standard, requiring a minimized or
eliminated-matching circuit to deliver power to the rectifier. This section reviews state-
of-the-art rectennas employing non-50 €2 antennas, in addition to the advantages of

matching-network-less rectennas.
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FIGURE 2.7: Rectennas directly matching the diode’s impedance: (a) 4 x 4 RFEH

cross-dipole surface (reproduced from [84], ©IEEE 2019); (b) broadband inductive off-

center fed dipole (OCFD) (reproduced form [34], ©IEEE 2017); (¢) dual-polarization
frequency-selectable off-set patch (reproduced from [83], ©IEEE 2018).

2.4.4.1 Electrically Small Antennas

LC resonant loop antennas have been widely used in applications where the system’s
size is critical. At sub-1 GHz frequencies, where the wave-length could result in a stan-
dard distributed-elements antenna occupying more space than the system’s overall di-
mensions, applications such as fully-integrated transceivers for body-implants particu-

larly benefit from using electrically small antennas for WPT [95].

The highly inductive impedance, near resonance, of a small-antenna can be utilized
to directly conjugate the rectifier [96], or with an additional on-chip capacitive matching
network [97]. Electrically small antennas, down to ka = 0.645, compared to ka = 5.91
in a normal dipole (ka = 271 /Xg), have been reported for sub-1 GHz WPT with LP and
CP |96], using Huygens dipole antennas [98].

Multiple on-chip LC coils for radiative WPT have been presented for microwave and
sub-1 GHz fully-integrated rectennas. In a fully-integrated 915 MHz CMOS rectenna, a
dipole antenna has been directly tuned to match a 3.4 Q) source using slot-termination to
inductively load the antenna [99]. CMOS rectennas with a PMIC and a LNA were also
presented with on-chip loop antennas in a standard Silicon-on-Insulator (Sol) chip [100].
A power-harvesting RFID 5.8 GHz transceiver with an integrated coil-antenna has been
presented for near-field powering [101]. A dual-band antenna, for 7 GHz WPT and 1 GHz

communication have been presented with on-chip tuning capacitors [102].

2.4.4.2 Rectifier-Conjugate Antennas

The typical input impedance of the rectifier is highly capacitive, and therefore requires
an inductive antenna to directly conjugate its impedance [33,47|. High-impedance in-

ductive antennas have been widely used in RFID tags due to the RFID IC’s capacitive
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impedance [18]. In antenna literature, RFID ICs are often discussed as a black-box with
an equivalent circuit of Zic, where an antenna is designed to achieve a Zy, = Zj [18,19].
Few mentions of rectifiers is presented in the discussion, as the reason behind the capac-
itive Zic, in most RFID antennas and propagation literature [18,19,103]. However, the
input impedance of an RFID tag is fundamentally that of a rectifier, implemented in a
CMOS process using diode-connected transistors [104], and integrated with a backscat-
tering modulator in the form of a shunt shorting switch. As Zjc is obtained from a
datasheet of a commercial part, it is difficult to provide a solid description of the process
used to report that figure by the IC’s manufacturer. Nevertheless, several recent studies
described antenna co-design based on the extracted Zgectifier from non-linear simulation
packages [105]. Therefore, RFID tags are a very pervasive example of matching network-
free rectennas which are often unnoticed, simply due to the fact that the antenna and the
rectifier are designed in two different stages, by the tag and the IC designers, respectively,

and that the rectifier is “concealed” in a commercially-available CMOS IC.

The same approach can be utilized to design a RFEH antenna to directly conjugate the
rectifier’s impedance. Dipole antennas, recently becoming a trend in complex-impedance
RFID antennas [18], exhibit high impedance (resistance and reactance) near their reso-
nant frequency. For example, [106]| reports one of the earliest dipoles designed to match
the resistance of the diode with a low-impedance load. However, only the resistance of the
dipole is partially matched to the rectifier. A similar approach was reported when mea-
suring the reception efficiency of polarization-independent arrays using a resistive load
simulating the rectifier’s real-impedance [107,108], achieving an impedance bandwidth

from 6 to 20 GHz with respect to the purely-resistive dummy load in [108].

Inductive dipoles [34,109,110] have been used to match the high capacitance of the
rectifier at the band of interest. In a folded dipole antenna, the dual shorted lines (dipole-
folds), act as an impedance transformer allowing the design of very high impedance anten-
nas [109]. Alternatively, the offset feed, [34,83|, is responsible for increasing the inductive
reactance as well as the real impedance. Combining multiple offset dipole elements with
imbalanced bow-tie radial stubs resulted in the dual-broadband high impedance of the
antenna in [34], proposed for multi-band RFEH. Nevertheless, the efficiency of such a
generic high-impedance rectenna will be lower than a specifically co-designed dipole for a
single frequency and power level such as [111]. A hybrid filter-matching network structure
has been incorporated in the antenna in [112] and a cross dipole array [113] represent the
highest frequency direct antenna-rectifier matching rectenna (Ku band). Cross-dipole
RFEH surface arrays have been also reported with a real impedance match [108,114] or
a complex impedance match to the rectifier [84|. Figure 2.7 shows some of the reported

rectifier conjugate antennas.

Other antenna structures, such as dual-LP [77,83] and CP patches 87| have also been
used to directly conjugate the rectifier’s impedance, providing higher gain compared

to omni-directional dipoles. The off-center feed in [83| produces additional narrow-band
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resonances allowing three bands of operation, as opposed to a standard single-band patch,
using shorting vias. A rectenna array exhibiting only a real-impedance match has been
previously presented for a simpler antenna design [48]. In more recent implementations,
both dual-polarization metasurfaces, [115], and electrically-small loops, [116], were used
to realize dual-band rectennas with no matching network. In both cases, the resonator
was designed to achieve an input impedance conjugating the rectifiers’ at the frequencies

of interest.

2.4.5 Radiation Properties in RFEH and WPT

The power received is a direct function of the receiver and the transmitter gain
(Grx, GTx). While the gain, on its own is often regarded as a FoM , it does not provide
a complete picture on the anticipated reception of the rectenna, due to the gain’s angular-
dependence G (0, ¢) [117]. Furthermore, antenna properties such as main-lobe directivity
and polarization directly impact the amount of power harvested from an incident wave.
Antenna radiation properties are the key parameter where ambient RFEH and WPT can
be distinguished. While in both applications the propagation medium may be unknown,
and its impact on the received wave needs to be considered, knowledge of the transmit-
ting antenna can be exploited. Table 2.2 identifies the key parameters reviewed in this
section, and their applicability to RFEH and WPT, distinguishing where how the FoM

changes with application.

TABLE 2.2: Key Radiation Properties in WPT and RFEH Rectennas

Parameter Ambient RFEH Dedicated WPT

Gain Insignificant 53] FoM

Beam-width Wide (Omnidirectional) FoM: Narrow, directional
LoS

Polarization Arbitrary: Dual LP/CP Single-Pol, CP

2.4.5.1 Directivity and Gain

In most RFEH and WPT applications, it is assumed that the direction of the incident
radiation is unknown by the harvester, with no LoS path. In this effort, multiple antenna
designs and placements have been investigated to maximize the received power from an
unknown source, independent of main-lobe alignment between the transmitter and the

receiver.

Omni-directional rectennas have been widely presented in ambient RFEH rectennas
[13,53]. In [13,30], the PSD has been reported to vary based on the antenna’s orientation.
Nevertheless, the variation in power has not been explained and hence it is impossible to
identify if the change is due to the antenna’s radiation pattern, or due to a polarization

mismatch.
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FIGURE 2.8: Rectenna topologies based on the antennas’ radiation patterns. (a):
Omni-directional antenna. (b): High-gain directional. (c): Multi- high-gain beam
antenna with RF combining. (d): Multi- high-gain beam with DC combining.

High gain directional antennas and arrays have been widely-reported for microwave
WPT and beaming [118], improving the harvesting efficiency from low RF power-densities
and overcoming the propagation losses. Yagi-Uda rectenna arrays [26,119], bow-tie ar-
ray [120], a spiral array [68], tightly-coupled-Vivaldi array [121], a CPW CP array [122]
and a wide-area patch array [48] were among the scalable rectenna implementations for
maximizing the incident power density, where the area permits. Other approaches to im-
prove the antenna’s gain included Substrate-Integrated Waveguide (SIW) techniques at
microwave and mmWave bands, specific to WPT [123-125]. However, high-gain recten-
nas are characterized by narrow-beam width, making receiving arbitrarily-directed waves
inefficient. An investigation into the number of antenna elements and ports concluded
that higher directivity does not correspond to higher harvested power in ambient RFEH
assuming a 3D random incident field, this has been validated through field measurements
in urban environment [53|. Based on [53], high gain arrays can be restricted to WPT

applications.

In the effort of porting the benefits of higher gain antennas to arbitrary RFEH, pack-
aging or layout solutions have been utilized to overcome directionality problems. A
double-patch-antenna wrist-band was presented to harvest power from both directions,
for ambient Wi-Fi RFEH [11]. Ambient cellular RFEH antennas have also been designed
as 3D boxes [126], and printed or adhered to the walls of an enclosure [74,127,128|, for
reducing the system’s area and enabling multi-direction harvesting. In [128|, the cubic
rectenna structure demonstrates higher energy-reception probability in ambient RFEH,

due to the improved antenna diversity.

Improvements to antenna designs to increase the beam-width included auxiliary par-
asitic patch elements to improve the WPT of a 2.4 GHz 4 x 1 array [129]. A 6 GHz
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Mesh-like antenna with multiple beaming-regions was also proposed demonstrating mul-
tiple beams for each port [130,131]. Multi-port multi-rectifier surface rectennas and
energy harvesting antennas of omni-directional radiation patterns have been presented
for multi-direction and multi-polarization RFEH [84,86, 107, 108]. Multi-rectifier with
beamforming matrices {132, 133], and multi-port antenna arrays [131] have also been
presented for high-gain, multi-direction energy harvesting. A comparison of RF-, DC-,
and hybrid power combining from multiple antennas have been presented in [134]. At
mmWave bands where more compact antennas are more feasible, large microstrip arrays
were integrated with Rotman beamforming lenses to achieve wide angular-coverage and
high-gain for rectennas and RFID transponders [135,136].

In conclusion, although high-gain antennas are preferred to improve the harvested
power from low RF densities, highly-directional receivers can be undesirable in applica-
tions with unknown transmitter direction, such as ambient RFEH or WPT through an
unknown propagation channel. In this effort, multiple methods of multi-beaming were
proposed for multi-direction high gain WPT and RFEH.

2.4.5.2 Antenna Polarization for Maximum RFEH and WPT Efficiency

Antenna polarization describes the motion of the field vectors referenced to the direc-
tion of propagation from the antenna. Polarization mismatch results in reduced transmis-
sion/reception between antennas even with main lobe direction alignment. For instance,
no power is received if a vertically LP antenna is used for transmission, and a horizontally
LP antenna is used for reception. In this section, reported approaches to maximize the
wireless reception efficiency and avoid polarization mismatch losses are reviewed, in this
regard, attention is paid to the antenna’s ability to receive a wave (maintain higher gain)
both through its primary and secondary polarizations, hence the FoM is the polarimetric
gain, observed through the antenna’s immunity to variation in the polarization angle
of incidence, which can be quantitatively compared through the antenna’s primary and
secondary gains (e.g. left- and right-hand CP) being equally high. A summary of the
proposed rectennas’ architecture, in terms of polarization, is given in figure 2.9 with SoA

examples compared in table B.2 in Appendix B.

In cellular communications, where linear-polarization alignment between the base-
station and the mobile phone is very unlikely, base-station antennas have been designed
to be dual-polarized [137,138], or multi-polarized [139], avoiding polarization-mismatch
losses when being received by a phone’s LP antenna, regardless of its angle. However,
variation in a LP wave’s polarization due to multi-path effects remain an unresolved
issue. Based on the assumption of multi-polarized mobile base-station and a highly-
varying polarization at the rectenna, cellular RFEH antennas have been designed as LP

antennas, as reported in most ambient RFEH literature [13,53,71,80].
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FIGURE 2.9: Rectenna topologies based on antenna polarization, showing the total
received power by each antenna from an all-polarized incident wave: (a) single LP
antenna; (b) single CP; (c¢) Dual LP; (d) Dual CP.

Circularly Polarised (CP) rectennas have been mainly proposed for WPT due to their
relative immunity to being mispositioned [68,76,140]. CP antennas enable reception of
CP radiation with the same direction of rotation (left- or right-hand-side CP) without
power losses, in addition to all LP waves with a 3 dB loss (50% power loss) regardless of
the polarization angle. Thus, multiple WPT rectennas employed CP antennas to achieve
rotation-independence with a CP transmitter. CP rectennas have been reported for
the 900 MHz, 2.4 [61,141], and 5.8 GHz Industrial Scientific Medical (ISM)-bands [140,
142,143] as well as for mmWave rectennas [76,144|. CP antennas based on asymmetric
geometry have been reported has been reported with wider-beam axial ratio to improve
the immunity to mis-positioning in WPT applications [145] along with beam switching

for improved angular coverage [133].

In RFEH from arbitrarily polarized waves, polarization-diversity represents a potential
solution to polarization mismatch losses [126]. Dual LP rectennas have been demon-
strated using imbalanced slotted radiating elements [141], as well as slotted ground
planes [146| in proximity fed antennas; rotated feed slots are used to achieve dual LP.
Cross dipoles have also been reported for dual-LP rectennas for RFEH [80] along with
dual-port patches [83]. It is expected that with dual-LP, the antenna could receive a
similar amount of power regardless of the polarization angle. For instance, a stable
PCE has been achieved by a dual-LP patch while varying the polarization orientation
by 360° [147]. The dual-port/dual-rectifier architecture has been widely reported in
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ambient RFEH or random-polarization in LP rectennas WPT [59, 63, 83, 148] and CP
rectennas [49,61,68,144].

All-polarization, also-known-as multi-polarization, rectennas have been presented for
entirely overcoming polarization mismatch losses, enabling the reception of CP and LP
waves [85,149]|, where the two dual polarization-orthogonal LP elements effectively har-
vest all LP and CP waves. To illustrate, the net vertical and horizontal voltages (V3 and
Vi), (2.1), remain unchanged regardless of the polarization angle
% 7

Prx (¢ =07) =

|4
-V _ 2.1
57 (2.1)

In (2.1) Zj is the antenna’s characteristic impedance and ¢ is the angle of the receiving

antenna on the polarization plane [149].

A right-hand Erpcp and left-hand Frpcp CP-wave follow in

1 .

Erncp = 72(E:Jc +JEy), (2.2)
1 )

Erucp = E(Ex —JjEy), (2.3)

for the right-hand (RHCP) and left-hand (LHCP) CP incident fields. where the power
from each linear polarization is harvested twice (once by each element) resulting in full
reception of the CP component [149], overcoming the 3 dB polarization mismatch loss.
Finally, through DC-combining arbitrarily polarized incident waves can be harvested.
The dual-port antenna in [150] achieves left- and right-hand CP and LP using a dual-
mode SIW cavity. Orthogonal Dual-LP and DCP were both reported to achieve similar
net harvested power regardless of the incident polarization after combining the power
from both ports [85,149]. Figure 2.10 shows the geometry of reported all-polarization
rectennas, based on microstrip patches in Fig. 2.10-a and b, and using a metasurface

and E/H-antennas in Fig. 2.10-c and d, respectively.

(a)

Ws

[ Ground [N Feeding Line (b)

FIGURE 2.10: Polarization independent rectennas: (a) dual-LP slot (reproduced from

[73], ©IEEE 2016); (b) dual-CP slot (reproduced from [61], ©IEEE 2011); (¢) dual-

LP cross-dipole array (reproduced from [84], ©IEEE 2019); (d) dual antennas for

harvesting near field H- (top) and E- (bottom) fields (reproduced from [42], ©IEEE
2015).
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Polarization independent surfaces have been presented using a cascaded cross-dipole
rectenna array (84|, meta-material surface rectenna [107|, and receiving meta-material
antennas with a dummy resistive-load [108,114] or a microstrip-transformer connected
to a 50 Q RF power meter [151]. A frequency selective surface has also been used to
harvest arbitrarily polarized waves [152|. Surface rectennas have been reported at a
variety of frequencies and recently extended to dual-band energy harvesting at 2.4 and
5.8 GHz [115]. Using a complex-impedance dual-polarized surface combines the benefits
of eliminating the matching network with those of dual-polarization RFEH, realizing a

simple yet alignment-independent energy harvesters.

Dual dipoles have also been utilized to achieve all-polarization operation at UHF (0.75
- 0.95 GHz), receiving up to 13 dB higher RF power by using only 4-dipole elements
compared to a single dipole rectenna [153]. Dual orthogonal slotting of the patch’s
ground plane has been reported for the aperture feed of dual LP rectennas [85, 149,
harmonics rejection has also been achieved using the slotted feed in [85] omitting the

need for an independent filter.

Where all-polarization is achieved using dual antenna feeds, the rectifier has been
used to combine the incident arbitrarily-polarized wave with the two ports connected
as a signal and ground to the voltage doubler or shunt diode [149,154]. An alternative
topology has been presented in [149, 153] where every output is rectified independently
with DC combining. A modified charge pump has been presented in [148] to mitigate

the effect of imbalance between the vertically and horizontally LP incident power.

To summarize, in WPT applications with a dedicated power source, CP is preferred
due to the improved WPT efficiency regardless of antenna’s polarization angle, but it
can still be prone to variations in the polarization, from RHCP to LHCP or vice-versa,
due to multi-path reflections. On the other hand, in multi-source harvesting, specifically
from ambient sources, all-polarization antennas can achieve better overall reception and
maximum portability; a multi-port /multi-rectifier architecture is required to combine the

all-polarization power at RF or DC.

2.4.6 Antennas for RFEH and WPT: Summary

In the previous sections, recent advances in antenna design for RF energy harvest-
ing and WPT are reviewed, presenting a standard categorization of RFEH and WPT
antenna design, not presented previously in literature. The three fundamental antenna

requirements for achieving high RF to DC efficiency have been identified as:

1. Antenna-rectifier impedance bandwidth at RFEH and WPT bands of interest.

2. Main-lobe alignment between the transmitter and receiver in WPT from a dedi-
cated feed.
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3. Polarization match between the rectenna and the incident wave, regardless of the

angle and position.

Based on their impedance, rectennas have been classified into 50 € and rectifier-
conjugate, rectennas, with emphasis on the impedance matching across different fre-

quency bands and loads, along with the efficiency of each matching approach.

The radiation properties, from a directivity and polarization perspective, have been
reviewed in state-of-art rectennas. Methods of improving the gain through beamforming
and packaging to overcome the narrow beamwidth were reviewed. Finally, CP rectennas
for WPT were reviewed along with various implementations to achieve polarization-
independent reception both for WPT and RFEH.

2.5 Textile-Based Wearable Antennas and RFEH

2.5.1 Body-Centric Antennas and Propagation

A plethora of research has been carried out into textile-based antennas for wearable
and body-centric communications [155]. Textile-based antennas have been proposed
spanning the full EM spectrum and its applications from DTV [156] up to mmWave
sensing and imaging [157]. Wearable antennas can be classified into three categories,
off-body, on-body, and in-body, based on the position of the transceiver the wearable

device is communicating with [155].

First of all, off-body, where the wearable antenna communicates with a device or a
base-station off the body [158-162]. Off-body antennas typically have broadside radi-
ation patterns to minimize interaction with the body. The second mode is on-body
communications, where two antennas mounted on the same user communicate across the
body [163-165], these antennas typically have omnidirectional radiation patterns with
vertical polarization, or end-fire radiation patterns for point-to-point applications [164].
The final mode is in-body, where the wearable antenna communicates with an implant

or is used for medical imaging [166].

Multiple wearable antenna designs, based on textile and non-textile materials, such
as buttons and accessories, have been proposed for off-, on- and in-body applica-
tions. A ground plane or reflector backing is often implemented to direct the antenna’s
main beam away from the body for off-body applications. On the other hand, on-
body/omnidirectional antennas often resemble monopoles and have omnidirectional
radiation patterns [167]. As for in-body antennas, either omnidirectional radiation pat-
terns or high gain beams directed into the body are used. For example, in [168] an
off-/in-body antenna combines two patch elements, one facing off the body and the

other facing into the body, with a ground plane in between.
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To improve the versatility of the wearable antennas, making them suitable for dif-
ferent off-, on-, and in-body applications simultaneously, multi-mode antennas have
been proposed. Multiple antennas have been developed using textile dual and multi-
mode antennas [167-176]. This has been achieved using multi-port antennas [167,173],
single-port antennas with multiple radiating elements [168,169] as well as antennas with
multiple resonant modes for multi-band and multi-mode operation with reconfigurable
elements [177].

A wearable rectenna is often perceived as an off-body antenna, where the power is re-
ceived from a transmitter off the body. Despite the breadth in the textile-based rectenna
implementations, textile rectennas have been mostly based on conventional antenna de-
signs, namely the microstrip patch [11,178-180], owing to its off-body radiation. Multi-
mode antennas were not investigated thus far for RFEH. While recently an unshielded
matching network-free rectenna was proposed in [181], based on a large-area array of
bow-tie elements, its RFEH efficiency was low due to the broad bandwidth, resulting in
reduced impedance matching quality, and due to absorption by the body. In addition,
despite textile RFID antennas being previously reported, [182,183], high-impedance tex-
tile antennas were only demonstrated with off-the-shelf RFID ICs and antenna rectifier

co-design was not investigated for textile rectennas.

2.5.2 Wearable Antennas Fabrication and Textile Characterization

Wearable garment-integrated antennas have been presented both using textile sub-
strates and conductors, using embroidery [182,184], conductor-plated e-textiles used
in Electro-Magnetic Compatibility (EMC)-shielding [11, 164], flexible copper foils and
laminates [159, 185] as well as non-flexible or textile components such as buttons [186],
logos [187,188] and accessories, such as a RFEH necklace [189], potentially improving the
radiation efficiency of the antenna and immunity to human-proximity effects. Additive
manufacturing through conductor printing has been widely used to produce wearable
antennas including inkjet printing [75,190], screen-printing [191], and dispenser print-
ing [192]. Although printing fulfills the accuracy requirements up to mmWave bands [75],
when printed on fabrics, the surface resistance is constantly higher than the copper-plated
or copper laminated antenna surfaces [190]. Recent advances in microwave smart textiles,

as well as wearable circuits and systems were previously reviewed [193-195].

To design textile-based rectennas, knowledge of the textile substrate’s relative per-
mittivity (e,) and the dissipation factor (tand) is essential. Multiple methods have been
presented in literature to characterize the dielectric characteristics of different materi-
als [196], a summary of the most widely used methods can be found in [197,198|. More
recent studies investigated the application of such methods to textile substrates and pro-
posed similar methods [11,199|. The two line method, originally presented by Lee et. al.

for broadband dielectric characterization [196], has been utilized in [200] to evaluate the
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performance of transmission lines on textiles. [199] proposed an adaptation to the two-
line method; overcoming the uncertainties introduced by the material inhomogeneity, at
the coax-microstrip interface. [201] presented a simpler method of determining the real
component of the relative permittivity, as S{e,} will not affect the frequency-tuning of

the antenna.

2.5.3 Textile-Based Rectifiers and Rectennas

Following on the rich literature on textile-based antennas, multiple implementation
of flexible and textile-based rectennas have been reported for wearable applications.
As power in a wearable scenario will likely come from an off-body source, broadside
microstrip patch antennas were the most common antenna design adopted in wearable
rectennas [11,178-180,191]. While this improves the antenna’s shielding from the body,
rectennas were subsequently limited to textile substrates thicker than 1 mm, and having
lowest possible tand, such as felt [11], to enable the microstrip patches to achieve a higher

radiation efficiency [117].

In the earliest fully-textile rectenna implementations, a sub-1 GHz textile rectenna
was demonstrated based on a proximity coupled rectifier [178]. The rectenna however,
was only able to achieve a PCE between 40% and 50% for S>3 yW/cm?. A 2.4 GHz CP
rectenna was also realized using conductive fabrics for the antenna, and an FR4 board
for the rectifier [180]. While the PCE and the DC output were not reported in [180],
the rectenna was able to power an Micro-Controller Unit (MCU) at 1.7 m from a 29.1
dBm EIRP source, i.e. S~2.2 yW/cm?. Screen printing was later utilized in [191] to
realize a dual-polarization rectenna, following on the realization of inkjet printed patch
antennas on textiles in [190|. However, owing to the higher surface roughness of printed
conductors compared to conductive fabrics, and the sub-0.5 mm thickness of the woven

polyester substrate, the rectenna’s radiation efficiency was 11%.

In [11], a “best-in-class” PCE was achieved in a wearable rectenna, surpassing all its
counterparts at 2.4 GHz. Nevertheless, the rectifier in [11] was implemented on a low-
loss Duroid substrate, and utilized fully-distributed matching which results in very low
losses in the matching network. The rectifier was coupled to a wearable patch antenna
using broadside coupling with a shared ground plane. Adami et al. concluded that
the high PCE was only achievable due to the careful rectifier design using non-linear
EM-Harmonic Balance (HB) co-optimization, implementing the matching network on a
low-loss substrate, and the harmonics termination. Comparing Adami et al. microstrip
antenna design in [191] and [11], the radiation efficiency exceeding 60% in [11| was
achieved by using a 3.2 mm-thick felt substrate and highly conductive fabrics instead of

screen-printed silver in their earlier implementation [191].
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More recent implementations focused on utilizing the large area of textiles [179,181].
A patch rectenna array was used for 2.4 GHz harvesting from a Wi-Fi source with
an intermediate PA relay. In [181], a 2-5 GHz rectenna was demonstrated with no
isolation from the body based on dual-polarized bow-tie antenna elements with individual
rectifying diodes for each cell. [179] can be directly compared to the preceding work
in [11], as both rectennas were based on the same diode (Skyworks SMS7630) and operate
at the same frequency (2.4 GHz). While Vital et al. achieved a high peak PCE of
70% at 8 dBm using a fully-textile rectifier and a lumped inductor [179], the —20 dBm
PCE was over 46% lower than that achieved by Adami et al. using the low-loss rigid
rectifier. This further demonstrates that achieving a high PCE on textiles, at power levels
below —10 dBm is increasingly challenging, due to the impedance matching network

implementations being limited by the insertion losses in a textile transmission line.

2.6 RF to DC Power Conversion Techniques

In the previous section, methods of harvesting RF energy from EM-waves and deliver-
ing it to a power-conversion-circuit have been discussed. This section reviews the power

conversion techniques utilized to maximize the PCE through rectifier design.

2.6.1 Schottky Diode Rectifiers

Schottky diodes have been used for RF voltage detectors in wireless receivers. Schottky
diodes have been integrated in standard CMOS processes for improved integration with
mixed-signal CMOS RFIC [202, 203|, commercially-available discrete Schottky diodes
have been widely-used in rectennas [7,17]. At low power levels, a Schottky diode’s PCE
is limited by its junction potential, due to the low voltage of the RF input. As the
RF power, and subsequently voltage, increases, the potential approaches the diode’s
break-down voltage which limits the high-power PCE [204]. The PCE of hypothetical
diodes was analytically calculated in [17]| (using the methods in [204]) for varying diode

parameters.

When selecting or designing a Schottky-based rectifier for RFEH, low series resistance
and junction capacitance are the key characteristics in a RF Schottky diode. To explain,
the cut-off frequency is defined in this work as the frequency where the resistance and
the reactance of the diode are equal. This can be calculated using the diode’s total

capacitance Cr and the series resistance Rg (2.4) [205,206] using

1

_ = — 2.4
fcut of f QTFRSCT ( )
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While in [206] only the junction capacitance is considered due to the devices being mea-
sured on-wafer, when the diodes are packaged the total (junction+packaging) capacitance

needs to be considered.

2.6.2 Rectifier Architecture

The topology of the power conversion circuit, the rectifier, varies significantly based on
multiple factors such as the diode technology and the target-power levels. A comparative

analysis of different rectifiers is in [17], and a discussion of different topologies is in [21].

A single series diode rectifier (half-wave rectifier) has been widely reported in mul-
tiple ambient and low power rectennas [11,13,33,42,43,62,77,80| as well as mmWave
rectennas |75, 76]. Single shunt-diode rectennas have also been reported with increasing
popularity among dipole rectennas [34,106,131]. The main motivation behind single-
diode rectifiers’ is minimizing the power lost as V;, which contributes significantly to
PCE at approximately Prr < —10 dBm. At higher power levels, the break-down volt-
age Vp; of the diode reduces the PCE due to the maximum achievable voltage output of

the rectifier.

Voltage multipliers have been widely used in studies presenting an integrated system
(up to the load) due to the ease of directly using the output voltage of the rectifier
to power standard electronics; overcoming the low voltage output [29,92] [26, 59, 74,
78,82, 83]. A mmWave dual-frequency harmonic recycling voltage doubler has been
presented in [207] demonstrating 12% PCE improvement, compared to a conventional

voltage doubler without harmonic recycling.

2.6.3 CMOS Rectifiers

Fully-integrated rectifiers in digital and mixed-signal CMOS processes have attracted
significant interest. A number of studies have presented custom CMOS implementations
for RFEH, where either the rectifier and matching network, or the full system where
integrated in the same IC [88,208].

A Dickson voltage multiplier [209], is a commonly selected rectifier architecture in
CMOS RFEH implementations. Either with a fixed number of stages 89,210, 211], or
reconfigurable through changing the number of stages [88|, or through adjusting the

threshold voltage of the individual transistors forming the rectifier [208].

Alternative CMOS processes such as Silicon-on-Sapphire (SoS) have been previously
used to demonstrate RFEH rectifiers of high efficiency at RF power levels lower than
—20 dBm; through minimizing Vg [212]. Where efficiencies of up to 30% at power

levels as low as —40 dBm have been achieved by a rectifier of a near-zero Vg [212].
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In studies involving transceiver design, the incoming RF signal has to be directed not
only to the rectifier but also to the transceiver, either for down-link communication in

SWIPT applications [211], or for clock or carrier generation [208,211].

A reconfigurable rectifier, with an integrated on-chip LC matching network, has been
presented by Abouzied et al. [88]. The second order LC matching network contains
two capacitors which can be digitally tuned to match the antenna’s impedance to the
rectifier. An N-stage rectifier (N: Number of stages) is proposed, with the output voltage
proportional to N, and is dynamically reconfigurable based on the available RF power
level. A boosting rectifier dynamically matches the impedance of the rectenna to the
load based on the available RF power (Maximum Power Point Tracking (MPPT)). Xia
et. al. presented a rectifier with a reconfigurable threshold voltage, based on the runtime
power conversion efficiency [208]. A sub-threshold 50-stage rectifier, using low-threshold
transistor achieves a —32 dBm 1V sensitivity with 155 ms charging time of 1 nF capacitor
[213]. Reconfigurability has been investigated in changing the transistor connections, at
run-time, to control the voltage threshold of the devices [214]. This enables a significantly
improved dynamic range compared to static cross-coupled rectifier (with a fixed threshold
cancellation scheme); the rectifier proposed by Almansouri et al. was able to reach a
PCE over 40% down to —35 dBm (when excluding mismatch), such performance was

only achievable using custom devices such as the tunnel diode in [215].

2.6.4 Custom Rectifiers

Custom diodes have been presented for high-frequency rectification, for detection as
well as power conversion, towards low-cost implementation on unusual materials, or im-
proved performance. For example, a spintronic diode has been presented demonstrating
26 1V higher Zero-bias responsivity compared to the high-sensitivity Schottky Skyworks
SMS7630 [216]. Furthermore, the spin-diode demonstrates 10% PCE compared to the
SMS7630’s 1% at 30 GHz at Prr=30 uW. This is attributed to the ultra-low capacitance
and resistance of the spin-diode of 10 fF and 1 Q2 respectively compared to the SMS7530’s
90 fF and 20 €.

At 28 GHz, a detector rectenna based on a Graphene diode achieves approximately 1%
PCE at Prp=500 uW after integration with a 2 x 2 patch array [217]. A backward tunnel
heterojunction diode achieves 5.5 times improvement in efficiency over the SMS7630 with
PCE=18.2% at Prr=-—30 dBm [215]. Fully-flexible rectennas based on flexible diodes
have been recently presented. CPW devices fabricated on low-cost flexible substrates
have been fabricated on silicon and organic materials for HF applications [205]. A fully-
flexible rectenna has been recently presented based on a 2D Metal-Oxide Semiconductor
(MOS)2 diode achieving up to 40% PCE at Prr=5 dBm at 2.4 GHz [218].
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2.7 Rectenna Integration

2.7.1 Simulation and Modeling

3D and 2.5D EM simulation have been used to design the antennas and the microstrip
matching networks [11] and to model the RF power source [42]. HB simulation, considers
the steady-state solution of a non-linear active circuit which cannot be simulated using
transient Simulation Program with Integrated Circuit Emphasis (SPICE) [219]. Due to
the fact that harmonic balance simulation enables large-signal modeling of active circuits,
reported rectenna simulations relied entirely on HB using commercial EDA tools (namely
Keysight ADS) [11,33,41,207,220], enabling simultaneous simulation of the rectifier and
the distributed matching networks.

Analytical estimation of the diode’s impedance using Ohm’s law, from the DC IV re-
lation is possible using the diode’s current. The approach has been cross-validated using
harmonic balance simulation and measurement [154]. Analytical models of a Schottky
diode were used to fully model and predict a rectenna’s performance [221|. Simpli-
fied methods, based on co-simulation of the transistor-rectifier circuit and the matching
network [222]. A similar approach has been outlined for iterative optimization of the
rectenna in full-wave EM simulation utilizing the diode’s impedance as a port impedance,
establishing an accurate simulation of the rectenna’s bandwidth, from a similar perspec-
tive to the proposed in section 2.4.2 [223]. A numerical model, for optimizing the load
impedance and smoothing capacitor has been presented based on a commercial Schottky
diode (HSMS286¢) at different ambient RFEH frequencies, with an eliminated-matching
network [77].

2.7.2 Testing and Evaluation Methods

Power-calibrated signal generators are the most commonly used instrument to quantify
the PCE of the rectifiers, after measuring 50-Ohm rectifier’s bandwidth using a VNA at
the power levels of interest [11]. Rectennas mismatched to 50-Ohm (directly matched to
the rectifier) have been tested in an anechoic chamber, using a reference antenna as a
power source and a propagation-model to quantify the amount of power incident at the

rectenna [84], or in an indoor environment using the calculated received power [224].

Different methods of expressing the efficiency of rectennas and WPT systems have
been proposed based on traditional antenna parameters were presented. A 3D voltage-
pattern measurement was presented in [225], providing the rectenna’s DC output in a
format similar to antenna radiation patterns. Measuring the 3D voltage pattern has
demonstrated that a rectifier can alter the radiation patterns of the rectenna. A similar
testing approach has been reported in [68] plotting a radar-plot of the DC power as a

function of the incident wave’s angle. The two-port network approach in [226] enables



Chapter 2 Rectennas and RFEH: A Review 39

prediction of the end-to-end WPT efficiency in the same format as non-radiative coupled
systems. A similar two-port approach was followed in [42] when harvesting power from
a near-field 433 MHz license-free walkie-talkie. In [45], a number of incident waveforms

has been compared to present an waveform optimized for WPT.

2.7.3 High-Efficiency Low-Power Rectennas

Combining low-Vg diodes, optimized input impedance matching or antenna-rectifier
co-design, and an optimal load impedance (DC current draw), multiple rectennas have
been reported achieving high PCE from ultra-low power densities. Antenna rectifier co-
design was used in [111]|, where the rectifier was designed to achieve the a high S{Zi,} to
R{Zin} ratio, and matched using a high-Z loop antenna. The same antenna was utilized
in [89] to match a CMOS cross-coupled rectifier, showing the versatility of antenna-
rectifier co-design, and its suitability for both discrete and integrated rectifiers. In [227]
a 6-stage cross-coupled CMOS rectifier, was matched to small loop antenna achieving
a 3 V DC output from —22 dBm with a high-impedance load. Nevertheless, the high-
PCE dynamic range of the rectifier will be very limited due to the reverse leakage in a

cross-coupled rectifier [214].

As discussed and implemented in [11], presenting the rectifier with Zj, which results
in a maximum PCE could be achieved using either a co-design antenna with a complex
impedance, or using a low-loss matching network. One of the highest reported PCEs,
using lumped components, was achieved using a co-designed stripline dipole backed by a
large reflector was reported in [228] at 2.45 GHz with over 50% at S=0.22 W /cm?, and
a peak PCE of 83%. Likewise, at 868 MHz, the highest PCE in prior art was achieved
using a co-designed dipole [111]. Therefore, while theoretically both a matching network
and a co-designed rectenna can achieve the same PCE, matching network-free rectennas
are more suited to low-power applications due to having lower parasitics, and reducing

the overall system losses.

For ambient RFEH a range of energy harvesters was presented using multi-port recten-
nas [53,71,229]. The output of such systems is substantially higher than a single rectenna
element, owing to combining the DC output of multiple rectenna elements [53|, and in
some implementations a combination of RF-combining and DC combining, to increase

the RF power available at a rectifier’s input.

2.8 mmWaves for RFEH and WPT

The broad spectrum at mmWave bands has attracted significant interest for a breadth

of applications, with 5G communications being the main commercial drive for mmWave
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networks [230,231], motivating research in broadband high-gain antenna design [232], an-
tenna arrays, and beam-forming techniques [230]. Emerging applications such as gesture
detection [233], and high-speed Body Area Networks (BAN) [159], have also been inves-
tigated at the 60 GHz license-free bands. While mmWave communications have not yet
made it to full commercial deployment, efforts to realize mmWave rectennas have been
motivated by the small micro-cells size and high EIRP limits [234]. Moreover, numerical
analysis of an RFEH network at 28 GHz has shown that the end-to-end efficiency of the

network surpasses sub-6 GHz networks, due to the improved energy coverage [235].

In this section, recent advances enabling mmWave WPT and RF-powered networks
are reviewed. mmWave-specific rectification challenges are identified and emerging plat-
forms for mmWave rectennas, from fully-integrated CMOS to flexible printed mmWave
rectennas, are reviewed. Although the term mmWave means the frequency spectrum
from 30-300 GHz, where the wavelength is between 10 and 1 mm, 5G and license-free
bands between 20 and 30 GHz are commonly referred to as mmWave bands. As a result,
the term mmWave bands will be used in this thesis to describe rectennas and antennas

operating above 20 GHz.

2.8.1 mmWave Space Power Beaming

W. C. Brown’s earliest drone-powering rectennas operated at microwave bands below
10 GHz [3]. The additional atmospheric attenuation of mmWave signals due to air and
water vapor was considered a major hindrance to mmWave WPT. Yoo and Chang were
motivated by the miniaturization potential at mmWave to realize a rectenna operat-
ing at 35 GHz for space WPT applications [204,236]. In space, mmWave signals will
not be attenuated and hence high end-to-end efficiencies can be maintained with more
compact transmitting arrays and rectennas. They developed a theoretical framework
with numerical and experimental validation comparing the rectifier design process at
10 and 35 GHz [204]. Their theoretical analysis is used in Chapter 3.2.2-A to evaluate

commercially-available diodes up to 100 GHz.

Although the 35 GHz rectenna in [204] achieved a 39% PCE, the maximum theoretical
PCE of the rectenna is calculated to be 60%, if the antenna was matched to the recti-
fier’s impedance to minimize the reflection. Therefore, it can be concluded that mmWave
rectennas can be designed without an ideal impedance matching stage while still main-
taining performance. The diode’s cut-off frequency was calculated to be 155 GHz based
on the parameters utilized in the simulation [204]. Therefore, harmonics propagation
to the output could be ignored at 35 GHz. Hence the relatively-high 39% PCE can be

achieved without stand-alone harmonic termination.

Rectenna development at mmWave bands was focused on presenting diodes of high

breakdown voltage Vp;, to enable efficient reception of high power densities [16]. As with
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[204], Koert and Cha discussed the miniaturization potential of 35 and 94 GHz rectenna
arrays for space applications, making higher gain antennas more realistic at mmWave
compared to sub-6 GHz bands. They then developed rectennas in GaAs processes with
fringed diodes with higher Vg,. Koert et al. developed rectennas operating at 35 and 94
GHz [237]; 35 GHz is the frequency where the atmospheric attenuation reduces from the
peak reached around 28 GHz, due to absorption by water-vapour. At 94 GHz, the rise
in absorption at 60 GHz, due to oxygen, reduces to its lowest point above 50 GHz. The
work by Koert and Cha was developed at an industrial lab (ARCO Power Technologies)
which later became part of E-Systems and acquired by Raytheon Company, where the
earliest WPT systems were developed |[3].

Following the feasibility studies showing the ability to realize rectennas beyond 30
GHz for mmWave WPT, the diode design was identified as a key challenge facing the
development of mmWave rectennas [16]. The conclusion drawn about hybrid rectennas,
i.e. a GaAs RFIC diode mounted on a printed circuit as opposed to a fully-integrated
diode, is that hybrid rectennas are better suited for applications around 35 GHz. Beyond
94 GHz, a fully-integrated rectenna is essential. While the diode’s junction would not
be different in a fully-integrated rectenna, this shows that the critical bottle-neck to the
rectenna is the parasitic capacitance introduced by the transition from a printed circuit to
a GaAs die. The issue of estimating and factoring in the diode’s packaging parasitics was
revisited in more recent rectenna designs |75, 76,238|. Parasitic capacitance of packaged
devices is also more widely regarded as a challenge in mmWave components such as
PAs [239].

As interest in mmWave power harvesting has re-emerged for IoT applications [235,240],
it is essential to reflect upon the developments in high-power space WPT. The main
difference between the work in [16, 236, 241], and practical commercial deployment of
mmWave rectennas is the power densities. The high PCE, which approaches 90% in [204],

2. While such an energy

requires a high mmWave power input, exceeding 10 mW /cm
density is plausible in power beaming in space, it is highly impractical for WPT to IoT
devices in a dense urban environment due to the limits on the EIRP. Thus, efficient
rectification at mW and sub-mW power levels is essential to realize a mmWave-powered

IoT.

2.8.2 The Rectenna at mmWave

A rectenna at mmWave bands, where diodes approach their cut-off frequencies and
packaging and layout parasitics cannot be ignored, requires careful harmonic termination,
which plays a dominant role in determining the rectenna’s performance. Fig. 2.11 shows

the structure of typical UHF and microwave rectenna compared to mmWave rectennas.
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FiGURE 2.11: The typical sub-6 GHz rectennas topologies contrasted to mmWave
rectennas: (a) sub-6 GHz rectenna with a 50  antenna and a matching network,
(b) sub-6 GHz rectenna with antenna-rectifier co-design, (¢) mmWave fully-integrated
rectenna with on-chip matching, (d) fully-integrated mmWave rectenna with no stan-
dalone matching stage (e) Schottky-based mmWave rectenna, showing the rectifier’s
parasitic capacitance and the harmonic-termination microstrip stubs at the output.

The mmWave rectenna, in Fig. 2.11-e, requires additional components to prevent the
high frequency harmonics from propagating to the output. The diodes’ non-linearities
are more evident and can result in significant power being generated at higher harmonics,
which, if not terminated properly, can adversely lower the DC output [207]. In addition,
the rectifier design, simulation and matching stages are more uncertain and discrepancies
between the datasheet and real-world performance need to be tackled. Fig. 2.11-e
shows the additional components of a mmWave rectenna such as filters and harmonic
termination, often not seen in sub-6 GHz rectennas, as well as the main challenge, the

integration of the antenna and the rectifier at the Zg.. plane.

The rectifier/antenna interface (Zpgeet. plane in Fig. 2.11-e) is the main source of
uncertainty. mmWave rectenna design can involve multiple design iterations to experi-
mentally characterize the rectifier’s impedance and diode parameters [76]. It is also not
uncommon to see additional prolonged antenna or rectifier feed-lines [159,242|, modified
designs post-fabrication [243], as well as a generally higher discrepancy margin between
simulation and measurements [238,244|. The antenna and rectifier design are commonly

treated as separate matters and are reviewed separately in Sections 2.8.3 and 2.8.4.

Fully-integrated rectennas at mmWave bands, motivated by the miniaturization of
the antenna, follow a different architecture. Given the sub-mm scale of CMOS IC, the
parasitics of the entire system are significantly lower and hence harmonic termination and

layout consideration are not of great significance as in discretes. On-chip antennas are
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also different in their design requirements where balanced antennas are more common
compared to discrete rectennas. Furthermore, more attention is given to circuit-level
simulation to extract the rectifier’s input impedance compared to discrete rectennas,
where it is not possible to prototype and measure the rectifier separately. Integrated

antenna design for mmWave rectennas is reviewed in Section 2.8.4.2.

2.8.3 Antenna Design for mmWave Rectennas

To counter the high propagation losses and the additional atmospheric attenuation,
mmWave rectennas rely on high gain antennas to maximize the harvested power. A
variety of antenna design and fabrication methods have been reported in literature, from
wave-guide, to PCB, and fully-integrated antennas in CMOS processes. In this section,
recent trends and advances in antenna design for mmWave rectennas are reviewed. Sec-
tion 2.8.5 is dedicated to additively-manufactured antennas and rectennas on low-cost
substrate, where they are reviewed from a holistic rectenna perspective rather than be-
ing purely focused on the antenna design. A comparison of the antennas reported for

mmWave rectennas is presented in Tables B.3 and B.4 in Appendix B.

2.8.3.1 Antennas and Arrays in mmWave Rectennas

High gain antennas have historically been developed using waveguide components and
horn antennas, due to their power handling capabilities and low losses [245]. mmWave
rectennas have been developed based on waveguide antennas [243|, or with a waveguide-
to-microstrip interface for integration with waveguide components [246]. Such rectennas
will have the highest gain (> 15 dB) and can be demonstrated with linear, [246]|, or

circular polarization [243|, which may be preferred in directional WPT applications.

Nevertheless, waveguide components are 3-dimensional and more expensive compared
to planar antennas. Arrays are the most common method to improve the directivity of
microstrip antennas [247|. The majority of PCB antennas reported are based on arrays
with at least two elements [234], and as many as 4x4 elements [220,248|. However,
wireless communication antennas, e.g. [232], have been reported with higher gain than
some of the reported arrays for mmWave rectennas [75]. While patch antennas have the
advantage of not requiring vias, a via may still be required at the rectifier stage. Although
microstrip patch antennas can achieve high gain and radiation efficiency on low-loss
substrates, they are inherently narrow-band, especially on thinner substrates [76,117].
An advantage of planar microstrip antennas is that they can be realized on a variety of
unconventional substrates using printing and photolithography [10]. mmWave harvesting
antennas implemented on lossy substrates and using additive manufacturing are reviewed
in detail in Section 2.8.5.
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SIW transmission lines have significantly advanced the development of planar antennas
at mmWave bands. SIW antennas benefit from suppressed surface waves which improves
the antenna elements’ isolation, and subsequently the radiation properties [76,249]. A
4x4 rectenna array was proposed in [220] based on the SIW slot array detailed in [250].
To interface the SIW with the microstrip rectifier in [76], a STW-microstrip transition was
developed. The length of the tapered transition microstrip line is 16.7 mm (1.33\) high-
lighting that a standard SIW transition can significantly increase the area of a mmWave
rectenna. To reduce the size of SIW rectennas, a 24 GHz rectenna was realized in
a 15x22.9 mm? area based on a rectifier integrated inside the SIW cavity [251]. A
vertically-stacked double-element rectenna based on two 10 dBi 35 GHz SIW Vivaldi

antennas with microstrip rectifiers was proposed in [252].

While SIW rectennas have only been implemented on low-loss high-frequency sub-
strates [76, 220, 251, 252|, SIWs have previously been demonstrated on unusual sub-
strates. For wearables, SIWs based on conductive threads are used to realize low-
loss high-isolation SIW antennas and transmission lines for wearable applications [253].
Rigid threads woven into fabrics have been used to demonstrate transmission lines up
to 37 GHz [254], the proposed textile waveguide to standard waveguide transition allows
the development of mmWave rectennas based on SIW textile antennas integrated with

microstrip components such as rectifiers.

2.8.3.2 Fully-Integrated mmWave EH Antennas

At mmWave bands, the miniaturization of antennas enables their integration in stan-
dard CMOS processes or semiconductor packages with the associated communication
[255], or in this case energy harvesting, circuitry. Multiple on-chip antennas have been
proposed for mmWave rectennas and mmWave-ID [256-260|. Fig. 2.14 shows the micro-

graphs of reported on-chip antennas for power harvesting in the 24 to 94 GHz spectrum.

Folded dipole antennas were used for 24 GHz fully-integrated rectennas for RFID
applications [256,258]. With a length of 1.6 and 3.7 mm for [258] and [256], the dipoles
achieve a gain of —8.7 and —1 dB, respectively. As [256] uses the 60 GHz band for
up-link, a A/2 dipole was integrated on the same chip for communications at 60 GHz. In
CMOS, differential balanced antennas such as dipoles are generally preferred to single-
ended ones, dipoles can connect to differential circuits eliminating baluns [255]. Such
implementations enable fully-integrated pad-less radio transceivers, which do not require
any external components to function. To account for the multi-antenna integration
in [256], the positioning of the 60 GHz antenna and the energy storage capacitors (shown
in Fig. 2.12-a) was optimized to prevent mutual coupling with the 24 GHz dipole. The
24 GHz dipole had a simulated impedance of 60 €2 and a radiation efficiency approaching
30% [256].
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FIGURE 2.12: Micrographs of the on-chip energy harvesting and mm-ID antennas: (a)

24 GHz folded dipole rectenna and 60 GHz A/2 communications dipole, (reproduced

from [256], ©IEEE 2015), (b) 71 GHz A/4 monopole rectenna with inductor match-

ing, (reproduced from [259], ©IEEE 2013), (c) 24/40 GHz slot with off-chip dielectric

resonator, (reproduced from [257], ©IEEE 2017), (d) 35/94 GHz (2.9 mm?) rectenna,
(reproduced from [261], ©IEEE 2010).

A similar design was presented in [259] with an on-chip 71 GHz A/4 monopole. The
antenna was directly connected to a single-ended inductive-matched rectifier, as shown
in Fig. 2.12-c. Although the gain was not reported, it is expected that the antenna’s gain
approaches 0 dB as with [256], as the monopole is A\/4 in length. A comparison of CMOS
mmWave power harvesting antennas [256,258,259] was presented in [240] concluding that
the Q-factor of the matching component is equally significant to the antenna’s dimensions
when evaluating the performance, in terms of received DC power, of mm-sized far-field

power receivers.

2.8.3.3 Beamforming and Phased Arrays for mmWave EH

In 5G and mmWave communications, phased arrays are employed to steer the main
beam of the receiving antenna. Phased array transceivers have been proposed with low
power consumption down to 10s of mW for active reception [262]. Such power overhead
is mainly due to the amplifiers in the system but also due to the tunable phase-shifters.
In a mmWave rectenna aimed at high-power applications, such overhead for phased-

array tuning could be accommodated without significantly reducing the net DC output.
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However, for low-power harvesting systems, complex active array tuning circuits are not

feasible and hence mmWave rectennas did not employ phased arrays.

In [263], a method of employing a rectenna to tune a phased antenna array was
proposed at 60 GHz. Although the rectifier’s performance is not discussed in details,
the radiation patterns of the retro-directive array can be reconfigured successfully from
a mmWave incident power density of 0.013 mW /cm?, providing a bias voltage of 5 V and
allowing the local oscillator to produce 5 dBm of power. Such efforts could be combined
with more recent low-power phased-array controllers to realize a steerable phased array

rectenna for long-range high-power mmWave WPT.

Beamforming on the other hand allows quasi-omnidirectional energy harvesting using
high gain antenna arrays and a Multi-In Multi-Out (MIMO) beamforming network [135].
Beamforming techniques were used for sub-6 GHz energy harvesting based on full RF
combining with a butler matrix and 1x4 patch antenna arrays at 2.4 GHz [132|. Low-loss
coaxial cables are used to connect the 3D cylindrical patch array to the butler matrix
which connects directly to the rectifiers [132]. The system in [132] achieves wide angular
coverage with four main beams each having over 6 dB higher gain compared to dipoles.
Nevertheless, the structure is very complex and requires low-loss interconnects as well
as occupying a large volume (290x130?7 mm?). At mmWave bands, implementing such
large area arrays is straightforward on planar flexible substrates [135,136]. Therefore,
beamforming networks can enable long-range wide-beamwidth energy harvesters beyond
24 GHz.

2.8.4 Diodes and Rectification for mmWave EH
2.8.4.1 Schottky Diodes at mmWave Bands

A rectifier’s PCE is limited by the forward bias threshold voltage Vi at lower power
levels, and by the breakdown voltage Vg, at higher power levels. An additional loss is
incurred due to the harmonics generated due to the non-linearity of the diode [204]. At
mmWave frequencies, the fundamental-tone and harmonics propagation to the output
becomes the major limiting factor to the PCE, due to approaching the cut-off frequency
of the diode. It was found that a significant proportion of the input power (66%) can
exist at the first and second harmonics at the output of the rectifier, with only 32% of the
output power being DC [207]. Most commercially-available silicon (Si) Schottky diodes
have a junction cut-off frequency around 20 GHz, which can be adversely reduced by the
packaging and mounting parasitics. Therefore, Gallium Arsenide (GaAs) diodes, capable

of switching beyond 100 GHz, are typically chosen for rectennas beyond 20 GHz.

Other than commercially-available Schottky diodes, multiple diodes have been pro-

posed in literature showing potential for efficient rectification at mmWave bands. In [215],
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although the low-barrier tunnel diode was demonstrated at 2.4 GHz with the high-
est low-power (sub —30 dBm) PCE surpassing commercially-available diodes, measure-
ments show that the diode can be used for efficient rectification beyond 40 GHz. From
the VNA impedance measurements at —30 dBm, the diode maintains a predominantly
reactive impedance showing the potential for mmWave rectification. In [217], a self-
switching graphene diode was proposed and integrated with a 2x2 patch antenna array
on a silicon/silicon-dioxide substrate. For a 50 Q probe-feed, the diode has a voltage
sensitivity (responsivity) of 7.04 V/W at 28 GHz from a 1.22 mW input [217]. In [264],
a Mott diode was used in a 93 GHz rectenna, showing over 5x PCE improvement over
the Microsemi MS8151 GaAs diode. However, the commercial diode in comparison does
have a very high VF which will result in the lowest PCE compared to other GaAs diodes
such as the Macom MA4E and the Virginia Diodes ZBD.

2.8.4.2 Fully-Integrated mmWave Rectifiers

CMOS rectifiers have been widely used for fully-integrated on-chip RF-DC conversion
at sub-6 GHz and mmWave bands. The high f.ui_og of CMOS diode-connected transis-
tors enables efficient rectification at mmWave bands. Furthermore, the fully-integrated
nature of the devices implies no influence from the packaging parasitics, which were
previously shown to significantly reduce feut—off of Schottky diodes [75]. However, such
parasitics will still exist once a CMOS rectifier is integrated with a PCB antenna. On the
other hand, multiple CMOS mmWave rectifiers were reported with power-sensitivity (on-
wafer) below 0 dBm [256,260], which is not typically achieved by discrete Schottky-based

rectifiers.

As reviewed in Section 2.8.3.2, multiple antennas have been proposed in CMOS pro-
cesses to enable improved integration of mmWave rectifiers. For example, at 24 GHz a
folded dipole antenna was directly connected to the CMOS rectifier in [256] without sep-
arate impedance matching. At 62 GHz [265], and 71 GHz [259], Gao et al. proposed an
inductor-peaked rectifier for threshold voltage cancellation. The series inductor connect-
ing the gate of the diode-connected transistor was used to resonate with the transistor’s
capacitance. A series inductor was also used to match the rectifier showing a S1;<—20 dB
bandwidth from 54 GHz to over 64 GHz. The design of fully-integrated CMOS mmWave-
powered systems is described in detail in [266]. Another topology used for rectification at
60 GHz is a cross-coupled rectifier [260]. The flip-chip CMOS rectifier was connected to
a grid array antenna-on-package with a transformer balun resulting in a predominately

real rectifier impedance, which results in resonance at the operation frequency.

Realizing rectifiers in standard digital CMOS processes allows large-scale and low-cost
production of high-efficiency rectifiers operating above 60 GHz. In addition, the 60 GHz
power amplifier, with 24.6 dBm output, demonstrated by [260| as part of a complete
WPT system shows that complete mmWave WPT can be realized in standard digital
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CMOS as well as integrated with off-chip compact antennas. As opposed to Schottky-
based rectennas (Fig. 2.11), discussed in the next section, a harmonic termination or
low pass filtering stage was not required to realize high-efficiency rectifiers, due to the
high level of integration, high f..t_of and overall compactness. Table B.5 in Appendix

B compares the recent mmWave CMOS rectifiers.

2.8.4.3 Design and Matching of mmWave Rectifiers

To achieve high PCE; it is essential to match the impedance of the generator (i.e. the
antenna) to the rectifier’s input impedance at the frequency, load current, and power level
of interest. At UHF and microwave, this could be achieved using antenna rectifier co-
design or impedance transformers [15]. As shown in Fig. 2.11, Schottky-based mmWave
rectennas often have a standalone impedance matching stage, and the antenna or array
are matched to 50 §2 characteristic impedance. The key challenge in matching rectennas
at mmWave bands is obtaining an accurate estimate of the diode’s parameters, especially
the packaging parasitics. Such knowledge will enable the use of commercial simulation
software and non-linear circuit analysis methods such as HB to evaluate the optimum
Zrect. at the rectifier’s transition plane. The transition plane, shown in Fig. 2.11, marks
the transformation of the 50 {2 antenna impedance to the rectifier’s. Furthermore, the
rectifier design will include additional stages when designing the “DC” side of the circuit
to properly terminate the harmonics and prevent PCE degradation. The layout of the
circuit beyond the diode will still significantly impact the input impedance and the

propagation of harmonics to the output.

The theoretical analysis provided by Yoo and Chang’s mmWave rectenna can be used
to evaluate the input impedance of shunt diodes using closed form equations [204]. At
10 GHz, the theoretical calculations have shown a good agreement (<10% discrepancy)
between the calculations and Method of Moments (MoM) simulations. However, at 35
GHz the discrepancies increase to approximately 50%. The MoM simulations showed
a close agreement with the measurements for a 400 2 load but not for a 100 Q load.
This demonstrates that the higher-current diode parameters were not characterized as
accurately as the low-current ones. Yoo and Chang attributed the discrepancies and the
lower efficiency at 35 GHz to impedance mismatch. As the Si; of the rectifier was not
measured due to the coplanar structure which is hard to interface with a single-ended
VNA, it is hard to evaluate the impedance matching of the 35 GHz rectifier. On the other
hand, using a tunable open stub tuner at 10 GHz has improved the 10 GHz rectenna’s
PCE from 45% to over 60% to approach the theoretical maximum. This supports the
assumptions that the 35 GHz rectenna was limited by an impedance mismatch at the
diode interface. Finally, it is key to note that the rectifier had a simple layout with no
open stubs terminations and only used a DC-pass filter to prevent harmonics propagation

to the output.
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In more recent rectenna implementations by Ladan et al. [76,207,267], a more empirical
approach was adopted to design and match the rectifier. The rectifier was first designed
including harmonic termination at the fundamental tone fy and the second harmonic
2x fo. To account for the high Electro-Static Discharge (ESD) susceptibility of GaAs
diodes, ESD protection was included using a shunt 200 k€2 resistor at the diode’s input.
To minimize the influence of the ESD protection on the mmWave signal path, A\/4 at
fo butterfly radial stubs were added to the ESD protection branch. Including ESD
protection is essential especially for the GaAs diodes which are the most costly component
in the system and are difficult to replace. Yet, apart from [207], ESD protection remains
uncommon in mmWave rectennas which use highly ESD-sensitive devices. At 94 GHz,
Hemour et al. used both on-wafer measurements, with a TRL calibration, and DC IV-
curve measurements to measure the VDI W-ZBD characteristics [238]. Nevertheless, the
performance of the rectenna was underestimated in simulation due to over-estimating
the diode’s parasitics based on the empirical characterization [238]. At 24 GHz, Bito et
al. used DC IV curve measurements to optimize the models of the MA4E1317 [75]. As
with [238], the rectifier’s measured output surpassed the HB-simulated output due to

over-estimating the diode’s losses [75].

When considering the distributed microstrip layout of the rectifier in [207| after adding
the harmonic termination, ESD protection, and in [207]: the extra stage for harmonics
recycling, the rectifier’s impedance can no longer be analyzed using simple analytical
formulas as in [204]. To explain, the size of the rectifier and the additional component
will result in multiple Smith chart rotations significantly varying the diode’s impedance
at individual tones. As a result, Ladan et al. resorted to fabricating Through Reflect
Line (TRL) calibration standards on the same PCB. The bespoke calibration “kit” is then
used to transfer the VNA calibration plane to the rectifier’s input (the Z,... plane in Fig.
2.11-e) allowing the coax-microstrip transitions to be calibrated out. The VNA is then
used to directly measure Z,.. for which a microstrip matching network is then designed
and implemented on a second PCB. As the rectifier is matched to 50 , a standard
band-pass filter (BPF) was added between the patch array and the matching network.
The measured Sy; of the rectifier shows a good impedance match at both the design
frequencies of 24 and 35 GHz in [76] and [207], respectively. In a more recent rectifier
design at 35 GHz, Mei et al. proposed a shunt-diode rectifier based on microstrip series
matching [243]. The microstrip feedline connecting the shunt diode to the negative DC
terminal of the rectifier was responsible for canceling the rectifier’s capacitance at 35

GHz, as measured using a VNA.

A common feature among most rectifiers is the use of vias for single-series [76], self-
biased [267], and voltage-doubler rectifiers [207,242]. However, for printed and flexi-
ble electronics, vias involve complicated fabrication processes and additional steps |75].
Thus, via-free rectifiers with single-sided current return paths have been proposed for

single-ended microstrip-fed single-series rectifiers [75,135,268]. The current return path
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would typically include some form of harmonic termination such as radial stubs. The
DC terminals of the rectifier are then both present on the top layer. For shunt diodes,
the process is more straightforward as the positive and negative terminals of the rectifier

are on the same layer [204, 243|.

Although at mmWave bands beyond 60 GHz, the majority of implementations are
based on fully-integrated CMOS devices (Table B.5), Hemour et al. proposed the highest
PCE rectenna at 94 GHz with over 3x PCE improvements over CMOS implementations
[238]. Despite being implemented on a very low loss alumina substrate (alumina’s 60 GHz
tand<0.001 [269]), it was observed that the surface current losses peaked in the matching
network [238]. The rectenna had an overall size of 0.55A\% which, despite being larger than
fully-integrated CMOS rectennas, is still usable for applications such as swarm micro-
robotics. This is a particularly interesting example where a Schottky-based rectenna
outperforms its CMOS counterparts, based on a diode with very low parasitics and Vp,

on a very low-loss substrate.

2.8.5 Additive Manufacturing and Low-Cost mmWave Rectennas
2.8.5.1 Rectenna Topologies and Motivation

Many of the mmWave rectenna implementations can be leveraged in space and defense
applications, where the materials and diodes cost is negligible. However, for ubiquitous
mmWave-powered networks to become a reality, several research challenges need to be
overcome to allow high-efficiency low-cost rectennas. This section reviews the advances
in additively-manufactured and flexible low-cost rectennas, as well as the viability of
mmWave rectennas on lossy substrates. More broadly, low-cost and unusual mmWave
antenna designs proposed for wireless communications are also reviewed based on their

suitability for enabling new mmWave power harvesting applications.

To properly evaluate flexible and printed mmWave rectennas they need to be cate-
gorized based on their various components as in Fig. 2.13. The first class (Fig. 2.13-a)
of flexible and conformable rectennas are those involving low-cost fabrication techniques
to realize the rectenna on a flexible high frequency substrate. This substrate could be
commercially available Liquid Crystal Polymer (LCP) which has tand<0.005. Various
implementations have been presented using this fabrication method and all implementa-
tions were based on common geometry microstrip patch antennas [75,135]. Such recten-
nas can achieve a DC output close to or surpassing their counterparts on rigid PCBs as
in [136]. However, they cannot be classified as fully low-cost components as they still
rely on expensive high-frequency substrates which can be over 90x more expensive than

fiberglass or plastics [270].

The second class of low-cost rectennas are those implemented on lossy conventional

substrates (Fig. 2.13-b). Such implementations are more suited to real-life applications
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FIGURE 2.13: Low-cost mmWave rectenna categories: (a) low-cost conductors on flexi-

ble RF substrates [75], (b) low-cost conductors and substrate [234], (¢) bespoke antenna

design for high efficiency on lossy substrate, (d) the all low-cost components rectenna
concept avoiding the use of costly mmWave GaAs diodes.

as their performance is not dependent on using low-loss substrates to realize complex
impedance matching networks. For example, the rectenna in [234] is a demonstration of
a mmWave-powered system-in-package. However, as the design is based on conventional
antenna designs, the performance may be further improved through higher radiation

efficiency antennas designed specifically for a lossy substrate.

The third class of low-cost rectennas is based on novel antenna design for maximizing
the radiation efficiency on a lossy substrate (Fig. 2.13-c). Thus far, to the best of the
author’s knowledge, no implementation has been reported for a mmWave rectenna in

this topology other than [244], which is proposed in Chapter 7.

The only fully low-cost mmWayve topology not only employs bespoke antennas on low-
cost substrates but also requires robust and low-cost rectifiers, as in Fig. 2.13-d. While
Schottky diodes for mmWave applications will remain on GaAs to avoid operating near
the cut-off frequency, the advances in CMOS mmWave rectifiers could be leveraged to re-
alize low-cost printed rectennas. From a research and development perspective, the cost
and time barrier of custom CMOS design for mmWave rectifiers contributes to the drive
towards using off-the-shelf Schottky diodes, albeit being a costly component. However,
for mass production, the high-efficiency rectifiers realized in standard CMOS processes
could be used as the rectifying elements in future ubiquitous mmWave rectennas [266].

A recent rectenna array implementation at 94 GHz, showing high PCE approaching 25%
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using miniaturized PCB antennas and CMOS rectifiers, further demonstrates the fea-
sibility of large-area mmWave energy harvesting using large-area hybrid systems [271].
Nevertheless, the antennas in [271] were still implemented on a low-loss high-cost sub-

strate.

2.8.5.2 Design, Fabrication and Performance

A variety of fabrication techniques have been developed based on additive manufac-
turing, photolithography, and hybrid methods to realize flexible mmWave antennas and
systems. For example, direct inkjet printing of antennas directly on flexible substrates us-
ing conductive inks is a straightforward process of printing multi-layered aperture coupled
antennas using printable dielectrics [272]. Furthermore, inkjet masking has been used
to deposit photoresistive inks to allow the etching of commercially-available polyimide
copper laminates without the use of masks and precision mask aligners [42|. Fig. 2.14
shows photographs of mmWave rectennas fabricated using a variety of low-cost tech-
niques such as printing on flexible and 3D printed substrates, these implementations

were all presented by the same research group.
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FIGURE 2.14: Photographs of flexible and printed mmWave rectennas: (a) high gain

and wide-beam inkjet-masked rectenna (reproduced from [135], ©IEEE 2019), (b) 3D

printed system-in-package rectenna (reproduced from [234], ©IEEE 2019), (c) flexible
inkjet-printed rectenna (reproduced from [75], ©IEEE 2017)
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The majority of mmWave rectennas were based on 50 2 antennas. Thus, flexible and
printed antennas proposed for 5G and license-free communications beyond 24 GHz can
be employed in mmWave power harvesting. Examples of flexible and printed antennas
developed for wireless communications have shown the possibility of achieving very high
radiation efficiency (>80%) and a wide-bandwidth for 5G applications in [232]. Similarly,
BAN flexible antennas have been demonstrated at 60 GHz based on flexible PCBs [273].
However, as for the LCP-based rectennas in |75, 135], these antennas were implemented
on substrates with tand<0.005. Hence, they cannot be considered as fully low-cost com-
ponents and the designs may need to be optimized to achieve high radiation efficiencies

on lossy substrates.
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Eid et al proposed flexible beamforming arrays based on Rotman lenses (Fig. 2.14-b)
as an enabler of long range power harvesting [135] and backscattering [136]. The inkjet
masking fabrication technique used, first presented in [42], is fairly low-cost and well-
suited for rapid prototyping. However, the systems are implemented on low-loss Rogers
LCP substrates. It is unclear how the performance of such a system, considering the
complex Rotman lens, will vary if it was implemented on a lossy dielectric such as FR4,
lossy polymers, or textiles. Considering only the microstrip feeds dielectric losses, based
on the formulas in [274], the 55 mm-length microstrip rectenna feed will incur over 6 dB
insertion losses at 28 GHz for a tand=0.02. tand=0.02 is a conservative estimate based on
the properties of materials such as fabrics [159,244] or 3D printable dielectrics [234], tand
of substrates such as paper can exceed 0.04 [43]. It is expected that the dielectric losses
will be also higher in the Rotman lens due to the unusual geometry and the larger area
over a lossy dielectric. Similar conclusions could be drawn on rectenna arrays printed or
etched on flexible low-loss substrates such as [75], where the net DC output will degrade

significantly should the system be transferred to a lossy substrate.

A particularly common example of antenna substrates which have a high tand are
textiles. Driven and parasitic mmWave antenna arrays have been recently presented as
high as 77 GHz with 11.2 dB gain [157]. mmWave antennas on textiles have also been
developed for on/off-body BAN applications [159,164]. Considering the 41% efficiency
patch array in [159] and the end-fire 48% quasi-Yagi in [164]|, meaningful conclusions
can be drawn upon the effect of the antenna design on a lossy substrate at mmWave
bands can be drawn. Both antennas, by Chahat et al. have been fabricated using the
same conductors and on the same cotton substrate by the same group. Yet, the endfire

antenna achieves over 1 dB higher efficiency.

The rectifier in [135] achieve the highest PCE of ~33%, only 21% lower than the high
efficiency rectenna implemented on a rigid PCB in [76]. [135] uses a solid metal sheet
for the antenna and the ground plane to improve the conductivity above 20 GHz. Thus,
as discussed in section 2.8.5.1, such implementations are on low-loss substrates and can
hence achieve a high PCE using optimal matching network design. Yet, it is hard to verify
this assumption as the rectifier’s S1; is not reported for any of the reported rectennas.

Table B.7, in Appendix B, compares the recent flexible rectifiers’ performance.

2.8.6 mmWave EH: Summary

From the literature reviewed in this section, the key requirements for efficient mmWave
power transmission may be summarized as:
1. Efficient high gain antenna and array designs not limited to low-loss RF substrates.

2. Impedance matched, high sensitivity and PCE rectifiers, based on accurate diode

and package models, enabling rapid design and simulations.
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3. Antenna-rectifier fabrication and packaging techniques to allow reliable and scal-
able integration of high-f.ut_og Schottky or CMOS rectifiers with high-gain low-

cost antennas.

Holistic design of mmWave rectennas involving both antenna and rectifier co-design based
on low-cost semiconductors and packaging techniques will be needed for reliable high-

efficiency harvesters.

2.9 Summary and Conclusions

In this chapter, technologies, architectures and different approaches to rectenna design
for RFEH and WPT were reviewed. Rectennas were categorized and evaluated based
on standard antenna parameters. Furthermore, rectification and power conversion tech-
niques were reviewed, with emphasis on rectennas operating at mmWave bands as well

as wearable and flexible rectennas.

Despite the advances in antenna design, matching networks, and antenna-rectifier
co-design techniques, wearable and low-cost rectennas still pose additional research chal-
lenges. For example, textile antennas in particular have been limited in their topologies
and in their performance, compared to their conventional counterparts, and have not
yet been implemented using innovative topologies such as multi-mode antennas and
antenna-rectifier co-design. In addition, mmWave low-cost rectennas still pose signifi-
cant challenges and have not been realized based on novel antenna designs to overcome
the material-induced losses. The practical work carried out, described in the following
chapters, follows on exploring the reviewed rectenna topologies demonstrating that they
can be applied to realize high-efficiency textile, flexible and printed rectennas, surpassing

SoA performance, up to mmWave bands.



Chapter 3

Rectenna Design: A Theoretical

Overview

In this chapter, the theory governing the design and operation of rectennas is pre-
sented. The required steps for component-level optimizations are highlighted for the
antenna, rectifier, and impedance matching stages. These design-guidelines are followed

in the later chapters and are discussed from a theoretical perspective.

3.1 Antenna Design for Energy Harvesting

3.1.1 Antenna Fundamental Parameters from an RFEH Perspective

In this section, antenna fundamentals are revisited from an RFEH perspective, under-
standing the physical parameters which affect the RF EM power which can be harvested

by a rectenna.

To begin with, the time-average EM power density S (W /m?) of a time-varying Poynt-
ing vector is given by

1
§ = 5 x Eo x Ho, (3.1)

where Ey and Hj are the peak amplitudes of the complex electric (V/m) and magnetic
(A/m) field vectors, respectively [117]. In free space, the ratio of |Ey| and |Hp| is related
by the wave impedance, and is a function of the permittivity and permeability of the
propagation medium [275],
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Z is approximately 377 Q and is often approximated as 1207 [224]. S can subsequently

be calculated from a measured or simulated E-field [181,224], using

E2

8—70.

(3.3)

For an isotropic transmitting antenna, the EM power density S; at the surface of a

closed sphere of radius r is given by

Prx
S; = 3.4
Y dnr?’ (34)
where Prx is the total power radiated by the antenna. However, as any practical antenna
will have a directional radiation pattern with an angular gain G(6,¢) [117], S is given

by
P
g_ rxGTX
472

where GTx is the realized gain of the transmitting antenna.

(3.5)

From (3.5), the EM power density at a given distance, r, is independent of frequency.
Moreover, in space, the radiated power is conserved and does not “dissipate” in the
propagation medium; the observed 1/r? relation between the transmitted and received
power is however due to the radiation of the EM waves to cover a sphere of a radius r,
following the inverse-square law. It can also be observed how a directional transmitter
can be used to overcome the 1/r? reduction in the received power, as advocated in the

early WPT experiments [3].

On the receiving end, the effective area A.g. of the antenna is where the frequency-
dependence manifests, when receiving power from a certain transmitter. Aqg. is given

by

62

4 f27
where f is the frequency, and c is the speed of light. Therefore, while the power density

A = G (3.6)

available is not frequency-dependent, the power received, Prx, delivered to the antenna’s

termination, given by

PRX = Aeff_ x S (37)
(assuming ideal matching), is frequency-dependent.

In RFEH and WPT, the antennas are typically studied in their far-field (Fraunhofer)
region, where their radiation patterns are independent of . The far-field region is defined
as the region between the minimum radius 7y, , from the antenna, and infinity. ryi,. is

given by
2D?
min. — ) 3.8
Pmin, = (33)
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where D is the largest dimension of the antenna [117]. The PCE of a rectenna operating
at distance r > R can subsequently be calculated as

PCE = oo _ L% (3.9)

Prx  ZpPrx’ '

where Ppc (W) is the harvested DC power calculated using the DC voltage Vpo (V)
across an Ohmic load Z (€2). Using (3.5)-(3.7), the power available at a rectenna’s
input can be estimated in far-field WPT. By using the antenna’s realized gain as G in
(3.9), the losses due to impedance mismatch between the antenna and its load, typically
50 © when measured using a standard VNA, in addition to the losses in the antenna

(conductor and dielectric losses) are factored in Prx.

By substituting (3.5) and (3.6) into (3.7), equation (3.7) can be written in its most

common form: the Friis free space path loss [276], where the received power is given by

c
A fr

Prx = PrxGrxGrx( )2, (3.10)
While (3.10) shows that the received power is inversely proportional to the frequency-
squared, such statement assumes that Grx and Grx are frequency-independent. How-
ever, (3.6) can be rewritten in terms of the physical area Ay using the aperture
efficiency term napp., where nap,. = Aecgr./Aphys.. The gain/area relation, assuming a

fixed napp., can then be expressed as

G = 747mApp'f2 X A

. phys. - (3.11)

From (3.11), it can subsequently be seen that for an antenna with a fixed physical area
and aperture efficiency, the antenna’s gain is proportional to f2. Equation (3.11) can be

substituted in (3.10) giving

2
Prx = ATXARXUTxﬁRXW, (3.12)

where A is the physical antenna area and 7 is the aperture efficiency for the transmitter
(TX) and the receiver (RX), respectively. Equation (3.12) gives a physical explanation
to the previously reported conclusion that WPT at mmWave bands can result in an im-
proved end-to-end efficiency over sub-6 GHz networks [16,235,240|, and further motivates

research in mmWave rectenna design.

To showcase the frequency-dependence of the received power, a physical example is
presented. A fixed area transmitter and receiver antennas, Arx =Arx=10x10 cm?, are
considered for fixed separation, =100 m. The frequency is swept from 1 to 100 GHz. The
calculated received power, path loss, and antenna gains using (3.11) and (3.12) are shown
in Fig. 3.1. This calculation does not account for the additional atmospheric attenuation

at mmWave bands, which results in reduced penetration capabilities. However, the
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attenuation of mmWaves, at sea level, is less than 1 dB/km below 50 GHz and above 70
GHz [231].
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FIGURE 3.1: Calculated path loss and gain from 1 to 100 GHz and the received power
ratio for a directional transmitter and receiver of a fixed area and aperture efficiency.

3.1.2 The Wire Antenna for RFEH

The gain of an antenna is limited by its physical size as in (3.11). From an RFEH
perspective, it is desirable to minimize the area of the antenna while not reducing its
Acgr., not to reduce the RFEH efficiency from low S. For an aperture-type antenna,
Acsr. < Aphys. and napp. < 1 [117]. On the other hand, the effective area is significantly
larger than the physical aperture (the surface area) for wire-type antennas, such as

dipoles and monopoles [19,117].

Dipoles are typically designed with [~)\/2, to achieve an impedance close to 73 €2,
which can be matched to 75 or 50  lines with S1;<—10 dB [19]. The half-wave wire
dipole has an inductive S{Z} for lgipole > A/2, where I{Z} is a function of the wire’s
radius [19]. Therefore, it is possible to use the dipole antenna as a starting point for
designing a high-Z rectenna eliminating the rectifier’s matching network, as reviewed
in Chapter 2.4.4. As in [18], the equivalent circuit of a dipole could be loaded with
additional inductance, through a mutually-coupled inductive feed or an inductive slot,
embedded within the dipole. Fig. 3.2 shows the layout and the simplified (unbalanced)
equivalent circuit of inductive-fed dipoles. While the simple wire and planar dipoles
can be analyzed and designed using analytical models [19], such as the transmission line
model [111], more complex dipole antenna designs for co-designed rectennas, such as the
antennas proposed in Chapters 5 and 9, are typically analyzed in numerical full-wave
EM simulators [19].

Both antennas shown in Fig. 3.2 are characterized by using an inductive feed. By

tuning their dimensions, Zantenna can be designed to match the desired value which
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FIGURE 3.2: Inductive dipole antennas layout (top) and simplified equivalent circuits
(bottom): (a) inductive coupling-fed dipole [277]; (b) shunt-fed dipole [278].

maximizes the rectifier PCE. The equivalent circuits represent high-level abstractions of

the dipole’s feed inductance, and its operation as a matching network.

As for monopoles, the large ground-plane available in most electronic systems typically
satisfies the conditions of the large ground in the image theory [19], enabling the minia-
turization of monopole antennas used to power RFEH systems. Therefore, monopole
antennas can be considered a more compact alternative to their dipole counterparts.
Broadband antennas can be realized using “fat” monopoles [19], such as the disc an-
tenna [279] adapted in Chapter 4, where the curved edge and the continuous current

path allow the antenna to achieve multiple resonant modes.

3.1.3 High-Efficiency and Broadband Antennas

Intuitively and from (3.10), a high directivity D and gain G (G = nraq. X D), translate

to higher power reception. D is given by

47U
D=_—", 3.13
Prx (3.13)
where U is the radiation intensity per steradian (solid angle) [117]|. In ambient RFEH,
or WPT with a non-Line-of-Sight (LOS) source, a uniform power distribution over the
sphere surrounding the rectenna can be assumed [53]. Subsequently, the average har-

vested power, from [53], is given by

0N
Pre = 2425 [ D)0 = i 125 (3.14)
™ Q

From (3.14), it is observed that, assuming a uniform distribution of the received power

or an unknown direction of incidence of the power, the radiation efficiency ngraq. is the
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main FoM. For a small, simple monopole with no dielectric susbtrate, nraq. is given by

RRaa. RRad.
- )
RAntenna RRad. + RLoss

NRad. = (3.15)

where RR,q. is the radiation resistance and Ry, is the antenna’s Ohmic resistance. For
a planar antenna with a lossy conductor and dielectric, nraq. cannot be fully-described

by the series resistors model (3.15), due to the tand losses [117], and is given by

Prx Prx
PAccepted PTX + Pa—loss + PDK—loss

MRad. = (3.16)
where Ppccepted 18 the accepted power after any reflection (S11) and Py _ioss and Ppk—loss

represent the power dissipated in the conductor and dielectric, respectively [117,280].

To maximize NRad., Ro—10ss and Rpk_1oss Need to be minimized. For a high-o material
such as copper, the o loss resistance does not exceed 0.1 €2 in the microwave bands. In a
microstrip antenna, the dielectric (tand) loss is the main source of losses. The dielectric

losses Ppk_loss arise from |F| dissipating in the substrate and is given by

we! 1 Wttand [e€
PoK _logs = —— E|?2dV = —|Ey|?—=——=, /=~ 3.17
oo = 5 [ [ [ 1BPav = Gim PR o (317)

where W and t are the width and thickness of the microstrip cavity, and Ejy is the E-field
amplitude at the radiating slot [280].

To reduce Ppk_joss, Substrates with a very low tand are used for microwave and
mmWave antennas [19]. As this is not possible for textiles [11], paper [43], and other
low-cost materials [270], equation (3.17) implies that a microstrip antenna with a compact
radiator, i.e. smaller W, will reduce Ppg_joss Improving ngaq.. While (3.17) is valid for
a microstrip antenna above and parallel to a large ground plane, the same principal can
be applied for a planar dipole or monopole on a substrate, where £ can be computed by
the means of a full-wave simulator. Therefore, compact antennas are more desirable on
lossy substrates. This concept is explored and validated numerically and experimentally

in Chapter 7, for a mmWave textile-based rectenna.

For broadband antennas to be realized with high radiation efficiency (ngaq.), multi-
ple resonant modes can be utilized. The antenna can then be modeled using multiple
radiative “resistors” for each f,, as shown in Fig. 3.3 [19,281]. Using a fixed radiation
resistance RR,q. and tunable L and C elements, the single-resonance antenna equiva-
lent circuit in Fig. 3.3 was tuned for f,=3 GHz. By tuning the L and C elements of
antenna-2, the S1; < —10 dB bandwidth could be improved by a factor of 3.5, as shown
in the reflection coefficient in Fig. 3.3 when matched to a 50 €2 source. Likewise, multiple
resonators can be utilized to realize a broadband complex-Z rectenna with no matching

network [34]. By utilizing an antenna design with multiple elements, a high nr.q. can
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be achieved for all the resonances, resulting in a broadband high-efficiency RFEH per-
formance. Practical development of broadband antennas is presented in Chapter 4 and

in Chapters 6 and 7, for UHF and mmWave textile-based antennas, respectively.
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FIGURE 3.3: The equivalent circuit of a single-mode 3 GHz antenna (Antenna-1) and
a triple-mode antenna (Antenna-2), and their reflection coefficient.

3.2 RF Rectification

3.2.1 Rectifier Topologies and Efficiency

From the reported rectifier topologies in Chapter 2.6, the Schottky-based single-series
and the voltage doubler rectifier are discussed in this analysis, and utilized in the next
chapters in rectenna design. From a time-domain perspective, the maximum PCE of
these topologies can be established using an analytical method as in [282]. A transient
simulation of an ideal diode fed using a UHF (1 GHz) voltage source (4 V amplitude) is
utilized to demonstrate the RF rectification mechanism in time-domain. Fig. 3.4 shows
the schematic of a single-series rectifier, and the simulated waveforms for various smooth-
ing capacitor values. Z7,,q=1000X Zgource=1 k€2, both have no imaginary component in
consistence with reported theoretical analysis of rectifiers in time domain [204,283]. As
Z1oad in a typical RFEH application will always exceed 100 €2, the “half-wave” nature of
the single-series rectifier is not a limit to high-PCE.

From Fig. 3.4, it can be seen that a high Cg;,00tn value is crucial for efficient and steady
rectification. 100 pF, combined with a load of 1 k), correspond to 7=100xT", where T
is the time period at 1 GHz. The same requirement holds for a voltage doubler, where
a large C is essential to store the charges on the negative half-cycle, ahead of “charge-
pumping” it to create the doubling effect at the output. Fig. 3.5 shows the schematic
and waveforms of the voltage doubler rectifier, where it is evident in the waveforms that

unless C'7 and Cy are sufficiently large, no charge-pumping will take place. The DC
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FIGURE 3.4: Schematic of a single-series rectifier and the transient waveforms for
varying Csmooth values.

voltage output of a voltage doubler can be approximated using
Voo =2 x Vgsinwt — 2 x Vi, (3.18)

highlighting the significance of the forward voltage drop Vr when Vj is small [33].
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F1GURE 3.5: Schematic of a voltage doubler rectifier and the transient waveforms for
varying C7 = Cy values.

In [282], it was shown that the maximum PCE of a single-series and a voltage doubler
is 81.1% and 92.3%, respectively, limited by the distortion losses, which can be improved
using harmonic termination. These values were validated in Keysight ADS using the
transient simulation and were found to agree within 1%. However, the analysis so far
has considered ideal diodes whereas, in a real Schottky rectifier, Vz is the main limit to

the PCE at low power levels, as repeatedly discussed in literature [17]. Therefore, real

diodes are evaluated analytically in the next section.

3.2.2 Rectification Losses

In Chapter 2.8.4.1, the losses in a rectifier were reviewed and the forward voltage
drop across the diode’s junction was identified as the main source of losses at low power

levels. Four commercially-available RF Schottky diodes are evaluated analytically to
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investigate their losses based on the method proposed by Yoo and Chang [204]. The
PCE formulation is based on [284] and the Matlab code is reproduced and modified with
permission from [284]. The diodes’ PCE was calculated based on their datasheet junction
parameters quoted in [12]. Fig. 3.6 shows the calculated PCE, assuming 3{ ZRectifier } 1S
canceled with its complex conjugate, for varying loads R and input voltages V from 1 to
100 GHz. In this analysis, the PCE is defined as

Ppc
PCE= - -2¢ 3.19
PDC + PLoss ( )

where the power loss is inclusive of the diode’s forward voltage drop and resistive losses,
in addition to phase distortion losses [204,283], previously analyzed in [282], and assumes

no impedance mismatch losses.
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FIGURE 3.6: Analytically-calculated maximum PCE of commercial Schottky diodes
from 1 to 100 GHz, for varying load R and RF input voltage V.

For low-power RFEH, a low input V is expected, for V=0.1 V it can be observed that
the SMS7630 and the W-ZBD achieve over 100% higher PCE at 1 GHz, with a 1 kQ
load, due to their low VF under 0.1 V. However, as the SMS7630 is a low-cost component
implemented in Si, its switching speed is limited and will cut-off above 20 GHz, resulting
in a reduced PCE. However, the GaAs W-ZBD is a very specialized component aimed
towards mmWave and sub-THz applications and hence does not show any significant
PCE degradation with frequency. A high Vg, diode on the other hand, like the MA4E,
can achieve a high PCE above 80%, but only from a 4 V input which is only present
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in high-power WPT, due to its relatively high Vp. Therefore, the diode choice for low-
power RFEH is mainly governed by Vg, as long as feut_of of the diode is higher than

the rectenna’s frequency of operation.

3.3 Rectenna Matching and Antenna-Rectifier Co-Design

In the previous section, rectifiers and antennas have been analyzed separately, assum-
ing the rectifiers’ reactance is canceled using “conjugate” matching [204,282,284]. In this
section, the Z-matching approach required to achieve the maximum PCE for a certain
power level or incident power density, and the influence of the source impedance on the
rectifier’s DC performance are discussed. For maximum power transfer, the antenna’s
impedance needs to match the rectifier. The L-matching circuit, shown in its equivalent
lumped form in Fig. 3.2-b, can be used to transform the antenna’s Zantenna to match
ZRecifier- FOU ZAntenna = ZRectifier, a0 S11 very close to zero is expected at the rectifier’s

input. Nevertheless, a low S11 is not the only condition to be met for a high PCE.

The L-network, which could either be lumped, distributed as a microstrip network,
or built into the antenna as in Fig. 3.2, “boosts” the RF voltage input to the rectifier
[111,278|. To explain, a receiving antenna acts as a voltage source with an amplitude

given by
‘/O =V 8PRXZAntenna- (320)

From (3.20) [285|, assuming the reactance of the load (the rectifier) is canceled using
an L-network as in Fig. 3.2-b, V4 at the rectifier’s input can be increased by increasing
Z Antenna, for the same power input. Recalling (3.18), the voltage drop Vg is the main
source of losses at low power levels [17,204]. Hence, increasing V{) improves the PCE at

low power levels by increasing the V:Vp ratio.

On the other hand, from maximum power transfer basics [286], the antenna and the
rectifier need to have matching Zantenna=Zfiectifier- L Rerefore, R{ Zantenna} is not a fully-
independent parameter, as it should equal R{ Zrectifier } [111]. ZRectifier 18 governed by the
diode parameters, which are not controllable by the rectenna’s designer using commercial
Schottky diodes. However, the rectifier’s topology, layout, and load impedance do affect
ZRectifier- Therefore, it is possible to design a rectifier that maximizes R{ Zgrectifier} and
subsequently the low-power PCE. Z;, can be evaluated analytically for a diode using

\% Vosinwt — 0.5V;
Zgiode = — = 0 Do (3.21)

oo as [ (ai) oo (S550%) 1]

where Vr is the diode’s thermal voltage, Ig is the diode’s saturation current, w is the

angular frequency, m is the diode’s ideality factor and By denotes the DC harmonic of

the Bessel function describing the diode’s current [33]. As Vpc = Zroad X IDCy Zdiode
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is dependent on the load. Therefore, while the diode parameters are limited by the
commercially-available diodes, Z10,q can be used to tune and increase R{ZRectifier

improving the PCE at low power levels.

For topologies more complex than a lumped single-series or voltage doubler rectifier,
the theoretical analysis of the rectifier is increasingly complex [283,284]|. Moreover,
analytical methods such as those by Yoo and Chang [204] have diminished accuracy
compared to HB simulation at low power levels [283]. For instance, despite Song et al.
presenting (3.21) for calculating Zgioqe, in their analysis of a voltage doubler, Zgectifier
was evaluated using non-linear HB simulation. Hence, the rectifier optimization needs to
be guided by a non-linear circuit simulation, which considers all the layout and packaging
effects, as well as models the diode’s junction accurately, in order to have a full control

over the rectifier design and matching process from an end-to-end perspective.

Optimal PCE is achieved through maximizing the voltage gain of the complex-Z
source |287], as well as optimizing the load impedance (DC current draw) for maximum
power transfer between the rectenna and the load [11]. In this work, the complex-Z
source matching is done through a standalone matching network, in Chapter 4 and 8, as

well as through complex-Z antennas without a matching network in Chapter 5 and 9.

3.4 Conclusions

In this chapter, the theoretical fundamentals governing the operation of a rectenna
were presented covering EM propagation, antenna design, rectification, and rectifier-
matching and co-design. The following key points have been identified as guidelines to

realizing high-efficiency rectennas:

e While a high antenna gain is an application-dependent FoM, a high nr.q. is always
a requirement for optimal RFEH.

e Designing rectennas based on antennas with a high effective to physical area ratio,

i.e. wire-type antennas, is an enabler of more compact RF energy harvesters.

e To realize high-nr,q. antennas on lossy substrate, a miniaturized radiator is pre-

ferred to minimize the dielectric loss.

e For broadband rectennas, based on 50 € or co-designed complex-Z antennas, cre-

ating multiple resonances enables high nr,q. over a wide bandwidth.

e To enable high-sensitivity RFEH, the rectifier, antenna, and load need to be co-
designed to maximize the PCE from low RF power densities, through maximizing

the voltage output of the antenna.
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e While an impedance match is required to design a rectifier with minimal 571, the
optimum input impedance of the rectifier needs to be optimized numerically to
achieve the best PCE, where the PCE is dependent on Zj;, and not only the Sy;.

The forementioned techniques are transferable to different device technologies (Schottky-
based or CMOS-integrated), rectenna architectures, and frequencies. These fundamen-
tals are used as a high-level guidance to the optimizations carried out using commercial

EDA and simulation tools in the following chapters.



Chapter 4

High-PCE Wearable Textile-Based

Rectenna Based on a 50{? Antenna

By far the most common rectenna topology is a 50 €2 antenna with an impedance
matching stage. The majority of textile-based rectennas reported adopt this topology
utilizing standard microstrip patch antennas due to their high isolation [11,178,179].

Reported textile-based wearable rectennas have the following fundamental shortcomings:

1. Requiring a thick (>2 mm) substrate to improve the antenna’s Ngaq.;

2. Being limited to narrow-band broadside RFEH due to utilizing microstrip patch

antennas;

3. Achieving at least 46% lower PCE when the rectifier is implemented on textiles,

in [179], compared to a low-loss substrate [11], despite using the same diode.

The analytical calculations and off-body measurements in [288], available in Appendix A,
show that unisolated sub-1 GHz omnidirectional rectennas can outperform their 2.4 GHz
broadside off-body rectennas by over an order of magnitude, in terms of harvested power,
when modeled based on their average angular gain and using the performance of SoA
high-PCE rectifiers. Therefore, a high-PCE omnidirectional rectenna design is needed
to demonstrate that material properties do not limit the maximum achievable PCE of

wearable rectennas.

This chapter demonstrates the feasibility of high-PCE wearable RFEH using low-
profile, broadband, all-textile rectennas. A dual-polarization compact fully-textile broad-
band antenna is presented on a 1 mm-thick felt substrate and evaluated on the body
(Sections 4.1 and 4.2). The rectenna uses a compact lumped inductive-matched rectifier
achieving a best-in-class PCE of 41.8% at —20 dBm (Sections 4.3 and 4.4). To demon-

strate the scalability of the matching approach, a multi-band rectifier is designed and

67
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evaluated. Finally, time-variant s-parameter measurements are presented (Section 4.4)
showing the textile-based rectifier directly charging an electrolytic capacitor as well as
investigating the effect of the capacitors’ charge-state on the rectifier’s input impedance.
In wireless testing (Section 4.5), the proposed rectenna achieves over 5x higher PCE than
SoA textile rectennas at power densities less than 1 uW /cm?. When tested on-body, the
rectenna achieves over 40% PCE from an incident 1 ;W /cm? plane-wave. The rectenna’s
dual-polarization harvesting capability is demonstrated along with a 360° omnidirectional

half-power beamwidth. The contributions in this chapter have been published in [289].

4.1 Textile Antenna Design and Fabrication

4.1.1 Fully-Textile Rectenna Fabrication Technique

Felt suffers from lower dielectric losses compared to other woven textiles due to the
increased porosity reducing its loss tangent (tand). Therefore, for textile antennas with
the highest nraq. felt has been used a substrate [11,290]. Furthermore, 1 mm felt was
reported to have a minimal impact on on-body propagation at 60 GHz compared to 0.2

mm cotton, despite its higher thickness due to its mostly-air composition [291].

To validate the assumptions about the felt’s properties and to accurately simulate the
rectenna, 1 mm-thick commercial felt has been characterized using the two-line method
[196,199]. The 1 mm felt was used as a substrate for two microstrip lines of 40 and 60
mm length and 4 mm trace width. Based on the dielectric properties reported in [11], the
trace width has been selected to realize a 50 €2 microstrip line. The measured dielectric

properties of felt are ¢,=1.12 and tand=0.023.

The conductor material needs to be chosen carefully to minimize the antenna’s con-
ductive losses. Printed antennas on textile suffer from around 10 pum surface roughness
which reduces the conductivity at microwave bands. Flexible laminates, and metalized
shielding fabrics are mechanically more reliable and resilient to cracking compared to
printed traces [292,293]. Moreover, their sheet resistance is lower than that of low-
temperature conductive inks [190]. As the proposed antenna features are all larger than
1 mm, laser or die-cutting can be utilized for faster turn-around and reduced fabrication
costs. Conductive fabric (P&P Microwave weave, 0.005 Q/square, with adhesive back-
ing) was chosen as it offers improved user comfort compared to flexible copper sheets.
The fabric have been cut using a standard COs laser-cutter, to create features larger

than 1 mm, as shown in Fig. 4.1-a.

To fabricate a miniaturized rectifier supporting low-footprint component packages pho-
tolithography has to be utilized. The process described in [185] has been utilized to
fabricate the rectifier (Fig. 4.2-c). Features down to 150 pm, such as surface mount

components pads, can be resolved using a commercial copper etcher and a standard UV
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FIGURE 4.1: Textile rectenna fabrication steps: (1-a) conductive fabric prior to cutting,

(2-a) laser cut antenna traces, (3-a) adhered laser-cut traces on the felt substrate.

(1-b) polyimide copper laminate, (2-b) etched copper laminates, (3-b) etched traces

adhered to felt, (4) integration of laser-cut and etched Polyimide laminates using a
solder interface.

light source without the need for a clean room environment. For improved reliability,
textile-based electronics require encapsulation [183,293]. Fabricating flexible circuits on
thin polyimide filaments for textiles integration support encapsulation techniques such
as vacuum-forming [183]. Encapsulated RFID tags have been demonstrated withstand-
ing over 30 machine washing cycles [183]. Fig. 4.2 shows photographs of the fabricated

rectenna and rectifier prototypes.

The unresolved challenge in realizing a RF textile system employing two fabrication
processes is in demonstrating a low-loss transition between the transmission lines. Con-
nections between textile RF transmission lines and a standard PCB have been addressed
previously using broadside coupling between a fabric and a Duroid microstrip with 0.7
dB losses at 2.4 GHz [11], and hook-on flexible interconnects of approximately 1 dB
loss up to 2 GHz [294]. As the thickness of the conductive fabric and the flexible Poly-
imide PCB is comparable, a solder interface can be utilized at the transition between
the copper and conductive fabric, as shown in Fig. 4.1 and 4.3. Low-temperature sol-
der (melting point=170°C) is utilized to prevent damaging the metalized woven threads
of the antenna, alternatively, a layer of thin conductive epoxy can be used in order to
further reduce process temperatures, making this transition compatible with all textile

materials.

To investigate the effect of the conductive fabric to flexible PCB transition, two 60 mm
microstrip lines were fabricated, a fully flexible copper line, and a hybrid 50% copper,
50% conductive fabric with a soldered interconnect line. The insertion losses through
both lines are measured using a VNA up to 2 GHz. Compared to the fully copper line,
as shown in Fig. 4.3, the hybrid line experiences only 0.50, 0.41 and 0.22 dB additional
insertion losses at 0.75, 1.9, and 2.4 GHz, respectively. Therefore demonstrating the

lowest loss on-fabric transition compared to [11] and [294].
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(f)

FIGURE 4.2: Photographs of the rectenna and rectifier prototypes: (a) top-side of the

assembled rectenna, (b) bottom-side of the assembled rectenna, (c) close-up photo of the

rectifier prior to integration with the textile substrate, (d) the rectifier following Kapton

encapsulation, (e) the single band connectorized rectifier used in PCE measurements,
(f) the multi-band rectifier prototype.
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FIGURE 4.3: The textile-flexible circuit interface measured s-parameters (left) and
photograph of the 60 mm-length prototype (right).

4.1.2 Dual-Polarization Broadband On-Body Antenna

In recent implementations, ambient RFEH has been synonymous with multi-band

harvesting [13]. In order to harvest a considerable power density from ambient sources,
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the antenna needs to radiate at multiple bands between 0.7 and 2.7 GHz [13]. Dual [26],
triple [43,71], broadband [80], and six-band rectennas are becoming increasingly popular
33].

Broadband antennas, mainly developed for Ultra-Wide-Band (UWB) communication
(3-10 GHz) |279], can be scaled to cover the UHF microwave bands of interest in RFEH
context. A microstrip-fed design, the circular disc monopole [279], is adopted due to
ease of implementation using simple fabrication techniques. Furthermore, being a wire-
type antenna with no ground-plane-backing, the electric-fields dissipated in the lossy
textile substrate will be minimized implying the possibility of achieving higher gain and

radiation efficiency.

In order to efficiently harvest arbitrarily-propagating RF power, the antenna needs to
be independent of the incident wave’s polarization angle to avoid Polarization Mismatch
Loss (PML), as discussed in Chapter 2.4.5.2. The circular monopole design has been
modified to include two feeding points, for horizontal and vertical LP reception. Both
ports are fed using 50 €2 microstrip lines for ease of testing, and for integration with
50 Q-matched rectifiers. The ground planes of both ports overlap at the corner of the
antenna, increasing the antenna’s port coupling (Sg1). The simulated surface current
plot of the antenna at 900 MHz, in Fig. 4.4-b, shows that a significant portion of the
current travels from the H-LP port to the V-LP port through the inner corner of the
ground plane. Therefore, the antenna is modified through voiding the ground plane using
a circular notch reducing the current flow between the ports. In CST simulations, the
notch improves the port-isolation by 5 dB from 0.8 to 2.4 GHz. In the context of RFEH,
this increases the amount of RF power at the individual port, allowing the rectifier to
achieve higher PCEs.

€] Symmetry-axi},"
2.0
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X

FIGURE 4.4: Dual-polarization broadband disc monopole geometry (a), dimensions in
mm, and the surface current plot at 900 MHz before (b) and after (¢) ground-voiding.
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4.2 Antenna Simulation and Measurement

The antenna has been simulated in CST Microwave Studio, the model utilized the
extracted material properties of the substrate, as well as a lossy copper model with 1 um
surface roughness, to accurately model the skin-depth losses. The s-parameters were
measured using a ZVB4 VNA, Fig. 4.5 shows the simulated and measured s-parameters
of the antenna, showing a S1; < —10 dB bandwidth from 800 MHz to 3.5 GHz, and
more than 14.5 dB port isolation from 0.8 to 2.45 GHz. The slight discrepancy observed
between the simulated and the measured s-parameters is due to the non-uniformity of
the coax-microstrip interface at the SMA connector, due to the high-flexibility of the

substrate.
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FIGURE 4.5: Simulated (dashed) and measured (solid) reflection coefficient (S11) and
port coupling (S21) of the proposed dual-polarization textile monopole.

As the antenna is designed to maintain broadband operation, it is not possible to
shield the antenna using a solid ground plane or a reflector. Such conductive-backing
would result in a narrow-band response similar to a microstrip patch. In addition, it
is desired to have wide angular coverage to be able to harvest arbitrarily-directed plane
waves [132|. In human-proximity, it has previously been shown that the resonance of
monopole antennas can shift by over 20% at 2.4 GHz [185]. Therefore, it is essential to

measure the reflection coefficient of the antenna when operating on-body.

The antenna has been mounted on a user’s chest with a non-uniform separation of
~1 mm gap of clothing and air as shown in Fig. 4.6-b. A human model, AustinMan [295],
was included in the antenna’s 3D model in CST to simulate the gain (Fig. 4.6-a). Fig.
4.7-a compares the measured reflection coefficient of the antenna on-chest and on-leg with
the simulation using the AustinMan. The measurement on-leg includes bending across

a ~7 cm radius. Both the simulation and measurement agree in showing a S1;<—10 dB
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from 0.8 to 3.5 GHz. The discrepancies below —15 dBm could be attributed to additional
crumpling of the antenna prototype and additional mismatch at the SMA.

(b)

FIGURE 4.6: Antenna on-body simulation model (a), and measurement setup (b).
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FIGURE 4.7: S-parameters of the wearable antenna: (left) simulated and measured Sy
on-body, (right) So; between the textile antenna and a 10 dBi 900 MHz log antenna at
1 m.

Certain placements on the body imply that the antenna may be bent over a sharper
radius than that in Fig. 4.7, where the forward transmission was measured on-chest.
In [288] (see appendix A), it is shown that placing energy harvesting antennas on the
extremities of the body (i.e. arm or leg) results in improved off-body link budget [288].
Fig. 4.8 shows the antenna’s S1; while being bent over various body parts over radii
between 70 and 30 mm. It can be seen that the antenna maintains its broad band-
width over all body placements. The antenna was simulated on the Austinman model’s
arm with a 50 mm bending radius showing —2.21, 2.78 and 3.07 dB gain at 0.8, 1.5,
2.2 GHz, respectively, compared to —3.87, —0.28, and —0.68 dB, when placed flat on the
model’s chest. The higher on-arm gain agrees with the measurements in [288] showing
improved antenna gain when placed on the arm compared to on-torso placements for

both a monopole and a microstrip patch.
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FIGURE 4.8: Measured antenna’s S7; during bending over various body parts: (a) 70

mm bending radius the y-axis on-thigh, (b) 55 mm bending radius on the y-axis on-leg,

(¢) 30 mm bending radius on the y-axis on-wrist, (d) 30 mm bending radius on the
X-axis on-wrist

In addition to impedance matching, the degradation in an antenna’s realized gain in
proximity with the human body needs to be quantified. The forward transmission (So1)
between the textile antenna and a 10 dBi log-periodic antenna has been measured at 1
m separation, as shown in Fig. 4.6-b. The measured S9; is shown in Fig. 4.7-b. At 846
MHz, the maximum degradation in the gain is observed with the on-chest So; (Fig. 4.6),
and is 4.4 dB lower than that measured in space.

The measured gain, based on the free-space losses at 1 m and the 10 dB log antenna
gain is —4.87 dB. This shows good agreement with the simulated antenna gain of —4
dB using the AustinMan model in Fig. 4.6-a. When the measurements were repeated to
reduce the uncertainty due to multi-path reflections, the measured gain varied between
—6.5 dB and —4 dB, on-body. Such variation could be attributed to subtle changes in

the 1 mm separation between the antenna and the body.

An additional requirement in the design of wearable antennas is compliance with the
SAR regulations. This is particularly relevant as the proposed antenna is unisolated
from the body. Therefore, the power levels at which the antenna can be used safely are
simulated in CST Microwave Studio to calculate the antenna’s SAR. Fig. 4.9 shows the

simulated SAR of the on-chest antenna; the peak SAR for a received /transmitted power
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of 20 and 10 dBm is 0.876 and 0.088 W /kg, respectively, when normalized to 1 gm of
tissue mass. Both values are well below the 1.6 W /kg limit for mobile phones in the
U.S. Recpetion of power levels exceeding 20 dBm in the far-field is very unlikely using

EIRP-compliant transmitters.

SAR (W/kg)
0.523

0.161
0.0316
0.00619
000121
0.000235
4.66e-05
9.12e-06
1.78e-06
3.37e-07

5.52e-08
0

(20 dBm, 1 gm) (10 dBm, 1 gm)

FIGURE 4.9: Simulated SAR of the antenna on the Austinman phantom at 20 and
10 dBm, normalized to 1 gm.

In the rectenna, the 50 €2 port connection is replaced with a connection to the rec-
tifier. The rectifier requires a shunt current return path, before the diode, for the DC
currents [282,296]. Such a return path could be achieved using a shunt inductor in the
matching network. However, this requires an additional through-textile via which would
complicate the fabrication process. To mitigate this, the current return path is built into
the antenna. As the antenna is broadband, an additional ground-shorting textile wire
could be connected between the monopole’s disc and the bottom ground plane, without
affecting the S11 bandwidth. The ground shorting thread added to the antenna is shown
in the photograph in Fig. 4.4-a and b (GND-short). The s-parameters in Fig. 4.7 were
measured after the GND-short thread was added which does not affect the impedance

matching.

4.3 Textile Microstrip Rectifier

4.3.1 Rectifier Design and Modeling

Reported rectifier designs have focused on designing a rectifier first, computing or
measuring its input impedance, then designing a 50 2 matching network or a complex
conjugate antenna to match the rectifier’s input impedance. While this approach achieves
a good impedance match and high PCE, the design of the rectifier should not be input-
impedance agnostic, as the PCE of a rectenna is not only dependent on the reflection
coefficient (S11) and the diode’s parameters, but also on the source and load impedances,
as discussed in Chapter 3.3.
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The input impedance of a single series diode is typically very high, approaching open-
circuit impedance at lower-frequencies. Nevertheless, the impedance values reported in
RFEH studies and from diode manufacturer’s measured s-parameters vary significantly
between 1000 € to 10 2. This is attributed to the quarter wave transformer effect in-
troduced by the 2-port network, i.e. feed-line, any lumped components, or packaging
parasitics between the input port and the diode’s junction. This network can be repre-
sented as a line of length [, and impedance Z;, varying the observed input impedance as
in (4.1),

Z. = Zo Z +(]:Zotan(,8l) ?
Zo + jZptan(pBl)

making it more difficult to achieve a broadband impedance match.

(4.1)

For simplicity, considering a 50 € air-dielectric microstrip feed-line of length [, for
0 <1 < A4 (typical for most commonly used lines below 3 GHz), any increase in
[ will result in a reduction of the observed input impedance, subsequently resulting in
increased variation in the input impedance, due to the more variable range of frequencies
to be matched in cellular RFEH. Fig. 4.10 shows the input impedance of a single-series
rectifier, based on the SMS7630-0791f diode with different microstrip feed lengths, as seen
by a 50 Q port.
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FIGURE 4.10: Single-series rectifier input impedance variation with the microstrip
feed-length, [/, in mm.

It can be observed that although R{Z;, }approaches short circuit impedance as [ ap-
proaches \/4, the imaginary impedance sustains a higher capacitive component due to

the diode’s junction and packaging parasitic capacitance. While this can be factored in
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the matching process, a predominantly reactive source impedance will limit the maxi-
mum achievable PCE of the system [77]. Thus, operation in the diode’s resistive region
allows achieving higher PCE using the same diode. In addition, varying the length be-
tween the diode and the matching components can lower the observed input impedance.

This makes matching a 50 ) antenna or port easier.

As this rectenna is optimized for maximizing PCE rather than voltage sensitivity,
the rectifier topology of choice is a single series rectifier. The low voltage output of a
single-series rectifier can be boosted using a high-efficiency low-power boost converter
as in [11]. Furthermore, an additional advantage of a single-series rectifier is its high
impedance (R{Z}) compared to a voltage doubler [297], enabling easier input matching
over a wider bandwidth. The chosen diode is the Skyworks SMS7630-0791f, usable up
to 9 GHz, due to its low series resistance and junction, and having a very low voltage
drop 0.06 < Vy < 0.12 mV for 0.1 mA diode current. Thus, it has been widely utilized
in high-efficiency low-power rectennas [11,80,132]. As this work focuses harvesting low
power densities, the relatively low breakdown voltage of the diode which will result in

reduced PCE at higher power levels does not represent a practical issue.

4.3.2 High Impedance-Transformer Matching

From Fig. 4.10, it can be seen that a feed-line of 5 mm length can transform the
observed R{Z;,} to 50 Q. Higher order distributed element networks were avoided due
to the expected insertion losses in the lossy textile substrate [43]. Furthermore, while
broadband matching has been reported using complex matching networks [26,33,80,298],
a triple-path rectifier is implemented to achieve the multi-band operation for harvesting

power from different bands, without increasing the size or order of the matching network.

An ideal series inductor, of impedance Z = jwL, can match 3{Z, }, and the microstrip
traces can match the high ®{Z;,} (Fig. 4.10). In reality, a packaged lumped inductor
carries associated capacitive and resistive parasitic components, as shown in Fig. 4.11-c.
Therefore, accurate modeling of the inductor’s parasitics, similar to the diode’s parasitics
in Fig. 4.11-d (usually given by the manufacturer) is required to obtain a close match

between the simulation and analytical models and the measured results.

4.3.3 Single and Multi-Band Rectifiers

Two microstrip rectifiers with 50 2 input matching are designed for the felt substrate,
to be etched as described in section 4.1.1. The rectifiers are a 820 MHz (5G and LTE
frequency in the U.K.) single-band single-path rectifier, and a multi-band triple-path
rectifier matched at 940 MHz, 1.5 and 2.1 GHz. The layout of the proposed rectifiers

is shown in Fig. 4.11, where the 50 2 microstrip feed is connected to the output of
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FIGURE 4.11: Layout of the proposed microstrip rectifiers: (a) single-band, (b) multi-
band, (c) equivalent circuit of a lumped matching inductor, (d) equivalent circuit of a
packaged diode.

the fully-textile antenna using the conductive fabric to flexible PCB transition shown
in Fig. 4.3. The values of the matching inductors in Fig, 4.11 are L=82 nH for the
single-band rectifier, and L;=56 , Lo=20, L3=11 nH for the multi-band rectifier. The
choice of inductance, taper length (L-T) and separation between the indutor and diode

(L-D) are discussed in the next section.

4.4 Rectifier Simulation and Measurements

4.4.1 Large-Signal Rectifiers’ Performance

The rectifiers have been simulated using harmonic balance in Keysight ADS, based
on the datasheet model for the diode’s characteristics. The packaging parasitic induc-
tance and capacitance have been obtained from the datasheet as well as the mismatched
diode’s S11 measurement, using a high-power VNA. The single and triple-band rectifiers
have been simulated using closed-form microstrip-models for accurate modeling of the

soldering pads, and the feed point from the 50 ) source.

The initial values for L-T an L-D in Fig. 4.11-a are 2.5 and 0.5 mm, respectively.
A parameter sweep of different inductances has been performed to maximize the PCE
at —20 dBm as in Fig. 4.12. This process ensures a proper S{Z} match is obtained.
The next step is tuning the microstrip layout to maximize the #{Z} match. Fig. 4.13
shows the PCE as a function of the microstrip taper and pad between the diode and
the inductor. As previously shown in Fig. 4.10, a longer feed line (L-D) will result in a
lower observed R{Z}. The optimal values for L-T and L-D demonstrate that a compact
rectifier will achieve the highest PCE. Such compactness gives the additional advantage

of mitigating the insertion losses associated with the fabric substrate.
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FIGURE 4.12: The rectifier’'s —20 dBm PCE as a function of frequency for different
matching inductor values.
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FIGURE 4.13: The rectifier’s —20 dBm PCE as a function of the microstrip taper length
(L-T: left) and the length between the inductor and the diode (L-D: right).

A Continuous Wave (CW) output from the VNA has been used to measure the large-
signal reflection coefficient of the single-band rectifier and compare it with the simulated
model, across a 7 k2. The matching inductors were simulated using both an ideal model
with Cr=0.1 pF and the manufacturer s-parameters. An additional C; component of
0.07 pF was added post-measurement to the s-parameters model. Fig. 4.14 shows the
reflection coefficient of the rectifier, demonstrating an improved impedance-match in the
low power region, corresponding to the design range of this work. Given the optimized
impedance match for —20 dBm, it is expected that the proposed rectifier achieves higher
PCE compared to reported rectifiers utilizing a similar diode, with a generic matching
network. Fig. 4.15 shows the measured PCE of the single-band rectifier demonstrating
high PCE at 10 uW power levels. Based on the simulation using an ideal inductor in
Fig. 4.15, the maximum achievable PCE at —20 dBm is 50%.

To demonstrate the reliability of the proposed rectifier, the DC measurements were

repeated over multiple bending cycles. Repetitive bending of textile-based electronics is
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FIGURE 4.14: Simulated and measured reflection coefficient (S11) of the single band
rectifier at different RF power levels from the CW VNA.
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FIGURE 4.15: Simulated (dashed) and measured (solid) PCE and DC voltage output
of the single-band textile rectifier, at 820 MHz, with a 7 k{2 load resistor.

widely used as a reliability test [293]. Five bending cycles of the rectifier prototype in
Fig. 4.2-e were performed before the DC output was measured at —20 and —10 dBm.
Fig. 4.16 shows the measured DC voltage for 250 bending cycles. Each bending cycle
was performed at a sharp bending radius of <5 mm, the DC voltage was measured during
and after bending and no noticeable difference was observed. The maximum variation
for both —20 and —10 dBm was less than 3%, and did not resemble a permanent or
cumulative degradation. Such a reliability test demonstrates the rectifier’s suitability for
the harshest wearable applications, and is in line with the reliability tests of electronic
textiles in [293].

To investigate the losses associated with the textile-based interconnects, the single-
band rectifier has been prototyped on a standard FR4 PCB. The DC voltage of the
textile rectifier at —20 dBm was only 4.6% lower than that of a its rigid counterpart. This
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FIGURE 4.16: Measured DC output at —10 (top) and —20 dBm (bottom) for repetitive
bending cycles; inset shows photograph of the bent rectifier.

translates to less around 1% PCE-improvement when migrating to a rigid FR4 substrate,
concluding that compact lumped matching enables mitigation of the insertion losses
associated with textile transmission lines and substrates. As FR4 is a lossy substrate,
the purpose of this is to demonstrate that interconnects on textile do not affect the
performance. The rectifier’s has been simulated for a tand=0 substrate and the —20 dBm
PCE was 44.5% as opposed to the 41.8% measured PCE of the proposed rectifier on the
felt substrate.

A key advantage of the textile-based inductor-matched rectifier is the simple frequency
tunability by varying the inductance, shown in Fig. 4.12. To further demonstrate the
scalability of the proposed textile-based rectifier design, the value of the matching induc-
tor was varied on the fabricated prototype to investigate its bandwidth and PCE. A 56
nH lumped inductor was selected to match the rectifier at 1 GHz. Fig. 4.17 shows the
simulated and measured S7; of the rectifier, showing a close agreement and validating

the previous simulated results in Fig. 4.12.

To verify that the large-signal performance of the rectifier is unaffected by the change
in frequency, a power sweep was carried out at 1 GHz from the CW source. Fig. 4.18
compares the measured and simulated PCE of the rectifier matched for 800 MHz and 1
GHz. It can be observed that for the targeted power levels, —20 to —10 dBm, the rectifier
maintains its PCE which surpasses SoA implementations. The lower PCE measured at 1
GHz below —21 dBm can be attributed to minor variations in the optimal load impedance
of the rectifier, which could be be avoided by tuning the load for the rectifier using MPPT

or a bespoke boost converter [11].

The multi-band rectifier (Fig. 4.11-b) has been connected to a VNA to measure
its bandwidth and evaluate its performance, Fig. 4.19 shows the measured reflection

coefficient of the rectifier at different power levels. As with the single-band rectifier, it is
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FIGURE 4.17: Simulated (dashed) and measured (solid) Si; of the rectifier, at
—20 dBm, far two inductor values.
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FIGURE 4.18: Simulated (dashed) and measured (solid) PCE of the single-band
inductor-matched rectifier far two inductor values.

observed that the reflection coefficient changes with the available RF power, due to the
variation in the diode’s input impedance. For example, at 960 MHz (GSM RFEH band)
it is observed that the rectifier is optimized for —20 dBm and below. On the other hand,
the inductive matching at 1.5 GHz improves at higher power levels (minimum reflection
is achieved at 0 dBm). This is due to the diode’s lower impedance at higher frequencies
and the inductors approaching their self-resonant frequencies where the inductance is
higher than the datasheet values. The low self-resonant frequency is due to the lower
frequency matching inductor. The 56 nH 0603 Coilcraft inductor used for matching at
960 MHz self resonates at 1.9 GHz, which may result in additional interference with
the high frequency rectifier path. Fig. 4.20 shows the measured large-signal reflection

coefficient of the rectifier at the four bands where a drop in the S1; is observed.
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FIGURE 4.19: Measured (solid) and simulated (dashed) reflection coefficient of the
multi-band rectifier.
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FIGURE 4.20: Measured large-signal reflection coefficient of the multi-band rectifier
with variable input power levels, at the frequencies where a resonance was observed.

The multi-band rectifier, despite being well-matched at three frequency bands (cellular
and ISM-bands), suffers from reduced PCE at both sub-100 pW levels (the design range
of the single-band rectifier) and at their peak PCE, as a result of the additional multi-path
reflection. To explain, the frequency-selective multi-path rectifier results in additional
current flow of the RF signal in the microstrip network as well as the lumped components,
due to the impedance mismatch of every other branch happening at the diode’s plane
rather than the microstrip cross-junction. This is attributed to the microstrip lines’
short length compared to the wavelength, resulting in the signal traveling towards the
diodes before being reflected and finally accepted by their respective branch based on the
frequency. In addition, unintended resonance observed at 2.4 GHz is due to the mutual-
inductance between the three paths and hence does not contribute to the DC output.

While it is possible to use open stubs to suppress harmonics at the output, open stubs
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are not included to keep the rectifier compact and minimize the circuitry covering the
textile. Lack of harmonic termination is the reason the 2 GHz PCE degrades to about
50% of that at 0.96 and 1.5 GHz. Fig. 4.21 shows the PCE of the rectifier at variable

RF power levels.
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F1GURE 4.21: Measured PCE of the multi-band rectifier, at the different frequencies
where a resonance is observed, with a 4.7 k) load.

From Fig. 4.21, it is observed that the PCE diminishes at higher frequencies, which
is attributed to the mutual coupling between the tightly-positioned matching inductors.
To illustrate, the higher-value inductor L; has a self-resonant frequency below 2 GHz,
resulting in a smaller portion of the incident high-frequency signal being accepted by the
diodes, hence reducing the PCE. This highlights the limitation of multi-band inductive

matching using non-ideal components.

4.4.2 Resistive DC Load Sweep

As the rectifier’s performance is expected to vary significantly based on the load
impedance, the performance of the proposed rectifiers have been investigated for var-
ious resistive loads, as well as a capacitive load acting as an energy storage unit directly
connected to the rectenna, eliminating the DC power management stage. A DC resistive
load sweep has been carried out experimentally and in simulation to find the rectenna’s
optimal load impedance for both the single-band and multi-band rectifier. Fig. 4.22 and
4.23 show the PCE at variable load impedance at —20 and —10 dBm input power.

From Fig. 4.22, the proposed rectifier achieves a best-in-class PCE of 41.8% at
—20 dBm with a 7 kQ load, in good agreement with the simulated maximum PCE
of 43% at the same frequency. The load impedance of the rectifier is in line with other
rectennas such as [11] and [33] and allows a balance between the DC voltage output

and a high PCE. This is achieved due to the optimized impedance matching for low RF
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FIGURE 4.22: Measured (solid) and simulated (dashed) PCE of the proposed single-
band rectifier.
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FIGURE 4.23: Measured (solid) and simulated (dashed) PCE of the multi-band rectifier
at (a) 960 MHz and (b) 1.5 GHz.

power levels and the high-impedance end-to-end environment described in section 4.3.2.
Additionally, more than 10% of the maximum PCE is maintained from 2.5 to 14 k2 and
3.0 to 13.3 k2 at —10 and —20 dBm respectively. Finally, the validity of the inductor’s

equivalent model proposed in Fig. 4.11-c is validated across varying Z;,qq-
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The multi-band rectifier model exhibits discrepancies with the measured results es-
pecially at 960 MHz, due to the resonance shift previously observed in the Si; (Fig.
4.20). The fabricated rectifier prototype, despite achieving more than 20% and 45%
PCE at 960 MHz which is in-line with reported values using the same rectenna, fails to
achieve the simulated PCE approaching 60% at —10 dBm. This can be attributed to
the tight spacing (<1 mm clearance) of the “lumped” inductors, resulting in a consider-
able mutual-inductance component as well as coupling between the rectifier’s branches
causing additional stray currents dissipating in the inductors’ parasitics and the fabric
substrate. The manufacturer’s measured s-parameters of the coil clearly exclude the
effects of other components in proximity as well as the effect of external interconnects

resulting in variable Cp,.

4.4.3 Rectifier Capacitive Load Analysis

Energy storage is essential in energy harvesting and intermittently-powered systems
to enable cold-start of a battery-free load. Therefore, it is essential to characterize the
performance of RF rectifiers directly with a capacitive load. While recent studies have
investigated the charging time of a capacitor using a low-power rectenna [39], using a
power-management circuit masks the capacitor’s current draw and does not give any

insight on the impact of the charging curve on a rectifier’s Syy.

Motivated by keeping the component count low in the system to improve its flexibility
and reliability, a discrete power management interface is avoided. Furthermore, multiple
state-of-the-art low-voltage transceivers and micro-controllers have been reported with
turn-on voltages as low as 250 mV [299]. Thus, the output voltage of the rectenna could
be directly stored without stepping-up using a DC-DC boost converter. In Chapter 8,
a similar approach is proposed to integrate a textile supercapacitor with an “e-textile”

rectenna.

A storage capacitor, Cgiore, has been connected directly to the output of the mi-
crostrip rectifier replacing Zioaq. Cstore 18 implemented using electrolytic capacitors of
1.32 mF capacitance. The performance of the single-band rectifier, with Cgsore replacing
the dummy resistive load, has been experimentally measured. The charge level in the
capacitor affects its ability to be charged from a voltage source. Thus, the equivalent
input impedance of the capacitor will vary during the charging cycle changing the rec-
tifiers S11. Considering the difficulty in modeling the internal DC and RF parasitics
of the electrolytic capacitors, simulation of the capacitive load was not performed. A
VNA has been used in CW mode as a power source to excite the single-band rectifier,
while measuring the reflection at the input. As the large-signal input impedance of the
capacitor is not known, it is crucial to measure the input reflection coefficient to ensure
the capacitive load does not degrade the rectenna’s impedance match. The DC voltage

across the capacitor has been measured using an oscilloscope during the charging time
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of the capacitor, until a steady state voltage is reached. Fig. 4.24 shows the charging
time of the capacitor and the variation in the measured S7; with the amount of charge

in the capacitor at —10 dBm.
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FIGURE 4.24: 1.32 mF Cgyore charging time and the measured reflection coefficient
variation with the energy stored in the capacitor over time from —10 dBm.

From the moment the VNA is turned-on (time=0), it is observed that the reflection
coeflicient of the diode changes significantly based on the amount of charge stored in the
capacitor, implying an input impedance change. This can be explained by the charging
curve of a capacitor, where initially the current (4.2) is significantly higher than the
voltage. The current flowing into the capacitor given by

Ic = %e% (4.2)

will determine the load impedance and subsequently the rectifier’s Sy;.

The optimal impedance match (S1;=—23 dB) is achieved at time=7, from 7=RC
and the measured capacitance, the DC resistance of the circuit at that instance can be
worked out to be 6212 ), closely approaching the optimal load impedance of the single-
band rectifier shown in Fig. 4.22. The low reflection observed after the steady-state
voltage is reached is due to the high leakage of electrolytic capacitors, resulting in a

continuous current draw from the rectenna to maintain the energy stored.

The energy stored in the capacitor can be used to calculate the average PCE of the
rectenna with capacitive loading using,
CStoreV2 1 1

PCEaverage = X =X

—_ 4.3
2 T  Ppp ( )

where C is the storage capacitance, V is the voltage across the capacitor, and 7 is the
first RC time constant. Prp is the power available from the generator or harvested by
the antenna from a plane wave of power density S. 7 could be replaced by other time

periods depending on the application of the harvester.
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The calculated efficiency of the capacitor-loaded rectifier at —10 dBm is 15.3% com-
pared to 54% of the resistive-loaded rectifier at the same power level. The significantly
lower PCE is attributed to the variation in the capacitor’s impedance affecting both the
RF impedance matching at the rectenna’s input (Fig. 4.24) and the DC power transfer
between the rectenna and the DC load.

An input power sweep has been carried out from —20 to 10 dBm to investigate the
variation in PCE gyerqge for a capacitive load. The charging curves of the load capacitor
can bee seen in Fig. 4.25 for different power levels. The power sweep oscilloscope traces
were used to extract the RC time constant at different power levels to calculate the
average PCE using (4.3). Fig. 4.26 shows the measured peak capacitor voltage and the
voltage at the first 7, in addition to the average PCE (4.3).
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FIGURE 4.25: Measured voltage across the 1.32 mF capacitor during charging using
the 970 MHz RF power, and the peak voltage reached at different power levels.
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FIGURE 4.26: The measured average PCE of the capacitive-load rectifier and the
capacitor voltage at the first time constant and the peak voltage.

The diminished PCE of the rectifier with the Cgiore as a load is mainly observed
at lower power levels due to the wide variation in the input impedance demonstrated

through the variation of the Si; over time in Fig. 4.24. This prohibits a high-quality
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impedance match over the charging time and is due to the rectifier operating away from

its optimal load.

4.5 Rectenna Wireless Testing and Evaluation

In this section, the rectenna is evaluated wirelessly in a controlled environment, with
a far-field plane wave S excitation. By using a fixed S, the efficiency of the rectenna
as well as the DC power output can be evaluated in a standardized manner, enabling
better comparison of the performance with SoA rectennas characterized using plane wave
excitation. The incident S could be directly linked to ambient S, e.g. available from

cellular networks, or S available from a dedicated WPT base-station.

In order to demonstrate the performance of the whole textile rectenna (antenna and
rectifier), the dual-LP broadband monopole is integrated with the proposed rectifier
using the textile transition from Fig. 4.3. This section presents the wireless testing and
evaluation of the integrated textile rectenna shown in Fig. 4.2-a. The tests carried out

in this section demonstrate:

1. High PCE of the rectenna in space and on-body for sub-uW /cm? power densities.
2. Dual-polarization harvesting capabilities.

3. Omnidirectional power reception capabilities.

A standard 10 dBi LP log-periodic antenna has been used to illuminate the antenna
with RF power over a fixed distance d, while varying the power available from the VNA
configured to act as a CW generator. Given the VNA’s maximum leveled output of
15 dBm, the distance d has been set to 1.2 m to be able to deliver power densities up
to 1.75 uW/cm? to the rectenna. A distance of 1.2 m represents 3.3x\ at 820 MHz,
ensuring the antennas are in their farfields. The setup is consistent with the test setups
in [39] and [178|, where the transmitter-rectenna separation was 1.2 and 1 m, respectively.

Fig. 4.27 shows the test setup of the textile rectenna.

The power received by the rectenna, a function of the antenna’s effective area A.ys
(3.6) and the RF power density S, has been used to calculate the PCE for an incident
plane wave PCEpjqn. using (3.9). The PCE from a plane wave has been calculated using
Aeg., using the measured gain G in space and on-body. When measuring the PCE for
the misaligned polarization case, A.sy is halved due to the —3 dB PML. PML reduces
the RF power received by each port by 50% which is then overcome by combining the
power output of both ports [149]. When performing the on-body measurements, the

—6.5 dB worst-case measured gain was used in the calculations of the received power.
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FIGURE 4.27: The wireless test setup of the textile rectenna: (a) schematic of the
wireless test setup, (b) photograph of the rectenna testing in space, (¢) photograph of
the rectenna testing when mounted on-body.

A power sweep has been carried out to measure the received DC power and PCE at
variable incident power densities. The CW input has been swept from —6 to 15 dBm. The
measurements were performed with the rectenna positioned in free space and mounted
on-body as in Fig. 4.27-b and 4.27-c. The antenna’s position on the torso reflects the
position with the lowest antenna efficiency. This was shown in the off-body measurements
in [288], included in Appendix A. Thus, it is the most conservative estimate of the

antenna’s wearable performance.

Fig. 4.28 shows the measured PCE and DC output of the rectenna at 820 MHz for
a 7 kQ load. It is observed that the antenna achieves a PCE surpassing 50% and 45%
from S <1 uW/cm? in space and on-body, respectively. Compared to other all-textile
rectennas [178,179,181], this work presents the only rectenna capable of efficient power
generation for power densities below 1 W /cm? despite lack of shielding, having a low

profile, and the smallest electrical area.

In wearable operation, it is highly likely that the antenna will move and subsequently
polarization alignment with the transmitter is not guaranteed. For instance, body move-

ments and rotations can result in over 10x reduction in the received power based on the
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F1GURE 4.28: Measured DC output and PCE of the textile rectenna on-body and in
space from varying plane-wave excitations.

V /H-polarization isolation of a single monopole. The next step in evaluating the rectenna
is to validate the performance for polarization misalignments. The transmitting antenna
has been rotated to have a 45° angle, over the antenna’s azimuthal (polarization) plane.
To verify that the incident wave is 50% misaligned with both ports of the rectenna a
connectorized textile antenna was used to measure the forward transmission at both
ports. The measured S9; at both ports was verified to be 3 dB lower than that when
the polarization is fully-aligned. S has been swept while measuring the DC output of
both ports. The 45° misalignment is an indicative test for the “worst-case” scenario,
where the power received on each port is at its lowest, and as a result the PCE will be at
its minimum. For more vertically or horizontally-polarized radiation, the power will be

received predominantly at one of the dual-ports resulting in a higher PCE than in the

45° case.

Fig. 4.29 shows the measured PCE and DC output. It can be observed that, for
the misaligned polarization case, the PCE is approximately 25% lower than a single-
port output when the polarization is aligned. This is attributed to the mutual coupling
between the ports as well as additional path losses linked to the positioning of the
transmitter. The variation in the power output between the V-pol. and H-pol. could be
attributed to slight variation in the polarization angle due to the transmitting antenna’s

position and indoor multi-path effects.

To demonstrate the omnidirectional harvesting properties of the antenna, the inte-
grated rectenna is rotated around the axis shown in Fig. 4.27. The antenna is positioned
at d=1.6 m and the VNA’s CW output is set to 14 dBm, this results in a power density
of 0.78 uW /cm?. Fig. 4.30 shows the measured DC power output of the rectenna as well
as the antenna’s simulated gain at 820 MHz. It has previously been demonstrated that

a rectenna’s DC voltage patterns can vary significantly from the antenna’s RF radiation
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FIGURE 4.29: Measured DC output and PCE of the textile rectenna across both ports
for variable incident plane waves with 45° polarization angle.

patterns due to the rectifier’s size and layout [225]. In addition, planar and non-planar

positioning of rectifiers was found to alter the received DC power [39].
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FIGURE 4.30: Measured DC output of the rectenna for variable alignment angles with
the directional transmitter and the antenna’s gain.

In Fig. 4.30, very close agreement between the simulated gain and the DC power
is observed from 180° to 360°. From 0° to 180°, the DC power output is about 50%
higher than expected from the simulated gain, this could be attributed to the indoor test
setup resulting in varying multi-path effects. From Fig. 4.30, it can be concluded that
the proposed rectenna maintains omnidirectional power harvesting capabilities with the

half-power beamwidth covering the entire 360° angular span.

Table 4.1 compares the proposed rectenna with state-of-the-art wearable rectennas
with textile antennas [11,178-181|. Two non-textile rigid rectennas are included in the
table for bench-marking. [39] is a low-profile rectenna designed for ultra-low power den-

sities, operating at a very close frequency to this work. [132] is a wide angular coverage
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2.4 GHz rectenna based on a complex 3D structure with multiple patch arrays and a

beamforming network.

It is clear that the proposed rectenna, despite being implemented on textiles and utiliz-
ing lumped matching, achieves the highest reported PCE at —20 dBm, and subsequently
for S<1 uW /cm?. The PCEpjapne presents over 5x improvement compared to reported
un-isolated wearable rectennas such as [181]. The proposed rectenna also occupies the
smallest electrical size compared to other textile rectenna due to its wire-type antenna
structure as opposed to aperture antennas. As in Fig. 4.28, the lack of shielding did not
prevent the rectenna from yielding over 10 uW from S=1 pW /cm?. This shows that

unisolated antennas can indeed be used for wearable energy harvesting.
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4.6 Summary and Conclusion

This chapter presented a wearable rectenna achieving the highest reported PCE for
sub-1 uW /cm? harvesting, showing that lossy dielectric materials are not a hindrance to
realizing high-efficiency rectennas. The proposed rectifier achieves a best-in-class PCE
of 41.8% at 820 MHz from —20 dBm due to careful design of the rectifier and optimized

matching for sub-100 pW power levels. The key findings can be summarized as:

e To maximize the PCE, the rectifier’s layout needs to be carefully designed to achieve

the optimum Zj, for a high PCE, as opposed to only achieving a low 511.

e While commercial lumped components do not reach the efficiency of their ideal
counterparts, they can still be utilized to overcome material losses on high-tand

substrates surpassing SoA implementations.

e Despite their lack of shielding, a “wire-type” broadband monopole enables a low-
profile wearable rectenna which can be realized with high sub-uW/cm? PCE on

the body, while maintaining a small footprint.

e Textile rectennas can be realized with high scalability for various requirements such

as multi-band, dual-polarization, and omnidirectional RFEH.
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Chapter 5

Antenna-Rectifier Co-Design and
SWIPT

This chapter presents optimal rectenna design based on antenna-rectifier co-design and
non-50 €2 antennas, the second rectenna topology presented in Chapter 2.4.4 and shown
in Fig. 2.5-d. First of all, antenna-rectifier co-design is demonstrated in a high-efficiency
rectenna for sub-1 GHz [SM-band applications, based on a flexible dipole antenna. The
rectenna achieves the highest reported PCE, of 43% and 83% at —20 and —4 dBm,
respectively. The rectenna does not include a matching network and occupies an area
of 0.012)\(2), enabling its seamless integration in wearable applications and battery-free
active RFID tags.

Antenna-rectifier co-design is then proposed for SWIPT applications, by integrating a
high-efficiency dipole-like rectenna within an off-body textile microstrip patch antenna,
realizing a dual-band textile antenna for wearable SWIPT. The SWIPT antenna achieves
>25 dB port-isolation, nraq.>63% (inclusive of mismatch), with and without the rectifier,
and the highest reported peak RF to DC efficiency, compared to textile rectennas, of 62%
from 0.8 uW /cm?.

The motivation behind matching network elimination is first introduced in Section 5.1
along with a comparison with recent approaches to antenna-rectifier co-optimization. In
Section 5.2, the design and simulation of the rectifier, used in the dipole and SWIPT an-
tenna, is presented. The design of a parametrically-tunable dipole is presented in Section
5.3, which is then evaluated as a sub-1 GHz rectenna in Section 5.4. Antenna-rectifier
co-design is then introduced for SWIPT in Section 5.5, with a stepped antenna design
method. The 2.4 GHz antenna and sub-1 GHz rectenna performance is characterized
in Sections 5.6 and 5.7, respectively, and compared to SoA showing the highest textile
rectenna efficiency to-date, simultaneous with an uncompromised SoA off-body commu-
nications performance. The contributions in this chapter have been published in [300]

and [301], and submitted for publication in [302]. The extension of this technique to

97
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realize a single-band 2.4 GHz SWIPT antenna/rectenna, published in [301], is included
in Appendix A.

5.1 Matching Network Elimination: The Motivation

A standalone matching network stage is an additional source of insertion losses and an
area and cost-consuming component. Moreover, unless a matching network is optimized
for certain operation conditions and is implemented on a loss-less substrate, it reduces the
rectenna’s PCE. The noticeable discrepancy between the simulated and measured PCE
of a rectenna in literature [33,43,80] can be attributed to losses in the matching network.
While a low S7; can still be achieved using a matching network, losses in the non-ideal
components or in the distributed microstrip network cannot be avoided. To overcome
the matching network losses, high impedance antennas were proposed to directly match
the rectifier [111,223,228]. While in [34] a generic high-impedance cross-dipole was able
to achieve broadband power conversion for multiple diodes, the high-impedance antennas
in [111] and [228] achieve a high PCE at low power levels, owing to being optimized for

a specific rectifier.

As reviewed in Chapter 2.4.3 rectenna EM-circuit co-design is an increasingly-common
rectenna architecture [15]. The different approaches to EM-circuit co-design can be

summarized in:

1. Designing an antenna with arbitrarily high inductive impedance to match a wide
range of diodes for different operation conditions, such as power levels and fre-
quencies [34,83]. While this approach is portable to different applications, the
low-power PCE (below —10 dBm) is particularly low and does not approach the

maximum PCEs reported in literature.

2. Simulating the rectifier’s input impedance for specific operation conditions, such
as the power level and load resistance, and designing an antenna or an impedance
transformer to match this rectifier impedance [111]. This allows achieving higher
PCEs for specific power levels than the first approach, but may not fully reflect
the impact of the antenna’s input impedance on the rectifier which should not be

neglected due to the non-linearity of the diode.

3. Considering the antenna’s input impedance effect on the rectifier, through sim-
ulation or source-pull measurements, then re-designing the antenna accordingly
[181,223]. This allows an extra design iteration where the system can be tuned
using antenna design to match the rectifier at realistic operation conditions. How-
ever, this approach neglects the DC load impact, which could reduce the rectenna’s

PCE despite achieving a low S1;.
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4. Utilizing an optimization algorithm in conjunction with a non-linear circuit simula-
tor to extract the optimum impedances, both for the RF source and the DC load,
to maximize the PCE [11]. While this method achieves the highest PCE at its
design power level (—20 dBm), it has only been used thus far to realize a rectifier
with a standalone matching network, implemented on a loss-less substrate, and a

50 € antenna.

In the next section, antenna-rectifier co-design is presented as a two-step process: a
rectifier is designed for a given power level and its source and load impedances are opti-
mized, unlike optimization techniques where a low S11 is the goal, the goal is maximizing
the DC power across the load. A dipole antenna is then designed with a parametrically-
tunable geometry which can be optimized in EM simulation, where the antenna is tuned

to match the rectifier’s optimum impedance.

5.2 Rectifier Design and Simulation

When designing a high-efficiency rectenna, based on high impedance antenna-rectifier
co-design, the first step is to design and optimize the rectifier separately, extracting its
optimal source and load impedances, in an iterative manner. These values can then
be used to guide the antenna design process. As discussed in Chapter 3.3, including
the load impedance in the design and optimization process can boost the input voltage
improving the low-power PCE. To improve the accuracy of the simulation models, the
rectifier’s layout needs to be considered when extracting its input impedance, to account
for their impedance transformer effect, presented in Chapter 4.3.2. To improve the
voltage sensitivity, avoiding the need for additional boost converter circuitry and to
simplify the system, a voltage-doubler rectifier topology is adopted. The layout of the
proposed rectifier, based on the SMS7630-079LF low-barrier Schottky diode, is shown in
Fig. 5.1.

8.5 mm

100 pF  SMS7630-079If

wuw g'g

FIGURE 5.1: Layout of the differential voltage doubler rectifier. Parameters Rg, Xg
and Zj, were optimized using harmonic balance simulation.



100 Chapter 5 Antenna-Rectifier Co-Design and SWIPT

The layout in Fig. 5.1 was designed with compactness as a key objective, where the
traces were kept to the minimum footprint of the components. As discussed in Chapter
4.3, this preserves the rectifier’'s high R{Z}, which is then matched through the co-

designed antenna in this chapter.

The rectifier has been simulated in Keysight ADS using HB simulation along with EM
Momentum MoM co-simulation, to factor in the effect of the rectifier’s layout impact on
the impedance. Zg is then varied to approach the simulated Z;, of the rectifier. The

optimization process of the source and load impedance is as follows:

1. Setting the load impedance to an arbitrary initial load in the k() range, reflecting

a uA load;
2. Simulating the input impedance (Zi,) of the rectifier using non-linear HB;

3. Setting the source impedance (Rg and Xg) to the complex conjugate of the ex-
tracted Zin;

4. Optimizing Zj, based on the new Zg, for maximum DC power transfer to the load;

5. Iterative tuning of Rg, Xg, and Zr,, to maximize the PCE, inclusive of mismatch.

To explain, the initially extracted Zj, were obtained using a mismatched source, they
do not reflect the large-signal behavior of the rectifier, nor the small-signal behavior at
the source power level. Therefore, an iterative optimization process has been adopted
where the source impedance is varied continuously to achieve the maximum PCE at
—20 dBm, ensuring the extracted impedances arise from a rectifier which absorbs most
(S11—Rectifier < —10 dB) of the incident power. The load impedance is then swept to
identify the load yielding the highest PCE, as it was previously discussed in Chapter
3.3 that the PCE is not impedance-agnostic. At higher power levels the rectifier’s sensi-
tivity is expected to reduce due to the higher reflection coefficient, where the rectifier’s

impedance increases with power [33].

Fig. 5.2 shows the variation of the rectifier’s PCE for variable Rg and Xg. As the
voltage doubler’s input impedance is predominantly reactive (capacitive), the source’s
reactance plays the dominant role in the PCE. The rectifier maintains over 50% (3 dB
bandwidth) of its peak PCE with more than 230 €2 and 170 2 variation in the input
reactance and resistance, respectively, allowing for improved tolerances for antenna fab-
rication imperfections and simulation errors. The optimal values for the source and load
impedances extracted are Rg = 50 €2, Xg = 340 Q and Z;, = 20 k2. While Z}, is depen-
dent on the current drawn by the load and can be considered as a design constraint, the
identified optimal load impedance can be used to guide the design of a DC-DC converter

circuit of similar input impedance to the optimal Z, as in [11].
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FI1GURE 5.2: Simulated PCE of the voltage doubler with variable source input resistance
and reactance, at —20 dBm with a 20 k2 load.

5.3 High-Impedance FDA Design and Simulation

A Folded-Dipole Antenna (FDA) can be designed to achieve tunable Zantenna, where
two shorted folds act as impedance transformers allowing impedances above 100 2. An
FDA has been designed to allow parametric tuning of the antenna’s geometry to achieve
an ideal impedance match to the rectifier’s input impedance. Fig. 5.3 shows the proposed
FDA geometry. The parameters L, G and B were varied in the CST model to tune the
antenna’s input impedance Z,,;. While the length L is expected to vary the resonant
center frequency, the impedance at resonance is a function of the impedance of the two
folded lines. Hence, the gap size can be varied to tune the antenna’s impedance both
at and near its resonance frequency. The gap, directly influencing the parallel-plate and
fringing capacitance of both arms affects mostly S{Zantenna}. The lines’ shorting block

width B can be used for finer tuning of R{Zantenna} compared to the length L.

FIGURE 5.3: Layout (top) and photograph (bottom) of the high-impedance FDA,
optimized dimensions (in mm): L=105, G=0.25, W=3, B=14.0.
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The three parameter sweeps were performed independently with the starting param-
eters being L = 100, B = 14, G = 0.3 mm. Fig. 5.4 shows the variation in the
input impedance across the swept parameters. The optimized FDA selected for this
rectenna, whose dimensions are L = 105, B = 14 and G = 0.25, has an impedance
ZAntenna = 25 + 7340 €2. The antenna was designed to match the rectifier at a lower
frequency than its resonance, so that the lower variation in the input impedance does
not affect the impedance match, improving the broadband rectenna’s response. As seen
in Fig. 5.4-¢, a FDA of L < 106.25 maintains a more stable input impedance around 860
MHz, within the rectifier’s Zg tolerance for maintaining high PCE (Fig. 5.2).
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FIGURE 5.4: Simulated real (left) and imaginary (right) input impedance of the FDA
for variable: (a) G; (b) B; (c) L; baseline parameters are L = 100, B = 14, G = 0.3
mm.

The antenna has been fabricated using standard photolithography on a commercial

low-cost polyimide copper-laminate, of 25 pum thickness. The mounted components
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(diodes and surface-mount capacitors) are encapsulated using UV-curable Glob-Top

Epoxy, improving their mechanical reliability and resilience to repeated bending.

5.4 Rectenna Wireless Testing

5.4.1 Directional Power-Calibrated Transmitter

To investigate the integrated rectenna’s performance and validate the rectifier’s sim-
ulation, a directional 11 dBi antenna has been used to power the rectenna at different
power levels. The transmitter antenna and the rectenna were placed at 1 m separation.
The received power at the rectenna has been estimated using a standard dipole, as well
as calculated using the incident plane-wave. Fig. 5.5 shows the measured PCE and
DC voltage across the 20 k) load at variable power levels, from a 860 MHz CW input.
The PCE has been calculated using the power estimated RF power using a receiver in

presence and in absence of the antenna (PCE=12<).
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FIGURE 5.5: Measured (solid line) and simulated (dashed line) PCE of the rectenna at
858 MHz with a 20 k2 load.

The frequency of the source has been varied to measure the rectenna’s bandwidth.
Fig. 5.6 shows the measured PCE and voltage output of the rectenna at —20 dBm and a
20 k€2 load. The simulated PCE has been obtained using a broadband source impedance
of Z;,,=25+j340 Q. Therefore, the rectenna’s response is more narrow-band due to the
increase in the input impedance with frequency (observed in Fig. 5.4). Nevertheless,
the rectenna maintains 50% of the peak PCE (3 dB bandwidth) across a 7.9% fractional
bandwidth from (813 to 880 MHz), which is sufficient for sub-1 GHz applications and

allows the utilization of multi-tone inputs.

Table 5.1 shows a comparison of the proposed rectenna with high-efficiency low-power

rectennas with and without matching networks. It is observed that this work achieves
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FIGURE 5.6: Simulated and measured PCE of the rectenna at variable frequencies, at
—20 dBm input with a 20 k2 load.

the highest PCE at various power levels, notably at ultra-low power levels (—20 dBm).
Compared to other rectennas without matching network [34, 83|, the proposed rectenna
achieves higher PCE due to being designed specifically for a certain rectifier at low power
levels, as well as including the load impedance in the initial iterative antenna-rectifier
optimization. While [111]| reported rectifier EM co-simulation and optimization of the
rectifier design, the diode utilized in this work enables achieving higher PCEs due to its
lower V. To add, this rectifier has been optimized for maximum PCE at —20 dBm, at

which the input impedance was obtained.

TABLE 5.1: Comparison of the flexible dipole rectenna with reported rectennas

This work | WPT 2017 | TMTT IMS TAP
[111] 2018 [11] 2019 [303] 2016 [33]
Freq (GHz) | 0.868 0.868 2.4 2.4 0.9*
Matching High-Z High-Z an- | Distrib. ele- | Lumped L- | Resistance
antenna tenna ments network compress
network
Diode SMS7630 | HSMS- SMS7630 SMS7630 SMS7630
2852
PCE: 43% 33% 33.6% 15% 25%
—20 dBm
PCE: 70% 55% 56% 35% 51%
—10 dBm
Maximum 83% NR 62% 70% 67%
PCE
1 V Sensi- | -9 dBm | NR —7dBmt at | —6.5 dBmf, | —10 dBmf
tivity at Z- | at 20 kQ2 5 kQ load NR at 25 kQ
load

*Multi-band, only 900 MHz considered for this comparison

tCalculated from the PCE curve. NR: Not reported
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While the proposed high-impedance rectenna achieves the highest PCE, 50 € anten-
nas with ideal impedance transformers can achieve equally high PCEs [11]. However,
the parasitics of lumped components and the insertion losses of distributed elements
matching will result in a non-ideal impedance match. Through careful rectifier EM co-
simulation of the rectifier along with antenna-rectifier co-design, the proposed rectenna
achieves the highest reported PCE using a commercial diode. The reported rectifiers with
higher efficiencies, such as [304], are specifically tuned to sub-100 uW power levels and
require many-stage rectifiers with innovative device-biasing techniques, where the PCE
still deteriorates significantly at power levels above —10 dBm. Moreover, although [33]
achieves higher DC voltage sensitivity, this is due to the resistance compression matching
network, allowing higher load impedances without reducing the PCE. However, it cannot
be used on a compact flexible system as it significantly increases the system’s complexity,

as well as reduces the measured PCE due to utilizing non-ideal lumped components [80].

5.4.2 Indoor Harvesting from an ISM-Source

The rectenna is evaluated under real operation conditions using a 3 W Powercast
915 MHz transmitter in an indoor environment. While the —20 dBm 3 dB power band-
width does not cover the 915 MHz band (Fig. 5.6) the rectenna will still operate at
915 MHz with reduced sensitivity due to the impedance mismatch between the antenna
and the rectifier at 915 MHz. This will result in reduced PCE particularly at lower RF
power levels. However, this test is motivated by the availability of an off-the-shelf power
transmitter at 915 MHz.

90.0% 7.5
60.0% - S
S S
w =
O S
i L @)
30.0% 259
0.0% L0
0 2 4 6 8 10

Distance (m)

FIGURE 5.7: Measured DC output of the rectenna at varying separation from the
34.77 dBm EIRP Powercast 915 MHz transmitter.

The separation between the Powercast transmitter and the rectenna was varied and
the DC voltage across the rectenna’s 20 k{2 load has been measured using a multi-meter.

Fig. 5.7 shows the measured DC voltage of the rectenna, the PCE has been calculated
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using the Friis model with a 34.77 dBm EIRP output. The error bars indicate a £1 dB
uncertainty in the incident RF power level. The peak measured PCE is 74% at a DC
voltage of 1 V at 5.4 m separation from the Powercast. Below 2 m separation from
the source, the reduced PCE is due to the rectifier operating in the diodes’ breakdown
region. From 6 m separation and above, the drop in the PCE is due to the propagation
losses, where less power to be received at the rectifier, causing it to operate in the region
where Vg limits the achievable PCE.

5.5 SWIPT Antenna Design and Simulation

To enable switching-free and power splitting-free SWIPT [8], a dual-port antenna
can be used with high port-isolation [14]. Based on the design and implementation of a
compact and very high-efficiency dipole rectenna presented earlier, it is possible to realize
the WPT-port in a SWIPT antenna/rectenna as a matching network-free antenna based

on a dipole.

Recently, a SWIPT rectenna has been proposed in [305] based on a high-isolation
hybrid coupler. However, the size of the coupler is large compared to the antenna and
a rectifier matching network is required at the antenna’s input port. Furthermore, a
coupler on a lossy substrate would incur significant insertion losses reducing the har-
vested DC power. In [14], a dual-port 2.4 GHz antenna was proposed for SWIPT, where
one port is connected to the rectifier and the other connects to a wireless transceiver.
Nevertheless, both antennas are fundamentally no different to a dual-port 50 €2 antenna,

and a matching network is still required to achieve high-efficiency rectification.

5.5.1 Dual-Band Dual-Mode Antenna

The antenna design process is divided into two parts: the design of a 50 2 2.4 GHz
antenna with broadside off-body radiation patterns, and the design of a broad-beam sub-
1 GHz rectenna, due to the improved harvesting probability an omnidirectional antenna
in sub-1 GHz bands [288]. For SWIPT to be efficient, the mutual coupling between
the rectenna and the communication antenna needs to minimized. To illustrate, high
mutual coupling would result in the 2.4 GHz transmitted power leaking into the rectifier,
reducing the communication’s range. Moreover, the rectenna’s DC output may degrade
if the sub-1 GHz incident power is absorbed by the 2.4 GHz transceiver instead of the

rectifier.

Fig. 5.8 shows the application of a the proposed antenna. The same dual-port fully-
textile antenna can be utilized as a rectenna to power wearable a MCU, sensors and a
transceiver. The same antenna can then be used by the wireless transceiver to commu-

nicate with an off-body base-station.
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F1GURE 5.8: The architecture of the proposed SWIPT antenna for sub-1 GHz WPT
and 2.4 GHz communications, with broadside and omnidirectional radiation patterns
for the communication antenna and the rectenna, respectively.

5.5.2 Antenna Stepped Design and Simulations

The first step in designing the antenna is the design of a standard microstrip-fed 2.4
GHz patch. The first iteration is based on a standard geometry to resonate at 2.4 GHz.
A proximity-coupled microstrip feed is selected due to the high thickness of the felt fabric
(h=3.2 mm) which will result in a probe-feed having high inductance [11]. The felt fabric
falls within the A > 0.03\ margin to achieve high radiation efficiency [306]. The antenna
was simulated in CST Microwave Studio to tune the length of the inset microstrip feed.
Fig. 5.9 shows the design steps of the antenna, with step 1 being the common geometry

patch with a proximity-coupled feed, whose parameters are quoted in Table 5.2.

TABLE 5.2: Summary of the antenna’s parameters for each design stage.

2.4 GHz 511 | 24 GHz | 868 MHz Z;, | 868 MHz
NRad. (©) NRad. (%)

Step 1: < —20dB 69% single-port single-port
common patch
Step 2: Port-2 added | —1.7 dB 58% 1.44j183 <0.01%
+ loop
Step 3: GND minia- | —0.2 dB 54% 0.924j182 10.1%
turization
Step 4: dipole arms | —3.6 dB 2% 1143307 82%
added
Step 5: dipole mean- | —3.9 dB 1% 5+j337 43%
dering
Step 6: patch stub | —19 dB 1% 16+j396 53%
matching

Step 2 is to introduce a second port for connecting to the rectifier. While port-2 could
be directly connected to a microstrip line and a rectifier impedance matching network,

antenna-rectifier co-design could be utilized to improve the impedance matching and
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FIGURE 5.9: Design steps of the proposed dual-band SWIPT antenna.

subsequently the PCE. As discussed in Chapter 3.3, an inductive feed is required; a 1
mm-wide slot is added at 1 mm from the top of the patch to introduce an inductive
matching loop. A balanced port was used to simulate the antenna’s input impedance
looking into the inductive loop. The simulated input impedance at port-2 shows a high

complex impedance as shown in Table 5.2.

Due to the size of the patch and the ground backing, almost all the accepted power at
868 MHz at port-2 will dissipate in the dielectric substrate resulting in the very low ngraq.
in step 2. To explain, the CST-simulated dielectric losses in step 2 were over 95% of the
accepted power. Therefore, the ground plane is miniaturized as in step 3 in Fig. 5.9.
This reduces the capacitance of the loop and allows a lower reduced input impedance.

As a result, nRraq. is significantly improved as in Table 5.2.

The designed voltage doubler achieves the maximum PCE at —20 and —10 dBm with
a source of 3047330 Q impedance, at 868 MHz. Hence, the antenna’s R{Z,} is too low
to achieve a good impedance match. Furthermore, the low R{Z;,} implies a very low
NRad. due to the low radiation resistance. To improve R{Z;,}, half-wavelength dipole
arms are added in step 4 to prolong the current path bringing the input impedance at
port-2 closer to the input impedance of a standard half-wave dipole. Given that the
horizontal dipole arms are not backed by the ground plane, the antenna feed at port-2
should radiate through its dipole arm with high nr.q.. The length of the arms L, can
then be used to fine tune R{Z}. As in Table 5.2, the added dipole arms significantly

Improve 7Rad. -
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FIGURE 5.10: Tuning the rectenna’s real (dashed) and imgainary (solid) impedance
using (a) the gap, and (b) arm length.

While the dipole arms added bring the input impedance of port-2 to values within the
range of a rectifier’s input impedance, the arm’s width is very long occupying additional
space. The dipole arms could be redirected to make the antenna more compact without
adversely reducing the radiation efficiency. In step 5, the dipole arms are folded to extend
along the patch’s length (E-plane), reducing the width of the whole dual-band antenna

from 120 mm to 75 mm.

The final step is to tune the exact gap and dipole arms’ length to match the impedance
of the rectifier. The parametric tuning of Z is shown in Fig. 5.10. It is observed that Lgap
predominantly controls ${Z} (the inductance), while La,y, controls f, and therefore
affects R{Z}. Fig. 5.11 shows the dimensions of the proposed antenna, and the tuning
parameters. The parameters included on the final antenna prototype are Layy,=48 mm

and Lgap=2 mm.
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FIGURE 5.11: Layout and dimensions (in mm) of the proposed SWIPT antenna.

As the antenna’s geometry has been modified to match port-2 to the rectifier, the
impedance matching of the patch is altered around 2.4 GHz. Therefore, additional

tuning is required to restore resonance around 2.4 GHz and match the patch to a 50 €
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input. At 2.5 GHz, the antenna’s impedance is 80 2, showing that it can be tuned using
a real-impedance transformer. A shunt capacitive microstrip open stub is introduced on
the feedline, as shown in step 6 in Fig. 5.9, to match the patch to 50 2. The tuned
patch achieves a S11<—19 dB at 2.4 GHz. The >30 dB simulated and measured port
isolation shows that the antenna can be used for simultaneously receiving power below
1 GHz while the transceiver is active at 2.4 GHz with minimal interaction. Finally, the
antenna was simulated on an Austinman model [295], showing a low SAR complying
with the IEEE C95.1 regulations. The SAR is shown in Fig. 5.12 for 0.5 W of power.

SAR (W/kg)
191
0.282
0.042
0.006
0.0009
0.0001
2e-5
2.9e-6
4.24e-7
6.13e-8
7.87e-9

1.937, 1gm 0.872, 10gm 0

FIGURE 5.12: Simulated SAR of the antenna at 2.4 GHz showing the peak SAR, from
0.5 W, when normalized to 1 and 10 gm tissue mass.

5.6 SWIPT Antenna Fabrication and Measurements

5.6.1 Antenna Fabrication

The antenna was fabricated using adhesive-backed conductive fabric (P&P MF copper
and nylon weave), patterned using laser cutting to create the antenna traces. The rectifier
was fabricated on a compact 25 pm-thick flexible polyimide substrate using photolithog-
raphy, adhered to the textile using a spray-mount adhesive. The process is similar to that
presented in Section 4.1.1, where it was previously shown, in Fig. 4.16, that the rectifier
maintains its DC output for repetitive bending, and can be waterproofed as described

in [183]. Fig. 5.13-a shows the assembled antenna/rectenna prototype.

5.6.2 Antenna Input Impedance Measurements

The S11 at port-1 has been measured using a TOSM-calibrated VNA. The measure-
ments have been performed with the rectifier and a DC load in place at port-2. Fig.
5.14 shows the measured reflection coefficient of the antenna with 130 MHz S7;<—10 dB

bandwidth covering the 2.4 GHz ISM-band in both simulation and measurements.
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FIGURE 5.13: Photographs of the textile SWIPT antenna: (a) the assembled prototype;
(b) differential dipole impedance measurement; (c¢) S11 measurement on-wrist.
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FIGURE 5.14: Simulated (dashed) and measured (solid) s-parameters of the proposed
textile antenna showing the S1; at the 2.4 communications port.

The mutual coupling between the communication and the rectifier ports was measured
using an SMA connector mounted in place of the rectifier. In Fig. 5.14, the simulated and
measured mutual coupling is below —30 dB, showing minimal interference in SWIPT.
For instance, less than 30 dB of the transmitted power at 2.4 GHz dissipate in the
rectifier, showing that the simultaneous energy harvesting in sub-1 GHz will not reduce

the radiated power.

To measure the input impedance at port-2, a two-port coaxial jig has been used to
measure the differential impedance [307], as shown in Fig. 5.13-b. The simulated and
measured input impedance at port-2 are shown in Fig. 5.15, demonstrating a close
agreement between the simulation and measurements of I{Z} below 1 GHz (the target
frequency band of the rectenna). A higher discrepancy is observed in R{Z} due to

additional resistive losses and due to inaccuracies in measuring the radiation resistance
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using balanced feeds. The impedance measurements of port-2 have been performed with
port-1 terminated using a 50 2 SMA termination, to mimic the effects of an active

impedance-matched transceiver IC.
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FIGURE 5.15: Simulated (dashed) and measured (solid) input impedance at port-2.

The antenna, under flat and bent conditions, has been measured in human proximity
as shown in Fig. 5.13-c. Fig. 5.16 shows the reflection coefficient and impedance of the
antenna while bent around the arm on the XZ axis (H-plane) and YZ axis (E-plane),
and when positioned on a user’s chest. On-wrist, the antenna is bent over a ~3 cm
radius. For all configurations, it is observed that the input bandwidth, at port-1, is
mostly unaffected. This demonstrates that the miniaturized ground plane-backing does

not have a detrimental effect of the wearable performance of the 2.4 GHz patch.
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FIGURE 5.16: Measured reflection coefficient of the antenna for different body parts.
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To further investigate the port coupling, the DC output of the rectifier was measured
while injecting power into port-1, to mimic active wireless transmission. The measure-
ments were performed at 830 MHz (the rectenna’s peak resonance), and 2.4 GHz (the
resonance of port-1). For 10 dBm of power going into port-1, the DC voltage across
an open load was below 510 and 550 mV, respectively. Based on the rectifier’s simula-
tion, this corresponds to less than —15 dBm of power being accepted by the rectifier.
Therefore, the mutual coupling between the information transmission port (port-1) and
the rectenna (port-2) is over 25 dB, further verifying the high isolation between the

communications and RFEH ports observed in Fig. 5.14.

5.6.3 Antenna Radiation Properties Measurements

The antenna’s 3D polarimetric radiation patterns were measured on a body shadowing
phantom in an anechoic chamber. The measurements were carried at the University of
Bristol Communication Systems & Networks lab by G. S. Hilton [301, 302], following
the standard setup used by the author in [244|, presented in Chapter 7. The total
efficiency 1o, of the antenna (inclusive of mismatch) was calculated with respect to
a reference monopole based on the total radiated power as in [156]. Fig. 5.17 shows
the antenna measurement setup on the phantom’s body. The antenna’s nro. at 2.4
GHz is 66% and 63%, before and after the rectifier is connected, respectively. The 0.2
dB difference between the measured gain, with and without the rectifier, highlights the
minimal interaction between the rectifier and the 2.4 GHz antenna. Fig. 5.18 shows the
normalized gain patterns on the YZ and XZ broadside E- and H-planes. The directivity
D of the antenna is 9.2 and 9.3 dBi, with and without the rectifier, respectively. This
confirms that the rectifier does not affect the antenna’s radiation properties. From the
measured efficiency and directivity, the measured realized gain of the antenna is 7.2 and

7.5 dBi, with and without the rectifier, respectively.

From the measured patterns, the antenna is predominantly vertically-polarized, with
25 dB measured co-/cross-polarization isolation on the E-plane. On the H-plane, despite
an increase in the cross polarization over the simulated values, the antenna still maintains
over 15 dB polarization purity in the main broadside beam. However, this increase in the
cross-polarized component has previously been reported for textile antennas measured
on a body phantom [11,175|, and is not regarded as a disadvantage in off-body wearable

communications [175].

The antenna’s co-polarized patterns were measured on the phantom’s arm as well
as body, to show the additional off-body diffraction and shadowing effects. Fig. 5.17-
b shows the on-arm test setup of the antenna. In addition, the antenna’s patterns
were measured on two prototypes, with and without the energy harvesting rectifier, to

demonstrate that the rectifier does not affect the 2.4 GHz antenna’s patterns. Fig.
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FIGURE 5.17: Photographs of the measurement setup of the antenna on a body phan-
tom in an anechoic chamber, performed at the University of Bristol: (a) on-body setup;
(b) on-arm setup.
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FIGURE 5.18: Simulated (dashed) and measured (solid) patterns (normalized to D=9.2
dBi) of the proposed SWIPT antenna, with a connected rectifier, at 2.4 GHz, on a
phantom body (Fig. 5.17-a).

5.19 shows the measured E-plane co-polarized radiation patterns with and without the

rectifier, as well as on-arm/body.

From Fig. 5.19, it can be confirmed that the inclusion of the rectifier not only has
a minimal influence on the radiation efficiency, but also does not affect the main beam
of the antenna. When the antenna is placed on-arm, additional diffraction and off-body
reflection is expected, which results in an increase in the patterns behind the antenna.
This however, does not affect the main beam significantly, and implies improved angular
coverage behind the user when the patch is used on-arm. Multiple on-wrist positions

and angular alignments can vary the off-body radiation pattern [156].
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FIGURE 5.19: Measured co-polarized normalized E-plane patterns of the antenna with
(w/) and without (w/o) the rectifier on the phantom’s body (Fig. 5.17-a) and arm
(Fig. 5.17-b).

5.7 SWIPT Rectenna Measurements and Evaluation

To characterize the rectenna, a wireless power source is used. As the rectenna’s input
impedance is not 50 €2, signal generators cannot be used to directly power the rectifier
using a coaxial feed. A 10 dBi log periodic antenna was connected to a VNA set to
transmit a CW. The antenna was placed at 1.2 m from the source with the DC output
connected to a variable resistive load and an oscilloscope (x10 probe). The distance
between the transmitter and the receiver exceeds the minimum Fraunhofer far-field of
0.89 m, for the log periodic antenna’s length of 40 cm. Fig. 5.20 shows the test setup
of the proposed antenna, similar to that used in Chapter 4.5 [289]. The communications

port was terminated using a 50 €2 SMA termination while measuring the DC output.

[ |
10 dBi Lin. Pol.
Log Antenna

VNA CW
Port

(> HE0]

FIGURE 5.20: Measurement setup of the rectenna using an incident plane wave.

The power available at the rectenna was calculated using the power density S of the

incident plane-wave and the antenna’s effective area A.g., using the simulated 1.7 dBi
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gain at port-2 [289]. The PCE of the rectenna was calculated using (3.9). Firstly, a
frequency sweep is carried out at multiple S. From the measured Zantenna at port-2
(Fig. 5.15), the antenna is expected to match the rectifier around the 868 MHz license-
free band. Furthermore, due to operating further away from resonance, the antenna’s
response will be more broadband due to having a flatter impedance curve over frequency.
Fig. 5.21 shows the measured broadband DC output of the rectenna across a 20 k2 load.
A high-impedance load is used to improve the voltage sensitivity of the rectenna while

performing the broadband measurements to improve the accuracy for low S.
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F1cURE 5.21: Measured DC power harvested by the rectenna at varying frequencies
for a 20 k2 load; the shaded region indicates the half-power bandwidth.

From Fig. 5.21, the rectenna achieves a half-power fractional bandwidth of 11.5% from
780 to 875 MHz covering the 868 MHz EU license-free band. The broader bandwidth
than the compact FDA presented earlier is due to the more stable input impedance of the
antenna shown in Fig. 5.15. The measured PCE for —20 dBm received power, calculated
from the incident power density, is 37% showing that the textile implementation does
not degrade the high PCE achievable through antenna-rectifier co-design. Moreover, it
is observed that for the 30x dynamic range of .S investigated, the rectenna’s response is

highly linear showing a very stable relative DC output for a wide dynamic range.

To maximize the harvested power, it is essential to identify the maximum power trans-
fer point of the rectenna. A load sweep was performed at two fixed power densities at
830 MHz. Fig. 5.22 shows the measured DC voltage and PCE of the rectenna at various
loads from 1 to 100 k. For S as low as 0.8 uW /cm?, the rectenna achieves a peak PCE
of 67% with a 5 k2 load, with over 0.65 V DC output. As with frequency, the optimum
load of the rectenna is linear and does not vary for a lower S, showing that the proposed
rectenna will maintain its maximum PCE when connected to a boost converter of a fixed

input impedance, such as [11], without requiring MPPT capabilities.
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FIGURE 5.22: Measured DC output of the rectenna, at 830 MHz, for varying resistive
loads.

After identifying the optimum frequency and Zy, a power sweep is performed to in-
vestigate the rectenna’s performance for varying S. Fig. 5.23 shows the measured DC
output of the rectenna for 0.01<S<2 pW/cm?. The power sweep is carried out with
a high-impedance (20 k) and the optimal (8 k) load. This shows the rectenna’s
performance for use cases where a high DC voltage sensitivity or a PCE are preferred,

respectively.

It is observed that in the non-linear region of the rectenna (Fig. 5.23-b), the PCE
exceeds 40% from less than 0.1 W /cm?. The peak PCE of the rectenna is reached below
1 uW /cm? showing a high sensitivity and suitability for low-power RFEH. For a 20 k{2
load (16.5 pA current draw), a typical average current draw for a duty-cycled low-power
wireless sensor node [308], the rectenna produces 330 mV, the voltage required to start
a commercial BQ25504 boost converter [39], from S=0.1 yW/cm?. This presents 6x
sensitivity improvement over [39], for a non-textile rectenna requiring S=0.6 W /cm?

to produce the required 330 mV.

Table 5.3 compares the proposed antenna/rectenna to SoA wearable and textile anten-
nas and rectennas. This work presents the only antenna designed specifically for SWIPT.
Compared to other textile rectennas, [178,181,289|, the proposed rectenna achieves the
highest peak PCE with at least 5x sensitivity improvements compared to [178], operat-
ing in the same band, by requiring a significantly lower S to reach the maximum PCE.
While [11] achieves a high peak PCE, the rectifier uses a matching network implemented
on a low-loss rigid substrate. While in Chapter 4, [289], the rectenna achieves a better
sensitivity, its peak PCE is 20% lower than that of the co-designed SWIPT rectenna, due
to being specifically matched to a low power level using a lossy lumped inductor. Finally,

considering the sub-1 GHz frequency of operation, the SWIPT rectenna’s electrical area
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F1cURE 5.23: Measured PCE and DC voltage output of the rectenna for a varying S
at an optimal (8 k) and a high impedance (20 k) load for a wide S range (a) and
low S (b).

is very small compared to SoA textile rectennas, owing to the meandered dipole-like

radiating arms and the built-in inductive tuning loop.

Not included in the comparison table is the dual-port 5.8 GHz SWIPT rectenna
in [305], due to being implemented on a low-loss rigid substrate. Nevertheless, the
proposed rectenna achieves a higher peak PCE of 63.9% compared to 51.1% in [305]. In
addition, this work presents over 10 dB rectenna sensitivity improvement over [305] by
reaching 60% PCE from —10 dBm received power, calculated using (3.9), compared to

approximately 32% by [305], while not requiring a stand-alone rectifier matching network.
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5.8 Summary and Conclusions

In this chapter, antenna-rectifier co-design was investigated along with the design of a
parametrically-tunable dipole antenna. Antenna-rectifier co-design was then proposed as
an antenna-based solution for SWIPT, presenting the first SWIPT antenna with match-
ing network elimination and implemented on textiles for wearable communications. Both
antennas, the flexible dipole rectenna and the textile SWIPT antenna/rectenna, achieve
the highest reported PCE compared to their counterparts in literature, as compared in

Tables 5.1 and 5.3, respectively. The key findings in this chapter can be summarized as

e Based on iterative source and load impedance tuning, which considers the rectifier’s
layout, at a low power level (—20 dBm), the highest PCE of a rectifier can be

achieved.

e The use of a high-Z dipole enables a higher PCE, over a wider dynamic range,
compared to 50 €2 lumped matching, such as that proposed in Chapter 4.

e High port-isolation, combined with a Zj,-tunable inductive feed, enables a dual-

port antenna to act simultaneously as a communications antenna and a rectenna.

e Utilizing compact dipole-like radiators enables highly-miniaturized rectenna ele-
ments to integrate within convectional antenna designs, such as a microstrip patch,

operating at a higher frequency.

Based on the performance of the antennas presented in this chapter, the proposed dual-
band/mode SWIPT antenna is a prime candidate for battery-less BANs due to its high
antenna and rectenna efficiency and gain, stable wearable performance, and small form-

factor.



Chapter 6

Wearable mmWave Energy

Harvesting

Despite showing the potential for an improved end-to-end efficiency in the mmWave
spectrum, based on directional transmitters and receivers, several key challenges exist
before mmWave rectennas can be used to power flexible and textile-based systems. In
particular, the following challenges are more significant at mmWave frequencies compared
to the sub-6 GHz spectrum:

1. The increased dielectric losses in low-cost substrate with tand >0.01, resulting in

reduced 7Rad.;

2. Antenna fabrication accuracy, where the small feature size requires low fabrication

tolerances, with a feature size down to 150 pm;

3. Human body absorption, where mmWaves are heavily attenuated by human tissue,

and do not penetrate past the skin layer;

4. A need for broadband antennas and rectifiers, to fully utilize the wide bandwidth

available at mmWave bands.

While textile antennas have been implemented at 60 GHz for body-centric communica-
tions [159,164], and 77 GHz for sensing [309], all reported implementations are based on

conventional antenna designs, resulting in a low 7g.q., due to the lossy nature of textiles.

In this chapter, textile-based antenna design for mmWave wearable energy harvesting
is presented. In addition, theoretical and practical analysis are presented to demonstrate

the benefits of mmWave energy harvesting compared to sub-6 GHz bands.

A broadband microstrip antenna is designed based on dual-TM modes, achieving a
23% fractional bandwidth from 25 to 31.8 GHz with stable patterns and over 25 dB po-

larization purity. To the best of our knowledge, this is the first microstrip patch antenna

121
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to be investigated on textiles for the 24-30 GHz mmWave K and Ka bands. The proposed
antenna has a wider bandwidth compared to other rigid and flexible microstrip patches
while maintaining stable radiation patterns. The textile substrate is characterized based

on a simple new method using single-port measurements only.

The proposed antenna for mmWave WPT is evaluated using two approaches:

1. Compact WPT receiver: similar-sized transmitter and receiver antennas evaluated
at 2.4 GHz and 26 GHz, showing 11 dB higher S2; by operating at 26 GHz due to

the improved aperture efficiency.

2. Large-area rectenna: a scalable rectenna array with individual rectifiers (i.e. DC
combining) is evaluated analytically based on commercially-available Schottky
diodes, showing the potential for 6.3x higher power reception in LOS compared

to a UHF patch, at d=2 m, while occupying the same area.

This demonstrates the advantages of mmWave WPT, delivering an order of magnitude

performance improvements over UHF WPT.

The antenna fabrication method and €, measurement technique are presented in Sec-
tion 6.1. The design and simulation of the multi-mode textile antenna is presented in
Section 6.2 with the experimental validation in Section 6.3. The experimental and the-
oretical evaluation of the antenna as a wireless power receiver is presented in Section
6.4.

6.1 Antenna Fabrication Method and

Substrate Characterization

6.1.1 Antenna Fabrication

Flexible RF circuits and antennas have previously been fabricated using photolithog-
raphy on polyimide copper laminates [42,183,185]. In this work, photolithography is
utilized to etch the antenna’s traces, resolving small features down to 100 gm, on 25
pm-thick copper-clad Kapton. The first fabrication step shown in Fig. 6.1-a and -b, the
photoresist deposition, is usually based on spin-coating on a silicon wafer [183,293|, or
using additive manufacturing such as inkjet printing [42]. In this work, the photoresistive
ink has been roll-coated, using a smooth ink roller, onto the substrate which has been
adhered to a flat surface. Whilst we have used a 150 mm diameter silicon wafer in this
work as the supporting substrate, this roll-coating approach means the size of the an-
tenna is not limited to a silicon wafer or an FR4 tile, allowing the fabrication of large-area
antenna arrays using a straightforward process. As in Fig. 6.1-c, this allows prototyp-

ing multiple antenna designs with lower costs due to using a large-area UV mask. The
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antennas are then cut and adhered to the textile substrate (Fig. 6.1-d and e) Fig. 6.1-f,
g, and h show photographs of the multi-antenna wafer, before and after etching. This

technique allows rapid prototyping of multiple designs or low-volume manufacturing.

Resist-coated roller

(a)

(d)

H (2) (h)

FIGURE 6.1: Fabrication steps of the textile-based mmWave antennas: (copper-on-

Kapton laminate) (b) resist-coating of the planar polyimide copper laminates, (c) UV

exposure using a dark mask, (d) individual antennas after cutting, (e) adhesion to the

fabric, (f) photograph of the multi-antenna wafer before etching, (g) after etching, (h)
after exposing the copper traces.

The fabricated flexible circuit is adhered to the textile (330 pm woven polyester+90
pum Kapton and adhesive interface) using a spray-mount adhesive or a heat-activated
adhesive film. The thickness of the sprayed adhesive layer has been measured using a
micrometer to be consistently under 10 um. A similar process is used to attach the
ground plane; the ground plane does not require any photolithography and can be cut
directly prior to adhesion on the opposite side of the textile. The fabricated antenna
prototypes can be seen in Fig. 6.2 showing high fabrication accuracy. The array elements
shown in Fig. 6.2-b demonstrate that this process can be utilized to fabricate textile-
based antennas for mmWave BANs beyond 60 GHz, where the antennas have sub-mm
sized features such as the inset feed. The assembled prototype, with a solder-terminated

connector, is shown in Fig. 6.2-c.
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(@)

(b)

FIGURE 6.2: Photographs of the patch antenna prototypes: (a) the proposed patch
antenna on Kapton before integration with the textile, (b) a 3x3 60 GHz patch array,
(c) the assembled textile antenna with a coaxial connector for VNA measurements.

6.1.2 Single-Port Real Permittivity Measurements

Accurate knowledge of the substrate’s dielectric properties is required prior to design-
ing an antenna. The substrate used in this work is composed of polyimide-on-polyester
as well as the inter-layer adhesive. Textile-based antennas have been previously de-
signed based on dielectric properties measured using the two-line method [11], stub-
loaded lines [159], or based on the resonance of patch antennas [201]. For methods
involving microstrip lines, two-port measurements of two-lines are often required [199].
This subsection presents a new method for broadband dielectric characterization of sub-
strates using one-port reflection measurements of an open-terminated (reflect) line. The
method has been used to characterize the sandwich polyimide-woven polyester-polyimide
substrate used in this work, up to 55 GHz, limited by the cut-off frequency of the first

higher order modes of the microstrip lines.

Connector integration is a key challenge in mmWave textile-based circuits testing.
In [66], it was observed that the standard 1.85 mm connector designed for boards of
1.6 mm thickness resulted in additional reflection and acted as a filter around 28 GHz.
Therefore, relative permittivity extraction based on forward transmission will posses a de-
embedding challenge. The use of an open-terminated line, shown in Fig. 6.3, is proposed

for measuring the real relative permittivity (R{e,}) based on the reflected phase.

1 1 1.85mm
! ! Coax Connector
: : I—Line
g I
oo |1 L.
— 1 1 >
@D
1 1
i I H
1 1
VNAI r
Calibration! : Solder-termination
Plane, ____, W

connector

FIGURE 6.3: The microstrip line used in the relative permittivity measurements.
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For an open-terminated line, maximum reflection is expected as in

lim I'=1. (6.1)
ZL~>OO
Therefore, the phase delay of the reflected signal will correspond to a line of twice the
mechanical length,
Lreﬂected = 2 X Liine- (62)

The phase delay can then be used to calculate ¢, based on the knowledge of Liine.
While the wrapped phase will experience distortion due to impedance mismatch at the
coax-microstrip transition plane, the unwrapped phase will have minimal distortion. It
is expected that an open-ended microstrip line may cause non-uniformities due to the
parasitic capacitance. Therefore, it is essential to model the transmission line structure
to understand the impact of the parasitics on the phase measurements. When simulated
in CST, an open microstrip line did not exhibit any discontinuities in the reflected phase
up to 60 GHz, for lines of 40<Zy<60 2.

Two textile-based microstrip lines of W=1.7 mm, H=0.42 mm, and 50 and 30 mm
length were used in €, measurements. Fig. 6.4 shows the textile-based microstrip lines
and the measurement setup. A 67 GHz Agilent E8361a PNA VNA is used to measure
the microstrip lines. A 2-port calibration has been performed using a standard 1.85
mm e-cal kit up to 67 GHz, the cables are 1.85 mm “economy” test cables with 6 dB
insertion loss. Although the calibration moves the measurement plane to the end of the
test cable, the length of the calibration kit’s metrology grade connector is not identical
to the connector on the device-under-test. This is particularly relevant when using
different connector series and lower-grade connectors, to those on the calibration kit. A
production-grade 1.85 mm edge-launch connector is used to connect the microstrip lines
to the VNA’s coaxial cables.

Instead of using the VNA’s automated port-extension, the Si; of the open-ended
connector, (a) in Fig. 6.4, was measured. The connector’s Si; was used to de-embed the
additional phase delay ¢, introduced by the connector, from the microstrip lines’ S1; as
in

¢Line = ¢Meas. - (bConnector- (6'3)

Fig. 6.5-a shows the measured unwrapped reflected phase delay of the connector ¢connector
and the microstrip lines ¢rine. In order to extract €., two microstrip lines, of the same
dimensions, were simulated in Keysight ADS using the closed-form microstrip models.
¢, was modeled as a an exponential function of frequency and an optimizer was used to
evaluate €, based on the measured S1; unwrapped phase. Fig. 6.5-a shows the estimated
€, and the simulated phase delay of the microstrip lines. A very close agreement is
observed up to 50 GHz between the simulated and measured phase delay showing the
accuracy of the extracted €,. In Fig. 6.5-b, the variation between the simulated phase,

using the extracted R{e,}, and ¢rine of the 50 mm microstrip line. As observed in the
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FIGURE 6.4: Samples used in the permittivity measurements (left) and the VNA test
setup (right); (a) open-ended 1.85 mm connector, (b) precision 1.85 mm adapter, (c)
20 mm microstrip, (d) 50 mm microstrip.

shaded region of Fig. 6.5-b, the phase error based on the extracted ¢, is less than +1%

in the antenna design bandwidth.

For additional validation, a precision jack-to-jack 1.85 mm through adapter (Fig. 6.4-
b) from Johnson-Cinch was used to validate the proposed method. The adapter has
an air dielectric and hence the measured ¢, should be very close to 1. A coaxial line
with a 16.3 mm length, 1.85 mm and 0.8 mm outer and inner diameter, respectively,
was simulated in ADS to match the measured S7; phase of the 1.85 mm adapter. The
extracted €, of the adapter is 1.05, which represents a <5% error compared to the e,
of air. The error between the simulated and measured reflected phase is 3.6% for the
air-dielectric precision adapter. This error arises from not knowing the exact length of
the adapter after factoring in the length of the connector on the e-cal kit. This error
was de-embedded in the microstrip measurements using the measured phase delay of
Leonnector- Fig. 6.5 shows the simulated and measured reflected phase of the 1.85 mm
adapter, showing a close agreement up to 67 GHz. Therefore, the proposed method can
be used to extract R{e, } of materials with less than 5% error, without the need for micro
machined parts, bespoke TRL calibration kits, or precisely mounted connectors, which is
particularly suitable for antenna design on non-uniform and inhomogeneous substrates
such as textiles. tand was measured using the same method using the reflected Sip
magnitude to be 0.026.

On the other hand, due to the parasitic capacitance of the open-ended microstrip line,
the discontinuity implies that this method cannot be used beyond a certain frequency. In
this case, the phase response is distorted beyond 50 GHz. However, for the open-ended
precision coax (shown in Fig. 6.4-b) the measured phase response is very stable up to

67 GHz, due to being matched to 50 €2, its improved shielding, and the high-precision
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FIGURE 6.5: Extraction of the real real permittivity of the textile microstrip: (a) the
simulated and measured reflection phase (¢[S11]) of the textile microstrip in simulation
(dashed) and measurements (solid), as well as the extracted R{e,}; (b) variation be-
tween the modeled and measured ¢rp,ine of the 50 mm microstrip based on the extracted

Rie,} (b).

manufacturing compared to textile-based microstrip lines. Therefore, the frequency limit

of this method will be predominantly determined by the transmission line dimensions.

6.2 Textile Patch Antenna Design and Simulation

6.2.1 Broadband Microstrip Antenna Design

To design an antenna for wearable energy harvesting at mmWave bands the antenna

needs to maintain a wide input bandwidth (S11). As mmWaves have very poor tissue

penetration capabilities beyond the skin [310], the antenna’s patterns needs to be predom-

inantly off-body. In addition, due to the wide variation in the angle of incidence of power,
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the antenna needs to cover a wide beamwidth. Previously, microstrip antennas with mul-
tiple radiative modes were used to obtain several resonances at nearby frequencies, im-
proving the bandwidth compared to a TMjg patch [281]. Nevertheless, to excite multiple

modes simultaneously, a complex antenna structure is often needed [281,311,312].

The dimensions of a rectangular microstrip patch antenna can be calculated analyti-
cally for a given TM resonant mode based on the length and width [306]. For a planar

(i.e. t<<A) microstrip cavity, the resonance frequency fun of a TM,,, mode is given by

kmnc

Ver
Emn = \/(@)2 + (7)2 (6.5)

a

fmn = (64)

where c is the speed of light, and f,,, and k,,, are the resonant frequency and wavenum-
ber for the mn mode, respectively [306]. a and b are the patch dimensions on the m
and n respective axes. While this calculation does not account for the fringing fields,
it represents a coarse estimate which can be used to guide the full-wave design and

simulation.

To achieve a wide S11 bandwidth covering the mmWave 5G bands (24.25-29.50 GHz
[313]), the proposed antenna is based on dual resonant modes. Both modes operate at
close frequencies in order to widen the patch’s bandwidth. Single mode patch antennas
of various structures are first simulated and analyzed, to understand their matching and
radiation properties, prior to optimizing the broadband patch. Firstly, a TMgo patch is
designed with a=9 mm as shown in Fig. 6.6-a. Given €,=1.95 (1.9<¢,<2 due to the non-
uniform gaps between the fabric and the polyimide), the TMgq patch has a calculated
theoretical resonance at 24.4 GHz using (6.4). Fig. 6.6-a shows the layout of the first
TMgo patch iteration. The simulated S771 is shown in Fig. 6.6.

TM,, 30.8 GHz_____.

TM,, 24.4 GHz

b

TM,, 30.8 GHz e
t !
l TM,, 244 GHz
z ' @) (b) (© (d)

FIGURE 6.6: Broadband antenna design steps: (a) TMay patch at f1; (b) TMpo patch
at fo; (¢) symmetric array configuration of fo TMys patch; (d) the proposed dual-mode
patch antenna.

The next step is designing a higher frequency patch. For b=7.125 mm, the analytical
TMosz resonance, fo, is 30.5 GHz. Fig. 6.6-b shows the layout of the TMg patch. To

achieve a symmetric design TMyg is used in a 1x2 array configuration (Fig. 6.6-c),
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FIGURE 6.7: Simulated Sp; of the single-mode patch cells and the proposed dual-mode
broadband antenna; a TM1g CG patch is included for bench-marking.

which does not detriment the S1; matching, based on the CST simulations. Finally, the
dual-mode patches is designed as shown in Fig. 6.6-d, covering the required bandwidth
between 24 and 30 GHz, as shown in Fig. 6.7, with the optimal dimensions ¢=9.0
and b=7.13 mm. The modes and the active radiating regions shown in Fig. 6.6-d were
based on the resonant modes calculated using (6.4), and the CST simulated E-fields. For
benchmarking, a common geometry (CG) TMig patch with a A\/4 impedance transformer
has been simulated, showing a narrower bandwidth in Fig. 6.6 than the individual patch
cells resonating at the second TM mode, and a significantly narrower bandwidth than the
proposed antenna. When simulated on a low-loss substrate (tand<0.0007), the antenna
maintains a S71<—6 dB from 22.5 to 26.7 GHz.

The electric (E-field) distribution of the individual TMg/TMp2 single-mode patches
are shown in Fig. 6.8-a and 6.8-b, respectively. By observing the E-field, both anten-
nas are expected to have broadside far-field patterns with a wide —3 dB beamwidth.
From CST, the single patch cells (Fig. 6.6-a and b) achieve a 95° and 102° half-power
beamwidth of at 24.5 and 30.5 GHz, respectively. The peak simulated directivity is 8.5
and 7.5 dBi at 24.5 and 30.5 GHz. Due to the 1x2 array configuration of the 30.5 GHz
region (Fig. 6.6-c), shown in Fig. 6.6-c, the proposed patch (Fig. 6.6-d) achieves a sim-
ulated broadside peak directivity of 10 dBi.

A prolonged microstrip feed was introduced to minimize any distortion from the feed
to the antenna’s radiation properties [159]. However, the coaxial connector and the
microstrip feed may cause additional reflection and spurious radiation which might distort
the antenna’s radiation pattern. The coaxial to microstrip feed was simulated in CST and
it was observed that the spurious radiation is less than —19 dBi, under 30 GHz, showing
minimal influence on the antenna’s patterns. The additional losses in the microstrip

feed will be representative of the insertion losses in a distributed microstrip matching
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<ON 10 dBma,)

X

X Y
Y (c) Proposed patch: 24.8 GHz TM, X (d) Proposed patch: 28.5 GHz TM,,

FIGURE 6.8: Simulated E-fields across the antenna: (a) TMag patch; (b) TMps patch;
(c) proposed patch TMyg mode at 24.8 GHz; (d) proposed patch TMsy; mode at
28.5 GHz.

network, should the antenna be matched to a rectifier, or in an array feed network. Fig.

6.9-a shows the layout and dimesnions of the antenna.

FIGURE 6.9: The proposed dual-radiative region microstrip antenna: (a) layout and
dimensions (in mm) of the fabricated prototype, (b) simulation model of the bent
antenna.

6.2.2 Bending and Wearable Operation

For wearable operation, the antenna was simulated in proximity with a tissue model.
A simplified layered model is used [185]. The skin layer, shown in Fig. 6.11, is based
on the measured skin properties above 26.5 GHz from [310]. It was previously shown
that mmWaves do not penetrate deeper than the skin layer [314]. Fig. 6.11-a shows the
antenna at 3 mm separation from the tissue model, as well as the dielectric properties and
thickness of each layer. The simulated reflection coefficient on the tissue model shows
less than 2% shift in the antenna’s resonance when placed on the body, this is attributed
to the additional capacitance introduced by the higher €, of the tissue compared to air.
The impact of bending has been investigated by bending the antenna across a 15 mm
radius, as shown in Fig. 6.9-b, which results in 4% shift in the resonance, as shown in
Fig. 6.10, and does not alter the S1; < —10 dB bandwidth from 25 to 28.5 GHz.
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FIGURE 6.10: Simulated reflection coefficient of the proposed dual-radiative region
textile patch antenna in space, during bending, and at 3 mm from the human body
model and a common geometry patch (CG Patch).

The tissue model has been used to calculate the antenna’s SAR at 28 GHz, shown in
Fig. 6.11-b. The highest absorption is observed in the skin layer, as most of the mmWave
power does not penetrate deeper than the skin layer [314]. The maximum SAR of 0.461
W /kg, when normalized to 10 g tissue mass, is compliant with the IEEE C95.1 regulatory
limit of 2.0 W/kg. The SAR was calculated for a 0.5 W (~27 dBm) input power, which
is higher than the maximum power level a textile mmWave rectenna may be exposed to,

as shown in the experimental rectenna development in Chapter 7.4.

14 mm muscle
(€r=30.1,
5=0.27)

11 mm fat
(€r=4.05,
5=0.091)

14 mm skin
(€r=8,
$=0.13)

(b)

FIGURE 6.11: Simulation of the patch antenna on the body model: (a) body phantom
structure, (b) simulated SAR at 28 GHz for a 0.5 W input.

6.3 Antenna Measurements

6.3.1 Antenna Bandwidth

Two antenna prototypes have been used to measure the antenna’s reflection coeffi-
cient. By using two prototypes, the uncertainty introduced by the connector’s soldered

interface can be observed and minimized. Due to the thin textile substrate compared to
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conventional circuit boards, the 1.6 mm-thick connector and pin are expected to intro-
duce additional discontinuities at the coax/microstrip interface, altering the Si; response.
The connector-fed antenna has been simulated in CST, Fig. 6.12 shows the simulated

and measured reflection coefficient of the connector-fed antenna.

T™,,

Reflection Coefficient (dB)
)
T

.............. Simulated

s-e-e8-8 Mcasured-1

&
T

e—e—o—o—o Mecasured-2

-40 T T T T “ 1 T T T T
22 24 26 28 30 32 34 36

Frequency (GHz)

FIGURE 6.12: Measured reflection coefficient of two antenna prototypes (solid) and the
CST simulation with a soldered connector (dashed).

Fig. 6.12 demonstrates that the simulated (with the connector) and measured Si;
exhibit a good agreement. The analytically calculated resonant frequencies of each mode
using (6.4) closely agree with the measured resonances observed on both measured pro-
totypes. From 26 to 28 GHz, a discrepancy can be observed between the prototypes.
This can be attributed to the length of the connector’s unshielded pin, approximately
A/4 at 27 GHz, which acts as an impedance transformer around 27 GHz causing addi-
tional reflection, as observed in the Sy; of prototype-2 in Fig. 6.12. For both measured
prototypes, the antenna maintains an impedance bandwidth between 24.9 and 31.1 GHz,

with an S7; under —8 and —10 dB on prototype 1 and 2, respectively.

The antenna’s S1; was measured on-hand and under bending. The antenna was bent
both in space and on-hand, as shown in the inset in Fig. 6.13, while measuring the Si;.
As observed in Fig. 6.13, the antenna’s S1; response remains mostly unaffected in human

proximity and under bending.

6.3.2 Antenna Radiation Patterns

The 3D polarimetric radiation patterns of the proposed antenna were measured in an
anechoic chamber at 24 and 26 GHz. The measurements were carried at the University
of Bristol Communication Systems & Networks lab, by G. S. Hilton [315], following the
standard setup previously used by the author in [244], presented in the next chapter.
The measurement frequency was limited by the PA’s frequency and the WR-42 horn
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FIGURE 6.13: Measured reflection coefficient of the microstrip antenna under bending
and near the body; inset shows the on-hand bending.

feut—ofi- To improve the repeatability of the measurements, the antenna was mounted
on a large (radius>5)\g) circular ground plane, as in [244]. Fig. 6.14 shows the 3D
measured directivity D, normalized to 10 dBi, and the polarization of the measured D.

The polarization of the textile antenna has been normalized using a gain-standard 20 dBi
WR-42 horn.

0 5 0 -5 -10 -15 -20 -25 -30 Co-Pol. X-Pol.
‘

Polarization

26 GHz Directivity vy

FIGURE 6.14: Measured 3D directivity D and polarization of the proposed antenna,
on a large ground plane, at 26 GHz.

The peak measured D is 13.2 and 11.2 dBi, at 24 and 26 GHz respectively. The
measured results are indicative of the antenna’s performance over a continuous ground
plane, such as a fully-textile shielding between the antenna and the human body, which
was shown to reduce the SAR of mmWave wearable antennas [244]. The simulated and
measured radiation patterns of the antenna, with the 1.85 mm connector and the large
ground plane, are shown in Fig. 6.15. It can be observed that the simulated and measured

co-polarized D agree in the main off-body forward beam direction (—90°<6<90°), and
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that the antenna’s main lobe on the Z-axis is broad, enabling a more position-tolerant

energy harvesting performance.

On the principal plane, the antenna achieves 13 and 25 dB simulated co/cross-
polarization at 24 and 26 GHz respectively. Polarization purity is often regarded as
a FoM in antenna design for communications. In the context of energy harvesting, a
high co/cross-polarization isolation does not translate to better energy harvesting per-
formance. It was previously shown that both directivity and polarization can almost
be irrelevant when the receiver is far from the base-station, and that dual-polarization
using orthogonal antennas in a large-area implementation are needed for polarization-
insensitive harvesting [53]. On the other hand, while circular polarization can be pre-
ferred in directional WPT [76], it is still prone to mismatch between right and left-hand
circularly polarized incident radiation [15]. Finally, in the more general wearable BAN
antenna case, a high polarization purity is not required due to the mobility and rotation

of the antenna, for example when the antenna is used on the wrist or arm [156, 290].

The 3D total radiated power was used to measure the efficiency (inclusive of mismatch)
of the proposed antenna, with respect to a reference WR-42 horn [156]. The radiated
power of the textile antenna and the reference horn were measured at 24 and 26 GHz.
3 measurements of both the antenna-under-test and the reference horn were performed;
a 1.3% standard deviation was observed. The measured Si; of the connectorized an-
tenna was used to calculate the radiation efficiency excluding mismatch. The antenna’s
measured 7Raq. is 60% and 59.4%, +5%, at 24 and 26 GHz respectively. The simulated
efficiency is 55% and 53%, at 24 and 26 GHz, agreeing within 5% with the measured
efficiency. Using the measured efficiency, the antenna’s measured gain is 8.2 dBi at
26 GHz.

Table 6.1 compares the proposed textile-based antenna design to reported mmWave
microstrip antennas. It can be seen that the proposed antenna achieves the widest
fractional bandwidth of 26% compared to other single-layer antennas, owing to its dual-
resonant structures. To compare the radiation efficiency vs. reported textile mmWave
antennas, the measured radiation efficiency was normalized to the antenna’s electrical

thickness using

A
Mnorm. = Mrad. X ¥7 (66)

where ¢ is the antenna’s thickness and 7,,q. is the measured antenna efficiency.
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FIGURE 6.15: Measured (solid) and simulated (dashed) co-polarized (black) and cross-
polarized (red) normalized radiation patterns of the proposed antenna.
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Compared to the textile antennas in [317] and [159], operating at 60 GHz, the proposed
antenna achieves a higher radiation efficiency while having a lower profile (compared
to Ag). Compared to the multi-mode patch in [312], the proposed antenna compares
favorably when the antenna efficiency is normalized to the thickness, despite being im-
plemented on textiles and not RF laminates. In addition, the wider bandwidth in [312]
was achieved using a SIW cavity and a very thick (0.11)\g) substrate. While broadband
“wire-type” antennas such as [316] achieve higher efficiency and bandwidth on low-loss
substrates, the antenna requires double-sided etching and the efficiency is only achiev-
able with tan§<0.001 substrates. Other printed TM;jo patches, [75,272|, implemented
on low-cost substrates or using printed conductors achieve a narrower bandwidth and a

lower radiation efficiency than the proposed antenna.

6.4 mmWave Wireless-Powered BAN Evaluation

The textile patch antenna’s radiation properties are utilized to analytically evaluate
the performance of a mmWave-powered BAN. In this section, we compare the WPT
efficiency based on the proposed patch to a similar sized off-body antenna based on the
same area, in Section 6.4.1, demonstrating that a higher-efficiency WPT link can be
achieved at mmWave bands compared to UHF, when the antennas’ area is restricted. In
section 6.4.2; the wireless power harvesting capabilities of a large-area rectenna system

based on the proposed antenna is evaluated and compared to a UHF off-body rectenna.

6.4.1 Compact Single-Receiver

Higher power can be delivered to a compact receiver in mmWave bands due to the
comparable physical aperture size of the antenna to the wavelength. This section demon-
strates the benefits of using the proposed antenna for WPT to and from an area-
constrained transmitter and receiver. Two symmetric textile patch antennas were con-
nected to a VNA’s ports to measure the forward transmission between them in space, as
shown in Fig. 6.16. As the proposed antenna is only matched for mmWave bands and
will have a very high reflection coefficient for UHF bands, the measured forward trans-
mission has been corrected post-measurement to exclude the impedance mismatch losses
at 2.4 GHz. By positioning the antennas at d=50 cm, d is equal to 45 4¢11, ensuring the

antennas are in their far-field regions.

Fig. 6.17 shows the measured forward So; from 0.5 to 4 GHz and from 22 to 34 GHz. It
can be seen that due to the antenna’s improved radiation efficiency in mmWave bands, it
is possible to achieve around 11 dB So; improvement at 26.5 GHz compared to 2.4 GHz,
despite the increased path loss, even after excluding the mismatch losses at 2.4 GHz.

The additional advantage of using patch antennas for WPT in mmWave bands is the
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FIGUrRE 6.16: Measured forward transmission between two symmetric
7.13x9x0.5 mm® antennas at 50 cm at UHF and mmWave: (a) schematic; (b)
photograph of the UHF setup.

ability to implement the off-body patch on a low-profile substrate. Moreover, while the
impedance mismatch losses were excluded at 2.4 GHz for a fair comparison, achieving
a low S11 at 2.4 GHz with such a compact antenna (0.O6><O.07)\§.4GHZ), a matching

network is required, adding to the insertion losses and the overall cost and complexity
of the WPT solution.
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FIGURE 6.17: Measured forward transmission between two symmetric antennas at
50 cm at UHF and mmWave.

6.4.2 Large-Area Implementation

Where area is not a constraint, an alternative method to improve the power reception
by a wearable mmWave rectenna is a large-area implementation [179]. An array of
rectennas based on the proposed antenna is considered. Each rectenna is formed of a

single element rectifier. Loss-less DC combining of the output of the rectifiers is assumed.
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As the power is combined at DC, the large area rectenna does not result in a more
directional radiation pattern, thus does not reduce the antennas’ harvesting beamwidth.
DC combining has been demonstrated with less than 1% losses [318], therefore, loss-less
DC combining is assumed. Fig. 6.18-a shows the architecture of the large-area mmWave

rectenna array, and the rectenna’s structure in Fig. 6.18-b.
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FIGURE 6.18: The large-area mmWave power receiver: (a) textile-based rectenna array
with directional transmitter and ideal DC combining, (b) a single rectenna cell, (c)
analytically calculated and simulated PCE of the rectifier at 28 GHz.

In previous work evaluating the performance of mmWave energy harvesting networks,
an analytical model for the PCE is used [235]. Both the linear [235] and non-linear models
[319] previously used were not based on actual rectifier devices. In addition, a quadratic
PCE formula may not accurately model all the physical loss contributors such as diode
losses and harmonic generation [204]. The analytical diode PCE formulas proposed
in [204] are used as a starting point for the PCE evaluation. However, as discussed
in [283], such analytical closed form approximations do not accurately reflect the losses
due to harmonics generation at very low power levels, and HB simulation is more suited.
Therefore, in our comparison between mmWave and UHF WPT performance, HB results

are used for a more conservative estimate.

The diode considered in this work is the VDI W-ZBD GaAs Schottky diode, used
for low-power rectification up to 100 GHz for its low forward voltage and parasitic ca-
pacitance [238,320]. Fig. 6.18-c shows the calculated PCE for the rectifier using the
analytical formulas from [204] and HB simulation. The peak PCE of 77% observed in
the HB model is within 10% of the reported PCE at 36 GHz in [243], based on com-
mercial Schottky diodes [12|. Moreover, —12 dBm rectification with over 12% PCE was
previously demonstrated up to 90 GHz [321].

Two transmitters are considered: a 28 GHz 53 dBm EIRP and an 892 MHz (the center
resonant frequency of [178]) 36 dBm EIRP. These are the maximum permissible EIRP
levels for both bands. In mmWave bands, the maximum EIRP is higher than sub-5 GHz
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bands. For example, an EIRP of 75 dBm is permitted for a 5G base-station, where
the higher EIRP is achieved using high-gain phased arrays [230]. The 53 dBm EIRP
could be realized using a 1 W transmitter and a 23 dB antenna, which is permissible for
license-free bands above 5 GHz [322|. Below 5 GHz, the EIRP limit is capped at 4 W
(approximately 36 dBm). From a practical implementation perspective, the antenna’s
theoretical minimum physical aperture area Apyys. can be calculated from the aperture
efficiency napp.. For a fixed napp. and a target antenna gain G (dimensionless) [117].
Assuming a 90% aperture efficiency, typical for radiating aperture antennas [117], a
23 dB antenna at 28 GHz would occupy an area of 2000 mm?. This represents 95%
less area than a 6 dB antenna operating at 900 MHz. Therefore, utilizing mmWave
wireless charging base-stations promises reduced base-station antenna size allowing more
pervasive deployment. Multiple array sizes based on the proposed antenna are considered,
with a 5.4 mm (\/2 at 28 GHz) spacing between the array elements. The power harvested

by the rectennas is calculated using an empirical propagation model.

The UHF textile patch antenna presented in [178] for sub-1 GHz WPT is considered
as a reference to evaluate the performance of mmWave powering of BANs. For both
mmWave and UHF, the maximum PCE obtained from the non-linear HB simulation is

used.

Fig. 6.19 shows the received power by the UHF and mmWave antennas. Although
free-space propagation at 28 GHz are significantly higher compared to 892 MHz, the
increased array size allows recovering higher amounts of power than the UHF patch for

arrays of 6x6 elements or larger.

The area consumed by the UHF patch is 190x240 mm? [178], considering a single
mmWave array element size of 9x 14 mm? and a 5.4 mm separation between the elements,
a 13x13 array could be realized in approximately the same area as the UHF patch. The
13x13 mmWave array is considered for further evaluation of the 28 GHz-powered BAN
case. To provide more accurate modeling of the propagation losses, an empirical path
loss exponent is used to calculate the power received by the antennas at 28 GHz. The
received DC power Prx has been calculated using

c \21

PRX = PEIRPGRX (m) dia X PCE, (6.7)

where « is the path loss exponent for the distance d, and the PCE is the HB-simulated
PCE shown in Fig. 6.18-c. a = 2.0 and o = 2.9, for LOS and N-LOS respectively. «
values are based on the empirical channel models of 28 GHz propagation in [323]. Only
free-space LOS propagation is considered for the UHF antenna. The DC power Fig. 6.20
shows the calculated Prx by the mmWave patch array and the single UHF patch. As
the analysis in this section is based on the measured off-body gain of the patch, it is
an accurate representation of the antenna’s performance as a wearable wireless power

receiver.
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FIGURE 6.20: Calculated received power by the 892 MHz UHF patch and 13x13
28 GHz array, occupying the same area, based on empirical propagation losses.
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Despite the increased path losses, and the empirical path loss exponent, for both the
LOS and N-LOS cases, more power can be delivered to the wearable receivers at 28 GHz
compared to 892 MHz, when using textile microstrip patch antennas. This demonstrates
that body-centric WPT and RFEH from an off-body source can achieve improved end-
to-end efficiency due to the smaller size of the antennas. Table 6.2 compares the power
received by the mmWave and UHF antennas calculated using (6.7). The received DC
power density is calculated using Prx/Apnys.. Owing to the higher permissive EIRP
and the compactness of the mmWave patch, the received power density is higher than
that at UHF. Therefore, the large-area implementation can harvest up to 6.3x higher
power compared to the UHF solution occupying the same area. The array calculation
does assume ideal DC power combining which represents a challenge for sub-mW power
levels. However, DC combining circuitry for rectennas have been previously developed

with less than 1% power ripple for balanced and imbalanced inputs [318].

TABLE 6.2: Textile-based LoS mmWave and UHF WPT summary.

mmW 13x13 mmW array | UHF single [178]
single

Patch area (mm?) 9.0x 14 187x247 190 %240

G (dBi) 6.0 - 4.6

Prx at 2 m (mW) 0.1 10.9 1.74

Prx density (mW,/m?) 574 311 38.2

6.5 Summary and Conclusions

This chapter presented a new textile-based microstrip patch antenna design based on
multiple radiative modes for improving the antenna’s bandwidth. With at least 50%
radiation efficiency, the proposed antenna is a candidate for mmWave-powered BANs.

The key findings can be summarized as:

e Based on multiple radiative regions, a higher-order mode patch antenna can be

demonstrated with a wide bandwidth on a thin substrate, for mmWave WPT.

e For compact transmitting and receiving antennas, operating at the mmWave bands
enables over 10 dB forward transmission improvement over a short (50 cm) LoS

range, compared to 2.4 GHz.

e For large-area implementations, an array of rectennas operating at 28 GHz can
improve the harvested power by up to a factor of 6, over a similar sized sub-1 GHz
microstrip patch, assuming the maximum PCE of a rectifier is achieved and the

DC output can be combined with minimal losses.
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This chapter highlights the significance of mmWave WPT and the need for high-efficiency
low-cost rectennas operating in mmWayve bands, to allow BANs to become energy-neutral
using off-body mmWave WPT. High-efficiency rectifiers as well as DC power combining
mechanisms are essential to allow mmWave antenna and rectenna arrays to surpass their

UHF counterparts’ energy harvesting performance.
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Chapter 7

Textile-Based Broadband mmWave

Rectenna

In this chapter, rectenna development for the 5G mmWave bands is presented. A
novel broadband textile antenna is proposed for wearable applications, the first textile-
based antenna covering the 5G spectrum with radiation efficiency improvements over
conventional antenna designs such as a microstrip patch and a disc monopole. The
rectenna is integrated with a fully-distributed microstrip voltage doubler rectifier based
on a commercial Schottky diode demonstrating a 1.3-V DC output from less than 12 dBm
of mmWave power across the full bandwidth between 20 and 26.5 GHz, and more than
1V from under 10 dBm from 23 to 24.5 GHz.

This chapter is based on the content published in [244] and [66]. This chapter presents
novel contributions to mmWave antenna design presenting the widest bandwidth antenna
implemented on a flexible substrate based on a novel design, as well as achieving the high-
est radiation efficiency among reported textile-based mmWave antennas. Furthermore,
this chapter presents the design and implementation of a broadband mmWave rectifier
using a fully-distributed elements microstrip matching network, for compatibility with
a standard 50 §2 antenna, presented in section 7.3. This work demonstrates the first
textile-based, flexible mmWave rectenna for wearable RFEH applications in future 5G
mmWave bands (section 7.4), and the first rectenna with broadband (28% fractional
bandwidth) 1.3 V DC sensitivity from 12 dBm of wireless power above 20 GHz.

145
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7.1 Antenna Design and Fabrication

7.1.1 High-Efficiency, Broadband Antenna Design

5G mmWave bands are motivated by the wider available spectrum. In Europe, China,
Africa and Brazil, 26 GHz is chosen as a center frequency while in the US, Japan, South
Korea and India the legislated frequency is 28 GHz [313]. In addition, 1 GHz band-
width will be allocated to individual mobile service providers in the so-called mmWave
5G bands [313]. Collectively, the 26 and 28 GHz bands cover a bandwidth of 5.25 GHz,
approximately 20% fractional bandwidth. Such wide bandwidth motivates research into
broadband antenna design both for communication and wireless power harvesting appli-

cations.

To realize a rectenna capable of harvesting energy at 5G bands, along with the 24 GHz
license-free band, the antenna needs a wide impedance bandwidth. Moreover, as a textile
or flexible rectenna may be used in proximity with human tissue, a frequency-independent
antenna is preferred to minimize any detuning impact. The proposed monopole antenna
is inspire by the broadband Antipodal Vivaldi Antenna (AVA) [324]. Although the
proposed antenna’s geometry is not self-complementary or symmetric due the 50 {2 mi-
crostrip line width being comparable to the radiator, resulting in a narrower bandwidth,
the radiator’s shape and size have been tuned in simulation to achieve a bandwidth
covering the 24, 28 and 36 GHz bands.

The main aim of the antenna design process has been to prioritize maximizing the
radiation efficiency. Given the high tand of textile substrates [11], this has been achieved
by choosing an antenna design where a minimum part of the radiator is parallel to the
ground-plane (e.g. a monopole) to minimize the electric field dissipation in the substrate.
This is explored in comparison to a standard patch antenna in Section 7.1.2. The AVA’s

layout and dimensions are shown in Fig. 7.1.

7.1.2 Comparison with a Microstrip Patch Antenna

For benchmarking the radiation efficiency, bandwidth, and gain, a microstrip patch
antenna has been simulated to validate the assumptions on the influence of the radiator’s
area on the antenna’s efficiency, and to demonstrate the improvement of the proposed
design over a standard design on the same substrate. Patch antennas have been widely
reported in wearable mmWave antennas [159] and in low-cost additively manufactured
rectennas [75,135,234]. Both antennas have been simulated using CST Microwave Studio
using the measured substrate properties (¢, = 1.56 and tand = 0.027). Fig. 7.2 shows
the simulated reflection coefficient of the antennas. The gain and radiation efficiency are

shown in Fig. 7.3.
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FIGURE 7.1: The proposed antenna layout and dimensions (in mm), showing the
double-sided AVA and the substrate composition
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FIGURE 7.2: Simulated reflection coefficient of the two antenna designs considered, a
common-geometry patch and the proposed novel AVA.

Overall, a more broadband behavior is expected from the proposed AVA, as demon-
strated by the lower Si; in Fig. 7.2 and more stable gain in Fig. 7.3. However, at
26 GHz, where both antennas achieve S;; <—20 dB, the proposed AVA achieves over
67% higher radiation efficiency relative to the patch antenna, demonstrating more than
3 dB gain improvement. This is explained by the patch antenna’s higher dielectric losses
discussed earlier; over 53.7% of the accepted power is dissipated in the patch’s textile

substrate as opposed to only 32.4% of the power accepted by the proposed AVA.

7.1.3 Comparison with a Broadband Disc Monopole

While the proposed AVA-inspired monopole outperforms the microstrip patch in
bandwidth and efficiency, other broadband monopole antenna designs, such as the disc

monopole explored in Chapter 4 [279], may be able to achieve similar performance. In
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F1GURE 7.3: Simulated gain and radiation efficiency of the patch antenna and the
proposed AVA at the frequencies of interest.

this sub-section, the performance of the proposed antenna is compared to a standard
disc monopole, on the same substrate, based on 3D CST simulation, in order to justify
the antenna choice in this chapter. The microstrip-fed disc has a radius of 8 mm, and
is fed using a 50 €2 microstrip line. The diameter of the disc was chosen to maintain
an S11 < —10 dB bandwidth from 24 to 40 GHz. Both antennas have 10 mm feeds to
ensure a fair comparison. Both antennas were backed by a conductive reflector at 1 mm
felt clearance for off-body isolation, as detailed in the next section. Fig. 7.4 shows the
simulated nRraq. of both antennas. The higher nr.q. of the AVA in Fig. 7.4 compared to
Fig. 7.3 is due to the shorter feed length (10 mm vs. 20 mm), resulting in lower insertion

losses.
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FIGURE 7.4: Simulated radiation efficiency (7raq.) of the proposed AVA and a standard
disc monopole over the same textile substrate.
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From Fig. 7.4, it is evident that the proposed patch achieves over 16% relative ngraq.
improvement over a standard disc monopole. This is attributed to the smaller area of the
radiating aperture of the AVA-inspired monopole compared to the disc, which results in
lower E-field dissipation in the substrate. While a small disc could be utilized to overcome
this effect, discs with radius<8 mm were found to have an S1; > —8 dB, showing that

the bandwidth requirement will not be met by a conventional disc monopole.

In addition to nRraq., the simulated gain patterns of both antennas have been simulated
and compared. As both antennas were backed by a conductive reflector, it is expected
that both antennas will achieve an off-body radiation pattern. However, as observed
in Fig.7.5, only the proposed AVA-inspired monopole achieves a stable broadside beam
resembling that of a patch antenna. Therefore, the proposed antenna will maintain a
better angular coverage in wearable off-body mmWave EH applications. In addition,
the proposed reflector-backed AVA achieves a higher front-to-back ratio, evident over
both principal planes, demonstrating the antenna’s suitability for off-body applications.
Therefore, should a monopole antenna be used for broadband off-body applications based
on reflector backing, it is essential to design the antenna to (a) achieve the desired
bandwidth, (b) achieve a high radiation efficiency on the lossy textile substrate, and
(c) maintain a broadside radiation pattern with a high front-to-back ratio, for optimal

off-body performance.

E-Plane H-Plane

F1GURE 7.5: Simulated gain patterns at 24 GHz of the proposed AVA-inspired
monopole and the standard disc, over a 1 mm-spaced textile reflector.

7.1.4 Wearable Antenna Isolation

Obtaining stable off-body broadside radiation patterns is essential for efficient wear-
able rectenna operation. In [66], a novel approach of employing the human body as a
reflector has been devised to improve the antenna’s efficiency, bandwidth, and gain at

the frequencies of interest. This has been achieved using asymmetric alignment of the
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radiator arms to allow the far-fields to reflect off the human body, hence improving the
gain. However, this approach is only valid when the antenna is separated from the human

body by more than 4 mm, which cannot be guaranteed in all modes of operation.

In order to ensure the antenna maintains stable radiation patterns and bandwidth
in the presence and absence of the human body, an additional metal reflector layer is
proposed. Thus, broadside radiation patterns can be achieved by the monopole at its
fundamental frequency. A microwave shielding fabric (copper and nickel coated) has
been used for the reflector plane, as metalized fabrics are breathable, more user-friendly
compared to copper sheets and, in this case, do not need to be patterned to produce

small features.

The minimum separation between the antenna and the reflector has been set to 1 mm
(0.08x Ao/ at 24 GHz). A 1 mm felt fabric (of lower tand compared to woven polyester)
has been inserted between the antenna and the reflector as shown in Fig. 7.1 to support
the reflector. While the additional fabric layer will degrade the antenna’s radiation
efficiency (due to the additional dielectric losses), the effect is expected to be minimal

compared to degradation in the efficiency due to absorption by the human body.

7.1.5 Antenna Fabrication

Ultra-thin polyimide copper laminates exhibit improved flexibility compared to cop-
per foils, and lower thickness compared to printed interface layers, minimizing dielectric
losses. The antenna is fabricated on the polyimide laminates using photolithography. A
minimum feature size of 150 pm is achieved using standard PCB manufacturing equip-
ment. After the adhesion of the flexible circuit onto the textile substrate, the via holes
are drilled and conductive thread is inserted to form the conductor. The antenna has
been fabricated using the standard photolithography process described in [66,185]. How-
ever, to realize the double-sided voltage doubler rectifier, conductive threads are utilized
to create DC vias, solder paste has been used to connect the via (thread) to the copper
traces on the top and bottom layers. Fig. 7.6 shows a cross-section of the structure. The
fabricated antenna and rectenna prototypes are shown in Fig. 7.7. The measured dielec-
tric properties of the polyimide-woven polyester sandwich substrate utilized is €, = 1.67
and tand = 0.027 using the method proposed in Chapter 6.1.2 and two-port two-line

measurements.

7.2 Antenna Simulation and Measurement

The 3D model of the antenna has been simulated using full-wave electromagnetic
simulation in CST Microwave Studio. The 1.85 mm connector used to measure the

fabricated antenna has been included in the antenna’s model to observe its effect both
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FIGURE 7.6: Cross-section of the antenna showing the multi-layer substrate and the
through-textile via.

FIGURE 7.7: Photograph of the connectorized antenna (left), used for the Sy; and
radiation properties measurements, and the integrated rectenna (right).

on the antenna’s impedance bandwidth and on the radiation patterns, in addition to
obtaining a closer match with the measured results for validating the simulation model.
A human skin layer, based on CST’s Voxel library has been added to investigate the effect
of human proximity on the antenna. As a significant portion mmWaves do not penetrate
deeper than skin layers due to absorption [314], only the skin layer has been included in
the model. Furthermore, as the antenna utilizes a solid reflector plane, minimal power
from the antenna’s power would be absorbed by the body. 1% of the accepted power by

the antenna has been absorbed by the skin layer positioned 0.1 mm beneath the reflector.

The fabricated antenna has been measured using an E8361A 67 GHz PNA VNA with a
Short Open Load Through (SOLT) calibration. The 1.85 mm connector has been soldered
to the bottom ground plane using a uniform solder layer to avoid impedance mismatch
at the coax-microstrip transition. Fig. 7.8 shows the simulated and measured reflection
coefficient of the antenna, showing a bandwidth covering the full 5G spectrum up to 40
GHz. The simulation and measurements agree in covering the required bandwidth of 24
GHz and 5G RFEH. The level of agreement at the frequency bands of interest is consistent
with similar designs such as the 24 GHz antenna array in [76]. The measurements have
been performed with the antenna placed on a human hand and no change has been
observed on the measured S;1, this has also been previously presented in [66] despite the

reduced isolation over the proposed reflector-backed AVA.
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FIGURE 7.8: Simulated (dashed) with (w/) and without (w/o) the connector, and
measured (solid) reflection coefficient of the proposed textile mmWave antenna.

For evaluating the far-field properties of the AVA, two designs have been considered:
the 25-mm microstrip-fed AVA in Fig. 7.1 (simulated and measured), and the same
antenna with a short 5-mm feed to match the antenna integrated in the final rectenna
(simulated). The longer feed sample has been used for model-validation through 3D
far-field measurements, to avoid distortion to the measurements due to the connector

size.

The 3D far-field radiation patterns of the antenna have been measured in an anechoic
chamber (Fig. 7.7), at 24 GHz, and simulated using CST’s field monitors. A WR-42
horn antenna has been used as a reference for the radiation efficiency () measurements
. An extended microstrip feed-line of 25 mm has been included to mitigate distortion
from the connector to the radiation patterns [159]. However, the insertion losses in the
microstrip line are expected to reduce the measured nr,q.. With respect to the horn
antenna, n=67%, including the —1.5 dB (simulated) losses in the prolonged microstrip
feed. Compared to the 60% measured nga.q. of the microstrip patch proposed in Chapter
6, the nra.q. improvement owing to the optimized design for lossy substrates is evident.
The normalized gain patterns of the antenna at 24, 28 and 36 GHz are shown in Fig.
7.9, the measured 3D pattern at 24 GHz is shown in Fig. 7.10.

Both the simulated and measured radiation patterns show over 20 dB front-to-back
ratio, implying minimal interaction between the antenna’s broadside radiation and the
human body shielded by the reflector. The computed radiation efficiency and gain (val-
idated by the de-embedded measured radiation patterns and efficiency agreement with

the simulated results) are shown in Fig. 7.11. The only discrepancy observed between
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FIGURE 7.9: Normalized simulated (dashed) and measured (solid) gain of the proposed
AVA at: (a) 24, (b) 26 and (c) 36 GHz, on the XZ and YZ planes of the antenna.

the simulated and measured radiation properties is the higher back-radiation in the simu-
lated model, due to the smaller size of the reflector in the model to reduce the problem’s
mesh size. However, in real-life operation and in the measured prototype, the textile
reflector could be electrically large minimizing the back-lobe radiation as observed in the

measured plots.

From the rectenna’s radiation properties shown in Fig. 7.11 (excluding the simulated
insertion losses in the long feed-line), the antenna achieves a radiation efficiency of more
than 70% up to 30 GHz, peaking at 73.4% at 26 GHz. The decay in efficiency at higher
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FIGURE 7.10: Measured 3D radiation patterns of the proposed antenna at 24 GHz.
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FIGURE 7.11: De-embedded radiation efficiency and gain of the proposed AVA, on-
body, with a 5 mm microstrip feed matching the rectifier’s feed length.

frequencies is due to the increase in the dielectric losses in the substrate. The proposed
antenna with the reflector plane achieves slightly lower efficiency than the previously
simulated 77% without the reflector in [66]. However, the solid reflector results in more
stable radiation properties over the full bandwidth, as observed in Fig. 7.11, in addition

to guaranteeing that the achieved efficiency does not degrade in human proximity.

Table 7.1 compares the performance of the proposed AVA against reported textile-
based and additively manufactured low-cost mmWave antennas. It can be seen that
the proposed antenna achieves the highest radiation efficiency compared to the reported
antennas implemented on low-cost substrates. The antenna in [232] is able to achieve
efficiencies higher than 90% due to the low loss substrate and its CPW geometry. To add,
the smaller length of [232] does not include a sufficiently large ground plane due to the

coax connector acting as a ground plane for the antenna in simulation and measurement.
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TABLE 7.1: Comparison of the proposed antenna measured properties with state-of-
the-art printed and textile antennas

This work 2019 [232] 2013 [159] 2012 [317]
BW (GHz) 23-40 (54.0%) | 26-40 (42.4%) | 55-65 (16.7%) | 57-64 (11.6%)
Antenna AVA CPW 2x2 patch Yagi-Uda
monopole
Substrate Textile LCP Textile Textile
(tand=0.027) (tand=0.002) (tand=0.02) (tand=0.016)
Gain (dB) 7.41%, 8.477 8.76 7.8 11.9
Radiation pat- | Broadside Broadside two- | Broadside End-fire
tern single-beam beams single-beam
Efficiency 67%*, 73%T 90% (simu- | 41% 48%
lated)
Electric di- | 3.0Ag x 0.94)g | 1.12)g X | 4.26)\¢ X | 5.2 gx1.6Ag
mensions (o) 1.02M01 1.03 )\

*Measured: antenna-+25 mm microstrip, fSimulated antenna-+5 mm microstrip fSmall
length due to the miniaturized CPW feed and connector’s ground.

7.3 Textile mmWave Rectifier

7.3.1 Diode Selection and Modeling

The main criteria when choosing a diode at mmWave bands is a high f.u_of, otherwise
the diode will not act as a rectifying element and the harmonics will propagate to the
output through the diode and package parasitics. The diode’s PCE will be adversely
reduced at frequencies approaching f.,s—off. Moreover, a significant portion of the energy
at the output will always exist at the 15* and 2"¢ harmonics and not at DC [207], implying
that proper harmonic termination is implemented at the output [75,76,234]. The cut-off
frequency is defined in this work as the frequency where the resistance and the reactance
of the diode are equal. This can be calculated using (2.4) [205,206]. While in [206]
only the junction capacitance is considered due to the devices being measured on-wafer,
when the diodes are packaged the total (junction+packaging) capacitance needs to be

considered.

Two diodes have been considered: a Si Skyworks SMS7630 and a GaAs Macom MA4E-
1319, recommended by the manufacturers for detector applications above 26 and 80 GHz,
respectively. The diodes have been simulated in ADS using HB. To achieve the highest
accuracy between 20 and 30 GHz, the simulation was based on the datasheet SPICE
parameters, and optimized models using the available measured s-parameters (for the
SMS7630) and the IV-curves in [75] (for the MA4E). Fig. 7.12 shows the simulated
input impedance of the SMS7630 and the MA4E, based on the 0 dBm s-parameters and
the IV-curve, respectively, when terminated with an ideal 50 2 load. The Smith chart
in Fig. 7.12 shows the cut-off region of the diodes’ impedance (striped shading) and the

rectification region (solid-green shading). The diode parameters used in the non-linear
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FIGURE 7.12: Simulated (LSSP) input impedance of the SMS7630 and MA4E diodes
from 20 to 40 GHz, using diode parameters from the datasheet as well as the optimized
models based on experimental characterization.

simulations in this work are C';=0.02 pF' Rg=9 (1 for the junction capacitance and series

resistance, and C'p=0.035 pF Lp=0.3 nH for the packaging capacitance and inductance.

It can be observed that although the SMS7630 junction (datasheet parameters) is
capable of rectification at 24 GHz (impedance falling in the solid-green shaded region),
when the packaged diode’s parasitics are considered, the diode acts as a short-circuit
allowing fo to propagate to the output. The MA4E1319 on the other hand is usable up to
40 GHz (based on the Large-Signal S-Parameters LSSP-simulation using the parameters
from [75]), yet the packaging parasitics show significant discrepancy with the datasheet
model of the junction which can be used through 90 GHz. The discrepancies could be
attributed to the diode’s mounting imperfections while the manufacturer’s parameters

are likely measured using de-embedded probes.

7.3.2 Rectifier Design

The MA4E1319 GaAs Schottky diode pair has been chosen as the rectifying element.
With two diode’s integrated in the same package, it is expected that the external para-
sitics will be lower improving the cut-off frequency of the diode. The voltage doubler’s
impedance, seen on the Smith chart in Fig. 7.13, is predominantly capacitive. Therefore,
a high-impedance inductive matching network is required. Moreover, the 1 pF input ca-
pacitance can be achieved using the microstrip feed’s own distributed capacitance. A
tapered microstrip line could be used to match the impedance of the rectifier as in Fig.
7.13-b, stepping-up the impedance of the rectifier to match the 50 €2 source, as well as

conjugating the capacitive diode impedance using the microstrip line’s own inductance.

A key challenge in broadband impedance matching is the trade-off between bandwidth
and Quality factor, where a sufficiently low S1; may not be achievable over a wide range

of frequencies. The theoretical limit on the minimum achievable reflection coefficient of
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FIGURE 7.13: Schematic of the voltage doubler and Smith charts showing the
impedance matching approach of. (a): conventional voltage doubler, (b): rectifier
with the tapered matching line and distributed microstrip input capacitance.

a load is given by

D] >= ezmme (7.1)

Sll > 20 IOg(Fm)7 (72)

the Bode-Fano return-loss limit, a function of the bandwidth B, and the equivalent RC'
circuit of the load, in this case the rectifier and the DC load.

Harmonic balance simulation was used to extract the rectifier’s impedance (Fig. 7.13-
a), the bandwidth B has been set to 4 GHz (24-28 GHz). The equivalent RC circuit of
the rectifier in Fig. 7.13-a has been extracted using optimization of an RC load with
tunable resistance and capacitance, to match the simulated LSSP; the extracted values
are R=904  and C=0.161 pF. The calculated minimum achievable Fano Si; is —7.5
dB (I';,>0.42). While in [298] the increase in the number of diodes has been studied
in order to increase the return loss of a rectifier through reducing R, this approach is
not possible at mmWave frequencies due to the higher losses incurred in the additional

rectifier stages.

In order to step up the input impedance of the 50 € source and achieve an inductive
feed-line, the microstrip line feeding the diode is tapered to gradually increase the induc-
tance of the source. A tapered line is also used at the ground connection of the voltage
doubler, the length of the tapered lines has been optimized in simulation to match the
50 Q antenna to the rectifier at the frequencies of interest. While an L-matching network
could be used to achieve a high Q-factor matching, improving the PCE at low Prp levels
as in [76] and [248|, a wide bandwidth rectifier is prioritized in order to demonstrate the

feasibility of harvesting from a broad bandwidth to meet 5G RFEH requirements.
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To prevent the high-frequency component of the input from propagating to the output,
significantly reducing the net DC output, radial stubs (A/4 at 26 and 52 GHz) are utilized
for harmonic rejection at the output. The DC test pads included at the output, to allow
measuring the voltage across the load, were found to not have any effect on the rectifier’s
performance in simulation. Fig. 7.14 shows the layout of the rectifier, and the modified
antenna ground plane to accommodate the rectifier. As the ground via is for the DC
return current, the impedance matching of the vias is not critical. Furthermore, different
thicknesses, resistances, and inductances of the vias have been studied in ADS and were

found to have minimal impact on the rectifier’s performance.

MA4E1319

Polyimide
= on Fabric

FIGURE 7.14: The dimensions, in mm, of the proposed textile-based 5G rectifier (left)
and the integrated rectenna layout (right).

In terms of textile coverage and breathability, the proposed rectenna occupies a small
area of 16x33 mm?. Thus, should the rectenna be used in a large-area array configura-
tion, a A\g/2 (6.25 mm at 24 GHz) would imply a coverage of less than 60% of the total
area of the garment. Furthermore, [293] has shown scalable integration of polyimide-
circuit filaments in standard textile weaves for improved integration, user-comfort and

reliability.

7.3.3 Rectifier Simulation and Measurement

The reflection coefficient of the 1.85-mm connector-fed textile rectifier prototype has
been measured using a VNA. Due to cabling losses at 28 GHz and the VNA’s power
limit, the maximum power deliverable by the VNA is —5 dBm. Fig. 7.15 shows the
simulated and measured Si; of the rectifier. The connector has been modeled as a
tapered microstrip line of 5 mm length. While the observed reflection is higher than 3
dB, this is attributed to the wide variation in the input impedance of the rectifier due
to its large electric length, impeding a sufficiently low S11, in addition to the Bode-Fano

theoretical limit on the minimum reflection calculated to be above —7.45 dB.
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FIGURE 7.15: Measured and simulated reflection coefficient of the rectifier at —5 dBm.

30

In order to measure the PCE of the rectifier, the DC voltage across the load has been

measured using an oscilloscope. A Wiltron 68069B CW signal generator (providing up

to 13 dBm) has been used to provide sufficient power to investigate the performance
of the connectorized rectifier. A Keysight N8485A 33 GHz power meter has been used

for power-calibration and for measuring the net power available at the rectifier’s input

after factoring in cabling and unleveled output losses, reducing the uncertainty in the

mmWave power level to £0.1 dB. The power has been swept from 0 dBm to the setup’s

maximum output of 13 dBm. Fig. 7.16 shows the measured DC output, across a 10 k2

resistor, at 24 GHz.

4
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FIGURE 7.16: Measured and simulated PCE of the rectifier and the DC voltage across
a 10 k2 load at 24 GHz.
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Above 10 dBm, the simulated output voltage matches, within 10%, the measured

values.

The agreement between simulation and measurement shown in Fig. 7.16 at

10 dBm is higher than that in [76] and [224], where approximately 25% discrepancy has
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been reported in the measured voltage output compared to simulation, despite them
being implemented on rigid low-loss substrates with a well-defined €,. This validates the
proposed rectifier’s performance and design approach for flexible lossy textile substrates.
The discrepancy between the simulation and measurement at lower power levels can be
attributed to:

1. Inaccuracy in modeling the connector in the Harmonic Balance simulation altering
the rectifier’s input impedance.

2. Inaccuracy of the MA4E junction resistance at low mmWave power levels reducing

the PCE.

3. The imperfect connection between the rectifier’s pads and the traces resulting in

additional series resistance.

When considering the theoretical limit on the received power, the PCE can be calcu-

lated using

Ppe
PCE ano — y .
CErane = T E, [0 Prr (7:3)

referenced to the theoretical maximum for the power received after factoring out Fano’s
reflection, instead of the power available from the generator. The maximum PCEpqp,
achieved by the rectifier at 24 GHz is 14% at 12.7 dBm, with a net DC output of 0.5

mW, sufficient for low-power nodes and transceivers in [325-327].

The output of the rectifier has been investigated at different load impedances. Fig.
7.17 shows the PCE of the rectifier at 24 GHz for different load impedances at 10 dBm.
The higher optimal load impedance of the proposed rectifier compared to the reported
mmWave rectifiers (Table 7.2), due to the voltage doubler, configuration results in the

improved 1 V sensitivity.
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FIGURE 7.17: Simulated (solid line) and measured (discrete points) PCE for variable
load impedance at 10 dBm.
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In order to evaluate the rectifier’s capability of harvesting energy across a broad band-
width for 5G applications, the frequency of the CW single-tone input to the rectifier has
been varied. The load impedance of the broadband rectifier has been set to 10 k€2,
despite the reduced PCE, for improved voltage sensitivity. Fig. 7.18 shows the output
voltage of the rectifier from 22 to 26 GHz.
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FIGURE 7.18: Simulated (solid line) and measured (discrete points) DC voltage output
of the connector-fed textile rectifier at 10 dBm with a 10 k2 load.

While the measured output voltage at 24 GHz approaches the simulated value, the
rectifier’s DC output is cut-off at frequencies higher than 24.5 GHz even though its
input impedance matching is expected to be maintained based on the small-signal S1;
in Fig. 7.15. This is attributed to the coax-microstrip connector interface resulting in
lower output voltage at frequencies above 24 GHz. Therefore, the broadband wireless
testing in the next section has been performed to overcome the additional measurement

uncertainties introduced by the coax connector.

7.4 Rectenna Wireless Testing and Evaluation

The integrated rectenna has been tested using the CW generator, connected to a
Keysight 83020A PA, capable of producing up to 25 dBm at 26.5 GHz, and a standard
20 dBi horn antenna. While this setup should have an EIRP of more than 44 dBm, due
to the PA’s gain compression, additional attenuators were introduced between the CW
and the PA to minimize the unleveling of the output and suppress the gain compression
effect. Finally, due to the non-linear behavior of the PA and the CW generator at higher
power levels, a calibrated RF power meter has been connected to the connectorized textile
antenna to estimate the power levels at the receiver. The mmWave power levels reported
in this section are based on the power calibration using the textile AVA connected to the
power meter. Fig. 7.19 shows the rectenna test setup. The 10 cm separation, between

the horn’s radiating aperture and the rectenna, shown in Fig. 7.19 represents 8x\ at 24
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GH. This is consistent with the separation reported in the wireless testing of the 17 GHz

rectenna in [224] with 8.8 A separation between the horn transmitting antenna and the
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FIGURE 7.19: The wireless test setup schematic and photograph of the textile rectenna.

The distance d has been varied to vary the power level at the rectenna. The distance
between the horn’s radiating aperture and the coax-waveguide transition is 120 mm.
Therefore, the total separation between the rectenna and the CW signal from the PA is
d+120 mm. While the power is typically proportional to 1/d?, due to the measurements
being carried with d being comparable to the horn’s dimensions, the far-field gain and
path loss models are not accurate. The input power to the PA in this setup has been kept
below —15 dBm. Fig. 7.20 shows the measured DC output of the rectenna at varying
separation, as well as the measured incident mmWave power, at 24 GHz, using the
power meter. The distance sweep shows improved voltage-sensitivity over the mmWave
rectenna in [327], tested using a 42 dBm EIRP with a 25 dB horn, by more than 1 V
at 20-mm separation from the horn’s radiating aperture. CW excitations have been

previously utilized to test the performance of broadband rectifiers in [224,298|.

To evaluate the rectenna’s performance at higher power levels, the CW output has
been increased until a 20 dBm is observed on the power meter. At 24 GHz, from an
incident power of 20 dBm, the rectenna achieves more than 6.5 V with a 10 kQ load.
This is the highest reported output voltage of a low-power rectenna operating between 20
and 30 GHz. The measured DC output of the 10 k€2-loaded rectenna is 6.5, 5.7, 4.6 and
4.2 volts from 20, 19, 18, and 16 dBm, respectively. These results have been measured
using the test setup in Fig. 7.19 with the power levels based on the measurement using

the power meter.
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F1GURE 7.20: Measured DC output of the rectenna at variable separation from the
horn antenna.

In order to demonstrate the rectenna’s capability of broadband harvesting across the
full mmWave 5G spectrum. A broadband frequency sweep has been performed using
the wireless setup in Fig. 7.19. The rectenna has been placed at 1 cm from the horn
antenna. To estimate the mmWave power level at the input, the calibrated power me-
ter has been connected to the 50 ) textile AVA and positioned in the same place as
the rectenna. The power from the CW has been configured at individual measurement
points, to overcome the variation in the path loss and the antennas’ coupling, to ensure
approximately 12 dBm of power is available at the rectenna. Through this power calibra-
tion, the gain-compression and PA’s non-linearities could be overcome. Fig. 7.21 shows
the measured DC voltage the PCE, the error bars reflect the +1 dB uncertainty in the
incident power level. This demonstrates the rectenna’s ability to produce over 1.3 V DC
across the 10 kQQ load resistor, from 12 dBm of power with PCE varying between 1 and
6.3% validating its broadband performance.

The simulated values in Fig. 7.21 were obtained from the ADS model of the rectifier
excluding the antenna. However, as the textile AVA is 50 Q and the wireless power
has been measured using the power meter, the results are expected to agree within
the +£1 dB wireless power uncertainty. The main discrepancy between the simulation
and measurements shows up below 23 GHz, this is attributed to the proposed antenna,
which was only designed and characterized for operation from 24 GHz. Thus, the PCE
in this case is bottle-necked by the antenna. The rectifier design can be integrated with a
different antenna should it be used below 24 GHz. Above 25.5 GHz, the measured output
is observed to exceed the simulated output of the rectifier. This could be attributed to
the shorter feed-length of rectifier, when considering the antenna’s 50 2 feed, and the

inaccuracies from the resistive and capacitive load mounting.
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FIGURE 7.21: Measured PCE and DC voltage output of the rectenna from 12 dBm of
wireless power, showing more than 1 V output from 20 to 26.5 GHz.

The measurements were limited to 26.5 GHz due to the PA’s and the waveguide horn
antenna’s maximum frequency. However, as the rectenna achieves more than 1.4 V at
26.5 GHz, it is predicted that the rectenna’s cut-off frequency is beyond 26.5 GHz, demon-
strating its capability of harvesting across the full 5G spectrum. Moreover, the fabricated
rectifier’s performance above 26 GHz (being significantly better than the simulated due
to higher cut-off frequency), could be attributed to over-estimation of the parasitic pack-
aging capacitance reproduced from [75|, where the utilized dual-diode package results
in less parasitics and hence improves the rectifier’s usable frequency range. While [224|
demonstrates a broadband 1 V sensitivity from 12 dBm between 14 and 23 GHz, this
work is the first demonstration of a broadband 1 V sensitivity above 20 GHz, with more
than 6.5 GHz of 1.2-V bandwidth from less than 12 dBm of incident power.

In the context of harvesting energy from 5G cellular networks, the 28 GHz EIRP
available from a base-station and a mobile device is 75 and 43 dBm/100 MHz, respec-
tively [230]. Thus, given the rectenna’s 7.41 dB measured realized gain, a mobile phone
transmitting at 26 GHz and placed at 10 cm from the textile rectenna will result in
10 dBm received power at the rectenna yielding over 1 V of DC output. Furthermore,
a 1 V DC output can be achieved with more than 5 m separation between the rectenna
and a mmWave base-station; the size of a 10 Gbit/s 5G urban micro-cell is typically
r=10 m [230]. This work has only evaluated the rectenna’s performance under CW ex-
citation, the impact of multi-tone modulated signals on a rectifier’s performance have

been previously investigated in [328|.

Table 7.2 shows a comparison of the proposed rectenna with state-of-the-art mmWave
and 5G rectennas. While it can be seen that the rectennas in [76] and [248| achieve higher

efficiency due to the improved single-tone impedance matching, they both have lower
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load impedance (reducing the voltage sensitivity) in addition to being implemented on
dedicated low-loss RF substrates allowing the implementation of large-area distributed
elements matching networks. On the other hand, despite the high voltage sensitivity
achieved by the 3D printed rectenna in [234|, implemented on a lossy flexible 3D-printed
substrate, the PCE is expected to be very low due to the high load impedance utilized
to guarantee a 1 V DC output. Finally, to the best of the authors’ knowledge, this is the
first rectenna with a broadband 1 V sensitivity aimed at broadband mmWave 5G energy
harvesting, in addition to being fabricated on textiles with a high-efficiency broadband

antenna shielded for operation near the human body.
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7.5 Summary and Conclusions

In this chapter, a textile-based broadband rectenna for 5G RFEH and WPT has been
presented based on a novel wearable antenna design and a broadband high-sensitivity
rectifier. The textile antenna achieves the highest radiation efficiency of reported textile-
based mmWave antennas at more than 70% with a stable gain over 8 dB. The proposed
rectenna is capable of generating a 1 V DC output from 21.5 to 25 GHz from power levels
as low as 9.5 dBm, more than 1.3-V from 20 to 26.5 GHz from 12 dBm of wireless power,
and up to 6.5 V from 20 dBm at 24 GHz. This work represents the first demonstration
of a textile-based rectenna operating beyond 20 GHz and the first broadband rectenna
for 20-26.5 GHz (K-band) RFEH. The key findings can be summarized as:

e Broadband antenna design based on a miniaturized radiator enables higher ng.q.

on lossy substrates, by reducing the E-field dissipation in the substrate.

e Reflector-backed textile antennas can be implemented with a low-profile (=1 mm),
a broad, 57% fractional bandwidth, and high (>67%) radiation efficiency in the
Ka/K-bands.

e Despite the high microstrip insertion losses at mmWave bands on a high-tand sub-
strate, a textile-based rectenna can be demonstrated with a 15% half-power frac-

tional bandwidth based on tapered-line matching and harmonic termination

e Based on the mmWave 5G EIRP limits, the proposed rectenna can potentially
produce a 1 V output across a 10 k2 load at 10 cm and 5 m, away from a mobile

device and a base-station, respectively.

The broadband high radiation efficiency achieved by the proposed antenna, and the
high DC output of the rectenna, demonstrate that mmWave wireless systems, for power
or information transfer, will not be limited to high-end applications, and that a mmWave-

powered and -connected IoE is feasible.
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Chapter 8

Fully-Textile RFEH Module: CPW
Rectenna Filament Design and

Textile Supercapacitor Integration

For RFEH to be adopted in wearable e-textile systems, there is a need for a wearable-
friendly RF-powered energy supply, incorporating a flexible energy storage device such
as a textile supercapacitor (TSC). On one end, mechanical ferroelectric and triboelectric
energy harvesters were demonstrated directly charging TSCs for wearable applications
[329,330]. Nevertheless, the end-to-end efficiency of such systems does not exceed 1% due
to the high impedance of the harvesters. On the other end, conventional rectennas were
integrated with commercially-available capacitors and supercapacitors based on complex
DC power management interface circuitry [14, 39,331, 332]. Based on the capacitive-
loaded rectifier characterization, in Chapter 4.4.3 and published in [289], an electrolytic
capacitor could be charged to a voltage level sufficient for modern CMOS electronics to
operate. Therefore, a high-efficiency high-power rectifier can be designed and optimized
specifically for a textile-based energy storage device, i.e. a TSC, presenting a highly-
integrated wearable-friendly RFEH solution.

In this chapter, an e-textile RFEH and energy storage module is proposed for wearable
applications, capable of harvesting 8.4 mJ in under 4 minutes, at 4.2 meters from a 915
MHz 34.77 dBm source. The integrated module has a calculated end-to-end efficiency
of 38% at 1.8 m from the transmitter. On-body, the rectenna’s efficiency is 4.8%, in-
clusive of in-body losses and transient shadowing, harvesting 4 mJ in 32 seconds from
16.6 ©W /cm?. Compared to textile energy harvesters, and other rectennas based on DC
power management circuitry, it is concluded that the proposed e-textile rectenna is the
most efficient method for charging a wearable energy storage device from W /cm? power

densities.
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In Section 8.1, the design methodology for an e-textile RFEH module is introduced and
contrasted to existing rectennas integrated with energy storage devices. The design and
characterization of a wearable CPW rectenna filament is presented in Section 8.2. The
implementation and characterization of the TSC is then presented in Section 8.3. The
rectifier’s performance when integrated with the TSC is analyzed experimentally using
DC and RF techniques in Section 8.4. Finally, the wireless performance of the rectenna
is evaluated in a license-free ISM-band WPT application in Section 8.5, and compared
to similar work showing the highest reported end-to-end efficiency. The contents of this
chapter have been submitted for publication in [333], and published in [334] and [335].

8.1 Concealed E-Textile RF Energy Harvesting and Storage
Module

The requirements for compact e-textile filaments include being implemented on a thin
and flexible substrate, maintaining a narrow width (<1 cm), and containing a small num-
ber of miniaturized lumped components, not to reduce the flexibility and user-friendliness
of the textile [293]. The circuit filaments can then be encapsulated for improved relia-
bility and woven into the fabric for concealed integration [183]. Examples of previously
reported e-textile systems are washable UHF RFID tags based on narrow dipole anten-

nas [183], and accelerometers [336].

The techniques reported in [14, 39,331, 332,337, 338 to realize rectennas integrated
with energy storage devices, based on an intermediate supercapacitor/battery-charging
PMICs, are not well-suited to wearable e-textiles. To explain, a PMIC such as the TI
BQ25504, used in [14,39,331,332] or the Linear LTC3588 [338], require over 10 lumped
components, along with a complex PCB layout to function correctly. Such designs are
not wearable-friendly and cannot be integrated in compact and unobtrusive e-textiles.
In Table 8.1, recent rectenna implementations charging an energy storage device are
summarized based on the complexity of their implementation, in terms of components

count, and the maximum end-to-end RFEH efficiency 7.

A photograph of the proposed system is shown in Fig. 8.1. The rectenna is fabricated
using photolithography, [183], on a single-sided polyimide copper-laminate with less than
50 pm-thickness. The rectenna’s DC output is directly connected to the TSC and con-
cealed in fabric pockets as in Fig. 8.1-b. This integration technique improves the circuit’s
resilience to bending [293], as shown in Fig. 4.16, and washing [183], in addition to not
affecting the user’s comfort. As in Table 8.1, the proposed rectenna contains only five
lumped components, making it suitable for seamless integration in fabrics, as shown in
Fig. 8.1-b and c. The entire system is compact and occupies an area of 11.5x1.5 cm, i.e.
0.016)\(2) when normalized to \g at 915 MHaz.
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TABLE 8.1: Comparison of rectennas integrated with energy storage.

Implementation Components | Peak 7
count

[39] Planar and 3D rectenna with a com- | >20* L7%*
mercial PMIC and SC

[332] PCB rectenna with a commercial | >20* 1.8%*
PMIC and SC

[14] 3D-printed rectenna with a commercial | >20* 1.2%*
PMIC and Capacitor

[337] PCB rectenna + custom CMOS boost | ~23** 12%"
converter and flexible battery

[338] PCB rectenna + whip antenna with a | ~45** 25%T
commercial PMIC and SC

This Textile-integrated rectenna and | 5 38%"

work supercapacitor with no PMIC

*Based on the PMIC datasheet; **estimated from circuit photograph; ¥ >1W /cm?

rectenna; ¥ <1puW /cm? rectenna; SC: supercapacitor.

(a)

CPW

Meandered rectifier
monopole

FIGURE 8.1: Photographs of the proposed integrated e-textile RF energy harvester
and storage module: (a) the rectenna filament and encapsulated textile supercapacitor
(dimensions in mm); (b) the concealed system in fabric; (c) components of the system
visible under high exposure.
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8.2 Rectenna Filament Design and Characterization

8.2.1 E-Textile CPW Antenna Design

In EH, a small footprint is essential to enable large-area implementations. “Wire”
monopole antennas occupy a significantly smaller physical area compared to their ef-
fective radiating aperture [117]. Therefore, the rectenna is designed based on a CPW
monopole with a miniaturized ground plane. To further reduce the area of the harvester,

the length of the monopole was reduced through meandering.

For unisolated monopoles, it is expected that the resonance of the antenna shifts to
a lower frequency, due to the high permittivity of tissue compared to air [185]. While a
broadband textile antenna was previously used to overcome detuning in the sub-1 GHz
rectenna in Chapter 4, sub-1 GHz broadband antennas require large area and cannot be

integrated within flexible e-textile filaments which have a width under 10 mm.
@) | 50.0
N
|-
- 0357~

(b) 6.1

<

Textile capacitor cells 2.8+— g

FIGURE 8.2: Layout and dimensions (in mm) of the meandered CPW antenna filament
(a) and the compact voltage doubler rectifier (b).

The CPW antenna was simulated in CST Microwave Studio to evaluate its impedance
bandwidth and radiation properties. A prototype, with a soldered SMA connector, was
measured using a VNA for experimental validation. The proposed antenna is tuned using
length reduction, a technique used where shielding is impossible, such as in implanted
and insole antennas [185,339]. Reducing the length of the radiator shifts the free-space
resonance to a higher frequency. Subsequently, when the antenna is used in human
proximity, the resonance will shift to the lower, desired, frequency. The simulated and
measured S7; of the antenna are shown in Fig. 8.3. The shaded region in Fig. 8.3 shows
the cross-over between the antenna’s —6 dB (VSWR<3) bandwidth in space and when
measured on-body, with an approximately 1 mm air gap between the antenna (in-fabric)
and the body. Compared to [185] which achieves an S1; around —3 dB at its design
frequency in space, the proposed antenna is able to maintain an S1; < —6 dB at 915 MHz

both in presence and absence of the human body, under flat and bent conditions.

The radiation patterns of the CPW antenna were simulated and measured experimen-

tally. Fig. 8.4 shows the co-polarized (vertically on the Y-plane) gain patterns of the
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FIGURE 8.3: Simulated and measured 50 €2 S1; of the CPW antenna filament.

antenna on the XZ and XY planes. The measured gain was calculated using the free

space path loss model at 1.1 m from a 10 dBi log-periodic antenna. The discrepancy

between the simulations and measurements is attributed to additional reflection off the

SMA connector, which is comparable in size to the CPW feed and the antenna’s ground.

Nevertheless, it can still be verified that the antenna is predominantly omnidirectional
across both the XY and XZ planes. In Appendix A [288|, it was shown that using

omnidirectional rectennas improves the power harvested in wearable operation.

Meas. space = mmmm——— Sim. space — = = Sim. body ‘
r 2.5 el . r 25 et =
- 25 //' \\\ - 25 ,'/ \
- 7S /” \\\ -7 l/ 77N \\
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FIGURE 8.4: Simulated (dashed) and measured (solid) gain patterns of the antenna at

915 MHz, in free space and and on the Austinman CST phantom.

The antenna has also been simulated on the Austinman phantom in CST, in order

to investigate the impact of in-body losses on the radiation patterns. As predicted, the

body shadows radiation behind the user, resulting in a broadside pattern as observed

on the elevation E-plane in Fig. 8.4. On the azimuth plane, the antenna maintains

an omnidirectional on-body pattern, showing its ability to harvest arbitrarily directed
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radiation, as discussed extensively in appendix A [288]. The simulated 3D gain patterns

of the antenna in space and on the Austinman phantom are shown in Fig. 8.5

FIGURE 8.5: Simulated 3D gain patterns of the antenna in free space (left) and on the
Austinman phantom (right).

8.2.2 Rectifier Design and Impedance Matching

The proposed rectifier is based on a voltage doubler topology, producing a higher DC
potential which enables faster charging of the supercapactior. The selected diode is the
Infineon BAT15-04R, based on its low forward voltage (0.25 V) and high breakdown
voltage (4 V). With two diodes in the same package, the overall component count is re-
duced. In addition, the mechanical reliability of the system is improved and the electrical

packaging parasitics (inductance and capacitance) are reduced.

As the antenna was designed with Zy=50 (2, the rectifier needs matching to 50 €.
Given the predominantly-capacitive input impedance of rectifiers [80,289|, a series in-
ductor is used for impedance matching. The rectifier’s input impedance, before matching,
is shown in Fig. 8.6. By adopting a voltage doubler topology, the equivalent RC circuit
of the rectifier has a smaller R and C components, which subsequently enables achieving
more broadband performance according to the Bode-Fano bandwidth limit [244,298|. In
addition, as the imaginary component of the rectifier’s input impedance is significantly
higher than the real component, a higher RF potential will be present at the diode’s
junction enabling more efficient rectification [111]. The simulated rectifier’s optimal in-
put impedance of 20+j230 2 can also be achieved using a co-designed antenna as in
Chapter 5.

The rectifier matching was optimized using HB simulation, including the CPW layout
and the diode’s packaging parasitics. Fig. 8.2-b shows the layout of the CPW rectifier.
The selected matching inductor L; is a 22 nH wirewound inductor. By opting for a
smaller value inductor, the parasitic resistance and capacitance of the commercially-

available inductor will be lower, enabling a higher PCE. A shunt inductor, Lo=47 nH, is
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-------------- Antenna, space (Sim.)
e-s-e-e-8 Antenna, space (Meas.)
s-s-e-e-8 Antenna, body (Meas.)
% Mismatched Rect. (Meas.)
e-0-0-0-e¢ Matched Rect. (Sim.)
e-e—e-e-¢ Matched Rect. (Meas.)

FIGURE 8.6: Smith chart plot showing the antenna and the rectifier’s simulated and
measured input impedances, showing the 50 {2 matching.

added to create a return path for the DC currents [296]. The value of Ly was chosen A
0603 footprint is chosen for the inductors and the voltage doubler charge pumping 100 pF
capacitors, to enable a reliable interconnect between the rectifier and the flexible e-textile
filament [293|. Fig. 8.6 shows a close agreement between the simulated and measured
input impedance of the matched rectifier, normalized to 50 2. The antenna’s input
impedance is also included in the Smith chart to show that the 50 2 nominal impedance

is maintained throughout both the antenna and the rectifier matching planes.

8.2.3 Rectifier Experimental Characterization

The matched rectifier was characterized using a VNA in CW mode to investigate its
performance for varying power levels, frequencies, and load impedances. Due to its CPW
structure, the rectifier’s performance is expected to be textile-independent, enabling it
to be used for various fabrics with no limits on the thickness or the dielectric properties.
In addition, the performance is expected to be maintained in human proximity. The DC
output of the flexible rectifier filament was measured in space, in fabric, and on-hand, as

shown in Fig. 8.7.

The frequency of the RF input power was swept at 0 and 10 dBm. Fig. 8.8 shows the
measured PCE from 600 to 1400 MHz. It can be observed that the rectifier achieves a
half-power fractional bandwidth of 57%. In addition, the rectifier achieves an approxi-
mately stable PCE above 75% from 980 to 1120 MHz at 10 dBm. The wide bandwidth
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(b)

FIGURE 8.7: Photographs of the connectorized rectifier test setup: (a) rectifier in space;
(b) in-fabric “e-textile” rectifier; (¢) body-worn rectifier.

demonstrates that due to the low Zj, of the voltage doubler, a first-order matching
network based on a single lumped inductor is able to result in a half-power fractional
bandwidth over 50%, at the rectifier’s optimal resistive load for 4.5 k().
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FIGURE 8.8: Measured PCE of the rectifier over a frequency sweep showing a 57%
half-power —3 dB fractional bandwidth.

The DC output as well as the input reflection coefficient were measured to characterize
the performance of the rectifier for varying load impedances. Fig. 8.9 shows the rectifier’s
measured PCE and S7; for varying load impedances, at 0 and 10 dBm. From the
measured PCE, it can be observed that the rectifier maintains over 50% of its maximum
PCE for load impedances as low as 600 2. A high PCE across a low-impedance load is
particularly important when directly charging a capacitor without a DC-DC converter,

where the equivalent series resistance of a capacitor is typically under 100 €.

To characterize the rectifier’s large-signal PCE, the RF power was swept from —20
to 15 dBm, translating to approximately 0.1 to 10 m from a sub-1 GHz 33 dBm EIRP
source. The PCE was measured in the three test setups shown in Fig. 8.7, for the optimal
load of 4.5 k2. The DC voltage was measured across both the optimal load and a 10 M€
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FIGURE 8.9: Measured reflection coefficient of the rectifier for varying load impedances
at 1 GHz; the shaded region indicates the half-power load range.
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FIGURE 8.10: Measured (solid) and simulated (dashed) DC output of the proposed
rectifier for varying power levels: (a) RF-DC PCE; (b) DC voltage.

“open” load. Fig. 8.10-a and b show the simulated and measured PCE and DC voltage,
respectively, at 1 GHz.
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From Fig. 8.10-a, it can be observed that the proposed rectifier achieves over 60%
PCE from 0 to 13 dBm, with a DC voltage over 1.8 V across the 4.5 k{2 optimum
load. Therefore, it is expected that the rectifier can charge the TSC efficiently from
under 0 dBm. Compared to recent flexible, printed, and textile-based rectifiers operating
between 820 MHz and 2.4 GHz [179, 289, 340, 341|, the proposed rectifier achieves the
highest peak-PCE of 80%. This is attributed to the careful impedance matching, for a
higher power input, using a low-value and high-Q lumped inductor and the distributed
CPW traces. In addition, the diode selection with a relatively high Vg, of 4 V and a low
forward voltage of 0.25 V enables the peak-PCE improvement over [179, 289, 340, 341],

which were all based on a diode with a lower Vg, of 2 V.

8.3 Textile Supercapacitor (TSC)

The TSC is composed of an aqueous electrolyte and spray-coated carbon electrodes on
a conventional cotton fabric substrate. The TSC was designed and fabricated by S. Yong
and N. H. Hillier [333], as desribed in [329]. Fig. 8.11-a and b show the structure of the
TSC sprayed on the cotton substrate. The cross-section of the TSC is shown in Fig. 8.11-
¢ using scanning electron microscopy (SEM), showing the polymer encapsulation, the
carbon electrodes, and electrolyte-wetted cotton substrate. After the supercapacitors
are fabricated on the textile substrate, each individual TSC cell is housed in a Swagelok
test cell. This allows more reproducable measurements and guarantees a time-invariant

device performance during both the DC and RF characterization.

(b)

Activated
carbon

Carbon Black
Positive side
Negative electrolyte
species

(c) E Electrolyte

Copper film interconnect
Carbon electrode

Textile

Carbon electrode

Polymer encapsulation

FIGURE 8.11: The proposed three-cell TSC: (a) 2D layout; (b) phorograph and optical
micrograph of the TSC cells; (¢) SEM image and layout showing the TSC’s cross-section.
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The TSC was characterized using galvanostatic cycling (GC), i.e. charging using
a fixed DC current, and electrochemical impedance spectroscopy (EIS), to extract it
equivalent circuit model. Fig. 8.11 shows the measured real and imaginary impedance of
the TSC from 0.1 Hz to 250 kHz, as well as the extracted equivalent circuit. The inset
in Fig. 8.11-a shows the close agreement between the extracted circuit model of the T'SC
and the measurement. For DC charging currents between 0.25 and 3 mA /cm?, the TSC
maintains a stable aerial capacitance with less than 5% reduction in the capacitance for
charging currents above 2 mA, which are unlikely to be encountered in RF-charging up

to 15 dBm.

(@) 350 400
—— Experimental
300 - '2300 ----- Fitted /
5,200
250 T F\l ,/
" 100 P
@200 b 0
N 150 -
100 -
50 -
O a T
20 40 60 80 100 120

(b)

FIGURE 8.12: EIS equivalent model of the TSC: (a) measured and fitted real and
imaginary impedance; (b) the equivalent circuit model of the three-cell TSC.

The TSC was subjected to 5 symmetric charging and discharging cycles. Due to the
breakdown voltage of water, a single TSC cell is limited to 1.2 V. Nevertheless, the
TSC needs to withstand the output of the rectifier, and to be able to drive electronic
circuits within the supply range of low-power ICs (3.3 V to 1.2 V). Therefore, three
cells are connected in series. This increases the TSC’s ideal maximum voltage to 3.6
V. However, due to the purposeful simplicity of the power unit no balancing circuits
were utilised, therefore, the TSC is not charged beyond 3.2 V in this work. Fig. 8.13-a
shows the charging and discharging curve of the single-cell and three-cells TSC from a
DC current density of 1 mA/cm?. In Fig. 8.13-b, the charging and discharging voltage

curves are shown for DC currents between 0.20 and 1.6 mA. These values correspond
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FIGURE 8.13: GC measurements of the TSC: (a) the single and three-cells TSC at for
1 mA /cm? charging current; (b) the three-cell TSC under varying current densities.

to the anticipated DC output of the rectenna, for various RF power levels from 15 to 0
dBm.

The measured voltages across the capacitor during GC measurements indicate that
the TSC is well-suited for integration with a rectenna. For instance, the input current of
0.2 mA (0.25 mA /em?) corresponds to the current driven by the proposed rectifier for
Pgrp >2 dBm, for 4.5 kQ load. From the instantaneous voltage drop (during the current
reversal) and the known measurement currents, the equivalent series resistance of the
TSC (ESR) was calculated using ESR = AV/AT as 71.9 Q.

8.4 Integrated Rectifier and Supercapacitor Evaluation

8.4.1 RF Charging and Time-Variant S-Parameters

In Section 8.2, the rectifier was characterized with a resistive load in its steady state.
By using a 50 @ RF power source, it is possible to characterize the performance of
the rectifier while charging the TSC with less than 0.1 dB uncertainty in the RF power
level [11]. In addition, using a VNA, it is possible to measure the single-tone time-variant

s-parameters (S71) of the rectifier while the capacitor is being charged.
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The designed rectifier has been directly connected to the TSC to characterize the
combined rectifier-supercapacitor performance. The TSC was charged for up to 180
seconds, or until the capacitor reaches 2.9 V, below its voltage limit of 3.6 V. The VNA
power output was swept from —4 dBm to 14 dBm, with an intermediate frequency of
10 Hz, i.e. the rectified signal resembles a 10 Hz square wave, to enable simultaneous 511
measurements while charging the TSC. Fig. 8.10 shows the voltage across the capacitor

for varying RF power inputs to the rectifier.
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FIGURE 8.14: Measured voltage across the 7.5 mF textile supercapacitor for varying
RF power levels: (a) >1 mW available power; (b) sub-mW power levels.

From Fig. 8.14-a, it can be seen that for power levels over 0 dBm, the rectifier can
fully-charge the TSC to 31.5 mJ in under 37 seconds. Below 0 dBm (Fig. 8.14-b), while it
takes over a 100 seconds to charge the capacitor to 1 V from —4 dBm, the energy stored
in the capacitor is still in excess of 3 mJ, enabling various low-power intermittent sensing
and computing tasks [342]. After the maximum voltage is reached, in Fig. 8.14-a, the
TSC is allowed to discharge freely across a 1 M2 load. This results in a ~2 uA current
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draw, the equivalent of a low-power micro-controller (e.g. TI CC2640) in sleep mode

with full memory retention.

As the rectifier charges the TSC, the current drawn by the TSC varies depending
on its charge level. The time-variant S1; of the rectifier, measured by the VNA while
providing RF power to the system, enables understanding the impact of the T'SC on the
rectifier’'s impedance matching. Fig. 8.15 shows the measured Sy;1 of the rectifier during
charging, as well as the calculated equivalent DC load impedance based on the TSC
charging current. The charging current was calculated using I = C' x dV/dt, from the
measured voltage in Fig. 8.14-b. In this impedance calculation, it is assumed that the
leakage of the T'SC is negligible and that all the current drawn by the TSC induces a
change in the voltage across the TSC.
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FI1GURE 8.15: Measured S1; of the rectifier while charging the TSC, at 0 dBm, and
the calculated equivalent load Z of the TSC; inset shows Z of the first 3 seconds.

At the start of the charging process, the only limit to the current drawn by the rectifier
is the capacitor’s ESR (71.9 Q from the EIS measurements). In the inset in Fig. 8.15,
it can be seen that the equivalent load Z of the TSC, observed by the rectifier, is 74
at t=0, closely agreeing with the measured FSR. Recalling Fig. 8.9, a resistive load of
100 © corresponded to an S11=—4 dB, where the measured Sy; rectifier when charging
the capacitor starts from around —5 dB. As charge builds on the capacitor, the charging
current reduces and the equivalent Z lies within the optimal load impedance range of the
rectifier, demonstrated by the measured S1; below —10 dB from 5 to 60 seconds in the
charging curve in Fig. 8.15. While a PMIC such as TT’s BQ25504 (used in [14,39,331,332])
would mask the variations in the load current through MPPT| it is demonstrated that
the overall charging efficiency of the proposed system surpasses that of a rectifier with

an MPPT boost converter PMIC, in the next subsection.
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8.4.2 Rectifier-TSC Average Charging PCE Analysis

The average charging power for a fixed time period ¢ is used to evaluate the holistic
PCE of the of the RF rectifier and TSC, based on the DC energy stored in the TSC at
time ¢, instead of the fixed 7 in (4.3). The charging PCE was calculated using (4.3) using
the 7.5 mF capacitance of the three TSC cells. The RF power available Pgrp is the RF
power provided by the VNA. Instead of 7, due to the limited maximum rated voltage of
the TSC, for Prr < —6 dBm, 30 seconds is chosen for the time period ¢, to stay within
the linear charging region of the TSC charging curve, as observed in Fig. 8.14. For 8 dBm
and above, t is the time taken to reach 2.9 V, before the RF generator is stopped.

Fig. 8.16 shows the calculated PCEcparging and capacitor voltage at the end of the time
period t. It can be observed that from —2 to 9 dBm, the PCEcparging is maintained above
20%, limited by the impedance mismatch between the rectifier and the TSC, the leakage
of the TSC, and the rectifier approaching the breakdown voltage of the diodes beyond
8 dBm, as previously shown in Fig. 8.10-b. Furthermore, in 30 seconds of charging, the
TSC can be charged to 1 V (3.75 mJ) from an RF input as low as —2 dBm.
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FIGURE 8.16: Measured voltage and average charging PCE of the capacitor for varying
RF power levels, from an RF signal generator.

The reduction in the PCE of the rectifier compared to Fig. 8.10-a, where an optimum
resistive load was used, was previously observed with electrolytic capacitors in Section
4.4.3, and [338]. In Section 4.4.3, the capacitive-loaded rectifier had an average charging
PCE 62% lower compared to when it was terminated with an optimum resistive load.
At 0 dBm, the proposed rectifier achieves an average charging PCE 60% lower than
the steady-state PCE observed in Fig. 8.10. Despite the different rectifier topologies
and diode models between this CPW voltage doubler rectifier and the microstrip single-
series rectifier in Chapter 4, the consistent loss in the PCE shows that the impedance
mismatch effects between the storage capacitor and the rectifier are mostly consistent

across different rectifiers and energy storage devices.
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FIGURE 8.17: Measured charging PCE (dashed) and voltage across the capacitor (solid)
for 10 s of charging.

The TSC-loaded rectifier is then investigated for an input frequency sweep. Around
1 GHz, several frequency bands such as the 868/915 MHz ISM, 940-960 MHz GSM, and
LTE/4G/5G bands down to 700 MHz are considered potential candidates for RFEH. As
the resistor-loaded rectifier achieves a half-power fractional bandwidth of 57% (Fig. 8.8),
the frequency of the RF source was swept from 700 MHz. Fig. 8.17 shows the capacitor
voltage after 10 seconds of charging from 700 to 1600 MHz, for a 5 and 10 dBm input.

In Fig. 8.17, it can be observed that the TSC-loaded rectifier achieves a half-power
fractional bandwidth of 72.7% from 700 to 1450 MHz, for the rectifier’s center frequency
of 1050 MHz in Fig. 8.8, during the first 10 seconds of charging. This represents a
27.5% half-power bandwidth improvement over the resistive-loaded rectifier. It can also
be seen that the broadband high charging PCE is maintained at both 5 and 10 dBm.
Therefore, the wider bandwidth achieved by the capacitive-loaded rectifier compared to

resistive-loading (in Fig. 8.8) can be identified as a key benefit of directly connecting an

RF rectifier to a supercapacitor.

8.5 Wireless Rectenna Testing

8.5.1 Distance Sweep

In order to demonstrate the integrated rectenna and supercapacitor wireless charging
module in a real-world application, a 915 MHz 3 W (34.77 dBm) EIRP Powercast trans-

mitter is positioned at varying separation from the rectenna. As observed in Fig. 8.17 the
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TSC-loaded rectifier achieves over an octave half-power bandwidth and is therefore ex-
pected to charge efficiently from the 915 MHz source. The rectenna was concealed inside
the bespoke fabric pocket and connected to the supercapacitor cells in their Swagelok

test cases using conductive silk-coated Litz threads. Fig. 8.18 shows a photograph of the
wireless test setup of the rectenna.

Rectenna  DC output
3 TTUR T

1<d<4.2 m

Textile supercapacitor cells

FIGURE 8.18: Wireless test setup of the rectenna using a 34.77 dBm 915 MHz Powercast
transmitter.

Fig. 8.19 shows the measured DC voltage across the capacitors during wireless charging
at varying distances from the Powercast transmitter. From the capacitance of 5.5 mF
of the three cells used in this test, the energy stored in the capacitor is around 28 mJ
in under 3 minutes at 2.2 meters from the source. This corresponds to an incident
plane wave with a power density S of 4.4 uW/cm?. At 4.2 m away from the source
(S=1.2 puW/cm?), the integrated module harvests 6.2 mJ of DC energy in 4 minutes of

charging. For a high S of 19.7 uW /cm? (d=1.1 m), the TSC is fully charged to 3.2 V
(28.2 mJ) in 45 seconds.
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FIGURE 8.19: Measured voltage across the 5.5 mF capacitor during wireless charging
at varying separation from the 915 MHz 34.77 dBm transmitter.
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The RF power available at the rectenna was estimated using the calculated RF power
density S of the plane wave available from the transmitter [39,289]. The power received
by the rectenna is calculated using the antenna’s effective area based on the measured
peak gain of the antenna (Fig. 8.4). The peak gain is chosen to obtain a conservative
estimate of the rectenna’s PCE [341]. The wireless charging efficiency was calculated
using (4.3) based on the available RF power for a charging period ¢ of 30 seconds. Fig. 8.20
shows the calculated end-to-end PCE of the rectenna while charging the TSC. Using
this setup, the wireless charging PCE is inclusive of the mismatch losses between the
antenna and the rectifier, the mismatch between the rectifier and the TSC, as well as the
rectification losses and the self-leakage of the T'SC. The rectenna achieves its maximum
wireless charging PCE of 38% at d=1.8 m from the source. Below 1.8 m, the power
available at the rectenna exceeds 10 dBm and subsequently the rectifier is operating
in its breakdown region and therefore the PCE reduces. At 4.2 m from the source,
the proposed module achieves an end-to-end efficiency of 17% from S—1.35 W /cm?,
showing its suitability of RFEH from low power densities. The energy harvested in 7.1
minutes of charging from S=1.35 uW/cm? (d=4.2 m) is 10.8 mJ.
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FIGURE 8.20: Measured energy stored in the capacitor and average charging PCE for
the first 30 seconds of wireless charging for varying distance from the source.

8.5.2 Wearable Operation

To demonstrate the wearable operation of the integrated e-textile energy harvesting
module, the textile-concealed rectenna was placed on a user’s body and connected to
the TSC. The TSC was encapsulated using a heat-pressed polymer film, shown in Fig.
8.11-c, for bonding the three cells and providing a reliable electrical interconnect to the
rectenna’s output leads. Fig. 8.21 shows the capacitor voltage during wireless charging
on the body along with a photograph of the measurement setup. From Fig. 8.21, it
can be seen that despite the decrease in the received power due to a degradation in the

antenna’s gain, which typically exceeds —4 dB, as shown in Fig. 4.7 for the broadband
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monopole, and can be up to —20 dB as reported in [181] above 2 GHz, the TSC can
still be charged to approximately 1.6 V in 65 seconds. While charging, the effects of
body shadowing were investigated through various body movements which introduce
additional shadowing. The shaded regions in Fig. 8.21 show the time where the rectenna

was covered by hand which significantly reduces the received RF power.
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FI1GURE 8.21: Wireless charging of the body-worn rectenna and TSC at 1.2 m from
the transmitter; inset shows a photograph of the wearable test setup.

Despite the introduced body shadowing for about 8 seconds, from t=22 to t=30 s,
and the lack of shielding of the proposed rectenna, the rectenna charges the TSC to
1.2 V in the first 32 seconds. This demonstrates a wearable charging efficiency of 4.8%,
inclusive of the antenna losses due to human proximity, from an incident power density
of ~16.6 uW/cm?. Therefore, the proposed rectenna and TSC integrated module can
be used both in presence and absence of the human body. While a power density of
16.6 uW /cm? is relatively high and may not be available from ambient sources, recent
low-profile (sub-1 mm-thick) unshielded textile rectenna implementations were only able
to yield over 1 V DC (across a resistor in steady-state operation), from S >40 W /cm?

at 2.9 GHz, and using as many as 81 individual rectenna cells [181].

8.5.3 Comparison with Previous Work

The proposed energy harvesting and storage unit is compared to related work in Table
8.2. The charging efficiency is calculated using (4.3) for the linear region of the charging

curve, yielding the highest efficiency of the harvester in comparison.

Previously, PCB rectennas were used to charge a supercapacitor and a battery in
[331] and [337], respectively. Nevertheless, in both cases, the rectifier was not designed

specifically for directly charging the storage device. Therefore, their average charging
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efficiency is lower than the proposed rectenna-supercapacitor module. In addition, the
power consumption of the power management stage contributes to reducing the end-to-

end efficiency with the harvested DC power being under 5 mW.

The rectenna in [14] achieves a high sensitivity enabling the BQ25504 PMIC to operate
from —12.6 dBm (0.8 W /cm?) in cold-start mode. Nevertheless, due to optimizing the
system for low RF input, the end-to-end charging efficiency is very low and the complexity
of the implementation makes it unsuitable for e-textiles. Where a boost converter was
not needed due to a sufficient RF input, a charging efficiency up to 25% was achieved
in [338] while charging a 15 uF capacitor with a maximum range of 2.3 m. The proposed
rectenna achieves around 50% higher end-to-end PCE compared to [338| in addition to
occupying significantly smaller area and to being implemented using all textile-based
components for the antenna and the mF-range textile supercapacitors. Therefore, it can
be seen compared to other high power rectennas: [338] and [337], the proposed textile

module achieves the highest end-to-end efficiency.
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Compared to other textile-based energy harvesters such as mechanical ferroelectret
insoles and triboelectric yarns 329, 330], the efficiency of the capacitor charging was
calculated relative to the optimum DC output, due to the difficulty in estimating the
mechanical power density available at the harvesters. However, it can still be seen that
RFEH provides at least an order of magnitude efficiency improvement due to rectennas’
low impedance. To explain, a rectenna enables charging currents in the order of 100 pA to
few mA, from a power density as low as 1.2 uW /cm?, translating to a significantly shorter
charging time and a higher end-to-end efficiency. Therefore, the proposed rectenna and
TSC is the only e-textile solution capable of harvesting millijoules of energy in less than
4 minutes of charging from power densities down to 1 W /cm?, while maintaining an

overall compact and low-complexity structure.

8.6 Summary and Conclusions

In this chapter, an RF-powered e-textile energy harvesting and storage module was
presented based on a flexible antenna filament and a textile supercapacitor. By designing
a high-voltage RF rectifier with a high PCE in the 100 pW-10 mW RF power range, the
proposed energy harvesting and storage module achieves the highest reported end-to-end
efficiency exceeding 30%, at over 2 m from a license-free power transmitter, and over 4%
wearable PCE inclusive of body absorption and shadowing effects. The key findings in

this chapter can be summarized as:

A flexible CPW rectenna filament is well-suited to e-textile applications, owing to
its high miniaturization, a very low-profile (<50 pm), and maintaining its antenna

and rectifier performance inside a textile substrate/superstrate and near the body.

e For rectennas targeting S >1 pW /cm?, directly connecting the rectifier to an en-
ergy storage device achieves a higher average charging PCE compared to rectennas
utilizing a DC-DC converter PMIC.

e An improvement of over 27% in the half-power bandwidth of a rectifier can be
achieved by directly connecting the rectifier to a supercapacitor, compared to its

bandwidth with a fixed resistive load.

e The proposed rectenna, having a relatively low equivalent impedance, is capable of
charging e-textile energy storage devices with over an order of magnitude efficiency
improvement compared to other mechanical wearable energy harvesters integrated
with TSCs.



Chapter 9

Antenna-Rectifier Co-Design for
Additively-Manufactured Rectennas

While a few rectenna implementations have been reported based on screen print-
ing [343] and inkjet printing [42,340], antenna-rectifier co-design has not been widely
demonstrated using additively-manufactured rectennas. This can be explained by ob-
serving the recent reported implementations of electrically-small rectennas, such as [344]
and [345], containing critical features under 0.5 mm which cannot be resolved using
direct-write or screen printing. Furthermore, the dipole design proposed in Chapter
5, while maintaining compactness and conformability, still contains fine features which

cannot be implemented using a low-resolution commercial dispenser or screen printer.

In this chapter, a high-impedance dipole antenna design is proposed for low-resolution
additive manufacturing, enabling the realization of high-efficiency rectennas utilizing
antenna-rectifier co-design without the need for fine features. In addition, meshed con-
ductors are investigated, reducing the conductive ink used in the rectenna by 70% and
enabling the realization of co-designed optically-transparent rectennas while maintaining
high-PCE, in this context, optical transparency refers to the theoretical transparency of
the mesh, calculated using (9.1). First of all, antenna fabrication by direct-write dis-
penser printing is presented in Section 9.1. The dipole antenna design and tuning are
then discussed in Section 9.2, and measured experimentally in Section 9.3. Rectennas
of varying mesh fill-factors are then evaluated experimentally in Section 9.4, achieving
SoA PCE compared to reported printed rectennas, and finally demonstrated for ambient
RFEH in Section 9.5. The contributions in this chapter have been published in [341].

191
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9.1 Antenna Fabrication by Direct Writing

Direct-write dispenser printing represents a hybrid material printing technique that
combines the benefits of screen and inkjet printing [346]. Conductive ink, commonly a
silver paste, is deposited directly on the substrate to form the conductive traces. Unlike
screen printing and subtractive photolithography of copper sheets, dispenser printing
is a zero-waste process. Only the required ink is deposited on the substrate and no

conductive material is wasted.

With direct-write dispenser printing, it is possible to fabricate thicker conductive lay-
ers than with inkjet printing [347]. This reduces the surface resistivity, without printing
additional layers or using a more expensive ink such as silver nano-wires. Furthermore,
dispenser printing is more suitable for prototyping and low-volume manufacturing com-
pared to photolithography and screen printing. Since no dark Ultra-Violet (UV) mask or

printing screen are required, the up-front cost and the lead time can be minimized [348].

On the other hand, dispenser printing can have a lower throughput than screen print-
ing and is less-suited to mass production. Nevertheless, being a thick-film technique,
dispener-printed antennas can be realized with screen printing. Compared to conven-
tional PCBs, printing eliminates the need for photolithography equipment and photore-
sistive inks, and is compatible with a wider range of organic substrates. It was previously
shown that by fabricating large-area systems on glass and other low-cost substrates, the
material cost can reduce by up to 88%, compared to commercial RF laminates such as

Rogers “low-cost” antenna-grade laminate [270].

The printer utilized in this work is a low-cost commercial Voltera V-One desktop
printer, specified for prototyping circuit boards with minimal calibration of parameters
such as the droplet size or the height of the dispensing nozzle. A silver ink of bulk
resistivity 9.5x1077 Qm is used. This translates to about 0.012 Q/square. However,
at UHF bands, given the varying surface roughness of the ink, this can increase to
0.5 /square due to skin depth effects. The fabrication steps shown in Fig. 9.1 are

straightforward and can be summarized as:
a) Planarizing the flexible substrate by adhering (using a spray or tape adhesive) it
to a rigid surface.
b) Dispensing the antenna’s traces based on the CAD design.
¢) Thermal curing on a hot plate at 170°C for 40 minutes.
d) Mounting the components using solder paste or low-temperature solder.

To evaluate the accuracy of dispenser printing and identify the minimum reproduca-

ble feature size, multiple conductive traces have been printed and examined. Fig. 9.2
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FIGURE 9.1: Flexible circuit fabrication steps using dispenser printing: (a) flexible

substrate adhesion to a planar surface, (b) dispensing the conductive silver ink layer,

(¢) thermal curing of the ink, (d) mounting components and connectors using solder
paste or low-temperature solder.

shows micrographs of a dispenser-printed trace on the flexible Kapton substrate (€,=3.2,
tand=0.02) of 75 pm thickness. It is observed that around 15 pm non-uniformity can
be observed on the edges of the printed line in Fig. 9.2-a. This represents an acceptable
tolerance and will not affect the antenna’s response. However, an open-ended trace (Fig.
9.2-b) may have variations in the width of up to 100 pm. Thus, critical features of less
than 0.5 mm need be avoided when designing the antenna, which reduces the fabrication

tolerance to less than 5% and minimizes any impact on the antennas’ impedance.

(@) )

FIGURE 9.2: Micrograph of a 500 pm-wide trace printed using dispenser printed: (a)
trace edge, (b) continuous section of the trace.
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9.2 Antenna Design and Simulation

9.2.1 High Impedance Antenna Design and Tuning

The antenna needs to be based on a predominantly-inductive FDA or a compact loop
to achieve the desired highly-inductive input impedance. The FDA proposed in Chapter
5, despite being parametrically-tunable, requires a fabrication process which can resolve
features smaller than 200 pym. For a tunable high-impedance FDA to be realized using
commercial dispenser or screen printing, a novel design with a minimum feature size of at
least 0.5 mm is needed. While the proposed antenna is realized using dispenser printing
for rapid prototyping, the design is compatible with screen printing, which is more suited

to mass production [309].

The proposed FDA geometry shown in Fig. 9.3 maintains a minimum feature size of
1 mm. Therefore, the antenna will be more resilient to fabrication imperfections such
as non-uniform edges. The large dipole folds, W7 and Wy, along with the thick shorting
terminals B are parametrically-tunable to achieve an input impedance matching that of
a capacitive discrete rectifier or an RFID IC (i.e. a CMOS rectifier). Additionally the
ratio of Ly to Ls, controlled using X is used to control the resonant of the antenna and
will therefore have the biggest influence on the real antenna impedance. Compared to a
conventional dipole antenna, the proposed antenna contains a closed current return loop
between the rectifier’s terminals, eliminating the need for an additional shunt inductor
[296]. The inductive slot enables simpler input impedance tuning to match rectifiers

based on different diodes and for varying power levels.

B LT L, =L, X,

FIGURE 9.3: Layout and dimensions of the proposed high-impedance dispenser printed
FDA.

The antenna has been simulated in CST Microwave Studio using a balanced feed to
extract its impedance. The conductivity of the model has been adjusted based on the
measurements reported in the next section to improve the simulation accuracy. As the
antenna is designed for sub-1 GHz RFEH and WPT, the antenna needs to match the
rectifier around 915 to 940 MHz, for it to be used for ISM-band WPT as well as GSM
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900 ambient RFEH. Parametric studies of the antenna’s impedance at 915 MHz have
been performed to observe the variation based on scaling different antenna parameters.
As explained in [300], increasing the width of the antenna’s folds W or the shorting strip
Wy would result in reducing the impedance of the antenna due to the increased fringing
capacitance. Moreover the overall length of the antenna L;, the length of the fold Lo
and the shorting folds width B can be adjusted to control the resonance frequency of the
antenna, which would in turn have the maximum impact on the impedance at any given
frequency. Fig. 9.4 shows the antenna’s input impedance at 915 MHz for variable Ly, X,
B, Wy, and W5. The starting parameters, in mm, for each sweep are L1 = 70, X = 10,
B =10, W7 = 15, and Wy = 5. For the desired input impedance of Zantenna=20+j280¢2
at 930 MHz, the chosen parameter values (in mm) are L; = 58, X = 2.5, B = 10,
Wi =15, and Wy = 5. Meshing of the proposed antenna is investigated in the next sub-
section. Zantenna Was selected based on the harmonic balance simulation of the rectifier,
to maximize the PCE under —10 dBm.

9.2.2 Meshed Antenna Design

As the antenna incorporates a large metal plane, this will increase the printing time and
consume more ink, increasing the cost of the antenna. Furthermore, the antenna cannot
be integrated in a transparent system such as solar cell-integrated antennas or display
antennas [349]. Meshing the conductor, by perforating the antenna using variable fill-
factors, can be introduced without significantly altering the antenna’s performance [350].
The mesh density or fill factor represents the ratio of the mesh lines to the grid-spacing.
Fig. 9.5 shows the layout of the proposed solid antenna and for different mesh densities.
The layout also shows the traces for a voltage doubler based on the SMS7630-079LF
Schottky diode. The line width has been set to 0.3 mm, the smallest reproducible line
using the Voltera V-One printer.

By reducing the mesh fill-factor, antennas of varying optical transparency can be

realized. The theoretical optical transparency Tyesn of & meshed antenna is defined

Wt 2

Totesh = (1 — ———L )2

(9.1)
where W is the trace width and W is the size (length and width) of the gaps. This
definition of an antenna’s transparency is widely used and represents the ratio of metal-
to-gaps [229,349-353|. Therefore, the transparency of the antenna (mesh density) can
also be regarded as the percentage of material reduction compared to a solid antenna.
This is highly desirable for additive manufacturing to reduce the printing costs. After
meshing, the printing time of the rectenna was reduced by over 80% to under 10 minutes

for Tyesh—70%, down from 55 minutes for the non-transparent antenna.
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FIGURE 9.4: Real (dashed) and imaginary (solid) input impedance of the FDA as a
function of the tuning parameters at 915 MHz; baseline parameters are L = 70, X = 10,
B = 10, W1 = 15, and W2 = 5.

While the substrate used is Kapton, which is only optically-translucent rather than
transparent, transparent variants of polyimide have been presented with similar dielec-
tric properties to Kapton [354]. Kapton polyimide was used due to being commer-
cially available widely from various vendors. In addition to transparent polyimide [354],
optically-transparent flexible substrates can be used without altering the antenna’s re-
sponse. For example, the PET substrate used for a microstrip antenna array in [355] has
similar dielectric properties (e,=3.25, tand=0.02 [355]) to the Kapton film used in this
work. Thus, the proposed antenna’s impedance and efficiency would not change if it was
printed on PET. PDMS, a flexible but usually mm-thick substrate, has a tand=0.021
at 2.5 GHz [356]. Therefore, printing this antenna on PDMS will also not result in

performance degradation.
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FIGURE 9.5: Layout of the FDA with different mesh spacing.

The antenna prototypes are shown in Fig. 9.6 during (a) and after (b) printing, and
after curing (c). In Fig. 9.6-d and e, the rectenna/antenna are shown with highly-
translucent traces. In Fig. 9.6-f, the antenna is shown while producing over 1.7 V DC
output required to light the LED at varying distances, 0.1<d<1 m, from a Powercast
transmitter (3 W, 915 MHz) with various bending and crumpling radii, a video demon-

stration is included in the supplementary material of [341].

9.2.3 Antenna Radiation Properties

The proposed antenna, being a small dipole, is expected to have omnidirectional radia-
tion properties. The radiation patterns of the antenna were simulated in CST Microwave
Studio. Fig. 9.7 shows the normalized simulated patterns over the azimuth and elevation
planes, where peak directivity of the antenna is 1.85 dBi. The radiation patterns were
only analyzed numerically in CST due to the unavailability of an antenna measurement
setup with three ports (i.e. a four-port VNA), to differentially excite the antenna under
test in a balanced way. This is in line with recent implementations of complex-conjugate

antennas for RFEH where the radiation patterns were presented based on numerical
(CST) simulation [34,83].

To investigate the impact of meshing on the antenna’s performance, the gap width
We was swept from 1 to 10 mm. It is expected that with a lower fill factor the antenna’s
(Ohmic) loss resistance will increase, which can reduce the radiation efficiency and gain.
Fig. 9.8 shows the simulated radiation efficiency and gain as a function of W. Therefore,

it is expected that antennas with a higher theoretical transparency will have a lower PCE.
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FIGURE 9.6: Dispenser-printed FDA prototypes photographs: (b) printed uncured ink

on the polyimide substrate; (c) the cured solid and meshed FDAs; (d) demonstration of

the assembled meshed rectenna’s translucency; (e) differential impedance measurement

with a coaxial jig and two-port VNA; (f) the assembled rectenna showing a >1.7 V DC
output lighting an LED.

9.3 Antenna Measurements

9.3.1 Solid Antenna Measurements

A meshed FDA prototype, with 1 mm mesh spacing and 0.3 mm trace width has
been fabricated to experimentally characterize its input impedance. The balanced Zj,
of the FDA has been measured using a two-port VNA and a common-ground co-axial

jig [307]. Fig. 9.6-e shows the balanced impedance measurement setup of the antenna.
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FIGURE 9.7: Simulated normalized radiation patterns of the proposed antenna: co-
polarized (solid) and cross-polarized (dashed).
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FIGURE 9.8: Simulated gain (solid) and radiation efficiency (dashed) of the antenna
for varying We.

The feed point of the antenna resembles the position of the connection to the rectifier.
Fig. 9.9 shows the simulated and measured Zij, up to 3 GHz. The frequency response
of the fabricated antenna is observed to closely match the simulation model. However,
around resonance, the fabricated antenna demonstrates lower imaginary and higher real
impedance components compared to the simulation model. This indicates that the fab-
ricated antenna has a lower quality factor compared to the model due to additional
resistive losses. The loss-discrepancy can be attributed to the conductivity of the simu-
lation model, and the surface roughness of the conductive ink, as the polyimide model
utilized is material-accurate at the simulation frequency. Nevertheless, at the frequen-
cies of interest, around 900 MHz, it is observed that the discrepancy in the imaginary

impedance is less significant.

To achieve higher accuracy in the simulation model for optimizing the antenna, the

surface resistance of the conductors in simulation has been varied to match the measured
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antenna impedance. The closest match between the simulation and measurements was
obtained using a conductivity of 2x10%0/m and a surface roughness of 10 um, this

translates to about 0.1 Q/square sheet resistance at 900 MHz.
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FIGURE 9.9: Simulated (dashed) and measured (solid) input impedance of the FDA
with a 1 mm mesh spacing from 0.5 to 3 GHz (a) and around the 868/915 MHz ISM-
bands (b).

9.3.2 Varying Transparency Input Impedance Measurements

The three meshed and the solid FDAs have been fabricated to experimentally quantify
the impact of the mesh density on the antenna’s Z;,. Through this process, the mesh
density could be utilized as an additional tuning parameter of the FDA’s impedance. The
input impedance of the FDAs has been measured using the same balanced-feed coaxial
jig. Fig. 9.10 shows the measured input impedance of the FDAs shown in Fig. 9.5. It

is evident that the antenna’s impedance is directly linked to the mesh density, where a
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lower mesh density results in higher input impedance. However, for up to 2.5 mm mesh-
spacing, the variation in the reactance is less than 10% compared to the solid antenna.
Therefore, the antennas with a mesh gap equal to or smaller than 2.5 mm are used in the
rectenna evaluation without further tuning. The effect of a higher real input impedance

on the rectifier’s PCE is minimal, as discussed in the next section.
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FIGURE 9.10: Measured real and imaginary input impedance of the proposed antenna
based on varying mesh spacing (i.e. theoretical transparency) for the same dimensions.

9.4 Rectenna Measurements

9.4.1 Rectifier Design and Simulations

The rectifier is based on the voltage doubler designed in Chapter 5. The rectifier
has been simulated using HB and An optimum input impedance of Ziect.=20+j280 2
has been extracted from harmonic balance simulation to achieve maximum PCE below
—10 dBm. While the rectifier’s input impedance is expected to vary with frequency,

optimizing the impedance at power levels below —15 dBm results in maximizing the
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PCE for sub-uW /cm? power densities. The rectifier is tuned for 930 MHz to be able to
harvest ambient RF power from GSM signals as well as CW power at 915 MHz from a

dedicated transmitter (e.g. Powercast/RFID reader).

Fig. 9.11 shows the rectifier’s simulated PCE at 930 MHz for varying real antenna

impedances, at different RF power levels. The solid lines represent the PCE calcu-

lated as Ppc/Prr, inclusive of impedance mismatch losses. On the other hand, the
dashed lines represent the maximum achievable PCE exclusive of mismatch, calculated
as Ppc/Paccpeted- As observed in Fig.9.10, the real impedance of the antenna can vary
significantly based on the mesh fill-factor (i.e. the transparency). Therefore, the recti-
fier’s PCE has been simulated as a function of R{Z4,:}. In Fig. 9.11, it can be seen
that for up to 5 mm W¢, the PCE, inclusive of impedance mismatch, stays within 10%
of the peak PCE of the rectifier.
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FIGURE 9.11: Simulated PCE of the rectifier including (solid) and excluding (dashed)
mismatch, at 930 MHz with a 20 k) load, for varying R{Z A, }

9.4.2 Rectenna DC Measurements

To characterize the rectennas’ DC output and PCE, a 10 dBi directional antenna with
a CW input are used to wirelessly-power the rectenna with varying power densities S.
The rectenna is placed at 1.1 m from the source, which satisfies the minimum Fraunhofer
far-field distance of 0.88 m based on the transmitting antenna’s length of 40 cm. Fig.

9.12 shows the schematic and photograph of the rectennas’ test setup.

The PCE has been calculated using the available power density .S and the power across
the load Z7, using (3.9). As discussed in Section 3.1.1, (3.9) includes the rectification
as well as impedance mismatch losses, between the antenna and the rectifier. By using

the antenna’s lossless directivity as G, in the effective area calculation (3.6), the antenna
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FIGURE 9.12: Wireless measurement setup of the meshed high-impedance rectenna
using a directional transmitter.

losses are factored in the PCE which enables holistic evaluation of the rectenna. This
prevents overestimation of the PCE due to any inaccuracies in the gain or radiation
efficiency figures obtained from the CST antenna simulations, due to variations in the

material properties.
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FIGURE 9.13: Measured PCE of the proposed non transparent, 50% and 77% trans-
parent rectennas from S=0.88 W /cm? for a 7 kQ load at variable frequencies.

A frequency sweep was carried out for a fixed transmitted power (12 dBm—0.5 dB
cable loss) corresponding to 0.88 W /cm?. Fig. 9.13 shows the rectennas’ PCE across
the sub-1 GHz license free 868/915 MHz and GSM900 bands. It can be seen that with
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increasing transparency the rectennas’ resonance shifts to a lower frequency. This is
attributed to the increasing R{Zan;} and I{Zan:} with reducing fill-factor previously

measured in Fig. 9.10. The results in Fig. 9.13 were measured across a 7 k() load.

A resistive load sweep was carried out to identify the maximum power transfer point
of the rectennas. Fig. 9.14 shows the simulated and measured PCE as a function of the
load impedance. It is observed that the antennas’ varying transparency does not affect
the optimal load despite having different R{Z4,;.}. The rectennas’ optimal measured
load of 7 k{2 is suitable for integration with commercial and custom boost converters

such as [39] and [11], respectively.

70

— —Meas. 70% Transparency
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—=—Simulated

20 T T T T
0 10 20 30 40 50

Load Impedance (kQ)

FI1GURE 9.14: Simulated rectifier PCE for a varying load and rectenna measurements
for 77% and 50%-transparency from S=1 W /cm?.

Three rectennas were characterized under varying S: a non-transparent solid rectenna,
a 70%-transparent (2.5 mm mesh-spacing) rectenna, and a 50%-transparent (1 mm
mesh-spacing) rectenna. To demonstrate the rectenna’s high PCE at low power lev-
els, the CW input was varied from —11 to 15.5 dBm, to present the rectenna with
0.005<S5<2 uW/cm?. Fig. 9.15 and 9.16 show the PCE and the DC voltage output of

the rectennas.

As observed in Fig. 9.15, the solid rectenna has an improved PCE and sensitivity,
achieving PCE=50% at approximately 50% lower power than its transparent counter-
part. The PCE of the 70%-transparent rectenna reaches 60% for S=0.66 uW /cm?.
Additionally, the DC voltage output of all three prototypes of varying transparency ex-
ceeds 325 mV from S=0.25 uW /cm?. This represents over 2x sensitivity improvement
over SoA compact rectennas designed for ultra-low power transmission [39], where a min-
imum of $=0.62 ©W /cm? was required to achieve the 330 mV required for starting-up a

commercial DC-DC boost converter.
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FIGURE 9.15: Measured PCE of the proposed non transparent, 50% and 70% trans-
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9.4.3 Rectenna Radiation Efficiency Calculation

From the calculated PCE in Fig. 9.15, it is possible to estimate the antennas’ radia-
tion efficiency. At —15 dBm, the rectifier has a simulated PCE of 57% with the optimum
source impedance of 20+j280 2. Using the non-transparent antenna’s simulated di-
rectivity of 1.6, —15 dBm can be received from a power density S=0.18 yW/cm?. At
5=0.18 uW /cm?, the proposed rectennas achieve 50%, 42%, and 43%, PCE, for 0%, 50%
and 70% transparency, respectively. Therefore, the radiation efficiency of the antennas

can be estimated, relative to the PCE achievable by a loss-less source. The calculated
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radiation efficiency is 88%, 74%, 75% for the non-transparent, 50%-transparent and 70%-

transparent antennas.

The drop in the radiation efficiency between the non-transparent and transparent
rectennas correlates with the simulated results in Fig. 9.8, and with the previously
reported observations in [229]. Between the 50%- and 70%-transparent rectennas, the
variation in the calculated radiation efficiency could be attributed to fabrication toler-
ances and uncertainties in the test setup, resulting in minimal impact of the antenna’s
transparency on its effective PCE. It was previously noted that wireless testing of recten-

nas can incur =1 dB error in the incident power [11].

9.4.4 Evaluation and comparison with Previous Work

The proposed rectenna is compared, in Table 9.1, to SoA printed, flexible, or textile-
based RF energy harvesters, as well as a complex 3D transparent rectenna. It can be
observed that despite the overall low complexity of the design, and its implementation
using silver inks with relatively low conductivity on lossy (tand=0.02) substrate, the
proposed rectenna achieves the highest PCE for S<1 uW /cm?, compared to rectennas
operating at similar frequencies such as [43,178] and the rectenna proposed in Chapter
4, owing to the precise antenna co-design with the rectifier achieving minimal reflection
and a high voltage input at the rectifier’s terminal. It can also be seen that despite
being electrically smaller than other implementations (at similar and higher frequen-
cies), the proposed rectenna achieves a surpassing DC voltage showing improved RFEH
performance. Finally, the proposed rectenna is the only transparent 2D rectenna built
entirely using low-cost materials on a flexible substrate while maintaining a high PCE

from sub-uW /cm? power densities.

Compared to the high-efficiency and sensitivity textile rectenna in Chapter 4, the
miniaturized CPW rectenna proposed in this chapter achieves over 20% higher peak
PCE, at the same S, due to the improved impedance matching and due to avoiding
lumped components. While [229] achieves a very high DC voltage from ultra-low power
densities, this is only achieved when the output of eight antenna elements, each having an
individual rectifier, is combined; the output from a single port does not exceed 0.5V for S
as high as 5.5 W /cm?. In addition, the size of the proposed rectenna is more compact,
when compared to the wavelength, than the individual patch elements in [229]. This
would results in a higher DC output from a large-area rectenna array implementation
based on the proposed antenna. The complexity of the proposed rectenna is the lowest

compared to other rectennas in Table 9.1 due to:

1. the ability to be directly printed on any conformable thin and light substrate;

2. not utilizing a standalone matching network;
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3. having the smallest electrical size (area and volume) with the ability to be meshed

for optical transparency and material-reduction.

Other conformable rectennas on low-cost substrates (textiles and paper) such as [43,178|
utilize lumped components, namely inductors, for impedance matching. Such induc-
tors not only occupy additional space but also significantly increase the cost of the
rectenna in mass production, compared to passive low-cost printed antenna traces. Fi-
nally, the proposed rectenna (70%-transparent and non-transparent) achieves the highest
PCE compared to the rectennas in Table 9.1, showing its suitability for low power RFEH

applications.

In the context of flexible, wearable, and printed rectennas, future implementations can
be realized using stretchable conductors [357]. In a recent implementation, dipole anten-
nas were found to maintain their bandwidth for up to 15% strain. While the radiation
patterns of the antenna may be distorted, with a higher cross-polarized component in
the same frequency band due to the size increase. However, changes in the polarization
are less significant, as discussed in Chapter 4.1.2. Nevertheless, the flexible conductive
ink and the polymer substrate utilized in this work are not stretchable and will undergo
irreversible damage should the rectenna be stretched beyond the printed conductor’s

tensile strength.
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9.5 Indoor Up-Link Ambient Energy Harvesting

As reviewed in Chapter 2.3, the GSM 900 band typically has the highest ambient PSD.
RFEH from the up-link (i.e. from a phone) has previously been investigated showing up
to 17x higher mean RF PSD in busy indoor environments, such as a train, compared to
down-link [44]. By observing the transient DC output of the rectenna in time-domain,
for a variety of real cellular emissions, it is possible to assess the validity of RFEH from
the up-link. In addition, by calculating the transient harvested DC power, it is possible
to predict and model the behavior of low-power intermittent systems such as [342], when

powered using rectennas.

The proposed rectenna, with a 70% transparency, was used to harvest the ambient
radiation from a smartphone in an office environment. The down-link PSD was measured,
using a spectrum analyzer and a simple dipole, to be under —40 dBm in the room where
the test was carried. Hence, in this environment, the down-link RF power level is too
low to be harvested using any of the rectifiers reported in literature [17]. The phone was
placed at 7 cm from the rectenna adhered to a wooden desk demonstrating a potential
use-case in an office. The DC output of the rectenna was measured using an oscilloscope
(x10 probe) across a 20 k2 load. The inset in Fig. 9.17-a shows the indoor ambient
RFEH test setup.

The measured DC output of the rectenna was recorded for various phone activities.
First of all, the DC output was measured when the phone was idle, before and after
receiving a text message (SMS), shown in Fig. 9.17-a. The peak DC power generated
from the idle phone is 1.2 W with 155 mV. While such output can supply a commercial
power management circuit such as the Analog ADP5090 (minimum operational volt-
age=80 mV) with sufficient DC voltage and current, the output is highly varying and
comes in <50 ms bursts. However, when the idle phone is receiving an SMS, the DC
power harvested peaks at 3.8 uW with >250 mV over a longer stable 4 s period. This
represents a 15 puJ DC energy yield which can enable intermittent computation on a

commercial low-power micro-controller, while the power is being generated [342].

The second case considered is voice-calls. Before the phone rings, the “idle” DC power
harvested increases to 4.5 W (300 mV), in 30 ms periods. While ringing, the DC
output stabilizes at 12.5 W (500 mV) for the entire duration, as shown in Fig. 9.17-b.
To demonstrate the variations that could arise from movements of the phone, the phone
was moved in the 20x20x15 cm space surrounding the rectenna. The phone was also
rotated by 90° while moving to demonstrate potential polarization misalignment between
the phone and the rectenna. Fig. 9.17-b, from 16 s, shows the effects of moving the phone
on the DC output. The sharp drop observed around 17 s is caused by the phone’s linear
polarization being cross-polarized with respect to the rectenna, resulting in a very low
polarized gain. When aligned, it is shown that the variations in distance can reduce the

DC voltage by around 50%. The incoming call is declined at 49 s showing a drop in
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FIGURE 9.17: The rectenna’s DC output when harvesting ambient RF power from

a GSM-connected phone: (a) idle phone emissions and short message reception, in-

set shows the measurement setup; (b) voice call while moving the phone around the
rectenna; (c¢) end of a voice call.

the DC output to <20 mV. Video 2 in the supplementary multi-media file shows the
movement of the phone while measuring the output in Fig. 9.17-b. The same process is

repeated for a voice-call which is accepted. It can be seen in Fig. 9.17-c that as soon as
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the call is accepted, at 4.5 s, the stable RF transmission is interrupted and the harvested

voltage shows up in 30 ms bursts instead.

A previous demonstration of a flexible rectenna harvesting from a ringing phone at
GSM frequency was reported in [43]. The output of the paper rectenna in [43] (previously
compared in Table 9.1), when put in contact (<1 cm clearance) with the phone, was
360 mV. The proposed rectenna on the other hand has a 500 mV output at over 7 cm
from the phone, and 300-500 mV DC output with the phone moving up to 20 cm away
from the rectenna. This is due to the improved voltage sensitivity at lower power levels,
as well as improved PCE, as characterized with a power-calibrated CW source in the

previous section.

9.6 Summary and Conclusions

In this chapter, a direct-write high impedance printed antenna is proposed for
RFEH. The antenna’s geometry, designed with >1 mm features to accommodate all
low-cost printing processes, can be tuned to match rectifiers’ Z;,. The proposed antenna
has been meshed using various fill factors to demonstrate the feasibility of optically-
transparent RFEH. The rectenna achieves a state-of-art PCE of 70% and 60%, for the
non-transparent and 70%-transparent rectennas, respectively, for power densities below

1 uW /cm?. The key findings can be summarized as:

e Despite its miniaturization, a printed antenna can be designed with a scalable Z;,

using only low-resolution (>1 mm) features, for matching network-free rectennas.

e Meshed antennas, enabling optical transparency and reducing the time and cost of
additive manufacturing, can be utilized in rectennas surpassing SoA PCEs, while

using up to 70% less conductors.

e Owing to the sub-uW /cm? sensitivity, the proposed 70%-transparent rectenna can
harvest over 330 mV across an optimal load, from a mobile phone with various
positions and alignments, which can power various low-power sensor nodes reported

in literature.
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Conclusion

RFEH and WPT are of increasing relevance to the exponentially growing IoT and
IoE markets. Rectennas, scalable to different RF power levels and frequency bands,
are the key component in an RFEH or WPT system that determines the system’s per-
formance and can significantly affect its end-to-end efficiency. The ability to realize
rectennas using low-cost, flexible and printed materials has been demonstrated showing
that material-induced losses can be overcome through antenna design and impedance
matching techniques. This has been demonstrated using different architectures and for
multiple fabrication methods up to mmWave bands. The key findings and contribu-
tions in this thesis, along with a critical reflection on the work carried, are summarized,

suggested future work based on the findings is also discussed.

10.1 Key Findings

Rectennas have been demonstrated with SoA performance using lossy materials based
on both novel and conventional antenna designs. When implementing the rectifier, and
subsequently other microwave circuits on textiles or lossy materials, lumped components
can enable SoA efficiencies and optimal matching, when combined with careful layout
design, taking parasitics into account. The wire-type antenna, despite being prone to
detuning in proximity with human tissue, was found to be a suitable topology for wearable
RFEH, enabling more compact harvesters than aperture antennas and a high PCE for
sub-W /cm? RFEH. Furthermore, scalable impedance matching can be integrated within
the antenna overcoming the transmission lines lumped component losses. Finally, despite
their omnipresence in EH systems, DC power management circuits can be omitted in
S>1 pW/cm? UHF RFEH, improving the system’s end-to-end efficiency and reducing

its complexity.

The challenge of efficient SWIPT can be tackled with an antenna-based solution, en-

abled by antenna-rectifier co-design. While complex transceiver topologies with switching
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mechanisms are typically studied for SWIPT, a textile antenna with a high port isolation
and small form-factor demonstrated SoA RFEH performance with uncompromised off-
body communications performance, bringing antenna-based solutions closer to SWIPT.
Antenna-rectifier co-design is not limited to fine-featured antennas with high fabrication
accuracy, and can be implemented using additive manufacturing, it can also leverage
emerging antenna design techniques such as meshed antennas with a minimal impact on

the PCE.

Despite the consensus that mmWave bands equal higher losses, compact systems as
well as large-area rectennas can benefit from mmWave EH. Designing antennas specifi-
cally to overcome the dielectric losses at mmWave bands enables high radiation efficiency
and a wide bandwidth, enabling a mmWave-powered IoT. Nevertheless, the practical
limitations of GaAs diodes, the packaging parasitics, and the challenges associated with
designing and testing a mmWave rectenna still hinder progress in mmWave EH research
and development, requiring both circuit and system-level optimizations to make mmWave

rectennas more pervasive.

10.2 Summary of Contributions

Several component and system-level contributions to antenna and rectenna design for
RFEH and WPT were presented in this thesis. The key contributions of this work are

as follows:

e The highest reported PCE of sub-1 GHz rectennas - By identifying the loss sources

in lumped and distributed matching elements, two rectennas achieving over 40%
PCE at —20 dBm were proposed with and without a matching network. Demon-
strated in a low-profile omnidirectional and dual-polarized rectenna, the all-textile
rectenna achieves over 45% PCE from S$<0.5 pW /cm?, in presence and absence of

the human body, showing the suitability of wire-type antennas for wearable RFEH.

e SWIPT enabled by antenna-rectifier co-design - Achieving over 25 dB port isola-

tion, a two-port dual-band dual-mode textile antenna/rectenna was proposed for
SWIPT. Despite occupying an area under 0.05)\(2), the rectenna achieves a 62% peak
PCE at S=0.8 uW/cm?. The off-body communications antenna achieves 66% and
63% radiation efficiency with and without the rectifier, respectively, showing min-

imal influence of the rectifier on communications.

e E-textile rectenna and energy storage integration - a CPW e-textile rectenna was

proposed for integration with a TSC, and studied in time-domain using RF and
DC measurements. The end-to-end charging efficiency of the TSC surpasses all

reported rectennas integrated with capacitors and batteries. With a high PCE in



Chapter 10 Conclusion 215

presence and absence of the body, RFEH is the most efficient method of charging

wearables from W /cm? power densities.

e Scalable antenna design for additively manufactured rectennas - a compact dipole

antenna with low-resolution features was proposed for printed electronics. The scal-
able impedance of the antenna enables it to match the proposed rectifier, achieving
over 70% PCE for S<1 yW/cm?. Meshed rectennas, without a matching network,
were investigated for the first time showing less than 14% reduction in the PCE

while using 70% less materials and maintaining optical translucency.

e Broadband mmWave rectenna and high-n antennas on lossy substrates - a textile-

based antenna was proposed improving the radiation efficiency based on radiator
miniaturization for reducing the dielectric losses. For the first time, a mmWave
rectenna was demonstrated on textiles and achieving a 1.3 V output from 12 dBm,
from 20 to 26.5 GHz, with a higher PCE than reported >20 GHz rectennas on lossy

substrates, representing the first broadband mmWave rectenna in the K-band.

e Review of rectenna topologies and mmWave EH - A quantitative and qualitative

classification of reported rectennas based on their impedance matching, directivity,
and polarization. A comprehensive review of mmWave rectennas was also presented
and the outstanding challenges in integrating CMOS rectifiers with low-cost an-

tennas were discussed.

10.3 Critical Evaluation and Suggested Extensions

As discussed in Sections 10.1 and 10.2, this thesis has presented several contributions
enabling low-power and unobtrusive RFEH for IoT applications. In this section, the
results achieved in this work are reviewed from a system perspective, and critically eval-
uated based on their applicability to real-world RFEH usecases, in addition to presenting
the suggested extensions prior to the adoption of the proposed technology in real-world

applications.

Throughout this work, rectennas have been optimized for maximum PCE from a low
power density, mostly agnostic of the deployment environment, including for example,
the channel. While antenna properties such as omnidirectionality and dual-polarization
harvesting capability have been proposed, for increasing the rectenna’s applicability to
arbitrarily incident radiation, new antenna designs and metamaterial-antenna co-designs
can be investigated specifically for the “worst-case” scenario, that is for instance body
shadowing in N-LOS RFEH. Moreover, while the formulation of WPT as a random
problem was presented in Appendix A, a suggested extension is an experimental study

investigating the total power harvested by a mobile rectennas.
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While mmWave EH was investigated showing the potential for improved performance
over sub-6 GHz bands, a key future study is the large-area implementation of the
mmWave rectenna array with DC combining. Such work is essential to identify fu-
ture challenges in rectification, in addition to power combining and management, and
to demonstrate the mmWave rectenna implementations can indeed achieve the projected

end-to-end efficiency improvement over sub-6 GHz bands.

Ambient RFEH, its feasibility based on SoA rectennas, and its implications on a
wireless network represent a key ongoing research challenge, partially addressed in this
work. For instance, the rectenna proposed in Chapter 9 was demonstrated harvesting
from the up-link, and the rectenna proposed in Chapter 5 was reviewed in [40] as one
of the potential enablers of future RFEH based on a 2020/2021 ambient PSD survey.
Nevertheless, the DC power output, especially after DC-to-DC step-up conversion needs
to be characterized over prolonged time periods in a real ambient RFEH environment.
More importantly, the impact of ambient RFEH on the coverage of cellular networks
needs to be quantified and studied experimentally, to show that shadowing is not a

major concern should ambient RFEH be adopted on a large scale.

Wearable and IoE rectennas need to be resilient both electrically, through immunity
to detuning, and mechanically, through immunity to failure or degradation upon repet-
itive bending, stretching, or other external influences. For example, the robustness of
the proposed rectennas has been investigated in terms of immunity to bending and to
detuning in human proximity has been investigated in Chapter 4. However, the antennas
in this work have been designed with the desired RF performance as the first objective,
with the mechanical robustness achieved through post-fabrication encapsulation. An ex-
tensive study is however required on wearable and e-textile antenna design for reliability,
where the antennas are not only designed to achieve the desired input impedance and ra-
diation properties, but also to achieve a high mechanical reliability based on an improved
geometry, which can withstand bending, stretching, and potentially metal cracking and

fatigue without altering its electrical response.

10.4 Future Research Directions

In this thesis, novel contributions to rectenna design on textiles and flexible substrates
were presented, in addition to contributions to antenna design for low-cost dielectrics
and conductors. Suggestions for future extensions based on the findings in this work are

outlined in this section.
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10.4.1 Rectennas for WPT and RFEH

This work has demonstrated the potential of rectennas being a reliable power source for
e-textiles. Future work includes integration of the developed e-textile energy conversion
devices in complete systems demonstrating sensing and wireless communication function-
ality. One way to achieve this will be through self-powered textile-based transponders,
utilizing a high-efficiency rectenna to power an RFID-compliant receiver and a low-power
micro-controller. The same antenna can then be used for backscattered communications
for an energy-neutral computational RFID sensor node, or for active transmission based

on a high-isolation SWIPT antenna.

In this work, a SWIPT-specific antenna design was proposed based on port-isolation
and studied under CW excitation. Future investigations of SWIPT could leverage the
work done on power-optimized waveforms and RFEH-specific modulation techniques
can be designed with multi-port SWIPT antennas in mind. Future work on SWIPT
could include rectennas incorporated within antenna arrays, full-duplex SWIPT anten-
nas/rectennas, and broadband SWIPT antennas with polarization diversity. For in-
stance, re-configurable polarization transmitters can be used to selectively power certain
rectennas or sensor nodes, based on full-duplex multi-port SWIPT rectennas. Outside
antennas research, the extensive work done at system and network level could benefit
from the proposed dual-port single and multi-band antennas, where the performance
achieved by multiple antenna elements can be combined in a single structure, reducing
the complexity of previous SWIPT architectures. Waveform design for SWIPT, based
on the proposed rectennas, can lead to system-level improvements in the performance of

wirelessly-powered networks.

The ability to design rectennas for efficient power conversion below —15 dBm, demon-
strated in chapters 4 and 5, is well-suited for ambient RFEH, but is still constrained by
the losses in commercially-available diodes. The integration of the proposed antenna-
rectifier co-design techniques with novel highly-sensitive CMOS rectifiers can enable am-
bient RFEH in more locations and applications. In addition, owing to the large-scale
integration of devices in CMOS, the cost of RF-powered systems can be significantly re-
duced to that of an RFID tag by eliminating all off-chip components, and integrating the
CMOS rectifier with a co-designed low-cost rectenna. Moreover, the emergence of sub-
threshold computing and low-voltage/power transceivers may allow certain applications
to sustain operation using the freely available RF power. Moreover, the continuously-
reducing power budget of duty-cycled computing could enable nodes to sustain operation
using intermittent power bursts while harvesting from nearby devices such as mobile
phones. As highlighted in the evaluation in Section 10.3, the impact of ambient RFEH

on cellular networks needs to be clarified.
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Beyond 5G, mmWave bands are approaching wide-scale commercial deployment for
high-speed communications. The ambient power available in urban micro-cells may en-
able rectennas to yield enough DC power for ultra low-power compact devices. The
textile-based broadband mmWave rectenna demonstrated in Chapter 7 shows that the
low-cost fabrication methods and lossy substrates do not have a significant detrimental
impact on the rectenna’s performance, given careful rectifier design. Therefore, e-textiles
can benefit from mmWave WPT using large-area rectenna arrays due to the reduced an-
tenna size required to achieve a high gain and radiation efficiency. Furthermore, future
regulations for WPT at mmWave bands may allow mmWave-powered networks using
dedicated WPT transmitters, which have been numerically shown to have an improved
efficiency over sub-6 GHz RFEH networks. As discussed in the author’s review [12], inte-
gration of low-cost antenna designs with CMOS mmWayve rectifiers is the most promising

way to realize a mmWave-enabled, i.e. mmWave-powered and -connected, IoT.

10.4.2 Textile-Based, Printed and Wearable Antennas

Antenna design on low-cost substrates empowers a breadth of applications beyond
WPT and RFEH. For example, scalable and tunable high-impedance design on compact
flexible circuits, presented in Chapter 5 on textiles and using dispenser printing in Chap-
ter 9, enables the design of antennas directly conjugating capacitive MOS RF front-ends
such as PAs and LNAs, potentially eliminating CMOS inductors utilized in 50 2 match-
ing of low-cost IoT applications. This not only enables smaller CMOS dies, reducing the
cost of an IoT node, but also enables improving the efficiency of RF front-ends due to
the elimination of the on-chip inductors, which often have a low quality-factor due to

their size limitations.

As for broadband 50 2 antennas on textile substrates, such designs can be utilized for
broadband applications beyond communications. For instance, microwave imaging and
radar-based sensing can benefit from unobtrusive low-cost antennas integrated in clothing
and other flexible surfaces. Moreover, the recent developments in breast-cancer detection
using antenna arrays, through-body imaging through UWB signals, and proximity and
gesture detection using compact low-power radars could reach a higher level of integration
in every-day objects based on the proposed high-efficiency antenna designs, on materials
that are typically deemed unsuitable as microwave and mmWave substrates. Finally, the
ability to realize high-efficiency and broadband mmWave antennas on textile substrates
demonstrates that mmWave bands will not be limited to high-end applications such as
smartphones and automotive radars. Therefore, new applications including multi-band
satellite communications and high data-rate point-to-point communications for wearable
devices can be realized improving future BAN’s security and throughput, and overcoming

the ever-growing demand for more wireless channels.
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able Textile Antenna/Rectenna for Simultaneous Information and Power Transfer"
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2021.

The data-sets underpinning are accessible through the University of Southampton
institutional repository, and referenced in the journal publications outlined in Section
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and Stephen Beeby (2021) Data associated with the Dual-Band Dual-Mode Tex-
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University of Southampton doi: 10.5258/SOTON /D1777

e Mahmoud Ashraf Hassan Wagih Mohamed, Nicholas Hillier, Sheng Yong, Alexan-
der Weddell and Stephen Beeby (2021) Data suppporting "RF-Powered Wear-
able Energy Harvesting and Storage Module based on E-Textile Coplanar Waveg-
uide Rectenna and Supercapacitor. University of Southampton doi: 10.5258 /SO-
TON/D1737
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ABSTRACT In Radio Frequency (RF)-powered networks, peak antenna gains and path-loss models are
often used to predict the power that can be received by a rectenna. However, this leads to significant
over-estimation of the harvested power when using rectennas in a dynamic setting. This work proposes
more realistic parameters for evaluating RF-powered Body Area Networks (BANs), and utilizes them to
analyze and compare the performance of an RF-powered BAN based on 915 MHz and 2.4 GHz rectennas.
Two fully-textile antennas: a 915 MHz monopole and a 2.4 GHz patch, are designed and fabricated
for numerical radiation pattern analysis and practical forward transmission measurements. The antennas’
radiation properties are used to calculate the power delivered to a wireless-powered BAN formed of four
antennas at different body positions. The mean angular gain is proposed as a more insightful metric
for evaluating RFEH networks with unknown transmitter-receiver alignment. It is concluded that, when
considering the mean gain, an RF-powered BAN using an omnidirectional 915 MHz antenna outperforms a
2.4 GHz BAN with higher-gain antenna, despite lack of shielding, by 15.4x higher DC power. Furthermore,
a transmitter located above the user can result in 1x and 9x higher DC power at 915 MHz and 2.4
GHz, respectively, compared to a horizontal transmitter. Finally, it is suggested that the mean and angular
gain should be considered instead of the peak gain. This accounts for the antennas’ angular misalignment
resulting from the receiver’s mobility, which can vary the received power by an order of magnitude.

INDEX TERMS Antennas, Body Area Networks (BAN), Electronic Textiles, Energy Harvesting, Internet
of Things, ISM Bands, RF Energy Harvesting, Wearable Antenna, Wireless Power Transfer

I. INTRODUCTION
EXTILE-BASED and wearable antennas [1], sensor
Tnodes [2], energy harvesters [3] and Wireless Power
Transfer (WPT) modules [4] have been proposed to enable
reliable and autonomous Body Area Networks (BANs) on
flexible and wearable materials for seamless integration in
garments. BANs and body-centric passive sensing have var-
ious interesting applications in a smart city environment,
such as tracking diabetic patients [5]. For active wearable
sensing and communication nodes, power-autonomy is a
fundamental need for the Internet of Things (IoT) [6], [7].
WPT and Radio Frequency Energy Harvesting (RFEH) are
methods of enabling power-autonomous networking [8], and
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are considered as a controllable power harvesting and transfer
technique for powering the IoT [9]. Antennas and coils for
WPT on textile substrates using flexible materials have been
widely-reported [4], [10]. Rectifying antennas (rectennas) are
the main energy harvesting component, where the received
power from the dedicated WPT or ambient RFEH source is
dependent on the antenna’s parameters such as gain, beam-
width, and polarization [11]. Such antenna parameters are
highly angle-dependent and hence will vary with the source-
rectenna alignment. While the peak gain is introduced as
a figure of merit in link-budget calculations in WPT [12],
in an ambient RFEH environment using a more directional
antenna does not translate to higher energy reception [13],
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where the direction of the incident power may not align with
the narrower beam-width.

Wireless networks powered through RFEH or WPT from a
dedicated wireless power base-station have been extensively
studied [14]. In addition, Simultaneous Wireless Information
and Power Transfer (SWIPT) has been proposed utilizing
the same carrier frequency to power a battery-less receiver
while decoding the information carried by the RF wave [15].
Power transfer using digitally-modulated wave-forms has
been studied for SWIPT applications based on off-the-shelf
energy harvesters [16]. SWIPT has previously been utilized
in back-scattered RFID [17]. Moreover, wireless powering of
implants has been demonstrated using radiative Ultra-High
Frequency (UHF) WPT [18], [19].

To enable RF-powering of e-textiles and BANSs, textile-
based rectennas and antennas have been realized using var-
ious fabrication methods and frequency bands from sub-
1 GHz UHF up to mmWave bands [10], [20]-[24]. Wear-
able rectenna designs have been focused on antenna designs
shielded from the body and hence utilize patch antennas.
Recently, an unshielded tee-shirt rectenna array has been
proposed for broadband applications [25]. To overcome the
efficiency degradation due to human proximity, a large array
(9%9) is used to improve the power received by the rectenna.

The trade-offs in RF-powered network design include the
choice of the carrier frequency, transmitter and receiver an-
tenna designs and therefore the gain [11], and the nodes dis-
tribution [26]. For instance, it has been shown that the energy
coverage is improved in the 28 GHz mmWave band com-
pared to sub-6 GHz networks due to the highly-directional
large antenna arrays at mmWave bands [27]. However, realiz-
ing high-efficiency rectifiers at such a high frequency is diffi-
cult due to the diodes’ cut-off frequencies. On the other hand,
a sub-1 GHz carrier allows the reduction of the propagation
losses and the use of existing transmitters such as RFID
readers [17]. RF-powering using drones [28], fixed energy
harvesting base-stations [29], and ray-tracing [30] have been
reported demonstrating the possibility of powering multiple
nodes reliably using RF power. While a standard (non-textile)
rectenna has been evaluated using the 3D voltage radiation
patterns [31], most textile-based rectennas have been charac-
terized using standard antenna parameters such as the peak
gain and radiation efficiency. On the other hand, the layout of
the rectifier and the feeding mechanism of the rectenna may
distort the radiation patterns of the characterized antenna-
only prototype

RF propagation in on- and off-body scenarios has been
widely investigated for different frequency bands [32], [33].
Recent work has focused on maximizing the efficiency of
an on-body link using fixed antennas, where the path loss
could be minimized using beam-steering or directional an-
tennas [32]. Wireless links for in-body wearable communi-
cations have been investigated for UWB implants [34]. How-
ever, most on-body propagation studies are concerned with
fixed antennas, where the only variation may be introduced
by the movement of certain body parts. When it comes to
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an RFEH or WPT scenario, the angle of incidence of the RF
power may not be aligned with the rectenna’s main-beam.
Furthermore, while an antenna radiating off-body, such as
a microstrip patch, has been favorable for wearable recten-
nas [10], [22], [23], it may significantly reduce the power
received from a transmitter shadowed by the body. This is
due to the antenna’s high front-to-back ratio, requiring more
rectennas with additional techniques for DC-combining, to
achieve the same angular coverage which may reduce the
efficiency compared to a single rectenna [23].

This work evaluates the performance of an RF-powered
BAN at two different license-free Industrial Scientific Med-
ical (ISM) bands, 915 MHz and 2.4 GHz, using fully-textile
antennas, i.e. antennas with textile conductors such as Litz
threads [4], and electroplated fabrics [10]. A 915 MHz
monopole and a 2.4 GHz patch are designed, simulated on
a human model, and fabricated. The antenna prototypes are
utilized for off-body path loss measurements and compared
to reference dipole antennas positioned in free space. A BAN
powered using four rectennas based on the characterized tex-
tile antennas is evaluated to identify the frequency band and
antenna design resulting in the highest DC power reception.

The contributions of this paper can be summarized in:

1) Proposing the mean (average) angular gain and angular
gain probability as metrics for evaluating energy har-
vesting antennas for mobile receivers such as wearable
rectennas.

2) Numerically and experimentally comparing the LOS
and N-LOS off-body “effective gain” of 915 MHz om-
nidirectional and 2.4 GHz broadside textile antennas.

3) Evaluating the performance of a 915 MHz and 2.4 GHz
BAN based on multiple wearable rectennas using the
angular mean gain and the gain distribution function.

4) Demonstrating that a 915 MHz unshielded antenna is
more suited for ISM-band WPT compared to a 2.4 GHz
patch with a potential for up to 15x higher DC power
reception.

This paper is structured as follows: section II presents the
architecture of the BAN studied in this work. The textile
antennas used in this study are designed and characterized
in section III, the antennas are then used in section IV to
measure the off-body propagation losses. Finally, the power
received by a BAN powered using the designed textile anten-
nas is evaluated in section V.

Il. BODY AREA NETWORK ARCHITECTURE

In a wearable RFEH-BAN, it is expected that multiple nodes
integrated in the user’s garment can be wireless-powered
using an off-body source. In this context, “off-body” radi-
ation is defined as incident electromagnetic (EM) radiation
from an antenna placed off the body. “On-body” propagation
between two wearable antennas integrated in the same user’s
clothing is not considered in this study, as the power is
delivered from an off-body transmitter. Scalable integration
of rectennas in textiles and garments have previously been
reported in a double-sided wrist bands, [23], to overcome
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FIGURE 1. A wireless-powered BAN, powered using directional or
omnidirectional dedicated license-free transmitters.

the directionality problem when the harvesting patch is not
facing the transmitter. In addition, a 4 x2 patch antenna array
has been proposed to improve the DC power received from
an incident plane-wave excitation [22].

In this paper, a BAN with multiple rectennas is considered;
the power received by the rectennas is combined into a
single DC output. The rectennas will be powered using a
UHF license-free transmitter operating at either 915 MHz or
2.4 GHz. In an indoor environment, the rectenna’s efficient
harvesting range may not exceed 5 m due to the limits on
the Equivalent Isotropically Radiated Power (EIRP) [35].
Therefore, the impact of the antenna’s radiation properties,
i.e. gain and angular beamwidth, will have significant impact
on the received RF and subsequently DC power. Moreover,
the position of the transmitter with respect to the user needs
to be considered as an additional tuning parameter. For exam-
ple, a transmitter at the same height as the user (horizontal),
as opposed to a transmitter above the user (vertical) will
affect the power received by the rectenna. The effects of
the antennas’ radiation properties for wearable RFEH need
to be based on the radiation patterns of realistic fully-textile
antennas in different RFEH scenarios, such as Line-of-Sight
(LOS) and non-LOS operation. Fig. 1 shows a BAN powered
using off-body transmitters at license-free bands.

lll. WEARABLE ENERGY HARVESTING ANTENNA

A. ANTENNA DESIGN

To investigate the off-body propagation and radiation prop-
erties, and hence evaluate the harvesting capabilities of
wearable rectennas, two antenna designs are proposed. The
antennas are designed for a standard textile substrate and
are fabricated using conductive threads and electroplated e-
textiles. Thus, the measured performance of these antennas
will be indicative of textile-based rectenna performance in
wearable applications.

At sub-1 GHz bands, unshielded textile antennas may be
used to maintain a low profile [36]. To explain, the relatively
long wavelength (32.8 cm at 915 MHz) implies that a ground
plane or an unconnected reflector will need to be placed
over 1 cm behind the antenna to prevent detuning, which
is unrealistic in a planar textile antenna. Therefore, textile
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FIGURE 2. Layout and dimensions of the proposed textile AUTs: (a) 915 MHz
monopole, (b) 2.4 GHz patch.

antennas operating at sub-1 GHz have been considered with
varying textile separation layers [37] as well as with variable
separation from the human body [38], to investigate the
impact on their radiation efficiency and gain.

The proposed antenna for sub-1 GHz WPT is a textile wire
monopole, sewn using a conductive thread onto a standard
(poly-cotton) textile substrate. Such a monopole antenna will
have a lower gain than a dipole’s theoretical directivity of 2.1
dBi [39]. This is due to the compact ground plane and the
additional conductor losses in the textile Litz wire. Fig. 2-a
shows the dimensions of the monopole microstrip antenna.

At 2.4 GHz, implementing a ground-backed patch antenna
on textiles with reasonable (above 10%) radiation efficiency
is more feasible. For example, the rectennas reported in
[22] and [23] utilized patch antennas on textiles with up
to 76% measured radiation efficiency in [23]. Fig. 2-b
shows the dimensions of the patch antenna considered in
this work. Fig. 3 shows the photographs of the textile
antenna prototypes. Both antennas utilize highly conductive
textiles (sheet resistance<10 mS)/square) and therefore the
fabrication techniques and materials will introduce minimum
variation in the antennas’ efficiency and gain compared to
state-of-the-art textile antennas.

B. ANTENNA SIMULATION AND MEASUREMENTS

The antennas have been simulated using full-wave 3D EM
simulation in CST Microwave Studio. The dielectric prop-
erties of the substrates used were based on the measured
properties of felt and polyester cotton reported in [23].
The fabricated prototypes were connected to standard solder-
terminated SMA connectors and their bandwidth was mea-
sured using a Vector Network Analyser (VNA).

The measured reflection coefficient (S11) of the monopole
and patch antennas in Fig. 4 shows a S;; < —10 dB
bandwidth at 915 MHz and 2.45 GHz respectively. Thus,
they can be used to measure the off-body propagation at
these bands without any influence on the realized gain. The
main discrepancy in the monopoles’ S;; magnitude is due
to the ground plane’s size resulting in a more capacitive
antenna in simulation. On the other hand, the SMA connector
increases the actual ground plane size of the antenna during
measurements resulting in the improved impedance match.
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FIGURE 3. Photographs of the textile antennas used in the channel
measurements: 915 MHz sewn monopole (a) and 2.4 GHz conductive fabric
patch (b).
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FIGURE 4. Simulated (dashed) and measured (solid) reflection coefficient of
the textile monopole (left) and patch (right) antennas utilized in the off-body
propagation measurements.

C. OFF-BODY ANTENNA NEAR AND FAR-FIELDS

Field monitors in CST Microwave Studio have been used
to investigate the near and far-field distributions around
the human body. The EM-simulated radiation patterns will
be utilized to analytically evaluate the performance of the
network in Section V. The open-source human body EM
simulation model AustinMan, [40], has been used to simulate
the antenna’s performance in proximity with the human body.
The model utilized in this work is detailed to 8 x8x8 mm?3,
as this work only considers off-body antenna and not im-
plants in specific body positions, this resolution satisfies the
accuracy requirement for a reasonable computation time and
solver mesh size.

Two on-body antenna positions, on-chest and on-arm, have
been considered to evaluate the radiation properties and
mutual coupling between the antennas. To simplify the 3D
modeling and reduce the time-domain solver mesh size, the
antennas have been considered in a flat state, reducing the
number of cells required to simulate the antenna. Textile-
based patch antennas have previously been studied under
bending and did not show variation around their resonant
frequency [23]. The antennas have been placed at 5 mm
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FIGURE 5. Simulated 3D farfield gain radiation patterns of the 915 MHz
monopole (a) and the 2.4 GHz patch antenna (b).

clearance from the skin layer on the AustinMan phantom.
The on-chest 915 MHz monopole antenna achieves a 1.1 dB
gain with 3 dB beamwidth of 95°, while the 2.4 GHz
patch achieves a gain of 6.84 dB with a narrower 63.7°
3 dB-beamwidth. The simulated 3D radiation patterns of the
monopole and patch antennas are shown in Fig. 5-a and 5-b,
respectively.

The near-field electric- (E-) field patterns around the an-
tennas have been simulated to visualize the mutual-coupling
between the wearable antennas. Fig. 6-a and -b show the E-
field radiated from the 915 MHz textile monopole on-chest
and on-shoulder. The e-field of the 2.4 GHz patches is shown
in Fig. 7. It is observed that from both antennas, less than
1% of the radiated E-field is received by the other antenna.
This has been validated by the So; being less than —30 and
—40 dB for the monopole and patch antennas, respectively,
when placed on-chest and on-shoulder.

Near-field plots allow visualizing and understanding an-
tennas’ interaction with the human body [2]. This can be
used to evaluate and understand the impact of different body
positions on the power radiate by the antenna. Therefore, the
E-field patterns of the the transmitting antenna can be used to
understand the interaction of an incident wave on a receiver
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FIGURE 6. Simulated E-field distribution around the body at 915 MHz from:
(a) antenna placed on the chest, (b) antenna placed on shoulder

with the body, due to reciprocity. For example, the on-
shoulder antenna in Fig. 6-b shows the antenna’s near-field
surrounding the body with minimal body-shadowing effects.
Hence, it is suggested to place off-body WPT antennas on
the body’s extremities to minimize shadowing. Furthermore,
in Fig. 6-b, the E-field magnitude behind the user is higher
than that of the patch in Fig. 7-b. This indicates the monopole
antenna’s ability to receive more power when not facing the
transmitter compared to the patch, despite suffering from
increased absorption and shielding by the body, due to its
own lack of a metal plane or a reflector.

IV. OFF-BODY PROPAGATION MEASUREMENTS

To evaluate the performance of wearable RFEH antennas
operating on the body, the textile antennas shown in Fig. 3
were used to measure the propagation losses between a
directional transmitter and the wearable antenna. A reference
wire-dipole antenna (of ideal 2.1 dB gain) has also been
used at 915 MHz for benchmarking. A standard 10 dBi
log-periodic antenna has been utilized as a fixed transmitter
horizontal to the user. A VNA has been used to measure the
Continuous Wave (CW) forward transmission (S,1) between
the antenna-under-test (AUT) and the 10 dBi reference. The
measurements were performed on a standing person, and do
not include the effects of walking on the path loss. Fig. 8
shows the measurement setup.

The antennas were placed at a fixed distance D and the
So1 between the source and the AUT has been measured.
D has been set to 1 m from the radiating apertures of the
transmitting and receiving antennas to ensure operation in the
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FIGURE 7. Simulated E-field distribution at 2.4 GHz from: (a) patch antenna
on-chest, (b) patch antenna on shoulder.

far-field region of the AUTs.

The antennas have been placed on multiple on-body po-
sitions, shown in Fig. 8-a, to accurately measure the impact
of different body parts on the antenna’s effective gain. The
effective gain,

Geff = So textile — So1 dipole» (D

is introduced to factor in the body shadowing effects com-
pared to the Sa1 of an ideal 2.1 dBi \/2 wire dipole measured
in free space at the same D. This eliminates the errors due to
multi-path effects and due to uncertainties in the path loss
model or the transmitter gain. Gg differs from standard gain
measurements on a human body phantom by combining the
off-body propagation effects in the gain figure. For instance,
in the N-LOS case, the human body is a main contributor
to the lower Gg, due to shadowing. Geg in the N-LOS
case of a broadside patch antenna is reduced both by the
body-shadowing effect as well as the antenna’s own main
beam misalignment with the transmitter. Gog is relative to
the dipole’s gain.

The measured channel losses have been used to calculate
the effective gain of the antennas shown in Table IV.
By observation, the effects of LOS and N-LOS off-body
propagation can be accounted for using the antenna’s gain.
Therefore, the propagation model can be simplified to free-
space propagation. In addition, by performing the G mea-
surements on-body in an indoor environment, this factors in
additional multi-path effects and the effects of clothing.

When comparing the unshielded 915 MHz omni-
directional with the 2.4 GHz broad-side patch antenna, as
predicted, the patch antenna maintains a higher effective gain
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TABLE 1. Measured off-body effective gain (Ge¢r) of the AUTs

3 cm from body: LOS 3 cm from body: N-LOS Body contact: LOS Body contact: N-LOS
BP%? Ref. dipole Textile monopole Textile patch| Ref. dipole Textile monopole Textile patch| Ref. dipole Textile monopole Textile patch|Ref. dipole Textile monopole Textile patch
915 MHz 2.4 GHz 915 MHz 2.4 GHz 915 MHz 2.4 GHz 915 MHz 2.4 GHz
I -2.6 -0.4 -13.3 -13 -13.5 -11.3 \ -2 -2.4 -15.2 -14.7 -156.5
1| -3.9 0.8 -13.1 -15 -11.5 -9.9 -6.1 \ =21 -12.8 -14 -16.5
111 -5 -1.9 1.5 -10.1 -14.5 -175 99 | -15 -5.2 -19.9 -24.2 -16.5
v -4.1 -24 0.2 -11.9 -9 -12.5 -8.9 -9 -1.5 -13 -13 -12.5
\Y 1.2 0.1 0.4 -12.9 -10 -115 -8.7 -6 -5.5 -15 -15.5
VI 3.3 -2 1.1 -12.2 -14.4 -12.5 -9.4 -9 -14.2 -16 -13.5
FSPL* 19.7 -22 38.5 -19.7 -22 -38.5 -19.7 -22 -38.5 -19.7 -22 -38.5
Symmetry D V. WIRELESS POWER RECEPTION EVALUATION

(b)

915 MHz

Monopole/Dipdle

(©

Directional
X

(@)

FIGURE 8. Measurement setup of indoor off-body propagation using the
proposed antennas and a reference 915 MHz dipole antenna,
horizontally-aligned, for distance D: (a) on-body antenna placement, (b) LOS
and N-LOS scenarios for the omni-directional monopole, (c) LOS and N-LOS
scenarios for the directional 2.4 GHz patch.

on the body. This is due to the improved isolation provided
by the ground plane. However, it is still observed that the
antenna’s gain deteriorates by over 5 dB when measured at
position VI at 3 cm clearance from the body. This shows
significantly higher degradation compared to on-phantom
measurements in an anechoic chamber reported in [23],
where the radiation efficiency was reduced by less than 10%
on the phantom.

On the other hand, when a N-LOS scenario is considered,
the effective gain of the unshielded monopole is improved
over a patch antenna. This is explained by the low back-
radiation of the patch antenna, while this may be a figure
of merit in directional WPT or communications, when the
direction of incidence of the RF power is unknown, this
implies that less energy will be received from the transmitter.
The measured G.yy shows the same trend as the simulated
off-body gain of the antennas, in Fig. 5, where the person
(subject of measurements in Fig. 8) is different from the
AustinMan model from [40]. Furthermore, when combining
this with the overall lower propagation losses at 915 MHz,
it can be concluded that WPT for BAN at sub-1 GHz bands
enables a higher end-to-end efficiency. This will be validated
through simulations of the RF-powered BAN in the next
section.

As different on-body rectenna positions significantly affect
the power received from an off-body source at the same
distance, with up to 20 dB variation as shown in the empir-
ical measurements using textile antennas on-body, multiple
rectennas are to be placed on-body to improve the anten-
nas’ angular coverage. For both the 915 MHz monopole
and the 2.4 GHz patch, four on-body antenna positions are
considered. The antennas are positioned at points I, V from
Fig. 8, on the model’s chest and arm, at point IV (the model’s
shoulder) with the main beam directed above the user (X-
direction in Fig. 5), and at point I on the model’s back. The
net radiation pattern of the four antennas, including mutual-
coupling and body-shadowing effects, are combined in the
3D EM model to simplify the received power calculations.
The textile rectennas are evaluated in two use-cases: a trans-
mitter at the same height as the user (YZ plane), and a
transmitter above the user (XY plane).

When simulating the network’s performance using prop-
agation models and the EIRP of a transmitter, the antenna’s
gain is often quoted as the main parameter [12], [26]. How-
ever, this neglects the impact of the 3D radiation patterns of
the antenna. To illustrate, for non-stationary receivers, such
as humans, the omni-directional gain of the antenna needs
to be considered as alignment between the transmitter and
receiver’s main lobes is unlikely. This allows accurate pre-
diction of the RFEH BAN’s performance in LOS and N-LOS
scenarios. The EM-simulated radiation properties of both
antennas, and the measured textile antennas’ effective gains
are used to simulate the RF-powered BAN performance.

A. ANALYTICAL TRANSMITTER ANTENNA GAIN LIMIT
An additional parameter which can be utilized to optimize
the RFEH BAN performance is the transmitter gain, where a
higher gain antenna can be used to deliver the same EIRP out-
put with a lower power output from the transmitter or the am-
plifier. Therefore, the end-to-end efficiency can be improved,
due to transmitting at a lower power level. The transmitting
antenna gain may then be utilized as a controllable parameter
to improve the rectenna’s power reception [12]. At 2.4 GHz
and above, it is possible to increase the EIRP above 36 dBm
by using a directional transmitter. However, for every 3 dB
increase in the transmitter gain above 36 dBm the power
input to the antenna needs to be reduced by 1 dB, up to 52
dBm.
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By increasing the transmitting antenna’s gain, the end-to-
end efficiency in WPT can be improved at higher frequency
bands such as the 5 GHz ISM-bands. Nevertheless, this is
mostly limited to point-to-point WPT applications where
the positions of the transmitter and receiver are fixed. In
a wearable system, implementing directional narrow-beam
WPT techniques will require complex control loops to ensure
accurate beam-steering using a large transmitting phased
array.

In practice, the physical size of the antenna limits the
maximum achievable directivity and subsequently the gain.
This can be estimated analytically using a simple loop an-
tenna. A loop antenna is selected due to the availability of
accurate closed-form expressions in literature to estimate the
maximum gain based on the antenna’s size [41].

Considering a simple loop antenna as an a example, the
maximum directivity,

12072 (ka)?

D
R

max{.J?[kasin(0)]}, 2)
and subsequently the gain, is a direct function of the surface
current J over the loop of radius a (2), where R is the
radiation resistance, k = 2w /) is the wave constant, and
0 is the angle at which the directivity is calculated [41]. A
simple approximation to the solution of the integral has been
proposed in [41] with a maximum error of 0.2 dB for both
electrically small (ka < A/2) and large (ka > \/2) antennas.

Two loop antennas of radius a are considered to estimate
the size requirements for a high gain transmitter for 915 MHz
and 2.45 GHz WPT. The loops’ peak gain has been calculated
using the method in [41]. Fig. 9 shows the analytically-
calculated directivity of the antennas as a function of their
radius. It can be seen that to realize a transmitting antenna
of high gain (over 9 dB) the antenna’s radius becomes
unrealistically-large for most IoT applications at 915 MHz.
Thus, transmitters of higher gain than 10 dBi will not be
considered in the RF-powered BAN simulations for practical
antenna design considerations. It is important to note that al-
though more innovative novel antenna designs and transmit-
arrays can be employed to improve the transmitting gain
without significantly increasing the size, high gain antennas
typically require a large physical size (e.g. parabolic and horn
antennas), even for aperture efficiencies exceeding 1 such as
the textile patch in [23].

B. RF-POWERED BAN PERFORMANCE USING 3D
ANTENNA GAIN

For a 3D space, the average gain of an ideal antenna is 0 dB
regardless of the radiation pattern [39]. In [42], it was an-
alytically demonstrated that a high-directivity antenna does
not improve the received power from an ambient wave due
to the variations in the propagation medium. However, [42]
concludes that this may change for lower antenna efficiency.
In this work, it is shown that a 915 MHz omnidirectional
rectenna, with low radiation efficiency, can outperform its
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FIGURE 10. The patch and monopole antennas gain as a function of the
angles theta (0) and phi (¢), as well as the peak and average (mean) gains
over each plane.

directional counterpart operating at 2.4 GHz when evaluated
over meaningful 2D planes for body-worn energy harvesting.
The angular gain of the entire receiving rectenna system,
Grx(0,¢), is a function of the four rectennas placement
in the 3D space around the body (z,y, z). The computed
3D patterns have been used to calculate the overall peak
gain, the mean gains on the YZ and XY planes (planes
defined in Fig. 5) as well as the angular gain to evaluate the
performance of a randomly-aligned transmitter. Angles € and
¢ are defined as the angular coordinates around the YZ and
XY planes, defined in Fig. 5, respectively. Fig. 10 shows the
Cartesian plot of the antennas’ gain on the horizontal and
vertical axis. The angular gain is directly influenced by the
antennas’ position on the body and can be used to evaluate
the rectennas’ performance in a 3D space (i.e. on the body)

G3D(a?,y,Z) - GRX(67¢)' (3)
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Subsequently, the power received can be estimated using the
angular-dependent gain to understand the performance of the
BAN. Thus, the received RF power Prx using free space
propagation losses can be estimated including the angular
dependency

Prx(z,y,2) = Grx(0, (b)PTX%» (4)
where R is the separation between the transmitter and the
user and Prx is the EIRP of the transmitter (4 W).

In order to demonstrate the variation in the simulated
RFEH performance, three gain values are considered. The
peak antenna gain Gy.x. = max{G(0,¢)} is the most
commonly utilized parameter in predicting the performance
of RFEH and WPT networks [26]. The second metric is the
average gain G'av,., defined as the mean of the gain over the
plane of interest, to account for the antenna’s directionality.
G Avg. has been calculated independently for both 6 and ¢,
and is shown in Fig. 10, using

360°

1
GAvg:YZ = % Z G(a)» (5)
6=0
1 180°
Gavexy = 1o5 > G(@)- 6)
$=0

By considering the average gain rather than the peak gain,
the performance of the rectenna when the receiving antenna’s
main lobe is not aligned with the transmitter can be accounted
for, offering a more realistic insight on the antennas’ perfor-
mance. This work does not consider polarization mismatch;
energy harvesting and WPT rectennas with dual-polarization
reception capabilities have been widely presented based on
dual-RF ports and dual-rectifiers with DC combining [43].
An extensive review of rectennas’ polarization in RF energy
harvesting and WPT applications has been presented in [11].

The average RF power received by the rectennas has been
calculated using the free space propagation model and the
antenna mean gains. A distance sweep has been carried
out to show the spatial coverage range of an RF-powered
BAN. The DC power is then calculated using the RF to
DC Power Conversion Efficiency (PCE) of reported high-
efficiency rectennas. The rectenna in [35] reports the highest
sub-1 GHz PCE and is implemented on a flexible substrate
using a dipole antenna, resulting in similar radiation prop-
erties to the textile monopole investigated in this work. At
2.4 GHz, the textile-based patch antenna coupled to a high
efficiency rectifier in [23] achieves the highest PCE at power
levels below —15 dBm. The measured and simulated PCEs
from [35] and [23] are fitted to calculate the DC power output
of the rectennas based on the textile antennas. Fig. 11 shows
the measured and curve-fitted PCEs of the rectennas.

An EIRP of 4 W has been used when calculating the power
delivered to the textile rectennas. The distance R between
the transmitter and the rectenna has been swept from 2 m to
4 m. This ensures the rectenna is operating in the far-field,
hence the path-loss model is valid. The rectenna’s gain has
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FIGURE 11. The flexible and wearable PCEs used at 915 MHz, [35], and 2.45
GHz, [23], to calculate the received DC power.
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FIGURE 12. DC power received by the wearable 915 MHz and 2.4 GHz textile
rectennas, on the XY and YZ planes, based on the antenna’s peak and
average (mean) gain.

been calculated using both the peak and mean gain obtained
from the four antennas positioned on the body phantom,
which is inclusive of the body shadowing effects, on-body
propagation effects, and the mutual-coupling between the
rectennas. Fig. 12 shows the calculated DC power received
by the textile rectennas at 915 MHz and 2.4 GHz.

One of the main aims of calculating the DC power deliv-
ered in a wireless-powered network is to evaluate the impact
of certain antenna designs, based on the gain, on the power
received by the rectennas. A higher DC power reception
indicates a better BAN performance and a more suitable
antenna design. The need to define multiple gain terms is
clearly highlighted in Fig. 12, where the power delivered
when considering the mean and maximum gains result in
contradicting conclusions. When considering the antennas’
peak gain, which is often quoted as the main figure-of-merit
and assumes full angular alignment, the power received at
915 MHz is 0.77x higher than the power received at 2.4
GHz, on the XY plane. However, when considering the mean
gainson the YZ and XY planes, the 915 MHz rectenna re-
ceives 15.4x and 2.6 x higher DC power, respectively. This is
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FIGURE 13. Theoretical (a) and empirical (b) CDF of the received DC power
by the 915 MHz and 2.45 GHz rectennas.

despite the monopole having its efficiency and gain reduced
due to the proximity with the human body model. Therefore,
when delivering power to wearable rectennas, operating at a
sub-1 GHz frequency using omnidirectional antennas yields
higher DC power reception despite being more prone to
body-shadowing and absorption. The difference in the re-
ceived power ratio at both bands between the mean and peak
gain is due to the significantly higher gain of the patch (6.84
dB) compared to the monopole (1.1 dB).

An additional optimization parameter for improving power
reception in a BAN is the position of the transmitter with
respect to the human. For both the 2.4 GHz and 915 MHz
antennas, WPT from a source positioned above the user (on
the XY plane of Fig. 5) results in improved energy reception.
For a source above the user, such as mounted on the ceiling,
the variation in the angular alignment of the antenna is
limited to the 180° above the user. Subsequently, the average
gain for both the broadside patch and the omnidirectional
monopole on the XY plane is higher than on the YZ plane.
In Fig. 12, at R=2 m on the YZ plane, the monopole antenna
receives over eleven times higher DC power compared to the
patch. The difference between the power received by both
antennas is greater on the YZ plane due to the case where
the transmitter is behind the user and not facing the radiating
aperture of the patch antenna (the N-LOS scenario). This
result agrees with the path loss measurements in table IV
where the patch’s effective gain is at its lowest in the N-LOS
case and is lower than the monopole.

In real-life operation, the alignment of the rectenna with
the power transmitter is random on the 360° YZ and 180°
XY planes. Such random alignment is more prevalent when
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operating in the far fields of both the transmitter and the
rectenna. Therefore, the probability of the received power
needs to considered for both the XY and YZ axes. Fig.
13 shows the cumulative distribution function (CDF) of the
received power at 2 m separation from the transmitter. From
the CDF plots in Fig. 13, it is evident that the harvested power
is higher when harvesting from the XY plane, for both the
915 MHz monopole and the 2.45 GHz patch. However, the
effect us more prominent with the patch antenna, due to the
more directional radiation patterns. Based on the empirical
CDF in Fig. 13-b, the patch antenna’s power reception CDF
on the XY plane is comparable to the monopole. As a result,
using a broadside patch antenna, positioned on the shoulder
for instance, for harvesting from a source on the XY axis
may result in improved energy reception compared to om-
nidirectional sub-1 GHz WPT. Nevertheless, it is concluded
that on average and assuming a random position of the user,
omnidirectional antennas combined with a source above the
user (on the XY plane) result in the highest average received
power, as in Fig. 12, as well as the highest power receiving
probability, as in Fig. 13.

VI. CONCLUSION

In this paper, an RF-powered BAN with multiple power
receivers, based on fully-textile antennas is studied, using
realistic metrics for LOS and N-LOS dynamic WPT as
opposed to peak gains. The effects of the frequency band,
antenna design, and the antennas’ position on the body have
been investigated numerically and measured experimentally
using textile antenna prototypes. Furthermore, more insight-
ful real-world performance metrics are proposed improved
RF-powered BAN evaluation.

Although omnidirectional sub-1 GHz textile antennas lack
shielding from the body, the received DC power can be
enhanced by over ten times compared to a 2.4 GHz high-
gain patch antenna, when considering the average gain from
a transmitter horizontally aligned with the body. The need
for using the full 3D angular gain as well as the average gain
when evaluating RF-powered networks is demonstrated, due
to the random angular position of the user with respect to
the power transmitter. The DC power reception improvement
when using a 915 MHz monopole antenna has been quan-
tified to vary between 0.7x and 15.4x higher DC power,
depending on the plane of the incident RF power. It is con-
cluded that omnidirectional sub-1 GHz antennas are the most
suited for receiving power from an off-body source, when
alignment between the user and the transmitter is unlikely
and not controllable.
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Abstract—Antennas and rectennas for self-powered body area
networks (BANs) have attracted significant interest, in an effort
to improve the sustainability of e-textiles. This paper presents a
novel dual-port fully-textile antenna, based on a simple microstrip
patch, for simultaneous wireless information and power transfer
(SWIPT) at 2.4 GHz, presenting the first antenna-rectifier co-
design implementation for SWIPT. The proposed antenna’s
input bandwidth covers the license-free band achieving 8.9 dBi
measured directivity and 41% efficiency at 2.4 GHz, with a
simple proximity-coupled microstrip feed. For power harvesting,
port 2 is designed to achieve a scalable complex impedance to
directly match the rectifier without a separate matching network,
and achieves 6.3 dBi off-body gain. The proposed rectenna feed
improves the antenna’s isolation by at least 15 dB compared to
a microstrip feed similar to port 1. The rectenna achieves over
40% power conversion efficiency (PCE) from —10 dBm, when
placed directly on-body, with a 71% peak PCE.

Index Terms—Antennas, Electronic Textile, RF Energy Har-
vesting, Rectifiers, Microstrip Antennas, Wireless Power Transfer

I. INTRODUCTION

Textile-based antennas for body-centric communications
have been widely investigated for wireless sensing, healthcare,
and Internet of Things (IoT) applications [1], [2]. Wearable
textile rectennas for Radio Frequency Energy Harvesting
(RFEH)-powered Body Area Networks (BAN), from sub-1
GHz [3], [4], 2.4 GHz [5], and up to 26.5 GHz [6], have been
developed using antennas with broadside radiation patterns,
where the power would typically be received from a source off
the body. Likewise, Industrial Scientific Medical (ISM)-band
communication, using Bluetooth or Wi-Fi for example, will
often take place between a wearable device and an off-body
base-station [7]. Nevertheless, antennas for wearable systems
performing both off-body communications and energy harvest-
ing simultaneously have not been investigated or reported.

Simultaneous Wireless Information and Power Transfer
(SWIPT) is an interesting application of RFEH [8], [9].
SWIPT topologies often involve switching mechanisms to
divide the incident power using either time-based or power-
based splitting between the rectenna and the information
receiver [8]. However, such switches may require additional

This work was supported by the European Commission through the
EnABLES Project: European Infrastructure Powering the Internet of Things,
funded under H2020-EU.1.4.1.2. grant number: 730957.

control hardware and will reduce the net harvested power
from an incident plane-wave [9]. Therefore, SWIPT-specific
antenna designs are needed to be able to simultaneously
deliver power to the rectifier and information to the receiver
without compromising on the rectenna’s DC output. Recently,
an antenna based on a hybrid coupler was proposed for
SWIPT [10], as well as a dual-port antenna with 50Q2-matched
rectifiers [11]. However, the designs are complex and cannot
be integrated in wearables. Additionally, both designs required
a matching network to connect the antenna to the rectifier
and, for [11], the antenna is fundamentally no different from
standard dual-port antennas or arrays with improved isolation.

Multi-port textile antennas have recently attracted signifi-
cant interest for BAN. Applications such as full duplex wire-
less networks [12], and dual-polarization energy harvesting
[3] have driven advances in wearable antenna design and
fabrication. Nevertheless, a wearable antenna for SWIPT has
not previously been demonstrated. Furthermore, realizing a
rectenna based on existing multi-port textile antennas will
require a matching network similar to [3]-[5]. On the other
hand, co-designed rectennas without a matching network have
several advantages over their counterparts with stand-alone
matching [13]. This includes improving the Power Conversion
Efficiency (PCE) as well as reducing the system’s overall
design complexity [14]. Yet, textile rectennas have not, thus
far, been designed based on matching network elimination with
antenna-rectifier co-design.

This work presents a fully-textile microstrip antenna for
simultaneous wearable communications and energy harvesting
from an off-body source. The antenna, occupying the same
area as a conventional patch and using a miniaturized ground
plane, achieves high gain (>5.7 dB) and radiation efficiency
(>40%) across both ports. The energy harvesting port has
been designed with an inductive feed to achieve a complex
impedance chosen to directly match a rectifier. From an
incident power —10 dBm, the rectenna port delivers 480 mV
DC output, across an optimum load of 7 k2, with a 40%
PCE, while simultaneously receiving (communicating) on port
1. This antenna is the only implementation demonstrating the
feasibility of antenna-rectifier co-design integrated within a
standard antenna design for communications, such as a patch,
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FABRICATION
A. Antenna Design and Simulation

Microstrip patch antennas are the most common antenna
design for off-body BAN applications due to their broadside
radiation patterns and simple geometry. To design a microstrip
patch for SWIPT applications without splitting power, a dual-
port antenna is required with high isolation between the
rectenna’s RFEH and the communication ports.

First of all, a proximity-coupled microstrip patch is designed
for a 3.2 mm-thick felt textile substrate (e,.=1.2, tand=0.02).
Electroplated conductive fabrics are selected for the antenna
traces. The microstrip feed is sandwiched at 1.6 mm height
from the ground-plane, Fig. 1 shows a cross section of the
proposed antenna. The antenna is modelled and simulated in
CST Microwave Studio. Initially, a symmetric microstrip feed
to that on port 1 is added at port 2, as in Fig. 2 (a) and (b).
This microstrip feed has a matched input impedance but also
results in very high mutual-coupling, S31=—4.5 dB, with port
1 reducing the antenna’s realized gain by over 3.5 dB. Fig. 2-c
shows the simulated port coupling (S2;) of the antenna with
a conventional symmetric microstrip feed.

To reduce the mutual port coupling and adapt port 2 to
RFEH applications, a novel differential feeding mechanism
with an inductive loop is proposed. To explain, achieving a
5082 impedance on port 2 is not significant for RFEH as a
matching network will be needed to connect to a rectifier.
However, the proposed inductive feed will result in a tunable
complex impedance which can be used to directly match a
rectifier [13]. Additionally, the proposed balanced feed at port
2 will reduce the coupling between the ports resulting in high
gain across both ports.

It can be observed from the simulated s-parameters that the
port isolation improves by over 40 dB with the new port struc-
ture. Owing to the new balanced feeding point of the antenna

antenna: (a) layout of symmetric antenna; (b) layout of proposed antenna;
(c) simulated S27 of both implementations.

with a built-in tuning loop, an inductive input impedance can
be achieved to directly match a rectifier without the need for a
matching network. However, a very low real input impedance
will be observed due to the ground plane backing the loop.
Therefore, the ground plane is miniaturized and the dimensions
of the patch were tuned to achieve the desired input impedance
to match the rectifier, by adding an additional dipole-like step
shown in Fig. 1. At 2.4 GHz and —10 dBm, a voltage doubler
rectifier based on the Skyworks SMS7630 Schottky diode,
simulated using harmonic balance, achieves its maximum PCE
with Z,4.=15+j110€2. The dimensions of the patch shown in
Fig. 2 (the loop length and port-2 slots) were tuned to achieve
Z ant. matching the rectifier.

B. Antenna Fabrication

The antenna is fabricated using laser-cut conductive fabric
(P&P MW Weave). Conductive fabrics are more breathable
and user-friendly compared to flexible circuits on polymer
substrates, and can be patterned using simple methods such
as die-cutting or laser-cutting. Fig. 3-a shows the rectenna
prototype with the 502 communications port and the energy
harvesting co-designed rectenna.

For the rectifier, the low-footprint Schottky diodes will re-
quire a more fine-featured fabrication process for the soldering
pads. A thin and flexible circuit is fabricated to accommodate
the voltage doubler using polyimide copper laminates [3].
While polyimide is not a textile material, it occupies less than
2% of the antenna’s total area. In addition, due to its light
weight and lower thickness than conductive fabrics, it does
not reduce the user’s comfort [6]. A rectifier fabricated on
a polyimide flexible circuit adhered to a felt fabric substrate,
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Fig. 3.  Photographs of the proposed antenna: (a) The fabricated
rectenna/antenna prototype; (b) antenna measurements while bending on-
wrist; (c) antenna on body phantom in an anechoic chamber for radiation
pattern measurements; (d) impedance measurement using a balanced jig.

using a similar technique to this work, was shown to withstand
over 250 sharp bending cycles (<1 cm bending radius) with
no degradation in the voltage output [3].

III. ANTENNA AND RECTENNA MEASUREMENTS
A. Off-Body Communication Antenna Measurements

The fabricated antenna prototype, shown in Fig. 3-a, has
been measured using a Rohde & Schwarz ZVB4 Vector Net-
work Analyser (VNA) to characterize the antenna’s impedance
bandwidth. The antenna’s reflection coefficient was measured
before and after the rectifier was connected to the antenna.
Fig. 4 shows that the measured S;; of the antenna covers the
full 2.4 GHz ISM-band (2.4-2.5 GHz) with and without the
rectifier, showing a maximum fractional bandwidth of ~5%.

While port 2 adopts a balanced feed, a single-ended SMA
was used to measure the mutual coupling between the ports
with the two-port VNA. While this results in higher coupling
than simulated (Fig. 2-c), it validates the improved isolation
over a conventional microstrip feed at port 2. The measured
mutual coupling between the ports (S2;) shows over 19 dB
isolation at 2.4 GHz.

As the textile antenna is targeted at wearable applications,
the S1; was characterized while conforming to different body
parts. Fig. 5 shows the measured S;; of the antenna under
bending on the body, as shown in Fig. 3-b. It can be seen
that despite having a compact ground plane of 74x 100 mm?
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Fig. 4. Simulated and measured s-parameters of the proposed antenna, in
space, before and after connecting the rectifier.
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Fig. 5. Measured reflection coefficient of the antenna on a user’s chest and
while bending over a 3 cm radius around the wrist.

(0.47)2), the antenna still maintains high isolation from the
body with minimal influence on its impedance bandwidth.

The antenna’s 3D polarimetric radiation patterns were mea-
sured in an anechoic chamber on a body-shadow phantom,
as shown in Fig. 3-c. The phantom uses radiation absorber
to minimise the signal through the body while including the
diffraction around the body that would be experienced in
reality. This phantom is more suitable for 3D pattern measure-
ments than liquid-filled phantoms [15]. The total efficiency of
the textile antenna on the body phantom, inclusive of mismatch
and rectifier-coupling losses, was then calculated with respect
to a reference monopole as described in [15]. Fig. 6 shows the
3D measured directivity patterns and the polarization of the
antenna.

The antenna achieves a peak measured directivity of 8.9 dBi.
This agrees with the simulated 9.2 dBi directivity of the
antenna placed on a large skin layer. Based on the measured
total efficiency of —3.9 dB (41%), the measured realized gain
of the antenna is 5.0 dBi. The measured co-/cross-polarization
isolation is over 13 dB in the 3D half-power beamwidth. As
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Fig. 7. Simulated (dashed) and measured (solid) differential input impedance
of port 2 which directly conjugates the rectifier’s reactance at 2.4 GHz.

shown in Fig. 6, the antenna’s main broadside off-body lobe
achieves maintains high polarization purity.

B. Wearable Rectenna Measurements

The first step in characterizing the rectenna’s performance is
measuring the antenna’s input impedance on port 2. As port 2
utilizes a balanced feed, a differential test setup is required
to accurately measure the antenna’s impedance. A coaxial
jig, shown in Fig. 3-c, was used to measure the impedance
with a two-port VNA [16]. The simulated and measured input
impedances at port 2 are shown in Fig. 7.

The measured input impedance of the antenna of
28.5+j125€2 has been used to re-simulate the rectifier’s DC
output for varying input powers at 2.41 GHz. The rectifier’s
large-signal PCE was simulated using harmonic balance in
Keysight ADS based on the same model used to extract the
optimum input impedance. Fig. 8 shows the simulated PCE of
the rectifier based on the measured antenna’s impedance.

In order to measure the rectifier’s output, a wireless power
source is required as the rectifier cannot be connected directly
to 502 Continuous Wave (CW) generators. The VNA, set to
transmit in CW mode at 2.41 GHz, was connected to a simple
wire dipole antenna positioned at 60 cm from the rectenna.
The rectenna was placed on a user’s arm while performing
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Fig. 8. Simulated and measured PCE and DC voltage output, across a 7 k2
load, of the rectenna while placed directly on the user’s body.

TABLE I
COMPARISON WITH RECENT TEXTILE WEARABLE RECTENNAS
This work | TAP’20 [3] | TAP’20 [5] | TMTT 18
[17]

Freq (GHz) | 2.41 0.82 2.45 2.45
Application | SWIPT WPT WPT WPT
EH Gain 6.4 dBi 0.8 dBi 5.0 dBi 6.3 dBi
Comms. 5.0 dBi None None None
Gain
Matching Not Lumped in- | Transmission| Tapered
Network needed ductor line line
Peak PCE 71% 58% 70% 64.6%

the measurements to demonstrate the rectenna’s output in a
real-world use-case. Port 1 (the communications port) was
terminated with a 502 SMA termination to mimic an active
receiver absorbing power while the rectenna is harvesting.

The power received by the rectenna was estimated using an
identical textile microstrip patch with a 50€2 feed, connected to
the VNA’s port. The rectifier output was connected to a 7 k{2
load resistor, the optimal load extracted from simulation. Fig.
8 shows the simulated and measured DC output of the rectenna
from a wireless 2.41 GHz CW source. Due to the maximum
CW output of 15 dBm from the VNA, the measurements
were only performed below —10 dBm. It can be seen that
the simulated and measured DC output of the rectifier agree
very closely, validating the peak simulated PCE of 71% from
3 dBm of power.

The proposed antenna/rectenna is compared to state-of-art
textile antennas and rectennas in Table 1. Despite operating as
a simultaneous information and power receiver, the proposed
antenna achieves state-of-art PCE and radiation properties.
Additionally, the size and materials required to realize the an-
tenna are the same as reported low-cost fully-textile antennas,
without requiring rigid low-loss PCBs for the rectifier as in
[17] or lumped inductors as with [3] and [5].

IV. CONCLUSION

This paper presented a novel dual-port antenna design
approach for realizing highly-integrated SWIPT antennas. The



proposed textile antenna is demonstrated for simultaneous
communications and energy harvesting in the 2.4 GHz ISM-
band while occupying the same area as a standard microstrip
patch antenna. The antenna has a 5.0 dB gain and an Si;
bandwidth covering the 2.4 GHz ISM-band in presence and
absence of a human body. The rectenna achieves a high
measured PCE approaching 40% at —10 dBm, when measured
on-body, and a simulated peak PCE over 70%, with the
simulation and measurement showing a very close agreement.

This work will enable new applications of RFEH for both
wearable and non-wearable applications combining antenna-
rectifier co-design with common antenna designs. Full duplex
implementations, multi-band SWIPT antennas, and SWIPT-
powered antenna arrays are among the new research streams
enabled by this work.
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Appendix B

Literature Review SoA Comparisons

This appendix presents the tabular comparisons of several antennas, rectifiers, and

rectennas reviewed in Chapter 2, based on the different rectenna topologies identified.

Comparisons of the following systems and components are presented:

e UHF rectennas compared based on their impedance matching architecture.
e UHF rectennas compared based on their polarization diversity.

e mmWave antenna designs proposed for rectennas from 20 to 30 GHz.

e mmWave antenna designs proposed for rectennas beyond 30 GHz.

e Fully-integrated CMOS mmWave rectifiers.

e Discrete Schottky-based mmWave rectifiers.

e Printed and flexible mmWave rectifiers.
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Appendix B Literature Review SoA Comparisons

TABLE B.1: Comparison of rectennas based on their impedance matching architecture

Lit. Topology | Antenna Matching Frequency Fractional
bands (GHz) | Bandwidth
(rect-enna)
FoM
2018 [11] A Narrow- Single-band | 2.45 (single) | 4%
Band Patch | tapered line
2013 [13] B Single-band | Single-band | 0.5, 0.9, 1.8, | 7%, 5%, 3%,
tapes LC 2.1 4-5% .
2018 [43] B and C | Broadband T/Pi  net- | 0.9, 2, 2.55 15%, 23.7%,
slot, single | works (single 0.07%
band slot diode/band)
2016 [33] C Frequency- Transmission-| 0.55,  0.75, | 9%*, 3%*,
independent | line match 09,1.8,23 | 23%, 2.2%,
Log-periodic 2.2%
2013 |26] D Broadband | 8th-order 1.8, 2.1 4%, 3%
Yagi-Uda LC (volt-
array age dou-
bler/band)
2014 [89] E High-Q loop | Weighted ca- | 0.868 6.9%
pacitor bank
2016 [109] F High-Z N/A 0.55 21.1%
Dipole
2017 [34] G High-Z N/A 0.95, 1.85- | 2%, 30%*
Multi-band 2.4
Dipole
*Bandwidth at S1; < —6dB
TABLE B.2: Comparison of rectennas based on their polarization diversity
Lit. Polariza- Antenna Primary Secondary Bandwidth
tion and  Fre- | Gain Gain (MHz)
quency (FoM) (FoM)
2018 [11] a: LP 245 GHz | Co-Pol 7.3 | X-Pol -15.2 | 50
Patch dBi dBi
2018 [143] b: CP 5.8 GHz | 6 dBc -14 dBc 100
Slot
2018 [149] c: DLP 2.4 GHz | H-LP 745 | V-LP 7.63 | 140
Dual-Slot dBi dBi
2015 [85] d: DCP 2.4 GHz | 7.9 dBc 7.9 dBc 60
Slot
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TABLE B.3: Comparison of antenna designs proposed for rectennas from 20 to 30 GHz.
Rectenna| Freq. Antenna | Peak —3 dB | Polari- Dim. Substr-

Design | Gain beam- zation (mm) ate/
(dB) width Tech-
) nology
2014 21 GHzt | Strip >4 >50 Linear 10x13 RO6002
[224] dipole
2014 24 GHz* | 4x4 15 ~15 Linear 75%35 Duroid
[220] SIW 5880
array
2014 24 GHz* | 2x2 12.6 ~20 Circular | 30x30 Duroid
[76] cavity- 5880
backed
array
2015 24 GHz* | Folded -1 >60 Linear 3.7x 65nm
[256] dipole 1.2x CMOS
0.12
2017 24 and | DRAon | —1 at |65  at | Linear 32x DRA on
[257] 40 GHz* | slot an- | 24 GHz, | 24 GHz, 32x CMOS
tenna 0 at | 360 at 4.64
40 GHz | 40 GHz
2017 24 GHz* | 2x2 mi- | ~30 Linear 12x12 LCP
[75] crostrip
patch
array
2019 22- 2x1 mi- | NR >50 Linear NR: Printed
[234] 28 GHz* | crostrip | (<5) ~10x10 | FLGRO02
patch (tand=
array 0.03)
2019 28 GHz* | 8x5 ~18 80 Linear 55x87 LCP
[135] Rotman
lens
array
2020 24 GHz* | 4x4 mi- | 13.8 <20 Linear 60x30** | RO3003
[358] crostrip
patch
array
2020 24 to | Single >8 50 Linear 16.5x9.5 | Textile
[244] 40 GHz* | an- up to (tand=
tipodal | 30 GHz 0.026)
Vivaldi

*50€ antenna bandwidth; fcomplex impedance antenna; fsimulated only; NR: not

reported; **estimated.
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TABLE B.4: Comparison of antenna designs proposed for rectennas beyond 30 GHz.

Rectenna| Freq. Antenna | Peak —3 dB | Polari- Dim. Substr-
Design | Gain beam- zation (mm) ate/
(dB) width Tech-
) nology
1992 35 GHz* | Stripline | NR NR Linear NR: Duroid
[204] dipole ~Hx3
2014 35 GHz* | 4x4 19% 18 Linear 21.7x Duroid
[248] patch 22.6 5880
2016 35 GHz* | Fabry- 17 NR Circular | 32x Wave-
[243] Perot 32x guide
res- 4.64 (air-
onator filled)
2020 35 GHz* | Wave- 15.1 ~15 Linear 17.7x Wave-
[246] guide 17.7 x| guide
Fabry- 2.2 (air-
Perot filled)
2016 60 GHz* | 2x2 8.9 ~15 Linear 10x CCL-
[260] Grid 10x 0.5 | HL832
array on (tand=
package 0.012)
2018 60 GHz* | 8x1 mi- | 13.3F ~20 Linear 18x Thin
[359] crostrip 7.8% 0.2 | film
array ceramic
2013 71 GHz* | \/4 NR NR Linear 0.94x 65 nm
[259] monopole 0.75 CMOS
2015 94 GHz* | Coplanar| 3.9¢ ~20 Linear 2x  2x | Thin
[238] Bow-tie 0.1 film
alumina
2018 94 GHz* | 8x8 Mi- | 9 ~25 Linear 7x 15 NPC
[360] crostrip F220A
2014 75- Meander | 2.28 >180 Linear | 0.53x 65 nm
[361] 110 GHz | dipole 0.91 CMOS
*]

*50€ antenna bandwidth; fcomplex impedance antenna; fsimulated only; NR: not
reported; **estimated.
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TABLE B.5: Comparison of CMOS mmWave rectifiers.
. Freq. 1 V Sensitivity | Max

Lit. (GHy) Z-match Process (dBm) PCE
[258]'14 | 24 Parallel inductor | 180nm -2 1%*
[256]’15 | 24 Folded dipole 65nm —10 NR
[260]'16 | 60 Transformer 40nm 6 28%

balun

[265]'13 | 62 Series inductor 65nm —4T %
[259]'13 | 71 Series inductor 65nm 5.2 8%

*Calculated from DC voltage across 1 MQ load; festimated.
TABLE B.6: Comparison of Schottky-based mmWave rectifiers.
. Freq. Harmonics 1 V Sensitiv- | Max

Lit. (GHz) Z-match Termination ity PCE
[76]"14 24 Lmicrostrip | Lodial stubsat g jp 37%

f07 fl

[358]°20 24 Lemicrostrip | halstubsat |y qp s 37%

f07 fl
Dual-
[251]'13 25.7 microstrip NA NR ~17%
stubs
microstrip Tapered line
[204]792 35 A/4  trans- | and shunt | 9.2 35%
former stubs LPF
Coplanar LPF and ta-
[243]'16 35 P pered DC ter- | ~8 dBm 60%
stripline .
minals
[248]'14 35 L-microstrip | LPF only ~4 dBm 67%
[238]'15 04 Coplanar LPF only <0 dBm* 37.7%
stripline
*Calculated from the PCE curve; NR: not reported
TABLE B.7: Comparison of printed and flexible mmWave rectifiers.

Lit. Frequency (GHz) 10 dBm DC V at Z-Load Max PCE
[75]'17 24 0.8 V@739 Q 7.6%
[135]'19 28 1.4V alkQ 30%
[234]°19 28 0.7 V @ 750 k2 <1%
[358]°20 24 GHz 0.65 V*@200¢2 35%
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