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ABSTRACT Radio frequency (RF) energy harvesting and wireless power transmission (WPT) technologies
—both near-field and far-field—have attracted significant interest for wireless applications and RFID sys-
tems. We already utilize near-field WPT products in our life and it is expected that RF EH and far-field
WPT systems can drive the future low-power wireless systems. In this article, we initially present a brief
historical overview of these technologies. The main technical challenges of rectennas and WPT transmitters
are discussed. Furthermore, this paper presents the recent advances on the development of these technologies,
including the possibility of powering RFID systems through the millimeter wave power from 5G networks,
the trends in flexible rectennas design and the technological developments on the simultaneous wireless
information and power transfer (SWIPT).

INDEX TERMS Backscatter, wireless communications, electromagnetic harvesting, RF energy harvesting,
10T, wireless power transfer, energy harvesting, rectenna, antenna array, millimeter-wave, flexible rectennas,
simultaneous wireless information and power transfer, MTT 70th Anniversary Special Issue.
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I. INTRODUCTION

The exponential growth of low-power wirelessly connected
devices (estimated 40 billion devices by 2025 [1]) brings
significant energy challenges for their autonomous operation.
Batteries usage is challenging for a plethora of environmental,
economical and practical reasons. Alternative energy sources
- both intentional and unintentional - can complement or re-
place batteries usage.

To overcome the dependency on batteries, ambient energy
can be collected, converted and finally utilized; this is known
as energy harvesting (EH) or energy scavenging. Solar, ther-
mal, kinetic and Radio Frequency (RF) sources are potential
solutions for the energy autonomous operation of the Internet
of Things (IoTs) and machine-to-machine devices [2], [3].

RF energy harvesting (RF EH) refers to the concept of scav-
enging the otherwise wasted energy that is not utilized by the
end users [4]. This implies that the energy sources are existing
and opportunistic; examples of such sources are TV broadcast
and wireless networks. An alternative solution towards the
autonomous operation of these emerging technologies is the
intentional power transfer towards the targeted application.
Wireless Power Transmission (WPT) can be near-field or far-
field [2], [5], [6], [7]. The increased interest for RF EH and
WPT technologies has resulted in a number of research and
development activities on these areas, e.g. [8], [9].

In this article, we present the recent advances of RF EH and
WPT technologies along with future research directions. We
initially present a brief history on the development of these
technologies, starting from Maxwell’s equations up to present
(Section II). To assess the feasibility of RF EH, firstly we
need to understand the available power levels in the environ-
ment [10], [11], [12], [13], [14], [15]. Section III summarizes
a series of ambient RF power measurement campaigns that
have been made worldwide and highlights the bands with
higher power density in cities and suburban areas. Despite
the low-power ambient RF availability, the emergence of ultra
low-power modern devices and applications make nowadays
RF EH technology an attractive solution [16], [17], [18], [19].

The rectification efficiency of the energy harvester is a
critical parameter for the design of efficient RF EH sys-
tems. Section IV discusses the challenges of designing high
performance rectifiers and reviews the state-of-the-art rectifi-
cation efficiency versus input power and operating frequency.
It also highlights some important research directions on im-
proving rectifier performance outlining diode modeling and
technologies. Furthermore, novel rectennas designs based
on flexible materials are discussed in Section V. In the
case of WPT systems, dedicated power sources with high
power and beamforming capabilities can result in higher RF
power density levels adjusted for various purposes [20]. Sec-
tion VI focuses on the transmitter side of a far-field WPT
system.

As more and more cities deploy 5G infrastructure, the pos-
sibility of utilizing the mid-band 5G and millimeter wave
(mm-wave) frequencies for the aforementioned technologies
needs to be considered and deeply investigated. Section VII
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focuses on the 5G mm-wave power availability and properties,
and presents the new prospect of utilizing 5G millimeter wave
power for Radio Frequency Identification (RFID) systems.

The combination of electromagnetic energy sources with
communication signals has triggered the research interest
recently. In this last decade, techniques for simultaneous
wireless information and power transfer (SWIPT) have been
widely addressed in the RFID field and beyond [21], [22].
Simultaneous wireless powering and data communication can
be achieved with transceivers operations in the near reactive
field at low (30-300 kHz) and high (3-30 MHz) frequencies
or in the far radiative field, exploiting microwaves (300 MHz—
30 GHz) and millimeter waves (30-300 GHz).

Near-field (NF) SWIPT implies mutual reactive magnetic
or electric coupling, depending on the fact that inductive
coils or capacitive electrodes are exploited for power and
data exchange, respectively. Typically, power levels for power
transmission cover the range from few W to kW, whereas
for data transfer lower levels (uW to mW) are involved. In
the far-field (FF) SWIPT the energy sources are further from
the targeted application. Section VIII provides an overview
of the recent SWIPT developments, including both near-field
and far-field systems.

In summary, the structure of this article is as follows. Sec-
tion II presents a brief historical overview for RF EH and WPT
technologies. Section III focus on the available ambient power
levels for RF energy harvesting applications, while Section IV
is dedicated on the rectification efficiency of RF EH systems
with an emphasis on diode modeling and technologies. Sec-
tion V focuses on flexible rectennas and Section VI discusses
the transmitter side of a far-field WPT system. Section VII
discusses the new prospect of utilizing 5G millimeter wave
power to power RFID systems, while Section VIII presents
the recent advances in SWIPT technologies. Finally, Section
IX concludes this article.

II. HISTORICAL OVERVIEW OF WPT AND RF EH
TECHNOLOGIES

In this section a brief history on the evolution of wireless
power transmission and RF energy harvesting is presented.
The works [20], [23], [24], [25], [26], [27], [28], [29], [30],
[31], [32] represent a non-exhaustive list of publications that
provide a more detailed description of the historical events.
A careful analysis of the research in the recent years is also
explored, with a focus on more recent advances. Fig. 1 sum-
marizes graphically some major steps in the development
of RF EH and wireless power transmission, starting from
Maxwell’s equations up to recent experimental demonstra-
tions.

In 1864, James C. Maxwell predicted the radio waves
as an energy form. Two decades later, Heinrich Hertz ex-
perimentally verified Maxwell’s theory by transmitting and
receiving radio waves. Following the work of Maxwell and
Hertz, Guglielmo Marconi publicly transmitted wireless sig-
nals at the end of the 19th century. Nicola Tesla strongly
experimented with WPT; he performed the first WPT trial
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First Wireless Power Transfer
experiments by Nikola Tesla

Maxwell’s theory proved
experimentally by Heinrich Hertz

Peter Glaser introduced the concept
of solar power satellite (SPS)

Zoya Popovic’s group proposes
RF energy recycling
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First public transmission of
wireless signals by
Guglielmo Marconi

First theoretical basis of
Wireless Power Transfer -
Maxwell’s equations

Wireless Power Transfer experiments
based on new microwave technology by
William Brown.

Liu et al. propose ambient
backscatter wireless communication

Rectenna is patented.
W.C. Brown US3434678A

Early RFID patents, D.B. Harris US2927321A

FIGURE 1. Major milestones of the evolution of RF energy harvesting and wireless power transfer technology from Maxwell’s equations up to more

recent times.

and his work focused on both near-field and far-field wireles
power trasmission. After Tesla’s experiments, wireless power
transfer was not investigated much due to the unavailability of
the required technology for high power generation.

However, the recent technological advancements enabled a
wide range of far-field WPT experiments [23], [33]. In 1960 s,
William Brown created the first rectifying antenna (rectenna).
In 1964, William Brown conducted the first experiment of
wireless power transfer to a drone. The idea of solar space
satellite (SPS) was introduced later in 1968. In this concept,
solar energy can be scavenged and transmitted to earth. The
received energy can be then collected and converted to dc
using rectennas.

In last decades, WPT and RF EH technologies have been
developed and many experiments and demonstrations have
taken place worldwide. As an example, Fig. 2 shows the ex-
periment MILAX (Mlcrowave Lifted Airplane eXperiment)
which took place in Japan in 1992 [25], [32]. Fig. 2(a) and
(b) illustrate a photo of the wirelessly powered airplane ex-
periment and a closer look to the WPT system elements,
respectively. The transmitter is placed on the top of the car
and the rectenna is integrated on the airplane. Finally, Fig.
2(c) shows the phased-antenna array placed on the top of the
car.

These technologies have been explored and further devel-
oped from companies. Near-field WPT technologies are more
mature from a commercial point of view [34]; e.g. wire-
less charging of everyday devices, such as cellphones and
toothbrushes. A few examples of companies that work on
the development of far-field WPT systems are Ossia, Pow-
erCast, Energous, Wi-charge and TechNovator [35]. Informa-
tion about the ongoing development of regulatory frameworks
and standards can be found in [35], [36].

Finally, among the milestones related to RF energy harvest-
ing, while many commercial applications focus on wirelessly
powering devices using intentional radiators to provide the
desired RF power, an exciting possibility is the concept of
recycling ambient RF energy from existing RF sources that
unintentionally transmit signals, or rather do not explicitly
transmit RF signals for the purpose of RF powering, as
originally proposed by the group of Prof. Z. Popovic at
the University of Colorado, Boulder [26]. Furthermore, re-
searchers from Univ. of Washington proposed the concept of
ambient backscatter wireless communication [27], combining
the ideas of RF energy recycling and communication utilizing
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TABLE 1. Selected Surveys on Ambient RF Energy Density

City DTV LTE/GSM LTE/GSM Wi-Fi
year 700/850/900 1700/1900

Kyoto —38 dBm —25 dBm - -
2012 [39]

London —60.5 —44.4 —40.7 —67.4
2013 [14] dBm/cm? dBm/cm? dBm/cm? dBm/cm?
Boston* 3% —11.1dBm 5% -
2018 [40] 92%

Montreal ** —68.45 —55.18 —52.14 —77.42
2019[41] dBm/cm? dBm/cm? dBm/cm? dBm/cm?

*Measurement was finished in 2016. Results are percentage times that this
band contains the highest RF energy among all frequency bands.
**Results are average ambient RF power density in the downtown area.

existing ambient RF signals. In [37] the authors showed for
the first time a trully indoor solution for WPT charging of
indoor devices, and achieve a TRL of 4 in this experiment.

1ll. ENERGY SPECTRAL DENSITY

One vital research direction of energy harvesting lies in scav-
enging ambient radio frequency (RF) energy from our living
environment. In cities, ambient RF energy is pervasive, which
comes from digital TV (DTV) towers, cellular communication
networks, and Wi-Fi hotspots. DTV signals usually are below
800 MHz, and Wi-Fi signals are at either 2.4 GHz or 5 GHz. A
significant portion of ambient RF energy origins from cellular
base stations. As shown in Fig. 3, existing cellular networks
of 4G and before offer ambient RF energy below 2.7 GHz.
While more and more cities are deploying 5G infrastructure,
people are observing ambient RF energy in sub-6 GHz and
millimeter wave (mm-wave) 5SG bands [38].

A critical reference for building energy autonomous wire-
less devices based on ambient RF energy recycling is un-
derstanding how much such energy is available in our envi-
ronment. Since more than a decade ago, researchers around
the world have been doing surveys on RF spectral density
along with the rapid development of cellular network tech-
nologies. Table 1 has summarized the measurement results
of ambient RF energy density with at least 20 testing points.
Since all these measurements were finished before a large
deployment of 5G, results only cover DTV, Wi-Fi, and cellular
communication bands (4G and before). Table 1 shows that
ambient RF energy in the LTE frequency bands has the highest
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(©)

FIGURE 2. (a) Experiment of wirelessly powered airplane in Japan in 1992,
(b) transmitter installed on the top of the car and rectenna integrated with
the airplane, and (c) close look on the phased-antenna array [32].

power density compared to the DTV and Wi-Fi frequency
bands [14], [39], [40], [41]. And such an observation is con-
sistent across multiple cities in the world, which indicates that
energy harvesting in a populated area should target cellular
communication bands.
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FIGURE 3. A significant portion of ambient RF energy comes from the
existing 2G/3G/4G and expanding 5G networks. With a speedy rollout of
5G worldwide, ambient RF energy at higher frequency bands is/will soon
be in place.
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FIGURE 4. (a) Ambient RF power density of GSM/LTE 1900 band in
downtown Montreal [41]. The triangle symbol marks the cellular base
station and (b) average ambient RF power density in downtown Montreal
across a frequency band from 400 MHz to 2.7 GHz [41].

To assess the feasibility of energy autonomous wireless
devices based on harvesting ambient RF energy in cities,
a large-scale RF survey was conducted in Montreal [41].
Fig. 4(a) demonstrates the ambient RF power density of the
GSM/LTE 1900 band in the downtown area, which is the
band with the highest power density among all bands, as
shown in Fig. 4(b). The power density is highly dependent
on the distribution of cellular base stations based on Fig. 4(b).
The highest power density obtained is about —26 dBm-cm 2.
Besides GSM/LTE1900 band, other cellular communication
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FIGURE 5. Block diagram of RF energy harvester, with rectifying antenna
(rectenna) highlighted in blue.

bands, including LTE700, GSM/LTES850, and LTE1700/2100,
have a power density larger than —60 dBm-cm™2.

Compared to downtown areas equipped with more cellular
base stations, suburban areas usually would see a dramatic
drop in RF power density in cellular communication bands.
Advantages of harvesting DTV signals include good avail-
ability as DTV signals are less dependent on human activities
and enhanced conversion efficiency due to the operation in
typically lower frequency bands than other communication
systems.

Based on RF surveys conducted in various cities, feasible
ambient energy harvesting applications shall target a power
density lower than —25 dBm-cm~2. Also, as 5G networks
are being quickly deployed, RF surveys should be updated
regularly. In particular, future RF surveys need to cover new
frequency bands, including mid-band 5G and high-band/mm-
wave 5G. Mid-band 5G extends the cellular frequency band to
6 GHz, serving metropolitan areas. High-band 5G adopts new
mm-wave frequency bands, mainly focusing on dense urban
areas.

Furthermore, besides ambient RF energy associated with
low power density, wireless power transmission can be imple-
mented through dedicated power sources with higher power
and beamforming technology [20]. In this case, RF power
density can be well-controlled or adjusted for different pur-
poses. Hybrid approaches of collecting energy from both a
dedicated energy source and existing sources can be also con-
sidered [42].

IV. ENERGY HARVESTER, DIODE MODELING, AND
TECHNOLOGIES

The rectifying antenna, or rectenna for short, is the most criti-
cal component for the performance of an RF energy harvester.
A simplified block diagram of the key components of an
energy harvester is shown in Fig. 5. The works [43], [44],
[45], [46], [47], [48] analyze further its structure. Nonlin-
earity does the trick of frequency conversion, converting RF
input signals into higher harmonics and direct current (dc).
Various applications have their own desired output. Energy
harvesting application maximizes dc output by minimizing
the energy conversion to other harmonics ranks to enhance
the conversion efficiency [49]. Any nonlinear device can dis-
tribute a Continuous Wave (CW) signal over its harmonics.
Typical nonlinear devices are diodes and transistors. Energy
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(b)

FIGURE 6. (a) Rectifier based on resistance compression network, (b)
rectifying antenna (rectenna), and (c) hybrid solar-electromagentic energy
harvester. After [52], [55], [56]-

FIGURE 7. A Shockley diode model can be used to model Schottky diodes.
In the RF energy harvesting application, the nonlinear junction resistance
R;, highlighted in green, provides dc power and the nonlinear junction
capacitance C; together with the series resistance R; in red dissipate dc
power. L, and C, represent the diode package parasitic inductance and
capacitance respectively.

harvesting, especially in a low-power range, requires zero-bias
operation (energy is too sparse to be wasted in biasing).

Moreover, the impedance of the device should be “match-
able” to the energy-capturing antenna, which can be derived
from a low zero-bias junction resistance (typically no larger
than a few k). As a result, Schottky diodes, whose junction
potential is about 0.15 to 0.45 V, are widely used in RF energy
rectifier design. A comprehensive survey of rectifier circuits
using different types of diode devices including integrated cir-
cuits utilizing diode connected transistor devices is presented
in [50].

Some recent works match directly the antenna and the recti-
fier omitting the impedance matching (IM) network [47], [51],
while novel impedance matching networks, e.g. resistance
compression networks (RCN), have been proposed to improve
rectifiers performance by reducing its sensitivity to environ-
mental conditions changes [52], [53], [54]. Fig. 6(a) and (b)
show a rectifier based on RCN networks and a rectenna, re-
spectively [52], [55].

A Schottky diode can be characterized by the Shockley
diode model, as shown in Fig. 7. It contains nonlinear junc-
tion resistance R;, nonlinear junction capacitance C;, series
resistance Ry, and packaging parasitics Cp, and L.

When used in rectifier design, the nonlinear junction resis-
tance R; can be seen as an RF-current-controlled dc source. At
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FIGURE 8. I-V curve of a backward tunnel diode and its current
responsivity [61]. Physical limits of Schottky diode’s Ry, at three
temperatures are also marked.

high frequencies, the impedance of the junction capacitance
C; gets lower than R; and draws more RF current, which
results in lower RF current being converted by the nonlinear
junction resistance. Hence, both C; and Ry impede the rectify-
ing operation and should be chosen as low as possible. Based
on the understanding mentioned above and the Shockley diode
model, an analytical model can be derived for rectification
efficiency prediction [57], [4]. The current generated by non-
linear junction resistance I;;,4, due to RF input power can be
expressed by:

V()ll
laioae =15 (e = 1) ()

in which I, V,,, n, and V; are diode saturation current, voltage
magnitude across the junction, diode ideality factor, and ther-
mal voltage, respectively. Since I;;,4. contains all frequency
components of current, including fundamental signal, dc, and
harmonics, RF input P;, and dc output P;. can be obtained
based on 1,4, [49]. Thus, rectification efficiency can be cal-
culated:

P
n = -9 % 100% )
in
A more general way to estimate the nonlinearity of any kind
of diode is to use current responsivity Ry, which is defined as
the ratio of dc output current over the RF input, and its unit is
[A/W] [58], [59]. It can also be computed from the first and
second derivatives of diode’s I-V curve [60]:

2
Ri= 3 (3)

av
For example, Fig. 8 shows the I-V curve of a backward
tunnel diode and its current responsivity [61]. For any kind of
diode, the polynomial fitting can be used to obtain a func-
tion after diode’s I-V measurements. Then, diode’s current
responsivity can be calculated using (3), as presented in Fig.
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8. The zero bias current responsivity R;|—o) or Ryq is a key
parameter that can quantify the nonlinearity of a diode used
in low-power rectification. Ryo of the backward tunnel diode
reaches 21.65 A/W, which is higher than the physical limit of
any Schottky diode 19.46 A/W at a room temperature of 25
°C. Schottky diode’s Ry can be calculated by:

Ry = “4)

in which ¢, kg, and T are electron charge, Boltzmann constant,
and operating temperature (in Kelvin). Fig. 8 also shows the
physical limits of zero-bias current responsivity of Schottky
diodes (assuming a perfect diode ideality n = 1) at three dif-
ferent operating temperatures —30 °C, 25 °C, and 80 °C.
Low-temperature operation enhances Rjq, in other words, the
nonlinearity of Schottky diodes. For example, Schottky diodes
operating at —30 °C have the potential to outperform the
backward tunnel diode in [61].

Based on Ry, the junction conversion efficiency 1o can be
expressed as a function of junction resistance for the low-
frequency hypothesis [59]:

PinR7R’

=11 5)
Rl +Rs +Rj

no
where R; is load resistance. This explicit conversion efficiency
expression indicates that larger input power and stronger non-
linearity will lead to higher conversion efficiency. Therefore,
researchers have proposed hybrid energy harvesting tech-
nology to obtain more input power, thus leading to higher
conversion efficiency. So far, several different forms of ambi-
ent energy sources have been involved in hybrid rectification,
including solar [56], [62], thermal [3], [63], and mechanical
energy [64]. A photo of a hybrid solar-electromagnetic energy
harvester is shown in Fig. 6(c) [56].

Besides junction conversion efficiency, the overall rectifi-
cation efficiency also contains matching network efficiency,
parasitic efficiency, and loading efficiency. The rectifier input
impedance comprises a reactive (capacitive) component due
to the active device capacitance and the various capacitances
used in the rectifier circuit [65]. Typically the input impedance
of a rectifier circuit at a given input power and output load
can be expressed as an equivalent shunt R,C, circuit [65].
As a result, impedance matching of the rectifier circuit to
the antenna over a large bandwidth represents a significant
challenge [66]. The theory developed by Bode and later ex-
tended by Fano [67] can be used to compute a minimum
reflection coefficient I' magnitude that can be obtained for a
given frequency bandwidth B [66]

r > e ZBR]eCe . (6)

Fig. 10 presents the state-of-the-art rectification efficiency
as a function of operating frequency and input power. Higher
efficiency can be obtained at higher power and lower operat-
ing frequency.

Novel technologies and techniques are under development
in an attempt to maximize rectification efficiency. Section V
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[88], [89], [90], [91], [92], [93], [94], [95]. [96]. [97], [98]. [99]. [100], [101],
[102], [103], [104], [105], [106], [107], [108], [109], [110], [111]. References
are listed from lowest to highest operating frequency. Blue, green, and red
dots are the projections of efficiency results on three surfaces.

TABLE 2. Rectification Efficiency of Multi-Band Rectifiers for RF EH and
WPT Applications

Ref. Freq. (GHz) Diode RF-to-dc conversion efficiency
[55] 0.915/2.45 SMS7630 37% (-9 dBm) @0.915 GHz/
20% (-15 dBm) @2.45GHz
[56] 0.85/2.45 SMS7630 18% (-20 dBm) @0.85 GHz/
10% (-20 dBm) @2.45GHz
[115] 0.9/1.8 HSMS2850 13.2% (-30 dBm) @0.9 GHz/
8% (-30 dBm) @2.45GHz
[116] 0.9/1.8/2.45  HSMS2852  33.7% (-10 dBm) @0.9 GHz/

22% (-10 dBm) @1.8GHz/
20% (-10 dBm) @2.45GHz

is dedicated on the design of flexible rectennas, while Fig.
9 shows two rectennas operating 24 GHz, the first one is
fabricated on a commercial photo paper substrate and the
second one is based on substrate integrated waveguide (SITW)
technology [68], [69], [70].

To increase the harvested power level of RF EH systems,
multi-band and broadband rectifiers have been investigated in
various frequency bands, such as for example in [51], [55],
[66],[71], [72], [73]. A selection of rectifiers tailored for WPT
and RF EH applications is summarized in Table 2 showing
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FIGURE 11. Contribution comparison of nonlinear junction resistance and
capacitance during second-harmonic generation for a Schottky diode
SMS7630 at 3.5 GHz. Note that this is a stacked plot.

the highest rectification efficiency obtained for each design.
Furthermore, motivated by the need for high rectification effi-
ciency, high peak-to-average power ratio (PAPR) signals have
been tested. It is shown that high PAPR signals lead to higher
RF-to-dc conversion efficiency if compared to a CW signal of
the same average power [74], [75].

To cope with the low dc voltage generated under low power
condition, three techniques are typically implemented. The
most common practice is to use a Dickson charge pump [76].
In some more complex energy harvester, a dc-to-dc converter
can be used [14], [77]. Finally, some designs also propose to
operate RF frontend with hundreds of millivolts, so that the
rectifier output voltage could be used without any boost (and
efficiency deterioration) [78].

Apart from being the core component in rectifiers, diodes
are also commonly used in harmonic backscattering tech-
nology, where both nonlinear junction resistance and ca-
pacitance contribute to harmonic generation (usually the
second-harmonic component). Harmonic backscattering is a
fully passive RFID technology that receives RF input and
reflects generated second-harmonic signals. For Schottky
diodes, analysis can also start from its I-V relationship in (1).
Thus, the second-harmonic current due to junction resistance
and capacitance can be obtained as [112], [113]:

V2
In: = on 7
CioMV?2w,
ch ~ on (8)
2V;

in which M, V;, and w, are diode grading coefficient, junction
potetntial, and angular frequency of RF input signal, respec-
tively. To achieve higher conversion efficiency, in other words,
to reduce conversion loss, diodes with larger Ry (lower I)
and smaller Cj( are desired. Fig. 11 demonstrates the contribu-
tion comparison of junction resistance and capacitance during
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second-harmonic generation for Skyworks SMS7630 diode at
3.5GHz [112].

The conversion efficiency of ambient energy harvesting is
strongly tied to the rectifier nonlinearity at zero bias. This is a
parameter to which the research community has been dedicat-
ing numerous efforts over the years (see Fig. 12), which can
fall into three categories:

A. METAL-SEMICONDUCTOR JUNCTION (SCHOTTKY
DIODES)

At a Schottky contact, the electron flow is regulated by the
barrier height (which consists of the difference between the
interfacial conduction band edge and the Fermi level EF).
To pass over the barrier, the electron must be thermally ex-
cited, which is done by applying a voltage or by ambient
temperature. This latter physical property, unfortunately, is
tying the maximum nonlinearity of a device to its operating
temperature. In this regard, the only solution to improve the
nonlinearity of ballistic transport zero-bias nonlinear devices
is to reduce the temperature, as shown in Fig. 8 [11].

B. TUNNELING JUNCTIONS (MIM, TUNNEL DIODES...)
Tunneling transport—induced nonlinear devices present the
significant advantage of being insensitive to the operating
temperature at zero bias. This enables the technology to
outperform Schottky and PN junctions [61]. Current devel-
opments include engineering the anode and cathode composi-
tion, as well as the junction area [61].
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C. MAGNETIC TUNEEL JUNCTION (MRAM, SPIN DIODE)
Spintronics-engineered junctions are probably the most ad-
vanced technology that can be harnessed for low-power en-
ergy conversion: in addition to the good performance yielded
by tunneling transport, the control of the tunneling elec-
tron’s spin is promising to have a new degree of freedom to
achieve greatly nonlinear diodes [114]. Since this is a very
new technology (Nobel prize in Physics awarded in 2007),
early improvements have grown exponentially, but current
research is still working to break the glass ceiling of the
Schottky diode’s physical limitation. Two research directions
here are: (i) the improvement of the overall nonlinearity and
(ii) forward-reverse asymmetry.

V. FLEXIBLE RECTENNAS
Significant efforts are currently conducted to develop energy-
autonomous low-power wireless transponders on flexible and
green materials [4], [117], [118]. Conformable circuits based
on flexible substrates can be easily applied to various objects,
and even packages, which ease IoT nodes integration with the
tagged items. Also, the environmental impact of electronics
must be taken into consideration: the life cycle and material
characteristics of IoT nodes should match that of the host-
ing object, to avoid recyclability issues and reduce e-waste.
Therefore, flexible rectennas have been investigated.

In the energy harvesting context, since the direction of
arrival of the RF power is not known in advance and also the
frequencies of the RF signals available in the environment is
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FIGURE 13. Rectenna on paper for Wi-Fi band. (a) Top view, and (b)
bottom view. Area: 4.9 x 5.4 cm?. Weight: 2 grams. After [122].

variable, broadband and multi-band rectennas based on low
directive radiators are developed [119], [120], [121].

In Fig. 13, a rectenna manufactured on a flexible paper
substrate using copper adhesive laminate is illustrated [122].
The rectenna is designed to cover the ISM band from 2.4
to 2.49 GHz. It is based on a tapered annular slot antenna
(result of the intersection of an ellipse and a circle) fed by
a proximity coupled microstrip line terminated on a circular
stub. The rectifier is an envelope detector based on a single
series-connected Schottky diode (model HSMS2850) and a
distributed input matching network and harmonic termination
section. Since the currents excited by the annular slot antenna
decay exponentially at the borders of the slot, the metal area
surrounding the slot can be used as ground plane for the rest
of the microstrip circuit without interfering with the antenna
operation. This guarantees high compactness (the rectifier
is placed on the interior of the annular slot; therefore, the
rectenna area is the same as the antenna area). The rectenna
achieves an RF-to-dc conversion efficiency higher than 26 %
in all operating band for an incident power density as low
as 1.6 uW/cm?. The corresponding output voltage is about
170 mV, which can be used to power ultra-low voltage elec-
tronics [123].

A multi-band version of the previous design has been inves-
tigated as well, aimed at covering all LTE bands [124]. This
prototype, shown in Fig. 14, consists of two nested annular
slot antennas: the outer one is similar to the afore described
one and covers the band 790-960 MHz. The inner slot instead
is a circular slot with a cross-shaped feed line and a circular
patch radiator, offset with respect to the center of the slot.
This antenna is broadband and covers the frequency range
1.71-2.69 GHz. Each antenna is connected to its own rectifier:
the rectifier connected to the outer slot is a simple envelope
detector, while the rectifier connected to the broadband inner
slot consists of three branches of envelope detectors connected
in parallel, where each branch is optimized to operate in a sub-
band of the antenna. To guarantee that each signal is rectified
by the branch optimized for its frequency band, one trans-
mission line section is inserted at the input of each branch.
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(a) (b)

FIGURE 14. Multi-band rectenna on paper. (a) Top view, and (b) bottom
view. Area: 11 x 11 cm? Weight: 6 grams. After [124].

FIGURE 15. Rectenna on liquid crystal polymer substrate at 24 GHz.
After [126].

This way, the input impedance of the branch is rotated towards
high impedance for the frequencies outside its operating band.
Both rectifiers are placed on the metal area between the two
slots, and are dc-connected in parallel. The rectenna features
an RF-to-dc conversion efficiency of 40% at 900 MHz and of
about 20% in the higher frequency range for an incident power
density of 1 £W/cm?. This corresponds to an output voltage
higher than 180 mV in all bands.

Some studies have been carried to realize flexible rectennas
working at mim-waves [125], [126]. Fig. 15 shows a rectenna
working at 24 GHz [126]. The rectenna is manufactured on
a commercial flexible liquid crystal polymer substrate and
the metal traces are ink-jet printed using silver nanoparticle
ink. The antenna consists of a 2 x 2 planar patch array. The
rectifier consists of a via-less envelope detector based on a
ring-shaped circuit topology: using shunt-connected quarter-
wave open-circuited radial stubs a virtual short-circuit for
the fundamental and the second harmonic components is
achieved, while the generated dc component circulates in the
ring structure (closed path). To prove the concept, the rectenna
was used to switch on an LED under bending conditions.

Rectennas on flexible substrates are also being combined
in rectenna arrays to increase the output dc power for large
area electronics applications [127], [128]. The six-element
rectenna array designed on a polyimide substrate in [128] for
example, is used to power a Bluetooth low energy node from
an incident power density as low as 0.25 £ W/cm?.

VI. WPT TRANSMITTER
Wireless Power Transmission (WPT) systems can generate
higher power density levels compared with RF EH systems.
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FIGURE 16. Example of a dual-band power amplifier tailored for far-field
wireless power applications. After [134].

Information about the regulations and standards on the al-
lowed transmitted levels can be found in [28], [35], [129]. A
lot of research has focused on improving the performance of
the transmitter in far-field WPT systems.

The end-to-end efficiency of a far-field WPT is defined
as the product of each subsystem’s efficiency, e.g. transmit
efficiency, free-space propagation (channel) efficiency and
the power receiver efficiency [2], [9], [130]. The channel
efficiency depends on antenna’s gain, propagation channel
properties, the power transmitter-receiver distance and the
operating frequency [51].

The efficiency of a WPT transmitter is a function of the
power amplifier (PA) stage performance [130]. Oscillators
and PA efficiency dominate WPT transmitters performance.
Power amplifier efficiency is a function of the transmitted
power level, the selected technology and the operating fre-
quency [2], e.g. [51] presents the analysis of the end-to-end
efficiency of a mm-wave WPT system. Fig. 16 shows a photo
of a dual-band (2.45 and 5.8 GHz) power amplifier based on
substrate integrated waveguide technology tailored for WPT
applications.

Fig. 17 presents the block diagram of a high power WPT
transmitter along with its receiver for wirelessly charging
mobile devices, such as cellphones [37]. One of the main tech-
nical challenges for such a system is the low beam efficiency.
Quasioptical (QO) theory is adopted in [131] and [132] and
to improve the beam efficiency. At the transmitter side, a 4 x
4 5.8 GHz microstrip patch antenna array of 16 active and
independent channels with beamforming and beamsteering
capabilities with an output power level in the range of 25 W
and 32 W is adopted [6], [133]. A 5.1 GHz Local Oscillator
(LO) and an Intermediate Frequency (IF) of 0.7 GHz is used;
the later is up-converted by a mixer to 5.8 GHz. 16 IQ mod-
ulators are used for controlling the amplitude and the phase
difference.

A calibration is necessary to account for the gain, attenu-
ation and phase discrepancies. The resulting look-up table is
used to adjust the radiation pattern towards the desired direc-
tion. At the receiver side, backscattering is used to improve the
system’s performance. The implemented system highlighting
the main components is shown in Fig. 18. Furthermore, the
electromagnetic radiation can not be precisely represented by
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TABLE 3. Simulation Results of the Standalone Phased-Array (7;) and the
Simulation Results of the Phased-Array and Lens Radiating System (T +
Lens)

Beam waist Gain [dBi] Efficiency [%]
location Te T, + Lens T, T, + Lens
Infinity  18.42 24.25 84.17 84.62

1000 mm  18.34 23.92 84.16 84.51
500 mm  18.02 23.36 84.08 84.09
400 mm  17.77 22.99 84.01 83.78
300 mm  17.23 22.25 83.87 83.12
200 mm  15.72 20.35 83.45 81.52

thin rays and has to be compared to Gaussian beams. The
fundamentals of gaussian beams can be found in [131].

The coupling efficiency [135], [136] is an important an-
tenna metric and can be calculated as below:

. // |Ex - EE| dxdy
[ / / |EA|2dxdy} [ / |EG|2dxdy}

Fig. 19 presents the results from a full scanning range
analysis evaluating the performance and the beamforming
capabilities of the array. Fig. 19(a) and (b) show that the
transmitter can radiate in several azimuth and elevation angles
from —60° to +60°, respectively. The received power for dif-
ferent phase configurations of the active phased array, while
the mobile device and feedback channel are physically moved
in the anechoic chamber, are shown in [37].

To maximize the beam efficiency, the energy must be fo-
cused through dielectric lens. Spherical and elliptical surface
lens are used to reduce its reflectivity [131], [137]. The pre-
sented design is based on the principles found in [137], where
the lens’ diameter and thickness is related to its focal length.
The obtained results are summarized in Table 3.

Despite the beam directivity offered from the dielectric lens
usage, a further analysis of the gaussian beam is required to
determine the beam from the phased array. A key challenge
here is the limited beamsteering (e.g. the beam might miss
the lens at some distance from the phased array at extreme
angles). While using a lens improves the beam efficiency, the
trade-off between beam steering and beam focusing requires
further investigation.

€))

VIl. MM-WAVE WIRELESS POWER TRANSFER

A. MM-WAVE POWER

As enticing as the prospect of wireless power transfer, either
intentional in WPT systems or opportunistic in EH sys-
tems, the broad commercial deployment of products enabled
with such capabilities has been hampered by performance
limitations. Indeed, on the one hand are the physical limita-
tions of diode-based rectifiers [138] and of the unavoidable
power dilution effect suffered in the wireless antenna-to-
antenna links while, on the other hand, are the regulatory
impediments placed by organizations like the Federal Com-
munications Commission, FCC, in the USA, which limit both
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FIGURE 19. (a) Radiation pattern (full scan) in the azimuth plane and (b)
radiation pattern (full scan) in the elevation plane of the work presented
in [37].

the amount of radiated power and the power densities (through
Effective Isotropic Radiated Power (EIRP) limits) that one
is able to transmit. For example, an unlicensed system op-
erating in the ultrahigh frequency range (UHF) band and
allowed up to 36dBm in EIRP needs to deliver about at
least —30dBm at the input of a remote rectifier to generate
any sort of usable output dc power. In order to put these
numbers into perspective, one should take into account that
the most common commercial types of wirelessly-powered
systems (UHF RFIDs) require powers in excess of —25 dBm
to turn on, although state-of-the-art rectifiers with efficiencies
of —30.7dBm at 2.4 GHz have been reported [139].
Using Friis’ transmission equation [140]
AG; Ay

P, = P,—— = EIRP
g ‘47 R? 47 R?

(10)

where R, P,, Pr, Ay, and G; are, respectively, the range be-
tween the transmitted and the receiver, the emitted power, the
received power, the physical aperture of the reader antennas,
and the gain of the tag antenna respectively, one can calculate
the maximum range achieved by an ideal system transmit-
ting an EIRP of 36 dBm such that —30dBm are received by
perfectly-efficient antenna of a reasonable 5 cm by 5 cm size:
the answer is 28 m. This value represents an upper bound.
Once the imperfections of real antennas are accounted for,
such as the antenna efficiency and polarization mismatch be-
tween the transmit and receive antennas, this value is quickly

774

reduced below 20 m. These estimates are consistent with the
known performance of commercial UHF RFIDs [140].

A better alternative lies in the utilization of licensed cellular
bands. Traditional cellular base-stations are rather ubiquitous
and are allowed to emit 55dBm EIRP. With such capabili-
ties, a similar theoretical exercise reveals potential powering
ranges of approximately 250 m. However, cellular cell sizes
typically exceed 1 km in radius, thereby leaving gaping holes
in potential power coverage, let alone the influence of multi-
path and obstacles.

Is this the end of the story? It could have been without a
nascent disruptive force in cellular networks: 5G. 5G, in its
FR2 mm-wave form, has been granted for its base-stations the
ability to emit up to 75dBm of EIRP. With such a power,
a system such as the one analyzed in the previous para-
graphs could be powered at a distance of 1.7km, a range
far exceeding the standard cell size of 200 m envisioned for
such systems. This realization, first reported in [141], does
not come without its challenges. Indeed, at the frequencies
exceeding 28 GHz used by 5G, the realization of large (of
the 5cm by 5 cm aforementioned dimensions), efficient, and
direction-agnostic antenna systems provided that such high
EIRP values require an extremely precise alignment between
the transmit and receive antennas, along with that of recti-
fiers capable of operating down to the —30 dBm sensitivities
of their lower-frequency counterparts is non-trivial and may,
even, seem impossible. It is to the early attempts at solving
these technical challenges that the following section is dedi-
cated.

B. POWERING NEXT GENERATION RFID SYSTEMS WITH 5G
MM-WAVE POWER

The large EIRPs allowable by the FCC in the licensed 5G
bands have stimulated innovations in the design of mm-
wave-enabled powering and backscattering communications
solutions. While some works focused on improving the rec-
tification efficiency or sensitivity via the design of Schottky
diode-based rectifiers [70], [95], [142] or Complementary
Metal-Oxide—Semiconductor (CMOS) systems [143], [144],
others focused on solving a fundamental problem that occurs
at mm-waves: the inability to achieve high gains with large
antenna array structures while maintaining a wide angular
coverage [141]. To better explain the need for such capabil-
ities, we show in Fig. 20 how a 5G base station would steer its
beam in multiple directions to energize [oT devices.

If the device is equipped with a conventional array struc-
ture, its high gain pencil-beam radiation pattern would not
be capable to receive the signals coming from oblique an-
gles, rendering their deployment extremely impractical in any
environment. If, however, the IoT devices are equipped with
structures that could enable a wide field of view while main-
taining the large gain, necessary for long ranges, devices can
then be energized by waves impinging from any direction as
shown in Fig. 20.

Motivated by this need, the authors in [141] proposed a
system that could bring the 5G wireless power grid concept to

VOLUME 3, NO. 2, APRIL 2023



IEEE Journal of

Microwaves

o

[AAY

MTT 5

@)

FIGURE 20. Schematic showing a 5G/mm-wave base station steering its
beam to energize and communicate with loT devices.

FIGURE 21. Photo of the planar Rotman lens-based RF energy harvester.

reality. Far from conventional array designs, the research took
advantage of a passive beamforming network (BFN) struc-
ture, the Rotman lens, first introduced in the 1960’s [145].
This microwave lens-based network constitutes one of the
most cost-effective designs for BFNs, capable of passively
enabling multibeam phased array system over a wide band of
frequencies, thanks to its implementation of true-time-delays.
The Rotman lens is surrounded by two angles of curvature,
accounting for the antenna ports on one side and the beam
ports on the opposite side. Designers can change the number
of ports on both ends to control the gain, angular coverage
and overall performance of the lens. Based on a scalability
study the authors conducted in [141], a Rotman lens with eight
antenna ports and six beam ports was found ideal to achieve a
good gain and wide angular coverage.

Fig. 21 shows the photo of the fabricated Rotman lens-
based mm-wave harvester. The structure is composed of eight
serially-fed linear patch antenna arrays connected to the Rot-
man lens on one end, while six 28 GHz rectifiers were placed
at the beam ports. With a wave impinging from any direction,
all the antennas scavenge the signals and feed them to the
Rotman lens that combines them internally and focuses them
to a single beam port, also called focal point. By placing a
rectifier on each one of these ports, the structure ensures the
arrival of maximum power at the input of that rectifier. The
simulated and measured gains on all six ports of the Rotman
lens are shown in Fig. 22, demonstrating the Rotman-based

VOLUME 3, NO. 2, APRIL 2023

207 P1 P2 P4 P5 P6 70

10 - 60
—_ ~50
g o 8
e 40 %
2=t 2
[ —30 ®©
220 =
o ~20 g
7 -30 - S
a o, =

@© ¢ 5N ;_\ —10
] 4 E
S 40 &'...*—ﬂ ;} -%, ,' ‘\ /"'1‘\5":’:\\_ 0 %)

// \ ‘I‘ ! : \‘\ \,\>
-50 -1 \, v 2 F-10
\/
-60 T T T T T T 20

<70 50 -30 -10 10 30 50 70
Angle of Incidence (°)
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FIGURE 23. Plot of the measured voltages and output powers versus
incident power density for the rectenna with and without the Rotman Lens
as presented in [147].

array capabilities in achieving a high gain of 17dB and a
simultaneous wide angular coverage of 120 °.

The superiority of the Rotman lens-based rectenna was
also demonstrated over a conventional rectenna that does
not include the lens. Both structures were designed on the
same substrates (180 um thin and flexible Liquid Crystal
Polymer: LCP), fabricated using an inkjet printer, and tested
with respect to incident power densities and angles of inci-
dence [147]. The plot shown in Fig. 23, displays the measured
harvested powers and output voltages of the two structures
with and without the lens. Since the Rotman lens combines
the power coming from all antennas to one port, it can be
seen how it enables a higher rectenna turn-on sensitivity and
rectification efficiency compared to the lensless rectenna.

It should be noted that the concept of lens based rectenna
arrays is not new as it has been applied in imaging systems,
however its application in energy harvesting and wireless
power transfer applications has been considered to the best
of our knowledge in 5G millimeter wave systems in [141].
Another beam forming based rectenna array has been pro-
posed in [148], where a Butler matrix based rectenna array
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at 2.4 GHz has been demonstrated. Furthermore, in [149]
the concept of staggered arrays has been proposed, where
sub-arrays of rectennnas are configured to point to different
directions in the horizon.

The work of [150] demonstrated that it is possible to enable
long range mm-wave harvesting promising the delivery of
multiple ©Ws of power at ranges exceeding 180 m, the 5G
cell size, using the full 75 dBm EIRP allowable by the FCC
in the 5G/mm-wave bands. Advances in mm-wave backscat-
tering solutions, a.k.a mmIDs [151], manifested through the
ultra-long km-range communications, ultra-low-power (uW
level), and retrodirective capabilities (Van Atta and Rotman
lens-based mmlIDs) [146], [152], [153], coupled with the 5G
powering solution described here, enable the emergence of
fully-passive mmIDs for digital twinning applications in smart
cities and infrastructures.

VIIl. SIMULTANEOUS WIRELESS INFORMATION AND
POWER TRANSFER (SWIPT)

In this last decade, techniques for simultaneous wireless in-
formation and power transfer (SWIPT) have attracted an
increased interest for a wide range of applications such as
RFIDs [34]. This section summarizes some near-field and
far-field recent developments on SWIPT.

An interesting demonstration of a moving WPT system
for industrial applications is described in [154]. The system
operates at 6.78 MHz and consists of a modular architecture
of small resonant series-connected TX coils (Fig. 24(a)), de-
signed together with the receiver in such a way that it is able
to guarantee constant dc voltage at the output of a sliding RX,
independent from the misalignment (see output voltage in Fig.
24(b)).

A set of gallium nitride (GaN)-based coupled load-
independent Class EF inverters are designed for the same
output current in such a way that each coil is “virtually”
series-connected to the closely located ones, that is the most
robust set up with respect to misalignements. The RX coil is
connected to a passive Class E rectifier, which is designed
to maintain a constant dc output voltage regardless of load
or position. Comprehensive empirical results are shown to
demonstrate performance under various loading conditions
and positions. For a dc output power of 100 W, a peak dc-
to-dc efficiency of 80% is achieved, and a dc output voltage
variation less than 5% is measured, over a load range of 30
to 500 2. The base operating principles have been exploited
in [155] where the series-connected TX coils, is designed to
resonate at 100 kHz, allowing data transfer while maintaining
a high-efficient wireless power transfer thanks to the strong
coupling between the TX coils and the receiving one, over the
entire track.

By embedding in the same structure a ultrahigh frequency
range (UHF) communication system, an original implementa-
tion of NF-SWIPT in automatic machinery has been demon-
strated in [156]. For data communication, the system uses a
self-resonant near-field link based on the coupling of two split
ring resonators (SRRs), co-located with the inductive power
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FIGURE 24. (a) Pictorial representation of the link setup and (b) measured
dc-output voltage with respect to different positions of the receiving coil,
as presented in [154] © IEEE 2017.

transfer link operating at 50 kHz, as illustrated in Fig. 25(a).
The two SRRs are separated by a distance d of few millime-
ters whereas « describes the rotation. Fig. 25(b) provides a
schematic representation of the SWIPT device with details on
the stack-up.

Among several applications of SWIPT paradigms, local-
ization can be annumerated, especially when operating in
far-field. In [157], a chipless solution exploits multisine ex-
citation at UHF, typically adopted for improving the rectifier
RF-to-dc efficiency, for generating a passive UWB pulse
while performing energy harvesting. The circuit implemented
in [157] is shown in Fig. 26(a).

The simulated approach has been shown to be innovative
from the computational time point of view: in particular, the
portrayal of the multisine as a periodic excitation rather than a
quasi-periodic one, with each tone corresponding to a higher
harmonic of the same fundamental frequency, the tones’ spac-
ing fo, has enabled the capability of achieving an optimized
pattern of the multisine signal [157]. Indeed, the proposed
procedure allows to efficiently design the multi-tone signal
using as optimization variables the number of tones and the
frequency spacing, without limitations due to the cuambersome
calculations involved in quasi-periodic HB simulations. The
computational times for a periodic and a quasi-periodic rep-
resentation of the UHF excitation are compared in Fig. 26(b)
showing the benefit of the proposed approach.
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FIGURE 25. (a) Pictorial representation of the SWIPT system with detailed
arrangement of the stack-up and (b) schematic representation of the SRR
link proposed in [156] © IEEE 2016.

Furthermore, it is demonstrated that increasing the tones
spacing allows to further improve localization accuracy: if the
multisine excitation bandwidth is 500 kHz, for an observation
time 7,5, = 500 ms the reading distance can reach 12 m,
whereas when the tone spacing is increased up to 2 MHz,
a localization accuracy up to the centimeter-level can be
achieved up to 16 m. Fig. 26(c) shows the root-mean-square
error (RMSE) for increasing distance between the tag and the
receiver for a —10 dBm received power, 8 tones for a fo =
500 kHz and fp = 2 MHz respectively.

In [158], an example of flexible rectenna realized on felt
and conductive fabric is presented. Contrary to the pre-
vious case, this approach uses far-field for both data and
energy transfer by means of a dual-band antenna operating
at 2.4 GHz for the off-body communication and a sub-1 GHz
(785-875 MHz) rectenna for RF harvesting (Fig. 27). This
architecture presents an improvement of 25% of the maximum
power conversion efficiency with respect to state-of-the-art
sub-uW/cm? textile rectennas. This work demonstrates also
that SWIPT does not deteriorate the energy harvesting or

communications performance.

Antenna design is definitely crucial while dealing with sys-
tems that adopt the same frequency band for transferring at the
same time data and energy: [159] proposes a two-port (one for
EH, one for communication) multi-polarization rectenna, fed
by an orthogonal hybrid coupler (Fig. 28).

Based on the coupler symmetry, this architecture allows
to achieve multi-polarization modes, and in particular circu-
lar polarization (both right-handed and left-handed) for the
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FIGURE 26. (a) Schematic representation of the passive, UWB-pulse
generator tag proposed in [157], (b) comparison of computational time for
periodic and quasi-periodic analysis and (c) localization RMSE for
increasing TX-RX distance [157] © IEEE 2018.
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FIGURE 27. Dual-band antenna system for a wearable flexible prototype
as presented in [158] © IEEE 2021.

single-port operation and linear polarization for the two-port
operation. This is clearly an advantage for feeding the antenna
part of an RFID sensor situated in an electromagnetically
uncertain environment as the real world is.

Another interesting way to face this issue, and in particu-
lar the antenna polarization uncertainties, has been presented
in [160], with the exploitation of the 2"¢ and 3’ harmonics
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FIGURE 28. Two-port multi-polarization antenna for SWIPT proposed
in [159]: overall dimensions: a = 55 mm, b = 105 mm © IEEE 2021.
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FIGURE 29. Layout of the DLP antenna presented in [160]: (a) exploded
view, (b) stack-up, (c) ground layer and (d) feeding layer © IEEE 2021.

generated at the output of the RF-to-dc rectifier, which have
a monotonic relation with the incident power. In this man-
ner, the harmonics backscattered from the rectenna are used
to track variations of the incident power related to antenna
polarization and its unknown distance. In this work, a shared-
aperture dual-band dual linearly polarized (DLP) antenna is
designed (Fig. 29): the slots in the ground plane allow to
excite both harmonic and fundamental patches through an air
substrate for dual-band radiations.

In [161], a novel architecture for a RFID SWIPT tag
is presented, adopting a dual-frequency multiple-input-
multiple-output (MIMO) antenna; the 915 MHz radiating
element consists of a meandered monopole used for EH,
whereas the 2.4 GHz antenna element is a square patch with
truncated corners to guarantee the circular polarization (Fig.
30(a)), which is used for data communication. The overall size
of the dual-port MIMO antenna (and consequently of the tag
itself) is 47 x 100 mm?2 (Fig. 30(b)). With a storage capacitor
of 150 uF, a stored energy of 0.47 mJ is warranted, making
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FIGURE 30. (a) Two-port antenna design and (b) overall design of the
board for a dual-band RFID SWIPT node proposed in [161] © IEEE 2022.

possible a single communication cycle of transmis-
sion/reception (TX/RX) lasting for a maximum of 3.5 ms.

The exploitation of novel modulation techniques is crucial
for a successful exploitation of SWIPT; in that sense, in [162]
a novel magnitude ratio modulation is proposed, using a two-
tone signal and using the ratio between the two tones as the
coding symbols. This work demonstrates the possibility to
deliver a constant dc power to the sensors, which has not
been demonstrated using other modulation schemes. In fact,
if the channel is narrowband, the proposed modulation is not
affected by the wireless channel, and a demodulation is pos-
sible even without knowing the channel’s attenuation. With a
received power of —10 dBm the power conversion efficiency
is comprised between 46 % and 52 % by changing the sym-
bols. The main drawback of this solution is given by the fact
that the receiving sensor, essentially composed of a rectenna,
is highly nonlinear and needs a complete characterization in
order to correctly demodulate the signal.

IX. CONCLUSION
Several key challenges arise from the exponential growth
of low-power wireless devices. RF energy harvesting and
wireless power transfer technologies are promising solutions
for enabling the future energy autonomous devices. Despite
the significant progress made over the past decades, there
are still important challenges to overcome and therefore, ex-
tensive research is currently performed. This article reviews
state-of-the-art technologies and highlights future develop-
ment opportunities.

In particular, the challenge of high rectification efficiency is
discussed, with an emphasis on diode modeling and the avail-
able diode technologies. The need for RF surveys to cover
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the new 5G frequency bands is highlighted along with the
efforts for the design of flexible and environmentally friendly
rectennas. Motivated from the ongoing 5G rollout and the
presence of RF energy at higher frequency bands, the prospect
of utilizing 5G mm-wave power to drive future RFID systems
is also discussed. Furthermore, the article reviews promising
near-field and far-field simultaneous wireless information and
power transfer solutions.
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