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Scope

Providing energy to Internet of Things apparatuses is ever more challenging. Humans are increasingly
invested in the revolutionary new scenario that experts call “Industry 4.0”, where billions of electronic
devices are interconnected with one another. The operations of battery charging or battery
replacement for these devices will soon become infeasible. As a consequence, radiative wireless power
transfer (WPT) will soon become a leading technology, since it is the only method available to support
this technological revolution, and several information communication technology (ICT) companies
have already begun to actualize their interest in it.



The interest in ultra low power, energy autonomous wireless sensors has been further fuelled by 5th
generation (5G) communication systems, consisting of a massive number of interconnected devices
communicating at low bit rates [1], and it is expected that the interest in energy autonomous wireless
sensing platforms will only continue into the sixth generation (6G) systems and beyond.

This paper aims to address radiative WPT technology, systems, and strategies for the future of this
new electrical engineering paradigm.

The function of a radiative WPT system is to use RF signals to power electronic apparatuses which are
far from the RF energy source. The RF power propagating in free space is captured by a circuit called a
rectenna. The main building components of rectennas are antennas, used to capture the RF power,
and rectifiers, responsible for converting the RF power into DC power. Starting from the analysis of the
basic components of radiative WPT systems, this paper aims to bring together RF circuit and system
designers with different backgrounds to:

1) provide a clear view of the circuit and subsystem solutions to implement radiative WPT;

2) present novel technologies that minimize cost and maximize integration of the electronics with the
environment and with the targeted applications; and

3) highlight the potential of WPT solutions to support future electronics evolutions.

The paper benefits from a wide network of experts from both academia and industry that address the
existing and upcoming challenges in wireless power transmission scenarios in an interdisciplinary
manner, paving the way for future generations of wireless power transmission solutions and the
associated regulation.

At present, the power transmission limits and operating frequency bands for radiative WPT systems
are not regulated. For WPT systems operating in the ISM band 2.4-2.5 GHz, power transmission must
satisfy the EIRP limits (36 dBm in the US, and 27 dBm in Europe [2]). The transmitted power is usually
enough to supply ultra-low power loT devices [3] at a distance of a few meters. Indeed, the power
consumption of transponders based on low-cost transmission protocols (such as BLE, or semi-active
RFIDs) with low-duty cycle operation is on the order of 1uW-1 mW. In far field, assuming the signal
propagates in free space, the power density decreases as the square of the distance, as shown in Fig.
1. Therefore, the maximum distance between the transmitter and the tag is about 10 m. Studies on
ultralong-range WPT systems (transmitting a few kWs) have been reported for power-beaming
applications as well [4].
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Fig. 1. Received power as a function of the transmitter-to-receiver distance for different values of

transmitted power EIRP. Receiver gain equal to 3 dB.

Antennas for WPT

Antennas are one of the key building blocks of radiative WPT systems. They determine how the RF
power is transmitted through space, and how it is acquired by the WPT receivers.

Antennas are also the most cumbersome parts of WPT receivers. Therefore, the manufacturing
technologies and design approaches adopted for the antenna determine the characteristics of the WPT
receiver, in terms of area, weight, flexibility, and robustness.

Radiative WPT systems can be classified based on the type of available energy source, which can be
intentional or unintentional.

In WPT systems with intentional sources, the RF power is transmitted by ad-hoc RF transmitters. This
means that the frequency of the RF signal which conveys the power is known. Therefore, narrowband
antennas can be used.

If the position of the receivers with respect to the transmitter is also known, high-gain antennas and
arrays can be used both to transmit and to receive RF power, if this is allowed by the spatial constraints
associated with the application. On the transmitter side, beamforming techniques can be used to
shape the radiation pattern, so that the power is transmitted only in the direction of the receivers
(closed-loop WPT systems have also been investigated to maximize the output DC power at the
receiver side).

If the position of the receivers with respect to the transmitters is unknown, which is true in many
applications, omnidirectional radiation patterns are needed. Additionally, circularly or dual polarized
antennas can be used to mitigate polarization loss caused by an arbitrary receiver-to-transmitter
orientation [5].

In WPT systems with unintentional sources, however, there are no dedicated RF power sources. The
receivers harvest the RF power available in the environment. We usually talk of “energy harvesting”
(EH) or “energy scavenging” systems. The frequency of the available signals is not usually known in
advance. Therefore, broadband and multi-band antennas must be used to cover all relevant bands



used for telecommunications [6], [7]. This is essential to maximize the acquired power in a given
scenario, and to improve system reliability. Omnidirectional and circularly polarized antennas are
required as well [8]. Rectenna arrays can also be used (in applications with no restrictive spatial
constraints) to increase the active area of the WPT receiver [9] [3], where each antenna is equipped
with its own rectifier. This way, the received power is rectified by each element independently, and
the obtained DC power is finally summed.

Antennas for WPT systems can be either matched to 50 Ohm or directly to the input impedance of the
rectifier. With the latter approach, the input matching network between the rectifier and the antenna
can be avoided, thereby reducing the rectenna complexity, losses, and area [10]. Nevertheless, this
makes the antenna design more challenging (the input impedance of the rectifier for low available
input powers has a significant capacitive component and a small real part). Usually dipole antennas
with T-matching networks are used for this purpose. Additionally, the antenna and the rectifier cannot
be tested separately. Therefore, this solution can be adopted only if the component models and the
adopted manufacturing technologies are mature.

Planar microstrip antennas such as rectangular patches are mostly chosen for WPT receivers used in
wearable applications [11], [12]. The presence of a ground plane reduces the impact of the human
body on the antenna performance. Thick fabrics are used to improve the system efficiency.

As WPT receivers can be used to power sensors placed on common items, flexible antennas can be
used to conform the circuit to the object. In this case, wire and slot antennas are preferred, since thin
substrates usually do not allow for efficient microstrip antenna solutions in the sub-6 GHz spectrum.
In Fig. 2 two flexible multi-band rectennas are shown [7], [13]. The solution in Fig. 2 (a) is based on two
nested annular slot antennas matched to 50 Ohm in the bands 790-960 MHz and 1.71-2.69 GHz, while
the solution in Fig. 2 (b) is based on a Yagi-Uda antenna directly matched to the input impedance of
the rectifier at the two operating frequencies (915 MHz and 2.45 GHz).




(b)
Fig. 2. Examples of flexible rectennas. (a) multiband rectenna based on two nested annular slots [7],
and (b) dual-band rectenna based on a Yagi-Uda antenna [13].

3D printed antennas and 3D antenna arrays have been also investigated [14], to allow WPT receivers
to harvest energy from different directions (see for instance Fig. 3).

2.79 x 3.59 cm ; copper tape
silver ink ground plane
behind plastic

Fig. 3. Example of 3D printed antenna for RF energy harvesting [14].

RF-DC converters

RF-DC converters are RF circuits that convert RF signals back to DC voltage. They are normally
composed of a matching network (to allow the maximum power transfer between the antenna and
the nonlinear rectifier), a nonlinear rectifying device, and a low-pass filter that is then connected to a
load or to a current source.

Usually, the nonlinear rectifying device is a Schottky diode, due to its low-voltage threshold and low-
junction capacitance, which results in a more efficient operation at low powers and in a higher
maximum operation frequency.

Fig. 4 presents the RF-DC conversion efficiency of different rectifiers with different topologies from
450 MHz to 94 GHz, based on [15]. Besides the single-band converters presented in Fig. 4, dual-band



converters that are able to convert RF power from two different transmitter sources are presented in
[16], and a triple-band converter is presented in [17].

Most traditional rectifiers can only exhibit reasonable RF-DC conversion efficiency with a narrow input
power range. The efficiency declines severely when the input power deviates from the operating
range, limiting the wireless charging applications with considerable variations of input power. Thus, it
is necessary to implement and design rectifiers with a wide operating input power range [18], [19],
[20]. The authors in [21] designed an adaptive rectifier for WPT which can adapt the configuration of
the rectifier to the input power level.
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Fig. 4. State of the art in RF-DC converters, with different topologies, from 450 MHz to 94 GHz.

In Fig. 5 different topologies of rectifiers are presented. Charge pumps (voltage multipliers) are the
most used in RFID applications, since they require a considerable DC voltage to power electronics. The
main conclusions that can be taken from simulations and experimental work are:

¢ The efficiency of the rectifier decreases with an increase in the number of diodes (increasing
the number of diodes means increasing the parasitics, fewer diodes means a lower amount
of input power is necessary to switch on the rectifying devices) and

¢ Increasing the number of stages will increase the output voltage.

Most of the circuits for WPT applications are based on diode solutions and are optimized for low-power
RF signals [22], [23]. High-efficiency rectifiers for a few watts of input power have been studied as well
[24], [25]. If the main objective is the use of these RF-DC converters in very high power configurations,
then transistor-based RF-DC converters can be used.

The efficiencies of rectifiers are very low for lower input powers. Some authors have addressed this
problem in diode-based solutions, including [26], [27], which showed that the RF-DC conversion
efficiency can be improved by selecting the appropriate excitation signal. In [28] the use of multitone
signals was proposed to increase the efficiency in RF-DC converters with Schottky diodes. In [29] the
use of chaotic signals was proposed to increase RF-DC conversion efficiency for EH systems as well as
for WPT. The authors in [29] used the Schottky diode approach to implement the rectifier. The use of
high peak-to-average power ratio (PAPR) waveforms (intermittent CW signals by varying the duty-
cycle, UWB signals, power-optimized waveforms (POW), chaotic signals, white noise, modulated



signals, and multi-carrier signals) to increase and improve the WPT efficiency has been demonstrated
in [26]-[31]. Some more recent work focuses on the model to enable an analysis of a multisine-based
WPT system focusing on the bandwidth of the signal and the rectifier [32]. The authors in [33]
demonstrated the use of modulated signals to improve the RF-DC converter efficiency. They proposed
instantaneous power variance (IPV) to describe, more accurately than PAPR, the variation of the
instantaneous power and the occurrence of signal peaks that directly affect the RF-DC converter
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Fig. 5. Different rectifier topologies. (a) Series diode rectifier. (b) Shunt diode rectifier. (c) Shunt diode
with A/4 stub. (d) N-stage Dickson voltage multiplier.

Diode modeling of low-power rectifiers

Since the difference in the diode nonlinear junction resistance under forward and reverse biases is not
substantial for low input power, the Shockley diode model is adopted instead of the commonly used
ON-OFF switch model to develop an efficiency chain for Schottky diode-based low-power rectifiers
[34]. Fig. 6(a) shows the equivalent circuit model of a typical low-power rectifier containing four parts:
RF input source, matching network, diode, and resistive loading. The matching network removes the
influence of diode packaging inductance L,, and capacitance C,. Thus, the rectifier efficiency n can be
described as below, focusing on the Schottky diode itself [35]:

N =MNrr_dc Mp " Mtr (1)



in which:

Pin'R?-R?
diode RF-DC conversion efficiency:  Npp gc = ﬁ (2a)
- ITRgTRj
2
diode parasitic efficiency: 1, = SR (2b)
1+(w-C;) RsR;
_ . _ Ry
source-load DC transfer efficiency: Ner = fererr; (2¢)

where P;,, is RF input power; R; is current responsivity, a factor measuring a diode’s nonlinearity; and
Rg, R;, and ; are the series resistance, nonlinear junction resistance, and junction capacitance of the
diode. w and R; are angular frequency and load resistance.
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Fig. 6. (a) Equivalent circuit of a typical Schottky diode-based low-power rectifier. Rectifier efficiency
for (b) SMS7630 and (c) HSMS2860 against an input power range of =50 dBm to —10 dBm, where
load resistance is 5.4 kQ and operating frequency is 0.9 GHz.

Diode RF-DC conversion efficiency ngr_pc is only associated with nonlinear junction resistance R; as
only R; supports a DC path, as shown in Fig. 6(a). Also, (2a) indicates that higher RF input power Py,
stronger diode nonlinearity R;, and larger diode junction resistance R; all drive up ngp_pc. Diode
parasitic efficiency 7, characterizes the amount of RF power going through C; and eventually
dissipated by R; eventually. A smaller junction capacitance C; and series resistance R can help
leverage 7,,, according to (2b). Finally, source-load DC transfer efficiency 1, quantifies how much DC
power arrives at R;, which can be calculated by the voltage divider rule in (2c). The optimum load
resistance R; can be approximated as R; + R based on (2c).

The above analysis is suitable for understanding the loss (efficiency) mechanism of Schottky diode-
based low-power rectifiers with explicit formulae. Zero-bias values R;, and Cj, are generally adopted
in the analysis. However, R; and ; vary under different input power levels. Therefore, the above
analysis is valid in a limited power range (< -35 dBm). An analytical model is then developed to extend
the dynamic range of accurate prediction for rectifiers’ power conversion efficiency (PCE). The PCE can
be defined as [36]:

Npce = 22E x 100% = —25— x 100% (3)
Pin RjTFRs
where the DC output power Pp can be calculated by the generated DC current multiplying the load

resistance I3, - R;. The RF input power P;,, contains two parts: the power absorbed by R; (PRj) and
consumed by R (Pg ). Considering the voltage-controlled current (I) - voltage (V) relation of R; and
capacitance (C) - voltage (V) relation of Cj, the generated DC current I and RF input power P, can
be calculated with better accuracy. Hence, the dynamic range of this model for PCE prediction can be
extended to -10 dBm, which is enough for ambient RF energy rectifier analysis.



As one example, Fig. 6(b) and (c) demonstrate the rectifier conversion efficiency and loss mechanism
for two diodes: SMS7630 and HSMS2860, respectively. From the comparison, SMS7630 is clearly a
better candidate for low-power rectifier design as it delivers higher efficiency throughout the entire
power range. When the input power increases, parasitic loss tends to reduce due to a smaller effective
R;, while harmonic loss has an opposite tendency. Regarding the HSMS2860 diode, its large junction
resistance R; (due to a small saturation current I;) offers smaller RF-DC conversion loss and source-
load DC transfer loss at a low power level. However, a large R; brings significant parasitic loss, as seen
in Fig. 6(c).

Smart RF and mm-Wave Showers

In far-field WPT, the power is exchanged by radiative electromagnetic (EM) waves, allowing us to cover
long distance links and typically involving low levels of power. The most important figure of merit in

this scenario is the efficiency:
_Prx Prx Ppc (4)
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Fig. 7. Far-field WPT block schematic and the efficiency contribution

Within the three main efficiencies involved, as shown in Fig. 7, the TX and the RX efficiencies (nrx
and ngy , respectively) have almost reached their upper limits. The main bottleneck is represented by
the transmission efficiency in free space, nps , because only a small amount of the transmitted power
actually reaches the receiver location, and this causes a drop in the overall system performance, mainly
because the attenuation makes the power decrease rapidly after a few meters. The solution is offered
by the so-called “Smart RF” or “mm-wave showers,” illuminators that are able to provide a high level
of reconfigurability in real time under demanding power-control conditions [37]. Here, two
technologies are reported that are aimed at improving ngs, both of which leverage the concept of
diversity in its two guises: frequency diversity applied by frequency-diverse arrays (FDAs) and time
diversity applied by time-modulated arrays (TMAs).

In frequency diverse arrays, each radiating element radiates with a frequency slightly different from
its neighbors. The result, given by the intermodulation of the different tones, allows us to dynamically
compose an array factor (AF) that, for a fixed instant, is able to provide energy in real time not only in
prescribed directions, but also at a prescribed distance from the transmitting source. In this way, the
transmitted power can be concentrated at desired spots, and can be drastically reduced in undesired
ones, with the twofold advantage of increasing energy efficiency where it is needed and minimizing
the power where it is not needed. After several studies on the characteristics of traditional linear FDAs,



attention has moved to improving the focusing capabilities of these radiating architectures: planar bi-
dimensional array arrangement has been identified as an answer to this requirement. The multi-finger
frequency diverse array belongs to this family, where the array is arranged as a tree with M radiating
elements aligned along the x-axis and N along the y-axis. An example of the layout and its astonishing
properties are presented in Fig. 8, which highlights the availability of a planar array configuration which
allows us to improve the focusing capability with respect to a linear FDA, reducing the area of the spot
in the @ direction, while the “S-shape” of the beam pattern is still present, as can be seen in Fig. 8(c).
This shows the main limitation of FDAs: the displacement in time of the main beam. This means that,
as time passes, the power is not fixed and moves farther away from the source periodically with a
period equal to the inverse of the frequency increment applied to two consecutive elements or groups
of elements.
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patch antennas.

Several techniques have been proposed to counterbalance this undesired effect for WPT, and the most
promising one is called time-controlled frequency diverse arrays (TCFDA). Each input signal is
modulated by a periodic pulse presenting two new design parameters: the first one able to intercept



the power at a desired distance from the source, and the second one to define the coverage area. As
a consequence of the application of this time-based technique, the power can be fixed at a certain
distance from the transmitting source and drastically reduced in undesired regions, as can be seen in
the examples shown in Fig. 9.
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(r, 8, ) =(30m, 0°, 0°). (b) BP (accounting for isotropic attenuation) vs. time when the TCFDA is
designed to focus at (7, 8, ¢) = (10 m, 0°, 0°).

The proposed design highlights the great potential of FDAs for selective far-field WPT “on-the-move”
applications.

Time modulated arrays (TMAs), firstintroduced in the 1950s, have recently garnered increased interest
due to exponential electronic development that is able to produce and sustain the time-diversity
concept: in a linear array with high-performance RF switches driven by precise control sequences, a
simultaneous multi-frequency radiation can be exploited to allow it to point the many beams in
different directions at the same time. The almost unlimited number of driving sequences leads to
manifold benefits: sidelobe suppression relaxing the array design constraint, electronic beam scanning
through the generation of multiple beams pointing at different angles without the use of phase
shifters, and finally an important reduction in the system cost. The schematic representation and the
multi-harmonic radiation mechanism of a TMA are presented in Fig. 10.
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In WPT applications this technology represents one of the most promising solutions for simultaneous
energization of objects located in different positions [38]. The main concern is the synthesis of the
optimum sequence for the driving of the RF switches, in order to fully leverage the time diversity



capability. As an expression of this great potential, Fig. 11 shows both the ON-OFF sequence of 16
switches of a 16-element linear array operating at f0=2.45 GHz, and the corresponding simultaneous
radiation patterns involving the fundamental carrier and its upper and lower sideband harmonics
(fo+fM=2.45 GHz + 100 kHz, in this case).
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Fig. 11. (Left) Switches control pattern optimized for WPT purposes, for a 16-monopole array. (Right)
Radiation patterns at the fundamental and at the two first symmetrical sideband harmonics

These promising results, obtained by means of the simple architecture implementation shown in Fig.
10, indicate that TMAs are potential candidates for agile and reconfigurable WPT systems, to be
exploited in many civil and industrial scenarios.

Quasioptics and its use in WPT
Beam propagation is associated with one of the major problems in WPT, spillover losses (see Fig. 12).

These happen whenever the emitted radiation misses its target, mainly due to the microwave’s
divergence but also due to system misalignments.
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siglliﬁcallt
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Fig. 12. Microwave beam in a traditional WPT system. The beam’s divergence reduces the amount of
energy reaching the target.



Antennas' far-field and associated tools are traditionally used in WPT. However, these do not provide
us with the means to reduce, or even account for, the spillover losses. In order to do that, a new
approach to the radiation’s study can be pursued, one that remains practical but is capable of analyzing
the microwave’s radiation in a more comprehensive manner, so that the beam’s divergence is
understood and controlled.

Analysis depth level

>

Electric and

Antenna theo Beam analysis magnetic
Ty Y g

field analysis

Electrical . . .
ectrica Quasioptics Electromagnetism
engineering

Fig. 13. Different theoretical frameworks for analyzing electromagnetic radiation and radiative
wireless power transfer, ordered according to the depth of their analysis. Quasioptics is proposed as

the one that best balances implementation difficulty with analysis depth.

Quasioptics appears to be the theoretical framework of choice for the previously mentioned
requirements by approximating the emitted EM radiation with Gaussian beams [39]. These flexible
mathematical entities are the building blocks of the complete theory, providing information on beam
propagation throughout any system (see Fig. 13). The electric field distribution of a Gaussian beam in
the fundamental mode, propagating in the Z direction is given by:

2 1
E(r,z) = ’# exp (—# —ikz — ”;; + i¢0), (5)

where @ is the beam radius, the most important parameter for wireless power transfer, since it
provides information about the beam’s divergence. It is defined as the radial distance at which the
power falls to 1/e of the on-axis value (e is Euler’s number). The point where the power is most
concentrated is given by z,, and the beam radius is at its minimum at this point; it is called the beam

waist, woz . The electric field varies with the distance to this point, z, and the distance from the axis of
propagation, r. Finally, R is the wavefront’s radius of curvature, ¢, is the phase shift and A is the
beam’s wavelength.
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Fig. 14. In this schematic, a quasioptical system transforms an input beam to a thin ray, similar to an
optical system. The beam’s divergence can therefore be accounted for, potentially reducing spillover
losses. The distance from the input to the output beams in the quasioptical system is given by d;,
and d,, respectively.

With it, the matrix formalism of optics can be used in contexts of significant divergence, as is the case
of microwaves travelling distances of meters and kilometers, in order to transform and optimize the
beam to the system requirements (Fig. 14). While being mostly used in RF and mmWave astronomy,
its application in wireless power transfer systems may be paramount to reducing spillover losses,
contributing to an overall increase in efficiency [40]-[42].

Hybrid Energy Harvesting

Energy harvesting is a very broad and diverse field, given that each energy harvesting technology
defines a completely different field of research [43].

The physics behind energy harvesting technologies such as solar, mechanical, thermal, and RF have
been known for decades-even centuries. More than one hundred years ago, Tesla envisioned the
wireless transmission of power. Advances in materials and fabrication techniques such as additive
manufacturing have enabled the miniaturization, reduction of cost, and the performance
improvement of energy harvesting devices, making them suitable for low power wireless sensors.
With advances in electronic design and integrated circuit technologies which have led to further
reductions in the operating power and cost of electronic circuits, wireless sensor platforms that are
powered by energy harvesting are becoming more and more feasible.

Table | presents some indicative performance from various types of energy harvesters suitable for
micro-power generation. There is a large variation among the size of the transducers and the amount
of energy that can be generated. As a result, transducer selection depends on the application
requirements and scenario, which makes the presented results of Table | only indicative of the
potential of the various harvesting methods.

Energy Source Harvested Power| Conditions, Available Power
(indicative)
Light / Solar 60 mW 6 cm x 4 cm a-Si solar cell
AM1.5 (100 mW/cm?)




Kinetic 8.4 mW Piezoelectric, shoe mounted

Thermal 0.52 mW TEG, DT=5.6 K

EM 1.5 pw Ambient power S = 0.15 pW/cm?

Table I. Harvested power potential from different transducer types [44].

Each transducer technology has distinct advantages and disadvantages, and is thus suitable for
different application scenarios. One characteristic of ambient energy which makes the design and use
of harvesting circuits particularly challenging is its variable and probabilistic nature. A particular
challenge is the efficiency of the transducer device itself, which is typically limited and/or strongly
dependent on the available input energy and output load. For example, the availability of light energy
is reduced in indoor scenarios or at night; thermal energy harvesters are limited by a low maximum
transducer efficiency, depending on the existing temperature gradient; while kinetic energy harvesters
are sensitive to the natural vibration frequencies of the harvester and application settings. Finally, the
available EM energy density is usually orders of magnitude below the corresponding values of the
other energy sources, although measurements in urban settings have demonstrated the possibility of
harvesting a useful amount of EM energy using wideband or multi-band harvesters [45]-[47]. However,
the highly variable nature of ambient energy availability gives rise to application scenarios where EM
energy harvesting is justified. One characteristic example is the variation of solar light energy between
daytime and nighttime. A second example is placement of sensors sufficiently near transmitting RF
base station antennas where RF energy levels may exceed the typical values.

The different energy sources can be combined in a variety of ways. The signal combination can be done
at the input or the output of the diode rectifier circuits (i.e., in DC or AC signal form) [43]. Furthermore,
the DC signal combination can be done in series or in parallel, resulting in a different optimum load
value corresponding to a maximum efficiency. For example, the various signals of RF energy harvesters
may be combined in the RF stages before they are fed to the rectifier circuit, resulting in a directive
antenna system. Alternatively, the DC outputs of different rectennas can be combined in series or in
parallel [48]. Every topology has different advantages and requires a careful design in order to optimize
the DC conversion efficiency for a given output load and for the desired input power ranges.

In order to address the aforementioned challenges associated with ambient energy availability, we
highlight efforts toward hybrid multi-technology harvesters in the next section [43], [49].

Example multi-technology circuit implementations include a solar-thermal-electromagnetic energy
harvester based on a patch antenna integrating a solar cell and a thermoelectric generator [50]. A
preliminary prototype is shown in Fig. 15 [50]. The concept of using solar power as an auxiliary power
source in order to power-up passive RFID tags has been proposed in [51]. A different implementation
of a solar energy-assisted passive RFID tag where the DC power from a solar cell is converted to RF
using an oscillator and then fed to the RF pins of a commercial passive UHF RFID tag is shown in Fig. 16
[52]. Finally, ambient backscattering has been proposed as an ultra low-power communication
technique where information from an ultra low-power sensor tag is superimposed on existing ambient
signals [53]. A low-cost ambient backscatter platform based on commercial off-the-shelf components
based on ambient FM station backscattering is shown in Fig. 17 [54]. The potential of combining



ambient backscattering with multiple energy harvesting technologies may further expand the concept

of batteryless, “zero power” sensors.

'— Solar cell

. TEG top layer
G TEG

TEG bottom layer

Antenna substrate

Antenna shorting vias

Antenna patch

Antenna ground

Fig. 15. A stacked configuration of a patch antenna, a solar cell, and a thermoelectric generator for
energy harvesting [50].
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Millimeter-wave Radiative Wireless Power Transmission

Millimeter-wave (mmW) frequencies provide key advantages in radiative WPT applications, such as
compactness and focused energy that can be delivered to a target at range with a smaller rectenna
surface. Another major advantage of the mmW frequency range is fewer regulatory restrictions for
transmission of signals in populated areas compared to the congested 2.45 GHz and 5.8 GHz frequency
bands.

Fig. 18 represents the antenna beamwidth and spot size at 1 km distance as a function of transmitter
frequency for three transmitter aperture sizes. As the transmitter frequency is increased from the RF
to the mmW frequency range, the antenna beamwidth narrows, leading to a smaller spot size on
target. This allows for a focused beam of the radiated energy with less spreading loss, while the spot
size is not as small as optical beams where pointing and tracking is required, thereby reducing the
complexity of the rectenna-based receivers.

Fig. 19 represents the plot of the total RF and mmW power received at the receive antenna as a
function of range. For a fixed aperture comparison between the various operating frequencies, the
mmW approach is the best performing due to its increased power received at all ranges. The power
delivered on target due to the focused beam and higher power density can either manifest itself into
a smaller size and weight of a power beaming system or a reduced overall cost for watts delivered at
range compared to RF and microwave beaming systems. Advance in high-power MMIC amplifiers in
GaN technology as well as high power-density 3D packaging, together with commercial and defense
application pulls, will promote the cost effectiveness of millimeter wave power systems in the near
future.
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Fig. 18. RF and mmW WPT system analysis, highlighting antenna beam widths and spot sizes as a
function of transmitter frequencies for three transmitter antenna aperture sizes.
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Fig. 19. Received DC power at the rectenna as a function of range for five RF and mmW WPT systems.
All transmitter powers are at 100kW with transmit and receive aperture sizes being 2m and 1m in
diameter respectively.

The high-power regime for WPT requires a high power handling rectifier diode in order to handle the
high incoming radiation at W/cm? input power levels. The current device technologies used for wireless
power rectification at mmWaves are GaAs and CMOS. The key to high efficiency RF-DC rectification is
the high switching speed of the diode (high cut-off frequency) which entails a low series resistance and
low associated capacitance. For high-power operation, high forward current handling and reverse
breakdown voltage are required. GaAs planar air bridged diodes and CMOS transistors are
characterized by high cut-off frequencies. However, their breakdown voltage is limited. For high power
operation, a high breakdown voltage is required, moving the choice of technology towards GaN; much
like in transistor-based power amplifier integrated circuits with high output power density. Various
GaN Schottky diodes have been developed, highlighting the improvement in output rectified power.
However, the higher frequency of operation has been limited by the device design and its fabrication
process. Fig. 20 illustrates a technology cross-section of the nano-Schottky diode (NSD).

L
>
0.5 ym SiN
]
g AIGaN 3
S [ e £
2DEG ©
<X i
Depleted GaN
region

Fig.20. Technology cross-section of the nano-Schottky diode (NSD). The anode metal contacts
laterally with a two-dimensional electron gas (2DEG) formed in an AlGaN/GaN HEMT structure. The
cathode is made of a regrown n+GaN on the 2DEG.



The epitaxial structure consists of an AlIGaN/GaN HEMT structure where a two-dimensional gas (2DEG)
is formed near the AlGaN/GaN interface. The sheet electron density and the mobility of the 2DEG are
1.2x1013 cm? and 1600 cm?/V-s, respectively. The 2DEG is confined in the GaN channel layer within a
few nanometers below the interface, enabling a nano-scale Schottky contact between the anode metal
and the 2DEG. The small Schottky contact area and a lateral depletion length of the 2DEG determine
the junction capacitance (Cj). The cathode ohmic contact is formed by an n+GaN layer regrown on the
2DEG. The low contact resistance (= 0.1 W-mm) and the low sheet resistance of the 2DEG (= 330 W/sq.)
contribute to a low series resistance (Rs) of the diode. The distance between the anode and the
cathode is 0.5 um. The GaN nano-Schottky diode rectifier was used to design a variety of rectenna
circuits for performance evaluation of the developed technology. Fig. 21 shows a voltage doubler
rectifier fabricated as an integrated circuit directly on the GaN/SiC wafer using two 2x2x10 um diodes.
The circuit includes an input low-pass filter using a double-stub matching network designed for roll off
at 96 GHz, which prevents any higher harmonics power generated by the rectifier to be radiated out
of the input port. Similarly, a large integrated thin-film capacitor connected through a substrate via
has a low-loss RF short circuit, allowing only DC to be extracted at the output port. An integrated thin
film capacitor of value 350 fF was also used for the voltage doubler for charging and discharging
operation during forward and reverse operation RF input swing across the rectifier diodes.

Integrated Diode

Input low Tee structure
pass filter |
=)

CPWG

Inputg
Pad

Fig.21. GaN nano-Schottky rectenna MMIC integrated with a voltage doubler diode topology, input
LPF, and DC circuitry measuring 2.1mm by 0.75mm.

In order to characterize the rectifier circuit, a large signal characterization setup was configured (the
details are reported in [55]). Fig. 22(a) represents the DC voltage versus current generated from the
circuit for each input power level across a 240-Ohm load resistor. The data measured falls on a straight
line, indicating that the diode rectifier is being driven in a forward and reverse direction by the
incoming RF signal and has not reached the maximum limits of forward current and reverse breakdown
voltage. Fig. 22(b) highlights the latter in detail, where the DC power generated by the circuit is shown
as a function of the input power absorbed by the circuit. A fitted curve is also included to highlight
what trajectory is expected for higher input power.
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Fig.23. The plots of RF-DC efficiency at 93 GHz are shown versus input power level and the power
density.

The rectifier is connected to an antenna to form a rectenna. Fig. 23 represents the conversion
efficiency plots for the measurements as a function of W-band input power absorbed by the circuit
and the power density (power absorbed per unit area of the MMIC). The data represents the highest
efficiency rectenna circuit reported at the W-band frequency range. It can be seen that the efficiency
has not peaked completely and with more input power even higher values could be achieved. The
input power density is also calculated as the ratio of the input power versus the area of the circuit
MMIC. The value of 0.560 W/cm? indicates the highest power handling level of a W-band rectifier to
date. A conversion efficiency of 61.5% was recorded during the high input power of 9.512 dBm,
representing the highest reported millimeter wave rectifier efficiency at this power level. Table Il
represents the latest published W-band rectenna circuit performance metrics compared to the GaN-
nano-Schottly rectenna circuit. Si CMOS circuits provide very high switching speeds but fall short on
power handling due to the lower inherent breakdown voltage and current carrying capability of the
diode rectifier. However, CMOS presents a high degree of integration and can provide substantial
advantages for lower power arrays due to its many layers of interconnects and capability of integrating
the power conditioning circuits. GaAs diodes, a predominant millimeter wave and sub-millimeter wave
device technology, also provide great switching speeds and moderate breakdown voltage and hence



improvement over the silicon CMOS-based rectenna metrics. The GaN nano-Schottky rectenna circuits
reported in this work shows an improvement of 1.5X in power handling over GaAs and 9.5X over CMOS
rectenna circuits while improving the efficiency by 15.7% over the highest previously reported W-band
rectenna circuits. Therefore, GaN nano-Schottky represents the next-generation technology for high-
power mmWave wireless power beaming.

Reference | [56] [57] [58] [59] [60] This
WORK
Rectifier GaAs 0.13um 65nm GaAs 40nm GaN nano
Tech. Diode CMQOS Sch | CMOS Diode CMOS Schottky
Diode
Architecture | Ant + Integ Integ Ant + MMIC MMIC no-
Diode Chip | MMIC with | MMIC with | Diode no-Ant. | Ant
Ant Ant Chip
Tx Source Klystron Network Solid State | Solid State | Network | Solid State
Type Analyzer Power Power Analyzer | Power
Amp Amp Amp
Tx power 100 0.1 014 0.4 0.063 0.09
(W)
Rectenna 0.65 0.9 0.1 39 0.029 5.7
DC
Power
(mW)
Efficiency 32.3 37 10 38 45.8 61.5
(%)
Element 5.62 29 0.48 18 0.0756 1.58
Area (mm?)
Power 0.17 0.31 0.038 2.38 0.38 3.61
Handling
(KW/m?)

Table Il. Comparative performance of various published rectenna circuits at 94-95 GHz.
Applications

Space-Based Solar Power

In the 1960s W. C. Brown first used narrow-beam microwaves as energy carriers [61]. However, at the
time, commercial applications of narrow-beam WPT were limited, except for space applications, in
particular space-based solar power (SBSP). P. E. Glaser proposed SBSP in 1968 [62] following Brown’s
success in 1964 with the first narrow-beam WPT experiment in a drone aircraft. However,
theoretically, narrow-beam WPT requires large antennas, even in the case of microwaves, to increase
beam efficiency. Hence, narrow-beam WPT has historically been viewed as economically infeasible and
wired power transfer is still preferred. SBSP is the only exception to this rule.



Typical SBSP design parameters when used with microwaves are as follows (Fig. 24):

® Frequency: 5.8 GHz CW or 2.45 GHz CW

e Transmitting antenna: up to 2 km phased array with over 100 million elements

e Estimated beam efficiency: >90% at a distance of 36,000 km

o Received and rectified power on ground: 1 GW DC
Some SBSP systems are designed with laser power transfer. In the US, the Naval Research Laboratory
recently demonstrated laser power transfer. The Department of Defence also launched a US $100
million partnership with Northrop Grumman, the Space Solar Power Incremental Demonstrations and
Research Project (SSPIDR), which aims to launch an SBSP demonstration spacecraft called Arachne in
2024 [63]. Japan proposed a roadmap to commercial SBSP before 2050 by considering the required
R&D steps and potential commercial spin-off WPT technologies. For example, in 2018, a narrow-beam
WPT experiment was conducted on a drone with a phased array antenna at 5.8 GHz in Japan. WPT-
assisted drones are one of the expected spin-off technologies [63]. Recently, China launched a national
project for SBSP [64]. China plans to use a new superheavy lift rocket, which is currently under
development, to construct a massive SBSP in the geostationary orbit. It is supported by a Chinese
rocket company. China hopes to develop a megawatt-level power generation facility around 2030 [65]-
[67]. The UK also initiated a feasibility study on SBSP as a CO,-free source of power.

SBSP requires long distance and high efficiency beam WPT. Recently there are some interesting
beam WPT being demonstrated in the world. In Japan, a high-efficiency and thin phased array
antenna with a newly developed GaN HEMT was developed [63]. In 2015, they carried out 1.6kW -
50m distance narrow-beam WPT at 5.8GHz and succeeded in receiving 330W DC. Now they are
developing a sandwich module with solar cells and a phased array antenna for space experiments in
the near future. In the US, 91.2kW — 1km distance narrow beam WPT at 10.5GHz with a Cassegrain
antenna succeeded in receiving 1.6kW DC in 2021[4]. Chinese researchers carried out 910W — 30m
distance narrow beam WPT at 5.8GHz with a phased array antenna and succeeded in receiving 36W
DC, also in 2021. Building on their successful development and demonstration of long-distance and
high-efficiency WPT, all three countries-- Japan, the US, and China-- plan to carry out satellite
experiments on SBSP.
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Fig.24. Typical image of SBSP with microwaves.

There are other WPT space applications in addition to SBSP. In the 1990s, a research group at Kyoto
University in Japan designed a power satellite using 35-GHz WPT, which could supply wireless power
to a user satellite (see Fig. 25) [68]. With such a power source, we can reduce the weight of a working
satellite using lightweight rectennas instead of heavy solar cells and batteries.

WPT on the Moon is another interesting WPT application. We could power a Moon rover via
microwave or millimeter wave wireless energy transfer. We could also supply wireless power to non-
sunlit areas of the Moon’s surface from a 100-km lunar orbit. This would bring us a step closer to
practical SBSP and to achieving a new paradigm for space exploration.

Not only narrow-beam WPT but also wide-beam WPT and coupling WPT can be applied in space
systems. The Internet of Space (loS) based on wide-beam WPT is an important new concept in space
system engineering. In small satellites, we can reduce the weight of power cables using inductive WPT.
Overall, WPT shows novel potential to expand human space activities.
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SWIPT

In loT networks, a challenge is to combine wireless powering with data communications, also called
simultaneous wireless information and power transfer, or SWIPT (Fig. 26). The requirements are often
contradictory, and therefore an optimal balance must be found between efficient wireless powering
on the one hand, and reliable communications (i.e., low bit error rate (BER) and high data rate) on the
other hand. As an example, the cut-off frequency of the low-pass filter of the rectifier should be as low
as possible for optimal power harvesting, thus avoiding a ripple, while the ripple is essential for data
communication as it contains the modulated information [32]. Thus, research on SWIPT focuses on

two main aspects: the l1oT node design, and the base station signal design [69][70].
Data flow

Data flow

Power flow
Base station SWIPT node
Fig. 26: In an loT network, the base station would transmit both wireless power and data towards the

IoT nodes, and receive the uplink data communications [72].

Various loT node architectures have been explored (Fig. 27), and a promising one is the compact so-
called “integrated” configuration, whereby the split between energy harvesting and information
retrieval is not achieved at RF, but in the baseband. If the split were to happen at RF, an additional
downconversion block would be required, and such additional RF oscillator-mixer topology increases
the power requirements of the 1oT node.
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Fig. 27: Possible architectures for SWIPT loT nodes: (top) time switching; (middle) power splitting;
(bottom) integrated topology with data/energy split in the baseband.

Even though it is possible to harvest power from existing modulations adopted in loT networks, such
as Bluetooth Low Energy (BLE) [71], the performance is suboptimal in terms of power harvesting.
Therefore, research is being conducted on novel modulation techniques that improve power
conversion efficiency while minimizing the deterioration of the communication performance metrics
(i.e., data rate, BER) for example, in [72],[73]. Besides the base station’s waveform design, another
degree of freedom to improve SWIPT performance is by exploiting the base station’s antenna
configuration, namely by adopting distributed antenna settings [74].

Medical Applications

Currently, most of the US Food and Drug Administration (FDA) approved medical implants that
implement wireless power charging capability utilize inductive or resonance coupling by coils. They
include neurostimulators that are implanted under the skin at the waist or chest, and cochlear implants
behind the ear. The tissue distance is typically within a few millimeters and size of the implants are on
the order of centimeters. Since the tissue thickness is fixed, the dielectric characteristics between the
transmitter and implant coils are known, and the variations for wireless power efficiency depend solely
on spatial misalignment of coils. The systems are operated in low MHz frequency ranges owing to the
lower AC resistance.

For deeper tissues, the field divergence and misalignment issues become challenges. A miniature
gastric stimulator attached to the stomach wall, which inevitably moves during digestion, can harvest
sufficient power at 1.3 MHz through 7-cm thick tissues [75]. Field manipulation with spiral coils can
give better power coverage to tolerate misalignment [76]. The field distributions cannot be modeled
in an equivalent circuit. Finite-element simulations are needed to evaluate the available field strengths
at a certain implant depth.

Mid-field power transfer techniques at higher MHz and lower GHz ranges have been proposed for
millimeter-scale implants that are deeper in the body. Unwanted signals with higher frequencies
attenuate faster in tissue, preventing interference; and a smaller antenna spatially reduces noise
coupling into the electronics. However, the trade-offs highlight the need for better focusing of energy
onto the implant via field manipulation.

An electrical stimulator with a 2-mm diameter and 2.5-mm length can be powered at a depth of 5 cm
with a power of 500 mW at 1.6 GHz [77]. The transmitter metal pattern includes four split rings with



independent excitation ports to adjust phases, and a circular slot array to generate the desired current
distributions. The fields converge on the implant with a measured power of 200 uW in phantoms. At a
10-cm depth, 10-uW of power can be received, which is comparable to the power consumption of a
cardiac pacemaker.

A meandered-line patch antenna in a capsule-type implant receives 6.7-mW of power at a tissue
thickness of 5 cm with 1-W of transmitting power [78]. The transmitter antenna contains four ports to
control the phases for better radiation focusing. Dynamic phase adjustment gives operational flexibility
to power the imaging capsule as it moves through the gastrointestinal tract.

Far-field power transfer has been demonstrated from a horn antenna with a 7.6-dBi gain to a
subcutaneous implant with a 4x8 mm? inverted-F antenna at 2.45 GHz [79]. The transmitter power is
limited to 1 W by safety rules. This technique can remotely charge the implant with ambient wireless
energy; however, the efficiency may vary significantly due to the directivities between antennas.
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Fig. 28. lllustration of near-, mid-, and far-field wireless power transfer to implants.

For mid- and far-field power transfer systems, their implementation examples are illustrated in Fig. 28,
as compared to the near-field, where coils are placed directly on top of the subcutaneous implant. For
mid- and far-field systems, exposure limits to tissue generally follow the guidelines of IEEE C95.1
Standard [80] and ICNIRP Guidelines [81]. Absorption limits per unit weight of tissues are defined by
specific absorption rate (SAR) and specific absorption (SA) to prevent thermal damage. IEEE C95.1
Standard limits the 10-g averaged SAR and SA for a 6-min time period to 1.6 W/kg and 576 J/kg,
respectively. ICNIRP Guidelines limit the 10-g averaged SAR of the head to 2W/kg below 10 GHz and
2-mlJ/kg averaged SA for a single pulse. Power flux densities for implants at different depths for 915
MHz and 2.4 and 5.8 GHz have been studied [82]. The methodologies for assessing exposure and

anatomical models for dosimetry in wireless power transfer systems are discussed in [83].

Batteryless wireless sensors for structural health monitoring applications

The efficient design of wireless sensor networks (WSNs) including wireless battery-free sensor nodes
(BFSNs) involves several key points that have to be simultaneously addressed at both the network and



the sensor levels, on hardware and software implementation. An example of a meshed wireless BFSN
network topology designed for structural health monitoring applications in civil engineering is
reported in [84], [85] and depicted in Fig. 29.
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Fig. 29. Example of a network topology including wireless BFSNs. BFSNs are wirelessly powered using
a far-field radiative WPT technique based on RF sources driven by the CNs.

The WSN represented in Fig. 29 is composed of two kinds of nodes: the communicating nodes (CNs)
and the BFSNs. BFSNs are critical elements designed to be embedded in concrete for performing
physical measurements (e.g., temperature and humidity) to enable the monitoring of civil engineering
structures. In order to reduce the DC consumption of each BFSN, only a directional uplink
communication (from BFSN to CN) was implemented. BFSNs are cold-start compatible and powered
using a far-field radiative WPT technique from dedicated RF sources (operating at ISM 868 MHz) driven
by a CN (and usually collocated with other CNs). As proof of concept, two BFSNs were prototyped: (i)
a LoRa BFSN, represented in Fig. 30; and (ii) a BLE BFSN, represented in Fig. 31.
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Fig. 30. Topology (left) and photo (right) of the LoRa BFSN.
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Fig. 31. Topology (left) and photo (right) of a manufactured prototype for the BLE BFSN. The external
rectenna providing the DC power at the input Vi, of the BLE BFSN is not represented here.
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Fig. 32. (a) Measured DC consumption for LoRa BFSN, (b) DC voltage at the port of the storage
capacitor (22 mF) as a function of the performed task (experimental results obtained for a measured
RF power of -5 dBm at the input of the RF rectifier).

As far as the topology, the wireless chipsets (Murata CMWX1ZZABZ-091 for the LoRa BFSN and NXP
QN9080 for the BLE BFSN), the sensors (Texas Instruments HDC 2080), and the power management
unit (Texas Instruments BQ25570) were selected; there are only a few ways to reduce the DC
consumption of BFSN. A typical DC power consumption for the LoRa BFSN is represented in Fig. 32(a);
while Fig. 32(b) highlights the evolution of the DC voltage of the storage capacitor (22 mF) as a function
of the performed task.

For the LoRa BFSN, the DC consumption can be minimized by reducing the RF transmitting (Tx) power
(DC current is reduced) and/or by increasing the data rate (thus decreasing the duration of the frame
transmission). Both the Tx power and data rate are software controlled. Experimental results
demonstrated that by reducing Tx power from +14 dBm to +4 dBm, the DC power consumption is
reduced from 150 uW to 60 pW, while the energy/data byte is reduced from 52 mJ to 26.5 mJ. There
is no practical interest in reducing the Tx power below +4 dBm because the communication range is
highly impacted with a minimal gain in terms of energy/byte reduction. By increasing the data-rate
from 250 bps to 5470 bps (Tx power: 4 dBm), the energy/data byte is reduced from 26.5 mJ to 5 mJ.
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Fig. 33. (a) Measured DC consumption for the BLE BFSN (DC voltage: 3V) for a complete frame
transmission (red line is the average DC current), (b) duration of the first charge (including cold-start
procedure) and of the second charge of the energy storage capacitor (100 uF) as a function of RF
source EIRP.

For the BLE SN, the sensing data are sent to the CN over 4 start cycles (on each start, the same data
frame is broadcast over BLE channels 37, 38, and 39). This high redundancy on the BLE SN side
minimizes the probability of errors caused by potential interference, mainly with WiFi transmitters
operating in roughly the same frequency band. The measured DC power consumption (Tx power: 0
dBm) is reported in Fig. 33(a). The measured first and second charging times of the storage capacitor
(100 pF) as a function of the EIRP of the RF source is presented in Fig. 33(b). The measurements were
performed in an anechoic chamber to avoid interference and multipath effects. The distance between
the RF source and the BLE BFSN was fixed at 2 meters. The first physical measurement/sensing and
transmission are performed after the first charge and the periodicity of sensing and transmission is the
same as the duration of the second charge. These durations can be roughly controlled by controlling
the EIRP of the RF source. The BLE BFSN implementation is more efficient than the LoRa BFSN
implementation in terms of energy per transmitted frame (and per transmitted byte). Sending the data
frame by BLE BFSN during one start cycle requires approximately 48 W (Tx power: 0 dBm) or about 1.2
mJ for a complete process, while the LoRa BFSN requires about 20 mJ for sending the data frame (Tx
power: +4 dBm, data rate: 5470 bps). Better performance in terms of communication range in favor of
the LoRa implementation justify this significant difference.

Two different SWIPT approaches were implemented. For the LoRa BFSN, the same antenna operating
at 868 MHz in combination with a circulator was used for energy reception (from RF source) and data
transmission (to CN). In the case of the BLE BFSN, two antennas were used: one operating at 868 MHz
[86] for energy receiving and one operating at 2.45 GHz for data communication.

Conclusions

This paper has provided an overview of the current research progress on radiative WPT, describing
where we are and where we want to go. Emerging research directions have been sketched, including



hybrid EH, mm-wave EH, and energy showers, which can improve the reliability and the versatility of
the WPT approach. Diverse applications of radiative WPT have been reported as well, from medical,
to space, to structural health monitoring. All this shows the potential and the positive impact that can
be produced by radiative WPT on a growing number of application scenarios, and its key role in the
evolution of the loT.
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