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Energizing 5G

Alessandra Costanzo and Diego Masotti

e are surrounded in our daily lives

by a multitude of small, relatively

inexpensive computing devices,

many equipped with communica-

tion and sensing features. From

these has evolved the concept of “pervasive intel-

ligence” [1], [2], a basis from we can envision our fu-

ture world as an Internet of Things/Internet of Ev-

erything (IoT/IoE), in terms of both a consumer IoT/

IoE (interconnected devices within an individual’s

environment) and the Industrial IoT (interconnected-

ness to improve business-to-business services, mainly
through machine-to-machine interactions) [3].

Decades of research have produced a plethora of

devices for a variety of application domains, devices

XXXXXXX

that do not always share common standards and
communication requirements. It is envisioned that
the advent of fifth-generation (5G) communication
networks will bring together all these requirements
by integrating multiple heterogeneous access tech-
nologies. Moreover, 5G’s goals of increased data rates,
reduced end-to-end latency, and improved coverage [4]
will support an exponentially greater number devices
with reduced cost per information transfer, thus mak-
ing our vision for the IoI/IoE feasible in practice.
Achieving these goals, will force future 5G networks
to rely on a multitier architecture starting from the
macrocell level and moving up to device-to-device
(D2D) micronetworks [5]. In this article, we focus on
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Figure 1. Two scenarios for implementing energy autonomy for RF tags with (a) dedicated RF sources (or showers) and (b)
environmental multifrequency sources [11]. GSM: Global System for Mobile Communications.

the latter application field, where the availability of
energy-aware devices is desirable.

Wireless-Powered Communication Networks
With the scenario of a 5G IoT in mind, many research-
ers are currently focused on the challenging task of
recharging ubiquitous devices and machines wire-
lessly to allow truly perpetual wireless-powered com-
munication (WPC) [6]. This requires either some kind
of direct battery-recharging operation as with a mobile
phone [7] (which is more feasible from a current tech-
nological standpoint) or a more futuristic, “green,” bat-
teryless architecture for low-profile wireless devices
(as described in [8] for wireless sensor applications).

From this perspective, a distinction must be made in
terms of energy requirements. Normally “off” devices
need to be interrogated only a few times a day to wire-
lessly provide information monitoring of their activi-
ties (also known as “smart dust”) [9]; due to their very
low duty cycle, devices like these have ultralow power
needs [10]. On the other hand are devices (typically
machines) that require fre-
quent or even continuous sup-
port at medium to high energy
levels.

Depending on these two
classifications, the energy
sources exploited in the
charging operation vary: for
ultralow power applications,
the sources are typically
environmental and/or unin-
tentional, while intentional
sources are adopted when
larger amounts of power are
involved [11]. WPC networks
(WPCNs) can thus be created
to efficiently energize several
communication devices [6].

Closed-Access

(®) Wearable Devices
Base Stations with Wireless Power Transfer

In some cases, tradeoff applications are foreseen as
well. Intentional wireless sources (called “energy show-
ers”) periodically provide the requested low amount
of energy to batteryless tags for real-time locating or
tracking applications [12]. In all the envisioned sce-
narios, the receiving (Rx) device needs to be equipped
with a rectifying antenna (or rectenna), i.e., a structure
able to receive the incoming wireless signal and to con-
vert it from the higher frequency used in the transmis-
sion to direct current (dc). Figure 1 shows two possible
scenarios: an intentional shower, broadcasting energy
to devices randomly distributed in the environment
[Figure 1(a)], and a multiband rectenna able to recover
energy from the different wireless standards com-
monly present in any human-created environment
[Figure 1(b)] [11].

Hence, the energy autonomy of IoI/IoE actors in
the context 5G is a topic of significant current concern,
and interesting investigations have been carried out in
recent literature. In [13], for example, the exploitation
of heterogeneous, multiradio small cells is presented
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Figure 2. A 5G network scenario for wireless charging [13].



TABLE 1. A comparison of NF-WPT and FF-WPT.

NF-WPT

FF-WPT

Resonant

Nonresonant

Transmission mechanism  Coupling, no wave propagation

Interacting device Coils/electrodes

Tx—Rx antenna interaction  Strong interaction

Operating frequency LF, HF
Power level Medium (mW-W), High (kW)
Efficiency High (70-900%)

Commercial applications  Yes

as an opportunity to realize very efficient wireless
energy transfer to wearable devices, as depicted in Fig-
ure 2.

The authors of [14] provide very useful considerations
concerning the practical limits of WPC, such as the limit
in intentional sources” directivity, that suggest exploiting
massive arrays at high frequencies (> 30 GHz); otherwise,
the dimension of the radiating structure becomes
incompatible with the application. The authors of [14]
also suggest the main directions of research in wire-
less power transfer (WPT)/wireless energy transfer
(WET): for example, the use of backscatter antennas to
provide a solution for energizing low-complexity pas-
sive devices, such as in RF identification (RFID) appli-
cations, as well as the new trend toward suitable power
waveform optimization that can lead to improvements
in the transfer mechanism (this is also demonstrated
in [15] and [16]). In addition, very promising energy
savings are described in [17], when location-aware
devices cooperate in D2D scenarios.

Our main purpose here is to delineate the design
steps required to accurately optimize the key figures of
merit involved in the end-to-end wireless link within
a 5G IoT/IoE scenario. Such estimation is, in fact, man-
datory for predicting the feasibility of the wireless
transmission of power [18], especially in those applica-
tions where the medium between the energy source
and the wirelessly powered device/machine requires
a complex radio channel with random variations, such
as irregular civil [19] and industrial sites or body tissue
layers. This design approach is presented through the
discussion of new and promising solutions available in
the literature, devoted to both far-field and near-field
wireless powering.

Wireless Powering Figures of Merit
Wireless delivery of power can adopt two radically
different mechanisms:
¢ exploiting far-field RF sources for so-called far-
field WPT (FE-WPT), where the involved frequen-
cies are in the microwave (300 MHz-30 GHz)

Coupling, no wave propagation
Coils/electrodes

Medium interaction

LF, HF

Medium (mW-W), High (kW)
Medium (30—600%)

Yes

Wave propagation

Antennas

No interaction

Microwave, millimeter-wave
Ultralow (LW—mW) High (MW)
Low (10-50%)

No

[20], [21] or millimeter-wave (30-300 GHz) [22], [23]
ranges

e exploiting the near (or reactive) field provided
by closely located sources in the low-frequency
(LE; 30-300 kHz) [24] or high-frequency (HF; 3-30
MHz) [25] ranges for so-called near-field WPT
(NF-WPT).

The NF-WPT approach can be further split into two
alternatives:

e resonant-coupling power transfer, which exploits
the resonance between the involved devices [26]
for known and receiver-reciprocal positions

® nonresonant power transfer [27], which is more
suitable when transmitter and receiver misalign-
ments are not predictable, such as in RFID appli-
cations or for electric vehicle charging.

These alternative approaches rely on completely
different transfer mechanisms; for this reason, they
are almost entirely complementary, as summarized
in Table 1. In the case of FF-WPT, the radiation of an
electromagnetic (EM) wave occurs through the exploi-
tation of a radiating structure (antenna), and the cor-
responding radiated RF power can be intentional (in
the case of FF-WPT) or unintentional/environmental
[in the case of RF energy harvesting (EH) applications]
[28]. However, when far-field sources are involved, it is
worth noting that no direct interactions between the
transmitting (Tx) and Rx antennas take place because
the Tx antenna sends the same amount of power
whether or not a receiver is present.

From this point of view, the situation is completely
different in the case of nonradiative NF-WPT, where
inductive links (exploiting magnetic fields) or capaci-
tive links (exploiting electric fields) are established
between colocated coils/wires or electrodes/metallic
plates, respectively. Being in the reactive field region,
the power delivered to the field by the Tx coil/plate
returns back in cases where the Rx coil/plate is absent
and thus depends on the Rx coil/plate’s position.
This dependency is extremely strong in the case of
resonant NF-WPT, where a narrow-band resonance is
established between the transmitter and receiver [26].



Consequently, several solutions
are proposed to minimize/can-
cel this dependency [26], [29],
[30]. The reciprocal position
(including link coverage) is less

NF-WPT

critical in the nonresonant NF-
WPT transfer mechanism. Here,
the (typically) coils are different
in size (the transmitter is larger),
and, being far from resonance,
the Tx/Rx input impedances
are almost constant by vary- -
ing (within certain limits) their Peias
reciprocal position; thus, satis-
fying matching conditions can
be easily guaranteed.

With regard to commercial research applications,
the far-field approach is mainly deployed when low
(FE-WPT) or ultralow (EH) power applications are
envisioned. Only in space and military targets, where
cost is not an issue, do high-power FF-WPT activities
exist [31], [32]. NF-WPT has, up to now, more commer-
cial applications than FF-WPT. Nonresonant NF-WPT
has been widely applied for many years in HF RFID,
where medium to high power levels are involved;
resonant NF-WPT can also manage high power lev-
els, mainly due to a more efficient link (thanks to the
resonance) with reduced costs as well as less strin-
gent safety exposure limits at lower frequencies (<
100 MHz).

The classification described previously is expanded
by a more recent wireless transfer mechanism resort-
ing to the middle field provided by microwave sources.
This technique is mainly seen as an alternative to NF-
WPT for wirelessly powering implanted devices [33].
Unlike conventional near-field approaches, mid-field
WPT (MF-WPT) relies on an actual field propagation
and does not suffer from rapid decay with distance [as
(distance)®], which is the case of the far field. Here,
environmental/tissue losses play a fundamental role;
for this reason, intensive investigations on the optimal
frequency for maximizing the power transfer have
been carried out, providing the interesting result that
the optimal frequency is in the gigahertz range for
a millimeter-sized Tx antenna and shifts to the sub-
gigahertz range for a centimeter-sized Tx antenna [34].

Based on all this, it become clear that defining fig-
ures of merit capable of summarizing wireless link
quality is essential. Despite of the significant dif-
ferences among these approaches, the wireless link
building blocks can, in all cases, be depicted as in Fig-
ure 3: planar coils and planar microstrip antennas are
representative of the two transmission mechanisms,
but capacitively coupled links or other antenna types
can be adopted equivalently.

Transmitter

3.7
|

FF-WPT

Low-Frequency Small Distance
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r EM |
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Figure 3. The building blocks of a wireless link involving either near or far fields.

As a consequence, in terms of efficiencies, all wire-
less powering mechanisms share the main figures of
merit as demonstrated by (1):

- . . — Prx Prx Poc
TJLINK = 1JDC-TF * JTF—TF - IJTF-DC Poas Prx Prx” )

In fact, 7unk represents the efficiency of the entire
wireless power system from the transmitter dc bias to
the receiver dc output. The first term, 7pc-1r, is the
ratio between the power Prx at the transmission fre-
quency used in the energy transmission (microwave or
millimeter-wave for cases of the far and middle fields,
and LF or HF in the case of the near field) available
at the Tx antenna/coil input port and the dc power
required at the transmitter side (Psias): this contribu-
tion is mainly due to the conversion efficiency of the
RF power source and of the amplifier at the transmit-
ter side.

The second term, 7tr-1r, is the efficiency in the
transmission frequency of the wireless path covered
during the energy transfer operation (ranging from
a few millimeters to a few centimeters in the case of
resonant NF-WPT, a few centimeters to tens of cen-
timeters in the cases of nonresonant NF-WPT and
ME-WPT, a few meters to tens of meters in the case
of low-power FF-WPT, and up to hundreds of kilome-
ters in the case of high-power FF-WPT). It consists of
the ratio between the power received by the antenna/
coil at the receiver side (Prx) and Prx and is strongly
related to the medium in between the transmitter and
the receiver, as well as on the antennas’/coils” efficien-
cies [18], [25].

Finally, the last term, 771r-pc, is the ratio between
the dc power delivered to the final user (Poc) and
the received one (Prx), ie. the conversion efficiency
of the rectifying section from the higher frequency to
dc. It is typically given by the further product of two
efficiencies: the RF—to-dc conversion efficiency of the
sole rectifier and the dc-to-dc efficiency of the power
management unit representing the actual load of the
rectifying circuit, designed specifically to provide the
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unknown in EH scenarios,
where unintentional ambi-
ent sources are deployed [16].
In such cases, incoming field
intensity, polarization, and
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Figure 4. Rectenna architectures for (a) intentional far-field power transmission (b) RF

EH purposes [39].

maximum dc output power for varying loading condi-
tions [35], [36].

It is worth mentioning that the entire WPT system
consists of a connection of nonlinear circuits; for this
reason, (1) strongly depends on the involved power
levels and operating frequencies and can be accu-
rately evaluated only if all phenomena (both linear
and nonlinear) are rigorously taken into consideration,
thus providing a precise estimate of the powers con-
tributing to (1). For instance, it is a demanding task to
calculate Prx, which makes the term 71r-pc the most
delicate one in (1): a rigorous circuit-equivalent model
formulation for the prediction of this contribution can
be derived by EM theory [18], [36].

Moreover, an additional comment on Prx is worth-
while: in NF-WPT and intentional FF-WPT, Prx
is a known contribution, whereas it represents an

(b)

for intentional FF-WPT [Fig-
ure 4(a)] and the other for EH
purposes [Figure 4(b)] [39]. In
the first case, an RF combina-
tion of the antennas provides
an array behavior with a high
gain of the Rx antenna; in the
other case, the unknown direction of arrival of the sig-
nal suggests the use of a multiple antenna configura-
tion (the combination is made in dc) so as to have more
low-gain (ideally, omnidirectional) antennas.

Simultaneous Power and Data Transfer
Simultaneous wireless information and power trans-
fer (SWIPT) [5], [40] is currently being investigated in
a wide range of different systems for both civil and
industrial applications. A block schematic of an avail-
able solution [41] in an automatic machine environ-
ment is illustrated in Figure 5.

The upper part of Figure 5 shows the actuator sup-
ply where the power is modulated by the switching dc/
ac converter and wirelessly delivered to the actuator
(e.g., a heater) by a contactless energy transfer unit. The
lower part of the figure consists of the feedback path

t:> Power Flow

dc/ac . Coupled Inductors E
Mains ac/de Resonator E i\ Resonator ac/de Actuator
® ‘": L M LN L PN
_": T 1 T

.. 101110. .. é}

WPIT Device i

...101110..—.{ ?

zl’}

, H
— \

S N W

Digital Control

Elaboration and ADC Sensor

_______________________

C:l Data Flow

Figure 5. A block schematic of an automatic machine system with SWIPT capabilities [41]. ADC: analog-to-digital conversion.



of the sensor data: its readout is elaborated and sent
back to the controller through a secondary wireless
interface. The power flow that supplies the actuator
shown in Figure 5 does not represent a reliable source
of energy for sensing, because it is not continuous. In
this case a passive sensing solution is adopted by means
of a near-field RFID link that monitors the variation of
a variable (for example, a resistive load representing a
temperature sensor) by estimating the impedance mis-
match at the input port of the link, i.e., at the reader side.

This has been referred to as direct passive RFID sens-
ing. A quite accurate sensitivity is obtained by config-
uring the source and the link in highly mismatched
conditions. In this way, by measuring the power enter-
ing the input port of the link or by sensing the volt-
age across its terminals, the resistive sensor state is
retrieved. Then, the behavior of such quantities can be
characterized, and it is possible to establish an accu-
rate relation between the measured readout (power or
voltage) and the observed variable (e.g., a resistive sen-
sor load). The advantage of this technique is that it is
completely passive and does not require any microcon-
troller unit circuitry to be embedded on the inacces-
sible remote sensing unit. Rather, the sensor readout is
collected at the reader side of the data link, where the
energy source is ensured by the power supply.

A block diagram of the entire sensing link is shown
in Figure 6, where the resistance temperature detector
(RTD) <Au: Is this correct for RTD?> is driven by the
rectified voltage and current of the RF excitation. The
receiver side is optimized with the goal of providing
the largest range of reflected power at its input port
with respect to the interval variations of the RTD’s
load. The wireless link operates in the ultrahigh-fre-
quency (UHF) band and is based on two coupled split-
ring resonators (SRRs), the layout of which is designed
to operate as a self-resonant reactive structure [41]. The
system is able to provide very accurate temperature
measurement as shown in Figure 7, where the mea-
sured relationship between the temperature and dc
voltage level is compared.

SWIPT for Portable Devices by Means of
Dedicated or Existing Antenna Systems

The challenges for 5G cellular wireless networks lie
mainly in improving overall system behavior in terms
of end-to-end performance, energy consumption,
and cost per information transfer [5]. In this scenario,
D2D communication will play an important role, as
well as any additional RF EH capability that future
devices will have to share: hence, the combination of
near-field or far-field power and information transfer
will be essential for next-generation mobile devices,
possibly achieved by deploying the majority of their
components. This challenging operation can be pur-
sued by exploiting both existing circuitry and dedi-
cated new components: of course, the reduced space

= |_
[# -
dect LU Vrms
L

Figure 6. The circuit-equivalent schematic of an entire
wireless UHF passive sensing system [41].

- = = Vs (Simulation)
— Vims (Measurement)

0 50 100 150 200 250 300 350
Temperature (°C)

Figure 7. The measured and predicted relationship
between the sensed temperature and the power detector
output voltage [41].

consumption of the first means, in turn, lower transfer
efficiency than the dedicated solution.

It is worth noting that, when dealing with simul-
taneous data and power transmission, the frequency-
division approach is often adopted. This means that
different frequency bands are responsible for the wire-
less information and energy transfer. Moreover, this is
true in both NF-WPT [42] and FF-WPT [43]. One exam-
ple of a dedicated link for NF-WPT is offered by Qual-
comm [7]; here, a loosely coupled resonant system must
be managed due to the metal body of the phone. To the
authors” knowledge, this is the first example of a metal-
backed mobile phone recharged by a standard AirFuel
Alliance-resonance-compatible charger (although sev-
eral other solutions are already commercially available,
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Figure 8. Details of a metal case for a mobile phone: (a) a
perspective view and (b) the back view [7]. LTE: long-term
evolution; GPS: global positioning system.
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Figure 9. The predicted (both theoretical and simulated)
and measured link efficiencies for variable antenna
separation [45].

using an additional case for charging purposes). In
this application, 6.78 MHz is the HF adopted for the
transmission of power. The original idea is to exploit
the eddy currents induced on the phone metallization
by the Tx magnetic field: an additional slot is intro-
duced in the metal case [as shown in Figure 8(a)], thus
forcing the induced current to flow around the exist-
ing camera/flash holes, where a dedicated new coil
has been positioned [Figure 8(b)]. Finally, the Rx coil
is attached onto the metal case, and the phone itself is
tuned with a capacitor to reach the resonance. In this
way, the metal cover becomes part of the Rx resonator.
This trick allows the transfer efficiency of the loosely

coupled system to be increased. Moreover, the central
coil is series-connected to two additional side coils
[Figure 8(b)], the purpose of which is to increase the
overall inductance and thus the induced voltage in the
resonator. It is worth noting, of course, that the addi-
tional circuitry in the mobile phone does not affect the
multiband antenna used for communication purposes:
regular phone calls have been successfully made in the
presence of the wireless charging resonator [7].

Recent studies have also demonstrated the pos-
sibility of reusing existing portable device antennas,
designed for multiband far-field communication,
in a loosely coupled near-field link [44], [45]. In this
application, the industrial, scientific, and medical
433-MHz band is devoted to the NF-WPT link, while
the standard Global System for Mobile Communica-
tions frequency bands (900 and 1,800 MHz) are used
in far-field communication. The choice of a quite high
frequency for near-field coupling is the result of a trad-
eoff between minimizing lumped-element values to
achieve resonance (high frequency — low inductance
— low losses) and still having an electrically small
antenna, thus involving only reactive fields.

Obviously, the system is not specifically designed
for WPT, and this justifies the limited maximum effi-
ciency obtainable through exploiting the weak reactive
coupling established among the thin planar antennas’
metallization, as shown in Figure 9: here, the 7rr-1r
efficiency of (1) at 433 MHz (derived from theoreti-
cal analysis, circuit simulation, and measurements) is
plotted versus the distance between two facing mobile
phones. Despite the nondedicated link, 40% of mea-
sured efficiency is achieved when the two devices are
1 cm apart. However, the great advantage of this new
idea is to realize near-field recharging without further
crowding the portable devices’ circuitry; the research
reported in [44] and [45] represents the proof of con-
cept for the feasibility of this transfer of power.

One of the main challenges of this architecture
involves the design of the three-port diplexer feeding
each antenna, as shown in Figure 10. The frequency
separation between the WPT frequency (433 MHz)
and the communication frequencies (900 and 1,800
MHz) allows the exploitation of the frequency-division
mechanism in the diplexer’s synthesis: the lumped-
element solution adopted in [44] and [45] provides high
isolation (> 40 dB) between the two paths, thus guaran-
teeing that communication is possible while power is
being transferred (and vice versa).

However, the frequency-division approach can be
spectrally inefficient, even if more robust from the
EM interference point of view. Alternatively, more
challenging SWIPT solutions have been proposed in
the far-field cases only, where the same frequency is
shared in both power and data transfer. The main
issue is the WPT’s interference on the data transmis-
sion [6] because of the higher power level. Solutions
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) Figure 10. (1) A diplexer topology and (b) the architecture of the system based on the
Far-Field Ultralow Power  fcquency-division mechanism for both power and data transfer [44]

and Data Transfer

Simultaneous communication and power transfer
between mobile phones and different kinds of radiating
subsystems may also rely on far-field propagation for
both wireless operations. Great attention is devoted in
the literature to this crucial problem, from both high-
level (signal-processing) [47]-[49] and low-level (circuit
design) [10], [50] standpoints.

Interesting solutions (not devoted specifically to
portable devices but rather to next-generation RFID
tags) that could be integrated into portable devices
focus on adopting the ultrawide band (UWB) for com-
munication/localization purposes, while performing

Slotted
UHF Dipole

UWB Monopole

2.4-GHz
Detector

(a)

Figure 11. Photos of the prototypes for two colocalized UWB and

energy recovery in the low [51], [52] or high [53] UHF
bands. Such UWB technology matches the 5G require-
ments in terms of extremely low power Consumption,
while simultaneously providing robustness versus fast
fading and thus submeter precision in indoor localiza-
tion [54].

All the cited works offer colocalization solutions
of two separate antennas. In this way, space-consum-
ing architectures are achieved both because of the
antenna footprints and because of the two separate
antenna ports: one for UWB (typically, backscattered)
communication and the other for UHF harvesting. As

s 7). Q3 M| e—
~ UWB Backscatterer
. PIN Diode

s

50.97 MM =—

33 =l 4
i Delay Line :

UHF antennas with separate ports: from (a) [52] and (b)

[53]. PIC: photonic integrated circuit. <Au: Is this correct for PIC?>
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Figure 12. (1) UWB-UHF single-port antenna integration; (b) final prototype on paper
substrate (the dashed area indicates the backside diplexer) [55].

Port 1
to Antenna

to UWB Modulator

both communicate and scav-
enge energy by resorting to
the European low UWB band
(3.1-4.8 GHz) and the low
UHF band (868 MHz), respec-
tively. For the energy recov-
ery, this application foresees
the use of intentional sources
operating at 868 MHz (or “RF
showers”) to periodically pro-
vide the requested amount
of energy to the batteryless
tags, realized in ecocompat-
ible materials and equipped
with rectenna systems. An
extremely compact and low-

Port 2 profile antenna layout is
o Rectifier depicted in Figure 12: here,
a standard Archimedean
spiral antenna covers the
UWB band, while a planar
dipole, resonant at 868 MHz,
is obtained by prolonging
the spiral arms, as shown in
Figure 12(a), and involving all
the nested loops of the spiral,
thus providing a dipole that
is 1.52 long.

Figure 12(b) shows the
paper prototype; here, the
reported dashed square area
gives the footprint of the
three-port diplexing network,

53 mm

Port 3

UHF Filter

Port 1
to Antenna

3

the role of which is identical
10 to that of one of the previous
examples [see Figure 10(a)]. In
this case, the frequency divi-

sion is obtained by means

of a lumped-element and a

12

(b)

Figure 13. (a) The circuit schematic of the three-port diplexer and (b) the corresponding

layout on paper substrate (dimensions in millimeters) [8].

representative examples, Figure 11 shows two quite
compact colocated antenna solutions, in which each
antenna maintains its own port and related matching
network. In Figure 11(a), a slotted UHF dipole (oper-
ating at 868 MHz) is obtained from the ground plane
of the UWB monopole [52]; in Figure 11(b), the UWB
antenna and UHF monopole (operating at 2.4 GHz)
share the same substrate layer [53].

A further step forward is provided in [8], [55],
where an original radiating subsystem, consisting

distributed-element match-
ing/filtering  network for
the UHF and UWB paths,
respectively. The schematic
view of the diplexer and its
electromagnetically designed
layout are shown in Figure 13(a) and (b), respectively.
The simultaneous communication and power transfer
are feasible because of both a high decoupling between
the two bands and a good matching between the two-
mode antenna and the corresponding path. These
behaviors are demonstrated in Figure 14, where the
reflection coefficient at the antenna port (S11) and the
transmission coefficient of the UHF path (512) are plot-
ted for different loading conditions at the UWB port; in
addition, the transmission coefficient of the UWB path
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Figure 14. (1) The UHF matching and filtering performance distortion during the UWB modulation. (b) The UWB insertion
loss for different incident RF power levels [55]. SC: short circuit; OC: open circuit.

(513) is plotted for different UHF power levels at the
nonlinear rectifier input port <Au: Please check that
edit here retains intended meaning>.

Conclusions

In this article, we have provided an overview of sev-
eral recent solutions for the wireless powering of
devices exploiting either near-field or far-field tech-
niques. We first introduced a general system design
procedure, as well as its figure of merits and main
building block components. A growing number of
engineers and researchers have been studying this
technology over the last several years, for both inten-
tional power transfer and ambient EH and address-
ing a variety of stand-alone applications that exploit
different physical mechanisms, operating frequen-
cies, and power levels. Because of this widespread
interest, increasing efforts are being made to define
standard rules for specific purposes, but these have
not as yet been unified.

At the same time, this technology has assumed a
leading role in realizing the IoT/IoE paradigm within
the framework of coming 5G systems: indeed, quite a
few proofs of concept are currently available in civil
and industrial scenarios that can be integrated into the
features of 5G systems. From this perspective, WPC
is foreseen as fundamental for the actual implemen-
tation of a 5G multilayered architecture. Thus, a new
networking paradigm, WPCNSs, has been introduced
[55] that integrates two paradigms: WPT and wireless
communications. This will open the way to a number
of future research investigations related to overall sys-
tem architectures and to developing hardware and
software solutions capable of exploiting the energy
available and minimizing its consumption, while
accounting not only for the impact of user density and
their mobility but also for potential regulatory issues.

Indeed, the main challenges for WPCNs will be to
conform to the low wireless power available over long
distances as well as the complexity involved in jointly

transferring both wireless information and power
over the same network. These challenges will open the
way to further exploration of the already rich signal
processing literature combined with smart beamform-
ing solutions.
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Callouts:

With the scenario of a 5G IoT in mind, many research-
ers are currently focused on the challenging task of
recharging ubiquitous devices and machines wire-
lessly to allow truly perpetual wireless-powered com-
munication.

Simultaneous wireless information and power trans-
fer (SWIPT) is currently being investigated in a wide
range of different systems for both civil and industrial
applications.

The challenges for 5G cellular wireless networks lie
mainly in improving overall system behavior in terms
of end-to-end performance, energy consumption, and
cost per information transfer.

When dealing with simultaneous data and power
transmission, the frequency-division approach is often
adopted.

Recent studies have also demonstrated the pos-
sibility of reusing existing portable device antennas,
designed for multiband far-field communication, in a
loosely coupled near-field link.

Simultaneous communication and power transfer
between mobile phones and different kinds of radiating
subsystems may also rely on far-field propagation for
both wireless operations.
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