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Wireless power via RF (as in wireless
communication) could be used for
longer ranges via two different
methodologies: wireless energy
harvesting (WEH) and wireless power
transfer/transmission (WPT).
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and the Alliance for Wireless Power, such as Rezence).
On the other hand, wireless power via RF (as in wire-
less communication) could be used for longer ranges
via two different methodologies: wireless energy har-
vesting (WEH) and wireless power transfer/transmis-
sion (WPT). While WEH assumes that RF transmitters
are designed exclusively for communication purposes
(the ambient signals of which can be harvested), WPT
relies on dedicated sources designed exclusively for
wireless power delivery. Wireless power via RF has
long been regarded as a possibility for energizing
low-power devices, but only recently has this possibil-
ity been recognized as feasible. According to [1], at a
fixed computing load, the amount of required energy
falls by a factor of two every year-and-a-half due to
the evolution of electrical efficiency in computer tech-
nology. This explains why relying on wireless power
to perform meaningful computation tasks at reason-
able distances became feasible only over the last few
years and so now justifies the recent interest in wire-
less power.

The emergence of RF identification (RFID) technol-
ogy over the last decade is the first sign of this interest
in far-field wireless power. RFID tags use the RF sig-
nal of an RFID reader (transmitter) for power and com-
munication. They rely on backscattering modulation
to reflect and modulate the incoming RF signal. The
interest in RFID is motivated by numerous industrial
applications and has led to the development of a physi-
cal layer, standards, and a body of research focused on
the design of novel tags, protocols, and readers.

Recent work proposes that, in the future, wireless
networking go beyond conventional communication-
centric transmission. In the same way that wireless
(via RF) has disrupted mobile communications for the
last 40 years, wireless (via RF) will now disrupt the
delivery of mobile power. However, current wireless
networks are designed for communication purposes
only. While mobile communication has become a rela-
tively mature technology as it evolves toward 5G, the
development of mobile power is in its infancy and has
yet to reach even its first generation (1G): not a single
standard exists for mobile power and far-field WPT.

Despite being subject to regulations regarding
exposure to electromagnetic fields (as is wireless com-
munication), wireless power brings numerous new
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opportunities. It enables proactive and controllable
energy replenishment so that devices no longer depend
on centralized power sources, which allows for genu-
ine mobility: no wires, no contacts, and no (or, at least,
reduced-size) batteries, leading to lighter, more com-
pact devices. It is also an ecologically sound solution,
eliminating the production, maintenance, and dis-
posal of trillions of batteries, in addition to prolonging
device lifetimes and creating a long-term, predict-
able, and reliable energy supply (as opposed to
ambient energy-harvesting technologies such as
solar, thermal, and vibration). This is particularly
important for future networks with ubiquitous and
autonomous low-power and energy-limited devices,
device-to-device communications, and the IoT with its
massive connectivity.

Radio waves simultaneously carry both energy and
information. Traditionally, energy and information
have been treated separately and have evolved as two
independent fields of work in academia and industry,
i.e., wireless power and wireless communication. This
separation has several consequences:

¢ Current wireless networks pump RF energy into

the free space (for communication purposes) but
do not make use of it for energizing devices.

¢ Providing ubiquitous mobile power would require

deploying a separate network of dedicated ener-
gy transmitters.

Imagine, instead, a wireless network in which infor-
mation and energy flow together through the wireless
medium. Wireless communication (or wireless infor-
mation transfer) and WPT would refer to two extreme
strategies targeting, respectively, communications
only and power only. A unified wireless information
and power transfer (WIPT) design could evolve unob-
trusively in between those two extremes, making the
best use of the RF spectrum/radiations and of network
infrastructure to communicate, energize, and, hence,
outperform traditional systems that rely on a separa-
tion of communications and power.

This article reviews some promising recent approach-
es that could move this vision closer to reality. Most
work published within the microwave and communica-
tion/signal processing communities emphasizes either
RE circuit, and antenna solutions for WPT on the one
hand or communications, signal, and system designs
for WPT on the other. This review article, in contrast,
uniquely bridges RF, signal, and system designs to bring
those areas closer to one another and so provide a better
understanding of the fundamental building blocks for
an efficient WPT network architecture. We start by re-
viewing the engineering requirements and design chal-
lenges involved in making mobile power a reality. We
then summarize the state of the art in a wide range of
areas spanning sensors and devices, RF design for wire-
less power, and wireless communications. We identify
the limitations of each and make critical observations,
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before providing a fresh look at some promising avenues
for signal and system designs in WPT.

Engineering Requirements and Design
Challenges for the Envisioned Network
We define the following as the engineering require-
ments and main design challenges for the envisioned
network (not in order of priority):
erange: deliver wireless power at distances of
5-100 m for indoor/outdoor charging of low-
power devices
eefficiency: boost end-to-end power transfer effi-
ciency (up to a fraction of percent/a few percent)
e non-line of sight (NLoS): support LoS and NLoS to
widen the practical applications of this network
emobility support: support mobile receivers, at
least for those at pedestrian speeds
e ubiquitous accessibility: support ubiquitous power
accessibility within the network coverage area
eseamless integration of wireless communication and
wireless power: interoperate wireless communica-
tion and wireless power via a unified WIPT
esafety and health: resolve the safety and health is-
sues of RF systems and comply with regulations
s energy consumption: limit the energy consumption
of energy-constrained RF-powered devices.

Power Requirements and Consumption

of Sensors and Devices

The integrated circuit (IC) industry is moving from a
traditional computing power paradigm toward a power-
efficiency (lowest joule per operation) paradigm. These
ultralow-power (ULP) electronics have opened the door
to numerous applications, in sensor networks and the
IoT, that do not require nanometer technology using bil-
lions of gates. Sensor nodes commonly demand power
for the sensor itself, the data processing circuitry, and
the wireless data link (e.g., a few bits per second for tem-
perature sensors to a few kilobits per second for electro-
cardiogram or blood pressure monitoring). The first two
functions commonly require less power.

While complementary—metal-oxide-semiconductor
(CMOS) technology scaling has conventionally pro-
vided benefits for digital logic systems’ size and power
consumption, analog RF components (needed for

the data link) have not seen similar power scaling. As
examples, in [2], a CMOS image sensor consumes only
14.25 yW, while, in [3], low-power microphones consume
17 yW and an analog-to-digital converter digitizing the
microphone output consumes 33 yW. Popular protocols
for sensor networks include Zigbee and low-power Blue-
tooth, whose commercial off-the-shelf transmitters con-
sume 35 mW [4]. Wi-Fi is, in fact, more power-hungry
than protocols such as Zigbee and Bluetooth. Despite
progress in the Wi-Fi industry to design chip sets for
IoT applications by reducing power consumption in the
standby mode to 20 uW, for example, active Wi-Fi trans-
mission still consumes around 600 mW [5], [6].

Over recent years, there have been significant
improvements in integrated ULP system-on-chip and
duty-cycled radio, whose power consumption is now
on the order of 10-100 yW using custom protocols
supporting 10-200 kb/s [7]-[10]. The use of passive
Wi-Fi is also an alternative for Standard 802.11b trans-
mission over distances of 10-30 m (LoS and through
walls), while consuming only 10 and 60 yW for 1 and
11 Mb/s transmissions, respectively (three to four orders
of magnitude lower than existing Wi-Fi chip sets) [11].
Note that 10-100 yW is sufficient to power modern
wireless sensors and low-power devices.

WPT RF Design
Since Tesla’s early attempts at WPT in 1899 and con-
tinuing experiments from 1960 to 2000, WPT targeted
long-distance and high-power transmissions, with
applications such as solar power stations/satellites and
wirelessly powered aircraft [12]. More recently, signifi-
cant interest has focused on WPT and WEH for rela-
tively low-power (e.g., from microwatts to a few watts)
delivery over moderate distances (e.g., a few meters to
hundreds of meters) [13], [14]. This is due to the fast-
growing need to build reliable and convenient wire-
less power systems to remotely charge various low- to
medium-power devices, such as RFID tags, wireless
sensors, and consumer electronics [15], [16]. The inter-
est in far-field wireless power has spurred the creation
of initiatives such as COST IC1301 [17] and a small
number of start-ups in recent years.

Figure 1 shows a generic wireless power delivery
system consisting of an RF transmitter and an energy
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A block diagram of a conventional far-field WPT architecture. TX: transmit; Rx: receive.
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harvester formed by an antenna combined with a rec-
tifier (rectenna) and a power-management unit (PMU).
Because most electronics require a dc power source,
a rectifier is required to convert RF to dc. The recov-
ered dc power then either supplies a low-power device
directly or is stored in a battery or a supercapacitor for
high-power, low-duty-cycle operations. The recovered
dc power can also be managed by a dc-to-dc converter
before being stored. Referring to Figure 1, the end-to-
end power transfer efficiency e can be expressed as

_ Pocst _ Prex Prere Poogre Pocst )
Poctx  Pocrx Prerx Prerx Pocre’

el e2 es [

For WEH, the transmitter in Figure 1 is an RF com-
munication transmitter, not controllable and not opti-
mized for power delivery purposes. Given a typical
power density of between 107 and 107 4uW/cm? (as
observed both indoors and outdoors at distances of
25-100 m from a GSM900 base station), WEH is con-
sidered insufficient for powering devices that are a
few centimeters squared in size, requiring 10-100 yW
[15]. For WPT, the power transmitter in Figure 1 can be
fully optimized. Therefore, WPT offers more control of
the design and room for enhancement of e. We briefly
review the techniques used to enhance e, e, 3, and ea.

DC-to-RF Conversion Efficiency

Maximizing dc-to-RF conversion efficiency e: can
leverage the rich literature on power amplifier design
and rely on transmit signals with constrained peak-to-
average power ratio (PAPR).

RF-to-RF Conversion Efficiency

RF-to-RF conversion efficiency e» is a bottleneck
and requires highly directional transmission. Com-
mon approaches in the RF literature rely on real-time
reconfiguration of time-modulated arrays based on
localization of the power receivers [19], phased arrays
[20], or retrodirective arrays [21]. New regulations on
equivalent isotropically radiated power (EIRP) are also
likely needed for WPT. Efforts to address EIRP in the
5.8-GHz band in the far-field region have already been
performed [22].

RF-to-DC Conversion Efficiency
Maximizing RF-to-dc conversion efficiency es requires
designing efficient rectennas. A rectenna harvests
electromagnetic energy and then rectifies and filters it
using a low-pass filter. Its analysis is challenging due
to its nonlinearity, which, in turn, renders its imple-
mentation difficult and subject to several losses due
to threshold and reverse-breakdown voltage, device
parasitics, impedance matching, and unwanted har-
monics generation [23]-[25].

In WPT, the rectenna can be optimized for the spe-
cific operating frequencies and input power level. This
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is more challenging in WEH because the rectenna
is designed for a broad range of input power densi-
ties (ranging from a few nanowatts per centimeter
squared to a few microwatts per centimeter squared)
and spectra [e.g., TV, Wi-Fi, and second/third/fourth
generation (4G)] [18]. To address the large aggregate
frequency spectrum of ambient RF signals, multiband
[26]-[29] and broadband [30]-[32] rectifier designs have
been proposed.

In the case of multiband designs, es may be maxi-
mized over a number of narrow-band frequency
regions; in the case of broadband (ultrawide-band)
designs, however, a much larger frequency band may
be covered, but this involves sacrifices in terms of the
obtained maximum efficiency. Various rectifier tech-
nologies exist, including the popular Schottky diodes
[13], [33], CMOS [34], active rectification [35], spin diodes
[36], and backward tunnel diodes [37].

Assuming that Prrx = 1 W, 5-dBi transmit/receive
antenna gain, and a continuous wave (CW) at 915 MHz,
the es of state-of-the-art rectifiers is approximately 50%
at 1 m (transmit-receive range), 25% at 10 m, and 5% at
30 m [36]. This severely limits the range of WPT. More-
over, with current rectifier technologies, e; drops from
80% at 10 mW (input power) to 40% at 100 uW, 20% at
10 uW, and 2% at 1 uW [25], [36], due to the diode not
being easily turned on at low input power. Enhance-
ments for the very-low-power regime (below 1 yW) rely
on spin diodes [36] and backward tunnel diodes [37].
For typical input power between 1 4W and 1 mW, low-
barrier Schottky diodes remain the most competitive
and popular technology [1], [18], [25]. Due to parasitic
losses, e3 also decreases as the frequency increases [25].
The rectifier circuit topology also impacts e;. A single
diode is preferred at low power (1-500 4W), while multi-
ple diodes (voltage doubler/diode bridge/charge pump)
are favored above 500 uW [18], [38].

The efficiency also depends on the input power
level and the output load variations. One method to
minimize sensitivity to output load variation is to use
a resistance compression network [39]. In addition,
topologies using multiple rectifying devices, each opti-
mized for a different range of input power levels, can
enlarge the operating range versus input power varia-
tions and avoid, within the power range of interest,
the saturation effect (which creates a sharp decrease
in e3) induced by the diode breakdown [40]. This can
be achieved using a single-diode rectifier at low input
power and a multiple-diodes rectifier at higher power.

The rectenna design is not the only factor influ-
encing es. Due to the rectifier nonlinearity, the input
waveform (power and shape) also influences es in the
low input power regime (1 yW-1 mW) [41]-[44], [47].
A 20-dB gain (in terms of Ppcrx) of a multisine over a
CW excitation at an average input power of —15 dBm
was shown in [43]. The output filter is important as
well, in relation to the tone separation, to boost the
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performance of the multisine waveform [45], [46]. High
PAPR signals were also shown to be beneficial in [47]. Tt
was argued in [48] that the instantaneous power vari-
ance is more accurate than PAPR for characterizing
the effect of modulation on rectifier efficiency. Suitable
signals and waveforms, therefore, exploit the nonlin-
earity to boost e; at low input powers and extend the
WPT range [49].

Modulation also has an impact on es. In [50], qu-
adrature phase-shift keying (QPSK) modulation
was shown to be beneficial to es compared to a CW in
the low-power regime of —20-0 dBm. References [51]
and [52] reported somewhat contradictory behaviors
in the higher input power regime of 020 dBm, where
PSK and quadrature amplitude modulation were
shown beneficial to es (compared to a CW in [51]) and
detrimental in [52]. The work in [53] argues that there
may or may not be an advantage when using multi-
sines or other modulated signals, depending on the
load and input power. Recent developments reported
in [54] have found that, for low RF power (17 dBm),
the multisine signals do not improve the peak RF-to-dc
conversion efficiency es over a CW signal if the opti-
mal load is selected for each case. However, multisine
signals maintain the peak es; over higher output volt-
age (i.e., larger loads) and, consequently, enable more
efficient dc-to-dc voltage boost or even eliminate the
need for the voltage booster in the RF power receiver.

DC-to-DC Conversion Efficiency

DC-to-dc conversion efficiency es is enhanced by
dynamically tracking the rectifier’s optimum load; for
example, dc-to-dc switching converters dynamically
track the maximum power point condition [55], [59].
Due to the variable load on the rectenna, changes in
diode impedance with power level, and the rectifier’s
nonlinearity, the rectifier’s input impedance becomes
highly variable, which makes matching difficult—not
to mention that joint optimization of the matching and
load is necessary for multisine signals [53]. Neverthe-
less, multisine signals could be helpful in enabling
more efficient de-to-dc voltage boost [54].

The most important figures of merit for determin-
ing the low operating boundaries of ULP dc-to-dc
converters are the intrinsic power consumption and
minimum input voltage during either steady-state
operation or from a cold start-up. Existing commercial
ICs have demonstrated start-up voltages of a few tens
of millivolts with the help of an external transformer
[56]. Further, more recent discrete-component solutions
show power consumption down to 1 #A and input volt-
ages down to few tens of millivolts [57], while CMOS
implementations reach hundreds nanowatts of power [58].

End-to-End Power Transfer Efficiency

Maximizing e is not achieved by maximizing e,
ez, e3, and es independently of one another and thereby
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A unified wireless information and
power transfer (WIPT) design could

evolve unobtrusively in between

those two extremes, making the best

use of the RF spectrum/radiations
and of network infrastructure to

communicate, energize, and, hence,

outperform traditional systems.

simply concatenating the previously described tech-
niques. This is because ¢, e, ¢;,and e, are coupled
due to the rectifier’s nonlinearity, especially at an
input power range of 1 yW-1 mW. Because e is a
function of the input signal shape and power to the
rectifier, it is also a function of the transmit signal
(beamformer, waveform, modulation, and power
allocation) and the wireless channel state. Similarly,
e2 depends on the transmit signal and the channel
state, as does ¢1, because it is a function of the trans-
mit signal’s PAPR.

Some recent approaches optimize the system using
numerical software tools based on a combination of
full-wave analysis and nonlinear harmonic balance
techniques to account for nonlinearities and electro-
magnetic couplings [19], [60]. This approach would
provide very high accuracy but has the drawback of
being applicable only for offline system optimization
not for an adaptive WPT (in which the transmit sig-
nal is adapted every few milliseconds as a function of
the channel state), let alone for an entire WPT network
with multiple transmitters and receivers.

Observations
We can now make several observations:

e Considerable technical effort in the wireless
power literature has been directed toward the
design of the energy harvester, but much less
emphasis has been put on signal design for WPT.
The emphasis has remained on point-to-point
(single-user) transmission.

® Research has recognized the importance of nonlin-

earity for the rectenna in WPT system design but
has focused, to a great extent, on decoupling the
WPT design by optimizing the transmitter and the
energy harvester independently of one another.
Multipath and fast fading, critical in NLoS,
have been ignored, despite their playing a key
role in wireless transmissions and having a
huge impact on the signal shape and power at
the rectenna’s input. Recall that multipath has
consequences in that the transmit and receive
(at the input of the rectenna) waveforms are
completely different.
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* WPT design has remained very much centered
around an open-loop approach, with the wave-
form being static and beamforming relying on tag
localization not on channel state.

® The design of the transmit signals is heuristic
(with conclusions based exclusively on obser-
vations obtained from measurements using
various predefined and standard waveforms),
but no systematic approach and performance
bounds exist to design and evaluate them. The
waveform and beamformer have been studied
independently, despite being part of the same
transmit signal.

Tackling the Challenges
Effectively tackling the challenges discussed so far
will require several developments:

e A closed-loop and adaptive WPT architecture with a
reverse communication link from the receiver to the
transmitter that supports various functions, such
as channel feedback/training, energy feedback,
and charging control. The transmitter should be
able to flexibly adjust the transmission strategy,
jointly optimized across space and frequency
(through beamforming and waveform) in accor-

dance with the channel status [commonly called
channel state information (CSI)], rendering state-of-
the-art multiple-input/multiple-output (MIMO)
processing an indispensable part of WPT. An
example of a closed-loop and adaptive WPT archi-
tecture is shown in Figure 2.

A systematic approach to design and optimize the sig-
nal at the transmitter, as a function of the channel
(encompassing beamforming and waveform) to
maximize ez X e3 subject to transmit power and
PAPR constraints. This requires that the recti-
fier’s nonlinearity and the wireless channel be
captured as part of signal design and optimiza-
tion. Such a systematic design methodology will
lead to the implementation of efficient strategies
as part of the “Transmission Optimization” mod-
ule in Figure 2.

A link and system design approach that takes wireless
power from a rectenna paradigm to a network para-
digm, with multiple transmitters and/or receivers.
Instances of such network architectures may be a
deployment of colocated transmit antennas deliv-
ering power to multiple receivers or a dense and
distributed deployment of well-coordinated anten-
nas/transmitters, as illustrated in Figure 3.
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A block diagram of a closed-loop and adaptive WPT architecture.
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WPT with Distributed Antennas
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An illustration of a WPT network with (a) colocated and (b) distributed transmit antennas and multiple receivers.

PT: power transmitter; PR: power receiver.
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Leveraging Ideas from Wireless
Communications

The fundamental limits of any communication network
design lie in information and communication theories
that derive the capacity of wireless channels (e.g., point-to-
point, broadcast, multiple access, and interference channel
with single and multiple antennas) and identify trans-
mission and reception strategies to achieve that capac-
ity, most commonly under the assumption of a linear
communication channel with additive white Gaussian
noise. Research beginning in the 1970s and continuing
until the early 2000s emphasized link optimization, i.e.
maximizing point-to-point spectral efficiency (bits/s/
Hz) with advances in modulation and waveforms,
coding, MIMO, CSI feedback and link adaptation, and
communication over a (multipath) fading channel. CSI
feedback enables a transmission strategy to be dynam-
ically adapted as a function of the channel state and
leads to a drastic increase in rate and also to reduced
complexity in the receiver design.

The emphasis in 4G design shifted toward system
optimization, with a more interference-centric sys-
tem design. MIMO evolved into a multilink/user/
cell MIMO. Multiple users are scheduled in the same
time-frequency resource onto (ideally) noninterfer-
ing spatial beams. This has led to significant features
such as multiuser MIMO, multiuser fairness and
scheduling, and multipoint cooperation. The avail-
ability of accurate CSI at the transmitter (CSIT) is
also crucial in multiuser, multiantenna wireless com-
munication networks for the design of efficient beam-
forming and interference-management solutions. Some
promising technologies consist of densifying the net-
work by adding more antennas either in a distributed or
a colocalized manner. The distributed deployment leads
to a dense network (with a high-capacity backbone) that
requires interference mitigation techniques, commonly
called coordinated multipoint transmission and reception
in the 3rd Generation Partnership Project and classi-
fied into 1) joint processing (or network MIMO) and
2) coordinated scheduling, beamforming, and power
control. Colocalized deployment leads to massive/
large-scale MIMO, in which a base station designs
pencil beams (with large beamforming gain) to serve
its own users, employing per-cell design rules while
simultaneously avoiding intercell interference. Read-
ers may consult [61] for more on the fundamentals
and design of state-of-the-art MIMO wireless com-
munication networks.

Observations
Again, we can make several observations.

* Wireless power and communication systems that
share the same medium and techniques inspired
by communications (e.g., MIMO, closed-loop
operation, CSI acquisition, and transmitter coor-
dination) are expected to be useful to WPT.
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¢ Existing techniques developed for wireless com-
munications cannot be applied directly to wire-
less power, due to their distinct design objectives
(rate versus energy), practical limitations (hard-
ware and power constraints), receiver design and
sensitivities (e.g., -30 dBm for a rectenna versus
—-60 dBm for information receivers), interference
(beneficial in terms of energy harvesting but det-
rimental in communications), and models (e.g.,
rectifier nonlinearity).

WPT Signal and System Design

Aside from the traditional WPT RF design, a new and
complementary line of research on communications
and signal design for WPT has recently emerged in the
communication literature [62] and is briefly reviewed
next. This includes the design of efficient transmit sig-
nals (including waveform, modulation, beamforming,
and power allocation), CSI acquisition strategies, mul-
tiuser transmission strategies, integration with com-
munications, and system prototyping. Importantly,
the nonlinearity of the rectifier must be captured
as part of the signal and the system design and optimi-
zation because it induces coupling among the vari-
ous efficiencies.

Let us first consider a point-to-point scenario with
a single transmitter and receiver. The first systematic
approach toward signal design in adaptive closed-loop
WPT was proposed in [63] and [64], where the transmit
signal—accounting jointly for multisine waveform,
beamforming, and power allocation—is optimized
as a function of the CSI to maximize ez X es, subject
to optional transmit PAPR constraints. Such a signal
design uniquely resolves some limitations presented
in the WPT literature by optimally exploiting a beam-
forming gain, a frequency diversity gain (because of
the frequency selectivity of the wireless channel), and
rectifier nonlinearity. The rectifier’s nonlinearity was
modeled using a Taylor expansion of the diode charac-
teristic, which is a popular model in the RF literature
[42], [38]. The phases of the optimized waveform can be
computed in closed form, while the magnitudes result
from a nonconvex optimization problem that can be
solved with convex optimization techniques, using the
so-called reverse geometric program (GP).

Multiple observations were made in [63] and [64].
First, it was observed that the derived adaptive and
optimized signals accounting for the nonlinearity are
more efficient than nonadaptive and nonoptimized
multisine signals (as used in [41]-[44]). Second, the rec-
tifier’s nonlinearity was shown to be essential in the
design of efficient wireless power signals: ignoring
it leads to inefficient signal design in the low-power
regime. Third, the optimized waveform design favors
a power allocation over multiple frequencies, and those
with stronger frequency-domain channel gains are
allocated more power. This power allocation results
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from a compromise between exploiting the rectifier’s
nonlinearity and the channel frequency selectivity.
Fourth, multipath and frequency-selective channels
were shown to have a significant impact on the dc out-
put power and waveform design. Although multipath
is detrimental to performance with nonadaptive wave-
forms, it is beneficial with channel-adaptive wave-
forms and leads to a frequency diversity gain.

As an example, Figure 4(a) shows the frequency
response magnitude of a realization of the wireless
channel over a 10-MHz bandwidth. It considers a mul-
tisine waveform with 16 sinewaves uniformly spread
within the 10 MHz. Assuming that knowledge of this
channel realization has been acquired by the trans-
mitter (through channel estimation and feedback),
the magnitudes of the optimized waveform on the
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The (a) frequency response of the wireless
channel and (b) WPT waveform magnitudes (N = 16) for a
10-MHz bandwidth [64].
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16 frequencies can be computed and then displayed
[Figure 4(b)]. In contrast to the waveforms commonly
used in the RF literature [41]-[44], [47], which are
nonoptimized and nonadaptive to the channel state,
the optimized adaptive waveform has a tendency to
allocate more power to frequencies exhibiting larger
channel gains.

The performance benefits of these optimized
channel-adaptive multisine waveforms over the non-
adaptive design approach (i.e.,, in-phase multisine
with uniform power allocation) in [41]-[44] has been
validated using ADS and PSpice simulations with a
single-series rectifier in a Wi-Fi-like environment at
5.18 GHz for an average input power of approximately
—12 dBm [63] and —20 dBm [64], [65]. As illustrated in
Figure 5, for a single transmit antenna and a sin-
gle series rectifier subject to an average input power
of 12 dBm and multipath fading, the gains (over the
nonadaptive design) in terms of harvested dc power
are significant, with over 100% gains for four sinewaves
and an approximately 200% gain for eight sinewaves.
Significant performance gains have also been validated
in [64] at -20-dBm average input power for various band
widths and in the presence of multiple transmit anten-
nas where waveform and beamforming are jointly
designed. Moreover, [65] showed that the systematic
signal design approach of [64] is applicable as well and
provides gains (100-200%) in a wide range of rectifier
topologies, such as single series, voltage doubler, and
diode bridge. Details on circuit design and simulation
assumptions can be found in [64] and [65].

The systematic and optimized signal designs of
[64] also show that, contrary to what is claimed in [44]
and [47], maximizing PAPR is not always the right
approach for designing an efficient wireless power sig-
nal. High PAPR is a valid metric for WPT with multi-
sine waveforms if the channel is frequency-flat but not
in the presence of multipath and frequency selectiv-
ity. This can be inferred from Figure 5, where the non-
adaptive multisine waveform leads to a much lower
dc power despite exhibiting a significantly higher
transmit PAPR compared to the adaptive waveform.
The adaptive waveform is unlikely to allocate power
uniformly across all sinewaves because it emphasizes
the ones corresponding to a strong frequency-domain
channel. This leads to waveforms whose PAPR is lower
than a nonadaptive in-phase multisine waveform with
uniform power allocation.

The results in [64] also highlight the potential of a
large-scale multisine, multiantenna closed-loop WPT
architecture. In [66] and [67], such a promising archi-
tecture was designed and shown to be an essential
technique for enhancing e and increasing the range of
WPT in low-power devices. It enables highly efficient
very-far-field wireless charging by jointly optimizing
transmit signals over a large number of frequency com-
ponents and transmit antennas, thereby combining
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the benefits of pencil beams and waveform design to
exploit the large beamforming gain of the transmit
antenna array and the nonlinearity of the rectifier at
long distances. The challenge here is the large-dimen-
sionality problem, which calls for a reformulation of
the optimization problem. The new design enables
orders of magnitude of complexity reduction in signal
design compared to the reverse GP approach. Another
low-complexity adaptive waveform design approach
expressed in closed form (and, hence, suitable for
practical implementation) has been proposed in [65]
and shown to perform close to the optimal design.
Figure 6 illustrates how the rectifier output voltage
decreases with range for several values of the number
of sinewaves N and transmit antennas M in the multi-
sine transmit waveform. By increasing both N and M,
the range is expanded, thanks to the optimized, chan-
nel-adaptive multisine waveforms that jointly exploit
a beamforming gain, a frequency diversity gain, and
rectifier nonlinearity.

Despite the presence of many transmit antennas
and sinewaves, a single receive antenna and rectifier
per terminal have been assumed in the previously
described signal design and optimization. A fruitful
area of research would involve understanding how
the signal design could be extended to multiple receive
antennas, which brings the problem of RF or dc com-
bining or mixed RF-dc combining to the forefront
[68]-[70].

Discussions on this topic have so far assumed deter-
ministic multisine waveforms. It is important, however,
to understand how modulated waveforms perform
(compared to deterministic waveforms) and how mod-
ulation could be tailored specifically for WPT to boost
end-to-end power transfer efficiency. This would also
open the way to understanding how to design unified
and efficient signals for simultaneously transmitting
information and power. A modulated waveform exhib-
its randomness, and this randomness has an impact on
the amount of harvested dc power. The work discussed
in [72] shows that, for single-carrier transmission, mod-
ulation using circularly symmetric complex Gaussian
(CSCG) inputs is beneficial to the performance, com-
pared to an unmodulated CW. This gain comes from
the large fourth-order moment offered by CSCG inputs,
which is exploited by the rectifier’s nonlinearity. Even
further gain can be obtained using asymmetric Gauss-
ian inputs [73] and flash signaling [74].

Flash signaling is promising as it leads to modula-
tion with a low probability of high-amplitude signals
and has been shown to significantly boost RF-to-dc
conversion efficiency over various baselines (with gains
of more than 200%) [74]. On the other hand, for multi-
carrier transmission, modulation using CSCG inputs
was shown in [72] to be less efficient than multisine
because of the independent randomness across carri-
ers, which leads to random fluctuations. This contrasts
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with the periodic behavior of deterministic multisine
waveforms, which are more suitable for toggling the
rectifier periodically. In [72], the authors showed that
PAPR is not an appropriate metric to use for assessing
the suitability of a general modulated waveform for
WPT. Despite this recent progress on signal design for
WPT, the optimum input distribution, modulation, and
waveform remain unknown.

We now understand that a systematic waveform
design (including modulation, beamforming, and
power allocation) is a key technique to jointly exploit
beamforming gain, channel-frequency selectivity,
and rectifier nonlinearity and so enhance the end-to-
end power transfer efficiency and range of WPT. One
challenge is that those waveforms have been designed
assuming perfect CSI at the transmitter. In practice, this
is not the case, and the transmitter should find ways
to acquire the CSI. Various strategies exist, including
forward-link training with CSI feedback, reverse-link
training via channel reciprocity, and power probing
with limited feedback [62].

The first two are similar to strategies used in modern
communication systems [61]. The third is more promis-
ing and tailored to WPT because it is implementable
with very low communication and signal processing
requirements at the terminal [75]. It relies on the har-
vested dc power measurement and a limited number
of feedback bits for waveform selection and refinement
[76]. In the waveform-selection strategy, the transmit-
ter transmits over multiple time slots with a different
waveform precoder within a codebook at each time
slot, and the receiver reports the index of the precoder
in the codebook that leads to the largest harvested
energy. In the waveform-refinement strategy, the trans-
mitter sequentially transmits two waveforms in each
stage, and the receiver reports one feedback bit, indicat-
ing an increase/decrease in the harvested energy dur-
ing this stage. Based on multiple one-bit feedback, the
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Rectifier average output voltage as a function of
the transmit—receive distance [67].
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transmitter successively refines waveform precoders in
a tree-structured codebook over multiple stages.

Wireless power networks are not limited to a single
transmitter and receiver. We now consider the presence
of a single transmitter and multiple users/receivers, with
each receiver having one rectenna. In this multiuser
deployment, the energy harvested by a given rectenna
depends on the energy harvested by the other rectennas;
i.e, a given waveform may be suitable for one rectenna
but inefficient for another. Therefore, a tradeoff must
be considered between the energy harvested by the
different rectennas. The energy region formulates this
tradeoff by expressing the set of all rectenna-harvested
energy that can be achieved simultaneously, which is
written mathematically as a weighted sum of harvested
energy, where, by changing the weights, we can oper-
ate on a different point of the energy region boundary.
Strategies to design WPT waveforms in this multiuser/
rectenna deployment are discussed in [64] and [67].

Figure 7 illustrates such an energy region for a two-
user scenario with a multisine waveform spanning 20
transmit antennas and ten frequencies. The key take-
away here is that, by optimizing the waveform to jointly
deliver power to the two users simultaneously, we
obtain an energy region (“weighted sum”) that is larger
than the one achieved by a timesharing approach [for
example time-division multiple access (TDMA)], where
the transmit waveform is optimized for a single user
at a time and each user is scheduled to receive energy
during a fraction of the time.

Moving toward an entire network composed of
many transmitters and receivers, a network architec-
ture needs to be defined [62]. This may consist of all
transmitters cooperating to jointly design the transmit
signals for multiple receivers or of local coordination
among transmitters such that a given receiver is served
by a subset of transmitters (or, in the simplest scenario,
where each receiver is served by a single transmitter).
This leads to different resource-allocation and charg-
ing control requirements and strategies (centralized
versus distributed) in terms of CSI sharing and acqui-
sition at the different transmitters. The results in [62]
show that distributing antennas across a coverage area

|| — Weighted Sum ¥oa

|--- TDMA

Vout Of User 1 (mV)
“NDWHOTO N
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Vout Of User 2 (mV)

The two-user energy region with M = 20 and
N =10[67].
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(as in Figure 3) and enabling cooperation among them
distributes energy more evenly in space and, there-
fore, potentially enhances the ubiquitous accessibility
of wireless power as compared to a colocated deploy-
ment. It also avoids creating strong energy beams in
the direction of users, which is desirable from a health
and safety perspective.

Demonstrating the feasibility of these signal and sys-
tem designs through prototyping and experimentation
remains largely an open challenge. Meeting this challenge
requires implementing a closed-loop WPT architecture
with real-time over-the-air transmission based on a frame
structure that switches between a channel-acquisition
phase and a WPT phase. The channel acquisition needs
to be performed at the millisecond level (similar to CSI
acquisition in communication). Different blocks need to
be built: channel estimation, channel-adaptive waveform
design, and rectenna. The first prototype of a closed-loop
WPT architecture based on channel-adaptive waveform
optimization and dynamic channel acquisition, as illus-
trated in Figure 8, was recently reported in [77] with fur-
ther enhancements in [78].

Importantly, all experimental results validate the
theory developed in [64] and [65] and fully confirm the
following observations:

1) Diode nonlinearity is beneficial to WPT perfor-
mance and is to be exploited in systematic wave-
form design.

2) The wireless propagation channel has a significant
impact on signal design and system performance.

3) CSI acquisition and channel-adaptive waveforms
are essential to boost the performance in fre-
quency-selective channels (as in NLoS scenarios).

4) Larger bandwidths benefit from a channel fre-
quency diversity gain.

5) PAPR is not an accurate metric to assess and
design waveforms for WPT in general frequency-
selective channels.

Figure 9 illustrates the performance gain of a chan-
nel-adaptive multisine waveform versus nonadaptive
multisine waveform in an NLoS deployment with
a single antenna at the transmitter and receiver. We
note the significant boost of the average harvested
dc power: 105% at the rectenna output over an open-
loop WPT architecture with a nonadaptive multisine
waveform (having the same number of sinewaves) and
170% over a CW. Further prototyping, experimenta-
tion, and validation of WPT signal designs—including
waveform, modulation, and beamforming in various
deployment scenarios (LoS, NLoS, and mobility)—can
be found in [78].

Ultimately, wireless power and wireless commu-
nications must be integrated. This calls for a unified
WIPT paradigm. WIPT can be categorized into three
different types [79]:

e Simultaneous WIPT (SWIPT): Energy and infor-

mation are simultaneously transferred in the
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downlink from one or more access points to one
or more receivers. The energy receiver(s) [ER(s)]
and information receiver(s) [IR(s)] can be colocat-
ed or separated. In SWIPT with separated receiv-
ers, the ER and IR are different devices: the ER
is a low-power device being charged; the IR is a
device receiving data. In SWIPT with colocated
receivers, each receiver is a single low-power
device that is simultaneously being charged and
receiving data.

* Wirelessly powered communication network: Energy
is transferred in the downlink, and information
is transferred in the uplink. The receiver is a low-
power device that harvests energy in the down-
link and uses it to send data in the uplink.

o Wirelessly powered backscatter communication (WPBC):
Energy is transferred in the downlink, and infor-
mation is transferred in the uplink; however, back-
scatter modulation at a tag is used to reflect and
modulate the incoming RF signal for communi-
cation with a reader. Because tags do not require
oscillators to generate carrier signals, backscatter
communications benefit from orders-of-magnitude
lower power consumption than conventional radio
communications. RFID is an example of WPBC.

A major challenge in WIPT is to characterize the
fundamental tradeoff between conveying informa-
tion and energy (or harvested dc power) wirelessly
[80]-[82] and identify corresponding transmission and
reception strategies.

A tradeoff between rate and energy exists because
the transmit signal used to maximize rate is not
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necessarily the same as the one that maximizes energy.
A simple example is obtained when we want to trans-
mit information and energy simultaneously across
multiple subbands on a frequency-selective channel
[81]. To maximize the amount of energy collected at
the receive antenna (and, therefore, maximize e;), one
would transmit all power on the strongest subband,
i.e,, the one corresponding to the strongest frequency-
domain channel. Unfortunately, such a strategy does
not necessarily maximize the information rate. To
maximize this rate, it is more efficient to transmit
information across multiple subbands and allocate
power across subbands according to the well-known
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water-filling algorithm [83]. Depending on the specific
values of the rate and energy level to be achieved, the
transmitter would have to properly adjust the amount
of power across subbands [81].

A rate—energy tradeoff is also induced by the
receiver architecture [82]. The simplest receiver would
rely on time switching between colocated information
decoder and energy harvester receivers, where the
information decoder receiver is a conventional base-
band information decoder, while the energy harvester
receiver’s structure consists of a rectifier and PMU.
In this case, the transmitter divides the transmission
block into two orthogonal time slots, one for trans-
ferring power and the other for transmitting data. At
each time slot, the transmitter could optimize its trans-
mit waveform for either power transfer or information
transmission. Then, the receiver switches its operation
periodically between harvesting energy and decod-
ing information in the two time slots. By varying the
length of the power transfer time slot (jointly with the
transmit signals), different tradeoffs between rate and
energy could be realized. More complicated receivers
based, for example, on a power splitter also exist and
result in different tradeoffs. Readers are referred to
[79] for an overview of the fundamentals of WIPT and
how the transmit signals and the receiver architecture
affect the rate—energy tradeoff for various models of
the energy harvester.

One crucial aspect of WIPT is the underlying energy
harvester model. Leveraging these wireless power sig-
nal designs, it has been shown that rectifier nonlin-
earity has a profound impact on the design of WIPT
[71]-[74], [79]. In contrast with the classical CSCG input
distribution that is used extensively in communication
[83], rectifier nonlinearity leads to input distributions
that are asymmetric Gaussian (or even based on time
sharing between Gaussian and flash signaling in sin-
gle-carrier transmission over frequency-flat channels
[73], [74]) and to nonzero mean Gaussian in multicarrier
transmissions [71], [72]. Those observations have also
triggered the design of novel modulations for WIPT
[84]. It was shown that an asymmetric PSK modulation
enlarges the rate—energy tradeoff compared to conven-
tional symmetric PSK modulation. The optimal input
distribution and transmit signal strategies for WIPT in
general settings remain unknown. Those results stand
in sharp contrast with earlier results in [80]-[82] that
ignore rectifier nonlinearity and therefore rely on the
CSCG input distribution that is conventionally used in
wireless communications.

Observations

First, the previously discussed results show the huge
potential for 1) comprehensive signal and system
design and optimization approaches for efficient WPT
and 2) WIPT that accounts for the unique characteristic
of wireless power, namely nonlinearity.
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Second, nonlinearity radically changes the design
of WPT and WIPT in three ways: 1) it leads to a WIPT
design that differs from that of conventional wireless
communication; 2) it favors a different input distribu-
tion, signal design, transceiver architecture, and use of
the RF spectrum; and 3) it is beneficial for increasing
the rectifier output dc power and enlarging the rate—
energy region.

Third, an adaptive signal design approach provides
a different paradigm compared to traditional WPT
designs. It leads to an architecture in which the rec-
tenna is, as much as possible, fixed (for example, with
a fixed load) but the transmit signal is adaptive—in
contrast to the approach in the RF literature, where
the waveform is fixed and the rectenna/PMU is adap-
tive (for example, dynamic load control). Because the
wireless channel changes quickly (10-ms order), it
can be impractical for energy-constrained devices to
dynamically compute and adjust the matching and
load as a function of the channel. Even though the
two approaches are complementary, the adaptive
signal approach makes the transmitter smarter and
decreases the need for power-hungry optimization
of/at the devices. Nevertheless, adaptation implies
acquiring CSIT, which is an important challenge to be
addressed. Ultimately, it is envisioned that an entire
end-to-end optimization of the system should be con-
ducted, likely resulting in an architecture in which the
transmit signals and the rectennas adapt themselves
dynamically as a function of the channel state.

Conclusions

Integrated signal and system optimization was intro-
duced as a strategic approach for realizing the first gen-
eration of a mobile power network and to enable energy
autonomy for pervasive devices, such as smart objects,
sensors, and embedded systems, over a wide range of
operating conditions. We have shown that the nonlin-
ear nature of this design problem (considering both the
transmitter and receiver) must be accounted for at the
signal as well as circuit-level design. New system archi-
tectures could enable WPT and WIPT, while enhanc-
ing the power transfer efficiency at ultralow power
levels. Techniques for dynamic tracking of the channel
changes need to be exploited to adaptively modify the
transmitted energy in terms of both its waveform shape
and intensity, with the twofold advantage of reducing
the complexity of the rectenna and of the PMU design
while keeping the rectenna itself in its own optimum
operating conditions.
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