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A B S T R A C T

This review paper is on the retro-reflective beamforming technique for wireless power applications. The
primary merit of retro-reflective beamforming technique is that wireless power transmission is augmented
by radar tracking. Specifically, wireless power transmission is initiated by pilot signals broadcasted from
wireless power receiver(s); and in response to the pilot signals, a wireless power transmitter delivers directional
microwave power beams to the receiver(s). The microwave power beams follow the wireless power receivers’
location dynamically as long as pilot signals are broadcasted periodically. The retro-reflective beamforming
technique therefore has excellent potential to accomplish efficient wireless power transmission to non-
stationary wireless power receivers. This paper reviews the basic principles and potential applications of
wireless power transmission based on retro-reflective beamforming technique.
1. Overview of wireless power transmission and retro-reflective
beamforming technique

Wireless power transmission is a broad topic. The focus of this paper
is wireless power transmission to non-stationary targets (with ‘‘targets’’
standing for ‘‘wireless power receivers’’ throughout this paper), which
is a sub-discipline of wireless power transmission. In Section 1.1, a
few fundamental concepts relevant to wireless power transmission are
discussed. Some wireless power transmission technologies are reviewed
briefly in Section 1.2, and microwave power transmission is identified
to be a superb candidate for supplying power to non-stationary targets
wirelessly. Section 1.3 presents a brief narrative of how the retro-
reflective beamforming technique could enable efficient microwave
power transmission.

1.1. Wireless power transmission to non-stationary targets

Electricity has two practical meanings in our everyday life: Power
and information. These two practical meanings can be readily illus-
trated by two outlets on the wall in every household. For example, a
television set has cord connections with two outlets: One is a power
outlet and the other is a cable TV outlet. From the television set’s
point of view, the power outlet is a source of power whereas the
cable TV outlet is a source of information. The power delivery over
power cord and the information delivery over cable TV cord can both
be characterized by the physical quantity of Poynting vector, which
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is the cross product between the electric field vector and magnetic
field vector [1]. Thus indeed, the power transmission over power cord
and the information transmission over cable TV cord share the same
physical nature. To be more specific, electrical power with high power
level is propagating over the power cord, whereas electrical power
with low power level is propagating over the cable TV cord. Obviously
in the meantime, television signal is attached to the electrical power
propagation over the cable TV cord, whereas no information/signal
is attached to the electrical power propagation over the power cord.
Correspondingly, the television set has an electrical power receiver at
its inlet of power cord, and it has another electrical power receiver at
its inlet of cable TV cord. Of course, the two electrical power receivers
do not perform the same task. When electrical power is received by the
television set from the power cord, part of the power is converted to
optical power such that the television set’s display is bright enough for
human vision. When electrical power is received by the television set
from the cable TV cord, the information/signal attached to the power
is detached such that the television set knows what contents should be
displayed.

Electrical information/signals can be transmitted by two possible
means: Wired and wireless (it must be noted that DC signal cannot
be transmitted wirelessly). For examples, landline telephone and cell
phone embody wired voice signal transmission and wireless voice sig-
nal transmission respectively. Electrical power can also be transmitted
either by wired means or by wireless means (as a note similar to DC
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Table 1
Practical applications of wired power transmission, wired information transmission,
wireless power transmission, and wireless information transmission.

signal, DC power cannot be transmitted wirelessly). The electricity
distribution network (i.e., electricity grid) that supplies power to the
society is the best example of wired electrical power transmission.
As the practical applications of wireless power transmission, wireless
chargers for electric toothbrushes, cell phones, and smartwatches are
popular nowadays. While wired propagation and wireless propagation
are based on the same physical laws (which are described by Maxwell’s
equations [1]), they are governed by different boundary conditions.
Specifically, wired propagation follows the boundary conditions spec-
ified by transmission lines such as a piece of cable TV cord, whereas
wireless propagation satisfies the boundary conditions dictated by the
environments such as an urban environment.

On the basis of the discussions on ‘‘power versus information’’
and ‘‘wired versus wireless’’ above, four combinations are tabulated
in Table 1, including wired power transmission, wired information
transmission, wireless power transmission, and wireless information
transmission. The wireless power transmission technology is not highly
developed today, compared with the other three in Table 1. The four
items in Table 1 rely on the same fundamental physics. Therefore, the
wireless power transmission technology is as feasible as the other three
in terms of fundamental physics. For instance, if strong power were
broadcasted by a cell tower, one might receive sufficient wireless power
to charge the battery of his/her cell phone. Nevertheless, the practi-
cal implementation of such a brute-force wireless power transmission
is prohibitive due to a large number of practical restrictions. Three
major practical concerns relevant to the wireless power transmission
technology are discussed below.

Power transmission efficiency is the top concern pertinent to wire-
less power transmission. Power transmission efficiency is defined as the
ratio between the value of received power and the value of transmitted
power. When wireless power is delivered from a cell tower to a cell
phone over a long distance (say, 200 m), the power transmission
efficiency is very poor. Obviously, poor power transmission efficiency
is equivalent to high financial loss. As a matter of fact, power trans-
mission efficiency is an important metric in virtually every Electrical
Engineering application, such as electricity grid and cellular communi-
cation, albeit wireless power transmission applications are particularly
sensitive to the value of power transmission efficiency.

As the second practical concern, the wireless power transmission
technology will not be accepted by the general public if it is not safe,
that is, if wireless power transmission may cause biological hazards
to human beings. While the potential hazards of wireless cell phone
signals are still under study, it would be simply unacceptable for a
cell tower to boost its broadcasting power in order to charge the
battery of a remote cell phone. In fact, a range of regulations have
been established to safeguard human safety from excessive exposure
to wireless technologies [2,3].

Electromagnetic compatibility is the third vital concern the wireless
power transmission technology must take into account. As one example
of electromagnetic compatibility, there is a National Radio Quiet Zone
in the United States, in which cell phone service is strictly limited
in order to protect radio astronomical measurements from possible
2

interferences [4]. Apparently, wireless power transmission applications
are anticipated to create stronger interferences than wireless signal
transmission applications (cell phone communication, for instance). As
a result, the development of wireless power transmission technology
must comply with laws/regulations enforced by the government, such
as those issued by the Federal Communications Commission of the
United States [5].

The practical concerns discussed above do not appear highly chal-
lenging when the target (i.e., wireless power receiver) is stationary at
a fixed location. One of the classic demonstrations of wireless power
transmission to a stationary target is shown in Fig. 1. In 1975, an
experiment carried out by NASA JPL at the Goldstone Deep Space Com-
munications Complex, California demonstrated the delivery of 30 kW of
wireless power over one mile, i.e., 1.6 km [6,7]. As shown in the photo
of Fig. 1, a narrow power beam was constructed by a large parabolic an-
tenna toward a stationary wireless power receiver one mile away. Since
the target is stationary and the path of wireless power transmission is
fixed, it is possible to achieve high power transmission efficiency and
avoid the potential hazards without tremendous technical difficulties.

When the target is not stationary or when its location is not fixed,
the practical difficulties associated with accomplishing efficient and
safe wireless power transmission increase significantly, compared with
the scenarios of stationary targets. As a matter of fact, the rapid
development of mobile technologies over the past few decades cre-
ates vital demand for wireless power transmission to mobile targets.
Suppose an electronic tag is attached to each piece of merchandise in
a supermarket; the total number of tags the supermarket staffs must
deal with would be on the order of millions or ten millions. In front of
such a large number of mobile/portable devices, wired charging would
be practically impossible. Three specific applications of wireless power
transmission to non-stationary targets (including charging electronic
tags wirelessly) are narrated in Section 3.

1.2. Microwave as the carrier of wireless power transmission to non-
stationary targets

Numerous wireless power transmission technologies have been pro-
posed and are under research currently. This subsection does not intend
to review the existing technologies comprehensively. Instead, with
‘‘wireless power transmission to non-stationary targets’’ as the goal, the
available technologies are assessed and microwave power transmission
is identified to be an excellent candidate.

Today, the term ‘‘wireless communication’’ usually refers to trans-
mitting electrical information without using wires/cables (such as in
cell phone communication applications), although wireless communica-
tion could be fulfilled in non-electrical forms (for instance, the everyday
verbal conversation among people is a wireless communication in
non-electrical form). Similarly, ‘‘wireless power transmission’’ typically
stands for transmitting electrical power without using wires/cables,
whereas wireless power transmission does not have to be carried out in
the electrical form. For example, many researchers are interested in em-
ploying acoustic waves to accomplish wireless power transmission [8].
In acoustic power transmission, electrical power is converted to acous-
tic power at the transmitter, then the acoustic power propagates to the
receiver, and finally the receiver converts the acoustic power back to
electrical power. As far as the theme of this paper is concerned (which is
wireless power transmission to non-stationary targets), acoustic power
transmission does not appear highly advantageous. For instance, Sec-
tion 3.2 of this paper is pertinent to wireless power transmission in
outer space, in which scenario acoustic propagation is absent. Acoustic
power transmission is particularly appealing in certain media (such as
conductive media like human organs and tissues) where wireless trans-
mission in the electrical form may suffer from heavy attenuation. As
the applications of delivering wireless power to embedded/implanted
devices are not of major interest for the purpose of this paper, this
paper places emphasis on ‘‘transmitting wireless power in the electrical
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Fig. 1. A photo of 1975 Goldstone demonstration, in which wireless power was delivered from a stationary transmitter to a stationary receiver.
Fig. 2. Wireless power transmission technologies based on low-frequency magnetic fields and electric fields.
form’’ rather than ‘‘transmitting wireless power in the acoustic form’’.
It is worth noting that, however, the basic principles of retro-reflective
beamforming technique discussed in this paper are applicable to not
only electromagnetic waves but also acoustic waves.

The technologies for transmitting power in the electrical form wire-
lessly can be roughly classified into the following three categories.

(i) Technologies based on low-frequency (below 100 MHz, typi-
cally) magnetic fields or electric fields.

(ii) Technologies based on high-frequency (above 100 MHz, typi-
cally) electromagnetic waves in microwave, millimeter wave,
and Terahertz frequency bands.

(iii) Technologies based on optical waves such as infrared laser and
visible laser.

Next, these three categories of technologies are discussed separately.
Inductive coupling is the best-known wireless power transmission

technology [9]. Various products based on inductive coupling are
commercially available. As an example, wireless charging pads for
cell phones shown in Fig. 2(a) are popular nowadays. The inductive
coupling technology relies on low-frequency magnetic field to achieve
the coupling between a wireless power transmitter (such as a wireless
charging pad) and a wireless power receiver (such as a cell phone) [10].
Since low-frequency magnetic field and low-frequency electric field are
dual to each other in physics, it is unsurprising that capacitive coupling
is able to achieve wireless power transmission as well. For instance,
many researchers are endeavoring to charge electric vehicles wirelessly
using low-frequency electric field as demonstrated by Fig. 2(b) [11].
The coupling efficiency based on low-frequency magnetic field or elec-
tric field drops quickly with the increase of distance. Consequently,
the mobility of mobile devices (like cell phones and electric cars) are
highly limited when they are charged, as depicted in Fig. 2. In order to
charge mobile/portable target devices without limiting their mobility
in practice, it appears that the wireless charging apparatus has to be
bulky and intricate [12–14].

Laser propagation is highly directional and thus could carry wireless
power over long distances. Two experimental demonstrations of laser

power transmission are displayed in Fig. 3. The demonstration in

3

Fig. 3(a) was conducted by a group of German researchers in 2004,
in which wireless power was delivered to a rover vehicle through
laser [15]. In October 2019, the Naval Research Laboratory demon-
strated laser power beaming to the general public at Bethesda, Mary-
land for three days; as shown in Fig. 3(b), 400 Watts of laser power
traveled over 325 m. Although it is possible for laser power transmis-
sion to reach long distance, optical waves suffer from poor penetration
capability and poor conversion efficiency between electrical power and
optical power. As far as wireless power transmission to non-stationary
targets is concerned, a laser beam, as the carrier of wireless power,
is required to be steered in real time to keep track of non-stationary
targets’ location. Though the most straightforward resolution is mount-
ing a laser transmitter over a turn table and then steering the laser
beam’s direction mechanically, it is obviously not the optimal in prac-
tice. Numerous techniques of steering laser beams without resorting
to mechanical motion (i.e., steering laser beams by electronic means)
are under research [16,17], but are not as mature as the phased array
technique for steering radio-wave beams.

Compared with low-frequency regime (i.e., below 100 MHz) and
optical regime (i.e., above infrared), the frequency range in between
them is an excellent candidate to accomplish efficient wireless power
transmission to non-stationary targets. Enormous research efforts have
been reported on employing microwave, millimeter wave, and Tera-
hertz wave frequency bands for wireless power transmission [18–20].
Directional electromagnetic beams can be constructed in these fre-
quency bands, which are analogous to laser beams. More importantly,
phased array technique is well developed to steer the electromagnetic
beams via electronic control signals, that is, without any mechanical
motion. Beam steering or beamforming by electronic means enables
keeping track of non-stationary targets in real time, maintaining high
power transmission efficiency, and avoiding possible hazards. Particu-
larly, the focus of this paper is wireless power transmission based on
microwave carriers. Relative to millimeter wave and Terahertz wave,
microwave offers better penetration capability and less vulnerability
to atmospheric constituents. In addition, a large number of low-cost
and mature fabrication process, components, and circuit schemes are

readily available in the microwave frequency band for beam steering
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Fig. 3. Wireless power transmission technologies based on optical waves.
Fig. 4. Two demonstrations of microwave power transmission technology.
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r beamforming. Generally speaking, microwave appears more appro-
riate for wireless power transmission applications than millimeter
ave or Terahertz wave, although the situation may evolve with the
evelopment of technologies in the future.

Microwave-based wireless power transmission technology, or sim-
ly microwave power transmission technology, has a rich history.
s a far-from-exhaustive review of the history of microwave power

ransmission, several historical experiments are highlighted next. In
he 1960s, Brown demonstrated supplying microwave power from a
round station to a helicopter (shown in Fig. 4(a)), which is probably
he first impactful and well-documented demonstration of microwave
ower transmission in history [21]. In an experiment carried out at the
aboratories of Raytheon in 1975, 54% of power transmission efficiency
as measured [22]. The famous Goldstone demonstration in Fig. 1
as also conducted in 1975 [6,7]. The Stationary High Altitude Relay
rogram (SHARP) initiated in Canada in the 1980s aimed to provide
icrowave power to small aircrafts [23]. A program similar to SHARP,
amed MIcrowave Lifted Airplane eXperiment (MILAX), was active in
apan in the 1990s [24]. In 1993, International Space Year-Microwave
nergy Transmission (ISY-METS) experiments were conducted in Japan
o achieve microwave power transmission between spacecrafts [25]. A
ase study from 1997 to 2004 is reported in [26] to construct a point-to-
oint wireless electricity transmission to a small isolated village called
rand-Bassin in France. In 2009, the feasibility of using a car-borne
ower broadcaster to power sensors installed over a bridge was studied
n [27], as demonstrated by a photo in Fig. 4(b). In the 2010s, a range
f experiments of microwave power transmission on the ground as
ell as from ground to a drone were reported [18]. At present, quite
few companies are endeavoring to develop commercial products of

icrowave power transmission [28–31]. m

4

The retro-reflective beamforming technique has the potential to
ccomplish efficient microwave power transmission to non-stationary
argets subject to the various practical concerns, as it includes the
ollowing two technical elements. First, a directional power beam is
enerated. Second, the power beam could be steered electronically in
eal time to aim at a non-stationary target. The theory and implemen-
ation of retro-reflective beamforming technique are studied in the rest
f this paper.

.3. Retro-reflective beamforming for microwave power transmission

This subsection presents a brief narrative of the retro-reflective
eamforming technique for microwave power transmission to non-
tationary targets. The specific technical principles of retro-reflective
eamforming are elucidated in Section 2.

Retro-reflectivity has widespread applications in numerous disci-
lines, whereas its basic concept can be understood readily in optics. In
ig. 5, the difference between ordinary reflectivity and retro-reflectivity
s illustrated using optical waves. When an incident light ray impinges
pon an ordinary surface, the reflected light ray’s direction is deter-
ined by both the incident light ray’s direction and the direction
ormal to the surface. For a retro-reflective surface, however, the direc-
ion of reflected light ray always follows the direction of incident light
ay and does not depend on the direction normal to the retro-reflective
urface.

One of the applications of retro-reflectivity in optical engineering is
raffic signs, as demonstrated in Fig. 6. When a car sheds light onto a
raffic sign at night, the reflected light is desired to be returned to the
river rather than toward any other directions. Therefore, traffic signs

ade of retro-reflective surface appear more bright/visible at night.
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Fig. 5. An ordinary surface versus a retro-reflective surface in optics.
Fig. 6. Traffic signs made of retro-reflective surface appear bright at night.
Fig. 7. Conceptual illustration of retro-reflective beamforming technique.
The retro-reflective beamforming technique is inspired by the con-
ept of retro-reflectivity. As illustrated in Fig. 7, suppose a point target
mits waves toward all the directions in the space. If a fully-enclosed
etro-reflective surface is built around the target, the retro-reflected
aves would converge onto the target’s location.

If the retro-reflective surface in Fig. 7 is active, i.e., if the retro-
eflective surface is attached to a power supply, the retro-reflected
aves would be stronger than the waves broadcasted by the target.
he resultant retro-reflective beamforming scheme has the potential to
chieve efficient wireless power transmission. When a certain target
s in need of wireless power, it broadcasts a signal toward all the
irections as ‘‘request for wireless charging;’’ in this paper, the signal
s ‘‘request for wireless charging’’ is termed pilot signal. When the

pilot signal hits the retro-reflective surface, the retro-reflected waves
are employed as the carrier of wireless power. As shown in Fig. 7,
the spatial distribution of wireless power carried by the retro-reflected
waves demonstrates a focal point at the target. In other words, the
wireless power transmission resulted from retro-reflective beamforming
5

is dedicated to the target in space. Obviously, the spatially-dedicated
wireless power transmission displayed in Fig. 7 is the key to address
the efficiency, safety, and electromagnetic compatibility issues raised
in Section 1.1. In terms of power level, the retro-reflected waves are
much stronger than the pilot signal. Overall, when retro-reflective
beamforming technique is applied to accomplish wireless power trans-
mission, the propagation of wireless power is guided or ‘‘ushered’’ by
the propagation of pilot signal.

An active retro-reflective surface can be implemented by an antenna
array in the microwave frequency band. Thus, it is practically viable
to achieve efficient microwave power transmission by using the retro-
reflective beamforming technique. The retro-reflective beamforming
technique for microwave power transmission is illustrated in Fig. 8.
The wireless power transmitter includes one or more than one antenna
arrays (the antenna arrays are assumed to be composed of planar
antenna elements in Fig. 8). A target (i.e., a wireless power receiver)
receives wireless power from the wireless power transmitter via the
following two steps.
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Fig. 8. Two-step scheme of retro-reflective beamforming for wireless power transmission.
𝑛

Step (i) The target broadcasts a pilot signal. The pilot signal is re-
ceived and analyzed by the antenna array(s) of wireless power
transmitter.

Step (ii) Based on the outcome of analyzing the pilot signal, the
antenna array(s) construct focused microwave power beam(s)
onto the location of target.

Section 2 provides a technical description of the two-step scheme
above.

When retro-reflective beamforming is applied to wireless power
transmission, the microwave power beam(s) would follow the target’s
location dynamically as long as the target periodically broadcasts pilot
signals. Intuitively, the larger the antenna arrays’ aperture is, the better
the performance of wireless power transmission would be (although
building a fully-enclosed retro-reflective surface as depicted in Fig. 8
using antenna arrays is prohibitive in practice). It should be noted that
retro-reflective beamforming has widespread applications (in wireless
communication and radar, for instances), albeit this paper focuses on
wireless power transmission applications.

2. Technical principles of retro-reflective beamforming technique

As pointed out in Section 1.3, an active retro-reflective surface can
be implemented by an antenna array in the microwave frequency band.
6

The technical principles of employing an antenna array to accomplish
retro-reflective beamforming for microwave power transmission is il-
lustrated in Fig. 9. In Fig. 9, a wireless power transmitter includes
an array of N antenna elements deployed along the x direction and
z direction. The antenna elements are assumed to be planar antenna
elements (such as microstrip antennas and slot antennas) printed over
a printed circuit board. A target (i.e., a wireless power receiver) has one
antenna element. The target receives wireless power from the wireless
power transmitter via the following two steps.

In the first step of retro-reflective beamforming, assume the target
broadcasts a time-harmonic pilot signal at frequency f, as shown in
Fig. 9(a). The pilot signal is received and analyzed by all the antenna
elements of the wireless power transmitter. Suppose the pilot signal
excitation applied at the circuit port of the target antenna has phasor
value of 1 (that is, the amplitude value is 1 and phase value is 0).
The pilot signal received at the circuit port of the wireless power
transmitter’s 𝑛th antenna element is denoted by phasor 𝐻𝑛𝑡 = 𝐴𝑛𝑒𝑗𝛼𝑛 ,
= 1, 2, . . . , N, with 𝑗 =

√

−1. 𝐻𝑛𝑡 represents the wireless channel from
the target to the 𝑛th antenna element.

In the second step of retro-reflective beamforming (Fig. 9(b)), the
𝑛th antenna element of wireless power transmitter is excited by a time-
harmonic signal at frequency f with phasor 𝐶(𝐻𝑛𝑡)∗ = 𝐶𝐴𝑛𝑒−𝑗𝛼𝑛 , 𝑛 = 1,
2, . . . , N, where the superscript ‘‘*’’ is the complex conjugate operator.
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Fig. 9. Illustration of an antenna array as an active retro-reflective surface.
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The constant ‘‘C ’’ is much greater than 1 in practice, such that the
wireless power propagation in the second step has much stronger power
level than the pilot signal propagation in the first step. The wireless
power transmitted by the 𝑛th antenna element would reach the target
via the wireless channel of 𝐻𝑡𝑛 (i.e., from the 𝑛th antenna element
to the target). Under the condition that the wireless channel between
the target and the 𝑛th antenna element is reciprocal, 𝐻𝑡𝑛 and 𝐻𝑛𝑡 are
identical to each other. The wireless power transmitted by the 𝑛th
antenna element and received by the target is 𝐶(𝐻𝑛𝑡)∗𝐻𝑡𝑛 = 𝐶(𝐴𝑛)2,
which is purely real-valued. Under the condition of reciprocity, the N
antenna elements’ wireless power radiations are constructive when they
reach the target as they all end up with phase of zero at the target.
Suppose there is another observer at Point Q (shown in Fig. 9(b)). The
wireless power transmitted by the 𝑛th antenna element and detected at
Point Q is 𝐶(𝐻𝑛𝑡)∗𝐻𝑄𝑛, where 𝐻𝑄𝑛 represents the wireless channel from
the 𝑛th antenna element to Point Q. It is very unlikely that the phase
of 𝐶(𝐻𝑛𝑡)∗𝐻𝑄𝑛 is zero. More importantly, the wireless power radiations
from the N antenna elements end up with different phase values at
Point Q, and thus they are not fully constructive at Point Q. Conse-
quently, the sum of the N antenna elements’ wireless power radiations
s stronger at the target than at Point Q. The spatial distribution of
ireless power therefore exhibits a focal point at the target’s location.

The core of the two-step scheme above is the phase conjugation
elationship between pilot signal reception and wireless power exci-
ation. Therefore, the retro-reflective beamforming technique is also
ermed as ‘‘phase conjugation antenna array technique’’. The phase
onjugation relationship can be easily appreciated if the wireless power
ransmitter and wireless power receiver are in each other’s far zone and
f the only interaction between them is the line-of-sight interaction,
lthough the fundamental principles of retro-reflective beamforming
emain valid in the near zone or with multi-path [32]. When the
ilot signal transmitter (which is the wireless power receiver) is far
way from the wireless power transmitter, the pilot signals detected
y the wireless power transmitter’s antenna elements share the same
mplitude. Meanwhile, the phase profile of pilot signals detected by the
ireless power transmitter’s antenna elements exhibits linear patterns
long both x and z directions when there is no multi-path. According
o the theory of phased array, the two-dimensional antenna array of
ireless power transmitter would generate a beam if the array elements
7

are excited by uniform amplitude and linear phase profile. When the
phase profile of wireless power excitation is negative to the phase
profile of pilot signal reception mathematically, the wireless power
beam’s direction is toward the wireless power receiver, from which the
pilot signal stems.

Before the end of this section, the technical principles of retro-
reflective beamforming is interpreted more rigorously by a circuit
model.

The interaction between the wireless power transmitter and wireless
power receiver in Fig. 9 can be modeled as a circuit network with (N

1) circuit ports. As depicted in Fig. 10, the (N + 1) ports correspond
o the circuit terminals of (N + 1) antenna elements respectively. The

circuit ports of wireless power transmitter’s antenna elements are
umbered ‘‘Port 1’’, ‘‘Port 2’’, ‘‘Port 3’’ ...., and the circuit port of
he wireless power receiver’s antenna is defined as ‘‘Port t’’ (with ‘‘t’’
tanding for ‘‘target’’).

Suppose all the electrical signal or electrical power transmitted
etween the wireless power transmitter and wireless power receiver
s time harmonic at frequency f. The circuit network in Fig. 10 can be
escribed by scattering parameters as

𝑏𝑡
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⋮ ⋮ ⋮ ⋮ ⋱ ⋮
𝑆𝑁𝑡 𝑆𝑁1 𝑆𝑁2 𝑆𝑁3 ⋯ 𝑆𝑁𝑁

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

×

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

𝑎𝑡
𝑎1
𝑎2
𝑎3
⋮
𝑎𝑁

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

(1)

As illustrated in Fig. 10, 𝑎𝑡, 𝑎1, 𝑎2, . . . , 𝑎𝑁 are the incoming waves
and 𝑏𝑡, 𝑏1, 𝑏2, . . . , 𝑏𝑁 are the outgoing waves at the corresponding ports.
The terms starting with ‘‘S’’ in (1) are the scattering parameters.

In the first step of retro-reflective beamforming, a time-harmonic
pilot signal at frequency f is transmitted from the wireless power
receiver to the wireless power transmitter, as displayed in Fig. 11.
The pilot signal is supplied to the wireless power receiver’s antenna
element from an oscillator. Each antenna element of the wireless power
transmitter is connected to a pilot signal analyzer (which are not shown
in Fig. 11). Suppose the incoming wave at ‘‘Port t’’ is 𝑎𝑡. Also, suppose
the N pilot signal analyzers are matched to the corresponding antenna
elements respectively, such that 𝑎 = 𝑎 = ⋯ = 𝑎 = 0. The pilot signals
1 2 𝑁
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Fig. 10. A circuit model of retro-reflective beamforming for wireless power transmission.
Fig. 11. Analysis of time-harmonic pilot signal propagation.
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etected by the N pilot signal analyzers are denoted as 𝑃𝑛, 𝑛 = 1, 2, 3,
. . , N. The detected pilot signal 𝑃𝑛, which is the outgoing wave at Port
, can be found from (1):

𝑛 = 𝑆𝑛𝑡𝑎𝑡, 𝑛 = 1, 2, 3,… , 𝑁. (2)

Furthermore, denote 𝑃𝑛 = 𝐴𝑛𝑒𝑗𝛼𝑛 . In other words, 𝐴1, 𝐴2, 𝐴3, . . .𝐴𝑁
epresent the amplitude of the N pilot signals detected by the wireless
ower transmitter, and 𝛼1, 𝛼2, 𝛼3, . . . , 𝛼𝑁 represent the phase values of
he N pilot signals.

In the second step of retro-reflective beamforming, wireless power is
ransmitted from the wireless power transmitter to the wireless power
eceiver. As illustrated in Fig. 12, the incoming wave supplied to 𝑛th
ntenna element of wireless power transmitter is denoted as 𝑋𝑛𝑒𝑗𝜓𝑛 ,
= 1, 2, 3, . . . , N, where 𝑋𝑛 is the amplitude and 𝜓𝑛 is the phase.

he wireless power receiver’s antenna is terminated by a matched load,
uch that 𝑎𝑡 = 0. Due to (1), the outgoing wave 𝑏𝑡 at ‘‘Port t’’ is

𝑡 =
𝑁
∑

𝑆𝑡𝑛(𝑋𝑛𝑒
𝑗𝜓𝑛 ). (3)
𝑛=1
𝑋

8

pparently, |𝑏𝑡|2 embodies the wireless power delivered to the wireless
ower receiver and ought to be maximized in practice. Mathematically,
he right-hand-side of (3) constitutes an inner product between two
ectors: One of them is [𝑆𝑡1 𝑆𝑡2 𝑆𝑡3 ⋯ 𝑆𝑡𝑁 ] and the other is
(𝑋1𝑒𝑗𝜓1 ) (𝑋2𝑒𝑗𝜓2 ) (𝑋3𝑒𝑗𝜓3 ) ⋯ (𝑋𝑁𝑒𝑗𝜓𝑁 )]. It is known that the
nner product would reach the maximal magnitude when the two
ectors are ‘‘parallel to each other’’ and the inner product’s value is zero
hen the two vectors are ‘‘perpendicular to each other’’. Therefore,

n order to maximize |𝑏𝑡|
2, the wireless power excitations should be

ailored to be ‘‘parallel to’’ 𝑆𝑡𝑛, 𝑛 = 1, 2, 3, . . . , N. If the circuit network
n Fig. 10 is a reciprocal network, 𝑆𝑡𝑛 = 𝑆𝑛𝑡, 𝑛 = 1, 2, 3, . . . , N. Because
𝑛𝑡, 𝑛 = 1, 2, 3, . . . , N, are readily available from (2), the wireless
ower excitations should be chosen to be ‘‘parallel to’’ the pilot signals
etected in the first step. Specifically, |𝑏𝑡|2 would be maximized when

𝑛𝑒
𝑗𝜓𝑛 = 𝐶(𝑃𝑛)∗ = 𝐶(𝐴𝑛𝑒𝑗𝛼𝑛 )∗ = 𝐶𝐴𝑛𝑒

−𝑗𝛼𝑛 , (4)

here C is a real-valued constant. After (2) is substituted into (4),
𝑗𝜓𝑛 ∗ ∗ ∗ ∗
𝑛𝑒 = 𝐶(𝑃𝑛) = 𝐶(𝑎𝑡𝑆𝑛𝑡) = 𝐶(𝑎𝑡) (𝑆𝑛𝑡) . (5)



X. Wang and M. Lu Space Solar Power and Wireless Transmission 1 (2024) 1–16
Fig. 12. Analysis of time-harmonic wireless power propagation.
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With the excitations of (5), |𝑏𝑡|2, which is the power received by the
wireless power receiver in the second step of retro-reflective beamform-
ing, reaches the maximal value

|𝑏𝑡|
2 =

|

|

|

|

|

|

𝑁
∑

𝑛=1
𝑆𝑡𝑛(𝑋𝑛𝑒

𝑗𝜓𝑛 )
|

|

|

|

|

|

2

=
|

|

|

|

|

|

𝑁
∑

𝑛=1
𝑆𝑡𝑛𝐶(𝑎𝑡)∗(𝑆𝑛𝑡)∗

|

|

|

|

|

|

2

= 𝐶2
|𝑎𝑡|

2

( 𝑁
∑

𝑛=1
|𝑆𝑡𝑛|

2

)2

.

(6)

In addition, with the excitations of (5), the total power transmitted
by the wireless power transmitter in the second step of retro-reflective
beamforming is
𝑁
∑

𝑛=1
|𝑋𝑛|

2 = 𝐶2
|𝑎𝑡|

2
𝑁
∑

𝑛=1
|𝑆𝑛𝑡|

2. (7)

The ratio between (6) and (7) is the optimal power transmission
efficiency
𝑁
∑

𝑛=1
|𝑆𝑛𝑡|

2 = |𝑆1𝑡|
2 + |𝑆2𝑡|

2 +⋯ + |𝑆𝑁𝑡|
2. (8)

Obviously, Eq. (4) is equivalent to
{

𝑋𝑛 = 𝐶𝐴𝑛
𝜓𝑛 = −𝛼𝑛

(9)

Eq. (9) indicates that the conjugation relationship between pilot signal
reception and wireless power excitation ensures the optimal power
transmission efficiency under the condition of channel reciprocity.
When the wireless propagation channels involve multi-path (for in-
stance, if certain obstacles exist between the wireless power transmitter
and wireless power receiver), Eq. (9) always leads to the optimal
power transmission efficiency as long as the multi-path channels are
reciprocal. Eq. (9) resembles the mathematical expression of matched
filter [33]. Whereas a matched filter intends to maximize the signal-to-
noise ratio, the retro-reflective beamforming technique aims to maxi-
mize the power transmission efficiency. In the applications of wireless
power transmission, C in (9) is much greater than 1 and its specific
value is determined by the power budget of wireless power transmitter.

When the derivation above is extended from the frequency domain
to the time domain, the time-reversal technique is arrived at. Suppose
a waveform generator is attached to the wireless power receiver’s
antenna element in the first step of retro-reflective beamforming, and it
generates a pilot signal with a time domain waveform that is not time-
harmonic. As depicted in Fig. 13, the pilot signals in the time domain
detected by the N antenna elements of wireless power transmitter are

denoted as 𝑝1(𝑡), 𝑝2(𝑡), . . . , 𝑝𝑁 (𝑡). According to the theory of Fourier m

9

transformation, each time domain pilot signal 𝑝𝑛(𝑡) can be characterized
by its spectrum 𝑃𝑛(𝜔) as

𝑝𝑛(𝑡) =
1
2𝜋 ∫

+∞

−∞
𝑃𝑛(𝜔)𝑒𝑗𝜔𝑡𝑑𝜔, (10)

here 𝜔 = 2𝜋𝑓 is the angular frequency. Denote 𝑃𝑛(𝜔) = 𝐴𝑛(𝜔)𝑒𝑗𝛼𝑛(𝜔).
n the second step of retro-reflective beamforming, suppose the wireless
ower excitation is prepared ‘‘one frequency by one frequency’’. Specif-
cally, suppose the wireless power excitation to the 𝑛th antenna element
f wireless power transmitter has amplitude 𝑋𝑛(𝜔) and phase 𝜓𝑛(𝜔) at
ngular frequency 𝜔. Following (9), the wireless power excitation at 𝜔
s prepared as 𝑋𝑛(𝜔) = 𝐶𝐴𝑛(𝜔) and 𝜓𝑛(𝜔) = −𝛼𝑛(𝜔). Then as shown in
ig. 14, the time domain wireless power excitation to the 𝑛th antenna
lement is
1
2𝜋 ∫

+∞

−∞
𝑋𝑛(𝜔)𝑒𝑗𝜓𝑛(𝜔)𝑒𝑗𝜔𝑡𝑑𝜔 = 1

2𝜋 ∫

+∞

−∞
𝐶𝐴𝑛(𝜔)𝑒−𝑗𝛼𝑛(𝜔)𝑒𝑗𝜔𝑡𝑑𝜔

= 𝐶 1
2𝜋 ∫

+∞

−∞
[𝑃𝑛(𝜔)]∗𝑒𝑗𝜔𝑡𝑑𝜔

= 𝐶𝑝𝑛(−𝑡)

(11)

Comparison between Figs. 13 and 14 indicates that the wireless
ower excitation to the 𝑛th antenna element in Fig. 14 is the time-
eversed version of the pilot signal detected by the 𝑛th antenna el-
ment in Fig. 13. Thus, the retro-reflective beamforming technique
s essentially equivalent to the time-reversal technique [34,35]. The
ime-reversal technique can be appreciated by the ‘‘rewind’’ button of

movie player. If the propagation of pilot signal in the first step of
etro-reflective beamforming is considered as a movie, the propagation
f wireless power in the second step of retro-reflective beamforming
ppears like the rewound movie. Specifically, the pilot signal propa-
ation diverges in the space whereas the wireless power propagation
onverges onto the wireless power receiver, from which the pilot signal
s broadcasted. It is worthwhile noting that the retro-reflective beam-
orming scheme or time-reversal technique is not limited to optical
ave or electromagnetic wave; for instance, an acoustic time-reversal

ink is researched in [36].

. Three applications of microwave power transmission based on
etro-reflective beamforming

As elucidated in Section 1.1, several practical restrictions make it a
hallenging task to deliver wireless power via microwave carrier over
ong distance. Nevertheless, it is possible that commercial products of
icrowave power transmission would emerge in three applications in
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Fig. 13. Pilot signal propagation in the time domain.
Fig. 14. Wireless power propagation in the time domain.
the near future, which are discussed in the following three subsections
respectively.

3.1. Microwave power transmission in Internet of Things applications

Internet of Things is one of the fastest-growing markets in the
world [37]. The development of Internet of Things intends to in-
corporate physical objects into the Internet. As foreseen by the US
National Intelligence Council, by 2025 all kinds of everyday things
will become ‘‘nodes’’ on the Internet, such as food packages, furniture,
paper documents, and certain personnel [38]. The impact of Internet of
Things on industry, business, and individual people is expected to be
tremendous and profound.

‘‘Tag’’ is a crucial element of the Internet of Things. A tag attached
to an object keeps track of the object’s status (model number and man-
ufacturing date, for instances). Once the tag is read by ‘‘tag readers’’
ubiquitously installed over the society’s infrastructures (such as facto-
ries, warehouses, and supermarkets), the object’s entity is converted
10
to the digital format; furthermore since all the tag readers can be
connected to the Internet, the object can be traced by other members of
the Internet. Although conventional tags comprised of optical barcode
have been employed for decades, the Internet of Things is based upon
another type of tag: Radio-frequency identification (RFID) tags. RFID
tags can be considered ‘‘electronic barcodes’’. Compared with optical
barcodes, RFID tags can be read from much longer distance, and
in addition, reading RFID tags does not require line-of-sight. These
distinctive advantages make RFID tags a better candidate for Internet
of Things. Today, RFID tags are always integrated with various sensors
(such as temperature sensors and humidity sensors), resulting in RFID
sensor tags.

Ideally, RFID tags should be small, light, low-cost, and readable
from long distances (10 m or longer, for instance). In addition, RFID
tags are often required to accommodate various sensors and be able to
conduct certain complex operations like encryption. It is highly chal-
lenging for an RFID tag to satisfy all the above-mentioned requirements.
Consequently, there are two categories of RFID tags.
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Table 2
Comparison among optical barcode, passive RFID tags, and active RFID tags.

• Passive RFID tags do not have onboard batteries. They are small,
light, and low-cost. However, their reading range is limited to a
few meters typically and they are unable to carry out complex
jobs. Passive tags are suitable for applications with strict demands
regarding minimization of size, weight, and cost.

• Active RFID tags have onboard batteries. Their reading range can
reach hundreds of meters and they can accommodate sophisti-
cated functionalities. Nevertheless, the onboard battery increases
the tags’ size, weight, and cost. Also, the tags’ lifetime is restricted
by the battery’s capacity. Active tags are applicable when size,
weight, cost, and lifetime are not the end users’ top concerns.

able 2 presents metrics to compare optical barcode, passive RFID tag,
nd active RFID tag among one another.

With a ‘‘wireless charging module’’ incorporated, a new type of
FID tag would exhibit the advantages of passive tags and active tags
imultaneously, and thus would satisfy the requirements of Internet
f Things better. The new type of RFID tag has a small rechargeable
attery onboard. While the RFID tag communicates information to
n RFID reader, the RFID reader transmits wireless power to charge
he tag’s battery. Since the proposed tags are able to acquire power
rom the reader on demand, a small onboard battery suffices (many
ommercially-available thin-film and solid-state batteries are good can-
idates [39,40]). As a result, the new type of tag is almost as small,
ight, and low-cost as passive RFID tags. Because of the onboard battery,
he tags with ‘‘wireless charging modules’’ also have the advantages
f active RFID tags such as long reading range and sophisticated
unctionalities.

Wireless charging based on microwave power transmission is espe-
ially suitable for RFID tags due to the following three reasons. First,
he number of RFID tags is huge in practice. Typically, an individual
erson has little difficulty charging his/her cell phone using a wired
dapter when the cell phone’s battery is near depletion. However, if
ne RFID tag is attached to every book on a bookshelf, it would be
lmost impossible for him/her to keep track of the tags and charge
hem in a timely manner. Wireless charging is undoubtedly an excellent
esolution to manage the rechargeable battery of a large number of
evices. Second, mobility is one of the most outstanding merits of
FID tags. The microwave power transmission technology is capable
f providing wireless power to RFID tags remotely without sacrificing
heir mobility, and therefore is desirable in practice. Third, RFID tags
re not power hungry and do not require powerful wireless power
ransmitters. If the microwave power transmission technology offers
% of power transmission efficiency in an indoor environment and if
n RFID tag is in need of 10 mW of power, the power transmitted by a
ireless power transmitter is 1 mW ÷ 1% = 1 Watt. Obviously, all the

practical concerns pertinent to microwave power transmission, such as
potential biological hazards, are negligible when the transmitted power
is as low as 1 Watt. In summary, although every mobile electronic
device may benefit from microwave power transmission in principle,
11
the feasibility of applying microwave power transmission technology to
the mobile electronic devices of Internet of Things appears especially
high.

The retro-reflective beamforming technique has the potential to
enable efficient microwave power transmission to RFID tags, as il-
lustrated in Fig. 15. Suppose there are thousands of containers in a
warehouse and an RFID tag is attached to each container. An RFID
reader system is installed in the warehouse, consisting of a base station
and multiple panels. The panels are mounted over the ceiling or walls
of the warehouse. Each panel includes an array of planar antennas.
The multiple panels work collaboratively to communicate with the tags,
localize the tags, and supply wireless power to the tags. Specifically, the
two-step scheme of retro-reflective beamforming illustrated in Fig. 9
can be applied to accomplish the third goal above (i.e., charging the
tags wirelessly). In the first step, one or more than one tag(s) broadcast
pilot signals. In the second step, the panels jointly construct microwave
power beam(s) onto the target tag(s) in response to the pilot signals.
A panel transmits power only if it has line-of-sight interaction with the
target tag; if the line-of-sight path is blocked by any obstacle, the panel
is deactivated such that the obstacle, which might be a human being,
is not illuminated by power beams directly [41–43].

3.2. Microwave power transmission in space solar power applications

The concept of space solar power satellites (SSPS) was proposed in
1968 [44]. It aims to harvest solar power by satellites over the earth’s
geostationary orbit and then deliver the harvested power to the earth
wirelessly. If successfully implemented, SSPS would supply power on
the order of Giga-Watts to the earth steadily and continuously, and thus
is anticipated to be a resolution to the global energy crisis in front of
the mankind. Compared with solar power harvesting on the earth, solar
power harvesting in the outer space offers tremendous benefits. Solar
power is not available at night on the earth. Consequently, solar power
harvesting on the earth must be coupled with either another energy
source or an energy storage system in practice. When the location of
a space solar power satellite is selected appropriately, in contrast, the
satellite is almost always under the sunshine. Moreover, solar power
harvesting in the outer space is not impacted by the earth’s atmospheric
conditions whereas the performance of solar power harvesting on the
earth heavily depends on the weather conditions. In other words, space-
based solar power harvesting does not suffer from the shortcomings of
discontinuity or instability as most of the renewable energy sources do.

As an extremely complex engineering system, the feasibility of SSPS
is still under assessment/discussion to date. The readers are referred
to [45] for an overview of the engineering/technical topics covered by
SSPS.

Wireless power transmission is a critical element of the SSPS con-
cept. As depicted in Fig. 16, the solar power harvested by a satellite
must be delivered to the earth wirelessly over a distance of about
36,000 km. During the past few decades, enormous research efforts
have been reported on the wireless power transmission from a space
solar power satellite to the earth. Ref. [46] (which was published in
2013) provides a comprehensive description of the research endeav-
ors before 2013. The recent and ongoing developments pertinent to
wireless power transmission in SSPS were reviewed in [18,47,48].
The microwave frequency range between 1 GHz and 10 GHz is found
suitable for carrying the wireless power in SSPS applications, after
a large number of practical factors are taken into account [46,49].
Two ISM frequency bands, which are around 2.45 GHz and 5.8 GHz
respectively, are believed to be particularly excellent candidates.

In order to transmit microwave power efficiently over 36,000 km,
the antenna panel over the geostationary satellite must have a large
physical aperture (on the order of 1 (km)2, to be specific). With respect
to the earth, the physical position and attitude/orientation of the
antenna panel are not completely fixed. Rather, the antenna panel’s
physical position and attitude/orientation are maintained around the
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Fig. 15. Illustration of retro-reflective beamforming technique for microwave power transmission to RFID tags.
Fig. 16. Illustration of microwave power transmission from satellite to earth in SSPS
pplications.

esired status by a sophisticated mechanical control system over the
atellite. In order to mitigate power loss and possible hazards, it is
mperative to ensure that most of the wireless power transmitted by the
atellite is collected by a designated ground station on the earth when
he antenna panel’s physical condition is under constant change. There-
ore, the wireless power transmission from a geostationary satellite to
he earth must meet two technical requirements. First, a narrow beam
eeds to be generated by the antenna panel as the carrier of wireless
ower. Second, the beam needs to be steered toward the designated
round station precisely in response to the slight change of antenna
anel’s position or attitude.
12
Indeed, the Internet of Things applications (which are discussed in
Section 3.1) impose two similar requirements for wireless power trans-
mission. Specifically in Internet of Things, a wireless power transmitter
is desired to deliver wireless power to a mobile wireless power receiver
(e.g., an RFID tag) through a narrow beam, and the narrow beam must
be reconfigured to follow the location of the mobile wireless power
receiver in real time. Now that the retro-reflective beamforming scheme
illustrated in Fig. 9 has the potential to address the two requirements
imposed by Internet of Things, it should be applicable to the SSPS
applications without fundamental alterations.

The ideal scenario of wireless power transmission based on retro-
reflective beamforming in SSPS applications is illustrated in Fig. 17(a).
The antenna panel over a space solar power satellite includes a planar
retro-reflective antenna array. A pilot signal is broadcasted from a
ground station on the earth. After the pilot signal is detected and
analyzed by the retro-reflective antenna array, a microwave power
beam is constructed by the retro-reflective antenna array toward the
ground station, from which the pilot signal is originated. The retro-
reflective antenna array resides in the x-z plane, with its antenna
elements deployed along x direction and z direction. The geometrical
center of the antenna array is designated as the spatial origin. The
ground station is centered at (𝑥 = 0, 𝑦 = 𝑑, 𝑧 = 0) where 𝑑 = 36,000
km is the distance between the geostationary satellite and the earth.
The ground station is assumed to have a square aperture parallel to
the x-z plane in Fig. 17. In practice, the antenna array’s position and
attitude are not fixed with respect to the ground station. Specifically,
the antenna array’s position and attitude are maintained around the
desired status by a mechanical control system over the space solar
power satellite. Fig. 17(b) illustrates the practical scenario with the
antenna array’s attitude deviating from the ideal status. Guided by a
pilot signal broadcasted from the ground station in Fig. 17(b), the retro-
reflective antenna array generates a narrow microwave power beam
toward the ground station.

3.3. Microwave power transmission in fully-enclosed space

A microwave oven is fully enclosed by conducting walls. The
conducting walls prevent microwave power from leaking out of the
oven. The electrical blockage due to conducting walls not only increases
the efficiency of heating inside the oven but also avoids possible
hazardous impacts on the exterior region. The practical application
of this technical concept can be extended from heating to wireless
charging [50]. As proposed in Fig. 18, an oven-like box fully enclosed
by conducting walls is fabricated for the purpose of wireless charging:
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Fig. 17. Two scenarios of wireless power transmission from a geostationary satellite to the earth based on retro-reflective beamforming technique (not to scale).
hen multiple electronic devices are placed inside the box, their
echargeable batteries get charged without any wiring. The wireless
harging box in Fig. 18 offers higher charging capacity than the
ommercially-available wireless charging pads (which are shown in
ig. 2). Since the wireless charging pads rely on non-radiative magnetic
ield, electronic devices must be physically placed on a pad in order to
e charged efficiently. In other words, a wireless charging pad only
akes advantage of a two-dimensional surface. In contrast, the wireless
harging box in Fig. 18 employs a three-dimensional region, and thus
ould enable more electronic devices to be charged simultaneously.

As a drawback of the scheme in Fig. 18, the electronic devices are
ot mobile or portable when they are charged in the wireless charging
ox. Rather, the electronic devices must be collected and placed in the
ireless charging box manually before they could be charged wire-

essly. Moreover, all the functionalities of the electronic devices must
e paused while the wireless charging is in process. Although not being
ble to preserve the mobility or portability of electronic devices, the
ireless charging box in Fig. 18 offers three distinctive benefits. First,
igh wireless power transmission efficiency might be accomplished
n the wireless charging box. Second, wireless power transmission in
he wireless charging box generates no hazards in the exterior region.
hird, it is possible for a large number of electronic devices to be
harged simultaneously without any wiring. The wireless charging box
epicted in Fig. 18 would be valuable for practical applications where
large number of electronic devices are necessities but are not in need

onstantly. Below is one example. Many tourism resorts utilize audio
our guides to assist the visitors. A typical audio tour guide device is

wireless device with rechargeable battery. If the audio tour guide
evices are collected by a museum staff and placed in the wireless
harging box after the museum is closed, they would be charged at
ight and be ready for the next day.

When a set of permanent positions are prescribed for wireless charg-
ng (by the racks and by the electronic device holders in Fig. 18, for
13
instance), it seems unnecessary to reconfigure the wireless power distri-
bution in a wireless charging box. Nevertheless, it is always desirable to
adjust the pattern of wireless power in real time. For instance, if Device
A’s rechargeable battery is almost full while Device B’s rechargeable
battery is nearly empty, illuminating Device B with stronger wireless
power than Device A would improve the system’s efficiency. Ideally,
the wireless charging box ought to be ‘‘smart:’’ The wireless charging
box ought to communicate with the electronic devices periodically and
then reconfigure the wireless power distribution in the box according
to the devices’ need.

In addition to microwave ovens, plenty of practical environments
are fully enclosed or almost fully enclosed by conducting walls, such
as spacecrafts [51], submarines, engine compartments [52,53], and
some greenhouses [54]. Wireless power transmission has potential
applications in these fully-enclosed environments. For instance, if a
wireless sensor attached to a rotary shaft in an engine compartment has
access to wireless power, it would be unnecessary to stop the engine for
the sake of charging the sensor. As another example, wireless power
transmission in fully-enclosed space has enabled powering devices
implanted in animal bodies wirelessly in medical experiments [55–
57]. The technology proposed in Fig. 18 may be applicable to equip
the above-mentioned practical environments with a wireless charging
module. Apparently, electronic devices are stationary with fixed loca-
tions in a wireless charging box, whereas electronic devices’ mobility
or portability should not be sacrificed when they acquire wireless
power in practical environments like spacecrafts or submarines. Thus,
it seems that wireless power transmission would not reach the optimal
performance without reconfigurability in fully-enclosed space (such as
a wireless charging box, a space station, etc.).

Although the technical concept of Fig. 18 resembles wireless charg-
ing pads, the underlying technology of wireless charging pads cannot
be extended to Fig. 18 straightforwardly. Because wireless charging
pads intend to minimize radiative fields, their operating frequency
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Fig. 18. Depiction of wireless charging box.
is typically below 1 MHz [58]. When the frequency is as low as 1
MHz, the fully-enclosed box in Fig. 18 behaves as a large capacitive
load to the wireless power transmitter. In order to achieve conjugate
matching, the wireless power transmitter must incorporate a large
inductance to neutralize the capacitive load [12,13], which leads to
a range of technical complications. Thus, it seems more optimal to
upgrade the operating frequency to be close to the natural resonant
frequencies of the fully-enclosed box. When the physical dimension of
the fully-enclosed box is on the order of 1 m, the resonant frequencies
are higher than 100 MHz. Therefore, microwave power transmission
based on retro-reflective beamforming technique may be applied to
achieve efficient and reconfigurable wireless power transmission in
fully-enclosed space.

Whereas the retro-reflective beamforming scheme in Section 2 is
applicable in fully-enclosed space, it may lead to poor performance
of wireless power transmission because the cavity walls create rich
multi-path in Fig. 18. As an alternative, a retro-reflective beamforming
technique based on parasitic array is proposed in Fig. 19 for wireless
power transmission in fully-enclosed space. A wireless power transmit-
ter includes M antenna elements. One of the M elements is the driver
element. The other (M - 1) elements, termed as ‘‘parasitic elements’’,
re terminated by tunable purely-reactive loads. Each wireless power
eceiver includes one antenna element. The wireless power receivers
cquire wireless power from the wireless power transmitter via two
teps. In the first step (Fig. 19(a)), a low-power time-harmonic pilot
ignal is broadcasted by a wireless power receiver. A power detector is
ttached to the driver element of wireless power transmitter. The loads
f parasitic elements are adjusted until the power detector’s output is
aximal. The reactance values of the (M - 1) loads corresponding to the

maximal power detector’s output are recorded as 𝑗𝑋1, 𝑗𝑋2,… , 𝑗𝑋𝑀−1.
In the second step (Fig. 19(b)), the driver element is excited by a time-
harmonic power source with the same frequency as the pilot signal, and
the wireless power receiver is terminated by a matched load. The (M -
1) loads’ values are fixed as 𝑗𝑋1, 𝑗𝑋2,… , 𝑗𝑋𝑀−1. (It is worth noting that
‘‘X ’’ denotes ‘‘reactance’’ in this section while ‘‘X ’’ stands for ‘‘excitation
amplitude’’ in Section 2.)

When a parasitic array is employed as a transmitting antenna, the
driver element is the only active element, that is, the driver element is
excited by a power source. After the source’s power is radiated by the
driver element, certain portion of the power is coupled to the parasitic
elements. The coupled power is re-radiated, as the parasitic elements
are terminated by purely-reactive loads. The total electromagnetic field
radiated by the parasitic array is the sum of direct radiation from
the driver element and re-radiation from the parasitic elements. If the
reactive loads are tunable, the re-radiation’s phase would be altered
and the total field would be reconfigurable [59,60].

In a parasitic array, the contribution of a certain parasitic element to
the total electromagnetic field depends on how much power it couples
14
from the driver element. In other words, if the coupling between the
driver element and a certain parasitic element is weak, the parasitic
element’s role is minimal. As far as wireless power transmission in
fully-enclosed space is concerned, the parasitic array appears to be
an excellent candidate. Since radiation is blocked by conducting walls
in fully-enclosed space, it is possible for the coupling between the
driver element and parasitic elements to be very strong. Consequently,
a parasitic element could play an important role even when it is far
away from the driver element in space.

Assume that the fully-enclosed space is lossless and its conducting
walls are lossless too. At the same time, assume that the (M - 1)
parasitic ports’ terminations in Fig. 19(b) are lossless as well. The power
delivered to the wireless power receiver would be maximized when the
outgoing/reflected power at the driver port is minimized. If the regular
retro-reflective beamforming scheme illustrated by Fig. 10 is applied
in fully-enclosed space, however, the power delivered to the wireless
power receiver would be maximized when the total outgoing power
at the wireless power transmitter’s ports is minimized. As a result, it
seems easier to achieve higher power transmission efficiency with the
parasitic antenna array of Fig. 19.

As a relatively new research topic, wireless power transmission
in fully-enclosed space has not been explored comprehensively or
thoroughly [61,62]. Therefore, the optimal scheme of wireless power
transmission in fully-enclosed space is subject to further investigations.

4. Conclusion

The retro-reflective beamforming technique has excellent potential
to accomplish efficient wireless power transmission to non-stationary
wireless power receivers. The basic principles and potential applica-
tions of wireless power transmission based on retro-reflective beam-
forming technique are reviewed in this paper.
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Fig. 19. Illustration of retro-reflective beamforming technique based on parasitic array for wireless power transmission in fully-enclosed space.
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