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Abstract—Integrating the wireless power transfer (WPT) tech-
nology into the wireless communication system has been important
for operational cost saving and power-hungry problem solving of
electronic devices. In this paper, we propose a resonant beam si-
multaneous wireless information and power transfer (RB-SWIPT)
system, which utilizes a gain medium and two retro-reflecting
surfaces to enhance and retro-reflect energy, and allows devices
to recharge their batteries and exchange information from the
resonant beam wirelessly. To reveal the SWIPT mechanism and
evaluate the SWIPT performance, we establish an analytical end-
to-end (E2E) transmission model based on a modular approach and
the electromagnetic field propagation. Then, the intra-cavity power
intensity distribution, transmission loss, output power, and E2E
efficiency can be obtained. The numerical evaluation illustrates
that the exemplary RB-SWIPT system can provide about 4.20 W
electric power and 12.41 bps/Hz spectral efficiency, and shorter
transmission distance or larger retro-reflecting surface size can lead
to higher E2E efficiency. The RB-SWIPT presents a new way for
high-power, long-range WPT, and high-rate communication.

Index Terms—Simultaneous wireless information and power
transfer, resonant beam, end-to-end transmission model, retro-
reflecting surface.

I. INTRODUCTION

ITH the rapid development of wireless communication
W technologies, the problem of energy consumption has
become prominent [ 1]. The energy consumption of conventional
communication devices relies heavily on rechargeable or re-
placeable batteries, which are expensive and the mobility of the
device is limited. Recently, several renewable energy resources,
such as solar, wind, have been integrated into communication
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networks for power supply reference. However, the intermittent
and unpredictable nature of these energy sources limits the
application and quality-of-service (QoS) of energy harvesting
(EH) technologies [2].

Wireless power transfer (WPT) is one of the EH technolo-
gies that overcome above limitations, which can provide en-
during charging for communication devices. The prospect of
integrating WPT with communication networks creates a need
for technology that can transfer both information and energy
simultaneously to devices. Therefore, the concept of simulta-
neous wireless information and power transfer (SWIPT) is first
introduced in [3], and a capacity-energy function and a coding
theorem are also defined. Developing green technologies and
reducing the power consumption of devices are two of the eight
major requirements for 5th generation mobile networks (5G)
systems identified by industry and academia [4]. Thus, in the era
of 5G, the SWIPT technology can be of fundamental importance
for energy supply and information exchange among numerous
devices [5], [6].

However, the existing long-range SWIPT technologies face
short-range, low-power, unsafe and other challenges. For ex-
ample, electromagnetic coupling SWIPT has the bottleneck of
short transmission distance [7], radio-frequency (RF) and light-
emitting diode (LED) lights based SWIPT face the challenge
of low transmission power [8], [9], and laser-based SWIPT is
difficult to achieve high power transmission safely [10].

Recently, Resonant Beam Charging (RBC), also known as
Distribute Laser Charging (DLC), was proposed for high-power
and long-range WPT, which relies on the spatially separated
cavity to generate the resonant beam for transmitting energy
over the air [11], [12]. The structure and characteristics of the
RBC system were illustrated in [11], while the process of power
transfer in the RBC system was studied in [12], [13]. [14] exper-
imentally demonstrates that it is possible to realize long-range
WPT in the RBC system. Furthermore, the RBC technology
is identified as one of the innovations for power supply in 6th
generation mobile networks (6G) [15]. Afterwards, [16] and [17]
illustrate that the structure of the RBC system can also be used
as a communication system to achieve high-rate, high-capacity
communication.

Compared with the existing SWIPT technologies, as the
energy carrier, the resonant beam can realize long-range,
high-power, safe WPT, and high-rate communication. Thus, we
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Fig. 1.

A typical application scenario of the RB-SWIPT system.

propose the resonant beam simultaneous wireless information
and power transfer (RB-SWIPT) system based on the structure
of RBC system, in which the resonant beam (intra-cavity
laser) is the energy-information carrier. The input and output
retro-reflectors are placed at the spatially separated transmitter
and receiver and used to retro-reflect the resonant beam. Besides,
the gain medium at the transmitter can amplify the resonant
beam passing through it to provide energy. Fig. 1 illustrates
a typical application scenario of the RB-SWIPT system.
The end-device, e.g. mobile phones, intelligent speakers and
intelligent lock systems, embedded with the SWIPT receiver
can be charged and exchanged information wirelessly by the
transmitter mounted on the ceiling. Thus, high throughput and
energy sustainability can be realized for these devices.

In this paper, we first introduce the structure of RB-SWIPT
system. Then, we adopt the electromagnetic field propagation
and the modular approach to theoretically analyze the transmis-
sion model and accurately calculate transmission loss, output
electric power, spectral efficiency, and end-to-end (E2E) effi-
ciency. Finally, we evaluate energy and information transfer per-
formance with different system parameters. The contributions of
this paper include:

cl) We propose the resonant beam simultaneous wireless
information and power transfer (RB-SWIPT) system,
which can provide long-range, high-power WPT and
high-rate communication simultaneously, and thus can
support energy sustainability and high throughput for
wireless devices.

We establish an analytical end-to-end transmission model
using modular approach and electromagnetic field prop-
agation for the RB-SWIPT system. It can reveal the
intra-cavity power intensity distribution, transmission
loss, output power for energy-information transfer, and
E2E efficiency numerically.

The numerical evaluation illustrates that the exemplary
RB-SWIPT system can provide about 4.20 W output
electric power and 12.41 bps/Hz spectral efficiency.

In the rest of this paper, the RB-SWIPT system structure and
E2E transmission model will be introduced in Section II. The
RB-SWIPT model will be analyzed in Section III modularly.
And then, the numerical evaluation of power intensity distri-
bution, transmission loss, output beam power, output electric
power, spectral efficiency, and E2E efficiency will be described
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Fig.2. The RB-SWIPT system structure.

in Section IV. Finally, the paper will be concluded along with
the future research in the RB-SWIPT system.

II. RB-SWIPT SYSTEM

The RB-SWIPT system is able to transfer power and infor-
mation over a long-range owing to the spatially separated laser
cavity structure. In this section, we first introduce the structure
of the RB-SWIPT system. Then, the E2E SWIPT transmission
model is presented summarily.

A. System Overview

The structure of the RB-SWITP system is depicted in Fig. 2.
An RB-SWITP system consists of a transmitter and a receiver,
which are spatially separated. The transmitter includes a retro-
reflector with 100% reflectivity and a gain medium, and the
receiver is comprised of a retro-reflector with partial reflectivity,
a power splitter, a photovoltaic (PV) panel and an avalanche
photodiode (APD). There exists resonant beam between the
transmitter and receiver for energy and information transfer.

The energy transfer process in the RB-SWIPT system is as
follows. 1) In the transmitter, the pumping source provides the
pumping electric power to stimulate the gain medium for gen-
erating the resonant beam. ii) The gain medium is stimulated to
perform atomic transitions, and then form population inversions
between the high and low energy levels, thereby pump out the
resonant beam [18]. iii) The pump beam power transmits from
the transmitter to the receiver over the air carried by resonant
beam. iv) The output retro-reflector receives the beam power.
Based on the reflectivity of output retro-reflector, part of beam
passes through the retro-reflector forming the output beam, and
the rest is reflected to the gain medium for amplification. For
example, if the reflectivity of output retro-reflector is 90%, 10%
of the received energy passes through the output retro-reflector to
charge and communicate, and the remaining 90% is reflected to
the transmitter. v) Finally, the power splitter distributes output
power to PV panel converting into charging power and APD
receiving information.

For the input and output retro-reflectors, regardless of the
direction of the beam incident on the retro-reflector, the beam can
be reflected towards the original direction. This property is called
retro-reflection. The input/output retro-reflector can be Corner-
Cube retro-reflector or cat’s eye retro-reflector (CER) [19].

In this paper, we investigate the RB-SWIPT system with the
cat’s eye retro-reflector. As depicted in Fig. 3(a), a CER is
generally composed of two hemispheres of different radii, which
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Fig. 3. The model of cat’s eye retro-reflector.

are glued together centrifugally. Also, the front and rear hemi-
spheres are centered at point O. To guarantee the retro-reflective
property of CER, it must require the focal point of the image on
the front hemisphere to fall on the surface of the rear hemisphere,
and the surface of the rear hemisphere coated with a reflective
film. For any near-axis beam, it will fall on the sphere of the
rear hemisphere after the focus of the front hemisphere. Then, it
will be reflected from the sphere of the rear hemisphere, which
is equivalent to that a beam is emitted from the focal point of
the rear hemisphere. The emitted beam is parallel to the incident
beam, i.e. the CER is retro-reflective [20].

In Fig. 3(a), the two rays are incident from points A and B,
reflected by points A" and B’, and then refracted from points
A" and B” respectively. This characteristic is also known as the
“cat’s-eye effect”. As depicted in Fig. 3(b), the cat’s eye effect
can be simplified to a combined model of a lens and reflecting
surface, where f is the focal length of the lens. If the focal length
of the lens is small compared to the transmission distance, then
the effect of focal length on beam transmission can be ignored,
thereby the CER can be simplified as a retro-reflecting surface
with equal reflecting aperture [21]. Thus, the resonant cavity
of RB-SWIPT system can be equivalent to a Fabry-Pérot (FP)
cavity [22].

B. End-to-End Transmission Model

As shown in Fig. 4, the E2E energy-information transfer
process in the RB-SWIPT system can be divided into four steps:
i) electric power pumping resonant beam, ii) resonant beam
transmission, iii) receiving and reflecting resonant beam, and
iv) energy harvesting and information receiving.

Among them, the electric power provides the energy for
gain medium to stimulating out the resonant beam, so the
efficiency of the “electric power pumping resonant beam” can
be decided by the physical characteristic of the gain medium
and the cross-sectional area of the pumping beam [14]. Then,
the resonant beam transmits between the transmitter and the
receiver. During the power transmission, due to the limited sizes
of the input and output retro-reflectors and the existence of the
deflection, diffraction, or other loss factors, there must be loss
during the resonant beam transmission. Afterwards, the output
retro-reflector receives the resonant beam. A portion of beam
energy is reflected to the transmitter and the rest is devoted to
energy and information transfer [23]. Finally, the output beam
energy is converted into electric power and data by PV panel
and APD respectively.

IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 69, 2021

Based on the energy-information transfer process, we will
establish a resonant beam transmission model based on electro-
magnetic field propagation for calculating the transmission loss
accurately, and establish the end-to-end SWIPT model to study
the energy and information transmission process modularly.

III. END-TO-END SWIPT MODEL

In the RB-SWIPT system, the energy-information transmis-
sion carrier is the resonant beam. To understand the transmission
process, we establish the analytical E2E SWIPT model and
analyze the transmission process modularly.

A. Electric Power Pumping Resonant Beam

The pump source provides the input electric power F;, to
excite the beam out of the gain medium. The process of pumping
resonant beam can be summarized as: i) input electric power P;,,
is converted into pumping optical power Pgy; ii) pumping optical
power is absorbed by the gain medium and converted into the
available pumping power (i.e. the power in the upper laser level)
P,,; and, iii) P,, is used to realize population inversion and
pump out the resonant beam.

The efficiency of the pumping process is given by the excita-
tion efficiency 7eycir [18],

- Pa'u
Nexcit P .

K3

e))

For the homogeneously broadened lasers, the power in the upper
laser level P, is determined by its physical properties,

Pav = gofAIS, (2)

where go/ is the small-signal gain, A is the cross-sectional area
of the gain medium, and I is the saturation intensity, which is
an attribute of the laser material. That is, I represents the peak
incident light intensity that can be amplified by the gain medium,
and it can be calculated by I = hv/oT for a four-level laser
system, where hv represents photon energy, o is emission cross
section for stimulated emission, and 7 is spontaneous decay time
of the upper laser level [18].

B. Resonant Beam Transmission

The resonant beam is a kind of electromagnetic wave.
Thus, we analyze the resonant beam transmission between
the transmitter and receiver based on the electromagnetic field
propagation.

The Huygens-Kirchhoff principle in the optics shows that
each position on the surface of the wave source can be regarded
as anew wave source. From these positions (new wave sources),
the wavelets are emitted. The field distribution at a position in
space is the result of coherent superposition of these wavelets at
that position [18], [24], [25]. The expression of this theory can
be depicted as Fresnel-Kirchoff’s diffraction integral:

ik , e~ tkp ,
u(z,y) = e u(z',y) (1 + cosb)ds', 3)
T JJs P

where u(2’,y') is the field distribution function of the wave
source point (2',y") on the primary surface, and u(x,y) is the
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Field analysis in the RB-SWIPT system.

field distribution function of the observation point (z,y). p is
the distance from (2, y') to (z,y), and 0 represents the angle
between the direction determined by two the points ((x, y) and
(2/,y')) and the unit normal to the wave source surface. In
addition, ¢ is the imaginary unit. & is the wave vector and can be
calculated by

“)

where \ represents the beam wavelength. ds’ is the surface
element at point (', y') on the wave source surface.

The beam propagation in the resonant cavity is actually the
beam spatial diffraction process under the constraints of the
retro-reflector sizes. Applying the Fresnel-Kirchoff’s diffraction
integral to the RB-SWIPT system shown in Fig. 5: the cavity
length is L, the radii of the input and output retro-reflecting
surfaces are a. r’ represents the radius inside the surface (i.e.
the distance between the center of the retro-reflecting surface
(0,0) and any point on the surface (z,y)). Besides, as illustrated
in Fig. 5, ' < a. The optical axes of the surfaces S1 and S2
coincide. Besides, the direction of optical axis is taken as the
z-axis, and the directions perpendicular to the optical axis are
used as the x-axis and y-axis to establish a three-dimensional
space rectangular coordinate system.

As shown in Fig. 5, the cavity length L is much greater than
the retro-reflector diameter 2a. The included angle between the
propagation direction of paraxial rays and the optical axis is close
to zero, so the distance between the positions on the two retro-
reflectors can be approximately set as L. Therefore, the integral
factor (1 + cosf)/p in (3) can be set as 2/ L approximately, and
then it can be removed from the integral sign. And yet, after one
propagation, the field distribution function u; (2/,y") on surface
S1 and the field distribution function us (2, y) on surface S2 can
be simplified as

w(e) = 57 [[ m@ea

—_— Resonant Beam —ly
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Fig. 6. Beam transmission in the resonant cavity (Self-reproductive mode, i.e.
Fox-Li numerical iteration method).

Then, after m propagations, the relationship between the field
distribution function w,,(2',y’) on S1 and w41 (z,y) on S2
also satisfies (5), that is

Um11(2,Y) = /\LL//S1 um (2,1 e *Pds. (6)

In the RB-SWIPT system, the resonant beam is reflected
back and forth between two parallel retro-reflecting surfaces,
as shown in Fig. 6(a). This is equivalent to a transmission line
comprising a series of apertures as depicted in Fig. 6(b). Due to
the limited geometry sizes of the retro-reflecting surfaces and
the existence of loss factors such as absorption, scattering, and
deflection, the wavefront of the resonant beam will distort after
each aperture propagation, and part of the beam will deviate from
the original direction. These deviated beams will be blocked
the next time they pass through the aperture. In this way, the
above transmission process is repeated in succession through
the aperture.

Each time the resonant beam passes the aperture, its amplitude
and phase change, and its energy is concentrated towards the
optical axis. After multiple round trips, the amplitude distribu-
tion of the resonant beam remains essentially constant. Thus,
a stable field distribution, which is called a self-reproductive
mode, is formed. In the RB-SWIPT system, when the number
of beam transmission m is sufficiently large, the field distribution
on the retro-reflecting surface S1 is reproduced that on the
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retro-reflecting surface S2:

1
Umt1 = —Um, )

that is, the field distribution w,,+; on the retro-reflecting surface
S1 is identical to u,, on the retro-reflecting surface S2 except
for a coordinate-independent complex constant factor 7 repre-
senting the amplitude attenuation. This field whose amplitude
distribution will no longer change is the resonant cavity mode,
which can be expressed by the same function w,

u(z,y) = TALL ///u(x/,y')efikpdsl. 8)

Introducing an integral kernel associated with two retro-
reflectors coordinate systems,

i —ikp(z,y,2',y")
—e HTLY ) 9
V7 ©))
Then, (8) can be transformed into an integral eigenfunction with
a complex constant eigenvalue,

u(ey) = / / B,y 7',y Yu(, o )ds'.
S/

A numerical iterative algorithm for calculating the integral
eigenfunction of the resonant cavity is proposed by A. G. Fox
and T. Li in 1960, which is called “Fox-Li” numerical iteration
method [26]. The realization of the “Fox-Li” numerical iteration
method relies on the fact that: the beam transmission in the
resonant cavity can be simulated by the integral eigenfunction of
the resonant cavity. As depicted in Fig. 6(b), during the resonant
beam transmits between the input and output retro-reflecting
surfaces, each time the integral is calculated, it’s equivalent to
one beam transmission process in the cavity. The result of the
last calculation is the input of the next calculation. The iteration
continues until the diffraction screens out a self-reproductive
mode, which is an optical field mode that can exist stably in a
resonant cavity. That is, in the presence of a self-reproductive
mode in the resonant cavity, the amplitude distribution of the
optical field is fully reproducible if the beam diffracts and
propagates in one round trip [24], [26]. As shown in Fig. 6(b),
Ug4+1 can exactly reproduce the amplitude distribution of u,
when the resonant beam propagates enough times.

Afterwards, the beam energy in a plane is the integral of the
beam power intensity concerning the plane area. The transmis-
sion loss is the difference between the energy on the two planes.
Thus, after the resonant beam transmits from the transmitter to
the receiver, the power transmission loss J can be figured out
as [27], [28]:

@(xV y? x/’ yl) =

(10)

5 IJs luy | ds — IJs lug|? ds
I/s |u1|2 ds

C. Resonant Beam Output

Y

According to the electromagnetic field propagation method,
the beam power intensity at any position in the resonant cavity
can be obtained and the beam transmission loss can be calculated
by (10) and (11) accurately. The transmission coefficient (i.e.
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Rs iout
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I RL,PU
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Fig. 7. Equivalent circuit of a photovoltaic panel.

transmission efficiency) e of the resonant beam can be depicted
as:

e=1-24. (12)

We set the transmission coefficient from the transmitter to
the receiver as €1, and the coefficient from the receiver to the
transmitter as es. Based on the above analysis, the formula of
the output beam power P,,; can be written as [18]:

(]. — R)Gl
1-— R61€2 + vV Rqeg(ﬁ —

[gof - ’ln \/R‘/S2€162H,

where A, is the cross-sectional area of the beam, I, is the
saturation intensity of the gain medium, R is the reflectivity
of the output retro-reflector, V; is the transmission coefficient
in the gain medium. According to (1) and (2), if the excitation
efficiency 7e,.c;+ of the gain medium, whose value is decided by
the medium’s physical characteristics, is known, the small-signal
gain can be calculated using:

Pyt = Ayl
t b V;)

(13)

o nemcit Pzn

TR (14)

gol

where A is the cross-sectional area of the gain medium. Thus,
(14) is substituted into (13) to obtain:

(]. — R)(El

Pout = Ayl
out b 17R61€2+\/R6162(ﬁ 7‘/5)
{"”’“’ZPZ"”‘ — ’m VERV2e 65 ] (15)

D. Energy Harvesting and Information Receiving

The output beam power is utilized to transfer energy and
information. The power splitter in the receiver divides the
received beam power into two power streams with a certain
power-splitting ratio [5]. Let v represent the power-splitting
ratio. In addition, the energy stream is converted into electric
power through the PV panel, and the information is received by
the APD [29], [30].

D.1) Energy harvesting

Fig. 7 shows an equivalent circuit of the single-diode model
for PV panel. Based on the general current-voltage characteristic
of the PV panel, the output current 2, is:

Vouttiout Rs
nsVy

o 1i| _ Vout + Z-outRs

R (16)

iout = Iph - ]o €
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In the above equation, V; is the junction thermal voltage:

FKT
Vi=——.
q

A7)

where:

® I, - the photo-generated current

e ], - dark saturation current

® R, - panel series resistance

® R, - panel parallel (shunt) resistance

e F' - diode quality (ideality) factor

are the parameters of the model, while K is the Boltzmann’s
constant, ¢ is the quantity of electric charge, ns is the number of
cells in the panel connected in series, and 7" is the temperature
in Kelvin. I, depends on the received beam power of PV panel,
which can be expressed as

Iph = Wwpoub

where 1) is the conversion responsivity of PV. Finally, the output
electric power for energy supply can be written as:

(18)

. 2
Po = ioutVout = ZoutRL,pva (19)

where Ry, p, is the load resistance of the PV panel.

D.2) Information Receiving

The maximum information transfer rate, i.e. spectral effi-
ciency, can be written as [31]

1 Se
C= ilog <1+ 27rN>’
where % represents the signal-to-noise ratio (SNR). .S is signal
power and N is noise power. The signal power is [5], [31]

S = [(1 - ’Y)Poutnbi]Q )

where 7,; is the photo-electric conversion efficiency of APD.
N is the power of an additive Gaussian white noise (AGWN),
which can be expressed with shot noise Ny, and thermal noise
Nthermal as [5], [31]

N = Ngyo + N

hermal

(20)

21

4KTB,  (22)

= 2q {[(1 - ,Y)Pout’r/bi] + Ibc} Bn + R
L,apd

)

where ¢ is the quantity of electric charge, I is the background
current, B, is the noise bandwidth, K is the Boltzmann’s con-
stant, 1" is the temperature in Kelvin, and R qpq is the load
resistor.

Furthermore, by varying the power-splitting ratio, the har-
vested energy and information rate can be balanced based on
the system requirements. The end-to-end performance also can
be improved by optimizing the transmission loss and the power-
splitting ratio.

IV. NUMERICAL EVALUATION

In this section, to evaluate the SWIPT performance, we nu-
merically analyze the transmission loss, output beam power, out-
put electric power, spectral efficiency, and end-to-end efficiency
of the RB-SWIPT system with specified structural parameters.
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TABLE I
PARAMETERS RELATED TO THE GAIN MEDIUM, THE RETRO-REFLECTING
SURFACE AND FOX-LI ALGORITHM [18]

Symbol Parameter Value
Is Saturation intensity 1260W/ cm?
Vs Transfer coefficient of gain medium 99%
R Output retro-reflector reflectivity 95%

Nexcit Excitation efficiency 51.48%

Pip Input electric power 200W
Nitr Fox-Li iteration number 300
TABLE II
PARAMETERS OF ENERGY HARVESTING [32]
Symbol Parameter Value
1, Dark saturation current 9.80 x 10 9A
F Diode quality factor 1.105
Ng Number of PV cell 40
Rs Panel series resistance 0.93Q2
Rgp Panel parallel resistance 52.6kQ
Ry, pv Load resistance 10092
P Conversion responsivity 0.0161A/W
TABLE III
PARAMETERS OF INFORMATION RECEIVING
Symbol Parameter Value
Nbi Conversion efficiency of APD 0.6A/W [34]
q Quantity of electric charge 1.6 x 10~19
Bn Noise bandwidth 811.7TM H z [35]
Iy Background current 5100pA [36]
K Boltzmann constant 1.38 x 10723
T Kelvin Temperature 300K
Rp apd Load resistor 10KQ [37]

A. Parameter Setting

The parameters relevant to the numerical evaluation of SWIPT
performance are shown in Table I, IT and III [ 18], [33]. We adopt
the thin crystal composed of Nd:YVOy as the gain medium,
which is attached to the input retro-reflector and has the same
radius as the retro-reflector [18]. The parameters related to the
gain medium and the retro-reflector are presented in Table I.
For energy harvesting, we adopt a vertical multi-junction PV
cell. Table II shows the parameters of the PV panel, which are
obtained by using PV equivalent circuit fitting measured data of
a real PV cell product [32]. Meanwhile, as shown in Table III,
we obtain parameters of APD according to experimental results
using APD for information receiving [34], where g, K and T" are
generic. Besides, the parameters related to information receiving
B,,, I, and Ry, 4 pp are extracted from the corresponding liter-
atures [35]-[37]. The power-splitting ratio y can be determined
based on the charging and communication needs.

B. Power Intensity Distribution in the Resonant Cavity

Using the Fresnel-Kirchoff’s diffraction integral and “Fox-Li”
numerical iteration method, the power intensity distribution in
the RB-SWIPT system shown in Fig. 2 can be calculated. If
the cavity length L is 1 m and the radius of retro-reflector a
is 1 mm, the power intensity distribution on the input retro-
reflecting surface S1 is depicted in Fig. 8. The power intensity in
the center of the surface is the largest, and it gradually decreases
radially. Furthermore, the beam power intensity is equivalent at
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the same radial position on the retro-reflecting surface. When 7/
is 0.3 mm, the relative power intensity is about 0.7.
Afterwards, based on the calculation of Fresnel-Kirchoff’s
diffraction integral and “Fox-Li” numerical iteration, the beam
power intensity of any position in the resonant cavity can be
obtained, given the cavity length L and the retro-reflector radius
a. As Fig. 9 shows, if the cavity length L is 1 m and the radius of
retro-reflector a is 1 mm in an RB-SWIPT system, the resonant
beam propagates as a Gaussian beam in the resonant cavity, and
the power intensity distribution on any plane in parallel with
the retro-reflecting surface (i.e. any beam cross-section) can be
obtained. In Fig. 9, the power intensity distributions on input
retro-reflecting surface S1, output retro-reflecting surface 52,
and a beam cross-section S’ are depicted. Afterwards, from the
power intensity distributions, the power intensity of any point on
S1, S2, and S’ can be obtained. Similarly, the power intensity
of any point in the resonant cavity can also be obtained through
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power intensity distribution on the plane parallel to the retro-
reflecting surface. On this basis, the transmission loss in the
cavity can be calculated in (11).

C. Transmission Loss and Output Beam Power

To evaluate the performance of RB-SWIPT system with dif-
ferent system structure parameters, we first analyze the trans-
mission loss in the resonant cavity and the output beam power
of the system under different cavity lengths and different radii
of retro-reflectors.

The beam transmission loss from transmitter to receiver in
the RB-SWIPT system can be figured out based on intra-cavity
power intensity calculated by (3) and transmission loss in (11).
The output beam power can be calculated based on (15). First
of all, the transmission loss ¢ and output beam power P,,; vary
with cavity length L as depicted in Fig. 10. Since the beam
power intensity decreases due to scattering and absorption inside
the transmission medium, the transmission loss will increase
with the increase of the transmission distance. As shown in
Fig. 10, because of the increased influence of the transmission
environment, increasing cavity length L leads that transmission
loss d amplifies under the radius of retro-reflector changing from
1 mm to 5 mm. That is, the growth of the transmission distance
will increase the transmission loss in the resonant cavity. If
the radius of retro-reflector is 5 mm and the cavity length is
1—5m, the transmission loss is 0.21%, 0.62%, 1.17%, 1.72%,
and 2.38%), respectively.

Conversely, due to the increased transmission loss, the output
beam power P,,; will decrease with the growth of cavity length
L. As depicted in Fig. 10, P,,; decreases as L increases with dif-
ferent retro-reflector radii. If P, is less than O W, the pumping
power at the transmitter does not reach the pumping threshold
of the system, and there is no beam output. The output beam
power is 66.94 W, 54.73 W, 41.20 W, 28.68 W, and 15.61 W
respectively if the radius of retro-reflector is 5 mm and the cavity
length is 1—-5m.
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Furthermore, from Fig. 10, once the cavity length L is fixed,
the transmission loss § decreases and the output beam power
P, increases when using input and output retro-reflectors with
larger radius. Fig. 11 depicts the change trends of transmission
loss ¢ and output beam power P,,,; as the variation of the retro-
reflector radius a.

In the resonant cavity, the resonant beam is paraxial distri-
bution, i.e. the beam energy is concentrated towards the optical
axis. In Fig. 11, since the power reception area increases, more
resonant beam energy is stored in the cavity. Thus, the trans-
mission loss d decreases with retro-reflector radius a getting
larger. If the cavity length is 3m, the transmission loss J is
about 51.76%, 13.17%, 4.54%, 2.17%, and 1.17% respectively
as the retro-reflector radius a increases from 1 mm to 5 mm.
Similarly, the output beam power P,,,; increases as a increases.
If the cavity length is 1 m, the output beam power is 6.85 W,
31.42W,50.53 W, 60.76 W, and 66.94 W as a is 1—5 mm.

D. Energy Harvesting and Information Receiving

According to (19) and (20), the output electric power and the
spectral efficiency can be calculated when the retro-reflector size
and the transmission distance are known. Thus, we analyze the
output electric power P, and the spectral efficiency C here with
the changes of cavity length L and retro-reflector radius a under
different power-splitting ratio .

According to above analysis, if the radius of the retro-reflector
is 5 mm, we can obtain the maximum output beam power. Here,
if a is 5 mm, we analyze the changes of output electric power
P, and the spectral efficiency C' for power-splitting ratio vy as
0.1, 0.3, 0.5, 0.7 and 0.9 with the cavity length L as shown
in Fig. 12. Based on (18) and (21), the output electric power
P, and spectral efficiency C are proportional to the output beam
power P,,;. As depicted in Fig. 12, since the output beam power
decreases as the cavity length L extends, the output electric
power P, and spectral efficiency C' decreases with the increase of
L. Forexample, If vis 0.3, P, isabout3.43 W ,3.22 W ,2.83 W,
1.86 W, and 0.57 W, and C'is 12.28 bps/H z, 12.18 bps/H z,
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12.04bps/Hz, 11.86bps/H z, and 11.57 bps/ H z respectively
when L is 1-5m.

In addition, if the cavity length L is 1 m, the maximum output
beam power can be obtained in the RB-SWIPT system and
the output beam power increases as the retro-reflector radius
increases in Fig. 11. The change trends of the output electric
power P, and spectral efficiency C' with the radius of retro-
reflector a are demonstrated in Fig. 13. It can be seen from
Fig. 13 that P, and C increase when a gets larger indepen-
dent of the power-splitting ratio . If v is 0.3 and a increases
from 1 mm to 5 mm, the output electric power P, is 0.10 W,
2.16 W,3.13W,3.33 W, and 3.43 W, and spectral efficiency C'
is11.14bps/Hz,11.91 bps/Hz,12.14bps/H z,12.24 bps/ H z,
and 12.28 bps/ H z, respectively.

E. End-to-End Efficiency

To analyze the factors affecting the efficiency of the RB-
SWIPT system, we study the changing trend of end-to-end
efficiency as the cavity length and retro-reflector radius vary
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based on the above analysis of transmission loss, output beam
power, output electric power, and spectral efficiency.

Under the premise that the output beam power P,,,; and the
pumping optical power Py, are known, the end-to-end efficiency
7 can be calculated using the ratio of P,,,; to Py, (i.e. Pyt /Pyp).
According to [33], the electro-optical conversion efficiency is
about 71.5%. Thus, P,y is constantin an RB-SWIPT system with
fixed input electric power. In this paper, we study the RB-SWIPT
performance with 200 W input electric power. Therefore, Py, is
about 143 W.

Since the output beam power P,,,; in Figs. 10and 11 decreases
with the extension of the cavity length L, the end-to-end effi-
ciency 7 has the same trend as shown in Fig. 14. No matter how
much the radius is, the end-to-end efficiency decreases with the
increase of cavity length. If the retro-reflector radius is 5 mm, n
is about 46.81%, 38.28%, 28.81%, 20.06%, and 10.92% as the
cavity length L increases from 1 m to 5m.

In addition, as shown in Fig. 14, if the cavity length L is
fixed, the end-to-end efficiency 7 increases as the radius of
retro-reflector @ magnifies because the output beam power P,,,;
increases with the increase of retro-reflector radius a. The direct
relationship between retro-reflector radius a and the end-to-end
efficiency 7 can be obtained from Fig. 15. n has the same
variation trend with P,,; as the retro-reflector radius a changes.
With the growth of the retro-reflector radius, the end-to-end
efficiency rises regardless of the change of cavity length. That
is, the larger radius a brings the smaller loss ¢, leading the
greater output beam power P,,;, and finally causes the higher
end-to-end efficiency 1. When L is 1 m, n is 4.79%, 21.97%,
35.34%, 42.49%, and 46.81% respectively as a is 1—5 mm.

F. Summary

Based on the E2E SWIPT model of the RB-SWIPT system,
the power intensity in the resonant cavity can be calculated
and analyzed. Then, the transmission loss increases with the
cavity length extending and decreases with the retro-reflector
radius getting larger. Afterwards, the output beam power, output
electric power, and spectral efficiency in the receiver increase
with the decrease of cavity length and increase of retro-reflector
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radius. Afterwards, the end-to-end charging efficiency and the
output beam power have the same change trend with the change
in cavity length and retro-reflector radius. Moreover, if the cavity
length is 1 m and the retro-reflector radius is 5 mm, the maxi-
mum output electric power is about 4.20 W (v = 0.9), and the
maximum spectral efficiency is 12.41 bps/H z approximately
(v = 0.1). Finally, the end-to-end efficiency is 46.81% when
the cavity length is 1 m and the retro-reflector radius is 5 mm.

The requirements of energy supply and communication can
be balanced by varying the power-splitting ratio. The operations
to improve the E2E efficiency of the RB-SWIPT system include:
i) designing a shorter resonant cavity (i.e. shorter transmission
distance), and ii) using larger input/output retro-reflectors (i.e. a
larger retro-reflector size).

V. CONCLUSIONS AND FUTURE WORK

The resonant beam simultaneous wireless information and
power transfer (RB-SWIPT) system based on spatially sep-
arated laser-cavity is proposed in this paper. To reveal the
energy-information transmission mechanism, we establish the
end-to-end SWIPT model for calculating the intra-cavity power
intensity, transmission loss, output electric power and spec-
tral efficiency with different system parameters. Finally, the
SWIPT performance is evaluated numerically with the 1-5m
cavity length and 1—5mm retro-reflector radius. Numerical
results illustrate that shorter transmission distance or larger
retro-reflector sizes in both transmitter and receiver can improve
the E2E efficiency for the RB-SWIPT system.

In the future research on the RB-SWIPT system, there are still
many issues to be studied, for example:

il) From electromagnetic field propagation for the RB-
SWIPT system, the beam power intensity at any position
in the resonant cavity can be obtained. Then, the safety
of RB-SWIPT system can be analyzed based on the value
of power intensity in the resonant cavity; and,

i2) The beam incident on a retro-reflector can be returned
to the original path regardless of the angle of incidence.
Afterwards, we can study the mobile energy transfer and
communication using resonant beam.
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