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Abstract

With the development of the Internet of Things (IoT), demands of power and data for
IoT devices increase drastically. In order to resolve the supply-demand contradiction,
simultaneous wireless information and power transfer (SWIPT) has been envisioned as an
enabling technology by providing high-power energy transfer and high-rate data delivery
concurrently. In this paper, we analyze and design a high-efficiency resonant beam (RB)
charging and communication scheme. The scheme is based on semiconductor materials
for the gain medium, which provide a better energy absorption capacity compared with
the traditional solid-state one. Moreover, the telescope internal modulator (TIM), which
can concentrate beams to match the gain size, is adopted in the scheme, reducing the
transmission loss. To evaluate the scheme’s SWIPT performance, we establish an analytical
model and study the influence factors of its beam transmission, energy conversion, output
power, and spectral efficiency. Numerical results show that the proposed RB system can
realize 16 W electric power output with 11 % end-to-end conversion efficiency, and it can
support 18 bit/s/Hz spectral efficiency for communication.

Keywords: optical communication; resonant beam communications; wireless power
transfer; wireless charging

1. Introduction

Accompanied by the growth of the Internet of Things (IoT), network capacity contin-
ues to increase due to a rapidly growing number of mobile devices [1]. Simultaneously,
the energy consumption of mobile devices is also increasing dramatically to support
high-performance communication and computation [2]. Facing these challenges, various
technologies are being explored, e.g., wireless power transfer (WPT), ultra-dense cloud
radio access networks, among others [3,4]. Among these, WPT, offering unlimited energy
supply, is undoubtedly one of the most attractive solutions [5]. Compared with wired
power supply, WPT is flexible and suitable for mobile devices. Furthermore, compared
with batteries, WPT is not restricted by capacity, weight, or volume limitations [6,7].

Based on WPT, simultaneous wireless information and power transfer (SWIPT) tech-
nology has attracted great attention from researchers to address both energy and data
demands (Figure 1). Notably, prior research includes the work by Sangmahamad et al. [8],
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who developed an optimization strategy for increasing secrecy rates in multi-user orthogo-
nal frequency-division multiple access (OFDMA) networks by adjusting power splitting
ratios and subcarrier allocation. This strategy is crucial for securing energy-harvesting
IoT devices. Lu et al. [9] also improved transmission rates in multi-relay IoT systems
using SWIPT, proposing an algorithm that efficiently maximizes transmission rates without
requiring extra energy sources for relays. Collectively, these studies demonstrate SWIPT’s
capability to enhance IoT device functionality and network efficiency.

Figure 1. Application scenarios of SWIPT (UAV: unmanned aerial vehicle).

Different SWIPT technologies have different carriers. Radio frequency (RF)-based
SWIPT is a typical approach. It leverages mature RF communication technology, known
for its low cost, long transfer distance, and expansive coverage. Nevertheless, high-density
RF radiation poses a risk of physical damage to humans, necessitating a more thorough
understanding of potential health and safety impacts associated with its use in public set-
tings [10]. Alternatively, optical beams, such as visible light, can serve as the carrier. Optical
SWIPT effectively leverages aspects like beam divergence control, to achieve high energy
conversion efficiency and enable high-power energy transfer. This method also provides
advantages for communication, including access to a vast license-free spectrum, immu-
nity to electromagnetic interference, and high-speed data transmission capabilities [11,12].
Conversely, typical optical beam schemes face challenges in alignment, tracking, and safety.

Among optical beam schemes, the resonant beam system (RBS) has been proposed
for applications requiring self-alignment and radiation-safe light transmission [13,14]. The
RBS comprises a transmitter and a receiver that jointly form a spatially separated resonator
(SSR). This SSR generates a resonant beam that carries both energy and information. The
system supports high-power transfer due to its beam concentration characteristics [15].
Furthermore, RBS achieves self-alignment between the transmitter and receiver for mobile
SWIPT by incorporating retro-reflectors [16]. A key safety feature of RBS is that blocking
the light path between the transmitter and receiver immediately interrupts the resonant
beam’s cyclic process within the cavity, owing to the separate resonant cavity structure. This
interruption prevents continuous radiative exposure of foreign objects, thereby ensuring
human safety [17]. Furthermore, the use of a light beam as the signal carrier in the
RBS enables high-rate data transfer [18]. These remarkable advantages have led to the
investigation of RBS in various SWIPT applications, including unmanned aerial vehicles
(UAVs), smartphones, and monitors [19-21].

The recent literature has investigated the theoretical model, system design, and deploy-
ment of the RBS. For example, Zhang et al. [15] experimentally verified that RBS can sup-
port 2 W WPT with 1 % end-to-end conversion efficiency in experiment. Sheng et al. [22]
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demonstrated an efficient, long-distance scheme employing cat’s eye reflectors for self-
alignment, a telescope for beam concentration, and aspheric lenses to correct spherical
aberration. Research has also characterized specific RBS schemes, such as the long vertical
external-cavity surface-emitting laser resonator scheme for wireless charging presented
in [23] by Zhang et al. Regarding system access, Xiong et al. proposed a time-division
multiple access (TDMA) design for RBS-based WPT systems [24], and they also contributed
the design and analytical model for RBS-based communication systems [25]. Furthermore,

Liu et al. [16] presented the basic SWIPT model of the RBS and demonstrated its mobility.

Fang et al. [17] proposed an analytical model based on electromagnetic field analysis and

assessed RBS safety under external object invasion. In addition to transmission distance

and efficiency, the field of view is also important for resonant beam systems [26].
Previous research has underscored the features and potential of RBS technology in

SWIPT. Nevertheless, the original scheme still faces challenges from significant energy
conversion losses, resulting in a merely 1% energy conversion efficiency across short
distances [15]. The relatively low conversion efficiency from the optical-pumped solid-state
gain medium observed in present studies presents challenges for power supply scenarios
in contexts prioritizing low carbon emissions and energy saving. Moreover, due to this low
efficiency, the system requires a greater input to satisfy the power demand at the output
end, posing further challenges for system cooling, safety, and component durability.

In this study, we propose a semiconductor-based RB-SWIPT system to increase end-
to-end power efficiency. Different from prior RB/RBS wireless power transfer schemes
that mainly rely on solid-state gain media, the proposed scheme adopts a GaAsP-based
semiconductor gain medium with a quantum-well active region and DBR structure. The
semiconductor gain medium exhibits stronger pump absorption and a lower threshold
condition, thereby improving the gain and pump-to-beam conversion process. In addi-
tion, a telescope internal modulator (TIM) is integrated into the resonator. The TIM is
a passive telescope-based intracavity beam-shaping structure. It modulates the trans-
verse phase and beam size of the resonant beam, thereby compressing the beam spot to
match the smaller dimensions of the gain medium and reducing transmission loss. There-
fore, the efficiency improvement of the proposed RB-SWIPT system is attributed to the
combination of the semiconductor gain medium, TIM-assisted beam compression, and
output-coupling optimization.

The contributions of this paper are summarized as follows:

* A semiconductor-based RB-SWIPT scheme is proposed. By adopting the semicon-
ductor gain medium and the telescope internal modulator, the scheme can achieve
enhanced transmission range, data rate, and energy conversion efficiency in SWIPT.

*  An analytical model of the proposed scheme is developed, which can describe the
energy conversion, beam propagation, electric power output, and communication
capability of the system. An evaluation of system performance and guidance on
parameter optimization are also provided.

The remainder of this paper is structured as follows. Section 2 details the semiconductor-
based RBS model, including descriptions of the semiconductor gain medium and TIM.
Section 3 presents a numerical evaluation for the system performance. Concerns related to
the beam splitting are discussed in Section 4. Finally, we conclude in Section 5.

2. System Design and Model Establishment

In this section, we describe the system structure, explain the principle by which the
scheme achieves high-efficiency resonant beam charging and communication, and develop
the analytical model for performance evaluation.
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2.1. RB-SWIPT System with Semiconductor Gain

The system structure of the proposed RB-SWIPT scheme is briefly depicted in Figure 2.
Overall, the system can be divided into three parts: the transmitter, the receiver, and the
resonant path. The transmitter is mainly composed of a gain medium, a pump source, and
a data loader. The data loader can load the electric signal into the pump source for data
transfer. Then, the pump source releases a beam carrying the data signal in the form of
optical radiation to the gain medium. The gain medium receives the energy and undergoes
stimulated absorption, spontaneous emission, and stimulated emission, generating photons
to form resonant beams. The receiver mainly includes three elements: a photovoltaic (PV)
panel module, a beam splitter, and an avalanche photodiode (APD) module [27,28]. The
beam splitter accepts the external beam output from M2 and splits them into two rays for
independent energy harvesting and data receiving. The PV module receives one of the rays
for energy harvesting, converting the optical energy into electrical power. The APD module
captures the remaining rays for data reception, detecting the light signal. The spatially
separated resonator is formed by reflectors M1 and M2 and a TIM. Among them, M1 and M2
constitute the resonant cavity for beam oscillation. The TIM is placed on the optical path in
front of the gain medium. In this work, TIM denotes a passive telescope-based intracavity
optical structure. It changes the phase front of the resonant beam and compresses the
beam spot so that the beam can better match the small aperture of the semiconductor gain
medium. Under the existing process conditions, through reasonable component layout and
circuit design, the receiver of the RB-SWIPT system can be integrated into a variety of IoT
sensors or devices to support their demand for power and communication. An illustrative
application of this integration is on an unmanned aerial vehicle (UAV), achieving energy
supply and information transmission, as depicted in Figure 2.

Information Photovoltaic @
Source Panel

External

. Telescope Eeall - —:*— P

O] : Gal.n Internal Resonant Beam Oplt_lcal ,H
Source Medium Modulator Splitter f

l .~ UAV

Reflector M1 Spatially Separated Resonator Reflector M2 [ Avalanche ¥
Photodiode
Free space
Transmitter Receiver

Figure 2. High-efficiency resonant beam SWIPT system diagram.

The RB scheme presented in this paper applies GaAsP-based semiconductor materials
to compose the gain medium for enhanced efficiency. Semiconductor material utilizes the
recombination of electrons in the conduction band and holes in the valence band to generate
stimulated radiation [29], which has the following characteristics: (1) The materials used
in the window layer, active region, and distributed Bragg reflector (DBR) layers of the gain
medium have different band gaps, forming potential barriers. It will confine electrons and
holes within the gain area, which is conducive to the recombination of electrons and holes.
(2) The active area and the cladding layers have a refractive index difference. When photons
reach the material boundary, they are reflected back to the active region. As a result, the
light field can be restricted in the active area, which causes more stimulated radiation
generation. (3) The semiconductor gain can be made as a hetero-junction quantum well
structure. This structure (Figure 3) can further reduce the thickness of the active layer to
the nanoscale and produce quantum effects, which further strengthen the confinement of
carriers and optical fields and decrease the energy-level difference from E¢ to Egy [30,31].
Therefore, compared with the solid-state gain medium used in the original RB system, the
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semiconductor gain medium mainly contributes to efficiency improvement by increasing
pump absorption and reducing the threshold power.

Pump Quantum Well

Beam

Resonant
Beam Window
Layer

A

l --------- Photon

Valence Band

Figure 3. Transmitter structure and operating principles of the semiconductor gain (DBR: distributed
Bragg reflector; Eg, Egw: energy level difference; Lw: quantum well length; hv: photon energy).

2.2. Resonant Beam Power and Conversion Efficiency

In the gain medium of the proposed optical system, photons are generated and
subsequently propagate within the cavity. This process results in the formation of a
resonant beam. The resonant beam is used as a carrier for transmitting both energy and
signal to the designated receiver.

To assess the transmission efficacy of the system, the beam power output at reflector
M2 serves as a crucial figure of merit. Additionally, the system exhibits a characteristic
threshold power due to inherent energy losses. The output beam is only generated when
the input power surpasses this threshold condition. Furthermore, the relationship between
the input and output power is governed by a conversion efficiency ratio. This ratio is a
function of the energy conversion process occurring at each stage within the system. Based
on the cyclic power principle and materials characteristics of the gain medium [32,33], the
external beam power can be defined as follows:

Poeam = (Pin - Pth)’?s/ 1)

where P, denotes the input electric power, Py, revdenotes the threshold power, and ¥ is
the slope efficiency.

The slop efficiency 75 is related to the system structure such as the reflectivity of M1,
which can be depicted as follows:

_ 77pc77pa)\pump[_ In(Ry)]
° /\beam[_ ln(RlRZV)] ’

@

where R; and R; denote the reflectivity of the reflectors M1 and M2, 77, is the pump
conversion efficiency, Apeam, Apump represent the wavelength of resonant beams and pump
beams, and V = V.V expresses overall energy losses, which mainly include constant loss
V. (absorption dispersion of reflectors and air, internal loss in the gain) and beam diffraction

loss Vy.
The threshold power Py, is determined by the gain medium, which can be expressed
as follows: AcIN
c
= 3)
MpcllpaT
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where As expresses the effective active cross-section, I denotes the Planck constant, c is
the speed of light in vacuum, A represents the beam wavelength, [ is the length of the gain
medium, Ny, denotes the threshold carrier density in gain medium, 77, expresses the pump
absorption efficiency, and 7 is the carrier attenuation time.
Specifically, the carrier attenuation of the gain medium T can be expressed as fol-
lows [33]:
T = (a+BNm +7Ng) ", 4)

where a, B, and 7y express the recombination coefficients of the gain medium. Ny, is related
to the gain factor, which can be described as follows:

N = Noexp(g/8o), (5)

where g is the gain coefficient under low pump power, Ny denotes the transparency carrier
density, and g expresses the saturation gain coefficient.

To define the parameter g, it is essential to analyze the energy saturation condition,
characterized by an equilibrium between gain and loss within the system [32]. According
to Figure 2, the spatially separated resonator cavity includes reflectors M1 and M2, TIM,
and gain medium. During the propagation of the resonant beam within the cavity, optical
elements, notably M1, either absorb or reflect a portion of the beam, resulting in energy
losses. Conversely, energy is gained in the gain medium. Consequently, if the beam, after
completing one round-trip within the cavity, returns to its point of origin with its energy
unaltered, it can be inferred that the system has attained a state of equilibrium between
loss and gain. This specific equilibrium state is referred to as the saturation condition.
From Figure 4, after one round-trip energy cycle, the initial energy density will become
IR,R1G?V? from I. When the saturation condition is satisfied, the IR,R;G?V? should
equal to I, and the relationship of the parameters is as follows:

RiR,G*V? =1, (6)

where G = exp(T'gl) expresses the overall gain factor (each time the beam travels through
the gain, the beam energy intensity will increase by G times), R; and R; denote the
reflectivities of M1 and M2, respectively. At this time, g is depicted as follows:

_ In(RiRyV?)
8=~ (7)

Further, taking (7) into (5), the Ny, can be denoted as follows:
Ni = No(Ry Ry 2)~ G0l (®)

where I' is the longitudinal confinement factor.

IR,R,G?V?;
IR,R,GV 1
Free space
IR,GV IR,
Transmitter Receiver

Figure 4. End-to-end energy cycle (I: initial energy density; Ry, Ry: reflectivity of M1 and M2; G: gain
factor; V: path loss).
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Finally, based on the aforementioned formulas, the power Ppe,m presented in (1) can
be depicted. In the end, the beam transmission efficiency can be defined as follows:

_ pctparpump In(R2) (1 Ashcl Ny, ) ©)

o= Apeam IN(R1R2 V) B MpcpaTPin

2.3. Beam Transmission Description and Diffraction Loss

To analyze the resonator structure, the beam transmission process in the resonator
should first be described. In this paper, we adopt beam vectors and transmission matrices
to define the beam propagation. Specifically, based on the rectilinear propagation char-
acteristics of the beam, we can describe it as 7 = (x, 6y), where x expresses the position
parameter on the coordinate axis and 6, represents the propagation direction of the beam.
Assuming a beam originates at a specific point and propagates in free space from x; to xp,
with an initial transmission angle denoted as 6, the beam’s trajectory can be represented
using vector notation. Initially, the beam vector is expressed as 71 = (x1,6;). As the beam
progresses along its path to a position z, its vector representation evolves to 75 = (x7,6,),
indicating the change in both position and transmission angle. The conversion from 77 to 73
can be expressed using the matrix M, which is 73 = M77. Moreover, when the beam passes
through a series of optical components, the entire process can be expressed as the matrices
of these components multiplied in the corresponding order.

By employing the aforementioned beam vectors and the transmission matrices, it is
possible to define the optical elements and characterize the beam transfer within the cavity.
First, we adopt it to depict the reflectors. The reflectors we introduce in the scheme involve
a convex lens (focal length: f) and a reflective mirror. The reflective mirror is located at
the exit pupil of the lens with distance d, and its surface is flat (infinite focal length). Using
the typical matrix expression of lenses and mirrors [32], the reflector can be described as

follows [34]: )
|1 f 1 0|1 4|10
Mr__o 1“—1/f 1“0 1“0 1]

(1 4 1 o]f[1 ¥
ot

[ -1 0
BRI

where 1
==y a1

Reflectors can reflect incident beams back toward the parallel path of the original
one, which is a precondition of the self-alignment [16]. To realize ideal retro-reflect in the
proposed reflectors, we design d = f, which denotes the mirror is put at the focal point of
the lens.

To effectively compress resonant beams, we have introduced the TIM technique and
employed matrix representation to characterize and describe the TIM. As shown in Figure 5,
lenses L1 and L2 with focal length f; and f, compose the TIM. The TIM consists of a convex
lens and a concave lens with collinear optical centers. The focal point of the convex lens in
the direction of the concave lens coincides with the negative focal point of the concave lens.
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This configuration compresses the beam spot while allowing the output beam to remain
collimated. The TIM can be expressed as follows:

Mt =M, MM,

1 o[k 1 0
-4 t]lo ]| -5 1 (12)

where M = —f1/ f».

Building on the previously mentioned matrices and referring to Figure 5, we can define
the single-pass beam transmission in the resonator. Taking reflector M1 as the starting
point, the beam propagating in the cavity will pass through lens 1, lens 2, and reflector M2
in sequence. This process can be expressed using the following matrix representation:

M. =Mm2My4,M,MML, M4,M4q, Mm1

[ -1 0 1 ds 1 ol[1 &

A l]lo 1 % 1]]0 1 (13)
1 0|1 d |1 d]||-1 0
4 1]lo 1]]0 1 A -1

where Mny1, MMz, M1, and My, express the matrix of reflectors M1 and M2 with effective
curvature factors p1 and f,» and lenses L1 and L2 with focal length f; and f,. Mg,, Mg,,
Myg,, and M express the beam transfer in the space with distances dy, d», d3, and I;.

Reflector M1

1

Ll W

_)dz(_

d
v
=%
A

" Resonant Béeam

Reflector M2
Lensl Lens2

Figure 5. Resonator structure (dy, dp, d3,I;: element distance; a: radius of gain medium).

To accurately determine the diffraction loss, it is essential to depict the beam’s distri-
bution along the vertical propagation direction. The beam spot effectively characterizes the
beam’s vertical distribution, with its radius being a commonly used metric to evaluate the
beam’s lateral amplitude at a given point. Given that the intensity cross-section of the beam
is circular, we utilize the spot radius as the key parameter for this evaluation. According
to [35,36], the beam spot radius on the reflectors of the resonant cavity can be defined by
M,. Furthermore, given that the gain medium is strategically positioned on the transmitter
side, and considering that the distance d is relatively small, it can be inferred that the spot
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size on the gain medium is approximately equivalent to the spot size on reflector M1. In
this case, the beam spot radius on the gain medium can be given by the following:

Ac B
Ce De

[ _ABeDe /4
8§\ mALC,

where A;, B, Cc, and D, are the matrix elements of M, which is depicted in (13); A is the

M, =

(14)

wavelength of the resonant beam. Further, the beam diffraction loss V4 can be defined as
follows [37]:
Vag=1- exp(—Zaz/wé), (15)

where a denotes the radius of gain medium.

2.4. Electric Power Output and Spectral Efficiency

As outlined in Section 2.1 the external beam carrying the signal will emerge from
reflector M2 at the receiver’s end. Subsequently, a beam splitter is employed to divide this
external beam into two distinct paths. One portion is directed towards the photovoltaic
(PV) cell, facilitating electric energy harvesting (EH). The other portion is captured by the
avalanche photodiode (APD) for the purpose of data reception.

(1) Electric Power Output

Firstly, part of the external beam separated by the beam splitter is transmitted to the
surface of the photovoltaic cell through a homogenizing waveguide. Then, the beam will
be converted into electrical power output through photoelectric conversion. This process
can be briefly expressed by the following formula [38]:

{PP = VPbeam/ (16)

PEout = ﬂpPp + Ppth/

where y is the power split ratio, and P, expresses the beam power received by the PV. The
parameter 77, is the slope efficiency of photoelectric conversion, and Ppy, is the threshold
power of the PV. It should be noted that, in order to simplify the simulation process, P,
is represented using a linear model. This approach is based on the experimental findings
presented in [39], and it assumes ideal conditions for both heat dissipation and the receiving
area of the PV system. In practice, the beam energy absorbed by PV is limited, it is expected
that the conventional linear EH model is only accurate for the specific scenario when the
received powers at the receiver is in a constant power range and the nonlinear EH model
has a better applicability [40]. Further, the end-to-end energy conversion efficiency is
depicted as follows:
E = WPP p + B pth

Pin (17)

(2) Spectral Efficiency

The residual portion of the external beam, segregated by the beam splitter, is inci-
dent upon the APD. The APD functions to convert this optical signal into an electrical
signal, concurrently facilitating data reception. This conversion process can be illustrated
as follows:

(18)

Pp = (1 - .u)Pbeamr
IDout = I/PD,
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where Ip_, is the photon current generated by the APD, v is the optical-to-electrical conver-
sion responsivity of the APD.

Moreover, photoelectric conversion will produce thermal noise and shot noise when
APD is receiving light. Among them, the thermal noise can be expressed by the following

formula [41]:
5 4kTBy

Mthermal = RL ’ (19)

where k is the Boltzmann constant, By is the bandwidth, T is the temperature, and Ry is the
load resistor. In addition, the formula about the shot noise factor is [41]

2ot = 24(IDyy + Ing) Bx, (20)

where g is the electron charge, and I,g is the background light induced photon current. At
this point, the additive white Gaussian noise (AWGN) of the communication module can
be defined:
2 2 2
NM = Mghot + Mihermal* (21)

Finally, we can obtain the spectral efficiency of the communication link as follows [42]:

2

=1 (1+ﬂ) (22)
2% 2meN% "’

where e is the natural constant.

3. Numerical Results

In this section, we evaluate the system performance by analyzing the resonant beam
distribution, received beam power, output electric power, and channel capacity.

3.1. Resonant Beam Distribution

In order to match the semiconductor gain, the proposed RB system incorporates a
built-in TIM, which modulates the beam’s phase to achieve beam compression. To evaluate
the compression performance, we utilize the beam spot radius, as defined in the previous
chapter, analyzing its variations with respect to different structural parameters.

(1) Parameter Setting

The gain medium is composed of GaAsP semiconductor material, which generates
light at a 980 nm wavelength. It is obliquely positioned 20 mm from M1. As detailed in
Section 2.3 f,q is set to infinity (d = f). To maintain par-axial beam propagation, the focal
length fy» of M2 is set as a variable. The TIM is positioned on the side of the gain medium,
with its position parameter dy set to 20 mm relative to the gain chip. The concave lens
within the TIM is designed with a focal length of f{ = —5 mm. We investigate the impact
of the end-to-end distance d3 (ranging from 2 m to 10 m) and the TIM structure parameter
M. Finally, given that the beam spot radius varies with distance, we utilize the maximum
spot radius on the gain medium, wg Max, as a critical metric for evaluation.

(2) Calculation Results and Analysis

Figure 6a presents the calculated results, showing the relationship between the TIM
structure parameter M and the maximum beam spot radius wg max- As M increases, wg Max
exhibits a downward trend. Specifically, for M values ranging from 2 to 6, the beam
radius rapidly decreases. For M > 10, the beam spot radius’s decrease becomes more
gradual, indicating a limited compression capacity. Moreover, for large values of M, the
beam spot compression tends to stabilize. Furthermore, if the end-to-end distance d3 is
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large, wg Max Will increase. Quantitatively, the incident beam is compressed from 1.2 mm
to approximately 0.1 mm, representing a compression factor of 12x. Figure 6b depicts
curves of wgMax as a function of d;. As shown, in the original scheme without TIM
(M = 1), the beam radius increases significantly as d3 increases. In contrast, the proposed
scheme with TIM exhibits a more gradual increase. Numerically, the wg pax value for the
proposed scheme remains below 0.25 mm, whereas for the original scheme, it exceeds
0.5 mm. Furthermore, we analyze the influence of the focal length f;» of reflector M2 on
beam compression. Figure 7 shows the maximum beam radius on the gain medium as a
function of fro. As depicted, wg Max exhibits an upward trend as f; increases. Concurrently,
the curves show a downward shift with an increase in M. Overall, an increase in fp tends
to have a detrimental effect on beam compression, as evidenced by the enlargement of the
beam spot.

From the aforementioned analysis, it can be preliminarily concluded that the TIM
effectively compresses the beam across varying end-to-end distances. As discussed in
Sections 2.1 and 2.2, this capability ensures that the resonant beam can enter the micron-
sized semiconductor gain medium without significant energy loss.

—x—d3=2m

Maximum beam spot on the gain wy pax(mm)

12 4 6 8 10 12 14
TIM structure parameter M
Figure 6. Maximum beam radius on the gain medium as a function of the TIM structure parameter
M and transmission distance d3: (a) variation with M under different d3 values; (b) variation with d3
under different M values.

—h— M=2
035+ —+— M=5 B
M=8
—%— M=11 X
0.3 —— M=14

0.25

0.2{* +

Maximum beam spot on the gain wg yax(mm)

2 3 4 5 6 7 8 9 10
fra(m)

Figure 7. Maximum beam radius on the gain versus f;, parameters of reflector M2 with different
TIM structure parameters.
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3.2. Received Beam Power

According to Section 2.1, after the energy accumulates, the external beam will even-
tually emerge from reflector M2. Then, it will enter the PV and APD, respectively, under
the function of the beam splitter, realizing the electric power output and data reception.
Usually, we can adopt the received beam power Ppeap, to evaluate the end-to-end beam
transmission performance.

(1) Parameter Setting

According to the material properties of GaAsP, we can obtain the characteristic pa-
rameters such as light quantum, gain factor, etc., as listed in Table 1. Furthermore, we
adopt a typical laser diode as the pump source whose electro-optical conversion effi-
ciency 7pc and absorption efficiency 7p, are 0.6 and 0.85. In addition, the effective ac-
tive cross-section A of the gain is set as 3 x 10~% cm?, the constant loss V, is 0.99, the
geometric radius of gain medium a4 is 0.5 mm, the pump beam wavelength is 808 nm,
the reflectivity of the mirror in M1 is 0.999, and the end-to-end transmission distance
is 10 m.

Table 1. Parameters of the gain medium [33].

Parameter Symbol Value
Gain factor 80 2000 cm !
Transparency carrier density No 1.7 x 1018 cm~3
Longitudinal confinement factor r 2.0
Light speed c 3 x 108 m/s
Planck constant 6.6260693 x 1073 J-s

107s1
10719 em3/s
6 x 10730 cmb/s

Monomolecular recombination coefficient
Bimolecular recombination coefficient
Auger recombination coefficient

L*X ™R

(2) Calculation Results and Analysis

Figure 8 describes the relationship among the received beam power (P,eam ), conversion
efficiency (), and the thickness of the effective gain layer (/). It is observed that as [
increases, both Pyean, and 7, exhibit a rising trend. However, this upward trend tends to
plateau when the thickness of the effective gain layer reaches a larger value. Consequently,
the influence of I on both Pyear, and 77, becomes less pronounced. Moreover, when Py, takes
a large value, curves of Pyean and 77, will move up. Numerically, the received beam power
can be 60 W and beam conversion efficiency can be 40 % as P;,=150 W, and the increase in Pi,,
has a significant impact on Ppe,pn but only a limited impact on #,. Overall, by appropriately
increasing the thickness, we can enhance the performance of beam transmission.

Figure 9 presents the curves of received beam power and conversion efficiency versus
the reflectivity of M2. From the blue lines in the graph, it is evident that as the reflectivity
of mirror M2 (Ry) changes from 0.8 to 1, both the received beam power and the beam
conversion efficiency initially increase and then decrease. Moreover, as the input power
is increased, the curves representing the beam power (Ppeam) and the beam conversion
efficiency (#p) shift to the left and ascend. Numerically, the maximum value of P,e,m and
1, are obtained when R; is in the range from 0.9 to 0.95.
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Figure 8. Received beam power and conversion efficiency versus thickness of the effective gain layer.

In Figure 10, we analyze Pp,e,m and 7, as functions of the input power Py,. According
to the blue lines, the Ppeay, increases as P, increases, which presents a positive linear
relationship with Pi,. Moreover, the slope and intercept of lines are affected by R;. A large
value of R; is beneficial for reducing the threshold power (line intercept). Besides, from the
red curves, 7, is also enhanced as P;, increases. However, different from Ppeap,, the curves
are nonlinear and gradually flatten out.
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Figure 9. Received beam power and conversion efficiency versus reflectivity of M2.
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Figure 10. Received beam power and conversion efficiency versus input power.
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Further, we evaluate the performance of received beam power Ppe, as the function
of transmission distance d3, which is shown in Figure 11. As can be seen, curves of Pyeam
present a downtrend with the increase in dz which proves the negative impact of the
transmission loss on beam output (Section 2.3). Moreover, as the value of M increases, the
curves become flatter. This indicates that the transmission loss can be suppressed by the
TIM. Numerically, the value of Pyea, can maintain 40 W output over a 15 m distance.

50
45
= ¥ Y
£ 40 Mr
Z35h 1
& \
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Transmission distance d3(m)
Figure 11. Received beam power versus transmission distance.

3.3. Output Electric Power and Channel Capacity

To evaluate the received beam power, we have examined the factors influencing both
Poeam and 7. Additionally, it is necessary to analyze the performance of the PV cell and
the APD in the context of SWIPT.

(1) Parameter Setting

To evaluate the SWIPT performance, the PV and APD structure parameters should
be defined. According to [39], PV cell structure parameters 7, and Ppy, are set as 0.3487
and —1.535 W, respectively. In the proposed system, the environment temperature is
taken as T = 300 K, the electronic charge g is 1.6 x 1071 C, and the Boltzmann constant
k is 1.38 x 1072 J/K. The APD for light signal receiving involves commercial sensors
with 980 nm wavelength. Then, based on [41,43-45], we set the conversion responsivity
of the APD v=0.6 A/W, the noise bandwidth Bx = 811.7 MHz, the background current
Ig =5100 pA, and the load resistance Ry, = 10 k().

(2) Calculation Results and Analysis

Figure 12 depicts the curves of spectral efficiency, output electric power, and end-to-
end conversion efficiency versus the beam splitting ratio. Observing the blue line, the entire
curve exhibits a downward trend as u increases. Initially, this decline is relatively gradual.
However, when y exceeds 0.8, C starts to decrease sharply.

From the red and green lines with markers, it is evident that both Pgq, and #g exhibit
a positive linear relationship with y. Their values increase as u increases. Numerically,
the spectral efficiency C reaches 17.69 bit/s/Hz when u is set to 0.99, at which point Pgoyt
and g are also high. Therefore, this value of i can be chosen as the beam splitting ratio to
achieve high-efficiency SWIPT.

In addition, we explore the relationship of spectral efficiency, output electric power,
and end-to-end conversion efficiency versus input power, which is presented in Figure 13.
From the blue line, it is apparent that the spectral efficiency rapidly ascends to a larger
value. In general, the greater the input beam energy, the higher the spectral efficiency the
scheme achieves. However, this effect is somewhat limited. As the input power continues
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to increase, the system’s spectral efficiency tends to stabilize. For instance, when P, is
increased from 50 W to 150 W, the spectral efficiency experiences only a modest increase of
1bit/s/Hz.
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Figure 12. Spectral efficiency, output electric power, and end-to-end conversion efficiency versus
beam split ratio (P, = 100 W).

Furthermore, as indicated by the red and green lines in Figure 13, both Pg,,: and #g
exhibit a positive relationship with Pj,, where Pgq,+ shows a linear trend and #g demon-
strates a nonlinear one. Numerically,Pgo,t and #g can reach 16 W and 0.11, respectively, at
P, = 150 W. Generally, by optimally matching the splitting ratio with the input power,
the system’s data transmission spectral efficiency can achieve 16-18 bit/s/Hz, supporting
0-16 W of output electric power. This demonstrates the system’s potential for high-rate
and high-power SWIPT.

Spectral efficiency (bit/s/Hz)
>

Output electric power Pgou (W)

End-to-end conversion efficiency ng

0 25 50 75 100 125 150
Input power Py, (W)

Figure 13. Spectral efficiency, output electric power, and end-to-end conversion efficiency versus
input power (i = 0.99).

3.4. Summary

In summary, after numerical evaluation and analysis, we conclude that the pro-
posed RB SWIPT scheme is capable of providing 16 W electrical energy harvesting and
18 bit/s/Hz spectral efficiency for communication, with 11% energy conversion efficiency
and 10 m transmission distance. Table 2 presents the performance comparison between
our system and the existing architectures, clearly demonstrating the advantages of the
proposed RB SWIPT system in delivering high power, maintaining high spectrum efficiency,
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and ensuring high energy conversion efficiency over long transmission distances. The im-
provement in end-to-end efficiency is not caused by a single factor. The semiconductor gain
medium mainly reduces the threshold power and improves the pump absorption process.
The TIM mainly reduces diffraction/aperture mismatch loss by compressing the beam spot
on the gain medium. The output-coupler reflectivity R, further determines the tradeoff
between intracavity buildup and useful beam extraction. Therefore, the predicted efficiency
improvement is a combined result of the semiconductor gain medium, TIM-assisted beam
compression, and output-coupling optimization.

Table 2. Comparison of existing SWIPT schemes.

Technolo Ref Conversion Spectral Output Transmission
8y ) Efficiency Efficiency Power Distance
[46] 038 x107%%  6bit/s/Hz 296 mW 15m
Visible light
[47] 844 x10™°%  8bit/s/Hz 0.38 mW 3.0m
[48] 1.375 x 107%%  Not stated 55 uW 15m
Radio frequency
[49] 5x1072% 7 bit/s/Hz 5mW 10 m
[15] 1% Not stated 2W 2.6m
Resonant beam
This work 11% 18 bit/s/Hz 16 W 15m

The three most representative parameters are the output-coupler reflectivity Ry, the
TIM compression factor M, and the beam splitting ratio p. First, Ry determines the tradeoff
between cavity feedback and useful output coupling, and it therefore strongly affects the
resonant beam output power and beam conversion efficiency. Second, M changes the beam
size inside the resonator and affects diffraction/aperture loss, especially when the resonant
beam needs to be matched to the small semiconductor gain medium. Third, p controls the
power allocation between the PV module and the APD module. Increasing u improves the
harvested electric power and end-to-end conversion efficiency, but it reduces the optical
power used for data reception and thus decreases the spectral efficiency.

4. Discussion
4.1. Transmission Model by Electromagnetic Field Propagation

In the aforementioned sections, we have developed an end-to-end beam transmission
model based on linear optics using beam matrices. Additionally, considering the elec-
tromagnetic field characteristics of light waves, we can also adopt electromagnetic field
propagation to conduct exact analyses for the amplitude and phase distribution of the
light field. The theoretical framework for describing electromagnetic field propagation is
derived from Maxwell’s equations, leading to the wave equations for electric and magnetic
fields, as cited in [50]. Furthermore, according to the Huygens—Fresnel principle, during
the propagation of light, the field distribution at any point is determined by the coherent
superposition of the wavelets of the incident wave at that point [51]. By understanding
the field distribution of the initial point light wave, denoted as u(x,y), we can apply
diffraction theory to express its field distribution at a specific point ’s” on the transmission
path as u/(x,y). This approach allows us to accurately represent the beam transmission
within the resonator. Building on this, we can incorporate the boundary conditions of the
resonator in our proposed system to describe the changes in the light field of the beam
over a complete end-to-end cycle. Furthermore, by considering the beam generation from
the self-reproductive mode, as mentioned in [52], as a criterion for stable output, we can
determine the steady-state light field distribution.
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Figure 14 presents the field distribution on the gain medium based on the electromag-
netic field propagation model. As can be seen, the incident beam on the gain medium has
been effectively compressed in the proposed system with TIM. In contrast, the beam has a
broader field distribution and lower beam quality (uneven distribution) in the original sys-
tem without TIM. This analysis corresponds to the results obtained using the matrix model
in Section 5, further verifying the feasibility of our proposed scheme. Recent progress in
structured laser modes also provides useful context for understanding mode control in
laser resonators [53]. Overall, electromagnetic field propagation analysis is beneficial for
evaluating the beam’s quality, system structure, etc. However, it is important to note that as
fast Fourier transform and the Fox-Li iterative method are employed in these calculations,
they demand significantly more computing power and time compared to the transmission
matrix method introduced in the second section of this paper. Future research will delve
deeper into the benefits and results of this method.

x10~+ %104
1 5

0.6
Q ’
0.4

5

y(m)
o
y(m)

x(m) x10

@

Figure 14. Field distribution on the gain medium: (a) without TIM; (b) with TIM.

4.2. Experimental Setup and Analysis

In this paper, we propose a high-efficiency RB charging and communication scheme,
provide an analytical model, and evaluate system performance through simulation. To
discuss the practical feasibility of the proposed scheme, we set up a preliminary optical
test platform.

Figure 15 presents the setup photos of the experimental testbed. The testbed mainly
includes reflectors, mirrors, telescope internal modulator (TIM), and the gain medium.
As detailed in Section 2, the gain medium is responsible for generating photons through
electro-optical conversion. The TIM, which consists of a series of lenses, compresses
the incident beam to facilitate extended transmission distances. Beams are reflected by
reflectors located at both the receiver and transmitter ends, oscillating back and forth in
free space. Additionally, two mirrors with highly reflective coatings are placed on two
optical workbenches to fold the light path to achieve equivalent transmission of tens of
meters in an indoor environment. Utilizing infrared cameras for measurement, as depicted
in Figure 15(b) by implementing a double-fold in the optical path using mirror, the system
can demonstrate beam output at a distance of around 15 m. This achievement validates
the system’s efficacy in long-range energy transmission and output, in stark contrast to the
original scheme, which was limited to only 2.6 m [15].

The experimental observations in Figure 15 provide preliminary support for the optical
feasibility of the proposed resonant beam structure. Specifically, the platform confirms that
the resonant beam cavity can be constructed and that the beam can be formed and observed
after the folded optical path, which is consistent with the beam-transmission analysis in
the preceding sections. The TIM-assisted optical layout also supports beam compression
and long-distance beam propagation in the cavity. Therefore, the experiment provides
qualitative validation of the cavity construction and beam-transmission feasibility assumed
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in the analytical model. However, the present setup does not yet provide quantitative
validation of the predicted output electric power, end-to-end conversion efficiency, or
spectral efficiency.

Reflector M2 |

Figure 15. Experimental testbed: (a) platform overview, (b) beam output through the reflector M2
(detected by infrared camera), (c) TIM structure, and (d) gain medium and reflector M1.

4.3. Applications in IoT

As depicted in Figures 1 and 2, the RB-SWIPT can support several sensors or devices for
IoT, such as UAV, smartphones, etc. For instance, the UAV’s fuselage can be equipped with
the RB-SWIPT station’s receiver module, enabling wireless charging through resonant beam.
This feature is crucial when the UAV is tasked with collecting data from sensors, adjusting
its flight path, or functioning as a ‘thing’ node in the IoT network. The use of resonant
beam technology not only facilitates reliable data transmission but also helps maintain a
higher state of charge for the UAVs. However, the original resonant optical system faced
limitations in transmission distance and conversion efficiency due to energy losses, with
a maximum transmission distance of only 2.6 m and a mere 1% conversion efficiency, as
reported in [15]. These limitations hindered its application in UAVs. Thus, the innovative
approach presented in this paper, which integrates a TIM structure and high-efficiency
semiconductor gain medium, significantly enhances both the transmission distance and
conversion efficiency. This improvement makes the application of the resonant beam system
in UAVs feasible. Furthermore, we have developed a viable communication pathway that
facilitates simultaneous energy transmission and information delivery. The establishment of
a reliable optical communication channel addresses bandwidth and interference challenges,
effectively integrating UAVs as functional nodes in IoT applications. Beyond the UAV
application mentioned above, the RB-SWIPT system is versatile enough to be integrated
with a wide range of real-time IoT terminals. Examples include human body sensors,
cameras, smart doorbells, and other IoT devices. The implementation of this system
can effectively address common challenges such as the need for extensive device wiring,
excessive battery usage, and radio signal interference. This is achieved by enabling real-
time energy and signal transmission, thereby enhancing the efficiency and reliability of
IoT networks.
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5. Conclusions

In this paper, we introduced a high-efficiency resonant beam charging and commu-
nication system, which utilizes a semiconductor gain medium and a telescope internal
modulator. Grounded in the theories of beam transmission, power conversion, energy
harvesting, and data reception, we developed comprehensive analytical models. These
models address the analysis of beam propagation, output beam power, output electric
power, and spectral efficiency of our proposed system. Numerical results demonstrate that
our system exhibits exceptional SWIPT performance. It is capable of producing 16 W of
electric power with an 11% end-to-end conversion efficiency and supporting a spectral
efficiency of 18 bit/s/Hz for communication purposes.

There are compelling topics that warrant further investigation in future studies: (1) A
more extensive experimental test platform can be established by incorporating both gain
media and communication modules, which would enable a more thorough examination
and analysis of the energy transfer capabilities and communication performance of the
proposed system. (2) The implementation of the RB system in IoT sensors and devices,
encompassing aspects such as module integration and load, along with its consequential
impact on device performance parameters, such as power output and data transmission
rates, can be further explored.
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