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Abstract—Simultaneous wireless information and power trans-
fer (SWIPT) is a remarkable technology to support both the
data and the energy transfer in the era of Internet of Things
(IoT). In this paper, we proposed a long-range optical wireless
information and power transfer system utilizing retro-reflectors, a
gain medium, a telescope internal modulator to form the resonant
beam, achieving high-power and high-rate SWIPT. We adopt the
transfer matrix, which can depict the beam modulated, resonator
stability, transmission loss, and beam distribution. Then, we
provide a model for energy harvesting and data receiving,
which can evaluate the SWIPT performance. Numerical results
illustrate that the proposed system can simultaneously supply
0∼9 W electrical power and 18 bit/s/Hz spectral efficiency over
20 m distance.

Index Terms—Resonant beam communications, Laser commu-
nications, Wireless charging, Simultaneous wireless information
and power transfer

I. INTRODUCTION

In the era of Internet of Things (IoT), countless network

devices are interconnected in various scenarios for making

our life smart and convenient. However, with expansion of

applications of IoT, their demands for communication and

power increase dramatically [1]–[5]. Facing this bottleneck, si-

multaneous wireless information and power transfer (SWIPT)

technology has recently attracted wide attention to providing

both information and energy at the same time [6]. SWIPT tech-

nologies can be classified into two types: wide-area omnidirec-

tion and narrow-beam orientation. Wide-area omnidirectional

technology such as broadcasting radio-wave can support long-

distance and omnidirectional SWIPT [7]. But, the broadcasting

energy emission results in energy dissipation, which makes

it difficult to achieve high-power transmission. Narrow-beam

orientation technology such as beamforming light-emitting

diode/laser diode can support high energy density transmission

[8]. But using the narrow electromagnetic beam always ac-

companies the challenges of alignment and human safety. The

emergence of scheme based on resonant beam (RB) provides

a new idea to implement SWIPT.

The RB scheme utilizes the optical beam as the energy

and data carrier, which belongs to the narrow-beam type.
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Fig. 1. Resonant beam systems application scenarios (RBT: resonant beam
transmitter; UAV: unmanned aerial vehicle)

Moreover, due to the line of sight (LoS) characteristic, the

beam delivering will cease immediately when objects intru-

sion, which can ensure safety. Besides, thanks to the separation

cavity structure and retro-reflectors, the system can realize

self-alignment for mobility [9]. Furthermore, the optical beam

enables the ability of high-rate data transfer because of the

huge available bandwidth and high signal-to-noise ratio [10].

Fig. 1 depicts the application scenarios of the RB system.

Devices such as the unmanned aerial vehicle (UAV), smart-

phones, laptops, etc., can be supported by it [11].

The original RB (also known as distributed laser) design was

proposed by [12] for wireless power transfer. It immediately

gains wide attention. In [13], Zhang et al. concluded the

function principle, built the numerical model, and analyzed

the basic performance of the RB system for wireless charging.

Zhang et al. also experimentally confirm that the energy

transfer of the RB system can accomplish 2 W power transfer

over 2.6 m [14]. In [15], Sheng et al. shows an efficient,

long-distributed-cavity laser that uses a cat-eye retroreflector

arrangement to enable cavity alignment, a telescope to broaden

and focus the laser beam, as well as analyzing the impact

of intra-cavity spherical aberration on laser efficiency and

correcting it with an aspheric lens. Sheng et al. also studied

the theoretical and practical effects of field curvature (FC) on

a distributed-cavity laser with cat-eye optics [16]. The RB

system use light beam as carrier, which makes it have great

communication potential. In [17], Xiong et al. shows a feasible

wireless communication scheme based on RB, as known as,

resonant beam communications (RBCom). Xiong et al. also

proposed a second-Harmonic RBCom design which is used

to overcome the echo-interference problem during the data

transfer [18].

In summary, the above research has explored the RB tech-

nology on system design, basic principle development, and
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structure optimization in power charging and communication,

which builds a preliminary notion for RB-SWIPT. However,

the resonant beam SWIPT technology still has challenge

in feasible system design, performance evaluation, and pa-

rameters analysis. In this paper, we introduce a long-range

simultaneous wireless information and power transfer scheme

based on RB. Then, we adopt the transmission matrix to

analyze the end-to-end beam transfer, resonator stability, and

beam distribution. We also present an analytical model for

simultaneous power and data transfer. Finally, we evaluate the

system performance and give analysis for structure parameters.

The contributions of this paper can be concluded as follows:

• An optical wireless information and power transfer

(LOWIPT) system is proposed, which can concurrently

achieve long-range, high-power charging, and high-rate

communication for IoT devices.

• The end-to-end beam transmission process is revealed

utilizing the beam transmission matrix, which can analyze

the beam modulated, resonator stability, transmission

loss, and beam distribution.

• The model of simultaneous power and data transfer is

developed, based on which the LOWIPT performance can

be evaluated and analyzed.

The presentation of the system fundamental concept will be

illustrated in Section II of the rest of this paper. The BCRB

system’s analytical model will be developed in Section III.

The performance of the BCRB system will be evaluated in

Section IV. Finally, in Section V, conclusions will be drawn.

II. SYSTEM FUNDAMENTAL PRINCIPLE

Fig. 2 depicts the design of the RB-SWIPT system. The

system is divided into two parts: the transmitter and the

receiver, which are separated by free space. A reflector M1, a

power source, a gain medium, and a TIM are in the transmitter.

A reflector M2, a beam splitter, a photovoltaic (PV) cell, and

an avalanche photodiode (APD) are in the receiver. Among

these elements, the reflectors M1, M2, TIM, and the gain

medium form the spatially separated resonator (SSR), based on

which the resonant beam can be transmitted. In the following

subsections, we will briefly outline the fundamental principles

of energy conversion and data transfer, as well as influence

factors about the long-range resonant beam transfer.

A. Energy Conversion

The system’s energy conversion process is separated into

three phases: energy absorption, stimulated emission, and

power output. 1) Energy absorption: The input electrical power

is converted to pump beam power in the power source. Then,

with the pump beam radiating to the gain medium, the particles

in the gain medium will be activated, which leads the particles

being transited from low energy level to high energy level.

Finally, population inversion occurs and energy is stored in the

gain medium. 2) Stimulated radiation:Particles are continually

transited to the high energy level with the pump power input.

Because high-energy particles are in the unstable state, they

will fall back to a lower energy level with spontaneous and
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Fig. 2. System diagram (TIM: telescope internal modulator; PV: photovoltaic;
APD: avalanche photodiode; Sin, Sout: input and output signal; Pout, Pin:
output, input electrical power)

stimulated radiation and produce photons. 3) Power output:

These released photons forming the beam rays travel between

the reflectors M1 and M2, accompanied by energy gain and

loss. During this process, part of the beam that carry the energy

will output at M2 of the receiver.

B. Data Transfer

The data signal is loaded on the pump source by an

electrical modulator, as shown in Fig. 2. The gain medium

receives the pump energy and generates the excitation beam

where the mapping relationship can be built and the signal can

be delivered into the SSR. Then, after the beam transmitting

through the free space from transmitter to receiver, the signal

will be received by the APD detector. The communication

process of the proposed system is similar to traditional space

optical communication, which can be modeled as a linear time-

invariant system [19]:

Sout(t) = γPdSin(t) ∗ (hs(t) ∗ hf (t) ∗ hD(t)) + nt(t), (1)

where ∗ is the convolution operator, Sout and Sin express

the output signal and input signal; n(t) is the additive white

Gaussian noise (AWGN), and hs(t), hf (t), hD(t) are the

impulse response functions of the adjustable power source,

the free space and the APD detector, respectively.

C. Transmission Loss

Section II.A states that there are several phases involved

in the conversion of energy, accompanying by energy loss

such as heat loss, air absorption loss, optical reflection loss,

and beam diffraction loss. Among them, beam diffraction loss

belong to transmission loss which will gain as the distance

increase, impacting the transfer range. The beam diffraction

loss comes from the beam diffraction and overflow on the

finite aperture [20]. In Fig. 3, we assume that a beam with

a divergence angle θ and beam spot (beam cross-section)

radius ω spreads in open space. Due to θ, the beam will

inevitably diffusion during transmission, which makes the spot

radius enlarge from ω to ω′. When there is an aperture with

radius a (a < ω′) in the transmission route, a portion of

the beam will overflow or become obstructed, resulting in

beam loss. Moreover, since the beam divergence increases with

distance, the loss will gain, continuously. Finally, the beam

transmission is cut off when the energy loss is big enough over
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Fig. 3. Beam loss on aperture (ω: initial beam radius; ω′: divergent beam
radius; a: aperture radius; θ: divergence angle)
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Fig. 4. Beam propagating in the free space expressing by vector (~r1:beam
with location x1 and θ1 angle; ~r2:beam with location x2 and θ2 angle; z:
~r2 location on the Z axis)

a given distance. Generally, if the beam spot is substantially

bigger than the aperture, significant energy loss will present.

In contrast, energy loss will be minimal if the beam spot is

manageable and the majority of the beam may travel through

the aperture instead of being obstructed or overflowing [21],

[22].

In the RB system, elements such as gain medium and

reflectors with geometric boundary will be as apertures in

the transmission route. On this premise, TIM was proposed

and introduced into the proposed scheme to suppress the

transmission loss, which will be described in the next chapter.

III. ANALYTICAL MODEL

In this section, we will depict the end-to-end beam transmis-

sion using the transmission matrix at first. Then, we will define

the beam distribution. Finally, the model of energy output and

data transfer will be developed. These models lay an analytical

foundation for the performance evaluation of the RB-SWIPT

system in Section IV.

A. End-to-end Beam Transmission

1) Transmission matrix: To establish the analytical model

of the beam transmission, the propagation of the beam be-

tween the transmitter and the receiver should be depicted in

mathematical. Based on [22], we introduce the beam vector

and transmission matrix to accurately and strictly analyze the

beam transfer. Fig. 4 shows the process of beam propagating

straightly in the air. The incident beam is denoted by a column

vector ~r = [x1, θ1]
T ([x1, θ1]:row vector, T:transpose symbol),

where x1 is the start point location and θ1 is the inclination

angle. Then, we assume that the beam travels along the dotted

line and comes to position z. After the beam propagating,

Gain Modular

 !  "  #
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 $ =  % &  %'! &&&  " &  !

()#

*(+,-

Fig. 5. Beam propagation in concatenate elements ( ~rin: Initial beam vector;
~rout: Exit beam vector; M1-Mn: transmission matrices)

the vector ~r1 converts to ~r2 = [x2, θ2]
T. Due to the beam

propagation along the straight line, parameters’ relationship

between the ~r1 and ~r2 can be described as:
{
θ2 = θ1

x2 = x1 + z tan θ1
. (2)

Normally, the beam transmits off the light axis (Z) in the

system. Thus, the inclination angle can be small, which

satisfies tan θ1 ≈ θ1. At the moment, the vectors could be

represented as:

~r2 =

[
1 z
0 1

]
~r1 = Mz ~r1, (3)

where the Mz is denoted as the transmission matrix. Gener-

ally, the transmission matrix can be expressed as:

M =

[
A B
C D

]
, (4)

where A,B,C,D are matrix elements determined by the

medium structure.

Usually, different optical mediums will exist in the cavity

with different transmission matrices, such as lenses, reflectors.

The situation that the beam passed multi-mediums is depicted

in Fig. 5. The beam vector ~rin starts on the left. After passing

the first medium, ~rin is converted to ~rout and so next. If the

space has n mediums with matrices M1 ∼ Mn, ~rin is finally

converted to ~rout as:

~rout = Mn · · ·M2M1 ~r1 = Mc ~rin, (5)

where Mc is concatenated by M1 ∼ Mn.

The retro-reflector has the ability to reflect the incident beam

of any direction back to be parallel to the original direction,

and is the core element of the system’s practice self-alignment

function. The retro-reflector used in this paper consists of a

lens and a mirror, and its structure is shown in Figure 3. As

can be seen, the lens is a convex lens with focal length f , the

reflective mirror is flat and is located at the exit pupil d of

the lens. Based on the transmission matrix, we can define the

retro-reflector as:

Mr =

[
1 f
0 1

] [
1 0

−1/f 1

] [
1 d
0 1

] [
1 0
0 1

]

[
1 d
0 1

] [
1 0

−1/f 1

] [
1 f
0 1

]

=

[
−1 0
1/fr −1

]
,

(6)
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where

fr =
f2

2(d− f)
. (7)

If we set d = f , which means the reflective mirror is located

at the focal point of the convex lens. The Mr will become as:

Mr =

[
−1 0
0 −1

]
. (8)

Therefore, any light rays that enter the reflector will return to

the reverse direction.

2) Resonator stability: When designing the SSR, the res-

onator stability should be considered, since it decides whether

the beam will overflow while traveling between the transmitter

and the receiver. [22].

Based on transmission matrixes, we can describe the beam

propagation in one round-trip (end-to-end). Taking the position

of the beam at M1 as the starting point, the beam will pass

through M1, the gain medium, the convex lens and concave

lens to M2 in succession. Based on [Section III.A.1)], the

beam propagation can be depicted as:

MRT =MM1ML1
ML2

MD1
MlMD2

ML3
MM2

·ML3
MD2

MlMD1
ML2

ML1

=

[
ART BRT

CRT DRT

]
,

(9)

where MM1
,MM2

,MD1
,MD2

and Ml represent the trans-

mission sub-matrix of beam propagating through the reflector

M1, M2, and the TIM (D1 and D2: lenses; l: lenses’ distance);

ML1
, ML2

, and ML3
are introduced to depict the process of

the beam passing the free space with different distance L1, L2

and L3. The matrix expressions of MM1
∼ ML3

have been

presented in TABLE I. Note that the gain medium normally

makes by high transmittance material. Thus, we can amuse

that it follows the same transmission law like the free space.

Then, we consider the situation that the beam has transmit-

ted n times in the cavity, which is:

~rn = MRT · · ·MRTMRT ~r0 = M
n
RT ~r0, (10)

where ~r0 = [x0, θ0]
T is the initial beam vector, ~rn = [xn, θn]

T

is the end beam vector. According to Sylvester’s theorem,

M
n
RT satisfies the following formula:

M
n
RT =

[
ART BRT

CRT DRT

]n
=

[
ART,n BRT,n

CRT,n DRT,n

]

=
1

sinΘ
·

[
ART sinnΘ− sin(n− 1)Θ BRT sinnΘ
CRT sinnΘ DRT sinnΘ− sin(n− 1)Θ

]
,

(11)

M1 M2

 !"  !#

TIM

 !  " #  $

%&!
%&"Beam spot

Spot radius

 !

Gain

medium

 !  "

Fig. 6. Diagram of the SSR (ωM1, ωM2, ωg : beam spot radius; L1 ∼ L3:
elements’ distance; M1, M2: retor-reflectors; D1, D2 lenses)

where

Θ = arccos
1

2
(ART +DRT). (12)

Finally, ~rn can be depicted as:
{
xn =ART,nx0 +BRT,nθ0

θn =CRT,nx0 +DRT,nθ0
. (13)

When the system is stable, the beam will not overflow after

n times of cyclically transmission, which means the value of

| ~rn| should be limited (| · |=vector modulus). Thus, the value

of ART,n, BRT,n, CRT,n, and DRT,n must be under range at

any n. Therefore, the value of Θ should be a real number,

where ART and DRT satisfy the inequality as:

− 1 <
1

2
(ART +DRT) < 1. (14)

Taking the matrix elements from MRT into (14), the fol-

lowing inequality can be obtained as:

0 <(
f2
f1

+
l − (L1 + L2)

f2
f1

− L3f1
f2

fr1
)

· (
f1
f2

+
l − (L1 + L2)

f2
f1

− L3f1
f2

fr2
) < 1,

(15)

where f1 and f2 express the focal length of lens D1 and D2;

fr1 and fr2 express the fr parameter of retro-reflectors M1

and M2; l, L1, L2, L3 are distance parameters presenting in

Fig. 6.

B. Beam Spot Radius

From section II.C, we know that the beam loss may occur

on the aperture, and a TIM is introduced in the transmission

TABLE I
MATRIX EXPRESSION [21]–[23]

MM1 MM2 MD1
MD2

ML1
ML2

ML3
Ml

[

1 0

−
1

f
r1

1

] [

1 0

−
1

f
r2

1

] [

1 0

−
1
f1

1

] [

1 0

−
1
f2

1

] [

1 L1

0 1

] [

1 L2

0 1

] [

1 L3

0 1

] [

1 l
0 1

]
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path to compress the incident beam distribution and inhibit the

beam loss. In RB-SWIPT, the process of beam compression

need and the change of beam distribution detail analysis.

Fig. 7 shows the schematic of the TIM and the process of

the beam compression. The TIM is composed by a concave

lens and a convex lens, and their focal length is f1 and f2.

Two lenses are placed in parallel, and their focuses are overlap

(l = f1+f2) [24]. When the resonant beam enters the TIM, it

will first pass the convex lens. Under the function of the lens,

the phase of the beam is changed, which makes the beam

transmit toward the lens’s focal point. Then, the beam passes

the concave lens, and a second phase change is undergone,

which leads the beam parallelly emitting from the concave

lens. Using the transmission matrix in Table I, the process

can be expressed as:

MD2
MlMD1

=

[
1 0

− 1
f2

1

] [
1 l
0 1

] [
1 0

− 1
f1

1

]

=

[
1
M

l
0 M

]
,

(16)

where M = −f2/f1 is introduced as the TIM structure

parameter.

We assume all optical elements involved have ideal optical

properties, and the fundamental mode in resonant beams is

dominant. Thus, we can use circular beam spot to define

the beam distribution. Then, its radius can judge the beam’s

change. According to (16), the TIM can convert the beam

with spot radius from ω′ to ω′′ with convention relationship

ω′′ = ω′/M . In accordance with analysis presenting in Section

II.C, gain medium usually has the smallest geometry which

will produce the diffraction loss. Therefore, the TIM is set on

the side of the gain medium close to the receiver.

In section III.A, we have developed the beam transmission

matrix MRT which can depict the beam propagation in SSR.

Based on it and theory in [25], the spot radius of the beam

on the gain medium ωg can be depicted as:

ωg ≈ ωM1 =

√√√√λ

π

√
ξ2ζ2

ζ1(1− ζ1ζ2)
, (17)

where ωM1 represent the spot radius of the beam on the M1

(ωg ≈ ωM1: considering the M1 and the gain medium are

adjacent); λ is the wavelength of the resonant beam; ζ1, ζ2,

and ξ are intermediate variables, which are defined as:





ζ1 = −
f2
f1

−
l − (L1 + L2)

f2
f1

− L3f1
f2

fr1

ζ1 = −
f1
f2

−
l − (L1 + L2)

f2
f1

− L3f1
f2

fr2

ξ = l − (L1 + L2)
f2
f1

−
L3f1
f2

. (18)

Utilizing the (17), we can evaluate the change of beam

distribution after it pass the TIM. Further, we can obtain the

beam compression performance of the TIM.

 2 �
2!2 ��

Convex Lens

Concave Lens

Focus

 !

 "

# =  " + !

Aperture

Initial Beam
Exit Beam

Fig. 7. Beam compressed by TIM (ω: initial beam radius; ω′: compressed
beam radius; a: aperture radius; f2: focal length of convex lens (f2 > 0);
f1: focal length of concave lens (f1 < 0); l distance of two lenses)

C. Energy harvesting and Data receiving

After the processes of energy-absorbing and stimulated

radiation, the resonant beam generates and cyclically oscillate

in the SSR. In the receiver, part of the beam will emission from

the reflector M2 as a function of the external beam. Based

on the cyclic power principle [21] and RB system structure

presented in Section II, the external beam power can be defined

as:

Pbeam = ηs(Pin − Pth), (19)

where ηs is the slope efficiency, Pin is the input power, and

Pth is the threshold power (only Pin > Pth the external beam

can be output). The specific expression of ηs and Pth are:






ηs =
2ηc(1 −R2)

(δc − lnR2)(1 + R2)

Pth =

(
δc − lnR2

2

)
A

ηc
Is

, (20)

where ηc = ηpηtηaηgηB expresses the compounded energy

conversion efficiency making by pump source efficiency ηp,

radiation transfer efficiency ηt, radiation absorption efficiency

ηa, gain conversion efficiency ηg , and beam overlap efficiency

ηB; R2 is the reflectivity of reflector M2; A is the stimulated

emission cross-section; Is is the saturation intensity; δc =
−In(V 2

p V
2
t R1) is the compounded cavity loss factor consisting

of reflectivity of reflector M1 (R1), compound passing loss

Vp (beam reflection and absorption loss occur on passing the

lenses and the gain), and beam transmission loss Vt.

According to Section II.C, the transmission loss Vt mainly

comes from the beam diffraction loss produced on the aperture.

To analyze the Vt, we can use the field calculation. However,

the field calculation based on the Fresnel-Kirchhoff diffraction

theory and Fox-Li method has high computational cost. Thus,

we adopt an approximation calculation method using the

transmission matrix [26], based on which VT can be described

as :

Vt= 1− δd

= 1− exp

[
−2π

a2

λξ

√
ζ1 (1− ζ1ζ2)

ζ2

]
(21)
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where δd expresses the beam diffraction loss ratio; λ is the

wavelength of the resonant beam; a expresses the radius of

the effective aperture, and L3 is the end-to-end distance.

To achieve data and energy simultaneously, we utilize the

beam splitter to divide the external beam into two streams.

One stream is used for energy harvesting, while the other is

used for data receiving.

1) Energy harvesting: Firstly, after passing the splitter, the

beam will propagate through the optical waveguide arriving at

the PV cell. Then, the PV cell collects the optical beam and

converts them to electrical power by photoelectric conversion.

This process can be defined as [27]:

{
Pp = µPbeam,

PEout = a1Pp + b1,
(22)

where and µ is the beam split ratio, a1 and b1 are the structure

compound parameters of the PV cell involving the cells’

number, background temperature, absorption efficiency, etc.

2) Data receiving: Different from scheme using PV for data

receiving, avalanche photodiode (APD) [28], [29] is applied

for receiving the optical signal carried by the external beam,

which can be expressed as:

Pd = (1− µ)Pbeam. (23)

To describe the process of data receiving on APD, we intro-

duce the additive white Gaussian noise (AWGN). The shot

noise and thermal noise are involved in the AWGN, which

satisfies the following relationship as:

n2
t = n2

shot + n2
thermal, (24)

where the nthermal and nshot are expressed thermal noise and

shot noise. Among them, the shot noise can be expressed

as [30]:

n2
shot = 2q(γPd + Ibg)Bx, (25)

where q is the electron charge, Bx is the bandwidth of APD,

Ibg is the background current. Then, the thermal noise can be

defined as [30]:

n2
thermal =

4KTBx

RL

, (26)

where K is the Boltzmann constant, T is the background

temperature, and RL is the load resistor. At this time, the

spectral efficiency (throughput) of the system can be described

as [31]:

C̃ =
1

2
log2

(
1 +

(γPd)
2

2πen2
t

)
, (27)

where e is the natural constant, n2
t is the noise power,

and γ is the parameter of the optical-to-electrical conversion

responsivity of APD. Further, the signal-to-noise ratio (SNR)

can also obtain, which is:

SNRdB = 10 log10

(
(γPd)

2

n2
t

)
. (28)
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Fig. 8. Beam spot radius and diffraction loss on gain medium versus end-to-
end distance

IV. NUMERICAL ANALYSIS

In this section, to evaluate the ability of the RB-SWIPT

system, we will compare the transmission performance of it

to the original systems at first. Then, we will analyze the

impact of structure parameters on the transmission distance,

diffraction loss, output power and data transfer, giving the

achievable performance of the RB-SWIPT system.

A. Performance Comparison

According to Section III.B, we can use the beam spot radius

to analyze the beam’s changing, and the external beam power

to analyze the end-to-end energy transmission performance.

Besides, we will adopt some constant parameters from [14],

[21] as the typical SSR parameters.

1) Beam spot radius: We set the distance of M1 and gain

medium L1 = 4 cm. The gain medium and TIM are adjacent

(L2 = 1 cm), considering the integration of elements in

the transmitter. The fr parameter of M1 takes fr2 = ∞
(d = f ). The fr parameter of M2 takes fr2 = 10 m. The

geometric radius of gain is 1 mm. The focal length of D1 takes

f1 = −10 mm. The TIM’s parameter takes M = 3, and the

wavelength of beam is 1064 nm. Adopting these parameters

into the models presented in Section III, the relationship of the

spot radius on the gain medium ωg and end-to-end distance

L3 is given in Fig. 8 (blue curves). As can be seen, the

beam spot radius of the proposed system with the TIM can

keep less than 0.4 mm, while the beam spot radius of the

original system without TIM (M=1) is more than 0.5 mm.

Moreover, as the values of L3 increases, the ωg of proposed

scheme changes smoothly, while the beam spot radius of the

original scheme will drastically increase to 1.3 mm (>1 mm).

Overall, numerical results show that the proposed scheme can

efficiently compress the incident beam on gain medium, and

sustain the compression condition in a variety of ranges.

2) Diffraction loss: Furthermore, using parameters defined

above and setting M = 1 and M = 3 as the reference

point, we obtain the relationship curves of the diffraction
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loss producing on the gain medium δd and the end-to-end

transmission distance L3. According to Fig. 8 red curves,

both the δd of the proposed system (M = 3) and original

system (M = 1) will increase as the L3 increasing. However,

the diffraction loss in the proposed system is close to 0

(< 10−4), which proves the diffraction loss is effectively

reduced through the beam compression. In contrast, the δd
of the original increases to 0.3 at L3 = 5 m, presenting a high

power attenuation.

In summary, compared with the original system, the

proposed system can achieve effective and steady beam-

compression, which prominently restrain the diffraction loss

in long-range beam transmission.

B. Achievable Performance of RB-SWIPT System

In this part, we will further evaluate the achievable perfor-

mance of the RB-SWIPT system. The obtained relationship

between system performance and parameters has guiding value

for system design and optimization.

1) Stable transmission distance: According to Section III.A,

resonator stability is the prerequisite for system operation,

which ensures the beam oscillation between the receiver and

the transmitter.

We can get the maximum stable transmission distance

through the inequality (15). Firstly, considering some parame-

ters are constant, we mainly evaluate the impact of M and fr2
on the system performance. Then, based on the parameters’

value set in the above section and comprehensively considered

the influence of the two parameters on L3,Max, the relationship

between curvature radius fr2, TIM’s structure parameter M ,

and the maximum end-to-end transmission distance L3,Max as

the intensity distribution diagram can be depicted in Fig. 9.

As can be seen, both the M and fr2 impact the L3,Max.

When fr2 is fixed, to achieve a large L3,Max, M needs to

take a large value. In accordance with the model in Section

II.A, f1 and f2 are the focal length of TIM’s lenses, which

influence the optical capability of the TIM. Thus, the change of
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Fig. 10. Maximum spot radius of beam on the gain medium intensity
distribution on different M and fr2

M = −f2/f1 will impact L3,Max. In numerical, L3,Max can

be 25 m when M takes 2∼10 and fr2 takes 20∼30 m. Overall,

L3,Max presents a positive increase relationship with fr2 and

M . Thus, considering the resonator stability, M and fr2 need

to design as a large value to support long-range SWIPT in

practice.

2) Beam spot radius: Because of the beam divergence, the

radius of beam spot will be different at different distances, we

introduce the maximum value of the spot radius ωg,Maxon the

gain medium to analyze. Based on (9), (17), Table I, and the

parameters determined above, the relationship of ωg,Maxand

M can be obtained as the function of intensity variation

presenting in Fig. 10. As can be seen, M and fr2 all have

an effect on the ωg,Max. When fr2 is fixed, L3,Max will

decrease as M increase, which indicates that the ability of

beam compression gains. On the contrary, fr2 has the positive

impact on L3,Max. Numerically, L3,Max can be 0.35∼0.45

mm when M takes 2∼5 and fr2 takes 10∼30 m.

Generally, we can strengthen the compression capability by

increase the parameter M and reduce the fr2.

3) Beam diffraction loss: In Section IV.A, we compare and

analyze the beam diffraction loss on original system and the

proposed system. In this part, we will further analyze the

beam diffraction loss at different structure parameters. Firstly,

we enhance the transmission distance range to 20 m. Then,

according to abovementioned analysis, we set the fr2 =40

m. Finally, taking the constant parameters defined above, the

curves of the beam diffraction loss ratio δd as a function of

transmission distance L3 with different M can be presented in

Fig. 11. With the transmission distance increasing, the curves

present a same trend that rising sharply at first and then being

flat. Moreover, with the M being large, the curves will move

down, which means the value of δd will become smaller when

M becomes larger. In numerical, values of δd are distributed

between 10−10 and 10−1. Overall, we can design appropriate

M to keep δd close to 0 over long-range transmission.

4) Energy harvesting: To evaluate the performance of the

energy harvesting, we set the µ =1 to test the charging
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performance that all the external beam energy deliver to PV.

The system boundary parameters need to be defined. Firstly,

the reflectivity of M1 and M2 are set as 0.999 and 0.2618.

a1 and b1 of the PV cell are taken 0.3487 and -1.525 [14].

Then, we take the value of pump source efficiency ηp = 0.5,

the radiation transfer efficiency ηt = 0.98, the radiation

absorption efficiency ηa = 0.85, the gain conversion efficiency

ηg = 0.72, the beam overlap efficiency ηB = 0.95, and

the compound passing loss Vp = 0.96 [21]. Finally, we

define the saturation intensity of gain medium (Nd:YVO4)

Is = 1.1976× 107 W/m2, and the stimulated emission cross-

section A = 7.8540×10−7 m2.

We use different Pin as reference point and the constant

boundary parameters defined above. The relationship between

the output power Pout and beam diffraction loss ratio δd can

be obtained. As shown in Fig. 12, with the increase of δd,

the values of PEout will quickly drop to 0 with a downward

linear trend. Moreover, when Pin takes a large value, the entire
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Fig. 13. Beam split ratio µ versus spectral efficiency and SNR; spectral
efficiency versus SNR

curves of PEout will move up, presenting a higher power

output (7∼9 W). Besides, we depict the line of the PEout as the

function of Pin when the δd ≈ 0 for simulating the situation

that the TIM is applied. From Fig. 12 subgraph, PEout and

Pin present a positive linear relationship. Numerically, the

threshold power of the system is around 40 W. PEout can

be 0∼9 W when the value of Pin takes 0∼150 W.

4) Data receiving: Firstly, we take optical-to-electrical con-

version responsivity of APD γ = 0.6 A/W [36], the bandwidth

of the noise Bx = 811.7 MHz [37], the electron charge q
= 1.6 × 10−19 C, the background current Ibg = 5100 µA
[38], the Boltzmann constant K = 1.38 × 10−23 J/K, the

background temperature T = 300 K, and load resistor RL

= 10 KΩ [30]. Then, we set the input power Pin = 80 W as

reference point. Finally, applying these parameters into (23)-

(28), the relationship between the spectral efficiency C̃ , SNR,

and beam split ratio µ can be described in Fig. 13. As is

shown, the spectral efficiency of the proposed system can be

20 bit/s/Hz, and the SNR is greater than 100 dB, which shows

a remarkable data transfer capability. With the µ increasing,

both the spectral efficiency and SNR show a slow downward

trend before the µ is close to 0. It proves that the APD has a

great sensitivity for data receiving, and small values of 1− µ
can be taken. Moreover, we also put the relationship of the

SNR and spectral efficiency. As in Fig. 13 subgraph, the SNR

and spectral efficiency present a liner relationship. A great

spectral efficiency needs the SNR to take a high value.

To explore the impact of input power on spectral efficiency

and SNR, we set the split µ = 0.95 and 0 as reference points,

and take input power Pin 0 to 140W. After the parameters

substitution and formula calculation, the relationship curves

of input power, spectral efficiency and SNR can be obtained

in Fig. 14. As is presented, with Pin increasing, curves of

the spectral efficiency and SNR will rise slowly. When µ
equals to 0 (all beam is assigned to APD), both the spectral

efficiency and SNR enhance. Numerically, the spectral effi-

ciency increases near 2 bit/s/Hz, while the SNR promotes 10

dB. These results prove that high input signal power benefits
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TABLE II
COMPARISON OF EXISTING SWIPT SCHEMES

Schemes&Authors Input Power Output power Spectral efficiency Transmission Distance

RF-based; Krikidis et al. [32] 10 W 5 mW 7 bit/s/Hz 10 m

RF-based; Lu et al. [33] 4 W 5.5 µW not stated 15 m

VL-based; Ma et al. [34] 316.2 W 2.96 mW 6 bit/s/Hz 1.5 m

VL-based; Abdelhady et al. [35] 450 W 0.38 mW 8 bit/s/Hz 3.0 m

This work 150 W 9 W 20 bit/s/Hz 18 m
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Fig. 14. Spectral efficiency and SNR versus input power

the data transfer. However, the amount of increase that can

be made is restricted. In practice, µ = 0.95 can achieve 18

bit/s/Hz spectral efficiency and 120 dB SNR, which makes the

system has the capability to supply high quality data transfer

and high power output.

C. Summary

After numerical evaluation and analysis, we can make a

summary that the suggested RB-SWIPT system can effectively

restrain the transmission loss caused by beam diffraction to

near 0 over a distance of 20 m. Moreover, the system can

support 0∼9 W electrical power for charging and a maximum

spectral efficiency of 20 bit/s/Hz for data transfer. Table

II compares the performance of our scheme to the typical

SWIPT designs such as visible light (light-emitting diode as

beam source) SWIPT and radio frequency SWIPT. As can be

seen, the proposed RB-SWIPT has advantages in high power

charginh while also supporting high spectral efficiency for

communication over long distance.

V. DISCUSSION

A. Spherical Aberration

According to Fig. 6, there are various optical lenses with

spherical surfaces in the system, which are adopted for beam

modulation. Ideally, light beam passes through these lenses

converge or diverge to a point along the desired par-axial

path. If it passes through a lens deviating from the ideal

point, spherical aberration will produce [39]. The existence

of spherical aberration affects the end-to-end transmission of

Perfect lens 

Normal lens 

Light rays

Focal point

Fig. 15. Spherical aberration

beam and makes the quality of beam deteriorate [39]–[41].

Fig. 15 depicts the spherical aberration. As can be seen, light

rays can converge to the focal point when passing through an

ideal lens. On the contrary, part of the rays are out of focus

in normal lens.

In this paper, we assume that the involved lenses have ide-

ally optical characteristic and the resonant beam is fundamen-

tal mode (with the ideal beam quality). If the normal lenses are

adopted, the multimode beam will exist in resonator and the

system performance will inevitably differ from the simulation

results. According to [15], when the system uses normal lenses

with large spherical aberration, over 70% of the energy may

lose. Therefore, the actual system performance may be worse

than the numerical results. To ensure the beam transmission

efficiency, the system needs to suppress spherical aberration.

The combination of positive and negative lenses and using

aspheric lenses are two typical schemes to remove spherical

aberration [39], [42]. Specifically, the spherical aberration of a

positive lens is negative, and that of a negative lens is negative.

Therefore, the combination of positive and negative lenses

can effectively suppress the spherical aberration. Aspheric lens

technology adopts changing the shape of the lens surface and

adjusting the curvature of some positions, the global spherical

aberration of the lens can be eliminated. In future work, a

detailed analysis and evaluation about the spherical aberration

will be presented, independently.

VI. CONCLUSIONS

A long-range optical wireless information and power trans-

fer scheme is proposed in this paper. The scheme utilize

retro-reflectors, a gain medium, a telescope internal modulator

forming the resonant beam, which can realize high-power

charging and high-rate communication. An analytical model of
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the scheme has been developed to evaluate resonator stability,

transmission loss, beam distribution, energy harvesting, and

data receiving. The impact of structure parameters on system

performance has been analyzed. A discussion of spherical

aberration has been conduct. Numerical results illustrate that

the proposed scheme can support 0∼9 W power and enable

18 bit/s/Hz spectral efficiencies simultaneously over 20 m.
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