
1
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Charging and Communication
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Abstract—High communication speed and sufficient en-
ergy supply are the directions of technological develop-
ment. Energy and information available anywhere and
anytime has always been people’s good wishes. On this
basis, resonant beam system (RBS) has demonstrated its
unique superiority in meeting the needs for energy and
communication. The previous work has mostly focused
on the analysis of charging performance of RBS and
its steady-state characteristics. In order to analyze the
communication performance of RBS more thoroughly, we
propose a resonant beam charging and communication
(RBCC) system and use the equivalent circuit analysis
method to conduct transient analysis on it. The equivalent
circuit reveals the dynamic establishment process of the
resonant beam from scratch, which facilitates the analysis
of the relaxation oscillation process and a deeper under-
standing of the energy transmission and communication
performance. In addition, we explore the energy transmis-
sion and communication performance of the RBCC under
different energy allocation strategies.

Index Terms—SWIPT, equivalent circuit, transient anal-
ysis.

I. INTRODUCTION

W ITH the widespread application of Internet
of Thing (IoT) devices, the industry esti-

mates that there are tens or even hundreds of bil-
lions of IoT devices connected to wireless networks
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Fig. 1. A typical application scenario of RBS.

to provide ubiquitous connections [1]. In addition
to logistics factories [2], smart homes [3], smart
cities [4] and other places with plenty of electricity,
IoT has played a huge role in difficult and even
dangerous places, such as earthquakes [5], deserts,
and landslides [6]. Ensuring and extending battery
life is one of the most important considerations for
IoT devices [7], [8]. For medical devices such as
pacemakers, the life of the device can mean the
difference between life and death [9]. Although low-
power wireless communication technologies (such
as LoRa [10], NB-IoT [11], [12], etc.) enable the
battery life of IoT devices to several years, the
labor cost of replacing batteries with a huge number
of IoT devices is unacceptable [13]. Therefore, in
the future, it is hoped that IoT terminals will be
as passive as possible, or the battery life will be
infinite. Without earth-shaking innovations in the
battery field [14], the battery life is difficult to
satisfy users. Thus, wireless power transfer (WPT)
or wireless charging technology has become a good
choice.

The wireless power transmission technology al-
lows the charger to get rid of the limitation of
the line and realize the complete separation of
electrical appliances and power. In terms of safety
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and flexibility, WPT shows better advantages than
traditional chargers. Three main WPT technologies
are investigated in [15], [16], [17]. Inductive cou-
pling [15] is safe and easy to implement. However,
it is limited by a short charging distance from
a few millimeters to a few centimeters, which is
only suitable for contact charging devices such as
toothbrushes. Magnetic resonance coupling [16] has
high charging efficiency. However, it is limited by
a short charging distance and a large coil size,
and is suitable for household appliances such as
TVs. Electromagnetic (EM) radiation [17] has a
long effective charging distance, while its charging
efficiency is low and it is not safe when exposed
to high EM power density. So EM is only suit-
able for low-power devices such as sensors. In
short, these traditional WPT technologies provide
excellent wireless charging capabilities for some
application scenarios, but have their own limitations
in other areas. A safe technology which provides
sufficient power for IoT and mobile devices (for
example, smart sensors, smart phones, laptops, etc.)
at long distances is strongly needed. It is usually
necessary to provide watt-level power at meter-level
distances.

At the same time, communication is also a very
important part for IoT equipments. The communi-
cation capabilities of IoT devices allow them to be
connected as a whole system and form a unified
network. The wireless connection is very compli-
cated, and the dense equipment deployment further
complicates the operation [18]. Therefore, achiev-
ing information flow among devices, infrastructure,
cloud, and applications is a large IoT challenge.
For billions of devices, radio channel congestion
is a problem that will only get worse [19]. Thus,
we are thinking about finding a solution which is
outside the radio domain, and at least alleviating
the communication pressure of IoT devices.

Instead of radio, resonant beam system (RBS)
[20], [21] has demonstrated its unique advantages
in meeting the energy and communication require-
ments of IoT devices. RBS can be used as a wireless
energy transmission method that can realize long-
distance, high-power, safe, and mobile charging.
The main part of RBS is a space-separated resonant
cavity, which is mainly composed of a transmitter
and a receiver [20]. At the same time, the RBS has a
self-alignment function, and no additional measures
are required to ensure the alignment between the
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Fig. 2. Particle transition and laser generation in a four-level system.

receiver and the transmitter. Therefore, RBS has a
high degree of mobility. Besides, RBS can achieve
a power transmission exceeding 5 W and a distance
transmission exceeding 8 meters [20]. Fig. 1 shows
a typical application scenario of RBS system: smart
home. In Fig. 1, the ceiling light is a RBS-equipped
bulb with a RBS transmitter. Within the coverage of
the RBS transmitter, all electronic devices embed-
ded with the RBS receiver can be wirelessly charged
at the same time.

Previous works [22], [23] have already proposed
methods to analyze the performance of RBS and
answered the questions like “how far RBS can
reach” and “how much power RBS can transfer”.
A multi-module distributed laser charging (DLC)
system model is proposed in [22] to illustrate the
physical basis and mathematical formulas of RBS.
On this basis, the maximum power transmission
efficiency is derived in a closed form [22]. In [23],
the consistent and stable operating conditions of the
RBS system can determine the maximum power
transmission distance and the power transmission
efficiency within the working distance. However,
these analysis are applied after the resonant cavity
is stabilized and have not explored the change
of output power during the establishment process
of the resonant cavity. The changing process of
the resonant beam from non-steady state to steady
state is still a mystery. In other words, a complete
and detailed transient analysis method is urgently
needed for the RBS system. Thus, we adopt equiv-
alent circuit, a mature and effective method, to
help analyze the transient characteristics of resonant
cavity and simplify the calculation. In fact, the
equivalent circuit is another expression of the rate
equation. We verify the rationality of the equivalent
circuit theoretically and complete the simulation
experiment on it in Simulink.

In order to explore the transient change process
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of RBS establishment, we propose a resonant beam
charging and communication system (RBCC) and
an equivalent circuit analysis method. The contri-
butions of this paper are as follows.

1) We pay attention to the laser dynamic es-
tablishment process and its communication
potential in RBS for the first time. We pro-
pose RBCC and a dynamic equivalent cir-
cuit analysis method, and verify its rational-
ity in theory. The equivalent circuit explores
the complete establishment process of the
simultaneous wireless information and power
transfer (SWIPT) system from scratch, and
analyzes the change of output power during
the establishment process.

2) The equivalent circuit has been well verified
on the RBCC system, and the relaxation os-
cillation phenomenon of the RBCC system is
analyzed for the first time. We further evaluate
the charging and communication performance
of the RBCC system through theoretical anal-
ysis and simulation testing.

The remainder of this paper is as follows. Section
II outlines challenges facing SWIPT technology, and
the basic models of a RBS system. We introduce the
mathematical principle and establishment process
of the equivalent circuit in Section III. Section
IV shows the simulation process of the equivalent
circuit in simulink. Performance of the proposed
system is evaluated in Section V and conclusions
are presented in Section VI.

II. PRELIMINARIES

In this section, we first briefly introduce SWIPT
technology and its limitations. Then, we elaborate
how RBS works.

A. SWIPT system

Unlike traditional wireless communication that
only transmits information, SWIPT can transmit en-
ergy to wireless devices while transmitting wireless
signals [24], [25]. The received energy is stored in
the battery of the wireless device after a series of
conversions [26]. The captured energy will be used
for energy consumption of the normal information
exchange circuit of the wireless device and the en-
ergy capture circuit. SWIPT technology is expected
to achieve high-speed information exchange while
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Fig. 3. The overall structure of RBS.

efficiently feeding various terminal devices by ex-
tracting the energy in the received signal. Thereby,
SWIPT is able to mitigate the inconvenience caused
by traditional wired or battery power supply. SWIPT
reduces the size and cost of the terminal equipment,
and greatly extends its standby time, which is par-
ticularly suitable for applications that require large-
scale distribution of terminal nodes [27]. SWIPT
technology has broad application prospects in all
aspects of life, such as smart home [28], com-
plex environments like oceans, forests, deserts [29],
mines, and earthquake-stricken areas [30], and the
field of biomedicine.

However, SWIPT technology also faces many
challenges. Mobility will greatly affect the availabil-
ity of channel state information. Therefore, it is not
easy to obtain accurate channel state information in
the SWIPT system [31]. Interference is one of the
major challenges to mitigate in wireless communi-
cation [32]. In addition, security is also worthy of at-
tention [33]. As a typical SWIPT technology, RBCC
has great potential in overcoming the bottleneck of
traditional SWIPT technology.

B. RBS principle and structure
RBS is essentially a wireless laser charging tech-

nology. The core method of laser gain is stimulated
radiation. When stimulated by the beam of light, the
atoms in the crystal would transit from high energy
levels to low ones, radiating light energy at the same
frequency as the original light.

We choose Nd:YVO4 as the material of gain
medium crystal because it is efficient and commonly
used. Nd:YVO4 exhibits pure four-level behavior
due to its doped neodymium, as shown in Fig.
2. A four energy-level system achieves population
inversion between two excited states E2 and E1.
Fig. 2 shows a four-level system where E0 is the
ground state, E1, E2 and E3 are excited states, and
E2 is the metastable state. Wp represents the rate
of atom transitioning from the E0 energy level to
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Fig. 4. The communication and energy transmission model of the RBCC system.

the E3 energy level after receiving the excitation
of the pump source. A30 represents the rate that the
atom will spontaneously radiate from the E3 energy
level to the E0 energy level. S30 represents the rate
that the atom rapidly relaxes from the E3 energy
level to the E0 energy level without radiation. At the
same time, the solid arrow represents the radiative
transition, and the dashed arrow represents the non-
radiative transition. Therefore, the atom lifetime at
the E1 and E3 energy levels is very short, while
the atom lifetime at the E2 energy level is long.
Under the excitation of the pump source, the atoms
on E0 are excited to E3, and then quickly transition
to E2. Because the atoms stay at the E2 energy
level for a long time, there are many atoms at the
E2 energy level. The atoms that transition from
the metastable state E2 to E1 will quickly return
to E0, so the number of atoms on the E1 energy
level is small. In this way, a population inversion
can be formed between the energy levels of E1

and E2. Since the lower energy level E1 of the
four-level system to achieve population inversion is
an excited state rather than a ground state, under
normal circumstances, the number of atoms on it is
already very small. Therefore, as long as there is a
slight accumulation of atoms in the metastable state
E2, the population inversion can be easily achieved,
which is a prerequisite for the lasing process.

From a macro perspective, the whole RBS is
divided into two separate parts, which are the trans-
mitter and the receiver, as shown in Fig. 3. In
the RBS transmitter, there are a retro-reflector 1
(RR1) with 100% reflectivity and a gain medium,
which is used to amplify photons. A retro-reflector
2 (RR2) with 80% reflectivity and a power splitter
compose the RBC receiver. In the whole process,
pump source is activated by current, and provides all
energy the RBC system needs to start up and keep
stable operation. The optical power converted from

electrical power by the pump source oscillates back
and forth between RR1 and RR2 after amplified by
the gain medium in transmitter. Besides, there are
several losses in the RBS consuming energy, such as
air loss, mirror transmission in RR2, scattering and
so on. A steady resonant beam forms only after gain
and loss are in balance. Then the receiver of RBS
could output stable power Pout, which is divided
into two parts by power splitter and used to charge
the photovoltaic panel as well as communicating
with photodiode.

RBS is a novel wireless energy transmission tech-
nology with high power and long distance. Based on
its unique architecture, RBS achieves mobile charg-
ing with automatic alignment and intrinsic safety.
Retro-reflectors like RR1 and RR2 are able to make
the incident light reflect back along the original
path. In this condition, photons generated by pump
source can oscillate back and forth between the
transmitter and the receiver thereby form a stable
resonant beam, regardless of the position of the
receiver. As for intrinsic safety, resonance will stop
immediately as long as one obstacle blocks resonant
beam path, so that the obstacle like person’s hand
or other fragile things will not be hurt. When
an obstacle enters the transmission path, losses in
the cavity increase rapidly and destroy the balance
between gain and losses. Resonant beam fades away
immediately so that safety can be guaranteed. On
the contrary, when the obstacle leaves the transmis-
sion path, the cavity loss becomes smaller, so the
resonance will automatically re-establish.

III. TRANSIENT ANALYSIS

In order to make a complete and unified analysis
of the RBCC performance, we add the communica-
tion part to the previous energy transmission system
diagram, as shown in Fig. 4. The electrical signal,
which contains the information to be transmitted, is
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Fig. 5. The schematic diagram of the four-level equivalent circuit.

coded and modulated before being used to excite
the pump. The electrical signal is pumped into
an optical signal and then exits RR2 through the
resonant cavity. The output optical signal is divided
into two parts, and converted into electrical signals
through the photodiode (PD) and electrical power
through photovoltaic (PV) panel, respectively. One
part is used to charge the device. In order to simulate
the real communication channel, the other part is
added with noise, and demodulated and decoded to
obtain the original signal.

The method of constructing its circuit model with
the rate equation of optoelectronic devices is often
used to simulate and analyze the DC, AC and tran-
sient response characteristics of photoelectric de-
vices such as lasers and detectors [34]. By analyzing
the optical characteristics and rate equations of the
gain medium, we construct an equivalent circuit to
simulate the RBCC system and dynamically analyze
its establishment process. In addition, we have also
established a complete communication system to
achieve stable and reliable communication.

A. Equivalent circuit

The transient characteristics of semiconductor
lasers are determined by two rate equations, namely
the photon rate equation and the carrier rate equa-
tion. The rate equation is another expression of the
laser gain process. From [35], we have

∂Φ

∂t
= cΦσn− Φ

τc
+ S, (1)

∂n2

∂t
= −cΦσn2 −

n2

τf
+Wpn0, (2)

where Φ is photon density in resonant cavity; c
is speed of light in the medium; σ is stimulated
emission cross section; S can be expressed as the
rate at which spontaneous emission contributes to
stimulated emission; n is the inversion population
density, i.e., the density difference between high-
energy and low-energy particles; τc and τf are the

decay time for photons in the optical resonator
and fluorescence decay time, respectively. In equa-
tion (2), n2 and n0 are the particle density above the
corresponding energy level; Wp is pumping rate. In
reality, n0 ≈ n2.

The equivalent circuit equation obtained by nor-
malizing and rearranging the rate equation is as
follows:

C1
∂V1
∂t

+
V1
R1

= I1 + I2, (3)

C2
∂V2
∂t

+
V2
R2

= I3 − I1, (4)

where C1 = C2 = 1; R1 = τc; R2 = τf ;
I1 = cΦσn2; I2 = S; I3 = Wpn0; V1 is the photon
density in the resonant cavity and V2 represents
particle density of energy level E2, which is a
metastable state. Here we also give the calculation
formula of I3, as shown below:

I3 = Wpn0 =
Pin

vLV
, (5)

where Pin is input power, vL is incident laser
frequency and V is the volume of gain medium.

If I1, I2, and I3 are regarded as controlled current
sources, V1 and V1 are regarded as voltages, R2

and R3 are regarded as resistors, and C2 and C3

are regarded as capacitors, then equations (3) and
(4) can be interpreted as Kirchoff’s current law
equations. The equivalent circuit representation of
the rate equation is shown in Fig. 5. V2 is the voltage
across capacitor C2 in circuit on the left. As a
controlled current source, I1 is controlled by V2. So
it takes circuit on the left some time to establish sta-
bility instead of becoming stable immediately. This
phenomenon will lead to relaxation oscillations. At
the same time, I1 in circuit (b) is also controlled
by V2, thus influences the establishment process of
circuit steady state. For output light power Pl, we
have

Pl = V1hvL, (6)

where h is the Planck constant and vL is frequency
of light.

On this basis, we introduce equivalent circuit of
the four-level energy system to simulate the build
process of intracavity resonant beam so that we
are able to analyze the dynamic RBCC system.
We illustrate the four-level equivalent circuit and its
correspondence with RBCC system in Fig. 5. Fig. 5
constitutes a complete equivalent circuit and there
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are energy interaction between them. Equivalent
circuit has a clear and understandable structure and
consists of controlled current sources, resistors and
capacitors. The green shadow part in Fig. 5 is the
input power of equivalent circuit and it corresponds
to pump source of RBCC system in Fig. 3. The
yellow shadow part in Fig. 5 represents output
power. As for the remaining red part, it corresponds
to RBC spatially separated cavity and could be
used as a power transmission and communication
channel.

We use equivalent circuit to dissect build process
of resonant beam and fill the gap between static
analysis and dynamic analysis. Equivalent circuit
simulates the process of how photons become a
stable resonant beam and intuitively reflects how
the change of pump source and losses in the channel
alter output power and influence the performance of
communication and energy transmission.

B. Energy conversion on the pump source
In the whole system, the optical signal and the

electrical signal undergo two mutual conversions,
respectively, on the pump source and photoelectric
conversion devices, including a PV panel and a PD.
After coding and modulation, input electrical signal
is converted to optical signal through pump source.
Then, the output optical power Ppump of the pump
can be described as [36]

Ppump (Iin) =
hc

qλ
ηe [Iin − Ith] , (7)

and
ηe = ηinj

γout
γc

, (8)

where h is Planck’s constant; c is the speed of
light in vacuum; q is the electron charge; λ is the
emission wavelength; ηe is the external quantum ef-
ficiency; Ith is the constant threshold current and Iin
is the input current. The carrier injection efficiency
ηinj and Ith are temperature-dependent parameters.
γout/γc is the photon extraction efficiency.

C. Photoelectric conversion for charging
An ideal PV panel can be modeled as a pho-

tocurrent source Iph connected in parallel with a
diode with a forward current of IL, which is the
current flowing through the diode. Fig. 6 shows the
equivalent circuit of PV panels, which also includes

-

+

PV Panel

Iph

Rs
Rsh

RL Vout

L

Iout

Fig. 6. The circuit principle of photovoltaic panels.

TABLE I
PARAMETERS IN THE SIMULATION SETTING [35].

PARAMETER VALUE
τc, all the losses in an optical
resonator of a laser oscillator 4.4× 10−4s

τf , fluorescence lifetime of energy
level on gain medium 2.3× 10−4s

c, speed of light in the medium 1.67× 108 m/s
δ, stimulated emission cross section 2.8× 10−19 cm2

S, spontaneous emission of photons
coupled into the cavity /
vL, laser frequency 2.82× 1014 Hz
h, planck constant 6.63× 10−34 m2kg/s

a parallel resistor Rsh and a series resistor Rs as used
in [37], [38]. Therefore, according to Kirchhoff’s
law, the current-voltage (I-V) characteristics of PV
panels can be described as [39], [40]:

Iout = Iph − IL −
VL
Rsh

, (9)

and
IL = I0

(
e

Vd
nsnVT − 1

)
, (10)

VL = Vout + IoutRs, (11)

where I0 is the reverse saturation current and ns

is the number of batteries connected in series in
the PV panel. Therefore, for single-cell PV panels,
ns = 1. In addition, VT is the temperature-dependent
thermal voltage of the diode junction.

The photocurrent Iph is related to the light power
on the PV panel, and can be estimated by [41]:

Iph = ρ1PE = ρ

{
ηsf(d)

{
hc

qλ
ηe [Iin − Ith]

}
+ C

}
,

(12)
where ρ1 is the optical-to-electrical conversion re-
sponsivity in A/W and can be measured under the
standard test condition (STC, 25 ◦C temperature and
1000 W/m2 irradiance).

Authorized licensed use limited to: TONGJI UNIVERSITY. Downloaded on September 08,2021 at 01:32:25 UTC from IEEE Xplore.  Restrictions apply. 



2327-4662 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JIOT.2021.3094809, IEEE Internet of
Things Journal

7

D. Communication Channel

To present the signal gain in the transmission
channel of the RBCC, we have signal power output
from PD as [42]

Ipd = ρ2PC, (13)

where ρ2 represents the optical-to-electrical con-
version responsivity of PD, and PC is the power
used for communication, which is one part of the
optical power output by the RBCC. To evaluate the
performance of the communication in the RBCC
system, we analyze the signal-to-noise ratio (SNR)
of the channel. From [43], we have

SNR =
I2pd
σnoise

, (14)

where σnoise is the variance of the noise in the
channel.

In the RBCC system, the signals in PC will be
demodulated and decoded with noises and output
electrical signals So. Actually, every section in
communication will introduce different noises. We
eventuate these noises into one section and use
additive white Gaussian noise (AWGN) to replace
them, for the purpose of easy understanding and
calculation. Eventually, we get So and information
is passed.

E. Trade-off between energy charging and commu-
nication

As a SWIPT system, RBCC performs wireless
charging and wireless communication at the same
time. So the optical power output by the RBCC
is divided into two parts at the receiver. One part
is used for communication, and the other part is
used for energy charging, named PC and PE, re-
spectively. Then, PC is converted by PD; and PE is
converted into electrical power through PV panel.
The charging power PE will be stored in the battery
to maintain the normal operation of the device
and the subsequent processing of communication
signals [44].

The communication performance of RBCC is di-
rectly correlated with PC. By controlling the energy
allocation between charging and communication, it
is possible to provide high charging efficiency while
ensuring communication quality.

IV. IMPLEMENTATION

Table I provides all the parameters of the rate
equation. All simulations are carried out with
Simulink [45]. Current source is used to drive the
laser in order to compare the simulated results with
analytical and numerical results.

A. Simulation model

We establish a mapping relationship between the
output voltage of circuit and the optical power so
that we can reveal the whole establishment process
of resonance light from simulated results. We com-
plete circuit model in Simulink, as shown in Fig. 7,
and apply a certain bias current to the gain medium
to make it work in linear mode, which is included
in I3. In order to reduce the influence of relaxation
oscillation on the communication performance of
the entire circuit, we have added a delay module
to the signal input. The output of the whole system
is V1, which first appeared in Fig.5, and will be
converted to light power in subsequent processing.
Limited by rules of Simulink, we add some comput-
ing devices in the circuit, such as gains, multiplier,
converters, voltage sensors, solver configuration and
so on. Converters and voltage sensors are used
for conversion between different types of signals.
Solver configuration is used to set the simulation
accuracy and other parameters. These devices just
help achieving function of circuit and will not make
any impact to final results.

To test and verify the communication perfor-
mance of RBCC, we imitate Fig. 4 and add some
modules to the original basic model, as shown in
the shaded part in Fig. 7. We load the coded and
modulated signal and input it into the circuit after a
certain delay. The delay here is set for the purpose of
avoiding relaxation oscillations, which is observed
from the output of Fig. 7.

B. Energy distribution

As a SWIPT system, part of the power output
by the circuit is used for charging and the other
part is used for communication. In the experiment,
we set a power splitting ratio λ ∈ [0, 1], where
λ = Pcharge/Ptotal, as shown in the Fig. 4. λ = 1
means that the output power is all used for charging,
while λ = 0 means that all output power is used for
communication. By adjusting the value of λ, we can
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Fig. 7. Equivalent circuit in simulink.

get any value of charging or communication power.
As in [46], we use a beam splitter to realize the
power split of the beam.

V. RESULT

In this section, we first introduce relaxation oscil-
lation which is observed by the equivalent circuit.
Then, we analyze the influence of pump power on
SWIPT in detail, and give the corresponding reso-
nant cavity design scheme. Finally, we introduce the
communication performance of the RBCC system in
detail.

A. Relaxation oscillation
The equivalent circuit provides an excellent the-

oretical support and practical guidance for explor-
ing the dynamic characteristics of information and
energy simultaneous transmission systems, such as
RBCC systems. We establish the simulation shown
in Fig. 7 in simulink, and connect the simulation
with the actual model. When the pump source can
drive the entire system, the RBCC system will have
relaxation oscillations before establishing a stable
charging beam, as shown in Fig. 8. The sub-figure
in Fig. 8 illustrates that each time the balance is
broken and the system re-establishes a stable beam,
there will be relaxation oscillations in the output
power.

We observe that there is no output power at the
beginning. After the populations of E1 and E2 in the
gain medium are reversed, the resonant cavity starts
to generate laser light, and thus has optical power
output. However, the optical power at this time is
not stable, and a relaxation oscillation phenomenon
occurs. In Fig. 8, we applied 30 W of bias and 0.3

W of signal power to the pump source. Here we
use an on-off keying (OOK) modulation scheme. In
this case, the relaxation oscillation can be as high
as 68 W. This is caused by changes in the relative
relationship of the pump and inversion populations.
The phenomenon of relaxation oscillation also re-
minds us to pay attention to the highest withstand
voltage value of components in related circuits, so as
to avoid breakdown due to excessive instantaneous
power.

Since the input pump power is a periodically
changing square wave signal, the corresponding
waveform changes can also be observed in the
output power. This shows that the RBCC system
has great communication potential and can transmit
information while transmitting energy wirelessly.
The sub-figure of Fig. 8 shows the details of the
corresponding change in the output power at the
moment of the square wave signal change. It can be
seen that at every moment when the input waveform
changes, the output waveform needs to re-establish
a stable state. The percentage of the settling time
in the duration of a single waveform is determined
by the frequency and power of the input waveform.
So when we use RBCC for communication, this is
a very interesting feature and a noteworthy aspect.

B. Relaxation oscillation for SWIPT system
Fig. 9 shows how the establishment time of relax-

ation oscillation and total light power output outside
the cavity vary with the pump power increases.
As the pump power increases, the output power
increases, but the settling time of the relaxation
oscillation gradually decreases. That is to say, the
greater the pump power, the faster the entire system
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Fig. 8. Relaxation oscillation phenomenon in output power.

will enter a stable state. When the pump power is
less than 20 W, the output power is basically zero.
At this time, the pump power is too small so that a
stable resonant beam cannot be formed in the cavity,
and the establishment time of relaxation oscillation
is infinite. Experiments show that the 25 W pump
power is the minimum pump power that can make
the system output a stable optical power. From Fig.
9, we can see that as the pump power continues to
increase, the output power continues to increase, and
the power conversion rate is also increasing, from
5.85% to 15.58%. This is an important discovery
for energy transmission. As a wireless charging sys-
tem for RBCC, energy utilization is a performance
indicator that needs to be considered first. With the
relationship between pump power and output power,
we can select the appropriate pump power to drive
the entire system. At the same time, the duration of
the relaxation oscillation is continuously decreasing,
from 1.14 milliseconds to 0.32 milliseconds. This
phenomenon is also in line with the previous theo-
retical argument. From this we can know that when
using RBCC for communication, the influence of
the duration of the relaxation oscillation should be
considered.

C. Communication performance of RBCC
We study the communication performance of

the RBCC system in depth and show the channel
frequency response in Fig. 10, and the input signal is
a sinusoid. While keeping the input power constant,
we test the response of the system to inputs of
different frequencies. The red dotted line indicates
that gain becomes 0.5 times of the maximum value.
The bandwidth of the RBCC channel is about 1
MHz.
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Fig. 9. The relaxation oscillation and output power vary with the
pump power.
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Fig. 10. The spectrum response of the RBCC channel.

As a SWIPT system, RBCC can allocate energy
for power transmission and communication by ad-
justing the power splitting ratio λ. This makes the
communication performance of the RBCC system
closely related to λ. Fig. 11 shows the change trend
of SNR, channel capacity, and charging power with
different λ. The change trend of channel capacity is
basically proportional to SNR and inversely propor-
tional to charging power. When λ is 0, all output
power is used for communication, at this time the
SNR reaches a maximum of 23.54 dB and channel
capacity is about 8 Mb/s. As λ gradually increases,
the SNR decreases gradually and varies sharply
when λ is around 0.7. The change trend of the SNR
also confirms to the mathematical definition of the
SNR. When λ is near 0.93, the SNR is 0 dB. In
this process, the output power increases linearly as
a function of λ.

Fig. 12 shows the variation of the system error
rate with the SNR at different communication rates.
For Fig. 12, the signal is OOK modulated. The blue
solid line in the figure corresponds to the case when
communication rate is 200 kb/s, and the orange solid
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Fig. 11. The effect of λ on the signal-to-noise ratio, channel capacity,
and output power with Gaussian white noise.
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Fig. 12. Under different communication rates, the bit error rate
changes with the signal-to-noise ratio.

line indicates that the communication rate is 100
kb/s. The black dashed line represents a reference
line parallel to the x-axis with a value of 3 ×10−3.
In other words, only if the bit error rate is less than
3 ×10−3, the communication can proceed normally.
When other conditions are the same, the low com-
munication rate obviously has a lower bit error rate
than the high communication rate. In other words,
there is a tradeoff between the communication rate
and the bit error rate. When the SNR approaches 0
dB, the signal-to-noise ratio approaches 50%. When
the SNR reaches the maximum, the system has the
lowest bit error rate of 3.83 × 10−4 with 200 kb/s
communication rate, and the lowest bit error rate of
1.04× 10−4 with 100 kb/s communication rate.

VI. CONCLUSION

This paper proposed RBCC, a new SWIPT sys-
tem, and used equivalent circuit analysis method
to conduct transient analysis on it. Starting from
the rate equation, we deduced the mathematical ex-
pression of the equivalent circuit. Then, we realized
the simulation of equivalent circuit in simulink and
simulated the entire process of the communication

channel. We found the relaxation oscillation phe-
nomenon of the RBCC system before stabilization
through the change of the circuit output power, and
made a complete analysis of the relaxation oscilla-
tion. Finally, we analyzed the energy transmission
performance and communication performance of
RBCC.
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