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Abstract—Simultaneous lightwave information and power
transfer (SLIPT) has been regarded as a promising technology
to deal with the ever-growing energy consumption and data-
rate demands in the Internet of Things. We propose a resonant
beam based SLIPT (RB-SLIPT) system, which deals with the
conflict of high deliverable power and mobile receiver positioning
with the existing SLIPT schemes. At first, we establish a mobile
transmission channel model and depict the energy distribution
in the channel. Then, we present a practical design and evaluate
the energy/data transfer performance within the moving range of
the RB-SLIPT. Numerical evaluation demonstrates that the RB-
SLIPT can deliver more than 4W charging power and enable
3Gb/s achievable data rate with the moving range of 20° field
of view (FOV) over 3m distance. Thus, RB-SLIPT can enable
simultaneous high deliverable power and high data rate in mobile
scenarios without tracking control.

Index Terms—Simultaneous lightwave information and pow-
er transfer; Resonant beam system; Wireless power transfer;
Mobility and self-alignment; Retro-reflective resonator

I. INTRODUCTION

Simultaneous wireless information and power transfer has
been regarded as one of the enabling technologies in 6th
generation (6G) networks [1]. Due to the spectrum crisis of
radio frequency (RF), the simultaneous lightwave information
and power transfer (SLIPT) adopting light-emitting diode
(LED) lights or lasers as carriers has become a promising
alternative/complementary technology [2-4]. However, as in
Fig. 1, the LED-based SLIPT faces challenges of low deliv-
erable charging power [5, 6], and the laser-based SLIPT is
difficult to position mobile receivers [7, 8]. Thus, we propose
a resonant beam-based SLIPT (RB-SLIPT) scheme, which can
deal with the conflict between high deliverable power and
mobile receiver positioning. The RB-SLIPT system is capable
of simultaneously providing multi-Watt charging power and
high-rate data transfer with self-alignment capability over
distances of several meters.

The RB-SLIPT system inherits the characteristics of the
resonant beam system (RBS). RBS is essentially an open-
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Fig. 1 Comparison of the resonant beam based SLIPT with
the existing SLIPT schemes.

cavity laser resonator, where a transmitter consists of a high-
reflective mirror and a gain medium and a receiver consists
of an output coupling mirror and a Photovoltaic (PV) cell are
spatially separated to form a resonator [9-11]. The resonant
beam generated within the resonator acts as the carrier to
transfer energy and information over the air. Thus, the narrow
resonant beam can carry high power similar to the laser, and
will cease immediately once a foreign object enters into the
resonator, which enables high transmission power over long
range with the premise of human safety [12].

Moreover, two retroreflectors are adopted at both ends of
the RBS. As in Fig. 1, retroreflectors can reflect the incident
beam back parallel to the original direction regardless of
the incident direction. RB-SLIPT with retroreflectors such as
corner-cube reflector [13] and cat’s eye [14] supports the ca-
pability of self-alignment. Therefore, receivers moving within
the coverage of RB-SLIPT can be supplied with wireless
energy and data through the mobile transmission channel. The
mobility feature of RBS has been discussed in [9]. However,
the model of the mobile transmission channel with self-
alignment has not been established and the moving effects
on energy/data transfer performance have not been analyzed.
Thus, we build analytical models on the mobile transmission
channel and propose a practical RB-SLIPT design, based on
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which the energy/data transfer performance under moving
factors can be depicted.

Recently, many potential SLIPT schemes have emerged.
The concept of SLIPT is at first proposed in an LED-based sys-
tem with 1 ~ 2mJ harvested energy, 25bit/second/Hz spectral
efficiency, and 30° ~ 50° FOV with broadcast transmission
channel [2]. For high-efficiency narrow-beam transfer, laser-
based SLIPT is proposed to deliver 10.39mW charging power
over 5.2m using 5 laser diode (LD) transmitters [8], with the
comprise of mobility. As for the SLIPT receiver design, with
the proposal of using a single PV for simultaneously data
detection and energy harvesting providing 11.84Mb/s data rate
and 30mW harvested power [15], laser-based SLIPT systems
have made great advancements in state-of-the-art data rates
from 0.5Gb/s [7] to 1Gb/s [16] with more than 40% energy
conversion efficiency. Meanwhile, the capability of a single
PV [3, 17] or a single photodiode (PD) [18, 19] for energy/data
receiving in LED-based systems has been exploited sufficient-
ly. However, to exploit the respective advantages as strong
detection sensitivity and high energy conversion efficiency of
the PD and the PV, an LED-based SLIPT scheme with a PD
and a PV for data detection and energy harvesting respectively
is proposed, with 0.1W harvested power and 15bits/sec/Hz
achievable rate [4]. In summary, the existing SLIPT schemes
have the conflict between high-efficiency transmission and
mobile positioning of moving receivers, and the receiver
design with both PV and PD is a potential way to obtain
attractive performance for both energy and data transfer.

A resonant beam communication (RBCom) system with
a single PV cell for simultaneous energy harvesting and
data detection is proposed in [10]. Due to the energy-data
transfer performance tradeoff of a single PV, the deliverable
power of RBCom is below 50mW, which is not sufficient for
powering mobile devices such as smartphones. Thus, the RB-
SLIPT adopts the receiver design with a PV and an avalanche
photodiode (APD) for energy and data receiving respectively.
Moreover, the analytical models of the transmission channel
in the above RBCom system don’t support mobility analysis,
which is one of the contributions of the current manuscript.

In this paper, we at first present the RB-SLIPT structure.
After revealing the self-alignment mechanism with the transfer
matrix method, we adopt the resonator mode analysis and laser
output power calculation to depict the energy distribution in
the mobile transmission channel. Then, we propose a practical
RB-SLIPT design with a receiver adopting both PV and APD
and evaluate the system performance. The RB-SLIPT can
simultaneously provide more than 4W wireless charging power
and 3Gb/s achievable data rate within the moving range of 3m
distance and 20° FOV given 250W input power.

The contributions of this manuscript are:

1) We introduce a SLIPT system that can simultaneously
realize safe energy-concentrated beam transfer and self-
alignment without tracking control; meanwhile, simulta-
neous high deliverable charging power and high achiev-
able data rate is achieved by using the PV and APD for
energy harvesting and data receiving respectively.

2) We establish a mobile transmission channel model in RB-
SLIPT, based on which the self-alignment mechanism of
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Fig. 2 Transceiver design of the resonant beam based simul-
taneous lightwave information and power transfer system.

RB-SLIPT system is revealed and the energy distribution
in the channel with a single transmitter is depicted.

3) We propose a practical design of simultaneous energy and
information transfer using both PV and APD, based on
which the performance of data/energy transfer with the
impacts of moving factors can be quantitatively evaluated.

The remainder of this paper is organized as follows. In
Section II, we propose the RB-SLIPT design and describe its
architecture and principle. In Section III, we build a mobile
transmission channel model to prove the self-alignment and
depict the energy distribution in the channel. Afterwards, we
establish an analytical model of mobile energy and informa-
tion transfer in RB-SLIPT in Section IV. In Section V, we
demonstrate the channel factor, charging power, and achievable
data rate of the proposed system through numerical analysis.
Finally, we make a conclusion in Section VI.

II. SYSTEM OVERVIEW

Figure 2 depicts the transceiver design of the RB-SLIPT
system. The proposed system consists of the spatially sep-
arated transmitter and receiver, between which the mobile
transmission channel is formed.

The transmitter contains a pump source, an information
source, an electrical modulator, a pump LD, a gain medium,
and a retroreflector]l (RR1) with 100% reflectivity. In the
transmitter, an alternating-current (AC) current i, is generated
from the information source and the electrical modulator,
which is biased by a direct-current (DC) current Ip generated
by the pump source. [;, containing Ip and i, drives the pump
LD to generate the pump laser with power of Fyymp. Then, the
pump laser provides energy for the gain medium to stimulate
light radiation carrying data and energy, similar to the RF
amplifier. RR1 with 100% reflectivity is adopted to reflect the
light from the receiver back towards the incident direction.

Fig. 3 (a) illustrates how the gain is achieved by using
external pumping. In the gain medium, the number of particles
in the lower energy level E; is greater than that in the higher
energy level E,. After pumped by the external pumping,
the particles in El are loaded to Es to form the population
inversion. Then, the stimulated radiation occurs to release
photons realizing the light amplification. The pumping process
in typical resonators, i.e., diode lasers, gas lasers, and solid-
state lasers are illustrated in Fig. 3 (b), (c), and (d), with
the specific structure using semiconductor materials, gas, and
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Fig. 3 Pumping principle (a) and process in typical lasers, i.e.,
(b) diode lasers, (c) gas lasers, and (d) solid-state lasers.

solid-state crystal as the gain medium, respectively. The RBS
adopts the solid-state gain medium and the corresponding
pumping method.

The receiver contains a retroreflector2 (RR2) with 70%
reflectivity, a PV panel, an APD, and corresponding ener-
gy/data processing units. The output laser with power of Py is
output from the RR2 with 70% reflectivity. Then together with
the background irradiance F, caused by the ambient light, the
output power enters a power splitter to be split into two streams
with a specific ratio. One stream is sent to PV and converted
to the charging current with P, ,. After being rectified, the
power is ready for charging the battery. One stream is sent to
APD, and a ratio of the input AC signal 4, after transmission
through the system is converted to the signal current ipq. ipq
carrying information enters the demodulator for demodulation
after passing the analog-to-digital converter (ADC).

The mobile transmission channel is formed by two
retroreflectors and a gain medium. Similar to the traditional
laser, the gain medium stimulates the light radiation, which
can be reflected back and forth inside the resonant cavity and
pass through the gain medium multiple times to be amplified.
If the light power gain can compensate for the light power
loss, the narrow laser outputs stably with high power. On
the other hand, the mobile transmission channel is essentially
an open-cavity, and the intra-cavity laser named as resonant
beam is used to transfer energy/data over the air. Thus, with
a resonant cavity that allows light to be retroreflected within
it and sufficient input power, the resonant beam can be self-
established between the transceivers. The two retroreflectors in
the mobile transmission channel form a mobile resonant cavity
(MRC). Due to the retro-reflective characteristics of the two
retroreflectors, the resonant beam can be established within
the MRC even as the two reflectors are not strictly facing
each other, which guarantees the self-misalignment.

III. MOBILE TRANSMISSION CHANNEL MODEL

Mobile transmission channel of RB-SLIPT relies on the
MRC to realize mobility. In this section, we investigate the
MRC with two cat’s eyes at both ends as a paradigm. We at
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Fig. 4 Cat’s eye structures and self-alignment of the mobile
resonant cavity.

first prove the self-alignment characteristic of the MRC, after
which we derive that the MRC with two deflected reflectors
is equivalent to a Fabry-Perot (FP) resonator. Then, we adopt
the laser mode analysis method and laser output principle to
obtain the power output and depict the energy distribution in
the mobile transmission channel.

A. Self-Alignment Mechanism of the Channel

We adopt the transfer matrix (i.e., ABCD matrix) method
to define a round-trip transfer process of a ray inside the
resonant cavity. Each component (including the free space)
that a ray will pass through is described as a matrix with
four elements, and passing through a serial of components is
equivalent to the multiplication of each component’s transfer
matrix. As in Fig. 4(a), a cat’s eye including a lens with focal
distance f and a mirror with the interval between them [ is
described as M, and a ray represented by vector r; after
passing it is transferred to ro as

rg = Mcatrla

(D

r . .
where r; = [ r’1 J ry is the distance between the ray and

1
optical axis, and 7] is the slope of the ray about the optical
axis. Then, M, is expressed as follows:

1 f 1 0 11 1 0
Mcat_{o 1“—1/f 1“0 1“0 1} )
11 1 0 1 f @)
0 1 -1/f 1 0 1 |°
Ifl=f, Mcy = _01 _01 ].The cat’s eye as in Fig. 4(b)

includes a lens with focal length f and a curved mirror with
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the radius of curvature p. Then the transfer matrix is

1 0 1 1 1 0
Mmt’:[—l/f 1“0 1“—2/,) 1] ;
1 1 1 0 )
0 1 —-1/f 1|
-1 0 ,
Ifl = f = p Mo = 0 -1 Both the cat’s

eye structures in Fig. 4(a) and (b) have the capability of
retroreflecting beams. However, beams being retroreflected by
the cat’s eye in Fig. 4(a) must pass through the focus of the
lens (i.e., the pupil of the cat’s eye), where a gain medium
with limited size can be placed. Thus, we adopted the cat’s
eye in Fig. 4(a) with [ = f. Moreover, it should be stated that
the mentioned lenses above and below are thin lenses, and if
the thick lens is considered, the thickness, index of refraction,
and the distance between front face to principle plane of the
thick lens are supposed to be added to the transfer matrix [20].

Then, a round-trip transfer matrix of a ray inside a
resonant cavity is the multiplication of the matrices that a ray
will pass through in a round trip, i.e., Mot = M1M,.. My,
where IV is twice the number of components in the resonant
cavity. Suppose a ray ry can realize self-reproduction after a
round-trip transfer, i.e.,

Miosro = ro, €]

then ry can be regarded as a vector representing the axis of
the cavity. Rays parallel to the axis can be reflected back and
forth inside the resonant cavity.

As in Fig. 4(c) and (d), the MRC of RB-SLIPT consists
of two cat’s eyes, where a cat’s eye contains a mirror (M1/M2)
and a lens (L1/L2) parallel to each other. z-axis which passes
through the centers of L1 and M1 is defined as the origin
optical axis of the MRC. Once the right-hand cat’s eye
consisting of L2 and M2 is off the z-axis, the MRC is defined
as an off-axis system. In an off-axis system, the misalignment
vector of the off-axis component is defined as

A
A[A,], 5)

where A is the distance between the element axis of off-
axis component and origin optical axis, and A’ is the slope
of the element axis about the origin optical axis. Then, the
relationship of r; and ry before and after passing through an
off-axis component can be depicted as [20]

rg = Mr; + E, (6)
where E is an error vector expressed as
E
E= r = [Ma — M] A, @)

where M A represents the optical length difference matrix of
the off-axis component. Thus, the transfer process of (6) can
be depicted as an ABCDEF matrix [21]:

T9 A B F T
rh |=|C D F . (8)
1 0 0 1 1

4

In Fig. 4, suppose a ray ry starts from the left focus of L1,
ro can be self-reproduced after a round-trip transfer process
inside the MRC as

Miotro + Egor = ro, &)

then ry represents the new optical axis of MRC after the
moving of the right-hand cat’s eye, where [21]

ro=(I- Mtot)_lEtot~ (10)

To figure out My, and Ei.;, we expand (9) as follows:

r; = Mgrg
ro =M_.,r1 + E
2 catll M (11)
r3 = Mgro
rg = McatrS
Then, we have the following relationship [20]:
Mtot = McathsMcaths

(12)
Etot = Mcat MfsEM

denotes the transfer matrix over free space,

1
M =
fs J 0 1
where d is the distance between the two cat’s eyes. Ey is
the error vector of the right-hand cat’s eye after movement.

As the case in Fig. 4(c), A =

following referring to (7):
o ([14f -1 0 ATl _[-2A
M=\lo1 | |0 —1 o | o |
(13)

Then, according to (10), we can obtain the elements of ry as

e[ o)

Similarly, if the right-hand cat’s eye is slightly tilted about
the x or y axis as in Fig. 4(b), the misalignment vector A =

L Thus, Ey is given as

(14)

[ OA, . With the above analysis on a round-trip transfer of a

0
0

Evidently, rq is coincident with the connection of the
focuses of two cat’s eyes, which represents the new optical
axis of the MRC with one off-axis or tilted cat’s eyes. Rays
parallel to the new optical axis can be retroreflected inside
the MRC rather than splitting over it. Thus, MRC with two
cat’s eyes is capable of realizing self-alignment with the new
optical axis even if the two cat’s eyes are not exactly facing
each other due to the movement of the receiver.

As in Fig. 5, the line a2 passing through the focuses of
both cat’s eyes and the gain medium represents a ray reflected
back and forth collinearly inside the MRC. Due to the off-
axis of the right-hand cat’s eyes, the angle between a2 and the
normal vector of the cat’s eye front face is 6. al is another
ray which is generated by the gain medium and parallel to a2.
Then, al is retroreflected by the right-hand cat’s eye through
points A, D, and C back towards the left-hand cat’s eye along
a3. Thus, there exists a resonant beam generated by and within

ray within the MRC, r( is expressed as
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the size of the gain medium between the two cat’s eyes, and
the beam is symmetric about the new optical axis.

Moreover, according to the Fermat principle, the optical
length of all rays inside the MRC is the same. Therefore, as
the free space transmission distance is significantly larger than
f, the MRC can be regarded as an FP resonator where the two
end mirrors are located at the two focuses, and perpendicular
to the new optical axis of the MRC.

B. Energy Distribution in the Channel

To find out the energy distribution of the mobile transmis-
sion channel, we should at first obtain the output laser power
P,y in the receiver at any position within the system’s FOV.
As in Fig. 5, P1P2 is the optical axis of the MRC. We place
a size-limited gain medium at the focus of the left-hand cat’s
eye, to generate the resonant beam inside the MRC with the
excitation of the pump power F,. M2 is partially transmissive
so that a portion of resonant beam will pass through M2 to
form the laser beam with power of P,;. Following the laser
principle, the relationship between P, and Py is [22]

g (1- RV, y
FPouw =ApIs = RViVs + VRVIV; [1/(VsVh) — Vs as)
NexcitFin / 2
|:AgIS — ln ( RVS V1V2> H 5

where Ay, I, and V; are the cross-sectional area, saturated
light intensity, and loss factor caused by scattering and absorp-
tion of the gain medium, respectively; 7excit 1S the excitation
efficiency and R is the reflectivity of M2; Ay is the overlapping
area of resonant beam and gain medium and V7, V5 depict
the loss factors caused by diffraction during single intra-
cavity transmission, respectively. To accurately obtain P, we
should calculate V, V5, and A, exactly. At first, we employ
the resonator mode analysis method to calculate the eigenmode
of the MRC.

The active reflecting area of the cat’s eye is affected by
the incident angle 6 of the beam. We adopt the indication
function to depict the reflective area by 1 and the non-reflective

Fig. 6 Illustration of diffraction theory and self-reproducing
mode calculation.

area by 0. Then as in Fig. 5, the active reflecting area of the
left-hand and right-hand cat’s eye can be depicted as

La® +y* <r’y>a/2
and 22 + (y —a)? <r*y <a/2 ,
0, else

Ty(x,y;r,0) =

(16)
where @ = 2f tan6, and r is the radius of L1, L2, M1, and
M2. Moreover, the size-limited gain medium limits the active
reflecting area of the left-hand cat’s eye, which is depicted as

1,22 +y? < (rgycosf)?

0, else ’ a7

To(z,y;7rg,0) = {
where 1 is the radius of the gain medium surface.

For the equivalent FP resonator in Fig. 5, the active
reflecting area of the left-hand mirror is 7; = 77 - T5, and
T, = T for the right-hand mirror. Based on the above proof
and inferences, we can calculate the modes of the FP resonator
as of the MRC using diffraction theories.

As in Fig. 6(a), if the light field distribution on one of the
cavity mirror is known, one can obtain the amplitude and phase
distribution of light field at any position in the cavity [23].
The light field at Z = 0 can be regarded as a set of secondary
waves. Thus, after the over-the-air transmission of the light
field, the coherent superposition of the secondary waves of all
secondary waves on the wavefront at each point on Z = L
constitutes the vibration of each point, forming a new light
field distribution. The above process can be depicted as the
Fresnel-Kirchhoff diffraction integral formula as

(kL)
Ulx,y,L) = eij // (z1,91,0

exp{ 5T {(35 —21)? + (y — ) } }d$1d917

(18)

where j := /=1, L is the resonator length, k = 2m/\
is the wave number, and A\ is the wavelength of resonant
beam. Suppose U(z1,y1,0) represents the field on the left-
hand mirror of the FP resonator, then U(x,y, L) is the field
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on the other mirror and T is the active reflecting area of the
left-hand mirror.

For high-speed numerical calculation, Fast-Fourier-
Transform (FFT) is adopted to find numerical solution of
diffraction process [24]. Equation (18) can be rewritten as the
following convolution form:

Ulz,y,L) = // U(z1,91,0) h(z — 21,y — y1) dzady,
! (19)
where h (z — x1,y — y1) named as impulse response can be

expressed as

2, .2
2

h(x,y) Y oL (®+y )], (20)

then the formula can be rewritten as [24]
y{U({,& Y, Z)} = y{U(xh Y1, 0)} ! y{h(:ﬂ, y)}7

where % denotes the Fourier transform. Moreover, the fields
before and after passing through the cat’s eye’s front face
U~ (x,y) and U(z,y) have the following relationship [25]:

U(xa y) = T(J?, y) U~ (.73, y)7 (22)

where T'(z, y) represents the active reflecting area of the cat’s
eye. Thus, the self-consistent integral formula for one round-
trip field transmission is

U('Tvva) :gil{y{ﬁil{y{U(x’yaL) 'Tr(x7y)}'
F{h(@1,y1)}} - Ti(zr,y1)} - F{h(z, y)}}-
T (,y),

exp(jkL) exp |:jk‘

2n

(23)
where .7 ~1 denotes the inverse Fourier transform process.

Based on the Fox-Li method [26], we are supposed
to iterate (23) ¢ times to calculate the eigenmode of the
resonator. As in Fig. 6(b), the light field oscillating back
and forth in the cavity can be equivalent to the light field
continuously passing through a series of apertures and finally
forming a stable light field distribution. Suppose the original
light field distribution U(z,y,L) = 1, which represents a
uniform beam profile, the light field on the output plane is
gradually stable during iterations [13, 25, 26]. Eventually, the
forms of field distribution Uy(x,y, L) after ¢ iterations and
Ui—1(z,y, L) after t —1 iterations are exactly identical, except
for the constant factor difference on amplitude and phase. Then
Ui(x,y, L) can be regarded as the self-reproducing mode, or
namely the eigenmode of the stable resonator.

For simplicity, we assume only the fundamental mode,
whose shape is similar to the Gaussian beam profile, reserves
in the resonator after Fox-Li iterations [26]. Then, we can
find the beam spot size A using the method for determining
Gaussian beam radius [27] with Uy(z, y, 0), and the loss factor
of the one-way transmission as

_ ‘Ut(xava)P _ |Ut<x’y70)|2
|Ut(xay70)|27 |Ut(xay7L)|2.
Finally, we can obtain the receiver’s output laser power Py
with respect to the input power P;,, the distance L between the
two cat’s eyes, and the translation angle 6 of the remote cat’s
eye. Figure 7 depicts the power distribution on the receiving
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Fig. 7 Optical power distribution (output laser power Py in
the receiver) with the input power P, = 150W. The height
of the transmitter is (a) 3 m; (b) 2 m.

plane when the input power is 150W and the receiving plane
is 3m and 2m away from the transmitter.

IV. ENERGY AND DATA FLOW IN AN EXEMPLARY
RB-SLIPT SYSTEM

In this section, we present a practical RB-SLIPT system
design embedding a PV panel for energy harvesting and
an APD for data receiving respectively at the receiver. We
will detail the energy and data transfer flow of RB-SLIPT
from three aspects: signal generating and power input at the
transmitter, path loss in the mobile transmission channel, and
energy/data processing at the receiver.

A. Signal Generating and Power Input at the Transmitter

1) Signal Generating: We adopt the optical orthogonal
frequency division multiplexing (OFDM) method for signal
modulation [28]. For indoor light communication applica-
tions, the narrow-band interference generated by artificial
light sources will affect the performance of single carrier
modulation schemes such as pulse width modulation (PWM)
and pulse amplitude modulation (PAM) [29, 30]. However,
OFDM technology can effectively solve the problems of inter-
symbol interference and narrow-band interference caused by
optical signal diffusion [16, 17].

At the transmitter, let s denote an input bitstream and s
is at first mapped to the discrete modulation symbols, i.e.,
5182+ SN/2-1 where N is the number of subcarriers.
Then, the Hermitian symmetry is imposed on the data vector

[0 5182 ... Sny2—1 0 57V/2—1 S 85 s”l;Lso that the
output of the inverse discrete Fourier transform (IDFT) block
can be real [31]. As illustrated in Fig. 2, we denote ig,(t) as
a source signal from the electrical modulator; then i, (t) after
the IDFT operation and adding DC-bias can be presented as

as S =

N-—1 1
—_S(k)eT Rt =0,1,..., N —1,

S —
dsig, e ()

isig(t) = (25)

where isig,k(t) represents the signal on k;;, subcarrier, and
S(k) is the corresponding element of S.
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Then, a DC component from the pump source acts as a
DC offset to the source signal. Thus, the generated signal at
the transmitter can be given as

Iin(t) = ID + isig(t)a

where Ip is the DC offset and 4, is an AC component carrying
the data that needs to be sent out.

2) Power Input: For a thin-disk solid laser, an LD is
adopted to pump the thin-disk gain medium. The electric
current [;, at first drives the LD to generate the pump laser
with power Fyymp with the relationship as [32]

hC()
e e

where h = 6.62607015 x 10734 - s, ¢y = 3 x 10%m/s, ¢ =
1.6 x 10719C, \. = 808nm are the Plancks constant, the speed
of light, the electron charge, and the emission light wavelength,
respectively; 7. is the external quantum efficiency which is
the multiplication of carrier injection efficiency and photon
extraction efficiency; Iy, is a temperature-dependent constant
threshold current. I contributes to the input current exceeding
the LD’s threshold current [y,.

Then, the pump power is absorbed by the gain medium
and converted to the power stored in the upper laser level
inside the gain medium P, with efficiency 7, as

(26)

P

pump — (Ii - Ith) (27)

Povail = naP umy
pump

I (28)
— Tlexcitd in

where 7excit = 12mp represents the excitation efficiency. P,
denotes the input power containing both the AC and DC signal
to the laser diode, and np is defined as the pump efficiency.
Thus, P,y is available for generating the resonant beam,
which can be regarded as the power of the transmitted signal.

B. Path Loss in the Mobile Transmission Channel

For traditional SLIPT systems, the path loss of the
transmission channel is caused by the beam divergence and
misalignment of the transmitter and receiver. For the RB-
SLIPT system, the resonant beam power which carries in-
formation and energy will increase as passing through the
gain medium, and decrease as experiencing the diffraction
losses, losses inside the medium, and output coupling. Due to
the characteristics of long-range intra-cavity transfer and self-
alignment, the intra-cavity diffraction loss cannot be neglected
in the mobile transmission channel. As in Sec III, we can
obtain the diffraction loss of one-way transmission inside the
MRC as (24). Thus, the diffraction loss factor ngs can be

depicted as
Naite =/ V1Va.

In the RB-SLIPT system, the transmission channel is
essentially a separated resonant cavity, and the resonant beam
carrying energy and data within the cavity inherits the features
of lasers, i.e., monochromaticity, directionality, and coherence.
Thus, the resonant beam transmission loss over the air within
several meters is negligible. However, as the resonant beam
transfers within the cavity, the diffraction loss that occurs as
the beam passes through the optical devices such as lenses

(29)

L2 M2 L B L5
cam
Pnul Sphtter
APD
HP(\UT (1_ H)Pnul
RR2 L4
- PV

Fig. 8 RB-SLIPT receiver design with a power splitter.

cannot be neglected, as the long transmission distance will
lead to larger beam divergence, causing larger diffraction loss.
Thus, the diffraction loss is dominant to the path loss during
long-range transmission. From Section III, the diffraction loss
in the mobile transmission channel relies on the size of system
components, the distance, and the deflection angle between the
transmitter and receiver.

C. Energy/Data Processing at the Receiver

Similar to the traditional laser system, the output laser
power Py, will be extracted from Py, after experiencing the
path loss during the channel transmission, internal loss of the
gain medium, and the loss due to the output coupling, where
the extraction efficiency can be depicted as [22]

m(l — RV
1— 2R + narvVR[1/(VsVi) — Vs]’
with n, = A /A, denoting the overlap efficiency of the gain
medium.

Then, the output laser power can be presented from (15),
(28), (29), and (30) as

(30)

Tlextr =

Pow = nextrnexcitjjin — G 31

where ¢ = NexeAgls (In <77diffVS \/R)l- represents the thresh-
old of the laser output in the RB-SLIPT system. The parameter
Nextr contains the impacts of various losses in the system,
and 7exci¢ depicts the stimulation process of the thin-disk gain
medium. Then, the output laser power is spilt into two streams
to be received by the PV and APD, respectively.

Figure 8 shows an exemplary RB-SLIPT receiver design
with a power splitter. Here we adopt a beam splitter to split
power and determine the split ratio 0 < p < 1 through coating
methods. p is the reflectance of the beam splitter and 1 — p
is the transmittance. Thus, P,y is received by a PV panel
for energy harvesting and (1 — p) Py is collected by an APD
for information detection. Lens L3, L4, and L5 are adopted to
focus the beam onto devices, i.e., beam splitter, APD, and PV,
and the above devices are placed at the focuses of the lenses.
Thus, beams can impinge on the PV/APD even in movement.

1) Energy Harvesting: Figure 9 depicts the equivalent
circuit of PV for energy harvesting. PV under illumination can
be regarded as a constant current source in parallel with diode.
Iy, represents the photo-generated current, and Iy denotes the
current that is used to counteract the junction current of p-
n junction. The additional resistance due to PV’s material
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Fig. 9 DC equivalent circuit of PV for energy harvesting [8].

properties is represented by series resistance R and the edge
leakage is modeled by a parallel shunt resistance Rg,. Finally,
Ry, represents the load, i.e., battery to be charged, with the
PV’s output current Iy, and output voltage Vpy,.

Then according to Kirchhoftf’s law, the current-voltage (I-
V) characteristics of a PV panel at a maximum power point
can be described as

oo = I — T = 32)
where V4 is the voltage across the diode follows
Va = Vovio + Ipv,oBs. (33)
Moreover, the current Iy through the diode is
Ig=1Io (e“V* — 1), (34)

where I is the reverse saturation current, ¢; = 1/nynVr is the
PV panel factor, with ng the number of cells connected inside
a PV panel, n the diode ideality factor, and Vy = (kT)/q
is the thermal voltage of the diode, with k£ the Boltzmann’s
constant and 7' the temperature in Kelvin.

Moreover, I, depends on the light power received by
the PV panel P,;. Assume the output laser power for energy
harvesting is 100% harvested by the PV, i.e., Pyy; = pFPou,
the relationship between photocurrent I, and PV’s input laser
power [,y can be depicted as

Iph = plev,i

(35)
= Kp1 (nextrnexcitf)in - C),

where p; is the conversion responsivity factor which depicts
the optical-to-electrical conversion efficiency and can be mea-
sured in A/W. From (32), (33), and (35), we can obtain the
output power By, of the PV panel available for charging the
battery as

va,o = Ipv,oV;)v,(r (36)

Then, the end-to-end DC power efficiency 75y of the RB-
SLIPT system can be calculated as

— PpV,O
Msys P,

(37)

2) Data Receiving: A portion of the laser beam is re-
ceived by the APD and converted to the output signal current:

de = (1 - ,U/)Poula (38)

At the receiver part, the following three aspects are detailed
for the communication performance analysis.

8

o Received Signal: To present the signal gain in the mobile

transmission channel of the RB-SLIPT, we can rewrite
(38) as follows according to (27), (28), and (31):
ipd = P2
=p2(1 =) [y (In — I ) — ],

where po represents the optical-to-electrical conversion
responsivity of APD expressed as [33, 34]

(39)

qAne
p2=LIM, (40)
c
where M is the multiplication factor of the tran-
simpedance amplifier inside the APD relying on the
temperature and bias voltage. Then, « is presented as

hc
Y = NextrMalle - 41)

qAe

v and c are constants at given transmission distance and
deflection angle between the transceiver, which illustrates
the linear modulation ability of mobile transmission chan-
nel for communication. Then, 7 is modeled as the channel
gain for signal transfer in RB-SLIPT, which reflects
the channel condition depending on the transmission
distances and deflection angles. Thus, the time domain
signal on ky, subcarrier received by the user can be
described as [35]

ipd,k () = p2(1 — 1) Visig,k (t) + np(t), (42)

where ny(t) is the noise signal on the ky, subcarrier.
Noise Analysis: We analyze the shot noise generated
through the optical-to-electrical conversion in the APD
and the thermal noise caused by the resistors in the APD
system. The variance of the noise signal with zero mean
on ki subcarrier can be expressed as [31]

0% = N W/N, (43)

where W is the modulation bandwidth. The noise signal
can be modeled as additive white Gaussian noise with
power spectral density (PSD) profile denoted as Ny,
which is the sum of laser intensity noise, shot noise, and
thermal noise:

Nior = NL + Now + Nin. (44)

Laser intensity noise primarily comes from spontaneous
light emissions, which is depicted as [36]

NL = SrinFPpd, (45)

where Sy is the relative intensity noise (RIN) of the
laser. The one-side PSD of the shot noise in A%/Hz can
be expressed as [10]

N = 2¢p2(Poa + By + Paet) M F, (46)

where F' is the excess-noise factor for the APD derived
from the effective ionization coefficient k.g as [33]

1
F:Mkeff+(1_keff) <2_M> 47)
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P, is the background power caused by the ambient light
(sunlight or LED light), which is expressed as [33]

Py, = nrxHyp Brr Arx Prx R, (48)

where nrx = 0.5 is the optical efficiency of the signal
receiving unit, Hy, = 0.2Wnm~!sr~'m~2 represents the
background spectral radiance, Bir = 20nm is the optical
bandwidth of the filter installed behind the output coupler
RR2; Apyx = 4.52cm?, &g, = 0.7041sr, and R = 0.7 are
the receiving area, solid angle, and transmittance of RR2,
respectively. Thus, the P, is estimated as 9.56 x 10~6W.
Py 1s the detector noise power formulated as [33]

Pdet =V WNdet»

where By 18 the detector bandwidth and Ny, is the noise
equivalent power (NEP).

The thermal noise is generated by the load resistor Ry pq,
of which the one-side PSD can be described as [36, 37]

Ny = 4kTF/Ry, pa. (50)

(49)

Signal-to-Noise Ratio (SNR): To evaluate the perfor-
mance of the communication in the RB-SLIPT system,
we analyze the SNR of the channel. We depict the
channel performance from the SNR of each subchannel,
and the SNR of the k;;, sub-channel regardless of each
subchannel’s frequency selectivity is expressed as [31]

[p2(1 — ugvisig,k]z. 51)

Ok

SNRy =

We adopt the M-array quadrature amplitude modulation
(M-QAM) method and the OFDM signal is clipped on
both sides of the time-domain distribution with the clip-
ping levels at —3.2¢ and 3.2¢ [38], where € = paPpq/2
considering the average received optical signal power.
Thus, the upper part of the above equation (51) can be
expressed as (p2Ppa/2/3.2)? /(N —2). It should be stated
that p, and o} depend on the key factors of APD, i.e.,
multiplication factor M and excess-noise factor F'.
Then, in OFDM systems with the M-QAM method, the
average spectral efficiency is [17]

_ ﬁlfil logy My
BTN Nep) 1+ B)°
where N is the FFT size which is equal to the number
of subcarriers, 3 is the roll-off factor of the filter, N,
is the OFDM cyclic prefix length, and Mj, is the size of
the M-QAM array constellation on subcarrier k. Then the
data rate is obtained as [38]

Ry, = 295, W. (53)

The theoretical bit error rate (BER) of M-QAM is then
expressed as [17]

(52)

1
BER =~ 1-— X
logy, My, ( Y Mk)
2 3SNRy log, My, |’
s A4 (Mj, — 1)

(54)

where Q(+) is the complementary cumulative distribution
function (CCDF) for the standard normal distribution.
After comparing with the capacity calculation of a chan-
nel model for the free-space optical communication [39—
41], we adopt the following formula to depict the achiev-
able data rate of the RB-SLIPT system as [31]

N/2—1

> (W/N)log, (1+ SNRy).
k=1

R, = (55)

V. NUMERICAL RESULTS AND DISCUSSION

In this section, we numerically analyze the channel factor
and the energy/data transfer capability of the RB-SLIPT sys-
tem. As for the mobility-enhanced system, we will specifically
analyze the impacts of the moving range ( i.e., transmission
distance and deflection angle), the DC offset power, and the
split ratio on the performance of the proposed system.

A. Parameters

TABLE I Parameter of Resonant Beam System [22]

Parameter Symbol Value
Cat’s eye radius T 12mm
Gain medium radius Tg 3mm
Resonant beam wavelength A 1.064 x 10~ %m
Output coupler reflectivity R 0.7
Medium saturated intensity Is 1.26 x 107W/m?2
Loss factor in medium Vs 0.99
Excitation efficiency Nexcit 0.5148 [42]
Gain stored efficiency Ta 0.72
External quantum efficiency Ne 0.9 [10]

TABLE II Parameter of Energy/Data Transfer [33, 43]

Parameter Symbol Value
PV conversion responsivity 1 0.0161A/W
Reverse saturation current Iy 9.89 x 10~%A
Diode ideality factor n 1.105
Number of serial PV cells N 40
Series resistance Ry 0.93Q2
Shunt resistance R 52.6k2
PV load resistor Ry 1002
Temperature in Kelvin T 298.15K
APD gain M 135
Effective ionization coefficient ket 0.005
Detector bandwidth w 422MHz
Detector NEP Nget 0.19pW/Hz!/2
Relative intensity noise SRIN —130dB/Hz [36]
APD load resistor Ry pa 10KS2 [37]

TABLE III Parameter of Fox-Li and FFT algorithm [24, 26]

Parameter Symbol  Value
FoxLi iteration number t 300
Sampling number SN 2048
Computation window expand factor G 2

The parameters of the gain medium are from an example
of a diode-end-pumped Nd:YVO, laser in [22, 42]. The thin-
disk Nd:YVO, gain medium is with high excitation efficiency
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Fig. 10 Channel factors v of the RB-SLIPT with different
transmission distances L and deflection angles 6.

and the thin-disk structure enables a larger FOV of the RB-
SLIPT transmitter. The 808nm diode laser is chosen to pump
the gain medium and the infrared beam with the wavelength
of 1064nm is stimulated as the resonant beam. Then, we
adopt a vertical multi-junction PV cell for energy harvesting
and obtain the parameters for the PV’s equivalent circuit
through fitting operations using the measured data in [43, 44].
Moreover, parameters of APD for data receiving are from [33].

For the FFT numerical calculation, the calculation plane
and the impulse response function need to be sampled first, and
the sampling number Sy is generally a power of 2. Moreover,
zero-padding is needed to avoid aliasing effects as in Fig. 6.
The computation window length 2Gr is defined as the length
of zero-padded aperture, where G is the computation window
expand factor, and r is the front face radius of the cat’s
eye. Appropriate value selection of Sy and G can avoid the
aliasing effects and simulate the resonant beam transmission
accurately for the FFT process, and the rules are referred
to [24]. Moreover, according to the calculations in [26], we
choose the number of iterations before the termination of
the iterative process. We specify the RBS parameters, energy
and data transfer parameters, and FFT and Fox-Li algorithm
parameters in Table I, II, and III, respectively.

B. Channel Factor of the Mobile Transmission Channel

In this paper, we have proposed an analytical model for
the energy distribution analysis of the mobile transmission
channel, so that we are capable of modeling the channel
accurately as a function of mobility factors such as trans-
mission distance, i.e., cavity length L, and the deflection
angle between transceiver 6. Figure 10 depicts the channel
factors  of the proposed system with varying L and 6.
doesn’t change obviously as the deflection angle between the
transceiver is below 10°. However, as the angle is larger
than 10°, v declines sharply and turns to 0 with 6 = 13°.
The maximum allowable angle depends on the parameters
(i.e., focus length and front face radius) of the cat’s eye.
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Fig. 11 Charging power and achievable data rate as a func-
tion of deflection angle 6 with different split ratio p under
transmission distance L = 3m.

Moreover, as the transmission distance L changes from 1m to
10m, ~ decreases correspondingly. The increment of the cavity
length leads to larger beam divergence, thus the diffraction
loss during resonant beam transmission grows and the channel
factor decreases. The diffraction loss is obtained accurately
through numerical methods introduced in Section III.B, which
is not linearly dependent on the cavity length.

C. Energy-Data Transfer Performance of RB-SLIPT

At the receiver, the output laser beam at first enters into
a power splitter and is split into two streams with ratio p
for energy and data harvesting, respectively. To ensure that
the incident optical power onto the APD is below the APD’s
saturated power, we place an attenuator with 1% transmittance
above the APD. Thus, as in Fig. 11, we analyze how the split
ratio impacts the energy/data transfer performance given an
input power 200W. We can find as p grows, the charging power
improves significantly, while the degradation trend in data
transfer performance is slow until 4 approaches 1. To enhance
clarity, we plot the average SNR as a function of y, where SNR
reduces as the p increases similar to the downward trend of
achievable data rate. The value of i determines the energy/data
transfer performance and the improvement of charging power
is more obvious. Thus, in the following analysis, we choose the
split ratio p = 0.99 for maximizing the energy/data transfer
capability. It should be stated that we set subcarrier number
N = 1024 in the analysis above and below.

Figure 12 shows the charging power and achievable
data rate as a function of input power of the DC offset
Ip, with transmission distance L = 2m and 3m as well
as deflection angle § = 0° and 10°. As the input power
increases, the charging power from PV grows over 4W and the
communication performance improves correspondingly from
2.6Gb/s to 3.1Gb/s. With the increase of input power, the
output laser power increases linearly, while the growth rate
of the charging power gradually slows down. That’s because
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under input power P, = 200W.

the conversion efficiency of the PV cell reduces as the incident
power increases due to the features of the equivalent circuit
model. We also plot the SNR which shows a similar growth
trend as the achievable data rate.

Figure 13 depicts the charging power and achievable
data rate as a function of transmission distance L with the
deflection angle # = 0°,10°, and 11°, and the input power
to the system FP;, = 200W. Evidently, both the energy and
data transfer performances reduce with the increase of the
transmission distance L. Moreover, L has more impact on the
energy transfer than on the data transfer, and as the deflection
angle grows, the acceptable transmission distance decreases.
Moreover, as illustrated in Fig. 10, the channel gain reduces
significantly only as the deflection angle is over 10°. Thus,
there is not much difference between the energy/data transfer
performance as § = 0° and # = 10° and the performance
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Fig. 14 Charging power and achievable data rate as a func-
tion of deflection angle # with different input power under
transmission distance L = 3m.

reduces obviously as § = 11°.

In Fig. 14, we analyze the relationship between the charg-
ing power/achievable data rate and the deflection angle 6. The
energy/data transfer performance shows a similar tendency
with y as a function of §. The maximum operational deflection
angle between the transceiver with P, = 200W and 250W
is 12°. Moreover, as the input power increases, the charging
power grows at a slower rate due to the lower PV conversion
efficiency. Furthermore, if the input power is low, there will
be no charging power output from the PV.

Additionally, we evaluated the actual data rate and BER
of the system using (53) and (54). The length of FFT N is
1024, the cyclic prefix length N, is 176, and the roll-off
factor 8 = 0.1. Moreover, the QAM order is 256, i.e., each
QAM symbol transmits 8 bit. Thus, the actual data rate reaches
2.6Gb/s according to (53). With this data rate, we obtain that
BER < 1.1 x 107! of the RB-SLIPT system as the input
power is 200W within the FOV under transmission distance
L = 3m according to (54).

D. Discussion

Based on the analytical models, we can analyze the
channel gain, charging power, SNR, achievable data rate of
the proposed RB-SLIPT system. Moreover, as a mobility-
enhanced system, we analyze the performance as a function
of moving factors (i.e., moving length and deflection angles)
and the largest moving range/FOV of the system is depicted.

The proposed RB-SLIPT system shows the performance
of providing more than 4W charging power and more than
3Gb/s capacity with the moving range of 3m and 20° FOV
under the input power of 250W. However, the end-to-end DC
power efficiency is calculated to be around 2%, which in
other state-of-the-art laser systems is typically around 10% [7,
8, 16]. We compare the performances of the related SLIPT
systems as in Table IV. The proposed system outperforms the
other two systems in higher charging power while performs
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TABLE IV Performance comparison of SLIPT systems

Scheme Data rate  Harvested power End-to-end DC power efficiency Complexity Self-alignment
[16] 1.0Gb/s 0.98mW 9.8% Low complexity Not support
[10] 1.6Gb/s 40mW 1.2% Low complexity Without analysis
Current work 2.6Gb/s 4W 2.0% High complexity ~ Support with analysis

poorly in the end-to-end efficiency and implementation com-
plexity. Most importantly, the proposed RB-SLIPT system is
capable of positioning mobile receivers with self-alignment
characteristic and the mobility analysis is supported.

The efficiency of the electrical power driving the pump
LD and the LD pumping the gain medium at the transmitter
and the conversion efficiency of PV at the receiver are two key
factors restricting the end-to-end efficiency. The conversion
efficiency from input electrical power into the RBS to the
output laser power is 18%, while the PV conversion effi-
ciency is around 11%. Thus, the end-to-end efficiency can
be improved by choosing semiconductor gain medium and
PV cell with higher conversion efficiency. The theoretical
conversion efficiency for high laser power of the PV cell is
up to 40% and the efficiency of semiconductor gain medium
is more than 70%. For further reducing the transmission
losses (i.e., diffraction loss) over long-distance transmission,
optical devices such as lenses and mirrors with larger sizes
are supposed to be adopted in the system.

VI. SUMMARY AND CONCLUSIONS

In this paper, we design an RB-SLIPT system that can
deliver multi-Watt power to the mobile receivers with a self-
alignment characteristic. We at first establish a mobile trans-
mission channel model to reveal the mobility mechanism and
quantitatively evaluate the energy distribution in the channel.
Then we propose an exemplary SLIPT design to harvest
energy and data using PV and APD respectively. Finally, we
analyze the impacts of moving factors on the energy/data
transfer performance (charging power and achievable data
rate). Numerical analysis illustrates that RB-SLIPT can simul-
taneously support high charging power, high data rate, and
self-positioning mobile receivers within large FOV over long
distances. The existing laser-based SLIPT schemes already
achieve a high data rate with high energy conversion efficiency.
However, the proposed RB-SLIPT is a potential scheme for
providing more charging power for various mobile electronics
especially in mobile operations.

Several interesting topics are worthy of further investi-
gation in the future: 1) design and analysis for SLIPT with
multiple receivers; 2) methods of enhancing deliverable power
and data rate; 3) impacts of moving speed on SLIPT stability.
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