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Adaptive High-Power Laser-Based Simultaneous

Wireless Information and Power Transfer System
With Current-Fed Boost MPPT Converter

Yunshi Wang

Abstract—A laser beam is an effective power and data carrier
that offers inherent advantages in terms of the simultaneous trans-
fer of wireless information and power, which is widely used in
both the Internet of Things and the Internet of Energy. This paper
proposes an adaptive high-power and high-efficiency laser-based
simultaneous wireless information and power transfer system. This
is achieved through the use of adjusted and modulated laser diode
systems at the transmitter and multiplexed photovoltaic cells, a
coupler, a filter, and a maximum power point tracking (MPPT)
converter at the receiver. The interaction between the converter
and the communication component is investigated theoretically and
experimentally using a current-fed boost MPPT converter with
the MPPT algorithm of perturbation and observation. The results
indicate a maximum DC output power of 7.3 W at the receiver and
a maximum MPPT converter efficiency of 84%. Additionally, at
a data rate of 495 kbit/s, with a DC output power of 5.11 W, the
bit error ratio is 2.62 x 10 for the binary amplitude shift keying
modulation format, the MPPT converter efficiency is 88%, and
the corresponding loss of communication is about 1% of the total
transmitted power.

Index Terms—Simultaneous wireless information and power
transfer, maximum power point tracking, current-fed boost
converter, converter—communication-component interaction.

1. INTRODUCTION

IRELESS power transfer (WPT) has been widely stud-
W ied and applied as an important power transfer method
[1]-[5]. With the development of Internet of Things and Internet
of Energy, new requirements for the wireless transmission of
power and data signals have become apparent [6]. The synchro-
nization or time-division transmission of power and data signals
is required instead of the use of conventional methods [7], [8].
Among the various WPT technologies, laser/LED-based and
microwave-based WPT are suitable for far-field simultaneous
wireless information and power transfer (SWIPT) [9], [10].

Manuscript received April 1, 2021; revised June 6, 2021; accepted June 8,
2021. Date of publication June 14, 2021; date of current version July 2, 2021.
(Corresponding author: Changming Zhao.)

Yunshi Wang and Changming Zhao are with the School of Optics and
Photonics, Beijing Institute of Technology, Beijing 100081, China (e-mail:
yunshi_wang_bit@sina.com; zhaochangming @bit.edu.cn).

Liwei Zhang is with the CETC China Academy of Electronics and Information
Technology, Beijing 100041, China, and also with the Key Laboratory of
Photoelectronic Imaging Technology and System, Ministry of Education of
China, Beijing, China (e-mail: wyrenzhewudi@ 126.com).

Digital Object Identifier 10.1109/JPHOT.2021.3088887

, Changming Zhao, and Liwei Zhang

Previous studies on LED-based SWIPT were based on op-
tical communication systems incorporating photovoltaic (PV)
devices [11]-[13]. However, these studies primarily focused on
the transmission of data signals instead of power. Although
the system communication bandwidth is considerable, there
are no available converters for power control, and discussions
on power efficiency are scarce. Furthermore, the transmission
power in these studies was often excessively low, making it
difficult to realize effective driving capability. A complete high-
power SWIPT system should include both a power converter
component and a communication component. A high-power
laser-based simultaneous wireless information power transfer
(LSWIPT) system that is predominantly designed for power
transmission should include converters for power control. In
a previous study, a boost converter was used at the receiver
[14] to realize a laser-based wired simultaneous information
and power transfer (SIPT) system with constant voltage output
(CVO), using an 808 laser diode (LD) and GaAs PV cells. A
15 W laser was used at the transmitter to obtain a maximum
power (MP) of up to 6.2 W at the receiver in the downlink. For
a signal transmission rate of 115.2 kbit/s, an additional power
loss of 20% was observed. Moreover, another modulated laser
was used at the receiver to transmit signals in the uplink.

Unlike laser-based wired SIPT, it is unsuitable to drive the
load directly in an LSWIPT system owing to stability and safety
issues. LSWPIT systems can be used to charge batteries, which
can then provide power to the load. Generally, the receiver of
a laser-based WPT system is capable of operating as a solar
PV charging system, which can afford at least the maximum
power point (MPP) mode and CVO mode based on load demand.
However, the system efficiency decreases significantly in the
CVO mode than in the MPP mode, regardless of converter
efficiency. In this study, we propose a high-power LSWIPT
system with a maximum power point tracking (MPPT) converter
at the receiver using 808-nm fiber-coupled output LDs and GaAs
PV cells. The receiver is capable of continuous operation in
the MPP mode during stable operation owing to the use of the
MPPT converter and the control of the laser power, which can
significantly improve system efficiency. A synchronous recti-
fication current-fed (CF) boost converter with a perturbation
and observation (P&O) algorithm is used for MPPT at the
receiver. A capacitive coupler is used between the PV cells
and the MPPT converter to extract signals from the transmitter

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0000-0001-8831-4909
mailto:yunshi_wang_bit@sina.com
mailto:zhaochangming@bit.edu.cn
mailto:wyrenzhewudi@126.com

8400111

Detector

1

POWER — Driver — LD — Expander ‘

t t

Mod TEC

Fig. 1.

[15] and reduce the influence of the power disturbance of the
modulated laser that is used for communication on the MPPT
converter. A signal transformer (0.01-100 MHz) is employed
for noise attenuation and electrical isolation. Additionally, a
filter is employed between the coupler and MPPT converter for
noise attenuation. Further, we discuss the interaction between the
power converter and the communication component and conduct
a comprehensive analysis and design of the system. And we
analyze the system loss. Finally, we achieve a high-efficiency
and high-speed LSWIPT system in the MPP mode with a DC
power output of up to 7.3 W and limited mutual interference
between the transmission of power and data. The power loss
associated with the MPPT converter is about 10% of the MP of
the PV cells, and the laser power for communication is about 1%
of the total transmitted laser power. With a DC power output of
5.2 W, the bit error ratio (BER) is 2.62 x 10™*, at a data rate of
495 kbit/s, while using the binary amplitude shift keying (2ASK)
modulation method with a modulated laser peak-to-peak power
of 0.3 W. The transmitted laser power and communication rate
can be further increased using optimized devices, with limited
interference between the transmitted power and data signals.

The remainder of this paper is organized as follows. Section 2
presents the system structure and working principle; Section 3
discusses the design of the system based on parameters of PV
cells and load, and the interaction between the communica-
tion and converter components is analyzed. The experimental
verification of the system and the experimental analysis of the
interaction between communication and signal transmission are
presented in Section 4. Lastly, conclusions of this study are
highlighted in Section 5.

II. PRINCIPLE AND MODEL

The proposed LSWIPT system includes both power conver-
sion and communication components. As shown in Fig. 1(a),
the proposed system includes a power system, a LD system,
modulation devices, and a beam expander at the transmitter.
A coupler is essential for signal extraction at the receiver. In
high-speed LSWIPT systems, the noise generated by the pulse
width modulation (PWM) of the switches overlaps the spectrum
of the communication modulation bandwidth, thereby affecting
the communication component of the system. Additionally, the
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Proposed LSWIPT system: schematics of the (a) transmitter and (b) receiver.

PV cells output voltage jitter, caused by the modulated laser, and
this also affects the MPPT converter. Therefore, a filter should
be employed between the converter and the coupler. As shown
in Fig. 1(b), the proposed system includes PV cells, a signal
coupler, a filter, a demodulation device, an MPPT converter, a
detector for beam waveform monitoring and a constant voltage
load at the receiver.

The proposed system functions as follows: the power beam
is superimposed on the PV cells for power transmission and
communication. Multiplexed PV cells serve as both power and
signal conversion devices. The filter inductor suppresses the
switching noise, and the coupler obtains the modulated signal
and performs demodulation. Additionally, the receiver always
operates in the MPP mode according to the power requirements
of the constant voltage load through the adjusted laser power at
the transmitter and the MPPT converter at the receiver.

As a device that converts both power and data signals, the
PV cell model is important in terms of system analyses. For
signal extraction analyses, the model of the PV cells can be
simplified as shown in Fig. 2(a). This circuit contains a series
resistance Ry, shunt resistance Ry, parasitic inductance L,,,
parallel capacitance C,, representing the capacitive effect of
the p-n junction, and small-signal dynamic resistance R, rep-
resenting the diode equivalent effect [13]. In terms of power
conversion, the GaAs PV cells operate under a high-power laser,
the irradiation of which results in the small size of PV cells. Thus,
their capacitance is also considerably much lower than the input
capacitance of the CF-boost converter; hence, cell capacitance
can be ignored when discussing the effect of PV impedance
on converter stability. Thus, the PV model can be simplified
as shown in Fig. 2(b); this circuit contains a series resistance
R, shunt resistance R, and small-signal dynamic resistance
R4 representing the diode equivalent effect [16]. In terms of
analyzing the effect of PV resistance on communication and
MPPT converter stability, the PV equivalent impedances at the
MPP can be expressed as follows:

vafcom - (vas + Rs + Rsh || Rd || (va5)71> (l)
vafstab - (Rs + Rsh || Rd) (2)

where Z,,,_com and Zp,_s¢qp are the PV equivalent impedances of
the communication and converter components, respectively. As
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Fig. 3. Circuit diagram of receiver with PV cells, coupler, filter, synchronous rectification CF-boost MPPT converter, and constant voltage load.
PV cells are essentially current sources, input voltage control is  [21]:
applied instead of input current control for the stability and speed 7 T L.
of the MPPT converter, as discussed in previous studies [17], 1y, = a +ZZ- )ipv + 1 JrOZZ- )ﬂo + K. (1 rL- )ﬁmpp,ref
[18]. Moreover, a CF converter is used instead of a voltage-fed wm wm s wm 3)

converter to improve system stability [19], [20]. A synchronous
rectification CF-boost converter is used due to its output voltage
range and efficiency. The P&O MPPT algorithm, which s easy to
implement, is applied in this case [21]. Additionally, a capacitive
coupler is used between the PV cells and converter to extract
modulation signals from the transmitter. Fig. 3 presents the
power stage and control block diagram for the input voltage
control CF-boost-based MPPT converter as well as the coupler
with a filter for communication. The green dashed part and
the blue dashed part in Fig. 3 represent the coupler and filter,
and the MPPT converter of the proposed LSWIPT system,
respectively.

With an ideal current source, the output voltage of the PV
cells, which is approximately equal to the input voltage of the
converter in the MPP mode, can be expressed as follows [20],

where ,,y, ipv, U,, and d are small-signal dynamics parameters
of the PV output voltage, PV output current, converter output
voltage, and converter duty cycle, respectively. Z;,,, To;, and G;
are the open-loop input impedance, input and output voltage
transfer function, and control input voltage transfer function of
the synchronous rectification CF-boost converter, respectively.
These variables can be expressed as follows [22]:

Uin _ (SL +7r, + Tds) (1 -+ 57'CinCin)

Zin - %= 4

tin  LCins? 4+ Cins (rL + 7as1 +roin) + 1 @

T = ﬁfm _ (1 B D) (1 + STCinCin) (5)
G, LCips?+ Cins(ry +7as + 7o) + 1

Gci _ a’t:” _ (UO + Uds) (1 + SrCinCin) (6)

d a Llcin52 + Cins (TL + ras + TCin) + 1
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where Ccoupiers Rsigs L, 71fs Cins Tecins L, 71, D, Co, Feo, and
U, are the coupler capacitance, signal sampling resistance,
filter inductance, filter inductor resistance, input capacitance,
input capacitor equivalent series resistance (ESR), inductance,
inductor resistance, duty cycle, output capacitance, output ca-
pacitor ESR, and load voltage of the CF-boost MPPT converter,
respectively. The upper and lower switch transistor on-resistance
and conduction voltage drop of the synchronous rectification
CF-boost are rgs and U g, respectively. L;, is the input voltage
loop gain of the converter, which can be expressed as follows:

Lin:GPleGpmeci (S) (7)

where K is the input voltage sampling coefficient and G, is
the PWM modulator gain, both of which are constant. G pyis the
proportional integral (PI) compensation, which can be expressed
as follows:

k
Gpr=kp + ;I ®

where kp and k; are the PI compensation parameters.

The frequency response of the channel formed by Z,,_com.
the coupler, the filter, and the converter at the receiver can be
expressed as follows:

Rsig
V(W) _ RS'ig+(Csigs)7l 9
I (w) - 1 1 1 ( )
ph Zpo—com | Zsig | Zpitter+Zin

where w is the angular frequency of the modulated laser. The
signal extraction branch impedance Z;, can be expressed as
follows:

Zsig = Rsig + (Csigs)71 (10)

Additionally, the filter inductance impedance Zgy.,- can be
expressed as follows:

Zyitter = Lys + Ry (11)

III. SYSTEM DESIGN

The external impedance of the MPPT converter is formed by
the coupler, filter, and the impedance of the PV cells, which
affects the dynamic characteristics of the converter [23], [24].
Additionally, the coupler, filter, and converter also affect the
channel. Therefore, a comprehensive design of the communica-
tion and converter components in a SWIPT system is required
[25]. The primary goal of this system design is to transmit power
in a stable and efficient manner. Therefore, the power converter
parameters are first determined based on the input and output
parameters of the converter, and the communication subsystem
is subsequently designed and optimized based on the converter
design. Furthermore, the impact of the PV impedance, filter,
and coupler on converter stability is discussed along with the
impact of the PV impedance, filter, coupler, and converter on
the channel.

A. Converter Component

Converter parameters are determined based on the laser
power, PV cell output, and load. The peak-to-peak power of the
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modulated communication laser is significantly smaller than that
of the total transmitted laser power. Therefore, its effect on the
power conversion of the PV cells is negligible. In the proposed
system, the transmitted laser power ranges from 30 to 50 W and
the converter output voltage is 5 V. Fig. 4(a—d) present plots of
I_Vv P_V’ Iph_Plase'r and Impp_Plaser’ and (d) Pmpp_Plaser and
Frpp—=Plaser at a temperature of 35°C. I, and Iy, and Py,
and F,,, represent the photocurrent and MPP current, and MP
and efficiency of the PV cells for a laser power ranging from 30
to 50 W, respectively.

On neglecting parasitic parameters, the relationships between
Unnpp and U, and R,,,;,,, and Ry, can be expressed, respectively,
as follows:

(1 - Dmpp) Uo=Unmpp (12)

(1 = Dypp)> Ro=Ropp (13)

Here, U, and R, are the voltage and resistance of the converter,
respectively, and D, is the duty cycle of the PWM signal at
the MPP.

The ripple rate of the converter includes the inductance current
ripple rate 7, input capacitance voltage ripple rate ycin, and
output capacitance voltage ripple rate v ¢,. To reduce this ripple
noise, the converter needs to operate in the continuous conduc-
tion mode. At the MPP, 11, vcin, and ¢, can be expressed,
respectively, as follows [26]:

Unmp - Dy
VL= T f (14)
Imp *YIL
in — (= 15
YCin 8Umpcznf ( )
Dmp
o= TP 16
TCo = R, Co f (10)

where f, L, C;,, and C, are the switching frequency, inductance,
input capacitance, and output capacitance of the MPPT con-
verter, respectively. After a comprehensive consideration of the
efficiency and volume, fis set to 200 kHz, and vz, ¥ cin, and
Y co are set to 30%, 0.1%, and 0.3%, respectively. Furthermore,
the values of L, C;,, and C,, are 15 pH, 110 pF, and 264 pF,
respectively.

B. Communication Component

For high-power LSWIPT systems designed predominantly
for power transmission, the size of the PV cell is typically
considerably larger than that of a high-speed photodetector;
furthermore, its parasitic parameters are not optimized, and to
obtain as much power as possible, the PV cell works under a for-
ward bias voltage (FBV). Moreover, the modulated LDs are not
specifically designed and packaged for high-speed modulation;
this also limits the communication rate of the system. Therefore,
the high-power LSWPIT system in the present study performs
narrowband communication. Evidently, optimized devices can
be used to increase the communication rate when required
[27]. The parasitic capacitance of the PV cells is predominantly
affected by the bias voltage and temperature [28], [29]. In the
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experiment, a thermo-electric cooler was used to maintain the
PV cell at 35°C. The parasitic inductance of the PV cells is nearly
unchanged [13].

Filter inductance can meet noise attenuation requirements
through attenuation of the fundamental switching frequency
noise. The relationship between the fundamental frequency
noise of the converter and the corner frequency fy of the LC
filter formed by Cj,, and L., can be described as follows [30]:

fo=VA - fsup (17)

where A is the attenuation ratio required for the fundamental fre-
quency noise of the converter, fsy/p is the switching frequency,
and fj is the LC filter corner frequency, which can be expressed
as follows:

1

B 277\/ Lfilte’r : Cin

The output voltage ripple of the photovoltaic cell is exces-
sively small; hence, the ripple loss of sampling resistance can
be ignored.

fo (18)

C. Interaction

The minimum loop gain of a converter with a non-ideal source
needs to satisfy the Nyquist or Routh—Hurwitz stability criterion
[21], [31]. Stability can be analyzed using the bode plots of Z;,,,
T,;,and G ;. Accounting for the effect of the external impedance
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of the converter, the output voltage of the PV cells, which is equal
to the converter input voltage in the MPP mode, can be expressed
as follows [21]:
Zo—LCRZin %
(ZofLCR + Zin) (1 + LG) pe
ZofLCRToi ~
+ Up
(Zo-rcr + Zin) (1 + Lin)
Zo-rorGei LY
Ko (Zo-ror + Zin) (L + LT
where Z,_1,cr is the impedance formed by the PV cells, filter,
and coupler; it can be expressed as follows:

Upy =

+

) f}mppfref (19)

LiCy (rpy +7ey) s2+ Lys+Cyreprpps
+Cyrrf (Tpo +1cf) S+ Tpo + 718
Cy(rpy+ref)s+1

Zo-LCR =

(20)

Thus, according to Eq. (3) — (6), Z,_1.cr affects the dynamic
characteristics of the converter through Z;,,, T,;, and G.;. As
digital control is used in this study, the method described in
[32], [33] is employed for approximate analyses of Z;,,, T,;, and
G.; in the discrete domain. The larger the coupling capacitor
and the filter inductor, the more significant the impact on the
system. Using the obtained parameters, the bode diagrams of
Zin, Toi, and G; of the MPPT converter in the continuous and
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the 2ASK modulated signal and the MPPT converter noise from the coupler.

discrete domains could be generated both with and without the
incorporation of the effect of Z,_;, cr, when the filter inductance
was 500 pH and the coupling capacitor was 100 pF, as shown
in Figs. 5(a—c), respectively. Z;,(z), Toi(z), and G;(z) represent
the corresponding parameters assuming an ideal current source,
and Z;,,_#(z), Toi-z(z), and G;_z(z) represent the corresponding
parameters with Z,_;,cr in the discrete domain. The impact of
Zo.LocronZiy, Tyi, and G, in the discrete domain is negligible
when using the obtained parameters as shown in Fig. 5. There-
fore, the proposed system is capable of stable operation as a
system with an ideal current source.

In the proposed LSWIPT system, there are two types of
MPPT converter noise that affect the channel: the low frequency
noise caused by the implementation of P&O and the noise
caused by the PWM of the switches. Because of the filter and
coupling device, the channel exhibits a bandpass characteristic
[13], which is also confirmed through further experiments on the
channel amplitude frequency response (CAFR) and the channel
phase frequency response (CPFR) below. In addition, within
the closed-loop bandwidth of the converter (usually one-fifth to
one-tenth of the switching frequency) [30], the low-frequency
disturbance of the input laser within the closed-loop bandwidth
of the converter has a more significant impact on the steady-state
performance of the converter than a higher-frequency distur-
bance. Digital bandpass modulation is, therefore, employed to
adapt to the channel characteristics, negate the overlap of the
low frequency P&O noise with the modulation spectrum, reduce
the effect of the low frequency noise of the CW laser, and

further reduce the impact of the modulated laser low-frequency
disturbance on the converter. A simple 2ASK digital bandpass
modulation format is adopted for channel evaluation. Complex
modulation approaches, such as the improved orthogonal fre-
quency division multiplexing modulation [13] and equalization
techniques, can be applied in cases where high communication
rates are required when there are no restrictions on the commu-
nication power consumption. Fig. 6 presents the relevant spectra
of the proposed system.

IV. EXPERIMENTS

A. Prototype and Specification

As shown in Fig. 7, to verify the proposed system, a high-
power (laser power of up to 50 W) LSWIPT system is built using
a CF-boost MPPT converter in the MPP mode at a distance of
2m. The LD system at the transmitter is composed of a fiber
coupling LD system with a core diameter of 600 pm and a
numerical aperture of 0.25. The threshold current and working
voltage of the LD system are 1.8 A and 11 V, respectively. After
output from an expander with beam splitter, the high-power
beam is normally incident approximately coaxial on the four PV
cells, which are connected in series with central symmetry. The
reflectance of the beam splitter is so high that the transmission
power can be ignored compared with the total transmitted power.
A detector is used to obtain the waveforms and relative power of
the LDs. A control board (STMicroelectronics, STM32F334) is
used to apply the converter and the P&O MPPT algorithms [22].
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(b)

40 W, and 40 W and 35 W, respectively. Here, Pysers Lo-1iPp,
and Py, p_o_p_p represent the total transmitted laser power, load
current, and peak-to-peak power of the modulated laser power,
respectively. This can be expressed as Prp.o.p.p = (PLp-2.1 -
Prp.2.1), where Prp_o g and Prp_o 1, represent the maximum
and minimum peak power of the modulated laser power for
communication, respectively. Here, the modulation depth, Mp,
is defined as the ratio of Prp_2.p_p to Prp;. The voltage and
current of the PV cells fluctuate with Py p_»_p_p. However, dig-
ital bandpass modulation is adopted for communication, and a
low-pass filter with a bandwidth of 5 KHz and a mean filter in the
control board are adopted for the voltage and current sampling

Fig. 7. Photographs of the proposed LSWIPT system prototype: (a) transmitter component and (b) receiver component.
TABLE 1
DETAILED SPECIFICATIONS
Component Parameter Component Parameter
Switches (Qu,2) Si2342DS Resistance of Switches 15 mQ
Capacitor (Cin) 110 pF Capacitor (C,) 264 uF
Inductance value (L) 15 pH Inductor Core 55380
Wire resistance of 11 mQ Filter inductor Core 58548
inductor (Ry)
Filter inductance value 130 pH Wire resistance of filter 30 mQ
(Lf1-2, Lg2-2) inductor (Ry.2)
Filter inductance value 175 pH Wire resistance of filter 31 mQ
(Lf1-3, Lg2.3) inductor (Ry3)
Filter inductance value 219 pH Wire resistance of filter 32mQ
(Lf1-4, Lf2-4) inductor (Rw4)

A constant voltage load (electronic load in the CV mode) of 5
V is employed to simulate the constant voltage characteristics
of a lithium battery. A signal transformer (0.01—100 MHz)
is employed for noise attenuation and electrical isolation [15].
The 2ASK modulation signal is generated using an arbitrary
function generator (Tektronix, AFG3252C), a multiplier (Ana-
log Devices, Inc., AD835), and an adder (Analog Devices, Inc.,
ADS811) at the transmitter. Channel 1 and channel 2 of the ar-
bitrary function generator output a 2'7-1 pseudo-random binary
sequence and a carrier, respectively. The received signal from
the coupler is routed to an oscilloscope (Tektronix, MD03024)
for off-line demodulation. The main parameters of the receiver
are presented in Table I.

B. Experimental Results

The proposed high-power LSWIPT system is expected to
transfer and convert power in a stable and efficient manner. For
this purpose, steady and dynamic experiments were conducted
using a MPPT converter with a P&O voltage step of 0.08 V
and a perturbation frequency of 10 Hz, both with and without
the coupler filter, and 4 W Prp o p.p 2ASK modulation with
a carrier frequency of 250 kHz and a transmission bit rate of
130 kbit/s. Figs. 8(a—f) present the steady and dynamic wave-
forms of Pjyser, Ipvmpps U PV 'mpp, and I,_ppp in the MPP
mode of the proposed system, both with and without the 4 W
Prp_2_p_p, for laser powers between 50 W and 45 W, 45 W and

of the MPPT converter. Therefore, the influence of the voltage
and current disturbance of the PV cells on the MPPT controller
can be ignored. When the effect of the 438 uH Ly, and 80
nF Ccoupler along with the 4 W P p.o.p.p 2ASK modulation
is considered, it is evident that the system operates suitably in
both steady and dynamic states.

The converter parameters have been determined on the basis
of the output of the PV cells and the load, as discussed in
Section 3. The values of Ceoupiers Prp-2-p-P» Prp1, and Leiser
affect the channel signal-to-noise ratio, and the Coupier, PrD1,
and Ly, also affect the channel characteristics, which have
a subsequent impact on the BER of the system. The power
of Prp.o.p.p adopted for channel evaluation is 0.2 W, and
its effect on the MPPT converter can be ignored. The MPP
voltage of the PV cells, which is obtained through P&O, has
three voltage values, namely, U,,pp-H, Umpp-m> and Usypp-1,
which correspond to three channel characteristics. The effects
of Lfiters Ccouplers Umpp, and Prp; on the CAFR and CPFR
of the system are shown in Figs. 9(a—c), and the corresponding
local zooms are shown in Figs. 9(d-h). And the ordinates in
Figs. 9(a—h) are relative values. As can be observed, the CAFR
of the system presents a bandpass characteristic. With the same
Liiters Ccoupler- and P, py, the CAFR of the system increases as
the FBV of the PV cells decreases near the MPP voltage, but the
influence of the FBV of the PV cells on the CPFR is so small that
it can be ignored in the range of 10 KHz to 1 MHz. The influence
of Lgiter and Cooypier on the stability of the converter has been
analyzed in Section 3.3. When the value of C,ypier 1s 10, 40,
and 80 pF, and L, is 438, 350, and 260 pH, the system can
operate stably, similar to one without Coypier and Liee,. When
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Fig. 8.

Steady and dynamic waveforms of Piaser, Lo-mpp> UPV mpp, and I py -y during the MPP mode of wireless power transmission both with and without

4 W Pp,p-2-p-p 2ASK modulation, for laser powers between (a) and (d) 50 W and 45 W; (b) and (e) 45 W and 40 W; and (c) and (f) 40 W and 35 W.

Pr.p1is 50 W, the Ccoupieris 10, 40, and 80 pF, and Ly is 438,
350, and 260 pH. The CAFR and CPFR of the LSWPIT system
are shown in Figs. 9(a-b). In the range of 100 Hz to 10 KHz,
the CAFR and the CPFR are significantly affected by Coupier,
whereas they are less affected by Ly, It can be concluded
that the larger the Ccoypier and Leyier, the higher the CAFR at a
low frequency. In the range of 10 KHz to 1 MHz, the influence
of Ccoupler and Lgiser on the CAFR and CPFR is not apparent.
However, it can still be concluded that the larger Cpqpie and
Lijter correspond to a higher CAFR, which is more beneficial for
signal transmission in the range of 10 KHz to 1 MHz for digital
bandpass signal transmission. Fig. 9(c) presents the CAFR and
CPFR when Coypier is 80 UF, Lfzer is 438 pH, and Prpy is 30,
40, and 50 W. The effect of P1,p; on the CPFR is not apparent,
whereas the CAFR of the system increases as Py, p; decreases,
despite the increase in the PV cell voltage, as M p increases with
the decrease in Py p;. Moreover, it can be concluded that the
CAFR of the system increases as Prp; decreases, even with
the same M p, as the response of the PV cells near the MPP is
positively correlated with its efficiency, which decreases as the
laser power increases, with the laser power ranging from 30 to
50 W.

The effect of the small change in CAF near the MPP of the
PV cells, which is caused by the change in U, on the BER
is so small that it can be ignored. Moreover, the efficiency of
the receiving system corresponding to U,y,p,-as is the highest
among the three values of U,,,,, obtained using P&O, and only
the BER and efficiency associated with U,;,,-as are discussed.
The BER, eye diagrams, and corresponding efficiency curves of

the receiver with and without the L., depending on M p and
P1pi, are compared using 2ASK, with a transmission rate of
495 kbit/s, a carrier frequency of 500 kHz, Cypier Of 80 pF,
and Ly, of 438 uH, as shown in Fig. 10. The eye diagram
in Fig. 10 is obtained by demodulating the received 2ASK
signal. It is evident that the BER decreases as Mp increases.
For the same Mp, the BER decreases with the decrease in
Prp;. This is caused by the larger CAFR with a lower power
of Prp;. Moreover, according to formula (14-16), the ripple
of the CF-boost MPPT converter is proportional to D, and
D = (Uy-Up,p)/U,. U, is constant. When the input voltage of
the MPPT converter decreases owing to the increase in Prpy,
the ripple will become larger, along with the noise and BER.

As shown in Fig. 10, the modulation depth is so low that the
impact of the communication subsystem on the power transmis-
sion transformation in the dual transmission system is negligible,
and the system efficiency decreases with the increase in the
modulation depth. The comparison of the receiving system and
the MPPT converter with different Prp; and Mp in Fig. 10
indicate that the ESR of the filter inductor will have a small
impact on the result of the MPP of the PV cells obtained by
the MPPT converter. The impact of the 468 pH Lgye, and 80
UF Ccoupier and Prp_z_p-p on the MPP of the PV cells and the
system efficiency is considerably small. In the range of 30-50
W, the overall efficiency of the receiving system increases as
the laser power decreases. This is because with the decrease in
P pi, the efficiency of the PV cell increases, and the decrease in
the PV cell current will lead to a decrease in the filter inductance
loss.
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CAFR and CPFR of the system when (a) Prp; is 50 W, Lyiser is 438 pH, Ceoupler is 10 pF, 40 pF, and 80 pF, (b) Prp; is 50 W, Ceoupier is 80 pF,

Lfitger is 260 pH, 350 pH, and 438 pH, (¢) Lfier is 438 uH, Ceoupler is 80 pF, Prpy is 50 W, 40 W, and 30 W; (d) and (e) are the local zooms of CAFR and CPFR
in (a), (f) is the local zooms of CPFR in (b), and (g) and (h) are the local zooms of CAFR and CPFR in (c).

C. Loss Distribution

The total loss of the system includes the transmitter loss,
transmission loss, and receiver loss. Losses at the transmitter
include the losses in the LD driver, LD, and optical system.
The losses in the receiver predominantly include the coupler
loss, filter inductor loss, and MPPT converter loss. The coupler
loss includes the communication loss and converter ripple loss.
The power generated by the AC component of the modulated
laser can be regarded as the receiver loss. The conduction loss
is the main filter inductor loss due to its low current ripple.
The MPPT converter loss includes the converter loss and the
P&O algorithm loss. The synchronous rectification CF-boost
converter loss includes the switching loss, inductor loss, input

and output capacitance loss, and conduction loss. The ESR of

the input and output capacitance can be reduced using multiple
capacitors in parallel. Hence, the capacitance loss can be ignored
in the loss analyses. As the input and output current ripple is
considerably low, the average current can be used to calculate
the sampling resistance loss. The method presented in [36] is
applied to analyze the synchronous rectification CF-boost loss.
When Ccoupier i 80 PF, Lgiser is 438 pH and Mp is 0.1%, the
loss distribution in the proposed system for laser power values
of 50, 40, and 30 W is presented in Fig. 11. It can be concluded
that the main loss of the system is the electro-optical loss in the
LD and the photoelectric loss of the PV cell. The loss in the LD
driver is also considerable. Therefore, the key to improving the
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is 50 W, 40 W, and 30 W, using 2ASK with a constant voltage load of 5 V.

BER and eye diagram depending on M p and the corresponding efficiency of the receiving system when Lgjser is 438 uH, Ceoupier is 80 pF, and Prp;
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Fig. 11.

efficiency of a LSWPIT system is to optimize the efficiency of
the laser and PV cells.

V. CONCLUSION

In this study, a narrowband high-power and high-efficiency
LSWIPT system is developed using an adjusted laser power at
the transmitter and multiplexed PV cells and an MPPT con-
verter at the receiver. Under the requirement of high-efficiency
power transmission, the proposed LSWIPT system, which uses
the P&O algorithm and the synchronous rectification CF-boost
MPPT converter, is analyzed. The interaction between the con-
verter and communication components is investigated both the-
oretically and experimentally. The response of the channel and
the corresponding bit error rate and efficiency are investigated
experimentally. It is shown that the proposed LSWIPT system
operates suitably, with limited interaction between the converter

Optical Transmission PV

Filter MPPT Communication Total

Loss Loss Loss Loss Loss

Loss distribution in the proposed LSWIPT system with Pr,p.; = 50 W, 40 W, and 30 W and M p = 0.1% under a constant voltage load of 5 V.

and communication components. The maximum output DC
power of the receiving system is 7.3 W, with a constant voltage
load of 5 V, the bit error ratio is 8.32 x 1073 using 2ASK
modulation format at a data rate of 495 kbit/s. The corresponding
loss for communication is about 0.6% of the total transmitted
power and the MPPT converter efficiency is 84%. With a DC
output power of 5.11 W, the bit error ratio is 2.62 x 10"* using
2ASK modulation format at a data rate of 495 kbit/s, and the
MPPT converter efficiency is 88%, and the corresponding loss
for communication is less than 1% of the total transmitted power.

Experiments using a higher power and communication rate
can be conducted in the future, with little expected interaction
between the transmission of the power and signal. The proposed
system is based on an MPPT converter with synchronous rec-
tification CF-boost topology and the P&O algorithm. However,
more complex and efficient topologies and MPPT algorithms
may also be applicable. Moreover, the GaAs cells and modulated
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LD system are not optimized, which limits the efficiency and
bandwidth of the entire system. Therefore, in future works,
more efficient and higher bandwidth LD systems and GaAs
cells and more complex communication modulation formats
and equalization technology should be employed for higher
efficiency and communication rates [13], [27].
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