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Abstract: WPT system performances highly depend on the misalignment scenarios of the transmitter
or the receiver coil. In this contribution, the authors analyze the effect of the misalignment influencing
factors of the integrated WPT-PLC system receiving coil on the system performances. The simula-
tions and experimental analysis are based on power efficiency and channel capacity metrics. The
simulations are performed using finite element calculations in COMSOL Multiphysics and Advanced
Design System (ADS) from Keysight technology. By analyzing the results, maximum transferred
power is reached under resonance conditions. For instance, the calculated efficiencies versus the
misalignment cases of the WPT-PLC system varies (1 = 86% to 60%) when d = [3 cm to 7 cm],
s =[3 cm to 9 cm], and for a tilt angle 8 < 20 deg, while the optimal data rate C(bps) is achieved while
appealing different data access points and under reasonable SNR value.

Keywords: wireless power transfer; inductive coupling; drones; UAV; data communication; bandwidth;
data rate; misalignment; finite element simulation; multiphysics simulation

1. Introduction

The use of air vehicles such as drones, UAVs, wing gliders, and aerostat airships
have become increasingly popular in various applications, including aerial photography,
product deliveries, agriculture, policing and surveillance, and infrastructure inspections,
since the Federal Aviation Administration (FAA) issued the first commercial drone permit
in 2006 [1,2]. Unfortunately, UAVs suffer from a decreased fly time due to fast battery
drain, which limits their adoption in a 5G network. In addition, the restriction of exist-
ing solutions for communication and control between a drone and its controller becomes
increasingly evident, especially with the expansion of drone applications [3,4]. The integra-
tion of WPT technology in air vehicles (AV) such as drones and UAVs with the concept of
refueling /recharging a UAV during a mission can enable higher autonomy and mobility in
such scenarios with fewer interruptions.

However, several authors have studied the possibility of integrating WPT technology
in AV; the idea of refueling a UAV during a mission can provide the ability for longer
missions and minimize human interaction [5-9]. In [5], the feasibility of the WPT charging
system applied to the DJI FSSO drone is performed and the magnetic field levels emitted by
the WPT coil currents are analyzed while considering the misalignments between the coils.
Moreover, with the aim of minimizing the misalignment effects and improving the landing
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precision, in [6], the authors propose a new topology consisting of an array of independent
coils used as a charging ground station, while in [7], this promising technology is integrated
into a drone named Crazyflie 2.0 (Bitcraze AB, Malmo, Sweden) to wirelessly power a
sensor network. Finally, in [8,9], the authors discuss the possibilities of using drones and
UAVs for infrastructure inspections while proposing a dynamic wireless charging scenario
considering the power lines as a source of the magnetic field.

In previous work [5-9], the receiver coil is mounted under the frame of the drone,
with a vertical distance of at least 10 cm from the transmitter coil, causing a poor coupling
coefficient, and in addition, the EM interference with the electronic components is already
placed on the drone. However, in order to adopt this topology, additional turns in the
secondary are required as well as considering the ferrite as a solution to achieve high WPT
efficiency, which reduces the maximum weight of the pick-up. Moreover, the WPT systems
previously discussed are considered for the UAV wireless charging medium while the data
exchange is performed based on a supplementary communication module. However, the
proposed system investigates the idea to share power and bidirectional data through the
same channel; the new design requires the integration of decoupling filters, which can
guarantee an effective separation between the power and data bandwidths while avoiding
EM interferences, leading to a significant decrease in the weight of the integrated WPT
solution, which guarantees a good compromise between complexity and system efficiency.

However, one of the major problems of the WPT technology applied to UAV technol-
ogy is the poor landing precision, and the system’s performances highly depend on the
transmission distances and misalignment conditions of the secondary coil while consider-
ing a fixed transmitter coil. The contribution of this paper is to study the influence of the
distances, the misalignment angle, and the horizontal deviation of the integrated WPT-PLC
receiving coil on the system efficiency and also to calculate the channel capacity under
various misalignment scenarios in order to assess the feasibility of simultaneous power and
data transfer. The figure of merits characterizing the variability WPT-PLC link power and
data conversion performance versus the separating distance and misalignment angle be-
tween the coupling coils (i.e., coupling factors) is presented by means of simulation in order
to algorithmically and electrically optimize the proposed design and to consider these as
the requirements while performing the experimental measurements in upcoming studies.

This paper is organized as follows. Section 2 describes the equivalent circuit model of
the WPT system based on magnetically resonant coupling while considering the adequate
decoupling filters. Section 3 optimizes the proposed architecture while integrating the
power line technology. Sections 4 and 5 present and discuss the simulations and experi-
mental results while introducing the possible misalignment scenarios. Finally, Section 6
discusses the findings.

2. Characterization of the Hybrid WPT-PLC System

Wireless power transfer with loosely coupled coils is a promising solution for deliv-
ering power to a battery in a variety of applications [10,11]. In such a system, the coil
embedded in a receiving device picks up the energy transferred through the magnetic
field induced by the transmitter coil; thus, contactless charging is achieved. With the
aim of transmitting both power and data, adjacently but with separated frequency bands,
the circuits shown in Figure 1 are analyzed and simulated within the COMSOL package.
While considering the two-coil system, generally, the existing approaches use the same
terminals of the power transfer as the data link [12], while in this contribution, different
access points for the data terminals are performed in both systems. Firstly, the data modem
is connected between the coils by avoiding the resonance capacitance C; and C,, respec-
tively, as shown in Figure 1. The equivalent circuit of a magnetic integrated WPT-PLC
two-coil system with a single TX coil and single RX coil can be easily represented as an
equivalent circuit model based on lumped parameters (L;, C;, R;), where Ly, L, are the
self-inductances of the 3D mutually coupled planar spiral coils. C; and C, are the capaci-
tances of TX and RX, respectively, satisfying the resonance condition of the power channel
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with wg =1/,/(L1 C1 ) =1/, /(L2 C2 ), where wy is the resonant frequency of the WPT
modified in order to include additional decoupling filters that are actually required in the
proposed combined system WPT-BLC. These should prevent power from flowing through
the PLC modem (to avoid damage) and guarantee optimal coupling between the modem
and the WPT system, possibly without affecting the power channel in terms of efficiency.
However, with the objective of evaluating the magnetic field distribution through the
coils, they are designed and simulated in the frequency domain referring to magnetic
field physics. Meanwhile, the electrical components interfaced with these coils are created
based on electrical circuit physics. The most widely considered configuration of the WPT
system is using two parallel coils with a single TX coil and a single RX coil, [13-15]. In
fact, the electrical performances of the proposed design are evaluated as a function of the
misalignment scenarios shown in Figure 1.
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Figure 1. Misalignment scenario top view of Tx and Rx in a study of (a) the coil separation, (b) lateral
misalignment, (c) receiver rotating around the transmitter.

The system efficiency highly depends on the magnetic coupling between coils. How-
ever, in order to evaluate the mutual inductance My, as a function of the distances, the
deviation angle, and the lateral misalignment of the RX-coil, two coils located in the 3D
space are considered [13,16], as shown in Figure 2.

Figure 2. Configuration of the special WPT coils with lateral and angular misalignment.
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The mutual inductance calculated based on the Neumann formula [14,15] is given by:

~_ Ho N1 Nz d11d12
- 47 R12

M, @
where () is the magnetic permeability of vacuum, Ny, N; represent the coils turns, the
radii of the coils are r; and r, d is the transmission distance, and the lateral and angular
misalignments are represented by s and 6, respectively [13], given by:

~ MoNyNpr1o @Sil‘l o sindcos 0 + cos « cosd

My, (6, d,S) = in Ry dadd, ()

where the limits of & and ¢ are both [0, 27t] and:

—_

Ryp = [r% + r% + d2+ 4+ 2srp cos ¢ cos 0 — 2sr1cos & 2rp 1y (cos o cosd cos 0 + sin « sin ¢) — 2rp d cos ¢ sin 6 E, 3)

The energy efficiency can be written as a function of the mutual inductance Mj, given
by [17-19].
Ry M32,w?

, @
((Ro+Rp2)” 4+ X2 ) (Ry + Rpn) + (R + Rpo )M, w2

w =

However, the optimum load for maximum power transfer is determined by maximiz-

ing g% = 0, where the output power of the WPT system is given by [17,19].

RpM2,w?V?

— 2 _
P =R = - 5 5
(Mlzw + RequpZ + RequL - X1X2> + (Req1X2 + Rp2X1 + RLX1)

7 (5)

This analysis demonstrates that the maximum power efficiency in the WPT system
is achieved at the resonance frequency (X; = 0). However, it is worth noting that the
bandwidth of the transfer function of the WPT channel also depends on the load resistance,
the distance between coils, the horizontal misalignment, and the deviation angle of the
receiving coil.

3. Requirement for Optimal Channel Capacity
The quality factor (Q) represents a critical compromise in designing the shared WPT-
PLC channel to accommodate for both power and data signals, (Q = ﬁ) [20-25]. In fact,

the designer usually faces the problem of compromising between power efficiency and
distortions induced by a high-power WPT link that affects the inductive broadband over
power line (BPL) communication channel, which conveys low-power modulated data
signals. However, in order to illustrate this concept, the inductive two-coil WPT system
with its equivalent circuit is shown in Figure 3a for performing a frequency sweep AC
simulation. The two-port S-parameter simulation setup used to characterize the transfer
function of the power link, Hy(f) = Vi (f)Vs (f), of the wireless inductive channel is
shown in Figure 3b.
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Figure 3. Circuit model of a two-coil WPT system used to characterize the inductively coupled
two-coil inductive channel. (a) AC simulation setup. (b) Two-port S-parameter simulation setup.

The simulation results of the power transfer function magnitude, | Hp(f) |, and the
sidebands of the modulated baseband data signal are added around the data carrier
frequency (i.e., fc = 65 MHz), as shown in Figure 4. The HF sidebands of the spectrum of
the modulated signal are located aside from the WPT channel bandwidth, leading to high
attenuation of the data signal. The bandwidth of the baseband signal should not exceed the
half bandwidth of the resonant inductive channel to reduce the distortion and attention of
the HF data signal.
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Figure 4. | H(f)| of the resonant inductive (e.g., fo = 10 MHz) of the channel formed by the two-coil
system with a coupling factor kq; = 0.5. The spectrum of the modulated HF data sideband is shown
by the data carrier frequency (i.e., fc = 65 MHz) along with baseband signal bandwidth.

For example, let us suppose that f. = fy = 10 MHz and high Q = 50; therefore,
BW =200 kHz. The data rate is approximately equal to 100 kbps when the load modula-
tion is used with an encoded on—off binary signal in the backward communication [24].
However, at a low-quality factor Q = 5, the data rate can theoretically achieve 1 Mbps.
Unfortunately, this results in low power efficiency. Consequently, Q is the critical trade-
off that the designer needs to balance to ensure both efficient power and high data rate
communication through the two-coil circuit.

However, the Shannon-Hartley approach is used to calculate the channel capacity
metric while considering the same assumptions proposed in previous studies [19]. In fact,
the achieved data rate calculated as a function of the different misalignment proposed
previously in Figure 3 can be a good approach while evaluating the performance of the
proposed systems in handling a high data rate communication speed [21,22], given as:

(6)

C =B log,(1 + |Hg(f, M, Ry )| SNR)df
S(f) = [Ha(f,M,Rp)[* i
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where the channel bandwidth B = [0, 10] MHz, and the channel’s transfer functions Hq and
Hy, are both dependent on the influencing misalignment factors, namely the distance d, the
Rx tilt angle 0, and the lateral displacement s of the receiving coil. Considering a resistive
load with R, = Rs = 50 (), the achieved data rate is evaluated only as a function of the
misalignment scenarios between the transceivers.

4. Simulation Results and Analysis
4.1. Magnetic Field Evaluation Considering Misalignment Scenarios

The magnetic field behavior created by two coils, i.e., planar spiral coils, is studied
and an equivalent model composed of a 3D mutually coupled inductor is established
based on COMSOL Multiphysics, as shown in Figure 5, and the parameters of the coil are
summarized in Table 1.

cm

=]

_. _
B v
= L]

Receiving-coil

cm

-10 0 10 20

cm

Figure 5. Geometry setup of two-coil system.

Table 1. Parameters of the planar spiral coils.

Parameters Values
Turns number 10
Cable material Copper

Cable radius 2 mm
Major radius 5cm
Radial pitch 7 mm

The frequency domain simulation is also performed and the electric circuit module is
added to interface the (RLC) resonant circuit with the AC-DC model with the magnetic
field module. The parameters of the electronics components are reported in Table 2.

Table 2. Circuit component and parameter values of the two-coil system simulation setup.

Parameters Values
fo 5 MHz
C=C 45.8 nF
Rp1 = Rp2 0.03Q
Li=L 17.863 uH
Ry = Rp. 50 Q)

In order to achieve a correct signal transmission and reception through the WPT coils
system, it is important to characterize the coils, which are the core of the system. The
magnetic field distribution is evaluated at the resonance frequency fy = 5 MHz; meanwhile,
the distance between the coils is set to be 4 cm. However, as can be seen in Figure 6a, the
highest flux density values occur on the inner ends of the transmitter coil Bz = 0.17 mT,
and the inducted field becomes significantly smaller when the distance is equal to the
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freq(1)=5 MHz

40 |

20 HH

20 ¢

Multislice: Magnetic flux density norm (mT)

outer diameter of the coil. Moreover, the magnetic field in dB of the integrated power data
links results are shown in Figure 6b, and it is clear that the high-intensity magnetic field is
located around the TX coil ranging from —68 dB to —90 dB.

freq(1)=5 MHz

Multislice: 20*log10(mf.normB)

40 |

20 tH

0.6 20 (1]

-40 -20

freq(1)=5 MHz

m a0
|

Multislice: (mf.normB) (mT)

0 V¥ 2.04x107° 0

0 20 w0 -40 20 0 20 0

(b)

Figure 6. Simulation results at fy = 5 MHz with d =4 cm; (a) magnetic field distribution; (b) magnetic
field in dB.

(@)

The B-field of the two-coil system is also evaluated as a function of the lateral and
angular misalignment, as shown in Figure 7. However, the module of the magnetic
flux density (mT) clearly varies as a function of the deviation angle and the horizontal
misalignment. In particular, for an optimum amount of current produced by the transmit
coil in the receive coil, the two coils are preferably aligned and ideally oriented such that
the receiver coil embedded in the UAVs is perpendicular to the magnetic flux created by
the base station transmitter coil (i.e., the axis of the receiver coil is parallel to the magnetic
flux) [25].

freq(1)=5 MHz
cm

Multislice: (mf.normB) (mT)

_,,x

20

0.15
0.1

20 | 0.05

N
\ ]

<

Il

“ AI—V 1.31x10°°

@) (b)

Figure 7. Magnetic field simulation results: (a) angular misalignment; (b) lateral misalignment;
fo = 5 MHz.

Therefore, by using the parametric scanning in COMSOL on the tilt angle of the
receiving coil, the horizontal misalignment, and the distance between the transceivers, the
mutual inductance My, is dependent on all these parameters, and consequently, the system
efficiency and the channel capacity are influenced by the variation of these geometric
influencing factors. However, a detailed evaluation of both metrics is performed in the
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next subsection wherein the deviation angle of the transmitting coil is fixed and the tuning
capacitors are connected in series with the coils keeping the system resonating at 5 MHz.

4.2. Performances of the Data and Power Links of the Two-Coils System

While evaluating the frequency response of the WPT channel in the frequency band
[0-10] MHz, the parameters for the components of the equivalent circuit are given, as
presented in Table 2, by considering a parametric simulation. The transfer function of
the power link (ie., | |Hp (f)|=|VL(f)|[Vs (f)]) of the two-coil circuit is determined as
a function of different misalignment scenarios while considering a fixed resistive load
Ry, = 50 (), as shown in Figure 8.

0.5 : : : 0.5 ' — '
A [ A
—d=1an f s=0an
! —
04 || =—d=3cm ’ ] 04t uliutamalll 1
—d=ilan _| | \ w—=s=10amn
= 0.3 ——d=15am ' \ = 0.3} s=1sam 4
= U.O ] o —s=20am
o —d=20an 118 o3
0 ‘ \ ) s=25an
] \ <
E 02} \ g 02} 1
|
01 t / 0.1} ]
0 0 b0 . NS -
0 2 4 6 8 10 0 2 4 6 8 10
Frequency(MHz) Frequency(MHz)
(a) (b)
05 Iy A
’
=0=0de,
04f 5
——8=225deg
= ==9=i5deg
o 1
€ 03 -
as) 8=67.5 deg
& | ——8=90deg
g 02
0.1
172 3 4 5 6 7 8 9 10

Frequency(MHz)
(©)

Figure 8. Simulation results power transfer function for Rg = Ry, = 50 (); (a) distance d between the
transceivers; (b) lateral displacement of the RX coil for d = 5 cm; (c) angle deviation 6.

This system aims to improve the problem of unsustainable drone life, for autonomous
charging, to complete long-term operational requirements. However, by creating a base sta-
tion equipped with the transmitting coil while the receiving coil is mounted on the drones,
in this case, the drones need to reach the available charging station, land automatically and
the battery, cognitively, can be recharged. In fact, the electrical performances of the two-coil
channel, i.e., the system efficiency, can be studied as a function of each in order to extract the
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worst-case misalignment scenario. Firstly, it is clear from Figure 9a that the efficiency drops
sharply with the increase in the vertical transfer distance. The effective transfer distance,
which is defined as the distance between the fixed transmitting coil and the critical point
at which the WPT system performances start decreasing as a function of the distance, can
be determined from the graphs with dgf = 5 cm. Secondly, the dependency of the system
efficiency on the horizontal misalignment, generally caused by the poor landing precision
of UAV, is evaluated and the result is shown in Figure 9b, setting the vertical distance at
3 cm and the deviation angle 6 = 0 deg; only the lateral displacement (cm) is considered as
variable. Finally, to determine the influences of deviation angle on the system efficiency,
the tilt angle of the RX coil varies in the range of 0° to 90°, and the obtained results are
shown in Figure 9¢c. The results show that the PTE highly depends on the deviation angle,
and the maximum efficiency (n = 0.9) is reached with 0 = 0 deg.

100

b

D [o]
o o

=
(=]

Efficiency 1(%)

20 |

10

15 20 25 5 10 15 20 25

Distance d (cm) Lateral displacement s(cm)

(a) (b)
100 T . : ;

(=) [es]
o (=]
T T

™
o

Efficiency(%)

20 -

0 L L L
0 20 40 60 80 100

Angular Misalignment 0(deg)
()

Figure 9. Simulation results of the system efficiency for Rg = Ry, = 50 (); (a) distance d between the
transceivers; (b) lateral displacement of the RX coil for d = 5 cm; (c) angle deviation 6.

In order to evaluate the dependency of the system channel capacity on its directional
characteristics, the theoretical channel capacity is calculated based on Shannon-Hartley (6)
in the frequency band 1 MHz-10 MHz; considering deferent misalignment, the numerical
results of this evaluation are reported in Figure 10. In particular, the obtained results show
that the obtained data rate is highly influenced by the coils’ misalignment; in fact, the ideal
capacity is sharply curved as a function of the distance between the transceivers Figure 10a
and as a function of the deviation angle in Figure 10c. Meanwhile, as the distance between
coils increases, resulting in low magnetic field coupling, the data rate decreases. Likewise,
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C(bps)

108

10°

102

10°

the theoretical capacity is influenced by horizontal misalignment where maximum values
are reached when the transceivers are perfectly aligned, as shown in Figure 10b. In general,
the channel capacity is calculated in a reduced frequency band [1-10] MHz, which can
explain the lower value obtained for the data rate. Moreover, the channel capacity is
calculated for different SNR values; the obtained result shows that a high data rate is
reached under an acceptable and rational noise scenario and for higher SNR values.

T 10° - - - -

——d=57cm [
/’__ e
= d=15.25 cm ||

=—d=1cm

— d=20 cm H
- =——s=20cm
L ] g s=25cm
9}
\ . 10° 1 | | | | | | 1 I
10 15 20 2 4 6 8 10 12 14 16 18 20
SNR(dB) SNR(dB)

(a) (b)

107 — T T T

/

B —0=0 deg

&10° :

5’ —0=22.5 deg
—0=45 deg
——0=67.5 deg
—0=90 deg

105 1 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 18 20
SNR (dB)
(©)

Figure 10. Simulation results of channel capacity for Rg = Ry, = 50 (); (a) distance d between the
transceivers; (b) lateral displacement of the RX coil for d = 5 cm; (c) angle deviation 6.

Finally, the worst-case misalighment is extracted from the previous analysis—d =20 cm,
0 =90 deg, and s = 20 cm—and evaluated as a function of the SNR values; the results are

reported in Table 3.

Table 3. The channel capacity calculated under different misalignment scenarios.

SNR (dB) Cmax (d =20 cm) Cmax (s =20 cm) Cmax (0 =90 deg)
10 dB 79.547 bps 41.4249 bps 1.16698 bps
15 dB 134.82 bps 70.203 bps 1.606 bps
20 dB 196.005 bps 102.072 bps 1.977 bps

5. Experimental Measurements

The theoretical analysis results previously presented can be experimentally verified
based on the setup shown in Figure 11, which is composed of a frequency generator,
transmitting and receiving coils, with two resonance capacitances in order to ensure the
resonance capacitance, and, finally, a variable resistive load.



Electronics 2022, 11, 1249

110f13

Mutual inductance (mH)

0.20
0.18

0.16

0.14
0.12

0.10

0.08
0.06

0.04
0.02

Figure 11. Experimental setup used to characterize the resonant inductive coupling.

The WPT resonant frequency is set to ISO kHz as a good agreement between efficiency
and low electronic complexity. The results of the transmission distance are experimentally
verified and the graphs of the relationship between transmission distance and mutual
inductance are shown in Figure 12a while that between transmission distance and the
frequency is also represented in Figure 12b.

0.20
0.18
——d=2em — Freq=20 KHz
T 016
L E Freq=40 KHz
< 0.14
d-dem g ——Freq=60 KHz
L £ 012
< ——Freq=80 KHz
£ 010 eq
g e Freq=100 KHz
= 0,08
E
£ 006
> 0.04
0.02
0
15 2 2.5 3 3.5 4 4.5
60 80 100 Distance d (cm)

Frequency f (kHz)

(@) (b)

Figure 12. Mutual inductance variation as function of (a) frequency and (b) distance.

It is worth noting that the mutual inductance Mj, highly depends on the distance
between the transmitting and receiving coils as shown in Figure 12a, for instance, the
calculated mutual inductance My, reached 0.18 uh for a reduced distance (d = 2 cm)
between the coils however as this distance increases, meanwhile reducing the magnetic
coupling coefficient, while it slightly decreases as a function of the khz frequency range
e.g., freq £[20, 100] kHz.

Moreover, the maximum received power Py and the system efficiency n are calculated
as a function of load resistance Ry, and the numerical results of this evaluation are reported
in Figure 13. The maximum received power and efficiency are achieved at the resonance
for Ry, = 3.3 (). However, it is worth noting that, as the Ry, exceeds 17.5 (), the received
power slightly decreases while the efficiency highly decreases with a faster slope, which
means that efficiency of such inductive coupling system highly influenced by the output
load. Also, it is noticeable that good values of the transmitted power are achieved for
Ry > 17.5 O, for instance, Pout £ [34, 27.5] w for Ry £ [3.3, 17.5] Q.
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Figure 13. (a) Maximum received power Py (b) the system efficiency n variation as a function
of load.
6. Conclusions
The investigation presented in this paper was directed toward pushing WPT technol-
ogy to the next level. The proposed design explores the effective integration of the data and
power signals in order to share the same inductive channel. The influence of system direc-
tional characteristics was performed by considering a symmetrical WPT system achieving
a theoretical data rate from tens of bit/s to a few Mbit/s. However, maximum efficiency
was reached while reducing the misalignment of the receiving coil.
Geometrical requirements must be considered by choosing a smaller RX coil, which
can increase tolerance to coil misalignment.
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